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Abstract

Thermal and cave habitats on nearly all continents have been a substantial
source of new cyanobacterial genotypes and morphotypes that expanded with
the dawn of the era of molecular phylogenetics. In this study, we investigated
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the cyanobacterial flora of an extreme habitat of recently discovered caves
with sulfur-rich thermal springs, using the polyphasic approach. The methods
included cultivation, light and transmission electron microscopy, and molecu-
lar methods, including those that can be employed on samples that are not
unialgal. Here, we present data on morphological and ultrastructural charac-
teristics, 16S rRNA gene and 16S—23S internal transcribed spacer (ITS) rRNA
region sequences, and folding structures. We identified one new trichal genus
Xomosiella with the type species X. audyi forming a distinctly isolated clade
and three new species in Loriellopsis, Mastigocladus, and Pegethrix. Apart
from genetic distance, Xomosiella is distinguished from Limnothrix by its high
trichome motility and benthic habitat, with granules likely composed of cyano-
phycin rather than aerotopes. The coccal cyanobacterium initially identified
as “Cyanosarcina” sp. has been proposed as a new species, Loriellopsis vr-
omonerensis, although its classification is complicated by morphological plas-
ticity and phylogenetic uncertainties. The erection of Mastigocladus boudae
was supported by a significant genetic divergence and distinct morphological
characteristics. A description of a newly revealed cryptic species, Pegethrix
Sulphurea, has been provided. These results advance our knowledge of the
diversity of cyanobacteria in extreme and understudied environments, which
could enrich our understanding of microbial adaptability.
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INTRODUCTION impact (Whitton, 2011). Modern molecular methods
opened a new path from which to approach their taxon-
omy and evolution (Strunecky et al., 2022). Thus, dis-

coveries of new taxa have risen over the last 2 decades

Cyanobacteria are a group of morphologically simple
but diverse prokaryotic organisms with great ecological
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and have reached dozens of descriptions annually
(Kastovsky, 2023). One of the most frequent sources
of scientifically novel taxa of cyanobacteria is extreme
biotopes. In this work, we studied a locality with mod-
erately thermal springs originating in caves with a high
concentration of hydrogen sulfide.

In the past decade, numerous new taxa of thermo-
philic cyanobacteria with various morphologies and
phylogenetic origins have been described from all over
the world. Many new taxa with trichal morphotypes
have originated from Asia (Cai et al.,, 2024; Jasser
et al., 2022; Jiang et al., 2023; Tang et al., 2021, 2022),
and lIranian radioactive thermal springs alone have
given rise to four new genera and three new species
of extant genera (Heidari et al., 2018). Yellowstone
National Park showed previously uncharted diversity
with 10 new species in one new and five extant gen-
era (Kastovsky et al., 2023), and some new names
have emerged from polyphasic revisions, for example,
Parathermosynechococcus lividus or Thermostichus
(Komarek et al., 2020; Tang et al., 2024). Amphirytos,
Kamptonema, Thermoleptolyngbya, Thermospirulina,
and a new species of Haloleptolyngbya have their
origins in Europe (Bravakos et al., 2016; Cordeiro
et al., 2024; Jasser et al., 2022; Moro et al., 2021;
Sciuto & Moro, 2016; Strunecky et al., 2014). The het-
erocytous order Nostocales was expanded with the ad-
dition of the thermotolerant species of Cyanocohniella
from Czechia (Kastovsky et al., 2014), Mastigocladus
ambikapurensis from India (Jaiswal et al., 2021), and
the new genus Ewamiania from Australia (McGregor
& Sendall, 2017). A recently described thermophilic
cyanobacterium from Africa is Desertifilum fontin-
ale (Dadheech et al., 2014). New coccal species
has been isolated and described de novo, for exam-
ple, Cryptococcum komarkovae (Gama et al., 2019),
Gloeomargarita alhousahtiae (Bacchetta et al., 2024),
Picosynechococccus fontinalis (Komarek et al., 2020),
or Pseudochroococcus coutei (Duval et al., 2021).
Sometimes, the presence of new undescribed taxa has
been proven by molecular methods without, however,
being treated taxonomically (Bravakos et al., 2016;
Momper et al., 2019; Tang et al., 2018).

Both natural and man-made caves are sources
of uncharted cyanobacterial diversity. Thirteen new
species were identified from caves in Hawaii, includ-
ing holotypes of the new genera Goleter, Kovacikia,
Pelatocladus, and Stenomitos (Miscoe et al.,, 2016;
Osorio-Santos et al., 2014), and Geitleria appalachi-
ana originated from continental North America (Kilgore
et al., 2018). Several new taxa originated in Southern
Europe. Most have come from Greece, that is, the gen-
era Iphinoé, Loriellopsis, Spelaeonaias, Speleotes,
Speos, and Iphianassa and the species Stenomitos
pantisii and Komarekiella chia (Lamprinou et al., 2011,
2016; Panou & Gkelis, 2022). Toxopsis calypsus was de-
scribed invalidly without a designated type (Lamprinou

et al., 2012). Albertania and Oculatella were first iso-
lated from catacombs in Malta and Rome, respectively
(Zammit, 2018; Zammit et al., 2012). Two species of
the hitherto unknown genus Timaviella were described
from the ltalian Giant Cave (Sciuto et al., 2017), and
Chalicogloea cavernicola was described from Spain
(Roldan et al., 2013). Cylindrospermum moravicum
was isolated from cave sediment in Czechia (Moravian
Karst; Johansen et al., 2014) and a cave species of
Roholtiella, R. mixta, from Russia (Abdullin et al., 2021).

From habitats rich in hydrogen sulfide (H,S), very few
taxa have been described in the 21st century, and only
thanks to new combinations, for example, Phormidium
caerulescens (Anagnostidis, 2001; Gicklhorn, 1921;
Komarek & Anagnostidis, 2008) and several species of
Kamptonema (Strunecky et al., 2014). Cyanobacteria
in such habitats may be influenced by the detrimental
effect of H,S on photosynthesis (Lumian et al., 2021).
However, some cyanobacteria can cope with these
conditions; thus, their diversity is important to charac-
terize (Miller & Bebout, 2004).

MATERIALS AND METHODS
Locality

The Vromoner Canyon is located on the Albanian—
Greek border, 9km southeast of the town of
Leskovik, southeastern Albania. It was formed by the
Sarandoporo River, which then flows into the Vjosa
River after 8km. The dominant rock is limestone, and
the area falls within the Kruja thermal water province
(Eftimi & Frashéri, 2018). There are several small ther-
mal springs in the area, which have been used as spas
since ancient times. The water temperature is between
26 and 28°C, and the hydrogen sulfide content is high,
40-65mg- L~". The waters have higher contents of so-
dium (Na), chlorine (CI), lithium (Li), and fluorine (F),
and relatively low concentrations of calcium (Ca) and
hydrogen carbonate (HCO,; Audy et al., 2022). The
concentration of free hydrogen sulfide in the air often
reaches toxic levels and poses a problem for local re-
search. These springs have formed a series of semi-
thermal cave systems, which are very specific both
geologically and biologically. They were first discov-
ered in 2022 (Audy et al., 2022; Sarbu et al., 2024),
and the cyanobacteria for the present paper were col-
lected during a speleological expedition organized by
the Czech Speleological Society, ZO 6—17 Topas from
October 27 to November 9, 2022.

Morphological studies and cultivation

The collected samples were immediately investigated
in the field using an Olympus CX21 LED microscope
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(Olympus Corp., Tokyo, Japan) with a digital camera
(InfinityX-32, Lumenera Corporation, Canada) and
the software Infinity Analyze (Lumenera Corporation,
Canada). The most viable samples were transferred
into 12-well Nunc™ Cell-Culture Treated Multidishes
(ThermoFisher Scientific, Massachusetts, United
States) with Z8 medium (Staub, 1961), Bold Basal
Medium (BBM, Bischoff & Bold, 1963; Bold, 1949), and
D medium (Sheridan, 1966) solidified with 1.5% aga-
rose and culture tubes with liquid BBM and transported
to the phycological laboratory of the University of
South Bohemia in Ceské Budé&jovice (with permission
of Ministry of Tourism and Environment of Republic
of Albania No. 416, according to Nagoya protocol).
The crude cultures were later grown on correspond-
ing solid and liquid media. The unialgal strains were
isolated and purified using a combination of streaking
on agar plates and isolation using a cultivation needle
and a glass microcapillary. The unialgal strains were
grown in cultivation tubes with liquid medium, while the
morphology was documented using the Olympus BX
51 light microscope (400x and 1000x magnification)
with Nomarski DIC (Olympus Corp., Tokyo, Japan),
the DP-74 digital camera, and the Olympus cellSens
Entry software (Olympus Corp., Tokyo, Japan). For the
molecular methods, the cultured biomass was isolated
using a glass microcapillary, washed, and stored in a
droplet of TE buffer in a 0.2-mL polymerase chain reac-
tion (PCR) tube (Jung et al., 2024; Mares et al., 2015;
Zapomélova et al., 2007). Part of the biomass of the
strains Alb61-JP1 and Alb16-JP1 was also harvested in
individual 2-mL PCR tubes for observation by transmis-
sion electron microscopy.

Electron microscopy

To note ultrastructural features mainly focusing on thy-
lakoid position, specimens were preserved in 2.5%
glutaraldehyde and 0.1 M cacodylate buffer followed by
post-fixation with 2% osmium tetroxide. The fixed ma-
terial was dehydrated in an acetone series (30%, 50%,
70%, 80%, 90%, 95%, and 100%) and embedded in
Spurr's resin (Spurr, 1969). The 70-nm ultrathin sec-
tions were placed onformvar-coated grids, contrasted
by uranyl acetate and lead citrate, and analyzed by
a JEOL JEM 1010 microscope in the Laboratory of
Electron Microscopy, Biology Centre ASCR—Institute
of Parasitology, Ceské Budéjovice, Czech Republic.

Molecular analysis

For the strains Alb16-JP1, Alb61-JP1, and Alb62-JP1,
direct PCR was carried out (Jung et al., 2024). The bi-
omass isolated for molecular methods was first lysed
using the Platinum Direct PCR Universal Master Mix

kit (Thermo Fisher Scientific, Waltham, MA, United
States) following a modified manufacturer protocol
(Jung et al., 2024). Targeting the 16S rRNA gene and
adjacent 165-23S ITS rRNA region, PCR was per-
formed in the Biometra T3000 thermocycler (Analytik
Jena GmbH, Jena, Germany). For the PCR, 2uL
of the lysate was used as a template. The reaction
consisted of 6uL dH,O, 10puL Platinum Direct PCR
Universal Master Mix, 5pmol of primer VRF2F (5'-
GGG GAA TTT TCC GCAATG GG -3’; Johansen
et al., 2011 after Nibel et al., 1997), and 5pmol of
primer VRF1R (5— CTC TGT GTG CCT AGG TAT CC
—3’; Johansen et al., 2011 after Wilmotte et al., 1993).
The amplification started with denaturation at 94°C
for 2min, continued with 40 cycles of denaturation
at 94°C for 15s, primer annealing at 60°C for 15s,
and elongation at 68°C for 5min and 30s, ending
with the final elongation at 68°C for 10 min. The suc-
cess of PCR product amplification was evaluated by
1.5% agarose gel electrophoresis and visualization in
the GenoSens 2000 transilluminator (Clinx Science
Instruments Co., Ltd, Shanghai, China), purified
using ExoSAP-IT® (Bell, 2008), and sequenced com-
mercially using Sanger sequencing (SEQme s.r.0.,
Dobfis, Czech Republic). Both PCR primers, as well
as the inner primer—VRF7F (5'- AAT GGG ATT AGA
TAC CCC AGT AGT C -3’; Patzelt et al., 2014 after
Nubel et al., 1997), VRF5F (5— TGT ACA CAC CGG
CCC GTC -3’; Johansen et al., 2011 after Wilmotte
et al.,, 1993) or VRF6R (5—- GAC GGG CGG TGT
GTA CA -3’; Johansen et al., 2011 after Wilmotte
et al.,, 1993)—were used if necessary to ensure a
complete purity of the sequence.

Because the strain Alb13-JP1 grew very slowly, and
to compare the morphology of the natural coccal pop-
ulation from the crude culture Alb16 with the unialgal
strain, we used a cultivation-independent approach
based on single colonies. Thus, the targeted 16S rRNA
gene and 16S—-23S ITS rRNA regions were amplified
using multiple strand displacement amplification (Lara
et al., 2013; Rodrigue et al., 2009; Spits et al., 2006)
and the following PCR, as well as the direct two-step
PCR approach according to the protocol of Pokorny
et al. (2023) following previous publications (Lara
et al., 2013; Mare$ et al., 2015). The colonies and fil-
aments respectively were isolated using glass micro-
capillaries and washed in several drops of TE-buffer
and were observed and checked for possible contam-
ination using an Olympus CX40 microscope at 200x
magnification before they were placed in the 0.2-mL
PCR tubes. Successfully amplified PCR products were
also purified using ExoSAP-IT® and sequenced using
Sanger sequencing.

To capture the possible variability of the ribosomal
operons, the PCR products of Alb13-JP1, Alb13-JP2,
and Alb61-JP1 were also cloned into Escherichia
coli DH5-Alpha cells using the pGEM®-T Easy
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vector system (Promega Corp., Madison, WI, United
States) following the standard procedure (Johansen
et al., 2017). Colonies with ligated PCR products were
denatured in 40puL of dH,O and thereafter used as
a template for PCR consisting of 6.8puL dH,O, 10pL
2x Plain PP Master Mix, 4pmol primer T7 (5'- TAA
TAC GAC TCA CTA TAG GG -3’), 4pmol primer SP6
(5'— ATT TAG GTG ACA CTA TAG -3'), and 2pL de-
naturation product as a template in a Biometra T3000
thermocycler starting with denaturation at 95°C for
5min followed by 45 cycles of denaturation at 94°C for
1min, primer annealing at 52°C for 455, and elonga-
tion at 72°C for 2min ending with the final elongation
at 72°C for 10min. The PCR products were treated and
directly sequenced as described above, using sp6 and
T7 primers.

The sequences were assembled using Geneious
Prime 2024.0.5 (https:/www.geneious.com) and error
proofed by eye. The assembled sequences were
aligned with additional relevant sequences recovered
using BLAST® (Altschul et al., 1990), the National
Center for Biotechnology Information (NCBI) GeneBank
database (Sayers et al., 2022), and CyanoSeq 1.1.1
(Lefler et al., 2023), following the cyanobacterial sys-
tem revised by Strunecky et al. (2022) and the recent
literature. The final alignments were constructed using
Geneious Prime 2024.0.5 with the MAFFT algorithm
(Katoh et al., 2002; Katoh & Standley, 2013) and ad-
justed manually.

Before the final phylogenetic trees were calculated,
a large dataset was used to infer the mutual relation-
ship of the investigated strains (data not shown). These
results were then used to choose the sequences ac-
companying the sequences of our strains in the final
datasets. Maximum likelihood (ML) analysis with 1000
bootstrap replicates was carried out using the PhyML
online server (ngphylogeny.fr), with the best model cho-
sen by Smart Model Selection (SMS) using the Akaike
information criterion (AIC; Guindon et al., 2010; Lefort
et al., 2017; Lemoine et al., 2018, 2019). Bayesian in-
ference (Bl) was performed using MrBayes 3.2.6
(Huelsenbeck & Ronquist, 2001) implemented in
Geneious Prime 2024.0.5, and the analysis spanned
10 million generations sampling every 1000 genera-
tions until the average standard deviation of split fre-
quencies was below 0.01. The presented phylogenetic
tree topologies were inferred from ML analyses using
FigTree 1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/)
and graphically processed in Inkscape 1.2.1 (https:/
inkscape.org).

The semi-conserved structures of the 16S-23S ITS
rBRNA region motifs were identified by comparative
analysis with the closest related taxa following Boyer
et al. (2001) and Iteman et al. (2000). When present,
the D1-D1/, V2, Box-B, and V3 structures were visu-
alized using mFold RNA (unafold.org) folding form
(Markham & Zuker, 2008; Zuker, 2003) and compared

by eye. In all cases, the ITS rRNA region sequences
were too divergent from the closest related taxa; there-
fore, we were unable to align them and calculate base
pair substitution rates with confidence. The 16S rRNA
p-distance matrices were formed using MEGA11 with
default settings and recalculated for phylogenetic diver-
sity (PD) values (p-distance x 100). To further highlight
the divergence among the pseudo-cryptic species of
Pegethrix, the D1’ index was calculated, and the values
(DIV) were plotted against the total length of the D1-D1’
helix (Villanueva et al., 2024).

RESULTS

Voucher specimens have been deposited in an institu-
tion recognized by Index Herbariorum (Thiers, 2025),
the Herbarium of the University of South Bohemia,
Ceské Budgjovice, Czech Republic (CBFS).

Taxonomic descriptions
Xomosiella J.Pokorny & Kastovsky gen. nov.

Etymology: Named after ancient spa Xomos, where
the cyanobacterium was isolated.

