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Functional genomic signatures of sponge bacteria
reveal unique and shared features of symbiosis
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Sponges form close relationships with bacteria, and a remarkable phylogenetic diversity of
yet-uncultured bacteria has been identified from sponges using molecular methods. In this study,
we use a comparative metagenomic analysis of the bacterial community in the model sponge
Cymbastela concentrica and in the surrounding seawater to identify previously unrecognized
genomic signatures and functions for sponge bacteria. We observed a surprisingly large number of
transposable insertion elements, a feature also observed in other symbiotic bacteria, as well as a set
of predicted mechanisms that may defend the sponge community against the introduction of foreign
DNA and hence contribute to its genetic resilience. Moreover, several shared metabolic interactions
between bacteria and host include vitamin production, nutrient transport and utilization, and redox
sensing and response. Finally, an abundance of protein–protein interactions mediated through
ankyrin and tetratricopeptide repeat proteins could represent a mechanism for the sponge to
discriminate between food and resident bacteria. These data provide new insight into the evolution
of symbiotic diversity, microbial metabolism and host–microbe interactions in sponges.
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Introduction

Sponges are ancient sessile filter-feeding metazoans
that harbour complex bacterial communities. The
considerable bacterial biomass associated with
sponges, the existence of sub-populations of
bacterial cells in different host compartments with
proposed symbiotic host–bacteria interactions and
the early discovery of the sponge–bacteria ecosys-
tem as a source of novel bioactives and natural
product chemistry have driven many efforts to
identify and improve our understanding of sponge-
associated microorganisms (Taylor et al., 2007b;
Vogel, 2008). Moreover, recent phylogenetic studies
suggest that marine sponges harbour specific, stable
microbial communities that are distinct in composi-
tion from those of the surrounding seawater (Taylor
et al., 2007b). The existence of such distinct

communities is remarkable given that the sponge’s
bacterial community is constantly exposed to
large amounts of filtered, planktonic bacteria
(Vogel, 1977). However, limited success in culturing
sponge bacteria has left us with only a rudimentary
understanding of the functional nature of the
interactions between bacteria and their marine
sponge hosts (Webster and Blackall, 2008). Given
that the sponge–bacteria association has been pre-
sented as one of the prime examples of marine
symbiosis (Taylor et al., 2007a), a fundamental
insight into the properties of sponge-associated
bacteria is required to define their ecological role
and their relationship with the sponge host (Taylor
et al., 2007a), as well as to understand the extent to
which the relationship is a symbiosis.

The sponge Cymbastela concentrica is an abun-
dant marine sponge found in shallow waters along
the Australian east coast and has been previously
studied with respect to its bacterial community
composition (Taylor et al., 2004b, 2005). Finger-
printing analysis based on the 16S rRNA gene of
temporal and spatial replicate samples for this
sponge showed a stable bacterial community profile,
which was distinct from that of the surrounding
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water, and showed specific phylotypes shared with
the bacterial communities of other sponges. Hence,
Cymbastela concentrica represents a model system
for sponge–bacteria interaction. In this study, we
report a comparative metagenomic analysis that
leads to the discovery of novel, previously unrecog-
nized functional properties of sponge bacteria.

Materials and methods

Sampling, cell separation and DNA extraction of
communities
Water samples and sponge specimen were collected
from Botany Bay near Bare Island, Sydney, Australia
(S 33.59.461; E 151.13.946) on 18 October 2006
between 10.47 am and 1.15 pm (T1). The physico-
chemical parameters of the water column at 2 m
depth at the time of sampling were pH: 8.05;
temperature: 17.1–18.3 1C; salinity: 33.6 ppt; chloro-
phyll: 0.82–1.44 mg l�1; and dissolved oxygen:
5.95–7.00 mg l�1. Sampling of the sponge was
repeated on 7 February 2007 at approximately
11.30 am (T2) at the same site. The two water
samples from T1 (see below) were also subjected to
nutrient analysis and the values are given in
Supplementary Table S3.

Duplicate samples of 100 l of water were pumped
from a depth of approximately 2 m and directly
sequentially filtered through 20, 3, 0.8 and 0.1 mm
filters using the same equipment and procedure as
described in Rusch et al. (2007). DNA was extracted
from the filters corresponding to the size fraction
that is smaller than 0.8 mm and greater than 0.1 mm as
described by Rusch et al. (2007).

