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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

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



been utilized by both microbiologists and phycologists. Geitler's
monography served as the main identification manual for cyanobacterial
taxonomic assignments until the late 20™ 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, | (=
Chroococcales), Il (= Pleurocapsales), 11l (= 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 Komarek and Anagnostidis
(1999, 2005) and Komarek (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,



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 Koméarek (1985, 1988), and
Komarek 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, Komarek 2010, Osorio—
Santos et al. 2014, Dvoték 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 (Mare§ 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,
Rehakova et al. 2007, Komarek 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 (Komarek et al. 2014, Mares 2018,
Fig 1.).
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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 11 (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 N 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 1.

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



evolutionary relationships, and possibly also ecological adaptations (i.e.
Rajaniemi et al. 2005a, Zapomélova 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 (Komarek 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 (Komérek and Zapomé&lova 2007, 2008, Wacklin et al. 2009,
Zapomélova 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, Komarek 2010,
Komarek 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



of large akinetes (Komarek 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, Kozlikova-Zapomélova 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 (Komarek 2005, 2008, Skacelova and Zapomélova 2010, Mares 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, Rehakova et al. 2007, Hrouzek et al. 2013,
Bagchi et al. 2017, Komérek 2013, Genuério 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 (Komarek 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 (Komarek 2013, Rehakova et al. 2014). The genus



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
(Kozlikové-Zapomélova 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 Déhren 2006). The vast diversity of secondary metabolites



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

10



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).
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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 Il — a dissociable complex of
discrete monofunctional enzymes and, PKS 111 — 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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a) cis-AT PKS b) trans-AT PKS

Fig 3. Domain organization of cis-AT type | PKS (A) and trans-AT type |
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. PHMOQO05,
(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, a-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 (lzaguirre 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. Genuéario 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, gPCR 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 (Komarek 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,

25


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5640712/#B29

while the fatty acid side chains are of different lengths and function which
further can be methylated, hydroxylated, halogenated or unsaturated
(Mares et al. 2014, Kang et al. 2012, Hrouzek et al. 2012, Urajova 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 f-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 (Mares et al. 2014).
A characteristic feature of PUW synthetase is the fatty acyl-AMP ligase
(FAAL) starter unit (Duitman et al. 1999, Mares 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
Zapomélova (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

27



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 11). 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 I11). The
first non-symbiotic planktic cyanobacterial producer of a pederin family
compound has been genomically, chemically, and toxicologically
characterized (Paper 1V). 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 1. 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 (Zapomé&lova 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 (Komarek 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, Rehéakova 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 Il. 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, Walshby 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 111. 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, Genuério 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, Urajova et al. 2016), only few reports on production of
the notoriously known cyanotoxins by Anabaena are available (Mohamed
etal. 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, Rehakova
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 (Voracova 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 1V. 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. PHMO0O5, (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 PUWSs and
MINSs 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 PUWSs 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 1). Additionally, the strains have shown rather
different growth preferences among studied strains, and when compared
with their planktic counterparts (Paper 1). 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 I1). 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 Il1). 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 1V). 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: Four benthic Anabaena strains isolated from different localitics in the Czech Republic were
examined from the morphological. phylogi and physiological points of view. The results of combined
analysis showed distinct morphological dissimilarity between the studied strains, which were further found
to belong to different phylogenetic groups based on the 16S rRNA gene phylogeny. To assess the temperature
and light (irradiance) optima of the strains, we exposed them to various combinations of these two parameters.
The experiment revealed unexpectedly high temperature and light optima for some of the strains, while others
showed optima that were similar to those of previously studied planktic species of related heterocytous genera.
Our study is the first of its kind to be applied to benthic Anabaena strains. Our results indicate that the benthic
Anabaena genus is much more complex than previously thought and provide novel insights into the biology and
ecology of benthic Anabaena species. With the collection of more data. we expect the genus Anabaena will be

split into several new monophy letic taxa. each covering distinct morpho- and ecotypes.

Key words: Anabaena, crossed gradients. ecology. growth optima. morphology. phylogeny. polyphyly

INTRODUCTION

Cyanobacteria are photosynthetic prokaryotes that are
considered to be among the first organisms of the early
Earth (Brock 1973: Scuopr 1996). They are ob-
served worldwide. in all kinds of environments (OREN
2000; StaL 2000; CastenHoLz 2001). In aquatic
habitats, they represent one of the major groups of or-
ganisms in both planktic and benthic communitics. and
are capable of inhabiting wide temperature and irra-
diance ranges (CAsTENHOLZ 1969, 1973: WaARrD &
CastenHoLz 2000). One explanation of their broad
distribution is the small amount of energy they require
to maintain cell function and structure (VAN LIERE &
Mur 1979; Gons 1997).

Methodological improvements and new appro-
aches applied in cyanobacterial studies have recently
revealed many new taxa. Numerous traditional genera
have been subdivided. usually on the basis of results of
molecular analyses (KOMAREK et al. 2014). After the

introduction of new characterization methods based
on a polyphasic approach (JOHANSEN & CASAMATTA
2005: KOMAREK 2010; OSORIO-SANTOS et al. 2014),
the traditional genus Anabaena established by Bory
in 1822 (GerTLER 1932) has recently been divided
(KOMAREK & ZAPOMELOVA 2007. 2008: WACKLIN
et al. 2009; ZAPOMELOVA et al. 2009, 2012). A large
group of planktic taxa with aerotopes (gas vesicles)
was reclassified into the new genera Dolichospermum,
Sphaerospermopsis, and Chrysosporum, primarily
based on the results of 16S rRNA sequencing (ITE-
MAN et al. 2002: GUGGER et al. 2002: RAJANIEMI et
al. 2005a.b;: HOFFMANN et al. 2005: WILLAME et al.
2006). Several morphospecies, characterized by the
possession of a subsymmetrical filament structure and
a special type of large akinete, and forming metaphy-
tic mats in tropical regions, have been included in the
newly described genus Macrospermum (KOMAREK
2008). After these revisions, the generic name Ana-
baena was preserved to include the remaining species
without gas vesicles (benthic, periphytic. soil). and the
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genus is now considered to be more or less consistent.
However. up until now. only a few studies have dealt
with non-planktic Anabaena, whose classification is
based solely on morphology (KOMAREK 2005, 2008
SKACELOVA & ZAPOMELOVA 2010; MARES 2010) or
on phylogeny (HALINEN et al. 2008). The main weak
point with this approach is the inadequate morpholo-
gical characterization of the majority of non—planktic
Anabaena strains for which 16S rRNA gene sequences
are available. Thus, we have hardly any idea how big
the molecular diversity of this cyanobacterial group
is and how the morphological diversity of this group
observed in nature is related to their evolutionary di-
versity. Considering this gap in current knowledge. a
detailed investigation of benthic Anabaena spp. com-
bining morphological and phylogenetic approaches is
highly desirable.

Anabaena species are a common component of

Kusretal.: Benthic Anabaena strains analysis confirms deep heterogeneity

many types of benthic, periphytic and metaphytic mats
worldwide (KOMAREK 2013), including newly emer-
ging habitats. Therefore. understanding their ecologi-
cal demands is of exceptional importance. Knowledge
about the growth preferences of benthic cyanobacteria
in shallow waters is particularly interesting since their
living conditions can change dramatically. even du-
ring a single day. Unlike planktic cyanobacteria. they
face daily extreme fluctuations in environmental fac-
tors such as temperature, salinity, and grazing pressure
(STAL 2000). The ability to live across a wide range of
temperatures is a corollary of their autecological featu-
res, i.e.. metabolic rate. cell composition. and popula-
tion differences in growth and temperature optima (D
NicoLa 1996). Several studies, such as those of StuLp
& Stam (1985) and ZaromiLovA et al. (2008b), have
dealt systematically with the growth demands of nosto-
cacean cyanobacteria. but up to now there have been

T
{

°C120 9°

a
|
gvdz&s“(g

T ] 1
1 i
clis.g"cin‘a"zj 7.8°Ci1.3°C E’Cl 03"

[

b
gl’glz_ss“(grq!zorq%'c} 13C Escl z.s-cErc il o.r'c‘

C

02°C

29.9°CI27.1°C{ 25.6°C22.8":

269°026.8°025.6°C22.7°

- : : -
gs'dn.rqgrdmer“chzrcE“c 126°C E“c 10.3°C ‘
| ? ‘i |

19.7°C/16.1°d]13.9°C! 9.6°C[6.7°C | 5.1°C

ga"czs.rcgl"dw.a'#rd11.9'cEz'c1 2.3'CH3'03

[
z i z i
30.1°Ci26.7°C|23.4°C 19.4° 175"0’12‘6“(: 9.3°C{3.3°C| 24°C; 0.1°C

d
Frcé zs'cF "cjm 2'CF 7°ci|31'cF °d arvcf 19°¢] oe’J

gs'c!zs s°dE7'd19.9'cg z-c'xz.rcg“c la1c E’c lo1c l

Prezn’dﬂ "czzch 2'0143°cl102°0 52°C Prc 544

6°Cj24.7°C 21°C 185“0149'114 C‘ 7.2°G 43“0 16°

Light intensity [umolm™2s~1]  Light intensity [umolm™2s]

29.a°c’zs 8-cla6°ci21.2°C]17. 7-c512 aclagec| a.1°clos°C 0.1°C

17 18
28 9"0' 26°C |24. 7'0204°182‘C14 1’C10 B’C'55°C 1 6'C‘04°C

23°C; 6.9°C| 3.9°C; 6°C

19

C

i 22 i 23 | 24 ; 25 |
2BA8"CZ7A3° C126.2°C22.4°J20.8°Ci17.6°C|14.6°G102°(] 7.8°C| 8°C

Temperature [°C]

Letters represent strains
used for experiment:
(a)04VR10L1
(b)11VR10JH
(c)01DRMIIT0
(d)12s010ClI

18

I 2

Light intensity pmol.m*.s”

<
<

Temperature [C]
Plates numbering:

30 ymol m?s’ o-=

["1680 pmol m*s
[=1200 pmol m*s’
I 100 pmol m?s™

pymol m?s™

Fig. 1. Design of the crossed-g p used for the de

of the light and temperature growth optima of the studied Anabae-

na strains. Experimental setups for the four strains studied: (a) 04VRI0L1; (b) 11VRIOLI: (c) 01DRMII0; (d) 12SO10CI. Gradients of light
intensity and temperature are indicated with arrows. The gradient of light intensity is also indicated by shading.

59



Fottea, Olomouc, 15(2): 191-202, 2015
DOI: 10.5507 fot.2015.019

no studies assessing the optimal growth conditions of
benthic Anabaena. Growth responses to environmental
factors are also important because they are fundamen-
tal for water management targeting. From this point of
view, a full understanding of the ecology of benthic
cyanobacteria and their environmental preferences is
valuable.

The aim of this study was to examine the mor-
phological traits of four benthic Anabaena strains and
assess their phyvlogenetic relationships to each other
and to other nostocacean cyanobacteria based on 16S
rRNA gene sequences. Another objective was to expe-
rimentally evaluate their temperature and light prefe-
rences to enable a prediction of their ecological niches
and a comparison of these preferences with those of
species belonging to related planktic taxa. It is hoped
that, by comparing the outputs of these three appro-
aches, correlations/discrepancies in morphological,
phylogenetic. and ecophysiological similarities of the
studied strains will be uncovered. thereby yielding a
more complex picture of the little studied benthic Ana-
baena and providing a starting point for further re-
search.

MATERIALS AND METHODS

Cyanobacterial Strains. Samples used for this study were
collected in 2010 from localities with a water conductivity of
cca 600-6000 uS.cm™' and a pH in the range 5.9-7.8 (Table

193

and the resulting strains have been maintained in the culture
collection of the Biology Centre of AS CR. Institute of Hy-
drobiology, in WC medium (GuiLLarp & Lorenzen 1972)
at 21°C with a light intensity of 50 pmol.m?s™' (16:8 L:D
cycle). The strains were used for all analyses (examination
of morphological traits. phylogenetic analysis. and growth
demands) within 1 year after isolation to avoid possible
changes induced by long-term cultivation, especially those
that result in a loss of important features (LEHTIMAKI et al.
2000: GUGGER et al. 2002b).

Morphological Study. The morphology of the strains was
examined using an Olympus BX 51 light microscope equi-
pped with an Olympus DP 70 digital camera. Microphoto-
graphs of at least 30 trichomes per strain were taken at a
magnification of 400x. Morphometric characterization of
the studied Anabaena strains was done based on micropho-
tographs using the image analysis software Olympus DP
Soft. Lengths and widths of all cell types were measured.
Five vegetative cells per trichome were measured in 30 tri-
chomes. 30 heterocytes. and 30 akinetes (if present) in each
strain. The positions of akinetes relative to those of hetero-
cytes were determined. Shapes of terminal cells and the len-
gthowidth ratios of vegetative cells, heterocytes, and akinetes
were assessed as additional characters. The identification of
strains was done according to classical morphology (KomAa-
REK 2013).

Molecular and Phylogenetic Study. The biomasses of the
strains were harvested in the exponential phase of growth
by repeated centrifugation. Samples were washed by mixing
with physiological solution (NaCl solution. concentration 1
g.1") to remove mucilaginous substances. The centrifuged

1). which are probably caused by the high conc ion of
dissolved mincrals released from coal mines in the vicin-
ity. with the exception of SO-CI, which is a natural mineral
spring locality. Localitics were situated in the northern part
of the Czech Republic (Sokolov area). VR-JH is a small lake
ina former coal mining pit near Viesova: VR-L1 is a rainwa-
ter puddle in a mine disposal site (on a soil substrate left over
after coal mining) near Viesova; and DR-MII contains drain-
age water from a coal mine and a SO-CI — Cisafsky mineral
spring in the Soos protected area near FrantiSkovy Lazné.

