Chapter 2

Cyanobacterial toxins

CONTENTS

Introduction and general considerations

References

2.1 Hepatotoxic cyclic peptides — microcystins and nodularins

2.1.1
2.1.2
2.1.3
2.14

2.1.5

2.1.6

References

Chemical structures

Toxicity: mode of action

Derivation of provisional guideline values
Production

2.1.4.1 Producing cyanobacteria

2.1.4.2 Microcystin/nodularin profiles
2.1.4.3 Biosynthesis

2.1.4.4 Regulation of biosynthesis
Occurrence in water environments
2.1.5.1 Bioaccumulation
Environmental fate

2.1.6.1 Partitioning between cells and water
2.1.6.2 Chemical breakdown

2.1.6.3 Biodegradation

2.2 Cylindrospermopsins

2.2.1
22.2
2.2.3
224

2.2.5

2.2.6

Chemical structures

Toxicity: mode of action

Derivation of provisional guideline values
Production

2.2.4.1 Producing cyanobacteria

2.2.4.2 Cylindrospermopsin profiles
2.2.4.3 Biosynthesis

2.2.4.4 Regulation of biosynthesis
Occurrence in water environments
2.2.5.1 Bioaccumulation
Environmental fate

2.2.6.1 Partitioning between cells and water

15
19
21
21
24
25
28
28
31
32
32
35
36
36
36
37
38
39
53
53
53
54
57
57
58
58
59
61
62
62
62



14 Toxic Cyanobacteria in Water

2.2.6.2 Chemical breakdown
2.2.6.3 Biodegradation
References
2.3 Anatoxin-a and analogues
2.3.1 Chemical structures
2.3.2 Toxicity: mode of action
2.3.3 Derivation of health- based reference values
2.3.4 Production
2.3.4.1 Producing cyanobacteria
2.3.4.2 Toxin profiles
2.3.4.3 Biosynthesis and regulation
2.3.5 Occurrence in water environments
2.3.5.1 Bioaccumulation
2.3.6 Environmental fate
2.3.6.1 Partitioning between cells and water
2.3.6.2 Chemical breakdown
2.3.6.3 Biodegradation
References
2.4 Saxitoxins or Paralytic Shellfish Poisons
2.4.1 Chemical structures
2.4.2 Toxicity: mode of action
2.4.3 Derivation of guideline values
2.4.4 Production
2.4.4.1 Producing cyanobacteria
2.4.4.2 Toxin profiles
2.4.4.3 Biosynthesis and regulation
2.4.5 Occurrence in water environments
2.4.5.1 Bioaccumulation
2.4.6 Environmental fate
References
2.5 Anatoxin-a(S)
2.5.1 Chemical structure
2.5.2 Toxicity: mode of action
2.5.3 Derivation of guideline values for
anatoxin-a(S) in water
2.5.4 Production, occurrence and environmental fate
References
2.6 Marine dermatotoxins
2.6.1 Chemical structures
2.6.2 Toxicity
2.6.3 Incidents of human injury through marine cyanobacterial
dermatotoxins
2.6.4 Biosynthesis and occurrence in the environment
References

62
63
64
72
72
73
73
76
76
76
81
82
84
84
84
85
85
86
94
94
95
97
100
100
100
101
102
103
104
104
109
109
109

110
110
111
113
114
115

116
118
119



2 The cyanotoxins

I5

2.7 B-Methylamino-L-alanine (BMAA)
2.7.1 Discrepancies introduced by incorrect BMAA analysis
2.7.2 The BMAA-human neurodegenerative
disease hypothesis
2.7.2.1 ALS/PDC attributed to BMAA versus other
manifestations of neurodegenerative disease
2.7.3 Postulated human exposure and BMAA mechanism
of action
2.7.4 Conclusions
References
2.8 Cyanobacterial lipopolysaccharides (LPS)
2.8.1 General characteristics of bacterial LPS
2.8.2 What is known about bioactivity of
cyanobacterial LPS?
2.8.3 Methodological problems of studies on
cyanobacterial LPS
2.8.4 Possible exposure routes to cyanobacterial LPS
2.8.5 Conclusions
References
2.9 Cyanobacterial taste and odour compounds in water
2.9.1 Chemistry and toxicity
2.9.2 Analysis
2.9.3 Producing organisms
2.9.4 Biosynthesis
2.9.5 Geosmin and MIB concentrations in
aquatic environments
2.9.6 Removal of geosmin and MIB by water treatment
processes
2.9.7 Co-occurrence of T&O compounds and cyanotoxins
References
2.10 Unspecified toxicity and other cyanobacterial metabolites
2.10.1 Bioactive metabolites produced by cyanobacteria
2.10.2 Toxicity of cyanobacteria beyond known cyanotoxins
References

INTRODUCTION AND GENERAL CONSIDERATIONS

123
123

125

127

128
130
132
137
137

139

141
143
144
145
149
149
150
151
152

152

152
153
154
156
156
158
159

The following sections provide an overview of the individual types of
cyanobacterial toxins, focusing on toxins that have been confirmed
to, or suggested to have implications for human health, namely,
microcystins, cylindrospermopsins, anatoxins, saxitoxins, anatoxin-a(S)
and dermatotoxins, the latter primarily produced by marine cyanobacteria.

Two further cyanobacterial metabolites, lipopolysaccharides (LPS)

and

B-methylamino-alanine (BMAA), are discussed in respective sections with
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the conclusion that the available evidence does not show their proposed
toxic effects to occur in dose ranges relevant to the concentrations found
in cyanobacterial blooms. A further section includes information on taste
and odour compounds produced by cyanobacteria because, while actually
not toxic, they sometimes indicate the presence of cyanobacteria. Finally,
recognising that there are many cyanobacterial metabolites and further
toxic effects of cyanobacterial cells that have been observed which cannot
be attributed to any of the known cyanotoxins, a section covers “additional
toxicity” and bioactive cyanobacterial metabolites.

The sections on the major toxin types review the chemistry, toxicology
and mode of action, producing cyanobacteria and biosynthesis, occurrence
and environmental fate. Given the document’s scope, the individual sec-
tions discuss ecotoxicological data only briefly. This, however, does not
imply that cyanotoxins do not play an important role in aquatic ecosystems.
Further, possible benefits of toxin biosynthesis for the producing cyanobac-
teria are currently discussed but not yet understood, and this remains an
important field of research but is discussed in this volume only briefly.

For microcystins, cylindrospermopsins and saxitoxins guideline values
(GVs) have been derived based on the toxicological data available and con-
sidering there is credible evidence of their occurrence in water to which
people may be exposed. For anatoxin-a, although GVs cannot be derived
due to inadequate data, a “bounding value”, or health-based reference
value, has been derived. For anatoxin-a(S) and the dermatotoxins, the tox-
icological data for deriving such values are not sufficient, and hence, no
such values are proposed.

BOX 2.1: HOW ARE GUIDELINE VALUES DERIVED?

For most chemicals that may occur in water, including for the known cya-
notoxins, it is assumed that no adverse effect will occur below a threshold
dose. For these chemicals, a tolerable daily intake (TDI) can be derived. TDIs
represent an estimate of an amount of a substance, expressed on a body
weight basis, that can be ingested daily over a lifetime without appreciable
health risk. TDls are usually based on animal studies because, for most chem-
icals, the available epidemiological data are not sufficiently robust, mainly
because the dose to which people were exposed is poorly quantified and
because it is scarcely possible to exclude all confounding factors (including
simultaneous exposure to other substances) that may have influenced differ-
ences between those exposed and the control group. TDIs based on animal
studies are based on long-term exposure, preferably spanning a whole life
cycle or at least a major part of it, exposing groups of animals (frequently
mice or rats) to a series of defined doses applied orally via drinking-water or
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gavage. The highest dose for which no adverse effects in the exposed animals
were detected is the no observed adverse effect level (NOAEL), generally
expressed in dose per body weight and per day (e.g., 40 ug/kg bw per day).
Sometimes no NOAEL is available, while the lowest observed adverse effect
level (LOAEL) can be considered in establishing the TDI. The LOAEL is
defined as the lowest dose in a series of doses causing adverse effects. An
alternative approach for the derivation of a TDI is the determination of
a benchmark dose (BMD), in particular, the lower confidence limit of the
benchmark dose (BMDL; WHO, 2009a). A BMDL can be higher or lower
than NOAEL for individual studies (Davis et al., 2011).

A NOAEL (or LOAEL or BMDL) obtained from animal studies cannot
be directly applied to determine “safe” levels in humans for several rea-
sons such as differences in susceptibility between species (i.e., humans vs.
mice or rats), variability between individuals, limited exposure times in the
experiments or specific uncertainties in the toxicological data. For example,
for the cyanotoxins for which WHO has established GVs, exposure times
did not span a whole life cycle because the amount of pure toxin needed
for such a long study — a few hundred grams — was simply not available or
would be extremely costly to purchase. To account for these uncertainties,
a NOAEL is divided by uncertainty factors (UFs). The total UF generally
comprises two |0-fold factors, one for interspecies differences and one
for interindividual variability in humans. Further uncertainty factors may
be incorporated to allow for database deficiencies (e.g., less than lifetime
exposure of the animals in the assay, use of a LOAEL rather than a NOAEL,
or for incomplete assessment of particular endpoints such as lack of data
on reproduction) and for the severity or irreversibility of effects (e.g., for
uncertainty regarding carcinogenicity or tumour promotion). Where ade-
quate data is available, chemical specific adjustment factors (CSAFs) can be
used for interspecies and intraspecies extrapolations, rather than the use
of the default UFs.

The TDlI is calculated using the following formula:

NOAEL or LOAEL or BMDL
UF, x UE, x UEy or CSAFs

TDI =

The unit of TDI generally is the amount of toxin per bodyweight (bw) per day,
for example, 0.1 ug/kg bw per day.
To translate the TDI to a GV, the following formula is generally used:

TDI xbw x P
C

GV =
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For drinking-water GVs, WHO uses a daily water consumption (C) of 2L
and a bodyweight of an adult person of 60 kg as default values, while emphasis-
ing that this may be adapted to regional or local circumstances. The fraction
of exposure assumed to occur through drinking-water (P; sometimes termed
allocation factor) is applied to account for the share of the TDI allocated to a
specific exposure route. The default P for drinking-water is 0.2 (20%). Where
there is clear evidence that drinking-water is the main source of exposure,
like in the case of cyanotoxins, P has been adjusted to 0.8, which still allows
for some exposure from other sources, including food. Again, this can and
should be adapted if local circumstances propose a different factor to be
more appropriate. The unit of a GV is a concentration, for example, 0.8 ug/L.

GVs for drinking-water (using a TDI) are generally derived to be safe for
lifetime exposure. This means that briefly exceeding a lifetime GV doesn’t
pose an immediate risk or imply that the water is unsafe. This should be com-
municated accordingly and is particularly relevant where elevated cyanotoxin
concentrations occur only during brief seasonal blooms. To clarify this, WHO
has derived GVs for short-term exposure for microcystins and cylindrosper-
mopsins. To differentiate these two GVs for cyanotoxins, these have been
designated GV ,,onic and GV ccorm-
drinking-water that exceeds the GV, ... Up to a concentration of GV .. cerm
does not require the immediate provision of alternative drinking-water — but

In consequence, a concentration in

it does require immediate action to prevent cyanotoxins from further enter-
ing the drinking-water supply system and/or to ensure their efficient removal
through improving the drinking-water production process. The GV,

short-term

provides an indication on how much the GV, can be exceeded for short

hronic
periods of about 2weeks until measures have been implemented to reduce
the cyanotoxin concentration. Derivation of GV .. .. follows a similar
approach to development of the traditional GVs. The short-term applicability
of these values, however, may result in a different study selected for the iden-

tification of the NOAEL or LOAEL (particularly if the GV,

hronic Was based on

long-term exposure) and the uncertainty factors (UFs) applied, particularly
the UF for related database deficiencies.

For recreational exposure, the corresponding GV proposed
(GV, ccreation) takes into account the higher total exposure of children due
to their increased likelihood of longer playtime in recreational water envi-
ronments and accidental ingestion. The default bodyweight of a child and
the volume of water unintentionally swallowed are |15kg and 250 mL, respec-
tively (WHO, 2003), and these are used to calculate the GV, c.ion- The same
NOAEL or LOAEL and UFs applied for the GV, .erm are used to calculate
the GV

recreation*
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All GVs proposed by WHO may be subject to change when new toxicologi-
cal data become available. By default, GVs with high uncertainty (UF>1000)
are designated as provisional by WHO. GVs with high uncertainty are more
likely to be modified as new information becomes available. Also, a high
uncertainty factor indicates that new toxicological data are likely to lead to a
higher rather than a lower GV, and thus, the provisional GV is likely a conser-
vative one; that is, it presumably errs on the safe side.

Several national and regional GVs or standards deviate from the values
proposed by WHO, due to different assumptions on body weight, estimated
water intakes or allocation factors in consequence of specific exposure pat-
terns in certain areas or for specific population groups (and sometimes also
due to divergent interpretations of toxicological data). WHO gives guidance
on adapting WHO GVs to country contexts in the document, “Developing
Drinking-water Quality Regulations and Standards” (WHO, 2018). For more
information on GV derivation, see the GDWQ (WHO, 2017) and the Policies
and Procedures for Updating the WHO GDWQ (WHO, 2009b).

These values describe concentrations in drinking-water and water used
for recreation that are not a significant risk to human health. For some of
these toxin groups, it was possible to derive values for lifetime exposure
and for others only for short-term or acute exposure (see Table 5.1 for a
summary of the values established). The corresponding sections in Chapter
2 present the derivation of these values and a short summary of the consid-
erations leading to them; for an extensive discussion, readers are referred to
the cyanotoxin background documents on the WHO Water, Sanitation and
Health website (WHO, 2020). For a summary on how guideline values are
derived, see Box 2.1, and for further information, see also the “Guidelines
for Drinking Water Quality” (WHO, 2017).
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2.1 HEPATOTOXIC CYCLIC PEPTIDES -
MICROCYSTINS AND NODULARINS

Jutta Fastner and Andrew Humpage

The cyclic peptides microcystins and nodularins are frequently found in
fresh and brackish waters, and the acute and chronic toxicity of some of
them is pronounced. WHO has established provisional guideline values for
microcystin-LR in drinking-water and water for recreational use (see below)
but recommends that these values may be used for the sum of all microcys-
tins in a sample (see WHO, 2020). Microcystin-LR occurs widely and is
presumably one of the most toxic variants of this toxin family, though for
most of the other congeners no, or only incomplete, toxicological data exist
(WHO, 2003a; Buratti et al., 2017).

2.1.1 Chemical structures

The cyclic heptapeptide microcystins were first characterised in the early
1980s and named after the cyanobacterium Microcystis aeruginosa from
which they were initially isolated (Botes et al., 1984; Botes et al., 1985;
Carmichael et al., 1988). Microcystins share a common structure of
cyclo-(D-Ala'-X2-D-MeAsp?-Z*-Adda’-D-Glu®-Mdha’) in which X and
Z are variable L-amino acids, D-MeAsp is D-erythro-f-methylaspartic
acid, and Mdha is N-methyldehydroalanine (Figure 2.1). The amino acid
Adda, abbreviated for (25,3S,4E,6E,85,95)-3-amino-9-methoxy-2,6,8-
trimethyl-10-phenyldeca-4,6-dienoic acid, is the most characteristic
moiety of microcystins and nodularins (including the structurally related
motuporins from sponges) as it appears to occur exclusively in these cya-
nobacterial peptides. Further characteristics are the presence of D-amino
acids, which are usually not found in ribosomally synthesised peptides
and thus gave an early indication of a nonribosomal synthesis of these
peptides (see below).

To date more than 250 different variants of microcystins are fully char-
acterised, with molecular weights in the range of 800-1100 Da. While a
comprehensive list of variants is given in Spoof and Catherine (2017) and a
detailed review on structural variants can be found in Bouaicha et al. (2019),
this volume lists only the apparently most abundant congeners in Table
2.1. Structural modifications exist in all seven amino acids, but the most
frequent variations are substitution of L-amino acids at positions 2 and 4,
substitution of Mdha by Dhb (dehydrobutyrine) or serine in position 7, and a
lack of methylation of amino acids at positions 3 and/or 7 (Figure 2.1). The



22 Toxic Cyanobacteria in Water

(a)

(b)

Figure 2.1 Generic structure of microcystins (a, MCs) and nodularins (b, NODs). In MCs,
amino acids in positions 2 and 4 given as X and Z for variable amino acids
that are generally given by the one-letter code for proteinogenic L-amino
acids. For example, L=L-leucine. R=L-arginine. A=L-alanine. General struc-
ture of MCs is cyclo-(DAla'-X2-D-MeAsp3-Z*-Adda’-D-Glu®-Mdha’). Rl and
R2 is either H (desmethyl-variants) or CH,. The general structure of NOD
is cyclo-(D-MeAsp'-Arg2-Adda3-D-Glu*-Mdhb®). Nodularin: RI. R2=CH;;
D-Asp'Nodularin: RI=H. R2=CH,; demethyl-Adda® Nodularin: RI=CHs,.
R2=H. In motuporin, the L-arginine in position 2 of nodularin is exchanged
by an L-valine. For more variants and details on amino acid building blocks,
see text. Note that the numbering does not correspond to the biosynthesis
pathway that starts with Adda in both MC and NOD, but has been assigned
arbitrarily in the first descriptions of the molecule.

principle nomenclature of microcystins is based on the variable amino acids
in positions 2 and 4; for example, using the standard one-letter codes for
amino acids, microcystin-LR possesses leucine (L) in position 2 and arginine
(R) in position 4, respectively (Carmichael et al., 1988). All other modifica-
tions vin the molecule are suffixed to the respective variant; for example,
[Asp’] MC-LR lacks the methyl group in position 3.
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Nodularins, named after the cyanobacterium Nodularia spumigena, are
cyclic pentapeptides structurally very similar to microcystins (Rinehart
et al., 1988). The chemical structure of nodularin is cyclo-(D-MeAsp'-
L-arginine?-Adda3-D-glutamate*-Mdhb®), in which the amino acids in
positions 1-4 are identical to microcystins and Mdhb is 2-(methylamino)-
2-dehydrobutyric acid (Figure 2.1). Structural variability of nodularins is
low compared to microcystins: in addition to the unmodified nodularin
with the arginine residue, only a few more variants with (de)methylation

Table 2.1 Selection of microcystin structural variants reported in relatively high

abundance

Monoisotopic  Molecular

molecular weight LD,
Microcystin variant mass (Da) (g/mol) i.p. (oral) Reference
MC-LA 909.485 910.08 50 Botes et al. (1984)
Stoner et al. (1989)
[Asp’,Dha’] MC-LR 966.517 967.14 + Harada et al. (1991a)
Namikoshi et al. (1992c)
[Asp®] MC-LR 980.533 981.16  160-300 Krishnamurthy et al.
(1989)
Harada et al. (1990)
[Dha’] MC-LR 980.533 98l1.16 250 Namikoshi et al. (1992a)
Harada et al. (1991b)
MC-LF 985.516 986.18 + Azevedo et al. (1994)
Diehnelt et al. (2006)
MC-LR 994.549 995.19 50 Botes et al. (1985)
(5000) Krishnamurthy et al.
(1986)
Krishnamurthy et al.
(1989)
Fawell et al. (1994)
MC-LY 1001.511 1002.18 90 del Campo &
Ouahid (2010)
Stoner et al. (1989)
[Asp®,Dha’] MC-RR 1009.535 1010.16 + Krishnamurthy et al.
(1989)
Sivonen et al. (1992a)
[Asp®] MC-RR 1023.550 1024.19 250 Meriluoto et al. (1989)
Namikoshi et al. (1992d)
[Dha’] MC-RR 1023.550 1024.19 180 Kiviranta et al. (1992)
[Asp3,(E)-Dhb’] MC-RR 1023.550 1024.19 250 Sano & Kaya (1995)
Sano & Kaya (1998)
MC-LW 1024.527 1025.21 n.r. Bateman et al. (1995)
[Asp3,Dha’] MC-HtyR 1030.512 1031.18 + Namikoshi et al. (1992b)
[Asp’] MC-YR 1030.512 1031.18 + Namikoshi et al. (1992d)
[Dha’] MC-YR 1030.512 1031.18 + Sivonen et al. (1992b)

(Continued)
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Table 2.1 (Continued) Selection of microcystin structural variants reported in relatively
high abundance

Monoisotopic  Molecular

molecular weight LD,
Microcystin variant mass (Da) (g/mol) i.p. (oral) Reference
MC-RR 1037.566 1038.22 600 Namikoshi et al. (1992a)
Kusumi et al. (1987)
[Asp’] MC-HtyR 1044.528 1045.21  160-300 Harada etal. (1991a)
[Dha’] MC-HtyR 1044.528 1045.21 + Namikoshi et al. (1992b)
[Asp3,(E)-Dhb’] MC-HtyR  1044.528 1045.21 70 Sano & Kaya (1998)
MC-YR 1044.528 1045.21 70 Botes et al. (1985)
Namikoshi et al. (1992a)
MC-WR 1067.544 1068.24 150-200 Namikoshi et al. (1992a)

Molecular weight (MW) is given as monoisotopic mass; LD50 in pg/kg body weight intraperitoneal (i.p.)
injection in mouse bioassays or by oral dosing (values in parentheses) where data are available.

* positive toxicity in mouse bioassay; n.r.: not reported.

at the Adda, MeAsp, Mdhb and D-Glu moieties, as well as the non-toxic
6Z-Adda3 stereoisomer equivalent to microcystins, have been identified
(Namikoshi et al., 1994; Mazur-Marzec et al., 2006b). Ten nodularins in
total have been reported (Spoof & Catherine, 2017).

All microcystins and nodularins are water soluble despite the relatively
wide range of hydrophobicity observed especially for microcystins.
They are extremely stable and remain potent even after boiling (Harada,
1996).

2.1.2 Toxicity: mode of action

The toxic effects of microcystin, summarised in the following, are described
in detail in the WHO Background Document on Microcystins (WHO, 2020;
see there for further information and references). In summary, microcystins
need a membrane transporter to enter cells — that is, the organic acid trans-
porter polypeptides (OATP) which are expressed particularly in the liver
but also in the intestinal tract and in some other tissues. Experiments have
shown that when OATP is inhibited or lacking, liver damage is reduced. The
essential role of OATP explains why most of the MCs ingested are taken up
by the liver. While detoxification occurs in the liver, clearance of MCs seems
to take a long time, up to weeks. Once in cells, MCs cause protein phospha-
tase (PP1, PP2A and PPS5) inhibition, resulting in destabilisation of the cyto-
skeleton followed by cellular apoptosis and necrosis. High acute doses thus
cause haemorrhage in the liver due to the damage of sinusoidal capillaries.
At low doses (below 20 pg/kg bw) and with repeated long-term exposure,
phosphatase inhibition induces cellular proliferation, hepatic hypertrophy
and tumour promoting activity.
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There is a growing body of evidence indicating harmful microcystin-related
neurological and reproductive effects, but the data are not yet robust enough
to use as a basis for guideline development.

While some cyanobacterial extracts show genotoxicity, pure microcys-
tins do not, and cellular DNA damage observed after in vitro treatments
with pure MC may be due to the induction of apoptosis and cytotoxicity
rather than direct effects on the DNA. On this basis, IARC has classified
microcystins as Group 2B, possibly carcinogenic to humans (IARC, 2010),
based on their tumour promoting activity mediated via protein phosphatase
inhibition (a threshold effect) rather than genotoxicity.

2.1.3 Derivation of provisional guideline values

The following section is taken directly from the WHO chemicals back-
ground document on microcystins which discusses the considerations for
the derivation of provisional guideline values for exposure to microcystins
in more detail (WHQO, 2020). Insufficient data are available to derive a GV
for MC variants except MC-LR. The two key oral toxicity studies of the
effects of MC-LR on liver toxicity on which human health-based guideline
values can be calculated are the following:

e Fawell et al. (1999): Mice of both sexes given MC-LR by gavage at
40 pg/kg bw per day for 13weeks did not show treatment-related
effects in the parameters measured. Only slight hepatic damage was
observed at the lowest observed effect level (LOAEL) of 200 pg/kg bw
per day in a limited number of treated animals, whereas at the high-
est dose tested (1 mg/kg bw per day), all the animals showed hepatic
lesions, consistent with the known action of MC-LR.

e Heinze (1999): Exposure of male rats (females were not included) to
MC-LR in drinking-water for 28 days at doses as low as 50 pg/kg bw
per day (identified as the LOAEL) resulted in increased liver weight,
liver lesions (with haemorrhages) and increased ALP (alkaline phos-
phatase) and LDH (lactate dehydrogenase), but no changes were mea-
sured in the mean levels of AST (aspartate aminotransferase) and ALT
(alanine aminotransferase) which are early markers for hepatotoxic-
ity. Some of the histological effects, including Kupffer cell activation
and PAS staining, showed no dose response since all 10 animals at the
low and high doses displayed a similar degree of damage.

Although the duration of the Heinze (1999) study was shorter and more
applicable to the exposure duration envisaged for application of the short-
term guideline value, the advantage of the Fawell et al. (1999) study is
that an additional uncertainty factor is not needed for extrapolation from
a LOAEL to a NOAEL, which would increase the total uncertainty and
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reduce the confidence in the derivation of the short-term guideline value.
For this reason, the NOAEL derived by Fawell et al. (1999) was selected as
the basis for the short-term and recreational guideline values as well as the
lifetime guideline value.

The GVs for MC-LR are considered provisional due to inadequacies in
the database as reflected in section 6.2 of the background document (WHO,
2020) and the database uncertainty factor (UF) of 1000 for the lifetime GV.

Calculation of provisional tolerable
daily intake for microcystin-LR

DLy = NOAEL 4018 4 04 8 g
g

UF 1000 kg k

where

TDIyc chronic = tolerable daily intake for chronic exposure

NOAEL = no-observed-adverse-effect level (40 pg/kg bw per day, based
on Fawell et al., 1999)

UF = uncertainty factor (1000 = 10 for interspecies variation x 10 for
intraspecies variation x 10 for database deficiencies, including use of
a subchronic study)

For comparison, if the LOAEL from Heinze (1999) is used as the point of
departure and incorporating uncertainty factors of 10 for inter- and intra-
species variability and 10 for database uncertainties including the use of a
LOAEL (as per WHO policy), then the TDI would be 0.05 pg/kg per day.

Calculation of provisional lifetime
drinking-water guideline value for microcystin-LR

NOAEL*bw*P _ 40%60*0.8

GVC ronic — 5 /L:O.96 /L zl /L
b UF*C 1000%2 “& He He
where

GV, onic = guideline value for chronic (lifetime) exposure

NOAEL = no-observed-adverse-effect level (40 pg/kg bw per day, based
on Fawell et al., 1999)

bw = body weight (default = 60 kg for an adult)

P = fraction of exposure allocated to drinking-water (80%, as other
sources of exposure such as air, food and soil are considered minor for
lifetime exposure)
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UF = uncertainty factor (1000 = 10 for interspecies variation X 10 for
intraspecies variation X 10 for database deficiencies, including use of
a subchronic study)

C = daily drinking-water consumption (default = 2 L for an adult).

Calculation of provisional short-term
drinking-water guideline value for microcystin-LR

NOAEL*bw*P _ 40*60*1.0

GVS ort—term = ). - .
h UF*C 10072

ug/L=12 ug/L

where

GV,oreierm = guideline value for short-term exposure

NOAEL = no-observed-adverse-effect level (40 pg/kg bw per day, based
on Fawell et al., 1999)

bw = body weight (default = 60 kg for an adult)

P = fraction of exposure allocated to drinking-water (default for short-
term exposure = 100%, as drinking-water is expected to be the most
significant source of exposure)

UF = uncertainty factor (100 = 10 for interspecies variation X 10 for
intraspecies variation)

C = daily drinking-water consumption (default = 2 L for an adult).

Calculation of provisional recreational water
guideline value for microcystin-LR

NOAEL*bw _ 40*15

Gvrecreation = = / L= 24 / L
UF*C  10070.25"® He
where
GV..creaion = guideline value for recreational exposure

NOAEL = no-observed-adverse-effect level (40 pg/kg bw per day, based
on Fawell et al., 1999)

bw = body weight (default = 15 kg for a child)

UF = uncertainty factor (100 = 10 for interspecies variation X 10 for
intraspecies variation)

C = daily incidental water consumption (default =250 mL for a child).

The provisional recreational guideline value, aimed to protect from systemic
effects, is based on exposure of a child because the lower body weight and
higher likely water intake (as a function of body weight) were considered
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worst case, and on a conservative scenario of a 15kg child swallowing
250mL of water (WHO, 2003b).

Considerations in applying the
provisional guideline values

The provisional guideline values are based on toxicological data for MC-LR.
However, MCs usually occur as mixtures. In the absence of oral toxicity
data for other congeners, it is recommended that these values be applied to
total MCs as gravimetric or molar equivalents based on the assumption that
all MCs have similar toxicity to MC-LR. The kinetic differences among
variants mean that further investigation of the oral toxicity of MC variants
other than MC-LR is warranted reduce this relevant source of uncertainty.

In some regions, other sources of exposure besides drinking-water can
be significant (see section 2.4). This includes food from locations where
blooms have a long duration and there is high consumption of locally
affected food items (e.g. fish eaten with viscera, or shellfish). In such situ-
ations, it may be appropriate to consider reducing the allocation factor for
the lifetime and short-term drinking-water GVs based on relative exposure
data for the population.

