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Unicellular cyanobacterial strains of Subsections I and II and filamentous cyanobacterial strains of
Subsection III have been shown to be polyphyletic, heterocystous strains of Subsections IV and V,
both of which were previously reported to be monophyletic. In this study, the small subunit riboso-
mal RNA (16S rRNA) sequences of 13 strains of cyanobacteria - one strain, Oscillatoria nigro-viridis
PCC7112, of the Subsection III, 6 strains including genus Anabaena, Nostoc, Tolypothrix, Calothrix and
Scytonema of the Subsection IV, and 6 strains including genus Hapalosiphon, Fischerella and Chlorogloeopsis
of the Subsection V - were determined. The phylogenetic analysis of cyanobacteria was carried out
using the 165 rRNA sequences. The results of the phylogenetic analyses of 165 rRNA sequences, based
on Neighbour-joining, maximum-parsimony, and maximum-likelihood methods, indicated that the
members of Subsection IV were not monophyletic but polyphyletic. In addition, the phylogenetic re-
sults strongly indicated that the genus Scyfonema in Subsection IV could be a common ancestor of het-
erocystous cyanobacteria in Subsection IV and V. Furthermore, the phylogenetic analyses revealed that
the genus Anabaena could be phylogenetically diverse and that cyanobacterial strains in Subsection IV
might be polyphyletic, whereas those in Subsection V could be monophyletic, as reported before. The

results for the genus Anabaena indicate that it should be reclassified.
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Introduction

The cyanobacteria are morphologically diverse bacteria
that perform oxygenic photosynthesis and possess chlor-
ophyll a. Cyanobacteria have also been recognized as a mod-
el system for studying the photosynthesis and endosym-
biotic origins of chloroplasts in plants [1]. At present, cyano-
bacteria are classified into five sections and formally recog-
nized primarily according to their morphology and devel-
opmental characteristics [2-4, 15-17]. Unicellular cyanobac-
teria are classified into the Subsection I and II in terms of
their different division patterns. The division pattern of
Subsection I show a binary fission or budding, but that of
the Subsection II is expressed by multiple fission which re-

sults in the formation of baeocytes [16]. The Subsection III
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is composed of filamentous cyanobacteria reproducing by
trichome breakage [16]. The Subsection IV and V comprise
the filamentous and heterocytous cyanobacteria reproducing
by hormogonia formation [16], and are able to develop heter-
ocysts and akinetes. These two sections are separated on
more one plane. Members of the Subsection IV are divided
on only one plane, and members of the Subsection V can
be divided on more than one plane [16]. The Subsection IV
and V are composed of eight genera (Anabaena, Calothrix,
Cylindropermum, Nostoc, Nodularia, Scytonema, Chlorogloeopsis,
and Fischerella) that are common to most classification sys-
tem [2-4, 9, 16], as well as additional genera (Tolypothrix and
Hapalosiphon) in more recent classification systems [2-4].
Cyanobacterial classifications based on morphological char-
acteristics remain controversial and may not reflect true phy-
logenetic relationships [5, 8, 9, 11, 18, 22, 26].

Recently, phylogenetic analyses of cyanobacteria based on
small subunit rRNA (165 rRNA) have been performed.
Several studies based on 165 rRNA have reported that in
contrast to unicellular and filamentous non-heterocytous cy-
anobacterial strains composed of Subsection I, II, and III, that
do not form clusters to be consistent with their classification,



the heterocytous members of cyanobacterial Subsection IV
and V are monophyletic [8, 11, 21, 23, 24].

In this study, we investigated the phylogenetic relation-
ships of the cyanobacterial strains of the Subsection IV and
V based on 165 rRNA and compared the phylogenetic posi-

tion of cyanobacterial strain with each of them.

Materials and Methods

Cyanobacterial strains and growth conditions
The cyanobacterial strains investigated and media are list-
ed in Table 1. All were cultured at 20°C, 12:12 hr L: D (light

: dark) with fluorescent lamp illumination of 500 lux.

