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Highlights

Phytotoxic effects of cyanotoxins on agricultural plants have been updated.

We report mechanisms of cyanotoxins and target molecules in vegetable organisms.
The effects of cyanotoxins in the terrestrial environment is particularly scarce.

We describe fate of cyanotoxins in aquatic and soil ecosystems.

We examine bioaccumulation of cyanotoxins in vegetable foods.
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Abstract

The occurrence of harmful cyanobacterial blooms in surface waters is often accompanied by the
produc- tion of a variety of cyanotoxins. These toxins are designed to target in humans and animals
specific organs on which they act: hepatotoxins (liver), neurotoxins (nervous system), cytotoxic
alkaloids, and dermatotoxins (skin), but they often have important side effects too. When introduced
into the soil eco- system by spray irrigation of crops they may affect the same molecular pathways
in plants having iden- tical or similar target organs, tissues, cells or biomolecules. There are also
several indications that terrestrial plants, including food crop plants, can bioaccumulate cyanotoxins

and present, therefore, potential health hazards for human and animals. The number of publications

1



concerned with phytotoxic effects of cyanotoxins on agricultural plants has increased recently. In
this review, we first examine different cyanotoxins and their modes of actions in humans and
mammals and occurrence of target biomolecules in vegetable organisms. Then we present
environmental concentrations of cyanotoxins in freshwaters and their fate in aquatic and soil
ecosystems. Finally, we highlight bioaccumulation of cyanotoxins in plants used for feed and food
and its consequences on animals and human health. Overall, our review shows that the information
on the effects of cyanotoxins on non-target organisms in the terres- trial environment is particularly
scarce, and that there are still serious gaps in the knowledge about the fate in the soil ecosystems

and phytotoxicity of these toxins.
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Introduction

In light of global climate change, and particularly measurable rises in global temperature, as well as
increased fluxes of certain nutrients (i.e., nitrates, phosphates) brought either by agricultural run-off
or by sewage treatment plants and other anthropogenic sources, it has been suggested that
cyanobacteria, including toxin-producing taxa, may be increasing in abundance, and thus rep- resent
an emerging human and environmental health concern (For review see in O’Neil et al., 2012). The
presence of such toxins has been reported throughout the world and it appears that liver- toxic
microcystins are more commonly found in 40—-75% cyano- bacterial blooms (Sivonen and Jones,
1999). The contamination of surface waters by these cyanotoxins can cause water quality problems
for fisheries, aquaculture, farming, and sanitary hazard for human and animals. Humans are exposed
to cyanobacteria toxins through many routes, including drinking water, recreational contact, and
health food products made from cyanobacteria, and food chain. In recent years, several
cyanobacterial toxins were investigated in regard to their ability to enter the food chain via
freshwater seafood (Ibelings and Chorus, 2007; Ettoumi et al., 2011), however, their ability to enter
the food chain via agricultural crops has not been thoroughly investigated to date. Although no case
of poisoning by these products has been reported in the literature, this eventuality must not be
ignored. Indeed, a recent epidemiological study showed that the excessive incidence of amyotrophic
lateral sclerosis in the population of the islands of Guam in the Pacific was linked to a consumption
of the seeds of cycas contaminated by a neurotoxin, f-methylamino-L-alanine (BMAA), produced
by a species of cyanobacteria of the genus Nostoc living in symbiosis in the roots of this plant
(Banack and Cox, 2003; Cox et al., 2003; Murch et al., 2004; Steele and McGeer, 2008). This last
cited fact is gaining importance since plants could in a direct or indirect manner contribute to food
chain cyanotoxin’s transfer, and by the way constitute a potent health risk source. Indeed, numerous
studies reported that both submerged and emergent aquatic plants have been shown to absorb
microcystins from low external concentrations (Pflugmacher et al., 1998, 2001; Yin et al., 2005;
Sagrane et al., 2007). In terrestrial plants, Codd et al. (1999) reported that spray irrigation of
commercial lettuce (Lactuca sativa) plants with water containing Microcystis resulted in colonies
and single cells of the cyanobacte- rium being lodged on the leaves 10 d after the last irrigation.
MC-LR was present at 2.5 mg kg™ dry weight (DW) in the central leaves, 0.833 mg kg* (DW) in
the distal zone of mature leaves, and 0.094 mg kg* (DW) in the basal zone of mature leaves. The
last study indicated that toxins were absorbed by the plant as the central leaves would have been

protected from irrigation. Similar conclusions were reached for rice (Oryza sativa) and rape



(Brassica napus) by Chen et al. (2004). Therefore, the accumulation of cyanotoxins in the terrestrial
food chain is at present remains more worrying and the proposed quality limits are rare, indeed,
many aspects concerning these toxins are particularly scarce, notably those relative to the fate of
cyanotoxins in the soil ecosystems and their toxicity and bioaccumulation on agricultural crops.
There have been several reviews of the intensification and glo- bal expansion of harmful
cyanoabcterial blooms in terms of abun- dance, geographic extent, factors that may be promoting
this expansion, and prevention and management of cyanobacteiral blooms and their toxins, as well
as effects on aquatic ecosystem health and transfer on food webs (Wiegand and Pflugmacher, 2005;
Ibelings and Chorus, 2007; Paerl and Huisman, 2009; Araoz et al., 2010; Kinnear, 2010; Merel et
al., 2010; Jancula and Marsalek, 2011; O’Neil et al., 2012). However, the purpose of this review is
to: (1) Highlight important findings of the last decade of modes of actions of cyanotoxins in humans
and mammals and occurrence of target biomolecules in vegetable organisms; (2) Describe the fate
of cyanotoxins in aquatic and soil ecosystems and focus in their phytotoxicity; and (3) Emphasize
bioaccumula- tion of these toxins in vegetable foods and its consequences on ani- mals and human
health.

Cyanotoxins and their producers

Recent research suggests that eutrophication and climate change are two processes they may
promote the proliferation and expansion of harmful cyanobacterial blooms in freshwater, estuarine,
and marine ecosystems. These microorganisms are known to biosynthesize a wide range of
chemical classes of sec- ondary metabolites such as peptides, macrolides, and glycosides (Patterson
et al., 1994; Namikoshi and Rinehart, 1996) possessing a number of bioactivities: antiviral
(Patterson et al., 1993, 1994), antifungal (Patterson et al., 1994), cytotoxic (Patterson et al., 1991),
enzymatic inhibitor (Honkanen et al., 1995), antineoplastic (Moore, 1996), and allelopathic
(Pushparaj et al., 1998). However, some of these cyanobacterial secondary metabolites encompass a
diversity of alkaloid and peptide cyanotoxins which have been suggested to both pose threats to
human and environmental health worldwide (Hawkins et al., 1985; Carmichael and Falconer, 1993;
Kuiper-Goodman et al., 1999; Sivonen and Jones, 1999; Hitzfeld et al., 2000; Ettoumi et al., 2011).
Toxic cyanobacteria that have been involved in such incidents belong essentially to the genera
Microcystis, Anabaena, Aphanizomenon, Planktothrix, Oscillatoria, Cylindrospermopsis and less
often Gomphosphaeria, Coelosphaerium, Gloeotrichia, Nodularia and Nostoc (Hawkins et al., 1985;

Sivonen and Jones, 1999). The cyanotoxins are essentially endotoxins which can be released in the



environment following a cellular lyse (Codd et al., 1989) or following treatment of cyanobacterial
blooms with algaecides (Kenefick et al., 1993). They can be classified into four families according
to the organs on which they act: neurotoxins (nervous system), hepatotoxins (liver), cytotoxins
(several organs: liver, kidneys, adrenal glands, small intestine), and dermatotoxins (irritant toxins).
Cyanobacterial neurotoxins are divided in three groups: anatoxins (anatoxin-a, homoanatoxin-a, and
anatoxin-a(s)), saxitoxins, and the neurotoxic amino acid L-beta-N-methylamino-L-alanine
(BMAA). Anatoxins and the BMAA are specific of cyanobacteria, while, saxitoxins are also
synthesized by some marine dinoflagel- lates and associated with the human disease paralytic
shellfish poisoning or PSP (Falconer, 1991; Carmichael, 1994; Kaebernick and Neilan, 2001). By
contrast to the other neurotoxins which production depends on the phylogeny of the species, the
BMAA can be produced by almost all groups of cyanobacteria from freshwater, brackish, and
marine environments (Cox et al., 2005; Banack et al., 2007). Hepatotoxins are divided into two
groups: Microcystins (MCs), cyclic heptapeptide hepatotoxins (MW 900-1200), that are regarded as
the most frequently occurring and widespread of the cyanotoxins with more than 80 MC variants
already reported (Sivonen and Jones, 1999; Cox et al., 2005; del Campo and Ouahid, 2010); and
nodularins (MW 800-900) composed of five amino acids with only nine different natural analogs
have been characterized (De Silva et al., 1992; Namikoshi et al., 1993; Rinehart et al., 1994; Codd
et al., 2005). The hydrophilic alkaloid cytotoxin, cylin- drospermopsin (MW 415) has been
identified in the freshwater cyanobacteria Cylindrospermopsis raciborskii (Ohtani et al., 1992),
Umezakia natans (Harada et al., 1994), Aphanizomenon ovalisporum (Sivonen and Jones, 1999),
Anabaena sp. (Schembri et al., 2001), and Raphidiopsis sp. (Li et al., 2001). Today, only two
congeners of cylindrospermopsin have been identified: 7-epicylindrospermopsin and
deoxycylindrospermopsin. The freshwater cyanobac-erial irritant toxins such as lipopolysaccharides
(LPS), or endotoxins as they are commonly called, are major components of the cell wall in most
Gram-negative bacteria including cyanobacteria (Jann and Jann, 1984; Mayer and Weckesser, 1984;
Kaya, 1996; Stewart et al., 2006).



Modes of actions in humans and mammals and occurrence of target biomolecules in vegetable

organisms

Neurotoxins

Anatoxin-a is a potent postsynaptic depolarizing neuromuscular blocking agent that affects both
nicotinic and muscarinic acetyl cholineacetylcholine receptors (Carmichael et al., 1979; Spivak et
al., 1980). It acts as a depolarizing neuromuscular blocking agent mimicking the action of
acetylcholine. However, this neurotoxin is not degraded by the acetylcholinesterase, and
consequently its action on the muscular cells does not stop and, due to being stimulated, these cells
are blocked and thereby resulting to muscle paralysis (Carmichael, 1994; Lilleheil et al., 1997).
When the respiratory muscles are affected, the insufficient oxygenation of the brain engenders
convulsions and the oppression (Carmichael, 1994; Humpage et al., 1994). The LD50 (lethal dose
resulting in 50% deaths) of this neurotoxin is 200 pg kg™ (mouse, i.p.) (Carmichael et al., 1979;
Skulberg et al., 1992). Homoanatoxin-a is a homologue of anatoxin-a, that was reported to be a
potent nicotinic agonist (Wonnacott et al., 1992). It enhances the release of acetylcholine from
peripheral cholinergic nerves through opening of endogenous voltage dependent neuronal L-type
calcium chan- nels (Aas et al., 1996; Lilleheil et al., 1997). Despite the similarity in their names,
anatoxin-a(s) and anatoxin-a are not structurally related and exhibit different physiological
properties. Anatoxin-a(s) belongs to the organophosphate class of neurotoxins and it acts as an
irreversible inhibition of acetylcholinesterase at the nerve synapse (Mahmood and Carmichael,
1986, 1987). The LD50 (mouse, i.p.) of this toxin is about 2040 g kg™ (Mahmood and
Carmichael, 1987; Matsunaga et al., 1989; Carmichael et al., 1990). In animals, the mechanisms of
action of PSP toxins (saxitoxins) are based on the blockage of sodium conductance in axons (Kao et
al., 1967; Henderson et al., 1973). They so inhibit the transmission of the electric activity and
prevent the liberation of the acetylcholine (Nishiyama, 1968). Their toxicity is more important than
that of anatoxins with a LD50 (mouse, i.p.) in the same conditions for the saxitoxin of 10 pg kg
(Gorham and Carmichael, 1988). Saxitoxins can also bind to calcium (Ca*?) and K* channels,
interfering with the speed of opening and closing of these channels, which can in turn lead to
alteration in the influx of ions to the cell (Wang et al., 2003; Su et al., 2004). In addition, the Na*-
channel blockage may alter the selective permeability of the membrane and may change the flow of
ions, leading to damage to cellular homeostasis (Hille, 1992; Jablonski et al., 2007). Concerning the

neurotoxic amino acid (BMAA), it acts in mammals as a glutamate agonist at AMPA, kainite and



NMDA receptors (Spencer et al., 1986, 1987; Andersson et al., 1997; Seawright et al., 1999).
Consequently, it increases the intracellular concentra- tion of calcium in neurons and induces
neuronal activity by hype- rexcitation (Brownson et al., 2002). To our knowledge, no data regarding
the toxicity of cyanobacterial neurotoxins in higher plants have been reported. However, interfering
of some of them such as saxitoxins with the speed of opening and closing of Na*, Ca," and K*
channels could modify ions transport in plant cells. For example, a modification of sodium signals
can modify osmotic pressure in cells or the assimilation of CO> for C4 plants (Brownell and
Crossland, 1972). While sodium extrusion in animal cells and microorganisms (including yeast) is
directly energized by ATP hydrolysis (Na*™-ATPases), these Na* pumps are absent from higher
plants (Horie and Schroeder, 2004).

Hepatotoxins

Cyanobacterial hepatotoxins type microcystin-LR are generally not able to penetrate vertebrate cell
membranes and therefore, re- quire uptake via the bile acid transport system present in hepato- cytes
and cells lining the small intestine (Runnegar et al., 1991). As a result of this, toxicity of these
cyanotoxins is restricted to organs expressing the organic anion transporter on their cell membranes
such as the liver (Fischer et al., 2005). However, in vegetable cells one relatively unexplored
question regarding these toxins concerns the mechanism of uptake, particularly the variants that
would be predicted to be membrane impermeable based on polarity. They may cross cell
membranes of plants by other mechanisms, includ- ing diffusion or by root absorption. Pflugmacher
et al. (2001) have been reported that when the emergent reed plant P. australis was exposed to 0.5
g of C-labeled microcystin-LR L for 3 d, it dem- onstrated a rapid uptake (since 0.5 h) of the
toxin. The main uptake route appeared to be in the stem and rhizome, from which the tox- in is
transported into the higher parts of the plant to the leaves. Uptake directly through the leaves may
also occur by direct contact of small plants or by the lowest leaves of a plant with surface water and
with upper leaves by wave and spray contact (Pflugmacher et al., 2001). Once in both vertebrate
and vegetable cells, microcystins and nodularins have been shown to be potent and specific
inhibitors of protein phosphatases 1 and 2A, and this inhibition accounts for their extreme toxicity
(MacKintosh et al., 1990; Kurki-Helasmo and Meriluoto, 1998; Hastie et al., 2005). Those proteins
are involved in several physiological and molecular processes in higher plants (Sheen, 1993;

Takeda et al., 1994). Indeed, numerous studies reported that microcystins have several perturbatory



ef- fects on plant physiology and metabolism, when sufficient levels of toxin enter the plant cells
(MacKintosh et al., 1990; Siegl et al., 1990; Sheen, 1993; Yamasaki, 1993; Smith et al., 1994;
Takeda et al., 1994; Abe et al., 1996; Smith, 1996; Kurki-Helasmo and Meriluoto, 1998; Weiss et
al., 2000; McElhiney et al., 2001; Pflugmacher, 2002; Romanowska-Duda and Tarczynska, 2002;
Gehringer et al., 2003; Chen et al., 2004, 2011; Mitrovic et al., 2005; Sagrane et al., 2007, 2008;
Stiiven and Pflugmacher, 2007; Jarvenpéa et al., 2007; Jang et al., 2007; Peuthert et al., 2008;
Mathé et al., 2009; Huang et al., 2009; El Khalloufi et al., 2011, 2012; Jambrik et al., 2011; Perron
et al., 2012). On the other hand, several studies have also reported that these hepatotoxins induce
oxidative stress in mammal cells (Zegura et al., 2003; Botha et al., 2004 Bouaicha and Maatouk,
2004; Puerto et al., 2010). Therefore, their toxicity on aquatic plants seems to be also more linked to
the induction of oxidative stress manifested by elevated reactive oxygen species (ROS) production
and malondialdehyde (MDA) content (Lefevre et al., 1950; Pflugmacher, 2004; Hu et al., 2005;
Leflaive and Ten- Hage, 2007).