The short-term drinking-water GV is intended to provide guidance on
how much the lifetime GV can be exceeded for short periods of about
2 weeks until enhanced water treatment or other measures can be imple-
mented. It is not intended to allow for repeated seasonal exceedances of
the lifetime GV.

The short-term drinking-water guideline value is based on exposure of
adults. Since infants and children can ingest a significantly larger volume of
water per body weight (e.g., up to 5 times more drinking-water/kg bw for
bottle-fed infants compared to adults), it is recommended that alternative
water sources such as bottled water are provided for bottle-fed infants and
small children when MC concentrations are greater than 3 ug/L for short
periods, as a precautionary measure.

2.1.4 Production
2.1.4.1 Producing cyanobacteria

Qualitative and quantitative information on microcystin production in
particular cyanobacterial species has been gathered through analyses of quasi-
monospecific bloom material and, more importantly, large numbers of indi-
vidual strains isolated from freshwater samples. More recent studies employ
sensitive molecular and chemical tools such as PCR, mass spectrometry or
ELISA to determine toxins or genes related to their production directly in
colonies or filaments picked from water samples. This helps to avoid bias due
to eventually selective isolation procedures and allows more detailed studies
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on the ecology of toxin-producing cyanobacteria. Furthermore, molecular
tools are applied to clarify the taxonomic status of toxin-producing cyano-
bacteria and to complement the identification of toxin producers by verifying
the presence of genes encoding toxin biosynthesis (see section 13.6).

Microcystin-producing strains can be found in all higher-level taxa of
cyanobacteria, that is, in species belonging to the orders Chroococcales,
Oscillatoriales, Nostocales, and Stigonematales; data for the order Pleuro-
capsales, however, are scarce. Within the orders, the distribution of micro-
cystin occurrence at the level of genera or species is patchy and does not
show consistency. Firstly, not all genera of an order produce microcystins;
for example in the order Nostocales, microcystins are produced by mem-
bers of the genera Dolichospermum (Anabaena) and Nostoc, but have never
been confirmed for the closely related genus Aphanizomenon. Secondly,
any particular genus or species may contain both producing (toxigenic) and
nonproducing strains. At the time of the publication of this book, microcys-
tin-producing (and nonproducing) strains are known primarily from fresh-
water species of Microcystis, Planktothrix, Dolichospermum, and Nostoc
(Sivonen & Jones, 1999; Oksanen et al., 2004; Mowe et al., 2015; Harke
et al., 2016; Bernard et al., 2017; Buratti et al., 2017; Table 2.2). Very rarely,
microcystins have been reported in single strains from other genera, includ-
ing Anabaenopsis, Arthrospira, Fischerella, Pseudanabaena, Phormidium,
Synechococcus and Radiocystis (Ballot et al., 2005; Carmichael & Li, 2006;
Lombardo et al., 2006; Izaguirre et al., 2007; Nguyen et al., 2007; Mohamed
& Al Shehri, 2009; Cirés et al., 2014; Table 2.2).

Most of these cyanobacteria are of planktonic nature and some of them,
like Microcystis, are known for their ability to form surface blooms under
favourable conditions (see Chapter 4). Microcystins have also been detected
in halophilic Synechococcus and Dolichospermum (Anabaena) from the
Baltic Sea (Carmichael & Li, 2006; Halinen et al., 2007).

Microcystin-producing strains of the genera listed above are distrib-
uted globally and can be found in tropical, temperate and polar habitats
(Hitzfeld et al., 2000; Mowe et al., 2015; Harke et al., 2016) as well as in
extreme habitats such as hot springs and hypersaline lakes (Carmichael &
Li, 2006; Kotut et al., 2006). Microcystins have also been detected in a
symbiotic strain of Nostoc in a lichen (Oksanen et al., 2004) and in a soil
isolate of Haphalosiphon hibernicus (Prinsep et al., 1992).

Nodularins have so far been found largely in strains of the genus Nodularia,
primarily in Nodularia spumigena. Toxigenic strains of Nodularia spumi-
gena have been reported from the Baltic Sea, brackish water estuaries and
coastal freshwater lakes of Australia, South Africa, New Zealand and Turkey
(Bolch et al., 1999; Akgaalan et al., 2009). As with microcystins, both nod-
ularin-producing and nonproducing strains exist in this species (Lehtimaki
et al., 1994; Bolch et al., 1999). In addition, single findings of nodularin
in Nodularia sphaerocarpa from a hot spring, in a symbiotic Nostoc, and
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Table 2.2 Cyanobacterial taxa potentially producing microcystins and nodularins

Toxin Taxon Habitat
Microcystin Microcystis sp. Planktonic
Dolichospermum (Anabaena) sp. Planktonic
Planktothrix agardhii Planktonic
Planktothrix rubescens Planktonic
Radiocystis sp. Planktonic
Arthrospira sp. Planktonic
Anabaenopsis sp. Planktonic
Calothrix sp. Planktonic
Oscillatoria sp. Planktonic
Fischerella sp. Planktonic, benthic
Annamia toxica Planktonic
Synechococcus sp. Planktonic
Pseudanabaena sp. Planktonic
Phormidium sp. Planktonic
Anabaena sp. Benthic
Nostoc sp. Planktonic, benthic,
symbiotic (lichen)
Aphanocapsa sp. Planktonic
Plectonema sp. Benthic

Leptolyngbya sp.

Symbiotic (coral), periphytic

Merismopedia sp. Periphytic

Haphalosiphon hibernicus Terrestrial
Nodularin Nodularia spumigena Planktonic

Nodularia sp. Benthic

Nostoc sp. Symbiotic (lichen)

Iningainema pulvinus Benthic

Only cyanobacteria are listed for which toxin production was verified in cultured strains by NMR, mass
spectrometry or by combinations of HPLC-PDA, ELISA, toxicity testing and/or molecular
detection of mcy genes. References earlier than 1999 are summarised in Sivonen & Jones (1999).
In bold are taxa that are known to frequently produce microcystins and that can form blooms.

in the benthic Iningainema pulvinus (Nostocales) from Australia have
been reported (Beattie et al., 2000; Gehringer et al., 2012; McGregor &
Sendall, 2017). Occasionally, nodularin has been detected in pelagic and
benthic freshwater ecosystems in which none of the known nodularin pro-
ducers could be identified, indicating that further species may be identified
as nodularin producers in future (Graham et al., 2010; Wood et al., 2012;
Beversdorf et al., 2017).



2 The cyanotoxins 3l

2.1.4.2 Microcystin/nodularin profiles

Although many toxigenic strains simultaneously produce several microcys-
tin variants (Puddick et al., 2014), usually only one to three of them are
dominant in any particular strain. It appears that some microcystin vari-
ants are more abundant within a certain genus than within others, though
this may be biased in some cases by the limited availability of standards as
well as the analytical methods used.

Globally, Microcystis strains and field samples dominated by Microcystis
spp. are reported to contain chiefly microcystin-LR, -RR and -YR in varying
proportions (Sivonen & Jones, 1999; Vasconcelos, 2001; Gkelis et al., 2005;
Kemp & John, 2006; Faassen & Liirling, 2013; Mowe et al., 2015; Beversdorf
et al., 2017). Demethylated variants of, for example, [Dha’]MC-LR and -RR
are also observed in Microcystis strains, but are less frequently dominant
compared to their methylated forms (Vasconcelos, 2001; Gkelis et al., 2005).
More hydrophobic microcystins (e.g., MC-LA, MC-LW, MC-LF) can also
be found regularly in Microcystis strains and field samples; however, high
proportions are reported only infrequently (Cuvin-Aralar et al., 2002; Wood
et al., 2006; Graham et al., 2010; Faassen & Lirling, 2013; Beversdorf
et al., 2017). This picture of a high diversity combined with an abundance of
genotypes with a certain microcystin profile has been confirmed in situ for
some natural Microcystis populations from central Europe. Typing of single
Microcystis colonies from nine European countries by mass spectrometry
revealed a high abundance of genotypes producing microcystin-LR, -RR
and -YR, while clones with demethylated variants or other microcystins
were less abundant (Via-Ordorika et al., 2004). However, exceptions from
this overall pattern occur; for example, in Microcystis strains and colonies
from Finland, demethylated MC-LR and -RR have been seen frequently as
dominant variants (Luukkainen et al., 1994; Via-Ordorika et al., 2004),
and in one Australian bloom of Microcystis, 23 microcystins were detected,
none of which was microcystin-LR (Jones et al., 1995).

Planktothrix and some strains of Dolichospermum seem to produce only
demethylated microcystins (Puddick et al., 2014). In European Planktothrix
agardhii and P. rubescens isolates, cultured strains and field samples primar-
ily produce demethylated variants of microcystin-RR like [D-Asp’] MC-RR
and [D-Asp?, Dhb’] MC-RR that have been found as major microcystins
(Sivonen et al., 1995; Fastner et al., 1999; Briand et al., 2005; Kurmayer
et al., 2005; Cerasino et al., 2016). Various other demethylated microcys-
tins such as [D-Asp’] MC-LR or [D-Asp’] MC-HtyR are also found in
Planktothrix isolates but are rarely the dominant variants (Kosol et al.,
2009). As with Microcystis, multiple clones with different microcystin
profiles exist in natural populations of Planktothrix (Welker et al., 2004;
Harustiakova & Welker, 2017).

Only few data exist on microcystin congeners produced by benthic
species, and detected variants comprise MC-LR, MC-RR, MC-YR, MC-LA,
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[Asp’] MC-LR as well as unidentified microcystins (Aboal & Puig, 2003;
Jungblut et al., 2006; Izaguirre et al., 2007; Fetscher et al., 2015).

Nodularin-R seems the major nodularin present in samples from the Baltic
Sea, Turkey and Australia, while other nodularin variants usually seem less
abundant (Sivonen et al., 1989; Jones et al., 1994a; Lehtimaki et al., 1997,
Mazur-Marzec et al., 2006b; Akcaalan et al., 2009).

2.1.4.3 Biosynthesis

Knowledge of the biosynthesis of microcystins and nodularins has increased
since the turn of the millennium. Complete sequences of biosynthesis gene
clusters are available for several species, and biochemical pathways are
largely understood (Pearson et al., 2016).

Microcystins and nodularins are synthesised by a combined nonribo-
somal peptide synthetase (NRPS) and polyketide synthase (PKS) pathway,
which is well known for the synthesis of peptide antibiotics in bacteria
and fungi, including penicillins (Kleinkauf & Dohren, 1996; Dittmann &
Borner, 2005). Microcystins are produced by large multienzyme com-
plexes consisting of peptide synthetases, polyketide synthases and tailoring
enzymes. These enzymes activate specific amino acids and condense them
to peptides. The genes encoding for microcystin synthetases (ncyA-mcy])
have been characterised for Microcystis, Dolichospermum, Fischerella,
Nostoc and Planktothrix (Tillett et al., 2000; Christiansen et al., 2003;
Rouhiainen et al., 2004; Fewer et al., 2013; Shih et al., 2013). The bio-
synthesis of nodularins is encoded by homologous genes (ndaA-ndal) that
have been characterised from Nodularia (Moffitt & Neilan, 2004). Both
the microcystin and nodularin gene clusters comprise around 50kb pairs
in all investigated species, but differences in the gene order as well as DNA
sequence variation in the same modules have been observed. Based on cod-
ing nucleotide sequences, Rantala et al. (2004) concluded that microcystin
synthetase genes have already been present in an early stage of cyanobacte-
rial evolutionary history.

Microcystin and nodularin production appears to be constitutive in geno-
types which have the complete microcystin gene clusters, while it is absent in
genotypes lacking the whole or relevant parts of the gene cluster (Christiansen
et al., 2008; Tooming-Klunderud et al., 2008). Smaller mutations in single
mcy genes can lead to genotypes unable to synthesise microcystin (Kurmayer
et al., 2004; Christiansen et al., 2006; Fewer et al., 2008).

2.1.4.4 Regulation of biosynthesis

Microcystin contents or cell quota can vary greatly between individual clones
within a natural population (e.g., Rohrlack et al., 2001; Akgaalan et al.,
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2006). Reported microcystin contents in isolates (cultures) of Microcystis
and Planktothrix range over more than two orders of magnitude, from
below 100 pg up to more than 10 mg/g dry weight, from traces up to 20 pg/
mm? biovolume and from a few to around 1000 fg/cell (Table 2.3).

While qualitative microcystin production is regarded as constitutive, numer-
ous studies on Microcystis, Planktothrix, Dolichospermum and Nodularia
have investigated to which extent the cell quota may be altered by environ-
mental factors. The environmental factors investigated included temperature,
light, pH, macronutrients, trace elements and salinity (reviewed in Sivonen &
Jones, 1999; Kardinaal & Visser, 2005; Pearson et al., 2016). Though all the
studies showed an effect on microcystin content or cell quota, respectively,
they show no consistent pattern in the regulation of the microcystin cell quota.
These inconsistencies can partly be explained by large differences between
the studies with respect to culture conditions (i.e., batch, semi- and continu-
ous; see Box 4.11), toxin measurement (i.e., ELISA, HPLC), as well as by the
biomass proxy to which the toxin content was related (i.e., dry weight, bio-
volume, cell number, protein or chlorophyll-a). Another explanation for the
differences in cell quota changes may be a clone-specific binding rate of syn-
thesised microcystins to proteins, which is then not available to conventional
analysis, thus leading to underestimation of microcystin contents (Meissner
et al., 2013). To add to this complexity, individual clones of the same species
can respond differently, even conversely, in microcystin contents to the same
cultivation condition (Hesse & Kohl, 2001).

One pattern of changes in the microcystin content which unifies many of
the earlier disparate results is the positive correlation between growth and
microcystin content under growth conditions limited by nitrogen, phospho-
rus or light (Kardinaal & Visser, 2005). However, some studies observed this
relationship only during exponential growth, while no or a negative relation-
ship existed during the stationary phase (Wiedner et al., 2003; Yepremian
et al., 2007), and others could not find any relationship (Jahnichen et al.,
2011). Most importantly, however, the results demonstrated that the cell
quota varied only within a rather narrow range, that is, by a factor of 2—4
(Table 2.3). In addition to changes in total microcystin cell quota, cultiva-
tion factors such as light and nitrogen have also been shown to alter the
relative abundance of individual microcystins (Rapala et al., 1997; Tonk
et al., 2005; Van de Waal et al., 2009).

More recent work has addressed changes in the microcystin biosynthesis
also at the molecular level, but so far without conclusive, comprehen-
sive outcomes. For example, light, iron and nitrogen have been found to
either increase or decrease mcy transcription in individual strains, though
microcystin cell quota do not necessarily reflect change in transcrip-
tional activity (e.g., Kaebernick et al., 2002; Sevilla et al., 2010; Harke &
Gobler, 2015).
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Table 2.3 Examples of microcystin contents given as mass per dry weight, per
biovolume and per cell found in cultured strains

Taxon Cond. Origin N Range Reference
mg/g DW
Microcystis S ™ 6 0.3-10 Lee et al. (1998)
Microcystis S GER 10 <0.1-4 Rohrlack et al. (2001)
Microcystis S JPN 17 0.6-13 Watanabe et al. (1991)
Planktothrix S FRA 36 0.02-1.86 Yepremian et al. (2007)
agardhii
P. agardhii S Eur, JPN 18 1.2-4.5 Kosol et al. (2009)
P. rubescens S Eur, JPN 31 29-54 Kosol et al. (2009)
Anabaena * S FRA 2 0.35-1.86 Vezie et al. (1998)
Anabaena * S FIN 5 1.3-3.9 Halinen et al. (2007)
Anabaena * S EGY 2 3-3.66 Mohamed et al. (2006)
Anabaena * TLN.P  FIN 2 <0.3-7 Rapala et al. (1997)
ug/mm3 BV
Microcystis S KEN 12 0.4-13.8 Sitoki et al. (2012)
P. agardhii S Eur, JPN 18 2.3-16.7 Kosol et al. (2009)
P. rubescens S Eur, JPN 31 1.1-20.6 Kosol et al. (2009)
Microcystis L NLD | 1.2-2.5 Wiedner et al. (2003)
Microcystis L.N.P DEU 3 0.6-5.0 Hesse & Kohl (2001)
P. agardhii L FIN | ~2-3 Tonk et al. (2005)
fg/cell
Microcystis S KEN 12 17-553 Sitoki et al. (2012)
Microcystis P NLD | 5-20 Rios et al. (2014)
Microcystis P GBR | 17-97 Rios et al. (2014)
Microcystis N USA | 70-220 Harke & Gobler (2013)
Microcystis L USA | 47-106 Deblois & Juneau (2010)
Microcystis N AUS | 56-165 Orr & Jones (1998)
P. agardhii S GBR 2 75-91 Akgaalan et al. (2006)
P. rubescens S GBR 3 104-235 Akgaalan et al. (2006)
P. agardhii S Eur, JPN 18 44-343 Kosol et al. (2009)
P. rubescens S Eur, JPN 31 27-854 Kosol et al. (2009)
fg/cell
Nodularia L.N.P SWE | ~100-700 Pattanaik et al. (2010)

spumigena

Cultivation conditions (Cond.) were either one standard (S) or with varying light (L), temperature (T),
nitrogen concentration (N) and phosphorus concentration (P). The origin of the analysed
strains (N) is given by ISO 3166 country code. Data from some studies have been transformed
to units as given here. Note that content in field samples is generally much lower as these
consist of a mixture of clones with individual toxin contents ranging from 0 (nonproducers) to
9 (values as reported as maxima in this table; see also section 4.6).

2 Reported as Anabaena but possibly Dolichospermum (see Chapter 3).
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2.1.5 Occurrence in water environments

Numerous screening programmes conducted during the past 30years in vari-
ous parts of the world detected microcystins in 20% to 100% of the samples,
with frequencies generally correlated with the trophic state of the sampled
water bodies (Bigham et al., 2009). In waterbodies containing potentially
toxigenic genera such as Microcystis and Planktothrix, microcystins were
detected in 80-100% of the samples (Fastner et al., 2001; Graham et al.,
2010; Gkelis & Zaoutsos, 2014). Thus, any waterbody with these taxa should
be assumed to contain microcystins unless analytical results show that this is
not the case. In samples dominated by Dolichospermum, microcystins were
detected less frequently (Chorus, 2001).

Microcystin-producing genotypes can persist in cyanobacterial popula-
tions, and thus may be found during the whole growing season, even year-
round. This includes not only tropical waterbodies, but also temperate shallow
lakes dominated by Planktothrix agardbii and stratified, deep lakes harbour-
ing Planktothrix rubescens (Pawlik-Skowronska et al., 2008; Mankiewicz-
Boczek et al., 2011; Akcaalan et al., 2014; Cerasino et al., 2016).

Early reports on microcystin found in field samples often expressed val-
ues as mg or pg per gram dry weight, that is, toxin contents (see box 4.6),
most likely due to comparably insensitive methods used at the time and the
requirement of large amounts of cell material for toxin analyses. Reported
microcystin contents range from a few ng up to — rarely — around 13-15
mg/g dry weight (Sivonen & Jones, 1999). Since the late 1990s, microcystin
occurrence has increasingly been reported as concentrations, that is, per vol-
ume of water, which is the more relevant unit for cyanotoxin risk assessment.

Average microcystin concentrations in the pelagic water outside scums
do not frequently exceed several tens of ug/L (Fastner et al., 2001; Blaha &
Marsalek, 2003; Carrasco et al., 2006; Nasri et al., 2007; Graham et al.,
2010; Sakai et al., 2013; Gkelis & Zaoutsos, 2014; Chia & Kwaghe, 2015;
Mowe et al., 2015; Su et al., 2015; Beversdorf et al., 2017). However, in sur-
face blooms and scums of Microcystis, microcystin concentrations can be
up to several orders of magnitude higher than in the pelagic water, with the
reported maximum values up to 20 and 124 mg/L (Kemp & John, 2006;
Wood et al., 2006; Masango et al., 2010; Waajen et al., 2014).

Planktothrix rubescens forms population maxima in the metalimnetic layer
with microcystin concentrations usually of only<1 to 10 pg/L (Jacquet et al.,
2005; Akcaalan et al., 2014; Cerasino et al., 2016). Following turnover of the
waterbody, the formation of surface blooms has been observed with microcys-
tin concentrations attaining up to 34 mg/L (Naselli-Flores et al., 2007).

Although microcystin concentrations can also reach more than 100 pg/L
in blooms of Planktothrix agardhii, this species rarely forms surface bloom
or scums (Fastner et al., 2001; Wiedner et al., 2002; Catherine et al., 2008;
Pawlik-Skowronska et al., 2008; Mankiewicz-Boczek et al., 2011), and
hence, microcystin concentrations>1 mg/L have only rarely been observed.
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Nodularins occur frequently in Nodularia spumigena populations from
both temperate and subtropical environments with recurrent annual toxic
blooms, for example, in the Baltic Sea. As with microcystins, concentrations
may be several orders of magnitude higher in surface blooms compared to
populations entrained homogeneously in the water column. The nodularin
content of such blooms ranged from 3.5 to 18 mg/g dw, and concentrations
from a few pg in the open water up to 18 mg/L in surface blooms have been
reported (Kononen et al., 1993; Heresztyn & Nicholson, 1997; Mazur &
Plinski, 2003; McGregor et al., 2012; Sahindokuyucu-Kocasari et al., 2015).

Although the variability of microcystin content within individual clones is
limited to a factor of 2—4, the microcystin content of field populations of toxi-
genic taxa may vary by a few orders of magnitude. This suggests that much,
if not most, of the variation in toxin content of monospecific natural blooms
is attributable to the waxing and waning of clones of the same species, with
clones varying in their toxin contents (see Chapter 4; Briand et al., 2008).

2.1.5.1 Bioaccumulation

Microcystins and nodularins have been detected in common aquatic ver-
tebrates and invertebrates, including fish, mussels, shrimps and zooplank-
ton (Kotak et al., 1996; Freitas de Magalhaes et al., 2001; Sipia et al.,
2002; Chen & Xie, 2005; Xie et al., 2005; Ibelings & Havens, 2008).
Because of the relevance of these findings for food from aquatic envi-
ronments, bioaccumulation of microcystins/nodularins in biota and its
role in health risk assessment are discussed in the section on food (5.3).
The effects and possible bioaccumulation of microcystins on plants are
reviewed in Machado et al. (2017).

2.1.6 Environmental fate
2.1.6.1 Partitioning between cells and water

Microcystins and nodularins are primarily found in viable cyanobacterial
cells. Experiments with radiolabelled microcystin did not show a substan-
tial export of intracellular toxins from cells under high as well as under low
light conditions (Rohrlack & Hyenstrand, 2007). Release to the surround-
ing water as extracellular (dissolved) toxin is considered to occur mainly
during cell senescence, death and lysis.

In laboratory studies, where both intracellular and extracellular microcys-
tins/nodularins have been measured, the general finding was that in healthy
cultures, less than 10% of the total toxin pool is extracellular (Lehtimaki
et al., 1997; Rapala et al., 1997; Sivonen & Jones, 1999; Wiedner et al.,
2003; Jahnichen et al., 2007). Even during log-phase cell growth in culture,
a small percentage of cells in the population may be lysing and hence release
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intracellular microcystins. As cells enter the stationary phase, the increased
rate of cell death may lead to an increase in the extracellular fraction.

Accordingly, in growing field populations, no or only little extracellular
microcystin has been found. Concentrations of extracellular microcystins
measured in such cases mostly range from not detectable to a few pg/L and
amount to only a small fraction of the cell-bound toxins in the same samples
(Pietsch et al., 2002; Wiedner et al., 2002; Welker et al., 2003; Blahova et al.,
2007; Pawlik-Skowronska et al., 2008). While in ageing or declining blooms
large amounts of microcystins are liberated from the cells, the actual con-
centrations in water depend primarily on dilution and other factors such as
adsorption and degradation, rarely reach values exceeding 100 pg/L (Welker
et al., 2001). The only report of very high extracellular microcystin concen-
trations, reaching 1800 pg/L, was following an algicide treatment of a cya-
nobacterial bloom leading to sudden and complete lysis and thus a massive
release of toxins (Kenefick et al., 1993; Jones & Orr, 1994).

For the production of drinking-water, special attention to procedures that
potentially could release microcystins from cells is important: oxidation
with ozone and chlorine, as well as flocculation and filtration, can lead to a
leakage of microcystins from the cells (see Chapter 10; Pietsch et al., 2002;
Schmidt et al., 2002; Daly et al., 2007).

2.1.6.2 Chemical breakdown

Microcystins are chemically very stable. They remain potent even after boil-
ing for several hours (Harada, 1996) and may persist for many years when
stored dry at room temperature (Metcalf et al., 2012). At near-neutral pH,
microcystins are resistant to chemical hydrolysis or oxidation. At 40°C and
at elevated or low pH, slow hydrolysis has been observed, with the times
to achieve greater than 90% breakdown being approximately 10 weeks at
pH 1 and greater than 12 weeks at pH 9 (Harada, 1996). Rapid chemical
hydrolysis occurs only under conditions that are unlikely to be attained
outside the laboratory, for example, 6M HCI at high temperature.

Microcystins can be oxidised by ozone and other strong oxidising agents
(Rositano et al., 2001; Rodriguez et al., 2007), and degraded by intense
ultraviolet (UV) light (Kaya & Sano, 1998). Several studies have investigated
the degradation by, for example, photocatalysis, H,0,/UV light and the
photo-Fenton process (He et al., 2012; de Freitas et al., 2013; Pestana et al.,
20135). These processes have relevance for water treatment and are discussed
in Chapter 10, but are unlikely to contribute to degradation occurring in the
natural environment.

In full sunlight, microcystins undergo only slow photochemical break-
down and isomerisation, with the reaction rate being enhanced by the pres-
ence of water-soluble cell pigments, presumably phycobiliproteins (Tsuji
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et al., 1994). In the presence of such pigments, the photochemical breakdown
of microcystin in full sunlight can take as little as 2 weeks for greater than
90% breakdown, or longer than 6 weeks, depending on the concentration of
pigment (and presumably toxin, although this has not been tested). A more
rapid breakdown under sunlight has been reported in the presence of natu-
rally occurring humic substances which can act as photosensitisers. In an
experimental study, approximately 40% of the microcystins was degraded
per day under summer conditions of insolation (Welker & Steinberg, 1999).
However, since the penetration of active UV radiation is limited in deeper
or turbid waters, the breakdown in situ is likely to be considerably slower
(Welker & Steinberg, 2000). Photosensitised transformation of microcystins
has been studied in detail by Song et al. (2007).

The chemical decomposition of nodularin has been studied less inten-
sively; however, their structural similarity suggests similar characteristics
as microcystin. Nodularin degradation has also been observed under UV
radiation (Mazur-Marzec et al., 2006a).

2.1.6.3 Biodegradation

Microcystins are resistant to eukaryotic and many bacterial peptidases (Botes
et al., 1982; Falconer et al., 1986; Harada, 1996); however, some human pro-
biotic bacteria have microcystin-decomposing capability (Nybom et al., 2012).

In contrast, microcystins are susceptible to breakdown by a number of
aquatic bacteria. These bacteria appear widespread and have been found
in sewage effluent, lake water, lake sediment and river water worldwide
(Holst et al., 2003; Edwards et al., 2008). MC-degrading bacteria have also
been detected in the mucilage of Microcystis colonies (Maruyama et al.,
2003). The majority of the microcystin-degrading bacteria isolated to date
have been identified as Sphingomonas spp. and Sphingopyxis spp. belong-
ing to the a-proteobacteria; further microcystin-degrading bacteria are
also found among the 3-proteobacteria (e.g., Pseudomonas aeruginosa),
y-proteobacteria (e.g., Paucibacter toxinivorans), actinobacteria and bacilli
(Edwards et al., 2008; Dziga et al., 2013; Li et al., 2017).

Most of these bacteria perform aerobic degradation of microcystins. The
degradation pathway and mir genes encoding for the involved enzymes have
been studied in detail in an isolate of Sphingomonas sp. (Bourne etal.,2001).
The products of complete bacterial degradation were nontoxic to mice at
i.p. doses 10 times higher than the LD, of microcystin-LR. However, other
intermediate breakdown products as well as the lack of mir genes in some
MC-degrading bacteria suggest that multiple aerobic degradation pathways
may exist (Amé et al., 2006; Edwards et al., 2008; Dziga et al., 2013). This
also applies for possible anaerobic biodegradation, which, however, is far
less intensively studied, as only a few bacteria showing anaerobic degrada-
tion have been isolated to date (Li et al., 2017).
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Degradation of microcystins is often, though not always, characterised by
an initial lag phase with little loss of microcystin. This phase was observed in
laboratory and field experiments and can last from as little as 2 days to more
than several weeks. The duration seems to depend on the previous bloom his-
tory of a lake and also on climatic conditions as well as on the concentration
of dissolved microcystin (Christoffersen et al., 2002; Hyenstrand et al., 2003;
Bourne et al., 2006; Edwards et al., 2008).

Once the biodegradation process commences, the removal of microcys-
tin can be very fast with half-lives of 0.2-5 days for different microcystins,
including MC-RR, MC-YR, MC-LR, MC-LW and MC-LF (Lam et al.,
1995; Cousins et al., 1996; Park et al., 2001; Christoffersen et al., 2002;
Hyenstrand et al., 2003; Ishii et al., 2004; Babica et al., 2005; Amé et al.,
2006; Tsuji et al., 2006; Chen et al., 2008; Edwards et al., 2008). Degradation
strongly depends on temperature, but is also influenced by the size of the
microbial population and initial microcystin concentration (Park et al., 2001;
Bourne et al., 2006). Though a more than 90% reduction of microcystin has
been observed within a few days, low residual microcystin concentration can
occasionally still be observed for weeks especially when initial concentrations
were high (Jones et al., 1994b; Bourne et al., 2006).

