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Sponges harbour complex communities of diverse microorganisms, which have been postulated to
form intimate symbiotic relationships with their host. Here we unravel some of these interactions by
characterising the functional features of the microbial community of the sponge Cymbastela
concentrica through a combined metagenomic and metaproteomic approach. We discover the
expression of specific transport functions for typical sponge metabolites (for example, halogenated
aromatics, dipeptides), which indicates metabolic interactions between the community and the host.
We also uncover the simultaneous performance of aerobic nitrification and anaerobic denitrification,
which would aid to remove ammonium secreted by the sponge. Our analysis also highlights the
requirement for the microbial community to respond to variable environmental conditions and
hence express an array of stress protection proteins. Molecular interactions between symbionts and
their host might also be mediated by a set of expressed eukaryotic-like proteins and cell—cell
mediators. Finally, some sponge-associated bacteria (for example, a Phyllobacteriaceae phylotype)
appear to undergo an evolutionary adaptation process to the sponge environment as evidenced by
active mobile genetic elements. Our data clearly show that a combined metaproteogenomic
approach can provide novel information on the activities, physiology and interactions of sponge-

associated microbial communities.
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Introduction

Marine sponges represent a significant component of
the marine, benthic communities throughout the
world. Sponges harbour diverse communities of
microorganisms, which often form stable and specific
associations with their symbiotic host (Taylor et al.,
2007; Webster et al., 2008; Zhu et al., 2008). While
much progress has been made over the past decade in
defining the phylogenetic diversity and patterns of
sponge-associated microbial communities (Taylor
et al., 2007; Webster and Taylor, 2011), information
on the function of individual symbionts or the
microbial community as a whole is limited.
Examples where specific members have been
assigned functional roles include cyanobacterial
symbionts, which can provide photosynthetically
fixed carbon to the sponge host (Wilkinson, 1983)
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and the bacterial production of biologically active
metabolites that may play a role in host defence
(Unson et al.,, 1994; Schmidt et al., 2000). The
processes of nitrification/denitrification and anaero-
bic ammonium oxidation (anammox) have been well
investigated in the sponges Geodia barretti (Hoff-
mann et al., 2009b), Dysidea avara and Chondrosia
reniformis (Schlappy et al., 2010) using stable isotope
experiments. In addition, by the identification of 16S
rRNA gene sequences, the anammox process was
putatively linked to planctomycetes in a reef sponge
(Mohamed et al., 2010). These approaches require,
however, an a priori knowledge of the processes
performed in the sponge holobiont or the establish-
ment of an irrevocable link between microbial
phylogeny and function. Combining these limitations
with the inherent difficulty of culturing (potentially
obligate) symbionts has left the field of sponge
microbiology with a rudimentary understanding of
the ecological functions of sponge-associated micro-
organisms and the nature of host-symbiont interac-
tions (Webster and Blackall, 2008).

The whole-community approaches of metage-
nomics, metatranscriptomics and metaproteomics
provide a promising avenue to explore the func-
tion of uncultured organisms and for substantially
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advancing the field of sponge-microorganism sym-
biosis research. For example, our recent study using
metagenomics on the microbial community asso-
ciated with the sponge Cymbastela concentrica led
to the recognition of many novel genomic markers
that may provide specific mechanisms for bacteria to
persist within and interact with their sponge host
(Thomas et al., 2010). To further explore the genetic
potential offered by metagenomic data sets, meta-
proteomics is being increasingly employed to de-
scribe the expressed protein profile of microbial
communities. Low-diversity microbial systems, such
as those of acid mine drainage (Ram et al., 2005) and
lake water from Antarctica (Ng et al., 2010), and also
more complex systems in waste water sludge
(Wilmes et al., 2008), the human microbiome (Chen
et al., 2008), the hindgut microbiome (Burnum et al.,
2011) and open ocean (Sowell et al., 2009, 2011;
Morris et al., 2010) have been studied in this way.
For these systems, the combination of high-through-
put protein mass spectrometry with extensive meta-
genomic data sets has provided novel and direct
insights into functions expressed by microorganisms.

