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The polyphasic approach has been widely applied
in cyanobacterial taxonomy, which frequently led to
additions to the species inventory. Increasing our
knowledge about species and the habitats they were
isolated from enables new insights into the ecology
of newly established genera and species allowing
speculations about the ecological niche of taxa.
Here, we are describing three new species belonging
to three genera that broadens the ecological
amplitude and the geographical range of each of
the three genera. Cyanocohniella crotaloides sp. nov.
is described from sandy beach mats of the
temperate island Schiermonnikoog, Netherlands,
Oculatella crustae-formantes sp. nov. was isolated from
biological soil crusts of the Arctic Spitsbergen,
Norway, and Aliterella chasmolithica originated from
granitic stones of the arid Atacama Desert, Chile.
All three species could be separated from related
species using molecular sequencing of the 16S
rRNA gene and 16S–23S ITS gene region, the
resulting secondary structures as well as p-distance
analyses of the 16S–23S ITS and various
microscopic techniques. The novel taxa described in

this study contribute to a better understanding of
the diversity of the genera Cyanocohniella, Oculatella,
and Aliterella in different habitats.

Key index words: 16-23S ITS; Atacama Desert;
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Abbreviations: a.s.l, above sea level

Cyanobacteria are considered the most ancient
and ecologically important group of oxygenic pho-
tosynthetic microorganisms that has significantly
influenced the history of the Earth (Whitton 2012).
Nevertheless, their taxonomic resolution has been
historically challenging due to taxonomically unin-
formative characteristics and the nescience about
their ecological niche. For example, the sole use of
micromorphological features obtained by micro-
scopy as applied in the past is currently considered
insufficient for the definition of genera and species
(Taton et al. 2003, Kom�arek 2006, Engene et al.
2010). Instead, phylogenies based on the 16S rRNA
gene and 16S–23S ITS region, including secondary
structures, are currently widely used for generic defi-
nitions as they are more reliable (Kom�arek et al.
2014). Recently, the p-distances between aligned
ITS sequences were used as additional evidence for
species recognition and this has been so far
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consistent with recognition of near-cryptic to cryptic
taxa (e.g., Shalygin et al. 2019, V�azquez-Mart�ınez
et al. 2018, Gonz�alez-Resendiz et al. 2019). There-
fore, cyanobacterial taxonomy is now combining
molecular, ecological, and morphological data, thus
forming the so-called ‘polyphasic approach’ (Johan-
sen and Casamatta 2005). This approach has widely
been established leading to an extensive revision of
the classification system during the last decade
(Kom�arek et al. 2014).

In 2012, for example, based on phylogenetic and
morphological evidences, Zammit et al. (2012) sepa-
rated the genus Oculatella from the filamentous,
non-heterocytous genus Leptolyngbya, one of the
morphologically most poorly defined genera due to
their faintly differentiated trichome morphology.
The morphotype of the genus Oculatella was first
reported in 1988 by Albertano and Grilli-Caiola and
later described as Leptolyngbya ‘Albertano/Kov�a�cik-red’
(Kom�arek and Anagnostidis 2005). This seems sur-
prising since the Leptolyngbya isolate is actually
unique compared to other Leptolyngbya species,
based on the rhodopsin-like reddish inclusion at
the tip of mature apical cells (Albertano et al.
2000), a feature that has now become the main
characteristic of the whole genus Oculatella (Zammit
et al. 2012). Only a few other species within the
genus Oculatella have been described since the first
description (Osorio-Santos et al. 2014, Vinogradova
et al. 2017).

The type species Oculatella subterranea has been
reported from caves in the Mediterranean region,
including Italy, Spain, Malta, and Israel (Albertano
and Grilli Caiola 1988, Zammit et al. 2008a,b, 2011,
2012, Martinez and Asencio 2010, Osorio-Santos
et al. 2014). Subsequent species were described
from arid soils in Greece, the Atacama Desert, and
the Mojave Desert (O. neakameniensis, O. atacamensis,
O. mojaviensis, O. coburnii), a waterfall in Utah
(O. cataractarum), a German lake (O. hafneriensis; see
Osorio-Santos et al. 2014 for these species), a sea
cave in Kauai (O. kauaiensis; Miscoe et al. 2016),
and maritime sand dunes (O. kazantipica,
O. ucrainica; Vinogradova et al. 2017). The wide vari-
ety of habitats leads to the question of the ecologi-
cal range of the genus Oculatella.

A comparable situation is found in the recently
established genus Cyanocohniella within the family of
the filamentous and heterocytous Aphani-
zomenonaceae with C. calida as the only species
(Ka�stovsk�y et al. 2014). This species was isolated
already in 1863 from thermal springs of Karlovy
Vary (Carlsbad), Czech Republic, and was initially
described as Mastigocladus laminosus f. nostocoides.
Later, the strain got lost and was re-isolated and
finally described as C. calida (Ka�stovsk�y et al. 2014).
Due to its origin from thermal water >55°C, the spe-
cies and potentially the whole genus was considered
thermophilic (Ka�stovsk�y et al. 2014). Interestingly,
the species shows one of the most complex life

cycles known for cyanobacteria, ranging from a Pseu-
danabaena/Leptolyngbya-like stage over a Nostoc-like
stage to a Chlorogloeopsis-like stage causing problems
during microscopic investigations of environmental
samples.
In contrast to morphologically distinct heterocy-

tous cyanobacteria, coccoid unicellular species such
as the recently established genus Aliterella lack even
more morphological characters (Rigonato et al.
2016). This genus comprises the three aquatic spe-
cies A. atlantica, isolated from the water column of
the Atlantic close to south-east Brazil, A. antarctica,
found in a green turf alga from coastal Antarctica
(Rigonato et al. 2016), and finally A. shaanxiensis
isolated from water samples of a freshwater inland
lake in Shaanxi, China (Zhang et al. 2018).
Trying to determine whether a cyanobacterial spe-

