UNIVERSITY OF SOUTH BOHEMIA
FACULTY OF SCIENCE

Cytotoxicity and secondary metabolites
production in cyanobacteria

Pavel Hrouzek
Ph.D. Thesis

Supervisor: Ing. Jifi Kopecky
Institute of Microbiology,
Section of Phototrophic Microorganisms, CAS

Consultant: Prof. Jifi Komarek
University of South Bohemia,
Faculty of Science

CESKE BUDEJOVICE 2010



Hrouzek, P. 2010: Cytotoxicity and secondary metabolites production in cyanobacteria — 136
p., Faculty of Science, University of South Bohemia, Ceské Budéjovice, Czech Republic

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 4. salina.
Moreover, in most of the strains with both activities to 4. 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 Ca®’ 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 Dohren, 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, Kniibel et al. 1990, Patterson and Carmeli 1992, Rodey
et al. 1999, Sivonen 1996, Welker and von Déhren 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 Doéhren, 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 Déhren, 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 Dohren, 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.
Kniibel 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. Marsalek 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.



Results

This thesis is based on results of five accepted scientific articles, one article submited to
international journals and two manuscript prepared for submision.

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.

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 f-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 f-amino acid unit. The rapid interaction of this compound with the plasma membrane
leads to an elevation of the concentration of intracellular Ca**, 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



asparaginyl moiety for a glutaminyl in the third position; but exhibited the same biological
function and moderate toxicity as did puwainaphycin F.

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.

v

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 rbcL.X 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.

\%

The genera Dolichospermum (Ralfs ex Bornet et Flahault) Wacklin et al. 2009 and
Sphaerospermopsis Zapomélova 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) Horecka et Komarek 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.

Vil

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 (Hodg&jovicky 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 Déhren 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



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 | and I11). 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 ). 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 (Jittner 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 I1). 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 I11).
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 I11). 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 I, 111). 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 f-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 Il1). Both these
structures differ from other congeners (Gregson et al. 1992) in 5 amino-acid positions as
well as the B-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 uM (paper Il). 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 pM (paper I1). 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 Ca*
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 ICs, 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 Ca®* 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 1V). All plaktonic
Anabaena isolates were grouped in a well-supported cluster sharing 98.6% in 16SrDNA
when isolates from lake Tuusulajérvi (Finland) were studied (paper 1V). Surprisingly, in
some subclusters of this group a clustering of the Anabaena strain with strains of the easily-
distinguishable genus Aphanizomenon were proved (paper 1V). 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 V1), 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 Tuusulajérvi; 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 16StDNA 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 1). 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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found to be 33%, which corresponds with previously published data. However, the frequency differs sig-
nificantly among strains, which originate from different climatic regions and microsites (particular local-
ities). A large fraction of intensely cytotoxic strains were found among symbiotic strains (60%) and tem-
perate and continental climatic isolates (45%); compared with the less significant incidences in strains
originating from cold regions {36%), deserts (14%j), 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 cytotox-
icity 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. © 2010 Wiley Periodicals, Inc. Environ Toxicol 00: 000-000, 2010,
Keywords: cytotoxicity; cyanobacteria; Mostoc; distribution; bioprospection

INTRODUCTION

The study of secondary cyanobacterial metabolites has
become a fascinating field of microbiology during the last
several decades. It has attracted the attention of many
research groups, and hundreds of different compounds with
different biological effects have been described (Carmi-
chael, 1992; Namikoshi and Rinehart, 1996; Sivonen, 1996;
Welker and von Dohren, 2006). The production of
different cyanobacterial metabolites can be examined from
two different perspectives. First, screening studies are tar-
geted toward the isolation of novel compounds for applica-
tions in pharmacology or biotechnology. Second, signifi-
cant amounts of such compounds are released by living or
decaying cyanobacterial cells, and thus affect the
environment. Accordingly, knowledge about the function
and fate of the compounds within the environment is also
important. Are the biological activities, which are the
object of our interest, part of cyanobacterial adaptation to
environmental conditions, or is this bioactivity effect
coincidental?

Cyanobacteria play an important role in various terres-
trial habitats. In some, they are the only primary producers,
and thus the ecosystem is dependent on their supply of bio-
mass (Luke3ovad, 1993; Dodds et al., 1993). Within these
habitats they are exposed to enormous grazing and parasitic
pressures from microorganisms and fungi, as has been dem-
onstrated by numerous studies (Birkemoe and Liengen,
2000: Pajdak-Stos et al., 2004: Darby et al., 2007). Apart
from this role, they are also important producers of differ-
ent secondary metabolites. A wide range of compounds
including peptides, alkaloids, macrolactones, and hetero-
cycles have been reported to be produced by cyanobacteria
(Carmichael, 1992; Namikoshi and Rinehart, 1996; Sivo-
nen, 1996). The most abundant compounds among cyano-
bacteria are different types of linear and cyclic peptides
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(Welker and von Dohren, 2006). They exhibit unique
amino acid compositions, and are synthesized via a nonri-
bozomal synthetic pathway (Kleikauf and von Déhren,
1996; Welker and von Dohren, 2006); which has been con-
firmed to be a primeval biochemical process (Rantala et al.,
2004).

Cyanobacterial metabolites exhibit a wide range of bio-
logical effects, Some of these substances possess potent cy-
totoxic or cytostatic activities to different mammalian cell
lines, making them interesting for pharmaceutical research
and applications. In the cyanobacterial depsipeptide crypto-
phycin, specific activity against solid tumors was found
(Teicher et al., 2000). In general, cytotoxins are very heter-
ogeneous regarding their chemical structures and modes of
action. The induction of oxidative stress (Ding and Ong,
2003; Botha et al., 2004), actin depolymerization (Patterson
et al., 1993; Smith et al., 1994), or interference with DNA
replication process (Patterson and Carmeli, 1992; Teneva
et al,, 2003} are the most commonly described effects for
cyanobacierial cytotoxins. Most of these compounds alfect
a wide range of organisms. Tolytoxin, one of the most
effective cytotoxins, causes profound injury to nearly all
eukaryotic organisms, including fungi and different inverte-
brates (Patterson and Carmeli, 1992). A similar wide-rang-
ing effect can also be found in other cytotoxins such as cal-
othrixins, cryptophycins, and pahayakolide (Rickards et al.,
1999; Berry et al., 2004; Biondi et al., 2004).

In our work, we asked if the distribution of cytotoxicity
and the production of a particular compound have a specific
pattern across different geographical regions and microsites
(habitats with homogenous conditions in a particular local-
ity). These data could provide greater insights into whether
the cytotoxicity is a result of coincidence or is environmen-
tally dependent. Finally, such data can help to predict good
sample collecting sites for strains with potential for phar-
maceutical or biotechnological purposes.
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MATERIALS AND METHODS

Cyanobacterial Strains and Extraction

In total, 82 cyanobacterial original isolates were incorpo-
rated into the study. For complete strain information and
deposition see Table 1. Strains were classified into the cli-
matic zones according to newest upload of Koppen-Geiger
climate classification (Peel et al., 2007). Cyanobacteria
were grown on liquid Alen-Armold mediom in 200 mL
tubes, bubbled with CO, enriched air (1.7%) for 10-14
days. Biomass was harvested by centrifugation in 50 mL
glass cuvettes (3000 rpm, 15 min.), stored at —40°C, and
lyophilized. 200 mg of Iyophilized biomass was transferred
into 10 mL glass test tubes and extracted, using 70% metha-
nol, for 2 h. Test tubes were centrifuged (3000 rpm, 15
min); the supernatant was then transferred to an evaporating
vessel and dried via a rotation vacuum evaporator. The
solid extract was re-suspended in 1 mL of 70% methanol.

Cell Line Maintenance and Preparation of the
Experiment

Two mammalian cell lines were selected for the cytotoxic-
ity assay - YAC-1 (murine lymphoblast, induced by Molo-
ney leukemia virus), and Sp/2 (murine myeloma cells). The
cells were cultivated in RPMI 1640 medium (Sigma R-
B003) with the addition of 5% fetal calf serum (PAA AlS-
04), 1% glutamine (Sigma G-5763), and 1% antibiotic-anti-
mycotic solution (Sigma A-7292); all in plastic tissue cul-
ture flasks at 37°C. Prior to the experiments, cells were
dyed with Trypan blue, in order to estimate viability, and
counted in a Biirkers plate chamber in a light microscope.
Only cell cultures with a higher viability than 90% were
used for the experiment. The cell suspension was centri-
fuged (1000 rpm, 10 min, 4°C), and an adequate amount of
fresh RPMI medium was added, in order to obtain a con-
centration of 1.5 X 10° cells per well (200 uL RPMI).

MTT Test

Cyanobacterial extract of 10 pl. was added to the wells in
triplicates, and triplicates treated only by 70% methanol
were left as the 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%
CO;) for 12 h. Cell viability, after exposure, was estimated
by MTT assay (Mosman, 1983); 10 ul. of MTT solution (4
mg/mL) was added and the plates incubated for 4 h. After
incubation, the plates were centrifuged (3000 rpm,
10 min.), and the supernatant removed. DMSO of 200 uL
was added to dissolve formazan crystals. Test and back-
ground absorbencies were measured at 590 and 640 nm,
respectively. The survival of cell lines was evaluated as the

19

ratio of treated wells’ absorbance to that of the control
wells, and expressed as a percent.

Extract Analysis

Extract composition was analyzed using an HP 1100 Agi-
lent mass spectrometer with an HP 100 MSD SL-Ion trap.
The extract was subjected to separation on a reversed phase
column (Zorbax XBD CR, 4.6 X 150 mm, 5 pgm) at 30°C,
eluted by gradient MeOH/H,0 + 0.1% HCOOH (30-100%
MeOH for 30 min, 100% for 5 min), with a flow rate of 0.6
mL/min. The obtained total ion chromatograms were eval-
vated and molecular ions were detected based on signal in-
tensity, the presence of sodium and potassium adducts, and
the distribution of isotopomeres. The molecular masses of
confirmed compounds were compared with known second-
ary cyanobacterial metabolites.

Activity-Guided Fractionation

In selected strains originated from one particular locality
(such localities are marked as microsites), an activity-
guided fractionation was performed in order to reveal the
bioactive fraction responsible for the cytotoxic effect, and
in order to reveal whether in strains from a particular
microsite the cytotoxicity is caused by an identical com-
pound. The extracts were separated on a preconditioned an-
alytical column (Zorbax XBD C8, 4.6 X 150 mm, 5 um)
using a standard analytical gradient (30-100% MeOH for
30 min. 100% for 5 min.) to obtain identical retention
times. Each extract was fractionated 5-8 times, Fractiona-
tion was performed based on peak retention times (obtained
in prior analyses), and also based on the on-line UV absorp-
tion. Final fractions were evaporated and re-suspended to
obtain the same concentration as in the crude extracts, The
obtained fractions were subjected to a bioassay, carried-out
in the Sp2 cell line, and their inhibition values determined
by a MTT test.

Statistical Analysis

Differences in the number of secondary metabolites
between tropical and temperate versus continental climate
isolates were tested by the r test for independent samples.
The difference in cytotoxicity values between the Nostoe
sirains (originating from different climatic zones) and sym-
bioses was tested by ANOVA with posthoc comparisons
(Fisher LSD test). The hypothesis of a random distribution
of cytotoxic strains among the microsites and climatic
zones was tested by the y-square test. Comparison of simi-
larities between strains, based upon secondary metabolite
content, was done using cluster analysis, complete linkage,
and Euclidean distance. All the computations were done
using the 1999 Edition of Statistica for Windows.
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TABLE I. Strains under study

Scientific name Strain—collection Habitat Place of isolation Citation
Tropical climates (Group A)
Nostoc entophyitum Zehnder/76" Stone surface Y aounde/Cameroon n.a.
Nostoc sp. CALLU 994" Soil Guinea ..
Nostoc sp. CALU 983" Soil Guinea n.a.
Nostoc sp. CALU 979" Soil Guinea na.
Nostoc sp. CALU 992" Soil Guinea na.
Nostoc sp. CALU 993" Soil Guinea n..
Nostoc sp. CALU 996° Soil Guinea n.a.
Naostoc sp. CALU 995" Soil Guinea n.a.
Nostoc sp. CALU 981" Soil Guinea n.a.
Nostoc sp. CALU 982° Soil Guinea n.a.
Neostoc sp. CALU 984" Soil Guinea n.a.
Nostoc sp. CALU 997° Soil Guinea n.a.
Nostoc sp. RQIT" Tree bark Paranapiciaba-Sao n.a.
Faulo/Brazil
Nostoe sp. BROMEL? Tree bark Paranapiciaba-5ao n.a.
Paulo/Brazil
Nostoc sp. BRII* Tree bark Paranapiciaba-Sao ..
Paulo/Brazil
Nostoc sp. BRV* Tree bark Paranapiciaba-Sao n.a.
Paulo/Brazil
Nostoc sp. BRVI® Tree bark Paranapiciaba-Sao n.a.
Paulo/Brazil
Nostoc sp. BRIIB® Tree bark Paranapiciaba-Sao n.a.
Paulo/Brazil
Nostoc sp. Cam2501° Rice ficld Cambodia Papactthimiou et al., 2008
Nostoc sp. Lukedovi 696 Forest soil after fire Sao Carlos/Brazil Hrouzek et al., 2005
Nostoc sp. Lukesova 2/89° Humid forest soil Havana/Cuba n.a.
Nostoc sp. THISOL® Dy rice field, soil Thailand Papaefithimiou et al., 2008
Nostoc sp. TH2822° Dry rice field, soil Thailand Papaefthimiou et al., 2008
Arid climates (Group B)
Nostoc calcicola Badour 1963/23" Desert soil Egypt n.it.
Nostoc indistinguendum  Flechtner CML-VFLO"  Desert soil Clark Mts /USA Rehdkavi et al, 2007

Nostoc punctiforme
Nostac sp.

Nostoc sp.
Nostoc sp.
Nostoc sp.

HFechiner ICM-VF1Y*
Hinddk 06/9*

Lukedova 32/03°
CALU 129"
CALU 542°

Desert soil

Desert soil near high
salinity lake

Desert soil

Soil of cotton field

Soil

Temperate and continental climates (Group C and 1)

Nostoc calcicola
Nostoc calcicola

Nestoc calcicola
Nostoc calcicola

Nostoc edaphicum
Nostoc ellipsosporum

Nostoc ellipsosporum

Nostoc microscopicum
Nostoc muscoriom

Lukesovi 1/867
Lukedova 9/89¢

Lukedovi 3/974
Desortova 67/2*

DAEON
Lukedovi 51/91¢

Lukedovi 52/91¢

Zehnder T6/210°
LukeSova 2/91¢

Mineral soil-oak forest
Garden, soil

Fallow, soil
Soil

Soil
Arable field, soil

Arable field, soil

Limestone

Arable field, soil

Clark Mis./USA
Chott-el-Djerib/Tunis

Minia/Egypt
Tashkent/Uzbekistan
Kazachstan

Netolice/Czech Republic

C. Budgjovice/Czech
Republic

C. Bud&jovice/Czech
Republic

Krkonose Mis./Czech
Republic

Russia

Nezamyslice/Czech
Republic

Nezamyslice/Czech
Republic

Ruinestein/Switzerland

Nezamyslice/Czech
Republic

Rehdkovi et al, 2007

n.a.
n.a.
n.a.

n.a.

Papaefthimiou et al,, 2008
..

n.a.
n.a.

n.a.
Rajaniemi et al., 2005

n.a.

n.a.

Papaefthimion et al., 2008
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Scientific name

Strain—collection

Habitat

Place of isolation

Citation

Nestoc muscorim Lukesova 1/85¢
Nostoc muscornm LukeSova 1/872
Nostoc muscoriom Lukeiovd 14/867

Nestoc sp. CALU 453"
Nostoc sp. CALU 374®
Nostoc sp. Lukedova 116/967
Nostoc sp. CALU 760"
Nostoc sp. LukeZovd 5/96"
Nostoc sp. Lukesova 18/89"
Nostoc sp. OSNI32s01°
Nostoc sp. Lukedovi 6999
Nostoc sp. Lukesova 599"
Nostoc sp. Lukedovi 7/994
Nostoc sp. OBU36s07°
Nostoc sp. CALU 545"
Nostoc sp. CALU 546"
Nostoc sp. CALU 1191"
Nostac sp. CALU 521°
Nostoc sp. CALU 327°
Nostoc sp. SAG 3979
Nostoc sp. TO1501°
Nostoc sp. CALU 543°
Polar climates (Group E)

Nostoc sp. Lukesova 20,974
Nostoc sp. Lukesova 19/96"
Nostoc sp. LukeSovd 24/97%
Nostoc sp.

Nostoc sp. EPNI16bSO1 +
Nostoc sp. 117501 +
Nostoc sp. HRSOL +
Neostoc sp. 99505 +

Nostoc sp. 43501 +

Nostoc sp. 8501 +

Nostoc sp. T2EPs01 +
Symbiotic strains

Nostoc sp. Cr4 +

Nostoc sp. De +

Nostoc sp. Gml +

Nostoc sp. Mml +

Nostoc sp. Lpl +

Nostoc sp. OGLU36S0 +
Nostoc sp. OGU36502 +
Nostoc sp. Ced +

Nostoc sp. Al3 +

Nostoe sp. CALU 268"

Meadow, soil

Abandoned field, soil
Abandoned filed, soil

Soil near bog

Feriphyton

Dump afier coal mining, soil
Periphyton

Dump after coal mining, soil
Garden, soil

Periphyton

Dump after uranium mining, soil
Dump after uranium mining, soil
Dump after uranium mining, soil
Rock surface

Sail

Soil

Sail

Soil

Sail

Field soil

Soil

Soil

Deglaciated soil
Deglaciated soil
Deglaciated soil

Kastovskd 2002/14" Fertilized vegetation

Sail
Flooded soil
Flooded soil
Lake water
Lake water
MOSs cover
soil

symb. of Cveas reveluta
(Greenhouse)

symb. of Divon edule (Greenhouse)

symb. of Gunnera manicata
{Greenhouss)

symb. of Macrozamia sp.
{Greenhouse)

symb.of Lepozamia sp.
{Greenhouse)

symb. of Gunnera manicata

symb. of Gunnera manicata

symb.of Cycas cyrcinalis
{Greenhonse)

svinb. of Anthocerros leavis
{Greenhouse)

symb. of Gunnera chilensis
{Greenhouse)

Jevany/Czech Republic
Dlouhd ves/Czech Republic
Dlouhd ves/Czech Republic
Kamchatka Peninsula/Russia
Karelia Region/Russia
Sokolov/Czech Republic
Pskov/Russia
Sokolov/Czech Republic

C. Budgjovice/Czech Republic
Poodii/Czech Republic
Ronneburg/Germany
Ronneburg/Germany
Ronneburg/Genmany

The Burren/Ireland

Kirov region/Russia

Kirov region/Russia

Rostoe city/Russia
Kiev/Ukraine

Czech Republic

France

Tuscany/Italy

Kirov region/Russia

King George Island/Anctarctica
King George Island/Anctarctica
King George Island/Anctarctica
Stuphallet/Svalbard isl.
Edmonson Point/ Amarctica
Cape King/Antarctica

Cape King/Antarctica

Mt. Murray Lake/Antarctica
Tarn Flai/Antarctica

ICARO 2/Antarctica
Edmonson Point/Anmarctica

Rome/Italy

Rome/ltaly
Luca/laly

Rome/Taly
Rome/laly

Achill island/Treland
Achill island/Ireland
Bologna/Ttaly

MNaples/Ttaly

Praha/Czech Republic

Hrouzek et al., 2003
Papaefihimiou et al., 2008
Rajaniemi et al., 2005
n.a.

na.

n.a.

n.a.

Hrouzek et al., 2003
n.a.

n.a.

n.a.

n.a.

n.a.

n.a.

n.a.

na.

n.a.

n.a.

n.a.

n.a.

Papaefthimiou et al., 2008
n.a.

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

Vagnoli et al., 1992

Vagnoli et al., 1992
Vagnoli et al., 1992

Vagnoli et al., 1992
Vagnoli et al., 1992
Papaefihimiou et al., 2008
Papacfthimiou ¢t al., 2008
Vagnoli et al. 1992

Vagnoli et al., 1992

n.a.

Nastoc isolates are grouped into climatic zones (taken from Peel ez al. 2007). Strains are deposited in the following collections:
“CCALA, the collection of phototrophic microorganisms, Institute of Botany, Trebofl, Czech Republic.

¥ The culture collection of 5t. P

¢ State University, St. Petersburg, Russia.

“The algal collection of the Institute of Ecosystem study, Florence, Ttaly.
“The collection of soil algae and eyanobacteria of the Institute of Soil Biology ASCR, Ceské Budgjovice, Czech Republic.
“The collection of the Institute of Hydrobiology, Ceské Budéjovice, Czech Republic.
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TABLE Il. Cytotoxicity of Nostoc strains studied to the murine cell lines Sp2 and YAC-1

YAC-1 viab, Sp2 viab.
Scientific name Strain Clim. reg. No. met. Mean + SD Cyt. Mean = 5D Cyt.
Nostoc entophytum Zehnder/76 A 1 105 = 7.1 100 = 2.5
Nestoc sp. CALU 994 A 12 104 = 6.9 102 = 3.5
Nostoc sp. CALL 983 A 6 9715 107 £ 9.5
Neostoc sp. CALU 979 A 7 103 = 7.6 99 % 1.7
Nostoc sp. CALU 992 A 3 103 = 44 9767
Nostoc sp. CALU 993 A 3 59 =12 102+ 2.6
Nostoc sp. CALU 996 A 4 96 = 4.0 118 = 27.4
Nostoc sp. CALU 995 A 11 59 +12 109 = 9.0
Nostoc sp. CALU 981 A 4 107 = 8.2 100 = 127
Nostoc sp. CALL 982 A 1 111 = 6.0 111 = 6.7
Nostoc sp. CALU 984 A 5 94 = 4.0 100 = 9.0
Nestoc sp. CALU 997 A 8 110 = 14.8 97 =21
Nostoc sp. RQII A 8 113 £ 10.1 9331
Nostoc sp. BROMEL A 3 103 = 16.5 101 =83
Nestoc sp. BRIII A 15 129 = 19.5 B8 = 2.6
Nastoc sp. BRV A 16 120 = 6.6 [I0*45
Nestoc sp. BRVI A 17 144 = 339 127 = 14.9
Naostoc sp. BRIB A 16 118 =93 [18=72
Nastoe sp. Cam2501 A 5 42+ 1273 - 52+ 8.1 +
Nostoc sp. Lukefovi 6/96 A 3 104 = 9.0 99 =40
Nostoc sp. Lukefovi 2/89 A 7 99 = 1.2 94 = 4.1
Nostoc sp. THILSOL A 8 68 = 29.4 + 101 = 16.3
Nostoc sp. TH2822 A 9 104 * 19.5 92 = 13.0
Nostoc calcicola Badour 1963/23 B 4 88 = 46 00+ 35
Neostoc indistinguendum Flechtner CM1-VF1 B X 91 £ 48 80 =359
Nostoc punctiforme Flechtner ICM-VFLY B 3 7418 + g§7x72
Nostoc sp. Hindik 06/9 B 0 81 + 59 95+ 4.7
Nostoc sp. Lukesova 32/03 B 9 110 =95 98 =33
Nastoc sp. CALU 129 B 3 93+ 29 98+ 25
Nostoc sp. CALU 542 B 12 104 = 10.4 100 = 2.0
Nostoc calcicola Lukesova 1/86 C+D 7 §7T+21 + 68 =290 +
Nestoc calcicola LukeSovi 9/89 C+D 8 5140 + 48 +29 ++
Naostoe calcicola Lukesova 3/97 C+D 2 97 + 52 103 +35
Nostoe calcicola Desortovd 67/2 C+D o} 100 + 4.1 100+ 24
Nostoc edaphicum DAEON C+D 6 97 * 54 95+ 4.1
Nostoc ellipsosporum Lukesovd 51/91 C+D 3 59 + 18.2 + 61 4.2 +
Nastoc ellipsosporum Lukesovi 52/91 C+D & 62=171 + 7147 +
Nostoc microscopicion Zehnder 76/210 C+D 3 94 £ 4.1 B0 =63
Naostoc muscorum Lukeiova 2/91 C+D 9 60 =40 + 62+36 +
Nostoc muscorum Lukesova 1/85 C+D 7 02x76 + 55+62 +
Nostoc muscorum Luksiova 1/87 C+D 8 99 = 4.0 112 = 11.2
Nostoc muscorum Lukefova 14/86 C+D 9 35x35 ++ 47 = 10.1 Lok
Nostoc sp. CALLU 453 C+D g 94 = 38 102 =29
Nostoc sp. CALU 374 C+D 6 100 = 0.3 96 = 4.0
Nostoc sp. Lukeiovi 116/96 C+D 4 117 =294 99 +50
Nostoc sp. CALU 760 C+D 7 7B x29 7938
Neostoc sp. Lukesovi 5/96 C+D 13 59 =47 + 48 =38 ++
Nastoc sp. Lukesova 18/89 C+D 4 134 = 38.7 146 = 40.9
Nostoc sp. OSNI32s01 C+D 2 105 = 10.5 100 = 0.4
Naostoc sp. Lukesova 6/99 C+D 12 59 £ 6.6 + 4678 ++
Nostoc sp. Lukesovi 5/99 C+D 8 46 * 13.0 ++ 5276 +
Nostoc sp. Lukesova 7/99 C+D 4 28+19 - 34+50 -+
Nostoc sp. OBU36s07 C+D 10 47 = 23.0 ++ 58+ 128 +
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TABLE Il. (Continued)

YAC-1 viab. Sp2 viab.
Scientific name Strain Clim. reg, No. met. Mean = 5D Cyt. Mean *= 5D Cyt.
Nostoc sp. CALU 545 C+D & 73z 31 + 62 = 9.6 +
Nestoc sp. CALU 546 C+D 13 114 = 17.1 104 =46
Nostoc sp. CALU 1191 C+D 3 97 = 2.0 133 = 35.1
Nostoe sp. CALU 521 C+D 7 101 £ 6.0 110 £ 132
Nestoc sp. CALU 327 C+D 7 114 =50 105 = 44
Nostoc sp. SAG 5979 C+D 7 98+ 29 95 = R.1
Naostoc sp. TOLSO1 C+D 13 55*49 + 60+ 8.0 +
Nastoc sp. CALLU 543 C+D & 103 =28 08 =85
Nostoc sp. Lukesovi 20/97 E T 97329 101 £2.3
Nostoc sp. Lukesova 19/96 E 4 91 =47 100 £ 5.5
Nostoc sp. LukeSovi 24/97 E 6 7954 103 = 8.7
Naostoc sp. Kastavska 2002/14 E 3 96 5.0 8462
Nostoc sp. EPN16b5S01 E 3 93+49 98 £ 3.0
Nostoc sp. 117501 E 3 78+ 10.2 72+ 85 +
Nostoc sp. 88501 E 6 100 = 6.3 108 =59
Nostoc sp. 99s05 E 4 55*=58 + 5003 +
Nostoc sp. 43s01 E 8 7350 + 7249 +
Nostoc sp. Hs01 E 4 96 = 6.3 94 =80
Nostoc sp. T2EPsOL E 4 40 + 8.6 4 26 £ 11.5 e
Nostoc sp. Crd Sy 8 71 =332 + 95 = 19.1
Nastoc sp. Del Sy 14 I5+88 ++ 3676 ++
Nastoc sp. Gm Sy 16 99+ 225 86 = 206
Nostoc sp. Mml Sy 9 58x26 + 49 £59 +
Nostoc sp. Lpl Sy 7 39 £3.0 + 61 = 10.1 +
Nostoc sp. OGU36501 Sy 10 75+ 153 + 69 = 20.0 +
Nosioc sp. OGU36502 Sy 11 73 £ 108 + 7592 +
Nostoc sp. Cc3 Sy 9 B3+ 143 103 = 13.6
Nostoc sp. Al2 Sy (] 95 £ 6.0 92 £ 10.0
Nostoc sp. CALLU 268 Sy 4 102 = 19.1 109 £ 9.5

Mean values and standard deviations of cell viability, after exposure to the extract, are shown for each exiract, Extracts which exhibited a strong toxicity
{51-100% inhibition) are marked by ++. Strains with a moderate toxic effect are marked by +. The climatic regions of the strains’ ongin are noted in the
column elim. reg. {climatic region): A—tropical climates, B—arid climates, C + D—temperate and continental climates, E—polar climates. Symbiotic
strains are marked by Sy. Number of metabolites detected by HPLC-MS analysis is shown in the column no. met.

