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Abstract: Cyanobacteria are amongst the most abundant, ubiquitous, ecologically and evolutionarily significant
microbes on Earth. Unique among the Bacteria in their capacity to be identified using morphology, understanding
the evolutionary relationships and describing the diversity of this lineage is both important and challenging. The
advent of modern sequencing technology has proven a boon to those studying cyanobacterial systematics as it
has provided copious amounts of sequence data (mainly of the 16S rRNA gene sequence). However, this influx
of data has also led to taxonomic confusion and recognition of polyphyly in many genera. Thus, the purpose of
this paper is to describe this apparent paradox of increasing data yet poor phylogenetic resolutions by employing
the Poisson Tree Process (PTP) algorithm and to propose some ameliorative efforts.
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INTRODUCTION

The cyanobacteria represent a large and diverse phylum
of photo—oxygenic bacteria. They exist in aquatic, ter-
restrial and subaerial environments, inhabiting a wide
variety of environments spanning the poles to the equator,
from freshwaters to marine habitats. Being so widely
distributed, they provide significant inputs to both the
global oxygen and nitrogen cycles (WHITTON & POTTS
2000). Although cyanobacteria are an evolutionary and
ecologically important group of organisms, significant
gaps exist regarding their taxonomy and systematics.
These problems are exacerbated due to difficulty of
culturing, low sampling efforts outside the temperate
zone, and problematic species concepts (for reviews see
CASTENHOLZ 1992; KOMAREK 2003; JOHANSEN & CASAMATTA
2005; KoMAREK et al. 2014; DVORAK et al. 2015a, b).
As a whole, the cyanobacteria exhibit an extensive
amount of phenotypic variability. Their classification
was initially based on features such as morphology of
filaments, cells, sheaths, types of branching, cell differ-
entiation, reproduction, etc., while employing botanical
nomenclature due to their similarity to eukaryotic algae
(KOMAREK & ANAGNOSTIDIS 1998, 2005; KoMAREK 2013).
Unfortunately, some of these characters (e.g., sheaths)
have been shown to be phenotypically plastic, and

thus their use in phylogenetic reconstructions remains
open to debate (e.g., CASAMATTA & Vis 2003). Over
the last two decades, molecular markers, most notably
the 16S rRNA gene sequence, have shown that some
morphological features do not necessarily correspond
to phylogenetic reconstructions elucidated by molecular
methods. More recently, it has been suggested that many
of the most common, traditional genera of cyanobacteria
are in fact polyphyletic (reviewed in KOMAREK et al.
2014). For example, ROBERTSON et al. (2001) found five
polyphyletic lineages in the morphologically simple,
coccoid genus Synechococcus. A more recent analysis
by DVORAK et al. (2014a) found 12 lineages in this same
genus and proposed that cyanobacteria undergo serially
convergent events due to genome dynamics through
horizontal gene transfer and homologous recombination.
These and similar findings provide support for splitting
polyphyletic genera into smaller, monophyletic lineages
and subsequently describing new taxa. However, some
cyanobacterial lineages are morphologically indistin-
guishable due to convergent evolution and their lack of
identifiable character poor morphologies (DVORAK et al.
2014a; KoMAREK et al. 2014).

Since the majority of prokaryotes cannot be cul-
tured using standard laboratory techniques (e.g. AMANN
et al. 1995), a complete description of their biodiversity
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seems to be an impossible endeavor. Fortuitously, recent
advances in metagenomics (genetic material recovered
directly from uncultured organisms from environmental
samples) have offered a direct approach to circumvent this
limitation. However, this approach is used infrequently
in taxonomy due to logistical constraints. The concept
has recently been proposed under the International Code
for Nomenclature of Prokaryotes (ICNP, http://icsp.
org/) by expansion of the Candidatus species concept
(KONSTANTINIDIS & ROSSELLO-MORA 2015). As a result,
this approach allows for naming of taxa that cannot be
grown and maintained in culture.

