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Three strains, FYK2301M01T, FYK2301M18 and FYK2301M52, all being Gram-negative, spheri-
cal, motile and facultatively anaerobic, were isolated from a marine alga (Porphyra sp.) collected
on Mikura Island, Japan. Colonies of the strains were circular and pink-pigmented on Marine
Agar 2216 (Difco) at 25°C. Cells of the strains reproduced by binary fission. The G+C content of
the DNA was 73 mol%. The major isoprenoid quinone was MK-6. Phylogenetic analysis based on
16S rBRNA gene sequences indicated that the strains are the members of the WPS-1 group
(Nogales et al., 2001) comprising no validly described taxa within the phylum Planctomycetes.
The highest similarity value of the 16S rRNA gene sequences of the strains to those in the estab-
lished bacterial taxa was only 78.7% to Planctomyces brasiliensis DSM 5305'. From the taxo-
nomic data obtained in this study, it is proposed that the new marine isolates be placed in a
novel genus and species named Phycisphaera mikurensis gen. nov., sp. nov. within a new family,
order and class Phycisphaeraceae fam. nov., Phycisphaerales ord. nov. and Phycisphaerae clas-
sis nov. in the phylum Planctomycetes. The type strain of Phycisphaera mikurensis is FYK-
2301M01T (= NBRC 102666" = KCTC 22515").
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The DDBJ/GenBank/EMBL accession numbers for the 16S
rRNA gene sequences of Phycisphaera mikurensis strain FYK-
2301M017 (= NBRC 102666" = KCTC 22515"), FYK2301M18
(=NBRC 102667) and FYK2301M52 (=NBRC 102668) are
AB447464, AB474363 and AB474364, respectively.

Introduction

We have reported that marine organisms are inter-
esting sources for the discovery of novel lineages of
bacteria (Fukunaga et al., 2006, 2008; Kurahashi and
Yokota, 2002, 2004, 2007a, b). During this series of
studies, three strains isolated from a marine alga (Por-
phyra sp.) were classified as members of the WPS-1
group in the phylum Planctomycetes.

Planctomycetes is one of the phyla in the PVC
(Planctomycetes, Verrucomicrobia and Chlamydiae)
superphylum (Wagner and Horn, 2006), which is a
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synonym of “Planctobacteria” proposed by Cavalier-
Smith (2002). All the members of the phylum Plancto-
mycetes are Gram-negative, reproduce by budding
and lack peptideglycan in their cell envelope. Some
members of the phylum possess membrane-bounded
intracellular compartments (Fuerst, 2005). Planctomy-
cetes are ubiquitously found in diverse aquatic and
terrestrial environments (Janssen, 2006; Kohler et al.,
2008; Santelli et al., 2008; Wang et al., 2002); however
the majority of them are uncultured (Chouari et al.,
2003; Derakshani et al., 2001; Elshahed et al., 2007).

Currently, the phylum Planctomycetes is divided into
three putative classes (Elshahed et al., 2007; Janssen,
2006): (i) the cultured planctomycete group corre-
sponding to the class Planctomycetacia including all
previously described genera, (ii) the uncultured planc-
tomycete group which was referred to as WPS-1
(Nogales et al., 2001), and (iii) the deeply branching
planctomycete group including anaerobic ammonium-
oxidizing bacteria (anammox), which have not yet
been isolated in pure cultures.

We isolated three strains, FYK2301M01T, FYK2301
M18 and FYK2301M52, from a marine alga (Porphyra
sp.). These strains were classified as members of the
WPS-1 group in the phylum Planctomycetes. In this
paper, polyphasic characterizations of these novel iso-
lates are reported.

Materials and Methods

Bacterial strains and media.  Strains FYK2301M017,
FYK2301M18 and FYK2301M52 were isolated by the
following method. A marine alga (Porphyra sp.) col-
lected on Mikura Island, a Japanese island in the Pa-
cific Ocean, was washed with sterile artificial seawater
(ASW; Naigai Chemical Products) and homogenized
with a hand-held homogenizer. Subsequently, the al-
gal homogenate was serially diluted 10-fold in sterile
ASW and suitable dilutions were plated onto 1/5-
strength Marine Agar 2216 (Difco). The plates were
incubated at 20°C for 30 days and colonies that grew
were purified on the same medium.

