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Abstract: Cylindrospermopsin (CYN) is rapidly being recognised as one of the most
globally important of the freshwater algal toxins. The ever-expanding distribution of CYN
producers into temperate zones is heightening concern that this toxin will represent serious
human, as well as environmental, health risks across many countries. Since 1999, a number
of studies have demonstrated the ability for CYN to bioaccumulate in freshwater
organisms. This paper synthesizes the most current information on CYN accumulation,
including notes on the global distribution of CYN producers, and a précis of CYN’s
ecological and human effects. Studies on the bioaccumulation of CYN are systematically
reviewed, together with an analysis of patterns of accumulation. A discussion on the
factors influencing bioaccumulation rates and potential is also provided, along with notes
on detection, monitoring and risk assessments. Finally, key gaps in the existing research
are identified for future study.
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1. Introduction

Cyanoprokaryotes (cyanobacteria, blue-green algae) are non-nucleated organisms which lack
membrane-bound organelles and sexual reproduction [1], but are characterized by their ability to
synthesize chlorophyll a [2]. The cyanoprokaryotes are a diverse and adaptive taxon, occupying a
broad range of ordinary aquatic environments as well as extreme habitats such as Antarctic ice shelves
and volcanoes. However, they are most commonly of interest as a component of the phytoplankton
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populations of freshwater, estuarine and marine environments. Of particular economic, human and
environmental importance are those species known to form blooms, especially where these are
associated with the production of toxins.

Toxic blue-green algal blooms from both marine and freshwaters are now readily acknowledged as
a serious human health risk [3]. The potential for cyanotoxins to cause serious health effects has
elevated them into the consciousness of water managers worldwide. Health risks are posed by
swimming or partaking in recreational activities in water bodies; by drinking unsuitably treated water
or consuming toxin-laden tissues; via possible ingestion in dietary supplements; or a combination of
these [3—6]. In addition to the human health threat, cyanotoxins are also emerging as an environmental
health concern. In this context, toxins exert acute and chronic lethal and sublethal effects on a range of
terrestrial and aquatic plants and animals [7-11].

Bioaccumulation of toxins is a separate issue to environmental toxicity, though there are likely to
be direct relationships between toxin accumulation and the nature and strength of toxic effects.
Bioaccumulation occurs where tissue-based concentrations exceed those available in the environment:
the latter may include algal toxins available through drinking, dietary, and/or direct contact routes.
Uptake can potentially occur via plant surfaces or dermal exposure (skin or gills), oral consumption of
cells or contaminated tissues, and/or (accidental) drinking of suspended particles and aqueous
concentrations. Toxin adsorption may also occur: this allows toxin to become associated with the
tissues of aquatic biota, though not necessarily being truly intracellular. Biomagnification, where toxin
concentrations are increased through successive trophic level interactions, may also be possible.

Many aquatic organisms (phytoplankton, zooplankton, plants and animals) experience direct
contact with aqueous (lysed or leaked) toxins in the water column during an algal bloom; many also
are vulnerable to ingestion of toxin-laden cells via algal grazing or accidental drinking. Thus, the
uptake potential for any of the cyanotoxins is considerable. The potential for algal toxins to
bioaccumulate has received some attention in the last decade, particularly so with respect to
accumulation in fish, crustacean or other seafood species with recreational or commercial importance
[12]. A review of bioaccumulation of cyanotoxins and their effects on aquatic organisms can also be
found in Filho (this volume). However, many of these have concentrated on the hepatotoxin
microcystin. Far fewer studies have been conducted on cytotoxin, cylindrospermopsin (CYN), despite
the fact that the predominantly extracellular availability of this toxin makes it particularly likely to be
taken up by a variety of aquatic organisms. A lack of readily available CYN material, and/or C.
raciborskii lyophilates, is one of the predominant reasons for this anomaly.

2. Cylindrospermopsin
2.1. Properties

Cylindrospermopsin (CYN) is a tricyclic alkaloid cytotoxin first isolated and identified in
1992 [13]. Structural variants include 7-epi-CYN and 7-deoxy-CYN [14,15]; the toxin also exists in
the deoxygenated form, deoxy-CYN [16]. The toxin molecule is a sulfated guanidinium zwitterion and
is stable in varying heat, light and pH conditions [17]. It is also highly water-soluble, and has a
relatively low molecular weight of 415 Daltons [18,19].
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2.2. Distribution and detection

Cylindrospermopsin production has been recorded from several Nostocalean species as well as
recently from one Oscillatoriale [20]. The principal species for CYN production is Cylindrospermopsis
raciborskii, the namesake of the toxin. C. raciborskii can occupy a diverse range of environments
including intensively-flushed lotic bodies and newly built reservoirs [21]. The distribution of C.
raciborskii was reviewed by Padisak [21], who catalogued blooms occurring in tropical and
subtropical nations as well as those expanding into temperate climes. However, whether CYN
co-occurred at most of these sites was not validated. New reports have also been made of other CYN,
deoxy-CYN and epi-CYN producers including Raphidiopsis, Aphanizomenon, Anabaena, Umezakia
and Lyngbya; Aph. gracile has recently been flagged as yet another CYN producer [22]. The toxin is
thus now reported from Asia, Africa, North and South America, central, southern and northern Europe,
and Australia/New Zealand—every continent except the Antarctic (Figure 1). The toxin is now
approaching an almost cosmopolitan distribution pattern and CYN producers are recorded from
habitats including lakes, reservoirs, rivers, ponds and dams. Nevertheless, it is expected that many
locations in which CYN is present will remain undetected, as some producer organisms rarely form
visible blooms or surface, even during intense blooms (e.g., C. raciborskii and benthic L. wollei) [23].

Figure 1. Global distribution of algal blooms known to contain CYN or a CYN-analog.
Note: ‘non-toxic’ denotes a bloom from which toxicity was not confirmed or not studied;
figures are not exhaustive as some records from central and eastern United States not
shown. Collated from [19,20,23-59].
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According to Kling [23], improvements in water quality monitoring is a key contributor to the
number of new locations from which C. raciborskii has been recorded. However, it is also likely that

the organism is expanding into suitable habitats made newly available by a combination of climate
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change, increased eutrophication and the species’ own adaptability [23]. Padisak [21] noted that the
ability of C. raciborskii to travel long river courses, to survive swampy or slightly saline conditions,
and to produce resistant akinetes has contributed to expansion of this species on a global scale. Global
climate change has also been examined as a trigger for the increasingly widespread distribution,
frequency and duration of C. raciborskii blooms, especially into the sub-tropical and temperate regions
[34,44,60—62]. Here, the effects of climate change are much more insidious than simply an increased
upper limit of surface temperatures. For example, winter warming coupled with increased
evapotransporation has led to reduced water volumes in the Mediterranean, thus encouraging a stable
water column conducive to C. raciborskii blooms [35]. Furthermore, changes in, and intensification of,
land use activities within various catchment areas worldwide is also associated with an increased
incidence of blue-green domination [35]. In future, it is likely that the combined effect of these
influences will mean an ever-increasing area from which CYN will be recorded.

Harada et al. [63] developed the first screening method for CYN using reverse phase high
performance liquid chromatography (HPLC) coupled with photo diode array detection. CYN has an
easily identifiable peak and maximum UV absorbance at 262nm [13,64]. The use of HLPC/mass
spectrometry with electrospray results in a detection limit of 200 pg L™ [65], but when combined with
tandem mass spectrometry, a 1 ug L™ limit can be achieved [66,67]. Whilst the use of HPLC with
photo diode array is a less expensive alternative to MS/MS, it may not adequately detect trace
quantities of CYN [68]. Reliable PCR systems have been demonstrated [54] and immunochemical
techniques such as ELISA kits are also newly available for CYN [69]. These approaches have made
the detection of CYN in water a faster and more discerning process.

2.3. Studies on mechanism of toxicity

The effects of CYN have been studied in mammalian species, or their target organs and cells
[33,56,70-75]. More recent studies of CYN have expanded toxicity models to show effects in
invertebrates, zooplankton, phytoplankton, bacteria and protozoans [76—79]. There is considerable
variability amongst the toxicity of CYN between different animal models [80] and even between
different individuals of the same species [71]. Plant studies have been limited to only three reports on
tobacco, duckweed and Hydrilla species [81-84].

An excellent summary of research progress with respect to the mechanisms of toxicity of CYN is
provided in Humpage [85], so a similarly detailed description is not attempted here. Generally,
however, toxin exposure is characterized by delayed toxicity involving multiple organ systems,
principally the liver and kidney. Toxicity is mediated by inhibition of protein synthesis, as well as
genotoxicity by DNA fragmentation [85,86]. It is clear that the metabolic activation of CYN is linked
with higher toxicity, though the precise pathway for this remains unclear [87]. Interestingly, it is this
nature of CYN (i.e., where toxin metabolism must occur before full toxicity is imparted) that also
offers some protection to exposed species. For example, plants and animals lacking an advanced toxin
metabolism system (e.g., liver or hepatopancreas) typically feature reduced toxicity, as do the early
developmental stages of mammalian species [74]. Notably, to date, CYN remains unique amongst the
algal toxins in causing toxicity in utero, being linked with premature births, reduced size and increased
mortality in mice pups [74]. It has also been recognized that CYN has some potential for endocrine
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disruption: one study showed the toxin could alter the progesterone:estrogen ratio in women, although
this result must be interpreted with caution given the variability amongst the tested individuals [88].

