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Symbionts of the marine sponge Halichondria okadai
are promising as a source of natural products. Meta-
genomic technology is a powerful tool for accessing the
genetic and biochemical potential of bacteria. Hence, we
established a method of recovering bacterial-enriched
metagenomic DNA by stepwise centrifugation. The
metagenomic DNA was analyzed by ultrafast 454-
pyrosequencing technology, and the results suggested
that more than three types of bacterial DNA, Alphap-
roteobacteria, Actinobacteria, and Cyanobacteria, had
been recovered, and that eukaryotic genes comprised
only 0.02% of the metagenomic DNA. These results
indicate that stepwise centrifugation and real-time
quantitative PCR were effective for separating sponge
cells and symbiotic bacteria, and that we constructed a
bacteria-enriched metagenomic library from a marine
sponge, H. okadai, selectively for the first time.
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Many structurally unique compounds and significant
biologically active compounds have been isolated from
various marine invertebrates.1,2) In particular, sponges,
members of the porifera, are rich sources of many
natural products. The marine sponge Halichondria
okadai is generally found in tidal pools on the Pacific
coast of Japan. It has an irregular round shape with a few
large oscules, and is slightly hard. We have isolated
halichondrin B, which exhibits strong cytotoxicity
toward B16 melanoma cells, from H. okadai, and have
analyzed its structure.3,4) Erubrin (E7389), the right-side
fragment of halichondrin B, has been accepted as a
therapeutic drug (HALAVEN) for the treatment of
breast cancer by the U.S. FDA (http://www.fda.gov/
default.htm). Halichlorine, an alkaloid, has also been

isolated from H. okadai. It inhibits the production of
blood vessel cell adhesion molecule (VCAM-1).5–7)

Okadaic acid, a polyether that inhibits phosphatase,
has also been isolated from this sponge.8) Since, many
other natural products, including Alteramide A, Neo-
halicholactone and so on, have been isolated from this
sponge,9,10) H. okadai is promising as a source of natural
products.
Recent research suggests that marine sponges harbor

various microbial symbionts, and that the bacterial
population may be as high as 40–60% of the sponge
biomass.11,12) Furthermore, many bioactive compounds
in sponges are produced by these symbionts. For
example, cytotoxic macrolide swinholide A is produced
by both the marine sponge Theonella swinhoei and its
symbiotic Cyanobacteria.13) Hence, the exploitation of
bacterial symbionts of marine sponges might be an
effective approach to harvesting large amounts of natural
products. Although microorganisms have potential as
sources of bioactive compounds, only a small proportion
of bacteria have been isolated from the environment.14,15)

Hence, to use symbiotic bacteria efficiently as sources of
natural products, a metagenomic approach is appropriate.
Recently, several natural products have been isolated
using metagenomic libraries derived from soil.16,17)

These metagenomic libraries were used directly as
sources of natural products by screening of clones that
produce bioactive compounds by heterologous expres-
sion of metagenomic DNA. On the other hand, when
construct a metagenomic library from a marine sponge,
contamination by the eukaryotic genomic DNA of
sponge of metagenomic DNA decreases the efficiency
of heterologous expression of the symbiotic bacterial
genomic DNA in E. coli. Hence, strict separation of
symbiotic bacteria and sponge cells is very important in
the construction of a metagenomic library.
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In this study, we established a method of extracting
bacterial-enriched metagenomic DNA by stepwise cen-
trifugation and real-time quantitative PCR (Q-PCR), and
then confirmed the quality of the metagenomic DNA
by dataset analysis. Finally, we constructed a fosmid
library with metagenomic DNA from a marine sponge,
H. okadai, for the first time.

Materials and Methods

Sponge collection and separation of bacterial symbionts. The

marine sponge Halichondria okadai was collected from tidal pools on

the coast of Hayama, Kanagawa, Japan. The sponges were stored on

ice until used, within 6 h. They were diced into small pieces and

crushed manually into a cell suspension on ice with TEN buffer (3.5%

sodium chloride, 10mM tris-hydroxymethyl-aminomethane, 50mM

ethylenediaminetetraacetic acid, pH 8.5). First, the sediment and cell

suspension were separated with a large nylon mesh (20mm). Then the

sponge cells and bacteria were separated by step-wise centrifugation

(Fig. 1). The cell suspension was transferred to two ultracentrifuge

tubes. One cell suspension was centrifuged at 8;000 g for 15min at

4 �C in a HIMAC CR20G2 centrifuge (Hitachi, Tokyo) (fraction 1).

