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ABSTRACT. This paper provides a comprehensive overview of metabolites, including lipids and lipid-like
compounds, nitrogen metabolites, oligopeptides and amino acid derivatives, produced by cyanobacteria of
the genera Anabaenopsis, Aphanizomenon, Aulosira, Cylindrospermopsis, Cylindrospermum, Nodularia, and
Richelia of the family Nostocaceae.

Abbreviations

ECjs( (effective concentration 50 %) — the plasma concentration required for obtaining 50 % of the maximum effect in vivo

IC5 (inhibitory concentration 50 %) — the concentration of a drug required for 50 % inhibition of replication in vitro (can be corrected
for protein binding efc.)

LDs( (lethal dose 50 %) — the number of pathogens required to cause lethal disease in half of the exposed hosts

ELISA enzyme-linked immunosorbent assay PSP paralytic shellfish poisoning toxins
FA fatty acid(s) WHO World Health Organization
FABMS fast atom bombardment mass spectrometry
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1 INTRODUCTION

Cyanobacteria have been identified as one of the most promising groups of organisms from which
were isolated novel, biologically active natural products (Shimizu 1996, 2003; Burja ef al. 2001; Ascencio et
al. 2004; Berlinck and Kossuga 2005; Dembitsky and Rezanka 2005; Dietrich and Hoeger 2005; Singh et al.
2005). The medicinal and nutrient qualities of cyanobacteria were first appreciated as early as 1500 BC, when
Nostoc species were used to treat gout, fistula, and several forms of cancer (Bladon 2002; Pietra 1990; Liu
and Chen 2003). Prior to the 1990s, limited investigations were undertaken on the isolation of biologically
active natural products from cyanobacteria. Currently, published data indicate that the family Nostocaceae
contained over 2500 strains of freshwater and marine cyanobacteria (Komarek and Hauer 2004). The very
high incidence of novel, biologically active compounds isolated from Nosfocaceae indicates that cyanobac-
teria are a rich source of potentially useful natural products (Liu and Chen 2003; Prasanna et al. 2004).

The family Nostocaceae (order Nostocales) consists of nitrogen-fixing cyanobacteria, which were
characterized as eubacteria that grow as autotrophs with CO, as the carbon source, utilizing an oxygen-pro-
ducing photosynthetic mechanism for the generation of ATP and reductants (Hrouzek et al. 2004). Members
of the order Nostocales are broadly characterized by unbranched filaments and the production of up to three
kinds of differentiated cells. Heterocysts differentiate in response to the lack of combined nitrogen in the envi-
ronment and are the sites of nitrogen fixation (cf. Sarma et al. 2004). Heterocysts occur singularly in a semi-
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regular spacing pattern in the filaments at a frequency of 3—10 % of the total cells (Castenholz and Water-
bury 1989).

We discuss here the occurrence of secondary metabolites and biosynthetic mechanisms of certain
metabolites, such as lipids, paralytic shellfish poisoning toxins, and polyether toxins in Nostocaceae.

2 GENUS Anabaenopsis (WOLOSZ.) V. MILL. 1923

Few papers focused on the isolation of some secondary metabolites in Anabaenopsis species have
been reported. Thus, the biochemical composition and FA content of filamentous, heterocystous, nitrogen-
fixing cyanobacterium Anabaenopsis sp. have been determined. Ten FA have been found, predominantly
palmitic (45.5 %), oleic (8.2 %), linoleic (16.2 %), a-linolenic (16.8 %), y-linolenic (3.6 %), and stearidonic
(4.6 %) acids (Vargas et al. 1998). In addition, Anabaenopsis sp. cells contain 52.2 % (of total mass) pro-
teins, 16.3 % of saccharides, and 11.4 % of lipids.

Anionic polysaccharides, with unknown structures, have been detected in the soil filamentous cyano-
bacterium Anabaenopsis circularis (Warrington et al. 1991).

The presence of microcystin-type toxins (1a—d) in extracts of a natural bloom of cyanobacteria com-
posed predominantly of Anabaenopsis milleri has been reported (Lanaras and Cook 1994). The toxins have
been extracted, purified, and compared to microcystin-LR (1a). The LDsg of A. milleri bloom material was
600—1500 mg lyophilized cells per kg body mass. Symptoms and pathological signs of poisoning in mice
were characteristic of cyanobacterial hepatotoxins, with enlarged darkened livers with masses of 8-10 % of
the total body mass. Comparison of the chromatographic behavior of the purified toxin with microcystin-LR
by reversed phase HPLC indicated that an 4. milleri bloom toxin was a microcystin type toxin and it is
highly likely that the purified toxin is microcystin-LR. Capillary zone electrophoresis and micellar electro-
kinetic chromatography were applied to the simultaneous separation of cyanobacterial toxins, i.e. anatoxin-a,
microcystin-LR, cylindrospermopsin (Vasas et al. 2004). Microcystins were also determined in 36 cyano-
bacterial (blue-green algal) bloom samples dominated by Microcystis aeruginosa and Aphanizomenon flos-
aquae. Ten microcystins (MC), three major and seven minor variants, were detected in natural cyanobac-
terial samples by high-performance liquid chromatography. The structures of the microcystins were assigned
on the basis of liquid chromatography—electrospray ionization mass spectrometry. The main microcystins
detected in the blooms from freshwaters species were MC-LR, MC-RR and MC-YR. Microcystin content of
the blooms varied from a few pg/g to 1687 pg/g freeze-dried material. Also some monodemethyl and dide-
methyl variants of MC-LR, MC-RR, MC-YR were found in a few analyzed samples (Jurczak ef al. 2004).
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The phytoplankton communities and the production of cyanobacterial toxins were investigated in
two alkaline Kenyan crater lakes, Lake Sonachi and Lake Simbi. Lake Sonachi was mainly dominated by the
cyanobacterium Arthrospira fusiformis, Lake Simbi by A. fusiformis and Anabaenopsis abijatae. Using HPLC
techniques, one structural variant of the hepatotoxin microcystin (microcystin-RR; 1b) was found in Lake So-
nachi and four variants (microcystin-LR, 1a, -RR, 1b, -LA, 1¢ and -YR, 1d) were identified in Lake Simbi.
The neurotoxin anatoxin-A (2) was found in both lakes (Ballot et al. 2005).

Cyanobacterial toxins in Lakes Bogoria, Nakuru and Elmenteita (Kenya) were analyzed both in the
phytoplankton from these lakes and in isolated monocyanobacterial strains of Arthrospira fusiformis, Ana-
baenopsis abijatae, Spirulina subsalsa and Phormidium terebriformis. Using HPLC, the cyanobacterial hepato-
toxins microcystin-LR, -RR, -YR, and -LA and the neurotoxin anatoxin-A were detected in phytoplankton
samples. Total microcystin concentration amounted to 155 pg microcystin-LR (Lake Bogoria) and 4593 ng
microcystin-LR (Lake Nakuru) (Ballot et al. 2004).

The genus Cyanospira was proved recently to be generically identical with the genus Anabaenopsis
according to 16S rRNA and life form (Iteman et al. 2002; Rajaniemi et al. 2005).

The genus Anabaenopsis has been isolated from the alkaline soda lake Magadi in Kenya (Floren-
zano et al. 1985). Two species have been described, viz. 4. rippkae and A. capsulata. The latter takes its
name from the gelatinous capsule that surrounds the microbial cells that are arranged in colonies of helical
thricomes.

Heterocyst glycolipids of the cyanobacterium A. rippkae have been isolated and their structures esta-
blished to be 1-(O-a-D-glucopyranosyl)-3R,27R-octacosanediol (3a) and 1-(O-a-D-glucopyranosyl)-27-oxo-
3R-octacosanol (3b) by spectroscopic and chemical means (Soriente ef al. 1993).