Conversely, the International Code for Algae,
Fungi and Plants (ICN, http://www.iapt—taxon.org/no-
men/main.php), which is the primary code employed with
cyanobacterial taxa, makes provision for the description of
new taxa based on type material stored as dried biomass.
Thus, new approaches to elucidating cyanobacterial
diversity such as the use of single filament PCR may be
applied, although results employing this approach are
still scarce in the literature. For example, MARES et al.
(2015) performed a revision of selected Stigonematales
cyanobacteria and HASLER et al. (2014a) revised the cul-
ture—resistant genus Komvophoron utilizing this approach.
In any case, it should be noted that the biodiversity of
prokaryotes is so vast (with potentially many millions
of species) that description of taxa using metagenom-
ics tools would help to elucidate the uncultured (and
undescribed) majority of prokaryotes (KONSTANTINIDIS
& ROSSELLO-MORA 2015). Cyanobacterial systematic
endeavors are further complicated by the fact that they
have traditionally been named under the ICN, but may
also be validly described under the ICNP.

NABOUT et al. (2013) noted that the total number
of described cyanobacterial species is 2698, as obtained
from the continuously updated CyanoDB database
(database version 2013, KOMAREK & HAUER 2011). The
authors estimated that an expected number of species of
cyanobacteria is 6280 (with a confidence interval of 4402
to 8159), the upper limit of which is close to an earlier
estimation of 8000 species by GUIRY (2012). It should
be noted that these quantifications are mostly based on
traditional (and often flawed due to convergent evolu-
tion) morphological approaches using a phenetic species
concept under the ICN. The introduction of molecular
markers for unraveling the systematics of cyanobacteria
has allowed researchers to use species concepts derived
from evolutionary principles, such as the phylogenetic
or monophyletic species concepts, which are increas-
ingly being employed by cyanobacterial taxonomists
(reviewed in JOHANSEN & CASAMATTA 2005).

Currently, there is no definitive indication of how
many species of cyanobacteria may exist, how many
have been described using phylogenetic based species
concepts, or how many species may be anticipated among
sequences gathered from metagenomics data without
culturing. Thus, the purpose of this paper is to use the
available sequences of cyanobacteria to elucidate some
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of the phylogenetic relationships. Further, we seek to
quantify an overlap between described species and avail-
able DNA sequence—based species (e.g., taxa with names
and 16S sequence data) and we will use these results to
evaluate the reliability of database DNA sequence data
for taxonomic and metagenomics purposes.

MATERIAL AND METHODS

We acquired a comprehensive dataset of 16S rRNA sequences
of cyanobacteria from GenBank (database version 21st January
2015) using search query (((900:2500[Sequence Length]) AND
cyanobacteria [organism]) AND 16S) to ensure we gathered
sufficiently long sequences for analyses. Stored GenBank
sequences were obtained mostly using Sanger dideoxy sequenc-
ing and 454 pyrosequencing. Multiple sequence alignment
(MSA; Dataset S1 Supporting Information) was performed
using MAFFT (Karon et al. 2002) with automatic diagnos-
tics of alignment parameters. Large gaps and uninformative
regions were eliminated from the alignment using Gblocks
(CASTRESANA 2000) with the following settings: Maximum
Number Of Contiguous Nonconserved Positions set to 50,
Minimum Length Of A Block 2, and Allowed Gap Positions:
half. Identical sequences were removed from alignment and
their list has been stored for further analyses (Tab. S1 in the
Supporting Information). Gblocks was employed in order to
restrict sequence length and remove as much uninformative
sequence as possible to shorten computing time. We chose
our cutoff b.p. criteria for two reasons. First, many research-
ers only amplify a portion of the 16S rRNA gene and thus
complete genes are not typically available. Second, we could
not employ shorter reads (<899 b.p.) for MSA because these
sequence fragments may be from the beginning or end of the
16S rRNA gene and might not overlap. The upper limit was
set due to genome assemblies, which are very large and would
make MSA impossible. The ITS region was not employed due
to variability within and among strains, which would lead to
erroneous MSA.