For nodularin, the degradation by microbial activity was demonstrated
in marine and freshwater environments (Heresztyn & Nicholson, 1997;
Edwards et al., 2008; Torusiska et al., 2008). The linearisation of nodularin
by a Sphingomonas strain was demonstrated suggesting a similar degrada-
tion pathway as for microcystins (Imanishi et al., 2005; Kato et al., 2007),
and Paucibacter toxinivorans has also been shown to degrade nodularin
(Rapala et al., 1997). Other Sphingomonas strains, however, could not
degrade nodularin or nodularin-Har, or only in the presence of microcystin-
RR (Jones et al., 1994a; Ishii et al., 2004).
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2.2 CYLINDROSPERMOPSINS
Andrew Humpage and Jutta Fastner

The cyanobacterium Raphidiopsis raciborskii (the renaming from
Cylindrospermopsis has been widely accepted; see Chapter 3) first came
to notice after the poisoning of 138 children and 10 adults on Palm Island,
a tropical island off Townsville in central Queensland, Australia (Byth,
1980). Cultures of the organism were found to produce effects in mice
similar to those seen in the human victims (Hawkins et al., 1985). The
pure toxin — named cylindrospermopsin — was identified in 1992 (Ohtani
etal., 1992).

2.2.1 Chemical structures

Cylindrospermopsins (CYNs, Figure 2.2) are alkaloids comprising a tricyclic
guanidino moiety linked via a hydroxylated bridging carbon (C7) to uracil
(Ohtani et al., 1992). Four structural variants have been identified (Table 2.4):
7-epi-cylindrospermopsin  (7-epi-CYN), 7-deoxy-cylindrospermopsin (7-
deoxy-CYN), 7-deoxy-desulpho-cylindrospermopsin  and  7-deoxy-
desulpho-12-acetylcylindrospermopsin (Norris et al., 1999; Banker et al.,
2000; Wimmer et al., 2014). The assignments of the absolute configurations
of CYN and 7-epi-CYN have been exchanged, but this has little practical
bearing as they are both equally toxic (Banker et al., 2000; White & Hansen,
20035). Pure CYN is a white powder and is very water soluble. It is stable to
boiling and a wide range of pH (Chiswell et al., 1999).

2.2.2 Toxicity: mode of action

The toxic effects of cylindrospermopsin, summarised in the follow-
ing, are described in detail in the WHO Background Document on
Cylindrospermopsins (WHO, 2020); see there for further information and
references). Based on available studies, the liver, kidneys and erythrocytes may

SO,H R
| H H OH
0, O R:] CYN
(o]
Z R:§ 7-epiCYN
VAR H
H o R:| 7-deoxyCYN

Figure 2.2 Molecular structure of common cylindrospermopsins.
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Table 2.4 Congeners of cylindrospermopsin and their molecular masses

Monoisotopic Average molecular
Congeners Formula molecular mass (Da) weight (g/mol)
Cylindrospermopsin CsH, N;O,S 415.116 415.428
7-Epi-cylindrospermopsin C,sH, N;O,S 415.116 415.428
7-Deoxy-cylindrospermopsin CsH,; N:OS 399.121 399.429
7-Deoxy-desulpho- CsH, N0, 319.164 319.366
cylindrospermopsin
7-Deoxy-desulpho-12- C,;H;NO, 361.175 361.404

acetylcylindrospermopsin

be important targets of CYN toxicity although studies using radiolabelled
CYN suggest that it is distributed to all major organs. Skin patch testing
produced only mild skin irritation. Since CYNs are hydrophilic molecules,
facilitated transport systems mediate their intestinal absorption and uptake
into other cell types, including hepatocytes. However, due to the small size of
these molecules, a limited passive diffusion through biological membranes is
expected. Although not clearly understood, the specific mechanism for toxic-
ity may involve more than one mode of action, depend on the magnitude and
frequency of dose, exposure duration, life stage, age or sex of the organism and
the duration that an animal is observed post-dosing. At low concentrations,
inhibition of protein synthesis (Terao et al., 1994; Froscio et al., 2003) appears
to be the primary effect, which is mediated by the parent compound, whereas
at higher exposures, CYN toxicity appears to involve metabolites and other
mechanisms that are cytochrome P450-dependent. Reactive oxygen species
and induction of stress responses may also be involved in the mode of action.
Cylindrospermopsins have been shown to be genotoxic in various mam-
malian cells and tissues using both in vitro and in vivo models. The extent
and quality of toxicological data on CYN is quite limited, particularly
because many studies have used cell extracts rather than pure toxin.

2.2.3 Derivation of provisional guideline values

The following section is taken directly from the WHO chemicals background
document on cylindrospermopsins (WHO, 2020) which discusses the
considerations for the derivation of provisional guideline values for exposure
to cylindrospermopsins in more detail. The Point of Departure has been iden-
tified as the no observed adverse effect level (NOAEL) of 30 pg/kg bw per day
from the Humpage and Falconer (2003) study. By applying an uncertainty
factor (UF) of 1000 (100 for inter- and intraspecies variability and 10 for
the lack of chronic toxicity studies and deficiencies in the overall toxico-
logical database), a provisional tolerable daily intake TDI (NOAEL/UF)
of 0.03 pg/kg bw per day can be derived. The value is provisional because
of deficiencies in the CYN toxicological database, essentially related to the
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limited availability of studies with purified toxins, lack of in vivo data on
reproductive end-points and the unclear role of metabolites, especially related
to potential genotoxicity. The Sukenik et al. (2006) 42-week drinking-water
study provides supporting qualitative evidence for CYN toxicity, but the
experimental design does not allow derivation of a robust reference value
(Funari & Testai, 2008). The study by Chernoff et al. (2018) observed many
of the same effects as seen previously and demonstrates that the NOAEL is
below 75 pg/kg bw per day.

The toxicological database is more limited for CYNs than for microcys-
tin-LR - for example, data on on reproductive effects following oral dosing
are lacking. Critically, there is evidence for potential iz vivo genotoxicity of
CYN. However, the lack of chronic dosing studies does not affect deriva-
tion of the short-term GV. Therefore, an uncertainty factor of 3 was used to
allow for these uncertainties in the derivation of the provisional short-term
drinking-water GV and recreational water GV.

For deriving the provisional lifetime drinking-water GV, the fraction of
exposure allocated to drinking-water was 80% because drinking-water is
expected to be the most likely long-term source of exposure. For deriving
the provisional short-term drinking-water GV, the default allocation factor
for short-term values of 100% was selected, considering that drinking-water
is usually the most likely exposure source.

The provisional recreational water GV, which aims to protect from sys-
temic effects, is based on a conservative scenario of a 15-kg child swallow-
ing 250 mL of water (WHO, 2003).

Calculation of provisional lifetime
drinking-water GV for CYN:

NOAEL*bw*P _ 30%60%0.8

GVClronic = = /L = 0'72 /L = 0.7 /L
1 UF*C 100072 H® He He
where

GV, onic = GV for chronic (lifetime) exposure

NOAEL = no-observed-adverse-effect level (30 pug/kg bw per day, based
on Humpage & Falconer, 2003)

bw = body weight (default = 60 kg for an adult)

P = fraction of exposure allocated to drinking-water (80%, because other
sources of exposure, such as air, food and soil, are considered minor)

UF = uncertainty factor (1000 = 10 for interspecies variation x 10 for
intraspecies variation x 10 for database deficiencies, including use of
a subchronic study)

C = daily drinking-water consumption (default = 2 L for an adult).
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Calculation of provisional short-term
drinking-water GV for CYN:

To develop a short-term GV, the same logic was applied except that a UF of
3 was used for database limitations:

NOAELSubchronic *bw*P _ 30*60*1.0

GVS ort-term — - :
" UF*C 300%2

ug/L=3 ug/L

where

GV, orererm = GV for short-term exposure

NOAEL = no-observed-adverse-effect level (30 pg/kg bw per day, based
on Humpage & Falconer, 2003)

bw = body weight (default = 60 kg for an adult)

P = fraction of exposure allocated to drinking-water (default for short-
term exposure = 100%, as drinking-water is expected to be the most
likely source of exposure)

UF = uncertainty factor (300 = 10 for interspecies variation x 10 for
intraspecies variation X 3 for database deficiencies)

C = daily drinking-water consumption (default = 2 L for an adult).

Calculation of provisional recreational
water GV for CYN:

NOAEL *bw _ 30*15

Gvrecrearion = = /L=6 /L
UF*C  300%0.25"® He
where
GV, creation = GV for recreational water exposure

NOAEL = no-observed-adverse-effect level (30 pg/kg bw per day, based
on Humpage & Falconer, 2003)

bw = body weight (default = 15 kg for a child)

UF = uncertainty factor (300 = 10 for interspecies variation x 10 for
intraspecies variation x 3 for database deficiencies)

C = daily incidental water consumption (default = 250 mL for a child).

Considerations in applying the
provisional guideline values

The provisional GVs are based on toxicological data for CYN. The limited
evidence on the relative potency of other CYN congeners suggests they are
probably similar in potency to CYN. Therefore, for assessing risk, as a
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conservative approach, it is suggested that the sum of of CYNs (on a molar
basis), be evaluated against the GV.

In some regions, others sources of exposure besides drinking-water can be
significant (see chapter 5). This includes food from locations where blooms
have a long duration and there is high consumption of locally affected food
items. In such situations, it may be appropriate to consider reducing the
allocation factor for the lifetime and short-term drinking-water GVs based
on relative exposure data for the population.

The short-term drinking-water GV is based on exposure of adults. Since
infants and children can ingest a significantly larger volume of water per
body weight (e.g., up to 5 times more drinking-water/kg bw for bottle-fed
infants than for adults), it is recommended that alternative water sources
such as bottled water are provided for bottle-fed infants and small children
when CYN concentrations are greater than 0.7 pg/L even for short periods,
as a precautionary measure.

2.2.4 Production
2.2.4.1 Producing cyanobacteria

Cylindrospermopsins (CYNs) have been found in species of Nostocales and
Oscillatoriales. Among the Nostocales, Raphidiopsis (Cylindrospermopsis)
raciborskii, R. curvata, R. mediterranea, Chrysosporum (Aphanizomenon)
ovalisporum, Chrysosporum (Anabaena) bergii, Aphanizomenon flosaquae,
Aphanizomenon gracile and Anabaena lapponica, have been identified as
producers (Hawkins et al., 1985; Banker et al., 1997; Li et al., 2001a;
Schembri et al., 2001; Preussel et al., 2006; Spoof et al., 2006; McGregor
et al., 2011; Kokociriski et al., 2013). Umezakia natans, a CYN producer
from Japan, was originally assigned to the order Stigonematales (Harada
et al., 1994), but later genetic analysis suggests that this species belongs
to the Nostocales (Niiyama et al., 2011). Cylindrospermopsin producers
belonging to the Oscillatoriales are the benthic Microseira (Lyngbya) wollei,
benthic Oscillatoria (Seifert et al., 2007; Mazmouz et al., 2010), as well as
Hormoscilla pringsheimii (Bohunicka et al., 2015). Producing and nonpro-
ducing strains exist within these species.

The CYN-producing species have different regional distribution (de la
Cruz et al., 2013). So far only Raphidiopsis raciborskii from Australia, New
Zealand and Asia have been found to produce CYNs (Saker & Griffiths,
2000; Li et al., 2001b; Wood & Stirling, 2003; Chonudomkul et al., 2004;
Nguyen et al., 2017), while none of the R. raciborskii strains from North and
South America, Africa as well as from Europe have been found to synthesise
CYNs (Bernard et al., 2003; Fastner et al., 2003; Saker et al., 2003; Berger
etal.,2006; Yilmaz et al., 2008; Fathalli et al., 2011; Hoff-Risseti et al., 2013).
CYN-producing C. ovalisporum have been reported from strains and/or field
samples of Australia, Florida, Turkey, Israel and Spain (Banker et al., 1997,
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Quesada et al., 2006; Yilmaz et al., 2008; Ak¢aalan et al., 2014). In middle
and northern Europe, CYN occurrence is largely attributed to the presence of
Aphanizomenon sp. and Dolichospermum spp. (Preussel et al., 2006; Riicker
et al., 2007; Bldhova et al., 2009; Brient et al., 2009; Kokociriski et al., 2013).

2.2.4.2 Cylindrospermopsin profiles

While earlier studies focused primarily on CYN, data on the presence of
7-deoxy-CYN and 7-epi-CYN are increasingly reported. It appears that
strains may contain varying shares of CYN, 7-deoxy-CYN and 7-epi-CYN.
In strains and blooms of R. raciborskii, as well as strains of Aphanizomenon
and Ana. lapponica, ratios of CYN to 7-deoxy-CYN vary between 0.2 and
5 (Spoof et al., 2006; Orr et al., 2010; Preussel et al., 2014; Willis et al.,
2015). In Microseira (Lyngbya) wollei and Raphidiopsis curvata, 7-deoxy-
CYN has been predominately found (Li et al., 2001a; Seifert et al., 2007).
However, growth conditions may alter the ratio of 7-deoxy-CYN to CYN,
most probably due to the fact that 7-deoxy-CYN is a precursor of CYN
(Mazmouz et al., 2010). 7-Epi-CYN has been detected in C. ovalisporum
as a minor compound, whereas it was up to threefold more abundant
than CYN in some Oscillatoria strains (Banker et al., 2000; Mazmouz
et al., 2010). No information is available on the distribution and concen-
tration of 7-deoxy-desulpho-cylindrospermopsin and 7-deoxy-desulpho-
12-acetylcylindrospermopsin recently found (in addition to CYN) in a
Thai strain of R. raciborskii (Wimmer et al., 2014).

2.2.4.3 Biosynthesis

The complete gene cluster (cyr) for the synthesis of CYN was first sequenced
from R. raciborskii (Mihali et al., 2008). It spans 43 kb and encodes 15 open
reading frames (ORF). The biosynthesis starts with an amidinotransferase
and is completed by nonribosomal peptide/polyketide synthetases and tai-
loring enzymes. Furthermore, the cluster encodes for a putative transporter
(cyrK) for the export of CYN from the cells (Mihali et al., 2008). A putative
NtcA (global nitrogen regulator) binding site has been identified within the
cyr cluster, suggesting that CYN synthesis is influenced by N metabolism
(Mazmouz et al., 2011; Stucken et al., 2014).

Since then, homologous clusters or parts of them have been sequenced from
further R. raciborskii strains (Stucken et al., 2010; Sinha et al., 2014), C.
ovalisporum (aoa, gene cluster; Shalev-Alon et al. (2002), Aphanizomenon
sp. (Stiken & Jakobsen, 2010), Oscillatoria sp. (Mazmouz et al., 2010)
and Raphidiopsis sp. (Jiang et al., 2014; Pearson et al., 2016). Differences
within the gene cluster between strains comprise the order of the cyr genes,
flanking genes as well as a sporadic lack of cyrN and cyrO (Jiang et al.,
2014; Pearson et al., 2016).
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2.2.4.4 Regulation of biosynthesis

Similar to microcystins, strains differ in the amount of cylindrospermop-
sins (CYN, 7-epi-CYN and 7-deoxy-CYN) produced, and contents per bio-
mass are in the same range as those of microcystins (Table 2.5). Contents
of cylindrospermopsins (CYNs) of some 10 ug up to 9.3 mg/g DW were
reported across all producing species (see above) and geographical regions
(Saker & Griffiths, 2000; Preussel et al., 2006; Seifert et al., 2007; Yilmaz
et al., 2008; Akcaalan et al., 2014; Cirés et al., 2014; McGregor & Sendall,
2015). Cell quota of CYNs for R. raciborskii strains range from ~3 to 279
fg/cell (Hawkins et al., 2001; Davis et al., 2014; Willis et al., 2016; Yang
et al., 2018), and from ~49 to 190 fg/cell in C. ovalisporum (Cirés et al.,
2014). Values per unit biovolume are between 0.6 and 3.5 uyg CYN/mm? in

Table 2.5 Examples of cylindrospermopsin contents (not differentiated by congeners,
i.e.,, CYN, 7-epi-CYN and 7-deoxy-CYN) given as mass per dry weight, per
biovolume and per cell found in cultured strains

Taxon @ Cond. Origin N Range Reference
mg/g DW
Aphanizomenion sp. S DEU 3 2.3-6.6 Preussel et al. (2006)
Chrysosporum S USA | 74-93 Yilmaz et al. (2008) ®
ovalisporum
C. ovalisporum S ESP 6 5.7-9.1 Cirés et al. (2014)
Raphidiopsis raciborskii T AUS 4 nd.-9 Saker & Griffiths (2000) ®
pg/mms3 BV
C. ovalisporum S ESP 6 0.9-24 Cirés et al. (2014)
R. raciborskii S AUS 2 ~1-3.5 Saker & Griffiths (2000) ®
Aphanizomenion sp. LTN DEU 3 0.3-1.6 Preussel et al. (2009)
fg/cell

C. ovalisporum S ESP 6 49-190 Cirés et al. (2014)
R. raciborskii S AUS 24 91-279 Willis et al. (2016) ®
R. raciborskii S AUS 2 ~10-25 Davis et al. (2014) ®
R. raciborskii N CHN | 45 — 64 Yang et al. (2018)

L

Oscillatoria sp.© | ~3-18 Bormans et al. (2014)

Cultivation conditions (Cond.) were either one standard (S), or with varying light (L), temperature (T),
nitrogen concentration (N) and phosphorus concentration (P). The origin of the analysed
strains (N) is given by ISO 3166 country code. Data from some studies have been transformed
to units as given here. Note that content in field samples is generally much lower, as these
consist of a mixture of clones with individual toxin contents ranging from 0 (nonproducers) to
values as reported as maxima in this table; see also section 4.6.

2 The taxon given here may deviate from that given in the publication. For changes in taxonomy, see
Chapter 3.

® Intracellular CYNs only.
¢ Benthic form.
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R. raciborskii (Saker & Griffiths, 2000; Hawkins et al., 2001), 0.3 and 1.6
ug CYNs/mm? in Aphanizomenon sp. (Preussel et al., 2009; Preussel et al.,
2014) and 0.9 and 2.4 uyg CYN/mm? in C. ovalisporum (Cirés et al., 2014).

Several studies have investigated the influence of environmental factors on
CYN production. Though all of the studies showed an effect on CYN con-
tent, no consistent pattern in the regulation of the CYN content emerged.
The inconsistencies can partly be explained by differences with respect to
culture conditions (i.e., batch and semicontinuous), the biomass proxy to
which the toxin content was related (i.e., dry weight, biovolume, cell num-
ber, or chlorophyll-a) as well as by different reactions of individual strains
to the same parameter. A direct linear relationship between total cell quota
and growth has been observed in several R. raciborskii strains during log
phase growth under different light, nutrients and CO, conditions with cell
quota changing maximally by a factor 2-4 (Hawkins et al., 2001; Davis
et al., 2014; Pierangelini et al., 2015; Willis et al., 2015; Yang et al., 2018).
This observation in combination with a constant expression of cyr genes led
to the conclusion that CYN production is constitutive (Davis et al., 2014;
Pierangelini et al., 2015; Willis et al., 2015; Yang et al., 2018). However,
CYN cell quota decreased substantially (>25-fold) down to nondetectable
levels in R. raciborskii and to trace levels in C. ovalisporum at 35°C (Saker
& Griffiths, 2000; Cirés et al., 2011). This suggests that CYN production
may not be constitutive, though this requires further confirmation by fol-
lowing cyr transcript levels. Up to 25-30°C, the influence of temperature
on CYN cell quota was moderate (~1.5-2.5-fold) in Aphanizomenon sp.
and C. ovalisporum (Preussel et al., 2009; Cirés et al., 2011). Changes in
cell quota between three- and eightfold were found in relation to light in
Oscillatoria PCC 6506 and Chr. ovalisporum and in relation to nutrients
in Aphanizomenon sp. and C. ovalisporum (Bar-Yosef et al., 2010; Cirés
et al., 2011; Bormans et al., 2014; Preussel et al., 2014).

Environmental conditions also influence the ratio of 7-deoxy-CYN to
CYN. For both R. raciborskii and Aphanizomenon spp., 7-deoxy-CYN
content increased with increasing cell densities under normal growth con-
ditions, while it did not increase or decrease under N-deprived conditions
(Davis et al., 2014; Preussel et al., 2014; Stucken et al., 2014).

In contrast to microcystins, a substantial share of cylindrospermopsins is
usually and constantly extracellular. In R. raciborskii and Aphanizomenon
sp., up to 20% and in C. ovalisporum up to 40% of the total CYNs were
extracellular during log-phase growth (Hawkins et al., 2001; Cirés et al.,
2014; Davis et al., 2014; Preussel et al., 2014), while in Oscillatoria PCC
6505 the extracellular CYNs constantly amounted to more than 50%
(Bormans et al., 2014). Furthermore, the extracellular CYNs increased
by up to more than twofold in all species during the stationary phase
under different treatments (Saker & Griffiths, 2000; Hawkins et al., 2001;
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Bormans et al., 2014; Davis et al., 2014). Preussel et al. (2014) found
indication of an active release of CYNs under normal growth conditions
and showed that the extracellular CYNs did not increase in N-deprived
cultures of Aphanizomenon.

For water management, it is important that environmental conditions
may not only change the cell quota of CYNs, but also change the share of
extracellular CYNs (see Box 5.1) as well as the ratio of 7-deoxy-CYN to
CYN. Furthermore, it appears that alterations in nutrient concentrations

can change strain composition and thus CYN concentrations in the field
(Burford et al., 2014).

2.2.5 Occurrence in water environments

Cylindrospermopsins are found globally as a result of the worldwide dis-
tribution of producing cyanobacteria, including Raphidiopsis raciborskii,
Chrysosporum ovalisporum and Aphanizomenon sp. (Kinnear, 2010; de la
Cruz et al., 2013). In Australia, R. raciborskii and C. ovalisporum are the
most abundant CYN producers with a high bloom frequency, though the
correlation between CYNs concentration and biovolume is generally weak.
Concentrations reported often range between<1 and 10 pg/L, occasional up
to maximally 800 pg/L (Chiswell et al., 1999; Shaw et al., 1999; McGregor
& Fabbro, 2000; Shaw et al., 2002). Also in the Mediterranean region and
in Florida, CYN occurrence has been often, though not always, associated
with C. ovalisporum. Concentrations in these regions were from below
10 pg/L up to maximally 202 ug/L (Quesada et al., 2006; Messineo et al.,
2010; de la Cruz et al., 2013; Fadel et al., 2014; Moreira et al., 2017). CYN
concentrations reported from more temperate regions of Northern America
and Europe are often well below 10 pg/L with a maximal concentration of
9-18 pg/L (Ricker et al., 2007; Bldhova et al., 2009; Brient et al., 2009;
Graham et al., 2010; Kokociriski et al., 2013). The highest CYN concentra-
tions (up to almost 3 mg/L) were reported from Brazil, although these ELISA
data need to be confirmed by LC-MS/MS (Bittencourt-Oliveira et al., 2014;
Metcalf et al., 2017).

High concentrations in the range of 10-100 mg/L, as observed for micro-
cystins, have not yet been observed for CYNs, most probably due to the fact
that CYN-producing species do not accumulate to very high cell densities,
in contrast to scums of the abundant microcystin producer Microcystis sp.,
for example. Furthermore, up to 90% of CYN can occur extracellularly in
natural waters; outside of scum areas this is then readily diluted by the sur-
rounding water (Riicker et al., 2007).

For water management, it is also important to note that both CYN and
7-deoxy-CYN can be distributed throughout the entire water column with
high concentrations also in the hypolimnion (Everson et al., 2011).
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2.2.5.] Bioaccumulation

Bioaccumulation of CYN in (in)vertebrates and plants has been addressed in
several studies. The freshwater mussel Anodonta cygnea has been shown to
accumulate, but partially also depurate, CYN (Saker et al., 2004). Both CYN
and deoxy-CYN have been found to bioconcentrate and bioaccumulate up
to a factor of 124 in whole aquatic snails; however, the alimentary tract was
not separated prior to analysis (White et al., 2006). Saker and Eaglesham
(1999) found 4.3 ug/g DW of CYN in the hepatopancreas of crayfish and 1.2
ug/g DW in fish, suggesting a bioaccumulation factor of 2. In contrast, several
studies detected no free CYN, probably due to binding of CYN to proteins
(Esterhuizen-Londt & Pflugmacher, 2016). As reviewed by Kinnear (2010),
biodilution of CYN is likely to occur at higher trophic levels.
Cylindrospermopsin uptake in plants has been found for several crops at
environmentally relevant concentrations of ~10-50 pg/L (Kittler et al., 2012;
Cordeiro-Aradgjo et al., 2017; Diez-Quijada et al., 2018; Prieto et al., 2018).
While these studies do not indicate substantial bioaccumulation, however,
long exposure time with high concentrations of CYN resulted in elevated
CYN contents in crops, suggesting their consumption may lead to exceed-
ance of the TDI for CYN (Diez-Quijada et al., 2018). If plants are irrigated
with CYN-containing water, assessing potential human exposure through
food may require analysing concentrations in crops (see also section 5.3).
More detailed information on bioaccumulation is given in the reviews of
Kinnear (2010), de la Cruz et al. (2013) and Machado et al. (2017).

2.2.6 Environmental fate
2.2.6.1 Partitioning between cells and water

The results described above show that cylindrospermopsins may readily
leach or be released from intact, viable cells under normal growth condi-
tions and that leakage/release increases greatly when the cells enter the sta-
tionary growth phase (Dyble et al., 2006; Bormans et al., 2014; Preussel
et al., 2014). CYN leakage/release has also been observed in persistent water
blooms of both R. raciborskii and Aph. ovalisporum, with up to 100% of
the total toxin in the water found in the extracellular (dissolved) fraction
(Chiswell et al., 1999; Shaw et al., 1999). This is also observed in temper-
ate lakes with Aphanizomenon sp. as most probable toxin producer. Where
extracellular CYN was detectable, it amounted between 24% and 99% of
total CYN (Riicker et al., 2007).

2.2.6.2 Chemical breakdown

Cylindrospermopsin appears to be stable over a wide range of temperatures
and pH, whereas only higher temperatures (>50°C) in combination with
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alkaline conditions lead to slow degradation (Chiswell et al., 1999; Adamski
et al., 2016). It is also relatively stable in the dark and in sunlight, though in
sunlight in the presence of cell pigments, breakdown occurs relatively rap-
idly, being more than 90% complete within 23 days (Chiswell et al., 1999;
Wormer et al., 2010). No data on the stability of 7-epi-CYN and 7-deoxy-
CYN apparently exist.

2.2.6.3 Biodegradation

Biodegradation of CYN has been observed for some natural waters
(Chiswell et al., 1999; Smith et al., 2008), while for others no biodegrada-
tion of CYN was found (Wormer et al., 2008; Klitzke et al., 2010). This can
lead to substantial concentrations of dissolved CYN even weeks or months
after the producing organisms have declined (Chiswell et al., 1999; Wiedner
et al., 2008). Wormer et al. (2008) also showed that the previous presence
of CYN-producing cyanobacteria may not necessarily lead to CYN biodeg-
radation in a waterbody.

Cylindrospermopsin biodegradation studied with natural bacterial con-
sortia either from lakes or from sediments usually showed a lag phase of
1-3weeks before biodegradation started (Smith et al., 2008; Klitzke et al.,
2010). Repeated dosing of CYN eliminated or substantially shortened the
lag phase. Once biodegradation had started, the half-lives reported for mixed
consortia from water and sediment were 2—4 days (Smith et al., 2008; Klitzke
etal.,2010). Similar half-lives were found for a CYN-degrading Bacillus strain
which also degraded microcystins (Mohamed & Alamri, 2012), while CYN
half-lives in the presence of an Aeromonas sp. strain were 6—8days (Dziga
et al., 2016). For both natural bacterial consortia and isolated strains, it has
been found that biodegradation is strongest between 20°C and 35°C and at
pH between 7 and 8 (Smith et al., 2008; Klitzke & Fastner, 2012; Mohamed
& Alamri, 2012; Dziga et al., 2016). The biodegradation rate is also strongly
influenced by the initial CYN concentration with hardly any CYN biodeg-
radation at concentrations below 1 pg/L (Smith et al., 2008; Mohamed &
Alamri, 2012; Dziga et al., 2016). Removal of dissolved CYN from water
samples was also observed with probiotic bacteria (Bifidobacterium longum
46) with an efficiency of 31% CYN removal within 24h at 37°C (Nybom
et al., 2008). Degradation of CYN through the activity of manganese-
oxidising bacteria — a polyphyletic type of bacteria common in freshwater,
for example, Pseudomonas sp., Ideonella sp. — has been observed (Martinez-
Ruiz et al., 2020b). The transformation products showed reduced toxicity to
hepatocytes (Martinez-Ruiz et al., 2020a). No studies on the biodegradation
of 7-deoxy-CYN and 7-epi-CYN appear to exist.

For water management, it is important to keep in mind that due to the occa-
sionally poor degradation of CYN in surface water, considerable amounts of
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CYN may still be present when populations of the producing cyanobacteria
have already declined or practically disappeared (see Box 5.1 for an example).
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2.3 ANATOXIN-A AND ANALOGUES
Emanuela Testai

Anatoxin-a (ATX) was isolated from strains of Dolichospermum (Anabaena)
flosaquae originating from Canada (Carmichael et al., 1975). At the time, sev-
eral types of toxins (anatoxins a-d) were suspected (Carmichael & Gorham,
1978), of which, however, only one eventually led to the elucidation of the
absolute structure (Devlin et al., 1977) for which the suffix “-a” was kept.