To further our understanding of microbial func-
tions in sponges, we report here an integrated
approach of using metagenome sequencing and
metaproteomics on the microbial community asso-
ciated with C. concentrica, an abundant marine
sponge found in shallow, temperate waters of
the Australian east coast. This sponge contains
a stable and diverse microbial community, with
predominantly uncultured phylotypes belonging
to the Gammaproteobacteria, Phyllobacteriaceae,
Sphingomondales, Piscirickettsiaceae and Delta-
proteobacteria among others (Thomas et al., 2010).
We show in the microbial community the expres-
sion of transport functions relevant to host-derived
nutrients, aerobic and anaerobic metabolism, stress
responses for the adaptation to variable conditions
inside the sponge, as well as proteins that could
facilitate a direct molecular interaction between
the symbionts and the host. Our data also reveal
specific protein expression by a Phyllobacteriaceae
bacterium and a Nitrosopumilus-like crenarchaeon,
thus linking particular functions to uncultured

phylotypes.

Materials and methods

Sampling, cell separation and preparation

Triplicate samples of C. concentrica were collected
by SCUBA diving from Botany Bay, near Bare Island,
Sydney, Australia (S 33.59.461; E 151.13.946) at
1000 hours on 15 September 2009. Sponges were
directly transferred upon surfacing into sterile
calcium- and magnesium-free seawater with pro-
tease inhibitor and transported on ice back to the
laboratory (15min drive) for direct processing
(see Supplementary Information for details). The
microbial fraction was collected from each sponge

The ISME Journal

sample through a series of centrifugation and
filtration steps (see Supplementary Information
for details). Three microbial cell pellets were
collect separately and kept at —80°C till further
extraction.

DNA was extracted from the cell pellets according
to the procedure previously described in Thomas
et al. (2010). For protein preparation, each cell pellet
from the triplicate samples was processed sepa-
rately through a one-dimensional sodium dodecyl
sulphate-polyacrylamide gel electrophoresis gel and
the sample lane was sliced into 12 fractions. Protein
fractions were reduced, alkylated and digested over-
night with trypsin (see Supplementary Information
for details).

DNA sequencing, assembly and functional annotation
Extracted microbial DNA for each biological triplicate
was sequenced separately using the Roche 454
Titanium platform at the ]. Craig Venter Institute
(Rockville, MD, USA) and used for the generation of
metagenomic data sets to accompany the metapro-
teome analysis in this study. For functional annota-
tion, protein sequences were searched against the
Clusters of Orthologous Group (COG) (Tatusov et al.,
2003), the Pfam database for protein families (Finn
et al., 2010) and CDD for conserved protein domains
(Marchler-Bauer et al., 2011). A subsystem-based
approach to genome annotations as implemented in
the SEED platform was also utilized to help reveal
metabolic pathways (Overbeek et al, 2005). The
details of sequencing assembly and functional anno-
tation are outlined in the Supplementary Informa-
tion. The shotgun sequencing is available through the
Community Cyberinfrastructure for Advanced Marine
Microbial Ecology Research and Analysis (CAMERA)
website (http://camera.calit2.net/) under project
accession ‘CAM_PROJ_BotanyBay’.

High-performance liquid chromatography, mass
spectrometry and data analysis
The digested peptides of each biological replicate
were analysed by online nano-liquid chromatogra-
phy-tandem mass spectrometry on an LTQ FT Ultra
(Thermo Electron, Karlsruhe, Germany). Each pep-
tide sample was subjected to three separate liquid
chromatography—tandem mass spectrometry ana-
lyses and this resulted in a total of 108 sample runs
(3 sponge samples, 12 slices per sample and 3 runs
per sliced sample) (see Supplementary Information
for details). Peak lists of these samples were
generated using Mascot Daemon/extract_msn
(Matrix Science, Thermo, London, UK) using the
default parameters (version 2.3; Matrix Science).
All 108 spectrometry spectra were analysed
using Mascot (version 2.3; Matrix Science), Sequest
(Thermo Fischer Scientific, San Jose, CA, USA,;
version 1.0.43.0) and X! Tandem (The GPM,
thegpm.org; version 2007.01.01.1) with an ion mass
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tolerance of 0.40Da and a parent ion tolerance of
4.0p.p.m. against the metagenomic database (Sup-
plementary Information for details). Sequest searches
were performed with a fragment ion mass tolerance
of 0.50Da and a parent ion tolerance of 3.0 p.p.m.