Type species: Xomosiella audyi J.Pokorny &
Kastovsky sp. nov. (Figure 1)

Diagnosis: The genus differs by high motility
and very fine sheaths sometimes visible after tri-
chome breakup, which are absent in Limnothrix
sensu stricto. Phylogenetically distinct and placed in
Persinemataceae, Xomosiella clearly differs molecu-
larly by the distinct 16S rRNA gene and 16S-23S ITS
rRNA region sequence (GenBank accession number
PQ651705 of strain Alb61-JP1 clone 2) and the sec-
ondary structure of its conserved motifs.

Description: Colony pale or dark blue-green, fil-
aments pale blue-green, simple, uniseriate, straight
or slightly wavy, isopolar, without branching, and in-
tensively motile. Trichomes many-celled, straight or
bent. Thin sheaths colorless, apparent only in some
filaments (Figure 1g). Trichomes less than 3pm wide,
not constricted at cross-walls, which are clearly vis-
ible. Cells cylindrical with parietal thylakoids, uncon-
stricted, longer than wide (after cell divison more or
less isodiametric), 1.8—-2.5pm wide (2.15+0.4) and
3—6pm long (4.55 + 1.45), often with one or two prom-
inent propagules near cross-walls. Terminal cells
rounded, not tapering, without calyptra. Division with-
out necridic cells.

Holotype: CBFS A-260, dried material of the ref-
erence strain CCALA 10344 preserved on paper in
a metabolically inactive state, kept at CBFS, /eg. M.
Wipplingerova and J. Kastovsky, 2 Nov. 2022, originally
growing in a benthic mat of a warm pool
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FIGURE 1 The overall morphology of Xomosiella audyi, strains Alb61-JP1 (a—d, i—k) and Alb62-JP1 (e—h). Light microscopy
micrographs: apexes of individual mature filaments (a, b), middle part of the filament (c) with hormogonia (d), bundles of filaments (e, f) with
hormogonia (h), broken filament with visible sheath (g); transmission electron microscopy micrographs: transversal (i) and longitudinal (j,

k) section of the filament with visible thylakoid arrangement and polar granules detail. gr—granules, sh—sheath, cp—cyanophycin, cs—
carboxysome, pp—polyphosphate, th—thylakoids, ho—hormogonia. Scale bars 10pm (a—h); 1 um (i—k).

Type locality: Ruins of old spa Xomos, Vromoner Etymology: audyi—named to honor Marek Audy,
Canyon, Albania (40°5'54.073” N, 20°40'23.998" E) speleologist, who co-organized this expedition

Ecology: Benthic, mat-forming in semi-thermal sul- Reference strain: CCALA 10344 (housed at Culture
furic water, 28°C, less abundant component of massive Collection of Autotrophic Organisms at the Institute of
growth of Spirulina sp. Botany, Trebon, CZ), isolated as Alb61-JP1 by J. Pokorny
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(a) (d)
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(h)

FIGURE 2 The overall morphology of Loriellopsis vromonerensis. Light microscopy micrographs: colonies from the crude culture of
sample Alb16 (a—d), loose aggregates (e) and cell tetrads (f) from the strain Alb16-JP1; transmission electron microscopy micrographs:
transversal section of the cells of the strain Alb16-JP1 (g, h). Scale bars 10 um (a—f), 1pm (g, h).

Loriellopsis vromonerensis Kastovsky,
J.Pokorny & Vondraskova sp. nov. (Figure 2)

Diagnosis: Within the genus Loriellopsis, it is clearly
distinguished by the fact that it never forms any fila-
ments, not even the true-branched ones that are typi-
cal for this genus. The morphology of the thalus is
coccal, forming sarcinoid packages. It is morphologi-
cally cryptic to the genus Cyanosarcina. Loriellopsis
vromonerensis is characterized by its unique se-
quences for the 16S rRNA gene and 16S-23S ITS
rRNA region (GenBank accession number PQ773165
of strain Alb16-JP1).

Description: Coccal organism, cells gathered in ir-
regular microscopic, later macroscopic colonies with
sarcinoid organization. Colonies dark blue green,
lumpy, composed of microscopic bundles of cells
enveloped in colorless common mucilage; bundles
4-22um broad (13 +9), often aggregate in larger bulks;
clear tetrads are sometimes visible with their own mu-
cilaginous envelope, in culture, forming macroscopic
aggregates. Each bundle contains eight (>100) cells.
Individual cells bright blue green to olive green, oval
to irregularly polyhedral, rarely spherical 1.3—3.7um

wide (2.5+1.2), with thin individual gelatinous enve-
lopes. Cell content homogeneous with darker edges,
rarely facultatively granulated. Thylakoids parietal
with occasional protrusions toward the center of the
cell. Common mucilage up to 2pm thick, lamellated.
No resting stages or other structures were observed.
Under culture conditions, the aggregates disintegrate,
losing common mucilage, cells are loosely dispersed,
spherical, oval, or subspherical, occasionally forming
loose tetrads.

Holotype: CBFS A-261, dried material of a crude
culture with dominant presence of herein described
taxon accompanied by unidentified coccal green alga,
preserved on paper in a metabolically inactive state,
kept at CBFS, leg. M. Wipplingerova and J. Kastovsky,
1 Nov. 2022, originally growing atmophytically on a
cave wall in the entrance zone

Type locality: Entrance zone of Sulfur Cave,
Vromoner Canyon, Greece/Albania border
(40°5'46.539” N, 20°40'43.841"E)

Ecology: Macroscopic colony on the cave ceiling
above the underground lake, water with high content
of hydrogen sulfide, with low illuminance. A relatively
abundant species at the locality
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FIGURE 3 The overall morphology of Mastigocladus boudae, strain Alb13-JP1. Light microscopy micrographs: entwined filaments (a,
b), initial phase of branch formation (c), mature branch with adherent initial cell (d), comparison of main and branch parts of filament (e),
main filament with broken intercalary heterocyte (f), seemingly terminal heterocyte on branch (g) and main filament (h), stretched cell of the
main filament (i). sh—sheath, ic—initial cell, hc—heterocyte. Scale bars 50 um (a); 10 pm (b—i).

Etymology: Vromonerensis—named based on the
name of the locality of Vromoner canyon

Reference strain: CCALA 10343 (housed at Culture
Collection of Autotrophic Organisms at the Institute of
Botany, Trebon, CZ), isolated as Alb16-JP1 by J. Pokorny

Mastigocladus boudae Kastovsky, J.Pokorny
& Vondraskova sp. nov. (Figure 3)

Diagnosis: Only solitary intercalary heterocytes
are present, cells of the branches are very long,
to 14pum, initial cells are wider than long. Some
main filament cells are characteristically stretched.
Phylogenetically, it is distant from the other species
of the genus. Mastigocladus boudae is characterized
by its unique sequences (GenBank accession num-
bers PQ651698 Alb13-JP1 clone 4b, operon without
tRNA and PQ651696 Alb13-JP1 clone 1b operon with
tRNA*® and tRNA'"®) for the 16S rRNA gene and 16S-
23S ITS rRNA region, and its phylogenetic position.

Description: Colony dark blue green, trichomes blue-
green, or slightly violet. Trichomes straight or irregularly
coiled, with thin (almost invisible) colorless sheaths. True
branching is frequent, T-type, multilateral; at some parts
of the thallus, unilateral branching prevails. Main filament
with barrel-shaped cells, approximately isodiametric,
constricted at cross-walls, 8—12pm wide (10.1+2.1) and
8—15um long (11.55+3.55). Some main axis cells have
one side stretched out, forming a concave strait. Lateral
branches usually continually tapering at the ends. Cells
are cylindrical, usually longer than wide (especially young
branches), 5-10pm wide (7.65+2.45) and 6—14um long
(10.15+£3.95). Initial cells of the branches are wider than
long, 8.3—10.5pm wide (9.4+1.1) and 5.1-8um long
(6.6+1.5). Terminal cells are rounded or slightly taper-
ing, without calyptra. Heterocytes are intercalary, soli-
tary, mostly cylindrical, of the same size or slightly larger
than vegetative cells. The filament often breaks at the
heterocyte pore; therefore, some heterocytes are posi-
tioned seemingly terminally. Akinetes are not observed;
reproduction is by few-celled hormogonia.
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FIGURE 4 The overall morphology of Pegethrix sulphurea, strain Alb13-JP2, light microscopy micrographs. Entwined filaments (a, b),
detail on individual filaments (c, d), detail on necridia with hormogonium forming (e), detail on hormogonium (f), sheathed filament (g). sh—

sheath, ne—necridium, ho—hormogonium. Scale bars 10 um (a—g).

Holotype: CBFS A-263, dried material of the ref-
erence strain CCALA 10346 preserved on paper in
a metabolically inactive state, kept at CBFS, /leg. M.
Wipplingerova and J. Kastovsky, 1 Nov. 2022, originally
growing on a periodically wetted area above the sur-
face of the underground lake in the cave entrance

Type locality: Entrance to Sulfur Cave, Vromoner
Canyon, Greece/Albania border (40°5'46.539"N,
20°40'43.841"E)

Ecology: Microscopic colony just above the sur-
face of the underground lake in the cave entrance
area (probably often as underwater locality), water
with high content of hydrogen sulfide, illuminance be-
tween 5 and 151x. It has not been observed in natural
samples, only after laboratory cultivation, probably a
rare species.

Etymology: Boudae—named to honor Richard
Bouda, speleologist, who co-organized this expedition

Reference strain: CCALA 10346 (housed at Culture
Collection of Autotrophic Organisms at the Institute
of Botany, Trebon, CZ), isolated as Alb13-JP1 by J.
Pokorny

Pegethrix sulphurea J.Pokorny & Kastovsky
sp. nov. (Figure 4)

Diagnosis: Cryptic species from the other species of
Pegethrix differs mainly by the phylogenetic distance
and the different secondary structures of the 16S—
23S ITS rRNA region (GenBank accession number
PQ651699 of strain Alb13-JP2 clone 1). It is the only so
far described species of the genus growing in thermal
sulfur springs.

Description: Thallus light blue-green, fine mat, ra-
dially spreading on agar, filaments dark blue-green to
gray-blue-green. Trichomes long, many-celled, straight
to heavily bent or wavy, and entwined, without nodules
or knots, with necridia, not tapered. Sheaths present in
older filaments, firm, thin, colorless, usually overlapping
the trichome or present without any cells inside, com-
pletely absent in all loose hormogonia. Cells cylindrical,
strongly constricted at cross-walls, probably with parietal
thylakoids. Cells mainly shorter than wide, rarely isodi-
ametric, occasionally longer than wide shortly prior to
division, 1.8-2.2pm wide (2+0.2) and 0.8-2.3um long
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FIGURE 5 The type localities of herein circumscribed new taxa. (a) entrance to the cave Sulfur (sample Alb13, type locality of
Mastigocladus boudae and Pegethrix sulphurea), (b) wall inside Sulfur cave (sample Alb16, type locality of Loriellopsis viomonerensis),
(c) spa Xomos (sample Alb61 and Alb62, type locality of Xomosiella audyi). White arrows highlight approximate sampling points.

(1.55+0.75). Filaments up to 3.2pm wide. The division
within the trichome is irregular without apparent meriste-
matic zones. Apical cells cylindrical with rounded ends
to spherical, rarely conical, with identical dimensions as
the rest of the cells in the trichome. Reproduction occurs
through hormogonia of variable length.

Holotype: CBFS A-262, dried material of the ref-
erence strain CCALA 10345 preserved on paper in
a metabolically inactive state, kept at CBFS, leg. M.
Wipplingerova and J. Kastovsky, 1 Nov. 2022, originally
growing on a periodically wetted area above the sur-
face of the underground lake in the cave entrance

Type locality: Entrance to Sulfur Cave, Vromoner
Canyon, Greece/Albania border (40°5'46.539”N,
20°40'43.841"E).

Ecology: Microscopic colony just above the surface
of the underground lake in cave entrance area (probably
often as underwater locality), water with high content of
hydrogen sulfide, illuminance between 5 and 15Ix

Etymology: Sulphurea—named to highlight its
presence in an environment rich in sulfur

Reference strain: CCALA 10345 (housed at Culture
Collection of Autotrophic Organisms at the Institute
of Botany, Tiebon, CZ), isolated as Alb13-JP2 by J.
Pokorny

All type localities are shown in Figure 5.

Molecular and phylogenetic analyses
Xomosiella

The sequences of two strains of Xomosiella (Alb61-JP1
and Alb61-JP2) were placed in a single well-supported
clade (clade X) sister to a sequence cluster contain-
ing operational taxonomic units (OTUs) designated
as Limnothrix, Planktothrix, Anagnostidinema, and
Jaaginema (clade L); however, this clade did not in-
clude reference strains of either taxon (Figure 6).
Sister to these clades was a true lineage of the family
Persinemataceae (Nodosilineales), Lagosinema and
Persinema (P) represented by their respective refer-
ence strains (Akagha et al., 2019; Heidari et al., 2018).
Sequences within the X clade shared high 16S rRNA
gene similarity (PD 0%—2.26%) and were significantly
divergent from the neighboring taxa (PD > 6.99%), thus
belonging to a new genus phylogenetically isolated
from the other Persinemataceae (Table 1). This genus,
so far, contains sequences from various locations and
habitats (see the Discussion for detail). All sequences
of the two strains of Xomosiella audyi, Alb61-JP1 and
Alb62-JP1, at both the 16S rRNA gene (PD=0.60%)
and ITS rRNA region (PD=2.00%) level, were mem-
bers of a single species. Furthermore, the secondary
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FIGURE 6 The phylogenetic tree constructed from the 16S rRNA gene sequences of 203 taxa, 1096 positions long, showing the
phylogenetic position of Xomosiella in Persinemataceae (Nodosilineales) with five sequences of Gloeobacterales applied as an outgroup.
Representatives of Chroococcales, Leptolyngbyales, Acaryochloridales, Thermostichales, Synechococcales, Gloeomargaritales, and

Pseudanabaenales were also included in the analyses. The topology

represents the best ML tree with the best model GTR+ R chosen

by SMS. Node support includes the bootstrap of ML analysis above 50 and posterior probabilities of the Bl analysis above 0.95. Our four
sequences of X. audyi are highlighted in bold. The full uncollapsed tree is available in Figure S1.

structures of the ITS rRNA region semi-conserved
domains were identical among our sequences of X.
audyi. The sequences of Limnothrix spp. PMC 1064.18
and TKO1 were more divergent from X. audyi (0.93%—
1.55%). The only taxon without epithet in this clade,
uncultured bacterium clone SSW9Ap from Salton
Sea, California (Dillon et al., 2009), differed from the
X. audyi 16S rRNA gene sequences by 1.73%—2.36%
and possibly represents yet another species within

the herein described genus. The taxa belonging to
all three clades (P, X, L) were phenotypically very
similar, with simple trichomes, cells longer than wide
with similar dimensions, facultatively bearing gran-
ules (Akagha et al., 2019; Gkelis et al., 2005; Heidari
et al., 2018; Perkerson Il et al., 2010; Zhu et al., 2012);
thus, the diversity was mainly cryptic. In our analy-
ses (Figures 6 and S1) the order Nodosilineales did
not cluster monophyletically, whereas the family
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TABLE 1

Range in percent 16S rRNA gene sequence dissimilarity (p-distance) of Xomosiella audyi and related strains in

Persinemataceae, based on a distance of all OTUs within a clade to all OTUs in the comparison clade.

1

1 Xomosiella audyi

2 Xomosiella—other strains 0.00-2.26
3 “Limnothrix” clade L 6.99-8.32
4 Persinema 714-7.93
5 Lagosinema 8.12-8.39

Note: Full table is available in the Table S1.
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FIGURE 7 D1-D1’ and Box-B helices from representative Persinemataceae sequences.

Persinemataceae (clade Il) was isolated from the fami-
lies Nodosilineaceae and Cymatolegacae, which did
cluster as sister taxa (clade I).

None of the sequences belonging to clade L con-
tained the entire ITS rRNA region, and therefore, we
were unable to compare the V3 structures with confi-
dence. Several representative sequences were cho-
sen to infer the structures of D1-D1” and Box-B helices
for illustration (Figure 7). All investigated sequences
of Persinemataceae contained one tRNA'"®. The sec-
ondary structures of the D1-D1’ helix among the in-
vestigated sequences of the X, L, and P clades were
conservative in length; however, they differed in the
length of the basal 3’-end unilateral bulge and pres-
ence of unpaired nucleotides at the 5-end opposite to
it, as well as in the pairing and presence of additional
bulges or residual nucleotides within the stem of the
helix. Box-B in strains Alb61-JP1 and Alb62-JP1 did
not have the typical AGCA-TGCT clamp; instead, they
consistently read AGCG—-CGCT. However, the typical
clamps were present in all the closest investigated
related taxa outside the putative new genus; there-
fore, this mutation may be a trait specific to the herein
described genus Xomosiella. The V3 helix of X. audyi
was much shorter than that of Lagosinema tenuis and
Persinema komarekii and differed in the number and

position of bulges (Figure 8). The full structure was
recovered only from the strain Alb61-JP1.