Besides ATX, the following also includes information on its variant
homoanatoxin-a (HTX), where available. The genetics and biosynthesis of
ATX and other neurotoxic substances with a high structural variability pro-
duced by some marine cyanobacteria (Ardoz et al., 2010) have been reviewed
by Pearson et al. (2016) and Bruno et al. (2017).

2.3.1 Chemical structures

Anatoxins are secondary amine alkaloids (Devlin et al., 1977; Figure 2.3a).
The first synthesis of ATX yielded a racemic mixture of stereoisomers
with optically positive and negative activity (Campbell et al., 1979).
Homoanatoxin-a is a structural variant (differing from ATX by an
ethyl-group at the carbonyl-C; Figure 2.3b). It was first synthesised by
Wonnacott et al. (1992) just before Skulberg et al. (1992) isolated it from
a sample of Kamptonema (Oscillatoria) formosum. Due to its structural
similarity to ATX, HTX is most probably produced by the same biosyn-
thetic pathway, with the additional carbon deriving from L-methionine via
S-adenosyl-methionine (Namikoshi et al., 2004).

Further natural analogues of ATX are dihydroATX (dhATX; Figure 2.3¢)
and dihydroHTX reduced on C7 and C8, respectively (Smith & Lewis, 1987;
Wonnacott et al., 1991).

(a) (b) ()
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Figure 2.3 Chemical structure of anatoxin-a (a), homoanatoxin (b) and dihydroana-
toxin-a (c). Anatoxin-a: molecular mass (monoisotopic): 165.115 Da; molec-
ular weight (average): 165.237 g/mol. Homoanatoxin-a: molecular mass
(monoisotopic) 179.131 Da; molecular weight (average): 179.264 g/mol.
Dihydroanatoxin-a: molecular mass (monoisotopic) 167.131 Da; molecular
weight (average): 167.252 g/mol.
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2.3.2 Toxicity: mode of action

The toxic effects of anatoxin-a, summarised in the following, are described
in detail in the WHO Background Document on Anatoxin-a (WHO,
2020); see there for further information and references). In summary, ATX
is rapidly and passively absorbed after ingestion and widely distributed to
different tissues, including the brain. No information about its biotrans-
formation is available but, overall, a low bioaccumulating potential can be
anticipated. Anatoxin-a acts as a potent pre- and postsynaptic depolarising
agent; it efficiently competes with acetylcholine for nicotinic receptors in
neuromuscular junctions and the central nervous system, triggering neu-
rotransmitter release with an increased stimulation of postsynaptic recep-
tors. The cardiovascular system has also been indicated as a target organ.
Death through the administration of a lethal ATX dose is due to muscu-
lar paralysis and respiratory failure (i.v. LDs, = 85 ug/kg bw; i.p. LDy, =
260-315 pg/kg bw; oral LD4,>5000 pg/kg bw). Acute studies in animals
led to deaths within minutes of gavage administration. After the adminis-
tration of a sublethal single dose, mice readily recovered. Additional effects
attributed to ATX in cell cultures include cytotoxic effects, caspase activa-
tion, apoptosis, induction of oxidative stress and formation of reactive oxy-
gen species. Diagnosis of ATX and HTX poisoning in dogs and livestock
has been reported due to neurotoxic effects after drinking and bathing in
waters with ATX-producing cyanobacteria, such as species of the genera
Phormidium, Oscillatoria and Tychonema.

On a weight of evidence basis, it can be concluded that ATX has no
developmental or teratogenicity potential and is not mutagenic in bacte-
ria. No in vivo carcinogenicity studies have been carried out. Regarding
effects in humans, neurological symptoms (e.g., headache and confusion/
visual disturbance) were reported in 3 of 11 outbreaks associated with
cyanobacteria in the USA in 2009-2010 (Hilborn et al., 2014), in which
ATX was found in a concentration range of 0.05-15 ug/L, while none of
these symptoms were reported in the other 8 outbreaks, where ATX was
not detected.

Homoanatoxin-a shows a mode of action and toxicological properties
almost identical to its analogue ATX. Dihydro-anatoxin has been suggested
as the congener most likely responsible for some dog deaths (Wood et al.,
2017). Furthermore, a study indicates that dhATX is about fourfold more
toxic than ATX when administered by gavage (Puddick et al., 2021).

2.3.3 Derivation of health- based reference values

The following section is taken directly from the WHO chemicals back-
ground document on anatoxins (WHO, 2020) which gives the consider-
ations for the derivation of provisional guideline values for exposure to
anatoxin in more detail.
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Acute exposure to ATX in animals led to deaths within minutes of gavage
administration (Astrachan, Archer & Hilbelink, 1980; Fawell et al., 1999).
Since neither of the available repeated toxicity studies identified a nonlethal
dose that caused lasting adverse effects, formal guideline values (GVs) (pro-
visional or otherwise) cannot be derived based on the available informa-
tion. In the 28-day study of Fawell et al. (1999), one of 20 animals in each
of two dose groups died without signs that could be attributed to nontreat-
ment effects. If it is conservatively assumed that these animals died from the
effects of the toxin, the no observed adverse effect level (NOAEL) would be
98 ng/kg bw per day, but it could be as high as 2.46 mg/kg bw per day if
these two animals were excluded (Fawell et al., 1999). Although GVs can-
not be derived due to inadequate data, a “bounding value”, or provisional
health-based reference value, can be derived for short-term exposure using
a highly conservative assumption to define the NOAEL at 98 pg/kg. This
value is lower than the estimated NOAEL for exposure via drinking-water
calculated from data in Astrachan, Archer & Hilbelink (1980) and the i.p.
NOAEL for maternal toxicity identified by Rogers et al. (2005).

There is insufficient information to develop a long-term health-based ref-
erence value for ATX.

Default assumptions were applied as described in WHO (2009) for deriv-
ing the short-term drinking-water value and WHO (2003) for deriving the
recreational water value.

Calculation of provisional short-term
drinking-water health-based reference value for ATX

NOAEL*bw*P _ 98 *60*1.0
HBRVshort-rerm = UF* CW = 100 *2

ug /L =294 pug/L =30 ug/L

where

HBRV,,,..cerm = short-term drinking-water health-based reference value

NOAEL = no-observed-adverse-effect level (98 pg/kg bw per day, based
on Fawell et al., 1999)

bw = body weight (default = 60 kg for an adult)

P = fraction of exposure allocated to drinking-water (default for short-
term exposure = 100%, considering that drinking-water is expected
to be the most likely source of exposure)

UF = uncertainty factor (10 for interspecies variation x 10 for intraspe-
cies variation); an uncertainty factor for database deficiencies was not
applied since the NOAEL is lower than the i.p. NOAEL for maternal
toxicity

C = daily drinking-water consumption (default = 2 L for an adult).
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Calculation of provisional recreational water
health-based reference value for anatoxin-a

_ NOAEL*bw _ 98 *15

HBRVrecreation - = L = 58.8 /L = 60
UF*C 1007025 "¢ He He/L
where
HBRYV, = recreational water health-based reference value

recreation

NOAEL = no-observed-adverse-effect level (98 pg/kg bw per day, based
on Fawell et al., 1999)

bw = body weight (default = 15 kg for a child)

UF = uncertainty factor (10 for intraspecies variation x 10 for interspecies
variation)

C = daily incidental water consumption (default =250 mL for a child).

Considerations in applying the provisional
health-based reference values

Derivation of the provisional health-based reference values for ATX follows
a highly conservative approach. As a result of inadequate data, the provi-
sional health-based reference values derived above do not represent WHO
GVs and therefore are not intended for use as scientific points of departure
for developing regulations or standards. Nevertheless, a “bounding value”
may be useful to guide actions and responses by water suppliers and health
authorities. Based on the limited currently available studies of acute and
subchronic ATX toxicity, exposure up to the values provided is expected to
be safe for adults. Since infants and children can ingest a significantly larger
volume of water per body weight (e.g., up to 5 times more drinking-water/
kg bw for bottle-fed infants than for an adult), it is recommended that
alternative water sources, such as bottled water, are provided for bottle-
fed infants and small children when ATX concentrations are greater than
6 ug/L for short periods, as a precautionary measure.

The provisional drinking-water health-based reference value is based on
a 28-day repeated dose study and so is applicable for short-term exposure.
However, because ATX is acutely toxic, it is recommended that any expo-
sure above this value be avoided.

The provisional health-based reference values are based on toxicologi-
cal data for ATX. It is recommended that for assessing risk, total ATXs
as gravimetric or molar equivalent are evaluated against the health-based
reference values, based on a reasonable assumption that HTX has similar
toxicity to ATX. There is evidence that dihydro-analogues of ATX and
HTX are similarly toxic by the oral route of exposure; hence it would be
prudent to include these in determinations of total ATXs, when present.
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2.3.4 Production
2.3.4.1 Producing cyanobacteria

Anatoxin was first found in Dolichospermum (Anabaena) flosaquae
strains originating from Canada (Carmichael et al., 1975; Devlin et al.,
1977) and later in Finland in Anabaena mendotae (Rapala et al., 1993),
and D. circinale and Anabaena sp. in Finland and Japan (Sivonen et al.,
1989; Park et al., 1993). Since then, many papers have been published
reporting its production by several cyanobacteria species in many geo-
graphic areas by a variety of cyanobacteria taxa belonging to Nostocales
— that is, Chrysosporum (Aphanizomenon) ovalisporum, Cuspidothrix,
Raphidiopsis (Cylindrospermopsis), Cylindrospermum, Dolichospermum
(Anabaena) circinale, D. flosaquae and D. lemmermannii — and to Oscil-
latoriales, that is, Blennothrix, Kamptonema, Microcoleus, Oscillatoria,
Planktothrix, Phormidium and Tychonema (for species names and taxo-
nomic changes, see Chapter 3). Tables 2.6 and 2.7 give examples of ATX
contents in strains and concentrations in environmental samples, respec-
tively. For further details, see reviews by Funari and Testai (2008), Pearson
et al. (2016), Testai et al. (2016) and Cirés and Ballot (2016).

The production of ATX is species- and strain-specific. It is of interest
that the American and European isolates of D. circinale investigated so
far produce only ATX, while the Australian isolates exclusively produce
saxitoxins, even if the two strains are reported to form a phylogenetically
coherent group (Beltran & Neilan, 2000).

Homoanatoxin-a was first isolated from a Kamptonema (Oscillatoria)
formosum strain in Ireland (Skulberg et al., 1992). Subsequently, it was
found to be produced by Rapbhidiopsis mediterranea in Japan and Oscil-
latoria in Norway, isolated from Microcoleus (Phormidium) autumnalis in
New Zealand and from species of Dolichospermum/Anabaena in Ireland
(see Testai et al., 2016).

2.3.4.2 Toxin profiles

Anatoxin has been found to be produced alone by Microcoleus (Phormidium)
cf. autumnalis (James et al., 1997) as well as coproduced with HTX in
Raphidiopsis mediterranea (Watanabe et al., 2003), Oscillatoria (Aradz
et al., 2005), and with microcystins in Arthrospira fusiformis (Ballot et al.,
2005), Microcystis sp. (Park et al., 1993) and Dolichospermum/Anabaena
spp. (Fristachi & Sinclair, 2008). M. autumnalis can contain high contents
of HTX (together with ATX), showing large differences in toxin contents
from week to week, and in some cases also in the same day (Wood et al.,
2012). Non-axenic M. autumnalis strain CAWBGS57 produces ATX,
HTX and their dihydrogen derivatives dihydroanatoxin-a (dhATX) and
dihydrohomoanatoxin-a (dhHTX; Heath et al., 2014). Dihydro-anatoxin-a
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Table 2.6 Neurotoxin contents reported from laboratory cultures of cyanobacteria

Toxin Taxon ¢ Content in pglg dw ® Origin Reference
ATX  Oscillatoria sp. 13 000 FIN Sivonen et al. (1989)
Oscillatoria sp. 2713 FIN Harada et al. (1993)
Oscillatoria sp. 4000 FIN Aradz et al. (2005)
Aphanizomenon sp. 6700 FIN Sivonen et al. (1989)
Aphanizomenon sp. 1562 FIN Harada et al. (1993)
Cuspidothrix (400 fg/cell) NZL  Wood et al. (2007a)
issatschenkoi
C. issatschenkoi 2354 (100 fg/cell) DEU  Ballot et al. (2010)
C. issatschenkoi 1683 NZL  Gagnon & Pick (2012)
Aph. flosaquae ~6500¢ FIN Rapala et al. (1993)
Dolichospermum =9800¢ Rapala et al. (1993)
(Anabaena)
mendotae
D. flosaquae ~88004 Rapala et al. (1993)
C. issatschenkoi (9.4 fg/cell) NZL  Selwood et al. (2007)
D. flosaquae (4) 1017 — 13 000 FIN Sivonen et al. (1989)
D. flosaquae 13013 CAN  Harada etal. (1993)
D circinale 8200 FIN Gallon et al. (1994)
D. circinale 4400 FIN Harada et al. (1993)
D. circinale (2) 1396 — 3500 FIN Sivonen et al. (1989)
Arthrospira fusiformis 0.3 KEN  Ballot et al. (2005)
Arthrospira fusiformis  10.4 KEN  Kotut et al. (2006)
Nostoc carneum 156 IRN Ghassempour et al.
(2005)
HTX  Kamptonema n.g. NOR  Skulberg et al. (1992)
(Oscillatoria)
formosum
Microcoleus (437 fg/cell; AT Xeq) NZL  Heath etal. (2014)
(Phormidium)
autumnalis
Raphidiopsis n.g. JPN Watanabe et al.
mediterranea (2003)
Oscillatoria sp. (2) n.g. Aradz et al. (2005)
ATX-S D.lemmermannii 29-743 DNK  Henriksen et al.
(1997)
D. flosaquae n.q. CAN  Carmichael &
Gorham (1978)
Sphaerospermopsis ~ n.q. BRA  Doérr etal. (2010)

torques-reginae

(Continued)
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Table 2.6 (Continued) Neurotoxin contents reported from laboratory cultures of
cyanobacteria

Toxin Taxon ° Content in pglg dw ® Origin Reference
STXs  Aph. cf.flosaquae ¢ GTX4:=7 CHN  Liu et al. (2006b)
dcGTX2:=5 Liu et al. (2006a)
neoSTX:= |
dcSTX:=0.8
dcGTX3:=0.5
Aph. cf. flosaquae ©  n.q. USA  Mahmood &
Carmichael (1986)
Aph. gracile n.q. (ca. 910 STXeq/L) Pereira et al. (2004)
Aph. gracile neoSTX: 500-1600 TUR  Yilmaz et al. (2018)
STX:550-780
dcSTX:2.6-5.0
dcNEO: 3.6-6.5
Aphanizomenon sp.  GTX5+neoSTX:34.6 fg/  PRT Dias et al. (2002)
cell
C. issatschenkoi GTX5:0.80 Pereira et al. (2000)
(LMECYA3I) neoSTX: 0.24 Li et al. (2003)
dcSTX:0.05
STX:0.05
D. circinale 1580 AUS  Negri & Jones (1995)
D. circinale (28) 0.77 fg/cell AUS  Pereyra etal. (2017)
(STX+deSTX+GTX2/3+d
eGTX2/3+GTX5+C1/2)
D. circinale GTX3: 1008 AUS  Velzeboer et al.
C2: 1545 (2000)
STXeq: 2553
D. perturbatum / GTX3: 14 AUS  Velzeboer et al.
spiroides (2000)
Raphidiopsis STXeq:0.010 BRA  Lagos etal. (1999)
raciborskii (2)
R. raciborskii STX:0.3 BRA  Castro et al. (2004)
Planktothrix sp. n.q.STX ITA Pomati et al. (2000)

Numbers following taxa indicate the number of tested strains if more than a single strain was analysed.
The taxonomic classification is listed according to the current nomenclature with earlier syn-
onyms given in parentheses (for an overview on recent changes in taxonomy, see Chapter 3).

n.g: not quantified, only qualitative detection reported.

2 The taxon given here may deviate from that given in the publication. For changes in taxonomy, see
Chapter 3.

b If not specified otherwise.

¢ Several strains of Aph. flosaquae have been reclassified as Aphanizomenon sp. or Aph. gracile,
respectively.

4 ~Estimated from figure in publication.
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Table 2.7 Neurotoxin contents of biomass and concentrations in water reported from
environmental samples

Concentrations/
Toxin Dominant taxa ®  contents/cell quota  Type  Origin Reference
ATX Phormidium 8000 pg/g dw R FRA  Gugger et al. (2005)
favosum
Microcoleus. cf. 444 pg/L L IRL  James etal. (1997)
autumnalis 16 pg/g dw
Dolichospermum 390 pg/L L IRL  James etal. (1997)
sp. 100 pg/g dw
Dolichospermum 13 pg/L intra+extra L/Res. DEU  Bumke-Vogt et al.
sp. (1999)
Aphanizomenon
sp.
Aphanizomenon 35 pg/g dw L RUS  Chernova et al. (2017)
sp.
Cuspidothrix 1430 pg/L L NZL Wood et al. (2007a)
issatschenkoi
Dolichospermum 4400 ng/g dw L FIN  Sivonen et al. (1989)
sp.
Apianizomenon
Sp.
Cylindrospermum
sp.
Arthrospira 2 ugl/g dw L KEN  Ballot et al. (2005)
fusiformis
Anabaena sp. 223 uglg dw L KEN  Kotut et al. (2006)
Art. fusiformis
Microcoleus cf.  0.027 pg/g ww R NZL Wood et al. (2007a)
autumnalis
HTX M. cf. autumndlis  0.44 ng/g ww R NZL Wood et al. (2007b)
Anabaena spp. 34 pg/L L IRL Furey et al. (2003)
dhATX M. cf. autumnalis 2118 pg/L P Wood et al. (2017)
ATX(S) D.lemmermannii 3300 pg/g dw L DNK Henriksen et al. (1997)
STXs  D.lemmermannii 224 ng /g dw L DNK'  Kaas & Henriksen
STXeq (2000)
D. lemmermannii 930 g /g dw L FIN  Rapala et al. (2005)
STXeq
1000 pg /L STXeq
D.lemmermannii 600 pg/L STX R RUS  Grachev etal. (2018)
D. circinale 4466 g /g dw L/R AUS  Velzeboer et al. (2000)
STXeq
D. circinale 2040 pg STXeqlg LR AUS  Humpage et al. (1994)

dw

(Continued)
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Table 2.7 (Continued) Neurotoxin contents of biomass and concentrations in water
reported from environmental samples

Concentrations/
Toxin Dominant taxa ®  contents/cell quota  Type  Origin Reference
Planktothrix sp. 181 pg/L STX L ITA Pomati et al. (2000)
(intra)
Aph. flosaquae 4.7 pglg dw STXeq Res PRT  Ferreira et al. (2001)
Aph. favaloroi STX: 42 pglg dw L GRE  Moustaka-Gouni et al.
0.17 fg/cell (2017)
neoSTX:
17 uglg dw
0.07 fg/cell
Aphanizomenon  neoSTX:2.3 ugl/g L CHI  Liu et al. (2006b)
sp. dw
dcSTX:2.3 pg/g dw
dcGTX3:
0.5 pg/g dw
R. raciborskii 3.14 pg/L STXeq Res  BRA  Costa et al. (2006)
(intra+extra)
Microseira 19-73 pg R USA  Foss etal. (2012)
(Lyngbya) wollei ~ STXeq/g dw
M. wollei 58 ug STXeq/g dw L/Res USA  Carmichael et al. (1997)

Contents are given in pg toxin per gram dry weight (dw) or wet weight (ww). For individual studies,
maximum values are given. Samples were collected in different types of waterbodies (L: lakes,
R: rivers, P: pond, Res: reservoirs) in countries as indicated. For saxitoxins, contents are
reported as saxitoxin equivalents (STXeq) in some reports or as individual variants (see
text). The taxonomic classification is listed according to the current nomenclature with
earlier synonyms given in parentheses (for an overview on recent changes in taxonomy, see
Chapter 3).

2 The taxon given here may deviate from that given in the publication. For changes in taxonomy, see
Chapter 3.

has been reported to be produced in amounts much higher than those of
ATX by strains of M. autumnalis (Wood et al., 2017; Puddick et al., 2021)

The few data available on ATX cell quota range from 90 fg/cell in
Cuspidothrix issatschenkoi (Selwood et al., 2007) to 500 fg/cell in M.
autumnalis (Heath et al., 2014). Cell quota detected in Tychonema bour-
rellyi were in a similarly wide range, 10-350 fg/cell (Shams et al., 2015).

The highest contents within the wide variability of ATX contents
reported from strains grown as laboratory cultures, in the order of a few
mg/g dw, were found in strains of the genera Oscillatoria, Phormidium,
Aphanizomenon, Cuspidothrix and Dolichospermum. The maximum
value (13 mg/g dw) was found in D. flosaguae and Oscillatoria sp., while
much lower contents — generally by 1-2 orders of magnitude — of ATX are
reported for cyanobacteria of other genera (Testai et al., 2016).



2 The cyanotoxins 8l

2.3.4.3 Biosynthesis and regulation

Cyanobacteria produce (+)ATX, but no specific studies have addressed the
stereoselectivity of the biochemical reaction towards the positive enantiomer.

Anatoxin biosynthesis and regulation have been reviewed in Pearson et al.
(2016). Méjean et al. (2009) reported the identification of the first gene clus-
ter coding for the biosynthesis of ATXs (ana) within the sequenced genome
of Oscillatoria sp. PCC 6506, producing mainly HTX. In the following
years, five other ana clusters were identified within Dolichospermum/
Anabaena sp. 37, Oscillatoria sp. PCC 6407, Cylindrospermum stagnale
sp. PCC 7417, Cuspidothrix issatschenkoi RM-6, C. issatschenkoi LBR148
and C. issatschenkoi CHABD3 (Rantala-Ylinen et al., 2011; Shih et al.,
2013; Méjean et al., 2014; Jiang et al., 2015).

Each cluster showed general similarities in the protein functions, with
a high percentage of identity in nucleotide sequence (with the core genes
anaB-G being conserved within all strains), but differences in the organ-
isation of genes (Pearson et al., 2016), leading to different toxin profiles
between the producing organisms.

The biosynthesis of the ATXs involves a polyketide synthase (PKS) fam-
ily of multifunctional enzymes with a modular structural organisation as
described in Méjean et al. (2014). A detailed biochemical description of
the adenylation domain protein AnaC revealed the activation of proline as
starter, and not glutamate as previously proposed (Dittmann et al., 2013).
The biosynthetic pathway describes AnaB, AnaC and AnaD as acting in
the first steps (which have been fully reproduced in vitro; Méjean et al.,
2009; Méjean et al., 2010; Mann et al., 2011), and AnaE, AnaF, Ana J and
AnaG catalysing the following steps, with the latter adding two carbons
and methylating the substrate to produce HTX. The release of ATXs may
be catalysed by the thioesterase AnaA, although this has not been experi-
mentally verified (Pearson et al., 2016) or a spontaneous decarboxylation
step may occur to yield the amine alkaloid ATX (Dittmann et al., 2013).

The molecular regulation of ATX has not been sufficiently studied so
far. Under conditions where anaA, anal, anaF and anaG transcripts were
present in C. issatschenkoi CHABD3, no ATX was detected (Jiang et al.,
2015). This result may indicate that the regulation of ATX occurs at the
post-transcriptional level, but interpretation is limited by the lack of inves-
tigation of ATX dihydroderivatives production (Pearson et al., 2016).

An influence of light, temperature, phosphorous and nitrogen on cel-
lular ATX content is reported, and it seems that the influence of envi-
ronmental factors is strain-specific (Harland et al., 2013; Neilan et al.,
2013; Boopathi & Ki, 2014; Heath et al., 2014). Overall, the influence of
factors, such as light and temperature, reported for the ATX content in
Dolichospermum/Anabaena and Aphanizomenon cultures varies around
2-4-fold, not exceeding a factor of 7 (Rapala & Sivonen, 1998), and a
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similar range is reported for HTX in relation to phosphorus (Heath et al.,
2014). HTX production also seems to be linked to the culture growth phase
in Raph. mediterranea strain LBRI 48 (Namikoshi et al., 2004). However,
the results of most studies were not strongly supported by statistical anal-
yses; furthermore, determining the effect of nutrient limitation requires
continuous culture systems or evaluating batch culture data in relation to
growth rates, yet in few studies this was done.

2.3.5 Occurrence in water environments

Anatoxin-a has a worldwide distribution that includes temperate, tropical
and cold climatic regions (Fristachi & Sinclair, 2008). Although the occur-
rence of ATX has been less frequently surveyed than that of microcystins,
based on the available data, it is evident that a wide variability in ATX
contents is reported from environmental freshwater samples (Testai et al.,
2016).

In the USA, surveys conducted in Florida in 1999 and 2000 did not detect
ATX in most of the samples tested, but the maximum concentration found
amounted to 156 pg/L (Fristachi & Sinclair, 2008); in Nebraska, variable
ATX concentrations up to 35 pg/L were measured in water samples collected
from eight reservoirs between 2009 and 2010 (Al-Sammak et al., 2014), and
the highest ATX levels (1170 ug/L) were found in Washington State, where
three waterbodies had long-term recurring blooms (Trainer & Hardy, 2015).

In Europe, a monitoring programme on 80 German lakes and reservoirs
found ATX in 25% of the surveyed waterbodies and in 22% of water sam-
ples with a maximum total concentration of 13.1 pug/L (Bumke-Vogt et al.,
1999). In Finland, in a survey of 72 lakes with variable trophic state, nearly
half of the blooms dominated by Dolichospermum did not contain detect-
able ATX (Rapala & Sivonen, 1998). Furthermore, in Finland, hepatotoxic
blooms have been found to be twice as common as neurotoxic ones (Rapala
& Sivonen, 1998). Among 20 Irish lakes investigated, homoanatoxin-a was
found in four inland waters dominated by blooms of Dolichospermum spp.
at concentrations of up to 34 pg/L (Furey et al., 2003).

In Kenya, seven lakes (two freshwater and five alkaline saline waters)
and the hot spring mats of Lake Bogoria were investigated for cyanotoxins,
and ATX was recorded in almost all of them, at up to 1260 pg/g dw but
not as dissolved toxin (Kotut et al., 2006). ATX concentrations up to 2.0
ugl/g dw were detected in two alkaline Kenyan crater lakes, dominated by
Arthrospira fusiformis (Ballot et al., 2005).

A number of publications have addressed the production of ATX by benthic
cyanobacteria: the highest toxin concentrations being reported in a river mat
sample (8 mg/g dw) in France, formed by benthic Kamptonema (Phormidium)
formosum (Gugger et al., 2005). Levels ranging from 1.8 to 15.3 pg ATX/g
of lyophilised weight were detected in Phormidium biofilms in the Tarn River
(France) with high spatiotemporal variability and the highest concentrations
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being recorded at the end of the summer period (Echenique-Subiabre et al.,
2018). The maximum ATX concentration in surface waters reported to date
was found in a lake in Ireland (444 ug/L), where no surface blooms were
previously observed, and as in the French case, the causative agent was a
benthic cyanobacterium (James et al., 1997). Benthic, mat-forming cyano-
bacteria are common also in New Zealand rivers, frequently populated by
Phormidium, known to produce ATX and HTX, the latter at contents up
to 4400 pg/g dw (Wood et al., 2007b; Wood et al., 2012). In a study moti-
vated by dog deaths, Wood et al. (2017) reported moderate concentrations
of ATX (25 pg/L) and high levels of dhATX (2,118 pg/L), indicating that the
latter may be present in higher concentrations than estimated so far. These
concentrations, however, are associated with benthic grab samples and do
not represent concentrations in larger water volumes (see also section 12.8
on benthic sampling). For an example of animal poisoning at a recreational
lake and possible implications for human health see also Box 5.6.

Benthic cyanobacterial mats dominated by Phormidium terebriformis,
Microseira (Lyngbya) wollei, Spirulina subsalsa and Synechococcus big-
ranulatus in the hot springs at the shore of Lake Bogoria (Kenya) contained
MC and ATX (Krienitz et al., 2003). Recently, periphytic and tychoplank-
tic Tychonema have been identified as a producer of ATX and HTX in
Italian alpine lakes (Salmaso et al., 2016) and in a German lowland lake
(Fastner et al., 2018). However, identification at species level has not always
been undertaken for benthic cyanobacteria (Puschner et al., 2008; Faassen
et al., 2012), and it seems likely that more HTX-producing Oscillatoria or
Phormidium/Microcoleus populations — and species — will be identified as
research continues.

Anatoxin-a occurrence is not limited to freshwater; indeed, it has been
found in brackish waters in samples collected off the coast of Poland in the
Baltic Sea at the beginning of September (Mazur & Plinski, 2003) and in
Chesapeake Bay (USA) at concentrations ranging from 3 x 103 to 3 mg/L
(Tango & Butler, 2008). Although different planktonic and benthic genera
occur and possibly dominate in brackish water (Nodularia, Aphanizomenon,
Microcystis, Dolichospermum, Anabaena and Phormidium/Microcoleus),
in these environments ATX seems to be produced exclusively by species
formerly assigned to Phormidium (Lopes et al., 2014). Moreover, ATX pro-
duction was found in a benthic marine cyanobacterium (Hydrocoleum lyn-
gbyaceum) in New Caledonia (Méjean et al., 2010).

Biocrust-forming cyanobacteria inhabiting the Kaffigyra Plain (in the
Arctic region) are able to synthesise ATX from 0.322 to 0.633 mg/g dw
(Chrapusta et al., 2015).

