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Abstract: In this study, 18 strains of cyanobacteria were isolated from seven sites, including the Han
River and Anseong Stream in Republic of Korea, and we propose these isolated strains as Limnonema
gen. nov,, belonging to the Aerosakkonemataceae family of the Oscillatoriales order, and also, as
L. hangangris sp. nov. and L. anseonga sp. nov. These strains were identified based on morpho-
logical data using a light microscope and a transmission electron microscope, and molecular data
using 165 rRNA and 165-23S ITS gene sequences. The genus Limnonema was mainly collected as
planktons, and some L. hangangris (ACKU-695-697) appeared as epilithic cyanobacteria. The genus
Limnonema showed filamentous trichomes, intracellular gas vacuoles, and irregular thylakoids ar-
rangement, which was distinct from genera Cephalothrix, Microseira, and Potamosiphon belonging to
the family Aerosakkonemataceae. Moreover, the cell widths of genus Limnonema were narrower
than those of genus Aerosakkonema, which is the type genus of the family Aerosakkonemataceae, and
L. anseonga contained more cells with wider widths than those of L. hangangris. In the 165 rRNA
gene sequence phylogeny, genus Limnonema belonged to the family Aerosakkonemataceae and was
distinguished from its close relatives, genera Aerosakkonema and Cephalothrix, and L. hangangris and
L. anseonga formed different branches. In 16S rRNA gene sequence similarity, genus Limnonema
showed 95.4-95.9% and 93.6-94.4% similarity with genera Aerosakkonema and Cephalothrix, respec-
tively, and L. hangangris and L. anseonga showed 97.6-97.7% similarity between each other. In the
165-23S ITS secondary structure, the D1-D1’, Box-B, and V3 helices of genus Limnonema were
distinguished from genera belonging to the family Aerosakkonemataceae, and the V3 helices of
L. hangangris and L. anseonga were also different from each other.

Keywords: 16S rRNA phylogeny; Aerosakkonemataceae; ITS secondary structure; Limnonema;
morphology; polyphasic approach

1. Introduction

Species belonging to the order Oscillatoriales are simple filamentous cyanobacteria that
lack true branching and specialized cells such as heterocyte or akinete [1]. Morphological
characters, such as the presence or absence of sheaths and false branching, have been used
to classify genera included in the order Oscillatoriales, but these traditional taxonomic
criteria are not sufficient to define taxa because they deal with unstable features [1-3].
Therefore, recent classification of cyanobacteria has been performed using a polyphasic
approach that adds intracellular ultrastructural analyses using an electron microscope and
molecular analyses using 16S rRNA gene sequences to the traditional analyses method that
includes morphological analyses with a light microscope [4-8].

Through polyphasic research, a classification system for cyanobacteria consisting
of a total of 8 orders and 45 families was proposed, in which the order Oscillatoriales
included 7 families (Borziaceae, Coleofasciculaceae, Cyanothecaceae, Gomontiellaceae,
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Homoeotrichaceae, Microcoleaceae, and Oscillatoriaceae) based on molecular phylogeny
based on intracellular thylakoids arrangement and protein base sequence [7]. Since then, the
classification system of cyanobacteria has continued to develop, and in a recent study, a new
classification system consisting of a total of 20 orders and 54 families was proposed using
overall cyanobacteria phylogenetic analyses based on 165 rRNA gene sequences; and with
such, the order Oscillatoriales came to include families Oscillatoriaceae, Microcoleaceae,
and Aerosakkonemataceae [9]. However, the family Aerosakkonemataceae was not well
supported phylogenetically, unlike the families Oscillatoriaceae and Microcoleaceae, and
was provisionally placed in the order Oscillatoriales due to its morphological similarity
to species belonging to the family Microcoleaceae, and was considered to require further
research in the future [9].

The family Aerosakkonemataceae has been studied since 2012, and a total of four gen-
era and seven species have been reported to date [10], which include genera Aerosakkonema
reported by Thu and Watanabe, Cephalothrix reported by da Silva Malone et al., Microseira
reported by McGregor and Sendall, and Potamosiphon reported by McGregor and Sendall [9].
It was reported that the genus Aerosakkonema appeared in reservoirs of tropical regions [11];
the genus Cephalothrix appeared in various environments, such as freshwater and alkaline
lakes and lake soil shoreline [12,13]; the genus Microseira appeared in freshwater or the
rocks of that freshwater in subtropical regions [14,15]; and the genus Potamosiphon appeared
in coastal streams [16]. The family Aerosakkonemataceae has filamentous trichomes, its
apical cells may thicken or have calyptra, its cell length is shorter than the width, and its
thylakoids arrangement is generally irregular. A. funiforme, reported by Thu and Watanabe,
C. komarekiana reported by da Silva Malone et al., and C. lacustris reported by da Silva
Malone et al., all belonging to this family, have gas vacuoles [11-16]. Gas vacuoles are intra-
cellular, hollow, cylindrical vesicular protein complexes (such as GvpA or GvpC) that help
in the suspension of cyanobacteria [11] and appear to be closely associated with ecological
niches, but have also been found in cyanobacteria inhabiting a variety of environments [17].
As an example, the genus Desertifilum reported by Dadheech and Krienitz has gas vacuoles
but was reported to be found in desert crusts [18].