cies is strictly assigned to a specific habitat and/or
geographical range is part of understanding its ecol-
ogy. However, in the past this could only be ques-
tionably achieved for a specific species as it was
possible that it might also be found in a completely
different geographic location or habitat which just
had not been investigated yet. Recently, the sup-
posed endemicity for originally geographically iso-
lated species such as the Antarctic species Wilmottia
murrayi (Struneck�y et al. 2011) has been challenged
based on sequences of the genus with high 16S
rRNA genetic identities (99–100%) from China,
USA, Spain, Bolivia, New Zealand, and Ireland
(Pessi et al. 2018). In contrast, for other species
such as Kastovskya adunca (M€uhlsteinov�a et al. 2014)
from soils of the Atacama Desert the concept of
endemicity and even substrate specificity can still be
applied.
Aiming for a better understanding of the three

cyanobacterial genera Aliterella (unicellular, aqua-
tic), Oculatella (filamentous, non-heterocytous,
mostly terrestrial or subaerial habitats), and Cyano-
cohniella (filamentous, heterocytous, thermophilic),
the present study reports and describes a new spe-
cies for each of the three genera, extending their
ecological and geographical range. Using molecular
sequencing of the 16S rRNA gene and 16S–23S ITS
gene region, the resulting secondary structures and
p-distance analyses of the 16S–23S ITS as well as var-
ious microscopic techniques, we describe three new
species: Aliterella chasmolithica sp. nov. from chas-
molithic biofilms of the Atacama Desert, Cyanocoh-
niella crotaloides sp. nov. from algal mats occurring in
front of the dune dyke at the North Sea barrier
island Schiermonnikoog and Oculatella crustae-for-
mantes sp. nov. from biological soil crusts from the
Arctic Spitsbergen.

MATERIALS AND METHODS

Sampling sites. Spitsbergen: Soil samples of the top centime-
ter were taken by Laura Briegel–Williams during August 2014
at Arctic Spitsbergen (Fig. 1A) within an area called Geopol
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(78°56058.38″ N, 11°28035.64″ E) where polygon formation
dominates skeletal soils. The biome is polar tundra with
4.5°C as the average temperature and 471 mm average pre-
cipitation occurring mainly from October to May when the
snow cover is complete (based on data from the Norwegian
Meteorological Institute). High coverage rates of cryptogams
dominated by cyanobacteria were reported for this location
(Williams et al. 2017) with Leptolyngbya antarctica, Microcoleus
vaginatus, and several Nostoc species as well as the Oculatella
strain PJ S28 (Jung et al. 2019a) described here.

Barrier Island Schiermonnikoog: Samples were collected in
May 2018 at mats from the lowest part of the supratidal to the
upper part of the intertidal zone of the sandy beaches
(53°28023.62″ N, 6°8032.47″ E) of the North Sea barrier island
Schiermonnikoog (Fig. 1B). The beach has a typical hydrologi-
cal zonation with an upper saline plume, terrestrial groundwater
discharge from the island aquifer, and a saltwater wedge (Robin-
son et al. 2007). The climate can be described as warm temper-
ate with 8.6°C as the mean average temperature and 806 mm
average precipitation (based on Climate-Data.org). The sandy
tidal sediments located at the north-western part of the island
are well-sorted grains between 100 and 200 µm diameter and
consists mainly of quartz, feldspars, heavy minerals, and <1%
carbonates arising from seashells; they are infested by microbial
mats that cover an area of more than 7 km2 (Kremer et al.
2008). Among the ephemeral seasonal microbial community,
phototrophic organisms such as Coleofasciculus chtonoplastes, Lep-
tolyngbya aestuari, Spirulina sp., Phormidium sp., and several Nodu-
laria species were found to be the most dominant organisms
(Bauersachs et al. 2011). The mats are influenced by seawater
during high tide as well as by rain, storms, floods, upwelling
freshwater, and ice covers. They sporadically lead to the destruc-
tion of the microbial mats that form throughout the year.

Atacama Desert: The National Park Pan de Az�ucar is situ-
ated in the northern part of the Atacama Desert, Chile
(Fig. 1C), and represents a fog oasis. The climate can be con-
sidered as arid with 16.2°C as the mean average temperature
and 14.7 mm of mean average precipitation (Baumann et al.
2018) with fog and dew as the main regular water sources
(Lehnert et al. 2018). The samples were taken in July 2017,
15 km away from the coast (26°06039.62″ S, 70°32054.51″ W)
where no vegetation was observed as described in Jung et al.
(2019b). From this area, only a few cyanobacteria such as Kas-
tovskya adunca, Pleurocapsa minor, Chroococcidiopsis sp., Pseu-
dophormidium sp., Nostoc sp., and others have been reported to
appear in the desert soil or aridisol and as hypolithic and
chasmoendolithic biofilms attached to exposed granite and
quartz boulders (Jung et al. 2019b). The chasmoendolithic
Aliterella strain PJ S15 discussed here was isolated from gran-
ite boulders (Jung et al. 2019b).

Culture conditions. The three strains Cyanocohniella sp. PJ
S45, Oculatella sp. PJ S28, and Aliterella sp. PJ S15 were iso-
lated by the procedure described in detail by Jung et al.
(2019a). In short, solidified Bold’s Basal Medium (BBM; Bis-
chof and Bold 1963) was used for enrichment cultures which
were incubated in a culture cabinet at 15–17°C under a light:-
dark regime of 14:10 h at a light intensity of about 20–
50 lmol photons � m�2 � s�1 for at least 4 weeks as described
in Langhans et al. (2009). The cultures were inspected sev-
eral times a week for the appearance of cyanobacteria and
colonies were transferred with a sterile metal needle to BG11
medium agar plates (Stanier et al. 1971). This was repeated
until unialgal cultures were achieved. Subcultures were gener-
ated by further serial transfers under sterile conditions to
exclude contamination with other cyanobacteria, green algae,
or fungi until unialgal isolates could be established.

Morphological characterization. The morphology of the three
isolates was checked weekly using light microscopy with oil

FIG. 1. Overview map of sampling sites. (a) Geopol at Spitsber-
gen in the Arctic. (b) the Dutch North Sea with barrier island
Schiermonnikoog. (c) National Park Pan de Az�ucar within the Ata-
cama Desert of Chile. Maps were created using snazzymaps.com.
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immersion and a 630-fold magnification (Axioskop; Carl
Zeiss) and AxioVision software (Carl Zeiss).