Replicate sponge individuals (a few metres apart)
of approximately 45–50 g wet weight were collected
by self-contained underwater breathing apparatus
diving from a depth of about 7 m below the intake
site for the water sampling. Samples were placed
into filtered sterilized seawater using sterile scalpels
and forceps and transported on ice to the laboratory
at UNSW (approximately 15 min travelling time) for
direct processing. Surface barnacles were removed
from the sponge and wet weights were recorded.
Throughout the subsequent cell-separation proce-
dure, samples were taken for microscopic observa-
tions. Bacterial cells are separated from sponge cells
and tissue using a series of filtration and centrifugation
steps, as applied in other studies (Schirmer et al.,
2005; Fieseler et al., 2006), and DNA was extracted
from the separated cells. Details of these procedures
are given in the Supplementary Information.

Shotgun sequencing, assembly and sequence analysis
Clone libraries were produced and sequenced
from environmental DNA samples as described
in Rusch et al. (2007). After samples had passed
several quality control steps (including base quality,
read length distribution and a check for eukaryotic
DNA (as described below)), large-scale sequencing

was performed on ABI3730XL sequencers on two
water replicates from T1 (named BBAY01 and 02)
and one sponge sample each from T1 and T2 (named
BBAY04 and 15). Shotgun sequences were assem-
bled essentially as described in Rusch et al. (2007)
with the following modifications. The read frag-
ments were assembled with Celera Assembler
software (Myers et al., 2000), version 3.1–5.1
from the public repository (SourceForge, http://
wgs-assembler.sf.net). A 12% error rate was
permitted in the unitigger (utgErrorRate) with a
14% error rate allowed in the overlapper (ovlError-
Rate), consensus (cnsErrorRate) and scaffolder
(cgwErrorRate) module. Seed length (merSizeOvl)
was set to 14. Overlap trimming, extended clear
ranges and surrogates were turned on. Fragment
correction and bubble popping were turned off.
Basic statistics for each library are given in Supple-
mentary Table S1.

Eukaryotic contaminations such as DNA derived
from mitochondria might not have been efficiently
removed from bacterial cells by the size and density
fractionation described above. We therefore filtered
our data set by searching (blastN) all DNA fragments
against the 21 June 2008 version of (National Center
for Biotechnology Information) NCBI NT database.
On the basis of these search results, sequences were
classified into taxonomic groups using the MEGAN
algorithm (Huson et al., 2007) with parameters ‘min
score’ set at 30% and ‘top score’ set at 10%. Manual
evaluation confirmed that this procedure effectively
removes scaffolds and singletons derived from
mitochondrial DNA. For planktonic samples, the
amount of sequencing classified as ‘Eukaryotes’
corresponded to 1% of the total assembled nucleo-
tides, whereas for sponge samples, roughly 3% of
the DNA data were flagged as ‘Eukaryotes’. All open
reading frames (ORFs) associated with those puta-
tive eukaryotic DNA fragments were disregarded
from the functional comparison.

Scaffolds and singletons were processed with
Metagene (Noguchi et al., 2006) to identify ORFs.
The algorithm implemented in Metagene is specifi-
cally designed for prokaryotic (i.e., bacterial and
archaeal) gene detection from metagenomic data sets
(Noguchi et al., 2006). Each ORF was searched by
blastP search against the non-redundant Genbank
database (NR) and taxonomically classified with
MEGAN with parameters ‘min score’ set at 35% and
‘top score’ set at 10%. For functional annotation,
each ORF was searched against the clusters of
orthologous group (COG) (Tatusov et al., 2003) and
TIGRFAM (Haft et al., 2003) databases using hmmer
version 2.3.2 (Eddy, 1998) and against the curated
section of SwissProt (Boeckmann et al., 2003) using
blastP (Altschul et al., 1990), applying a confidence
cutoff of 10�20. The functional annotation of each
ORF was multiplied by the average coverage of the
DNA fragment to estimate the abundance of each
functional assignment; a similar strategy was rece-
ntly used by Tringe et al. (2008). In addition, ORFs
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were searched with hmmer (cutoff of 10�20) against a
set of 31 conserved, single-copy marker proteins
(Ciccarelli et al., 2006). The hits were normalized
against the length of each marker model and
averaged to obtain an estimate of the number of
genome equivalents present in the samples. All
functional assignments were divided by this genome
equivalent number to give an average abundance of
each function per genome. Replicate samples of
each biological system (sponge and water) were
compared using the t-test (two-tailed distribution,
equivalent variance) with a significance cutoff of
Po0.05. In addition, only differences in the relative
abundance greater than a factor of three between
biological samples were considered.