Cytotoxins

The alkaloid cylindrospermopsin (CYN) is known as a general cytotoxin that blocks protein
synthesis in mammal cells (Runnegar et al., 1995; Froscio et al., 2001, 2003). Implications of this
effect can be also observed in vegetable cells. In fact, Froscio et al. (2008) reported that CYN was
shown to inhibit the eukaryotic pro- tein synthesis apparatus with similar potency in plant and
mammalian cell extracts, IC50 of 334 nM in wheat germ extract and 110 nM in reticulocyte lysate.
Metcalf et al. (2004) also showed that CYN inhibited pollen germination in tobacco plants
(Nicotiana tabacum), with partial inhibition of protein production in the ger- minating pollen tubes

following exposure to 138 pg mL* of toxin.

Environmental concentrations of cyanotoxins in freshwaters and fate in aquatic and soil ecosystems
Environmental concentrations of cyanotoxins

The occurrence of cyanobacterial toxins was reported through- out the world in surface waters,
where hepatotoxic microcystins are more commonly found in 50-75% cyanobacterial blooms

(Ettoumi et al., 2011). Data on environmental concentrations of cyanotoxins have been compiled

and reviewed in numerous papers (Sivonen and Jones, 1999; Falconer and Humpage, 2006; Van



Apeldoorn et al., 2007; Messineo et al., 2009). In this review, we give a summary on environmental
concentrations focusing on irrigation waters with the ultimate aim to relate them to phytotox-
icological data. Cyanotoxins are intracellular toxins contained within living cells, depending on
both the nature of the toxin and the growth stage (Jungmann et al., 1996; Orr and Jones, 1998; Park
et al., 1998a,b; Sivonen and Jones, 1999). They are only released into the water, to form dissolved
toxin, during cell senescence or cell death and lysis or through water treatment processes such as
algaecide application, rather than by continuous excretion (James and Fawell, 1991; Gupta et al.,
2001; Babica et al., 2006). The highest total (intracellular plus dissolved) cyanotoxin levels have
been found in blooms and scums. For example, total MC concentrations in surface waters vary from
trace to several milligrams per liter, being strongly influenced by the occurrence of these forms of
cyanobacterial biomass. In surface waters used as irrigation source, total MC concentrations of 4-50
ug L1, up to 6500 pg L, have been reported in multiple locations, including but not limited to the
Morocco (Oudra et al., 2001), Tunisia (EI Herry et al., 2008), India (Prakash et al., 2009), Turkey
(Gurbuz et al., 2009), and Finland (Spoof et al., 2003), but much higher levels up to 29000 ug L in
Algeria (Nasri et al., 2008) (Table 1). It should be noted, however, that these very high
concentrations of cyano- toxins would be from scums or from very dense cyanobacterial biomass.
In the field, water samples with more than 1 pg L™ total MCs, dissolved fraction did not comprise
more than 10% of the combined intra and extracellular pool (Lindholm and Meriluoto, 1991; Jones
and Orr, 1994; Tsuji et al., 1996; Ueno et al., 1996; Lahti et al., 1997). As well in some laboratory
studies, where both intracellular and extracellular cyclic peptide toxins and STXs have been
measured, it is generally the case that in healthy log phase cultures, less than 10-20% of the total
toxin pool is dissolved in the culture medium (Sivonen et al., 1990; Lehtimaki et al., 1997; Negri et
al., 1997; Rapala et al., 1997). On the contrary, CYN may often be found at higher levels in
dissolved form than within cells, as it readily leaks from cells under normal growth conditions
(Norris et al., 2001; Falconer and Humpage, 2006; Wérmer et al., 2008). For example, Shaw et al.
(1999) found that in two instances of A. ovalisporum blooms around 80% of the total toxin content
of the water was in free solution. Recently, Messineo et al. (2009) re- ported that in several Italian
lakes of different characteristics and human uses, extracellular concentrations of total CYN varied
from non-detectable values up to 126 pg L. However, limited or no information is available about

the proportion of dissolved form with respect to the total level for the cyanobacterial neurotoxins.



Fate in aquatic and soil ecosystems

Once they enter in aquatic and soil ecosystems, cyanotoxins can be removed according to various
processes such as photochemical degradation by UV, adsorption in particles in suspension or onto
sediments, and biodegradation (Tsuji et al., 1994; Rapala et al., 1994; Lahti et al., 1996; Chiswell et
al., 1999; Welker and Steinberg, 1999; Kaebernick and Neilan, 2001; Mazur-Marzec et al., 2006;
Wormer et al., 2008; Burns et al., 2009; Klitzke et al., 2010, 2011; Thirumavalavan et al., 2012).
However, the four groups of cyanotoxins: hepatotoxins, neurotoxins, cytotoxins, and dermatotoxins,
exhibit quite different chemical stabilities in these ecosystems. Hepatotoxin cyclic peptide
cyanotoxins, microcystins and nodularins, are extremely stable compounds and may persist in
aquatic systems for weeks after being released from the cells (Jones and Orr, 1994; Chen et al.,
2008; Edwards et al., 2008). According to other studies, these toxins in natural conditions could
persist for several months or years (Harada et al., 1996; Sivonen and Jones, 1999). However,
numerous studies reported that photochemical degradation by sunlight UV and exposure to
degrading bacteria may speed up their removal from the water (Bourne et al., 1996; Heresztyn and
Nicholson, 1997; Sivonen and Jones, 1999; Park et al., 2001; Song et al., 2009; Ho et al., 2012).
The photodegrada- tion of MCs in full sunlight can take as little as two weeks or longer than six
weeks, depending on the presence of water-soluble cell pigments (Tsuji et al., 1994; Welker and
Steinberg, 2000). More recently, Thirumavalavan et al. (2012) showed in a laboratory exper- iment
that the presence of humic acid and turbidity affected the photo-degradation process. Additionally,
in sea water the rate of nodularin photolysis can be accelerated by the presence of some cell
components and humic substance (Welker and Steinberg, 1999). Conversely, during the benthic
phase, the photodegradation of these cyanotoxins is expected to be almost negligible due to low
radiation penetration (Wormer et al., 2010). In fact, Welker and Steinberg (2000) found that the
half-life of MCs in the deep lakes is longer than the season of cyanobacteria growth, what suggests
that the photolysis is significant only for shallow lakes. The alkaloid cytotoxin, CYN, is relatively
stable in the dark; however, in sunlight and in the presence of cell pigments degradation occurs
quite rapidly with more than 90% within 2—-3 d (Chiswell et al., 1999). The neurotoxin, anatoxin-a,
is also relatively stable in the dark, but it undergoes rapid photochemical degradation in sunlight
particularly in alkaline conditions, even in the absence of cell pig- ments (Stevens and Krieger,
1991; Smith and Sutton, 1993). However, no data are available for other cyanobacterial neurotoxins
and LPS dermatotoxins.

Cyanotoxins can also be retained on suspended particles or onto sediments in aquatic systems.



Wormer et al. (2011) showed the great importance of sedimentation processes in the fate of MCs in
freshwaters with an amount of toxin associated to settling parti- cles to be in the range of mg d* m-
2, But other studies reported that no more than 20% of toxins can be adsorbed on sediments (Rapala
et al., 1993; Lahti et al., 1996). Furthermore, it was sug- gested that the removal of cyanotoxins in
this process was the re- sult of both adsorption and biodegradation (Lahti et al., 1996). Therefore,
biodegradation would appear to be the main fate for most cyanotoxins in aquatic systems and the
relative performance of this process would be very site specific and dependent upon lo- cal
sediment characteristics and microbial activity. It was recently reported that the data generated in
laboratory and field studies strongly indicate that, in shallow lakes, low persistence and natural
eliminations of MCs are due to biodegradation; suggesting that sediments play a crucial role in
biodegradation by continuously supplying toxin-degrading bacteria to the water column (Chen et
al., 2008, 2010; Mazur-Marzec et al., 2009). However, in deep sediments, biodegradation might be
limited due to anoxic condi- tions (Holst et al., 2003; Griitzmacher et al., 2002, 2010) and sedi-
ments only bring nutrients for bacteria responsible of cyanotoxins biodegradation. Degradative
heterotrophic bacteria of hepatotoxic cyanotoxins (MCs and NOD), and cytotoxins (CYN) have
been found in various media, such as water columns (Jones and Orr, 1994; Cousins et al., 1996;
Christoffersen et al., 2002; Hyenstrand et al., 2003; Lemes et al., 2008; Mazur-Marzec et al., 2009;
Chen et al., 2010), sediments (Rapala et al., 1994; Holst et al., 2003), sew- age effluents (Lam et al.,
1995) or soils (Miller et al., 2001; Grutzm- acher et al., 2002), with specific enzymatic pathways
well characterized (Bourne et al., 1996; Okano et al., 2009; Zhang et al., 2010). Several previous
studies have been indicated that MCs can be degraded by aquatic bacteria identified as pertaining
especially to the genus Sphingomonas (Bourne et al., 1996; Harada et al., 2004; Ishii et al., 2004;
Maruyama et al., 2006; Manage et al., 2009). Therefore, a microcystin-degrading gene cluster,
mlrA, B, C and D was identified in these microorganisms, sequenced and the degradation process
was proposed (Bourne et al., 2001; Saito et al., 2003; Imanishi et al., 2005). In the last two decades,
several other species of bacteria capable of degrading peptidic cyanotoxins were identified,
Sphingomonas sp. strain ACM-3962 (Jones et al., 1994), Paucibacter toxinivorans (Rapala et al.,
2005), Sphingosinicella microcystinivorans (Maruyama et al., 2006), Burkholderia sp. (Lemes et
al., 2008). The most toxic congener, Microcystin-LR, was also found susceptible to breakdown by
Sphingomonas, which initiated ring-opening and the production of a linear compound 200 times
less toxic (Bourne et al., 1996). Recently, Ho et al. (2012) identified another bacterium strain
(TT25) whose genome is similar to Sphin- gopyxis sp. that it is able to degrade MCs. The ability of
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these all species to degrade other congeners of MCs and NODs was investi- gated and revealed that
peptides with the Adda—Arginine bond were successfully degraded while MC-LF, with Adda-
Phenyalanine bond and 6(z)-Adda-MC-LR and 6(z)-Adda-MC-RR were not significantly degraded
(Imanishi et al., 2005). Another Japanese Sphingomonas isolate, 7CY, was shown to degrade a
wider range of MCs, including MC-LR, -RR, -LY, -LW, and -LF but it was unable to de- grade
NOD-Har a NOD analog where arginine is replaced by homo- arginine (Ishii et al., 2004).
Biodegradation has also been shown to be an important process for the removal of the alkaloid
cytotoxin, CYN, from contaminated water (Chiswell et al., 1999; Senogles et al., 2002). By
contrast, a laboratory study investigating biodegra- dation of CYN with bacterial communities from
two water bodies in Spain, one having frequent exposure to CYN, the other rarely, has been shown
that biodegradation of this toxin by an active microbial community does not take place during a 40-
d (Wormer et al., 2008). A recent study demonstrated that CYN was degraded by indigenous
microbial flora in waters with a history of Cylindrospermopsis blooms (Smith et al., 2008). Despite
isolation of many bacteria from CYN enriched cultures, only a single isolate (Delftia sp.) capable of
degrading CYN has been obtained (Smith, 2005). However, for cyanobacterial neurotoxins there
are few reports on their persistence and biodegradation compared to cyanobacterial heptotoxins,
although the increasing occurrence of these toxins in surface waters. A recent study indicated that
saxitoxins (STXs) are predisposed to bacterial degradation during passage through bioactive
treatment plant (Kayal et al., 2008). However, this study showed that structural modification during
the biological treat- ment resulted to decrease of the predominant C-toxins variants and an increase
in GTX2 and GTX3 which are more toxic than

the C-toxins. Early work by Kiviranta et al. (1991) reported the isolation of a Pseudomonas sp.
capable of rapid degradation of anatoxin-a, with a rate of 6-30 mg mL™ per 3 d. A later study
reported by Rapala et al. (1994) has been shown the removal of anatoxin-a by microbial populations
isolated from water and sed- iments of a eutrophic, oligotrophic, and humic lake. In conclusion, the
period of photodegradation of cyanotoxins is relatively long in comparison to the degradation
caused by the microbial activity. Recently, Hu et al. (2012) found that the Bacillus sp. strain EMB
is able to completely remove 2.99 mg L of MC-RR and 2.15 mg L™ of MC-LR within 24 h.
However, the biodegradation speed of cyanotoxins in aquatic ecosystems can be influenced by the
initial concentration and nature of toxins (Edwards et al., 2008; Ho et al., 2012) and by additional
factors such as the water temperature (Park et al., 2001; Ho et al., 2007a,b; Smith et al., 2008;
Hoefel et al., 2009) and the bacterial community composition within the water body; not only the

types of organisms present, but also their abundance (Hoefel et al., 2009; Ho et al., 2012). Hoefel et



al. (2009) have demonstrated a direct relationship between the abundance of degrading organisms
and the rate of degradation of MC-LR. Fur- thermore, although MCs are degraded by most of
bacteria species, it seems that a lasting day’s delay or weeks are necessary before the degradation is
introduced. This result was in agreement with the conclusion of Hyenstrand et al. (2003) indicating
that bacteria species have to adapt themselves at first to the cyanobacteria metabolites before the
degradation of MCs becomes effective. Indeed, the results of this last study indicate a weaker
degradation of the MC-LR in May compared with September where the occurrence of
cyanobacteria is higher. Similarly, Smith et al. (2008) found that CYN was degraded by indigenous
microbial flora in waters with a history of Cylindrospermopsis blooms.

The physicochemical fate and the environmental concentrations of cyanotoxins in soil have been
the subject of a range of recent studies. Several classes of these toxins have been detected in field
soils, and the sorption behavior and degradation and transfer to vegeta- bles have been studied to a
large extent (Morris et al., 2000; Miller et al., 2001; Chen et al., 2006b; Bibo et al., 2008;
Sathishkumar et al., 2011). The use of water from sources containing cyanobacterial blooms and
toxins for spray irrigation of terrestrial plants, including food crop plants presents both a harmful
effect on growth and development of plants and on soil ecosystems and potential health hazards
through several exposure routes, including uptake into the food chain and accumulation of toxins on
the external surfaces of edible plant material. Questions, therefore, arise about the persistence of
total cyanotoxins (dissolved and within the cyanobacterial cells) when reach the soil ecosystem to
produce phytotoxic ef- fects. Once reach the soil ecosystem, cyanotoxins persist in the environment,
depending on the efficiency of degradation (i.e., photolysis, hydrolysis and bacterial degradation).
Microcystins can persist in agriculture soils for relatively long times, with a half-life ranging
between 6 and 17.8 d (Chen et al., 2006b). Jones et al. (1995) reported that scums of M. aeruginosa
that dry on the shores of lakes may contain high concentrations of MCs for several months.
Recently, Metcalf et al. (2012) found that MCs were detected in her- barium specimens of
cyanobacteria which had been collected from aquatic and terrestrial environments in 11 countries
throughout the world, dried, and stored at ambient temperatures in the dark for up to 170 years.
Microcystins were also detected by HPLC and ELISA assays in desert crust samples from Qatar at
concentrations between 1.5 and 53.7 ng gt dry weight (Metcalf et al., 2012). Thus, the persistence
of these toxins within dried cyanobacterial cells for long period suggests that they will be released
back into the soil when re-immersed by irrigation water, particularly when cyanobacterial blooms

are used in some countries as an organic fertilizer (Chen et al., 2006a,b). However, as mentioned
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above for aquatic ecosystems, adsorption on sediments and specially exposure to degrading bacteria
may also speed up their removal from the soil.