In this study, 18 strains of planktonic and epilithic cyanobacteria were isolated from
surface water and benthic gravel at seven sites, including the Han River and Anseong
Stream in Republic of Korea, and these cyanobacteria were identified via morphological
observation using a light microscope (LM) and a transmission electron microscope (TEM)
and molecular analyses using 165 rRNA, 165-235 ITS gene sequences. As a result of this
study, we propose these cyanobacteria as one new genus and two new species belonging to
the family Aerosakkonemataceae.

2. Materials and Methods
2.1. Sample Collection and Culture Conditions

The natural samples were collected from August 2021 to August 2022, and cyanobac-
teria were isolated from 8 sites of river, reservoir, swamp, and stream. (Table 1; Figure 1).
The planktonic cyanobacteria were collected using a plankton net with a mesh diameter of
25 um [19], and the epilithic cyanobacteria were obtained via scraping the gravel surface
with a soft brush or sterilized spatula [20]. The collected samples were sealed up in an
icebox at 4 °C and transported to the Algal Culture Collection of Kyonggi University-
Cyanobacteria (ACKU-CY) laboratory.
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Table 1. Locations and occurrence of isolated cyanobacteria strains.

Strain Site Location GPS Occurrence Temperature pH
Limnonema hangangris
ACKU-684
ACKU-685 Plank hy f
ACKU-686 Site 1 Han River, Seoul, Republic of Korea 37°31/10.2" N 127°05'27.2" E ankton on the surface 26.3°C 7.6
of river
ACKU-687
ACKU-688
ACKU-689 . Yeonjoong Reservoir, Daedong-ri, Julpo-myeon, ot ol ot e Plankton on the surface o
ACKU-6%4 Site 2 Buan, Jeollabuk-do, Republic of Korea 35°36'25.8" N 126°41'25.5" E of reservoir 292°C 7.0
ACKU-690 . . o
. Pungjeong Reservoir, Nokjin-ri, Nam-myeon, on ren o oAt A el Plankton on the surface o
ACKU-691 Site 3 Jangseong, Jeollanam-do, Republic of Korea 35°14'54.7" N 126°47'47.9" E of reservoir 29.1°C 7.1
ACKU-693
Sanmak Reservoir, Deungim-dong, Plankton on the surface
ACKU-692 Site 4 Gwangsan-gu, Gwangju, Jeollanam-do, Republic ~ 35°11'34.6” N 126°46/03.7"" E . 32.4°C 8.5
of reservoir
of Korea
ACKU-699 Site 5 Beopsu Jilnal Swamp, Ugeo-ri, Beopsg—myeon, 35°19'11.7" N 128°21/00.2" E Planktoin on the surface of 201 °C 6.9
Haman, Gyeongsangnam-do, Republic of Korea reservoir in the swamp
ACKU-698 Site 6-1 . . Plankton on the surface
Daepyeong Reservoir, Daesong-ri, of reservoir
= - o / /! o / 1! o
ACKU-695 gf;oiﬁicnzelgg;iaman, Gyeongsangnam-do, 35°2025.0" N 128°20'04.7" E Epilithic cyanobacteria of 21.6 °C 7.0
ACKU-696 Site 6-2 p gravel at the bottom
ACKU-697 of reservoir
Limnonema anseonga
ACKU-700 clone A Site 7 Anseong Stream, Dodu-ri, Paengseong-eup, 36°58'36.6" N 126°58'41.4" E Plankton on the surface 25.9°C 8

ACKU-700 clone B

Pyeongtaek, Gyeonggi-do, Republic of Korea

of stream
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Figure 1. Map showing sampling sites. (A) The circles are sampling sites; (B-H) the habitat view of a
collection sites.

For the unialgal culture, only one trichome was picked using a Pasteur’s pipette under
a light microscope and then transferred to a 12-well plate (SPL, Pocheon, Republic of Korea)
containing BG-11 medium [21]. After 2-3 weeks, the unialgal cultured cyanobacteria was
moved to a 50 mL cell culture flask (SPL, Pocheon, Republic of Korea) filled with BG-11
medium for mass culture. The culture was carried out at a temperature of 20-25 °C, a
photoperiod of 16 h:8 h (light-dark), and illumination of 25 umol/m?s [22].

2.2. Morphological and and Ultrastructure Analyses

To observe and photograph the cultured cyanobacteria, a light microscope (Olympus
BX53, Olympus, Tokyo, Japan) was used, through which they were observed at magnifi-
cations of 100-1000x and photographed at magnifications of 200 and 1000x (Olympus
UC-90, Olympus, Tokyo, Japan).

