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Introduction
Cyanoprokaryota (Cyanobacteria/Cyanophyta) are the most 
ancient and widespread group of photosynthetic prokaryotes, 
which had a major role in the evolution of the plant king-
dom and Earth’s atmosphere. They inhabit almost all biotopes 
including lakes, rivers, streams and reservoirs,1 oceans and 
estuaries,2 as well as extreme habitats such as hot springs,3–9 
alkaline lakes,10,11 desert soils,12,13 and even glaciers,14 where 
their role as primary producers is of great importance.

Cyanoprokaryotic organisms (blue-green algae) are simi-
lar to both bacteria and algae, and have characteristics linking 
them to both groups. Like most bacteria, they are character-
ized by the absence of a differentiated nucleus and have a rigid 
cell wall containing murein. On the other hand, like plants 
and algae, they perform photosynthesis, releasing free oxygen. 
Traditionally, they were classified according to the Interna-
tional Code of Botanical Nomenclature using a combination 

of phenotypic and ecological characters, but later on, these 
organisms were accepted as bacteria and classified according to 
the International Code of Nomenclature of Prokaryotes.15,16

Despite the long taxonomic history, the present state of 
the cyanoprokaryotic systematics is still complicated by the 
two separate systems, the traditional botanical system and the 
bacteriological system, which produce many misinterpretations 
and confusions.16,17 Thus, within the last decade, the efforts of 
the nomenclatural specialists were directed to establish a uni-
fied nomenclatural system that would be acceptable for both 
bacteriologists and botanists. The polyphasic taxonomy, which 
includes a combination of morphological, ultrastructural, 
ecophysiological, biochemical, and molecular characters, was 
the most progressive system that has been suggested.15,17

The necessity of new data and re-evaluating criteria for 
continual revision of the present classification defines the 
combination of molecular and morphological characters as an 
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essential tool for correct identification of the cyanoprokaryotic 
organisms. The analysis of 16S rRNA gene sequences is the 
most commonly used approach for distinguishing and phylo-
genetically classifying Cyanoprokaryota and particularly the 
genus level.18 In most cases, the clusters based on 16S rRNA 
gene sequences correspond to traditional, morphologically 
characterized genera.17

Cyanoprokaryota are generally classified into five orders, 
Chroococcales, Pleurocapsales, Oscillatoriales, Nostocales, 
and Stigonematales. This classification is based on the forma-
tion of filaments, heterocytes, akinetes, and true branches.

Order Oscillatoriales are filamentous prokaryotes with-
out heterocytes and akinetes. The taxonomic state of this 
group is most problematic because of their heterogeneous and 
polyphyletic nature.19 Many of the morphological characters 
that are used to distinguish the genera within the order are not 
stable and can be influenced by environmental conditions.20 
This defines the need to re-evaluate the taxonomic status of 
some genera (especially from the LPP-B group: Lyngbya/
Phormidium/Plectonema and Leptolyngbya) applying the poly-
phasic approach.17,19,21,22

Leptolyngbya was created as a new genus23 comprising 
several species of the traditional genera Lyngbya, Phormidium, 
and Plectonema with very thin trichomes (0.5–3.5 µm wide) and 
peripherally arranged thylakoids. The intrageneric classifica-
tion of Leptolyngbya species is still difficult, because morpho-
logically they are very simple and often the molecular analyses 
of 16S rRNA gene sequences show controversial phylogenetic 
position among the other cyanoprokaryotic species from the 
LPP group. Several authors18,20,22,24–29 have already discussed 
the heterogeneity of this genus and suggest re-evaluation and 
revision of the Leptolyngbya species and those from the LPP 
group using the polyphasic approach, and taxonomic correc-
tions for sequences published in the GenBank.

