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II. ABSTRACT

This thesis presents an integrated study of evolutionary relationships linked to nitrogen
metabolism and toxin production in filamentous cyanobacteria. The first aim was to use a
comparative genomics approach based upon fully sequenced genomes to uncover the genotypic
features underlying the phenotypic differences between the toxigenic cyanobacteria
Cylindrospermopsis raciborskii CS-505 and Raphidiopsis brookii D9. Although the two species
have been assigned to different genera, the presence of heterocysts (specialized cells for
dinitrogen (N») fixation) in C. raciborskii is the only distinguishing morphological characteristic
between these species. Furthermore, phylogenetic analysis positioned both C. raciborskii and
Raphidiopsis spp. within the same monophyletic branch. C. raciborskii CS-505 isolated from
Australia and R. brookii D9 from a toxic bloom in Brazil, produce the hepatotoxin
cylindrospermopsin (CYN) and neurotoxins associated with paralytic shellfish poisoning (PSP),
respectively. Based on the genetic and morphological similarities and in the fact that N, fixation
and heterocyst development separates these species, the effect of nitrogen (N) regime on
physiology and gene expression of cell differentiation and of toxin biosynthesis/regulation was
compared for the species.

Genome sequencing revealed a large set of genes (2,539) shared between CS-505 and D9
with an average nucleotide identity >90%, corresponding to conspecific isolates that have
followed diverging evolutionary pathways. These genomes are the smallest known for
filamentous cyanobacteria. Nevertheless, these strains are capable of cell differentiation within
filaments, which allowed to determination of minimal gene sets for filament formation, N,
fixation and heterocyst differentiation. The gene organization (synteny) between genomes
indicated that the small genome (3.2 Mb) of D9 was structured by gene loses, whereas the
numerous plasticity elements of the somewhat larger genome (3.9 Mb) of CS-505 may be
associated with genome reduction, and allow for acquisition of new genes via horizontal gene
transfer (HGT).

Although D9 does not develop heterocysts, several genes related with this process are
encoded in the genome and some genes are even induced under N-deprivation, as revealed by
whole genome microarray hybridization. These genes may therefore have been recycled for
general metabolism or to fulfill roles in other cell differentiation processes, such as akinete

development, cell division, or cell death. The process of heterocyst differentiation in CS-505,
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unlike in the model cyanobacterium Anabaena sp. PCC 7120, occurs in terminal cells and in the
presence of combined N. Physiological and transcriptional analysis revealed that while N-
metabolism genes are promptly regulated under N-deprivation, the cascade of transcriptional
responses leading to heterocyst differentiation starts between 24-48 h, after the induction of nzcA.
In correlation, new heterocysts are formed within 48-72 h. These late responses contrast with
those of other heterocystous cyanobacteria, suggesting an efficient mechanism of N- storage and
transport along the filament in C. raciborskii CS-505.

Finally, examination of the N-dependent production and regulatory pathways of CYN and
PSP toxins (PST) showed that in early exponential phase, growth inhibition arrests PST- and
slows CYN-production. The pattern of biosynthetic gene regulation suggested that additional
mechanisms of N-control and post-transcriptional mechanisms are involved in toxin production.
The role of repetitive elements and transposases in gene regulation may be critical but this aspect
requires further investigation.

In summary, these physiogenomic studies substantially contributed to understanding
evolution, and processes of cell differentiation and toxin production, in these two closely related
cyanobacteria. The small and likely streamlined genomes recommend these strains as model

systems for further investigation of related processes in filamentous cyanobacteria.
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1. ZUSAMMENFASSUNG

Die vorliegende Arbeit umfasst eine integrierte Studie, in der die evolutiven Beziehungen
mit dem Stickstoffmetabolismus und der Toxinproduktion in filamentosen Cyanobakterien
verkniipft werden. Das Hauptziel dieser Arbeit bildet die vergleichende Genomik der vollstindig
sequenzierten Genome zweier toxischen Cyanobakterien, Cylindrospermopsis raciborskii CS-505
und Raphidiopsis brooki D9, um genotypische Merkmale zu entdecken, die den phenotypischen
Unterschieden zugrunde liegen. Die beiden verwendeten Cynanobakterien-Arten sind zwar
unterschiedlichen Gattungen zugeordnet, dass Vorhandensein von Heterozysten (spezialisierte
Zellen zur Fixierung molekularen Stickstoffs) ist jedoch das einzige morphologische Merkmal,
das die beiden Arten unterscheidet. Des Weiteren positionierten phylogenetische Untersuchungen
beide Arten in dieselbe monophyletische Gruppe. Sowohl C. raciborskii CS-505, isoliert in
Australien, als auch R. brookii D9, isoliert aus einer toxischen Algenbliite in Brasilien,
produzieren das Heptatoxin Cylindrospermopsin (CYN) und Neurotoxine assoziiert mit der
paralytischen Form der Muschelvergiftungen (PSP, Paralytic Shellfish Poisioning). Die
genetischen und morphologischen Ahnlichkeiten sowie die Tatsache, dass die Fihigkeit der
molekularen Stickstofffixierung und die damit verbundende Bildung von Heterozysten diese
beiden Arten unterscheidet, bildeten die Basis fiir die vergleichenden physiologischen
Untersuchungen des Stickstofthaushalts und dessen Effekte auf die Genexpression, die
Zelldifferenzierung sowie auf die Biosynthese und die Regulation der Toxinproduktion in den

beide Arten.

Durch die Sequenzierung der Genome der beiden Arten CS-505 und D9 konnte fiir einen
groBen Teil der Gene (2539) eine Ubereinstimmung in der Nukleotidabfolge von iiber 90%
festgestellt werden; dies entspricht einer Ahnlichkeit wie sie bei Stimmen einer Art mit
anschliefender divergierender Entwicklung vorzufinden ist. Die beiden Genome sind die bisher
kleinsten bekannten Genome filamentoser Cyanobakterien. Dennoch sind beide Arten dazu
befdhigt, Zellen in Filamente zu differenzieren und dies ermoglichte, eine Minimalanzahl an
Genen der Filamentformation zuzuordnen sowie Gene, die fiir die N-Fixierung und die
Zelldifferenzierung zu Heterozysten notwendig sind, zu bestimmen. Der Vergleich der Abfolge
der Gene (Synteny) der Genome zeigte, dass das vergleichsweise kleinere Genom von D9

(3,2MB) durch Gen-Verluste gekennzeichnet ist, wihrend die zahlreichen plastischen Elemente
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des vergleichsweisen grofleren Genoms von CS-505 (3,9MB) auf eine Genomreduktion deuten

und eine damit verbundene Aufnahme neuer Gene durch horizontalen Gentransfer (HGT).

Obwohl D9 keine Heterozysten ausbildet, sind mehrere an diesem Prozess beteiligten
Gene in dem Genom zu finden und durch Microarray Hybridisierungen konnte gezeigt werden,
dass diese sogar unter Stickstoffmangel exprimiert werden. Diese Gene konnten daher fiir
allgemeine metabolische Funktionen recycelt worden sein oder sind an anderen
Zelldifferenzierungsprozessen wie der Bildung von Akineten, der Zellteilung oder dem Zelltod
beteiligt. Die Ausbildung von Heterozysten in CS-505 erfolgt im Gegensatz zu dem
Modelcyanobakterium Anabaena sp. PCC 7120 in den terminalen Zellen und in Anwesenheit von
fixiertem Stickstoff. In physiologischen und transkriptomischen Untersuchungen konnte gezeigt
werden, dass die Regulation der Gene des N-Metabolismus direkt auf den N-Mangel folgt,
wihrend die Regulation der an der Heterozystendifferenzierung beteiligten Gene zwischen 24-48
Std. nach der Aktivierung des ntcA erfolgt. Ubereinstimmend dazu werden die neuen
Heterozysten innerhalb von 48-72 Std. geformt. Diese verspétete Reaktion steht in Kontrast zu
anderen Heterozysten-bildenden Cyanobakterien und deutet daher auf einen effizienteren
Mechanismus der N-Speicherung und des N-Transports entlang der Filamente in C. raciborskii

CS-505 hin.

Die Untersuchungen zur N-abhédngigen Produktion und der Regulation der
Stoffwechselwege der CYN und PSP-Toxine (PST) zeigten, dass die einsetzende
Wachstumshemmung in der frithen exponentiellen Phase die PST-Produktion stoppt und die
CYN-Produktion reduziert. Zugehorige Genregulationsmuster deuten auf eine zusitzliche
Beteiligung von N-Regulierungs- und posttranskriptionellen Mechanismen bei der
Toxinproduktion hin. Die Rolle repetitiver Elemente und Transposasen an der Genregulation

konnte hierfiir entscheidend sein, dieser Aspekt bedarf jedoch weiterer Untersuchungen.

Zusammenfassen kann gesagt werden, dass diese Studie entscheidend zu dem Verstdndnis
von Evolution, Zelldifferenzierungsprozessen und der Toxinproduktion in diesen
naheverwandten Arten beigetragen hat. Die kleinen und zweckorientierten Genome dieser beiden
Stimme eigen sich optimal als Modelsysteme fiir weitere Untersuchungen verwandter Prozesse

in filamentésen Cyanobakterien.
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1. GENERAL INTRODUCTION

1.1 Cyanobacteria

Cyanobacteria or “blue-green algae” are unique prokaryotes in that they perform oxygenic
photosynthesis. This old evolutionary group epitomizes the ancestors of chloroplasts of higher
plants and of other photoautotrophic microorganisms. Cyanobacteria have diversified to populate
almost all environments on Earth. They are commonly found in oceans and freshwaters and as
extremophiles in polar ice and geysers. Cyanobacteria are typically free-living but they can form
symbiotic associations with fungi (e.g. as lichens), or higher plants and may occur in mats on
various substrates. Marine unicellular cyanobacteria, e.g. represented by Synechococcus spp. and
Prochlorococcus spp., occupy an important position at the base of the marine food web. These
cyanobacterial picoplankton are abundant in the world's oceans and as a result are major primary

producers on a global scale (Partensky et al., 1999, Chisholm ez al., 1988).

Cyanobacterial morphology is diverse, including unicellular (single cells or colonies) and
filamentous forms. Filamentous cyanobacteria are often considered as multicellular
microorganisms since many are capable of cell differentiation. Under stress or unfavorable
environmental conditions, akinetes (spore-like) cells may develop. Alternatively, heterocysts are
specialized cells committed for atmospheric nitrogen (N;) fixation; they are formed by the
deposition of a thick polysaccharide layer that isolates the cell from external oxygen allowing the
activity of the nitrogenase enzymatic complex, responsible for the reduction of N, to ammonium.
The capability of N, fixation makes cyanobacteria ideal partners for symbiotic relationships. For
example, members of the order Nostocales differentiate temporary vegetative filaments into
motile filaments called hormogonia that allow the cyanobacteria to colonize its host (Meeks &
Elhai, 2002).

The advent of oxygenic photosynthesis, marked by the emergence of cyanobacteria, was a
major determinant of the evolution of life on Earth. Geological records have dated the appearance
of cyanobacteria before 2,800 million years ago (Ma) (Des Marais, 2000). Although is still under
debate, the discovery of Archaean microfossils with cyanobacteria-like morphology in Australia,
could extend the records of cyanobacteria to 3,300 — 3,500 Ma (Schopf & Packer, 1987). More

integrative analysis, employing phylogenetics and geological data has suggested that

1



GENERAL INTRODUCTION

cyanobacteria capable of cell differentiation are monophyletic and that this clade diverged
between 2,450 and 2,100 Ma (Tomitani et al., 2006). Based on morphological criteria and
division patterns, cyanobacteria are classified into five subsections (Rippka et al., 1979).
Subsections I and II comprise unicellular cyanobacteria and subsections III to V include
filamentous non-heterocystous (III) and heterocyst-forming (IV-V) cyanobacteria. Evolutionary
inferences of the cyanobacterial origin have been elaborated on a single gene basis or through
phylogenomics. Phylogenetic inferences based on sequences of common phylogenetic markers
such as the 16S rDNA and the gene for the larger subunit of the Rubisco (rbcL), have the
advantage that they can cover a large number of organisms while phylogenomics are restricted to
the few completed genome sequences, which at present do not include members of subsection V.
Either way, there is a consensus supporting a monophyletic origin of heterocyst formers from
subsections IV and V (Figure 1.1) (Sanchez-Baracaldo et al., 2005, Tomitani et al., 2006,
Swingley et al., 2008) —Sanchez-Baracaldo’s and Swingley’s work did not include members of
subsection V- whereas single phylogenetic markers reveal that cyanobacterial members from
subsection III group together with unicellular cyanobacteria (Figure 1.1A, B) (Tomitani et al.,
2006, Honda et al., 1999). It is important to consider that monophyly of cyanobacteria can be
compromised by horizontal gene transfer (HGT) events. HGT is a major driver factor in bacterial
evolution (Doolittle, 1999, Ochman et al., 2000, Gogarten et al., 2002, Shimodaira & Hasegawa,
1999), and especially in cyanobacteria (Zhaxybayeva et al., 2004, 2006), which have a large
number of elements favoring HGT in HGT such as transposases, phage integrases, insertion and
repeated sequences, favoring HGT (Frangeul ef al., 2008, Kaneko ef al., 2007, Elhai et al., 2008).
Based upon phylogenetic analysis of multiple data sets, almost 25% of the analyses positioned
non-cyanobacteria within the cyanobacterial clade, and of the genes cyanobacterial monophyly, a
majority showed evidence of HGT within the cyanobacteria (Zhaxybayeva et al., 2006). Similar
findings were reported by Shi & Falkowski, (2008).
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Figure 1.1 Phylogenetic relationships of cyanobacteria. The phylogenetic inference was based on the 16S rDNA
(A) and rbcL (B) genes. A and B trees were created from the nucleotide sequences obtained by Tomitani et al.,
(2006), although more taxa were incorporated to the analysis. Nucleotide sequences were aligned using clustalX2
(Higgins & Sharp, 1988, Larkin et al., 2007) and trees were created with MEGA, using the Neighbor Joining
algorithm (NJ) (Saitou & Nei, 1987). (C) Phylogenomic tree reproduced and modified from Swingley et al. (2008).
The tree was constructed using the Bayesian maximum likelihood algorithm for a full-concatenated data set, based
on 230,415 aligned positions in 26 genomes. Note that this analysis was based in complete genome sequences;
therefore there are no representatives from section V and only one representative from section III. Shown at each
bifurcation are the predicted core-genome (upper number) and pan-genome (lower number) sizes of an ancestor at
that point. The scale bars indicate the number of substitutions per site. The subsections I — V of cyanobacteria are
indicated with Roman numerals. Color figures highlight cyanobacteria belonging to group IV (green) and V (light
blue). Accession numbers of the taxa included are as follows: 16S rDNA partial sequence: Tolypothrix sp. TOL328
(AM230706); N. azollae 0708 (ACIR01000045, azoDRAFT R0016), C. stagnale PCC 7417 (AF132789), A.
cylindrica NIES19 (AF247592), C. fritschii PCC 6718 (AF132777), C. desertica PCC 7102 (AM230699), P.
autumnale SAG 3590 (EF654081), P. mucicola 1AM M-221 (AB003165), Prochlorococcus sp. MIT9312
(AF053398), A. tumefaciens (D14500). rbcL gene: Nodularia sp. WH Baltic Sea (AB075916), Nostoc sp. PCC 7906
(AB075918), N. azollae 0708 (NZ_ACIR01000080, AazoDRAFT 4615), Anabaena sp. WH School (AB075905), F.
muscicola SAG 1427 (AB075911), S. elongatus PCC 6301(NC_006576, syc0130 c), Synechococcus sp. WH 7803
(NC _009481, syn WH7803 0678), P. marinus MIT 9515 (NC 008817, P9515 06141).
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1.2 Harmful algal blooms (HABs)

Although cyanobacteria are of ecological importance and are primarily beneficial,
excessive proliferation can be detrimental for the environment. The low requirements for
cyanobacterial growth (fundamentally light, nitrogen, phosphorous and carbon) in concert with
an increase in the eutrophic levels and temperature of water bodies, have promoted the excessive
growth of cyanobacteria into what is known as harmful algal blooms (HABs). Cyanobacterial
blooms are often accompanied by noxious and/or toxic effects to animals, humans or to
ecosystem damage in which case they are referred to as cyanobacterial HABs. A schematic view
of all the possible negative effects of a cyanobacterial bloom and its associated consequences to
the environment is shown in Figure 1.2. Cyanobacteria can mobilize throughout the water column
due to their buoyancy regulating ability depending on the nutrients and light availability, or due
to waterbody-mixing processes. In the case of freshwater blooms, especially when the water
column remains poorly mixed, cyanobacteria can normally cover large surfaces forming scums
shading other phytoplankton and plants inhabiting at lower depths. This is one of the effects
caused directly by the presence of a bloom, however, cyanobacterial blooms can negatively affect
their environment in several other ways. For example, the elevated photosynthetic rates reduce
the levels of CO; and increase the water’s pH. Bloom decays produce an accumulation of organic
matter that is degraded by bacteria, reducing the oxygen available for eukaryotes, causing for

example severe fish kills.
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EVENT RESPONSE IMPACT
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Collapse . and lethal impacts on
Ammonia other biota

Figure 1.2 Scheme of the detrimental effects of cyanobacterial blooms (adapted from Havens, 2008). Noxious
effects can occur directly during the bloom phase, or as a consequence of bloom decay and cell lysis.

The favorable conditions for blooms generally met in tropical, subtropical and temperate
water bodies, where there is a seasonal succession of cyanobacteria. The Baltic Sea, the largest
brackish water body in the world, experiences a succession of cyanobacterial blooms, with
members of Anabaena spp. occurring in the summer, whereas late-summer blooms consist
mainly of Nodularia spumigena, and Aphanizomenon flos-aquae (Stal et al., 2003). In lakes,
ponds and reservoirs the conditions are different; waters are tipically calm and water columns are
normally stratified. Under these conditions in tropical waters blooms can persist throughout the
year, as is the case for some blooms in Brazil and Australia (McGregor & Fabbro, 2000, Bouvy et
al., 1999). Cyanobacterial blooms are not formed in temperate oceans. The reasons for this are
still ambiguous, but it was proposed that the hydrodynamic instability of these environments do
not allow cyanobacterial to float and settle down in the surface water layers (Stal ez al., 2003).
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1.2.1 Cyanobacterial toxins

Cyanobacterial toxicity, although measurable by biological, biochemical or analytical
assays, cannot be predicted by studying the cyanobacterial population in the bloom. This problem
arises by the fact that cyanobacterial populations may be dominated by a single species or be
composed of a variety of species, some of which may not be toxic. Even within a single-species
bloom there may be a mixture of toxic and non-toxic strains. Likewise, the determination of one
toxin group cannot be associated with the presence of a specific species since a given toxin can
be produced by several cyanobacterial species. Until now, there are no reports of the
simultaneous production of more than one toxin class by the same organism. The genera of
cyanobacteria known to produce toxins are represented by Anabaena, Aphanizomenon, Lyngbya,
Nodularia, Cylindrospermopsis, Raphidiopsis, Planktothrix, Oscillatoria and Microcystis.

Cyanotoxins are commonly produced by fresh and brackish water cyanobacteria;
however, the production of microcystins by a marine Synechococcus of the Salton Sea indicates
that cyanotoxins may be a more common occurrence in marine environments (Carmichael & Li,
2006).

Cyanobacteria are a rich source of secondary metabolites, including alkaloids, polyketides
and non-ribosomal peptides, and therefore they are of potential biotechnological importance.
Unfortunately, many of these secondary metabolites are potent toxins (cyanotoxins) affecting
mammals as well as other organisms. Cyanotoxins are released to the water bodies when the
blooms collapse and cells are lysed. According to the exerted effect, cyanotoxins are classified
into dermatotoxins, cytotoxins, hepatotoxins, and neurotoxins (Sivonen & Jones, 1999).
Hepatotoxins and neurotoxins are of great concern since at high concentrations they have caused
death (Griffiths & Saker, 2003).

The biological role of cyanotoxins is currently unknown, but several hypotheses have
been proposed. One of the first conceptions, positions cyanotoxins as allelochemicals, i.e.,
molecules involved in inter-specific interactions, such as growth inhibition of competitor
organisms (Berry ef al., 2008). The competitive inhibitor hypothesis has been a matter of debate
until today. Works that tend to refute this hypothesis indicate that in order to accomplish the
allelophatic effects, concentrations higher than those found in nature were used (Babica et al.,

2006). The demonstrated allelophatic effect of other (non-toxin) metabolites in Nodularia
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(Suikkanen et al., 2006) and the fact that it is not clear if toxins are actively exported to the
environment, a likely prerequisite for allelochemical activity, are also problematic for agree with
this hypothesis.

The hepatotoxins microcystins are among the most common and well-studied group of
cyanotoxins in freshwater reservoirs. This group of toxins comprises cyclic heptapeptides that are
synthesized from five non-protein amino acids and two protein amino acids. The two later
aminoacids are variable, giving rise to the more than 70 known microcystin variants (Sivonen &
Jones, 1999). Microcystins are generally produced by members of the genera Microcystis,
Anabaena, Planktothrix, Anabaenopsis, and Nostoc although they have also been detected in
other genera of marine and terrestrial cyanobacteria such as Radiocystis, Synechococcus,
Phormidium, Plectonema and Hapalosiphon. Of similar structure than microcystins, nodularins
are another class of hepatotoxins, found in brackish waters. Among the free-living cyanobacterial
genera, nodularin production appears to be specific for Nodularia species, although a nodularin
analogue (motuporin) was reported by cyanobacterial symbionts in a sponge (De Silva et al.,
1992).

Cylindrospermopsin  (CYN) is a guanidine alkaloid that was first described in
Cylindrospermopsis raciborskii (Ohtani et al., 1992). Additional species producing CYN are
Umezakia natans, Aphanizomenon ovalisporum, A. flos-aquae, Raphidiopsis curvata and
Anabaena bergii. Unlike mycrocystins and nodularins, only two analogs of cylindrospermopsin
have been reported: 7-epicylindrospermopsin (epiCYN) (Banker ef al., 2000) and a non-toxic
analogue lacking a hydroxyl group on carbon 7 of CYN, deoxy-cylindrospermopsin (doCYN)
(Norris et al., 1999). The toxic effects of CYN could be confined to the presence of this specific
functional group. CYN is considered as a hepatotoxin although its mechanism of action does not
involve the inhibition of the eukaryotic protein phosphatases Types 1 and 2A, but instead acts by
interrupting the biosynthetic steps leading to cell-reduced glutathione (Runnegar et al., 1994).
Another harmful effect of CYN is suppression of protein synthesis (Froscio ef al., 2003). CYN
has also been considered as a cytotoxin since livers and kidneys of mice injected showed cell
death (Falconer et al., 1999). Additional toxic properties of CYN are its purine nature and the
presence of potentially reactive guanidine and sulfate groups suggesting its interaction with DNA
strands probably causing irreversible DNA damage leading to cancer (Shen ef al., 2002).

Among all cyanotoxin groups, the most potent cyanotoxins are neurotoxins causing rapid

death in mammals by respiratory paralysis. Two groups of neurotoxins are defined according to
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their structures and mechanisms of actions (targets) - anatoxins and saxitoxins. Anatoxins are a
group of alkaloids produced among a number of cyanobacterial, genera including Anabaena,
Oscillatoria, Aphanizomenon, Cylindrospermum, and Raphidiopsis. Two analogues of anatoxins
have been described: anatoxin-a and homoanatoxin-a both of which are secondary amines.
Anatoxin-a and homoanatoxin-a are potent agonists of the nicotinic acetylcholine receptor
(Spivak et al., 1980, Lilleheil et al., 1997). A third anatoxin, anatoxin-a(S), is a phosphate ester of
a cyclic N-hydroxyguanine, with pharmacological and chemical properties different from
anatoxin-a, acting as an acetylcholinesterase inhibitor (Mahmood & Carmichael, 1986a).

Saxitoxin (STX) and its analogues are a family of tricyclic tetrahydropurine alkaloids that
act by blocking voltage-gated sodium channels (Narahashi & Moore, 1968, Llewellyn, 2006).
STX is considered to be the basic structure of this group, but modifications give rise to more than
30 structural analogues that can be divided in three larger groups: carbamoyl, N-sulfocarbamoyl
and decarbamoyl toxins (Llewellyn, 2006). STX is the most toxic analogue among this group due
to its highest affinity for the sodium channel; toxicity measured as LDsg in mice (intraperitoneal
injection) is 10 pg kg', 1000-fold more potent than cyanide. On contrary to the other
cyanotoxins, saxitoxins are the only cyantoxins also produced by marine phytoplankton,
specifically by dinoflagellates from the genus Alexandrium (Cembella, 1998). Saxitoxins are
accumulated in filter feeding mussels that feed on dinoflagellates. Human consumption of
contaminated mussels produces the syndrome of paralytic shellfish poisoning (PSP), giving the
name of saxitoxin and its analogues as PSP toxins (or PSTs). In cyanobacteria, PSTs are
produced by the genera Anabaena, Aphanizomenon, Lyngbya, Planktothirx, Cylindrospermopsis
and recently by Raphidiopsis (Yunes et al., 2009).

1.2.2 Biosynthetic pathways for cyanotoxins

New bioactive compounds produced by cyanobacteria are been discovered and their
structures and mechanisms of action elucidated. However, our knowledge of biosynthetic
pathways and the molecular mechanisms associated is slowly increasing. The structure of many
cyanobacterial bioactive compounds: cyclic or branched-cyclic organization, polyketide or fatty
acid side chains, and the presence of unusual and modified amino acids in small peptides
suggested the involvement of nonribosomal peptide synthetases (NRPS) and polyketide synthases

(PKS) in cyanotoxin biosynthesis. The involvement of NRPS on microcystin biosynthesis was
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discovered based upon these premises (Dittmann et al., 1997); subsequent sequencing of the
complete gene cluster (myc) in two strains of Microcystis aeruginosa revealed the presence of
PKS domains in addition to the previously described NRPS, for which the gene cluster for
microcystin biosynthesis is formed by a hybrid complex of NRPS/PKS (Nishizawa et al., 2000,
Tillett et al., 2000). A similar approach led to the discovery of the nodularin cluster (nda) in
Nodularia spumigena. The nda resembles the myc cluster in structure and length, comprised of
NRPS/PKS; both clusters are flanked by transposases, which may explain the distribution of
toxicity (presence of the cluster) among cyanobacterial genera (Moffitt & Neilan, 2004).

The biosynthetic pathway for anatoxin-a was recently described based on the genome
sequence of Oscillatoria PCC 6506 (Mejean et al., 2009). Anatoxin-a is synthesized via a PKS
pathway, but so far the genes have not been explored in other anatoxin producing strains.

The gene cluster involved in the biosynthesis pathway of CYN (cyr) was described in
Cylindrospermopsis raciborskii AWT205. The cyr gene cluster resembles that of microcystins in
that is formed by a hybrid NRPS-PKS complex. New for this gene cluster, are the presence of
tailoring enzymes that are not related with the NRPS-PKS complex and a putative toxin
transporter (Mihali et al., 2008).

The first attempts to determine the biosynthetic pathway of STX were performed in the
1980s. Through culturing studies using stable-isotope labeling, the precursors for STX were
proposed as one molecule of acetate, three of arginine and one of methionine in both the
dinoflagellate Alexandrium tamarense (previously named Gomnyaulax tamarense) and the
cyanobacterium Aphanizomenon flos-aquae (Shimizu, 1986). A biosynthesis pathway was
proposed involving as the main steps a Claisen condensation between acetate and arginine, an
amidino transfer from a second arginine to the formed intermediate and after cyclization, the
incorporation of a methyl chain from S-adenosylmethionine (SAM) (Figure 1.3.A) (Shimizu,
1996). Although the structure of STX is highly nitrogenated, this is a relatively small molecule
(MW 300) compared with the cyclic peptide toxins (microcystins MW 900-1100; nodularin MW
825). The discovery of the saxitoxin gene cluster in the cyanobacterium Cylindrospermopsis
raciborskii T3 (Kellmann et al., 2008a) revealed one acyl carrier domain (ACP) -typical for PKS
synthases- embedded in a fusion protein containing an aminotransferase domain (SxtA); the
remaining genes of the toxin cluster encode for additional non NRPS/PKS proteins. The
discovery of this novel PKS modified the old pathway in the order of the methylation reaction.
There is no modular biosynthesis of STX, only the first three steps of STX biosynthesis are
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catalyzed by the fusion protein SxtA, which can putatively perform a methylation of acetate, and
a Claisen condensation reaction between propionate and arginine (Figure 1.3.B). Interestingly,
the sxt genes have different phylogenetic origins suggesting that several events of horizontal gene
transfer (HGT) were involved in the assembly of the sxz cluster (Moustafa et al., 2009). The sxt
gene cluster has a mosaic structure that in each toxigenic cyanobacterium studied correlates with
its PST profile. The evolutionary time of acquisition of the sxz genes has not been estimated.
However, if we consider the assembly of the sxz gene cluster early in evolution, independent
losses could have given rise to non-toxic strains and the differences found among species may
have occurred via rearrangements during the course of sxz-bearing cyanobacterial evolution. A
different scenario involves a recent assembly of the sxt cluster followed by rapidly-evolving
structural modifications. The endosymbiotic theory for the acquisition of the STX biosynthetic

pathway in dinoflagellates is supported only by the first scenario.
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Figure 1.3 Saxitoxin biosynthesis pathways as proposed early by Shimizu (1996) (A) and recently by Kellmann

et al. (2008a) (B). For more details see text and references.

1.2.3 Regulation of cyanotoxin production

Understanding the factors that affect cyanotoxins production would provide a tool to
monitor and prevent the emergence of toxic blooms of cyanobacteria. Production of cyanotoxins
in cyanobacteria appears to be constitutive, but evidence suggests that the environmental
conditions of a bloom may alter the levels of toxin produced. Various studies have focused on the
environmental factors that may influence changes in the production of toxins. Exposing toxic
cyanobacteria to different ecological regimes, involving variable temperature, light, nitrogen,
iron, phosphate, predators, and other microorganisms, has revealed changes primarily in toxin
profile. For example, for the production of microcystins, a correlation between toxin profile and
light intensity or after supplementation with aminoacids was observed in the cyanobacterium
Planktothrix agardhii (Tonk et al., 2005, 2008). The shifts in the toxin profile were accompanied

by a modulation of the mcy4 gene for microcystins biosynthesis. Light was proposed to induce
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toxicity by increasing iron uptake in Microcystis aeruginosa (Utkilen & Gjolme, 1995). The mcy
gene cluster in contains a promoter region for a Fur (ferric uptake regulator) regulator, suggesting
that the mcy genes might be regulated by iron (Martin-Luna ez al., 2006).

Studies on cylindrospermopsin production have been carried out in two cyanobacterial
species, Aphanizomenon ovalisporum and Cylindrospermopsis raciborskii. Modulation of N
sources (ammonium and N deprivation) and light intensities in C. raciborskii showed that higher
toxin concentrations were produced under N deprivation and at elevated light intensity, where
high light cultures grew at similar rates than those grown at moderate light intensities (Saker &
Neilan, 2001, Dyble et al., 2006). Toxin measurements were only performed in exponential
phase, and gene expression data were not available at that time. In 4. ovalisporum, starvation for
sulfate, phosphorous (P) and N produced a reduction of the cellular CYN content; whereas
increasing light intensity resulted in a larger accumulation of CYN in the cells and in the medium
(Shalev-Malul et al., 2008, Bacsi et al., 2006). Transcript levels of the CYN biosynthetic genes
aoaA and aoaC (equivalent to cyrd and cyrC of C. raciborskii) were measured in the high light
and N starvation experiments. Independent of the amount of toxin recorded, transcript levels
decreased in both treatments indicating that toxin production is regulated by additional
mechanisms. An ArbB regulator was found to bind the upstream region of the aoad and aoaC
genes, but no further experiments were carried on to demonstrate the involvement of this
transcriptional regulator on CYN biosynthesis (Shalev-Malul ef al., 2008).

Similar ecological parameters were modulated in Aphanizomenon flos-aquae and C.
raciborskii, both producers of different PST analogues. The amount of produced toxins was not
affected in P-limited cultures of A. flos-aquae, but the proportion of the different PST analogues
changed along with the culture age, towards an increase of the most toxic variant STX. In
contrast, N deprivation increased toxin production (cell quota) at the end of the growth phase
(Dias et al., 2002), but again, in a diazotrophic organism such as A. flos-aquae, N limitation is
rapidly overcome by N, fixation and implications of N limitation at later stages of growth cannot

be inferred.

1.3 Cyanobacterial nutrient physiology and nitrogen metabolism

Diazotrophic cyanobacteria, such as the filamentous 7Trichodesmium erythraeum and other

unclassified unicellular picocyanobacteria, are of particular importance in oligotrophic oceans
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since they are indispensable to maintain nitrogen (N) recycling (Capone et al., 1997, Montoya et
al., 2004). Between 160-3,600 pmol N m™ d' are recycled by Trichodesmium spp. N, fixation
alone in the North Atlantic (Capone et al., 2005, Carpenter & Romans, 1991, Lipschultz &
Owens, 1996) and up to 3,955 pmol N m™ d”' was estimated for unicellular picocyanobacteria
from the North Pacific (Montoya et al., 2004). Thrichodesmium blooms occur in tropical and
subtropical oceans where denitrification depletes the available N and growth can be limited by
phosphorus (P) and Fe (Arrigo, 2005), but they are not found in the more productive waters of
estuaries and coastal seas. Most species of filamentous diazotrophic cyanobacteria inhabit fresh
and brackish waters where after their decay, they help to maintain the N pool available for non-
diazotrophs (Vahtera et al., 2007). In freshwaters, as in marine environments, diazotrophs are
dominant under P and N limitation, consequently; N limitation in lakes will shift the
cyanobacterial population from non-N, fixers to N, fixers (Schindler ez a/., 2008).

Cyanobacteria can metabolize several forms of nitrogen, inorganic N in the form of
ammonium, nitrate or nitrite or organic N as cyanate, urea, and some amino acids, and
atmospheric N, in the case of N, fixers. The strategy followed depends on the environment and
reflects the evolutionary adaptation of cyanobacteria to their environment.

Nitrogen fixation is carried on by the nitrogenase enzymatic complex that is irreversibly
inactivated by atmospheric oxygen (O,). Cyanobacteria have thus, evolved various strategies to
separate N, fixation from O;-generating photosynthesis. As stated before, cyanobacteria from
Subsections IV and V develop heterocysts to protect the nitrogenase and therefore can fix N, in
parallel with photosynthesis. Unicellular cyanobacteria, incapable of cellular differentiation,
separate N, fixation and photosynthesis into two different temporal phases in the cell cycle
(Mitsui et al., 1986). Trichodesmium erythraeum, locates the nitrogenase in groups of 3-20
contiguous cells within the filament, called diazocytes (Bergman & Carpenter, 1991, Fredriksson
& Bergman, 1997), and reduces photosynthesis when N, fixation is at its maximum (Berman-
Frank et al., 2001).

Ammonium, the most reduced form of N, at high concentrations (mM) enters the cells by
passive transport. Oxidized forms of N are enzymatically reduced to ammonium, which is
incorporated into carbon skeletons by the glutamine synthetase-glutamate synthase pathway (GS-
GOGAT) (Figure 1.4). At low concentration, some N sources are incorporated by active transport
into the cells, which in sum make these reactions more energetically costly; thus, ammonium is

the preferred source for cyanobacteria. When ammonium is depleted from the medium, several
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genes involved in the uptake and reduction of alternative N sources, along with degradation of
photosynthetic pigments are activated, and genes for CO; fixation are repressed. This cascade of
responses, ensuring a balance between N regulation and C:N sensing is known as nitrogen
control, where 2-oxoglutarate plays a central role (Herrero et al., 2001). Cyanobacteria lack 2-
oxoglutarate dehydrogenase, the enzyme responsible for the conversion of 2-oxoglutarate in
Succinyl CoA in the tricarboxylic acid cycle (TCA). Hence, the only possible fate of 2-
oxoglutarate is its incorporation into ammonium via the GS-GOGAT cycle (Vazquez-Bermudez
et al., 2000) (Figure 1.4), which makes 2-oxoglutarate an indicator of the C:N ratios. Nitrogen
metabolism in cyanobacteria is thus, regulated internally by the incorporation of ammonium into
the carbon skeletons, (i.e. levels of 2-oxoglutarate) instead of the intracellular concentration of

ammonium.
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Figure 1.4 Main nitrogen assimilation pathways in cyanobacteria. The scheme was adapted from Flores &
Herrero (2005). At low concentration, the different nitrogen sources are incorporated by specific transporters and
atmospheric nitrogen (N,) by diffusion. Combined N sources are metabolized to ammonium, which is incorporated
into carbon skeletons through the glutamine synthetase—glutamate synthase pathway. Nitrogen is then distributed
from glutamine or glutamate to the other N-containing organic compounds. Nrt, ABC-type nitrate/nitrite transporter;
Urt, ABC-type urea transporter; Amt, ammonium permease; Nar, nitrate reductase; Nir, nitrite reductase; NifHDK,
nitrogenase complex; FdxH, heterocyst-specific ferredoxin; PEP carboxylase, phosphoenolpyruvate carboxylase; 2-
OG, 2-oxoglutarate; GS, glutamine synthetase; GOGAT, glutamate synthase. Nitrogenase and FdxH are boxed to
note that in some filamentous cyanobacteria N, fixation takes place in heterocysts.
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Two central regulators of N control are NtcA and the signaling protein PII. NtcA is a
transcriptional regulator for most of the genes involved in N control (Herrero et al., 2004). NtcA
binds to a conserved box upstream its gene targets; depending on the distance of the binding box
to the transcription start point (tsp), gene targets are activated or repressed; although most of the
NtcA targets are induced (Luque & Forchhammer, 2008). In the presence of ammonium, ntcA4 is
transcribed at basal levels (Luque ef al., 1994, Ramasubramanian et al., 1996, Lindell et al.,
1998), but upon N-deprivation, the increase in the 2-oxoglutarate levels increases NtcA affinity
for DNA through an unknown mechanism triggering the expression (or repression) of NtcA
regulated genes (Vazquez-Bermudez ef al., 2002, Tanigawa et al., 2002). The signaling protein
PII is the gene product of g/nB, a target of NtcA. PII proteins are conserved in bacteria, Archaea
and plants where they regulate various aspects of N-metabolism. In Proteobacteria it is known
that PII reversibly changes from an urydylated to a non-urydylated state in response to glutamine
and 2-oxoglutarate (Atkinson et al., 1994). In cyanobacteria, PII is phosphorylated in the
presence of 2-oxoglutarate and ATP and coordinates carbon and nitrogen metabolism. Nitrite
transport and NtcA dependent gene regulation are known targets of PII in cyanobacteria (Lee et
al., 1998, Paz-Yepes et al., 2003).

In heterocyst-forming cyanobacteria, nitrogen control is a more complex process than in
non-heterocystous cyanobacteria. More genes are proposed to play crucial roles in the early
response to N deprivation, whereby in addition to ntcA and g/nB, the transcriptional regulator
nrrA and the peptidase hefR, known as the master gene of heterocyst differentiation, are also
fundamental (Ehira & Ohmori, 2006a, 2006b, Buikema & Haselkorn, 2001). Ammonium-
dependent 2-oxoglutarate levels are also important for heterocyst differentiation; however the
threshold of activation is different for this process. A first threshold is achieved under growth in
an oxidized N-source such as nitrate, in which the levels of 2-oxoglutarate reach a higher level
than with ammonium. These levels cause the activation of NtcA and consequently of the genes
for nitrate uptake and assimilation; they are, however, not high enough to trigger the expression
of hetR or of the regulatory cascade leading to heterocyst differentiation that needs a second and
higher threshold (high concentrations of 2-oxoglutarate) achieved under N-limitation (Zhang et
al., 2006). The expression of hetR and ntcA is autoregulatory (Ramasubramanian ef al., 1996) but
also mutually dependent and it is this mutual dependence that ensures the herR-dependent

transcription of ntcA to continue the process of heterocyst differentiation. The newly produced
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NtcA will then activate the genes for the stages of the differentiation process (Muro-Pastor ef al.,
2002).

Heterocyst differentiation occurs in three temporal steps in which the expression of early
genes produces the commitment of vegetative cells to form heterocysts and the inhibition of
adjacent vegetative cells. The late stages of differentiation include the deposition of the glycolipid
and polysaccharide layers and the expression of nitrogenase genes. In Anabaena sp. PCC 7120
the commitment to heterocyst formation occurs 8 h after N deprivation (Ehira & Ohmori, 2006b,
Buikema & Haselkorn, 2001) and it was shown that this commitment depends on the expression
of hetR from one of the four transcription start points (tsps) (-271) (Rajagopalan & Callahan,
2010). The presence of several tsps in the promoter region of 4etR is an additional example of the
complexity of this process. The role of setR in non-heterocyst cyanobacteria has so far not been

explored.

1.4 Advances in genomics and transcriptomics of cyanobacteria

Advances in cyanobacterial genomic knowledge were first obtained after the release of the
genome sequence of Synechocystis PCC 6803 (Kaneko & Tabata, 1997). This cyanobacterium
became a model organism for the study of photosynthesis and carbon metabolism since is suitable
for genetic transformation and grows heterotrophically with glucose as carbon source (Kufryk et
al., 2002). However, Synechocystis PCC 6803 is not of the same ecological importance as for
example, Prochlorococcus spp. and Synechococcus spp., which are amongst the most abundant
phytoplankton in coastal waters and open oceans, respectively. The discovery of different
ecotypes of Prochlorococcus differing in their light preferences (high- versus low-light adapted)
and forming separated phylogenetic clades opened many questions regarding genomic differences
underlying their phenotypes (Chisholm ef al., 1988, Partensky et al., 1999). Genomic comparison
of two high light-adapted (HL) ecotypes that differ by only 0.8% in 16S rRNA sequences
revealed the presence of genomic islands, suggesting dynamism in Prochlorococcus genomic
structure. Completion and further comparison of 8 additional genome sequences has supported
the findings based on the previous sequenced genomes and showed that each ecotype phylogroup
shares a set of core genes that may be absent in the other, demonstrating the basis of HL and LL

adaptations in Prochlorococcus (Kettler et al., 2007).
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Among filamentous cyanobacteria, the diazotroph Anabaena sp. PCC 7120 (heretofore
referred as Anabaena) develops intercalated heterocysts in a coordinated pattern, in such that a
heterocyst is formed at approximately each 10 vegetative cells. Differentiation of a vegetative cell
to form a heterocyst occurs, however, only in the absence of combined nitrogen. The possibility
of obtaining mutants of Anabaena made this cyanobacterium a model for the study of cellular
differentiation, pattern formation and N, fixation, leading to the sequencing of its genome - the
first for a multicellular cyanobacterium.

Another ten genomes of filamentous and almost 50 of unicellular cyanobacteria have
since been partially or totally sequenced, allowing phylogenomic comparisons to infer the
evolution of this old evolutionary branch. Phylogenomics has allowed deciphering a core
cyanobacterial genome of 1,054 protein coding sequences (CDS) and suggested that the
cyanobacterial ancestor was a non-N, fixing thermophilic microorganism (Mulkidjanian et al.,
2006, Shi & Falkowski, 2008). Extraordinarily, comparative genomic analysis has also identified
the presence of photosynthetic genes in the genomes of three phages from two viral families
distributed among several Prochlorococcus clades, suggesting a back and forth transfer between
host and phage (Lindell et al., 2004). Transcriptomic studies have shown that many of the
differences found at the genomic level are supported by gene expression, whereby phage-encoded
photosynthetic genes are transcribed together with phage DNA replication genes in a unit

(Lindell et al., 2007).

1.5 Cylindrospermopsis raciborskii and Raphidiopsis brookii

The genus Cylindrospermopsis Seenayya et Subba Raju, (1972) belongs to the order
Nostocales and is included into the bacteriological code. Cylindrospermopsis was described as a
tropical organism, with straight and/or curved trichomes and terminal heterocysts. The type
species Cylindrospermopsis raciborskii was originally described as Anabaena raciborskii from a
tropical pond in Java, Indonesia (Woloszynska, 1912). C. raciborskii is considered as a
cosmopolitan highly invasive cyanobacterium because since its first reports in tropical waters
identification of this taxon has expanded to include temperate waters (Padisak, 1997), including
blooms in temperate regions of northern Europe (Wiedner et al., 2007). In Australia, blooms of
C. raciborskii are commonly represented by CYN-producing strains, although this toxin has also

been reported in blooms from northern Europe and south-east Asia (Li e al., 2001a, Wiedner et
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al., 2007). Brazilian blooms of C. raciborskii, in contrast, have only been reported to produce
STX and other PSTs (Lagos et al., 1999, Bouvy et al., 1999), and non-toxic strains are found
scattered worldwide. Unlike most cyanobacteria, Cylindrospermopsis does not form scums on the
surface of the water; instead is present in highest concentrations below the surface from 1 to 3 m
depth (St. Amand, 2002). C. raciborskii has been found in highly eutrophic lakes and reservoirs,
although it seems to have a high affinity for phosphate uptake since it still dominates the
phytoplankton community in low phosphate lakes (Istvanovics et al., 2000). Higher phosphatase
activity was also shown in comparison with Microcystis and Aphanizomenon indicating a greater

capacity for metabolizing organic phosphorous (Wu et al., 2009).

Blooms of C. raciborskii are often associated with Raphidiopsis species. The number of
works reporting the co-occurrence of these two cyanobacteria has increased in the last few years
(Mohamed, 2007, Li et al., 2008); this implies that the nutrient requirements and metabolism are
similar between both genera. Studies of Raphidiopsis species are yet emerging; blooms have been
found in China, Egypt and Brazil (Mohamed, 2007, Li et al., 2008) but there is not much
knowledge on Raphidiopsis physiology. Recently, a new strain of Raphidiopsis brookii grown at
three nitrate concentrations was shown to constitutively produce PSP toxins (Yunes ef al., 2009).
Three classes of toxins are produced among different Raphidiopsis species, anatoxin-a, CYN and
the most recent discovery of the production of PSP toxins by R. brookii.

The genera Cylindrospermopsis and Raphidiopsis are morphologically similar. Both can
present coiled or straight trichomes, and develop akinetes in a single unit or adjacent pairs.
However, Raphidiopsis does not develop heterocysts (Figure 1.5). Cylindrospermopsis and
Raphidiopsis were taxonomically separated based on this morphological criterion (Rippka et al.,
1979). However, these two genera cannot be discriminated at the molecular level (Gugger et al.,
2005). Raphidiopsis resembles C. raciborskii in the morphological stage of a trichome without
heterocysts and it has been suggested that R. mediterranea is only a growth stage of C.
raciborskii (Moustaka-Gouni ef al., 2009). This background indicates that there is an unclear
taxonomical definition of C. raciborskii and Raphidiopsis species, thereby posing an interesting
model for the study of evolution of toxin phenotype, cellular differentiation and nitrogen

metabolism.
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A Cylindrospermopsis o Raphidiopsis

Y

raciborskii CS-505 brookii D9

Figure 1.5 Light microscopy of the two filamentous cyanobacteria studied in this thesis. Cylindrospermopsis
raciborskii CS-505 (A) and Raphidiopsis brookii D9 (B). The different cellular types are indicated: photosynthetic or
vegetative cells, heterocyst and akinetes. Note the pointed end of R. brookii D9 filament; this structure is also
observed in young filaments of C. raciborskii before the development of terminal heterocysts.

1.6 Taxonomic considerations

In this thesis much of the focus is directed towards the genomic and transcriptomic
comparison between Cylindrospermopsis raciborskii CS-505 and Raphidiopsis brookii D9.In this
context it is therefore important to describe inconsistencies in the nomenclature of R. brookii D9
that were deciphered in the course of this thesis work. R. brookii D9 was originally isolated from
a mixed multiclonal culture dominated by a strain designated as Cylindrospermopsis raciborskii
SPC338 isolated from the Taquacetuba arm of the Billings freshwater reservoir in Sao Paulo,
Brazil. Since it was supposed that the mixed culture contained different strains of C. raciborskii,
the new clone was initially called C. raciborskii D9. During the preparation of Publication I,
phylogenetic analysis based on 16S rDNA showed that C. raciborskii D9 grouped with
Raphidiopsis strains and during the culturing time heterocysts were not observed (as would be
typical for Raphidiopsis). These arguments led to the conclusion that the clone belonged to the
genus Raphidiopsis, although it was unclear to which species. As a consequence, C. raciborskii

was renamed as Raphidiopsis sp. D9. In 2009, a Brazilian report on all cyanobacterial species
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isolated during blooms in that country claimed that the mixed culture of C. raciborskii received
from Brazil, corresponded instead to Raphidiopsis brookii SPC339. Based largely upon
morphological analysis, this clarifies a mistake in the nomenclature and the isolate was renamed

Raphidiopsis brookii D9.

