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Foreword

Concern about the effects of cyanobacteria on human health has grown in many
countries in recent years for a variety of reasons. These include cases of poisoning
attributed to toxic cyanobacteria and awareness of contamination of water sources
(especially lakes) resulting in increased cyanobacterial growth. Cyanobacteria also
continue to attract attention in part because of well-publicised incidents of animal
poisoning.

Outbreaks of human poisoning attributed to toxic cyanobacteria have been reported in
Australia, following exposure of individuals to contaminated drinking water, and in the
UK, where army recruits were exposed while swimming and canoeing. However, the
only known human fatalities associated with cyanobacteria and their toxins occurred in
Caruaru, Brazil, where exposure through renal dialysis led to the death of over 50
patients. Fortunately, such severe acute effects on human health appear to be rare, but
little is known of the scale and nature of either long-term effects (such as tumour
promotion and liver damage) or milder short-term effects, such as contact irritation.

Water and health, and in particular drinking water and health, has been an area of
concern to the World Health Organization (WHO) for many years. A major activity of
WHO is the development of guidelines which present an authoritative assessment of the
health risks associated with exposure to infectious agents and chemicals through water.
Such guidelines already exist for drinking water and for the safe use of wastewater and
excreta in agriculture and aquaculture, and are currently being prepared for recreational
uses of water. In co-operation with the United Nations Educational, Scientific and
Cultural Organization (UNESCO), United Nations Environment Programme (UNEP) and
the World Meteorological Organization (WMO), WHO is also involved in the long-term
monitoring of water through the GEMS/Water Programme; and in the monitoring of water
supply and sanitation services in co-operation with the United Nations Children's Fund
(UNICEF). The World Health Organization supports the development of national and
international policies concerning water and health, and assists countries in developing
capacities to establish and maintain healthy water environments, including legal
frameworks, institutional structures and human resources.

The first WHO publication dealing specifically with drinking water was published in 1958
as International Standards for Drinking-Water. Further editions were published in 1963
and 1971. The first edition of WHO's Guidelines for Drinking-Water Quality was
published in 1984-1985. It comprised three volumes: Volume 1: Recommendations;
Volume 2: Health criteria and other supporting information; Volume 3: Drinking-water
guality control in small-community supplies. The primary aim of the Guidelines for
Drinking-Water Quality is the protection of public health. The guidelines provide an
assessment of the health risks associated with exposure to micro-organisms and
chemicals in drinking water. Second editions of the three volumes of the guidelines were
published in 1993, 1996 and 1997 respectively and addenda to Volumes 1 and 2 were
published in 1998.

Through ongoing review of the Guidelines for Drinking-water Quality, specific micro-
organisms and chemicals are periodically evaluated and documentation relating to
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protection and control of drinking-water quality is prepared. The Working Group on
Protection and Control of Drinking-Water Quality identified cyanobacteria as one of the
most urgent areas in which guidance was required. During the development by WHO of
the Guidelines for Safe Recreational-water Environments, it also became clear that
health concerns related to cyanobacteria should be considered and were an area of
increasing public and professional interest.

This book describes the present state of knowledge regarding the impact of
cyanobacteria on health through the use of water. It considers aspects of risk
management and details the information needed for protecting drinking water sources
and recreational water bodies from the health hazards caused by cyanobacteria and
their toxins. It also outlines the state of knowledge regarding the principal considerations
in the design of programmes and studies for monitoring water resources and supplies
and describes the approaches and procedures used.

The development of this publication was guided by the recommendations of several
expert meetings concerning drinking water (Geneva, December 1995; Bad Elster, June
1996) and recreational water (Bad Elster, June 1996; St Helier, May 1997). An expert
meeting in Bad Elster, April 1997, critically reviewed the literature concerning the toxicity
of cyanotoxins and developed the scope and content of this book. A draft manuscript
was reviewed at an editorial meeting in November 1997, and a further draft was
reviewed by the working group responsible for updating the Guidelines for Drinking-
water Quality in March 1998.

Toxic Cyanobacteria in Water is one of a series of guidebooks concerning water
management issues published by E & FN Spon on behalf of WHO. Other volumes in the
series include:

Water Quality Assessments (D. Chapman, Ed., Second Edition, 1996)

Water Quality Monitoring (J. Bartram and R. Ballance, Eds, 1996)

Water Pollution Control (R. Helmer and I. Hespanhol, Eds, 1997)

It is hoped that this volume will be useful to all those concerned with cyanobacteria and
health, including environmental and public health officers and professionals in the fields
of water supply and management of water resources and recreational water. It should
also be of interest to postgraduates in these fields as well as to those involved in
freshwater ecology and special interest groups.
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Chapter 1. INTRODUCTION

This chapter was prepared by Jamie Bartram, Wayne W. Carmichael, Ingrid Chorus,
Gary Jones, and Olav M. Skulberg

"A pet child has many names". This proverb is well illustrated by such expressions as
blue-greens, blue-green algae, myxophyceaens, cyanophyceans, cyanophytes,
cyanobacteria, cyanoprokaryotes, etc. These are among the many names used for the
organisms this book considers. This apparent confusion in use of names highlights the
important position that these organisms occupy in the development of biology as a
science. From their earliest observation and recognition by botanists (Linné, 1755;
Vaucher, 1803; Geitler, 1932), and onwards to their treatment in modem textbooks
(Anagnostidis and Komarek, 1985; Staley et al., 1989), the amazing combination of
properties found in algae and bacteria which these organisms exhibit, have been a
source of fascination and attraction for many scientists.

The cyanobacteria also provide an extraordinarily wide-ranging contribution to human
affairs in everyday life (Tiffany, 1958) and are of economic importance (Mann and Carr,
1992). Both the beneficial and detrimental features of the cyanobacteria are of
considerable significance. They are important primary producers and their general
nutritive value is high. The nitrogen-fixing species contribute globally to soil and water
fertility (Rai, 1990). The use of cyanobacteria in food production and in solar energy
conversion holds promising potential for the future (Skulberg, 1995). However,
cyanobacteria may also be a source of considerable nuisance in many situations.
Abundant growth of cyanobacteria in water reservoirs creates severe practical problems
for water supplies. The development of strains containing toxins is a common
experience in polluted inland water systems all over the world, as well as in some
coastal waters. Thus cyanobacterial toxins, or "cyanotoxins”, have become a concern for
human health.

Prior to the first acute cyanotoxin poisoning of domestic animals documented in the
scientific literature (Francis, 1878), reports of cyanobacteria poisonings were largely
anecdotal. Perhaps one of the earliest is from the Han dynasty of China. About 1,000
years ago, General Zhu Ge-Ling, while on a military campaign in southern China,
reported losing troops from poisonings whilst crossing a river. He reported that the river
was green in colour at the time and that his troops drank from the green water (Shun
Zhang Yu, Pers. Comm.). Codd (1996) reported that human awareness of toxic blooms
existed in the twelfth century at the former Monasterium Virdis Stagni (Monastery of the
Green Loch), located near the eutrophic, freshwater Soulseat Loch near Stranraer in
south west Scotland. In more recent times, several investigators have noted that local
people in China, Africa, North and South America and Australia, who use water from
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water bodies where green scums are present, will dig holes (soaks) near the water's
edge in order to filter the water through the ground and thus prevent the green material
from contaminating drinking-water supplies. This practice is similar to that of developing
wells next to surface waters in order to use the filtering capacity of the soil to remove
organisms and some chemicals from the surface waters - a technique known as
bankside filtration.

1.1 Water resources

The hydrological cycle represents a complex interconnection of diverse water types with
different characteristics, each subject to different uses. Recent developments have
shown the importance of water resource management in an integrated manner and of
recognising interconnections, especially between human activities and water quality.

Most of the world's available freshwater (i.e. excluding that in polar ice-caps, snow and
glaciers) exists as groundwater. This ready supply of relatively clean and accessible
water has encouraged use of this resource, and in many regions groundwater provides
drinking water of excellent quality. However, in some areas, geological conditions do not
allow the use of groundwater or the supplies are insufficient. Thus, where groundwater
supplies are insufficient or of unsuitable quality, surface water must be used for
purposes such as drinking-water supply. Compared with surface waters, groundwaters
have a high volume and low throughput. Over-abstraction is therefore common.

This book is concerned principally with inland, surface freshwaters, and to a lesser
extent with estuarine and coastal waters where cyanobacteria can grow, and under
suitable conditions, form water blooms or surface scums. Cyanobacteria are a frequent
component of many freshwater and marine ecosystems. Those species that live
dispersed in the water are part of the phytoplankton whilst those that grow on sediments
form part of the phytobenthos. Under certain conditions, especially where waters are rich
in nutrients and exposed to sunlight, cyanobacteria may multiply to high densities - a
condition referred to as a water bloom (see Chapter 2).

The composition of freshwaters is dependent on a number of environmental factors,
including geology, topography, climate and biology. Many of these factors vary over
different time scales such as daily, seasonally, or even over longer timespans. Large
natural variations in water quality may therefore be observed in any given water system.

Eutrophication is the enhancement of the natural process of biological production in
rivers, lakes and reservoirs, caused by increases in levels of nutrients, usually
phosphorus and nitrogen compounds. Eutrophication can result in visible cyanobacterial
or algal blooms, surface scums, floating plant mats and benthic macrophyte
aggregations. The decay of this organic matter may lead to the depletion of dissolved
oxygen in the water, which in turn can cause secondary problems such as fish mortality
from lack of oxygen and liberation of toxic substances or phosphates that were
previously bound to oxidised sediments. Phosphates released from sediments
accelerate eutrophication, thus closing a positive feedback cycle. Some lakes are
naturally eutrophic but in many others the excess nutrient input is of anthropogenic origin,
resulting from municipal wastewater discharges or run-off from fertilisers and manure
spread on agricultural areas. Losses of nutrients due to erosion and run-off from soils
may be low in relation to agricultural input and yet high in relation to the eutrophication
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they cause, because concentrations of phosphorus of less than 0.1 mg I* are sufficient to
induce a cyanobacterial bloom (see Chapter 8).

Hydrological differences between rivers, impoundments and lakes have important
consequences for nutrient concentrations and thus for cyanobacterial growth. Rivers
generally have a significant flushing rate. The term "self-purification" was adopted to
describe the rapid degradation of organic compounds in rivers where turbulent mixing
effectively replenishes consumed oxygen. This term has been applied, mistakenly, to
any process of removing undesirable substances from water but does not actually
eliminate the contaminants, including processes such as adsorption to sediments or
dilution. Substances bound to sediments may accumulate, be released back into the
water, and may be carried downstream. This process is important for phosphorus. Lakes
generally have long water retention times compared with rivers, and by their nature lakes
tend to accumulate sediments and the chemicals associated with them. Sediments
therefore act as sinks for important nutrients such as phosphorus, but if conditions
change the sediments may also serve as sources, liberating the nutrient back into the
water where it can stimulate the growth of cyanobacteria and algae.

Surface water systems world-wide are now often highly regulated in efforts to control
water availability, whether for direct use in irrigation, hydropower generation or drinking
water supplies or to guard against the consequences of floods and droughts. Many
major rivers (such as the Danube in Europe or the Murray in Australia) may be viewed
as a cascade of impoundments. This trend in regulation of flow has an impact upon the
guality and the quantity of water. It alters sediment transport and, as a result, the
transport of substances attached to sediments, such as plant nutrients which may
enhance cyanobacterial growth. By increasing retention times and surface areas
exposed to sunlight, impoundments change the growth conditions for organisms and
promote opportunities for cyanobacterial growth and water-bloom formation through
modifications to river discharges. For many estuarine and coastal systems, human
impact on hydrological conditions and nutrient concentrations is also now extensive.
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Figure 1.1 Schematic representation of the development of surface water pollution
with pathogens, oxygen-consuming organic matter, phosphorus and
cyanobacteria in north-western Europe and in North America
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Changes in the nature and scale of human activities have consequences both for the
gualitative and quantitative properties of water resources. Historically, the development
of society has involved a change from rural and agricultural to urban and industrial water
uses, which is reflected in both water demands and water pollution as illustrated in
Figure 1.1. The general trend has been an increase in concentrations of pollutants in
surface waters together with increases in urbanisation. Construction of sewerage first
enhanced this trend by concentrating pollutants from latrines (which can leak into
groundwater or surface waters). After some decades, construction of sewage treatment
systems began extensively in the 1950s. Originally these systems comprised only a
biological step which degraded the organic material which otherwise had led to dramatic
oxygen depletion in the receiving water bodies. Pathogens were also reduced to some
extent, but phosphate remained unaffected. Upgrading treatment systems to remove
phosphorus only began in the 1960s and also had the side-effect of further reducing
pathogens. A resultant decline in eutrophication, and thus of cyanobacterial blooms, is
lagging behind the decline of phosphorus inputs to freshwaters because phytoplankton
growth becomes nutrient-controlled only below threshold concentrations (see Chapter 8).

It is unclear whether the historical shift in water demand from rural to urban will continue
in the future, although a number of influences are apparent. The anticipated food crises
of the early twenty first century will place increasing demands upon irrigated agriculture -
a process that already accounts for about 70 per cent of water demand world-wide. By
contrast, many industries have successfully developed processes with substantial water
economy measures, and their demand upon water resources per unit of activity is now
decreasing in some countries. Domestic water consumption tends to increase with
population and affluence, but development of lower consumption appliances and control
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of losses from water mains may stabilise, or even reduce, demand in the future.
Nevertheless, overall trends point to an increasing total demand for water, driven
principally by global population growth.

1.2 Eutrophication, cyanobacterial blooms and surface scums

Eutrophication was recognised as a pollution problem in many western European and
North American lakes and reservoirs in the middle of the twentieth century (Rohde,
1969). Since then, it has become more widespread, especially in some regions; it has
caused deterioration in the aquatic environment and serious problems for water use,
particularly in drinking-water treatment. A recent survey showed that in the Asia Pacific
Region, 54 per cent of lakes are eutrophic; the proportions for Europe, Africa, North
America and South America are 53 per cent, 28 per cent, 48 per cent and 41 per cent
respectively (ILEC/Lake Biwa Research Institute, 1988-1993). Eutrophication also
affects slow flowing rivers, particularly if they have extended low-flow periods during a
dry season. Practical measures for prevention of nutrient loading from wastewater and
from agriculture have been developed. In some regions preventative measures are
being implemented more and more. During the 1990s, increasing introduction of nutrient
removal during sewage treatment in North America and in north western Europe has
begun to show success in reducing phosphorus concentrations; in a few water bodies,
algal and cyanobacterial blooms have actually declined. Technical measures for
reduction of nutrients already present in lakes are also available but have not been
widely applied (see Chapter 8).

Wherever conditions of temperature, light and nutrient status are conducive, surface
waters (both freshwater and marine) may host increased growth of algae or
cyanobacteria. Where such proliferation is dominated by a single (or a few) species, the
phenomenon is referred to as an algal or cyanobacterial bloom. Problems associated
with cyanobacteria are likely to increase in areas experiencing population growth with a
lack of concomitant sewage treatment and in regions with agricultural practices causing
nutrient losses to water bodies through over-fertilisation and erosion.

There are important differences in algal and cyanobacterial growth between tropical and
temperate areas. A characteristic pattern of seasonal succession of algal and
cyanobacterial communities is, for example, diatoms in association with rapidly growing
small flagellates in winter and spring, followed by green algae in late spring and early
summer, and then by species which cannot easily be eaten by zooplankton, such as
dinoflagellates, desmids and large yellow-green algae (in moderately turbulent waters
also diatoms) in late summer and autumn. In eutrophic and hypertrophic waters,
cyanobacteria often dominate the summer phytoplankton. As winter approaches, in most
water bodies, increasing turbulence and the lack of light during the winter leads to their
replacement by diatoms. In the tropics, seasonal differences in environmental factors are
often not great enough to induce the replacement of cyanobacteria by other
phytoplankton species. If cyanobacteria are present or even dominant for most of the
year, the practical problems associated with high cyanobacterial biomass and the
potential health threats from their toxins increase. High cyanobacterial biomass may also
contribute to aesthetic problems, impair recreational use (due to surface scums and
unpleasant odours), and affect the taste of treated drinking water.
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Phosphorus is the major nutrient controlling the occurrence of water blooms of
cyanobacteria in many regions of the world, although nitrogen compounds are
sometimes relevant in determining the amount of cyanobacteria present. However, in
contrast to planktonic algae, some cyanobacteria are able to escape nitrogen limitation
by fixing atmospheric nitrogen. The lack of nitrate or ammonia, therefore, favours the
dominance of these species. Thus, the availability of nitrate or ammonia is an important
factor in determining which cyanobacterial species become dominant.

Cyanobacterial blooms are monitored using biomass measurements coupled with the
examination of the species present. A widely-used measure of algal and cyanobacterial
biomass is the chlorophyll a concentration. Peak values of chlorophyll a for an
oligotrophic lake are about 1-10 ug I*, while in a eutrophic lake they can reach 300 g I*.
In cases of hypereutrophy, such as Hartbeespoort Dam in South Africa, maxima of
chlorophyll a can be as high as 3,000 ug I* (Zohary and Roberts, 1990).

Trophic state classifications, such as that adopted by the Organisation for Economic Co-
operation and Development (OECD), combine information concerning nutrient status
and algal biomass (OECD, 1982). They provide a basis for the evaluation of status and
trends for management and they facilitate international information exchange and
comparison.

1.3 Toxic cyanobacteria and other water-related health problems

The contamination of water resources and drinking water supplies by human excreta
remains a major human health concern, just as it has been for centuries. By contrast, the
importance of toxic substances, such as metals and synthetic organic compounds, has
only emerged in the latter half of the twentieth century. Although eutrophication has been
recognised as a growing concern since the 1950s, only recently have cyanobacterial
toxins become widely recognised as a human health problem arising as a consequence
of eutrophication. The importance of such toxins, relative to other water-health issues,
can currently only be estimated. A significant proportion of cyanobacteria produce one or
more of a range of potent toxins (see Chapter 3). If water containing high concentrations
of toxic cyanobacteria or their toxins is ingested (in drinking water or accidentally during
recreation), they present a risk to human health (see Chapter 4). Some cyanobacterial
substances may cause skin irritation on contact.

The relationship between water resources and health is complex. The most well
recognised relationship is the transmission of infectious and toxic agents through
consumption of water. Drinking water has therefore played a prominent role in concerns
for water and human health. Diseases arising from the consumption of contaminated
water are generally referred to as "waterborne”. Globally, the waterborne diseases of
greatest importance are those caused by bacteria, viruses and parasites, such as
cholera, typhoid, hepatitis A, cryptosporidiosis and giardiasis. Most of the pathogens
involved are derived from human faeces and the resulting diseases are generally
referred to as "faecal-oral" diseases; however they can also be spread by means other
than contaminated water, such as by contaminated food. Waterborne diseases also
include some caused by toxic chemicals, although many of these may only cause health
effects some time after exposure has occurred and may therefore be difficult to
associate directly with the cause.
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The second major area of interaction between water and human health concerns its role
in personal and domestic hygiene, through which it contributes to the control of disease.
Because hygiene is a key measure in the control of faecal-oral disease, such diseases
are also "water hygiene" diseases. Other water hygiene diseases include skin and eye
infections and infestations, such as tinea, scabies, pediculosis and trachoma. All of
these diseases occur less frequently when adequate quantities of water are available for
personal and domestic hygiene. It is important to note that the role of water in control of
water hygiene diseases depends on availability and use, and water quality is therefore a
secondary consideration in this context.

"Water contact diseases" are the third group of water-related diseases and occur

through skin contact. The most important example world-wide is schistosomiasis
(bilharzia). In infected persons, eggs of Schistosoma spp. are excreted in faeces or urine.
The schistosomes require a snail intermediate host and go on to infect persons in
contact with water by penetrating intact skin. The disease is of primary importance in
areas where collection of water requires wading or direct contact with contaminated
surface waters such as lakes or rivers. The water contact diseases also include those
diseases arising from non-infectious agents in the water, that may give rise, for example,
to allergies and to skin irritation or to dermatitis.

The fourth principal connection between water and human health concerns "water
habitat vector" diseases. These are diseases transmitted by insect vectors that spend all
or part of their lives in or near water. The best-known examples are malaria (transmitted
by mosquito bites and caused by Plasmodium spp.) and filariasis (transmitted by
mosquito bite and caused by microfilaria).

The classification of water-related disease into four groups (waterborne disease, water
hygiene disease, water contact disease and water habitat vector disease) was originally
developed in order to associate groups of disease more clearly with the measures for
their transmission and control and has contributed greatly to furthering this
understanding. Because of its importance to the global burden of disease, the
classification is based upon infectious disease. Nevertheless, the principal groups of
diseases related to chemicals occurring in water may also be categorised in a similar
way. However, there are a number of water-health associations that fall outside these
categories. These include deficiency-related diseases and recreational uses of water.
For recreational water use, the principal area of concern relating to faecal-oral disease
transmission may be classified reasonably alongside other waterborne disease
transmission. However, concern related to transmission of, for example, eye and ear
infections does not readily fit into the classification system, nor does the increased
transmission of diseases arising from the effect of immersion compromising natural
defence systems (such as those of the eye).