Fifty images were taken from each strain and trichome
diameters as well as the length and widths of the cells were
measured for 100 cells with ImageJ 1.47v. In the case of Cya-
nocohniella sp., cell sizes are given for the Nostoc-like stage
because this represents the dominant growth form of the
strain. The percentage of apical cells with a red tip from Ocu-
latella sp. PJ S28 was determined using presence or absence
of a red tip.

In addition, confocal laser scanning microscopy (CLSM)
was applied to investigate the position of the thylakoids. For
this, small portions of the isolates were transferred to a drop
of water on an objective slide before inspected with a CLSM
microscope (LSM 700; Carl Zeiss). The CLSM was equipped
with diode lasers and photomultiplier parameters were
adjusted to achieve the maximum signal from the autofluo-
rescence using beams of 639 nm wavelengths, oil immersion,
and a 630-fold magnification. Emitted wavelengths were col-
lected using a band-pass filter 530/30. Cyanobacterial natural
fluorescence was collected using a 590-nm-long pass filter.
Stack series comprising 30 single images with a distance of
1 µm were scanned through the samples of the cross sections
and their maximum projection was converted into 2-D pic-
tures using ImageJ 1.47v software.

DNA extraction, amplification, and sequencing. Genomic DNA
of each strain was extracted from unialgal cultures as
described by Jung et al. (2019b). Nucleotide sequences of the
16S rRNA gene together with the 16S–23S ITS region (1,700–
2,300 bases) were amplified as described by Marin et al.
(2005) using the primers SSU-4-forw and ptLSU C-D-rev. The
PCR products were cleaned using the NucleSpin� Gel and
PCR Clean-up Kit (Macherey-Nagel GmbH & Co. KG) follow-
ing the DNA and PCR clean up protocol. The cleaned PCR
products were sent to Seq-It GmbH & Co. KG (Pfaffplatz 10,
67655 Kaiserslautern, Germany) for Sanger sequencing with
the primers SSU-4-for, Wil 6, Wil 12, Wil 14, Wil 5, Wil 9, Wil
16, and ptLSU C-D-rev (Wilmotte et al. 1993, Marin et al.
2005, Mikhailyuk et al. 2016). The generated sequences were
assembled and manually edited where appropriate using the
software Mega X (version 10.0.5; Kumar et al. 2018). The
sequences were submitted at NCBI GenBank and can be
found under the accession numbers MN243147 (Oculatella
crustae-formantes PJ S28), MN243143 (Cyanocohniella crotaloides
PJ S45), and MN243145 (Aliterella chasmolithica PJ S15).

Molecular characterization. The sequences were BLASTed
against the GenBank database in order to find the most similar
sequences which were subsequently incorporated into each
alignment. One alignment for each strain with Gloeobacter vio-
laceus PCC 7421 as root was prepared applying the ClustalW
algorithm for all alignments in Mega X. Finally, 110 nucleotide
sequences for the phylogenetic comparison of Oculatella sp. PJ
S28 (1,164 bp), 52 for Cyanocohniella sp. PJ S45 (1,264 bp), and
54 for Aliterella sp. PJ S15 (1,285 bp) were used. Ambiguous
regions within each alignment were adjusted or removed man-
ually allowing smaller final blocks and gap positions within the
final blocks. The evolutionary model that was best suited to the
used database was selected on the basis of the lowest AIC value
and calculated in Mega X. Phylogenetic trees were constructed
with Mega X using the evolutionary model GTR+G+I model of
nucleotide substitutions for the alignment which was previously
determined as best model calculated by Mega X for each align-
ment. The Maximum Likelihood method (ML) with 1,000
bootstrap replications was calculated for each alignment with
Mega X as well as Bayesian phylogenetic analyses with two runs
of eight Markov chains were executed for one million genera-
tions with default parameters with Mr. Bayes 3.2.1 (Ronquist
and Huelsenbeck 2003).

In some cases, the 16S phylogeny of cyanobacteria can
appear ambiguous for differentiating species, which was
recently demonstrated for, for example, the genus Desertifilum
(Gonz�alez-Resendiz et al. 2019). As an additional concept,
percent dissimilarity among aligned 16S–23S ITS regions was
displayed by calculating 100 9 uncorrected p-distance in
Mega X (Erwin and Thacker 2008, Shalygin et al. 2019,
Gonz�alez-Resendiz et al. 2019). The idea behind that is to
have a discontinuity between percent dissimilarity of popula-
tions in the same species (average ~1.0% or less, all pair-wise
comparisons <3% dissimilarity) and populations representing
separate species (>7% dissimilarity; Gonz�alez-Resendiz et al.
2019). When differences are between 3% and 7%, the cut-off
is not clear and a decision can be based on the other criteria
such as 16S phylogeny or morphology.

Models of the secondary structure of 16S–23S ITS region
of Oculatella sp. PJ S28 (D1-D1’, Box-B, V2, and V3 helices),
Cyanocohniella sp. PJ S45 (D1-D10, Box-B, and V3 helices), and
Aliterella sp. PJ S15 (D1-D10 and Box-B helices) in comparison
with several known species were built according to the mod-
els proposed in respective papers (Osorio-Santos et al. 2014,
Ka�stovsk�y et al. 2014, Vinogradova et al. 2017, Zhang et al.
2018). Helices were folded with the online software Mfold
(Zuker 2003) and visualized in the online tool PseudoViewer
(Byun and Han 2009).

Toxin characterization. Extracted genomic DNA of the
three strains was used to test potential ability of the cyanobac-
teria to synthesize mycrocystin and nodularin. The primer
pair HEPF/R targeting the mcyE/ndaF gene was used (Jung-
blut and Neilan 2006) as described by Gehringer et al. 2012.