Spectra for each sponge sample were pooled
together (36 spectra per sample) and loaded
into Scaffold (version Scaffold 2 00_05; Proteome
Software Inc., Portland, OR, USA) as categorical
samples for analysis. Peptide and protein identi-
fications were performed as outlined in the
Supplementary Information and resulted in a false
discovery rate, as estimated by searches against a
decoy database, of below 1%.

Mass spectrometry spectra for the metaproteomic
analysis are available through the PRIDE database
(www.ebi.ac.uk/pride; accession numbers: 20959—
20969) and raw peptide identifications are given in
Supplementary Table S3.

Phylogenetic analysis of 16S rRNA genes and a
crenarchaeal ammonia monooxygenase subunit-o.

The 16S rRNA gene sequence of the Phyllobacter-
iaceae phylotype was taken from the previously
classified partial genome from C. concentrica
(Thomas et al., 2010), which was also found in
the current metagenomic data set. The 16S and
a-subunit of the ammonia monooxygenase (AmoA)
sequence for the Nitrosopumilus-like crenarchaeon
was extracted from the current metagenomic contigs.
Phylogenetic analysis of both genes is described in
the Supplementary Information.

Localisation of the Phyllobacteriaceae phylotype

To localise the Phyllobacteriaceae bacterium in the
sponge tissue, fresh C. concentrica samples were
collected (as above) and rinsed with calcium- and
magnesium-free seawater and immediately trans-
ferred to 15% sucrose solution. The specimens were
then transferred back to the laboratory on ice within
1h. Fluorescence in situ hybridization was per-
formed as described in Liu et al. (2011) and in the
Supplementary Information with a validated probe
targeting the Phyllobacteriaceae phylotype.

Reconstruction of partial genomes and comparative
genomics

Assembly and binning of Sanger-shotgun sequen-
cing data from the metagenome of C. concentrica
allowed for the reconstruction of five partial
genomes from distinct bacterial lineages based
on the binning of the tetranucleotide patterns
(assigned to the Phyllobacteriaceae, Piscirickettsia-
ceae, Gammaproteobacteria, Sphingomondales and
Deltaproteobacteria) (Thomas et al., 2010). These
partial genomes were further expanded by binning
of the current pyrosequencing data using PhymmBL
(Brady and Salzberg, 2009). We searched all the
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Figure 1 Venn diagram showing the distribution of proteins iden-
tified across three sponge samples. S, biological sample replicate.

proteins identified in the metaproteome against the
five partial genomes using both protein similarity
and contig classification (see Supplementary Infor-
mation for details).

Statistical, pairwise comparison of the COG
category profile and individual COGs between the
proteome and partial genome data were performed
by re-sampling (n=1000) of COG subsamples
(n=160) as outlined in Lauro et al. (2009).

Results and discussion

Overview of metaproteogenomic data

Sequencing of DNA extracted from the microbial
communities associated with three samples of
C. concentrica resulted in a total of 2.8 million
unique sequencing reads, which assembled into
988317 contigs or singletons bigger than 100nt.
Of those, 687588 passed a filtering procedure for
eukaryotic contamination. For each of the three sponge
samples, we identified 342235, 550559 and 555 480
proteins, respectively, of which an average 235 288,
208 852, 209592 and 284549 could be annotated
to CDD, COG, PFAM and SEED, respectively (see
Supplementary Table S2).