1.7 Thesis motivation

The species Cylindrospermopsis raciborskii is of particularly high ecological importance
due to its worldwide expansion which in many cases positions it as the dominant species. Hence,
C. raciborskii i1s known as an invasive, highly competitive species of potential toxicity,
comprising strains able to produce either PSTs or cylindrospermopsin, as well as non-toxigenic
strains. One of the most interesting aspects of this species is that different morphologies are
observed within the growth stages (Singh, 1962). All stages previous to the development of the
heterocysts resemble the morphology of the genera Raphidiopsis, causing problems to
differentiate and isolate both species. Moreover, the differences at the 16 rRNA sequence level
among C. raciborskii CS-505 and R. brookii D9 are close to 0.5%, resembling the differences
between different ecotypes of Prochlorococcus. If R. brookii D9 is seen as an evolutionary stage
of C. raciborskii, differing only in the diazotrophy and heterocystous phenotypes, a genomic
comparison would reveal the extent of genetic similarities among them. Furthermore, both
species are ideal models for the study and separation of the whole regulatory cascade involved in

cell differentiation and nitrogen-stress response that is triggered only under N deprivation.

Another strong aspect favoring a comparative study of these two cyanobacteria is the
evolution of toxin biosynthesis. PSTs are the only toxins produced in both marine dinoflagellates
and cyanobacteria; this fact is one of the strongest arguments for implying the acquisition of the
PSP biosynthesis pathway by dinoflagellates through endosymbiosis of cyanobacteria. In contrast
to the complexity of the dinoflagellate genome (3,000 — 215,000 Mbp), the simplicity of
cyanobacterial genomes offers an alternative model for understanding the pathways involved in

toxin production and gene regulation.

The strains C. raciborskii CS-505 and R. brookii D9 were chosen as models for the study
of toxin production, cell differentiation and evolution of C. raciborskii due to the fact that they

differ in their morphology, geographical origin and toxin profile while being phylogenetically
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closely related. In addition, preliminary estimations by pulsed field gel electrophoresis (PFGE)
indicated a small genome size (about 3 Mb) which made both strains good candidates for genome
sequencing. Since genetic diversity was observed in two closely related unicellular
Prochlorococcus ecotypes, the opportunity to explore the genomic differences of these two

cyanobacteria presenting a multicellular phenotype was a major motivation.

1.8 Outline of the Thesis

This thesis is organized into four core chapters corresponding to four publications where

the candidate is first author and one separate chapter where the candidate is coauthor.

Toxin production in cyanobacteria is an inconsistent phenomenon in which only certain
strains within a species produce toxins. Likewise, several groups of toxins may be produced
within a species. In Publication I, the correlation between the phylogenetic affiliation of C.
raciborskii strains and their toxigenic phenotype was explored. In order to achieve an improved
discrimination between strains, phylogenetic inference was performed by means of two
approaches. The first approach involved a combined analysis of the sequence of a polymorphic
region, the internal transcribed spacer (ITS) of the 16S rDNA. The second made use of a general
genotyping technique, usually applied to distinguish among pathogenic bacteria, generally
clinical isolates that present only small genetic differences. Restriction analysis by pulsed field
gel electrophoresis (PFGE) is hence highly discriminatory. With the latter analysis it was possible
to estimate genome sizes, number of ribosomal operons and to detect the presence of putative
CYN biosynthetic genes in CYN-producers. The candidate laid out the experimental study and
performed DNA isolation, amplifications, sequencing analysis, optimized and performed PFGE
analysis. Phylogenetic analyses were supported by M.M. and Southern hybridizations were
prepared by A.M. The candidate analyzed the data and wrote the paper in collaboration with
AM. and M.V.

The large phenotypic differences between Cylindrospermopsis raciborskii CS-505 and
Raphidiopsis brookii D9, while being phylogenetically closely related (as inferred by ribosomal
and whole genome phylogeny in Publication I, recommended both strains as candidates for
genome sequencing. In Publication II, a comparative analysis of the genomes of C. raciborskii

CS-505 and R. brookii D9 was performed, emphasizing in the unique and common genes of each
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strain and the implications of their presence in the phenotypic differentiation of the strains.
Additionally, this work described the smallest genomes known for filamentous cyanobacteria
allowing a deep analysis into the evolutionary origins of multicellularity, diazotrophy and
heterocyst formation. Finally, the genomic structure and plasticity supporting the need for a
taxonomic reclassification of the genus Raphidiopsis into Cylindrospermopsis was discussed.
Within this study, the candidate was responsible for the isolation of the DNA employed for
sequencing, producing a fosmid library and sequencing the ends of fosmids to aid in the process
of genome closure. She led the genome annotation of unique genes, data analysis and wrote the

manuscript in collaboration with the co-authors.

The genetic structure of the PSP toxin gene cluster in R. brookii D9 (sxt cluster) supported
the pathway proposed by Kellmann et al. (2008a) for the biosynthesis of saxitoxin in C.
raciborskii T3. The sxt gene cluster of D9 is structurally different from that of T3 but in both
strains, the genetic structure of the sxt cluster correlates with the different toxin profiles produced
by each strain. Therefore, a comparative analysis among these two strains and other PST-
producing cyanobacterial species would aid in the understanding of PST biosynthesis among
cyanobacteria. One of the aims of Publication III was to compare the genetic structure with the
toxin profile in C. raciborskii T3 and R. brookii D9, with emphasis on the specific genes encoded
by the D9 sxt cluster. Within this aim, the candidate analyzed the data and wrote a segment of the

manuscript in cooperation with the lead author and co-authors.

Among the phenotypic differences between CS-505 and D9 are the development of
heterocysts (and consequently of diazotrophy) only in CS-505, and the production of two
different groups of toxins by each strain. Genomic data suggested that both gene clusters for the
biosynthesis of the toxins might be N-regulated. Considering the significance of N in the
physiology of the strains, in Publication IV the responses of CS-505 and D9 in toxin production
and gene expression, to alternative N sources were presented. With the availability of the genome
sequences of CS-505 and D9, a dual whole-genome microarray was designed in order to perform
comparative transcriptomics. In this work, the gene expression data were considered with an
integrative view of the genomic differences found for Publication II, and the role of toxins in the
cyanobacterial metabolism were discussed. The candidate designed the experiments in discussion

with U.J and M.V. She performed all laboratory experiments for the molecular analysis,
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functional genomics and analytic chemistry. She analyzed the data and wrote the paper in

consultation with the co-authors.

Although Publication IV gave an overview of the main processes occurring in CS-505
and D9 when grown under a specific N source, the information was restricted to a single point in
the growth curve and therefore it was not possible to explore the dynamics of gene expression.
With this aim, in Publication V gene expression was analyzed in a time series of up to 48 h
under growth with selected N sources. The patterns of gene expression leading to the
development of a terminal heterocyst in CS-505 were discussed based upon data supported by
experimental evidence on the evolution of N, fixation in cultures grown under three different N
sources. Additionally, the dynamics of gene expression of CS-505 were compared with that of D9
in order to get insights into the gene regulation in these two filamentous and multicellular
cyanobacteria that also present a small genome. The candidate designed the experiments in
discussion with U.J and M.V. and carried on growth and N, fixation measurements, RNA
isolations, cDNA synthesis, and microarray hybridizations. She performed all laboratory
experiments for the molecular analysis, functional genomics. She analyzed the data with support

of R.G. The candidate wrote the paper in consultation with the co-authors.
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2.1 Publication I

Toxicity phenotype does not correlate with phylogeny of Cylindrospermopsis

raciborskii strains

Karina Stucken, Alejandro A. Murillo, Katia Soto-Liebe, Juan J. Fuentes-Valdés, Marco A.

Méndez, Moénica Vasquez

2.1.1 Abstract

Cylindrospermopsis raciborskii is a species of freshwater, bloom-forming cyanobacterium. C.
raciborskii produces toxins, including cylindrospermopsin (hepatotoxin) and saxitoxin
(neurotoxin), although non toxin-producing strains are also observed. In spite of differences in
toxicity, C. raciborskii strains comprise a monophyletic group, based upon 16S rRNA gene
sequence identities (greater than 99 %). performed comparative phylogenetic analyses of 16S
rRNA gene and 16S-23S rRNA gene internally transcribed spacer (ITS-1) sequences, and
genomic DNA restriction fragment length polymorphism (RFLP), resolved by pulsed-field gel
electrophoresis (PFGE) of strains of C. raciborskii, obtained mainly from the Australian
phylogeographic cluster. Our results showed no correlation between toxic phenotype and
phylogenetic association in the Australian strains. Analyses of the 16S rRNA gene and the
respective ITS-1 sequences (long L, and short S) showed an independent evolution of each
ribosomal operon. The genes putatively involved in the cylindrospermopsin biosynthetic pathway
were present in one locus and only in the hepatotoxic strains, demonstrating a common genomic
organization for these genes and the absence of mutated or inactivated biosynthetic genes in the
non-toxic strains. In summary, our results support the hypothesis that the genes involved in
toxicity may have been transferred as an island by processes of gene lateral transfer, rather than

convergent evolution.

2.1.2 Introduction

Cylindrospermopsis raciborskii Seenayya et Subba Raju (Woloszynska, 1912) is defined

as a planktonic, filamentous, nitrogen-fixing, terminal heterocystous, freshwater, bloom-forming
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cyanobacterium. Strains of C. raciborskii present two morphologies, with straight or coiled
trichomes (Table 2.1.1), and produce either the hepatotoxin cylindrospermopsin (CYL), a potent
protein synthesis inhibitor (Griffiths & Saker, 2003), paralytic shellfish poisoning (PSP) toxins
(Lagos et al., 1999), or do not produce toxins. Since its first report from in the tropical island of
Java (Indonesia) (Woloszynska, 1912), blooms of C. raciborskii have been reported in diverse
countries of tropical, as well as temperate conditions (Padisédk, 1997). Besides this temperature
dependence, C. raciborskii can grow under different nutrient conditions, with urea, nitrate or
ammonium, as well as by fixation of atmospheric nitrogen (Fuenzalida, 2005, Saker & Neilan,
2001), and at low phosphate concentrations (Istvdnovics et al., 2000), making water supplies
favorable places for the growth of this cyanobacterium. The occurrence of a bloom of C.
raciborskii in a water supply in Palm Island, Australia was associated with the first case of CYL
human intoxication (Bourke er al., 1983), which caused concern among health authorities.
Despite the differences in morphology and growth conditions, toxicity and geographical
distribution, the 16S rRNA gene sequences of strains of C. raciborskii are homogeneous. The
genotypic variation between strains isolated from several geographic regions, showed 99.1 %
sequence identity in the 16S rRNA genes (Neilan et al., 2003). Similarly, studies of strains
isolated in Australia exhibited not less than 99.8% sequence identity, demonstrating that C.
raciborskii 1s a well-defined species (Neilan et al., 2003). A phylogeographic relationship is
apparent among C. raciborskii strains analyzed so far, although correlations between
phylogenetic association (using markers from complete genome sequences) and toxigenic
phenotypes have not been thoroughly explored.

Pulsed-field gel electrophoresis (PFGE) is a genomic tool widely used in epidemiological
analyses of pathogenic bacteria, due to its high discriminatory power (Bisgard et al., 2001).
PFGE restriction patterns may allow for inferring phylogenetic relationships among closely
related strains. In the case of cyanobacteria, PFGE has been useful for discerning relevant
information on genome size and for constructing physical and genetic maps of cyanobacterial
chromosomes (Chen & Widger, 1993). Nevertheless, to date, no PFGE studies have been
performed on C. raciborskii. We investigated genetic variability and genome organization in C.
raciborskii strains, mainly in Australian phylogeographic groups, and analyzed whether the toxic
phenotype is correlated with the phylogenetic relationships.

The goal of this study was to determine whether the presence of toxin genes in C.
raciborskii is the result of convergent evolution or lateral gene transfer (LGT). The first step

corresponded to a phylogenetic analysis based on 16S rDNA plus the 16S-23S rRNA gene
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internally transcribed spacer (ITS-1) sequence and restriction fragment length polymorphism
(RFLP) of the complete genome resolved by PFGE. The second step was to explore, by Southern
blot hybridization, the number and the organization of 16S rDNA genes and to detect in toxic and
non-toxic strains the presence of three genes: aoad, aoaB, and aoaC encoding an
amidinotransferase, a hybrid non-ribosomal peptide synthetase (NRPS)/polyketide synthase
(PKS) and a PKS, respectively, putatively involved in the CYL biosynthetic pathway (Kellmann
et al., 2000).

2.1.3 Results

16S rDNA plus 16S-23S rDNA ITS amplification and sequence analysis

Previous studies have described the inclusion of the 16S-23S rRNA gene ITS (ITS-1)
region in phylogenetic analyses, effectively increasing the levels of discrimination for strains of a
species (Gugger et al., 2005). When we analyzed the strains of this study by PCR-amplification
primers specific for cyanobacteria (Table 2.1.2), two amplification products were observed
(Figure 2.1.S1). All strains of C. raciborskii showed ITS-1 of approximately 430 and 630 bp,
except for C. raciborskii strain D9, which exhibited ITS-1 regions of 400 and 600 bp. The sizes
of the PCR-amplified products corresponded to the lengths of the ITS-1 plus 150 bp from 16S
rRNA genes (the 30 end) and 50 bp from 23S rRNA genes (the 50 end). Therefore, the sizes of
the ITS-1 regions, ITS-1(S) and ITS-1(L), of Australian strains of C. raciborskii were calculated
to be 238 and 394 bp, respectively. The lengths of ITS-1 regions of the Brazilian strain D9 were
174 and 338 bp, with 20 bp missing at the 30 end of the sequences. Basically, the size differences
among the ITS-1 regions are due to the presence of tRNA" and tRNA™* sequences in the longer
one (Figure 2.1.1), as was shown in a previous report (Gugger et al., 2005). Previous analysis of
the ITS-1 regions in C. raciborskii indicated a pattern of only the two tRNAs, although numerous
short domains that are conserved in cyanobacteria are also present in the strains of this study. As
is shown in Figure 2.1.1, the following domains are present: D1, D10, D3, D2, D4 and D5,
required for correct folding of rRNA transcripts (Iteman et al., 2000), the V3 stem loop and,
boxB-boxA anti-terminators, most of them homologous to those observed in E. coli. In the case
of A. circinalis strain ACMBI13 (used as an out-group in the phylogenetic analysis), three
amplified fragments were observed: approximately 600, 700 and 800 bp (Figure 2.1.S1),
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suggesting a minimum of two ribosomal operons in C. raciborskii and three in A. circinalis

strains.
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Figure 2.1.1 Schematic view of alignments for ITS-1(S) and (L) sequences from D9, CS-505, CS-506, CS-507,
CS-508, CS-509, CS-510 and CS-511 strains of C. raciborskii. The conserved domains D1, D10, D2, D3, D4 and
D5, the V3 stem, boxA and boxB anti-terminators are indicated. The sequence of strain K-12 of E. coli was used to
define the positions of conserved domains. The 3° -fragment of the 16S and 5’ -fragment of the 23S rRNA gene
sequences are flanking the ITS-1 region. The white spaces correspond to sequence gaps in the ITS-1(S) compared
with ITS-1(L).
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Phylogenetic analysis based on 16S rRNA genes and associated ITS regions

Unlike other studies (Iteman et al., 2000, Neilan ef al., 2003) in which the 16S rRNA gene
or ITS-1 region sequences were considered, this study utilized both the 16S rRNA gene sequence
and the ITS-1 region sequence for the analyses. The idea was to complement the information
contained in both sequences for more robust resolution, through PCR amplification, using
suitable primers (Table 2.1.2), cloning and sequencing of the PCR-amplification products of each
type of ribosomal operon from all C. raciborskii and A. circinalis ACMBI3 strains. The analyses
revealed high sequence identities between Australian strains of C. raciborskii (99.9%), although
the values decreased to 99.8% when Brazilian strain D9 sequences were included in the analysis
(data not shown). When the sequences of 16S rRNA genes, coupled with the associated ITS-1
regions, were analyzed, the intra-strain variation between 16S rRNA gene sequences and the
congruent [TS-1(S) or ITS-1(L) was observed to be greater than the variation between sequences
from the different C. raciborskii strains used in this study. In each analysis, congruence was

observed between the NJ and MP trees obtained. Furthermore, these analyses exhibited different
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topologies depending on the gene analyzed, ITS-1 (S) or ITS-1 (L). These results suggested that
the two operon sequence types have evolved independently (Figure 2.1.S2). The ITS-1 (L)
sequences from the strains of this study were compared with the ITS-1 sequences of other
cyanobacteria, present in the GenBank data base (see Materials and Methods). As shown in
Figure 2.1.2, the strains of C. raciborskii of this study clustered with the three Australian strains,
but split into two evolutionary branches. No correlation was observed between the toxin
phenotypes and the phylogenetic relationships. The D9 strain clustered with other Brazilian
strains, supporting the previous results on the phylogeographic clustering of C. raciborskii strains

(Neilan et al., 2003).

CS-510 Australia NT
CS-511 Australia CYL
CYA 026J Australia CYL
CS-505 Australia CYL

. C5-508 Australia NT

CYP 023 Australia ND
CYP 030 B Australia ND
CS-509 Australia NT
CS-507 Australia NT
CS-506 Australia CYL
PMC 115.02 Senegal NT
100 PMC 117.02 Senegal NT
81 PMC 98.14 France ND
70 PMC 99.12 France ND
100 100 ACT 9502 Hungary CYL like
CYLI 53 Germany ND
100— PMC 114.02 France ND
100} L— PMC 118.02 Senegal NT
[ | Raphidiopsis sp ITEP 018 Brazil ND
PMC 99.06 Mexico ND
100 100 Raphidiopsis sp ITEP 007 Brazil NT
Raphidiopsis sp ITEP 005 Brazil NT
77 ———— D9 Brazil PSP Toxins
Anabaena circinalis ACMB13 PSP Toxins
100 Synechoccus sp RCC307 ND
L— Synechoccus sp UW 140 ND
Aphanizomenom ovalisporum ILC 146 CYL
Anabaena lemmermanii 262 NT

100

Figure 2.1.2 Phylogenetic inference of C. raciborskii strains based on 16S-23S rDNA ITS-1(L) sequence
comparisons. The dendrogram was inferred with the NJ method using p distance. The values over the nodes
represent the percentage bootstrap values (1000 resamplings). The distribution of the toxin type is shown with the
following abbreviations: CYL: cylindrospermopsin; NT: non-toxic; PSP: paralytic shellfish poisoning and ND: not
described.
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Phylogenetic analysis based on RFLP resolved by PFGE

The two RFLP analyses performed with Mlu 1 and Xho 1 and resolved by PFGE allowed
the establishment of a distance matrix based on the presence or absence of individual restriction
fragments for each strain. The cluster analysis (Figure 2.1.3) obtained with RFLP-PFGE data
showed one branch, including the non-toxin producing strains CS-507 and CS-508, and a
separate branch, including the non-toxin-producing strain CS-510 and CS-511, a CYL-producing
strain (the analysis was supported with the maximum bootstrap value, 100%). The CS-505 strain,
a CYL-producer, grouped with the CS-510 and CS-511 branch, although distant from CS-506,
another CYL-producing strain. These results agree with the phylogenetic inference based on the
16S rRNA gene plus ITS-1 sequences, as well as a phylogenetic inference based upon ITS-1(L)
sequence data, alone. This demonstrates that even when the complete genome is considered in the
analysis, such as by RFLP-PFGE analysis of genomic DNA, there is no correlation between

phylogenetic relationship and toxic phenotype.

D9 PSP toxins

CSs-505 CYL

CS-507 NT

E— 100

CS-508 NT

{ CS-510NT
CS-511 CYL

CS-506 CYL

CS-509 NT

Figure 2.1.3 Phylogenetic inference based on the genomic DNA RFLP profile resolved by PFGE, using Xho 1
and Mlu I enzymes. A distance matrix was constructed, based on the presence or absence of restriction fragments in
each PFGE gel. The MP algorithm was used (Length: 195 steps, IC: 0.5744; IR: 0.4503). The values over the nodes
represent the percentage bootstrap values (1000 pseudoreplicates), only values over 70% are shown. The distribution
of toxicity type is shown using the following abbreviations: CYL: cylindrospermopsin; NT: non-toxic; PSP: paralytic
shellfish poisoning.
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Genomic distribution of the 16S rRNA gene

Although the 16S rRNA gene sequence is generally uninformative at the strain level, the
genomic distribution of the rRNA gene sequence can provide information about the phylogenetic
association among strains of species within the same genus (Iteman ef al., 2000). RFLP analysis
with Xho 1 digestion were selected for Southern blot hybridizations of 16S rRNA sequences
(amplified with the cyanobacterial-specific primers CYA106F/CYA781R (Table 2.1.2)) since
this enzyme did not cut within the 16S rRNA gene sequences of the strains assayed. The results
shown in Figure 2.1.4 demonstrated that all strains have at least three 16S rRNA gene sequence
types and, therefore, probably three ribosomal loci. The distribution of this sequence type is not
exactly the same but in fragments with very similar sizes among all the Australian strains. The
differences were slight suggesting a common genomic organization, although genome sequencing
is the only definitive test. The D9 strain showed a different pattern, with one of the hybridizing
loci in a different restriction fragment of approximately 80 Kb (Figure 2.1.4). These results
correlated with all previous phylogenetic analyses in which strain D9 has been found to be

distantly related to the Australian strains.

CS-505

(2]
Q
0
)
&)

X
x

©
o
i
%)
&)
"

k
$

110Kb

o
(&)
+
80Kb
60Kb

Figure 2.1.4 16S rRNA Southern blot hybridizations. The hybridization probe corresponds to a PCR product of
663 bp of the 16S rRNA gene 5’ region obtained with primers CYA106F/ CYA781R. V. parahaemolyticus strain KX
digested with Not I restriction enzyme served as a molecular weight marker.
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Genes putatively involved in CYL biosynthesis

Given the non-correlation of toxic phenotype and phylogeny, the genes putatively
involved in the CYL biosynthetic pathway (Kellmann et al., 2006) were analyzed to determine
whether they are present in the non-toxic C. raciborskii strains. First, the aoad, aoaB and aoaC
genes, encoding an amidinotransferase, a hybrid NRPS/PKS and a PKS, respectively, were
amplified by PCR with the primers CYLATF/CYLATR, CPSF/CPSR and A205PKF/A205PKR
(Table 2.1.2; Figure 2.1.S3). A product of the expected size for the aoaC gene was obtained from
the three CYL-producing strains (CS-505, CS-506 and CS-511) and only non-specific
amplification was observed in other strains. In the case of the aoaB gene sequence, the CYL
producers showed the expected product size (strong band) and a weak amplification of the
estimated product size observed from the non CYL producers. The presence of the CYL
biosynthetic genes in one or more than one locus in the genome of a strain was confirmed, and
also checked as to whether the genes could also be present in non-toxic strains, with the amplified
product of each gene as a hybridization probe in a Southern blot analysis (Figure 2.1.S4). The
three probes hybridized specifically to the CYL-producing strains and only in one unique
position, in the same size range (110 Kb), thus demonstrating that the three genes are conserved
within CYL-producing strains. The three genes were observed to be located close to each other in
the genomes, suggesting a cluster organization of the toxic genes in the genomes of CYL-
producing strains. The cluster, with all the genes required for CYL biosynthesis, regulation, and
export of the toxin, has been estimated to be approximately 43 Kb in size (Mihali et al., 2008)
and can be completely contained in the 110 Kb hybridization fragment. The complete CYL
biosynthesis cluster may be hypothesized to be present only in CYL-producing strains and absent
in non-producing ones, suggesting a loss or acquisition of large genomic fragments, rather than
gene mutation or an inactivation process. This hypothesis is supported by the lack of correlation

between phylogenetic relationships and toxic phenotype in C. raciborskii species.

2.1.4 Discussion

The genetic variation in 26 C. raciborskii strains isolated from freshwater rivers and
reservoirs from Europe, North and South America, based on 16S rRNA gene sequence
comparisons, has already allowed for delineation of phylogeographic clustering for this species
(Neilan et al, 2003). As we show in the current study, estimation of the phylogenetic

relationships based only on 16S rRNA gene sequence analysis is just a first approach. Neilan ef
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al. (2003) did not analyze the correlation between toxin phenotype and phylogeny with
consideration of the whole genome and additional genetic markers. We improved the resolution
of the phylogenetic analysis for Cylindrospermopsis species (Table 2.1.1), by employing the 16S
rRNA gene sequences associated with the contiguous 16S-23S rRNA gene ITS-1 region
sequences, although relatively little information about ITS regions in cyanobacteria has yet been
accumulated. The data of this study suggest that the number of ITS-1 regions is variable among

different genera of cyanobacteria (Boyer ef al., 2001, Iteman ef al., 2000).

In several cyanobacterial genera, such as Anabaena, Aphanizomenon, Anabaenopsis,
Nostoc, Cylindrospermopsis and Nodularia, the number of ITS-1 regions varies between 1 and 4
(Iteman et al., 2000, Neilan et al., 1997). Among cyanobacteria whose genomes are sequenced,

either four or five rRNA operons have been reported (http://rrndb.cme.msu.edu). Previous reports

and the results of this study including different strains have shown that C. raciborskii contains
two ITS sequence types, ITS-1(L) and ITS-1(S) that differ mainly in the inclusion of tRNA" and
tRNA sequences, a common feature among cyanobacteria. This variability of the occurrence of
tRNA genes, together with the structural domains, D1, D10, D2, D3, D4, D5, the V3 stem loop
and boxB-boxA anti-terminators, are clearly more phylogenetically informative than the 16S
rRNA gene sequence alone and are useful for discriminating higher taxonomic levels (Wang et
al., 2003). Accordingly, the use of the 16S rRNA gene sequence plus 16S-23S rRNA gene ITS-
I(L) and 16S rRNA, plus 16S-23S rRNA gene ITS-1(S), enriches the phylogenetic analysis for
our C. raciborskii strains. The phylogenetic trees generated for each group of sequence types
showed different topologies (Figure 2.1.S2), suggesting a divergent evolution for the different
ribosomal operons in the same strain. This pattern has been observed in prokaryotes with two or
more rRNA operons when these operons are separated by as much as 7Kb, reducing
recombination rates by two orders of magnitude (Lovett ez al., 1994) and allowing the operons to
escape homogenization via homologous recombination and more likely to diverge (Hashimoto ef
al., 2003). This phenomenon could be operating in the C. raciborskii strains analyzed in the

present study.

The ITS-1 (L) sequences of C. raciborskii strains in this study were compared against 20
other ITS-1(L) cyanobacterial sequences available in GenBank (Figure 2.1.2). The high bootstrap
value separating Australian from Brazilian strains indicates that the phylogenetic relationships
among the strains are principally defined by geographical origin, as previously suggested
(Gugger et al., 2005). If we observe the distribution of CYL producing strains in the branch of

Australian strains, it is clear that a correlation between phylogenetic association and toxin
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phenotype for C. raciborskii strains does not exist. However, consistency in the number of
ribosomal operons in the C. raciborskii strains was observed in analyses by Southern blot
hybridization. Partial 16S rRNA gene sequences, PCR-amplified and applied as a probe, served
to establish the presence of at least three ribosomal operons for each strain, whereas the ITS-1
amplification by PCR detected only two types. It seems that, besides the phylogeographic
relationship of the strains, the genome organization is similar among the analyzed strains, i.e. a
similar distribution of ribosomal operon in the Australian strains. The multi-faceted evidence
from this study indicates that the toxic phenotype does not correlate phylogeny with the toxic
phenotype in C. raciborskii strains, leading to questions regarding the mechanisms to explain this
non-correlation. The analysis of genes presumed to be involved in the CYL-biosynthetic pathway
showed that the genes were specific and conserved for the three CYL-producing strains and were
located in the same region in the genome, most probably forming a cluster as has been described
for other non-ribosomal synthesized hepatotoxins (Tillett es al., 2000). The absence of the
complete CYL biosynthetic gene cluster in the non-toxic strains may be explained as the
primordial absence of these genes or via loss of large genomic fragments, rather than by partial
deletions or point mutations. Our data strongly support the LGT process as being responsible for
acquisition or loss of toxin gene clusters in C. raciborskii. We infer, if LGT is a plausible
explanation for generating the toxic phenotype, that the presence of several features related with
this process are expected in the C. raciborskii genome, such as: 1) the presence of tRNA genes
associated with the cluster, which are common integration sites for mobile elements; 2) the
presence of transposases associated with the flanking regions of the cluster, as evidence for a
mobile genomic island conformation; 3) a complete or cryptic phage sequence, capable of
transferring large genomic sequences between bacteria and representing a major driving force for
evolutionary processes (Frost et al., 2005); and 4) a high number of repeated regions, which are
important for reorganization and plasticity of bacterial genomes. These presumptions should be

further elucidated by complete genome sequencing.

Regarding the Brazilian phylogeographical cluster, our results suggest that there is
incongruence in the taxonomic classification of the genera Cylindrospermopsis and Raphidiopsis.
Careful and further analysis must to be done to clarify the taxonomic characterization between
strains of Raphidiopsis and Cylindrospermopsis species. The ecological consequences of
horizontal transfer of such gene clusters responsible for toxin phenotypes between cyanobacteria
are significant because of the spreading and increasing occurrence of cyanobacterial blooms in

freshwater supplies all over the world (Saker, 2000). Furthermore, the co-existence of toxic and
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non-toxic cyanobacteria in the same bloom could generate new toxic strains or, worse yet, new
biosynthetic pathways that give rise to new toxins. Such events have important implications for

future water supply reserve problems with dangerous consequences to human and animal health.

2.1.5 Materials and methods

Strains and culture conditions

Non-axenic cultures of C. raciborskii and Anabaena circinalis were obtained from the
culture collection of the Commonwealth Scientific and Industrial Research Organisation (CSIRO)
(Table 2.1.1). C. raciborskii strain D9 corresponds to a clonal culture isolated from the mixed
culture SPC-338, obtained from the Billings water reservoir, Sao Paulo, Brazil. Strain D9 is
genetically indistinguishable of strain C10, previously described by Castro et al., (2004). More
information, including strain source, morphology and toxicity of strains are detailed in Table
2.1.1. Cyanobacteria were cultured in 250 ml flasks containing 100 ml of MLA medium (Castro
et al., 2004), without aeration, at 25-28 °C, under fluorescent light with a photon flux density of
40 pmol m™ s and on a 12:12-h light/dark photocycle.
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Table 2.1.1 Cyanobacterial strains used in this study

Species Strain Toxin" Morphology  Source Isolated by Reference
D9 STX, GTX2, Straight Billing reservoir, Sao L. Fuenzalida (Fuenzalida, 2005)
GTX3 deSTX, Paulo, Brazil
deGTX2, dcGTX3
CS-505 CYL, doCYL Straight Solomon Dam, North M. Saker (Saker et al., 1999)
(CR1/SDS)? Queensland, Australia
CS-506 CYL, doCYL Coiled Solomon Dam, North M. Saker (Saker et al., 1999)
(CR2/SDC)* Queensland, Australia
CS-507 Non-toxic Straight Townsville, North M. Saker http://www.cmar.csiro.au/microalgae/
(CR3/AQS)* Queensland, Australia
CS-508 Non-toxic Straight Townsville, North M. Saker http://www.cmar.csiro.au/microalgae/
(CR6/AQC)? Queensland, Australia
CS-509 Non-toxic Straight Lake Julius, Townsville, M. Saker http://www.cmar.csiro.au/microalgae/
(CR7/LY)? Queensland, Australia
C. raciborskii CS-510 Non-toxic Straight McKinlay farm dam, North M. Saker Unpublished
(CR5/ANN)* Queensland, Australia
CS-511 CYL, doCYL Straight McKinlay farm dam, North M. Saker Unpublished
(CR5/MCK)* Queensland, Australia
CYP-026J CYL c Bourke, NSW, Australia M. F. Gugger (Gugger et al., 2005)
CYP-023 c c Bourke, NSW, Australia M. F. Gugger (Gugger et al., 2005)
CYP-030B c c Bourke, NSW, Australia M. F. Gugger (Gugger et al., 2005)
PMC115.02 Non-toxic Straight Guiers, Senegal C. Berger (Gugger et al., 2005)
PMC117.02 Non-toxic Flexuous Guiers, Senegal C. Berger (Gugger et al., 2005)
PMC118.02 Non-toxic Straight Guiers, Senegal C. Berger (Gugger et al., 2005)
PMC(C98.14 c c Viry-Chatillon, France M. F. Gugger (Gugger et al., 2005)
PM(C99.12 c c Chanteraines, France M. F. Gugger (Gugger et al., 2005)
PMC114.02 c c Courneuve, France M. F. Gugger (Gugger ef al., 2005)
ACT-9502 Anatoxin-a-like Straight Balaton, Hungary M. Présing (Kiss et al., 2002)
CYL-like
CYLI 53 c Lake Melangsee, Germany M. F. Gugger (Gugger et al., 2005)
PMC(C99.06 c Epazote, Mexico M. F. Gugger (Gugger ef al., 2005)
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DNA extraction and PCR amplification

Genomic DNA was extracted from 20 ml of fresh cyanobacterial culture, using the CTAB
method described by Ausubel e al. (1992). PCR-amplifications of 16S rRNA genes and 16S-23S
rRNA gene ITS-1 regions were performed with primers 27F and 340R (Table 2.1.2). The PCR
reagents for each amplification were: 0.25 U Taq DNA polymerase (Invitrogen®); 3 ml 10X
PCR buffer (Invitrogen®); 2.5 mM MgCl (Invitrogen®); 0.4 mM primers; and 0.93 mM of each
deoxynucleotide. Thermal cycling was performed in an Eppendorf Mastercycler, under the
following conditions: initial DNA denaturation for 3 min at 95 °C; primer annealing for 6 min at
58 °C; primer-extension for 1.5 min at 72 °C; a second cycle of 1.5 min at 95 °C; 3 min at 58 °C;
1.5 min at 72 °C; followed by 29 cycles of 1.5 min at 95 °C; 1.5 min at 58 °C; and 1.5 min at 72
°C; with a final elongation of 10 min at 72 °C. PCR products were checked by electrophoresis in
8 % polyacrylamide gels stained with silver nitrate (Bassam & Gresshoff, 2007). The PCR
reaction for the analyses of putative CYL genes was performed with primers previously described
by Kellmann et al. (2006), in 30 ml reaction volumes containing: 1X Taq polymerase buffer; 2.5
mM MgCl,; 0.46 mM of each ANTP; 1 pmol forward and reverse primer; 50-100 ng of genomic
DNA; and 0.3 U of Taq polymerase (Invitrogen®). Thermal cycling was performed in an
Eppendorf Mastercycler. The PCR-amplifications were performed as follows: an initial step of 94
°C for 3 min; 30 cycles of 94 °C, 10 s; 55 °C, 20 s; 72 °C, 1 min; with a final elongation at 72 °C
for 7 min. The PCR products were electrophoresed in a polyacrylamide/bisacrylamide gel (15
%/0.4 %) in a Mini-PROTEAN Electrophoresis system (BIO-RAD®) and stained with silver

nitrate.
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Table 2.1.2 PCR and sequencing primers and target sites

Primer Sequence (5'-3") Target site Reference
MI13F GACGTTGTAAAACGACGGCCAG 2956-2972¢ pGEM®-T Easy vector,
Promega
27F AGAGTTTGATCCTGGCTCAG 8-27 (16S)° (Lane et al., 1985)
CYA106F* CGGACGGGTGAGTAACGCGTGA 106-127 (16S)° (Niibel et al., 1997)
322F TGTACACACCGCCCGTC 1332-1348 (16S)°  (Iteman et al., 2000)
MI13R CACAGGAAACAGCTATGACCATG 176-192¢ pGEM®-T Easy vector,
Promega
CYA781R(A/B) GACTAC(T/A)GGGGTATCTAATCCCATT 781-805° (Nibel et al., 1997)
1492R GGTTACCTTGTTACGACTT 1492-1513 (16S)°  (Lane et al., 1985)
1221R* ATTGTAG(T/C)ACGTGTGTAGCC 1221-1240 (16S)°  (Neilan et al., 1997)
340R CTCTGTGTGCCTAGGTATCC 1999-1979 (23S)°  (Iteman e al., 2000)
CPSF AGTATATGTTGCGGGACTCG 338-357 (aoaB) (Kellmann et al., 2006)
CPSR CCCGCCAAGACAGAGGGTAG 797-816 (aoaB) (Kellmann et al., 2006)
A205PKF AATGACAGAGACTTGTGCGGGG 966-987 (aoaC) (Kellmann et al., 2006)
A205PKR TTATCGGTATTGGTGGTAGCAACT 429-452 (aoaC) (Kellmann et al., 2006)
CYLATF ATTGTAAATAGCTGGAATGAGTGG 13-36 (aoad) (Kellmann et al., 2006)
CYLATR TTAGGGAAGTAATCTTCACAG 1098-1118 (aoad)  (Kellmann et al., 2006)

*Primers used only for sequencing.
°Primer position based on the E. coli numbering of 16S rRNA nucleotides
‘Primer position based on the Synechocystis PCC 6803 ribosomal operon.
Primer position according to pPGEM®-T Easy vector.

Cloning and sequencing of PCR-amplified 16S rRNA gene and I'TS-1 regions

Thel6S rRNA gene plus ITS-1 region PCR-amplification products were separated by

electrophoresis in 0.8 % (w/v) low melting point (LMP) agarose (US Biological), stained with

ethidium bromide (1 %). Bands were excised from the gel and purified using the Wizard® PCR

Purification System (Promega®). Cloning of the purified fragments was done with the pGEM®-

T Easy Vector System (Promega®) and transformed into E. coli DH5a cells, following the

manufacturer’s instructions. Two representative clones of the shorter and longer PCR fragments

of each strain were selected for sequencing. DNA was sequenced directly from plasmids, with

primers M13F, CYA106F, CYA781R(A/B), 1221R, 340R and M13R (Table 2.1.2) and Big Dye

Terminator v3.1. Sequencing reactions were performed in Macrogen LTD (www.macrogen.com)

with an ABI 3730XL sequencer (Applied Biosystems) and POP7 polymer. All sequences were

checked manually.
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RFLP and PFGE

The following protocol was based on those developed for the unicellular cyanobacterium
Prochlorococcus marinus (Hess et al., 1999) and for the bacterium Streptomyces coelicolor
(Alduina et al., 2003). Cyanobacterial cultures (100 ml) were harvested at mid-exponential phase
of growth and washed with sterile water through a 3.0 mm filter, to remove heterotrophic bacteria
in the cultures. The removal of accompanying bacteria from each preparation was checked by
acridine orange staining with epifluorescence microscopy (Hobbie et al., 1977). The washed cells
were resuspended in 500 ml EDTA (50 mM), pH 8.0, and vortex-mixed with 500 ml of preheated
(42 °C) 1.5 % LMP agarose in EDTA (125 mM), pH 8.0. The LMP agarose-cell suspension was
allowed to solidify and plugs were prepared, using the BioRad® system. Agarose plugs were
incubated with 5 ml of ESP buffer [EDTA (0.5M), pH 8.0; N-lauroylsarcosine 1 % (w/v);
proteinase K 1 % (w/v)] at 55 °C for 24 h, and for another 48 h with a lower concentration of
proteinase K (0.05 % w/v) in ESP buffer, changing fresh buffer every 24 h. Agarose plugs were
washed for 1 h in 5 ml of TE25Suc solution (EDTA (25 mM), pH 8.0; Tris (25 mM), pH 8.0;
Sucrose (0.3 M)) containing 1 pl - ml” of 0.1M phenylmethylsulfonylfluoride (PMSF), and
finally washed three times in TE buffer (Tris-HCI (10 mM); EDTA (1 mM), pH 8.0). The agarose
plugs were kept in 0.5 M EDTA ( pH 8.0) at 4 °C, until used. For restriction analysis, in situ
digestion was performed with Mlu I and X#ho 1 restriction enzymes (Fermentas) as follows: half of
a plug was washed three times (1 h each time) with TE buffer at room temperature; then each
plug was equilibrated in 250 ml of restriction endonuclease buffer at room temperature for 1 h;
the buffer was then replaced by a 250 ml reaction mixture containing 20 U of restriction
endonuclease; and DNA was digested overnight at 37 °C. Electrophoresis was performed at 14
°C with a CHEF DRII system (BioRad®), in 1.2 % agarose (BioRad®) in 0.5 X TBE buffer
supplemented with 50 mM thiourea. The field strength was maintained constant at 6 V - cm™.
The pulse times were set according to the sizes of the fragments, with pulses between 0.1-25 s
for duration of 21 h, for fragments obtained after Xho I digestion, and two blocks of pulses
between 1-18 and 3—80 s for duration of 10 h duration each, for fragments obtained after Mlu I
digestion. Finally, the gels were stained with ethidium bromide and visualized in a UV

transilluminator.

41



PHYLOGENY OF C. RACIBORSKII

Phylogenetic analysis based on 16S rRNA gene and associated I'TS-1 sequences

For the 16S rRNA genes and associated ITS-1 regions of C. raciborskii strains, sequences
of cloned PCR amplification fragments between 1,735 and 1,920 bp were edited using the
BioEdit program package (Hall, 1999), and aligned with options of ClustalW (with default
parameters) and checked by the SILVA rRNA database (http://www.arb-silva.de). Amplified
fragments of 1,683 and 1,820 bp, corresponding to the 16S rRNA gene plus ITS-1(S) (shorter) or
ITS-1(L) (longer), respectively, were analyzed individually. The sequences of the same region
from A. circinalis ACMBI13 were utilized as out-groups. Edited sequences of uniform size were
used in all analyses. Primer sites and ambiguous regions observed in the alignments were
excluded. The longer ITS-1 sequences (504 bp) of all C. raciborskii strains utilized in this study
were obtained from GenBank. The accession numbers are: AJ582284 (ITEP-A3); AJ582283
(PMCO00.01); AJ582282 (PMC99.06); AJ582281 (CYLI 53); AJ582280 (ACT-9502); AJ582279
(PMC114.02); AJ582278 (CYP-023); AJ582277 (CYP-030B); AJ582276 (ITEP-018); AJ582273
(PMC99.12); AJ582271 (PMC117.02); AJ582270 (PMC118.02); AJ582269 (CYP-026));
AJ582268 (PM(C98.14). The ITS-1(L) sequences of other filamentous and nitrogen-fixing
cyanobacteria belonging to the order Nostocales were used as outgroups: A. circinalis ACMB13
(EU636199, determined in this study); Aphanizomenon ovalisporum ILC-146 (AY335547);
Anabaena lemermanni 262 (AJ293101); and the unicellular cyanobacteria of the order
Chroococcales: Synechococcus sp. RCC307 (DQ351316) and Symnechococcus sp. UW 140
(DQ351315). Phylogenetic analysis by maximum parsimony (MP), neighbor joining (NJ), and
maximum likelihood (ML) were performed with the PAUP* program package (Swofford, 2003).
MP included the following options: exhaustive research; tree bisection-reconnection (TBR); and
ACCTRAN. NJ included p-distance options. For the ML analysis, the best evolutionary model
was selected according to the Akaike information criterion (AIC), using the program ModelTest
3.06 (Posada & Crandall, 1998). The statistical confidence of the nodes was evaluated by 1000

bootstrap pseudoreplicates (Felsenstein, 1985) for all analyses.
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GenBank accession numbers

The 16S rRNA gene and ITS-1 nucleotide sequences described in this study have been
deposited in the GenBank database under accession numbers: Raphidiopsis sp. D9 16S+ITS-1(S)
(EU552070); Raphidiopsis sp. D9 16S+ITS-1(L) (EU552069); CS-505 16S+ITS-1(S)
(EU552062); CS-506 16S+ITS-1(S) (EU552063); CS-507 16S+ITS-1(S) (EU552064); CS-508
16S+ITS-1(S) (EU552065); CS-509 16S+ITS-1(S) (EU552066); CS-510 16S+ITS-1(S)
(EU552067); CS-511 16S+ITS-1(S) (EU552068); CS-505 16S+ITS-1(L) (EU552055); CS-506
16S+ITS-1(L) (EU552056); CS-507 16S+HITS-1(L) (EU552057); CS-508 16S+ITS-1(L)
(EU552058); CS-509 16S+ITS-1(L) (EU552059); CS-510 16S+ITS-1(L) (EU552060); CS-511
16S+ITS-1(L) (EU552061).

Phylogenetic analysis-based RFLP resolved by PFGE

A binary matrix was constructed based on the presence or absence of 59 and 58 restriction
fragments obtained with the Mlu I and Xho 1 enzymes, respectively. MP analysis was performed
with PAUP* v4.0b10 (Swofford, 2003), conducted using equal weight parsimony (heuristic
search, 10 random addition replicates, TBR and branch and swapping options). Nodal support

was estimated with 1000 parsimony bootstrap pseudo-replicates (Felsenstein, 1985).

Southern blot analysis

DNA from seven strains of C. raciborskii, digested with Xho 1 restriction enzyme
(Fermentas®) and resolved using PFGE, were transferred to nylon membranes (GeneScreen Plus)
and Southern blot hybridizations were carried out with different probes: a PCR product (663 bp)
from the 16S rRNA gene 5’ region obtained with primers CYA106F/CYA781R; a PCR product
(478 bp) from a NRPS-like sequence; a PCR product (514 bp) from a PKS-like sequence; and a
PCR product (1,105 bp) from a putative amidinotransferase enzyme. The probes were labeled
with biotin in a random primer reaction (KPL, DNA Biotinylation Kit) and detected via a
chemiluminescent reaction (KPL, Detector HRP Chemiluminescent Blotting Kit). The molecular
weights of the digested DNA fragments were estimated with reference to Vibrio
parahaemolyticus strain KX DNA digested with Not I restriction enzyme as a molecular marker

(data not shown).
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2.1.6 Supplementary material
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Figure 2.1.S1 PCR products of the ITS region from the C. raciborskii strains CS-505-CS-510, Raphidiopsis sp.
D9, and A. circinalis ACMBI13. The presence of two amplification products of different sizes in C. raciborskii and
Raphidiopsis sp. D9 suggests that at least two ITS regions (and therefore ribosomal operons) are present in these
strains but the size differences show the divergence of strain D9 with respect to C. raciborskii. A. circinalis as
outgroup, has at least three ITS regions of larger size than Raphidiopsis and C. raciborskii. Electrophoresis was
carried on an 8% polyacrylamide gel, and DNA was visualized by silver nitrate staining. 100 bp plus (Fermentas ®)
was used as molecular weight marker.
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Figure 2.1.S2 Phylogenetic inference of C. raciborskii strains based on sequences of (A) 16S rDNA plus 16S-
23S rDNA ITS (S) and (B) 16S rDNA plus 16S-23S rDNA ITS (L). Trees were inferred from Neighbor Joining
(NJ), Maximum Parsimony (MP), and Maximum Likelihood (ML) methods. Values over nodes represent the
percentage of 1000 bootstrap pseudoreplicates (NJ/MP/ML).
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Figure 2.1.S3 PCR amplification with primers A205PKF/R (514bp), CPSF/R (478bp) and CYLATF/R
(1,105bp). Primers are specific for sequences putatively associated with the production of CYL. Strains CS-505, 506
and 511 showed the predicted amplification product for the tree sequences, while in the case of PKS-like sequence
(aoaC) the other strains showed non-specific amplifications (A). For the hybrid nonribosomal peptide
synthetase/polyketide synthase sequence (aoaB) we observed a weak amplification of the predicted product in the
other strains (B) and amidinotransferase PCR product (aoad) was specific for the tree three CYL-producing strains

©).
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Figure 2.1.S4 Southern blot analysis of the putative CYL biosynthesis genes. The following PCR products were
used consecutively as probes: (A) 514 bp fragment of the polyketide synthetase b-ketosynthase domain (PKS-like
sequence); (B) 478 bp fragment of peptide synthetase A domain (hybrid nonribosomal peptide synthetase/polyketide
synthase sequence); (C) 1,105 bp fragment of putative amidinotransferase enzyme. The hybridization was specific
for the three CYL-producing strains for each probe. Target genes (indicated by the arrow) are located in the same
position in the genome.
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The smallest known genomes of multicellular and toxic cyanobacteria:
comparison, minimal gene sets for linked traits and the evolutionary

implications

Karina Stucken, Uwe John, Allan Cembella, Alejandro A. Murillo, Katia Soto-Liebe, Juan J.