Loriellopsis

The five successfully sequenced isolates of the coc-
cal sarcinoid cyanobacterium from sample Alb-16
and the strain Alb16-JP1 formed a well-supported
monophyletic cluster within a larger group contain-
ing taxa with morphologically very heterogeneous
thalli. A significant fraction of this group was com-
posed of uncultured coccal cyanobacteria morpho-
logically similar to Cyanosarcina/Chroococcidiopsis,
but this cluster also contained true branching het-
erocystous cyanobacteria of the genus Loriellopsis
(Symphyonemetaceae, Nostocales), including its
type strain (Lamprinou et al., 2011; Figure 9). Our
isolates were genetically congruent (16S rRNA
gene PD <0.47%) and shared close similarity to this
Loriellopsis reference strain (PD=1.83%-2.45%,
Tables 2 and S2). We have described the taxonomic
problems with this strain in the Discussion; briefly,
we consider this Loriellopsis reference sequence
to be mis-determined. Morphologically, our isolates
closely resemble the genus Chroococcidiopsis or
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FIGURE 8 Available folded V3 helices from representative
Persinematacae taxa.

Cyanosarcina due to the polyhedral cells arranged
in irregular colonies with thin common mucilage
(Komarek & Anagnostidis, 1999; Kovacik, 1988;
Miscoe et al., 2016). However, such taxa clustered out-
side this clade, and the order Chroococcidiopsidales
was paraphyletic in our analyses, with the position of
most of its genera uncertain. Because of their consid-
erable phylogenetic distance from any extant genus,
we have defined this cluster as a new genus with a
sarcinoid organization of coccal-celled colonies.

All Loriellopsis vromonerensis sequences contained
both tRNAs. The only taxa from their close phylogenetic
proximity with ITS rRNA region sequences available
were clones of cyanobacterium | 35 MF and ATA8-1-RM1
(Figure 10). Interestingly, two of three clones of ATAS8-
1-RM1 (PCI95A and PCI95D) did not contain any tRNAs,
and one contained both (PCI95B), suggesting the pres-
ence of two operon variants in the entire clade but un-
derestimated due to insufficient sampling. The D1-D1
structures in this clade were all the same length, differing
only by minor details in folding patterns. The V2 struc-
ture did not form any significant bulges in any taxon but
differed significantly in ATA8-1-RM1 in that it was much
shorter than the rest. The Box-B was rather short in all
taxa, forming two short bilateral or unilateral bulges and
differing slightly in pairing patterns and length of the ter-
minal loop. The V3 helix was very long in cyanobacterium

| 35 MF (102nt compared to 47nt in L. vromonerensis
and 46nt in cyanobacterium ATA8-1-RM1).

Mastigocladus

The four cloned sequences of the strain Alb13-JP1
clustered congruently inside a single clade with
significant support, forming a monophyletic group
with Mastigocladus and Fischerella sequences in
Hapalosiphonaceae (Nostocales; Figure 11). Based
on rules expressed for this family by Casamatta
et al. (2020) following Johansen and Casamatta (2005)
and Yarza et al. (2014), this strain belonged to a new
species of the genus Mastigocladus, herein pro-
posed as Mastigocladus boudae. The cloned 16S
rRNA gene sequences of Alb13-JP1 were monophy-
letic and 0.28%—0.74% dissimilar to each other. The
clade was divergent on the 16S rRNA gene level
from its closest relatives, with the lowest dissimilar-
ity (PD=2.32%) to Mastigocladus ambikapurensis
(Jaiswal et al., 2021). However, the highest dissimi-
larity from any other OTU within the Mastigocladus
clade was PD<5.41% (“Fischerella muscicola” PCC
7414, AB075986; Tables 3 and S3), and thus, the es-
tablishment of a new genus would be obsolete. The
entire family Hapalosiphonaceae was monophyletic in
our analyses, but with poor support for the positions
of the genera within. The morphology of the strain
Alb13-JP1 was in agreement with the general descrip-
tion of Mastigocladus, with true branching, uniseriate
trichomes, narrow branches with extended cells, and
irregularly long main filament cells (Kirchner, 1898;
Komarek, 2013).

A single cloned ITS rRNA region sequence (Clone
1b) contained both tRNA*2 and tRNA", and the ITS
rRNA region sequences containing no tRNA (Clones 1a,
4a, and 4b) shared high similarity (PD <1.20%). Of the
rest of Hapalosiphonaceae, operons with both tRNAs
were recovered from Mastigocladus (“Fischerella” sp.
NIES-3754), Neowestiellopsis, Nostochopsis lobatus,
and Pelatocladus (Figure 12). The secondary structures
of the D1-D1" and V3 helices of both ITS rRNA region
variants were identical; however, the Box-B structure
was 29nt long in the variant with both tRNAs; it was
only 22nt in the variant missing tRNA, which also had
different bases and a 3'—end single cytosine residue.
The D1-D1’ helix was much shorter than the rest of the
Mastigocladus clade, and it formed a unilateral and
not bilateral basal bulge. The mid-helix bulge was also
much shorter. It was rather similar in length and shape to
the rest of the Hapalosiphonaceae (Figure 13). The V2
helix of the tRNA-bearing operon differed greatly in the
total length, number, length, and position of the bulges.
The Box-B helices were mostly conserved, differing in
Mastigocladus by mid-helix pairing. The V3 helices dif-
fered similarly to V2 in the overall folding pattern.
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951,
1001 o

radialis HAB281-LM2 clone 42D (KU161673)

Gloeocamsrs sp. MAR134 (MZ2677405)
610,

98, Gloeocapsa sp. PCC 7428 (NZ CAWLIBO10000001) '
Chroogloeocystis siderophila 5.2 s.c NIES-1031 (MRCC01000040)

L Cy:mos:ncma radialis HAB281-LM2 clone 42C (KU161672)

Glosocapsopsis dulcis AAB1 (KUB4T399)

531096

Gloeocapsa sp. HG2 (KY172947)
Gloeocapsopsis diffiuens PJ $16 (MT986030)
Gloeacapsopsis sp. MAS103 (MZ677402)

Gloeocapsopsis crepidinum YNP7EA-MA4 (OR259162)
Gloeocapsopsis sp. CENA327 (KT731148)
Glosocapsopsis crepidinum LEGE 06123 (FJ589716)
Spelootes anchialus TAUMAC 1118 (OL310683)

4097 Alterolla gigantea PJ102 (MZ160909)

o, 1d-08 (FR798928)
Alterella compacta PJ105 (MZ160912)
Aliterella atiantica CENASS (NR 177002)

Aliterella chasmolithica PJ $15 (MN243145)
Aliterella viadivostokensis \VI15-3 (MWB46373)
Aliterella antarctica CENA408 (NR 151904)
Aliterella shaanxiensis FACHB-2293 (MH023997)
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ALITERELLACEAE

5p. CXA029

sp. Ryu1-3 (LC325263)

0.04 — 62

1001 c

100/1 montana G2.3 (MH237674)
‘ L»gmroal tiolla montana G4.1 (MH237675)
i

Chroococcidiopsis thermalis SAG 25.99 (MK953010)
82 Chroococcidiopsis thermalis CBG1 NQ12 (MG710496)
| Ghroococsidiopsis thermalis SAG 42.79 (KM020000)
Chroococcidiopsis lichenoides CDV1 (MF423482)
Chroococeidiopsis sp. CENA240 (MN551907)
Chroococcidiopsis cubana SAG 39.79 (AJ344558)
cl

Chroococcidiopsis thermalis PCC 7203 (FJ805841)
is muralis HAB275-LM2 clone B (KU574618)

Loriellopsis vromonerensis isolate 6 (PQ651710)
Loriellopsis vromonerensis isolate 4 (PQ651708)
Loriellopsis vromonerensis isolate 5 (PQ651709)

Loriellopsis vromonerensis isolate 9 (PQ651711)
Loriellopsis vromonerensis isolate 3 (PQ651707)
Uncultured Chroococcidiopsis sp. (OQ509454)

60/~ Uncultured Loriellopsis sp. clone Q 1b (KF332312)
ﬁ‘z 1L Uncultured Loriellopsis sp. clone € 1b (KF932310)
: Uncultured Lorieflopsis sp. cone M 1b (KF932311)
Loriellopsis cavernicola LF-BS (NR 117881)
————— Uncultured Chroococcidiopsis sp. (0Q509464)

100/1 - Cyanobacterium | 35 MF ci1 (MG710486)
Cyanobacterium | 35 MF cl2 (MG710487)

1001 I: Coccoid it \TAB-1-RM1 clone PCI958 (!
Coccoid cyanobacterium ATAS-1-RM1 clone PCIS5A (MG&GS'ISO

78 Glogobacter violaceus PCC7421 (AF132790)
L10] Glosobacter violaceus SAG 35.87 (KM020009)
1001 Gloeobacter kilaueensis JS1 (NR 121745)
1001

Chroococcidiopsis muralis HAB275-LM2 clone A (KU574617)
Chroococcidiopsis cubana UPOC 2013/34 (MH208392)

Cyanosarcina sp. Ryus_1-2 (LC325260)
%Cyanasamina sp. TAU-MAC 0718 (OL310616)
Haliplanktos anthonyquinnii TAU-MAC 3018 (NR176599)

¥ Chroococcidiopsis sp. CCMEE 010 (OR413562)
Lt |i— Chroococcidiopsis sp. MASS7 (MZ677391)
Chroococeidiopsis sp. MAS100 clone 8 (MZ677396)

)
Loriellopsis vromonerensis strain Alb16-JP1 (PQ773165)

Uncultured cyanobacterium clone HAVOmat106 (EF032780)

Uncuitured clone GG109 (JQ404421)

bana CCALA 041 (MH: )

CHROOCOCCIDIOPSIDACEAE

$37TVAISdOIAId00300dHI

Loriellopsis

Outgroup - GLOEOBACTERALES

r
| Candidatus Aurora vandensis LV (GCA 013285545)

C109 (NZ CP062698)

FIGURE 9 The phylogenetic tree constructed from the 16S rRNA gene sequences of 189 taxa, 1096 positions long, showing the
phylogenetic position of Loriellopsis vromonerensis with five sequences of Gloeobacterales applied as an outgroup. Representatives of
Chroococcales, Pleurocapsales, and Nostocales were also included in the analyses. The topology represents the best ML tree with the best
model GTR+R chosen by SMS. Node support includes the bootstrap of ML analysis above 50 and posterior probabilities of the Bl analysis
above 0.95. Our six sequences of Loriellopsis vromonerensis are highlighted in bold. The full uncollapsed tree is available in the Figure S2.

Pegethrix

The four cloned sequences of our strain of a sim-
ple trichal cyanobacterium clustered in a monophyl-
etic clade within the genus Pegethrix (Oculatellales,
Oculatellaceae). Although the position of our strain
was greatly supported only in the Bayesian analysis,
the topology of the Pegethrix clade in the ML analy-
sis was identical (Figure 14). Furthermore, the 16S
rRNA gene PD of our strain to all other Pegethrix spe-
cies was between 2.51% and 4.78% (Tables S4 and
S5), and the general morphology also corresponded
to the characteristics of this genus (Mai et al., 2018).
Thus, our isolate represented a new distinct, separate
species of Pegethrix, herein described as Pegethrix
sulphurea. Two strains of Leptolyngbya-like cyano-
bacteria (WUC607, PIILPT2) also belonged to this
species according to the tree topology and 16S rRNA
gene PD <0.55%.

All  Pegethrix 16S—-23S ITS rRNA region se-
quences contained tRNA*? and tRNA"®, and all four

analyzed semi-conserved domains were folded.
These helices of P. suphurea were identical to those
of “Leptolyngbya” sp. PIILPT2 and WUCG607 except
for the structure of the V3 helix (missing in WUC607),
which further supported their belonging to the same
species. As reported by other authors (Hentschke
et al., 2024; Luz et al., 2023; Mai et al., 2018; Shen
et al., 2023), the helical structures across the genus
Pegethrix were highly variable in both length and
shape. Pegethrix sulphurea was distinct by its rela-
tively short D1-D1’ helix, comparable only to P. nilien-
sis but differing by the mid-helix pairing and terminal
loop sequence. The sequence 5— CAUCCCA -3’ in
the basal unilateral bulge typical for Pegethrix was
also replaced by 5'— CAACCCA -3'. Conversely, its V2
helix was exceptionally long, spanning 65 nt, whereas
the second longest belonged to P. niliensis (58 nt) and
the shortest to P. convoluta and P. indistincta with one
bilateral bulge and a 3'— end adenine residue. The
Box-B helix differed from the other species by one
short bilateral bulge and a 3'— end cytosine residue.
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TABLE 2 Range in percent 16S rRNA gene sequence dissimilarity (p-distance) of Loriellopsis vromonerensis and related strains, based

on a distance of all OTUs within a clade to all OTUs in the comparison clade.

1

1 Loriellopsis vromonerensis

2 Loriellopsis cavernicola 1.76-2.45
3 Loriellopsis genus other strains 0.88-6.04
4 Chroococcidiopsis 7.66-9.64
5 Haliplanktos 6.82-8.48
6 “Chroococcidiopsis” undescribed taxon 6.16-7,26
7 Gloeocapsopsis sp. MAR134 (MZ677405) 5.84-6.33

Note: Full table is available in the Table S2.
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FIGURE 10 Structures of D1-D1/, Box-B and V3 helices from representative taxa from immediate neighborhood of Loriellopsis.

The V3 differed greatly in the pairing, number, and
position of mid-helix bulges (Figure 15).

Furthermore, the D1’ index values plotted against
the total length of the D1-D1’ helix showed probable
divergence of two orthologous groups of ITS rRNA
region operons. One group consisted of Pegethrix nil-
iensis and P. sulphurea, and the other encompassed
the rest of the known Pegethrix species. This followed
the phylogenetic results that predict P. niliensis and P.
Sulphurea as the closest relatives, with the remaining
species being sister to P. sulphurea (Figure 16).

DISCUSSION
Xomosiella

Xomosiella was a clearly separated genus within
Persinemataceae (16S rRNA gene PD> 6.59% com-
pared with any other genus), although the morphol-
ogy was very similar to the so-far described genera of
this family, Lagosinema and Persinema (clade P), be-
cause all are thin, unbranched filamentous species with
prominent granules within cells (Akagha et al., 2019;

85U80]7 SUOWILIOD A1) 3|cedldde Uy Aq peusenob afe a0l VO @SN JO s3I0} Akeiq1 78Ul UuO 48] UO (SUORIPUOD-PpUR-SLUBIAL0D A8 | im AeIq U1 [UO//:SANY) SUORIPUOD Pue SWe | 8u 88S *[520z/0T/0g] Uo Ariqiaulluo Aeim ‘AiseAlun ueiweyog yinos Aq zgoo.L Ad[TTTT'0T/10p/w0o A8 | AReig1jeuljuoj/sdny Wwouy pepeo|umod ‘G ‘SZ0Z ‘L T8862ST



1408

POKORNY ET AL.

821

705

Mastigocladus laminosus Oya (ABBO7196)
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098] mastigocladus boudae Alb13-JP1 clone 1b (PQ651696)
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Neowestiellopsis sp. KHW5 (MNB56995)
Neowestiellopsis bilateralis SA16 (MF086911)
Nostochopsis sp. HA4207-MV1 (JN385294)
Nostochopsis sp. 02876 00001 (KC854775)
Reptodigitus chapmanii SIR-DC (KF761556)
Nostochopsis lobatus PCI221 (MN152082)
Pelatocladus maniniholoensis HA4357-MV3 (JN385293)
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JACEAE (5 0TUs)
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- oot lﬂL ides CDV1 (MF423482)
cubana SAG 39.79 (AJ344558)

61090 100/1 i inum LEGE 06123 (NR 172660)
Gloeocapsopsis dulcis AAB1 (KU847399)
100/1 | L montana G4.1 (MH237675)
L Lightfootiella montana G2.3 (MH237674)

FIGURE 11

Lii | Chroococcidiopsis muralis HAB275-LM2 (KUS74617)

Outgroup - CHROOCOCCIDIOPSIDALES

The phylogenetic tree constructed from the 16S rRNA gene sequences of 106 taxa, 1096 positions long, showing the

phylogenetic position of Mastigocladus boudae in Hapalosiphonaceae with eight sequences of Chroococcidiopsidales applied as an

outgroup. Other representatives of Nostocales were also included in the
model GTR+R chosen by SMS. Node support includes the bootstrap of

analyses. The topology represents the best ML tree with the best
ML analysis above 50 and posterior probabilities of the Bl analysis

above 0.95. Our four sequences of M. boudae are highlighted in bold. The full uncollapsed tree is available in Figure S3.

