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Annotation 
 
Cyanobacteria are well-known producers of secondary metabolites of different chemical 
structures and a wide range of biological functions. In the present thesis, the cytotoxic 
activity of cyanobacteria, originating from different habitats, was studied in order to reveal 
whether cytotoxicity is an environmentally dependent characteristic. In addition, the data 
were compared with the toxicity of these extracts to the model invertebrate Artemia salina. 
The obtained data suggest that cytotoxic cyanobacteria are favoured under some conditions 
and thus more frequent in particular localities. The majority of the studied extracts and 
fractions exhibited cytotoxitity to the Sp/2 cell line not accompanied by toxicity to A. salina. 
Moreover, in most of the strains with both activities to A. salina and Sp/2 cells the toxic 
effect was caused by an identical fraction. This result suggests that the toxic effect of the 
cyanobacterial secondary metabolites is mostly affecting basal cell metabolism rather than 
targeting specific organisms. In one of studied strains, Cylindrospermum sp. C24/1989, novel 
lipopeptides puwainaphycin F and G have been detected, isolated and their structure and 
biological effect have been characterized. Both of these structures interfere with eucaryotic 
membranes and cause a Ca2+ leakage into the cell. Subsequently, an enhanced tyrosine 
phosohorylation and relocalization of f-actin in the cell was observed. Lastly, the correlation 
between metabolite production and the reconstructed phylogeny was studied in planktonic 
Dolichospermopsis strains. Most of the detected compounds were found to be randomly 
disspersed across the reconstructed phylogeny and thus cannot be considered as good 
chemotaxonomic markers. This result also hampers the possible detection of toxic 
cyanobacteria by morphological methods or molecular detection based on the 16SrDNA 
gene. 
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General Introduction 
 

The study of cyanobacterial secondary metabolites has become a fascinating field of 
microbiology during the last few decades. It has attracted the attention of many research 
groups, and hundreds of different compounds with various biological effects have been 
described (Carmichael, 1992; Namikoshi and Rinehart, 1996; Sivonen, 1996; Welker and 
von Döhren, 2006). Cyanobacteria have been refered to produce different forms of cyclic 
and linear peptide, alkaloides, macrolactones and heterocyclic compounds (Carmichael 
1986, 1990, 1992, Fujii et al. 2002, Knűbel et al. 1990, Patterson and Carmeli 1992, Rodey 
et al. 1999, Sivonen 1996, Welker and von Döhren 2006). From the above cited, peptides 
are the most important secondary metabolites produced by cyanobacterial cells in high 
concentrations. These structures consist of standart as well as modified D- and L-aminoacid 
forms. The majority of cyanobacterial oligopeptides are assumed to be synthesized by a 
non-ribozomal synthetic pathway placed on the inner membrane of the cyanobacterial cell 
(Ditman et al. 1997, Tillet et al 2000, Welker and von Döhren, 2006), but the synthesis of 
peptidic structures by cyanobacterial ribozomes with post-translation modification has also 
been suggested (Schmidt et al. 2005). Recently, strong evidence for the ancient origin of this 
synthetic system has been brought forward (Rantala el al. 2004). Presently around 600 
variants of cyanobacterial peptides have been described (Welker and von Döhren, 2006), but 
screening studies have increasingly indicated that this number is only a small fraction of the 
real peptide diversity in cyanobacteria (e.g. Welker et al. 2006). Peptides can be classified, 
based on their common characteristics of chemical structure, into six classes – aeruginosins, 
microginins, anabaenopeptins, cyanopeptolins, microcystins, microviridins and cyclamides 
(Welker and von Döhren, 2006). However, at least one third of all described structures do 
not fit into any of these classes. The enormous diversity of cyanobacterial peptides can 
probably be considered as due to the modular structure of the non-ribozomal synthetic 
pathway. Peptides are synthesized by large multidomain synthetases bounded in the 
membrane, the final aminoacid sequence then depending on the position of the enzyme. 
Every change in function of a particular enzyme then results in the production of a different 
peptide variant. Despite the production of cyanobacterial peptides being widely studied from 
many different points of view, the primary function of cyanobacterial peptides remains 
unresolved. 

As mentioned above, several different biological consequences have been reported for 
peptides and other secondary metabolites produced by cyanobacteria. One of the first 
reported effects of cyanobacterial compounds on living organisms was the hepatotoxicity of 
microcystins (Miura et al. 1988, Falconer et al. 1994). This heptapeptide causes liver 
necrosis by way of inhibiting protein phosphatases and inducing apopotosis in human 
hepatocytes (Botha et al. 2004, MacKintosch et al. 1990). This effect was later proved for 
other type of microcystins. The second compound affecting human health is the alkaloid 
anatoxin-a (and related compounds) that interferes with the sodium channels and enhances 
neuron stimulation leading to the suffocation of the organism (Carmichael et al. 1975, 
1979). Besides these effects important for the human population, there is a large body of 
evidence of different biological activities including antibacterial (Jaki et al. 1999), 
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antifungal (Bonjouklian et al. 1991, Kajiyama et al. 1998), and virostatic activity (e.g. 
Knűbel et al. 1990), enzyme inhibition (Murakami et al. 1994, 1995, 1997, Reshev and 
Carmeli 2001) as well as inhibition of the cell cultures of mammal cells (Barchi et al 1983, 
Patterson et al. 1993, Rodney et al. 1999, Trimurtulu et al. 1994). Thus, some authors 
defined two basic groups of cyanobacterial secondary metabolites based on their biological 
effects (e.g. Maršálek et al. 1996): biotoxins, causing death to higher organisms; and 
cytotoxins, compounds causing inhibition to cell cultures or single cell organisms. It is clear 
that the cytotoxic effect can, in certain conditions, lead to biotoxicity. This is the case with 
the cytotoxic alkaloid cylindrospermopsin inhibiting proteosythesis in liver cells, which can 
lead to liver destruction and the subsequent death of all organisms (Ohtani et al. 1992). 
However, there exists another compound with a clearly higher toxicity to individual cells 
that affects whole mammal organisms at low levels. Such compounds, called cytotoxins, are 
showing much promise in the field of pharmacology as potential cancer treatment agents. 
Cytotoxic compounds are very heterogeneous regarding their chemical structures and modes 
of action. One of the most effective cyanobacterial compounds, isolated from cyanobacteria 
of the genus Nostoc, is depsipeptide cryptophycin (Trimurtulu et al. 1994). This causes 
tubulin depolymerization in different types of cancer cells at nanomolar concentrations 
(Smith et al. 1994), which leads to the blockage of the cell cycle at the G2 phase and 
subsequent apoptosis; specific activity against solid tumors for this compound has also been 
reported (Teicher et al. 2000). Actin depolymerization is the functional mechanism of the 
macrolidic cytotoxic compound tolytoxin (Patterson et al. 1993). Apart from these effects, 
several cyanobacterial compounds have been proved to interfere with the DNA replication 
process (Teneva et al. 2003). 

The production of cyanobacterial metabolites can be examined from various 
perspectives. First, screening studies can be targeted towards the isolation of novel 
compounds for applications in pharmacology or biotechnology. Second, significant amounts 
of such compounds can be released by living or decaying cyanobacterial cells, and thus 
affects the environment. Accordingly, knowledge about the function and fate of these 
compounds within the environment is also important. Last but not least, knowledge of the 
distribution of particular compounds’ production among cyanobacteria of different 
genotypes, morphotypes and ecology is extremely important for hydrobiology and water 
quality monitoring, as well as theoretical diversity studies and chemotaxonomy.  

The first part of this presented work is concentrated on the interaction of cyanobacterial 
metabolites with mammal cells in vitro and the characterization of its effects. Special 
attention is given to the question of whether cytotoxins are part of a cyanobacterial 
adaptation to environmental conditions, or whether this bioactivity is only coincidental. In 
the second part of this thesis, correlation between secondary metabolite production and 
cyanobacterial phylogeny is tested. 
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Results 
 
This thesis is based on results of  five accepted scientific articles, one article submited to 
international journals and two manuscript prepared for submision. 
 

I 
Extensive selection of cyanobacterial strains (82 isolates) belonging to the genus Nostoc, 
isolated from different climatic regions and habitats, were screened for both their secondary 
metabolite content and their cytotoxic effects to mammalian cell lines. The overall 
occurrence of cytotoxicity was found to be 33%, which corresponds with previously 
published data. However, the frequency differs significantly among strains, which originate 
from different climatic regions and microsites (particular localities). A large fraction of 
intensely cytotoxic strains were found among symbiotic strains (60%) and temperate and 
continental climatic isolates (45%); compared with the less significant incidences in strains 
originating from cold regions (36%), deserts (14%), and tropical habitats (9%). The 
cytotoxic strains were not randomly distributed; microsites that clearly had a higher 
occurrence of cytotoxicity were observed. Apparently, certain natural conditions lead to the 
selection of cytotoxic strains, resulting in a high cytotoxicity occurrence, and vice versa. 
Moreover, in strains isolated from a particular microsite, the cytotoxic effects were caused 
by different compounds. This result supports our hypothesis for the environmental 
dependence of cytotoxicity. It also contradicts the hypothesis that clonality and lateral gene 
transfer could be the reason for this phenomenon. Enormous variability in the secondary 
metabolites was detected within the studied Nostoc extracts. According to their molecular 
masses, only 26% of these corresponded to any known structures; thus, pointing to the high 
potential for the use of many terrestrial cyanobacteria in both pharmacology and 
biotechnology. 
 

II 
Puwainaphycins F and G, which cause unique cytoskeletal changes in mammalian cell lines 
and subsequent cell death, have been isolated from the cyanobacterium Cylindrospermum 
sp. C24/89. Puwainaphycin F has been shown to be a cyclic peptide (valyl-2aminobut-2(E)-
enoyl-asparaginyl-2aminobut-2(E)-enoyl-asparaginyl-alanyl-threonyl-Nmethylasparaginyl-
prolyl) containing the β-amino acid unit (2-hydroxy-3-amino-tetradecanoic acid). It differs 
from previously described variants of the puwainaphycins, at five amino acids as well as in 
the β-amino acid unit. The rapid interaction of this compound with the plasma membrane 
leads to an elevation of the concentration of intracellular Ca2+, with kinetics comparable to 
the well-established calcium ionophore ionomycin. Subsequently, the induction of tyrosine 
phosphorylation was followed by the unique transformation of the actin cytoskeleton into 
ring structures around the nuclei being observed. All of these alterations in the cellular 
morphology and physiology after ca. 10 hrs finally results in necrotic cell death. 
Puwainaphycin G, congener of puwainaphycin F, differs in the substitution of an 
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asparaginyl moiety for a glutaminyl in the third position; but exhibited the same biological 
function and moderate toxicity as did puwainaphycin F. 
 

III 
Heterocytous cyanobacteria originating from different habitats have been screened for 
toxicity to brine shrimp Artemia salina and the murine lymphoblastic cell line Sp/2. 
Methanolic extracts of biomass and cultivation media were tested for toxicity and selected 
extracts were fractionated to determine the active fraction. We found a significant toxic 
effect to A. salina and Sp/2 cells in 5.2% and 31% of studied extracts, respectively. Only 
8.6% of all tested strains were highly toxic to both A. salina and the Sp/2 cell line. Based on 
these data, we conclude that it is impossible to monitor cytotoxicity using only the brine 
shrimp bioassay, since cytotoxicity is a more frequent feature in comparison with toxicity to 
A. salina. It seems that in most cases the toxic effect of cyanobacterial secondary 
metabolites is targeted at some basal metabolic pathways present in eucaryotic cells rather 
than being a specific mechanism against a complex organism. Only in two of all tested 
strains was toxicity to A. salina recorded not accompanied to murine cell line toxicity. 
Moreover, in most of the selected strains exhibiting activity to A. salina and Sp/2 cells, the 
toxic effect to A. salina and Sp/2 cell line was caused by an identical fraction. These 
findings lead us to the conclusion that cyanobacterial metabolites can secondarily act as a 
defensive mechanism against grazing, although they are almost certainly not synthesized 
specifically against herbivores. 
 

IV 
The heterocytous cyanobacteria form a monophyletic group according to 16S rRNA gene 
sequence data. Within this group, phylogenetic and morphological studies have shown that 
genera such as Anabaena and Aphanizomenon are intermixed. Moreover, the phylogeny of 
the genus Trichormus, which was recently separated from Anabaena, has not been 
investigated. The aim was to study the taxonomy of the genera Anabaena, Aphanizomenon, 
Nostoc and Trichormus belonging to the family Nostocaceae (subsection IV.I) by 
morphological and phylogenetic analyses of 16S rRNA gene, rpoB and rbcLX sequences. 
New strains were isolated to avoid identification problems caused by morphological changes 
of strains during cultivation. Morphological and phylogenetic data showed that benthic and 
planktic Anabaena strains were intermixed. In addition, the present study confirmed that 
Anabaena and Aphanizomenon strains were not monophyletic, as previously demonstrated. 
The evolutionary distances between the strains indicated that the planktic Anabaena and 
Aphanizomenon strains as well as five benthic Anabaena strains in cluster 1 could be 
assigned to a single genus. On the basis of the 16S rRNA, rpoB and rbcLX gene sequences, 
the Anabaena/Aphanizomenon strains (cluster 1) were divided into nine supported 
subclusters which could also be separated morphologically, and which therefore might 
represent different species. Trichormus strains were morphologically and phylogenetically 
heterogeneous and did not form a monophyletic cluster. These Trichormus strains, which 
were representatives of three distinct species, might actually belong to three genera 
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according to the evolutionary distances. Nostoc strains were also heterogeneous and seemed 
to form a monophyletic cluster, which may contain more than one genus. It was found that 
certain morphological features were stable and could be used to separate different 
phylogenetic clusters. For example, the width and the length of akinetes were useful features 
for classification of the Anabaena/Aphanizomenon strains in cluster 1. This morphological 
and phylogenetic study with fresh isolates showed that the current classification of these 
anabaenoid genera needs to be revised. 
 

V 
The genera Dolichospermum (Ralfs ex Bornet et Flahault) Wacklin et al. 2009 and 
Sphaerospermopsis Zapomělová et al. 2010 represent highly diversified group of planktonic 
cyanobacteria that have been recently separated from the traditional genus Anabaena Bory 
ex Bornet et Flahault 1888. In this study, morphological diversity, phylogeny of 16S rRNA 
gene, production of fatty acids and secondary metabolite profiles were compared among 33 
strains of 14 morphospecies isolated from the Czech Republic. Clustering of the strains 
based on 16S rRNA gene sequences corresponded to wider groups of species in terms of 
morphology. On the contrary, the overall secondary metabolite and fatty acid profiles were 
neither correlated to each other, nor to 16S rRNA phylogeny and morphology of the strains 
suggesting that these compounds are not good chemotaxonomic tools for the cyanobacterial 
genera studied. Nevertheless, a minor part of the detected secondary metabolites (19% of all 
compounds) were present solely in the closest relatives and can be thus considered as 
autapomorphic features.  
 

VI 
Occurrences of rare cyanobacteria Anabaena reniformis Lemmerm. and Aphanizomenon 
aphanizomenoides (Forti) Horecká et Komárek were recently detected at several localities in 
the Czech Republic. Two monoclonal strains of An. reniformis and one strain of Aph. 
aphanizomenoides were isolated from distant localities and different sampling years. They 
were characterized by a combination of morphological, genetic, and biochemical 
approaches. For the first time, partial 16S rRNA gene sequences were obtained for these 
morphospecies. Based on this gene, all of these strains clustered separately from other 
planktonic Anabaena and Aphanizomenon strains. They appeared in a cluster with 
Cylindrospermopsis Seenaya et Subba Raju and Raphidiopsis F. E. Fritsch et M. F. Rich, 
clustered closely together with two An. kisseleviana Elenkin strains available from 
GenBank. A new generic entity was defined (Sphaerospermum gen. nov., with the type 
species S. reniforme, based on the traditional species An. reniformis). These results 
contribute significantly to the knowledge base about genetic heterogenity among planktonic 
Anabaena–like and Aphanizomenon–like morphospecies. Accordingly, the subgenus 
Dolichospermum, previously proposed for the group of planktonic Anabaena, should be 
revaluated. Secondary metabolite profiles of the An. reniformis and Aph. aphanizomenoides 
strains differed considerably from 17 other planktonic Anabaena strains of eight 
morphospecies isolated from Czech water bodies. Production of puwainaphycin A was 
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found in both of the An. reniformis strains. Despite the relatively short phylogenetic distance 
from Cylidrospermopsis, the production of cylindrospermopsin was not detected in any of 
our strains. 
 

VII 
Two cyanobacterial strains were isolated in 2004 from different localities in the Czech 
Republic. Field morphology of the strain 04-26 (Jesenice reservoir) matched with the 
species description of Anabaena crassa (Lemm.) Kom.-Legn. et Cronb. 1992, whereas the 
strain 04-28 (Hodějovický fishpond) was identified as A. circinalis Rabenh. ex Born. et 
Flah. 1888. Both these strains, exposed to various experimental conditions (temperature, 
light intensity, nitrogen and phosphorus concentration), displayed highly similar 
morphologies and spanned the morphological variability of both of the above-mentioned 
species. Significant relationships between environmental conditions (temperature, 
phosphorus) and morphological characteristics (vegetative cell and heterocyte dimensions, 
trichome coiling parameters) have been recorded for the first time within the genus 
Anabaena. The strains studied differed in their temperature and light growth optima and in 
secondary metabolite contents. However, both were identical (100% similarity) in their 16S 
rRNA gene sequence and showed 99.9–100% similarity to the published 16S rRNA 
sequences of A. circinalis strains from northern Europe. 
 
 

General discussion 
 
 The origin of cyanobacteria has been dated back to 3.5 billion years ago (Schopf 
1993). Fossil records suggest that the morphology of these organisms have not undergone 
any dramatic changes since those times. Unfortunately, we have very limited information 
regarding the biochemical and physiological properties of the ancient ancestors of this 
remarkable group. However, evolutionary models allow us to estimate the biochemical 
characteristics of these ancient cyanobacteria. Today’s cyanobacteria are well-known 
producers of different forms of small peptides (Sivonen 1996, Van Wagoner et al. 2007, 
Welker and von Döhren 2006). Molecular studies suggest a congruent phylogenetic pattern 
of 16SrDNA reconstucted phylogeny and mcy genes responsible for the production of the 
cyanopeptide microcystin (Rantala et al. 2004). These findings lead to the conclusion that 
the huge synthetic apparatus producing cyanobacterial peptides is very ancient and must 
have played an important role during the evolutionary history of the cyanobacterial group. 
Surprisingly, this synthetic machinery is continuously producing enormous quantities of 
peptides of fascinating structural diversity. Up to now, no satisfactory explanation of the 
primary function of cyanobacterial peptides has been proposed and generally accepted.  
 In the present study, the cytotoxicity of cyanobacterial secondary metabolites has 
been evaluated. Cytotoxic compounds in general are defined as substances inhibiting or 
stopping the growth of individual cells (e.g. cell cultures). In most cases these compounds 
usually exhibit a wide range of effects on unicellular organisms and invertebrates (Patterson 
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and Carmeli 1992, Rodney et al., 1999, Berry et al., 2004; Biondi et al., 2004). 
Approximately 30% of cyanobacterial extracts have been reported to cause damage to 
mammal cells in vitro (Paper I, Surraka et al., 2005, Piccardi et al., 2000). These effects can 
be caused due to the presence of specific toxins affecting the cell metabolism, by the 
presence of more compounds with a synergic effect, or even simply by changing the 
medium composition. However, within the present study eight cyanobacterial strains with a 
significant cytotoxic effect have been fractionated and in five cases a single compound was 
found responsible for the toxic effect (Paper I and III). This suggests that most cytotoxic 
activities within a cyanobacterial extract can be probably attributed to the presence of 
cytotoxic compounds rather then to additive effects and cultivation media changes. The high 
estimated number of cytotoxic compounds agrees well with the diversity in cytotoxic 
structures that have already been described (e.g. Barchi et al. 1983, Patterson and Carmeli 
1992, Rodney et al. 1999, Trimurtulu et al. 1994). 