The information on the adsorption of cyanotoxins in agriculture soil ecosystems is particularly
scarce. However, adsorption of cyanobacterial hepatotoxins was measured in several batch studies
to determine the applicability of bank filtration as an efficient removal strategy of these toxins from
drinking water. For example, in batch experiments Miller et al. (2001) studied the adsorption of
cyanobacterial hepatotoxins, MC-LR and NOD, in five soils with different physicochemical
properties collected from regions around South Australia. They found that the soils with the high
clay and/or organic carbon contents had the higher toxins adsorption coefficients. In similar
experiments, Miller and Fallowfield (2001) found that the soils with the highest organic carbon
content (2.9%) and the highest clay content (16.1%) were the most effective at removing these tox-
ins in batch experiments. However, the sandy soil (98.5% sand) was incapable of the removal of
cyanotoxins. This finding was supported by Morris et al. (2000) who reported that the clay content
and its quality may be more important for the adsorption than other soil characteristics. However,
Eynard et al. (2000) suggested that soil was unable to protect groundwater from cyanotoxins that
origi- nated from surface waters. Thus, it seems that cyanotoxins sorption in soils is low and could
potentially result in their high bioavailability to soil organisms and plants. In several studies, it
seems that the major dissipation process for cyanotoxins in soil ecosystems is mainly via microbial
degradation (Miller and Fallowfield, 2001; Chen et al., 2006b). In fact, numerous soil bacteria as
Arthrobacter sp., Brevibacterium sp. and Rhodococcus sp. are able to breakdown MCs (Manage et
al., 2009). Bourne et al. (2001) observed the same thing with Sphingomonas sp. that possesses a
gene cluster involved in the degradation of MC-LR. Furthermore, Falconer et al. (1983) and
Lambert et al. (1996) conclude that sand filtration alone is un- able to remove dissolved
cyanotoxins. However, slow sand filters can be expected to remove 99% of dissolved cyanotoxins
(Keijola et al., 1988; Griitzmacher et al., 2002). This can be explained by the formation of a biofilm
on top of the filter that it allows for some biodegradation of cyanotoxins in slow sand filtration. No
data are available for other cyanoabcterial toxins such as neurotoxins and dermatotoxins, but some
degradation may be expected, again depending on the chemical conditions of soil. In conclusion,
the scarce results on the fate of cyanotoxins in soil ecosystems are very variable, which do not allow
affirming with certainty the necessary time for a complete disappearance of these toxins. This
variability ensues partially from used methods (e.g. studies led in laboratory with non
environmental concentrations of toxins and in free-soil systems). Therefore, the fate of cyanotoxins

in soil ecosystems will require more studies before we are capable to formulate an opinion on their



persistence and uptake into the food chain.

Phytotoxicity effects of cyanotoxins

The information on the effects of cyanotoxins on non-target organisms in the terrestrial
environment is particularly scarce. However, despite the impressive amount of information on their
toxicity on mammals compiled during the last two decades, there are still serious gaps in the
knowledge about the phytotoxicity of these toxins. The phytotoxic effects of cyanotoxins on higher
plants were firstly focused on aquatic photoautotrophic organisms (algae and macrophytes) that are
naturally exposed to cyanotoxins (Har- per, 1992; Papke et al., 1997; Weiss et al., 2000; Yu et al.,
2000; lkawa et al., 2001; Pietsch et al., 2001; Mitrovic et al., 2004; Ha and Pflugm- acher, 2013).
Since few years, scientists were also interested by the effect of these toxins on terrestrial plants
because, irrigation waters from sources containing cyanobacterial blooms and toxins are generally
used without treatment for spraying agricultural crops and plants that might, therefore, induce a
food chain contamination with a considerable health risk and potential economic losses.

Neurotoxins

The cyanobacterial neurotoxins have not received more re- search attention than have
cyanobacterial hepatotoxins. This is a consequence of the many livestock deaths caused by
cyanobacterial species producing hepatotoxic microcystins and their more widespread occurrence
rather than species producing neurotoxins (Ettoumi et al., 2011). In addition, the recent inclusion of
microcy- stin-LR as a toxic chemical in the World Health Organisation (WHO) drinking water
guidelines has further accelerated investi- gation of the toxic effects of microcystins on mammals
and vegeta- bles rather than cyanobacterial neurotoxins. Therefore, there are only few studies
reported in the literature on the effects of cya- noabcterial neurotoxins on crops and plants. Mitrovic
et al. (2004) were exposed the free-floating aquatic plant L. minor and the filamentous macroalga
Chladophora fracta to anatoxin-a at 0.1-25 pg L™ under laboratory conditions for 4-7 d. They
found in both organisms significantly increase of peroxidase activity after 4 d exposure at 25 g L™
but not at lower concentrations. After 7 d exposure to this neurotoxin significant increase of GST
activity and reduction of photosynthetic oxygen production were observed at 5 and 20 pg L™ but

not at lower concentrations in L. minor. In addition, Ha and Pflugmacher (2013) reported that this
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alkaloid neurotoxin at an environmentally relevant concentration (15 pg L), induced phytotoxic
effects on the submerged aquatic macrophyte Ceratophyllum demersum, mediated by oxidative
stress. Recently, Esterhuizen-Londt et al. (2011) investigated in in vitro study the effect of BMAA
at different environmentally concentrations (0.5, 1, 5, 50 and 100 pg L) for 24 h on the oxidative
stress responses of the macrophyte C. demersum. The most pronounced effects found were activity-
inhibiting effects on all the oxidative stress response enzymes at all exposure concentrations.
However, enzymes not related to oxidative stress response were not affected by the BMAA in these

experiments. For other neurotoxins, the literature search did not yield any results.

Hepatotoxins

The effects of cyanoabcterial toxins on photoautotrophic organ- isms have been most intensively
studied for MCs, in line with their abundance and their mode of action. First experiments were fo-
cused on the ability of these hepatotoxins to act as general allelopathic compounds against
planktonic microalgae, macroalgae and macrophytes in aquatic ecosystems. The allelopathic effects
of Aphanizomenon and other cyanobacteria bloom formers on chlorophyte species are early
documented in several studies (Lefevre et al., 1950; Tassigny and Lefevre, 1971; Boyd, 1973).
Subse- quently, Ikawa et al. (2001) and Papke et al. (1997) observed that cyanobacterial metabolites
can induce the growth inhibition of the green alga Chlorella pyrenoidosa and the photosynthesis of
other cyanobacteria species, respectively. Similarly, Sukenik et al. (2002) found that Microcystis
sp., a MCs producer, severely inhibited the growth of the freshwater dinoflagellate Peridinium
gatunense in mixed laboratory cultures which was attributed to the excretion of allelopathic
substances rather than to successful competition for nutrients. Hu et al. (2005) found that the growth
of Synechococcus elongatus was reduced by 53.6% after 6 d of exposure to 100 pg L™ of MC-RR
suggesting that oxidative stress manifested by elevated ROS levels and MDA contents might be
responsible for the toxicity of MC-RR to this species. Moreover, Singh et al. (2001) demonstrated
that MCs are strongly algicidal and point to the pos- sibility that they may have an important role in
establishment and maintenance of toxic blooms of M. aeruginosa in freshwater ecosys- tems.
Valdor and Aboal (2007) demonstrated the inhibitory effect of both cyanobacterial extracts and
pure MCs on the growth of microalgae. Bartova et al. (2010) examined effects of semipurified
Microcystis extract containing MCs (0.2-20 nM) on age-induced cell differentiation of the
filamentous cyanobacterium Trichormus variabilis and they found that heterocyst and akinete

formation was significantly decreased after exposure to extract containing 2 or 20 nM of MCs
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within 10 d of exposure. Recently, Perron et al. (2012) evaluated the effect of four microcystins
standards (variants MC-LF, -LR, -RR, -YR) at different concentrations (0.01-10 pg mL™?) and 0.01,
0.1, and 1 pug mL™* equivalent microcystins extracted from Microcystis aeruginosa (CPCC299),
which is known to produce mainly MC-LR, on the fluorescence of four green algae (Scenedesmus
obliquus CPCC5, Chlamydomonas reinhardtii CC125, Pseudokirchneriella subcapitata CPCC37
and Chlorella vulgaris CPCC111) and how they can affect the flow of energy through photosystem
I1. Their results showed that MCs affect the photosynthetic efficiency and the flow of energy
through photosystem Il from 0.01 pug mL™* within only 15 min and that MC-LF was the most potent
variant, followed by MC-YR, -LR and -RR.

It was also noticed that in eutrophic freshwaters dominated by cyanobacteria, a decrease in species
diversity and in the growth of macrophytes often occurs (Harper, 1992; Weiss et al., 2000; Yu et al.,
2000; Pietsch et al., 2001). Casanova et al. (1999) found that the abundance and the variety of
macrophytes are reduced in the presence of cyanobacterial blooms. In 1986, Kirpenko showed for
the first time the inhibition growth of water plants Elodea and Lemna by MCs isolated from a
natural bloom. This allelopathic action was recently confirmed by Weiss et al. (2000) further to the
cocul- ture of the plant Lemna minor with the cells of M. aeruginosa. Moreover, Pflugmacher
(2002) revealed that MC-LR induces allelopathic effects on the aquatic macrophytes such as C.
demersum and Myriophyllum spicatum, resulting in growth inhibition, reduction in photosynthetic
oxygen production, and changes in pigment pattern. Jang et al. (2007) found by examining
cyanobacterial toxin production in response to direct exposure to an axenically cultured aquatic
plant (Lemna japonica Landolt) using two toxic monoclonal strains of M. aeruginosa Kiizing (NIES
strains 103 and 107) that re- ciprocal allelopathic responses have been observed between these two
species Microcystis and Lemna. In several other studies, it occurred that MCs have the potential to
exert toxic effects on growth and physiological processes, which all might be related to the
inhibition of protein phosphatase activity or oxidative stress in aquatic moss (Wiegand et al., 2002)
and in higher aquatic plants such as Lemna gibba (Sagrane et al., 2007), Lemna genus (Mitrovic et
al., 2005), L. japonica (Jang et al., 2007), Spirodela oligorrhiz (Romanowska-Duda and
Tarczynska, 2002), Phragmit australis (Yamasaki, 1993; Méathé et al., 2009; Jambrik et al., 2011),
and C. demersum (Pflugmacher, 2004).

There are also several indications that terrestrial plants, including food crop plants, can be altered
by MCs present in irrigation waters, resulting principally to their serine/threonine phosphatases

inhibition and reactive oxygen species (ROS) production. Sheen (1993) found that the marine
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phycotoxin okadaic acid, a potent inhibitor of serine/threonine protein phosphatases like MCs,
efficiently blocks chlorophyll accumulation induced by light in eti- olated maize leaves. It seems
also that this phycotoxin blocks root hair growth and alter cortical cell shape of Arabidopsis
thaliana L. at 3 nM (Smith et al., 1994). Takeda et al. (1994) found that okadaic acid and MC-LR,
inhibitors of protein phophatases type 1 and 2A block the sugar-inducible gene expression in
petioles of sweet po- tato Ipomoea batatas. Similarly, Siegl et al. (1990) reported that in in vivo
these toxins prevented the light-induced activation of sucrose-phosphate synthase (SPS) that is
generally activated by dephosphorylating by protein phosphatase 2A, and decreased su- crose
biosynthesis and CO- fixation in spinach leaves. Yin et al. (2005) reported that MC-LR at 5 mg L™
is able to cause oxidative damage resulting in lipid peroxidation and decrease of glutathione GSH
content and increases of superoxide dismutase (SOD) and catalase (CAT) activities on A. thaliana
cells. Later, Stiiven and Pflugmacher (2007) provide further evidence that cyanobacterial toxins as
well as cyanobacterial crude extract containing MC-LR induce oxidative stress response in
Lepidium sativum seedlings, manifested by lipid peroxidation, elevation of alpha- and beta-
tocopherol concentrations and elevated activities of antioxidative enzymes like the glutathione
peroxidase, glutathione S-transferase and glutathione reductase. El Khalloufi et al. (2012) showed
that 30 d exposure of Lycopersicon esculentum to a cyanobacterial crude extract containing 2.22—
22.24 ug MCs mL™ caused enhancement on peroxidase activity and phenolic content indicated that
the ex- tract caused an oxidative stress. The exposure of rice plants (Oriza sativa) to toxic M.
aeruginosa cyanobacterial extracts containing 50 pg MC-LR L™ resulted in a significant increase in
the GST activity in leaves of this plant (Prieto et al., 2011). Therefore, by acting as protein
phosphatase inhibitors and inducers of ROS production, MCs could be involved in several
physiological and molecular pro- cesses in higher terrestrial plants.

Cytotoxic alkaloids

Cylindrospermopsin, a protein synthesis inhibitory cyanoabcterial cytotoxin also led to a clear
growth inhibition and anatomy modification through the alteration of microtubules organization of
the common reed P. australis at concentrations 0.5-40 pg mL* (Beyer et al., 2009). Previous study
demonstrated that CYN inhibited the growth of Sinapsis alba mustard seedlings at 18.2 ug mL™
(Vasas et al., 2002). Short term exposure of rice plants (Oriza s.) to toxic A. ovalisporum
cyanobacterial extracts containing 0.13 pg CYN L™ can lead to an increase of oxidative stress

(increase in GST and GPx activities). Moreover, longer exposure periods can lead to tissue necrosis
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(loss of tissue fresh weight) concomitant with the oxidative stress. In addition, the plant expo- sure
to a mixture of A. ovalisporum and M. aeruginosa cell extracts containing 0.13 pg CYN L™ and 50
ug MC-LR L7, respectively, resulted in a significant increase in the GST and GPx activities, sug-
gesting a synergistic effect of both extracts (Prieto et al., 2011).