Heidari et al., 2018). Additionally, an enigmatic genus
containing mostly sequences of “Limnothrix” was sister
to Xomosiella. The genus Xomosiella, so far, contains
the isolates from Albania presented here and those of
“Limnothrix” spp. originating from Guadeloupe man-
groves (PMC 106.48, Duperron et al., 2019), water res-
ervoir in Tenerife, Spain (BEA 0247B), inland Tunisia
(Osci BM 01, MG762091.1), Salton Sea, California,
United States (Dillon et al., 2009), and a shrimp pond in
Thailand (TKO01; Maa-iad et al., 2023) where it caused
cultured shrimp to die. Although not thermal springs,
these habitats are expected to have conditions with
high or fluctuating salinity and water level, as well as
relatively high temperatures, which corresponds to the
conditions in the water of the Xomos spa in Vromoner
Canyon (Audy et al., 2022). Although morphologically
similar to its most closely related taxa, the novel genus
Xomosiella does have some differentiating properties.
First, the trichomes of Xomosiella are highly motile, unlike
those of Persinema and Limnothrix, which are immobile

or only slowly trembling. Lagosinema, however, is mo-
tile (Akagha et al., 2019); therefore, this property might
have been merely neglected during the description of
Persinema (Heidari et al., 2018). In a liquid medium, the
filaments moved so intensively that even after shaking
into a homogeneous suspension, the biomass entan-
gled itself within a few minutes and formed a compact
ball. Unlike other Persinemataceae, some apical cells of
X. audyi are capitate and slightly bent; fine sheaths are
also occasionally present (Figure 1g). These properties,
however, were observed only in the cultured strain and
not in the natural specimen. Similarly to Persinema, X.
audyi was isolated from a thermal spring, which further
differentiated it from brackish Lagosinema (Akagha
et al., 2019). Xomosiella audyi is benthic, crawling over
the surface, unlike the true Limnothrix distributed in the
plankton of colder lakes of the northern hemisphere
(Komarek & Anagnostidis, 2008; Meffert, 1971, 1987,
1988; Meffert et al., 1981). Similarly to X. audyi, one spe-
cies of Limnothrix, Lx. lauterbornii inhabits sulfur-rich
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TABLE 3 Range in percent 16S rRNA gene sequence dissimilarity (p-distance) of Mastigocladus boudae and related strains in Hapalosiphonaceae, based on a distance of all OTUs

within a clade to all OTUs in the comparison clade.

Mastigocladus boudae

3.43-5.41

Mastigocladus laminosus

1.46-3.26
4.11-6.39
4.11-9.07
4.56-6.72

2.32-3.19

Mastigocladus ambikapurensis

4.20-4.92
4.84-8.62
4.93-5.82
4.49-5.82
4.22-4.50
6.90-7.39

3.71-4.36
3.65-8.00
3.43-4.45
3.90-5.10

Hapalosiphon

4

1.07-5.96
1.41-2.57
1.74-3.24
1.74-2.30
4.76-6.03

Westiellopsis

1.41-6.14
1.37-6,78

2.02-6.18

Neowestiellopsis

1.63-2.65
1.84-2.39
5.15-5.75

4.21-5.42
413-5.23
7.09-8.24

Reptodigitus + Nostochopsis

7
8

1.47-2.20
5.46-6.22

3.45-3.82

Pelatocladus

5.08

5.54-8.76

6.52-6-92

Fischerella indica CALU 987

Note: Full table is available in the Table S3.

mats, and its trichomes are straight and slowly motile;
however, its cells are 2-2.9 (3.8) um wide whereas
in X. audyi, cells are only up to 2.5pm wide, and the
aerotopes of Lx. lauterbornii are positioned centrally
(Komarek & Anagnostidis, 2008).

The phylogenetic analysis showed an inflation of the
misidentified sequences designated as “Limnothrix”
(but also other filamentous genera, clade L) cluster-
ing with Persinemataceae. The genus Limnothrix was
originally separated from the genus Oscillatoria based
on morphology and having one septum per cell, pari-
etal thylakoids, breaks within cells, and mainly polar
aerotopes (Meffert, 1987, 1988). A lack of morpho-
logical markers caused substantial complications for
classical determination of similar morphotypes. The
original isolate of Lx. redekei, the type species of
Limnothrix, was lost and its sequence is unavailable
(Boone & Castenholz, 2001 as cited in Perkerson
Il et al., 2010), although the short sequence of the
strain PCC 9416 (=SAG 3.89) isolated by Meffert
from the type locality is identical to the strain NIVA-
CYA227/1, today considered its representative type
(Guiry & Guiry, 2025; Suda et al., 2002). All these
sequences place Limnothrix sensu stricto among
Pseudanabaenales. Therefore, as already pointed
out (Akagha et al., 2019; Duperron et al., 2019), the
L clade (Gkelis et al., 2005; Perkerson lll et al., 2010;
Zhu et al., 2012) will also require the establishment
of a new genus at some point in the future. The
typification of this clade as the true Limnothrix has
been suggested (Zhu et al., 2012) but would proba-
bly not be justified. Synonymization of Limnothrix and
Pseudanabaena in Pseudanabaenaceae has also
been attempted (Whitton, 2011); however, that attempt
lacked formal requirements and was, thus, illegitimate
(Guiry & Guiry, 2025). The main difference between
Limnothrix and Pseudanabaena was the formation of
both polar and central aerotopes only in Limnothrix,
which was recently disputed after the naming of new
species Ps. pruinosa with centrally and irregularly po-
sitioned aerotopes (Aleksovski et al., 2024).

The presence of granules at cross-walls, easily
mistaken for aerotopes, resulted in the designation
of the sequences neighboring the genus Xomosiella
(clade L) as Limnothrix spp. (Gkelis et al., 2005; Zhu
et al.,, 2012). In Limnothrix sensu stricto, the typi-
cal polar granules have been observed as the true
aerotopes (Meffert, 1988; Meffert et al., 1981). In
the Chinese “Limnothrix” strains examined by Zhu
et al. (2012) of clade L, the aerotopes were observed
in fresh samples, but lost in multiple cultures and
not visible under transmission electron microscopy
(TEM). Genetically identical strains from Greece
were proven, experimentally, to contain true aero-
topes; however, their presence was disputed by TEM
(Gkelis et al., 2005). Similar granules are charac-
teristic also of Persinemataceae but with equivocal
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Hapalosiphonaceae taxa.

identity. In Lagosinema, the granules were visible
in light microscopy (LM); however, no TEM observa-
tions were completed, and the bodies were hypoth-
esized to contain cyanophycin (Akagha et al., 2019).
Persinema was diagnosed also on the basis of ab-
sent aerotopes; however, some granules were visible
within its filaments (Heidari et al., 2018). According to
our observations of Xomosiella (Figure 1i—k), these
bodies were probably composed of cyanophycin
that enveloped a carboxysome (Stanier (Cohen-
Bazire), 1988; Walsby, 1994). The typical aerotope
structure was not observed, but occasional web-
like structures were present; they were probably
fixation artifacts. The additional granules scattered
throughout some of the cells in older filaments
were possibly polyphosphate granules (Stanier
(Cohen-Bazire), 1988).

Loriellopsis

Unlike the other cyanobacteria described in this
study, the classification of Loriellopsis vromo-
nerensis varies between traits. Morphologically,
our isolates from crude culture closely resembled
Cyanosarcina-like taxa, with the arrangement of
polyhedral cells into irregular colonies with thin com-
mon mucilage and with the smallest cells of any so
far described Cyanosarcina species (Komarek &

Anagnostidis, 1999; Kovacik, 1988). The sequences
from the individually isolated aggregates and the strain
clustered congruently; therefore, they represented the
same species with possible phenotypic plasticity. Our
results also showed that the morphology of the spe-
cies differed in the unialgal strain in that the colonies
disintegrated, and the position of the cells was much
looser. This type of variability has been described in
numerous coccal taxa (Jezberova & Komarkova, 2007;
Palinska & Krumbein, 1998). Baeocytes were not ob-
served. Thus, although being coccal without any hint
of filaments or heterocytes, the sequences of the
Cyanosarcina-like organism Alb16-JP1 clustered in
the immediate neighborhood of Loriellopsis, yet only
with medium support. They therefore represented
a new species of the genus, herein described as L.
vromonerensis. All the sequences in the Loriellopsis
clade come from soil, belong to endolithic, epilithic
or even directly cave organisms, but are geographi-
cally distant from each other: They are from Europe,
China, Hawaii, and North America (EF032780.1;
JQ404421.1; Lamprinou et al., 2011; Némeckova
et al., 2023; Shalygin et al., 2019; Smith et al., 2014).
This corresponds to the ecology of our isolates from
a cave wall, which is probably a typical habitat for the
entire group. Inhabiting endolithic and soil cavities as
well as caves in combination with protective pigments
is possibly also a strategy to protect the cells from UV
radiation (Némeckova et al., 2023, 2024).
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species, was revealed to be merely an envi-
ronmentally induced morphotype of an isopolar
Chrysoporum ovalisporum, in which the true branch-
ing was induced by vitamin deficiency (McGregor
et al., 2023). This explanation is probably incorrect:
We have observed the organism under different
culture conditions and for long periods of time, and
not once has a stage other than the bundle-like
structure been documented. Furthermore, the thyla-
koids of Alb16-JP1 were parietal, unlike the parallel
or fascicular forms of L. cavernicola (Lamprinou
et al., 2011).

B The original sequence of the Loriellopsis reference
may have been contaminated. Although the refer-
ence sequence is designated as the type strain of L.
cavernicola, the original publication did not mention
sequencing of the strain itself; instead, the material

for DNA extraction was gathered by scraping from
the cave wall and was neither cultured nor further
isolated (Lamprinou et al., 2011). Therefore, there
is no guarantee of matching the sequence to the
phenotype. Interestingly, there are other sequences
of uncultured “Loriellopsis” deposited in NCBI, with
sequence similarity to multiple completely isolated
lineages including Kovacikia (Kilgore et al., 2018)
or even Micractinium and higher plant plastids. We
have not been able to obtain the original material of
Loriellopsis, so this possibility remains unproven,
but we consider it highly probable. Contamination
of apparently unicyanobacterial natural material by
smaller inconspicuous species is a very common
phenomenon. It is also true that DNA can sometimes
be isolated much more easily from these smaller
species with thinner mucilaginous sheaths.
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C The convergent evolution and homoplastic mutations
of the 16S rRNA gene in Loriellopsis cavernicola have
brought about misleading results of phylogenetic
analyses (Dvorék et al., 2023). In this case, using
only 16S rRNA gene data may be insufficient (Skoupy
et al., 2024). However, this problem is much broader
than the content of this article. Further sampling ef-
forts, preferably genomic data from morphologically
authentic unialgal strains, might resolve this issue in
the future.

The general morphotype mostly lacking reliable
morphological markers makes the identification of
Cyanosarcina- or Chroococcidiopsis-like cyanobac-
teria even more complicated. This situation has also
resulted in inflation of sequences belonging to both
mentioned genera with clearly polyphyletic relation-
ships (Figure 9). Because of the unrelatedness to other
genera, we believe that the cleanest solution to this sit-
uation is to describe these organisms as a new genus
from the order Chroococcidiopsidaceae.
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Mastigocladus

The results of the phylogenetic analysis showed that
the strain morphologically corresponding to the genus
Mastigocladus (Hapalosiphonaceae), with the true
branching and long attenuated branches and interca-
lary heterocytes (Komarek, 2013), truly represented a
separate species belonging to this genus. Its position
as sister to all other Mastigocladus sequences was
well supported statistically, and the genetic distance
was sufficient to describe it as a new species, although
not high enough to be an isolated genus (Casamatta
et al., 2020; Yarza et al., 2014).

For a long time, Mastigocladus laminosus was the
only validly described species of the genus, albeit with
a number of supraspecific taxa arguably belonging to
different genera (Komarek, 2013). Recently, Jaiswal
et al. (2021) described a genetically and morpholog-
ically distinct species (M. ambikapurensis) from hot
spring water (52°C) differing also by the presence of
both terminal and lateral heterocytes. The herein de-
scribed M. boudae possessed only intercalary het-
erocytes; therefore, this phenotypic marker might be
useful for further identification. Admittedly, the very
presence and position of heterocytes may be induced
by the culture conditions (Nierzwicki-Bauer et al., 1984;
Tiwari, 1978). There are few other morphologically
described yet unresolved species of the genus.
Mastigocladus bursa was described very vaguely with
little morphological information (elliptic cells, attenu-
ated branches, bright green coloring, young filaments
resemble Nostoc) from a mountain stream in Mauritius
(Dickie, 1874; Forti, 1907). Mastigocladus flagelliforme
(Chondrogloea flagelliformis) was somewhat similar to
M. boudae, with the distinctly constricted cells and the

dimensions of the main filament; however, the branches
of M. boudae were at least 5pm wide, whereas those
of Ch. flagelliformis were only 2 um wide. Furthermore,
Ch. flagelliformis had only one-sided branching,
whereas M. boudae branched in multiple directions
(Komarek, 2013; Schmidle, 1900). Mastigocladus
hansgirgii did not possess true branching and is prob-
ably a member of a different genus (Komarek, 2013;
Schmidle, 1900). Mastigocladus major (Hapalosiphon
major) also had quite unclear morphological descrip-
tions and has been considered just a morphological
form of M. laminosus (Elenkin, 1936). Soe et al. (2011)
reported multiple lineages within M. laminosus in
agreement with our analyses and considered them all
as members of the same species with morphological
differences congruent with geographical isolation. With
more data, it is possible that some of these lineages will
be erected as new species or perhaps connected to the
other morphologically described taxa.

Frequent morphological similarities among genera
in certain life stages in all Hapalosiphonaceae com-
bined with phenotypic plasticity have led to the infla-
tion of misidentified sequences (Parmar et al., 2024),
which was also apparent in our analyses. Furthermore,
the usage of 16S rRNA gene similarity thresholds has
been problematic within this family, as many genera
have quite low 16S rRNA gene differences (Table 3),
and thus, the 16S rRNA gene p-distance should not
be the sole evidence for species and genus de-
lineation (Casamatta et al.,, 2020). For example,
Neowestiellopsis, Reptodigitus, Nostochopsis, and
Pelatocladus should, theoretically, belong to a single
genus; however, the putative taxon would be para-
phyletic, which would be in conflict with a monophy-
letic species concept (Johansen & Casamatta, 2005).
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Therefore, all available characteristics, including ecol-
ogy and molecular markers, ought to be used for more
reliable identification (Casamatta et al., 2020).

The taxonomical situation between Mastigocladus
and Fischerella has not been satisfactorily resolved to
date (Alcorta et al., 2019). The genera share identical
locus classicus and possibly even the original population
set as a type (Bornet & Flahault, 1886; Elenkin, 1938;
Gomont, 1895; KaStovsky et al., 2014; KaStovsky &
Johansen, 2008; Kirchner, 1898; Schwabe, 1837).
Both type species reportedly differed in cell size, which
was considered irrelevant by Rippka et al. (1979) who
treated the genera as synonymous under the name
Fischerella, taking its taxonomic priority into account
(Gomont, 1895; Kirchner, 1898). Later authors syn-
onymized the genera even further with Hapalosiphon
and Westiellopsis (Gugger & Hoffmann, 2004).
Kastovsky and Johansen (2008) following Geitler (1932)
argued that specimens from thermal habitats should
be considered the true Mastigocladus, whereas other
morphologically similar species from different habi-
tats should be considered Fischerella. According to
Komarek (2013), the main filaments of Fischerella may
be polyseriate, further distinguishing the two taxa. The
clade including our strain complied with these rules,
as all isolates of the genus for which there are avail-
able data have come from thermal environments and
lack polyseriate filaments (Alcaman et al., 2017; Dagan
et al., 2013; Hirose et al., 2016; Jaiswal et al., 2021;
Kastovsky & Johansen, 2008; Miller et al., 2007; Mishra
et al.,, 2020; Roeselers et al., 2007; Smith-Badorf
et al., 2013; Soe et al.,, 2011; Yilmaz Cankilic & Arik
Berk, 2016; Zhu et al., 2017). Therefore, the entire clade
ought to be regarded as Mastigocladus in agreement
with previous authors (Jaiswal et al., 2021; KaStovsky &
Johansen, 2008).

Pegethrix

The phylogenetic analysis placed the novel strain
Alb13-JP2 within the genus Pegethrix (Oculatellales),
while the genetic distance supported its description as
a separate species (lowest 16S rRNA gene PD =2.51%,
to Pegethrix niliensis). This correlated with its mor-
phology, as it produced simple uniseriate filaments
without conspicuous morphological properties (Gao
et al., 2024; Hentschke et al., 2024; Luz et al., 2023;
Mai et al., 2018). The species is so far represented by
sequences of three strains. The identity of one of these
strains (“Leptolyngbya” sp. PItLPT2) was already dis-
cussed by Tangetal. (2021), who considered it part of the
invalidly described genus Marsacia (Brown et al., 2010).
The strain PItLPT2 originated from a Greek thermal
spring (Bravakos et al., 2016) and, therefore, shares
ecological characteristics and geographical region with
our isolate (Alb13-JP2) of P. sulphurea. The third strain

within P. sulphurea, “Leptolyngbya” sp. WUC607, was
collected in Punjab wetlands (ON685867.1). Compared
to most other species of Pegethrix, P. sulphurea mor-
phologically differs by the absence of false branching,
an absence which has, so far, been reported only in P.
niliensis (Gao et al., 2024; Hentschke et al., 2024; Luz
et al., 2023; Mai et al., 2018; Shen et al., 2023). Almost
all species of Pegethrix, apart from planktonic P.
giandaoensis, grow on moist terrestrial surfaces (Gao
et al., 2024; Hentschke et al., 2024), whereas P. sul-
phurea inhabits a highly sulfuric thermal environment.
However, affinity for thermal habitats is not rare among
Oculatellaceae and appears to have evolved without a
clear evolutionary pattern. Typically, thermophilic are
members of the genus Thermoleptolyngbya (Sciuto &
Moro, 2016; Tang et al., 2021), the monospecific genera
Komarkovaesiopsis (Cai et al., 2024) and Amphirytos
(Jasser et al., 2022), and the species Albertania pratii
and Oculatella castenholzii (Kastovsky et al., 2023).