Phenotypic characteristics. The morphology of the
cells was observed under a light microscope, while the
ultrastructure of negatively-stained cells with 1% (w/v)
phosphotungstic acid was observed under a transmis-
sion electron microscope (Hitachi, H7600). The Gram-
staining procedure was described by Gerhardt et al.
(1994). For the preparation of ultrathin sections, cells
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of FYK2301MO01" were processed by rapid freezing in
liquid propane cooled with liquid nitrogen, cryosubsti-
tuted with 2% (w/v) OsQ4 in acetone for 3 days, and
embedded in epoxy resin. The ultrathin sections were
double-stained with the three-times diluted Pt-blue
staining solution (Inaga et al., 2007) for 10 min fol-
lowed by the lead-stain solution (Reynolds, 1963) for
1 min. Physiological and biochemical tests were per-
formed by API 20NE, API 50 CH, APl ZYM (bioMérieux)
and Biolog GN2 microtiter plates. The manufacturer’s
instructions were followed except that inocula for API
20NE were prepared in ASW while those for API 50 CH
in a 50 : 50 (v : v) solution of filter-sterilized CHB me-
dium (bioMérieux) and ASW. API strips were incubated
at 25°C for 3 days after inoculation. Oxidative utiliza-
tion of 95 carbon sources was tested using Biolog
GN2 (Ruger and Krambeck, 1994), while agar hydroly-
sis was determined by cultivating the strains on Marine
Agar. Degradation of starch, casein, chitin, DNA and
gelatin was tested according to the protocol of Cowan
and Steel (1993). Presence of catalase was revealed
with 3% (v/v) hydrogen peroxide. The oxidation or fer-
mentation of D-xylose (O/F test; Hugh and Leifson
(1953)) was checked by using O/F basal medium (Ei-
ken Kizai) prepared with the ASW. Absorption spectra
(260-700 nm) of methanol extracts from the cells were
examined by spectroscopy to test the presence of
carotenoid-type pigments. Growth at different tem-
peratures (4, 10, 15, 20, 30, 37, 40, 45 and 55°C) was
assessed on agar plates. The salt tolerance was tested
with R2A agar (Difco) suspended either in ASW
(0-350%, v/v) and or in NaCl solution (0-20%, v/v),
and the plates were incubated at 25°C. The test for
anaerobic growth was conducted on Marine Agar at
25°C in a GasPak anaerobic jar (Becton Dickinson).
Chemotaxonomy. The DNA G+C contents were
determined by HPLC analysis (Mesbah et al., 1989).
Major respiratory quinone was revealed using the pro-
tocol of Fukunaga et al. (2008). The extraction of cel-
lular fatty acids from cells grown for 5 days at 25°C on
Marine Agar and the determination of fatty acid con-
tent by gas chromatography were carried out by using
the Microbial Identification (MIDI) System (MIDI Labs)
according to the manufacturer’s instructions. Fatty ac-
ids not identified by MIDI System were further analyzed
using GC-MS (Agillent). An acid hydrolysate of the
cells of FYK2301MO01T was prepared by the methods
described by Koénig et al. (1984), and its amino acids
were analyzed by HPLC (Tamura et al., 1994). Suscep-
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tibility to antibiotics was determined by a micro agar
dilution method using Marine Agar for FYK2301MO01T,
FYK2301M18 and FYK2301M52 to give final concen-
trations of ampicillin, penicillin, kanamycin and poly-
myxin B, from 0 to 1,000 pg/ml. Minimal inhibitory con-
centrations (MICs) of the drugs were determined after
cultivation at 25°C for 9 days.