The available data and information have not linked ATX to human poi-
soning via drinking-water (Humpage, 2008). Surveys of cyanotoxins in
drinking-water supplies in 1999/2000 across Florida found ATX only in
three finished waters with concentrations up to 8.5 pg/L (Burns, 2008).
Nevertheless, ATX should not be excluded as a potential human health
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hazard because some Oscillatoria sp. potentially producing ATX can prolif-
erate in facilities and tanks for water storage (Osswald et al., 2007).

2.3.5.1 Bioaccumulation

The issue has been extensively reviewed in Testai et al. (2016). Anatoxin-a
has been detected at low concentrations (0.51-43.3 ug/g) in Blue Tilapia
fish in Florida (Burns, 2008). However, in Nebraska, this toxin could not
be detected in fish from a reservoir although it was present in samples of
the water and aquatic plants at the location (Al-Sammak et al., 2014).
Concentrations similar to those in Tilapia were found in carp and juvenile
trout exposed to high concentrations of ATX in an experimental setting
(Osswald et al., 2007; Osswald et al., 2011); when mussels were experi-
mentally exposed to live cells of an Anabaena strain (ANA 37), much lower
levels were detected in the tissues (Osswald et al., 2008).

A special case of food items potentially containing ATX are “blue-green
algal food supplements” (BGAS) that are usually produced from Spirulina
maxima or Arthrospira (Spirulina) platensis and Aph. flosaquae. In Spirulina/
Arthrospira-based BGAS, no direct evidence of the presence of ATX has
been reported, but two nontoxic metabolites of this toxin have been found
at contents of up to 19 pg/g dw (Draisci et al., 2001). When 39 samples
containing the genera Arthrospira, Spirulina and Aphanizomenon were
analysed, three (7.7%) contained ATX at concentrations ranging from 2.5
to 33 pg/g dw (Relldn et al., 2009). See also section 5.4.

2.3.6 Environmental fate
2.3.6.1 Partitioning between cells and water

Anatoxins can be released from producing cells into the surrounding water,
but very different results were reported in the ratio between the intra- and
extracellular fractions, likely depending on the species and environmental
conditions (Testai et al., 2016) as well as on the sensitivity of the analytical
method used especially in earlier studies (Wood et al., 2011; Testai et al.,
2016). There is currently no evidence that ATXs are released from viable,
intact cells to a substantial degree. It may be hence concluded that ATXs are
largely confined to viable cyanobacterial cells in the environment and that
extracellular release occurs mainly through cell senescence and lysis.

Once released from cells into the surrounding water, ATX can undergo
chemical and biological degradation (Rapala & Sivonen, 1998) (see below).
This is a challenge for its detection in environmental samples: the presence
of ATX degradation products reported in some Finnish lakes at concentra-
tions of 100-710 pg/L for epo-ATX and at 5-150 pg/L for dihydro-ATX
(Rapala et al., 2005) indicates that ATX derivatives may serve as indicator
of the previous presence of dissolved ATX.
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2.3.6.2 Chemical breakdown

In laboratory studies, ATX has been reported to undergo a rapid pho-
tochemical degradation in sunlight, under conditions of the light inten-
sity and pH ranges expected to be associated with blooms: Stevens and
Krieger (1991) observed the reaction rate to be positively related to both
pH and light intensity, with half-lives for photochemical breakdown at
pH>6 of 1.6-11.5h, whereas at pH of 2, ATX was very stable. Kaminski
et al. (2013) showed that ATX was resistant to photosynthetic active radi-
ation with degradation dependent on pH: at low pH (<3), ATX proved
stable when stored at room temperature, with minimal (<3%) losses over
a period of 9weeks, but gradual degradation (=37% losses) occurred at
neutral (pH 7) and high pH (9.5). Anatoxin-a is relatively stable in the dark
(Matsunaga et al., 1989), with a half-life of 4-10days (Stevens & Krieger,
1991), at a pH of 9.

The mouse bioassay results show that regardless of process, photolytic
or nonphotolytic, the breakdown products are of reduced toxicity and not
antagonistic towards the effects of ATX (Stevens & Krieger, 1991).

In conclusion, once released from cyanobacterial cells and dissolved in
water, ATX may degrade faster in water with high pH and further mitigat-
ing factors (e.g., microbial activity, elevated temperature), but may generally
be more stable than previously assumed.

2.3.6.3 Biodegradation

Biodegradation by bacteria also has an important role: under natural con-
ditions, ATX and HTX are partially or totally degraded and converted to
dihydro- and epoxy-derivatives (James et al., 20035). Isolated Pseudomonas
spp. degraded ATX at a rate of 2-10 pg/mL X day (Kiviranta et al., 1991),
organisms in sediments reduced ATX concentrations by 25-48% in 22 days
(Rapala et al., 1994), and a laboratory experiment with lake sediments and
natural bacteria resulted in a half-life of 5 days (Kormas & Lymperopoulou,
2013).

Dihydroanatoxin-a has been considered the major ATX degradation
product, representing from 17% to 90% of the total ATX concentra-
tion in the environment (Mann et al., 2011). Its concentrations gradually
increased over time, paralleled by a decrease in ATX concentrations (Wood
et al., 2011), although the involved enzymatic steps are not fully clarified.
However, Heath et al. (2014) found that dhATX can account for 64% of
the total intracellular ATX quota, suggesting that it is internally formed
and is not only the product of cell lysis and environmental degradation, but
is synthesised de novo in the cells.

In conclusion, due to the (photo)chemical and biological degradation of
ATX and HTX, environmental samples invariably contain large amounts of
these derivatives. Similar reactions can be expected to occur within biota,
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including mammals, although these have so far not been reported. Therefore,
both environmental and forensic (e.g., in case of animal poisoning) analyses
should also include an investigation of these degradation products.
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2.4 SAXITOXINS OR PARALYTIC
SHELLFISH POISONS

Emanuela Testai

Saxitoxins (STXs) are natural alkaloids also known as paralytic shellfish
poisons (PSP) because they were originally found in molluscs, the con-
sumption of which led to poisonings of humans. The organisms producing
this group of toxins are marine microalgae — dinoflagellates of the gen-
era Alexandrium, Gymnodinium and Pyrodinium — as well as freshwater
cyanobacteria.

2.4.1 Chemical structures

Saxitoxins, also known as paralytic shellfish poisoning toxins, are a family
of 57 analogues (Wiese et al., 2010), consisting of a tetrahydropurine group
and two guanidine subunits, representing the tricyclic perhydropurine
backbone. Depending on the substitutions in the variable positions, R1-R4,
the family can be subdivided into four groups:

1. nonsulphated molecules whose structure is similar to carbamates,
including saxitoxins and neosaxitoxin (STX, dcSTX, neoSTX);

2. monosulphated gonyautoxins (GTX 1 to 6 and dcGTX 2 and 3);

3. doubly-sulphated C-toxins (C1-2);

4. variants identified exclusively in strains of Lyngbya (Microseira) wol-
lei (LWTX 1-6) from the USA (Lajeunesse et al., 2012), characterised
by the presence of a hydrophobic side chain with an acetate at C13
(LWTX 1-3, 5, 6) and a carbinol at C12 (LWTX 2, 3, 5) instead of a
hydrated ketone.

Alternatively, they are grouped on the basis of the R4 substituent into car-
bamate toxins (STX, neoSTX and GTX1-4), sulphamate toxins (GTX 5-6,
C1-4) and decarbamoyl toxins (dcSTX, decneoSTX and dcGTX1-4) (Figure
2.4, Table 2.8).

Most known STXs are hydrophilic, with the exception of those produced
by L. wollei in a freshwater environment.

Interconversions among the different STX congeners have been reported,
both chemically and enzymatically mediated, and in some cases, this is
expected to increase toxicity. Some of the transformations include desulpha-
tion (Ben-Gigirey & Villar-Gonzalez, 2008), oxidation (Garcia et al., 2010),
reduction (Oshima, 1995a; Fast et al., 2006), decarbamoylation (Oshima,
1995a; Fast et al., 2006), deacetylation (Foss et al., 2012) and epimerisation
(Ben-Gigirey & Villar-Gonzalez, 2008).
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Figure 2.4 Structure of saxitoxin (a) and general structure of saxitoxins (STX) and gony-
autoxins (GTX) (b). R4-1: carbamate toxins, including STX and neo-saxitoxin;
R4-2: N-sulphocarbamoyl (or sulphamate) toxins, including GTX5 and GTXé;
R4-3 decarbamoyl toxins, including dcSTX; R4-4: deoxydecarbamoyl toxins,
including deoxydecarbamoyl-STX. For RI, R2 and R3 in particular variants,
see Table 2.8.

2.4.2 Toxicity: mode of action

The toxic effects of saxitoxin (STX), summarised in the following, are
described in detail in the WHO Background Document on Saxitoxins (WHO,
2020; see there for further information and references). The great major-
ity of reported clinical, epidemiological and toxicological data about STXs
have been obtained from cases of poisoning following the consumption of
shellfish which accumulate STXs produced by marine dinoflagellates; how-
ever, since the chemical structure is the same as that of the STXs produced
by cyanobacteria, the toxicological profile is identical. Saxitoxins are read-
ily absorbed by the gastrointestinal tract, rapidly distributed to a range of
tissues, including the central nervous system, and undergo rapid excretion
mainly in the urine as glucuronides, thus suggesting glucuronidation as a
possible detoxication metabolic pathway in animals and humans.

The mechanism of action of STXs is based on Na-channel blocking in
neuronal cells and on Ca** and K* channel blocking in cardiac cells. This
action prevents the propagation of electrical transmission within the periph-
eral nerves and skeletal or cardiac muscles. It leads to typical neurologic
symptoms such as nervousness, twitching, ataxia, convulsions and muscle
and respiratory paralysis, and at a lethal dose, death in animal experiments
has been observed within a few minutes; for humans, death through respi-
ratory paralysis has been reported after 2-24h (FAO, 2004). Depending
on the variants, STX toxicity in mice can differ considerably. Carbamate
toxins are by far the more toxic and the lack of the carbamoyl group side
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Table 2.8 Different saxitoxin-like congeners and their relative toxicity compared to
STX (relative toxicity = I)

Relative

RI R2 R3 toxicity Reference
Carbamate toxins
STX H H H I Oshima (1995b)
neo STX OH H H 0.93 Oshima (1995b)
GTXI OH H 0OSO;~ 0.99 Oshima (1995b)
GTX2 H H OSO;~ 0.41 Wichmann et al. (1981)
GTX3 H OsO;- H 0.90 Genenah & Shimizu (1981)
GTX4 OH 0OsO;- H 0.73 Oshima (1995b)
Sulphamate toxins
GTX5 H H H 0.15 Genenah & Shimizu (1981)
GTXé OH H H 0.07 Oshima et al. (1989)
Cl H H OSO,- 0.01 Wichmann et al. (1981)
2 H OsO;- H 0.17 Oshima et al. (1989)
C3 OH H 0OSO;~ 0.01 Oshima (1995b)
C4 OH OsO;- H 0.06 Oshima (1995b)
Decarbamoyl toxins
deSTX H H H 0.51 Oshima (1995b)
dcneoSTX OH H H n.a.
deGTXI OH H 0OSO;~ n.a.
deGTX2 H H 0OSO;~ 0.65 Oshima (1995b)
dcGTX3 H OsO;- H 0.75 Oshima (1995b)
dcGTX4 OH 0OsO;- H 0.49 Oshima (1995b)

Where more than one value for i.p. acute toxicity was available for an individual toxin, highest acute
toxicity was considered to calculate the relative toxicity. Toxicity of saxitoxins is generally
expressed in mouse units (MU), that is, the amount injected toxin which would kill a 20g
mouse in 15min and is equivalent to 0.18 pg of STX.

na:not available. R1,R2 and R3 refer to the substituent groups as depicted in Figure 2.4.

chain gives rise to a molecule with about 60% of the original toxic activity,
whereas C-toxins and LWTXs are characterised by a much lower toxicity.

No robust information on repeated toxicity, genotoxicity, carcinogenicity
and reproductive or developmental toxicity is available.

Doses in the range 140-300 pg STXeq/person were reported to induce
no or mild symptoms, but variability is pronounced; a case report indicated
that =300 pg PSP toxin per person may be fatal (FAO, 2004). Mild clinical
symptoms (tingling sensation or numbness around lips, gradually spreading
to the face and neck) have a quick onset (hours), but may last for days. These
symptoms precede prickly sensation in the fingertips and toes, headaches,
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dizziness, nausea, vomiting and diarrhoea, and distinct muscular weakness.
A broad spectrum of effects, from mild to moderate symptoms up to paraly-
sis and death, have been described following ingestions of 460-12 400 nug
STXegq/person (FAO, 2004; McLaughlin et al., 2011). This high variability
has been attributed to uncertainties in the detection of the actual level of
exposure to different STX variants, differences in critical access to rapid
health care and differences in individual susceptibility.

2.4.3 Derivation of guideline values

The following section is taken directly from the WHO chemicals background
document on saxitoxins (WHO, 2020) which discusses the considerations
for the derivation of provisional guideline values for exposure to saxitoxin in
more detail. The GV for acute exposure through drinking-water is derived
for bottle-fed infants, as the most sensitive subgroup in a population. This
is considered appropriate for this cyanotoxin group because the GV is for
acute exposure, and there is a relatively small margin of safety, as described
below. All other default assumptions were applied as described in WHO
(2009, 2017) for deriving the acute drinking-water GV, and in WHO (2003)
for deriving the recreational GV.

FAO (2004) identified a LOAEL for mild symptoms of 2.0 pg/kg bw,
based on a review of human cases of paralytic shellfish poisoning (PSP).
More recently, EFSA (2009) reviewed about 500 cases of human PSP
described in case reports that had estimated the consumption of STXs
associated with a range of symptoms. This analysis identified a LOAEL for
STXeq of 1.5 pg/kg bw by assuming an adult body weight of 60 kg. Because
many individuals did not show symptoms at much higher estimated intakes,
EFSA (2009) reasoned that the LOAEL must be very near the threshold for
effects in sensitive individuals. Therefore an uncertainty factor of 3 was
applied to the LOAEL "to estimate a NOAEL", establishing an acute refer-
ence dose (ARfD) for STXeq of 0.5 ug/kg bw. An uncertainty factor for
intraspecies variation was not applied because documented human cases
included a wide spectrum of people (occupation, age, and sex).

The GVs are derived from data from poisoning events caused by mix-
tures of STXs, with total STXs expressed as STX concentration equiva-
lents (STXeq). The GVs therefore apply to total STXs in a sample, not just
the parent compound, STX.

These values are supported by data from animal studies: the use of the
lowest acute no observed adverse effect level (NOAEL) for neoSTX of
87 ug/kg bw after gavage administration as a point of departure leads to the
derivation of an ARfD for neoSTX of 0.87 pg/kg bw (applying an uncer-
tainty factor of 100). This value is of the same order of magnitude as the
reference values obtained with human data (Testai et al., 2016).
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Calculation of acute drinking-water
guideline value for saxitoxins

LOAEL *bw*P _1.5%5%1.0

Gvacute = /L=3.3 /Lz3 /L
UF*C 3075 18 HER =28
where
GV, .. = guideline value for acute exposure

LOAEL = lowest-observed-adverse-effect level (1.5 pg STXeq/kg, based
on the human data on PSP reports)

bw = body weight (default = 5 kg for an infant)

P = fraction of exposure allocated to drinking-water (default for short-
term exposure = 100%, considering that drinking-water is expected
to be the most likely source of exposure where surface water is used as
the source of drinking-water)

UF = uncertainty factor (3, for use of a LOAEL rather than a NOAEL)

C = daily drinking-water consumption (default = 750 mL for an infant).

Calculation of recreational water
guideline value for saxitoxin

The calculation is based on a scenario of a child playing in bloom-infested
water:

_ LOAEL*bw _ 1.5%15

GVrecrea ion — = /L = 30 /L
: UF*C  3%0.25 "8 He
where

GV,.creation = guideline value for recreational exposure

LOAEL = lowest observed-adverse-effect level (1.5 pg STXeq/kg, based
on human poisoning data)

bw = body weight (default = 15 kg for a child)

UF = uncertainty factor (3, for use of a LOAEL rather than a NOAEL)

C = daily incidental water consumption (default =250 mL for a child).

Considerations in applying the
provisional guideline values

As indicated above, for assessing risk, the cumulative detection of both
STX and its structural analogues should be evaluated against the GVs.
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This is generally expressed as STXeq. STXeq can indicate concentration
equivalents — calculated by simple addition of the concentrations of all
analogues present, each being quantified against an analytical standard
for that analogue. This represents a conservative approach to protect
human health in most cases, assuming that all analogues have compa-
rable characteristics and toxicity to STX. An exception is when the more
potent neoSTX is the dominant congener present (see below). A more
precise, usually less conservative approach is to determine STX toxic-
ity equivalents by multiplying the concentration of each analogue by the
respective toxicity equivalence factor (TEF) before addition. Where avail-
able, oral toxicities should be used in preference to relative i.p. toxicities.
Munday et al. (2013) provides the acute oral toxicities of some analogues
while a table of TEFs based on i.p. toxicity in mice has been published
by EFSA (2009).

The acute GVs for STXs are based on acute exposure data. A time limit
for tolerating concentrations up to 3 ug/L cannot be given because of the
lack of data on effects at low doses. Thus, in contrast to other cyano-
toxins, short-term and lifetime exposure GVs were not developed, and
short-term exceedances of the acute GV should not be permitted. Although
there is currently no evidence of health impairments from chronic exposure
to low doses of STXs, it is always prudent to implement control measures
to reduce the presence of toxic cyanobacterial blooms or their impact on
drinking-water supplies as soon as possible (see Chapters 6—10). Limited
data show that STX concentrations in drinking-water have almost always
been at trace levels (see section 2.4.5), indicating that conventional water
treatment is generally effective, provided that cell lysis is avoided (see
Chapter 10).

The drinking-water GV for STXs uses an allocation factor of 100% for
drinking-water; however, it may be appropriate to consider reducing the allo-
cation factor for drinking-water in locations with increased risk of coinci-
dent water and shellfish exposure (marine or freshwater). However, it should
be noted that GVs for STX in marine shellfish are comparatively high and,
in locations where contamination of shellfish is a concern, drinking-water
containing STX would contribute a relatively small additional exposure.
Nevertheless, it is reccommended that health authorities jointly consider and
manage such a scenario, particularly given the relatively steep dose-response
relationship for these toxins.

For the drinking-water acute GV, the lower body weight and higher
likely water intake of an infant (as a function of body weight) were used
because a GV based on adults could allow exposure of infants to a concen-
tration of STXs close to the LOAEL. For a 60 kg adult consuming 2 L of
drinking-water per day, a 5-fold higher concentration than the acute GV
would be tolerable.
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2.4.4 Production
2.4.4.1 Producing cyanobacteria

Saxitoxins are produced by species of marine eukaryotic dinoflagellates within
the genera Alexandrium, Gymnodinium and Pyrodinium as well as by cya-
nobacteria within a range of species and strains belonging to the Nostocales,
that is, Dolichospermum (Anabaena). (Humpage et al., 1994; Velzeboer
etal.,2000), Aphanizomenon (Ikawa et al., 1982; Sasner et al., 1984; Pereira
et al.,, 2000; Dias et al., 2002) and Raphidiopsis (Cylindrospermopsis)
raciborskii mainly in Brazil (Lagos et al., 1999; Molica et al., 2002) and
Scytonema (Smith et al., 2011) and Oscillatoriales such as Planktothrix and
Microseira (Lyngbya) wollei (Carmichael et al., 1997; Onodera et al., 1997).
From lakes and reservoirs of the southern USA, Microseira wollei is known
to overwinter in the form of benthic mats and rises to form surface mats
during the warmer months (Carmichael et al., 1997).

Cyanobium sp. CENA 142 and Oxynema sp. CENA 135 were among
135 strains isolated from cyanobacteria collected from Cardoso Island and
Bertioga mangroves for which both molecular analyses and ELISA showed
STXs production (Silva et al., 2014). For further details, see the review by
Testai et al. (2016) and Cirés and Ballot (2016).

2.4.4.2 Toxin profiles

The production of different STX congeners seems to be strain-specific.
Indeed, C1, C2, GTX2 and GTX3 were found as predominant congeners in
environmental samples and isolated strains of Dolichospermum circinale in
Australia, although a hitherto unique toxin composition (exclusively STX
and GTX35) was found in a geographically isolated strain from the south-
west coast of Australia (Velzeboer et al., 2000). Ferreira et al. (2001) found
that two Aphanizomenon flosaquae strains and samples of a bloom from
a reservoir in Portugal contained a specific STX mixture: GTX4 was the
dominant analogue, followed by GTX1 and GTX3. A. flosaquae strains in
a Chinese lake produced neoSTX, dcSTX and deGTX3, showing a differ-
ent toxin profile (Liu et al., 2006a; Liu et al., 2006b), whereas A. gracile
strains detected in two German lakes produced GTXS5, STX, dcSTX and
neoSTX (Ballot et al., 2010).

In Brazilian freshwaters, STXs are attributed to R. raciborskii. In strains
isolated from two reservoirs, the contents of total STXs were similar to
those reported in D. circinale in Australia (Humpage et al., 1994; Lagos
etal., 1999). One of the Brazilian strains showed a toxin profile very similar
to that of A. flosaquae, while the other produced only STX and GTX2/3.
Other toxin profiles were described for the Tabocas Reservoir in Caruaru
(NE Brazil) affected by a R. raciborskii bloom; several STX analogues
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(STX, GTX6, dcSTX, neoSTX and dcneoSTX) were identified but no
cylindrospermopsin was detected (Molica et al., 2002). Again in Brazil,
Castro et al. (2004) reported a R. raciborskii strain isolated from a bloom
which contained STX concentrations around 0.3 mg/g DW, which is 4- to
8-fold higher than those of GTX2 and GTX3.

In Lyn. wollei strains isolated from a reservoir in southern USA, GTX2
and GTX3 represented the major STX congeners, whereas STX and
neoSTX were not detected (Carmichael et al., 1997).

Planktothrix sp. FP1 has been associated with the production of STXs
in a lake in Italy, confirmed in the isolated culture; the toxin profile of this
strain included STX, GTX2 and GTX3 (Pomati et al., 2000).

Few data have been published on the cellular contents of STXs in different
cyanobacteria. Llewellyn et al. (2001) have reported STX cell quota up to
slightly more than 450ng /10¢ cells (i.e., 0.45 pg/cell) in a D. circinale strain
isolated from an Australian waterbody. Hoeger et al. (2005) estimated the
cell quota to be 0.12 pg STXs/cell in D. circinale. Higher cell quotas (up to
1300 fg/cell) are reported for a strain of Scytonema sp. which, however, has
very large cells, and in relation to its biomass, with 119 pg/g dry weight the
toxin content of this strain was not exceptionally high (Smith et al., 2011).
Cell quota up to 0.034 pg/cell of STXeq. were reported in an Aphanizomenon
sp. (strain LMECYA 31); in the same culture, very high levels of dissolved
STXs were observed in the culture media, especially in the late growth phase,
very likely as a consequence of cell lysis and leakage (Dias et al., 2002).

Tables 2.6 and 2.7 give examples of the STX contents of strains and envi-
ronmental samples, respectively. For further details, see reviews by Funari
and Testai (2008), Pearson et al. (2016) and Testai et al. (2016).

2.4.4.3 Biosynthesis and regulation

The saxitoxin biosynthesis gene cluster (sx#) was first characterised in
Cyl. raciborskii T3 by Kellmann et al. (2008); other characterisations fol-
lowed from other strains, namely, Dolichospermum circinale AWQC131C,
Aphanizomenon sp. NH-5 (Mihali et al., 2009), Raphidiopisis brookii D9
(Stiiken et al., 2011) and Lyngbya wollei (Mihali et al., 2011). All five sxt
clusters encoded biosynthetic enzymes (sxtA, sxtG, sxtB, sxtD, sxtS, sxtU,
sxtH/T and sxtI which appear to have diverse catalytic functions) plus regu-
latory genes (sxtL, sxtN and sxtX) and transporters (Kellmann et al., 2008;
Pearson et al., 2010).

Different biosynthetic pathways have been proposed, the most recent by
D’Agostino et al. (2014) and reviewed by Pearson et al. (2016), starting with
the methylation of acetyl-CoA catalysed by SxtA, followed by a conden-
sation reaction with arginine. Further, the aminotransferase SxtG cataly-
ses the addition of the amidino group from a second arginine residue. The
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following reactions are cyclisation and desaturation leading to the tricyclic
core structure, resulting in decarbamoyl STX (dcSTX). Finally, a carbam-
oyl group is added to dcSTX by the carbamoyltransferase Sxtl, resulting in
the finalised STX molecule.

The N-sulfotransferase (SxtSUL) can modify STX, GTX2 and GTX3,
into GTX5-6, C-1 and C-2, by transferring a sulphate residue from
PAPS (3’-phosphoadenosine 5-phosphosulphate) to the carbamoyl group.
SxtDIOX is proposed to catalyse the C11 hydroxylation of STX followed
by subsequent O-sulphation by SxtSUL for biosynthesis of GTX1-4. A
combination of sulphation by SxtSUL and SxtN then leads to biosynthesis
of the disulphated C-toxins.

STX congeners are mainly produced during late exponential growth
phase in laboratory culture (Neilan et al., 2008). The characterisation of the
sxt cluster in several genera has enabled the study of molecular mechanisms
underlying regulation, based on the identification of the genes sxtY, sxtZ
and ompR putatively involved in regulating the sx# cluster, adjacent to the
Raphidiopsis raciborskii T3 sxt cluster (Kellmann et al., 2008). However,
so far the direct involvement of the regulatory cluster on STX biosynthesis
has not been experimentally demonstrated (Pearson et al., 2016).

Regarding the impact of environmental factors, the analysis of data from
Australian field samples suggests that STX production is influenced by envi-
ronmental factors, particularly alkalinity (pH>8.5), very high ammonia
concentration (>1 mg/L) and high conductivity (Neilan et al., 2008). Data
from laboratory culture studies further indicate that temperature, culture
age, light, pH, salinity and nutrient concentrations affect STX production,
although causing a variation of only a 2—-4-fold (Sivonen & Jones, 1999;
Pearson et al., 2016). However, the impact of a particular environmental
modulator strictly depends on strains. As an example, toxin production
doubled at higher-than-optimal temperatures with Aphanizomenon sp.
LMECYA 31 (Dias et al., 2002), but in contrast to this, an increase in toxin
content was observed in Aphanizomenon gracile UAM 529 (Casero et al.,
2014) and R. raciborskii C10 (Castro et al., 2004) in response to lower-
than-optimal temperature.

2.4.5 Occurrence in water environments

The presence of STX-producing cyanobacterial species has increasingly
been published, and they have been found for the first time in many loca-
tions, including the Arctic (Kleinteich et al., 2013), New Zealand (Smith
et al., 2011), Canada (Lajeunesse et al., 2012) and Europe (Wormer et al.,
2011; Jancula et al., 2014).

Dolichospermum circinale may produce STXs at very high contents
(up to 4423 pg STXs/g dw). This species caused one of the world’s largest
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cyanobacterial blooms, involving more than 1000km of the Murray—
Darling River, one of Australia’s major river systems, with densities of
almost 10¢ cells/mL (Bowling & Baker, 1996). Llewellyn et al. (2001)
found that 13 out of 14 D. circinale strains isolated from Australian fresh-
waters (rivers, lakes and dams) produced STXs. R. raciborskii is reported
to produce similar STX levels in Brazil (Lagos et al., 1999). In Europe,
a German survey found STX in 34% of 29 waterbodies tested (Chorus,
2001), while in Danish and Finnish freshwater bodies dominated by D.
lemmermannii, STX was found in less than 10% of samples (Kaas &
Henriksen, 2000; Rapala et al., 2005). Similarly, in 140 lakes in New
York State, STXs were detected only in two samples out of nearly 1100
tested, with a maximum concentration of 0.09 ug/L, despite the com-
mon occurrence of high biomass blooms of A. flosaguae (Boyer, 2008).
In Washington State (USA), STXs have been detected in 10 lakes and one
pond since 2009, with STX concentrations up to 193 pg/L (Trainer &
Hardy, 2015).

Very little has been published about STX in finished drinking-water.
Hoeger et al., (2005) found only traces of STX (<0.5 pg/L) in two out of 52
water samples from two water treatment plants in Queensland, Australia,
fed with raw waters affected by cyanobacterial blooms of D. circinale,
containing up to 17.0 pg/L STX.

2.4.5.1 Bioaccumulation

Marine seafood contaminated with STXs is well known to cause foodborne
diseases in humans, highlighting that STXs are passed from phytoplankton
to higher trophic levels in the aquatic food web. Marine shellfish bioac-
cumulate STXs by filter-feeding on STX-producing organisms, and many
of them exhibit low sensitivity towards these toxins. STXs also accumu-
late in fish, predatory mammals such as whales and crabs (Negri & Jones,
1995) and other non-filter-feeding seafood such as cephalopods, including
the common octopus (Octopus vulgaris), the Humboldt squid (Dosidicus
gigas) and the Australian octopus (Octopus abdopus) (Lopes et al., 2013).
Accumulation generally occurs in the viscera, but in the common octopus
and squid, STX accumulated to the greatest extent (390-2680mg STXeq/
kg) in the digestive gland (Lopes et al., 2014), whereas the arms are the pref-
erential site for bioaccumulation in the Australian octopus (up to 246 mg
STXeq/100g tissue; Robertson et al. (2004)).