2.4. Human health effects

Along with other algal toxins, the human health effects of CYN are summarized in a devoted
volume by Hudnell [89] as well as several earlier accounts [10,24]. Since these reports, the majority of
recent advances in CYN research have been directed at improving the understanding and estimation of
human health risks, as well as the ability to assess and forecast situations where CYN may present
human health threats. However, whilst these aspects of CYN toxicity are of obvious concern, they are
not the focus of this review.

2.5. Ecological effects

Comparatively speaking, ecological studies have lagged far behind those for human health and risk
assessments: this is true of every cyanotoxin. However, unlike other toxins such as microcystin (which
is largely hepatotoxic), CYN is widely cytotoxic, as the primary mechanism of CYN is protein
synthesis inhibition. This means that CYN has the potential to impact a wide variety of aquatic and
semi-aquatic plant and animal species. Furthermore, because bioaccumulation and trophic transfer is
possible with CYN, toxicity may also be exerted on first, second and higher-order consumers in
aquatic food webs. This could expand CYN’s environmental damage to include largely terrestrial
organisms. Thus, the need to more closely study the effects that CYN has a wide range of organisms is
clearly evident.

Seifert [78] demonstrated that significant adverse effects were rarely recorded for CYN exposure
concentrations below 100 pg L™ of pure toxin. This was true for a range of species including a floating
macrophyte, green algae, and a range of aquatic invertebrates from various trophic levels. On the other
hand, exposure to C. raciborskii extracts resulted in greater sub-lethal toxicities [78]. This suggests
that cell extracts—and hence, field populations of CYN-producing blooms—are likely to contain one or
more bioactive compounds other than CYN, so increasing the risk of toxic effects. This situation has
also been documented in a number of other studies [16,64] and was discussed in Kinnear et al. [90]. In
the future, performing work with antibodies may help to shed light on whether these unidentified
compounds are CYN analogs [87].

Detailed notes on the factors moderating exposure to, and toxicity of CYN produced by C.
raciborskii were made in Kinnear et al. [90]: these included the occurrence and cell concentrations of a
bloom; the dynamics of toxin production including concentration and bioavailability; toxin uptake
pathways; which organisms are likely to be exposed; individual susceptibilities; the potential for
bioaccumulation; and whether synergies would exist because of other toxins being present, or due to
deteriorated water quality during a bloom.
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3. Bioaccumulation of CYN
3.1. Existing evidence

A decade has passed since the first report was made of CYN bioaccumulation by Saker &
Eaglesham [91]. Since then, the total number of published studies on CYN accumulation has risen to
more than ten. Within these, bioaccumulation of CYN has been shown from a range of invertebrate
and vertebrate organisms including Melanoides tuberculata and Tegogolos snails; Anodonta, Alathyria
and Corbiculina mussels; Cherax crayfish, Melanotaenia rainbowfish and Bufo marinus tadpoles
[48,91-95]. In plants, bioconcentration of CYN (i.e., accumulation resulting from the uptake of
aqueous toxin only) has been studied in two types of duckweed (Lemna and Spirodela) as well as
Hydrilla, though only Lemna actually concentrated the toxin [78,83,96].

Saker and Eaglesham [91] first studied bioaccumulation in crayfish Cherax quadricarinatus and
rainbow fish Melanotaenia eachamensis. In the crayfish, toxin was detected from both the muscle
(900 pg kg freeze-dried tissue) and hepatopancreatic tissues (4,300 pg kg™ freeze-dried tissue) after
specimens were collected from an aquaculture pond containing 589 pg L' CYN. Toxin was also
recovered from the visceral tissue of rainbow fish Melanotaenia eachamensis at a maximum of
1,200 pg kg™ freeze-dried tissue). Laboratory trials with the crayfish demonstrated bioaccumulation
could occur within fourteen days of toxin exposure, with hepatopancreatic and abdominal tissues
containing over 1,000 and 200 pg toxin kg™ freeze dried tissue, respectively [91].

Norris et al. [97] showed CYN accumulated into the liver and kidney of mice within six hours of
dosing via IP injection. The accumulation rate progressively decreased over five to seven days, after a
single dosing event. The authors also demonstrated that up to 73% of toxin was excreted in urine
and/or faeces within twelve hours. However, whole-of-organism bioaccumulation factors were not
reported in the study.

Anderson et al. [95] demonstrated CYN accumulation of 130-560 pug CYN kg’ fresh from
Alathyria  pertexta pertexta following environmental exposure to reservoir  water
containing <0.8 ug L™ toxin.

Nogueira et al. [98] reported CYN from the tissues of the cladoceran Daphnia magna following
exposure to C. raciborskii. However, bioaccumulation was not evident, as bioaccumulation factors
(BAFs) were below one (0.71 and 0.46; for 24 h and 48 h exposures, respectively).

Saker et al. [94] exposed the swan mussel, Anodonta cygnea, to total CYN values ranging from
1490 pg L over sixteen days. This resulted in maximum dry weight tissue accumulations of
61,500 pg kg in the haemolymph; 5,900 pg kg in the viscera; and 2,900 pg g’ for whole-body
tissues. Toxin was also detected in tissues of the mantle, foot and gonad. The relative distribution of
CYN in the tissues changed over the trial period, although bioaccumulation generally occurred within
two days’ exposure [94]. The authors also studied the mussels during a fourteen-day depuration
period, after which time almost 50% of the toxin remained in the tissues. Depuration was found to be
bi-phasic and marked by small increases in tissue toxin concentrations: these were thought to indicate
mobilisation of tissue-bound CYN [94].

In 2007, Kinnear et al. [82] published the first study examining CYN accumulation into plant
tissues. Duckweed was exposed to CYN concentrations in the range 0—120 pg L. Whilst nanogram
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quantities of toxin were recovered from the plant tissues, this was not sufficiently high to indicate that
bioconcentration has occurred after either six or twelve day’s exposure. Rather, the detected toxin was
considered likely to result from toxin adsorption to the plant cell walls [82]. Later work with Hydrilla
verticillata also showed that bioconcentration did not occur when the submerged plants were exposed
to CYN, even with exposure concentrations up to 400 pug L™ [96]. For example, a maximum of
176 ng g’ CYN was detected from the plant tissues, representing a bioconcentration factor (BCF) of
only 0.045.

Doctoral studies conducted by Seifert [78] established that bioaccumulation of both CYN and
deoxy-CYN occurs in field populations of eel-tailed catfish (Tandanus tandanus), but not in other
species including golden perch (Macquaria ambigua), silver perch (Bidyanus bidyanus) or Australian
bass (M. novemaculeata). Seifert re-confirmed that bioaccumulation occurs in Cherax crayfish, as had
already been reported by Saker & Eaglesham [91]. He also reported toxin from Corbiculina australis
mussels, where, interestingly, BAFs for deoxy-CYN were an entire order of magnitude higher than
those for CYN (e.g., 810—1,600 compared with 13—23 for muscle and viscera, respectively). Each of
these species was collected opportunistically from Australian field sites experiencing known
CYN-producing blooms.

Seifert (2007) also recorded CYN bioconcentration from duckweed (Lemna punctata), but only
where pure exposure concentrations reached 570 pg L™, but even then, this was barely so with a
maximum BCF of 1.08 [78]. However, where cell extracts were used rather than purified toxin,
substantially higher BCFs were recorded, at up to 86.67.

In White et al. [92], laboratory studies conducted over seven and fourteen days with Melanoides
tuberculata showed that snails were certainly capable of accumulating toxin. With exposure
concentrations ranging from 91-406 pgL™, the maximum BAF was 124. However, the availability of
intracellular toxin was critical in affecting the levels of CYN recovered from the snail tissues:
accumulation was hardly recorded following exposure to cell extracts containing aqueous toxin;
whereas much higher quantities were recorded during exposure to live cultures of C. raciborskii [92].
The amount of accumulated toxin was also highly variable between different snails. Deoxy-CYN was
also recorded from the snail tissues, with a maximum BAF of almost 250. This occurred despite the
exposure concentrations being much lower than for CYN (e.g., 3-12 pg L) [92]. Lastly, small
quantities of toxin were also recovered from the snails’ shells, although this was not likely to be
related to bioaccumulative activity.

In White et al. [93], seven-day laboratory studies were conducted with tadpoles of the cane toad,
Bufo marinus. After being exposed to whole cell extracts containing up to 400 pg L™ aqueous CYN,
toxin was recovered from the tadpole tissues, but not in sufficient quantities to demonstrate
bioconcentration [93]. In contrast, tadpoles accumulated up to 895 pg CYN kg™ fresh weight when
they were exposed to live C. raciborskii cultures containing 232 pg L' CYN, with BAFs of up to
19.27. However, the rates were highly variable, both between different trials and amongst different
treatments. Deoxy-CYN concentrations were not reported from the tadpole tissues during the study,
but this probably reflected the typically low exposure concentration (maximum of 7 ug L™).