Leptolyngbya bijugata (Kong.) Anagnostidis et Komárek 
was described for the first time by Kongisser30 as Phormidium 
bijugatum Kong. In 1988, after revision of the order 
Oscillatoriales, Anagnostidis and Komárek transferred this 
species to the newly created genus Leptolyngbya.23 Later, based 
on morphological and ecological features, Perkerson et al pro-
posed a new combination (Nodosilinea bijugata (Kong.) comb. 
nov.) although their analyses showed that its internal tran-
scribed spacer (ITS) sequence and structure is very distinctive 
from the other Nodosilinea species.31 The new genus Nodosi-
linea comprises four species separated from genus Leptolyn-
gbya. This reopened the question about the taxonomic status 
of L. bijugata, which is not clearly supported and delimited by 
molecular analyses.

In 2009, another new genus (Phormidesmis) was separated 
from the genus Phormidium based on morphological, ultra-
structural, and molecular analyses.32,33 Currently, genus Phor-
midesmis comprises the tropical cyanobacterium Phormidesmis 
(formerly Phormidium) molle as a type species and Antarctic 
strains of the species Phormidesmis (formerly Phormidium) 

priestleyi. The 16S rRNA gene sequences of these species that 
have been used for the phylogenetic analyses probably are not 
deposited in the GenBank because such information cannot 
be found, and therefore these data are not available for other 
researchers. Moreover, in fact, the taxonomical status of Phor-
midium molle is still unclear.

After taxonomic revision of 23 cyanobacterial strains 
isolated from Antarctica, which resemble to Phormidium mur-
rayi, Strunecky et al.34 transferred P. murrayi to a new genus 
named Wilmottia. Up to now, this genus includes only one 
species, Wilmottia murrayi. It has been noted that many other 
Leptolyngbya and Phormidium species (including Phormidium 
papyraceum) are morphologically similar to W. murrayi and 
could be generically identical with Wilmottia.34 Therefore, 
the aim of this study was to re-evaluate the phylogenetic rela-
tionships and taxonomic status of N. bijugata (= L. bijugata,  
= P. bijugatum), Phormidesmis molle (= Phormidium molle) and  
P. papyraceum (similar to W. murrayi) by using DNA sequence 
analyses (16S rRNA gene, phycocyanin operon) and morpho-
logical features.

Materials and Methods
Cyanoprokaryotic strains and culturing conditions. 

P. bijugatum PACC 8602 (= N. bijugata, = L. bijugata), Phor-
midium molle PACC 8140 (= Phormidesmis molle), P. papyra-
ceum PACC 8600, Phormidium autumnale PACC 5522, and 
Phormidium uncinatum PACC 8693 were obtained from the 
Plovdiv Algal Culture Collection (PACC) at the Plovdiv 
University, Bulgaria. The strains were grown on Z-medium35 
under identical conditions at 22 °C, light intensity of 10–20 
µmol photon s−1 m−2 provided by 40 W cool-white fluorescent 
tubes and a light/dark cycle of 12/12 hours for six weeks. To 
check the nodule formation capability, cultures were main-
tained under low-light conditions as described by Perkerson 
et al.31

DNA isolation, PCR amplification, and sequencing. 
Genomic DNA was extracted from 40  mg of fresh cyano-
prokaryotic mass either by Genomic DNA Purification Kit (Fer-
mentas Life Sciences) following the manufacturer’s instructions 
or by using the xanthogenate-SDS (XS) extraction protocol.36 
DNA concentration and purity was measured on a NanoDrop 
2000 UV-Vis spectrophotometer (Thermo Fisher Scientific, 
Wilmington, DE, USA). The integrity of the extracted DNA 
was visualized on an agarose gel by ethidium bromide staining 
and UV transillumination (MiniBIS Pro gel documentation 
system, DNR Bio-Imaging Systems Ltd., Jerusalem, Israel).