Clustered Regularly Interspaced Short Palindro-
mic Repeats (CRISPRs) were identified using the
programme CRISPRs finder and categorized into
long and small/non-perfect CRISPRs according to
Grissa et al. (2007). CRISPR numbers were normal-
ized to genome equivalents and statistical signifi-
cance was determined by t-test.

Transposable elements were further characterized
by blastP analysis of all predicted proteins against a
hand-curated database for proteins in insertion
sequences kindly provided by Mike Chandler,
Laboratoire de Microbiologie et Genetique Molecu-
laires, Toulouse Cedex, France (Siguier et al., 2006).
Only hits with greater than 50% identity over
at least 50% length of the query peptide were
considered for the analysis.

Analysis of the medium subunit of the aerobic-
type carbon monoxide dehydrogenase was per-
formed on sequences that matched COG1319 with
hmmer E-values of less than 10�20. Sequences
greater than 100 amino acids in length (plus refere-
nces and outgroup) were aligned with ClustalX
(Thompson et al., 2002) using default parameters
(i.e. Gonnet weighting matrix). Sequences with less
than 50% coverage of alignment were removed
(6 out of 45) and the matrix was recalculated.
Trees were built using the neighbour-joining
algorithm incorporated in ClustalX with 1000
bootstraps.

Ankyrin repeat (AR) and tetratricopeptide repeat
(TPR) proteins for the sponge samples were assi-
gned to putative taxonomic origins using the lowest
common ancestor algorithm implemented in
MEGAN (Huson et al., 2007). BlastP searches against
NCBI’s NR database were parsed with MEGAN
parameters with min score¼ 30%, top perce-
ntage¼ 10% and min support for taxa¼ 1. All TPR
proteins were assigned to the domain bacteria or
lower taxons within the domain. Assignments for
the 121 unique AR proteins are given in Supple-
mentary Table S4. The possibility that the 36 AR
proteins assigned to Trichomonas vaginalis are due
to a contamination of the sample with an organism
closely related to Trichomonas vaginalis was further
investigated by performing the MEGAN analysis
as above, but using all proteins in the sponge

metagenome. A total of 40 proteins from this data
set were assigned to Trichomonas vaginalis, which
contains the 36 AR proteins plus four more proteins
with similarity to the ankyrin model described by
COG0666, but with E-values slightly above our
cutoff of 10�20. If a contamination had occurred,
one would expect other protein families to be
included in the Trichomonas vaginalis assignment
of the total data set; hence, we conclude that these
36 proteins are similar to Trichomonas vaginalis, but
not derived from it (nor from any close relative). The
121 ankyrin repeat and 66 TPR proteins were further
classified by hmmer searches (Eo10�5) against the
Pfam database (Sammut et al., 2008) and only hits
against the ANK and SEL1 modes (ANK and SEL1
corresponds to the AR and TPR in Pfam, respec-
tively) were observed. The number of repeats were
found to be between 1 and 37, with the majority of
the proteins having between 3 to 7 and 2 to 4 repeats
for the AR and TPR proteins, respectively (see
Supplementary Figure S5). Secretion of repeat
protein was predicted with SignalP, using default
parameters for Gram-negative bacteria (Bendtsen
et al., 2004). The top three non-redundant blast hits
in the NR of the secreted AR protein were used to
build a sequence alignment with ClustalX using
default parameters (i.e., Gonnet weighting matrices).
Trees were built using the neighbour-joining algo-
rithm incorporated in ClustalX with 1000 boot-
straps.

Binning
Binning of scaffolds with more than 20 Kb sequence
was carried out according to a modification of
the strategy outlined by Woyke et al. (2006) and
extensively hand-curated to ensure validity of the
bins. Further details of these procedures are given in
the Supplementary Information.

