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ABSTRACT

Benthic marine cyanobacteria are ubiquitous oxygenic
photosynthetic bacteria and they form major components of
various communities, including epiphytic, epilithic and mi-
crobial mats, in coral reef environments. Filamentous groups
may form almost monospecific macroscopic colonies, and
sometimes make potentially harmful algal blooms (HABS).
HABSs bring serious problems for marine tourism but marine
filamentous cyanobacteria are good resource for drug dis-
covery. However, cultivation and identification of such fila-
mentous cyanobacteria are difficult and there are taxonomic
confusions. In this study, we investigate 17 samples from
coral reef areaof 10 localitiesin Okinawa. Macroscopic mats
or cushions of filamentous cyanobacteria were collected. The
samples were divided into three parts: (1) for morphological
observation, (2) for molecular work, and (3) cultivation for
further study. Dominant cyanobacteira of each sample iden-
tified morphologicaly as Anabaena, Hydrocoleum, Lyngbya,
Oscillatoria, Phormidium, Schizothrix and Symploca. Mo-
lecular results of partial 16S rDNA sequences revealed six
groups that composed of heterocystous group, Leptolyngbya
group, Symploca group, Moorea group, Oscillatoria group and
unknown group, respectively. Some samples corroborated
between morphology and molecular results but some were not.
In addition, four out of six groups closely related with natural
product producers. These results suggest that there are high
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Fig. 1. Potentially harmful algal bloom in Kuba coast, Nakagusuku,
Okinawa in June to July, 2010. The coast was covered by the
filamentous cyanaobacterium.

biodiversity of marine benthic filamentous cyanobacteria in
Okinawathat may become seeds of HABsaswell asproviding
promising resources for drug discovery.

I.INTRODUCTION

The intensive human activities increase runoff of nutrients
into coastal areas, encouraging harmful algal bloom in
worldwide [3]. Filamentous harmful algal bloom of Lyngbya
majuscula and relatives were reported in many places[1, 4, 5,
15, 20, 21, 23, 26].

Okinawa s located in the most south-western part of Japan
and influenced by Kuroshio warm current. Many touristsfrom
in- and outside Japan seek for the beautiful cobalt-blue shore,
white sandy beach, and coral reefs decorated with colorful
tropical fishes. Seaweed farming of “Mozuku” (Cladosiphon
okamuranus) is also one of the abundant aquaculture in OKki-
nawa that uses shallow sandy and seagrass beds area. Such
activity might be damaged by harmful algal bloom of fila-
mentous cyanobacteria. In fact, harmful algal bloom of fila-
mentous cyanobacteria occurred in Juneto July 2010 along the
Kuba coasts in Nakagusuku, Okinawa (Fig. 1). The lyngbya
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Table 1. Sampling sites.

Locality Abbreviation Longitude Latitude Date
Serikyaku, 1zena, Okinawa iz- 26.924N 127.920E 25, Oct, 2010
Cape Maeda, Onna, Okinawa mae- 26.445N 127.772E 11, Sep. 2010
Cape Maeda, Onna, Okinawa Maeda- 26.440N 127.777E 04, Sep, 2013
Zanpa, Yomitan, Okinawa zan- 26.439N 127.713E 02, Dec. 2010
Odo, Itoman, Okinawa odo- 26.089N 127.710E 14, Oct. 2010
Akajima, Okinawa akar 26.193N 127.287E 10, Jul. 2010
Kushibaru, Akajima, Okinawa kushi- 26.201IN 127.268E 11, Jul. 2010
Tomori, Miyako, Okinawa miyal- 24.724N 125.358E 27, Mar. 2010
Kabira, Ishigaki, Okinawa ishi- 24.461N 124.146E 25, Jul. 2010
Sunabe, Chatan, Okinawa suna- 26.332N 127.743E 2010

The longitude and | atitude were from Google Map.

toxin and relatives were detected from the sample [12]. If
such HABs frequently occur in future, marine tourism and
seaweed farming in Okinawa will be seriously impaired.
Hence, it is important to study the classification and prolific
growth mechanism of macroscopic colonies of marine fila-
mentous cyanobacteriain Okinawa.

On the other hand, numerous biological active substances
including pharmaceutically potent molecules have been dis-
covered from marine filamentous cyanobacteria from coral
reef area [7, 10, 17, 24, 27]. Molecular phylogenetic re-
searches based on 16S rRNA sequences of cyanobacteria
revealed that there are large discrepancies between molecu-
lar and morphological taxonomy [6, 10, 13, 28]. Recently
there are correlations between chemical grouping of natural
products and clades of molecular phylogenies in filamentous
cyanobacteria [10, 23]. This paper presents molecular diver-
sity of macroscopic colonies of filamentous cyanobacteria
from several shore regions in Okinawa. These cyanobacteria
have the possibility to become seeds of HABs and may also
provide potential resources of secondary metabolites for drug
discovery.