Chromatogram Analysis

Chromatograms obtained by HPLC-MS analysis were ana-
lyzed by Expertomica Metabolite Profiling Software (Urban
et al. 2009) (http://bieng.over.cz/software.html) in order to
reveal molecular jons of low intensity, and for filtration of
noise in the chromatograms obtained. The instrament’s out-
put was divided into three parts by the software: (a) useful
signal; (b) random noise; and (c) systematic noise of the
instruments, related to the experiment. Because the noise
presented have to correspond to some probability distribu-
tions, it is possible to approximate these distributions, based
on a probabilistic approach to LC-MS data analysis. Under-
standing the measurement is more straightforward, accord-
ing to the estimated probability; this allows quantifying the
probability that the output is a useful signal, at each point
in time and mass.

23

RESULTS

Frequency and Distribution of Cytotoxicity

The investigation of the B2 terrestrial cyanobacterial iso-
lates led to our finding 27 extracts with cytotoxic activity
(Tab. II). Ten of these extracts caused very potent cytotoxic
effects, inhibiting the growth of 51-85% of experimental
cell lines, at a concentration equivalent to 0.5 mg LyB/mL
(mg of Lyophilized biomass per ml). In another 17 extracts,
a moderate cytotoxic effect, resulting in an inhibition
between 25 and 50% at the same concentration, was
recorded. The highest occurrence of cytotoxicity [Fig.
1{A), Table III] was observed among strains originating
from symbiotic associations, and among free-living isolates
from temperate and continental climates (60 and 45%,
respectively). While only one of the symbiotic strains
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Fig. 1. Comparison of cytotoxicity occurrence and the mean inhibition values in Nostoc strains,
originating from different climatic zones. A—Cytotoxicity occurrence (black portion of the column),
expressed in percent. The number of the strain tested is shown above a column. B—Mean values
and ranges of inhibition for strains, originating from different climatic zones. The different letters
above the graph categorize the significant difference in the mean inhibition value, at the 5% signifi-
cance level (tested by Fisher LSD test). Mean value (white square), standard error of the mean
(box), nonoutlier maximum (whiskers), outliers (empty circles), and extremes (black crosses) are all
plotted in the graph. Labels: A—tropical climates, B—arid climates, C + D—temperate and conti-
nental climates, E—polar climates, Sy—symbiotic strains.

exhibited a strong cytotoxic effect (Nostoc sp. De), an inhi-
bition higher than 50% was observed in [ive strains from
isolates from both temperate and continental climates
(Table IT). A lower occurrence of cytotoxicity was found in
isolates originating from polar (frequency 36.4%) and arid
regions (frequency 14.3%). Within these groups, a strong
inhibition was only found in an extract of the Antarctic
strain Nostoc sp. 72Eps01. The lowest occurrences of cyto-
toxicity were found in tropical isolates. Two out of 23 ter-
restrial tropical Nestoc strains tested inhibited mammalian
cell lines (frequency 9.1%); and only the Cam2SO1 isolate
(originating from Cameroon) exhibited a strong cytotoxic
effect (42 and 52% inhibition to YAC-1 and Sp2, respec-
tively). Statistical analysis of the data, when tested by
ANOVA (SS = 9702, F = 4.542, P = 0.00204), confirmed
a significant difference in the mean values of cytotoxicity
among isolates originating from different climatic zones.
The mean inhibition value of tropical isolates was signifi-
cantly lower, when compared with the mean inhibitions of
polar, temperate/continental, and symbiotic isolates (P =

0.0006, 0.0139, 0.0009, respectively—tested by the Fisher
LSD test). However, the difference from arid climate iso-
lates was not significant. The differences among the mean
inhibition values of polar, temperate/continental and symbi-
otic isolates were not significant. For the results of the
Fisher LSD test see Figure 1(B). Similar results were
obtained when the cytotoxicity occurrence, expressed as
the number of positive strains, was tested by the y-square
test against the hypothesis that cytotoxic strains occur ran-
domly. The differences in cytotoxicity occurrence among
isolates from different climatic zones were insignificant,
when all groups were tested together: but with the probabil-
ity value lying near the 5% threshold value (P = 0.074).
The difference between cytotoxicity occurrence in temper-
ate/continental isolates and tropical isolates was significant
with the y-square test (y = 5.512, df = 1, P = 0.0188),
when tested separately.

The occurrence ol cytotoxicity was also compared
among strains isolated from different microsites. Eight
microsites were selected for comparison (see Table III).

TABLE lll. The number of cytotoxic versus non-cytotoxic strains within the studied microsites

Label Location Habitat Cytotoxic Noncytotoxic
ml King George Island/Antarctica Deglaciated soil 0 3
m2 Nezamyslice/Czech Republic Soil, arable fields 3 0
m3 Dlouhi ves/Czech Republic Soil, abandoned fields 1 1
mé Eastern Thuringia nr. Ronneburg/Germany Dumps after uranium mining 3 0
m3 Sokolov/Czech Republic Dumps after coal mining 1 1
mb Kirov Region/Russia Agricultural field 1 2
m7 Guinea Rice fields soil 0 11
ms Sao Paulo/Brazil Tree bark 0 6

24
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Fig. 2. Total ion chromatograms of strains isolated from
microsite 4 (mine tailings in Ronneburg, Germany). Different
secondary metabolite compositions and different chromato-
graphic fractions were found, responsible for the cytotoxic
effects. Extracts were fractionated into 12 identical frac-
tions. Cytotoxic fractions are marked with asterisk. Total ion
chromatograms are shown for each strain (A) Nostoc sp.
Lukesova 6/99, (B) Nostoc sp. LukeSova 5/99, (C) Nostoc
sp. Luke3ova 7/99.

From the obtained distribution, it can clearly be seen that
only in two microsites (mine tailings in Sokolov, Czech
Republic, and from abandoned fields in Dlouhd ves, Czech
Republic) the number of cytotoxic and noncytotoxic strains
were equal. While in the other 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, when tested by y-square test (y = 15.11, df = 7,
P = 0.0345). This result raises the question of whether the
pattern obtained couldn’t be caused by either the clonality
of isolated organisms or lateral gene transfer. To address
this question we fractionated extracts of strains isolated
from microsites with a high cytotoxicity occurrence and
identified the active fraction or the compound responsible
for the cytotoxic effect. Two microsites were selected for
these purposes: (1) mine tailings left from uranium mining
in Eastern Thuringia near Ronneburg, Germany; and (2) ar-
able fields in Nezamyslice, Czech Republic. In both of
these habitats all of the strains exhibited cytotoxic effects.
In cyanobacterial isolates from the uranium mine tailings,
different compounds were responsible for the cytotoxic
effects; since active fractions exhibited different retention
behaviors when obtained using the identical HPLC method
on a preconditioned column. The extracts were fractionated
into 12 fractions with identical retention times (Fig. 2). In
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Fig. 3. Total ion chromatograms of strains isolated from
microsite 3 (arable fields in Nezamyslice, Czech Republic).
Different secondary metabolite compositions and different
chromatographic fractions were found, responsible for the
cytotoxic effects. Extracts were fractionated into 16 identical
fractions. Cytotoxic fractions are marked with asterisk. Total
ion chromatograms are shown for each strain (&) Nostoc
muscorum LukeSova 2/91, (B) Nostoc ellipsosporum Luke-
Sova 51/91.

the extract obtained from Nostoc sp. LukeSova 6/99, the cy-
totoxic activity was found in fraction 8, which eluted
between 20.4 and 22.0 min [Fig. 1(A)]. Inhibition of this
fraction was found to be 40% for the Sp2 cell line. This
value was comparable with the cytotoxicity of the crude
extract (54% inhibition of the Sp2 cell line): this implies that
a single compound was responsible for the cytotoxic effects
of this strain, The mass spectrum observed at the maximum
chromatographic peak clearly demonstrated peaks at 1081
[M+H "] and 1103 [M+Na" |, which correspond to a proto-
nated molecule and its sodium adduct, respectively [Fig.
4(A)]. Based upon the molecular weight, this compound was
tentatively identified as a cytotoxic peptide nostopeptolide
Al (Golakoti et al., 2000). In a second strain, Nostoc sp.
Lukesova 5/99, originating from this microsite, the presence
of this compound was not found. A different cytotoxic
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.g 2.0e+7 4 N I 2.0e+7
=
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Fig. 4. Mass spectrum of the cytotoxic fractions in selected
strains. (A) Nostoc sp. Luke3ova 6/99 (the molecular ion and
its sodium adduct correspond to the presence of Nostopep-
tolide A1). (B) Nostoc muscorum LukeSova 2/91 (the pres-
ence of an unknown cytotoxic compound with a molecular
weight of 1211 was recorded).
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Fig. 5. Similarities among the studied strains, based on extract composition, computed by clus-
ter analysis (Euclidean distance, complete linkage). The strains isolated from different geographic
regions and microsites seem to be dispersed randomly, and to intermix with one ancther. {The
only exception seems to be cluster | and L). (3 Europe, @ Asia, [ North America, B South Amer-

ica, @ Africa,

fraction was detected in the extract. Fraction 6, which eluted
between 17.1 and 19.0 min. [Fig. 2({B)] caused a decrease of
viability, up to 61% of the Sp/2 cells in an applied concen-
tration {equivalent to 0.5 LyB/mL). In the third strain, iso-
lated from this microsite, Nostoe sp. LukeSova 7/99, one
fraction exhibited a moderate cytotoxic effect (F11, 28.0-
32.0 min., 27% inhibition), plus one fractions with weak cy-
totoxicity (F3, 12.8-13.7 min., 14% inhibition) was responsi-
ble for the resulting strong cytotoxic effect of this strain
(app. 70% inhibition to both cell lines) [Fig. 2(C)).
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Antarctica, S Symbiotic. Particular microsites are marked as m1-m8.

Different compounds were also responsible for the cyto-
toxic effect in the strains isolated from arable fields {(Neza-
myslice, Czech Republic). The extracts of these strains were
fractionated into 16 fractions, according to the most inten-
sive peaks observed in a total ion chromatogram (Fig. 3). In
the extract of the strain Nostoc muscorum Lukelova 2/91,
only one fraction (F11) exhibited significant cytotoxicity (in-
hibition of 45%) [Fig. 3(A)]; which is comparable with the
mean inhibition of the crude extract of the Sp/2 cell line
(53%). The presence of an unknown cytotoxic compound of
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TABLE IV. Occurrence of the most common compounds in the studied Nostoc strains, isolated from different

geographic regions

myz RT (min) Str. no. Place of isolation/strains
815 11.0 7 Antarctica (88s01, 8s01,117s01 99503, 72EPs01, EPN16bs01), Ireland (OGU36s02)
863 128 9 Antarctica (43s01), Czech Republic (1/86), Egypt (32/03), Germany (3/99),
Ireland (OGU36s01), Kazakhstan (CALUS42), USA (IMC1-VF1), symbiont (Mm1,Lpl)
1007 14 14 Antarctica (24/97, 19/96), Czech Republic (6/99), Guinea (CALLU 983, 992, 995, 996, 997),
Italy (TO1501), Russia (CALUS43, DAEON), Symbiont (Mm1, Cr4, CALU268)
892 154 ) Brazil (BRIL, BRII, BRVI, RQID), Czech Republic (1/87), Egypt (32/03), Symbiont (De)
844 174 5 Czech Republic (1/86, 52/91), Symbiont (Gm1, OGU36s01, s02)
1035 17.5 7 Amntarctica (19/96, 24/97), Guinea (CALU 983,992, 995, 997), Russia (DAEON)
828 20,1 9 Antarctica (43s01), Czech Republic (1/87, 1/86), Kazakhstan (CALU542),
Russia (CALU453), Symbiont (Cr4, Gm1, OGU36s01 s02)
1081 213 4 Czech Republic (6/99), Guinea (CALU984), Ttaly (TO1501), Russia (CALLUS43)
836 219 8 Guinea {(CALU992,997 984), Russia (DAEON), Thailand (TH2522)
1211 20.8 4 Czech Republic (14/86, 1/85), Russia (CALLUS435), Thailand (TH2522)

Retention times (RT) and m/z values are shown for particular compounds.

The number of strains in which particular compound was observed is referred to as str. no.

molecular weight 1211 was confirmed, based upon the pres-
ence of molecular ion 1212 [M+H "] and its sodium adduct
1234 [M+Na"] [Fig. 4(B)]. The cytotoxicity of this com-
pound was proven in the pure state, and its unknown origin
was confirmed by preliminary NMR analysis ( Tomek, perso-
nal communication). A completely different extract compo-
sition was observed in Nostoc ellipsosporum Lukedova 51/
91 [Fig. 3(B)]. Its separation revealed two active fractions;
however, the cyiotoxic compound with molecular weight
1211 was missing in this strain. Instead, fraction 9, which
eluted between 18.1 and 20.5 min., exhibited a moderate cy-
totoxic effect, and resulting in a decrease of the Sp2 cell line
growth to 70%. A weak inhibition effect (16%) was recorded
for the fraction 14, which eluted at between 28 and 30 min.
The toxicity of this fraction could possibly be caused by the
presence of pigments and their degradation products (which
are commonly eluted in this portion), in which a weak cyto-
toxic effect has been shown (Sakata et al., 1990; Chernomor-
sky et al., 1999). Based on the different retention behavior of
the cytotoxic fractions, we concluded that the cytotoxicity of
the strains isolated from both microsites is caused by differ-
ent active compounds. Thus, the high occurrence of cytotox-
icity in some microsites cannot be caused by clonality or lat-
eral gene transfer.

Extracts Composition and Distribution of
Particular Compounds

Analyzing the 70% methanol extracts of the studied strains,
we were able to recognize 293 distinet compounds, accord-
ing to the presence of sodium and potassium adducts and
the distribution of isotopomeres. On the basis of their mo-
lecular weights, only 77 compounds (26.3%} corresponded
to any known compounds of cyanobacterial origins
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described in the recent literature (data not shown; compared
with a private library created from published data).

We did not find any clear geographical pattern in the distri-
bution of the detected compounds. Cluster analysis applied to
compounds synthesized by two and more strains revealed that
based on the secondary metabolite composition, the strains of
different places of isolation clustered randomly (Fig. 5).
Strains isolated from de-glaciated soil from Antarctica, clus-
tered into a rather tight group of cluster L Surprisingly, Nostoc
sp. 43s01, isolated from the same habitat was linked into clus-
ter J, together with strains of Nostoc muscorum and Nostoc
caleicola isolated from Burope. Cluster L, except the symbi-
otic strain Nostoc sp. De, is also composed of strains from
one origin (Nostoc growing on tree bark in a rain forest (Sao
Paulo, Brazil)). However, in these straing, nearly identical
chromatograms were obtained, which could imply the proba-
ble clonality of the isolates. In all of the other obtained
groups, strains isolated from different continents and micro-
sites were found which suggest a random distribution of the
production of most of these compounds around the world.

This result is even more evident in the distribution of the
maost common metabolites found. Table IV shows a random
distribution of the 10 most abundant substances found and the
studied Nostoc strains. According to the molecular weight val-
ues, we presume that these are unknown variants of cyanobac-
terial peptides. The most abundant metabolite, of molecular
weight 1007, and eluting at 13.9 min., was produced by 14
cyanobacterial strains from different geographical locations
and climatic zones: Antarctica, Czech Republic, Guinea, Rus-
sia, plus one symbiotic strain isolated from a Cycas symbiont
in Italy. Figure 6 shows the total ion chromatograms and mass
spectra of selected strains, demonstrating the identity of this
compound. A similar broad geographical distribution can be
observed in other frequent compounds (Table IIT).
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Fig. 6. Production of an identical compound with m/z =
1007, and a retention time of 14.1 min., by strains of different
geographical origins. The total ion chromatogram is shown
for each strain. The m/z values are shown for the most
intense peaks (A) Nostoc sp. CALU 543 was isolated from
the Kirov region {Russia). (B) Nostoc sp. LukeSova 24/97
was isolated from King George Island {Antarctica). {C) Nos-
toc sp. TO1801 was isolated from Tuscany {ltaly). (D) Sym-
biotic strain Nostoc sp. Mm1 was isolated from Macroza-
mia, Rome (ltaly). (E) Nostoc sp. CALU 995 was isolated
from rice field soil in Guinea.

DISCUSSION

The overall observed frequency of cytotoxicity in terrestrial
isolates (33%) is comparable to other cytotoxicity screening
studies, which were based on the screening of a lesser num-
ber of isolates. Mian et al., 2003 reported 38% of 22 ran-
domly selected strains of freshwater and terresirial cyano-
bacteria to be cytotoxic. The same value was observed by
Surraka in benthic cyanobacteria (Surraka et al., 20035), and
a frequency of 24% was found in cultured Nostoc sirains
(Piccardi et al., 2000). Our data show that cytotoxicity
strongly depends on the origin of the strain. We found a sig-
nificant difference between the cytotoxicity frequency of
tropical versus temperate and continental climate isolates.
Non significant differences among other groups, based on
posthoc comparison and the comparison of cytotoxicity fre-
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quencies, could be connected with the low number of iso-
lates tested from arid, polar, and symbiotic strains. Accord-
ingly, a more comprehensive study, focused upon these
groups, is needed. The lower inhibition values and the
lower frequency of cytotoxic strains in arid climate isolates
is evident (Fig. 1, Table II). The high cytotoxicity occur-
rence within temperate and continental climatic zones is
consistent with recent literature: since many cytotoxins like
cryptophycins, nostofungicine, aeruginoguanidines, and
calotrixins have been isolated from cyanobacteria originat-
ing from a such climate (Kajiyama et al., 1998; Rickards
et al., 1999; Ishida et al., 2002; Biondi et al., 2004). The sit-
uation in more complicated with the tropical isolates. Mira-
bimides, indocarbamazoles, and scytophycins, including
the very active compound tolytoxin, are the main groups of
cylotoxins produced (mainly by Tolypothrix, Scytonema,
and Nostoc species from the Hawaiian Islands (Carmeli
et al,, 1990, 1991; Kniibel et al., 1990)). Except for the
Hawaiian strains, only in one tropical terrestrial strain
(Hapalosiphon langii, originating from Papua New Guinca)
were a group of cytotoxic indole alkaloids hapalindoles
found (Klein et al., 1995). One of the possible reasons for
the low number of observed cytotoxic isolates among the
tropical isolates could be the decrease of secondary metabo-
lite production during their isolation and maintenance in
unnatural conditions. However, at least the number and di-
versity of metabolites produced by tropical sirains did not
differ significanily from strains isolated from the temperate
and continental zone (r = —057, P = 0.57, Table II).
Another surprising finding was the occurrence of high cyto-
toxicity among symbiotic strains. Although symbiotic cya-
nobacteria have been intensely studied from different points
of view, no systematic study on their cytotoxicity has been
published, to date. The intensive production of cyanobacte-
rial peptides by lichen symbionts was reported by Oksanen
and others (Oksanen et al., 2004). Moreover, cryptophy-
cins, the most effective of cyanobacterial cytotoxins, have
been isolated from the lichen symbiont Nostec sp.
ATCCS3789 (Biondi et al., 2004).

Despite the fact that our HPLC-MS screening surely had
not revealed all compounds, and that molecular weight can
not be used for an exact compound identification, it was
clearly demonstrated that the production of a particular
compound is randomly dispersed across a climatic/geo-
graphic region and microsites. In contrast to this, the pro-
duction of compounds with cytotoxic effects is more fre-
guent in some regions and microsites. We suggest that the
production of the cytotoxic compounds is of an environ-
mentally dependent character, and that strains producing
cylotoxic compounds are favored under specific conditions,
The finding that the cytotoxicity of cyanobacterial strains
from particular microsites is caused by different chromato-
graphic fractions supports this idea. Metabolites are synthe-
sized by the cyanobacterium, based on the potential of its
synthetic apparatus, and with respect to its cytotoxic



CYTOTOTXICITY AND SECONDARY METABOLITES PRODUCTION 13

function. Morcover, our results are not consistent with the
idea of clonality and lateral gene transfer as the explana-
tion for the high occurrence of cylotoxic strains in some
microsites. There is strong evidence that cyanobacterial
metabolites can affect grazers via digestive enzyme inhibi-
tion or even acute toxicity (Blom et al., 2001: Rohlack
et al., 2001; Rohlack et al., 2004; Argaval et al., 2005). As
already mentioned, for most of the cytotoxins, a strong
toxic effect on invertebrates was reported (Rickards et al.,
1999; Berry et al., 2004; Biondi et al., 2004). Subse-
quently, it is possible that the high occurrence of cytotoxic
strains can be linked with high predation pressure in these
microsites. This hypothesis will lead to two questions:
Why there is a low cytotoxicity occurrence within tropical
habitats, in which the high predation pressure is generally
known.

The fast growth rate under tropical conditions as the
compensation of high predation can be a possible explana-
tion. A second could be why cyanobacterial symbionts pro-
duce cytotoxic compounds harmful to invertcbrates when
they are sheltered by its host plant. Recently, several
research studies have revealed a very weak and temporary
alliance of nostocacean strains and their partners (Rikkinen
et al., 2002; Papaefthimiou et al., 2008). The cyanobacte-
rium could bring the cytetoxicity from the soil environ-
ment, where a defense against grazers is comprehensible.
Moreover, cytotoxic substances produced by cyanobacte-
rium in the plant tissue can work as a defense of the whole
plant organism.

Rantala and others hypothized that the random distribu-
tion of cyanopeptides synthesis across the phylogenetic
spectrum can be a consequence of lateral gene transfer or
the ancient origin of the nonribosomal synthetic pathway
(Rantala et al.,, 2004). Ultimately, Rantala and the others
found the phylogenetic congruence between 16S and
microcystin gene synthetases, suggesting simultancous evo-
lution of both genes. Moreover, a molecular clock computa-
tion leads to an estimation of the microcystin synthetase
age of about 3.5 billion years. This was strong evidence for
a confirmation of the ancient origin of the nonribosomal
synthetic pathway. However, this conclusion is based solely
on evolutionary models. In our study, we have shown that
most of the metabolites are synthesized by cyanobacteria
from very distant geographical areas, which have no appa-
rent ability to share their genetic material; yet despite this
they produce identical compounds. This means that it is
highly probable that they share the synthetic machinery
from the time of their common ancestor; giving strong sup-
port of the results revealed by Rantala et al. (2004).

In conclusion, if we consider that one third of the
extracts exhibit a cytotoxic effect, and 70% of observed
compounds do not correspond (by molecular weight) to any
known structure; we conclude that terrestrial cyanobacteria
are an extremely interesting source for novel compounds
for pharmacology and biotechnology. Moreover, the num-
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ber of unknown compounds may be underestimated, since
several compounds can have similar molecular weights.

The authors want to thank Lada Samcova and Pavel Soucek for
their technical support. Special thanks to Michal Koblizek for his
critical reading and corrections.
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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(£)-enoyl-asparaginyl-
alanyl-threonyl-Nmethylasparaginyl-prolyl) containing the f-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 B-amino acid unit. The rapid
interaction of this compound with the plasma membrane leads to an elevation of the
concentration of intracellular Ca**, 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.
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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 Déhren 2006). They usually
contain modified amino acids in both the D and L forms, and also amino acid related
carboxyl compounds (Welker and von Dohren 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 B-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 CO,-enriched air for 10 - 14 days prior to their mass cultivation. Mass cultivation was
performed in 100 1 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 pm,
R.15.86.S2510), and eluted by a MeOH/H20 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
um) 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 pl 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 pl/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
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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 ps, 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 Ippm. 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 "™ Inova-600 spectrometer

(599.63 MHz for 'H, 150.79 MHz for "*C, and 60.78 MHz for "N, Varian Inc., Palo Alto,
CA, USA) in DMSO-ds at 303 K. The residual solvent signal was used as an internal
standard (8y 2.500 ppm, 8¢ 39.60 ppm). 'H NMR, *C NMR, COSY, TOCSY, 'H-"*C
HSQC, 'H-"C HMBC, 'H-">C HSCQ-TOCSY, 'H-""N HSQC, and NOESY spectra were
measured using the standard manufacturer’s software. The '"H 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 *C NMR spectrum was zero filled to two-fold data points. Subsequently,
the line broadening (I 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 §-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 HCI at 110°C, and the
derivatization with heptafluorobutyl chloroformate (Simek 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 mx 0.25 mm ID x 0.12 pum Chirasil-L-Val column (Varian Inc., Palo Alto, CA, USA)
using a method described elsewhere (Zahradnickova 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 pl 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 ICsy 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 pl 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%
CO,) 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

37



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 Cell® 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% CO, atmosphere, in 6-well plates (Nunc). Puwainaphycin F,
dissolved in methanol, was added directly into the cultivation medium at a concentration of
10 uM for the appropriate times (1, 2, 5 and 10°, 37°C, 5% CO,). The cells were lysed
directly in the 2 x concentrated Laemly hot sample buffer (100 pl 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 Ca®* : HeLa cells grown on glass coverslips were
washed in modified HBSS (140 mM NacCl, 5 mM KCI, 2 mM CaCl,, 3 mM MgCl,, 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 mm?
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 am.u. for Puwainaphycin F (1), and 1160.6672 am.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 Cs3;Hg;N 30,5 (difference: 1 ppm)

for (1), and Cs4HgoN 305 (difference: 0.6 ppm) for (2).