Single trichomes were isolated from the environmental sam-
ples using a glass capillary pipette (ZapoMELOVA et al. 2007)

ples were stored at — 20 °C until DNA extrac-
tion. DNA was extracted using an UltraClean™ Microbial
DNA Isolation Kit (MO BIO Laboratories. Inc.. Carlsbad,
CA). The 16S rRNA gene and the adjacent rRNA ITS region
was amplified using primers 16S27F (5'-AGAGTTTGAT-
CCTGGCTCAG-3") and 23S30R (5'-CTTCGCCTCTGT-
GTGCCTAGGT-3") (Taton et al. 2003). Amplification was
carried out as follows: an initial denaturation step of 5 min at
94 °C: 10 cycles of 45 s at 94 °C. 45 s at 57 °C, and 2 min at
72°C: 25 cycles of 45 s at 94 °C. 45 s at 54 °C. and 2 min at
72 °C: followed by a final clongation step of 7 min at 72 °C.
Primers K6 (5'-GACGGGCCGGTGTGTACA-3"). which is

Table 1. Summary of analyzed strains, including year of isolation, isolation locality, and the parameters of the localities

Strain code Locality Environment  Conductivity pH GPS coordinates  Year of
(uS.m™) isolation

04VRIOL1 Viesova (VR-L1) black crust 1230 7.1 50°15'51.97"N, 2010
12°43'4.972"E

11'VRI10JH Viesova (VR-JH) pond 590 78 50°15'51.94"N, 2010
12°43'4.973"E

O0IDRMIT10 Sokolov area (DR-MII)  drain 6050 6.7 50°16'18.079"N, 2010
12°45'23.399"E

128010C1T Soos Nature Reserve - spring 5200 59 50°08'51.903"N. 2010

Cisafsky spring (SO-CI)

12°24'11.871"E
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the reverse complement of Primer 14 described by Wilmotte .
etal. (1993), K7 (5-AAGGAGGTGATCCA GCCACA-3") &
(FLecHTNER et al. 2002), and 27F (5"AGAGTTTGATCCT- _g .é :
GGCTCAG-3) (Tarow et al., 2003) were used for PCR 2 IS 3 i<
product sequencing at the Laboratory of Genomics. Biolo- s £ < = < e
gy Centre of CAS, Ceské Budgjovice, Czech Republic. Raw 5 - _
data from the DNA sequencer were analyzed and assembled £ £ @ e e b
into final nucleotide sequences using the SeqMan 5.06 (Bur- 2 £ = £E o 4
Lanp 1999) computer program and edited manually to remove _g E b _ﬂ g = &
unclear bases and the variable ITS region. The DNA sequen- 3
ces from four studied strains were deposited in the NCBI 2 = & =
GenBank database under accession numbers KI679568-571. 2 ; 2 s b
Additional sequences for phylogenctic analyses were selec- = o o EE = w‘“’\
ted from the GenBank online database (http://www.ncbinlm. 2 2T |3 2 g > =
nih.gov). All GenBank sequences included in this study are = 32 | = ® °
listed in Supplementary Materials. Sequences were aligned @ _
using MAFFT v. 7 (Katon & StanpLey 2013) and eventual E ? o - bt}
adjustments of the resulting alignments (deletion of ambigu- g " ; S z ,T
ous sites) were carried out in BioEdit v. 7.0.9.0 (Hai 1999). g £ & E E o '_;:
The alignment was analyzed by Bayesian Inference (BI), g £ 3 e 'é 8 ;5 «
Maximum Likelihood (ML). and Neighbor-Joining (NJ)) me- 2 e s = 28 = =
thods. BI trees were constructed using MrBayes 3.2.3 (Ro~- £ e _ a a
quist et al. 2012) and the best ML tree was obtained using E £ iy = i vt
RaxML v. 8 (Stamarakis 2014); both phylogenies were com- ‘Z £ px ey | 3
puted using the CIPRES supercomputing facility (MILLER et %! E o = - -
al. 2012). NJ tree calculations were conducted in Seaview £ - B - =
45.3 (Gouy et al. 2010). The GTR+I+G evolutionary mo- £ S z () F
del of substitution used during the ML analysis was obtained 2 2 i J ]
for the best fit to the data using jModelTest-2.1.4 (GuinboN E g ~ |z v o “
& GascueL 2003; Darrisa ct al. 2012,). Bayesian analyses = ? = g = b il 2
were performed using two independent runs, each with four é " _
Markov chains that were run for 1 375 000 generations with 2 g = a =z
the default likelihood model (without weighing of bases or 2 E’ = -+ 2 0 »
base changes) until the average standard deviation of split 5 g E"é‘ e 2 < <
frequencies was lower than 0.01. For NJ and ML analyses, @ = g |e ° £ <
1000 bootstrap pseudoreplications with default parameters g
were performed to evaluate the relative support of branches. ? Ao it {7 S i
The topology of the final phylogenetic tree was derived from = 2 g £ g3 3 3
that of the BI tree. Trees were rooted using 16S rRNA gene | % 2 E2 2 §8 3F § ]
sequences of outgroup non-heterocytous cyanobacteria Glo- a 58 E T 5 z % § 3 T
eobacter violaceus PCC 7421, Trichodesmium erythraeum a
IMS 101, Synechococcus sp.1tu21s05, and Cyanobium sp. g By é _ _
JJ10-3. Trees were edited using FigTree v. 1.4.2 (http://tree. = % = Hiy: W B
bio.ed.ac.uk/software/figtree). 2 L= g g -g k] -§_ 2 §_
S 2% |22 38 Gi Gt
Crossed—Gradient Experiment. Crossed gradients (Kvipe- g
ROVA & Lukavsky 2001) were used to determine the growth g = 2 ~ a f
preferences of the four Anabaena strains. The experimental o b - K - b
table enabled us to establish different combinations of light ,‘1:' ; 'i = > =
intensity and temperature. The strains were exposed in sterile & 5 = bz = 2]
culture plates (912 cm, 6 wells, 16 ml each) to 50 different
combinations (Fig. 1). The temperature gradient was set di- ¢ = - g
rectly on the table and particular levels of light intensities g - ; Z = I
were achieved by shading. Two replicates of strains were | 5 ?. Iz < c '; {22
done for ecach combination of light and temperature. Ranges 2 Lt 23 |3 o > b
of temperature and light were modified for each strain accor- " % e
ding to the results of a pilot experiment (data not shown). 3 o § " ] & a
The temperature ranged from 0.0 to 31.3 °C, and the range  © o é ‘2 A i o i
of light intensity was 2-830 ymol.m2s". The duration of . bg ‘g E a3 ) < o
cach experiment was about 2 weeks. The experiments were £ & |2 X 3 i S <
terminated when the fastest-growing culture (corresponding L ; -
to the optimal experimental condition) reached the late ex- £ = 5 =) g
ponential phase of growth. The late exponential phase was 'g' = = = E 3
indicated by a slightly yellowish colour of the growing bio- 2 5 £ 2 s =] Q
mass. After the termination of experiments. chlorophyll @ & 2 - @ - < -
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concentrations were determined spectrophotometrically after
acetone extraction (Lorenzen 1967) and compared between
the individual positions of the crossed gradients. The light
and temy growth pref of the strains were ob-
tained from a Scatter Chart using R (v.3.1.1: R Development
Core Team. 2014).

RESuLTS

Morphology

Morphological characters and dimensions of the stu-
died Anabaena strains are shown in Table 2. Impor-
tant morphological features (vegetative cells. terminal
cells. heterocytes and akinetes) are further visible in
Figure 2. The vegetative cell dimensions and their pro-
portions differed between the different strains. which
enabled the recognition of two main morphological
types. Strains 04VRI10L 1, 01IDRMII10 and 12SO10CI
represent a group with more or less isodiametric ve-
getative cells, while another morphotype with shorter
than wide vegetative cells with a barrel-shape is repre-
sented by strain 11VR10JH. Moreover, akinetes were
found adjacent to heterocytes in all strains except for
OIDRMII10, in which they were situated distant from
heterocytes, usually at a distance of 3-10 vegetative
cells. Terminal cells in strain 04VR10L1 were pointed,
unlike in the other strains where the terminal cells were
rounded. The morphological comparisons demonstra-
ted that the strains belong to different morphological
groups. Two morphospecies were identified according
to currently—used species—defining morphological cri-
teria: strain 12SO10CI was identified as Anabaena
oscillarioides, and strain 01DRMII10 as Trichormus
variabilis (syn. Anabaena variabilis). Morphological
identification of these two strains was in agreement
with their phylogenetic position (see below). The re-
maining two strains (04VRI0L1 and 11VR10JH) were
impossible to identify because of the insufficient num-
ber of observed akinetes, which are crucial for species
determination within the AnabaenalTrichormus group
(Rasaniewmi et al. 2005).

Phylogenetic Relationships

Partial 16S rRNA gene sequences (1361 bp) of the four
studied Anabaena strains were compared with a repre-
sentative set of sequences available from GenBank. BI.
ML and NI phylogenetic algorithms produced similar
topologies: thus only the BI tree is presented here. The
bootstrap supports obtained using the ML and NJ me-
thods are given in this tree (Fig. 3). Sequences of non-
planktic Anabaena were recovered as highly polyphy-
letic in our phylogeny. forming at least eight separate
clades. Each of the four Anabaena strains analyzed in
this study appeared in one of these different clusters.
which was supported by relatively high bootstrap va-
lues (Fig. 3). Strains 04VRIOL1 and 11VR10JH for-
med two isolated lincages that were remotely related
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Fig. 2. Microphotographs of the four studied .Anabaena strains. Strain codes: (a) 04VR10L1: (b) 11VRIO0JH: (c) 01DRMII10: (d) 12SO10CI.

Scale bar 20 pm.

to two different clades of benthic Anabaena spp. Strain
12SO10CI grouped tightly in an Anabaena oscillario-
ides/Anabaena sp. cluster. in agreement with its mor-
phological identification (4. oscillarioides). Similarly.
strain 0 IDRMII10. identified as Trichormus variabilis
based on its morphology, clustered together with Ana-
baena sp. and two Trichormus variabilis strains with

high bootstrap support.

Growth Preferences

Temperature and light growth optima were taken to be
those that yielded the highest chlorophyll-a concentra-
tion. While the temperature and light intensity optima
that produced the highest chlorophyll-a concentration
were evident for three of the strains. strain 11VR10JH
gave ambiguous results. The highest chlorophyll a
concentrations for this strain occurred at 28.1 °C and
830 pmol.m*.s™', both of which are unexpectedly high.
The second highest concentration, differing in only ~
4 pg.l'. occurred at 24.6 °C and 200 pmol.m™s”.
The temperature preferences of the other strains were
roughly similar, while the light preferences of strains
04VRI10L1 and 01DRMII10 were remarkably high and
differed from each other (Table 3. Fig. 4). The optimal
light preference of strain 12SO10CI (200 pmol m~s™")

was lower than those of the other strains. The results
showed that the chlorophyll-a concentration was low
in all the strains at low irradiance (2 pmol.m~.s™') and
across the entire temperature range. At temperatures
below 10-15 °C, the chlorophyll-a concentration was
low in all the strains irrespective of light intensity. In
general. the chlorophyll-a concentrations of the strains
differed. Some of the strains, for example 04VRIOLI,
accumulated the highest chlorophyll-a concentration
(over 7000 pgl') at 630 pmol.m?s"' and 25.4 °C,
while strain 12SO10CI accumulated the lowest con-
centration (6.78 pg.I"") at 830 pmol.m s 'and 4.7 °C.
Average values of chlorophy1l-a concentration also di-
ffered between the strains (04VRI0L1, 1497.29 pg.I'';
11VRI0JH, 628.36 pg.1"': OIDRMIII0, 137842 pg.l-
"2 and 12SO10CI. 635.33 pg.I'").

DiscussioN

The phylogenetic tree inferred from 16S rRNA gene
sequences revealed clustering of the four Anabaena
strains into separate. relatively little related clades that
broadly correlated with their morphologies. Members
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1/4 Glosorichia echinulata PYH14 AM230704
Anabaenopsis 5AY038033
Cyenospira riopkae AY038036
mm‘&mumm
¥ Nodularia PCC7804 AJ133181
Noduleria spumigena 104/1 AJ133184
e ils & NOKORS,
097
094 | Ms2 HMS73452
Anabaena sp.
Anabaena sp. Sai001 GUII5I44
Anabaena sp. PCC 7108 AJ133162
o 094 |
084
0.08
Glosobacier violaceus PCC 7421 BAODD045
Fig. 3. Bayesian inference (BI) tree based on 16S rRNA data (1361 bp) showing the cl ing of AAnab hosp:

from the Czech Republic (sequences obtained in this work are in bold, clusters containing identified strains are h:bhhbtucd) Numbers near the
nodes indicate branch support values over 50% for BI. Maximum Likelihood (ML), and Neighbor-Joining (NJ) analyses in the following order:
BIUML/NJ. Sequences are labeled with taxon name, strain code. and GenBank accession number. Synechococcus sp. 121505, Cyanobium sp.

1 Cyanobium sp. AMT10342
—%‘m

m-ﬂmwmm

Fischerella muscicola AB074505

110-3, Gloeobacter violaceus PCC 7421, and Trichodesmium erythraeum IMS 101 are outgroup taxa
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Fig. 4. Scatter Charts describing chlomph\ ll—a concentrations [pg.1"'] of the strains as a l‘uncuon of temperature and light. Identical inocula of

cach strain were exposed to various comt of

and light i ity. The b

was harvested in the exponential phase of

growth corresponding to that of the fastest-growing culture, and chlorophyll-a conccmr.auons were determined.

of non-planktic Anabaena were resolved as highly po-
lyphyletic. with sometimes a more distant relationship
between themselves than with other species of other
Nostocacean genera (for example. Trichormus. Doli-
chospermum. and Aphanizomenon). These findings are
in accordance with those of HALNEN et al. (2008), who
also identified several relatively unrelated phylogene-
tic clusters of benthic Anabaena spp. Trichormus, be-
longed for a long time to the genus Anabaena and only
recently was separated from this genus on the basis of
its apoheterocytic akinete development (Rajaniemi et
al. 2005). Some of the Anabaena strains (0 1DRMII10
and related Anabaena sp.) in our phylogeny formed a
tight cluster together with members of the genus 7ri-
chormus (Fig. 3). namely, with a couple of strains iden-
tified as its type species 7. variabilis (former Anabaena
variabilis). Based on the high bootstrap support, and
the fact that the morphology of O0IDRMIITI0 match-
ed that of 7. variabilis, an affiliation of these strains
with true Trichormus should be considered. However.
there is no clear morphological description available
for the other Anabena sp. in this cluster, and further
polyphasic examinations will be required before any
decision can be made. Strains of other species assigned
to Trichormus (I. azollae and T doliolum) clustered in
completely different positions in the tree. once again
emphasizing the polyphyly of the genus (RajaniEmI et
al. 2005; Hrouzek et al. 2013), which is in urgent need
of a comprehensive taxonomic revision.

Strain 12SO10CI was identified as Anabaena oscilla-
rioides based on its morphology and source habitat.
This conclusion was further supported by its position
in a cluster of several strains designated as A. oscilla-
riorides and Anabaena sp. Because A. oscillarioides
is the type species of Anabaena, this lineage may be a
candidate for the definition of “true” Anabaena. Never-
theless, as demonstrated earlier (Rajaniemi et al. 2005;
Kozuevnikov & Kozaevnikova 2011), putative A. os-
cillarioides can be found at least in one more. relative-
ly distant lineage (see also Fig. 3, strain BO HINDAK
1984/43). There are currently not as many sequences
available for this genus as there are for planktic taxa,
and. moreover, the strains are usually poorly defined.
One of the reasons for this lies in the morphological
plasticity of Anabaena and their frequent lack of mor-
phological features that are critical for identification
during the different parts of its life cycle or when it
is grown under culture conditions. This was also the
case for two strains in our study that could be identified
solely as Anabaena sp. because they lacked akinetes.
The results of this study further support the
distinction of planktic Dolichospermum, Sphaerosper-
mopsis, and Chrysosporum (ZapomELOVA et al. 2009,
2011, 2012) from benthic Anabaena strains. On the
other hand. HaLiven et al. (2008) showed that some
non-gas-vacuolate Anabaena spp. are intermixed with
planktic Dolichospermum strains. The occurrence of
acrotopes was demonstrated to be an unstable feature
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of species in some related cyanobacterial taxa, especi-
ally after long—term cultivation (KomArexk et al. 1993:
Laamanen et al. 2001). Thus. detailed molecular and
morphological studies involving a larger set of popula-
tions are still required to test this hypothesis.

