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Annotation 

Unbranched heterocytous cyanobacteria exhibit complex filament and 

colony architectures and variable life strategies from symbionts to free 

living planktic and non-planktic species. They are counted among 

microbial groups showing an extensive production of secondary 

metabolites, resulting in both pharmaceutically important and toxic 

compounds. The main focus of this thesis is to broaden our knowledge on 

bioactive secondary metabolite potential in this widespread group of 

cyanobacteria. An effective combination of methods including whole 

genome sequencing, bioinformatic analysis, and analytical chemistry 

techniques are applied to accomplish this task. The discrepancies in 

distribution of various classes of compounds among ecological groups 

defined by different life strategies are discussed. Additionally, the thesis 

endeavours to test multidisciplinary approaches to tackle taxonomic 

assignments of unresolved unbranched heterocytous cyanobacteria using 

morphological, phylogenetic and ecophysiological methods, including a 

meta-analysis of morphological traits.  
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1. INTRODUCTION 

 

1.1. General Significance of Cyanobacteria 

Fossil, geochemical, and molecular evidence has verified cyanobacteria as 

one of the most ancient lineages of extant organisms, appearing about 3.5 

billion years ago (Planavsky et al. 2014, Nutman et al. 2016). They are the 

only bacterial group/prokaryotes able to perform oxygenic photosynthesis 

thanks to their complex pigment composition. (Des Marais et al. 2000, 

Schopf et al. 2000). Cyanobacteria of the early Earth were responsible for 

the creation of an oxygen-rich atmosphere suitable for aerobic organisms, 

including plants and animals to live in (Schirrmeister et al. 2015). 

Cyanobacteria thrive all around the globe due to their ability to colonize 

all types of habitats and survive extreme conditions (Whitton and Potts 

2000, Whitton et al. 2012). The occurrence of cyanobacteria in a broad 

range of ecological niches relies on maintaining cell function and structure 

with little energy required for their growth (Gons 1997, Van Liere et al. 

1979). Many cyanobacteria are major components of phytoplankton and 

periphyton communities; being either free-floating organisms in open 

water or attached to rocks and other substrates. 

The ecological significance of cyanobacteria lies in their involvement in 

global carbon, oxygen, and nitrogen cycles through production of organic 

compounds utilized by other organisms, and stabilization of sediment and 

soil (Whitton et al. 2000, Garcia Pichel et al. 2003). Many cyanobacteria 

from freshwater, marine, and terrestrial habitats are diazotrophs, able to 

convert dinitrogen gas to two ammonium ions as a result of nitrogenase 

activity (Fogg et al. 1969, Postgate et al. 1982). The converted nitrogen is 

later available for utilization in amino acids (proteins and peptides), 

https://www.sciencedirect.com/science/article/pii/S0048969711001197#bb0065


2 

 

nucleic acids, and other cellular parts rich in nitrogen (Zehr et al. 2001, 

Bothe et al. 2010). Nitrogen fixation by cyanobacteria provides a 

beneficial resource for symbiotic relationships with non-diazotrophic 

organisms, thus they are often involved in symbiosis with diverse 

organisms in which they act as nitrogen suppliers. Nitrogen-fixing 

cyanobacteria (e.g. Nostoc genus) are frequently involved in consortia with 

liverwort, hornwort, moss, fern, cycads, and angiosperm species (Dodds et 

al. 1995, Rai et al. 2000). Nitrogen fixation in the often nitrogen-limited 

marine environment is utilized by both, free-living (Zehr et al. 2007, 

Bergman et al. 2013) and symbiotic (Thompson et al. 2014, Bar Zeev et 

al. 2008) diazotrophic cyanobacteria from diverse phylogenetic lineages. 

Marine cyanobacterial endosymbionts are associated mainly with diatoms 

and other microalgae. (Momper et al. 2015, Stenegren et al. 2018). The 

ability to fix atmospheric nitrogen gives nitrogen-fixers a competitive 

advantage over other microorganisms in environments with nitrogen 

sources deficiency (Graham et al. 2008, Huisman et al. 2018). 

 

1.2. Cyanobacterial Classification 

In the Linnaean classification system, cyanobacteria were described as a 

group of simple algae. After the recognition of cyanobacteria as 

prokaryotes, Geitler (1932), inspired by pioneer studies (Thuret 1875, 

Bornet and Flahaut 1886-1888, and Gomont 1892), established a 

cyanobacterial taxonomic review and determination manual based solely 

on the morphology of field-collected specimens of all known 

cyanobacteria at that time. This system, with several modifications 

(Elenkin 1938, 1949; Desikachary 1959; Fritsch 1959; Starmach 1966 and 

others), followed the traditional criteria of botanical taxonomy and has 
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been utilized by both microbiologists and phycologists. Geitler's 

monography served as the main identification manual for cyanobacterial 

taxonomic assignments until the late 20th century.  Once classified as 

prokaryotes, cyanobacteria attracted the attention of bacteriologists who 

later established the first collections of pure cyanobacterial strains for 

comprehensive study (Rippka et al. 1979). The recommendations by 

Rippka et al. (1979) for taxonomic classification of cyanobacteria, based 

on strains from the Pasteur Culture Collection of Cyanobacteria, have 

served for a long time as the primary classification source for the Bergey’s 

Manual of Systematic Bacteriology (Castenholz 2001). This classification 

was still mostly based on morphological features, examined mainly by 

light microscopy and it recognized five cyanobacterial subsections, I (= 

Chroococcales), II (= Pleurocapsales), III (= Oscillatoriales), IV (= 

Nostocales) and V (= Stigonematales) (Castenholz 2001). With the 

development of electron microscopy and molecular phylogenetic analysis, 

it became evident that the earlier proposed classification systems would 

have to pass dramatic changes. A subsequent phylum-wide taxonomic 

revision of cyanobacteria was carried out by Komárek and Anagnostidis 

(1999, 2005) and Komárek (2013), it comprised both bacteriological and 

botanical approaches. While the nomenclature was still based on botanical 

taxonomic criteria to preserve historical continuity, the taxonomic system 

partly incorporated bacteriological and molecular information. 

Instead of solely morphological characterization, polyphasic 

(multidisciplinary, consensus) evaluation of taxa has become the basis of 

the modern revision of cyanobacterial taxonomic classification. The term 

“polyphasic” had already been introduced in bacterial taxonomy in the 

1970s by Colwell, who proposed a combination of genotypic, chemotypic, 
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and phenotypic information of microorganisms for their unambiguous 

taxonomic assignments (Colwell et al. 1970, Vandamme et al. 1996). A 

compilation of work by Anagnostidis and Komárek (1985, 1988), and 

Komárek and Anagnostidis (1989) introduced the polyphasic (botanical) 

approach for cyanobacterial taxonomy and since then it has been further 

conceptualized and applied by scientists all over the world (e.g. Johansen 

and Casamatta 2005, Castenholz and Norris 2005, Komárek 2010, Osorio–

Santos et al. 2014, Dvořák et al. 2015, and many others). This approach 

has proven to be the best available tool for the most reliable and objective 

taxonomic designation possible. Although currently based on the 

monophyletic species concept (Johansen and Casamatta 2005), it requires 

the synthesis of a detailed description of classical morphological traits, 

ecology, cell ultrastructure and molecular phylogeny into a congruent 

picture of a species, defined by both, unique genetic and phenotypic 

markers (Mareš 2018). The description of new taxa relies on the definition 

of autapomorphic characters as an integral and obligatory requirement for 

the revised new taxa (Johansen and Casamatta 2005, Rajaniemi et al. 2005, 

Řeháková et al. 2007, Komárek 2010). Based on the multidisciplinarity 

recommendations/polyphasic approach, the latest proposed systematic 

classification allocates cyanobacteria into eight orders, some of which are 

still provisional and polyphyletic: Gloeobacterales, Synechococcales, 

Spirulinales, Chroococcales, Pleurocapsales, Oscillatoriales, 

Chroococcidiopsidales, and Nostocales (Komárek et al. 2014, Mareš 2018, 

Fig 1.).  
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Fig 1. Phylogenetic tree of cyanobacteria (Bayesian Inference), adjusted 

from Mareš 2018.  
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1.3. Unbranched Filamentous Heterocytous Cyanobacteria 

Members of the order Nostocales (including the main families of 

unbranched species – Nostocaceae and Aphanizomenonaceae), are defined 

as diazotrophic cyanobacteria with heterocytes - specialized cells for 

nitrogen fixation. Heterocytes are pale cells with thickened cell walls, 

special terminal pores at the site of connection to neighbouring vegetative 

cells, modified pigment composition, and the absence of an active 

photosystem II (including the oxygen-evolving complex) (Walsby et al. 

1985). This unique set of features ensures anoxic intracellular conditions, 

providing favourable conditions for the highly oxygen-sensitive enzyme, 

nitrogenase, which is responsible for nitrogen fixation (Muro Pastor et al. 

2012). The thickened cell walls of heterocytes, and in some species, 

mucilaginous sheath around trichomes, reduces oxygen diffusion into the 

cells, yet allowing a sufficient influx of N2 for effective nitrogen fixation 

(Walsby et al. 1985, Prosperi 1994, Huisman et al. 2018). Another type of 

specialized cells typical for the non-branching nostocalean cyanobacteria 

are akinetes, capable of survival under unfavourable conditions and 

growth resumption when conditions suitable for growth reoccur. The 

process of akinete development usually includes a decrease in the number 

of gas vesicles (planktic), size increase, thickened wall, and accumulation 

of storage granules (Moore et al. 2004). Also akinetes, at least in some 

cyanobacteria, have an inactivated photosystem II.  

A comparison of morphological and molecular features of heterocytous 

cyanobacteria demonstrated that the development and mutual position of 

heterocytes and akinetes, together with the presence of aerotopes and 

variability in cell shapes, are the main morphological features reflecting 
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evolutionary relationships, and possibly also ecological adaptations (i.e. 

Rajaniemi et al. 2005a, Zapomělová et al. 2009, 2011, Sant'Anna et al. 

2019).  The relationships amongst volume, size, shape, and relative 

position of all three cell types have never been systematically compared 

between planktic and non-planktic (unbranched) Nostocales. The life 

strategies of these two ecological groups differ substantially. For instance, 

while planktic representatives usually develop growth peaks under 

relatively stable and favourable conditions, non-planktic representatives 

are often present during the whole year, facing severe fluctuations in 

temperature, water availability, etc. (Quiblier et al. 2013). As the 

specialized cells provide prominent metabolic abilities and their 

development is driven by specific environmental conditions, a life-strategy 

dependent on a morphological pattern can be expected. 

The families Nostocaceae and Aphanizomenonaceae (Komárek et al. 

2014) represent unbranched filamentous heterocytous cyanobacteria, with 

a high diversity of genera. One of the largest traditional genera, Anabaena, 

originally established by Bory in 1822 (Geitler 1932) has recently been 

divided (Komárek and Zapomělová 2007, 2008, Wacklin et al. 2009, 

Zapomělová et al. 2009, 2012). Three new planktic genera were erected: 

Dolichospermum, Sphaerospermopsis, and Chrysosporum, while the non-

planktic representatives were distributed among Anabaena, Trichormus, 

and Macrospermum (Iteman et al. 2002, Gugger et al. 2002, Rajaniemi et 

al. 2005a, b, Hoffmann et al. 2005, Willame et al. 2006, Komárek 2010, 

Komárek 2013). The genus Trichormus was separated from Anabaena 

based on its apoheterocytic akinete development (Rajaniemi et al. 2005), 

and Macrospermum, usually forming metaphytic mats in tropical regions, 

is characterized by a subsymmetrical filament structure and a special type 
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of large akinetes (Komárek 2008). The generic name Anabaena was 

preserved for species without gas vesicles (benthic, periphytic, soil), and 

at first was considered to be more or less consistent with the modern 

phylogenetic taxonomic concept. However, recent evidence has 

demonstrated the polyphyletic nature of the group (Rajaniemi et al. 2005, 

Halinen et al. 2008, Kozliková-Zapomělová et al. 2016), although all 

published reports lack a comprehensive connection between the molecular 

diversity within this group and their morphological diversity observed in 

nature (Komárek 2005, 2008, Skácelová and Zapomělová 2010, Mareš et 

al. 2010). One of the oldest genera of heterocytous cyanobacteria is Nostoc 

(Bornet and Flahault 1888), the type genus of the order Nostocales. With 

complex morphology of morphospecies, often overlapping cell 

dimensions, macrocolony morphology, and ecology, together with a 

complicated life cycles, solely morphological classification has virtually 

been impossible. By applying the polyphasic approach, Nostoc has been 

divided into the “Nostoc sensu stricto” cluster, and at least five further 

different clades: Mojavia, Desmonostoc, Aliinostoc, Komarekiella, and 

Halotia (Rajaniemi et al. 2005, Řeháková et al. 2007, Hrouzek et al. 2013, 

Bagchi et al. 2017, Komárek 2013, Genuário et al. 2015, Hentschke et al. 

