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Cyanobacterial bioactive molecules — an overview
of their toxic properties
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Abstract: Allelopathic interactions involving cyanobacteria are being increasingly explored for the pharmaceutical and en-
vironmental significance of the bioactive molecules. Among the toxic compounds produced by cyanobacteria, the biosyn-
thetic pathways, regulatory mechanisms, and genes involved are well understood, in relation to biotoxins, whereas the
cytotoxins are less investigated. A range of laboratory methods have been developed to detect and identify biotoxins in
water as well as the causal organisms; these methods vary greatly in their degree of sophistication and the information
they provide. Direct molecular probes are also available to detect and (or) differentiate toxic and nontoxic species from en-
vironmental samples. This review collates the information available on the diverse types of toxic bioactive molecules pro-
duced by cyanobacteria and provides pointers for effective exploitation of these biologically and industrially significant
prokaryotes.
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Résumé : Les effets allélopathiques des cyoanobactéries sont de plus en explorés pour identifier les molécules bioactives
importantes d’un point de vue pharmaceutique ou environnemental. Parmi les composés toxiques produits par les cyano-
bactéries, les biotoxines sont bien connues quant aux voies, aux mécanismes régulateurs et aux gènes impliqués dans leur
biosynthèse, alors que les cytotoxines sont moins étudiées. Une variété de méthodes de laboratoire ont été développées
afin de détecter et d’identifier les biotoxines de l’eau et les agents qui en sont responsables; elles diffèrent grandement
quant à leur degré de sophistication et à l’information qu’elles génèrent. Des sondes moléculaires directes sont aussi dispo-
nibles afin de détecter et différencier les espèces toxiques des espèces non toxiques d’échantillons environnementaux. Cette
revue collige l’information disponible sur les différents types de molécules bioactives toxiques produites par les cyanobac-
téries et fournit des pistes pour exploiter de façon efficace ces procaryotes significatifs d’un point de vue biologique et in-
dustriel.

Mots-clés : cyanobactéries, molécules bioactives, cyanotoxines, peptide non ribosomal, agent de contrôle biologique.

[Traduit par la Rédaction]

Introduction

Cyanobacteria are an ancient group of simple micro-
organisms, with characteristics in common with both bacte-
ria and algae. They resemble bacteria in their prokaryotic
cellular organization but exhibit oxygen-evolving photo-
synthesis similar to algae and higher plants. They are em-
ployed as model systems for understanding various
physiological processes, besides serving as important links
in the evolutionary and (or) phylogenetic classification of

organisms. They were the first organisms to carry out oxy-
genic photosynthesis and played a major part in the oxygen-
ation of the atmosphere of earth. Their remarkable
ecological diversity combined with very simple metabolic
requirements is responsible for their success as a group in a
wide range of aquatic habitats. Also, their unique physio-
logical characteristics and high adaptive ability under a
wide range of environmental conditions leads to their prolif-
eration as excessive masses in aquatic habitats, often domi-
nating other aquatic flora and fauna. The production of
water blooms is a widespread phenomenon, which has been
reported from different parts of world, and poses a consider-
able threat not only to the flora and fauna but also signifi-
cantly to the health and welfare of human beings.

Biochemical processes in living cells are of 3 main types:
basal (providing energy and raw materials for cell func-
tions), synthetic (involved in replication and vegetative
growth), and secondary (involved in the utilization of sub-
strates to give a variety of products often specific for a
given organism). Among these processes, the maximum
chemical diversity is observed in the secondary metabolites,
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such as cyanotoxins, which not only provide heterogeneity
but also serve as inter-/intra-species level markers for organ-
isms. A heavy water bloom formed under adequate light and
temperature can also serve as a rich source of secondary
metabolites of novel chemical and molecular structures
(Zingone and Enevoldsen 2000; Welker and Von Dohren
2006; Volk 2007). Many of these biomolecules have
pharmaceutical importance and include hepatotoxic (liver
damaging), neurotoxic (nerve damaging), cytotoxic (cell
damaging) compounds, and toxins responsible for allergic
reactions (Carmichael 1994; Volk and Mundt 2006). In re-
cent years, there has been a tremendous enhancement in our
knowledge regarding their biological significance, especially
those produced by cyanobacteria, as they have proved to be
exciting molecules with immuno-modulatory, bioregulatory,
and therapeutic potential (Namikoshi and Rinehart 1996;
Burja et al. 2001; Singh et al. 2005b).

The first report on cyanobacterial toxins dates back to
May 1878 when George Francis of Australia reported that
the blue-green alga Nodularia spumigena formed a thick
scum-like green oil paint on the Murray River, and its
growth rendered water ‘‘unwholesome’’ for cattle and other
animals drinking at the surface, bringing on a rapid and
sometimes terrible death. Since then, there have been several
reports on cyanobacterial toxins and their ecological and
economic impacts, besides the sociocultural implications
(Sivonen 1990; Carmichael 1994; Ray and Bagchi 2001;
Ghasemi et al. 2003; Agrawal et al. 2005; Wiegand and
Pflugmacher 2005; Volk 2006). Until the late 1990s, there
have been no definite reports on human death due to cyano-
toxins. Pouria et al. (1998), however, reported that 126 pa-
tients suffered from toxic hepatitis due to the use of
contaminated water for haemodialysis, among which 60
died. Immunoassays confirmed lethal doses of cyanotoxins
in the liver of the patients. The toxicity level of any water
body contaminated with cyanobacteria depends on various
factors, e.g., cellular concentration, type of toxins, biomass
concentration, mode of exposure, and susceptibility of vic-
tim, notably age, sex, weight, and species (Carmichael
1994).

Despite the availability of information on cyanotoxins, a
comprehensive evaluation of various facets of their produc-
tion, i.e., environmental factors, detection techniques, and
genetic basis, is not currently available to our knowledge.
The major focus of our review is therefore to compile and
analyse the available information on cyanotoxins and dis-
cuss their ecological significance.

Factors affecting toxicity
Toxin production by cyanobacteria appears highly vari-

able both within and between blooms (Codd and Bell 1985)
and toxicity not only varies between strains but among
clones of same isolates (Carmichael 1994; Utkilen and
Gjolme 1992). In addition, few strains produce 3 or more
toxins with the relative proportions being influenced by en-
vironmental factors (Wicks and Thiel 1990; Carmichael
1994; Utkilen and Gjolme 1992).