The most recent study of CYN bioaccumulation has been conducted by Berry & Lind [48], which
reported CYN accumulation from Tegogolo snails (Pomecea patula catemacensis) from field
environments. Here, tissue toxins were detected at 3.35 + 1.90 ng g using ELISA techniques. This
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represented at bioaccumulation factor of 157. Importantly, these values were recorded in conjunction
with environmental concentrations of just 20 ng L' CYN, thus demonstrating that bioaccumulation
can occur even at exceptionally low field concentrations

3.2. Patterns of toxin uptake and deposition

The pathway of CYN uptake is poorly understood; most work on this aspect of the toxin has been
carried out with respect to toxicity, rather than accumulation potential. Past work by Runnegar et al.
[99] showed that whilst the sulfate group on the CYN molecule is not required for cell entry, the
hydrophilic nature of the CYN makes the molecule unlikely to cross cell walls. Nevertheless, the small
molecular weight of CYN makes passive diffusion a real possibility [100]; recent work has resulted in
diffusion across epithelial cells now being considered an important pathway for CYN uptake [101].
Damage to the gut lining of organisms ingesting CYN has also been demonstrated in several studies
[71,73,77]. This is important in terms of uptake pathways, since it may accelerate CYN absorption,
with broken digestive epithelia offering a greater surface area over which toxin uptake
can occur.

In animal models, the CYN uptake system is dependent on bile acid transporters during the initial
stages, though Chong et al. [100] believed a secondary system was likely, since bile acid inhibition
gives protection against CYN toxicity for 72 h only. Seifert [78] commented that uptake of CYN
appears greater when the toxin is made available in the presence of other cellular compounds (e.g.,
cultured material compared with purified toxin). This is of obvious importance for future studies using
purified toxin, given that such work could be compromised from the perspective of environmental
relevance.

The fact that CYN accumulates preferentially into particular tissues was first demonstrated by
Saker & Eaglesham [91], who reported the hepatopancreas tissues of crayfish to contain five times
greater toxin concentration than the muscles. Seifert [78] also reported CYN and deoxy-CYN
concentrations of the muscles to be twice that of those in the viscera of Corbiculina mussels. This
indicates CYN’s likely affinity for blood or lymph, in contrast to other toxins such as microcystin and
nodularin, which concentrate into the hepatopancreas/viscera [102]. Furthermore, as CYN is a highly
water soluble molecule, bioaccumulation of toxin appears limited to the gut or to the liver due to active
transport to the hepatocytes [48].

A high level of variability exists in CYN accumulation by different aquatic animals. Kinnear et al.
[90] has already noted an emerging pattern whereby lower-level organisms accumulate greater
concentrations of CYN toxin than do other, more biologically complex, animals. For instance, current
evidence suggests the general order of bioaccumulation capacity being gastropods > bivalves >
crustaceans > amphibians > fish. Curiously, the reverse relationship appears to be true for the
susceptibility of organisms to CYN toxicity [90]; indeed, Smith et al. [127] noted that grazer species
appear to be the most tolerant. This suggests that the toxic effects imparted during CYN exposure may
have some bearing on the ability of organisms to accumulate the toxin. For example, it is conceivable
that normal cell depuration and detoxification processes may be disrupted during or following
exposure, therefore allowing toxin residues or metabolites to accumulate more easily in susceptible
organisms. On the other hand, it could also be expected that species that are highly susceptible to CYN
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toxicity may reduce their grazing rates or simply die, thus minimizing accumulation. This could be
true of fish and other aquatic vertabrates, since animals with highly advanced toxin-metabolism
systems are at greater risk of secondary CYN toxicity [19,103]. Meanwhile, lower organisms such as
aquatic snails can accumulate high levels of CYN without lethal effect [76].

As well as inter-specific differences, there is also considerable variability in the toxin
concentrations accumulated into the tissues of conspecifics: this is true for Bufo tadpoles and
Melanoides snails exposed to cultures of toxic C. raciborskii [92,93]. Again, this may reflect variation
in the toxic effects of exposure; it may also reflect individual grazing rates (and thus toxin uptake) or
changes in the proportion of toxin present in the intracellular form.

In plants, it is toxin adsorption, rather than true accumulation, which has been reported in almost all
studies with CYN. Work to date has given no clues as to the possible uptake system(s) in primary
producers. However, the characteristic nature of CYN to cause root stimulation in low-level doses
[83,104] suggests that toxin transport to the roots may be possible, since roots buried in sediment are
unlikely to come into contact with CYN suspended in the water column. This means that
bioaccumulation studies must be conducted carefully. For example, toxin recovery must attempted for
all plant parts of emergent macrophytes, regardless of their level of direct contact with water
containing CYN.

The threat of CYN biomagnification was briefly discussed by Berry & Lind [48]: the authors noted
that, given CYN is a largely water-soluble molecule, biomagnification was not considered likely.
However, the quite separate issue of trophic transfer, where toxin is able to move throughout the food
web, whilst not actually being accumulated, has already been shown for CYN [48]. This corroborates
earlier work done by Seifert [78], which suggested that the toxin accumulated in catfish was actually
sourced from freshwater bivalves. A focus on CYN biomagnification is thus particularly important for
the future, especially given where toxin may be deposited in the flesh portion of animals consumed
by humans.

3.3. Factors influencing bioaccumulation rates and potential

The global expansion of CYN through climate change, increasing eutrophication and the creation of
more storage impoundments will create an increased prevalence of CYN producers. Ultimately, this
will lead to a greater variety of plants and animals being exposed to the toxin. In turn, this may result
in an increased incidence of bioaccumulation. In terms of at-risk locations, one study has shown that
the toxin loading of C. raciborskii is higher in tropical compared with sub-tropical environments [60].
On the other hand, other studies have shown that toxin production is optimized in cooler waters [24].
Thus, there can be no easily-reached conclusion that temperate environments would represent a greater
accumulation risk than elsewhere tropically. Moreover, linkages between temperature and toxicity will
also affect the seasonality of bioaccumulation risk. For example, lengthening of bloom periods, and
their incursion into the winter months (where toxin production may be much higher), will mean that
different developmental stages of animals and plants will also be under threat.

It is also important to note that the presence of, or contact with, an active bloom is not necessarily a
requirement for toxin accumulation. Firstly, Kinnear et al. [90] has considered the possibility that
specialised cells, such as akinetes and heterocytes, may represent a greater or lesser role in mediating
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toxin accumulation, than do normal vegetative cells. Since akinetes are produced in large numbers at
the end of a bloom and may settle into the sediments [105], filtering organisms could remain at risk of
ingesting them well after the bloom has concluded.

Secondly, new Australian research has shown that very high CYN and deoxy-CYN concentrations
can be recorded from the hypolimnion—with this toxin being both spatially and temporally distant from
the producer cells [106]. This means that the risk period for bioaccumulation may be extended by
weeks or even months, particularly if microbial and/or photocatalytic degradation is limited by the
dark, anoxic environment. For example, copper sulphating of A. ovalisporum and C. raciborskii
blooms results in slow loss of toxin over one to several months, probably because that treatment also
slows microbial activity [50,107]. On the other hand, concentration of toxin into deep waters may also
reduce bioaccumulation risk, given that few animals and plants would inhabit these dark anoxic
waters. In addition, yet another study has shown that CYN degradation actually occurs in the
sediments, not in a water body [108].

Thirdly, the possibility that crops irrigated by CYN-contaminated water must be considered as a
further mechanism whereby bioaccumulation may occur. Reports of algal toxicity and toxin retention
occurring under these conditions are already available for microcystin [109—-111], though
not for CYN.

The importance of the relative abundance of intracellular (cell-bound) and extracellular (aqueous or
non-cell-bound) toxin in affecting bioaccumulation was discussed in Kinnear et al. [90], in the context
of this ratio also moderating environmental toxicity. The discussion summarized earlier findings of
studies with snails and tadpoles, which showed that exposure to high levels of intracellular toxin (e.g.,
through ingestion of toxin laden cells) can result in far greater accumulation rates and toxicity than
when compared with aqueous toxin, or cellular extracts [92,93]. This is very important for toxic
blooms of C. raciborskii, where it is not unusual for between 70 to 98% of CYN to be dissolved in the
water column [65]. Extracellular CYN also accounts for a considerable amount of total CYN in
laboratory cultures of C. raciborskii, especially those in the postexponential growth phase [24,129]). A
new study by Orr et al. [112] is notable in being able to describe linkages between the genetic
composition of field populations on C. raciborskii and intracellular CYN quotas: this could be useful
in terms of genetic tests being capable of identifying blooms having particular CYN bioaccumulation
risk. That study also shed further light on the relationship between C. raciborskii toxin cell quotas and
cell concentrations; again, both of these are critical in influencing bioaccumulation. Unfortunately,
neither laboratory nor field studies have yet been conducted on the split between intracellular and
extracellular CYN production for any other of species known to be CYN-producers.