There remains the question whether cytotoxicity provides some advantage to 
cyanobacteria in the natural environment. If cyanobacteria produce cytotoxic compounds 
with respect to some environmental condition (e.g. competition, predation or parasitic 
pressure, etc.) then in particular habitats where these stimuli occur cytotoxic cyanobacteria 
should be preferred and thus become more frequent. In the opposite case, when any 
cytotoxic effect is coincidental, the cytotoxic cyanobacteria should be randomly dispersed 
across all habitats. In order to test this hypothesis, cyanobacteria originating from different 
microhabitats (i.e. particular localities) were screened for cytotoxicity to the Sp/2 cell line. 
Eight microsites were selected for the comparison. From the obtained distribution, it could 
be clearly seen that in most of the studied microsites either cytotoxic or noncytotoxic strains 
were found. This distribution is in disagreement with the hypothesis that cytotoxicity is not 
dependent on environmental conditions and that it occurs randomly (paper I). Moreover, in 
selected microsites, cytotoxicity was caused by different compounds and thus lateral gene 
transfer or clonality of the isolates could not be considered the reason for the high 
cytotoxicity occurrence in these microsites. Based on the potential of its synthetic apparatus, 
cytotoxic metabolites are probably synthesized by the cyanobacterium with respect to their 
cytotoxic function. This result would lead us to conclude that the production of cytotoxic 
compounds is an environmentally dependent character, and that strains producing cytotoxic 
compounds are favoured under specific conditions (paper I). Nevertheless, it is clear that a 
more comprehensive study including more strains as well as manipulative experiments 
would be required to confirm these results.  

One of the possible reasons for the high cytotoxicity occurrence in some habitats 
could be enhanced predation pressure; as discussed above, an inhibitory effect for most of 
the cytotoxic compounds to invertebrate has been proven (Patterson and Carmeli 1992, 
Rickards et al., 1999, Berry et al., 2004; Biondi et al., 2004). Furthermore, a direct link 
betweeen the production of the glucosidase di-(hydroxymethyl) dihydroxypirolidine 
(DMDP) and grazer pressure has been recorded in the peryphytic Cylindrospermum sp. 
strain (Jüttner and Wessel, 2003). Bioactive secondary metabolites were regarded as an 
evolutionary response to the pressure of competing organisms or grazers when the genus 
Nostoc was studied (Dodds et al., 1995; Piccardi et al., 2000). Nevertheless, the synthetic 
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pathway of cyanobacterial peptides is at least older then the history of the eukaryotic lineage 
(Rantala et al. 2004), and thus the primary function of these structures as defence molecules 
against grazers is not possible. On the other hand, given the long coevolution of 
cyanobacteria and grazers these specific mechanisms could have evolved. In a comparison 
of cyanobacterial extracts toxicity to the Sp/2 cell line and to the model invertebrate Artemia 
salina, it was observed that most of the extracts exhibit some cytotoxicity to the mammal 
cell without being accompained by a toxicity to A. salina (paper III). In contrast, only four 
out of 65 cyanobacterial strains produced compounds with significant activity to A. salina 
and no activity to Sp/2 cells. It has therefore been suggested that the toxic effect is most 
frequently targeted at some basal metabolic pathways present in most eukaryotic cells, 
rather then being a specific mechanism against a complex organism. This suggestion is 
strongly supported by the fractionation of the extracts being found to be toxic to both A. 
salina and Sp/2 cell lines. In four of the six fractionated extracts, the toxic effects to 
mammal cells and A. salina were caused by identical compounds, suggesting that the 
functional mechanism is probably the same for both cell and complex organism (paper III). 
Despite the primary function of cyanobacterial secondary metabolites not being a defence 
against grazers, and also taking into account the data here presented, it seems that no 
specific toxicity mechanisms against grazers have evolved, even though cyanobacteria 
possess cytotoxic compounds that can affect metabolic activity or even prove lethal to 
invertebrate grazers. Subsequently these compounds can be expected to be more frequent in 
habitats with a higher grazing pressure. In order to find out whether the production of 
compounds toxic to A. salina is somehow linked to cyanobacterial ecology, the presence of 
a compound toxic to A. salina in biomass and extracellular extracts of cyanobacteria 
originating from different habitats has been compared. While a relatively high occurrence of 
toxicity to A. salina was found in the biomass of strains originating from soil, few soil 
strains were found to produce compounds toxic to A. salina extracellularly. However, the 
opposite situation was observed in planktonic strains. Only one out of 30 biomass extract of 
planktonic strains caused lethality to A. salina, but 50% of the media (extracellular) extracts 
from plantonic strains were positive for A. salina toxicity (paper III). This result can have a 
simple ecological explanation. In the planktonic environment, extracellular production make 
sense since there exists an easy diffusion of compounds towards their intended target the 
grazer. Whereas within the soil it will be more advantageous to store defence compounds 
within the biomass of the organism.  

The data mentioned above suggest that cytotoxicity is probably an 
environmentally-dependent character and that production of cytotoxic compounds is more 
frequent in certain habitats. These compounds can work in defence against herbivore 
grazing, although they are certainly not synthesized specifically against herbivore grazers. 

In one of the strains included in this study, Cylindrospermum sp. C24/89, the 
isolation and elucidation of the structure of the active compound was undertaken. Within an 
extract of this strain, a fraction causing significant inhibition to the HeLa, Sp/2 and YAC-1 
cell, as well as significant mortality to A. salina, was found (paper II, III). In the mass 
spectrum of this active fraction, two molecular ions corresponding to the presence of 
compounds with molecular weights of 1146.6512 Da and 1160.6672 Da was detected. By a 
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combination of NMR and MS experiments, the structures of these compounds were deduced 
to be cyclic peptides containing a β-amino acid unit. Similar structural skeletons had been 
previously discovered and denominated as puwainaphycins A-E (Gregson et al. 1992, 
Moore et al. 1989). The newly-isolated variants have been therefore described as 
puwainaphycin F (MW=1146.6512) and puwainaphycin G (MW=1160.6672). 
Puwainaphycin F was found to have the sequence valyl-2aminobut-2(E)-enoyl-asparaginyl-
2aminobut-2(E)-enoyl-asparaginyl-alanyl-threonyl-Nmethylasparaginyl-prolyl-2-hydroxy-
3-amino-tetradecanoic acid. Puwainaphycin G differs from the F variant only by the 
subsitution of glutaminyl for asparagynil at the third position (paper II). Both these 
structures differ from other congeners (Gregson et al. 1992) in 5 amino-acid positions as 
well as the β-amino acid unit. Puwainaphycin C has been previously reported to have a 
cardiotonic activity in isolated mouse atria (Moore et al. 1989); however, data about its 
toxicity as well as about the function mechanism are missing. Both newly-isolated variants 
puwainaphycins F and G interfered with plasma membrane and caused fast calcium ion 
leakage into the cell comparable with that of the established ionophore ionomycin in a 
concentration of 10 μM (paper II). Subsequently, the activation of tyrosine phosphorilation 
and relocalization of F-actin into ring-like structures around the nucleus was observed. 
Disruption of the plasma membrane integrity continued and at longer exposure times (30 
min. – 10 hrs.) and leakage of intracellular lactate dehydrogenase could also be detected, 
which suggested vast membrane damage. Finally, the cells died by necrotic cell death after 
10 hrs exposure in a concentration of 10 μM (paper II). Identical biological effects were 
observed for both studied puwainaphycin variants. The interaction of these structures with 
the plasma membrane could occur by way of the long non-polar chain present in the 
molecule, but this hypothesis needs to be tested. It is also probable that the observed Ca2+ 
leakage must have been caused at a specific place in the membrane, because of the very 
specific response in the cell (ring-like actin relocalization). Only in a few cyanobacterial 
cytotoxins has the mode of action been explained. The interaction of a cyanobacterial 
secondary metabolite with cytoskeletal structures (e.g. cryptophycin and tolytoxin), different 
eukaryotic enzymes (microcystin, nodularin, abaenopeptins, microviridins, aeruginosins), as 
well as DNA (e.g. tubercidin), has been proved (Barchi et al. 1983, MacKintosch et al. 
1990, Murakami et al. 1994,1995,1997, Patterson et al. 1993, Smith et al. 1994). The 
observed membrane permeabilization caused by puwainaphycins F and G is the first report 
of an interaction of cyanobacterial secondary metabolites with eukaryotic plasma 
membrane. The pharmacological potential of these compounds as an anti-cancer drug is 
low, because of their high IC50 value and high toxicity to primary human cells (tested on 
human skin fibroblasts). However, we can conclude that puwainaphycin F and G can 
potentially mimic physiological Ca2+ signalling events and can be used as a biochemical tool 
for the study of cell biochemistry. 

The last topic within this dissertation is the study that was conducted of the 
relationship between cyanobacterial phylogeny/geographical origin and total secondary 
metabolite content. The congruence of secondary metabolites production with phylogeny 
was tested in planktonic Dolichospermum (Anabaena) strains.  This group of planktonic 
cyanobacteria is a well-known producer of neurotoxic as well as hepatotoxic secondary 
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metabolites (e.g. Beltram and Neilan 2000, Fujii et al. 2002, Sivonen 1996); the question as 
to whether defined taxonomical units can be characterized by their production of particular 
secondary metabolites is thus important from a hydrobiological point of view. As in many 
other bacterial groups, a discordance between traditionally defined species and their 
reconstructed phylogeny has been found (Gugger et al. 2002, paper IV). All plaktonic 
Anabaena isolates were grouped in a well-supported cluster sharing 98.6% in 16SrDNA 
when isolates from lake Tuusulajärvi (Finland) were studied (paper IV). Surprisingly, in 
some subclusters of this group a clustering of the Anabaena strain with strains of the easily-
distinguishable genus Aphanizomenon were proved (paper IV). Since several 
morphological characters have been recognized in support of these results the planktonic 
Anabaena and Aphanizomenon strains have been transferred into the genus 
Dolichospermum (Wacklin et al. 2009). The basal subcluster of this large group involving 
strains of Aphanizomenon issatschenkoi have been transferred into the new genus 
Cuspidothrix because of its distinct morphology (paper VII). Recently, planktonic 
Anabaena reniformis strains with densely-coiled trichomes and rounded akinetes have been 
found to fall out of the main Anabanena cluster and move to the vicinity of the genus 
Cylindrospermopsis. Thus a new genus Sphaerospermopsis (firstly Sphaerospermum), 
containing the strains of A. renifromis and Aphanizomenon aphanizomenoides, has been 
formed (paper VI). Total secondary metabolite profiles have been compared in 33 isolates 
of Dolichospermum and Sphaerospermopsis strains. Extracts of these strains were analyzed 
by means of HPLC-MS and each compound detected as a molecular ion within a certain 
retention time was taken into consideration as a biochemical marker. A similar approach 
was sucessfully applied to an analysis of whole bacterial cell spectra by means of MALDI-
TOF MS (Holland et al 1996). Most of the detected compounds (67%) were randomly 
dispersed across the NJ tree based on 16S rRNA gene sequences and thus did not reflect 
phylogenetic relations. A minor portion of the compounds were found to be produced by 
some strains within the monophyletic cluster (15%). Finally, 19% of detected metabolites 
were found to be produced by closely-related strains, and not by the other strains tested, and 
thus can be considered as an autapomorphy suitable for taxonomic purposes (paper V). One 
of the most important congruences found between metabolite production and phylogenetic 
analysis was the different metabolite composition of Sphaerospermum reniformis strains 
from all other planktonic Dolichospermum strains (paper VI), which thus supports the 
delimination of this genus. The congruence between neurotoxin production and a 
reconstructed phylogeny has also been recorded in planktonic Dolichospermum (Anabaena) 
strains isolated from lake Tuusulajärvi; however, it is possible that the distribution observed 
may only be reliable for this particular lake and no general conclusion should therefore be 
construed.  

Nevertheless, most of the compounds detected exhibit a random distribution across 
a reconstructed phylogenetic tree and thus total secondary metabolite content in general 
appears not to be a reliable chemotaxonomic tool in cyanobacteria. This result also hampers 
the possible detection of toxic cyanobacteria by morphological methods or molecular 
detection based on the 16SrDNA gene. As suggested by Thacker and Paul (2004), who 
found a similarly low consistency between 16S rRNA gene phylogeny and chemical traits in 
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the cyanobacterial genera Lyngbya and Symploca, a divergence in chemosynthetic genes 
may not be reflected in 16S rRNA gene sequences if the ribosomal sequences are relatively 
more conserved. Earlier studies have demonstrated differences in toxin production among 
genetically similar strains and vice versa (Lyra et al. 2001, Baker et al. 2002, Gugger et al. 
2002b) and also substantially different total secondary metabolite content in closely-related 
(100% 16SrDNA similarity) Dolichospermum strains (paper VIII). The observed and 
referred random distribution of secondary metabolites across the phylogenetic spectrum is 
probably the result of the ancient origin of the chemosynthetic apparatus, at least as far as 
cyanobacterial peptides are concerned. By the extinction of some synthetic genes in certain 
lineages or by mutation in a particular enzyme included in this machinery, such a random 
distribution could be easily obtained. Since in the synthesis of cyanobacterial peptides the 
co-linearity rule is applied, most of the non-synonomous mutation will easily lead to the 
production of different compounds. The fact that the synthetic apparatus of secondary 
metabolites is rapidly evolving is supported by the result that most of the compounds 
detected in Dolichospermum strains were observed in just one of the studied strains (144 of 
total 170 detected compounds). Furthermore, frequent lateral gene transfer has been verified 
for the biosynthesis gene cluster of the low-molecular-weight peptide cyanobactin (Leikoski 
et al. 2009). However, the role and frequency of lateral gene transfer in the distribution of 
chemosynthetic genes needs to studied in much greater detail since the cyanobactin operon 
is quite small in comparison with other synthethases and thus easily transferable. The 
random distribution of this secondary metabolite production has been found not only across 
the phylogenetic spectrum but also for strains originating from different geographical areas 
in studies involving the genus Nostoc (paper I). The production of identical compounds has 
been detected in strains originating from distant regions; it means in strains which would 
presumably not have any possibility to share genetic material. Thus it is still questionable as 
to what degree the random distribution of a particular compound is given by lateral gene 
transfer or the ancient origin of synthethases.  
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Abstract: Puwainaphycins F and G, which cause unique cytoskeletal changes in 

mammalian cell lines and subsequent cell death, have been isolated from the 

cyanobacterium Cylindrospermum sp. C24/89. Puwainaphycin F has been shown to be a 

cyclic peptide (valyl-2aminobut-2(E)-enoyl-asparaginyl-2aminobut-2(E)-enoyl-asparaginyl-

alanyl-threonyl-Nmethylasparaginyl-prolyl) containing the β-amino acid unit (2-hydroxy-3-

amino-tetradecanoic acid). It differs from previously described variants of the 

puwainaphycins, at five amino acids as well as in the β-amino acid unit. The rapid 

interaction of this compound with the plasma membrane leads to an elevation of the 

concentration of intracellular Ca2+, with kinetics comparable to the well-established calcium 

ionophore ionomycin. Subsequently, the induction of tyrosine phosphorylation was followed 

by the unique transformation of the actin cytoskeleton into ring structures around the nuclei 

being observed. All of these alterations in the cellular morphology and physiology after ca. 



 34

10 hrs finally results in necrotic cell death. Puwainaphycin G, a congener of puwainaphycin 

F, differs only in the substitution of an asparaginyl moiety for a glutaminyl in the fourth 

position; but exhibited the same biological function and moderate toxicity as did 

puwainaphycin F. 

 

Introduction 
The importance of cyanobacterial peptides as agents causing human health 

problems, as well as important agents affecting ecosystem function, is well documented 

(MacKintosch et al. 1990, Ohta et al 1994, Yoshizawa et al. 1990). Several unique peptide 

structures of cyanobacterial origin have been demonstrated to be promising in the field of 

pharmacology (Teicher et al. 2000, Trimurtulu et al. 1994). Despite the extensive studies 

into the possible pharmaceutical potential of cyanobacteria in the last decade, the results of 

the screenings suggest that only a small extent of the structural variability and possible 

biological functions have been discovered to date (Welker et al. 2006, Hrouzek et al. 2010). 

Additionally, only a few of the secondary cyanobacterial metabolites have had their exact 

molecular mechanisms of their biological functions identified. Consequently, more intensive 

studies are needed to realize the ultimate potential of cyanobacterial metabolites in both 

pharmacology and biotechnology. 

The most common cyanobacterial secondary metabolites are cyclic and linear 

peptides. They are synthesized by the ancient combinatorial non-ribosomal synthetic 

pathway, resulting in a striking array of structural variability. Recently, about 600 different 

cyanobacterial peptides have been described (Welker and von Döhren 2006). They usually 

contain modified amino acids in both the D and L forms, and also amino acid related 

carboxyl compounds (Welker and von Döhren 2006). These cyanobacterial peptides are 

classified into 6 classes, according to the structure and composition of particular amino acid 

residues (at least 50 unique structures do not fit into any of these categories). Among these, 

Puwainaphycins A - E, cyclic decapeptides containing the β-amino acid unit, have been 

isolated from the soil cyanobacterium Anabaena sp. (Gregson et al. 1992, Moore et al. 

1989). Puwainaphycin C has been characterized as a compound with a strong positive 

ionotropic effect on isolated mouse atria. Except for this observation, nothing more is 

known about the function of puwainaphycins within the cyanobacterial cell, or about their 

interactions with other cell types or organisms. 

In this present study, we have isolated two new compounds, Puwainaphycins F and 

G, and characterized their covalent structures by both NMR and MS techniques and 
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determined their absolute amino acid configuration by GC-MS analysis. Interactions of 

these compounds with the HeLa cancer cell line and with primary human skin fibroblasts 

was studied, and the specific, complex physiological and morphological alterations were 

characterized.   

