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Abstract: Cyanobacteria represent a cosmopolitan group of oxyphototrophic bacteria. Although
free-living cyanobacteria thriving in aquatic habitats as well as cyanobacteria in terrestrial symbiotic
systems (lichens) have been extensively studied in Finland, the diversity of terrestrial rock-inhabiting
cyanobacteria is overlooked. As part of an ongoing effort to study terrestrial epilithic cyanobacteria
from Finland, we isolated two Pseudanabaena-like cyanobacterial strains and characterized them using a
polyphasic approach. Although the two strains were firmly placed within the Pseudanabaena clade in the
16S rRNA phylogenetic analyses, relationships among species were better resolved when phylogenetic
analyses were based on a concatenate alignment of 16S rRNA gene and 16S–23S Internal Transcribed
Spacer (ITS) region. In addition, 16S–23S ITS percent dissimilarity proved to be more useful for species
discrimination in Pseudanabaena compared to secondary structures of conserved 16S–23S ITS domains
(D1–D1′, box B, V2 and V3 helices). Considering morphological, molecular and ecological information,
we describe P. epilithica sp. nov. and P. suomiensis sp. nov. under the provisions of the International
Code of Nomenclature for Algae, Fungi and Plants. Neither toxins nor antimicrobial metabolites
were detected during LC-MS analysis or antimicrobial susceptibility testing, respectively. Lastly, our
phylogenetic analyses revealed that many Pseudanabaena strains are misidentified and highlight the
need for taxonomic revision in this poorly studied cyanobacterial genus.

Keywords: Pseudanabaena; cyanobacteria; polyphasic approach; 16S rRNA gene; 16S–23S ITS; Finland

1. Introduction

Cyanobacteria are an ancient group of photosynthetic prokaryotes with considerable
morphological diversity [1]. Their long and complex evolutionary history is considered to
have contributed to the successful colonization of a wide range of habitats from polar to
temperate and tropical regions [1].

The taxonomy of cyanobacteria is considered complicated and has undergone several
changes throughout the years. Traditionally, cyanobacteria were classified simply based
on morphological traits as seen in natural and culturable material [2]. This morphology-
based approach led to the classification of morphologically similar but phylogenetically
distant taxonomic entities under existing cyanobacterial genera, thus resulting in significant
underestimation of cyanobacterial biological diversity [3]. Advances in electron microscopy
and molecular techniques strongly supported the need for taxonomic revision and led to a
classification system in which genera and species were described based on a combination
of morphological, ultrastructural and molecular data deriving from 16S rRNA gene and,
later on, the secondary hypothetical structures of the 16S–23S Internal Transcribed Spacer
(ITS) region [4–7]. Furthermore, the 16S–23S ITS percent dissimilarity has been utilized
in a great number of studies to support the separation of cryptic species [8–16]. Based
on the work of Erwin and Thacker [14], strains in the same genus that share between
0 and 3% 16S–23S ITS dissimilarity values belong to the same species, whereas percent
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16S–23S ITS dissimilarity values greater than 7% are considered strong evidence of species
separation. These findings have been confirmed by several previous studies [8–13,15,16].
At the same time, intermediate values of 16S–23S ITS dissimilarity, i.e., values between
3 and 7%, are considered ambiguous. In the latter case, the decision to assign two or more
strains to the same or different species should be based on morphological and ecological
data; see [16]. The combination of morphology with other lines of evidence, i.e., molecular
information and ecology, is known as the ‘polyphasic approach’ and has resulted in the
establishment of several new taxa, including Oculatella [17], Pinocchia [18], Stenomitos [19],
Nodosilinea [20] and many others. Furthermore, it served as the basis for the development
of a modern classification system introduced by Komárek et al. in 2014 [21], in which new
taxonomic entities are described based on a combination of morphological, ecological and
molecular information and the most recent cyanobacterial classification system proposed
by Strunecký et al. [22] that utilizes all available genomic and 16S rRNA information
and phenotypic apomorphies to provide a more stable, up to date and “ready to use”
taxonomic system.

Pseudanabaena, with P. catenata as its type species, is a cosmopolitan genus of simple
cyanobacteria thriving in both mesophilic and extremophilic habitats [2,23,24]. Species
belonging to this genus are characterized by thin (usually <2 µm wide), usually sheathless,
mostly non-motile trichomes with distinctive constrictions at the cross walls and parietal
thylakoid arrangement. Cells are usually cylindrical, sometimes almost barrel-shaped,
and longer than they are wide. Apical cells are neither differentiated nor characterized
by calyptra or thickened cell walls. Reproduction is carried out by the production of
hormogonia without the help of necridic cells. The shape of the apical cell and presence
of aerotopes further divide the genus into three subgenera, i.e., Illyonema, Skujanema and
Pseudanabaena [2]. Previous studies have recognized that Pseudanabaena most likely repre-
sents a polyphyletic genus [2,18]. However, no extensive revision has been carried out yet
for this genus. The only genera separated from Pseudanabaena by applying a polyphasic
approach workflow are Pinocchia [18], Stenomitos [19] and Thalassoporum [25]. To date,
there are more than 40 taxonomically accepted species in Pseudanabaena, but only three
of them, i.e., P. foetida, P. yagii and P. cinerea, have been described based on a polyphasic
approach [2,23,26–28]. Interestingly, these newly established species have been isolated
from Japanese waterbodies where they produced 2-methylisoborneol (2-MIB), an odorous
metabolite that affects the quality of drinking water [26–28]. Apart from P. foetida, P. yagii
and P. cinerea, other Pseudanabaena strains thriving in aquatic habitats have been found to
produce microcystins [29] as well as bioactive metabolites with anticrustacean [30] and
anticancer [31,32] activities. Furthermore, phycoerythrin-rich cells of P. tenuis were able
to protect renal cells against mercury-induced poisoning [33]. Recently, several fractions
of “Pseudanabaena galeata” CCNP1313 obtained through liquid chromatography exhibited
strong inhibitory activity against SARS-CoV-2 papain-like protease, a molecule that is
considered a promising drug target due to its essential role in the suppression of host innate
immune response and viral replication [34].

In this study, two new free-living Pseudanabaena species isolated from Finnish terres-
trial epilithic habitats are studied using a combination of morphological, molecular and
ecological data and described under the provisions of the International Code of Nomen-
clature for Algae, Fungi and Plants [35]. Furthermore, the ability of the two strains to
produce toxins as well as antimicrobial metabolites is assessed by liquid chromatography
and antimicrobial susceptibility testing, respectively.
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2. Materials and Methods
2.1. Microbial Strains, Microbiological Media and Growth Conditions
2.1.1. Origin of Cyanobacterial Strains, Isolation and Maintenance

Environmental samples were collected from wet and dry rocks near Kuhakoski wa-
terfall (KK) and Karkkila forest area (KAR), respectively. Samplings were carried out
using sterile scalpels and forceps. A portion of the collected material was fixed with an
aquatic solution of formaldehyde at a final concentration of 2.5% and was used for com-
parison reasons. The remaining part was placed in sterile 50 mL falcon tubes containing
30 mL sterile Z8 liquid medium [36]. Environmental samples were allowed to grow for
1–3 months under daylight (northwest-facing window) at 23 ◦C. After this period, sin-
gle filaments of two Pseudanabaena-like morphotypes (KK-SYN4 and KAR-SYN4) were
isolated on Z8 agarose-solidified media according to previously described methods [37].
The strains were then transferred to 200 mL Erlenmeyer flasks containing 100 mL of Z8
medium and maintained at 18 ◦C under constant illumination with white fluorescent light
(10–12 µmol of photons s−1 m−2). For the bioactivity assays, strains were grown in 5 L
Erlenmeyer flasks containing 2.5 L of Z8 liquid media under constant illumination of
20–25 µmol of photons s−1 m−2 and permanent sterile aeration at 18 ◦C for 30 days. Cells
were harvested by centrifugation at 7000× g for 10 min at room temperature (RT) and were
stored at −20 ◦C until lyophilization.

2.1.2. Bacteria and Fungi

All bacterial and fungal strains used in this study were obtained from HAMBI (Uni-
versity of Helsinki, Department of Microbiology) microbial culture collection (https://www.
helsinki.fi/en/infrastructures/biodiversity-collections/infrastructures/microbial-domain-
biological-resource-centre-hambi (accessed on 17 May 2019)). These included the non-
antibiotic-resistant strains Staphylococcus aureus HAMBI 66, Enterococcus faecium HAMBI
1821, Bacillus cereus HAMBI 1881, Micrococcus luteus HAMBI 2688, Pseudomonas aerug-
inosa HAMBI 25, Acinetobacter baumannii HAMBI 1760, Enterobacter aerogenes HAMBI
1898, Salmonella enterica HAMBI 2331, Candida albicans HAMBI 484, C. krusei HAMBI 486,
C. parapsilosis HAMBI 487, Cryptococcus neoformans HAMBI 488, Mucor sp. HAMBI 831 and
Aspergillus flavus HAMBI 829. All microbial strains were grown as described previously [38].

2.2. Morphological Evaluation and Type Material Preparation
2.2.1. Microscopy

The cyanobacterial strains Pseudanabaena sp. KK-SYN4 and Pseudanabaena sp. KAR-
SYN4 were studied under a Zeiss Axioskop 2 plus Light Microscope (Jena, Germany).
Light photomicrographs were acquired using an Axiocam 305 color digital camera and
processed using ZEISS ZEN 3.1 (blue edition) software. We analyzed the shape and size
of trichomes and vegetative cells in at least 20 trichomes from each strain in both isolated
morphotypes and formaldehyde-fixed samples, summarizing 50 cells. Other features,
including the presence/absence of calyptra or thickened cell walls, aerotopes, necridic cells
as well as hormogonia, were also recorded and compared to data available for all known
Pseudanabaena species [2,23,24,26–28,39,40].

2.2.2. Type Material Preparation

Type material was prepared for each strain by filtering (vacuum filtration) an active
culture (exponential phase) through a 47 mm Whatman glass microfiber filter (GE Health-
care Life Sciences, Chalfont St Giles, UK) and allowing the filter to air-dry in a sterile petri
dish at RT; a total of two filters were prepared for each strain. The filters were then placed
in acid-free herbarium envelopes and deposited in the Finnish Museum of Natural History
(LUOMUS) under the accession numbers H6124570 and H6124571.