The cyanobacterial strain 4. capsulata was screened for its ability to remove Cu?" from aqueous
solutions; a quick and most effective heavy metal adsorption was observed (De Philippis et al. 2001). Un-
usual exopolysaccharide has been isolated from cultures of A. capsulata (Florenzano et al. 1985), and it was
composed of arabinose, fucose, glucose, mannose, and galacturonic acid (GalA) (Flaibani et al. 1989). Two
other papers reported by Marra et al. (1990) and Cesaro et al. (1990) have appeared dealing with the primary
structure and they differ in the quantitative estimate of GalA. All five monosaccharides were reported to be
present in equimolar ratio (Marra et al. 1990), whilst Flaibani et al. (1989) and Cesaro et al. (1990) reported
that GalA was present in a 2 : | ratio with respect to the other neutral sugars. The batch culture of 4. cap-
sulata produced large amounts of a soluble exopolysaccharide and over a period 30 d under continuous illu-
mination was studied. A mean exopolysaccharide productivity of about 6 g m2 d~! was attained. Purified
exopolysaccharide exhibited a saccharidic composition consisting of four neutral sugars (glucose, mannose,
fucose, and arabinose) and GalA in a molar ratio of 1 : 1 : 1 : 1 : 2, respectively. The exopolysaccharide was

also characterized by the presence of pyruvic
residues and by a protein content of about 2 %

[3)-0-D-GICPNAC-(1-+3)-0t-D-GalpA-(1+3)-ot-L-Fucp-(1-]n but O-acetyl groups and sulfate residues were

4 2 4 not detected (Vincenzini et al. 1990). The pre-
t t ) sence of two monosaccharides, N-acetylglucos-
! ) L amine and the rare acidic sugar 4-O-(1-carb-
o-L-Argp Rl B 'D'G;Cp oxyethyl)mannose was further described by
4 Garozzo et al. (1995). The exocellular poly-
1 saccharide produced by a different strain of
p-o-Manp A. capsulata was studied by partial acid hydro-
A{ lysis and N-deacetylation—nitrous acid deami-
S) 1 nation (Garozzo et al. (1998). The oligosac-
CH3CH-4-B-p-Manp charides have been isolated and characterized
by a combination of 1D- and 2D-NMR, MS,
4 COOH and linkage analyses. The polysaccharide had

an octasaccharide repeating unit (4).

3 GENUS Aphanizomenon MORR. ex BORN. & FLAH. 1886

Aphanizomenon flos-aquae (Fig. 1) is a colony-forming, filamentous, heterocystous cyanobacte-
rium belonging to the family Nostocaceae, which is found in freshwater environments (Castenholz 1989).
A. flos-aquae has a rather short history of consumption by humans. The exploitation of 4. flos-aquae did not
start until the early 1980s when natural blooms of this organism were first harvested on a large scale from
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Klamath Lake in Oregon (USA) (Carmichael et al. 2000). Currently, two main harvesting strategies have
been adopted on Klamath Lake. One involves an off-lake, large series of screens made of nylon mesh to
remove the biomass from the water coming out of the lake and flowing into an aqueduct system. The other
employs on-lake barges either equipped with rotating screens or fixed screens coupled with water pumps. The
rotating screens can be lowered just under the surface of the lake to collect the biomass, whereas the fixed
screens filter the water pumped from below the surface of the lake. It was reported that ~2 Gg (i.e. 2000 t) of
biomass of 4. flos-aquae were harvested from Klamath Lake in 1998 (Carmichael ef al. 2000).

Fig. 1. Aphanizomenon flos-aquae; bar =20 pm.

Analysis of 4. flos-aquae from Klamath Lake showed that this cyanobacterium contains (% of total
biomass): protein 62, saccharides 23, lipids 3, pigments (chlorophylls, xanthophylls, phycocyanins, and phyco-
erythrins); essential amino acids (mg/g): Gln 78, Leu 52, Ala 47, Asn 47, Arg 38, Lys 35, Tyr 33, Val 32,
Gly 29, Ile 29, Pro 29, Ser 29, Phe 25, Thr 17, His 9, Asp 7, Met 7, Trp 7, Glu 4, Cys 2.

Vitamins (pyridoxine, nicotinamide, biotin, thiamine, tocopherol, riboflavin, folic, ascorbic, and
pantothenic acids) were also found.

Using gradient HPLC and evaporative light-scattering detection, a variety of lipid classes of marine
Aphanizomenon sp. isolated from spring bloom in the Northern Bothnian Sea (October 1996) have been
separated and detected (Nordback et al. 1998). An extract of the cyanobacterium contains hydrocarbons, ste-
rol esters, wax esters, sterols, triacylglycerols, chlorophyll @, monogalactosyldiacylglycerols, digalactosyl-
diacylglycerols, sulfoquinovosyldiacylglycerols, phosphatidylglycerols, and phosphatidylcholine. In an extract
of Aphanizomenon sp. the dominant classes were found to be chlorophyll a, sulfoquinovosyldiacylglycerols,
monogalactosyldiacylglycerols and nonpolar lipids (Nordback et al. 1998).

Palmitic acid was found as a major lipid compound (43.0 % of lipid mass), further linolenic (21.4),
linoleic (12.4), stearic (2.9), and monounsaturated acids, i.e. palmitoleic (9.7), and oleic (5.0) were also de-
tected.

The occurrence of dioic, hydroxy, branched, and unsaturated FA in cyanobacteria of the genus
Aphanizomenon growing in different freshwater lakes has been studied. Dicarboxylic (4.52-7.14 %) and
other FA were identified by GC-MS (Dembitsky et al. 2001) (Table I). An unusual finding was the identifi-
cation of dioic acids, such as 2(E)-butene-1,4-dioic, 2-hydroxybutane-1,4-dioic, and 2-methylbutane-1,4-dioic
acid. None of these acids had been found previously in Aphanizomenon strains. The results have shown for
the first time the presence of fifteen dioic acids in cyanobacteria. Some dicarboxylic acids have the potential
as antiproliferative and as general antitumor agents against primary invasive malignant melanoma (Tatman
and Mo 2002). Aliphatic dicarboxylic acids surprisingly afforded potent cytotoxicity, antineoplastic activity
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(Hall et al. 1999), and served as lipidic markers for identification some human and animal diseases (Singh
1997; Visentin et al. 1995). These acids are of major interest for medical specialists and biochemists (Edlund
and Albertsson 2003).

Table I. Content (%, M/M) and structure of dimethyl esters of dioic acids from Aphanizomenon

strains?

Dioic acid 1 2 3 4

Ethane-1,2- 0.06 0.21 0.32 0.18
Propane-1,3- 0.21 0.13 041 0.12
Butane-1,4- 0.87 1.49 1.18 2.01
(E)-2-Butene-1,4- 0.42 0.09 0.03 0.11
2-Hydroxybutane-1,4- 0.33 1.31 0.38 0.21
2-Methylbutane-1,4- 0.48 0.56 0.13 0.19
Pentane-1,5- 0.12 0.09 0.14 0.35
Hexane-1,6- 0.17 0.12 0.21 0.11
3-Methyl-hexane-1,6- 0.07 0 0.72 0.16
Heptane-1,7- 0.24 0.61 0.38 0.12
3-Methylheptane-1,7- 0.09 0.45 0.11 0.14
Octane-1,8- 0.11 0.26 0.17 0.31
Nonane-1,9- 1.21 1.68 0.92 0.64
Decane-1,10- 0.14 0.06 0.21 0.05
Undecane-1,11- 0 0.08 0.13 0.12
Total 4.52 7.14 5.44 4.82

8] — Aphanizomenon flos-aquae (Klamath Lake, USA)
2 — A. flos-aquae (Upper Klamath Lake, USA)
3 — A. ovalisporum (Tiberias Lake, Israel)
4 — A. flos-aquae (Queen Elizabeth Reservoir, UK)

Most of the FA were saturated C4.0—Cjg.9 (65 %), but unsaturated FA were also found (2639 %;
Table II). Branched saturated FA were identified (7.10-17.2 %). The predominant unsaturation (38.9 % of
the total monounsaturated FA) was at oleic acid (26.7 %). Other monounsaturated FA (palmitoleic and
11-hexadecenoic acid) were observed. Hydroxy FA were found as minor components (0.27-0.59 %) (Dem-
bitsky et al. 2001).