Public health concern regarding cyanobacteria centres on the ability of many species
and strains of these organisms to produce cyanotoxins. Cyanotoxins may fall into two of
the four groups of water-related diseases. They may cause waterborne disease when
ingested, and water contact disease primarily through recreational exposure. In hospitals
and clinics, exposure through intravenous injection has led to human fatalities from
cyanotoxins (see Chapter 4). These toxins pose a challenge for management. Unlike
most toxic chemicals, cyanotoxins only sometimes occur dissolved in the water - they
are usually contained within cyanobacterial cells. In contrast to pathogenic bacteria,
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these cells do not proliferate within the human body after uptake, only in the aquatic
environment before uptake.

Cyanotoxins belong to rather diverse groups of chemical substances (see Chapter 3),
each of which shows specific toxic mechanisms in vertebrates (see Chapter 4). Some
cyanotoxins are strong neurotoxins (anatoxin-a, anatoxin-a(s), saxitoxins), others are
primarily toxic to the liver (microcystins, nodularin and cylindrospermopsin), and yet
others (such as the lipopolysaccharides) appear to cause health impairments (such as
gastroenteritis) which are poorly understood. Microcystins are geographically most
widely distributed in freshwaters. Recently, they have even been identified in marine
environments as a cause of liver disease in net-pen reared salmon, although it is not
clear which organism in marine environments contains these toxins. As with many
cyanotoxins, microcystins were named after the first organism found to produce them,
Microcystis aeruginosa, but later studies also showed their occurrence in other
cyanobacterial genera.

The hazard to human health caused by cyanotoxins can be estimated from toxicological
knowledge (see section 4.2) in combination with information on their occurrence (see
section 3.2). However, although the information clearly indicates hazards, there are few
documented cases of human illness unequivocally attributed to cyanotoxins (see section
4.1). In a number of cases, investigation of cyanobacteria and cyanotoxins was carried
out only several days after patients had been exposed and had developed symptoms.
This was because diagnosis moved on to considering cyanobacteria only after other
potential causative agents had proved negative, or even years later when knowledge of
cyanobacterial blooms in a water body was connected with the information on an
outbreak of symptoms of unidentified cause.

The number of quantitative surveys on cyanotoxin occurrence is low, and the level of
cyanotoxin exposure through drinking water or during recreational activities largely
unknown. Surveys on cyanobacteria and cyanotoxins have been primarily ecological and
biogeographical. Early surveys in a number of countries including Australia, Canada,
Finland, Norway, South Africa, Sweden, the UK and the USA involved toxicity testing of
scum samples by mouse bioassay. Surveys during the 1990s have tended to employ
more sensitive and definitive methods for characterisation of the toxins, such as
chromatographic or immunological methods (see Chapter 3). These studies provide an
improving basis for estimating the range of concentrations to be expected in a given
water body and season. However, monitoring cyanotoxin concentration is more difficult
than many other waterborne disease agents, because variations in cyanobacterial
guantities, in time and space, is substantial, particularly if scum-forming species are
dominant (see section 2.2). Wind-driven accumulations and distribution of surface scums
can result in concentrations of the toxin by a factor of 1,000 or more (or even result in
the beaching of scums) and such situations can change within very short time periods,
i.e. the range of hours. Therefore, discontinuous samples only provide a fragmentary
insight into the potential cyanotoxin dose for occasional swimmers and into the amount
entering drinking water intakes.

Very few studies of cyanotoxin removal by drinking water treatment processes have
been published (see Chapter 9), although some water companies have carried out
unpublished studies. Thus, a reliable basis for estimation of cyanotoxin exposure
through drinking water is lacking. In regions using surface waters affected with
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cyanobacteria as a source for drinking water, actual toxin exposure will depend strongly
on method of water abstraction and treatment.

In comparing the available indications of hazards from cyanotoxins with other water-
related health hazards, it is conspicuous that cyanotoxins have caused numerous fatal
poisonings of livestock and wildlife, but no human fatalities due to oral uptake have been
documented. Human deaths have only been observed as a consequence of intravenous
exposure through renal dialysis. Cyanotoxins are rarely likely to be ingested by humans
in sufficient amounts for an acute lethal dose. Thus, cyanobacteria are less of a health
hazard than pathogens such as Vibrio cholerae or Salmonella typhi. Nevertheless, dose
estimates indicate that a fatal dose is possible for humans, if scum material is swallowed.
However, swallowing such a repulsive material is likely to be avoided. The combination
of available knowledge on chronic toxicity mechanisms (such as cumulative liver
damage and tumour promotion by microcystins) with that on ambient concentrations
occurring under some environmental conditions, shows that chronic human injury from
some cyanotoxins is likely, particularly if exposure is frequent or prolonged at high
concentrations.

1.4 Present state of knowledge

Research into developing further understanding of the human health significance of
cyanobacteria and individual cyanotoxins, and into practical means for assessing and
controlling exposure to cyanobacteria and to cyanotoxins, is a priority. A major gap also
lies in the synthesis and dissemination of the available information.

Information concerning the efficiency of cyanotoxin removal in drinking water treatment
systems is limited. Especially, simple, low-cost techniques for cyanobacterial cell
removal, such as slow sand filtration, should be investigated and developed further.
More information is also needed on the capability of simple disinfection techniques, such
as chlorine, for oxidising microcystins and cylindrospermopsin (Nicholson et at., 1994). If
this is found to be applicable, or if "conventional" treatments are found to be effective if
properly operated, these approaches would provide a practical tool for removing
cyanotoxins in many situations.

Whilst cyanobacterial blooms remain sporadic or occasional events, most emphasis is
still placed upon the protection of drinking water supplies through the preparation of
contingency plans and their activation when appropriate. Early warning systems and
predictive models can facilitate this and should be based upon available information on
the conditions leading to cyanobacterial bloom development and on occurrence,
localisation and movement of scums.

Epidemiological evidence is of particular value in determining the true nature and
severity of human health effects (and therefore the appropriate response) but is
generally lacking in relation to human exposures to cyanobacteria. The limited studies
undertaken to date in relation to recreational exposure require further substantiation.
Opportunistic studies into exposures through drinking water may provide further valuable
insights. Information from experimental toxicology also needs to be strengthened. In
particular, long-term exposure studies (of at least one year or longer) should be carried
out to assess the chronic toxicity of microcystins and cylindrospermopsins. Uptake
routes (e.g. through nasal tissues and mucous membranes) require further investigation.

STKN-046



Further systematic studies are also required into the suggested tumour-promoting
effects of some cyanotoxins, particularly in the dose range of potential oral uptake with
drinking or bathing water.

Lipopolysaccharide (LPS) endotoxins from cyanobacteria pose a potential health risk for
humans, but knowledge of the occurrence of individual LPS components, their toxicology,
and their removal in drinking water treatment plants, is so poor that guidelines cannot be
set at present. Further bioactive cyanobacterial metabolites are also identified frequently
and the health significance of these requires investigation.

1.5 Structure and purpose of this book

The structure of this book follows a logical progression of issues as outlined in Figure 1.2.
Because of the lack of comprehensive literature in the field of cyanotoxins, this book
aims to give background information as well as practical guidance. Some parts of the

text will mainly be of interest to particular readers. Chapters 2 and 3 provide the
background for understanding the behaviour of cyanobacteria and their toxin production
in given environmental conditions. Chapter 4 reviews the evidence regarding health
impacts, primarily for public health experts establishing national guidelines or academics
identifying and addressing current research needs. Chapters 5-7 provide guidance on
safe practices in the planning and management of drinking water supplies and
recreational resorts. Readers who access the book with specific questions regarding
prevention of cyanobacterial growth or their removal in drinking water treatment will find
Chapters 8 and 9 of direct relevance. Guidance on the design and implementation of
monitoring programmes is given in Chapter 10, and Chapters 11-13 provide field and
laboratory methods for monitoring cyanobacteria, their toxins and the conditions which
lead to their excessive growth. As far as is possible, individual chapters have been
written to be self-contained and self-explanatory. However, substantial cross-referencing,
particularly between Chapters 10 to 13, requires that these chapters should be used
jointly. Where chapters call upon information presented elsewhere in the text, this has
been specifically noted.
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Figure 1.2 Aspects of monitoring and managing toxic cyanobacteria in water as
discussed in the various chapters of this book
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For management of cyanobacterial hazards to human health, a basic understanding of
the properties, the behaviour in natural ecosystems, and the environmental conditions
which support the growth of certain species is helpful. This chapter provides information
on how cyanobacteria are structured and the abilities which they posses that support
their proliferation in aquatic ecosystems.

2.1 Nature and diversity
2.1.1 Systematics

Plants and animals possess consistent features by which they can be identified reliably
and sorted into recognisably distinct groups. Biologists observe and compare what the
organisms look like, how they grow and what they do. The results make it possible to
construct systematic groupings based on multiple correlations of common characters
and that reflect the greatest overall similarity. The basis for such groupings is the fact
that all organisms are related to one another by way of evolutionary descent. Their
biology and phylogenetic relationships makes the establishment of systematic groupings
possible (Minkoff, 1983).

However, microbial systematics has long remained an enigma. Conceptual advances in
microbiology during the twentieth century included the realisation that a discontinuity
exists between those cellular organisms that are prokaryaotic (i.e. whose cells have no
nucleus) and those that are eukaryotic (i.e. more complexly structured cells with a
nucleus) within the organisation of their cells. The microalgae investigated by
phycologists under the International Code of Botanical Nomenclature (ICBN) (Greuter et
al., 1994) included organisms of both eukaryotic and prokaryotic cell types. The blue-
green algae (Geitler, 1932) constituted the largest group of the latter category. The
prokaryotic nature of these organisms and their fairly close relationship with eubacteria
made work under provisions of the International Code of Nomenclature of Bacteria
(ICNB) (Sneath, 1992) more appropriate (Rippka et al., 1979; Waterbury, 1992).

The prevailing systematic view is that comparative studies of the genetic constitution of
the cyanobacteria will now contribute significantly to the revision of their taxonomy.
Relevant classification should reflect as closely as possible the phylogenetic
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relationships as, for example, encoded in 16S or 23S rRNA sequence data (Woese,
1987). The integration of phenotypic, genotypic and phylogenetic information render
possible a consensus type of taxonomy known as polyphasic taxonomy (Vandamme et
al., 1996).

The names "cyanobacteria” and "blue-green algae" (Cyanophyceae) are valid and
compatible systematic terms. This group of micro-organisms comprises unicellular to
multicellular prokaryotes that possess chlorophyll a and perform oxygenic

photosynthesis associated with photosystems | and 1l (Castenholz and Waterbury, 1989).

2.1.2 Occurrence in nature

The majority of cyanobacteria are aerobic photoautotrophs. Their life processes require
only water, carbon dioxide, inorganic substances and light. Photosynthesis is their
principal mode of energy metabolism. In the natural environment, however, it is known
that some species are able to survive long periods in complete darkness. Furthermore,
certain cyanobacteria show a distinct ability for heterotrophic nutrition (Fay, 1965).

Cyanobacteria are often the first plants to colonise bare areas of rock and soil.
Adaptations, such as ultraviolet absorbing sheath pigments, increase their fitness in the
relatively exposed land environment. Many species are capable of living in the soil and
other terrestrial habitats, where they are important in the functional processes of
ecosystems and the cycling of nutrient elements (Whitton, 1992).

The prominent habitats of cyanobacteria are limnic and marine environments. They
flourish in water that is salty, brackish or fresh, in cold and hot springs, and in
environments where no other microalgae can exist. Most marine forms (Humm and
Wicks, 1980) grow along the shore as benthic vegetation in the zone between the high
and low tide marks. The cyanobacteria comprise a large component of marine plankton
with global distribution (Wille, 1904; Gallon et al., 1996). A number of freshwater species
are also able to withstand relatively high concentrations of sodium chloride. It appears
that many cyanobacteria isolated from coastal environments tolerate saline
environments (i.e. are halotolerant) rather than require salinity (i.e. are halophilic). As
frequent colonisers of euryhaline (very saline) environments, cyanobacteria are found in
salt works and salt marshes, and are capable of growth at combined salt concentrations
as high as 3-4 molar mass (Reed et al., 1984). Freshwater localities with diverse trophic
states are the prominent habitats for cyanobacteria. Numerous species characteristically
inhabit, and can occasionally dominate, both near-surface epilimnic and deep, euphotic,
hypolimnic waters of lakes (Whitton, 1973). Others colonise surfaces by attaching to
rocks or sediments, sometimes forming mats that may tear loose and float to the surface.

Cyanobacteria have an impressive ability to colonise infertile substrates such as volcanic
ash, desert sand and rocks (Jaag, 1945; Dor and Danin, 1996). They are extraordinary
excavators, boring hollows into limestone and special types of sandstone (Weber et al.,
1996). Another remarkable feature is their ability to survive extremely high and low
temperatures. Cyanobacteria are inhabitants of hot springs (Castenholz, 1973),
mountain streams (Kann, 1988), Arctic and Antarctic lakes (Skulberg, 1996a) and snow
and ice (Kol, 1968; Laamanen, 1996). The cyanobacteria also include species that run
through the entire range of water types, from polysaprobic zones to katharobic waters
(Van Landingham, 1982).

STKN-046



Cyanobacteria also form symbiotic associations with animals and plants. Symbiotic
relations exist with, for example, fungi, bryophytes, pteridophytes, gymnosperms and
angiosperms (Rai, 1990). The hypothesis for the endosymbiotic origin of chloroplasts
and mitochondria should be mentioned in this context. The evolutionary formation of a
photosynthetic eukaryote can be explained by a cyanobacteria being engulfed and co-
developed by a phagotrophic host (Douglas, 1994).

Fossils of what were almost certainly prokaryotes are present in the 3,450 million year
old Warrawoona sedimentary rock of north-western Australia. Cyanobacteria were
among the pioneer organisms of the early earth (Brock 1973; Schopf, 1996). These
photosynthetic micro-organisms were, at that time, probably the chief primary producers
of organic matter, and the first organisms to release elemental oxygen into the primitive
atmosphere. Sequencing of deoxyribonucleic acid (DNA) has given evidence that the
earliest organisms were thermophilic and thus able to survive in oceans that were
heated by volcanoes, hot springs and bolide impacts (Holland, 1997).

2.1.3 Organisation, function and behaviour

The structure and organisation of cyanobacteria are studied using light and electron
microscopes. The basic morphology comprises unicellular, colonial and multicellular
filamentous forms (Figure 2.1).

Unicellular forms, for example in the order Chroococcales, have spherical, ovoid or
cylindrical cells. They occur singly when the daughter cells separate after reproduction
by binary fission. The cells may aggregate in irregular colonies, being held together by
the slimy matrix secreted during the growth of the colony. By means of a more or less
regular series of cell division, combined with sheath secretions, more ordered colonies
may be produced.

Figure 2.1 Basic morphology of cyanobacteria

Unicellular, isopolar (Order: Chroococcales)

Pseudoparenchymatous (Order: Pleurocapsales)

STKN-046



Multicellular, trichal, heterocysts not present (Order: Oscillatoriales)
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Multicellular, trichal, with branches, heterocysts present (Order: Stigonematales)
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Multicellular, trichal, heterocysts present (Order: Nostocales)
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A particular mode of reproduction, which may supplement binary fission, distinguishes
cyanobacteria in the order Chamaesiphonales and Pleurocapsales. In the
Chamaesiphonales exospores are budded off from the upper ends of cells. In the
second order, the principal mode of replication is by a series of successive binary
fissions converting a single mother cell into many minute daughter cells (baeocytes or
endospores).

Filamentous morphology is the result of repeated cell divisions occurring in a single
plane at right angles to the main axis of the filament. The multicellular structure
consisting of a chain of cells is called a trichome. The trichome may be straight or coiled.
Cell size and shape show great variability among the filamentous cyanobacteria.
Species in the order Oscillatoriales, with unseriated and unbranched trichomes, are
composed of essentially identical cells. The other orders with a filamentous organisation
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(orders Nostocales and Stigonematales) are characterised with trichomes having a
heterogeneous cellular composition. Vegetative cells may be differentiated into
heterocysts (having a thick wall and hyaline protoplast, capable of nitrogen fixation) and
akinetes (large thick-walled cells, containing reserve materials, enabling survival under
unfavourable conditions). In the order Stigonematales, the filaments are often
multiseriated, with genuine branching. Both heterocysts and akinetes are present.

The only means of reproduction in cyanobacteria is asexual. Filamentous forms
reproduce by trichome fragmentation, or by formation of special hormogonia.
Hormogonia are distinct reproductive segments of the trichomes. They exhibit active
gliding motion upon their liberation and gradually develop into new trichomes.

In contrast to eukaryotic microalgae, cyanobacteria do not possess membrane-bound
sub-cellular organelles; they have no discrete membrane-bound nucleus; they possess a
wall structure based upon a peptidoglycan layer; and they contain 70 S rather than 80 S
ribosomes (Fay and Van Baalen, 1987; Bryant, 1994).

The photosynthetic pigments of cyanobacteria are located in thylakoids that lie free in
the cytoplasm near the cell periphery. Cell colours vary from blue-green to violet-red.
The green of chlorophyll a is usually masked by carotenoids (e.g. beta-carotene) and
accessory pigments such as phycocyanin, allophycocyanin and phycoerythrin
(phycobiliproteins). The pigments are embodied in phycobilisomes, which are found in
rows on the outer surface of the thylakoids (Douglas, 1994). All cyanobacteria contain
chlorophyll a and phycocyanine.

The basic features of photosynthesis in cyanobacteria have been well described
(Ormerod, 1992). Cyanobacteria are oxygenic phototrophs possessing two kinds of
reaction centres, PS | and PS I, in their photosynthetic apparatus. With the accessory
pigments mentioned above, they are able to use effectively that region of the light
spectrum between the absorption peaks of chlorophyll a and the carotenoids. The ability
for continuous photo-synthetic growth in the presence of oxygen, together with having
water as their electron donor for CO; reduction, enables cyanobacteria to colonise a
wide range of ecological niches (Whitton, 1992). Phycobiliprotein synthesis is particularly
susceptible to environmental influences, especially light quality. Chromatic adaptation is
largely attributable to a change in the ratio between phycocyanin and phycoerythrin in
the phycobilisomes. Thus, cyanobacteria are able to produce the accessory pigment
needed to absorb light most efficiently in the habitat in which they are present.

Cyanobacteria have a remarkable ability to store essential nutrients and metabolites
within their cytoplasm. Prominent cytoplasmic inclusions for this purpose can be seen
with the electron microscope (e.g. glycogen granules, lipid globules, cyanophycin
granules, polyphosphate bodies, carboxysomes) (Fay and Van Baalen, 1987). Reserve
products are accumulated under conditions of an excess supply of particular nutrients.
For example, when the synthesis of nitrogenous cell constituents is halted because of an
absence of a usable nitrogen source, the primary products of photosynthesis are
channelled towards the synthesis and accumulation of glycogen and lipids.

Dinitrogen fixation is a fundamental metabolic process of cyanobacteria, giving them the

simplest nutritional requirements of all living organisms. By using the enzyme
nitrogenase, they convert N, directly into ammonium (NH,) (a form through which
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nitrogen enters the food chain) and by using solar energy to drive their metabolic and
biosynthetic machinery, only N,, CO,, water and mineral elements are needed for growth
in the light. Nitrogen-fixing cyanobacteria are widespread among the filamentous,
heterocyst forming genera (e.g. Anabaena, Nostoc) (Stewart, 1973). However, there are
also several well documented examples of dinitrogen fixation among cyanobacteria not
forming heterocysts (e.g. Trichodesmium) (Carpenter et al., 1992). Under predominantly
nitrogen limited conditions, but when other nutrients are available, nitrogen fixing
cyanobacteria may be favoured and gain growth and reproductive success. Mass
developments (often referred to as "blooms") of such species in limnic (e.g. eutrophic
lakes, see Figure 2.2 in the colour plate section) and marine environments (e.g. the
Baltic Sea) are common phenomena world-wide.

Many species of cyanobacteria possess gas vesicles. These are cytoplasmic inclusions
that enable buoyancy regulation and are gas-filled, cylindrical structures. Their function
is to give planktonic species an ecologically important mechanism enabling them to
adjust their vertical position in the water column (Walsby, 1987). To optimise their
position, and thus to find a suitable niche for survival and growth, cyanobacteria use
different environmental stimuli (e.g. photic, gravitational, chemical, thermal) as clues.
Gas vesicles become more abundant when light is reduced and the growth rate slows
down. Increases in the turgor pressure of cells, as a result of the accumulation of
photosynthate, cause a decrease in existing gas vesicles and therefore a reduction in
buoyancy. Cyanobacteria can, by such buoyancy regulation, poise themselves within
vertical gradients of physical and chemical factors (Figures 2.3A and 2.3B). Other
ecologically significant mechanisms of movement shown by some cyanobacteria are
photomovement by slime secretion or surface undulations of cells (Hader, 1987; Paerl,
1988).