Reference strains have been deposited in HAMBI/UHCC (University of Helsinki,
Department of Microbiology) microbial culture collection under the accession numbers
UHCC 1008 (strain KK-SYN4) and UHCC 1009 (strain KAR-SYN4).

https://www.helsinki.fi/en/infrastructures/biodiversity-collections/infrastructures/microbial-domain-biological-resource-centre-hambi
https://www.helsinki.fi/en/infrastructures/biodiversity-collections/infrastructures/microbial-domain-biological-resource-centre-hambi
https://www.helsinki.fi/en/infrastructures/biodiversity-collections/infrastructures/microbial-domain-biological-resource-centre-hambi
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2.3. Molecular Characterization
2.3.1. DNA Extraction, PCR Amplification and Sequencing

Total genomic DNA from Pseudanabaena sp. UHCC 1008 (KK-SYN4) and Pseudan-
abaena sp. UHCC 1009 (KAR-SYN4) was extracted using the DNeasy PowerSoil Pro kit
(Qiagen, GmbH, Hilden, Germany) according to the manufacturer’s protocol with some
modifications to increase DNA yield and remove impurities (see below). All step numbers
mentioned below correspond to the step numbers seen in the manufacturer’s protocol.
During steps 3 and 4, PowerBead tubes were secured on a flat-bed vortex mixer and
were vortexed at full speed for 15 min instead of 10 min. At steps 7 and 10, samples
were incubated on ice for 15 min instead of 5 min. Having completed step 18, samples
remained at RT for 10 min to ensure that residual ethanol included in Solution C5 was
completely removed. Lastly, during step 19, samples were incubated for 10 min at RT before
final centrifugation.

Partial 16S and the 16S–23S internal transcribed spacer (ITS) region were amplified using
the cyanobacteria-specific primers 16S106F 5′-CGGACGGGTGAGTAACGCGTGA-3′ after
Nübel et al. [41] and 23S30R 5′-CTTCGCCTCTGTGTGCCTAGGT-3′ after Taton et al. [42].
The PCR reactions were prepared in 50 µL aliquots containing 1X Q5 reaction buffer (New
England Biolabs, Ipswich, MA, USA), 0.2 mM of each deoxynucleotide triphosphates
(dNTPs; Thermo Scientific, Waltham, MA, USA), 0.5 µM of each of the primers (Sigma-
Aldrich, St. Louis, MI, USA), 0.02 U of Q5 High-Fidelity DNA Polymerase (New England
Biolabs, Ipswich, MA, USA) and 70–80 ng of genomic DNA, determined using NanoDrop
One/One Microvolume UV-Vis Spectrophotometer (Thermo Scientific). Amplifications
were run in a SimpliAmp Thermal Cycler (ThermoFisher Scientific). The profile used
included an initial denaturation step at 98 ◦C for 30 s, followed by 35 cycles of denaturation
at 98 ◦C for 10 s, annealing at 65 ◦C for 30 s and extension at 72 ◦C for 2 min. A final
extension step was carried out at 72 ◦C for 2 min.

PCR products were analyzed on a 0.8% (w/v) agarose gel stained with EtBr solution
(0.625 mg mL−1; Thermo Scientific, Waltham, MA, USA). PCR products were purified
using the NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel, Hoerdt, France) and
sequenced using BigDye Terminator v3.1 Cycle Sequencing Kit on an ABI 3730xl DNA ana-
lyzer (Applied Biosystems, Waltham, MA, USA). The primers used for Sanger sequencing
included 16S106F and 23S30R; 359F and 781R [41]; 979F and 1092R [43]; P17 [44], ILE373R,
which is complementary to P17 [45]; and P5 and P6 sensu Boyer et al. [46] (i.e., P14 and
P15 from Wilmotte et al. [44]). All primer sequences are presented in Table S1. Sequencing
was carried out at the Sequencing Unit of the Institute for Molecular Medicine Finland
(FIMM) Technology Center. The generated sequences were edited with CodonCode Aligner
v.9.0.1 (CodonCode Corporation, Centerville, MA, USA) and consensus sequences were
obtained. All bases had Phred quality score higher than 20. The sequences were checked
for chimeras using DECIPHER v.1 [47] (http://www2.decipher.codes/FindChimeras.html;
accessed on 15 June 2022) and deposited in GenBank database under the accession numbers
OP594631–OP594632 for 16S rRNA gene and OP595723–OP595724 for 16S–23S ITS region.

2.3.2. Phylogenetic Analysis

The newly obtained 16S rRNA nucleotide sequences were compared to 16S rRNA
nucleotide sequences available in the National Center for Biotechnology Information (NCBI)
database using the BLAST tool [48]. For 16S rRNA phylogenetic analysis, the dataset was
composed of 243 OTUs, including the newly obtained sequences and the outgroup. All
selected sequences were at least 1100 bp long. Unfortunately, the only 16S rRNA gene
nucleotide sequence of Pseudanabaena rutilus-viridis CCPC 697 available in NCBI was too
short (685 bp) to be included in the phylogenetic analyses. Synechococcus elongatus PCC 6301
(NR_074309) was used as the outgroup. A combined analysis of 16S rRNA and 16S–23S
ITS region was carried out to gain more insights into the phylogenetic relationships of
the newly isolated strains and other Pseudanabaena species. The dataset for this analysis
included 38 nucleotide sequences of the Pseudanabaena clade, for which 16S–23S ITS regions

http://www2.decipher.codes/FindChimeras.html
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were available and contained both tRNA genes and Thalassoporum komareki TAU-MAC 1515.
All multiple sequence alignments (16S rRNA and combined phylogenetic analyses) were
performed using ClustalX v2.1 [49]. The Akaike Information Criterion [50] as implemented
in jModeltest v.2.1.10 [51] was used to select the best-fit models of nucleotide substitution.
The GTR + I + G model was chosen for phylogenetic analysis of 16S rRNA. For the
combined analysis, GTR + I + G was selected for both 16S rRNA gene and 16S–23S ITS
region. Prior to the combined phylogenetic analysis, the aligned 16S–23S ITS dataset was
concatenated to the associated 16S rRNA gene using Concatenator v.0.2.1 [52]. Following
this step, the alignment was partitioned, and the abovementioned nucleotide substitution
model was applied to each partition. Bayesian Inference (BI) analysis was carried out in
MrBayes v3.2.6 [53]. Two runs with four chains each (one cold and three heated chains)
were run simultaneously for 17 × 106 Markov Chain Monte Carlo (MCMC) generations
starting with a random tree for the 16S rRNA analysis, whereas, for the combined analysis,
the two runs were run for 10 × 106 MCMC generations. Sampling frequency was every
1000th generation. Furthermore, the average standard deviation between the two MCMC
runs was below 0.01, and the potential scale reduction factor (PSRF) value for all estimated
parameters was 1.00 in both analyses. The first 25% of trees were discarded as burn-in, and
a 50% majority rule consensus tree was calculated including posterior probabilities. ML
analyses for both the 16S rRNA gene and combined analyses were performed using the
IQ-Tree v1.6.12 [54] with 1000 bootstrap replicates. The phylogenetic trees were visualized
using FigTree v1.4.2 software [55] and re-drawn in Inkscape v0.48.4 software [56]. All taxa
used in the phylogenetic analyses and their GenBank accession numbers are presented
in Table S2 (16S rRNA) and Table S3 (combined analysis). For the 16S rRNA dataset, a
similarity matrix (p-distance) was generated in MEGA 7 [57] using the Kimura-2 parameter
model [58]. The 16S–23S ITS aligned dataset used for the combined analysis was also
used for calculating the percent dissimilarity using the Kimura-2 parameter model as
described above.

2.3.3. Study of 16S–23S Internal Transcribed Spacer (ITS) Region

Identification of conserved 16S–23S ITS regions was carried out manually according
to Iteman et al. [45], whereas V3 helix was identified based on Bohunická et al. [59].
The online tool tRNAscan-SE 2.0 (http://lowelab.ucsc.edu/tRNAscan-SE/ (accessed on
2 September 2022) [60]) was used to identify tRNAs. Hypothetical secondary structures of
D1–D1′, Box B, V2 and V3 were predicted using Mfold web server [61] with the default
settings except for the structure-drawing mode, which was set to ′′Untangle with loop fix”,
choosing secondary structures with minimum free energy (∆G). The obtained structures
were compared with the available homologous structures of Pseudanabaena species that
were previously described based on a polyphasic approach, P. catenata, as well as strains that
shared >99% 16S rRNA sequence similarity with our strains and contained both tRNAIle

and tRNAAla. All figures were re-drawn in Adobe Photoshop v.23.2.0 (Adobe Systems
Inc., San Jose, CA, USA). The length (bp) of each region was also recorded. Similarly to
16S rRNA phylogenetic analysis, the 16S–23S ITS sequence of Pseudanabaena rutilus-viridis
CCPC 697 could not be used for the determination of secondary structures as it lacks more
than half of D1–D1′ helix.

2.4. Biochemical Evaluation
2.4.1. Antimicrobial Susceptibility Tests

Extract preparation and antimicrobial susceptibility assays were carried out as de-
scribed by Christodoulou et al. [38].

http://lowelab.ucsc.edu/tRNAscan-SE/
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2.4.2. Extraction of Phycobiliproteins

Cultures growing in 100 mL Z8 liquid medium were harvested during the exponential
phase of growth by centrifugation at 5000× g for 5 min at room temperature (RT) and stored
at −20 ◦C until lyophilization. Phycobiliproteins were then extracted from freeze-dried
biomass as described by Zavřel and co-workers [62]. Absorbance spectra were recorded in
the range of 350 to 750 nm using a UV-2401PC UV/Vis spectrophotometer and UVProbe
v.2.7 software (Shimadzu Corporation, Kyoto, Japan).

2.4.3. Liquid Chromatography

For bioactive metabolite and toxin analysis, 40 mg of freeze-dried biomass from each
strain was transferred in two (series A and B) 2 mL screw-cap tubes (20 mg per tube)
together with glass beads (0.5 mm diameter, Scientific Industries Inc, Bohemia, New York,
NY, USA). Following this step, 1 mL of 100% LC/MS grade methanol (MeOH; Merck,
Darmstadt, Germany) was added to series A, and 1 mL of 0.1% trifluoroacetic acid (TFA;
Merck, Darmstadt, Germany) in MeOH was added to series B samples. Cells were disrupted
using a FastPrep-24® cell disrupter (MP Biomedicals, Santa Ana, CA, USA) two times for
20 s at a speed of 6.5 m s−1 at RT. Intracellular bioactive compounds were obtained after
centrifugation at 10,000× g for 5 min at RT. Supernatants were then transferred in 4 mL
amber glass vials. A total of 300 µL of series A and B samples were filtered and used for
further analysis. A third set of samples (series C) was obtained after mixing three volumes
of 100% MeOH-processed samples (series A) with 1 volume of acetonitrile (ACN; VWR
Chemicals, Darmstadt, Germany). Series C samples were then filtered, and all samples
were further studied by means of liquid chromatography, as described below.