In spite of the importance of this issue for possible human health conse-
quences, information on STX occurrence in freshwater organisms is scarce.
Daphnia magna, a relevant organism for STX transfer along the freshwa-
ter food web, is able to accumulate STXs when exposed to Cuspidothrix
issatschenkoi cells or to lyophilised cyanobacterial material (Nogueira
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et al., 2004). In the laboratory, the Australian freshwater mussel Alathyria
condola fed with high densities of neurotoxic D. circinale accumulated
STX up to 620 pg/100g of fresh biomass (Negri & Jones, 1995). Another
freshwater mussel, Anodonta cygnea, exposed to high densities of neuro-
toxic C. issatschenkoi in laboratory experiments accumulated STX to a
maximum concentration of 26 pg/100g fresh biomass (Pereira et al., 2004).
Accumulation of STXs has also seen in the freshwater bivalves Elliptio
camoplanatus and Corbicula fluminea after exposure to A. flosaquae
(Sasner et al., 1984).

It has been reported that due to a slow elimination, the surf clam Spisula
solidissima can bioaccumulate extremely high quantities of STX (Bricel;
et al., 2014). In the clam’s marine habitat, the STXs are, however, presum-
ably produced by dinoflagellates rather than by cyanobacteria.

2.4.6 Environmental fate

Data on the release of STXs from viable or senescent cyanobacterial cells
are lacking. Only a few studies have investigated the chemical breakdown
and biodegradation of dissolved STXs. In the dark at room tempera-
ture, STXs undergo a series of slow chemical hydrolysis reactions. The
C-toxins lose the N-sulphocarbamoyl group to form dc-GTXs, while the
dcGTXs, GTXs and STXs slowly degrade to, as yet unidentified, nontoxic
products. The half-lives for the breakdown reactions are in the order of
1-10 weeks, with more than 3 months often being required for greater
than 90% breakdown. A persistence of 1-2 months has been reported for
saxitoxin in surface water (Batoreu et al., 2005). In a laboratory study,
several STX toxins in the culture medium were stable for long periods
also at around pH 9-10 (Castro et al., 2004).
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2.5 ANATOXIN-A(S)
Emanuela Testai

Anatoxin-a(S) (ATX(S)) is, despite the similarity of the names, not struc-
turally related to anatoxin-a: while the latter is an alkaloid, ATX(S) is an
organophosphate (see below). It received its name during initial studies which
isolated multiple toxic fractions from a strain of Anabaena sp. to which let-
ters or suffixes were assigned. The “S” in the name denotes a characteristic
symptom of exposure in mammals: “salivation”. Because of its totally differ-
ent chemical structure and mechanism of action, Fiore et al. (2020) proposed
renaming it to guanitoxin, advocating that the new name should reflect its
chemical composition.

2.5.1 Chemical structure

Anatoxin-a(S) is an N-hydroxyguanidine methyl phosphate ester with a
molecular weight of 252 Da. It is the only known natural organophosphonate
besides biomolecules such as DNA, RNA and ATP (Figure 2.5; Mahmood &
Carmichael, 1987). No structural variants of ATX(S) have been detected
so far.

Anatoxin-a(S) decomposes rapidly in basic solutions but is relatively sta-
ble in neutral and acidic conditions (Matsunaga et al., 1989). It is inacti-
vated at temperatures higher than 40°C (Carmichael, 2001).

2.5.2 Toxicity: mode of action

Anatoxin-a(S) irreversibly inhibits acetylcholinesterase (AChE) in the neuro-
muscular junctions (but not in the central nervous system) blocking hydrolysis
of the neurotransmitter. This results in acetylcholine accumulation, leading to
nerve hyperexcitability. The acute neurological effects in mammals are muscle
weakness, respiratory distress (dyspnoea) and convulsions preceding death,
which occurs due to respiratory arrest (i.p. LDs, in mice = 40-228 ng/kg bw,

Figure 2.5 Chemical structure of anatoxins-a(S). Molecular mass (monoisotopic):
252.099 Da; molecular weight (average): 252.212 g/mol.
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lower in rats i.p. LDg, = 5.3 mg/kg bw). Viscous mucoid hypersalivation is a
typical symptom induced by ATX(S).

Data on oral administration as well as on subchronic and/or chronic tox-
icity are not available.

2.5.3 Derivation of guideline values
for anatoxin-a(S) in water

No toxicological data are available for deriving an acute dose NOAEL or
LOAEL as point of departure, and data on subchronic and chronic expo-
sure are also lacking. Therefore, no TDI or guideline value can yet be
derived for ATX(S).

New Zealand has established a limit as provisional maximum acceptable
value of 1 pg/L for total ATX(S) content in drinking-water (Chorus, 2012).

2.5.4 Production, occurrence and
environmental fate

Anatoxin-a(S) has been reported from strains of Dolichospermum (Anabaena)
flosaguae from Canada (Carmichael & Gorham, 1978), in both field sam-
ples and strains of D. lemmermannii from Denmark (Henriksen et al.,
1997) and from Portugal (Fristachi & Sinclair, 2008), in D. flosaquae from
the USA and Scotland (Matsunaga et al., 1989; Codd, 1995), in D. spiroides
from Brazil (Monserrat et al., 2001), and in D. crassa from southern Brazil
(Becker et al., 2010).

The available literature on ATX(S) biosynthesis is scant, and the gene
cluster responsible for the biosynthesis of ATX(S) has not yet been identified
(Pearson et al., 2016). Only the synthesis of the cyclic moiety of ATX(S) has
been reported (Matsunaga et al., 1989; Moura & Pinto, 2010).

The precursor for the guanidine group has been proposed to be L-arginine,
which is hydroxylated at C4, as demonstrated by feeding studies (Moore
et al., 1992) with radiolabelled arginine and (4S)-4-hydroxy-arginine, but
none of the further steps have been described to date.

The presence of ATX(S) in waterbodies is sparsely documented (Table 2.7);
one of the reasons could be related to analytical difficulties such as the
absence of analytical standards, and the possible co-occurrence of organo-
phosphate pesticides in the environment, limiting the use of biological
tests, including biosensors, based on AChE inhibition (Devic et al., 2002).
Indeed, mouse bioassays and acetylcholine esterase inhibition assays may
be used to infer ATX(S) levels in environmental samples; however, these
tests are not specific (Patocka et al., 2011). This sometimes leads only to a
qualitative description of detection, without quantification (Molica et al.,
2005). The only chance to use analytical methodologies, overcoming the
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lack of standards to identify the presence of the toxin, is the LC-MS/MS
fragmentation pattern for ATX(S) in cyanobacterial cultures.

Highly variable ATX(S) contents were detected in three Danish lakes
dominated by D. lemmermannii, reaching maximum contents of 3300 pg/g
dw (Henriksen et al., 1997).

The presence of ATX(S) was also suggested by results from acetylcho-
line esterase inhibition assay in cyanobacterial crusts in Qatar (Metcalf
et al., 2012).

Data on chemical breakdown in the natural water environment and bio-
degradation of this cyanotoxin are not available.
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2.6 MARINE DERMATOTOXINS
Nicholas J. Osborne

The dermatotoxic reaction to the marine cyanobacterium “Lyngbya majus-
cula” has been associated with cases of dermatitis in humans, reported
since the 1950s (Grauer & Arnold, 1961). This spurred intensive research
on natural products revealing hundreds of secondary metabolites suppos-
edly produced by this species (Gerwick et al., 2008). This enormous meta-
bolic diversity was questioned by Engene et al. (2011) who suggest that
what has been viewed as a single species or species complex based on mor-
phological criteria in fact represents a multitude of genera and species on
the basis of molecular analyses (Engene et al., 2010).

The traditional genus Lyngbya consists of several hundred described
species (see Chapter 3) of marine and freshwater cyanobacteria with
global distribution. It is now proposed that tropical Lyngbya-like
cyanobacteria are separated from other members of the genus Lyngbya,
as they have been found to be genetically distinct. The new genus
Moorea, in particular M. producens, largely appears to be synonymous
to “L. majuscula” (Engene et al., 2012) but other names have been used
as synonyms, for example, Microcoleus lyngbyaceus (Sims & Zandee van
Rilland, 1981). Further genera amended from Lyngbya are Dapis (Engene
et al., 2018) and Okeania (Engene et al., 2013b) — and more may follow.
However, since it is not possible to retrospectively evaluate the taxo-
nomic assignment of samples in original publications, this chapter gives
“L. majuscula” in quotation marks whenever the possibility exists that
the taxonomic assignment would be different today. Temperate species of
“L. majuscula” have been recorded, but essentially nothing is known of
their toxicity (Hallfors, 2004).

“L. majuscula” is a benthic cyanobacterium appearing as clumps of a
matted mass of filaments 10-30cm long, sometimes referred to as “mer-
maids’ hair”, that grows to depths of up to 30m, predominantly in the
tropics and subtropics (Izumi & Moore, 1987). Elevated concentrations of
iron, nitrogen and phosphorus have been proposed to be drivers of mass
development or blooming of this cyanobacterium (Albert et al., 2005).

Among some 200 natural products that have been linked to tropical
“L. majuscula” (Liu & Rein, 2010; Engene et al., 2013a), some have been
found to induce irritant contact dermatitis, that is, to be dermatotoxins:
aplysiatoxin (AT; Kato & Scheuer, 1974), (Mitchell et al., 2000), debro-
moaplysiatoxin (DAT; Mynderse et al., 1977) and lyngbyatoxin A (LTA;
Cardellina et al., 1979). Other natural products produced by this cyano-
bacterium include malyngamides, apratoxins and dolostatins (Todd &
Gerwick, 1995; Mitchell et al., 2000; Luesch et al., 2001).
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2.6.1 Chemical structures

Lyngbyatoxin A’s structure (Figure 2.6) was initially determined in 1979
using samples collected at Kahala Beach, Oahu, Hawaii (Cardellina et al.,
1979). An isomer of teleocidin A, first extracted from the actinomycete
Streptomyces medicocidcus, was found to have an identical structure to
LTA (Fujiki et al., 1981), with this organism producing both the 19R and
19S epimers (i.e., the same chemical formula but different three-dimen-
sional orientations), while in “L. majuscula” only the 19R epimer was
found. Lyngbyatoxin B and lyngbyatoxin C, compounds with similar chem-
ical structure, were extracted from Hawaiian specimens of “L. majuscula”
(Aimi et al., 1990), as was 12-epi-lyngbyatoxin A and further congeners
(Jiang et al., 2014a; Jiang et al., 2014b). Lyngbyatoxin A is more lipophilic
than the other lyngbyatoxin, with a mean log 7n-octanol/water partition
coefficient of 1.53 (Stafford et al., 1992).

Debromoaplysiatoxin was first isolated in 1977 and the structure derived
from extracts of both Lyngbya gracilis (reclassified to Leibleinia gracilis; see
also below) and an inseparable consortium of Phormidium (Oscillatoria)
nigroviridis and Schizothrix calcicola (Mynderse et al., 1977). The pheno-
lic bis-lactones AT and DAT have similar structures apart from the bromine
molecule on the benzene ring (Figure 2.6).

(a)

OH

Figure 2.6 Structures of (a) lyngbyatoxin A (molecular mass (monoisotopic): 437.304 Da;
molecular weight (average): 437.631 g/mol), (b) debromoaplysiatoxin (R=H;
MM(mono): 592.325 Da; MW(ave): 592.73 g/mol) and aplysiatoxin (R=Br;
MM(mono): 672.235 Da; MW (ave): 671.63 g/mol).
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2.6.2 Toxicity

Although toxicity was first observed in Hawaii in 1912 (Banner, 1959;
Osborne et al., 2008), the first confirmed activity by “L. majuscula” that
caused acute dermatitis was not determined until 1958, via patch testing in
humans (Grauer & Arnold, 1961). Banner revealed that the dermatitis was
irritant rather than allergenic, and this has been replicated in a later study
(Banner, 1959; Osborne et al., 2008): histology of mouse and human skin
exposed to either crude extracts of “L. majuscula” or its purified toxins
showed acute vesicular dermatitis consistent with irritant contact derma-
titis after topical application. Microscopic examination described peeling
skin and oedema of the epidermis. The dermis was infiltrated with a range
of inflammatory cells, including mononuclear cells, neutrophils and eosino-
phils (Grauer & Arnold, 1961; Osborne et al., 2008). Vesicles contained
polymorphonuclear leukocytes and red blood cells, with deep infiltration
of the epidermis with polymorphonuclear leukocytes (Grauer & Arnold,
1961). Tto et al. (2002) found LTA to have a minimum lethal dose (LD,,,) of
0.30 mg/kg (intraperitoneal) in mice.

Applied cutaneously, LTA had an median effective dose EDs, (dose caus-
ing a biological response in 50% of the sample) with a lower index (redden-
ing) of ~4.8 ng/kg in mice tested via topical application, with DAT and AT
showing slightly lower activity (Fujiki et al., 1983). LTA has shown skin
penetration rates of 23% and 6.2% for guinea pig and human skin, respec-
tively, within 1h (Stafford et al., 1992). However, not all of the toxicity in
“L. majuscula” specimens producing LTA is explained by the concentra-
tions of LTA present, and other factors present thus must be affecting toxic-
ity (Osborne et al., 2008).

Furthermore, animals that feed on toxic “Lyngbya” or Moorea appear to
bioaccumulate toxin: the first report dates back to classical times by Pliny
(Plinius, 23-79 AD) who reported toxicity of marine gastropods — the sea
hare. Kato and Scheuer (1974) first isolated AT and DAT from their diges-
tive tract. Sea hare (e.g., Aplysia californica; Gribble, 1999; Stylocheilus
striatus; Capper et al., 2006) appear to preferentially feed on cyanobacte-
ria, including “L. majuscula” (and possibly other marine cyanobacteria)
and to sequester their toxins (Pennings et al., 1996). This bioaccumulation
potentially also occurs in other grazers (Capper et al., 2005). Accidental
skin contact with chemicals extracted from sea hares led to dermal irrita-
tion. While some invertebrate grazers appear to be indifferent to extracts
of the cyanobacteria “L. majuscula”, reef fish are more likely to be deterred
(Capper et al., 2006).

For AT, Ito and Nagai (1998) report that dosing of mice at 500, 1000
or 3000 ug/kg intraperitoneally resulted in bleeding in the small intestine,
blood loss and pale liver, loss of cells from the stomach, exposure of the
lamina propria lumen with small intestine capillaries congested and all
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villi showing erosion and bleeding. Dosing orally at 0.8 pg/kg, AT induced
increased permeability of gastrointestinal vascularisation as well as local
inflammation and necrosis. The consequences of the latter were intraperito-
neal haemorrhage, hypovolemic liver, small intestinal sloughing and haem-
orrhage. The activity of AT was proposed to be due to its effect on protein
kinase C, not peritonitis (Ito & Nagai, 1998). At an oral or intraperitoneal
dose of AT at which 50% of animals were affected, symptoms resembled
those of LTA poisoning (Ito et al., 2002).

For DAT, dermal toxicity has also been shown (Solomon & Stoughton,
1978; Osborne et al., 2008). For ear reddening, DAT and AT show highly
lower activity than LTA (see above and Fujiki et al., 1983). DAT was origi-
nally reported as isolated from Leibleinia (Lyngbya) gracilis, a species
classified today in the order Synechococcales. However, a footnote in the
publication notes that one taxonomist identified the organism as “L. majus-
cula” (Mynderse et al., 1977). Other authors have suggested that these
toxins are also present in seaweed species: in papers reporting chemicals
extracted from the red alga Gracilaria coronopifolia, the authors suggested
the toxicity of the seaweed may be due to epiphytically growing cyanobac-
teria (Nagai et al., 1996; Nagai et al., 1997). It is still unclear if this is the
case, but it is entirely possible as the epiphytic growth of “L. majuscula”
and other cyanobacteria on seaweeds has been reported worldwide (Moore,
1982; Fletcher, 1995).

Both LTA and DAT have been shown to have tumour-promoting activi-
ties via the protein kinase C activation pathway (Nakamura et al., 1989).

In spite of ECs, or LDs, values given for some of the marine dermatotox-
ins, no guideline values for their concentration in water used for recreation
can be given because, in contrast to the cyanotoxins discussed in sections
2.1-2.5, their exposure pathway is not through ingestion, but through
dermal contact, and this is not accessible to quantification for filamentous
macroalgae forming mats and rafts.

2.6.3 Incidents of human injury through
marine cyanobacterial dermatotoxins

Hawaii 1950-1983

In late 1950s, “L. majuscula” was first purported as the agent responsible
for an epidemic of acute dermatitis in Hawaii. 125 people were reported
suffering dermatitis after swimming at beaches in north-east Oahu, Hawaii,
in July and August 1958. After exposure to “L. majuscula”, swimmers
described symptoms similar to a burn, usually appearing underneath swim-
ming costumes in the genital, perianal and perineum areas. Debate continues
if the cause of symptoms chiefly at these locations is the thinner epidermis in
these areas or extended exposure with cyanobacterium filaments trapped in
clothing. Symptoms within a few hours of exposures included erythema and
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burning followed by deep skin peeling and blistering, which continued for
24-48h (Grauer & Arnold, 1961).

In 1976, samples of blooming “L. majuscula” were found to contain DAT.
In 1980 in Oahu, 35 people were affected and developed dermatitis 2-20h
after exposure and with symptoms lasting from 2 to 12 days (Serdula et al.,
1982). Both AT and DT were found in samples of “L. majuscula” recovered
from the ocean (Moore et al., 1984).

In 1983, eye and breathing symptoms were noted in Maui (Anderson
et al., 1988). Aerosolised Lyngbya fragments were discovered on sampling
with high-volume air filters and from waterfront area windows.

Okinawa 1968 and 1973

At Gushikawa Beach, Okinawa, in 1968, 242 of 274 bathers developed a
rapid-onset dermatitis. Reported symptoms included rash, itching, burn-
ing, blisters and deep peeling of the skin. Sensitive outer areas such the gen-
itals, lips and eyes were usually affected. A later bloom of “L. majuscula”
was sampled in the same area in September 1973: it caused rashes and
blistering in humans and mice (Hashimoto et al., 1976). The compounds
extracted and partially characterised had chemical properties similar to
those of the uncharacterised toxin found by Moikeha and Chu (1971), and
samples collected in the same later were shown to contain DAT and AT
(Fujiki et al., 1985).

Queensland, Australia, 1999-2003

A cross-sectional epidemiological survey of residents of Bribie Island,
Australia, was undertaken after some evidence of blooms of “L. majuscula”
in the area. Residents exposed to seawater exhibited symptoms associated
with exposure to “L. majuscula” (0.6% of the sample population), includ-
ing redness in the inguinal region, severe itching and blistering (Osborne
et al., 2007). The greater surface area of female swimming costumes may
explain their increased prevalence of symptoms as compared to men, with
an increased entrapment of cyanobacterial strands. Similar epidemiological
observations have been reported from nearby Fraser Island (Osborne &
Shaw, 2008).

Mortality in humans after the consumption of Lyngbya has been reported
three times (Sims & Zandee van Rilland, 1981; Marshall & Vogt, 1998;
Yasumoto, 1998). “L. majuscula® growing epiphytically on the edible
endemic Hawaiian alga Gracilaria coronopifolia have also been implicated
in poisoning from ingestion of the red alga in 1994 (Nagai et al., 1996; Ito
& Nagai, 2000). Consumption of “L. majuscula” (associated with consum-
ing seaweed) has been associated with an excruciating burning sensation on
the patient’s lips, anterior part of the oral cavity and the anterior portion
of the tongue. Twenty-four hours after consumption, the mucous mem-
branes appeared scalded, swollen and exhibited hyperaemia with several
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erosive lesions. The patient became free of discomfort after 3 days (Sims &
Zandee van Rilland, 1981). It has been postulated that the high incidence
of cancers of the digestive system among indigenous Hawaiians may be
due to the consumption of seaweed tainted with “L. majuscula” (Moore,
1984). Furthermore, an outbreak of respiratory, eye and skin irritations in
Mayotte, an island in the Indian Ocean, in 2010 was linked to exposure to
cyanobacteria washed on the beach (Lernout et al., 2011).

2.6.4 Biosynthesis and occurrence
in the environment

Elements of the biosynthesis of LTA, as well as the genes involved, are
reported by Tender et al. (2004), Read and Walsh (2007), and Edwards and
Gerwick (2004). The core of the molecule is synthesised by a nonribosomal
peptide synthetase followed by reduction and prenylation steps (Read &
Walsh, 2007). Total synthesis of AT and DAT was achieved by Park et al.
(1987). Videau et al. (2016) achieved a heterologous expression of LTA in a
strain of Anabaena sp. (PCC 7120).

“L. majuscula” is mainly seen in the tropics and subtropics but has
a worldwide distribution (Table 2.9). Different toxicities of samples of
this species from around the Hawaii (Grauer & Arnold, 1961) and the
Marshall Islands have been noted, where samples taken on the seaward
side of the lagoon were more toxic (Mynderse et al., 1977). Similarly, spa-
tial differences in toxins in Moreton Bay, Australia, have been recorded,
with DT being produced on the Western side exclusively, and LTA mainly

Table 2.9 Dermatotoxin contents reported for “L. majuscula” in pg/g dry weight,
collected on various locations around world

Location LTA DAT AT Reference

Ryukyus Islands, Okinawa 240 Hashimoto et al. (1976) @

Enewetak Atoll, Marshall 133 Mynderse et al. (1977) ®
Islands

Kahala Beach, Hawaii 200 Cardellina et al. (1979)

Oahu, Hawaii 324 81  Serdula et al. (1982)

Moreton Bay,Australia nd—I3l1 n.d.—43 Osborne (2004)

Maui, Hawaii 10-276 n.d.—0.8 Osborne (2004)

King’s Bay, Florida, USA n.d.—6.31 Harr et al. (2008)

Moreton Bay, Australia n.d.-39 n.d.-0.3 Arthur et al. (2008)

Big Island, Hawaii n.d.—168 n.d.-540 Arthur et al. (2008)

n.d.:  not detectable. LTA: lyngbyatoxin A; DTA: debromoaplysiatoxin; AT: aplysiatoxin.

2 probably LTA, not confirmed.
® producing organism reported as Lyngbya (Leibleinia) gracilis, but probably was “L. majuscula”.
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being produced on the Eastern ocean side, only 30km away (Osborne
et al., 2002; Osborne, 2004).

Treating DAT and AT with even very mild acid readily leads to dehy-
dration, and the degradation products (anhydrotoxins) do not show the
toxicity seen with DAT and AT (Moore, 1984). Hashimoto (1979) reported
half of the toxicity of “L. majuscula” was lost after 3h of exposure to
ultraviolet radiation, as did Moikeha and Chu (1971). The absence of toxins
was noted in seawater surrounding a large bloom of toxic L. majuscula in
Australia (Osborne, 2004). It appears that the toxins are biodegradable in
the environment, but further work is required to explore this.
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2.7 p-METHYLAMINO-L-ALANINE (BMAA)

Neil Chernoff, Elisabeth J. Faassen and Donna J. Hill

The nonproteinogenic amino acid, p-methylamino-L-alanine (BMAA;
Figure 2.7), has been postulated to be a cause of neurodegenerative diseases
that affect large numbers of people. However, at the time of publication of this
document, this hypothesis is still highly controversial and a number of incon-
sistencies must be clarified before its role in human disease can be assessed
with more certainty. The following section introduces and discusses these.

Interest in BMAA began as a result of a neurological disease known as
amyotrophic lateral sclerosis/Parkinsonism dementia complex (ALS/PDC)
present in the island of Guam in the Pacific (Arnold et al., 1953; Kurland
et al., 1961). ALS/PDC has also been identified in small populations in Irian
Jaya (western New Guinea) and Kii Peninsula of Japan. ALS/PDC has a spec-
trum of symptoms that resemble ALS, Parkinsonism and dementia. Different
types of neurological dysfunctions were commonly present in the same indi-
vidual, and multiple cases were often seen within families. The disease ren-
dered patients incapable of normal movement, produced memory decline,
cognitive deficits, and often led to premature death. In Guam, the peak inci-
dence of the disease occurred during the 1950s and has been declining since
then (Plato et al., 2002; Plato et al., 2003). The disease seemed limited to
the indigenous population or others who had lived in Guam and adopted
local customs and diet. ALS/PDC is characterised by hyperphosphorylated
tau proteins that may assemble into masses ranging from a few molecules
to large amyloid masses that may propagate like prions (Buée et al., 2000;
Jucker & Walker, 2013). The altered proteins form neurofibrillary tangles
(NFTs), disrupting cell structure associated with loss of function and/or cell
death (Walker & LeVine, 2000; Chiti & Dobson, 2006).

2.7.1 Discrepancies introduced by
incorrect BMAA analysis

In order to evaluate the possible health risk of B-methylamino-L-alanine
(BMAA), one of the crucial elements is an accurate estimation of BMAA
levels in environmental and food samples, as well as in tissue of possibly
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Figure 2.7 Structure of -methylamino-L-alanine (BMAA). Molecular mass (monoiso-
topic): 118.074 Da; molecular weight (average): 118.13 g/mol.
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exposed humans. However, one of the major issues impacting the BMAA
hypothesis is the use of nonspecific analytical techniques such as liquid
chromatography fluorescence detection (LC-FLD) for quantification of
BMAA in environmental and human tissue samples. The role of analyti-
cal chemistry in the BMA A-human neurodegenerative disease hypothesis is
therefore explained first.

As experimentally shown (Faassen et al., 2012), LC-FLD analysis risks
misidentification of BMAA. Some cyanobacterial samples tested positive
for BMAA when analysed by LC-FLD, while the same samples tested nega-
tive when analysed by more reliable mass-specific analytical methods (e.g.,
liquid chromatography-tandem mass spectrometry, LC-MS/MS). This is in
line with the differences found in the literature, in which studies that have
used nonspecific analytical techniques for BMA A detection typically report
higher percentages of positive samples and/or higher BMAA concentrations
than mass spectrometry-based studies. There is now considerable data
that indicates shortcomings with many of the analytical approaches used
(Cohen, 2012; Faassen et al., 2012; Faassen, 2014; Faassen et al., 2016;
Lage et al., 2016; Rosén et al., 2016).

Analytical issues seem to have resulted in a lack of replication in many
of the key findings in the BMAA-neurodegenerative disease hypothesis,
which will be discussed below. For instance, studies indicating the presence
of BMAA in the brains of people who suffered from Alzheimer’s disease or
ALS (Murch et al., 2004a; Murch et al., 2004b; Pablo et al., 2009) used
LC-FLD for quantification, and their results have not been replicated by
more recent work using more reliable techniques. Similarly, the suggested
universal occurrence of high concentrations of BMAA in cyanobacteria (Cox
et al., 2005; Esterhuizen & Downing, 2008; Metcalf et al., 2008) could not
be replicated by studies using selective mass spectrometry techniques: these
techniques either do not detect BMAA in cyanobacteria or find very low
levels (Faassen, 2014; Lance et al., 2018). A key conclusion derived from this
body of research is that LC-FLD, along with other optical detection meth-
ods that were used in early studies on BMAA in brain tissue, flying fox skin
samples (Banack & Cox, 2003a; Banack et al., 2006) and fish (Brand et al.,
2010), is not sufficiently selective for BMAA identification and quantifica-
tion, and should therefore not be used unless positive samples are verified
and quantified with a more selective method like LC-MS/MS. An illustrative
case in this respect is a study on BMAA concentrations in stranded dolphins
(Davis et al., 2019). In this study, BMAA was reported from the brains of 13
of the 14 tested animals, in concentrations ranging from 20 up to 748 ug/g,
as quantified by LC-FLD. However, parallel LC-MS/MS analyses were only
performed on 4 of the 14 samples, and the highest concentration found was
0.6 pg/g. So although the abstract implies that two orthogonal methods were
used throughout the study, for only 4 samples complementary results by
LC-MS/MS were available. Moreover, the concentrations found by LC-MS/
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MS, which can be found in the supplementary information, are a few orders
of magnitude lower than the LC-FLD results reported in the main text, and
the only sample that tested negative by LC-FLD tested positive by LC-MS/
MS. These discrepancies are not discussed in this chapter, which may leave
the reader under the false impression that the high concentrations detected
by LC-FLD are valid because they are supposedly confirmed by LC-MS/MS.

2.7.2 The BMAA-human neurodegenerative
disease hypothesis

An epidemiological study related the incidence of ALS/PDC to the diets of
the Guam population (Reed et al., 1987). Cycad seeds played a large role
in the diet of the inhabitants of Guam, the seeds being ground up into flour
that was a dietary staple. It was known that ingestion of seeds induced
toxicity and they were carefully prepared with repeated washings before
use as food but potent toxins like cycasin could be detected in cycad flour
(Spencer, 2019). Vega et al. (1968) isolated a nonproteinogenic amino acid,
BMAA, from seeds of cycad species utilised as food on Guam and found
that it induced neurotoxicity when injected intraperitoneally at high dose
levels into chickens or rats. Spencer et al. (1987b) exposed macaque mon-
keys (Macaca fascicularis) to 100-350mg BMAA-HCl/kg bw x d orally,
and observed stooped posture, tremors and weakness in extremities after a
month at doses exceeding 200 mg/kg. The amounts of BMAA administered
to the monkeys were orders of magnitude greater than the amounts that
would have been consumed by people in cycad flour, and a role of BMAA in
ALS/PDC was dismissed (Duncan et al., 1990). Other chemicals associated
with cycads have been suggested as possible causes of ALS/PDC, including
cycasin (methoxymethanol; Spencer et al., 2012) and sterol glucosides (Ly
et al., 2007). There was no evidence of cycad consumption in either Irian
Jaya or Japan, but it was noted that both areas used cycads for medicinal
purposes (Spencer et al., 1987a; Spencer et al., 2005).