The intracellular ultrastructure of the cyanobacteria strains ACKU-684 and ACKU-
700 clone A was observed and photographed using a transmission electron microscope
(TEM). Samples were collected using centrifugation and washed with 0.1M cacodylate
buffer. Fixation of samples was carried out for 1 h in phosphate buffer (pH 7.4) containing
glutaraldehyde (2%) and paraformaldehyde (2%) at 4 °C, and then they were further fixed
for 40 min in osmium tetroxide (2%) and potassium hexacyanoferrate (3%) at 4 °C. Samples
were then dehydrated in 50%, 60%, 70%, 80%, 90%, and 100% ethanol and embedded in LR
white resin. After the embedded samples were cut into 80 nm sections, using an Ultra-cut
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microtome (Leica Co., Greenwood Village, CO, USA), the samples were placed on a coated
copper grid. Lastly, the samples were stained with uranyl acetate and lead citrate, and TEM
images were taken with a transmission electron microscope (JEM-2100F, Jeol, Tokyo, Japan)
connected to a OneView camera (Gatan, Pleasanton, CA, USA) at the Korean Basic Science
Institute (KBSI), Chuncheon, Republic of Korea [23].

For morphological identification of cyanobacteria, we referred to Komarek et al. [7]
and AlgaeBase [10] and compared them with Thu et al. [11], da Silva Malone et al. [12],
Strunecky et al. [13], McGregor and Sendall [14], Geng et al. [15], and McGregor et al. [16].

2.3. Molecular Methods

For genomic DNA (gDNA) extraction, cultured cells were centrifuged at 10,080x g
for 5-10 min, and genomic DNA of cells was extracted using an i-genomic Plant DNA
Extraction Mini Kit (iNtRON, Seongnam, Republic of Korea) according to the
manufacturer’s protocol.

Forward primer (27F, 5-AGAGTTTGATCCTGGCTCAG-3') [24] and reverse primer
(CY-23R600, 5'-CGGCTCATTCTTCAACAGGCAC-3') [22] were used to amplify the 16S-
23S rRNA gene sequences. The PCR amplification was carried out in 20 pL volumes
containing 17 pL of sterile distilled water, 1 uL of the extracted gDNA, and, respectively,
1 pL of primers, 27F1 and 235600R (10 pmol, 1 pL), using Maxime™ PCR PreMix Kit
(iNtRON, Republic of Korea). PCR reaction was performed using the Mastercycler® NEXUS
GRADIENT 6331 model (Eppendorf, Germany). The PCR reaction was initially denatured
at 94 °C for 5 min, followed by 35 repeated cycles at 94 °C for 20 s, 55 °C for 30 s and 72 °C
for 90 s, with a final extension at 72 °C for 10 min [22]. The PCR amplicons were subjected to
electrophoresis with 1.0% agarose gel (Laboratorios Conda, Madrid, Spain) and visualized
under ultraviolet light with a transilluminator. They were then purified with a MEGAquick-
spin™ Plus DNA Purification Kit (iNtRON, Seongnam, Republic of Korea), and sequenced
at Bionics Co., Ltd. (Seoul, Republic of Korea) for sequencing. As sequencing primers,
bacterial universal primers 27F, 1241F, 1492R [22], and 235S30R [25] were used. Editing and
contig assembly of rRNA sequence fragments were carried out using DNASTAR Lasergene®
SeqMan Pro™ ver.7.1.0 (DNASTAR Inc., Madison, WI, USA). All newly determined 165
rRNA and 165-23S ITS gene sequences were deposited in GenBank, under accession No.
OR644266-0OR644275 and OR644698-0OR644705 (https:/ /www.ncbinlm.nih.gov, accessed
on 7 October 2023).

A pair of published universal primers for gupA gene, GVPA-5' (GCTCTAGAY-
MGIATYYTIGAYAARGG) and GVPA-3' (CGGAATTCIGCRTAYTTIARRTAIGT) were used
to amplify gupA genes [11]. The PCR tube consisted of a total of 20 pL, including 17 pL
of sterile distilled water, 1 pL of the extracted gDNA, and, respectively, 1 pL of primers,
GVPA-5" and GVPA-3' (10 pmol, 1 pL). The PCR amplification was set with an initial
denaturation step at 94 °C for 3 min, followed by 35 cycles of 94 °C for 1 min, 50 °C for
1 min, and 72 °C for 30 s. The PCR amplicons were subjected to electrophoresis with 1.5%
agarose gel and visualized under ultraviolet light with a transilluminator. Like 16S rRNA
gene sequences, amplified PCR products were purified with a MEGAquick-spin™ Plus
DNA Purification Kit and sent to Bionics Co., Ltd. for sequencing. Also, the analyzed
gupA genes were deposited in GenBank, under accession No. OR640711 and OR640712
(https:/ /www.ncbi.nlm.nih.gov, accessed on 6 October 2023).

2.4. Phylogenetic and Molecular Distance Analyses

For phylogenetic analysis, a dataset of 139 16S rRNA gene sequences was constructed,
which consists of species and other relatives obtained from GenBank (Table S1), referring
to Strunecky et al. [9]. After multiple sequence alignment using the web-based software
MAFFT version 7 [26], manual editing was performed using BioEdit ver.7.2.5 [27]. Gloeobac-
ter violaceus by Rippka et al. and Pseudanabaena catenata by Lauterborn were used as
outgroups, and orders other than the order Oscillatoriales (Chroococcales, Coleofascicu-
lales, Gomontiellales) were also included in the analyses. For phylogenetic identification of
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cyanobacteria, we used the cyanobacteria classification system of Strunecky et al. [9], also
referring to AlgaeBase [10].