 

Experimental section 
 

Culture Conditions and Isolation of Puwainaphycins G and F.  The cyanobacterial strain 

Cylindrospermum sp. C24/1989 was isolated from forest soil in Manitoba, Canada. The 

cyanobacterium was grown in 200 ml tubes on liquid Alen-Arnold medium, and bubbled 

with CO2-enriched air for 10 - 14 days prior to their mass cultivation. Mass cultivation was 

performed in 100 l glass cuvettes under the same conditions. The biomass was harvested by 

centrifugation in the cuvettes (3000 rpm, 60 min.), stored at -40˚C and then lyophilized. The 

lyophilized biomass (1 g) was drained into a mortar and extracted with 100 ml of 5% acetic 

acid; performed in three extraction steps (each 1 hr. apart). The extract obtained (300 ml) 

was concentrated on a C8 HLB Cartridge (Waters Oasis®) into 1 ml of pure methanol. The 

concentrate was injected into a prepared Watrex C8 column (250x10mm, 5 µm, 

R.15.86.S2510), and eluted by a MeOH/H2O gradient (fig. 1). The fraction containing both 

variants of the puwainaphycins was collected between 32.4' to 34.8'. This mixture was 

further separated on a normal phase column (Watrex, 250 x 8mm, Reprosil 100, Phenyl 5 

µm) and eluted by tetrahydrofuran : methanol (95:5). Retention times for puwainaphycin F 

and G were 2.5' and 3.5', respectively. 

 

Mass spectrometry: Two mg of Puwainaphycin F (1) was dissolved in 1ml of DMSO; 

afterwards one µl of stock solution was diluted in 1 ml of 0.1% formic acid and 50% 

MeOH. Mass spectrometry was performed using an APEX-Qe FTMS instrument equipped 

with a 9.4 T superconducting magnet and Combi ESI/MALDI ion source (Bruker Daltonics, 

Billerica MA, USA), using electrospray ionization. The flow rate was 1 µl/min and the 

temperature of the dry (nitrogen) gas was set at 200°C. The Q front-end consists of a 

quadrapole mass filter, followed by a hexapole collision cell. By appropriately switching the 

potentials on the exit lenses under the control of the data acquisition computer, the ions 

could either be accumulated in the hexapole of the Combi ESI source, or in the hexapole 

collision cell of the Q front end, prior to transfer to the FTMS analyzer cell. The mass 

spectra were obtained by accumulating ions in the collision hexapole and running the 



 36

quadrapole mass filter in the non mass-selective (Rf-only) mode; in order that ions of a 

broad m/z range (150 - 2000) were passed onto the FTMS analyzer cell. The species of 

interest were isolated in the gas phase by setting the Q mass filter to pass the m/z for ions of 

interest within a 3.0 m/z window. After a clean selection of the desired precursor ion had 

been confirmed, fragmentation was induced by dropping the potential of the collision cell 

(12V). All MS and MS/MS spectra were acquired in the positive ion mode, with the 

acquisition mass range 150 - 2000 m/z and 1M data points collected. This results in a 

maximal resolution of 200,000 at 400 m/z. The accumulation time was set at 0.5s (1.5 s for 

ms/ms). The cell was opened for 4500 µs, and 8 experiments were collected for one 

spectrum. The instrument was externally calibrated using triple and double charged ions of 

angiotensin I, as well as quintuple and quadruple charged ions of insulin. This results in a 

typical mass accuracy below 1ppm. After the analysis, the spectra were apodized using sin 

apodization, with one zero fill. The interpretations of the mass spectra were done using the 

DataAnalysis software package, version 3.4 (Bruker Daltonics, Billerica MA). 

 

NMR experiments: NMR spectra were recorded on a Varian UNITYInova-600 spectrometer  

(599.63 MHz for 1H, 150.79 MHz for 13C, and 60.78 MHz for 15N, Varian Inc., Palo Alto, 

CA, USA) in DMSO-d6 at 303 K. The residual solvent signal was used as an internal 

standard (δH 2.500 ppm, δC 39.60 ppm). 1H NMR, 13C NMR, COSY, TOCSY, 1H-13C 

HSQC, 1H-13C HMBC, 1H-13C HSCQ-TOCSY, 1H-15N HSQC, and NOESY spectra were 

measured using the standard manufacturer’s software. The 1H NMR spectrum was zero 

filled to fourfold data points and multiplied by a window function (two-parameter double-

exponential Lorentz-Gauss function) before Fourier transformation in order to improve the 

resolution. The 13C NMR spectrum was zero filled to two-fold data points. Subsequently, 

the line broadening (1 Hz) was used to improve the signal-to-noise ratio. Protons were 

assigned by COSY and TOCSY, and the assignment was transferred to carbons by HSQC. 

The chemical shifts are given on the δ-scale [ppm], coupling constants are given in Hz. The 

digital resolution allowed us to present the proton and carbon chemical shifts to three or two 

decimal places, respectively. The carbon chemical shift readouts from HSQC (protonated 

carbons) and HMBC (quaternary carbons) are reported to one decimal place. The structure 

of Puwainaphycins F (1) and G (2) were further elucidated by both NMR spectroscopy and 

mass spectrometry. 
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Chiral amino acids analysis: Acid hydrolysis was by 6 M HCl at 110°C, and the 

derivatization with heptafluorobutyl chloroformate (Šimek et al. 2008) was performed in 

order to reveal the absolute amino acid configuration. The chirality of the released amino 

acids (as the corresponding N(O,S)-heptafluorobutoxycarbonyl-heptafluorobutyl 

derivatives) were determined by gas chromatography, with a flame ionization detector on a 

25 m x 0.25 mm ID x 0.12 µm  Chirasil-L-Val column (Varian Inc., Palo Alto, CA, USA) 

using a method described elsewhere (Zahradníčková et al. 2009). The chirality of proline 

was determined after the derivatization with phosgene on the same Chirasil-L-Val GC 

column, using the method by Konig et al. 1984.  

 

Bioactivity assays: The cytotoxicity of the cyanobacterial extracts were tested by the 

addition of 10 μl crude extract dissolved in methanol (at a concentration of 200 mg 

lyophilized biomass/ml) to three mammalian cell lines (YAC-1, Sp/2, and HeLa). The cells 

were cultivated in 96-well plates, using RPMI medium with the addition of the 

cyanobacterial extract; with the viability measured by both the MTT test (Mosman 1983) 

and Cell Titer Glo (Promega). To determine the IC50 value, the HeLa cells were treated by 

different concentrations of Puwainaphycins G and F for 24 hr. in 96-well plates in RPMI 

medium; with the viability determined using the MTT test. Briefly, 10 μl of MTT solution, 4 

mg/ml, was added to the cell cultures and incubated for 4 hrs. The supernatant was removed 

and formazan crystals were dissolved in DMSO. The test and reference absorbances were 

read at 590 and 640 nm. The viability index was expressed as the ratio between the 

absorbance values of the treated and control wells.  

To demonstrate the effects of the pure compounds on the human cell’s morphology 

and physiology (specifically changes in actin cytoskeleton, nucleus, tyrosine 

phosphorylation, and transferrin mediated endocytosis), immunofluorescence staining was 

performed. The cells were cultivated in D-MEM medium supplemented with 10% FCS 

(Gibco, Invitrogen, Carlsbad, CA, USA) grown on glass coverslips (up to 50% density) in 6-

well plates (Nunc, Thermo Fisher Scientific, Waltham, MA, USA), treated with 

puwainaphycins dissolved in the methanol (stock solution 1 mg/ml) for various times and 

concentrations. Wells containing only methanol (max. 0.1%) were assayed as a blank 

control; no alterations of cellular morphology and physiology were observed. All samples 

were tested in triplicate. The treated cells (at various times and concentrations, 37°C, 5% 

CO2) were fixed (3.7% paraformaldehyde in PBS, 20´, RT), permeabilized (0.1% Triton X-

100 in PBS), blocked (1% BSA in PBS), and then stained with Phalloidin-Alexa567 or 
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Phalloidin-Alexa488, anti-pTyr-01 antibody (Exbio, Prague, Czech Republic). This was 

then followed by a secondary antibody, GAM-Alexa488. Transferrin mediated endocytosis 

was tested using fluorescently-labelled holotransferrin-Dyomics-564 (Exbio, Prague, Czech 

Republic) diluted to 5 mg/ml various times. Staining of the nuclei were performed by 

mounting specimens in Mowiol-DAPI. The cells were visualised and the images processed 

using a CellR microscope (Olympus, Tokyo, Japan). All fluorescent reagents (except 

holotransferrin) were purchased from Molecular Probes, Invitrogen (Carlsbad, CA, USA). 

 

Western blotting: The level of tyrosine phosphorylation was measured in HeLa cells 

(ATCC, VA, USA). The cells were maintained in D-MEM medium, supplemented with 

10% FCS at 37°C, under 5% CO2 atmosphere, in 6-well plates (Nunc). Puwainaphycin F, 

dissolved in methanol, was added directly into the cultivation medium at a concentration of 

10 μM for the appropriate times (1, 2, 5 and 10´, 37°C, 5% CO2). The cells were lysed 

directly in the 2 x concentrated Laemly hot sample buffer (100 μl per well, boiled for 2´, 

sonnified, and loaded onto 4 - 12% gradient gels. The separated proteins were transferred to 

a nitrocellulose membrane. For the detection of proteins phosphorylated on the tyrosine 

residues, anti-pTyr-01 antibody (Exbio, Prague, Czech Republic) was used at a dilution of 

1:200, in PBS with 2% low-fat milk. This was followed by the goat anti-mouse horseradish 

peroxidase-conjugated secondary antibody (Santa Cruz Biotechnology, CA, USA), and then 

exposed to (Kodak) film.  

 

Fluorescence Measurement of Cytosolic Ca2+ : HeLa cells grown on glass coverslips were 

washed in modified HBSS (140 mM NaCl, 5 mM KCl, 2 mM CaCl2, 3 mM MgCl2, 10 mM 

Hepes-Na, 10 mM glucose, pH 7.4). After washing, the cells were loaded with 3M Fura-2 

acetoxymethyl ester (Fura-2/AM) for 30 min at 25°C in the dark, rinsed, and allowed to rest 

in HBSS for 30 min prior to the fluorescence measurements. The ratiometric measurements 

were performed using a FluoroMax-3 spectrofluorometer, equipped with DataMax software 

(Jobin Yvon Horriba, France). The observed area of the coverslip was about 10 mm2, 

corresponding to approximately 104 cells. Fluorescence intensity of Fura-2 (excitation 

wavelengths 340 and 380 nm; emission wavelength 510 nm) was recorded every 15 s, and 

the integration time for each wavelength was 3 s. The measured fluorescence intensity was 

not corrected for the background intensity (< 10%). 
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Results and discussion 
Isolation and structure elucidation. 

  The crude extract of the soil cyanobacterium Cylindrospermum sp. C24/19 

exhibited both strong and sudden inhibitions to murine cell lines YAC-1 (63±5.5%) and 

Sp/2 (57±3.2%), as well as to human HeLa cancer cells (51±6.4%). Activity-guided 

fractionation of this extract led to the identification of one cytotoxic fraction containing two 

molecular ions: 1146 [M+H+] and 1160 [M+H+]. Both compounds were isolated as white 

amorphous powders by a two-step preparative HPLC fractionation. Separation on a C18 

reverse phase column, using a methanol/water gradient, led to one fraction containing both 

compounds. This fraction was used for the structural elucidation, and further separated using 

a phenyl column eluted with 95/5 (v/v) tetrahydrofuran/methanol solution (for the complete 

isolation procedure, see the experimental section).  

 High-resolution mass spectrometric analysis reveals pseudo-molecular ions 

[M+H]+ 1146.6512 a.m.u. for Puwainaphycin F (1), and 1160.6672 a.m.u. for 

Puwainaphycin G (2) in the sample; thus indicating two compounds, and fitting well with 

the NMR spectra containing two sets of signals in the 1:molar ratio. The exact masses match 

with the molecular formulas of the specific compounds C53H87N13O15 (difference: 1 ppm) 

for (1), and C54H89N13O15 (difference: 0.6 ppm) for (2). 

 
 

Figure 1: Structure of puwainaphycin F and G. R=CH2CONH2 for puwainaphysin F (1) and 

R=(CH2)2CONH2 for puwainaphycin G (2) 
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 Indirect 15N NMR spectra, detected using 1H-15N gHSQC, identified eight NH and 

three NH2 groups. Additionally, one N-Me (δH 2.953, δC 30.36) was determined. Distinct 

amino acids were identified by COSY, TOCSY, and 1H-13C HSQC-TOCSY. The amino 

acid composition of the prevailing peptide (1) was: Ala, 2 × Asn, 2 × dThr, MeAsn, Pro, 

Thr, and Val. Furthermore, one non-amino acid residue, 2-hydroxy-3-amino-tetradecanoic 

acid (X residue), was characterized. The amino acid sequence was determined by HMBC. It 

was used by coupling of N-H’s to the carbonyls of the preceding amino acids or the X 

residue. The correlation of N-Me to the previous carbonyl and to its C-α was applied. It was 

detected following HMBC correlations: 2-NH → 1-CO, 3-NH → 2-CO, 4-NH → 3-CO, 5-

NH → 4-CO, 6-NH → 5-CO, 7-NH → 6-CO, 8-NH → 7-CO, 9-Me → 8-CO, 9-Me → 9-

Cα, 10-Hα → 9-CO, and 1-NH → 10-CO. The evaluated sequence was confirmed by 

NOESY. NOE contacts were detected between NH and H-α, or N-Me and H-α. As a result, 

the sequence obtained was: cyclo[X1-Val2-dThr3-Asn4-dThr5-Asn6-Ala7-Thr8-MeAsn9-

Pro10]. NOE contacts between H-α to NH of the following residue approved a trans-

arrangement of the following amidic bonds: 1-2, 2-3, 4-5, 6-7, 7-8, 8-9, 10-1. A NOE 

correlation between H-9α and H-10α indicates a cis peptidic bond between residues 9 and 

10.  

The MS/MS spectrum of Puwainphycin F (1) predominantly contained one series 

of bn ions. It was identified as a nearly complete  series, specifically: b1, b2, b3, b4, b5, 

b6, b7, and b8. The fragmentation is consistent with the structure revealed by NMR. The 

monoisotopic mass of the b8 ion (m/z 454.2038) agrees very well with the tripeptide ion of 

PXV. This behavior is consistent with that expected, deduced from the NMR-based 

structure. Puwainaphycin F (1) contains one N-methylated amino acid next to the proline 

residue. N-methylation of linear peptide enhances cleavage at the C-terminus of the 

methylated residue. Bn ions are preferentially formed. This can be explained by the structure 

of the oxazolone formed; it carries a methylated nitrogen. The mobile proton transfer of the 

oxazolone nitrogen is required to form y-ions. N-methylation of oxazolone nitrogen prevents 

this transfer. Therefore, the intensity of the complementary b-ions is more pronounced. 

Chiral analysis of the hydrolysate amino acid revealed D-Ala to be present in (1); while all 

other amino acids with chiral atoms were present in their L-conformation (L-Val, L-Asn, L-

Thr, L-MeAsp, L-Pro). 
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Figure 2: Fragmentation spectrum of Puwainaphycin F 

 

The same approach was applied for the elucidation of the structure of 

Puwainaphycin G (2). A combination of COSY, TOCSY, and HSQC-TOCSY revealed the 

specific amino acids (i.e. Ala, Asn, 2 × dThr, Gln, MeAsn, Pro, Thr, and Val). NMR only 

allowed us to partially elucidate the structure of the X residue as: 

O=CCH(OH)CH(NH)CH(CH3)CH2(CH2)nCH3. The length of its aliphatic chain was 

proofed by MS, and the X residue was resolved as 2-hydroxy-3-amino-tetradecanoic acid. It 

is the same as is found in the structure of puwainaphycin G. The crucial HMBC correlations 

for the amino acid sequence are the following: 2-NH → 1-CO, 3-NH → 2-CO, 4-NH → 3-

CO, 5-NH → 4-CO, 6-NH → 5-CO, 7-NH → 6-CO, 8-NH → 7-CO, 9-Me → 8-CO, 9-Me 

→ 9-Cα, and 1-NH → 10-CO. The HMBC crosspeak between 10-Hα and 9-CO is missing, 

with 10-N and 9-CO the only free vacancies in the structure; therefore a cyclic structure can 

be deduced. Accordingly, the sequence obtained was: cyclo[X1-Val2-dThr3-Gln4-dThr5-

Asn6-Ala7-Thr8-MeAsn9-Pro10]. The structure was further supported by the detected NOE 

contacts. The MS/MS spectrum of (2) also predominantly contains bn ions, which belong to 

the complete  series, and also supports the proposed structure of puwainaphycin G 

(2). 

The arrangement of the amidic bonds were proven by NOE contacts. It was 

possible to identify a trans peptidic bond between residues: 1-2, 2-3, 4-5, 6-7, 7-8, 8-9, and 

10-1. Unfortunately, it was not possible to establish the arrangement on the amidic bond 
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between residues 9-10. In all of the amino acids, L- form chiral atoms (L-Val, L-Glu, L-

Asn, L-Thr, L-MeAsp, L-Pro) have been detected by GC-MS analysis for (2). 

 

 
Figure 3: Fragmentation spectrum of Puwainaphycin G 

 

Function of Puwainaphycins F and G in the cell. 

 

Puwainaphycin F (1) in a concentration of 10 μM triggers a unique transformation of the 

actin cytoskeleton in cells, which is followed by a rapid increase in the concentration of 

intracellular calcium [Ca2+]i levels and tyrosine phosphorylation. The influx of calcium ions 

into the cytosol starts within seconds after the addition of puwainaphycin F, and its 

maximum can be observed after 12 minutes incubation with the compound (Figure V.). The 

rapid [Ca2+]i elevation was striking, even when compared with the established calcium 

ionophore ionomycine (used at a high concentration). Although exhibiting a slightly slower 

[Ca2+]i mobilization, the uniqueness of the Puwainaphycin F effect (when compared to that 

of ionomycine) is its reversibility.  
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Figure 4: Influx of Ca2+ ions into HeLa cells treated with different doses of Puwainaphycin 

F or conventional ionophore ionomycin in concentration of 10 μM. For measurement of 

intracellular free Ca2+ concentration cells were loaded with 3 μM Fura-2/AM. Time course 

of calcium entry into cells was determined as ratio of Fura-2 fluorescence excited at 340/380 

nm. 

 

We can conclude that Puwainaphycin F can potentially mimic physiological Ca2+ 

signaling events. Changes in tyrosine phosporylation are delayed in 5 - 10 minutes, 

compared to the calcium influx. A change in the actin cytoskeleton starts 15 minutes after 

exposure; however, they are most dramatic after 30 - 60 minutes. Tyrosine phosphorylation 

was first visualized by immunofluorescence of the treated cells, using an anti-

phosphotyrosine antibody. A striking localized dotted plasma-membrane pattern of the 

phosphotyrosine-positive foci was observed in the HeLa cells (not shown) and in primary 

human fibroblasts (Fig. VII/B). The data were confirmed using immunoblotting, using the 

same antibody, with an obvious change in the pattern and intensity of the phosphorylated 

proteins (Fig VI); with the maximum intensity peak after 10 min (corresponding to the peak 

levels of [Ca2+]i). After that, the signal rapidly declined to almost control levels. 
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Figure 6: Imunoflorescence staining of nuclei, tytosine phosporilation and f-actin in human 
skin  fibroblasts and HeLa cells. A – control human fibroblasts, B – human fibroblasts 
treated with Puwainaphycin F (10μM, 10 min.), f-actin (green, Phalliodin-Alexa488), P-Tyr 
(red, anti P-Tyr-01), nuclei (blue, DAPI). C-F Detection of f-actin in HeLa cells, C and E 
control cells, D and F - cells treated with Puwainaphycin F (10Μ, 60 min), C and D – 
overlay of f-actin (green, phalloidin-Alexa488) and nuclei (blue, DAPI), E and F – f-actin 
only. 
 

