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Abstract. This study aims to investigate the biological diversity of 21 genomes
of Cylindrospermopsis and 6 genomes of Sphaerospermopsis belonging to the
family Aphanizomenonaceae using bioinformatics methods in comparative ge-
nomics. The comparative analysis of the lineages of the groups From the Ameri-
cas, Non-Americas and Sphaerospermospsis revealed conserved central genome
but with different accessory genomes by geographic region. The variations ob-
served in the organization of saxitoxin and cylindrospermopsin genes in the ac-
cessory genome of Cylindrospermopsis raciborskii from the Americas and Non-
Americas, suggests in the future the formation of a new taxonomic group, due to
independent evolutionary trajectories.

1. Introduction

Environmental factors, such as eutrophication, the increase in greenhouse gases and
global warming [Huisman et al. 2018, [Litchman 2023]], have driven the geographical ex-
pansion of Cylindrospermopsis raciborskii and Sphaerospermopsis, both belonging to the
Aphanizomenonaceae family. This expansion has occurred in more northerly regions and
at higher latitudes in Europe, America and Asia [[Kokocinski et al. 2017, Kim et al. 2020].
Some research proposes the creation of a new genus based on the morphological
and molecular characteristics shared between these genera [Sant’Anna et al. 2019]. In
addition, there are proposals to form a taxonomic group that includes the genera
Anabaena, Dolichospermum and Aphanizomenon (ADA), which belong to the same
family[Driscoll et al. 2018, [Teikari et al. 2019, |Dreher et al. 2021]].

Cylindrospermopsis raciborskii, initially documented in Java in 1912, is known
to produce toxins such as cylindrospermopsin and saxitoxin, which have been
linked to adverse effects on human and environmental health [Hoff-Risseti et al. 2013,
Fuentes-Valdés et al. 2018]].  Sphaerospermopsis aphanizomenoides, as identified by
Horecka and Komarek [Zapomélova et al. 2009]], has been linked to microcystin and ana-
toxin [Liet al. 2017], both of which have been demonstrated to have significant toxic
effects.

In light of the recent identification of new cyanobacterial lineages emerging from
various locations worldwide [[Antunes et al. 2015, [Sidelev et al. 2020, [Laux et al. 2023]],



it is imperative to conduct comprehensive studies and taxonomic revisions. This is es-
sential for a more accurate understanding of the phylogenetic relationships among these
cyanobacteria and for monitoring changes in genetic diversity as new lineages and species
are identified.

To understand the detrimental effects of the proliferation of the cyanobacteria
Cylindrospermopsis and Sphaerospermopsis, it is important to advance knowledge of
their diversity, genetic variation, and evolutionary processes within populations. An ef-
fective approach to explore this diversity and the evolution of these species is through
bioinformatics methods in comparative genomics. We compare the available genomes of
these species based on up to 200 scaffolds to achieve greater reliability in the results of
genomic analyses [Klassen and Currie 2012} Setubal et al. 2018]].

The specific objective of this study was to analyze genetic and ecological varia-
tions among Cylindrospermopsis raciborskii and Sphaerospermopsis, and to investigate
their evolutionary relationships.

2. Materials and Methods

2.1. Cyanobacteria strains

In this study, 27 cyanobacterial genomes from the GenBank database of the National
Center for Biotechnology Information (NCBI) were used, with up to 200 scaffolds each
(Table S1). This included 21 genomes from Cylindrospermopsis lineages and 6 genomes
from Sphaerospermopsis lineages within the family Aphanizomenonaceae. The KLL 07
lineage of Cylindrospermopsis raciborskii was selected as the reference lineage for both
the Cylindrospermopsis and Sphaerospermopsis genera due to its closed genome. Our
results showed that, when compared with the 16S rRNA gene of the same genus in the
SILVA rRNA database project[[Quast et al. 2013|], this reference genome provided a better
percentage of identity for the sequence.