Fuentes-Valdés, Maik Friedel, Alvaro M. Plominsky, Moénica Vasquez and Gernot Gléckner

2.2.1 Abstract

Cyanobacterial morphology is diverse, ranging from unicellular spheres or rods to
multicellular structures such as colonies and filaments. Multicellular species represent an
evolutionary strategy to differentiate and compartmentalize certain metabolic functions for
reproduction and nitrogen (N,) fixation into specialized cell types (e.g. akinetes, heterocysts and
diazocytes). Only a few filamentous, differentiated cyanobacterial species, with genome sizes
over 5 Mb, have been sequenced. We sequenced the genomes of two strains of closely related
filamentous cyanobacterial species to yield further insights into the molecular basis of the traits of
N, fixation, filament formation and cell differentiation. Cylindrospermopsis raciborskii CS-505 is
a cylindrospermopsin-producing strain from Australia, whereas Raphidiopsis brookii D9 from
Brazil synthesizes neurotoxins associated with paralytic shellfish poisoning (PSP). Despite their
different morphology, toxin composition and disjunct geographical distribution, these strains
form a monophyletic group. With genome sizes of approximately 3.9 (CS-505) and 3.2 (D9) Mb,
these are the smallest genomes described for free-living filamentous cyanobacteria. We observed
remarkable gene order conservation (synteny) between these genomes despite the difference in
repetitive element content, which accounts for most of the genome size difference between them.
We show here that the strains share a specific set of 2539 genes with >90% average nucleotide
identity. The fact that the CS-505 and D9 genomes are small and streamlined compared to those
of other filamentous cyanobacterial species and the lack of the ability for heterocyst formation in

strain D9 allowed us to define a core set of genes responsible for each trait in filamentous species.
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We presume that in strain D9 the ability to form proper heterocysts was secondarily lost together
with N, fixation capacity. Further comparisons to all available cyanobacterial genomes covering
almost the entire evolutionary branch revealed a common minimal gene set for each of these

cyanobacterial traits.

2.2.2 Introduction

Cyanobacteria are among the most successful primary producing aquatic organisms,
having populated the Earth for approximately 2.8 billion years (Des Marais, 2000). Extant species
are major (occasionally dominant) components of marine, brackish and freshwater environments,
where they play crucial roles in global biological solar energy conversion and nitrogen (N3)
fixation, but are also found in terrestrial ecosystems (in mats), and as extreme thermophiles in hot
springs and polar ice. In high biomass concentration, cyanobacteria are responsible for noxious or
harmful algal blooms (HABs), and this phenomenon is compounded by the fact that some
cyanobacteria also produce potent cyanotoxins (microcystins, nodularins, saxitoxins, anatoxins,
cylindrospermopsins, etc.), which have been classified according to their mode of action and
effects on mammals (Sivonen & Jones, 1999).

Cyanobacteria have evolved alternative morphologies, including unicellular and diverse
multicellular forms ranging from simple colonies to branched filaments. Phylogenetic analysis
has suggested that cyanobacteria capable of cell differentiation are monophyletic (Tomitani et al.,
2006). Within this monophyletic group some cyanobacteria further evolved from filaments in
which a small number of vegetative cells differentiated into either heterocysts or akinetes (resting
stages). Nitrogen (N;) fixation, or diazotrophy, also appears to be monophyletic among
cyanobacteria although a polyphyletic origin has also been proposed (Shi & Falkowski, 2008,
Swingley et al., 2008). When mineral and organic nitrogen sources, such as nitrate or ammonium,
are depleted from the growth medium, some filamentous cyanobacteria maintain photosynthetic
activity (including O, generation) in vegetative cells and differentiate heterocysts to provide an
anoxic environment suitable for N, fixation (Herrero et al., 2001).

The proposed evolutionary sequence of heterocyst-forming filamentous cyanobacteria is
still under debate. However, a likely scenario is that diazotrophy was first established in
filamentous cyanobacteria (who acquired it either by horizontal gene transfer (HGT) or by

vertical evolution of a not necessarily filamentous ancestor), and only after the establishment of
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diazotrophy, the capacity for heterocyst formation in filamentous diazotrophs developed
(Swingley et al., 2008).

Among filamentous cyanobacteria, the toxigenic species Cylindrospermopsis raciborskii is
highly successful in freshwater environments. This species has been reported to be rapidly
expanding worldwide, from tropical to temperate freshwater bodies (Padisak, 1997). C.
raciborskii can also co-exist with morphotypes assigned to the closely related genus Raphidiopsis
(also with toxic members), which unlike Cylindrospermopsis does not develop heterocysts or fix
N, (Mohamed, 2007).

One remarkable characteristic of some cyanobacteria is their ability to form toxic blooms.
Nevertheless, toxigenicity is not a ubiquitous feature at the generic level or even within a species;
for example, both non-toxic and toxic strains of Cylindrospermopsis and Raphidiopsis have been
isolated from natural populations. The genes responsible for toxin production are organized into
clusters that might be subject to frequent horizontal gene transfer (HGT), a possible explanation
for the evolution and biogeography of both toxigenic and non-toxigenic strains within species or
genera (Kellmann et al., 2008b) Among C. raciborskii strains, two totally different types of
toxins may be produced: the hepatotoxin cylindrospermopsin (CYN), a tricyclic alkaloid inhibitor
of protein synthesis (Falconer & Humpage, 2006), or neurotoxins associated with paralytic
shellfish poisoning (PSP), specifically the tetrahydropurine saxitoxin (STX) and analogues
(Lagos et al, 1999). Cylindrospermopsin is biosynthesized via combined polyketide
synthase/nonribosomal peptide synthetase (PKS/NRPS) pathways (Mihali ef al., 2008), whereas
cyanobacterial STX and its analogues are likely generated by a unique gene cluster recently
described in C. raciborskii strain T3 (Kellmann et al., 2008a) and also in a few other toxic
species (Mihali ef al., 2009). Toxic strains of Raphidiopsis are reported to produce CYN and/or
deoxycylindrospermopsin (doCYN) (Li et al, 2001b), the bicyclic amine alkaloid anatoxin-a
(Namikoshi et al., 2003), which affects mammalian nicotinic acetylcholine receptors, or PSP
toxins (Yunes et al., 2009). These cyanotoxin classes exhibit completely different mechanisms of
action in mammalian systems (Falconer & Humpage, 2006, Llewellyn, 2006) and are also
structurally dissimilar.

Cyanobacteria are of high ecological importance, and given their relatively small genome,
they are an ideal target for genome sequencing and analysis with current genomic tools.
Knowledge gained from such projects has yielded important insights into the evolution of

photosynthesis (Mulkidjanian et al., 2006), and the adaptation of these microorganisms to the
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environment (Rocap et al., 2003). Nevertheless, to date, only 9 filamentous cyanobacteria have
been either completely or partially sequenced.

Comparative genomics has also revealed high genetic variability even between closely
related cyanobacterial strains (Coleman et al., 2006). Our objective was to conduct a genomic
comparison of phylogenetically closely related filamentous cyanobacteria with a particular focus
on the elucidation of the genetic background of their morphological and metabolic differences.
Accordingly, we chose two cyanobacterial strains, C. raciborskii CS-505 and R. brookii D9
isolated from geographically disjunct regions in Australia (CS-505) and Brazil (D9) (Figure
2.2.1). The strains under study have been morphologically classified into different genera, since
D9 produces no functional heterocysts and is therefore unable to fix N,. Nevertheless, based on
16S rDNA analysis they share 99.5% identity and are thus part of the same monophyletic cluster
(Publication I) The two chosen strains also express a radically different toxin profile: while CS-
505 produces exclusively CYN and doCYN, strain D9 produces the PSP-toxin analogues STX,
gonyaulaxtoxins 2/3 (GTX2/3) and the respective decarbamoylated analogues (Publication I).

We sequenced and analyzed the complete genomes of both strains CS-505 and D9, and
thereby found the two smallest genomes thus far described for filamentous cyanobacteria. A
comparative genomic analysis of these strains in relation to other members of filamentous
cyanobacteria allowed us to propose minimal sets of core genes that provide insight into the
evolution of diazotrophy and multicellularity, and heterocyst development in these minimal

genomes.
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Figure 2.2.1 Overview of the main gene clusters involved in nitrogen metabolism and heterocyst development
in strains CS-505 and D9. Transmission electron micrographs in the left panels show the heterocyst of CS-505 and
the apically differentiated cell of D9. Optical micrographs on the right panels exhibit the Alcian blue staining
characteristic of polysaccharides in the heterocyst.
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2.2.3 Results and Discussion
Genome structure comparison

We sequenced the genomes to >20-fold depth with 454/Roche pyrosequencing
technology (Table 2.2.1), thereby rendering >99.9% complete genomes (Lander & Waterman,
1988). Although a number of small gaps caused mainly by repetitive elements remain in both
sequences, it is thus unlikely that we missed a significant portion of the genomes. The additional
sequences of the long and short insert libraries from the Sanger sequencing (Table 2.2.1) also
served to mitigate this deficiency, and the extra Sanger sequences derived from the short insert

libraries were used to correct for 454/Roche technology intrinsic errors.

Table 2.2.1 Sequencing and assembly statistics for the two strains

D9 CS-505
454 GS sequence coverage 27 34
small insert library 188 3909
fosmid library 491 --
finishing reads 253 161
Total sequencing depth 27 35
contigs 157 268
assembled (Mb) 3.20 3.89
contigs >3.5 kb 33 94
largest contig (kb) 543 259
repeats (regions) 53 406
repeats (bases) 53,870 244,280
repeats (% total) 1.7 6.3

An initial assembly of all sequencing data for each strain yielded 182 contigs (larger than
3 kb) for CS-505 and 105 for D9. Due to limitations in the assembly of next generation
sequencing (NGS)-derived, repeated sequences are commonly represented only once in such an
assembly. Thus, only plasmid shotgun and fosmid clone end-sequencing and clone walking
enabled us to close further gaps, such that the current assembly consists of 94 contigs for CS-505
and 33 for D9 (Table 2.2.1). The highly repetitive nature of the remaining gaps prevented us from
reconstructing gap-free genomes.

Contigs lengths circumscribe an overall genome size of 3.89 Mb for strain CS-505 versus

a smaller genome size of 3.20 Mb for D9 (Table 2.2.1); sequences in gaps accounted for an
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additional estimated 100 to 150 kb in both strains. The size of the genomes was further supported
in the assessment by restriction fragment length polymorphism with Pulsed Field gel
electrophoresis (PFGE). The later method rendered an estimated genome size of 3.49 Mb for CS-
505 and 3.09 Mb for D9 using the restriction enzyme Mlu 1. The smaller estimated sizes by PFGE
can be attributed to the low resolution of the some bands in the electrophoresis, which may lead
to an underestimation of the genome sizes (Figure 2.2.S1). Indicative of the presence of plasmids,
we observed a faint band in CS-505 (Figure 2.2.S2) plus a second band (data not shown) of
approximately 30 kb. Plasmids may be integrated into the genome and thereby the plasmid
sequences can be present in the assemblies surrounded by two different sequence environments
(plasmid only sequences or adjacent genome parts), making the integration site a low coverage
region. Thus, if present at all, any plasmids are very likely represented by a single contig in our
assembly.

The genomes we sequenced are almost a factor of two smaller than that of the most
closely related fully sequenced cyanobacterium, Anabaena sp. PCC 7120 (hereafter referred as
Anabaena) (6.41 Mb) (Table 2.2.2). The genome sizes of filamentous cyanobacterial species are
previously reported to range between 5.0 and 8.7 Mb (NCBI database). Curiously, the genomes
of our filamentous cyanobacteria are comparable to the genome size of those of unicellular
cyanobacteria such as Symechocystis sp. PCC 6803 (3.57 Mb). Moreover, the number of
ribosomal operons (3) and regulatory systems in both CS-505 and D9 (81 and 75 sensor-regulator
components, respectively), is more similar to that of Synechocystis sp. PCC 6803 (3 ribosomal
operons and 89 sensor-regulator systems), than to that of the filamentous Anabaena (4 ribosomal
operons and 175 sensor-regulator systems).

Genome reduction is a well-known evolutionary strategy to streamline genomes and get
rid of superfluous functions. This strategy is followed by most obligate pathogens because their
metabolic processes are strongly dependent upon the host. However, free-living cyanobacteria
undergo genome reduction as well (Rocap et al., 2003). The reasons for this genome reduction
phenomenon are unknown, but are likely related to genomic efficiency and relatively lax
selective pressure on certain aspects of metabolism.

The G+C content is similar between both genomes (approximately 40%) and also similar
to that of other fully sequenced genomes of filamentous cyanobacteria (Table 2.2.2). The
genomes share 2,539 clearly orthologous protein coding sequences (CDS) (referred to here as

shared CDS), representing 73.6% and 84.4% of all predicted CDS from CS-505 and D9,
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respectively. We found 112 additional CDS in the CS-505 genome with similarities to D9
counterparts. Further analysis indicated that this surplus of CDS is mainly due to coding parts of
transposable elements. Of the shared genes, the average nucleotide identity is >90% and the rate
of synonymous substitutions is 0.29. These values are similar to those found for conspecific
bacterial strains that have evolved in different ecological habitats (Konstantinidis & Tiedje, 2005)
and are consistent with the level of similarity between 16S rRNA sequences from CS-505 and

DO.

Table 2.2.2 General features of the genomes of strains CS-505 and D9 in comparison with four

other fully sequenced genomes of filamentous cyanobacteria.

D9 CS-505 Avar Anab Tery Npun

Genome size (Mb) 3.20 3.89 6.34 6.41 7.75 8.23
G+C content (%) 40 40.2 41 41 40.8 41
Genes 3,088 3,968 5,134 5432 5,542 6,501
CDS 3,010 3,452 5,039 5,368 4,452 6,087

Function assigned (COGs) 1,979 1,922 3,799 3,892 2,729 0

Unclassified 1,031 1,530 1,244 1,474 2347 6,087
rRNA genes 9 9 12 12 5 12
tRNA genes 42 42 47 48 38 98
Transposases 9 77 57 145 260 112
Phage integrases - 2 10 - 3 22
Repeated regions 53 406
Plasmids ? ? 3 6 - 5
Unique CDS 394 794

Function assigned (COGs) 157 291

Unclassified 237 503

Abbreviations: Avar: Anabaena variabilis ATCC 29413; Anab: Anabaena sp. PCC 7120; Tery: Trichodesmium
erythraeum IMS101; Npun: Nostoc punctiforme PCC 73102. * Function assigned according to COGs

Unique CDS in the genomes

Comparative analysis via Best Bidirectional Hits (BBH) revealed large differences in the
number of unique CDS between the two strains. CS-505 has 794 (23%) unique CDS whereas D9
contains 394 (13%). The presence and number of unique CDS among two closely related strains
may represent the different potential for ecological adaptation and physiological plasticity. This

relationship has been proven, particularly for pathogenic bacterial isolates that acquire
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pathogenicity islands conferring the toxic phenotype (Juhas et al.,, 2009). Even the acquisition of
single genes can yield adaptations to a specific strain. For example, the two ecotypes of
Prochlorococcus marinus MIT9313 and MED4 differ in the presence of certain Photosystem 11
and nitrite transport and reduction genes, among others. These differences correlate with the
distribution of the ecotypes in the water column (Rocap et al., 2003).

The classification of the unique CDS into Clusters of Orthologous Groups (COGs)
showed that for two thirds of the unique CDS no function could be assigned (503 of 794 for CS-
505 and 237 of 394 for D9). Yet of the remainder, there was a homogeneous distribution within
most of the COG categories, indicating common functions between CS-505 and D9 (Figure
2.2.83, Table 2.2.S1). Only a minor fraction of the unique CDS of both strains showed evident
differences in their distribution into the different categories. Those differences were restricted to
seven COGs (Figure 2.2.2) from which only two categories were better represented by D9-unique
CDS: coenzyme and amino acid transport and metabolism. The COG distribution clearly showed
the greater metabolic capabilities of CS-505 than D9 in relation to: 1) secondary metabolite
biosynthesis, transport and catabolism; 2) replication, recombination and repair (this category is
overrepresented partially due to transposons), 3) energy production and conversion, 4) cell cycle
control and 5) cell wall and membrane biogenesis. On closer inspection, most of the identifiable
unique CDS of CS-505 were organized into gene clusters and could be attributed to toxin
production and heterocyst differentiation coupled with diazotrophy. Thus, the lack of these genes
and the scarcity of unique genes in D9 points to the fact that this genome was shaped by gene and

function losses rather than gains.
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Figure 2.2.2 Distribution of the unique CDS of CS-505 and D9 into Cluster of Orthologous Groups (COGs).
Only COG categories over-represented by CDS of CS-505 or D9 are shown (see text for more details). Unique CDS
were obtained by a Best-Bidirectional Hits (BBHs) search between both genomes using a 30% cutoff.

Repetitive elements and synteny

The most prominent difference between the genomes of CS-505 and D9 is the
overwhelming number of repeated insertion elements or transposon-derived sequences in the CS-
505 genome, which accounts for a considerable part of the genome size difference (nearly 0.6 Mb
or 20% of the D9 genome) between the two strains (Table 2.2.1). Repetitive elements are not rare
in cyanobacteria. On the contrary, a high percentage of repeated sequences was found for the
genomes of Crocosphaera watsonii WH8501 (19.8%) and of the only two sequenced Microcystis
aeruginosa strains (11.7% each) (Kaneko et al., 2007, Frangeul et al., 2008). Nevertheless, our
study represents the first time that large differences in repeat numbers have been observed
between closely related strains. A low number (~100) of surplus CDS in the CS-505 genome
reflects apparent gene duplications or functional redundancies. However, since we produced
significantly more large- and small-insert library derived reads for the CS-505 strain from
Sanger-based sequencing, a small portion of the observed genome size difference could be due to
the better resolution of repeats in this strain. Such redundancy of long stretches of nearly identical

sequences also contributes to our difficulties in closing the gaps in the genome sequences,
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particularly for CS-505. The total number of nearly identical repeated sequences with coding
potential in the CS-505 genome accounts for 6.3% of its genome length. In addition, we
identified two phage integrase genes and 77 transposases among them, from which only 28 were

full sequences reflecting possible functionality.

The low number of mobile elements in the D9 genome compared to other cyanobacteria is
indeed remarkable. The presence of only 9 transposases (just one is a full sequence), 53 repeated
regions and no phage integrase genes points to a high plasticity of the CS-505 genome relative to
the transposon-poor genome of D9 (Table 2.2.2). Pursuit of repeated sequence elements not
necessarily coding for proteins, employing a strategy described in Abouelhoda et al., (2004) (see
methods), allowed us to define 20 clusters that are present more than once in the CS-505 genome.
Interestingly, one of those clusters is internally repetitive, i.e. a short sequence stretch is repeated

identically within this cluster several times (Figure 2.2.S4) and occurs 39 times in the genome.

Repetitive elements can be a source for genome rearrangements. This genomic plasticity
could be partly responsible for niche adaptation of organisms to their environment. We counted
the number of syntenic regions between the two species to estimate the number of rearrangements
that occurred after their evolutionary separation. Interestingly, all 2,539 orthologous gene pairs
are located in syntenic regions, meaning that at least one neighboring CDS is common between
the two species. This excludes the possibility that single genes were relocated to other genomic
regions during evolution. In total we found 280 synteny groups with a mean of 9 members in a
group. The largest group comprised the ribosomal cluster and an adjacent CDS with 55
orthologous pairs. If we compare the A. variabilis genome to that of D9 in the same way we
observe 464 synteny groups with only 1,651 members. Thus, not unexpectedly, the mean of 3.6
CDS per synteny group is much lower than in the CS-505/D9 comparison. The high sequence
similarity between CS-505 and D9 emphasizes the close relationship between the two strains,
whereas the synteny analysis shows that rearrangements occurred relatively frequently during

evolution. This high plasticity may be partly due to the high number of repeated elements.
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Genomic islands for N, fixation and toxin production

We did not find any region matching the criteria for definition of a genomic island, i.e.
differing G+C content, presence of direct repeats, transposition elements or tRNA sequences
(Juhas et al., 2009), within the CS-505 and D9 genomes. Nevertheless, we found gene clusters
present in one or the other strain; thus we cannot discard the possibility that islands containing
those gene clusters were transferred from genomes with a similar G+C content. Filamentous
cyanobacteria are known to have a homogenous G+C content (Table 2.2.2). The most prominent
examples of such identifiable gene clusters in our strains are those for N, fixation and toxin
production in CS-505, and the toxin production gene cluster in D9. In strain CS-505 the nif gene
cluster encoding for the Fe-Mo cofactor-dependent nitrogenase and 13 other genes related to N,
fixation are all together within a tight 15 kb cluster. The gene content is therefore similar to the
nif cluster of heterocystous cyanobacteria (Herrero et al., 2001). The gene organization, however,
is comparable to that of the second nif cluster expressed in vegetative cells of Anabaena
variabilis (Thiel et al,, 1997), and of the nif cluster of the symbiotic Nostoc azollae 078 (see
Figure 2.2.3 for the comparison with A. variabilis). The distinguishing feature of this gene
organization is that it does not exhibit excision elements interrupting the nifD sequence, a
characteristic of many other heterocyst-forming cyanobacteria. A second nitrogenase operon
nifVZT (also commonly present in diazotrophic cyanobacteria) is located at a different locus in
CS-505. The D9 strain is not able to fix N, and is therefore dependent on the uptake of N-
containing compounds from the environment. This dependency is nicely reflected by the absence
of the N,-fixation gene clusters (nif) and the prevalence of several unique CDS for coenzyme-
and amino acid-transport in the D9 genome (Figure 2.2.2). We note as significant that there is
shared synteny in the regions surrounding the »if clusters in the compared strains (Figure 2.2.3).
The nif clusters in R. brookii D9 might thus have been selectively lost along with the
corresponding function. Nevertheless, the D9 genome encodes and expresses (see Materials and
Methods) hetR, an important regulator of heterocyst differentiation and pattern formation in N-
fixing cyanobacteria (Khudyakov & Golden, 2004), under normal culture conditions (with nitrate
as N-source). As reported by Zhang et al., (2009), the presence of hetR and its expression have
been detected in non-heterocyst producing cyanobacteria that also do not fix nitrogen, pointing to

a more global role of HetR.
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Figure 2.2.3 Schematic representation of the synteny within the vicinity of the nif gene clusters. The scheme
represents the 15kb gene cluster containing the nifHDK and the other 13 nitrogen fixation related genes in CS-505
compared with the nifl and nif2 gene clusters of Anabaena variabilis ATCC 29413 and the synteny regions between
CS-505 and D9. The synteny regions between CS-505 and D9 are delimited by the arrows. nif genes are represented
by light grey. Genes in black correspond to hypothetical proteins and dark grey genes to proteins with assigned
function.

A similar example of common and conservative elements is observed in the toxin gene
clusters of CS-505 and D9. The different cyanotoxins produced by strains CS-505 and D9 are the
most prominent known secondary metabolites in these cyanobacteria. The tricyclic alkaloids
CYN/doCYN and the tetrahydropurine STX and analogues are N-rich molecules, but these toxin
groups are synthesized by two independent and apparently unrelated biosynthetic pathways in
cyanobacteria. The C. raciborskii CS-505 genome encodes for only one hybrid NRPS-PKS
pathway, corresponding to the CYN/doCYN biosynthesis cluster. The cluster spans 41.6 Kb,
encodes for 16 Open Reading Frames (ORFs) and has complete synteny with the CYN cluster of
C. raciborskii AWT205 (Mihali et al., 2008) (Figure 2.2.S5A), flanked at both ends by genes
from the hydrogenase gene cluster (hypABCDEF). In addition to the two transposase ORFs, cyrL
and cyrM, CRC_01709 is only present in CS-505. This latter gene fragment of 219 bp is located
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between cyrC and cyrE, and matches with part of a transposase from Synechococcus BO 8402.
The cyrM and CRC 01709 components are only vestiges of transposases, indicating that
rearrangements have occurred in this section of the genome. The same genetic structure
neighboring the CYN biosynthetic gene cluster in CS-505 is present in the strain D9, as another
example of synteny (Figure 2.2.4A). As this conservation has been shown in other non-CYN
producing Australian strains of C. raciborskii that contain the uninterrupted hydrogenase cluster
(Figure 2.2.4B), we find it plausible that each cluster could be inserted or deleted at common

genetic loci.

Likewise, the genes adjacent to the STX gene cluster in the D9 genome form a syntenic
region within the CS-505 genome (Figure 2.2.4C). The STX gene cluster in D9 covers 25.7 Kb,
and encodes for 24 ORFs, in comparison with 35 Kb and 31 ORFs described in the published
STX gene cluster of C. raciborskii T3 (Kellmann et al., 2008a) (Figure 2.2.S5B). Only 20 ORFs
are shared between these clusters (19 ORFs share 100% similarity); among these ORFs are all of
the proposed genes necessary to synthesize STX. Thus, according to the genome size of D9, this

is the minimum gene cluster thus far described for STX production.
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Figure 2.2.4 Schematic representation of the syntenic regions within the toxin gene clusters in CS-505 and D9.
(A) Location of the CYN gene cluster of CS-505 compared with the syntenic genomic region in D9. (B) Gel
electrophoresis of the PCR products from the #ypF/hupC amplification in R. brookii D9 and in the non-toxic strains
of C. raciborskii: CS-507, CS-508, CS-509 and CS-510. Producers of CYN: CS-505, CS-506 and CS-511 do not
present amplification of the hypF/hupC region. (C) Location of the STX gene cluster of D9 compared with the
syntenic genomic region in CS-505. Genes participating in syntenic regions are depicted in blue and highlighted in
the green boxes within the arrows; genes outside the syntenic regions are depicted in white. tRNAs and transposases
are shown in red. The grey arrows show the position of the primer pairs HYPa/HUPa and HYPb/HUPD used to
amplify the region between hypF and hupC genes in different strains of C. raciborskii and in R. brookii D9,
respectively. Ladder: GeneRuler 1kb DNA ladder (Fermentas, Ontario, Canada).
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Tracing the evolution of traits in cyanobacteria

Access to the smallest known genomes of filamentous and heterocyst-forming
cyanobacteria provided insights into the molecular basis and evolution of traits such as
diazotrophy, filamentous growth, and the capacity for cellular differentiation. We assumed that
protein sequences had to be drastically changed or newly developed to achieve new functions. Of
course it is possible that only slight neofunctionalizations could be responsible for the observed
phenotypic changes without major restructuring. In the latter case, the observable gene repertoire
of all cyanobacteria would remain relatively stable with only the addition of paralogous genes
with acquired new functions. Genes with new functions would turn up at specific evolutionary
time points and then remain stable as long as the respective trait is expressed and positively
selected. Our analysis by definition excluded genes that might have become indispensible over
the time course of evolution in one or another species, but not in all species analyzed. We thus
aimed at only the description of key innovations for the establishment of major evolutionary

branches.

To this end, we collected available genomes of cyanobacteria from the databases and
compared their gene repertoire. Unfortunately, due to difficulties in culturing, no genome of a
branching filamentous species (e.g. from Stigonematales) is available for comparison (Gugger &
Hoffmann, 2004), but all other major groups are well represented (see Materials and Methods).
The availability of streamlined genomes of C. raciborskii and R. brookii further enhanced the
resolution of our analysis. We made use of the whole genome sequences and subtracted step-wise
common sets from the sets represented only in species with specific traits. We cannot exclude
that some genes in these sets are not related with the specific trait, but the broader the species
sampling the better is the resolution of the genes of the trait in question. Since our analysis is
based on BLAST hits, the orthologous relationships between the genes in the respective species
may not be clear. But as it turned out most genes in the gene sets had only one counterpart in
each genome, thus representing most likely orthologous gene groups. Table 2.2.3 shows a

summary of the number of core genes found for each of the three traits under study.
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Table 2.2.3 Common genes for the different traits

Hits between species* Core set present in wider

(see methods) CS-505 D9 spectrum of species
Filament formation 32 23 20 10
Diazotrophy 49 38 6 10
Heterocyst development 149 58 54 41

*Paralogs are not removed

Filament formation

Filaments are formed in groups III, IV and V of cyanobacteria (Tomitani et al., 2006).
Filament formation is also observed in unicellular cyanobacteria as well as in bacteria when
several genes involved in cell division are interrupted by transposon mutagenesis (Miyagishima
et al., 2005). If filament formation is generally a loss-of-function mutation then filamentous
species should lack some cell division genes. However, orthologs of all genes examined for their
effect on this artificial filament formation are present in the filament-forming Anabaena (Table
2.2.52). Filament formation is thus more likely a gain-of-function in the evolutionary context.
When we compared all the available genomes of filamentous species, we found 32 genes present
in all (Table 2.2.3, Table 2.2.4). Comparison of this set with the more streamlined genomes of
CS-505 and D9 showed that only 23 and 20 genes are present, respectively. Since the D9 strain is
able to form proper filaments, the additional three genes found in the CS-505 genome are
unlikely to be directly involved in filament formation. The absence of these three genes in D9
points to the probability that some of the remaining 20 genes are also not associated with ability
to form filaments. This is further underlined by the fact that the additional screen of the
unfinished genome sequences of Nostoc azollae 078 and Microcoleus chtonoplastes PCC 7420
yielded a common set of only 10 genes. We conclude that filament formation in cyanobacteria
needs at most 10 different gene products. Interestingly, besides the three genes previously
thought to be associated with heterocyst formation (4efR and patU3 and hetZ) all other seven
genes correspond to only hypothetical proteins. Although mutations in these three genes do not

produce a unicellular phenotype, it has been shown that they affect heterocyst development, and
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hetZ and patU3 also affect pattern formation (Buikema & Haselkorn, 1991, Zhang et al., 2007).
Their presence in cyanobacteria that does not present these phenotypes is suggestive of a different

and more general function, which could be filament formation.

Insights into evolution of the 10 core genes were obtained by phylogenetic analysis
(Figure 2.2.S6). The trees clearly show the high phylogenetic affiliation between CS-505 and D9,
supported by bootstrap values of 100%, and the closest association to the CS-505/D9 branch to
Nostoc azollae, supported for 9 of the core genes. All the core genes support the monophyly of
heterocystous cyanobacteria (belonging to Subsection IV), consistent with previous reports based
on 16S rRNA, hetR (Tomitani et al., 2006) or phylogenomics (Shi & Falkowski, 2008, Swingley
et al., 2008). It is remarkable that seven of the core genes have an ortholog in Synechococcus sp.
PCC 7335. The closest relationship of this organism with filamentous cyanobacteria has been
reported by 16S rRNA phylogeny (Honda et al., 1999), and an ortholog of HetR was also
described (Zhang et al., 2009). Our results strongly indicate that this organism could be the

closest ancestor of filamentous cyanobacteria.

Although our BLAST analysis selected the gene pair CRC_00038/CRD 02583 as part of
the core genes, only the branch formed by heterocystous cyanobacteria is resolved on the
phylogenetic tree. Non-heterocystous cyanobacteria cluster with unicellular taxa, suggesting that

this gene is part of a different family and therefore was removed from the core.
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Table 2.2.4 Genes present only in filamentous species

Npun gene product description Anab D9 CS-505
186680616 hypothetical protein all1770 CRD 00231 CRC 00822
186680621 core set hypothetical protein all1765 CRD 00230 CRC 00821
186681198  core set hypothetical protein alr0202 CRD 00387 CRC 01215
186681299 hypothetical protein all1340 no no
186681300 hypothetical protein all1339 no no

PpiC-type peptidyl-prolyl cis-trans
186681350 isomerase alr1613 no CRC 02567
186681409 HEAT repeat-containing PBS lyase alr2986 CRD_00077 CRC 02169

peptidoglycan binding domain-
186681476 containing protein alr4984 CRD 02468 CRC 02058
186681631 nuclease all2918 CRD 01392 CRC 01535
186681697  core set hypothetical protein alr2393 CRD 02002 CRC 01280
186681814 hypothetical protein all3643 CRD 01982 CRC 01258
186681958  core set hypothetical protein all1729 CRD 02583 CRC 00038
186682138  core set peptidase S48, HetR alr2339 CRD 01519 CRC 03184
186682240  core set PatU3 alr0101 CRD 02293 CRC 02800
186682241 coreset HetZ alr0099 CRD 02292 CRC 02801
186682787 hypothetical protein alr1555 no no

peptidoglycan binding domain-
186682808 containing protein all1861 no no
186683172 hypothetical protein all5122 CRD 01021 CRC 02539
186683174 hypothetical protein all2077 no no
186683213 hypothetical protein alll154 CRD 00512 CRC 00964
186683474 GDSL family lipase all0976 no no
186683904 hypothetical protein all0215 CRD 00210 CRC 03261
186683953 GDSL family lipase all1288 no no
186684054 hypothetical protein asr1049 no no
186684093  core set hypothetical protein all2344 CRD 00085 CRC 00676
186684579  core set hypothetical protein all2320 CRD 01527 CRC 01389
186684586 hypothetical protein all5091 CRD 02655 CRC 00188
186685511  core set hypothetical protein alr4863 CRD 02120 CRC 015%4
186685539 NUDIX hydrolase alr2015 CRD 01916 CRC 01834
186685973 hypothetical protein all1007 no CRC 00879
186685974 hypothetical protein all1006 no CRC 00878
186686413 hypothetical protein all4622 no no

Nitrogen fixation

Diazotrophy is an ancient character marking the lineage from which filamentous
cyanobacteria seem to have evolved (Tomitani et al., 2006, Swingley et al., 2008). In comparing
the gene repertoire of all available diazotrophic species with that of non-diazotrophic, we ended

up with 49 genes that were present in at least eight of the nine genomes we chose for the first
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analysis. These 49 genes comprise the upper limit of true inventions at this evolutionary juncture.
As the functional classification confirms, most of the gene products are indeed involved in N,
fixation (Table 2.2.5). The data set can be dissected into three distinctive categories: 1) the nif
cluster and related genes, 2) the uptake hydrogenase gene cluster (hupSL) and endopeptidase
specific for the uptake hydrogenase hupW, and 3) finally, a set of genes involved in general

metabolism and hypothetical proteins.

Three genes coding for hypothetical proteins normally located between hupSL and
maturation hydrogenase gene clusters (hypABCDEF) (Tamagnini et al., 2007) belong to the
group of 49 genes, suggesting their key role in N-metabolism. Part of the set also comprises
genes found to be up-regulated under N-depletion in Anabaena (Ehira et al., 2003) (Table 2.2.5).
Interestingly, the CS-505 strain does not have the full set of 49 genes. Genome comparison with
this strain thus further narrows the set of gene products needed for diazotrophy down to only 38.
This indicates that a streamlined genome like that of C. raciborskii may be able to dispense with
some otherwise needed genes. Analysis of several further genomes to account for species
variability allowed us to define an indispensable core gene set for all species. It turned out that in
some Cyanothece and extremophile Synechococcus genomes many of the previously found
common genes were not present, e.g. the uptake hydrogenase and related genes and genes that
show changes in expression in heterocysts are missing (Table 2.2.5). Microcoleus chthonoplastes
has not been classified as a N, fixing cyanobacteria, however, its genome contains the nifHDK
and nifEN gene clusters with similarity to 6-proteobacteria rather than cyanobacteria suggesting
that this cluster was transferred by HGT (Bolhuis et al., 2009). When we considered the
Cyanothece, Synechococcus and M. chthonoplastes PCC 7420 genomes, our core set was highly
reduced to 10 genes: the nif gene cluster and related genes and patB. PatB has an N-terminal-
ferredoxin and a C-terminal helix-turn-helix domain suggesting its function as a redox-sensitive
transcription factor (Liang et al., 1992). Furthermore, in Anabaena, a patB deletion mutant was
completely defective for diazotrophic growth, but in the wildtype, its expression was restricted to
heterocysts (Jones et al., 2003). The presence of patB as part of the core gene for diazotrophic
cyanobacteria suggests that this gene is also essential in unicellular and non-heterocystous

diazotrophic cyanobacteria.
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Table 2.2.5 Genes present in N,. fixing species

Npun Gene Gene product Anab D9 CS-505 Absent in

186680715 glycerophosphoryl diester phosphodiesterase ~ alll051 CRD_01538 CRC 01381 SynJA3, SynJA2, Cya7425
186680864  patB  core set 4Fe-4S ferredoxin iron-sulfur binding all2512 no CRC 01763

domain-containing protein
186680869 hypothetical protein alr2517* no CRC 03082 SynJA3, SynJA2, Cya8801
186680870 cupin 2 domain-containing protein alr2518* no CRC 03081 SynJA3, SynJA2, Mcht
186680871 nitrogenase-associated protein alr2520%* no CRC 03080 Mcht
186680875 hypothetical protein asr2523* no CRC 02152 SynJA3, SynJA2, Cya7425
186680876 hypothetical protein alr2524* no CRC 02151 SynJA3, SynJA2, Cya7425, Mcht
186680892 NHL repeat-containing protein alr0693 no no SynJA3, SynJA2, Cya7425, Mcht
186680893 Rieske (2Fe-2S) domain-containing protein alr0692 no no
186680895 hypothetical protein asr0689 no CRC 01692 SynJA3, SynJA2, Cya7425, Mcht
186680897  hupS Ni Fe-hydrogenase small subunit, HupS all0688 no CRC 02736 SynJA3, SynJA2, Cya7425, Mcht
186680898  hupL Ni Fe-hydrogenase large subunit, HupL all0687 no CRC 02737 SynJA3, SynJA2
186680903  hupW hydrogenase maturation protease alr1423 no CRC 01049 SynJA3, SynJA2, Cya7425
186680908  feoA FeoA family protein asl1429 no CRC 02875 Tery, Lyng, Nspu
186680909  fdxH ferredoxin (2Fe-2S) all1430 no CRC 02876 Mcht
186680910  hesB iron-sulfur cluster assembly accessory all1431 no CRC 02877 SynJA3, SynJA2

protein
186680911  hesA UBA/THIF-type NAD/FAD binding protein ~ all1432 no CRC 02878 SynJA3, SynJA2
186680912  nifW nitrogen fixation protein all1433 no CRC 02879 Mcht
186680913 protein of unknown function DUF683 asl1434 no CRC 02880 Tery
186680914 protein of unknown function DUF269 all1435 no CRC 02881 Mcht
186680915  nifX nitrogen fixation protein all1436 no CRC 02882 Mcht
186680916  nifN  core set nitrogenase molybdenum-iron cofactor all1437 no CRC 02883

biosynthesis protein NifN
186680917  nifE  core set nitrogenase MoFe cofactor biosynthesis all1438 no CRC 02884

protein
186680918 Mo-dependent nitrogenase family protein all1439 no no Tery
186680919  nifK  core set nitrogenase molybdenum-iron protein beta all1440 no CRC 02885



186680550

186680941
186680943
186680944

186680946
186680953
186680954
186680955
186680956
186680957
186680958
186680959
186682206
186682693
186683057
186683906
186684105
186684241
186685158
186685476
186685625

186685845
186686227
186686347

nifD

nifH
nifyU
nifS

nifB
cysE

nifV’
nifZ
nifT’

core set
core set
core set

core set

core set

core set

chain

nitrogenase molybdenum-iron protein alpha
chain

nitrogenase iron protein NifH

Fe-S cluster assembly protein NifU
Nitrogenase metalloclusters biosynthesis
protein NifS

nitrogenase cofactor biosynthesis protein
serine acetyltransferase

hypothetical protein

hypothetical protein

homocitrate synthase

NifZ family protein

NifT/FixU family protein

hypothetical protein

hypothetical protein

ribokinase-like domain-containing protein
hypothetical protein

pathogenesis related protein-like protein
glycosyl transferase, group 1
hypothetical protein

phosphoglycerate mutase

hypothetical protein

hypothetical protein

hypothetical protein
Arginyl tRNA synthetase anticodon binding
cytochrome P450

all1454

all1455
all1456
all1457

all1517
alr1404
asr1405*
asr1406*
alr1407
asr1408
asr1409
alr1410
all0969
alr4681
alr0857
all0217
all1345
all4434
alr2972
asl0163
all3713*

asl0597
all3951
all1361

no

no
no
no

no

no

no

no

no

no

no

no

no
CRD 01205

no

no
CRD 02459
CRD 01931
CRD 00352

no

no

no
CRD 01597
no

* Genes that show regulation in Anabaena under N,- depletion (Ehira ef al., 2003)

CRC_02886

CRC 02887
CRC_02888
CRC_02889

CRC_02891
no
no
CRC_02071
CRC_02070
CRC_02069
CRC_02068
CRC_02067
no
CRC_01938
no
CRC_03259
no
CRC_02458
CRC_03094
no
no

no
CRC 03274
no

SynJA3, SynJA2

Tery, Mcht

Mcht

Mcht

Tery

SynJA3, SynJA2

SynJA3, SynJA2, Cya7425
SynJA3, SynJA2

SynJA3, SynJA2, Cya7425, Mcht
SynJA3, SynJA2, Cya7424
SynJA3, SynJA2, Cya7425
Tery, SynJA3, SynJA2, Cya7425
SynJA3, SynJA2

SynJA3, SynJA2, Cya7425,
Cya8801

SynJA3, SynJA2, Cya7425

SynJA3, SynJA2, Cya7425




COMPARATIVE GENOMICS

Further evidence for the correct logic of our approach is provided from genomic data of
the D9 strain. This cyanobacterium has lost the ability to fix N, and as we show in our analysis, it
lost genes involved in this process. Indeed, only 6 of the 49 genes were detected in this strain.
The gene products of these are related to phosphoglycerol metabolism and therefore are possibly
involved in membrane degradation/synthesis. If they were once involved in N, fixation they
likely now fulfill indispensable functions, such that a loss would lead to decreased fitness or

lethality.
Heterocyst development

The process of heterocyst differentiation has been described in detail only in Anabaena
and Nostoc punctiforme ATCC 29113, which develop intercalated heterocysts in a specific
pattern (Zhang et al., 2006). There are no published studies on heterocyst differentiation in
cyanobacterial genera that develop terminal heterocysts, such as Cylindrospermopsis or
Cylindrospermum. Our comparative genomic screen for genes restricted to heterocyst-forming
species delivered an overwhelming number of 149 genes (Table 2.2.3, Table 2.2.S3). This high
number can be explained by the fact that only a few genomes of heterocyst-forming species are
currently known, but they are also rather closely related. Some of the 149 genes may be involved
in the formation of intercalating heterocysts. If we include the genomes of our strains in this
analysis only 58 unique genes remain as common to all heterocyst-forming species. A further
slight reduction in gene numbers to 41 was achieved by including the symbiont Nostoc azollae in
the analysis. Of these genes, only one, patN, is currently described as involved in pattern

formation.

In Anabaena, 77 genes are described as having a function in heterocyst differentiation, but
only 55 of these have a homolog in the C. raciborskii CS-505 genome (Table 2.2.S4).
Surprisingly, one of the genes thus far seen as essential for heterocyst differentiation, hetC, is
absent. This gene represses the expression of ftsZ in early stages of heterocyst differentiation in
Anabaena, and the AhetC mutant generates multiple clusters of uncompromised pro-heterocysts
along the filament that are capable of cell division and elongation (Xu & Wolk, 2001). Other
genes related with key steps in heterocyst differentiation that are absent in CS-505 include: cchP,
whose product has been shown to regulate the calcium availability for heterocyst formation and
negatively regulate the heterocyst differentiation (Zhao et al., 2005); hetL, a positive regulator of

the differentiation process that interferes with patS inhibition process (Liu & Golden, 2002); and
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hetN, a suppressor of heterocyst differentiation involved in the maintenance of the delayed
heterocyst spacing pattern (Callahan & Buikema, 2001). Lack of these genes again points to
streamlining in the C. raciborskii genome and could possibly be attributed to a terminal rather

than an intercalating heterocyst formation.

PatS, or a pentapeptide PatS-5, have been proposed to be diffusible molecules acting as an
inhibitor of heterocyst differentiation (Yoon & Golden, 1998). In the current model, HetR
activates the expression of patS, and PatS or a derivative diffuses laterally to inhibit the
differentiation of the neighboring cells by acting negatively on the DNA-binding activity of HetR
(Zhang et al., 2006). No CDS for a protein with the typical characteristics described for PatS, i.e.
a diffusible penta-peptide with distinctive last C-terminal amino-acid, was found in the CS-505
and D9 genomes. Zhang et al., (2009) showed that a patS-like CDS of the non-diazotrophic
Arthrospira platensis could complement a patS mutant of Anabaena, despite the fact that its
conserved penta-peptide (RGSGR) was not in the last amino acids of the predicted protein. Thus,
other penta-peptide-containing proteins could have taken over the function of PatS in C.
raciborskii. A deeper analysis for proteins containing the penta-peptide revealed a CDS that had
the penta-peptide in the C-terminal region in the genomes of CS-505 and D9. We propose
therefore that if patS exists in these cyanobacteria, the most likely candidates are CRC 02157
and CRD_ 02133 in CS-505 and D9, respectively.

Our analysis also revealed that 39 of the 55 heterocyst differentiation-related genes in CS-
505 are also present in the non-heterocystous R. brookii D9 genome (Table 2.2.S4). In Nostoc
punctiforme, the cellular differentiation pathways for hormogonia, akinetes and heterocysts are
reported to have genes with common expression profiles (Campbell et al., 2007). Since we
observed akinetes in strain D9 by optical microscopy, it is most likely that these genes with
described functions in heterocyst differentiation have additional functions and/or are involved in

other cellular differentiation processes such as akinete formation.

Terminal cell differentiation was evident from electron micrographs (Figure 2.2.1) of both
strains. Nevertheless, terminal cell differentiation in D9 resembles the morphology of an
immature heterocyst of CS-505 (not shown), suggesting incomplete heterocyst development. The
final steps in heterocyst development involve the synthesis and deposition of an inner glycolipid
layer and then covering with a polysaccharide envelope (Zhang et al., 2006). These layers isolate

the newly differentiated cell from external oxygen. The inner glycolipid layer is synthesized by a
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cluster of genes involving a polyketide synthase (PKS) pathway and glycosyltransferases in
Anabaena (Awai & Wolk, 2007, Fan et al., 2005). Cylindrospermopsis raciborskii CS-505
contains most of these genes (hglEGDCA and hetM), with the exception of the aforementioned
hetN (Figure 2.2.1, Table 2.2.84). In Anabaena, hetN is located adjacent to the
phosphopanteinyltransferase /etl. In CS-505, however, a sequence similar to /et/ is located at a
different locus, implying structural differences in the glycolipid layer between the CS-505 and
Anabaena heterocysts. In any case, further analysis must be done to understand the implications

on the glycolipid structure of C. raciborskii.

The N,-fixation and heterocyst glycolipid clusters are not present in the D9 genome
(Figure 2.2.1). Only hetl is present in the D9 genome, which suggests a different role of this gene
in this strain. Strain CS-505 and D9 genomes do, however, contain an identical gene arrangement
of the genes necessary for the synthesis of the polysaccharide envelope of the heterocysts (Huang
et al., 2005) (Table 2.2.S4, Figure 2.2.S7). Since neither heterocyst formation nor N,-fixation
occur in D9 it seems unlikely that the polysaccharide layer is properly deposited in the terminal
D9 cells. Indeed, when we stained for polysaccharide with Alcian blue, D9 filaments were
homogeneously but only slightly stained (Figure 2.2.1), indicating that polysaccharide was being

synthesized, but not as a heterocyst-protective layer.

We note that because the D9 strain shows features of heterocyst formation, we expect that
most gene products responsible for this trait are also encoded for in this strain. Indeed, only five
genes of the smallest common set of 41 genes are not present in the D9 strain. The lack of these
five genes could be entirely responsible for the incomplete heterocyst formation in DO.
Unfortunately, no function is as yet assigned to these genes. Most of the other genes have also no

assigned function for their gene products.

Although all five genes are annotated as conserved hypothetical proteins, the intensive
studies of N-metabolism and heterocyst development in Anabaena allowed us to search for
possible functions of these five genes absent in D9. Indeed, we found possible functions for three
genes. Both alr2522 and all0721 were shown to be up- regulated in a mutant expressing HE0277,
a homolog of the sigma factor sigJ of alr0277 that confers resistance to desiccation by up-
regulating genes involved in polysaccharide synthesis (Yoshimura et al., 2007). Furthermore,
all1814 was up-regulated after 8h of N-depletion and showed no significant regulation in an nrr4

mutant, an N-regulator that facilitates heterocyst development (Ehira & Ohmori, 2006). Together
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this evidence suggests that alr2522 and all0721 are involved in polysaccharide biosynthesis and
that all1814 is related to a stage of heterocyst development. Their absence in D9 makes them

ideal targets for further functional studies on heterocyst development.