NH N
N\ CHj
0 o)
CHy HaC

H,C

Figure 1: Structure of puwainaphycin F and G. R=CH,CONH, for puwainaphysin F (1) and
R=(CH,),CONH, for puwainaphycin G (2)
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Indirect "N NMR spectra, detected using 'H-""N gHSQC, identified eight NH and
three NH, groups. Additionally, one N-Me (64 2.953, 8¢ 30.36) was determined. Distinct
amino acids were identified by COSY, TOCSY, and 'H-"*C HSQC-TOCSY. The amino
acid composition of the prevailing peptide (1) was: Ala, 2 X Asn, 2 x 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-a 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-
Ca, 10-Ho — 9-CO, and 1-NH — 10-CO. The evaluated sequence was confirmed by
NOESY. NOE contacts were detected between NH and H-a, or N-Me and H-o. As a result,
the sequence obtained was: cyclo[X'-Val>-dThr’-Asn*-dThr’-Asn’-Ala’-Thr®-MeAsn’-
Pro'®]. NOE contacts between H-a 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-9a and H-100 indicates a cis peptidic bond between residues 9 and
10.

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

of b, ions. It was identified as a nearly complete 5‘;;.1"'1'_?

series, specifically: by, by, b3, by, bs,
bg, by, and bg. The fragmentation is consistent with the structure revealed by NMR. The
monoisotopic mass of the bg 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. B, 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 x 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)CH,(CH,),CH;. 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-Ca, and 1-NH — 10-CO. The HMBC crosspeak between 10-Ha 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[X'-Val*-dThr’-Gln*-dThr’-
Asn®-Ala’-Thr®-MeAsn’-Pro'®]. The structure was further supported by the detected NOE
contacts. The MS/MS spectrum of (2) also predominantly contains b, ions, which belong to
the complete bf}u_? 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).
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Figure 3: Fragmentation spectrum of Puwainaphycin G
Function of Puwainaphycins F and G in the cell.

Puwainaphycin F (1) in a concentration of 10 uM triggers a unique transformation of the
actin cytoskeleton in cells, which is followed by a rapid increase in the concentration of
intracellular calcium [Ca*']; 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 [Ca™"); elevation was striking, even when compared with the established calcium
ionophore ionomycine (used at a high concentration). Although exhibiting a slightly slower
[Ca’']; 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 Ca>" ions into HeLa cells treated with different doses of Puwainaphycin
F or conventional ionophore ionomycin in concentration of 10 uM. For measurement of
intracellular free Ca®" concentration cells were loaded with 3 pM 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 Ca**
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 [Ca>"];). After that, the signal rapidly declined to almost control levels.
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Figure 5: Stimulation of tyrosine
phosphorylation in cells treated with
Puwainaphycin F in concentration of 10
puM (C, blanc control, Cy; — cells treated
with methanol only, timepoints of 1", 3,
5"and 107).

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 (10uM, 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 (10M, 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 Ca*" 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.
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Figure 7: Lactate dehydrogenase (LDH) leakage (full squares) and viabilty of HeLa cells
(empty circles) treated by 10 uM 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 pM). 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.
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Apendices

Table I. NMR data for Puwainaphycin F

Amino acid residue Atom # dc m du
X! CcOo 169.62 S -
a 69.70 D 4.18* (1H, m)
B 56.18 D 3.93* (1H, m)
Y 32.20 D 1.66* (1H, m)
5 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)
4-OH - - 5467 (1H, d, J = 4.3 Hz)
B-NH - 6.830 (1H, d, J = 10.3 Hz)
y-CH; 16.02 q 0.577 (3H, d, J = 6.7 Hz)
Val® Cco 168.85 S -
NH - - 6.858 (1H, d, J = 9.5 Hz)
a 55.82 D 4.29* (1H, m)
B 32.63 D 1.75* (1H, m)
T 18.97 Q 0.891 (3H, d, J = 6.8 Hz)
s 18.64 Q 0.823 (3H, d, J = 6.8 Hz)
dThr’ Cco 163.22 S -
NH - - 9.152 (1H, 5)
o 132.59 S -
B 116.07 D 5.296 (1H, g, J = 7.5 Hz)
Y 13.02 Q 1.650 (3H, d,J = 7.5 Hz)
Asn* Cco 171.96 S -
NH - - 8.708 (1H, d,J = 9.1 Hz)
o 49.03 D 4.920 (1H, ddd, J= 6.7, 7.7, 9.1 Hz)
B 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 -
NH, - - 7.544 (1H, s)
7.071 (1H, s)
dThr’ Cco 162.93 S -
NH - - 10.147 (1H, s)
o 129.69 S -
B 125.26 D 5.706 (1H, g, J = 7.5 Hz)
v 13.27 Q 1.893 (3H, g, J = 7.5 Hz)
Asn® co 170.74 S -
NH - - 8.382 (1H,d,J = 7.1 Hz)
a 50.11 D 4.398 (1H, ddd, J=3.2,7.1,7.2 Hz)
B 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 B
NH, - - 7.544 (1H, 5)
7.013 (1H, s)
Ala’ co 172.13 S -
NH - B 8.250 (1H, d,J = 8.5 Hz)
a 48.56 D 4.28* (1H, m)
B 16.93 Q 1.23 (3H, m)
Thr® co 169.98 S -
NH - - 7270 (1H, d,J = 8.4 Hz)
o 54.82 D 4.628 (1H, dd, J= 3.6, 8.4 Hz)
B 66.43 D 3.90* (1H, m)
Y 19.62 Q 0.996 3H, d, J = 6.4 Hz)
B-OH - - 5.066 (1H, d, J = 7.7 Hz)
MeAsn” Cco 167.84 S -
a 49.12 D 5.529 (1H, dd, J=2.7, 11.7 Hz)
B 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 -
NH, - - 7.491 (1H, s)
5.931 (1H,s)
N-CH; 30.36 Q 2.953 (3H, s)
Pro" Cco 171.49 S -
a 60.14 D 4.19* (1H, m)
B 30.32 T 1.92* (2H, m)
Y 23.82 T 1.91* (1H, m)
1.83* (1H, m)
5 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 # dc m du
X! co 169.53 S -
a 69.77 D 4.15* (1H, m)
B 56.06 D 4.32* (1H, m)
Y 32.13 D 1.67* (1H, m)
B 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)
CH, 31.35 T 1.23* (2H, m)
CH, 2215 T 1.26* (2H, m)
CH, 14.01 Q 0.859 (3H, m)
0-OH - - 5558 (1H,d,J =33 Hz)
B-NH - 6.77* (1H, d, J = 9.8 Hz)
y-CH; 16.02 q 0.570 3H, d, J = 6.7 Hz)
Val® Cco 169.42 S -
NH - - 6.768 (1H, d, J = 9.8 Hz)
a 55.73 D 4.330 (1H, dd, J= 7.4, 9.8 Hz)
B 32.68 D 1.72* (1H, m)
1 18.80 Q 0.888 (3H, d, J = 6.7 Hz)
v2 18.70 Q 0.823 (3H, d, J = 6.7 Hz)
dThr’ [ 163.49 S -
NH - - 9.321 (1H,s)
o 132.39 S -
B 117.4% D 5.360 (1H, g, J = 7.5 Hz)
¥ 13.19 Q 1.683 (3H, d, J=7.5 Hz)
Gln* co 173.46 S -
NH - - 8.562 (1H,d,J=9.5 Hz)
a 50.86 D 4.680 (1H, ddd, J = 4.9, 9.5, 10.6 Hz)
B 29.06 T 2.168 (2H, m)
¥ 32.01 T 2.38* (1H, m)
1.98* (1H, m)
Cco 174.12 S _
NH, - B 6.86* (1H, s)
6.719 (1H, s)
dThr’ co 163.11 S -
NH - - 10.244 (1H, s)
o 129.80 S -
B 124.5% D 5717 (1H,q,J = 7.5 Hz)
¥ 13.21 Q 1.866 (3H, d, J = 7.5 Hz)
Asn [&0) 170.51 S -
NH - - 7479 (1H, s)
a 49.43 D 4.40* (1H, m)
B 35.23 T 3.01* (1H, m)
2.579 (1H, dd, J=3.4, 7.0 Hz)
co 173.87 S -
NH, - 7.882 (1H, 5)
7.178 (1H, s)
Ala’ co 172.08 S -
NH - - 8.107 (1H, d,J = 8.5 Hz)
a 48.44 D 4.27* (1H, m)
B 16.02 Q 1.24* (3H, m)
Thr® co 170.32 S -
NH - - 7.137 (1H, d, J = 8.1 Hz)
a 55.25 D 4.544 (1H,dd, J=3.9,7.9 Hz)
B 66.50 D 3.85* (1H, m)
¥ 19.45 Q 1.012 (3H,d,J = 6.5 Hz)
§-OH - B 5019 (1H,d, J = 8.6 Hz)
MeAsn’ co 167.84 S -
o 49.16 D 5.55% (IH, m)
B 33.76 T 2.99* (1H, m)
1.98* (1H, m)
co 171.72 S -
NH, - - 7.479 (1H, s)
5910 (1H, s)
N-CH, 30.39 Q 2.942 (3H, s)
Pro" Cco 171.31 S -
a 59.99 D 4.222 (1H, m)
B 30.32 T 1.92* (2H, m)
Y 23.46 T 1.86* (1H, m)
1.72* (1H, m)
5 46.81 T 4.16* (1H, m)
3.20% (1H, m)
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. . * % I3 v
Daniel Hisem" 2, Pavel Hrouzek" > ", Petr Tomek"*, Jana Tomsi¢kova' % Eliska
Zapomélova®, Katefina Skacelova' 2 Alena Lukesova’, Jifi Kopeckyl‘ 5

Institute of Microbiology, CAS, Department of Autotrophic Microorganisms, Opatovicky
mlyn, CZ-379 81 Trebon, Czech Republic

’Department of Plant Physiology, University of South Bohemia, Faculty of Science,
Branisovska 31, CZ-37005 Ceské Budejovice, Czech Republic

3Departmenf of Botany, University of South Bohemia, Faculty of Science, Branisovska 31,
CZ-37005 Ceské Budejovice, Czech Republic

‘Department of Molecular Biology and Biochemistry, University of South Bohemia, Faculty
of Science, Branisovska 31, CZ-37005 Ceské Budéjovice, Czech Republic

SInstitute of Physical Biology, Zamek 136, CZ-37333, Nové Hrady, Czech Republic

%Biology Centre of AS CR, Institute of Hydrobiology, Na Sadkdch 7, CZ-37005, Ceské
Budejovice, Czech Republic

"Biology Centre of AS CR, Institute of Soil Biology, Na Sdadkach 7, CZ-37005, Ceské
Budejovice, Czech Republic

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 4. 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 4. 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; Liirling 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 (Jiittner 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; Jittner 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 4. salina compared to fresh or sea-water isolates. According to Falch et al.

51



(1995), 15 out of the 20 investigated cyanobacterial strains were toxic to 4. 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 CO, enriched air (2%) and
illuminated with artificial light of PFD (photon flux density) of 280 pmol.m™.s" 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 pmol m™ s~
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 um) 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™. 100 pL of extracts were transferred into a 12-well microtitrate plate and
were kept in a laminar box for methanol evaporation. 50 puL 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 Kopecky, 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 Biirkers 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 10°
cells per well (200 uL. RPMI).

Cyanobacterial extract of 10 pL 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% CO,) for 12 h. Cell viability after exposure was estimated by
MTT assay (Mosmann, 1983); 10 uL of MTT solution (4 mg.mL™") 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 pL 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 um) at 30 °C, and eluted by a gradient MeOH/H,0 + 1%
HCOOH (30-100% MeOH for 30 min, 100% for 5 min) with a flow rate of 0.6 mL.min™".
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. Dsl the fractionation was performed
using preparative HPLC (LabAlliance, Watrex, Prague) on a reverse phase column (C18
Reprosil100, 250x8mm, Sum, 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. Dsl,

54



respectively. Finally, the collected fractions were evaporated and resuspended to obtain the
concentration equivalent to the original extract and tested for toxicity to 4. 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 4. salina =2 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.
Dsl 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, 4. 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 P1 (planktonic).

A.salina  Sp/2 inh.

Scientific name Strain Place of isolation Habitat ~ mortality %]
B M mean
Nostoc sp. BRI Paranapiacaba-Sao Paulo/Brazil E + - 12%
Nostoc sp. RQIF Paranapiacaba-Sao Paulo/Brazil E - - 7*
Nostoc sp. BRIIB* Paranapiacaba-Sao Paulo/Brazil E - n.a. 0*
Nostoc sp. BROMEL" Paranapiacaba-Sao Paulo/Brazil E - - 0
Nostoc sp. LC17801 Alberta/Canada P - - 27
Nostoc sp. OSNI 32801 Sitinovy 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 Luke3ova 2/89° Havana/Cuba N - - 6%
Nostoc sp. Lukesové 5/96° Nezamyslice/Czech republic s + - 52%
Nostoc muscorum Lukesové 2/91¢ Nezamyslice/Czech republic S + - 48%
Cylindrospermum sp. C24¢ Ellesmere island/Canada S - - 60
Trichormus variabilis ISB 13 Dlouha Ves/Czech Republic S - - 62,3
Nostoc sp. Lukesova 7/99° Germany S - - 66*
Nostoc sp. LukeSova 24/97 Germany S - - 0*
Nostoc sp. LukeSova 116/96* Sokolov/Czech republic S - - 1*
Nostoc sp. LukeSova 6/99¢ Germany S - + 54%
Nostoc sp. Cam2S01° Camerun S - - 48*
Nostoc ellipsosporum LukeSova 51/91¢ Nezamyslice/Czech republic S + - 39%
Nostoc commune NC1 Treboii/Czech republic N - - 70
Nostoc commune NC2 Tieboii/Czech republic S - - 12
Nostoc commune NC3 Nové Hrady/Czech republic S - + 0
Nostoc commune NC4 Nové Hrady/Czech republic S - - 40
Nostoc commune NC7 Ceské Budgjovice/Czech republic S + n.a. 34
Nostoc sp. NC9 Roznov p. R.Czech republic S - n.a. 27
Nostoc sp. OBU36S07° The Burren Clare/Ireland S - - 42*
Nostoc sp. ce2® greenhouse Pisa/ltaly Sy - - 30
Nostoc sp. CR4° greenhouse Florence/Italy Sy - - 5%
Nostoc sp. Del® greenhouse Rome/Italy Sy - - 64*
Nostoc sp. OGU 36S01° Achill Island/Treland Sy - - 31*
Nostoc sp. Gml1© greenhouse Siena/ltaly Sy - + 14*
Nostoc sp. Ds1¢ greenhouse Rome/Italy Sy + - 54
Nostoc sp. MmI® greenhouse Rome/Italy Sy - - 0
A. mendotae x sigmoidea 04 06° Biezova/Czech republic Pl - - n.a.
Anabaena mendotae x sigmoidea 04 12° Cemni§/Czech republic Pl - - 70
A. compacta 0417 Dubnensky/Czech republic Pl - - 67
A. ¢f curva 0419 Hejtman/Czech republic Pl - - n.a.
A. circinalis x crassa 0422° Husinec/Czech republic Pl - + 50
A. lemmermannii 04 24° Husinec/Czech republic Pl - - 13
A. circinalis x crassa 0426 Jesenice/Czech republic Pl - + 46
A. ¢f circinalis 04 28" Hodgjovicky/Czech republic Pl - - 29
A. lemmermannii 0433° Orlik/Czech republic Pl - - n.a.
A. lemmermannii 04 38" Senecky/Czech republic Pl - - 17
A. of. flos-aquae 04 402" Skalka/Czech republic Pl - + n.a.
A. lemmermannii 04 42° Svét/Czech republic Pl - + 57
Aphanizomenon aphanizomenoides 04 43° Svét/Czech republic Pl - + 92
Anabaena affinis 04 44° Svét/Czech republic Pl - + 66
A. mendotae x sigmoidea 04 45° Svét/Czech republic Pl - + 87
A. ¢f. spiroides 0451° Svét/Czech republic Pl - + 62
A. ¢f. flos-aquae 04 52a° Svét/Czech republic Pl - + 25
A. ¢f flos-aquae 04 53° Svarcenberk/Czech republic Pl - + 53
A. circinalis x crassa 04 56° Vajgar/Czech republic Pl - - 47
A. ¢f flos-aquae 0457° Vajgar/Czech republic Pl - + 76
A. circinalis x crassa 04 59 Valcha/Czech republic Pl - + 82
Anabaenopsis cf. elenkinii Anaps Plast 05° Plastovice/Czech republic Pl - + n.a.
A. compacta Acom P&sik 06° Pesik/Czech republic Pl - + 43
A. compacta Acom Svit 06” Svét/Czech republic Pl - - 2
A. lemmermannii - morfotypS Alem Lipno 05 silna” Lipno/Czech republic Pl - - 33
A. lemmermannii - morfotypT Alem Lipno 05 tenka”  Lipno/Czech republic Pl - + 40
Anabaenopsis cf. elenkinii Anaps-Ole 03° Oleksovice/Czech republic Pl + + 92
A. eucompacta x reniformis Anarenif P&sak 2° P&sak/Czech republic Pl - + 77
A. eucompacta x reniformis Anarenif P&sak 4° P&sik/Czech republic Pl - + 90
Anabaena affinis Staiik 05-11° Staitkovsky/Czech republic Pl - + 37

*Values of inhibition have been taken from Hrouzek et al., 2010
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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. Dsl 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.

= =7 —
100 - n=18 n n=30
75 -
S
50 -
25 -
o - AN

B M B M B M
Soil Symbiotic  Planktonic
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 A4. 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 111
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. Mml 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 4. 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 Arfemia 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 A4. salina mortality
and Sp/2 cells inhibition. The non-significant correlation of inhibition values in 4. 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 4. salina can be seen in Area B. By contrast,
only a few extracts causing mortality to 4. 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 (1) and Sp/2 cells (Ispn) 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 4. 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 4. 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 4. 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 4. salina and Sp/2 cells. Active fractions are marked by dashed lines
and inhibition values of these fractions to A. salina (I,) and Sp/2 cells (Isp2) 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 4. 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 4. 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 4.
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 (Mml, 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 4. 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 4. 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 4. 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 Jiittner 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 4. 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 4. 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

64



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 4. salina.
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Apendices

Supplementary data: Separation gradients used for fractionation of the six selected strains.
Standard separation gradient wused 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. Dsl 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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The heterocytous cyanobacteria form a monophyletic group according to 165 RNA 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 Tricharmus, which was recently separated from Anabaena, has nat been investigated. The
aim was to study the taxanamy of the genera Anabaena, Aphanizomenan, Nostoc and Trichormus
belonging to the family Nostocaceae (subsection IV.I} by marphological and phylogenetic
analyses of 165 rRMA gene, rpoB and rbelX sequences. New strains were isolated to avoid
identification problems caused by marpholagical changes of strains during cultivation.
Marphological 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 185 rRMA,
rpoB and rbel X gene sequences, the AnabaenalAphanizomenon strains (cluster 1) were divided
inta nine supported subclusters which could also be separated morphologically, and which
therefare might represent different species. Tricharmus strains were marphalogically and
phylogenetically heterageneous and did not form a monophyletic cluster. These Trichormus
strains, which were representatives of three distinct species, might actually belong to three
genera according to the evolutionary distances. Nostoc strains were also heterogeneous and
seemed to form a monophyletic cluster, which may contain more than ane 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 Anabaenal/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.

Published online ahead of print on & August 2004 as DO 10.1099/1j063276-0,

Abbreviations: ML, maximum likelihood; MP, maximum parsimony; M, neighbour joining; PCA, principal-component analysis.

The GenBank/EMBL/DDBJ accession numbers are AJG30408-AJB30458 for the 165 rRNA gene sequences, AJB32022-AJ632070 for the el X
gene sequences and AJGB2B0E8-AJE28134 for rpoB gene sequences determined in this study.

A table of complete morphological characters is available as supplementary material in [JSEM Orline.
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INTRODUCTION

Heterocytous cyanobacteria consistently form a mono-
phyletic cluster among cyanobacteria on the basis of their
165 rRNA gene sequences { Wilmotte, 1994; Turner, 1997,
1999; Wilmotte & Herdman, 2001; Lyra et al,, 2001), RFLP
and genomic fingerprinting (Lyra et al, 2001) and nifD
sequences {Henson et al., 2004). This monophyletic cluster
contains the orders Nostocales and Stigonematales { Sections
IV and V) (Rippka et al,, 1979), which were found to be
intermixed (Turner et al, 1997, 199%; Gugger & Hoffmann,
2004; Henson et al., 2004). However, the genera Anabaena
Born. et Flah., Aphanizomenon Born. et Flah,, Nostoc Born.
el Flah. and Cylindrospermopsis Seen. et Subba Raju
clustered together within these orders in a 168 rRNA tree
{Gugger & Hoffmann, 2004).

Currently, the genera Anabaena, Aphanizomenon, Tricho-
rmus {Born. et Flah.) Kom. et Anag. and Nestoc belong to
order Nostocales, family Nostocaceae by traditional classi-
fication {Komdrek & Anagnostidis, 1989) and subsection
IV.I by bacteriological classification {Rippka et al., 2001a).
Identification of these genera is based on morphological
features such as morphology of the filament, vegetative
cells, heterocytes {heterocysts) and akinetes {Komarek &
Anagnostidis, 1989). The form of the colony, shape of
terminal cells, presence of sheath and gas vesicles, as well
as life cycle, are additional features used for the identifica-
tion of some genera. Recently, Trichormus was separated
from the traditional genus Anabaena on the basis of akinete
development and was transferred into the subfamily Nosto-
coidae. According to this revision, the species Anabaena
variabilis, Anabaena azollae and Anabaena doliolum belong
to the genus Trichormus (Komarek & Anagnostidis, 1989).
The phylogeny of the Trichormus strains has not been
studied. The assignment of some species either to Anabaena
or to Aphanizomenon has been discussed (Komarek &
Anagnostidis, 1989; Komérek & Kovicik, 1989). Also, the
previous phylogenetic studies of Lyra er al. (2001), Gugger
et al. {2002b) and Iteman er al. {2002) have shown that
the genera Anabaena and Aphanizomenon are not mono-
phyletic. Furthermore, the separation of the genera Nostoc
and Anabaena has also been discussed in recent years
{Henson et al., 2002; Tamas et al., 2000),

Phylogenetic studies of cyanobacteria have demonstrated
that genetic relationships sometimes conflict with the
morphological classification {Lyra et al, 2001; Iteman
et al,, 2002; Gugger & Hoflmann, 2004). The comparison
of morphological and genetic data is hindered by the
lack of cultures of several cyanobacterial morphospecies
and inadequate morphological data of sequenced strains.
Moreover, some strains may lose some important features
such as gas vesicles (Lehtimiki er al, 2000) or form of
colony {Gugger er al., 2002b} during long-term laboratory
cultivation, which complicates identification. Komirek &
Anagnostidis (1989) have estimated that more than 50%
of the strains in culture collections are misidentified.

Therefore, new isolates should be studied by combined
morphoelogical and genetic approaches.

This study focused on the combined genetic and pheno-
typic relationships of the four genera Nostoc, Trichormus,
Anabaena and Aphanizomenon. We isolated new Anabaena,
Aphanizomenon and Nostoc strains. Detailed morphological
analyses of these strains were carried out at the time of
isolation in order to avoid difficulties in identification. The
phylogeny of the strains was investigated by sequencing
two housckeeping genes, 165 rRNA and rpoB, as well as a
carbon-fixation-associated gene, rhel X.

METHODS

Strains and cultivation. The 51 Awnabaena, Aphanizomenon,
Trichormus and Nestec strains studied were unialgal, but not axenic
(Table 1). The morphology of the strains with a few exceptions was
analysed in this study. The morphology of Nostee muscorum, Nostoc
calcicola, Nostoc ellipsosporum and Nestoc edaphicum was described
previously by Hrouzek et al (2003} and Anabaena compacta
ANACOM-KOR by Zapomélova (2004). The morphology of strain
Ancbaena sp. 277 (Lyra et al, 2001; Gugger et al, 2002a) was re-
evaluated because of its clustering with Aphanizemenon issatschenkoi
straing in the phylogenetic trees.

For morphological studies, the strains were cultivated in BGIll,
medium {Stanier et al, 1971) at 18-22°C under a lig}ll intensity af
30 ymol m s ' For DNA extraction, the strains were cultivated in
Z8 medium { Zehnder in Staub, 1961; Kotai, 1972) without nitrogen at
18-5-21-5°C under a light intensity of 10 pmol m % s !

Morphological study. The morphology of cells and filaments was
studied using an Olympus CX 40 light microscope with a digital
camera, Olympus DP SOFT version 4.0 software was used for image
analysis. The following parameters were selected to describe the
morphology of the studied strains: length and width of vegetative
cells, heterocytes and akinetes; morphology of terminal cell; distance
between heterocytes and distance between a heterocyte and the
nearest akinete (counted as the number of cells); presence or absence
of terminal heterocytes and gas vesicles; and shape of filament and
its aggregation in colonies.

Statistical luation of phological data. The mean values
of measured morphological parameters were compared with one
way analysis of variance (ANOVA) followed by the Tukey honest
significant difference (HSD) test in Statistica for Windows 4. To
describe the variability of all morphological data and to evaluate
the importance of measured morphological features, principal
component analysis (PCA) was carried out in Canoco for Windows
4.5 (ter Braak & Smilauer, 1998}, The program CanoDraw 4.5 was
used for construction of the PCA plat.

