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A short-rod-shaped, Gram-negative, non-motile bacterial strain, designated AZO-C", was
isolated from a sample of seawater collected from the Eluanbi coast of Pingtung County in
southern Taiwan and was characterized by using a polyphasic approach. Phylogenetic analyses
based on 16S rRNA gene sequences showed that the strain formed a monophyletic branch at
the periphery of the evolutionary radiation occupied by the genus Oceanicola in the order
Rhodobacterales of the Alphaproteobacteria. The closest neighbours were Oceanicola batsensis
HTCC2597" (95.6 % similarity), Oceanicola nanhaiensis SS011B1-20" (94.5 %) and Oceanicola
granulosus HTCC2516" (94.0 %). The predominant fatty acid was 18:1w7¢ (49.1 %), and
significant amounts of 19: 0 cyclo (24.6 %) and 16:0 (14.7 %) were present. The DNA-DNA
relatedness of the strain with respect to recognized species of the genus Oceanicola was less than
70%. The isolate was also distinguishable from members of the genus Oceanicola on the basis
of phenotypic and biochemical characteristics. It is evident from the genotypic, chemotaxonomic

and phenotypic data, therefore, that strain AZO-CT represents a novel species of the genus
Oceanicola, for which the name Oceanicola marinus sp. nov. is proposed. The type strain is
AZO-CT (=LMG 23705 =BCRC 17591").

The genus Oceanicola, proposed by Cho & Giovannoni
(2004), belongs to the order Rhodobacterales of the class
Alphaproteobacteria and currently comprises three species
with validly published names: Oceanicola granulosus,
Oceanicola batsensis and Oceanicola nanhaiensis. O. granu-
losus strains HTCC2516" and HTCC2523 and O. batsensis
HTCC2597" are poly--hydroxybutyrate-producing marine
bacteria that were isolated from the Bermuda Atlantic
Time-series Study (BATS) site by means of a high-
throughput culturing method based on dilution to extinc-
tion in an oligotrophic seawater-based medium (Cho &
Giovannoni, 2003b). O. nanhaiensis $S011B1-20" was iso-
lated from samples of sediments from the South China Sea
(Gu et al, 2007). The aim of the present study was to
determine the taxonomic position of an Oceanicola-like

The GenBank/EMBL/DDBJ accession number for the 16S rRNA gene
sequence of strain AZO-C' is DQ822569.

isolate, strain AZO-CT, obtained from seawater collected off
the coast of Taiwan.

A seawater sample was collected (by a diver) in a sterile
bottle at a depth of 4-5 m off the Eluanbi coast (Pingtung
County, southern Taiwan), and was transported to the
laboratory within 3—4 h. Strain AZO-C" was isolated using a
standard dilution plating method on marine agar 2216 (MA;
BD Difco). After incubation of the plates at 25 °C for 5 days,
strain AZO-C" was purified as single colonies. The strain
was preserved at —80 °C as a 20 % (v/v) glycerol suspension
in marine broth 2216 (MB; BD Difco) or by lyophilization
with 20% (w/v) skimmed milk as the cryopreservation
solution. Strain AZO-C" was the subject of a polyphasic
taxonomic study.

The bacterial cells were observed by phase-contrast micro-
scopy (DM 2000; Leica) in the lag, exponential and station-
ary phases of growth to ascertain their morphology. The
motility of cells was tested by using the hanging drop
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method. The Spot Test flagella stain (BD Difco) was used to
stain any flagella that might be present. A Gram-stain set
(BD Difco) and the Ryu non-staining KOH method
(Powers, 1995) were used to ascertain the Gram reaction
of strain AZO-C". Poly-f-hydroxybutyrate granule accu-
mulation was observed under light microscopy after
staining of the cells with Sudan black. Colony morphology
was examined using a stereoscopic microscope (SMZ 800;
Nikon). The pH range for growth was examined in MB with
the appropriate biological buffers (pH 4-10, using incre-
ments of 0.5 pH units) (Chung ef al., 1995). Tolerance of
various NaCl concentrations was tested in nutrient broth
prepared according to the formula of the Difco medium,
except that the NaCl concentration was altered as required (0,
0.5 and 1.0-10 %, w/v, using increments of 1.0 %). Growth
at various temperatures (4-45°C) was measured in MB.
Cellular growth was determined by measuring the turbidity
(ODggp) of cultures grown at various pH values, NaCl
concentrations and temperatures. Anaerobic cultivation was
performed on MA, using the Oxoid AnaeroGen system.