Phylogenetic analysis of the 16S rRNA gene
Bacterial 16S rRNA genes were amplified with PCR
primers 27f (50-AGRGTTTGATCMTGGCTCAG-30)
and 1492r (50-TACGGYTACCTTGTTAYGACTT-30),
cloned and sequenced from the DNA of samples
BBAY01, 02, 04 and 15 as described by Shaw et al.
(2008). In addition, a 16S rRNA gene library was
produced for another sponge sample of T2 (named
BBAY14). Mate pairs of each clone insert were
assembled and sequences were checked for chimerae
using Bellerophon (Huber et al., 2004). Only 16S
rRNA gene sequences longer than 1200 bp were
subsequently aligned to sequences in the Green-
genes database (DeSantis et al., 2006) and their
phylogeny was analysed using the maximum
parsimony algorithm implemented in ARB (Ludwig
et al., 2004). Clusters (at least 10 sequences with
499% identity) were identified and representative
sequences were further analysed using the max-
imum likelihood algorithm implemented in ARB.
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For samples BBAY01, 02, 04, 14 and 15, the number
of filtered sequences analysed was 771, 826, 709,
653 and 589, respectively.

Overlap between the 16S rRNA gene sequence in
the sponge (n¼ 1981) and the plankton (n¼ 1597)
was calculated by pairwise blastN comparison with
a cutoff of 99% sequence identity and at least 97%
common sequence coverage.

Results and discussion

Bacterial communities in C. concentrica and seawater
are phylogenetically and functionally distinct
To further define the phylogenetic difference
between the bacterial community of C. concentrica
and the surrounding seawater, we generated 3545
16S rRNA gene sequences (41200 bp) of replicate
samples (Figure 1). Phylogenetic analysis showed
that both bacterial communities contained less than

1% overlap (at a 99% identity cutoff). Specific
differences are highlighted in this study with
seawater communities harbouring members of
the SAR11/Pelagibacter clade, OM1, Cytophaga
and Flavobacteriales, bacterial groups commonly
described in planktonic samples from around the
globe (Giovannoni and Stingl, 2005). In contrast, the
community of C. concentrica was dominated by
distinct phylogenetic clusters within the g-proteo-
bacteria, Phyllobacteriaceae, Sphingomondales,
Neisseriales and Nitrospiracae, among others
(Figure 1). In particular, the a- and g-proteobacterial
groups are related to bacteria found in other
sponges, as previously reported (Taylor et al.,
2005, 2007b), whereas phyla such as Acidobacteria
and Chloroflexi described to be present in some
sponge species are absent in C. concentrica. A total
of 34 sequences (0.95% of all sequences) were
common to both the C. concentrica and the
planktonic community. Twenty of those sequences

Figure 1 Phylogenetic comparison and abundance of dominant 16S RNA gene clusters of C. concentrica (light grey and marked with
‘C’) and surrounding seawater (dark grey and marked with ‘P’) bacterial communities. The tree on the left is based on the maximum
likelihood analysis of a representative of each 16S rRNA gene cluster with at least 10 sequences. Clusters are named on the basis of
the lowest taxonomic level that could be assigned using the Greengenes taxonomy (e.g., sponge cluster g-proteobacteria_1 could not
be classified below class level, whereas the cluster Piscirickettsiaceae is a cluster within the family Piscirickettsiaceae (class
g-proteobacteria)). Underscores followed by numbers in the name indicate that multiple distinct clusters (499% identity) were found at
a given taxonomic level. The histograms on the right represent the percentage of sequences assigned to clusters and the error bars
indicate calculated standard variations of replicates (n¼3 for C. concentrica, i.e., BBAY04, 14 and 15, and n¼ 2 for seawater, i.e., BAY01
and 02; see Materials and methods). Clusters presented here contain 89.5 and 83.5% of the total 16S rRNA gene sequence recovered for
the sponge (total 1951) and seawater samples (total 1597), respectively.
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were part of abundant planktonic sequence
clusters shown in Figure 1 (Methylophilales, Roseo-
bacter, Marinosulfonomonas (3x), Pelagibacter (3x),
OM38_1 (3x), OM38_2, OM83_3, Cytophaga_1 (2x),
Cytophaga_2 (3x), Cytophaga_4 (2 x) Cytophaga_5
(4 x) and OM1) and could be part of seawater not
completely removed during the washing of the
sponge (see Materials and methods). The remaining
24 sequences were not part of the abundant sponge
clusters (Figure 1), only occurred once in either of
the three sponge libraries and were related to single-
count sequences in the planktonic libraries. These
sequences might be allochthonous phylotypes
shared with low-abundance populations in the
plankton.