The cellular FA content of 22 cyanobacterial strains belonging to the genera Anabaena, Aphanizo-
menon, Calothrix, Cylindrospermum, Nostoc, Microcystis, and Planktothrix has been studied. The strains of
Anabaena, Aphanizomenon, and Cylindrospermum grouped tightly and were characterized by the presence
of palmitoleic and anteiso-palmitic acids. Cluster analysis of Anabaena, Aphanizomenon, and Cylindro-
spermum showed that all hepatotoxic Anabaena strains grouped together, whereas the nontoxic and neuro-
toxic Anabaena strains grouped with the nontoxic Aphanizomenon strains (Gugger et al. 2002).

A. flos-aquae was cultivated in the laboratory under different growth conditions to search for long-
chain alkan-1,15-diols and alkan-15-one-1-ols (Morris and Brassell 1988). These compounds which are ubi-
quitous in recent sediments were not present either free or bound in any of the analyzed cultures, indicating
that results of chemotaxonomical studies based on field samples should be interpreted with great caution.
A specific lipid, tentatively identified as 15-hydroxyhexacosanoic acid, was encountered in the cultured alga
and has a potential importance as a biomarker (De Leeuw et al. 1992).

Some amides and further nitrogen-containing compounds have been isolated from A. flos-aquae
(Dembitsky et al. 2000). Amides of FA are lipid bioregulators formed from long-chain saturated and unsatu-
rated FA via amidation by the corresponding amines. Ethanolamides of FA are the most well studied species
of this group; an alternative pathway for their biosynthesis includes hydrolysis of N-acylated phosphatidyl-
ethanolamines by phospholipase D. Ethanolamides of FA bind to the cannabinoid receptors of the central
nervous system or peripheral tissues and can be considered as endogenous ligands of these receptors. Their
pharmacological properties are similar to those of cannabimimetics. Simple amides of FA are also endoge-
nous bioregulators acting as sleep-inducing (oleamide) or angiogenic (erucamide) factors. A new group of
bioregulators comprises the amides of FA and biologically active amines (vanillinamine, dopamine, and sero-
tonin) (Bezuglov ef al. 1998).

A series of pterins (Sa—h) has been isolated from 4. flos-aquae. The glycoside-1 from the toxic
strain NH-1 gave rise to xylose and glucose on hydrolysis, whereas glycoside-2 from Cambridge Collection
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and nontoxic NH-1 strains gave mannose and glucose. The authors concluded that these pterins might be a use-
ful marker for certain species of cyanobacteria (Ikawa et al. 1995).

Table II. Hydroxy, n-saturated, branched saturated and unsaturated acids from Aphanizomenon strains® (%, M/M)

Fatty acid 1 2 3 4
Total hydroxy acids 0.50 0.59 0.27 0.37
2-Hydroxypropanoic 2-OH-3:0 0.12 0.15 0 0.04
3-Hydroxybutanoic 3-OH-4:0 0.14 0.11 0.06 0
2-Hydroxy-4-methylpentanoic 2-OH-4-Me-5:0 0.11 0.12 0.21 0.24
2-Hydroxy-3-methylpentanoic 2-OH-3-Me-5:0 0.13 0.21 0 0.09
n-Saturated 51.5 54.6 45.8 49.7
Butanoic 4:0 0.19 0.15 0.11 0.05
Pentanoic 5:0 0.23 0.31 0.09 0.11
Hexanoic 6:0 0 0.18 0.24 0.16
Heptanoic 7:0 0.19 0.13 0.10 0.12
Octanoic 8:0 0.08 0.09 0.12 0.13
Nonanoic 9:0 0.18 0.23 0.22 0.19
Decanoic 10:0 0.19 0.11 0.21 0.29
Dodecanoic 12:0 0.44 0.26 0.31 0.18
Tetradecanoic 14:0 13.7 12.7 2.01 3.22
Pentadecanoic 15:0 3.15 1.51 0.95 0.84
Hexadecanoic 16:0 32.0 37.0 40.1 43.1
Heptadecanoic 17:0 0.68 0.18 0.22 0.31
Octadecanoic 18:0 0.51 1.74 1.14 0.98
Branched saturated 17.21 10.32 9.53 7.10
3-Methylbutanoic 3-Me-4:0 0.21 0.25 0 0
2-Methylbutanoic 2-Me-4:0 0 0.08 0 0.03
4-Methylhexanoic 4-Me-6:0 0.06 0 0.09 0.12
8-Methyldecanoic 8-Me-10:0 0.18 0.13 0.09 0.12
12-Methyltetradecanoic 12-Me-14:0 0.80 0.28 0.62 0.51
14-Methylpentadecanoic 14-Me-15:0 9.67 4.37 3.33 2.78
2-Methylhexadecanoic 2-Me-16:0 0.39 0.42 0.72 0.52
14-Methylhexadecanoic 14-Me-16:0 0.14 0.32 0.51 0.21
15-Methylhexadecanoic 15-Me-16:0 0.25 0.31 0.64 0.41
10-Methylheptadecanoic 10-Me-17:0 5.24 3.82 3.12 2.02
2-Hexylcyclopropaneoctanoic cyc-17:0 0.27 0.34 0.41 0.38
Unsaturated 26.2 27.4 38.9 37.9
3-Methyl-(Z)-3-pentenoic 3-Me-3-5:1 0.09 0.03 0.11 0
(Z)-9-Hexadecenoic 9-16:1 2.39 1.02 2.34 1.85
11-Hexadecenoic 11-16:1 1.24 3.19 2.14 2.55
(Z)-9-Octadecenoic 9-18:1 20.9 19.9 26.7 26.1
9,12-Octadecadienoic 9,12-18:2 0.28 0.41 4.14 5.21
10,13-Octadecadienoic 10,13-18:2 0.19 1.68 2.05 1.19
12,15-Octadecadienoic 12,15-18:2 0.16 0.34 0.61 0.43
9,12,15-Octadecatrienoic 9,12,15-18:3 0.94 0.75 0.81 0.74

4See footnote to Table 1.

An alkaloid with a benzazepine skeleton, aphanorphine (6) was isolated from A. flos-aquae together
with its previously known constituents (Gulavita et al. 1988). The anatoxins are a group of neurotoxic
alkaloids produced by a number of cyanobacterial genera including Aphanizomenon, Anabaena, and Planko-
thrix. All planktic Oscillatoria species were transferred (Nadeau er al. 2001) into the genus Plankothrix
according to molecular (Suda et al. 2002) and phenotype (Anagnostidis and Komarek 1988) criteria already
several years ago. The toxicity of these compounds (LD5g) begins at 20 pg/kg (i.p. mouse). Anatoxin-A (2)
as a low-molar-mass alkaloid was isolated from A. flos-aquae (Sivonen and Jones 1996). The biosynthesis of
anatoxin-A produced by this cyanobacterium involves the loss of glycine from arginine. Significantly, this
retroaldol-type cleavage is analogous to the Claisen condensation of acetate to arginine in the saxitoxin bio-
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synthesis. According to feeding experiments carried out with A. flos-aquae, the molecule is built from argi-
nine and acetate in an extraordinary manner (Shimizu 1996).
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The cytotoxic toxin cylindrospermopsin (16b; see p. 171) has been isolated from the cyanobacteria
Cylindrospermopsis raciborskii, Aphanizomenon ovalisporum, and Umezakia natans (Kaebernick and Nei-
lan 2001). Toxicity of 18 in mammals has been reported by Seawright ef al. (2000). In white Swiss mice, the
median acute lethal dose via i.p. injection was 0.2 mg/kg over a period of 5 d, while the 5-d oral median
lethal dose was 6 mg/kg (Terao et al. 1994; Seawright et al. 1999). The acute toxicity mechanism has been
ascribed to inhibition of protein synthesis (Terao et al. 1994), which further suggested that activation through
hepatic microsomal mixed oxygenation also contributes to the essentially periacinar hepatotoxicity.