[I. MATERIALSAND METHODS

Macroscopic colonies, mats or cushions of filamentous cyano-
bacteria were collected from 10 coral reef localities in Oki-
nawa during low tide, either by foot or skin diving (Table 1).
The in situ samples were recorded using two digital cameras
(Lumix DMC-FX07 and DMC-FT2, Panasonic, Co. Tokyo,
Japan). The samples were purified under microscope by pi-
pette washing method and divided into three parts, one part
was fixed using 2.5% glutaraldehyde solution for morpho-
logical observation, the other part was fixed using 100%
ethanol for molecular work, and the rests were attempted to
be cultured for further study. Morphological identification of
the samples was referred to Umezaki [30].

Ethanol-fixed samples or fresh samples were purified using
pipette washing method, transferred onto agar plates to elimi-
nate other attached cyanobacteria, and subsequently used for
DNA extraction. Filaments were finely grinded using mortar

Table 2. Partial 16S rRNA gene sequences from macro-
scopic filamentous cyanobacteria strains.

strain length (bp) Accession number
aka2mo28 1196 AB863113
aka2mo30 1197 AB863114
ishi2mo26 1212 AB863115
ishi2mo27 1198 AB863116
ishi2mo36 1179 AB863117
iz9mo10 1187 AB863118
iz19mo58 926 AB863119
kushi1mo20 1201 AB863120
kushilmo21 1190 AB863121
kushi2mo23 1187 AB863122
Maedal30904A* 1873 AB857842
Maedal30904B 1169 AB863123
MaedaD5* 1895 AB863124
miyal-1mo9 1196 AB863125
miyal-2mo41 1191 AB863126
miyal-4mo35 1201 AB863127
odolmo59 1211 AB863128
0do3mo16 1182 AB863129
odo4mo64 1203 AB863130
odo5mo67 1210 AB863131
0do6mo69 1180 AB863132
sunalmo33 1183 AB863133
zanlmo51 1208 AB863134
zan4mob4 1194 AB863135

*The sequence is composed of 16S ribosomal RNA gene, partial
sequence; 16S-23S ribosomal RNA intergenic spacer, tRNA-Ile and
tRNA-Ala genes, complete sequence; and 23S ribosomal RNA gene,
partial sequence.

and pestle. DNA was extracted and purified by DNesy Plant
mini kit (Qiagen, Japan). The fragments of the 16S rDNA re-
gion were amplified using primers CYA106F [19] -CYA1371R
(1+2+3) [18]. PCR cycles were set to 94°C for 5 min, fol-
lowing 30 cycles of 94°C denature for 1 min, 64°C annealing
for 1 min, and 72°C extension for 2 min, additional 72°C
extension for 10 min, and ending hold at 4°C. The PCR
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Figs. 2-4. Macroscopic colony and its microscopic view. Scale bars=10 pm. Fig. 2. Srain iz19mo58. 2A, A macroscopic colony attached to massive
coral. 2B, Dominant filament hasa heterocyst (arrow). Fig. 3. Strain zan4mo54. 3A, A macroscopic colony attached to the dead coral. 3B,
Dominant filaments weretangled each other. Fig. 4. Strain odo5mo67. 4A, M acroscopic colonies attached to the dead coral. 4B, Dominant

filaments weretangled and had thin hyaline sheath.

products were sent to Macrogen Japan, Co. for sequencing.
For phylogenetic analyses, sequences of approximately 1200
base pairs of 16SrDNA from 20 strainswere used. In addition
to the newly acquired 20 strains' sequences, 54 sequences from
Engine et al. [10] were obtained from NCBI GenBank and
used to construct the phylogenetic tree. All sequences were
aligned using CLUSTAL X v2.1[15]. A maximum likelihood
(ML) tree was constructed with RaxML [23]. The gamma-
distributed model (GTR+G+l) was used and the outgroup
selected as Gloeobacter violaceus PCC7421. Bootstrap val-
ues were tested 1000 times using the rapid bootstrap option.
Bayesian trees were made by Mr. Bayes 3.1.2 [22] under
GTR+G+l. One cold and three heated Markov chains Monte
Carlo (MCMC) with default-chain temperatures were run for
1 million generations, sampling loglikelihoods (InLs), and
trees at 1000-generation intervals (1000 InLs and trees were
saved during MCMC). The likelihood plots for the dataset
suggested that MCMC reached the stationary phase after the
first 250 generations (standard deviation of split frequencies =
0.008085). Thus, the remaining 750 trees were used to obtain
clade probabilities and branch-length estimates.

I11.RESULTS
From 10 localities (Table 1), 17 samples were obtained.

The major parts of samples could be characterized by mor-
phologically and eventually seven genera were identified,
namely Anabaena, Hydrocoleum, Lyngbya, Oscillatoria,
Phormidium, Schizothrix and Symploca. Unfortunately, we
could not establish any cultures from the samples. The 24
sequences (Table 2) from the 17 samples were obtained and
nucleotide Blast search [2] was conducted to compare with the
closest cyanobacteria data available in GenBank.