Alongside phylogeny. the morphology of the
studied Anabaena strains confirmed the considerab-
le morphological and genotypic polymorphy within
benthic Anabaena. However. the morphology and phy-
logeny of the studied strains were generally congru-
ent. which is in contrast to studies where the observed
morphological variability is sometimes not reflected in
the genetic relationships based on 16S rRNA sequen-
ces (Lyra et al., 2001: ITeman et al. 2002 GucGer &
HorrmaNN 2004: REHAKOVA et al. 2014). On the other
hand, it was difficult to find a correlation between the
growth response of the studied strains to various light
intensities and temperatures and their morphological or
phylogenetic variability. Strain 0OIDRMII10 was clear-
ly distinct from other strains based on its morphology
and phylogeny. whereas it was not different from other
strains with respect to its growth optima. Strain 12SO-
10CI had growth preferences that were the most diffe-
rent from those of the other studied strains. while the
results of strain 11VR10JH were ambiguous, similar to
both 0O1IDRMII10 and 04VR10L1. In contrast to our re-
sults, MiLLer & CasTenHoLz (2000) showed that strains
of Synechococcus isolated from Oregon hot springs
that grouped into different phylogenetic lineages have
different temperature growth optima. Apparently. eco-
physiological niche differentiation in cyanobacteria
can rapidly evolve in response to the selective pressure
of the environment (CoLeEMAN et al. 2006). Hence. the
correlation of growth optima with morphology or phy-
logenetic position can be expected only in extremely
tightly related populations, which was not the case for
our strains.

Since benthic or periphytic species often have
to face severe fluctuations in temperature and light
intensity (StaL 2000). we expected their growth opti-
ma or tolerances to be lower or higher than those of
their planktic counterparts. Indeed. some of the stu-
died strains showed remarkably high temperature and
light preferences. Interestingly. strains showing pre-
ference for a higher light intensity (0IDRMII10 and
04VRI10L1) were isolated from localities with shallow
water. with high exposure to sun irradiance. Strains pre-
ferring higher light intensities had also higher chloro-
phyll @ concentrations (an approximation of biomass).
which is in agreement with the greater photosynthetic
yield expected from an increased energy input. We did
not observe any link between the conductivity or the
water pH of the localities and morphology or phyloge-
netic clustering.

Our strains survived over the whole experimen-
tal temperature range (0.0-31.3 °C), and at light inten-
sities 2-830 pumol.m2.s'. Most of the studied strains
(04VRIOL1, 11VRIOJH, and 01DRMII10) showed

similar light intensity optima. which were relatively
close to those of previously studied planktic species
of Dolichospermum (ZaromeLovA et al. 2008a). The
Dolichospermum strains exhibited an ability to grow
over a wide temperature range (10-28 °C). but some
of them did not survive extremely low or high light
intensities (20 pmol.m?. s, 750 pmol.m*s') (Zaro-
MELOVA et al. 2008a). Although cyanobacteria genera-
lly require little energy to maintain cell function and
structure (Gons 1997: VAN Liere & Mur 1979). the
low light intensities employed were apparently insu-
fficient to provide the minimal amount of energy ne-
cessary for the growth of Dolichospermum strains stu-
died by Zapomélova et al. (2008a). Their death at high
light intensities could be explained by oxidative stress
and photoinhibition (VAN Liere & Mur 1980: Her-
MAN & D Ari 1998: MuLLer 2000). In general. plank-
tic strains seem to be adapted to a more homogenous
and stable environment without the need for mechanis-
ms to protect against abrupt changes in environmental
conditions, whereas the benthic strains investigated in
this study presumably possess protective mechanisms
that allow them to grow over a wide range of tempe-
ratures and light intensities. Such mechanisms possi-
bly involve increased carotenoid production to protect
cells from photoinhibition (PAerL et al. 1983) or effici-
ent cyclic electron flow (Marathe 2012). Considering
that the four strains used in this study were collected
from different sampling sites. their morphological dif-
ferences. clustering in different phylogenetic lineages.
and variable growth preferences are not very surpris-
ing. Previously. RaraLa & Sivonen (1998) referred to
strain-specific differences in growth rates of various
planktic Anabaena strains (recently reclassified to Do-
lichospermum) exposed to different temperature and
light conditions. Similarly, ZapomELOVA et al. (2008b)
described the markedly different and non—overlapping
temperature and light optima of different strains in the
species complex of Dolichospermum circinale | D.
crassum,

Our study contributes to the current knowledge
on non-gasvaculate Anabaena mostly by combining
the morphological. phylogenetic and eco—physiolo-
gical approaches in attempt at obtaining a congruent
picture of the studied strains. Although the study itself
is based solely on four strains. it summarizes and va-
lidates the methodological approaches. and provides
the starting point for further studies within this intri-
guing group of cyanobacteria. The main weak point
of previous phylogenetic studies of non—planktonic
Anabaena-like cyanobacteria was the missing analy-
sis of morphology. Furthermore. growth preferences of
benthic nabaena species have not been experimen-
tally assessed before. Some of the strains included in
the current study exhibited much higher light intensity
preferences compared to their planktonic counterparts,
raising further questions related to their biology and
ecology.
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Our study has once again stressed the importance
of combining different approaches to reach reliable
conclusions about individual cyanobacterial species
and populations. which in turn should result in impro-
vements in the taxonomy of cyanobacteria and better
resolution of their life history. The phylogenetic hete~
rogeneity (polyphyly) of the studied strains indicates
that benthic and periphytic Anabaena will certainly
have to be divided into several genera. Further investi-
gation is necessary to reveal the whole range of the
diversity of this cyanobacterial group and to create a
reliable taxonomic classification. Taken together with
the results of previous studies. our results show that the
growth demands of related planktic and benthic cyano-
bacteria differ substantially from each other. This can
be explained by their different life strategies, resulting
from the different properties of their habitats. Planktic
species usually live in relatively stable environments.
whereas benthic species inhabit environments with
extremely fluctuating conditions (light intensity, tem-
perature, water and nutrient availability, grazing pre-
ssure etc.). Moreover. benthic or periphytic mats can
occur during the whole year. whereas those of planktic
species of cyanobacteria predominantly occur during
the warmer season. The results of this study indica-
te that benthic Anabaena species can tolerate wider
fluctuations in temperature and light intensity than
their planktic counterparts. Further investigation of the
physiological and biochemical aspects of these growth
preferences is desirable.
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Abstract Heterocytous cyanobacteria are able to fix
nitrogen (in heterocytes) and to produce dormant cells
(akinetes). Heterocyte and akinete shape, size, and
relative position have taxonomical relevance and
possibly ecological value too. We collected—from
literature and nature—and compared morphological
data on vegetative cells, heterocytes, and akinetes
across four genera taxonomically separated from
Anabaena. In average, heterocyte size doubled that
of vegetative cells—probably because of extra cell
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wall deposition. Heterocyte morphology was remark-
ably similar across genera, both in size and shape
(spherical). The latter may decrease oxygen diffusion
from adjoining vegetative cells. Akinetes were huge
(one order of magnitude bigger) compared to vegeta-
tive cells, probably because of its massive genome
replication, extra deposition of wall layers, allocation
of storage and number of vegetative cells fused during
akinete differentiation. Akinete shape was mostly
cylindrical, or oval, but rarely spherical. In line with
molecular data, we found morphological differences
between Anabaena (non-aerotopated, soil or benthic)
and Dolichospermum (aerotopated, planktonic),
including vegetative cell size, and akinete size, shape,
and relative position to the heterocyte. Differences
may relate to adaptations to their contrasting environ-
ments (benthic versus planktic). Further research is
needed to generalize our results to other heterocytous
genera.

Keywords Traits - Heterocyte - Akinete - Shape
Size - Phytoplankton

Introduction

Many heterocytous nitrogen fixing cyanobacteria
cause blooms in water bodies around the globe
occasioning severe ecological, economical, and social
problems. This ecological group have a wide suite of
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traits that provide fitness in a range of environmental
settings, including the ability to fix nitrogen (in
heterocytes) and to produce dormant cells (akinetes).
Both heterocytes and akinetes differentiate from
vegetative cells—in response to environmental trig-
gers—and undergo major morphological and func-
tional changes. The shape and size of akinetes, as well
as the relative position of heterocytes and akinetes
have taxonomical relevance (Komarek, 2013) and we
believe that they have an ecological value too.

Exploring the morphological traits in heterocy-
tous nitrogen fixing cyanobacteria will allow us to
explore its trait distributions and trait-trait relations
(e.g., positive relations, trade-offs). It also sets the
basis to assess the links between morphological and
physiological traits (e.g., how cell size relates to
growth rate or light acquisition traits). Indeed,
ecological traits are used in phytoplankton studies
to explain and predict species distribution along
environmental gradients (Litchman et al., 2010;
Schwaderer et al., 2011; Salmaso et al., 2014). Both
size and shape are important traits to study phyto-
plankton distribution (Reynolds et al., 2002; Sal-
maso & Padisak, 2007; Padisak et al., 2009; Kruk
et al., 2010). Morphological traits impact on phyto-
plankton reproduction, resource acquisition, and
grazer resistance capabilities (Litchman & Klaus-
meier, 2008) and are relatively simple to measure
(Amold, 1983; Hodgson, 1999).

The heterocyte is a good example of how a
morphological trait relates to a function, in this case
the fixation of atmospheric nitrogen. The nitrogenase
enzyme, responsible of the reduction of N, to NHj3,
NH, or any organic nitrogen compound (Jaffe, 1992),
has an extreme sensitivity to oxygen (Gallon, 1992).
Within the heterocyte, oxygen concentration is
extremely low (e.g., 0.6 pm in Anabaena, Tomitani
et al., 2006), hence ensuring the functioning of the
nitrogenase. When a vegetative cell differentiates into
a heterocyte, major morphological (and physiological)
changes occur, which ensure low oxygen availability
within mature heterocytes, including the loss of
photosystem II (hence lacking the ability to perform
oxygenic photosynthesis and fixing carbon dioxide),
the addition of several wall layers (which decrease
oxygen diffusion from the environment), increased
oxidase activity (Wolk et al., 1994), and the develop-
ment of nodule poles (rich in cyanophycin) in the
points of contact with vegetative cells (which decrease

@ Springer
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molecular flux, Mullineaux et al., 2008). These
changes are reflected in heterocyte morphology: they
are pale colored (as they lack one photosystem), have
thick walls and polar nodule, hence it is very easy to
identify heterocytes in the microscope.

Moreover the timing of the evolution of the
heterocyte as a trait innovation—about 2.5 billion
years ago—coincided with the oxygenation of the
planet Earth (Tomitani et al., 2006) when high oxygen
levels hindered nitrogen fixation. The capability to
differentiate heterocytes allowed Nostocales to be able
to fix nitrogen at daytime, in aerobic environments.
This monophyletic clade (e.g., Rajaniemi et al., 2005a,
b) has dramatically diversified compared to other non-
heterocytous nitrogen fixing cyanobacteria, under-
scoring the fitness provided by the trait of fixing
nitrogen within the heterocyte. Nevertheless, we lack
knowledge on whether morphological traits such as
shape and size vary across heterocytous cyanobacte-
ria, or if these traits may relate to heterocyte
functioning.

The akinete allows the survival of populations
through dormancy in periods which hinder growth or
cause mortality (Kaplan-Levy et al., 2010). These
resting cells appeared in the evolution after hetero-
cytes; the most ancient akinetes date from 2.1 to 1.5
billion years ago (Tomitani et al., 2006) and only a
subgroup of Nostocales have this trait. These special-
ized cells may develop from one vegetative cell (Clark
& Jensen, 1969; Cmiech et al., 1984) or from the
fusion of several neighboring cells (Komarek, 1975;
Hindak, 1999, 2008). Akinete differentiation, such as
heterocyte differentiation, involves major morpholog-
ical and physiological modifications. These include:
the formation of a multilayered cell wall, the loss of
gas vesicles (Komadrek, 2013), the allocation of
storage in the form of granules of cyanophycin and
glycogen (Simon, 1987), massive multiplication of
genome (Sukenik et al., 2011), and loss of inorganic
polyphosphate bodies (Sukenik et al., 2009). Akinetes
can have different shapes (mostly cylindrical, spher-
ical, or oval) and relative positions to the heterocyte
(adjacent or distant). These traits are species-specific
and are used in taxonomical classification (Komarek,
2013). There is lack of a quantification of the
frequency distribution of akinete morphological
traits—shape, size, and relative position toward the
heterocyte- and of the possible causes leading to
morphological differences in this dormant cell.
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The genus Anabaena Bory 1822, considered a
consistent genus for a long time, has recently been
divided into several new genera—planktic Dolichos-
permum, Sphaerospermopsis, and Chrysosporum, and
non-aerotopated Anabaena (Komarek & Zapomélova,
2007, 2008; Wacklin et al., 2009; Zapomélova et al.,
2009, 2012)—based primarily on the 16S rRNA gene
sequencing (Iteman et al., 2002; Gugger et al., 2002;
Rajaniemi et al., 2005a, b; Hoffman et al., 2005). It
would be interesting to test if differences in morpho-
logical traits across genera support the molecular
findings.

In this investigation, we aim to build a solid
knowledge on morphological traits within heterocy-
tous cyanobacteria. For this we collected, synthesized
and compared morphological data of different cell
types (vegetative cells, heterocytes, and akinetes) in a
wide range of heterocytous species within the recently
separated genera Anabaena, using information from
literature and from natural populations. We assessed
trait distributions as well as trait-trait relationships
and tried to find links between morphology and
function within this relevant ecological group.

Materials and methods
Data collected from the literature

We collected, from the third volume of
“Cyanoprokaryotes™ (Komarek, 2013), data on length,
width, and shape of vegetative cells, heterocytes, and
akinetes for all species within the non-aerotopated
genus Anabaena, and the planktic genera Dolichos-
permum, Sphaerospermopsis, and Chrysosporum. As
mentioned in the Introduction, these four genera used
to belong to the traditional genus Anabaena but were
separated according to modern phenotypic and molec-
ular criteria (Iteman et al., 2002; Gugger et al., 2002;
Rajaniemi et al., 2005, b; Hoffman et al., 2005;
Komairek & Zapomélova, 2007, 2008; Wacklin et al.,
2009; Zapomélovd et al., 2009, 2012, 2013).

For each species and cell type, we computed the
average between the minimum and maximum length
and width, assuming a normal distribution of these
traits, based on the argument of Kerkhoff & Enquist
(2009) that most traits have a normal distribution. We
validated this approach by assessing the same cell
dimensions in natural samples and testing if these
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followed a normal distribution (see Data collected
from natural populations).

Next, we calculated cell size (volume) following
Hillebrand et al. (1999). We also collected information
about the relative position of the akinete to the
heterocyte (e.g., distant or adjacent) from Komirek
(2013).

Data collected from natural populations

We collected data on length and width of vegetative
and specialized cells from natural samples collected in
the Czech Republic and Argentina (Table 1). For each
species we: (a) took microphotographs of at least 30
trichomes under 400x magnification using a digital
camera (Olympus DP70 and AxioCam 5S Carl Zeiss)
attached to a light microscope (Olympus BXS51 and
Nikon TS100 Eclipse) and (b) measured five vegeta-
tive cells per trichome in 30 trichomes, and as much
akinetes and heterocytes as possible. Only mature
akinetes were measured (those which possessed fully
developed thickened cell wall) as recommended by
Komarek (1996). We used this information to test
whether cell length and width followed a normal
distribution (Jarque—Bera test) and to compare results
among data sets (literature and nature).