DNA extraction. Cells were harvested by filtration through 1 or
5 pm Paoretics filters (Osmonic) and stored at —20°C. DNA was
extracted by the modified CTAB method (Honerlager et al, 1995
Ghelis et al, 2005). Filters containing cells were mechanically lysed
using lysis matrix A and a Fast-prep instrument (Biol01} in 500 pl
extraction buffer [100 mM Tris/HCl, pH 7-5, 1-5% (w/v) 5DS,
10 mM EDTA, 1% (wiv} deoxycholate, 1% (v/v) IGEPAL CA-630
(Sigma), 5 mM thiourea and 10 mM dithiothreitol, according to
Hinerlager et al, 1995] for 30 s at speed 5. The extracts were centri
fuged at 10000 g for | min and the DNA-containing supernatants
were incubated in 5 M NaCl/ 10 % (w/v) CTAB at 65°C for 20 min,
followed by chloroform purification and ethanol precipitation.
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Table 1. Cyanobacterial strains used in this study, their origin and potential ability to produce microcysting

Taxonomic assignment

Strain

Geographical origin and

year of isolation

mcyE PCR*

Anabaena

An. augstumalis

An. of. circanalis var.
An. of. circinalis var.
An. cf. ciranalis var,
An. cf. ciranalis var.
An. cf. circinalis var.
An. cf. crassa

An. cf cylindrica

An. dreinalis
An. dreinalis
An. dreinalis
An. compacta
An. fles-aguae
An. flos-aquae
An. flos-aquae
An. flos-aquae
An. flos-aquae
An. lemmermannii
An. mucosa

An. oscillarioides

An. oscillarioides

An. oscillarioides
An. planctonica
An. planctonica
An. planctorica
An. planctomica
An. planctonica
An, sigmoidea
An. sigmoidea
An. smithii
Anabaena sp.
Anabaena sp.
Anabaena sp.
An. spiroides
Aphanizomenon
Ap. flos-aquae
Ap. flos-aquae
Ap. flos-aquae
Ap. gracile

Ap. gracile

Ap. dssatschenkoi
Nostoc

. calcicola

. calcicola

. edaphicum

. ellipsosporum
. WUSCOTHM

ZzZzzZzzz

. PUSCOTIm
Nastoc sp.

macrospora
macrospera
mACTesfroTa
AT aspeT

macrospoera

SCMIDKE JAHNKE/4a
1tu23s3

Tul6s10

12785

Tt28s13

Otulsse

1tu27s7

XP6B

ltu3dss
Ttu30sll
Ttu33s12
ANACOM-KOR*
ltudlsll
Otu33sls
Otu33sla
1tui0sd
1tu35s12
1tu32sll
1tu35s5
BECID22

BECID32

BO HINDAEK 1984/43
1tud3s 10
1tu28s8
Tu30s13
Ttu3iss
Ttu36s8
0u36s7
Otun38sd
1tu39s8
1tu34s7
Otu37sy
Otu39s7
1tu39s17

1tul9s19
1tn37s13
1tu26s2
Heaney/Camb 1986 140 1/1
1tul6slo
Otu37s7

m*
\;Iil

xb

vb

IE-

i
Ttulds®

Rostock, Germany

Lake Tuusulanjirvi, Finland, 2001
Lake Tuusulanjirvi, Finland, 2001
Lake 'I'uus‘ul:mjiirvi, Finland, 2001

Lake 'I'uu.‘-‘ufﬁl’ljiitvi, Finland, 2001

Lake Tuusulanjirvi, Finland, 2000

Lake Tuusulanjirvi, Finland, 2001

Sediment, Porkkala, Helsink
Baltic Sea, 1999

i, Gulf of Finland,

Lake Tuusulanjirvi, Finland, 2001
Lake Tuusulanjiirvi, Finland, 2001
Lake Tuusulanjiirvi, Finland, 2001

Water reservoir, Kofensko, Czech Republic, 2002

Lake Tuusulanjirvi, Finland, 2001
Lake Tuusulanjirvi, Finland, 2000

Lake Tuusulanjirvi, Finland,
Lake Tuusulanjirvi, Finland,
Lake Tuusulanjirvi, Finland,
Lake Tuusulanjirvi, Finland,
Lake Tuusulanjarvi, Finland,

Epiphytic, Vuosaari, Helsinki, Gulf of Finland,

Baltic Sea, 2001

2000
2001
2001
2001
2001

Epilithic, Vuosaari, Helsinki, Gulf of Finland,

Baltic Sea, 2001

Canada, 1984

Lake Tuusulanjirvi, Finland,
Lake Tuusulanjirvi, Finland,
Lake Tuusulanjirvi, Finland,
Lake Tuusulanjirvi, Finland,
Lake 'I'uu.':u[:mji&rvi, Finland,
Lake Tuusulanjirvi, Finland,
Lake TuLiSulill‘lji"ir\'i, Finland,
Lake Tuusulanjiirvi, Finland,
Lake Tuusulanjirvi, Finland,
Lake Tuusulanjirvi, Finland,
Lake Tuusulanjirvi, Finland,
Lake Tuusulanjirvi, Finland,

Lake Tuusulanjirvi, Finland,
Lake Tuusulanjirvi, Finland,
Lake Tuusulanjirvi, Finland,

2001
2001
2001
2001
2001
2000
2000
2001
2001
2000
2000
2001

2001
2001
2001

Freshwater, Lough Neagh, Ireland, 1986

Lake Tuusulanjirvi, Finland,
Lake Tuusulanjirvi, Finland,

2001
2000

Field, Ceské Budgjovice, Czech Republic, 1989

Field, Dobré Pole, Czech Re

public, 1998

Field, Cheléice, Czech Republic, 1989
Field, Mezamyslice, Czech Republic, 1990
Field, Dlouhi Ves, Czech Republic, 1986

Field, Jevany, Czech Republi
Lake Tuusulanjirvi, Finland,

¢, 1985
2001
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Table 1. cont.

Taxonomic assignment Strain Geographical origin and year of isolation mcyE PCR*
Trichormus
T. azollae BAI/1983 Unknown, 1983 -
T. doliotum 1 Unknown -
T. varinbilis GREIFSWALD Unknown, 1992
T. variabilis HINDAK 2001/4 Sail, IJOmhaY v:llle)'. Caucasus mountaing,
Russian Federation, 2001

*Determined by PCR with mcyk gene-specific primers.

TStrain described previously by Hrouzek et al. (2003) {a} or Zapomélovd (2004) (b).

PCR and sequencing. The 165 rRNA gene and ITS region were
amplified with primers pA (5-AGAGTTTGATCCTGGCTCAG-3")
{Edwards et al, 1989) and B23§ (5'-CTTCGCCTCTGTGTGCCT-
AGGT-3") (Lepére er al, 2000} as described in Gkelis er al (2005).
The 165 rRNA gene (1432-1439 bp) was sequenced with internal
sequencing primers 165545R, 1651092R. and 165979F. The rbelX
gene region was amplified and sequenced {782-1003 bp) with primers
CX (5"-GGOGCAGGTAAGAAAGGGTTTCGTA-3') and CW (5

CGTAGCTTCCGGTGGTATCCACGT-3") as described by Rudi er al
(1998}, Despite several trials, amplification of N. muscorum strains
was not successfiul and sequences were not obtained. Amplification
of the partial rpoB gene was performed with primer pair rpoBF (5'-
GTAGTTGTARCCNTCCCA-3') and rpoBR (5"-RCMGCMGACGA

AGAAGACG-3") or primer pair rpoBanaF (5-AGCMACMGGTG-
ACGTITCC-3") and rpoBanaR (5"-CNTCCCARGGCATATAGGC-3'),
which were designed in this study. For the rpoBF-rpoBR primer
pair, amplification was carried out in 50 pl 1 x DyNAzyme buffer
containing 1-6 U DyNAzyme polymerase (Finnzymes), 0-2 mM
each dNTP, 02 uM primers and 0-5 pl target DNA. PCR amplifica-
tion consisted of initial denaturation for 5 min at 94 °C, 30 cycles of
amplification: 1 min at 94°C, 1-5 min at 50°C and 2 min at 72°C,
and a final elongation for 7 min at 72°C. For the rpoBanaF—
rpoBanaR primer pair, 0-8 U Soper Tag Plus polymerase (HT
Biotechnology LTA} and 1% Super Tag Plus buffer (HT Biotechno-
logy LTA) replaced DyNAzyme polymerase and buffer, | mg BSA
ml ' was added and elongation steps of PCR were performed at
68°C. The ypoB fragments of strains 1tu28s8, 1tu33s10, ltu30sl3
and 1tu33s12 were doned with InsT/Aclone PCR product cloning
kit {Fermentas} in order to get high-quality sequences. The rpoB
gene fragment (520635 bp) was sequenced with the primers used
in the amplification. In addition to studied strains, 13 reference
strains, Anabaena sp. PCC 7108, 14, 123 and 277; Anabaena flos-
aguae 202A1, Anabaena lemmermannii 66A, Aphanizomenon sp.
TRI183 and 202; Aphanizomenon flos-aquae PCC 7905, Nostoc puncti-
forme PCC 72102 and Nodularia sp. HEM, HKVV and PCC 7804,
were amplified and sequenced. Sequencing of all genes was
performed with an Applied Biosystems Big Dye Terminator cycle
sequencing kit and 3700 sequencer at Genome Express (Meylan,
France) or with an Applied Biosystems PRISM 310 sequencer
according to the manufacturer’s instructions. The potential micro-
cystin production of strains was based on the detection of the mepE
gene in PCR with the specific primers mcyE-F2 and mcyE-R4 as
described by Rantala et al. (2004).

Phylogenetic analysis. Sequences were aligned in the program
AR (httpy/fwww.arb-home.de). The alignment was edited manually
and ambiguous bases and hypervariable regions were removed. The
highly variable intergenic spacer region between rbel and rbcX genes
as well as the variable indel region in rpoB (positions 322477 in the
alignment) did not allow reliable alignment, and therefore these

regions were excluded from the analysis. The rbclX and rpoR
sequences were studied based on three datasets: one containing all
codon positions, one containing only the first and second codon
positions of rbel X or rpoB genes and a third containing translated
amino acid sequences. Only minor differences were found in a com-
parison of the datasets and the few conflicting nodes had bootstrap
support below 65%. Resolution of clusters and bootstrap values
were higher when the third codon positions were included.
Therefore, the analysis of rpoB and rbel X shown here included all
codon positions of the genes. Altogether, 1393 bp of the 165 rRNA
gene, 606 hp of rhelX and 451 bp of rpoB were used for sequence
analysis. Trees based on the 165 rRNA gene, rhelX and rpoB were
constructed by neighbour-joining (NJ} {Saiton & Nei, 1987) and
maximum-parsimony (MP) algorithms in the program pAup* v10b
{Swofford, 2003} and by the maximum-likelihood (ML) algorithm
in PHYLIP v3.6 (Felsenstein, 1993). For NI, the evolutionary model
of substitution was evaluated by the program MODELTEST v.3.06
(Posada & Crandall, 1998), The GTR+I14+G, TIN+I1+G and
SYM+1+G evolutionary models of substitution were found to fit
the data best for the 165 rRNA gene, rbclX and rpoB, respectively.
The parameters (base frequendies, rate matrix of substitution types
and shape of gamma distribution} were estimated from the data
For NJ and MP analysis, 1000 bootstrap replicates were performed.
For ML analysis, only 10 bootstrap replicates were performed due
to limited computing power, In addition to these analyses,
GIR+G+1 evolutionary distances based on the 165 rRNA gene
were analysed non-hierarchically with PCA in the program cap
{PISCES). Kishino-Hasegawa (Kishino & Hasegawa, 1989},
Templeton (Templeton, 1983) and Winning-Sites tests {Prager &
Wilson, 1988) were used to compare the alternative phylogenetic
trees based on 165 rRMNA gene sequences. The monophyly of
planktic Anabaenal Aphani. non, only Aphani and only
planktic Anabaera sequences as well as subclusters A, F and G were
tested as implemented in PAUP* v10b (Swofford, 2003 ).

RESULTS AND DISCUSSION

Phenotypic analysis of the strains

The 51 strains studied were morphologically heterogene-
ous. Most of them were planktic Anabaena and Aphani-
zomenon strains that were identified as belonging to three
Aphanizomenon species, Aphanizomenon flos-aquae Ralfs
ex Born. et Flah., Aphanizomenon gracile {Lemm.) Lemm.
and Aphanizomenon issatschenkoi (Usac) Proik.-Lavr.,
and 10 Anabaena species: Anabaena crassa (Lemm.)
Kom.-Legn. et CronB., Anabaena circinalis Rabenh. ex Born.
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Table 2. Selected morphological characteristics of the studied cyanobacterial strains

The morphology of Nestoc muscerion, N, calacels, N ellipsosperum and N. edaphicum was described previously by Hrouzek et al. (2003).

Strain Gas Shape of Trichome Akinete Akinete
vesicles terminal cell  width (pum)* " i . heterocyte
Shape Width (pum) Length (pum) distance}

An, of. circinalis var. macrospora

1tu23s3 + Rounded 50 (54, 44)  Cylindrical with 69 (79, 4-5) 161 {21-9, 13-2) ND
rounded ends
Itu2osl0 + Rounded 45 (4:9, 4.0}  Owal 63 (76, 4:5) 186 (26:6, 13+3) ND
1tu27s5 + Rounded 4.7 (5:1, 4-1})  Owal 549 {71, 52} 204 {24+6, 13-3} ND
1tu28s13 + 3-8 (5-4, 17)  Cylindrical 5-5 {85, 7-0) 230 {37-0, 9-9) 0-1
Otu25s6 + Rounded 49 (54, 44}  Owl 6:5 (82, 5:8) 18-5 (24-3, 12-4) ND
An. of. crassa 1t2757 + Rounded 68 (88, 5-0)  Not observed

An. circinalis

1tu3dss + Rounded 80 (10:1, 7-8) Owval 12:3 (14.0, 9-7)  21-0 (30-0,12:0) 0-2
1ruiosil + Rounded 80 {9-0, 74}  Not observed - - -
1tu3d3sl2 + Rounded 82 {91, 73}  Not observed = = =
An. compacta + Rounded 4+6 (62, 2:9)  Rounded to 10-0 (14-8, 5:2)  11-5 (17-3, 5-2) ND
ANACOM-KORT oval
An. flos-aquae
Ttu3lsll + Rounded 49 {63, 4-0)  Rounded to 7:7 {85, 6°3) 139 (15:0, 10-0) 1-1
aval
Otudisls + Hyaline 61 (7:6, 3-2)  Oval, slightly 87 (11-7, 7-1)  17-6 (22-0, 13-5) ND
curved
(tuiisla + Hyaline 56 (6-5, 5-2)  Owal 7-2 (79, 6:7) 15-9 (18-6, 11-6) ND
1tudisd + Hyaline 46 (5-3, 4-0)  Not observed — — —
Itu3ssl2 + Hyaline 541 (5-5, 4-7}  Not observed — — —
An. lemmermannii + Rounded 50 (50, 30y Oval to 6-3 (85, 7-0) 11-2 (16-3, 12-0} ND
1tu32sl1 cylindrical
An. mucosa 1tu35s5 + Rounded 90 {10-1, 8-2)  Spherical 141 (16-2, 12-5) 10-0 (180, 13-3) ND
An. planctonica
1tu33s10 + Rounded 56 (7-1, 41} Owal to rounded  10:9 {12-8, 9:7)  19-1 {235, 137} ND
1tu28s8 + Rounded 62 (6:8, 5:6) Oval 11-4 (13-7, 10-0) 18-8 (23.7, 15-5) ND
Itudisl3 + Rounded 63 (11-0, 56} Oval 123 {15-0, 9:1)  21-7 (27-0, 13-0) -6
Ttu33ss - Rounded 63 (69, 59} Not observed
10368 + Rounded 54 (1000, 52) Oval to rounded 152 (191, 12:0)  17+6 {276, 12:0) 0-6
An. sigmoidea
Otu36s? + Rounded 49 (58, 3-8)  Owl 85 (95, 7-6) 181 (20-2, 15-9) ND
Oru3sss + Rounded 4:0 (4:3, 3-8)  Owal, slightly 60 (6:8, 43)  14:1 (15:5, 12:4) ND
curved
An. smithii 1tu39s8 + Rounded 93 (12:0, 7-2) Owval to 17-4 (22:4, 13:3) 20-6 (34-2, 15:7) 0-6
rounded
Anabaena sp. 0tu37s9 + Rounded 7-3 (84, 6-9}  Not observed - - -
Anabaena sp. 0tu39s7? + Rounded 73 (9-0, 6-5})  Not observed = = =5
An. spireides 1tu39s17 + Rounded 75 (84, 644}  Owal 11-8 (19-5, 9-5) 18-8 {23-0, 11-5) ND
Ap. flos-aquae
1tu29s19 + Hyaline 4-2 (5-9, 2-9)  Cylindrical 5-9 (8-0, 4-3) 26-6 (39-0, 17-0) 3-12
1tu37s13 + Hyaline 4:0 (54, 27)  Cylindrical 73 (92, 6:1}  62-5 (91-0, 370}  10-12
1tu26s2 + Hyaline 4-5 (5-3, 3-3)  Cylindrical 6-1 (79, 4-9) 380 (78-2, 7-3) 10-12
Ap. gracile
Heaney/Camb1986 + Tapered 4-5 (7-5, 2-5)  Cylindrical 7-2 {12-5, 5-0)  39-5 (950, 20-0) (]
140 1/1
Itulesls + Tapered 37 (4-4, 2-7)  Cylindrical 5-0 (5-0, 5-0) 11-6 (12-5, 11-3) -5
Ap. issarschenkoi + Flongated, 31 (40, 240)  Cylindrical 4:5 {5:5, 3:3) 17-7 {25:5, 10-9) 5-11
(tu37s? pointed
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Table 2. cont.
Strain Gas Shape of Trichome Akinete Akinete
1 1 1 »
vesicles  terminal cell  width (pm) Shape Width (um)* Length (um)* :‘:::]‘?::
An. augstumalis - Conical 30 {(6-1, 150 Owal 70 (9-2, 53} 18+3 {22-0, 13-0} 0-1
SCMIDKE
JAHNKE/4a
An. cf. glindrica Rounded 4-4 (5-4, 3:3) Naot observed
XP6B
An. oscillarioides
BECID22 Rounded 42 (54, 3:4)  Owal 66 (79, 57)  11-1 (21-0, 11:0) 0
BECID32 Rounded 5:5 (2:2, 3:3) Oval 6-8 (7-9, 5:0) 15:0 (210, 11-3) 0
BO HINDAK - Conical 3-8 (5-2, 2-3)  Not observed - - -
1984/43
Anabaena sp. 1tu3ds7 - Rounded 2-6 {4:5, 1-2)  Owal 4:5 (6-9, 2-1}  10-2 (155, 4-5} 2-10
Anabaena sp. 277 — Rounded 5-1 {676, 3-6)  Not observed = == =]
Nestoc sp. 1tulds8 Rounded 32 {4:2, 2:3) Oval 4+1 (5-5, 34} 3-2 (4-3, 2+6) 2-10
T. azellae BAL/1983 = Rounded 4-0 (5-3, 1-4) Oval 7:5 (75, 7:5) 14-5 (15-0, 12-5} 014
T. dofiolum 1 = Conical 2-3 (30, 1-6) Lenticular 2-7 (37, 1:9) 4-6 (65, 3-5) 410
T. variabilis
GREIFSWALD = Conical 4-3 (77, 2°2) Owal, slightly 7-4 (7-4, 7-4) 13-1 (14-8, 12-3} 0-7
compressed
in the middle
HINDAK 2001/4 = Conical 6-7 (9-6, 2-1) Oval, slightly 6-9 (7-4, 5:0) 11-3 (14-8, 8-0) 010
compressed
in the middle

*Numbers are means (maximum and minimum values).
FPresented as a number of cells between heterocyte and akinete.
fDescribed by Zapomélova {2004).

et Flah., Anabaena planctonica Brunnth., Anabaena mucosa
Kom.-Legn. et Eloranta, Anabaena spiroides Kleb., Anabaena
smithii {Kom.) M. Watan., Anabaena sigmoidea Nyg.,
Anabaena flos-aquae |Lyngb.] Bréb. ex Born. et Flah,
Anabaena <f. circinalis var. macrospora and Anabaena
lemmermannii Richt., according to traditional morpholo-
gical criteria {Geitler, 1932; Desikachary, 1959; Komarek
& Anagnostidis, 1989). In addition, nine benthic strains
were identified as Anabaena oscillaricides Bory ex Born.
et Flah., Anabaena cf. cylindrica Lemm., Anabaena aug-
stumalis Scmidle, Trichormus variabilis {Born. et Flah.)
Kom. et Anag., Trichormus azollae (Strasb.) Kom. et Anag,,
Trichormus doliolum (Bharadw.) Kom. et Anag. and Nostoc
sp. according to traditional morphological criteria. Hetero-
cytes were present in all strains, whereas akinetes were not
observed in 12 of the strains studied (Table 2). Aphani-
zomenon flos-aguae strains lost their fascicle-like colony
structure during laboratory cultivation. The morphological
characteristics of the strains are summarized in Table 2.
Other morphological characters measured are available as
supplementary material in IJSEM Online. Microphoto-
graphs of the selected strains and their important features
are shown in Figs 1 and 2.

Aphanizomenon and Anabaena strains differed significantly

by the mean width of vegetative cells, although the width
of vegetative cells of some Anabaena {e.g. Anabaena cf.
circinalis var. macrospora 1tu28s13) and Aphanizomenon
strains was overlapping. Generally, the variability in width
and length of vegetative cells, heterocytes and akinetes
was high {Table 2), which complicates the use of these
characters for identification and separation of Anabaena
and Aphanizomenon. These genera were also distinguished
by the morphology of the end cells of the trichome which
was rounded to oval in planktic Anabaena strains and
elongated-hyaline to tapered in Aphanizomenon strains.

Aphanizomenon strains had more or less straight trichomes,
slightly constricted at the cross-walls, and their vegetative
cells were from barrel-shaped to cylindrical (Fig. 1). The
Aphanizemenon issatschenkoi strain was clearly distinguish-
able from the other Aphanizomenon strains by elongated
and pointed terminal cells {Table 2; Fig. 1j, k). Aphani-
zomenon flos-aquae strains were characterized by hyaline
end cells, cylindrical and leng akinetes {up to 91 pm) and
a long distance between the heterocytes and akinetes
(Table 2; Fig. 1d, ¢). Aphanizemenen gracile trichomes
were slightly tapered, but not peinted, and differed from
Aphanizomenon flos-aguae by the absence of long hyaline
end cells and shorter akinetes { Table 2; Fig. 1i, h).
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Fig. 1. Microphotographs of some Anabaena and Aphanizomenon strains in phylogenetic cluster 1, showing important
features of the strains. (a) Anabasna of. crassa 112 737; (b) Anabasena planctorvca 1130s13; (&) Anabasna smithi 11u39s8;
{d) Aphanizomenon flos-aquae 1t26s2; (8) Aphanizomenon flos-aquae 1w37513; ) Anabaena of circinalis var.
macrospora 11u28s183; (g) akinetes of Anabaena cf. circinalis var. macrospora 1tu28s8; (h) Aphanizomenon gracife
1tu26s18; () Aphanizomenon gracife 11u26s18; {) akinete of Aphamizomenon issatschenkoi 0tuB7s7; (K) Aphanizomenon
issafschenkor 0tu37s7; () Anabaena Flos-aguae 11u33s2a; {m) Anabasna circinalis 1tu30s11; {n) akinete of Anabaena flos-
agquae 11u33s2a; (o) Anabaena femmermanmi 1tu32s11; (p) Anabasna compacta ANAGOM-KOR; (gq) Anabasna
osciffanoides BECID23; ) Anabasna of. cyindrca XP6B; (s) akinete of Anabasna femmermanmi 1tu32s11; (D

Anabaena oscillarioides BECGID22. Bars, 10 pm.

Anabaena strains can be divided into two groups according
to their habitats (Table 2. Planktic species had gas vesicles,
which were absent in benthic species. Anabaena sp. 1tu34s7,
which was isolated from the plankton, did not have gas
vesicles and we suspect that it was of benthic origin. In
planktic Anabaena strains, trichomes varied from coiled
to straight (Fig. 1) and two morphological groups were

recognized according to the trichome width. Strains of
Anabaena cl. crassa, Anabaena circinalis, Anabaena planicto-
rica, Avabaena spircides, Anabaena smithii, Anabaena
mucosa and Anabaena sigmoidea had  significantly
{P<005) wider trichomes, heterocytes and akinetes than
strains of Anabaena flos-aquae, Anabaena lemmermannii
and Anabaena cf. circinalis var. macrospora (Table 2).

77



P. Rajaniemi and others

Fig. 2. Microphotographs of some Anabaena
and Trichormus strains in phylogenetic clus-
ters 2-6, showing important features of the
strains. (a) T. variabilis HINDAK 2001/4; (b)
T. variabilis GREIFSWALD; (c) Anabaena cf.
oscillarioides BO HINDAK 1984/43; (d)
and (g) Anabaena augstumalis SCHMIDKE
JAHNKE/4a; (f) T. azollae BAI/1983; (g) and
(h) T. doliolum 1. Bars, 10 um.

However, some transition types with overlapping values
were found (e.g. Anabaena circinalis and Anabaena flos-
aquae) (Table 2). Benthic Anabaena strains had flexuous
trichomes with a diffuse mucilaginous sheath and typical
oval morphology of akinetes and terminal heterocytes
(Fig. 2).

The genus Trichormus was morphologically variable. The
special lenticular-shaped akinetes separated T. doliolum
from all other investigated strains (Fig. 2h). Both strains of
Trichormus variabilis were morphologically similar, with
long wavy filaments and apoheterocytic development of
akinetes (Fig. 2a, b). Trichormus azollae, a cyanobiont of
Azolla fern, was morphologically related to the Nostoc

strains. Similarly to some Nostoc strains (N. muscorum, N.
ellipsosporum), it formed long, irregularly coiled trichomes
surrounded by a diffuse mucilaginous envelope (Fig. 2f).
In addition, the type of akinete development (starting from
the middle of the filament between two heterocytes) was
similar to that of several Nostoc strains. Morphology of the
Nostoc strains was previously described by Hrouzek et al.
(2003).