Growth phase
Culture age significantly affects toxin production in cya-

nobacteria. Gentile reported for the first time in 1971 about
leakage of toxin at mid-exponential phase of growth of Mi-
crocystis aeruginosa (Gentile 1971). Since then, there have
been many reports regarding optimum toxin production and
release by M. aeruginosa at late exponential phase of
growth (Codd and Poon 1988; Carmichael 1994). Similar re-
sults were obtained by Ray and Bagchi (2001) on Oscillato-
ria sp. They observed that algicide started appearing in the
medium at mid-exponential phase, which showed a positive
relation with biomass yield. The differential concentration of
algicide in the medium and inside the cells led them to con-
clude that the compound is secreted by an efflux mechanism
rather than leaking out of cells. Dias et al. (2002) reported
that in Aphanizomenon sp. strain LMECYA 31, the amount
of extracellular toxin increased with culture time, indicating
that toxins are released in water through cell lysis and may
be expected to remain in water upon collapse of the toxic
bloom or removable by water treatment. Patterson and Bolis
(1993) reported a rapid decrease in the scytophycin content
of Scytonema ocellatum in newly inoculated cultures, which
suggests that scytophycin is continuously metabolized. Ra-
pala et al. (1997) reported that in Anabaena, culture age is
the most important factor causing the release of toxins. Mi-
crocystin and anatoxin-a are largely retained within the cell
when the conditions are favorable for growth. The amount
of microcystin in the culture increases during the logarith-
mic growth phase and is highest in the late logarithmic
phase. Maximum anatoxin-a concentration was found during
the logarithmic phase of growth (Sivonen 1996). Volk
(2007) reported variation in exometabolites excreted by Nos-
toc insulare with culture age. During linear growth a non-
toxic compound was excreted in the medium, whereas
during stationary phase, antimicrobial and cytotoxic exome-
tabolites were also present in the extracellular medium.

Nutritional factors
Toxin production in cyanobacteria is affected by various

nutritional factors like nitrogen (N) and phosphorus (P) con-
centration. Codd and Poon (1988) found 10 times less toxin
in M. aeruginosa cultures as compared with reference cells
when the nitrogen source was removed. Watanabe and Oishi
(1985) also observed a slight reduction in toxin production
with lower nitrogen levels, and Sivonen (1990) showed a di-
rect relationship between toxin production and nitrate con-
centration in Oscillatoria agardhii. Since M. aeruginosa
and O. agardhii are non-N2 fixers, the stimulation in toxin
production in the presence of enhanced levels of inorganic
combined nitrogen sources can be directly correlated with
the peptide nature of their toxins.

Toxin production is favoured by a low level of phos-
phorus present in the medium (Watanabe and Oishi 1985;
Sivonen 1990). Sivonen (1990) reported that lower levels of
phosphorus are needed for toxin production and a saturation
level of 0.4 mg P/L was recorded in this study. Utkilen and
Gjolme (1992) reported that phosphate-limiting conditions
had no effect on toxin production by M. aeruginosa. Rapala
et al. (1993) reported no significant variation in the produc-
tion of anatoxin-a due to the concentration of P in the me-
dium. On the other hand, Oh et al. (2000) observed that
more P in the culture medium stimulates growth and toxin
production by M. aeruginosa. The role of environmental
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factors, such as pH, light and temperature, and P levels, on
the growth and production of biocidal compounds by
Anabaena sp. and Calothrix sp. was also investigated
(Radhakrishnan 2006). The diameter of the inhibition zone
was largest when extracellular filtrates of cultures of Ana-
baena sp. and Calothrix sp. grown at a 2-fold higher con-
centration of P (1.4 mg/L compared with 0.7 mg/L in BG
11 medium) were employed in disc diffusion assays using
cyanobacteria and phytopathogenic fungi as test organisms.
Repka et al. (2004) also reported maximum toxin production
by a cyanobacterium in 13-day-old culture of Anabaena sp.
strain 90 in the presence of 2.6 mg/L phosphate concentra-
tion. However, Ray and Bagchi (2001) reported that algicide
production by Oscillatoria latevirens was negatively regu-
lated with phosphate. They also analysed the effect of sul-
phur, magnesium, calcium, and hydrogen on growth and
secondary metabolite production by cyanobacteria and found
that although S did not show any effect on growth and algi-
cide production, a decline in magnesium concentration
(within the range that permitted growth) enhances the algi-
cide production and its inhibitory activity. However, calcium
was required by the strain for growth, although it did not
have any effect on algicidal activity. Dias et al. (2002) re-
ported that changing phosphate levels results in a change in
the type of toxin produced by cyanobacterium Aphanizome-
non sp. Evidently, P level has a significant influence on the
toxin production by cyanobacteria, but a differential re-
sponse is observed among different cyanobacterial strains
and genera. This may be attributed to the quantitative and
qualitative differences in the specific requirements of the
strains, and no general relationship can be attributed in
terms of the influence of nutrients, especially phosphorus.

Environmental factors
Most of the preliminary work regarding the influence of

environmental factors on toxin production by cyanobacteria
was done using M. aeruginosa (Watanabe and Oishi 1985;
Van der Westhuizen et al. 1986; Sivonen 1990). Watanabe
and Oishi (1985) found that light intensity is the primary
factor for toxin production, and low light intensity sup-
pressed its production. They observed a 4-fold increase in
M. aeruginosa toxicity when light intensity was increased
from 7.53 to 30.1 mE�m–2�s–1 (Van der Westhuizen and Eloff
1985). Van der Westhuizen et al. (1986) observed lower
toxin production at very low and high light intensities with
M. aeruginosa. However, Wicks and Thiel (1990) reported
only small differences in toxicity at light intensities of 37
and 270 mE�m–2�s–1. A positive correlation was found be-
tween solar radiation and toxicity of M. aeruginosa under
natural conditions. On the contrary, Codd and Poon (1988)
reported that light intensities of 5–50 mE�m–2�s–1 had no sig-
nificant influence on toxin production in a strain of
M. aeruginosa. Utkilen and Gjolme (1992) reported an in-
crease in toxin production rate up to 40 mE�m–2�s–1, and any
further increase in light intensity resulted in a decrease in
toxicity. They found that the toxin produced by this strain
is a small peptide, and the ratio of toxin to protein increases
up to 40 mE�m–2�s–1. But in contrast to toxicity, this ratio is
almost unaffected by any further increase in light intensity.
Hence, they concluded that toxin synthesis increased faster
than general protein synthesis at light intensities between 20

and 40 mE�m–2�s–1. They showed that both toxicity and the
ratio of toxin to protein were slightly enhanced by both red
and green light as compared with white light. However,
they concluded, a change in light quality had a minor effect
on toxicity but may directly affect growth. The decrease in
toxin production at high light intensities may also be
caused by an accumulation of polysaccharides (Utkilen and
Gjolme 1992). Radhakrishnan (2006) observed that high
light intensity (5000 lx or 90–100 mmol photons�m–2�s–1

and temperature (40 ± 2 8C) enhanced the algicidal and
fungicidal activity of the extracellular filtrates of the Ana-
baena sp. and Calothrix sp. Such contradictory reports re-
garding the effect of light intensities were explained by
Sivonen (1990) who attributed them to differences in light
sources, differences in culture media used, and differences
in toxin detection method used. It can also be concluded
that the differential behavior of a strain and its optimal
light requirements for growth may have a direct correlation
with toxicity.