Cylindrospermopsin (16b), a cyanobacterial guanidine alkaloid hepatotoxin and protein-synthesis-
inhibitor, was assayed for its effects on the germination of pollen from tobacco. Pollen germination, measu-
red by Alcian Blue binding, was inhibited by 16b between 5 and 1000 pg/mL. As a protein-synthesis-inhi-
bitor, 16b did not inhibit pollen germination to the same extent as cycloheximide on a gravimetric basis, but
significantly reduced the amount of U-!4C-L-leucine labeling in pollen tubes. The inhibition of tobacco pol-
len germination may be amenable for development as a bioassay for 16b, although this would require a pre-
concentration step for the monitoring of environmental samples (Metcalf e al. 2004).

The presence of PSP toxins in cultures of 4. flos-aquae, isolated from the Crestuma-Lever reser-
voir, was found by reversed-phase HPLC employing two isocratic elution systems for the separation (Fer-
reira et al. 2001). With the first isocratic elution protocol, the presence of apolar toxins, such as saxitoxin
(7g), decarbamoylsaxitoxin (7a) and neosaxitoxin (7h), was not detected. On the other hand, GTX1 (gony-
autoxin; 7j), deGTX2 (7¢), and GTX4 (71) were present in the 4. flos-aquae cells collected either directly
from the bloom or in the other toxic isolates previously cultivated in the laboratory. Detection of toxins in an
algal bloom in Lake Crato (Portugal) drinking water reservoir was followed by isolation of a strain of Apha-
nizomenon gracile. The strain, coded as LMECY A40, was cultured and identified by combining a morpho-
logical study with 16S rRNA gene sequencing. The toxin profile of this isolate, as revealed by HPLC-FLD
analysis, was similar to that of other Aphanizomenon strains, consisting of two analogues: neosaxitoxin
(0.27 fmol per cell) and saxitoxin (0.05 fmol per cell) (Pereira e al. 2004). The report of 7g in cyanobacte-
rial blooms in Finland was published (Rapala et al. 2005). Bloom samples were collected from Finnish fresh-
water and showed the presence of paralytic shellfish toxin (7g) in a high concentration, as much as 1 mg/L.

Montargil reservoir, located in a dry flat area in the center of Portugal, was filled in 1958 to meet
agricultural, electric, and industrial requirements. In May 1996, an intensive bloom of phytoplankton was
detected. The algal community was strongly dominated by cyanobacteria with predominance of 4. flos-aquae
from May to June and Microcystis aeruginosa from July to August. Extracts of samples collected during the
bloom period showed high toxicity by mouse bioassay. During the M. aeruginosa predominance period, the
toxicity was ascribed to the presence of hepatotoxins, but clear symptoms of paralytic shellfish poison were
observed when A. flos-aquae was the dominant species (Pereira et al. 2000). In order to confirm the pro-
duction of toxins, the culture of the strain 4. flos-aquae was isolated and established. Identification of the 7g
analogs was achieved using HPLC with postcolumn fluorescence derivatization and LC-MS technique. The
toxins found in the culture extract were C4 (7r; 64.5 molar %), neosaxitoxin (7h; 23.0), decarbamoylsaxi-
toxin (7a; 6.1), saxitoxin (7g; 5.4), and GTX8 (7q; (1.1). The toxin profile is rather different from the pre-
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viously reported PSP producing A4. flos-aquae and demonstrates its diversity in terms of toxin production
(Pereira et al. 2000).

OR4
R1
o NH,
HNZ N7 NH
OH
, SOH
R2 R3
7a-r
R! R? R3 R4

7a H H H H

7b OH H H H

7c H H 0805 H

7d OH H 0S80, H

7e H 0S80, H H

7t OH 0S05 H H

79 H H H CONH,

7h OH H H CONH,

7i H H 0S05 CONH,

7i OH H 0S05 CONH,

7k H 0805 H CONH,

71 OH 0805 H CONH,

7m H H H CONHSO,”
7n OH H H CONHSO,”
70 H H 0S80, CONHSO,”
7p OH H 0S80, CONHSO,”
7q9 H 0805 H CONHSO;”
7r OH 0805 H CONHSO3”

A single run HPLC method has been developed and shown to be applicable to the quantitative ana-
lysis of PSP produced by Australian cyanobacteria (Anabaena circinalis) and other cyanobacteria. The daily
precision of this method was adequate for it to be considered as a routine analytical tool for direct PSP ana-
lysis of cyanobacterial extracts and water bodies containing C3, C4, GTX2, GTX3, neoSTX in the 10-70 ppb
concentration range (Papageorgiou et al. 2005) (Table III).

The distribution pattern and seasonal dynamics of microcystin-LR, -YR and -RR in various organs
of four edible freshwater mussels (Anodonta woodiana, Hyriopsis cumingii, Cristaria plicata, and Lampro-
tula leai) were studied monthly during Oct 2003—Sep 2004 in Lake Taihu (China) with toxic cyanobacterial
blooms in the summer. Qualitative and quantitative determinations of microcystins in the organs were done
by LC-MS and HPLC. The major toxins were present in the hepatopancreas, followed by visceral mass with
substantial amount in gonads, whereas gill and foot were the least. Among the foot samples analyzed, 54 %
were above the provisional, WHO tolerable daily intake level, and the mean daily intakes from the four bi-
valves were 8.0-23.5 times the tolerable daily intake value when the bivalves are eaten as a whole, sugges-
ting the high risk of consuming bivalves in Lake Taihu (Chen and Xie 2005).

In a survey in Greece 1987-2000 hepatotoxic cyanobacterial blooms were observed in 9 of 33 fresh-
water reservoirs. Microcystins (1a—d) were detected by HPLC in seven of these lakes, and the total micro-
cystin concentration per scum dry mass ranged from 50.3 to 1638 ng/g. Cyanobacterial genera, such as
Microcystis, Anabaena, Anabaenopsis, Aphanizomenon, and Cylindrospermopsis were present in 31 fresh
water (Cook et al. 2004). From published data it would appear that Mediterranean countries are more likely
to have a low level of cyanobacterial toxins, such as microcystin. A case study in Lake Kastoria was used to
highlight the seasonal patterns of cyanobacterial and microcystin-LR occurrence and to assess cyanotoxin
risk (Cook et al. 2004). Cyanobacterial biovolume was high (>11 pL/L) throughout the year and was in excess
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of Guidance Level 2 (10 uL/L) proposed by WHO for recreational waters and Alert Level 2 for drinking
water. Furthermore, surface water samples from April to November exceeded Guidance Level 3, with the
potential for acute cyanobacterial poisoning. Intracellular microcystin-LR concentration (maximum 3186 ug/L)
exceeded the WHO guideline for drinking water (1 pg/L) from September to November with a high risk of
adverse health effects. Preliminary evidence indicates that in three lakes microcystins are accumulated in some
aquatic organisms. Generally, a high-risk level can be deduced from the data for the Mediterranean region
(Cook et al. 2004).