Phylogenetic analysis. The 16S rRNA gene was
analyzed as described by Fukunaga et al. (2006). The
random amplified polymorphic DNA (RAPD)-PCR was
performed according to Nakagawa et al. (1998). DNA-
DNA hybridizations were performed using photobiotin-
labelled DNA and microplates (Ezaki et al., 1989). The
sequences was aligned against an ARB dataset using
the ARB program package (Ludwig et al., 2004). 16S
rBRNA gene sequences related to that of the isolates
thus selected were downloaded from DDBJ and
aligned by using the Clustal X program (Thompson et
al., 1997). Putative chimeric sequences were identified
by the program Mallard (Ashelford et al., 2006). Phylo-
genetic trees were inferred by using neighbor-joining
(NJ; Saitou and Nei (1987)), maximum-parsimony
(MP; Swofford (2000)) and maximume-likelihood (ML;
Adachi and Hasegawa (1996)) algorithms. The topol-
ogy of the trees was tested by bootstrap resampling
analyses (Felsenstein, 1985) of 1,000 replicates for NJ
and MP, and by local bootstrap probabilities (Hase-
gawa and Kishino, 1994) of 100 replicates for ML.

Results and Discussion

Morphological characteristics

FYK2301M01T, FYK2301M18 and FYK2301M52
formed pink to red colonies on Marine Agar plates
2216 (Difco), after 5-7 days of incubation at 25°C. The
sizes of colonies of these strains were slightly differ-
ent: FYK2301M01T formed the largest colonies fol-
lowed by FYK2301M18 and FYK2301M52. Cells were
stained Gram-negatively, motile and coccoid (0.5-
1.3 um in diameter), and had a single flagellum (Fig.1
(a)) and pili (Fig. 1 (b)). Stalk-like structures and cra-
teriform structures were not observed. Examination of
an ultrathin section showed that cells reproduced by
binary fission (Fig. 1 (c)). A circular intracytoplasmic
membrane-like structure was observed (Fig. 1 (d)).

Phenotypic characteristics
FYK2301M01T, FYK2301M18 and FYK2301M52 re-
quired seawater for growth. No growth was detected
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Fig. 1. Electron micrographs of negatively stained cells of
strain FYK2301M017 grown on Marine Agar, demonstrating (a)
flagellation and (b) pili formation.

Morphology of ultarthin sectioned cells of FYK2301 M01T was
observed under transmission electron microscope demonstrat-
ing that (c) cells reproduce by binary fission, and (d) an intracy-
toplasmic membrane-like structure (indicated by arrows) exists.
Bar, 0.5 um.
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on R2A agar supplemented only with NaCl. The three
strains grew in 30-200% ASW (optimally in 70-100%
ASW). The temperature range for growth was 10-30°C
(optimally 25-30°C). Carotenoid-type pigment was ob-
served with a maximum absorption at 496 nm and two
shoulders at 467 and 596 nm in methanol. Agar hydrol-
ysis was observed on Marine Agar plates. Starch, ca-
sein, chitin, DNA and gelatin were not degraded. Cata-
lase activity was detected, but oxidase activity was not
detected in the three strains. D-Xylose was fermented
by the three isolates under anaerobic conditions. An-
aerobic growth on Marine Agar was observed. Acid
production, enzymatic activities and utilization of car-
bon sources are summarized in the genus and spe-
cies descriptions.