It is plausible that our isolate belongs to an already
described thermophilic or thermotolerant species that
lacks molecular data (Mai et al., 2018); however, mor-
phologically, none fully matched our strain. Usually, the
main difference was in the cell length-to-width ratio or
in that, the cells were not constricted at cross-walls.
The cells of, for example, Leptolyngbya copelandii or
Lyngbya mucicola var. hiraoensis are similarly wide
but at least twice as long, and those of Leptolyngbya
delicatula are similarly long, constricted at cross-walls,
but half as wide (Anagnostidis, 2001; Compeére, 1985;
Komarek & Anagnostidis, 2008). Reports of Drouetiella
lurida (as Phormidium luridum) from thermal habitats
(Copeland, 1936) may belong to another similar spe-
cies, as its type material was from fresh water and soil
(Gomont, 1892; Mai et al., 2018). Leptolyngbya valde-
riana, which has longer cells and confluent sheaths,
was also observed in colder freshwater habitats
(Copeland, 1936).

Heteroleibleinia kuetzingii, H. affixa, and Leibleinia
epiphytica were considered thermotolerant, albeit ad-
herent to or creeping on the substrate (Copeland, 1936;
Komarek & Anagnostidis, 2008; Yoneda, 1938); how-
ever, this trait might be influenced by culture conditions.
Our strain lacked the typical fascicles of Symploca
nemedcii, trichomes of which are constricted at cross-
walls, and with slightly thinner cells than what we ob-
served in P. sulphurea (Copeland, 1936; Prat, 1929).
Leptolyngbya thermophila has longer cells and pos-
sesses attenuated apex cells and was described from
hot springs in Kamchatka (Elenkin, 1914; Komarek &
Anagnostidis, 2008). The most morphologically and
eco-geographically similar to Pegethrix sulphurea is
arguably Leptolyngbya thermobia, described from
Greece, with trichomes constricted at cross-walls and
nearly identical cell dimensions (Anagnostidis, 2001).
Although our isolate did not form spirals typical for
Leptolyngbya thermobia, this phenotypic trait might
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also be altered by culture conditions. Molecular evi-
dence from the authentic material of these species is
essential in order to elucidate their possible phyloge-
netic relationships.

The emergence of numerous new taxa of a simple
trichal morphotype has been a pattern of the past sev-
eral years (KaStovsky, 2023) and has ultimately led
to the establishment of four orders, Leptolyngbyales,
Nodosilineales, Oculatellales, and Pseudanabaenales,
predominantly represented by this morphotype
(Strunecky et al., 2023) and originally included in
Synechococcales sensu Komarek et al. (2014). Since
the relatively recent description of Oculatella (Zammit
et al.,, 2012) and the subsequent erection of the fam-
ily Oculatellaceae (Mai et al.,, 2018) and the order
Oculatellales (Strunecky et al., 2023), respectively,
nearly 70 new species in 23 genera have been de-
scribed from a variety of habitats (Guiry & Guiry, 2025).
However, many originated in the earlier established col-
lective genera, such as Leptolyngbya (Mai et al., 2018).
In fact, one third of newly described or renamed spe-
cies since the beginning of this century have belonged
to simple trichal morphotypes (Kastovsky, 2023).
Oculatellaceae, especially the clade containing closely
related Carthusia, Drouetiella, Elainella, Pegethrix,
Maricoleus, and Siamcapillus, are infamous for sig-
nificant rates of cryptic and pseudocryptic diversity
(Hentschke et al., 2024), and molecular evidence has
been the most reliable for distinguishing Oculatellaceae
taxa from each other (Osorio-Santos et al., 2014). Our
results, therefore, align with previous authors, who have
suggested merging the aforementioned genera into
one (Hentschke et al., 2024) because in this clade, no
two strains, excluding Drouetiella, cross the 16S rRNA
gene PD threshold for separate genera (Tables S4 and
S5; Yarza et al., 2014).

AUTHOR CONTRIBUTIONS

Jan Pokorny: Investigation (equal); resources (sup-
porting); writing — review and editing (equal). Alzbéta
Vondraskova: Investigation (equal); writing — re-
view and editing (equal). Michaela Wipplingerova:
Investigation (supporting); resources (supporting). Jan
Kastovsky: Conceptualization (lead); formal analysis
(equal); funding acquisition (lead); investigation (equal);
project administration (lead); supervision (lead); writ-
ing — original draft (equal); writing — review and editing
(equal).

ACKNOWLEDGMENTS

This project was supported by internal resources of
the Faculty of Science, University of South Bohemia,
and the Grant Agency of the Czech Republic (GACRY);
No. 22-06374S. The expedition led by Ing. Marek Audy
was funded by the Neuron Foundation. The authors
thank all members of the expedition for pleasant work-
ing conditions. We thank the Ministry of Tourism and

Environment of the Republic of Albania for permission
to work with cyanobacterial material; No. 416. Open ac-
cess publishing facilitated by JihoCeska Univerzita v
Ceskych Budégjovicich, as part of the Wiley - CzechELib
agreement.

ORCID

Jan Pokorny (© https://orcid.org/0000-0002-3187-9527
Jan Kastovsky @ https://orcid.
org/0000-0003-4523-3468

REFERENCES

Abdullin, S. R., Nikulin, V. Y., Nikulin, A. Y., Manyakhin, A. Y., Bagmet,
V. B., Suprun, A. R., & Gontcharov, A. A. (2021). Roholtiella
mixta sp. nov (Nostocales, Cyanobacteria): Morphology, mo-
lecular phylogeny, and carotenoid content. Phycologia, 60(1),
73-82. https://doi.org/10.1080/00318884.2020.1852846

Akagha, S. C., Johansen, J. R., Nwankwo, D. I, & Yin, K. (2019).
Lagosinema tenuis gen. et sp. nov. (Prochlorotrichaceae,
Cyanobacteria): A new brackish water genus from tropical
Africa. Fottea, 19(1), 1-12. https://doi.org/10.5507/fot.2018.012

Alcaman, M. E., Alcorta, J., Bergman, B., Vasquez, M., Polz, M., &
Diez, B. (2017). Physiological and gene expression responses
to nitrogen regimes and temperatures in Mastigocladus sp.
strain CHP1, a predominant thermotolerant cyanobacterium
of hot springs. Systematic and Applied Microbiology, 40(2),
102—-113. https://doi.org/10.1016/j.syapm.2016.11.007

Alcorta, J., Vergara-Barros, P., Antonaru, L. A., Alcaman-Arias,
M. E., Nurnberg, D. J., & Diez, B. (2019). Fischerella ther-
malis: A model organism to study thermophilic diazotro-
phy, photosynthesis and multicellularity in cyanobacteria.
Extremophiles, 23(6), 635—647. https://doi.org/10.1007/s0079
2-019-01125-4

Aleksovski, B., Krsti¢, S., Komarek, J., Nguyen, K., Pakovski, K.,
Kiprijanovska, S., Dimovski, A., Vuchurevi¢, A., Stefanoska,
E., & Strunecky, O. (2024). Pseudanabaena pruinosa
sp. nov. (Pseudanabaenales, Cyanobacteria): An Arctic
Pseudanabaena species with branched sheaths and cen-
tral aerotopes. European Journal of Phycology, 59(23), 1-21.
https://doi.org/10.1080/09670262.2024.2343088

Altschul, S. F., Gish, W., Miller, W., Myers, E. W., & Lipman, D. J.
(1990). Basic local alignment search tool. Journal of Molecular
Biology, 215(3), 403-410. https://doi.org/10.1016/S0022-
2836(05)80360-2

Anagnostidis, K. (2001). Nomenclatural changes in cyanoprokary-
otic order Oscillatoriales. Preslia, 73, 359—-375.

Audy, M., Bouda, T., Bruthans, J., & Rizi¢ka, V. (2022). Hypogene
caves inthe Vromoner thermal springs area on the Sarandaporo
River, Albania. Speleoférum, 41, 42—51.

Bacchetta, T., Loépez-Garcia, P., Gutiérrez-Preciado, A., Mehta,
N., Skouri-Panet, F., Benzerara, K., Ciobanu, M., Yubuki, N.,
Tavera, R., & Moreira, D. (2024). Description of Gloeomargarita
ahousahtiae sp. nov. (Gloeomargaritales), a thermophilic cya-
nobacterium with intracellular carbonate inclusions. European
Journal of Phycology, 59(1), 11-20. https://doi.org/10.1080/
09670262.2023.2216257

Bell, J. R. (2008). A simple way to treat PCR products prior to se-
quencing using ExoSAP-IT®. BioTechniques, 44(6), 834.
https://doi.org/10.2144/000112890

Bischoff, H. W., & Bold, H. C. (1963). Phycological studies: Volume
IV. Some soil algae from Enchanted Rock and related algal
species. University of Texas Publication.

Bold, H. C. (1949). The morphology of Chlamydomonas chlamydog-
ama, sp. nov. Bulletin of the Torrey Botanical Club, 76(2), 101.
https://doi.org/10.2307/2482218

85U80]7 SUOWILIOD A1) 3|cedldde Uy Aq peusenob afe a0l VO @SN JO s3I0} Akeiq1 78Ul UuO 48] UO (SUORIPUOD-PpUR-SLUBIAL0D A8 | im AeIq U1 [UO//:SANY) SUORIPUOD Pue SWe | 8u 88S *[520z/0T/0g] Uo Ariqiaulluo Aeim ‘AiseAlun ueiweyog yinos Aq zgoo.L Ad[TTTT'0T/10p/w0o A8 | AReig1jeuljuoj/sdny Wwouy pepeo|umod ‘G ‘SZ0Z ‘L T8862ST


https://orcid.org/0000-0002-3187-9527
https://orcid.org/0000-0002-3187-9527
https://orcid.org/0000-0003-4523-3468
https://orcid.org/0000-0003-4523-3468
https://orcid.org/0000-0003-4523-3468
https://doi.org/10.1080/00318884.2020.1852846
https://doi.org/10.5507/fot.2018.012
https://doi.org/10.1016/j.syapm.2016.11.007
https://doi.org/10.1007/s00792-019-01125-4
https://doi.org/10.1007/s00792-019-01125-4
https://doi.org/10.1080/09670262.2024.2343088
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1080/09670262.2023.2216257
https://doi.org/10.1080/09670262.2023.2216257
https://doi.org/10.2144/000112890
https://doi.org/10.2307/2482218

NEW CYANOBACTERIA FROM ALBANIAN THERMAL CAVE

| 1417

Boone, D. R., & Castenholz, R. W. (2001). Bergey's manual of sys-
tematic bacteriology (2nd ed.). Springer.

Bornet, E., & Flahault, C. (1886). Revision des Nostocacées hétéro-
cystées contenues dans les principaux herbiers de France
(Troisieme fragment). Annales des Sciences Naturelles,
Botanique, Septieme série, 5, 51-129.

Boyer, S. L., Flechtner, V. R., & Johansen, J. R. (2001). Is the 16S-
23S rRNA internal transcribed spacer region a good tool for
use in molecular systematics and population genetics? A case
study in Cyanobacteria. Molecular Biology and Evolution,
18(6), 1057-1069. https://doi.org/10.1093/oxfordjournals.mol-
bev.a003877

Bravakos, P., Kotoulas, G., Skaraki, K., Pantazidou, A., & Economou-
Amilli, A. (2016). A polyphasic taxonomic approach in isolated
strains of Cyanobacteria from thermal springs of Greece.
Molecular Phylogenetics and Evolution, 98, 147-160. https:/
doi.org/10.1016/j.ympev.2016.02.009

Brown, I. 1., Bryant, D. A., Casamatta, D., Thomas-Keprta, K. L.,

Sarkisova, S. A., Shen, G., Graham, J. E., Boyd, E. S., Peters,

J. W, Garrison, D. H., & McKay, D. S. (2010). Polyphasic char-

acterization of a thermotolerant siderophilic filamentous cya-

nobacterium that produces intracellular iron deposits. Applied
and Environmental Microbiology, 76(19), 6664—6672. https://
doi.org/10.1128/AEM.00662-10

F., Li, S., Chen, J., & Li, R. (2024). Gansulinema gen. nov.

and Komarkovaeasiopsis gen. nov.: Novel Oculatellacean

genera (Cyanobacteria) isolated from desert soils and hot
spring. Journal of Phycology, 60(2), 432—4486. https://doi.org/
10.1111/jpy.13426

Casamatta, D. A,, Villanueva, C. D., Garvey, A. D., Stocks, H. S,
Vaccarino, M., Dvorak, P., Hasler, P., & Johansen, J. R. (2020).
Reptodigitus chapmanii (Nostocales, Hapalosiphonaceae)
gen. nov.: A unique Nostocalean (Cyanobacteria) genus based
on a polyphasic approach. Journal of Phycology, 56(2), 425—
436. https://doi.org/10.1111/jpy.12954

Compeére, P. (1985). Combinaisons nouvelles dans les
Cyanophycées. Bulletin du Jardin Botanique National de
Belgique, 55, 487—-489.

Copeland, J. J. (1936). Yellowstone thermal Myxophyceae. Annals
of the New York Academy of Sciences, 36, 1-232.

Cordeiro, R., Luz, R., Lage, S., Menezes, C., Dias, E., Flores, C.,
Fonseca, A., & Goncalves, V. (2024). Metabolomic and taxo-
nomic characterization of Haloleptolyngbya lusitanica sp. nov.
(Cyanobacteria, Synechococcales). Phycologia, 63, 1-234.
https://doi.org/10.1080/00318884.2024.2317252

Dadheech, P. K., Mahmoud, H., Kotut, K., & Krienitz, L. (2014).
Desertifilum fontinale sp. nov. (Oscillatoriales, Cyanobacteria)
from a warm spring in East Africa, based on conventional and
molecular studies. Fottea, 14(2), 129-140. https://doi.org/10.
5507/fot.2014.010

Dagan, T., Roettger, M., Stucken, K., Landan, G., Koch, R., Major,
P., Gould, S. B., Goremykin, V. V., Rippka, R., Tandeau De
Marsac, N., Gugger, M., Lockhart, P. J., Allen, J. F., Brune,
I., Maus, I., Puhler, A., & Martin, W. F. (2013). Genomes of
Stigonematalean Cyanobacteria (subsection V) and the evo-
lution of oxygenic photosynthesis from prokaryotes to plastids.
Genome Biology and Evolution, 5(1), 31—44. https://doi.org/10.
1093/gbe/evsi17

Dickie, G. (1874). On the algae of Mauritius. Journal of the Linnean
Society of London, Botany, 14, 190-202.

Dillon, J. G., McMath, L. M., & Trout, A. L. (2009). Seasonal changes
in bacterial diversity in the Salton Sea. Hydrobiologia, 632(1),
49-64. https://doi.org/10.1007/s10750-009-9827-4

Duperron, S., Beniddir, M. A., Durand, S., Longeon, A., Duval, C.,
Gros, O., Bernard, C., & Bourguet-Kondracki, M.-L. (2019).
New benthic Cyanobacteria from Guadeloupe mangroves as
producers of antimicrobials. Marine Drugs, 18(1), 16. https:/
doi.org/10.3390/md18010016

Cai

Duval, C., Hamlaoui, S., Piquet, B., Toutirais, G., Yéprémian, C.,
Reinhardt, A., Duperron, S., Marie, B., Demay, J., & Bernard, C.
(2021). Diversity of Cyanobacteria from thermal muds (Balaruc-
Les-Bains, France) with the description of Pseudochroococcus
coutei gen. nov., sp. nov. FEMS Microbes, 2, xtab006. https://
doi.org/10.1093/femsmc/xtab006

Dvorak, P., Jahodafova, E., Stanojkovi¢, A., Skoupy, S., &
Casamatta, D. A. (2023). Population genomics meets the tax-
onomy of Cyanobacteria. Algal Research, 72, 103128. https://
doi.org/10.1016/j.algal.2023.103128

Eftimi, R., & Frashéri, A. (2018). Regional hydrogeological char-
acteristics of thermal waters of Albania. Acta Geographica
Silesiana, 12/1(29), 11-26.

Elenkin, A. A. (1914). Kamchatka Expedition of Fyodor Pavlovich
Ryabushinsky, equipped with the assistance of the Imperial
Russian Geographical Society. Botanical Department.
Issue Il. Spore plants of Kamchatka: Algae. Tipografiya P.P.
Ryabushinskago, Moskva.

Elenkin, A. A. (1936). Sinezeleniye vodorosli SSSR. Monografiya
presnovodnykh i nazemnykh S'yanofiseaye, obnaruzhennykh
v predelakh SSSR. Obshchaya chast'. 1zdatel'stvo Akademii
Nauk SSSR. [in Russian].

Elenkin, A. A. (1938). Sinezeleniye vodorosli SSSR. Monografiya
presnovodnykh i nazemnykh S'yanofiseaye, obnaruzhennykh
v predelakh SSSR. Spetsial'naya (sistematicheskaya) chast’,
vyp. I. I. Chroococcaceae Geitl.; Il. Chamaesiphoneae Geitl.;
Ill. Hormogoneae (Geitl.) Elenk.: Poryadok Stigonematales
Geitl.;  poryadok  Mastigocladales Elenk.;  poryadok
Diplonematales Elenk.; poryadok Nostocales (Geitl.) Elenk.:
Sem. Nostocaceae Elenk., sem. Anabaenaceae Elenk.,
Aphanizomenonaceae Elenk., sem. Nodulariaceae Elenk.,
sem. Scytonemataceae (Klitz.) Elenk. |zdatel'stvo Akademii
Nauk SSSR. [in Russian].