Table III. Toxicity of paralytic shellfish poisoning toxins 7a—r

Toxin No. Net charge Relative toxicity
Decarbamoylsaxitoxin deSTX 7a +2 0.513
Decarbamoylneosaxitoxin deneoSTX 7b +2 -
Decarbamoylgonyautoxin deGTX2 Tc +1 0.651
Decarbamoylgonyautoxin deGTX1 7d +1 -
Decarbamoylgonyautoxin deGTX3 Te +1 0.754
Decarbamoylgonyautoxin deGTX4 7t +1 -
Saxitoxin STX 7g +2 1.000
Neosaxitoxin neoSTX 7h +2 0.924
Gonyautoxin GTX2 7i +1 0.359
Gonyautoxin GTX1 7j +1 0.994
Gonyautoxin GTX3 7k +1 0.638
Gonyautoxin GTX4 ! +1 0.726
Gonyautoxin GTXS m +1 0.064
Gonyautoxin GTX6 7n +1 -
Epigonyautoxin GTXS8 70 0 0.006
c3 7p 0 0.013
Gonyautoxin GTX8 7q 0 0.096
C4 r 0 0.058

Many different microcystins LR (8a—d) were isolated and identified in the 4. flos-aquae. The toxi-
city was determined i.p. in mouse; the LD values were 40—-1000 pg/kg (Krishnamyrthy ef al. 1989; Harada
et al. 1990, 1991; Rinehart ef al. 1988, 1994; Sivonen et al. 1992; Bateman et al. 1995).
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The concentration of a cyanobacterial toxin, nodularin (13b), was measured in the Baltic Sea in
1998-1999. Statistical associations of the concentration of 13b with environmental factors were tested by
multiple regression analysis. To reveal the toxin-producing organism, colonies of Aphanizomenon and Nodu-
laria were picked and analyzed for peptide toxins (Repka ef al. 2004). All the measured samples contained



168 T.REZANKA and V.M. DEMBITSKY Vol. 51

13b, but other toxins were not detected by the HPLC analysis. In both years, the highest 13b concentration
was found in the surface water layer. The concentration of 13b was positively correlated with silicate con-
centration in water. High concentration of silica in surface water may indicate recent upwelling, which in
turn renders surface water rich in nutrients. This upwelling is likely to intensify cyanobacterial growth and
toxin production which may explain this rather unexpected result. The picked Aphanizomenon colonies did not
contain 13b or the concentration was below the detection limit. Thus, it was concluded that most of 13b was
bound to Nodularia cells. The abundances of zooplankton (copepods, rotifers, and cladocerans) were unrela-
ted to Nodularia, but were positively associated with Aphanizomenon.

For the first time carotenoid composition of the A. flos-aquae has been studied by Tischer (1938,
1939) more than 65 years ago, who reported the presence of -carotene (9a) and four pigments, designated
as flavacin, aphanin, aphanicin, and aphanizophyll. Later, Hertzberg and Liaaen-Jensen (1966, 1967) have
re-examined the carotenoid composition of the 4. flos-aquae. The epiphasic fraction comprised -carotene,
flavacin, aphanin, and aphanicin. The last two were shown to be identical with echinenone (9b) and cantha-
xanthin (9¢), respectively. The hypophasic fraction contained in addition to aphanizophyll (10b) (later was
also established as oscillaxanthin) small amounts of myxoxanthophyll (10a). Fiksdahl ef al. (1983) shown
that the Kezar Lake strain of 4. flos-aquae contained seven different carotenoids.
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The profiles of geosmin (11), of which the dissolved and the particle-bound fractions were distin-
guished, were analyzed monthly in a seasonal study in a stratified mesotrophic prealpine lake Ziirichsee
(Durrer et al. 1999). Remarkable seasonal and spatial differences in the total amounts and ratios between the
two fractions were observed. Equally low concentrations of dissolved and particle-bound 11 were found in
the winter season during turnover conditions (maximum total concentration of 11 being 3.1 ng/L). In the
clear-water period the dissolved fraction of 11 increased dramatically (=93 %) whereas the particle-bound 11
showed only minor changes. In the autumn and first part of the winter surface films contributed essentially
to the particle-bound fraction of 11 exhibiting maximum concentrations of 21 ng/L. Possible producers of 11
in Zirichsee are Aphanizomenon and Planktothrix. Feeding experiments with Daphnia and Simocephalus
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simulating the phenomenon of the clear-water period apparently demonstrated that grazing could be regar-
ded as a major mechanism for the liberation of 11 from particles.

Levels of 11 and 2-methylisoborneol (12) and composition of phytoplankton communities were
determined for water samples collected from 35 fishponds at Auburn (Alabama), and 34 ponds in west-cen-
tral Mississippi (Vanderploeg et al. 1992). In Auburn ponds, the level of 37 ranged from 0.05 to 8.9 ug/L
but 12 was never detected. The highest concentration of 11 was measured in ponds with plankton blooms
where Anabaena species dominated. In Mississippi ponds, the level of 12 ranged from 0.05 to 76 pg/L. The
highest concentration of 12 was associated with blooms of Plankothrix chalybea, a cyanobacterium that pro-
duces 12 in unialgal culture. Geosmin at 0.05—6.25 pg/L could be associated with blooms of Anabaena spi-
roides and always concurred with the concentration of 12 (0.45-3.25 ug/L). Neither 11 nor 12 at either location
could be associated with phytoplankton blooms of A. flos-aquae, Plankothrix agardhii, Raphidiopsis broo-
kii, or Microcystis aeruginosa (Vanderploeg ef al. 1992).

Flavor profile analysis results were compared with water quality data for two storage reservoirs of
the East Bay in Oakland (California) to determine what conditions exist at the time of an earthy or musty taste
and odor episode. Strong musty and earthy aromas coincided most frequently with fall Anabaena sp. blooms
and summer Synechococcus (Anacystis) sp. blooms. Occasional Aphanizomenon sp. blooms were concurrent
with Anabaena sp. blooms, so odor problems associated with Aphanizomenon sp. could not be distinguished
(Seligman et al. 1992).

Recently the identification of three new high-molar-mass polysaccharides isolated from food-grade
microalgae was described; these are potent activators of human monocytes and/or macrophages: “Immulina”
from Arthrospira platensis (Rippka et al. 1979), “Immunon” from 4. flos-aquae, and “Immurella” from Chlo-
rella pyrenoidosa (Pugh et al. 2001). These polysaccharides are structurally complex and have an estimated
molar mass of >10 MDa. All three polysaccharides are highly water-soluble and comprise 0.5-2.0 % of micro-
algal dry mass. Immunostimulatory activity was measured using a transcription factor-based bioassay for
nuclear factor kB activation in THP-1 human monocytes and/or macrophages. Using this system the ECs
values of these polysaccharides are 20—110 ng/mL. THP-1 activation was confirmed by measuring immune
cytokine mRNA induction using reverse transcriptase-polymerase chain reaction. Each polysaccharide sub-
stantially increased the mRNA level of interleukin-1f and tumor necrosis o-factor. These polysaccharides
are 100-1000 times more active for in vitro monocyte activation than polysaccharide preparations that are
currently used clinically for cancer immunotherapy (Pugh et al. 2001).

The amino acid sequence of ferredoxin I from A. flos-aquae was determined and its sequence has been
analyzed (Lee et al. 1983). Ferredoxin is composed of 97 amino acid residues with a molar mass of 10384 Da,
excluding two iron and two sulfur atoms in the 2Fe-2S cluster. The numbers of amino acid differences
among blue-green algal ferredoxins indicated that A. flos-aquae ferredoxin has considerable similarity to
other filamentous algal ferredoxins.