The preparation of cell lysate

Cells were harvested from 1.5 ml culture broth by cen-
trifugation, washed with 1 ml of deionized water, and sus-
pended in 100 ul of 20 mM Tris (pH 8.0) containing 0.1 mM
EDTA, 0.5% Tween 20, and 0.1% Non-iodet P-40 (Boehringer
Mannheim, Germany). Final lysis was achieved by the addi-
tion of 10 ug of Proteinase K and incubation for 20 min at

Table 1. Cyanobacterial strains used in this study
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PCR amplification

The almost complete 165 rDNA from the genomic DNA
of the respective strains was amplified by PCR using oligo-
nucleotide primers of 1R (forward primer: 5'-AGAGTTTGA
TCCTGGCTCAG-3) and 16C (reverse primer: 5'-AAGGAG
GTGATCCAGCCGCA-3) [27]. PCR was performed at 3 min
at 94T and then at 30 cycles with the following features:
1 min at 94C, 1 min at 55C, and 2 min at 72°C, followed
by a final elongation step for 10 min at 72°C.

Sequencing of 16S rRNA

The refined PCR products were directly sequenced with
the use of a BigDye Terminator Cycle Sequencing Ready
Reaction Kit (Applied Biosystems, USA). Primers used for
the cycle sequencing were 1R, 320R (5-CTGCTGCCTCCC
GATA-3), 520F (5-CAGCAGCCGCGGTAATAC-3), 704R
(5-TCTACGCATTTCACCGCTAC-3'), 926F (5-AAACTCAA
AGGAATTGACGG-3), 1100R (5'-GGGTTGCGCTVGTTG-
3) (V, G or C or A), and 16C. The cycle sequencing reaction

Strain Subsection Medium Sequence accession number
Anabaena cylindrica IAM M-253 v A-1° AF247592
Anabaena variabilis IAM M-204 v BG-11° AB074502
Anabaena variabilis IAM M-3 v A-1° AB016520
Anabaena planctonica NIES 810 % A-51L° AB(093488
Nodularia spumigena PCC 73104" v - AB039002
Nostoc linckin IJAM M-251 v A1° AB074503
Nostoc entophytum 1AM M-267 v BG-11° AB093490
Calothrix brevissima TAM M-249 v A-1° AB074504
Anabaenopsis circularis IAM M-4 v A-1° AF247595
Tolypothrix sp. IAM M-259 % BG-11° AB(093486
Cylindrospermum stagnale PCC 7417 v - AJ133163
Scytonema U-3-3 v - AY069954
Scytonema sp. IAM M-262 v BG-11° AB(093483
Seytonema hofmanni PCC 7110" v - AF132781
Hapalosiphon sp. IAM M-264 \ BG-11° AB(093485
Hapalosiphn delicatulus 1AM M-266 \ BG-11° AB(093484
Fischerella sp. IAM M-263 \ BG-11° AB093491
Fischerella major NIES 592 \Y BG-11° AB093487
Fischerella muscicola PCC 73103 \ BG-11° AB074505
Chlorogloeopsis sp. PCC 6912 \Y BG-11; + NaHCOs" AB093489
Chlorogloeopsis fritschii PCC 6718 \ - AF132777
Oscillatoria nigro-viridis PCC 7112 11 BG-11° AB(74509
Stanieria cyanosphaera PCC 7437" II - AB039008
Gloeobacter violaceus PCC 7421" I - AF132790

Sequences in bold were determined in this study. T: type strain.

“Rippka and Herdman, 1992 [6]; 1AM Catalogue of strains, 1998 [26].
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was performed with a PCR Thermal CyclerMP (Takara,
TP3080, Japan). The sequencing reaction was performed for
5 min at 96°C at first and consisted of 25 cycles of the follow-
ing: 10 sec at 96, 10 sec at 52°C, and 2 min at 60°C. The
cycle sequencing products were purified with use of
CENTRI-SEP Spin Columns (Applied Biosystems, USA).
DNA sequences were analyzed using an ABI PRISM 310
Genetic Analyzer (Applied Biosystems, USA).

Alignment and phylogenetic analysis

The nucleotide sequences of 165 TRNA were aligned using
the CLUSTAL W computer program, version 1.81 [20]. 165
rRNA sequences were aligned based on their secondary
structures with a selection of cyanobacterial reference se-
quences obtained from the DNA Data Bank of Japan (DDBJ),

and the alignment was manually corrected.