All analyses were conducted using an Acquity UPLC system (Waters, Manchester, UK)
using two different liquid chromatography columns, aiming to identify both hydrophobic
and hydrophilic compounds, including cyanotoxins. Series A and C samples (100% MeOH,
MeOH-ACN) were run as described in Christodoulou et al. [38]. Series B samples (0.1% TFA
in MeOH) were run using an Acquity UPLC BEH amide Column (100 × 2.1 mm, 1.7 µm, 130 Å,
Waters, Manchester, UK). The two solvents used in this analysis were 0.2% ammonium
formate (Sigma-Aldrich, St. Louis, MI, USA) in MQ water as solvent A and HPLC grade
acetonitrile (ACN) 100% (VWR Chemicals, Darmstadt, Germany) as solvent B. The strength
of solvent B was decreased from 90% to 60% in 9 min and was held at 60% for 1 min.
Injection volume and UPLC running parameters were the same as above.

Mass spectra were recorded with a Waters Synapt G2-Si mass spectrometer (Wa-
ters, Manchester, UK), and measurements were performed using negative and positive
electrospray ionization (ESI) in resolution mode. Ions were scanned in a range from
m/z 50 to 2000, and UV detector range from 210 to 800 nm. Mass spectrometry (MS) analy-
ses were performed with scan times of 0.1 s. Capillary voltage was 2.5 kV, source tempera-
ture was 120 ◦C, sampling cone was 40.0, source offset was 80.0, desolvation temperature
was 600 ◦C, desolvation gas flow was 1000 L h−1, and nebulizer gas flow was 6.5 bar.
Leucine-encephalin was used as a lock mass reference compound, and calibration was
carried out with sodium formate and Ultramark 1621®. UV data were also collected from
210 to 800 nm. Results were compared against all known bioactive metabolites included in
CyanometDB [63].

3. Results
3.1. Strain Morphology and Habitat

Strain UHCC 1008 was collected from a wet rock in a man-made cavity that was not
exposed to direct sun light. The collected biofilm was very thin and purplish brown to olive-
green in color. Microscopic evaluation of the preserved (i.e., formaldehyde-fixed) material
revealed a group of sheathless Pseudanabaena-like cyanobacteria of purplish to purplish
brown color mixed with other thin filamentous cyanobacteria as well as Microcoleus-like
strains and unicellular green algae (Figure 1a,b). The Pseudanabaena-like trichomes were
long, densely entangled and their width ranged from 1.7 to 1.9 µm. Furthermore, the
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trichomes, had cells that varied in length and were characterized by the presence of
refractive granules. Similar refractive granules were also observed at the tip of their apical
cells. In addition, trichomes lacked necridic cells (see Section 3.5 for detailed description).
The morphological evaluation of the isolated UHCC 1008 morphotype growing on solid
and liquid media (see Section 3.5) revealed that the strain retained all characteristics
observed in the formaldehyde-fixed material, including the purplish brown coloration,
trichome and cell morphology. Furthermore, it revealed that UHCC 1008 was motile.
On dried solid media (>3 months), the color of the aged colonies turned from purplish
brown to dark brown, but all other morphological features remained the same. Similar
findings were observed for aged trichomes (2–3 months old) growing in liquid media.
Strain UHCC 1009 was collected from a dry rock exposed to direct sunlight. The sample
had the form of a greenish to olive-green to brownish-colored patina growing on the
rock surface. The sample was dominated by ensheathed morphotypes, most of which
were rich in phycoerythrin (Figure 1c,d). Other thin, sheathless morphotypes, including a
Pseudanabaena-like cyanobacterium, were less frequently observed. Further study of the
Pseudanabaena-like morphotype revealed that it was characterized by short and straight
trichomes that were brown in color. The trichomes were 1.6 to 1.9 µm wide, and cells
were always longer than wide. Many trichomes were also characterized by the presence of
one or two small refractive granules, mostly at the tip of the apical cells. The microscopic
assessment of the isolated morphotype confirmed the morphological features observed
in the formaldehyde-fixed sample. In addition, it showed that the isolated UHCC 1009
morphotype had brown-colored cells and exhibited motility. Furthermore, when trichomes
of UHCC 1009 grew on solid media they were arranged in parallel, thus forming small
fascicles. Apart from changes observed in thallus coloration (greenish to olive-green) in
aged cultures (>3 months) growing on solid or liquid media, the trichome width, total
length, motility as well as cell morphology remained the same throughout the life cycle of
the strain.

3.2. Phylogenetic Analysis of 16S rRNA Gene and Phylogeny Based on Concatenate Alignment

The 16S rRNA nucleotide sequences of UHCC 1008 and UHCC 1009 were 1391 bp and
1376 bp long, respectively.

A total of 243 taxa were used in ML and BI phylogenetic analyses. The ML and BI
analyses yielded nearly identical topologies and were mapped on the same phylogenetic
tree (Figures 2 and 3). In both analyses, many clades were supported by high bootstrap and
posterior probability values. The genus Pseudanabaena formed a highly supported clade in
both analyses (100 and 1.00 bootstrap values and posterior probabilities, respectively) and
appeared to be closely related to the recently described genus Thalassoporum. Although
phylogeny based on 16S rRNA gene resolved the genus Pseudanabaena, relationships be-
tween species were not well resolved. As seen in Figure 3, only P. yagii, P. cinerea and
P. foetida, as well as strains assigned to P. mucicola, are clearly separated from the remaining
Pseudanabaena species.

The newly isolated strains UHCC 1008 and UHCC 1009 were firmly placed within the
Pseudanabaena clade. Overall, strains UHCC 1008 and UHCC 1009 shared 99.27% 16S rRNA
sequence similarity with each other (Table S4). UHCC 1008 clustered with the planktic
strain Ak1199 assigned to P. limnetica, with whom it shared 100% 16S rRNA sequence
similarity (Table S4). It also appeared to be highly similar to all strains classified as P. catenata
(99.69–99.90%) as well as P. limnetica [lim1, LIM1, Ak1201 and PS1303 (99.79–99.90%)],
P. biceps (99.27%), “P. galeata” CCNP1313 (99.69%), and P. minima strains GSE-PSE20-05C
and CHAB705 (98.95–99.06%). Furthermore, UHCC 1008 shared 98.85–99.90% 16S rRNA
sequence similarity with Pseudanabaena spp. (strains PCC 6903, PCC 7402, Sai012, CZS-
35E, GSE-PSE-MK15-19B and GSE-PSE-MK21-19D). Similarly to UHCC 1008, UHCC 1009
was highly similar (99.16–99.58%) to P. catenata, P. limnetica, P. biceps and P. minima strains
mentioned above, Pseudanabaena sp. [dqh15, Sai012, CZS_35E, GSE-PSE-MK15-19B and
GSE-PSE-MK21-19D (98.64–99.37%)] as well as P. galeata strains SAG 13.83 and CCNP1313
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(98.87% and 99.16%, respectively). Interestingly, strains PG, CHAB774, CHAB786 and
CHAB792, currently assigned to P. limnetica, clustered together in a separate clade (Figure 1b)
and shared 93.83–94.40% 16S rRNA sequence similarity with UHCC 1008 and UHCC
1009 and 93.25–95.51% 16S rRNA sequence similarity with the remaining strains of the
Pseudanabaena clade.
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Figure 1. Light micrographs of the preserved material collected from Kuhakoski (a,b) and Karkkila
(c,d) locations. The trichomes of the UHCC 1008 morphotype were long, flexuous, and densely entan-
gled, forming purple-colored clusters among other cyanobacteria and eukaryotic microorganisms (a).
Trichomes of UHCC 1008 morphotype (preserved material) bearing refractive granules (b). The
preserved material collected from Karkkila area was dominated by phycoerythin-rich, ensheathed
morphotypes (c). The less frequently observed trichomes of the Pseudanabaena-like morphotype
UHCC 1009 were always short and characterized by the presence of refractive granules at the tip of
the apical cell (d). Scale bars correspond to 10 µm.
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Figure 2. Phylogenetic relationships inferred from Maximum Likelihood analysis of 16S rRNA gene
(243 OTUs) showing the phylogenetic position of Pseudanabaena and closely related genera. Numbers
on nodes correspond to bootstrap values (≥50%) and posterior probabilities (≥0.50) obtained from
Maximum Likelihood and Bayesian analyses, respectively. Asterisk (*) represents bootstrap values of
100% for Maximum Likelihood and posterior probabilities of 1.0 for Bayesian analysis. Synechococcus
elongatus PCC 6301 was the designated outgroup. GenBank accession numbers are given in brackets.
The scale corresponds to substitutions/site.
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Figure 3. Uncollapsed clades of Pseudanabaena, Thalassoporum and closely related strains seen in
Figure 2. The nucleotide sequences of P. epilithica UHCC 1008T and P. suomiensis UHCC 1009T are
shown in bold. Numbers on nodes correspond to bootstrap values (≥50%) and posterior proba-
bilities (≥0.50) obtained from Maximum Likelihood and Bayesian analyses, respectively. Asterisk
(*) represents bootstrap values of 100% for Maximum Likelihood and posterior probabilities of 1.0
for Bayesian analysis. Synechococcus elongatus PCC 6301 was the designated outgroup. GenBank
accession numbers are given in brackets. The scale corresponds to substitutions/site.
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The combined analysis (partial 16S and 16S–23S ITS region) allowed for a better
separation of different Pseudanabaena species compared to the 16S rRNA-based phylogeny
(Figure 4 for ML and Figure S1 for BI). Based on this analysis, the new strain UHCC
1008 was clustered with Pseudanabaena sp. BACA0266 isolated from a lake in the Azores
(Portugal). Furthermore, both UHCC 1008 and BACA0266 were closely related to UHCC
1009. Similarly to 16S rRNA analysis, only strains assigned to P. mucicola, P. cinerea, P. foetida
and P. yagii were well separated from the remaining species. Interestingly, strains assigned
to P. limnetica formed two separate clusters (lim1, LIM1, Ak1201, Ak1199 and PS1303), while
PG, CHAB774, CHAB786 and CHAB792, also assigned to P. limnetica, clustered together in
a separate clade.
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Figure 4. Phylogenetic relationships of Pseudanabaena strains inferred from Maximum Likelihood
analysis based on 16S rRNA concatenated with 16S–23S ITS nucleotide sequences. The new species
P. epilithica UHCC 1008T and P. suomiensis UHCC 1009T are shown in bold. Numbers on nodes
correspond to bootstrap values (≥50%). Asterisk (*) represents 100% support. T. komareki TAU-MAC
1515 was used as the outgroup. GenBank accession numbers of all nucleotide sequences are given in
Table S3. The scale corresponds to substitutions/site.