Strains, herbarium specimens, and accession numbers. The
three cyanobacterial strains were deposited at the German
Collection for Microorganisms and Cell Cultures DSMZ
Braunschweig, Germany, as well as the culture collection SAG
of G€ottingen, Germany. The generated sequences were
deposited in GenBank and can be found under the accession
numbers MN243147 (Oculatella crustae-formantes PJ S28),
MN243143 (Cyanocohniella crotaloides PJ S45), and MN243145
(Aliterella chasmolithica PJ S15). From the cultures, herbarium
specimens were prepared. Species were described following
the rules and requirements of the International Code of
Nomenclature for algae, fungi, and plants (Turland et al.
2018). Furthermore young (3 weeks old) cultures were pre-
served in 4% formaldehyde, in 15-mL glass bottles. Preserved
material was then deposited in the Herbarium Hamburgense,
Hamburg, Germany.

RESULTS

Each of the three investigated cyanobacterial
strains was found to be unique based on its ecology,
morphology, distribution, phylogeny, p-distance
analysis of the 16S–23S ITS, and secondary struc-
tures. Because the combination of diacritical fea-
tures associated with these species did not
correspond with any described species of each of
the three genera, we here named the three strains
as the new species Aliterella chasmolithica sp. nov.,
Oculatella crustae-formantes sp. nov., and Cyanocoh-
niella crotaloides sp. nov.
Cyanocohniella crotaloides P. Jung, Mikhailyuk,

Emrich, Dultz et B€udel sp. nov. (Fig. 2, Table 1).
Description: Populations of Cyanocohniella cro-

taloides sp. nov. show a polymorphic life cycle. The
adult and main form resembles those of Nostoc-like
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thallus structures with curved, constricted filaments
that are embedded in a nonlamellated, fine and col-
orless sheath. The cells are round to spherical, 2.1–
3.7 µm in diameter, with parietal thylakoids, and
rarely with intercalary oval to spherical heterocyts.
Young filaments or motile hormogonia show a Pseu-
danabaena/Leptolyngbya-like morphology with con-
stricted cells that are cylindrical and 1.5–3.1 µm
wide. The apical cells of these filaments are longer
than wide, 1.5–3.1 µm, and oval to conical. Mature
filaments resemble a Chlorogloeopsis-like morphology
with cells of different sizes in one trichome formed
by cell division in two planes. The cells are spheri-
cal, oval, or irregularly shaped and vary from 2.6 to
5 µm. The filaments are ensheathed in a visible,
firm, and colorless sheath with apical and multiple
intercalary hormocytes. Akinetes are formed in this
stage and stayed attached to the filaments as single
cells or in series with a brownish color. The cells are
spherical to oval, 2.8–6.3 µm in diameter. The spe-
cies tested negatively for nodularin/microcystin
genes.

Habitat: Beach mats.
Etymology: ‘Crotaloides’ according to the rat-

tlesnake-like habit of the Chloreogloeoposis-like stage
where variable cell types and cell sizes are combined
and look like a rattle.

Type locality: -NETHERLANDS. Schiermonnikoog
island, North Sea: beach mats formed of fine sands,
elev. 2 m, 53°28023.62″ N, 6°8032.472″ E, collected
on 24.05.2018, and isolated by P. Jung.
Holotype: The preserved holotype specimen is

available via the Herbarium Hamburgense, Ham-
burg, Germany (HBG024670). It was prepared from
the living strain which was the source of 16S, ITS,
and 23S rRNA gene sequence deposited as Gen-
Bank accession number MN243143.
Reference strain: The reference strain is available

via the culture collection DSMZ Braunschweig
(DSM 109255) and the culture collection SAG of
G€ottingen, Germany (SAG 2592).
Phylogenetic relations and secondary structure of

the 16S–23S ITS: A total of 52 sequences of repre-
sentative taxa were included in the phylogenetic
analyses to assess the placement of the Cyanocoh-
niella clade in the Cyanobacteria (Fig. 2A). ML and
Bayesian inference analyses produced similar tree
topologies in our phylogenies. Cyanocohniella cro-
taloides sp. nov. is highly related to C. calida (99.9%)
with one nucleotide difference in the 16S rRNA
(Table S1 in the Supporting Information), but
shows great differences (12.7%) in the p-distance of
16-23S ITS rRNA gene (Table S2 in the Supporting
Information). The species shows major differences

FIG. 2. Phylogenetic tree and micrographs of Cyanocohniella crotaloides sp. nov. (A) Phylogenetic position of Cyanocohniella crotaloides sp.
nov. based on the 16S rRNA gene sequence data rooted to Gloeobacater violaceus PCC 7421. Numbers at nodes represent first the ML boot-
strap support (values ≥50%) and second the posterior probabilities from the Bayesian analysis (values ≥50%). The scale indicates the num-
bers of substitutions per site. (B) Chlorogloeopsis-like stage with brownish akinetes and different cell sizes in one trichome and multiple
branching. (C) Nostoc-like stage with Pseudanabaena/Leptolyngbya-like hormogonia that are marked with an Asterix. (D) CLSM image
showing the Nostoc-like stage. (E) germination of akinates. (F) Chlorogloeopsis-like stage. (G) Chlorogloeopsis-like stage with brownish akinetes.
(H) Pseudanabaena/Leptolyngbya-like motile hormogonia. [Color figure can be viewed at wileyonlinelibrary.com]
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in the secondary structures (Fig. 3) with three
helices that are quite similar, especially D-D1’ and
Box B. Main differences are in the loops, but there
are also several in paired regions (D1-D1’ and V3).
The V3 helix is shorter than in C. calida.

Differentiation against other species: The newly
isolated strain Cyanocohniella crotaloides PJ S45 has
smaller cells than Cyanocohniella calida during
almost all life stages. Also, the apical cells of the
Leptolyngbya/Pseudanabaena-like stage are only
slightly conical in contrast to the conical tips of
C. calida. Akinetes mainly stay attached in uni- to
multiseriate strings to the Chlorogloeopsis-like fila-
ments and are only rarely found singularly, whereas
those of C. calida are detached from the main fila-
ments as cell rows or single units. It can also be
separated from Komarekiella atlantica because the lat-
ter forms rounded macrocolonies, abundant hetero-
cytes, and quadratic cells during the hormogonium
stage.