Forti, A. (1907). Sylloge algarum omnium hucusque cognitarum.
Vol. V. In J. B. De Toni (Ed.), Sylloge Algarum Omnium. Sylloge
Myxophycearum (pp. 1-761). Padova.

Gama, W. A., Rigonato, J., Fiore, M. F., & Sant'Anna, C. L. (2019).
New insights into Chroococcus (Cyanobacteria) and two re-
lated genera: Cryptococcum gen. nov. and /nacoccus gen.
nov. European Journal of Phycology, 54(3), 315-325. https:/
doi.org/10.1080/09670262.2018.1563913

Gao, K., Cheng, Y., Geng, R., Xiao, P., Zhang, H., Wu, Z., Cai, F., & Li,
R. (2024). Revealing the diversity of thin filamentous cyanobacte-
ria, with the discovery of a novel species, Pegethrix giandaoensis
sp. nov. (Oculatellaceae, Oculatellales), in a freshwater lake in
China. Diversity, 16, 161. https://doi.org/10.3390/d16030161

Geitler, L. (1932). Cyanophyceae (1st ed.). Akademische
Verlagsgesellschaft m.b.h.

Gicklhorn, J. (1921). Uber den Blauglanz zweier neuer Oscillatorien.
Osterreichische Botanische Zeitschrift, 70(1-2), 1-29.

Gkelis, S., Rajaniemi, P., Vardaka, E., Moustaka-Gouni, M., Lanaras,
T., & Sivonen, K. (2005). Limnothrix redekei (Van Goor) Meffert
(Cyanobacteria) strains from Lake Kastoria, Greece form a
separate phylogenetic group. Microbial Ecology, 49(1), 176—
182. https://doi.org/10.1007/s00248-003-2030-7

Gomont, M. (1892). Monographie des Oscillariées (Nostocacées
Homocystées). Deuxiéme partie. - Lyngbyées. Annales des
Sciences Naturelles, Botanique, 7(16), 91-264.

Gomont, M. (1895). Note sur le Scytonema ambiguum Kutzing.
Journal De Botanique, 9, 49-52.

Gugger, M. F., & Hoffmann, L. (2004). Polyphyly of true branch-
ing cyanobacteria (Stigonematales). International Journal of
Systematic and Evolutionary Microbiology, 54(2), 349-357.
https://doi.org/10.1099/ijs.0.02744-0

Guindon, S., Dufayard, J., Lefort, V., Anisimova, M., Hordijk, W., &
Gascuel, O. (2010). New algorithms and methods to estimate
maximum-likelihood phylogenies assessing the performance
of PhyML 3.0. Systematic Biology, 59(3), 307—-321.

85U80]7 SUOWILIOD A1) 3|cedldde Uy Aq peusenob afe a0l VO @SN JO s3I0} Akeiq1 78Ul UuO 48] UO (SUORIPUOD-PpUR-SLUBIAL0D A8 | im AeIq U1 [UO//:SANY) SUORIPUOD Pue SWe | 8u 88S *[520z/0T/0g] Uo Ariqiaulluo Aeim ‘AiseAlun ueiweyog yinos Aq zgoo.L Ad[TTTT'0T/10p/w0o A8 | AReig1jeuljuoj/sdny Wwouy pepeo|umod ‘G ‘SZ0Z ‘L T8862ST


https://doi.org/10.1093/oxfordjournals.molbev.a003877
https://doi.org/10.1093/oxfordjournals.molbev.a003877
https://doi.org/10.1016/j.ympev.2016.02.009
https://doi.org/10.1016/j.ympev.2016.02.009
https://doi.org/10.1128/AEM.00662-10
https://doi.org/10.1128/AEM.00662-10
https://doi.org/10.1111/jpy.13426
https://doi.org/10.1111/jpy.13426
https://doi.org/10.1111/jpy.12954
https://doi.org/10.1080/00318884.2024.2317252
https://doi.org/10.5507/fot.2014.010
https://doi.org/10.5507/fot.2014.010
https://doi.org/10.1093/gbe/evs117
https://doi.org/10.1093/gbe/evs117
https://doi.org/10.1007/s10750-009-9827-4
https://doi.org/10.3390/md18010016
https://doi.org/10.3390/md18010016
https://doi.org/10.1093/femsmc/xtab006
https://doi.org/10.1093/femsmc/xtab006
https://doi.org/10.1016/j.algal.2023.103128
https://doi.org/10.1016/j.algal.2023.103128
https://doi.org/10.1080/09670262.2018.1563913
https://doi.org/10.1080/09670262.2018.1563913
https://doi.org/10.3390/d16030161
https://doi.org/10.1007/s00248-003-2030-7
https://doi.org/10.1099/ijs.0.02744-0

1418

POKORNY ET AL.

Guiry, M., & Guiry, W. (2025). AlgaeBase. World-wide electronic
publication, National University of Ireland, Galway. https:/
www.algaebase.org/

Heidari, F., Zima, J., Riahi, H., & Hauer, T. (2018). New simple trichal
cyanobacterial taxa isolated from radioactive thermal springs.
Fottea, 18(2), 137—149. https://doi.org/10.5507/fot.2017.024

Hentschke, G. S., Mohamed, Z., Campos, A., & Vasconcelos, V.
M. (2024). Description of Pegethrix niliensis sp. nov., a novel
cyanobacterium from the Nile River Basin, Egypt: A polypha-
sic analysis and comparative study of related genera in the
Oculatellales order. Toxins, 16(10), 451. https://doi.org/10.3390/
toxins16100451

Hirose, Y., Fujisawa, T., Ohtsubo, Y., Katayama, M., Misawa,
N., Wakazuki, S., Shimura, Y., Nakamura, Y., Kawachi, M.,
Yoshikawa, H., Eki, T., & Kanesaki, Y. (2016). Complete ge-
nome sequence of cyanobacterium Fischerella sp. NIES-
3754, providing thermoresistant optogenetic tools. Journal of
Biotechnology, 220, 45-46. https://doi.org/10.1016/j.jbiotec.
2016.01.011

Huelsenbeck, J. P., & Ronquist, F. (2001). MRBAYES: Bayesian in-
ference of phylogenetic trees. Bioinformatics, 17(8), 754—755.
https://doi.org/10.1093/bioinformatics/17.8.754

lteman, I., Rippka, R., Tandeau de Marsac, N., & Herdman, M.
(2000). Comparison of conserved structural and regulatory
domains within divergent 16S rRNA-23S rRNA spacer se-
quences of cyanobacteria. Microbiology, 146, 1275-1286.
https://doi.org/10.1099/00221287-146-6-1275

Jaiswal, T. P., Chakraborty, S., Singh, P., Mishra, A. K., & Singh,
S. S. (2021). Description of hot spring dwelling Mastigocladus
ambikapurensis sp. nov., using a polyphasic approach. Plant
Systematics and Evolution, 307(3), 33. https://doi.org/10.1007/
s00606-021-01755-2

Jasser, |., Panou, M., Khomutovska, N., Sandzewicz, M., Panteris,
E., Niyatbekov, T., tach, t., Kwiatowski, J., Kokocinski, M., &
Gkelis, S. (2022). Cyanobacteria in hot pursuit: Characterization
of cyanobacteria strains, including novel taxa, isolated from
geothermal habitats from different ecoregions of the world.
Molecular Phylogenetics and Evolution, 170, 107454. https:/
doi.org/10.1016/j.ympev.2022.107454

Jezberova, J., & Komarkova, J. (2007). Morphological transfor-
mation in a freshwater Cyanobium sp. induced by grazers.
Environmental Microbiology, 9, 1858—1862. https://doi.org/10.
1111/j.1462-2920.2007.01311.x

Jiang, Y., Tang, J., Liu, X., & Daroch, M. (2023). Polyphasic
characterization of a novel hot-spring cyanobacterium
Thermocoleostomius sinensis gen. et sp. nov. and genomic
insights into its carbon concentration mechanism. Frontiers in
Microbiology, 14, 1176500. https://doi.org/10.3389/fmicb.2023.
1176500

Johansen, J. R., Bohunicka, M., LukeSova, A., Hrékova, K.,
Vaccarino, M. A., & Chesarino, N. M. (2014). Morphological
and molecular characterization within 26 strains of the genus
Cylindrospermum (Nostocaceae, Cyanobacteria), with de-
scription of three new species. Journal of Phycology, 50(1),
187-202. https://doi.org/10.1111/jpy.12150

Johansen, J. R., & Casamatta, D. A. (2005). Recognizing cyanobac-
terial diversity through adoption of a new species paradigm.
Algological Studies, 117, 71-93. https://doi.org/10.1127/1864-
1318/2005/0117-0071

Johansen, J. R., Kovacik, L., Casamatta, D. A., Fucikova, K., &
Kastovsky, J. (2011). Utility of 16S-23S ITS sequence and sec-
ondary structure for recognition of intrageneric and intergeneric
limits within cyanobacterial taxa: Leptolyngbya corticola sp.
nov. (Pseudanabaenaceae, Cyanobacteria). Nova Hedwigia,
92(3-4), 283-302. https://doi.org/10.1127/0029-5035/2011/
0092-0283

Johansen, J. R., Mares, J., Pietrasiak, N., Bohunicka, M., Zima, J.,
Stenclovd, L., & Hauer, T. (2017). Highly divergent 16S rRNA

sequences in ribosomal operons of Scytonema hyalinum
(Cyanobacteria). PLoS ONE, 12(10), e0186393. https://doi.org/
10.1371/journal.pone.0186393

Jung, P., Azua-Bustos, A., Gonzalez-Silva, C., Mikhailyuk,
T., Zabicki, D., Holzinger, A., Lakatos, M., & Budel, B.
(2021). Emendation of the coccoid Cyanobacterial genus
Gloeocapsopsis and description of the new species
Gloeocapsopsis diffluens sp. nov. and Gloeocapsopsis dul-
cis sp. nov. isolated from the coastal range of the Atacama
Desert (Chile). Frontiers in Microbiology, 12, 671742. https://
doi.org/10.3389/fmicb.2021.671742

Jung, P., Briegel-Williams, L., Werner, L., Jost, E., Schultz, M.,
Nurnberg, D. J., Grube, M., & Lakatos, M. (2024). A direct PCR
approach with low-biomass insert opens new horizons for
molecular sciences on cryptogam communities. Applied and
Environmental Microbiology, 90, e00024-24. https://doi.org/10.
1128/aem.00024-24

Jung, P., Mikhailyuk, T., Emrich, D., Baumann, K., Dultz, S., & Bldel,
B. (2020). Shifting boundaries Ecological and geographical
range extension based on three new species in the cyano-
bacterial genera Cyanocohniella, Oculatella, and Aliterella.
Journal of Phycology, 56(5), 1216—1231. https://doi.org/10.1111/
jpy.13025

Kastovsky, J. (2023). Welcome to the jungle!: An overview of modern
taxonomy of cyanobacteria. Hydrobiologia, 851, 1063—1077.
https://doi.org/10.1007/s10750-023-05356-7

Kastovsky, J., Gomez, E. B., Hladil, J., & Johansen, J. R. (2014).
Cyanocohniella calida gen. et sp. nov. (Cyanobacteria:
Aphanizomenonaceae) a new cyanobacterium from the ther-
mal springs from Karlovy Vary, Czech Republic. Phytotaxa,
181(5), 279-292. https://doi.org/10.11646/phytotaxa.181.5.3

Kastovsky, J., & Johansen, J. R. (2008). Mastigocladus laminosus
(Stigonematales, Cyanobacteria): Phylogenetic relationship
of strains from thermal springs to soil-inhabiting genera of the
order and taxonomic implications for the genus. Phycologia,
47(3), 307-320. https://doi.org/10.2216/PH07-69.1

Kastovsky, J., Johansen, J. R., Hauerova, R., & Akagha, M. U.
(2023). Hot is rich—An enormous diversity of simple trichal
Cyanobacteria from Yellowstone hot springs. Diversity, 15(9),
975. https://doi.org/10.3390/d15090975

Katoh, K., Misawa, K., Kuma, K., & Miyata, T. (2002). MAFFT: A
novel method for rapid multiple sequence alignment based on
fast Fourier transform. Nucleic Acids Research, 30(14), 3059—
3066. https://doi.org/10.1093/nar/gkf436

Katoh, K., & Standley, D. M. (2013). MAFFT multiple sequence align-
ment software version 7: Improvements in performance and
usability. Molecular Biology and Evolution, 30(4), 772-780.
https://doi.org/10.1093/molbev/mst010

Kilgore, C., Johansen, J. R., Mai, T., Hauer, T., Casamatta, D. A., &
Sheil, C. A. (2018). Molecular characterization of Geitleria ap-
palachiana sp. nov. (Nostocales, Cyanobacteria) and formation
of Geitleriaceae fam. nov. Fottea, 18(2), 150—163. https://doi.
org/10.5507/fot.2018.002

Kirchner, O. (1898). Schizophyta: Schizophyceae. In A. Engler &
K. Prantl (Eds.), Die nattrlichen Pflanzenfamilien (1st ed., pp.
45-92). Wilhelm Engelmann.

Komarek, J. (2013). Cyanoprokaryota 3:3, Teil: Heterocytous gen-
era. In B. Bldel (Ed.), Susswasserflora von Mitteleuropa (Vol.
19). Springer Spektrum.

Komarek, J., & Anagnostidis, K. (1999). SiBwasserflora von
Mitteleuropa: Bd. 19/1. Cyanoprokaryota: Chroococcales (1.
vyd.). Springer Spektrum.

Komarek, J., & Anagnostidis, K. (2008). SiBwasserflora von
Mitteleuropa: Bd 19/2. Cyanoprokaryota, Part 2: Oscillatoriales
(Unaltered repr., 2. print). Spektrum Akademischer Verlag.

Komarek, J., Johansen, J. R., Smarda, J., & Strunecky, O. (2020).
Phylogeny and taxonomy of Synechococcus—like cyanobacte-
ria. Fottea, 20(2), 171-191. https://doi.org/10.5507/fot.2020.006

85U80]7 SUOWILIOD A1) 3|cedldde Uy Aq peusenob afe a0l VO @SN JO s3I0} Akeiq1 78Ul UuO 48] UO (SUORIPUOD-PpUR-SLUBIAL0D A8 | im AeIq U1 [UO//:SANY) SUORIPUOD Pue SWe | 8u 88S *[520z/0T/0g] Uo Ariqiaulluo Aeim ‘AiseAlun ueiweyog yinos Aq zgoo.L Ad[TTTT'0T/10p/w0o A8 | AReig1jeuljuoj/sdny Wwouy pepeo|umod ‘G ‘SZ0Z ‘L T8862ST


https://www.algaebase.org/
https://www.algaebase.org/
https://doi.org/10.5507/fot.2017.024
https://doi.org/10.3390/toxins16100451
https://doi.org/10.3390/toxins16100451
https://doi.org/10.1016/j.jbiotec.2016.01.011
https://doi.org/10.1016/j.jbiotec.2016.01.011
https://doi.org/10.1093/bioinformatics/17.8.754
https://doi.org/10.1099/00221287-146-6-1275
https://doi.org/10.1007/s00606-021-01755-2
https://doi.org/10.1007/s00606-021-01755-2
https://doi.org/10.1016/j.ympev.2022.107454
https://doi.org/10.1016/j.ympev.2022.107454
https://doi.org/10.1111/j.1462-2920.2007.01311.x
https://doi.org/10.1111/j.1462-2920.2007.01311.x
https://doi.org/10.3389/fmicb.2023.1176500
https://doi.org/10.3389/fmicb.2023.1176500
https://doi.org/10.1111/jpy.12150
https://doi.org/10.1127/1864-1318/2005/0117-0071
https://doi.org/10.1127/1864-1318/2005/0117-0071
https://doi.org/10.1127/0029-5035/2011/0092-0283
https://doi.org/10.1127/0029-5035/2011/0092-0283
https://doi.org/10.1371/journal.pone.0186393
https://doi.org/10.1371/journal.pone.0186393
https://doi.org/10.3389/fmicb.2021.671742
https://doi.org/10.3389/fmicb.2021.671742
https://doi.org/10.1128/aem.00024-24
https://doi.org/10.1128/aem.00024-24
https://doi.org/10.1111/jpy.13025
https://doi.org/10.1111/jpy.13025
https://doi.org/10.1007/s10750-023-05356-7
https://doi.org/10.11646/phytotaxa.181.5.3
https://doi.org/10.2216/PH07-69.1
https://doi.org/10.3390/d15090975
https://doi.org/10.1093/nar/gkf436
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.5507/fot.2018.002
https://doi.org/10.5507/fot.2018.002
https://doi.org/10.5507/fot.2020.006

NEW CYANOBACTERIA FROM ALBANIAN THERMAL CAVE

1419

Komarek, J., Kastovsky, J., Mare§, J., & Johansen, J. R. (2014).
Taxonomic classification of cyanoprokaryotes (Cyanobacterial
genera) 2014, using a polyphasic approach. Preslia, 86,
295-335.

Kovagik, L. (1988). Cell division in simple coccal cyanophytes. Archiv
Fir Hydrobiologie. Supplementband, 80(1-4), 149—-190.