Other important dynamics in a bloom would include the toxin quota per cell, since higher cell
loading would lead to greater toxin uptake (and thus bioaccumulative potential) in grazing and filter
feeding animals. However, this would only be the case if the palatability of the cells remained
unchanged and there were no other chemical cues by which grazing species could preferentially select
against highly toxic cells. Indeed, grazing pressure itself may affect toxin quotas, although information
on this is scant [92,113]. The positioning of algal cells is also likely to be important in affecting toxin
exposure and uptake rates.

Lastly, many of the factors that govern the overall toxicity of CYN are also likely influencers on
bioaccumulation. For example, in many aquatic and semi-aquatic organisms, a combination of
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transdermal uptake and accidental drinking of aqueous toxin, in conjunction with grazing on toxin-
laden cells, is likely contribute to CYN entry into the tissues. These kinds of dynamics have already
been recorded for other toxins [114,115]. The natural laws of size and surface area to volume ratios
will thus apply with respect to uptake from direct (dermal) contact, so placing smaller animals at
increased risk of transdermal toxin uptake. Already, it is known that microcystin toxin uptake rates are
higher in moss compared with other aquatic macrophytes, because of the larger surface area to volume
ratio coupled with the lack of protective cuticle [116]. Smaller organisms, including juveniles, may
also have increased susceptibility to bioaccumulation because of limited mobility [117]. CYN
accumulation is also likely to be affected by metabolic rates, as these affect consumption rates [118].
Differences in CYN accumulation rates of different organisms will also reflect the fundamental
differences in uptake mechanisms and rates; different toxin transport mechanisms in plant and animals;
and the differences in the ability to depurate toxin.

3.4. Field monitoring of bioaccumulation

The development of an early warning system for possible CYN bioaccumulation is important from
the perspectives of both environmental and human health toxicity [119]. Molecular detection methods
and genetic studies showing toxin-producing capability now lead contemporary research in CYN
monitoring. For example, a large majority of algal toxin studies are now concentrating on the genetic
composition of various species (e.g., isolating CYN synthase clusters), to determine their toxin
producing capability (e.g., [31]). Cell culture-based toxicity tests are also being developed; these can
be useful in detecting a range of toxins from fresh and marine waters [120]. Detection of CYN in water
is also being optimized through new studies of more rapid and reliable testing techniques
[121-123]. These will no doubt help to determine when bioaccumulation is likely to occur. Use of
sentinel organisms, such as snails, to help monitor CYN in aquatic environments has also been
suggested [48].

However, an entirely different problem is the proper quantification of CYN once it has become
deposited in plant or animal tissues. This is an obvious necessity when determining the
appropriateness of allowing for human consumption and in further studies on bioaccumulation. For
example, CYN may bind easily to tissues because of its structural features [10]; similar problems are
experienced with another algal toxin, microcystin [124]. In this situation, serious underestimation of
the accumulative capability of CYN may result. However, toxin binding following CYN uptake has
been hardly studied. Early indications reported in Froscio et al. [72] were that CYN was taken up into
hepatocyte cell lines before becoming trapped.

Another concern is that new work with microcystin has shown that boiling of carp tissues results in
generally three-fold higher values of microcystin recovery from the tissues, as well as causing the
toxin to leach into the boiled water [125]. Like microcystin, CYN is also very stable in heat, thus, there
is a very concerning possibility that CYN binding in fish tissues could be reversible, and that this
‘reversibility’ could be enhanced by cooking. Furthermore, CYN is more toxic once metabolically
activated, [103] and the toxicity of different analogs (such as CYN compared with deoxy-CYN) is
quite different [126]. Thus, it is conceivable that CYN ingested, accumulated, and then altered and
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made available via the cooking process may represent quite different, and possibly additional,
health risks.

3.5. Risk assessments and bioaccumulation

Cylindrospermopsin is now one of the most keenly researched amongst the toxins produced by
blue-greens: a Scopus database search for ‘cylindrospermopsin’ papers published between 2007-2010
alone returned some one hundred articles. A solid body of research is thus now available to underpin
CYN risk assessments, but again, these are squarely focussed on human health risks. For example,
national CYN guideline values and World Health Organisation limits for human health are variously
available; tolerable daily intakes for adults, children and infants as well as livestock were presented in
Duy et al. [10]. However, as more information about the genotoxic and carcinogenic effects of CYN
comes to light, these trigger levels continue to be revised. New and more complete information on
bioaccumulation, and the accompanying risk of ingesting toxin in seafood, should also warrant
changes in such values. The need to include both CYN and deoxy-CYN in toxicity assessments and
guidelines has been raised by Orr et al. [112]: this is true for both human and ecological risks
assessments.

For the protection of aquatic ecosystems, Seifert [78] suggested an interim trigger level of
100 pgL™ total CYN (i.e., extracellular plus intracellular quantities) was an appropriate value. This
was based on ecotoxicity work showing that sub-lethal and lethal toxicities are rarely significant below
this level. Kinnear et al. [90] instead proposed a threshold system based on a combination of factors
including toxin concentration, the proportion of toxin present in the intracellular form, and the total
cell number. In agreement with Seifert, toxin concentrations exceeding 100 pg L™ were assessed as
being of particularly high risk (Kinnear et al. 2009). However, the emerging research indicates that
bioaccumulation of CYN can occur even at trace quantities of exposure to the toxin: this suggests that
caution must be exercised, particularly when developing risk assessment guidelines for aquatic
ecosystem health. Furthermore, such guidelines need to be proactive, rather than reactive, if they are to
remove or reduce the risks of bioaccumulation during toxin-producing blooms.

4. \Where to Next?

As climate change and other pressure increases the range of CYN producers into subtropical and
temperate climes, more animals and plants will become vulnerable to CYN bioaccumulation and
biomagnification. In turn, this will lead to accompanying human and ecosystem health implications.
Unfortunately, toxicological research is often prioritised based only on its ability to inform human
health risk assessments. Where bioaccumulation studies have been pursued, this is done largely from
the perspective of food web toxin transfer and hence the potential for human consumption. For
example, the review of Ibelings and Chorus [12] well summarised the status of research on
accumulation of cyanotoxins, but only from the perspective of public health outcomes following
seafood consumption (fish, crayfish, prawns and mussels). Smith et al. [127] also provided a reviewed
focused on implications for aquaculture systems.

The near-term research priorities for CYN identified by Pegram et al. [87] and others in that
volume included studies of genotoxicity, carcinogenicity and toxicokinetics, as well as immunologic,
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reproductive, and developmental effects, and better descriptions of CYN activation, distribution and
binding. With the exception of trials examining distribution and binding, few of these seem directly
relevant to understanding CYN’s bioaccumulative potential. Studies to clarify the mechanism of CYN
toxicity, in both in vitro and in vivo models, will be useful in linking with bioaccumulation work.
Studies on simultaneous and sequential exposure to toxins, and to toxin mixtures, should be done to
explore the possibility for additive, synergistic or antagonistic effects. This is vitally important since
single cylindrospermopsins almost never occur in nature [87].

Despite the advances in toxin detection in water, the problem of detecting toxins that become bound
into tissues remains unresolved. Also, in terms of laboratory studies, recovery and purification of CYN
from spent culture media remains the most effective way to obtain quality toxin with which to
work [78]. Commercial standards for cylindrospermopsin are slowly becoming available, as are
ELISA-based detection kits [87]. However, few laboratories are suppliers, so the further development
of both these resources continues to be of high priority. Radio-labelling of CYN would enable studies
on whether the toxin can permeate all cell membranes [87]. However, only one report has been made
of such a study using *C-labelling in mice [97].

In bioaccumulation studies, there is a need to emphasize the use of environmentally realistic test
concentrations in laboratory applications. The highest published field concentration of CYN from C.
raciborskii is currently 589 ug L™ [91] although an earlier study found 1.5 mg L' [128]. Sivonen &
Jones [18] also recorded CYN up to 5,500 pg g, but this was from a sample of unidentified dried
bloom material. Nevertheless, subtropical Australian environments more typically experience
concentrations less than 20 pg L' [25]. By comparison, cultured C. raciborskii populations can be
much more productive at up to 2.5 mg L™ [129]. Thus, studies hoping to examine bioaccumulation
potential should reflect this range of concentrations, as distinct from ecotoxicity testing where much
high nominal CYN concentrations have been used (e.g., 51,000 pg mL™ in Metcalf et al. [81]). Field
studies often represent the ‘pinnacle’ of environmentally-relevant of research, but the spatial and
temporal variation that is expected in CYN production, and in C. raciborskii and other blooms, makes
it a difficult task to accurately determine what exposure levels are.

5. Conclusions

Serious human health and ecological effects are posed by algal blooms containing CYN. The
distribution of CYN producers is growing; conditions predisposing plant and animals to
bioaccumulation are more numerous than ever before. To date, the research focus for CYN has been
squarely on human health risks, with few studies on environmental effects, and fewer still on
bioaccumulation. Data showing the ability of CYN to accumulate has been available since 1999, but
compared with toxicological work, few studies have been conducted on bioaccumulation overall. This
is unfortunate given that CYN is growing in importance and bioaccumulation has important
implications for human and ecological health risks. Without further studies, current risk assessments
are almost certainly underestimating the overall risks of toxin-containing blooms.