Bioaccumulation of cyanotoxins in vegetable foods and consequences on animals and human health

In aquatic ecosystems, several studies have been reported the bioaccumulation of cyanotoxins in
common aquatic vertebrates and invertebrates, including zooplankton, mollusks and crusta- ceans,
and fish, which pose a potential risk to both animal and hu- man health if such aquatic animals are
consumed (Ibelings and Chorus, 2007; Ettoumi et al., 2011). However, their ability to enter the food
chain via agricultural crops has not been thoroughly investigated to date. Questions, therefore, arise
about the health significance of spray irrigation of crops with water from sources containing
cyanobacterial blooms and toxins. Nevertheless, several studies have been shown the accumulation
potential of cyanotox- ins in aquatic vegetable organisms, suggesting that terrestrial plants,
including food crop plants, can also take up these toxins. Mitrovic et al. (2005) reported that the
filamentous alga C. fracta accumulates MC-LR at a rate of 8 ng g* d™*. In addition, few amounts of
MCs were detected in C. vulgaris and Scenedesmus quadricauda cells only during the first 3 d of
exposure, but not during the remaining period of the experiment, suggesting a possible
biotransformation of MCs in these algae (Mohamed, 2008). The emergent reed plant P. australis
showed an apparent distribution of MC-LR in the different parts of the plant, after exposure to this
toxin at 0.5 pg L with highest uptake was detected in the stem and then the rhizome (Pflugmacher
et al., 2001). In addition, Lemna minor has also been shown to accumulate MC-LR up to a
concentration of 0.2887 + 0.009 ng mg™* wet wt plant material, after 5 d of exposure to this toxin at
20 pg L with an accumulation rate equivalent to 58 ng g* d* (Mitrovic et al., 2005). However,
Sagrane et al. (2007) reported that L. gibba could take up and biotransform microcystins. The
chronic exposure of plant led to dose-dependent MCs accumulation which reached 2.24 ug g* dry
weight after being exposed to 0.3 pg mL* of MCs (Sagrane et al., 2007). Recently, it has been
shown that collected water chestnut (Trapa natans) from Lake Tai accumulated MCs at highest
level up to 7.02 ng g* dw (Xiao et al., 2009).

Terrestrial plants could be exposed to cyanobacterial toxins via the use of eutrophic water that may

contain cyanobacterial blooms and toxins from irrigation and, therefore, they can take up
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cyanotoxins. Peuthert et al. (2007) have been reported that MC-LR could be absorbed by roots and
be translocated from roots to shoots in seedlings of eleven agricultural plants. A second study by
Crush et al. (2008) that used different species too, revealed a high level of MCs accumulation in
lettuce (L. sativa) exceeding the tolerable daily intake of 0.04 p kg™ of body weight d!
recommended by the World Health Organization (Sivonen and Jones, 1999). However, the most of
these studies have been performed in hydroponic conditions where the roots have been in direct
contact with the toxin solutions and can, therefore, overestimate the bioaccumula- tion rate. In our
knowledge the only study reported in the literature that was realized in soil showed that MC
concentrations in roots did not exceed the tolerably limit, however, the concentration of MCs in
aerial parts of the plant are not determined (Jarvenpéa et al., 2007). Both the roots and shoots of rice
were re- ported to accumulate MC-LR in a laboratorial study (Chen et al., 2004). In addition, a
recent study by Chen et al. (2012) reported for the first time the accumulation of MC-LR in rice
grains har- vested from Lake Taihu in China. However, the concentration of MC-LR detected in
rice grains was very low and thus may not pose a threat to human health currently. In addition to the
possibility of internal accumulation of MCs, irrigation may lead to accumulation of toxins on the
external surfaces of edible plant materials when the contaminated water dries on the plant surface
between irriga- tion periods or when the water becomes trapped in the centers of, for example, salad
plants. In fact, Codd et al. (1999) have been re- ported that colonies and single cells of M.
aeruginosa and microcystins were retained by salad lettuce after growth with spray irrigation water
containing the microcystin-producing cyanobacte- ria. Recently, Kittler et al. (2012) reported that
treatment of Brassica oleracea var. sabellica, Brassica juncea, and S. alba under varying
experimental conditions showed significant CYN uptake, with CYN levels ranging from 10% to
21% in the leaves compared to the CYN concentration applied to the roots (18-35 pg L™Y). These
results suggest that crop plants irrigated with CYN-contain- ing water may represent a significant
source of this toxin within the food chain. However, further research is needed into the uptake and
fate of microcystins and other cyanobacterial toxins by food plants and the persistence of these
toxins in the edible plant materials.

Conclusion and future directions
This review has established that cyanobacterial cells and toxins can be associated with crop plants

after spray irrigation with water containing these agents. Therefore, the use of water from sources

containing cyanobacterial blooms and toxins for spray irrigation of crop plants may not only inhibit



growth of plants, but also can induce a food chain contamination with a considerable health risk and
potential economic losses. Several studies have been shown that cyanotoxins could be absorbed by
roots, transported to shoots, and then be translocated to grains and/or fruits. Nevertheless, the
concentration of MC-LR detected, for example, in rice grains was very low and thus may not pose a
threat to human health cur- rently. Cyanotoxins could be partially metabolized during the long
distance transportation from roots to grains or fruits, which may resulted in the lower level of
cyanobacterial hepatotoxins type microcystins detected in rice grains. In addition, MCs could bind
to serine/threonine phosphatases during transport and thus could also affect their accumulation in
grains and fruits. Therefore, further investigations are needed into the uptake and fate of micro-
cystins and other cyanobacterial toxins by food plants during the totally period of vegetative and
fruit development.

However, there are gaps remaining concerning information on the future of cyanotoxins in soil in
term of speciation, persistence, mode of degradation and impact on biological life in soils. The re-
sults of many existing tests and particularly laboratory studies on phytotoxicity of cyanotoxins are
done in soil-free systems and using non realistic environmental concentration of toxins. Therefore,
they are difficult to compare to field studies because both abi- otic (e.g., soil conditions) as well as
biotic (composition of the degrading biological community) factors can influence the out- come of
such studies. In order to assess the relevance of phytotoxicity of cyanotoxins and their
bioaccumulation in crop plants in the terrestrial environment, further research seems thus

appropriate.

Acknowledgement

The research was supported with a Grant to S. Corbel from Région lle-de-France, DIM-ASTREA
program No ast110055.

References

Aas, P., Eriksen, S., Kolderup, J., Lundy, P., Haugen, J.E., Skulberg, O.M., Fonnum, F., 1996.
Enhancement of acetylcholine release by homoanatoxin-a from Oscillatoria formosa. Environ.
Toxicol. Pharmacol. 2, 223-232.

Abe, T., Lawson, T., Weyers, J.D.B., Codd, G.A., 1996. Microcystin-LR inhibits photosynthesis of

21

21



Phaseolus vulgaris primary leaves: implications for current spray irrigation practice. New
Phytol. 133, 651-658.

Aboal, M., Puig, M.-A., 2005. Intracellular and dissolved microcystin in reservoirs of the river
Segura basin, Murcia, SE Spain. Toxicon Off. J. Int. Soc. Toxinology 45, 509-518.

Andersson, H., Lindgvist, E., Olson, L., 1997. Plant-derived amino acids increase hippocampal
BDNF, NGF, c-fos and hsp70 mRNAs. NeuroReport 8, 1813.

Aréoz, R., Molgo, J., Tandeau de Marsac, N., 2010. Neurotoxic cyanobacterial toxins. Toxicon 56,
813-828.

Babica, P., Blaha, L., Marsalek, B., 2006. Exploring the natural role of microcystins-a review of
effects on photoautotrophic organisms. J. Phycol. 42, 9-20.

Ballot, A., Pflugmacher, S., Wiegand, C., Kotut, K., Krienitz, L., 2003. Cyanobacterial toxins in
Lake Baringo, Kenya. Limnologica 33, 2-9.

Ballot, A., Krienitz, L., Kotut, K., Wiegand, C., Metcalf, J.S., Codd, G.A., Pflugmacher, S., 2004.
Cyanobacteria and cyanobacterial toxins in three alkaline Rift Valley lakes of Kenya-Lakes
Bogoria, Nakuru and Elmenteita. J. Plankton Res. 26, 925-935.

Ballot, A., Krienitz, L., Kotut, K., Wiegand, C., Pflugmacher, S., 2005. Cyanobacteria and
cyanobacterial toxins in the alkaline crater lakes Sonachi and Simbi, Kenya. Harmful Algae 4,
139-150.

Banack, S.A., Cox, P.A., 2003. Biomagnification of cycad neurotoxins in flying foxes Implications
for ALS-PDC in Guam. Neurology 61, 387-389.

Banack, S.A., Johnson, H.E., Cheng, R., Cox, P.A., 2007. Production of the neurotoxin BMAA by a
marine cyanobacterium. Mar. Drugs 5, 180-196.

Bartova, K., Hilscherova, K., Babica, P., Marsélek, B., 2010. Extract of Microcystis water bloom
affects cellular differentiation in filamentous cyanobacterium Trichormus variabilis (Nostocales,
Cyanobacteria). J. Appl. Phycol. 23, 967-973.

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

Bibo, L., Yan, G., Bangding, X., Jiantong, L., Yongding, L., 2008. A laboratory study on risk
assessment of microcystin-RR in cropland. J. Environ. Manage. 86, 566-574.

Billam, M., Tang, L., Cai, Q., Mukhi, S., Guan, H., Wang, P., Wang, Z., Theodorakis, C.W.,

Kendall, R.J., Wang, J.-S., 2006. Seasonal variations in the concentration of microcystin-LR in



23

two lakes in western Texas, USA. Environ. Toxicol. Chem. Setac 25, 349-355.

Botha, N., Gehringer, M.M., Downing, T.G., van de Venter, M., Shephard, E.G., 2004. The role of
microcystin-LR in the induction of apoptosis and oxidative stress in CaCo2 cells. Toxicon 43,
85-92.

Bouaicha, N., Maatouk, 1., 2004. Microcystin-LR and nodularin induce intracellular glutathione
alteration, reactive oxygen species production and lipid peroxidation in primary cultured rat
hepatocytes. Toxicol. Lett. 148, 53-63.

Bourne, D.G., Jones, G.J., Blakeley, R.L., Jones, A., Negri, A.P., Riddles, P., 1996. Enzymatic
pathway for the bacterial degradation of the cyanobacterial cyclic peptide toxin microcystin LR.
Appl. Environ. Microb. 62, 4086-4094.

Bourne, D.G., Riddles, P., Jones, G.J., Smith, W., Blakeley, R.L., 2001. Characterisation of a gene
cluster involved in bacterial degradation of the cyanobacterial toxin microcystin-LR. Environ.
Toxicol. 16, 523-534.

Boyd, C.E., 1973. Biotic interactions between different species of algae. Weed Sci., 32-37.

Brownell, P.F., Crossland, C.J., 1972. The requirement for sodium as a micronutrient by species
having the C4 dicarboxylic photosynthetic pathway. Plant Physiol. 49, 794-797.

Brownson, D.M., Mabry, T.J., Leslie, S.W., 2002. The cycad neurotoxic amino acid, beta-N-
methylamino-L-alanine (BMAA), elevates intracellular calcium levels in dissociated rat brain
cells. J. Ethnopharmacol. 82, 159-167.

Bumke-Vogt, C., Mailahn, W., Chorus, I., 1999. Anatoxin-a and neurotoxic cyanobacteria in
German lakes and reservoirs. Environ. Toxicol. 14, 117-125.

Burns, J.M., Hall, S., Ferry, J.L., 2009. The adsorption of saxitoxin to clays and sediments in fresh
and saline waters. Water Res. 43, 1899-1904.

Carmichael, W.W., Falconer, I.R., 1993. Diseases related to freshwater blue-green algal toxins, and
control measures. In: Falconer, I.R. (Ed.), Algal Toxins in Seafood and Drinking Water.
Academic Press, London, UK, pp. 187-209.

Carmichael, W.W., Biggs, D.F., Peterson, M.A., 1979. Pharmacology of Anatoxin-a, produced by
the freshwater cyanophyte Anabaena flosaquae NRC-44-1. Toxicon 17, 229-236.

Carmichael Wayne, W., Mahmood Nik, A., Hyde Edward, G., 1990. Natural toxins from
cyanobacteria (blue-green algae). In: Marine Toxins, ACS Symposium Series. American
Chemical Society, pp. 87-106.

Carmichael, W.W., 1994. The toxins of cyanobacteria. Sci. Am. 270, 64—70.

23



Carrasco, D., Moreno, E., Sanchis, D., Wérmer, L., Paniagua, T., Del Cueto, A., Quesada, A., 2006.
Cyanobacterial abundance and microcystin occurrence in Mediterranean water reservoirs in
Central Spain: microcystins in the Madrid area. Eur. J. Phycol. 41, 281-291.

Casanova, M.T., Burch, M.D., Brock, M.A., Bond, P.M., 1999. Does toxic Microcystis aeruginosa
affect aquatic plant establishment? Environ. Toxicol. 14, 97-109.

Chen, J., Song, L., Dai, J., Gan, N., Liu, Z., 2004. Effects of microcystins on the growth and the
activity of superoxide dismutase and peroxidase of rape (Brassica napus L.) and rice (Oryza
sativa L.). Toxicon 43, 393-400.

Chen, W., Li, L., Gan, N., Song, L., 2006a. Optimization of an effective extraction procedure for
the analysis of microcystins in soils and lake sediments. Environ. Pollut. 143, 241-246.

Chen, W., Song, L., Gan, N., Li, L., 2006b. Sorption, degradation and mobility of microcystins in
Chinese agriculture soils: risk assessment for groundwater protection. Environ. Pollut. 144, 752—
758.

Chen, W., Song, L., Peng, L., Wan, N., Zhang, X., Gan, N., 2008. Reduction in microcystin
concentrations in large and shallow lakes: water and sediment- interface contributions. Water
Res. 42, 763-773.

Chen, X,, Yang, X,, Yang, L., Xiao, B., Wu, X., Wang, J., Wan, H., 2010. An effective pathway for
the removal of microcystin LR via anoxic biodegradation in lake sediments. Water Res. 44,
1884-1892.

Chen, J.Z., Ye, J.Y., Zhang, H.Y ., Jiang, X.J., Zhang, Y.X., Liu, Z.L., 2011. Freshwater toxic
cyanobacteria induced DNA damage in apple (Malus pumila), rape (Brassica napus) and rice
(Oryza sativa). J. Hazard. Mater. 190, 240-244.

Chen, J., Han, F.X., Wang, F., Zhang, H., Shi, Z., 2012. Accumulation and phytotoxicity of
microcystin-LR in rice (Oryza sativa). Ecotox. Environ. Safe. 76, 193-199.

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

Christoffersen, K., Lyck, S., Winding, A., 2002. Microbial activity and bacterial community
structure during degradation of microcystins. Aquat. Microb. Ecol. 27, 125-136.

Codd, G.A., Bell, S.G., Brooks, W.P., 1989. Cyanobacterial toxins in water. Water Sci. Technol.
21, 1-13.

Codd, G.A., Metcalf, J.S., Beattie, K.A., 1999. Retention of Microcystis aeruginosa and microcystin



25

by salad lettuce (Lactuca sativa) after spray irrigation with water containing cyanobacteria.
Toxicon 37, 1181-1185.

Codd, G.A,, Lindsay, J., Young, F.M., Morrison, L.F., Metcalf, J.S., 2005. Harmful cyanobacteria:
from mass mortalities to management measures. In: Huisman, J., Matthijs, H.C.P., Visser, P.M.
(Eds.), Harmful Cyanobacteria. Springer-Verlag, Berlin/Heidelberg, pp. 1-23.

Conti, A.L.R., Guerrero, J.M., Regueira, J.M., 2005. Levels of microcystins in two Argentinean
reservoirs used for water supply and recreation: differences in the implementation of safe levels.
Environ. Toxicol. 20, 263-2609.

Cook, C.M., Vardaka, E., Lanaras, T., 2004. Toxic cyanobacteria in greek freshwaters, 1987-2000:
occurrence, toxicity, and impacts in the Mediterranean region. Acta Hydrochim. Hydrobiol. 32,
107-124.

Costa, I.A.S., Azevedo, S.M.F.O., Senna, P.A.C., Bernardo, R.R., Costa, S.M., Chellappa, N.T.,
2006. Occurrence of toxin-producing cyanobacteria blooms in a Brazilian semiarid reservoir.
Braz. J. Biol. Rev. Brasleira Biol. 66, 211-219.

Cousins, I.T., Bealing, D.J., James, H.A., Sutton, A., 1996. Biodegradation of microcystin-LR by
indigenous mixed bacterial populations. Water Res. 30, 481-485.