2017). However, this complex genus still needs to pass revision taking into 

account polyphasic analysis of a higher number of representatives. 

Nodularia (Mertens ex Bornet and Flahault 1886), another important 

genus, is a phylogenetically uniform group of planktic, benthic and soil 

species (Komárek 2012). However, it is a great a challenge to define its 

members at the species level, even when morphology, biogeography, 

phylogeny, and secondary metabolite composition are used for 

identification (Komárek 2013, Řeháková et al. 2014). The genus 
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Cylindrospermum (Kutz. ex Bornet et Flahault 1886), has been divided 

into three distinct clades based on distinct morphologies (Johansen et al. 

2014). A number of investigated strains exhibited a very high percentage 

of  similarity in ribosomal sequences, however the sequence similarity was 

in contradiction with high morphological diversity (Johansen et al. 2014). 

The genus Wollea is a traditional genus with type species Wollea saccata 

(Wolle) Bornet et Flahault 1888 (pre–starting–point syn. = Sphaerozyga 

saccata Wolle 1880). Morphologically similar to some of the strains from 

genus Anabaena, the Wollea cluster is not well supported by 16S rRNA 

data, thus further studies including a higher number of representatives and 

multilocus sequencing are needed for better understanding of this genus 

(Kozliková-Zapomělová et al. 2016). 

Among the representatives described above, morphological 

characterization in many cases was not sufficient to clearly define the 

genera and to distinguish them based solely on closely resembling 

morphological traits. However, with the use of the polyphasic approach 

employing at least genetic and morphological criteria, a big step forward 

has been made, and several taxa that are difficult to define have been 

described. In the future, more comprehensive studies comprising a high 

number of taxa and multilocus/whole genome sequencing for assessing the 

phylogenetic relationships (in combination with other criteria) are needed. 

 

1.4. Natural Products Potential of Cyanobacteria 

Cyanobacteria are a promising source of novel valuable compounds due to 

their ability to produce diverse bioactive secondary metabolites with either 

toxic, or therapeutical potential (Chlipala et al. 2011, Sielaff et al. 2006, 

Welker and von Döhren 2006). The vast diversity of secondary metabolites 
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produced by cyanobacteria might be explained by their early appearance 

in Earth´s history during which they have been adapting to various 

environmental conditions, developing effective mechanisms and strategies 

for the purpose of survival and to outcompete other organisms. These 

secondary metabolites, or natural products, can exhibit various biological 

activities providing the possibility for application in medicine, agriculture, 

and biotechnology (Singh et al. 2005). At this time of serious antibiotic 

resistance and high interest for natural anticancer cures, natural 

pharmaceutical resources are more than desirable. Despite intensive study, 

a chemical description of only 10-20 % of cyanobacterial secondary 

metabolites has been provided, and even less is known about their toxic 

potential (Hrouzek et al. 2011). Although cyanobacteria comprise a wide 

range of species, the most prolific sources for natural products are 

filamentous and colonial cyanobacteria (Méjean and Ploux 2013, Shih et 

al. 2013). Mining of 89 publicly available genomes evidenced that 

members of late branching cyanobacteria (Nostocales, 

Chroococcidiopsidales, Pleurocapsales and Osillatoriales) are richer in 

putative gene clusters for secondary metabolite production compared with 

early branching cyanobacteria (Calteau et al. 2014). The deficiency in 

secondary metabolism in early-branching cyanobacteria is likely 

connected to their smaller genome size and prevailable primary 

metabolism (Galica et al. 2017). This is a general trend in all bacteria, 

because small-sized genomes tend to lack the (usually very large) gene 

clusters responsible for non-ribosomally synthesized secondary 

metabolites (Wang et al. 2014).  

Members of the cyanobacterial order Nostocales (heterocytous 

cyanobacteria) are extremely active in terms of general secondary 
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metabolite production (Rezanka et al. 2006). They are responsible for the 

production of about a quarter of the total known metabolites produced by 

filamentous cyanobacteria (Jones et al. 2010). They exhibit diverse 

chemical structures: peptides, alkaloids, polyketides, lipids, and terpenes 

(Welker et al. 2006, Yamada et al. 2015, Shah 2017). Cyanotoxins such as 

microcystins, nodularins, anatoxins, and cylindrospermopsin are often 

produced by unbranched nostocalean taxa from diverse environments, 

both free-living and symbiotic (i.e. Nostoc, Dolichospermum, 

Aphanizomenon, Cuspidothrix, Cylindrospermopsis, Raphidiopsis, etc. – 

Pitois et al. 2018). In addition to common cyanotoxins, they are known to 

produce other interesting secondary metabolites, as in the case of the first 

anabaenopeptilide (cyanopeptolin) described from planktic 

Dolichospermum (“Anabaena”, Fuji et al. 1996), soil Cylindrospermum 

producing lipopetides-puwainaphycins and muscotoxin (Hrouzek et al. 

2012, Tomek et al. 2015), nostopeptolides isolated from terrestrial free 

living Nostoc, and nostocyclopeptides found to be produced by the lichen 

symbiont Nostoc (Golakoti et al. 2000, 2001). All of the peptides from the 

aeruginosins, microginins, anabaenopeptins, cyanopeptolins, 

microviridins, and cyclamides classes in cyanobateria have been found in 

at least one genus from this group (Welker et al. 2006).  

Although the role of these various secondary metabolites is generally 

unknown, some of them have been linked to photoprotection, alteration of 

the stability and gas permeability of thylakoid membranes, and to 

protection from predators (reviewed in van Wagoner et al. 2007). 

Particular secondary metabolites are linked to the last maturation step of 

heterocytes and with siderophore production, important for nitrogen 

fixation and iron uptake, respectively (Calteau et al. 2014).  
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A great deal of attention has been drawn to the potential role of 

cyanobacterial toxic secondary metabolites – cyanotoxins. Cyanotoxins 

have been linked to a competitive advantage in microbial communities, as 

well as to involvement in core physiological functions (Holland et al. 

2013). Many studies have tried to find a connection between cyanotoxin 

production and allelophathy, grazing pressure of zooplankton and 

protozoans, potential importance in cellular physiology by improving 

access to nutrients, assisting in photosynthetic efficiency, increasing 

survival under oxidative stress, homeostasis maintenance, and cell-to-cell 

signalling (Holland et al. 2013). However, not all secondary metabolites 

and their variants have a precise natural function. The so called screening 

hypothesis (Jones and Firn 1991, Firn and Jones 2000) brings up the 

possibility of an evolutionary benefit for microbes generating a high 

number of chemically different metabolites at minimum cost, which can 

serve as a pool of potentially useful compounds sorted by natural selection. 

It could be compared to the seemingly redundant pool of human 

antibodies.  

 

1.5. PKS/NRPS Megasynthases 

Some of the most important compounds (oligopeptides, polyketides, 

alkaloids) are synthesized by special types of protein complexes – non-

ribosomal peptide synthetases (NRPSs), polyketide synthases (PKSs) and 

hybrid NRPS/PKSs, accompanied by accessory enzymes (Dittmann et al. 

2013) – and proved to be frequent in the majority of cyanobacterial 

evolutionary clades (Shih et al. 2013, Calteau et al. 2014). These 

megasynthases are organized in modules consisting of integrated 

enzymatic domains catalysing individual reaction steps of the 
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biosynthesis. Prediction of the course of synthesis is often possible once 

the genes encoding the enzymes responsible for metabolite synthesis are 

known due to the collinearity rule (Marahiel et al. 1997, Guenzi et al. 

1998). The collinearity rule is based on the assumption that the catalytic 

reaction steps of biosynthesis usually follow the arrangement of enzymatic 

domains within the NRPS/PKS modules and the order of the 

corresponding genes in the operon. Additionally, analyses of the binding 

pockets of the amino-acid activating domains in NRPS elucidated the 

mechanism of substrate specificity and provided an amino acid contact 

residue code (Stachelhaus/specificity-conferring code) allowing the 

prediction of unknown products (Challis et al. 2000). These rules have 

been recently automatized in software pipelines such as antiSMASH 

(Weber et al. 2015, Blin et al. 2017). Based on sequence analysis of 

ketoreductase domains in PKS, it is possible to partly predict the 

stereochemistry of the final products (Caffrey et al. 2003, Reid et al. 2003). 

 

Fig 2. Scheme of main principles of NRPS and PKS megasynthases 

 

1.5.1. Polyketide Synthase (PKS)  

Multi-modular polyketide synthases (PKSs) form complex assembly lines 

for the synthesis of reduced polyketides and their diverse derivates (Piel 
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2010, Keatinge-Clay et al. 2012). These biosynthetic machineries are 

responsible for the existence of many compounds utilized as important 

human medicines (i.e. antibiotics erythromycin, tetracycline, and nystatin, 

and the antitumor agents epothilone and doxorubicin).  

PKSs are one of the largest known proteins, consisting of repeated 

functional units (modules) which are responsible for chain extension in 

subsequent steps/cycles. Each module contains a set of different domains 

performing the chemical transformation of a monomer during its 

incorporation.   

The resulting metabolites are constituted from polyketide chains, starting 

with a Claisen-type condensation reaction of a ketide to “starter units”. 

Starter units are often acetyl CoA, propionyl CoA or more complex acyl 

CoAs, biochemically resembling the fatty acid synthases (FASs) 

(Hertweck et al. 2009, Musiol et al. 2012).  

The obligate/essential domains of every PKS are acetyltransferase (AT) 

the domain responsible for loading the short CoA-bound building blocks 

to the acyl carrier protein (ACP) domain which, by condensation, 

covalently binds the starter acyl unit becoming available to keto-synthase 

(KS) domains responsible for chain elongation (Piel 2010). The usual 

order of domains is KS-AT-reduction domain loop-ACP, resulting in 

elongation and additional modification of the polyketide chain, with final 

transfer of the elongated chain to the downstream module. In addition to 

the necessary components of the polyketide synthesis apparatus, there are 

often additional domains, responsible for the existence of a wide diversity 

of synthesized natural products. Additional modification, performed at 

PKS by the so called “reduction domain loop” (Caffrey et al. 2003), are 

usually ketoreduction by ketoreductase (KR), modifying a beta-keto group 
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to a hydroxyl group, with particular stereospecificity configuration of the 

hydroxy groups and alkyl subunits (D- or L-). Other frequently performed 

modifications are dehydration by dehydratase (DH), generating olefinic 

moieties by elimination of water, and enoyl reduction by enoylreductase 

(ER) forming double bonds. Regularly, methyltransferase (MT) domains, 

responsible for methylation of the chain, are part of the synthesis 

apparatus. PKSs follow the collinearity rule based on which it is possible 

to predict (at least to some extent) the structure of the final product 

knowing the genetic background or, the other way around, it is possible to 

deduce the probable nature of the synthetase and its genes once the 

structure of the final product is known. The linear multifunctional PKS 

described above is recognized as PKS type I, however two more types with 

non-linearly arranged domains exist. PKS II – a dissociable complex of 

discrete monofunctional enzymes and, PKS III – multifunctional enzymes 

without AT and ACP with intermediates linked through free coenzyme-A 

thioesters (Hertweck et al. 2009, Brachman et al. 2007).  

 

1.5.2. Trans-AT 

A typical PKS I AT domain is responsible for selecting and loading the 

acyl CoA unit onto a conserved serine within its active site integrated in 

modules of the PKS. Integrated AT is referred as “cognate” AT, and it is 

part of cis-AT-PKS type I. However, when the AT domain is not integrated 

in a PKS module it is a trans-acting AT (Fig 3). Trans-AT is a single 

malonyl-CoA specific AT encoded by a separate gene outside of the PKS 

modules and it interacts with most, or even all PKS modules in the system. 

The main function of AT in each cis-AT-PKS module is substrate loading 

onto the respective ACP, while in trans-AT-PKS, a single separately 
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encoded AT acylates the entire PKS system. The existence of two types of 

PKSs was phylogenetically examined, demonstrating likely independent 

evolution from fatty acid synthesis (FAS) -like systems (Piel 2010).    

While the cis-AT-PKSs modules usually consist of KS-AT-ACP and 

additional KR/DH/ER domains, the trans-AT PKS systems exhibit rather 

unique domains with greater module variants (about 50 combinations) 

(Helfriech and Piel 2016). The most typical domains of the trans-AT PKSs 

are alleged silent KS domains, without histidine residue in an HTGTG 

motif necessary for decarboxylative condensation, which finally results in 

nonfunctional KSs incapable of performing the chain elongation. Unlike 

in the cis-AT-PKS, the methylation process can be performed with specific 

gene cassettes (Chang et al. 2004, Mattheus et al. 2010), and sometimes 

double or multiple ACP domains can be encoded in a row (Piel et al. 2004, 

Kampa et al. 2013). Trans-acting PKSs deviate from the collinearity rule, 

which caused delayed understanding of their function (Piel 2010). Given 

this deviation from collinearity, an alternative model for the product 

prediction involves phylogenetic comparison of KS domains (Nguyen et 

al. 2008).  