We estimate that the typical bacterial population
of C. concentrica (3.82� 108 bacterial cells per gram
contained within the sponge’s mesophyl and inter-
nal channel structure (Taylor et al., 2004a)) is
exposed every day to planktonic cells approximately
one order of magnitude greater in number (approxi-
mately 2.4� 109 cells per gram per day), assuming
that typical bacterial cell densities in seawater are
around 105 cells per ml (Giovannoni and Stingl,
2005) and that up to 24 l of seawater can be filtered
by a gram of sponge biomass per day (Vogel, 1977).
Extensive culturing efforts in our laboratory and
comparison of sponge sequences with 16S rRNA
gene sequences from isolates in the Ribosomal
Database Project (Cole et al., 2007) reveal that the
sponge-associated bacteria detected in this study are
not readily cultivated.

Random shotgun-sequencing data of replicate
samples for the bacterial community of C. concen-
trica (92.6 Mbp unique sequence) and the surround-
ing seawater (67 Mbp unique sequence) were
generated and assembled (Supplementary Table
S1). Some of the larger scaffolds (420 Kb) contained
full-length 16S rRNA genes belonging to C. concen-
trica bacterial clusters in g-proteobacteria 1, Phyllo-
bacteriaceae, Sphingomondales, Piscirickettsiaceae
and Bdellovibrionales. Compositional clustering of
scaffolds supplemented with careful hand-curation
and taxonomic assignment allowed for the recovery
of partial genomes for these five new and uncultured
organisms (Supplementary Figure S1). The taxo-
nomic and functional gene composition of the entire
community was assessed using an environmental
gene tag analysis of assembled sequences (Tringe
et al., 2005). The vast majority (485%) of predicted
and classifiable proteins could be taxonomically
assigned to the domain bacteria, with less than 1.6%
predicted to belong to archaeal organisms (Supple-
mentary Table S1). This further suggests that the
microbial community of C. concentrica is domi-
nated by bacteria, in contrast to some other sponges
that have been shown to possess high numbers of
archaea (e.g. Preston et al., 1996).

Counts of functional gene annotations were
adjusted for the relative coverage of the metagenome
assembly, normalized for the number of genomes

present in each sample and compared using statis-
tical analysis of replicates. Overall functional
comparison based on COG categories showed statis-
tically significant differences in the key cellular
biogenesis and metabolic processes of translation,
ribosomal structure and biogenesis, secondary
metabolite biosynthesis, transport and catabolism,
replication, recombination and repair, nucleotide
transport and metabolism, as well as energy produc-
tion and conversion (Figure 2). Sponges have been
noted for their diverse secondary metabolites
(Sipkema et al., 2005), however, within the COG
category ‘secondary metabolite biosynthesis, trans-
port and catabolism’ none of the typical proteins
associated with secondary metabolite biosynthesis,
such as non-ribosomal peptide synthetases or poly-
ketide synthetase, were abundant (less than three
counts) in the C. concentrica data set, or signifi-
cantly different in number to such proteins in the
planktonic metagenome. As there is no information
available on the secondary metabolite chemistry
of C. concentrica, a correlation between the non-
ribosomal peptide synthetases and polyketide
synthetase identified in the data set and chemical
compounds cannot be established.

Mobile genetic elements and genetic transfer
The overrepresentation of the COG category replica-
tion, recombination and repair in the metagenome
of the sponge-associated bacteria is due to high
numbers of transposable insertion elements
(Figures 2 and 3). Large numbers of mobile elements
have previously been noted in the genomes of sym-
biotic bacteria (Wu et al., 2004) and are proposed to
have a crucial role in the evolution of bacterial
genomes for symbiotic relationships with their
hosts, for example, by disrupting non-required
genes or by gene re-arrangements to generate new,
required regulatory structures or pathways (Moran
and Plague, 2004). Specifically, six COGs for
transposases were more abundant in the sponge
data set (by factors of 14–213) when compared with
the planktonic data set (Figure 3 and Supplementary
Table S2). In addition, the sponge metagenome had
2732 proteins (or an average of 64 per genome
equivalent) with similarity to 378 different entries
in a hand-curated database of insertion elements
(Siguier et al., 2006). In contrast, only 47 proteins
with similarity to 34 different elements were
found in the planktonic data set (Supplementary
Figure S2).