2.2. Phylogenetic analysis and Phylogenomic

The phylogenetic tree of the 16S rRNA gene was inferred using a Bayesian algo-
rithm implemented with MrBayes 3.2.2 [Nielsen 2005], employing the GTR evolu-
tionary model with 42 cyanobacterial nucleotide sequences over 5.100.000 generations
[Darriba et al. 2012]]. The phylogenomic tree was constructed using 31 conserved pro-
tein sequences [Wu and Eisen 2008]], and was compared using the BlastP tool, which was
employed to identify homologous proteins across 33 cyanobacterial genomes.

The alignment of the 31 conserved protein sequences was performed using Mega
11 [Tamura et al. 2021]] and aligned with the Muscle algorithm [Edgar 2004]]. Phyloge-
netic inference was conducted using Maximum Likelihood (ML) and Neighbor-Joining
(NJ) methods [Saitou and Ne1 1987]], applying the PROTGAM-MAGTR amino acid sub-
stitution model and a bootstrap value of 1000 replicates. The 16S rRNA sequences were
standardized to up to 1384 base pairs when compared with the reference genome se-
quence. Sequences of 16S rRNA that did not meet this standard were excluded.

2.3. Annotation of genes and genomes

Genome annotation was performed using the Rapid Annotation using Subsystems Tech-
nology (RAST) server [Aziz et al. 2008]], employing the RASTtk annotation pipeline.
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Gene clusters associated with secondary metabolites were predicted using antiSMASH
[Medema et al. 2011]], with all available additional features provided by the tool selected.

2.4. Synteny analysis genes and genomes

The synteny analysis of gene and metabolite clusters was conducted by geographic re-
gion using the pyGenomeViz tool (https://github.com/moshi4/pyGenomeViz) with the
MMseqs algorithm and an identity threshold of 50%. To investigate the conservation,
genomic location, and organization of gene clusters, the Blast Atlas method available in
the GView Server software [Petkau et al. 2010] was employed. The KLL 07 reference
lineage was compared with lineages from Asia, Europe, and Oceania. The genome of
Raphidiopsis brookii D9, located in the Americas and with a smaller scaffold, was se-
lected as the reference for comparison with lineages from the Americas. Additionally,
the Sphaerospermopsis torques-reginae ITEP-024 lineage, from Brazil and with a closed
genome, was chosen as the reference for the genus Sphaerospermopsis and compared
with the five lineages of the same genus.

2.5. Pan-genomics analysis

The core genome and pangenome of Cylindrospermopsis and Sphaeros-
permopsis lineages were estimated using the Best Database Hits (BDBH)
[Contreras-Moreira and Vinuesa 2013|], Markov Cluster (OMCL) [Lietal. 2003,
and lowpolynomial algorithm (COGtriangles) [Kristensen et al. 2010] implemented in
the Get Homologues tool [Contreras-Moreira and Vinuesa 2013], with an e-value thresh-
old of 1e-05 and a coverage of 75% as default settings. This analysis was performed
based on sequence similarity among all genomes obtained in GenBank format through
the RAST Server [Aziz et al. 2008]].

3. Results

3.1. Geographical distribution of selected cyanobacteria of the genera
Cylindrospermopsis and Sphaerospermopsis.

Based on data extracted from NCBI, we identified the species of Cylindrospermopsis,
represented graphically as spheres, and the species of Sphaerospermopsis, represented as
squares. Both species were grouped by geographic region (Figure 1) .

3.2. Phylogenetic Analyses Based on the 16S rRNA Gene and Genomes

The phylogenomic tree (Figure 2A) and the phylogenetic tree based on the 16S rRNA
gene(Figure 2B) revealed a speciation process resulting in the formation of two distinct
clades. The first clade comprises the Cylindrospermopsis group, while the second clade
consists of the Sphaerospermopsis group. The Cylindrospermopsis clade is further di-
vided into two subclades: The Americas clade, which includes samples from South Amer-
ica, North America, and Central America, and the Non-Americas clade, encompassing
Asia, Europe, and Oceania.
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Figure 1. Geographic Distribution of Collected Lineages.
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Figure 2. (A) Maximum Likelihood phylogenetic tree constructed from 31 con-
served protein sequences of 37 cyanobacterial lineages.(B) Bayesian Inference
phylogenetic tree derived from 16S rRNA gene nucleotide sequences of 42
cyanobacterial lineages.