The other cell suspension was first centrifuged at 500 g for 5min at

4 �C (fraction 2). The supernatant was then transferred to another tube

and centrifuged at 1;000 g for 15min at 4 �C (fraction 3). Next, the

supernatant of the 1;000-g fraction was transferred to another tube and

centrifuged at 3;000 g for 15min at 4 �C (fraction 4). The supernatant

of the 3;000-g fraction was then transferred to another tube and

centrifuged at 8;000 g for 15min at 4 �C (fraction 5). Finally, the

various precipitates (fractions 1–5) were resuspended in TEN buffer

and centrifuged at 8;000 g (20min, 4 �C) by way of washing, twice

each. The genomic DNA of fraction 1 was used for PCR amplification

of 16S rRNA, and that of fraction 5 was used in both the construction

of a metagenomic library and second-generation ultrafast sequencing.

DNA isolation. Genomic DNA was extracted and purified following

the instructions in a commercial genomic DNA extraction kit (for

example, Genomic-tips 20/G, Qiagen, Frankfurt), and the protocol

used to recover genomic DNA, described by Piel et al., was modified

as follows.18,19) The precipitates were resuspended and lysed in 20mL

of guanidine solution (60% guanidine thiocyanate, 0.5% sodium

dodecyl sulfate, 10mM EDTA) during incubation at 65 �C. An

equivalent volume of CTAB buffer (4% cetyl trimethyl ammonium

bromide, 20mM EDTA pH 8.0, 100mM Tris–HCl pH 8.0, 1.4M NaCl)

and 50mL of mercaptoethanol were added, and the sample was

incubated for 2 h at 65 �C. After lysis, genomic DNA was extracted

2–3 times with phenol-chloroform and chloroform, and precipitated

with isopropanol. The precipitate was dissolved in TE buffer and

incubated at 37 �C with RNase A (Toyobo, Osaka) overnight, and then

precipitated with isopropanol and dissolved in TE again. The amounts

of DNA were determined using a UV spectrophotometer at 260 nm

(UVmini-1240, Shimadzu, Kyoto).

Bacterial diversity in metagenomic DNA determined by specific

PCR amplification of 16S rRNA. PCR amplification of 16S rRNA from

metagenomic DNA was carried out with primers 16SrRNAF: 50-

GTGCCAGCAGCCGCGGTAATAC-30 and 16SrRNAR: 50-TACAA-

GGCCCGGGAACGTATTCAC-30 (Operon, Tokyo), using Ex Taq

polymerase (Takara-Bio, Kyoto). These primers refer to Roseovarius

nubinhibens (NR 028728), Streptomyces sp. (AB498686), Staphylo-

coccus capitis (AB009937), Synechocystis sp. (AB364260), and

Escherichia coli (AB269763), and they were designed so that they

would be located outside the V1 and V8 regions of the bacterial 16S

rRNA. Thermocycling consisted of 2min of denaturation at 95 �C,

followed by 30 cycles of 30 s at 95 �C, 30 s at 55 �C, and 90 s at 72 �C.

The terminal elongation step was extended by 15min, and the reaction

mixtures were cooled to 4 �C upon completion. Amplicon size and

integrity were examined by standard agarose gel electrophoresis and

ethidium bromide staining. Amplicons were extracted using the GFX

PCR DNA and Gel Band Purification Kit (GE Healthcare Japan,

Tokyo). The purified PCR products were cloned to pT7-blue T vector

(Takara-Bio) with a Mighty mix-DNA ligation kit (Takara-Bio) and

transferred into E. coli, DH5-alpha competent cells. The 16S rRNA

clones were cultured with Luria-Bertani (LB) broth supplemented with

ampicillin (100mg/L), and the clones were extracted using a GenElute

Plasmid Miniprep Kit (Sigma-Aldrich, St. Louis, MO) following the

manufacturer’s instructions. Eighty-three positive clones were ran-

domly selected and sequenced with a BigDye Terminator Cycle

Sequencing Kit (Applied Biosystems, Norwalk, CT) with primers

pT7blue-SF: 50-CAGGTCGACTCTAGAGGATC-30 and pT7blue-SR:

50-GACGGCCAGTGAATTCGAGC-30 (Operon), using an ABI

3730xl DNA Analyzer (ABI). The sequence results were analyzed

by Genetyx software (Genetyx, Tokyo) and compared with known

sequences in the GenBank database using the BLASTN search

program (http://www.ncbi.nlm.nih.gov/) to determine approximate

phylogenetic affiliations. Chimeric genes were then compared with

related 16S rRNA. A phylogenetic tree was constructed by the

neighbor-joining method20) based on distance matrix data by the

phylogenetic program ClustalX2 (available at http://www.clustal.org/).21)

Evolutionary distances were calculated using the Kimura model.22) The

topology of the phylogenetic tree was evaluated by bootstrap analysis

carried out with 1,000 replications.23) 16S rRNA alignment was

achieved by including the phyla Proteobacteria, Actinobacteria,

Cyanobacteria, and Firmicutes. A sequence belonging to archaea was

used as out group (Fig. 3).

Cloning of the 18S rRNA of H. okadai. PCR amplification of the

18S rRNA genes of H. okadai was performed with primers designed

based on the conserved regions of the 18S rRNA of the marine sponges

H. melanodocia (AY737639) and Axinella corrugata (AY737637).

Thus 18S rRNA F: 50-CCTGGTTGATCCTGCCAGTAGTC-30 corre-

sponded to the 1n to 17n bases of the 18S rRNA of H. melanodocia,

and to the 1n to 24n bases of the 18S rRNA of A. corrugate, and 18S

rRNA R: 50-CTACAGAAACCTTGTTACGAC-30 corresponded to the

1,759n to 1,779n bases of the 18S rRNA of H. melanodocia, and to the

1,769n to 1,789n bases of the 18S rRNA of A. corrugate (Operon),

using genomic DNA extracted from fraction 1 with Ex Taq polymer-

ase. These purified PCR products were cloned, and several positive

clones were selected randomly and sequenced with primers pT7blue-

SF and pT7blue-SR. The sequence results were analyzed by Genetyx

software and compared with known sequences in the GenBank

database using the BLASTN search program to determine approximate

phylogenetic affiliations.

Quantitative real-time PCR. Cloned 18S rRNA was used as

template for a single reaction of Q-PCR. The copy number of the

18S rRNA gene was determined by assuming that based on the

molecular weights of the plasmid, which harbored partial 18S rRNA,

1 pg of plasmid equals 1:0� 105 copies. To prepare a standard curve

for Q-PCR, 1, 0.1, 0.01, 0.001, and 0.0001 pg of the purified plasmid

was used in identical PCR reactions. Q-PCR was performed using

SYBR PremiEx Taq and a Thermal Cycler Dice Real Time System

(Takara-Bio).

Pyrosequencing and analysis of metagenomic GS-FLX data.

Metagenomic DNA extracted from fraction 5 was used as starting

material for pyrosequencing. Approximately 15 mg of genomic DNA

was sequenced by three runs on a Roche GS-FLX pyrosequencer

Halichondria okadai

Squeezing

500 g 1,000 g 3,000 g 8,000 g

Crushed solution

8,000 g

fraction 1

fraction 2

supernatant supernatant supernatant

fraction 3 fraction 4 fraction 5

Fig. 1. Scheme for Concentration of the Bacterium from the Sponge
Used in This Study.
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(Roche, Mannheim, Germany). Genomic DNA was dissolved in TE

buffer, and its purity was ensured by checking that the A260/A280

wavelength ratio was from 1.8 to 2.0. The resulting data were

assembled using Newbler assembly software v1.1.02.15 (Roche).

Functional annotation of the protein-coding regions was achieved

using the BLASTX algorithm, which was used to query the NCBI non-

redundant database (nr) and the clusters of orthologous groups

database (COG).24–27) Comparisons of the metagenomic sequence data

to the NCBI-nr and COG databases were performed at a cutoff e-value

of 10�5. Manual editing was performed using Genetyx software.

Construction of metagenomic fosmid libraries. A metagenome

library was constructed following the manufacturer’s instructions using

a commercial fosmid library construction kit (CopyControl Fosmid

Library Production Kit, Epicentre, Madison, WI). Extracted metage-

nomic DNA was ligated into the fosmid vector pCC1FOS (Epicentre),

and the ligated vectors were packaged into lambda phages and used to

transfect E. coli EPI300 (Epicentre). The resulting infected cells were

spread onto LB medium containing 12.5mg/mL of chloramphenicol.