In this study, phylogenetic and statistical supports for monophyletic nodes were
inferred from the Maximum Likelihood (ML) method using RAXML ver. 7.0.3 [28], and the
Bayesian Inference (BI) using MrBayes ver. 3.1.2 [29]. ML analysis was performed on the
16S rRNA gene sequence matrix (1565 alignment sites) using the GTR + G model, which
is a general time reversible model with rate heterogeneity. In the analyses, ‘-f a’ option
was applied and 1000 replicates for bootstrap replications were performed. BI analysis
was implemented with the same dataset and the GTR + G + I model, and the model was
inferred through MEGA X [30]. The Markov chain Monte Carlo (MCMC) process was set to
have 4 chains. A total of 5 million generations were carried out with a sampling frequency
of 1 per 100 generations. After these analyses, the first 15,000 trees were deleted as burn-in,
and a consensus tree was constructed. Phylogenetic trees were visualized in TreeView
ver 1.6.6. [31] and redrawn in the Adobe illustrator CS6 (Adobe Systems, San Jose, CA,
USA). Bootstrap proportions (>50%) in ML and Bayesian posterior probabilities (>0.50)
were indicated at each branch node in the ML tree.

In addition, the molecular distance was analyzed for comparing our strains and
the genera Aerosakkonema and Cephalothrix, which formed the same clade of the above
phylogenetic analyses. The 165 rRNA gene sequences similarity of the aligned sequences
(1088 bp) was calculated using BioEdit ver.7.2.5, and genetic distances were estimated using
the Kimura 2-parameter model in MEGA X [30].

2.5. 165-23S rRNA Internal Transcribed Spacer (ITS) Structure Analyses

The secondary structure of 165-23S rRNA ITS region was inferred with reference to
Malone et al. [12]. The secondary structure estimation was made using the web-based
software Mfold version 2.3 [32] and re-drawn in PseudoViewer3 [33] for comparison with
secondary structures of related taxa.

3. Results
3.1. Taxonomic Treatment and Morphological Characterization

On the basis of the results of polyphasic analyses, we propose the following descrip-
tions of new cyanobacteria taxa under the provisions of the ICN (International Code of
Nomenclature for algae, fungi, and plants) [34].

Order: Oscillatoriales Schaffner 1922.

Family: Aerosakkonemataceae Strunecky and Mares§ 2023.

Genus: Limnonema J. Song, S. Kim, and O. Lee gen. nov.

Description: The filament is blue-green, solitary, or in fine mat and cluster. The sheath
is firm and thick and longitudinally lamellated. The trichome is straight, slightly curved,
wavy, rarely twisted, sometimes bent into an angular shape or tightly twisted within sheath,
not or slightly constricted at the cross walls, and not attenuated towards the end cells. The
cells are discoid, usually shorter than they are wide, with aerotopes. The apical cells are
round and rarely with calyptra. The arrangement of thylakoids is irregular. Reproduction
occurs by necridic cells.

Diagnosis: The genus Limnonema has a sheath, gas vacuoles, and an irregular arrange-
ment of thylakoids, but the genus Aerosakkonema has no sheath. Also, the genera Microseira
and Potamosiphon have no gas vacuoles, and the genus Cephalothrix has a radial or parietal
arrangement of thylakoids. In terms of cell width and length, the genus Limnonema differs
from species belonging to the family Aerosakkonemataceae (Table 2).
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Table 2. Morphology and ecology comparison between two new species and similar genera (Aerosakkonema, Cephalothrix, Microseira, and Potamosiphon).
. . Cell Size (um)
Apical Cell Calyptra Sheath Gas Vacuoles Thylakoids - Habitat/Distribution
Width Length
Limnonema hangangris Thick, longitudinally g » Surface or gravel of
ACKU-684 Rounded Not observed lamellated Observed Irregular 6.0-7.9 2.2-25 freshwater /Korea
L. anseonga ACKU-700 Thick, longitudinally Surface of
clone A Rounded Rarely observed lamellated Observed Irregular 6.4-9.5 21-25 freshwater,/Korea
Aerosakkonema Rounded or .
Funiforme Lao26 flattened-rounded Not observed Not observed Observed Irregular 11.7-16.6 2.64.1 Reservoir/Laos
. . Hyaline, firm, .
Cephalothrix alaskaensis Rounded Not observed sometimes loosening Not observed Parietal 5.0-6.5 1.8-2.0 We'lter soil
L30 . shoreline/ Alaska
at the end of filaments

C. komarekiana . Attached to trichome . . o
CCIBt3277 Strongly capitate Not observed or wide Observed Radial 4.8-6.6 2.0-3.4 Alkaline lake/Brazilian

. . . . Freshwater
C. lacustris CCIBt3261 Strongly capitate =~ Observed (conical)  Attached to trichome Observed ND 5.6-6.7 22-31 1

pond/Brazilian
Microseira wollei Colorless, hyaline, .
YC0404 Rounded Not observed firm, lamellated Not observed ND 30-48 4.0-9.0 Catchments/Australia
M. minor CHAB 4136 Rounded Not observed quorless, hyaline, Not observed Irregular 9.0-13.3 3.1-7.7 Rock sul'*face m
firm, lamellated freshwater river/China

Potamosiphon Colourless, sometimes Benthic in freshwater
australiensis FHC0914 Rounded Not observed lamellated Not observed Irregular 15.7-17.8 17225 coastal streams/ Australia

ND = No data.
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Etymology: The generic name “Limnonema” is Greek, “Limno” means water or lake,
and “Nema” means thread, indicating cell shape or characteristics.