3.3. Genome Annotation Analysis

The annotation results for the lineages analyzed in this study revealed significant genomic
similarities even among geographically distant lineages within the same genus. Anno-
tation of subsystems, conducted using the RAST server and SEED viewer, indicated a
predominance of functions in the following categories: (I) Protein Metabolism; (II) Co-
factors, Vitamins, Prosthetic Groups, and Pigments; (III) Amino Acids and Derivatives;
and (IV) Carbohydrates (Figure S1 and Table S13).

3.4. Gene Clusters by Region in the Genome

Gene clusters were observed by region in the genome (Figure 3), responsible for the
synthesis of non-ribosomal peptides identified as cylindrospermopsin (cyr), saxitoxin
(sxt), hassalidin (has), anabaenopeptin (apt), esfaerocyclamide (sph), and nocuolin (roc).
Among these clusters, the hgl/ gene cluster related to heterocyst glycolipids and the Nih
gene cluster involved in nitrogen fixation |(Figure S2) are the most prevalent.

The sxt gene cluster, which regulates saxitoxin production, is present in both gen-
era found in the Americas, identified in the lineages R. brookii D9, C. raciborskii CENA
302, MVCC14, MVCC19, CYREF, and ITEP-A1 (Figure S3), as well as in the Sphaeros-
permopsis group in the lineages S. torques-reginae ITEP-024 and S. sp. FACHB-1194
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(Figure S4). The presence of the sxtK gene (unknown protein) and sxzJ gene (regulatory
protein) was observed in S. torques-reginae ITEP-024 and S. sp. LEGE 08334 (Table S2).
The sxtK gene was also present in C. raciborskii CENA 302, while the sxtJ gene was
found in R. brookii D9 and C. raciborskii MVCC14 (Table S3).

The cyr gene cluster, which regulates cylindrospermopsin synthesis, was iden-
tified in the lineages C. raciborskii CS-505, CR12, CHAB-3438, and DSH located in
Oceania, Malaysia, and Asia (Figure S5 and Table S4).

The apt gene cluster, which regulates anabaenopeptin synthesis, was identified
in the lineages S. torques-reginae ITEP-024 (Brazil), S. sp. LEGE 08334 (Mexico), S.
sp. SIO1G1 (Puerto Rico), S. kisseleviana NIES-73 (Japan), and S. sp. FACHB-1194
(China). The apt cluster is represented by the genes aptAl, aptA2, aptB, aptC, aptD,
aptE, and aptF (Figure S6 and Table S5).

Figure 3. Blast Atlas analysis for 10 Cylindrospermopsis raciborskii strains from
the Americas, 11 Cylindrospermopsis raciborskii strains Non Americas, and 6
Sphaerospermopsis strains. ldentification of the saxitoxin (sxt), cylindrosper-
mopsin (cyr), hassalidin (has), anabaenopeptin (apt), nocuolin (noc) and sphae-
rocyclamide (sph) gene clusters. These clusters are highlighted inside the boxes,
and their locations in the genomes are indicated in the figure.

3.5. Comparative genomic analyses

The calculation of average nucleotide identity (ANI) (Figure S7) showed that Cylindros-
permopsis raciborskii lineages exhibited high identity among themselves, ranging from
92.71% t0 99.75%. In contrast, genetic identity among lineages within the Sphaerosper-
mopsis group ranged from 84.3% to 97.16%. The pangenome analysis for Sphaerosper-
mopsis estimated a total of 9.000 distinct genes, with the core genome comprising 2.375
genes (Figures S8A and S8B). For C. raciborskii from the Americas, the pangenome was
estimated to include 6.000 distinct genes, with the core genome consisting of 1.410 genes
(Figures SOA and S9B). Similarly, the pangenome of C. raciborskii from non-American
regions was estimated to contain 5.000 distinct genes, with a core genome of 2.249 genes
(Figures S10A and S10B).
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4. Discussion

