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Partial sequences of 16S rRNA gene of five chroococealian blue-green algal strains, Aphanothece nidulans
KCTC AG10041, Aphanothece naegelii KCTC AG10042, Microcystis aeruginosa KCTC AG10159,
Microcystis ichthyoblabe KCTC AG10160, and Microcystis viridis KCTC AG10198, which were isolated
from water from the Geumgang River, were determined and were inferred their phylogenetic and tax-
onomic positions among taxa of order Chroococcales. Most taxa of Chroococcales whose partial 16S
rRNA gene sequences were aligned in this study, are clustered with other related taxa. Aphanothece
nidulans KCTC AG10041 and Aphanothece naegelii KCTC AG10042 made a cluster with other Euro-
pean species of these genera, which supported 100% of the bootstrap trees with a very high sequence
similarity (97.4-99.4%) in this study. Three strains, Microcystis aeruginosa KCTC AG10159, M. ich-
thyoblabe KCTC AG10160, and M. viridis KCTC AG10198, formed a cluster with other Microcystis
spp- supported 100 % of the bootstrap trees with a similarity of 97.0-99.9% except for two strains.
However, this phylogentic tree made no resolution among the species of Microcystis spp. The topology
of the tree reconfirmed the taxonomic status of three species of Microcystis, identified in this study
based on the morphology, as three colonial types of Microcystis aeruginosa com. nov. Otsuka et al.
(1999¢). The genera of chroococcalian cyanophytes are heterogeneously clustered in these sequence
analyses. We suggest that more molecular studies on the genera of Chroococcales with reference
strains, widely collected from restricted geographic or environmental ranges, get accurate taxonomic

Vol. 40, No. 4

or phylogenetic determinations.
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Although the photosynthetic blue-green algae (cyanobac-
teria) occur in a wide range of habitats and their service
to the global environment has been widely understood (Tyagi
et al., 1999; Rai et al., 2000), reports on molecular data
have suggested that there are lots of taxonomic problems
in their traditional classification system based on the mor-
phology (Komarek and Anagnostidis, 1986; Kiirger et al.
1995; Lee and Bae, 2001). Cyanobacteria have usually
been treated as a cluster of the plant kingdom, called as
cyanophytes, in common blue green algae (Rai et al.,
2000) and have been classified into five groups including
Chroococcales, Pleurocapsales, Oscillatoriales, Nostocales,
and Stigonematales (Castenholz and Waterbury, 1989).
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Woese (1987) suggested that cyanophytes should be clas-
sified within the eubacteria of prokaryotes based on the
small subunit of ribosomal RNA gene sequences.
Chroococcales have a unicellular habit with or without
mucilage cluster. Other characteristics, which have been
used as criteria for genera in the Chroococcales, depend
on the shape of its cell and mucilage sheathes known to
be variable according to physical conditions in the culture.
These morphological characteristics have made classifi-
cation of these taxa very difficult (Komarek and Anag-
nostidis, 1986; Otuska et al., 1999b). Some nucleotide
sequence analyses showed that cyanophycean species are
genetically heterogeneous and they do not agree with the
traditional classification system based on morphology
(Wilmontte et al., 1992; Nelissen et al., 1994; Wilmontte
et al., 1994; Nelissen et al., 1996). Recent studies on the
16S rRNA gene sequences have extended the knowledge



336 Lee and Bae

of the phylogenetic relationship among some prokaryotic
strains and are usually used in identification of other
cyanophytes (Nelissen et al., 1994; Nelissen et al., 1996;
Ishida ef al., 1997; Otuska et al., 1999a; Lee and Bae, 2001).
Niibel et al. (1997) developed and tested a set of oligo-
nucleotide primers for very specific amplification of par-
tial 16S rRNA gene segments from photosynthetic
cyanophytes and planktonic algae.

Several unicellular cyanophytes have been known to
form blooms annually in the Geumgang River in Korea
(Lee, 1999). However, there is little molecular taxonomic
information on these species and a few morphological
descriptions of these species.

In this study we isolated five unicellular cyanophytes
(cyanobacteria) from the several habitats along the Geum-
gang River and determined the partial 16S rRNA gene
sequences of these strains. We also inferred their phylo-
genetic and taxonomic position among taxa of the order
Chroococcales based on these sequences.

The nonaxenic unicellular cyanophycean strains used in
this study are Aphanothece naegelii KCTC AG10042, 4.
nidulans KCTC AG10041, Microcystis aeruginosa KCTC
AG10159, M. ichthyoblabe KCTC AG10160, and M. vir-
idis KCTC AG10198. After unialgal isolation with the
spreading method, all of the strains were cultured in
ALLEN medium by incubating in capped tubes without
aeration at 23°C with fluorescent lamp illumination of
1500 Lux.

The cells were harvested by a process of centrifugation
in a 1.5 ml micro tube and washed three times with 1 ml
of distilled water and dried briefly in a vacuum before the
DNA extraction. The genomic DNA extraction was made
with a Dneasy®™ Plant Mini Kit (Qiagen Co., Gernmy) fol-
lowing the manufacturer’s instruction.