Acknowledgements

Gail Tucker (CQUniversity Australia) prepared the map of the global distribution of CYN.



Mar. Drugs 2010, 8 555

References and Notes

1.

10.

11.

12.

13.

14.

15.

Komarek, J.; Anagnostidis, K. Modern approach to the classification system of cyanophytes.
Arch. Hydrobiol. 1986, 157-226.

Whitton, B.A.; Potts, M. The Ecology of Cyanobacteria Their Diversity in Time and Space;
Kluwer Academic Publishers: Dordrecht, The Netherland, 2000; p. 669.

Shaw, G.; Lam, P.K.S. Health aspects of freshwater cyanobacterial toxins. Water Sci. Technol.:
Water Supply 2007, 7, 193-203.

Rellan, S.; Osswald, J.; Saker, M.; Gago-Martinez, A.; Vasconcelos, V. First detection of
anatoxin-a in human and animal dietary supplements containing cyanobacteria. Food Chem.
Toxicol. 2009, 47, 2189-2195.

Chorus, 1. Water Safety Plans A better regulatory approach to prevent human exposure to
harmful cyanobacteria. In Harmful Cyanobacteria; Huisman, J., Matthijs, H.C.P., Visser, P.M.,
Eds.; Springer: Dordrecht, The Netherlands, 2005b; pp. 201-226.

Chorus, I.; Falconer, L.R.; Salas, H.J.; Bartram, J. Health risks caused by freshwater
cyanobacteria in recreational waters. J. Toxicol. Environ. Health: Part B 2000, 3, 323-347.
Schwimmer, M.; Schwimmer, D. Medial aspects of phycology. In Algae, Man and the
Environment; Jackson, D.F., Ed.; Syracuse University Press: New York, NY, USA, 1968;
pp. 279-358.

Beasley, V.R.; Cook, W.O.; Dahlem, A.M.; Hooser, S.B.; Lovell, R.A.; Valentine, W.M. Algae
intoxication in livestock and waterfowl. Vet. Clin. North Am. Food Anim. Pract. 1989, 5,
345-361.

Carmichael, W.W.; Falconer, L.LR. Diseases related to freshwater blue-green algal toxins, and
control measures. In Algal Toxins in Seafood and Drinking Water; Falconer, I.R., Ed.; Academic
Press: Sydney, Australia, 1993; pp. 187-209.

Duy, T.N.; Lam, P.K.S.; Shaw, G.R.; Connell, D.W. Toxicology and risk assessment of
freshwater cyanobacterial (blue-green algal) toxins in water. Rev. Environ. Contam. Toxicol.
2000, 163, 113-186.

Ibelings, B.W.; Havens, K.E. Cyanobacterial toxins: a qualitative meta-analysis of
concentrations, dosage and effects in freshwater, estuarine and marine biota. In Cyanobacterial
Harmful Algal Blooms: State of the Science and Research Needs; Springer Press: New York,
NY, USA, 2008; pp. 675-732.

Ibelings, B.W.; Chorus, I. Accumulation of cyanobacterial toxins in freshwater "seafood" and its
consequences for public health: A review. Environ. Pollut. 2007, 150, 177-192.

Ohtani, I.; Moore, R.E.; Runnegar, M.T.C. Cylindrospermopsin: a potent hepatotoxin from the
blue-green alga Cylindrospermopsis raciborskii. J. Am. Chem. Soc. 1992, 114, 7941-7942.
Norris, R.L.G.; Eaglesham, G.K.; Pierens, G.; Shaw, G.R.; Smith, M.J.; Chiswell, R.K.;
Seawright, A.A.; Moore, M.R. Deoxycylindropermopsin, an analog of cylindropermopsin from
Cylindrospermopsis raciborskii. Environ. Toxicol. 1999, 14, 163—165.

Banker, R.; Carmeli, S.; Teltsch, B.; Sukenik, A. 7-epicylindrospermopsin, a toxic minor
metabolite of the cyanobacterium Aphanizomenon ovalisporum from Lake Kinneret, Israel. J.
Nat. Prod. 2000, 63, 387-389.



Mar. Drugs 2010, 8 556

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Norris, R.L.; Eaglesham, G.; Pierens, G.; Shaw, G.; Smith, M.J.; Chiswell, R.K.; Seawright,
A.A.; Moore, M.R. Deoxycylindrospermopsin, an analog of cylindrospermopsin from
Cylindrospermopsis raciborskii. Environ. Toxicol. 1999, 14, 163-165.

Chiswell, R.K.; Shaw, G.R.; Eaglesham, G.; Smith, M.J.; Norris, K.R.; Seawright, A.A.; Moore,
M.R. Stability of cylindrospermopsin, the toxin from the cyanobacterium, Cylindrospermopsis
raciborskii: Effect of pH, temperature and sunlight on decomposition. Environ. Toxicol. 1999,
14, 155-161.

Sivonen, K.; Jones, G. Cyanobacterial toxins. In Toxic Cyanobacteria in Water; Chorus, 1.,
Bartram, J., Eds.; E & FN Spoon: London, UK, 1999.

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

Seifert, M.; McGregor, G.; Eaglesham, G.; Wickramasinghe, W.; Shaw, G. First evidence for the
production of cylindrospermopsin and deoxy-cylindrospermopsin by the freshwater benthic
cyanobacterium, Lyngbya wollei (Farlow ex Gomont) Speziale and Dyck. Harmful Algae 2007,
6, 73-80.

Padisak, J. Cylindrospermopsis raciborskii (Woloszynska) Seenayya et Subba Raju, an
expanding highly adaptive cyanobacterium: worldwide distribution and review of its ecology.
Arch. Hydrobiol. 1997, 4, 563—-593; Supplement 107 (Monographic Studies).

Riicker, J.; Stiikken, A.; Nixdorf, B.; Fastner, J.; Chorus, I.; Wiedner, C. Concentrations of
particulate and dissolved cylindrospermopsin in 21 Aphanizomenon-dominated temperate lakes.
Toxicon 2007, 50, 800—809.

Kling, H.J. Cylindrospermopsis raciborskii (Nostocales, Cyanobacteria): A brief historic
overview and recent discovery in the assiniboine river (Canada). Fottea 2009, 9, 45-47.

Griffiths, D.J.; Saker, M.L. The Palm Island mystery disease 20 years on: A review of research
on the cyanotoxin cylindrospermopsin. Environ. Toxicol. 2003, 18, 78-93.

McGregor, G.B.; Fabbro, L.D. Dominance of Cylindrospermopsis raciborskii (Nostocales,
Cyanoprokaryota) in Queensland tropical and subtropical reservoirs: Implications for monitoring
and management. Lakes Reserv. Res. Manage. 2000, 5, 195-205.

Hawkins, P.R.; Putt, E.; Falconer, .R.; Humpage, A.R. Phenotypical variation in a toxic strain of
the phytoplankter, Cylindrospermopsis raciborskii (Nostocales, Cyanophyceae) during batch
culture. Environ. Toxicol. 2001, 16, 460—467.

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

Richey, L.J.; Carbonneau, D.A.; Schoeb, T.R.; Taylor, S.K.; Woodward, A.R.; Clemmons, R.
Potential Toxicity of Cyanobacteria to American Alligators (Alligator mississippiensis); Florida
Fish and Wildlife Conservation Commission: Florida, FL, USA, Final Report, May 1, 2001;
p. 19.

Chapman, A.D.; Schelske, C.L. Recent appearance of Cylindrospermopsis (cyanobacteria) in
five hypereutrophic Florida lakes. J. Phycol. 1997, 33, 191-195.

Hamilton, P.B.; M., L.L.; Dean, S.; Pick, F.R. The occurrence of the cyanobaterium
Cylindrospermopsis raciborskii in Constance Lake: an exotic cyanoprokaryote new to Canada.
Phycologia 2005, 44, 17-25.



Mar. Drugs 2010, 8 557

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Alster, A.; Kaplan-Levy, R.N.; Sukenik, A.; Zohary, T. Morphology and phylogeny of a non-
toxic invasive CylindrospermopsisA raciborskii from a Mediterranean Lake. Hydrobiol 2009,
1-14.

Li, R.; Carmichael, W.W.; Brittain, J.E.; Eaglesham, G.K.; Shaw, G.R.; Mahakhant, A.;
Noparatnaraporn, N.; Yongmanitchai, W.; Kaya, K.; Watanabe, M.M. Isolation and
identification of the cyanotoxin cylindrospermopsin and deoxycylindrospermopsin from a
Thailand strain of Cylindrospermopsis raciborskii (Cyanobacteria). Toxicon 2001, 39, 973-980.
Bernard, C.; Harvey, M.; Bir¢, R.; Krys, S.; Fontaine, J.J. Toxicological comparison of diverse
Cylindrospermopsis raciborskii strains: Evidence of liver damage caused by a French C.
raciborskii strain. Environ. Toxicol. 2003, 18, 176—186.