The analysis of biological diversity between the genera Cylindrospermopsis and
Sphaerospermopsis reveals an intricate evolutionary history, shaped by multiple factors,
including historical biogeographic events, environmental pressures, and genetic diversifi-
cation. The phylogenetic separation of these lineages based on geographic regions sug-
gests that their current distribution is rooted in ancient tectonic events, such as the breakup
of Pangea [Stampfli et al. 2013]]. Geographic isolation, combined with other evolutionary
forces, contributed to the divergence of these genera into distinct clades, each adapted to
specific environmental conditions.

The evolutionary history of cyanobacterial lineages, such as C. curvispora from
South Korea and S. torques-reginae from Brazil, sheds light on the processes of long-
distance dispersal and vicariance events. The phylogenetic relationship between C.
curvispora and lineages from the Americas exemplifies how ancient populations may
have dispersed over vast distances. This dispersal could have occurred through natural
mechanisms, such as oceanic currents or atmospheric circulation, or through historical
biogeographic events, such as continental drift. The presence of a sister clade relationship
suggests that these lineages share a common evolutionary origin, which has diverged over
time due to geographic isolation and environmental pressures.

The observed high genetic similarity (99.75% ANI) between the S. forques-
reginae lineage from Brazil and S. sp.LEGE 08334 from Mexico despite their geograph-
ical separation, underscores a notable evolutionary connection (Figure S7). Such genetic
similarities suggest that ancient migrations and gene flow, possibly facilitated by environ-
mental changes or human activity, have influenced their shared evolutionary history.The
consistency of genetic markers across distant populations, such as those seen between S.
kisseleviana from Japan and S. sp. FACHB-1194 from China (ANI of 98.93%), supports
the notion that historical migrations and genetic drift have played significant roles in the
diversification of these cyanobacteria.

The S. sp. LEGE 00249 lineage from Portugal acts as a common ancestor among
the analyzed lineages, while S. sp. SIOIGI1 from Puerto Rico exhibits a lower genetic
identity compared to other lineages within the same group. This lower similarity suggests
the potential need for taxonomic reclassification, (Figure S7), indicating that current clas-
sification systems may not fully capture the evolutionary complexity of these organisms.
In the phylogenomic tree (Figure 2A) , the lineage S. sp. SIOIGI1 (Puerto Rico) forms a
clade with genera such as Anabaena, Dolichospermum, and Aphanizomenon (ADA), in-
dicating shared genetic traits among these groups. Notably, S. sp. SIOIG1 (Puerto Rico)
exhibits a higher average nucleotide identity (ANI) with S. sp. FACHB-1194 (China) and
S. kisseleviana NIES-73 (Japan) than with the geographically closer S. sp. LEGE 08334
(Mexico) (Figure S7). This counterintuitive pattern of genetic similarity suggests com-
plex evolutionary dynamics, including historical gene flow and genetic drift, that may not
align neatly with present-day geographic proximity.

These findings point to a potential need for re-evaluation of the current results and
suggest a potential need for adjustment in taxonomic classification. To enhance future
analyses of the taxonomic placement of S. sp. SIO1G1 (Puerto Rico) within Sphaerosper-
mopsis, it will be essential to incorporate additional genomic sequences from Sphaeros-
permopsis species and from the ADA group, particularly Anabaena, Dolichospermum,
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and Aphanizomenon.

The presence of an open pangenome curve and high diversity in the accessory
genome within the Sphaerospermopsis groups (Figures S8A and S8B), C. raciborskii
from the Americas (Figures S9A and S9B), and non-Americas (Figures S10A and S10B)
indicates that genetic diversity within these clades is substantial and not yet saturated.
This extensive genetic diversity suggests a high potential for adaptation and ecological
plasticity, enabling these lineages to thrive in a variety of environmental conditions. The
continuous acquisition of new genes points to an ongoing evolutionary process character-
ized by horizontal gene transfer, recombination, and selective pressures that favor novel
genetic traits.