A phylogenetic reconstruction was performed using
maximum likelihood criterion in RaxML 8.0.0 (STAMATAKIS
2014) under substitution model GTR+GAMMA (Dataset S2
in the Supporting Information). A phylogenetic reconstruction
using neighbor joining optimality criterion was performed in
MEGA 6 (Tamura et al. 2013) using Kimura 2—parameter
model (Dataset S3 in the Supporting Information). Species were
delimited in the Python programmed package PTP (Poisson
Tree Process; ZHANG et al., 2013), which uses the phylogenetic
species concept sensu ELDREDGE & CRACRAFT (1980) and most
recently modified by NixoN & WHEELER (1990). PTP uses
substitution per site difference (not a genetic distance with a
particular cutoff) for species identification. It assumes that there
is a significantly (statistically speaking) higher evolutionary
distance (measured in substitution per site) among species than
within species. Since it uses substitution per site, it does not
require an ultrametric tree. Thus, PTP also reflects different
evolutionary rates within different species.

PTP produces a list of identified species or operational
taxonomic units (OTUs). For consistency and simplicity, we
will use the term “PTP—defined species” throughout the text.
Our analysis employed units that include at least one cultured
strain and PTP—defined species composed of sequences from
uncultured cyanobacteria. We employed and assessed taxa with
cultured strains if they were identified as an existing and validly
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described species under the ICN or the ICNP since species of
cyanobacteria are considered under both codes. However, it
should be noted that cyanobacterial species described under
ICNP are valid under ICN, but ICNP does not accept species
under ICN (OreN 2011). Also, species described under ICNP
are much less frequent than under ICN. PTP outperforms other
automatic delimitation algorithms such as GMYC (Fujisawa
& BARRACLOUGH 2013; Pons et al. 2006), because it does not
require an often error—prone ultrametric tree and it has signifi-
cantly faster performance on large datasets (ZHANG et al. 2013).
We used the following procedure to identify which
sequences employed in the GenBank dataset corresponded to
definitely named and reliably identified PTP—defined species
(e.g., units consisting of both cultured and uncultured taxa
which are definitively identified to species by a taxonomic
expert; including species described based on single cell/filament
PCR techniques). We also considered all identical sequences,
which were subsequently assigned to PTP—defined species
(Tab. S1 in the Supporting Information). First, all PTP—defined
species with sequences deposited solely as sequences from
“uncultured cyanobacteria” were removed from the list of
definitively named and reliably identified species (excluding
species described based on single cell/filament PCR techniques).
Second, PTP—defined species containing only sequences without
species epithets or with unsure species epithets were removed
from the list of reliably identified species (GenBank accession
numbers and available literature were checked to ensure missing
epithets). Finally, we did an extensive GenBank and literature
search to confirm whether a particular PTP—defined species
contains any described species valid under either the ICN or
the ICNP (including synonyms). Species with a Candidatus
status under the ICPN were not employed in this analysis. If
the PTP—defined species contained at least one definitively
named and reliably identified species, we employed it in further
analyses. The phylogeny reconstructed for this paper has been
used as a template for taxonomic decisions. Multiple sequence
alignment, template trees, and a list of identified cultured or
uncultured species are available in Supporting Information.

RESULTS AND DISCUSSION

How many “unculturable” cyanobacterial taxa actu-
ally exist?
The final alignment contained 10037 sequences with
4983 non—identical sequences. Employing the PTP spe-
cies delimitation articulated earlier, we recovered 2741
PTP—defined species of cyanobacteria (Fig. 1, Table S2
in the Supporting Information). It has been suggested
that only ca. 1% of prokaryotes may be cultured (AMANN
et al. 1995), but this figure is postulated mainly with
heterotrophic bacteria in mind. This is in sharp contrast
to our findings that only 51% of PTP—defined species
were from uncultured environmental samples. However,
this number may be biased since only sequences longer
than 900 b.p. were used, while many metagenomics
analyses employ far shorter sequences, often on the
order of 300-500 b.p. Nevertheless, we excluded these
shorter fragments since they would not be appropriate
to utilize in our multiple sequence alignment.