3.3. Study of 16S–23S ITS

One complete 16S–23S ITS region containing both tRNAs was obtained for each
studied strain (484 and 516 nucleotides long for P. epilithica UHCC 1008T and P. suomiensis
UHCC 1009T, respectively).

The percent dissimilarity (100 × p-distance) between the new species and other
Pseudanabaena strains ranged from 1.41 to 41.02 (Table S5). P. epilithica UHCC 1008T and
P. suomiensis UHCC 1009T had 7.70% dissimilarity of 16S–23S ITS. At the same time, P.
epilithica UHCC 1008T and Pseudanabaena sp. BACA0266 shared 1.41% dissimilarity values.
In addition, the percent dissimilarity between P. epilithica UHCC 1008T and other members
of Pseudanabaena clade ranged between 9.37 and 41.01. As seen in Table S5, 16S–23S ITS



Diversity 2023, 15, 909 12 of 32

percent dissimilarity between P. suomiensis UHCC 1009T and other Pseudanabaena strains
ranged between 8.20 and 39.49.

3.3.1. D1–D1′ Helix

The D1 stem region was 63 nucleotides (nt) long for all strains assigned to Pseudan-
abaena (Table S6). The hypothetical secondary structures of D1–D1′ helices presented in
Figure 5 (structures 1–27) showed that Pseudanabaena strains can be divided into four
groups based on their D1 stem region. The D1–D1′ helix in the first group has a five
bp-long basal stem (GACCU−AGGUC) followed by a seven-residue right bulge (CAUC-
CCA), a ten bp-long stem region, a one-residue left bulge, a four bp-long stem region
and a seventeen bp-long terminal hairpin. Strains belonging to the first group included
P. epilithica UHCC 1008T, P. suomiensis UHCC 1009T, P. yagii (NIVA-CYA 111, NIES-4237,
NIES-4238), strains assigned to P. limnetica (Ak1199, PS1303, Ak1201, Lim1 and LIM1),
Pseudanabaena sp. BACA0266, P. catenata NIVA-CYA 146, P. mucicola (CHAB2966, CAB7002),
strains classified as P. minima (CHAB705, GSE-PSE20-05C), “P. galeata” CCNP1313, as well
as Pseudanabaena sp. CZS_35E, PCC 6903, GSE-PSE-MK15-19B and GSE-PSE-MK21-19D
(Figure 5; structures 1,2,4–6,8,9,16–24). The second group included P. catenata SAG 254.80,
Pseudanabaena sp. Sai012, P. cinerea (NIES-4063, NIES-4065, Ak1349, PB and CHAB2916)
and P. foetida var. foetida PTG (Figure 5; structures 3,7,10,25). The only structural differences
observed between the first two groups were located in the subterminal and terminal regions
(three bp-long stem region and a nineteen bp-long terminal hairpin). In the third group
of strains (P. foetida var. subfoetida PS1306, P. foetida var. intermedia NIES-512, P. galeata
SAG 13.83, “P. limnetica” NIVA-CYA 276/6 and P. biceps PCC 7429), the basal stem and
middle part of D1–D1′ helix was structurally identical to all other Pseudanabaena strains but
differed from them in the subterminal and terminal part (Figure 5; structures 11–15). Here,
the one-residue left bulge was followed by a three-nucleotide-long stem, a nine-residue
asymmetrical internal loop, a two-residue stem region and a six-residue terminal hairpin.
Strains PG, CHAB774, CHAB786 and CHAB792 that formed the fourth group had an
identical D1–D1′ helix (Figure 5; structure 26) that was structurally similar to Pseudanabaena
group 1 strains. Here, although the basal stem was identical to Pseudanabaena group 1,
these four “P. limnetica” strains had a smaller right bulge (five instead of seven nucleotides),
longer stem region (11 instead of 10 bp long), a one-residue left bulge, a four bp-long stem
region and a sixteen bp-long instead of seventeen bp-long terminal hairpin.

The D1 stem region of P. epilithica UHCC 1008T (Figure 5; structure 1) was identical
to Pseudanabaena sp. BACA0266 (Figure 5; structure 9) and P. minima CHAB705 (Figure 5;
structure 17) in terms of primary and secondary structure, whereas the D1–D1′ helix of
P. suomiensis UHCC 1009T (Figure 5; structure 2) was identical to “P. galeata” CCNP1313
(Figure 5; structure 16) and Pseudanabaena sp. CZS_35E (Figure 5; structure 21). Lastly,
the D1–D1′ helix in T. komareki TAU-MAC 1515 (Figure 5; structure 27) was significantly
different from the D1 stem regions of Pseudanabaena strains. Here, the D1 stem region was
67 nt long (63 nt in Pseudanabaena) and comprised a six bp-long basal stem, a five-residue
right bulge, a six bp-long stem region, a two-residue right bulge, a five bp-long stem region,
a one-residue left bulge, a five bp-long stem region and a fifteen-residue terminal hairpin.
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containing both tRNA genes in 26 Pseudanabaena strains (structures 1–26) and the closely related
genus Thalassoporum (structure 27). GenBank accession numbers of all studied strains are presented
in Table S3.
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3.3.2. Box B Secondary Structure

Unlike the D1 stem region that appeared to be conserved among different Pseu-
danabaena species, box B structures were more variable in terms of both primary and
secondary structure. The length of the box B region ranged between 45 and 57 nu-
cleotides, with the most common length being 47 nucleotides (Table S6). As seen in
Figure 6 (structures 1–29), the box B secondary structures of all Pseudanabaena strains
except from PG, CHAB774, CHAB786 and CHAB792, had an identical four bp-long basal
stem (AGCA−UGCU) followed by a three-residue asymmetrical internal loop (A−AC),
a three bp-long stem region (CUC−GAG or CUU−GAG), a one-residue left bulge and
a six bp-long (UCUAGU−ACUAGA) stem region (seven bp-long in P. mucicola strains
and Pseudanabaena sp. Sai012; Figure 6, structures 8,25). This highly conserved region
was followed by a right bulge or asymmetrical or symmetrical loops, a three to four-
residue stem region and a terminal hairpin. The box B hypothetical secondary structure
of P. epilithica UHCC 1008T (Figure 6; structure 1) was identical to P. galeata SAG 13.83
(Figure 6; structure 15) in terms of primary and secondary structure. Furthermore, it was
structurally identical to P. foetida var. subfoetida PS1306, “P. limnetica” NIVA-CYA 276/6
and Pseudanabaena sp. BACA0266 (Figure 6; structures 9,12,13). The minor differences
observed in the box B structures of these strains included the presence of adenine (A)
at position 31 in P. epilithica UHCC 1008T instead of cytosine (C), as in P. foetida var.
subfoetida PS1306 and P. limnetica NIVA-CYA 276/6, as well as the nucleotide sequence
of the terminal hairpin(Figure 6; structures 1,12,13). A single transition mutation from
A to G at position 23 separates the box B structures of P. epilithica UHCC 1008T and
Pseudanabaena sp. BACA0266(Figure 6; structures 1,9). The primary and secondary
box B structure of P. suomiensis UHCC 1009T (Figure 6; structure 2) was identical to P.
limnetica strains LIM1, lim1 and Ak1201 (Figure 6; structure 23). In addition, it was struc-
turally identical to P. limnetica Ak1199 and PS1303, as well as P. catenata NIVA−CYA 146,
“P. galeata” CCNP1313, and Pseudanabaena sp. CZS_35E(Figure 6; structures 4,16,21,22).
The box B secondary structures of the four “P. limnetica” strains (PG, CHAB774, CHAB786
and CHAB792) appeared to be significantly different from the remaining Pseudanabaena
strains. As seen in Figure 6 (structures 26–28) and Table S6, the box B helices of these four
strains were 52 nt long and were characterized by an identical seventeen bp-long stem
region, a four-residue asymmetrical internal loop (six-residue asymmetrical internal loop
in CHAB786), a five bp-long stem region (four bp-long in CHAB786) and a four-residue
terminal hairpin (GAGA). The box B secondary structure of T. komareki TAU-MAC 1515
seen in Figure 6 (structure 29) was significantly different from Pseudanabaena in terms of
both primary and secondary nucleotide sequence. The 53 nt-long box B region of this
species comprised a five bp-long basal stem, a two-residue right bulge, a five bp-long
stem region, a six-residue symmetrical internal loop, an eleven bp-long stem region and a
three-residue terminal hairpin.
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3.3.3. V2 and V3 Helices

The V2 helices of all Pseudanabaena strains presented in Figure 7 (structures 1–31)
appeared to be highly variable in length and primary and secondary structure. The V2 helix
of the new species P. epilithica UHCC 1008T (Figure 7; structure 1) was structurally identical
to Pseudanabaena sp. BACA0266(Figure 7; structure 12). As seen in Figure 7, the V2 helices
of UHCC 1008T and BACA0266 were characterized by a three bp-long basal stem, followed
by an eight nucleotide-long symmetrical internal loop, a seven bp-long stem region and a
six-residue terminal hairpin(structures 1,12). The only differences observed between these
two strains were the presence of adenine (A) at positions 14 and 30 of P. epilithica UHCC
1008T instead of guanine (G), as in Pseudanabaena sp. BACA0266(Figure 7; structure 12).
The V2 helix of P. suomiensis UHCC 1009T (Figure 7; structure 2) had a unique primary and
secondary structure. Briefly, it was characterized by a three bp-long basal stem followed by
a six-residue symmetrical internal loop, an eight bp-long stem region, a second six-residue
symmetrical internal loop, a three bp-long stem region and a four nucleotide-long terminal
hairpin. The V2 secondary structures of PG, CHAB774, CHAB786 and CHAB792 appeared
to be unique and highly conserved among these four strains(Figure 7; structures 29–31).
The V2 region of T. komareki TAU-MAC 1515 was only four nt long.