All the fosmid clones were stored in a deep freezer in LB medium

supplemented with a mixture of chloramphenicol (12.5 mg/mL) and

10% glycerol (v/v). Induction of the fosmids to give a high copy

number was achieved by the addition of induction solution (Epicentre)

and incubation of the cultures at 37 �C for 5 h. After induction, the cells

were collected, and the various fosmid DNAs were isolated by the

alkaline lysis miniprep method.28)

Nucleotide sequence accession number. The DNA sequence of the

continuous 18S, 28S, and 5.8S rRNAs of H. okadai (contig00027) is

available from the GenBank database under accession no. AB511881.

Results

Genomic DNA isolation and measurement of 18S
rRNA by Q-PCR assay

To measure the concentrations of eukaryotic genomic
DNA in the various fractions, the copy numbers of the
18S rRNA were determined using a LightCycler system
under the conditions described in ‘‘Materials and
Methods.’’ First, to design primers for Q-PCR, we
extracted genomic DNA from precipitates of H. okadai
by the CTAB method described in ‘‘Materials and
Methods.’’ Next, 18S rRNA was cloned. A blast search
suggested that the clone was 18S rRNA of H. okadai,
which shows high homology to that of the marine
sponge Halichondria melanodocia (AY737639, 99.8%).
A 10-fold dilution series of purified 18S rRNA PCR
products ranging from 1� 10�6 to 1 pg/mL was exam-
ined by Q-PCR. Genomic DNA samples were then
extracted from precipitates collected by graded centri-
fugation under the conditions described in ‘‘Materials
and Methods,’’ and the copy numbers of the 18S rRNA
segments were determined in duplicate by Q-PCR. The
copy number of 18S rRNA per 1 ng of genomic DNA
of the fractions collected at high speed decreased
dynamically (Fig. 2). The quantity of 18S rRNA clones

in the deposition collected at low speed (500 g) (fraction
2) was greater than that in the crushed-sponge solution
(fraction 1). This is because the sponge cells were
concentrated by centrifugation at low speed. On the
other hand, for precipitates collected at high speed
(8,000 g), the amount of 18S rRNA clones greatly
decreased (fraction 5). This suggests that contaminating
sponge cells were largely eliminated by low-speed
centrifugation (3,000 g), and that the pellets collected
from the supernatant at the higher speed (8,000 g) were
enriched bacterial pellets.

Bacterial community composition
Before we evaluated the metagenomic DNA used in

library construction, the composition and structure of the
bacterial community of H. okadai were examined by
PCR analysis. We cloned 16S rRNA and sequenced 83
random clones. This revealed that 76 clones (91.6%)
showed high homology (97.0–99.0%) to each other, and
this group was represented by clone2. First, a blast
search in the NCBI database revealed that all of the
clones show highest homology to uncultured bacteria
(Table 1). Next, to examine the phylogenetic relation
between these clones in further detail, cloned 16S rRNA
(clones 2, 4, 7, 13, 45, 47, 70, and 74) was aligned with
those of representatives of various bacteria using the
ClustalX2 program (Fig. 3). This revealed that the
dominant phylum was Alphaproteobacteria (clones 2,
4, 47, 70, and 74). Clone2 showed very high homology
with the 16S rRNA genes of uncultured Alphaproteo-
bacteria, HOC32 (98.2%), previously isolated from
H. okadai, at a position apart from the four other clones.
Two clones (clone13 and clone45) belonged to Actino-
bacteria, and clone7 belonged to Firmicutes. This PCR
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Fig. 2. Quantification and Comparison of 18S rRNA Copies in
Centrifuged Pellets of H. okadai.

The Q-PCR data were created using four fraction samples
(crushed solution, pellets at 500 g, pellets at 1;000 g, pellets at
8;000 g), twice (1st, 2nd).

Table 1. Closest Phylogenetic Affiliations of Partial 16S rRNAs Retrieved from Selected Clones

Clone Identity Closest homolog (BLASTN) Acessesion no.