This finding may imply either a high success rate
of culturing the vast majority of cyanobacteria or that
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habitats with high uncultured cyanobacterial diversity
are lacking in metagenomic data. For instance, fine,
freshwater sediments (epipelon) are known for very low
sampling efforts (POULICKOVA et al. 2014), even though
they are inhabited by a complex and diverse community
of cyanobacteria and other algae (MANN et al. 2008;
PouLiCKOVA et al. 2008). Moreover, the sampling efforts
of cyanobacteriologists are traditionally concentrated in
temperate zones, although tropical latitudes may serve
as hot spots of biodiversity (see HOHNER—DIVINE et al.
2004 for review). Describing the taxonomy of tropical
cyanobacteria is an active research endeavor, especially
in aerophytic habitats (e.g. FIORE et al. 2007; NEUSTUPA
& SKALOUD 2008). However, a dearth of tropical papers
is evident when compared to temperate zones, as seen
in the number of Web of Knowledge indexed papers
(DvoRrAK et al. 2015a). Together with the rapid pace of
new species descriptions in recent years (KOMAREK et
al. 2014), we conclude that most of the cyanobacteria
biodiversity remains undescribed and that a sizable por-
tion of uncultured biodiversity may remain unnamed.

On the incompatibility of molecular and traditional
cyanobacterial systematics
We found that only 571 PTP—defined species (20.9%)
may be assigned to definitively named and reliably
identified species under either the ICN or ICNP (Fig. 1,
see Supporting Information for details). Furthermore,
the 571 PTP—defined species represents 12.7-21.2% of
the total described species under the ICN included in
either AlgaeBase (GUIRY & GUIRY 2015; 4484) or the
CyanoDB (information from Nabout et al. 2013; 2698
species), respectively. It should be noted that species
under the ICN and ICNP are described using various
species concepts, mostly phenetic with some form of a
phylogenetic species concept, but a majority of recently
published descriptions and revisions do not cite any
particular species concept (for a review, see JOHANSEN &
CaAsaMATTA 2005). Species identified using the PTP are
purely phylogenetic species as advocated by NIXON &
WHEELER (1990). Therefore, the total numbers of species
may differ based on the species concepts employed. Since
modern molecular methods are able to provide greater
taxonomic resolution due to a bounty of additional data
(e.g. JOHANSEN & CASAMATTA 2005; ERWIN & THACKER
2008), we consider the discrepancy between the number
of phylogenetic species and number of described spe-
cies to reflect that the total diversity is underestimated.
The vast increase in described cyanobacterial di-
versity over the last 20 years is a direct result of molecular
methods, which has in turn significantly influenced the
taxonomic reasoning of cyanobacteriologists. Both 16S
rRNA gene sequence data and metagenomic or com-
munity level assessments appear to have taken different
directions. 16S rRNA sequences are deposited in DNA
databases at near exponential levels yet are themselves
flooded by ambiguously identified sequences resulting
from previously, unequivocally identified sequences.
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Fig. 1. Graphical representation of PTP analysis results. a) The ratio of uncultured and cultured PTP—defined species. b) The portion of
PTP—defined species, which may be assigned to existing described species based on CyanoDB. ¢) A Venn diagram representing an overlap of
PTP—defined species and species present in databases CyanoDB and AlgaeBase.

Thus, the difference between both systems is expanding
daily due to erroneously identified sequences and species.

One possible reason for such a striking difference
may rise from the entangled evolutionary relationships
among cyanobacteria. As previously noted, a majority
of described genera are currently considered polyphy-
letic (KOMAREK et al. 2014; Fig. S1 in the Supporting
Information). The ultimate goal in reconstructing evo-
lutionary relationships is that separate lineages should
be classified and named based on rules of cladistics and
phylogeny. Our results show that not much effort has
been given to resolve this conundrum until now. The
most striking example is the genus Synechococcus, which
contains 12 polyphyletic lineages (DVORAK et al. 2014a),
of which only one has been properly revised under the
ICN (DvoRAK et al. 2014b) and none under the ICNP. For
example, the marine picoplanktic Synechococcus are one
of the most abundant organisms on earth (FLoMBAUM et
al. 2013), but this lineage lacks proper taxonomic treat-
ment. There are multiple species within this group, as
previously recognized by ROBERTSON et al. (2001) and our
analysis in this paper. Thus, we may anticipate further
disagreement of molecular data with traditional systems.
Similarly, extensive evidence of polyphyly has been
found in other taxa—rich genera such as Leptolyngbya
(Osor10—SANTOS et al. 2014; JAHODAROVA et al. 2017),
Phormidium (HASLER et al. 2012), or Cylindrospermum
(JOHANSEN et al. 2014).