Oculatella crustae-formantes, P. Jung, Briegel-Wil-
liams, Mikhailyuk et B€udel sp. nov. (Fig. 4, Table 2).

Description: The species has single filaments with-
out false branching that are 0.8–1.6 µm wide with a
firm sheath. The trichomes and single cells are 0.5–
1.1 µm wide (0.7 µm in average)/1.2–2.9 µm long,
frequently granulated, and constricted at the cross
walls with a parietal organization of the thylakoids.
Apical cells are longer than broad, 0.6–2.5 µm
wide/1.5–7.7(9.5) µm long with the typical orange
‘eye-spot’ in the very tip of the apical cells of mature
filaments. The species tested positively for nodu-
larin/microcystin genes.
Habitat: Biological soil crusts
Etymology: ‘crustae-formantes’ after the presence of

the species among a cyanobacterial-dominated bio-
logical soil crust
Type locality: -NORWAY. Arctic, Spitsbergen, Geo-

pol, elev. 64 m, 78°56058.38″ N, 11°28035.64″ E,

TABLE 1. Morphological comparison of Cyanocohniella species.

Cyanocohniella calida Cyanocohniella crotaloides sp. nov.

Color Blue-green Blue-green
Filaments Hypervariable, mainly Nostoc-like,

rarely with heterocytes
Hypervariable, mainly Nostoc-like,
rarely with heterocytes

Hormogonia Pseudanabaena/Leptolyngbya-like,
motile

Pseudanabaena/Leptolyngbya-like,
motile

Akinetes Single or in series, spherical to oval,
often with yellowish cell walls,
4–8(10) lm in diameter

Single or in series attached to
Chlorogloeopsis-like filaments,
spherical to oval, often yellowish,
2.8–6.3 lm in diameter

Necridia Absent Absent
Development: Young filaments Cell form Pseudanabaena/Leptolyngbya-like,

cylindrical, (1) 1.5(2) lm wide,
with intercalary cells (1)1.5–2.5 lm
long

Pseudanabaena/Leptolyngbya-like,
cylindrical, 1.5–3.1 lm wide

Constriction None or slightly at cross walls Marked
Sheath None or fine, colorless to yellowish None or fine, colorless
Apical cells Longer than wide 1.5–2.5 lm, oval to

conical, no calyptra
Longer than wide 1.5–3.1 lm, oval
to slightly conical, no calyptra

Adult filaments Cell form Nostoc-like, oval to spherical
(2)3.0–4.5(5) lm in diameter,
intercalary oval to spherical heterocytes
5–6(7) lm, one- to two-celled apical
hormocytes

Nostoc-like, round to spherical
2.1–3.7 lm in diameter,

Constriction Marked, attenuated toward apices Marked
Sheath Unlamellated, slightly attenuated

toward apices
None or fine, colorless

Apical cells Similar in form to common cells Similar in form to common cells
Mature filaments Cell form Chlorogloeopsis-like, cells spherical, oval,

or irregularly shaped, 2–7(8) lm in
diameter, with cells irregularly arranged
in ensheathed filaments, sometimes
evidencing cell division in two planes,
partly biseriate, with heterocytes rarely
present, one- to two-celled apical
hormocytes

Chlorogloeopsis-like, cells spherical,
oval, or irregularly shaped,
2.6–5 lm in diameter, with cells
irregularly arranged in ensheathed
filaments, sometimes evidencing
cell division in two planes, partly
biseriate, with heterocytes rarely
present, apical, and intercalar
hormocytes

Sheath Colorless to slightly yellow, usually thin,
unlamellated

Colorless, usually thin, unlamellated

Apical cells Similar in form to common cells similar in form to common cells
Habitat Thermal water (47°C), Karlovy Vary,

Czech Republic
Beach mat, Schiermonnikoog,
Netherlands
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collected by L. Briegel-Williams in 2015, and iso-
lated by P. Jung.

Holotype: The preserved holotype specimen is
available via Herbarium Hamburgense, Hamburg,
Germany (HBG024671). It was prepared from the
living strain which was the source of 16S, ITS, and
23S rRNA gene sequence deposited as GenBank
accession number MN243147.

Reference strain: The reference strain is available
via the culture collection DSMZ Braunschweig
(DSM 109267) and the culture collection SAG of
G€ottingen, Germany (SAG 2593).

Phylogenetic relations and secondary structure of
the 16S–23S ITS: A total of 111 sequences of repre-
sentative taxa were included in the phylogenetic
analyses to assess the placement of the Oculatella
clade in the cyanobacteria (Fig. 4A). The ML and
Bayesian inference analyses produced similar tree
topologies in our phylogenies. Oculatella crustae-for-
mantes sp. nov. falls within the Oculatella clade
(95.6%–98.8%) at a separated position (Fig. 4A,
Table S3 in the Supporting Information). Addition-
ally, dissimilarity of >16.2% could be detected
among the 16S–23S ITS genes of all tested Oculatella
species (Table S4 in the Supporting Information).
Secondary structures of main informative helices of

16S–23S ITS showed general similarity with known
species, but also some variability (Fig. 5): multiple
differences in paired regions and loops of D1-D1’,
Box B, and V2 helices. The V3 helix is longer than
in known species and characterized by multiple
insertions of base pairs in the middle part.
Differentiation against other species: Oculatella

crustae-formantes sp. nov. differs by having smaller
minimum widths (0.7 lm in average) than all other
known species (minimum widths varying from 0.8 to
1.6 lm) and never shows false branching or multi-
ple filaments in one sheath.
Aliterella chasmolithica, P. Jung, Schermer, Mikhai-

lyuk et B€udel sp. nov. (Fig. 6, Table 3).
Description: Microscopic irregular or rounded

colonies with variable number of cells (up to 32–64
cells or more), usually aggregated into irregular,
extended, compact multicolonial groups, sometimes
solitary cells. Mucilage unstratified, colorless, and
firm surrounding cells and colonies. Cells mostly
irregular to rounded, 1.5–3.2 lm long, 1.5–2.4 lm
in diameter with parietal thylakoids. Cell contents
blue-green, slightly granulated, or sometimes homo-
geneous. Thylakoids parietal. Reproduction by sim-
ple binary cell division in three or more planes. The

FIG. 3. Secondary structure of the main informative helices of region 16S–23S ITS of Cyanocohniella species. All differences between
strains are presented in comparison to the authentic strain of C. calida (CCALA 1049). Variable bases are shown with arrows, places of
insertions/deletions of base pairs are marked with arrowheads, homological base pairs among both species are indicated by dotted lines.
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species tested negatively for nodularin/microcystin
genes.