Type species: Limnonema hangangris J. Song, S. Kim, and O. Lee sp. nowv.

Limnonema hangangris J. Song, S. Kim, and O. Lee sp. nov. (Figures 2 and 3).

Figure 2. Microphotographs of Limnonema hangangris cultured. (A,B) Arrangement of filament in the
colony; (C-E) gas vacuoles scattered in the trichome; (F,G) morphologies of trichomes; (H) twisted
trichomes; (1) trichome bent into an angular shape; (K) dividing trichome; (L,M) longitudinal
lamellations in the sheath (sh); (N) diffluent sheath; (O) morphology of apical cell; (P) necridic cell
(nc) in the trichome. Scale bars, 50 um (A); 10 um (B-P).
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Sy

Figure 3. Transmission electron micrographs of Limnonema hangangris ACKU-684. (A,B) Cross section
of the trichome; (C,D) longitudinal section of the trichome; (A,C) irregular thylakoids (th) arrange-
ment and sheath (sh); (B,D) view of gas vacuoles (gv) in longitudinal section (Is) and transverse
section (ts).

Description: The filament is blue-green, solitary or in the form fine mat and cluster.
The sheath is firm and thick, longitudinally lamellated, and very rarely diffluent. The
trichome is straight, slightly curved, wavy, rarely twisted into a rope or bent into an angular
shape, not or slightly constricted at the cross walls, and not attenuated towards the end
cells. The cells are discoid, usually shorter than they are wide (6.0-7.9 width, 2.2-2.5 length),
with aerotopes. Aerotopes are well visible using LM and TEM, scattered inside the cells.
The apical cells are round and without calyptra. The thylakoids are arranged irregularly
across the whole protoplast. Reproduction occurs via the fragmentation of trichomes by
necridic cells.

Etymology: The specific epithet “hangangris” means that this species first appeared in
the Han River, Republic of Korea.

Holotype: A formaldehyde fixed specimen, NIBRCY0000001648 in the Herbarium at
the National Institute of Biological Resources, from cultured strain ACKU-684.

Reference strain: ACKU-684

Additional strains: ACKU-684-ACKU-699

Type locality: The water surface of the Han River in Seoul, Republic of Korea
(35°36/25.8" N, 126°41'25.5" E)
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Habitat: It inhabits the surface or gravel of freshwater in the temperate region as
planktonic or epilithic cyanobacteria.

Gene sequences: GenBank Accession number of OR644266—OR644274, OR644698—
OR644704 (16S rRNA, 165-23S ITS, and 23S rRNA gene sequences), and OR640711
(gupA gene).

Limnonema anseonga J. Song, S. Kim, and O. Lee sp. nov. (Figures 4 and 5).

Figure 4. Microphotographs of Limnonema anseonga cultured. (A,B) arrangement of filament in the
colony; (C,D) morphologies of trichomes; (E) twisted trichomes; (F) necridic cell (nc) in the trichome;
(G-I) tightly twisted trichomes within a sheath; (J-L) longitudinal lamellations in the sheath (sh);
(M) morphology of apical cell; (N) apical cell with calyptra (ca). Scale bars, 50 um (A); 10 um (B-N).
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Figure 5. Transmission electron micrographs of Limnonema anseonga ACKU-700 clone A. (A,B) Cross
section of the trichome; (C,D) longitudinal section of the trichome; (A,C) irregular thylakoids (th) ar-
rangement and sheath (sh); (B,D) view of gas vacuoles (gv) in longitudinal section (Is) and transverse
section (ts).

Description: The filament is blue-green, solitary, or in the form mat and cluster. The
sheath is firm and thick and longitudinally lamellated. The trichome is straight, slightly
curved, wavy, sometimes tightly twisted within the sheath, not or slightly constricted at
the cross walls, and not attenuated towards the end cells. The cells are discoid, usually
shorter than they are wide (6.4-9.5 width, 2.1-2.5 length), with aerotopes. The aerotopes
are well visible using only TEM, scattered inside the cells. The apical cells are round and
rarely with calyptra. The thylakoids are arranged irregularly across the whole protoplast.
Reproduction occurs via the fragmentation of trichomes by necridic cells.

Etymology: The specific epithet “ anseonga “ means that this species first appeared in
the Anseong Stream, Pyeongtaek, Republic of Korea.

Holotype: A formaldehyde fixed specimen, NIBRCY0000001647 in the Herbarium at
the National Institute of Biological Resources, from cultured strain ACKU-700 clone A.