Bacillaene synthetase was the first trans-PKS, identified already in 1993 

in a sequenced genome of Bacillus subtilis (Scotti et al. 1993). 

Nevertheless, the first reported trans-AT PKS system was the pederin 

synthetase (Piel 2002). After the discovery of pederin many reports of 

natural products synthesized by trans-AT-PKSs have arisen, such as the 

bioactive, pharmacologically important compounds mupirocin, 

lankacidin, bryostatin A, and virginiamycin M. Currently there are more 

than 100 described gene clusters encoding the trans-AT-PKSs (Helfriech 

and Piel 2016) 
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Fig 3. Domain organization of cis-AT type I PKS (A) and trans-AT type I 

PKS (B). 

 

Pederin was discovered in the Paederus beetle and has been recognized to 

cause dermatitis in humans (Ueta et al. 1949, Pavan et al. 1953). The 

pederin family of compounds have a specific N-acyl linked 

tetrahydropyran structure responsible for a number of bioactivities 

including antitumor activity in nanomolar concentrations (Mosey et al. 

2012). With the development of molecular methods and elucidation of the 

gene cluster responsible for the synthesis of pederin, it has been proven 

that pederin is actually synthesized by a bacterial symbiont of the Paederus 

beetle (Piel 2002). Later on, symbiotic bacteria of diverse evolutionary 

origin have been discovered to produce metabolites of the pederin family 

(Piel 2010). When it comes to cyanobacteria, the first cyanobacterial 

pederin producer was reported only recently from Nostoc in symbiotic 

relation with lichen Peltigera membranacea (Kampa et al. 2013). Since all 

the pederin members have been identified in symbiotic organisms, it has 

been hypothesized that these types of compounds are exclusive to 
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prokaryotic-eukaryotic relationships (Kampa 2013, Wilson et al. 2014, 

Piel 2004, Fisch et al. 2009, Nakabachi et al. 2013). However, reports of 

pederin analogues in free-living proteobacterium Labrenzia sp. PHM005, 

(Schleissner et al. 2017) and purportedly free-living cyanobacterium 

Nostoc sp. KVJ10 (Liaimer et al. 2016), have recently shaken the 

symbiotic theory.  

 

1.5.3. Non-ribosomal Peptide Synthetase (NRPS) 

Another type of megasynthases by which natural products are commonly 

synthesized are NRPSs. Oligopeptides and their derivatives synthesized by 

NRPS are highly variable due to the possibility of activation and 

incorporation of non-proteinogenic, as well as D- amino acids, α-hydroxy-

, and carboxylic acids. Each NRPS is built from modules with three 

essential domains (Fig. 2): the adenylation (A) domain, which determines 

and activates the specific amino acid; the thiolation domain (T), also called 

peptidyl carrier protein (PCP domain), which carries the intermediate 

nonribosomal peptide (NRP) and presents it to the catalytic centres; and 

the condensation (C) domain, catalysing the elongation of the upstream 

intermediate by the downstream activated aminoacid (AA) through 

formation of a peptide bond. Similarly to the PKS, in the NRPS, the 

modules contain additional domains which further modify the synthesized 

molecule. Usual modifications are oxidation, halogenation, epimerization, 

and N-methylation. The last domain is typically a thioesterase domain (TE) 

which releases the final product from the NRPS and sometimes performs 

its cyclization. 

The genes encoding NRPS enzymes are conserved and can be predicted 

by bioinformatics tools. The NRPS systems work on the same collinearity 
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rule as PKSs, except their building blocks are amino acids. Natural 

products are also frequently synthesized by hybrid PKS/NRPS. The final 

product can be further modified by the action of tailoring enzymes (i.e. 

methyltransferases, aminotransferases, oxygenases, Walsh et al. 2001), 

increasing the structural diversity of the compound produced non-

ribosomally. Natural products of a peptidic nature can be also produced by 

enzymatic machineries involving conventional ribosomal synthesis, such 

as pattelamides, microviridins, cyanobactins, and lantipeptides (Schmidt 

et al. 2005, Arnison et al. 2013).  

 

1.5.4. Discovery of Novel Metabolites 

As soon as the gene cluster encoding the production of natural antibiotic 

erythromycin was elucidated (Weber et al. 1990), the era of genome 

mining approach started. Genome mining is a generally accepted method 

for the detection of gene clusters responsible for the synthesis of diverse 

natural products using analysis of DNA data. With the increased secondary 

metabolite databases and advanced bioinformatic pipelines, it has become 

possible not only to detect and identify the gene clusters responsible for 

the biosynthesis of natural products, but also to predict the course of their 

biosynthesis. The final structure of novel metabolites is nowadays clarified 

by a combination of analytical chemistry data and in vitro assays, 

accompanied by genome data mining. There are usually two ways a novel 

compounds is discovered: either the structure of the compound is 

characterized, but data about its biosynthetic pathways are missing, or the 

gene cluster putatively responsible for the synthesis of a compound is 

known, but the structure is yet to be elucidated (Challis et al. 2008). In the 

case when the structure is known, sequencing, feeding experiments, gene 
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knock-out and heterologous gene expression are performed in order to help 

predict the particular enzymes involved in biosynthesis. Vice versa, when 

the gene message encoded in the cluster of interest is known, the end 

product can be predicted and later, if possible, isolated and chemically 

characterized (Jenke-Kodama and Dittmann 2009).   

 

1.6. Cyanotoxins 

Although cyanobacterial species are important primary producers and their 

general nutritive value is high (Gantar and Svircev 2008), under favourable 

conditions they proliferate to form cyanobacterial blooms, scums, and 

floating mats (Schindler 2006, Lampert et al. 2007). Eutrophication and 

rising global temperatures cause increases in the geographical extent, 

population densities, and duration of cyanobacterial blooms in fresh, 

brackish, and marine waters (Cox et al. 2005). They occur in aquatic 

ecosystems worldwide and can disrupt ecosystem functioning in terms of 

nitrogen budgets, oxygen and light availability, community reorganization 

and decreased biodiversity (Robarts et al. 2005, Havens et al. 2008). The 

biomass levels reached during blooms are extensive and attract a lot of 

public attention around the globe due to their common toxicity affecting 

human health, water-based industries, recreation, and wildlife (Hitzfeld et 

al. 2000, Carmichael et al.  2001, Saqrane and Oudra 2009, Codd et al. 

2005, Metcalf et al. 2012, Wilde et al. 2014).  

Cyanobacterial species and their ability to produce different types of 

toxins, known as cyanotoxins, have been intensively studied in the last 

decades and their course of synthesis, detection methods and possible 

preventions have been investigated (Sivonen and Jones 1999, Dittman et. 

al 2013, Meriluoto et al. 2017). Cyanotoxins are a chemically diverse 
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group of compounds (e.g. alkaloids, cyclic peptides, non-proteinogenic 

amino acids) with toxic effect on humans, animals, plants and eukaryotic 

microbes (Metcalf et al. 2012). Based on their toxic effects they are divided 

into hepatotoxins (e.g. the cyclic peptides microcystins MCs and 

nodularins NODs), neurotoxins (e.g. the alkaloids anatoxin-a, anatoxin-a 

(S), paralytic shellfish toxins PSTs or saxitoxins), and cytotoxins (e.g. the 

alkaloids cylindrospermopsin CYN) (Codd et al. 1999).  

The most frequently reported representatives of hepatotoxins are 

microcystins and nodularins, with microcystins being the most studied 

cyanotoxins in general (Dittmann and Wiegand 2006, van Apeldoorn et al. 

2007). Microcystins are cyclic heptapeptides with several unusual amino 

acids, including the characteristic tail- shaped amino acid 3-amino-9-

methoxy-2,6,8-trimethyl-10-phenyldeca-4(E),6(E)-dienoic acid (ADDA). 

Nodularin has a structure similar to microcystin, however missing the most 

variable amino acids following the dehydro-residue in position 3 in 

microcystins (Moffitt and Neilan 2004, Rantala et al. 2004, Gehringer et 

al. 2012). The hepatotoxins inhibit eukaryotic protein phosphatase and can 

penetrate liver cells via active transport (Runnegar et al. 1995). The natural 

role of microcystin has recently been related to an increase in 

cyanobacteria fitness under oxidative stress (Zilliges et al. 2011, Wei et al. 

2016, Schuurmans et al. 2018). In aquatic ecosystems, Microcystis, 

Planktothrix and Dolichospermum are the most common genera 

responsible for microcystin production, while nodularin is usually related 

to the genus Nodularia, with a recent report from Iningainema pulvinus 

gen nov., sp. nov. (McGregor and Sendall, 2017). Both of the hepatotoxins 

have been reported from symbiotic and non-symbiotic Nostoc 
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(Kaasalainen et al. 2012, Gehringer et al. 2012, Liaimer et al. 2016, Jokela 

et al. 2017).   

Anatoxin-a and its methylated analog homoanatoxin-a, are neurotoxic 

bicyclic alkaloids with high binding affinity to the nicotinic acetylcholine 

receptor resulting in an inhibition of the primary function of acetylcholine 

by blocking neuromuscular activity (Carmichael et al. 1997). Anatoxin 

was initially named VFDF (Very Fast Death Factor, Gorham et al. 1964) 

due to the rapid death of animals after intoxication. Its production is 

reported among a variety of the cyanobacterial genera, from bloom 

forming Dolichospermum to benthic Phormidium (Pearson et al. 2016).  

Another common cyanotoxin is cylindrospermopsin, a hepatotoxic, 

nephrotoxic and general cytotoxic alkaloid, an inhibitor of protein 

synthesis. It was originally isolated from cyanobacterium 

Cylindrospermopsis raciborskii, and since then it has been reported from 

a diverse number of cyanobacteria from around the globe (reviewed by 

Pearson et al. 2016). To date, about 40 cyanobacterial genera have been 

described as potential cyanotoxin producers (Salmaso et al. 2017). 

Cyanotoxins can have a real toxic effect on humans, as exemplified by one 

of the most severe outbreaks of cyanobacterial poisonings, which was 

reported when more than 50 patients in Brazil died after exposure to 

hepatotoxins through renal dialysis (Azevedo et al. 2002). Severe acute 

effects on human health are fortunately not that frequent, however, animal 

poisoning reports reach higher numbers (i.e. Sivonen and Jones 1999, 

Metcalf et al.  2012, Meriluoto et al. 2017). These events have commonly 

been linked to the ingestion of toxins produced by planktic bloom-forming 

cyanobacteria (Sivonen and Jones 1999).   
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Besides the planktic environment, toxicity and negative effects on other 

biota have also been reported from benthic and soil heterocytous 

cyanobacteria (Izaguirre et al. 2007, Cox et al. 2005, Wood et al. 2012, 

Quiblier et al. 2013). Benthic cyanobacteria often play the important role 

of first colonizers in human-impacted areas or newly-emerged (micro) 

habitats, they can seriously affect revitalization and hamper colonization 

of these localities by other organisms (Quiblier et al. 2013). They also 

represent a potential human health risk, as they sometimes overgrow 

drinking water treatment plants and reservoirs (Hurtado et al. 2008, 

Izaguirre et al. 2007). In contrast to the most frequent type of planktic 

blooms, benthic cyanobacteria can a colonize range of environments 

including oligo- and mesotrophic, seemingly „clean“ waters (Mez et al. 

1988, Wood et al.  2012, Whitton et al. 2012). They can detach from the 

surface, become free floating, and often reach the shore thus putting 

animals and humans at risk of direct contact. It is assumed that 

proliferation of benthic cyanobacteria will increase due to climate change 

and increased nutrients impact (Quiblier et al. 2013). 

No systematic toxicological studies have been carried out on freshwater 

and soil non-planktic filamentous cyanobacteria, although they are 

repeatedly recognized as toxin producers (e.g. Genuário et al. 2010, 

Kurmayer et al. 2011). Most of the reports on non gas-vacoulate 

cyanobacteria and their toxic potential were connected with animal 

poisonings (Edwards et al. 1992, Carmichael et al. 1997, Mez et al. 1997, 

Seifert et al. 2007). The studies were rather opportunistic, usually started 

only after individual cases of poisoning, which creates a large gap in 

knowledge about the actual extent and frequency of toxin production by 

non-planktic cyanobacterial representatives.  
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Early methods for the detection of toxins were based on mostly animal 

assays using intraperitoneal or intravenous injections on mice (Carmichael 

1975, Devlin 1977, Sivonen 1989). Nowadays sensitive physiochemical 

methods based on chromatography and mass spectrometry have been 

developed (Kurmayer et al. 2017). The most common cyanotoxins are 

synthesized by hybrid PKS/NRPS machineries, with characterized gene 

clusters responsible for their biosynthesis. Since the elucidation of the gene 

clusters responsible for cyanotoxin synthesis (Tillett et al. 2000, Moffitt 

and Neilan 2004, Méjean et al. 2009, Shalev-Alon et al. 2002, Mihali et al. 

2008), molecular based detecting approaches have become available such 

as targeted PCR, qPCR and DNA-chip (Kurmayer et al. 2017).  