Habitat: Chasmolithic in boulders of granite.
Etymology: ‘chasmolithica’ after the chasmolithic

occurrence of the species within fissures and cracks
of granite stones and rocks.

Type locality: -CHILE. Atacama Desert: Pan de
Az�ucar National Park, elev. 409 m, 26°06’39.62” S;
70°32’54.51” W, collected on July 23, 2017, and iso-
lated by P. Jung.

Holotype: The preserved holotype specimen is
available via Herbarium Hamburgense, Hamburg,
Germany (HBG024669). This was prepared from
the living strain which was the source of 16S, ITS,
and 23S rRNA gene sequence deposited as Gen-
Bank accession number MN243145.
Reference strain: The reference strain is available

via the culture collection DSMZ Braunschweig
(DSM 109265) and the culture collection SAG of

FIG. 4. Phylogenetic tree and micrographs of Oculatella crustae-formantes sp. nov. (A) phylogenetic position of Oculatella crustae-formantes
sp. nov. based on the 16S rRNA gene sequence data rooted to Gloeobacater violaceus PCC 7421. Numbers at nodes represent first the ML
bootstrap support (values ≥50%) and second the posterior probabilities from the Bayesian analysis (values ≥50%). The scale indicates the
numbers of substitutions per site. (B) CLSM image, (C–E) filaments with sheaths and yellow ‘eye-spot’ at the tip of mature filaments.
[Color figure can be viewed at wileyonlinelibrary.com]
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G€ottingen, Germany (temporary strain number SAG
NA2019.003).

Phylogenetic relations and secondary structure of
the 16S–23S ITS: A total of 54 sequences of repre-
sentative taxa were included in the phylogenetic
analyses to assess the placement of the Aliterella
clade in the Cyanobacteria (Fig. 6A). The ML and
Bayesian inference analyses produced similar tree
topologies in our phylogenies. A. chasmolithica sp.
nov. joins a clade of uncultured bacterial OTUs
(97.6–98.8% similarity) in close vicinity to the three

known Aliterella species: A. atlantica (93.7%),
A. antarctica (96.5%) and A. shaanxiensis (97.2%;
Fig. 6A, Table S5 in the Supporting Information).
Furthermore, dissimilation of >12.8 % could be
observed within the 16S–23S ITS genes of Aliterella
strains during p-distance calculations (Table S6 in
the Supporting Information). The secondary struc-
ture of the main informative helices of 16S–23S ITS
(Fig. 7) shows some differences in paired regions
and loops of the upper part of D1-D1’ helix as well
as lower and upper part of Box B helix.
Differentiation against other species: The

described species Aliterella chasmolithica can be distin-
guished from A. atlantica, A. antarctica, and
A. shaanxiensis by a smaller cell size. It can further
be distinguished from A. shaanxiensis by more
rounded cells.

DISCUSSION

According to the polyphasic approach, the concept
of cyanobacterial genera and especially species
descriptions should comprise a unique phylogenetic
position, distinct morphological separation, as well as
related ecological factors (Kom�arek et al. 2014).
Nowadays, genera are rather unambiguously defined
as a collection of species that forms a monophyletic
clade (e.g., Gonz�alez-Resendiz et al. 2019). However,
the discussion about ‘what constitutes a species?’
based on genetics started even before Stackebrandt
and Goebel (1994) suggested that strains with <97.5%
16S rRNA sequence similarity should be considered as
separate species, while those with less than 95% simi-
larity should likely be considered as separate genera.
Stackebrandt (2006) changed the cut-off points to

higher values which was even more strictly sup-
ported by the cut-offs proposed in Yarza et al.
(2014; 98.7% for species, 94.5% for genera). Many
recent studies have shown that cyanobacterial spe-
cies have distinct morphological features even above
a similarity level of 97.5% (Osorio-Santos et al.
2014, Gonz�alez-Resendiz et al., 2019, Konstantinou
et al. 2019) and some authors even suggest a cut-off
level for, for example, genera within the Nostocales
of 98% similarity and for species of <99% (Ka�stovsk�y
et al. 2014). An additional and recent example for
comparable cut-off levels in pleurocapsalean
cyanobacterial species is the newly described
cyanobacterium Odorella benthonica that shows
99.92% similarity to Pleurocapsa minor JQ070059 and
is separated by striking morphological and ecologi-
cal differences (Shalygin et al. 2019). For these rea-
sons the p-distance dissimilarity analysis of the ITS
appears as a valuable addition to the molecular
setup that has been applied since a few years at least
for cryptic taxa (e.g., Gonz�alez-Resendiz et al. 2019).
Nevertheless, similarity cut-off levels always represent
only a part of the evidence to separate genera or
species.

FIG. 5. Secondary structure of the main informative helices of
region 16S–23S ITS of some terrestrial Oculatella species. All dif-
ferences between strains are presented in comparison to the
authentic strain of O. neakameniensis (Kovacik 1990/54). Variable
bases are shown with arrows, places of insertions/deletions of
base pairs are marked with arrowheads, homological base pairs
among different species are indicated by dotted lines.
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The assignment of such a new species or genus to
a specific ecological niche or substrate can be seen
as an extension of the polyphasic approach, but it
will remain not more than a careful assumption in
most cases. Nevertheless, the idea of a distinct habi-
tat or substrate specificity developed from well-
known cases of a number of genera can clearly show
restrictions to marine, thermic, or even terrestrial
locations. For example, some freshwater aquatic
genera such as Dolichospermum, Aphanizomenon, Cylin-
drospermopsis, and Woronichinia were not found out-
side the freshwater habitat niche. There is also a
series of species such as the subaeric Komarekiella
atlantica that are restricted to the tropics
(Hentschke et al 2017). This might be linked to
their inability to survive freezing (Neustupa and
�Skaloud 2008) or to the knowledge that other
strains prefer or even exclusively occur under arid
conditions such as Gloeocapsopsis sp. AAB1 (Azua-
Bustos et al. 2014) or Spirirestris rafaelensis (Flechtner
et al. 2002). This is still challenging even for already
established genera and species and should be stated
carefully because the inventory of cyanobacterial
species is by far not complete as this study demon-
strates. Especially genera that comprise only one or
a few species with a putative ecology could hold