2.2.4 Conclusions

The innovations of diazotrophy, filamentous growth, photosynthesis and the capacity for
cellular differentiation are major defining events in the evolution of cyanobacteria. Given that the
free-living cyanobacteria C. raciborskii CS-505 and R. brookii D9 have the smallest known
genomes among filamentous cyanobacteria, they are ideal subjects for exploration of the
development and modifications of these characteristics among cyanobacteria. In spite of their
relatively small genomes, these strains are nevertheless capable of cell differentiation. We are
likely observing evidence of genetic streamlining, pointing towards the minimum set of genes
required for these traits. Remarkably, strain CS-505 is able to develop a functional heterocyst

without supposedly “essential” genes, such as, hetC, hetN, hetL and cchp.

The C. raciborskii CS-505 and R. brookii D9 strains have geographically disjunct origins
within tropical freshwater ecosystems. We expect that they have been genetically isolated and
hence have evolved independently. Nevertheless, on the basis of 16S rRNA they are virtually
identical and form a monophyletic cluster, with a close phylogenetic affiliation among
filamentous cyanobacteria. The morphological criteria originally used to discriminate between
these strains and to assign them to different genera obviously reflect differential genetic editing
primarily associated with cell differentiation and functional heterocyst formation rather than their
phylogenetic relationships. With respect to this high similarity in 16S rRNA, as well as that
revealed in our phylogenomic analysis (>90% identity their 2,539 shared genes), we propose that
these strains are congeneric. This evidence suggests that the strain differences may represent an

example of allopatric speciation.

Our genomic analysis provides support for the idea that cyanobacteria are capable of
evolving according to highly diverse strategies for genomic organization and adaptive
mechanisms. Whereas CS-505 shows evidence of phenotypic plasticity and has a more elaborate
genome, perhaps via gene acquisition and rearrangement, D9 has apparently adapted by avoiding

lateral gene transfer and by losing genes. These alternative strategies have important implications
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for the adaptive radiation of filamentous cyanobacteria and at least partially account for their

evolutionary success in a multitude of environments over enormously long time-scales.

2.2.5 Materials and Methods
Isolation and culture of cyanobacterial strains

Cylindrospermopsis raciborskii strain CS-505 was clonally isolated in 1996 from a water
supply at the Solomon Dam, Australia (Saker et al, 1999) and obtained from the culture
collection of the Commonwealth Scientific and Industrial Research Organization (CSIRO),
Australia. Raphidiopsis brookii D9 (originally classified as C. raciborskii) was isolated from a
mixed plankton sample collected in 1996 from the Billings freshwater reservoir near Sao Paulo,
Brazil and subsequently recloned from a single filament. Strain CS-505 produces
cylindrospermopsin (CYN) and deoxy-cylindrospermopsin (doCYN) (Saker et al., 1999), but no
PSP toxins. Strain D9 constitutively produces the following PSP toxins, as confirmed by LC-
MS/MS: saxitoxin (STX), C-11 O-sulfated gonyautoxins (GTX2/3), and their respective
decarbamoyl derivatives (dcSTX and dcGTX2/3) as minor components (Castro et al., 2004).

The non-axenic cultures were grown in 250 ml flasks containing 100 ml of MLA growth
medium (Castro et al., 2004) without aeration at 23 °C under fluorescent light at a photon flux

1 on a 12:12h light/dark photocycle. To minimize bacterial

density of 35 pmol m? s
contamination several wash steps were performed after harvesting and the absence of eubacterial

DNA was checked by PCR as previously described (Publication I).

Preparation and sequencing of genomic DNA

Long strands of genomic DNA were obtained by purifying DNA embedded on low
melting point (LMP) agarose plugs. Intact chromosomal DNA embedded on agarose plugs was
obtained from 100 ml of healthy cultures in mid-exponential growth phase as previously

described (Publication I).
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Sequencing was conducted with the BigDye kit from ABI (Foster City, USA) using
standard forward and reverse primers; pre-assembly trimming was performed with a modified

version of Phred (Ewing et al., 1998, Ewing & Green, 1998).

Genomic libraries for the 454/gs20 system were prepared according to the manufacturer’s
protocols (454 Life Sciences Corporation, Branford, CT, USA). Three runs each were performed
on the 454/gs20 sequencing system. All 454/gs20 sequence data were assembled according to
species-specific criteria with the newbler assembler software (http://www.454.com). The Sanger-
based sequencing reads were assembled onto this backbone. Clone gaps then were filled by a
primer walking strategy with custom primers. The genome sequences of CS-505 and D9 were
deposited in the NCBI genome database under the main accession numbers: ACYA00000000
(CS-505) and ACYB00000000 (D9).

RFLP by PFGE and genome size estimation

Intact chromosomal DNA from strains CS-505 and D9 embedded into agarose plugs was
digested with the high frequency cut restriction enzyme Mlu 1 as described previously in
Publication I. The estimation of the genomic sizes was achieved using as standard, genomic
DNA from Vibrio parahaemolyticus RIMD 2210633 (Vpkx) digested with Not 1 (Hara-Kudo et
al., 2003). The genome sequence of Vpkx is available and comprises two chromosomes of 3.3
and 1.8 Mb. A calibration curve (+* = 0.99012) was generated assuming a logarithmic migration
of the DNA fragments during the electrophoresis. Bands showing higher intensity in CS-505 and

D9 were considered as double.

RNA extraction, cDNA synthesis and qPCR detection of genes involved in N-metabolism

and heterocyst pattern formation

Total RNA was extracted from mid-exponential growth cultures using Rneasy mini kit
(Qiagen, Hilden, Germany) following the manufacturer’s instructions. Briefly, frozen samples
were thawed on ice, and approximately two small spatulas full of 0.1 mm diameter glass beads
were added to the sample. The cells were sheared for 2 X 120 s using a Qiagen Bead Beater

(Hilden, Germany). The supernatant was separated from the glass beads and cell debris by
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centrifugation (10 min, 13,200 rpm, 4°C). A DNA digestion was performed after the RNA
isolation for 1 h at RT and a final clean up with a second DNA on tube digestion was performed
to remove any possible DNA remaining on the RNA samples. RNA was quantified using the
NanoDrop ND- 1000 Spectrophotometer (NanoDrop Technologies, Wilmington, USA) and the
RNA purity was assessed using the ratio Ajeo/Azsg. If required, samples were further cleaned
using the Microcon Elute System (Millipore, Massachusetts, USA). RNA integrity was checked
on RNA nano chips using the Agilent Bioanalyzer 2100 (Agilent, Santa Clara, CA, USA).

cDNA was synthesized from 500 ng total RNA using random hexamers with the
Omniscript RT kit from Qiagen. All primers were designed using the Primer Express 3.0
(Applied Biosystems, Darmstadt, Germany) software and synthesised from MWG
Biotechnologies (Eurofins MWG Operon, Ebersberg, Germany). Primer sequences are as
follows:
q505nifHF 5° GCTGCTGAGAAAGGTGCTGTAG 3° g505nifHR 5 GGAATCCGGCCAGCATTACT 3’

q505fdxHF 5> CAGCAGCAGAAGCAGATATTGAA 3’ q505fdxHR 5’CCACACAACTAGAGCAAGAACCAY’
q505nifBF 5° TCAACCAGGTCCGACTAATAAAGAA 3> q505nifBR 5° CGCATCTGCTCGACACTGA 3’

q505nifVF 5> TTGGAACCGAGCAGTTATTTCA 3’ q505nifVR 5> GCTAGCGATTTGGATTCCAGAA 3’
ghetRF 5> AGTTGCCACAGCAGCATCAA 3’ ghetRR 5 GGAGAGTCAATCCGGGTAACC 3’
qntcAF 5> TTTTACTGCGGTGGAATTGCT 3’ qntcAR 5° TTCCTTGAGGGCCTGCTCTAC 3’
q505patAF 5 AACGTCAATTCCTTGGTGCAA 3° q505patAR 5 AGACCAGATTCTTCTCGGGAAAC 3’
q505hetMF 5> TAGGCGCGGAAGCAGTTCT 3° q505hetMR 5 CCAGTTGCTCCGGTTATCAAG 3’
ghepAF 5° TGGTGCATCAGGTGGTGGTA 3° ghepAR 5 CCCGTTAGTTGGTTCATGGAA 3’

The expression of nitrogen metabolism genes was tested in CS-505 and D9 (Table 2.2.6).
A 20 pl qPCR reaction was composed of 1 pl of a 10-fold diluted cDNA, forward and reverse
primers at a concentration of 100 nM, and 10 ul 2x SYBR Green PCR Master Mix (Applied
Biosystems, Darmstadt, Germany). Pure RNA was used to test for the presence of genomic DNA
in the RNA samples. Cycle parameters were as follows: initial denaturation at 95 °C/10 min,
followed by 40 cycles of 95 °C/15 sec and 59 °C/1 min. Finally a product-primer dissociation

step was utilized to verify formation of a single unique product/primer dimerization.
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Table 2.2.6 Expression of N, fixation and heterocyst differentiation genes

Gene Efficiency (%) Slope r2 CtCS-505 CtD9

nifH 93.8 -3.11 0.9934 22.30 ND
JdxH NT NT NT 26.23 ND
nifB NT NT NT 25.22 ND
nifV NT NT NT 25.29 ND
hetR 104 -3.46 0.9996 21.45 14.11
ntcA 102.7 -3.41 0.9986 21.38 15.01
pat4 89.8 -2.99 0.9918 20.77 ND
hepA NT NT NT 26.04 14.40
hetM NT NT NT 21.38 ND

NT: Not tested. ND: Not detected

Genomic DNA isolation and PCR amplification of the hydrogenase genes hupC and hypF

DNA was extracted using the CTAB method (Ausubel et al., 1992). The following PCR
primers targeting the region upstream and downstream the CYN gene cluster were used: HYPa 5-
GGGGTGGACAGTGGTCATAC-3, HUPa 5-TGGGTGTTCCTCATCAACAA-3 forward and
reverse repectively, and targeting the region between the maturation hydrogenase genes hypF and
hupC of DO: HYPb 5-CCTCCAAACGATGGAGGAAT-3, HUPDb 5-
GGGTGTTCCTCATCCACAAT-3 forward and reverse, respectively (Figure 2.2.4). The PCR
reaction contained 50-100 ng of genomic DNA, the reagents for each 30 pl amplification
reaction were: 0.25 U Taq DNA polymerase (Invitrogen, California, USA); 3 pul 10X PCR buffer;
2.5 mM MgCl; 0.4 mM primers; and 0.93 mM of each deoxynucleoside triphosphate (Promega,
Wisconsin, USA). Thermal cycling was performed in an Eppendorf Mastercycler, under the
following conditions: initial DNA denaturation at 99 °C/1 min, 30 cycles 94 °C/15 sec, 53 °C/1
min, 72 °C/1.5 min and a final extension at 72 °C/7 min. All PCR products were verified by gel
electrophoresis (1 % agarose) and visualized under UV transilumination after staining with

ethidium bromide.
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Repeat analysis

For the CS-505 genome we calculated all supermaximal repeats. A supermaximal repeat is
defined as follows:

A pair of substrings R = ((i1, j1), (12, J2)) 1s a repeated pair if and only if (i, j;) #

(12, j2) and S[i;..j1] = S[i2..j2]. The length of R is j; - 1; + 1. A repeated pair

((i1, J1), (i2, J2)) is called left maximal if S[i; - 1] # S[i, - 1] and right maximal if

S[ji + 1] # S[j2+ 1]. A repeated pair is called maximal if it is left and right maximal.

A substring o of S is a (maximal) repeat if there is a (maximal) repeated pair

((i1, J1), (12, J2)) such that ® = S[1;..J1]. A supermaximal repeat is a maximal repeat that

never occurs as a substring of any other maximal repeat.

For the given contigs of C. raciborskii CS-505 we found 258,229 different supermaximal repeats
covering 98.52 % of the whole sequence.

In a second step we clustered all supermaximal repeats close to each other and with
similar distances between their positions in the genome. This helps to find larger degenerated
repeats because they contain several exact super maximal repeats.

For the clustering, each supermaximal repeat containing more than two copies was
decomposed into all possible copy pairs. Those pairs were then clustered according to similar
first positions of the first copy respectively and according to similar distances between the copies.
We selected 500 nt as the maximal allowed difference between the two first positions. The
maximal allowed difference between the distances was 100 nt.

With the given parameter setting we got 5,390 different clusters. For the 20 clusters with
the best score (= total copy length - copy pair amount), we performed a motif search with at least
60 % sequence identity on both strands and in both directions. All hits of the 20 clusters cover
3.94 % of the whole sequence.

Using Nostoc punctiforme as member of the group with all traits analyzed as “template”,
we performed blastp analyses against all other genomes. We applied a score threshold of 150 to
get rid of spurious hits. Remaining hits were analyzed with respect to their occurrence in four
different groups: non-N,-fixing, N»-fixing, filamentous N,-fixing and filamentous heterocyst-

forming N»-fixing.

78



PUBLICATION II

A further analysis was then done with these sets including genomes from a wider range of
species to get the true core sets for the traits: Nostoc azollae strain 0708 is a symbiotic
cyanobacterium with duckweed; Microcoleus chtonoplastes PCC 7420 possesses multiple
filaments in one mucous sheath, and Arthrospira maxima CS-328 belongs to Section III of the
cyanobacteria. Different Cyanothece and Synechococcus strains were used to account for species

variability.

Bioinformatics analysis

The cyanobacterial taxa used for comparative genomic analyses are listed in Table 2.2.7.
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Table 2.2.7 Characteristics of the cyanobacterial taxa used for comparative genomic analyses

Species Morphology Diazotrophy Accession number Genome
sequence
status

Nostoc punctiforme PCC 73102  Filamentous, N,-fixing NC 010628 finished

(Npun) heterocystous

Nodularia spumigena Filamentous, N,-fixing NZ_ AAVWO00000000  unfinished

CCY9414 (Nspu) heterocystous

Anabaena sp. PCC 7120 (Anab) Filamentous, N,-fixing NC_ 003272 finished

heterocystous

Anabaena variabilis ATCC Filamentous, N,-fixing NC 007413 finished

29413 (Avar) heterocystous

Nostoc azollae strain 0708%* Filamentous, N,-fixing NZ_ACIR00000000 unfinished

(Nazo) heterocystous

Trichodesmium erythraeum Filamentous N,-fixing NC 008312 finished

IMS101 (Tery)

Lyngbya sp. PCC 8106 (Lyng)  Filamentous N,-fixing NZ AAVU00000000 unfinished

Microcoleus chthonoplastes Filamentous N,-fixing NZ_ABRS00000000 unfinished

PCC 7420* (Mcth)

Arthrospira maxima CS-328* Filamentous non-N,-fixing NZ_ ABYK00000000 unfinished

(Amax)

Crocosphaera watsonii Unicellular N,-fixing NZ_AADV00000000 unfinished

WHS8501 (Cwat)

Cyanothece sp. ATCC 51142 Unicellular N,-fixing NC 010546 finished

(Cya51142)

Cyanothece sp. PCC 8801* Unicellular N,-fixing NC 011726 finished

(Cya8801)

Cyanothece sp. PCC 7424* Unicellular N,-fixing NC 011729 finished

(Cya7424)

Cyanothece sp. PCC 7425* Unicellular N,-fixing NC 011884 finished

(Cya7425)

Synechococcus sp. JA-3-3Ab* Unicellular N,-fixing NC 007775 finished

(SynJA3)

Synechococcus sp. JA-2-3B'a(2-  Unicellular N,-fixing NC 007776 finished

13)* (SynJA2)

Synechococcus sp. CC9311 Unicellular non-N,-fixing NC_008319 finished

Synechocystis sp. PCC 6803 Unicellular non-N,-fixing NC_000911 finished

Acaryochloris marina Unicellular non-N,-fixing NC_009925 finished

MBIC11017

Gloeobacter violaceus PCC Unicellular non-N,-fixing NC_005125 finished

7421

Microcystis aeruginosa NIES- Unicellular non-N,-fixing NC 010296 finished

843

Prochlorococcus marinus MIT ~ Unicellular non-N,-fixing NC 009091 finished

9301

Synechococcus elongatus PCC ~ Unicellular non-N,-fixing NC_007604 finished

7942

Thermosynechococcus Unicellular non-N,-fixing NC 004113 finished

elongatus BP-1

*Species included in the second part of the analysis.
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Figure 2.2.S1 Size estimation of D9 and CS-505 genomes by PFGE restriction analysis. Restriction profiles
were obtained by Mlu 1 digestion. SC: Chromosomic DNA from Saccharomyces cerevisiae. Vpkx: Genomic DNA
from Vibrio parahaemolyticus RIMD 2210633 digested with Not 1. PFGE electrophoresis conditions are described in

Publication I
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Figure 2.2.S2 Possible extrachromosomal element in the CS-505 genome. PFGE of chromosomic DNA from
strains D9 and CS-505, the possible plasmid is indicated by the arrow. SC: Chromosomic DNA from Saccharomyces
cerevisiae.
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® Energy production and conversion

® Nucleotide transport and metabolism
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Figure 2.2.S3 Distribution of the total unique CDS of CS-505 and D9 into Cluster of Orthologous Groups
(COGs). Unique CDS were obtained by a Best-Bidirectional Hits (BBHs) search between both genomes using a

30% cutoff.
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Figure 2.2.54 Repeated sequences in a repeat unit as revealed by an analysis using miropeats. The analysis was
performed according to Parsons (1995) with a threshold score of 100.
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Figure 2.2.S5 Structure and comparison of the toxin gene clusters in CS-505 and D9 with those previously
described. (A) Comparison of the CYN gene cluster of strain CS-505 with the cyr gene cluster described in C.
raciborskii AWT205 (Mihali et al., 2008); (B) Comparison of the STX gene cluster of strain D9 with the sx¢ gene
cluster described in C. raciborskii T3 (Kellmann et al., 2008a). Identical ORFs between D9/T3 and CS-
505/AWT205 are depicted in white; genes involved in the biosynthesis of STX are highlighted with horizontal gray
lines and shading. The ORFs unique to D9 and CS-505, with respect to T3 and AWT205, are indicated in black.
Unique ORFs in T3 are represented by black horizontal stripes. ORFs outside the clusters are represented by
marginal dashed lines and gray fill.
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Figure 2.2.S6 Phylogenetic relationships of the 10 CDS found as core in 9 filamentous cyanobacteria.
Affiliations to the cyanobacterial subsections are shown in brackets. The trees were constructed with clustalX, using
the Neighbor-Joining algorithm with bootstrap of 1000; only bootstrap values higher than 60% are shown over the
nodes. When available, unicellular strains were used as outgroup taxa. Trees are organized according to the
appearance of each CDS pair in Table 2.2.4. GenBank accession numbers are indicated after species designation
(names in bold-face correspond to sequences belonging to CS-505 and D9). Species name abbreviations were used as
in materials and methods with the exception of the new sequences used in phylogenetic analyses: Anab WH:
Anabaena sp. WH School st. isolate; Cylin A1345: Cylindrospermum sp. A1345; Clich UTEX2014:
Cylindrospermum licheniforme UTEX 2014: Nost PCC9229: Nostoc sp. PCC 9229; Anab SI: Anabaena sp. South
India 2006; Nost PCC7906: Nostoc sp. PCC 7906; Nodu KAC17: Nodularia sp. KAC 17; Shof PCC7110:
Scytonema hofmanni PCC 7110; Toly CCMP1185: Tolypothrix sp. CCMP1185; Cdes PCC7102: Calothrix desertica
PCC 7102; Cfri PCC6912: Chlorogloeopsis fritschii PCC 6912; Chlo PCC9212: Chlorogloeopsis sp. PCC 9212;
Fmus UTEX1829: Fischerella muscicola UTEX 1829; Fmus SAG 1427: Fischerella muscicola SAG 1427-1; Fmus
PCC7414: Fischerella muscicola PCC 7414; Fther PCC7521: Fischerella thermalis PCC 7521; LeptoPCC73110:
Leptolyngbya sp. PCC 73110; Aplat HZ01: Arthrospira platensis HZ01; Mae843: Microcystis aeruginosa NIES-843;
Mae7806: Microcystis aeruginosa PCC 7806; Cya7822: Cyanothece sp. PCC 7822; Syn7002: Synechococcus sp.
PCC 7002; Syn7335: Synechococcus sp. PCC 7335.
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Figure 2.2.S7 Comparison of the gene clusters for heterocyst polysaccharide biosynthesis. The comparison was
based in the gene cluster described for Anabaena sp. PCC 7120 (Huang et al., 2005).

Table 2.2.S1 List of the unique CDS of CS-505 and D9 and their classification into the
different COG categories, Table 2.2.S1 1is available at the PLoS ONE website

http://www.plosone.org
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Table 2.2.S2 Cell division genes in cyanobacteria
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CS-505 % identity D9 % identity
Name Locus tag AA Locus tag AA Product / Description
ftswe CRC 02478 77.14 CRD 02755 76.88 Cell cycle protein
ftsZ° CRC 03281 87.56 CRD 01589 86.42 Cell division protein FtsZ
fn2* CRC 01266 59.25 CRD 01988 56.73 Heat shock protein Dnal-like
Multi-sensor Signal Transduction
cikA* CRC 01431 67.40 CRD 00661 69.02 Histidine Kinase
Penicillin-binding protein,
fisI°® CRC 03074 64.90 CRD 01146 64.13 transpeptidase
Peptidyl-prolyl cis-trans isomerase,
cdvl* CRC 02542 69.70 CRD 01024 69.70 cyclophilin type
Protein of unknown function
cdv2(yimF)* CRC 03484 81.35 CRD 01858 82.38 DUF552
Protein of unknown function
yimE+ CRC 03485 70.27 CRD 01859 70.72 UPF0001
Protein of unknown function
yimG+ CRC 00226 70.65 CRD 01524 70.65 YGGT
yimH+ CRC 00425 85.71 CRD 02533 85.71 RNA-binding S4
minC° CRC 03004 60.70 CRD 00104 60.40 Septum formation inhibitor MinC
Septum formation topological
minE® CRC 03006 72.53 CRD 00106 70.10 specificity factor MinE
Septum site-determining protein
minD° CRC_03005 84.53 CRD 00105 86.04 MinD
ftsQ° CRC 03280 54.24 CRD 01590 54.24 cell division protein FtsQ
cdv3(diviVA)*  CRC _00206 72.55 CRD 02623 72.22 conserved hypothetical protein
yfhF* CRC 01074 59.44 CRD 02634 59.18 conserved hypothetical protein
ftn6* CRC 02893 46.46 CRD 02832 45.10 conserved hypothetical protein

Similarity percentages are based on comparison with the orthologs in Anabaena sp. PCC 7120

* Identified cell division genes in Synechochoccus elongatus PCC 7942
+ Candidate cell division genes in S. elongatus PCC 7942

° Genes described in E. coli (1) and B. subtillis (2) responsible for cell division
See Miyagishima et al., (2005) and listed references for a detailed explanation on the functional

characterization of cell division genes in cyanobacteria and eubacteria.

Table 2.2.S3 Core genes of heterocystous cyanobacteria, Table 2.2.S3 is available at the PLoS

ONE website http://www.plosone.org
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Table 2.2.S4 83 previously described regulatory genes present in the genomes of the terminal heterocyst forming cyanobacteria

raciborskii strain CS-505 and the non-heterocystous R. brookii D9.

Anabaena Gene C. raciborskii | Identity R. brookii Identity Described function/role

PCC 7120 CS-505 (%) D9 (%)
all1940 abpl CRC 02963 76.30 CRD 02427 77.77
all1939 abp?2 CRC 02964 72.69 CRD 02426 72.89 Heterocyst glycolipid-layer formation (Koksharova & Wolk,
alr3608 abp3 CRC 00830 56.18 - - 2002)
alr4240 abp4 CRC 02581 65.90 CRD 01244 64.24

(hiyD)

alr1010 cchbP - - - - Heterocyst differentiation (Zhao et al., 2005)
all0601 cnaT CRC 01748 65.60 CRD 01497 64.45 Nir operon transcriptional regulator (Frias ef al., 2003)
all0187 conR CRC 00948 62.62 CRD 02925 62.46 Heterocyst functionality (Fan et al., 2006)
alr3712 devA CRC 00436 80.70 - -
alr3710 devB CRC 00438 65.32 - - Heterocyst polysaccharide formation (Cai & Wolk, 1997, Fiedler
alr3711 devC CRC 00437 77.74 - - et al., 1998, Ramirez et al., 2005, Campbell et al., 1996)
alr3952 devH CRC 03275 98.32 CRD 01596 98.32
alr0442 devRa CRC 02562 83.72 CRD 01268 79.84
all1430 JAxHT CRC 02876 70.40 - - Heterocyst ferredoxin (Schrautemeier & Bohme, 1985)
alr3858 ftsZ CRC 03281 86.34 CRD 01589 86.41 Septum formation during cell division (Sakr ez al., 2006)
all1691 furA CRC 01433 88.07 CRD 00658 88.74 Iron metabolism regulation (Lopez-Gomollon ef al., 2007)
all2319 glnB CRC 02206 92.85 CRD 00313 93.75 N, metabolism regulation (Laurent ef al., 2004)
asr3935 hanA CRC 01160 92.47 CRD 00595 90.32 Heterocyst differentiation (Khudyakov & Wolk, 1996)
alr0093 hcwA - - - -
alr1086 henR CRC 00384 69.04 CRD 03033 68.51
alr2835 hepAt CRC 01570 57.19 CRD 02099 56.09 Heterocyst polysaccharide and envelope formation (Fan et al.,
alr3698 hepB CRC 03468 67.94 CRD 01842 68.46 2006)
alr2834 hepC CRC 01572 41.50 CRD 02101 43.19
all4496 hepK - - - -
alr0117 hepN CRC 00406 48.58 CRD 01826 47.33
all2760 hepS - - - -
alr2817 hetC - - - - Required for pro-heterocyst cell division cessation(Xu & Wolk,

2001)




alr3546 hetF CRC 02207 52.46 CRD 00315 58.04 Heterocyst differentiation (Wong & Meeks, 2001, Liu & Golden,

all3740 hetL - - - - 2002)

alr5357 hetMt CRC 02052 65.60 - - Heterocyst glycolipid-layer formation (Maldener et al., 2003)
(hglB)

alr5358 hetN - - - - Late stage heterocyst pattern maintenance (Callahan & Buikema,

2001)

alr2818 hetP CRC 01587 58.11 - -

alr3234 hetP-like CRC 00980 69.33 CRD 00495 69.33 Heterocyst differentiation and maturation(Fernandez-Pinas et al.,

alr3234 hetP-like CRC 02972 41.26 - - 1994, Buikema & Haselkorn, 1991, Yoon et al., 2003, Zhang et

alr2902 hetP-like CRC 01674 61.19 CRD 02196 62.68 al., 2007)

alr2339 hetR} CRC 03184 83.94 CRD 01519 82.94

alr2300 hetY CRC 02119 65.94 CRD 02372 64.74

alr0099 hetZ CRC 02801 79.07 CRD 02292 79.69

all5359 hetl CRC 01556 51.96 CRD 01379 53.27

all5345 hgdA CRC 02043 69.23 - -

all5347 hgdB CRC 02045 63.93 CRD 00126 48

all5346 hgdC CRC 02044 82.39 CRD 00127 61.47 Heterocyst glycolipid-layer formation(Fan et al., 2005, Black et

alr3356 hglA CRC 02051 81.40 CRD 00121 75.62 al., 1995, Bauer et al., 1997, Campbell ez al., 1997)

alr5355 hglC CRC 02050 61.19 - -

alr5354 hglD CRC 02049 71.49 - -

alr5351 hglE, CRC 02047 65.96 - -

all1646 hglE, - - - -

alr5352 hglF - - - -

alr5353 hglG CRC 02048 64 - -

all0g813 hglK CRC 00692 54.93 CRD 01636 54.24

asr4517 nblA CRC 02186 82.25 CRD 00293 80.64 Phycobiliprotein degradation (Baier ef al., 2004)

all4312 nrrA CRC 00297 86.43 CRD 01945 85.27 Transcriptional regulator of /efR (Ehira & Ohmori, 2006)

alr4392 ntcAt CRC 00858 96.80 CRD 00550 91.94 N, metabolism and heterocyst differentiation regulators (Wei et

all0602 ntcB CRC_01749 77.59 CRD_01496 77.27 al., 1994, Frias et al., 2000)

all0521 patAt CRC 01956 40.15 - -

all2512 patB CRC 01763 73.48 - - Heterocyst differentiation and initial pattern formation (Liang et

alrd4812 patN CRC 03501 60.64 CRD 01874 61.11 al., 1992, Jones et al., 2003, Meeks & Elhai, 2002, Yoon &

as12301 patS CRC 02157 29% CRD 02133 23* Golden, 1998, Zhang et al., 2007)




asr0101 patU3 CRC 02800 51.76 CRD 02293 56.20

alr2502 pkn22 - - - -

alr0709 pkn4l - - - - NtcA mediated iron metabolism regulation (Cheng et al., 2006, Xu
alr0710 pkn42 - - - - et al.,2003)

alrd366 pknA - - - - Heterocyst differentiation (Zhang, 1993)

alr4368 pknD CRC 02958 50.49 CRD 00759 47 N, regulation (Zhang & Libs, 1998)

alr3732 pknE - - - -

alr3731 prpA - - - - Heterocyst maturation (Zhang & Libs, 1998, Jang et al., 2007)
alll731 prpJ CRC 01339 55.29 CRD_02900 53.52

alrd516 prpS CRC 02187 68.46 CRD 00294 61.95 Modification of PII (GInB) (Laurent ef al., 2004)
all1692 sigC CRC 01434 79.21 CRD 00657 78.60

alr3800 sigk CRC 02165 83.48 CRD 00081 84.40 Transcriptional Regulators (Aldea et al., 2007)
alr3280 sigG CRC 00607 87.09 CRD 02710 86.23

asr1734 NA CRC 01342 87.09 CRD 02898 84.94 Heterocyst development inhibitor (Wu et al., 2007)
all5343 NA CRC 02041 55.84 - - Heterocyst glycolipid-layer formation (Fan ef al., 2005)
alr5348 NA - - - -

asr5349 NA - - - -

alr2825 NA CRC 01582 89.10 CRD 02110 89.10

alr2827 NA CRC 01580 87.64 CRD 02108 86.09

alr2831 NA CRC 01575 79.44 CRD 02104 79.21

alr2833 NA CRC 01573 70.88 CRD 02102 70.08 Heterocyst polysaccharide envelope formation (Huang et al.,
alr2837 NA CRC 01568 54.76 CRD 02097 54.76 2005)

alr2839 NA CRC 01567 62.46 CRD 02096 62.72

alr2841 NA CRC 01565 49.77 CRD 02093 49.51

* To assign the corresponding CDS as a patS homologue other features than amino acid sequence identity were considered (see text). NA: not

assigned.

1 Expression confirmed by qPCR.
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Reassessment of the toxin profile of Cylindrospermopsis raciborskii T3 and
function of putative sulfotransferases in synthesis of sulfated and sulfonated

PSP toxins

Katia Soto-Liebe, Alejandro A. Murillo, Bernd Krock, Karina Stucken, Juan J. Fuentes-Valdés,
Nicole Trefault, Allan Cembella, Monica Vasquez.

2.3.1 Abstract

Cylindrospermopsis raciborskii T3, a toxigenic freshwater cyanobacterium, has been used
as a model to study and elucidate the biosynthetic pathway of tetrahydropurine neurotoxins
associated with paralytic shellfish poisoning (PSP). There are nevertheless several inconsistencies
and contradictions in the published toxin profiles of this strain. An initial report shortly after
isolation and culture claimed that this strain produced the carbamoyl analogues saxitoxin (STX)
and gonyautoxins 2 and 3 (GTX2/3), whereas a subsequent study by pre-column derivatization
and HPLC analysis with fluorescence detection gave the profile of strain T3 strain as STX and
the N-sulfocarbamoyl derivatives C1/2. When C. raciborskii T3 was utilized to identify the
sequence of genes putatively involved in PSP toxin biosynthesis (sx¢ gene cluster), the toxin
profile was considered to comprise STX, neoSTX (NEO), decarbamoyl STX (dcSTX) and B1.
Our analysis of the complete genome of another PSP toxin-producing cyanobacterium,
Raphidiopsis brookii D9, which is closely related to C. raciborskii T3, as well as the toxin profile
of PSP toxins in both strains by liquid chromatography coupled to mass spectrometry (LC-
MS/MS) has resolved many issues regarding the correlation between biosynthetic pathways,
putative genes and the T3 toxin profile. The putative sxt gene cluster in R. brookii D9 has a high
synteny with the T3 sx7 cluster with 100% nucleotide identity among the shared genes. However,
the published toxin profiles for T3 do not correlate with the toxin profile of D9 and the putative
functions assigned to each open reading frame (ORF). Our reassessment of the PSP toxin profile
of T3 by LC-MS/MS confirmed production of only STX, NEO and dcNEO production.
Significant insights were gained via correlation between specific sxt genes and their role in PSP-

toxin production in both D9 and T3 strains. In particular, analysis of sulfotransferase functions
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for SxtN (N-sulfotransferase) and SxtSUL (O-sulfotransferase) enzymes yielded a revised view
of the genetic mechanisms underlying the synthesis of sulfated and sulfonated analogues of STX

in toxigenic cyanobacteria.

2.3.2 Introduction

Cylindrospermopsis raciborskii was described as a planktonic cosmopolitan filamentous
cyanobacterium (Order Nostocales) from freshwater, able to fix nitrogen in terminal heterocysts
(Woloszynska, 1912). C. raciborskii has become one of the most notorious blue-green algal
species (Padisdk, 1997) because of its toxicity and tendency to form dense blooms that interfere
in multiple ways with water use. The species comprises strains that can produce either the
hepatotoxin cylindrospermopsin (CYN), a potent protein synthesis inhibitor, or the neurotoxins
saxitoxin and its analogues. The latter toxins are associated with paralytic shellfish poisoning
(PSP), which can cause illness and even death of humans after consumption of seafood
contaminated with these toxins, and are also responsible for deterious effects on organisms in
aquatic ecosystems (Zingone & Enevoldsen, 2000, Ressom et al., 1994). Nevertheless, some

strains of C. raciborskii do not produce any known toxins.

The first report of PSP toxin production in C. raciborskii (Lagos et al. 1999),
characterized the toxin profile of three strains T1, T2 and T3. Strains T2 and T3 were isolated in
1996 from the same location in Brazil, a branch of Billings water reservoir called
Taquacetuba.The toxin profiles of cultured isolates were determined by liquid chromatography
with fluorescence detection (LC-FD) after post-column derivatization. Confirmation of toxin
identity was provided by liquid chromatography with detection by electro-spray ionization mass
spectrometry (LC-ESI-MS). Lagos et al. (1999) mentioned that the strains T2 and T3 had
identical toxin profiles, comprising saxitoxin (STX), and the epimers gonyautoxin 2 and
gonyautoxin 3 (GTX2/3) in a 1:9 ratio, but showed only the LC-chromatograms of strains T1 and
T2. Curiously, despite the lack of definitive chromatographic evidence of the toxin profile of T3,
this strain was subsequently selected by different researchers to investigate the biosynthetic
pathway for PSP toxins. The first chromatogram for C. raciborskii strain T3 was published by
Pomati et al. (2003), based upon a pre-column oxidation method followed by liquid
chromatographic separation of the oxidation products (Lawrence et al., 1996). Furthermore,
although Pomati et al. (2003) used a mixture of STX and GTX2/3 as a calibration standard and

claimed to find only STX in T3, they noted that the strain also produces the low potency N-
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sulfocarbamoyl derivatives C1/C2, referencing the work of Lagos et al. (1999). This was a
misquotation of the T3 toxin profile as described by Lagos et al. (1999), who reported only the
presence of STX and GTX2/3. This confusion was later compounded by Pomati et al. (2004),
who considered the “STX and C1/2” profile of T3 as the basis for experimentation and
hypothesis of a possible new pathway for synthesis of C1/2 analogues, thereby modifying the
biosynthetic pathways proposed by Shimizu (1996) and Sako et al. (2001).

The sequence of the PSP toxin biosynthesis gene cluster, known as the sxz gene cluster, in
strain T3 was recently published (Kellmann ef al., 2008a). Based upon their LC-MS analysis,
Kellmann et al. (2008a) described yet another toxin profile for T3: STX, neosaxitoxin (NEO),
decarbamoyl saxitoxin (dcSTX) and the N-sulfocarbamoyl toxin B1 (GTXS5). These authors did
not refer to synthesis of C1/2 analogues, but confusingly in the discussion they mentioned that
both Anabaena circinalis AWQCI131C and C. raciborskii T3 produce N-sulfonated and O-
sulfated analogues of STX (B1, C2/C3, dcGTX3/dcGTX4). Kellmann et al. (2008a) analyzed the
structure of the gene cluster and the possible function of each open reading frame (ORF) based on

the toxin profile they reported.

Obviously the interpretation of existing reports on the toxin profile and molecular genetic
evidence for the biosynthetic pathway to STX and analogues in strain T3 has been complicated if
not confounded by these discrepancies. The inconsistencies could conceivably have arisen via a
combination of cross-contamination, miss-identification, inappropriate application or
interpretation of analytical methodologies, and/or errors in citation of the literature. Furthermore,
the Brazilian group responsible for the distribution of the original strain T3 did not specify the
toxin profile of this strain, and only expressed the sum of all peak areas of toxins as concentration

equivalents of STX (Ferrao Filho ef al., 2008).

We recently sequenced the genome of Raphidiopsis brookii D9 (Publication II), a PSP-
toxin producing cyanobacterium closely related to and formerly assigned to C. raciborskii
(Publication I) and later to Raphidiopsis (Plominsky et al., 2009). The toxin profile for strain
D9, based upon detailed LC-MS/MS analysis, comprises STX, dcSTX, GTX2/3 and dcGTX2/3.
We identified a gene cluster for PSP toxin synthesis that is highly similar to that published for T3,
but in D9 the cluster is not flanked at one end by the proposed regulatory genes sxtY, sxtZ and
ompR and lacks four open reading frames (ORFs) related to PSP-toxin production in T3 (sxzN,

sxtX, sxtW and sxtV) (Publication II). Considering the putative differences in toxin profiles
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between T3 and D9, these four ORFs are of interest to evaluate and correlate the toxin profile in

C. raciborskii T3.

The primary aim of this study is clarify the toxin profile of C. raciborskii T3, a reference
strain in the study of PSP toxin biosynthesis, and to assess the coherence between the PSP toxin
profile and the gene content, with reference to other cyanobacterial strains. We provide further
evidence on the role of sulfotransferase-like genes in the synthesis of sulfated and sulfonated

analogues in cyanobacteria.

2.3.3 Results and Discussion
Morphological and genetic analysis of C. raciborskii T3

Morphological analysis of C. raciborskii T3 by light microscopy was consistent with
previous observations. As distinctive for C. raciborskii, filaments showed typical vegetative cells
(Figure 2.3.1A) and specialized cells, specifically cone-shaped heterocysts located at the end of
the filament (Figure 2.3.1B). Characteristic ovoid-shaped akinetes (Figure 2.3.1C) were also

present, sometimes in tandem of four akinetes cells (inset in Figure 2.3.1C).

Figure 2.3.1 Filaments of C. raciborskii T3. (A) Vegetative cell. Scale bar, 10 um. (B) Solitary trichome with
heterocyst (black arrow) in terminal position of the filament. (C) Trichome with two adjacent oval-shaped akinetes
(white arrows).
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Genetic confirmation of the identity of C. raciborskii T3 was performed by amplification
and sequencing of the 16S rDNA and five genes belonging to the sxt gene cluster (sxt4, sxtN,
sxtX, sxtW, sxtV). In the other four cyanobacterial species from which the cluster is known, the
genetic context of the sxz gene cluster is different from that of T3 strain allowing for a proper
identification of the T3 sxt cluster. In this strain, an unknown orfl is located upstream de sxtD
gene (sxtD-context) and an insertion sequence, from IS4 family, is located upstream of sxtO gene
(sxtO-context) (Figure 2.3.2A). PCR amplicons of the expected size were obtained for all genes
studied (16S rDNA: 1367 bp; sxtA: 3600; sxtN: 1045 bp; sxtX: 921 bp; sxtW: 430 pb; sxtV: 1653
pb; sxtD-context: 853 bp; and, sxtO-context: 1240 bp) (Figure 2.3.2B).

A 28.6 kb Proposed in this work

35kb Kellmann et al., 2008

sxtD sxtA sxtN sxtW sxt?  sxtY ompR
..... | | . | I R
|— | —| ||
orfl X satl IS4  sxtZ hisA
B Jd¢ g¢ &
F& £ 3 ¥y S ¥ N A
Y AN 1Kb DNA N N P
S S & s & 5 & 5
& —8000— é — 4 F, % j s l.
. B — 2000 — [ Al P B ; -
“ i C s —1500— 1 - - ! s ;
. — 1000 — . o .. o R
“u-;-. — 750 — : ' { g : &
B — 500 — Y pen e
B — 250 — il AR L i

Figure 2.3.2 Schematic organization of the sxz gene cluster in C. raciborskii T3 (A) and PCR amplicons of sxz
genes (B). Genes amplified to confirm the cluster structure in T3 are shown in grey. sxtD and sxtO genes (both at the
flanking regions of the cluster) and their context are indicated by a black bar. The scale of the gene cluster lengths is
indicated as the number of base pairs. Electrophoresis in 1.0% agarose gel stained with ethidium bromide, showing
amplification fragment of 16S rDNA, sx¢ genes from C. raciborski T3 and genetic context of the sxt gene cluster
ends.
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Comparison of the sequences of the 16S rDNA of C. raciborskii T3 and the corresponding
genes present in the putative sxz gene cluster with those available in the NCBI database described
by Kellmann ef al. (2008a) yielded very high similarities. Alignment of the 16S rDNA sequences
gave identity matches of 99.8%; the difference of 0.2% corresponded to one gap and a mismatch
of five nucleotides (Figure 2.3.S1). Further comparison of the 16S rDNA sequence of strain T3
with C. raciborskii strains from Australia (CS-505, 506 and 511), showed that the differences

among the strains are restricted mostly to specific polymorphic sites (Figure 2.3.S1). We found a

nucleotide identity of 100% in all genes of the sxt gene cluster tested (Table 2.3.1).

Table 2.3.1 PCR primers used for amplification and sequencing. The length of
PCR products and the 5’-binding sites are given in parentheses.

Target %ID Primer pair Primer sequence
gene with T3
16S rDNA 100 CYA106Fa (5° -45) 5’-CGGACGGGTGAGTAACGCGTGA-3’
(1400 bp) 1492R (5’ -1411) 5’>-GGTTACCTTGTTACGACTT-3’
sxtA 100 SXTAF (5 -5146) 5’-CTCCTCTTCGGTATTGGCGG-3’
(3600 bp) SXTAR (5’ -8745) 5°-GCGGTTCCCGTTATTCTTGC-3’
sxtK 100 SXTKEF (5’ -15630) 5’-ATCACACCAATAGGATTCA-3’
(324 bp) SXTKR (5’ -15934) 5-CCCTTGAAGTTACTCATAAT-3’
sxtN 100 SXTNF (5’ -18931) 5’- CTGCTAGTTTGCGGCTGGTG-3’
(1045 bp) SXTNR (5’ -19975) 5’- CCCCCTCTGAACGGTTACGA-3’
sxtX (921 100 SXTXF (57 -20212) 5’-AAAAAGTGCAAGTTAAGAGG-3’
bp) SXTXR (5’ -21132) 5’-TAAAACACGGGGACTACATC-3’
sxtW 100 SXTWF (5’ -21141) 5’-ACTTAGGTAAAGCGGCTTTG-3’
(430 bp) SXTWR (5° -21512) 5-GCGCTACACCACCAGTATTA-3’
sxtV 100 SXTVF (5’ -21511) 5’-CCTGCTACAACTTTAATACT-3’
(1829 bp) SXTVR (5’ -23338) 5’-AGCTTAGTAAAGAACAACT-3’
sxtD’ 100 SXTDcontF (5 -868) 5’-ATACCTCCAGAGCGAGGACA-3’
(853 bp) SXTDR (5’ -1720) 5’-ATGGAAGGGAGAGCGAATTT-3’
sxtOQ’ 100 SXTOF (5’ -29976) 5’-TCCTGACTCCGCAAAGAGTT-3’
(1240 bp) SXTOcontR (5° -31215) 5’-CGGGGTTGGATATGTTTTTG-3”
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Re-assessment of the C. raciborskii T3 toxin profile

Clarification of the C. raciborskii T3 toxin profile is an important consideration for
defining correct gene functions because the gene cluster responsible for the biosynthesis of PSP
toxins was first described in T3, with putative functions assigned based upon the reported toxin
profile (STX, NEO, dcSTX and Bl) (Kellmann ef al., 2008a). Nevertheless, the previously
described toxin profile of C. raciborskii (Lagos et al., 1999, Kellmann et al., 2008a) is
inconsistent among studies, with the following PSP-toxin analogues: STX, GTX2/3, C1/2, B1,
NEO, deNEO and dcSTX, reported in different combinations depending on the publication. Our
analysis of the toxin profile of T3 by LC-FD revealed three fluorescent peaks that coeluted with
the toxin standards for NEO-dcNEO, dcSTX and STX, respectively (Figure 2.3.3A,B). However,
the analyte peak at the approximate retention time of dcSTX of the T3 chromatogram was eluted
slightly earlier than the standard deSTX, which makes it difficult to confirm the presence of
deSTX in this strain. We also observed several peaks with retention times that corresponded with
those of standards for various GTXs. These peaks were found to represent toxin artefacts (“false
positives”) because they continued to appear as fluorescent components, even when post-column
oxidation (derivatization) was suspended (Figure 2.3.3C). In contrast, the three peaks
corresponding to NEO-dcNEO, dcSTX and STX were missing in chromatograms without post-

column oxidation, supporting their legitimacy as putative PSP toxin peaks.

In any case, without further confirmatory analysis (e.g. by LC-MS), reports of PSP toxin
profiles with definitive peak identities for cyanobacteria must be viewed rather sceptically. For
example, the pre-column oxidation LC method (Lawrence et al., 1996) generates multiple
fluorescent derivatives for certain toxin analogues and was originally designed to estimate overall

PSP toxicity in shellfish rather than to directly infer the exact toxin profile.
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Figure 2.3.3 (A) LC-FD chromatogram of a C. raciborskii T3 extract with post-column derivatization. (B) LC-FD
chromatogram of the PSP toxins (C1/2, GTX1/4, dcGTX2/3, GTX2/3, B1, NEO, dcNEO, dcSTX, STX) standard
solution, analyzed with post-column derivatization. (C) LC-FD chromatogram of a C. raciborskii T3 extract without
post-column derivatization.

We confirmed the T3 toxin profile by liquid chromatography with tandem mass
spectrometry (LC-MS/MS) (Figure 2.3.4A), consisting of NEO, dcNEO and STX in decreasing
order of relative abundance as indicated in Figure 2.3.4B. The LC-MS/MS results were
essentially consistent with the LC-FD analysis, but also provided mass spectral resolution of the
co-eluting peaks of NEO and dcNEO. There was a faint peak in the T3 LC-MS/MS ion-trace for
dcSTX (m/z 257>156, data not shown), however, this was below the limit of detection (signal to
noise ratio <3). This means that also by LC-MS/MS we cannot unambiguously confirm the
presence of dcSTX in T3, but if present, its abundance is lower than 0.3 fmol mg™” fresh weight
(FW) of cyanobacteria or less than 0.5 % of the total PSP toxin content. Whereas Kellmann et al.

(2008a) employed LC-MS to identify key intermediates in the STX biosynthetic pathway, they
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only mention that the toxin profile of T3 comprises STX, NEO, dcSTX and B1, but did not
provide chromatographic support for this profile. We found no evidence for the presence of the

latter two toxin analogues in this strain.

According to our previous LC-MS/MS analysis, with respect to T3, R. brookii D9
produces a more complex toxin spectrum, characterised by the presence of STX and O-sulfated
toxins GTX2/3, in addition to decarbamoyl analogues, dcSTX, and dcGTX2/3 (Soto-Liebe ef al.,
2008).
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Figure 2.3.4 (A) LC-MS spectra of a C. raciborskii T3 extract. (B) Toxin content (pmol mg™ of fresh weight) for C.
raciborskii T3.