Our synteny analysis further reveals that the gene clusters responsible for the pro-
duction of secondary metabolites, such as cylindrospermopsin and saxitoxin, exhibit dif-
ferences in gene organization (Figure 3). Despite their roles as important phylogenetic
markers, the distinct arrangements of these gene clusters indicate either independent evo-
lutionary origins or divergent genetic rearrangements over time. These differences may
reflect adaptive responses to specific environmental pressures or historical events, such as
the migration of lineages across different continents and habitats.

Comparative analyses of gene clusters among cyanobacterial lineages have re-
vealed that certain groups, despite being geographically distant, possess conserved gene
clusters responsible for the production of secondary metabolites. This finding suggests
that these clusters play essential roles in the adaptive strategies of these organisms, tran-
scending geographic and ecological boundaries. For instance, the hassalidin biosynthetic
gene cluster (has) is responsible for producing antifungal compounds and is found in
lineages from diverse regions: CENA 303, KL1, and PAMP2012 from the Americas,
KLLO7 from Europe, CS505 from Oceania, and N8, CR2010, GIHEG1, and GIHE2018
from Asia (Figure 3 and Table S8). Notably, within the Sphaerospermopsis group, the
Brazilian lineage S. torques-reginae ITEP024 is the sole representative with the has gene
cluster. This unique occurrence within Sphaerospermopsis suggests a distinctive evolu-
tionary event, possibly facilitated by horizontal gene transfer from other cyanobacterial
groups or through retention from a common ancestor that has since lost this capability in
other lineages. The genes within this cluster (hasL, hasM, hasN, hasO, hasQ, hasT, hasU,
hasV, hasX, and hasY) are not only essential for hassalidin synthesis but also highlight
the cluster’s versatility. Among these, hasL stands out due to its potential role in antibi-
otic production, underscoring the biotechnological value of these secondary metabolites
(Figure 3/and Table S8).

Some studies indicate that saxitoxin, a potent neurotoxin, is predominantly in
Cylindrospermopsis lineages located in South America, highlighting a potential biogeo-
graphic specificity in toxin production [[Antunes et al. 2015]. However, the exclusivity
of saxitoxin production by Sphaerospermopsis cyanobacteria in this region remains un-
certain. To validate this hypothesis, further studies involving additional members of the
Sphaerospermopsis genus from South America are recommended, as broader sampling
could provide a more comprehensive view of the distribution and genetic diversity of the
sxt gene cluster.

The comparative analysis of the sxt gene cluster between Sphaerospermopsis and
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the C. raciborskii group from the Americas reveals significant differences in both se-
quence size, which can reach up to 5000 base pairs, and gene organization, particularly in
genes such as sxtJ and sxtK (Figures S3, S4) and (Tables S2, S3). These variations suggest
that the sxz cluster has undergone considerable evolutionary divergence, reflecting local-
ized adaptations and genetic rearrangements that may influence saxitoxin production. In
contrast, the lineages from both organism groups in Asia, Europe, and Oceania do not
show the presence of sxt gene clusters, suggesting that saxitoxin production is not a uni-
versal trait among these cyanobacteria. However, some lineages, such as C. raciborskii
CHAB3438 (China), C. raciborskii DSH (China), C. raciborskii CR12 (Malaysia), and C.
raciborskii CS505 (Australia), have been identified as producers of cylindrospermopsin
[Scarlett et al. 2020]. The analysis of the cyr gene cluster in the CR12 lineage reveals
gene rearrangements and the absence of key genes (cyrL, cyrM, cyrN, and cyrO) com-
pared to the CS505 lineage, suggesting independent evolutionary trajectories and func-
tional diversification in toxin production [Abreu et al. 2018]].