Figure 2.3A Vertical distribution of Anabaena sp. in a thermally stratified eutrophic
lake during bloom conditions
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The presence of very small cells of cyanobacteria (in the size range 0.2-2 um) has been
recognised as a potentially significant source of primary production in various freshwater
and marine environments. These cyanobacteria constitute a component of the
picoplankton in pelagic ecosystems. Cells can be recognised and estimates of their
abundance made by using epifluorescence microscopy (e.g. observing the orange
fluorescence due to phycoerythrin). The unicellular genus Synechococcus is one of the
most studied, and geographically most widely distributed, cyanobacteria in the
picoplankton. Toxigenic strains of Synechococcus have been reported (Skulberg et al.,
1993).

Figure 2.3B Vertical distribution of Planktothrix sp. in a thermally stratified meso-
oligotrophic lake during bloom conditions
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2.1.4 Biological diversity

Although cyanobacteria probably evolved as a group of organisms about 2,000 million
years before the advent of eukaryotes, they comprise fewer taxa than eukaryotic
microalgae (Bisby, 1995). The concept of species in the cyanobacteria has, however, no
distinct boundaries. The situation is similar for most organisms, except for those that are
sexually reproductive. Depending on the classification system used, the number of
species recognised varies greatly. Based on the International Code of Botanical
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Nomenclature the class Cyanophyceae, for example, contains about 150 genera and
2,000 species (Hoek et al., 1995).

Chemotaxonomic studies include the use of markers, such as lipid composition,
polyamines, carotenoids and special biochemical features. The resulting data support
the more traditional examinations of phenotypic and ecological characteristics.
Physiological parameters are conveniently studied using laboratory cultures (Packer and
Glazer, 1988).

The diversity of cyanobacteria can be seen in the multitude of structural and functional
aspects of cell morphology and in variations in metabolic strategies, maotility, cell division,
developmental biology, etc. The production of extracellular substances and cyanotoxins
by cyanobacteria illustrates the diverse nature of their interactions with other organisms
(i.e. allelopathy) (Rizvi and Rizvi, 1992).

A molecular approach to the systematics of cyanobacteria may be most fruitful for
inferring phylogenetic relationships. Macromolecules, such as nucleic acids and proteins,
are copies or translations of genetic information. The methods applied involve direct
studies of the relevant macromolecules by sequencing, or indirectly by electrophoresis,
hybridisation, or immunological procedures (Wilmotte, 1994). Nucleic acid technologies,
especially the polymerase chain reaction (PCR), have advanced to the point that it is
feasible to amplify and sequence genes and other conserved regions from a single cell.
To date, 16S rRNA has given the most detailed information on the relationships within
the cyanobacteria (Rudi et al., 1997). However, the molecular results obtained should be
integrated with other characteristics as the base for a polyphasic taxonomy (Vandamme,
et al., 1996). A considerable morphological, as well as a genotypical, polymorphy exists
in the cyanobacteria, although as data from rRNA sequencing indicates they are
correlated to a high degree.

The phylogenetic relationship of cyanobacteria is the rationale behind the meaningful
systematic groupings. However, it is difficult to set up a system of classification that
serves both the everyday need for practical identification, and offers an expression of the
natural relationship between the organisms in question (Mayr, 1981). Meanwhile, it will
be necessary to use the available manuals and reference books to help in these
investigations and with the proper identification of the cyanobacteria. Table 12.1 shows
examples of how cyanobacteria with toxigenic strains are treated for determinative
purposes according to the prevailing classification systems.

Because they are photoautotrophs, cyanobacteria can be grown in simple mineral media.
Vitamin Bj, is the only growth factor that is known to be required by some species.

Media must be supplemented with the essential nutrients needed to support cell growth,
including sources of nitrogen, phosphorus, trace elements, etc. Toxigenic strains of
cyanobacteria are deposited in international-type culture collections (Rippka, 1988;
Sugawara et al., 1993). Clonal cultures are distributed for research, taxonomic work and
teaching purposes.

2.1.5 Practical scope

The cyanobacteria have both beneficial and detrimental properties when judged from a
human perspective. Their extensive growth can create considerable nuisance for
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management of inland waters (water supply, recreation, fishing, etc.) and they also
release substances into the water which may be unpleasant (Juttner, 1987) or toxic
(Gorham and Carmichael, 1988). The water quality problems caused by dense
populations of cyanobacteria are intricate, many and various (Skulberg, 1996b) and can
have great health and economic impacts. As a consequence, the negative aspects of
cyanobacteria have gained research attention and public concern.

The properties that make the cyanobacteria generally undesirable are also the
gualifications for possible positive economic use. Blue-greens are the source of many
valuable products (Richmond, 1990) and carry promising physiological processes,
including light-induced hydrogen evolution by biophotolysis (Skulberg, 1994). Extensive
research has taken place in the relevant fields of biotechnology. Cyanobacteria may be
used for food or fodder because some strains have a very high content of proteins,
vitamins and other essential growth factors and vital pigments of interest can also be
produced (Borowitzka and Borowitzka, 1988). Cyanobacteria are also sources for
substances of pharmaceutical interest (such as antibiotics) (Falch et al., 1995). These
examples are only a few of the possible applications of cyanobacteria for economic
development and their exploitation is among the many challenges for biotechnology for
the next millennium. Also in this context, their secondary metabolites and health
relationships will become important.

2.2 Factors affecting bloom formation

Cyanobacteria have a number of special properties which determine their relative
importance in phytoplankton communities. However, the behaviour of different
cyanobacterial taxa in nature is not homogeneous because their ecophysiological
properties differ. An understanding of their response to environmental factors is
fundamental for setting water management targets. Because some cyanobacteria show
similar ecological and ecophysiological characteristics, they can be grouped by their
behaviour in planktonic ecosystems as "ecostrategists" typically inhabiting different
niches of aquatic ecosystems. A number of properties and reactions to environmental
conditions are discussed below in order to describe these ecostrategists and to aid the
understanding of their specific behaviour.

2.2.1 Light intensity

Like algae, cyanobacteria contain chlorophyll a as a major pigment for harvesting light
and conducting photosynthesis. They also contain other pigments such as the
phycobiliproteins which include allophycocyanin (blue), phycocyanin (blue) and
sometimes phycoerythrine (red) (Cohen-Bazir and Bryant, 1982). These pigments
harvest light in the green, yellow and orange part of the spectrum (500-650 nm) which is
hardly used by other phytoplankton species. The phycobiliproteins, together with
chlorophyll a, enable cyanobacteria to harvest light energy efficiently and to live in an
environment with only green light.

Many cyanobacteria are sensitive to prolonged periods of high light intensities. The
growth of Planktothrix (formerly Oscillatoria) agardhii is inhibited when exposed for
extended periods to light intensities above 180 UE m? s™. Long exposures at light
intensities of 320 uE m? s* are lethal for many species (Van Liere and Mur, 1980).
However, if exposed intermittently to this high light intensity, cyanobacteria grow at their
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approximate maximal rate (Loogman, 1982). This light intensity amounts to less than
half of the light intensity at the surface of a lake, which can reach 700-1,000 phE m? s™.
Cyanobacteria which form surface blooms seem to have a higher tolerance for high light
intensities. Paerl et al. (1983) related this to an increase in carotenoid production which
protects the cells from photoinhibition.

Cyanobacteria are further characterised by a favourable energy balance. Their
maintenance constant is low which means that they require little energy to maintain cell
function and structure (Gons, 1977; Van Liere et al., 1979). As a result of this, the
cyanobacteria can maintain a relatively higher growth rate than other phytoplankton
organisms when light intensities are low. The cyanobacteria will therefore have a
competitive advantage in lakes which are turbid due to dense growths of other
phytoplankton. This was demonstrated in an investigation measuring growth of different
species of phytoplankton at various depths in a eutrophic Norwegian lake (Kallqvist,
1981). The results showed that the diatoms Asterionella, Diatoma and Synedra grew
faster than the cyanobacterium Planktothrix at 1 m depth, while the growth rate was
about the same for all these organisms at 2 m depth. At the very low light intensities
below 3 m only Planktothrix grew. The ability of cyanobacteria to grow at low light
intensities and to harvest certain specific light qualities, enables them to grow in the
"shadow" of other phytoplankton. Van Liere and Mur (1979) demonstrated competition
between cyanobacteria and other phytoplankton. Whereas the green alga
(Scenedesmus protuberans) grew faster at high light intensities, growth of the
cyanobacterium (Planktothrix agardhii) was faster at low light intensities (Figures 2.4A
and 2.4B). If both organisms were grown in the same continuous culture at low light
intensity, Planktothrix could out-compete Scenedesmus (Figure 2.4A). At high light
intensities, the biomass of the green alga increased rapidly, causing an increase in
turbidity and a decrease in light availability. This increased the growth rate of the
cyanobacterium, which then became dominant after 20 days (Figure 2.4B). Although
cyanobacteria cannot reach the maximum growth rates of green algae, at very low light
intensities their growth rate is higher. Therefore, in waters with high turbidity they have
better chances of out-competing other species. This can explain why cyanobacteria
which can grow under very poor nutritional conditions (see section 2.2.4) often develop
blooms in nutrient-rich eutrophic waters.
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Figure 2.4A Competition for light between a cyanobacterium and a green alga.
Growth rates of Planktothrix agardhii Gomont and Scenedesmus protuberans
Fritsch as a function of average light intensities at pH 8.0, 20 °C with continuous
illumination (Redrawn after Van Liere, 1979)
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The light conditions in a given water body determine the extent to which the
physiological properties of cyanobacteria will be of advantage in their competition
against other phytoplankton organisms (Mur et al., 1978). The zone in which
photosynthesis can occur is termed the euphotic zone (Z,). By definition, the euphotic
zone extends from the surface to the depth at which 1 per cent of the surface light
intensity can be detected. It can be estimated by measuring transparency with a Secchi
disk (see Chapter 11) and multiplying the Secchi depth reading by a factor of 2-3. The
euphotic zone may be deeper or more shallow than the mixed, upper zone of a thermally
stratified water body, the depth of which is termed the epilimnion (Z,,) (Figure 2.5). Many
species of planktonic algae and cyanobacteria have little, or only weak, means of active
movement and are passively entrained in the water circulation within the epilimnion.
Thus, they can be photosynthetically active only when the circulation maintains them in
the euphotic zone. In eutrophic waters, phytoplankton biomass is frequently very high
and causes substantial turbidity. In such situations, the euphotic zone is often more
shallow than the epilimnion, i.e. the ratio Z¢,/Z, is < 1, and phytoplankton spend part of
the daylight period in the dark. Thus, the Z¢,/Z, ratio is a reasonable (and easy to
measure) approach to describing the light conditions encountered by the planktonic
organisms.
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Figure 2.4B Competition for light between a cyanobacterium and a green alga.
Outcome of competition between Planktothrix agardhii Gomont and Scenedesmus
protuberans Fritsch in continuous cultures at two different light intensities and
dilution rates (Redrawn after Van Liere, 1979)
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2.2.2 Gas vesicles

Many planktonic cyanobacteria contain gas vacuoles (Walsby, 1981). These structures
are aggregates of gas-filled vesicles, which are hollow chambers with a hydrophilic outer
surface and a hydrophobic inner surface (Walsby, 1978). A gas vesicle has a density of
about one tenth that of water (Walsby, 1987) and thus gas vesicles can give
cyanobacterial cells a lower density than water.

2.2.3 Growth rate

The growth rate of cyanobacteria is usually much lower than that of many algal species
(Hoogenhout and Amesz, 1965; Reynolds, 1984). At 20 °C and light saturation, most
common planktonic cyanobacteria achieve growth rates of 0.3-1.4 doublings per day,
while diatoms reach 0.8-1.9 doublings per day and growth rates of up to 1.3-2.3
doublings per day have been observed for single-celled green algae (Van Liere and
Walsby, 1982). Slow growth rates require long water retention times to enable a bloom
of cyanobacteria to form. Therefore cyanobacteria do not bloom in water with short
retention times. A. comprehensive overview of mechanisms determining the growth
rates of planktonic algae and cyanobacteria under different field conditions is available in
Reynolds (1997).

Figure 2.5 Vertical extension of the euphotic zone (Z,) in relation to depth of the
epilimnion (Z,) in situations with different turbidity.
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2.2.4 Phosphorus and nitrogen

Because cyanobacterial blooms often develop in eutrophic lakes, it was originally
assumed that they required high phosphorus and nitrogen concentrations. This
assumption was maintained even though cyanobacterial blooms often occurred when
concentrations of dissolved phosphate were lowest. Experimental data have shown that
the affinity of many cyanobacteria for nitrogen or phosphorus is higher than for many
other photosynthetic organisms. This means that they can out-compete other
phytoplankton organisms under conditions of phosphorus or nitrogen limitation.

In addition to their high nutrient affinity, cyanobacteria have a substantial storage
capacity for phosphorus. They can store enough phosphorus to perform two to four cell
divisions, which corresponds to a 4-32 fold increase in biomass. However, if total
phosphate rather than only dissolved phosphate is considered, high concentrations
indirectly support cyanobacteria because they provide a high carrying capacity for
phytoplankton. High phytoplankton density leads to high turbidity and low light availability,
and cyanobacteria are the group of phytoplankton organisms which can grow best under
these conditions.

A low ratio between nitrogen and phosphorus concentrations may favour the
development of cyanobacterial blooms. A comparison between the optimum N:P ratios
for eukaryotic algae (16-23 molecules N:1 molecule of P) with the optimum rates for
bloom-forming cyanobacteria (10-16 molecules N: 1 molecule P), shows that the ratio is
lower for cyanobacteria (Schreurs, 1992).

2.2.5 Population stability

While many planktonic algae are grazed by copepods, daphnids and protozoa,
cyanobacteria are not grazed to the same extent, and the impact of grazing by some
specialised ciliates and rhizopod protozoans is usually not substantial. Cyanobacteria
are attacked by viruses, bacteria and actino-mycetes, but the importance of these
natural enemies for the breakdown of populations is not well understood. Because they
have few natural enemies, and their capacity for buoyancy regulation prevents
sedimentation, the loss rates of cyanobacterial populations are generally low. Thus, their
slow growth rates are compensated by the high prevalence of populations once they
have been established.

2.2.6 Temperature

Maximum growth rates are attained by most cyanobacteria at temperatures above 25 °C
(Robarts and Zohary, 1987). These optimum temperatures are higher than for green
algae and diatoms. This can explain why in temperate and boreal water bodies most
cyanobacteria bloom during summer.

2.3 Cyanobacterial ecostrategists

The physiological properties of cyanobacteria discussed above vary between different
species. As a consequence, different "ecostrategists" inhabit different types of water
bodies. A preliminary approach to describing these ecostrategists, based on

STKN-046



ecophysiological laboratory work together with field observations (largely from north-
western Europe), is described below. This information may be useful for management,
because it helps to predict which cyanobacteria can be expected to occur under certain
conditions. Further development of this approach will be possible as more data on
occurrence of cyanobacteria under different growth conditions are collected from other
continents.

2.3.1 Scum-forming ecostrategists

During the vegetation period, a number of cyanobacteria develop large aggregates
(colonies) of coccoid cells or filaments which are not homogeneously distributed over the
water column. Important genera showing this development are Microcystis, Anabaena
and Aphanizomenon. At the water surface the rate of photosynthesis of the colonies is
high and the cells store large quantities of carbohydrates. Although the cells contain gas
vesicles, the heavy carbohydrates acts as ballast and induce sinking within the colonies.
According to Stoke's Law the sinking rate is dependent on the difference in density
between the water and the cells, and on the square of the colony size (d?). Large
colonies sink faster than small ones, and single cells hardly show any vertical migration.
By sinking, colonies move out of the euphotic zone into the deeper, dark water layers,
where they use their carbohydrates during respiration and synthesise new gas-vesicles
(Utkilen et al., 1985). They then become buoyant again and return to the euphotic zone.
Buoyancy regulation enables the colonies to position themselves in light conditions
which are optimal for their growth. A prerequisite is that the water body is not too
turbulent. During the night, all colonies may become buoyant and some of the population
may be accumulated on the water surface where they can be blown together by wind,
forming stable scums along downwind shores. Vertical movement by buoyancy
regulation is illustrated in Figure 2.6. The frequency of vertical migration is dependent
upon colony size.

In temperate regions, as temperatures decline in the autumn, photosynthesis becomes
more rapid than respiration, and the carbohydrate "ballast" is not consumed. The
colonies therefore sink to the bottom of the water body where they may survive the
winter, gradually consuming their carbohydrate stores by respiration or fermentation.
Cells which re-ascend from the bottom in the spring are unicellular or formed into very
small colonies. During this period Microcystis spp. is difficult to recognise in plankton
samples, and only becomes more conspicuous when the colonies increase in size
during early summer.

Buoyancy regulation can be a substantial advantage in competition with other
phytoplankton organisms. However, this type of regulation is only possible in water
bodies with a shallow euphotic zone in relation to the depth of vertical mixing (Zey < Z,).
Therefore, in temperate climates, blooms of Microcystis spp. are found particularly in
water bodies deeper than 3 m, because the euphotic zone is likely to be substantially
more shallow than the mixed depth. However, even in shallow lakes, where they do not
have the competitive advantage of vertical migration, Microcystis spp. may become
dominant and form substantial blooms, as has been reported from Hungary, Australia,
and particularly from subtropical and tropical regions. Reynolds (1997) characterises
Microcystis spp. as notoriously and overwhelmingly dominant in some lakes of the lower
latitudes that exhibit diel stratification.
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Figure 2.6 Effect of colony size on vertical movement of Microcystis aeruginosa
by buoyancy regulation (simulation). Colonies with diameters <20 um scarcely
migrate, colonies with diameters <160 um accomplish less than one migration per
day, and colonies up to 1,600 um diameter can migrate down to 10 m depth and
back up to the surface three times per day
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Many cyanobacteria cannot survive high light intensities over longer periods. This may
limit their distribution to more turbid, eutrophic ecosystems. However, Microcystis
species are less sensitive to high light intensities because buoyancy regulation enables
them to find light conditions that are optimal for their growth. This means that the
presence of Microcystis cannot be related strictly to the level of eutrophication. The
genus is therefore found in mesotrophic, eutrophic and in hypertrophic waters. However,
the amount of biomass that this species can attain depends on the level of
eutrophication. Most Microcystis blooms are found in lakes with an average summer
chlorophyll a concentration of 20-50 pg I'* and a Secchi transparency of 1-2 m.

2.3.2 Homogeneously dispersed ecostrategists

This ecotype comprises filamentous species, such as Planktothrix (Oscillatoria) agardhii
and Limnothrix (Oscillatoria) redekei. These species are extremely sensitive to high light
intensities and do not form colonies (Reynolds, 1987). Because the filaments are quite
small, vertical migration by buoyancy regulation is less pronounced than their passive
entrainment by water circulation. Therefore, these species are homogeneously
dispersed throughout the epilimnion.
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Figure 2.7 Distribution of phytoplankton in Lake Veluwe, The Netherlands,
showing an almost permanent bloom of cyanobacteria during the years 1978-83.
The dominant bloom of Planktothrix agardhii was only interrupted by periods of
ice cover (Redrawn from RIZA, 1996)
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This type of ecostrategist is found in eutrophic and hypertrophic shallow lakes. Many
lakes with blooms of dispersed ecotypes have a depth of not more than 3 m and
chlorophyll concentrations of 50 pg I* and, in extreme cases, greater than 200 ug I*. The
filaments are hardly grazed and do not sediment. Blooms of this type often lead to virtual
monocultures which can prevail year-round for many years (Figure 2.7). Population
dynamics in such lakes can be limited. In temperate regions, the autumn population can
even survive under ice in winter. In such situations, the spring population starts growth
with a relatively high density and thus has an advantage in competition with other
species (Visser, 1990). By causing high turbidity, these cyanobacterial populations
effectively suppress the growth of other phytoplankton species. Thus, the next summer
population establishes itself almost without any seasonal succession between different
species of phytoplankton. This high stability of the population precludes any
redistribution of phosphorus and nitrogen to other components of the ecosystem and this
can cause a resilience effect in lake restoration projects (see Chapter 8).
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Figure 2.2A Micrograph of Figure 2.2B Micrograph of Anabaena
Planktothrix (Oscillatoria) agardhii lemmermannii

Figure 2.2C Micrograph of Figure 2.2D Surface bloom of Planktothrix
Microcystis aeruginosa (Oscillatoria)
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Figure 2.2E Surface bloom of Figure 2.2F Aerial photograph with infrared
Microcystis colour film of a freshwater bloom of
cyanobacteria

Figure 2.2G Use of a barrier or boom to keep surface scums of algae and
cyanobacteria away from water offtake structures (Photograph courtesy of Peter
Baker, Australian Water Quality Centre)

STKN-046



2.3.3 Stratifying ecostrategists

Representatives of this ecotype develop stable summer populations in the intermediate
zone of thermally stratified lakes and reservoirs known as the metalimnion see (see
Figure 2.3). The organisms contain the red pigment phycoerythrin to absorb the green
light, which is the prevailing wave length at this depth. The most common of these
species is Planktothrix (Oscillatoria) rubescens, but red varieties of other Planktothrix
species can also form metalimnic populations (Aune et al., 1997).