An isolate of 4. flos-aquae was made from a water bloom sample taken at a small pond near Dur-
ham (New Hampshire) in 1980. The batch cultured strain was toxic to mice and had an i.p. LDsg of =5.0 mg/kg
(Mahmood and Carmichael 1986). TLC and HPLC indicated that 4. flos-aquae produced PSP, mainly neo-
saxitoxin and saxitoxin. Three labile toxins were also detected which were not similar to any of the known
PSP.

More than 100 samples of blue-green algae products, consisting of Aphanizomenon, Arthrospira
(Wehr and Sheath 2003), and unidentified blue-green algae, in the form of pills, capsules, and powders were
collected from retail outlets from across Canada (Lawrence ef al. 2001). The samples were extracted with
75 % methanol and centrifuged to remove solids. The results obtained by ELISA and LC-MS-MS agreed
very well over a concentration range of ~0.5-35 pg/g toxins. The colorimetric phosphatase results generally
agreed with the previous methods. While the two-biochemical assays measured the total microcystin content
compared with a standard of microcystin-LR (1a), the LC-MS—-MS method measured specific microcystins
(-LR, -RR, -LA, -YR; 1a—d) using external standards of these for identification and quantification. Micro-
cystins 1a and 1c¢ were found in all samples by LC-MS-MS. Otherwise, the LC-MS-MS results were sig-
nificantly lower than the results of the biochemical assays and other unknown microcystins that have would
been present.

A hepatotoxic cyanobacterial water bloom was collected from a dam in Finland. The water bloom
contained two cyanobacterial species, A. flos-aquae and Microcystis aeruginosa (Namikoshi et al. 1992).
Two hepatotoxins, 1 and 2, were isolated from extracts of lyophilized cells. The structures of 1 and 2 were
assigned based upon their amino acid analyses on an HPLC system, a chiral GC capillary column, FABMS,
high resolution FABMS, and tandem FABMS. Toxin 1 was identical with a previously reported compound,
[D-Asp3]microcystin-RR (8e). Toxin 2 was new and was assigned as [D-Asp3]microcystin-YR (8f).
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Cyanobacterial bloom samples from the Gulf of Finland (northern Baltic Sea) were collected in July
2003 and analyzed for microcystins and nodularins, i.e. cyanobacterial peptide hepatotoxins, by ELISA,
HPLC-UV, and LC-MS (Karlsson et al. 2004). The blooms consisted mainly of the genera Nodularia, Ana-
baena, and Aphanizomenon. The main hepatotoxin in the samples was nodularin (13b), all the samples also
contained demethylnodularin (13a). The presence of microcystin-LR (1a) was confirmed in three locations
out of nine by multiple reactants monitoring on the triple quadrupole mass spectrometer. This is the first re-
ported finding of microcystins in the Baltic Sea from the open sea area.
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Anabaenopeptins I (14a) and J (14b), two new ureido bond-containing cyclic peptides, were isola-
ted from the cultivated 4. flos-aquae as potent carboxypeptidase-A inhibitors with ICsy of 5.2 and 7.6 ng/mL,
respectively (Murakami et al. 2000).

4 GENUS Aulosira KIRCHN. ex BORN. & FLAH. 1886

A few papers on metabolites from the genus Aulosira have been published. 4. fertilissima isolated
from a soil sample near Moon Beach (Okinawa) in 1986 and its culture has been studied by the Corbett assay
(Corbett et al. 1992). Using a bioassay-guided fractionation procedure, a novel yellow pigment, aulosirazole
(15), was isolated which accounted for the solid-tumor-selective activity. The lipophilic extract of A. fertilis-
sima was fractionated by size-exclusion chromatography and its activity was monitored by human naso-
pharyngeal carcinoma cytotoxicity. Aulosirazole, the major cytotoxin in this cyanobacterium, shows solid-
tumor-selective activity in the Corbett assay (Stratmann et al. 1994) with 1Cs( values against human naso-
pharyngeal carcinoma and human colorectal adenocarcinoma cell line at 350 and 45 ng/mL, respectively.

5 GENUS Cylindrospermopsis SEENAYYA & SUBBA RAJU 1972

This genus is an ancient group of the cyanobacteria which tolerates a wide range of environmental
conditions and has even been found growing in hot springs, Antarctic lakes under permanent ice cover, and
in extremely salty pools (Chonudomkul ez al. 2004). Some species form dormant cells that can withstand dry
or harsh conditions for extended periods of time. A number of cyanobacterial species release toxins that can
cause death in mammals, birds, and fish and illness in humans (Newcombe and Nicholson 2004).

The species of Cylindrospermopsis grow abundantly as blooms in subtropical freshwater lakes and
rivers with high levels of phosphorus and other nutrients. In recent years, this species has begun replacing
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other bloom-forming algae in lakes, pounds, reservoirs, and rivers around the world and appears to be mo-
ving into more temperate climates. States where Cylindrospermopsis has been found, but not in bloom con-
dition, include Michigan, Illinois, and Ohio (Duy et al. 2000; Svrcek and Smith 2004; Wood and Stirling
2003).
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Cylindrospermopsin (16b) is a potent cyanobacterial hepatotoxin produced by C. raciborskii (Fig. 2)
(Ohtani et al. 1992) and other cyanobacteria such as Umezakia natans (Harada et al. 1994), Aphanizomenon
ovalisporum (Banker et al. 1997) and Raphidiopsis curvata (Li et al. 2001). The absolute configuration of
(—)-7-epicylindrospermopsin (16¢), a toxic metabolite of the freshwater cyanobacterium Aphanizomenon ovali-
sporum, was determined by total synthesis (White and Hansen 2005).
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Fig. 2. Cylindrospermopsis raciborskii; toxic strain producing hepatotoxin cylindrospermopsin; bar = 40 um.

In tropical and subtropical waters of Australia, toxin 18 with a completely different mechanism of
toxicity has caused health problems in drinking water (Hawkins ez al. 1985, 1997; Harada et al. 1994; Ban-
ker et al. 1997). In a pure form, 18 mainly affects the liver, although crude extracts of C. raciborskii injected
or given orally to mice also induce pathological symptoms in the kidneys, spleen, thymus and heart. Pure 16b
has an LDs( in mice (i.p.) of 2.1 mg/kg at 1 d and 0.2 mg/kg at 5-6 d (Ohtani et al. 1992). Recently, new
structural variants of 16b have been isolated from an Australian strain of C. raciborskii, with one being iden-
tified as deoxycylindrospermopsin (16a) (Norris ez al. 1999).

Cylindrospermopsis, when found in large quantities, can produce several substances that show toxi-
city in laboratory studies, including cylindrospermopsin (16b), saxitoxin, and anatoxin-A. These and other
toxins can also be produced by several other species of cyanobacteria. Humans and animals are primarily expo-
sed to toxic effects by drinking or swimming in untreated water (Carmichael 2001; Moore ef al. 1998).



172 T.REZANKA and V.M. DEMBITSKY Vol. 51

6 GENUS Cylindrospermum KUTZING ex BORNET et FLAH. 1886

Cylindrospermum cells (Fig. 3) are large, ornamental, ellipsoidal or spherical akinetes that usually
develop from the lowermost vegetative cell adjacent to the terminal heterocysts, but are not always present
in culture. There may be a single akinete or as many as seven. Many species can be differentiated based on
akinete shape.

Fig. 3. Cylindrospermum sp.; producer of bridged aromatic compounds and toxic macrolides; bar =20 pm.

Nontoxic cyanobacterium C. stagnale contains palmitic (26.2 %), palmitoleic (14.2), octadecadie-
noic (15.2), and octadecatrienoic (13.4) acids and also minority FA (Gugger ef al. 2002).