Our results indicated that parameters of akinetes were
important taxonomic characters. PCA of all morphological
characters showed that most of the total variance is
attributable to variance in width and length of akinetes
(Fig. 3). Moreover, the shape of the akinetes was quite

Fig. 3. PCA plot based on the morpholo-

O Planktic Anabaena gical characteristics of studied cyanobacter-
[[] Aphanizomenon ial strains. The most variable characteristics
< Benthic Anabaena were length and width of akinetes as well as
X Trichormus width of trichomes (shown by the arrows).
<> Nostoc The first and second principal components

accounted for 99% of the total variance.
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Fig. 4. Neighbour-joining tree based on 165 rRNA gene sequences (1393 bp) showing the clustering of studied Anabaena
{abbreviated as An.), Aphanizomenon (Ap.), Trichormus (T.) and Nostoc (N.) strains (in bold). Numbers near nodes indicate

bootstrap values over 5% for NJ, MP and ML analyses.

stable. Previously, Stulp & Stam (1982, 1985) found the
position of akinetes, shape of terminal cells and width
of vegetative cells to be useful taxonomic characters for
Anabaena. These morphological features were retained in
different light and temperature conditions (Stulp & Stam,
1985) and even brackish water conditions (Stulp & Stam,
1984a).

Genetic relationships of the studied strains

Six clusters were consistently formed in the analysis of
165 rRNA, rpoB and rbcLX genes: cluster 1 contained all
planktic Anabaena and Aphanizomenon strains as well as
five benthic Anabaena strains; clusters 2, 3, 4 and 6 con-
tained benthic strains T. variabilis, Anabaena oscillarioides
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Fig. 5. Meighbour-joining tree based on rpoB sequences (451 bp) showing the clustering of studied Anabaena,
Aphanizomenon, Trichormus and Nostoc strains (in bold). Numbers near nodes indicate bootstrap values over 65% for NJ,
MP and ML analyses. The outgroup taxa, Microcystis sp. 130 and Planktothriv NIVA-CYA126, are not shown.

BO HINDAK 2001/4, Anabaena augstumalis and T.
doliolum, respectively; and cluster 5 contained all Nostoc
strains and T. azollae. The tree topologies were similar with
all tree-constructing methods, and therefore only the NJ
tree is presented for each gene (Figs 4, 5 and 6). The overall
topology was in agreement for the 165 rRNA gene, rbcLX
and rpoB trees. However, within closely related Anabaena
strains, some differences were found: Anabaena smithii
1tu39s8 clustered with hepatotoxic Anabaena strains in the
rpoB tree and Anabaena circinalis 1tu34s5 with Anabaena
flos-aquae strains in the rpoB and rbcLX trees instead of
subcluster A (Figs 4, 5 and 6). Otherwise, the few conflict-
ing nodes between gene trees received only low bootstrap
support. These were generally lower in rbelX and rpoB
trees than in the 165 rRNA gene tree, probably because of
a smaller number of variable bases. Rudi et al. (1998) also
found that the topologies of the 165 rRNA gene and rbelX
trees were not congruent for genetically closely related
Nostoc and Anabaena strains and stated that this was due
to lateral gene transfer between the strains. Nevertheless, in
the present study, lateral gene transfer did not seem to play
a major role in determining the topologies of gene trees.

Since hierarchical clustering of 165 rRNA, rpoB and rbcLX
gene sequences did not receive high bootstrap support for
all the clusters and subclusters of all gene trees, PCA was
performed. All clusters were also found in PCA, confirm-
ing the validity of the hierarchical clustering (data not
shown). Principal components 1 and 2 together accounted
for 84:6 % of the total variance in the 165 rRNA distance
matrix.

Genetic data did not support the distinction of planktic
Anabaena and Aphanizomenon from benthic Anabaena
strains as did the morphological data. The benthic Anabaena
strains BECID22, BECID32, XP6B, 1tu34s7 and 277, which
lack visible gas vesicles, were intermixed with planktic
Anabaena and Aphanizomenon strains in 16S rRNA, rpoB
and rbeLX gene trees with high bootstrap support (cluster 1
in Figs 4, 5 and 6). Moreover, a 165 rRNA gene tree with
the forced monophyly of planktic AnabaenalAphanizo-
menon strains was significantly worse (P=0-0010-0-0013}
than the original tree in all tests performed. Thus, these tests
did not support the separation of planktic and benthic
Anabaenal Aphanizomenon strains. This finding contradicts
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Fig. 6. MNeighbour-joining tree based on rbclX sequences (606 bp) showing the clustering of studied Anabaena,
Aphanizomenen, Trichormus and Nostoc strains (in bold). Numbers near nodes indicate bootstrap values over 65 % for NJ,
MP and ML analyses. The outgroup taxa, Microcystis sp. 130 (Z94894) and Planktothrix NIVA-CYA126 (Z94873), are not

shown.

Iteman et al. (2002), who found a distinct subcluster of
planktic heterocytous cyanobacteria with the exception of
Cylindrospermopsis. Other benthic Anabaenal Trichormus
strains were placed outside cluster 1, which contained
all planktic and five benthic Anabaena as well as all
Aphanizomenon strains.

Anal and Apha 1 strains in cluster 1 were
genetically heterogencous (165 rRNA gene sequence
similarity >94-8%) and intermixed in all gene trees
(cluster 1 in Figs 4, 5 and 6), confirming the results of
carlier studies with other Anabaena and Aphanizomenon
strains (Lyra et al., 2001; Gugger et al., 2002b; Iteman et al.,
2002). In addition, the monophyly of Aphanizc 1

2—4 by absence of terminal heterocysts. The cut-off points
97-5 and 95% 165 rRNA gene sequence similarity have
been suggested for bacterial species and genus definition,
respectively (Stackebrandt & Goebel, 1994; Ludwig et al.,
1998). According to those definitions, the evolutionary
distances of this study suggested that the strains in cluster 1
could be divided into two to three species belonging to
a single genus (Table 3). Cluster 1 could also be divided
into more than three species (up to nine) according to the

Table 3. Matrix showing P-distances based on the 16S
rRNA gene (1386 bp) between the subclusters of cluster 1

or planktic Anabaena was rejected in all statistical tests
(P=0-0001). The monophyly of Aphanizomenon strains
was proposed in a recent paper of Li er al. (2003}, but in
that study planktic Anabaena sequences were not included
in the analysis.

Cluster 1, containing all planktic and five benthic Anabaena
as well as all Aphanizomenon strains, was divided into nine
subclusters, which mostly received high bootstrap support
in all the gene trees (subclusters A-I in Figs 4, 5 and 6).
Morphologically, the strains in this cluster were separated
from the other strains including benthic strains in clusters

Subcluster A B C D E F G H I
A 986

B 99-1 99-4

c 98:3 98-2 100

D 98-4 98-8 985 99-8

E 980 98-0 989 986 —

F 97-7 98-0 98-8 98-1 99-2 98-8

G 96-8 97-0 97-4 97-6 97-9 98-4 994

H 96°5 968 97-4 96-9 98-2 98-0 98-0 999

I 95-4 957  96-3 963 96-6 97-1 967 97-0 98-8
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subclustering of strains in phylogenetic trees and morpho-
logical data presented here, although the evolutionary
distances between subclusters were =975 %. Most of the
phylogenetic subclusters found in all the gene trees were
also defined by morphological characters. In addition, the
evolutionary distances between the subclusters were dis-
continuous {Table 3). The subclustering was also reflected
in the length and the sequence of the variable indel region
of the rpoB gene and was confirmed in the PCA of the 168
rRNA gene (data not shown). In addition, the strains in each
subcluster shared a similar denaturing-gradient gel electro-
phoresis {DGGE) pattern of 165 rRNA gene fragments
{450 bp) {unpublished results). The studied strains had
from one to six different copies of the 165 rRNA gene
according to DGGE analysis. These findings further sup-
port the subclustering of Anabaenal Aphanizomenon strains.
However, the clustering of the studied Anabaena and
Aphanizemenon strains did not follow the current classifica-
tion of the genera. In future, DNA-DNA reassociation
studies will be able to give more evidence for relationships
of studied strains at the species level. Previously, Stam &
Stulp (1984b, 1985) found in DNA-DNA reassociation
studies that the morphology of Anabaena strains was
reflected in their genetic relationships. However, our studies
indicated that the classification of Anabaena strains might
be more complicated.

The highly supported subcluster A contained wvarious
planktic Anabaena strains, Anabaena planctonica, Anabaena
crassa, Anabaena mucosa, Anabaena spiroides, Anabaena
smithii and Anabaena sigmoidea {Figs 4, 5 and 6), which
shared relatively high 165 rRNA gene sequence similarity
{>98:69%). Both irregularly coiled Anabaena strains such as
Anabaena circinalis and straight Anabaena species such as
Anabaena planctonica strains were included in subcluster A,
indicating that coiling of the trichome was not useful for
classification of Anabaena morphotypes. The strains were
otherwise morphologically relatively similar to each other
and to Anabaena strains in subcluster F and (. Nevertheless,
a few morphological differences were found between these
subclusters. Strains in subcluster A had significantly wider
heterocytes, akinetes and trichomes than other Anabaena
strains in cluster F and G. Thus, the close relationship and
shared morphological features suggest that the strains in
subcluster A might be related at the species level.

Aphanizomenon flos-aguae strains were included in sub-
cluster B in all the gene trees, although the bootstrap sup-
port was low in MP and ML analysis of the 165 rRNA gene
(Figs 4, 5 and 6). These strains were closely related and
shared identical rbeLX gene sequences and highly similar
168 rRNA {=99-49%) and rpeB { >99-8 %) genes. Also, in
the study of Gugger er al. (2002b) a cluster of mainly
Aphanizomenon flos-aquae sequences was found in 165
rRNA gene and rbeLX trees, but it was not resolved in the
ITS tree. The studied Aphanizemenen flos-aguae strains
shared several morphelogical features, e.g. hyaline end
cells, long akinetes and originally fascicle-like colonies,

which separate these strains from the other Anabaena and
also Aphanizomenon strains. The proposed type strain of
Aphanizomenon flos-aguae, PCC 7905, did not cluster
with the Aphanizomenon flos-aguae strains of this study.
However, Rippka er al. (2001b) pointed out that the
morphology of the PCC 7905 now in culture does not
correspond well with the description of Aphanizomenon
flos-aguae. The Aphanizomenon strains TR183 and 202 in
cluster D, described previously as Aphanizomenon flos-
aguae (Gugger et al, 2002b), are called Aphanizomenon
sp. in this study, becanse the original identification of
these strains was problematic (Lyra et al, 2001). No
morphological description of strain NIES81 was found.
Aphanizomenon flos-aquae seems to lose its typical colony
structure in laboratory cultivation, which might com-
plicate its identification {Gugger et al, 2002b; this study).
However, phylogenetic and morphological data from this
study suggest that Aphanizemenon flos-aguae might form
its own species.

Anabaena  compacta ANACOM-KOR from the Czech
Republic shared an identical 165 rRNA gene sequence
with the previously described Anabaena compacta strain
189 from Denmark {(Gugger et al, 2002b), and these strains
formed a distinct cluster, C, in thel65 rRNA and rpoB
trees {Figs 4 and 5). In the rbelX analysis, Anabaena
compacta ANACOM-KOR was clustered together with
hepatotoxic Anabaena strains in cluster F (Fig. 6). Anabaena
compacta was easily identified by its solitary, densely and
regularly coiled trichomes {Fig. 1) and thus the morphology
was in accordance with genetic data. The dense coiling of
Anabaena comparcta ANACOM-KOR was stable in culture
and seems to be characteristic for this species, although the
coiling was not a useful feature for the dassification of other
Anabaena species.

Aphanizomenon gracile and Anabaena cf. circinalis var.
macrospora strains were closely related and intermixed in
all the gene trees (cluster D in Figs 4, 5 and 6; Table 3). The
cluster alse included neurotoxic Anabaena strains des-
cribed by Gugger et al. (2002b) and Lyra er al. (2001).
This close relationship between neurotoxic Anabaena and
Aphanizomenon strains (PCC 7905, TR183 and 202) had
been previously revealed by 165 rRNA-RFLP, the 165 rRNA
gene (Lyra er al, 2001; Iteman er al, 2002), rbelX and
ITS sequencing (Gugger er al, 2002b), as well as by the
analysis of cellular fatty acids {Gugger er al, 2002a). The
morphological similarity of Aphanizomenon gracile to
some Anabaena strains has been discussed previously by
Komarek & Anagnostidis (1989). These strains grow in
solitary trichomes which do not have clongated, hyaline
or pointed end cells. Surprisingly, all studied strains
(Anabaena and Aphanizomenon) included in custer D
had very similar morphology and development of akinetes.
They all form cylindrical akinetes by fusion of several
vegetative cells next to or distant from a heterocyte. This
type ol akinete development separates it from other
subclusters including planktic Anabaena strains and could
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be used for classification of Anabaena/Aphanizomenon
species. Previously, the development of akinetes has been
found to be a stable character and suggested to have
impertant taxonomic value for Anabaena classification
{Stulp & Stam, 1982, 1985). The morphological similarities
and close evolutionary distances suggest that Aphanizo-
menon gracile and Anabaena strains in cluster D might be
assignable to a single species.

Benthic Anabaena cylindrica XP6B was the only representa-
tive of subcluster E (Figs 4, 5 and 6). XP6B was actually
closely related to the hepatotoxic strains of subcluster F
{165 rRNA sequence similarity =99-29%). Morphologically
this strain was separated from strains in subcluster F by a
lack of gas vesicles, elliptical vegetative cells and heterocytes
as well as presence of diffusive mucilage around trichomes.
The benthic strains Anabaena oscillarioides BECID22 and
BECID32 of cluster 1 formed subcluster H in all the gene
trees (Figs 4, 5 and 6) and shared <98:29 165 rRNA
gene sequence similarity with the other subclusters. These
BECID strains were morphologically separable from other
subclusters by the absence of gas vesicles, cylindrical akinetes
(Fig. 1t) and trichomes arranged in fascicle-like formation
with diffusive mucilage. More strains closely related to
subclusters E and H are needed in order to conclude their
morphological similarities and classification. Nevertheless,
the close relationship between these benthic Anabaena and
planktic Anabaena/Aphanizomenon strains indicates that
gas vesicles are not a useful feature for dassification of
Anabaena.

In all gene trees, subcluster F consists of Anabaena flos-aquae
and Anabaena lemmermannii strains, which were potential
microcystin  producers according to meyE-PCR. These
strains were closely related (16S rRNA gene sequence
similarity =98-89%) to each other, but also to non-toxic
Anabaena flos-aguae strains of cluster G {165 yYRNA gene
sequence similarity >>98-49) {Fig. 4; Table 3). Cluster F
received high bootstrap support only in the rpoB analysis
(Fig. 5). In the 165 rRNA gene tree, the hepatotoxic strains
were divided into two highly supported clusters and in
the rbelX analysis also Aphanizomenon sp. 202 and
Anabaena compacta ANACOM-KOR were placed in this
cluster (Fig. 6). The close similarity within subcluster F
and between it and non-hepatotoxic Anabaena flos-aquae
strains indicated that the latter might have recently lost
their ability to produce microcystins (Rantala et al,, 2004).
We were not able to find any morphological criteria to
distinguish strains from subclusters F and G, which mostly
contained strains identified as Anabaena lemmermannii
and Anabaena flos-aquae. These subclusters could be
separated only by the phylogenetic analysis and by the
potential hepatotoxin production of the strains in sub-
cluster I with the exception of a non-toxic strain, Anabaena
sp. 299A (this study; Gugger et al, 2002b). Thus, the
delineation of morphotypes Anabaena lemmermannii and
Anabaena flos-aquae remains to be confirmed.

Interestingly, planktic Aphanizomenon issatschenkor, ‘benthic’

Anabaena sp. 1tu34s7 and Anabaena sp. 277 were grouped
together {subcluster I in Figs 4, 5 and 6) and were clearly
separated from the other planktic Anabaena and Aphani-
zomenon strains in all gene trees as well as in PCA. This
cluster shared < 96-4% 165 rRNA gene sequence similarity
with other clusters/subclusters, indicating that the Aphani-
zomenon issatschenkoi strains, Anabaenasp. 277 and 1tu34s7
belong to different species from AnabaenalAphanizomenon
strains in cluster 1. The cluster was quite heterogeneous
morphologically, containing both benthic and planktic
strains. The Anabaena strains 1tu34s7 and 277 in this
subcluster were isolated from plankton (this study; Lyra
et al, 2001) and they might have lost their gas vesicles
during cultivation, which has been reported by Rippka
et al. {2001b) in the case of PCC 7905. However, gas
vesicles were not found in 1tu34s7 soon after isolation, and
thus at least 1tu34S7 is probably benthic. It is evident that
Aphanizomenon issatschenkoi strains characterized by soli-
tary trichomes with pointed end cells are both morpholo-
gically and genetically clearly separated from the other
Aphanizomenon strains as well as from typical planktic
Anabaena strains. The only observed morphological simi-
larity of strains in cluster 1 was the shape of akinetes,
which were cylindrical in Aphanizomenon issatschenkoi
and Anabaena sp. 1tu34s7. Akinetes were not found in
Anabaena sp. 277.

Trichormus strains, which were separated morphologically
from Anabaena and Aphanizomenon strains by akinete
development, were divided into three well-separated clusters,
2, 5 and 6 {Figs 4, 5 and 6), and were not menophyletic.
These Trichormus strains were found to be morphologically
heterogeneous. Two benthic strains with wavy filaments
and apoheterocytic akinete formation were assigned as T.
variabilis. These T. variabilis strains GREIFSWALD and
HINDAK/2001/4 also shared a high 165 rRNA gene
sequence similarity {99-29%) and formed cluster 2, which
was loosely grouped with Anabaena PCC 7108 (Figs 4
and 5). Also, DNA-DNA reassociation studies of Stulp
& Stam (1984b, 1985) with several Anabaena species
support our results that Anabaena ( Trichormus) variabilis
strains were clearly separated from other Anabaena species.
Stulp & Stam {1984b, 1985) found that relative binding
values between Anabaena varibilis and other Anabaena
species ranged from 31 to 39 %. Interestingly, T. doliolum,
which was morphologically separated from other Tricho-
rmus strains by shape of akinete, shared less than 95:3 %
165 rRNA gene sequence similarity with any other cyano-
bacterial sequence and formed cluster 6 (Figs 4, 5 and 6).
This indicates that T. doliolum might not be related to
Anabaena, Trichormus or Nostoc strains at the species or
even genus level if the suggested cut-off point for genus
definition, 95% 165 rRNA gene sequence similarity, is
followed {Ludwig et al,, 1998). T. azellae BAI/1983 clustered
with heterogeneous Nostoc strains (Figs 4, 5 and 6) and
might actually belong to the genus Nostoc rather than to
Trichormus or Anabaena. Similar results were found in
analysis of restriction sites in the nif region (Mecks et al.,
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1988). Also, morphological features such as a mucilaginous
envelope support the transfer of T. azollae to the genus
Nostoc.

The benthic Anabaena oscillarioides BO HINDAK 1984/43
and Anabaena augstumalis JAHNKE/4a formed clusters 3
and 4 in the 165 rRNA gene tree {Fig. 4) and these clusters
shared 165 rRNA gene sequence similarity <95-5%. In
the rpoB and rbeLX gene trees, Anabaena oscillarioides BO
HINDAK 1984/43 and Anabaena augstumalis JAHNKE/4a
were grouped together, probably because no other closely
related sequences of these genes were available (Figs 5
and 6). These Anabaena strains were morphologically
separated from other Anabaena strains in custer 1 by
conical end cells and the presence of terminal heterocytes
{Table 2). Among other features, conical end cells were
also suggested by Lachance {1981) to separate Anabaena
and Nostoc strains. The benthic Anabaenal Trichormus
clusters 2-4 were grouped with planktic Anabaenal Aphani-
zomenon rather than with Nostec strains (Figs 4, 5 and 6).
However, the clustering of all AnabaenalAphanizomenon
and T. variabilis received high bootstrap support only in the
rbcLX tree (Fig. 6). The evolutionary distances between the
benthic Anabaena strains BO HINDAK 1984/43, JAHNKE/
4a and T. variabilis as well as Anabaena/ Aphanizomenon
strains in cluster 1 were >95'89%, indicating that these
clusters 1-4 are not related at the species level. However,
more closely related sequences of benthic Anabaena and
Trichormus are needed before their phylogenetic position
and classification can be resolved.

Nostoc strains were separated from genera Anabaena and
Trichormus with the exception of T. azollae in all gene
trees {Figs 4, 5 and 6) and thus supported the distinction
between the genera Nostoc and Anabaena, as shown pre-
viously in studies of 168 rRNA gene sequences {Wilmotte
& Herdman, 2001) and the nifD gene {Henson et al., 2002).
This was opposite to the studies of Tamas et al {2000),
which was based on a short fragment of nifH. Nostoc
sequences were heterogencous {sequence similarity 93-9 %%
for the 168 rRNA gene) at the bases of all the gene trees.
This is in agreement with the DNA-DNA reassociation
studies of Lachance {1981). Therefore, the studied Nostoc
strains may actually represent two different genera. The
Nostoc strains were clustered together in the 165 rRNA
gene tree with low bootstrap support (Figs 4, 5 and 6),
and did not form clusters in the rbel X and rpoB trees.
However, within the Nostoc cluster, sequences of N.
calcicola, N. edaphicum and Nestoc sp. 1tulds® shared
high 168 rRNA sequence similarity {97'7 %) and clustered
together with high bootstrap values in all the gene trees
{Figs 4, 5 and 6). These Nostoc strains also shared many
commeon features such as terminal conical heterocytes and
narrow, straight hormogonia and were morphologically
differentiated from the other studied Nosroc strains
{Hrouzek et al, 2003; this study). The high sequence and
morphological similarity suggest that N. calcicola, N.
edaphicum and Nostoc sp. 1tulds8 could be assigned to a

single species. In addition, N. muscorum and N. eflipsos-
porum were morphologically (Hrouzek et af, 2003) and
genetically more closely related to each other than to the
other studied Nostoc strains. However, the 16S rRNA gene
sequence similarity of these two Nostocstrains and T. azollae
to any other strains was <<96-7 %, indicating that these
strains are not related to each other or to other Nostoc
strains at the species level.

Conclusion

This study indicates that planktic Anabaenal/Aphanizo-
menon and benthic Anabaena were not monophyletic, since
the planktic Anabaena and Aphanizomenon as well as five
benthic strains in cluster 1 were intermixed. Strains in
cluster 1 could be assigned to a single genus according to
the genetic data. Cluster 1 could be divided into several
{eight or nine) species based on genetic and morphological
data, although the 165 rRNA gene sequence similarity
between the AnabaenalAphanizomenon subdusters was
above 97:5%. Most of these supported phylogenetic
Anabaenal Aphanizomenon subclusters {A-E and H) were
found in all the gene trees. Moreover, the strains within
the subclusters shared certain morphological features that
might be used in classification of the strains at the species
level. The subclusters were morphologically separable from
each other mainly on the basis of akinete parameters,
sometimes in combination with the width of the trichome
or potential hepatotoxicity. In contrast, coiling of tri-
chomes, distance between heterocytes or the length of
vegetative cells seem not to be useful criteria for separation
of the subclusters. Trichormus strains were not mono-
phyletic. T. azollae might belong to the genus Nostoc rather
than to Anabaena. T. doliolum possibly forms a separate
genus according to evolutionary distances. T. variabilis
strains were more closely related to the benthic Anabaena
strains than Nostoc strains, although T. variabilis and
benthic Anabaena strains in clusters 2—4 were genetically
relatively heterogeneous. Therefore, more benthic Anabaena
and Trichormus strains need to be studied to confirm their
phylogenetic positions. Nevertheless, the shape of end cells
and presence of terminal heterocyles were found to be
important for discriminating between the benthic Ana-
baena and T. variabilis in clusters 2-4 from the Anabaena
strains in cluster 1. The phylogenetic relationship of the
studied strains did not follow the current taxonomic
classification of Komarek & Anagnostidis {1989) or that
of Bergey’s Manual of Systematic Bacteriology (Rippka et al.,
2001c) and therefore a revision of the taxonomy of these
anabaenoid strains is needed.
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ABSTRACT

The genera Dolichospermum (Ralfs ex Bornet et Flahault) Wacklin et al. 2009 and
Sphaerospermopsis Zapomélova 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 (Sechting 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 (Kampfer et al.,
2003).

The genera Dolichospermum (Ralfs ex Bornet et Flahault) Wacklin et al. 2009 and
Sphaerospermopsis Zapomé&lova 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; Zapomélova 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. 1. was based on morphometric
parameters (Komarek and Zapomélova, 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 Zapomélova 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 Stiiken 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 um
mesh plankton net. Morphology of fresh material was evaluated immediately as described
below. Single trichomes were isolated from the phytoplankton samples as described by
Zapomeélova et al. (2007). Clonal cultures were grown in WC medium (Guillard and
Lorenzen, 1972) at 21 °C and the light intensity of 70 pmol.m?2s” (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 Smilauer, 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 (Smilauer, 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 Locality of isolation FA SM 16S Morph.
code rRNA

Anabaena sp. Bory ex Born. et Flah. 08-05 Machovo fishpond, Czech Republic + + +

D. affine (Lemm.) Wacklin et al. 04-44 Svét fishpond, Czech Republic + + + +

D. affine(Lemm.) Wacklin et al. 05-03 Stafikovsky fishpond, Czech Republic + + +

D. flos-aquae (Bréb. ex Born. et Flah.) 04-10 Bynovsky fishpond, Czech Republic + + +

Wacklin et al.

D. flos-aquae (Bréb. ex Born. et Flah.) 04-40 Skalka reservoir, Czech Republic + + + +

Wacklin et al.

D. flos-aquae (Bréb. ex Born. et Flah.) 04-57 Vajgar fishpond, Czech Republic + + +

Wacklin et al.

D. circinale (Rabenh. ex Born. et Flah.) 04-22 Husinec reservoir, Czech Republic + + +

Wacklin et al.

x D. crassum (Lemm.) Wacklin et al.

D. circinale (Rabenh. ex Born. et Flah.) 04-26 Jesenice reservoir, Czech Republic + + +

Wacklin et al.

x D. crassum (Lemm.) Wacklin et al.

D. circinale (Rabenh. ex Born. et Flah.) 04-28 Hodgjovicky fishpond, Czech Republic + + + +

Wacklin et al.

x D. crassum (Lemm.) Wacklin et al.

D. circinale (Rabenh. ex Born. et Flah.) 04-59 Valcha fishpond, Czech Republic + + +

Wacklin et al.

x D. crassum (Lemm.) Wacklin et al.

D. compactum (Nygaard) Wacklin et 04-17 Dubnensky fishpond, Czech Republic + + +

al.

D. compactum (Nygaard) Wacklin et 06-02 Pé&sak fishpond, Czech Republic + + +

al.

D. compactum (Nygaard) Wacklin et 06-03 Svét fishpond, Czech Republic + + +

al.

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

D. lemmermannii (Richter in Lemm.) 04-24 Husinec reservoir, Czech Republic + + + +

Wacklin et al.