Specific sponge bacteria (such as the one
assigned to Sphingomondales) contain one or more
specific transposase types and seem to share
transposase types with other members of the com-
munity (Supplementary Figure S1). In contrast, only
two types of transposable insertion elements
(with similarity to ISSsp2 and ISSde12) were
found with greater than two counts in both
the sponge-associated and planktonic data set
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(Supplementary Figure S2), indicating that there
might be limited transfer of these genetic elements
between the two bacterial communities. Two addi-
tional observations support this model of a genetic
barrier. First, the sponge metagenome contains a
relatively higher number of COG0610 (restriction
enzymes type I helicase) and COG1715 (restriction
endonuclease), which are both part of specific DNA
modification and restriction systems. These two
features seem to be shared between different
members of the sponge community (Supplementary
Figure S1) and might hence facilitate compatibility
and exchange of DNA. In contrast, these DNA
modification and restriction systems could func-
tion as a defence mechanism against foreign
DNA derived from outside the sponge’s bacterial
community, which would help to maintain the
integrity of the existing sponge–bacteria interaction.
Second, a 66-fold higher frequency of clustered
regularly interspaced short palindromic repeats
(CRISPRs; see Supplementary Figure S3) and
an overrepresentation of 10 TIGRFAM models

describing CRISPR-associated proteins were
observed in the sponge data set when compared
with the planktonic metagenome (Supplementary
Table S2). Together, CRISPR-associated proteins and
CRISPRs form a viral-specific defence system
(Barrangou et al., 2007). Virus titres in the ocean
are typically around 107 per ml (Suttle, 2005), and
given the water pumping rate of sponges (see above),
we estimate that sponge-associated bacteria will
be exposed to approximately 1000 viral particles
per bacterial cell per day. An effective protection
against bacteriolytic viral infection might therefore
be an essential requirement for the survival of high
cell-density, non-mobile communities, in which
viruses would quickly spread and hence cause
dramatic impact on bacterial population size.
We note that these same mechanisms could
maintain a barrier against phage-mediated gene
transfer from the surrounding planktonic commu-
nity, thereby also explaining the lack of overlap of
transposable elements between sponge and plank-
tonic communities.

Figure 2 Relative abundance of COG categories in sponge and planktonic communities. COG counts were normalized per genome
equivalent and the percentage of total counts in COG categories is presented here. Error bars indicate calculated standard variations of
replicates. Asterisks indicate Po0.05 in t-test.
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Metabolism and stress response
The characteristics described above facilitate the
persistence of a distinct bacterial community in
C. concentrica, allowing for the maintenance of
specific sponge–bacteria functional relationships.
Sponge-associated bacteria have long been specu-
lated to have evolved metabolic dependencies on
their host or specific metabolic properties suitable
for their environment (reviewed in Taylor et al.,
2007b). Four observations from our analyses support
this:

First, an overrepresentation of two key enzymes of
the vitamin B12 synthesis pathways, uroporphyr-
inogen-III synthase (COG1587) and ATP:corrinoid
adenosyltransferase/Cob(I)alamin adenosyltrans-
ferase (COG2109), indicates that members of the
C. concentrica bacterial community in the sponge
produce this essential vitamin (Figure 3). In parti-
cular, these enzymes were also found to be present
in the sponge bacteria affiliated with Sphingomon-
dales and Piscirickettsiaceae (Supplementary
Figure S1). Eukaryotes have so far not been reported
to produce vitamin B12 and need to acquire this
essential cofactor through food (Roth et al., 1996).

It has also been postulated that vitamin B12 is
acquired by some macroalgal species through trans-
fer from surface-associated, symbiotic bacteria
(Croft et al., 2005). Our results also imply that
vitamin B12 dependency in the sponge could be
satisfied by resident bacterial community members
rather than by food bacteria filtered from the
plankton.