Chemotaxonomic characteristics

The DNA G+C contents of strains FYK2301MO01T,
FYK2301M18 and FYK2301M52 were determined by
HPLC analysis (Mesbah et al., 1989) to be 73.21+0.4,
73.2%0.6 and 73.3£0.5 mol%, respectively. The DNA-
DNA hybridization values among strains FYK2301MO01T,
FYK2301M18 and FYK2301M52 were 78.2-99.9%. The
major respiratory quinone was menaquinone-6. The
cellular fatty acid profiles of strains FYK2301MO1T,
FYK2301M18 and FYK2301M52 are shown in Table 1.
The major fatty acids in the isolates were C16:0 (34.0-
36.5% of the total fatty acids), iso-Cig.1 (24.7-27.6%)
and iso-Cqg,9 (14.2-15.4%). The hydroxy fatty acid in
the isolates was is0-Cq4.0 3-OH (2.5-3.2%). Muramic
acid and diaminopimelic acid were not detected.
Strains FYK2301M01T, FYK2301M18 and FYK2301M52
were resistant to ampicillin and penicillin (MICs >
1,000 pug/ml) but sensitive to kanamycin (MICs being
3, 6.5, 6.5 ug/ml for FYK2301M01T, FYK2301M18 and
FYK2301M52, respectively) and polymyxin B (MICs
being 0.78, 0.78 and 1.56 pug/ml). The results of an
amino acid analysis of the whole cell hydrolysate and
the resistance to ampicillin/penicillin which inhibit cell
wall synthesis indicated that the cells lack peptidogly-
can.

Phylogenetic analyses

The 16S rRNA gene sequences of FYK2301MO1T,
FYK2301M18 and FYK2301M52 were 100% identical.
However, the RAPD-PCR profiles of the three isolates
were different from each other indicating that these
strains were not clonal. A phylogenetic tree inferred by
the NJ algorithm based on 1,134-bp-long rRNA gene
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Table 1. Cellular fatty acid composition (%) of Phycisphaera
mikurensis (FYK2301MO1T, FYK2301M18 and FYK2301M52).

Fatty acid
Saturated straight-chain
14:0 tr
15:0 2.1-25
16:0 34.0-36.5
17:0 2.1-3.2
18:0 1.2-24
Unsaturated straight-chain
12:1 4.5-6.3
13:1 tr
151 o8¢ tr
Branched
iso-14:0 tr
anteiso-15:0 tr
is0-16:0 14.2-15.4
iso-16:1 24.7-27.6
anteiso-17:0 2.6-3.1
Hydroxy substituted
iso 14:0 3-OH 2.5-3.2
18:0 3-OH tr
Unidentified
ECL 14.95 1.5-1.6
Summed feature 42 1.2-13

4Summed feature 4 contained 17:1 anteiso and/or 17:1 iso.
Values shown are percentages of total fatty acid. ECL, equiv-
alent chain length; tr, trace amount (< 1.0%).

sequences is shown in Fig. 2. The novel strains were
included within the WPS-1 group in the phylum Planc-
tomycetes. The node for the WPS-1 group was strong-
ly supported by high bootstrap values (100% in the NJ,
MP and ML trees), and clearly separated from the
nearest clades, namely the class Planctomycetacia
and the deep-branching “anammox-planctomycetes”
group. Although the successful cultivation of two
strains belonging to the WPS-1 group has been re-
ported by Davis et al. (2005), no description of these
strains has, to our knowledge, appeared in the litera-
ture since then. Among species with validly published
names, the highest similarity value was 78.7% with
Planctomyces brasiliensis DSM 5305". Since no validly
described taxa has yet been reported in the WPS-1
group, the strains FYK2301M01T, FYK2301M18 and
FYK2301M52 should represent the WPS-1 group. All
16S rBRNA gene sequences mostly from the environ-
mental clones belonging to the WPS-1 group shared
only 70.1-79.8% similarity to the members of adjacent
clades, including the member of the class “Planctomy-
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cetacia” and the deep-branching planctomycete
group. This low 16S rRNA gene sequence similarity
suggests that the WPS-1 group represented by FYK
2301M01T, FYK2301M18 and FYK2301M52 should be
ranked as a novel class.