The 16S rRNA gene segments were amplified by Poly-
merase Chain Reaction (PCR) in a fragment by using the
primer sets CYA106-CYA781 (Niibel ef al., 1997). A nega-
tive control without the template was included in every set
of PCR. The PCR reaction mixtures were prepared by fol-
lowing the manufacturers instruction (Taq DNA Poly-
merase™, Bioneer Co., Korea). PCR was performed in an
automated thermal cycler (PE Applied Biosystems, Foster
City, CA, U.S.A)). The initial cycle was carried out at
95°C for 2 min, followed by 20 cycles of 30 s at 94°C, 30
s at 60°C, and 2 min at 72°C. The final extension cycle
was at 72°C for 10 min to achieve a complete primer
extension. The amplified DNA was further purified using
a High Pure PCR Product Purification Kit™ (Borhringer
Mannheim Co., Germany).

The purified DNA was sequenced directly by using a
BigDye Terminator Cycle Sequencing Kit (PE Applied
Biosystems, Foster City, CA, U.S.A.) following the man-
ufacturer’s recommendations. The sequence data were
collected with an ABI Model PRISM 377 DNA
Sequencer (PE Applied Biosystems, Foster City, CA,
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U.S.A)). The sequences were aligned with other known 16S
rRNA gene sequences of chroococcalian cyanophytes
(Neilan et al., 1997; Otuska et al., 1999a) by using the PHY-
DIT program (Chun, 1995). The tree topology that was
based on these aligned 16S rRNA gene sequences was
reconstructed with Kimura’s 2-parameter distance model
and neighbor-joining methods by using the PHYLIP 3.5
package (Felsenstein, 1993; Kimura, 1980). The statistical
significance of tree branches was assessed by incorporat-
ing the bootstrap resampling method with 1,000 replica-
tions (Felsenstein, 1985). The parsimony tree reconstructed
by the heuristic search option of the PAUP version 4.0
beta (Swofford, 1998) was compared with the distance
tree. The resultant phylogenetic tree was visualized by
using the TreeView Program (Page, 1996).

All PCR amplifications of nonaxenic chrooroccalian
cyanophytes from the Geumgang River were successful
by use of a probe showing high specificity for cyanophytes
(Niibel er al., 1997) without cloning. The sequencing
strategy generated a partial sequence ranging from posi-
tion 65 to 710 of Arthrospira sp.’s sequences (accession
number X75044). The total number of nucleotides com-
pared was 660 base pairs including gaps or sites that were
not determined. The sequences were submitted to the Gen-
Bank database under accession numbers from AY 121353
to AY121357.

The Phylogenetic tree based on the aligned partial 16S
rRNA gene sequences was constructed by using the
neighbor-joining method and the most parsimony method.
The topology of the tree was consistent between these
trees (the most parsimony trees are not shown). A phy-
logenetic tree constructed by the neighbor-joining method
is shown in Fig. 1.

Most taxa of Chroococcales whose partial 16S rRNA
gene sequences were aligned in this study, are heteroge-
nously clustered except for species of Microcystis and
Aphanothece. Three strains isolated and identified in this
study, Microcystis aeruginosa KCTC AG10159, M. ich-
thyoblae KCTC AG10160, and M. viridis KCTC AG10041,
formed a cluster with other Microcystis strains supported
100% of the bootstrap trees with high similarity (97.0-
99.9%). However, there is no phylogenetic resolution
among species of Microcystis within a clade. Although it
could not determine exactly their phylogentic relationship
among chroococcalian taxa, the other two strains Aphan-
othece nidulans and A. naegelii formed a clade closely
related with European strains, which supported 100% of
the bootstrap trees with a very high sequence similarity
(97.4-99.4%) in this study.

Aphanothece nidulans KCTC AG10041 is character-
ized by a spherical or ovoid colony with a gelatinous
sheath and a cylindrical cell with 1.0-1.5 pm broad and up
to ca. 3.0 um long. The cells with straight or curved shape
and gray to light blue green color were found in this
strain. However, these characteristics were not confirmed
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Fig. 1. Distance tree based on an alignment of 43 partial 16S tRNA gene sequences (660 positions) from chroococcalian cyanophytes, constructed
by means of the neighbour-joining method. Bootstrap percentages higher than 50% are placed alongside the node considered. The scale bar indicates

0.05 substitutions per nucleotide.

in the cultured strains.

Aphanothece naegeliit KCTC AG10042 is distinguished
from strains of 4. nidulans by an elongated ovoid cell 2.5-
4.0 pm broad and up to ca. 6.0 um long. The cells irreg-
ularly aggregated in the gelatinous sheath were collected
from a small pit covered water plant on the side of the
streams. These characteristics were less confirmed in the
cultured strains.