The 16S rRNA gene was amplif ied using primers  
pA (5′-AGAGTTTGATCCTGGCTCAG-3′)37 and B23S 
(5′-CTTCGCCTCTGTGTGCCTAGGT-3′).38 The intergenic 
spacer (IGS) and flanking coding regions of the phycocyanin  
locus were amplified using the primers PCβF (5′-GGCTGCT-
TGTTTACGCGACA-3′) and PCαR (5′-CCAGTACCAC-
CAGCAACTAA-3′).39 PCR reactions were conducted using 
PuReTaq™ Ready-To-Go™ PCR beads (GE Healthcare, 
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Buckinghamshire, UK) where the final mixture contained 
1.5  U of Taq DNA polymerase, 10  mM of Tris–HCl pH  
9, 50 mM of KCl, 1.5 mM of MgCl2, 200 µM of each dNTP, 
5 pmol of each of the two primers, 100 ng of genomic DNA, 
and water to a final volume of 25 µL (for IGS) or 50 µL (for 
16S rRNA gene). Amplification was done in a TC-412 ther-
mal cycler (Techne, Cambridge Ltd., UK) using the follow-
ing programs: (1) for the 16S rRNA gene, initial denaturation 
for 5 minutes at 95  °C, followed by 35 cycles of 30 seconds 
at 95  °C, 30  seconds at 55  °C, and 1.5  minutes at 72  °C, 
and final elongation step of 5  minutes at 72  °C and (2) for 
the cpcBA-IGS region, the thermal cycling was performed 
with an initial denaturation at 94 °C for 5 minutes followed 
by 40 cycles of 94  °C for 20 seconds, 58  °C for 30 seconds, 
72 °C for 1 minute with a final elongation step of 72 °C for 
5 minutes. All PCR products were analyzed by electrophore-
sis in a 1.5% agarose gel in Tris-acetate-EDTA (TAE) buf-
fer with GeneRuler™ 100 bp DNA Ladder Plus as the size 
marker (Fermentas Life Sciences), stained with ethidium 
bromide, and visualized under UV trans-illumination. After 
visualizing the bands under UV light, amplified products 
were cut out of the gel and purified using a DNA extrac-
tion kit (Fermentas Life Sciences). Purified products of 16S 
rDNA and cpcBA-IGS were sent for sequencing (Eurofins 
MWG Operon, Ebersberg, Germany). Sequencing was done 
employing the same primers used for PCR amplification. The 
sequences were deposited in the GenBank (National Center 
for Biotechnology Information (NCBI)) under the follow-
ing accession numbers: KF770966 N. bijugata PACC 8602  
(= P. bijugatum, = L. bijugata), KF770967 Phormidium molle 
PACC 8140 (=  Phormidesmis molle), KF770968 P. papyra-
ceum PACC 8600, KF770969 P. autumnale PACC 5522, and 
KF770970 P. uncinatum PACC 8693.

Phylogenetic analyses. Nucleotide sequences of 16S 
rRNA gene and the cpcB-IGS-cpcA locus of the phycocyanin 
operon (PC-IGS) obtained from DNA sequencing were com-
pared with other cyanobacterial sequences from the NCBI 
database designated as Phormidium, Wilmottia, Nodosilinea, 
Phormidesmis, Leptolyngbya, or Lyngbya by using BLAST 
(http://www.ncbi.nlm.nih.gov/BLAST). For the purpose 
of phylogenetic analyses, we have selected mainly NCBI 
sequences of identified and described members of these genera 
at the species level trying to avoid sequences of those members 
determined only at the generic level.

Multiple sequence alignment was performed using the 
ClustalW tool within alignment function of MEGA 5 phy-
logenetic package. Phylogenetic trees were computed by 
MEGA 5.2.2 using the minimum evolution (ME), maxi-
mum parsimony (MP), maximum-likelihood (ML), and 
neighbor-joining (NJ) algorithms.40 All algorithms were 
performed with 1,000 bootstrap replicates. Nucleotide posi-
tions containing gaps and missing data were eliminated 
from the data set (complete deletion option). The evolution-
ary distances were computed using the maximum composite 

likelihood method. The ME trees were searched using the 
close-neighbor-interchange (CNI) algorithm. MP trees were 
generated applying the tree-bisectional-reconnection (TBR) 
method at a search level of 1 with random tree addition. For 
ML, the general time reversible (GTR) model with corrected 
invariable sites (I), gamma distribution shape parameters (G), 
and nearest-neighbor-interchange algorithm were selected. 
Gloeobacter violaceus (FR798924) was selected as the outgroup 
taxon for the construction of trees with the 16S rRNA gene 
sequences. In the PC-IGS tree, Cyanobacterium sp. (AJ401183) 
was used as an outgroup.