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

Barone, R.; Castelli, G.; Naselli-Flores, L. Red sky at night cyanobacteria delight: the role of
climate in structuring phytoplankton assemblage in a shallow, Mediterranean lake (Biviere di
Gela, southeastern Sicily). Hydrobiologia 2009, 1-11.

Molica, R.; Onodera, H.; Garcia, C.; Rivas, M.; Andrinolo, D.; Nascimento, S.M.; Meguro, H.;
Oshima, Y.; Azevedo, S.; Lagos, N. Toxins in the freshwater cyanobacterium
Cylindrospermopsis raciborskii (Cyanophyceae) isolated from Tabocas Reservoir in Caruaru,
Brazil, including demonstration of a new saxitoxin analogue. Phycologia 2002, 41, 606—611.
Bouvy, M.; Falcao, D.; Marinho, M.; Pagano, M.; Moura, A. Occurrence of Cylindrospermopsis
(Cyanobacteria) in 39 Brazilian tropical reservoirs during the 1998 drought. Aquat. Microb. Ecol.
2000, 23, 13-27.

Komarkova, J.; Laudares-Silva, R.; Senna, P.A. Extreme morphology of Cylindrospermopsis
raciborskii (Nostocales, Cyanobacteria) in the Lagoa do Peri, a freshwater coastal lagoon, Santa
Catarina, Brazil. Algol. Stud. 1999, 94, 207-222.

Briand, J.F.; Robillot, C.; Quiblier-Llobéras, C.; Humbert, J.F.; Couté, A.; Bernard, C.
Environmental context of Cylindrospermopsis raciborskii (Cyanobacteria) blooms in a shallow
pond in France. Water Res. 2002, 36, 3183-3192.

Saker, M.L.; Nogueira, 1.C.G.; Vasconcelos, V.M.; Neilan, B.A.; Eaglesham, G.K.; Pereira, P.
First report and toxicological assessment of the cyanobacterium Cylindrospermopsis raciborskii
from Portuguese freshwaters. Ecotox. Environ. Safety 2003, 55, 243-250.

Valério, E.; Pereira, P.; Saker, M.L.; Franca, S.; Tenreiro, R. Molecular characterization of
Cylindrospermopsis raciborskii strains isolated from Portuguese freshwaters. Harmful Algae
2005, 4, 1044-1052.

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



Mar. Drugs 2010, 8 558

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Fastner, J.; Riicker, J.; Stikken, A.; PreuB3el, K.; Nixdorf, B.; Chorus, I.; Kohler, A.; Wiedner, C.
Occurrence of the cyanobacterial toxin cylindrospermopsin in northeast Germany. Environ.
Toxicol. 2007, 22, 26-32.

Briand, J.F.; Leboulanger, C.; Humbert, J.-F.; Bernard, C.; Dufour, P. Cylindrospermopsis
raciborskii (Cyanobacteria) invasion at mid-latitudes: selection; wide physiological tolerance, or
global warming? J. Phycol. 2004, 40, 231-238.

Dvorék, P.; HaSler, P. Occurrence and morphological variability of Cylindrospermopsis
raciborskii (Wolosz.) Seenayya et Subba Raju (Cyanophyta, Nostocales) near Olomouc in 2006.
Fottea 2007, 7, 39-42.

Stiiken, A.; Riicker, J.; Endrulat, T.; Preussel, K.; Hemm, M.; Nixdorf, B.; Karsten, U.; Wiedner,
C. Distribution of three alien cyanobacterial species (Nostocales) in northeast Germany:
Cylindrospermopsis raciborskii, Anabaena bergii and Aphanizomenon aphanizomenoides.
Phycologia 2006, 45, 696-703.

St Amand, A. Map of selected sires in the United States where Cylindrosermopsis raciborskii
has been encountered. Lakeline 2002, 22.

Berry, J.P.; Lind, O. First evidence of "paralytic shellfish toxins" and cylindrospermopsin in a
Mexican freshwater system, Lago Catemaco, and apparent bioaccumulation of the toxins in
"tegogolo" snails (Pomacea patula catemacensis). Toxicon 2010, in press.

Li, R.; Carmichael, W.W.; Brittain, S.; Eaglesham, G.; Shaw, G.; Liu, Y.; Watanabe, M. First
report of the cyanotoxins cylindrospermopsin and deoxycylindrospermopsin from Raphidiopsis
curvata (Cyanobacteria). J. Phycol. 2001, 37, 1121-1126.

Shaw, G.; Sufenik, A.; Livne, A.; Chiswell, R.K.; Smith, M.J.; Seawright, A.A.; Norris, K.R.;
Eaglesham, G.; Moore, M.R. Blooms of the cylindrospermopsin containing cyanobacterium,
Aphanizomenon ovalisporum (Forti) in newly constructed lakes, Queensland, Australia. Environ.
Toxicol. 1999, 14, 167-177.

Banker, R.; Carmeli, S.; Werman, M.; Teltsch, B.; Porat, R.; Sukenik, A. Uracil moiety is
required for toxicity of the cyanobacterial hepatotoxin cylindrospermopsin. J. Toxicol. Environ.
Health: Part A 2001, 62, 281-288.

PreuBel, K.; Stiikken, A.; Wiedner, C.; Chorus, I.; Fastner, J. First report on cylindrospermopsin
producing Aphanizomenon flos-aquae (Cyanobacteria) isolated from two German lakes. Toxicon
2006, 47, 156-162.

Falconer, I.R.; Humpage, A.R. Cyanobacterial (blue-green algal) toxins in water supplies:
cylindrospermopsins. Environ. Toxicol. 2006, 21, 299-304.

Fergusson, K.M.; Saint, C.P. Multiplex PCR assay for Cylindrospermopsis raciborskii and
cylindrospermopsin-producing cyanobacteria. Environ. Toxicol. 2003, 18, 120-125.

Spoof, L.; Berg, K.A.; Rapala, J.; Lahti, K.; Lepisto, L.; Metcalf, J.S.; Codd, G.A.; Meriluoto, J.
First observation of cylindrspermopsin in Anabaena lapponica isolated from the Boreal
Environment (Finland). Environ. Toxicol. 2006, 21, 552-560.

Terao, K.; Ohmori, S.; Igarshi, K.; Ohtani, I.; Watanabe, M.F.; Harada, K.L.; Ito, E.; Watanabe,
M. Electron microscope studies on experimental poisoning in mice induced by
cylindrospermopsin isolated from blue-green alga Umezakia natans. Toxicon 1994, 32, 833-843.



Mar. Drugs 2010, 8 559

57.

38.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Harada, K.I. Chemistry and detection of microcystins. In Toxic Microcystis, Watanabe, M.,
Harada, K.I., Carmichael, W.W., Fujiki, H., Eds.; CRC Press: Boca Raton, FL, USA, 1996;
pp. 103-148.

Brient, L.; Lengronne, M.; Bormans, M.; Fastner, J. First occurrence of cylindrospermopsin in
freshwater in France. Environ. Toxicol. 2009, 24, 415-420.

Bouaicha, N.; Nasri, A.-B. First report of Cyanobacterium Cylindrospermopsis raciborskii from
Algerian Freshwaters. Environ. Toxicol. 2004, 19, 541-543.

Garnett, C.; Shaw, G.; Moore, D.; Florian, P.; Moore, M. Impact of climate change on toxic
cyanobacterial (blue-green algal) blooms and algal toxin production in Queensland; Queensland
Department of Natural Resources and Mines, the National Research Centre for Environmental
Toxicology, and Environmental Health Unit, Queensland Health: Rocklea, Final Report, March
2003; p. 111.

Neilan, B.A.; Saker, M.L.; Fastner, J.; Torokné, A.K.; Burns, B.P. Phylogeography of the
invasive cyanobacterium Cylindrospermopsis raciborskii. Mol. Ecol. 2003, 12, 133—140.
Wiedner, C.; Riicker, J.; Briiggemann, R.; Nixdorf, B. Climate change affects timing and size of
populations of an invasive cyanobacterium in temperate regions. Oecologia 2007, 152, 473-484.
Harada, K.I.; Ohtani, I.; Iwamoto, K.; Suzuki, M.; Watanabe, M.F.; Watanabe, M.; Terao, K.
Isolation of cylindrospermopsin from a cyanobacterium Umezakia natans and its screening
method. Toxicon 1994, 32, 73-84.

Hawkins, P.R.; Chandrasena, N.R.; Jones, G.J.; Humpage, A.R.; Falconer, I.R. Isolation and
toxicity of Cylindrospermopsis raciborskii from an ornamental lake. Toxicon 1997, 35, 341-346.
Carson, B. Cylindrospermopsin-A Review of Toxicological Literature; National Institute of
Environmental Health Services: Research Triangle Park, NC, USA, 29 April 2003.

Eaglesham, G.; Norris, K.R.; Shaw, G.R.; Smith, M.J.; Chiswell, R.K.; Davis, B.C.; Neville,
G.R.; Seawright, A.A.; Moore, B.S. Use of HPLC-MS/MS to monitor cylindrospermopsin, a
blue-green algal toxin, for public health purposes. Environ. Toxicol. 1999, 14, 151-154.
Nicholson, B.C.; Burch, M.D. Evaluation of analytical methods for detection and quantification
of cyanotoxins in relation to australian drinking water guidelines. In National Health and
Medical Research Council of Australia/WSAA/CRC for Water Quality and Treatment, Canberra,
Australia, 2001.