Several representatives of the strains were shown asfollows.
Strain iz19mo58 was sampled from Izenalsland. The colony
was green and attached on a massive coral (Fig. 2A). Under
microscopic observation, most of the filaments were hetero-
cystous (Fig. 2B) and could be classified into Anabaena,
Nodularia or related cyanobacteria. Result of molecular phy-
logeny agreed with morphological classification. The closest
relative from GenBank was Anabaena sp. PCC9109
(AY768408) with 9 bp substitutions Phylogenetic analysis
revealed that the strain iz19mo58 was almost the same posi-
tion with strain odo2mo14 and closely related with Nodularia
sp. M8 (JQ247694) using 367 bp of 16S rDNA (data not
shown).

Strain zandmo54 was sampled from cape Zanpa, Yomitan,
Okinawajima lsland. The colony was brown and attached on
a dead coral (Fig. 3A). Under microscopic observation, the
filaments tangled with thin hyaline sheath (Fig. 3B). Cell
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Fig. 5. A Maximum likelihood (ML) tree inferred from 16S rRNA gene

sequences (1195 bp) using the GTR+G+l model with Gloeobacter violaceus

PCC7421 (NR 074282.1). The numbers at the nodes of the branches indicated the ML bootstrap (left) and Bayesian posterior probability
(right) values; values over 50% or 0.5 were shown. Six main groups wereindicated.

length and width were 5.7 um and 5.8 um, respectively. Based
on these characters, strain zan4 was identified as Symploca or
related cyanobacteria. Results of molecular phylogeny agreed
with Symploca sp. BP642b (AY 032933) and 12 bp substitu-
tions were observed.

Strain 0do5mo67 was sampled from Odo, Itoman, Oki-
nawgjimaldand. The colony was dark blue and attached on a
dead cora (Fig. 4A). Under the microscopic observation, the
filaments tangled with thin hyaline sheath (Fig. 4B). Cell

length and width were 3.1 um and 11.6 pum, respectively.
These morphologies indicated that the strain odo5 was Os-
cillatoria, Schizothrix or related cyanobacteria. Result of
molecular phylogeny agreed with Oscillatoria margaritifera
NAC8-55 (GU724208) and 5 bp substitutions were observed.

Strains Maeda 130904A and Maeda D5 were closely
related with Oscillatoria miniata NAC8-50 (GU724203), and
strain Maeda 130904B was grouped with O. margaritifera
NACB8-55 (GU724208) with strains odo5mo67, miyal-4mo35,
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aka2mo28 and iz9mo10 in a phylogenetic tree inferred from
959 bp of 16S rDNA (data not shown).

Phylogenetic tree inferred from1195 bp of 16S rDNA se-
guences of 20 strains with 54 data were shown in Fig. 5.
Strain odo2mol4 was grouped in the Heterocystous group,
strains aka2mo30, isi2mo27, kushi2mo23, kushilmo20 and
kushilmo21 were grouped in the Leptolygbya group, strains
0do4mo64 and zandmo54 were grouped in the Symploca
group, strain miyal-1mo9 was grouped in the Moorea
group, strains odo5mo67, aka2mo28, miyal-4mo35, iz9mo10,
zanlmo51 and ishi2mo26 were grouped in the Oscillatoria
group, respectively. In contrast, the strains odo3mol6,
ishi2mo36, odolmo59, and group of o0do6mo69 and
sunalmo33 were no closely related data and were likely rep-
resent independent cyanobacteria.

V. DISCUSSION

From the results, many strains were corresponded well
between morphology and molecular phylogeny. However, the
same morphotype of cyanobacteria were genetically divided
into several independent groups. In fact, the morphotype
Lyngbya were distributed in several parts in the phylogenetic
tree [8, 29]. Hence, each genetically independent group was
classified into new taxon, recently. For instance, the genera
Moorea [9] and Limnoraphis [14] were recently established.
From the phylogenetic tree, macroscopic filamentous cyano-
bacteria were genetically diverse and each independent group
could be established as independent taxon after revising the
type species of each cyanobacterial taxon.

Recent papers suggested that the secondary metabolites and
genetic groups were correlated to each other [10, 23]. Severa
strains were also closely related with natural product produc-
ers. For instance, the strain miyal-1mo9 was grouped in the
Moorea group (Fig. 5). Except for strain miyal-1mao9, all
members of the group were classified into clade | that com-
posed of producers of 37 kinds of natural products [10]. The
strains aka2mo28 and miyal-4mo35 were form a clade with
strains cf. Lyngbya majuscula (KC19267), Blenothrix sp.
(EU253968) and Oscillatoria sp. (EU253967) (Fig. 5). The
members of the clade were classified into clade |l that com-
posed of producers of 56 kinds of natural products [10]. In-
stead of possible closely related natural product producers
existed, several strains were no close relatives in GenBank
data (Fig. 5). These results suggest there were high biodiver-
sity of marine benthic filamentous cyanobacteria in Okinawa
that are possible to become seeds of HABs and provide
promising potential to be used in drag discovery. However,
macroscopic filamentous cyanobacterial colonies are greatly
diverse, and therefore, further studies are needed.
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