2 98.0 Uncultured alphaproteobacteria (HOC32) AB054166

4 98.5 Mucus bacterium 81 AY654839

47 96.1 Alphaproteobacterium EXT2 AB274734

70 93.5 Uncultured alphaproteobacterium GQ346733

74 98.6 Uncultured alphaproteobacterium AB491826

7 99.5 Uncultured bacterium HM344756

13 99.2 Uncultured bacterium HM835849

45 99.8 Uncultured bacterium HM329350
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analysis revealed that Alphaproteobacteria are the over-
whelming dominant population in the marine sponge
H. okadai. Next, to assess the quality of the constructed
library, bacteria-enriched metagenomic DNA was esti-
mated by pyrosequencing of the metagenomic DNA,
which yielded about 230,000 readings (50Mb) with an
average read length of 220 bases assembled into 17,069
contigs. These contigs were committed to the NCBI-nr
database and assigned to either prokaryote (best
BLASTX expectation value � 10�5 to a prokaryotic
entry) or eukaryote (best BLASTX expectation value �
10�2 to a eukaryotic entry). Based on this analysis, at
least 50.7% of the contigs in the metagenomic data set
showed highest homology to genes that encode pro-
karyotic proteins. Very few contigs were homologous to
eukaryotic proteins (0.02%), and the other contigs were
considered not to be assignable. Further analysis
revealed that Alphaproteobacteria was also the largest
group in the metagenomic library (74.5%), followed
by Actinobacteria (3.5%) and Cyanobacteria (3.3%)
(Table 2). A further detailed analysis indicated that the
Alphaproteobacteria category consisted mainly of un-
cultured Alphaproteobacteria, Rhodobacterales, Rhizo-
biales, and Rhodospirillales (Table 3). Rhizobiales are
known to be symbionts of plants in general. This
indicates that a combination of graded centrifugation
and Q-PCR can be used to construct a bacterial-rich
genomic library efficiently, and that the metagenomic
library is rich in bacterial diversity.

Allocation of assembled contig sequences to micro-
bial genomes

To identify the genes involved in the biosynthesis of
natural products, the sequenced data sets were function-
ally annotated by COG category analysis based on a
BLASTX search against the NCBI database, and 8,096
contigs (47.4%) were assigned to functional genes
(Fig. 4). The most abundant proteins were associated
with metabolism (51.7%), and the biosynthesis, trans-

port, and catabolism of secondary metabolites accounted
for 1.8%. To understand better the biosynthetic path-
ways of natural products derived from symbiotic
bacteria, we focused on secondary metabolism, and

Table 2. Prokaryotic Taxa Distribution in the Metagenomic DNA
Based on BLAST Search against the Nr-Database

Taxon %

Alphaproteobacteria 74.5

Betaproteobacteria 3.2

Gammaproteobacteria 6.9

Deltaproteobacteria 1.9

Zetaproteobacteria 0.1

Actinobacteria 3.5

Cyanobacteria 3.3

Planctomycetes 1.2

Firmicutes 1.0

Bacteroidetes 0.9

Chlorobi 0.5

Chloroflexi 0.3

Chlamydiae 0.2

Acidobacteria 0.2

Verrucomicrobia 0.2

Deinococci 0.1

Spirochaetes 0.1

Aquificae 0.1

Tenericutes 0.1

Incertaesedis 1.7

Table 3. Taxonomic Affiliation of Contigs of the Class Alphapro-
teobacteria

ORDER %

Rhodobacterales 32.5

Unclassified alphaproteobacteria 27.8

Rhizobiales 19.3

Rhodospirillales 14.9

Sphingomonadales 2.7

Caulobacterales 1.1

Rickettsiales 0.9

Parvularculales 0.7

clone13

clone45
1000

1000
729

clone7
1000

clone47

clone70
857

clone74
clone4589

819

782

966

clone2624

1000

995

981

571

872

997

826

1000

966

1000

315

345

1000

995

0.05

HOC32 (AB054166)(α)
Uncultured bacterium from Halichondria nigrocutis (EU263912)(α)

SAR116 Candidatus Puniceispirillum marinum (NC_014010)(α)

Azospirillum rugosum (AM419042)(α)

Roseobacter litoralis from Prorocentrum lima (X78312)(α)

Rhodobacteraceae bacterium (EF629849)(α)

Agrobacterium tumefaciens from Discodermia sp. (GU826585)(α)

SAR11 Candidatus Pelagibacter ubique (CP000084)(α)