Cox, P.A., Banack, S.A., Murch, S.J., 2003. Biomagnification of cyanobacterial neurotoxins and
neurodegenerative disease among the Chamorro people of Guam. Proc. Natl. Acad. Sci. USA
100, 13380-13383.

Cox, P.A., Banack, S.A., Murch, S.J., Rasmussen, U., Tien, G., Bidigare, R.R., Metcalf, J.S.,
Morrison, L.F., Codd, G.A., Bergman, B., 2005. Diverse taxa of cyanobacteria produce 3-N-
methylamino-L-alanine, a neurotoxic amino acid. Proc. Natl. Acad. Sci. USA 102, 5074-5078.

Crush, J.R., Briggs, L.R., Sprosen, J.M., Nichols, S.N., 2008. Effect of irrigation with lake water
containing microcystins on microcystin content and growth of ryegrass, clover, rape, and lettuce.
Environ. Toxicol. 23, 246-252.

De Silva, E.D., Williams, D.E., Andersen, R.J., Klix, H., Holmes, C.F.B., Allen, T.M., 1992,
Motuporin, a potent protein phosphatase inhibitor isolated from the papua new guinea sponge
Theonella swinhoei gray. Tetrahedron Lett. 33, 1561-1564.

Del Campo, F.F., Ouahid, Y., 2010. Identification of microcystins from three collection strains of
Microcystis aeruginosa. Environ. Pollut. 158, 2906-2914.

Edwards, C., Graham, D., Fowler, N., Lawton, L.A., 2008. Biodegradation of microcystins and
nodularin in freshwaters. Chemosphere 73, 1315-1321.

25



El Ghazali, 1., Sagrane, S., Saker, M., Youness, O., Oudra, B., Vasconcelos, V., Del Campo, F.F.,
2011. Caractérisation biochimique et moléculaire d’efflorescences a cyanobactéries toxiques
dans le réservoir Lalla Takerkoust (Maroc). Revue des sciences de 1’eau J. Water Sc. 24, 117—
128.

El Herry, S., Fathalli, A., Rejeb, A.J.-B., Bouaicha, N., 2008. Seasonal occurrence and toxicity of
Microcystis spp. and Oscillatoria tenuis in the Lebna Dam, Tunisia. Water Res. 42, 1263-1273.

El Khalloufi, F., Oufdou, K., Lahrouni, M., El Ghazali, 1., Saqrane, S., Vasconcelos, V., Oudra, B.,
2011. Allelopatic effects of cyanobacteria extracts containing microcystins on Medicago sativa-
Rhizobia symbiosis. Ecotoxicol. Environ. Safe. 74, 431-438.

El Khalloufi, F., El Ghazali, 1., Saqrane, S., Oufdou, K., Vasconcelos, V., Oudra, B., 2012.
Phytotoxic effects of a natural bloom extract containing microcystins on Lycopersicon
esculentum. Ecotox. Environ. Safe. 79, 199-205.

Esterhuizen-Londt, Pflugmacher, S., Downing, T.G., 2011. The effect of B-N-methylamino-L-
alanine (BMAA\) on oxidative stress response enzymes of the macrophyte Ceratophyllum
demersum. Toxicon 57, 803-810.

Ettoumi, A., E1 Khalloufi, F., E1 Ghazali, 1., Oudra, B., Amrani, A., Nasri, H., Bouaicha, N., 2011.
Bioaccumulation of cyanobacterial toxins in aquatic organisms and its consequences for public
health. In: Kattel, G. (Ed.), Zooplankton and Phytoplankton: Types, Characteristics and Ecology.
Nova Science Publishers Inc., New York, pp. 1-34.

Everson, S., Fabbro, L., Kinnear, S., Wright, P., 2011. Extreme differences in akinete, heterocyte
and cylindrospermopsin concentrations with depth in a successive bloom involving
Aphanizomenon ovalisporum (Forti) and Cylindrospermopsis raciborskii (Woloszynska)
Seenaya and Subba Raju. Harmful Algae 10, 265-276.

Eynard, F., Mez, K., Walther, J.-L., 2000. Risk of cyanobacterial toxins in Riga waters (Latvia).
Water Res. 34, 2979-2988.

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

Falconer, I.R., Beresford, A.M., Runnegar, M.T., 1983. Evidence of liver damage by toxin from a
bloom of the blue-green alga, Microcystis aeruginosa. Med. J. Australia 1, 511-514.

Falconer, I.R., 1991. Tumor promotion and liver injury caused by oral consumption of
cyanobacteria. Environ. Toxic. Water 6, 177-184.

Fastner, J., Neumann, U., Wirsing, B., Weckesser, J., Wiedner, C., Nixdorf, B., Chorus, 1., 1999.

Microcystins (hepatotoxic heptapeptides) in german fresh water bodies. Environ. Toxicol. 14,



27

13-22.

Fischer, W.J., Altheimer, S., Cattori, V., Meier, P.J., Dietrich, D.R., Hagenbuch, B., 2005. Organic
anion transporting polypeptides expressed in liver and brain mediate uptake of microcystin.
Toxicol. Appl. Pharmacol. 203, 257-263.

Fromme, H., Kéhler, A., Krause, R., Fuhrling, D., 2000. Occurrence of cyanobacterial toxins—
microcystins and anatoxin-a—in Berlin water bodies with implications to human health and
regulations. Environ. Toxicol. 15, 120-130.

Froscio, S.M., Humpage, A.R., Burcham, P.C., Falconer, I.R., 2001. Cell-free protein synthesis
inhibition assay for the cyanobacterial toxin cylindrospermopsin. Environ. Toxicol. 16, 408-412.

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

Froscio, S.M., Humpage, A., Wickramasinghe, W., Shaw, G., Falconer, I.R., 2008. Interaction of
the cyanobacterial toxin cylindrospermopsin with the eukaryotic protein synthesis system.
Environ. Toxicol. 51, 191-198.

Furey, A., Crowley, J., Lehane, M., James, K.J., 2003a. Liquid chromatography with electrospray
ion-trap mass spectrometry for the determination of anatoxins in cyanobacteria and drinking
water. Rapid Commun. Mass Spectrom. 17, 583-588.

Furey, A., Crowley, J., Shuilleabhain, A.N., Skulberg, O.M., James, K.J., 2003b. The first
identification of the rare cyanobacterial toxin, homoanatoxin-a, in Ireland. Toxicon 41, 297-303.

Gagala, 1., Izydorczyk, K., Skowron, A., Kamecka-Plaskota, D., Stefaniak, K., Kokocinski, M.,
Mankiewicz-Boczek, J., 2010. Appearance of toxigenic cyanobacteria in two Polish lakes
dominated by Microcystis aeruginosa and Planktothrix agardhii and environmental factors
influence. Ecohydrol. Hydrobiol. 10, 25-34.

Gehringer, M.M., Kewada, V., Coates, N., Downing, T.G., 2003. The use of Lepidium sativum in a
plant bioassay system for the detection of microcystin-LR. Toxicon 41, 871-876.

Giannuzzi, L., Sedan, D., Echenique, R., Andrinolo, D., 2011. An acute case of intoxication with
cyanobacteria and cyanotoxins in recreational water in Salto Grande Dam, Argentina. Mar.
Drugs 9, 2164-2175.

Gorham, P.R., Carmichael, W.W., 1988. Hazards of freshwater blue green algae (cyanobacteria).
In: Lembi, C.A., Waaland, J.R. (Eds.), Algae and Human Affairs. Cambridge University Press,
Cambridge, pp. 403-431.

27



Grutzmacher, G., Bottcher, G., Chorus, 1., Bartel, H., 2002. Removal of microcystins by slow sand
filtration. Environ. Toxicol. 17, 386-394.

Gritzmacher, G., Wessel, G., Klitzke, S., Chorus, I., 2010. Microcystin elimination during sediment
contact. Environ. Sci. Technol. 44, 657-662.

Gugger, M., Lenoir, S., Berger, C., Ledreux, A., Druart, J.-C., Humbert, J.-F., Guette, C., Bernard,
C., 2005. First report in a river in France of the benthic cyanobacterium Phormidium favosum
producing anatoxin-a associated with dog neurotoxicosis. Toxicon 45, 919-928.

Gupta, N., Bhaskar, A.S.B., Dangi, R.S., Prasad, G.B.K.S., Rao, P.V.L., 2001. Toxin production in
batch cultures of freshwater cyanobacterium Microcystis aeruginosa. Bull. Environ. Contam.
Toxicol. 67, 0339-0346.

Gurbuz, F., Metcalf, J.S., Karahan, A.G., Codd, G.A., 2009. Analysis of dissolved microcystins in
surface water samples from Kovada Lake, Turkey. Sci. Total Environ. 407, 4038-4046.

Ha, M.-H., Pflugmacher, S., 2013. Time-dependent alterations in growth, photosynthetic pigments
and enzymatic defense systems of submerged Ceratophyllum demersum during exposure to the
cyanobacterial neurotoxin anatoxin-a. Aquat. Toxicol. 138-139, 26-34.

Harada, K., Ohtani, I., lwamoto, K., Suzuki, M., Watanabe, M.F., Watanabe, M., Terao, K., 1994.
Isolation of cylindrospermopsin from a cyanobacterium Umezakia natans and its screening
method. Toxicon 32, 73-84.

Harada, K., Tsuji, K., Watanabe, M.F., Kondo, F., 1996. Stability of microcystins from
cyanobacteria-I11. Effect of pH and temperature. Phycologia 35, 83-88.

Harada, K., Imanishi, S., Kato, H., Mizuno, M., lto, E., Tsuji, K., 2004. Isolation of Adda from
microcystin-LR by microbial degradation. Toxicon 44, 107-1009.

Harper, D., 1992. Prediction and modelling of the causes and effects of eutrophication. In:
Eutrophication of Freshwaters: Principles, Problems and Restoration. Springer Netherlands
Publishers, pp. 167-214.

Hastie, C.J., Borthwick, E.B., Morrison, L.F., Codd, G.A., Cohen, P.T.W., 2005. Inhibition of
several protein phosphatases by a non-covalently interacting microcystin and a novel
cyanobacterial peptide, nostocyclin. Biochim. Biophys. Acta 1726, 187-193.

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

Henderson, R., Ritchie, J.M., Strichartz, G.R., 1973. The binding of labelled saxitoxin to the sodium



channels in nerve membranes. J. Physiol. 235, 783-804.

Henriksen, P., 1996. Microcystin profilesand contents in Danish populations of cyanobacteria/blue-
green algae as determined by HPLC. Phycologia 35, 102— 110.

Heresztyn, T., Nicholson, B.C., 1997. Nodularin concentrations in Lakes Alexandrina and Albert,
South Australia, during a bloom of the cyanobacterium (blue-green alga) Nodularia spumigena
and degradation of the toxin. Environ. Toxic. Water 12, 273-282.

Hille, B., 1992. lonic Channels of Excitable Membranes, second ed. Sinauer Associates. ed.,
Sunderland, MA.

Hirooka, E.Y., Pinotti, M.H.P., Tsutsumi, T., Yoshida, F., Ueno, Y., 1999. Survey of Microcystins
in water between 1995 and 1996 in Parand, Brazil using ELISA. Nat. Toxins 7, 103-109.

Hitzfeld, B.C., Hoger, S.J., Dietrich, D.R., 2000. Cyanobacterial toxins: removal during drinking
water treatment, and human risk assessment. Environ. Health Perspect. 108, 113-122,

Ho, L., Hoefel, D., Bock, F., Saint, C.P., Newcombe, G., 2007a. Biodegradation rates of 2-
methylisoborneol (MIB) and geosmin through sand filters and in bioreactors. Chemosphere 66,
2210-2218.

Ho, L., Hoefel, D., Saint, C.P., Newcombe, G., 2007b. Isolation and identification of a novel
microcystin-degrading bacterium from a biological sand filter. Water Res. 41, 4685-4695.

Ho, L., Tang, T., Monis, P.T., Hoefel, D., 2012. Biodegradation of multiple cyanobacterial
metabolites in drinking water supplies. Chemosphere 87, 1149-1154.

Hoefel, D., Adriansen, C.M.M., Bouyssou, M.A.C., Saint, C.P., Newcombe, G., Ho, L., 2009.
Development of an mlrA gene-directed TagMan PCR assay for quantitative assessment of
microcystin-degrading bacteria within water treatment plant sand filter biofilms. Appl. Environ.
Microb. 75, 5167-5169.

Holst, T., Jargensen, N.O., Jgrgensen, C., Johansen, A., 2003. Degradation of microcystin in
sediments at oxic and anoxic, denitrifying conditions. Water Res. 37, 4748-4760.

Honkanen, R.E., Caplan, F.R., Baker, K.K., Baldwin, C.L., Bobzin, S.C., Bolis, C.M., Cabrera,
G.M., Johnson, L.A., Jung, J.H., Larsen, L.K., Levine, .A., Moore, R.E., Nelson, C.S.,
Patterson, G.M.L., Tschappat, K.D., Tuang, G.D., Boynton, A.L., Arment, A.R., An, J,,
Carmichael, W.W., Rodland, K.D., Magun, B.E., Lewin, R.A., 1995. Protein phosphatase
inhibitory activity in extracts of cultured blue-green algae (cyanophyta). J. Phycol. 31, 478-486.

Horie, T., Schroeder, J.1., 2004. Sodium transporters in plants. Diverse genes and physiological
functions. Plant Physiol. 136, 2457.

29

29



Hu, Z., Liu, Y., Li, D., Dauta, A., 2005. Growth and antioxidant system of the cyanobacterium
Synechococcus elongatus in response to microcystin-RR. Hydrobiologia 534, 23-29.

Hu, L., Zhang, F., Liu, C., Wang, M., 2012. Biodegradation of Microcystins by Bacillus sp. strain
EMB. Energy Procedia 16 (Part C), 2054-2059.

Huang, W., Xing, W., Li, D, Liu, Y., 2009. Morphological and ultrastructural changes in tobacco
BY-2 cells exposed to microcystin-RR. Chemosphere 76, 1006-1012.

Humpage, A., Rositano, J., Bretag, A., Brown, R., Baker, P., Nicholson, B., Steffensen, D., 1994.
Paralytic shellfish poisons from Australian cyanobacterial blooms. Mar. Freshwater Res. 45,
761-771.

Hyenstrand, P., Rohrlack, T., Beattie, K.A., Metcalf, J.S., Codd, G.A., Christoffersen, K., 2003.
Laboratory studies of dissolved radiolabelled microcystin-LR in lake water. Water Res. 37,
3299-3306.

Ibelings, B.W., Chorus, 1., 2007. Accumulation of cyanobacterial toxins in freshwater ‘‘seafood’’
and its consequences for public health: a review. Environ. Pollut. 150, 177-192.

Ikawa, M., Sasner, J.J., Haney, J.F., 2001. Activity of cyanobacterial and algal odor compounds
found in lake waters on green alga Chlorella pyrenoidosa growth. Hydrobiologia 443, 19-22.

Imanishi, S., Kato, H., Mizuno, M., Tsuji, K., Harada, K., 2005. Bacterial degradation of
microcystins and nodularin. Chem. Res. Toxicol. 18, 591-598.

Ishii, H., Nishijima, M., Abe, T., 2004. Characterization of degradation process of cyanobacterial
hepatotoxins by a Gram-negative aerobic bacterium. Water Res. 38, 2667-2676.

Jablonski, E.M., Adrian Mattocks, M., Sokolov, E., Koniaris, L.G., Hughes Jr., F.M., Fausto, N.,
Pierce, R.H., McKillop, I.H., 2007. Decreased aquaporin expression leads to increased resistance
to apoptosis in hepatocellular carcinoma. Cancer Lett. 250, 36-46.