The optimum temperature for the production of cyano-
bacterial toxins also shows conflicting results. Gorham
(1964) found that the toxicity of M. aeruginosa to mice was
greater after growth at 25 8C than at 20 8C, although it de-
creased at 30 8C to an intermediate level. Van der
Westhuizen and Eloff (1983, 1985) and Watanabe and Oishi
(1985) reported a decrease in the toxicity of Microcystis iso-
lates with increasing growth temperature. Ressom et al.
(1994) found that most strains of M. aeruginosa produce
less toxin at upper and lower limits of temperature optima
for the species. The formation of cyclic peptides by Micro-
cystis was significantly reduced at a temperature range of
30–35 8C (Gorham 1964; Watanabe and Oishi 1985). How-
ever, the optimum temperature for the formation of anatoxin
(Peary and Gorham 1966), saxitoxin (Gentile and Maloney
1969), and cyclic peptide hepatotoxin by O. agardhii
(Sivonen 1990) was the same as the optimum temperature
for growth of the strain. Sivonen (1990) reported that toxin
production by a strain of O. agardhii was maximum at
25 8C, whereas another strain produced a similar amount of
toxin at temperatures between 15 and 25 8C. The lowest
amount of toxin produced by both O. agardhii strains was
at 30 8C. Similar results indicating a lack of significant in-
fluence of light intensity or temperature and nitrate concen-
tration on algicide production were obtained by Jaiswal et
al. (2007). In general, a temperature range of 20–25 8C is
best suited for toxin production in most cyanobacterial
strains (Codd and Poon 1988; Rapala et al. 1997; Rapala
and Sivonen 1998). Toxin production at different tempera-
tures seems to be strain dependent.

Toxin production by cyanobacteria is also influenced by
pH of the medium (Van der Westhuizen and Eloff 1983;
Ray and Bagchi 2001). Van der Westhuizen and Eloff
(1983) reported that although the cyanobacterium M. aerugi-
nosa exhibited a maximum growth rate at pH 9, the cells
were more toxic at higher and lower pH values, where they
grew more slowly. Ray and Bagchi (2001) observed a nega-
tive regulation of pH and toxin production in O. latevirens.
A pH of 8 was found to be most optimal (Table 1) for Cal-
othrix sp. in terms of growth and biocidal activity against 2
cyanobacterial and 2 fungal strains (Radhakrishnan 2006).
However, Jaiswal et al. (2007) showed that there is no sig-
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nificant effect of pH on secondary metabolite production by
the cyanobacterium M. aeruginosa.

In general, the effect of environmental and nutritional fac-
tors seems to be strain specific and growth linked. However,
the kinetics of intracellular and extracellular release needs to
be directly analysed to understand the cellular targets of the
influencing factors.

Types of cyanotoxins
Cyanobacterial toxins can be divided into 2 main cate-

gories, based on the type of bioassay used to screen their ac-
tivity. (i) Biotoxins cause acute lethal poisoning and are
assayed using small animals, e.g., mice and aquatic inverte-
brates. (ii) Cytotoxins are not highly lethal to animals but
show more selective bioactivity and are assayed using cul-
tured mammalian cell lines, especially tumor cell lines.

Biotoxins
The most studied algal biotoxins are divided in 3 classes

based on chemical structure: cyclic peptides, alkaloids, and
lipopolysaccharides (LPS). The commonly known biotoxins
and their mode of action, structure, and LD50 are presented
in Table 2.

Cyclic hepatotoxic peptides
Cyclic hepatotoxic peptides are the most common of-

fenders worldwide in cases of waterborne diseases caused
by toxic cyanobacteria. The major cyanotoxins causing
death and illness in animals are the peptide hepatotoxins or
liver-affecting toxins (Carmichael 1994). Nodularins and
microcystins are cyclic peptides containing 5 and 7 amino
acids, respectively, with the 2 terminal amino acids of the
linear peptide being condensed (joined) to form a cyclic
compound. The cyclic peptides are comparatively large nat-
ural products, with a molecular weight of 600–1100, but are
small compared with many other cellular oligopeptides and
polypeptides (molecular weight > 10 000).

Microcystins
Microcystins are a group of cyclic heptapeptide (7 amino

acids) hepatotoxins produced by a number of cyanobacterial
genera, the most notable of which is the widespread Micro-
cystis from which the toxins take their name. Approximately
70 different structural analogues of microcystins have been
identified to date (Sivonen and Jones 1999; Babica et al.

2006). Microcystins consist of a 7-membered peptide ring,
which is made up of 5 non-protein amino acids and 2 pro-
tein amino acids. It is these 2 protein amino acids that dis-
tinguish microcystins from one another, while the other
amino acids are more or less constant between variant
microcystins. Using amino acid single letter code
nomenclature, each microcystin is designated a name, de-
pending on the variable amino acids that complete their
structure (Fig. 1). The most common and potently toxic
microcystin-LR contains the amino acids leucine (L) and ar-
ginine (R) in these variable positions. Other common micro-
cystin variants include YR, RR, and LA (Sivonen and Jones
1999). They differ in methyl group and 2 amino acids within
the ring, resulting in marked differences in toxicity and in
hydrophobic or hydrophilic properties. Microcystins have
the general structure cyclo (-D-Ala-L-X-erythro-b-methyl-D-
isoAsp-L-Z-Adda-D-isoGlu-N-methyldehydro-Ala), where X
and Z represent positions for L amino acids. The Adda
amino acid has become a useful tool in microcystin research
because it provides the molecule with a characteristic wave-
length absorbance at 238 nm. The absorbance characteristics
of Adda provide a means of analyses of microcystins after
separating them by reverse-phase high pressure liquid chro-
matography (HPLC). This is believed to be attributed to the
conjugated diene group in the long carbon chain of this un-
common amino acid. The Adda moiety is also required for
toxicity and is important in the binding of the toxin to pro-
tein phosphatases. The stereochemistry of the dienes of the
Adda group has also been shown to influence toxicity and
also the levels of methylation of various structures in the cy-
clic peptide.

Nodularins
Nodularins, with several structural variants, are found pre-

dominantly in marine, brackish waters, which are not usu-
ally used as drinking source. A bloom-infested lake in
Australia containing N. spumigena was shown to be the
cause of stock deaths, and the toxin has since been isolated
and characterized (Rinehart et al. 1988) as nodularin. The
mammalian toxicity of microcystins and nodularins is medi-
ated through their strong binding to protein phosphatases
(which are important molecular switches in all eukaryotic
cells) through an irreversible bond (MacKintosh et al.
1990). In solution, microcystins and nodularins adopt a
chemical ‘‘shape’’ that is similar especially in the Adda-
glutamate part of cyanotoxin molecule (Annila et al. 1996).

Table 1. Biocidal activity of cell-free filtrates of Calothrix sp. grown for 2 weeks at different pH re-
gimes.

Biocidal activity measured as zone of inhibition (mm) on the lawn of:

pH Synechococcus sp. Synechocystis sp.
Rhizoctonia
bataticola

Pythium
aphanidermatum

8.0±0.2 33.66 (1.5391)a 32.66 (1.527)a 13.0 (3.6725)b 7.33 (3.3408)b

9.0±0.2 14.66 (1.1895)a 7.0 (0.7068)a 0.(0.7071)b 0.(0.7071)b

10.0±0.2 0.(0)a 0.(0)a 0.(0.7071)b 0.(0.7071)b

Critical difference
(P = 0.05)

0.1028 0.7067 0.1571 0.1004

aFigure in parentheses is the log transformed value (X + 1.0).
bFigure in parentheses is the square-root transformed value (X + 0.5).
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Table 2. Characteristics of common biotoxins.