Taxonomic remarks on the strains

In addition to phylogenetic differentiation of the nov-
el strains from other members of the class Planctomy-
cetacia, phenotypic characteristics clearly differentiat-
ed these strains from those in the genera of the class
Planctomycetacia, namely Blastopirellula, Gemmata,
Isosphaera, Pirellula, Planctomyces, Rhodopirellula,
Schlesneria and Singulisphaera (Table 2). The G+C
contents of the novel strains were 13-20% higher than
those of the genera in the class Planctomycetacia
showing distinct genetic difference between the FYK
2301M017, FYK2301M18 and FYK2301M52 and the
class Planctomycetacia. The oxidase activity of the
novel strains was different from that of the members of
Planctomycetacia. Based on these phenotypic and ge-
netic differences from the described genera, it is pro-
posed that FYK2301MO1T, FYK2301M18 and FYK
2301M52 represent a novel species in a new genus,
Phycisphaera mikurensis gen. nov., sp.

Based on the phylogenetic placements of the puta-
tive class WPS-1, we formally propose the name of
Phycisphaerae classis nov., with a new order Phy-
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cisphaerales ord. nov. and a new family Phycisphaer-
ales fam. nov. The notable phenotypic property that
clearly distinguishes the members of Phycisphaerae
from Planctomycetacia is cell reproduction: members
of the class Phycisphaerae reproduce by binary fis-
sion, while members of Planctomycetacia reproduce
by budding.

Description of Phycisphaerae classis nov.
Phycisphaerae (Phy.ci.spha’e.ra. e. N.L. fem. n. Phy-
cisphaera, type genus of the class; -ae ending to de-
note a class; N.L. fem. pl. n. Phycisphaerae, the Phy-
cisphaera class).

Equivalent to WPS-1 (Elshahed et al., 2007; Nogales
et al., 2001) of the phylum Planctomycetes and is de-
fined by phylogenetic analyses based on 16S rRNA
gene sequences obtained from one cultured repre-
sentative and a wide range of uncultured bacteria re-
trieved mainly from marine and soil habitats. Gram-
negative. The class comprises the genus Phycisphaera.

Description of Phycisphaerales ord. nov.
(Phy.ci.spha’e.ra’les. N.L. fem. n. Phycisphaerales,
type genus of the order; -ales ending to denote a or-
der; N.L. fem. pl. n. Phycisphaerales, the order of the
genus Phycisphaera).

The description is the same as that for the genus
Phycisphaera. The order contains the family Phy-
cisphaeraceae. The type genus is Phycisphaera.

Table 2. Differential characteristics of Phycisphaera gen. nov. and related genera.

Characteristic 1 2 3 4 5 6 7 8 9
Cell shape Spherical Ovoid, Coccoid  Spherical  Pear or Ovoid to Ovoid, Ellipsoi-  Spherical
ellipsoidal teardrop  spherical ellipsoidal dal
or pear- or pear-
shaped shaped
Motility + + + + + +@ + + -
Budding - + + + + + + + +
Flagella type Single Single, Polar - Single, Single, Single, Double, -
subpolar bundle polar polar subpolar  subpolar
Stalk - ND - - - + ND + -
Oxidase - + + ND + +b + + +
DNA G+C 73.2+0.6 57.4+0.3 64.4%1.0 62.2 54-57 50.5-57.7 57.4 54.5-56.5 57.8-59.9

content (mol%)

@ P maris (Bauld & Staley, 1976); b p prasiliensis (Schlesner, 1989).

Strains: 1, Phycisphaera; 2, Blastopirellula (Schlesner, 1986; Schlesner et al., 2004); 3, Gemmata (Franzmann and Skerman,
1984); 4, Isosphaera (Giovannoni et al., 1987); 5, Pirellula (Schlesner and Hirsch, 1984; Schlesner et al., 2004); 6, Planctomyces
(Bauld and Staley, 1976; Hirsch and Mueller, 1985; Schlesner, 1989; Starr and Schmidt, 1984); 7, Rhodopirellula (Schlesner et al.,
2004); 8, Schlesneria (Kulichevskaya et al., 2007); 9, Singulisphaera (Kulichevskaya et al., 2008).

ND, no data available; —, negative; +, positive.
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Description of Phycisphaeraceae fam. nov.
(Phy.ci.spha’e.ra.ce.ae. N.L. fem. n. Phycisphaera,
type genus of the family; -aceae ending to denote a
family; N.L. fem. pl. n. Phycisphaeraceae, the family of
the genus Phycisphaera).