Neighbour-Joining (NJ)

The phylogenetic tree was constructed from the evolu-
tionary distance matrix calculated by the neighbour-joining
method [19] with Kimura’s two-parameter method [12].
Neighbour-joining analysis was performed using the
MEGA?2 program [13]. All gaps in the alignment were ex-
cluded in order to draw the tree. Bootstrap analyses were

NJ/ML/MP

Anabaena variabilis 1AM M-3
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91/87/68| |
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100710099 [~ Nostoc linckia IAM M-251 IV
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Cylindrospermum stagnale PCC7417
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1
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performed with 1,000 replicates.

Maximum-likelihood (ML) and Maximum-parsimony
(MP)

A total of 100 bootstrap samples for alignment was pro-
duced by using the program SEQBOOT from PHYLIP ver-
sion 3.6 [6, 7], and phylogenetic trees were inferred from
each bootstrap sample by using maximum-likelihood
(DNAMLK software in PHYLIP version 3.6) and maximum-
parsimony (DNAPARS software in PHYLIP). The resulting
trees were combined to yield a consensus tree (CONSENSE
software in PHYLIP). A matrix of evolutionary distances was
also derived from bootstrap alignment by using the
DNADIST software in PHYLIP. Trees were inferred from
the matrices by using the FITCH software in PHYLIP. The
resulting trees were visualized to yield consensus trees
(CONSENSE software in PHYLIP) using the TREEVIEW ver-
sion 1.6.6 software [14].

Results and Discussion

The new 165 rDNA sequences were deposited in the
DDBJ; accession numbers for each cyanobacterial strain used
in this study and reference strains are given in Table 1.

Subsection

| |
|
gt

]

Gloeobacter violaceus PCC74217* I

Fig. 1. Phylogenetic tree of cyanobacterial 165 rRNA sequences. Numbers at nodes are bootstrap values. NJ, ML, and MP bootstrap
values are indicated as NJ/ML/MP. A total of 1335 unambiguously aligned positions were used. Local bootstrap probabilities
are indicated at nodes if larger than 60. The strains of which the 16S rRNA gene sequences were determined in this study
are indicated in bold. Starred strains were used as outgroups. T: type strain. Bar, 0.01 substitution per nucleotide position.



Positions with gaps and undetermined and ambiguous se-
quences were removed. A total of 1335 sites were used for
the phylogenetic analysis.

Constructed phylogenetic trees, the NJ, the ML, and MP
trees, reveal that all the numbers of cyanobacterial Subsec-
tion V were monophyletic (Fig. 1). However, as shown in
Figure 1, the cyanobacterial strains of Subsection IV are
clearly separated into two clusters. All members of cyano-
bacterial Subsection IV, except the genus Scytonema, consist
of a major cluster on phylogentic trees, supported by boot-
strap values of 99% of NJ, 95% of ML, and 75% of MP (Fig.
1). The cluster of the genus Scytonema is placed externally
to those of Subsections IV and V, forming a well-supported
cluster with bootstrap values of 95% of NJ, 87% of ML, and
88% of MP (Fig. 1). In some reports published earlier, al-
though unicellular cyanobacterial strains of Subsections I
and II, and filamentous cyanobacterial strains of Subsection
IIT were shown to be polyphyletic, heterocystous strains of
Subsections IV and V were shown to be monophyletic [8,
10, 11, 21, 23, 24]. However, interestingly, our phylogenetic
analyses based on sequence determination of the 165 rDNA
indicate Subsection IV was not monophyletic.

Our phylogenetic analyses indicate that the genus Scytone-
ma could be a common ancestor of cyanobacterial Subsec-
tions IV and V. The results reveal that the divergence of
the genus Scytonema is earlier than any other genus of
Subsections IV and V. The results of analyses based on NJ,
ML, and MP strongly support this (Fig. 1). Actually, in
Bergey’s Manual of Systematic Bacteriology, the Scytonema
hofinanni PCC 7110 was described as the following: “Scytone-
ma hofmanni PCC 7110 has no close relatives in the phyloge-
netic trees with the recent addition of new sequences, how-
ever, some interesting relationships are emerging” [25]. Our
results may constitute evidence to help explain the evolu-

tional relationships of cyanobacterial Subsection IV and V.
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