The three proteomic data sets had a total of 765
non-redundant proteins identified from 5275 pep-
tide fragments. Taxonomic analysis indicated that
139 proteins were possibly from eukaryotic origin
leaving 626 proteins for further functional charac-
terization. Of these, 367, 364 and 395 proteins were
found in each of the three individual C. concentrica
samples and 186 proteins were common to all three
samples (Figure 1) (see Supplementary Table S1).
Protein sequences were annotated and clustered
together into functional categories. This showed that
the expressed proteins in the sponge contained a
substantial number of proteins (34%) with no
assignment, or of hypothetical nature, suggesting
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Figure 2 Relative abundance of COG categories in sponge-associated microbial community based on metaproteome and metagenome data.
COG counts were normalized and percentage of total counts in each COG categories is presented here. The error bars show calculated
standard variation of triplicate samples and *indicate a statistical significant with a P-value <0.05 in a t-test.

the presence of many unrecognized functions in the
sponge’s microbial community.

To further compare the expressed functional
profile of the microbial communities with their
underlying genetic potential, we analysed the meta-
proteomic and metagenomic data sets based on COG
functional categories (Figure 2). Specific COGs that
were relatively over-represented in the metaproteome
included carbohydrate transport and metabolism,
post-translational modification, protein turnover,
chaperone functions and signal transduction. A
relative under-representation was observed for func-
tional groups associated with coenzyme transport
and metabolism, transcription, translation, replica-
tion recombination and repair, when compared
against the metagenome data set. Further analysis at
the individual COG level indicated an abundance
(both in terms of proteins and peptides detected) of
chaperonin GroEL (HSP60 family) (COG0459), an
array of specific transporters (COG0747, COG0834,
COG4663, COGO683, COG1653), dehydrogenases
with different specificities, FabG (COG1028) and
outer membrane receptor proteins CirA and OmpA
(COG1629, COG2885) (Figure 3). Analysis of these
specific functions within each functional category
allowed us to specify physiological properties and
activities of the sponge’s microbial community.

Active transport systems involved in nutrient
acquisition

The sponge-associated community showed an abun-
dant expression of high-affinity and broad-specificity
uptake systems, like ATP-binding cassette (ABC)
transporters and tripartite ATP-independent periplas-
mic (TRAP) transporters. The most abundant trans-
porter components detected in the metaproteome
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were periplasmic substrate-binding domains asso-
ciated with ABC transporters, in particular for amino
acids. DppA (COG0747) (Figure 3) is the substrate-
binding component of the DppABCDEF dipeptide
transport system, which has been demonstrated to
transport proline-containing dipeptides (Olson et al.,
1991). Proline-containing dipeptides have been pre-
viously isolated from marine sponges (Liu et al.,
2009), however, the exact production source (sponge
or symbiont) is not known. Nevertheless, DppA-type
transporters were not noted to be abundant in the
metaproteome of planktonic bacteria (Sowell et al.,
2009, 2011), highlighting clear nutritional differences
in the free-living and sponge-associated environment.
Dipeptide transporters of the DppA type have also
been found to be capable of transporting heme and
the heme precursor (Letoffe et al., 2006), indicating
the potential scavenging of these iron-containing
compounds from the surrounding or the sponge host.
Other abundant proteins detected were His] and
LivK, which are the periplasmic components of the
high-affinity histidine- and leucine-specific transport
system, respectively.

The over-representation of the COG category
carbohydrate transport and metabolism (Figure 2) is
mainly due to a high number of proteins associated
with the glycerol-3-P ABC-type transporter UgpB
(COG1653) and the TRAP system DctP (COG1638).
The UgpB is the periplasmic binding protein of the
glycerol-3-phosphate uptake system (Brzoska et al.,
1994), which transports glycerol-3-phosphate for use
as a carbon source and/or phosphate source. How-
ever, glycerol-3-phosphate uptake through the Ugp
system is not able to supply enough carbon for
bacterial growth, but instead increases the internal
phosphate concentration (Boos, 1998). Therefore,
the Ugp system is ideally geared for scavenging
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Figure 3 Abundance of specific COGs in sponge-associated microbial metaproteome. Grey bars indicated the absolute counts on the
protein level and black bars represent the absolute counts on the peptide level.