Five new [7,7]paracyclophanes, cylindrocyclophanes A—F (17a—f) have been isolated from three
strains of the terrestrial blue-green alga C. licheniforme and their total structure was elucidated (Moore et al.
1992). These 22-member [7,7]paracyclophanes display in vitro cytotoxicity against tumor cell lines (ICs
2-10 pg/mL) (Moore et al. 1990, 1992). The biosynthesis of nostocyclophane D (18) and cylindrocyclo-
phane D (17f) has been investigated by the administration of labeled (2H, !3C, 180) sodium acetate and labe-
led methionine (?H, 13C) to cultures of the cyanobacteria Nostoc linckia and C. licheniforme, respectively.
The isotopically labeled compounds produced indicate that the structural skeletons of these [7,7]paracyclo-
phanes are oligoketides that have been constructed by dimerization of acetate-derived nonaketides. Acetate
has also been identified as the source of the branched methyl groups in 17f (Bobzin and Moore 1993).

Scytophycin B (19a), 6-hydroxyscytophycin B (19b), scytophycin E (20), and tolytoxin (19¢) account
for the cytotoxicity and fungicidal activity of the terrestrial blue-green alga C. muscicola (Jung et al. 1991).
Toxin 19¢, a macrocyclic lactone, is a potent antifungal antibiotic, exhibiting LDsq (i.p.) of 1.5 mg/kg. It also
inhibits the growth of a variety of mammalian cells at similar doses, without specific inhibition of macro-
molecular synthesis. The effects in mammalian cells are primarily cytostatic, with cell death being time- and
dose-dependent. No antibacterial, antiviral, or hemolytic activities have been observed (Patterson and Car-
meli 1992).

An effective glucosidase inhibitor was isolated from the cyanobacterial genus Cylindrospermum. Its
chemical structure was determined to be bis(2,5-hydroxymethyl)pyrrolidine-3,4-diol (21) (Juttner and Wes-
sel 2003). All five species of Cylindrospermum investigated synthesized this compound but accumulated it
to a different extent intracellularly. Particularly active producers were the axenic C. licheniforme and a mono-
xenic unknown species of Cylindrospermum. The major part of 21 was found to be extracellular for all
investigated species. The isolated compound inhibited digestive a- and B-glucosidases isolated from crusta-
cean zooplankton (ICsy 19 and 49 nmol/L, respectively). Digestive enzymes of macrozoobenthos (chirono-
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mids, trichoptera, and ephemeroptera) were less sensitive to 21. The insect digestive B-glucosidase was more
effectively inhibited than the a-glucosidase. Beside others, the ecological function of the glucosidase inhibi-
tor may be the reduction of the digestibility of the cyanobacterium for grazers (Juttner and Wessel 2003). The
alkaloid anatoxin-A has also been isolated from Cylindrospermum sp. in Finland by Sivonen et al. (1989).
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7 GENUS Nodularia MERT. ex BORN. & FLAH. 1886

Members of this genus are cyanobacteria and have been recorded as the cause of cyanobacterial toxi-
cosis due to pronounced growth “water bloom”, particularly when the water is fertile and there is accelerated
eutrophication and release of either hepatotoxins or neurotoxins (Fig. 4). Some cyanobacteria may become
buoyant in certain conditions and form dense floating mats on the water surface. N. spumigena and other
members of this genus are known worldwide as planktonic, gas-vesiculate organisms which are often domi-
nant in inland saline lakes and in brackish marine waters.

The occurrence of dioic, hydroxy, branched, and unsaturated FA in cyanobacteria of the genus Nodu-
laria as well as in Apanizomenon species has been studied (Rezanka et al. 2003). Most of the FA were
saturated (C4—Cig; >49 %, M/M), but unsaturated FA were also identified (33—-37 %, M/M; Table 1V). Satu-
rated branched FA were identified as a minority. The predominant unsaturated member (33-37 % of the total
monounsaturated FA) was oleic acid, the other being linoleic acid; hydroxy FA were found as minor compo-
nents (Rezanka et al. 2003).
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The “heterocyst glycolipids” have been reported to take part in the protection of the specialized
cyanobacterial cells capable of N, fixation against the penetration of O,. Such glycolipids have been isolated
in a pure form from Nodularia harveyana, and their structures have been established by spectroscopic and
chemical means to be 1-(O-a-D-glucopyranosyl)-3R,25R-hexacosanediol (22a), 1-(O-a-D-glucopyranosyl)-
38,25R-hexacosanediol (22b) and 1-(O-a-D-glucopyranosyl)-3-oxo-25R-hexacosanol (22¢) (Soriente et al.
1992).
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A novel glycosidic compound, suomilide (23), was isolated as “heterocyst glycolipid” from the non-
toxic N. spumigena (Fujii et al. 1997a).

Fig. 4. Nodularia chucula; producer of toxic peptides; bar =20 pm.

N. spumigena strain KAC 66 contained chlorophyll a and a few carotenoids, such as echinenone,
B-carotene, and canthaxanthin (Henriksen 2005). A 4-oxomyxoxanthophyll-like pigment was found in two
strains of the toxic N. spumigena isolated from the Baltic Sea. The pigment was also found in samples taken
during intense blooms of N. spumigena and was found to be correlated with the concentration of the algal to-
xin nodularin (r = 0.97). N. spumigena could be detected by the 4-oxomyxoxanthophyll-like pigment at very
low abundances by HPLC, i.e. <0.4 ug chlorophyll a per L (Schluter ef al. 2004).

Three filamentous and heterocystous cyanobacterial strains, N. baltica, N. harveyana, and N. spumi-
gena, have been tested for the presence and induction of UV-absorbing/screening mycosporine-like amino
acids (MAAs) by simulated solar radiation in combination with 395 nm photosynthetically active radiation
cut-off filters. Absorption spectroscopic analysis of methanolic extracts revealed a typical MAA peak at
334 nm in all three cyanobacteria. Specific contents of MAAs had a pronounced induction in samples
covered with 295 nm cut-off filters after 3 d of irradiation. HPLC studies revealed the presence of two types
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of MAAs in all three cyanobacteria, which were identified as shinorine (24a) and porphyra-334 (24b), both
absorbing maximally at 334 nm. The occurrence of porphyra-334 is rare in cyanobacteria. The results indi

Table IV. Hydroxy, n-saturated, branched and unsaturated acids from Nodularia strains® (%, M/M)