 

1.7. Life Strategies and Cyanotoxin Potential 

Although unbranched heterocytous cyanobacteria, especially the planktic 

“Anabaena sensu lato” (Dolichospermum, Chrysosporum, 

Sphaerospermopsis) and Nodularia, have been reported among the main 

cyanotoxins producers, their non-planktic counterparts have been 

understudied. Nevertheless, several case studies have demonstrated that 

non gas-vacoulate cyanobacteria are capable of producing most of the 

cyanotoxins found in their planktic relatives, with microcystins and 

anatoxin being the most common cyanotoxins found in benthic 

proliferations (Sivonen and Jones 1999, Quiblier et al. 2013). 

Non-planktic heterocytous cyanobacteria usually grow attached to 

surfaces such as rocks or sediments, and they are even able to colonize 

infertile substrates such as volcanic ash and desert sand (Jaag 1945, Dor 

and Danin 1996). They often dominate many types of benthic, periphytic 

and metaphytic mats worldwide (Komárek 2013). Therefore, 
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understanding their ecological demands is important. It has been 

demonstrated that they can face extreme conditions, high light irradiation 

and high temperature, especially in shallow lakes. It is significant to clarify 

their growth demands, since they often detach from the substrate, 

becoming free-floating, and reach the shores where they form thick mats 

along the waterside, influencing water quality. Unlike the planktic 

representatives which are important components of nuisance blooms, non-

planktic nostocacean species have been rather overlooked for broad 

multidisciplinary research. It has been known that even in a single 

cyanobacterial population it is possible to find different genotypes of 

cyanotoxin producing or non-producing strains (Janse et al. 2004, 

Kurmayer et al. 2004, Sabart et al. 2010). The cyanotoxin composition can 

also differ between closely related species, belonging to the same genus, 

but differing in their ecological niche. A good example is the genus Nostoc, 

which contains both symbiotic and free-living isolates (Papaefthimiou et 

al. 2008). Symbiotic representatives are often nodularin and microcystin 

producers (Oksanen et al. 2004, Kaasalainen et al. 2009, 2012, Gehringer 

et al. 2010, Liaimer et al. 2016). However, the pattern of cyanotoxic free-

living Nostoc isolates is relatively unknown, thus a broad screening study 

performed on a wide range of strains from different geographical regions 

could provide valuable clues about the distribution pattern of cyanotoxin 

potential between symbiotic/free-living representatives.  

 

1.8. Bioactive Cyanobacterial Lipopetides 

Lipopeptides are amphiphilic molecules consisting of short linear or cyclic 

peptides, linked to a fatty acid via ester or amide bonds (or both). The 

peptidic part of the compound varies in type and number of aminoacids, 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5640712/#B29
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while the fatty acid side chains are of different lengths and function which 

further can be methylated, hydroxylated, halogenated or unsaturated 

(Mareš et al. 2014, Kang et al. 2012, Hrouzek et al.  2012, Urajová et al. 

2016). 

More than 70 years ago the first lipopeptide antibiotics applied in clinical 

use, polymyxins, were isolated form Bacillus (Benedict and Langlykke 

1947). Since then, a wide range of structural variants of lipopetides have 

been described, highlighting their rich chemical diversity in nature 

(Kakinuma et al. 1969, Vestola et al. 2014, Shishido et al. 2015). Most of 

the known lipopeptides have been isolated form Bacillus subtillis, 

including the first lipopeptide biosynthesis gene cluster of mycosubtilin. 

Some of these lipopeptides have great pharmaceutical value (Cochrane and 

Vederas 2016, Velkov et al. 2017, Taylor and Palmer 2016).  

Lipopetides from cyanobacteria exhibit a wide range of activities:  

cytotoxicity  (laxaphycins (Frankmolle et al. 1992), hormothamnin A 

(Gerwick et al. 1992), minutissamides (Kang et al. 2012), pahayokolides 

(An et al. 2007)), haemolytic activity, antifungal and/or antibacterial 

activity (Hrouzek et al. 2012, Tomek et al. 2015, Maru et al. 2010, Jokela 

et al. 2012). Some of the modes of action of cyanobacterial lipopetides 

have been described. In the case of puwainaphycin, a general cytotoxin, 

the permeabilization of the membrane causes the influx of calcium ions 

into the cell which results in cell necrosis (Hrouzek et al. 2012). Another 

example is anabaenolysin interacting with membranes in a cholesterol-

dependent manner with the help of natural cyclodextrins (Shishido et al. 

2015). These features render cyanobacterial lipopeptides on one hand 

promising molecules for biotechnological use, and on the other hand 

potential environmental toxins. 
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One of the families of bioactive lipopetides described in cyanobacteria are 

puwainaphycins/minutissamides (PUW/MIN). These are cyclic β-amino 

lipopeptides with a ten-membered peptide ring (Gregson et al. 1992, 

Hrouzek et al. 2012, Kang et al. 2011, 2012). PUWs are synthesized by a 

hybrid PKS/NRPS accompanied by tailoring enzymes (Mareš et al. 2014). 

A characteristic feature of PUW synthetase is the fatty acyl-AMP ligase 

(FAAL) starter unit (Duitman et al. 1999, Mareš et al. 2014). This enzyme 

was reported to specifically bind and adenylate a FA and pass the activated 

acyl-adenylate to a downstream phosphopantetheine arm of the PKS acyl 

carrier protein (ACP) for further processing. All the reported PUW/MIN 

variants have been isolated from soil strains of unbranched filamentous 

heterocytous cyanobacteria Anabaena and Cylindrospermum (Gregson et 

al. 1992, Kang et al. 2011, 2012, Hrouzek et al. 2012), adding to the 

importance of these representatives of soil cyanobacteria, often overlooked 

in natural products surveys. A possible occurrence of puwainaphycin in 

planktic nostocacean strains of Sphaerospermopsis was mentioned by 

Zapomělová (2009), which however requires further confirmation. 

Cyanobacterial lipopeptides and their gene clusters in general seem to be 

markedly more frequent in non-planktic species (Galica et al. 2017), 

nevertheless systematic surveys dedicated to individual compounds are 

missing. 

 

1.9. Summary Rationale 

Cyanobacteria represent an important group of organisms from many 

points of view. They exhibit complex morphology, inhabit diverse 

environments (including extreme ones), have high ecological impact due 

to excessive proliferation, and are a rich source of diverse secondary 
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metabolites, either toxic or pharmaceutically important. While free-living 

planktic representatives have attracted most of the attention and many 

studies have dealt with these particular groups, non-planktic and symbiotic 

cyanobacteria have evaded scrutiny. They are indeed represented by 

diverse taxa, including the prominent group of unbranched Nostocales, but 

their taxonomy remains often cryptic, and their toxic potential is rather 

unknown. While genomic data on benthic, soil, and symbiotic 

representatives is still underrepresented, genome mining of available data 

has revealed that they have a huge potential for unreported secondary 

metabolites. Their secondary metabolite pattern seems to differ from their 

planktic counterparts, mostly in the production of rather uncommon 

metabolites, representing a potential treasure house of novel compounds 

with possible pharmaceutical applications. To get a congruent picture of 

non-planktic and symbiotic unbranched Nostocales, the use of 

interdisciplinary studies is necessary. Since many aspects characterizing 

this group are understudied, linking their morphological characters to their 

ecological demands, and finally to their secondary metabolite production 

pattern is essential for achieving a congruent picture of these interesting 

organisms. 
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2. RESULTS AND DISCUSSION  

 

2.1. The most important outcomes of this thesis 

The thesis comprises five studies on various aspects of the unbranched 

heterocytous cyanobacteria. First of the study was a polyphasic taxonomic 

study on Anabaena strains evidencing polyphyly of the genus, specific 

growth requirements of its representatives, and discussing the possible 

links to their life strategies (Paper I). This topic was further elaborated in 

the following study, where we proposed the possible connection between 

conserved morphological traits and life strategies among number of 

important unbranched heterocytous genera (Paper II). Low occurrence of 

the most frequently reported cyanotoxins are found in the broad 

toxicological study on non-planktic unbranched Nostocacales with the 

discovery of a sole microcystin producing Nostoc strain (Paper III). The 

first non-symbiotic planktic cyanobacterial producer of a pederin family 

compound has been genomically, chemically, and toxicologically 

characterized (Paper IV). Biosynthesis gene clusters of a specific group 

of lipopetides were elucidated in sequenced genomes of five soil 

cyanobacterial strains and the probable course of their biosynthesis was 

proposed. The lipopetides were chemically characterized and their 

antimicrobial activity was assessed (Paper V).  

 

2.2. Paper I. Detailed investigation of non-planktic Anabaena spp. 

The phylogenetic tree inferred from 16S rRNA gene clustered four studied 

Anabaena strains into separate, relatively little related clades, which was 

roughly consistent with their morphologies. Studied strains of non–

planktic Anabaena were resolved as highly polyphyletic, with sometimes 
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a more distant relationship between themselves than with other genera 

belonging to nostocacean taxa (i.e. Trichormus, Dolichospermum, and 

Aphanizomenon). These findings demonstrate the splitting of benthic 

Anabaena spp. into a number of isolated clades (Halinen 2008), and 

confirm the distinction of planktic Dolichospermum, Sphaerospermopsis, 

and Chrysosporum from the benthic Anabaena strains (Zapomělová et al. 

2009, 2011, 2012). However, occasional clustering of morphologically 

defined non–planktic Anabaena spp. with planktic Dolichospermum 

strains (Halinen et al. 2008), together with instability of aerotopes during 

cultivation (Komárek et al. 1993, Laamanen et al. 2001), demonstrated the 

need for polyphasic investigation on a larger set of populations.  

Alongside phylogeny, the morphology of the studied Anabaena strains 

confirmed the considerable morphological and genotypic polymorphy 

within non-planktic Anabaena. Furthermore, the morphology and phy-

logeny of the studied strains were generally congruent, differing to studies 

where the observed morphological variability was sometimes not reflected 

in the genetic relationships based on 16S rRNA sequences (Lyra et al. 

2001, Iteman et al. 2002, Gugger and Hoffmann 2004, Řeháková et al. 

2014).  

On the other hand, it was difficult to establish a correlation between the 

growth response of the studied strains to various light intensities, 

temperatures and their morphological or phylogenetic variability. 

Contradictorily, Miller and Castenholz (2000) showed that various strains 

of Synechococcus isolated from Oregon hot springs grouped into different 

phylogenetic lineages have different temperature growth optima. 

Apparently, ecophysiological niche differentiation in cyanobacteria can 

rapidly evolve in response to the selective pressure of the environment 
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(Coleman et al. 2006). Hence, the correlation of growth preferences with 

morphology or phylogenetic position can be expected only among 

extremely tightly related populations, which was not the case for our 

strains. Compared with previous studies, our results demonstrated 

substantial difference in growth demands of related planktic and non-

planktic cyanobacteria. Non-planktic Anabaena representatives were able 

to withstand wider fluctuations in temperature and light intensity than their 

planktic counterparts. This could be explained by their different life 

strategies, where non-planktic species in contrast to the planktic 

counterparts occur throughout the year and their microhabitat is not 

buffered by mixing of large amounts of water. Thus they face more 

fluctuating and sometimes extreme conditions on a diurnal and annual 

basis. Although the study itself is based solely on four strains, it 

summarizes and validates the methodological approaches, and provides 

the starting point for further studies within this intriguing group of 

cyanobacteria. 

 

2.3. Paper II.  Morphological traits comparison of Nostocaceae  

Collected data on the length and width of vegetative and specialized cells, 

akinetes and heterocytes, from natural samples in the Czech Republic and 

Argentina, were used to test whether the cell length and width followed a 

normal distribution, and to compare results among data sets (literature and 

nature). Cell shape and size of vegetative and specialized cells, and their 

relative positions in trichomes differ substantially among 59 non-planktic 

and 47 planktic examined taxa. While heterocyte size and shape were 

similar across studied taxa, size of vegetative cells and akinetes, and 

relative position of akinetes to the heterocyte differed significantly. 
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Morphological similarity of heterocytes across studied taxa could be 

linked to the best surface to volume ratio minimizing oxygen diffusion 

hence favouring nitrogen fixation (Lang and Fay et al. 1971, Flores et al. 

2006, Walsby 2007). Most akinetes in the studied species were either 

cylindrical or oval, possibly reflecting akinete evolutionary history where 

cylindrical shape is present in most ancient akinetes (Tomitani et al. 2006). 

The different shape of akinetes could be related to formation strategies; 

differentiation from one, or from several vegetative cells. We found that 

most species have akinetes developing distant from the heterocyte, 

particularly in planktic species. It could be assumed that akinete position 

toward the heterocyte may result in different internal nitrogen stores in the 

akinete. Additionally, combination with external nutrient availability at 

germination, and akinete shape may affect population recruitment success 

(to form blooms or not). Furthermore, smaller vegetative cell size—

compared to planktic species—might be an adaptation to tolerate the 

extreme conditions of temporary habitats, however the reasons for 

differences in diverse akinetes remain speculative. Although four recently 

separated genera were used in this study, relevant results should be 

considered only for well-represented taxa, Anabaena and 

Dolichospermum. For further studies and stronger conclusions, a higher 

number of diverse, both planktic and non-planktic, nostocalean taxa should 

be investigated. 