phosphate-containing compounds (Boos, 1998). The
DctP system is well characterized in Rhodobacter
capsulatus (Forward et al., 1997) and has also been
found in Wolinella succinogenes (Ullmann et al.,
2000), where it is responsible for the transport of the
C4-dicarboxylates fumarate and malate (Ullmann
et al.,, 2000). Structurally, the known TRAP sub-
strates are united by the presence of a carboxylate
group and this means that many hundreds of organic
acids could be potentially transported by the system
(Mulligan et al., 2011). Large numbers of evolutio-
narily diverse TRAP transporters have been found in
marine environments, especially in the SAR11 clade
(Morris et al., 2002), and this suggests an important
role in the transport of diverse substrates.

Another TRAP transporter expressed in the
sponge-associated community belongs to the FcbT1
type, which has been shown in Comamonas sp.
DJ-12 to transport halogenated, aromatic substrates,
such as 4-chlorobenzoate (Chae et al., 2000). The
genetic organization for this TRAP transporter is an
operon-encoding enzyme responsible for hydrolytic
dechlorination of 4-chlorobenzoate, which can be
further metabolized to succinyl-CoA and acetyl-CoA
(Nichols and Harwood, 1995). The fcbT genes can

also be induced by benzoate derivatives, like 4-bromo-
benzoate, indicating a wider potential substrate
range of aromatic compounds (Chae et al., 2000).
Marine holobionts, including algae (Pedersen et al.,
1974), jellyfish (White and Hager, 1977), poly-
chaetes (Ashworth and Cormier, 1967) and sponges
(Schmitz and Gopichand, 1978) have been recog-
nized as a rich source of naturally occurring
halogenated compounds, many of which have
antibiotic or antagonistic activities. A number of
sponge species, such as Psammopemma sp., Psam-
maplysilla purpurea, Aplysina aerophoba and Dysi-
dea herbacea, produce brominated aromatic
metabolites, including bromoindoles, bromophenol,
polybrominated diphenyl ethers and dibromodibenzo
-p-dioxins (Norte et al., 1988; Ebel et al., 1997;
Gribble, 1999; Utkina et al., 2001). These observa-
tions are therefore consistent with the uptake of
halogenated aromatic compounds by the sponge’s
symbionts. Alternatively, the bidirectional nature of
TRAP transporters (Poolman and Konings, 1993)
could facilitate export, making the symbionts the
actual producers of the halogenated aromatics.
Whichever way, our data show an intimate symbio-
tic relationship of the sponge with its symbionts
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through the transport of halogenated aromatic
compounds.

TonB-dependent transporters were also expressed
by the sponge-associated microbial community
and this has also been observed for the microbial
membrane metaproteome of samples from the South
Atlantic (Morris et al, 2010). Specifically, we
detected the outer membrane receptor proteins CirA
and OmpA, which utilize a proton motive force to
transport nutrients across the outer membrane of
Gram-negative bacteria. Genome studies on bacter-
ioplankton have revealed TonB-dependent transpor-
ters to be enriched among marine bacterial species
(Giovannoni and Stingl, 2007). The transport activ-
ities of TonB-dependent transporters were thought to
be restricted to iron complexes (siderophores) and
vitamin B12 (cobalamin), but recent experimental
and bioinformatic studies indicate that nickel, cobalt,
copper, maltodextrins, sucrose, thiamin and chito-
oligosaccharides are also suitable substrates (Schauer
et al., 2008).

Overall, the sponge-associated community clearly
expressed a large number of transporters for the
acquisition of various substrates, and in this respect
behaved similar to the planktonic, bacterial commu-
nities from oligotrophic open oceans and productive
coastal ecosystems (Sowell et al., 2009, 2011; Morris
et al., 2010). Despite these broad similarities, there
were clear differences in transport (for example,
dipeptides, halogenated aromatics) that reflect the
nutrients specific for the microhabitats of the sponge.