Fatty acid 1 2 3
Hydroxy acids 0.71 0 0
3-Hydroxybutanoic 3-OH-4:0 0.32 0 0
2-Hydroxy-4-methylpentanoic 2-OH-4-Me-5:0 0.39 0 0
n-Saturated 49.1 44.2 31.9
Butanoic 4:0 0.13 0 0
Octanoic 8:0 0.23 0 0
Decanoic 10:0 0.37 0 0
Dodecanoic 12:0 0.72 0 0
Tridecanoic 13:0 0.36 0 0
Tetradecanoic 14:0 0.89 0.3 15.1
Pentadecanoic 15:0 1.13 0 0
Hexadecanoic 16:0 39.7 42.8 14.2
Heptadecanoic 17:0 0.69 0 0
Octadecanoic 18:0 4.86 1.1 2.6
Branched saturated 12.8 0 0
4-Methylhexanoic 4-Me-6:0 0.25 0 0
8-Methyldecanoic 8-Me-10:0 0.68 0 0
12-Methyltridecanoic 12-Me-13:0 0.32 0 0
12-Methyltetradecanoic 12-Me-14:0 0.89 0 0
14-Methylpentadecanoic 14-Me-15:0 1.36 0 0
14-Methylhexadecanoic 14-Me-16:0 1.34 0 0
15-Methylhexadecanoic 15-Me-16:0 1.21 0 0
10-Methylheptadecanoic 10-Me-17:0 1.11 0 0
2-Hexylcyclopropaneoctanoic cyc-17:0 2.17 0 0
13-Methyltetradecanoic 13-Me-13:0 1.18 0 0
16-Methylheptadecanoic 16-Me-17:0 0.93 0 0
15-Methylheptadecanoic 15-Me-17:0 0.78 0 0
Unsaturated 33.0 36.9 50.2
(Z)-7-Hexadecenoic 7-16:1 0 9.5 6.9
(Z)-9-Hexadecenoic 9-16:1 2.58 0 0
(Z)-7-Octadecenoic 7-18:1 0 0 2.3
11-Hexadecenoic 11-16:1 0.21 0 0
(Z)-9-Octadecenoic 9-18:1 12.49 4.2 3.2
9,12-Hexadecadienoic 9,12-16:2 0.59 0.4 0
9,12-Octadecadienoic 9,12-18:2 13.46 22.8 4.2
10,13-Octadecadienoic 10,13-18:2 1.29 0 0
9,12,15-Octadecatrienoic 9,12,15-18:3 2.38 0 54
6,9,12,15-Octadecatetracnoic 6,9,12,15-18:4 0 0 4.3
11,14,17-Icosatrienoic 11,14,17-20:3 0 0 5.7
5,8,11,14,17-Icosapentaenoic 5,8,11,14,17-20:5 0 0 6.2
4,7,10,13,16,19-Docosahexaenoic 4,7,10,13,16,19-22:6 0 0 12.0
Dioic 4.40 0 0
Butane-1,4-dioic 0.77 0 0
2-Hydroxybutane-1,4-dioic 0.65 0 0
Hexane-1,6-dioic 0.48 0 0
Heptane-1,7-dioic 0.41 0 0
Octane-1,8-dioic 0.67 0 0
Nonane-1,9-dioic 1.42 0 0

3] — Nodularia sphaerocarpa (Rezanka et al. 2003)
2 — Nodularia sp. (Vargas et al. 1998)
3 — N. spumigena + unidentified phytoplankton (Engstrom-Ost ez al. 2002)
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cate that UV-A is more effective than UV-B in eliciting MAAs induction in the studied cyanobacteria (Sinha
et al. 2003).
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The effect of salinity on growth, toxin production, and morphology of N. spumigena isolated from
the Gulf of Gdansk (southern Baltic Sea) was determined by Mazur-Marzec et al. (2005).

The cyanotoxin 13b was found in waters where N. spumigena was present; the most prominent
areas are the Baltic Sea and brackish water estuaries and coastal lakes of Australia and New Zealand. How-
ever, the best known N. spumigena bloom location, Lake Alexandrina (Australia), has salinity which is only
slightly elevated above normal river water and at levels still suitable for drinking water. The presence of 13b
in environmental samples is usually rather insignificant. In the Baltic Sea, collection of samples over several
years showed 13b to be present as the major compound. The same is true for the almost 90 hepatotoxic Nodu-
laria strains isolated from the same source (Lehtimaki et al. 1997). Analyses of several strains isolated from
blooms across Australia have revealed similar results, but nodularin-producing being found rarely, and then
only at a low relative abundance (Jones et al. 1994; Hobson and Fallowfield 2003).

Nodularia sp., an axenic, non-gas-vacuolated strain from a freshwater source produces several
metabolites with cyanobacterial hepatotoxin characteristics. The most abundant is a cyclic pentapeptide,
(L-Harp)nodularin (13¢; see p. 170) had similar toxicity by in vivo bioassay as 13b, which was present in
lower amounts in the cultures (Beattie et al. 2000).

A peptide toxin was isolated from N. spumigena by HPLC. The i.p. LDs of the toxin was 50 pg/kg
for mice with death within 1-3 h. The major effects of the toxin were seen in the liver in the form of exten-
sive hemorrhages. Amino acid analysis showed the presence of equimolar amounts of glutamic acid, B-methyl-
aspartic acid, and arginine. The toxicological and some of the chemical properties of the isolated toxin were
similar to those reported for hepatotoxins isolated from the cyanobacterium Microcystis aeruginosa (Eriks-
son et al. 1988). The structure of a hepatotoxic peptide from N. spumigena was determined: The toxin is a cyc-
lic pentapeptide (molar mass 824.5 g/mol) with the following structure: cyclo-(B-methylisoAsp-Arg-Adda-
is0Glu-N-methyldehydrobutyric acid) (Adda: 3-amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-4,6-dienoic
acid) (Sandstrom et al. 1990).

Two types of novel cyclic peptides, nodulapeptins A (25b) and B (25a) and linear peptides spumi-
gins A—D (26a—d), were isolated together with 13b from toxic N. spumigena (Fujii et al. 1997b).

Linear peptides, as Adda-D-Glu(y)-Mdhb-D-MeAsp(B)-L-Arg-OH, Adda-D-Glu(y)-Mdha-D-Ala-
L-Leu-D-MeAsp(B)-L-Arg-OH, L-Leu-D-MeAsp(B)-L-Arg-Adda-D-Glu(y)-Mdha-D-Ala-OH, and L-Phe-
D-MeAsp(B)-L-Arg-Adda-D-Glu(y)-Mdha-D-Ala-OH were isolated from cultured N. spumigena and were
presented in the cultivated cells after 1-8 weeks. Some of these peptides are thought to be biogenetic pre-
cursors of nodularin (13b) and microcystins (1a—d). Feeding experiments using !3C-labeled precursors esta-
blished that the 2-, 6-, 8-methyl, and 9-methoxy carbons of the unusual Adda unit were clearly derived from
L-methionine (Choi ef al. 1993).
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8 GENUS Richelia JOHS.-SCHMIDT 1901

This prokaryotic nostocalean genus is characterized by short trichomes with terminal heterocysts and
by the absence of akinetes. The only described species, R. intracellularis, occurs in warm oceans symbioti-
cally in the frustules of diatoms Rhizosolenia or Hemiaulus, or epiphytically on Chaetoceros. The hetero-
cystous endosymbiont Richelia has traditionally been considered the dominant marine N, fixers and are impor-
tant in regulating biological productivity of secondary metabolites in marine environments (Montoya et al.
2004). Natural compounds have not yet been isolated from endosymbiont Richelia, but many biological active
metabolites have been identified from the host-diatoms of the genus Rhizosolenia, e.g. sterols Cpg23-22,
CoghS24(28) Cy785 CrohS, C»724522 (Volkman et al. 1998), C»s and C3q highly branched isoprenoid alkenes
(Belt et al. 2000, 2001; Sinninghe Damste ef al. 1999a,b; Volkman ef al. 1994), oligounsaturated terpenoids
(Rowland et al. 2001), monocyclic sester- and triterpenoids (Belt et al. 2003), and unusual monocyclic alk-
enes (Masse et al. 2004a,b). It is possible that the endosymbiont Richelia supported to synthesis of these
compounds.

Cyanobacteria are one of the largest producers of biomass in the marine and also in fresh-water
environment. They produce a wide variety of chemically active metabolites in their surroundings, potentially
as an aid to protect themselves against other settling organisms. These active metabolites, also known as bio-
genic compounds, produced by several species of marine and freshwater cyanobacteria (blue-green algae),
have antibacterial, antialgal, and antifungal properties and have likely uses, e.g. in therapeutics. The isolated
substances with potent pharmacological activity belong to groups of FA, lipopeptides, amides, alkaloids, ter-
penoids, lactones, nitrogen heterocycles and toxins. This review mainly discusses the successes of such re-
search, and the future applications in the context of understanding the system biology of cyanobacteria.

The authors express their appreciation to Mr. P. Rezanka (student of the Institute of Chemical Technology and Faculty of Sci-
ence, Charles University, Prague) for technical assistance. The research was supported by Institutional Research Concept AV 0Z 502 0903
of the Institute of Microbiology, Acad. Sci. Czech Rep.
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