Morphological characterization. Morphological inves-
tigations were performed using a Magnum-T microscope 
equipped with 3 Mpx high definition digital camera Si-3000 
and software (Medline Scientific, UK). Cyanoprokaryotic 
species were scored for a range of diacritical morphological 
traits including cell shape and size of intercalary and terminal 
cells, width and length of intercalary cells, presence or absence 
of sheaths, constrictions at the cross-wall and necridic cells, 
color of the sheath, number of trichomes per filament, pres-
ence or absence of false branching, and heterocytes. Cell mea-
surements were made based on the optical images. At least 30 
filaments of each species were characterized. The taxonomic 
works of Anagnostidis and Komárek23 and Komárek and 
Anagnostidis20 as well as the description of Perkerson et al.31 
were used.

Results
To accurately resolve the phylogenetic relationship of investi-
gated filamentous cyanoprokaryotic species, separate phyloge-
netic analyses, based on 16S rRNA gene and tPC-IGS, were 
performed. The phylogenetic trees were constructed by using 
four different methods: ME, MP, ML, and NJ. Because these 
methods gave similar clustering, we represented only the ML 
trees.

The partial 16S rRNA gene sequences (from 1252 
to 1371  bp) determined in this study for five Phormid-
ium/Leptolyngbya species (GenBank accession numbers 
KF770966–KF770970) were compared with 16S rRNA gene 
sequences of well-defined representatives of the genera Phor-
midium, Lyngbya, Leptolyngbya, Nodosilinea, Phormidesmis, and 
Wilmottia available in the GenBank. Six distinct large clades 
could be distinguished in the phylogenetic reconstruction, here 
named Clade 1, Clade 2, Clade 3, Clade 4, Clade 5 and Clade 6  
(Fig.  1). The bootstrap support values for the major lineages 
of the phylogenetic tree calculated by using different meth-
ods (ME, NJ, MP, and ML) are given in Table  1. The first 
clade (Clade 1) comprises Phormidium strains (100% bootstrap  
support) that were recently separated in a new genus, Wilmottia,  
with the single species W. murrayi.34 The second clade (Clade 2)  
includes typical Phormidium species, and it was supported 
by a bootstrap value of 71%. Our strain of P. papyraceum 
was also clustered in this group (not in Clade 1), although 
it was reported that this species is morphologically similar 
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to W. murrayi and could be placed in the Wilmottia group.34 
Clade 3, which had a maximal statistical support of 100%, 
consists of typical Lyngbya strains. There were other Lyngbya 
species that were not clustered in this clade, which confirms 
the polyphyly of the genus. Clade 4 is formed by a group of 
cyanoprokaryotic strains that were recently transferred to the 
new genus, named Nodosilinea.31 This clade was supported by 
a bootstrap value of 99% (Fig.  1). Our strain of N. bijugata  
(= L. bijugata, = P. bijugatum) was also placed in Clade 4. The 
fifth clade (Clade 5), supported by a 100% bootstrap value, 
includes strains identified as Leptolyngbya boryana. This clade 

showed a sister relationship with Clade 6 (96% bootstrap 
support), which encompasses Antarctic strains of Phormidium 
priestleyi and soil cyanoprokaryotic strains from Atacama Desert 
(Chile) identified as Phormidesmis sp. Our strain Phormidesmis 
molle (= Phormidium molle) is in a separate branch (Fig. 1) and 
has no specific phylogenetic relationship with the strains from 
this clade (Phormidesmis group). A close relationship of two 
Antarctic P. priestleyi strains to the Nodosilinea group (Clade 4)  
could be also observed. Therefore, the analyses showed that 
some strains identified as P. priestleyi had no clear phylogenetic 
support for relationship with genus Phormidesmis (Clade 6).