some surprises because future studies will easily be
able to add further species to a genus that might be
from opposing habitats.
Cyanocohniella. Ka�stovsk�y et al. (2014), for

example, already considered an unresolved ecology
of the genus Cyanocohniella by pointing out that
C. calida might be found all over the world, analog
to Mastigocladus laminosus (Petersen 1923, Miller
et al. 2007, Finsinger et al. 2008), since both species
are sharing the same type of habitat, namely, ther-
mal springs. Our finding of C. crotaloides sp. nov. as
a highly related species from the North Sea demon-
strates that the genus does not seem to be a purely
thermophilic clade. However, a certain thermotoler-
ance would probably still be given also in C. cro-
taloides sp. nov. because it appears in algal beach
mats which are regularly exposed to the sun. Quartz
sand in combination with reflections from water
puddles could easily reach temperatures beyond
50°C at least during the summer months. It remains
speculative whether this assumed thermotolerance
gives C. crotaloides sp. nov. a competitive advantage
over other taxa within microbial mats described as
highly diverse (Bauersachs et al. 2011). Testing this
hypothesis might be challenging since C. crotaloides
sp. nov. is very unstable in its morphology, with a

FIG. 6. Phylogenetic tree and micrographs of Aliterella chasmolithica sp. nov. (A) Phylogenetic position of Aliterella chasmolithica sp. nov.
based on the 16S rRNA gene sequence data rooted to Gloeobacater violaceus PCC 7421. Numbers at nodes represent first the ML bootstrap
support (values ≥50%) and second the posterior probabilities from the Bayesian analysis (values ≥50%). The scale indicates the numbers
of substitutions per site. (B) CLSM image of Aliterella sp. nov. (C) and (D) compact and irregular thallus composed of numerous colonies
or solitary cells with colorless and firm mucilaginous envelope. [Color figure can be viewed at wileyonlinelibrary.com]
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life cycle (Fig. 2, B–H) that is among the most com-
plex ones observed in all of the cyanobacteria which
makes the taxon difficult to identify especially in
environmental samples. The various stages of both
Cyanocohniella species can easily be mixed up with
Pseudanabaena, Nostoc, and Chlorogloeopsis species. In
contrast, Cyanocohniella crotaloides sp. nov. can easily
be distinguished from C. calida by its multiseriate
brownish akinetes that remain attached to the
Chlorogloeopsis-like filament and contribute to the rat-
tle-like appearance (Fig. 2B). The morphologically
similar cyanobacterium Komarekiella atlantica was
described in 2017 by Hentschke et al. It grew on
the bark of trees, wood, and concrete in the Brazil-
ian Atlantic rainforest and Hawaii and shares the
complex life cycle. This species differs from C. calida
and C. crotaloides by its rounded macrocolonies,
abundant heterocytes, and the quadratic cells dur-
ing the hormogonium stage. Interestingly, K. atlan-
tica is phylogenetically more related to Goleter and
Roholtiella than to Cyanocohniella (Fig. 2), although
the two genera are morphologically alike. In con-
trast, both Cyanocohniella species are rather closely
related (Table S1; 99.9%) with only one nucleotide

difference in the 16S rRNA and large dissimilarities
within the 16S–23S ITS regions as demonstrated by
p-distance calculations (Table S2; 12.7%). Further-
more, the secondary structures (Fig. 3) such as sev-
eral different bases in the paired region of the D1-
D1’ and V3 helices as well as a shorter V3 helix in
comparison to C. calida support the definition of
C. crotaloides sp. nov. as a new species within the
genus.
Oculatella. Since its separation from the Lep-

tolyngbyaceae in 2012 by Zammit et al. (2012) until
today, 11 species have been described belonging to
the genus Oculatella. Although the morphological
characteristics, which allow a differentiation between
the species, are rather cryptic, the 16S rRNA enables
further distinction (e.g., Osorio-Santos et al. 2014).
The single Oculatella species is worth taxonomic
recognition and a further split, as it allows insights
into its pattern of speciation, a rare exception
regarding investigations of the biogeography within
one cyanobacterial genus. The genus comprises very
rare if not endemic species such as O. atacamensis,
O. kauaiensis, O. cataractarum, and O. hafneriensis
(Osorio-Santos et al. 2014), besides others that are

TABLE 3. Morphological comparison of Aliterella species.

A. atlantica A. antarctica A. shaanxiensis A. chasmolithica sp. nov.

Thallus Extended, compact,
irregularly shaped,
composed of numerous
colonies or isolated
ensheathed cells

Extended, compact,
irregularly shaped,
composed of numerous
colonies or isolated
ensheathed cells

Extended, compact,
irregularly shaped,
composed of numerous
colonies or isolated
ensheathed cells

Extended, compact,
irregularly shaped,
composed of numerous
colonies or rarely isolated
ensheathed cells

Colony shape Mostly irregular,
sometimes rounded

Mostly irregular,
sometimes rounded

Mostly irregular,
sometimes rounded

Mostly irregular, sometimes
rounded

Number of
cells in
colony

Variable (up to 32–64
cells or more)

Variable (up to 32–64
cells or more)

Variable (up to 32–64 cells
or more)

Variable (up to 32–64 cells
or more)

Mucilage Firm surrounding cells
and colonies, colorless

Firm surrounding the
cells and colonies,
colorless to brownish

Firm surrounding cells and
colonies, colorless

Firm surrounding the cells
and colonies, colorless to
brownish

Cell size 3.0–4.8 lm long
(mean = 3.7 lm), 2.0–
3.3 lm diameter
(mean = 2.7 lm)