Vibrio sp. (AB220937)(γ )
Nitrosospira sp. from Aplysina aerophoba (EF529669)(β )

Rhodococcus sp. (HM590053)(Ac)

Synechocystis sp.  (AB364260)(C)
Oscillatoria sp.  (AB364252)(C)

Entotheonella palauensis from Theonella swinhoei (AF130847)(∆)

Uncultured archaeon from Characella sp. (AB453932)(Ar)

Uncultured Propionibacterium sp. from oyster (FM995190)(Ac)

Streptomyces sampsonii (AB362247)(Ac)

Staphylococcus capitis (AB009937)(F)

Bacillus licheniformis (AB196353)(F)

Fig. 3. Neighbor-Joining Tree for Bacterial 16S rRNA.
Bootstrap values calculated from 1,000 resamplings by neighbor-joining are shown at the various nodes. Clones derived from H. okadai

are boxed. �, alphaproteobacteria; �, betaproteobacteria; �, gammaproteobacteria; �, deltaproteobacteria; Ac, actinobacteria; F, firmicutes;
C, cyanobacteria; Ar, archaea.
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performed an advanced COG analysis using a Swiss-
prot database. This revealed that 13 genes showed
homology to non-ribosomal peptide synthase modules
and related proteins (Table 4). These genes showed
similarity to NRPS derived from Proteobacteria
(30.8%), Actinobacteria (30.8%), Firmicutes (20.1%),
and Cyanobacteria (15.4%).

Genomic library construction
The genomic DNA isolated by the CTAB method was

larger than 25 kb, large enough to construct a fosmid
library. DNA bands larger than 25 kb were recovered by
subjecting the corresponding agarose slices to GFX PCR
RNA and using a Gel Band Purification Kit, and the
recovered genomic DNA was used to construct a fosmid
library. The ligation mixture of digested genomic DNA
and fosmid vector was packaged and transferred to
EPI300 competent cells. As a result, 150,000 independ-
ent clones were obtained. We then confirmed that an
appropriate length of genome had been inserted into
these fosmids by electrophoresis of restriction enzyme-
digested fosmids.

Discussion

Metagenomic analysis can be useful to understand the
genetic background of the biosynthesis of natural
products. Recently, it was reported that some PKS
genes obtained from a metagenomic library of symbiotic
bacteria were different from the genes derived from
cultivable bacteria.19) Thus, culture-independent analy-
sis is preferable for the analysis of such symbionts.
When one constructs a fosmid library, one must
eliminate sponge cells as much as possible, because
contamination by genomic DNA from the sponge is an
obstacle in screening bacterial natural product-related
genes from a metagenomic library. Hence, we estab-
lished a method of constructing a bacteria-enriched
metagenomic library from the marine sponge H. okadai
by stepwise centrifugation and Q-PCR. Next, we
investigated the quality of the metagenomic DNA to
determine whether it was suitable for the construction of
a metagenomic library and for the screening of natural

products. We accessed metagenomic DNA by dataset
analysis, and found that the eukaryotic genome accounted
for only 0.02% of total metagenomic DNA. Several
genome studies have been performed on Porifera, a
demosponge, and so the finding that few contigs of the
metagenomic database show homology to genes derived
from these projects suggests that the sponge’s genome
was largely removed from the metagenomic DNA.29)

Alphaproteobacteria is the dominant group in the
metagenomic library, followed by Actinobacteria and
Cyanobacteria (Table 2). Various natural products have
been isolated from Alphaproteobacteria, Actinobacteria,
and Cyanobacteria,30–32) and some might be the biogenic
source of the non-ribosomal peptides.32) This suggests
that the metagenomic DNA, from which the eukaryotic
genome had clearly been eliminated, is a promising
genetic resource for the discovery of natural products by
functional screening, and that heterologous expression
of metagenomic DNA using a multi-host expression
system might be useful for exploiting sponges’ sym-
biotic bacteria efficiently.
In this study, we identified 13 contigs that show

homology to NRPS genes by dataset analysis (Table 4).
For example, contig07303 showed homology with the
gene that encodes surfactin synthase, and contig08398
showed homology with the gene that encodes saframy-
cin Mx1 synthase.33,34) To determine whether these
contigs are involved in the biosynthesis of these
compounds, heterologous expression of the genes is
necessary. Screening of clones whose fosmid contains
these contigs by colony hybridization using the contigs
as probe might be an efficient approach to compiling
sequencing data and to the construction of a whole
cluster of NRPS genes. While various natural products
have been isolated from H. okadai, non-ribosomal
peptide has not yet been isolated from it. Hence the
expression of whole clusters of NRPS-like genes in a
suitable host should lead to the isolation of a non-
ribosomal peptide from H. okadai.
Marine sponges harbor various natural products

derived from secondary metabolites of symbiotic bac-
teria, and hence the diversity and specificity of sym-
biotic bacteria is an important issue in the screening