D. lemmermannii (Richter in Lemm.) 04-38 Senecky fishpond, Czech Republic + + +

Wacklin et al.

D. lemmermannii (Richter in Lemm.) 04-42 Svét fishpond, Czech Republic + + +

Wacklin et al.

D. mendotae (Trelease) Wacklin et al. 04-06 Btezova reservoir, Czech Republic + + +

x D. sigmoideum (Nygaard) Wacklin et

al.

D. mendotae (Trelease) Wacklin et al. 04-11 Cernis fishpond, Czech Republic + + +

x D. sigmoideum (Nygaard) Wacklin et

al.

D. mendotae (Trelease) Wacklin et al. 04-33 Orlik reservoir, Czech Republic + + + +

x D. sigmoideum (Nygaard) Wacklin et

al.

D. mendotae (Trelease) Wacklin et al. 04-45 Svét fishpond, Czech Republic + + + +

x D. sigmoideum (Nygaard) Wacklin et

al.

D. mendotae (Trelease) Wacklin et al. 05-01 Lipno reservoir, Czech Republic + + +

x D. sigmoideum (Nygaard) Wacklin et

al.

D. mucosum (Kom-Legn. et Eloranta) 06-04 Horak fishpond, Czech Republic + + +

Wacklin et al.

D. mucosum (Kom-Legn. et Eloranta) 08-03 Maika fishpond, Czech Republic + + +

Wacklin et al.

D. planctonicum (Brunnthaler) 00-05 Nechranice reservoir, Czech Republic + + +

Wacklin et al.

D. planctonicum (Brunnthaler) 03-02 Lipno reservoir, Czech Republic + + +

Wacklin et al.

D. smithii (Komarek) Wacklin et al. 05-05 Dubnensky fishpond, Czech Republic + + +

D. smithii (Komarek) Wacklin et al. 08-02 Maika fishpond, Czech Republic + + +

D. spiroides (Bréb. ex Born. et Flah.) 04-51 Svét fishpond, Czech Republic + + +

Wacklin et al.

D. viguieri (Denis et Frémy) Wacklin 08-04 Maika fispond, Czech Republic + + +

etal.

S. aphanizomenoides (Forti) 04-43 Svét fishpond, Czech Republic + + +

Zapom¢lova et al.

S. reniformis (Lemm.) Zapomélova et 06-01 Pésak fishpond, Czech Republic + + + +

al.

S. reniformis (Lemm.) Zapomélova et 07-01 Vysehrad fishpond, Czech Republic + + +

al.
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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') to remove or reduce mucilaginous
substances. The biomass samples were stored at —20 °C until DNA extractions. DNA was
extracted using UltraClean™ 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 Extractll kit (Macherey-Nagel GmbH
& Co. KG, Diiren, 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)
(Nibel et al., 1997). The sequencing was performed at a commercial facility (Laboratory of
Genomics, Biology Centre of AS CR, Ceské Budgjovice, 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 °C per 2 min, increase 2 °C min™' to 300 °C, 20 min at 300
°C. The injector temperature was kept at 180 °C. The flow rate of the carrier gas (helium)
was 0.5 mL.min"". The MS detector operated at 200 °C, 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 um) using MeOH / H,O gradient with the flow rate of 0.6 mL.min™'. 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-lon 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).

)
=

04-45
0411
o meniQ O Ov'ens
04:24
D. femm.
i 0426
: 2 04.50 D_girc
L:W veg. (@] .o O [e)
mend: 00-05
o o paneQ
005 oy D men
D. mend.
Lnil(o) © H W het.
o ‘ =——F Wyeq.O gt
o [¢) 04-51 W ak.
LaCzs 08-02
04-19 -
D. curv. 0s-05@) Ou smith
04-44 Anabaca sp. 08-03
0 b QO O oaa0 05-05 0. mue
rend D. fl-ag. D. smith. O o504
0443 E o] Qs D. mu.
S. aph. D 05-03 D. vig.
06.02 06-01 D.alf.
Dcomp () S.renit
06-03 O
Dlcene Q017
o . comp.
)
-1.5 1.5

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 (Zapomélova 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 Zapomélova (2008) and
Zapomélova 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 (Zapomélova 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).
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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),
O (m/z 715.3, RT 21.6 min), ® (m/z 701.3, RT 11.2 min), OO (m/z 256.3, RT 21.7 min),
* (m/z 569.4, RT 20.4 min), A 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), A anabaenopeptin A (m/z 844.4, RT 17.1 min) , Vanabaenopeptin 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 (Komarkova, 1988; Zapomélova 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 (Zapomélova 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 (Komarkova-Legnerova 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 ~ 14:0 15:0 162 l16:la  16:1 16:0  17:0a  17:0 18:3 18:2 18:1 18:0 19:0
code b b
Anabaena sp. 08-05 0.8 0.0 29 42 2.8 319 0.1 03 419 9.5 0.8 4.7 0.1

D. affinis 04-44 2.1 0.7 52 4.5 51 256 0.0 0.1 435 111 1.1 0.9 0.1
D. affinis 05-03 5.8 0.0 5.8 2.9 39 175 0.1 0.1 341 264 0.8 2.6 0.0
D. circinalis x  04-28 22 1.4 4.1 8.0 48 224 0.0 0.1 418 133 0.1 1.8 0.0
D. crassum
D. compactum 06-02 0.7 0.1 7.4 83 3.8 202 0.0 0.0 382 201 0.5 0.7 0.0
D. compactum 06-03 0.8 0.0 7.6 7.6 4.6 8.2 0.1 0.1 513 187 0.2 0.8 0.0
D. curvum 04-19 22 0.3 3.0 1.3 35 269 0.0 0.1 516 7.1 1.6 23 0.1
D. flos-aquae 04-10 0.7 0.1 7.1 52 24 219 0.0 0.1 404 194 0.2 2.4 0.1
D. flos-aquae 04-40 6.1 0.3 32 0.2 50 294 0.0 0.0 479 4.9 1.2 1.6 0.2
D. 04-24 5.0 2.0 25 0.2 52 248 0.0 0.1 508 3.9 2.4 3.0 0.1
lemmermannii

04-42 22 0.3 34 2.1 30 242 0.0 0.1 551 7.4 0.6 1.5 0.1
lemmermannii
D. mendotae x  04-11 0.7 0.5 6.6 3.6 49 217 0.0 0.1 464 142 0.4 0.8 0.1

D. sigmoideum

D. mendotae x  04-33 0.9 1.6 4.0 3.7 49 257 0.0 0.0 481 9.6 0.8 0.6 0.1
D. sigmoideum

D. mendotae x  04-45 1.0 0.3 6.2 4.0 4.6 8.6 0.0 02 568 165 0.6 1.1 0.1
D. sigmoideum

D. mendotae x  05-01 0.7 0.1 7.1 52 45 150 0.0 0.1 503 16.1 0.1 0.8 0.0
D. sigmoideum

D. mucosum 06-04 0.5 0.5 4.6 2.1 7.8 282 0.4 02 367 129 42 1.8 0.1
D. mucosum 08-03 0.7 0.0 5.5 2.7 29 314 0.1 0.1 369 172 0.6 1.8 0.1
D. 00-05 1.7 0.2 53 5.4 39 257 0.1 0.1 425 126 0.9 1.5 0.1
planctonicum

D. 03-02 1.0 0.2 0.1 07 210 302 0.7 1.3 275 6.8 4.6 55 0.4
planctonicum

D. smithii 05-05 13 0.1 0.0 03 120 536 0.2 0.7 7.0 1.8 3.7 189

D. smithii 08-02 0.8 0.0 5.7 3.6 32 285 0.1 0.1 389 172 0.2 1.6 0.1
D. viguieri 08-04 0.3 0.2 0.1 0.0 193 282 0.2 04 440 38 1.8 1.6 0.1
S. 04-43 1.5 2.5 0.2 02 239 375 0.0 02 192 1.9 9.8 3.0 0.1
aphanizomenoi

des

S. reniformis 06-01 2.7 0.2 0.1 02 198 529 0.0 0.3 8.1 1.8 8.8 4.8 0.3
S. reniformis 07-01 1.5 0.8 0.1 03 156 274 0.0 0.1 412 6.1 52 1.6 0.1
Cyanobiumsp. __10-NR__ 10.7 0.0 0.0 362 398 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 (4. 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
(Zapomeélova 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
(Zapomeélova et al., 2009).

S. aphani; ides 04-43; F
|| —

D. flos-aquae 04-57; F

D. compactum 04-17; F
D. circinale 04-28; F 4’_—'__________

D. lemmermannii 04-38; F

D. flos-aquae 04-51; F } |

D. affine 04-44; F

Il D. d 04-11; F
D. I ii 04-42; F J
D. mendotae 04-06; R —
D. [ 04-45; F }
D. o 04-33; R
D. circinale 04-59; F
D. circinale 04-26; R
Il D. flos-aquae 04-40; R
D. circinale 04-22; R
D. I ‘manii 04-24; R
D. curvum 04-19; R
S. reniformis06-01; R

0 1 2 3 4 5 6
Linkage distance

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.
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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
(Zapomelova 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 (Zapomelova 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, (1) D. circinale x D. crassum 04-59, (J) D. compactum 04-17, (K)
D. compactum 06-02. Scale bars represent 10 pm.
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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, (1) 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 um.
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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 um (A) or 10 um (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 72 1 1

756.3 9.6 1 1

909.1 9.9 1 1

701.3 112 1 1 1 1 1

453.6 11.3 1 1 1

685.2 1.6 1 1 1 1 1 1 1 1 1 1
8233 11.9 1 1

543.4 122 1 1
1022.2 12.5 1 1

938.3 12.6 1 1

727.4 12.6 1 1 1

837.5 131 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
7313 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
256.3 217 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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POLYPHASIC CHARACTERIZATION OF THREE STRAINS OF ANABAENA RENIFORMIS
AND APHANIZOMENON APHANIZOMENOIDES (CYANOBACTERIA) AND THEIR
RECLASSIFICATION TO SPHAEROSPERMUM GEN. NOV. (INCL. ANABAENA
KISSELEVIANA)!
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Occurrences of rare cyanobacteria Anabaena
reniformis L rm. and Aphani phanizo
menoides (Forti) Horecka et Komarek were recently
detected at several localities in the Czech Republic.
Two monoclonal strains of An. reniformis and one
strain of Aph. aphanizomencides were isolated from
distant localities and different sampling years. They
were characterized by a combination of morphologi-
cal, genetic, and biochemical approaches. For the
first time, partial 168 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 Cylindro-
spermaopsis Seenaya et Subba Raju and Raphidiopsis
F. E. Fritsch et M. F. Rich, clustered closely together
with two An. Fkisseleviana 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 heterogeneity
among planktonic Anabaena-like and Aphanizomenon—
like morphospecies. Accordingly, the subgenus

'Received 15 June 2008, Accepted 12 June 2009,
“Author for correspondence: e-mail eliskazapomelova@seznam.cz.

112

Dolichospermum, previously proposed for the group
of planktonic Anabaena, should be revaluated. Sec-
ondary 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 bhodies.
Production of puwainaphycin A was found in both
of the An. reniformis strains. Despite the relatively
short phylogenetic distance from CGylidrospermnopsis,
the production of cylindrospermopsin was not
detected in any of our strains.

Key index words: 165 rRNA gene; Anabaena; cyano-
bacteria; morphology; new genus; phytoplankton;
secondary metaholites; taxonomy

Abbreviations: HPLC-MS, high-performance liquid
chromatography-mass spectrometry; m/z, mass
divided by charge; MP, maximum parsimony; N]J,
neighbor joining; OTU, operational taxonomic
unit; RT, retention time

An. reniformis has only been reported a few times
from isolated localities worldwide (Cronberg and
Annadotter 2006, Komarek and Zapomeélova 2007)
and is considered to be very rare in the Czech
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Republic (three findings to date: Komairek 1996,
KerSner 1997). It is mainly characterized by the
shape and position of the akinetes (spherical, on
one or both sides adjacent to the heterocytes).
Other coiled morphospecies of identical akinete
shape and position, and of similar cell sizes, have
been described from Japan (An. eucompacta R. Li
et M. M. Watan. [Li and Watanabe 1999] and
An. oumiana M. Watan, [Watanabe 1996]) and also
from Cuba (An. torguesreginae Komarek [Komarek
1984]). In addition, highly similar morphospe-
cies with straight trichomes were described as
Amn. kisseleviana Elenkin from Siberia (Elenkin 1938)
and An. austre-africana  Cronberg et Komdrek
(Cronberg and Komarek 2004).

Aph. aphanizomenoides shows identical shape and
arrangement of akinetes as the above-mentioned An-
abaena morphospecies. The cyanobacterium  was
originally described as Anab apha noides
Forti from a lake in Anatolia (Geitler 1932), and
later reclassified to the genus Aphanizomenon
(Horecka and Komarek 1979). The synonymic name
is  Aphanizomenon  sphaericum Kisselev. However, its
taxonomic status remains unclear, since it displays
morphological characteristics typical for both
Anabasna  (constricted  cell walls, isodiametrical
akinetes) and Aphanizomenon (tapered and elongated
terminal cells), and its genotypic features have not
yet heen analyzed.

Cluster analysis of fatty-acid compeosition (Li and
Watanabe 2004) has shown that An. eucompacia
and An. oumiana group together in a distant cluster,
separately from other planktonic Anabaena strains.
This finding suggests that not only morphological
but also some other features are common for
similar Anabaena strains, discriminating them from
other planktonic Anabaena morphospecies. Never-
theless, no study focusing on their genotypic charac-
teristics has yet been published to confirm this
segregation.

The main objective of the present study was to
characterize An. rentformis and Aph. aphanizomenoides
strains, using the polyphasic approach. Morphome-
try, 165 rRNA gene sequence, and secondary metab-
olite content were analyzed. New evidence on the
occurrence and distribution of An. reniformis and
Aph.  aphanizomenoides in the Czech Republic is
reported.

MATERIALS AND METHODS

Sampling. The sampling area, South Bohemia, is in the
southwest of the Czech Republic, with a long tradition of fish
farming. Two main fishpond systems are situated there, the
first in the Trebon Basin and anocther in the Ceské Budéjovice
Basin. Most fishponds are intensively farmed, overstocked, and
fertilized shallow water bodies where the temporary stratifica-
tion is often disrupted by wind. Therefore, nutrients are easily
available for the phytoplankton, and as a consequence,
eyanohacterial blooms of varying intensity and species compa-
sition develop at the localities (Pechar etal. 2002). Phyto-
plankton samples of 100 fishponds from bath the Trebon Basin
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(60 localities) and Ceské Budéjovice Basin (40 localities) were
repeatedly collected during the vegetation seasons 2004-2007
{from April to October) using a 20 um mesh plankton net
(Sefar, 9425 Thal, Switzerland). Species composition of the
water blooms was evaluated, from fresh samples, using an
Olympus BX 50 light micrascope (Olympus Czech Group,
Prague, Czech Republic).

Cultivation. Single trichomes were isolated from the sam-
ples using a glass capillary, and from these, clonal strains were
grown. The wichomes were transferred repeatedly from a drop
af sterile culture medium WC (Guillard and Lorenzen 1972) to
another one, until all of the other organisms had been
excluded. One strain of Aph. aphanizemenpides (strain 043,
Sveét fishpond, 2004) and two An. reniformis strains (strain 0601,
Pesdk fishpond, 2006; strain 0701, Vydehrad fishpond, 2007)
were isolated. In addition, a strain of An. eompacta (strain 0602,
Pésak fishpond, 2006) was isolated from the same phytoplank-
ton community as one of the two An. reniformis strains and was
used as the reference strain in the phylogenetic analysis. Clonal
nonaxenic cultures were grown in WC medium {Guillard and
Lorenzen 1972) at 21°C and 70 pmol photon - m ™ - s light
intensity (16:8 lightdark [L:D] eyele). The strains are main-
tained in the culture collection at the Biology Centre of the
AS CR, Instinute of Hydrobiology (Ceské Budé&jovice, Czech
Republic). The strain 06-01 was deposited in two official culture
collections: (1) Culmure Collection of Algal Laboratory (CCAL-
A), Institute of Botany, Academy of Sciences of the Czech
Republic, Centre of Phycology, Dukelski 1356, CZ-37932
Trebon, Czech Republic (accession no. CCALARG2); and (2)
Culture Collection of Algae {SAG), Albrechtvon-Haller Insti-
tute, the University of Gottingen, Nikolausberger Weg 18,
37073 Gattingen, Germany (accession no, SAG 2284).

Statistical evaluation of movphological data. Morphology of
hoth An. reniformis and  Aph. aphanizomenoides was analyzed
on living materials immediately after sampling. Microphoto-
graphs of at least 30 nonfixed trichomes per population
were taken using a digital camera (Olympus DP 70, magni-
fication 400x). Size measurements were performed using
image analysis {Olympus DP Soft). The basic statistical param-
eters (mean values, 25% and 75% percentiles, and extreme
values) of all morphometric characteristics were computed for
the original populations of An. reniformis and Aph. aphanizo-
menotdes strains using the Graph Pad Prism software (version
4.0 for Windows; San Diego, CA, USA; hup://www.graphpad.
com). Measurements of morphometric parameters were
carried out as follows: length and width of five vegetative cells
per trichome in 30 trichomes {i.e., 150 cells in total), length
and width of 30 beterocytes, length and width of as many as
possible akinetes, length and width of as many as possible
terminal cells, 150 trichome coil diameters and distances
between coils,

Phylogenetic study. ‘The biomass was harvested in the expo-
nential phase of growth by repeated centrifugation (centrifuge
Z 233 MK-Z; Hermle Labortechnik GmbH, Wehingen, Ger-
many), during which the trichomes were washed several times
hy phwﬁlngnml solution  (NaCl solution, concentration
lg-L° Y 1o remave mucilaginous :,ubslam_cs The biomass
samples were stored at —20°C until DNA extraction. DNA was
extracted using the UltraClean ™ Microbial DNA Isolation Kit
(MO BIO Laboratories Inc., Carlshad, CA, USA). The 165
rRNA gene and ITS region were amplified using primers
16827F (5 AGAGTTTGATCCTGGCTCAG-2") and 23830R (5'-
CTTCGCCTCTGTGTGCCTAGGT-3") (Taton etal. 2003).
Amplification was carried out as follows: one cycle of 5 min
at 94°C; 10 eyeles of 45 s at 94°C, 45 5 at 57°C, and 2 min at
72°C; 25 cyeles of 45 s at ¥4°C, 45 s at 54°C, and 2 min at 72°C;
followed by a final elongation step of 7 min at 72°C. The PCR
praoduct was used as a template for sequencing with primers
16827F (Taton et al. 2003) CYA781F{a) (5-AATGGCATTAGA-
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TACCCCAGTAGTC-3") (Nibel etal 1997), K6 (5-GAG-
GGGCCGGTGTGTACA-S), which is reverse complement of
Primerl4 of Wilmotte etal. ({1993), and K8 (5-
AAGGAGGTGATCCAGCCACA-3")  (Flechtner etal. 2002).
Sequences were aligned in the ARB program (http://
wwwarb-home.de). The alignment was edited manually,
and ambiguous bases were removed. For the phylogenetic
analysis, trees were built with the neighborjoining (N])
method (Saiton and Nei 1987) and also the maximum-
parsimony (MP) algorithms in the Phylip program (Felsenstein
2004), Five hundred bootstrap replicates were performed
for both NJ and MP analyses. Nucleotide sequences were
deposited at GenBank under accession numbers FM161347-
FM161350.

The list of those strains whose 165 rRNA gene sequences
were used for the construction of the phylogenetic trees in
this study is available in Table S1 (see the supplementary
material). Only those sequences of the genera Ansbaena and
Aphanizomenon whose morphologies were clearly and reliably
described  {Rajaniemni etal. 2005ab) were chosen from
GenBank. The strains of An. kisseleviana, Raphidiopsis, and
Cylindrospermopsis were chosen based on the BLAST (the
closest matches). Morphologies of the An.  hisseleviana
strains were described by Li etal. (2000); polyphasic char-
acterization of the Raphidiopsis strains was given by Li et al.

(2008).
Secondary metabols tent—extract preparation and high-perfor-
mance liguid clhromatography-mass  spectrometry  (HPLC-MS).

The lyophilized biomass {~40 mg} was disintegrated by grind-
ing and extracted in 2 mL of 70% methanol (MeOH) in
micrombes for 30 min. Microtubes were centrifuged at
4,500 rpm {3,400g) for 15 min at 4°C. The supernatant was
concentrated 10 times at 37°C using rotary vacuous drier
ROTAVAPOR B-840 and WATERBATH R-114 (BUCHI, Flawil
Switzerland). Extracts were analyzed on a reversed phase
eolumn (Zorbax XBD C8, 46 3 150 mm, 5 pm; Agilent Tech-
nulogic-s Inc., Santa Clara, CA, USA) using a MeOIL/H.0
ient with a flow rate of 0.6 mL - ~1. For more effective
zation, 0.1% formic acid was a(lded in the eluents. Extract
composition was analyzed by an HP 1100 Agilent mass
spectrometer, with an HP 100 MSD SL-lon trap (Agilent
Technologies Inc) in positive mode. These settings were
selected to cover the mass range 50-2,000, and the ion trap
was targeted to molecular masses near 900, Automatic frag-
mentation of the most intensive peak was applied. The
molecular ions were determined, based both on the presence
of sodium and potassium adducts and on the distribution of
isotopologues. Two alternative extraction protocols were per-
formed for the ewaluation of eylindrospermopsin content:
200 mg of lyophilized hiomass was extracted using 90% MeOH,
according to Torokné et al. (2004), and the same amount was
extracted using 5% acetic acid as suggested by Kikuchi et al.
(2007). Simultaneously, the samples of the cultivation medium
were taken for analysis. The extracts were injected directly into
the HP 1100 Agilent mass spectrometer, with an HP 100 MSD
Sl-lon trap targeted at molecular ions near 400; the positive
and negatve mode was changed manually during the direct
infusion.

RESULTS AND DISCUSSION

Oceurvence of An. reniformis and Aph. aphanizo-
menoides in South Bohemia. An. veniformis has been
newly observed at nine localities, and Aph. aphanizo-
menoides at 14 localities in  the Trebon Basin
(Tables 52 and 83 in the supplementary material),
while they were not detected in the Ceské Budéjo-
vice Basin.
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Only one previous observation of An. reniformis
was reported by Keriner (1997) from a rather dis-
ant region of Southern Moravia, Czech Republic.
The foregoing paper mentioned two former find-
ings of An. reniformis in the Czech Republic, without
further specification. In September 2009, it has
been newly found in fishponds Hlohovecky
(48°46°59.388" N, 16°47°22.347” E) and Mlynsky
(48°46'38.566" N, 16°47'36.7" E) in Southern Mora-
via (E. Zapomélova and O. Skicelovd, unpublished
data). Scanty records exist on the occurrence of An.
reniformis around the world. It appears to be sparsely
distributed, at very distant localities: Germany,
Ukraine, Japan, Cuba, and Africa (Lemmermann
1898, Aptekar in Elenkin 1938, Watanabe et al.
2004, Komarek 2005, Cronberg and Annadotter
2006, Komarek and Zapomélova 2007). However,
Cronberg and Annadotter (2006) remarked that it
might well have been overlooked.

This is the first report on the occurrence of Aph.
aphanizomenoides in the Czech Republic in almost
30 years, since it was reported by Horecka and
Komdarek (1979) from Central Moravia. Currently,
it has also been found in some other regions of
the Czech Republic (R. Kopp and P. Pumann.,
unpublished data; Table 54 in the supplementary
material). Although Aph. aphanizomenoides has pre-
dominantly been described from the tropical and
subtropical regions, within the last few years, it
seems to have expanded to the temperate zones of
Central Europe, such as Hungary (Padisik and
Kovacs 1997), Slovakia (Hindak 2000), Poland
(Stefaniak and Kokociniski 2005), and northeast
Germany (Stiken et al. 2006).

Reliable identification of An. reniformis and Aph.
aphanizomencides is only possible when akinetes are
present. Thus. their occurrence could be more fre-
quent than has so far been reported.

Morphology of An. reniformis. The pnpulanom of
An. veniformis were easily identifiable by the position
of akinetes relative to heterocytes. Besides similar
morphometric parameters, they also shared some
other phenotypical features: dark-green-colored to
brownish vegetative cells containing gas vesicles,
undifferentiated terminal cells, and distinct mucilag-
inous sheaths (Figs. 1-2). Despite a larger coiling
diameter in all An. reniformis populations, differenti-
ation from An. compacta (Nygaard) B. Hickel might
be disputed in cases of the akinete absence. Appar-
ent dissimilarities, mainly in the shape (length:width
ratio) of vegetative cells and in the tightness of tri-
chome coiling, were observed between the An. reni-
Jormis populations from both the Pésak fishpond,
2006, and Vysehrad fishpond, 2007 (Figs. 1-2;
Table 1). This finding is in good agreement with
the molecular data, since 165 rRNA gene sequences
of the strains isolated from those populations were
not identical (see below).

Under culture conditions, some morphometric
characteristics of An. reniformis strains were modified
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TasLE 1. Morphological characteristics of the populations of Ancheene wengformds and Aph

o gobh : ocles

ohserved in field conditions (A, akinetes; @, heterocytes; NEE, vegetative cells). Values are (minimum) 25% percentile-
mean valne-75% percentile (maximum).