Figure 1. Phylogenetic tree based on 16S rRNA gene sequences of representative oscillatorialean species from the genera Phormidium, Wilmottia, 
Phormidesmis, Leptolyngbya, Nodosilinea, and Lyngbya, and reconstructed using the ML analysis by applying the GTR+I+G evolutionary model. The 
numbers above branches indicate bootstrap support (.50%) from 1,000 replicates. The sequences determined in the present study are indicated with 
filled circles. The sequence of G. violaceus was used as out-group. GenBank accession numbers are indicated in parentheses.
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To confirm the phylogenetic position and separation 
of the genus Nodosilinea, 16S rRNA gene sequences of 15 
Nodosilinea strains were aligned together with the avail-
able GenBank 16S rRNA gene sequences of well-defined  
Leptolyngbya species, and the inferred phylogeny was deter-
mined (Fig.  2). Nodosilinea strains formed a distinct clade 
supported by a bootstrap value of 95%, which indicates that 
their separation from genus Leptolyngbya and assignment to 
a new genus (Nodosilinea)31 was appropriate. This clade also 
includes several Leptolyngbya species (Leptolyngbya antarctica, 
Leptolyngbya saxicola, Leptolyngbya mycoidea, Leptolyngbya 
margaretheana, and Leptolyngbya halophila) isolated from 
Antarctica, Portugal, and Italy.

Next, we analyzed the phylogenetic relationship between 
genus Phormidium and the newly formed genera Phor-
midesmis and Wilmottia, which were separated from genus  
Phormidium (Fig.  3). The 16S rRNA gene sequences from 
all Phormidesmis strains, Wilmottia strains, and well-defined 
Phormidium species available in the GenBank as well as the 
16S rRNA gene sequences determined in this study were 
compared. From the phylogram (Fig.  3) it is clear that W. 
murrayi strains form a separate branch (Clade 1) supported in 
100% of the bootstrap trees. Two W./P. murrayi strains (with 
GenBank accession numbers GQ504024 and EU852498) 
were clustered with other Phormidium species in different 
clades. This is probably because of incorrect identification of 
the strains. Strains ascribed to the genus Phormidesmis were 
clustered together with several P. priestleyi strains and strains 
named as “Antarctic bacterium” (Clade 2), but without strong 
bootstrap support. The whole clade was supported by a boot-
strap value of 82%. Other P. priestleyi strains were grouped in 
Clade 3 with two N. bijugata strains and Phormidium persici-
num through a node supported by a bootstrap value of 99%. 
Our strain Phormidesmis molle (= Phormidium molle) again was 
clustered in a separate branch as in Figure 1 without relatives 
from the Phormidesmis strains. Nevertheless, the phylogenetic 

analyses based on 16S rRNA gene sequences clearly show 
that the strains identified as Phormidesmis as well as the  
P. priestleyi strains that were suggested to be transferred to genus  
Phormidesmis33 had no strong phylogenetic support. Similar to 
the phylogenetic analysis presented in Figure 1, our strain P. 
papyraceum was grouped again with typical Phormidium spe-
cies (Fig. 3), but not with the Wilmottia strains.

The alignment of the limited number of cpcB-IGS-cpcA 
sequences (from 605 to 664 bp) of strains from the investi-
gated genera available in the public databases showed three 
distinct large clades (Fig. 4). The first clade (Clade 1) consisted 
of two subclades, in which are included mainly typical Phor-
midium strains and two Lyngbya strains. These subclades are 
supported by bootstrap values of 100 and 93%, respectively. 
The second clade (Clade 2) also includes two subclades (Lep-
tolyngbya and Phormidium) supported by the bootstrap values 
of 100 and 99%, respectively. Most of our previously published 
cpcB-IGS-cpcA sequences41 of the strains, included also in 
this study, are grouped in Clade 3 with a high bootstrap sup-
port of 100% (Fig. 4). Although this clade consists members 
of the genus Phormidium, our N. bijugata strain (=  L. biju-
gata, = P. bijugatum) was clustered here, but with low boot-
strap support. Unfortunately, there were not available PC-IGS 
sequences from Phormidesmis and W./P. murrayi strains in the 
GenBank, but our strain Phormidesmis molle (=  Phormidium 
molle) (AY466128) was clustered separately outside from the 
main clades.