Toxin produced Type/nature Mode of action Cyanobacterial genera LD50

Microcystin Hepatotoxin; cyclic peptide Block protein phosphatases by covalent
binding and cause hemorrhaging of the
liver; cumulative damage may occur

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

45‡1000

Microcystin-LR Hepatotoxin; cyclic peptide Block protein phosphatases by covalent
binding and cause hemorrhaging of the
liver; cumulative damage may occur

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

25–125

Microcystin-YR Hepatotoxin; cyclic peptide Block protein phosphatases by covalent
binding and cause hemorrhaging of the
liver; cumulative damage may occur

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

70

Microcystin-RR Hepatotoxin; cyclic peptide Block protein phosphatases by covalent
binding and cause hemorrhaging of the
liver; cumulative damage may occur

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

300–600

Nodularin Hepatotoxin; pentapeptide Similar to that of microcystin, with death
resulting from haemorrhage into the liver;
induces pores in bilayers of diphytanoyl
lecithin and locust in muscle membrane

Nodularia spumigena 30–50

Anatoxin Neurotoxin — — —
Anatoxin-a Neurotoxin; secondary amine Block postsynaptic depolarization Anabaena, Oscillatoria, Planktothrix 250
Homoanatoxin-a — — Oscillatoria formosa 250
Anatoxin-a(s) Neurotoxin; organophosphate Block acetyl cholinesterase Anabaena flos-aquae 40
Saxitoxin Neurotoxin; carbamate alkaloid Block neuron sodium channels across the

axon membrane
Planktothrix, Anabaena, Aphanizomenon 10–30

Cylindrospermopsin Hepatotoxin; cylindrospermopsin
alkaloid

Block protein synthesis Cylindrospermopsis raciborskii 2100 in 1 day and
200 in 5–6 days

Lipopolysaccharide Endotoxin; lipopolysaccharide — Microcystis, Anabaena, Nostoc, Anabaenopsis,
Hapalosiphon, Planktothrix, Anacystis,
Aphanizomenon, Lyngbya,
Cylindrospermopsis, Nodularia, Schizothrix,
Umezakia

—

Note: Information was compiled from Turner et al. 1990; Frankmolle et al. 1992; Falch et al. 1993; Kuiper-Googman et al. 1999; Sivonen and Jones 1999; Dow and Swoboda 2000.
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Alkaloid toxins
Alkaloids vary in their chemical structure and stabilities,

and depending on the type, they can affect the nervous sys-
tem, skin liver, or gastrointestinal tract. Some of the most
studied algal toxins belonging to alkaloid class include
anatoxin-a, anatoxin-a(s), homo-anatoxin-a, saxitoxin, and
cylindrospermopsin.

Anatoxins
The anatoxins are a group of neurotoxic alkaloids. They

are low molecular weight secondary amines produced by a
number of cyanobacterial genera, including Anabaena,
Oscillatoria, and Aphanizomenon. The toxicity of these
compounds (LD50) varies from 20 mg/kg (by mass, intra-
peritoneally in mice) for anatoxin-a(s) to 200–250 mg/kg for
anatoxin-a and homoanatoxin-a, making them more toxic
than many microcystins. Anatoxin-a is produced by some
strains of Anabaena. It is a structural analogue of cocaine
and the neurotransmitter acetylcholine and binds to nicotinic
acetylcholine receptors. Death occurs by respiratory failure
within minutes to few hours depending upon the species
(Carmichael 1994; Hunter 1995). Homo-anatoxin-a is a po-
tent neuromuscular blocking agent that causes severe para-
lysis, convulsions, and death by respiratory arrest. This
toxin has been purified from Oscillatoria formosa.
Anatoxin-a(s) is an organophosphate (Fig. 1) produced by
strains of Anabaena flos-aquae (Matsunaga et al. 1989).
This is the only known naturally occurring organophosphate,
which functions as cholinesterase.

Saxitoxins
Like anatoxins, the saxitoxins (STX) are neurotoxic alka-

loids, which are also known as PSPs (paralytic shellfish poi-
sons) owing to their occurrence and association with
seafood. Saxitoxins and their analogues are produced by
Anabaena and Aphanizomenon (Sawyer et al. 1968). They
have also been recorded from Lyngbya wollei (Carmichael
et al. 1997). They act on the sodium ion channel of the ex-
citable membranes of the nerve cells and block them, thus
causing their neurotoxic effects like paralysis or respiratory
failure (Hunter 1995). However, to date no PSP-like illness
has been reported in humans from consumption of drinking
water. There are a number of STX variants generally div-
ided into groups based on their structure or organism of ori-
gin. The single sulphated STXs are known as gonyautoxins
and the doubly sulphated STXs are known as C-toxins.
There are also decarbamyl STXs (dcSTX) and a group of
STX variants, so far found only in L. wollei, known as
Lyngbya-wollei-toxins. STXs are highly toxic with LD50s as
low as 10 mg/kg (intraperitoneally in mice). (See Fig. 1 for
the general structure of STX.)

Cylindrospermopsin
Cylindrospermopsin is a hepatotoxic alkaloid (Fig. 1) that

has been isolated from cultures of Cylindrospermopsis raci-
borskii (Ohtani et al. 1992). It blocks protein synthesis, the
first clinical symptoms being kidney and liver failure. In
contrast to pure toxin, the crude extract of the organism
also causes injury to lungs, adrenal glands, and intestines,
indicating the presence of further unknown toxin in the or-
ganism. This toxin has been identified in an outbreak of
acute hepato-enteritis and renal damage among an aboriginal

population in Australia (Falconer 1996). Cylindrospermopsin
has also been characterized from Aphanizomenon ovalispo-
rum in Israel (Banker et al. 1997) and Umezakia natans in
Japan (Harada et al. 1994). Its LD50 (intraperitoneally in
mice) of 200 mg/kg ranks it as a relatively potent cyano-
bacterial toxin.

LPS toxins (endotoxin)
Weise and co-workers (1970) were the first to isolate LPS

from the cyanobacterium Anacystis nidulans, which exhibits
both pyrogenic and toxic effects (Weckesser et al. 1979).
But unlike Gram-negative bacteria, cyanobacterial LPS lacks
any phosphate in the lipid A core (Keletis and Sykora 1982).
Cyanobacterial LPSs are found to be 10 times less toxic
than other bacterial LPSs, e.g., those produced by Salmon-
ella sp. (Codd 1984), and reports of human illness due to
these toxins exist (Codd and Poon 1988). There is consider-
able diversity among the cyanobacteria in the chemical com-
position; however, the differences are largely related to
phylogeny.

Cytotoxins
Although neurotoxins and hepatotoxins are more studied

due to their lethality and ubiquity, cytotoxins are equally im-
portant due to their antialgal, antimycotic, and antibacterial
activity and some are active against cell tissue lines and
have moderate antitumor activity (Gerwick et al. 1994;
Patterson et al. 1994). Some common cyanotoxins, their
mode of action, their structure, and the organism producing
them are listed in Table 2.