Lamprinou, V., Christodoulou, M., Hernandez-Marine, M.,
Parmakelis, A., & Economou-Amilli, A. (2016). Spelaeonaias
gen. nov., a new true-branched cyanobacterium from Cave
Vlychada (Diros, Peloponnese, Greece). Phytotaxa, 282(3),
171. https://doi.org/10.11646/phytotaxa.282.3.1

Lamprinou, V., Hernandez-Mariné, M., Canals, T., Kormas, K.,
Economou-Amilli, A., & Pantazidou, A. (2011). Morphology
and molecular evaluation of Iphinoe spelaeobios gen. nov.,
sp. nov. and Loriellopsis cavernicola gen. nov., sp. nov., two
stigonematalean cyanobacteria from Greek and Spanish
caves. International Journal of Systematic and Evolutionary
Microbiology, 61(12), 2907-2915. https://doi.org/10.1099/ijs.0.
029223-0

Lamprinou, V., Skaraki, K., Kotoulas, G., Economou-Amilli, A.,
& Pantazidou, A. (2012). Toxopsis calypsus gen. nov., sp.
nov. (Cyanobacteria, Nostocales) from cave ‘Francthi’,
Peloponnese, Greece: A morphological and molecular eval-
uation. International Journal of Systematic and Evolutionary
Microbiology, 62(12), 2870—2877. https://doi.org/10.1099/ijs.0.
038679-0

Lara, Y., Lambion, A., Menzel, D., Codd, G. A., & Wilmotte, A.
(2013). A cultivation-independent approach for the genetic and
cyanotoxin characterization of colonial cyanobacteria. Aquatic
Microbial Ecology, 69(2), 135-143. https://doi.org/10.3354/
ame01628

Lefler, F. W., Berthold, D. E., & Dail Laughinghouse, H. (2023).
Cyanoseq: A database of cyanobacterial 16S rRNA sequences
with curated taxonomy. Journal of Phycology, 59(3), 470—480.
https://doi.org/10.1111/jpy.13335

Lefort, V., Longueville, J.-E., & Gascuel, O. (2017). SMS: Smart
Model Selection in PhyML. Molecular Biology and Evolution,
34(9), 2422-2424. https://doi.org/10.1093/molbev/msx149

Lemoine, F., Correia, D., Lefort, V., Doppelt-Azeroual, O., Mareuil,
F., Cohen-Boulakia, S., & Gascuel, O. (2019). NGPhylogeny.
fr: New generation phylogenetic services for non-specialists.
Nucleic Acids Research, 47(W1), W260-W265. https://doi.org/
10.1093/nar/gkz303

Lemoine, F., Domelevo Entfellner, J.-B., Wilkinson, E., Correia,
D., Davila Felipe, M., De Oliveira, T., & Gascuel, O. (2018).
Renewing Felsenstein's phylogenetic bootstrap in the era of
big data. Nature, 556(7702), 452—456. https://doi.org/10.1038/
s41586-018-0043-0

Lumian, J. E., Jungblut, A. D., Dillion, M. L., Hawes, I., Doran, P. T.,
Mackey, T. J., Dick, G. J., Grettenberger, C. L., & Sumner, D.
Y. (2021). Metabolic capacity of the Antarctic cyanobacterium
Phormidium pseudopriestleyi that sustains oxygenic photosyn-
thesis in the presence of hydrogen sulfide. Genes, 12(3), 426.
https://doi.org/10.3390/genes12030426

Luz, R., Cordeiro, R., Kastovsky, J., Johansen, J. R., Dias, E.,
Fonseca, A., Urbatzka, R., Vasconcelos, V., & Gongalves, V.
(2023). New terrestrial cyanobacteria from the Azores Islands:
Description of Venetifunis gen. nov. and new species of
Albertania, Kovacikia and Pegethrix. Phycologia, 62(5), 483—
498. https://doi.org/10.1080/00318884.2023.2259243

Maa-iad, K., Keawtawee, T., & Seel-audom, M. (2023). Effect of cy-
anobacteria Limnothrix strain LmTKO1 on the survival rate of
shrimp Litopenaeus vannamei and factors effected on LmTKO1
growth. Buparpha Science Journal, 28(2), 976—990.

Mai, T., Johansen, J. R., Pietrasiak, N., Bohunicka, M., & Martin,
M. P. (2018). Revision of the Synechococcales (Cyanobacteria)
through recognition of four families including Oculatellaceae
fam. nov. and Trichocoleaceae fam. nov. and six new genera

containing 14 species. Phytotaxa, 365(1), 1-59. https://doi.org/
10.11646/phytotaxa.365.1.1

Mares, J., Lara, Y., Dadakova, ., Hauer, T., Uher, B., Wilmotte, A.,
& Kastovsky, J. (2015). Phylogenetic analysis of cultivation-
resistant terrestrial cyanobacteria with massive sheaths
(Stigonema spp. and Petalonema alatum, Nostocales,
Cyanobacteria) using single-cell and filament sequencing of
environmental samples. Journal of Phycology, 51(2), 288—297.
https://doi.org/10.1111/jpy.12273

Markham, N. R., & Zuker, M. (2008). UNAFold. In J. M. Keith (Ed.),
Bioinformatics (Vol. 453, pp. 3—31). Humana Press. https://doi.
org/10.1007/978-1-60327-429-6_1

McGregor, G. B., & Sendall, B. C. (2017). Ewamiania thermalis
gen. et sp. nov. (Cyanobacteria, Scytonemataceae), a new
cyanobacterium from Talaroo thermal springs, north-eastern
Australia. Australian Systematic Botany, 30(1), 38. https://doi.
org/10.1071/SB16039

McGregor, G. B., Sendall, B. C., Niiyama, Y., Tuji, A., & Willis, A.
(2023). Chrysosporum ovalisporum is synonymous with the
true-branching cyanobacterium Umezakia natans (Nostocales/
Aphanizomenonaceae). Journal of Phycology, 59(2), 326—341.
https://doi.org/10.1111/jpy.13317

Meffert, M.-E. (1971). Cultivation and growth of two planktonic
Oscillatoria species. SIL Communications, 1953-1996, 19,
189-205.

Meffert, M.-E. (1987). Planktic unsheated filaments (Cyanophyceae)
with polar and central gas-vacuoles |. Their morphology and
taxonomy. Archiv flir Hydrobiologie. Supplementband, 76(4),
315-346.

Meffert, M.-E. (1988). Limnothrix Meffert nov. gen. - the unsheathed
planktic Cyanophycean filaments with polar and central gas
vacuoles. Algological Studies, 50-53, 269—-276.

Meffert, M.-E., Oberhauser, R., & Overbeck, J. (1981). Morphology
and taxonomy of Oscillatoria redekei (Cyanophyta). British
Phycological Journal, 16, 107-114.

Miller, S. R., & Bebout, B. M. (2004). Variation in sulfide tolerance of
photosystem Il in phylogenetically diverse cyanobacteria from
sulfidic habitats. Applied and Environmental Microbiology,
70(2), 736-744. https://doi.org/10.1128/AEM.70.2.736-744.
2004

Miller, S. R., Castenholz, R. W., & Pedersen, D. (2007).
Phylogeography of the thermophilic cyanobacterium
Mastigocladus laminosus. Applied and Environmental
Microbiology, 73(15), 4751-4759. https://doi.org/10.1128/AEM.
02945-06

Miscoe, L. H., Johansen, J. R., Vaccarino, M. A., Pietrasiak, N.,
& Sherwood, A. R. (2016). The diatom flora and cyanobac-

teria from caves on Kauai, Hawaii. 1l. Novel cyanobacteria
from caves on Kauai, Hawaii. Bibliotheca Phycologica, 120,
75-152.

Mishra, D., Suradkar, A., Saraf, A., & Singh, P. (2020). Phylogenetic
evaluation of the true-branched heterocytous cyanobacteria
and description of soil dwelling Westiellopsis akinetica sp. nov.
FEMS Microbiology Letters, 367(5), fnaa046. https://doi.org/10.
1093/femsle/fnaa046

Momper, L., Hu, E., Moore, K. R., Skoog, E. J., Tyler, M., Evans, A.
J., & Bosak, T. (2019). Metabolic versatility in a modern lineage
of cyanobacteria from terrestrial hot springs. Free Radical
Biology and Medicine, 140, 224—232. https://doi.org/10.1016/j.
freeradbiomed.2019.05.036

Moro, I., Fuiano, M. A., Rascio, N., De Philippis, R., & La Rocca,
N. (2021). Phylogenetic, morphological and biochemical stud-
ies on Thermospirulina andreolii gen. & sp. nov. (Cyanophyta)
from the Euganean thermal district (Italy). Phycologia, 60(5),
487-496. https://doi.org/10.1080/00318884.2021.1987026

Némeckova, K., Mare$, J., Kosek, F., Culka, A., Dudak, J., Tymlova,
V., Zemligka, J., & Jehligka, J. (2024). Comparative analysis of
cyanobacterial communities in gypsum outcrops: Insights from

85U80]7 SUOWILIOD A1) 3|cedldde Uy Aq peusenob afe a0l VO @SN JO s3I0} Akeiq1 78Ul UuO 48] UO (SUORIPUOD-PpUR-SLUBIAL0D A8 | im AeIq U1 [UO//:SANY) SUORIPUOD Pue SWe | 8u 88S *[520z/0T/0g] Uo Ariqiaulluo Aeim ‘AiseAlun ueiweyog yinos Aq zgoo.L Ad[TTTT'0T/10p/w0o A8 | AReig1jeuljuoj/sdny Wwouy pepeo|umod ‘G ‘SZ0Z ‘L T8862ST


https://doi.org/10.11646/phytotaxa.282.3.1
https://doi.org/10.1099/ijs.0.029223-0
https://doi.org/10.1099/ijs.0.029223-0
https://doi.org/10.1099/ijs.0.038679-0
https://doi.org/10.1099/ijs.0.038679-0
https://doi.org/10.3354/ame01628
https://doi.org/10.3354/ame01628
https://doi.org/10.1111/jpy.13335
https://doi.org/10.1093/molbev/msx149
https://doi.org/10.1093/nar/gkz303
https://doi.org/10.1093/nar/gkz303
https://doi.org/10.1038/s41586-018-0043-0
https://doi.org/10.1038/s41586-018-0043-0
https://doi.org/10.3390/genes12030426
https://doi.org/10.1080/00318884.2023.2259243
https://doi.org/10.11646/phytotaxa.365.1.1
https://doi.org/10.11646/phytotaxa.365.1.1
https://doi.org/10.1111/jpy.12273
https://doi.org/10.1007/978-1-60327-429-6_1
https://doi.org/10.1007/978-1-60327-429-6_1
https://doi.org/10.1071/SB16039
https://doi.org/10.1071/SB16039
https://doi.org/10.1111/jpy.13317
https://doi.org/10.1128/AEM.70.2.736-744.2004
https://doi.org/10.1128/AEM.70.2.736-744.2004
https://doi.org/10.1128/AEM.02945-06
https://doi.org/10.1128/AEM.02945-06
https://doi.org/10.1093/femsle/fnaa046
https://doi.org/10.1093/femsle/fnaa046
https://doi.org/10.1016/j.freeradbiomed.2019.05.036
https://doi.org/10.1016/j.freeradbiomed.2019.05.036
https://doi.org/10.1080/00318884.2021.1987026

1420

POKORNY ET AL.

sites in Israel and Poland. Extremophiles, 28(3), 37. https://doi.
org/10.1007/s00792-024-01352-4

Némeckova, K., Mares, J., Prochazkova, L., Culka, A., Kosek, F.,
Wierzchos, J., Nedbalova, L., Dudék, J., Tymlova, V., Zemli¢ka,
J., Kust, A, Zima, J., Novékovd, E., & Jehlicka, J. (2023).
Gypsum endolithic phototrophs under moderate climate
(Southern Sicily): Their diversity and pigment composition.
Frontiers in Microbiology, 14, 1175066. https://doi.org/10.3389/
fmicb.2023.1175066

Nierzwicki-Bauer, S. A., Balkwill, D. L., & Stevens, S. E. (1984).
Morphology and ultrastructure of the cyanobacterium
Mastigocladus laminosus growing under nitrogen-fixing condi-
tions. Archives of Microbiology, 137(2), 97-103. https://doi.org/
10.1007/BF00414447

Nibel, U., Garcia-Pichel, F., & Muyzer, G. (1997). PCR primers to
amplify 16S rRNA genes from cyanobacteria. Applied and
Environmental Microbiology, 63(8), 3327-3332. https://doi.org/
10.1128/aem.63.8.3327-3332.1997

Osorio-Santos, K., Pietrasiak, N., Bohunicka, M., Miscoe, L. H.,,
Kovacik, L., Martin, M. P., & Johansen, J. R. (2014). Seven new
species of Oculatella (Pseudanabaenales, Cyanobacteria):
Taxonomically recognizing cryptic diversification. European
Journal of Phycology, 49(4), 450—-470. https://doi.org/10.1080/
09670262.2014.976843

Palinska, K. A., & Krumbein, W. E. (1998). Patterns of growth in
coccoid, aggregate forming cyanobacteria. Annales Botanici
Fennici, 35, 219-227.

Panou, M., & Gkelis, S. (2022). Unravelling unknown cyanobacteria
diversity linked with HCN production. Molecular Phylogenetics
and Evolution, 166, 107322. https://doi.org/10.1016/j.ympev.
2021.107322

Parmar, M., Jaiswal, T. P., Bhattacharjee, S., Singh, S. S., & Mishra,
A. K. (2024). Westiellopsis tiwarii sp. nov., a new cyanobacte-
rium from North-East India soils. Microbiology, 93(4), 399—-409.
https://doi.org/10.1134/S0026261723602154

Patzelt, D. J., Hodag, L., Friedl, T., Pietrasiak, N., & Johansen, J.
R. (2014). Biodiversity of soil cyanobacteria in the hyper-arid
Atacama Desert, Chile. Journal of Phycology, 50(4), 698-710.
https://doi.org/10.1111/jpy.12196

Perkerson, R. B, lll, Perkerson, E. A., & Casamatta, D. A. (2010).
Phylogenetic examination of the cyanobacterial genera
Geitlerinema and Limnothrix (Pseudanabaenaceae) using 16S
rDNA gene sequence data. Algological Studies, 134, 1-16.
https://doi.org/10.1127/1864-1318/2010/0134-0001

Pokorny, J., Stenclova, L., & Kastovsky, J. (2023). Unsuspected
findings about phylogeny and ultrastructure of the enigmatic
cyanobacterium Microcrocis geminata resulted in its epitypifi-
cation and novel placement in Geminocystaceae. Fottea, 23(1),
110-121. https://doi.org/10.5507/fot.2022.016

Prat, S. (1929). Study on biolithogenesis. Calcareous race and
Cyanophyceae and their role in creating travertine.

Rippka, R., Deruelles, J., & Waterbury, J. B. (1979). Generic as-
signments, strain histories and properties of pure cultures of
Cyanobacteria. Journal of General Microbiology, 111(1), 1-61.
https://doi.org/10.1099/00221287-111-1-1

Rodrigue, S., Malmstrom, R. R., Berlin, A. M., Birren, B. W., Henn,
M. R., & Chisholm, S. W. (2009). Whole genome amplification
and de novo assembly of single bacterial cells. PLoS ONE, 4,
e6864. https://doi.org/10.1371/journal.pone.0006864

Roeselers, G., Norris, T. B., Castenholz, R. W., Rysgaard, S., Glud,
R. N., Kihl, M., & Muyzer, G. (2007). Diversity of phototrophic
bacteria in microbial mats from Arctic hot springs (Greenland).
Environmental Microbiology, 9(1), 26—38. https://doi.org/10.
1111/j.1462-2920.2006.01103.x

Roldan, M., Ramirez, M., del Campo, J., Hernandez-Mariné, M., &
Komarek, J. (2013). Chalicogloea cavernicola gen. nov., sp.
nov. (Chroococcales, Cyanobacteria), from low-light aero-
phytic environments: Combined molecular, phenotypic and

ecological criteria. International Journal of Systematic and
Evolutionary Microbiology, 63, 2326—2333. https://doi.org/10.
1099/ijs.0.045468-0

Sarbu, S. M., Brad, T., Bancila, R. |., & Stefan, A. (2024). Exploring
biodiversity and food webs in sulfur cave in the Vromoner
Canyon on the Greek—Albanian border. Diversity, 16(8), 477.
https://doi.org/10.3390/d16080477

Sayers, E. W,, Bolton, E. E., Brister, J. R., Canese, K., Chan, J.,
Comeau, D. C., Connor, R., Funk, K., Kelly, C., Kim, S., Madej,
T., Marchler-Bauer, A., Lanczycki, C., Lathrop, S., Lu, Z,
Thibaud-Nissen, F., Murphy, T., Phan, L., Skripchenko, Y.,
... Sherry, S. T. (2022). Database resources of the National
Center for Biotechnology Information. Nucleic Acids Research,
50(D1), D20—-D26. https://doi.org/10.1093/nar/gkab1112

Schmidle, W. (1900). Algologische Notizen. XIV. Einige neue
von Professor Dr. Hansgirg in Vorderindien gesammelte
Slsswasseralgen. Allgemeine Botanische Zeitschrift Fir
Systematik, Floristik, Pflanzengeographie, 6, 53—55.