Another source of taxonomic inconsistency
may emerge from practical use of different taxonomic

classifications by researchers. First, there is no con-
sensus among researchers whether to use the ICN or
ICNP. While the ICN accepts all names generated under
the ICNP, the reciprocal is not so. Recently, however,
PNEvICH (2015) proposed changes to some principals of
the ICNP, which would allow acceptance of valid spe-
cies published under the ICN to also be valid under the
ICNP. Second, the traditional ICN has many versions of
the nomenclatural schemes, for example those proposed
by GEITLER (1932), DESIKACHARY (1959), or KOMAREK
et al. (2014). Unfortunately, there is typically no cor-
responding change to the appropriate cyanobacterial
databases, leading to taxonomic confusion. Third, and
perhaps most importantly, carefully articulated taxonomic
revisions are undertaken and published slowly, while
ambiguously identified sequences are still accumulating
very rapidly in GenBank. Coupled with the enigmatic
evolutionary histories of most cyanobacteria, this can
lead to much confusion and uncertainty. One possible
remedy would be to establish an approved repository for
all cyanobacterial taxonomic and systematic endeavors,
easily accessible to all interested researchers.

Another potential source of inconsistency may
be variability in the ease of DNA recovery resulting in
over—representation of some groups and under—represen-
tation of others. While some taxa with thin or lacking
sheathes are relatively easy to amplify, other lineages,
especially those with firm, copious sheaths (e.g., Nostoc,
Petalonema, Gloeocapsa) might be recalcitrant to DNA
analyses (MARES et al. 2015).
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A capability of PTP to recognize cyanobacterial species
Automatic species delimitation approaches are often at
odds with manually curated delimitations. This paper
represents a novel approach to apply automatic delimita-
tion of species to cyanobacteria, barring barcoding efforts
which have met with limited success (ECKERT et al. 2015).
Thus, we endeavor to evaluate the performance of PTP on
several well-defined and revised cyanobacterial genera.

For example, PTP recognized 6 of 7 PTP—de-
fined species within Oculatella (except O. mojaviensis;
OsorI0—SANTOS et al. 2014), while O. subterranea was
divided into three PTP—defined species. In the genus
Nodosilinea, only one species (Nodosilinea sp. NBla—AS5)
has not been recognized by PTP. On the other hand, new
sequences have appeared in GenBank since PERKERSON
et al. (2001) established Nodosilinea; we found three
PTP—defined species of Nodosilinea sp. CENA 183,
CENA 144, and CENA 137. Less persuasive results
were shown by analysis of Cylindrospermum, which
belongs to the heterocystous cyanobacteria. Recently
revised by JOHANSEN et al. (2014), PTP recognized C.
badium, C. moravicum, and C. marchicum. However,
C. catenatum, C. pellucidum, C. licheniforme, and C.
muscicola were collapsed into one PTP—defined species
and the same appeared also in cases of C. allatosporum
and C. maius. Thus, we may conclude that PTP species
delimitation provides a hint for species identification and
enumeration, but results should be cautiously interpreted
because there are certainly gaps in this method. In any
case, the purpose of this paper is to show how significant
the gaps are between molecular and phenotype based
species delimitations. It seems that PTP adequately
serves this purpose.

Conclusions: limitations of available DNA sequence
data in systematics of cyanobacteria.