3.4–5.8 lm long
(mean = 4.5 lm), 2.5–
4.6 lm in diameter
(mean = 3.5 lm)

2.8–3.7 lm long
(mean = 3.3 � 0.3 lm,
n = 40), 2.0–2.7 lm in
diameter
(mean = 2.2 � 0.2 lm,
n = 40)

1.5–3.2 lm long
(mean = 2.6 � 0.4), 1.5–
2.4 lm in diameter
(mean = 1.9 � 0.2)

Length/
Diameter

1.1–2 (mean = 1.4) 1.0–1.7 (mean = 1.3) 1.3–1.7 (mean = 1.5) 0.7–2.0 (mean = 1.3 � 0.2)

Cell shape Cylindrical with rounded
ends, sometimes
irregular

Cylindrical with rounded
ends or, less frequently,
near spherical, or
irregular

Cylindrical with rounded
ends

Cylindrical with rounded
ends or, less frequently,
near spherical, or
irregular

Cell content Granulated, sometimes
homogeneous

Granulated, sometimes
homogeneous

Slightly granulated,
sometimes homogeneous

Granulated, sometimes
homogeneous

Color Blue-green Blue-green Blue-green Blue-green
Thylakoids Irregular with a higher

concentration in the cell
periphery

Irregular with a higher
concentration in the cell
periphery

Parietal Parietal

Reproduction Simple binary cell
division in three or
more planes

Simple binary cell
division in three or
more planes

Simple binary cell division
in three or more planes

Simple binary cell division
in three or more planes

Habitat Marine planktonic,
Atlantic Ocean

On polar coastal
ornithogenic soil,
Antarctica

Freshwater planktonic,
China

Chasmoendolithic in
granite, Atacama Desert
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FIG. 7. Secondary structure of the main informative helices of region 16S–23S ITS of Aliterella species. All differences between strains
are presented in comparison to the authentic strain of A. atlantica (CENA 595). Variable bases are shown with arrows, places of inser-
tions/deletions of base pairs are marked with arrowheads, homological base pairs among different species are indicated by dotted lines.
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more frequently occurring with a broader geograph-
ical extension such as O. subterranea (Kom�arek and
Anagnostidis 2005, Zammit et al. 2012). However,
the newly described O. crustae-formantes sp. nov. is
the first report of an Oculatella species from a con-
siderable cold habitat in the high Arctic. This
demonstrates that the movement of propagules of
Oculatella species across great distances (via e.g.,
water, wind, migratory birds), which subsequently
leads to speciation seems to be not as rare as specu-
lated by Osorio-Santos et al. (2014). Besides its
remote origin and ecology, O. crustae-formantes sp.
nov. can be separated from all other species within
the genus by its small cell size with filament widths
that rarely exceed 1.6 µm (Fig. 4, B–E; Table 2).
Phylogenetically it forms a separate lineage in Ocu-
latella, with highest similarity of 16S rRNA to
O. ucrainica (Table S3, 98.8%). Separation of this
strain is also supported by high dissimilarity values
of the 16S–23S ITS gene region (Table S4). P-dis-
tance analysis also indicates that the initial species
concept within the genus Oculatella might be too
narrow since the dissimilarity percentage among
O. kazantipica, O. ucrainica, O. atacamensis,
O. coburnii, and O. neakameniensis are below the
threshold of 3%. The secondary structure of infor-
mative helices of 16S–23S ITS (Fig. 5) shows differ-
ences in paired regions and loops of D1-D1’, Box-B,
and V2 helices and multiple insertions of base pairs
in the middle part of V3 helix.
Aliterella. The presence of an Aliterella species

within naturally occurring cracks and fissures of
granite boulders from the Atacama Desert clearly
points to the fact that the genus is not strictly aqua-
tic. During the phylogenetic analysis, A. chasmolithica
sp. nov. showed highest similarities to the uncul-
tured bacterium YF912 (Table S5; 89.8%) which was
isolated from a natural carbonate surface in the
Yunnan stone forest of China. Our strain clusters
together with the latter and a few other uncultured
bacterial strains in distance to the described species
A. shannxiensis, A. antarctica, and A. atlantica which
could indicate a split in the genus between aquatic
and terrestrial/lithophilous species. Rigonato et al.
(2016) as well as Zhang et al. (2018) already stated
that it is likely that the genus could have a broad
ecological amplitude which might be clarified dur-
ing future discoveries of further species that belong
to this genus. However, both author teams proposed
the new monotypic family Aliterellaceae within the
order Chroococcidiopsidales to accommodate this
genus, which is supported by our data. This can be
compared to the novel and highly related Sinocap-
saceae which was suggested incertae sedis recently,
with Sinocapsa zengkensis CHAB 6571 (Aliterella antar-
tica CENA 408 had the maximum similarity with
94%; Fig. 6) as the only member since the order
Chroococcidiopsidales is currently not monophyletic
(Wang et al. 2019). Besides its ecology, A. chasmolith-
ica sp. nov. also differs from the three described

species mainly by a smaller cell size (Fig. 6, B–D;
Table 3). The secondary structure of the main infor-
mative helices of 16S–23S ITS (Fig. 7) shows some
differences in paired regions and loops of D1-D1’
and Box B helices.

CONCLUSIONS

The three new cyanobacterial species Cyanocoh-
niella crotaloides (Schiermonnikoog Island, Nether-
lands), Oculatella crustae-formantes (Spitsbergen,
Arctic), and Aliterella chasmolithica (Atacama Desert,
Chile) described here contribute to the overall
understanding of the three recently established gen-
era and are broadening the ecological amplitude of
each of them. The new species allow new insights
into the identities of several uncultured cyanobacte-
rial sequences available in the GenBank database,
which are likely belonging to these three genera.
We would like to encourage future descriptions of
even cryptic taxa that lack well-developed morpho-
logical characteristics by comparing also the p-dis-
tance dissimilarity as a holistic approach since this
helps to aim for a more complete species inventory
and to understand the ecology as well as the bio-
geography of cyanobacterial genera.
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