Reference strain: ACKU-700 clone A

Additional strain: ACKU-700 clone B

Type locality: The water surface of the Anseong Stream in Pyeongtaek, Gyeonggi-do,
Republic of Korea (36°58'36.6” N, 126°58'41.4" E)

Habitat: They inhabit the surface of rivers as a plankton in the temperate region.
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Gene sequences: GenBank Accession number of OR644275, OR644705 (16S rRNA,
165-23S ITS, and 23S rRNA gene sequences), and OR640712 (gupA gene).

3.2. Detection of Gas Vesicle Protein (gup)

As a result of PCR analyses for the gupA gene, both species of Limnonema showed a
single band. Sequencing and subsequent BLASTX (http://blast.ncbi.nlm.nih.gov/Blast.cgi,
accessed on 3 August 2023) homology searches for L. hangangris (ACKU-684) and L. anseonga
(ACKU-700 clone A) confirmed that PCR amplicons from those strains encoded a portion of
the GvpA protein with the highest amino acid sequence similarity to GvpA from Microcystis
aeruginosa PCC 7806. Also, the GvpA amino acid sequences of L. hangangris and L. anseonga
were aligned with the GvpA amino acid sequences of other cyanobacteria and archaea with
gas vacuoles (Figure 6).

15 20 30 40 50 60
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Aerosakkonema funiforme Lao26 (AB686265) ALDRILDKGVVIDLWARVSLVGIELLAVEARVVVASVETYLKYAEF
Arthrospira sp. PCC 9901 (ABX79574) VIDRILDKGIVIDAWVRVSLVGIELLSVEARVVIASVETYLKYAEA
Limnospira maxima CS-328 (EDZ91859) VIDRILDKGIVIDAWVRVSLVGIELLSVEARVVIASVETYLKYAEA
Planktothrix agardhii CYA 18 (AAB23334) VIDRILDKGIVIDAWVRVSLVGIELLSIEARIVIASVETYLKYAED
Trichodesmium erythraeum IMS101 (YP_722020) VIDRILDKGVVVDAWVRLSLVGIELLTIEARIVIASVETYLKYAEA
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Microcystis aeruginosa PCC 7806 (CAE11898) VIDRILDKGIVIDAWARVSLVGIELLAIEARVVIASVETYLKYAEA
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Figure 6. Amino acid sequence alignment of gas vesicle protein GvpA of L. hangangris ACKU-684,
L. anseonga ACKU-700 clone A, and other gas-vacuolated cyanobacteria. Asterisks indicate the same
amino acids occurred in all strains. Numbering above the alignment is based on the amino acid
sequence of GvpA; of Microcystis aeruginosa PCC 7806.

3.3. 165 rRNA Gene Sequences Phylogenetic Tree and Molecular Distance

The phylogenetic tree was analyzed for the partial 16S rRNA gene sequences
(1565 bp), and 139 sequences including outgroups were used. The pattern of the tree was
based on the Maximum Likelihood (ML) method, but the tree according to the Bayesian
Inference (BI) analyses also showed almost the same branching pattern as the ML tree. As
a result of the analyses, the family Aerosakkonemataceae of the order Oscillatoriales was
clustered separately from the families Oscillatoriaceae and Microcoleaceae of the order Os-
cillatoriales (Figure 7). The genus Limnonema was included in the family Aerosakkonemat-
aceae along with the genera Aerosakkonema, Cephalothrix, Microseira, and Potamosiphon, each
genus formed a different clade, and L. hangangris and L. anseonga also branched from each
other (Figure 8).
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Figure 7. 16S rRNA gene sequences phylogenetic tree of cyanobacteria. This tree was drawn with
reference to Strunecky et al. [9] and was inferred from 1565 bp of the 16 rRNA gene sequences
alignment using an ML method. Additional BI analyses generated similar topology to the ML tree.
The first numbers at the nodes display ML bootstrap support (MLB; >50%). The second numbers at
the nodes display Bayesian posterior probability (BPP; >0.50). Sequences determined in this work are
indicated in bold, and branch lengths are proportional to the scale given. * = type species.
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Figure 8. The phylogenetic tree showing only the family Aerosakkonemataceae in Figure 7. This tree
was also drawn based on 16S rRNA gene sequences. * = type strain.

16S rRNA gene sequences similarity and genetic distances were analyzed for a partial
16S rRNA gene sequence (1088 bp), which included 17 sequences from the molecularly
similar genera Aerosakkonema, Cephalothrix, Microseira, Potamosiphon, and Limnnonema. As a
result of the analyses, L. hangangris showed a similarity of 94.3-95.5% and genetic distances
of 4.49-5.86 with species belonging to the genera Aerosakkonema and Cephalothrix; L. anseonga
showed a similarity of 93.6-95.9% and genetic distances of 4.08-6.67 with species belong-
ing to the genera Aerosakkonema and Cephalothrix. Also, the molecular distance between
L. hangangris and L. anseonga showed a similarity of 97.6-97.7% and genetic distances of
2.25-2.34 (Table 3).
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Table 3. 16S rRNA gene sequences similarity and genetic distance (p-distance) of two species of the genus Limnonema from species belonging to the genera

Aerosakkonema, Cephalothrix, Microseira, and Potamosiphon.