Extraction of genomic DNA, PCR amplification and
sequencing of the 16S rRNA gene were carried out as
described previously (Chen et al., 2001). The 16S rRNA gene
sequences of strain AZO-C" were obtained using a DNA
sequencer (ABI Prism 310; Applied Biosystems) and the
DNA sequences were then assembled using the Fragment
Assembly System program from the Wisconsin package
version 9.1 (GCG, 1995). An almost-complete 16S rRNA
gene sequence (1396 nt) of the strain was compared against
16S rRNA gene sequences available from the Ribosomal
Database Project and GenBank databases. Multiple sequence
alignment including strain AZO-C" and its closest relatives
was performed using BioEdit software (Hall, 1999) and
MEGA, version 3.1 (Kumar et al., 2004). Phylogenetic trees
were inferred by using the least-squares (Fitch & Margoliash,
1967), maximum-likelihood (Felsenstein, 1981), maximum-
parsimony (Kluge & Farris, 1969) and neighbour-joining
(Saitou & Nei, 1987) algorithms. An evolutionary distance
matrix was generated for the neighbour-joining algorithm
by using the Jukes & Cantor (1969) distance model; boot-
strap analysis for the neighbour-joining tree was performed
on the basis of 1000 resamplings. A comparison of the 16S
rRNA gene sequence of strain AZO-C' with those of
members of genera of the order Rhodobacterales in the
Alphaproteobacteria showed that the strain fell within the
evolutionary radiation occupied by the genus Oceanicola
(Fig. 1). In the phylogenetic tree based on the neighbour-
joining algorithm, strain AZO-C" formed a coherent clade
with O. batsensis HTCC2597" and O. nanhaiensis SS011B1-
20", and this clade had moderate bootstrap support
(>70%). The relationship between strain AZO-C' and
O. granulosus HTCC2516", however, did not have robust
bootstrap support (<50 %). Similar topology was obtained
in phylogenetic trees generated with the maximum-
parsimony and maximum-likelihood algorithms (data not
shown). According to the pairwise sequence comparisons,
strain AZO-C" was most closely related to O. batsensis

HTCC2597" (95.6 % similarity), followed by O. nanhai-
ensis SS011B1-20" (94.5% similarity) and O. granulosus
HTCC2516" (94.0% similarity). The levels of 16S rRNA
gene sequence similarity between strain AZO-C" and other
species with validly published names within the order
Rhodobacterales of the Alphaproteobacteria were below 94 %.

Whole-genome DNA-DNA relatedness levels were deter-
mined using photobiotin-labelled probes in triplicate, as
described previously by Ezaki et al. (1989). O. batsensis
HTCC2597" and O. granulosus HTCC2516" showed
only 25.6+5.1% and 7.2+2.8% DNA-DNA relatedness,
respectively, with respect to strain AZO-C". These DNA—
DNA relatedness values were significantly lower than the
level accepted as demarcating species (Wayne et al., 1987).
On the basis of these DNA-DNA relatedness data, isolate
AZO-C" warrants separate species status within the genus
Oceanicola.

The DNA G + C content of strain AZO-C" was estimated, in
duplicate, as described by Mesbah et al. (1989). The
nucleoside mixture was separated by means of HPLC.
The DNA G+ C content of strain AZO-C" was found to
be 70.9+ 1.0 mol% and was within the range previously
reported for Oceanicola species (64.7-71.5 mol%). Biomass
of AZO-C" was obtained after growing the strain on MA at
30°C for 3 days. Fatty acid methyl esters were prepared,
separated and identified according to the instructions for
the Microbial Identification System (Microbial ID; MIDI)
(Sasser, 1990). The predominant fatty acid constituents of
strain AZO-CT were 18: 1w7¢ (49.1 %), 19: 0 cyclo (24.6 %)
and 16:0 (14.7 %) (Table 1). The fatty acid profile of the
strain was in good agreement with those of members of the
genus Oceanicola (Cho & Giovannoni, 2004; Gu et al., 2007).