 

2.4. Paper III. Large-scale screening of the most common cyanotoxins 

in non-planktic unbranched Nostocales  

Despite of widely reported production of cyanotoxins in non-planktic 

cyanobacteria, a surprisingly low occurrence of microcystins, nodularin, 
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cylindrospermopsin, and (homo)anatoxin-a were observed in our study. 

Among 311 strains of unbranched Nostocales from various environments 

and geographical locations investigated for cyanotoxins production, a 

single microcystin producer was detected. Its toxic potential was 

confirmed by the presence of the mcyE gene from the microcystin 

synthetase operon. Furthermore, HPLC-ESI-HRMS/MS analysis on the 

crude extract of microcystin (MC) producer strain revealed the presence 

of four MC variants. These variants were previously reported from genera 

Microcystis, Dolichospermum, and Planktothrix (Kenichi Harada et al. 

1991, Welker et al. 2004, Puddick et al. 2014), and for the first time are 

reported to be produced by a Nostoc representative. MC producer, Nostoc 

Treb K1/5, clustered inside of the core Nostoc lineage which contains both 

free-living and symbiotic isolates (Papaefthimiou et al. 2008), the latter 

repeatedly reported as nodularin and microcystin producers (Oksanen et 

al. 2004, Kaasalainen et al. 2009, 2012, Gehringer et al. 2010). In contrary, 

reports of free-living MC producing Nostoc strains have been relatively 

scarce and thus far restricted to lineages distant from the core Nostoc clade 

(Bajpai et al. 2009, Genuário et al. 2010, Kurmayer, 2011). Members of 

the unbranched Nostocales, including all tested strains (267 strains in total 

with 16S rRNA data available), were resolved in the most derived lineage 

of heterocytous cyanobacteria, together with representatives of the 

Tolypothrichaceae family. Among the studied strains, covering a wide 

range of different linages with toxic and non-toxic representatives, not a 

single targeted PCR product for anaC, cyrJ, or ndaF were obtained in any 

of the studied strains. Consistent with that, no actual production of 

anatoxin-a, cylindrospermopsin or nodularin was detected by HPLC-ESI-

HRMS/MS analysis based on the presence of their characteristic 
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fragments. When considering the relatively high cyanotoxin production in 

planktic Dolichospermum (reviewed in Li et al. 2016), the low occurrence 

in non-planktic representatives was unexpected. While non-planktic 

Anabaena frequently demonstrated production of a variety of unusual 

bioactive secondary compounds (Surakka et al. 2005, Oftedal et al. 2012, 

Jokela et al. 2012, Urajová et al. 2016), only few reports on production of 

the notoriously known cyanotoxins by Anabaena are available (Mohamed 

et al. 2006, Halinen et al. 2008, Bouma-Gregson et al. 2017). Their obvious 

scarcity in both our, and previous studies indicates that the composition of 

bioactive secondary metabolites consistently differs between planktic and 

non-planktic Anabaena-like strains. Similarly, while Nodularia planktic 

blooms are often highly toxic due to the production of nodularin (e.g. 

Laamanen et al. 2001), benthic and soil representatives have been, up to 

now, rarely recognized as nodularin producers (Lyra et al. 2005, Řeháková 

et al. 2014). Although other taxa were limited in the current study, no 

cyanotoxin producers were identified among them, which was consistent 

with the general pattern observed in better represented taxa. Our results 

indicate that the commonly reported cyanotoxins in planktic heterocytous 

cyanobacteria are almost absent in their non-planktic counterparts. 

However, based on other studies, non-planktic Nostocaceae are a rich 

source of unknown secondary metabolites (Voráčová et al. 2017). This 

situation presents a potential threat that remains uncovered by routine 

monitoring and deserves further investigation. 
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2.5. Paper IV. First report of natural product, usually produced by 

symbiotic organisms, in free-living planktic cyanobacteria  

The pederin family includes a number of bioactive compounds isolated 

from symbiotic organisms of diverse evolutionary origin. They were 

believed to be specifically associated with prokaryote-eukaryote 

symbioses as they have been reported exclusively from symbiotic 

associations (Kampa et al. 2013, Wilson et al. 2014, Piel 2004, Fisch et al. 

2009, Nakabachi et al. 2013). Symbiotic theory has been questioned with 

the discovery of pederin analogues from free-living proteobacterium 

Labrenzia sp. PHM005, (Schleissner et al. 2017) and purportedly free-

living cyanobacterium Nostoc sp. KVJ10 (Liaimer et al. 2016). The 

potential of free-living organisms to produce pederins is further 

corroborated with our discovery of a novel pederin analogue, cusperin, 

identified for the first time from a non-symbiotic planktic cyanobacterium 

Cuspidothrix issatschenkoi CHARLIE 1. Cuspidothrix, a bloom-forming 

cyanobacterium recognized as a threat for human health (Selwood et al. 

2007), belongs to the lineage of typical freshwater planktic heterocytous 

cyanobacteria, clearly distant from all groups of the typical pederin 

producers. 

Pederins biosynthesis is accomplished by a PKS/NRPS machinery 

employing an unusual trans-acyltransferase (AT) PKS mechanism 

(Helfrich & Piel 2016), discovered and elucidated in our strain.  

Pederin is linked to beetle-induced dermatitis in humans and pederin 

family members possess potent antitumor activity caused by selective 

inhibition of the eukaryotic ribosome (Mosey et al. 2012). However, low 

bioactivity of cusperin demonstrates that not all natural pederin analogues 
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exert high cytotoxic activity and thus they do not act generally and 

exclusively as ribosome poisons. 

Our findings contradict the recently suggested restricted occurrence of 

pederin family members in symbiotic bacteria, and dispute their general 

role directly associated with symbioses (Kampa et al. 2013). The selective 

advantage for the production of compound belonging to pederin family by 

a non-symbiotic organism remains unknown and further studies are needed 

to decipher its possible ecological significance; especially as cytotoxic 

activity is weak compared to other pederins. 

 

2.6. Paper V. Characterization of cytotoxic lipopeptides in novel 

strains of non-planktic cyanobacteria 

Our study highlights and explores the extensive structural versatility of 

cyanobacterial lipopeptides from the puwainaphycin/minutissamides 

(PUW/MIN) family by introducing previously unknown variants and 

newly sequenced biosynthetic gene clusters. The strains of PUW/MIN 

producers from this study were originally isolated from various soil 

habitats. HPLC-HRMS/MS analysis detected multiple PUW and MIN 

variants in each of the studied strains. Most of the variations among 

compounds occurred in the fatty acyl moiety, although the peptidic core 

differed to some degree as well. Accordingly, bioinformatic analysis 

identified putative PUW and MIN gene clusters in each of the five newly 

sequenced strains, indicating a common biosynthetic origin of PUWs and 

MINs in cyanobacteria. 

The biosynthesis of bacterial lipopeptides is typically commenced by FA-

activating enzymes (Duitman et al. 1999, Tsuge et al. 2001). In the strains 

under study three alternative arrangements of the putative fatty acyl-AMP 
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ligase (FAAL) starter units have been identified. An analogous situation 

was previously described for the alternative NRPS starter modules in the 

anabaenopeptin synthetase (Rouhiainen et al. 2010). Each of the 

arrangements corresponded to a different array of FA side chains detected 

by HPLC-HRMS/MS, which presumably reflects the range of FA 

substrates activated during their biosynthesis. Chemical diversity could be 

generated largely by the presence of two alternative fatty acyl-AMP ligase 

starter units, one of which exhibits an unusually broad specificity for FA 

substrates of variable length. The substrate length specificity of the FAAL 

enzymes in Mycobacterium tuberculosis was recently shown to be 

determined by the size and position of specific amino acid residues 

protruding into the FA-binding pocket (Goyal et al. 2012). The differences 

in the peptidic ring could be explained by NRPS modules variability in 

amino acid adenylation and tailoring domains congruent with the 

PUW/MIN peptide cores inferred using HPLC-HRMS/MS. Additionally, 

the diversity of the PUW and MIN variants can be explained by the 

presence of tailoring enzymes responsible for further oxidation, 

halogenation and acetylation. 

Both PUWs and MINs possess cytotoxic activity against human cells in 

vitro (Hrouzek et al. 2012, Kang et al. 2011, 2012). In the current study, 

PUW/MIN variants (PUW F and MINs A, C, and D) were tested for 

antibacterial and antifungal activity. Although none of them exhibited 

antibacterial effect, PUW F showed antagonistic activity against tested 

yeast strains. However, as apparent from our and previously published 

data, PUW/MIN products appear to be effective solely against eukaryotes. 

This finding is in contrast to the typical antibacterial activity frequently 

described for many lipopeptides produced by Gram-positive bacteria 
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(Velkov et al. 2017). Thus, their toxic potential for humans and other 

animals clearly warrants further investigation, and their possible use as 

antifungal agents is ripe for exploration.  
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4. SUMMARY 

This thesis outlines diverse approaches used to fill the gaps in knowledge 

of the important group of unbranched Nostocales cyanobacteria, 

examining their unresolved taxonomy, ecophysiology and, in particular, 

secondary metabolites production potential. The first two tasks are 

addressed by the polyphasic study on four non-planktic Anabaena strains 

with clear phenotypic grouping in agreement with the pylogenetic 

assignments revealing that the genus is polyphyletic and needs further in-

depth studies (Paper I). Additionally, the strains have shown rather 

different growth preferences among studied strains, and when compared 

with their planktic counterparts (Paper I). Moreover, examination of the 

morphological traits of all described Anabaena, Dolichospermum, 

Chrysosporum and Sphaerospermopsis inhabiting planktic and non-

planktic environments, demonstrated delimitation of the strains based on 

the morphological traits and their possible connection with their life style 

(Paper II). Although planktic representatives of unbranched Nostocales 

are well reported producers of the most common cyantoxins, in the wide 

toxicological study of non-planktic representatives we have found rare 

occurrence of the same, represented by a single novel producer of 

microcystin, harmful hepatotoxin commonly occurred among 

cyanobacteria (Paper III). Study on the anatoxin-producing strain of 

Cuspidothrix issatschenkoi led to the prediction of the course of 

biosynthesis and structure elucidation of novel moderately cytotoxic 

pederin compound, the first of its kind produced by non-symbiotic planktic 

cyanobacteria (Paper IV). Finally, after the genome examination of five 

soil cyanobacterial strains we have elucidated the gene clusters responsible 
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for biosynthesis of a group of cytotoxic and antifungal lipopetides with 

further structure elucidation and discussion on the genetic background 

driving their remarkable structural diversity (Paper V). 
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Abstract: Puwainaphycins (PUWs) and minutissamides (MINs) are 

structurally analogous cyclic lipopeptides possessing cytotoxic activity. 

Both types of compound exhibit high structural variability, particularly in 

the fatty acid (FA) moiety. Although biosynthetic gene cluster for several 

PUW variants has been proposed in a cyanobacterial strain, the genetic 

background for MINs remains unexplored. Herein, we report PUW/MIN 

biosynthetic gene clusters and structural variants from six cyanobacterial 

strains. Comparison of biosynthetic gene clusters indicates a common 

origin of the PUW/MIN hybrid nonribosomal peptide synthetase and 

polyketide synthase. Surprisingly, the biosynthetic gene clusters encode 

two alternative biosynthetic starter modules, and analysis of structural 

variants suggests that initiation by each of the starter modules results in 

lipopeptides of differing length and FA substitution. Among additional 

modifications of the FA chain, chlorination of minutissamide D was 

explained by the presence of a putative halogenase gene in the PUW/MIN 

gene cluster of Anabaena minutissima UTEX B 1613. We detected PUW 

variants bearing an acetyl substitution in Symplocastrum muelleri NIVA-

CYA 644, consistent with an O-acetyltransferase gene in its biosynthetic 

gene cluster. The major lipopeptide variants did not exhibit any significant 

antibacterial activity, and only the PUW F variant was moderately active 

against yeast, consistent with previously published data suggesting that 

PUW/MIN interact preferentially with eukaryotic plasma membranes. 

 

Importance: Herein, deciphered the most important biosynthetic traits of 

a prominent group of bioactive lipopeptides. We reveal evidence for 

initiation of biosynthesis by two alternative starter units hardwired directly 
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in the same gene cluster, eventually resulting in the production of a 

remarkable range of lipopeptide variants. We identified several unusual 

tailoring genes potentially involved in modifying the fatty acid chain. 

Careful characterization of these biosynthetic gene clusters and their 

diverse products could provide important insight into lipopeptide 

biosynthesis in prokaryotes. Some of the identified variants exhibit 

cytotoxic and antifungal properties, and some are associated with a 

toxigenic biofilm-forming strain. The findings may prove valuable to 

researchers in the fields of natural product discovery and toxicology. 