Statistical analyses

For the data collected from literature we:
(i) assessed the following trait—trait relation-
ships: length to width (of each cell type),
vegetative to akinete size, and vegetative to
heterocyte size. In each case, we tested which
curve fitted best the data (linear, logarithm,
power, or exponential) based on the signifi-
cance of ANOVA test and the coefficient of
determination (Rz).
compared length to width relationships
between cell types (vegetative cell versus
heterocyte, vegetative cell versus akinete,
and heterocyte versus akinete) using
ANCOVA test after meeting the assump-
tions. Also, for each cell type (vegetative,
heterocyte, akinete) we compared the length
to width relationship across data sets (e.g.,
vegetative cell length to width relationship
from literature data versus those obtained

(i)
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Table 1 Geographical position and environment where the natural samples were obtained

Species

Geographical position and environment

Anabaena sp.
Anabaena sp.

Anabaena sp.

Anabaena sp.
Anabaena sp.
Anabaena sp.
Anabaena sp.
Anabaena sp.

Anabaena sp.
Anabaena sp.
Anabaena sp.
Anabaena sp.

Dolichospermum lemmermannii
Dolichospermum flos-aquae

Dolichospermum sigmoideum
Dolichospermum sigmoideum
Dolichospermum lemmermannii
Dolichospermum sigmoideum
Dolichospermum sigmoideum
Dolichospermum lemmermannii
Dolichospermum sp.
Dolichospermum tenericaule

Sphaerospermopsis
aphanizomenoides

Sphaerospermopsis reniformis

Sphaerospermopsis
aphanizomenoides

Sphaerospermopsis torques
reginae

Sphaerospermopsis
aphanizomenoides

Sphaerospermopsis
aphanizomenoides

Sphaerospermopsis reniformis

Sphaerospermopsis
aphanizomenoides
Chrysosporum bergii

Sokolov area, Czech Republic

50.1503689 N, 12.4016761E, Soos Natural Reserve, (spring), Frantiskovy Lazné, Czech
Republic

50.1500939 N, 12.4044656E, Soos Natural Reserve, (mud surface), FrantiSkovy Lazné, Czech
Republic

50.2384222 N, 12.7046586E, (pool after coil mining), Viesovi, Czech Republic

50.2384222 N, 12.7046586E, (temporary puddle), Viesovi, Czech Republic

50.2384222 N, 12.7046586E, (pool after coil mining), Viesovd, Czech Republic

50.2714039 N, 12.7563286E, Smolnicka (mine disposal site), Chodov, Czech Republic

50.1484439 N, 12.4030494E, Soos Natural Reserve, Cisafsky (spring), FrantiSkovy Lizné,
Czech Republic

50.1484439 N, 12.4030494E, Soos Natural Reserve, Cisafsky (spring) FrantiSkovy Ldzné,
Czech Republic

50.1500939 N, 12.4044656E, Soos Natural Reserve, (mud surface), FrantiSkovy Lazné, Czech
Republic

50.1503689 N, 12.4016761E, Soos Natural Reserve, (spring), FrantiSkovy Lazné, Czech
Republic

50.1503689 N, 12.4016761E, Soos Natural Reserve, (spring), Frantiskovy Lazné, Czech
Republic

48.9989158 N, 14.7704314E, Svét (fishpond), Tfebon, Czech Republic

49.0313686 N, 14.4398547E, Nadéje (fishpond), Bavorovice, Ceské Budéjovice, Czech
Republic

50.1975339 N, 12.8572225E, Biezova (reservoir), Karlovy Vary, Czech Republic
49.0039836 N, 14.4347478E, Cemis (fishpond), Ceské Budéjovice, Czech Republic
49.0382619 N, 13.9928483E, Husinec (reservoir), Prachatice, Czech Republic
49.0707172 N, 14.7009086E, Koclifov (fishpond), Lomnice nad LuZnici, Czech Republic
49.0105144 N, 14.3056583E, Dehtdr (fishpond), Dehtare, Czech Republic

49.7845892 N, 13.3931064E, Senecky (fishpond), Plzen, Czech Republic

Czech Republic

50.5766417 N, 14.6476078E, Michovo (fishpond), Doksy, Czech Republic

48.9989158 N, 14.7704314E, Svét (fishpond), Trebon, Czech Republic

48.7819850 N, 16.7836761E, Hlohovecky (fishpond), Lednice, Czech Republic
34°10/-34°17'S—58°48-58°53'W (shallow lake) Grande, Buenos Aires, Argentina

34°10/-34°17'S—58°48-58°53'W (shallow lake) Grande, Buenos Aires, Argentina
34°21"11.44"S—62°13'2.50"W (shallow lake) La Picasa, Santa Fe, Argentina
34°21'11.44"S—62°132.50"W (shallow lake) La Picasa, Santa Fe, Argentina

49.1246686 N, 14.7404336E, Pésik (fishpond), Lomnice nad LuZnici, Czech Republic
50.0428369 N, 14.5311786E, Hostivar (reservoir), Prague, Czech Republic

Ocko sandpit, Czech Republic
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from nature). Finally, we compared size trait
relationships (vegetative cell to heterocyte,
and vegetative cell to akinete) between
literature and natural data sets.

tested, for each cell type (vegetative cell,
heterocyte, and akinete), if there existed
significant differences in size among An-
abaena, Dolichospermum, Sphaerospermop-
sis, and Chrysosporum. For this, we run one-
way ANOVA tests (all variables were trans-
formed to logarithm to meet the test assump-
tions). When significant differences were
found, we used Hochberg GT2 post hoc test,
which is suitable for comparing unbalanced
treatments.

Examined the frequency distributions of
akinete relative position to the heterocyte in
the genera with high number of species
(Anabaena and Dolichospermum) running a
Chi square test.

(iii)

(iv)

All analyses were performed with SPSS 17 Soft-
ware, and Past 3 Software (Hammer et al., 2001).

Results

The four genera analyzed in the literature dataset
encompassed 106 species. Most of these belonged to
the non-aerotopated genus Anabaena (59 species),
while the remaining (47 species) were planktic
(aerotopated, allowing buoyancy regulation). In the
latter group, most species belonged to Dolichosper-
mum (38) while few belonged to Sphaerospermopsis
(5) and Chrysosporum (4).

For natural populations, we measured cell dimen-
sions in 866 individuals across 31 species (12 of
Anabaena, 10 of Dolichospermum, 8 of Sphaerosper-
mopsis, and 1 of Chrysosporum, Table 1). The total
number of normality tests run was 186: 2 cell
dimensions (length and width) *3 cell types (vegeta-
tive, heterocyte, and akinete)*31 species. The majority
of traits studied (92%) had a normal distribution
(P > 0.05) on linear scale. This suggests that the
approach used in this study (calculation of average cell
length and width from the minimum and maximum
values informed in the literature) is adequate for
estimating—and comparing—cell size across differ-
ent genera and cell types.

76

We found significant (P < 0.05, n = 106) and
positive relationship between cell width and length,
for each cell type; in all cases the power curve was the
best fit for the data (Fig. la—). The coefficient of
determination (R?) and the slope of the regression
models were much higher in vegetative cells and
heterocytes than in akinetes (Fig. la—c). In line with
the previous information, the vegetative cell and the
heterocyte showed a similar length to width ratio
(close to the unit and with low standard deviation:
1.1 & 0.3 in vegetative cell and 1.2 + 0.4 in hetero-
cyte, n = 106 for each cell type). For the akinete,
however, its length more than doubled its width, and
showed higher variability (2.5 £ 1.4, n = 106). We
found similar slopes (ANCOVA, P > 0.05, n = 106)
for the length to width relationships between cell types
(vegetative to heterocyte, vegetative to akinete, and
heterocyte to akinete). For each cell type (vegetative,
heterocyte, and akinete) the length to width relation-
ship was similar (ANCOVA P > 0.05) between
literature (n = 106) and nature (n = 31) data sets
(e.g., akinete length to width relationship obtained
from literature data compared to that obtained in
natural data).

Vegetative cell size ranged from 2.5 to 1022.1 pm?*
(mean: 160.5 um“); it was significantly smaller in
Anabaena than in Dolichospermum (P < 0.001)
(Fig. 2a). Vegetative cell shape was mostly cylindrical
(71.4% in Anabaena, 39.5% in Dolichospermum, 60%
in Sphaerospermopsis and 100% in Chrysosporum) or
spherical (25.4% in Anabaena, 47.4% in Dolichosper-
mum and 40% in Sphaerospermopsis); very few were
oval (3.4% in Anabaena and 13.2% in Dolichosper-
mum). Heterocyte size was similar across genera
(P >0.05) (Fig.2b) and ranged between 8.2 to
950.3 um? (mean: 228 pm?*); the most frequent shape
was spherical (68%). Akinete size ranged from 54 to
12477 |.lm3 (mean: 1823 um") and was significantly
smaller in Anabaena than in Dolichospermum
(P = 0.032) (Fig. 2c¢). In most species, akinetes were
cylindrical (50%) or oval (39%); few species had
akinetes with spherical shape (11%). Within Sphaeros-
permopsis, all species have spherical akinetes and
within Chrysosporum all species have oval shape. In
Dolichospermum and Anabaena species have akinetes
with cylindrical, oval, or spherical shape.

Regarding the relative position of the akinete to the
heterocyte, most species showed either distant (60%)
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Fig. 1 Length to width relationship in a vegetative cell, b heterocyte and ¢ akinete, n = 106 species. The coefficient of determination
(R") slope, constant, and significance of each curve fit are included in the graphs

or adjacent (30%) position; very few species (9%)
differentiate akinetes in both positions (Fig. 3,
n = 106). In Anabaena, there was a similar frequency
of species with akinetes distant (50%) or adjacent
(37%) to the heterocyte, while in Dolichospermum
most species (81%) formed akinetes in a distant
position to the heterocyte (Fig. 3). The difference in
the frequency distribution of akinete position between
Anabaena and Dolichospermum was statistically sig-
nificant (4, = 8.08, P = 0.04). In all species within
Sphaerospermopsis (n = 5), the akinete develops
adjacent to the heterocyte. The opposite happened in
Chrysosporum, where the akinete develops distant
from the heterocyte in 3 out of all 4 species. In C.
ovalisporum akinetes usually develop distant to the
heterocyte, but sometimes may occur in an adjacent
position.

Vegetative cell size was significantly and positively
related to heterocyte size; the best curve fit was linear
(P <0.001, n=106) (Fig. 4a). This pattern was
similar (ANCOVA P > 0.05) between the literature
and the natural population data sets. The ratio of
heterocyte to vegetative cell size, in average was two
(mean: 2.1, range 0.3-10.6, n = 106).

The relationship between vegetative cell and
akinete size showed a saturating trend around
4000 pum’; the best curve fit was power (P < 0.001,
R = 0.49, n = 106) (Fig. 4b). This pattern differed
from the natural populations (ANCOVA, P = 0.026).
Both data sets showed positive relationships; however
data obtained from nature showed a more limited
distribution compared to the range of values obtained
in the literature data. This is not surprising as the
number of species surveyed from the literature was
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much higher than those compiled from nature. The
ratio of the akinete to the vegetative cell size was in
average 9.4 (range 1-55, n = 106).

Discussion

We found striking differences in morphological traits
among the heterocytous cyanobacteria studied here.
Across the four genera analyzed, we found remarkable
morphological similarity for the heterocyte, both in
terms of size and shape. Conversely, vegetative cell
size, as well as akinete size, shape, and relative
position to the heterocyte differed between genera.
The trait-trait analysis show that heterocyte size
increased proportionally to vegetative cell size.
Because the heterocyte develops from a single vege-
tative cell (Komdrek, 2013), the linear relationship
found between these cell types seems related to the
fact that heterocytes differentiate from one vegetative
cell. Heterocytes were about two times bigger than
vegetative cells. We hypothesize that this may be
related to the extra cell wall deposition that develops
during heterocyte differentiation. As heterocytes dif-
ferentiate from vegetative cells, we were expecting
heterocytes to be smaller in Anabaena than in
Dolichospermum; however, we found that heterocyte
size was similar (around 200 um3. in average) across
genera. We also found that the majority of heterocytes
were spherical. Though we still lack evidence to
explain the causes leading to the striking similar
morphology in heterocytes across the genera analyzed
here, we speculate that it might be linked to surface to
volume relationships minimizing oxygen diffusion
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Fig. 3 Frequency distribution of akinete position (adjacent,
distant, or both) in each of the 4 genera analyzed (n = 106)

(hence favoring nitrogen fixation). Indeed, several
authors suggest that the narrow “neck” at the hetero-
cyte-vegetative cell interface reduces the area of
contact among cells (Lang & Fay, 1971, Flores et al.,
2006; Walsby, 2007). In average, there are about 50
microplasmodesmata at the heterocyte-vegetative cell
interface compared to the 200-300 at vegetative—
vegetative cell interfaces (Giddings & Staehelin,
1981).

Fay (1969) and others later (Nichols & Adams,
1982; Herdman, 1987, 1988; Sukenik et al., 2013)
acknowledged that akinetes are much bigger than the
vegetative cells. In line with this evidence, we found
that average akinete size was one order of magnitude
bigger than average vegetative cell size. The huge size
of mature akinetes may be linked to the massive
genome replication (Sukenik et al., 2011), extra
deposition of wall layers and allocation of storage
(Komarek, 2013). We further propose that akinete size
may be also linked to the number of vegetative cells
fused to form an akinete. For example, akinete
differentiation in Anabaena augstumalis occurs after
the fusion of several neighbor cells (Hinddk, 1999).
However, our understanding of the number of vege-
tative cells involved in forming an akinete is very
poor, and we still do not know if it occurs in a species-
specific way or if it responds similarly within a genus.
Finally, the trait-trait relationship between vegetative
cell and akinete size showed a saturating trend,
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indicating that akinete size increases with vegetative
cell size up to a threshold after which akinetes seem to
reach its maximum size. Conversely, heterocyte size
(as mentioned before) increases proportionally with
vegetative cell size.

Most akinetes in the species that we studied were
either cylindrical or oval. This may reflect akinete
evolutionary history; most ancient akinetes were
cylindrical (Tomitani et al., 2006, p. 5444, Fig. 2).
Only 12 species (5 benthic and 7 planktonic) out of the
106 species here analyzed had spherical akinetes,
including 5 species belonging to Sphaerospermopsis
(in this genus akinetes exclusively develop adjacent to
the heterocyte). We are still unable to explain why
differences in akinete shape exist, but we believe it
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must have an ecological meaning (if shape was driven
by chance, we would expect similar proportions of all
three akinete shapes). Plausible explanations are that
the shape is related to akinete formation strategies, that
is, if akinetes differentiate from one or from several
vegetative cells. Moreover, though there is consensus
that akinete function is related to dormancy and
reproduction, current germination experiments that we
are undertaking (Paula de Tezanos Pinto Daniela
Gangi, Andreja Kust & Eliska Kozlikova-Zapomé-
lovd, unpublished data) suggest that shape may be
linked to different germination strategies: either if the
endospore divides within the akinete cell wall or after
breaking the akinete wall. We believe that this may
result in different needs of external nutrient supply at
germination, though more studies are needed.