The description is the same as that for the genus
Phycisphaera. The family contains the type genus Phy-
cisphaera.

Description of Phycisphaera gen. nov.

Phycisphaera (Phy.ci.spha’e.ra. L. n. phycos, sea-
weed; L. fem. n. sphaera, a globe, sphere; N.L. fem. n.
Phycisphaera, a spherical bacterium isolated from a
sea-weed.)

Cells are Gram-negative, motile, spherical and fac-
ultatively anaerobic. MK-6 is the major menaquinone.
Reproduce by binary fission. Usual components of
bacterial cell walls such as muramic acid and diamino-
pimelic acid are not detected. Resistant to ampicillin
and penicillin. The G+C content of the genomic DNA
of strain FYK2301MO017, the type strain of the type spe-
cies, Phycosphaera mikuraensis, is 73 mol%.

Description of Phycisphaera mikurensis sp. nov.
Phycisphaera mikurensis (mi.ku.ren’sis. N.L. fem. adj.
mikurensis, pertaining to Mikura Island, Japan, from
where the type strain was isolated).

In addition to the characteristics given for the genus
description, this species displays the following charac-
teristics. Cells are spherical (0.5-1.3 um in diameter),
covered with pili and motile with a single flagellum.
Stalk-like structures are not observed. Colonies on
Marine Agar are circular, smooth and pink to red in
color. A carotenoid-type pigment (maximum absorp-
tion at 496 nm and two shoulders at 467 and 596 nm
in methanol) is detected. Grows on Marine Agar at
temperatures between 10 and 30°C (optimally at
25-30°C). Growth is observed on R2A agar supple-
mented with 30-200% ASW (optimally with 70-100%).
Catalase activity is positive, oxidase activity is nega-
tive. Agar is degraded on Marine Agar. Degradation of
starch, casein, chitin, DNA and gelatin is not detected.
Growth on D-xylose under anaerobic conditions is ob-
served. Reduction of nitrate to nitrite is observed, acid
from glucose and indole from tryptophan is not pro-
duced. B-Glucosidase and B-galactosidase are posi-
tive. The activities for arginine dihydrolase, urease and
protease are not detected. Activities in the APl ZYM
strip are detected for alkaline phosphatase, acid phos-
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phatase and naphthol-AS-Bl-phosphohydrolase. Ac-
tivities of esterase C4, esterase lipase C8, lipase C4,
leucine arylamidase, valine arylamidase, cystine
arylamidase, trypsin, chymotrypsin, o-galactosidase,
B-galactosidase, B-glucuronidase, o-glucosidase, B-
glucosidase, N-acetyl-B-glucosaminidase, o-manno-
sidase and o-fucosidase are not observed. Acids are
produced from esculin and 5-keto-gluconate, and
weakly from D-arabinose, L-arabinose, ribose, D-xy-
lose, L-xylose, methyl-B-D-xylopyranoside, D-fructose,
rhamnose and glycogen on the API 50 CH strips. The
following substrates are utilized (Biolog): L-arabinose,
D-fructose and o-D-glucose, and some strains utilized:
o-cyclodextrin, glycogen, D-cellobiose, o-D-lactose,
maltose, D-mannose, B-methyl-D-glucoside, L-rham-
nose, L-glutamic acid, inosine, phenyethylamine, o-D-
glucose-1-phosphate and D-glucose-6-phosphate. The
major cellular fatty acids are Cig:0, i50-C16:1 and iso-
C16:0 While major hydroxy fatty acid is iso-C14.¢9 3-OH.
The DNA G+C content is 73 mol%. The type strain is
FYK2301M01T (=NBRC 102666"=KCTC 22515") iso-
lated from a marine alga collected from Mikurashima
island, Japan. Strains FYK2301M18 (=NBRC 102667)
and FYK2301M52 (=NBRC 102668) are also included
in the species.
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