No. Species and Strain <1> <2> <3> <4> <5> <6> <7> <8> <9> <10> <11> <12> <13> <14> <15> <16> <17>
DNA similarity (%)

<1> Limnonema hangangris ACKU-684 100 100 100 100 99.9 99.9 97.7 95.5 95.5 95.5 94.4 94.4 94.3 91.8 91.9 92.9
<2> L. hangangris ACKU-689 0.00 100 100 100 99.9 99.9 97.7 95.5 95.5 95.5 94.4 94.4 94.3 91.8 91.9 92.9
<3> L. hangangris ACKU-690 0.00 0.00 100 100 99.9 99.9 97.7 95.5 95.5 95.5 94.4 94.4 94.3 91.8 91.9 92.9
<4> L. hangangris ACKU-692 0.00 000 0.00 100 999 999 977 955 955 955 944 944 943 918 919 929
<5> L. hangangris ACKU-695 0.00 0.00 0.00 0.00 99.9 99.9 97.7 95.5 95.5 95.5 94.4 94.4 94.3 91.8 91.9 92.9
<6> L. hangangris ACKU-698 0.09 0.09 0.09 0.09 0.09 100 97.6 95.4 95.4 95.4 94.3 94.4 94.3 91.8 91.9 92.9
<7> L. hangangris ACKU-699 0.09 009 009 009 009 000 976 954 954 954 943 944 943 918 919 929
<8> L. anseonga ACKU-700 clone A 225 225 2.25 225 2.25 2.34 2.34 95.9 95.9 95.9 94.0 93.6 93.6 91.6 91.9 93.7
<9> Aerosakkonema funiforme Lao26 4.46 4.46 4.46 4.46 4.46 4.56 4.56 4.08 100 100 95.8 95.0 95.1 924 929 94.2
<10>  A. funiforme Lao28 4.46 4.46 4.46 4.46 4.46 4.56 4.56 4.08 0.00 100 95.8 95.0 95.1 92.4 92.9 94.2
<11>  A. funiforme ACKU-621 4.46 4.46 4.46 4.46 4.46 4.56 4.56 4.08 0.00 0.00 95.8 95.0 95.1 924 929 94.2
<12>  Cephalothrix alaskaensis 1L.30 566 566 566 566 566 576 576 616 418 418 418 974 976 917 920 931
<13>  C. komarekiana CCIBt3277 576 576 576 576 576 576 576 666 506 506 506 253 989 921 919 9238
<14> C. lacustris CCIBt3261 5.86 5.86 5.86 5.86 5.86 5.86 5.86 6.67 4.96 4.96 4.96 2.25 1.02 922 91.7 92.6
<15> Microseira wollei YC0404 8.61 8.61 8.61 8.61 8.61 8.61 8.61 8.91 7.88 7.88 7.88 8.71 8.29 8.19 94.7 94.2
<16> M. minor CHAB 4136.01-4 8.39 8.39 8.39 8.39 8.39 8.29 8.29 8.29 7.16 7.16 7.16 8.21 8.42 8.63 525 95.0
<17> Potamosiphon australiensis FHC0914.02 7.47 7.47 7.47 7.47 7.47 7.47 7.47 6.55 5.85 5.85 5.85 7.06 7.57 7.78 5.95 4.96

p-distance (%)
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The inferred 165-23S ITS secondary structures included the D1-D1’, Box-B, and
V3 helices and were compared to 165-23S ITS secondary structures of Aerosakkonema

funiforme ACKU-621, Cephalothrix komarekiana CCIBt3277, Microseira wollei NIES-4236, and

3.4. Secondary Structure of 165-23S ITS Region
Potamosiphon australiensis FHC0914.02 (Figure 9).

[D1-D1' helices]
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The D1-D1’ helices of L. hangangris (three strains including ACKU-684) had a total
length of 67 bp, consisted of a 4 bp basal stem (5'-GACC-GGUC-3’), a 0:6 base large

unilateral bulge, two small unilateral bulges, a large loop (5:3 base bilateral bulge), and a
The Box-B helices of L. hangangris had a total length of 37 bp, consisted of a 4 bp

Figure 9. Secondary helix structures of the conserved D1-D1’, Box-B, and V3 sequences in the
165-23S internal transcribed spacer (ITS) regions. (A,I,Q) L. hangangris ACKU-684; (B,J,R) L. hangan-
basal stem (5'-AGCA-UGCU-3'), 2 small loops, and a 6 bp terminal loop (5'-AUAAAC-3/;
Figure 91-K). Also, the Box-B helix of L. anseonga had a total length of 37 bp, consisted

gris ACKU-690; (C,K,S) L. hangangris ACKU-699; (D,L,T) L. anseonga ACKU-700 clone A; (E,M,U)
A. funiforme ACKU-621; (F,N,V) C. komarekiana CCIBt3277; (G,0,W) Microseira wollei NIES-4236;
(H,P,X) P. australiensis FHC0914.02. These structures are drawn with reference to Malone et al. [12].
6 bp terminal loop (5'-AAAAAC-3’; Figure 9A-C). Also, the D1-D1’ helix of L. anseonga
(ACKU-700 clone A) had a total length of 65 bp, consisted of a 5 bp basal stem (5'-GACCU-
AGGUC-3'), a 1.7 base large bilateral bulge, two small unilateral bulges, a 6:0 base large
unilateral bulge, and a 5 bp terminal loop (5'-GUUCG-3’; Figure 9D).