We found that most species have akinetes devel-
oping distant from the heterocyte, particularly in
planktonic species. We speculate that akinete position
toward the heterocyte may result in different internal
nitrogen stores in the akinete. This, in combination
with external nutrient availability at germination, and
akinete shape (proxy of germination strategies?), may
affect population recruitment success (to form blooms
or not). Future studies will allow testing our ideas.

Morphological trait differences among recently
taxonomically separated genera

We found several morphological differences between
the genera Anabaena (non-aerotopated) and Dolichos-
permum (planktonic, aerotopated). These groups have
recently been taxonomically separated based on
molecular criteria (Iteman et al., 2002; Gugger et al.,
2002; Rajaniemi et al., 2005a, b; Hoffman et al., 2005;
Komadrek & Zapomélova, 2007, 2008; Wacklin et al.,
2009; Zapomélova et al., 2009, 2012, 2013). The
morphological differences that we identified include:
(a) smaller size of vegetative cells and akinetes in
Anabaena compared to Dolichospermum, (b) preva-
lence of cylindrical akinete shape in Anabaena
compared to dominance of oval akinete shape in
Dolichospermum, and (c) similar proportion of species
which develop akinetes distant and adjacent to the
heterocyte in Anabaena, while most species within
Dolichospermum develop akinetes in a distant position
from the heterocyte. We suppose that these morpho-
logical differences may be linked to the contrasting
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habitats where these genera thrive (benthic or soil in
Anabaena and planktic in Dolichospermum). For
example, Anabaena species tolerate extreme temper-
atures and irradiances (Kust et al., 2015), probably
because they inhabit sites prone to desiccation. We
think that their smaller vegetative cell size—compared
to planktonic species—might be an adaptation to
tolerate the extreme conditions of temporary habitats.
We are still unable to hypothesize why akinete shape
and position differ among these groups.

For the other two planktonic genera analysed in this
study—Sphaerospermopsis and Chrysosporum—cell
morphology (vegetative, heterocyte, and akinete)
were similar to both planktonic Dolichospermum and
benthic Anabaena. This finding seems controversial,
as we would expect only to find similarities among
planktonic species. Nevertheless because in Sphaeros-
permopsis and Chrysosporum diversity is low (<5
species) compared to Dolichospermum and Anabaena
(38 and 59, respectively), results are probably affected
by the power of the test, i.e., the ability of the statistical
test to find differences when these exist (even if the
one-way ANOVA test and the comparisons used are
robust to compare means in treatments with unbal-
anced data).

Concluding remarks

We found remarkable morphological differences
among the three cell types and genera analyzed.
Though we tried to find mechanistic explanations for
the observed morphological differences, we need
more research to test if the patterns found across four
genera hold for other heterocytous cyanobacteria
species, particularly within genera which recurrently
form harmful algal bloos (e.g., Aphanizomenon,
Anabaenopsis, and Cylindrospermopsis).
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ARTICLE INFO ABSTRACT

Keywords:
Anabaena
Cyanotoxins 311 plankti

Benthic cyanobacteria recognized as producers of natural products, i
for systematic toxicological studies. Thus, we have perfonned a broad study investigating cyanotoxin potential of

have been

Heterocytous cyanobacteria
Microcystin

Non-planktic Nostocaceae
Nostoc

and chemical analyses. Out of these, a single

strain Nostoc sp. Treb K1/5, was identified as a new microcystin producer. Microcystins [Asp*]MC-YR, [Asp®]
MC-FR, [Asp’]MC-HtyR and Ala-Leu/Ile-Asp-Arg-Adda-Glu-Mdha are reported for the first time from the genus
Nostoc. All the studied strains were also analyzed for the occurrence of nodularins, cylindrospermopsin and

(homo)anatoxin-a, yet no novel producer has been discovered. Our findings indicate rare occurrence of the
common cyanotoxins in non-planktic nostocaceae which is in contrast with frequent reports of cyanotoxin

P among phy

closely related planktic cyanobacteria.

1. Introduction

Production of all known major cyanotoxin types has been found in

(Laamanen et al., 2001; Li et al., 2016) are well known cyanotoxins
producers, their benthic counterparts have evaded scrutiny. Systematic
data on cyanotoxin production are also missing for genera frequently
occurring in soil and benthic habitats, such as Nostoc, Trichormus, and

lankti b ia: h ic microcystins, nodularins, cy-
lindrospermopsins, and the 3 in-a, and h Cylind)
a (e.g., Gugger et al., 2005; Izaguirre et al., 2007; Wood et al., 2007,

2010a,b; Rehakova et al., 2014; Bohunickd et al., 2015). However,
previous studies were performed on a restricted number of strains, re-
sulting in an incomplete understanding of the actual extent of cyano-
toxin production.

The cyanobacterial order Nostocales (heterocytous cyanobacteria)
and the family Nostocaceae are extremely active in terms of general

secondary bolite prods They are ible for prod
of 26% of the total known metabolites produced by filamentous cya-
nobacteria (Jones et al., 2010). However, no systematic toxicological

studies have been carried out on any non-planktic Nostocacean re-
presentauves despite the fact that particular strains have been re-
gnized as cy producers (e.g., Genudrio et al.,

7010 I\ulma\m 2011).
For example, while a number of planktic strains of the nostocacean
genera fularia and  Dolichosp (previously ~Anabaena)

. An exception to this was provided by a broad study
crformed on Nostoc lichen cyanobionts (Kaasalainen et al.,, 2012),

which reported high incidence of microcystin biosynthetic genes and

microcystins production pointing out the toxic potential of Nostoc.

The aim of this study was therefore to systematically investigate

non-planktic Nostocaceae and their genetic potential and actual pro-

duction of several fi 1y reported cy using a bi

of molecular and chemical method.

2. Materials and methods
2.1. Strains under study

Soil and benthic samples were collected from different habitats
across a wide range of localities on different continents (for details see
Table S1). Monoclonal strains representing eight genera (Anabaena,
Cylindrospermum, Desmonostoc, Mojavia, Nodularia, Nostoc, Trichormus,
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h

and Wollea) were isolated and maintained in the culture collection of

the Institute of Hydrobiology and Institute of Soil Biology, Biology
Centre of the Czech Academy of Sciences (CAS), and Centre Algatech,
Institute of Microbiology of the CAS. Strains were grown in liquid and
agar-solidified (1.5% agar) WC or BG11 media (Guillard and Lorenzen,
1972; Rippka et al., 1979), dep g on growth prefe Conditi

in the culture collection room were set at 21 °C with a light intensity of
50 ymolm ~?s ' (16:8 light/dark cycle). Strain identification was per-
formed based on morphological characteristics (Komdrek, 2013) and
phylogenetic position in the 16S rRNA tree, where available. A list of
the strains and their origin is shown in Table S1.

2.2. Phylogenetic study

The biomasses of the strains were harvested in Eppendorf micro-
centrifuge tubes (2mL) by centrifugation and dried at room tempera-
ture for 48h in silica gel, and subsequently pulverized in a Retsch
MM200 (Retsch GmbH, Haan, Germany) laboratory mill with wolfram
carbide beads (3 min, 30 s™'). Total genomic DNA was isolated fol-
lowing a modified xanthogenate-SDS (Sodium Dodecyl Sulfate) buffer
extraction protocol with the addition of 3% PVPP (Polyvinyl
Polypyrrolidone) and PEG (Poly Glycol)-MgCl, precipitation
(Yilmaz et al., 2009). The quality of isolated DNA was checked on a

y genes for nodularin, cylindrospermopsin, or
in-a, and strains of the major lineages of Nosto-
cales. MAFFT v. 7 (I\dloh and Standley, 2013) was used for sequence
alignment. Amlnguous posmons and the variable ITS regions were re-
moved prior to phylog A Likelihood phylo-
genetic tree was obtained using RaxML v. 8 (Stamatakis, 2014) and was
calculated by the CIPRES supercomputing facility (Miller et al., 2015);
1000 bootstrap pseudo-replications were performed to evaluate the
relative support of branches. The GTR +1+ G evolutionary substitution
model was selected using the AIC criterion in jModelTest-2.1.6
(Guindon and Gascuel, 2003; Darriba et al., 2012). The tree was edited
using FigTree v. 1.4.2 (http://tree.bio.ed.ac.uk/software/figtree).

2.3. Toxic potential and toxin production

Toxic potential of the tested strains was examined by PCR for mi-
crocystin (mcyE), nodularin (ndaF), cylindrosy psin (cyrJ), and
in-a (anaC) synth genes using published Is and pri-

mers (Table 1). DNA samples isolated from known toxin-producing
strains were used as positive controls. The PCR product obtained in
Nostoc sp. Treb K1/5 was sequenced commercially at SEQme s.r.o.
(Dobm, Cuch Republic) using the same primers and the sequence was
d in G k under number KX495361. A BLAST

1.5% agarose gel. PCR (polymerase chain reaction) amplification of the
16S rRNA gene was performed using Plain PP Master Mix (Top Bio,
Czech Republic) with primer 1 and primer 2 (Table 1), as described by
Boyer et al. (2001). Amplification was carried out as follows: an initial
denaturation step of 5minat 94°C, followed by 38 cycles of 45sat
94°C, 45sat 55°C, and 2min at 72°C, followed by a final elongation
step of 10 min at 72 °C. Alternatively, a PCR protocol using the primers
16S27F and 23S30R (Taton et al., 2003, Table 1) included an initial
denaturation step of Sminat 94 °C, 10 cycles of 45sat 94 °C, 45sat
57 °C, and 2minat 72°C, 25 cycles of 45sat 94°C, 45sat 54 °C, and
2minat 72°C, and a final elongation step of 10 minat 72°C. PCR
products were sequenced at SEQme s.r.o. (Dobfi§, Czech Republic)

smrch was performed to confirm the result and identify the most si-
milar meyE seq in other cyanob ia,

All strains were simultaneously analyzed for actual toxin production
using high-perfi liquid ch hy ¢ d to high re-
solution mass spectrometer with electrospray ionization (HPLC-ESI-
HRMS/MS) After centrifugation and lyophilization, 10-20 mg biomass

were d in Epp rf tubes (500 plL) using sea sand and
a pestle; 100-150 pL of 70% MeOH was used for microcystin and no-
dularin extraction, 100-150 pL of 80% acetonitrile solution acidified
with 0.1% formic acid was used for extraction of anatoxin-a and cy-
lmdrospermopsm (Dell'Aversano et al., 2004) To detect microcystins,

using the primers listed in Table 1. The SeqMan 5.06 (Burland, 1999)
computer program was used for analysis and bly of the

Out of 267 studied strains used for phylogenetic analyses, 192 were
newly sequenced at the time of publication, covering a wide range of
phylogenetic clusters across all the studied genera. The sequences of the
16S rRNA gene of strains were deposited in the NCBI GenBank database
under the accession numbers KX424390-KX424499, KX442795 and

MGS96677 MG596761. Additional 177 seq for phylog
were selected from the G k online d (http://www.
ncbi.nlm.nih.gov) published 16S rRNA labl of

70% were lyzed on a Dionex UltiMate 3000
UHPLC+ (Thermo Scientific, Sunnyvale, CA, USA) equipped with a
diode-array detector (range 220-650 nm). Separation of compounds
was performed on reversed-phase C18 column (Phenomenex Kinetex,
150 x 4.6 mm, 2.6 pm, Torrance, CA, USA) using H2O (A) and acet-
onitrile (B) (both containing 0.1% HCOOH) as a mobile phase at a flow
rate of 0.5mLmin~". The linear gradient was as follows: A/B 85/15
(0min), 85/15 (in 1 min), 0/100 (in 19 min), 0/100 (in 25 min), and
85/15 (in 30 min). The itril were lyzed on the same
HPLC-ESI-HRMS/MS system, using a TSK gel Amide-80 column (Tosoh
250 x 4.6mm, 5um, Stuttgart, Germany) with isocratic

Nostocacean taxa previously proven by other authors to conmin the

elution with an A/B ratio of 21/79 and a flow rate of 0.5mLmin .

Table 1
Primers used for PCR and sequencing.

Target gene Primer pair Sequence (5-37 Reference

anaC (anatoxin-a) anaxgenF ATG GTC AGA GGT TTT ACA AG Rantala-Ylinen et al., 2011
anaxgenR OGA CTC TTA ATC ATG CGA TC

cyrJ (cylindrospermopsin) cyrJF TTC TCT CCT TTC CCT ATC TCT TTA TC Mazmouz et al., 2010
cyrJR TGC TAC GGT GCT GTA CCA AGG GGC

mcyE (microcystin) mcyEF2 GAA ATT TGT GTA GAA GGT GC itomaa et al., 2003
mcyER4 AAT TCT AAA GCC CAA AGA CG la et al,, 2004

ndaF (nodularin) ndaF8452 GTG ATT GAA TTT CTT GGT CG Koskenniemi et al., 2007
ndaF8640 GGA AAT TTC TAT GTC TGA CTC AG

168 rRNA primer1 CTC TGT GTG CCT AGG TAT CC Boyer et al., 2001
primer2 GGG GAA TTT TCC GCA ATG GG
16S27F AGA GTT TGA TCC TGG CTC AG Taton et al., 2003
23S30R CIT CGC CTC TGT GTG CCT AGG T
CYA781F(a) AAT GGG ATT AGA TAC CCC AGT AGT C Niibel et al., 1997
K6 GAC GGG COG GTG TGT ACA Wilmotte et al., 1993
K8 AAG GAG GTG ATC CAG CCA CA Flechtner et al., 2007
16S781R(a)" GAC TAC TGG GGT ATC TAA TCC CAT T Taton et al. X
1651494R TAC GGC TAC CIT GTT ACG AC Taton et al., 2
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Table 2

Characteristic MS/MS fragments of the studied cyanotoxins.
Compound Characteristic Fragment Ions Reference
Anatoxin-a 166.1226 [M+H] ", 149.0961 [M-NH,+H]*, 131.0855 [M-NH,-H,0+H]~ Furey et al., 2003

Homeanatoxin-a
11-carboxylanatoxin-a

Cylindrospermopsin

Nodularin 135.0808 Adda side chain

Adda-MCYST 135.0808 Adda side chain
ADMAdda-MCYST 265.16 ADMAdda - [CH300,H - NH+H] ™
DMAAdda-MCYST 163.11 [DMAdda + H]™

180.1383 [M+H] ", 163.1117 [M-NH; +H]*, 145.1012 [M-NHz +H]*
210.1125 [M+H] *,166.1226 [M-CO,+H] *, 133.0648 [M-Hz0 + C,H,0-NH, +H]*
416.1246 [M+H] ", 336.1671 [M+504+H] ", 274.0860 [M-CsHgN,05 +H]", 194.1317 [M-CsHN,05-50, +H]™

Furey et al., 2003
Selwood et al., 2007
Guzmén-Guillén et al.,
Mazur-Marzec et al., 2006
Genudrio et al., 2010
Yuan et al., 1998
Puddick et al., 2015

The HPLC was connected to an Impact HD high resclution mass
spectrometer (Bruker, Billerica, Massachusetts, USA) with electrospray
ionization. The analyses were performed in positive mode. The fol-
lowing settings were used: drying temperature, 200 °C; drying gas flow,
12 Lmin~'; nebulizer gas pressure, 3bars; capillary voltage, 3.8kV;
end plate offset, 500V. Spectra were collected in the range m/z
20-2000 with a spectra rate of 2 Hz. The automated fragmentation was
used in the method with the precursor ion selection 20-2000 m/z for
microcystins/nodularins  and 50-1000 m/z for anatoxin/cylin-
drospermopsin with the isolation window width of 1Da. The ramping of
the collision energy was based on the molecular mass: 20 eV at 400 m/z
and 70 eV at 1000 m/z for microcystins/nodularins and 20 eV at 400 m/
z and 70 eV at 1000 m/z for anatoxin/cylindrospermopsin analysis. The
mass spectrometer was calibrated with sodium formate clusters at the
beginning of each analysis. Hexakis (1H,1H,2H-perfluoroethoxy)
phosphazene (LockMass Tuning Mix ES-TOF m/z 622.02896, 97%) was
purchased from ABCR GmbH & Co., KG, Germany.