 The subsequent transformation of the actin cytoskeleton is unique and extremely 

specific. Further, it follows the Ca2+ and p-Tyr mediated signaling events. Obviously, the 

cortical actin continually translocates to the unusual location, i.e. to the nuclear envelope 

(Fig VII/F). This pattern of f-actin localization is unprecedented in animal cells. There are a 

limited number of actin binding proteins located to the nuclear membrane that are 

potentially responsible for the unique actin translocation F-actin localization to the nuclear 

envelope. This is quite normal in plant cells; however, in other cell types it is unusual. 

Localization of the f-actin resembles the localization of the intermediate filaments; one 

possible explanation of the actin translocalization is the activation of the actin-IMF 

crosslinking proteins. One other possible explanation could be the activation (or 

translocation) of the actin binders at/to the nuclear envelope. 

Figure 5: Stimulation of tyrosine 
phosphorylation in cells treated with 
Puwainaphycin F in concentration of 10 
μM (C0 blanc control, CM – cells treated 
with methanol only, timepoints of 1´ , 3´, 
5´ and 10´). 
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Figure 7: Lactate dehydrogenase (LDH) leakage (full squares) and viabilty of HeLa cells 
(empty circles) treated by 10 μM puwainaphycin F.  
 

 After 60 min the cells start to detach, the nuclei condense, and their overall 

viability declines. Incubation with both Puwainaphycins leads to a rapid viability decrease 

within two hours (concentration at 10 μM). With longer exposures, the viability 

continuously declines; and ends in necrotic cell death of all cells after 10 hrs. The loss of 

viability at later time points could be explained by the sustained entry of a new toxin into the 

plasma membrane / cell interior; continuously interfering with the cellular physiology, and 

leading to the loss of plasma membrane integrity, measured by the entry of fluorescent 

probes and the release of lactate dehydrogenase (Fig VII). Interestingly, a small 

subpopulation (less than 5% of cells) was quite resistant to the treatment with 

Puwainaphycin F; even at the later time points. One possible explanation is a cell cycle 

dependent resistance, a hypothesis which we plan to test in future experiments.   

 
 
 
 
 
 
 
 
 
 
 
 

Time [hrs.] 
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Apendices 
 

Table I. NMR data for Puwainaphycin F 
 

Amino acid residue Atom # δC m δH

X1 CO 169.62 S -
 α 69.70 D 4.18* (1H, m) 

β 56.18 D 3.93* (1H, m) 
γ 32.20 D 1.66* (1H, m) 
δ 33.43 T 1.62* (1H, m) 

  1.17* (1H, m) 
  29.71 T 1.286 (2H, m) 

29.27 T 1.25* (2H, m) 
29.14 T 1.150 (2H, m) 
29.10 T 1.24* (2H, m) 
28.77 T 1.26* (2H, m) 
25.45 T 1.18* (2H, m) 
31.35 T 1.23* (2H, m) 

  22.15 T 1.26* (2H, m) 
14.01 Q 0.856 (3H, m) 

α-OH - - 5.467 (1H, d, J = 4.3 Hz) 
β-NH - - 6.830 (1H, d, J = 10.3 Hz) 
γ-CH3 16.02 q 0.577 (3H, d, J = 6.7 Hz) 

Val2 CO 168.85 S -
NH - - 6.858 (1H, d, J = 9.5 Hz) 
α 55.82 D 4.29* (1H, m) 
β 32.63 D 1.75* (1H, m) 
γ1 18.97 Q 0.891 (3H, d, J = 6.8 Hz) 
γ2 18.64 Q 0.823 (3H, d, J = 6.8 Hz) 

dThr3 CO 163.22 S -
 NH - - 9.152 (1H, s) 

α 132.59 S - 
β 116.07 D 5.296 (1H, q, J = 7.5 Hz) 
γ 13.02 Q 1.650 (3H, d, J = 7.5 Hz) 

Asn4 CO 171.96 S -
 NH - - 8.708 (1H, d, J = 9.1 Hz) 

α 49.03 D 4.920 (1H, ddd, J = 6.7, 7.7, 9.1 Hz) 
 β 38.78 T 2.756 (1H, dd, J = 7.7, 15.0 Hz) 

  2.674 (1H, dd, J = 6.7, 15.0 Hz) 
CO 172.19 S - 
NH2 - - 7.544 (1H, s) 

  7.071 (1H, s) 
dThr5 CO 162.93 S -

NH - - 10.147 (1H, s) 
α 129.69 S - 
β 125.26 D 5.706 (1H, q, J = 7.5 Hz) 
γ 13.27 Q 1.893 (3H, q, J = 7.5 Hz) 

Asn6 CO 170.74 S -
NH - - 8.382 (1H, d, J = 7.1 Hz) 

 α 50.11 D 4.398 (1H, ddd, J = 3.2, 7.1, 7.2 Hz) 
β 35.80 T 2.867 (1H, dd, J = 7.2, 16.5 Hz) 

  2.525 (1H, dd, J = 3.2, 16.5 Hz) 
CO 172.78 S - 
NH2 - - 7.544 (1H, s) 

    7.013 (1H, s) 
Ala7 CO 172.13 S -

NH - - 8.250 (1H, d, J = 8.5 Hz) 
α 48.56 D 4.28* (1H, m) 
β 16.93 Q 1.23 (3H, m) 

Thr8 CO 169.98 S -
NH - - 7.270 (1H, d, J = 8.4 Hz) 

 α 54.82 D 4.628 (1H, dd, J = 3.6, 8.4 Hz) 
β 66.43 D 3.90* (1H, m) 
γ 19.62 Q 0.996 (3H, d, J = 6.4 Hz) 

β-OH - - 5.066 (1H, d, J = 7.7 Hz) 
MeAsn9 CO 167.84 S -
 α 49.12 D 5.529 (1H, dd, J = 2.7, 11.7 Hz) 

β 33.97 T 3.012 (1H, dd, J = 11.7, 16.1 Hz) 
  1.997 (1H, dd, J = 2.7, 16.1 Hz) 

CO 171.68 S - 
NH2 - - 7.491 (1H, s) 

  5.931 (1H, s) 
N-CH3 30.36 Q 2.953 (3H, s) 

Pro10 CO 171.49 S -
α 60.14 D 4.19* (1H, m) 
β 30.32 T 1.92* (2H, m) 
γ 23.82 T 1.91* (1H, m) 

  1.83* (1H, m) 
 δ 46.85 T 4.090 (1H, m) 

  3.252 (1H, m) 
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Table II. NMR data for Puwainaphycin G 
Amino acid residue Atom # δC m δH

X1 CO 169.53 S -
 α 69.77 D 4.15* (1H, m) 

β 56.06 D 4.32* (1H, m) 
γ 32.13 D 1.67* (1H, m) 
δ 33.43 T 1.62* (1H, m) 

  1.18* (1H, m) 
  29.74 t 1.286 (2H, m) 

29.27 t 1.25* (2H, m) 
  29.08 t 1.150 (2H, m) 

29.06 t 1.25* (2H, m) 
28.74 t 1.26* (2H, m) 
25.45 t 1.25* (2H, m) 

CH2 31.35 T 1.23* (2H, m) 
 CH2 22.15 T 1.26* (2H, m) 

CH3 14.01 Q 0.859 (3H, m) 
 α-OH - - 5.558 (1H, d, J = 3.3 Hz) 

β-NH - - 6.77* (1H, d, J = 9.8 Hz) 
γ-CH3 16.02 q 0.570 (3H, d, J = 6.7 Hz) 

Val2 CO 169.42 S -
NH - - 6.768 (1H, d, J = 9.8 Hz) 

 α 55.73 D 4.330 (1H, dd, J = 7.4, 9.8 Hz) 
β 32.68 D 1.72* (1H, m) 

 γ1 18.80 Q 0.888 (3H, d, J = 6.7 Hz) 
γ2 18.70 Q 0.823 (3H, d, J = 6.7 Hz) 

dThr3 CO 163.49 S -
NH - - 9.321 (1H, s) 
α 132.39 S - 

 β 117.4* D 5.360 (1H, q, J = 7.5 Hz) 
γ 13.19 Q 1.683 (3H, d, J = 7.5 Hz) 

Gln4 CO 173.46 S -
NH - - 8.562 (1H, d, J = 9.5 Hz) 
α 50.86 D 4.680 (1H, ddd, J = 4.9, 9.5, 10.6 Hz) 
β 29.06 T 2.168 (2H, m) 
γ 32.01 T 2.38* (1H, m) 

    1.98* (1H, m) 
CO 174.12 S - 
NH2 - - 6.86* (1H, s) 

  6.719 (1H, s) 
dThr5 CO 163.11 S -

NH - - 10.244 (1H, s) 
α 129.80 S - 

 β 124.5* D 5.717 (1H, q, J = 7.5 Hz) 
γ 13.21 Q 1.866 (3H, d, J = 7.5 Hz) 

Asn6 CO 170.51 S -
NH - - 7.479 (1H, s) 

 α 49.43 D 4.40* (1H, m) 
β 35.23 T 3.01* (1H, m) 

  2.579 (1H, dd, J = 3.4, 7.0 Hz) 
 CO 173.87 S - 

NH2 - - 7.882 (1H, s) 
    7.178 (1H, s) 
Ala7 CO 172.08 S -

NH - - 8.107 (1H, d, J = 8.5 Hz) 
α 48.44 D 4.27* (1H, m) 
β 16.02 Q 1.24* (3H, m) 

Thr8 CO 170.32 S -
NH - - 7.137 (1H, d, J = 8.1 Hz) 

 α 55.25 D 4.544 (1H, dd, J = 3.9, 7.9 Hz) 
β 66.50 D 3.85* (1H, m) 
γ 19.45 Q 1.012 (3H, d, J = 6.5 Hz) 

β-OH - - 5.019 (1H, d, J = 8.6 Hz) 
MeAsn9 CO 167.84 S -

α 49.16 D 5.55* (1H, m) 
β 33.76 T 2.99* (1H, m) 

    1.98* (1H, m) 
CO 171.72 S - 
NH2 - - 7.479 (1H, s) 

  5.910 (1H, s) 
N-CH3 30.39 Q 2.942 (3H, s) 

Pro10 CO 171.31 S -
α 59.99 D 4.222 (1H, m) 

 β 30.32 T 1.92* (2H, m) 
γ 23.46 T 1.86* (1H, m) 

  1.72* (1H, m) 
δ 46.81 T 4.16* (1H, m) 

 3.20* (1H, m)
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Cyanobacterial cytotoxicity versus toxicity to brine shrimp Artemia salina 
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Heterocytous cyanobacteria originating from different habitats have been screened for 
toxicity to brine shrimp Artemia salina and the murine lymphoblastic cell line Sp/2. 
Methanolic extracts of biomass and cultivation media were tested for toxicity and selected 
extracts were fractionated to determine the active fraction. We found a significant toxic 
effect to Artemia salina and Sp/2 cells in 5.2% and 31% of studied extracts, respectively. 
Only 8.6% of all tested strains were highly toxic to both A. salina and the Sp/2 cell line. 
Based on these data, we conclude that it is impossible to monitor cytotoxicity using only the 
brine shrimp bioassay, since cytotoxicity is a more frequent feature in comparison with 
toxicity to A. salina. It seems that in most cases the toxic effect of cyanobacterial secondary 
metabolites is targeted at some basal metabolic pathways present in eucaryotic cells rather 
than being a specific mechanism against a complex organism. Only in two of all tested 
strains was toxicity to Artemia salina recorded not accompanied to murine cell line toxicity. 
Moreover, in most of the selected strains exhibiting activity to A. salina and Sp/2 cells, the 
toxic effect to Artemia salina and Sp/2 cell line was caused by an identical fraction. These 
findings lead us to the conclusion that cyanobacterial metabolites can secondarily act as a 
defensive mechanism against grazing, although they are almost certainly not synthesized 
specifically against herbivores. 
 

Keywords: secondary metabolites, brine shrimp bioassay, cytotoxicity, grazing, defense 
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1. Introduction 
 

The toxicity of cyanobacterial secondary metabolites and their ecological implications has 

been widely studied over the last few years (e.g. Blom et al., 2006; Ferrao-Filho et al., 2000; 

Gademann and Portman, 2008; Lürling and Beekman, 2006; Sarnelle and Wilson, 2005; 

Wilson et al., 2006). Bioactive secondary metabolites were regarded as an evolutionary 

response to the pressure of competing organisms, such as fungi or grazers, when the genus 

Nostoc was studied (Dodds et al., 1995; Piccardi et al., 2000). This suggestion was then 

displaced, at least for cyanobacterial peptides, since their synthetic machinery was found to 

be much older than the evolutionary history of eukaryotic lineage (Rantala et al., 2004). 

However, the inhibitory or even lethal effects of cyanobacterial metabolites on invertebrates 

have been shown in numerous studies. For instance, the cyanobacterial peptides 

microviridin J and microcystin were found to be toxic to eukaryotic organisms such as 

Daphnia pulicaria and D. galeata (Rohrlack et al., 1999, 2004). Further, for some non-

peptide compounds like cryptophycin, tolytoxin, calothrixins and  pahayakolide, strong 

effects on invertebrates can be found (Berry et al., 2004; Biondi et al., 2004; Rohrlack et al., 

1999, 2004, 2005; Agrawal et al., 2005). A direct link betweeen production of di-

(hydroxymethyl)dihydroxypirolidine (DMDP) and grazer pressure has been recorded in a 

peryphytic Cylindrospermum sp. strain (Jüttner and Wessel, 2003). Thus a secondary 

function of cyanobacterial secondary metabolites as a defense mechanism against parasites 

and grazers is possible. However, there still remains the question as to whether the specific 

activity of cyanobacterial metabolites against invertebrate grazers has evolved by a long co-

evolution of cyanobacteria and grazers, or whether these metabolites interact with the basal 

metabolism common to most organisms and thus their toxic effect is general. 

While there has been much attention paid to the toxicity or digestive enzymes 

inhibition caused by planktonic cyanobacterial species (Agrawal et al., 2005; Blom et al., 

2006; Jüttner and Wessel, 2003; Murakami et al., 1994, 1995; Rohrlack et al., 2004, 2005), 

few studies have dealt with cyanobacteria from soil and other habitats. Rohrlack et al. 

(2005) revealed that about 70 % out of 89 planktonic strains of the genus Planktothrix 

produce inhibitors of daphnid trypsin. A comparison of the toxicity of cyanobacteria from 

different habitats to the brine shrimp Artemia salina was made by Piccardi et al. (2000), who 

studied fifty cyanobacterial strains of the genus Nostoc originating from symbioses, the soil 

environment, and fresh and marine waters. There was a high number of symbiotic and soil 

strains toxic to A. salina compared to fresh or sea-water isolates. According to Falch et al. 
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(1995), 15 out of the 20 investigated cyanobacterial strains were toxic to A. salina. Most 

toxic were soil, subaerophytic and planktonic strains. A high number within the 

subaerophytic strains having toxicity is also supported by Jaki et al. (1999). Nevertheless, 

the toxicity of cyanobacterial strains from other different habitats can generally only be 

imagined since only a few strains have been studied so far.  

 For the screening of cyanobacterial toxicity to crustaceans, model organisms such 

as Artemia salina or Daphnia spp. are usually used. An A. salina assay has also been 

suggested as a valid method to evaluate the cytotoxic activity of plant extracts (Solis et al., 

1993) and as a rapid preliminary screening for toxic cyanobacteria (Lahti et al., 1995). Some 

published data have suggested a good correlation between the activity in the brine shrimp 

assay and the cytotoxicity against some tumor cell lines (Anderson et al., 1991), as well as 

hepatotoxic activity (Kiviranta et al., 1991). The assay is therefore usually used as a low-

cost and easily-achievable cytotoxicity test replacing cell lines assays (Piccardi et al., 2000). 

However, there are several studies from the last few years that present contrary results 

(Berry et al., 2004; Jaki et al., 1999; Mian et al., 2003).  

In the present study, we compare the toxicity of 63 crude extracts of cyanobacteria 

originating from different habitats to Artemia salina and the murine cell line Sp/2 in order to 

answer the question whether a specific toxicity exists against crustacean grazers or whether 

the toxic effect is more general. Secondly, we wanted to compare A. salina mortality with 

cell line inhibition values to test the Artemia salina test as a substitution for the cytotoxicity 

assay. 

 

2. Materials and methods 

2.1 Cyanobacterial strains, cultivation and extract preparation  

A total number of 63 different cyanobacteria were involved in this study: 57 cultured strains 

of various morphospecies and 6 field samples of Nostoc commune. The strains originated 

from various different habitats: soil (18 strains), plankton (30 strains), symbiotic 

associations (7 strains), periphytic (4 strains) and epiphytic strains (4 strains). Soil, 

symbiotic, peryphitic and epiphytic strains were cultivated in Allen and Arnold medium 

(Arnon et al., 1974) in 300 mL cylindrical flasks, bubbled with CO2 enriched air (2%) and 

illuminated with artificial light of PFD (photon flux density) of 280 μmol.m-2.s-1 for 2 to 4 

weeks and harvested by centrifugation (4500 rpm, 15 min). Planktonic species of the genus 

Anabaena were cultivated in WC medium (Guillard and Lorenzen, 1972) in 250 mL 
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Erlenmeyer’s flasks, illuminated with artificial light of intensity of PFD of 50 μmol m-2 s-1 

for 3 to 4 weeks. Biomass was harvested by centrifugation in 50 ml glass cuvettes (4500 

rpm, 15 min), stored at -80°C and lyophilized. Cultivation medium was separated from 

biomass after centrifugation, 50 mL of it were filtrated using bacteriological filters (porosity 

0.2 μm) and a water-pump to obtain a cell-free medium. 200 mg of lyophilized biomass was 

transferred into 10 mL glass test tubes and extracted for 2 h using 70% methanol. The test 

tubes were centrifuged (4500 rpm, 15 min); the supernatant then transferred into an 

evaporating vessel and dried via a rotation vacuum evaporator. The solid extract was re-

suspended in 1 mL of 70% MeOH to get the extract of concentration 200 mg of dry weight 

per millilitre. To obtain an extract from the medium, 50 mL of filtrated medium was 

concentrated into 2 mL 100% methanol using solid phase extraction (MCX Cartridge 

OASIS, Waters) and a vacuum-pump. 