The single filaments of these species hardly show any vertical migration. However, in
late autumn at the end of the growing season, the cells can become buoyant and then
form red surface scums (Walsby et al., 1983). The niche of this type of Planktothrix is
very limited. It needs sufficient light in the metalimnetic zone, but may be inhibited by too
much light. Most metalimnetic blooms are found at light intensities of 1-5 per cent of the
surface irradiance and in a range of Z../Z, between 0.7 and 1.2.

2.3.4 Nitrogen fixing ecostrategists

The mass development of species capable of fixation of atmospheric nitrogen (species
of the genera Anabaena, Aphanizomenon, Cylindrospermopsis, Nodularia, and Nostoc)
can often be related to periodic nitrogen limitation. Examples are found in deep, as well
as in shallow, systems. However, while these ecostrategists often dominate in
ecosystems with low levels of inorganic dissolved nitrogen, the reverse does not
necessarily apply. Numerous lakes with clear nitrogen limitation are not dominated by
nitrogen-fixing cyanobacteria. Low light availability may be the reason for this, because
nitrogen fixation requires high amounts of energy. In turbid lakes, insufficient light energy
may be available for effective nitrogen fixation (Zevenboom and Mur, 1980). A number of
nitrogen fixing species can form colonies and possess gas vesicles. This means that
they can regulate buoyancy, like Microcystis, and can form stable scums along
downwind shores.

Restoration measures which simultaneously reduce phosphate and nitrogen loading
(sewage diversion, isolation) may strengthen prevailing nitrogen-limiting conditions and
hence the probability of large populations of nitrogen-fixing cyanobacteria.

2.3.5 Small, colony-forming taxa

Cases of large populations of the small, colony-forming genus Aphanothece have been
reported. Little information is available on buoyancy regulation and scum formation by
the species involved. In several water bodies, Aphanothece dominance has occurred
after a decrease of Planktothrix rubescens populations. Reynolds (1997) reported them
as the only cyanobacteria present in the summer plankton of small, intermittently flushed
lakes in England. The dominance of this group is not strictly related with phosphate or
nitrogen limitation, and there are no obvious relationships that can explain the sudden
dominance of these cyanobacteria. They seem to dominate in an intermediate state
during lake recovery after restoration measures have been taken; their ecology is
unknown.
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2.3.6 Benthic cyanobacteria

Besides the planktonic ecostrategists described above, cyanobacteria may grow on the
bottom sediments of water bodies which are sufficiently clear to allow light penetration to
these surfaces. These benthic species may form coherent mats. Especially high rates of
photosynthesis by such mats sometimes leads to trapping of the photosynthetically
produced oxygen as bubbles within the mats; parts of the mats may then become
sufficiently buoyant to tear loose and rise to the surface. For monitoring and
management of toxic cyanobacteria, awareness of these is important because
cyanotoxin problems are usually not expected in clear, oligotrophic waters. However,
toxic benthic cyanobacteria have caused animal deaths in Scotland, where beached
mats along the shore of a clear loch were scavenged by dogs (Gunn et al., 1992), and in
Switzerland where toxic benthic populations of Oscillatoria limosa were ingested by
cattle drinking from pristine mountain lakes (Metz et al., 1997, 1998).

2.4 Additional information

It is beyond the scope of this book to give a detailed account of the taxonomy and
ecology of cyanobacteria. However, in addition to the references cited in the previous
sections of this chapter there are many useful texts that are widely available. Taxonomy
and species identification are covered in some detail by Anagnostidis and Komarek
(1985), Staley et al. (1989), Larsen and Moestrup (1990) and Waterbury (1992). Detailed
accounts of plankton ecology, including cyanobacteria, are available in Sommer (1989)
and Reynolds (1997) and cyanobacterial ecophysiology is described by Mur (1983).
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The cyanotoxins are a diverse group of natural toxins, both from the chemical and the
toxicological points of view. In spite of their aquatic origin, most of the cyanotoxins that
have been identified to date appear to be more hazardous to terrestrial mammals than to
aguatic biota. Cyanobacteria produce a variety of unusual metabolites, the natural
function of which is unclear, although some, perhaps only coincidentally, elicit effects
upon other biota. Research has primarily focused on compounds that impact upon
humans and livestock, either as toxins or as pharmaceutically useful substances. Further
ranges of non-toxic products are also being found in cyanobacteria and the biochemical
and pharmacological properties of these are totally unknown. An overview of the
currently identified cyanotoxins is given in section 3.1 and their toxicological properties
are discussed in Chapter 4.

Studies on the occurrence, distribution and frequency of toxic cyanobacteria were
conducted in a number of countries during the 1980s using mouse bioassay. Analytical
methods suitable for quantitative toxin determination only became available in the late
1980s, but studies of specific cyanotoxins have been increasing since then. The results
of both approaches indicate that neurotoxins are generally less common, except
perhaps in some countries where they frequently cause lethal animal poisonings. In
contrast, the cyclic peptide toxins (microcystins and nodularins) which primarily cause
liver injury are more widespread and are very likely to occur if certain taxa of
cyanobacteria are present. Section 3.2 presents an overview of the data currently
available on the occurrence of cyanotoxins. It is noteworthy, however, that current
knowledge is clearly biased by the inconsistent distribution of research effort around the
world, with studies from Asia, Africa and South America beginning to appear in the
1990s. Because the ecological role of the toxins is unclear, it is not possible to use a
functional approach to study the factors that enhance toxicity. Section 3.3 looks at the
available data on relationships between environmental factors and toxin content and at
the emerging understanding of genetic regulation of toxin production. Research into
toxin production by cyanobacteria is increasing, and a better understanding of toxin
function may provide a basis for predicting occurrence of toxicity in the future.

For assessing the health risk caused by cyanotoxins, an understanding of their
persistence and degradation in aquatic environments is of crucial importance. Section
3.4 gives an overview of the current understanding of these processes. Because effects
on aquatic biota may be relevant issues for water managers, and because public
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concern could raise questions in this field for practitioners, section 3.5 briefly introduces
the limited state of knowledge of cyanotoxin impacts on other aquatic organisms.

3.1 Classification

Mechanisms of cyanobacterial toxicity currently described and understood are very
diverse and range from hepatotoxic, neurotoxic and dermatotoxic effects to general
inhibition of protein synthesis. To assess the specific hazards of cyanobacterial toxins it
is necessary to understand their chemical and physical properties, their occurrence in
waters used by people, the regulation of their production, and their fate in the
environment.

Cyanotoxins fall into three broad groups of chemical structure: cyclic peptides, alkaloids
and lipopolysaccharides (LPS). An overview of the specific toxic substances within these
broad groups that have been identified to date from different genera of cyanobacteria,
together with their primary target organs in humans, is given in Table 3.1.

3.1.1 Hepatotoxic cyclic peptides - microcystins and nodularins

Globally the most frequently found cyanobacterial toxins in blooms from fresh and
brackish waters are the cyclic peptide toxins of the microcystin and nodularin family.
They pose a major challenge for the production of safe drinking water from surface
waters containing cyanobacteria with these toxins. In mouse bioassays, which
traditionally have been used to screen toxicity of field and laboratory samples,
cyanobacterial hepatotoxins (liver toxins) cause death by liver haemorrhage within a few
hours of the acute doses (see Chapter 4). Microcystins have been characterised from
planktonic Anabaena, Microcystis, Oscillatoria (Planktothrix), Nostoc, and Anabaenopsis
species, and from terrestrial Hapalosiphon genera. Nodularin has been characterised
only from Nodularia spumigena.

The cyclic peptides are comparatively large natural products, molecular weight (MW) ~
800-1,100, although small compared with many other cell oligopeptides and
polypeptides (proteins) (MW > 10,000). They contain either five (nodularins) or seven
(microcystins) amino acids, with the two terminal amino acids of the linear peptide being
condensed (joined) to form a cyclic compound. They are water soluble and, except
perhaps for a few somewhat more hydrophobic microcystins, are unable to penetrate
directly the lipid membranes of animal, plant and bacterial cells. Therefore, to elicit their
toxic effect, uptake into cells occurs through membrane transporters which otherwise
carry essential biochemicals or nutrients. As will be outlined in section 4.2, this restricts
the target organ range in mammals largely to the liver. In aquatic environments, these
toxins usually remain contained within the cyanobacterial cells and are only released in
substantial amounts on cell lysis. Along with their high chemical stability and their water
solubility, this containment has important implications for their environmental persistence
and exposure to humans in surface water bodies (see section 3.4).
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able 3.1 General features of the cyanotoxins

Toxin group*

Primary target organ

Cyanobacterial genera?

in mammals

|Cyc|ic peptides

Microcystins Liver Microcystis, Anabaena, Planktothrix
(Oscillatoria), Nostoc, Hapalosiphon,
Anabaenopsis

|Nodularin |Liver |Nodularia

\Alkaloids

Anatoxin-a Nerve synapse Anabaena, Planktothrix (Oscillatoria),

Aphanizomenon

|Anatoxin-a(S)

|Nerve synapse

|Anabaena

|Ap|ysiat0xins

|Skin

|Lyngbya, Schizothrix, Planktothrix (Oscillatoria)

Cylindrospermopsins

Liver?

Cylindrospermopsis, Aphanizomenon,
Umezakia

Lyngbyatoxin-a

Skin, gastro-intestinal
tract

Lyngbya

Saxitoxins

Nerve axons

Anabaena, Aphanizomenon, Lyngbya,
Cylindrospermopsis

Lipopolysaccharides
(LPS)

Potential irritant; affects
any exposed tissue

All

' Many structural variants may be known for each toxin group - see section 3.1 for details

2 Not produced by all species of the particular genus

* Whole cells of toxic species elicit widespread tissue damage, including damage to
kidney and lymphoid tissue

The first chemical structures of cyanobacterial cyclic peptide toxins were identified in the
early 1980s and the number of fully characterised toxin variants has greatly increased
during the 1990s. The first such compounds found in freshwater cyanobacteria were
cyclic heptapeptides (that is they contain seven peptide-linked amino acids) with the

general structure of:

cyclo-(D-alanine'-X*-D-MeAsp*-Z*-Adda*-D-glutamate®-Mdha’)

in which X and Z are variable L amino acids, D-MeAsp® is D-erythro--methylaspartic
acid, and Mdha is N-methyldehydroalanine (Figure 3.1 A). The amino acid Adda,
(2S,3S,8S,9S)-3-amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-4,6-dienoic acid, is the
most unusual structure in this group of cyanobacterial cyclic peptide toxins.

These compounds were first isolated from the cyanobacterium Microcystis aeruginosa
and therefore the toxins were named microcystins (Carmichael et al., 1988). Structural
variations have been reported in all seven amino acids, but most frequently with
substitution of L-amino acids at positions 2 and 4, and demethylation of amino acids at
positions 3 and/or 7 (Figure 3.1A). About 60 structural variants of microcystins have
been characterised so far from bloom samples and isolated strains of cyanobacteria

(Table 3.2).
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In one species of brackish water cyanobacterium, an identically acting and structurally
very similar, cyclic pentapeptide occurs. It has been named as nodularin after its
producer, Nodularia spumigena. The chemical structure of nodularin is cyclo-(D-MeAsp'-
L-arginine*-Adda*-D-glutamate’-Mdhb?®), in which Mdhb is 2-(methylamino)-2-
dehydrobutyric acid (Figure 3.1B). A few naturally occurring variations of nodularins
have been found: two demethylated variants, one with D-Asp* instead of D-MeAsp', the
other with DMAdda® instead of Adda®; and the non-toxic nodularin which has the 6Z-
stereoisomer of Adda® (Namikoshi et al., 1994). The equivalent 6Z-Adda® sterecisomer of
microcystins is also non-toxic. In the marine sponge, Theonella swinhoei, a nodularin
analogue called motuporin has been found. It differs from nodularin only by one amino
acid, having hydrophobic L-Val in place of the polar L-Arg in nodularin (de Silva et al.,
1992). The toxin might be cyanobacterial in origin because the sponge is known to
harbour cyanobacterial symbionts.

The mammalian toxicity of microcystins and nodularins is mediated through their strong
binding to key cellular enzymes called protein phosphatases (see Chapter 4). In solution,
microcystins and nodularins adopt a chemical "shape" that is similar, especially in the
Adda-glutamate part of the cyanotoxin molecule (Rudolph-Béhner et al., 1994; Annila et
al., 1996). Recent studies have shown that this region is crucial for interaction with the
protein phosphatase protein molecule, and hence it is crucial for the toxicity of these
cyanotoxins (Barford and Keller, 1994; Goldberg et al., 1995). Microcystins show an
additional characteristic of forming a covalent bond between the Mdha residue and the
protein phosphatase molecule.
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Figure 3.1 The structure of cyclic peptide toxins and cylindrospermopsin.

A. General structure of microcystins (MCYST), cyanobacterial heptapeptide
hepatotoxins, showing the most frequently found variations. X and Z are variable
L-amino acids (in MCYST-LR, X = L-Leusine (L) and Z = L-Arginine (R)); R* and R?

are H (demethylmicrocystins) or CHs; D-MeAsp is D-erythro-p-methylaspartic acid;

Adda is (2S,3S,8S,9S)-3-amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-4,6-

dienoic acid and Mdha is N-methyldehydroalanine (Dha = dehydroalanine) (see
Table 3.2 for known microcystins); General structure of microcystins cyclo-(D-
Ala'-X*-D-MeAsp3*-Z*-Adda®*-D-Glu®*-Mdha")

B. Structures of nodularins (Z = L-arginine) and motuporin (Z = L-Valine). Mdhb is

N-methyldehydrobutyrin; Nodularin Ry,R, = CHs; D-Asp*Nodularin R; = H, R, = CHg;

DMAdda® Nodularin R; = CH3z, R, = H; Structure of nodularins cyclo-(D-MeAsp*-Z*-
Adda*-D-Glu‘-Mdhb?)
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C. Structure of cylindrospermopsin; Cylindrospermopsin MW 415; C;5H,;Ns0;S

Table 3.2 The microcystins (MCYST) reported in the scientific literature

. . Molecular |Toxicity g
Microcystin weight L Deg? Organism Reference(s)

MCYST-LA 909 50 M. aeruginosa®, |Botes et al., 1984; Kaya
M. viridis® and Watanabe, 1990

MCYST-LAba 923 NR M. aeruginosa® |Gathercole and Thiel,

1987

IMCYST-LL | 951 | + |M.aeruginosa® |[Craig etal., 1993

|MCYST—AR | 952 | 250 |Micr0cystis spp.’ |Namikoshi etal., 1992a

|MCYST-YA | 959 | NR |M. aeruginosa’ |Botes etal., 1985

[D-Asp®,Dha’IMCYST-LR 966 + M. aeruginosa®, |Harada et al., 1991b;
Anabaena sp.® [Sivonen et al., 1992a

[D-Asp®,Dha’]lMCYST- 969 + Anabaena sp.® |Namikoshi et al., 1998

EE(OMe)

IMCYST-VF 971 NR |M. aeruginosa® |Bateman et al., 1995

(D-Asp’]IMCYST-LR 980 160-300 |A. flos-aquae®, |Krishnamyrthy et al.,
M. aeruginosa®, (1989; Cremer and
M. viridis®, O. Henning, 1991; Harada
agardhii® et al., 1990b; 1991a;

Luukkainen et al., 1993

[DhaIMCYST-LR 980 250 |M. aeruginosa®, |Harada et al., 1991b;
Anabaena sp.°, |[Sivonen et al., 1992a;
O. agardhii® Luukkainen et al., 1993

[DMAdda’]MCYST-LR 980 90-100 [Microcystis Namikoshi et al., 1992a;
spp.’, Nostoc Sivonen et al., 1992b
sp.*

[Dha]MCYST-EE(OMe) | 983 | + |Anabaenasp.s |Namikoshi et al., 1998

[D-Asp®,Dha’]lMCYST- 983 + Anabaena sp.® |[Namikoshi et al., 1998

E(OMe)E(OMe)

|MCYST-LF | 985 | + |M. aeruginosa’ |Azevedo etal., 1994
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MCYST-LR 994 50 M. aeruginosa®, |Botes et al., 1985;
A. flos-aquae® Rinehart et al., 1988;
M. viridis® Krishnamyrthy et al.,
1989; Watanabe et al.,
1988
[D-Asp®,D-GIlu(OCH3)° ]MCYST- 994 NR [A. flos-aquae® [Sivonen et al., 1992d
LR
[(62)-Adda’]MCYST-LR | 994 | >1,200 |M. viridis® Harada et al., 1990a,b
[Dha’]MCYST-E(OMe)E(OMe) | 997 | +  |Anabaenasp.° |Namikoshi et al., 1998
|[L-Ser7]MCYST-LR | 998 | + |Anabaena sp.® |Namikoshi etal., 1992¢c
IMCYST-LY | 1,000 | 90 |M.aeruginosa® |Stoner etal., 1989
[L-Ser]MCYST-EE(OMe) | 1,000 | + |Anabaenasp. |Namikoshi et al., 1998
[D-Asp®,Ser'IMCYST- 1,001 Anabaena sp.® |Namikoshi et al., 1998
E(OMe)E(OMe)
IMCYST-HIIR | 1,008 | 100 |Microcystis spp.” [Namikoshi et al., 1995
[D-Asp®’, ADMAdda’]MCYST-LR 1,008 160 |Nostoc sp.® Sivonen et al., 1990a;
Namikoshi et al., 1990
[D-Glu(OCH3)*IMCYST-LR 1,008 >1,000 |A. flos-aguae®, |Sivonen et al., 1992d;
Microcystis sp.° |Bateman et al., 1995;
Rinehart et al., 1994
[D-Asp®,Dha’]MCYST-RR 1,009 + 0. agardhii®, Krishnamyrthy et al.,
Anabaena sp.’, [1989; Sivonen et al.,
M. aeruginosa® |1992a; Luukkainen et
al., 1994
[D-Asp®, ADMAdda®, 1,009 + Nostoc sp.® Beattie et al., 1998
Dhb’]MCYST-LR
[L-MeSer'IMCYST-LR 1,012 150 |Microcystis spp.” [Namikoshi et al., 1992a;
1995
|[Dha7]MCYST-FR 1,014 NR |Microcystis sp.® |Luukkainen etal., 1994
[L-Ser']MCYST- 1,015 + Anabaena sp.® |[Namikoshi et al., 1998
E(OMe)E(OMe)
[ADMAdda’]MCYST-LR 1,022 60 Nostoc sp.® Sivonen et al., 1990a;
Namikoshi et al., 1990
[D-Asp®’, ADMAdda’ ]MCYST- 1,022 + Nostoc sp.* Sivonen et al., 1992b
LHar
[D-Asp’]MCYST-RR 1,023 250 |O. agardhii®, Meriluoto et al., 1989;
Anabaena sp.°, |[Sivonen et al., 1992a;
M. aeruginosa® |Luukkainen et al., 1994
[DhaIMCYST-RR 1,023 180 |M. aeruginosa’, |Kiviranta et al., 1992;
Anabaena sp.®, |Sivonen et al., 1992a;
O. agardhii® Luukkainen et al., 1993
|MCYST—LW | 1,024 | NR |M. aeruginosa’ |Bateman etal., 1995
IMCYST-FR | 1,028 | 250 |Microcystis spp.” [Namikoshi et al., 1992a
IMCYST-M(O)R | 1,028 |700-800 |Microcystis spp.” [Namikoshi et al., 1992a
|[Dha7]MCYST-thR | 1,028 | + |Anabaena sp.® |Namikoshi etal., 1992b
[D-Asp®, Dha]MCYST-HtyR | 1,030 | + |Anabaenasp.® [Namikoshi et al., 1992b
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[Dha’]MCYST-YR | 1,030 | + |M.aeruginosa® |Sivonen etal., 1992c

[D-ASp’]MCYST-YR | 1,030 | +  |Microcystis spp.” [Namikoshi et al., 1992d
MCYST-YM(O) 1,035 56 M. aeruginosa® |Botes et al., 1985;
Elleman et al., 1978
[ADMAdda’ ]MCYST-LHar 1,036 60 Nostoc sp.® Sivonen et al., 1990a;
Namikoshi et al., 1990
MCYST-RR 1,037 600 |M. aeruginosa®, |Kusumi et al., 1987;
M. viridis®, Painuly et al., 1988;
Anabaena sp.° |Watanabe et al., 1988;
Sivonen et al., 1992a