Jambrik, K., Mathé, C., Vasas, G., Beyer, D., Molnar, E., Borbély, G., M-Hamvas, M., 2011.
Microcystin-LR induces chromatin alterations and modulates neutral single-strand-preferring
nuclease activity in Phragmites australis. J. Plant Physiol. 168, 678-686.

James, H., Fawell, J.K., 1991. In: Water Research Centre (Ed.), Detection and Removal of
Cyanobacterial Toxins from Freshwaters. Foundation for Water Research Publisher, Great
Britain, pp. 1-38.

James, K.J., Sherlock, I.R., Stack, M.A., 1997. Anatoxin-a in Irish freshwater and cyanobacteria,
determined using a new fluorimetric liquid chromatographic method. Toxicon 35, 963-971.

Janc“ula, D., Marsalek, B., 2011. Critical review of actually available chemical compounds for

prevention and management of cyanobacterial blooms. Chemosphere 85, 1415-1422.



Jang, M.-H., Ha, K., Takamura, N., 2007. Reciprocal allelopathic responses between toxic
cyanobacteria (Microcystis aeruginosa) and duckweed (Lemna japonica). Toxicon 49, 727-733.

Jann, K., Jann, B., 1984. Structure and biosynthesis of O-antigens. Handbook of Endotoxin 1, 138—
186.

Jarvenpaa, S., Lundberg-NiinistA, C., Spoof, L., Sjévall, O., Tyystjarvi, E., Meriluoto, J., 2007.
Effects of microcystins on broccoli and mustard, and analysis of accumulated toxin by liquid
chromatography-mass spectrometry. Toxicon 49, 865-874.

Jones, G.J., Orr, P.T., 1994. Release and degradation of microcystin following algicide treatment of
a Microcystis aeruginosa bloom in a recreational lake, as determined by HPLC and protein
phosphatase inhibition assay. Water Res. 28, 871-876.

Jones, G.J., Bourne, D.G., Blakeley, R.L., Doelle, H., 1994. Degradation of the cyanobacterial
hepatotoxin microcystin by aquatic bacteria. Nat. Toxins 2, 228-235.

Jones, G.J., Falconer, I.R., Wilkins, R.M., 1995. Persistence of cyclic peptide toxins in dried
Microcystis aeruginosa crusts from lake Mokoan, Australia. Environ. Toxic. Water 10, 19-24.

Jungmann, D., Ludwichowski, K.-U., Faltin, V., Benndorf, J., 1996. A field study to investigate
environmental factors that could effect microcystin synthesis of a Microcystis population in the
Bautzen Reservoir. Int. Rev. Ges. Hydrobiol. 81, 493-501.

Kaas, H., Henriksen, P., 2000. Saxitoxins (PSP toxins) in Danish lakes. Water Res. 34, 2089-2097.

Kaebernick, M., Neilan, B.A., 2001. Ecological and molecular investigations of cyanotoxin
production. FEMS Microbiol. Ecol. 35, 1-9.

Kao, C.Y., Suzuki, T., Kleinhaus, A.L., Siegman, M.J., 1967. Vasomotor and respiratory depressant
actions of tetrodotoxin and saxitoxin. Arch. Int. Pharmacod. Ther. 165, 438—450.

Kardinaal, W., Janse, ., Kamst-van Agterveld, M., Meima, M., Snoek, J., Mur, L., Huisman, J.,
Zwart, G., Visser, P., 2007. Microcystis genotype succession in relation to microcystin
concentrations in freshwater lakes. Aquat. Microb. Ecol. 48, 1-12.

Kaya, K., 1996. Toxicology of microcystins. In: Toxic Microcystis. CRC Press, Boca Raton, pp.
175-202.

Kayal, N., Newcombe, G., Ho, L., 2008. Investigating the fate of saxitoxins in biologically active
water treatment plant filters. Environ. Toxicol. 23, 751-755. Keijola, A.M., Himberg, K., Esala,
A.L., Sivonen, K., Hiis-Virta, L., 1988. Removal of cyanobacterial toxins in water treatment
processes: laboratory and pilot-scale experiments. Toxicol. Assess. 3, 643-656.

Kenefick, S.L., Hrudey, S.E., Peterson, H.G., Prepas, E.E., 1993. Toxin release from Microcystis

31

31



aeruginosa after chemical treatment. Water Sci. Technol. 27, 433-440.

Kinnear, S., 2010. Cylindrospermopsin: a decade of progress on bioaccumulation research. Mar.
Drugs 8, 542-564.

Kittler, K., Schreiner, M., Krumbein, A., Manzei, S., Koch, M., Rohn, S., Maul, R., 2012. Uptake of
the cyanobacterial toxin cylindrospermopsin in Brassica vegetables. Food Chem. 133, 875-879.

Kiviranta, J., Sivonen, K., Niemela, S.I., Huovinen, K., 1991. Detection of toxicity of cyanobacteria
by Artemia salina bioassay. Environ. Toxicol. Water 6, 423-436.

Klitzke, S., Apelt, S., Weiler, C., Fastner, J., Chorus, I., 2010. Retention and degradation of the
cyanobacterial toxin cylindrospermopsin in sediments-the role of sediment preconditioning and
DOM composition. Toxicon 55, 999-1007.

Klitzke, S., Beusch, C., Fastner, J., 2011. Sorption of the cyanobacterial toxins cylindrospermopsin
and anatoxin-a to sediments. Water Res. 45, 1338-1346.

Krienitz, L., Ballot, A., Kotut, K., Wiegand, C., Piitz, S., Metcalf, J.S., Codd, G.A., Pflugmacher,
S., 2003. Contribution of hot spring cyanobacteria to the mysterious deaths of Lesser Flamingos
at Lake Bogoria, Kenya. FEMS Microbiol. Ecol. 43, 141-148.

Krienitz, L., Dadheech, P.K., Fastner, J., Kotut, K., 2013. The rise of potentially toxin producing
cyanobacteria in Lake Naivasha, Great African Rift Valley, Kenya. Harmful Algae 27, 42-51.

Kuiper-Goodman, T., Falconer, 1., Fitzgerald, J., 1999. Human health aspects. In: Chorus, 1.,
Bartram, J. (Eds.), Toxic Cyanobacteria in Water: A Guide to Their Public Health Consequences,
Monitoring and Management. E and FN Spon, London, pp. 113-153 (chapter 4).

Kurki-Helasmo, K., Meriluoto, J., 1998. Microcystin uptake inhibits growth and protein
phosphatase activity in mustard (Sinapis alba L.) seedlings. Toxicon 36, 1921-1926.

Lahti, K., Kilponen, J., Kivimaeki, A., 1996. Removal of cyanobacteria and their hepatotoxins from
raw water in soil and sediment columns. In: International Symposium on Artificial Recharge of
Groundwater, Helsinki(Finland), 3-5 June 1996. pp. 187-195.

Lahti, K., Rapala, J., Fardig, M., Niemeld, M., Sivonen, K., 1997. Persistence of cyanobacterial
hepatotoxin, microcystin-LR in particulate material and dissolved in lake water. Water Res. 31,
1005-1012.

Lam, A.K.-Y., Fedorak, P.M., Prepas, E.E., 1995. Biotransformation of the cyanobacterial
hepatotoxin microcystin-LR, as determined by HPLC and protein phosphatase bioassay.
Environ. Sci. Technol. 29, 242-246.

Lambert, G., Lambert, C.C., Waaland, J.R., 1996. Algal symbionts in the tunics of six New Zealand
Ascidians (Chordata, Ascidiacea). Invertebr. Biol. 115, 67—78.



33

Ledreux, A., Thomazeau, S., Catherine, A., Duval, C., Yéprémian, C., Marie, A., Bernard, C., 2010.
Evidence for saxitoxins production by the cyanobacterium Aphanizomenon gracile in a French
recreational water body. Harmful Algae 10, 88-97.

Lefevre, M., Jakob, H., Nisbet, M., 1950. Sur la sécretion, par certaines Cyanophytes, de substances
algostatiques dans les collections d’eau naturelles. In: Vance 1965, B.D. (Ed.), Composition and
Succession of Cyanophycean Water Blooms. CR. Acad. Sci. 230, Paris, pp. 2226-2227.

Leflaive, J., Ten-Hage, L., 2007. Algal and cyanobacterial secondary metabolites in freshwaters: a
comparison of allelopathic compounds and toxins. Freshwater Biol. 52, 199-214.

Lehman, P.W., Boyer, G., Satchwell, M., Waller, S., 2007. The influence of environmental
conditions on the seasonal variation of Microcystis cell density and microcystins concentration in
San Francisco Estuary. Hydrobiologia 600, 187—204.

Lehtimaki, J., Moisander, P., Sivonen, K., Kononen, K., 1997. Growth, nitrogen fixation, and
nodularin production by two baltic sea cyanobacteria. Appl. Environ. Microb. 63, 1647-1656.

Lemes, G.A.F., Kersanach, R., Pinto, L.Da. S., Dellagostin, O.A., Yunes,, J.S., Matthiensen, A.,
2008. Biodegradation of microcystins by aquatic Burkholderia sp. from a South Brazilian coastal
lagoon. Ecotox. Environ. Saf. 69, 358-365.

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

Lilleheil, G., Andersen, R.A., Skulberg, O.M., Alexander, J., 1997. Effects of a homoanatoxin-a-
containing extract from Oscillatoria formosa (cyanophyceae/cyanobacteria) on neuromuscular
transmission. Toxicon 35, 1275-1289.

Lindholm, T., Meriluoto, J.A.O., 1991. Recurrent depth maxima of the hepatotoxic cyanobacterium
Oscillatoria agardhii. Can. J. Fish. Aquat. Sci. 48, 1629-1634.

Liu, Y., Chen, W, Li, D., Huang, Z., Shen, Y., Liu, Y., 2011. Cyanobacteria-/cyanotoxin-
contaminations and eutrophication status before Wuxi drinking water crisis in Lake Taihu,
China. J. Environ. Sci. China 23, 575-581.

MacKintosh, C., Beattie, K.A., Klumpp, S., Cohen, P., Codd, G.A., 1990. Cyanobacterial
microcystin-LR is a potent and specific inhibitor of protein phosphatases 1 and 2A from both
mammals and higher plants. FEBS Lett. 264, 187-192.

Mahmood, N.A., Carmichael, W.W., 1986. The pharmacology of anatoxin-a(s), a neurotoxin

produced by the freshwater cyanobacterium Anabaena flosaquae NRC 525-17. Toxicon 24,

33



425-434.

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

Manage, P.M., Edwards, C., Singh, B.K., Lawton, L.A., 2009. Isolation and identification of novel
microcystin-degrading bacteria. Appl. Environ. Microb. 75, 6924-6928.

Maruyama, T., Park, H.-D., Ozawa, K., Tanaka, Y., Sumino, T., Hamana, K., Hiraishi, A., Kato, K.,
2006. Sphingosinicella microcystinivorans gen. nov., sp. nov., a microcystin-degrading
bacterium. Int. J. Syst. Evol. Microb. 56, 85-89.

Mathé, C., Beyer, D., Erdédi, F., Serfézo}, Z., Székvolgyi, L., Vasas, G., M-Hamvas, M., Jambrik,
K., Gonda, S., Kiss, A., Szigeti, Z.M., Suranyi, G., 2009. Microcystin-LR induces abnormal root
development by altering microtubule organization in tissue-cultured common reed (Phragmites
australis) plantlets. Aquat. Toxicol. 92, 122-130.

Matsunaga, S., Moore, R.E., Niemczura, W.P., Carmichael, W.W., 1989. Anatoxin-a(s), a potent
anticholinesterase from Anabaena flosaquae. J. Am. Chem. Soc. 111, 8021-8023.

Mayer, H., Weckesser, J., 1984. Unusual’lipid A’s: structures, taxonomical relevance and potential
value for endotoxin research. Handbook of Endotoxin 1, 221-247.

Mazur-Marzec, H., Meriluoto, J., Plinski, M., 2006. The degradation of the cyanobacterial
hepatotoxin nodularin (NOD) by UV radiation. Chemosphere 65, 1388—-1395.

Mazur-Marzec, H., Torunska, A., Blonska, M.J., Moskot, M., Plinski, M., Jakébkiewicz-Banecka,
J., Wegrzyn, G., 2009. Biodegradation of nodularin and effects of the toxin on bacterial isolates
from the Gulf of Gdansk. Water Res. 43, 2801-2810.

McElhiney, J., Lawton, L.A., Leifert, C., 2001. Investigations into the inhibitory effects of
microcystins on plant growth, and the toxicity of plant tissues following exposure. Toxicon 39,
1411-1420.

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

Merel, S., Clément, M., Thomas, O., 2010. State of the art on cyanotoxins in water and their
behaviour towards chlorine. Toxicon 55, 677—691.

Messineo, V., Bogialli, S., Melchiorre, S., Sechi, N., Luglié, A., Casiddu, P., Mariani, M.A.,
Padedda, B.M., Corcia, A.D., Mazza, R., Carloni, E., Bruno, M., 2009. Cyanobacterial toxins in
Italian freshwaters. Limnologica 39, 95-106.

Metcalf, J.S., Barakate, A., Codd, G.A., 2004. Inhibition of plant protein synthesis by the



35

cyanobacterial hepatotoxin, cylindrospermopsin. Fems Microbiol. Lett. 235, 125-129.

Metcalf, J.S., Richer, R., Cox, P.A., Codd, G.A., 2012. Cyanotoxins in desert environments may
present a risk to human health. Sci. Total Environ. 421422, 118-123.

Miller, M.J., Fallowfield, H.J., 2001. Degradation of cyanobacterial hepatotoxins in batch
experiments. Water Sci. Technol. 43, 229-232.

Miller, M., Critchley, M., Hutson, J., Fallowfield, H., 2001. The adsorption of cyanobacterial
hepatotoxins from water onto soil during batch experiments. Water Res. 35, 1461-1468.

Miller, M.A., Kudela, R.M., Mekebri, A., Crane, D., Oates, S.C., Tinker, M.T., Staedler, M., Miller,
W.A., Toy-Choutka, S., Dominik, C., Hardin, D., Langlois, G., Murray, M., Ward, K., Jessup,
D.A., 2010. Evidence for a novel marine harmful algal bloom: cyanotoxin (microcystin) transfer
from Land to Sea Otters. PLoS ONE 5, e12576.

Mitrovic, S.M., Pflugmacher, S., James, K.J., Furey, A., 2004. Anatoxin-a elicits an increase in
peroxidase and glutathione S-transferase activity in aquatic plants. Aquat. Toxicol. 68, 185-192.

Mitrovic, S.M., Allis, O., Furey, A., James, K.J., 2005. Bioaccumulation and harmful effects of
microcystin-LR in the aquatic plants Lemna minor and Wolffia arrhiza and the filamentous alga
Chladophora fracta. Ecotox. Environ. Saf. 61, 345-352.

Mohamed, Z.A., 2008. Polysaccharides as a protective response against microcystin- induced
oxidative stress in Chlorella vulgaris and Scenedesmus quadricauda and their possible
significance in the aquatic ecosystem. J. Ind. Microbiol. Biot. 17, 504-516.

Molica, R.J.R., Oliveira, E.J.A., Carvalho, P.V.V.C., Costa, A.N.S.F., Cunha, M.C.C., Melo, G.L.,
Azevedo, S.M.F.O., 2005. Occurrence of saxitoxins and an anatoxin-a(s)-like anticholinesterase
in a Brazilian drinking water supply. Harmful Algae 4, 743— 753.