POORLY CHARACTERIZED (14.6%)

0.0 2.0 4.0 6.0

Contig (%)

8.0 10.0 12.0 14.0 16.0 18.0

Translation, ribosomal structure and biogenesis 
RNA processing and modification

Transcription 
Replication, recombination and repair 

Chromatin structure and dynamics 
Cell cycle control, cell division, chromosome partitioning 

Nuclear structure 
Defense mechanisms 

Signal transduction mechanisms 
Cell wall/membrane/envelope biogenesis 

Cell motility 
Cytoskeleton 

Extracellular structures 
Intracellular trafficking, secretion, and vesicular transport 

Posttranslational modification, protein turnover, chaperones 
Energy production and conversion 

Carbohydrate transport and metabolism 
Amino acid transport and metabolism 
Nucleotide transport and metabolism 
Coenzyme transport and metabolism 

Lipid transport and metabolism 
Inorganic ion transport and metabolism 

Poorly characterized

INFORMATION STORAGE
AND PROCESSING (18.1%) 

CELLULAR PROCESSES
AND SIGNALING (15.6%) 

METABOLISM
(51.7%) 

Secondary metabolites biosynthesis, transport and catabolism 

Fig. 4. Categorization of Halichondria okadai Metagenome Sequence Contigs According to Clusters of Orthologous Groups of Proteins (COG).
The names of subcategories in the COG database are shown at the left, and the corresponding major categories are shown at the right. The

numbers of readings assigned to the various major categories and their ratios are shown.
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of natural products. First, we compared the diversity of
the bacterial community of H. okadai with those of
other marine sponges.35–38) For sponges of the order
Halichondrida, Gammaproteobacteria is the dominant
bacteria in Halichondria sp., and Acidobacteria and
Chloroflexi are the dominant groups in Svenzea zeai. For
sponges of the order Haplosclerida, Gammaproteobac-
teria and Firmicutes are the dominant bacteria in
Haliclona simulans and Gelliodes carnosa respectively.
On the other hand, Alphaproteobacteria are the domi-
nant bacteria in H. panicea, Rhopaloeides odorabile,
and Mycale laxissima, of the orders Halichondrida,
Dictyoceratida, and Poecilosclerida respectively.35,39,40)

These results indicate that bacterial composition is
highly varied in sponges, and that the dominance of
alphaproteobacteria is not a rare characteristic.

We focused on the specificity of symbionts in the
marine sponge H. okadai. Eighty-three clones of the 16S
rRNA of H. okadai were analyzed by BLAST search of
the NCBI database. This revealed that clone2 showed
high homology to other uncultured alphaproteobacteria,
HOC32 (98.2%) (AB054166), which had been cloned
from H. okadai. Furthermore, this clone2 group is
phylogenetically distant from the major marine bacteria,
including SAR11, for example SAR116 (91.4%)
(NC 014010).41) The fact that 1 certain bacteria were
isolated from the sponge extracted separately suggested
that these bacteria are sponge-specific. Indeed, it has
been reported that the dominant alphaproteobacteria of
H. panicea was a sponge-specific symbiont by sampling
at different stations.35) These results imply the specificity
of alphaproteobacteria clone2. Furthermore, some
sponge-phylum-specific symbionts have been detected
by comparison of symbionts obtained from various
marine sponges,42) but clone2 derived from H. okadai
showed low homology to these sponge-phylum-specific
alphaproteobacteria (JAWS23, JAWS8) (84.2% and
82.6%). This suggests that this symbiont of the marine
sponge H. okadai is not a sponge-phylum-specific
bacterium.