Strain code {HE-{+1 {701 {45
Morphespecies Anabasmea renifarnis Anabaema venifmaic A i
Vegetative cells

Length [pam] (4£.1) 478558 (77 (3.9 53-6.16.8 (9.5 (5.3) 4.55.56.5 (11.2)

Width [pn] (£.3) 505255 (6.0) (%.9) 454.85.0 (56) (5.1) 4.1-4.44.7 (7.2)

Law ratic {0.07) 09-1.0-1.2 (1.4) (0.8) 11-1.31.4 {21) (07) T.LB1E (2.3)
Heterocytes

Length [pm] (5.8) 6.4-6.9-7.4 (76) (6.0) BET.07.4 (7.0 (5.2) B7-6.3-7.0 (3.5)

Width [pm] (B.3) 6.6-7.1-7.4 (B.2) (5.4) 6.0-6.5-7.0 (7.6) (4.8) 5.1-5.56.8 (7.1)

1w ratio (0L87) 0.92-0.96-1.00 (1.11) (0.9) 101112 {1.3) (09) T.0-L1-1.% (1.3)
Akinetes

Length [pm] (B8] 05-10.010.3 (123) (8.7) 0005100 (105 {7.5) 0.2-10.0-10.9 (11.4)

Width [pm] (8.00 9.1-9.5-10.0 (10.5) (9.0) 025,496 (98 (B9 9.8-10.5-11.1 {11.4)

1w ratio (09 T.0-1.1-1.1 (1.2 (0.9 0961.00-1.07 (1.11) (0.8) 091011 (1.2

Position A®A or AGuEm A®A or AGuum A@A or AGmmE or AA@A
Trichome coiling

THamneter [pim] (1207 15.5-16.9-18.6 (225 (1237 15.4-17.518.8 (27.3) Straight trichomes

Thstance [jm] (3.5) 59-6.6-75 (11.9) (4£.3) 76-10.5-12.9 (21.9) Straight trichomes

diam:dist ratio (1.3) 2.3-2.6-29 (57 (0.8) 13-1.82.4 (4.2 Straight trichomes

Regularity Regular Reg Straight trichomes
Termmal cells

Length [pm] Undifferentiated Undifferentiated {107 11.1-13.6-16.7 {16.9)

‘Widih [pm] Undifferentiated Undifferentisted (25) 263.1-36 (3.9)

17w ratio Undifferentated Undifferentiated (5.2) 334559 (6.8)

Bohemia shared not only similar mophometric
parameters but also some other phenotypic feamres:
dark-green-colored to brownish vegetative cells con-
tining gas vesicles and elongated, tapered but
unpeinted terminal cells {Fig. 3). Formation of two
or more akinetes at one side of a heterocyte some-
tmes oceumred, both from the field and in cultires.
Mudlagineus substances were not detected, using
India-ink staining. Most of the akinetes retained
their chameteriste arrangement in eulture; however,
alkinetes remote from heterocytes were also observed
several times {Fig. 3, g-h). In culture, the terminal
cell morphology was not as elearly differentiated as

under field conditons, but terminal cells were
always detectable on at least some trichomes,
Fhylogenaic analywis. The two An. reniformis strains
{0601, 07-01) and the strain of Aph aphanizomeno-
ides {0443} appeared in a commen cluster, closely
together with two Amn. kisseleriona strains (NIES74,
TAC34) published by 1i et al. in GenBank (Fig. 4,
Table 2). All of these strains were placed dose to
Raphidiopsis Fritsch et F. Rich and Cylindraspermapsis
raciborskti {Wotosz.) Seenaya et Subba Raju. Their
cluster was distinet from the big cluster of other
planktenic Anabgena and Aphanizomenon strains pre-
sented by Rajaniemi etal. (2005ab), which also

Fiz. 3. Apheni aphani

iles from the Swét fishpond in crginal phytoplankeon sample (2 d) and in culture (e i) Absence
of mualage 1s demonstrated uang India mk (1) Scale baxs, 10 jm.
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planktonic A .+ Aphani
incl. An. compacta 06-02 (FM161347)

on spp. (54 OTUs);

An. oscillarioides BECID32 (AJ630427)
Cuspidothrix (Aph.) issatschenkoi (4 OTUs)

set- Trichormus variabilis (2 OTUs)
An. augst lis SCMIDKE JAHNKE/4a (AJB30458)
An. oscillarioides BO HINDAK 1984/43 (AJ630428)
MNostoc sp. 152 (AJ133161)
0.01 An. bergii (AF160256) D
Aph. ovalisporum FAS-AP1 (EU076457)
Anabaenopsis sp. + Cyanospira rippkae (3 OTUs)
Nodularia spp. (3 OTUs)
g6/75| An. kisseleviana TAC34 (AY701558)
T8/73] | An. kisseleviana NIEST4 (AY701557)
; 99991 | Ap, reniformis 06-01 (FM161348) G
o An. reniformis 07-01 (FM161349)
QBITS Aph. aphanizomenoides 04-43 (FM161350)
54)-
Raphidiopsis . (2 OTUs)
' phidiopsis spp. (.
ey Cylindrospermopsis raciborskii (7 OTUs)

us sp. 0tu28s07 (AM259221)

Fic. 4. Neighborjoining tree based on 165 rRNA gene sequences (1,318 bp) showing the clustering of Anabaena reniformis strains
(strain codes 06-01 and 07-01), Aphanizomenon aphanizomenoides (0443), and Anabaena compacta strain (06-02). The studied strains are in

bold; numbers near nodes indicate bootstrap values >50% for the

included the strain of A. compacta (06-02). NJ and
MP phylogenetic algorithms produced trees with a
very similar topology, and therefore only the NJ tree
is presented (Fig. 4).

These results are an important contribution to the
knowledge on genotypic heterogeneity within the
genera Anabaena and Aphanizomenon, since up to the

TapLe 2. Matrix showing P distances (%), based on the

neighbor-joining and maximum-parsimony analyses,

present, the group of planktonic Anabaena has
appeared to be monophyletic and intermixed with
Aphanizomenon strains (Gugger et al. 2002, Rajaniemi
etal. 2005a,b, Willame etal. 2006), except for
An. bergii and Aph. ovalisporum. Our results do not
support the previous suggestion that all planktonic
Anabaena and  Aphanizomenon strains could be

16S rRNA gene (1,318 bp). All positions containing alignment

gaps and missing data were only eliminated in pair-wise sequence comparison.

Strain Cl. 1 2 k] 1 ] [ 7 ) 1) 10 11 12 13 14 15 16
1 An. reniformis 06-01 G
2 An. reniformis 07-01 G 999
3 Aph. aphanizomenoides 0443 G 994 995
4 An. hisseleviana TAC34 G 999 998 99.3
5 An. hisseleviana NIEST4 G 999 99.8 99.3 100.0
6 An. compacta 06-02 A 933 934 935 932 93.2
T An. lemmermannii 1tu32s11 A 932 933 931 929 929 98.0
8 Aph. flos-aquae 11129519 A 935 936 937 934 934 981 98.2
9 Aph. gracile 11126516 A 933 934 932 931 931 982 989 988
10 Cuspidothrix (Aph.) B 938 939 940 935 935 964 96.2 958 96.2
issatschenkoi Mud7s7
11 Trichormus variabilis C 950 950 952 949 949 959 953 5 95.6 96.0
HINDAK2001/4
12 An. bergii (AF160256) D 941 942 942 94.1 94.1 954 95.1 95.2 94.9 96.2
13 Aph. ovalisporum FAS-AP1 D 940 941 941 941 941 953 95.0 1 949 96.2 99.9
14 Anabaenopsis sp. PCC9215 E 93.7 937 939 93.7 93.7 953 95.6 95.0 94.9 95.7 96.9 96.9
15 Nodularia sp. PCC73104/1 F 933 933 935 033 933 953 952 950 950 945 96.2 968 96.7 96.9
16 Raphidiopsis mediterranea HB2 ~ H 96.2 963 96.6 96.0 96.0 932 936 93.6 93.6 933 938 033 034 939 925
17 Cylindrospermopsis [ 959 96.0 964 958 95.8 928 932 933 93.1 93.0 93.7 934 935 938 924 993

raciborskit LMECYA132

CL, cluster; letters correspond to the numbering of cluster
Aphanizomenon.

s in Figure 4; the studied strains are in bold. An., Anabaena, Aph.,
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assigned to a single genus (Rajaniemi et al. 2005a).
Evolutionary distances between rthe strains of the
herein presented cluster G (An. veniformis, Aph. aphan-
izomenoides, An. kisseleviana) and other planktonic
Anabaena and Aphanizomenon strains (Table 2) sug-
gested that these strains should be classified into a
separate genus (see below). Moreover, the subgeneric
name Dolichospermum (Ralfs ex Bornet et Flahault)
Komarek et Anagn. 1989, proposed by Rajaniemi
et al. (2005b) for the planktonic Anabaena group
excl. Aphanizomenon, should be revaluated.

All of the strains from the cluster G exhibited
spherical akinetes adjacent to heterocytes, suggest-
ing that this could be a good indicator of phyloge-
netic  affiliations of  similar  Anabaena and
Aphanizomenon  morphospecies.  Morphologies  of
both An. kisseleviana strains (TAC34 and NIEST4)
were thoroughly described by Li et al. (2000), and
the shape and position of their akinetes were identi-
cal to the herein presented strains. The separate sta-
tus of similar morphospecies is also supported by
the results of Li and Watanabe (2004) on farty-acid
composition of An. eucompacta and An. oumiana.
Their profiles considerably differed from other
planktonic Anabaena strains studied. However, 165
rRNA gene sequences of these taxa have not yet
been analyzed as well as the sequences of other
Anabasna morphospecies with  spherical akinetes
adjacent to heterocytes, such as An. forquesreginas
and An. austro-africana. Phylogenetic analyses of
these morphospecies are to be performed to con-
firm their affiliation to the newly discovered cluster
G. The subgenus Dolichospermum should then be
limited to those planktonic morphospecies with
oval, cylindrical, or reniform akinetes and/or akine-
tes remote [rom heterocytes. This delimitation
would be in agreement with nomenclatorical rules
of the Botanical Code, since both An. reniformis
and Aph. aphanizomenoides as well as other similar
morphospecies (An. austro-africana, An. eucompacta,
An. kisseleviana, An. oumiana, and An. torques-reginae)
were described later than Delickospermum; thus
the subgeneric name does not encompass these
morphospecies, in any case.

The strains of An. lemmermannii P. Richt.
appeared in the separated cluster A, together with
other planktonic Anabaena and  Aphanizomenon
strains (Fig. 4), although the amrangement of their
akinetes was identical to the cluster G. The main
difference as compared with the cluster G was the
shape of akinetes, which were kidney shaped in
An.  lemmermannii. Some other Anabaena and
Aphanizomenon morphospecies can be found. whose
akinetes are adjacent to heterocytes but consider-
ably elongated (ovoid or cylindrical). such as An.
oreentalis 5. C. Dixit, An. dengard Bharadwaja
(Komarek 2005), and Aph. capricorni Cronberg et
Komirek (Cronberg and Komarek 2004). From
these morphospecies, 165 rRNA gene sequences
are only available for several An. #engarii strains in
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GenBank. All of these sequences are too short (up
to 757 bp) to be included in our phylogenetic
analyses, which are based on 1,318 bp. Neverthe-
less, the BLAST search for the closest matches did
not detect any of the strains from the cluster G to
be significantly similar to An. tvengarii sequences.

The classification of Aph. aphanizomenoides into
the genera Aphan: or Anabasna has been dis-
cussed frequently, since it displays morphological
characteristics of both genera (Hindak 2000). A sim-
ilar situation exists also with some other taxa, such
as An. bergii Ostenf., An. minderi Hub.-Pest., An. recta
Geitler et Ruttner, Aph. ovalisporum Forti, and Aph.
gracile (Lemmerm.) Lemmerm. (Hindak 2000). The
phylogenetic analyses presented have shown that
the 165 rRNA gene sequence of Aph. aphanizemenoides
differs markedly from An. bergii, Aph. ovalisporum,
and Aph. gracile (Fig. 4). Aph. gracile clustered with
the majority of planktonic  Anabaena and
Aphanizoemenon in the cluster A, as previously shown
by Rajaniemi et al. (2005a,b). An. bergii and Aph.
ovalisporum appeared together in the cluster D,
which was separated both from the big planktonic
Anabaena-Aphanizomenon cluster A and from the
cluster G, herein presented. Morphologies of both
An. minderi (Hindak 2000) and An. secta (Cronberg
and Komarek 2004) are highly similar to An. bergii
and Aph. cvalisporum (shape of vegetative cells, coni-
cal terminal cells, shape of akinetes and their posi-
tion apart from heterocytes), but their 165 rRNA
genes have not yet been sequenced to elucidate
their phylogenetic affiliations.

The high 165 rRNA gene similarity of An. reniformis,
An. kisseleviana, and Aph. aphanizomenoides supports
the previously reported indications that the occur-
rence of trichome coiling does not reflect the phy-
logeny of planktonic Anabaena (Rajaniemi et al.
2005b). Anabasna strains with coiled and straight
trichomes, but of similar morphometric characteris-
tics, often appear in the same clusters in phyloge-
netic trees, based on 165 rRNA gene sequences
(Beltran and Neilan 2000, Rajaniemi et al. 2005a,b).

Production of secondary metabolites. To expand the
strain characterization into biochemical properties,
production of secondary metabolites was determined
in An. reniformis 06-01, 07-01; Aph. aphanizomenoides
04-43; and An. compacta 06-02 using HPLC-MS analy-
sis. The results were compared with secondary
metabolite production of 17 other planktonic Anaba-
éna strains.

The secondary metabolite content of the An. reni-
Sormis and  Aph.  aphanizomenoides strains  differed
from all other planktonic Anabaena strains analyzed.
Based on the 165 rRNA gene sequences (unpub-
lished data), all of the other strains corresponded
to cluster A herein (Fig. 4) and to cluster 1 of
Rajaniemi et al. (2005a). None of the compounds
found in MS spectra of An. reniformis and Aph.
aphanizomenoides strains was produced by any of
the other 17 Anabaena strains (Table 3). Two
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numbers of identical secondary metabolites {molecular masses) that were recognized in plank-

tonic Anabaena (An.) and Aphanizomenon (Aph.) strains from the Czech Republic; the studied strains are in bold.

Strain 1 2 3 4 5 [ 7 B 9 10 11 12 13 14 15 16 17 15 19 20
1 An. reniformis 06-01
2 An, reniformis 07-01 1
3 Aph, aphanizomenoides 0443 0 0
4 An. compacta 06-02 0 0 0
5 An. cireinalis 04-59 o 0 0 1
6 An. flosagquas 0457 0 0 1 4
7 An. mendotae 0411 0 0 0 1 1 1
8 An. cocinalis 04-26 o 0 0 1 2 2 2
9 An. mendotae 0445 o 0 0 0 0 0 0O 0
10 An. lemmermannie 0433 a 0 0 0 0 0 2 1 0
11 An. spirotdes 0451 o 0 0 1 1 2 2 1 1 0
12 An. flosaquae 04402 o 9 4a 1 58 1 2 2 1 1 0
13 An. cocinalis 04-22 0o 0 0 0 1 0 0 4 0 0 1 2
14 An. affinis 04-44 o 0 0 0 0 2 0 O 0 0 2 0 O
15 An. lemmermannii 04-24 o 0 0 1 1 0 0 0 0 0 0 0 0 0
16 An. lemmermannii 04-42 0 0 0 1 1 2 4 1 0 1 1 2 0 {] 0
17 An. cf. curvag 04-19 9 0 0 0 0 0 1 0 0 ] 1 ] 0 ] 1 (]
18 An. compacta 04-17 0 0 0 1 0o 0 1 0 a 1] il (] 0 0 k] 1 0
19 An. eoemalis 04-28 o 0 0o 1 1 0 2 1 0 0 1 1 0o 0 1 2 0 2
20 An. lemmermanni 04-38 o 0 0o 0 0 1 2 0 0 0 1 o o0 0 1 2 1 2 |
21 An. mendotae 0406 o 0 0 1 1 0 3 1 0 1 1 2 0 0 1 3 0 L0 1

compounds (MW = 684 and 643) recognized in the
strain An. compacia 06-02 were also detected in other
planktonic Anabaena strains from the Czech Repub-
lic, which was in a good agreement with clustering
of the strain 06-02 based on 165 rRNA gene
sequence (cluster A, Fig. 4). The compound MW
684 was measured in An. circinalis 04-26, 04-28,
04-59: An. flos-aquae 0440, 04-57; An. mendotae
04-11; An. lemmermannii 04-42; and An. spivoudes
04-51. The compound of MW = 643 was recognized
in An. compacta 0417 and An. mendotae (4-06.
Although the random distribution of toxin or pro-
tein production throughout a range of distantly
related cyanobacterial groups has been repeatedly
demonstrated (Palinska et al. 1996, Bolch et al. 1999,
Rantala etal. 2004), the pronounced difference
of secondary metabolite profiles of An. reniformis
and Aph. aphanizomencides strains supports their
outlying position in the phylogeny of Anabaena-like
cyanobacteria.

TaBLE 4. Main molecular ions [M+H]" found in cude
extracts of the studied strains. An., Anabaena, Aph., Aphani-
zomenon.

Strain Main molecular ions [M+H]

An. reniformis 06-01 751.3, 576.8, T14.4, 847.2, 833.3,
1109.4, 861.4, 875.2, 590.5, 648.3,
882.4, 634.4, 866.6, 1235.7
{puwainaphycin A), 643.4.

415.1, 1235.7 (puwainaphycin A)

486.4, 500.3, 453.6, 351.3, 556.4,
540.4, 568.4, 540.4, 568.4, 421.4,
621.4, 639.3, 643.4

68565, 794.7, 415.1

An. yeniformis 07-01
Aph. aphanizomenoides
04-43

An. compacta 06-02
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The molecular ions found in the HPLC-MS spec-
tra of the strains under study are presented in
Table 4. With the exception of cyclic lipopeptide
puwainaphycin A, occurring in extracts of An. reni-
SJormis 0601 and 0701 (12357 [M+H]" and
RT = 19.8" and 20.1” for the strain 06-01 and 07-01,
respectively: Fig. 5), no other molecular ion corre-
sponded to a known compound. Presence of this
compound within extracts of bath An. veniformis
strains confirms their close affinity. Production of
puwainaphycin was previously reported from terres-
trial cyanobacterium Anabaena sp. BQ-16-1 (Gregson
et al. 1992). IHowever. this strain has not yet been
characterized by any available gene sequence.

We were not able to detect the molecular ion cor-
responding to the cytotoxic alkaloid cylindrosper-
mopsin (416 in MS' and 414 in MS) within the
extracts or the cultivation media of our An. renifor-
mis and Aph. aphanizomenoides strains. The ability to
synthesize cylidrospermopsin has been previously
reported from C. raciborskii and Raphidiopsis curvata
F. E. Fritsch et M. F. Rich (Li et al. 2001, Fergusson
and Saint 2003), which could be considered as rela-
tively closely related strains. In addition to this, cyl-
indrospermopsin has also been found in An. begi,
Aph. ovalisporum, Aph. flos-aguae, Lynghya wollei (Farl.)
Farl., and Umesakia natans M. Watanabe (Saker and
Neilan 2001, Preussel etal. 2006, Seifert etal.
2007).

The validation of the new genus according to the botanical
nomenclatoric rules.

Sphaerospermum gen. nov.

Ihagnosis: Trichomata solitaria, libere natantia,
brevia vel longa, circinata vel recta, plus minuusque
constricta ad septa, cum vel sine vaginis mucosis, ad
apices attenuata vel non-attenuata. Cellulae vacuolis
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Supplementary Material

The following supplementary material is avail-
able for this article:

Table S1. Cyanobacterial strains whose 165
rRNA gene sequences were used in this study for
the construction of neighbor{oining and maxi-
mum-parsimony phylogenetic trees. The studied
strains are in bold. An., Anabaena: Aph.. Aphani-
zoMmENON.

Table 82. Occwrrence of Anabaena reniformis
during the sampling period 20042007 in South
Bohemia and its relative abundances (+, rare; ++,
sporadic; +++, abundant; +++D, dominant; —, not
observed).

Table 83. Occurrence ol Aphanizomenon aphan-
izomenotdes during the sampling period 2004—
2007 in South Bohemia and its relative abun-
dances (+, rare; ++ sporadic; +++, abundant:
+++1), dominant; —, not observed).

Table S4. Summary of the localities in the
Czech Republic where Aphanizomenon aphanizo-
menotdes has  been recently found by other
authors (unpublished data).

This material is available as part of the online
article.
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Twa cyanobacterial strains were isolated e 2004 from diffirent localities i the Czech Republic
Field morphology of the strain 04-26 (Fesenice reservoir) matched with the species deseription of
Anabasma crassa (Leman,) Kom<Legn. et Cronb, 1992, whereas the stram 04-28 (Hodfovicky
fushpond) was identified as A ctreinalis Rabenk. ex Born. et Flah 1888. Both these strains,
exposed o various expert [ conditions (lemf , light tensity mitrogen and phosphorus
concentration), displayed faghly somilar morphologies and spanned the morphological vanability of
both of the above-mentioned species. Significant welationships between enveronmental conditions
(temperaturs, phosphorus) and morphological characteristics (vegetatiwe cell and heterocyte dimen-
stons, Irichome coiling parameters) fuwe been recorded for the first tome within the genus Anabaena.
The strains studied differed in their lemperature and light grewth optoma and in secondary meta-
bolite contents. However, both were identical (100%0 similarity) in their 165 rRNA gene sequence
and showed 99.9-100% sonilarity to the published 168 1RNA sequences of A. corcinalis
strazns from northem Furope.

INTRODUCTION

(Komarkova-Legnerova and Cronberg,

The planktonic cyanobacterium Anabasma cremaliy Rabenh.

ex Born. et Flah. 1888 15 a common morphospecies that
has been reported from all continents and its blooms are
a major worldwide prohblem due to the production of a
wide range of toxins (Belran and Neilan, 2000). The
knowledge of its ecology, morphological variability, toxicity
and phylogenetic status is therefore of particular interest.
A similar morphospecies, A. gasse (Lemm.) Kom -
Legn. et Cronb. 1992, was described from  Sweden

common in the temperate zone worldwide (Komdrek,
1996; Cronberg and Annadotter, 2006). The trichome
width and the diameters of trichome coils are regarded
as the main distmguishing criteria between A. emssa and
A. ciramals (Komarek, 1958; Komarkova-Legnerova and
Cronberg, 1992; Komarkova-Legnerova and Eloranta,
1992; Komarek and Zapomelova, 2007). However, mor-
phological comparison of 13 A. arinalis and A. crassa
populations from the Czech Republic has demonstrated
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continuous transitions of both the trichome widths and
the coil diameters (Zapomélova ef al., 2007).

Phylogenetic  comparison  of several strains  of
A. circnalis and A. gussa was published by Rajaniemi
(Rajanierni ¢f al, 20054, b). The results were consistent with
the above-mentioned morphological study (Zapomélova
of al., 2007), since both the morphospecies clustered
closely together, based on 168 rRNA gene, 7poB and
rbelX sequences.

Ecological demands of the cyanobacteria from the
A. drcinalis/A. erassa complex, the range of their mor-
phological variability under varying growth conditions
or secondary metabolite production have not been com-
pared so far. Consequently, the present study focuses on
morphological plasticity of two strains of this cyanobac-
terial complex under varied conditions of temperature,
light intensity and nitrogen or phosphorus concen-
tration. The temperature and light growth optima and
secondary metabolite content of these strains have been
compared. In addition to morphological evaluaton, the
studied strains have also been characterized by partial
sequences of the 165 rRNA gene.

METHOD

Sampling, isolation and cultivation

Samples of blooms were collected in August and
September 2004 from two localities (Jesenice reservoir,
Hodéjovicky fishpond) using a 20 pm mesh plankton
net. Jesenice (50°5'1.88"N, 12°28'29.71"E) is a deep
dimictic mesotrophic reservoir in the west of the Czech
Rr'pul_‘ﬂit:. It is situated on the river Odrava and serves

1]
—

200 jumod -t

Light intensity

Temperature
Light intensity: Mumbering
O 750jamol m-, 5= of plates:
W 200pmol m-is-t B-0

W 20mol m st

for recreational purposes.  Hodéjovicky  fishpond
(48°56'36.63"N, 14°29'35.88"E) is a small and shallow
polymictic entrophic pond on an unnamed brook in the
south of the Czech Republic. Morphology of fresh
material was evaluated immediately as described below.
Single trichomes were isolated from the phytoplankton
samples as described by Zapomélova (Zapomélova
et al, 2007). Clonal cultures were grown in WO
medium (Guillard and Lorenzen, 1972) at 21°C and a
light itensity of 70 pmolm *s ' (16:8 LD cycle).
The strain isolated from Jesenice reservoir was named
04-26 and the strain from Hodé&jovicky fishpond (4-28.

Crossed gradients of light and temperature

Crossed gradients (Kviderova and Lukavsky, 2001) were
used to test the effect of light and temperature on the
cyanobacterial morphology and to determine the growth
optima. For the morphological experiments, the strains
were exposed in sterile culture plates (9 x 12¢cm, 12
wells, 6.5 ml each) to nine different combinations of
light and temperature in crossed gradients (Fig. la) for
10 days. The temperature ranged from 10°C to 28°C
and the range of light intensity, provided by sodium-
vapour lamps, was 20-750 pmolm “s ', To estimate
the temperature and light growth optima of the strains, a
modified design of the cross-gradient experiments was
used (Fig. 1b). Identical volumes of strred dense batch
culture were inoculated into sterile culture plates contain-
ing fresh WO medium (9 % 12 em, 6 wells, 16 mL each).
The plates were then exposed to 25 positions of the
cross-table. The temperature range was 6-34°C and the
light intensity 20-750 pmolm s ' The experiments
were terminated in the exponential phase of growth of

b)

Light intensity

Fig. 1. Design of the cross-gradient experiments: (a) evaluation of morphological variability of the strains in relation to light and temperature
and (b) determination of light and temperature growth optima of the strains, Gradients of light intensity and temperature are indicated with

ATTOWS,
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the fastest growing cultures. Chlorophyll 2 concentrations
were determined spectrophotometrically after acetone
extraction (Lorenzen, 1967) and compared among the
positions of the crossed gradients.

Concentration series of nitrogen and
phosphorus

Modified types of WC medium containing different
concentrations of nitrogen (N) and phosphorus (P)
(Table I) were used to test the effect of nutrients on
cyanobacterial morphology. The concentration series
were designed with respect to N and P concentrations
commonly occurring in fishponds and reservoirs of the
Czech Republic (Znachor ef al., 2006). In order to force
the strains to deplete their intracellular nutrient reserves,
cyanobacterial biomass was incubated in a modified
WC medium without N and P (“starving medium”,
Table Ij for 7 days prior to the experiment. Equimolar
concentrations of KCl were added to the “starving
medium”, WCy.p WCg 0 .p and WC | . p In order to
retain the original K" concentration.

Morphometry

Microphotographs of at least 30 fresh trichomes from
each field population or for each experimental treat-
ment were taken with a digital camera (Olympus DP
70, magnification x400). Dimensions of all cell types
were measured  (five vegetative cells per trichome
measured in 30 trichomes and as many heterocytes and
akinetes as it was possible to find in each sample).
Length:width ratios of vegetative cells, heterocytes and
akinetes were computed to roughly characterize the cell
shapes. Trichome coil diameters and distances between
neighbouring coils were measured. Diameter:distance
ratios were calculated to characterize the tghtness of tii-
chome coiling. All size measurements were performed

using image analysis (Olympus DP Soft).