The V3 region of Pseudanabaena strains ranged from 12 to 14 nucleotides and was not
as variable as box B or V2 regions. More than half of the studied strains (n = 23) had an
identical V3 structure that was 12 nt long (GUAAUAAGAAGC). These strains (Figure 8;
structure 1) included P. epilithica UHCC 1008T, P. suomiensis UHCC 1009T, Pseudanabaena
sp. BACA0266, P. limnetica (Ak1199, PS1303, Ak1201, Lim1, LIM1 and NIVA-CYA 276/6),
P. catenata (SAG 254.80 and NIVA-CYA 146), P. minima (CHAB705 and GSE-PSE20-05C),
P. cinerea (NIES-4063, NIES-4065, Ak1349 and PB), P. galeata (SAG 13.83 and CCNP1313)
and Pseudanabaena sp. strains (CZS_35E, GSE-PSE-MK15-19B, GSE-PSE-MK21-19D, PCC
6903). P. foetida var. foetida PTG, P. foetida var. subfoetida PS1306 and P. foetida var. intermedia
NIES-512 had a V3 hypothetical secondary structure that was 12 nt long too but differed
from the previously mentioned strains by the presence of adenine (A) at position five
instead of uracil (U), as in the abovementioned group of strains(Figure 8; structure 2). The
V3 helix of the three P. yagii strains (NIVA-CYA 111, NIES-4237 and NIES-4238) was 13 nt
long and identical to each other (Figure 8; structure 3). As seen in Figure 8, the V3 helix
of CHAB2916 (structure 4), currently assigned to P. cinerea, differed from the remaining
P. cinerea strains (Figure 8; structure 1) and P. yagii strains(Figure 8; structure 3). The V3
helices of the studied P. mucicola strains (CHAB2966 and CHAB7002) were identical to each
other and 14 nucleotides long (Figure 8; structure 5). Regarding the V3 helices of strains
PG, CHAB774, CHAB786 and CHAB792, it is noted that they were 14 nt long too but the
nucleotide sequence was considerably different from P. mucicola strains(Figure 8; structures
6,7). The V3 secondary structures of Pseudanabaena biceps PCC 7409 and T. komareki TAU-
MAC 1515 could not be determined, whereas the V3 helix for Pseudanabaena sp. Sai012 was
missing due to an incomplete nucleotide sequence of 16S–23S ITS region.
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in Pseudanabaena strains: (1) P. epilithica UHCC 1008T, P. suomiensis UHCC 1009T, Pseudanabaena sp.
BACA0266, P. limnetica (Ak1199, PS1303, Ak1201, Lim1, LIM1 and NIVA-CYA 276/6), P. catenata (SAG
254.80 and NIVA-CYA 146), P. minima (CHAB705 and GSE-PSE20-05C), P. cinerea (NIES-4063, NIES-
4065, Ak1349 and PB), P. galeata (SAG 13.83 and CCNP1313), Pseudanabaena sp. strains (CZS_35E,
GSE-PSE-MK15-19B, GSE-PSE-MK21-19D, PCC 6903); (2) P. foetida var. foetida PTG, P. foetida var.
subfoetida PS1306 and P. foetida var. intermedia NIES-512; (3) P. yagii NIVA-CYA 111, NIES-4237 and
NIES-4238; (4) P. cinerea CHAB2916; (5) P. mucicola CHAB2966 and CHAB7002; (6) “P. limnetica” PG,
CHAB774 and CHAB792; (7) “P. limnetica” CHAB786.

3.4. Biochemical Analysis
3.4.1. Antimicrobial Susceptibility Tests and Bioactive Metabolites Screening

Neither P. epilithica UHCC 1008T nor P. suomiensis UHCC 1009T inhibited the growth
of the microbial potential pathogens used in this study. No UV-screening metabolites or
cyanobacterial toxins were detected during liquid chromatography analysis.

3.4.2. Phycobiliproteins

The absorption spectra of P. epilithica UHCC 1008T and P. suomiensis UHCC 1009T

(Figure 9) showed that both strains contained phycoerythrin and phycocyanin with major
peaks at 564 and 620 nm for P. epilithica UHCC 1008T and at 562 and 620 nm for P. suomiensis
UHCC 1009T. A shoulder peak at 656 nm, which is close to the absorption maximum of
allophycocyanin, was also recorded.
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3.5. Taxonomic Assessments

Description of Pseudanabaena epilithica sp. nov. under the provisions of the Inter-
national Code of Nomenclature for Algae, Fungi and Plants

Pseudanabaena epilithica Christodoulou et Sivonen sp. nov.
Diagnosis
Ecologically close to P. spelaea and P. skujae. Differs from P. spelaea by having wider and

sheathless trichomes and refractive granules at the tip of the apical cell and by exhibiting
motility. Differs from P. skujae by having narrower trichomes, rounded instead of elongated
and conically pointed apical cells and exhibiting infrequent forward movement as opposed
to slow gliding motion observed in P. skujae. Ecologically and phylogenetically (16S rRNA)
close to P. suomiensis. Differs from P. suomiensis by having long and flexuous trichomes,
isodiametric cells and purplish brown color. In addition, differs from P. suomiensis by length
and secondary structure of V2 helix and secondary structure of box B helix of the 16S–23S
ITS region.

Description (Figure 10a–h)
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Figure 10. Light micrographs of P. epilithica UHCC 1008T at different magnifications. (a–c) Densely
and irregularly arranged trichomes observed at the exponential phase; note the trichome length and
flexibility. (d–f) Young trichomes and hormogonia of P. epilithica UHCC 1008T; note the refractive
granule at the apical cell (arrow). (g,h) Trichomes in a relatively old culture showing an involution
cell (arrow). Scale bars (a) 50 µm (200×), (b) 50 µm (400×), (c) 10 µm (1000×), (d–h) 5 µm (1000×).

In nature, the species forms very thin purplish brown to olive-green-colored biofilm on
wet rocks together with other thin filamentous cyanobacteria and Microcoleus-like strains.

On Z8 agarose-solidified media, colonies are flat and more or less spherical, with a
smooth and shiny surface and purple to deep brown color. In liquid cultures, trichomes
form densely arranged, purple to deep brown-colored irregular clusters, which are loosely
attached to the glass culture vessel. Young trichomes are usually bent. Mature trichomes are
cylindrical, long, flexuous, (1.5) 1.7–1.9 (2.1) µm wide, constricted at the translucent cross
walls, not attenuated toward the end and motile (infrequent forward movement). Cells
are purplish brown in color, cylindrical to barrel-shaped, ± isodiametric to slightly longer
than wide or up to 2.5–3 µm long depending on the phase of division, sometimes with one
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to two granules and/or one to two refractive granules (aerotopes?) on either side of the
cross walls. Cell content differentiated into chromatoplasma and centroplasma. Apical cells
rounded without calyptra or thickened cell walls, occasionally with characteristic ring-like
or cupola-like large refractive granules (aerotopes?). Involution cells are rarely observed.
Necridic cells are not observed. Cell division by binary fission in one plane, perpendicular
to the longitudinal axis of the trichome. Reproduction via hormogonia.

Etymology: e.pi.li’.thi.ca. N.L. adj. epilithicus -a -um (from Gr. masc. adj. επιλιθικóς,
epilithic); N.L. fem. adj. epilithica (=growing on lithic surfaces), referring to the habitat of
the species.

Holotype here designated: Exsiccate accession number H6124570, deposited in the
Finnish Museum of Natural History (LUOMUS), Helsinki, Finland.

Type strain (Reference strain): UHCC 1008T, University of Helsinki Cyanobacteria
Collection (HAMBI/UHCC).

Habitat: The environmental sample containing P. epilithica was collected from a wet
rock within a man-made/artificial cavity next to a waterfall; the cavity was not exposed to
direct sunlight.

Type locality: Kuhakoski waterfall (Nurmijärvi, Southern Finland; 60.432611◦ N,
24.712667◦ E), collected by M. Christodoulou in July 2018 from a man-made/artificial
cavity by scraping the substrate using sterile scalpels and spatulas.

Reference nucleotide sequences: Partial nucleotide sequence of 16S rRNA gene and
complete nucleotide sequence of 16S–23S ITS region deposited to NCBI under the accession
numbers OP594631 and OP595723, respectively.

Taxonomic notes: P. epilithica UHCC 1008T is close to P. suomiensis UHCC 1009T in
terms of habitat preferences and 16S rRNA phylogeny (Tables S4 and S7). Regarding
the latter, the two new species share 99.27% similarity of 16S rRNA, which is above the
threshold for species demarcation (98.65%). However, examination of 16S–23S ITS percent
dissimilarity values showed that the two strains are more than 7% different, suggesting
that they represent two different species. In addition, both box B and V2 hypothetical
secondary structures differ greatly between the two species (Figure 6; structures 1,2 and
Figure 7; structures 1,2). The morphological differences between P. epilithica UHCC 1008T

and P. suomiensis UHCC 1009T further support the findings of 16S–23S ITS studies.
In addition to P. suomiensis UHCC 1009T, the 16S rRNA phylogenetic analyses showed

that P. epilithica UHCC 1008T shares more than 98.65% similarity with strains assigned to P.
catenata (SAG 254.80, NIVA-CYA146, SAG 1464-1, PCC 7408), P. limnetica (PS1303, Ak1199,
Ak1201, LIM1 and Lim1), P. minima (GSE-PSE20-05C, CHAB705), P. biceps (PCC 7429),
‘P. galeata’ (CCNP1313) and strains classified as Pseudanabaena sp. (Sai012, PCC 6903, CZS
35E, PCC 7402, GSE-PSE-MK15-19B, GSE-PSE-MK21-19D). P. epilithica UHCC 1008T can
be distinguished from the abovementioned Pseudanabaena strains by their morphology,
habitat preferences (i.e., strains isolated from aquatic habitats) and percent dissimilarity
of 16S–23S ITS region. Since many of the abovementioned strains have been wrongly
assigned to existing species, all available information on their morphology is presented in
Table 1. Overall, strains PCC 7408 (=NIVA-CYA146 and SAG 1464-1), CHAB 705, PCC 6903,
PCC 7402, CCNP1313 and PCC 7429 have wider trichomes (2.0 to 3.5 µm) compared to
P. epilithica UHCC 1008 (1.7–1.9, rarely up to 2.1 µm). In addition, strains CHAB 705,
PCC 6903, PCC 7402 and CCNP1313 are characterized by short trichomes (up to 10 cells).
Furthermore, strains PS1303, Ak1199, Ak1201, Lim1 (=LIM1) have narrower trichomes (max
1.5 µm wide) compared to the UHCC 1008 taxon. Apart from the obvious morphological
and ecological differences, the separation of our taxon from the abovementioned strains
is further supported by the 11.16–13.10% dissimilarity values of 16S–23S ITS (Table S6),
which are above the 7% threshold for species separation.
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Table 1. Morphological characteristics available for strains sharing >98.65% 16S rRNA sequence
similarity with the studied strains.