Cox and Sacks (2002) postulated that ALS/PDC could be related to
the consumption of cycasin and BMAA, produced by cycads, the seeds of
which were then eaten by flying foxes (Pteropus mariannus) which were
subsequently consumed by people (Banack et al., 2006). Cox et al. (2003)
reported that symbiotic cyanobacteria (Nostoc spp.) in the coralloid roots
of cycads produced BMAA and that this was subsequently transported and
biomagnified to the outer layer of the seeds, a food item in the diet of flying
foxes (Banack & Cox, 2003a). High BMAA contents (mean 3.6 mg/g) were
reported from three desiccated skin samples of preserved flying foxes by
LC-FLD (Banack & Cox, 2003b), and the authors concluded that people in
Guam consumed sufficient numbers of flying foxes to have been exposed to
BMAA levels of a similar magnitude as those to which the monkeys in the
experiments of Spencer et al. (1987b) were exposed. It was further suggested
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that the decline in the incidence of ALS/PDC was related to a decline in
flying fox populations (Cox & Sacks, 2002). However, the amount of flying
foxes consumed by natives is in question since it was a food that appears to
have been reserved for special occasions (Lemke, 1992). Borenstein et al.
(2007) did not find any positive associations between cycad or flying fox
consumption and ALS/PDC in Guam.

Another fundamental issue with this hypothesis is the findings of Foss
et al. (2018) who tested skin samples from the identical three preserved fly-
ing foxes referred to in the study by Banack and Cox (2003a). LC-MS/MS
was used for analysis and failed to identify BMAA in these samples although
BMAA was successfully detected in positive controls and spiked samples.
These findings support the point raised in section 2.7.1 that BMAA expo-
sure should only be estimated from studies that used selective analytical
techniques for identification and quantification.

BMAA in cyanobacteria: The reports of BMAA in the symbiotic cyano-
bacteria Nostoc spp. in the coralloid roots of cycads raised the question of
the source of BMAA. Using LC-FLD for quantification, Cox et al. (2005)
examined cyanobacteria from different genera and found BMAA in 29 out
of 30 the strains. They then postulated that, since BMAA was produced
by most cyanobacteria, it should be considered to be a ubiquitous cyano-
toxin. Subsequent studies have evaluated the ability of various genera and
species of cyanobacteria to produce BMAA and reached different conclu-
sions. Taking only studies into account that use selective, well-documented
analytical techniques, reports of the presence of BMAA in cyanobacteria
are scarce, and only incidentally, low concentrations are found in cyano-
bacterial samples (Faassen, 2014; Lance et al., 2018). It was found that
BMAA can be produced by diatoms (Réveillon et al., 2016), but more stud-
ies are needed to estimate the range of BMAA concentrations in this type
of phytoplankton.

Toxicological studies on monkeys and rats: Animal studies of BMAA
exposures include primate studies carried out by Spencer et al. (1987b),
as discussed above, and Cox et al. (2016) who reported on 32 adult vervet
monkeys (Chlorocebus sabaeus) exposed orally to 21 mg/kg x d or 210 mg/
kg x d of B-methylamino-alanine (BMAA) for 140 days. Although effects
are found in the 210 mg/kg x d group, this dose level is unrealistic in terms
of any known source of BMAA or suggested route of human exposure.

BMAA concentrations reported from water samples analysed with
accurate methods have demonstrated only very low levels when BMAA is
detected at all (Lance et al., 2018), and ingestion of cyanobacterial infested
waters therefore does not seem to be the most relevant human exposure
pathway to BMAA. Considering the reported concentrations in fish and
shellfish (Lance et al., 2018), consumption of these foodstuffs seems at pres-
ent the most likely route of BMAA exposure. Using the data which were
selected by Lance et al. (2018) based on their selectivity and well-described
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quantitation methods, a theoretical weekly human diet consisting of meals
of 200 g fish for 6 days and 200 g shellfish for 1day can be used to estimate
the amount of BMAA that would be consumed. Assuming a weekly diet
resulting in 6-day exposure of 58 ug BMAA from fish and 540 uyg BMAA
from a single exposure of shellfish for a total of 598 pg yields an average
daily intake of 85.4 pg. For a 60-kg individual, this would be equivalent
to 1.42 pg/kg x d. The dose of 21 mg/kg x d (21,000 pg/kg x d) in vervet
monkeys after 140 consecutive daily exposures, at which no adverse effects
were observed (Cox et al., 2016), was =15,000-fold higher. Other issues
with the Cox et al.’s (2016) study are that at necropsy, brain homogenates
of the vervets were analysed for the presence of BMAA and 14 regions of
the brain were analysed for the presence of neurofibrillary tangles (NFT)
and B-amyloid deposits. It was concluded that more NFTs were found in
high-dose BMAA groups than in the low dose or controls (the data sup-
plied in the paper and supplementary information do not allow estimates of
individual variability within groups). In spite of the high dose, the behav-
iour of animals remained normal and they did not exhibit Parkinsonism
or the muscular symptomology observed in the earlier macaque study by
Spencer et al. (1987b), although the vervets studied by Cox et al. (2016)
were exposed for 140days, while the macaques studied by Spencer et al.
(1987b) exhibited overt toxicity after being exposed to a similar dose only
for approximately 45-75 days.

A few rodent studies have been conducted on BMAA. BMAA adminis-
tered to rats by oral route did not show effects at 500 mg/kgxd for approxi-
mately 32 days, or at 1000 mg/kg for approximately 15 days over the course
of two months (Perry et al., 1989). BMAA administered to prepubertal
rodents by either intraperitoneal 2500 mg/kg (Seawright et al., 1990; de
Munck et al., 2013) or subcutaneous route 2460 mg/kg (Karlsson et al.,
2009) is neurotoxic, but the inappropriate routes of administration and
magnitude of the administered levels render these findings difficult to
extrapolate to human exposures.

2.7.2.1 ALS/PDC attributed to BMAA versus other
manifestations of neurodegenerative disease

An underlying assumption in the BMAA hypothesis of human ALS/PDC
effects is that this syndrome encountered in Guam is closely related to other
neurodegenerative diseases found globally, but there is evidence contradict-
ing this assumption. Differences between ALS/PDC on Guam and ALS,
Parkinsonism and Alzheimer’s diseases include the strong familial occur-
rence (Zhang et al., 1996; Morris et al., 2001) and the common mixed
disease syndrome seen in ALS/PDC on Guam (Murakami, 1999), both situ-
ations being extremely rare in the other neurological diseases. Additional
characteristics indicating that ALS/PDC is distinct from sporadic ALS,
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Parkinsonism and Alzheimer’s disease include the absence of beta-amyloid
plaques that are characteristic of Alzheimer’s disease, the absence of ubig-
uitinated Lewy bodies characteristic of Parkinsonism (Hirano et al., 1961),
as well as the absence of the typical ALS/PDC tauopathy in sporadic ALS
(Ikemoto, 2000). The individual symptomologies exhibited in ALS/PDC
cases have been related to differences in the areas of the central nervous
system where the highest densities of the aberrant tau proteins occurred
(Hof et al., 1994; Umahara et al., 1994). One other significant difference
between ALS/PDC and other neurodegenerative diseases is the presence of
a retinal pigment epitheliopathy (RPE) that has only been reported in Guam
and Kii Peninsula ALS/PDC cases (Kokubo et al., 2003). The condition
manifests itself as linear tracks of retinal depigmentation with intermit-
tent pigment clumping, and the incidence of RPE is significantly higher in
ALS/PDC cases than in controls. RPE has not been associated with other
diseases elsewhere in the world and is therefore considered part of the ALS/
PDC disease postulated to be caused by B-methylamino-alanine (BMAA)
(Cox et al., 1989; Steele et al., 2015).

2.7.3 Postulated human exposure and
BMAA mechanism of action

BMAA in brain tissue of humans: Reports of BMAA in brain tissue of
humans who suffered neurodegenerative diseases are contradictory: three
studies of postmortem human brain tissues from people on Guam who
had suffered from ALS/PDC, or people in the United States of America
and Canada who had either ALS or Alzheimer’s disease, reported the pres-
ence of BMAA in disease sufferers (39 out of 40) irrespectively of where
they had lived, whereas the studies rarely identified BMAA in people (four
out of 36) who had not suffered from these neurodegenerative diseases
(Murch et al., 2004a; Murch et al., 2004b; Pablo et al., 2009). These
studies all utilised LC-FLD to quantify BMAA. In contrast, however,
four studies that used mass spectrometry for identification and quantifi-
cation of BMAA have not found similar incidences and/or levels in brains
(Snyder et al., 2009; Combes et al., 2014; Meneely et al., 2016) or cere-
brospinal fluids (Berntzon et al., 2015) of people who had suffered from
Alzheimer’s disease or ALS in the United States of America and Europe.
Taking these last four studies together, BMAA was not found in any of 13
ALS/PDC brains/cerebrospinal fluids, and was found in one of 39 brains/
cerebrospinal fluids from people who had either ALS or Alzheimer’s dis-
ease, as well as in three of 20 without disease. When only considering
data on BMAA levels in brains or cerebrospinal fluids that have been
generated by appropriate analytical techniques, there is little evidence for
the hypothesis that BMAA is present in the brains of those suffering from
ALS and Alzheimer’s disease.
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Evidence of human exposure to BMAA has not been well documented.
It has been suggested that a cluster of ALS cases in the United States of
America was due to proximity to a lake and therefore exposure to BMAA,
but this was not based on substantive evidence (Caller et al., 2009). A sub-
sequent study did not show a general linkage between proximity to water-
bodies and neurological disease (Caller et al., 2012). Suggestions have been
made linking ALS to BMAA inhaled by soldiers in Qatar (Cox et al., 2009),
the consumption of blue crabs (Field et al., 2013) and exposure to aerosols
from cooling towers (Stommel et al., 2013), but clear evidence supporting
these suggestions is not provided.

One of the central questions concerning the BMAA-neurodegenerative
disease hypothesis concerns the mechanism by which BMAA would induce
these diseases. Protein tangles and deposits are hallmarks of the neurode-
generative diseases discussed in this chapter (Ellisdon & Bottomley, 2004;
Jellinger, 2012; Bolshette et al., 2014). These tangles of misfolded proteins
include tau proteins in Alzheimer’s disease, ubiquinated proteins in ALS
and Lewy bodies in Parkinsonism. Dunlop et al. (2013) stated that BMAA
is misincorporated into human proteins in place of L-serine, but no direct
evidence for this is presented. The reported association of BMAA with pro-
teins is not necessarily indicative of incorporation and may simply be due to
chemical binding. Glover et al. (2014) examined protein synthesis after co-
incubation of BMAA in a cell-free system (PURExpress) in studies where
BMAA was substituted for individual essential amino acids. Although
the interaction of BMAA and serine is highlighted, the data indicate that
BMAA substitution for alanine occurred to a greater extent. BMAA was
found to be significantly incorporated into proteins in place of four of the
nine additional amino acids for which data are presented. These results
may primarily be a reflection of the relaxed fidelity of translation of the
PURExpress in vitro system, which has been used to facilitate misincorpo-
ration of amino acids (Hong et al., 2014; Singh-Blom et al., 2014).

In in vitro assays, Beri et al. (2017) and Han et al. (2020) observed that
BMAA was not a substrate of human seryl-tRNA synthetase, and therefore,
a misincorporation of BMAA instead of serine in proteins as postulated
earlier is highly unlikely. Instead, Han et al. (2020) report that BMAA is a
substrate for human alanyl-tRNA synthetase, however, with only low rates
of product formation despite a 500-fold higher concentration of BMAA
compared to alanine. In an in vivo assay with Saccharomyces cerevisiae, an
incorporation of BMAA instead of alanine could not be detected. Notably,
the observed rates of mischarging of tRNA with BMAA are within the
ranges generally observed for mischarging of aminoacyl-tRNA synthetases
with noncognate amino acid — some 10-* errors per codon or tRNA mol-
ecule, respectively (Mohler & Ibba, 2017).

Other studies have failed to find indications of misincorporation of
BMAA into proteins. van Onselen et al. (2015) compared BMAA and
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canavanine, a nonproteinogenic amino acid known for its tendency to be
misincorporated in proteins. Protein incorporation was evaluated with
an E. coli expression system using a fragment of a recombinant human
protein. In contrast to canavanine, B-methylamino-alanine (BMAA) did
not affect cell growth and was not detected in the protein fragment. The
authors also showed that the removal of BMAA from bacterial proteins
was not accomplished by washing with detergent-containing acid hydroly-
sis and TCA precipitation, indicating the probability of a strong association
with protein surfaces. Similar findings were reported by Okle et al. (2012)
who used a human neuroblastoma cell culture and demonstrated BMAA
association with proteins after TCA protein precipitation, but not after pro-
tein-denaturing SDS gel electrophoresis. Spencer et al. (2016) did not find
evidence to support the incorporation of BMAA into proteins in the brains
of macaques. Cerebral protein lysates of BMAA-treated animals were ana-
lysed after extraction to remove BMAA from denatured proteins, detection
was performed with LC-MS/MS, and no incorporation was found.

Rauk (2018) modelled protein folding changes that would have occurred
if serine was substituted by BMAA. He concluded that BMAA incorpora-
tion instead of serine in proteins would not change conformational charac-
teristics of the f-amyloid peptide and that BMAA was therefore not related
to Alzheimer’s disease.

2.7.4 Conclusions

The cause(s) of the ALS/PDC in Guam remains a mystery. The existence
of the disease in Guam and Rota, but not in other areas where both flying
foxes and cycad products are eaten, has not been satisfactorily explained.
The possible relationship(s) between the presence of ALS/PDC in Guam,
Irian Jaya and the Kii Peninsula remains unknown. Over the course of a
decade, the BMAA hypothesis was transformed from one of many concern-
ing the cause of a neurodegenerative disease that occurred on Guam and
two other localities, to a global threat purportedly linked not only to ALS/
PDC, but also to ALS, Alzheimer’s disease and Parkinsonism.

The BMAA-neurodegenerative disease hypothesis is built on four major
contentions:

1. BMAA was the primary cause of ALS/PDC due to high levels in food
in Guam.

2. The disease is sufficiently similar to ALS, Parkinsonism and Alzheimer’s
disease to enable BMAA to cause all of these diseases.

3. The environmental/dietary exposure levels outside of Guam are suf-
ficient to cause this disease in humans.

4. BMAA acts through its incorporation into proteins displacing serine.
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While this hypothesis may be appealing for its simplicity and universality,
these contentions are either disputed by many other studies, or the nec-
essary data to support the hypothesis are not presented. The hypothesis
that BMAA caused ALS/PDC was largely based on a primate study that
used extremely high dose levels which were postulated to be possible for
humans to obtain by the consumption of food with extremely high lev-
els of BMAA. ALS/PDC is a separate neurodegenerative disease that has
occurred in several geographically distant and distinct areas. While the sum
of its symptoms are similar to other neurodegenerative diseases, the pat-
terns of occurrence are different, the type of aberrant proteins and regions
of the brain that are affected are different, and there is no reason for assum-
ing that the same agent acts to induce all of these diseases. Moreover, it
seems that human BMAA exposure through food and environment outside
Guam is orders of magnitude lower than effective doses administered in
animal studies, or postulated to have been consumed by people on Guam.
Finally, several well-designed studies have failed to find evidence of BMAA
incorporation into proteins.

Research into the cause(s) of ALS/PDC has largely been focused on single
factors, but there is little evidence that any of the single factor hypotheses
are completely responsible for the disease. There is, however, a possibility
that all or most of the different postulated causes, along with the consider-
able stress on the population of Guam during the World War IT occupa-
tion, played additive or synergistic roles in the occurrence of ALS/PDC,
and a more complex causation should be considered. Mineral imbalance,
genetic background, stress-induced physiological alterations and any of sev-
eral toxins present in cycads may have all played significant roles in the
causation of the disease (Chernoff et al., 2017). To solve a problem of this
nature is extremely difficult under any circumstances, and this difficulty
may increase as the incidence of ALS/PDC lessens in Guam. The evidence
for BMAA being the single cause of ALS/PDC in Guam as well as for other
unrelated neurodegenerative diseases globally is not convincing.

One can never realistically prove the absence of an effect, but the total-
ity of the evidence for the BMAA-neurodegenerative disease hypothesis at
the present time, or better the lack thereof, gives no reasons for immediate
concern. The question of mechanisms explaining how one compound can
cause four distinctive neurological diseases affecting different regions of the
brain and having different proteins associated with the central nervous sys-
tem changes in different people is a major issue that has yet to be addressed
experimentally. BMAA remains an interesting compound, but given the
evidence of increasing cyanobacterial and marine algal blooms and various
associated toxins in numerous waterbodies globally, there are many other
more apparent potential algal toxin health effect issues. Research efforts on
BMAA should be balanced with regard to those on the other cyanotoxins.
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Although solid exposure data are required for risk assessment, the key
question that needs to be answered first is whether the proposed toxic
effects of BMAA can be confirmed in health-relevant dose ranges.
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2.8 CYANOBACTERIAL
LIPOPOLYSACCHARIDES (LPS)

Martin Welker

2.8.1 General characteristics of bacterial LPS

Lipopolysaccharides (LPS) are part of the outer membrane of most Gram-
negative prokaryotes, including enteric bacteria (Erridge et al., 2002;
Raetz & Whitfield, 2002) and also cyanobacteria (Weckesser et al., 1979;
Martin et al., 1989). Furthermore, there is evidence that LPS-like compounds
can be found in green algae (Armstrong et al., 2002) and chloroplasts of
vascular plants (Armstrong et al., 2006). A large body of literature is avail-
able on the structure, composition of LPS and their association with adverse
health effects, generally focusing on heterotrophic bacteria of clinical rele-
vance (Dauphinee & Karsan, 2006; Bryant et al., 2010; Vatanen et al., 2016).

The structure of all LPS generally follows the scheme given in Figure 2.8.
The core structure is highly complex with individual regions showing vary-
ing degrees of conservation. In particular, the O-polysaccharide chain is
highly variable and is the main characteristic for distinguishing dozens or
hundreds of serotypes in some bacterial species, for example, Escherichia
coli or Salmonella sp. (Stenutz et al., 2006). The moiety primarily respon-
sible for the toxicity is lipid A, which is composed of phosphorylated sugar
units to which acyl chains of variable length and degree of saturation are
linked. Cyanobacterial LPS is different to LPS from Gram-negative hetero-
trophs as it often lacks heptose and 3-deoxy-D-manno-octulosonic acid (or
keto-deoxyoctulosonate; KDO), which are commonly present in the core
region of the LPS of heterotrophic bacteria. However, since the number of

n
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Figure 2.8 Schematic structure of lipopolysaccharides. Lipid A is composed of a highly
conserved D-glucosamine backbone with variable acyl chains bound to it, the
particular structure of which largely determines endotoxicity. The inner core
is also highly conserved containing KDO and heptoses, that are, however, less
frequent or absent in cyanobacterial LPS. The outer core is moderately vari-
able and contains mostly common sugars such as hexoses or hexaminoses.
The O-polysaccharide chain is composed of repetitive units of sugar com-
plexes and is highly variable and responsible for the serological specificity of
LPS and is a primary antigen of infective bacteria. (Modified from Erridge et
al,, 2002.)
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well-characterised LPS from cyanobacteria is very limited, species-specific
characteristics cannot yet be derived (Durai et al., 2015).

The first cyanobacterial LPS were characterised from two strains of
marine Synechococcus sp. (Snyder et al., 2009). Structural elucidation of
LPS is also available from “Oscillatoria planktothrix”, confirming the
lack of KDO (Carillo et al., 2014). The monosaccharide composition of
the O-chain of Microcystis sp. LPS was found to be relatively simple (Fujii
et al., 2012). Further reports characterise cyanobacterial LPS rather by its
bioactivity and less by analyses of chemical structures.

In the literature, the terms “LPS” and “endotoxin” are often used as syn-
onyms, but not always. Occasionally, endotoxin refers to the lipid A part of
LPS or refers to an entirely different molecule that is released from cells only
upon lysis. The lipid A of different heterotrophic bacterial species is highly
variable and expectedly exhibits varying activity in various test systems
(Erridge et al., 2002) — as it is presumably the case with cyanobacterial lipid
A (Gemma et al., 2016).

The principal clinical relevance of LPS from heterotrophic bacteria is due
to its role in sepsis and septic shock, which are potentially life-threatening
conditions leading to high numbers of casualties every year worldwide
(Hotchkiss et al., 2016). Most cases of endotoxin intoxication occur after
systemic infection with Gram-negative bacteria that can lead to sepsis and
septic shock when endotoxin is released from cells and enters the blood cir-
cuit. There, LPS triggers a signalling cascade in macrophage/endothelial
cells that eventually secrete proinflammatory compounds such as cytokines
and nitric oxide (Trent et al., 2006).

In particular, LPS is known to bind to one type of so-called toll-like
receptors, namely, TLR4 (Bryant et al., 2010), triggering a cascade of cellu-
lar reactions that involve the regulation of the expression of a large number
of genes (Akira & Takeda, 2004). In healthy individuals, the recognition
of LPS by TLR4 triggers innate and adaptive immune responses as part of
the normal defence against invasive microbes (Takeda et al., 2003), and
only a massive reaction in response to LPS in the bloodstream leads to a
critical health status. The strength of the binding of LPS to TLR4 is depen-
dent on the structure of lipid A, explaining varying strength of reactions in
patients but also in bioassays. The cascading host response to LPS rather
than the toxic properties of LPS itself therefore accounts for the potentially
lethal consequences (Opal, 2010). For this reason, LPS (or endotoxin) has
been discussed to be classified rather as an (exogenous) hormone than as a
toxin in a strict sense (Marshall, 2005). Arguably, LPS is not a secondary
metabolite like the known cyanotoxins but a highly variable fraction of a
cellular constituent rather than a defined structure.

One precondition of LPS-mediated sepsis is the microbial infection of a
body part causing an immune response and, when not controlled, inflam-
mation. The presence of bacteria producing LPS in or on the body is no
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health risk in itself (Mowat & Agace, 2014). The LPS contained in a healthy
gut microbiome is generally no threat and exceeds by far the amount of LPS
that triggers a septic shock when circulating in the bloodstream.

Besides their role in acute and life-threatening conditions, LPS play an
important role in triggering various signalling pathways in epithelial cells,
for example, in the intestine (Cario et al., 2000) or the lung (Guillot et al.,
2004). However, the role of LPS (from heterotrophic bacteria) in the regu-
lation of the gut microbiome (d’Hennezel et al., 2017) — the complexity of
which has only recently been fully recognised — is beyond the scope of this
chapter and the following will focus on cyanobacterial LPS.

2.8.2 What is known about bioactivity
of cyanobacterial LPS?

A number of studies on cyanobacterial lipopolysaccharides (LPS) have dem-
onstrated effects in bioassays, for example:

e Mayer et al. (2011) reported several metabolic reactions of rat microglia
upon exposure to LPS from Microcystis. However, the reactions were
considerably less pronounced compared to the reactions observed upon
exposure to equimolar concentrations of LPS from Escherichia coli.

e Klemm et al. (2018) reported similar reactions of rat microglia iz vitro
after exposure to LPS from Scytonema.

e Best et al. (2002) quantified the activities of microsomal and soluble
glutathione S-transferases (GST) from zebra fish embryos exposed to
LPS from an axenic Microcystis strain, cyanobacterial blooms and
enteric bacteria. They found a reduction in activity for all types of
LPS and concluded that this may reduce the detoxication capacity for
microcystins.

¢ Jaja-Chimedza et al. (2012) also exposed zebra fish embryos to
extracts of Microcystis strains assumed to contain LPS and found an
increase in activity of glutathione-based detoxication enzymes.

e Ohkouchi et al. (2012) exposed a human monocytic cell line to LPS
from various heterotrophic and cyanobacteria as well as from micro-
bial consortia to test the inflammatory potential of LPS. The LPSs
from an Acinetobacter lwoffii culture and from bacterial consortia
induced stronger reactions than other LPSs tested, including that of
cyanobacteria.

e Macagno et al. (2006) isolated “an LPS like compound” from “Oscilla-
toria planktothrix” that acts as a selective inhibitor of activity induced
in dendritic cells through exposure to LPS from E. coli. This antagonis-
tic behaviour was found to inhibit LPS-induced toxic shock in mice. In
Limulus amoebocyte lysate (LAL) assays, activity of the cyanobacterial
LPS-like compound was very low at 4 EU/pg compared to 8000 EU/ug
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of Salmonella enterica serotype abortus equi LPS or 15 000 EU/ug of
Escherichia coli serotype 055:B5 LPS.

e This cyanobacterial LPS-like compound is a potential inhibitor of
Escherichia coli LPS-induced inflammatory response in porcine whole
blood (Thorgersen et al., 2008).

* Moosova et al. (2019) report a number of proinfammatory effects of
LPS extracted from Microcystis strains and bloom samples observed
in whole-blood in vitro assays, such as induction inflammatory medi-
ators like tumor necrosis factor and interleukins.

These in vitro studies demonstrate a wide variety of bioactivities in a num-
ber of test systems; yet it is difficult to infer potential in vivo bioactiv-
ity from these results, especially as to date no study has unambiguously
related cyanobacterial LPS to adverse health effects in mammals, including
humans, in vivo, like this has been demonstrated for microcystin toxicity,
for example. Gastrointestinal disorders upon ingestion of cyanobacteria,
generally consisting of heterogeneous bloom material, cannot be causally
attributed to cyanobacterial LPS as is discussed below.

In most studies that imply an association between observed adverse
human health effects and cyanobacterial LPS, this is based more on associa-
tive argumentation than on conclusive evidence. Mainly two reports have
been influential in advancing the hypothesis that cyanobacterial LPS is a
health risk.

Lippy and Erb (1976) reported on an outbreak of gastrointestinal ill-
ness that occurred in Sewickley, PA (USA). The epidemiological survey con-
ducted at the time concluded that the outbreak was a water-borne illness
and a putative contaminant was thought to have entered the water supply
system through an uncovered finished-water reservoir in which cyanobac-
teria (mainly Schizothrix) were present around the time of the outbreak.
Although the term “endotoxin” is used only once and only in the context
of a general recommendation without making an explicit link to cyano-
bacteria, in subsequent studies the outbreak is retrospectively linked more
or less explicitly to cyanobacterial lipopolysaccharides (Keleti et al., 1979;
Sykora et al., 1980). At the time of the outbreak, many aetiological agents
were not yet known or were not yet detectable, and hence, the conclusions
drawn were possibly influenced by the visible prominence of cyanobacterial
blooms compared to, for example, viruses. Also, none of the cyanobacterial
toxins with unambiguous adverse health effects treated in this volume were
known at the time of this outbreak.

Hindman et al. (1975) reported on an outbreak of pyrogenic reactions in
patients being treated at a haemodialysis clinic in Washington, DC. They
circumstantially attributed this to cyanobacterial LPS as a cyanobacterial
bloom was present in the Potomac River from which the raw water was
abstracted. The apparent reason for this connection is that the authors were
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unable to demonstrate bacterial infections and bacterial contamination of
tap water and dialysate was seen only at trace levels. The authors concluded
that raw water from the Potomac, affected by a concurrent “algae bloom”,
was the likely source of LPS or endotoxin. However, no samples were taken
to obtain counts of heterotrophs in the raw water (or in the treatment sys-
tem). In this case also, the connection of cyanobacterial LPS to the adverse
health effect is possibly largely based on the prominent visibility of an “algal
bloom” - rather than on unequivocal evidence.

Since these early reports, no further studies have unequivocally sup-
ported the hypothesis that cyanobacterial LPS poses a risk to human
health. Nonetheless, these studies were cited as evidence for this hypoth-
esis until recently. In most of the reports that attribute signs and symp-
toms to contact with cyanobacterial lipopolysaccharides, as summarised
in Stewart et al. (2006), this connection is not well evidenced or given
only in general terms such as that “cyanobacterial toxins or LPS can cause
adverse health effects”.

A study by Lévesque et al. (2016), entitled “Exposure to cyanobacteria:
acute health effects associated with endotoxins”, suggests a causal rela-
tionship between exposure to cyanobacterial LPS (endotoxin) and human
illness. The observed health effects consisted of generally mild gastroin-
testinal symptoms not requiring medical examination. Yet, the statement
made in the title is not well supported by the presented data. For example,
no information is provided on the taxonomic composition of the cyanobac-
terial blooms, nor have well-known cyanobacterial toxins been quantified.
Further, no attempt was made to analyse water samples for possible hetero-
trophic pathogens associated with the cyanobacteria — while the authors
clearly state that “the hypothesis of a preponderant role of Gram-negative
bacteria is attractive” (see also next section) and conclude that “it is pos-
sible that the concentration of endotoxins is a proxy of another exposure”.
In summary, the reported correlation between exposure to cyanobacterial
blooms and mild disease does not allow to conclude that specifically cyano-
bacterial LPS actually played a significant role in this.

2.8.3 Methodological problems of studies
on cyanobacterial LPS

Due to their structural complexity, the quantification of LPS in a (cyano)
bacterial sample is difficult, and instead of a true molar or gravimetric quan-
tification, a bioassay has been employed. Most studies used the Limulus amoe-
bocyte lysate (LAL) assay (Young et al., 1972), with intrinsic uncertainty due
to varying activity of LPS from individual strains. The validity of the LAL
assay for clinical diagnosis has long been debated due to a supposed lack of
specificity but it is still considered the gold standard. Alternatively, pyrogen
tests based on human monocytoid cells have been proposed (Hoffmann et al.,
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2005). Modern biosensor-based assays are increasingly available (Das et al.,
2014; Lim et al., 2015), while modifications of the LAL assay are still in use
to detect LPS in clinical samples (e.g., Wong et al., 2016).