The detection of anatoxin, homoanatoxin, 11-carboxylanatoxin and
cylindrospermopsin was based on the presence of their molecular ion
and their characteristic fragments referred in literature (Table 2).

To cover production of described microcystins/nodularins as well as
their abundant undescribed variants we screened for characteristic
Adda (3S-amino-95-methoxy-28,6,88-trimethyl-10-phenyldeca-4E,6E-
dienoic acid) fr: together with fr: derived from modified
Adda variants (ADMAdda and DMAdda (Puddick et al., 2015, Table 2)).
The methods were optimized using analytical standards — microcystin-
LR (Enzo Life Sciences, Farmingdale, NY, USA), anatoxin-a (Enzo Life
Sciences), nodularin (Fluka Analytical, Sigma Aldrich) and cylin-
drospermopsin (Enzo Life Sciences). Nostoc sp. 152 (Sivonen et al.,
1992) was used as an internal standard for detection of Adda, AD-
MAdda and DMAdda containing microcystin variants (Table 52, Fig.
51). The limits of detection (LOD) for particular toxins were calculated
as LOD = 3sd/slope (where sd stands for standard deviation of peak
area of the toxin) based on the measurement of peak areas of the toxin
standards in matrix (cyanobacterial extract of concentration
100 mg mL ™! of 70% MeQH). The resulting LODs were: 6.6 ng.mL ™ *for
nodularin, 5.8 ngmL ™" for anatoxin, and 3.1 ngmL ™' for microcystin-
LR. For cylindrospermopsin the LOD was 2.8ngmL ™" as referred pre-
viously (Bohunickd et al., 2015). The Skyline software (v.3.5) was used
to inspect data for particular transitions (Table 2) in case of anatoxin-a,
homoanatoxin-a, 11-carboxylanatoxin and cylindrospermopsin and the
presence of currently described microcystin and nodularin variants
(Table S3) using mass tolerance of 0.04 m/z. For the undescribed mi-
crocystin and nodularin variants the Bruker Data Analysis software was
used to plot the extracted ion chromatograms of Adda characteristic
ions (Table 2) in MS/MS spectra with the tolerance of 0.02m/z. The
detected MS/MS spectra were manually inspected for the molecular
weights of the parent ion and its molecular formula, the exact mass and
the relative intensity of the characteristic Adda fragment ions. All hits
showing Adda fragment ions relative intensity below 1% were excluded
from the further analysis. The peptide sequences of microcystins found
in Nostoc sp. Treb K1/5 were inferred from the MS/MS spectra (54eV)
of the parent ion. To distinguish between N-methyl dehydroalanine
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(Mdha) or dehydrobutyrine (Dhb) in the position 7 mercaptoethanol
derivatization of crude extracts and microcystin-LR (MC-LR) standards
for 48 h (30 °C, 99% 2-Mercaptoethanol, Fluka Biochemika) was used as
described previously (Miles et al., 2012, 2013). Reaction mixtures were
analyzed by HPLC-ESI-HRMS/MS method as described above.

3. Results

A set of 311 strains of Nostocaceae collected from different en-
vironments and geographical locations (Table S1) have been in-
vestigated for their cyanotoxin production. Genetic potential to syn-
thesize cyanotoxins and the actual toxin production was tested using
specific PCR protocols and HPLC-ESI-HRMS/MS, respectively. To de-
termine their taxonomic identity and asses their overall genetic di-
versity (phylogenetic span), phylogenetic analysis of sequenced strains
(267) was performed.

3.1. Presence of known cyanotoxins

We detected a single microcystin producer (Treb K1/5) among the
311 non-planktic strains. Based on its morphology (Komirek, 2013)
and the 168 rRNA (KX424473) it was identified as Nostoc. Its toxic
potential was confirmed by the presence of the meyE gene from the
microcystin synthetase operon. A 757 bp region of the mcyE gene ex-
hibited 93.3% nucleotide sequence identity to the mcyE gene of Nostoc
sp. 152 KC699835 (the closest BLAST hit) confirming the identity of
this gene. However, these two strains were not closely related in the
168 rRNA tree (Fig. 1, Fig. 52).

HPLC-ESI-HRMS/MS analysis revealed four microcystin variants
detected in the strain extract, exhibiting clear loss of the non-modified
Adda fragment (Fig. 2) with protonated molecules at m/z 1031.5218,
981.5405, 1015.5248, 1045.5314 (Table 3).

Based on the MS/MS data interpretation and their comparison with
MS/MS of the MC-LR standard (cyclo-(D-Ala’-L-Leu®-D-MeAsp®-L-Arg*-
Adda®-D-Glu®-Mdha”)), it was possible to determine three of the four
detected variants. Product ions corresponding to the presence of the
molecule fragment Glu®-R7-Ala® were obtained for all detected variants
as well as for the MC-LR standard (Table 54). To distinguish between
isobaric amino acids (Mdha,/Dhb) occurring in microcystins in position
R, additional step of p-mercaptoethanol derivatization was performed
(Miles et al., 2013). In all variants, the reaction led to mass shift of 78,
corresponding to reaction of Mdha with mercaptoethanol and its pre-
sence in position R” (Fig. 53). The position R? was found to be occupied
by Asp instead of Me-Asp present in MC-LR. This was proved by the
difference of 14 in the corresponding Arg—R:' fragment (Table 54). Based
on the presence of fragments Arg-R*R*Ala and Arg-R*-R? and the
immonium ions, amino acid in position R* was identified as Phe for m/z
1015.5248, Tyr for 1031.5218 and HtyR in case of 1045.5314. In
981.5405, this position was occupied by either Ile or Leu. Based on this
structural data we were able to assign microcystin variants 1015.5248,
1031.5218, and 1045.5314 as [Asp’]MC-FR, [Asp’]MC-YR and [Asp®]
MC-HtyR, respectively (Table 3, Fig. 2). The MS/MS data for the fourth
variant (m/z at 981.5405) were insufficient to fully determine its
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Fig. 1. Phylogenetic tree (Maximum Likelihood) of Nostocales inferred from 16S rRNA gene sequences. (A) Uncollapsed core Nostoc clade with strain Nostoc sp. Treb
K1/5, new microcystin producer from this study (red, bold, asterisk). (B) Collapsed tree of all the strains used for phylogentic analysis, with indication of Nostoc sp.

152. The tree is rooted with Gloeobacter violaceus PCC 7421.

p values (1000 pseud

> 50% are given near the nodes. Strains screened for toxic

potential (PCR) and toxin production (HPLC-ESI-HRMS/MS) are in red with indication of number of studied strains included in collapsed clades (first, red value in

The following colors and abb indicate the

and number of strains with known toxin synthetase genes (taken from the NCBI nucleotide

collection): green and MC — microcystin, orange and NOD - nodularin, blue and CYR - cylindrospermopsin, pink and ATX - anatoxin-a. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

structure, since Leu/Ile was impossible to distinguish using our method.

None of the 311 studied strains was positive in the production of
microcystins containing modified Adda variants. Since we included
characteristic fragments of all known Adda structural variants and our

hods were ful in d ing of these variants in the micro-
cystin producing reference strain Nostoc sp. 152 (see Supplementary
Fig. 51), we can conclude that, except for Nostoc sp. Treb K1/5, there
was no other microcystin producer.

Potential producers of anatoxin-a and its analogues, cylin-
drospermopsin, and nodularin were also studied by PCR amplification
of the P h genes. No d PCR prods for

(Table 2).

3.2. Phylogenetic analysis

of the family, including all tested strains (267
strains in total with 16S rRNA data ava.iluble), were resolved in the
most derived lineage of h her with re-

ives of the Tol iamlly (Fig. 1B). Although the
majoriry of strains annlyzed in this study belonged to the morphologi-

cally defined genus Anabaena (224 strains), they were extremely

ytous
el

anaC, cyrJ, or ndaF wm obtained in any of the I(udled strains,
Consistent with that, no actual production of anatoxin-a, cylin-
drospermopsin or nodularin was detected by HPLC-ESI HRMS/MS
analysis based on the p of their ch

polyphyletic, clustering into more than ten different clades. Similarly,
Nostoc (38 strains) appeared in four different clusters, although they
were more closely related to each other than the clusters of Anabaena.
Tested strains of several other genera were monophyletic (Desmonostoc
- 5 strains, Nodularia - 13 strains, Trichormus - 8 strains), while others
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Hg 2. Produeﬂon of mlcmcysﬂn variams by the strain Nostoc sp. Treb K1/5, as cvldenced by HPLC-ESI-HRMS/MS analysis. Ch h

o variants are shown as an

Toxicon 150 (2018) 66-73

peaks of p d

d ion ch (A). All p d molecules, double dlarged molecular

ions and sodium adducts are presented in MS spectra (B, C, D, E). B1, C1, D1, E1- Adda fragment ions and the most imponam fragments of the microcystin variants in
their MS/MS spectra. Retention time (RT) and the collision energy is given in the left upper corner. BPC - base beak chromatogram, EIC - extracted ion chroma-
togram, 981.5405- [Asp*]MC-LR/IR, 1015.5248 - [Asp’]MC-FR, 1031.5218 -[Asp*]MC-YR and, 1045.5314 - [Asp*]MC-HtyR.

were restricted to a few related clades (Cylindrospermum - 14 strains,
Wollea - 5 strains). A single strain was tested for Mojavia. Two strains
(Treb K2-9 and Past 3) could not be identified at the genus level based
on either logy or phy The strains analyzed for
toxic potennal and toxin production cove.red most of the nostocacean
evolutionary lineages. Many were also recovered inside, or sister to
clades containing strains known to possess toxin synthetase genes, such
as Dolichospermum and several Nostoc lineages (microcystin, nodularin,
and anatoxin-a genes), Nodularia (nodu.larln), Cylindrospermopsis/Ra-
phidiopsis and Chrysosporum/Us ki in), and Cus-
pidothrix (anatoxin-a) (Fig. 1B and Fig. S2) The single microcystin-
producing strain discovered in our study, Nostoc sp. Treb K1/5, clus-
tered inside the core Nostoc clade. This clade contained also other
strains producing microcystins and nodularins, mostly Nostoc lichen
cyanobionts (Fig. 1A).

4. Discussion

Despite widely reported production of ins in lankti
cyanobacteria a surprisingly low occurrence of microcystins, nodulann,
lind P and (h in-a was observed in our study.

Amons the 311 tested strains, only one, Nostoc sp. Treb K1/5, showed
the presence of mcyE gene, which is involved in the synthesis of mi-
crocystins. Three out of four microcystin variants produced by this
strain were unambiguously identified as [Asp®]MC-FR, [Asp®]MC-YR
and [Asp®’]MC-HtyR using HPLC-ESI-HRMS/MS methods and em-

Nostoc cyanobionts from this lineage were repeatedly reported to pro-
duce microcystins and nodularins (Oksanen et al., 2004; Kaasalainen
et al., 2009, 2012; Gehringer et al., 2010). The most comprehensive of
these reports demonstrated high frequency of microcystin producers
among lichen bi with app ly 12% of 803 tested
strains exhibiting the ability to prod i ins (Kaasalai
etal., 2012). In contrary, reports of free-living MCYST producing Nostoc
strains have been relatively scarce and thus far restricted to lineages
distant from the core Nostoc clade (Bajpai et al., 2009; Genudrio et al.,
2010, Kurmayer, 2011).

Besides Nostoc, our study included a broad array of Anabaena-like
morphotypes (223 strains) that were spread over more than ten un-
related clades based on phylogenetic analysis (Fig. 1B and Fig. 52). Our
results indicate the existence of a number of cryptic genera within the
non-| planknc Anabaena, which is in accordance with analogous reports
of logically cryptic bacterial taxa d by serial
convergence events (Dvorik et al., 2015; Shalygin et al., 2017). How-
ever, none of the multiple cryptic lineages within the Anabaena-com-
plex yielded positive hits in the presented toxin screening. This is in-
triguing considering that the closely allied planktic Anabaena-like
genera. especnally Dohchospermum (hg 1B and Fig. 52), are recognized

as of in, and cylin-
drospermopsin (revwwed in Li ct al,, 2016). In the past screemng
studies of 1
of a variety of unusual bioactive secondary compounds (Sumkk.n etal,
2005; Oftedal et al., 2012; Jokela et al., 2012; Urajové et al., 2016),
while only few reports on production of the notoriously known cya-

ploying thiol derivatization to d ish the cid at position 7
(Miles et al., 2012). These microcystin variants were previously re-
ported only in planktic cyanobacteria of genera Microcystis, Dolichos-
permum, and Planktothrix (Kenichi Harada et al., 1991; Welker et al.,
2004, Puddick et al., 2014). Our study described these variants pro-
duction for the first time from Nostoc strain. Some Nostoc strains were

by by are ilable (Moh d et al., 2006; Halinen
et al,, 2008; Bouma-Gregson et al., 2017). Their obvious scarcity in both
our study and previous studies indicates that the composition of
bioactive dary boli differs b
and non-planktic Anabaena-like strains.

A similar pattern was observed in planktic and non-planktic

previously shown to produce microcystins including the frequently
occurring variants such as MCYST-LR and WR (Bajpai et al., 2009;
Oudra et al., 2009; Genudrio et al., 2010) and microcystins bearing
acetylation on ADDA moiety (Sivonen et al., 1992; Oksanen et al.,
2004; Kaasalainen et al., 2012).