Strain Name Vegetative Cell Color,
Shape and Size (µm) Sheath Constrictions Cell Content Apical Cell Motility Ecology Ref.

P. epilithica
UHCC 1008T

purple to
purple-brown,
cylindrical to
barrel-shaped

W: (1.5) 1.7–1.9 (2.1)
L: up to 2.5–3.0

− +

one to two
granules and/or

one to two
refractive granules

rounded,
ring-like or

cupola-like large
refractive granules

at the tip

+ epilithic This study

P. suomiensis
UHCC 1009T

brownish,
cylindrical with
rounded ends

W: (1.5) 1.6–1.9 (2.1)
L: up to 3.5

− +

with scarce but
prominent

granules and/or
one to two

refractive granules

rounded, with two
small (or one large)

ring-like or
cupola-like

refractive granules
at the tip

+ epilithic This study

‘P. catenata’

SAG 254.80 N/A N/A N/A N/A N/A N/A freshwater
SAG

online
catalogue 3

PCC 7408 1
greenish, cylindrical,

W: 2.0–2.5
L: longer than wide

− + homogeneous N/A + freshwater [64]

‘P. limnetica’

PS1303

blue-green to bright
blue-green,
cylindrical,
W: 1.1–1.5
L: 1.5–5.0

+ + homogeneous
long and thin

cylindrical with
rounded ends

+ freshwater [26]

Ak1199

blue-green to bright
blue-green,
cylindrical,
W: 1.1–1.5
L: 1.5–5.0

N/A + homogeneous
long and thin

cylindrical with
rounded ends

N/A freshwater [65]

Ak1201

grayish green to pale
brown,

cylindrical,
W: 0.9–1.4
L: 1.4–7.1

N/A N/A homogeneous N/A N/A freshwater [65]

Lim1 2

grayish green to pale
brown,

cylindrical,
W: 0.9–1.4
L: 1.4–7.1

N/A N/A homogeneous N/A N/A freshwater [65]

P. minima

CHAB705

few-celled, blue green
or pale blue green,

cylindrical
W: 1.7–2.5
L: 2.0–4.2

− + homogeneous cylindrical with
rounded ends N/A freshwater [66]

GSE-PSE20-05C N/A N/A N/A N/A N/A N/A N/A −
P. biceps

PCC 7429

>10 cells in each
trichome

W: 2.0–2.5
L: 2.0–4.2

N/A + N/A N/A + sphagnum
bog [64]

‘P. galeata’

CCNP1313

up to 10 cells,
greenish,

barrel-shaped,
W: 1.0–1.4
L: 1.0–3.8

− +
granular,
polar gas

vesicles present
rounded N/A Baltic Sea [67]

SAG 13.83 N/A N/A N/A N/A N/A N/A freshwater SAG online
catalogue 3

Pseudanabaena
sp.

Sai012 N/A N/A N/A N/A N/A N/A freshwater,
sediment NCBI

CZS 35E N/A N/A N/A N/A N/A N/A
eutrophic,
shallow
lagoon

[68]

GSE-PSE-
MK15-19B N/A N/A N/A N/A N/A N/A − NCBI

GSE-PSE-
MK21-19D N/A N/A N/A N/A N/A N/A seep wall NCBI

PCC 6903 three to six cells
W: 2.5–3.0 N/A N/A polar gas

vesicles N/A + brackish
pool [64]

PCC 7402 three to six cells
W: 2.0–3.5 N/A N/A polar gas vesicles + eutrophic

pond [64]

N/A; not available. +; present. −; absent. 1 Strain PCC 7408 is identical to NIVA-CYA146 and SAG 1464-1.
2 Strain Lim1 is identical to LIM1. 3 https://sagdb.uni-goettingen.de/index.php (accessed on 10 July 2023).

https://sagdb.uni-goettingen.de/index.php
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Lastly, P. epilithica UHCC 1008T shares 1.41% dissimilarity values with the aquatic
Pseudanabaena sp. BACA0266 (Azores, Portugal). While this value indicates that these
strains might belong to the same species, they share only 98.10% 16S rRNA sequence
similarity and originate from different habitats.

Other notes: No morphological differences were observed between the trichomes
present in the preserved material (i.e., formaldehyde-fixed environmental sample) and the
active culture, despite its repeated sub-culturing in liquid media for 5 years. Furthermore,
no changes were observed in trichome coloration by increasing the light intensity from
10 to 25 µmol of photons s−1 m−2.

Description of Pseudanabaena suomiensis sp. nov. under the provisions of the
International Code of Nomenclature for Algae, Fungi and Plants

Pseudanabaena suomiensis Christodoulou et Sivonen sp. nov.
Diagnosis
Ecologically close to P. spelaea and P. skujae. Differs from P. spelaea by having trichomes

that are wider and shorter in length, cells that are longer than wide and refractive granules
at the tip of the apical cell. Additionally differs from P. spelea by the absence of sheath,
by exhibiting motility and its brown-colored cells. Differs from P. skujae by having short
and narrower trichomes, brown instead of faint bluish color, rounded instead of elongated
and conically pointed apical cell and by exhibiting forward movement as opposed to slow
gliding motion observed in P. skujae. Ecologically and phylogenetically (16S rRNA) close to
P. epilithica UHCC 1008T. Differs from P. epilithica UHCC 1008T by having short and straight
trichomes arranged in parallel or subparallel fascicles, cells that are longer than wide and
its brown color. In addition, differs from P. epilithica UHCC 1008T by length and secondary
structure of V2 helix and secondary structure of box B helix of the 16S–23S ITS region.

Description (Figure 11a–e)
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Figure 11. Light micrographs of P. suomiensis UHCC 1009T at different magnifications. (a–c) Trichomes
arranged in parallel or subparallel fascicles during the exponential phase. Note the trichome length.
(d,e) Trichomes of P. suomiensis bearing refractive granules at the tip of their apical cells. Scale bars
(a) 50 µm (100×), (b) 20 µm (400×), (c–e) 5 µm (1000×).
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In nature, thallus appears as a greenish to olive-green to brownish-colored patina
spreading on the surface of a dry rock together with other simple trichal cyanobacteria, as
well as Phormidum-like strains and eukaryotic microorganisms.

On Z8 agarose-solidified media, trichomes form macroscopic, brownish-colored fasci-
cles, spreading on the solid media surface, sometimes slightly penetrating the solid media.
In liquid cultures, young trichomes are usually arranged in parallel or subparallel fascicles,
later forming a thin brownish biofilm, which can be attached firmly to the bottom of the
Erlenmeyer flask and/or grow at the liquid media/air interface. Trichomes are cylindrical,
motile (forward movement; clockwise–anticlockwise rotation rarely observed), usually
few-celled or up to 200–300 µm long, mostly straight or slightly bent, (1.5) 1.6–1.9 (2.1) µm
wide, constricted at the translucent cross walls and not attenuated toward the end. Cells
are brown in color, cylindrical with rounded ends, usually longer than wide, up to 3.5 µm
long (depending on phase of division) and usually have one to three granules; sometimes,
one refractive granule is observed on either side of the cross walls. Cell content differen-
tiated into chromatoplasma and centroplasma. Apical cells rounded without calyptra or
thickened cell walls but with two small (or one large) ring-like or cupola-like refractive
granules (aerotopes?). Necridic cells are not observed. Cell division by binary fission in one
plane, perpendicular to the longitudinal axis of the trichome. Reproduction via production
of motile hormogonia (trembling).

Etymology: su.o.mi.e’.nsis referring to the country of origin (Suomi = the name of the
country Finland in Finnish language).

Holotype here designated: Exsiccate accession number H6124571, deposited in the
Finnish Museum of Natural History (LUOMUS), Helsinki, Finland.

Type strain (Reference strain): UHCC 1009T, University of Helsinki Cyanobacteria
Collection (HAMBI/UHCC).

Habitat: Environmental sample was collected from dry rocks exposed to sunlight.
Type locality: Forest area close to Pitkälänkoski rapid (Karkkila, southern Finland,

60.521889◦ N, 24.227667◦ E), collected by M. Christodoulou in July 2019 by scraping the
surface of a dry rock using sterile scalpels.

Reference nucleotide sequences: Partial nucleotide sequence of 16S rRNA gene and
complete nucleotide sequence of 16S–23S ITS region deposited to NCBI under the accession
numbers OP594632 and OP595724, respectively.

Taxonomic notes: Results deriving from the 16S rRNA phylogenetic analyses showed
that P. suomiensis UHCC 1009T shared 98.85–99.58% similarity with strains assigned to P.
catenata (SAG 254.80, NIVA-CYA146, SAG 1464-1, PCC 7408), P. limnetica (PS1303, Ak1199,
Ak1201, LIM1 and Lim1), P. minima (GSE-PSE20-05C, CHAB705), P. biceps (PCC 7429),
P. galeata SAG 13.83, ‘P. galeata’ (CCNP1313) and strains classified as Pseudanabaena sp.,
isolated mostly from aquatic habitats (Sai012, CZS_35E, GSE-PSE-MK15-19B, GSE-PSE-
MK21-19D). Compared with the abovementioned strains (Table 1), our taxon has interme-
diate trichome and cell width and different habitat preferences (epilithic). Furthermore,
P. suomiensis UHCC 1009T can be distinguished from the abovementioned Pseudanabaena
strains by sharing 8.5–13.55% percent dissimilarity values of 16S–23S ITS.

The unique combination of D1–D1′, box B, V2 and V3 helices of 16S–23S ITS region of
P. suomiensis UHCC 1009T as well as percent dissimilarity of 16S–23S ITS region (8.23–39.49%)
further separates this species from the remaining Pseudanabaena strains for which the
16S–23S ITS region is available.