 

 

 

Introduction 

Bacterial lipopeptides are a prominent group of secondary metabolites 

with pharmaceutical potential as antibacterial, antifungal, anticancer, and 

antiviral agents (1). Compounds such as fengycin, the iturin family 

antibiotics, octapeptins, and daptomycin are important pharmaceutical 

leads, the latter of which is already in clinical use (1–3). Their biological 

activity is the result of an amphipathic molecular structure that allows 

micellar interaction within the cell membranes of target organisms (4).  

Lipopeptides are widespread in cyanobacteria and possess cytotoxic and 

antifungal activities (5-8). Puwainaphycins (PUWs) and minutissamides 

(MINs) are lipopeptides featuring a β-amino fatty acid and a 10-membered 

peptide ring (5, 9–11). Both classes exhibit considerable structural 

variability in terms of length and functionalization of the fatty acyl (FA) 

side chain attached to the stable peptide core (10–14). Only minor 

discrepancies in length and substitution of the FA chain separate these two 
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types of lipopeptides. A wide array of bioactivities has been reported for 

these compounds. PUW C is a cardioactive compound (15) as 

demonstrated by positive inotropic activity in mouse atria, while PUW F/G 

exhibit cytotoxicity against human cells in vitro through cell membrane 

permeabilization (5). MINs A−L exhibited antiproliferative effects when 

tested against human cancer cell lines over a concentration range similar 

to PUWs (10, 11). The overall structural similarity suggests that PUWs 

and MINs share a similar biosynthetic origin. However, the biosynthetic 

mechanisms generating the conspicuous chemical variability remain 

unknown.  

PUWs are synthesized by a hybrid polyketide/non-ribosomal peptide 

synthetase (PKS/NRPS) accompanied by tailoring enzymes (12). A 

characteristic feature of the PUW synthetase is the fatty acyl-AMP ligase 

(FAAL) starter unit (12). This enzyme specifically binds and adenylates 

FAs and passes the activated acyl-adenylate to a downstream 

phosphopantetheine arm of the PKS acyl carrier protein (ACP) for further 

processing (12).  The whole process bears resemblance to the biosynthesis 

of iturin-family lipopeptides (16–19) as well as small lipopeptide-like 

cyanobacterial metabolites such as hectochlorin (20), hapalosin (21), and 

jamaicamide (22), as discussed previously (23). Bacterial FAAL enzymes 

originate from basal cell metabolism, and likely evolved from fatty acyl-

CoA ligases (FACLs) following a specific insertion that hampered 

subsequent ligation to CoASH (24) or altered the catalytic conformation 

(25). FAAL enzymes play an important role in the assembly of other 

metabolites including olefins (26) and unusual lipids (27) in addition to 

lipopeptide synthesis. The exact substrate-binding mechanism employed 

by FAALs was demonstrated experimentally in Mycobacterium 
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tuberculosis using several homologous FAAL enzymes and FA substrates 

as models (28). The substrate specificity of these enzymes corresponds to 

the structure of the substrate-binding pocket (25, 28), although it overlaps 

among homologs. 

Herein, we combined recently developed bioinformatics and 

highperformance liquid chromatography combined with high resolution 

tandem mass spectrometry (HPLC-HRMS/MS) approaches (13, 23) to 

identify biosynthesis gene clusters for PUWs/MINs in five new 

cyanobacterial strains and characterized the chemical variability of their 

products. We discuss the specific structural properties of the identified 

lipopeptide variants and compare the predicted functions of synthetase 

enzymes. 

 

Results and Discussion 

Structural variability vs. common biosynthetic origin of PUWs and 

MINs 

In the present study, we collected all known PUW/MIN producers (except 

for Anabaena sp. UIC10035). The strains were originally isolated from 

various soil habitats (Table 1). HPLC-HRMS/MS analysis detected 

multiple PUW and MIN variants in each of the strains studied (Fig. 1), 

ranging from 13 to 26 in strains 3 and 1, respectively (Table S1). 

The MS/MS data acquired for crude extracts were used to create a 

molecular network (Fig. 2), analysis of which demonstrated that 

Cylindrospermum strains 1−3 and Anabaena strains 4 and 5 formed a 

single group with MIN A as the only variant common to all the strains 

(Fig. 2a). All major structural variants of these strains shared the common 

peptide sequence FA1-Val2-Dhb3-Asn4-Dhb5-Asn6-Ala7-Thr8-NMeAsn9-
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Pro10 (Fig. 3), described previously for PUW F and MIN A (5, 10). The 

pattern of variant production was almost identical in Cylindrospermum 

strains 2 and 3, which in addition to MIN A contained PUW F (Fig. 1, 

Table S1). By contrast, Anabaena strains 4 and 5 produced MIN C and D 

in addition to the major variant MIN A (Fig. 1). The peptide core of the 

molecule was different in Symplocastrum muelleri strain 6 (Fig. 3), 

forming a separate group in the molecular network (Fig. 2b), with the 

general peptide sequence FA1-Val2-Dhb3-Thr4-Thr/Val5-Gln6-Ala7-OMe-

Thr8-NMeAsn9-Pro10 (Fig. 3), identical to PUW A−D and MIN I, K, L 

isolated previously from Anabaena sp. (9, 11).  

 

Table 1. Strains analyzed for PUW/MIN production 
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The peptide core of the variants included in the network differed to some 

degree, but most variation was detected in the FA moiety (Fig. 4) when 

crude extracts were analyzed for the presence of characteristic FA 

immonium fragments (13).  

Accordingly, bioinformatic analysis identified putative PUW and MIN 

gene clusters in each of the five newly sequenced strains (Fig. 5, Table 2). 

Based on BLASTp, CDD, and AntiSMASH searches, these gene clusters 

exhibited synteny and functional homology with the previously 

characterized puw biosynthesis gene cluster in strain 1 (12) (Fig. 5). 

Therefore, our results strongly indicate a common biosynthetic origin of 

PUWs and MINs in cyanobacteria.   

 

 

Variability in the peptide core 

A common set of NRPS genes (puwA, puwE−H; Fig. 5) encoding a 

sequence of nine amino acid-incorporating modules (Fig. 6) was detected 

in all analyzed strains. Individual NRPS modules displayed variability in 

amino acid adenylation and tailoring domains that was generally congruent 

with the PUW/MIN peptide cores inferred using HPLC-HRMS/MS (Fig. 

3). The two major observed types of peptide cores (represented by PUW 

A and PUW F, respectively) differed in the amino acids at positions 4 

(Thr→Asn), 5 (Thr→Dhb), 6 (Gln→Asn), 7 (Ala→Gly) and 8 

(Thr→OMe-Thr), as shown in Fig. 3 and Table S1. This was reflected in 

the predicted substrates of the corresponding A-domains, and by the 

presence of an O-methyltransferase domain in PuwH of S. muelleri strain 

6, which is responsible for the methoxylation of Thr8 (Fig. 6, Table S2). In 

contrast to the variability observed at the previously noted amino acid 
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positions, the two positions adjacent to both sides to the modified fatty acid 

(NMeAsn9-Pro10-(FA1)-Val2-Dhb3) are conserved in all known PUW/MIN 

variants described here and previously (5, 9, 13–15) (Fig. 3, Table S1). 

Accordingly, no functional variation in A-domains corresponding to these 

positions was observed within the deduced PuwA, PuwE, and PuwF 

proteins (Table S2). This is interesting because these four hydrophobic 

amino acids surround the FA moiety, which is likely responsible for the 

membrane disruption effect suggested previously (5). Thus, we 

hypothesize that such an arrangement could further support hydrophobic 

interactions with the lipid layer of the plasma membrane. For some of the 

other positions, minor variants were observed involving substitution of 

amino acids similar in structure and hydrophobicity, including Asn-Gln at 

position 4, Thr-Val at position 5, Ala-Gly at position 7, and Thr-Ser at 
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position 8 (Fig. 3, Table S1), indicative of probable substrate promiscuity 

in their respective adenylation domains (29).  

Fig. 1. HPLC-HRMS/MS analysis of crude extracts from the investigated 

strains. Major puwainaphycin (PUW) and minutissamide (MIN) variants 

are highlighted. For variants without complete structural information, only 

m/z values are shown. 
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The A6-domains in strains 4 and 5 activated Ala as a major substrate, and 

Gly to a lesser extent, even though in silico analysis predicted Gly as their 

main substrate (Table S2). 

In strain 6, Gly was incorporated, in agreement with the predicted substrate 

specificity. An epimerase domain was present in each of the sixth NRPS 

modules of the pathways (Fig. 6), indicating probable formation of a D-

amino acid enantiomer at position 7 of the peptide core. Indeed, the 

presence of D-Ala was previously confirmed in PUW F (5) and MIN A-H 

(10, 11), and D-Gly was identified in MIN I-L (10, 11).  

 

Fig. 2. Molecular network created using the Global Natural Products 

Social Molecular Networking (GNPS) web platform. Two separate 

networks were obtained during GNPS analysis; (a) a group containing 

Cylindrospermum strains 1−3 and Anabaena strains 4−5, and (b) a group 

containing only variants detected in Symplocastrum muelleri strain 6. The 

separate groups differ mainly in the peptide core of the molecule. For 
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variants without complete structural information, only m/z values are 

shown. (*) refers to compounds present in trace amounts and (#) refers to 

compounds for which MS/MS data failed to resolve the structural 

information. 

In two cases, the adenylation domains A3 (PuwF) and A6 (PuwG) are 

capable of incorporating significantly different amino acids such as Asn4-

Thr4 and Ala7-Ser7, respectively (Fig. 6). This degree of substrate 

promiscuity is relatively uncommon. Activation of two divergent amino 

acids (Arg/Tyr) by a single adenylation domain, based on point mutations 

in just three codons, was previously demonstrated in the anabaenopeptin 

synthetase from the cyanobacterium Planktothrix agardhii (30). The 

substrate exchange of Ala vs. Ser was previously reported from fungal 

class IV adenylate-forming reductases that contain A-domains 

homologous to NRPS enzymes (31). The last synthetase enzyme in the 

pathway (PuwA) is equipped with a terminal thioesterase domain (Fig. 6), 

which presumably catalyzes cleavage of the final product and formation 

of the cycle via a peptide bond between the terminal prolyl and the β-amino 

group of the FA chain, as previously suggested (12). 

 

Two hypothetical starter units and their substrate range 

The biosynthesis of bacterial lipopeptides is typically commenced by FA-

activating enzymes (16, 18). Initiation of the biosythesis of PUW/MIN is 

performed by a FAAL enzyme (12) and allows a much broader array of 

activated substrates than the relatively conserved oligopeptide core (13) 

(Fig. 4). We identified three alternative arrangements of the putative 

FAAL starter units (Fig. 5 and 6), each corresponding to a different array 

of FA side chains detected by HPLC-HRMS/MS, which presumably 
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reflects the range of FA substrates activated during their biosynthesis (Fig. 

4). Cylindrospermum sp. strains 1−3 possess the Type I putative starter 

unit consisting of a standalone FAAL enzyme PuwC and a separate ACP 

PuwD (Fig. 5, Table 2). By contrast, the biosynthetic gene cluster of S. 

muelleri strain 6 contains the Type II putative starter unit (PuwI) consisting 

of a FAAL fused to an ACP (Fig. 5, Table 2). Anabaena spp. strains 4 and 

5 combine both Type I and Type II putative starter units in their 

biosynthetic gene clusters (Fig. 5, Table 2).  

 Fig. 3. Structural variability of the peptide core of PUW/MIN variants.  

Examples of structural variants PUW F (a) and PUW A (b) with designated 

aminoacid positions representing the two major peptide cores. (c) Table 
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summarizing all types of the PUW/MIN peptide core found in known 

compounds reported in literature and compounds (Comp.) detected in 

studied strains. Columns shaded in grey highlight the conserved aminoacid 

positions.   

Although the functions and substrate ranges of these hypothetical starter 

units requires further confirmation by gene manipulation experiments, 

they are supported by the patterns of lipopeptide variants detected by 

HPLC-HRMS/MS (Fig. 4, Table S1). In Cylindrospermum strains 1−3 that 

exclusively contain the Type I starter unit, the PUW/MIN products 

exhibited an almost continuous FA distribution between C10−C15 (up to C17 

in negligible trace amounts; Fig. 4). In S. muelleri strain 6, the presence of 

the Type II loading module resulted in production of PUW/MIN variants 

with discrete FA lengths of C16 and C18. Strains containing both Type I and 

Type II starter units (Anabaena strains 4 and 5) produced two sets of 

PUW/MIN products with no overlap (C12−C14-15 for the Type I pathway, 

and C16 for the Type II pathway), but exhibited a slightly shifted length 

distribution (Fig. 4).  
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Fig. 4. Structural variability of the FA moiety of PUW/MIN variants. The 

relative proportion of variants with differences in FA length and 

substitution (y-axis) is depicted using a color scale (z-axis). For 

comparison, the peak area of a given variant was normalized against the 

peak area of the major variant present in the strain (MIN A for strains 1−5, 

and m/z 1235.7 for strain 6). 