In addition to the phylogenetic analyses, investigated 
cyanoprokaryotic strains were morphologically re-evaluated 
(Table 2) using the main diacritical features such as shape and 
size of the cells, sheaths around the trichomes and its color, 
morphology of the apical cells, constrictions at the cross-wall, 
presence or absence of false branching, etc. The characteristics 
of all strains matched the species description (followed after 
Komárek and Anagnostidis).20 Trichomes of N. bijugata and 
Phormidium molle were distinctly constricted, whereas in the 
other species (P. papyraceum, P. autumnale, and P. uncinatum) 
they were slightly constricted or not constricted (Table  2). 
All strains formed fine mats. Filaments in all studied strains 
can be straight or curved (in varying degrees), and the sheath 
is always thin and colorless. Most of the apical cells were 
rounded or conical. Calyptra was observed on the apical cell 
in P. autumnale and P. uncinatum. The species N. bijugata, 
Phormidium molle, and P. papyraceum lacked calyptra. False 
branching was not observed. Species that were re-evaluated in 
the present study are shown in Figure 5.

The performed analysis confirmed that these morpho-
logical characters cannot be used separately for taxonomic 
purposes. The only morphological feature that distinguishes 
representatives of the genera Phormidium and Leptolyngbya 
is the size of the cells, which can vary under different envi-
ronmental or culture conditions. It was accepted that the 
modern system of the cyanoprokaryotic organisms must be 
based on the molecular definition of genotypes in correlation 

Table 1. Bootstrap support (%) for the major lineages of the 
phylogenetic tree presented in Figure 1 by using ME/NJ/MP/ML 
methods.

Lineage ME NJ MP ML

Clade 1 100 100 100 100

Clade 2 69 68 54 71

Clade 3 100 100 100 100

Clade 4 98 98 91 99

Clade 5 100 100 100 100

Clade 6 70 67 68 74

Clades 1 and 2 33 31 43 41

Clades 5 and 6 97 96 94 96

Clades 4, 5, and 6 49 48 56 49

Abbreviations: ME, minimum evolution; NJ, neighbor joining; MP, maximum 
parsimony; ML, maximum likelihood.
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with phenotypic, biochemical, ultrastructural, and ecological 
characters.21

Discussion
In the present study, we have performed phylogenetic analyses 
based on the 16S rRNA gene and cpcB-IGS-cpcA locus 
of the phycocyanin operon combined with morphological  
re-evaluation of some filamentous cyanobacteria with prob-
lematic taxonomy. The correct identification of a single species 
requires genetic, morphological, and ecological uniformity. 
Our phylogenetic analyses support the taxonomic separation of 

genus Nodosilinea from the polyphyletic genus Leptolyngbya.31 
Investigated Nodosilinea strains always formed a coher-
ent genetic cluster supported with a high bootstrap value. 
N. bijugata (= L. bijugata, = P. bijugatum) was transferred in 
this genus based on the morphological and ultrastructural 
features, although the studied strain was distinct from the 
other Nodosilinea strains in terms of 16S–23S gene sequences 
and its secondary structure.31 Now, based on the 16S rRNA 
gene sequence, we confirm that this species belongs to genus 
Nodosilinea. The main diacritic morphological character of 
this genus is that the filaments form nodules under low-light 

Figure 2. Phylogenetic tree based on 16S rRNA gene sequences of Leptolyngbya and Nodosilinea species. The tree was reconstructed using the ML 
analysis by applying the GTR+I+G evolutionary model. The numbers above branches indicate bootstrap support (.50%) from 1,000 replicates. The 
sequences determined in this study are indicated with filled circles. The sequence of G. violaceus was used as out-group. GenBank accession numbers 
are indicated in parentheses.
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conditions. We were not able to observe nodules after culturing 
of our strain N. bijugata at such conditions. Probably, the nod-
ule formation depends not only on the light conditions but 
also on other factors.