 

2.2 Artemia salina bioassay and cytotoxicity assay 

 

The brine shrimp assay was done according to Lincoln et al. (1996). Cysts were incubated in 

artificial seawater illuminated by artificial light and gently aerated for 24 h (Metcalf et al., 

2002). For toxicity tests, hatched nauplii were diluted to a concentration of 15-20 

individuals mL-1. 100 µL of extracts were transferred into a 12-well microtitrate plate and 

were kept in a laminar box for methanol evaporation. 50 µL of distilled water was added 

and ultrasonified to improve dissolving of dry extract. 0.95 mL of nauplii (15-20 

individuals) were added and numbers of living and dead individuals and unhatched cysts 

were counted using a stereomicroscope. Individuals were re-counted after 24 and 48 hrs and 

the percentage mortality calculated. Strains causing a mortality higher than 50% were 

considered as highly toxic.  

 Murine lymphoblastic cell line Sp/2 (kindly provided by Dr. Jan Kopecký, Biology 

Centre of the Academy of Sciences of the Czech Republic, Institute of Parasitology) was 

used for cytotoxicity testing. The cells were cultivated in RPMI 1640 medium with the 

addition of 5% fetal calf serum, 1% glutamine, and 1% antibiotic-antimycotic solution; all in 

plastic tissue culture flasks at 37 °C. Prior to the experiments, cells were dyed with Trypan 

blue, in order to estimate viability, and counted in a Bürkers plate chamber in a light 

microscope. Only cell cultures with a higher viability than 90% were used for the 

experiment. The cell suspension was centrifuged (1000 rpm, 10 min, 4 °C), and an adequate 
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amount of fresh RPMI medium was added in order to obtain a concentration of 1.5 x 105 

cells per well (200 μL RPMI). 

 Cyanobacterial extract of 10 μL was added to the wells in triplicates, and triplicates 

treated only by 70% methanol were left as controls. The plate was kept in an incubator 

(37 °C) until the 70% methanol was evaporated; then the cell suspension was added and 

incubated (37 °C and 3.5% CO2) for 12 h. Cell viability after exposure was estimated by 

MTT assay (Mosmann, 1983); 10 μL of MTT solution (4 mg.mL-1) was added and the plates 

were incubated for 4 h. The plates were centrifuged after the incubation (3000 rpm, 10 min) 

and the supernatant was removed. DMSO of 200 μL was added to dissolve formazan 

crystals. Test and background absorbances were measured at 590 and 640 nm, respectively. 

The survival of cell lines was evaluated as the ratio of treated wells’ absorbance to that of 

the control wells, and expressed as a percentage.  

 

2.3 Extract analysis 

 

Extract composition was analyzed using an HP 1100 Agilent mass spectrometer with an HP 

100 MSD SL-Ion trap. The extract was subjected to separation on a reversed phase column 

(Zorbax XBD C8, 4.6 x 150 mm, 5 μm) at 30 °C, and eluted by a gradient MeOH/H2O + 1% 

HCOOH (30-100% MeOH for 30 min, 100% for 5 min) with a flow rate of 0.6 mL.min-1. 

The obtained total ion chromatograms were evaluated and molecular ions were detected 

based on signal intensity, the presence of sodium and potassium adducts, and the 

distribution of isotopomeres.  

 

2.4 Activity guided fractionation 

 

Six strains were selected for activity-guided fractionation in order to find out which fraction 

was responsible for the toxic effect. The strains Cylindrospermum sp.  C24/1989, Nostoc sp. 

6/99, Nostoc muscorum 14/86 and Nostoc sp. 5/96 were fractionated using an analytical 

column, gradient and conditions as discussed above (see also supplementary information). 

In strains Nostoc ellipsosporum 51/91 and Nostoc sp. Ds1 the fractionation was performed 

using preparative HPLC (LabAlliance, Watrex, Prague) on a reverse phase column (C18 

Reprosil100, 250x8mm, 5µm, Dr. Maisch GmbH) and a modified gradient (see 

supplementary information). In these extracts the fractions were collected based on UV 

absorption in 237 and 220 nm for Nostoc ellipsosporum 51/91 and Nostoc sp. Ds1, 
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respectively. Finally, the collected fractions were evaporated and resuspended to obtain the 

concentration equivalent to the original extract and tested for toxicity to A. salina and Sp/2 

as mentioned above. 

 

3. Results 
 

A total number of 63 cyanobacterial strains were included in the present study. The 

investigated cyanobacteria originated from four different habitats (plankton, soil, 

periphyton, and epiphytic communities), and besides these, strains originating from different 

symbiotic associations were also studied. For exact information about the origin and each 

strains’ isolation see Table 1. 

 

3.1 Toxicity of biomass extracts to Artemia salina 

 

An overall toxicity causing mortality of A. salina ≥  50% was observed in 12.7% of biomass 

extracts. The highest occurrence of toxicity was found among strains originating from soil 

(22%). The most active soil isolates were Nostoc sp. 5/96 and N. ellipsosporum 51/91 that 

caused 100% mortality, followed by Nostoc muscorum 14/86 and Nostoc commune NC7 

(65% and 64.3% inhibition, respectively). In Cylindrospermum sp. C24/89, Nostoc sp. 

116/96 and Nostoc sp. 6/99, mortality slightly above 40% was found. A lower toxicity of 

14% was recorded for the symbiotic strains. Nevertheless, the symbiotic strain Nostoc sp. 

Ds1 exhibited a very strong and fast toxic effect manifested by the death of all animals 

within 24 h. Only one toxic strain was found in both epiphytic and periphytic cyanobacteria; 

however, the low number of tested strains from these habitats (four from both habitats) did 

not allow relevant conclusions to be made. From these, the strain Cylindrospermum sp. 

Hrouzek 1/2004 isolated from leaves of water plants caused a strong toxic effect leading to a 

mortality of 100%. Out of 30 planktonic strains tested, only the strain Anabaenopsis cf. 

elenkinii Anaps OLE-03 caused a high mortality of Artemia salina (67%). Data are 

summarized in Figure 1. (Here, Figure 1 should be placed, width 90mm) 
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Table 1: List of studied cyanobacteria strains. Place of isolation, habitat, A. salina mortality (B – 
biomass, M – medium, + represents mortality ≥ 50%) and Sp/2 cell line inhibition is shown. 
Different habitats are marked by abbreviations: E (epiphytic), P (periphytic),  
S (soil), Sy (symbiotic) and Pl (planktonic). 
Scientific name Strain Place of isolation Habitat

B M mean
Nostoc sp. BR IIIa Paranapiacaba-Sao Paulo/Brazil E + - 12*
Nostoc  sp. RQIIa Paranapiacaba-Sao Paulo/Brazil E - - 7*
Nostoc sp. BRIIBa Paranapiacaba-Sao Paulo/Brazil E - n.a. 0*
Nostoc sp. BROMELa Paranapiacaba-Sao Paulo/Brazil E - - 0*
Nostoc sp. LC17S01 Alberta/Canada P - - 27
Nostoc  sp. OSNI 32S01 Sítinový pond/Czech Republic P - n.a. 0*
Cylindrospermum  sp. Hrouzek 1/2004 Zliv/Czech Republic P + n.a. 100
Calothrix sp.      Hrouzek 2/2005 San Monoron-BUSRA/Cambodia P - - 30
Nostoc calcicola Lukešová 2/89d Havana/Cuba S - - 6*
Nostoc sp. Lukešová 5/96d Nezamyslice/Czech republic S + - 52*
Nostoc muscorum Lukešová 2/91d Nezamyslice/Czech republic S + - 48*
Cylindrospermum sp. C 24d Ellesmere island/Canada S - - 60
Trichormus variabilis ISB 13 Dlouhá Ves/Czech Republic S - - 62,3
Nostoc  sp. Lukešová 7/99d Germany S - - 66*
Nostoc  sp. Lukešová 24/97d Germany S - - 0*
Nostoc  sp. Lukešová 116/96d Sokolov/Czech republic S - - 1*
Nostoc sp. Lukešová 6/99d Germany S - + 54*
Nostoc sp. Cam2S01c Camerun S - - 48*
Nostoc ellipsosporum Lukešová 51/91d Nezamyslice/Czech republic S + - 39*
Nostoc commune NC1 Třeboň/Czech republic S - - 70
Nostoc commune NC2 Třeboň/Czech republic S - - 12
Nostoc commune NC3 Nové Hrady/Czech republic S - + 0
Nostoc commune NC4 Nové Hrady/Czech republic S - - 40
Nostoc  commune NC 7 České Budějovice/Czech republic S + n.a. 34
Nostoc  sp. NC 9 Rožnov p. R.Czech republic S - n.a. 27
Nostoc  sp. OBU36S07c The Burren Clare/Ireland S - - 42*
Nostoc sp. CC2c greenhouse Pisa/Italy Sy - - 30
Nostoc  sp. CR4c greenhouse Florence/Italy Sy - - 5*
Nostoc  sp. De1c greenhouse Rome/Italy Sy - - 64*
Nostoc  sp. OGU 36S01c Achill Island/Ireland Sy - - 31*
Nostoc  sp. Gm1c greenhouse Siena/Italy Sy - + 14*
Nostoc  sp. Ds1c greenhouse Rome/Italy Sy + - 54
Nostoc sp. Mm1c greenhouse Rome/Italy Sy - - 0
A. mendotae x sigmoidea 04 06b Březová/Czech republic Pl - - n.a.
Anabaena mendotae x sigmoidea 04 12b Černiš/Czech republic Pl - - 70
A. compacta 04 17b Dubnenský/Czech republic Pl - - 67
A. cf. curva 04 19b Hejtman/Czech republic Pl - - n.a.
A. circinalis x crassa 04 22b Husinec/Czech republic Pl - + 50
A. lemmermannii 04 24b Husinec/Czech republic Pl - - 13
A. circinalis x crassa 04 26b Jesenice/Czech republic Pl - + 46
A. cf circinalis 04 28b Hodějovický/Czech republic Pl - - 29
A. lemmermannii 04 33b Orlík/Czech republic Pl - - n.a.
A. lemmermannii 04 38b Senecký/Czech republic Pl - - 17
A. cf. flos-aquae 04 40ab Skalka/Czech republic Pl - + n.a.
A. lemmermannii 04 42b Svět/Czech republic Pl - + 57
Aphanizomenon aphanizomenoides 04 43b Svět/Czech republic Pl - + 92
Anabaena affinis 04 44b Svět/Czech republic Pl - + 66
A. mendotae x sigmoidea 04 45b Svět/Czech republic Pl - + 87
A. cf. spiroides 04 51b Svět/Czech republic Pl - + 62
A. cf. flos-aquae 04 52ab Svět/Czech republic Pl - + 25
A. cf. flos-aquae 04 53b Švarcenberk/Czech republic Pl - + 53
A. circinalis x crassa 04 56b Vajgar/Czech republic Pl - - 47
A. cf. flos-aquae 04 57b Vajgar/Czech republic Pl - + 76
A. circinalis x crassa 04 59b Valcha/Czech republic Pl - + 82
Anabaenopsis cf. elenkinii Anaps Plást 05b Plástovice/Czech republic Pl - + n.a.
A. compacta Acom Pěšák 06b Pěšák/Czech republic Pl - + 43
A. compacta Acom Svět 06b Svět/Czech republic Pl - - 2
A. lemmermannii - morfotypS Alem Lipno 05 silnáb Lipno/Czech republic Pl - - 33
A. lemmermannii - morfotypT Alem Lipno 05  tenkáb Lipno/Czech republic Pl - + 40
Anabaenopsis cf. elenkinii Anaps-Ole 03b Oleksovice/Czech republic Pl + + 92
A. eucompacta x reniformis Anarenif Pěšák 2b Pěšák/Czech republic Pl - + 77
A. eucompacta x reniformis Anarenif Pěšák 4b Pěšák/Czech republic Pl - + 90
Anabaena affinis Staňk 05-11b Staňkovský/Czech republic Pl - + 37
*Values of inhibition have been taken from Hrouzek et al., 2010

A. salina 
mortality 

Sp/2 inh. 
[%] 
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3.2 Toxicity of media extracts to Artemia salina 

 

Media extracts were available for 58 strains out of the total number 63. Almost forty per 

cent (37.9%) of all tested media extracts exhibited significant toxicity against Artemia 

salina. This high number can be attributed to the frequent toxicity occurrence found in 

media of planktonic cyanobacteria (Fig. 1). In contrast to the low incidence of biomass 

toxicity in planktonic strains, 63.3% of their media extracts exhibited a significant toxic 

effect. Among these, Anabaena lemmermanii (100% inhibition), Anabaena cf. spiroides 04-

51 (91% inhibition) and Anabaena circinalis/crassa 04-22 (86% mortality) caused the 

strongest effect. The incidence of media toxicity was much lower among cyanobacteria from 

other habitats: 11.1% in soil strains and 14.3% in symbiotic strains. The medium extract of 

the symbiotic strain Nostoc sp. Gm1 caused significant mortality of Artemia salina (50% 

inhibition) in contrast to its biomass extract with no effect. On the other hand, medium 

extract of the strain Nostoc sp. Ds1 lacked any effect in contrast to its biomass extract (see 

above). Soil strains Nostoc commune NC2 and NC3 exhibited significant medium toxicity 

(46 and 50%, respectively) with no inhibition found in their biomass extracts. No toxicity of 

a medium extract was found in epiphytic strains and cyanobacteria isolated from periphyton. 

 
Figure 1: Percentage of biomass (B) and medium (M) extracts causing lethal effects to 

Artemia salina in strains isolated from soil, different symbiotic associations and plankton. 

Black and grey parts of columns indicate toxicity occurrence in biomass and media 

respectively, white parts of columns correspond to percentage of non-toxic extracts. 
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3.3 Comparison of A. salina mortality with Sp/2 cell line inhibition values 

 

The percentage values of A. salina mortality (X-axis, Fig. 2) were compared with 

percentage inhibition values of Sp/2 cell line (Y-axis, Fig. 2) for each extract in order to find 

whether a correlation between cytotoxicity and toxicity to Artemia salina existed. We did 

not find any significant relationship between toxicity of biomass extracts to Sp/2 cell line 

and Artemia salina and such correlation was also rejected by the linear regression model 

(R=0.1115 p=0.4047). A high number of extracts (31% of all tested strains) were highly 

toxic to Sp/2 cell lines and nontoxic to A. salina (Fig. 2, area A), while only three strains 

were toxic to A. salina with no activity to the cell line (Fig. 2, area C). Nostoc sp. BR III 

exhibited strong toxicity to Artemia while having only a marginal effect to the cell line. In 

other strains belonging to area C (Nostoc commune NC7 and Nostoc ellipsosporum 51/91), 

strong activity to Artemia was found; however, it is accompanied by a moderate cytotoxic 

effect to Sp/2. The activity of strains Nostoc sp. Mm1 and Nostoc sp. 116/96 (area B) to 

Artemia was apparent; however, toxicity was slightly under the artificial threshold value 

50%. In these strains, no effect to Sp/2 cell line was recorded. Other strains grouped in the 

area B of Figure 2 cannot be considered as significantly toxic due to their low toxic effect to 

both A. salina and Sp/2 cell line. (Here, Figure 2 should be placed, width 140mm) 

 Five of all the tested strains (Cylindrospermum sp. Hrouzek 1/2004, Anabaenopsis 

cf. elenkinii Anaps Ole-03, N. muscorum 14/86, Nostoc sp. Ds1 and Nostoc sp. 5/96) were 

found to cause strong damage to both Artemia and cell lines (area D). In N. ellipsosporum 

51/91, 6/99, Nostoc commune NC7 and Cylindrospermum sp. C24/89, similar effects with 

inhibition values near the threshold value were found.  
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Figure 2: Comparison of effects of biomass extracts of studied strains on A. salina mortality 

and Sp/2 cells inhibition.  The non-significant correlation of inhibition values in A. salina 

and Sp/2 cells is obvious from the graph (R = 0.1068, p=0.4047). The high number of 

strains toxic to Sp/2 cells with no activity to A. salina can be seen in Area B. By contrast, 

only a few extracts causing mortality to A. salina were not accompanied by a cytotoxic 

effect (Area C). The dotted lines represent the borders for both A. salina mortality and Sp/2 

cell line inhibition values ≥ 50%. Extracts with an inhibition ≥ 50% were considered 

strongly toxic. The names of considerably toxic strains are given. Underlined strains were 

selected for fractionation.  

 

3.4 Fractionation of selected strains 

 

Six selected strains were fractionated by analytical and preparative HPLC in order to detect 

their active compounds. Unfortunately, two strains exhibiting the highest toxicity to both A. 

salina and Sp/2 cells (Cylindrospermum 1/2004 and Anabaenopsis cf. elenkinii Anaps OLE-

03), were not studied due to problems with their cultivation and the low amount of extracts 

obtained. The active fractions of the selected strains were further analyzed to find out their 

composition. Chromatograms and the active fractions causing toxic effects to Sp/2 cell line 

and A. salina are shown in Figures 3 and 4.  
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Figure 3: Chromatograms of cyanobacterial strains in which only one fraction toxic to both 

A. salina and Sp/2 cells was observed. The active fraction is marked by dashed lines and the 

inhibition values of these fractions to A. salina (IAr) and Sp/2 cells (Isp/2) are shown. A: 

Cylindrospermum sp. C 24/89 (Total ion chromatogram), B:  Nostoc sp. 5/96 (Total ion 

chromatogram), C: Nostoc ellipsosporum 51/91 (UV absorption at 237 nm), D: Nostoc sp. 

Ds1 (UV absorption at 220 nm).  

 

In four of the six studied strains, the toxicity to Artemia salina and Sp/2 cell line 

was caused by an identical fraction or compound (Fig. 3). The toxicity of Cylindrospermum 

sp. C24/89 to both A. salina and Sp/2 cells was caused by a compound collected between 
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23.5' and 25.0' of analytical gradient. Within its mass spectrum, ions corresponding to 

molecular ion 1146 [M+H]+ and its sodium adduct 1168 [M+Na]+ were detected. The 

toxicity of this compound was also proved in its pure state obtained by preparative HPLC. 

In the strain Nostoc sp. 5/96, activity in both tests was caused by a compound with a 

molecular weight of 849.6, which exerted a very strong (100%) inhibition to both A. salina 

and Sp/2 cell lines. Additionally, fraction 3 was also highly toxic to A. salina with a 

mortality of 100% in an extract of this strain. As with the previous two strains, in Nostoc 

ellipsosporum 51/91 toxicity to the murine cell line and Artemia salina was also caused by 

identical fractions.  Fractions 10 and 11 with no UV absorption or clear peak in a total ion 

chromatogram were responsible for 100% mortality to A. salina in this strain and caused a 

moderate effect on the Sp/2 cell line (19 % and 25 % inhibition respectively). The strong 

toxic effect on A. salina was also observed for fraction 10 obtained from an extract of the 

strain Nostoc sp. Ds. The fraction was collected by preparative HPLC based on strong UV 

absorption at 220 nm and subsequent analysis proved the presence of a compound with a 

molecular weight of 460.1. The activity of this compound to Sp/2 cells was weak (10%); 

however, no other fractions of this extract exhibited an inhibition. Thus, it is possible that 

other components of the extract enhanced the inhibitory effect of this compound and the 

observed crude extract inhibition was therefore higher (54 %). 