As there have been few molecular and demographic
reports on the species of Aphanothece except halotolerant
strains from America (Gracia-Pichel ef al., 1998), it is dif-
ficuit to determine the taxonomic and phylogenetic posi-
tion among the species based on the 16S rRNA gene
sequences. But two strains from the Geumgang River are
clustered in a clade and formed a monophyletic relation-
ship with strains of Aphanothece sp. ATCC43922 in this
study.

The species Microcystis is characterized by a colony of
spherical celis. There has been lots of discussion on the

delimitation or the validity of the genus, however well
conserved, following the suggestion of Kormarek (1957),
with M. aeruginosa as type species. Nine species of
Microcystis have been identified in Korean water (Lee ef
al., 1997). M. aeruginosa with several other species, M.
ichthyoblae, M. viridis, and M. wessenbergii, are the dom-
inant species forming blooms in reservoirs and rivers(Lee
et al., 1997; Lee, 1999). A few reports (Lee, 1999) on
chrooroccalian cyanophytes in the Geumgang River were
done in ecological research but without any description of
the morphological characteristics, in addition to their mor-
phological plasticity, which has made a great confusion on
identification of the species collected in this area.

M. aeruginosa KCTC AG10159 collected in this study
has morphological characteristics such as densely arranged
cells 3.5-6.7 um in diameter, irregular colony shapes and
conspicuous gas vacuoles. This species is the most com-
mon in the phytoplankton community and is a major species
of water blooms in Korea, but there must be misleading
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identification in listing because of the large morphological
variation especially in colony shape and cell size.

M. ichthyoblabe KCTC AG10160 is characterized by
spherical cell colonies with 2.5-4.5 pm in diameter and a
thin colonial sheath. The thin sheath and soft aggregation
of small cells are characteristic in identification. Young
plants are very similar to M. novacekii in that they have
a spherical shape and the same range in cell size but M.
novacekii has a very thick and visible sheath (Lee ef al.,
1997).

M. viridis KCTC AG10198 can be distinguished from
two other strains by the refractive colony and perpendic-
ular arrangements of large cells 5.0-8.5 pm in diameter.
They have a gelatinous and visible colonial sheath with an
undulate margin of sheath.

However, these characteristics of Microcystis are quite
variable in the culture. Especially, the shapes of the col-
ony and the gas vacuole could not be easily determined.
Although there is a report on the transitional change in
morphotypes between M. aeuginosa and M. ichthyoblabe
(Kormérek, 1991), strains of each species used in this
study are distinguished from each other based on the par-
tial 16S rDNA sequences with very low similarity (Fig.
1). M. viridis KCTC AG10198 is closely related to other
European strains and forms a clade including a strain of
M. aeuginosa.

The phylogenetic relationships among the species of
Microcystis based on rDNA sequence in this analysis did
not agree with the morphological classification system.
The M. aeruginosa strain collected in this study formed a
clade with European M. aeruginosa, M. novacekii, and M.
viridis. All of the species, M. aeruginosa, M. ichthyoblabe, M.
novacekii, M. viridis, and M. wesenbergii, arranged in a
clade, which normally has internal clades supported by
very low bootstrap value (Fig. 1). The results were gen-
erally supported by recent phylogenetic studies based on
DNA sequences that also noted a high level of genetic
polymorphism among strains classified as species of
Microcystis (Otuska et al., 1998; Otuska et al., 1999a; Bit-
tencourt-Oliverra et al., 2001). Otsuka er al. (1999a;
1999b) divided five species of Microcystis into three
broad clusters based on the 16S rRNA gene and ITS
sequences, in which two clusters contained primarily M.
viridis and M. wesenbergii, but also M. aeruginosa
strains. The others were genetically highly variable and
contained a mix of strains classified as M. aeruginosa, M.
novacekii, and M. ichthyoblabe. They also said this poor
overall correlation of genotypes and phenotypes results
from induced variation from culture, environmental effects on
morphology and overlapping colonial morphology (Kato
et al., 1991; Kormarek, 1991, Kiirger, 1995). The obscure
taxonomic placement of strains into particular morpho-
logical species may result from all these factors. Otsuka et
al. (1999c¢) classified six species of genus Microcystis into
seven colonial types of Microcystis aeruginosa and made
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taxonomic determination under the International Code of
Nomenclature of Bacteria (ICNB) based on the DNA
sequences and other biochemical reports. Although three
strains were identified as different species of Microcystis
from the Geumgang River by cell size and colonial shape,
they are also closely clustered with those strains of Micro-
cystis aerugionsa com. nov. Otsuka et a/.(1999c) based on
these sequences. However, it is difficult to discuss the
overall relationship of genus Microcystis with other gen-
era, because other species, M. holsatica NIES43 and M.
elabens NIES42, are more closely related to other genera
of Chroococcales in the phylogenetic tree. We say that
molecular studies on the genera of Chroococcales with the
reference strains, widely collected from restricted geo-
graphic or environmental ranges, could have accurate tax-
onomic or phylogenetic determinations.
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