Our study included in total 46 strains of Nostoc and the recently split
genera Desmonostoc and Mojavia (Rehikova et al., 2007; Hrouzek et al.,
2013), covering at least six different 1 across the phyl

dul species. 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 re-
d as nodularin prod (Rehdkova et al., 2014). Among the

tested strains, 13 soil and benthic Nodularia isolates were examined,

with no positive results.
To our k dge, no sy ic study has d toxic p ial
i and cy d in other benthic and soil taxa such

tree (Fig. 1B and Fig, 52). The new microcystin producer Nostoc sp. Treb
K1/5 clustered inside the core Nostoc lineage (Fig. 1B), which contains

as C)rlmdrowmwn. Trichormus, and Wollea. Although the number of
tested strains of these genera was limited in the current study, no

both symbiotic and free-living isolates (Papaefthimiou et al., 2008).
Table 3
Microcystin variants detected in Nostoc sp. Treb K1/5 showing their m/z, molecular formula, time (RT) and px tage of Adda and modified Adda
fragments.
Compound MS MS/MS (Adda fragments) Reference
m/z (error-ppm) Formula amino acid RT (min) m/z 163.11 m/z 135.08 m/z 265.15
1031.5218 [Asp’]MC-YR 12 163.1131; 25.7% 135.0812; 42.9% 265.1610; Niedermeyer et al., 2014
(-4.5) (Ala-Tyr-Asp-Arg-Adda-Glu-Mdha) 11.4%
981.5405 CughyaN100y2 123 163.1118; 24.3%  135.0808; 37.8%  265.1589;
(-0.6) (Ala-Leu/Tle-Asp-Arg-Adda-Glu-Mdha) 8.1%
1015.5248 [Asp’]MC-FR 126 163.1123; 24.4% 135.0808; 43.9% 265.1540; Chen et al., 2006
(-0.1) (Ala-Phe-Asp-Arg-Adda-Mdha) 4.9%
1045.5314 [Asp’JMC-HtyR 121 163.1117; 25% 135.0808; 34.4%  265.1593; Miles et al, 2013
(-38) (Ala-hTyr-Asp-Arg-Adda-Glu- Mdha) 9.4%

All the percentages describe relative intensity.
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cyanotoxin producers were identified, which was consistent with the
gmu:lpammohservedmbemrep:eoenmdun
Ourremlu d that the 1 y in
b i amalmostabsentinthdrmn-
plankﬂc counterparts. However, based on other studies, non-planktic
Nostocaceae are a rich source of unknown secondary metabolites. This
situation presents a potential threat that remains uncovered by routine
monitoring and deserves further investigation.
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ABSTRACT: The pederin family includes a number of
bioactive p lated from bi i of
diverse evolutionary origin. Pederin is linked to beetle-induced
dermatitis in humans, and pederin family members possess
potent antitumor activity caused by selective inhibition of the
eukaryotic rib Their biosynthesis is acc lished by a
polyketide /nonribosomal pepude synthetau machlnery em-
ploying an | l‘mm--- ylt ism. Here, we
report a novel p type pound, cusperin, from the
free-living cy e erkin oot ix lssatschmkor (earlier
Aphamzomenon) The chemical structure of cusperin is similar
to that of nosperin recently isolated from the lichen

ic org:

Cyanabacleria

symbionts

Protesbacteria

cyanobiont Nostoc sharing the tehrahydropyran moiety and major part of the linear backb H , the ¢ in molecule
is ded by 2 glycine resid and lacks one hydroxyi subsutuent. Pederins were p ly thought to be exclusive to symbiotic
lationshi , C. i koi is a and a fr p of toxic water blooms.

b Hence, our findings raise ions about

Cuspenn is devond of (he cytotoxic acuvnty reported for other pedmn famxly
ia and broaden the k

Ll

ge of ecological distribution of this group of polyketides.

the role of pederin analogues in cy

P ederin is a toxin contanung two tetrahydropyran cores that
causes dermatitis.' Pederin was first reported from the
beetle Paederus fuscipes and widely believed to be produced by
eukaryotes.”’ However, the discovery of the pederin bio-
synthetic gene cluster demonstrated that bacterial symbionts of
insects, marine invertebrates, and lichens are the true producers
of these compounds.' Biosynthesis of pederin and its
homol is acc lished by hybrid polyketide/nonriboso-
mal pepude syn(hases (PKS/NRPS) ernploymg an unusual
trans- acyltr.msferase (AT) PKS mechanism,” in which the PKS

dules utilize a c AT encoded in a separate
gene The biosynthesis of all pederin family compounds seems
to share the first several steps forming the typical tetrahy-
dropyran moiety attached to an acyl chain with a glycine
residue.”

M ing of ic consortia has recently
uncovered a Iarge “and hlghly specx.ﬁc repertoire of natural
products, particularly in bacterial symbionts of marine
sponges.””* Pederins are currently also believed to be specifically
associated with prokaryote—eukaryote symbioses as they have

< ACS Publications  © 2018 American Chemical Society

nas

6,7,9-11

been reported exclusively from symbiotic associations.
However, a recent discovery of a pederin analogue in a
purportedly free-living strains of cyanobacterium Nostoc sp.
KVJ10'* and proteobacterium Labrenzia sp. PHM00S"
isolated from the soil arond the Nostoc hosting moss Blasia
and marine sediment, respectively, challenged this hypothesis.

The potential of free-living organisms to produce pederins is
further corroborated with our report of a novel pederin
analogue, cusperin, identified for the first time in a nonsym-
biotic cyanobacterium, Cuspidothrix issatschenkoi (Usacev)
Rajaniemi et al. Cuspidothrix (earlier Aphamzommon) is a
ﬁ'equem bloom-forming species in freshwater bodies,'* which
belongs to the lineage of typical freshwater planktonic
heterocytous cyanobacteria, clearly distant from all groups of
the typical pederin producers (Figure 1).
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1. Phyl Lk

ic position of Cusp

Infe

(BI). BI p

i CHARLIE-1 among the producers of pederin family compounds. The unrooted tree was

Figure
inferred from l6$ rRNA gene data uslng
of

5!

mmmdlhemdmmdtmﬁ)rudlm

probabilities are indicated near nodes. The major bacterial lineages

mcdorahadedThemimpmdndngpederinﬁmﬂymmpomdsmprhmdhmd representative

Inspection of a draft g of C. issatschenkoi strain
CHARLIE-1 led to the identification of a previously unreported
PKS/NRPS gene cluster, exlnbmng >70% similarity with the
nosperin biosynthetic gene cluster.” The core region of this
biosynthetic gene cluster is almost id: I to that d for

2a). Further evidence suggesting the presence of a trans-AT
PKS system in the cusperin synthetase is the absence of AT

r
pederin compounds (Figure 2a, Supporting Information Tables
1 and 2). The putative biosynthetic gene cluster (~54 kb)
consisted of 11 protein coding ORFs: two genes encoding
multidomain PKS/NRPS proteins, eight accessory genes, and a
single gene encoding a peculiar AT in the trans position (Figure

124

95

domains in the deduced PKS p (Figure 2b). Detailed
lysis of the individual p of the gene cluster are
provided in the Suppomng Information.
Analysis of tracts of C. issatschenkoi CHARLIE-1

led to the identification of two putative products of the PKS/
NRPS gene cluster. Their chemical were elucidated
using a combination of high-performance liquid duomatog
raphy d to high lution mass

Y

DO 10.1021/acschembio, 7601048
ACS Chem. Biol. 2018, 13, 1123-1129
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Figure 2. Predicted biosynthetic pathway of cusperin. (a) Gene g of the proposed cusperin biosy ic gene cluster and comparison to
nosperin biosynthetic gene cluster. Homologous regions are indicated by gray shading. (b) Proposed biosynthesis of cusperin A and B is colinear
with the arrangement of modules in CusA and CusC. Part of the pathway orthologous to pederin, ides, th derins, and diaphorin is
indicated by a dashed box. The structure of nosperin is shown for comparison; differences from cusperin A are hlghhghted in red color. A,
adenylation domam, ACP, acyl camcr protem, C, conds in; CR, (enoyl-CoA hydratase), DH, dehydralasc, GNAT, GCNS
related N- i MT, NRPS, ib | peptide th KR, k KS, k ynth PCP, p

carrier protein; PKS, p id h TE, thi

electrospray ionization (HPLC-ESI-HRMS/MS) and nuclear containing a compound detected at m/z = 561.2896 [M +
magnetic resonance (NMR) spectroscopy (Figures 3 and 4 Na] * with a calculated elemental composition of
- ¢ ) py (Figu CyHyaN,Og+Na® (A 0.2 ppm) corresponding to cusperin A
(Figure 3). Its MS/MS exhibited attributes analogous to those
reported for nosperin, e.g, the loss of methanol (producing ion
obtained by HPLC- MS analysis of Cuspl‘dofhnx extract a) and the loss of a whole substituted tgtrahydr ﬁPyran moiety
(producing ion b) identical to those of nosperin® (Figure 3b).
cuspern A and B Data from the analysis of 'H, '"H='"H NOESY, *C HSQC,
3C HMBC, and *N HSQC spectra (Supporting Information
Figures 1—5) of cusperin showed high similarity to nosperin
NMR data,” which proved that their general structure was the
same (Supporting Information Table 4). Compared to
nosperin, cusperin lacked C-28 hydroxyl. C-20 hydroxyl was
changed to carbonyl, and next to it there was an extra amide
group (C-21-NH). Due to the lack of the hydroxyl, C-28
showed a methyl signal (6C 19.8, 5H 1.00), and this difference
affected the nearby shift values (Supporting Information Table
4). Four carbonyl signals were found (Supporting Information
Figure 3), one more than in nosperin as one hydroxyl of
nosperin is replaced with carbonyl in cusperin. The cusp

Supporting Information Figures 1—6, Supporting Information
Tables 3 and 4). A promi ch hic peak was

O'°F

4045 A NH-9 signal (d, H 8.40) matched with nosperin (d, 6H 8.57).
6202038 The extra C-21-NH signal (dd, 5H 7.11) of cusperin was broad,
20464 p— SeHNO e but the signals’ dd structure could be seen, which was
CHMO N characteristic for glycine in peptide structures. “N-HSQC
20081 0 spectrum showed the 6H 7.11 proton connection to a nitrogen
g CHNOMNS | g:mu:t‘:‘fm atom (Supporling Information Figure 4). The most important
L Sl "*C-HMBC and 'H-'H NOESY correlations are shown in

| [ echon +Na[ 561.2696 Supporting Information Figure 4.
ot ZL"N?_';‘_. 1 oo e g‘-"d"rp-‘“' The MS/MS analysis further detected the presence of a
g il I 10, VA O | second cusperin variant with m/z at 547.2740 [M + Na] * and
200 300 400 s00 mz calculated elemental composition of Czsl-l.oN.OﬂNa (A-03
ppm). While cuspenn A provided ions ¢ P g to [M-
Figure 3. Structural analysis of cusperin A. () HPLC-HRMS/MS CH,0OH+H] * in both MS and MS/MS (m/z 507. 2812 A03
base peak ch g of Cuspidothrix crude extract. (b) ppm), cusperin B provided only a [M-H,O+H] * fragment
Fragmentation pattern and HRMS/MS spectrum of cusperin A. (Supporting Information Figure 6). This corresponds to the
125 DOK: 10.1021/acschembio. 7b01048

ACS Chem. Biol 2018, 13, 1123-1129
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— = H.1C HMBC
<< = |l -H NOESY

Figure 4. NMR analysis and hemical assi of cusperin A. (a) *C HMBC (solid arrows) and 'H~'H NOESY (dashed arrows)
com:lauons of cuspenn. (b) Stenochemlcal mangemen( of cusperin chiral centers based on NMR and bioinformatic analysis. Blue, domain

identical to pporting a similar 8 of chiral centers; red, NMR coupling constants and shifts; yellow, ketoreductases
(Klb) predicted specificity based on a speoﬁc sequence motif (the presence of a conserved Asp residue); green, nonrib peptide synth
(NRPS) domain prediction (absence of an epimerase domain).

losses of a methoxy and a hydroxy group from the molecular to nosperin. Comparison of the NMR coupling constants and
ion of cusperin A and B, respectively. On the basis of the shift values (Supporting Information Table 4) further indicates
combination of MS and NMR data, we concluded that cusperin that the stereochemistry is likely identical between these two
A presents the methylacetal variant (bearing methoxy group on compounds (Figure 4b). Bioinformatics analysis of the specific
C-6), and cusperin B presents the hemiacetal variant (bearing sequence motifs of the KR domains has again confirmed D—
hydroxy group on C-6). Purification (see Supporting OH configuration at C2 and C13 based on the presence of a
Information Table 5) yielded 0.3 mg of cusperin A and B in conserved aspartate residue recently demonstrated to play a key

a molar ratio of 70:30 (Supporting Information Figure 6). role in stereospecificity of the KR domain'*~"" (Supporting
The origin of the structural differences between cusperin and Information Table 6). Finally, the lack of the epimerization
nosperin as well as the occurrence of cusperin A and B variants domain in the NRPS module 10 supported the incorporation of
were explained by bioinformatic prediction of cusperin an L-Pro residue as per bioinformatics analysis of pathway A
biosynthesis (Figure 2b). First, the presence of a termmal domains. Equivalent to nosperin, C12 and Cl4 remained
glycine in cusperin instead of a reduced biketide was vith hemical assig;
with an additional NRPS module encoded in cusC containing The strong cytotoxic activity of pederin family members was
an A domain with a predicted substrate specificity for glycine found due to their specific binding to the large ribosomal

(Supporting Information Table 2). The second difference subunit.® Recent structure—activity studles defined (he key
observed was the lack of the hydroxyl on C-12 in cusperin, fi of pederin anal involved in their action.'” First,
explained by the lack of cytochrome-450 like protein the presence of alkoxy orhydmxysubltltuuon at C10 facilitates
ponsible for the hydroxylation step in nosperin.” Four the molecule rotation and subsequent binding, while the lack of
nitrogen atoms were predicted in the cusperin scaffold based on any substituent at this position leads to diminished activity.'”
the presence of three NRPS modules each incorporating a Additionally, the presence of a methoxy group at C13 is favored
single amino acid and an asparagine synthetase responsible for over the hydroxyl group. In comparison to other natural
the final transamination step (Figure 2b). The number of pederin analogues, cusperin A and B exhibited only weak

nitrogen atoms was further confirmed by "N isotopic cytotoxic activity (Supporting Information Table 7). The
substitution (m/z at 565.2685, A —0.9 ppm). The pndlcted cusperin molecule features both traits, which do not favor the
product of cusF was an O-methyl fi likely involved in interaction with ribosome as C10 is not functionalized and C13
facultative O-methylation of the hydroxy group at C6, which bears the less efficient —~OH group.

results in formation of the observed cusperin methylacetal/ The bioactivity of cusperin demonstrates that not all natural
hemiacetal variants (cusperin A and B). The individual pederin analogues exert high <y i activity, and thus they
predicted biosynthetic steps are explained in detail in do not act g lly and exclusively as ri

Supporting Information, Interestingly, high production levels of cusperin A and B were

The cusperin gene cluster exhibited high similarity in the recorded in the Cuspidothrix culture (up to 2.5 mg/g of dry
arrangement of the first five PKS/NRPS modules to those weight). With regard to the high content and easy isolation

observed in several pederin bers (pederin, theopederin protocol, discovery of cusperin opens up an opportunity to
mycalamides, onnamides), which allowed us to infer the address the ecological role of this type of compound‘
absolute configuration at chiral carbons C2, C3, C6, and C7 C P idothri; a‘-' forming cyanobacterium which has the
(Fxgure 4b). In addition, the arrangement of the first 10 | to ¢ ds that are a threat to human
was i with the nosperin gene cluster, further health 0 has been characterized as the first free-living

suggesting the configuration of C10, C11, and C13 are identical cyanobacterium producing a pederin-type compound, cusperin.

1126 DOK: 10.1021/acschembio.7b01048
ACS Chem. Biol. 2018, 13, 1123-1129
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Our findings contradict the recently suggested restricted
occurrence of pederin family members in symbiotic bacteria
and dispute their general role directly associated with specific
symbioses between eukaryotes and bacteria.” Cusperin
production may however play a role in other microbe—microbe
relationships occurring in freshwater blooms that are currently
not well characterized. The selective advantage for the
production of a pederin family c d by a ymbi
orgamsm remains unknown, and further studies are needed to
its possibl logical significance, especially as
cytotonc activity is weak compared to other pederins.