Different compounds were responsible for the toxicity to A. salina and Sp/2 in the 

strains Nostoc muscorum 14/86 and Nostoc sp. 6/99. In Nostoc muscorum 14/86, fraction 3 

containing a compound of MW = 885.0 (886 [M+H]+; 908 [M+Na]+) caused 61.1% 

mortality to  A. salina, whereas 79% inhibition of the Sp/2 cell line was caused by fraction 9 

containing a novel cyclic peptide of MW = 1211 (1212 [M+H]+; 1234 [M+Na]+) (Hrouzek 

et al., 2010).  In the second strain Nostoc sp. 6/99, fractions 2 and 5 containing compounds 

of MW = 1006.9 and 1076.1, respectively, exhibited a significant mortality to A. salina (Fig. 

4). The cytotoxicity of this strain had been previously found to be caused by a fraction 

containing Nostopeptolide A1 (MW = 1081) (Golakoti et al., 2000; Hrouzek et al., 2010) 

and this result was confirmed by our study (Fig. 4). 
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Figure 4: Chromatograms of cyanobacterial strains in which distinct fractions were found to 

have a toxic effect on A. salina and Sp/2 cells. Active fractions are marked by dashed lines 

and inhibition values of these fractions to A. salina (IAr) and Sp/2 cells (Isp/2) are shown. A: 

Nostoc muscorum 14/86 (Total ion chromatogram), B: Nostoc sp. 6/99 (Total ion 

chromatogram). 

 

4. Discussion 
 

Our data demonstrate that 12.7 % of the biomass extracts of all studied strains exerted a 

toxic effect on A. salina. This is in full accordance with Jaki et al. (1999) and Mian et al. 

(2003), who found toxicity to A. salina in 13.9 % and 9.1 % of strains, respectively. A 

slightly higher number of toxic strains (24 %) was reported by Piccardi et al. (2000) who 

studied the bioactivities of Nostoc strains. On the other hand, Falch et al. (1995) reported 

that 80 % of all strains were toxic when tested on A. salina; however, the strains included in 

the study were selected because they were previously reported to possess some 

pharmacological and biological effects, so the frequency of the reported toxic strains therein 

could be misleading. Based on all the facts above, it seems that the frequency of strains 

toxic to A. salina ranges between 10 to 25 %. 

 An Artemia salina toxicity assay has been suggested as a valid method to evaluate 

cytotoxic activity (Solis et al., 1993) and thus the method is commonly used as a substitute 

assay for the screening of cytotoxic compounds. However, Jaki et al. (1999), Mian et al. 

(2003), and also Berry et al. (2004), all found no correlation between A. salina mortality and 

cell lines inhibition values, and our data are in full accordance with their findings. Only 8.6 
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% of all tested strains were toxic to both A. salina and the Sp/2 cell line. By comparison, 31 

% of all extracts exhibited a strong cytotoxic effect and did not cause any mortality to A. 

salina. This result suggests that cytotoxicity is a more frequently occurring feature among 

cyanobacteria than the toxicity to invertebrates.  

  The defence mechanisms of cyanobacteria, for example, the production of toxic 

secondary metabolites as a reaction to the presence of a potential grazer, belong to some of 

the important questions of cyanobacterial ecology. Many studies have proved the inhibitory 

effects of cyanobacterial secondary metabolites or extracts to invertebrates (Berry et al., 

2004; Biondi et al., 2004; Rohrlack et al., 1999, 2004, 2005; Agrawal et al., 2005). One of 

the most important questions concerning cyanobacteria-grazer interactions is whether the 

metabolites synthesized by cyanobacteria are specifically against invertebrates or whether 

their effect is more general.  

 A comparison of cytotoxicity occurrence and number of extracts positive to A. 

salina indicates that in most cases the toxic effect is targeted to various basal metabolic 

pathways present in the eukaryotic cell rather than being a specific mechanism against a 

complex organism. This result is strongly supported by the fractionation of extracts found to 

be toxic both to A. salina and Sp/2 cell lines. In four of the six fractionated extracts the toxic 

effects were caused by an identical compound, suggesting that the mechanism of the 

function is probably the same for both the cell and the complex organism. The activity to A. 

salina that was not accompanied by inhibition of Sp/2 cells was only found in the fractions 

of strains N. muscorum 14/86 and Nostoc sp. 6/99 and in three raw extracts (Mm1, BRIII 

and 116/96). However, it is questionable whether the concentration of these compounds was 

sufficiently high to manifest the effect in the cells. Moreover, no particular compound toxic 

to A. salina was found in the strain Nostoc sp. BR III although the strain as a whole was 

found highly toxic to Artemia; the toxicity of this strain to Sp/2 cells was insignificant. So 

the mechanism of final toxicity of this extract to A. salina could be based on the synergic 

effect of many compounds present in the strain. 

 As a second issue concerning cyanobacterial-grazer interactions we tested if the 

differences in frequency of toxicity to A. salina existed among strains isolated from different 

habitats. For this purpose, mainly soil, planktonic and symbiotic strains were selected. The 

toxicity of biomass (intracellular) extracts was detected in 22 % of the 18 soil strains. This 

approximately corresponds to the results of Jaki et al. (1999) who found toxicity in 16.6 % 

of 30 studied soil strains. On the other hand, our results do not agree with data published by 

Mian et al. (2003) who did not found any toxic strain, and neither with data of Falch et al. 
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(1995) and Piccardi et al. (2000), who respectively observed toxicity in 83 % and 75 % of 

strains. However, Mian et al. (2003), Falch et al. (1995) and Piccardi et al. (2000) studied a 

low number (8, 12 and 8 resp.) of soil strains and thus reliable conclusions cannot be drawn. 

Only one out of 30 intracellular extracts (3.3 %) of our planktonic strains exerted a toxic 

effect to A. salina. Though they worked with a low number of strains, Mian et al. (2003) and 

Piccardi et al. (2000) published very similar results (0 % of toxic strains in both). The 

occurrence of toxic strains among symbiotic cyanobacteria was over 14 % in the present 

study, which is slightly lower compared to the results given by Piccardi et al. (2000), who 

observed toxicity in 6 out of 23 (26 %) studied strains.   

As seen from our results the distribution of toxicity to A. salina was different in 

cultivation media (extracellular compounds). The overall occurrence of toxicity in media 

extracts was lower than in the biomass of soil, subaerophytic, epiphytic and periphytic 

cyanobacteria. No toxic medium extracts were found in epiphytic and periphytic strains and 

only a marginal occurrence of toxicity (14.3 % and 11.1 %) was observed in symbiotic and 

soil strains, respectively. By contrast, a high occurrence of toxic media extracts was found 

among planktonic strains. However, only one toxic intracellular extract from planktonic 

strains was found as discussed above. A similar extracellular production of inhibitory 

compounds was published by Jüttner and Wessel (2003), who found that all five studied 

strains of Cylindrospermum synthesized and excluded zooplankton glucosidases’ inhibitor 

DMDP–di(hydroxymethyl) dihydroxypirolidine. The major part of DMPD (80 %) was 

found to be extracellular. Such a distribution of toxicity in intra- and extracellular extracts 

can have an easy explanation ecologically. The diffusion of toxins towards a grazer is easier 

in a planktonic environment compared with a soil environment, where the intracellular 

storage of compounds toxic to the grazer will be more efficient. Cyanobacteria with 

intracellular toxin production will be probably more successful in competition with other 

soil cyanobacteria and their frequency of occurrence in soils will be consequently higher, 

which is in accordance with our results. Our data have revealed that planktonic 

cyanobacteria produce, and are able to release, compounds toxic to A. salina. More than 63 

% of media extracts of planktonic strains were found to be toxic to A. salina, whereas only 

one strain was found toxic among biomass extracts.  In contrast, only 11.1 % of media 

extracts of all soil strains were toxic to A. salina. 

 Based on our results, we conclude that cyanobacterial secondary metabolites are 

not synthesized specifically against grazers but are highly toxic in general and interact with 

basal cell metabolism. However, they can play a role in the defensive mechanisms of 
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cyanobacteria against grazers and can be more frequent in habitats with a higher predation 

pressure. Regarding these results, it may not be possible to monitor cytotoxicity using only 

the brine shrimp bioassay, since cytotoxicity is more a frequent feature compared with the 

toxicity to A. salina. 
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Apendices 
 
Supplementary data: Separation gradients used for fractionation of the six selected strains. 
Standard separation gradient used for fractionation of extracts from strains 
Cylindrospermum sp. C 24/1989, Nostoc sp. 5/96, Nostoc muscorum 14/86, Nostoc sp. 6/99. 
(A). Extracts from strains Nostoc ellipsosporum 51/91 and Nostoc sp. Ds1 was separated 
using gradients B and C, respectively. Percentage of methanol is marked by a solid line, 
water by a dashed line. Flow rate and monitored absorbance is shown in the lower left 
corner for B and C. 
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ABSTRACT 
The genera Dolichospermum (Ralfs ex Bornet et Flahault) Wacklin et al. 2009 and 
Sphaerospermopsis Zapomělová et al. 2010 represent highly diversified group of planktonic 
cyanobacteria that have been recently separated from the traditional genus Anabaena Bory 
ex Bornet et Flahault 1888. In this study, morphological diversity, phylogeny of 16S rRNA 
gene, production of fatty acids and secondary metabolite profiles were compared among 33 
strains of 14 morphospecies isolated from the Czech Republic. Clustering of the strains 
based on 16S rRNA gene sequences corresponded to wider groups of species in terms of 
morphology. On the contrary, the overall secondary metabolite and fatty acid profiles were 
neither correlated to each other, nor to 16S rRNA phylogeny and morphology of the strains 
suggesting that these compounds are not good chemotaxonomic tools for the cyanobacterial 
genera studied. Nevertheless, a minor part of the detected secondary metabolites (19% of all 
compounds) were present solely in the closest relatives and can be thus considered as 
autapomorphic features.  
 
 
Keywords: Anabaena, Dolichospermum, Sphaerospermopsis, 16S rRNA, fatty acids, 
secondary metabolites, taxonomy. 
 
Abbreviations: D., Dolichospermum; S., Sphaerospermopsis; FAs, fatty acids; GC, gas 
chromatography; HPLC-MS, High Performance Liquid Chromatography Mass 
Spectrometry;  MS, Mass Spectrometry; MSD, mass selective detector; m/z, mass divided 
by charge; NJ, neighbour joining; RT, retention time. 
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Introduction 
 
Taxonomy of organisms in general has been traditionally based on morphological 
characteristics. However, progress and subsequent routine use of molecular and analytical 
methods have brought new insight into the taxonomic classification.  
Modern taxonomy implies mainly molecular but also biochemical markers to describe and 
delimit new taxa. These data are especially useful in groups of organisms where 
morphological characters are insufficient, e.g. in case of cryptic species, organisms with 
simple morphology etc. Congruency between the metabolite production and molecular or 
morphological features has been demonstrated several times in higher plants (Aitzetmuller, 
1993; Grayer et al., 1999; Wink, 2003; Mongrand et al., 2005), fungi (Frisvad et al., 2008) 
and several groups of eukaryotic algae (Marshal et al., 2002; de Carvalho and Roque, 2004; 
Falshaw and Furneaux, 2009). The description of chemosyndromes is a routine method to 
define relationships among some lichens’ taxa and these chemosyndromes were found well 
correlated with molecular data (Søchting 2002).  
In prokaryotes, their extremely simple morphology lead to the need of alternative traits such 
as biochemical markers (fatty acids, secondary metabolites or enzymes) to characterize 
taxonomic units, especially on generic level (e.g. Skerratt et al., 1991; Romano et al., 2000; 
Gugger et al., 2002b). Chemotaxonomy including fatty acid analysis has been suggested as 
one of the obligatory criteria for characterization of new bacterial taxa (Kämpfer et al., 
2003). 
The genera Dolichospermum (Ralfs ex Bornet et Flahault) Wacklin et al. 2009 and 
Sphaerospermopsis Zapomělová et al. 2010 are groups of planktonic cyanobacteria that 
have been recently separated from the traditional nostocacean genus Anabaena (Bory ex 
Bornet et Flahault) sensu lato (Wacklin et al., 2009; Zapomělová et al., 2009, 2010a). These 
cyanobacteria are distributed worldwide, colonizing planktonic habitats and often forming 
heavy water blooms. They are responsible for the production of secondary metabolites 
representing human and animal health risks, and malodorous substances worsening the 
quality of water (Izaguirre et al., 1981; Hayes and Burch, 1989; Chorus and Bartram, 1999).  
Traditional taxonomy within the genus Anabaena s. l. was based on morphometric 
parameters (Komárek and Zapomělová, 2007, 2008). However, many previous studies 
consistently reported on morphological, ecological and genetic heterogeneity within the 
genus Anabaena, especially the pronounced differences between planktonic and benthic 
representatives (Rajaniemi et al. 2005a, b; Halinen et al. 2008). The main molecular cluster 
of planktonic Anabaena morphospecies, as was presented by Rajaniemi et al. (2005a, b), 
was therefore reclassified into the new genus Dolichospermum (Wacklin et al., 2009). The 
generic name Anabaena has been retained for benthic morphospecies. Moreover, some other 
morphospecies exist that have been traditionally classified as Anabaena but form evidently 
separate genetic clusters, e.g. Sphaerospermopsis erected by Zapomělová et al. (2009, 
2010a).  
It is evident from this recapitulation that the traditional genus Anabaena is very complicated 
and has to be studied and revised from many points of view to produce good and practical 
taxonomic system (polyphasic approach; Castenholz, 1992).  
Besides morphology and molecular biology, another useful tool for improving the 
classification may be chemotaxonomy. Most studies of Anabaena chemotaxonomy have 
focused on chemotaxonomic value of fatty acids (FAs), i.e. primary metabolites (Li and 
Watanabe, 2001; Gugger et al., 2002b; Li and Watanabe, 2004). Their conclusions are rather 
inconsistent. Fatty acid composition of Anabaena strains with straight trichomes (Li and 
Watanabe, 2001) matched neither with their morphology nor with the phylogenetic 
relationships among the same species reported by Rajaniemi et al. (2005a, b). On the 
contrary, fatty acid profiles of Anabaena strains with coiled trichomes (Li and Watanabe, 
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2004) corresponded almost exactly to the recently published phylogenetic analyses (Gugger 
et al., 2002a; Rajaniemi et al., 2005a, b). Gugger et al. (2002b) demonstrated that fatty acid 
composition of planktonic Anabaena (Dolichospermum) strains agreed with their toxicity, 
i.e. secondary metabolite production. Halinen et al. (2008) and Stüken et al. (2009) referred 
a correlation of toxin production (microcystin and cylindrospermopsin, respectively) and 
phylogenetic affiliation of Anabaena (Anabaena / Dolichospermum / Sphaerospermopsis) 
strains.  
Nevertheless, the interconnection of toxicology, fatty acid analysis, molecular approach and 
morphological description is missing although it could bring useful taxonomic conclusions. 
Li and Watanabe (2001, 2004) did not evaluate secondary metabolite production and 
phylogenetic relationships of their Anabaena strains and, on the contrary, most of the strains 
by Gugger et al. (2005b) were identified simply as Anabaena sp. 
Consequently, we compared morphologies, 16S rRNA gene phylogeny, fatty acid 
production, and secondary metabolite profiles among 33 selected strains of Dolichospermum 
and Sphaerospermopsis from the Czech Republic, representing a wide spectrum of various 
morphospecies. We examined the ability of morphological and chemical characteristics to 
establish species relationships among the taxa studied and discussed these relationships with 
a phylogeny constructed from 16S rRNA gene sequences. 
 
 
Materials and Methods 
 
Sampling, strain isolation and cultivation: Samples of water blooms were collected in 
years 2004–2008 from various fishponds and reservoirs in the Czech Republic using 20 μm 
mesh plankton net. Morphology of fresh material was evaluated immediately as described 
below. Single trichomes were isolated from the phytoplankton samples as described by 
Zapomělová et al. (2007). Clonal cultures were grown in WC medium (Guillard and 
Lorenzen, 1972) at 21 °C and the light intensity of 70 μmol.m-2.s-1 (16:8 L:D cycle). 33 
strains representing 14 different morphospecies of the genera Dolichospermum and 
Sphaerospermopsis were studied (Table 1).  
 
Morphometry: Microphotographs of at least 30 fresh trichomes per each natural population 
were taken with a digital camera (Olympus DP 70, magnification 400x). As a population we 
mean a set of trichomes of the same morphospecies observed in a natural sample collected 
from a certain locality at a certain time. Dimensions of all cell types were measured (five 
vegetative cells per trichome measured in 30 trichomes and as many heterocytes and 
akinetes as were possible to find in each sample). Length:width ratios of vegetative cells, 
heterocytes and akinetes were computed to roughly characterize the cell shapes. All size 
measurements were performed using image analysis (Olympus DP Soft). 
 
Statistical evaluation of morphological data: Basic statistical characteristics such as mean 
values, 25% and 75% percentiles and extreme values were computed for the morphological 
features of the field populations. To describe the variability within all morphological data, 
principal component analysis (PCA) was carried out in the program CANOCO (Ter Braak 
and Šmilauer, 1998), where the mean values, 25% and 75% percentiles and extreme values 
of all morphological features were the input data. The data were centred and standardized. 
CanoDraw software (Šmilauer, 1992) was used for construction of the PCA plot. 
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Table 1. Cyanobacterial strains used in this study and the summary of the analyses 
performed (D., Dolichospermum;  S., Sphaerospermopsis; FA, fatty acid composition; SM, 
secondary metabolite content; 16S rRNA, sequencing of 16S rRNA gene; morph., analysis 
of morphological characteristics). First two numbers of the strain code indicate the year of 
isolation (all strains isolated in 2000 or later). 

 
Taxa Strain 

code 
Locality of isolation FA SM 16S 

rRNA 
Morph. 

Anabaena sp. Bory ex Born. et Flah.   08-05 Máchovo fishpond, Czech Republic +  + + 
D. affine (Lemm.) Wacklin et al. 04-44 Svět fishpond, Czech Republic + + + + 
D. affine(Lemm.) Wacklin et al. 05-03 Staňkovský fishpond, Czech Republic +  + + 
D. flos-aquae (Bréb. ex Born. et Flah.) 
Wacklin et al. 