[(62)-Adda’]MCYST-RR | 1,037 | >1,200 |M. viridis® Harada et al., 1990a,b
[D-Ser', ADMAdda®]MCYST-LR| 1,038 | +  |Nostoc sp.’ Sivonen et al., 1992b
[ADMAdda’,MeSer']MCYST- 1,040 + Nostoc sp.® Sivonen et al., 1992b
LR
[L-Ser'IMCYST-RR 1,041 + Anabaena sp.®, |Namikoshi et al., 1992c;
M. aeruginosa®™ |Luukkainen et al., 1994
[D-Asp’,MeSerMCYST-RR | 1,041 | + |O.agardhiic ILuukkainen et al. 1993
MCYST-YR 1,044 70 M. aeruginosa®, |Botes et al., 1985;
M. viridis® Watanabe et al., 1988
[D-Asp’]MCYST-HtyR | 1,044 |160-300 |A. flos-aquae® |Harada et al., 1991a
|[Dha7]MCYST-thR | 1,044 | + |Anabaena sp.® |Namikoshi etal., 1992b
IMCYST-(H4)YR | 1,048 | NR |Microcystis spp.” [Namikoshi et al., 1995
[D-Glu- 1,052 >1,000 [Microcystis spp.” [Namikoshi et al., 1992a
OC,H3(CH3)OHJMCYST-LR
[D-Asp’, ADMAdda’, 1,052 + Nostoc sp.° Beattie et al., 1998
Dhb’]MCYST-RR
IMCYST-HtyR | 1,058 | 80-100 |A.flos-aquae® |Harada et al., 1991a
|[L—Ser7]MCYST—thR | 1,062 | + |Anabaena sp.® |Namikoshi etal., 1992b
IMCYST-WR | 1,067 |150-200 |Microcystis spp.” [Namikoshi et al., 1992a
[D- 1,073 ‘ + Nostoc sp.* Beattie et al., 1998
Asp®, ADMAdda®,Dhb’]MCYST-
HtyR
[L-MeLanMCYST-LR | 1,115 | 1,000 |Microcystis spp.’® Namikoshi et al., 1995
Aba Aminoisobutyric acid
ADMAdda O-Acetyl-O-demethylAdda
Dha Dehydroalanine
Dhb Dehydrobutyrine

DMAdda O-DemethylAdda

E(OMe)  Glutamic acid methyl ester A
(Hy)Y 1,2,3,4,-tetrahydrotyrosine
Har Homoarginine
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Hil Homoisoleucine

Hph Homophenylalanine

Hty Homotyrosine

MeLan N-Methyllanthionine

M(O) Methionine-S-oxide

MeSer N-Methylserine

(62)-Adda Stereoisomer of Adda at the A° double bond

! Several partial structures of microcystins have been reported in addition to those
shown in this table (see Boland et al., 1993; Craig et al., 1993; Jones et al., 1995;
Sivonen et al., 1995)

2 Toxicity determined i.p. mouse (ug kg*); the LDs, value is the dose of toxin that kills
50% of exposed animals; a '+' denotes a toxic result in a non-quantitative mouse
bioassay or inhibition of protein phosphatase and 'NR' denotes 'Not reported’

* An 's' denotes toxins isolated from culture samples and a 'b' denotes toxins isolated
from bloom samples

Most of the structural variants of microcystin and nodularin are highly toxic within a
comparatively narrow range (intra-peritoneal (i.p.) mouse toxicities largely in the range
50-300 ug kg* body weight (bw); see Table 3.2 and section 4.2). Only a few non-toxic
variants have been identified. In general, any structural modifications to the Adda-
glutamate region of the toxin molecule, such as a change in isomerisation of the Adda-
diene (6(E) to 6(2)) or acylation of the glutamate, renders microcystins and nodularins
non-toxic (Harada et al., 1990 a,b; Rinehart et al., 1994). Linear microcystins and
nodularin are more than 100 times less toxic than the equivalent cyclic compounds. The
linear microcystins are thought to be microcystin precursors and/or bacterial breakdown
products (Choi et al., 1993; Rinehart et al., 1994; Bourne et al., 1996).

Microcystins and nodularin have been characterised from axenic cyanobacterial strains
(i.e. strains free of contaminating bacteria) and thus the cyanobacterial origin of these
compounds is clear. At the present time, it is known that microcystins are produced by
bloom forming species of Microcystis, Anabaena, Oscillatoria (Planktothrix), and Nostoc
(see Table 3.2), by a species of Anabaenopsis and by a soil isolate of Haphalosiphon
hibernicus. Nodularins have been found, with the exception of the marine sponge
Theonella already mentioned, only in Nodularia spumigena (see section 3.2 for more
details). Further species may yet be demonstrated to produce microcystin.

3.1.2 Neurotoxic alkaloids - anatoxins and saxitoxins

Mass occurrences of neurotoxic cyanobacteria have been reported from North America,
Europe and Australia, where they have caused animal poisonings. In mouse bioassays
death by respiratory arrest occurs rapidly (within 2-30 minutes) (see Chapters 4 and 13).
Three families of cyanobacterial neurotoxins are known:

e anatoxin-a and homoanatoxin-a, which mimic the effect of acetyl choline,
e anatoxin-a(S), which is an anticholinesterase, and

e saxitoxins, also known as paralytic shellfish poisons (PSPs) in the marine literature,
which block nerve cell sodium channels.
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Anatoxin-a has been found in Anabaena, Oscillatoria and Aphanizomenon,
homoanatoxin-a from Oscillatoria, anatoxin-a(S) from Anabaena, and saxitoxins from
Aphanizomenon, Anabaena, Lyngbya and Cylindrospermopsis. Sixteen confirmed
saxitoxins from cyanobacterial samples have been reported, some of which (e.g. the
decarbamoyl-gonyautoxins) may be chemical breakdown products in some species (see
section 3.4.2).

The alkaloid toxins are diverse, both in their chemical structures and in their mammalian
toxicities. Alkaloids, in general, are a broad group of heterocyclic nitrogenous
compounds (i.e. they contain ring structures with at least one carbon-nitrogen bond)
usually of low to moderate molecular weight (< 1,000). They are produced, in particular,
by plants and by some bacteria, and are invariably bioactive and commonly toxic. The
non-sulphated alkaloid toxins of freshwater cyanobacteria (anatoxins and saxitoxin) are
all neurotoxins. The sulphated PSPs, C-toxins and gonyautoxins (sulphated derivatives
of saxitoxin) are also neurotoxins, but the sulphated alkaloid cylindrospermopsin blocks
protein synthesis with a major impact on liver cells. Some marine cyanobacteria also
contain alkaloids (lyngbyatoxins, aplysiatoxins) which are dermatoxins (skin irritants), but
have also been associated with gastro-enteritis and more general symptoms such as
fever (see Chapter 4).

Alkaloids have varying chemical stabilities, often undergoing spontaneous
transformations to by-products which may have higher or lower potencies than the
parent toxin. Some are also susceptible to direct photolytic degradation (see section 3.4).

Anatoxin-a

Anatoxin-a is a low molecular weight alkaloid (MW = 165), a secondary amine, 2-acetyl-
9-azabicyclo(4-2-1)non-2-ene (Figure 3.2) (Devlin et al., 1977). Anatoxin-a is produced
by Anabaena flos-aquae, Anabaena spp. (flos-aguae-lemmermannii group), Anabaena
planktonica, Oscillatoria, Aphanizomenon and Cylindrospermum (see section 3.2 for
details). Homoanatoxin-a (MW = 179) is an anatoxin-a homologue isolated from an
Oscillatoria formosa (Phormidium formosum) strain (Figure 3.2). It has a propionyl group
at C-2 instead of the acetyl group in anatoxin-a (Skulberg et al., 1992). The LDs, (lethal
dose resulting in 50 per cent deaths) of anatoxin-a and homoanatoxin-a are 200 - 250 ug
kg* bw (Devlin et al., 1977; Carmichael et al., 1990; Skulberg et al., 1992).

Anatoxin-a(S)

Anatoxin-a(S) is a unique phosphate ester of a cyclic N-hydroxyguanine (MW = 252)
(Figure 3.2) produced by Anabaena flos-aquae strain NRC 525-17 (Matsunaga et al.,
1989). It has more recently been identified in blooms and isolated strains of Anabaena
lemmermannii (Henriksen et al., 1997; Onodera et al., 1997a). The LDso of anatoxin-a(S)
is 20 pug kg™ bw (i.p. mouse) (Carmichael et al., 1990). Structural variants of anatoxin-
a(S) have not been detected.

Saxitoxins

Saxitoxins are a group of carbamate alkaloid neurotoxins which are either non-sulphated
(saxitoxins - STX), singly sulphated (gonyautoxins - GTX) or doubly sulphated (C-toxins)
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(Figure 3.2 and Table 3.3). In addition, decarbamoyl variants and several new toxins
have been identified in some species.

Figure 3.2 The chemical structures of cyanobacterial neurotoxins, anatoxin-a,
homoanatoxin-a, anatoxin-a(S), and the general structure of saxitoxins. Sixteen different
saxitoxins have been reported from cyanobacteria (for details see Table 3.3). MW =
molecular weight

Anatoxin-a MW 165; C;oH5NO

CH
10 3

Homoanatoxin-a MW 179; C,;H,7NO

CH,CHs
10 b
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AnatOXin-a(S) MW 252, C7H17N404P

Saxitoxins were originally isolated from shellfish where they are concentrated from
marine dinoflagellates (so called "red tide" algae) and have caused deaths in humans
(Anderson, 1994) (see section 4.1). Saxitoxins have been found in the cyanobacteria
Aphanizomenon flos-aquae, Anabaena circinalis, Lyngbya wollei and
Cylindrospermopsis raciborskii. The North American Aphanizomenon flos-aquae strains
NH-1 and NH-5 contain mostly neosaxitoxin and less saxitoxin (plus a few unidentified
neurotoxins). Anabaena circinalis strains (from Australia) contain mostly C1 and C2
toxins, with lesser amounts of gonyautoxins 2 and 3. The freshwater cyanobacterium
Lyngbya wollei produced three known and six new saxitoxin analogues.
Cylindrospermopsis raciborskii in Brazil was found to contain mostly neosaxitoxin and a
smaller amount of saxitoxin.
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Table 3.3 Saxitoxins reported from cyanobacterial strains and bloom samples (for the
chemical structure see Figure 3.2)

Name of toxin |Variab|e chemical groups in toxins | Cyanobacteria
/Rt | R, | Rs | Ry |Rs|Aph'|Ana’|Lyn®|Cyl
ISTX 'H| H | H | CONH, [OH| + [ + | |+
IGTX2 |H| H |0SO;| CONH, |[OH | [+ [
IGTX3 |H |0SO; | H | CONH, |[OH | [+ [
IGTX5 'H| H | H |[CONHSOs; |OH | [+ [
ic1 |H | H |0SO; |CONHSO; |OH | [+ [
ic2 | H |0SO; | H |CONHSO; |OH | [+ [
INEO lOH| H | H | CONH, [OH| + | | |+
IGTX1 IOH| H |0SO;| CONH, |[OH | [ = | |
IGTX4 |OH|0SO; | H | CONH, |OH | | = | |
IGTX6 IOH| H | H |CONHSOs [OH| | * | |
|dcSTX 'H| H | H | H |OH | [+ [+ ]
[dcGTX2 /H| H |0SO;| H |OH | [+ [+ ]
[dcGTX3 |H |0sOos| H | H loH| [+ [+ |
ILWTX1? |H |0SO; | H | COCH; |H | [+ ]
ILWTX2? | H |0SO3 | H | COCH; |OH | [ [+ ]
ILWTX3® 'H| H |osos| cocHs |oH| | | + |
ILWTX4® 'H| H | H | H |H | [+ ]
ILWTX5® /H| H | H | COCH; |OH | [ [+ ]
ILWTX6® 'H| H | H | cocHs |H| | |+ |

STX  Saxitoxin

GTX Gonyautoxins

C C-toxins

dcSTX Decarbamoylsaxitoxin

LWTX Lyngbya-wollei-toxins

* Toxins found in Aphanizomenon flos-aquae, New Hampshire, USA (lkawa et al., 1982;
Mahmood and Carmichael, 1986)

2 Toxins reported in an Anabaena circinalis strain and bloom samples, Australia (Hump-
age et al., 1994; Negri et al., 1995; Negri et al., 1997). dcGTX2 and dcGTX3 are
probably break down products of C1 and C2 in this species (Jones and Negri, 1997). An
asterisk in this column denotes toxins reported by Humpage et al., 1994 for Anabaena
circinalis based on retention time data, but not confirmed by mass spectrometry, and not
found in subsequent studies
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* Toxins detected in Lyngbya wollei, USA (Onodera et al., 1997b)
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* Toxins thus far found in Cylindrospermopsis raciborskii, Brazil (Lagos et al., 1997)
Other neurotoxic cyanobacteria

In marine Trichodesmium blooms from the Virgin Islands, a neurotoxic factor has been
reported which was not anatoxin-a or anatoxin-a(S) but remains to be characterised
(Hawser et al., 1991).

3.1.3 Cytotoxic alkaloids

In tropical and subtropical waters of Australia, the alkaloid hepatotoxin
cylindrospermopsin with a completely different mechanism of toxicity has caused health
problems in drinking water supplies (see section 4.1). It is a cyclic guanidine alkaloid
with a molecular weight of 415 (Figure 3.1C). It is produced by Cylindrospermopsis
raciborskii (Hawkins et al., 1985, 1997), Umezakia natans (Harada et al., 1994) and
Aphanizomenon ovalisporum (Banker et al., 1997). In pure form, cylindrospermopsin
mainly affects the liver, although crude extracts of C. raciborskii injected or given orally
to mice also induce pathological symptoms in the kidneys, spleen, thymus and heart
(see Chapter 4 for more details). Pure cylindrospermopsin has an LDsg in mice (i.p.) of
2.1 mg kg I bw at 24 h and 0.2 mg kg I* bw at 5-6 days (Ohtani et al., 1992). Recently,
new structural variants of cylindrospermopsin have been isolated from an Australian
strain of C. raciborskii, with one being identified as demethoxy-cylindrospermopsin
(Chiswell et al., 1999).

Figure 3.3 The chemical structures of debromoaplysiatoxin and lyngbiatoxin-a

Debromoaplysiatoxin
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Lyngbyatoxin A

LT
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3.1.4 Dermatotoxic alkaloids - aplysiatoxins and lyngbyatoxin

Benthic marine cyanobacteria such as Lyngbya, Oscillatoria and Schizothrix may
produce toxins causing severe dermatitis among swimmers in contact with the filaments
(see section 4.2). The inflammatory activity of Lyngbya is caused by aplysiatoxins and
debromoaplysiatoxin (Figure 3.3) which are potent tumour promoters and protein kinase
C activators (Mynderse et al., 1977; Fujiki et al., 1990). Another strain of Lyngbya
majuscula has caused dermatitis and severe oral and gastrointestinal inflammation. It
was found to contain lyngbyatoxin-a (see Figure 3.3) (Cardellina et al., 1979).
Debromoaplysiatoxin along with other toxic compounds has also been isolated from
other Oscillatoriaceae, such as Schizothrix calcicola and Oscillatoria nigroviridis.

3.1.5 Irritant toxins - lipopolysaccharides

Weise et al. (1970) were the first to isolate LPS from the cyanobacterium Anacystis
nidulans and numerous reports of endotoxins in cyanobacteria have followed.
Lipopolysaccarides are generally found in the outer membrane of the cell wall of Gram
negative bacteria, including cyanobacteria, where they form complexes with proteins and
phospholipids. They are pyrogenic and toxic (Weckesser and Drews, 1979).
Lipopolysaccarides, as the name implies, are condensed products of a sugar, usually a
hexose, and a lipid, normally a hydroxy C.4-Cy5 fatty acid. The many structural variants
of LPS are generally phylogenetically conserved, i.e. particular orders, genera and
occasionally species, have identical or similar fatty acid and sugar components
contained in their cell wall LPS. It is generally the fatty acid component of the LPS
molecule that elicits an irritant of allergenic response in humans and mammals.

Lipopolysaccharides are an integral component of the cell wall of all Gram negative
bacteria, including cyanobacteria, and can elicit irritant and allergenic responses in
human and animal tissues that come in contact with the compounds. There is
considerable diversity of LPS composition among the cyanobacteria, but differences are
largely related to phylogeny. Thus, different genera typically have distinct LPS
compositions that are largely conserved within that genus (Kerr et al., 1995).
Cyanobacterial LPS are considerably less potent than LPS from pathogenic gram-
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negative bacteria such as, for example, Salmonella (see Chapter 4). The chemical
stability of cyanobacterial LPS in surface waters is unknown.

Structurally, LPS is a complex polymer composed of four regions. Region I, the O-
antigen region, consists of repeating oligosaccharide units that may vary in structure,
with numerous combinations of different sugar residues and associated glycosidic
linkages. As suggested by its name, the O-antigen also exhibits several antigenic
determinants that constitute the receptor sites for a number of lysogenic bacteriophages.
Regions Il and Il are the outer core and backbone of a core polysaccharide. There is
generally only minor variation in core structure between species. The backbone of the
polysaccharide is connected to a glycolipid, lipid A (Region IV), via a short link normally
composed of 3-deoxy-D-mannoocmiosonic acid (KDO). Lipid A is a disaccharide of
glucosamines highly substituted with phosphate, fatty acids and KDO, although the
proportion of KDO is low or absent in cyanobacteria compared with other bacterial LPS.
The lipid A component is also acetylated with amide and ester-linked hydroxy fatty acids.

Recent studies of the fatty acid composition of Australian species of cyanobacteria (Kerr
et al., 1995) show a range of B-OH fatty acids ranging in size from Cy, to C»,. Normal,
saturated and branched chain acids have been detected. There was a stark
predominance of straight chain 14:0 and 18:0 B-OH acids in Microcystis strains that was
quite distinct from Anabaena and Nodularia strains where 16:0 3-OH predominated the
LPS fatty acid fraction.

Although comparatively poorly studied, cell wall components, particularly LPS
endotoxins from cyanobacteria may contribute to human health problems associated
with exposure to mass occurrences of cyanobacteria. The few results available indicate
that cyanobacterial LPS is less toxic than the LPS of other bacteria, such as Salmonella
(Keleti and Sykora, 1982; Raziuddin et al., 1983) (see also section 4.2). More studies
are needed to evaluate the chemical structures and health risks of cyanobacterial LPS.

3.1.6 Other bioactive compounds

Cyanobacteria are known to produce several other bioactive compounds, some of which
are of medical interest, as well as compounds toxic to other cyanobacteria, bacteria,
algae and zooplankton (see section 3.5). Severe intoxication of fish embryos by crude
extracts of Planktothrix agardhii has been reported by Oberemm et al. (1997). Skulberg
et al. (1994) reported the presence of an unidentified "protracted toxic effect" in
cyanobacterial samples that caused death within 4-24 hours in mice. Whether this effect
was due to a specific cyanotoxin is unclear.

Cyanobacteria have been found to be a rich source of biomedically interesting
compounds and therefore screening programmes for new bioactivities are underway.
Cyanobacteria are known to produce antitumour, antiviral, antibiotic and antifungal
compounds. Of the cyanobacterial extracts screened by a Hawaiian research group, 0.8
per cent showed solid tumour selective cytotoxicity (Moore et al., 1996). Depsipeptides
(peptides with an ester linkage) called cryptophycins isolated from a cyanobacterium,
Nostoc sp. strain GSV 224, are promising candidates for an anticancer drug (Trimurtulu
et al., 1995). Recently, several new cyclic or linear peptides and depsipeptides from
cyanobacteria have been characterised. Some are protease inhibitors, but the biological
activity of the others remains to be characterised (Namikoshi and Rinehart, 1996). Many
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of the cyanobacterial bioactive compounds possess structural similarities to natural
products from marine invertebrates.

3.2 Occurrence of cyanotoxins

3.2.1 Mass occurrences of toxic cyanobacteria

The toxicity of cyanobacterial mass occurrences (blooms) was originally brought to the
attention of scientists through reports of animal poisonings by farmers and veterinarians,
with the first well documented case being reported from Australia in 1878 (Francis, 1878).
In most, if not all, reported cases since that time, afflicted animals consumed water from
water bodies where there was an obvious presence of a cyanobacterial scum on the
water surface (see Ressom et al. (1994) and Yoo et al. (1995) for a list of reported
animal poisonings). More recent measurements of cyanobacterial toxins using sensitive
modem analytical methods have often revealed high frequencies of toxic blooms even
when animal poisonings have not been reported (Table 3.4).

Throughout the world, it appears that liver-toxic (hepatotoxic, microcystin-containing)
freshwater blooms of cyanobacteria are more commonly found than neurotoxic blooms.
Liver-toxic blooms have been reported from all continents and almost every part of the
world where samples have been collected for analysis. Nevertheless, mass occurrences
of neurotoxic cyanobacteria are common in some countries and these have been
reported from North America, Europe and Australia, where they have caused several
animal poisonings. Blooms which have caused both liver and kidney damage due to the
toxin cylindrospermopsin (and possibly related cyanotoxins) have been reported in
Australia, Japan, Israel and Hungary.