Welker, M.; Bickel, H.; Fastner, J. HPLC-PDA detection of cylindrospermopsin - opportunities
and limits. Water Res. 2002, 36, 4659-4663.

Blahova, L.; Oravec, M.; Marsalek, B.; Sejnohova, L.; Simek, Z.; Blaha, L. The first occurrence
of the cyanobacterial alkaloid toxin cylindrospermopsin in the Czech Republic as determined by
immunochemical and LC/MS methods. Toxicon 2009, 53, 519-524.

Humpage, A.R.; Falconer, I.R. Oral toxicity of the Cyanobacterial Toxin Cylindrospermopsin in
Male Swiss Albino Mice: Determination of No Observed Adverse Effect Level for Deriving a
Drinking Water Guideline. Environ. Toxicol. 2003, 18, 94-103.

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



Mar. Drugs 2010, 8 560

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

&3.

84.

85.

Froscio, S.M.; Humpage, A.R.; Burcham, P.C.; Falconer, I.R. Cylindrospermopsin-induced
protein synthesis inhibition and its dissociation from acute toxicity in mouse hepatocytes.
Environ. Toxicol. 2003, 18, 243-251.

Kinnear, S.H.W.; Fabbro, L.D.; Duivenvoorden, L.J.; Hibberd, E.M.A. Multiple-organ toxicity
resulting from cylindrospermopsin exposure in tadpoles of the cane toad (Bufo marinus).
Environ. Toxicol. 2007, 22, 550-558.

Rogers, E.H.; Zehr, R.D.; Gage, M.I.; Humpage, A.R.; Falconer, I.LR.; Marr, M.; Chernoff, N.
The cyanobacterial toxin, cylindrospermopsin, induces fetal toxicity in the mouse after exposure
late in gestation. Toxicon 2007, 49, 855-864.

Hawkins, P.R.; Runnegar, M.T.C.; Jackson, A.R.B.; Falconer, I.LR. Severe hepatotoxicity caused
by the tropical cyanobacterium (blue-green alga) Cylindrospermopsis raciborskii (Woloszynska)
Seenaya and Subba Raju isolated from a domestic water supply reservoir. Appl. Env. Microbiol.
1985, 50, 1292-1295.

Kinnear, S.H.W.; Duivenvoorden, L.J.; Fabbro, L.D. Sublethal responses in Melanoides
tuberculata  following  exposure to  Cylindrospermopsis  raciborskii ~ containing
cylindrospermopsin. Harmful Algae 2007, 6, 642—650.

Nogueira, 1.C.G.; Lobo-da-Cunha, A.; Vasconcelos, V.M. Effects of Cylindrospermopsis
raciborskii and Aphanizomenon ovalisporum (cyanobacteria) ingestion on Daphnia magna
midgut and associated diverticula epithelium. Aquat. Toxicol. 2006, 80, 194-203.

Seifert, M. The ecological effects of the cyanobacterial toxin cylindrospermopsin. The
University of Queensland: Brisbane, Australia, 2007.

Rasmussen, J.P.; Cursaro, M.; Froscio, S.M.; Saint, C.P. An examination of the antibiotic effects
of cylindrospermopsin on common gram-positive and gram-negative bacteria and the protozoan
Naegleria lovaniensis. Environ. Toxicol. 2008, 23, 36-43.

Saker, M.; Thomas, A.D.; Norton, J.H. Cattle mortality attributed to the toxic cyanobacterium
Cylindrospermopsis raciborskii in an outback region of North Queensland. Environ. Toxicol.
1999, 14, 179-182.

Metcalf, J.S.; Barakate, A.; Codd, G.A. Inhibition of plant protein synthesis by the
cyanobacterial hepatotoxin, cylindrospermopsin. FEMS Microbiol. Lett. 2004, 235, 125-129.
Kinnear, S.; Duivenvoorden, L.; Fabbro, L. Growth and bioconcentration in Spirodela
oligorrhiza following exposure to Cylindrospermopsis raciborskii whole cell extracts. Australas.
J. Ecotoxicol. 2007, 12, 19-31.

Kinnear, S.; Fabbro, L.; Duivenvoorden, L. Variable growth responses of water thyme (hydrilla
verticillata) to whole-cell extracts of cylindrospermopsis raciborskii. Arch. Environ. Contam.
Toxicol. 2008, 54, 187-194.

Metcalf, J.S.; Lindsay, J.; Beattie, K.A.; Birmingham, S.; Saker, M.L.; Torokné, A.K.; Codd,
G.A. Toxicity of cylindrospermopsin to the brine shrimp Artemia salina: comparisons with
protein synthesis inhibitors and microcystins. Toxicon 2002, 40, 1115-1120.

Humpage, A. Chapter 17: Toxin types, toxicokinetics and toxicodynamics. In Cyanobacterial
Harmful Algal Blooms State of the Science and Research Needs; Hudnel, H.K., Ed.; Springer
Press: New York, NY, USA, 2008; Volume 619, pp. 383-416.



Mar. Drugs 2010, 8 561

86.

87.

88.

&9.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Bazin, E.; Mourot, A.; Humpage, A.R.; Fessard, V. Genotoxicity of a freshwater cyanotoxin,
cylindrospermopsin, in two human cell lines: Caco-2 and HepaRG. Environ. Mol. Mutagen 2009,
DOI10.1002/em.20539.

Pegram, R.A.; Nichols, T.; Etheridge, S.; Humpage, A.; LeBlanc, S.; Love, A.; Neilan, B.;
Pflugmacher, S.; Runnegar, M.; Thacker, R. Cyanotoxins workgroup report. In Cyanobacterial
Harmful Algal Blooms State of the Science and Research Needs; Hudnel, H.K., Ed.; Springer
Press: New York, NY, USA, 2008; Volume 619, Chapter 15, pp. 317-381.

Young, F.M.; Micklem, J.; Humpage, A.R. Effects of blue-green algal toxin cylindrospermopsin
(CYN) on human granulosa cells in vitro. Reprod. Toxicol. 2008, 25, 374-380.

Hudnell, H.K. Cyanobacterial Harmful Algal Blooms: State of the Science and Research Needs;
Springer Press: New York, NY, USA, 2008; Volume 619.

Kinnear, S.H.W.; Duivenvoorden, L.J.; Fabbro, L.D. Ecotoxicity and bioaccumulation of toxin
from Cylindrospermopsis raciborskii: towards the development of environmental protection
guidelines for contaminated water bodies. In Lake Pollution Research Progress; Miranda, F.R.,
Bernards, L.M., Eds.; Nova Science Publishers, Inc.: New York, NY, USA, 2009; pp. 81-105.
Saker, M.L.; Eaglesham, G.K. The accumulation of cylindrospermopsin from the
cyanobacterium Cylindrospermopsis raciborskii in tissues of the redclaw crayfish Cherax
quadricarinatus. Toxicon 1999, 37, 1065-1077.

White, S.H.; Duivenvoorden, L.J.; Fabbro, L.D.; Eaglesham, G.K. Influence of intracellular toxin
concentration on cylindrospermopsin bioaccumulation in a freshwater gastropod (Melanoides
tuberculata). Toxicon 2006, 47, 497-509.

White, S.H.; Duivenvoorden , L.J.; Fabbro, L.D.; Eaglesham, G.K. Mortality and toxin
bioaccumulation in Bufo marinus following exposure to Cylindrospermopsis raciborskii cell
extracts and live cultures. Environ. Pollut. 2007, 147, 158-167.

Saker, M.L.; Metcalf, J.S.; Codd, G.A.; Vasconcelos, V.M. Accumulation and depuration of the
cyanobacterial toxin cylindrospermopsin in the freshwater mussel Anodonta cygnea. Toxicon
2004, 43, 185-194.

Anderson, L.; Fabbro, L.D.; Cowden, K. Assessment of Blue-Green Algal Toxins in Barramundi,
Red Clay and Mussels from Awoonga Dam; Central Queensland University: Gladstone,
Australia, 2003.

White, S.H.; Duivenvoorden, L.J.; Fabbro, L.D. Absence of Free-Cylindrospermopsin
Bioconcentration in Water Thyme (Hydrilla verticillata). Bull. Environ. Cont. Toxicol. 2005, 75,
574-583.

Norris, R.L.; Seawright, A.A.; Shaw, G.R.; Smith, M.J.; Chiswell, R.K.; Moore, M.R.
Distribution of 14C cylindrospermopsin in vivo in the mouse. Environ. Toxicol. 2001, 16,
498-505.

Nogueira, [.C.G.; Saker, M.L.; Pflugmacher, S.; Wiegand, C.; Vasconcelos, V.M. Toxicity of the
Cyanobacterium Cylindrospermopsis raciborskii to Daphnia magna. Environ. Toxicol. 2004, 19,
453-459.