04-10 Byňovský fishpond, Czech Republic +  + + 

D. flos-aquae (Bréb. ex Born. et Flah.) 
Wacklin et al. 

04-40 Skalka reservoir, Czech Republic + + + + 

D. flos-aquae (Bréb. ex Born. et Flah.) 
Wacklin et al. 

04-57 Vajgar fishpond, Czech Republic  + + + 

D. circinale (Rabenh. ex Born. et Flah.) 
Wacklin et al.  
x D. crassum (Lemm.) Wacklin et al. 

04-22 Husinec reservoir, Czech Republic  + + + 

D. circinale (Rabenh. ex Born. et Flah.) 
Wacklin et al.  
x D. crassum (Lemm.) Wacklin et al. 

04-26 Jesenice reservoir, Czech Republic  + + + 

D. circinale (Rabenh. ex Born. et Flah.) 
Wacklin et al.  
x D. crassum (Lemm.) Wacklin et al. 

04-28 Hodějovický fishpond, Czech Republic + + + + 

D. circinale (Rabenh. ex Born. et Flah.) 
Wacklin et al.  
x D. crassum (Lemm.) Wacklin et al. 

04-59 Valcha fishpond, Czech Republic  + + + 

D. compactum (Nygaard) Wacklin et 
al. 

04-17 Dubnenský fishpond, Czech Republic  + + + 

D. compactum (Nygaard) Wacklin et 
al. 

06-02 Pěšák fishpond, Czech Republic +  + + 

D. compactum (Nygaard) Wacklin et 
al. 

06-03 Svět fishpond, Czech Republic +  + + 

D. curvum (Hill) Wacklin et al. 04-19 Hejtman fishpond, Czech Republic + + + + 
D. lemmermannii (Richter in Lemm.) 
Wacklin et al. 

04-24 Husinec reservoir, Czech Republic + + + + 

D. lemmermannii (Richter in Lemm.) 
Wacklin et al. 

04-38 Senecký fishpond, Czech Republic  + + + 

D. lemmermannii (Richter in Lemm.) 
Wacklin et al. 

04-42 Svět fishpond, Czech Republic  + + + 

D. mendotae (Trelease) Wacklin et al.  
x D. sigmoideum (Nygaard) Wacklin et 
al. 

04-06 Březová reservoir, Czech Republic  + + + 

 
D. mendotae (Trelease) Wacklin et al.  
x D. sigmoideum (Nygaard) Wacklin et 
al. 

04-11 Černiš fishpond, Czech Republic  + + + 

D. mendotae (Trelease) Wacklin et al.  
x D. sigmoideum (Nygaard) Wacklin et 
al. 

04-33 Orlík reservoir, Czech Republic + + + + 

D. mendotae (Trelease) Wacklin et al.  
x D. sigmoideum (Nygaard) Wacklin et 
al. 

04-45 Svět fishpond, Czech Republic + + + + 

D. mendotae (Trelease) Wacklin et al.  
x D. sigmoideum (Nygaard) Wacklin et 
al.  

05-01 Lipno reservoir, Czech Republic +  + + 

D. mucosum (Kom-Legn. et Eloranta) 
Wacklin et al. 

06-04 Horák fishpond, Czech Republic +  + + 

D. mucosum (Kom-Legn. et Eloranta) 
Wacklin et al. 

08-03 Mařka fishpond, Czech Republic +  + + 

D. planctonicum (Brunnthaler) 
Wacklin et al. 

00-05 Nechranice reservoir, Czech Republic +  + + 

D. planctonicum (Brunnthaler) 
Wacklin et al. 

03-02 Lipno reservoir, Czech Republic +  + + 

D. smithii (Komárek) Wacklin et al. 05-05 Dubnenský fishpond, Czech Republic +  + + 
D. smithii (Komárek) Wacklin et al. 08-02 Mařka fishpond, Czech Republic +  + + 
D. spiroides (Bréb. ex Born. et Flah.) 
Wacklin et al. 

04-51 Svět fishpond, Czech Republic  + + + 

D. viguieri (Denis et Frémy) Wacklin 
et al. 

08-04 Mařka fispond, Czech Republic +  + + 

S. aphanizomenoides (Forti) 
Zapomělová et al. 

04-43 Svět fishpond, Czech Republic +  + + 

S. reniformis (Lemm.) Zapomělová et 
al. 

06-01 Pěšák fishpond, Czech Republic + + + + 

S. reniformis (Lemm.) Zapomělová et 
al. 

07-01 Vyšehrad fishpond, Czech Republic +  + + 
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16S rDNA sequencing: The biomass of the strains was harvested in the exponential phase 
of growth by repeated centrifugation, during which the trichomes were washed several 
times by NaCl solution (concentration 1 g.L-1) to remove or reduce mucilaginous 
substances. The biomass samples were stored at –20 °C until DNA extractions. DNA was 
extracted using UltraCleanTM Microbial DNA Isolation Kit (MO BIO Laboratories, Inc., 
Carlsbad, CA). The 16S rRNA gene and ITS region were amplified with primers 16S27F 
and 23S30R (Taton et al., 2003). Amplification was carried out as follows: one cycle of 
5 min at 94 °C; 10 cycles of 45 s at 94 °C, 45 s at 57 °C, and 2 min at 72 °C; 25 cycles of 
45 s at 94 °C, 45 s at 54 °C, and 2 min at 72 °C; and a final elongation step of 7 min at 
72 °C. PCR products were cleaned using NucleoSpin ExtractII kit (Macherey-Nagel GmbH 
& Co. KG, Düren, Germany). PCR products were then used as templates for sequencing 
with primers 16S27F, 23S30R (Taton et al., 2003), primer cAlaR (Wilmotte et al., 1994), 
primers WAW1486R and Primer 14 (Wilmotte et al., 1993), and primer CYA781F(a) 
(Nübel et al., 1997). The sequencing was performed at a commercial facility (Laboratory of 
Genomics, Biology Centre of AS CR, České Budějovice, Czech Republic). 
 
Phylogenetic analyses: Sequences were aligned in the program ARB (http://www.arb-
home.de) and the alignment was edited manually. For the phylogenetic analysis, trees were 
built with the Neighbour joining method (NJ) (Saitou and Nei, 1987) for that 500 bootstrap 
replicates were performed. Nucleotide sequences were deposited at GenBank under the 
accession numbers AM940218, AM940219, FM161348–FM161350, FM242083–
FM242088, and FN691905–FN691926. 
 
Fatty acid profiles: A Hewlett Packard 6890 (series II) gas chromatograph modified for 
glass-capillary work and a HP-GC mass selective detector (5973B MSD) were used. Fatty 
acid methyl esters were prepared according to Metcalfe and Wang (1981) and analyzed by 
GC on capillary column, i.e. RTX 1701, 30 m, 0.32 mm, 0.25 mm film (Restek, USA). The 
GC oven was programmed for 40 ºC per 2 min, increase 2 ºC min-1 to 300 ºC, 20 min at 300 
ºC. The injector temperature was kept at 180 ºC. The flow rate of the carrier gas (helium) 
was 0.5 mL.min-1. The MS detector operated at 200 ºC, ionization energy was 70 eV. The 
scan range was from 30 to 700 m/z at 0.9 scan per second. Solvent delay was 9 min. Fatty 
acid methyl esters were identified using mass spectral libraries search (Wiley 7th, and 
NIST-98). 
Statistical package Statistica 9.0 for Windows (Stat Soft, Inc, Tulsa, OK) was used for 
evaluation of similarities among fatty acid profiles of the strains studied (cluster analysis – 
Euclidean distance, single linkage). 
 
Secondary metabolite content: extract preparation and high performance liquid 
chomatography with connection to mass spetrometry (HPLC-MS) analysis 
Lyophilized biomass (approx. 40 mg) was disintegrated by grinding and extracted in 2 mL 
of 70% methanol (MeOH) in microtubes for 30 min. The microtubes were centrifuged at 
3170 g at 4 °C for 15 min. Supernatant was concentrated ten times using a rotary vacuous 
drier. HPLC-MS analysis was performed in order to determine the content of secondary 
metabolites. The extracts were analyzed on a reversed phase column (Zorbax XBD C8, 4.6 x 
150 mm, 5 μm) using MeOH / H2O gradient with the flow rate of 0.6 mL.min-1. For a more 
effective ionization 0.1% formic acid was added into the eluents. The extract composition 
was analyzed by the HP 1100 Agilent mass spectrometer HP 100 MSD SL-Ion trap in 
positive mode. The settings were selected to cover the mass range between 50–2000 Da, and 
the ion trap was targeted to molecular masses near 900 Da. Automatic fragmentation of the 
most intensive peak was applied. The molecular ions were determined based on the presence 
of sodium and potassium adducts and based on the distribution of isotopologues. Only 
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metabolites found in at least two of the strains studied were taken into consideration. 
Photosynthetic pigments, identified based on absorption spectra, were eliminated from the 
analysis. The similarities of whole secondary metabolite profiles among the strains studied 
were visualized by cluster analysis (Euclidean distance, complete linkage) computed by 
Statistica for Windows (Stat Soft, Inc, Tulsa, OK). 
 
 
2. Results and discussion 
 
The present study provides a unique chemotaxonomic dataset of the genera 
Dolichospermum and Sphaerospermopsis. These data are comparable among all of the 
strains studied, since they were grown, harvested and analyzed in the same time under 
identical conditions. This is extremely important because both fatty acid composition and 
secondary metabolite production were previously shown to be influenced by environmental 
conditions and growth phase (Sivonen, 1996; Rapala and Sivonen, 1998; Dembitsky et al., 
2003, 2005; Temina et al., 2007), which hampers the overall comparison of the results 
obtained in the past by different authors (Li and Watanabe, 2001; Gugger et al., 2002b; Li 
and Watanabe, 2004). Morphology of our strains has been described in detail (Appendix 1–
3), which, together with the information on genotypic relationships among the strains, is a 
prerequisite of reliable interpretation of the results. 
 
3.1. Morphological characteristics 
 
Principal Component Analysis (PCA) was employed to compare morphometric parameters 
of 33 natural populations representing 12 different morphospecies of the genus 
Dolichospermum and 2 morphospecies of the genus Sphaerospermopsis. The analysis has 
demonstrated a continuum of morphological variability within this cyanobacterial group 
where no distinctly delimited groups of populations representing traditional species can be 
recognized (Fig. 1).  
 

 
 
Fig. 1. PCA diagram based on the morphological characteristics of the studied 
cyanobacterial populations from the field conditions. Each strain is symbolized by plain 
circle (Dolichospermum), full circle (Anabaena sp.) or square (Sphaerospermopsis). The 
most variable morphological characteristics are shown by the arrows (veg., vegetative cells; 
het., heterocytes; ak., akinetes; L, length; W, width; L:W, length:width ratio). The first and 
the second canonical axes explain together 74.9% of the total variance. D. aff., 
Dolichospermum affine; D. circ., D. circinale; D. curv., D. curvum; D. dan, D. danicum; D. 
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fl.-aq., D. flos-aquae; D. lemm., D. lemmermannii; D. mend., D. mendotae; D. muc., D. 
mucosum; D. planc., D. planctonicum; D. smith., D. smithii; D. spir., D. spiroides; D. vig., 
D. viguieri; S. aph., Sphaerospermopsis aphanizomenoides; S. renif., S. reniformis. The 
strain codes are explained in Table 1.  
 
The exceptions are D. compactum and Sphaerospermopsis morphospecies (S. 
aphanizomenoides and S. reniformis), which were morphologically clearly defined by the 
shape and position of the akinetes and the morphology of trichome coiling. This is 
consistent with former study on morphological diversity among natural populations of 
various Dolichospermum morphospecies (Zapomělová et al., 2007). For general 
morphologies of all of the strains studied see the microphotographs in Appendix 1–3. 
In several cases, wider groups of morphospecies were only recognizable while the 
borderlines between single morphospecies were unclear (D. circinale & D. crassum, and D. 
mendotae & D. sigmoideum). Laboratory experiments by Zapomělová (2008) and 
Zapomělová et al. (2008, 2010b) aimed at morphological plasticity of selected 
Dolichospermum strains supported the existence of wider complexes of morphospecies 
within this cyanobacterial group. The authors demonstrated that single strains under 
manipulated experimental conditions (temperature, light, concentration of N and P) were 
able to span the variability of both the species D. circinale and D. crassum, or D. mendotae 
and D. sigmoideum respectively, as they were originally described. 
The herein presented results indicated that additional morphological criteria (i.e. shape of 
akinetes, arrangement of heterocytes and akinetes, filament aggregation, occurrence and 
pattern of trichome coiling) have to be used besides morphometry for reliable identification 
of other than D. compactum or Sphaerospermopsis morphospecies. 
 
3.2. Molecular characteristics and phylogenetic analyses 
 
Sequencing of 16S rRNA gene was performed in pure clonal strains isolated from the 
above-mentioned natural populations of Dolichospermum spp. and Sphaerospermopsis spp. 
Two neighbor-joining trees were constructed; the first one for the strains where fatty acids 
were analyzed (Fig. 2) and the second one for the strains where HPLC-MS analysis of 
secondary metabolites was performed (Fig. 3). Both of the trees displayed consistent 
clustering of the strains, which was in a good agreement with their morphospecies 
affiliations.  
The genera Dolichospermum and Sphaerospermopsis were located in two distinctly 
separated clusters A and B, highly supported (Fig. 2–3), which was one of the main reasons 
why the genus Sphaerospermopsis was established (Zapomělová et al., 2009, 2010a). The 
cluster A comprised four distinct subclusters A1–A4 of significant bootstrap supports and an 
outlying strain D. curvum 04-19. The strain 04-19 displayed evident morphological 
differences in comparison to other Dolichospermum strains, i.e. specific trichome coiling 
and clumps of trichomes in distinct mucilaginous envelope. It was identified as D. curvum, 
since its morphlogy resembled morphological features of the strain Anabaena curva Ana Ao 
presented by Li et al. (2000). Particularly the general morphology of trichome coiling of our 
strain 04-19 and the accumulation of its filaments in thick mucilage were highly similar to 
the strain Ana Ao. On the contrary, the shape of akinetes, which was also identical in both 
strains, did not agree with the original description of A. curva (Hill, 1976). According to the 
original description, the akinetes of A. curva should be markedly curved and elongated, 
while both our strain 04-19 and the strain Ana Ao by Li et al. (2000) exhibited kidney-
shaped akinetes. 
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Fig. 2. Neighbour-joining tree based on 16S rRNA gene sequences (1419 bp) showing the 
clustering of cyanobacterial strains from that fatty acid profiles were analyzed. Numbers 
near nodes indicate bootstrap values over 50%. Drawings demonstrate morphological 
features that are typical and common for the strains of single genetic clusters. D., 
Dolichospermum, S., Sphaerospermopsis.  
 
The subcluster A1 showed the highest genotypic and morphological diversity. It comprised 
wide range of morphospecies: D. planctonicum, D. mucosum, D. viguieri, D. smithii, D. 
flos-aquae, D. affine and strains from morphological complex of D. circinale x D. crassum. 
Common morphological features of all these strains were relatively low length:width ratios 
of all cell types (vegetative cells, heterocytes, akinetes) and their relatively large dimensions 
(Fig. 1).  

 
 
 
Fig. 3. Neighbour-joining tree based on 16S rRNA gene sequences (1392 bp) showing the 
clustering of cyanobacterial strains from that secondary metabolites were analyzed. Symbols 
represent the most frequent randomly distributed compounds (RD) and compounds 
exhibiting correlation with 16S rRNA phylogeny (CC):   (m/z 685.2, RT 11.6 min),          

 (m/z 715.3, RT 21.6 min),  (m/z 701.3, RT 11.2 min),  (m/z 256.3, RT 21.7 min), 
(m/z 569.4, RT 20.4 min),  anabaenopeptin B (m/z 837.4, RT 13.1 min),  (m/z 727.4, 

RT 12.6 min),  (m/z 534.4, RT 12.2 min),  (m/z 714.4, RT 7.2 min),  (m/z 756.3, RT 
9.6 min),  (m/z 731.3, RT 19.4 min),  unknown variant of anabaenopeptin (m/z 842.4, 
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RT 20.1 min),  anabaenopeptin A (m/z 844.4, RT 17.1 min) , anabaenopeptin D (m/z 
828.5, RT 19.6 min).  Numbers near nodes indicate bootstrap values over 50%. Drawings 
demonstrate morphological features that are typical and common for the strains of single 
genetic clusters.  
 
Clustering of these morphospecies together is consistent with phylogenetic analyses based 
on 16S rRNA gene sequences performed by Rajaniemi et al. (2005a) on strains from 
Finland. The uniform subcluster A2 consisted of the strains of D. compactum, which agreed 
exactly with the findings by Rajaniemi et al. (2005a, 2005b). These strains were clearly 
characterized by tight regular coiling of their trichomes and widely ovoid akinetes with low 
length:width ratios, distant from heterocytes. For the strains of the subcluster A3 formation 
of ovoid akinetes next to heterocytes was typical. This akinete position was stable in all 
strains of D. lemmermannii and was only rarely disrupted in the strain D. flos-aquae 04-40. 
Though D. lemmermannii is known as highly diversified taxon from morphological point of 
view (Komárková, 1988; Zapomělová et al., 2007), the arrangement of akinetes is invariable 
and was shown to be a good indicator of its phylogenetic affiliation vs. D. mendotae and D. 
sigmoideum morphospecies that occur in different molecular cluster (Zapomělová et al., 
2010b). 
The subcluster A4 contained strains from morphological complex of D. mendotae x D. 
sigmoideum. Typical morphological characteristics of these strains are the shapes of 
vegetative cells and akinetes (high length:width ratios; Fig. 1) and the position of akinetes 
distant from heterocytes. 
The cluster B contained a highly supported subcluster B1 (Sphaerospermopsis strains with 
nearly-spherical akinetes adjacent to heterocytes as the autapomorphic feature) and an 
outlying strain Anabaena sp. 08-05, preliminarily identified as D. cf. danicum according to 
its morphology. Phylogenetic affiliation based on 16S rRNA gene sequence, nevertheless, 
indicated, that the strain 08-05 cannot be classified as a morphospecies of Dolichospermum; 
and neither of Sphaerospermopsis, from which it is separated with 100% bootstrap support. 
This strain probably represents a specific group of Anabaena-like cyanobacteria on generic 
level that has not yet been described. Further studies are highly required for the definite 
identification of this group corresponding to a potential new genus. It is questionable 
whether our strain 08-05 actually represented D. danicum. The width of its filaments, their 
mucilaginous envelope, and the dimensions and shapes of the akinetes corresponded with 
the original description of D. danicum (Komárková-Legnerová and Eloranta, 1992). On the 
contrary, the trichomes of our strain 08-05 were distinctly narrowed towards the ends and 
the terminal vegetative cells were elongated, especially in the original natural population 
(Appendix 2 C). And the shape of vegetative cells in general was also not typical for true D. 
danicum. However, 16S rRNA gene sequences of any D. danicum strains are not available 
either in literature or in GenBank. Sequence of 16S rRNA gene of the strain 08-05 cannot be 
therefore compared with the sequences of this taxon.  
 
3.3. Fatty acid profiles 
 
As seen from Table 2, the cyanobacteria produced large amounts of linoleic and linolenic 
acids, whose content in some strains exceeded 50% of total FA. To our knowledge such 
high content has not yet been described in the genus Dolichospermum and closely related 
cyanobacteria (cf. Li and Watanabe, 2001, 2004; Gugger et al., 2002b). This can be 
explained most likely by geographic differences at the site of collection and hence by 
different growth conditions (temperature, sunshine, amount of inorganic substances in the 
water, etc.; see Temina et al., 2007). Noteworthy is also the content of two positional 
isomers of hexadecenoic acid, which were found in previous analyses (Li and Watanabe, 
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2001, 2004; Gugger et al., 2002b). Overall, the FA of our cyanobacterial strains, with the 
exception of the features caused by ecological and geographical conditions, do not differ 
from FA described so far. 
 