Based on these results, it seems plausible that PuwC/D and PuwI represent 

two alternative FAAL starter modules capable of initiating PUW/MIN 

biosynthesis (Figs. 5, 6). An analogous situation was previously described 

for the alternative NRPS starter modules in the anabaenopeptin synthetase 

(32).  
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Fig. 5. Structure of the puw gene cluster in the six investigated 

cyanobacterial strains. Gene arrangement and functional annotation of 

puwA–L genes and selected PKS/NRPS tailoring domains is indicated by 

colored arrows. The distribution of the two observed types of putative 

starter modules (shaded boxes) is indicated by bars.  

 

 

Fig. 6. Schematic view of the proposed biosynthesis assembly line of 

puwainaphycins and minutissamides. Variable amino acid positions and 

the ranges of fatty acyl lengths incorporated by the two putative alternative 
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starter units are listed for individual strains. A, adenylation domain; ACP, 

acyl carrier protein; AmT, aminotransferase; AT, acyltransferase; C, 

condensation domain; DH, dehydratase; E, epimerase; ER, 

enoylreductase; FAAL, fatty acyl-AMP ligase; MT, methyltransferase; 

NRPS, non-ribosomal peptide synthetase; KR, ketoreductase; KS, 

ketosynthetase; Ox, monooxygenase; PCP, peptidyl carrier protein; PKS, 

polyketide synthetase; TE, thioesterase 

 

In the FA residue of the lipopeptide, proximal carbons in the linear 

aliphatic chain are incorporated into the nascent product by PKS enzymes 

(12). The PKS domains of PuwB and PuwE (Fig. 6, Table 2) catalyze two 

elongation steps. Therefore, the fatty acid is expected to be extended by 

four carbons. The substrate length specificity of the FAAL enzymes in 

Mycobacterium tuberculosis was recently shown to be determined by the 

size and position of specific amino acid residues protruding into the FA-

binding pocket (28).  

Experimental replacement of Gly or Ile by a larger Trp residue i n the upper 

and middle parts of the pocket blocked the binding of the original C12 

substrate, but shorter chains (C2 or C10, respectively) were still activated 

(28). Experimental data on FAAL substrate specificity in cyanobacteria 

are currently lacking. Alignment of amino acid residues from all putative 

PuwC and PuwI proteins demonstrates overall homology (Fig. S2a), 

including the positions corresponding to the FA-binding pocket, as 

previously shown in Mycobacterium (28) (Fig. S2b). Experimental 

evidence such as in vitro activity assays and crystallization of protein-

ligand complexes is required to explain the variable substrate specificity 

of PuwC vs. PuwI.  
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Table 2. Deduced proteins encoded by the puw gene cluster in six 

cyanobacterial strains, including length and functional annotation. ACP, 

acyl carrier protein; FAAL, fatty acyl-AMP ligase; PKS, polyketide 

synthase; NRPS, non-ribosomal peptide synthetase. 

 

Also, we cannot exclude the possibility that the FA substrate length range 

is partially determined by the pool of free FAs available to the FAAL 

enzyme. Indeed, this possibility is supported by observations of 

Cylindrospermum strains 1−3, which share highly conserved PuwC 

proteins (Fig. S2a) with identical residues in the predicted FA-binding 

pockets (Fig. S2b), but display slightly different ranges and ratios of 

incorporated FAs in the PUW/MIN variants produced (Fig. 1, 4). 
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FA tailoring reactions: oxidation, halogenation, and acetylation 

Intriguingly, all products originating from biosynthesis initiated by the 

Type II starter unit (variants with a C16 and C18 FA tail in Anabaena strains 

4−5 and S. muelleri strain 6) include substitution of a hydroxy- or oxo-

moiety (Fig. 6). For minutissamides C and D, this substitution takes place 

on the third carbon from the FA terminus (C14), as described previously 

(10), and this position was confirmed by NMR in variants produced by 

Anabaena sp. strain 4 in our study (Table S3, Figs. S3−6). In agreement 

with this hydroxy- and oxo-substitution, the respective gene clusters each 

encode PuwJ, a putative cytochrome P450-like oxidase (Table 2), 

immediately downstream of the gene encoding the Type II starter module. 

We therefore hypothesize that the PuwJ enzyme is responsible for 

hydroxylation of FA residues activated by PuwI (Fig. 6). However, the 

formation of the keto variant remains unexplained by our data. 

Another gene, the putative halogenase puwK, was associated with the Type 

II starter module in Anabaena sp. strain 5 (Table 2). Although no 

conserved enzymatic domain was detected in the deduced protein, it shares 

similarity with proteins postulated to be involved in halogenation of 

cyanobacterial chlorinated acyl amides known as columbamides (33), and 

N-oxygenases similar to p-aminobenzoate N-oxygenase AurF (34–36). 

The possible functional designation of this enzyme as a halogenase is 

further supported by the fact that the ω-chlorinated product MIN B, 

originally described in strain Anabaena sp. strain 5 (10), was also detected 

in this study (Table S1) as one of the major variants, while no MIN B or 

any other chlorinated PUW/MIN products were detected in Anabaena sp. 

strain 4 (Fig. 1). Anabaena sp. strains 4 and 5 share identical organization 

across the entire gene cluster, and lack of the putative halogenase gene 
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puwK is the only difference between these two clusters in terms of 

presence of genes (Fig. 5).  

In Cylindrospermum sp. strains 1−3 that exclusively possess the Type I 

starter unit, the presence of minor amounts of hydroxylated and 

chlorinated variants (Fig. 4) suggests the involvement of another 

biosynthetic mechanism unexplained by the current data. This ambiguity 

warrants experimental research such as gene knock-out experiments to 

confirm the proposed functions of puwJ and puwK. 

Finally, the gene cluster identified in S. muelleri strain 6 was the only one 

containing gene puwL. The deduced product of this gene shares 53.4% 

similarity with the O-acetyltransferase McyL (Table 2) involved in 

acetylation of the aliphatic chain of microcystin in cyanobacteria (37). 

Additionally, this gene is similar to chloramphenicol and streptogramin A 

O-acetyltransferases that serve as antibiotic resistance agents in various 

bacteria (38). The functional annotation of PuwL as a putative O-

acetyltransferase is consistent with the detection of O-acetylated 

lipopeptide variants in S. muelleri strain 6 (Table 3, Fig. 7).  

Five PUW variants (m/z 1265.7338, 1279.7496, 1277.7695, 1291.7870 

and 1293.7654) yielding high-energy fragments, proving the presence of 

an acetyl group bonded to the FA moiety, have been detected. In the m/z 

1279.8 and 1293.8 peaks, the high-energy fragment ion at m/z 312 

corresponds to the FA immonium ion bearing an acetyl group, and 

fragment ion at m/z 439 corresponds to the prolyl-FA-acetyl fragment. The 

subsequent loss of an acetyl group resulted in the presence of ions at m/z 

252 and 379, respectively (Table 3, Fig. 7). Similarly, analysis of the m/z 

1265.7 peak revealed analogous fragments at m/z 284/411 and 351/224 

(Table 3). 
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Table 3. Fragmentation of PUW variants 

from Symplocastrum muelleri strain 6 

bearing acetyl substitutions on the FA 

moiety revealed by high energy (100 eV) 

fragmentation, and amino acid 

composition deduced by fragmentation 

at 60 eV.  
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Fig. 7 MS-MS fragmentation of MIN A (a, c, e) and the PUW variant at 

m/z 1,279 bearing an acetyl substitution of the fatty acid chain (b, d, f). (a, 

b) Base peak chromatograms. (c, d) Fragmentation of the protonated 

molecule at low fragmentation energy, yielding b series of ions, 

corresponding to the losses of particular amino acid residues. (e, f) 
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Fragmentation of the protonated molecule at high energy (100 eV), 

yielding fragments characteristic for the β -amino fatty acid. 

 

Antimicrobial activity 

Both PUWs and MINs possess cytotoxic activity against human cells in 

vitro (5, 10, 11). In the current study, we demonstrated that the major 

PUW/MIN variants (PUW F and MINs A, C, and D) did not exert 

antibacterial effects against either Gram-positive or Gram-negative 

bacteria using a panel of 13 selected strains (Table 4). 

PUW F was the only tested variant manifesting antagonistic activity 

against two yeast strains utilized in our experiment, namely Candida 

albicans HAMBI 261 and Saccharomyces cerevisiae HAMBI 1164, with 

inhibition zones of 14 and 18 mm, respectively, and minimum inhibitory 

concentration (MIC) values of 6.3 µg mL-1 (5.5 µM; Fig. 8).  

 

Table 4. Bacterial and yeast strains used for antimicrobial testing of PUW 

F and MIN A, C, and D. HAMBI, culture collection of University of 

Helsinki, Faculty of Agriculture and Forestry, Department of 

Microbiology. 

Test organisms 

(HAMBI nr.) 

Mediaa Incubation 

temp. (C) 

Incubation 

time (h) 

Gram strain 

reaction (+\-) 

Pseudomonas sp. 

(2796) 

TGY 28 24 - 

Micrococcus luteus 

(2688) 

TGY 28 24 + 

Bacillus subtilis (251) TGY 28 24 + 

Pseudomonas 

aeruginosa (25) 

TGY 37 24 - 
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aThe composition of all media was obtained from the American Type Culture Collection (ATCC). 

TGY, tryptone glucose yeast; TSA, tryptic soy agar; NA, Nutrient agar; YM agar, yeast malt agar. 

 

Escherichia coli (396) TGY 37 24 - 

Bacillus cereus (1881) TSA 28 24 + 

Burkholderia cepacia 

(2487) 

TSA 37 24 - 

Staphylococcus aureus 

(11) 

TSA 37 24 + 

Xanthomonas 

campestris (104) 

NA 28 24 - 

Burkholderia 

pseudomallei (33) 

NA 37 24 - 

Salmonella typhi (1306) NA 37 24 - 

Arthrobacter 

globiformis (1863) 

NA 28 24 - 

Kocuria varians (40) NA 28 24 + 

Candida albicans (261) YM 

agar 

37 24 yeast 

Cryptococcus albidus 

(264) 

YM 

agar 

28 24 yeast 

Saccharomyces 

cerevisiae (1164) 

YM 

agar 

28 24 yeast 
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Fig. 8. Antifungal activity of PUW F against yeast strains (a) 

Saccharomyces cerevisiae HAMBI 1164 and (b) Candida albicans 

HAMBI 261. Discs were treated with a concentration range from 25.2 μg 

mL-1 to 0.0394 μg/mL to determine the minimum inhibitory concentration 

(MIC). Numbers represent concentrations: (1) = 25.2 µg mL-1; (2) = 12.6 

µg mL-1; (3) = 6.3 µg mL-1; (+) = positive control (10 μg of nystatin). (-) 

= negative control (10 μL of methanol). 

 

No antifungal activity was recorded for the MIN C and D variants, and 

only weak inhibition of the two yeast strains was recorded for MIN A (Fig. 

S7). PUW F differs only slightly from MIN A by a -CH2-CH3 extension of 

the FA moiety, indicating that the FA length affects bioactivity. 

Furthermore, the lack of bioactivity for MIN C and MIN D suggests that 

hydroxy- and oxo- substitution also compromises antifungal efficacy. As 

previously demonstrated, cytotoxicity is due to membrane 

permeabilization activity accompanied by calcium flux into the cytoplasm 

(5), consistent with the membrane effects documented for other bacterial 

lipopeptides (4). However, as apparent from our data (Fig. 8), PUW/MIN 

products appear to be effective solely against eukaryotes (thus far tested 

only on human and yeast cells). This finding is in contrast to the typical 

antibacterial activity frequently described for many lipopeptides produced 

by Gram-positive bacteria (4). Analogously, the cyanobacterial 

lipopeptides anabanenolysin A and hassalidins preferentially interact with 

cholesterol-containing membranes, hence their predisposition for activity 

against eukaryotic cells (6, 8).  
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Distribution of PUWs and MINs in cyanobacteria 

PUWs and MINs form one of the most frequently reported groups of 

lipopeptides in cyanobacteria, and have been isolated from heterocytous 

cyanobacteria, particularly members of the genera Anabaena and 

Cylindrospermum that inhabit soil (5, 9–11). Only a single study has 

mentioned the probable occurrence of puwainaphycins in a planktonic 

cyanobacterium (Sphaerospermopsis) (39). Our current comprehensive 

analysis of these lipopeptides and their biosynthetic genes further supports 

the hypothesis that lipopeptides occur predominantly in non-planktic 

biofilm-forming cyanobacteria (23). In this context, it is worth mentioning 

that S. muelleri strain 6 was isolated from a wetland bog in alpine 

mountains in coastal Norway (40). This strain is a toxigenic member of a 

biofilm microbiome and suspected to play a role in the development of 

severe hemolytic Alveld disease among outfield grazing sheep (41, 42). 