Comparative analysis of the sxz gene cluster in C. raciborskii T3 with other cyanobacteria

Comparison of the gene cluster for biosynthesis of PSP toxins in C. raciborskii T3 with
the sxz gene cluster of other cyanobacteria provides information on gene functions and also
reflects the differences in toxin profile. For example, the published sxz cluster of C. raciborskii
T3 comprises 35 Kb and 31 open reading frames (ORFs), whereas the smaller gene cluster of D9
covers only 25.7 Kb, and encodes for 24 ORFs, (Figure 2.3.5). Only 20 ORFs are shared between
these clusters, but 19 ORFs share 100% similarity). Four genes in C. raciborskii T3: sxtX, sxtN,
sxtW and sxtV are absent from the sx¢ gene cluster of R. brookii D9. The product of sxzX in T3 is
putatively involved in the synthesis of NEO (Kellmann ez a/., 2008a), and consistent with the lack

of this gene in D9, this latter strain does not produce NEO. The sxtV and sxtW genes were
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described as a putative electron transport system to reposition electrons for the correct
functioning of oxygenases. The sxtN gene was proposed to encode for a sulfotransferase that
would produce the sulfated analogues of PSP toxins (Kellmann et al., 2008a). Finally, in contrast
to what was described for T3, genes which codified as regulatory proteins are not present in the
D9 sxt gene cluster. The D9 cluster is flanked at the 3° end by ORFs with translation products
similar to the bifunctional protein GlmU, allophycocyanin B-subunit (ApcF), and glutamine
synthase (GS). Since expression of apcF and ginA genes is regulated by nitrogen (Herrero et al.,
2004, Johnson ef al., 1988), STX production may also be regulated by nitrogen availability in D9.

Since the description of the sxt gene cluster in C. raciborskii T3, corresponding clusters
have also been described in three different genera of filamentous cyanobacteria. These clusters
differ in size and gene content (Figure 2.3.5). A. circinalis AWQCI131C encodes a cluster of 30.9
Kb corresponding to 28 sxz-like ORFs, three transposase sequences, three disrupted and repeated
fragments of sxtN and two disrupted fragments corresponding to sxt/ and sxtV (Mihali et al.,
2009). Aphanizomenon sp. NH-5 encodes a 29 Kb cluster comprising 24 sxz-like ORFs, where the
most remarkable difference is the absence of sxtO, putatively involved in PAPS production, a
fundamental precursor for the sulfation or sulfonation of STX to O-sulfated or N-sulfonated
analogues (Mihali et al., 2009). Finally, Lyngbya wollei encodes a 36 Kb cluster formed by 26
sxt-like ORFs, including within these genes three copies of sxtM (MATE family efflux pump)
and two copies of sx#N (Neilan and Mihali, submitted to the NCBI-database; accession number:

EU603711).
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Figure 2.3.5 Comparative analysis of sxz gene clusters in five species of filamentous cyanobacteria. The ORFs
shared among the five clusters are shown in dark grey, ORFs with unknown function are given in black, the ORFs
filled with straight lines codify for transposases and those filled with slanted lines are pseudogenes. sxtSUL and
sxtDIOX are presented with grid lines and ORF's flanking the clusters or without function in the clusters are shown in
light grey and dashed lines.

Sulfotransferase-like genes and their role in PSP toxin synthesis

Although details of the complete synthesis of STX remain to be determined, recent studies
showed 11,12,12-trideshydroxy-decarbamoyl STX (E) as the last detectable intermediary to STX
(Kellmann et al., 2008a). Whereas our data essentially confirm the STX pathway in
cyanobacteria as previously described by Kellmann et al. (2008a), we propose an extension of the
pathway from E’ to yield GTX2/3. Only three steps involving double hydroxylation of C12, and
the addition of the carbamoyl group to 11, 12, 12-trideshydroxy-decarbamoyl STX, would render
STX (Figure 2.3.6A, B).

105



PUBLICATION III

Inferences based on the structure of sulfated and sulfonated PSP toxins in cyanobacteria
indicate that two tailoring reactions, carried on by two different enzymes, are needed to form the
different sulfated or sulfonated analogues. With STX as precursor, the first reaction would
require an O-sulfotransferase for sulfation of the hydroxyl group at the C-11 position of STX,
thereby rendering GTX2/3. The second reaction would involve an N-sulfotransferase that
incorporates a sulfonyl group at the N-1 position of the STX carbamoyl group, yielding B1. The
joint action of O- and N-sufotransferases would produce C1/C2 toxins (Figure 2.3.6D, E). In the
sxt cluster, two ORFs have been related with sulfotransferase activity, sxtN (Kellmann et al.,
2008a) and sxtSUL, from Lyngbya wollei (submitted by Neilan and Mihali, NCBI-database);
neither of them, however, has been experimentally linked to the specific sulfotransferase

functions.

The D9 sxt gene cluster contains two ORFs (CRD 02149 and CRD 02148) that are
absent from the T3 cluster. Our bioinformatics analysis of the gene product of CRD 02149
shows clear similarities to a sulfotransferase, and has an 89% amino acid identity with SxtSUL of
L. wollei, whereas the gene product of CRD 02148 shows 85% amino acid identity with
SxtDIOX of L. wollei, corresponding with a hydroxylase. Both SxtSUL and SxtDIOX probably
modify STX to form the C11-sulfated derivatives GTX2/3 (Figure 2.3.6C, D).

Despite the lack of experimental or bioinformatic support, Mihali ef al. (2009) proposed a
dual function for SxtN in 4. circinalis AWQCI131C, a producer of STX, GTX2/3 and C1/2. The
O-sulfotransferense function was attributed to the synthesis of GTX2/3, whereas the N-

sulfotransferase function would yield C1/2.
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Figure 2.3.6 Pathway of synthesis of PSP toxins. Proposed pathway
extension from E’ to GTX2/3. (A, B) Synthesis of SXT from E’ (Kellmann et
al., 2008a). (C) dioxygenase activity of SxtDIOX for the hydroxylation of C-11
to form 11-hydroxy STX. (D) Specific O-sulfotransferase activity of SxtSUL to
produce GTX2/3 analogues. STX as precursor for the synthesis of other PSP
toxin analogues: the specific enzymes (gene products) modifying STX are
shown in circles. (D’) Hydroxylation of NI by SxtX (cephalosporin
hydroxylase) to produce NEO. (D’’) N-sulfation at carbamoyl group nitrogen to
form B1 (GTXS). (E) O- and N-sulfation to produce C1/2 analogues from
GTX2/3 precursors.
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In the sxt gene cluster of T3, sxtN is the only ORF described with a putative
sulfotransferase function, assigned by a profile library search from which the two best hits in the
database were with proteins with sulfotransferase functions and the next best hit was with a
putative branched-chain amino acid aminotransferase (Kellmann et al., 2008a). The function
assigned to SxtN was supported by structural relatedness to an estrogen sulfotranferase 1AQU,
and by similarity of the conserved N-terminal sequence to a PAPS binding domain (Kakuta et al.,
1997). Our re-analysis of the sequence, however, found that there are several features in the
1AQU sequence related to PAPS binding that are not conserved in the SxtN sequence and may
not allow SxtN to bind the sulfate donor (PAPS) (Figure 2.3.S2). Moreover, our analysis of SxtN
showed no significant hit with any sulfotransferase after PSI-blastp. This is consistent with the
absence of sulfated and sulfonated toxins in the T3 toxin profile (STX, NEO and dcNEO) as we
confirmed by LC-MS/MS (Figure 2.3.4). An alternative explanation would be that SxtN is not
functional as a sulfotransferase in T3 or that the proper precursor for the enzyme function is not
available. We argue that the classification of the sxtN gene was forced to explain the toxin profile

of T3.

The confirmed PSP toxin profile of R. brookii D9 includes STX and dcSTX, as well as the
sulfated analogues GTX2/3 and dcGTX2/3. We postulate that differences in the sequence of sxtN
and sxzSUL can explain the synthesis of GTX2/3 in D9 and the lack of function of the sx#/N gene

in T3, which is not acting as a sulfotransferase in T3, as proposed by Kellmann ez al. (2008a).

With exception of Lyngbya wollei, all cyanobacterial strains which contain sxzX are able
to synthesize the carbamoylated NEO analog (Table 2.3.2). In the case of L. wollei the absence is
probably due to loss of function of sxz/ preventing R4 carbamoylation and subsequent
hydroxylation at the N-1 position. Furthermore, the two NEO-producing cyanobacteria are
incapable of synthesizing the O- or N-sulfated analogues, whereas L. wollei can produce O-
sulfated dcGTX2/3. This correlates with the presence of sxtSUL in the sxt gene cluster of this

cyanobacterium.

The presence of the sxtN gene may correlate with synthesis of N-sulfonated analogues, but
only A4. circinalis AWQCI131C that contains sxzN is able to produce the N-sulfonated analogues
C1/2. However, in order to synthesize C1/2, it is necessary to synthesize GTX2/3 as precursors
for the C1/2 N-sulfonation (Figure 2.3.6E); therefore an O-sulfotransferase function is needed. As
A. circinalis AWQCI131C produces GTX2/3, we postulate that the sxtSUL gene is located in

another region of the genome.
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Table 2.3.2 PSP toxin profiles and sx¢ gene content in cyanobacterial species.

PSP toxin profile (percentage) sxt genes
=3 Q % o E‘ E - @
7 - @ Z & A e~ v w g
Strain ; z € ; g E = 2 a E § % "éi Procedence Ref.
“ S 8 S N X ¥ & =
w z 2
R. brookii D9 45 2.9 94.6 0.7 x x < [Brazl This work
A. circinalis 0.8 0.1 69 86.6 5.7 x vV v |Australia This work
ACMB13
A. circinalis sk . (Llewellyn
AWQCI31C 20 11 16 7 64 x Australia 001
C. raciborskii T3 | 2.8 87 10.1 v v x |Brazil This work
(Mahmood
Aphanizomenon &
sp. NH5 * * Vo xousa Carmichael,
1986b)
. (Onodera et
L. wollei 1.4 5.4 M245 |V N A |usa al., 1997)
(Carmichael,
2)13.9 1997)
3) 32.7
(4)0.7
5)17.8
(6)34
: (Ballot et
2 92 9
Aph. gracile 10.5 6.3 2.9 80.2 ? Germany al., 2010)
AB2008/31
. (Ballot et
2 92 9
Aph. gracile 122 1.6 69.4 16.9 ! Germany al., 2010)
AB2008/65
(Pereira et
2 92 9
Aph. 54 6.1 23 64.5 1.1 ? Portugal al., 2000)
issatschenkoii
LMEYA 31
L . (Llewellyn
2 92 9
A. circinalis 8.0 93 ? Australia et al., 2001)

AWQC323B

+ The analog is present but the accurate PSP toxin profile has not been determined by LC/MS.
** The presence could be checked.

? The sequences are not available.
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We could not access ACWQ131C for direct comparison but we sequenced and analyzed
the sxt gene cluster of the closely related A. circinalis ACMBI13. This strain was also isolated
from Australia and produces a toxin profile (STX, dcSTX, GTX2/3, dcGTX2/3, C1/2 and B1)
similar to that of ACWQI31C. Most importantly, the sxz clusters of these strains are identical
(100%). The genome of ACMBI13 contains sxtSUL, as detected by positive PCR amplification
with specific primers against the sxtSUL sequence, with 91.6% and 90.1% identity to SxtSUL of
L. wollei and R. brookii D9, respectively.

Analysis of the sxt gene clusters and toxin profile of A. circinalis AWQCI131C,
Aphanizomenon sp. NH-5, L. wollei and the other four strains (whose sequences have been not
described) allowed us to conclude that the toxin profile reflects an equilibrium between STX and
production of terminal analogues, typically present in high molar percentage (bold numbers in
Table 2.3.2). Terminal analogues could be sulfated and/or sulfonated (GTX2/3, B1, C1/2, LW1-
3) or N-1-hydroxylated (NEO) derivatives (Table 2.3.2, Figure 2.3.6), indicating very efficient
and specific enzymatic activity to utilize the available substrate (STX). Conversion of STX to
NEO is completely favored in T3, even though the presence of SxtN could also allow conversion
to BI1, as in Aphanizomenon issatschenkoi LMEYA 31 (Table 2.3.2). This is more clearly
illustrated by comparing the profiles of Aph. gracile AB2008/31 and AB2008/65, conspecific
isolates from lakes in Germany, but indicating that in the former strain B1 synthesis is strongly

favored versus NEO synthesis in the latter (Table 2.3.2).

In R. brookii D9, which does not possesses either SxtX or SxtN, conversion of STX to
GTX2/3 is completely favored, supporting the proposed function of SxtSUL (CRD 02149) as a
specific O-sulfotransferase. The case of 4. circinalis AWQCI131C is quite remarkable, because
this cyanobacterium produces C1/2 analogues in higher proportion than all other analogues (as
does strain ACMB13) (Table 2.3.2), but only encodes for SxtN inside the sx¢ gene cluster. As we
propose, an O-sulfotransferase function is needed in the first place to form GTX2/3 as the
precursors of C1/2. The presence of an sxtSUL sequence (91.6% identity to SxtSUL of L. wollei)
in the genome of ACMBI13, however, suggests the presence of an O-sulfotransferase function
encoded outside of the sxt gene cluster in A. circinalis. Our hypothesis of the requirement for a
specific precursor for a specific enzymatic function to produce the sulfated and sulfonated
analogues from STX has no experimental support, but is highly correlated with the toxin profile

of L. wollei and consistent with its sx¢ gene cluster composition.
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L. wollei provides another remarkable example of the plasticity of the sx¢ gene cluster in
cyanobacteria. The L. wollei cluster encodes the sxtX gene, two copies of sxtN gene and also the
sxtSUL gene, but only produces dcSTX, dcGTX2/3 and LWTX 1-6. The latter toxins are result of
sxtl gene disruption by sxtACT (predicted acyltransferases) that would transfer an acyl group to
R4 and render the base of the LWTX structure. L. wollei is therefore unable to carbamoylate
deSTX (Figure 2.3.6B); such that the proper precursor for SxtX and SxtN is not present and only
SxtSUL can act to O-sulfate dcSTX to dcGTX2/3.

2.3.4 Conclusions

The sxt gene cluster sequences and gene expression levels could give us a good approach

to understand the genetic and enzymatic toxin basis of these toxin profiles differences.

We propose that STX is the necessary substrate for GTX2/3, B1 and NEO biosynthesis,
corresponding to O-sulfotransferase (sxzSUL), N-sulfotransferase (sx#N) and N1-hydroxylation
(sxtX) activities, respectively. Furthermore, GTX2/3 are the precursors needed for C1/2
biosynthesis by N-sulfonation of the carbamoyl group. Therefore, the absence of sulfated and
sulfonated PSP toxin in C. raciborskii T3 and A. flos-aquae NHS5, despite the presence of sxtN in
each sxt cluster, could be explained by the substrate absence (no GTX2/3 production), and a
complete synthesis favored to produce NEO, leaving no free substrate to produce B1 (Figure

2.3.6D").

The accurate identification of the toxin profiles in this group of cyanobacteria was a
primary task, in order to identify the function of the genes present in the cluster. At present, it has
not been possible to perform mutagenesis experiments or heterologous expression of this kind of
cluster. A strong bioinformatic basis could help to assign a correct hypothetical function to a
given gene for the synthesis of STX and analogues, until a proper experimental condition is
developed to test this function. Application of this “gene profile analysis” to the prediction of
toxin profiles in new toxic isolates could also assist in the assessment of toxicity risk due to

cyanobacterial blooms in natural water systems.
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2.3.5 Materials and methods
Cyanobacterial cultures and growth conditions

The non-axenic C. raciborskii T3 strain, was kindly provided by Sandra Azevedo
(Universidade Federal do Rio de Janeiro, Brazil). Cylindrospermopsis raciborskii CS-505, 506
and 511 were isolated from Australia and obtained from the CSIRO collection, Hobart, Tasmania.
Raphidiopsis brookii D9 was isolated by re-cloning from the multiclonal isolate SPC338
collected in 1996 from the Billings freshwater reservoir near Sao Paulo (Brazil) (Castro et al.,
2004). Cyanobacteria were cultured in MLA medium according to Castro et al. (2004), at 25-28
°C under fluorescent light at a photon flux density of 40 pmol m™s™ on a light/dark photocycle of

12:12 h without aeration.

In order to demonstrate the morphological identity of C. raciborskii T3, as directly
received from S. Acevedo, who is responsible for maintenance and distribution of the original
stain, the isolate was examined and compared with our previous results. The morphological
identification was assessed by light microscopy with oil immersion in a Nikon ECLIPSE TS100

inverted microscope, at 1000X amplification.
Genomic DNA isolation, amplification and sequencing

The DNA was extracted with the CTAB method described by Wilson, (1990). For PCR
amplification of 16S rDNA, the general primers CYA106a forward and 1492 reverse were used,
as described by Niibel et al. (1997) and Lane ef al. (1985), respectively. Amplification of the
putative sx¢ gene cluster, was carried out with sxt4, sxtN, sxtX, sxtW, sxtV, sxtD-context, and
sxtO-context primers (forward and reverse). Primer sequences and PCR amplicon sizes are shown
in Table 2.3.1. The PCR reaction contained 50-100 ng of genomic DNA. Reagents for each
amplification were: 0.25U Taq DNA polymerase (Invitrogen®); 3 ul 10X PCR buffer
(Invitrogen®); 2.5 mM MgCl (Invitrogen®); 0.4 mM primers; and 0.93 mM of each
deoxynucleoside triphosphate (Promega®™). Thermal cycling for 16S rDNA was performed in an
Eppendorf Mastercycler, under the following conditions: initial DNA denaturation at 92 °C for 2
min; 30 cycles at 94 °C for 1 min, 56 °C for 1 min, 72 °C for 2 min and a final elongation at 72 °C

for 5 min.

Thermal cycling amplification for the sx¢z gene cluster was performed in an Eppendorf

Mastercycler, under the following conditions: initial DNA denaturation at 99 °C for 1 min, 30
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cycles at 94 °C for 15 s, 53 °C for 1 min, 72 °C for 1.5 min and a final extension at 72 °C for 7

min.

All PCR products were checked by electrophoresis in 1.0% agarose electrophoresis gel

and visualized under UV transillumination after staining with ethidium bromide.

PCR-generated fragments of the 16S rDNA and sxt gene cluster were purified, with a
Wizard®Plus SV Miniprep, DNA Purification System (Promega®). PCR primers were used for
sequencing of both DNA strands (Macrogen, Korea). All sequences were checked manually by
Vector NTI software (Invitrogen®).

GenBank accession numbers

Published sequences were obtained from the National Center for Biotechnology
Information (NCBI) database (http://www.ncbi.nlm.nih.gov/) under the accession numbers: C.
raciborskii T3 16S rDNA gene, partial sequence (EU439566); C. raciborskii T3 sxt gene cluster,
complete sequence (DQ787200); R. brookii D9 sxt gene cluster, complete genome sequence
(ACYB00000000); Lyngbya wolleii sxt gene cluster, complete sequence (EU603711); C.
raciborskii CSIRO (CS) collection 16S+ITS-1(S): CS-505 (EU552062), CS-506 (EU552063),
CS-511 (EU552068); R. brookii D9 16S+ITS-1(S) (EU552070). A. circinalis ACMBI13 sxtSUL

gene, partial sequence was submitted in this work under the accession number HM163164.
Toxin extraction of C. raciborskii T3

Cyanobacteria were harvested in exponential growth phase by centrifugation at 16,000 x g
for 15 min to yield a cell pellet. The cell pellets were dried (DNA Speed Vac, SAVANT mod.
DNA 110-230) and extracted in 300 pl of 0.05 M acetic acid. Samples were disrupted three times
(20 s each) with an ultrasonic cell disruptor (Microson XL, Misonix, Farmingdale, USA). The
extracts were then centrifuged at 5000 x g for 10 min, filtered through a 0.45 pm membrane filter

and stored at —20°C until analysis.
Liquid Chromatography with Fluorescence Detection (LC-FD)

The LC-FD analysis was carried out on a LC1100 series liquid chromatograph (Agilent
Technologies, Waldbronn, Germany) coupled to a PCX 2500 post-column derivatization system

(Pickering Laboratories, Mountain View, CA, USA). The LC-system consisted of a degasser

113



PUBLICATION III

(G1379A), a quaternary pump (G1311A), an autosampler (G1229A), an autosampler thermostat
(G1330B), a column thermostat (G1316A) and a fluorescence detector (G1321A).

Chromatographic conditions were as follows: mobile phase A: 6 mM 1-octanesulphonic
acid and 6 mM 1-heptanesulfonic acid in 40 mM ammonium phosphate, adjusted to pH 7.0 with
diluted phosphoric acid and 0.75% THF for the gonyautoxin group; mobile phase B: 13 mM 1-
octanesulphonic acid in 50 mM phosphoric acid adjusted to pH 6.9 with ammonium hydroxide
and 15% (v/v) of acetonitrile and 1.5% of THF for the saxitoxin group. The flow rate was 1 ml
min™ with the following gradient: 0 min, 100% A isocratic to 15 min, switch to 100% B until 16
min, isocratic B until 35 min, switch to 100% A until 36 min, isocratic 100% A until 45 min (=
total run time). The autosampler was cooled to 4 °C and the injection volume was 20 pl. The
separation of analytes was performed on a 250 x 4.6 mm i.d., 5 um, Luna CI18 reversed-phase
column (Phenomenex, Aschaffenburg, Germany) equipped with a Phenomenex SecuriGuard pre-
column. The eluate from the column was continuously oxidized with 10 mM of periodic acid in
550 mM ammonium hydroxide at a flow rate of 0.4 ml min™ in a reaction coil set at 50 °C.
Subsequently, the eluate was continuously acidified with 0.75 N nitric acid at a flow rate of 0.4
ml min™' and the toxins were detected by a dual monochromator fluorescence detector (Aex 333
nm; Aen 395 nm). Data acquisition and processing was performed with the HP ChemStation

software. PSP toxin concentrations were determined by external calibration.

Standard solutions of PSP toxins (STX, NEO, dcSTX, dcNEO, gonyautoxins 1/4
(GTX1/4), GTX2/3, decarbamoyl gonyautoxins 2/3 (dcGTX2/3), B1 and C1/2) were purchased
from the Certified Reference Materials Programme of the Institute for Marine Biosciences

(National Research Council, Halifax, NS, Canada).
Liquid Chromatography Coupled with Tandem Mass Spectrometry (LC-MS/MS)

Mass spectrometric analyses for PSP toxins were performed according to a hydrophilic
interaction liquid ion-chromatography (HILIC) method (Diener et al., 2007) with slight
modifications. Mass spectral experiments were performed on an ABI-SCIEX-4000 Q Trap, triple
quadrupole mass spectrometer equipped with a TurboSpray® interface coupled to an Agilent
model 1100 LC. The LC equipment included a solvent reservoir, in-line degasser (G1379A),
binary pump (G1311A), refrigerated autosampler (G1329A/G1330B), and temperature-controlled
column oven (G1316A).
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The analytical column (150 x 4.6 mm) was packed with 5 um ZIC-HILIC (SeQuant, Lund
Sweden) and maintained at 35°C. The flow rate was 0.7 ml min™” and gradient elution was
performed with two eluants, where eluant A was 2 mM formic acid and 5 mM ammonium
formate in acetonitrile/water (80:20 v/v) and B was 10 mM formic acid and 10 mM ammonium
formate in water. The gradient was as follows: 20 min column equilibration with 80% A, linear
gradient until 5 min to 65% A, then until 10 min to 60% A, then until 20 min 55% A, subsequent
isocratic elution with 55% A until 24 min and finally return to initial 80% A until 25 min. Total

run time: 45 min. 5 pl of sample were injected in triplicates.

Multiple reaction monitoring (MRM) experiments were carried out in positive ion mode
by selecting the following transitions (precursor ion > fragment ion), period 1 (B-, C- and
gonyautoxins): m/z 412>332 and m/z 412>314 (for GTX1/4 and C3/4), m/z 396>316 and m/z
396>298 (for GTX2/3, C1/2 and B2), m/z 380>300 and m/z 380>282 (for Bl = GTXS), m/z
353>273 (for dcGTX2/3), m/z 369>289 (for dcGTX1/4); period 2 (STX, NEO and their
decarbamoyl derivatives): m/z 300>282 and m/z 300>204 (for STX), m/z 316>298 and m/z
316>196 (for NEO), m/z 257>196 and m/z 257>156 (for dcSTX) and m/z 273>255 (for dcNEO).
Dwell times of 100-200 ms were used for each transition. For these studies the source parameters
were as follows: curtain gas: 30 psi, temperature: 650 °C, ion-spray voltage: 5000 V, gas 1 and 2:
70 psi, interface heater: on, collision gas: high, declustering potential: 66 V, entrance potential 10

V, collision energy: 30 V and collision cell exit potential: 12 V.
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2.3.6 Supplementary material

(1 10 zn #0 an 50 1] 10 a0 20 oo 110 1zo

C5805 (1) GAATCTGGCT COAGGTCGEGGATARCAGT TEGAALC GACT GOTAATAC COGATGT GOCGAGAGGTCARAGATTTATT GOCT GEAGATGAGCT CECGTCTGATTAGCTAGTTGETGGTETA
CSE06 (1) GAATCTGGCTCCAGGTCGGGEATALCAGT THRALLE GACT GOTAATAC CRGATGT FCCCAGAGETGALAGATTTATT GOCT GEAGAT GAGCT COCGTCTGATTAGCTAGTTGETEGTGTA
C5511 (1) GAATCTGGCT COAGGTCGEGGATARCAGT TEGARLC GACT GOTAATAC COGATGT GLCGAGAGGTGARLGATTTATT GOCT GEAGATGAGET CECGTCTGATTAGETAGTTGETGGTGTA
D9 (1) GARTCTGGCTCCAGGTCGEGGATARCAGT TEGAARC GACT GOTARTAC CEEATET GOCGAGARGTCARAGACTT ATC GOCT GEAGATGAGOT CECGTCTGATTAGCTAGTT GECGETETA

T2 1 (1) GAATCTGGCTCCAGGTCGGEGATALCAGT TRGARAC GACT GOTAATAC COGATGT GOCGAGAGGTEARAGAT TTATC GOCT BRAGAT GAGCT COOGTCTCATTAGCTAGTT GELGGTETA

T32 (1) AAATCTGGCTCCAGGTCGEGGATARCAGT TEGAALC CTTT BOTAATAC COGATET BLCOAGAGGTEARAGATTTATC GCCT GEAGATGAGCT CECGTCTGATTAGCTAGTT GECGETETA
Corsensus (1) GAATCTGGCT CCAGGTCGEGGATARCAGT TGGAARC GACT GOTAATAC CEGATGT GOCGAGAGGTCARAGATTTATT GOCT GEAGATGAGET CECGTCTGATTAGCTAGTTGETGGTETA
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CSE05 (121) AGGGACCACCAAGGCCTCGAT CAGTAGCT GGTC TEAGAGGATGATCAGCCACACT GEFACTGAGACACGGCCCAGAC TCCTAC GG GAGG CAGCAGT GAGGAATT TTCCGCAATGEGCGAL
CHE06 (121) AGCCACCACCAAGGCCTCGAT CACTAGCT GETC TEAGAGCAT AT CAG CCACACT GEGACT CACAC A GG CCCAGAC TCCTACCECAGG CAGCACT CEGCALTT TTCCGCAATCECCGAR
CE511 (121) AGCCACCACCAACGCCICCAT CACT AGCTGETC TEAGAGCATCATCAG CCACACT COGACTCACAC AC GG COCAGAC TCCTACGECACG CAGCACT GECCALTT TTCCGCAATGOCOGAL

D8 (121) AGGGACCACCAAGGCATC GAT CAGTAGC T GETC TGAGAGGATGATCAGCCACACT GEGACTGAGAC ACGECCCARAC TCCTACGG GAGG CAGCAGT GEGGAATT TTCCOCAATGGGOGAL

TE1 (121) AGGGAC CACCAAGGCGTC GAT CAGT AGCT GETC TEAGAGGATGATCAGCCACACT GEGACT FAGAC ACGGCCCAGAC TOCT ACGG GAGG CAGCAGT GEGGALTT TTCCGCAATGEGOGAR

T32 (121) AGCCACCACCARCGGCCIC AT CACT AGCTGETC TEAGAGCATCATCAG CCACACT GoGACTCACAC ACCGCCCAGAC TCCTACGECAGG CAGCACT CECCALTT TTCCGCAATCOCCGAL
Consensus (121) AGCGACCACCAAGGCOTC GAT CAGT AGCT GETCTGAGAGGATGATCAGCCACACT COGACTGACAC ACGECCCAGAC TCCTACGE GAGE CAGCACT GEECAATT TTCCOCAATGECCGAL

@
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CHE05 (@) AGCCTCACCEAGCAATACCGC GTOAGGEAGEAAGEC TCTT CEET CoTAAAC CTCT TTTC TCAACCRAACAL CAAL CTCACCE TACT TEAG CARTARGCATCCECTALC TCCGTECCAGCAG
CEE06 (24) AGCCTGACGGAGCAATACCGC GTOAGGCAGEAAGEC TCTTGEGT COTAAACCTCT TTTC TCAAGGAAGAAGAALGTGACGE TACT TCAG GAATAAGCATCGECT ALC TCCG TGCCAGCAG
CH511 @M) AGCCTGACGRAGCAATAC CGE GTGAGGGAGRAAGGL TCTT GEGT COTAAACCTCT TTTC TCAAGGALGAL GAALGTGACGE TACT THAGGAA TAAGCATC GECT AAC TOCG TGO AGC AG

D8 @) AGCCTEACCEAGCAATACCGC GTOAGGEAGEAAGEC TCTT CEET CoTAAAC CTCT TTTC TCAACGRACAL CAAL CTCACCE TACT TEAG CARTARGCATCCECTALCTCCGTECCAGCAG

T2_1 @) AGCCTGACCGAGCAATACCGC GTOAGGCAGEAAGEC TCTTGEGT COTAAACCTCT TTTC TCAAGGAAGAAGAAAGTGACGE TACT TCAG GAATAAGCATCGECTAACTCCG TGCCAGCAG

T3 2 @M AGCCTRACGRAGCALTACCOC GTOAGGEAGRALGEC TOTT GEET COTAAACCTCT TTTC TCAAGGALGALGAALGTFACGE TACT TRAG AR TAAGCATC GRCTAAC TCOGTGOC AGCAG
Consensus @41) AGCCTGACGEACCAATAC COCCTCAGEGAGEAACGC ICTT CAET COTAAAC CTCT TITC TCAAGCALCAR CAALCTCACCETACT TCACGAATARCCATC GECTAAC TCCOTGCCAGCAG
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CHE05 (361) COGCEETAAT ACGEACCAT GO ARGCGTTATCCG GARTCAT IGGCCETARAGCETC TECAGGT GOARCTCAMACT CTGCTCT TARACACT TTCCCTIARCCARAT AR AGCCETELARLCT
CE806 (361) COGCGETAAT ACGLAGGATGLAAGCGTTATCCG GAATCAT IGGGCGTAAAGGETC TOCAGGT GOAACTCAAAGT CTGCTGT TARAGAGT TTGOCTT AACC AAAT AMAAGCGCTGLAAGCT
C5511 @61) COGCGETAAT ACGRAGGATGC ALGC GTTATCCGGARATGAT TGGECGTARAGGETC TGCAGGT GOALCTGALLGT CTECTGT TARAGAGT TTGGCTT AACCAAAT AAAAGCGGTEEALLCT
D8 (361 COGCGETAAT ACGGAGGA TGO ARGC GTTATCCG GAATGAT TGGGCGTARAGGGTE TECAGGT GOALCTGAMAGT CTGCTGT TARAGAGT TTGGCTT ARCCARAT AARAGCGGTGGARLCT

T2_1 (361) COCCGETAAT ACCCACCATGCAACCCTTATCCC GAATCAT TGCCCGTARACCETC TOCACCT GoAACTCAAACT CTGCTCT TARACACT TTCCCTT AACC AAAT ARAACGCCCTGLARACT
T3 2 (361) CCGCGRTAAT ACGEAGGATOCALGC GTTATCCGGAATGAT TGGGCETARAGGETC TOCAGGT BRALCT GALAGT CTGCTOT TARAGAGT TTGGOTT AACC ALAT AAAAGCGGTRRALLCT
Consensus (361) COGCCGTAAT ACCEAGCATECAACC CTTATCCGEARTGAT TEEE CETAARCGETCTEOAGET GOALCT CAARGT CTECTET TARAGACT TTCCCTTAACCARAT ARAACCCCTCCARRCT

@81y 381 430 s00 £10 ge0 s20 540 £50 5E0 s E50 20 (21

CHE05 (3981) ACACAACTAGACT G COETAGE GECAALACCAAT TCC TEGET CTAGCGET CARAT L CTACATATCAGCAAGAACACCEETCE CERAAGCETTT TGCT AGAC COTAACT CACACTCAGEGLD
CEE06 (981) ACACGAACTAGACTGCOETAGE GECAALAGGAAT TCC TGGT GCTAGC GO GAAATGL GTACATATCAGCAAGAACACCGGTGE CEAAAGCGTTT TGCT AGAC CETAACT CACACTGAGEGAD
CEE11 (81) ACAGALCTAGAGT GOGGTAGE GECAALAGGAAT TOCC TGET GTAGCGGT GAAAT L GCTAGATATCAGGAAGALCACCE BT GECRALAGCGTTT TGCT AGAC COTAACT GACACTEAGGELD

D9 (451) ACAGRACTAGAGTGCGGT AGG GECAALAGGAAT TCC TGGT GTAGCGGT GAAATGE GTAGATA TCAGGAAGAACA CCGGT GG CGRAAAGCGTTT TGCT AGAC CETAACT GACACTGA GEGLD

T2_1 (@81) ACACAACTAGACTCCCCTAGE GECAAAACCAAT TCC TCGT CTACCGOT CAAATCC CTACATATCAC CAAGAACACCGETCO CCAAAGCGTTT TGCT ACAC COTAACT CACACTCACCGAD

T3 2 (81) ACAGAACTAGAGTGCGGTAGG GECAALLG GALT TCC TEGT GTAGCGET GALAT GO GTAGATATCAGCARGAACACC G GTORCGAAMAGCGTTT TGCT AGAC COTAACT GACACTRAGEGAL
Consensus #81) ACAGAACTAGACT GCGCTACGEECAARAC AR T TCC TGET CTAG CEGT CARAT O CTAG AT A TCAG GARGAACACCECTCECOAAAGCETTTI IGCTAGAC COTARCT CACACTCAGGEAL

(B01) 0L £10 520 Fa0 £an £50 £80 £70 B30 go0 700 710 7z0

CHE05 G01) GALAGC TAGGGEAGCEARTGGGATT AGAT ACCCCAGTAGT COTAGECG TARACGATEGATAC TAGGCGTGG0TT GTATCGACCOGAGOC GTEOCGGAGCT AACGCGT TRAGTATCOCGED
CE806 B01) GARACC TAGC CCACCCAATGECATTACAT ACCCCAC TACT COTAGC COTARACCATGCATAC TAGCCGTCGCTICTATCGACCCCAGCCCTGCCGRACCTAACGCET TAAGTATCCCGCD
CEE11 B01) GAAAGC TAGG GOAGCOAATGECATT AGAT ACCC CAGTAGT COTAGC CETARACGATGEATAC TAGGCETGGCTT GTATCGACCOGAGIC FTECCGRAGCT AACGCOT TAAG TATCCOGCD
LO B01) GAAAGC TAGG GGAGCGAATEGCATT AGAT ACCCCAGTART COTAGCCOTARACGATERATAC TAGGCGTGGCTT GTATCRACCCOAGEE GTECOERAGCT AACGCAT TAAG TATCCOGCE

T30 B01) GAAAGE TAGG GLAGCGAATGGGATT AGAT ACCCCAGTAGT COTAGECG TARACGATGGA TAC TAGG CGTGGOTT GTATCGACCCGAGOC GTECOGEAGCT AACECOT TAAG TATCOCGOD
T2 2 B01) GARAGCTAGGGEAGCGAATGECATTAGATACCCCAGTAGT COTAGCCOTARACGATGCATAC TAGGCGTGGCTIGTATCGACCCGAGCC GTGCCGRAGCT AACGCET TAAGTATCCCGCD
Corsensus B01) GARAGE TAGGGEAGCEARTGGGATT AGAT ACCCCAGTAGT COTAGECE TARACGATEGATAC TAGGCGTGG0TT GTATCGACCOGAGOC GTEOCGGAGCT AACECGT TRAGTATCOCGED
F21) el 720 7an 750 Jen q70 ki1 790 FO00 BLl0 Fzo 5§20 Fa0

CSE05 (F21) TGEGGAGTAC GCAC GCAAGTGTGARACTC ARAGGALTTGACGEEGECC COCACAAGCGETEEAGTATGTEGTTT AAT TCGATGCAACGC GAAGAACCTTACCARGAC TTRACATCOTGEG
CS505 (721) TGGGGAGTAC GOAC GOAAGTGTGARACTC ARAGGAATTGACGGEGE0C COCACAAGCGE TEEAGTATGTGGTTT AAT TCGATGLAACGE GAAGAAC CTTACCARGAC TTGACATCOTGOE
CE611 721) TCGGEAGTAC GLAC GOAACTETGAAACTC ARACCAA TTCACGEGGECC CoCACAAGCGE TECAGTATGTGGTTTAAT TCGATGCAAC GO CAAGAAC CTTACCAAGACTTGACATCCTGCE
08 F21) TGEGGAGTAC GOAC GOAAGTETCALACTC ARAG GAATTGACGGEGECC COCACAA GGG TRGAGTATGTGGTTT AAT TCGATGCAACGE FALGARC CT TACCALGAC TTGACATCCTGCG

T30 721) TCEGGAGTAC GLAC GLAAGTGTGARACTC ARG TTGACGGEGECC COCACAA GGG TEEAGTATGTGGTTT AAT TCATGCAACEC CALGARC CTTACCARGAC TTGACATCCTGEE
T3 2 721) TCGGCACTAC GLAC COAACTETCAAACTC ARACCAA TTCACCOGGECC OO ACAAGCCETECAGTATCTCCTTTAAT TCCATCCAAC GO CAAGARC CTTACCALGACTTCACATCCTECE
Consensus (F21) TGEGGAGTAC GCAC GCAAGTGTGARACTC ARAGGALTTGACGEEGECC COCACAAGCGETGEAGTATGTEGTTT AAT TCGATGCAACGC GAAGAACCTTACCARGAC TTRACATCOTGEG

@41) 39L 550 E50 870 F80 890 200 210 Fz0 g20 240 250 950

CEE05 B4) AATCOCGGTGAAMAGCTRGGAGTGOC TTAGGEAGC GO AGAGACAGGETGETGCATGECTST CGT CAGC TOGT GTCGTGAGATG TT GG GT TAAGT CCCGCAAC GAGE GCAACCO TCGT TTT TA
CE806 B4) AATCCCCGTCARACCTECCAG TGO TTACGCACCGLACAGACAGGTGE TCCATGECTETCGT CAGC TCGT GTCC IGACATC TG CI TAAGT COCOCAACGACC GCAACCCTCGTTTI TA
CE611 B4) AATCCCGGTCARMAGC TG CAGTGCC TTAGGCAGC G AGAGACAGGTGE TCCATGECTET CGT CAGC TCGT GTCGTGAGATCTIGGCT TAAGT COCGCAACGAGC GCAACCCTCGTTTTI TA
D8 @41) AAT CCCGOTGAMLG CTEG GAG TGO TTAGGOAG COC AGAGACAGGT GG TECATGRCTGT CGT CAGC TOBT GTOG T GAGAT G TTRGGT TAAGT CCCGCAAC GAGC GCAACCC TCGTTTT TA

T3 BH) AATCCCCETC ARG CTECCAG TGO TTAGGCACC G ACAGACAGETGE TCCATGECTET CET CAGC TCET GTCCIGAGATCTIGGCTI TAAGT COCOCAACGAGC GCAACCCTCGTTTI TA
T3 2 BH) AATCCCCGTCARACCTCCCAG TGO TTACGCAGCGLACAGACAGGTGE TCCATGECTCTCGT CAGC TCGI GTCC IGACATC TG CI TAACT COCOCAACGACC GCAACCC TCGTTTT TA
Corsensus (B41) AAT COCGETGALLG CTESGAGTGOC TTAGGGAGCGC AGAGACAGGTGETGCATGECTET CGT CAGC TEGT GTCG TRAGAT G TTGEGT TAAGT COCGCAAD GAGE GCALCCCTOGTTTT TA

@E1) 961 370 Fa0 EED] Loog lolo Loz0 Loz Lo4d 1050 1060 1070 1080

C5805 @81) GTTGCCAGCATTAAGTTGGGCACTC TAGAGAGACTGCCGG TGAC ARAC COGAGGAAGGT GAGGATGACGT CAAG TCAGCAT GCCCCT TACGTCT TG GGCTACACACG TACTACAA TGO TA
C5806 @E1) GTTGCCAGCATTAAGTTGGGCACTC TAGAGAGACTGOCGGTGACARACCGGAGSAAGGT GAGGATGACGT CAAGTCAGCATGCCCCTTACGTCTTGGGCTACACACG TACTACRATGCOTA
C5511 @BB81) GTTGCCAGCATTAAGTTGGECACTC TAGAGAGACTGCCGETGAC ARAC COGAGGAAGGT CAGGATGACGT CARG TCAGCAT GCCCCTTACGTCT T GOCTACACACG TACTACRATGC TA
D8 @81) GTTGCCAGCATTAAGTTGGGCACTC TAGAGAGACTGCCGE THACALAC CEEAGGAAGGT GAG GAT GACGT CAAGTCAGCAT GCOCCCTTACGT CTTGGGCT ACACACG TACTACAATGC TA

T3 1 @81 GTTGCCAGCATTAAGTTGGECACTE TAGAGAGACTGCCOETRAC AAAC COGAGCAAGST GEGCAT GACGT CARGTCAGCAT GCCCCTTACGT CT TG GACT ACACAC G TACTACAATGC TA
T3 2 @61 GTTGCCAGCATTAAGTTGGGCACTC TAGAGAGACTGCCGGTRACAAAC COCAGGAAGST GEGGATGACGT CAAGTCAGCAT GCCCCTTACGTCTTGGGCT ACACACGTACTACAATGE TA
Corgenzus (@51) GTTGCCAGCATTAAGTTGGGCACTC TAGAGAGACTGCCGG TGAC ARAC CGGAGGAAGGT GAG GATGACGT CAAG TCAGCAT GCCCCTTACGTCT TG GGCTACACACG TACT ACAA TGO TA

(1081 1081 1nsn 1100 110 Lizo 11zn L1140 1150 1160 1170 L1&0 1190 1zoo
CES05(1081) COGACAGAGG GOAG CALG CCAGGRATOGC ALGE CAATCCAGARLCCGTAGC TCAGTTCAGAT COARGECT GLAACTCGOCT TOAT GARG FAGGART COCTAGTAATT GCAGGTCAGCATA
C550611081) CEGACAGAGG GCAG CAAGCCAGGRA TR ARG GAATCCAGARACCGTAGC TCAGTTCAGAT CoARGECT GCARCTCGCCT TCAT GAAGCAGFAAT COCTAGTAATT GCAGGTCAGCATA
CE51101081) CEGACAGAGG GOAG CALGCOAGGGATGEC ARG GAATCCAGARLCCGTAGC TCAG TTCAGAT COAAGECT GOAACTCGCCT TCGT GALGCAGGAAT COCTAGTAATT GCAGGTCAGCATA

DACI08T) COGACAGAGG GCAG COAG CCAGEGATGEC ARG GAATCCAGARACCOTAGC TCAGTTCAGAT COAAGGCT GLARCTCGOCT TOGT CAAG CAGGAAT COCTAGTAATT GCAGGTCAGCATA
T3_1(10581) CGGACAGAGG GCAGCGAGCCAGGGATGGC ARGCGAATCCAGRAACCGTAGC TCAGTTCAGAT COARGGLT GLARCTCGCCT TEGT GAAGGAGGAAT CGCT AGTAATT GCAGGTCAGCATA

T3 _Z2(1081) CCGACAGAGG GLAGCEAG CCAGGEATGEC ARG CALTCCAGRAAACCGTAGC TCAGTTCAGAT CRARGECT GLARCTCGCCT TCGT CALG GAGGAAT COCT AGTAAT T GCAGGTCAGCATA
Corsensus(1081) COGACAGAGG GUAG COAG COAGGGATGRC AAGC GAATCCAGARLCCGTAGC TCAG TTCAGAT CRARAGELT GEARCTOGCCT TCGT GAAG GAG FAAT COCT AGTALTT GCAGGTCAGCATA

(1204) 1201 lz10 lzz0 1220 1240 1250 lzs0 1270 1z80 1za0 1200 1211
C8-505(1201) CTECAGToAATTCOTTCCCGEGOCTTETACACACCGCCCOTCACACCATGGALGTTGOTCACGC CCGARGTCATTACCCCARCCRARAGCACGECEATCCCTALGETAGEL
C8-506 (1201) CTECAGTGAATTCGTTCCCGEGECTTETACACACCGCCCGTCACACCATGGALGTTGOTCACGC COGARGTCATTACCCCAACCEARAGGAGGECEATGCOTALGGTAGEL
CE-611(1201) CTECAGTGAATTCGTTCCCGEECCTTETACACACCECCCGTCACACCATECAACTTOCTCACGC CCGALBTCATTACCCCAACCOAAACEACGECCATECCTALSCTAGRA

D8(1201) CTECAGTEAATTCGTTCCCEGGCCTT GTACACAC CGCOCGTCACACCATGEAAGTTGOTCACGC CCGARGTCATTACCCCAACCCARAGEAGGGECATECCTALGETAGEL
TE_1¢1201) CTECAGTEAATTCGTTCCCEGECCTTETACACACCECCCGTCACACCATGEAAGTTEGT CACGCCCOAAGTCATTACCCCAACCEALACCAGEEECATCOCTAAGETAGEL
T3_2(1201) CTGCACTGAATTCGTTCCCGGECCTTETACACACCGCCCGTCACACCATGCAAGTTGCTCACGC CCGAAGTCATTACCCCAAD COAALGEAGGECCATCCCTALG-TAGDA

Consensus (1201) CTGCAGTGAATTE GTTCCCGEECCTTETACACACCECCCOTCACACCATGGAAGTTEOT CACBCCCGALGTCATTACCCOARC CEALAGGAGGGECATCO CTAAGETAGGA
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REASSESSMENT OF T3 TOXIN PROFILE

Figure 2.3.S1 Alignment of partial 16S rRNA nucleotide sequences of C. raciborskii T3 with other C.
raciborskii strains and Raphidiopsis brookii D9. Alignments were performed with clustalX. The degree of
nucleotide conservation is indicated by colors as follows: yellow blocks (non-similar), light blue blocks (conserved),
light green blocks (similar), and white (identical). Accession numbers from the sequences analyzed are: T3 1: C.
raciborskii T3 from this work; T3 2: C. raciborskii T3 (EU439566); D9: R. brookii D9 (EU552070); CS-505, CS-
506 and CS-511: C. raciborskii (EU552062, EU552063 and EU552068, respectively).
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Figure 2.3.S2 Amino acid alignment of sulfotransferase sequences described by Kakuta es al. (1997), for
crystallographic prediction of this type of enzyme structure. (A) Mouse-estrogen sulfotranferase (EST), human
phenol sulfotransferase (PST), human hydroxysteroid sulfotransferase (HST), and flavonol 3-sulfotransferase from
Arabidopsis thaliana. The amino acids in red with yellow background are conserved among the protein families (31
sequences analyzed). The secondary structure elements are shown in green boxes ([3-strain) and red boxes (a-helix).
Residues involved in PAPS binding are marked in blue boxes and blue arrows. The residues suggested to be involved
in catalytic mechanism are marked with black arrows and the histidine believed to be the proton acceptor in the
reaction is labeled in red box. The consensus GXXGXXK and PSB loop are boxed. (B) The same alignment
including SxtN sequence.
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2.4 Publication IV

Effects of alternative nitrogen sources on gene expression and toxin
production in the closely related cyanobacteria Cylindrospermopsis raciborskii

CS-505 and Raphidiopsis brookii D9

Karina Stucken, Uwe John, Allan Cembella, Katia Soto-Liebe and Monica Vasquez.