Within Nodosilinea group were clustered some Leptolyng-
bya strains (isolates from Italy and Portugal) including L. mar-
garetheana, L. mycoidea, and L. halophila (Fig. 2). Perkerson et al. 
proposed that L. margaretheana should be also transferred to 
genus Nodosilinea.31 In addition to these species, here were also 
clustered L. antarctica and L. saxicola. All Leptolyngbya strains 
clustered within the Nodosilinea clade shared 98% sequence 

similarity of the 16S rRNA gene. Maybe in the future, these 
species will be also classified as Nodosilinea species.

The molecular phylogeny confirmed the monophyly of 
the Wilmottia group and this is consistent with other studies.34 
All W./P. murrayi strains were grouped in one clade with 
100% bootstrap support (Clade 1, Figures 1 and 3). Strunecky 
et al. noted that P. papyraceum is morphologically similar to 
W. murrayi and can be genetically identical with Wilmot-
tia.34 The phylogenetic analyses showed that this species is 
clustered within the Phormidium group together with several 
P. autumnale and P. uncinatum strains (Figs.  1 and 3). The 

Figure 3. Phylogenetic tree based on 16S rRNA gene sequences of Phormidium, Wilmottia, and Phormidesmis species. The tree was reconstructed 
using the ML analysis by applying the GTR+I+G evolutionary model. The numbers above branches indicate bootstrap support (.50%) from 1,000 
replicates. The sequences determined in this study are indicated with filled circles. The sequence of G. violaceus was used as out-group. GenBank 
accession numbers are indicated in parentheses.
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Figure 4. Phylogenetic tree based on the available PC-IGS sequences of Phormidium, Leptolyngbya, Nodosilinea, and Lyngbya species. The tree was 
reconstructed using the ML analysis by applying the GTR+I+G evolutionary model. The numbers above branches indicate bootstrap support (.50%) from 
1,000 replicates. Cyanobacterium sequence was used as out-group. GenBank accession numbers are indicated in parentheses.

Table 2. Morphological characters of investigated cyanoprokaryotic strains.

Species Strain GenBank  
accession  
numbers

Cell shape Cell width  
(µm)

Cell length  
(µm)

Sheath Apical cell  
type

Constriction

N. bijugata  
(= P. bijugatum,  
= L. bijugata)

PACC 8602 KF770966 Cylindrical,  
isodiametric

1.0–1.9 1.4–2.4 Thin, colorless Rounded,  
without  
calyptra

Distinct

Phormidium molle  
(= Phormidesmis  
molle)

PACC 8140 KF770967 Cylindrical,  
isodiametric

1.5–2.0 2.7–3.3 Thin, colorless Rounded,  
without  
calyptra

Distinct

P. papyraceum PACC 8600 KF770968 Wider than  
long

6.4–7.7 2.3–4.8 Firm, colorless Conical,  
without  
calyptra

Not constricted

P. autumnale PACC 5522 KF770969 Isodiametric 3.0–5.1 1.3–4.2 Thin, colorless Rounded  
or conical  
with calyptra

Slightly  
constricted

P. uncinatum PACC 8693 KF770970 Isodiametric 5.5–7.1 2.3–5.2 Thin, colorless Rounded  
or conical  
with calyptra

Not constricted

conclusion from this phylogeny is that P. papyraceum does not 
belong to genus Wilmottia.

Genus Phormidesmis was separated from genus Phormid-
ium on the basis of combined molecular (16S rRNA gene) and 