The phenotypic and biochemical characteristics of strain
AZO-C" were examined according to Cho & Giovannoni
(2003a, b). Additional biochemical tests were performed
using the Biolog GN2, API ZYM (bioMérieux) and API
20NE (bioMérieux) microtest systems according to the
methods outlined by the manufacturers. The presence of
flexirubin, carotenoid and bacteriochlorophyll a pigments
was investigated as described by Reichenbach (1992),
Richards (1994) and Schmidt et al. (1994). Sensitivity
to antibiotics was examined after spreading cells (0.5
McFarland standard) on MA and applying antibiotic discs
containing the following: ampicillin (10 ng), chloramphe-
nicol (30 pg), erythromycin (15 pg), gentamicin (10 pg),
kanamycin (30 pg), nalidixic acid (30 pg), novobiocin
(30 pg), rifampicin (5 pg), penicillin G (10 pg), strepto-
mycin (10 pg) or tetracycline (30 pug). The effects of the
antibiotics on cell growth were assessed after 3 days incub-
ation, and susceptibility was scored on the basis of the
distance from the edge of the clear zone to the disc. The
cells were scored as ‘susceptible’ if the distance was greater
than 3 mm, as ‘moderately susceptible’ if the distance was
1-3 mm and as ‘resistant’ if the distance was less than 1 mm.
Detailed results from the phenotypic and biochemical
analyses of strain AZO-C" are provided in Table 2 and in the
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Jannaschia helgolandensis Hel 107 (AJ438157)
Thalassobacter stenotrophicus 58M227 (AJ631302)
Nereida ignava 2SM4T (AJ748748)
Octadecabacter antarcticus 3077 (U14583)
Thalassobius gelatinovorus |1AM 126177 (D88523)

Oceanibulbus indolifex Hel 457 (AJ550939)
—— Roseobacter litoralis ATCC 495667 (X78312)

Staleya guttiformis EL-387 (Y16427)
Leisingera methylohalidivorans MB27 (AY005463)
Ruegeria algicola ATCC 514407 (X78315)
Roseovarius nubinhibens ISMT (AF098495)
Sulfitobacter pontiacus ChLG-10" (Y13155)
Silicibacter lacuscaerulensis |TI-11577 (U77644)
64 Antarctobacter heliothermus EL-2197 (Y11552)
_:Sagittula stellata E-377 (U58356)

Yangia pacifica DX5-107 (AJ877265)
Roseivivax halotolerans OCh 2107 (D85831)
72 Pelagibaca bermudensis HTCC26017 (DQ178660)
63 Salipiger mucosus A3 (AY527274)
Oceanicola granulosus HTCC2516T (AY424896)

98

Oceanicola marinus AZO-C™ (DQ822569)
1% 71‘EOceanicoIa batsensis HTCC25977 (AY424898)
79

Oceanicola nanhaiensis SS011B1-207 (DQ414420)

Dinoroseobacter shibae DFL 127 (AJ534211)
Paracoccus koreensis Ch05"™ (AB187584)
Cupriavidus taiwanensis LMG 194247 (AF300324)

Fig. 1. Phylogenetic tree, based on 16S rRNA gene sequences and constructed using the neighbour-joining algorithm with
the distance model of Jukes & Cantor (1969), showing the phylogenetic position of strain AZO-C' within the genus
Oceanicola. GenBank accession numbers are shown in parentheses. Bootstrap percentages (based on 1000 resampled
datasets) above 50 % are shown at the nodes. Cupriavidus taiwanensis LMG 19424 was used as an outgroup. Bar, 1%

sequence dissimilarity per nucleotide position.

species description. Phenot@;pic characteristics that serve to
differentiate strain AZO-C" from the type strains of the
genus Oceanicola are presented in Table 2.

On the basis of the 16S rRNA gene sequence comparisons,
strain AZO-C" occupies a distinct position within the genus
Oceanicola. This genotypic insight was supported by the
unique combination of chemotaxonomic characteristics
(Tables 1 and 2) and biochemical traits (Table 2) of the
strain. It is clear from the genotypic and phenotypic data
that strain AZO-C" represents a novel species within the
genus Oceanicola. The name Oceanicola marinus sp. nov. is
proposed for this taxon.

Description of Oceanicola marinus sp. nov.

Oceanicola marinus (ma'ri.nus. L. masc. adj. marinus of the
sea, marine, referring to the isolation of the type strain from
seawater).