2.4.1 Abstract

The closely related cyanobacteria Cylindrospermopsis raciborskii CS-505 and Raphidiopsis
brookii D9 share 2,539 orthologous genes, but morphologically differ by the presence of
heterocysts (diazotrophy) in the former. CS-505 and D9 produce cylindrospermopsin (CYN) and
paralytic shellfish toxins (PSTs), respectively, constitutively biosynthesized by independent gene
clusters. It is not known how or if toxin biosynthetic genes are regulated, particularly by N-source
dependency. Herein we show the N-dependent regulatory pathways and production of CYN and
PSTs. In early exponential phase, growth inhibition by N-deprivation or high ammonium ion
concentration, arrest PST- and slow CYN-production. In CS-505, up to 23% of repeated elements
and several transposases were differentially expressed under all N-regimes, apparently playing
critical regulatory roles in metabolism. Comparative transcriptomics revealed a differential
regulation in N control and heterocyst differentiation genes between CS-505 and D9, and late
regulation of ntcA. Quantification of the main toxin biosynthesis genes by qPCR showed a
tendency for repression of the PST and CYN genes in both control cells and under different N-
regimes. The late regulatory responses and the pattern of biosynthetic gene regulation suggest
that additional mechanisms of N control and posttranscriptional mechanisms are involved in toxin

production.
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2.4.2 Introduction

Characteristic seasonal blooming of planktonic populations of unicellular and filamentous
cyanobacteria, which often dominate the photosynthetic plankton in eutrophic freshwater and
coastal brackish waters, has been documented for many years (Francis, 1978). Among
cyanobacteria numerous different forms of nitrogen (N), primarily nitrate/nitrite, ammonium,
urea and cyanate can be assimilated, as well as dinitrogen (N;) through fixation in some cases
(Herrero et al., 2001). Many members of both unicellular and filamentous cyanobacterial groups
are diazothrophs, i.e. able to fix Ny, and therefore can survive and even thrive in N-poor

environments.

A wide array of neurotoxins and hepatotoxic components are produced among the
cyanobacteria (Carmichael, 1997, Sivonen & Jones, 1999). These toxins include the paralytic
shellfish toxins (PSTs), comprising the tetrahydropurine saxitoxin (STX) and more than 20
naturally occurring analogues, potent neurotoxins that act by blocking voltage-gated sodium
channels in excitable cells (Llewellyn, 2006). The production of PSTs is long known in
cyanobacterial genera, such as Anabaena, Aphanizomenon, Lyngbya, Cylindrospermopsis
(Humpage et al., 1994, Carmichael et al., 1997, Lagos et al., 1999), and more recently these
toxins have been confirmed in Raphidiopsis (Yunes et al., 2009). Cylindrospermopsins (CYNs)
are polycyclic uracil derivatives with broad cytotoxic properties found among several
cyanobacterial genera, including in species of Anabaena, Aphanizomenon, Umezakia, and
Raphidiopsis. The distribution of biosynthetic capacity for either PST or CYN production
indicates that although these toxin groups may occur among closely related taxa and among
conspecific isolates from a given biogeographical region, they do not usually co-occur within a

given strain.

The cosmopolitan filamentous diazotroph Cylindrospermopsis raciborskii is a frequent
major component of cyanobacterial blooms in tropical and temperate waters (Padisdk, 1997).
Within this species, certain strains can produce either CYN or PSTs (Falconer & Humpage, 2006,
Lagos et al., 1999). The planktonic filamentous genus Raphidiopsis is less frequently found
within cyanobacterial blooms than C. raciborskii. The association of C. raciborskii with blooms
of Raphidiopsis spp. is, however, increasingly reported in freshwater reservoirs and lakes in

Australia, Brazil, Argentina and Egypt, where they coexist under the same environmental
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conditions (McGregor & Fabbro, 2000, Chellappa & Costa, 2003, Zalocar de Domitrovic et al.,
2007, Mohamed, 2007).

Cylindrospermopsis raciborskii and Raphidiopsis spp. differ morphologically in the
development of functional heterocysts (specialized cells for N, fixation) only in the former
species. In fact, this morphological difference in heterocyst formation was the primary reason for
the taxonomic separation of Cylindrospermopsis and Raphidiopsis into different genera
(Komarek & Anagnostidis, 1989). Nevertheless, phylogenetic analysis has shown that taxa of
both genera form part of the same species-complex (Gugger et al., 2005, Publication I). Our
recent report of the genome sequences of C. raciborskii CS-505 and R. brookii D9, showed that
these taxa share a core genome of 2,539 genes (>90% amino acid identity). Furthermore, all core
genes are present in syntenic regions, suggesting that these close relatives should be reclassified

as species within the same genus (Publication II).

The genomes of both strains C. raciborskii CS-505 and R. brookii D9 contain the genes
involved in the classical pathways for N uptake and assimilation, and accordingly both strains
grow well on ammonium, nitrate, or urea as N sources. Among the more prominent differences
between CS-505 and D9 at the genomic level are the absence of nitrogenase and heterocyst
development gene clusters, and the presence of genes involved in amino acid transport and
metabolism in D9. This latter group of genes could presumably provide a compensating

advantage in N-limited environments.

Despite genomic differences related to N-metabolic capacities, both strains produce
highly nitrogenated toxins. Strain CS-505 produces cylindrospermopsin (CYN) (Saker et al.,
1999), whereas D9 synthesizes several PSTs, specifically STX, the gonyautoxins GTX2/3 and the
respective decarbamoyl analogues dcSTX and dcGTX2/3 (Soto-Liebe et al., 2008).
Cylindrospermopsin is biosynthesized via combined polyketide synthase/nonribosomal peptide
synthetase (PKS/NRPS) pathways (Mihali ez al., 2008), whereas STX and analogues are derived
via a novel gene cluster whose mosaic structure determines the synthesis of the different PST
analogues (Kellmann et al., 2008a, Mihali et al., 2009). Interestingly, the gene clusters involved
in the biosynthesis of CYN and PSTs in CS-505 and D9, respectively, are located adjacent to
genes regulated by nfcA, the master regulator for N availability (Vega-Palas ef al., 1990). This
raises the hypothesis that toxin synthesis could be regulated by nitrogen in these two

cyanobacteria.
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Given the critical importance of N supply and metabolism in growth, bloom development
and life history transitions of cyanobacteria, we compared the respective effects of nitrate,
ammonium and urea as N-sources with N-deprivation in CS-505 and D9. These strains were
selected as optimal candidates for investigating the cellular growth responses and toxin
production, based upon their close taxonomic association, the availability of comprehensive
genome sequences, and proximity of the toxin clusters to NtcA-regulated genes in both CS-505
and D9. The availability of the sequences of the CYN and STX clusters allowed us to perform a
bioinformatic search for ntcA regulatory boxes. We assayed the expression of the main genes
involved in toxin biosynthesis and transport by qPCR. Microarray hybridization of the
transcriptome 24 h after the change in the N-source yielded an integrated view of the regulatory
pathways under these conditions. Our work is the first comparative study on gene expression
related to growth, N metabolism and toxin production in these cyanobacteria to determine the

different regulatory mechanisms that could underlie their phenotypic plasticity.

2.4.3 Results
Growth and toxin production under different N-regimes

Cylindrospermopsis raciborskii CS-505 and Raphidiopsis brookii D9 were adapted to
grow on nitrate, but they were also able to use either urea or ammonium as substrate, measured as
growth normalized per unit chl a or dry weight (Figure 2.4.1). These cyanobacteria were,
however, not able to grow on cyanate (data not shown), which can be spontaneously derived from
urea. With the exception of lower biomass yield in D9 grown on ammonium (Figure 2.4.1D),
growth was not highly dependent on the type of N-substrate. Although D9 does not grow
diazotrophically, the cultures showed an increase in biomass up to 48 h in -N medium (Figure
2.4.1D), indicating usage of intracellular N. After 72 h, the biomass decreased and the filaments
appeared fragmented, as an indication of the start of cell death. Ammonium affected D9 by

producing a growth-lag that was less apparent for CS-505 (Figure 2.4.1C,D).
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Figure 2.4.1 Growth curves of C. raciborskii CS-505 (A, B) and R. brookii D9 (C, D). Curves were plotted by
chlorophyll a and dry weight per unit culture volume. Values are shown as the average of three biological replicates;
error bars indicate +SD from the mean (n = 3).

The initially high C:N ratios further increased in both strains after 24 h and remained high
in the absence of added N (Figure 2.4.2). In CS-505, however, high C:N ratios were maintained
until 72 h, but after 120 h, the ratio significantly decreased (Figure 2.4.2A), temporally
correlating with the formation of heterocysts and consequent N, fixation (Publication V). In
contrast, lacking the ability for N, fixation, D9 cultures remained N-starved as indicated by the
high C:N ratio during the entire experiment. The C:N ratios also revealed that CS-505 was more
efficient at assimilation of ammonium than D9; in the latter strain grown on ammonium, the
cellular C:N ratio did not decrease until 72 h, indicating that D9 cells were not effectively
retaining externally supplied N in the form of ammonium (Figure 2.4.2B). Both strains showed a
rapid assimilation of urea as N-substrate until 48 h, but later the C:N ratio decreased below the
initial values in CS-505, whereas in D9 this ratio increased even above the values shown with

nitrate.
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Total intra- and extracellular CYN and deoxycylindrospermopsin (doCYN) were
increasingly produced in CS-505 under all N-treatments (Figure 2.4.3A). This response was
however, much lower in the treatment without fixed N (Figure 2.4.3A). When normalized to
biomass, the effect of N-deprivation on toxin production correlated with the available N pool in
the cell; the toxin content per unit biomass that remained low until 72 h, increased after 120 h
(Figure 2.4.3B), along with a drop by almost 50% of the C:N ratio (Figure 2.4.2A). These
changes reflect an increase in cellular N, probably derived from N, fixation. Similarly, only N-
deprivation significantly affected the intra- and extracellular CYN:doCYN, ratio (Student’s t-test,
p<0.05) which increased as reflected by a dramatic decrease in the precursor doCYN (Figure
2.43C,D). The CYN:doCYN ratios progressively decreased in the cellular and extracellular
fraction under all fixed N-sources (Figure 2.4.3C,D), although this trend was not as marked by
120 h in the extracellular fraction (Figure 2.4.3D). Small differences in this tendency are likely

attributable to cell lysis and/or leakage of toxins rather than to active toxin transport.
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Figure 2.4.3 Toxin production by CS-505 grown under four alternative N-regimes. (A) Total CYN + doCYN
content over the time in the intra- and extracellular component per unit culture volume. (B) Total toxin content
normalized to biomass (dry weight). (C) and (D) Intra- and extracellular ratios of CYN:doCYN, respectively.

Rates of toxin production (usy) and growth rate (u.) showed a significant correlation in
cultures grown on nitrate and urea over the entire growth curve, with a slope not significantly
different from 1 (ANCOVA: p = 0.204550 for nitrate and p = 0.566347 for urea), suggesting a
balanced equilibrium between net growth and toxin production. In contrast, cultures grown under
N-deprivation showed a correlation between p,, and p. whose slope (m = 0.447) differed
significantly from a slope = 1 (ANCOVA: p = 0.000930). No significant correlation was
observed for the ammonium treatment, for which toxin production rate appeared to be

independent of growth rates (Figure 2.4.S1A).

Raphidiopsis brookii D9 produces six PST analogues in the following order of descending
relative abundance: GTX2/3>STX>dcSTX and dcGTX2/3. The total PST content (intra- and
extracellular) of the D9 cultures grown on nitrate or urea increased along the time course of
growth, but remained roughly constant in cultures grown with ammonium or under N—

deprivation over the 120 h experiment (Figure 2.4.4A).
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The total toxin per unit biomass (ug PSTs mg™) went down during the first 24 h in all N-
treatments, and continued to decrease in the ammonium and urea treatments, where it reached a
minimum of 0.86 pg mg'1 (ca. 50% of the initial amount) at 120 h (Figure 2.4.4B). In contrast,
under —N conditions and with nitrate_ the total PST content per unit biomass increased towards the
end of the experiment but did not attain the levels measured at # = 0. The increase of total PST in
the —N treatment may be explained by the low biomass at this time point while the total PST
remained constant (relatively refractory to degradation) in the medium. The trend towards
decreasing intracellular toxins, except for the nitrate treatment, was only reflected in the increase
in the extracellular STX pools in cultures grown on urea; under ammonium and N-deprivation,

STX did not substantially increase (Figure 2.4.4C, D).

In the intracellular fraction, the toxin composition, expressed as the STX:GTX2/3 ratio,
rapidly shifted down in the —N and ammonium treatments, while decreasing only later in the
urea-grown cultures (Figure 2.4.4E). In the ammonium treatment, the intracellular content of
STX went down to the limit of detection (Figure 2.4.4C), thereby producing lower STX:GTX2/3
ratios; the same effect was observed in the —N treatment (Figure 2.4.4E,F). In these cases, the
cultures were in two different physiological stages; N-depleted cultures were destined to die from
starvation, whereas cultures grown in ammonium only showed a lag phase until the fourth day,
after which they increased in biomass and chlorophyll a content (Figure 2.4.1). With nitrate as
growth substrate, the STX:GTX2/3 ratio (approximately 1:5) did not significantly change
(Student’s t-test p<0.05) over the first 48 h, but increased slightly in the latter half of the
experiment (Figure 2.4.4E,F). In general, the ratios in the intracellular and extracellular fractions
followed similar patterns, with the exception of the urea treatment, which showed a downshift
only in the intracellular component, presumably due to the release of STX to the extracellular

medium.

The rate of PST production was apparently independent of the growth rate in the urea,
nitrate and ammonium treatments; only the —N treatment showed a significant positive correlation
between these two parameters. Nevertheless, the slope of the regression line (m = 0.1647) was
significantly different from a slope = 1 (ANCOVA p = 0.000116), showing that under N-
deprivation, a doubling in the biomass did not yield a corresponding doubling in toxin content

(Figure 2.4.S1B).
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Figure 2.4.4 Toxin production by D9 grown under four alternative N-regimes. (A) Total PST content over the
time in the intra- and extracellular component per unit culture volume. (B) Total toxin content normalized to biomass
(dry weight). (C) and (D) Intra- and extracellular STX content. (E) and (F) Intra- and extracellular STX:GTX2/3
ratios.

Core genes and transcriptional responses to alternative N sources

Analysis of the coding sequences (CoDing Sequence, CDS) of the cyanobacterial strains
revealed that of the 3,492 CDS identified in the CS-505 genome, 2,539 (73%) have an ortholog in
the D9 genome, comprising 3,010 CDS (of which 84% are shared with CS-505). We refer to this
set of 2,539 orthologs as the “core genome” shared between CS-505 and D9. Following growth in
all four N-regimes, there was an overlap between strains in the expression of 12% of the genes
belonging to the core (Figure 2.4.5). This fragment of the core represents the main processes
known to be affected in cyanobacteria under N-limitation of growth and hence includes genes
highly conserved in cyanobacteria and eubacteria (Table 2.4.S1). Transferring CS-505 and D9
cultures to nitrate-replete medium provoked a mild induction/repression in a large number of

genes, of which a few were regulated with fold changes -3>FC>3. The common response
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between the strains was reflected by the overlap in the expression of 44 core genes, a low number
considering that 257 genes belonging to the core were expressed in D9 alone. As in the nitrate
treatment, the overlap between strains in the core gene expression was low (98 core genes) when
compared to the 471 genes from the core expressed in D9. From the overall pattern of expressed
genes in CS-505 and D9 under N-deprivation, 218 belonged to the core and were expressed in
both strains. Among all N treatments, in both CS-505 and D9 we observed the lowest number of
regulated genes with ammonium, but with the highest magnitude in gene expression (repression)

levels. From the 29 core genes regulated in both strains, almost all (27) were down-regulated.
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Although for both strains only a fraction of the expressed genes belonged to the core
genome, not all genes were regulated in the same direction (Figure 2.4.5, Table 2.4.S1). For
example, in the —N treatment, seven genes were regulated in an opposite manner; patU3,
typically associated with heterocyst development, was up-regulated in CS-505 but down-
regulated in D9. Likewise, under nitrate-dependent growth, two genes were differentially
regulated, but they are only annotated as hypothetical proteins. Genes differentially regulated
with urea clearly pointed towards different N-uptake and utilization responses between CS-505
and D9. Whereas in CS-505 the urease transport gene wurtA and a GCNS5-related N-
acetyltransferase (CRD _00043/CRC _02981) were up-regulated, in D9 an ABC transporter
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(CRD_00713/CRC _00490) and a monooxygenase (CRD_00742/CRC _02427) were induced. No

genes with opposite expression patterns were observed in the ammonium treatment.

The significant shifts detected at 24 h in both toxin and C:N ratios were early enough to
exclude the possibility that they were due to an acclimation response of CS-505 to N-deprivation
(trigger of N, fixation and heterocyst development genes), or to cell death in D9 caused by
extreme N-stress. More genes were regulated in D9 than in CS-505 under the nitrate-, urea- and —
N-treatments (Table 2.4.1). The transcriptional responses to ammonium, on the other hand,
exhibited that lowest total of regulated genes among all N-treatments, but the number of down-

regulated genes was similar between the strains (Table 2.4.1).

Table 2.4.1 Number of genes and repeated sequences regulated in CS-505 and D9 at 24 h under

alternative N-regimes. FC = fold change

q=0,FC>1.5 CS-505 D9
LOESS
Nitrogen Up-regulated Down- Up-regulated Down-
regime regulated regulated
nitrate 75 57 139 221
+ 2 repeats +41 repeats
ammonium 5 86 26 90
+ 7 repeats
urea 126 140 294 361
+ 1 repeat + 52 repeats
-N added 258 237 404 461
+10 repeats + 86 repeats

Particularly remarkable was the differential expression in CS-505 of several transposases
and repeat sequences, almost all of which were repressed in all N-treatments. In CS-505 grown
on nitrate, the number of regulated repeats reached 70% of expressed genes. Large numbers of
repeats were also regulated in the urea and —N treatments. In contrast, none of the few repeats of
the D9 genome changed their expression levels in any treatment; under ammonium, however, two

transposases were up-regulated.
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Although expression patterns of the core genes provided an overview of the main
processes occurring in parallel in CS-505 and D9, repressed processes were poorly represented.
Among the repressed genes in CS-505 under nitrate, the condition that showed the largest number
of repeats and transposases regulated, three quarters comprised hypothetical proteins, and genes
similar to those of ABC domains. Half of these genes are encoded in CS-505 without orthologs in
D9 (unique CS-505 genes). The nature of these processes is therefore difficult to predict, but if
we add the number of repressed repeated sequences, the processes most inhibited in CS-505 are
recombination and genome rearrangements. The large number of genes repressed in D9 alone
(209) mostly represented processes of DNA replication and exogenous transfer, transcriptional

regulation, carbohydrate biosynthesis and cell wall degradation
Nitrogen control genes

Several genes and gene clusters were regulated under most or all N-regimes in D9 or CS-
505 or in both strains. The regulation of some of these genes followed the typical pattern of N
regulation for alternative N sources, i.e. induction under N-deprivation and repression when
ammonium is present in the culture medium. Genes that followed the pattern of gene regulation
of N control in D9 were the ammonium transporters amtl, amt2, the urtA and nirA genes, the
gene for the N-regulatory protein P-II g/nB, the inactivating factor for glutamine synthase (GS)
gif4, and a gene cluster (CRD_00336-9) with similarity to nitrile hydratases (nh/ABE) with an
associated cobalamin synthesis protein necessary for the cobalt cofactor center of the enzyme. On
the contrary, in CS-505 only the nrt genes, gif4 and the glutamine synthase gene ginA, followed
the N control expression pattern (Table 2.4.2).

These differences in regulation patterns were reflected mainly in the expression of genes
in the urea and N-deprivation treatments. For example, under N-deprivation the urt, nrt, and glnA
genes were induced in CS-505 alone. The pattern of expression of the g/nB and of nrrd a
transcriptional regulator, whose function has been linked to heterocyst development in Anabaena
sp. PCC 7120 (Ehira & Ohmori, 2006b), was of particular interest. Both genes were induced
under N-deprivation in CS-505 and D9; however, when ammonium or urea was supplied as N
source, their expression remained unchanged in CS-505, whereas in D9 they were strongly

repressed in both ammonium and urea.
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Table 2.4.2 Regulation of N control, heterocyst differentiation and carbon metabolism genes. Expression values are given as fold changes.

gene
ntcA
hetR
nrrA
ginB
glnA
8ifA
nirA
nrtA
nrtB
nrtB
nrtC
nrtC
nrtD
narB
narB
urtA
urtA
urtB
urtC
urtD
urtD
urtE
amtl
amt2
abp3

CS-505
CRC_00858
CRC 03184
CRC_00297
CRC 02206
CRC_02160
CRC 02159
CRC_00047
CRC 00046
CRC_00045

CRC_00044

CRC_00043
CRC_00042

CRC_00451
CRC 00450
CRC_00449
CRC 00448

CRC_00447
CRC_00109

D9
CRD 00550
CRD 01519
CRD 01945
CRD 00313
CRD 02136
CRD 02135
CRD 02595
CRD 02594
CRD 02593
CRD 02592
CRD 02591
CRD 02590
CRD 02589
CRD 02588
CRD 02587
CRD 01584
CRD 02952
CRD 02953
CRD 02954
CRD 02955
CRD 02956
CRD 02957
CRD 01628
CRD 00091

Product / Description
Nitrogen-responsive regulator
Heterocyst differentiation protein
Transcriptional regulator
Nitrogen regulatory protein P-II
Glutamine synthetase type I

GS inactivating factor, IF7
Nitrite reductase

Nitrate transporter

Nitrate transporter

Nitrate transporter

Nitrate transporter

Nitrate transporter

Nitrate transporter

Nitrate reductase

Nitrate reductase

Urea transporter

Urea transporter

Urea transporter

Urea transporter

Urea transporter

Urea transporter

Urea transporter

Ammonium transporter
Ammonium transporter
Heterocyst glycolipid formation

CS-505
NO; NH,
2.3 -
24 22
40 55
~ 437
24 239
1.9  -14.8
1.9  -10.7
— 192
- 3.8
3.0 -

2.3 -
2.4 -
39 5.1

- 2.7

-37.0
-30.4
-35.0
-29.6
-22.5
-21.5
-18.9
-12.1



devH
hanA
hglA
hetM
hetP
patU3
hetZ
sigG
sigE
patN
asrl734
NA
NA
nblA
glgA
agp
gapl
tal
rbcS
NA
rbcL

Jbp

wf
prkA

icd

-- Gene not differentially regulated

CRC 03275
CRC 01160
CRC_02051
CRC 02052
CRC 01587
CRC_02800
CRC_02801
CRC_00607
CRC_02165
CRC 03501
CRC 01342
CRC 01573
CRC 01567
CRC 02186
CRC_02999
CRC 00827
CRC_00851
CRC_00849
CRC_02521
CRC 02522
CRC 02523
CRC 01685
CRC_01684
CRC 01677
CRC_01085

----- Absent gene

CRD 01596
CRD_00595
CRD 00121

CRD 02293
CRD 02292
CRD 02710
CRD 00081
CRD 01874
CRD 02898
CRD 02102
CRD 02096
CRD 00293
CRD_00097
CRD 00238
CRD 00555
CRD_00556
CRD 00636
CRD_00637
CRD_00638
CRD 02186
CRD 02187
CRD 02193
CRD 02610

Heterocyst polysaccharide formation
Heterocyst differentiation
Heterocyst glycolipid formation
Heterocyst glycolipid formation
Heterocyst differentiation
Heterocyst differentiation
Heterocyst differentiation
Transcriptional regulator
Transcriptional regulator

Heterocyst differentiation
Heterocyst development inhibitor
Heterocyst polysaccharide formation
Heterocyst polysaccharide formation
phycobilisome degradation

Glycogen/starch synthases, ADP-glucose type
Glucose-1-phosphate adenylyltransferase
Glyceraldehyde-3-phosphate dehydrogenase

Transaldolase AB

Ribulose bisphosphate carboxylase
Chaperonin-like RbecX

Ribulose bisphosphate carboxylase
Fructose 1,6-bisphosphatase
Glucose-6-phosphate dehydrogenase
Phosphofructokinase

Isocitrate dehydrogenase

-- 1.8
-- 1.7
-- 8.1
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Likewise, the largest differences in the transcriptional response between CS-505 and D9
were detected under the urea treatment in which the nir operon, repressed in both strains, was
down-regulated approximately five-fold in CS-505, whereas in D9 the transcript levels decreased
by 37-fold. Furthermore, other N-control genes were down-regulated in D9 but did not show any
changes in CS-505: amtl, amt2, nhiABE, nrrA, ginB, nblA, urtA and nirA, two hypothetical
proteins, and genes from the sugar catabolic pathways: gapl and fal (Table 2.4.2). The level of
inhibition of all these genes resembled the inhibition caused by ammonium. We did not see,

however, any changes in the expression levels of the urease genes.

In contrast to all other N-regimes tested, N-deprivation caused the expression of the
urease genes in D9, but not of the nir operon as in CS-505 (Table 2.4.2). The induction of the
urease genes only under N-deprivation may reflect an increase in the intracellular levels of urea.
Urea is a secondary metabolite can be produced by degradation of arginine. Three enzymes from
the arginase pathway were induced under N-deprivation; the carbamoyl phosphate synthase, the
gene argG, for the argininosuccinate synthase and argD, encoding for the ornithine transaminase
enzyme were all up-regulated under N-deprivation, although this occurred in both strains and the
transcript levels of arginase, the direct enzyme that releases urea from the cleavage of arginine,

did not change.

Clear differences reflecting a different environmental acclimation pattern of CS-505 and
D9 to N-availability were also observed under nitrate growth. In CS-505, nitrate and urea uptake
were induced by activating (FC~2-3) the transporter genes nrtABC and urtADE, and the
glutamine synthetase gene g/nA4, whereas in D9 the protein PII gene, g/nB, amt2, and the nitrite

reductase nirdA were induced (Table 2.4.2).
Heterocyst and N; fixation

Heterocysts were developed in the initial culture of CS-505 growing on nitrate; after 24 h
of replacement of the N-source heterocysts were still observed in all N-regimes. However, from
all combined N sources, only ammonium triggered the repression of the N, fixation genes (nif),
as well as of some heterocyst development-related genes, such as the sigma factor sigG, and hg/A
and abp3, both involved in the biosynthesis of the glycolipid layer (Table 2.4.2). The expression
of the nif genes did not change after 24 h of N-deprivation, but the small subunit (4upS) of the
uptake hydrogenase (specific for diazotrophic cyanobacteria) was induced together with a few
heterocyst development genes. One of them /etP is a heterocyst early response gene, two, hglA4
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and hglB (or hetM), are involved in the maturation of the heterocyst, specifically in the heterocyst
glycolipid biosynthesis and the last is the histone-like protein #anA, whose time of expression has

not been determined.

Interestingly, we found several genes that are related with the process of heterocyst
differentiation among the group of core genes regulated under N-deprivation in D9, a non-
diazotrophic, non-heterocystous cyanobacterium. These included hetR, the master gene for
heterocyst development, and parN, involved in heterocyst pattern formation, together with two
genes from heterocyst polysaccharide biosynthesis (CRD 02102, CRD_02096), which were all
induced. The hetZ and patU3 genes both related to heterocyst differentiation, and nfc4, which is
critically important to N control in cyanobacteria were found to be repressed (Table 2.4.2). The
repression of nfcA presumably reflects that D9 cells were under extreme stress conditions, as

inferred by the high number of genes regulated in this treatment.

A gene similar to asrl734 from Anabaena sp. PCC 7120 (CRD _02898), proposed as
inhibitor of heterocyst development, was found to be down-regulated in D9 under ammonium and
urea. The expression of devH, related to polysaccharide biosynthesis, was induced in both strains
under growth on nitrate and under N-deprivation, and in D9 also under urea. On the contrary, the
sigma factor sigG was repressed in CS-505 under nitrate, N-deprivation, and urea, and in D9

under ammonium and urea growth (Table 2.4.2).
Energy and growth

Diazotrophic growth physiologically separates CS-505 from D9, and therefore these
strains should respond differently to N-deprivation. In fact, 865 genes (28% of total) were
regulated in D9 at 24 h after N-deprivation, in comparison to only 495 (12%) in the CS-505
genome (Table 2.4.1). Inhibition of growth, photosynthetic and general energy metabolism was
part of the common response of both strains as determined by the repression of ribosomal genes,
the cell division-related gene minE, phycobilisome synthesis (acpDE) and assembly genes
(cpcABCDEF, cpcG1G2G4) along with the strong induction of the nbl4 gene for phycobilisome
degradation, inorganic carbon acquisition via CO, (ndh3) or HCO;3 uptake (cmp) and carbon
storage genes. Genes associated with the use of organic carbon reserves were induced (zwf, tal)
(Table 2.4.2). Nitrate and urea positively induced the growth of CS-505 and D9, which was
reflected in the induction of the energy metabolism genes in the strains, such as carbon
acquisition mechanisms, photosynthetic electron transport and ATP synthesis genes (Table
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2.4.S1). A more inductive effect of urea was, however, observed in D9 energy metabolism, in
which in addition to photosynthetic ATP synthesis, the Photosystem Il (psbU, psbK, psbN),
antennae complex (cpcCEF, cpcG4, acpACE) and Rubisco genes were induced.

Although part of the core, 534 genes were expressed in D9 under N-deprivation that were
not expressed in CS-505. The expression pattern of these genes together with that of the 129
unique genes in D9 should indicate general stress response to N-deprivation, but most fold
change (FC) values were within the range of 1.5 to 2 indicating only weak induction/repression
responses. As indication of growth arrestment in D9, we found a repression of additional
ribosomal proteins and other genes involved in energy metabolism, metabolite transport, protein
synthesis and stability, DNA repair, polysaccharide biosynthesis and proteins of unknown

function.

Ammonium triggered in D9 the expression a large number of genes compared to CS-505
(26 vs 5, respectively). Among these were genes known to be induced as a response to oxidative
damage, such as sufS and sufD (a conserved hypothetical protein downstream sufD), involved in
synthesis of Fe-S centers, a ferredoxin, and the bidirectional hydrogenase genes #oxE and hoxF.
The response also included the genes encoding for the chaperonin GroES, a peptidase from the

FtsH family, and an ATPase, with chaperone or post-transcriptional activity.

A gene cluster comprised of six CDS was found to be repressed under all four N-regimes
in CS-505 and D9 and might have an important role in N-metabolism in the strains. Each CDS
shares high similarity with its homologue in the other strain, but low similarity when compared to
other cyanobacteria. Within the cluster there are a putative arginase and two proteins containing
CobW/HypB/UreG nucleotide-binding domains. This domain is found in enzymes that bind
nickel, such as the accessory hydrogenase protein HypB and ureaseG. The other two CDS encode
for hypothetical proteins with similarity to ABC transporters. The gene cluster was down-
regulated with similar intensities in both strains, although the highest repression was observed
under urea, sequentially decreasing with ammonium and nitrate and N-deprivation in CS-505. In

contrast, in D9 the cluster was equally repressed in nitrate and N-deprivation.
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Putative NtcA binding sites within the cyr and sxz clusters

An arrest in PST production was observed under both ammonium-replete and N-
deprivation conditions. Based on the assumption of gene proximity (i.e. intergenic region <50 nt)
and the lack of regulatory boxes inside the intergenic regions, we could allocate 5 TU, formed by
more than one contiguous gene within the sxz gene cluster: sxtQRST; sxtLsxtSUL; sxtlJ, sxtFGH,
and sxtABC (Figure 2.4.S2A). The sxt gene cluster is flanked by a hypothetical protein
(CRD_02162), tRNAThr and tRNATyr and by g/lmU, coding for a bifunctional protein, acpF, an
allophycocyanin gene, and the glutamine synthetase gene g/nA4, known to be a target for NtcA
regulation (Luque ef al., 1994). The putative NtcA binding region for g/lnAd in R. brooki D9 is
located 128 nt upstream from the start of the open reading frame (ORF) and 92 nt downstream
from the -10 box (Figure 2.4.S2B). Two additional putative NtcA binding regions were found
inside the sx¢ gene cluster, upstream the sxtM gene (Figure 2.4.S2C) and sxtABC (Figure
2.4.S2D); both regions had one mismatch with the consensus motif (GTAN3TAC), but they were
located upstream from the -10 box with the conserved motif TAN;T, important for NtcA binding
(Herrero et al., 2004). Interestingly, we found four other putative NtcA binding regions that
completely matched the canonical ntcA motif; however, these regions were located inside the
sequence of the sxt4, sxtP, sxtQ, and sxtS genes, the two latter forming part of one transcriptional

unit (Figure 2.4.S2E).

The cylindrospermopsin gene cluster in CS-505 is located within the maturation
hydrogenase hypABDCEF gene cluster (Publication II). The hyp genes are known to be N
regulated in Nostoc sp. strain PCC 73102 (Hansel et al., 2001). We could allocate only two
transcriptional units (TUs) comprising more than one gene: cyrDFGI and cyrABE (Figure
2.4.S3A). We found no NtcA binding sites for the first TU. For cyrABE, one NtcA binding site
completely matching the canonical motif is located 552 nt upstream of the ORF start of cyr4.
Although far away from the ORF, two possible -10 boxes with the conserved motif were located
downstream of this NtcA site (Figure 2.4.S3A). We found four NtcA binding boxes in the
intergenic regions of the cyr gene cluster and flanking regions. As in Nostoc sp. PCC 73102, two
of the NtcA sites have one mismatch with the canonical motif and are located 290 and 247 nt
upstream of AypF. A -10 box with the conserved motif TAN;T is present although further apart
from the NtcA sites (208 and 251 nt) (Figure 2.4.S3B). Similarly, the third NtcA binding site has
one mismatch with the canonical motif, and is located upstream cyrJ, 464 nt apart from the
predicted -10 box (Figure 2.4.S3C). The fourth NtcA binding motif has a perfect match with the
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consensus motif and is located 74 nt upstream of the cyrK gene, coding for the putative
transporter of CYN. For this NtcA binding site, the predicted -10 box is located only 40 nt
downstream (Figure 2.4.S3D). The last NtcA binding box is located within the coding region of
cyrJ and far away from the ORF start of the cyr4BE TU (Figure 2.4.3E).

qPCR quantification of genes of the cyr and sxt clusters

Only a few genes from the cyr and sxt gene clusters showed modified expression in our
microarray data. Five genes from the sxz gene cluster were all down-regulated in the —N treatment
(sxtS, sxtJ, sxtE, sxtC and sxtD) and two in the nitrate treatment (sxzS, sxtJ). Urea was the only
treatment where sxz genes were induced (sx¢P, sxtT, sxtU and sxtE). The cyrB and cyrE genes but
not cyrA, which is part of the same TU (Figure 2.4.S3) were down-regulated only under N-

deprivation.

As gPCR targets, the selected candidate genes for the biosynthesis of the toxin precursor
molecules (STX or CYN), tailoring reactions, toxin transport, and predicted functions are shown
in Table 2.4.3. The expression of four cyr and eight sx7 genes in cultures grown in nitrate, urea, or
ammonium, were compared with N-deprivation, considering nitrate-dependent growth as a
control under which CYN and PST are constitutively synthesized. N-deprivation results for gPCR
in D9 were not obtained because the filaments did not grow under this condition and produced

only poor quality RNA after 24 h.

Table 2.4.3 Genes used in qPCR analysis and their predicted functions in toxin biosynthesis.

Gene Predicted function Reference
ntcA Transcriptional regulator in nitrogen metabolism (Vega-Palas et al., 1990)
cyrB NRPS/PKS, second step in CYN biosynthesis (Mihali et al., 2008)
cyrl  Hydroxylation of C-7 in doCYN to form CYN (Mihali ef al., 2008)
cyrJ  Sulfotransferase (Mihali et al., 2008)
cyrK  Transport of CYN/doCYN (Mihali et al., 2008)
sxtSUL  Sulfotransferase rendering GTX2/3 Publication 111
sxtDIOX Hydroxylation of STX prior to GTX2/3 formation Publication I11
sxtl Carbamoyltransferase (Kellmann et al., 2008a)
sxtO  Donor of sulfate group (Kellmann et al., 2008a)
sxtA ACP/aminotransferase, first step in STX biosynthesis (Kellmann et al., 2008a)
sxtU  Reduction of C-1, eighth step in STX biosynthesis (Kellmann et al., 2008a)
sxtM  Transport of PST (Kellmann et al., 2008a)
sxtF Transport of PST (Kellmann et al., 2008a)
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The expression of the N-regulator gene ntcA was determined as a proxy control for N-
regulation. With ammonium, the levels of nfc4 showed a significant decrease after 72 h in CS-
505 (Figure 2.4.6A). In D9, the mRNA levels of ntcA continuously decreased until 72 h in cells
grown on nitrate and ammonium, as we expected for the negative regulation of nfcA under N-
replete conditions (Figure 2.4.6B). In the urea treatment, ntcA showed a two-fold regulation at 72
h in CS-505, whereas in D9 expression remained unchanged. Surprisingly, the ntcA transcript
levels increased 3-fold only after 48 h of N-deprivation, yet the C:N ratios were high after the
first 24 h.
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Cylindrospermopsin and saxitoxin biosynthetic genes were constitutively expressed under
all treatments tested (Fig 2.4.S4). Toxin production was slower during the 120 h of the
experiment in the —N treatment. In this treatment, the cyrB transcript level dropped 65% after the
first 24 h; after 48 h the levels increased but remained below the initial values until the end of the
experiment. The cyrl and cyrJ transcripts decreased at a lesser although significant extent (35%)
at 24 h (#-test p< 0.05), but they returned to the initial levels and significantly decreased at 120h
whereas cyrK transcripts did not change. In N-replete treatments, the gene expression response
was rather surprising. After 120 h, the transcript levels did not rise above the control, with the
exception of cyrB at 48h in ammonium, and at 72 h in nitrate, and cyrJ at 48 h in urea. Gene

expression in the ammonium and nitrate treatments showed a similar response, namely a
139



N-DEPENDENT TOXIN PRODUCTION AND TRANSCRIPTOMICS

significant down-regulation between 72-120 h. With urea, cyr/ and cyrK were repressed at 24 and
48 h. The eight STX biosynthetic genes assayed responded similarly and comparably to the cyr

genes; a significant down-regulation was observed near the end of the time series (Figure 2.4.S5).

2.4.4 Discussion

This work represents the first integrated assessment of transcriptional and toxin
physiological responses of filamentous toxigenic cyanobacteria grown in alternative N regimes.
Our comparison, also supported by a previous phylogenetic analysis (Publication I, II) suggests
that the closely related strains Cylindrospermopsis raciborskii CS-505 and Raphidiopsis brookii
D9 evolved from a common ancestor possessing a diazotrophic and heterocyst-forming
phenotype. In this scenario, D9 would have evolved by losing genes necessary for diazotrophic
growth and formation of a functional heterocyst, but in compensation gained or kept genes to

assist in more efficient metabolism of alternative N sources (Publication II).
Growth, transcriptomic and metabolic responses to alternative nitrogen regimes

Both C. raciborskii CS-505 and R. brookii D9 demonstrated the capacity to grow on a
variety of fixed N-sources, as is typical for cyanobacteria. Independent of the N regime, cells
committed to cell division upon transfer from nitrate stock medium completed division, but under
N-deprivation further growth was arrested in both CS-505 and D9. The effect of N-deprivation in
CS-505 is in contrast with that observed in Anabaena sp. PCC 7120, which acclimates more
quickly and grows equally well in nitrate-replete and in N-deprived medium (Ehira & Ohmori,
2006b). Although ammonium is considered as the preferred N source for cyanobacteria (Herrero
et al., 2001), CS-505 grew less rapidly on ammonium than on urea or nitrate and growth of D9
was also negatively affected by this compound. Toxicity triggered by ammonia is common
among plants and oxygenic photosynthetic microorganisms, since NH3 produced by alkaline
conversion from NH,' inhibits photosynthesis probably by uncoupling photophosphorylation
(Krogmann et al., 1959, Azov & Goldman, 1982). The genes induced in D9 under ammonium
were involved in responses to oxidative damage (suf genes). In the case of the hox genes, the
dissipation of photosynthetic electron transport is one of the possible roles assigned to the
bidirectional hydrogenase (Appel et al., 2000). These genes could be acting in concert to protect

D9 from photodamage. Alternatively, we found a peptidase induced in D9, with similarity to the
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peptidase FtsH2 involved in photodamage protection in Synechocystis sp. PCC 6803 (Drath et al.,
2008). There is more than one copy of these peptidases in the D9 genome and we cannot

therefore assign functionality without further studies.

Repeat sequences are stretches of DNA with coding potential that are either present as
single sequences or arranged in tandem. When compared to the CS-505 genome, the D9 genome
has a low number of repeated elements and transposases (53 repeats and 9 transposases versus
406 and 77, respectively) (Publication II). The differential regulation (mostly repression) of
repeats in CS-505 grown under all N-regimes indicates that these repeats were expressed during
exponential growth and therefore they may be critical during this period of maximum fitness.
Since 505 and D9 are phylogenetically closely related, the expression of repeat sequences might
be an important factor contributing to phenotypic differentiation, although we cannot exclude the

participation of other post-transcriptional regulation processes acting jointly.

Repeats are also found among other cyanobacteria (Frangeul et al., 2008), but no
functions have been assigned. In bacteria, repeated sequences are involved in genomic
rearrangements promoting genome plasticity (Aras ef al., 2003). In Mycobacterium leprae, whose
genome includes 2% repeated DNA sequences (Cole ef al., 2001); microarray studies recently
determined that repeats are actively transcribed during host infection. Since M. leprae has a low
percentage of protein-coding regions, the function of the repeats, together with pseudogenes and
non-coding regions, is proposed to be an efficient way to regulate the small pool of coding
sequences (Akama ef al., 2009). In our cyanobacterial comparison, a higher number of repeated
sequences (also expressed) was found in CS-505 - the strain with the larger genome — than in D9.
The expression of repeats is thus unlikely to be related to tight regulation of small genomes. Non-
coding RNAs are responsible for gene regulation of Prochlorococcus MED4, whose genome is
only 1.66 Mb (Steglich et al., 2008). Unfortunately, our arrays did not include the sequences of
small RNAs, although the genomes of both CS-505 and D9 contain some, such as Yfrl.
Additional studies to detect and describe the expression of non-coding RNAs in CS-505 and D9

will aid in understanding gene regulation of these strains.

The large number of genes expressed after N-deprivation in D9 probably reflects the fact
that for those filaments that completed cell division, after exhaustion of the internal N, death is
forthcoming. What we observe is therefore a gradual shutdown in general metabolism. On the

other hand, as is typical for C. raciborskii (Shafik et al., 2003) CS-505 should compensate by N,
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fixation when N becomes limiting. In that case, in CS-505 the transcriptional response should not
be as pronounced as in D9. Indeed, the number of genes regulated in CS-505 under N-deprivation
(12% of which 6% are up-regulated) is similar to the responses of Anabaena, where 10% of its
genes are up-regulated (Ehira et al., 2003). The fact that there is always a low but constant N,
fixation in filaments grown on nitrate (Publication V) further supports the proposition of a
background N pool in CS-505, even under external N-limiting conditions. Consequently, when
CS-505 was shifted to ammonium, it down-regulated the nitrogenase gene cluster and some of

the genes necessary for the biosynthesis of heterocyst polysaccharides.

A comparative model of the processes affected in CS-505 and D9 by different N regimes
provides a detailed scheme for differential pathway analysis and regulation (Figure 2.4.7).
Ammonium, the most reduced form of nitrogen, is directly ready to be incorporated into carbon
skeletons via the GS/GOGAT pathway (Luque ef al., 1994, Herrero et al., 2001). As expected for
both strains, replacing nitrate with ammonium triggered the repression of genes involved in
acquisition and assimilation of alternative N-sources and of general N-metabolism genes. Of the
two known glutamine synthase inhibitor factors, IF7 (gif4) and IF17 (gifB), only gif4 is encoded
in the CS-505 and D9 genomes and up-regulated in both. Although the ammonium-inactivation
of glutamine synthetase via IFs has been demonstrated only for Synechocystis PCC 6803 (Garcia-
Dominguez et al., 1999), the induction of gif4 in CS-505 and D9 suggests that GS is inactivated

by the same mechanism.
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Figure 2.4.7 Schematic model of the main processes affected in CS-505 and D9 by growth under alternative N
regimes. A hypothetical cyanobacterial filament is illustrated, in which a single color cell represents the
transcriptional profile of CS-505 or D9 under one alternative N-source. Although N, fixation occurs in heterocysts in
CS-505, the model simplifies the transcriptional profile to a single cell and heterocyst-specific genes are presented in
colored boxes on top of each cell. Red cells represent growth under ammonium, yellow under urea and blue under N-
deprivation. Different processes are presented by squares and metabolic reactions by full arrows. Patterned lines
represent uptake of metabolites, external N sources are marked with a cross to indicate that they were not supplied in
the medium. Up-regulated genes are depicted in green and down-regulated in red. Genes that did not show changes
in expression are shown in gray. For structural proteins, structures are colored according to the same gene color

coding.

Taken as a whole, our results indicate that urea is easily assimilated by D9 because after

24 h the C:N ratios did not change relative to initial conditions, whereas with nitrate, ammonium

and N-deprivation the ratios significantly increased (Figure 2.4.2B). Among the most remarkable

findings on gene expression in D9 were the transcriptional changes of the genes subject to N-
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control when grown on urea. The extent of regulation of some of these genes was comparable to
that observed under ammonium-dependent growth, e.g. the repression of the nir operon in D9
(Table 2.4.2), although growth was induced with urea but delayed with ammonium. Additional
data supporting the preference of D9 for urea comes from the induction of general metabolism,
within which photosynthesis, carbon fixation and storage-related genes were induced in D9, but
only a few genes were induced in CS-505 (Figure 2.4.7). The expression of the urea transporter
(urtABCDE) and urease genes (ure) showed a different regulation pattern between strains. The
urt genes are subject to ammonium-repression in cyanobacteria (Valladares et al., 2002). In high
concentration, urea can diffuse through membranes, but at low concentrations active transport by
urt transporters is necessary. At the high concentration in our experiments (1mM), uptake of urea
was presumably via diffusion. On this N source, the urt4 gene was repressed in D9, but in
contrast, the urtADE genes were up-regulated in CS-505. In the later strain, the urea transporters
seem to play an active role in N- metabolism, because they were strongly induced under N-

deprivation and when cells were grown on nitrate.

High urea uptake also depends on metabolism by urease genes (Valladares et al., 2002).
These genes appear to be constitutively expressed in CS-505, as reported for other cyanobacteria
(Ge et al., 1990, Palinska et al., 2000, Valladares et al., 2002). On the other hand, urease genes
were induced in D9 under N-deprivation but not under urea-dependent growth. The induction of
the ure genes might reflect an increase in internal urea levels, but we found no evidence of

differences in D9 and CS-505 that could explain an increase in intracellular urea.

One intriguing aspect of the D9 genome is the number of encoded genes whose functions
can be related to heterocyst differentiation in Anabena sp. PCC 7120 (e.g., nrrA, hetR, hetZ,
patU3). Our study showed that there are striking differences between CS-505 and D9 in N-
regulation of these genes, along with genes involved in N control in cyanobacteria (Table 2.4.2,
Figure 2.4.7). For example, under N-deprivation, the g/lnB gene encoding for the N-regulatory
protein P-II was up-regulated in both strains (as is common in cyanobacteria); for cultures grown
on ammonium and urea, however, this gene was down-regulated in D9, whereas in CS-505 there
was no change in expression. Protein PII is ubiquitous among cyanobacteria; its function is to
coordinate the C:N balance in cells and depends on cellular 2-oxoglutarate levels (Forchhammer
& Tandeau de Marsac, 1995). Protein PII is required for ammonium-promoted inhibition of
active uptake of nitrate and nitrite (Lee ef al., 1998). The role of protein PII in heterocyst-forming

cyanobacteria is not clearly understood, but in heterocyst-forming Anabaena, ginB seems to have
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an essential role because transcript levels are high when cells are grown on nitrate or ammonium
(Paz-Yepes et al., 2009). The differences between CS-505 and D9 in regulation of g/nB are
probably related to heterocyst differentiation, whereby the dispensability of PII by D9 under N-
replete conditions is contrasted with the PII requirement by CS-505, which maintains both
heterocyst differentiation and N, fixation. These differences were observed for nrrA, encoding for
a transcriptional regulator that facilitates heterocyst differentiation. In Anabaena, upon N-
deprivation, NtcA up-regulates the expression of nrr4 and then NrrA up-regulates the expression
of hetR, which leads to heterocyst differentiation (Ehira & Ohmori, 2006a, Ehira & Ohmori,
2006b). The nrr4 gene is not expressed under growth on nitrate in Anabaena (Ehira and Ohmori,
2006a), which is consistent with the lack of repression of this gene in CS-505 grown in
ammonium and urea, but contrasts with the repression of nrr4 in D9 under the same N-regime.
The expression of nrrd and its involvement in N-metabolism of non-diazotrophic cyanobacteria
warrants further investigation to clarify this point.