Biomass harvested from pure cultures of this strain exhibited strong 

cytotoxic activity toward primary rat hepatocytes (43, 44), which indicates 

the production of secondary metabolites with cytotoxic properties. Thus, 

the possible toxic potential of cyanobacterial lipopeptides such as PUWs 

and MINs in the environment warrants further attention. 

 

Conclusions 

Our study highlights and explores the extensive structural versatility of 

cyanobacterial lipopeptides from the PUW/MIN family by introducing 

previously unknown variants and newly sequenced biosynthetic gene 

clusters. Intriguingly, all variants are synthesized by a relatively conserved 

PKS/NRPS machinery with a common genetic origin. We hypothesize that 

chemical diversity is generated largely by the presence of two alternative 
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fatty acyl-AMP ligase starter units, one of which exhibits an unusually 

broad specificity for FAsubstrates of variable length. Additionally, 

putative halogenase and O-acetyltransferase genes were present in some 

gene clusters. This knowledge provides novel insight into the genetic 

background underpinning the biosynthesis of bacterial lipopeptides. The 

proposed biosynthetic mechanisms allow the studied microbes to generate 

a large pool of products that can be readily expanded by introducing 

relatively small genetic changes. This is consistent with the so-called 

‘Screening Hypothesis’ (45, 46), which predicts an evolutionary benefit 

for organisms producing a large chemical diversity of secondary 

metabolites at minimum cost. Accessory antimicrobial tests on bacteria 

and yeasts, together with previously published results, suggest a specific 

toxic effect of PUWs against eukaryotic cells. Thus, their toxic potential 

for humans and other animals clearly warrants further investigation, and 

their possible use as antifungal agents is ripe for exploration. 

 

Materials and Methods 

Cultivation of cyanobacterial strains 

Six cyanobacterial strains were included in the present study: 

Cylindrospermum moravicum CCALA 993 (strain 1), Cylindrospermum 

alatosporum CCALA 994 (strain 2), Cylindrospermum alatosporum 

CCALA 988 (strain 3), Anabaena sp. UHCC-0399 (previously Anabaena 

sp. SMIX 1; strain 4), Anabaena minutissima UTEX B 1613 (strain 5), and 

Symplocastrum muelleri NIVA-CYA 644 (strain 6). The origins of the 

strains are listed in Table 1. For chemical analysis, strains 1−5 were 

cultivated in BG-11 media (47) in glass columns (300 mL) bubbled with 

air enriched in 1.5% CO2 at a temperature of 28C and constant 
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illumination of 100 μmol photons m-2 s-1. Strain 6 was maintained in 

culture using a custom liquid medium obtained by mixing 200 mL of Z8 

medium (48), 800 mL distilled water, 30 mL soil extract, and common 

vitamin pre-mix (according to SAG – Sammlung von Algenkulturen der 

Universität Göttingen, but without biotin). Cultivation was performed in 

100−200 mL Erlenmeyer flasks at 20C with a 16:8 light:dark photoperiod 

under static conditions. Cultures were kept at low irradiance (4 µmol m-2 

s-1 PHAR generated using RGB LED strips). Cells were harvested by 

centrifugation (3125 × g), stored at -80C, and subsequently lyophilized. 

Strain 4 was cultivated at a larger scale for purification of major 

lipopeptide variants in a 10 L tubular photobioreactor under the above-

mentioned conditions in BG-11 medium. 

 

Molecular and bioinformatic analyses  

Single filaments of strains 2, 3, 5, and 6 were isolated for whole-genome 

amplification (WGA) and subsequent preparation of a whole-genome 

sequencing (WGS) library, as described previously (12). Briefly, the glass 

capillary technique was used to isolate filaments excluding minor bacterial 

contaminants. A set of 20 filaments from each strain was then used as a 

template for WGA. Multiple displacement amplification (MDA) using a 

Repli-g Mini Kit (Qiagen, Hilden, Germany) was followed by PCR and 

sequencing to monitor the cyanobacterial 16S rRNA gene using primers 

16S387F and 16S1494R (49). Positive samples (7−10 MDA products 

yielding clear 16S rRNA gene sequences of the respective genera) were 

then pooled to create a template for WGS. DNA samples were sent for 

commercial de novo genome sequencing (EMBL Genomics Core Facility, 

Heidelberg, Germany) using the Illumina MiSeq platform (Illumina, San 
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Diego, CA, USA) with a ~350 bp average insert length Pair-End library 

and 250 bp reads (~1.4 Gbp data yield per strain). Raw data from de novo 

WGS were assembled using CLC Bio Genomics Workbench v. 7.5 (CLC 

Bio, Aarhus, Denmark). Genomic DNA was isolated from strain 4 as 

previously described (37) and the quality was assessed using a NanoDrop 

1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) 

and an Agilent TapeStation (Agilent Technologies, Santa Clara, CA, 

USA). High-molecular-weight DNA was used to construct an Illumina 

TruSeq PCR Free 350 bp library and sequenced using an Illumina HiSeq 

2500 platform with a paired-end 100 cycles run. Genome data (1Gb for 

each strain) were first checked using SPAdes version 3.7.1 (51) for read 

correction and removal of erroneous reads, and then assembled using 

Newbler version 3.0 (454 Life Sciences, Branford, CT, USA). Genomic 

scaffolds were loaded into Geneious Pro R10 (Biomatters; available from 

http://www.geneious.com) and investigated for FAAL and NRPS genes 

using BLASTp searches to identify putative lipopeptide synthetase gene 

clusters (23). FAAL and NRPS adenylation domains (A-domains) from 

the single known PUW gene cluster (strain 1; KM078884) were used as 

queries since homologous gene clusters were expected. Contigs yielding 

high similarity hits (E-value <10-20) were then analyzed using the Glimmer 

3 (50) algorithm to discover putative open-reading frames (ORFs). 

Functional annotation of ORFs was conducted by applying a combination 

of BLASTp/CDD searches against the NCBI database, and using the 

antiSMASH 4.0 secondary metabolite gene cluster annotation pipeline 

(52, 53). Pairwise sequence identities and the presence of conserved 

residues in homologous putative proteins encoded in the gene clusters were 

assessed using Geneious Pro software based on amino acid alignment 
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(MAFFT plugin, default parameters). Minor assembly gaps were 

identified in the genomic scaffolds of all investigated strains, either 

directly after pair-end read assembly, or based on mapping to the reference 

gene cluster from C. alatosporum CCALA 988. Gaps in PUW/MIN gene 

clusters were closed by PCR, and subsequent Sanger sequencing of PCR 

products was performed using custom primer annealing to regions adjacent 

to the assembly gaps. 

 

Extraction and analysis of PUWs/MINs 

To obtain comparable results, each strain was extracted using an identical 

ratio of lyophilized biomass (200 mg) to extraction solvent (10 mL of 70% 

MeOH, v/v). Extracts were evaporated using a rotary vacuum evaporator 

at 35C and concentrated to 1 mL of 70% MeOH. The methanolic extracts 

were analyzed using a Thermo Scientific Dionex UltiMate 3000 UHPLC+ 

instrument equipped with a diode-array detector connected to a Bruker 

Impact HD (Bruker, Billerica, MA, USA) high-resolution mass 

spectrometer with electrospray ionization. Separation of extracts was 

performed on a reversed-phase Phenomenex Kinetex C18 column (150 × 

4.6 mm, 2.6 µm) using H2O (A)/acetonitrile (B) containing 0.1% HCOOH 

as a mobile phase, at a flow rate of 0.6 mL min-1. The gradient was as 

follows: A/B 85/15 (0 min), 85/15 (over 1 min), 0/100 (over 20 min), 0/100 

(over 25 min), and 85/15 (over 30 min). For better resolution of minor 

PUW variants, another analytical method with a longer gradient (67 min) 

adopted from our previous study (13) was applied. The peptide sequence 

was reconstructed from the b ion series obtained after opening of the ring 

between the proline and N-methylasparagine residues, followed by the 

sequential loss of water and all the amino acids with exception of the last 
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residue (Pro). The number of carbons in the FA moiety in PUW/MIN 

variants containing nonsubstituted and hydroxy-/chloro-substituted FA 

was determined using a method described previously by our team (13). 

Characteristic FA immonium fragments in oxo-substituted PUW/MIN 

variants were identified by employing this method to crude extracts of 

Anabaena strain 5 containing the oxo-substituted MIN D variant (10). 

Since a stable, prominent, and characteristic FA immonium fragment with 

the sum formula C15H30NO+ was obtained for MIN D (Fig. S1), analogous 

fragments with general formula CxH2xNO+ were used to identify oxo-

substituted components in unknown PUW/MIN variants from other 

investigated strains. 

 

Molecular networking 

A molecular network was created using the Global Natural Products Social 

Molecular Networking (GNPS) online workflow (54). Data were filtered 

by removing all MS/MS peaks within +/- 17 Da of the precursor m/z. 

MS/MS spectra were window-filtered by choosing only the top six peaks 

in the +/- 50 Da window throughout the spectrum. Data were then clustered 

with MS-Cluster with a parent mass tolerance of 0.1 Da and a MS/MS 

fragment ion tolerance of 0.025 Da to create consensus spectra. 

Additionally, consensus spectra comprised of fewer than two spectra were 

discarded. A network was then created in which edges were filtered using 

a cosine score above 0.75 and more than three matched peaks. Additional 

edges between pairs of nodes were retained in the network only when both 

nodes were included in each other's respective top 10 most similar nodes. 

Spectra in the network were then searched against the GNPS spectral 

libraries, and library spectra were filtered in the same manner as the input 
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data. All matches obtained between network spectra and library spectra 

were retained only when the score was above 0.7 and at least four peaks 

matched. Analog searching was performed against the library with a 

maximum mass shift of 200 Da. 

 

Purification of MINs from Anabaena sp. strain 4 and its NMR analysis 

Freeze-dried biomass of strain 4 (10 g) was extracted with 70% MeOH 

(500 mL). The extract was evaporated using a rotary vacuum evaporator 

to reduce the MeOH content, and the sample was subsequently diluted with 

distilled water to reach a final MeOH concentration >5%. The diluted 

extract was pre-purified using a Supelco C18 SPE cartridge (10 g, 60 mL) 

pre-equilibrated with 60 mL of MeOH and 120 mL of H2O. After loading, 

retained components were eluted with 60 mL of pure MeOH, concentrated 

to dryness, and resuspended in 10 mL of pure MeOH. MINs A, C, and D 

were purified in two HPLC purification steps. The first step was performed 

on a preparative chromatographic system (Agilent 1260 Infinity series) 

equipped with a multi-wavelength detector and automatic fraction 

collector. A preparative Reprosil 100 C18 column (252 × 25 mm) was 

employed for separation at a flow rate of 10 mL min−1 using the following 

gradient of MeOH containing 0.1% HCOOH (A) and 10% MeOH 

containing 0.1% HCOOH (B): 0 min (100% B), 6 min (100% B), 15 min 

(43% B), 43 min (12% B), 45 min (0% B), 58 min (0% B), 60 min (100% 

B), and 64 min (100% B). Fractions were collected using an automatic 

fraction collector at 1 min intervals, and fractions were analyzed for MIN 

A, C, and D using the method described above. Fractions containing MIN 

A, C, and D were collected in separate vials and concentrated using a 

rotary evaporator.The second purification step was performed on a semi-
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preparative HPLC (Agilent 1100 Infinity series) using a Reprosil 100 

Phenyl column (250 × 8 mm) with (A) acetonitrile containing 0.1% 

HCOOH and (B) water containing 0.1% HCOOH using the following 

gradient: 0 min (60% B), 2 min (60% B), 6 min (50% B), 28 min (18% B), 

30 min (0% B), 30 min (0% B), 32 min (0% B), 31 min (60% B), and 36 

min (60% B). The flow rate was 1 mL min−1 throughout, fractions were 

collected manually, and the purity was analyzed using the HPLC-HRMS 

method described above. NMR spectra of minutissamides were measured 

in dimethyl sulfoxide (DMSO)-d6 at 30C. All NMR spectra were 

collected using a Bruker Avance III 500 MHz NMR spectrometer, 

equipped with a 5 mm  BBI probehead with actively shielded z-gradient.   

 

Antibacterial and antifungal assays 

The antimicrobial activity of four major variants (PUW F, and MINs A, C, 

and D) was tested against 13 bacterial and two yeast strains (Table 4) using 

disc diffusion assays (8) in three independent experiments with 

kanamycin/nystatin and MeOH as positive and negative controls, 

respectively. Antifungal activity of PUW F was further evaluated by 

determining the MIC against Candida albicans (HAMBI 261) and 

Saccharomyces cerevisiae (HAMBI 1164) as described previously (8). 

PUW F was isolated from Cylindrospermum strain 1 according to a 

protocol described previously (5), and isolation of MIN A, C, and D was 

performed as described above. The variants produced by S. muelleri strain 

6 were impossible to isolate due to the slow growth of the cyanobacterium, 

resulting in low biomass yields during the study period.  
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Accession numbers for the newly sequenced complete putative 

biosynthetic gene clusters uploaded to the NCBI GenBank database are 

MH325197-MH325201.  
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