Cells are Gram-negative (according to Gram staining and
the KOH test), non-motile, non-spore-forming, short rods

that are 0.5 um wide and 0.9-1.0 um long. Colonies on MA
are cream—white in colour, circular and convex with entire
edges. Colonies are approximately 0.8-2.0 mm in diameter
on MA after 72 h incubation at 25°C. Growth occurs at
4-42°C, 2-8 % NaCl and pH 6-9. Optimal growth occurs
at 28-35 °C, 3-5% NaCl and pH 7.0. Cells are facultatively
anaerobic. Neither carotenoid/flexirubin pigments nor
bacteriochlorophyll a is found. Positive for the following
characteristics: indole production, aesculin hydrolysis,
oxidase, catalase, urease, alkaline phosphatase, esterase
(C4), lipase (C8), lipase (Cl4), leucine arylamidase,
valine arylamidase, cystine arylamidase, acid phosphatase,
naphthol-AS-BI-phosphohydrolase and o-glucosidase. Nega-
tive for the following characteristics: nitrate reduction,
glucose fermentation, arginine dihydrolase, gelatin hydroly-
sis, trypsin, a-chymotrypsin, a-galactosidase, ff-galactosidase,
f-glucuronidase, f-glucosidase, N-acetyl-f-glucosaminidase,
o-mannosidase and o-fucosidase. The following carbon
substrates (Biolog GN2) are oxidized: dextrin, adonitol,
arabinose, arabitol, cellobiose, D-fructose, D-galactose, o-D-
glucose, maltose, D-mannitol, D-mannose, L-rhamnose,
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Table 1. Fatty acid compositions (%) of strain AZO-C' and
type strains of related Oceanicola species

Strains: 1, AZO-C%; 2, O. batsensis HTCC2597%; 3, O. granulosus
HTCC2516%; 4, O. nanhaiensis SS011B1-20". Data for reference
strains were obtained from Cho & Giovannoni (2004) and Gu et
al. (2007). Strain AZO-C' was cultivated for 72 h on MA at
30°C, i.e. the conditions described by Cho & Giovannoni (2004)
and Gu et al. (2007).

Fatty acid 1 2 3 4
10:0 — - 0.1 0.2
10:0 3-OH 0.1 0.4 1.5 1.0
12:0 — 2.0 — 0.1
12:0 3-OH 2.1 - 1.6 —
12:1wllc — 4.9 - -
14:0 0.2 1.5 — 0.3
14:0 3-OH — - — 0.9
15:0 — 0.9 - -
16:0 14.7 15.0 11.9 7.0
17:0 - 1.5 0.4 0.4
17:1w8¢ - - 0.3 0.4
17:0 anteiso - - 0.2 -
17:0 cyclo - - 0.2 -
18:0 1.0 2.4 0.9 1.3
18:1w7¢ 49.1 31.0 62.8 81.2
18:1 methyl 6.6 — 8.1 4.3
19:0 cyclo 24.6 40.4 10.8 1.1
20:2w6,9¢ 0.2 - - -
Summed features*

3 1.0 - 1.2 1.8

7 0.4 - - -
Total 100 100 100 100

*Summed features represent groups of two or three fatty acids that
could not be separated by GLC with the MIDI system. Summed
feature 3 contained 16: 1w7¢ and/or 15:0 iso 2-OH; summed feature
7 comprised an unknown fatty acid with an equivalent chain-length
of 18.846, 19: 1w6¢ and/or 19:0w10c¢ cyclo.

sucrose, D-trehalose, turanose, xylitol, methyl pyruvate,
monomethyl succinate, acetic acid, cis-aconitic acid, citric
acid, formic acid, D-galactonic acid lactone, f-hydroxy-
butyric acid, y-hydroxybutyric acid, a-ketoglutaric acid,
DL-lactic acid, propionic acid, succinic acid, bromosuccinic
acid, succinamic acid, D-alanine, L-alanine, L-asparagine,
L-aspartic acid, L-glutamic acid, L-histidine, L-proline,
L-pyroglutamic acid, L-serine, y-aminobutyric acid, uroca-
nic acid, inosine, uridine, thymidine and 2-aminoethanol.
Cannot oxidize a-cyclodextrin, glycogen, Tweens 40 and 80,
N-acetyl-D-galactosamine, N-acetyl-D-glucosamine, i-ery-
thritol, L-fucose, gentiobiose, myo-inositol, o-D-lactose,
lactulose, melibiose, methyl B-D-glucoside, D-psicose, D-
raffinose, D-sorbitol, D-galacturonic acid, D-gluconic acid,
D-glucosaminic acid, D-glucuronic acid, «-hydroxybutyric
acid, p-hydroxyphenylacetic acid, itaconic acid, a-ketobu-
tyric acid, o-ketovaleric acid, malonic acid, quinic acid,