In recent years, surveys have been carried out in a number of countries in South
America, Africa, Australasia, Asia and Europe. The conclusion that can be drawn from
these surveys is that toxic cyanobacteria are internationally ubiquitous, and that as
further surveys are carried out more toxic cyanobacterial blooms and new toxic species
will be discovered. This is particularly true of tropical and subtropical regions that are
currently under-represented in the literature. It seems likely that every country in the
world will have water bodies which support blooms of toxic cyanobacteria at some time
or another. It is also important to note that mass occurrences of toxic cyanobacteria are
not always associated with human activities causing pollution or "cultural eutrophication”
(see Chapter 2). For example, massive blooms of toxic cyanobacteria have been
reported in Australian reservoirs with pristine or near-pristine catchments (watersheds),
and toxic benthic cyanobacteria have killed cattle drinking from oligotrophic, high-alpine
waters in Switzerland.

3.2.2 Species composition and variation among toxic blooms

Cyanobacterial populations may be dominated by a single species or be composed of a
variety of species, some of which may not be toxic. Even within a single-species bloom
there may be a mixture of toxic and non-toxic strains. A strain is a specific genetic
subgroup within a particular species, and each species may encompass tens or
hundreds of strains, each with slightly different traits. Some strains are much more toxic
than others, sometimes by more than three orders of magnitude. This can mean that one
highly toxic strain, even when occurring in minor amounts amongst larger numbers of
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non-toxic strains, may render a bloom sample toxic (Sivonen et al., 1989a,b; Bolch et al.,
1997; Vezie et al., 1998).

Table 3.4 Frequencies of mass occurrences of toxic cyanobacteria in freshwaters

county | MG | 'samples | towicity | Reference
Australia | 231 | 42 |Hepat0toxic Baker and Humpage,
| | Neurotoxic 1994
|Austra|ia | 31 | 84 |Neurotoxic |Negri etal., 1997
Brazil 16 75 Hepatotoxic ~ |Costa and Azevedo,
1994
Canada, Alberta | 24 | 66 |Hepat0toxic Gorham, 1962
| | |Neurotoxic
|Canada, Alberta | 39 | 95 |Hepat0toxic |Kotak etal., 1993
Canada, Alberta (3 226 ' 74 Hepatotoxic  |Kotak et al., 1995
lakes)
Canada, | 50 | 10 |Hepatotoxic Hammer, 1968
Saskatchewan | | |Neurot0xic
China 26 73 Hepatotoxic Carmichael et al.,
1988b
Czech and Slovak 63 82 Hepatotoxic  |MarSélek et al., 1996
Rep.
Denmark | 296 | 82 |Hepat0t0xic Henriksen et al.,
| | |SDF 1996b
| | |Neurot0xic
Former German 10 ' 70 Hepatotoxic Henning and Kohl,
1981
|Dem. Rep. | | |SDF |
|Germany | 533 | 72 |Hepat0t0xic |Fastner, 1998
\Germany | 393 | 22 INeurotoxic ~ [Bumke-Vogt, 1998
|Greece | 18 | ? |Hepatot0xic |Lanaras etal., 1989
Finland | 215 | 44 |Hepat0toxic Sivonen, 1990a
| | INeurotoxic
|France, Brittany | 22 | 73! |Hepatot0xic |Vezie etal., 1997
|Hungary | 50 | 66 |Hepat0t0xic |T6rt‘>kné, 1991
Japan 23 39 Hepatotoxic  [Watanabe and Qishi,
1980
Netherlands 10 90 Hepatotoxic  |Leeuwangh et al.,
1983
Norway | 64 | 92 |Hepat0toxic Skulberg et al., 1994
| | INeurotoxic
| | |SDF
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|P0rtugal | 30 | 60 |Hepatot0xic |Vasconce|os, 1994

|Scandinavia | 81 | 60 |Hepatotoxic |Berg etal., 1986

Sweden | 331 | 47 |Hepat0toxic Willén and Mattsson,
| | |Neurotoxic 1997

UK | 50 | 48 Hepatotoxic  |Codd and Bell, 1996
| 28|

USA, Minnesota | 92 | 53 \Unspecified  |Olson, 1960
| | |Neurotoxic

USA, Wisconsin | 102 | 25 |Hepat0toxic Repavich et al., 1990
| | |Neurotoxic

|Mean | | 59 | |

* HPLC was used to detect the toxin content of the samples

Some of the studies shown in the table have been conducted over several years while
others lasted only one season. The relative share of cyanobacteria in the samples varied,;
low frequency of cyanobacteria led to low percentages of toxic samples in some studies.
In most of the studies the method used to detect toxicity is mouse bioassay, normally
with a 4-hour time limit (or longer when slow death factors (SDF) have been included).
SDF may indicate low hepatotoxicity of samples or other unknown toxicity.

Toxic and non-toxic strains from the same cyanobacterial species cannot be separated
by microscopic identification. The use of molecular genetic methods, in particular the use
of molecular probes and primers that target specific toxin production genes, will lead to
the development of more precise identification methods for toxic cyanobacteria in the
future. To confirm that a particular cyanobacterial strain is a toxin-producer, it is
important to isolate a pure culture of that strain, preferably free of other bacteria; then to
detect and quantify toxin concentrations in the pure culture (either by bioassay or
chemical analysis); and, where possible, to purify and characterise fully the toxins (for
such examples see Tables 3.2 and 3.3). It is likely that the list of confirmed toxic species
will increase in the future due to the isolation of new species and strains, and because of
the use of improved isolation, culturing and analytical methods.

Microcystis sp., commonly Microcystis aeruginosa, are linked most frequently to
hepatotoxic blooms world-wide (see Tables 3.2 and 3.5 for details and references for all
toxic species). Microcystis viridis and Microcystis botrys strains also have been shown to
produce microcystins. As noted in section 2.2, Microcystis is a non-nitrogen-fixing genus
which is often dominant under nutrient-rich conditions (especially where there is a
significant supply of ammonia), although it also forms blooms in less polluted waters.
Microcystin-producing Anabaena sp. have been reported from Canada, Denmark,
Finland, France and Norway. A recent study from Egypt revealed that 25 per cent of 75
Anabaena and Nostoc strains isolated from sail, rice fields and water bodies contained
microcystins. Planktothrix agardhii and Planktothrix rubescens (previously called
Oscillatoria agardhii and O. rubescens) are common microcystin producers in the
Northern Hemisphere; toxic strains of these have been isolated from blooms in Denmark,
Finland and Norway. In addition, these species were frequently shown to be dominant in
microcystin containing blooms in China, in Germany and in Sweden. In Swiss alpine
lakes, Oscillatoria limosa, which is benthic (i.e. it grows attached to sediments and
rocks), is a microcystin producer. In spite of the widespread occurrence of
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cyanobacterial blooms in Australia, Planktothrix blooms are rare there. This may be due
to the higher temperature and tendency for elevated clay-derived turbidity in Australian

water bodies.

Table 3.5 Toxic cyanobacteria species and their geographical distribution

| Toxic species | Cyanotoxin | Location | Reference(s)

Anabaena flos-aquae Microcystins Canada Krishnamurthy et al., 1989;
Harada et al., 1991

|Anabaena ? |Microcystins |Denmark |Henriksen etal., 1996b

|Anabaena spp. |Microcystins |Egypt |Yanni and Carmichael, 1997

Anabaena spp. (flos-aquae, |Microcystins Finland Sivonen et al., 1990b; 1992a

lemmermannii, circinalis)

|Anabaena circinalis |Microcystins |France |Vezie etal., 1998

|Anabaena flos-aquae |Microcystins |N0rway |Siv0nen etal., 1992a

Microcystis aeruginosa Microcystins Worldwide |Several; see Rinehart et al.,
1994 for a summary

M. viridis Microcystins Japan Kusumi et al., 1987; Watanabe
etal., 1986

|M. botrys |Microcystins |Denmark |Henriksen et al., 1996b

|PIanktothrix agardhii |Microcystins |China |Ueno etal., 1996a

|P. agardhii |Microcystins |Denmark |Henriksen etal., 1996b

|P. mougeotii |Microcystins |Denmark |Henriksen et al., 1996b

P. agardhii Microcystins Finland Sivonen, 1990b; Luukkainen et
al., 1993

P. agardhii Microcystins Norway Krishnamurthy et al., 1989;
Meriluoto et al., 1989

|Osci||atoria limosa |Microcystins |Switzerland |Mez etal., 1996

|Nostoc sp. |Microcystins |Fin|and |Sivonen etal., 1990a, 1992b

|Nostoc sp. |Microcystins |England |Beattie etal., 1998

|Anabaenopsis millerii |Microcystins |Greece |Lanaras and Cook, 1994

Haphalosiphon hibernicus  [Microcystins USA Prinsep et al., 1992

(soil isolate)

Nodularia spumigena Nodularins Australia Baker and Humpage, 1994;
Jones et al., 1994

|N. spumigena |Nodularins |Ba|tic Sea |Siv0nen etal., 1989b

N. spumigena Nodularins New Carmichael et al., 1988a;

Zealand Rinehart et al., 1988

Aphanizomenon Cylindrospermopsin |Israel Banker et al., 1997

ovalisporum

Cylindrospermopsis Cylindrospermopsin  |Australia Hawkins et al., 1985; 1997

raciborskii

|C. raciborskii |Cy|indrosperm0psin |Hungary |T(')'r<'jkné, 1997

|Umezakia natans |Cy|indrospermopsin |Japan |Harada etal., 1994
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Anabaena flos-aquae Anatoxin-a Canada Carmichael et al., 1975; Devlin
etal., 1977

|Anabaena spp. |Anatoxin—a |Fin|and |Sivonen etal., 1989a

|Anabaena blooms |Anatoxin-a |Germany |Bumke-Vogt, 1998

|Anabaena sp. |Anat0xin-a |Ireland |James etal., 1997

Anabaena sp. Anatoxin-a (minor Japan Park et al., 1993a

amounts)

Anabaena planctonica Anatoxin-a Italy Bruno et al., 1994

bloom

|Aphanizomenon sp. |Anatoxin—a |Fin|and |Sivonen etal., 1989a

|Aphanizomenon blooms |Anatoxin—a |Germany |Bumke—Vogt, 1998

|Cylindrospermum sp. |Anatoxin-a |Finland |Sivonen etal., 1989a

Microcystis sp. Anatoxin-a (minor Japan Park et al., 1993a

amounts)

|Osci||at0ria sp. benthic |Anatoxin—a |Scot|and |Edwards etal., 1992

|Osci||atoria sp. ? |Anatoxin-a |Ireland |James etal., 1997

|PIanktothrix sp. |Anatoxin—a |Fin|and |Sivonen etal., 1989a

|PIanktothrix formosa |H0m0anatoxin—a |N0rway |Sku|berg etal., 1992

Anabaena flos-aquae Anatoxin-a(S) Canada Matsunaga et al., 1989;
Mahmood and Carmichael,
1987

A. lemmermannii Anatoxin-a(S) Denmark  |Henriksen et al., 1997;
Onodera et al., 1997a

Anabaena circinalis Saxitoxins Australia Humpage et al., 1994; Negri et
al., 1995; 1997

Aphanizomenon flos-aquae |Saxitoxins USA Jackim and Gentile, 1968;
Ikawa et al., 1982; Mahmood
and Carmichael, 1986

Cylindrospermopsis Saxitoxins Brazil Lagos et al., 1997

raciborskii

Lyngbya wollei Saxitoxins USA Carmichael et al., 1997;
Onodera et al., 1997b

The toxicity of the species listed in the table is in most cases verified by laboratory

studies with isolated strains. A few bloom samples are also included from the new areas
of occurrence where toxicity of the species is not verified by strain isolation but the toxins
are determined in the bloom samples. The authors have suggested the listed species as
the probable toxin producer (based on their dominance) but these reports should be
treated as tentative until pure strains are studied.

Nostoc rivulare blooms in Texas, USA have caused poisoning of domestic and wild
animals (Davidson, 1959) and, more recently, two unidentified Nostoc strains were
shown to produce microcystins (Table 3.5).

The hepatotoxin, cylindrospermopsin, has been found in Cylindro-spermopsis raciborskii
in Australia and Hungary, in Umezakia natans in Japan, and in Aphanizomenon
ovalisporum in Israel (Table 3.5). In spite of their occurrence in Europe, it appears that
cylindrospermopsin-producing genera most commonly form toxic blooms in subtropical,
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tropical or arid zone water bodies. However, there have been reports of increasing
occurrences of Cylindrospermopsis raciborskii in Europe and the USA (Padisak, 1997).

The neurotoxin, anatoxin-a, was first shown to be produced by Anabaena flos-aquae
strains originating from Canada, and later by Finnish strains of unidentified Anabaena
species, and in individual species of Oscillatoria, Aphanizomenon, and Cylindrospermum,
by benthic Oscillatoria from Scotland, and by Anabaena and Oscillatoria in Ireland. It
also was present in Anabaena planctonica blooms in Sardinia, Italy, in Anabaena and
Aphanizomenon blooms in Germany, and in minor amounts in some Japanese bloom
samples, as well as in Anabaena strains. Homoanatoxin-a has been characterised from
an Oscillatoria formosum (Phormidium formosum) strain from Norway (see Table 3.5).

To date, anatoxin-a(S) has been found only from Anabaena species: A. flos-aquae in the
USA and Scotland, and A. lemmermannii in Denmark.

Aphanizomenon flos-aquae blooms and strains were found to contain saxitoxins in the
USA and this species was for a long time the only known saxitoxin producer amongst
the cyanobacteria. More recently, saxitoxins have been shown to be common in
Australian rivers and reservoirs and to be produced by Anabaena circinalis. In North
America, a benthic freshwater Lyngbya wollei was found to produce saxitoxins, as was a
strain of Cylindrospermopsis raciborskii in Brazil (Table 3.5).

3.2.3 Cyanotoxin patterns in strains and species of cyanobacteria

Cyanobacteria may produce several toxins simultaneously. In general, more than one
microcystin has been characterised from the strains listed in Table 3.2. Among
neurotoxic strains, several PSPs are found in the same strain, although there are
considerable variations between species (Table 3.3). Furthermore, simultaneous
neurotoxin and hepatotoxin production has been noted; the best example studied being
the Anabaena flos-aquae strain NRC 525-17 which produces anatoxin-a(S) (Matsunaga
et al., 1989) and several microcystins (Harada et al., 1991a).

Microcystin

Although many strains produce several microcystins simultaneously, usually only one or
two of them are dominant in any single strain. Qualitative variation in the microcystins
present is most frequently found among strains of Anabaena but also in Microcystis
(Sivonen et al., 1995). Some taxa have a number of microcystins in common, such as
planktonic Anabaena, Microcystis and Planktothrix (Oscillatoria). However, there is
evidence of microcystin variants that are typical for certain cyanobacterial taxa.

Planktothrix and some strains of Anabaena produce only demethylmicrocystins (Table
3.2). Planktothrix (Oscillatoria) isolates from Finland (13 strains studied and toxins fully
characterised) seem to produce one of two types of microcystin (D-Asp*-RR or Dha’-RR)
(Sivonen et al., 1995).

German field samples dominated by Planktothrix have also shown these microcystins,
with dominance of one major demethylated microcystin in populations of P. rubescens,
and two or three of these variants in populations of P. agardhii (Fastner et al., 1998).
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Microcystis strains from Japan appear to contain chiefly microcystin-LR, -RR and -YR,
with some cultures showing all three variants, and some strains being dominated by one
of them. These three microcystins are the only variants reported in several studies on M.
aeruginosa and M. viridis (e.g. Watanabe, 1996). Many of the microcystins listed in
Table 3.2 have been found only in minor amounts or, to date, have been found to be
produced only by individual isolates.

In natural samples which usually contain many strains, or more than one toxin-producing
species, different combinations of microcystins can be found. For example, in a
Microcystis bloom from Homer Lake, USA, 19 different microcystins were characterised
(Namikoshi et al., 1992a, 1995) and in one Australian bloom of Microcystis aeruginosa,
23 microcystins were detected by high pressure liquid chromatography (HPLC), none of
which were microcystin-LR (Jones et al., 1995).

Microcystin-LR is often mentioned as the most frequently occurring microcystin, although
such observations may be biased by the fact that a chemical standard for the analysis of
microcystin-LR was the earliest to be commercially available (see Chapter 13). It has
been reported to be the major toxin in bloom and strain samples from Portugal
(Vasconcelos et al., 1995. 1996), France (Vezie et al., 1997), Canada (Kotak et al., 1993)
and frequently co-occurring with microcystin-RR and -YR in Japan (Watanabe et al.,
1988, 1989).

Geographical patterns are indicated by some survey results. Wide variation among the
L-amino acids of microcystins has been reported for South Africa (Scott, 1991), frequent
presence of demethylmicrocystins (RR and LR) has been seen in Finnish strains
(Sivonen et al., 1995) and microcystins in Danish samples show wide variation
(Henriksen, 1996a). In part, these patterns probably reflect regional differences in
dominance of cyanobacterial species or strains. Water bodies with regular dominance of
specific taxa are likely to exhibit characteristic patterns of microcystin variants.

Nodularin

The cyanotoxin, nodularin, is found in waters where Nodularia spumigena is present; the
most prominent areas being the Baltic Sea and brackish water estuaries and coastal
lakes of Australia and New Zealand. However, the best known Nodularia spumigena
bloom location, Lake Alexandrina, Australia, has salinities which are only slightly
elevated above normal river water and at levels still suitable for drinking water. The
presence of variants of nodularin in environmental samples is usually rather insignificant.
In the Baltic Sea, the collection of samples for several years has shown nodularin to be
the major compound present. The same is true for the almost 90 hepatotoxic Nodularia
strains isolated from the same source (Sivonen et al., 1989b; Lehtimaki et al., 1997).
Analyses of several strains isolated from blooms across Australia have revealed similar
results, with nodularin variants being found rarely, and then only at low relative
abundance (Jones et al., 1994; Blackburn et al., 1997).

Saxitoxins
There is much diversity of saxitoxin distribution in cyanobacteria from around the world

(Table 3.3). In addition, the lack of analytical standards for many saxitoxins has probably
restricted findings in some countries. Saxitoxin-producing Anabaena circinalis blooms
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are widespread in Australian rivers and reservoirs, and the relative abundance of
individual toxins is remarkably constant in toxin-producing strains, which is quite
opposite to the microcystin-producing cyanobacteria. In all healthy Anabaena circinalis
cultures examined in Australia, the relative composition of individual saxitoxins is very
similar and dominated by C-toxins (Blackburn et al., 1997). As blooms and cultures age,
the proportion of decarbamoyl-gonyautoxins breakdown products increases at the
expense of the C-toxins (see section 3.4). In North American Aphanizomenon flos-aquae
and in Brazilian Cylindrospermopsis raciborskii samples, mostly neosaxitoxin and
smaller amounts of saxitoxin have been detected. In the case of the Aphanizomenon
flos-aquae from North America, only bloom samples and strains from New Hampshire,
USA have been found to contain saxitoxins. Mat-forming Lyngbya wollei from Alabama,
USA was found to produce decarbamoyl saxitoxin (dcSTX), decarbamoylgonyautoxin-2
and-3 (dcGTX2 and dcGTX3) and six new saxitoxins (see section 3.1).

3.2.4 Concentrations of cyanotoxins in surface waters

Information on the concentrations of cyanotoxins in surface waters has been appearing
only recently in the international literature. In early studies (pre-1990s), the toxicity of
bloom samples was determined by mouse bioassays, but this method is unsuitable for
measuring the low concentrations of cyanotoxins that usually prevail in cyanobacterial
populations when they do not accumulate in scums. The development of better
analytical methods, in the first instance HPLC and more recently enzyme linked
immunosorbent assay (ELISA), (and for microcystins and nodularins also the protein
phosphatase assay) has made the quantification of total and individual toxins possible
(see Box 3.1 and Chapter 13).

The quantitative determination of toxin concentrations is mostly performed from
lyophilised (freeze-dried) cultures, bloom samples or seston (particulate material
suspended in water, which contains not only cyanobacterial cells but usually other algae,
some zooplankton, and possibly inorganic material such as soil and sediment particles)
(see Chapter 13). Results are usually expressed as milligrams or micrograms of toxin
per gram dry weight (dw). Whereas in cultures and bloom samples, the dry weight
originates from cyanobacteria, it will encompass further particles (seston) in plankton
samples taken outside of scum areas. The highest published concentrations of
cyanotoxins from cyanobacterial bloom samples, measured by HPLC, are (see Table
3.6):

e microcystin - 7,300 ug g* dw from China and Portugal,
e nodularin - 18,000 pg g* dw from the Baltic Sea,

e cylindrospermopsin - 5,500 ug g* dw from Australia,

e anatoxin-a - 4,400 pg g* dw from Finland,

e saxitoxins - 3,400 pg g* dw from Australia,

¢ anatoxin-a(S) - 3,300 ug g* dw from the USA.
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Box 3.1 Toxins and toxicity: what's in a name?

There is often a misunderstanding of the terms "toxicity" or "toxin content" when applied to
cyanobacteria or a water sample that contains cyanotoxins. In particular, the terms are often
taken to be synonymous, which they are not. Furthermore, the measurement units in which data
are reported are not always carefully considered.