B METHODS

Cultivation of the Strain. C. issatschenkoi CHARLIE-1 was
isolated from a water bloom sample collecled from fishpond Papa
near Dobiis, Czech R A I culture was establish
from a single filament and maintained in the culture collection of the
Biology Centre of CAS, Institute of Hydrobiology in 250 mL
Erlenmeyer flasks with WC medium®' at 21 °C and a light intensity of
50 umol m™* ™' (16:8 L/D cycle). For the isolation procedure, the
batch culture of the strain was grown in 10 L Erlenmeyer flasks using
BG-11 medium bubbled with 1.5% CO, enriched air at 25 °C with an
illumination of 100 ymol m? s !, The biomass for isolation of "*N

was cultivated under the same

diti in BG-11 di 1 d with

Na"NO, (Sigma-Aldrich, Cat. No. 364606), and the culture was

reinoculated twice, each time after 20 days of cultivation period. Strain

identification was perft d based on morphological characters™ and
position in a phylogenetic tree based on the 165 rRNA gene.

Phylogenetic Analysis. The 16S rRNA gene sequences of pederin
family compound producers available through NCBI and the cusperin
producer C. issatschenkoi CHARLIE-1 were ahgped with aset of dosest
BLAST hits, of rhe di 1 phyla, and a
ive set of cyanob. | A hyl ic tree was
constructed using the Bayesian inference. See the Supporting
lntonmnon for details.

ic and Bioinf ic Analysis. Single fi of C.
issatschenkoi CHARLIE-1 were isolated using the @zss capillary

%3

P

de S h

of pederin-family

p ignment of
was assessed based on NMR data, speaﬁc KR sequ:nc: motifs, ts=17
and overall arangement of NRPS/PKS modules.'*

HPLC-ESI-HRMS. The crude extract of C. issatschenkoi CHARLIE-1
was analyzed using a high-performance liquid chromatograph (Dionex
UltiMate 3000 UHPLC+ (Thermo Scientific, Sunnyvale, CA, USA))
connected to a Bruker Impact HD high rsnlutwn mass spectrometer
(Bruker, Billerica, Massach USA) with elec
positive mode. Separation was performed on an RP-C18 column
(Phenomenex Kinetex, 2.6 um; 4.6 X 150, Torrance, CA, USA) using
H,O (A) and acetonitrile (B) (both containing 0.1% HCOOH) as a
mobile phase at a flow rate of 0.5 mL min™". The linear gradient was as
follows: A/B 85/15 (0 min), 85/15 (in 1 min), 0/100 (in 19 min), 0/
100 (in 25 min), and 85/15 (in 30 min). The following settings of the
mass spectrometer were used: drying temperature, 200 °C; drying gas
flow, 12 L min~'; nebulizer gas pressure, 3 bar; capillary voltage, 3.8
kV; end plate offset, 500 V. Spectra were collected in the range m/z
20-2000 with a spectra rate of 2 Hz. Automated fragmentation was
used in the method with a precursor ion selection of 20-2000 m/z for
an isolation window width of 1 Da. The ramping of the collision
energy was based on the molecular mass: 20 eV at 400 m/z and 70 eV
at 1000 m/z for analysis. The mass spectrometer was calibrated with
sodium formate clusters at the beginning of each analysis. Further, the
lock mass calibration was apphed during the analysis using hexakis
(1H,1H,2H-perfl h (ES-TOF m/z 622.02896,
97%) purchased from ABCR GmbH & Co, ., KG, Germany.
Quantification of cusperin A and B in the C. issatschenkoi
CHARLIE-1 extract was performed using the method descnbed
above with purified pounds as extemal dards (

2.5, 5, 10, 25, 50, and 100 ug mL™' were used to establish the
calibration curve). See the Supporting Information for details.

Extraction, Purification, and Quantification. Freeze-dried
biomass of C. issatschenkoi CHARLIE-1 was extracted twice with 400
mL methanol/water (40/60, v/v) using bath sonicator, resulting
supernatants were combined and partially evaporated on rotary
evaporator and remaining solvent was diluted by distilled water so that
the final MeOH concentration did not exceed $%. Further the sample
was loaded on DCS 18 SPE cartridge and retained compounds were
eluted wnth MeOH. Eluent was evaporated until dryness and

technique and prepared for whole genome as

previously.”’ The filaments were utilized as a lemplate for whole-
genome amplification by multiple-displacement amplification (MDA)
using a Repli-G Mini Kit (Qiagen). Sixteen MDA products that passed
the quality check were pooled and sent for commercial de novo
genome sequencing (EMBL G Core Facility, Heidelberg,
Germany) using an [llumina MiSeq Pair-End library with 250 bp reads,
350 bp average insert length, and 1.4 Gbp data yield. The data from
Tllumina were assembled using CLC Bio Genomics Workbench v. 10.5

ln 10 mL of MeOH pnor the high-performance liquid
(HPLC) ification. The compounds were purified
using three HPLC separation steps (for
detailed information on the punﬁcauon procedure see the Supporting
Information).
Nuclear Magnetic Resonance Spectroscopy. All NMR spectra
were collected usmg a Bruker Avance III HD 800 MHz NMR
d with a cryogenically cooled TCI 'H, '°C, "N
trlple resonance probehead. Data were collected at 25 °C. For the

h

(Qiagen). The genomic assembly is available under NCBI
number PGEM00000000.1, and the cusperin biosynthetic gene cluster
is available under accession number MG518226.

Genomic scaffolds were investigated using BLASTp in the G
Pro R10 (Biomatters) software paduge to identify putative PKS/
NRPSgenedusters, ploying cy ial A domains and KS
domains as queries. In target. nomic regions, open reading frames
were predicted (Glimmer 3).”" The deduced proteins were function-
ally annotated (BLASTp and CDD searches), and in the puhnve

g of cusp 'H, ¥C, and “N resonances, 'H preset
along with two-di I total 1
(TOCSY) and nudear Overh effect sp Py (NOF.SY)
as well as h lear single qp [ G
HSQC and N HSQC) and h ] Itiple bond correlati

("3C HMBC) experiments were employed. For details of the NMR
measurement, please see the Supporting Information.

Cytotoxicity Testing. In order to test the antiproliferative and
cytotoxic actmty usually reported for pederin family members,

PKS/NRPS proteil ins were ids
(antiSMASH 40) The substrate specificities of KS domains in the
trans-AT PKS modules were predicted based on similarity to the
closest functionally characterized hits in the BLASTp analysis
(hupporhng Information Table 2), wlnch were unequivocally
p d by KS from the nosp y (analyzed by
phylogenetics in a previous study”). The predxcted spectﬁuty of NRPS
adenylation domains was inferred using a combination of tools
implemented in antiSMASH 4.0 (Stachelhaus code, NRPS Predictor3,
pHMM scarch) A biosynthetic scheme was constructed based on Lhz
ion of the deduced PKS/NRPS domams and

y and by comp h

g to known biosy p

m27

y was tested on human cervical cancer cells
(Hela) For cell maintenance and plating before the experiment, see
the Supporting Information. Serial dilutions (in the range from 0.5—20
uM) of cusperin A and B variants were added as technical triplicates,
so the concentration of the vehicle (MeOH) did not exceed 1%. The
viability was determined after 72 h of exposure. To assess cell viability,
we used three end-point methods: the ATP content was measured
using the CellTiter-Glo Luminescent Viability Assay (Promega,
G7570), MTT assay, and determination of cell counts (384-well
plates) of treated and control cells at 72 h by optical microscopy. The
output data represent results of three independent experiments. For a
detailed method description, see the Supporting Information.
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Abstract: Puwainaphycins (PUWSs) 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 (PUWSs) and minutissamides
(MINSs) are lipopeptides featuring a f-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 PUWSs
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 FA!-Val?-Dhb3-Asn*-Dhb®-Asn®-Ala’-Thré-NMeAsn®-
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Pro®? (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 FA!-Val>-Dhb3-Thr*-Thr/Val*-GIn®-Ala’-OMe-
Thr8-NMeAsn®-Pro'° (Fig. 3), identical to PUW A-D and MIN |, K, L

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

Strain  Strain Isolated by Date  Locality Reference
No.
1 Cylindrospermum A. LukeSova 1989  Canada, Manitoba, Riding  Johansen ef al. 2014
alatosporum CCALA 988 Mountain National Park,
soil
2 Cylindrospermum A. LukeSova 2008  Czech Republic, South Johansen ef al. 20145
moravicum CCALA 993 Moravia, Moravian Karst,
Amaterska Cave, cave
sediment
3 Cylindrospermum A. LukeSova 2011  Czech Republic, Moravian ~ Johansen ef al. 2014
alatosporum CCALA 994 Karst, earthworms collected

from soil above Amaterska
Cave, earthworm casings

4 Anabaena sp. UHCC-0399 M. Wahlsten N/A  Finland, Jurmo, Tamrakar 20166
Southwestern Archipelago
National Park, copepods

5 Anabaena minutissima T. Kantz 1967  South Texas, USA, soil Kantz & Bold 196957
UTEX B1613

6 Symplocastrum muelleri O.M. Skulberg 2009  Norway; Mare og Romsdal ~ Skulberg ef al. 2012°¢
NIVA-CYA 644 county; Halsa municipality,
western slope of Slettfjellet
mountain in semiterrestrial
alpine habitat, biofilm on
turf in ombrotrophic blanket
bog

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

PUWSs 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 Thr® (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
(NMeAsn®-Pro%-(FA')-Val?-Dhb?) 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-GIn 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).
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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).
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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 Asn*-
Thr* and Ala’-Ser’, 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 -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 | 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 Il putative starter unit (Puwl) consisting
of a FAAL fused to an ACP (Fig. 5, Table 2). Anabaena spp. strains 4 and
5 combine both Type | and Type Il putative starter units in their
biosynthetic gene clusters (Fig. 5, Table 2).
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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 | starter unit, the PUW/MIN products
exhibited an almost continuous FA distribution between C10—Cis (up to C17
in negligible trace amounts; Fig. 4). In S. muelleri strain 6, the presence of
the Type Il loading module resulted in production of PUW/MIN variants
with discrete FA lengths of C16 and Cis. Strains containing both Type I and
Type 1l starter units (Anabaena strains 4 and 5) produced two sets of
PUW/MIN products with no overlap (C12—Ci4.15 for the Type | pathway,
and Cye for the Type Il pathway), but exhibited a slightly shifted length
distribution (Fig. 4).
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Strain 1
Strain 2
Strain 3
Strain 4
Strain 5
Strain 6

FA;g - abundance

FA;; H 10
FA.. -
FA(Cl)
FA,,(CH,) -
FA12(OH) b 0,80
FA,;
FA5(Cl) H
FA5(OH) -
Fhq, _ 0,60

FA(CI) -

FA,4(CH,)
FA,,(OH)
FA;5
FA g 0,40
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FA(OH)
FA,7 H 0,20
FAg -
FAL(O) - —
FA,5(OCOCH,) -
FA,5(QH) - 0,0

Type | starter unit

Type Il

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 Puwl 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
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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 lle by a larger Trp residue i n the upper
and middle parts of the pocket blocked the binding of the original Ci2
substrate, but shorter chains (Cz or Cio, 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 Puwl 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. Puwl.
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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.

Protein Strain No. Predicted Function
1 2 3 4 5 6

ORF1 659 664 664 643 643 647 ABC transporter
PuwA 2870 2870 2870 2854 2854 2866 NRPS
ORF2 1116 1499 1875 643 670 376 patatin-like phospholipase
ORF3 - - - 696 696 - dynamin family protein
Puwl - - - 709 702 711 FAAL, ACP
Puwl] - - - 427 427 529 cytochrome-like protein
PuwB 2534 2592 2592 2549 2537 2555 hybrid PKS/NRPS, aminotransfcrase, oxygenase
PuwC 597 590 590 597 589 - FAAL
PuwD 101 104 96 93 92 - ACP
PuwK ‘g - - - 465 - halogenasc

<
PuwE %" 3077 3121 3121 3099 3112 3113 NRPS

-

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 Il starter unit (variants with a C16 and C1g 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 PuwlJ, a putative cytochrome P450-like oxidase (Table 2),
immediately downstream of the gene encoding the Type Il starter module.
We therefore hypothesize that the Puwl enzyme is responsible for
hydroxylation of FA residues activated by Puwl (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
Il 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 w-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 |
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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Fig. 7 MS-MS fragmentation of MIN A (a, c, €) 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 g -amino fatty acid.

Antimicrobial activity

Both PUWSs 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 ug mL™* (5.5 uM; 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 | Media?® | Incubation Incubation Gram strain
(HAMBI nr.) temp. (°C) time (h) reaction (+\-)
Pseudomonas sp. | TGY 28 24
(2796)
Micrococcus luteus | TGY 28 24 +
(2688)
Bacillus subtilis (251) TGY 28 24 +
Pseudomonas TGY 37 24
aeruginosa (25)
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Escherichia coli (396) TGY 37 24 -

Bacillus cereus (1881) | TSA 28 24 +

Burkholderia cepacia | TSA 37 24 -

(2487)

Staphylococcus aureus | TSA 37 24 +

1)

Xanthomonas NA 28 24 -

campestris (104)

Burkholderia NA 37 24 -

pseudomallei (33)

Salmonella typhi (1306) | NA 37 24 -

Arthrobacter NA 28 24 -

globiformis (1863)

Kocuria varians (40) NA 28 24 +

Candida albicans (261) | YM 37 24 yeast
agar

Cryptococcus  albidus | YM 28 24 yeast

(264) agar

Saccharomyces YM 28 24 yeast

cerevisiae (1164) agar

@The 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.
Saccharomyces cerevisiae

Candida albicans
b
4
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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 pg
mL? to 0.0394 ug/mL to determine the minimum inhibitory concentration
(MIC). Numbers represent concentrations: (1) = 25.2 ug mL%; (2) = 12.6
ug mLY; (3) = 6.3 pg mLt; (+) = positive control (10 pg of nystatin). (-)

= negative control (10 pL 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 -CH,-CHz 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

PUWSs 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 PUWSs

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 PUWSs 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% CO, at a temperature of 28°C and constant
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illumination of 100 pumol photons m™ s. 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
Universitat Gottingen, but without biotin). Cultivation was performed in
100-200 mL Erlenmeyer flasks at 20°C with a 16:8 light:dark photoperiod
under static conditions. Cultures were kept at low irradiance (4 pmol m
st PHAR generated using RGB LED strips). Cells were harvested by
centrifugation (3125 x g), stored at -80°C, 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 BLASTYp 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-%°) 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

129



(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 35°C 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 x
4.6 mm, 2.6 um) using H20 (A)/acetonitrile (B) containing 0.1% HCOOH
as a mobile phase, at a flow rate of 0.6 mL min. 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 C1sH3NO™ 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 x 25 mm) was
employed for separation at a flow rate of 10 mL min™! 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 x 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~! 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 (DMSOQO)-d6 at 30°C. All NMR spectra were
collected using a Bruker Avance Il 500 MHz NMR spectrometer,
equipped with a5 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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