Cytotoxins are interesting compounds because they are
more targeted and can be exploited as antitumor, antiviral,
or antibiotic compounds (Gross 2003). In general most cyto-
toxins have a strong cytostatic activity or an ability to selec-
tively inhibit tumors. However, they are highly
heterogeneous in their chemical structure and in terms of
the qualitative and quantitative aspects of damage inflicted.
The majority of them are cyclic or aliphatic peptides with
protease inhibition activity, e.g., micropeptins, cyano-
peptides, cyanopeptolins, all of which have been isolated
from several planktonic species belonging to diverse colo-
nial and filamentous genera — Microcystis, Anabaena, and
Planktothrix (Moore 1996; Namikoshi and Rinehart 1996).
Scytophycins represent another well-investigated group of
cytotoxins that have been mostly isolated from branched
cyanobacteria, e.g., Scytonema, Tolypothrix, and Cylindro-
spermum muscicola (Jung et al. 1991). Among this group of
macrolytic lactones, tolytoxin has been investigated in
depth. It causes severe cytotoxic effect through the depolari-
zation of cell microfilaments (Patterson and Carmeli 1992).
Another group of promising compounds are the crypto-
phycins, which are lipophilic compounds mainly isolated
from Nostoc strains (Trimurtulu et al. 1994). The cytotoxic
effects of methanolic extracts belonging to several soil iso-
lates of the genera Anabaena, Nodularia, Cylindrospermum,
Tolypothrix, and Trichormus have also been shown on mam-
malian cell lines (Hrouzek et al. 2005). Similar studies with
microcystins have shown that these compounds are capable
of initiating apoptosis in hapatocytes (Botha et al. 2004), be-
sides their well-investigated effects on increased protein
phosphorylation due to protein phosphatase inhibition of
mammalian cell lines (Carmichael 1994).

Jaiswal et al. 707

# 2008 NRC Canada



Table 3. Characteristics of common cytotoxins.

Toxin produced Type/nature Mode and (or) site of action Cyanobacterial genera Reference
Acutiphycin Phospholipid compound Antitumor properties, affects tissues Oscillatoria acutissima Barchi et al. 1984
Ambigol A and B Polychlorinated aromatic

compound
Inhibits cyclooxygenase and HIV

reverse transcriptase
Fischerella ambigua Falch et al. 1993

Aplysiatoxin Dermatotoxic Induces Limulus amoebocyte Lyngbya Dow and Swoboda 2000
Calothrixin Indolophenanthridine Inhibits RNA synthesis and DNA

replication
Calothrix sp. Doan et al. 2000

Cryptophycins A–F Lipophilic peptides Selectively inhibits tumors Nostoc spp. Trimurtulu et al. 1994
Cyanobacterin Lipophilic aromatic

compound
Inhibits photosystem II activity Scytonema hofmannii, Nostoc linckia Gleason and Case 1986

Debromoaplysiatoxin Dermatotoxic Lysate gelation Schizothrix calcicola, Oscillatoria
nigroviridis

Dow and Swoboda 2000

Fischerellin Aminoacylpolyketide Inhibits photosystem II activity Fischerella ambigua, Fischerella
muscicola

Gross et al. 1991; Papke et al. 1997

Grassypeptolide Macrocyclic depsipeptide Inhibits cancer cell growth Lyngbya confervoides Kwan et al. 2008
Hapalindole Substituted indole alkaloid Inhibits tumors Hapalosiphon fontinalis, Fischerella

sp.
Moore et al. 1984; Doan et al.

2000; Etchegaray et al. 2004;
Asthana et al. 2006b

Hassallidin A Glycosylated lipopeptide — Hassillia sp. Neuhof et al. 2005
Laxaphycin A and B Cyclic peptide Inhibits tumor cell proliferation Anabaena laxa Frankmolle et al. 1992
Linolenic acid Polyunsaturated fatty acid Decreases blood cholesterol levels,

reduces the growth of cancers of the
breast and colon

Oscillatoria redekei, Fischerella sp. Mundt et al. 2001; Asthana et al.
2006a

Lyngbyatoxin Indole alkaloid Potent tumor promoter, activates
calcium-activated phospholipid-
dependent protein kinase C

Lyngbya majuscula Cardellina et al. 1979; Fujiki et al.
1983; Nishizuka 1984

Norharmane Indole alkaloid Inhibits indoleamine 2,3- dioxygenase
and nitric oxide synthase

Nodularia harveyana Volk 2005

Nostocine — Generates toxic reactive oxygen
species

Nostoc spongiaeforme Hirata et al. 2003

Nostocyclamide Cyclic heptapeptide Inhibits photosynthesis Nostoc sp. strain 31 Juttner et al. 2001
Oscillatorin Lipophilic compound Inhibits photosystem II activity Oscillatoria latevirens Bagchi 1995; Ray and Bagchi 2001
Scytophycin Lipophilic compound Depolarizes cell microfilaments Scytonema pseudohofmanni,

Tolypothrix, Cylindrospermum
muscicola

Moore et al. 1986; Carmichael et
al. 1990; Jung et al. 1991

Spiroidesin Lipopeptide Inhibits cell growth Anabaena spiroides Kaya et al. 2002
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The cytotoxins that have been isolated from cyanobacteria
are listed in Table 3 along with their major characteristics
and modes of action.

Detection techniques for cyanotoxins
The physical appearance of cyanobacterial bloom does

not reveal its toxicity, and diagnosis of cyanotoxicosis is dif-
ficult primarily because many blooms are not hazardous at
all times.

The development of more sensitive separation and detec-
tion methods will help in reducing the consequences of these
poisons in our food and water supply. A range of other as-
say procedures have been investigated, which range from
low cost and relatively simple methods to highly sensitive
and sophisticated methods. Detection of toxin depends upon
the type of information required and facilities available.

Toxicity tests and bioassay

Mouse bioassay
There have been many biological detection methods de-

veloped for detecting cyanotoxins that use bioactivity of tox-
ins, e.g., potent hepatotoxicity, neurotoxicity, cytotoxicity
enzymatic activity, and immunological interactions. Mouse
bioassay was typically the first test for toxicity used in
screening water bloom materials and laboratory cultures or
cell extracts. It is also considered as the standard procedure
for establishing the LD50. It is still preferred over other
methods because of the easy availability of laboratory mice
and the low cost. In this method, adult mice are injected
intraperitoneally with the sample to be assayed and are kept
under observation. Generally, toxic symptoms are visible
within 24 h. This method is able to detect the toxin within
minutes (to a few hours) and can possibly determine the
type of toxin present, i.e., hepatotoxin, neurotoxin, etc. The
disadvantages of this method are the nonspecific inference
and (or) result obtained, its inability to detect low levels of
toxin, and its inability to distinguish between homologues of
toxins. Mouse bioassay remains the primary means of as-
sessing function and potency of cyanotoxins, but this is now
slowly being replaced by other bioassays — chemical and
immunological methods. Further, there is increasing opposi-
tion in many countries to the use of animals for any form of
toxicity testing.