Recently, it was reported that some sponge symbionts
may have co-evolved with their hosts.43,44) These allied
sponges were isolated related species. Because the
5.8S rRNA of H. okadai showed high similarity to
H. panicea (99.0%, AF062607) and sponge-specific
clones had been isolated from H. panicea, we inves-
tigated sponge-order-specific bacteria by homology

search. We compared clone2 with the 16S rRNA clones
derived from H. panicea, and found that the clone2
showed low homology to uncultured alphaproteobac-
teria in H. panicea, for example, HNS27 (Z88567),
HNS35 (Z88568), and HNSM50 (Z88569) (86.0%,
69.8%, and 85.7%), the dominant alphaproteobacteria
in H. panicea. This suggests that clone2 is not a sponge-
order-specific bacterium.
Thus there are two methods of transmission of

symbiotic bacteria in marine sponges. Usually, marine
bacteria are either acquired from the surrounding sea
water during filter-feeding by sponges or are transferred
from parental sponges to their progeny through repro-
duction.45) Sponge-species-specific symbionts are inher-
ited by vertical transmission. Although H. okadai,
H. panicea, and H. japonica all belong to the order
Halichondrida and live in tidal pools in Japan, different
natural products have been isolated from these three
sponges. For example, Halichondrin B was not isolated
from the latter two sponges. This can be explained by
the conjecture that the symbiotic bacterium that produces
natural products is sponge-species-specific. Indeed, the
16S rRNA clones derived from H. panicea did not show
high homology to that of H. okadai. Hence a phyloge-
netic analysis and comparison of symbionts derived
from H. okadai, H. panicea, and H. japonica sampled
from the same location is necessary to determine the
existence of sponge-species-specific symbionts and the
relationship between these host sponges, their sym-
bionts, and natural products. To determine this relation-
ship, the metagenomic approach with heterologous
expression and DNA analysis is effective.
In this study, we constructed a fosmid library from

a marine sponge, H. okadai, for the first time. We
eliminated the sponge genome from the recovered
metagenomic DNA. A dataset analysis indicated that
metagenomic DNA is a potential source for screening
natural products. An analysis of bacterial diversity
suggested that the metagenomic library was constructed
by various bacteria, mainly Alphaproteobacteria, Acti-
nobacteria, and Cyanobacteria. An analysis of ortholo-
gous proteins suggested that the library contains genes
that are involved in non-ribosomal peptide synthesis.
This analysis of the genetic profile of the metagenomic
DNA should help in using uncultivable and cultivable
bacteria as genomic sources in the screening of natural
products.

Table 4. Predicted Protein Coding Sequences in a Metagenomic Data Set Related to Secondary Metabolite Synthesis

Contig
Length

(bp)
e-Value Closest homolog (BLASTX) Accession no.

Identity

(%)

contig00219 224 6.00E-17 amino acid adenylation domain protein [Paenibacillus curdlanolyticus YK9] ZP 07387014 57

contig04668 256 4.081E-14 amino acid adenylation domain protein [Streptomyces flavogriseus ATCC 33331] ZP 05803229 54

contig06486 261 5.30E-06 amino acid adenylation domain-containing protein [Salinispora tropica CNB-440] YP 00115962 46

contig06528 265 2.889E-12 amino acid adenylation [Synechocystis sp. WH 8501] ZP 00517512 50

contig06841 260 5.00E-21 amino acid adenylation domain protein [Lyngbya majuscula 3L] ZP 08431748 56

contig07303 252 2.00E-04 surfactin synthase subunit 1 [Bacillus subtilis] P27206 47

contig07750 246 9.00E-10 non-ribosomal peptide synthetase [Pseudomonas brassicacearum] YP 00435531 47

contig08398 276 8.00E-27 saframycin Mx1 synthetase B [Myxococcus xanthus] AAC44128 70

contig08571 247 5.00E-08 peptide synthase [Pseudomonas aeruginosa PAb1] ZP 06878666 55

contig08754 263 5.09E-17 non-ribosomal peptide synthetase, putative [Roseobacter sp. GAI101] ZP 05099506 51

contig08780 242 6.00E-20 peptide synthetase [Streptomyces sp. Acta 2897] AEA30273 62

contig08861 243 2.00E-11 hypothetical protein bcere0027 54520 [Bacillus cereus AH676] ZP 04195022 51

contig11049 254 2.03E-13 putative non-ribosomal peptide synthase [Bradyrhizobium sp. BTAi1] YP 00123724 50
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