Other notes: No morphological differences were observed between the trichomes
present in the preserved material (i.e., formaldehyde-fixed environmental sample) and the
active culture, despite its repeated sub-culturing in liquid media for 4 years. Furthermore,
no changes were observed in trichome coloration by increasing the light intensity from
10 to 25 µmol of photons s−1 m−2.
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4. Discussion

Two new phycoerythrin-rich Pseudanabaena species from Finland, i.e., P. epilithica
UHCC 1008T and P. suomiensis UHCC 1009T, are described herein based on a combination
of morphological, molecular and ecological criteria. Despite the absence of inhibitory
activity against microbial pathogens and lack of toxins in both P. epilithica UHCC 1008T

and P. suomiensis UHCC 1009T, both strains produce high amounts of C-phycoerythrin
(C-PE). R-phycoerythrin, a form of phycoerythrin produced by red algae, is known for its
antioxidant, anticancer, anti-inflammatory and anti-neurodegenerative activities (see [69,70]
and references therein). Furthermore, it is currently used, inter alia, as a colorant in food
and cosmetics as well as in biomedical research [69]. However, the number of studies
exploring the biological activities and potential applications of C-phycoerythrin, the form
of phycoerythrin found in cyanobacteria, is rather low. This can be attributed to the
fact that many cyanobacteria produce water-soluble cyanotoxins [69]. Moreover, many
phycoerythrin-rich species have high cultivation and production costs combined with
slower growth rates [69]. Further complicating the situation is the fact that the purified C-PE
faces several stability problems [see 69]. To date, it has been shown that oral administration
of C-PE reduced oxidative stress in C. elegasns [71], as well as HgCl2-induced oxidative
stress in mice [72] and CCl4-induced toxicity in rats [73]. Furthermore, oral treatment with
C-PE was found to have a protective role against diabetic complications in rats [74]. Since
neither of the two new Pseudanabaena strains produces any toxins, they could be potentially
used as a source of C-PE for biotechnological purposes.

4.1. Morphology and Ecology

Pseudanabaena is a relatively old cyanobacterial genus with cosmopolitan distribu-
tion [2]. The majority of Pseudanabaena species thrive in freshwater environments ex-
cept for P. apiculato-flexuosa and P. belizensis, which are found in alkaline marshes [23];
P. oblonga, P. thermalis and P. lonchoides, which are reported from thermal springs; and P.
spelaea and P. skujae, described from cave environments. The new rock-inhabiting species
are distinguished from the ecologically similar P. spelaea and P. skujae by having intermedi-
ate cell width and purplish brown (P. epilithica UHCC 1008T) or brown (P. suomiensis UHCC
1009T)-colored cells observed in both preserved (environmental sample) and culturable
(unicyanobacterial) specimens. Morphological features including, inter alia, cell coloration,
trichome width, presence/absence of thallus, the shape of apical cells, motility as well
as habitat preferences separate our taxa from the remaining Pseudanabaena species. The
minimum and maximum width of both P. epilithica UHCC 1008T and P. suomiensis UHCC
1009T overlaps with many taxonomically accepted Pseudanabaena species [2]. Based on their
morphology and the presence of refractive granules at the tip of their apical cells, P. epilithica
UHCC 1008T and P. suomiensis UHCC 1009T are closer to P. galeata. P. epilithica UHCC
1008T differs from P. galeata by having longer trichomes that are densely entangled, forming
purple-brown clusters, whereas P. galeata has fine, thin indefinite, expanded and prostrated
colonies; hemispherical, bubble-like formations; or erected flaky clusters, usually bright
blue-green or emerald-green to olive-green in color. Furthermore, P. epilithica UHCC 1008T

is characterized by isodiametric cells that are purplish brown in color as opposed to the
pale blue-green to gray-blue coloration of P. galeata cells. The formation of a thin brownish
biofilm by P. suomiensis UHCC 1009T separates this species from P. galeata. Furthermore,
trichomes of P. suomiensis UHCC 1009T are always straight, brown in color and arranged
in parallel or subparallel clusters, as opposed to P. galeata, which has straight or variously
curved and entangled trichomes and is pale blue-green to gray-blue in color. Lastly, the
two new strains have different habitat preferences compared to P. galeata. The latter is
characterized as benthic, epiphytic or endogloeic as opposed to the epilithic habitat of
P. epilithica (wet rock in a dim light cavity) and P. suomiensis (dry rocks exposed to sunlight).
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4.2. 16S rRNA and Combined Phylogenetic Analyses

Even though Pseudanabaena contains more than 40 taxonomically accepted species, the
majority of them have been described between 1915 and 2001 based mainly on morpho-
logical features, leading Komárek and Anagnostidis [2] to characterize Pseudanabaena as
heterogeneous and highlight the need for molecular evaluation. While the polyphyletic
status of this genus has been recognized by many other authors [18,21,22,66], the taxonomy
of Pseudanabaena remains problematic despite the plethora of 16S rRNA gene and 16S–23S
ITS nucleotide sequences available in GenBank. This can be partially attributed to the lack
of sequencing data from the reference strain of the type species, P. catenata [66]. Further
complicating the situation is the absence of molecular data from the reference strains of
other Pseudanabaena species described based solely on morphological criteria (e.g., P. minima,
P. mucicola, etc.). In connection with the abovementioned issues, many publicly available
nucleotide sequences derive from incorrectly identified strains. This problem concerns not
only Pseudanabaena but the majority of cyanobacterial genera and can potentially lead to
confusing results in many phylogenetic analyses [5,75–77].

Herein, information deriving from 16S rRNA phylogenetic analyses strongly supports
the placement of the two newly isolated Finnish strains under the genus Pseudanabaena.
The 97.89−100% 16S rRNA sequence similarity P. epilithica UHCC 1008T and P. suomiensis
UHCC 1008T shared with other strains of the Pseudanabaena clade is higher than the 94.5%
cut-off value proposed by Yarza et al. [78] for genus delimitation. Furthermore, the new
strains shared 99.27% 16S rRNA sequence similarity with each other and 98.85–100%
16S rRNA sequence similarity with other strains of the Pseudanabaena clade assigned
to P. catenata (SAG 254.80, NIVA-CYA146, SAG 1464-1, PCC 7408), P. biceps (PCC 7409),
P. galeata (SAG 13.83), “P. limnetica” (e.g., Ak1199, Lim1, LIM1) and several other unclassified
Pseudanabaena strains. These values are much higher than the recommended threshold
of 98.65%, which is today considered clear evidence of speciation [79,80]. Based on these
findings, this marker is ambiguous in resolving species relationships within Pseudanabaena
and, if the taxonomic assessment was based solely on 16S rRNA gene sequence similarity
thresholds, the new strains UHCC 1008 and UHCC 1009 would have been assigned to
existing Pseudanabaena species.

4.3. The Use of 16S–23S ITS in Polyphasic Approach Studies

The failure of 16S rRNA gene to provide sufficient resolution at the species level has been
observed previously in other genera, such as Oculatella [8], Roholtiella [9], Cyanocohniella [10],
Nodularia [81] and Mojavia [11], highlighting the need for additional tools that would lead to
unambiguous discriminations among different species. This led Boyer et al. [6] to propose
the use of 16S–23S ITS hypothetical secondary structures for this purpose. Since then (2001),
several studies have used the differences observed primarily in D1–D1′ and box B regions
of 16S–23S ITS as a means to distinguish between studied species [8,12,13,16,38,59,82–84].
In addition, the percent dissimilarity of aligned 16S–23S ITS in orthologous ribosomal
operons is becoming increasingly popular and has been successfully applied in many
studies to support the establishment of new taxa [8–15]. Based on results presented therein,
strains within the same genus sharing 0–3% dissimilarity values of 16S–23S ITS region
are considered to belong to the same species, whereas 16S–23S ITS percent dissimilarity
values above 7% are considered good evidence for species separation. At the same time,
combined analysis based on concatenated alignments of 16S rRNA gene and 16S–23S ITS
region has been successfully used to investigate the phylogenetic relationships between
species (see [8]).

Although almost complete 16S–23S ITS nucleotide sequences exist for the recently
described Pseudanabaena species, the different 16S–23S ITS regions were either missing
from previous studies (e.g., box B) or improperly presented and, in many cases, not even
compared to other publicly available 16S–23S ITS data of Pseudanabaena strains. In the
present study, the hypothetical secondary structures of D1–D1′, box B, V2 and V3 helices
of 39 strains assigned to Pseudanabaena and the closely related genus Thalassoporum are
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presented and compared for the first time. Of all 16S–23S ITS domains studied herein,
D1–D1′ region was the most conserved, followed by box B and V2 helices. A highly
conserved D1 stem region is also seen in other cyanobacterial genera, including Oculatella,
Pegethrix, Kaiparpowitsia, Tildeniella, Cyanocohniella and Roholtiella [8–10,13]. Interestingly,
many Pseudanabaena strains have structurally identical D1–D1′, box B and V2 helices,
leading to confusion. Dividing the strains into two groups, i.e., “Pseudanabaena described
based on a polyphasic approach” and “Pseudanabaena spp. in need for revision”, led to an
interesting observation: species established based on a polyphasic approach workflow can
be discriminate from each other based on a unique combination of D1–D1′, box B and V2
helices. Furthermore, differences observed in the D1–D1′, box B or V2 helices of strains
belonging to the same species (e.g., P. yagii) can be justified by intraspecies variability
of ITS region, which is commonly observed in other cyanobacterial taxa (see [38] and
references therein). However, this does not apply to Pseudanabaena strains that require
taxonomic revision (see paragraph 4.4). For example, the D1–D1′, box B and V2 helices of
Pseudanabaena minima GSE-PSE20-05C are structurally identical to strains Ak1201, Lim1,
LIM1, Ak1199 and PS1303 assigned to P. limnetica.

In addition to the study of secondary structures, percent dissimilarity, calculated for
the first time for Pseudanabaena, provided useful information on the relationships between
different strains. These results are also in line with the ones obtained from the combined
analysis. In the case of P. suomiensis UHCC 1009T, separation from the remaining strains
is supported by a unique combination of D1–D1′, box B and V2 structures together with
the high values (7.70–39.49%) of 16S–23S ITS percent dissimilarity that this species shared
with the remaining studied Pseudanabaena strains. The morphological findings and ecology
of P. suomiensis UHCC 1009T further corroborate the establishment of this new species.
Likewise, P. epilithica UHCC 1008T shared more than 7.00% dissimilarity values with other
Pseudanabaena, except Pseudanabaena sp. BACA0266 with whom it shared only 1.41%
dissimilarity values, suggesting that these two strains most likely belong to the same
species. Moreover, the two strains clustered together in the combined analysis. Although
morphological evaluation is not available for BACA0266, information obtained from NCBI
shows that this strain has been isolated from a lake in the Azores. Therefore, apart from
geographical separation, P. epilithica UHCC 1008T and Pseudanabaena sp. BACA0266 thrive
in different habitats. Furthermore, the two strains share only 98.10% 16S rRNA sequence
similarity values, which is lower than the recommended threshold of 98.65% for bacterial
species demarcation [80]. Based on the abovementioned information, the two strains cannot
be regarded as the same species. While many validly described Pseudanabaena used in
this study share > 7% dissimilarity values with each other, strains assigned to P. minima,
P. limnetica, P. catenata and Pseudanabaena spp. had percent dissimilarity values between 3
and 7%. In such cases, proper morphological evaluation, which is currently missing for
many of them as well as data on their ecology, must be taken into consideration to reach
safe conclusions (see below).