To some extent, the problem lies in the different ways in which toxin data can be expressed, and
the way in which people think about the cyanobacterial or water sample, particularly in the context
of their own professional background. For example, a water treatment plant operator may assume
or expect a "toxicity" value to refer to the toxin concentration per litre of drinking water, a biologist
may think of the same term to mean the amount of toxin per mass of cyanobacteria, whereas a
toxicologist will normally take the term to reflect the amount of cyanobacteria needed to kill an
animal.

Toxicity. In the strict sense, toxicity refers only to animal testing data, and is expressed as the
amount of cyanobacteria lethal to an animal (usually normalised per kilogram of body weight).
The commonly reported LDsy value, a measure of toxin potency, is the amount of cyanobacteria
or pure toxin needed to kill 50 per cent of animals in an experimental trial, again normalised per
kilogram of body weight. Thus, the lower the LDs, the more potent the cyanobacterial sample or
pure toxin (see Table 3.2 for examples). Note, however, that cell growth assays may express
results as ECsy (concentration reducing growth rate by 50 per cent).

Toxin concentration and toxin content. Toxin concentration can refer either to the amount of toxin
per litre of water or the amount of toxin per mass of cyanobacterial bloom material. Therefore,
particular attention must be paid to the units in which the data are reported. In the published
literature on toxic cyanobacteria, the amount of toxin per mass of bloom material is often referred
to as the toxin content. Strictly speaking, this is incorrect; the correct term should be the
gravimetric, or per cyanobacterial mass, toxin concentration.

Toxin quota. This refers to the amount (mass or moles) of toxin per cyanobacteria cell.

Cell bound versus free toxin. In most circumstances almost all toxins are cell-bound (within the
cells) and little or no toxin is found in solution except where a bloom is senescent or where an
algicide has been applied.

Higher concentrations have been reported in unpublished studies and may be expected
under some circumstances.

For the purposes of water treatment and public health management, toxin concentration
per litre of water is often a more relevant unit, for example for relating ambient
concentrations to guideline levels. Concentration per litre usually refers to toxins
contained within the cells as well as dissolved in water, and taken from a defined volume
of water. Very high concentrations of microcystins per litre of water (rather than per
mass of cyanobacteria), have been reported up to 25,000 pg I* microcystin and up to
3,300 pg I*anatoxin-a(S) (Table 3.6). It should be noted, however, that these very high
concentrations of toxins would be from scums or from very dense accumulations of
cyanobacteria.

In one or two studies where many toxin concentration measurements have been made
from more or less randomly collected plankton samples, the distribution of data revealed
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a small number of samples with high toxin concentrations, some samples with moderate
concentrations, and many samples with low or zero concentrations (Figure 3.4).
However, such surveys tend to include a large proportion of samples where the particle
content is not dominated by cyanobacteria. If cyanobacteria constitute only a small
fraction of the total dry weight, toxin concentration per gram dry weight will necessarily
be low. In contrast, if mass developments of toxic cyanobacterial species are
investigated, cyanobacteria will constitute a large fraction of the total dry weight. In these
cases, toxin content is often high. Recent German data show that the relative frequency
of high, moderate and low toxin concentrations per gram dry weight is dependent on the
particular species that is dominant (Figure 3.5).

For management, the option of estimating toxin content from the biomass of a dominant

cyanobacterial species (i.e. the "toxin quota" per cell or biovolume) can be helpful.
Survey data from Germany show that microcystin toxin quotas differ between taxa, but
variation within most of the samples dominated by the same taxon is only moderate
(two- to fivefold) (Figure 3.5). In contrast, an Australian investigation with other species
of cyanobacteria showed substantial variation of toxin concentrations per dry weight,
even in cases with dominance of the same cyanobacterial species (Negri et al., 1997).

Table 3.6 Toxin concentrations reported in cyanobacterial bloom or water samples

No. .Of Range of total
. toxic .
Period . concentrations :
. samples Toxins 1 Analysis
Location of . . (ug g™ dw, Reference
(total no. identified . method
study of unless otherwise
indicated)
samples)
|Microcystins
Australia 1991 4 Microcystins, 2,100-4,100° |HPLC Jones et al.,
24 unidentified 1995
Canada, 1990 37(50) |Microcystin-LR 4-610 HPLC Kotak et al.,
Alberta 1993
Canada, 1990- | 168(226) |Microcystin-LR 1-1,550 HPLC Kotak et al.,
Alberta (3 93 1995
lakes)
China 1988 5(10) Microcystin- 200-7,300 HPLC Zhang et al.,
RR, -LR 1991
Czech and | 1995- (63) Microcystin-LR 4-6,835 HPLC MarSélek et
Slovak 96 al., 1996
Rep.
Denmark | 1992- Microcystin- 3-2,800 HPLC Christoffersen,
94 RR, -LR 1996
Denmark | 1993- | 198(296) [Microcystins 5-1,900 HPLC Henriksen et
95 al., 1996b
Finland 1994- 17(20) |Microcystin-LR > 10-800 HPLC Lahti et al.,
95 1997
France 1994 16(22) |Microcystins 70-3,970 HPLC Vezie et al.,
1997
France, L. | 1994 | 19(30) |Microcystins | 30-230 HPLC Vezie et al.,
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Grand- 1998
Lieu
\Germany | 1992 | 8(15) |Microcystin-LR | 36-360 HPLC [Fastner, 1994
Germany | 1993 17(18) |Microcystins 0.15-36" ELISA Ueno et al.,
1996b
Germany | 1995- | 385(533) |Microcystins 1-5,000 HPLC Fastner, 1998
96
Germany | 1997 34 Microcystins, 1-25,000* HPLC Chorus et al.,
several 1998
Japan 1990 12(14) |Microcystin- 160-950 HPLC Watanabe et
RR, -YR, -LR al., 1992
Japan 1988- 11(19) |Microcystin- 70-1,610 HPLC Park et al.,
92 RR, -YR, -LR, 1993a
[Dha’l-LR
Japan, 1980- 13 Microcystin- 30-2,100 HPLC Park et al.,
Lake 91 RR, -YR, -LR 1993b
Suwa
Japan 1986- 4(4) Microcystin- 100-860 HPLC Shirai et al.,
88 RR, -YR, -LR 1991
Japan 1992- 18(22) |Microcystin- 0.04-480* HPLC Tsuji et al.,
95 RR, -YR, -LR 1996
Japan 1993- 46(57) |Microcystins 0.05-1,300 **  [ELISA Ueno et al.,
95 1996b
Japan 1993- 12(17) |Microcystins 0.06-94 *? ELISA Nagata et al.,
94 1997
Japan 1989- 10(10) |Microcystins 300-15,600 ** |ELISA Nagata et al.,
94 1997
| | | | 330-19,500 2 |HPLC
Portugal 1989- 12(12) |Microcystin-LR 1,000-7,100 HPLC Vasconcelos
92 plus six known etal., 1996
and three
unidentified
microcystins
Portugal 1994- | 28(29) |Microcystins 0.1-37 ' ELISA Ueno et al.,
95 1996b
South 1985- Microcystin- 5-420 HPLC Wicks and
Africa 86 FR, -LR, -YR, Thiel, 1990
-LA, -YA, -
LAba
South 1988- 9(9) Microcystin- 40-630 HPLC Scott, 1991
Africa 89 YR, -LR, -FR,
-YA, -LA, -
LAba
UK 1992 3(3) Microcystins, 3 17-131 *2 HPLC Codd et al.,
1995
USA, 1993 9 Microcystins 1,900-12,800°> |ELISA McDermott et
Wisconsin al., 1995
|Nodularins
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Baltic Sea | 1985- 17(23) [Nodularin <100-2,400 HPLC Sivonen et al.,
87 1989b
Baltic Sea | 1990- 6(16) |Nodularin 300-18,000 HPLC Kononen et
91 al., 1993
Tasmania, | 1992- 7(9) Nodularin 2,000-3,500 HPLC Jones et al.,
Orielton 93 1994
Lagoon
|Anat0xins
Denmark | 1993- 9(10) |Anatoxin-a(S) 4-3,300° ChE Henriksen et
95 inhibition al., 1997
assay
Finland 1985- 13(30) |Anatoxin-a 10-4,400 GC/MS Sivonen et al.,
87 1989a
Finland 3(3) Anatoxin-a 0.4-2,600 LC/MS Harada et al.,
and Japan 1993
Germany | 1995- 10(45) |Anatoxin-a 0.02-0.36* GC-ECD Bumke-Vogt,
96 1998
Ireland 1995 2(2) Anatoxin-a 10-100 HPLC James et al.,
(fluorimetric) 1997
Japan 1988- 9(14) |Anatoxin-a 0.3-16 TSP-LC/MS |Park et al.,
92 1993a
|Saxitoxins
Australia 1990- 11(11) |[Saxitoxins 85-2,040 HPLC and |[Humpage et
92 FAB-MS al., 1994
Australia 1992- 24(31) |Saxitoxins 50-3,400 HPLC Negri et al.,
94 1997
USA 1994 7(8) Saxitoxins 5-60* HPLC/AOAC |Carmichael et
al., 1997
dw Dry weight
HPLC High pressure liquid chromatography
ELISA Enzyme linked immunosorbent assay
GC/MS Gas chromatography/mass spectrometry
LC/MS Liquid chromatography/mass spectrometry
GC-ECD  Gas chromatography-electron capture detection
TSP-LC/MS Thermospray-liquid chromatography/mass spectrometry
FAB-MS Fast atom bombardment-mass spectrometry
AOAC Mouse bioassay done according to the Association of Official Analytical Chemists

t Given as ug I*
* Microcystin-LR used as standard
* Measured by enzyme inhibition
* Micrograms of STX equivalents
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Figure 3.4 Cell-bound total microcystin content (measured by HPLC) of samples
taken in Denmark between 1993 and 1995 and dominated by different
cyanobacteria. Boxes show median values and the values within the 50 percentile
range; bars indicate the 10" and 90" percentile; n = number of samples (Modified
from Henriksen, 1996)
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Further regional investigations are needed to clarify the toxins and species for which
toxin quotas may be reasonably stable and, thus, predictable.

The further development of quantitative, pre-concentration methods coupled with the
highly sensitive analytical methods noted above (see also Chapter 13) has also enabled
the measurement of very low concentrations of extracellular, dissolved toxins in water.
Data for dissolved toxin concentration, as reported in the scientific literature, are given in
Table 3.7. Prevalence and degradation of dissolved toxins in water are discussed in
section 3.4. Concentrations of microcystins dissolved in water vary from trace
concentrations up to 1,800 pug I* or higher, following the collapse of a large, highly toxic
bloom.

3.2.5 Seasonal variations in bloom toxin concentration

The timing and duration of the bloom season of cyanobacteria depends largely on the
climatic conditions of the region. In temperate zones, mass occurrences of
cyanobacteria are most prominent during the late summer and early autumn and may
last 2-4 months. In regions with more Mediterranean or subtropical climates, the bloom
season may start earlier and persist longer.
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Figure 3.5 Cell-bound total microcystin content (measured by HPLC) of samples
taken in Germany between 1995 and 1996 dominated by different cyanobacteria. A.
On a dry weight basis; B. On a chlorophyll a basis; C. On a volume basis. (Micro.
spp = Microcystis spp.; Plankto. agardhii = Planktothrix agardhii; Plankto.
rubescens = Planktothrix rubescens) Boxes show median values and the values
within the 50 percentile range; bars indicate the 10" and 90" percentile; n =
number of samples (Modified from Fastner et at., 1998)
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Table 3.7 Dissolved (extracellular) toxin concentrations measured in water samples

Period No. of toxic
: samples (total Toxin Concentration | Analysis
Location of . e " Reference
no. of identified (ng 1M method
study
samples)

Australia 24 Microcystins  |3-1.800" HPLC Jones and
Orr, 1994

China 1993-94 130(835) Microcystins  (0.05-1.6 ELISA Ueno et al.,
1996a

Finland 1993-94 38(38) Microcystin-  |0.06-0,21 HPLC and |Lahti et al.,

LR ELISA 1997

Germany [1993-94 11(19) Microcystins  |0.07-0.76 ELISA Ueno et al.,
1996b

Japan 1992-95 9(22) Microcystin-  |0.02-3.8 HPLC Tsuji et al.,

RR, -YR, -LR 1996

Japan 1993-95 26(38) Microcystins  [trace-5.6 ELISA Ueno et al.,
1996b

Japan 1993-94 4(13) Microcystins  (0.08-0.8 ELISA Nagata et
al., 1997

Thailand 1994 7(10) Microcystins |0.08-0.35 ELISA Ueno et al.,
1996b

USA, 1993 27(27) Microcystins  |0.07-200 ELISA McDermott

Wisconsin et al., 1995

HPLC High pressure liquid chromatography
ELISA Enzyme linked immunosorbent assay

' High range concentrations following treatment of a large bloom with algicide, which
released intracellular microcystins (see section 3.4)

In France, four months is not uncommon, and in Japan, Portugal, Spain, South Africa
and southern Australia blooms may occur for up to six months or longer. By contrast, in
dry years, in tropical or subtropical areas of China, Brazil and Australia, cyanobacterial
blooms may occur almost all year round, perhaps waning only briefly during reservoir
overturn.

In shallow lakes, particularly in north-western Europe, populations of Planktothrix
agardhii (Oscillatoria agardhii) may prevail perennially for many years. In deeper,
thermally stratified lakes and reservoirs with moderate nutrient pollution, Planktothrix
rubescens (Oscillatoria rubescens) may form blooms at the interface between the
warmer upper and colder deeper layers of water during summer, but maintain high,
evenly distributed density throughout the entire water body during winter. Both
Planktothrix species may contain high amounts of microcystins (see Figure 3.5). Blooms
of cyanobacteria, especially Planktothrix agardhii, have been found in winter under ice in
Scandinavian and German lakes and can thus be an all year round problem.
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Although toxic cyanobacteria occur in a large number of lakes, reservoirs and rivers in
the world, quantitative reports on seasonal variation of cyanobacterial species
composition and toxin concentration are rare. Only a few studies on seasonal, spatial
and diel (day to night) variations in lakes have been published. Carmichael and Gorham
(1981) showed a high degree of spatial variation of bloom toxicity that was due mostly to
variations in the relative amounts of toxic Microcystis aeruginosa throughout the lake,
rather than to substantial variations in cell toxin content. Other measurements of toxin
concentrations in lakes have revealed similar trends; samples taken at the same time
from different parts of the lake may show wide divergence in cyanotoxin content
(Ekman-Ekebom et al., 1992; Kotak et al., 1995; Vezie et al., 1998). A study in Alberta,
Canada, showed considerable variation in toxin concentrations among the three lakes
studied, both within and between years, even though the lakes were located within the
same climatic region (Kotak et al., 1995).

In any year or season, individual water bodies have their own populations of
cyanobacteria and algae, the dominance of which is dependent not only on the weather,
but on the specific geochemical conditions of the lake. If there are no major changes in
these conditions, toxic blooms are likely to recur annually in those lakes that have a
history of toxic blooms (Wicks and Thiel, 1990; Ekman-Ekebom et al., 1992). Certain
species, including the highly toxic Planktothrix agardhii and P. Rubescens, are known to
produce maximum mass occurrences deep in the water column and which may be
overlooked by surface monitoring of waters. Such situations may also cause problems
for water treatment (see Chapters 2 and 9) (Lindholm and Meriluoto, 1991).

Studies over prolonged periods usually show that toxin concentration per gram dry
weight may vary substantially over a time scale of weeks to months, but rarely from day
to day as is sometimes reported. The maximum toxin concentration per gram dry weight
is usually reported in summer or autumn, when cyanobacterial biomass dominates dry
matter (Wicks and Thiel, 1990; Watanabe et al., 1992; Park et al., 1993b; Kotak et al.,
1995; MarSélek et al., 1995; Vezie et al., 1998). However, the time of toxin concentration
maximum and biomass maximum are not necessarily coincident. Thus, there can be
significant variation in the amount of toxin per mass of cyanobacteria over time,
independently of changes in the size of the cyanobacterial population. The explanations
for this are twofold. Firstly, there may be a waxing and waning of species or strains of
quite different toxin quotas (i.e. toxin content per cell). Secondly, the toxin quotas may
change up to five-fold in response to changes in environmental conditions (see section
3.3). A study by Kotak et al. (1995) found substantially higher concentrations of
microcystin in blooms during the day than at night, whereas a study from Australia found
no variation in microcystin content when samples were incubated during 24 hours at
different depths in a reservoir (Jones and Falconer, 1994). Both findings need to be
explored further.

High regional, seasonal, spatial, temporal and diel variations of toxin concentrations
indicate that predicting or modelling the occurrence of toxin concentrations requires a
comprehensive understanding of population (strain) development in different types of
aguatic ecosystems, as well as of the variability of their toxin quotas. Data bases for
such predictive models have yet to be compiled.
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3.3 Production and regulation

Laboratory studies with pure strains of cyanobacteria have found that environmental
factors can induce changes in toxicity or toxin concentration (on a per unit biomass
basis), but usually by a factor of no more than three or four. On a per cell basis, the
changes in toxin content are probably even smaller. These environmentally-induced
changes are far less than the range of more than three orders of magnitude in toxin
content measured between individual strains grown in culture under identical conditions.
This lends support to the assumption that much, if not most, of the variation in toxicity of
"monospecific" natural blooms is the waxing and waning of strains of the same species,
but with varying toxin quotas. The factors that control the growth and toxin content of
individual strains are as yet unknown, but clearly the genetic regulation of cyanotoxin
production is an important area for further study and understanding (see section 3.3.3).

Both toxigenic (toxin producing) and non-toxigenic strains exist within many species of
cyanobacteria. When grown in the laboratory, particular strains always produce much
greater amounts of toxins than others. Indeed, the difference may be as much as three
orders of magnitude or more (Bolch et al., 1997). Several attempts to differentiate toxin
producing (toxigenic) from non-toxic strains of the same species using microscopic
methods have failed. The use of molecular biological methods to characterise toxic and
non-toxic planktonic isolates has been initiated recently and will, in future, help to clarify
the taxonomic status of these organisms, as well as the ecology of individual strain types
(see section 3.3.3).

3.3.1 Regulation by chemical and physical factors

The production of toxin by a single cyanobacterial strain seems to be consistent and the
spontaneous and permanent loss of toxin production has been seldom reported. The
effects of several environmental factors on growth and toxin production by cyanobacteria
have been studied in batch and continuous culture experiments. Culture age in batch
cultures, and temperature, are the parameters most frequently examined, followed by
light, nutrients, salinity, pH and micronutrient concentrations. Studies have been done
with hepatotoxic Microcystis, Oscillatoria (Planktothrix), Anabaena and Nodularia;
anatoxin-a producing Anabaena, Aphanizomenon and Planktothrix; and saxitoxin
producing Aphanizomenon and Anabaena circinalis (Table 3.8). Microcystins and
anatoxin-a are largely retained within cells when the conditions for the growth of the
organism are favourable. The amount of microcystin in a culture increases during the
logarithmic growth phase, being highest in the late logarithmic phase. The maximum
anatoxin-a concentration is found during the logarithmic growth phase (Sivonen, 1996;
Watanabe, 1996). While the variants of microcystins produced by a particular strain are
rather constant, the ratios of individual microcystins may change with time, or under
conditions of different temperatures and light. Environmental factors affect toxin content
of cyanobacteria, but only within a range of less than an order of magnitude. The
majority of studies indicate that cyanobacteria produce most toxins under conditions
which are most favourable for their growth. For example, different cyanobacterial
species have different light requirements: Planktothrix prefers low light intensities for
growth, Anabaena moderate and Aphanizomenon high light intensities. All strains
produce most toxin when grown under their optimum light conditions (Table 3.8). Two- to
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threefold differences in toxin content (on a per unit biomass basis) have been reported in
relation to light conditions.

Strains and species also differ slightly in their optimum growth temperatures. The toxin
content in most studies was highest at temperatures between 18 °C and 25 °C, whereas
low (10 °C) or very high temperatures (30 °C) decreased toxin content. Temperature
gradients caused two- to threefold differences in toxin content.

In a study using mouse bioassay to detect effects of pH on toxin production, cells were
found to be more toxic when grown at high and low pH (Van der Westhuizen and Eloff,

1983).