Second, bacterial communities have recently been
shown to nitrify the ammonium that accumulates
and is being secreted by the sponge tissue of
Aplysina aerophoba (Bayer et al., 2008). Highly
regulated ammonium assimilation in the bacterial
community of C. concentrica is indicated by the
abundance of nitrogen regulatory protein PII
(COG0347), which controls the transcription of the
glutamine synthase gene (glnA) on the basis of the
ratio of glutamine to 2-ketoglutarate, and by gluta-
mate dehydrogenase (COG2902), which catalyses
the reversible deamination of L-glutamate to
2-ketoglutarate (Figure 3). The nitrogen regulatory
protein PII even occurs in multiple copies in the
partial genome of Phyllobacteriaceae and g-proto-
bacteria 1 groups (Supplementary Figure S1).

Figure 3 Abundance of specific COGs in sponge-associated and planktonic bacterial communities. COG counts were normalized
per genome equivalent and all COGs shown are statistically different between the sponge and planktonic data set (Po0.05 in t-test). Error
bars indicate calculated standard variations of replicates. Only COGs referred to in the text are presented; a complete list of all significant
different COGs is given in Supplementary Table S2.
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In contrast, asparagine synthase (glutamine-hydro-
lyzing AsnB; COG0367), which catalyses the forma-
tion of asparagine using either ammonium
or glutamine as amide donor, was found more
frequently (by a factor of 12) in the planktonic
community. This suggests that specific pathways
and regulation of assimilation are preferred in the
sponge-associated community and that assimilation
processes rather than oxidation might be important
for the ammonium utilization by the bacterial
community in C. concentrica. In addition, anaerobic
pathways such as sulphate reduction, denitrifica-
tion or anammox, which have been described in
deep-water sponge systems (Hoffmann et al., 2009;
Bruck et al., 2010), are not abundant in the
C. concentrica metagenome, which is consistent
with the thin structure of this shallow-water
sponge’s being unlikely to experience anaerobiosis.

Third, free-living, planktonic bacteria are expected
to encounter types and amounts of nutrients and ions,
different from those experienced by bacteria asso-
ciated with a host. This is reflected in differences in
the classes of transport systems found in the two data
sets, with COG 1462 (permease component of an
ABC-transporter), COG 3090 (TRAP-type C4-dicar-
boxylate transport system, small permease compo-
nent), COG 0025 (NhaP-type Naþ /Hþ and Kþ /
Hþ antiporters) and COG 2223 (Nitrate/nitrite
transporter) being overrepresented and COG0659
(Sulphate permease and related transporters, major
facilitator superfamily) being underrepresented in the
sponge’s bacterial community (Figure 3).

Fourth, the large (COG1529) and middle
(COG1319) subunits of the aerobic-type carbon
monoxide dehydrogenase were overrepresented by
a factor of greater than three in the sponge meta-
genome (Figure 3; the small subunit (COG2080) is
more abundant by a factor of 2.2, t-test, P¼ 0.047),
indicating that a portion of the sponge bacterial
community can generate reductive energy from the
oxidation of CO. Further analysis revealed that both
form I and putative form II carbon monoxide
dehydrogenase are present (King and Weber, 2007),
with no apparent preference in the sponge
or plankton data set (Supplementary Figure S4).
Lithoheterotrophy based on CO has only been
recently recognized in marine bacterioplankton
(Moran and Miller, 2007), and in this study, we
present evidence for a presence of this process in
sponge bacteria. In particular, the carbon monoxide
dehydrogenase function could be assigned to the
Phyllobacteriaceae and Sphingomondales groups
(Supplementary Figure S1), with the latter order
taxon not previously reported to possess the poten-
tial for CO oxidation activity.