Moore, R.E., 1996. Cyclic peptides and depsipeptides from cyanobacteria: A review. J. Ind.
Microbiol. Biotechnol. 16, 134-143.

Morris, R.J., Williams, D.E., Luu, H.A., Holmes, C.F.B., Andersen, R.J., Calvert, S.E., 2000. The
adsorption of microcystin-LR by natural clay particles. Toxicon 38, 303—308.

Murch, S.J., Cox, P.A., Banack, S.A., 2004. A mechanism for slow release of biomagnified
cyanobacterial neurotoxins and neurodegenerative disease in Guam. Proc. Natl. Acad. Sc. 101,
12228-12231.

Namikoshi, M., Rinehart, K., 1996. Bioactive compounds produced by cyanobacteria. J. Ind.
Microbiol. Biot. 17, 373-384.

Namikoshi, M., Choi, B.W., Sun, F., Rinehart, K.L., Evans, W.R., Carmichael, W.W., 1993.

35



Chemical characterization and toxicity of dihydro derivatives of nodularin and microcystin-LR,
potent cyanobacterial cyclic peptide hepatotoxins. Chem. Res. Toxicol. 6, 151-158.

Nasri, H., El Herry, S., Bouaicha, N., 2008. First reported case of turtle deaths during a toxic
Microcystis spp. bloom in Lake Oubeira. Algeria. Ecotox. Environ. Safe. 71, 535-544.

Negri, A.P., Jones, G.J., Blackburn, S.I., Oshima, Y., Onodera, H., 1997. Effect of culture and
bloom development and of sample storage on paralytic shellfish poisons in the cyanobacterium
Anabaena circinalis. J. Phycol. 33, 26-35.

Nishiyama, A., 1968. Effect of Saxitoxin on spontaneous release of acetylcholine from the frog’s
motor nerve endings. Tohoku J. Experim. Med. 95, 201-202.

Nobre, M.M.Z. de A., 1997, Detection of the toxins (microcystins) produced by cyanobacterias
(blue algaes) in reservoirs for public provision for immunosorbrnte assay method linked the
enzyme (ELISA) and chemical identification, PhD thesis, Sao Paulo, 154p.

Norris, R.L.G., Eaglesham, G.K., Shaw, G.R., Senogles, P., Chiswell, R.K., Smith, M.J., Davis,
B.C., Seawright, A.A., Moore, M.R., 2001. Extraction and purification of the zwitterions
cylindrospermopsin and deoxycylindrospermopsin from Cylindrospermopsis raciborskii.
Environ. Toxicol. 16, 391-396.

Oberholster, P.J., Botha, A.-M., Ashton, P.J., 2009a. The influence of a toxic cyanobacterial bloom
and water hydrology on algal populations and macroinvertebrate abundance in the upper littoral
zone of Lake Krugersdrift, South Africa. Ecotoxicol. Lond. Engl. 18, 34—46.

Oberholster, P.J., Myburgh, J.G., Govender, D., Bengis, R., Botha, A.-M., 2009b. Identification of
toxigenic Microcystis strains after incidents of wild animal mortalities in the Kruger National
Park, South Africa. Ecotoxicol. Environ. Saf. 72, 1177-1182.

Ohtani, 1., Moore, R.E., Runnegar, M.T.C., 1992. Cylindrospermopsin: a potent hepatotoxin from
the blue-green alga Cylindrospermopsis raciborskii. J. Am. Chem. Soc. 114, 7941-7942.

Okano, K., Shimizu, K., Kawauchi, Y., Maseda, H., Utsumi, M., Zhang, Z., Neilan, B.A., Sugiura,
N., 2009. Characteristics of a microcystin-degrading bacterium under alkaline environmental
conditions. J. Toxicol. 2009, 1-8.

O’Neil, J., Davis, T., Burford, M., Gobler, C., 2012. The rise of harmful cyanobacteria blooms: the
potential roles of eutrophication and climate change. Harmful Algae 14, 313-334.

Orr, P.T., Jones, G.J., 1998. Relationship between microcystin production and cell division rates in
nitrogen-limited Microcystis aeruginosa cultures. Limnol. Oceanogr, 1604-1614.

Orr, P.T., Jones, G.J., Hamilton, G.R., 2004. Removal of saxitoxins from drinking water by

granular activated carbon, ozone and hydrogen peroxide-implications for compliance with the



Australian drinking water guidelines. Water Res. 38, 4455— 4461.

Oudra, B., Loudiki, M., Sbhiyyaa, B., Martins, R., Vasconcelos, V., Namikoshi, N., 2001. Isolation,
characterization and quantification of microcystins (heptapeptides hepatotoxins) in Microcystis
aeruginosa dominated bloom of Lalla Takerkoust lake-reservoir (Morocco). Toxicon 39, 1375-
1381.

Paerl, H.W., Huisman, J., 2009. Climate change: a catalyst for global expansion of harmful
cyanobacterial blooms. Environ. Microbiol. Reports 1, 27-37.

Papke, U., Gross, E.M., Francke, W., 1997. Isolation, identification and determination of the
absolute configuration of Fischerellin B. A new algicide from the freshwater cyanobacterium
Fischerella muscicola (Thuret). Tetrahedron Lett. 38, 379-382.

Park, H.D., lwami, C., Watanabe, M.F., Harada, K.I., Okino, T., Hayashi, H., 1998a. Temporal
variabilities of the concentration of intra-and extracellular microcystins and toxic microcystins
species in a hypertrophic lake, Lake Suwa, Japan. Environ. Toxicol. 13, 61-72.

Park, H.-D., Kim, B., Kim, E., Okino, T., 1998b. Hepatotoxic microcystins and neurotoxic
anatoxin-a in cyanobacterial blooms from Korean lakes. Environ. Toxicol. Water 13, 225-234.

Park, H.-D., Sasaki, Y., Maruyama, T., Yanagisawa, E., Hiraishi, A., Kato, K., 2001. Degradation
of the cyanobacterial hepatotoxin microcystin by a new bacterium isolated from a hypertrophic
lake. Environ. Toxicol. 16, 337-343.

Patterson, G.M.L., Baldwin, C.L., Bolis, C.M., Caplan, F.R., Karuso, H., Larsen, L.K.,

Levine, I.A., Moore, R.E., Nelson, C.S., Tschappat, K.D., Tuang, G.D., Furusawa, E., Furusawa, S.,
Norton, T.R., Raybourne, R.B., 1991. Antineoplasmic activity of cultured blue-green algae
(Cyanophyta). J. Appl. Phycol. 27, 530-536.

Patterson, G.M.L., Smith, C.D., Kimura, L.H., Britton, B.A., Carmeli, S., 1993. Action of tolytoxin
on cell morphology, cytoskeletal organization, and actin polymerization. Cell Motil. Cytoskel.
24, 39-48.

Patterson, G., Larsen, L., Moore, R., 1994. Bioactive natural products from blue-green algae. J.
Appl. Phycol. 6, 151-157.

Perron, M.-C., Qiu, B., Boucher, N., Bellemare, F., Juneau, P., 2012. Use of chlorophyll a
fluorescence to detect the effect of microcystins on photosynthesis and photosystem II energy
fluxes of green algae. Toxicon 59, 567-577.

Peuthert, A., Chakrabarti, S., Pflugmacher, S., 2007. Uptake of microcystins-LR and - LF

(cyanobacterial toxins) in seedlings of several important agricultural plant species and the

37

37



correlation with cellular damage (lipid peroxidation). Environ. Toxicol. 22, 436-442.

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

Pflugmacher, Wiegand, C., Oberemm, A., Beattie, K.A., Krause, E., Codd, G.A., Steinberg, C.E.,
1998. Identification of an enzymatically formed glutathione conjugate of the cyanobacterial
hepatotoxin microcystin-LR: the first step of detoxication. Biochim. Biophys. Acta 1425, 527—
533.

Pflugmacher, S., Ame, V., Wiegand, C., Steinberg, C., 2001. Cyanobacterial toxins and endotoxins:
their origin and their ecophysiological effects in aquatic organisms. Wasser und Boden 53, 15—
20.

Pflugmacher, S., 2002. Possible allelopathic effects of cyanotoxins, with reference to microcystin-
LR, in aquatic ecosystems. Environ. Toxicol. 17, 407-413.

Pflugmacher, S., 2004. Promotion of oxidative stress in the aquatic macrophyte Ceratophyllum
demersum during biotransformation of the cyanobacterial toxin microcystin-LR. Aquat. Toxicol.
70, 169-178.

Pietsch, C., Wiegand, C., Amé, M.V, Nicklisch, A., Wunderlin, D., Pflugmacher, S., 2001. The
effects of a cyanobacterial crude extract on different aquatic organisms: evidence for
cyanobacterial toxin modulating factors. Environ. Toxicol. 16, 535-542.

Prakash, S., Lawton, L.A., Edwards, C., 2009. Stability of toxigenic Microcystis blooms. Harmful
Algae 8, 377-384.

Prieto, A., Campos, A., CameAjn, A., Vasconcelos, V., 2011. Effects on growth and oxidative
stress status of rice plants (Oryza sativa) exposed to two extracts of toxin-producing
cyanobacteria (Aphanizomenon ovalisporum and Microcystis aeruginosa). Ecotoxicol. Environ.
Saf. 74, 1973-1980.

Puerto, M., Pichardo, S., Jos, A., Prieto, A.l., Sevilla, E., Frias, J.E., Camean, A.M., 2010.
Differential oxidative stress responses to pure Microcystin-LR and Microcystin-containing and
non-containing cyanobacterial crude extracts on Caco-2 cells. Toxicon 55, 514-522.

Pushparaj, B., Pelosi, E., Jittner, F., 1998. Toxicological analysis of the marine cyanobacterium
Nodularia harveyana. J. Appl. Phycol. 10, 527-530.

Rapala, J., Sivonen, K., Luukkainen, R., Niemelg, S., 1993. Anatoxin-a concentration Anabaena
and Aphanizomenon under different environmental conditions and comparison of growth by

toxic and non-toxic Anabaena-strains - a laboratory study. J. Appl. Phycol. 5, 581-591.



39

Rapala, J., Lahti, K., Sivonen, K., Niemel&, S.i., 1994. Biodegradability and adsorption on lake
sediments of cyanobacterial hepatotoxins and anatoxin-a. Lett. Appl. Microbiol. 19, 423-428.

Rapala, J., Sivonen, K., Lyra, C., Niemel, S.I., 1997. Variation of microcystins, cyanobacterial
hepatotoxins, in Anabaena spp. as a function of growth stimuli. Appl. Environ. Microb. 63,
2206-2212.

Rapala, J., Berg, K.A., Lyra, C., Niemi, R.M., Manz, W., Suomalainen, S., Paulin, L., Lahti, K.,
2005. Paucibacter toxinivorans gen. nov., sp. nov., a bacterium that degrades cyclic
cyanobacterial hepatotoxins microcystins and nodularin. Int. J. Syst. Evol. Microb. 55, 1563—
1568.

Rinehart, K., Namikoshi, M., Choi, B., 1994. Structure and biosynthesis of toxins from blue-green
algae (cyanobacteria). J. Appl. Phycol. 6, 159-176.

Romanowska-Duda, Z., Tarczyn” ska, M., 2002. The influence of microcystin-LR and hepatotoxic
cyanobacterial extract on the water plant Spirodela oligorrhiza. Environ. Toxicol. 17, 434-440.

Runnegar, M.T.C., Gerdes, R.G., Falconer, I.R., 1991. The uptake of the cyanobacterial hepatotoxin
microcystin by isolated rat hepatocytes. Toxicon 29, 43-51.

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

Saito, T., Okano, K., Park, H.-D., Itayama, T., Inamori, Y., Neilan, B.A., Burns, B.P., Sugiura, N.,
2003. Detection and sequencing of the microcystin LR-degrading gene, mlrA, from new bacteria
isolated from Japanese lakes. FEMS Microbiol. Ecol. 229, 271-276.

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

Sagrane, S., ghazali, L.E., Ouahid, Y., Hassni, M.E., Hadrami, |.E., Bouarab, L., Del Campo, F.F.,
Oudra, B., Vasconcelos, V., 2007. Phytotoxic effects of cyanobacteria extract on the aquatic
plant Lemna gibba: microcystin accumulation, detoxication and oxidative stress induction.
Agquat. Toxicol. 83, 284-294.

Sagrane, S., El Ghazali, 1., Oudra, B., Bouarab, L., Vasconcelos, V., 2008. Effects of cyanobacteria
producing microcystins on seed germination and seedling growth of several agricultural plants. J.
Environ. Sci. Heal. B 43, 443-451.

Sathishkumar, M., Pavagadhi, S., Vijayaraghavan, K., Balasubramanian, R., Ong, S.L., 2011.

39



Concomitant uptake of microcystin-LR and -RR by peat under various environmental conditions.
Chem. Eng. J. 172, 754-762.

Schembri, M.A., Neilan, B.A., Saint, C.P., 2001. Identification of genes implicated in toxin
production in the cyanobacterium Cylindrospermopsis raciborskii. Environ. Toxicol. 16, 413—
421.

Seawright, A., Ng, J., Oelrichs, P., Sani, Y., Nolan, C., Lister, A., Holton, J., Ray, D., Osborne, R.,
1999. Recent toxicity studies in animals using chemicals derived from cycads. In: Chen, C.-J.
(Ed.), Biology and Conservation of Cycads, first ed. International Academic Publishers, Beijing,
pp. 345-353.

Senogles, P., Smith, M., Shaw, G.R. 2002. Physical, chemical and biological methods for the
degradation of the cyanobacterial toxin, cylindrospermopsin. In: American Water Works
Association Water Quality Technology Conference and Exhibition: Proceedings, Seattle,
Whashington, pp. 1-14.

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

Sheen, J., 1993. Protein phosphatase activity is required for light-inducible gene expression in
maize. EMBO J. 12, 3497-3505.

Siegl, G., MacKintosh, C., Stitt, M., 1990. Sucrose-phosphate synthase is dephosphorylated by
protein phosphatase 2A in spinach leaves: evidence from the effects of okadaic acid and
microcystin. FEBS Lett. 270, 198-202.

Singh, D.P., Tyagi, M., Kumar, A., Thakur, J., Kumar, A., 2001. Antialgal activity of a hepatotoxin-
producing cyanobacterium, Microcystis aeruginosa. World J. Microb. Biot. 17, 15-22.

Sivonen, K., Jones, G., 1999. Cyanobacterial toxins. In: Chorus, I., Bartram, J. (Eds.), Toxic
Cyanobacteria in Water: A Guide to Their Public Health Consequences, Monitoring, and
Management. E&FN Spon, London, pp. 41-111.

Sivonen, K., Niemelg, S.1., Niemi, R.M., Lepisto, L., Luoma, T.H., Rasanen, L.A., 1990. Toxic
cyanobacteria (blue-green algae) in Finnish fresh and coastal waters. Hydrobiologia 190, 267—
275.

Skulberg, O.M., Skulberg, R., Carmichael, W.W., Andersen, R.A., Matsunaga, S., Moore, R.E.,
1992. Investigations of a neurotoxic oscillatorialean strain (Cyanophyceae) and its toxin.

Isolation and characterization of homoanatoxin-a. Environ. Toxicol. Chem. 11, 321-329.



Smith, C., Sutton, A. 1993. The persistence of anatoxin-a in reservoir water. In: UK Report No.
FRO427. Foundation for, Water Research, Buckinghamshire (UK).

Smith, R.D., Wilson, J.E., Walker, J.C., Baskin, T.I., 1994. Protein-phosphatase inhibitors block
root hair growth and alter cortical cell shape of Arabidopsis roots. Planta 194, 516-524.