Diversity 2023, 15, 1174

17 of 19

of a 4 bp basal stem (5-AGCA-UGCU-3'), two small loops, and a 6 bp terminal loop
(5'-AAAAAC-3'; Figure 9L).

The V3 helices of L. hangangris had a total length of 59 or 62 bp, consisted of a 3 bp basal
stem (5'-GUC-GAC-3'), a large loop (4:5 base bilateral bulge), two or three small loops, and
a4 or 7 bp terminal loop (5'-UAUU-3' or 5-UAUUAUU-3'; Figure 9Q-S). Also, the V3 helix
of L. anseonga had a total length of 42 bp, consisted of a 3 bp basal stem (5'-GUC-GAC-3'), a
large loop (4:5 base bilateral bulge), and a 7 bp terminal loop (5'-UUUUGAU-3’; Figure 9T).

4. Discussion

The genus Limnonema proposed in this study belongs to the family Aerosakkonemat-
aceae, which has four genera including genus Aerosakkonema [9]. The genus Limnonema
was found in freshwater of temperate regions, and although most of the L. hangangris and
L. anseonga strains appeared as plankton, some of the L. hangangris strains (ACKU-695-697)
appeared as epilithic cyanobacteria as well (Table 1). Similarly, most species in the family
Aerosakkonemataceae appeared as plankton, but Cephalothrix alaskaensis by Strunecky et al.
and Microseira minor by Geng and Yu of the family Aerosakkonemataceae appeared as
epilithic cyanobacteria [11-16].

As the cell width of genus Limnonema is 6.0-9.5 pm (Table 2), and the cell width
of genus Aerosakkonema is 11.7-16.6 um [11], the genus Limnonema classified as having a
narrower width than the genus Aerosakkonema, and L. anseonga contained more cells with
wider widths than those of L. hangangris (Table 2). The thylakoids arrangement of the
genera Limnonema and Aerosakkonema was irregular (Table 2; Figures 3 and 5) [11], but that
of C. alaskaensis was parietal, and that of C. komarekiana was radial [12,13]. Until recently,
thylakoids arrangement has been useful for classifying cyanobacteria at the family level [7],
but it appears to be very diverse in the family Aerosakkonemataceae. Also, TEM images
showed that the genus Limnonema had many gas vacuoles (Figures 3 and 5), like the genera
Aerosakkonema and Cephalothrix [11,12].

GvpA of the genus Limnonema detected using PCR analyses of the gvpA genes
showed the highest amino acid sequence similarity with Microcystis aeruginosa by (Kiitzing)
Kiitzing of another order in terms of sequencing and subsequent homology searches
(Figure 6). This is consistent with studies showing that the characteristic of having gas
vacuoles does not provide strong phylogenetic information [11]. However, this experiment
on the gvpA gene is meaningful in confirming whether the gas vacuoles observed using
LM and TEM are also detected as genes.

In a recent study, the family Aerosakkonemataceae was classified in the order Oscilla-
toriales, but was clustered separately in the phylogenetic analyses based on 16S rRNA gene
sequences [9]. The same result was shown in the analyses including 18 strains of Genus
Limnonema, and the monophyly of the family Aerosakkonemataceae was supported by
very high values (99% MLB/1.00 BPP) in all phylogenetic analyses (ML and BI) (Figure 7).
Also, the genus Limnonema within the family Aerosakkonemataceae showed very high
support values (100% MLB/1.00 BPP) and was clustered separately from other genera
(Aerosakkonema, Cephalothrix, Microseira, and Potamosiphon), and the two species of the genus
Limnonema also branched from each other with values of 100% MLB and 1.00 BPP, show-
ing that they are different species (Figure 8). Additionally, the genus Limnonema species
showed 165 rRNA gene sequences similarity of 95.4-95.9% with genus Aerosakkonema and
93.6-94.4% with genus Cephalothrix, confirming that it is a different genus [35]. The 16S
rRNA gene sequences similarity between the two new species of genus Limnonema was
97.6-97.7%, indicating that they are different species (Table 3) [36].

As a result of comparing ITS secondary structures (D1-D1’, Box-B, and V3) between
the two species of genus Limnonema and A. funiforme, C. komarekiana, M. wollei, and
P. australiensis, D1-D1’ and Box-B helices showed overall structural differences due to
the differences in length and number of bulges and loops, and there was almost no struc-
tural difference between the two species of the genus Limnonema (Figure 9A-P). In the V3
helices structure, all six species differed in total length, location, number, and length of the
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bulge and loop; moreover, the lengths and structures of the basal stem and terminal loop
were also shown to be different (Figure 9Q-X).

Based on the morphological and phylogenetic criteria, the Korean cyanobacteria
strains in this study were proposed as Limnonema gen. nov., Limnonema hangangris sp. nov.,
and Limnonema anseonga sp. nov. within the family Aerosakkonemataceae, in the order
Oscillatoriales.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/d15121174/s1, Table S1: Sequences used in the 16S rRNA gene sequences analysis. The
sequences were obtained from GenBank and include GenBank accessions.
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