Bacteria associated with a sponge are also likely
to experience greater temporal variation in their
environment, relative to planktonic bacteria, depe-
nding on the extent of water pumping, the meta-
bolic rate or the conditions of the host or other
environmental factors (Vogel, 1977). Thus, the

availability of electron acceptors and nutrients may
fluctuate substantially and the abundance of
peroxiredoxin (COG0450) and glutathione-S-trans-
ferases (COG0625) might be important factors to
control cytoplasmic redox balance and oxidative
damage caused by redox-active by-products under
these conditions (Vuilleumier, 1997; Hofmann et al.,
2002). The sponge metagenome also contains a high
count of coenzyme F390 synthetase (COG1541), an
enzyme that converts factor F420 to coenzyme F390
under aerobic conditions. Coenzyme F390 has so far
only been reported for methanogens and has been
suggested to function as a redox reporter and
response regulator (Vermeij et al., 1997). Other
genomic signatures for methanogens were absent
in the sponge data set, indicating that the role of
coenzyme F390 synthetase might not be restricted
to methanogens and could be an adaptive feature for
the redox response of sponge-associated bacteria.
In fact, in two cases (Phyllobacteriaceae and
Sphingomondales, Supplementary Figure S1), the
presence of coenzyme F390 synthetase could be
directly linked to a bacterial origin.

Bacteria–sponge interaction through repeat proteins
We observed a significant and substantial over-
representation of ankyrin repeat (AR) (by a factor
of 246±35) and TPR (by a factor of 136±24)
proteins for the sponge bacterial community (Fig-
ure 3). TPR and AR mediate protein–protein
interactions in eukaryotes and have been found
in proteins involved in various functional processes,
including transcriptional initiators, cell cycle
regulators, cytoskeleton proteins, ion transporters
and signal transducers (Blatch and Lassle, 1999;
Hryniewicz-Jankowska et al., 2002). Taxonomic
assignment of the sponge community-derived se-
quences excluded them from being derived from
potentially contaminating eukaryotes (see Material
and Methods). Further analysis of all AR and TPR
proteins against the Pfam database supported their
annotation and showed that up to 37 repeats per
protein could be found (median 6 and 3 for AR and
TPR proteins, respectively; Supplementary Figure
S5). Phylogenetic analysis of the secreted AR
proteins showed clustering with groups of predo-
minantly bacterial sequences, including the insect
endosymbiont Wolbachia (Supplementary Figure
S4). A total of 20 AR and 13 TPR proteins could be
directly linked to four of the five sponge-bacterial
groups (Supplementary Figure S1) and genomic
clustering into ‘AR/TPR islands’ was observed in
two cases (see Figure 4). The abundance of AR
proteins has been noted in the genomes of obligate
and facultative intracellular symbionts of eukaryotic
cells (Wu et al., 2004). For the sponge data set, 26
out of 121 (20.7%) and 14 out of 66 (21.1%) of the
AR and TPR proteins, respectively, have signal
peptides for extracellular secretion in Gram-negative
bacteria. This suggests that those proteins have
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functions outside the bacterial cytoplasm and most
likely interact with surrounding cells and their
proteins. AR proteins have also been recently shown
to be secreted by the intracellular pathogens
Legionella pneumophila and Coxiella burnetii and
to interfere with the microtubule-dependent vascu-
lar transport of host cells, hence blocking the normal
progression of phagocytosis (Pan et al., 2008). As
uptake of food bacteria by sponge cells is also
mediated by phagocytosis (Wehrl et al., 2007), the
sponge-specific AR and TPR proteins reported in
this study could possibly represent a mechanism by
which symbiotic bacteria avoid digestion, and could
explain the long-standing question of how food
and symbionts are discriminated by the sponge
(Wilkinson et al., 1984).

Conclusion

The specific, genomic signatures identified in this
study have hitherto not been recognized to be
involved in mediating the interactions between
bacteria and their sponge host or within the bacterial
community under the particular biological, chemi-
cal and physical conditions provided by the sponge
environment. Thus, those signatures provide insight
into the potentially specific mechanisms by which
distinct bacteria persist in the sponge in the face
of the flood of food bacteria entering the system from
the plankton, the metabolic interdependencies of
the two partners and how the relationship might
be maintained as a mutualism. Our data set also
delivers novel markers for monitoring the status of
the sponge bacterial community and hence assesses
how abundance, diversity or expression of those
functional genes affect the symbiotic relationship
between bacteria and sponges. This is particularly
important, as phylogenetic shifts in the bacterial
community composition have been correlated with
sponge disease (Webster, 2007), and in at least one
case this has been linked to temperature changes
(Webster et al., 2008). Yet, the functional changes
underpinning the breakdown of symbiosis are
completely unexplored.
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