Table 2. Comparison of phenotypic characteristics of strain
AZO-C" with those of type strains of related Oceanicola species

Strains: 1, AZO-CT; 2, O. batsensis HTCC2597%; 3, O. granulosus
HTCC2516"; 4, O. nanhaiensis SS011B1-20". Data for reference
strains were obtained from Cho & Giovannoni (2004) and Gu
et al. (2007). +, Positive; (+), weakly positive; —, negative.

Characteristic 1 2 3 4
Catalase + + - +
Urease + + — _
Nitrate reduction - - — (+)
Susceptibility to:
Chloramphenicol — - + +
Streptomycin — + — +
Erythromycin - + + _
Gentamicin - + - +
Assimilation of:
D-Glucose + - + +
Sucrose + - + +
D-Fructose + — +
D-Arabinose + +
o-D-Lactose - - + +
D-Sorbitol - - - +
D-Trehalose + +
D-Cellobiose + + +
D-Mannitol + + — +
Malonic acid - + — +
Lactic acid + + — —
Propionic acid + + + -
myo-Inositol - + - —
L-Alanine + — + _
L-Glutamic acid + + + —
DNA G+ C content (mol%) 70.9 67.3 71.5 64.7

D-saccharic acid, sebacic acid, glucuronamide, alaninamide,
glycyl L-glutamic acid, L-alanyl glycine, glycyl L-aspartic
acid, hydroxy-L-proline, L-leucine, L-ornithine, L-phenyl-
alanine, D-serine, L-threonine, DL-carnitine, phenylethyl-
amine, putrescine, 2,3-butanediol, glycerol, DL-a-glycerol
phosphate, glucose 1-phosphate or glucose 6-phosphate.
Resistant to ampicillin, nalidixic acid and penicillin G and
sensitive to chloramphenicol, erythromycin, gentamicin,
kanamycin, novobiocin, rifampicin, streptomycin and
tetracycline. The predominant fatty acid is 18:1w7c¢ and
there are significant amounts of 19:0 cyclo and 16:0. The
DNA G+ C content is 70.9 mol%.

The type strain, AZO-C' (=LMG 23705" =BCRC 17591"),
was isolated from a seawater sample collected off the Eluanbi
coast of Pingtung County, southern Taiwan.

Acknowledgements

W.-M. C. was supported by grants from the National Science Council,
Taipei, Taiwan, Republic of China (NSC 95-2320-B-022-001-MY2 and
95-2313-B-022-001).

1628

International Journal of Systematic and Evolutionary Microbiology 57



Oceanicola marinus sp. nov.

References

Chen, W. M., Laevens, S., Lee, T. M., Coenye, T., De Vos, P.,
Mergeay, M. & Vandamme, P. (2001). Ralstonia taiwanensis sp. nov.,
isolated from root nodules of Mimosa species and sputum of a cystic
fibrosis patient. Int J Syst Evol Microbiol 51, 1729-1735.

Cho, J.-C. & Giovannoni, S. J. (2003a). Croceibacter atlanticus
gen. nov., sp. nov., a novel marine bacterium in the family Flavo-
bacteriaceae. Syst Appl Microbiol 26, 76-83.

Cho, J.-C. & Giovannoni, S. J. (2003b). Parvularcula bermudensis
gen. nov., sp. nov., a marine bacterium that forms a deep branch in
the a-Proteobacteria. Int J Syst Evol Microbiol 53, 1031-1036.

Cho, J.-C. & Giovannoni, S. J. (2004). Oceanicola granulosus gen. nov.,
sp. nov. and Oceanicola batsensis sp. nov., poly-f-hydroxybutyrate-
producing marine bacteria in the order ‘Rhodobacterales’. Int ] Syst
Evol Microbiol 54, 1129-1136.