Other critical examples that reflect the clear differences between CS-505 and D9 and
between them and Anabaena were observed under N-deprivation. The cascade of gene expression
leading to heterocyst differentiation in Anabaena starts with the induction of ntcA, nrrA and hetR.
Although N-deprivation induced nrr4 in both strains, hefR was only up-regulated in D9. In
Anabaena, the expression of hetR initiated from one of its four transcription start points (tsp); tsp
-271 1s the signal that indicates the point of no return in heterocyst differentiation, occurring
between 9 and 14 h after induction of differentiation (Rajagopalan & Callahan, 2010).
Additionally, after the discovery of /efR in non-heterocystous diazotrophic cyanobacteria, such
as Symploca PCC 8002 and Trichodesmium erythraeum (Janson et al., 1998), which fix N; in
contiguous groups of cells called diazocytes (Fredriksson & Bergman, 1997, Berman-Frank et al.,
2001), the role of AetR as unique for heterocyst differentiation has been reconsidered in favor of a
more general role in cell differentiation. In 7. erythraeum the expression of hetR correlates with
that of the cell division gene fisZ, both preceding the development of N,-fixing diazocytes (Sandh
et al., 2009). The lack of expression changes in CS-505 points to a late regulation of heterocyst
differentiation in this strain. In D9, however, the induction of AefR cannot be related to the
differentiation of N,-fixing cell types, but it might be an indication of differentiation of other cell
types. Akinetes, resistant cells produced under stress conditions in cyanobacteria (Adams &
Duggan, 1999), are the only other differentiated cell type besides vegetative cells in D9. In our
experiments, D9 cultures were N-starved at 24 h after N-deprivation; therefore the increased

levels of hetR might be related to akinete formation. Alternatively, hefR levels were shown to
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gradually increase after N-deprivation in Arthrospira platensis, a non-diazotroph unicellular
cyanobacterium, and the presence of 4efR has been described for other filamentous non-
diazotrophic cyanobacteria (Zhang et al., 2009). We recently showed (Publication II) that /etR,
together with patU3 and hetZ, two genes involved in heterocyst differentiation in Anabaena
(Zhang et al., 2007), are part of the core genes of filamentous cyanobacteria and suggested that
these genes are involved in filament formation. Since cell death is manifest in both D9 and CS-
505 by filament fragmentation and patU3 and hetZ are down-regulated in D9, regulation of these
three genes might be an indication of ongoing cell death in D9.

Our results showed that gene expression responses are rather slow in CS-505 and D9 in
comparison to what is known for the closely related genus Anabaena, in which ntcA levels were
high 8 h following N withdrawal (Ehira et al., 2003). Although expression of the gene targets of
NtcA regulation in cyanobacteria, specifically of the nir and amt transporter genes, changed in
both our strains within 24 h after replacing the N-source, in CS-505, ntcA was not significantly
expressed in the -N treatment. Induction of ntc4A was observed by qPCR only after 48 h, after
which the transcript levels remained high. More unusually, ntzc4 was down-regulated in D9 at 24
h. The repression of ntcA has been observed in Anabaena when exposed to cold stress; however,
repression was transitory until cells were acclimated to the cold (Mori et al., 2002). In D9, cells
were maintained under constant N-stress for 120 h, which led to cell death. The repression of
ntcA after 24 h reflects that the cells did not acclimate to N stress; yet the expression of NtcA
regulated genes was still maintained after 24 h. This may indicate either that the turnover of NtcA
is low in CS-505 and D9, or that there are additional posttranscriptional modifications involved in

the regulation of NtcA gene targets.

Nitrogen regulation of STX and CYN biosynthetic genes

Following the above scenario described for NtcA-regulated genes, other gene targets of
NtcA should be induced or repressed after 24 h by NtcA activity beyond the basal expression
levels. As our search for NtcA binding boxes has shown, some genes of the sx7 and cyr clusters
are potential NtcA targets. Based on the distance of the binding box to the start of the open
reading frame (ORF), NtcA should act as an activator of the toxin genes (Herrero et al., 2004).
We showed here, however, that for most of the eight sx¢ and four cyr gene transcripts quantified

by qPCR, there was no transcriptional regulation for the period studied. In fact, the tendency of
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transcripts was towards repression. Microarray data showed that only two CYN biosynthetic
genes (cyrB and cyrE) were slightly down-regulated under N-deprivation, and some of the STX
biosynthetic genes were inhibited upon N-deprivation and with nitrate, but induced with urea.
Interestingly, these genes encode for hypothetical proteins (sxtE, sxtC, sxtJ) or for proteins with
putative functions in oxidoreduction reactions (sxtD, sxtU, sxtS and sxtT) (Kellmann et al.,
2008a). The pattern of gene regulation of these sxt genes is consistent with the fact that both N-
deprivation and urea affect the energetic status of D9 cells by repressing or inducing ATP
generation, respectively. These genes are therefore probably involved in general electron

transport in addition to PST production.

Neither sxt nor cyr gene clusters form part of a single transcriptional unit, as revealed by
the search of promoters within the gene clusters. In fact, absolute quantification showed that
genes belonging to the same cluster did not respond equally, indicating that they were not being
co-transcribed. Evidence of horizontal gene transfer (HGT) within the sxz gene cluster has been
shown by phylogenetic affiliation of sxz genes with members of Proteobacteria and Cyanobacteria
(Moustafa et al., 2009). Although the evolution of the cyr genes has not been explored in detail,
the transfer of the CYN cluster as a unit has been proposed for C. raciborskii CS-505 and
AWT205 (Mihali et al., 2008, Publication II). Both gene clusters are almost identical and
contain fragments of transposases that could help in genomic rearrangements or reallocation of
gene units. The cyrG, cyrH and cyrN sequences blast with members of Proteobacteria and

Firmicutes.

In C. raciborskii, the highest concentrations of CYN have been recorded at late stationary
phase in cultures grown at a moderate photon flux density of 140 pmol m™ m™ (Dyble et dal.,
2006) and in the absence of a fixed-N source; the lowest concentrations were found in cultures
supplied with ammonium (Saker & Neilan, 2001). Our observations at early exponential phase
showed constitutive biosynthesis of cylindrospermopsins in all treatments were N was supplied as
a fixed source; however, both CYN and doCYN production was affected by N-deprivation. This
highly contrasts with the findings of Saker and Neilan (2001), but we argue that in late
exponential growth phase, N-deprived cultures of C. raciborskii have restored N, fixation and
therefore the cells are no longer N-depleted. In addition Saker and Neilan’s experiments were
carried on batch cultures for which even after ammonium supplementation, nutrients are

progressively depleted.

147



N-DEPENDENT TOXIN PRODUCTION AND TRANSCRIPTOMICS

In our cultures, N-deprivation reduced the doCYN:CYN ratio. In CYN biosynthesis,
doCYN is proposed to be the precursor that is hydroxylated by the enzyme Cyrl (Mihali et al.,
2008) to form CYN. One possible explanation for the increased CYN:doCYN ratio would be an
accelerated rate of conversion from doCYN to CYN, but in this case we would have observed a
higher toxin production rate. Since CYN and doCYN production was low, the most probable
explanation is that the rate of hydroxylation from doCYN to CYN was maintained, while the
input of the precursor was reduced. Although our qPCR and microarray data showed a slight
down-regulation of some CYN biosynthesis genes, cyrB and cyrE were affected and both are
involved in the synthesis of the precursor doCYN (Mihali ef al., 2008).

It is not known whether STX is synthesized by protein complexes with low turnover rates.
Two groups (Pomati et al., 2004, Soto-Liebe et al., 2008) independently studied the effect of the
protein synthesis inhibitor chloramphenicol (CAM) on PST biosynthesis in Cylindrospermopsis
raciborskii T3 and Raphidiopsis brookii D9 (formerly classified as C. raciborskii D9),
respectively, but their results were contradictory. Whereas Pomati et al. (2004) suggested that
biosynthetic PST enzymes have a high turnover rate (based on 76% inhibition of STX with CAM
after 24 h), Soto-Liebe ef al. (2008) found an early accumulation of STX (but not of GTX2/3),
but they could not measure intracellular toxins after 24 h because CAM produced total cell lysis.
The decrease of STX in D9 cultures grown on ammonium (down to the analytical limit of
detection) and under N-deprivation points towards a high turnover rate of STX biosynthetic
enzymes; we showed, however, that STX biosynthetic genes were constitutively transcribed. This
suggests that STX biosynthesis is not regulated at the transcriptomic level at early stages of
growth. The lack of negative feedback tends to indicate a central role of PSTs, functioning more
akin to primary metabolites in cyanobacterial physiology, than as classic inducible/repressible
secondary metabolites as has often been assumed. In D9 grown with ammonium or under N-
deprivation, a similar effect was observed in which at low growth rates, the stable ratio of
STX:GTX2/3 found in nitrate-rich medium, was shifted lower. The correlation for the —N
treatment in D9 demonstrates that in this regime the cells divided without duplicating the toxin
content, hence there was a slowdown of toxin production. This was not the case in the ammonium
treatment, where there was no correlation between these two parameters. The general implication
is that the effect of the N-source is not directly related with toxin production in D9, but rather

conditions that negatively affect growth also affect toxin production.
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Notwithstanding several efforts to identify the ecological and evolutionary roles of
cyanobacterial toxins, this aspect remains elusive. Intriguingly, both cylindrospermopsins and
PSTs in CS-505 and D9, respectively, are constitutively produced along the growth curve and, to
our knowledge, there are no conditions that could arrest toxin production whilst growth
conditions are positive. Here we showed that N-deprivation and cytotoxicity caused by ammonia
(only in D9), negatively affect STX and CYN biosynthesis in C. raciborskii CS-505 and R.
brookii D9, respectively, but in neither case is there evidence that these toxins are
transcriptionally regulated as classic inducible/repressible secondary metabolites in response to
environmental stress factors. In fact their production and dynamics and regulatory features are

more typical of components of primary or intermediary metabolism, albeit of unknown function.

In summary, the general mechanisms of N control and heterocyst differentiation in
cyanobacteria are now widely understood, at least partially thanks to the model cyanobacterium
Anabaena sp. PCC 7120. Our new findings on the time-frame and regulation of heterocyst
development and N fixation in C. raciborskii CS-505 significantly adds to interpretation of these
mechanisms. This cyanobacterium develops a terminal heterocyst and also has a small genome
thereby rendering an alternative model for heterocyst differentiation in a much simpler organism.
Raphidiopsis brookii D9 represents an important counterpart evolutionary stage for comparison,
in that the remnant of heterocyst differentiation genes have been apparently recycled to other cell
differentiation stages. It is remarkable that despite the close relationship between CS-505 and D9,
genes that are shared in some cases with 100% identity are regulated in opposite directions under
the same N-dependent stimuli. Differential regulation between CS-505 and D9 indicates that
other cryptic factors are involved in N-dependent metabolism and control, particularly in the
early response to N-deprivation in CS-505. Finally, late regulatory responses and the pattern of
biosynthetic gene regulation strongly indicate that post-transcriptional mechanisms are involved

in toxin biosynthesis and regulation.

2.4.5 Materials and Methods
Experimental culture and harvest

Cylindrospermopsis raciborskii strain CS-505 was isolated in Australia and obtained from

the CSIRO culture collection, Hobart, Australia. Raphidiopsis brookii D9 (originally classified as
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C. raciborskii D9) is a clonal isolate from the Billings freshwater reservoir near Sao Paulo,
Brazil. Batch cultures of non-axenic CS-505 and D9 were grown in MLA medium on 2 mM
nitrate (Castro et al., 2004) in a controlled environment chamber on a 12/12 h light/dark
photocycle at a photon flux density of 35 pmol m™s™ at 25 °C. Stock cultures were harvested for
experiments in early exponential growth phase (OD7so = 0.2). To change the experimental N
regime, 800 ml of culture were filtered through an 8 um pore-size cellulose ester membrane
(Millipore, Eschborn, Germany) and cells were resuspended in twice the volume of new MLA
medium containing 2 mM NaNOj (control medium, nitrate treatment), 2 mM ammonium chloride
(ammonium treatment), 1 mM urea (urea treatment), or without a fixed external N-source but
with 2 mM NaCl to restore osmotic balance (-N treatment). Experiments were performed for 120
h under a continuous light regime at a photon flux density described above.

Three biological replicates were harvested at time points of 0, 24, 48, 72 and 120 h for
determination of biomass, chlorophyll a, C:N ratios, toxins and for RNA isolation. Estimation of
biomass was based on dry weight of harvested cells. Chlorophyll a was extracted from 1 ml
samples in technical replicates and measured according to the ISO method (Lawton ef al., 1999).
For C:N ratios, technical duplicates (4 ml) from each biological replicate were filtered through a
prebaked (500 °C, 5 h) GF/F filter (Whatman, Dassel, Germany) and analysed with an Elemental
Analyzer (Euro EA, HEKAtech, Wegberg, Germany).

Cellular CYN and PST toxins were harvested from 30 ml of experimental cultures after
centrifugation (20 min at 3,220 x g) at room temperature and pellets were frozen at -20 °C until
extracted. For the extracellular toxin fraction, 10 ml of supernatant after centrifugation were
filtered through a 0.2 um pore-size nitrocellulose membrane (Carl Roth, Karlsruhe, Germany). To
avoid degradation of PSTs, immediately after filtration, the pH of the supernatant was adjusted to
2.5 with HCI and the extract was stored at -20 °C.

Frozen cell pellets and supernatants were lyophilized (Beta I Freeze Dryer, Martin Christ,
Osterode am Harz, Germany) at -20 °C and ca. 0.004 mbar vacuum. Intra- and extracellular
toxins were extracted in 500 pl and 300 pl of 0.05 M acetic acid, respectively. Samples were
disrupted with an ultrasonic cell disruptor (Sonoplus LS6, Bandelin Electronics, Berlin,
Germany) for 1 minute; extracellular toxins were transferred to vials and stored at -20 °C until
analyzed. Intracellular toxin extracts were centrifuged at 5,000 x g for 10 min at 4 °C and filtered
through a 0.45 um pore-size membrane filter (Millipore, Eschborn, Germany) and stored at -20

°C until analysis.
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Analysis of Toxins

PSTs were determined by high-performance liquid chromatography with fluorescence
detection (LC-FD) following post-column oxidation as previously described (Publication III).
The LC-FD analysis was carried out on a LC1100 series liquid chromatograph (Agilent
Technologies, Waldbronn, Germany) coupled to a PCX 2500 post-column derivatization system
(Pickering Laboratories, Mountain View, CA, USA). The separation of analytes was performed
on a 250 x 4.6 mm i.d., 5 um, Luna C18 reversed-phase column (Phenomenex, Aschaffenburg,

Germany) equipped with a Phenomenex SecuriGuard pre-column.

Standard solutions of PSP toxins: saxitoxin (STX), neosaxitoxin (NEO), decarbamoyl
saxitoxin (dcSTX), gonyautoxins 1 and 4 (GTX1/GTX4), gonyautoxins 2 and 3 (GTX2/GTX3),
decarbamoyl gonyautoxins 2 and 3 (dcGTX2/dcGTX3), and BI, were purchased from the
Certified Reference Material Programme of the Institute for Marine Biosciences, National
Research Council, Halifax, NS, Canada. Epimeric pairs of compounds (e.g. GTX2/GTX3,
dcGTX2/dcGTX3) are reported as single components due to facile epimerization and thus

unstable ratios.

Cylindrospermopsin (CYN) and deoxycylindrospermopsin (doCYN) were identified and
quantified by liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS). Mass
spectral experiments were performed on an ABI-SCIEX-2000 triple quadrupole mass
spectrometer (Applied Biosystems, Darmstadt, Germany) coupled to a Model 1100 liquid
chromatographic system (Agilent, Waldbronn, Germany).

Separation of CYN and doCYN was performed by reverse- phase chromatography on an
analytical column (150 x 3 mm) packed with 3 um Luna C18 (2) 120 A (Phenomenex,
Aschaffenburg, Germany) and maintained at 20 °C. The flow rate was 0.3 ml min™ and gradient
elution was performed with two eluents, where eluent A was water and eluent B was
methanol/water (95:5 v/v), both containing 2.0 mM ammonium formate and 50 mM formic acid.
Initial conditions were 10 min column equilibration with 10% B, followed by a linear gradient to
90% B in 15 min and isocratic elution until 19 min with 90% B. The system was then returned to

initial conditions until 20 min (total run time: 30 min).

Multiple reaction monitoring (MRM) experiments were carried out in positive ion mode
by selecting the following transitions (precursor ion > fragment ion): m/z 400>194 and m/z

400>176 for doCYN and m/z 416>194 and m/z 416>176 for CYN. Dwell times of 100 ms were
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used for each transition. Sample concentrations were calibrated against external standards of
CYN and doCYN.

Specific growth and toxin production rates (u. and Ly, respectively) for both PSTs and
CYN/doCYN were calculated for each interval in the growth and toxin production curves

according to Anderson ef al. (1990).

RNA isolation

Cells for RNA isolation were collected by filtration of 50 ml of culture through an 8 um
pore-size cellulose ester membrane (Millipore, Eschborn, Germany). Filtered cells were
resuspended in 800 pl of RLT lysis buffer (Qiagen, Hilden, Germany) containing f-
mercaptoethanol, then transferred to a microcentrifuge tube, flash frozen in liquid nitrogen and
stored at -70 °C. Total RNA was extracted with an RNeasy mini-kit (Qiagen, Hilden, Germany)
following the manufacturer’s instructions. Briefly, frozen samples were thawed on ice, and cells
were twice disrupted for 2 min with 0.1 mm diameter acid-washed glass beads in a tissue lyser
(Qiagen, Hilden, Germany). The supernatant was separated from the glass beads and cell debris
by centrifugation (10 min, 16,000 x g, 4 °C). On-column DNA digestion was performed after
RNA isolation for 1 h at RT, followed by a final clean-up with a second DNA on-column
digestion to remove any DNA. RNA was quantified by spectrophotometry (ND-1000, NanoDrop
Technologies, Wilmington, DE, USA) and purity was assessed based upon the ratios Ajeo/Az3o
and Ajeo/Azgo. If required, samples were further cleaned with a Microcon Elute System
(Millipore, Eschborn, Germany). RNA integrity was checked on RNA nano-chips using an
Agilent Bioanalyzer 2100 (Agilent Technologies, Waldbronn, Germany).

Microarray design and data analysis

DNA microarrays were designed for use with the eArray system (Agilent Technologies,
Waldbronn, Germany). Two 60-mer oligonucleotides were created for the 3,968 genes of CS-505
and 3,085 D9 genes, such that the genomes of both strains were represented in each 15,000-oligo
expression array. Intergenic regions were absent in these arrays, but repeats and transposases

were included.
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Microarray hybridizations were performed with a two-color microarray-based gene
expression analysis kit (Agilent Technologies, Waldbronn, Germany). The procedure was carried
out following the manufacturer’s instructions with slight modifications. Specifically, to cope
with the absence of poly-A tailed mRNA, 200 ng of random nonamers coupled with the sequence
of the promoter of the RNA polymerase T7 were added in each reaction (Moreno-Paz & Parro,
2006), instead of the T7 primer supplied for eukaryotic mRNA. 300 ng of total RNA were used
as input RNA for cDNA synthesis and cRNA amplification. cRNA from CS-505 was labeled
with Cy5 (control samples t = 0 h) and Cy3 (treatment samples t = 24 h). cRNA from D9 was
labeled with Cy3 (control samples t = 0 h) and CyS5 (treatment samples t = 24 h). Samples from t
= 0 h were hybridized against the samples at t = 24 h.

Microarrays were scanned on an Agilent G2565BA scanner, and raw data were extracted
with the Agilent Feature Extraction (FE) Software version 9.1.3.1. Array quality was monitored
using the Agilent QC Tool (v1.0) with the metric set GE2 105 Dec08.

Microarray data normalization and statistical analysis

Raw data obtained with the FE software were normalized by LOESS normalization without
background subtraction using the limma package (Smyth, 2005) in the R software (http://www.r-
project.org/). Normalization with limma was chosen over FE normalization due to less dispersion

of the data points in the MA plot obtained with limma (data not shown).

Significance analyses of the normalized data were performed with the Significance
Analysis of Microarrays (SAM) tool (Tusher et al., 2001) from the TMEV software (Saeed et al.,
2003). Significantly expressed genes were selected with a g-value criteria of <0.01. The g-value
is the fraction of false positives of differentially expressed genes, expected when the threshold
has been set to a specific value. In addition, a cutoff of >1.5- fold change was applied to the
preselected genes. First class SAM was applied to obtain the overall number of genes whose
expression was significant in each treatment at 24 h after the change in N-regime. Gene
expression data are supplied as electronic material (CS-505 gene expression data.xls and D9 gene

expression data.xls)

153



N-DEPENDENT TOXIN PRODUCTION AND TRANSCRIPTOMICS

qPCR conditions and motif search

The cDNA for qPCR was synthesized from 500 ng total RNA using random hexamers with the
Omniscript RT kit (Qiagen, Hilden, Germany). qPCR reactions were performed in 20 pl reaction
mixtures composed of 1 ul 10-fold diluted cDNA, forward and reverse primers at a concentration
of 100 nM, and 10 pl 2x SYBR Green PCR Master Mix (Applied Biosystems, Darmstadt,
Germany). Pure RNA was used to test for the presence of genomic DNA in the RNA samples.
Cycle parameters were as follows: initial denaturation at 95 °C (10 min), followed by 40 cycles
of 95 °C (15 s) and 59 °C (1 min). Finally, a product-primer dissociation step was utilized to

verify formation of a single unique product/primer dimerization.

All gPCR primers were designed with Primer Express 3.0 software (Applied Biosystems,
Darmstadt, Germany) and synthesised by Eurofins MWG Operon (Ebersberg, Germany).
Samples were run in biological triplicates, and mean values were taken among these replicates,
including standard deviation. For each primer pair, a standard curve was established by 10-fold
dilutions of a PCR template, spanning concentration differences from 100 pg to 1 fg. Linear
regression analysis between PCR product concentration and the cycle number (Ct-value) was
used to determine primer efficiency. qQPCR amplicon sizes, primer sequences and efficiencies are

shown in Table 2.4.S2.

The Motif Search tool from the Nano+Bio-Center at the University of Kaiserslautern
(http://nbc11.biologie.uni-kl.de) was employed to search for putative NtcA-binding domains in
the intergenic regions outside and within the cyr (48.5 Kb) and sxz (34 Kb) gene clusters. The
NtcA-binding domains have a canonical sequence defined as GTAN3TAC, and they are separated
by approximately 22 nucleotides from a -10 box with the consensus sequence TAN;T (Herrero et
al., 2004). However, differences in the canonical structure and in the length of separation
between the promoter and binding site have been described and probed for genes such as petH,
nifH and cphAl (Herrero et al., 2004). Following this criteria, we set the mismatches to 1, to
allow variation in the 6 conserved positions of the NtcA-binding site. The results were further
filtered according to the presence of a -10 box with the conserved motif TAN;T for NtcA-biding

regions.
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Table 2.4.S1 Microarray expression values of the core genes shared between C. raciborskii CS-

505 and R. brookii D9 (supplied electronically).

Table 2.4.S2 qPCR primer sequences, efficiencies and amplicon sizes.

Gene
ntcA

sxtSUL
sxtDIOX

sxtO
sxtU
sxtA

sxtl

sxtM
sxtF
cyrB
cyrl

cyrJ

cyrK

Amplicon
size (nt)
60
60
79
99
69
69
59
69
100
60
99
94

60

99

q PCR primer sequence 5'-3'
qD9ntcAF TCGCTGAAGCAATAGGATCCA
qD9ntcAR TCCCGCAAGTCTCCTAGCAA
q505ntcAF TTTTACTGCGGTGGAATTGCT
q505ntcAR TTCCTTGAGGGCCTGCTCTAC

gsxtl4F CTGAAGTAGCGGCTCAACAGATAA

gsxt14R CAGGAGGATTGCGAAGCATAA
gsxtl15F CGATGGGAGAAATTGCGAAT
gsxt15SR ATGTCAGGGTGAGCTGGGATA
gsxtOF TTGGGTGAGGTTGCCAAACT
qsxtOR CGGTCATTCCTGTAGGGTGAGA
qsxtUF GCGATCGCCGCAAGAC
qsxtUR CTTGACCACCACTGGCTTCA
qACPR GGGAGAGCGAGCCTTGAAT
gACPR ATGCGGGACAACATAGGAGTGT
gsxtIF TTGTTGCTGCAGCTCAGGAA
gsxtIR ATCGCTCCAGTCGGAAACC
qsxtMF GGCTAGCAACGGCCTTGTC
gsxtMR TGCCAGTAACACATTGCTTTGTT
qsxtFF GCCCATGATATTGGCTTCCA
qsxtFR TGCCGACTCCGAGTGGTATAAC
qcyrBF ACTGCACAGACTGCGATTTCA
qcyrBR TGCGCCCCATGTTAATGTATT
qcyrlF TCCCGGTCATCCATCAGTAAG
qcyrlR ATGTGGGTGCGTCTTCTTGATA
qcyrJF TGAACGATCCGCGGAGAA
qcyrJR TCGGTAAACTCAACCCCTACAAC
qcyrKF AGATGACCGAGAGGGCGTACT
qcyrKR CACCCCTAACGGGTACTGTAACA
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Slope
-3.33

-3.41
-3.67
-3.76
-3.53
-3.31
-3.30
-3.29
-3.16
-3.47
-3.48
-3.65
-3.32

-3.97

Efficiency (%)
100.3

102.7
110.5
113.1
106.3
99.7
99.0
99.1
95.2
104.5
104.8
109.9
100.0

119.5
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Figure 2.4.S1 Specific toxin production rate as function of specific growth rate in the four N- regimes for CS-

505 (A) and D9 (B).
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Figure 2.4.S2 In silico analysis of transcriptional units (TU), NtcA binding boxes and promoters ouside and
within the sxz gene cluster. In silico analysis of transcriptional units (TU), NtcA binding boxes and promoters
ouside and within the sxz gene cluster. Genes forming part of TUs are marked by a black line them. NtcA binding
boxes are shown as a thick red line within the cluster and enclosed in rectangles in the sequences. -10 and -35
regulatory boxes are shown only for the -10 box with the conserved motif TAN3T. In the presence of two possible -
10 and -35 boxes within the same intergenic region, the second sequence appear underlined. The reverse complement
strand is shown for the NtcA binding region of g/nA4 and sxtM. The direct strand is shown for NtcA binding region of

sxtABC.
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Figure 2.4.S3 In silico analysis of transcriptional units (TU), NtcA binding boxes and promoters ouside and
within the cyr gene cluster. In silico analysis of transcriptional units (TU), NtcA binding boxes and promoters
ouside and within the cyr gene cluster. Genes forming part of TUs are marked by a black line across them. NtcA
binding boxes are shown as a thick red line within the cluster and enclosed in rectangles in the sequences. -10 and -
35 regulatory boxes are shown only for the -10 box with the conserved motif TAN3T.
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Figure 2.4.S4 Comparison of the expression of four cyr genes from C. raciborskii CS-505 grown under
ammonium, nitrate, N-deprivation and urea. Error bars indicate £SD of the mean (» = 3). Values significantly

different (#-test p-value < 0.05) from t = 0 are marked with a * symbol.
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Figure 2.4.S5 Comparison of the expression of eight sxt genes from R. brookii D9 grown under alternative N

Nitrate (white bars with black dots), ammonium (left thin stripes) and urea (right thick stripes). Error bars

indicate +SD of the mean (n = 3). Values significantly different (#-test p-value < 0.05) from t = 0 are marked with a *

symbol.

regimes.
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Gene expression dynamics and heterocyst differentiation in
Cylindrospermopsis raciborskii versus Raphidiopsis brookii, a non-diazotroph

closely related species

Karina Stucken, Uwe John, Rodrigo Gutierrez, Gernot Glockner, Monica Vasquez and Allan
Cembella.

2.5.1 Abstract

The filamentous cyanobacterium Cylindrospermopsis raciborskii CS-505 differentiates
the apical cells to heterocysts, specialized cells for dinitrogen (N) fixation under fixed nitrogen
(N) i.e. nitrate. The terminal heterocyst phenotype in C. raciborskii CS-505 1is likely a
consequence of the absence of heterocyst pattern formation genes. The process of heterocyst
differentiation in C. raciborskii CS-505, evolution of N, fixation, heterocyst frequency and the
time series of gene expression were studied in cultures grown under three different N regimes,
with ammonium, nitrate or under N-deprivation. Upon N deprivation, nitrogenase activity
increased two-fold after 24 h, whereas heterocyst numbers doubled only after 48 h. Gene
expression dynamics revealed the induction of NtcA gene targets shortly after N step-down,
although ntcA was induced between 24-48 h together with heterocyst early-differentiation and
maturation genes. In addition, comparison of ammonium-regulated genes between CS-505 and
the closely related Raphidiopsis brookii D9 showed similar expression patterns, stimulating
translation machinery. Energy metabolism was repressed in D9, however, as a possible reflection
of toxicity following growth on high ammonium levels. We conclude that the response of CS-505
to alternative nitrogen regimes is dramatically different from that of Anabaena sp. PCC 7120, the
type strain for studies of cell differentiation in cyanobacteria. In CS-505 the responses are slower,
but nevertheless very efficient, and probably involve unknown factors of transcriptional and

translational regulation.
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2.5.2 Introduction

Cyanobacteria can assimilate a variety of nitrogen (N) forms: nitrate, nitrite, ammonium,
urea, cyanate and in some cases dinitrogen (N,) through fixation (diazotrophy). Under N
limitation, some filamentous cyanobacteria may differentiate heterocysts, specialized cells for N,
fixation in order to protect the nitrogenase form oxygen-inhibition. The process of N, fixation
and differentiation of heterocysts has been well studied in Anabaena sp. PCC 7120, A. variabilis
ATCC 29413 and Nostoc punctiforme ATCC 29113, all of which develop heterocysts in a
intercalated pattern of 10-15 cells each, occurring within the first 24 h of N-deprivation (Zhang et
al., 2006, Meeks & Elhai, 2002, Xu et al., 2008). Upon N-starvation, a cascade of gene reactions
is triggered leading sequentially to the differentiation of cells and later to the expression of N,
fixation genes. These include the induction of the main transcriptional regulator in N metabolism
ntcA, and the master gene for heterocyst differentiation hetR via nrrdA (Herrero et al., 2004,
Muro-Pastor ef al., 2002, Ehira & Ohmori, 2006a). As part of the early response, genes involved
in pattern formation (patS, patA, hetN) and inhibition of cell division (hetC) are expressed.
Finally, genes involved in the maturation of the heterocyst, i.e., deposition of the glycolipids (hg/,
hgd, and dev genes), polysaccharide (hep genes and cluster alr2825-alr2841 of Anabaena sp.
PCC 7120) and N, fixation genes (nif) are induced (Ehira et al., 2003, Xu et al., 2008).

In Nodularia spumigena, there is an apparent decoupling between N, fixation and
heterocyst differentiation, since ammonium ions inhibited N, fixation while not affecting
heterocyst development (Vintila & El-Shehawy, 2007). The species Cylindrospermum
licheniforme and Cylindrospermopsis raciborskii develop only terminal heterocysts. Studies on
C. licheniforme showed a similar timing of N, fixation and heterocyst differentiation on this
species with Anabaena and Nostoc (Van De Water & Simon, 1982). In C. raciborskii however,
there was no inhibition of N, fixation when concentrations of nitrate or ammonium up to 3000 pg
N I"! were used, suggesting a more relaxed mechanism of regulation in this species (Sprober et

al., 2003).

The genome of Cylindrospermopsis raciborskii CS-505 is the smallest described for a
heterocyst-forming cyanobacterium. Comparative analysis revealed that some of the genes
described above as essential for pattern formation are absent (patS, hetN), as well as other related
genes (e.g., hetC, hetL, ccbp, among others), implying that this cyanobacterium contains the
minimum set of genes required for differentiation of a functional heterocyst (Publication II). In

addition, our recent investigation into the main transcriptional regulated processes under N-
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deprivation in CS-505 showed that ntcA was expressed only after 48 h, while there were no
changes in the expression of the nif genes or hetR. This strongly suggested a late response to N-
deprivation when compared to other heterocystous cyanobacteria such as Anabaena sp. PCC

7120 (heretofore referred as Anabaena) (Publication IV).

On the other hand, the genus Raphidiopsis comprises filamentous non-heterocystous
cyanobacteria unable to fix N,. Species of this genus have not been deeply investigated but recent
reports show that they are also widely distributed, and often thrive in coexistence with C.
raciborskii (Mohamed, 2007). Although C. raciborskii and Raphidiopsis have been assigned to
different genera, species of both genera form part of a monophyletic cluster (Alster et al., 2009,
Gugger et al., 2005, Publication I). In addition, we have shown that the genomes of C.
raciborskii CS-505 and R. brookii D9 share 2,539 CDS with an average nucleotide identity (ANI)
>90%. These values correspond to strains from the same species that have evolved independently

(allopatric speciation) (Publication II).

The ability to fix N, is a major difference between the strains CS-505 and D9. The loss of
the nif operon and several other genes related with N, fixation but not of all genes necessary for
the development of a mature heterocyst in D9 is one example of how gene losses have shaped the
D9 genomic structure. The presence in D9 of several genes involved in N metabolism that are
absent in the CS-505 genome seem to compensate for the inability of fix N, (Publication II).
Some of those genes include an amino acid transporter, four asparagine synthases and a fragment

of the nitrile hydratase (n#/EAB) operon.

We questioned how CS-505 and D9 with such small but related genomes respond to the
variability in an environmental condition as ecologically important as N availability. Using
various N regimes to model transcription behaviour, we compared gene expression of CS-505
and D9 in a time-series of 1-24 h under “normal” culture conditions, i.e., cultures adapted to grow
on nitrate versus ammonium-replete cultures. In addition, to unravel the timing of gene
expression involved with heterocyst formation in CS-505, we measured nitrogenase activity,

heterocyst frequency and gene expression in N-deprived cultures.
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2.5.3 Results

Global time-dependent transcriptomic responses to N availability

The 24 h transcriptomic responses of both strains to four N-regimes were previously
reported (Publication IV). In order to understand the timing of responses after shifts in N
availability, time series experiments were conducted in cultures of C. raciborskii CS-505 and R.
brookii D9 subject to growth on nitrate, ammonium and N-deprivation (the last one only to CS-
505). To evaluate the effect of ammonium and N-deprivation on gene expression in each one of
the microarray impressed genes, we performed regression analysis to retrieve significantly

expressed genes with respect to nitrate.

Differentially expressed genes as determined by regression showed that after the first
hour, the response elicited by ammonium in CS-505 and D9 was similar (140 and 156 genes
regulated, respectively). However, there was a larger increase over time of regulated genes under
ammonium in CS-505 (from 140 to 510 genes) compared to D9 (from 156 to 239 genes) (Table
2.5.1). We have previously reported that 12% (495 genes) of the CS-505 gene content responds
after 24 h of N-deprivation. Similarly, the number of genes regulated in CS-505 under N-
deprivation, reached 506 after 24 h. This response appeared to have already been achieved after 8
h, when the number of regulated genes was 488. After 48 h, the number of regulated genes
doubled (1,018), representing 26% of the CS-505 genome. The proportion of up- and down-
regulated genes in all treatments was 1:1 for CS-505 and almost 1:1 for D9 (Table 2.5.1). As we
previously reported (Publication IV), transposases and repeat sequences formed part of the
regulated genes of CS-505. Repeats were regulated irrespective of the N regime, and after the

first hour, expression was detected in the ammonium treatment.

164



GENE EXPRESSION DYNAMICS

Table 2.5.1 Number of genes regulated over time by the different N regimes.

CS-505 D9
-N Ammonium Ammonium
Time (h) | up | down up | down up | down
1 genes 64 60 81 59 67 89
repeats -- 1 10 5 -- --
3 genes 172 171 104 133 49 75
repeats 11 5 14 10 -- --
8 genes 244 244 145 149 73 110
repeats 9 3 13 12 -- --
24 genes 248 258 260 250 104 131
repeats 3 13 24 22 -- --
48 genes 487 531 -- -- -- --
repeats 60 21 -- - -- --

Comparative transcriptional responses of C. raciborskii CS-505 and R. brookii D9

Differentially expressed genes that responded in a similar pattern over the time course for
each N-regime and may thus be functionally related, were explored by K-means clustering. We
distinguished from the expression patterns an early (1-8 h) and late (24-48 h) response that would
give a maximum of seven gene clusters if genes do not highly differ in their magnitude of
regulation. Following this biological consideration and by means of hierarchical clustering, genes
regulated by N-deprivation in CS-505 were divided into eight clusters of expression and nine
versus six clusters were determined for ammonium-regulated genes in CS-505 and D9,

respectively (Figure 2.5.1).
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Figure 2.5.1 Temporal expression of differentially regulated genes of D9 (A) and CS-505 (B) grown on
ammonium and CS-505 under N-deprivation (C). Expression patterns were determined by hierarchical and KMC
clustering; dotted lines delimit the region of low intensity (log, ratios < [+0.58]) values, where genes were
considered as not regulated. The processes better represented in each cluster are indicated into the color boxes, color
boxes: denoting N metabolism, ion and electron transport, general energy metabolism, photosynthesis and carbon
metabolism and replication, regulation, and signal transduction. Genes belonging to signal transduction were mainly
cell wall or polysaccharide biosynthesis that may be involved in this process. Detailed lists with intensity values and
standard deviations for each cluster are provided as supplementary material.
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Comparative transcriptomic responses to ammonium availability

Although more regulation patterns were found for CS-505, in general the response of D9
to ammonium was similar to that of CS-505 with the exception of D9 cluster 3, which was
rapidly and strongly repressed after the first hour. Down-regulated genes belonged mostly to N
(and other inorganic ion) transport and metabolism, and were represented in all D9-repressed
clusters and in three of four in CS-505. In these experiments, the genes that showed the highest
regulatory response (intensity) were related to N control, but interestingly, this response was not
comparable to CS-505, where the genes for N transport and metabolism am? and nrt were not
significantly down-regulated with respect to nitrate. Other differences in N regulation were
conveyed by the expression of the nitrilase (n4/) gene cluster in D9 cluster 3, and of the N-
regulator genes nrrA and g/nB, which were highly repressed in D9 after 1 h (nrr4) and 24 h
(g/nB), whereas in CS-505, nrr4 was slightly repressed after 8 h (cluster 7) and changes in the
expression of g/lnB were not detected. The highest down-regulated (progressively) genes from
CS-505 (cluster 4) were nirdA and some heterocyst differentiation genes hetF, fraG, abp3 and a
hetP-like gene, including the sigma factor sigG.

The early up-regulated genes of both strains with ammonium (D9 cluster 1, CS-505
cluster 2), corresponded mostly to the process of translation, but interestingly, a set of genes
clustered in the genome and unique for each strain respect to the other, was part of the highly
expressed genes. Although unique for each strain, the clustered genes included several sugar- and
methyl transferases that may have relation to cell to cell communication and therefore were

classified as signal transduction.

There was a common response in both CS-505 and D9 to an early and transient regulation
(1-3 h); these patterns although similar, did not represent the same functional categories. Early
repressed genes from CS-505 cluster 1 were part of a set of clustered genes in the genome
encoding for a NADH-ubiquinone oxidoreductase complex, whereas D9 cluster 5 included the
nrtCD genes, posttranscriptional regulators and chaperones (groES, groEL). Interestingly, within
the transient upregulated genes of CS-505 cluster 3, were nifHK, although nifH was further
downregulated after 24 h; other genes following this pattern belonged to the translation category.
There were no clear functional categories representing D9 cluster 6 genes, indicating that diverse

processes might have been affected shortly after the incorporation of ammonium to the medium.
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The additional patterns of expression of CS-505 (clusters 5, 8 and 7) indicated that besides
an increased protein synthesis in the cells, metabolism and recombination were also activated.
Four from five up-regulated clusters of CS 505 (clusters 3, 5, 8 and 9) contained genes related
with energy metabolism, among others. For example, CS-505 clusters 3, 8 and 9 included the
urease, fatty acid biosynthesis, Photosystem II, ATP synthesis and cytochrome oxidase genes.
This same category was repressed in D9, where Photosynthesis, ATP synthesis, inorganic carbon
transport and respiration were part of progressively repressed genes of cluster 2. Other better
represented genes in CS-505 in comparison with D9 were from the signal transduction category,
present in up- and down- regulated clusters (2, 6, 7 and 8). Transposases were found to be
repressed in CS-505 clusters 8 and 9, repeated sequences however, were regulated without a

specific pattern and they were scattered among all clusters but 1 and 5.

Temporal expression of genes under N-deprivation in CS-505

The dynamics of gene regulation of CS-505 under N-deprivation showed that after the
first hour of removal of the N source, there was a high induction of genes known to be controlled
by N-deprivation (cluster 6), including amtl, nrrA, urtA and ginA. Accompanying the induction
of glnA, gif4, encoding for the inhibitor of glutamine synthase, was repressed. In addition, the
heterocyst differentiation gene hetP, and a gene cluster of unknown proteins were expressed as
well. The expression of all these genes remained induced until 48 h, although they showed
tendency to decrease in intensity towards 48 h. Genes belonging to cluster 2 were progressively
induced until 8-24 h, and returned to the initial levels after 48 h. None of these genes were known
to be involved with N metabolism, but rather with oxidoreduction reactions and several
glycosyltransferases may be related with signal transduction. Within this cluster, a gene cluster
unique for CS-505 and D9 (compared to other cyanobacteria) that encodes for a putative
arginase, ABC transporters and putative nickel binding proteins was also expressed, as suggestive

of new N transport and metabolism capacity in these strains.

As part of the early response, the protein synthesis machinery was inhibited within the
first hour as represented in cluster 3. These inhibited elements included ribosomal proteins,
transcriptional regulators, chaperones, cell division proteins (minC, minD, fitsZ, ftsY), the RNA
polymerase genes (rpoB, rpoC), the DNA gyrase (gyrB) and additional transcription factors.
Among the latter group, was a transcriptional regulator AbrB (CRC_00661), similar to s110359 of

168



GENE EXPRESSION DYNAMICS

Synechocystis PCC 6803, which was proposed to be essential to growth; S110822, a second AbrB
regulator was demonstrated to be necessary for the regulation of several N regulated genes (nir4,
ginA, amtl, ginB, among others) (Ishii & Hihara, 2008). The homolog to s110822 in CS-505 is
CRC 00151 and although its expression was modified by N-deprivation, induction was observed
only after 48 h. From 24 h on, the growth-arrestment strategy followed in the first hours
incorporated energy saving or N recycling by the inhibition of photosynthesis and ATP synthesis
(psa, psb, apc, cpc, atp), bicarbonate (cmp), and sulfate transport (cys), CO; fixation (rbcSL, ccm)
and glucose metabolism (clusters 1 and 8). At 48 h most of the repressed genes from cluster 5
were induced and from cluster 4 de-repressed. Genes from cluster 5 were barely coherent in
functional categories; however, transcriptional regulators and three genes related to heterocyst
differentiation followed this pattern hetF, sigk and a hetP-like gene. Cluster 4 comprised
ribosomal proteins, DNA repair genes, transcriptional and posttranscriptional regulators, which
indicated that at this time point, the cells may start actively metabolizing again. Following this
hypothesis, the largest number of genes (411) appeared to be up-regulated at 48 h (cluster 7).
Despite the large number of genes, two main functional categories were evident (Table 2.5.2).
First, one functional category comprised genes related to biosynthesis of cofactors or molecules
related to modification of the energetic status of the cell, which included genes for the
biosynthesis of cobalamin, thiamine, terpenes and pyridoxal-phosphate biosynthesis, among
others. Second, the additional category included genes for DNA replication, recombination and
repair, as well as for RNA modification; here were included transposases, repeat sequences (56),
DNA and RNA methyltransferases, signal transduction-related proteins, transcriptional regulators
and competence proteins. These two categories indicated that although the cells started to
metabolize fundamental cofactors, genetic rearrangements and possible transformation are active

parts of CS-505 metabolism.
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Table 2.5.2 Genes representing the two main processes induced in CS-505 after 48 h of N-

deprivation.