Table I: Modifications of WC' medium used
in the experiments

Medium type P {pmolL ) N{pmal L )
WCg.p ] 57w 107
WCoon1xp 26%10 7 57 % 107
WCn.1.p 2.6 % 10° 57 % 10°
W p=WC 1 . =WC 26 %10 57 % 107
WCho.p 26 %107 57 % 10°
WCh.n 26 %10’ 4]
WCoog1:m 26% 10 57x10 "
WECq1un 26x10' 57x 10
WChiaun 2.6 %10’ 57 % 10°
“Starving medium” 4] (V]

Secondary metabolite content: extract
preparation and HPLC-MS analysis

Lyophilized biomass (~40mg) was disintegrated by
grinding and extracted in 2mlL 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 10 tmes in a rotary
vacuum drier. HPLC-MS analysis was performed in
order to determine the content of secondary metab-
olites. The extracts were analysed on a reversed phase
column (Zorbax XBD C8, 46 x 150 mm, 5 pm) using
a MeOH/H;O gradient flow rate of
06mLmin '. For a more effective ionization, 0.1%
formic acid was added to the eluents. The extract com-
position was analysed with an HP 1100 Agilent mass
spectrometer HP 100 MSD SL-lon trap in positive
mode. The settings were selected to cover the mass
range between 50 and 2000, and the ion trap was tar-
geted to molecular masses near 900. Automatic frag-
mentation of the most intensive peak was applied. The
molecular ions were determined based on the presence
of sodium and potassium adducts and on the distri-
hution of isotopologues.

with a

Phylogenetic study

The biomass was harvested in the exponential phase of
growth by repeated centrifugation, during which the tri-
chomes were washed several times with physiological
soluton (NaCl solution, concentraton 1gL Y to
remove mucilaginous substances. The biomass samples
were stored at —20°C untl DNA extraction. DNA was
extracted using UltraClean™ Microbial DNA Tsolation
Kit (MO BIO Laboratories, Inc., Carlshad, CA, USA).
The 165 rRNA gene and ITS region were amplified
with primers 16527F and 23530R (Taton e o, 2003).
Amplification was carried out as follows: 1 cyde of
5 min at 94°C; 10 cycles of 455 at 94°C, 455 at 57°C
and 2 min at 72°C; 25 cycles of 455 at 94°C, 455 at
54°C and 2 min at 72°C and a final elongation step of
7 min at 72°C. PCR product was used as a template for
sequencing with primers 16527F 23S30R. (Taton e al.,
2003), primer cAlaR (Wilmotte o af., 1994) and primer
CYAT81F(a) (Niibel ef of, 1997). Sequences were
aligned in the program ARB (http://wwwarb-home.
de). The alipnment was edited manually and ambiguous
hases were removed. For the phylogenetc analysis,
trees were built with the neighbour joining (NJ)
method (Saitou and Nei, 1987) and the maximum
parsimony (MP) algorithm in the Phylip program
(Felsenstein, 2004). Five hundred bootstrap replicates
were performed both for NJ and MP  analyses.
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Nucleotide sequences have been deposited at Gen
Bank under the accession numbers AM940218 and
AM940219. Besides the strains whose accession
numbers are given in the phylogenetic tree, the following
sequences were used for the construction of the
phylogenetic trees: AJ293126, AJ630441, AJ293127,
AY701569, AJ293109, AJ630418, AJ293111, AJ133154,
AJ293131, AJ293124, AJ133155, AJ630408, AJ630410,
AJ630412, AJ630409, AJ133151, AJ293103, AJ293104,
AJ133159, AJ630424, AJ630422, AJ13156, AJ293113,
AJ293106, AY196088, AJ293108, AY 196087, AJ630446,
AJ630457, AJ630456, AJ630458, AJ630428, AF160256,
AY038033, AF516747, AY038036, AJ781144, AJ133184,
AJ133181, AY701557, AY701558, AY763116, AY763117,
EUO76459,  AF067819,  AF516724, AJ582102,
AY699989, EUGT78547, EUGT6458, EUG78548.

Statistical analysis

The effect of light, temperatre, phosphorus and nitro-
gen on the morphometric characteristics was tested by
redundancy analysis (RDA) with forward selecton. A

Monte-Carlo permutation test was used for calculation of

“values.The data were centred and standardized. These
statistical analyses were performed using the program
CANOCO (Ter Braak and Smilaver, 1998) and ordina-
tion diagrams were created using CanoDraw software
(Smilauer, 1992). Basic stafistical characteristics such as
average values, 25 and 75% percentles and extreme
values were computed for each morphological {eature.
Box—whisker plots were created by the GraphPad Prism
pogram  (GraphPad Software, San Diego California

USA, wwwgraphpad.com). Surface plots demonstrating
the light and temperature growth optima were created
using the program Statistica (Anonymous, 1996).

RESULTS

Morphological plasticity under varied
growth conditions

The experiments demonstrated the range of morphologi-
cal characteristics of the strains 04-26 and 04-28, which
was markedly greater than their morphological variabil-
ity observed under field conditions (Table II). The strains
displayed highly similar morphologies during the experi-
ments, although their width of trichomes, dimensions of
akinetes and trichome coiling characteristics differed in
the field.

Significant effects of temperature and phosphorus con-
centration on the morphologies of the straing studied were
confirmed by RDAs, while the effects of light intensity
and nitrogen concentration were insignificant (Table III).
The strongest response to vared envirommental factors
was observed in vegetative cells, whose dimensions were
significandy influenced by the phosphorus concentration
in both the strains and by the temperature in the strain
04-26 (Table III). On the contrary, no significant effect of
the experimental factors on the akinete dimensions and
shape was found in both the strains.

The dimensions of vegetative cells and heterocytes were
largest at 28°C, especially in the strain (4-26, where the
effect of the temperature was stronger (Fig 2). However,

Table II: Summary of morphological features of the strains observed during the experiments and in the

Jreld
Strain 04-26 Strain 04-28
Morphological characteristics Experiments Field Expenments Field
Vegetative cells
Length {wm) 6.0-120 B.2-106 5.6-17.0 6.4-86
Width (umj 8.5-13.5 11.2-122 7.0-13.0 10.0-11.0
Length:width ratic 07-1.2 0.7-0.9 06-21 06-08
Heterooytes
Length {wm) 75-13.0 106-125 8.5-12.6 10.2-12.0
Width (umj 8.5-13.0 11.2-122 89.0-13.0 10.6-11.8
Length:width ratio 09-11 09-1.0 09-12 09-10
Akinetes
Length {pmj 20.0-30.0 24.0-290 18.0-29.0 17.0-25.0
Width (umi 12.5-18.5 16.5-18.5 13.0-185 12.8-15.2
Length:width ratio 1.3-1.9 1.5=-1.6 1.4=20 1.3=1.7
Trichome coiling
Coil diamater {(nm) 35.0-62.0 45.0-560 15.0-110.0 40.0-52.0
Coil distance {pm) 20.0-57.0 38.0-450 20.0-130.0 250-400
Diameter:distance ratio 089-1.9 08-1.4 0.2-28 1.0-18

Values between 25 and 75% percentiles are shown and the outlying values were omitted.
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Table III: Morphological characteristics for which a significant effect of at least one environmental factor

was demonstrated by RDA

Variability explained

Variability explained

Morphalogical eriterion Strain Factor by the mode! (3%) by the factor (%) Fvalue Rvalue
Vegetative cell momphology 04-26 Temperature 52,5 44.8 4.871 0.0260
{length, width, length: Light 1.7 0.806 0.4540
width ratio) Phosphorus 301 75.4 21469 0.0080
Nitragen 4.7 1.425 0.2740

04-228 Temperature 329 265 2.524 0.1000

Light 7.4 0.559 0.5940

Phosphorus 759 709 17.073 0.0260

Nitrogen 50 1.242 0.3280

Heterocyte morphology 04-26 Temperature 854 82.8 28935 0.0020
{length, width, length: Light 2.6 0.876 0.4920
width ratio) Phosphorus 319 295 2929 0.0640
Nitrogen 1.0 0.070 0.9560

04-28 Temperature 338 325 2.884 0.0720

Light 1.6 0100 0.8680

Phosphorus 506 307 3.097 0.0840

Nitrogen 12.9 1.739 0.1860

Trichome coiling {coil 04-26 Temperature 389 354 3.294 0.0480
diameters, distances of Light 3.5 0.283 0.7680
adjacent coils, coil: Phosphorus 162 137 112 0.3700
distance ratio) Nitrogen 2.2 0.154 0.8760
04-28 Temperature 6038 42.0 5076 0.0500

Light 188 2876 0.1240

Phosphorus 207 1.0 0.867 0.3440

Nitrogen B.8 0.675 0.4120

Significant effects are given in bold

the shape of these cells did not change throughout the
temperature  gradient since their length:width ratios
remained constant. The vegetative cell width of both the
strains reached 12—13 pm at 28°C.

On the contrary, the thinnest vegetative cells
(8-9 wm) were observed in the lowest phosphorus
concentrations (WCg.p WCg501.p) and their width
increased with increasing P (Fig. 3). Together with
reduced width of vegetative cells at low P concen-
trations, their length increased. Therefore, length:width
ratios of vegetative cells were higher at lower P concen-
trations, 1.e. the cells were obviously elongated.

Gas vesicles tended to accumulate in vegetative cells
more at lower light intensies and at higher nutrient
concentrations, especially P (Fig. 4).

Temperature and phosphorus  concentration  also
affected trichome morphology. A clear decrease in coil
diameter and coil distance was observed at the lowest
temperature (Fig. 5), although the effect of temperature
was slightly below the 5% significance level for the
strain 04-26 and at the 5% level of significance for the
strain 04-28 (Table III). The effect of P concentration
on trichome coiling parameters was not supported by
RDA (Table III). Nevertheless, the intervals of 25% and
75% percentiles of coil diameters and distances in
higher P concentrations (WG . p WG .5 WCig.p) did
not overlap those at lower P concentradons (Fig. 4).
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Together with increasing distances of adjacent trichome
coils at low P concentrations (WC; .. WO 001 5p), tri-
chome coil diameters of the strain (4-28 decreased
until almost straightened wichomes (Fig. 4). At higher P
concentrations, the trichomes were coiled regularly,
forming more or less tight spirals. After inoculation to
fresh WO medium, the straightened trichomes from
WCp and WC; 01 .p media were able to grow into a
culture of regularly cotled trichomes.

Temperature and light growth optima

Both the light and the temperature optima of the strains
differed markedly and did not overlap in their ranges.
The strain (04-26 displayed the temperature growth
optimum between 17.5°C and 22.5°C and the light
optimum 220—360 wmol m s !, whereas the tempera-
ture growth optimum of the strain 04-28 was 22-28°C
and the light optimum was 100-210 wmol m %5
(Fig. 6).

Secondary metabolite content

Secondary metabolite contents were determined in the
strains studied. Only one compound was produced by
both the straing 04-26 and 04-28. The identity of this com-
pound (MW = 684, m/z= 685 [M+H]") is unknown.
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show differences in vegetative cell width of the strain 04-26 grown at 28°C (a) and 107C (b). Scale bars represent 10 pm.

All the other compounds identified in extracts of the
strains (4-26 and 04-28 differed in their retention omes
and MS”/MS* fragmentation spectra (data not shown).

Eight compounds were clearly identified from the
mass spectra of strain (14-26. Molecular weights of these
compounds were 845, 713, 887, 910, 755, 684, 812
and 1132, No ion corresponding to the loss of an
amino acid was found, excluding the possibility that this
compound was a peptide.
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Five principal compounds were identified in the
extract of strain (4-28. The molecular ions and related
sodium and potassium adducts confirmed the presence
of compounds with molecular weights 452, 684, 786,
870 and 854. None of these compounds were identified
as a known structure. Analysis of the MSs? spectra of
molecular ions 786, 870 and 854 revealed one intensive
peak corresponding to loss of water and/or CO,. Further
fragmentation of this ion led to the creation of fragments
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Fig. 3. Vegetative cell morphometric characteristics of the strain 04-26 (a) and 04-28 (b) under vanous phosphorus concentrations. Whiskers

represent the minimal and maximal values, boxes symbolize the 25

and 75% percentiles and lines inside the boxes show the mean values.

Ranges of values for the morphospedies Anabama eiretnalis and A. crase after Komarek (Komarek, 1996) are indicated.
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values for the morphospecies Anabaena cirnalis and A, cmssa after Komarck (Komarek, 1996) are indicated. Microphotographs demonstrate the
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(WG 005); (€) 2.6 3¢ 10" mol L™ (WCpp); (£) 2.6 % 10° pmol L™ (WC)gp). Scale bars represent 20 pm.
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Fig. 5. Parameters of trichome coiling of the strain 04-26 (a) and 04-28 (b) in varous positions of crossed gradients of light and temperature.
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for the morphospecies Anabama circinalis and A. erassa after Komdrek (Komarek, 1996) are indicated.
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that corresponded to amino acid loss. Fragmentation of
the compound of MW 786 resulted in the loss of Gly,
Ala, Val and Asn. Fragmentation of the compound of
MW 870 resulted in the loss of Ala, Val, Lys/Gln and
Met. Fragmentaton of the compound of MW 854
resulted in the loss of Ala, Leu/lle, Asp and Lys/Gln.

16s rRNA gene structure

Partal 168 rRNA sequences (1212 bp) of the straing
04-26 and 04-28 were compared with sequences of
planktonic Anabacna strains available in GenBank. NJ
and MP phylogenetic algorithms produced similar
topologies, and therefore only the NJ tree is presented
(Fig. 7). Both the strains exhibited 100% sequence
identity and appeared in a common cluster together
with A. eocinalis, A. crassa and A. plancionica strains from
lake Tuusulanjiarvi, Finland (cluster A). Sequences of

the 165 rRNA genes of all these strains were almost
identical (similarities higher than 99.8%).

DISCUSSION

Morphology

Morphological plasticity under varied experimental con-
ditions was deseribed for the first tme in the cyanobac-
terial species complex Anabasna circinalis/4A. crassa. In most
cases, the responses of morphological characteristics to
varied conditions (temperature, light, nitrogen, phos-
phorus) were similar in both the strains, including /- and
Pvalues of RDAs and percentages of the variability
explained. This indicates that the results may be general-
ized to the whole group of similar planktonic Anabasnia
morphotypes, corresponding to the “large” species of
Rajaniemi (Rajaniemi «f al, 2005b). Saker and Neilan
(Saker and Neilan, 2001) found a similar strong
consistency  in - morphological of  seven
Colmdrospermopsis raciborsk isolates to  different nitrogen
sources. The present study is the first report of significant
relationships between Anabasma morphology and environ-
mental parameters, since the only previous study dealing
with effects of growth conditons (light and temperature)
on Anabaena strains referred to the stability of Anabaena
morphology (Stulp and Stam, 1985).

Our experiments demonstrated that both the strains
studied covered the range of variability of both A. cirdnalis
and A. cassa, as they were originally described. The
strains displayed the range of trichome width of 8.5—
135 pm (strain 04-26) and 7.0-13.0 wm (strain (4-283).
The widest trichomes (12-13 pm) were observed at the
highest experimental temperature (28°C), the thinnest tri-
chomes (8-9 wm) at the lowest concentrations of phos-
phorus (WCgom WCqoo1p). Diameters of trichome coils
of strain 04-26 were 35—62 um, whereas strain 04-28
had a wider range (15—110 pum). These results suggest
that no reliable morphological criterion exists for dis-
tinguishing 4. a@ranalis and A. crassa. This agrees with the
suggestion made by Zapomélovid ef al. (Zapomélova ef al.,
2007), who observed continuous variability of trichome
widths and coil diameters of 13 A. arimalis and A. cmssa
populatons in the Czech Republic. Consequently, a revi-
sion of these two Anabasma species is required, using a
combination of molecular and morphological methods
applied to different strains of these cyanobacteria.

An important finding of our study is the stability of
akinete morphometry under varied experimental con-
ditons. Thus, the dimensions and the shape of akinetes
appear to be reliable criteria for identification of these
Anabasna  morphospecies, discriminating them from

rEsponses
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An. circinalis 04-26 (AM340218) @
An. circinalis 04-28 (AM940219) ®
An, circinalis 13485 (AJG30415) &
An. plancionica 1lu30s13 (AJB30431), 1lu28s8 (AJB30430),
11u33s8 (AJE30432), 1tu33s10 (AJEID429)

An. crassa 215 (AJ293112) @
An, spiroides PMCE403 (AJ203118)
An. macrospora PMCS301 (AJ293115)
An. circinalis 130811 (AJE30416), 1lu33s12 (AJE30417) @
An. crassa 1tu27s7 (AJ630413) @
An, spiroides PMCS702 (AJ283118)
An. plancionica 1u36s8 (AJG30433)
An. mucosa 1u36s5 (AJB30425)
T8-_ An. circinalis ANQC3I31C (AF247581) # B
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An, circinalis AWQC134C (AF247572) #
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22isa 1 An. circinalis AWQC2798 (AF247576) #
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A
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Aph. gracile 271 (AJ283125)
An, cylindrica PMCO705 (AJ293119)

An. mendotae 57 (AJ293107)

Aphanizomenon spec. div. (4 OTU's)

An. ¢f, circinalis var, macrospora (4 OTU's) B
An. circinalis (2 OTU's) B

Aph. gracile 11u26516 (AJE30445)

Anabaena spec. div. (3 OTU's)

Anabaena spec. div. (4 OTU's);
incl. An. circinalis 90 (AJ133156) B

0133815 (AJBI0420)

BEIT3

BECID32 (AJB30427)

Aph. issatschenkol (4 OTU's)
+ An. planclonica 71 (AJ293108)

Anabaena spec. div. (3 OTU's), Anabaencpsis & Cyanospira (3 OTU's),

ﬁ Nodularia spec. div. (3 OTU's), Nostoc sp. 152 (AJ133161),
Trichormus variabilis (2 OTU's)

An. ki (2 OTU's), Raphidiopsis spec. div, (2 OTU's),
Cylindrogspermopsis raciborskii (8 OTU's)
h sp. 0lu28s07 (AM259221)

Fig, 7. NJ tree based on 165 rRNA gene sequences (1212 bp) showing the clustering of studied strains 04-26 and 04-28 {highlighted) with
A circinalis and A. crassa straing from Finland (cluster A). Numbers near the nodes indicate the bootstrap values over 50% for N and MP
analyses. Abbreviations and symbols: An, Anabama; Aph,, Aphanizomenon; ncl., including; OTU, operational taxonomic unit; spec. div, different
species; filled circle, studied Ansbaena civingliy straing; filled diamond, A. arcinely and 4. casa strains published by other authors; filled square,

misidentifications of A, arcinalis in other studies.

morphospecies with similar trichome width, such as
A. mucosa Komarkovi et Eloranta 1992 and A. ucrainica
(Schkorb.) M. Watanabe 1996.

Our study has demonstrated a high plasticity of tri-
chome coil diameters and distances between adjacent
coils under varied experimental conditons. An analo-
gous conclusion has been derived from the study of
Zapomeélova et al. (Zapomélova et al., in press), who
observed maodifications in trichome coiling of A. sproudes
related to the compositon of the culture medium.
Numerous reports on trichome straightening of Anabasna
strains 1 cultures have been published (Booker
and Walsby, 1979; Hickel, 1982; Zapomélova, 2004;

Zapomélova ¢t al., in press), indicating the instability of
Anabaena trichome coiling in general. Recently published
analyses of 168 rRNA, 7poB and rbel.X sequences have
shown that tichome coiling does not reflect phylogeny,
since Anabaena strains with coiled and straight trichomes,
but with similar morphometric characteristics, often
appear in the same clusters in phylogenetic trees
(Beltran and Neilan, 2000; Rajaniemi ¢t al., 2005a, b).

Temperature

Our experiments confirmed temperature as an important
factor influencing growth and morphology of planktonic

132



Anabama. A significant effect of temperature was found
on morphometry of vegetative cells and heterocytes and
on trichome coiling parameters. Previously published
papers have emphasized the importance of persistent
thermal stratification for the occurrence of blooms of
A. circinalis (Mitrovic o al, 2003; Westwood and Ganf,
20044, b). 1t is controversial whether this is due to
enhanced metabolic rates at higher temperatures
(Robarts and Zohary, 1987) or more likely the result of
the physical and chemical status of the water column
(Mitrovic et al, 2003). Accumulation of metabolic pro-
ducts as a result of enhanced metabolic rates may be a
potential explanation of the vegetative cell and heterocyte
enlargement that we observed in our strains at 28°C.

The temperature optima of our strains differed one
from another but both of them corresponded more or
less to the optimum of A. cremalis (20—-25°C) reported
by Tsujimura and Okubo (Tsujimura and Okubo,
2003). Inter-strain variability can probably be expected
in temperature and light preferences, since Rapala and
Sivonen (Rapala and Sivonen, 1998) referred to strain-
specific differences in growth rates of various Anabasna
strains as a functon of temperature and light. On the
contrary, Stulp and Stam (Stulp and Stam, 1983)
demonstrated  similar growth response (o temperature
and light of various representatives of one and the same
maorphological group of Anabama.

The growth optimum of strain (04-28 was slighty
higher than the water temperature commonly observed
in Czech water bodies during the summer, which is
21-24°C (Znachor ¢t al., 2006). A similar finding was
published from the Baltic Sea where the water tempera-
ture fluctuates around 15°C in summer, whereas the
optimum growth temperature of a Mdularna strain iso-
lated from these waters was 25-28°C (Lehtimailkd et al.,
1997). One explanaton for these discrepancies may be
the adaptation to higher temperature during cultivation.
This, however, seems unlikely in the case of our strain
since both the straing studied were cultured at 21°C,
which is lower than the temperature optimum deter-
mined for strain (14-28.

Light

A significant effect of light on morphological features of
our strains was not observed, although physiological
consequences (photoinhibition) could be expected from
the high light intensities reached in the crossed gradi-
ents (Wyman and Fay, 1987). Similarly, the lowest light
intensities of the crossed gradients can be considered
limiting for cyanobacterial growth (Wyman and Fay,
1987). Our findings agree with the results of Stulp and

Stam (Stulp and Stam, 1983) who also did not observe
any effect of light on morphology of Anabana strains.

A decrease in gas vesicle content was observed in our
strains with rising light intensity and with decreasing P
concentration, which is consistent with previous findings
(Reynolds and Walsby, 1975; Konopka ef aol, 1987,
Brookes and Ganf, 2001).

The light optima of our strains were narrow, falling at
the higher end of the range of light intensities deter-
mined optimal for the growth of A crinalis (Westwood
and Ganf, 2004b).

Nutrients (phosphorus, nitrogen)

Phosphorus concentration was the main factor influen-
cing the morphology of vegetative cells, and conse-
quently, trichome coiling characteristics were modified
in the strains studied. Siguiﬁcam differences in the
trichome width were previously observed between
P-limited and non-limited populations of C. raciborski.
The thinner form from P-limited conditions was able to
grow into normal-sized trichomes under favourable
culture conditions (Komarkova et al, 1999), which
agrees with our results.

The phosphorus-dependent trichome straightening of
the strain 04-28, which was observed in our expen-
ments, is not consistent with the ecological context.
Trichomes should tend to sink to lower parts of the
water column when P is imited in the euphotic zone,
whereas trichome straightening would counteract this
(Booker and Walsby, 1979; Padisak e al., 2003). It seems
to be more likely a geometrical consequence rather
than an ecological adaptation. The cells of the strain
(04-28 became longer at the lowest P concentrations,
supposedly because of the lack of sources necessary for
cell division. Then the increased cell length affected the
trichome shape.

The insignificant effect of low nitrogen concentrations
can be easily explained by the No-fixing ability of
Anabaena (heterocytes). However, our study also demon-
strated that the high N concentrations achievable in
field had no effect on Anabasna morphology. This con-
trasts with the results of Saker and Neilan (Saker and
Neilan, 2001) who found significant response of mor-
phological varability of C. ractborskii strains to different
sources and concentrations of N.

Secondary metabolite content

Despite high morphological and 16S rRNA gene
sequence similarities, we found a very low similarity in
the production of secondary metaholites between the
two strains studied. This finding is consistent with the
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published results on discrepancies between phylogenetic
features and protein or toxin production (Palinska et al.,
1996; Bolch ¢ al, 1999; Iteman e al, 2002). The
random distribution of peptide synthetase genes across
the phylogentic spectrum was demonstrated by Rantala
¢t al. (Rantala ¢t al., 2004) in the case of microcystin syn-
thesis. The authors suggested that the ability to syn-
thesize different peptides is  scattered across the
phylogenetic spectrum because of extincion of the
ancient synthetic pathway in  different evolution
lineages. We have shown that even cyanobacteria within
one lineage can produce markedly different types of
metabolites. This can refer to fast changes in regulation
and pattern of non-rihosomal synthetic pathways, the
pathways which cyanobacterial peptides are synthesized
by (Welker and von Dohren, 2006). Secondary metab-
olite production can vary considerably in response to
growth conditions (Rapala ¢ of., 1993, 1997) or to the
growth phase (Negri ef al, 1997). However, the effect of
the above-mentioned factors seems to be Limited in this
case, since both of our strains were isolated almost at
the same time, kept under identical culture conditions
and harvested in exponental phase of growth.

Phylogenectic relationships based on 16s
rRNA gene structure

Our strains displayed very high 168 rDNA sequence
similarities with all Finnish A. covinals and A, erassa
strains (marked with diamonds in Fig. 7) corresponding
to subcluster A of Rajaniemi ¢f ol (Rajaniemi ef al,
2005a, b). On the other hand, Australian strains of
A. aranalis (Beltran and Neilan, 2000), which were
located separately from the European cluster, were
divided into two distinct branches of higher heterogen-
eity (clusters B and C). The strains designated as A. arei-
nalis var. macrospora by Rajaniemi ¢t al. (Rajaniemi ef al.,
2005a, b) or as A. cireinalis in other studies (Lyra ef al.,
2001; Gugger e al, 2002) were placed into clusters
considerably distant from all other A cicinalis strains
in the present phylogenetic tree (marked with squares in
Fig. 7). Morphology of the straing of A. arinalis
var, macrospora evidently diftered from the “true”™ 4. ani-
nalis strains described in the same paper (Rajaniemi
et al., 2005a) and also from our strains 04-26 and (04-28.
Phenotypic characteristics of the strains A. cranalis
studied by Lyra et al. (Lyra ot al., 2001) and Gugger ¢t al.
(Gugger o al, 2002) were not published in detail
but presumably, these strains belonged to Anabasna

morphotypes  with thinner trichomes since they
appeared near A. awmalis var. magospora or  even
separately.
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