Chung, Y. C., Kobayashi, T., Kanai, H., Akiba, T. & Kudo, T. (1995).
Purification and properties of extracellular amylase from the
hyperthermophilic archeon Thermococcus profundus DT5432. Appl
Environ Microbiol 61, 1502—-1506.

Ezaki, T., Hashimoto, Y. & Yabuuchi, E. (1989). Fluorometric
deoxyribonucleic acid-deoxyribonucleic acid hybridization in micro-
dilution wells as an alternative to membrane filter hybridization in
which radioisotopes are used to determine genetic relatedness among
bacterial strains. Int ] Syst Bacteriol 39, 224-229.

Felsenstein, J. (1981). Evolutionary trees from DNA sequences: a
maximum likelihood approach. J Mol Evol 17, 368-376.

Fitch, W. M. & Margoliash, E. (1967). Construction of phylogenetic
trees: a method based on mutation distances as estimated from
cytochrome ¢ sequences is of general applicability. Science 155, 279-284.
GCG (1995). Wisconsin Package Version 8.1 Program Manual.
Madison, WI: Genetics Computer Group.

Gu, J., Guo, B, Wang, Y.-N,, Yu, S.-L., Inamori, R., Qu, R, Ye, Y.-G. &
Wu, X.-L. (2007). Oceanicola nanhaiensis sp. nov., isolated from
sediments of the South China Sea. Int J Syst Evol Microbiol 57,
157-160.

Hall, T. A. (1999). BioEdit: a user-friendly biological sequence
alignment editor and analysis program for Windows 95/98/NT.
Nucleic Acids Symp Ser 41, 95-98.

Jukes, T. H. & Cantor, C. R. (1969). Evolution of protein molecules.
In Mammalian Protein Metabolism, vol. 3, pp. 21-132. Edited by H.
N. Munro. New York: Academic Press.

Kluge, A. G. & Farris, F. S. (1969). Quantitative phyletics and the
evolution of anurans. Syst Zool 18, 1-32.

Kumar, S., Tamura, K. & Nei, M. (2004). MEGA3: integrated software
for molecular evolutionary genetics analysis and sequence alignment.
Brief Bioinform 5, 150-163.

Mesbah, M., Premachandran, U. & Whitman, W. B. (1989). Precise
measurement of the G+ C content of deoxyribonucleic acid by high-
performance liquid chromatography. Int J Syst Bacteriol 39, 159-167.

Powers, E. M. (1995). Efficacy of the Ryu nonstaining KOH
technique for rapidly determining gram reactions of food-borne
and waterborne bacteria and yeasts. Appl Environ Microbiol 61,
3756-3758.

Reichenbach, H. (1992). The order Cytophagales. In The Prokaryotes,
a Handbook on the Biology of Bacteria: Ecophysiology, Isolation,
Identification, Applications, 2nd edn, pp. 3631-3675. Edited by
A. Balows, H. G. Triper, M. Dworkin, W. Harder & K. H.
Schleifer. New York: Springer.

Richards, W. R. (1994). Analysis of pigments: bacteriochlorophylls.
In Chemical Methods in Prokaryotic Systematics, pp. 345-401. Edited
by M. Goodfellow & A. G. O’Donnell. Chichester: Wiley.

Saitou, N. & Nei, M. (1987). The neighbor-joining method: a new
method for reconstructing phylogenetic trees. Mol Biol Evol 4,
406-425.

Sasser, M. (1990). Identification of bacteria by gas chromatography of
cellular fatty acids, MIDI Technical Note 101. Newark, DE: MIDI
Inc.

Schmidt, K., Connor, A. & Britton, G. (1994). Analysis of pigments:
carotenoids and related polyenes. In Chemical Methods in Prokaryotic
Systematics, pp. 403—-461. Edited by M. Goodfellow & A. G.
O’Donnell. Chichester: Wiley.

Wayne, L. G., Brenner, D. J., Colwell, R. R, Grimont, P. A. D,
Kandler, O., Krichevsky, M. I, Moore, L. H., Moore, W. E. C., Murray,
R. G. E. & other authors (1987). International Committee on
Systematic Bacteriology. Report of the ad hoc committee on
reconciliation of approaches of bacterial systematics. Int ] Syst
Bacteriol 37, 463—464.

http://ijs.sgmjournals.org

1629