Cyanobacteria are certainly not unique, but they are
challenging in the employment of molecular data
for identification and taxonomy. The ambiguity of
cyanobacterial systematics creates a potential pitfall for
metagenomic research and DNA barcoding. Based on
our results, reliable species identifications based solely
on sequence data from DNA databases may be unlikely.
Moreover, recent work has indicated that different spe-
cies within a genus cannot be differentiated solely by
16S rRNA sequences alone. Thus, additional data, such
as provided by the ITS region rbcL gene sequences, are
increasingly being employed (e.g. OSORIO-SANTOS et al.
2014). While traditional employment of the 16S rRNA
gene might be sufficient for generic level assignments,
we see many misidentified strains due to the polyphyletic
nature of many currently circumscribed genera (KOMAREK
et al. 2014). Thus, it is likely that cyanobacteria with
entirely different evolutionary histories are conflagrated,
as evidenced with Synechococcus. On another front,
practical identifications of cyanobacteria (for applied
phycology, ecology, and genetics) are still obtained
mainly using morphological observations which may be
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increasingly problematic as more polyphyletic lincages
are elucidated and rarely revised. Further, there is a lack
of morphological apomorphies for some newly described
lineages (KOMAREK et al. 2014; DVORAK et al. 2015b).
The potential use of cyanobacteria for environmental
bioassessment and biomonitoring efforts is largely
limited by available sequence data (for those employing
genetic markers) and proper species descriptions using
phenotypic data (e.g. morphology, MaNoyLov 2014). For
example, Phormidium retzii, considered one of the most
commonly encountered lotic taxa in North America, has
been shown to be a collection of cryptic taxa, and thus,
further taxonomic revisions are warranted (CASAMATTA
et al. 2003).

Taken together, we have shown that genetic
and taxonomic databases (e.g. AlgacBase, CyanoDB,
GenBank, etc.) may not clearly articulate the diversity of
cyanobacteria. Many species are ambiguously identified
or come from uncultured specimens with a concurrent
low certainty of proper identification. To avoid further
confusion, we propose the following recommendations:
Curation of taxonomic revisions and descriptions should
be more widely linked with DNA databases and authors
should be more actively involved with the curation of
databases. For example, authors should update their
sequence identifiers even after publication. Furthermore,
cyanobacterial taxonomists using the ICN have an op-
portunity to make descriptions of new taxa without
cultures. If they took advantage of this opportunity, it
would allow for faster and more effective taxonomic
revisions and naming of new taxa from unculturable
species (e.g., Johanseninema; HASLER et al. 2014a,
b). Taxonomists using ICNP may use the Candidatus
concept to provide a putative name to uncultured taxa.
However, Candidatus names are not valid under ICN or
ICNP. Therefore, two names for the same species may
be proposed, one for each code and eventually both
validated, leading to heterotypic synonyms.

Revisions of polyphyletic genera are essential
for proper identification of cyanobacteria. Without this
effort, we would not be able to recognize a majority of
species within polyphyletic clusters (e.g., Leptolyngbya,
Phormidium, and Synechococcus).

Species identifications based on metagenomic
data should be assessed more carefully. Sequence data
should be named only based on properly described or
bar—coded species. DNA database accessions should
contain a statement containing a level of confidence and
elucidation of the method of identification.

All revisions should be performed only with robust
taxon sampling with numerous, abundant, phylogeneti-
cally relevant outgroups and sister taxa. For example,
if only “Leptolyngbya“ sequences are employed in an
analysis this might mask polyphyletic relationships as
one might recover a single, monophyletic clade. This
might be illustrated with Leptolyngbya nodulosa which
was originally described and phylogenetically analyzed
with rather depauperate sister and outgroup taxa (all that
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was available at the time) before subsequently being
transferred to a new genus. Revisions using only pheno-
typic data are discouraged, due to serial convergence of
morphotypes (DVORAK et al. 2014a, 2015b). It should be
noted that cyanobacteria have a relatively rich herbaria
presence in museums, and thus an investigation of type
material is often possible and recommended (KOMAREK
et al. 2014; PALINSKA & SUROsz 2014). If type species
are unavailable, they may be retypified based on recent
samples from type locality or close to type locality.
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