Table 2. Fatty acid compositions (%) of different Dolichospermum and Sphaerospermopsis 
strains 

 

Taxa Strain 
code 

14:0 15:0 16:2 16:1a 16:1
b 

16:0 17:0a 17:0
b 

18:3 18:2 18:1 18:0 19:0 

Anabaena sp. 08-05 0.8 0.0 2.9 4.2 2.8 31.9 0.1 0.3 41.9 9.5 0.8 4.7 0.1 
D. affinis 04-44 2.1 0.7 5.2 4.5 5.1 25.6 0.0 0.1 43.5 11.1 1.1 0.9 0.1 
D. affinis 05-03 5.8 0.0 5.8 2.9 3.9 17.5 0.1 0.1 34.1 26.4 0.8 2.6 0.0 
D. circinalis x 
D. crassum 

04-28 2.2 1.4 4.1 8.0 4.8 22.4 0.0 0.1 41.8 13.3 0.1 1.8 0.0 

D. compactum 06-02 0.7 0.1 7.4 8.3 3.8 20.2 0.0 0.0 38.2 20.1 0.5 0.7 0.0 
D. compactum 06-03 0.8 0.0 7.6 7.6 4.6 8.2 0.1 0.1 51.3 18.7 0.2 0.8 0.0 
D. curvum 04-19 2.2 0.3 3.0 1.3 3.5 26.9 0.0 0.1 51.6 7.1 1.6 2.3 0.1 
D. flos-aquae 04-10 0.7 0.1 7.1 5.2 2.4 21.9 0.0 0.1 40.4 19.4 0.2 2.4 0.1 
D. flos-aquae 04-40 6.1 0.3 3.2 0.2 5.0 29.4 0.0 0.0 47.9 4.9 1.2 1.6 0.2 
D. 
lemmermannii 

04-24 5.0 2.0 2.5 0.2 5.2 24.8 0.0 0.1 50.8 3.9 2.4 3.0 0.1 

D. 
lemmermannii 

04-42 2.2 0.3 3.4 2.1 3.0 24.2 0.0 0.1 55.1 7.4 0.6 1.5 0.1 

D. mendotae x 
D. sigmoideum 

04-11 0.7 0.5 6.6 3.6 4.9 21.7 0.0 0.1 46.4 14.2 0.4 0.8 0.1 

D. mendotae x 
D. sigmoideum 

04-33 0.9 1.6 4.0 3.7 4.9 25.7 0.0 0.0 48.1 9.6 0.8 0.6 0.1 

D. mendotae x 
D. sigmoideum 

04-45 1.0 0.3 6.2 4.0 4.6 8.6 0.0 0.2 56.8 16.5 0.6 1.1 0.1 

D. mendotae x 
D. sigmoideum 

05-01 0.7 0.1 7.1 5.2 4.5 15.0 0.0 0.1 50.3 16.1 0.1 0.8 0.0 

D. mucosum 06-04 0.5 0.5 4.6 2.1 7.8 28.2 0.4 0.2 36.7 12.9 4.2 1.8 0.1 
D. mucosum 08-03 0.7 0.0 5.5 2.7 2.9 31.4 0.1 0.1 36.9 17.2 0.6 1.8 0.1 
D. 
planctonicum 

00-05 1.7 0.2 5.3 5.4 3.9 25.7 0.1 0.1 42.5 12.6 0.9 1.5 0.1 

D. 
planctonicum 

03-02 1.0 0.2 0.1 0.7 21.0 30.2 0.7 1.3 27.5 6.8 4.6 5.5 0.4 

D. smithii 05-05 1.3 0.1 0.0 0.3 12.0 53.6 0.2 0.7 7.0 1.8 3.7 18.9 0.4 
D. smithii 08-02 0.8 0.0 5.7 3.6 3.2 28.5 0.1 0.1 38.9 17.2 0.2 1.6 0.1 
D. viguieri 08-04 0.3 0.2 0.1 0.0 19.3 28.2 0.2 0.4 44.0 3.8 1.8 1.6 0.1 
S. 
aphanizomenoi
des 

04-43 1.5 2.5 0.2 0.2 23.9 37.5 0.0 0.2 19.2 1.9 9.8 3.0 0.1 

S. reniformis 06-01 2.7 0.2 0.1 0.2 19.8 52.9 0.0 0.3 8.1 1.8 8.8 4.8 0.3 
S. reniformis 07-01 1.5 0.8 0.1 0.3 15.6 27.4 0.0 0.1 41.2 6.1 5.2 1.6 0.1 
Cyanobium sp. 10-NR 10.7 0.0 0.0 36.2 39.8 8.2 0.0 0.9 0.2 0.0 2.9 1.1 0.0  

 

The complete linkage cluster analysis of fatty acid profiles resulted in four clusters of strains 
(Fig. 4), which displayed low correlation with morphospecies affiliation of the strains and 
their phylogenetic clustering based on 16S rRNA gene. Studies of Li and Watanabe (2001, 
2004) indicated that planktonic Anabaena (currently Dolichospermum) strains can be 
divided into two groups differing in fatty acid production, i.e. Type 2A producing 16:2 and 
16:3, and Type 2B where no 16:2 and 16:3 were found. The Type 2B in the studies by Li 
and Watanabe (2001, 2004) comprised morphospecies D. planctonicum, D. danicum, D. 
affine, S. kisseleviana, and strains Anabaena eucompacta and A. oumiana. Taxonomic status 
of the two latter morphospecies (A. eucompacta, A. oumiana) has not yet been satisfactorily 
clarified but they both form spherical akinetes adjacent to heterocytes, suggesting that they 
may belong more likely to the genus Sphaerospermopsis than to Dolichospermum 
(Zapomělová et al., 2009). Contrary to the above-mentioned studies, Gugger et al. (2002b) 
found neither 16:2 nor 16:3 in their Anabaena strains. 
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Fig. 4. Complete linkage cluster analysis dendrogram showing the similarities (Euclidean 
distances) of fatty acid profiles among planktonic Anabaena sp., Dolichospermum spp. and 
Sphaerospermopsis spp. strains of various morphospecies. The capitals indicate the type of 
localities from where the strains were isolated: F, fishpond, R, reservoir. 

We only detected production of 16:2, while 16:3 was not detected in any of our 
Dolichospermum and Sphaerospermopsis strains in amouts higher than 0.1% of total fatty 
acid methyl esters. Very low or no production of 16:2, corresponding to Type 2B, was 
detected in all of our Sphaerospermopsis strains (04-43, S. aphanizomenoides; 06-01, S. 
reniformis; 07-01, S. reniformis) and in one of the D. planctonicum strains (03-02), which is 
in a good agreement with the results of Li and Watanabe (2001, 2004). On the contrary, the 
strains 05-05 (D. smithii), and 08-04 (D. viguieri) also belonged to Type 2B, while Li and 
Watanabe (2001, 2004) referred these morphotypes belonging to Type 2A. Besides the fatty 
acid 16:2, production of the 18:1 appeared to be characteristic for Sphaerospermopsis. All of 
the three Sphaerospermopsis strains studied displayed relatively higher concentration of 
18:1 compared to other strains analyzed (Table 2). 
 
2.4.  Secondary metabolite contents 
 
For the purposes of the present study we selected an approach that considered each 
compound of certain molecular mass (expressed as m/z value) at certain retention time (RT) 
as one biochemical marker. The main reason was an enormous diversity of cyanobacterial 
secondary metabolites (e.g. Welker and von Dohren, 2006; Van Wagoner et al., 2007). Most 
of their structural variants have been probably not yet described and remain unknown 
(Welker et al., 2006; Hrouzek et al., 2010). Similar approach was successfully applied to 
analysis of whole bacterial cells spectra by means of MALDI-TOF MS (Holland et al., 
1996). 
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Extract analysis of the 19 cyanobacterial strains studied revealed 170 compounds, 26 of 
which were present at least in two strains. Distribution of compounds that were common for 
two or more strains was compared with reconstructed 16S rRNA gene phylogeny in order to 
find possible correlations. The complete linkage cluster analysis of total metabolite content 
resulted in four clusters of chemotypes (Fig. 5), which displayed low correlation with 
morphospecies affiliation of the strains, their phylogenetic clustering based on 16S rRNA 
gene and also with the clustering based on fatty acid profiles. The strain S. reniformis 06-01 
was clearly separate from all other strains in the complete linkage cluster analysis, which is 
in a good agreement with results of phylogenetic analysis and was also reported previously 
(Zapomělová et al., 2009).  

 
Fig. 5. Complete linkage cluster analysis dendrogram showing the similarities (Euclidean 
distances) of MS spectra of secondary metabolites among planktonic Dolichospermum spp. 
and Sphaerospermopsis spp. strains of various morphospecies. The capitals indicate the type 
of localities from where the strains were isolated: F, fishpond, R, reservoir. 
 
 
 
The pattern of the compound distribution was further categorized into three groups:  
 
1. Particular compound is randomly dispersed across the genotypic clusters based on 16S 
rRNA gene sequences. 
2. The compound occurs in several strains of a monophyletic genotypic cluster but not in 
all strains of the cluster. 
3. The compound is present in the closest relatives and nowhere else in the phylogenetic 
tree, and can be considered as autoapomorphy. 
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Fig. 6. Secondary metabolite profiles of Dolichospermum strains of cluster A4 (base peak 
HPLC-MS chromatograms). Production of different anabaenopeptin conformers and 
probably unknown anabaenopeptin variants was found in all members of the cluster A4, 
which supports clustering of this group. Compounds which were detected in more than one 
strain of cluster A4 are in bold and marked by asterisk. ph, peak corresponding to phtalate 
contamination. 
 

 
Most of the compounds (67%) fell into the first category and their random distribution 
across 16S rRNA gene phylogeny is demonstrated on the most frequently occurring 
compounds (Fig. 3). Detailed example of this random pattern is given using the compound 
of m/z 685.2 and RT 11.6 min (Fig. 3, full circles), which was spread both among all 
subclusters of Dolichospermum and also within these subclusters (Fig. 6–7). 
Only 14% of the detected compounds fell into the second group and were produced by some 
of strains within a monophyletic cluster.  
Production of unknown compound of m/z 842.4 and RT 20.1 min was recorded exclusively 
in three strains of D. mendotae x D.sigmoideum complex (04-33, 04-11, 04-45), tightly 
clustering in subcluster A4; however, in fourth member of this group (04-06) this compound 
was missing (Fig. 6). In all members of this cluster, production of cyclic peptides 
anabaenopeptines was recorded based on molecular weight, UV-spectra and retention 
behavior, following the methodology by Fujii et al. (2002). Strain 04-06 was found to 
contain anabaenopeptin A and B, while strains 04-33 and 04-11 were proved to synthesize 
anabaenopeptin D. Thus it is highly probable that the above-mentioned compound produced 
by 04-33, 04-11 and 04-45 is an unknown variant of anabaenopeptin. This suggestion is 
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highly supported by similarities of this compound with other anabaenopeptins in MS3 
spectrum (data not shown). Thus, the strains of the phylogenetic cluster A4 can be 
characterized by anabaenopeptin production. Within the strains studied, production of 
anabaenopeptin B was also recorded in D. lemmermannii 04-24 located in cluster A3 (Fig. 3 
and 7) and anabaneopeptin production cannot be therefore used as an exclusive biochemical 
marker for cluster A4. However, it definitely supports the grouping of cluster A4.  
 

 
 

Fig. 7. Secondary metabolite profiles of Dolichospermum strains of cluster A3 (base peak 
HPLC-MS chromatograms). None of observed compounds was found to be characteristic 
for this cluster. Particular compounds are characterized by their m/z values. Compounds that 
were detected in more than one strain of cluster A3 are in bold and marked by asterisk. 
Production of cyclic peptide anabaenopeptin B was recorded in D. lemmermanni 04-24. ph, 
peak corresponding to phtalate contamination. 

 
 
Tight clustering of D. circinale x D. crassum strains 04-22 and 04-26 was absolutely 
confirmed by production of three compounds (m/z 714.4, RT 7.2 min; m/z 756.3, RT 9.6 
min; m/z 731.3, RT 19.4 min) that were only detected in these two strains and were not 
produced by  any other strains studied. Nevertheless, these compounds were missing in the 
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third D. circinale x D. crassum strain (04-28) that exhibited 100% 16S rRNA gene sequence 
similarity with previous two isolates. 
Finally, 5 compounds (19% of the compounds found in at least two strains) fell into the third 
category and were present in closely related strains (strictly monophyletic group) and 
nowhere else in the phylogenetic tree. Thus, they can be considered as autapomorphic 
characters with a good potential for taxonomic purposes. In both strains of S. reniformis, 
molecular ion of m/z 1235.7 and RT 19.8 min corresponding to puwainaphycin A was found 
(Zapomělová et al., 2009). Production of this compound was not proved in any 
Dolichspermum strains and thus this result is in congruence with morphological and 
molecular data. 
Strains D. affine 04-44 and D. flos-aque 04-57, which clustered within subcluster A1, were 
both found to produce two compounds (m/z 534.4, RT 12.2 min; m/z 727.4, RT 12.6 min). 
Also their relation to D. spiroides 04-51 was confirmed by production of the compound of 
m/z 727.4 in this strain. Production of anabaenopeptin D (m/z 828, RT 19.6 min) and 
unidentified compound of m/z 652.3 and RT 13.7 min by D. mendotae x D. sigmoideum 
strains 04-33 and 04-11 was in a good agreement with their tight clustering within the 
cluster A4. 
 
3.5.  General discussion, conclusions 
 
Majority of the detected secondary metabolites and fatty acids exhibited random pattern 
compared with each other and with the 16S rRNA gene phylogeny of the strains studied. 
Total secondary metabolite content and fatty acid profiles in general therefore appear not to 
be reliable chemotaxonomic tools for the cyanobacterial genera studied. As was suggested 
by Thacker and Paul (2004), who found similarly low consistency between 16S rRNA gene 
phylogeny and chemical traits in cyanobacterial genera Lyngbya and Symploca, divergence 
in chemosynthetic genes may not be reflected in 16S rRNA gene sequences if the ribosomal 
sequences are relatively more conserved. Earlier studies demonstrated differences in toxin 
production among genetically similar strains and vice versa (Lyra et al., 2001; Baker et al., 
2002; Gugger et al., 2002b). The random distribution of microcystin synthesis genes across 
the phylogenetic spectrum of cyanobacteria was suggested to be the result of ancient origin 
of the synthetic pathway rather than the result of lateral gene transfer (Rantala et al., 2004). 
However, the evidence of lateral gene transfer for cyanobactin synthetic genes has been 
recently referred (Leikoski et al., 2009) and probably it will play more important role then it 
was assumed. These facts are strong arguments that cyanobacterial peptides are not good 
chemotaxonomic markers, which is in agreement with our data. Moreover, the synthetic 
pathways are probably rapidly evolving systems, since cyanobacterial strains of almost 
identical 16S rDNA can display markedly different metabolite profiles (Zapomělová et al., 
2008). This is supported by our observation that 144 of the total 170 compounds were 
produced by only one of the strains studied. Little is known about the evolution of genes of 
fatty acid biosynthesis in prokaryotic autotrophs. Nevertheless, the effect of lateral gene 
transfer cannot be excluded, since some indications of lateral transfer of genes of fatty acid 
biosynthesis have been reported from other prokaryotes, e.g. Mycobacterium tuberculosis 
(Kinsella et al., 2003).   
On the other hand, we demonstrated that certain correlations between particular compound 
production and 16S rRNA gene phylogeny exist. In all suchlike cases the Dolichospermum 
strains were isolated from distinct localities and it is therefore highly probable that they 
represented different clones. Secondary metabolite synthetic apparatus is supposedly rapidly 
evolving; and the correlations found despite this can be therefore considered as a support of 
taxonomic classification at certain level.   
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Appendixes 
 

 
 
Appendix 1: Microphotographs of cyanobacterial strains studied. (A) D. affine 04-44, (B) 
D. affine 05-03, (C) D. flos-aquae 04-10, (D) D. circinale x D. crassum 04-22, (E) D. 
circinale x D. crassum 04-26, (F) D. circinale x D. crassum 04-28, (G) D. flos-aquae 04-40, 
(H) D. flos-aquae 04-57, (I) D. circinale x D. crassum 04-59, (J) D. compactum 04-17, (K) 
D. compactum 06-02. Scale bars represent 10 μm. 
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Appendix 2: Microphotographs of cyanobacterial strains studied. (A) D. compactum 06-03, 
(B) D. curvum 04-19, (C) Anabaena sp. 08-05, (D) D. lemmermannii 04-24, (E) D. 
lemmermannii 04-38, (F) D. lemmermannii 04-42, (G) D. sigmoideum x D. mendotae 04-06, 
(H) D. sigmoideum x D. mendotae 04-11, (I) D. sigmoideum x D. mendotae 04-33, (J) D. 
sigmoideum x D. mendotae 04-45, (K) D. sigmoideum x D. mendotae 05-01. Scale bars 
represent 10 μm. 
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Appendix 3: Microphotographs of cyanobacterial strains studied. (A) D. mucosum 06-04, 
(B) D. mucosum 08-03, (C) D. planctonicum 00-05, (D) D. planctonicum 03-02, (E) D. 
smithii 05-05, (F) D. smithii 08-02, (G) D. spiroides 04-51, (H) D. viguieri 08-04, (I) S. 
aphanizomenoides 04-43, (J) S. reniformis 06-01, (K) S. reniformis 07-01. Scale bars 
represent 20 μm (A) or 10 μm (B–K). 
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Appendix 4: Secondary metabolites detected by HPLC-MS analysis in extracts of the 
Dolichospermum and Sphaerospermopsis strains studied. m/z values and retention times 
(RT) are given for each compound. 
 
m/z RT (min) 04-06 04-11 04-19 04-22 04-24 04-26 04-28 04-33 04-38 04-40 04-42 04-44 04-45 04-51 04-57 04-59 06-02 
714.4 7.2       1   1                       
756.3 9.6       1   1                       
909.1 9.9                       1   1       
701.3 11.2 1 1           1   1 1             
453.6 11.3         1   1   1                 
685.2 11.6 1 1       1 1     1 1     1 1 1 1 
823.3 11.9     1   1                         
543.4 12.2                       1     1     

1022.2 12.5     1   1                         
938.3 12.6                   1     1         
727.4 12.6                       1   1 1     
837.5 13.1 1       1                         
652.3 13.7   1           1                   

1036.8 13.8     1   1                         
587.4 17.5       1           1               
794.5 19.4         1                       1 
731.3 19.4       1   1                       
828.4 19.6   1           1                   
842.4 20.3   1           1         1         
569.4 20.4         1 1       1           1   
571.3 21.0         1                   1 1   
715.3 21.6       1   1       1         1 1   
256.3 21.7 1 1         1   1   1             
671.4 23.1                   1         1 1   
813.5 23.4           1   1                   
768.5 23.4     1           1         1       
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