Schwabe, H. (1837). Uber die Algen der Karlsbader warmen Quellen.
Linnaea, 11, 109-127.

Sciuto, K., & Moro, |. (2016). Detection of the new cosmopolitan genus
Thermoleptolyngbya  (Cyanobacteria, Leptolyngbyaceae)
using the 16S rRNA gene and 16S—23S ITS region. Molecular
Phylogenetics and Evolution, 105, 15-35. https://doi.org/10.
1016/j.ympev.2016.08.010

Sciuto, K., Moschin, E., & Moro, I. (2017). Cryptic cyanobacterial
diversity in the Giant Cave (Trieste, ltaly): The new genus
Timaviella (Leptolyngbyaceae). Cryptogamie, Algologie, 38(4),
285-323. https://doi.org/10.7872/crya/v38.iss4.2017.285

Shalygin, S., Kavulic, K. J., Pietrasiak, N., Bohunicka, M.,
Vaccarino, M. A., Chesarino, N. M., & Johansen, J. R. (2019).
Neotypification of Pleurocapsa fuliginosa and epitypifica-
tion of P. minor (Pleurocapsales): Resolving a polyphyletic
Cyanobacterial genus. Phytotaxa, 392(4), 245. https://doi.org/
10.11646/phytotaxa.392.4.1

Shen, L., Zhang, Z., Huang, L., Zhang, L., Yu, G., Chen, M,, Li, R., &
Qiu, B. (2023). Chlorophyll f production in two new subaerial cy-
anobacteria of the family Oculatellaceae. Journal of Phycology,
59(2), 370—382. https://doi.org/10.1111/jpy.13314

Sheridan, R. P. (1966). Photochemical and dark reduction of sulfate
and thiosulfate to hydrogen sulfide in Synechococcus lividus
[Doctoral dissertation, University of Oregon].

Skoupy, S., Stanojkovi¢, A., Casamatta, D. A., McGovern, C.,
Martinovi¢, A., Jaskowiec, J., Konderlova, M., Dodokova, V.,
Mikeskova, P., Jahodarova, E., Jungblut, A., Van Schalkwyk,
H., & Dvorak, P. (2024). Population genomics and morphologi-
cal data bridge the centuries of cyanobacterial taxonomy along
the continuum of Microcoleus species. IScience, 27, 109444.
https://doi.org/10.1016/j.isci.2024.109444

Smith, H. D., Baqué, M., Duncan, A. G., Lloyd, C. R., McKay, C.
P., & Billi, D. (2014). Comparative analysis of cyanobacteria in-
habiting rocks with different light transmittance in the Mojave
Desert: A Mars terrestrial analogue. International Journal of
Astrobiology, 13(3), 271-277. https://doi.org/10.1017/S1473
550414000056

Smith-Badorf, H. D., Chuck, C. J., Mokebo, K. R., MacDonald, H.,
Davidson, M. G., & Scott, R. J. (2013). Bioprospecting the ther-
mal waters of the Roman baths: Isolation of oleaginous species
and analysis of the FAME profile for biodiesel production. AMB
Express, 3(1), 9. https://doi.org/10.1186/2191-0855-3-9

Soe, K. M., Yokoyama, A., Yokoyama, J., & Hara, Y. (2011).
Morphological and genetic diversity of the thermophilic cy-
anobacterium, Mastigocladus laminosus (Stigonematales,
Cyanobacteria) from Japan and Myanmar. Phycological
Research, 59(3), 135—-142.

Spits, C., Caignec, C. L., Rycke, M. D., Haute, L. V., Van Steirteghem,
A., Liebaers, I., & Sermon, K. (2006). Optimization and eval-
uation of single-cell whole-genome multiple displacement

85U80]7 SUOWILIOD A1) 3|cedldde Uy Aq peusenob afe a0l VO @SN JO s3I0} Akeiq1 78Ul UuO 48] UO (SUORIPUOD-PpUR-SLUBIAL0D A8 | im AeIq U1 [UO//:SANY) SUORIPUOD Pue SWe | 8u 88S *[520z/0T/0g] Uo Ariqiaulluo Aeim ‘AiseAlun ueiweyog yinos Aq zgoo.L Ad[TTTT'0T/10p/w0o A8 | AReig1jeuljuoj/sdny Wwouy pepeo|umod ‘G ‘SZ0Z ‘L T8862ST


https://doi.org/10.1007/s00792-024-01352-4
https://doi.org/10.1007/s00792-024-01352-4
https://doi.org/10.3389/fmicb.2023.1175066
https://doi.org/10.3389/fmicb.2023.1175066
https://doi.org/10.1007/BF00414447
https://doi.org/10.1007/BF00414447
https://doi.org/10.1128/aem.63.8.3327-3332.1997
https://doi.org/10.1128/aem.63.8.3327-3332.1997
https://doi.org/10.1080/09670262.2014.976843
https://doi.org/10.1080/09670262.2014.976843
https://doi.org/10.1016/j.ympev.2021.107322
https://doi.org/10.1016/j.ympev.2021.107322
https://doi.org/10.1134/S0026261723602154
https://doi.org/10.1111/jpy.12196
https://doi.org/10.1127/1864-1318/2010/0134-0001
https://doi.org/10.5507/fot.2022.016
https://doi.org/10.1099/00221287-111-1-1
https://doi.org/10.1371/journal.pone.0006864
https://doi.org/10.1111/j.1462-2920.2006.01103.x
https://doi.org/10.1111/j.1462-2920.2006.01103.x
https://doi.org/10.1099/ijs.0.045468-0
https://doi.org/10.1099/ijs.0.045468-0
https://doi.org/10.3390/d16080477
https://doi.org/10.1093/nar/gkab1112
https://doi.org/10.1016/j.ympev.2016.08.010
https://doi.org/10.1016/j.ympev.2016.08.010
https://doi.org/10.7872/crya/v38.iss4.2017.285
https://doi.org/10.11646/phytotaxa.392.4.1
https://doi.org/10.11646/phytotaxa.392.4.1
https://doi.org/10.1111/jpy.13314
https://doi.org/10.1016/j.isci.2024.109444
https://doi.org/10.1017/S1473550414000056
https://doi.org/10.1017/S1473550414000056
https://doi.org/10.1186/2191-0855-3-9

NEW CYANOBACTERIA FROM ALBANIAN THERMAL CAVE

| 1421

amplification. Human Mutation, 27(5), 496—503. https://doi.org/
10.1002/humu

Spurr, A. R. (1969). A low-viscosity epoxy resin embedding medium
for electron microscopy. Journal of Ultrastructural Research,
26, 31-43.

Stanier (Cohen-Bazire), G. (1988). Fine structure of cyanobacteria.
In Methods in enzymology (pp. 157—172). Elsevier. https://doi.
org/10.1016/0076-6879(88)67017-0

Staub, R. (1961).  Ernadhrungsphysiologisch-autékologische
Untersuchungen an der planktischen Blaualge Oscillatoria ru-
bescens DC. Schweizerische Zeitschrift flir Hydrologie, 23(1),
82-198. https://doi.org/10.1007/BF02505618

Strunecky, O., Ivanova, A. P., & Mare§, J. (2022). An updated clas-
sification of cyanobacterial orders and families based on phy-
logenomic and polyphasic analysis. Journal of Phycology, 59,
12-51. https://doi.org/10.1111/jpy.13304

Strunecky, O., Komarek, J., & Smarda, J. (2014). Kamptonema
(Microcoleaceae, Cyanobacteria), a new genus derived from
the polyphyletic Phormidium on the basis of combined molec-
ular and cytomorphological markers. Preslia, 86(2), 193-207.

Suda, S., Watanabe, M. M., Shigeto, O., Mahakahant, A,
Yongmanitchai, W., Nopartnaraporn, N., Liu, Y., & Day, J.
G. (2002). Taxonomic revision of water-bloom-forming spe-
cies of oscillatorioid cyanobacteria. International Journal of
Systematic and Evolutionary Microbiology, 52(5), 1577-1595.
https://doi.org/10.1099/00207713-52-5-1577

Tang, J., Du, L.-M., Li, M., Yao, D., Jiang, Y., Waleron, M., Waleron,
K., & Daroch, M. (2022). Characterization of a novel hot-
spring cyanobacterium Leptodesmis sichuanensis sp. nov.
and genomic insights of molecular adaptations into its habitat.
Frontiers in Microbiology, 12, 739625. https://doi.org/10.3389/
fmicb.2021.739625

Tang, J., Jiang, D., Luo, Y., Liang, Y., Li, L., Shah, M. M. R., & Daroch,
M. (2018). Potential new genera of cyanobacterial strains isolated
from thermal springs of western Sichuan, China. Algal Research,
31, 14-20. https://doi.org/10.1016/j.algal.2018.01.008

Tang, J., Jiang, Y., Hu, Z., Zhou, H., You, D., & Daroch, M.
(2024). Genomic and phenotypic characterization of
Thermosynechococcus-like strains reveals eight species
within the genus Thermosynechococcus and a novel genus
Parathermosynechococcus gen. nov. Molecular Phylogenetics
and Evolution, 197, 108094. https://doi.org/10.1016/j.ympev.
2024.108094

Tang, J., Li, L., Li, M., Du, L., Shah, M. M. R., Waleron, M. M.,
Waleron, M., Waleron, K. F., & Daroch, M. (2021). Description,
taxonomy, and comparative genomics of a novel species,
Thermoleptolyngbya sichuanensis sp. nov., isolated from hot
springs of Ganzi, Sichuan, China. Frontiers in Microbiology, 12,
696102. https://doi.org/10.3389/fmicb.2021.696102

Thiers, B. M. (2025). Index Herbariorum. https://sweetgum.nybg.org/
science/ih/

Tiwari, D. N. (1978). The heterocysts of the blue-green alga
Nostochopsis lobatus: Effects of cultural conditions. New
Phytologist, 81(3), 653—656. https://doi.org/10.1111/j.1469-8137.
1978.tb01639.x

Villanueva, C. D., Bohunicka, M., & Johansen, J. R. (2024). We
are doing it wrong: Putting homology before phylogeny in cy-
anobacterial taxonomy. Journal of Phycology, 60, 1071-1089.
https://doi.org/10.1111/jpy.13491

Walsby, A. E. (1994). Gas vesicles. Microbiological Reviews, 58(1),
94—144. https://doi.org/10.1128/mr.58.1.94-144.1994

Wang, Y., Cai, F,, Jia, N., & Li, R. (2019). Description of a novel coc-
coid Cyanobacterial genus and species Sinocapsa zengkensis
gen. nov. sp. nov. (Sinocapsaceae, incertae sedis), with taxo-
nomic notes on genera in Chroococcidiopsidales. Phytotaxa,
409(3), 146—-160. https://doi.org/10.11646/phytotaxa.409.3.3

Whitton, B. A. (2011). Cyanobacteria (Cyanophyta). In D. M. John, B.
A. Whitton, & A. J. Brook (Eds.), The freshwater algal flora of the

British Isles: An identification guide to freshwater and terrestrial
algae (2nd ed., pp. 31-158). Cambridge University Press.

Wilmotte, A., Van der Auwera, G., & De Wachter, R. (1993). Structure
of the 16S ribosomal RNA of the thermophilic cyanobacterium
Chlorogloeopsis HTF (‘Mastigocladus laminosus HTF’) strain
PCC7518, and phylogenetic analysis. FEBS Letters, 317(1-2),
96-100. https://doi.org/10.1016/0014-5793(93)81499-P

Yarza, P., Yilmaz, P., Pruesse, E., Gléckner, F. O., Ludwig, W.,
Schleifer, K.-H., Whitman, W. B., Euzéby, J., Amann, R., &
Rossellé-Moéra, R. (2014). Uniting the classification of cultured
and uncultured bacteria and archaea using 16S rRNA gene
sequences. Nature Reviews Microbiology, 12(9), 635-645.
https://doi.org/10.1038/nrmicro3330

Yilmaz Cankilic, M., & Arik Berk, G. (2016). Analysis of cyanobac-
terial diversity of some hot springs in Afyonkarahisar, Turkey.
Applied Ecology and Environmental Research, 14(2), 463—
484. https://doi.org/10.15666/aeer/1402_463484

Yoneda, Y. (1938). Cyanophyceae of Japan, lll. Acta Phytotaxonomica
et Geobotanica, 7(3), 139—183.

Zammit, G. (2018). Systematics and biogeography of sciophi-
lous cyanobacteria; an ecological and molecular description
of Albertania skiophila (Leptolyngbyaceae) gen. & sp. nov.
Phycologia, 57(5), 481-491. https://doi.org/10.2216/17-125.1

Zammit, G., Billi, D., & Albertano, P. (2012). The subaerophytic
cyanobacterium  Oculatella subterranea (Oscillatoriales,
Cyanophyceae) gen. et sp. nov.. A cytomorphological and
molecular description. European Journal of Phycology, 47(4),
341-354. https://doi.org/10.1080/09670262.2012.717106

Zapomélova, E., Rehékova, K., Znachor, P., & Komarkov4, J. (2007).
Morphological diversity of coiled planktonic types of the genus
Anabaena (Cyanobacteria) in natural populations — Taxonomic
consequences. Cryptogamie Algologie, 8(4), 353-371.

Zhu, M., Yu, G., Li, X,, Tan, W., & Li, R. (2012). Taxonomic and
phylogenetic evaluation of Limnothrix strains (Oscillatoriales,
Cyanobacteria) by adding Limnothrix planktonica strains iso-
lated from central China. Hydrobiologia, 698(1), 367-374.
https://doi.org/10.1007/s10750-012-1127-8

Zhu, T, Hou, S., Lu, X., & Hess, W. R. (2017). Draft genome se-
quences of nine cyanobacterial strains from diverse habitats.
Genome Announcements, 5(9), e01676-16. https://doi.org/10.
1128/genomeA.01676-16

Zuker, M. (2003). Mfold web server for nucleic acid folding and hy-
bridization prediction. Nucleic Acids Research, 31(13), 3406—
3415. https://doi.org/10.1093/nar/gkg595

SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

Figure S1. The phylogenetic tree constructed from the
16S rRNA gene sequences of 203 taxa, 1096 positions
long, showing the phylogenetic position of Xomosiella
in Persinemataceae (Nodosilineales) with five
sequences of Gloeobacterales applied as an outgroup.
Representatives of Chroococcales, Leptolyngbyales,
Acaryochloridales, Thermostichales, Synechococcales,
Gloeomargaritales, and Pseudanabaenales were also
included in the analyses. The topology represents
the best ML tree with the best model GTR+R chosen
by SMS. Node support includes the bootstrap of ML
analysis above 50 and posterior probabilities of the Bl
analysis above 0.95. Our four sequences of X. audyi are
highlighted in bold.
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Figure S2. The phylogenetic tree constructed from the
16S rRNA gene sequences of 189 taxa, 1096 positions
long, showing the phylogenetic position of Loriellopsis
vromonerensis with five sequences of Gloeobacterales
applied as an outgroup. Representatives of
Chroococcales, Pleurocapsales, and Nostocales were
also included in the analyses. The topology represents
the best ML tree with the best model GTR+R chosen
by SMS. Node support includes the bootstrap of
ML analysis above 50 and posterior probabilities of
the Bl analysis above 0.95. Our six sequences of L.
vromonerensis are highlighted in bold.

Figure S3. The phylogenetic tree constructed from
the 16S rBRNA gene sequences of 106 taxa, 1096
positions long, showing the phylogenetic position of
Mastigocladus boudae in Hapalosiphonaceae with
eight sequences of Chroococcidiopsidales applied as
an outgroup. Other representatives of Nostocales were
also included in the analyses. The topology represents
the best ML tree with the best model GTR+R chosen
by SMS. Node support includes the bootstrap of ML
analysis above 50 and posterior probabilities of the Bl
analysis above 0.95. Our four sequences of M. boudae
are highlighted in bold.

Figure S4. The phylogenetic tree constructed from
the 16S rRNA gene sequences of 145 taxa, 1157
positions long, showing the phylogenetic position of
Pegethrix sulphurea within Oculatellaceae with one
sequence of Gloeobacterales applied as an outgroup.
Representatives of Nodosilineales and Leptolyngbyales
were also included in the analyses. The topology
represents the best ML tree with the bestmodel GTR+ R

chosen by SMS. Node support includes the bootstrap
of ML analysis above 50 and posterior probabilities of
the Bl analysis above 0.95. Our four sequences of P.
Sulphurea are highlighted in bold.

Table S1. Percent 16S rRNA gene sequence
dissimilarity (p-distance) of Xomosiella audyi and
related taxa.

Table S2. Percent 16S rRNA gene sequence
dissimilarity (p-distance) of Loriellopsis vromonerensis
and related taxa.

Table S3. Percent 16S rRNA gene sequence
dissimilarity (p-distance) of Mastigocladus boudae and
related taxa in Hapalosiphonaceae.

Table S4. Range in percent 16S rRNA gene sequence
dissimilarity (p-distance) of Pegethrix suplhurea and
related taxa in Oculatellaceae, based on a distance of
all OTUs within a clade to all OTUs in the comparison
clade.

Table S5. Percent 16S rRNA gene sequence
dissimilarity (p-distance) of Pegethrix sulphurea and
related taxa in Oculatellaceae.
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