Locus tag

Product / Description

Energy metabolism (cofactors)

CRC_03493
CRC 01276
CRC_00155
CRC_00287
CRC_02941
CRC_03453
CRC_01892

CRC 01162
CRC_02942

CRC_00797
CRC_01332
CRC_00180
CRC_01679
CRC_00118
CRC_03258
CRC_02524
CRC_01907
CRC_01954
CRC_00589
CRC_00386
CRC_00542
CRC_00439
CRC 00161

Thiamine-monophosphate kinase
Phosphoribosylglycinamide formyltransferase
Phosphoribosyltransferase
Phospholipid/glycerol acyltransferase
Hydantoinase B/oxoprolinase

Terpene synthase

Shikimate kinase
FAD-dependent pyridine nucleotide-disulphide
oxidoreductase

Hydantoinase/oxoprolinase

Phosphoribosylformimino-5-aminoimidazole carboxamide

ribotide isomerase (HisA)
Phosphoribosylformylglycinamidine synthase I1
Cobyrinic acid a,c-diamide synthase
Phosphoenolpyruvate synthase

Cobalbumin biosynthesis enzyme

Pyridoxal phosphate biosynthetic protein (PdxJ)
Ketopantoate hydroxymethyltransferase
Dihydrodipicolinate synthase subfamily

Cobalamin (vitamin B12) biosynthesis CbiX protein
Glucose-1-phosphate thymidylyltransferase, short form
Molybdopterin cofactor biosynthesis MoaC region
Glyoxalase/bleomycin resistance protein/dioxygenase
Pyridoxal phosphate biosynthetic protein PdxA
Pyridoxal-5'-phosphate-dependent enzyme, beta subunit

DNA modification, repair, genomic rearrangements

CRC_00006
CRC_00310
CRC_00330
CRC_00410
CRC_00420
CRC_00453
CRC_00888
CRC_00898
CRC_00960
CRC_00961
CRC_00990
CRC_01013
CRC_01055
CRC_01062
CRC_01078

Cyclic nucleotide-regulated ABC bacteriocin
Radical SAM

PilQ (type II and III secretion system protein)
PiIN-like (Fimbrial assembly)

Protein splicing (intein) site

Heat shock protein Dnal-like

Chromosome segregation protein SMC
Threonine dehydratase I

RNA methyltransferase TrmH, group 3
Ribonuclease 11

Uroporphyrin-III C/tetrapyrrole methyltransferase
Peptidase U62, modulator of DNA gyrase
Endonuclease I1I/Nth

Recombination protein O, RecO
Helix-turn-helix protein, CopG

170

1h
0.07
-0.22
-0.17
-0.17
-0.06
-0.04
-0.18

-0.1
-0.16

0.18

-0.43
-0.14
-0.54
-0.15
-0.19
-0.09
-0.26
-0.17
-0.13
-0.4

-0.14
0.12

-0.18

-0.09
-0.34
-0.21
-0.14
-0.21
-0.09
-0.09
-0.01
-0.12
-0.19
0.06

-0.07
-0.34
-0.32

Log, (T/C)*

3h
0.12
-0.4
-0.12
-0.3
-0.24
-0.16
-0.18

-0.22
-0.12

0.47

-0.29
-0.03
-0.76
-0.25
-0.44
-0.37
-0.4

-0.19
-0.21
-0.76
-0.26
0.08

-0.18

-0.03
-0.65
-0.21
-0.23
-0.25
0.02

0.04

-0.59
-0.75
-0.69
0.13

0.24

-0.34
-0.67

8h
0.31
-0.36
-0.04
0.01
-0.14
-0.3
-0.08

0.09
-0.09

0.3
-0.47
-0.06
-0.68
-0.01
-0.51
-0.35
-0.3
-0.38
-0.08
-0.85
-0.08
0.08
-0.26

-0.13
-0.52
-0.17
-0.18
-0.22
0.10

-0.01
-0.52
-0.82
-0.82
0.25

0.46

-0.24
-0.57

24h
0.3
-0.1
0.25
0.43
-0.04
0.08
0.49

0.42
0.01

0.3
-0.07
0.13
-0.35
0.35
0.02
0.21
0.31
0
0.19
-0.3
0.14
-0.05
-0.16

0.05
-0.23
0.02
0.04
0.15
0.13
0.38
-0.35
-0.32
-0.27
0.35
0.98
0.56
-0.31

0.08 0.06 0.42 0.95

48h
1.8

1.73
1.73
1.68
1.59
1.48
1.46

1.44
1.43

1.2

1.16
1.06
1.04
1.03
0.9

0.88
0.85
0.81
0.75
0.72
0.7

0.68
0.64

1.91
0.74
0.76
0.80
1.80
1.88
0.78
1.14
1.24
1.42
0.96
1.33
1.39
0.76
1.66



CRC_01266
CRC_01477
CRC_01855
CRC_01859
CRC_01898
CRC_01955
CRC_02095
CRC_02120
CRC_02230
CRC_02781
CRC_02987
CRC_03036
CRC_03079
CRC_03259
CRC_03302
CRC_01707
CRC_01067
CRC_03348
CRC_02221
CRC_02347
CRC_03464
CRC_01211
CRC_01884
CRC_01065
CRC_03382
CRC_00337
CRC_02011
CRC_01443
CRC_01210
CRC_01616
CRC_03268

Heat shock protein Dnal-like
Exonuclease (Recl)

Thermonuclease

Essential recombination function protein
Exonuclease SbcC

Uroporphyrin-III C-methyltransferase-like
RNA methyltransferase TrmH, group 1
Modification methylase (HemK)
Putative restriction enzyme (Fragment)
Endonuclease/exonuclease/phosphatase
tRNA modification GTPase TrmE

DNA repair protein RadC

DNA repair protein RecN

Pathogenesis related protein-like

Restriction modification system DNA specificity domain

Transposase (Fragment)
Transposase (Fragment)
Transposase family IS5 (Fragment)
Transposase IS607 family
Transposase IS607 family
Transposase IS607 family
Transposase IS607 family
Transposase IS607 family
Transposase IS607 family
Transposase ISL2 family (Fragment)
Transposase OrfB

Transposase, IS4 (Fragment)
Transposase, [S891/IS1136/1S1341
Transposase, IS891/IS1136/IS1341
Transposase, [S891/IS1136/1S1341
MutS 1 protein
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0.00 0.02 0.19 0.54

0.16
0.01
0.04
-0.20
0.05
0.03
-0.44
-0.24
-0.05
-0.05
-0.30
-0.04
1036
0.11
0.01
0.01
0.07
0.12
0.15
0.06
0.17
0.10
0.10
-0.01
0.03
0.05
0.09
0.00
0.02
0.10

-0.25
-0.05
-0.12
-0.11
-0.24
0.11
-0.38
-0.05
-0.33
-0.07
-0.37
-0.16
-0.8
-0.07
-0.12
-0.05
0.08
0.09
0.08
0.01
0.06
0.03
0.02
0.15
0.15
0.13
0.16
0.09
0.12
0.09

-0.29
-0.01
-0.04
-0.03
-0.46
0.09

-0.36
-0.12
-0.34
-0.10
-0.33
-0.14
-0.91
0.11

-0.11
0.32

0.06

-0.16
-0.17
-0.22
-0.17
-0.22
-0.20
0.07

0.36

-0.09
0.38

0.31

0.33

-0.01

0.08
-0.01
-0.17
0.38
0.06
0.46
0.17
0.63
-0.31
0.05
0.02
0.15
-0.15
-0.01
-0.14
0.65
0.02
-0.07
-0.12
0.05
-0.02
-0.01
0.04
0.14
0.59
-0.63
0.61
0.58
0.63
-0.03

1.28
1.17
1.79
1.91
0.91
0.95
1.73
0.95
1.34
1.10
1.46
1.14
1.40
1.34
0.84
0.80
0.99
0.97
2.01
2.02
2.13
2.16
2.21
2.23
0.75
0.63
1.34
0.59
0.63
0.64
1.65

* Control represent intensity values at time zero; treatment at every time point (1, 3, 8, 24 and 48 h)
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Nitrogen fixation and heterocyst development in CS-505

The experiments carried out in this work employed adapted cultures to nitrate which were
washed and transferred to ammonium or to a medium depleted of N. The presence of heterocysts
in C. raciborskii in nitrate-containing medium accounts for a basal activity of the nitrogenase
enzymatic complex. Measurement of nitrogenase activity, and the frequency of heterocysts
developed under nitrate, ammonium and N-deprivation conditions, indicated that a constant rate
of N, fixation was maintained in cultures of CS-505 grown in nitrate-containing medium,
whereas N, fixation increased to 230% within the first 24 h of N-deprivation (Figure 2.5.2A). At
24 h, however, there were no observable changes in heterocyst frequency; the heterocyst numbers
doubled only after 48 h of N-deprivation (Figure 2.5.2B), while the rate of N, fixation remained
at 230%. After 120 h, N, fixation and heterocyst counts had increased to 860% of the initial
levels in N-deprived cells. Heterocysts did not disappear in the ammonium-grown cultures;
counts decreased to 80% only after 120 h, but nitrogenase activity decreased earlier (at 72 h) to

6% and to the detection limit after 120 h.
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Figure 2.5.2 Diel activity of the nitrogenase (A) and heterocyst frequency (B) of CS-505 under alternative N-
regimes; squares: N-deprivation, diamonds: nitrate and triangles: ammonium. Activity was measured as nmoles of
ethylene formed by unit of biomass (OD7s) at the end of the dark (black boxes) and light (white boxes) phase. Error
bars indicate +SD of the mean (n = 3).
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Late responses of heterocyst-specific genes

In order to correlate the expression of heterocyst differentiation genes with the
physiological response of CS-505 to N-deprivation, we selected a compendium of 119 genes
from which 55 have been experimentally linked to heterocyst development, 41 are part of the
core genes of heterocystous cyanobacteria and 23 are involved in N, fixation (Publication II).
50% (55) of these selected genes were regulated at one or more time points during N-deprivation

in CS-505 (Figure 2.5.3).

The g/nB (encoding for the regulatory protein PII), nrrd, hanA, hetP, patU3 genes and
two codifying for hypothetical proteins (CRC 00582 and CRC 03071) were all induced within 3
h but showed a maximum of expression between 8-24 h, decaying at 48 h. After 24 h, but with
maximum expression at 48 h were induced genes that in Anabaena respond close to 8-24 h, and
represent the initial stages of heterocyst differentiation and maturation (hetM, hgdABC, devC,
abpl, conR). Within this group was found nfcA, however, hetR whose expression is fundamental
for the regulation of heterocyst specific genes and of nzc4, showed no expression changes within
the complete time series. A different pattern of expression shared the sigma factors sigF and
sigG, together with hetF, a hetP-like gene, CRC 00688, hetZ and CRC 02624, all repressed from
the first to 8 or 24 h, and then finally induced at 48 h (hetZ and CRC 02624 were not induced,
rather de-repressed at 48 h). Nitrogen fixation genes are expected to be expressed only in
heterocysts and after the development process is completed. Contrarily, in CS-505, the expression
of nifHDK genes was upregulated during the first 1-8 h, decayed after 24 h and increased again
after 48 h. Other N, fixation genes (nifZ, fdxH, hesA and hesB), patB and the hydrogenase uptake
genes (hupSL) were all upregulated after 48 h. The nitrogenase accessory gene nifB and prpJ, a

phosphatase genes were repressed after 48 h.
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2.5.4 Discussion

This work provides insights into the gene expression dynamics, and processes of
heterocyst differentiation and N, fixation in Cylindrospermopsis raciborskii CS-505 and
represents a transcriptomic comparative study of the closely related cyanobacteria C. raciborskii
CS-505 and Raphidiopsis brookii D9 to ammonium repression, in order to understand the

common pathways controlled by N.

The repression of N assimilation pathways when cells are transferred from other N
sources to ammonium (or to other N source that is easily assimilated) is a process referred as N
control, and is well known in bacteria and cyanobacteria (Herrero et al., 2001). This response was
clearly observed in D9, where after the first hour, N metabolism genes were strongly repressed.
The responses of CS-505 although similar were not as pronounced as in D9, where the highest
repressed genes were progressively down-regulated and included only the nitrite reductase gene
(nird). The common response of both strains to ammonium was related to the increased
transcription of the translation machinery and of signal transduction related proteins. The

induction of these genes is an indication of protein synthesis and signaling that may lead to
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growth. However ammonium (2 mM) affects differentially the growth of CS-505 and D9, where
growth of D9 is delayed (Publication IV). Despite the induction of the translation machinery,
energy metabolism was negatively affected in D9. The repression of photosynthesis
(phycobilisomes, ATP synthesis, and both Photosystem I and II) besides CO, fixation and
respiration only in D9, support the putatively toxic effect of ammonium in D9 on the
photosynthetic machinery, as it is known in photosynthetic microorganisms (Krogmann et al.,
1959, Azov & Goldman, 1982) and as we have shown for D9 in Publication I'V. On the contrary,
some photosynthetic genes were induced in CS-505, and CO, fixation and respiration were not

affected.

Among the highly repressed genes of CS-505 with ammonium, were heterocyst-specific
genes (fraG, hetF, hetP-like, abp3, and sigF), suggesting a degree of inhibition of the
differentiation process despite of the constant frequency of heterocysts within the first 24 h of
ammonium growth. N, fixation in the other hand, decreased by 50% with respect time zero
during the first 24 h, and continued to decrease until five days (Figure 2.5.2). The repressive
effect of ammonium on diazotrophic growth was observed by the repression of the nifHK genes
after 24 h. However, at early stages (1-8 h), the nitrogenase genes were induced irrespective of
the N-regime (ammonium or N-deprivation). Providing that N, fixation in CS-505 follows a diel
pattern, and nitrogenase activity behaves as detected in the first 48 h in CS-505 growing under
nitrate, ammonium or N-deprivation, the early expression of the nif genes could exhibit
endogenous rhythms controlled by circadian regulators, as in the filamentous cyanobacterium
Trichodesmium sp. IMS101 (Chen et al., 1998, Berman-Frank et al., 2001). This same pattern of
expression was observed for several other genes regulated under N-deprivation in CS-505 (cluster

2) including two nitrate assimilation enhancers (cnaT and ntcB).

The relationship between site-specific recombination and cellular differentiation has been
described for several organisms, and occurs in combination with developmentally regulated DNA
rearrangements. The development of a functional heterocyst in cyanobacteria involves
heterocyst-localized genetic rearrangements within the coding regions of the nifD, fdxN and hupL
genes (Carrasco ef al., 1995, Carrasco & Golden, 1995, Golden et al., 1987, Haselkorn, 1992). In
CS-505, none of these genes are interrupted by excision elements, however, high rearrangement
activity was observed after 48 h of N-deprivation (Table 2.5.2) at the time where heterocyst
differentiation genes were induced. Repeat regions, which are also potential recombinatory

elements, were shown to be regulated (mostly repressed) in CS-505 after 24 h of growth in
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alternative N sources (Publication IV). Similarly, our time series experiments revealed that
repeats were up- and down regulated in an equal proportion irrespective of the N-source and a
without a specific expression pattern. This random pattern reflects a N-independent regulation of
repeats, however, after 48 h of N-deprivation, when there was also an increase on the energy
metabolism in the cells, most repeats were induced. The function of transposases and repeats
thus, seems to be different with repeats induced along the cell cycle and transposases induced
later. Whether this recombination activity is related to general metabolism in vegetative cells in
the period of better fitness or if it is related to regulation of heterocyst development in CS-505

should be clarified by gene expression of heterocyst enriched RNA.

The strategies followed by CS-505 after the removal of combined N were sequentially
organized as first, a stress response reflected in the decrease of protein and DNA synthesis;
therefore cells stop growing (not shown but see Publication IV). Decrease in the protein content
has been related to the process of heterocyst differentiation in Anabaena variabilis, which upon
N-deprivation and before heterocyst development degrade of 20-40% of their total protein (Thiel,
1990). The energetic metabolism of CS-505 was not affected at early stages; degradation of
photosynthetic pigments (cpc, apc genes), inorganic carbon (Ci), CO, fixation and
gluconeogenesis, as determined by the repression of the related genes, occurred after 24 h and
was maintained until 48 h. This response is not comparable to that of Anabaena variabilis ATCC
29413 under N-deprivation, in which phycobilisome proteins are inhibited as early as after the
first hour of N-deprivation (Wealand et al., 1989). CS-505 cells however, sensed the absence of
N during the first hour of N-deprivation, where the C:N ratios increased with respect to time zero
after the first hour (Figure 2.5.4) and N metabolism genes (amt, urtA, ginA, ginB) were induced, a
common response in diazotrophic and non-diazotrophic cyanobacteria. These early responses are
determined by the activated form of NtcA, generally transcribed at a basal level (Herrero et al.,
2004). N-controlled genes were downregulated until 48 h, although at that time, their regulation
was attenuated, showing the start of the end of the need to obtain nitrogenated compounds. The
C:N values however, decreased after 48 h, implying that CS-505 was still deficient on N (Figure
2.5.4).
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If N-deprivation continues, in heterocystous cyanobacteria the development of heterocysts
is triggered. In Anabaena, approximately after 8 h of N step-down, NtcA directly induces its own
transcription and that of other heterocyst-specific early response genes (hetC and hetP, devH,
patS, patA, patB, glycolipid and polysaccharide genes), and indirectly via NrrA the transcription
of hetR (Ehira & Ohmori, 2006a). The timing of gene expression in CS-505, as with
photosynthetic genes, showed a delay in 24 h with respect to Anabaena and Nostoc punctiforme
(Campbell et al., 2007, Ehira et al., 2003). Based on the physiological and transcriptomic data
obtained in this work, the transcriptional responses leading to new heterocysts in CS-505 and
Anabaena were compared (Figure 2.5.5). In CS-505, the hetP gene was the only one among early
heterocyst-specific genes induced at early stages that remained induced until 48 h. The timing of
response of hetP resembled that of Anabaena but in the latter strain, hetP expression occurs 4-6 h
after the induction of 4efR (Ehira et al., 2003). Since there was no increment in the transcription
of hetR, hetP might be a direct target of NtcA regulation in CS-505. In fact, there are three
possible NtcA binding boxes in the upstream region of hetP (not shown). Other three early
heterocyst genes, nrrA patU3 (of unknown function) and hand, encoding for a histone HU like,
peaked at 8 h to decrease in expression at 48 h. The timing of expression of #anA has not been
determined, but the presence of an NtcA box suggested its early transcription (Khudyakov &
Wolk, 1996), our results support that proposition. The expression of nrr4 on the other hand,
depends on &etR; although the levels of AefR did not change with respect to the initial values,
transcript levels are high in nitrate containing media (Publication IT). These basal levels of AefR
may therefore be sufficient to regulate the expression of nrr4 and of the heterocyst specific
regulatory cascade. The expression of ntcA reached a maximum at 48 h, which correlated with

the expression of its gene targets in heterocyst differentiation and with the appearance of new
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heterocysts (Figure 2.5.2). This timing of gene expression and of cell differentiation indicates that

the transcriptional changes must occur within the interval between 24 and 48 h (Figure 2.5.5).

In cyanobacteria, 2-Oxoglutarate (2-OG) is the carbon skeleton required for ammonium
incorporation, and is considered as a signaling metabolite of the C:N status. For heterocyst
differentiation to be triggered, the cells must sense a high level of 2-OG, accumulated when the
levels of available intracellular ammonium are low (Muro-Pastor et al., 2001). High 2-OG levels
but under this threshold, would only produce the early response common in non-diazotrophic and
diazotrophic cyanobacteria (Zhang et al., 2006). Although we did not measure the intracellular 2-
OG, the C:N ratios at 48 h of N-deprived cultures were almost twice as high as the values at 24 h
and of those of nitrate-grown cultures at 48 h (Figure 2.5.4). Therefore, if the levels of 2-OG need
to reach a threshold for heterocyst differentiation in CS-505, it is likely that the threshold is
reached within the interval between 24-48 h, where nfcA and the cascade of heterocyst

differentiation is induced.
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Figure 2.5.5 Diagram of morphological, transcriptional changes and processes affected during heterocyst
differentiation in CS-505 compared to Anabaena sp. PCC7120. Three main stages of growth are observed in the
starting CS-505 nitrate-grown cultures; filaments with terminal heterocysts (dark green cells) at both ends, at only
one apical cell, and undifferentiated filaments. Proheterocysts (light yellow cells) and heterocysts are developed from
apical cells in CS-505 and intercalated in Anabaena. Transcriptional changes in Anabaena were obtained from Ehira
et al, 2003).
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The data gathered in this work shows that in CS-505 the induction of N uptake and
assimilatory pathways occurs rapidly after N-deprivation. However, the time necessary to double
the number of heterocysts is much longer (48 h). This delay, however, is not indicative of a less
efficient management of intracellular N, since with a terminal heterocyst CS-505 is able to
maintain vegetative cells along the filament with the sufficient energy to differentiate a new

heterocyst when cells have ceased growth.

2.5.5 Materials and methods

Cultures and experimental growth conditions

Batch cultures of Cylindrospermopsis raciborskii CS-505 and Raphidiopsis brookii D9
were grown in nitrate containing MLA medium (Castro ef al., 2004) under a of 12h/12h
light/dark cycle at 35 uE m™ s and 25°C. Time course experiments were performed under a
continuous light regime. 800 ml of nitrate-grown culture (OD759 = 0.2) were filtered to remove
the old medium and resuspended in twice the volume of new MLA containing 2mM NaNO;
(control medium), 2 mM NH4CI or without any combined nitrogen source but with the addition
of 2 mM NaCl to restore the osmotic balance. D9 does not grow diazotrophically and therefore

the last treatment was not applied for this strain.

To explore the time dependent expression of heterocyst differentiation and N, fixation
genes, samples from CS-505 were taken from three biological replicates at time points of 0, 1, 3,
8, 24 and 48 h for determination of C:N ratios and RNA isolation. Samples from D9 and CS-505
under ammonium were taken only until 24 h. Samples for biomass measurements (OD7s9) were
taken at 0, 24 and 48 h. For C:N ratios, from each biological replicate, technical duplicates of 4
ml were filtered with low vacuum through a prebaked (500°C, 5h) GF/F filter (Whatman Ltd,
United Kingdom). Filters were stored at -20°C and samples analysed with a Carlo Erba NA-1500
Analyzer. Biomass was determined spectrophotometrically as OD7sy values, which does not take

into account the pigments present in the sample but considers only sample turbidity.
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Acetylene reduction assay

Nitrogen fixation was assessed for cultures grown during 5 days in media containing 2
mM of NaNO; or NH4ClI as N source or without the addition of combined N. The experimental
setup was carried out as described above for gene expression analysis. In order to determine if the
nitrogenase is active during the light and/or dark phase, cultures adapted to a 12h/12h light/dark

cycle were employed and N, fixation was measured at the end of the light and of the dark phase.

Nitrogenase activity was assayed by the acetylene reduction assay based on the method of
Capone (1993). Shortly, 7 ml of sample culture were placed in 12 ml glass vials. The vials were
crimp sealed and 1 ml (20% head volume) of acetylene (100 ppm) was injected into the glass
vials. The samples were incubated for 1.5 h under the same experimental conditions in an orbital
agitator to achieve gas mixture and allow the reduction of acetylene by the nitrogenase. Ethylene
measurements were performed in a Thermo Finnigan trace GC (Waltham, USA) gas
chromatograph equipped with a flame detector. The components in 1 ml of sample volume were
separated on a column of 80/100 bft, 2-mm diameter, 1/8 in O.D. and 1.8 m length (Restek, Bad
Homburg, Germany) and at a temperature of 100° C with a run time of 2 min. A calibration curve
for ethylene (R*=0.9957) was generated before each measurement and acetylene reduction rates

(nmoles ethylene biomass ™) were normalized by biomass determined as OD7s.

RNA isolation and microarray hybridizations

Cell pellets for RNA isolation were collected by filtration of 50 ml of culture through an 8
um polycarbonate filter. Pellet samples were resuspended in 800 pl of Qiagen RLT lysis buffer
containing -mercaptoethanol, transferred to a microcentrifuge tube, flash frozen in liquid N, and
stored at -70°C. Total RNA extraction, quantification and quality control were performed as
described in Publication II. Microarray hybridizations (from cRNA synthesis to scanning) were
performed using the two-color microarray-based gene expression analysis kit from Agilent
technologies (Agilent, Santa Clara, CA, USA). 300 ng of total RNA were used as input RNA for
cDNA synthesis and cRNA amplification. Labeled RNA was hybridized to microarrays
containing probes against the annotated genome of both CS-505 and D9 strains. Samples from t0
were hybridized against the different time points. The procedure was carried out following the

manufacturer’s instructions with slight modifications as described in Publication IV.
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Data analysis

Microarrays were scanned on an Agilent G2565AA scanner, and raw data was extracted
with the Agilent Feature Extraction Software version 9.1.3.1 (FE). Array quality was monitored
using the Agilent QC Tool (v1.0) with the metric set GE2 105 Dec08. The raw intensity signals
obtained from the microarray analysis were normalized using the lowess procedure implemented
in the normalizeWithinArrays() function of the limma package (Smyth, 2005) in the R software
(http://www.r-project.org/). Normalization with limma was chosen over FE normalization due to
less dispersion of the data points in the MA plot obtained with limma (data not shown). Each
probe in the microarray was represented at least twice. We analyzed the correlation of the
normalized intensity values for each probe set and discarded probe sets with correlation values
equal or smaller than 0.5. This quality checks identified 3,527 (out of 3,968) and 1,854 (from
3,452) reproducible probe sets from CS-505 and D9 respectively, and were selected for further
analysis. As expected, the rejected probes from the D9 strain reside in the low intensity region of

the MA plot (not shown) and are likely explained by low signal to background ratio.

The selected reproducible probes were used to determine differential gene expression by
the treatments. We used average linkage hierarchical clustering analysis to determine global
patterns of gene response to the treatments and the qualitative models determined by the
clustering analysis to fit the expression of each gene using linear and non-linear regression
analysis. The simplest best model for each gene was selected using Akaike’s information
criterion. Of the selected data set, 2,651 genes (66% of CS-505 genome) were found to be
controlled by at least one treatment (ammonium, N-deprivation) in CS-505 and 1,048 genes (30%
of D9 genome) were controlled by ammonium independent on the time. Statistically significant
genes were further filtered by a threshold of intensity set to a fold change > 1.5 (log2 ratios
higher than [0.58]). Gene expression data of the selected data set are supplied as electronic

material (CS-505 —N data.xls; CS-505 NH4 data.xIs and D9 NH4 data.xls)

Hierarchical clustering and K means analysis were performed with the Cluster 3.0
software. The number of clusters for K means was estimated first by unsupervised hierarchical
clustering of significant genes as determined regression, and clusters were separated by a distance
threshold in a range of 2-2.5. The K means function was used with Euclidean distance (the

default) and with 1000 replicates.
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2.5.6 Supplementary material

Table 2.5.S1 Gene lists, intensity values and standard deviations for all expression clusters are

provided as excel sheets under the name of: Table 2.5.S1 KMC clusters.
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3. SYNTHESIS

3.1 Evolutionary divergence of C. raciborskii CS-505 and R. brookii D9

Phylogenomic studies agree on the evolutionary position of the unicellular Gloeobacter
violaceous as the living ancestor of all contemporary cyanobacteria (Swingley et al., 2008, Blank
& Sanchez-Baracaldo, 2010). Due to their polyphyletic origin, the ancestor of filamentous
cyanobacteria remains unclear; however, phylogenetic associations based on 16S rDNA
sequences have shown that the unicellular Synechococcus sp. PCC 7335 groups within the branch
of filamentous cyanobacteria from subsection III (Honda et al., 1999). A core set of genes for
filamentous cyanobacteria was defined based upon a comparative genomics approach
(Publication II). Interestingly, most of these genes were found to have a homolog in the genome
of Synechococcus sp. PCC 7335, leading to the proposition of this organism as the more feasible
ancestor of filamentous cyanobacteria. A clear monophyletic origin is found for heterocyst-
forming cyanobacteria, within which Cylindrospermopsis raciborskii CS-505 and Raphidiopsis
brookii D9 form a clear branch, associated to the symbiont Nostoc azollae 078 (Publication II).

C. raciborskii 1s a homogeneous species, as revealed in this thesis (Publication I) and in
the literature by phylogenetic inferences based on the 16S rDNA and/or ITS markers (Neilan ef
al., 2003, Gugger et al., 2005, Alster et al., 2009). The monophyletic branch containing C.
raciborskii species also includes species of the genus Raphidiopsis, thereby comprising a species
complex. Within this complex, branches are distinguishable only with respect to the geographical
origin of the isolates, independently of their taxonomic classification. Accordingly, C. raciborskii
CS-505 groups with other Australian isolates, whereas R. brookii D9 groups with Brazilian
isolates of C. raciborskii (Publication I). Furthermore, pairwise distances of the 16S rDNA
sequences, calculated within the Australian C. raciborskii clade and including Raphidiopsis
brookii D9 average 0.0023.

Notwithstanding the homogeneity found among the C. raciborskii/Raphidiopsis species
complex, whole genome analysis by PFGE showed genetic heterogeneity within C. raciborskii,
whereby strains could be discriminated with 96% certainty. Phylogenetic inference of the PFGE
restriction patterns located R. brookii D9 as outgroup of the Australian C. raciborskii clade.
These antecedents indicated a high homogeneity in conserved gene markers, whereas there was

genomic heterogeneity. Genome sequencing of CS-505 and D9 demonstrated the high similarity
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between the strains, which share 2,539 CDS with an Average Nucleotide Identity (ANI) higher
than 90% (93.5%) - a value slightly below the 94-96% threshold accepted to describe two
organisms as within a species (Konstantinidis & Tiedje, 2005, Richter & Rossell6-Mora, 2009).
However, large differences in the number of plasticity-related elements were detected between
both genomes (Publication II). Plasticity, viewed as a consequence of genomic rearrangements
and acquisition of new functional genes (although not necessarily functional), i.e. by horizontal
gene transfer (HGT), was highly represented in the CS-505 genome, which has large number of
such elements (transposases, vestiges of transposases and repeated sequences). If these elements
are common in the species, they might cause the high genetic heterogeneity found among C.
raciborskii strains by PFGE profiling, while conserved genes, such as 16S rDNA, would remain
highly similar. In turn, the D9 genome, with high similarity in the 2,539 shared genes, shows few
plasticity-related elements. This low plasticity may not allow D9 to evolve at the same rate as
CS-505, and would also reduce the frequency of HGT events. Although some apparent HGT
events are observed in the D9 genome, as for example the occurrence of the sx¢ gene cluster, the
synteny observed between the genomes supports the hypothesis that the structure of the D9
genome was shaped by gene losses. The syntenic regions of CS-505 and D9 are occasionally
interrupted by transposition elements or gene losses/acquisitions. Although it was not possible to
close the genomes, synteny analysis within contigs shows that all genes shared between CS-505
and D9 are located in syntenic regions and that the CS-505/D9 synteny was greater than that of
CS-505 (or D9)/Anabaena variabilis ATCC 29413.

The ANI between CS-505 and D9 suggests that these two cyanobacteria have been
separated for a relatively short evolutionary time. Heterocyst-forming cyanobacteria appear to
have evolved before 2,450-2,100 million years ago (Ma) (Tomitani et al., 2006), and recent
relaxed molecular clocks based on geochemical and fossil records date the appearance of the
Nostocales to between 2,100-2,130 Ma (Blank & Sanchez-Baracaldo, 2010). Based on these
estimated dates, a simple molecular clock based on 16S rDNA distances among cyanobacteria
estimated the appearance of C. raciborskii and R. brookii as between 121-135 Ma, and before the
differentiation of A. variabilis ATCC 27413 and Anabaena between 80-90 Ma (Figure 3.1). The
close relationship between CS-505 and D9 reflects their recent evolutionary separation, and

thereby did not allow calculation of their evolutionary diversification time.
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Figure 3.1 Evolutionary divergences of cyanobacteria. A linearized tree based on 16S rDNA sequences
is shown. Ages from the nodes indicated by dots were retrieved from Blank and Sanchez-Baracaldo
(2010). A calibration curve was determined for the minimum and maximum ages and evolutionary
diversification of the C. raciborskii CS-505 and R. brookii D9 (Crac/Rbro) node was calculated. SPM:
cyanobacterial clade containing Synechocystis, Microcystis, and species from the genus Pleurocapsa.
Nucleotide sequences were aligned using clustalX?2 (Higgins & Sharp, 1988, Larkin et al., 2007) and trees
were created with MEGA, using the Neighbor Joining algorithm (NJ) (Saitou & Nei, 1987).
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Regarding the evolution of C. raciborskii CS-505 and R. brookii D9, this thesis provided
the following findings:

i.  High plasticity in the CS-505 genome may explain the heterogeneity found at the genome
level among C. raciborskii strains. The same differences in genomic plasticity and
synteny would be a signature of genome reduction in D9.

ii.  Although the evolutionary time of divergence of CS-505 and D9 cannot be resolved, it is
possible to infer that the species complex evolved before Anabaena.

iii.  Similarity of the genomes, given by a high conservation of the shared genes among the
two strains, strongly supports the necessity of a taxonomic reclassification of

Raphidiopsis within the genus Cylindrospermopsis.

3.1.1 Minimal genomes for filamentous cyanobacteria

A genomic structure shaped by gene losses is highly consistent with the small size (3.2
Mb) of the D9 genome, which is much smaller than that known for other sequenced free-living
filamentous cyanobacteria (5.3 — 8.2 Mb), and even when compared with that of the symbiont N.
azollae (5.0 Mb) The genome size of C. raciborskii CS-505 (3.9 Mb) is somewhat larger than
that of D9, but together these strains represent the smallest known genomes among filamentous
cyanobacteria. The reasons of the small genome size are unknown, but in addition to the genome
reduction indicated by the D9 genomic structure, the high number of plasticity elements in the
CS-505 genome may also explain some genome reduction.

The genomes of R. brookii D9 and C. raciborskii CS-505 may be considered as minimal
genomes and thus further studies will aid in the field of comparative genomics. By comparative
genomic analysis a core set of genes was described for N, fixation and the multicellular traits,
filament formation and heterocyst differentiation (Publication II). A remarkable example of the
benefits of considering these minimal genomes for comparative genomics is inherent in the core
gene set for heterocystous cyanobacteria. From 149 genes common to all analyzed members of
Nostocales, the inclusion of C. raciborskii CS-505 reduced the number of core genes for this trait
to only 41, a more feasible number for further studies on determining their involvement in this

phenotype.
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3.2 Nitrogen as a trigger of cell differentiation

The mechanisms whereby cyanobacteria respond to nitrogen (N) availability have been
extensively studied in both non-diazotrophic and diazotrophic (including heterocyst-forming)
cyanobacteria. In heterocystous cyanobacteria, the effect of shifts in N availability may be dual,
in that in addition to the rapid response observed in all cyanobacteria, a second effect, triggered
by depletion of N, involves a complex network of regulatory cascades that interconnect N control
and heterocyst-specific genes. The physiological and transcriptomic responses of CS-505 and D9
to the combined N sources (urea, nitrate and ammonium) showed that both strains respond as
expected with respect to the first effect. In general, although the strains did not differ in their
growth under alternative N sources, an equivalent concentration of ammonium produced an
inhibitory effect on the growth of D9. Urea, apparently taken up rapidly by both strains, enhanced
the energetic metabolism of D9, and elicited repression of N control genes to the same degree as
ammonium. The responses to N deprivation, on the other hand, triggered the second effect of cell
differentiation in CS-505 as expected, but in D9 initiated a large transcriptomic response
(involving 28% of its gene content) from which some genes could be related to cell

differentiation.

3.2.2 Remnants of a past diazotrophy

Raphidiopsis brookii D9 cannot grow diazotrophically. Morphological taxonomy,
however, classifies the genus Raphidiopsis within the order Nostocales, as an exception of the
rule for heterocyst formation. Single marker phylogeny and phylogenomics as reported in this
thesis (Publication I, II) support the taxonomic classification of R. brookii D9 within the
Nostocales.

The morphological changes leading to the development of a terminal heterocyst in
Cylindrospermopsis start from the sharpening and later thickening of the apical cell (Hindak,
1988, Horecka & Komarek, 1979, Singh, 1962). Based on the structure of the apical cell in D9, it
seems that this structure may represent the first stage of heterocyst differentiation that did not

develop further.
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Among the genes involved in the development and maturation of a heterocyst, three
groups are organized as cluster units in the genome of C. raciborskii CS-505: the genes of the
nitrogenase enzymatic complex (nif) and related genes, and the glycolipid and polysaccharide
gene clusters. While the heterocyst polysaccharide gene cluster is present in D9 and shows a
structural organization (synteny) identical to its homologues in CS-505 and Anabaena, both nif
and glycolipid gene clusters are absent in the D9 genome. The flanking regions of these two
clusters in CS-505 show, however, synteny with the D9 genomic structure. These morphological
and genetic features provide evidence that the ancestor of D9 had a diazotrophic and
heterocystous phenotype and that gene losses (probably independent) were responsible for the
loss of both phenotypes, although is not possible to infer the chronology of those events. In
addition to the heterocyst polysaccharide gene cluster, several other genes that have been
experimentally demonstrated as involved in heterocyst differentiation are encoded by the D9
genome. Among them, D9 has 48 (60%) but CS-505 has 64 (80%). With the 80% of the
heterocyst-specific genes, CS-505 can already develop a functional heterocyst; therefore if we
consider this number as the total, 75% of heterocyst specific genes are present in the D9 genome.
Given the general functions of, for example, all transcriptional and posttranscriptional regulators,
including all sigma factors (nrr4, conR, devH, devR, henR, hepN, hetR, hanA, pknD, prpJ, prpS),
and the polysaccharide biosynthesis genes (hepA, hepB, hepC, hetl, hgdABC and hglK plus an
unnamed gene cluster described in Anabaena sp. PCC 7120), these genes could be easily recycled
to general metabolism. Genes from the unnamed gene cluster were expressed in D9 under growth
with nitrate and, furthermore, when D9 filaments were stained with alcian blue, a faint staining
was observed in the outside layer along the complete filaments, indicating that the genes fulfill
functions in D9 cells (Publication II). Heterocyst-specific genes whose encoded proteins do not
present any similarities to conserved domains or whose predicted functions are described as
general are difficult to associate with metabolic processes in D9, other than heterocyst
differentiation (hetF, hetZ, patU3, abpl, abp2, hetP-like, hetY, patN). Remarkably, when D9 cells
were depleted of combined N over 24 h, the expression of some of these “remnant genes” was
modified, in some cases, even when under the same conditions, in CS-505 there were no
expression changes or the regulation was contrary (Publication IV). Of particular interest was
hetR, induced in the absence of combined N. HetR, a peptidase with an essential role in
heterocyst development (Buikema & Haselkorn, 2001), has also been related to akinete

differentiation since mutants of this gene in Nostoc ellipsosporum block heterocyst and akinete
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differentiation (Leganés et al., 1994). A possibility is therefore that hetR was associated with both
processes in the ancestor of R. brookii D9 and was maintained for akinete differentiation. The
same conclusion can be drawn for the transcriptional regulator nrrd, which activates the
expression of hetR, and was induced under N-deprivation. Additional information on possible
recycled functions for heterocyst-specific genes comes from the genomic comparison and
expression pattern of hetZ and patU3. These genes were recently assigned as coordinators of
heterocyst pattern and differentiation in Anabaena, both located in clusters but fulfilling a
different function (Zhang et al., 2009). Comparative genomics located both genes as part of the
core gene set of filamentous cyanobacteria (Publication II), and, in contrast to CS-505, for
which patU3 was induced and hetZ remained unchanged under N-deprivation, both genes were

repressed in D9, strongly suggesting their role in filament formation.

The secondary loss of a functional heterocyst and of N, fixation in R. brookii D9 was evidenced
in this thesis by the following arguments:

1. The close evolutionary relationship between R. brookii D9 and C. raciborskii CS-505 as
members of the order Nostocales

1.  The genomic structure of D9, which was shaped by gene losses, in some cases of

complete gene clusters, such as those for nitrogenase and heterocyst
iii.  Most genes experimentally linked to heterocyst differentiation are present in the D9
genome, and some of the fundamental genes (hetR, nrrA) for this process are expressed

under N-deprivation

3.2.1 Towards differentiation of a terminal heterocyst

This thesis provided insights into understanding the development of a terminal heterocyst
in C. raciborskii CS-505. The genomic information revealed that 17 genes whose function has
been related with heterocyst differentiation in Anabaena are absent in CS-505 (Publication IT).
Half of these absent genes are involved in glycolipid and polysaccharide synthesis and
deposition, therefore implying differences in the composition and structure of the heterocyst
between species. Four absent genes (hetC, hetN, hetL and ccbP) have a clear function in
heterocyst pattern formation, in which mutants of all except cchP present a phenotype of multiple

contiguous heterocysts (Mch) (Xu & Wolk, 2001, Callahan & Buikema, 2001, Liu & Golden,
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2002, Zhao et al., 2005). Another six absent genes are part of signaling pathways acting as
serine/threonine kinases or phosphatases pkn22, pkn41 and pkn42, pknA, pknE and prpA. Mutants
of these last three genes still develop heterocysts (Zhang, 1993, Zhang & Libs, 1998, Jang et al.,
2007, Cheng et al., 2006). Due to the general character of their functions, they can easily be
substituted by additional kinases or phosphatases encoded by the CS-505 genome.

The role of NtcA is fundamental for growth under N-deficiency, and the regulatory
interconnections between this gene and hetR are the first steps to heterocyst differentiation. One
of the most intriguing findings in this thesis work was the regulation timing of n#c4 in CS-505. It
is well known in Anabaena and other cyanobacteria that the expression of ntcA occurs early
(within the first 12 h) after N step-down (Lindell & Post, 2001, Ehira ef al., 2003, Tolonen et al.,
2006). Absolute quantification of ntcA transcripts taken from daily samples over five days
showed that transcription was induced 48 to 72 h after the removal of combined N (Publication
IV). The late expression of ntcA was not the result of a second induction, since dynamics of short
term gene expression (1-48 h) corroborated that nfcA transcripts were not accumulated before 48
h (Publication V). These experiments showed, however, that increased transcription of NtcA
gene targets was achieved following the first hour after N step-down (i.e. amti, ginA, ginB, nrrA
genes), occurring as a consequence of the basal amounts of NtcA produced in the vegetative cells
(quantified by qPCR). As high levels of NtcA (higher 2-oxo levels) are also necessary to trigger
the expression of a second response of heterocyst differentiation genes, the induction of most
early genes correlated well with the dynamics of nftcA gene expression that occured between 24-
48 h. However, hetR did not increase in expression during the 48 h of study, although this gene
typically responds between 30 min and 8 h after retrieval of N in Anabaena (Buikema &
Haselkorn, 2001, Ehira ef al., 2003). In accordance with the gene expression data, the frequency
of heterocysts duplicated after 48 h in N-depleted CS-505 cultures, whereas the nitrogenase
activity (estimated as acetylene reduction) already doubled after 24 h. The rise of N, fixation
correlated with the increased expression of the nifHDK genes during the first 8 h after N step-
down.

Heterocyst differentiation was delayed, but degradation of photosynthetic pigments and
ATP synthesis was triggered after 24 h, which corresponded to a C:N ratio twice as high as at
time zero. This response remained high after 48 h. However, 48 h seems to be a transition time at

which cells started to return to normality (defined by active metabolism, i.e. photosynthesis, CO,
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fixation and protein synthesis) because glnAd, amtl, nrrA, urtA decreased in induction intensity
and g/nB and ribosomal proteins returned to initial values.

The delayed differentiation of new heterocysts is probably related to a higher storage
capacity of nitrogenated compounds in CS-505, rather than to the constant production of
ammonium by nitrogenase activity of heterocysts in nitrate-containing medium. This is supported
by the fact that the period of differentiation of new heterocysts is similar when cells are
transferred from nitrate- or ammonium-rich to N-depleted medium (A. Muifioz, personal

communication).

Regarding the responses of CS-505 to N-deprivation, the following consequences were
uncovered in this thesis work:
1. The formation of a terminal heterocyst in CS-505 is determined by the lost of genes
responsible for pattern formation in Anabaena
ii. As a rapid response to N-deprivation, genes responsible for transport and metabolism are
induced and N, fixation activated, however, heterocyst differentiation is not induced until
48 h
ii1. The delay of heterocyst differentiation is evidenced by a late transcription of nfcA that is

followed by its target genes in heterocyst differentiation

3.3 Toxin biosynthesis

3.3.1 Comparative analysis

With current knowledge on diversification of toxin production in cyanobacteria, it is not
possible to correlate the production of a certain group of toxins, or even a particular toxin
analogue, with a given cyanobacterial species. For example, despite the close phylogenetic
relationship between R. brookii D9 and C. raciborskii T3 (99.8% identity in 16S rDNA
sequences), their toxin profiles comprise in common the biosynthesis of STX, but also different
PST analogues (deSTX, GTX2/3 and dcGTX2/3 in D9 versus NEO in T3). The genetic structure
of the saxitoxin gene clusters (sx7) differs by an additional 11 genes in T3; one of these genes

sxtX, was specifically found in NEO-producing cyanobacteria (Kellmann ez al., 2008a). The D9
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sxt cluster contains the sxtSUL and sxtDIOX genes as unique elements, encoding for a
sulfotransferase and a dioxygenase, respectively. Their gene products were proposed to be
responsible for biosynthesis of the analogues GTX2/3, and an elongation of the STX biosynthesis
pathway was hypothesized for R. brookii D9 (Publication III). The correct functional
classification of both genes was strongly supported by their presence in other GTX2/3-producing
cyanobacteria. This correlation between gene products and PST profile was observed in D9, as
well as in three other species of toxigenic cyanobacteria. It is therefore clear that the toxigenic
phenotype is derived from the genetic structure of the sxz cluster. Furthermore, the flanking
regions of sxt clusters are completely different in all but two strains of Anabaena circinalis
(AWQCI131C and ACMBI13), indicating that the cluster was inserted in each species in a
different region of the genome, or alternatively, that the cluster was moved within the genome by
genomic rearrangements. Among all reported sx¢ clusters, that of D9 is the smallest known that
remains functional, providing another example of genetic reduction events in the D9 genome.

The mosaic structure of the sx7 gene cluster, specifically the presence of unique profile-
related genes, will allow for improvements in the prediction of toxigenicity and hence in

monitoring of putatively toxic cyanobacterial blooms.

3.3.2 Regulation

The genetic structure of the putative toxin gene clusters was elucidated by comparing the
genomes of C. raciborskii CS-505 and R. brookii D9 with the described gene clusters for
cylindrospermopsin (cyr) and saxitoxin (sx7) (Kellmann et al., 2008a, Mihali et al., 2008). This
success nevertheless raises the questions of if and how these genes are regulated. A common
feature among both gene clusters is the presence of genes known to be targets for regulation of
NtcA, located in the cluster flanking regions, and of putative binding boxes for NtcA within the
cyr and sxt clusters. This implies a possible regulation of toxin production by N availability
(Publication III, IV). This finding, in addition to the significance of N, fixation as a trait
separating CS-505 from D9, led in this thesis work to the investigation of an N-dependent
regulatory mechanism of toxin biosynthesis. Knowledge of toxin regulation in cyanobacteria is
poor and often contradictory. Nevetheless, one aspect that has been shown to be fairly consistent
in the literature is the negative effect of nutrient stress on toxin biosynthesis, as found for N (and

light) and P (as phosphate) on CYN production in Aphanizomenon ovalisporum (Shalev-Malul et
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al., 2008) and C. raciborskii (Dyble et al., 2006), and for N and P on PST production in Lyngbya
wollei (Yin et al., 1997). In this thesis study, stress conditions rather than N stimuli were shown
to negatively affect toxin production in both CS-505 and D9, contributing knowledge on stress
factors affecting toxin production independent of the toxin analogue and/or organism
(Publication 1V). Furthermore, among all synthesized analogues, the proposed precursors
doCYN and STX were drastically reduced in intracellular concentration, with STX even
decreasing down to the limit of detection when D9 cultures were grown with ammonium as N
source. This effect, however, could not be related to transcriptional regulation of the biosynthetic
genes because absolute quantification did not show repression values that may explain the
reduction in toxin precursors. We therefore hypothesize that post-transcriptional regulation plays
a fundamental role in the early response to stress-arrested toxin production in C. raciborskii CS-

505 and R. brookii D9.

This thesis provided insights into biosynthesis and regulation of toxin production in C.
raciborskii CS-505 and R. brookii D9:

1. Two genes, sxtSUL and sxtDIOX were proposed to determine biosynthesis of GTX2/3
analogues in R. brookii D9 and in other cyanobacteria. These genes may be exploited as
monitoring tools to discriminate among PST profiles in cyanobacteria.

ii. The production of CYN and PST in CS-505 and D9, respectively, are negatively affected
by N stress; at growth rates at or close to zero, production of the proposed toxin
precursors is rapidly arrested

iii. Independent of the N source or growth rate, at early stages of the growth cycle in culture,

there is no transcriptional regulation of either cyr or sxt genes.

3.4 Perspectives of future research

The work performed in this thesis represents the foundation for understanding phenotypic
and genotypic differentiation between the closely related species Cylindrospermopsis raciborskii
and Raphidiopsis brookii. At present, the morphological methods employed for discrimination of
the genera Cylindrospermopsis and Raphidiopsis require isolation and following growth stages of
single filaments - a long and complicated procedure. Furthermore, the morphological

classification is not supported by molecular genotypic analysis; on the contrary, molecular data
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situates both genera within a species complex. Strong supporting data collected in the course of
this PhD thesis work also supports transfer of Cylindrospermopsis raciborskii and Raphidiopsis
brookii from two different genera into two species within the same genus. The period during
which species were defined on the basis of 16S rRNA sequences and DNA-DNA renaturation
kinetics is being progressively replaced by genome comparisons. The Average Nucleotide
Identity (ANI) percentage between the shared genes of a genome pair is easily computed. And
indicates that the ANI between C. raciborskii CS-505 and R. brookii D9 (93.5%) is slightly
below the threshold value for species differentiation. It is critical to compile the findings of this
thesis together with the molecular data gathered for other species of Raphidiopsis in order to
define a new taxon that includes these species within a redefined genus Cylindrospermopsis.

The description of the two smallest genomes of free-living and multicellular
cyanobacteria brings unanswered questions regarding to the evolutionary pathway followed by C.
raciborskii CS-505 and R. brookii D9. It is clear that both strains evolved from a common
ancestor, but did their ancestor possess a large genome? If so, in the course of evolution did both
CS-505 and D9 undergo genomic reduction, at higher rates for D9 than CS-505? If this is the
case, what are the selective pressures leading to gene losses? A similar example of genome
reduction was recently described in the fern-symbiotic cyanobacterium Nostoc azollae (genome
size of 5.1 Mb), which forms filaments and develops heterocysts. The successful relationship of
this symbiont pair is due to the fact that N. azollae provides fixed nitrogen in the heterocysts to
the fern plant, while the fern provides carbon compounds. The presence of heterocysts in CS-505
also gives it potential as a symbiotic cyanobacterium, but what benefits would R. brookii D9
provide to a symbiotic partner? Evidence from phylogenomic analysis suggests an evolutionary
developmental stage of D9 derived from CS-505 in which D9 has lost the ability for N, fixation.
In order to understand genome reduction as the consequence of a putative symbiotic partnership it
is necessary to study natural populations of C. raciborskii and its possible hosts.

From another perspective, the evolutionary path separating C. raciborskii and
Raphidiopsis spp. can deciphered by a comparative study on the genomic structure of isolates
from both genera differing for example in geographic location and/or toxin phenotype. DNA
from these isolates could be hybridized against that of CS-505 as a base genome for the design of
genomic arrays. This comparison would clearly describe a core genome for the C.
raciborskii/Raphidiopsis species complex that may be followed over different geographical

locations. Based on the rates of evolution estimated for the different genes, a relationship between
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gene conservation and environmental parameters would reveal gene groups that may be related to
the biogeography and global success of these species.

As a result of genome reduction, gene redundancies are commonly eliminated and
complete pathways are lost. In order to maintain an undersized genome an efficient regulation of
the small genetic pool is necessary. Non-coding small RNAs, located in intergenic regions, have
been proven to participate in the efficient regulation of small genomes, e.g. in the
Prochlorococcus genome - the smallest for unicellular cyanobacteria. The expression of repeat
sequences, whose functions remain unknown, may have a regulatory role in CS-505. In order to
further explore the regulation of these two genomes it is necessary to develop new microarrays
targeting intergenic regions. In addition, errors in the sequence probably derived from inefficient
transcription, as represented in D9 by the presence of stop codons within conserved genes such as
nirC and narB needs to be further elucidated.

The coding potential of D9 for heterocyst development genes and for developing a
heterocyst polysaccharide layer while not being able to synthesize the glycolipid or fix Nj,
opened several questions regarding the role of heterocyst development genes in D9. A
complicated mechanism of transcriptional regulation characterizes heterocyst development in
Anabaena. The presence of several transcription start points (tsp) ensures the basal or enhanced
transcription depending on the availability of N. Determining the start of transcription would
allow on the one hand a better understanding of the delayed responses of CS-505 to heterocyst
differentiation in comparison with Anabaena. On the other hand, it would also illuminate the
function of these genes in N-metabolism in D9. Furthermore, cellular localization of important
proteins such as those encoded by hetR, patU3, hetZ and nrrA in D9, is necessary to understand
whether or not they are part of recycled products of the heterocyst remnant or if they fulfill roles

in other cell differentiation processes such as akinete development, cell division, or cell death.
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