One evolutionary hypothesis posits that the ability to produce cylindrospermopsin
originated in ancestral populations that migrated to Sub-Saharan Africa, subsequently
expanding to Oceania and South America [[Vico et al. 2020]. During these migrations,
South American populations may have lost the cyr cluster and acquired the sxt cluster via
horizontal gene transfer, highlighting the fluid and dynamic nature of microbial genomes.
This genetic exchange likely conferred an adaptive advantage, facilitating the survival
and spread of these cyanobacteria in new environments. These sxt producing lineages
are thought to have later migrated to North America, further dispersing this evolutionary
innovation [Padisak 1997]].

Additionally, the S. sp. LEGE 00249 lineage from Portugal possesses unique
biosynthetic gene clusters, such as the sph cluster, which exhibits antimicrobial activ-
ity against the bacterium Halomonas aquamarina CECT 5000 [Martins et al. 2018]], and
the noc cluster, responsible for the synthesis of nocuolin, a compound with potential an-
ticancer properties, [Voracova et al. 2017]]. These examples underscore the diverse func-
tional capabilities of cyanobacteria and their potential applications in biotechnology and
medicine.

The gene clusters (nih), responsible for nitrogen fixation, and (hgl), involved in
heterocyst glycolipid production, are the most conserved among the groups (Figure S2).
The Brazilian lineages C. raciborskii CENA 303 and R. brookii D9 did not exhibit these
gene clusters [[Abreu et al. 2018]]. When compared to the lineages C. raciborskii CENA
302 (Brazil), MVCC 14 (Uruguay), ITEPA-A1 (Brazil), CR12 (Malaysia), CS505 (Aus-
tralia), and CS508 (Australia), C. raciborskii CENA 303 (Brazil) demonstrated lower
similarity among them [Hoffmann et al. 2017]. This difference is attributed to the ab-
sence of these genes compared to the other lineages within the Sphaerospermopsis group
(Tables S9, S10, S11 and S12).

Despite geographic distances, the Sphaerospermopsis group frequently exhibits
the apt gene cluster, responsible for anabaenopeptin production, with the exception of
the S. sp. LEGE 00249 lineage from Portugal (Figure S6 and Table S5). In contrast, the
absence of these gene clusters in Cylindrospermopsis suggests underlying genetic differ-
ences between the two genera. Anabaenopeptins, recognized for their inhibitory effects
on phosphatases and proteases, may play a crucial role in the ecological adaptability and
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toxicity of these cyanobacteria, enhancing their defense mechanisms against zooplankton
and crustaceans, thus contributing to their survival and competitive advantage in various
environments [Monteiro et al. 2021]].

Although some studies have proposed the formation of a new taxonomic group
based on Cylindrospermopsis and Sphaerospermopsis, our genomic analysis does not sup-
port this classification. Comparative analysis reveals that, despite phenotypic similarities,
Cylindrospermopsis and Sphaerospermopsis exhibit significant evolutionary differences
(Figure S13). Therefore, the data do not support the creation of a new genus, as the divi-
sion into three distinct groups does not allow these lineages to be classified as a cohesive
taxonomic group.

5. Conclusion

The study demonstrates that Cylindrospermopsis and Sphaerospermopsis are taxonomi-
cally distinct at the genus level, with a conserved central genome but variations in the
accessory genome according to geographic region, indicating adaptation to different en-
vironmental conditions. The absence of the cylindrospermopsin gene cluster in South
American strains of Cylindrospermopsis raciborskii may lead to future evolutionary di-
vergence from strains on other continents.

For a more comprehensive understanding of cyanobacterial genetic diversity, it is
necessary to develop a comprehensive database using mechanistic models based on traits
such as toxin production, nitrogen fixation and environmental adaptations. Integrating
these data into statistical models will allow detailed analysis and prediction of harmful
algal blooms. Future research should include lineages from under-represented regions,
such as Africa, and the use of more Sphaerospermopsis genomes, as well as exploring
genetic and functional variation and comparison with related genera.
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