Smith, M.J., Shaw, G.R., Eaglesham, G.K., Ho, L., Brookes, J.D., 2008. Elucidating the factors
influencing the biodegradation of cylindrospermopsin in drinking water sources. Environ.
Toxicol. 23, 413-421.

Smith, C.J., 1996. Accumulation of phytoalexins: defence mechanism and stimulus response
system. New Phytol. 132, 1-45.

Smith, M.J. 2005. Biodegradation of the Cyanotoxin Cylindrospermopsin, PhD thesis, School of
Medecine, The University Queensland, 162p.

Song, H.-L., Li, X.-N., Lu, X.-W., Inamori, Y., 2009. Investigation of microcystin removal from
eutrophic surface water by aquatic vegetable bed. Ecol. Eng. 35, 1589-1598.

Spencer, P.S., Nunn, P.B., Hugon, J., Ludolph, A., Roy, D.N., 1986. Motorneurone disease on
Guam: possible role of a food neurotoxin. Lancet 1, 965.

Spencer, P.S., Nunn, P., Hugon, J., Ludolph, A., Ross, S., Roy, D., Robertson, R., 1987. Guam
amyotrophic lateral sclerosis-parkinsonism-dementia linked to a plant excitant neurotoxin.
Science 237, 517-522.

Spivak, C.E., Witkop, B., Albuguerque, E.X., 1980. Anatoxin-a: a novel, potent agonist at the
nicotinic receptor. Mol. Pharmacol. 18, 384-394.

Spoof, L., Vesterkvist, P., Lindholm, T., Meriluoto, J., 2003. Screening for cyanobacterial
hepatotoxins, microcystins and nodularin in environmental water samples by reversed-phase
liquid chromatography-electrospray ionisation mass spectrometry. J. Chromatogr. A 1020, 105—
119.

Steele, J.C., McGeer, P.L., 2008. The ALS/PDC syndrome of Guam and the cycad hypothesis.
Neurology 70, 1984-1990.

Stevens, D.K., Krieger, R.I., 1991. Stability studies on the cyanobacterial nicotinic alkaloids
anatoxin-A. Toxicon 29, 167-179.

Stewart, 1., Schluter, P.J., Shaw, G.R., 2006. Cyanobacterial lipopolysaccharides and human health
- a review. Environ. Health 5 (7), 1-23.

Stiiven, J., Pflugmacher, S., 2007. Antioxidative stress response of Lepidium sativum due to

exposure to cyanobacterial secondary metabolites. Toxicon 50, 85-93.

41

41



Su, Z., Sheets, M., Ishida, H., Li, F., Barry, W.H., 2004. Saxitoxin blocks L-Type ICa. J.

Pharmacol. Exp. Ther. 308, 324-329.

Sukenik, A., Eshkol, R., Livne, A., Hadas, O., Rom, M., Tchernov, D., Vardi, A., Kaplan, Aaron.,
2002. Inhibition of growth and photosynthesis of the dinoflagellate Peridinium gatunense by
Microcystis sp. (cyanobacteria): a novel allelopathic mechanism. Limnol. Oceanogr. 47, 1656—
1663.

Svircev, Z., Simeunovic, J., Subakov-Simic” G., Krstic, S., Vidovic, M., 2007. Freshwater
cyanobacterial blooms and cyanotoxin production in Serbia in the past 25 years. Geogr.
Pannonica 11, 32-38.

Svircev, Z., Krstic, S., Miladinov-Mikov, M., Baltic, V., Vidovic, M., 2009. Freshwater
cyanobacterial blooms and primary liver cancer epidemiological studies in Serbia. J. Environ.
Sci. Health C 27, 36-55.

Takeda, S., Mano, S., Ohto, M., Nakamura, K., 1994. Inhibitors of protein phosphatases 1 and 2A
block the sugar-inducible gene expression in plants. Plant Physiol. 106, 567-574.

Tassigny, M., Lefevre, M., 1971. Auto., heteroantagonisme et autres consequences des excretions
d’algues d’eau douce ou thermale. Mitt. Int. Verein. Theor. Angew. Limnol. 19, 26—38.

Thirumavalavan, M., Hu, Y.-L., Lee, J.-F., 2012. Effects of humic acid and suspended soils on
adsorption and photo-degradation of microcystin-LR onto samples from Taiwan reservoirs and
rivers. J. Hazard. Mater. 217-218, 323-329.

Tsuji, K., Naito, S., Kondo, F., Ishikawa, N., Watanabe, M.F., Suzuki, M., Harada, K., 1994,
Stability of microcystins from cyanobacteria: effect of light on decomposition and isomerization.
Environ. Sci. Technol. 28, 173-177.

Tsuji, K., Setsuda, S., Watanuki, T., Kondo, F., Nakazawa, H., Suzuki, M., Harada, K.-1., 1996.
Microcystin levels during 1992-95 for lakes sagami and tsukui-japan. Nat. Toxins 4, 189-194.

Ueno, Y., Nagata, S., Tsutsumi, T., Hasegawa, A., Watanabe, M.F., Park, H.-D., Chen, G.-C.,
Chen, G., Yu, S.-Z., 1996. Detection of microcystins, a blue-green algal hepatotoxin, in drinking
water sampled in haimen and fusui, endemic areas of primary liver cancer in china, by highly
sensitive immunoassay. Carcinogenesis 17, 1317-1321.

Valdor, R., Aboal, M., 2007. Effects of living cyanobacteria, cyanobacterial extracts and pure
microcystins on growth and ultrastructure of microalgae and bacteria. Toxicon 49, 769-779.

Van Apeldoorn, M.E., Van Egmond, H.P., Speijers, G.J.A., Bakker, G.J.1., 2007. Toxins of
cyanobacteria. Mol. Nutr. Food Res. 51, 7-60.

Vasas, G., Gaspar, A., Surényi, G., Batta, G., Gyémant, G., et al., 2002. Capillary electrophoretic



43

assay and purification of cylindrospermopsin, a cyanobacterial toxin from Aphanizomenon
ovalisporum, by plant test (Blue-Green Sinapis Test). Anal. Biochem. 302, 95-103.

Vieira, J.M.dos S., Azevedo, M.T.de P., Azevedo, S.M.F.de O., Honda, R.Y., Corréa, B., 2005.
Toxic cyanobacteria and microcystin concentrations in a public water supply reservoir in the
Brazilian Amazonia region. Toxicon 45, 901-909.

Wang, J., Salata, J.J., Bennett, P.B., 2003. Saxitoxin is a gating modifier of hERG K+ channels. J.
Gen. Physiol. 121, 583-598.

Weiss, Liebert, H.P., Braune, W., 2000. Influence of microcystin-rr on growth and photosyhnthetic
capcity of the Duckweed Lemna minor. J. Appl Bot. 74, 100-105.

Welker, M., Steinberg, C., 1999. Indirect photolysis of cyanotoxins: one possible mechanism for
their low persistence. Water Res. 33, 1159-1164.

Welker, M., Steinberg, C., 2000. Rates of humic substance photosensitized degradation of
microcystin-LR in natural waters. Environ. Sci. Technol. 34, 3415-34109.

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

Wiegand, C., Peuthert, A., Pflugmacher, S., Carmeli, S., 2002. Effects of microcin SF608 and
microcystin-LR, two cyanotobacterial compounds produced by Microcystis sp., on aquatic
organisms. Environ. Toxicol. 17, 400-406.

Williams, C.D., Aubel, M.T., Chapman, A.D., D’Aiuto, P.E., 2007. Identification of cyanobacterial
toxins in Florida’s freshwater systems. Lake Reserv. Manage. 23, 144-152.

Wonnacott, S., Swanson, K.L., Albuquerque, E.X., Huby, N.J.S., Thompson, P., Gallagher, T.,
1992. Homoanatoxin: a potent analogue of anatoxin-a. Biochem. Pharmacol. 43, 419-423.

Wood, S.A., Briggs, L.R., Sprosen, J., Ruck, J.G., Wear, R.G., Holland, P.T., Bloxham, M., 2006a.
Changes in concentrations of microcystins in rainbow trout, freshwater mussels, and
cyanobacteria in Lakes Rotoiti and Rotoehu. Environ. Toxicol. 21, 205-222.

Wood, S.A., Holland, P.T., Stirling, D.J., Briggs, L.R., Sprosen, J., Ruck, J.G., Wear, R.G., 2006b.
Survey of cyanotoxins in New Zealand water bodies between 2001 and 2004. New Zealand J.
Mar. Freshw. Res. 40, 585-597.

Wormer, L., Cirés, S., Carrasco, D., Quesada, A., 2008. Cylindrospermopsin is not degraded by co-
occurring natural bacterial communities during a 40-day study. Harmful Algae 7, 206-213.

Woarmer, L., Huerta-Fontela, M., Cires, S., Carrasco, D., Quesada, A., 2010. Natural

photodegradation of the cyanobacterial toxins microcystin and cylindrospermopsin. Environ. Sci.

43



Technol. 44, 3002-3007.

Wormer, L., Cirés, S., Quesada, A., 2011. Importance of natural sedimentation in the fate of
microcystins. Chemosphere 82, 1141-1146.

Xiao, F.-G., Zhao, X.-L., Tang, J., Gu, X.-H., Zhang, J.-P., Niu, W.-M., 2009.

Determination of microcystin-LR in water from lake Tai, China. Bull. Environ. Contam. Toxicol.
82, 230-233.

Yamasaki, S., 1993. Probable effects of algal bloom on the growth of Phragmites australis (Cav.)
Trin. ex Steud. J. Plant Res. 106, 113-120.

Yin, L., Huang, J., Huang, W., Li, D., Liu, Y., 2005. Responses of antioxidant system in
Arabidopsis thaliana suspension cells to the toxicity of microcystin-RR. Toxicon 46, 859-864.

Yu, G., Liu, Y., Qiu, C., Xu, X., 2000. Macrophyte succession in Dianchi Lake and relations with
the environment. J. Lake Sci. 12, 73-80.

Zegura, B., Sedmak, B., Filipic, M., 2003. Microcystin-LR induces oxidative DNA damage in
human hepatoma cell line HepG2. Toxicon 41, 41-48.

Zhang, M., Pan, G., Yan, H., 2010. Microbial biodegradation of microcystin-RR by bacterium
Sphingopyxis sp. USTB-05. J. Environ. Sci. 22, 168-175.



Table 1

45

Overview of some published cyanobacterial toxin concentrations from various countries.

Concentrations are presented in pg g dry weight (DW) or else in pg L™ as indicated.

Coumtry Lotian Lse Type Concentrations (pgl-"orpgg'dw’)  Refersnce
Algeria L Qubetra B migagestn-LR 3-29143 Masri et al. (2008)
Argentina K Lan Roque 5K mimacgestin-LR a0 Conti =t 2l (2008)
- - micacystin-LE 486 Glanmuza =t al (20115
Australia K of drinking water .1 sawitmin a0 e a2l (2004)
L Julius 9 -] oyl ind rospermiaspin RSl Laker and Criffiths (2001)
R Cama . ] oylind raspermespin 149 Mol regar and Rabhbro (2000)
L Cabald Village L EB oylind raspermespin 1im 4 Pwerzon =t al (2011)
Marmung Channel 1 modul in-R 16 Heresztyn and Micho lson (12697 )
L Cisal maumida E mimacgestin-LR 12 Le=wrart =t al (2006 )
L Wiwenhoe= £ oylind rospermeespin 1=2
Brazl L Balanha L1 miacystin 1.2% Vietra =t al (2005
Zaa Paula LE miacystin 05100 Mohre (19497
Parana L1 miacystin 0266 Hirooka = 2l (1994
I Imipu £ miacystin G410
K Tapacura L1 =ancibonci n 52 Maolica =t a_(2005)
R Armando Ribeino Goncabees 5 mimacystin-LR a8 Gosta et al, 2006
saxitaxin ERE
China K Haim=n L1 mimacystin-lR 1,555 U=nao =t al {1996
L Taihu L Lm mimacystin-LR 342 liu et al (2011}
Denmark L Knud zo = homaanatmen -2 300" Henrilesen (19656 )
- hamaanatoin -a 007
- hamsaanatoxin-a &
L. Rawn ma - homsnanatomon -2 23007
L Zalten Langsa - homoanatmdn-a i
L Ag=rsa = sadtaxin kvl Kazs and Henriksen {2000)
L. Bastrup so - it n ad"
L Hvidesa - saxcitaxin B51-18257
L Vizsiggaard =a - yitawin 2477
Finland Pristtrasket 9 mimacystin-LR 42 Spoof =t d_(2003)
Ghdra Semmen . ] moadulain-B Q2
Hagskar 9 nodulain-R s
France la loue E anatmcn-a 000" Gugger et al 2005)
L Champs-sur-mame E sawitmcin 4887 L= res &=t 2l (2010)
Germany 20 water hodies £ anatacin-a OE-a7 Bumike-Vogt et al_ [ 1999)
5% watber bodies - migagestn-LR 10 Patner =t al (1999)
- E miagestn-LR Y Li=na =t 2l (19946)
Berhin water bodies E migagystin-LR L14-119 Prommes =t al (2000}
[ I water hodies - mimacgestin-LR 01, E007 Cnn k=t 2l (2004)
Iredamd L Caragh LS anataxin-a 112 =l Jammes et al (1997)
1 homesanatomn -a 14 Purey o al (20{3h)
L Lough Sillan 5 hamsaanatoein -2 24 Purey o al (20032 h)
R lmmarma L1 homaoanatmen -a T Purey o al (20{%h)
L Lough Key 1 hamaznatoin -2 12
L Carbally S E anabocin-a - 1007 Jame=s =t 2l (19497
Haly R Maontelsone L1 miacystin G Messineo =t al (A008)
L Alhana £ oylind raspermespin 125
hpan L Imbamuma S E miacystin 52 U=nao =t al {1996
L Zuwa - miacystin ELG Park =t a. (19982 h)
Kemya L. Baringa a anatoxin-a LTI g Rallot =t al, 2004
L Nalum - anataxin-a S22y
L Baringa anataxin-a L1 e Rallat =t al (2003 )
L Bogaria - anatain-a 10-18" Kri=nitz o al (200%)
- anataxin-a 3-a” Ballat =t al (2004)
L Zimibi = micna cys tin-LR 19.7-39 Rallat =t 2l (2005)
L Sanachi - mimacystin-LR 16=1%
L. Marivasha £ miagstn-LR LTI Kri=mitz & al (2013)
Moroao R Lalla talesrhoust S EB miacystin T Oudra =t al (2001)
a miacystin G4 Bl Chazali =t al (2011
MWetherlmds Lt joppe S mimacystin-lR 25 Kardinaal =t 2l (2007)
L Valkerak 5E mimacystin-LR 7
L Kinselmesr LS migagestn-LR 18
Mew Eealand L ‘Waitawa = micna cys tin-LR 28000 Winad =t 2l (2006h)
L. Horowhenua - mimacystin-LR 16,291
L Ngarata - mimacgestin-LR 1,535
L Taupao - micracystin-LR ]
Meuma Pand - migagestn-LR el
L Ratait L] micra cystin-LR 10- 760 Winad =t al (20062)
L. Ratoehu C] micracystin-LR it}
Portuzal - LE miacystin 137 Li=na =t 2l (19946)
Poland R Sulejow 5K micracystin-LR 1.17 Gagala et al (2010)
L Bninskae £ migagestn-LR 1.47
£ Afnca . Nhangamwans - miacystin FENGE] herhalster =t al (2009h)
I Makhaohlala = mica s tin anz
L Krugersdmft - migagystin 417 herhalster =t al (2008a)
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