Alternative bioassay
A number of alternative bioassay methods have been de-

vised for detection of cyanotoxins, e.g., by using Daphnia
sp. and Artemia salina (Kiviranta et al. 1991). Turell and
Middlebrook (1988) suggested a bioassay that involved
microinjection of the toxin into mosquitoes. The use of both
adult and larvae stages has been investigated as potential
bioassay agents. Both methods are relatively simple but not
have been widely adopted owing to difficulties in handling
this organism (Turell and Middlebrook 1988; Kiviranta et
al. 1991). The other test organism, which can detect micro-
cystins successfully in the bloom samples, is the fruit fly
Drosophila melanogaster (Swoboda and Dow 1994). These
organisms are easy to maintain in the laboratory with no
special equipment required. The flies were, however, not
sensitive to neurotoxic Aphanizomenon (Swoboda and Dow

1994). McElhiney et al. (1998) reported that the locust bio-
assay was able to detect saxitoxin successfully in a range of
samples that included cyanobacteria and shellfish, but the
bioassay was not found sensitive to microcystin-LR and
anatoxin-a.

Biochemical assays
The protein phosphatase inhibition assay is a sensitive

screening method for microcystin and nodularin, which uses
the biochemical activity of these enzymes. One version is
based on the quantification of 32P-phosphate released from
radiolabelled substrate (Lambert et al. 1994) by the activity
of protein phosphatase enzyme (PP1 and PP2). Although
this method is very popular, the only disadvantage is the
use of radioactive chemicals, which requires specialized and
well-equipped laboratory facilities. Carmichael (1994) used
a colorimetric protein phosphatase inhibition assay, which
avoids the complications of using radioactive materials.
Ward et al. (1997) also reported this method is an effective
and reliable means of screening water samples.

Immunological detection
The Enzyme-Linked Immunosorbant Assay (ELISA) tech-

nique is currently the most promising for rapid sample
screening of microcystins owing to its sensitivity, specific-
ity, and ease of operation. Chu et al. (1989) developed an
ELISA technique based on polyclonal antisera in rabbit
against bovine albumin conjugated to microcystin-LR,
which proved to be a better immunogen. The raised antibod-
ies had good cross-reactivities with microcystin-RR, -YR,
and nodularin and less with microcystin-LY and -LA. Ap-
proximately 50% binding occurred at a toxin concentration
of 1 ng/mL, which is appropriate for water quality testing.
Nagata et al. (1995) produced monoclonal antibodies against
microcystin-LR, which showed cross-reactivity with
microcystin-RR, -YR, -LA, and several other derivatives.
Although the epitope of this antibody is not clear, the impor-
tance of the Adda moiety for antibody binding has been
indicated.

Analytical methods
The physicochemical properties of the cyanotoxins can be

used for detection and identification. The molecular weight,
chromophores, and reactivities of the functional groups in
the molecules are generally used for the chemical analyses
of the cyanotoxins. The majority of analytical methods have
been developed primarily for microcystins but nodularins
can also be easily identified by the same method because of
the similar physicochemical properties.

Thin layer chromatography (TLC) is the most basic tech-
nique that has been used to purify hepatotoxins, but it is not
very sensitive and specific; hence, over time, it has been
superceded by HPLC. Typical HPLC analysis uses a
reverse-phase C18 silica column, and separation is achieved
over a gradient of acetonitrile and water, both containing
0.05% trifluoroacetic acid. However, this method relies on
retention time for identification and microcystin standards
are required (Harada 1996). Recent advances in detector
hardware can now provide high-resolution spectra that de-
tect very slight variations in chemical composition and can
be used in conjunction with advanced spectral matching
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software. Further confirmation may be done by liquid
chromatography – mass spectrometry, which enables
simultaneous separation and identification of microcystins
from a mixture of samples (Kondo et al. 1992). A more ad-
vanced technique — frit-fast atom bombardment liquid
chromatography – mass spectrometry (which uses a micro-
bore column (0.3 mm internal diameter)) — can identify
nanogram levels in water and biological samples (Kondo et
al. 1995, 1996). The structural analyses of hepatotoxins can
be carried out by fast atom bombardment mass spectrometry
and proton nuclear magnetic resonance (Kusumi 1996). Re-
cently, matrix-assisted laser desorption ionization mass
spectrometry has shown to be a rapid and sensitive analyti-
cal method for the detection of cyanobacterial toxins (Dow
et al. 1994).

Molecular detection
Traditionally, microscopic identification of cyanobacteria

alone or in combination with direct analysis of toxin has
been used for detection of toxic cyanobacteria. However,
some cyanobacteria may be genetically capable of producing
toxins but do not produce under all conditions and some do
not produce toxins all. Hence, scientists are focusing on
genes that can differentiate taxonomic groups of cyano-
bacteria involved in toxin production and those that are not
toxic, i.e., genes that can separate toxic and nontoxic strains
(Neilan et al. 1995; Bloch et al. 1996; Rouhianen et al.
2004). Bloch et al. (1996) have looked for conserved regions
of genome, such as those encoding for phycocyanin sub-
units, that might be used to classify the toxigenic species.
Neilan et al. (1995) designed a general primer to the phyco-
cyanin operon (cpc genes) and developed a PCR that al-
lowed amplification of the pycocyanin (PC) gene containing
the intergenic spacer from cyanobacteria commonly associ-
ated with toxic bloom sample. They showed that the DNA
profile obtained after restriction digestion with 9 enzymes
was specific to various taxonomic levels of cyanobacteria.
This kind of gene probe, which can distinguish among toxic
and nontoxic genera and (or) strains, can prove to be very
beneficial in detecting toxic cyanobacterial bloom or screen-
ing cyanobacteria for toxicity. Neilan et al. (1995), using re-
striction length polymorphism, probed a short tandemly
repeated DNA sequence found in the chromosome of Ana-
baena sp. PCC 7120 and found that it can distinguish a
hepatotoxic Anabaena isolate from neurotoxin-producing
strains. Baker et al. (2001) showed from their studies that
bloom component can be identified and monitored for toxi-
genicity by PCR more effectively than by other methods,
like microscopy and mouse bioassay. They used PCR ampli-
fication of a phycocyanin intergenic spacer region between
the genes for b and a subunits for detection of cyano-
bacterial genera. Microcystin production was determined by
PCR amplification of gene of microcystin biosynthesis and
the potential for saxitoxin production was determined by
PCR amplification of a region of 16S rRNA gene of Ana-
baena circinalis. They also showed that toxicity and cell
type present in a bloom changes over a period of time.
Fergusson and Saint (2000) developed an Anabaena
circinalis-specific PCR assay targeting the rpoCI gene to de-
tect the organism directly from environmental samples.
Wilson et al. (2000) developed a PCR assay targeting a re-

gion of rpoCI gene unique to Cylindrospermopsis racibor-
skii for specific identification of the strain from both
purified genomic DNA and environmental samples.

Genetic basis of toxin production

At present, 2 molecular systems are known to be involved
in cyanobacterial toxicity: nonribosomal peptides and Type I
polyketide synthases. Most of the work involving this aspect
of toxin production has been done using Microcystis (Tillett
et al. 2001; Ouellette et al. 2006), and the expression of
these genes is known to be regulated by complex mecha-
nisms and is influenced by environmental factors.