The characterisation of LPS from cyanobacteria can only be meaning-
ful if these are extracted from axenic cyanobacterial cultures, that is, cul-
tures free of any contamination with heterotrophic bacteria. Effects of LPS
extracted from samples of cyanobacterial blooms cannot be attributed
exclusively to cyanobacterial LPS because in field samples, a high diver-
sity of heterotrophic bacteria in high numbers is tightly associated with
cyanobacterial cells (Kolmonen et al., 2004; Xie et al., 2016; Yang et al.,
2017). Even if the biomass of cyanobacteria in such environmental bloom
samples is higher than that of the heterotrophic bacteria, their relative share
of LPS is lower because LPS content correlates with cell surface rather than
with cell volume. A large number of small heterotrophic bacteria has a
higher cell surface than the corresponding biomass of cyanobacteria, so
that heterotrophic bacteria are likely to contain more LPS per biomass than
cyanobacteria. In consequence, a relevant fraction of the activity in LAL
bioassays of field samples is likely partly due to LPS from heterotrophic
bacteria (Blahova et al., 2013).

Considering the highly variable activity of lipopolysaccharides (LPS) of
different microbiological origin, a mixture of LPS from an unquantified
consortium of (cyano)bacteria does not allow a meaningful toxicological
evaluation of one particular and unquantified LPS in this mixture. Blahova
et al. (2013) analysed LPS extracted from cultured Microcystis strains and
from blooms dominated by Microcystis. In the latter, the authors reported
higher activity (in LAL assays) and concluded that this is due to the contri-
bution of noncyanobacterial LPS. Rapala et al. (2006) also reported LPS
fractions from axenic strains to show a much lower endotoxic activity than
LPS fractions from bloom samples dominated by the same species. The
same reservation may, although to a lesser extent, also apply to clonal but
nonaxenic cultures of cyanobacteria in which the diversity of heterotrophs
may be low but their cell numbers can be high and hence also the share
of noncyanobacterial LPS in extracts. Interestingly, Moosova et al. (2019)
report the opposite, that is, higher activity of LPS extracted from axenic
strains compared to LPS from bloom samples. Therefore, unless respec-
tive studies explicitly state that cyanobacterial LPS was extracted from an
axenic strain, a contamination with heterotrophic LPS needs to be consid-
ered when interpreting results.

Heterotrophic bacteria associated with cyanobacterial blooms may not only
contribute to the combined amount of LPS but prove to be more important as
a direct cause for adverse health effects than the cyanobacteria biomass itself
(Berg et al., 2011). For example, Vibrio cholerae (Chaturvedi et al., 2015) or
Legionella spp. (Taylor et al., 2009), the very presence of which may consti-
tute a health risk, have been found associated with cyanobacterial blooms.
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LPS in samples is generally reported in endotoxin units per volume (e.g.,
EU/mL) or per mass of LPS (e.g., EU/mg) with endotoxin units not directly
correlated with the gravimetric amount of LPS due to the high variability of
less conserved parts of the molecule. Some LPS may consist of a high share
of Lipid A, while for others this share may be lower due to a higher share
of polysaccharide moieties. Hence, it is very important to understand what
the terms “endotoxin”, “LPS” or “endotoxic activity” refer to in particular
publications. “LPS” is generally reported in gravimetric units, while “endo-
toxin” is reported either as activity, for example, in Limulus amoebocyte
lysate (LAL) assays, or in gravimetric units when used synonymous to “LPS”.

In most bioassay studies, cyanobacterial LPS has been extracted from
cells or samples with organic solvents, generally phenol, and the residue is
considered to consist of LPS but often without a further characterisation in
terms of purity testing or (partial) structure elucidation. This means that in
most studies a fraction of not fully characterised composition is used rather
than a defined compound. This is further complicated by the fact that LPS
from an individual strain may be a mixture of structural variants. Among
Gram-negative bacteria, variations of the polysaccharide chain (Michael
et al., 2005) as well as of lipid A (Darveau et al., 2004) have been reported
for individual strains.

The extraction procedure to obtain purified LPS needs to be optimised
for the particular species under study and may even vary in efficiency when
comparing multiple strains of a single species, as Papageorgiou et al. (2004)
showed for multiple Microcystis strains. For toxigenic cyanobacterial
strains, the extraction of LPS is further complicated by the possibility of
coextraction of toxins such as microcystins that may bias bioassays when
not properly quantified (Lindsay et al., 2009).

2.8.4 Possible exposure routes to
cyanobacterial LPS

As discussed above, lipopolysaccharides (LPS) from bacterial heterotrophs
becomes a critical health issue when it is released from tissue infections or
inflammations and enters the bloodstream. Routes for exposure to cyano-
bacterial LPS are quite different from such clinical cases: systemic infec-
tions with cyanobacteria are very unlikely and have never been reported (in
contrast to infections with green algae such as nonautotroph Prototheca
spp.); thus, an increase of LPS from multiplication of cyanobacteria in the
human body can be excluded.

Exposure to cyanobacterial LPS only appears to be possible via the intes-
tinal tract after oral uptake (cells and free LPS), during dialysis (free LPS)
or via the respiratory mucosa after inhalation (cells and free LPS). In a
review on possible exposure of humans to LPS through drinking-water,
Anderson et al. (2002) concluded that two major exposure routes to LPS
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through drinking-water exist, namely, haemodialysis and inhalation, while
other exposure routes such as oral ingestion or skin contact are considered
as not being relevant: “occurrences linked to ingestion or through dermal
abrasions could not be located” — for LPS neither from heterotrophic bac-
teria nor from cyanobacterial LPS. Also, the uptake of cyanobacterial LPS
through the consumption of cyanobacteria contained in blue green algal
dietary supplements or food items (Aphanizomenon, Arthrospira, Nostoc;
see section 35.5) so far has not been considered as a health risk. Therefore,
possible exposure routes to cyanobacterial LPS can be restricted to haemo-
dialysis and inhalation.

For haemodialysis, it is evident that any exposure to cyanobacterial metab-
olites and other compounds must be avoided (see section 5.4) and the ques-
tion whether cyanobacterial LPS pose a threat or not is likely outweighed by
the proven direct adverse effect of cyanobacterial toxins such as microcystins.
Compared to cyanobacterial toxins, cyanobacterial LPS is presumably of
lesser relevance for dialysis-associated health risks, and any measure to avoid
exposure to cyanotoxins will inherently also address cyanobacterial LPS.

Inhalation of cyanobacterial LPS remains as a possible exposure route to
be considered. The exposure to LPS through inhalation is generally consid-
ered to act through free LPS (Anderson et al., 2002). For drinking-water,
Gram-negative heterotrophs are generally considered the main source
of LPS as these bacteria can proliferate within the treatment system, for
example, as biofilms on filters or in distribution pipes from which LPS
can be released after cell death. In contrast, cyanobacterial cells are gener-
ally removed from raw water at the initial stages of water treatment (see
Chapter 10) and cannot or only extremely rarely proliferate in the distri-
bution system. Therefore, respiratory contact to cyanobacteria occurs pri-
marily through intact cells or cell fragments inhaled accidentally during
recreational or occupational activity. Inhalation of intact cyanobacterial
cells or cell debris may have various effects such as mechanical irritation,
tissue damage due to toxins or secondary infections with associated micro-
organisms (see also section 5.2). Clear evidence of a contribution of cyano-
bacterial LPS to adverse health effects upon inhalation of cyanobacteria has
not been published so far.

2.8.5 Conclusions

There is no doubt that LPS from cyanobacteria affects cell lines or subcel-
lular systems such as the Limulus amoebocyte lysate assay in a similar way
to LPS from heterotrophic bacteria. However, from this bioactivity in vitro,
it cannot be concluded that LPS in waterbodies is a human health risk per
se. LPS contained in aquatic ecosystems, with or without cyanobacteria, are
a source of the natural and constant exposure to LPS — as it is the case with



2 The cyanotoxins 145

LPS contained in the human gut and skin microbiomes, neither of which
pose a direct health risk.

During effective drinking-water treatment, cyanobacterial LPS concen-
tration is very unlikely to increase in the process. Therefore, the exposure to
cyanobacterial LPS via consumption of drinking-water as potential health
risk can be negated with a fair amount of certainty. Exposure to cyanobac-
terial LPS via inhalation may equally be irrelevant when considering spray
formation, for example, while showering.

Inhalation of spray of water containing cyanobacteria in substantial
amounts could be an exposure scenario but most adverse health effects such
as inflammation or tissue lesions likely are a consequence of other constitu-
ents rather than an effect of cyanobacterial LPS itself. For haemodialysis,
water needs to be free not only of any LPS but also of any cyanobacterial
toxins to avoid critical exposure and health risks, as described in section
5.4, and ensuring that will inherently include LPS.

In summary, based on the current knowledge, cumulated in several
decades of research, cyanobacterial LPS are not likely to pose health risks
to an extent known from toxins like microcystins or cylindrospermopsins,
in particluar, when considering plausible exposure pathways.
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2.9 CYANOBACTERIAL TASTE AND
ODOUR COMPOUNDS IN WATER

Triantafyllos Kaloudis

Cyanobacteria can produce a large number of odorous compounds in water
that are usually referred to as water “taste and odour” (T&O) compounds,
some of which are specific to cyanobacteria, while others, however, are
also produced by other organisms. Odorous metabolites have negative
effects especially for drinking-water systems, as they make water unaccept-
able for consumers but also for tourism, recreational uses and aquaculture
enterprises.

Cyanobacterial T&O compounds belong to various chemical groups,
including terpenoids, ionones, aldehydes, ketones, sulphurous compounds,
amines and others (Watson, 2004). Among these, the most frequently
occurring compounds that are associated with seriously unpleasant epi-
sodes of off-odours in source waters and water supplies are geosmin and
2-methylisoborneol (MIB).

Geosmin (from the Greek “geo”: earth and “osme”: odour) is a bicyclic
sesquiterpenic compound with an extremely intense muddy/earthy smell that
has an odour threshold concentration (OTC, i.e., minimum concentration
detected by human nose) of about 4 ng/L in water, while MIB is a bicyclic
terpenoid with a strong musty odour and an OTC of 6 ng/L (Young et al.,
1996). Geosmin and MIB are responsible for many T& O incidents affecting
water supplies, recreational waters and tourism, and they can also accumu-
late in the lipid tissue of aquatic organisms, for example, of fish, resulting in
economic losses to fishery and aquaculture enterprises (Smith et al., 2008).

Many other odorous compounds can be produced by cyanobacteria, such
as B-cyclocitral, a- and B-ionones and alkyl sulphides (Juttner, 1984). This
section focuses on the most commonly occurring, that is, geosmin and MIB.

2.9.1 Chemistry and toxicity

Figure 2.9 shows the chemical structures of common cyanobacterial T&O
compounds and their characteristic odour. Geosmin and MIB are both ter-
tiary alcohols belonging to the class of terpenoids. Only the (—) enantiomers
occur in natural systems, and these are more odorous than the (+) enantio-
mers (Juttner & Watson, 2007).

Geosmin and MIB are not considered as health hazards for humans, as it
has been shown that environmentally relevant concentrations of both com-
pounds (e.g., ng-pg/L) present no cytotoxicity or genotoxicity (Dionigi et al.,
1993; Blaha et al., 2004; Burgos et al., 2014). Furthermore, as these com-
pounds can be sensed by the human nose at extremely low concentrations
(low ng/L, see above; Table 2.10), their presence even in low concentrations



150 Toxic Cyanobacteria in Water

(a) CH, (c)
g}
K H.C
OH 3 —
CH, CH, — O
(d) (e) (f
S—CH;
H,C H,C=S
CH,
o
H,C

Figure 2.9 Chemical structures of geosmin (a), methyl-isoborneol (b), B-cyclocitral
(c), B-ionone (d), a-ionone (e), and dimethyl-disulphide (f). For molecular
weights and smell characteristics, see Table 2.10.

makes water unacceptable for consumption, which is the main problem
they cause for water supplies. Indirectly, the presence of T& O may affect
health if it leads consumers to turn to another, possibly less safe water sup-
ply. Other compounds such as B-cyclocitral and a, p-ionones, which are
carotenoid breakdown products, also do not pose health safety concerns; in
fact, they are used as additives in food or in cosmetic products.

2.9.2 Analysis

Sensory evaluation followed by chemical analysis is generally used for the
assessment of T& O compounds produced by cyanobacteria in water (Suffet
et al., 2004). Flavour profile analysis (FPA) is a useful sensory evaluation
technique, in which a panel of trained assessors describes the character and
intensity of the unusual odour (Rice et al., 2017). Panellists can use the water

Table 2.10 Smell characteristics and molecular weights of common cyanobacterial
taste and odour substances

Smell Monoisotopic mass Molecular weight
characteristics (Da) (g/mol)
Geosmin Earthy-muddy 182.17 182.31
2-Methylisoborneol Musty-mouldy 168.15 168.28
B-Cyclocitral Tobacco/wood 152.12 152.24
f-lonone Violets 192.15 192.30
a-lonone Violets 192.15 192.30

Dimethyl disulphide Septic 93.99 94.20
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“Taste and Odour Wheel” (TOW) to associate odour descriptions with groups
of chemical compounds that are included in sectors of the TOW. Several sec-
tors contain compounds that are possibly produced by cyanobacteria; for
example, earthy/mouldy/musty odours are associated with the sector that
contains geosmin and 2-methylisoborneol (MIB) as possible causative agents.
The results of FPA-TOW provide guidance for the chemical analysis labora-
tory regarding which groups of compounds should be specifically targeted.
Detection, identification and quantitation of geosmin, MIB and other
T&O compounds is carried out by gas chromatography combined with
mass spectrometry (GC-MS). GC-MS techniques, after sample extraction
and preconcentration, allow detection and quantitation of T&O at very
low concentrations (low ng/L). Confirmation of the identity of odorous
compounds is based on mass spectral analysis, retention indices and com-
parisons with commercially available standards. GC-olfactometry (GC-O)
is a supplementary technique, especially for nontargeted analysis, that can
provide additional information to identify the compound(s) responsible for
the unusual odour (Hochereau & Bruchet, 2004). Efficient extraction of
geosmin, MIB and other T&O compounds from water prior to GC-MS
can be achieved by techniques such as purge and trap (P&T), solid-phase
extraction (SPE), head-space solid-phase microextraction (HS-SPME), stir-
bar sorptive extraction (SBSE) and closed-loop stripping analysis (CLSA).
These techniques can be optimised so that detection at concentrations
below or equal to OTCs can be achieved (Kaloudis et al., 2017).
Molecular methods targeting geosmin and MIB biosynthetic genes of
cyanobacteria have been developed and can be applied as additional moni-
toring tools for the early detection of geosmin and MIB producers in aquatic
environments (Giglio et al., 2010; Su et al., 2013; Suurnikki et al., 2015).

2.9.3 Producing organisms

In aquatic environments, cyanobacteria are considered as the major sources
of geosmin and MIB, although these compounds are also produced by acti-
nomycetes that are nonphotosynthetic and largely terrestrial organisms
associated with soils (Watson, 2004). Odour compounds from actinomy-
cetes can be washed into surface waterbodies but this process seems to be
less relevant in water T& O episodes (Zaitlin & Watson, 2006).
Compilations of cyanobacterial species that produce geosmin and MIB
show a variety of primarily filamentous planktonic and benthic produc-
ers (Juttner & Watson, 2007; Krishnani et al., 2008; Smith et al., 2008;
Graham et al., 2010). Geosmin- and MIB-producing species belong to the
genera Dolichospermum (Anabaena), Oscillatoria, Phormidium, Lyngbya,
Leptolyngbya, Microcoleus, Nostoc, Planktothrix, Pseudanabaena, Hyella
and Synechococcus. Most of the cyanobacterial species of these gen-
era produce either geosmin or MIB, but there are also species capable of



152 Toxic Cyanobacteria in Water

producing both compounds. Similarly to cyanotoxins, production of T& O
compounds by cyanobacteria is strain-dependent; therefore, strain isolation
and culture or detection of specific gene clusters are required to conclusively
identify the T&O producers.

2.9.4 Biosynthesis

Geosmin and MIB are synthesised by terpene synthases. Geosmin is syn-
thesised through cyclisation of farnesyl diphosphate by geosmin synthase
(Jiang et al., 2008). MIB is synthesised through methylation of geranyl
diphosphate by a methyltransferase, followed by cyclisation to MIB by MIB
synthase (Komatsu et al., 2008). The genes associated with biosynthesis
of geosmin and MIB from cyanobacteria have been discovered, and this
has led to the development of PCR and qPCR methods for the detection
of cyanobacteria producers (Suurnikki et al., 2015). The functions of cya-
nobacterial T&O compounds for the cells are still largely unknown. It is
hypothesised that they may have a role as signalling compounds, in allelo-
pathic interactions or as defensive agents (Zuo, 2019).

2.9.5 Geosmin and MIB concentrations
in aquatic environments

The concentrations of geosmin and MIB found in aquatic environments can
vary widely, but they are usually below 1 pg/L in surface waters and consid-
erably lower in treated drinking-water. Similarly to cyanotoxins, geosmin,
MIB and other cyanobacterial T& O compounds can be cell-bound or dis-
solved in water, and there is no general consensus in the literature regarding
the methods used to discriminate between these fractions or regarding the
expression of results (Juttner & Watson, 2007).

The production and occurrence of cyanobacterial T&O compounds
are known to be influenced by various environmental factors, including
phytoplankton composition, light intensity, nutrient concentrations, water
temperature, pH and dissolved oxygen. Study of these factors is useful for
the development of predictive models for T&O incidents (Qi et al., 2012).
Geosmin and MIB persist in water and are both only slowly degraded by
chemicals or microorganisms, which largely explains their persistence in
conventional water treatment processes.

2.9.6 Removal of geosmin and MIB by
water treatment processes

Removal of geosmin, MIB and other T& O compounds from water is a
great challenge for water utilities, due to the extremely low odour thresh-
old concentrations (OTCs) of some compounds. Conventional water treat-
ment methods (coagulation, flocculation, sedimentation and filtration) are
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generally ineffective in removing geosmin and MIB from drinking-water.
Adsorption with activated carbon (AC), in granular (GAC) or powdered
(PAC) forms, is widely used to remove T&O compounds. PAC especially
provides the flexibility of application for seasonal, short-term or unexpected
T&O episodes. Several factors, including the adsorbent properties such as
pore size distribution and surface characteristics and the presence of natu-
ral organic matter (NOM) in water, can reduce the effectiveness of removal
due to competitive adsorption (Newcombe et al., 2002). Furthermore, bio-
degradability of geosmin and MIB by several microorganisms has been
studied and has been used for biological filtration on sand filters or GAC
(Ho et al., 2007).

Common disinfectants and oxidants (e.g., Cl,, ClO,, KMnO,) may not
completely remove T& O compounds or they may form other odorous by-
products, while ozone and a combination of ozone/hydrogen peroxide are
shown to be more efficient (Bruchet et al., 2004; Peter & Von Gunten,
2007). A number of studies have focused on the degradation of geosmin
and MIB using advanced oxidation processes such as UV/H,0,, O;/H,0,,
heterogeneous photocatalysis and sonolysis (Antonopoulou et al., 2014;
Fotiou et al., 2015). Degradation mechanisms in advanced oxidation pro-
cesses commonly proceed via the oxidation of T& O compounds by highly
reactive oxygen species such as the hydroxyl radical; thus, they are gener-
ally more effective than conventional oxidation. However, their application
is rather limited mainly due to operational costs.

Such special treatment requires additional investment and operational
costs. As cyanobacterial T& O episodes are often seasonal or occasional,
modelling the temporal and spatial dynamics of cyanobacteria in water res-
ervoirs in order to prevent and control the growth of producer organisms is
therefore considered the most efficient practice for water supplies.

2.9.7 Co-occurrence of T&O compounds
and cyanotoxins

Not all cyanobacteria produce toxins and T&O compounds, but, as shown
in section 2.9.4, several genera contain one or more cyanotoxin and/or T&O
strain producers. Some strains of Microcystis also produce microcystins
together with B-cyclocitral and alkyl sulphides (Juttner, 1984). However,
cyanobacterial T& O compounds do not inevitably indicate the occurrence
of cyanotoxins, since attempts to use T& O parameters as potential indica-
tors of the presence of the toxins have been inconclusive (Khiari, 2017).
Nevertheless, when T& O incidents occur in water supplies that use surface
water reservoirs, both operators and authorities should be aware that cya-
nobacteria are a possible cause. As T&O compounds can be sensed at very
low concentrations, they can serve as an early warning for further investi-
gations regarding the presence of cyanobacteria and among them, possible
cyanotoxin producers.
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2.10 UNSPECIFIED TOXICITY AND OTHER
CYANOBACTERIAL METABOLITES

Andrew Humpage and Martin Welker

Early studies on toxic cyanobacteria largely reported effects of extracts of
cyanobacteria, isolated strains or bloom material collected in the field on
test systems such as animals and plants. With the purification of individual
compounds that cause toxic effects and the elucidation of their structure,
whole organisms were often replaced as test systems with cell lines, tissues
or enzyme/substrate systems. The mode of action of a number of toxins
could be revealed by these tests and eventually lead to a good understand-
ing of the human health risks associated with these toxins.

However, in a number of studies, toxic effects on whole animals or in
vitro test systems were found that could not be explained by the activity
of known and quantifiable cyanobacterial toxins. It is therefore likely that
cyanobacteria produce metabolites toxic to humans — as well as animals
and plants in general — other than the ones described in sections 2.1-2.6.

This section therefore addresses two aspects of cyanobacterial toxicity
beyond the known toxins: compounds produced by cyanobacteria that have
shown bioactivity in various test systems and toxic effects of cyanobacte-
rial extracts that cannot be attributed to the well-known compounds. Both
aspects are tightly linked and may lead to the identification of further cya-
notoxins in future.

2.10.1 Bioactive metabolites produced
by cyanobacteria

The cyanotoxins described in sections 2.1-2.6 are only a tiny part of the
total diversity of secondary metabolites produced by cyanobacteria. Many
of these compounds show bioactivity in organismic or in vitro test systems,
making cyanobacteria a potentially interesting source of pharmacologi-
cally active substances (Burja et al., 2001; Chlipala et al., 2011; Welker
et al., 2012; Vijayakumar & Menakha, 2015). It is beyond the scope of
this book to review the diversity of cyanobacterial metabolites and their
biosynthesis (as far as it is known) and the reader is referred to available
reviews (Welker & von Dohren, 2006; Dittmann et al., 2015; Huang &
Zimba, 2019). In this context, it is worth to mention that heterologous
expression of peptide or polyketide metabolites in cyanobacterial strains
has become feasible (Videau et al., 2019; Vijay et al., 2019), potentially
offering new opportunities for pharmacological research (Cassier-Chauvat
et al., 2017; Stens;jo et al., 2018).
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Most known metabolites, including the known cyanotoxins, are synthe-
sised by three biosynthetic pathways or hybrids thereof: nonribosomal pep-
tide synthetases (NRPS), polyketide synthases (PKS) or ribosomal synthesis
of peptides that are modified post-translationally (Ziemert et al., 2008;
Dittmann et al., 2015). These pathways allow the synthesis of virtually
hundreds of structural variants of a single basic structure by variations in
amino acid composition, modifications such as methylation or dehydration,
and others, as has been well documented for microcystins (Catherine et al.,
2017). Similar variability is known for several classes of nonribosomally
synthesised peptides — for example, cyanopeptolins, aeruginosins and ana-
baenopeptins (Rounge et al., 2007; Ishida et al., 2009) — and ribosomally
synthesised peptides such as microviridins (Philmus et al., 2008). The
chemistry and biosynthesis of these peptides and that of the well-known
cyanotoxins are very similar, suggesting that their role in contributing to
the fitness of the producer organisms is also similar and the high toxicity of
some molecules to humans (or mammals in general) is a mere coincidence.
The latter point is also supported by the evidence that nonribosomal pep-
tide synthesis by cyanobacteria and in particular, microcystin biosynthesis,
is a very ancient trait, dating back to times long before mammals thrived on
earth (Christiansen et al., 2001; Rantala et al., 2004). The comparison of
gene clusters for biosynthetic pathways for peptide or polyketide synthesis,
respectively, revealed a pattern of alternating regions with high conserva-
tion of variability between species (Cadel-Six et al., 2008; Ishida et al.,
2009; Dittmann et al., 2015). This may indicate that some of the metabolite
variability arises from horizontal gene transfer and recombination events
(Sogge et al., 2013).

The production of particular metabolites is highly clone-specific, and
clones within a population can be described as chemotypes. A high
chemotype diversity has been reported for species of Microcystis,
Planktothrix, Dolichospermum (Anabaena) and Lyngbya, for example
(Welker et al., 2007; Rohrlack et al., 2008; Leikoski et al., 2010; Engene
et al., 2011; Harustiakova & Welker, 2017; Le Manach et al., 2019; Tiam
et al., 2019). Since individual cyanobacterial clones can produce multiple
variants of multiple classes of metabolites, a multiclonal bloom of cya-
nobacteria can contain hundreds of bioactive metabolites (Welker et al.,
2006; Rounge et al., 2010; Agha & Quesada, 2014). This diversity makes
it difficult to relate an observed toxic effect that cannot be explained by
the activity of known (and quantifiable) cyanotoxins to a particular com-
pound in a specific sample. Hence, the key challenges for a comprehensive
risk assessment of cyanopeptides are their structural diversity, the lack of
analytical standards and complex requirements for their identification and
quantification (Janssen, 2019).
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For a number of individual cyanobacterial metabolites or groups of
metabolites, bioactivity data are available. Toxicity to zooplankton (Daphnia)
has, for example, been observed for microviridin J (Rohrlack et al., 2004), but
no data are available for other organisms or other structural variants. Other
frequently occurring peptides, such as cyanopeptolins or anabaenopeptins,
have been shown to inhibit proteases of herbivorous zooplankton (Agrawal
et al., 2005; Rohrlack et al., 2005; Czarnecki et al., 2006; Schwarzenberger
et al., 2010). This indicates that synthesis of these peptides by cyanobacteria
may confer a grazing protection for cyanobacterial populations (Savic et al.,
2020). However, other compounds isolated from cyanobacteria have been
variously described as cytotoxic, immune suppressant or cardioactive, or
been shown to inhibit key mammalian enzymes such as acetylcholine ester-
ase, chymotrypsin and trypsin (Humpage, 2008; Nagarajan et al., 2013).
Thus, “offtarget” effects also appear to be quite common.

Another hypothesis links the production of diverse (peptide) metabolites
to the defence of cyanobacteria against bacteria, phages and parasitic fungi
(Gerphagnon et al., 2015). In particular for the latter, evidence has been pre-
sented that particular peptides can protect strains of Planktothrix from being
infected by Chytridomycota (Senstebe & Rohrlack, 2011). The protection is
apparently specific for the Planktothrix chemotype as well as for the infec-
tious fungal strains (Rohrlack et al., 2013). This could explain the chemotype
diversity and their wax and wane in populations of planktonic cyanobacteria
with peptide diversity protecting populations from massive parasitic preva-
lence in a “Red Queen race” (Kyle et al., 2015). Protection from parasite
infection may not be the only selective pressure triggering the high meta-
bolic diversity of cyanobacteria, but surely is an interesting field, last but
not the least, for the potential discovery of compounds of pharmacological
interest, such as antifungal agents (Chlipala et al., 2011; Welker et al., 2012;
Vijayakumar & Menakha, 2015).

Although the structure of hundreds of cyanobacterial metabolites is
known, the number of compounds not yet known may be equally high or
even higher. This could explain the toxic effects of cyanobacterial extracts
that are discussed in the following section.

2.10.2 Toxicity of cyanobacteria beyond
known cyanotoxins

A number of researchers have reported toxic effects of cyanobacterial
extracts that could not be explained by the compounds verifiably present
in the extract. In addition, it has been noted that toxic effects of cyanobac-
teria that have been attributed to known cyanotoxins may actually have
been caused by other toxic compounds (reviewed in Humpage (2008), with
later examples included in Humpage (2008), Bernard et al. (2011), Froscio
et al. (2011), and Humpage et al. (2012). Such unexplained effects include
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higher-than-expected acute toxicity in animal bioassays, effects on particular
tissues or cell lines that are not observed using known cyanotoxins, and
toxic effects which are not in agreement with established mechanisms attrib-
uted to known cyanotoxins (Falconer, 2007). For details of toxicity testing
and possible pitfalls, see section 14.3.

To further complicate matters, many harmful effects described in human
exposure events such as pneumonia and gastrointestinal symptoms, are not
easily or solely explainable based on the described effects of cyanotoxins
(Stewart et al., 2006). A cyanobacterial bloom provides an ideal habitat for
concomitant growth of dependant bacteria, some of which may be patho-
genic to humans (Chaturvedi et al., 2015).

From the observations on animals exposed to blooms in waterbodies or
cyanobacterial culture material in laboratories, at the time of the publi-
cation of this book it appears likely that with the microcystins, cylindro-
spermopsins, neuro- and dermatotoxins described in sections 2.1-2.6, the
most potent and most frequently occurring cyanotoxins have been identi-
fied and their principle modes of action characterised. If these are absent or
their concentrations are below their respective guideline values, major risks
to human health from exposure to cyanobacteria therefore seem unlikely.
However, the evidence discussed above also implies that any cyanobacterial
bloom may contain further, yet unknown substances or microorganisms
that may be hazardous to exposed water users. This is a further reason to
avoid exposure to high concentrations of cyanobacterial biomass, regard-
less of its content of known cyanotoxins.
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