Table 3.8 Laboratory studies on cellular toxin concentrations in cyanobacteria

Toxin(s)/ Chang_es in Highest/lowest
. ” toxin :
Parameter Organism analysis . toxin Reference(s)
method concentrations production
(dw)
|Temperature °C)
12.5-30 Anabaena spp. |Microcystins | 3.5-30 fold* |Highest at 25, |Rapala et al.,
(2 strains), batch [HPLC lowest at 30; 1997
cultures different toxins
at different
temperatures
10-28 Anabaena spp. |Microcystins 3-10 fold Lowest at 10, Rapala and
(2 strains), HPLC highest at 25 Sivonen, 1998
continuous
cultures
15-30 Anabaena spp. |Anatoxin-a 3 fold Lowest at 30, Rapala et al.,
(2 strains), batch [HPLC highest at 20 1993
cultures
10-28 Anabaena spp. |Anatoxin-a 4-7 fold Highest at 19- |Rapala and
(2 strains), HPLC 21, lowest at 10 [Sivonen, 1998
continuous and 28
cultures
15-30 Aphanizomenon |Anatoxin-a 3 fold Lowest at 30, Rapala et al.,
sp. (1 strain), HPLC highest at 20 1993
batch cultures
10,25,34 Microcystis Microcystins 5 fold Highest toxicity |Codd and
aeruginosa (1 mouse at 25, lowest at |Poon, 1988
strain), batch bioassay 10
cultures
15-35 Microcystis Microcystins 4 fold Highest toxicity |van der
aeruginosa (1  |mouse at 20; different |Westhuizen
strain) batch bioassay toxins at and Eloff,
cultures HPLC different 1985; van der
temperatures Westhuizen et
al., 1986
18,25,35 Microcystis Microcystins 1.4 fold Highest toxicity |Watanabe
aeruginosa (1 mouse at 18, lowest at |and Qishi,
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strain), batch bioassay 32 1985
cultures
10-30 Nodularia Nodularin 3-4 fold Highest at 20, |Lehtimaki et
spumigena (2 HPLC lowest at 10 or |al., 1994
strains), batch 30
cultures
7-28 Nodularia Nodularin 3 fold Highest at 19 Lehtiméki et
spumigena (1 HPLC al., 1997
strain), batch
cultures
15-30 Oscillatoria Microcystins 7 fold Strain Sivonen,
agardhii (2 HPLC dependent; 1990b
strains), batch lowest at 30
cultures
|Light (umol m? s™)
2-100 Anabaena spp. |Microcystins 3 fold Highest at 25 Rapala et al.,
continuous (2 strains), batch [HPLC 1997
cultures
7,19, 42 Anabaena spp. |Microcystins 2.5-15 Lowest at 10, Rapala and
continuous (2 strains), HPLC highest at 25 Sivonen, 1998
continuous
cultures
2-128 Anabaena spp. |Anatoxin-a 3 fold Highest at 26- |Rapala et al.,
continuous (2 strains), batch |[HPLC 44, lowestat 2 |1993
cultures
7,19, 42 Anabaena spp. |Anatoxin-a No effect Highest at 19, |Rapala and
continuous (2 strains), HPLC lowest at 7 Sivonen, 1998
continuous
cultures
2-128 Aphanizomenon |Anatoxin-a 4 fold Highest at 128, |Rapala et al.,
continuous sp. (1 strain), HPLC lowest at 2 1993
batch cultures
5-50 Microcystis Microcystins 2.4 fold Highest toxicity |Codd and
continuous aeruginosa (1  |mouse at 20 Poon, 1988
strain), batch bioassay
cultures
20-75 Microcystis Microcystins 2.5 fold Highest at 40 Utkilen and
continuous aeruginosa (1 HPLC Gjglme, 1992
strain),
continuous
cultures
21-205 Microcystis Microcystins 1.2 fold Highest toxicity |van der
continuous aeruginosa (1  |mouse at 142, lowest at |Westhuizen
strain), batch bioassay 21 and Eloff,
cultures 1985
7.5,30,75 Microcystis Microcystins 3.8 fold Highest toxicity |(Watanabe
continuous aeruginosa (1  |mouse at 30, lowest at |and Qishi,
strain), batch bioassay 7.5 1985
cultures
25, 50, 80 |Nodularia |N0dularin No difference Lehtimaki et
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continuous spumigena (2 HPLC al., 1994
strains), batch
cultures
2-155 Nodularia Nodularin 50 fold* Higher at high  |Lehtimaki et
continuous spumigena (1 HPLC irradiances, al., 1997
strain), batch minimal at 2
cultures
12-95 Oscillatoria Microcystins 2.5 fold Highest at 12-44 |Sivonen,
continuous agardhii (2 HPLC 1990b
strains), batch
cultures
|Phosphorus (mg P I
0.05-5.5 Anabaena spp. |Microcystins 5 fold Highest at 5.5, |Rapalaetal.,
(2 strains), batch [HPLC lowest at 0.05 1997
cultures
0.05-5.5 Anabaena spp. |Anatoxin-a No difference |No statistically |Rapala et al.,
(2 strains), batch [HPLC significant 1993
cultures differences
0.05-5.5 Aphanizomenon |Anatoxin-a 2 fold Lowest at 0.05- |Rapala et al.,
sp. (2 strains), |HPLC 0.1, highestat |1993
batch cultures 0.5-5.5
BG-11 and Microcystis Microcystins 1.7 fold Higher toxicity |Codd and
medium aeruginosa (1 Mouse without P Poon, 1988
without P strain), batch bioassay
cultures
0.0025, 0.025 |Microcystis Microcystins 2.3 fold More toxin at Utkilen and
aeruginosa (1 HPLC 0.025 Gjglme, 1995
strain),
continuous
cultures
MA medium Microcystis Microcystins | Lessthan1 |Highest toxicity |Watanabe
1/1; dilutions  |aeruginosa (1 Mouse with the original |and Qishi,
1/10, 1/20 strain), batch bioassay medium 1985
cultures
0.1-5.5 Oscillatoria Microcystins | 1.8-2.5fold |[Lowest toxin at |Sivonen,
agardhii (2 HPLC 0.1 1990b
strains), batch
cultures
0.3,0.6,1.0 Nodularia Nodularin Less than 1 fold |Lowest at 0.3 Lehtiméki et
spumigena (2 HPLC al., 1994
strains), batch
cultures
0-5.5 Nodularia Nodularin 4 fold Lowest at O- Lehtimaki et
spumigena (1 HPLC 0.02, highest at |al., 1997
strain), batch 0.2-5.5
cultures
|Nitrogen (mg N I")
BG-11 Microcystis Microcystins 5 fold Higher toxicity |Codd and
medium, aeruginosa (1  |mouse with the medium |Poon, 1988
medium strain), batch bioassay containing N
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without N |cu|tures | | | |
0.05-1 Microcystis Microcystins 3 fold Higher at high N |Utkilen and
aeruginosa (1 HPLC Gjglme, 1995
strain),
continuous
cultures
MA medium Microcystis Microcystins 2.5 fold Highest toxicity (Watanabe
1/1; dilutions  |aeruginosa (1  |mouse with the original |and Oishi,
1/10, 1/20 strain), batch bioassay medium 1985
cultures
0.42-84 Oscillatoria Microcystins 5 fold Higher at high  |Sivonen,
agardhii (2 HPLC N, lowest at low [(1990b
strains), batch N
cultures
|Micronutrients
Al, Cd, Cr, Cu, |Microcystis Microcystins 1.7 fold Less toxins at  |Lukac and
Fe, Mn, Ni, Sn, |aeruginosa (1 HPLC low Fe Aegerter,
Zn; various strain), batch concentrations {1993
concentrations |cultures
0.1-3.4 pg Fe I [Microcystis Microcystins 1.5 fold More toxin at Utkilen and
! aeruginosa (1  |HPLC high Fe Gjglme, 1995
strain), concentrations
continuous
cultures
0.03-1.2 pg Fe |Microcystis Microcystins 0-3 fold Less toxin at Lyck et al.,
I* aeruginosa (1 |HPLC low Fe 1966
strain), concentrations
continuous
cultures
|Salinity (%o)
3,5,8,11 Nodularia Nodularin No difference |No statistical Lehtimaki et
spumigena (2 HPLC difference al., 1994
strains), batch
cultures
0-30 Nodularia Nodularin 8 fold Highest at 15, |Lehtimaki et
spumigena (1 HPLC lowestat 0 and |al., 1997
strain), batch 30
cultures
0-35 Nodularia Nodularin 5 fold Highest at 12, |Blackburn et
spumigena (6 HPLC lowest at 35 al., 1996
strains), batch
cultures
CO,
BG-11 Microcystis Microcystins 6 fold Higher toxicity |Codd and
medium, aeruginosa (1  |mouse with the medium |Poon, 1988
medium strain), batch bioassay containing CO,
without CO, culture
lpH
|1-l4 |Microcystis |Microcystins | 1.8 fold |T0xicity highest |van der
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aeruginosa (1 mouse at low and high |Westhuizen
strain), batch bioassay pH and Eloff,
cultures 1983

dw  Dry weight
HPLC High performance liquid chromatography

* When the growth of the strains was poor the amount of toxins was also very low (less
than 0.1 mg g* dw of cells); when these cases were compared to maximal toxin
production more than ten-fold differences could be seen

In high concentrations of phosphorus, hepatotoxic strains produced more toxins, but for
anatoxin-a production phosphorus had no effect (Table 3.8). The differences induced by
low and high phosphorus concentrations vary between two- and fourfold. Similarly, in
field studies, a positive correlation of total phosphorus with microcystin-LR concentration
in cells of Microcystis aeruginosa (Kotak et al., 1995) or in bloom material of Microcystis
spp. (Lahti et al., 1997b) has been found. Non-nitrogen fixing species, like Microcystis
and Oscillatoria, produce more toxins under nitrogen-rich conditions. Nitrogen fixing
species are not dependent on the nitrogen in the media for their toxin production (Rapala
et al., 1993; Lehtimaki et al., 1997). In continuous cultures when the toxins were
expressed in relation to cell protein rather than to dry weight, Utkilen and Gjglme (1995)
found that nitrogen and phosphorus limited conditions had no effect on the toxin content
of Microcystis aeruginosa.

Indications regarding the role of iron are contradictory (Lukac and Aegerther, 1993;
Utkilen and Gjglme, 1995; Lyck et al., 1996). While studying the effect of trace metals on
growth and on toxin content of Microcystis aeruginosa, Lukac and Aegerter (1993) found
that in batch cultures only zinc was required for both optimal growth and toxin production.

Orr and Jones (1998) have unified many of these rather disparate studies on the effect
of growth conditions on cyanotoxin production. They showed that the rate of microcystin
production by a cyanobacterial population in culture is directly proportional to its growth
rate, no matter what environmental factor was limiting growth. Moreover, they showed
that the amount of microcystin contained by a single cell of Microcystis aeruginosa (i.e.
on a per cell or cell quota basis) is constant within a narrow range (two- to threefold).

3.3.2 Biosynthesis

To understand how cyanotoxins are produced, it is necessary to study the biochemical
and genetic basis of toxin production. Knowledge of the biosynthetic pathways of
cyanotoxins is in its early stage and no complete biochemical pathways are known.
Biosynthesis of several cyanotoxins has been studied by feeding labelled precursors to a
cyanobacterial culture and following their incorporation into the carbon skeleton of the
toxins. Shimizu et al. (1984) used an Aphanizomenon flos-aquae strain to study
biosynthesis of saxitoxin analogues. They proposed a new pathway for neosaxitoxin
biosynthesis, the key steps of which are the condensation of an acetate unit, or its
derivative, to the amino group bearing an a-carbon of arginine or an equivalent, and a
subsequent loss of the carboxyl carbon and imidazole ring formation on the adjacent
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carbonyl carbon. They established the origin of all the carbons in the toxin alkaloid ring
system. The side-chain carbon was derived from methionine (Shimizu, 1986).

Anatoxin-a is related structurally to the tropane class of alkaloids found in higher plants.
Based mainly on *“C-labelled precursors and enzymatic studies, Gallon et al. (1990) and
Gallon et al. (1994) suggested the biosynthesis of anatoxin-a to be analogous to that of
tropanes. Anatoxin-a was proposed to be formed from ornithine/arginine via putrescine,
which is oxidised to pyrroline, a precursor of anatoxin-a. Labelling experiments using *C
NMR (nuclear magnetic resonance spectrometry) indicated that the carbon skeleton of
anatoxin-a is derived from acetate and glutamate. The studies showed that C-1 of
glutamic acid is retained during the transformation of anatoxin-a and not lost by
decarboxylation, a finding incompatible with the tropane alkaloid theory (Hemscheidt et
al., 1995b). All of the carbons of anatoxin-a(S) are derived from amino acids. Three
methyl carbons arise from L-methionine or other donors to the tetrahydrofolate C1 pool.
L-arginine accounts for C-2, C-4, C-5 and C-6 carbons of the toxin (Moore et al., 1992,
1993). The intermediate in the biosynthesis of anatoxin-a(S) from L arginine is (2S,4S)-4
hydroxyarginine (Hemscheidt et al., 1995a). The structure of the cylindrospermopsin
suggests a polyketide origin for the toxin (Moore et al., 1993).

The origin of carbons in microcystin (Moore et al., 1991) and in nodularin (Choi et al.,
1993; Rinehart et al., 1994) have been studied by following the incorporation of labelled
precursors into the toxins by NMR. Carbons C1-C8 of Adda in nodularin are acetate
derived and the remaining carbons presumably originate from phenylalanine. Methyl
groups in carbons 2, 4, 6, 8, and the O-methyl group in the Adda unit, originated from
methionine. The D-Glu and L-Arg carbons C4-C5 were acetate derived, with C1-C2
being from glutamate. Methyldehydrobutyrine was possibly formed from threonine, its
methyl group coming from methionine. The B-methylaspartic acid was found to originate
from condensation of pyruvic acid (C3-C4) and acetyl-CoA (C1-C2) (Rinehart et al.,
1994). The studies on the carbon skeleton of nodularin, with some minor differences,
agree with work on microcystin-LR by Moore et al. (1991). In their study, L-Leu and D-
Ala units in microcystin had acetate incorporation. The dehydroamino acid in microcystin
has been proposed to be formed from serine rather than from threonine (Rinehart et al.,
1994). Rinehart's group found linear nodularin, which was shown by culture experiments
to be a precursor of cyclic nodularin. Three additional linear peptides were isolated from
a bloom sample, one of them was possibly a precursor of cyclic microcystin-LR and the
others possibly degradation products (Rinehart et al., 1994).

3.3.3 Genetic regulation of cyanotoxin production

The genes and enzymes involved in cyanotoxin production are still mostly unknown. The
first molecular biological studies on toxic cyanobacteria investigated the possible
involvement of plasmids in toxin production. Four toxic strains of Microcystis aeruginosa
contained plasmids, and no plasmid could be shown in one toxic and in several non-
toxic strains (Schwabe et al., 1988). More recently, a similar study in Australia found no
evidence for plasmid involvement in microcystin synthesis (Bolch et al., 1997). Gallon et
al. (1994) studied an anatoxin-a producing Anabaena strain NCR 44-1, which
spontaneously became non-toxic. They found that the size of a plasmid was reduced in
that non-toxic clone, but this work has not been repeated or confirmed.
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Multi-enzyme complexes and peptide synthetase genes are involved in hepatotoxin
production. Several cyclic and linear peptides, often with D-amino acids, are known to be
produced, non-ribosomally, by multi-domain peptide synthetases via the so-called
thiotemplate mechanism in bacteria and lower eukaryotes. The best characterised are
the synthesis of gramicidin S and tyrocidin by Bacillus. Peptide synthetase genes have
been detected and sequenced (partly) in Microcystis aeruginosa (Meissner et al., 1996)
and in Anabaena (Rouhiainen et al., 1994). Analogous polymerase chain reaction (PCR)
products to the peptide synthetase genes have been shown by using DNA from
Microcystis (Jacobs et al., 1995; Arment and Carmichael, 1996) and Nodularia as a
template. Dittman et al. (1997) showed, in knockout experiments, that peptide
synthetase genes are responsible for microcystin production.

At least some strains which produce hepatotoxins also produce other small cyclic
peptides (Namikoshi and Rinehart, 1996; Weckesser et al., 1996) which are likely to be
produced by nonribosomal peptide synthesis.

3.4 Fate in the environment

3.4.1 Partitioning between cells and water

It appears likely that cyanotoxins are produced and contained within the actively growing
cyanobacterial cells (i.e. they are intracellular or particulate). Release to the surrounding
water, to form dissolved toxin, appears to occur mostly, if not exclusively, during cell
senescence, death and lysis, rather than by continuous excretion.

In laboratory studies, where both intracellular and dissolved toxins
(microcystins/nodularin and saxitoxins) have been measured, it is generally the case that
in healthy log phase cultures, less than 10-20 per cent of the total toxin pool is
extracellular (Sivonen, 1990b; Lehtim&ki et al., 1997; Negri et al., 1997; Rapala et al.,
1997). As cells enter stationary phase the increased rate of cell death may lead to an
increase in the extracellular dissolved fraction. Even during log-phase cell growth in
culture, a small percentage of cells in the population may be dying and lysing (and
releasing intracellular toxins), even though there is an overall positive population growth.
There are some indications that anatoxin-a may leak out of cells during growth
especially in low light conditions. High concentrations of anatoxin-a, sometimes
exceeding the intracellular pool of toxins, have been found in media in a batch culture
study (Bumke-Vogt et al., 1996).

In the field, healthy bloom populations produce little extracellular toxin. The range of
measured concentrations for dissolved cyanotoxins, in all cases except those where a
major bloom is obviously breaking down, is 0.1-10 ug I* (Lindholm and Meriluoto, 1991;
Jones and Orr, 1994; Tsuji et al., 1996; Ueno et al., 1996b; Lahti et al., 1997b) Cell-
bound concentrations are several orders of magnitude higher (see Tables 3.6 and 3.7).
In lakes or rivers, toxins liberated from cells are rapidly diluted by the large mass of
water, especially if mixing of water by wind action or currents is vigorous (Jones and Orr,
1994). However, the concentration of dissolved toxins may be much higher in ageing or
declining blooms. This is an important consideration for water treatment plant operators,
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because it means that removal of healthy cyanobacterial cells intact from the raw water
supply may obviate or substantially reduce the need for additional adsorptive (activated
carbon) or oxidative (ozone or chlorine) toxin removal processes (see Chapter 9).

The release of toxins from cells is enhanced by chemical treatments for the eradication
of cyanobacteria, especially the use of algicides (either copper-based or organic
herbicides). Treatment of a bloom with copper sulphate, for example, may lead to
complete lysis of the bloom population within three days and release of all the toxins into
the surrounding water (Berg et al., 1987; Kenefick et al., 1992; Jones and Orr, 1994).
The efficacy of copper sulphate treatment is, however, very much dependent on water
chemistry, especially alkalinity, pH and dissolved organic content (see sections 8.5 and
9.2).

3.4.2 Chemical breakdown

The four main groups of cyanotoxins: microcystins, anatoxins, PSPs and
cylindrospermopsins, exhibit quite different chemical stabilities and biological activities in
water.

Microcystins

Microcystins, being cyclic peptides, are extremely stable and resistant to chemical
hydrolysis or oxidation at near neutral pH. Microcystins and nodularin remain potent
even after boiling. In natural waters and in the dark, microcystins may persist for months
or years. At high temperatures (40 °C) and at elevated or low pH, slow hydrolysis has
been observed, with the times to achieve greater than 90 per cent breakdown being
approximately 10 weeks at pH 1 and greater than 12 weeks at pH 9 (Harada et al.,
1996). Rapid chemical hydrolysis occurs only under conditions that are unlikely to be
attained outside the laboratory, e.g. 6M HCI at high temperature.

Microcystins can be oxidised by ozone and other strong oxidising agents, and degraded
by intense ultra violet (UV) light. These processes have relevance for water treatment
and are discussed in Chapter 9, although they are unlikely to contribute to degradation
occurring in the natural environment.

In full sunlight, microcystins undergo slow photochemical breakdown and isomerisation,
with the reaction rate being enhanced by the presence of water-soluble cell pigments,
presumably phycobiliproteins (Tsuji et al., 1993). In the presence of pigments the
photochemical breakdown of microcystin in full sunlight can take as little as two weeks
for greater than 90 per cent breakdown, or longer than six weeks, depending on the
concentration of pigment (and presumably toxin, although this has not been tested). A
more rapid breakdown under sunlight has been reported in the presence of humic
substances (which can act as photosensitisers) in field concentrations ranging from 2-16
mg I* dissolved organic carbon (DOC). Approximately 40 per cent of the microcystins
was degraded per day under summer conditions of insolation (Welker and Steinberg,
1998). In deeper or muddy waters, the rate of breakdown is likely to be considerably
slower.
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Anatoxins

Anatoxin-a is relatively stable in the dark, but in pure solution in the absence of pigments
it undergoes rapid photochemical degradation in sunlight. Breakdown is further
accelerated by alkaline conditions (Stevens and Krieger, 1991). The half-life for
photochemical breakdown is 1-2 hours. Under normal day and night light conditions at
pH 8 or pH 10, and at low initial concentrations (10 pg I*), the half-life for anatoxin-a
breakdown was found to be approximately 14 days (Smith and Sutton, 1993). Anatoxin-
a(S) decomposes rapidly in basic solutions but is relatively stable under neutral and
acidic conditions (Matsunaga et al., 1989).

Saxitoxins

In the dark at room temperature, saxitoxins undergo a series of slow chemical hydrolysis
reactions. The C-toxins lose the N-sulphocarbamoyl group to form decarbamoyl
gonyautoxins (dc-GTXs); while the dc-GTXs, GTXs and STXs slowly degrade to,