4.4. A Polyphasic Approach Workflow Is Necessary for Accurate Taxonomic Assignments

Apart from supporting the establishment of the two new species, the polyphasic
approach applied herein revealed some interesting points related to the taxonomic assign-
ments of several Pseudanabaena strains. The first point concerns the Pseudanabaena foetida
group of strains. In 2016, Niiyama et al. [26] described the new species P. foetida and P.
subfoetida (strains PTG and PS1306, respectively). Although differences in 16S–23S ITS sec-
ondary structures of the two species were not properly identified, presented and discussed
therein, the two species could still be discriminated based on differences in their trichome
width (1.0–1.5 µm in P. foetida, 2.1–2.9 µm in P. subfoetida). Later on, these strains, together
with strain NIES-512, were subsumed to P. foetida (P. foetida var. foetida PTG, P. foetida var.
subfoetida PS1306 and P. foetida var. intermedia NIES-512) by Tuji and Niiyama [27] based on
the fact that they all produced the odorous metabolite 2-MIB. Even though the 16S–23S ITS
percent dissimilarity values presented in our study (2.69%) confirm that P. foetida var. foetida
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PTG and P. foetida var. intermedia NIES-512 belong to the same species, the 9.11–10.14%
dissimilarity that P. foetida var. subfoetida PS1306 shares with these two strains suggest that
PS1306 should be considered a separate species. Furthermore, the 1.55% dissimilarity value
that P. foetida var. subfoetida PS1306 shares with “P. limnetica” NIVA-CYA276/6 indicates
that these two strains most likely belong to the same species. This is further supported by
the almost identical description of the two strains provided by Niiyama et al. [26]. In fact,
although these authors acknowledged the morphological similarities of the two strains,
they considered “P. limnetica” NIVA-CYA276/6 a different species due to the lack of 2-MIB
production that characterizes P. foetida var. subfoetida PS1306.

Second, results obtained from 16S rRNA, combined analyses, and 16S–23S ITS percent
dissimilarity values in conjunction with morphological evaluations presented in previous
studies [26,64–66] show that many strains are assigned to known Pseudanabaena species
based solely on preliminary morphological assessments and highlight once again the need
for taxonomic revision. For example, strains NIVA-CYA146, SAG 1464-1, PCC7408 and
SAG 254.80 are assigned to P. catenata. The work of Rippka et al. [64] shows that NIVA-
CYA146, SAG 1464-1 and PCC7408 belong to the same isolate, which is characterized by
motile trichomes, 2.0–2.5 µm wide and a lack of polar gas vacuoles [64]. According to
the description given in Komárek and Anagnostidis [2], the width of P. catenata trichomes
ranges between 1.2 and 2.0 µm, and the presence of gas vacuoles is facultative. These
findings indicate that strains NIVA-CYA146, SAG 1464-1 and PCC 7408 most likely repre-
sent a different species. However, further studies are required to confirm these findings.
A morphological evaluation of SAG 254.80 is also recommended to confirm whether it
corresponds to the true P. catenata or not. Moreover, our dataset included four strains that,
according to their depositors, belong to P. galeata: SAG 13.83, isolated by L. Geitler from a
freshwater environment in Austria (deposited in SAG collection between 1982 and 1983);
CCNP1313, isolated from the Baltic Sea [67]; and CHAB732 and CHAB2916, originating
from Chinese lakes [66]. Apart from SAG 13.83, for whom there is no description available,
closer study of the photographic documentation and brief description provided for the re-
maining strains suggests that none of them correspond to the description of P. galeata given
in Komárek and Anagnostidis [2]. In fact, our phylogenetic analyses showed that CHAB732
and CHAB2916 appear to be related to P. cinerea. Assuming that SAG 13.83 corresponds to
P. galeata, the relatively low 16S rRNA gene similarity values between the abovementioned
strains and P. galeata SAG 13.83 (97.58–98.43%) as well as information deriving from the
combined analysis, 16S–23S ITS secondary structures and high percent dissimilarity values
(15.00–16.40%) further support these findings. Another enigmatic group is the freshwater
strains PS1303, Ak1199, PTB (=Ak1201), LIM1 and Lim1, which are currently assigned to
P. limnetica but do not cluster together in either 16S rRNA or combined analyses as one
would expect from strains belonging to the same species. Instead, PS1303 is clustered with
Ak1199, while PTB (=Ak1201), Lim1 and LIM1 form a separate cluster. As seen in the
work of Niiyama et al. [26] (Tables 1 and 2 therein) and Tuji and Niiyama [65] (Table 1
therein), strains PS1303 and Ak1199 are characterized by trichomes that are 1.1–1.5 µm
wide, bright blue-green in color and their apical cell is long cylindrical with rounded ends.
The trichomes of PTB (=Ak1201) and Lim1 (=LIM1) are 0.9–1.3 µm wide and pale brownish
green in color, with their apical cells being long cylindrical with rounded ends. Apart
from morphological differences, the 16S–23S ITS percent dissimilarity between strains
of the same clusters is 0.00%, but the percent dissimilarity between the two clusters is
lower than the 7.00% threshold for species recognition (5.39–5.61%). Moreover, their folded
16S–23S ITS domains presented herein were structurally identical. Although trichome
width overlaps with the minimum and maximum width of P. limnetica (1.2–1.5 µm), the
question of whether one of these groups represents P. limnetica or not must be answered
after a detailed morphological evaluation of culturable and, if possible, preserved material
combined with molecular evaluation (including whole genome sequencing).

The taxonomic placement of strains CHAB774, CHAB786 and CHAB792 isolated
from West Lake (Hangzhou, China) as well as strain PG (Serikawa dam, Japan), which
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are also regarded as P. limnetica, is another point worth discussing. Based solely on the
morphological evaluation and the photographic documentation of Yu et al. [66], the three
CHAB strains resemble Pseudanabaena. However, they differ from P. limnetica by having
bright blue-green-colored trichomes that are 1.3–2.6 µm wide, as opposed to the pale
blue-green to olive blue-green-colored trichomes of P. limnetica, which are 1.2–1.5 µm in
width. Unfortunately, no description is available for the PG strain. Nevertheless, the 16S
rRNA phylogenetic analysis presented herein shows that PG strain, together with the
abovementioned CHAB strains, is placed in a clade that is supported by high bootstrap
and posterior probability values (100% and 1.0, respectively) and appears to be separated
from the remaining Pseudanabaena strains. Furthermore, these four strains share 99.90–100%
16S rRNA gene similarity values with each other and only 93.25–95.51% 16S rRNA gene
sequence similarity with all strains of Pseudanabaena clade. These values are close to
the generic cut-off points set by Yarza et al. [78] as well as Stackebrandt and Goebel [85]
(94.5 and 95%, respectively). Lower 16S rRNA sequence similarity values were also reported
in the study of Yu et al. [66] where the three CHAB strains shared 92.6–93.7% 16S rRNA
sequence similarity with the remaining strains of Pseudanabaena clade (Table 2 therein).
These findings, combined with differences observed in 16S–23S ITS secondary structures,
indicate that these four strains require further evaluation, including genomic studies, to
reach safe conclusions on their taxonomic position.

5. Conclusions

P. epilithica and P. suomiensis from terrestrial epilithic habitats are described in this study
based on a polyphasic approach. Although Pseudanabaena strains have been previously
identified from Finnish aquatic environments, P. epilithica and P. suomiensis represent the
first Pseudanabaena species established from Finland. Despite the high 16S rRNA sequence
similarity values, morphological features, habitat preferences and 16S–23S ITS percent
dissimilarity values separate the new species from previously described Pseudanabaena
species. As discussed previously, misidentified strains add more confusion to the already
complicated taxonomy of cyanobacteria. This work revealed that many Pseudanabaena
strains are misidentified, highlighting the need for taxonomic revision in this poorly studied
genus using a polyphasic approach.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/d15080909/s1, Figure S1: Phylogenetic relationships inferred
from Bayesian analysis based on a concatenate alignment of 16S rRNA gene and 16S rRNA gene and
16S–23S ITS of Pseudanabaena strains. The new species P. epilithica UHCC 1008T and P. suomiensis
UHCC 1009T are shown in bold. Numbers on nodes correspond to posterior probabilities (≥0.50).
Asterisk (*) represents support of 1.00. Thalassoporum komareki TAU-MAC 1515 was used as the
outgroup. GenBank accession numbers of sequences are given in Table S3. The scale corresponds
to substitutions/site. Table S1: cyanobacteria-specific primers used for PCR amplification and/or
Sanger sequencing of 16S rRNA gene and 16S–23S ITS region. Table S2: the 243 taxa included
in the 16S rRNA phylogenetic analyses and their GenBank accession numbers. Table S3: Nu-
cleotide sequences used in the 16S rRNA and 16S–23S ITS combined analyses. Table S4: com-
parison of the 16S rRNA sequence similarity between Pseudanabaena and other closely related
strains. Similarity = 100 × [1 − (p-distance)]. Table S5: 16S–23S ITS percent dissimilarity matrix
(100 * p-distance) for members of the Pseudanabaena clade and Thalassoporum. The p-distance was
calculated in MEGA 7 using the Kimura-2 parameter model. Percent dissimilarity values are less
than 3% within species and above 7% between species. Intermediate values (3–7%) are considered
ambiguous. Table S6: lengths of conserved domains of the 16S–23S Internal Transcribed Space (ITS)
of Pseudanabaena species and Thalassoporum. -; missing information due to incomplete 16S–23S ITS
nucleotide sequence. Table S7. Morphological comparison of the newly described species P. epilithica
and P. suomiensis and all taxonomically accepted species of Pseudanabaena presented in Komárek and
Anagnostidis [1], Skuja [2], Niiyama et al. [3], Tuji and Niiyama [4], Kling et al. [5] and Turicchia
et al. [6]. Names of all taxonomically accepted Pseudanabaena species have been obtained from
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