Biosynthesis of microcystins has been studied in all the 3
main microcystin-producing genera occurring in fresh water,
i.e., Microcystis, Anabaena, and Planktothrix (Tillett et al.
2001; Christiansen et al. 2003, 2006; Rouhianen et al.
2004). Microcystins are synthesized nonribosomally by a
giant enzyme complex comprising peptide synthetase, poly-
ketide synthases (PKSs), and additional modifying enzymes
(Arment and Carmichael 1996; Tillett et al. 2001;
Christiansen et al. 2003; Rouhianen et al. 2004). Nonribo-
somal peptide synthetases catalyse the formation of peptide
by a thio-template mechanism. They are involved in the syn-
thesis of linear, cyclic, and branched cyclic peptides, includ-
ing potent drugs such as penicillin, vancomycin, and
cyclosporin (Konz and Marahiel 1999).

The gene cluster encoding the microcystin synthetase
complex has now been identified and sequenced (Nishizawa
et al. 1999; Tillett et al. 2001). This 55-kb gene cluster
(mcyABCDEFGHIJ) consists of 6 open reading frames
(ORFs) of a mixed nonribosomal peptide synthetase –
polyketide synthase nature (mcyA–mcyE and mcyG) and 4
smaller ORFs with putative precursor and tailoring functions
(mcyF and mcyH–mcyJ). The mcyABCDEFGHIJ genes are
transcribed as 2 polycistronic operons, mcyABC and
mcyDEFGHIJ, from a central bi-directional promoter be-
tween mcyA and mcyD. Kaebernick et al. (2002) were able
to identify the start sites for all the mcy genes except for
mcyB and mcyC. Baker et al. (2002) also suggested the use
of PCR-based methods for direct detection and identification
of strains present and their toxigenicity. Vaitomaa et al.
(2003) used quantitative RT–PCR analyses to show that
mcyE gene copy numbers can be used as surrogates for a
rough estimate of toxigenic cell numbers of hepatotoxic
Microcystis and Anabaena spp. This can provide a simple
method for detecting toxic blooms in diverse areas and (or)
in a large number of samples. Toxic Microcystis strains
often produce several isoforms of cyclic hepatotoxin micro-
cystin that have been attributed to relaxed substrate specif-
icity and adenylation domains. Mikalsen et al. (2003)
showed that this variability was also caused by genetic var-
iation in a microcystin synthetase gene. Moffitt and Neilan
(2004) sequenced and characterized a complete gene cluster
encoding the enzymatic machinery required for the bio-
synthesis of nodularin in N. spumigena NSOR 10.
Kaebernick et al. (2000) studied the effect of light on micro-
cystin synthetase production and concluded that both mcyB
and mcyD transcript level increased under high light inten-
sities and red light, blue light and certain artificial stress fac-
tors (methylogen and NaCl) caused reduction in transcript
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levels. Tonk et al. (2005) also reported that microcystin
composition of the cyanobacterium Planktothrix agardhii
changes to a more toxic variant with increasing light inten-
sity. Kurmayer et al. (2004) reported the occurrence of
Planktothrix strains containing all mcy genes but lacking
toxic hepatopeptide microcystin. Christiansen et al. (2006)
analyzed 29 strains and showed that transposons inactivate
biosynthesis of nonribosomal peptide microcystin. Two de-
letions spanning 400 bp (in mcyB; one strain) and 1869 bp
(in mcyHA; 3 strains) and 3 insertions spanning 1429 bp (in
mcyD; 8 strains), 1433 bp (in mcyEG; one strain), and
1433 bp (in mcyA; one strain) were identified, indicating
that a mutation resulted in the inactivation of microcystin
biosynthesis. Transcriptional analyses of the mcy gene clus-
ter will help to increase our understanding of microcystin
synthetase regulation and toxin biosynthesis and will pro-
vide useful insight into other nonribosomal systems.

Ecological implications of cyanobacterial
secondary metabolites

Cyanobacteria represent an untapped bioresource for a di-
verse range of secondary metabolites, some of which show
unique similarities to plant and animal products (Namikoshi
and Rinehart 1996; Bagchi and Ray 2001; Agrawal et al.
2005; Singh et al. 2005a; Capper et al. 2006; Dahms et al.
2006; Volk 2006). Toxins produced by bacteria, algae, and
(or) cyanobacteria can be considered allelochemicals, since
they inhibit one or more groups of organisms and help to
provide a competitive advantage to the producer, which
may be important factors contributing to formation and (or)
maintenance of cyanobacterial blooms (Gross 2003; Legrand
et al. 2003; Prasanna and Jaiswal 2006; Leflaive and Ten-
Hage 2007).

Allelochemicals
The term allelopathy is derived from 2 separate words (al-

lelon, which means ‘‘of each other,’’ and pathos, which
means ‘‘to suffer’’), and it denotes the production of specific
biomolecules by one plant or bacterial species that can in-
duce suffering in, or give benefit to, another plant or bac-
terial species. In simple terms, allelopathy refers to the
chemical inhibition of one species by another. These bio-
molecules, or allelochemicals, produced by one species are
released into the environment and subsequently influence
the growth and development of neighbouring species.
Allelochemicals in general have evolved to inhibit many
biochemical targets present on the surface of or within the
cells (Skovgaard et al. 2003; Suikkanen et al. 2005). Many
such chemicals, including antibiotics, inhibit components of
protein synthesis. Both positive and negative allelochemical
incidents are known to be involved in the control of fresh-
water bloom sequence (Keating 1977; Gross 1999). Schlegel
et al. (1999) isolated cyanobacterial strains form diverse
habitats, spanning the continents of Australia and Asia, that
exhibited allelopathic activity against green algae and
cyanobacteria. Gross (1999) reported the production of
allelochemicals with a strong effect against several algae
(including cyanobacteria). Jaiswal et al. (2005) reported
allelopathic activity of M. aeruginosa against a unicellular
cyanobacterium. The colonial blue-green alga Merismopedia

tenuissima has been reported (Blomquist 1996) to dominate
an acidic Swedish lake due to the release of allelochemicals.
Hence, the prolific growth of cyanobacteria as blooms in
nutrient-rich water bodies, concomitant with eutrophication,
can be considered a result of their invasiveness and produc-
tion of bioactive molecules, which provides them the advant-
age of eliminating other competitive flora and fauna. This
represents an appropriate example of how allelopathy, nu-
trient mobilization, and resource competition act synergisti-
cally in providing a selective advantage to these prokaryotes.