phenotype analyses of the tropical type-species Phormidium 
molle.32,33 Unfortunately, the used 16S rRNA gene sequence 
of the type species for the phylogenetic analyses performed by 
these authors is not available in the public databases. In our 
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phylogenetic analyses, we used all available 16S rRNA gene 
sequences of strains assigned as Phormidesmis, and in addi-
tion, the 16S rRNA gene sequence of our own strain identi-
fied as Phormidium molle. Results showed that Phormidesmis 
strains and some P. priestleyi strains formed a separate clade 
different from the typical Phormidium species, but without 
strong bootstrap support (Figs. 1 and 3). On the other hand, 
these Phormidesmis strains were grouped in a sister clade to the 
Leptolyngbya (Fig. 1) supported by a bootstrap value of 96%. 
Komárek et  al. showed that the arrangement of thylakoids 
in Phormidesmis molle (= Phormidium molle) is parietal (typi-
cal for the pseudanabaenacean types including Leptolyngbya), 
which is different from the radial arrangement of thylakoids 
in Phormidiaceae.33 At the same time, it is mentioned that the 
arrangement and density of thylakoids are dependent on the 
environmental factors (salt concentration, light intensity, age 
of cells). The authors suggested also that the Antarctic P. priest-
leyi strains have to be eliminated from the genus Phormidium  
and transferred to genus Phormidesmis. Although several  
P. priestleyi strains are grouped together with Phormidesmis, 
our phylogenetic analyses reveal that other P. priestleyi strains 
are intermixed with Phormidium and Nodosilinea. In addition 
to the P. priestleyi strains, several other Phormidium species 
were listed as morphologically corresponding to the genus 
Phormidesmis including Phormidium macedonicum Čado 1959.33 
This species was also given as morphologically similar to  
W. murrayi.34

In all performed phylogenetic analyses, our strain Phor-
midesmis molle (= Phormidium molle) was clustered separately 
without relatives from other Phormidium or Phormidesmis 
strains. On the other hand, the morphological analy-
sis showed that this strain has all morphological characters 
(according to the description of Komárek and Anagnostidis)20 
to be classified as Phormidium molle. These data imply that we 
have to designate Phormidium molle as a cryptic species.17,21,42 
Surprisingly, when we blasted its 16S rRNA gene sequence 
with all available sequences in the GenBank, the analysis 
showed 98% similarity with Tolypothrix sp. (Nostocales). The 
cpcB-IGS-cpcA sequence was 85% similar to the phycocya-
nin locus of Tolypothrix sp. and 100% similar to P. autumnale 
strains. Because false branching and presence of heterocytes 
(typical for Nostocales) were not observed, a possible expla-
nation of this phenomenon is horizontal exchange of genetic 
material.43

Because there is a limited number of 16S rRNA gene 
sequences currently available for Phormidesmis strains and 
their genetic relationships are still incomplete, it is premature 
to reclassify them in a separate genus (Phormidesmis) based 
mainly on morphological and ultrastructural features that 
could vary depending on the environmental factors.

Conclusions
Using the principles of the polyphasic taxonomy, our 
analyses reveal that the cyanoprokaryotic species N. bijugata  
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D EC
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Figure 5. Light microphotographs of investigated cyanoprokaryotic species. (A) N. bijugata PACC 8602 (= L. bijugata, = P. bijugatum), (B) Phormidium 
molle PACC 8140 (= Phormidesmis molle), (C) P. papyraceum PACC 8600, (D) P. autumnale PACC 5522, and (E) P. uncinatum PACC 8693. Scale bar, 
5 µm.
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(= L. bijugata, = P. bijugatum) was correctly transferred to the 
newly formed genus Nodosilinea. The phylogenetic reconstruc-
tions based on 16S rRNA gene sequences confirm the separa-
tion of the W./P. murrayi strains from genus Phormidium as a 
new generic level (genus Wilmottia). Although P. papyraceum 
is morphologically similar to W. murrayi, it is a genetically 
distinct species related more closely to the typical Phormid-
ium strains, and therefore, this species should be kept within 
genus Phormidium. Because the available 16S rRNA gene 
sequences of strains identified as Phormidesmis and those of  
P. priestleyi strains were clustered in distinct branches without 
significant bootstrap support, as well as in the absence of 16S 
rRNA gene sequence data of the type-species Phormidium 
molle, at this stage we suggest all Phormidesmis and P. priest-
leyi strains to be classified as Phormidium species. In addi-
tion, the phylogenetic analyses based on 16S rRNA gene and 
PC-IGS sequences of our Phormidesmis molle (= Phormidium 
molle) strain placed it in a separate branch without specific  
phylogenetic relationship with the other Phormidesmis or  
P. priestleyi strains.
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