Runnegar, M.T.; Xie, C.; Snider, B.B.; Wallace, G.A.; Weinreb, S.M.; Kuhlenkamp, J. In vitro
hepatotoxicity of the cyanobacterial alkaloid cylindrospermopsin and related synthetic
analogues. Toxicol. Sci. 2002, 67, 81-87.



Mar. Drugs 2010, 8 562

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Chong, M.W.K.; Wong, B.S.F.; Lam, P.K.S.; Shaw, G.R.; Seawright, A.A. Toxicity and uptake
mechanism of cylindrospermopsin and lophyrotomin in primary rat hepatocytes. Toxicon 2002,
40, 205-211.

Wiegand, C.; Pflugmacher, S. Ecotoxicological effects of selected cyanobacterial secondary
metabolites a short review. Toxicol. Appl. Pharmacol. 2005, 203, 201-218.

Meriluoto, J. Cyanotoxins: sampling, sample processing and toxin uptake. In Cyanobacterial
harmful Algal Blooms State of the Science and Research Needs; Hudnel, H.K., Ed.; Springer
Press: New York, NY, USA, 2008; Vol. 619, Chapter 21, pp. 317-381.

Runnegar, M.T.; Kong, S.M.; Zhong, Y.Z.; Ge, J.L.; Lu, S.C. The role of glutathione in the
toxicity of a novel cyanobacterial alkaloid cylindrospermopsin in cultured rat hepatocytes.
Biochem. Biophys. Res. Commun. 1994, 201, 235-241.

Beyer, D.; Suranyi, G.; Vasas, G.; Roszik, J.; Erdodi, F.; M-Hamvas, M.; Bacsi, I.; Batori, R.;
Serfozo, Z.; Szigeti, Z.M.; Vereb, G.; Demeter, Z.; Gonda, S.; Mathe, C. Cylindrospermopsin
induces alterations of root histology and microtubule organization in common reed (Phragmites
australis) plantlets cultured in vitro. Toxicon 2009, 54, 440-449.

Chiswell, R.K.; Shaw, G.R.; Eaglesham, G.; Smith, M.J.; Norris, R.I.; Seawright, A.A.; Moore,
M.R. Stability of cylindrospermopsin, the toxin produced from the cyanobacterium,
Cylindrospermopsis raciborskii. Effect of pH, temperature, and sunlight on decomposition.
Environ. Toxicol. 1999, 14, 155-161.

Everson, S.; Fabbro, L.; Kinnear, S.; Eaglesham, G.; Wright, P. Distribution of the
cyanobacterial toxins cylindrospermopsin and deoxycylindrospermopsin in a stratified lake in
north-eastern New South Wales, Australia. Mar. Fresh Res. 2009, 60, 25-33.

Saker, M.L.; Griffiths, D.J. Occurrence of blooms of the cyanobacterium Cylindrospermopsis
raciborskii (Woloszynska) Seenayya and Subba Raju in a north Queensland domestic water
supply. Mar. Freshwater Res. 2001, 52, 907-915.

Klitzke, S.; Apelt, S.; Weiler, C.; Fastner, J.; Chorus, I. Retention and degradation of the
cyanobacterial toxin cylindrospermopsin in sediments - The role of sediment preconditioning and
DOM composition. Toxicon 2010, in press.

Codd, G.A.; Metcalf, J.S.; Beattie, K.A. Retention of Microcystis aeruginosa and microcystin by
salad lettuce (Lactuca sativa) after spray irrigation with water containing cyanobacteria. Toxicon
1999, 37, 1181-1185.

Peuthert, A.; Lawton, L.; Pflugmacher, S. In vivo influence of cyanobacterial toxins on enzyme
activity and gene expression of protein phosphatases in Alfalfa (Medicago sativa). Toxicon 2008,
52, 84-90.

Sagrane, S.; Ouahid, Y.; El Ghazali, I.; Oudra, B.; Bouarab, L.; del Campo, F.F. Physiological
changes in Triticum durum, Zea mays, Pisum sativum and Lens esculenta cultivars, caused by
irrigation with water contaminated with microcystins: A laboratory experimental approach.
Toxicon 2009, 53, 786-796.

Orr, P.T.; Rasmussen, J.P.; Burford, M.A.; Eaglesham, G.K.; Lennox, S.M. Evaluation of
quantitative real-time PCR to characterise spatial and temporal variations in cyanobacteria,
Cylindrospermopsis raciborskii (Woloszynska) Seenaya et Subba Raju and cylindrospermopsin
concentrations in three subtropical Australian reservoirs. Harmful Algae 2010, in press.



Mar. Drugs 2010, 8 563

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Fabbro, L.D.; Baker, M.; Duivenvoorden , L.J.; Pegg, G.; Shiel, R. The Effects of the Ciliate
Paramecium cf. caudatum Ehrenberg on Toxin Producing Cylindrospermopsis Isolated from the
Fitzroy River, Australia. Environ. Toxicol. 2001, 16, 489—497.

Gérard, C.; Poullain, V.; Lance, E.; Acou, A.; Brient, L.; Carpentier, A. Influence of toxic
cyanobacteria on community structure and microcystin accumulation of freshwater molluscs.
Environ. Pollut. 2009, 157, 609-617.

Lance, E.; Brient, L.; Bormans, M.; Gerard, C. Interactions between cyanobacteria and
Gastropods: 1. Ingestion of toxic Planktothrix agardhii by Lymnaea stagnalis and the kinetics of
microcystin bioaccumulation and detoxification. Aquat. Toxicol. 2006, 79, 140—148.

Wiegand, C.; Pflugmacher, S. Uptake of Microcystin-LR in Aquatic Organisms. In Cyanotoxins
Occurence, Causes, Consequences; Chorus, I., Ed.; Springer-Verlag: Berlin, Germany, 2001;
pp. 249 -252.

Kotak, B.G.; Zurawell, R.; Prepas, E.; Holmes, C.F. Microcystin-LR concentration in aquatic
food web compartments from lakes of varying trophic status. Can. J. Fish. Aquat. Sci. 1996, 53,
1974-1985.

Ferrao-Filho, A.; Kozlowsky-Suzuki, B.; Azevedo, S.M.F.O. Accumulation of microcystins by a
tropical zooplankton community. Aquat. Toxicol. 2002, 59, 201-208.

Saker, M.L.; Vale, M.; Kramer, D.; Vasconcelos, V.M. Molecular techniques for the early
warning of toxic cyanobacteria blooms in freshwater lakes and rivers. App. Microbiol. Biotech.
2007, 75, 441-449.

Froscio, S.M.; Fanok, S.; Humpage, A.R. Cytotoxicity screening for the cyanobacterial toxin
cylindrospermopsin. J. Toxicol. Environ. Health. Part A 2009, 72, 345-349.

Oehrle, S.A.; Southwell, B.; Westrick, J. Detection of various freshwater cyanobacterial toxins
using ultra-performance liquid chromatography tandem mass spectrometry. Toxicon 2010, in
press.

Wormer, L.; Carrasco, D.; Cirés, S.; Quesada, A. Advances in solid phase extraction of the
cyanobacterial toxin cylindrospermopsin. Limnol. Oceanogr. 2009, 7, 568—575.

Gallo, P.; Fabbrocino, S.; Cerulo, M.G.; Ferranti, P.; Bruno, M.; Serpe, L. Determination of
cylindrospermopsin in freshwaters and fish tissue by liquid chromatography coupled to
electrospray ion trap mass spectrometry. Rapid Commun. Mass Spectrom. 2009, 23, 3279-3284.
Kankaanpdd, H.; Vuorinen, P.J.; Sipid, V.; Keindnen, M. Acute effects and bioaccumulation of
nodularin in sea trout (Salmo trutta m. trutta L.) exposed orally to Nodularia spumigena under
laboratory conditions. Aquat. Toxicol. 2002, 61, 155-168.

Zhang, D.; Xie, P.; Chen, J. Effects of Temperature on the Stability of Microcystins in Muscle of
Fish and Its Consequences for Food Safety. Environ. Cont. Toxicol. 2010, 84, 202-207.
Neumann, C.; Bain, P.; Shaw, G. The in vitro toxicology of deoxycylindrospermopsin. In
Australian Research Network for Algal Toxins Workshop, Moreton Bay Research Station,
Australia, 9—11th July, 2005.

Smith, J.L.; Boyer, G.L.; Zimba, P.V. A review of cyanobacterial odorous and bioactive
metabolites: Impacts and management alternatives in aquaculture. Aquaculture 2008, 280, 5-20.



Mar. Drugs 2010, 8 564

128. Baker, M.L. Development of immunoassays for the detection of cylindrospermopsin, produced
by Cylindrospermopsis raciborskii. Master of Applied Science Thesis; Central Queensland
University: Rockhampton, Australia, 1998.

129. Hawkins, P.R.; Putt, E.; Falconer, I.R.; Humpage, A. Phenotypical variation in a toxic strain of
the phytoplankter, Cylindrospermopsis raciborskii (Nostocales, Cyanophyceae) during batch
culture. Environ. Toxicol. 2001, 16, 460-467.

© 2010 by the authors; licensee Molecular Diversity Preservation International, Basel, Switzerland.
This article is an open-access article distributed under the terms and conditions of the Creative
Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).