Aquatic allelochemicals often target multiple physio-
logical processes. A filamentous cyanobacterium, Scytonema
hofmannii (UTEX 2349), has been reported to produce an
allelochemical cyanobacterin, which inhibited the growth of
cyanobacteria (Gleason and Paulson 1984), eukaryotic algae
(Gleason and Baxa 1986), and higher plants (Gleason and
Case 1986). Non-photosynthetic microorganisms were not
affected by the cyanobacterin. Similar observations were
made in Oscillatoria (Bagchi et al. 1990; Chauhan et al.
1992) and Fischerella (Gross et al. 1991), Nostoc (Juttner et
al. 2001), where allelochemicals released by the cyano-
bacteria inhibited growth of cyanobacteria and chlorophytes
but not heterotrophic organisms. The most common mode of
action of these metabolites is directed towards the inhibition
of photosynthesis by affecting photosystem II activity
(Bagchi et al. 1990; Bagchi 1995; Srivastava et al. 1998,
2001). Smith and Doan (1999) also reported that bioactive
compounds produced by cyanobacteria (allelochemicals)
show a diverse range of biological activities and affect
many biochemical processes within the cell, especially the
oxygenic photosynthetic processes. Such chemicals are
likely to be involved in the regulation of natural populations
and are potentially useful as biochemical tools, i.e., as herbi-
cidal and biocidal agents. Bagchi and Ray (2001) reported
that a planktonic cyanobacterial extract showed photosystem
II-inhibiting (herbicidal) activity, besides allelopathic activ-
ity, which might play a role in competitive ability of the
strain in nature. Doan et al. (2000) reported alkaloids from
Fischerella and Calothrix that inhibited RNA synthesis of
other organisms, indicating another mode of action of
cyanobacterial secondary metabolites. A bloom-forming
cyanobacterium Anabaena flos-aquae has been reported to
be involved in chemical signaling with the competing phyto-
plankton. This cyanobacterium produces anatoxin and
microcystin-LR, which inhibit the growth of chlorophyte
Chlamydomonas reinhardtii, whereas the extracellular com-
pound produced by the chlorophyte causes an increase in
anatoxin content but no effect on microcystin-LR. (Kearns
and Hunter 2001). The exudates from Microcystis have also
been reported to inhibit the photosynthesis in the dinoflagel-
late Peridium gatunnse by interfering with its internal car-
bonic anhydrase activity (Sukenik et al. 2002). However,
inhibition was reported in a strain that did not produce
microcystin-LR, which is indicative of the role of some
other compound. The compound released by the Microcystis
sp. resulted in oxidative stress in the dinoflagellate and acti-
vated certain protein kinases (Vardi et al. 2002), while
P. gatunnse caused cell lysis in Microcystis owing to a loss
of buoyancy and a dramatic increase in mcyB. These 2 or-
ganisms present excellent examples of complex allelopathic
interactions.
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Multiple biotic and abiotic factors determine the strength
of allelopathic interaction. Frequently, the impact of exces-
sive or limiting nutrients has been shown to affect the over-
all production of allelochemicals and their effect on target
organisms (Von Elert and Juttner 1997; Ray and Bagchi
2001; Gross 2003; Hirata et al. 2003; Volk 2007). Jaiswal
et al. (2007) showed that doubling the concentration of
phosphorus in the basal medium resulted in increased
growth and algicidal activity (measured in the form of dia-
meter of inhibition zone) of M. aeruginosa. However, no ac-
tivity was recorded when phosphate concentration was
reduced to half (50% of that present in the basal medium).
In the same study, they also reported that in M. aeruginosa
cultures at all stages showed algicidal activity; however,
maximum inhibitory action was recorded in 15- to 20-day-
old cultures.

Suikkanen et al. (2004) found that N. spumigena was
more allelopathic in exponential phase than in stationary
phase, whereas the culture filtrates were more hepatotoxic
in stationary phase.

Bioactive compounds
Cyanobacteria have also drawn much attention as a pro-

spective and rich bioresource of biologically active com-
pounds that can be agriculturally useful. Toxic water
blooms comprising genera, such as Microcystis, Anabaena,
and Nostoc, produce a diverse array of bioactive compounds
exhibiting antibiotic, algicidal, antifungal, cytotoxic,
immuno-suppressive, and enzyme-inhibiting activities
(Mundt et al. 2001). Terrestrial cyanobacteria, such as Ana-
baena laxa, produce antifungal cyclic peptides, such as lax-
aphycin A and B (Frankmolle et al. 1992). Kulik (1995)
reported that extracts from the cyanobacterium Nostoc mus-
corum Agardh inhibited in vitro growth of fungal plant
pathogens, such as Sclerotinia sclerotiorum (Cottony rot of
vegetables and flowers) and Rhizoctonia solani (root and
stem rots). Another antifungal glycosylated lipopeptide has
been reported (Neuhof et al. 2005) from the cyanobacterium
Tolypothrix (Basionym Hassallia) that showed antifungal
activity against Aspergillus fumigatus and Candida albicans.
The antifungal compound had been reported to contain both
fatty acid and carbohydrate moieties. A number of com-
pounds exhibiting fungicidal activity against specific agri-
culturally important fungi have been isolated and patented
(Moore et al. 1989; Patterson et al. 1995; Hagmann and
Juttner 1996; Moore 1996; Nagle and Wedge 2002; Volk
and Furkert 2006). Pushparaj et al. (2000) showed that an
acetone extract of Nodularia harveyana inhibited growth of
the free-living root knot nematode Cephaloboides oxycerca.
Such biomolecules produced by cyanobacteria can be devel-
oped into safe formulations against many pathogen and (or)
parasites.

The terrestrial cyanophyte Fischerella ambigua has been
reported (Falch et al. 1993) to produce 2 highly halogenated
compounds with antibacterial, antifungal, and molluscicidal
activity. Kiviratna and Abdel-Hameed (1994) reported a
compound from the cyanobacterium Oscillatoria agardhii
that is toxic to larvae of yellow fever mosquito Aedu ae-
gypti. Casamatta and Wickstrom (2000) observed that the
exudates of M. aeruginosa were inhibitory towards bacterial
plankton communities. Recently Asthana et al. (2006a) re-

ported antibacterial activity of a methanolic extract of a
cyanobacterium Fischerella sp. that was further identified
as linolinic acid (Asthana et al. 2006b). Antimicrobial and
other bioactive compounds produced by cyanobacteria may
be released extracellularly to surroundings either actively or
passively or by autolysis. The biosynthetic pathways leading
to production of these novel compounds and finally their re-
lease to the environment is not very well understood.
Knowledge of biosynthetic pathways and factors leading to
the release of these biomolecules may prove to be of tre-
mendous importance for mankind.

The chemical compounds isolated from cyanobacteria are
also of biotechnological interest, especially for clinical ap-
plications, because of their antibiotic, algicidal, and cyto-
toxic properties (Borowitzka 1995) and, hence, could be
used as biocontrol agents of bacterial and fungal pathogens.
In addition to neurotoxins and hepatotoxins, cyanobacteria
are known to produce several antibacterial compounds
(Carmeli et al. 1990), antifungal compounds (Frankmolle et
al. 1992), antiviral agents, anticancerous and (or) anti-
neoplastic agents (Smith et al. 1994; Nianjun et al. 2004),
and compounds useful in the treatment of HIV (Gerwick et
al. 1994; Harrigan et al. 1998). Cyanobacterial metabolites
have the potential for use in antifouling technology. The iso-
lation of biogenic compounds and the determination of their
structure may provide leads for future development of envi-
ronmentally friendly antifouling paints (Dahms et al. 2006).

Cyanobacteria represent a vast bioresource of biologically
active compounds that may find tremendous applications in
agriculture and pharmaceutical industry. So far, only a few
strains have been commercially exploited, and extensive re-
search is needed to unfold many unknown facets hidden in-
side these small microorganisms, which through their
omnipresence and adaptation to diverse environment, can be
exploited for diverse applications.
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