Stress response

The abundance of expressed proteins associated
with post-translational modification, protein turn-
over and chaperone functions (Figure 2) reflected a
high number of chaperone proteins GroEL (HSP60,
COG0459), membrane proteases HfIC (COG0330)
and DnaK (COGO0443). These chaperones and pro-
teases are essential for the elimination of denatured
or damaged proteins, which could result from stress
conditions, such as temperature shifts, osmotic
pressure, presence of reactive oxygen species and
toxic compounds. In addition, the peptide methio-
nine sulphoxide reductase MsrA, which repairs
proteins that have been inactivated by oxidation
(Ezraty et al., 2005), is expressed. We also detected a
number of proteins that are annotated to be heme-
dependent peroxidases as well as the superoxide
dismutase SodA, which eliminates harmful oxida-
tion products like hydrogen peroxide (Perry et al.,
2010). In addition, peroxiredoxin (COGO0450) and
glutathione-S-transferases (COG0625) were ex-
pressed and these proteins might be important to
control cytoplasmic redox balance (Vuilleumier,
1997; Hofmann et al., 2002). The choline dehydro-
genase BetA was also detected, which catalyzes the
oxidation of choline to glycine betaine (Landfald
and Strom, 1986). Betaines are potent and frequently
used osmolytes that ensure osmotic balance in the
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cytoplasm and their production are often induced
by osmotic stress.

Stress-related functions have previously been
noted to be abundant in the genomes of bacteria
associated with C. concentrica, when compared
with planktonic bacteria of the surrounding water
(Thomas et al., 2010). The cycling pumping activity
of sponges (Vogel, 1977) and steep local gradients
(Hoffmann et al., 2009a) would expose bacteria to
variable environmental conditions, in terms of
availability of nutrients and electron acceptors (for
example, oxygen), and here we show that symbionts
of C. concentrica are indeed dealing with such
fluctuations in an evolutionary (abundance of genes)
and physiological way (expression of those genes).

Metabolism

The nitrogen metabolism of bacterial and archaeal
symbionts is closely linked to the sponge host, which
secretes and accumulates ammonium (Taylor et al.,
2007; Bayer et al., 2008; Hoffmann et al., 2009b;
Schlappy et al., 2010). It is therefore not surprising
that we detected the expression of the ammonia
monooxygenase membrane-bound subunits § and y
(AmoB and C) and an ammonia transporter (AmtB) in
the microbial community of C. concentrica (see
Supplementary Table S1). Both sequences were most
closely related (BlastN identity: 92%) to those of the
marine crenarchaeon Nitrosopumilus maritimus
(Walker et al, 2010). The genes encoding AmoB
and C were adjacent and orientated in opposite
transcriptional directions on a contig of the
C. concentrica metagenome (Supplementary Figure
S1a). The contig also contains a gene for the
a-subunit (amoA) and has overall striking synteny
with a genomic region of N. maritimus (Supplemen-
tary Figure S1a, b). Phylogenetic analysis of AmoA
further confirmed the close relationship with
N. maritimus (see Supplementary Figure 2). Interest-
ingly, putative nitric oxide reductase subunits (NorQ
and NorD) are also encoded in the genomic region
(Supplementary Figure S1a, b) and might have a
particular role in determining tolerance to nitric
oxides under limiting oxygen concentrations or to
allow for the use of nitrous oxide as an alternative
electron acceptor (Schmidt and Bock, 1997).

N. maritimus belongs in the Cla-a subgroup of the
crenarchaeal Marine Group I, which contains many
sequences obtained from sponges and plankton
(Holmes and Blanch, 2007). To further define the
phylogeny for the Nitrosopumilus-like crenarchaeon
in C. concentrica, we identified a 16S rRNA gene
sequence in a metagenomic contig (Supplementary
Figure Si1c) and constructed its phylogeny with
other selected Group Cla-a members. This
C. concentrica-derived crenarchaeal sequence clus-
tered with a mix of 16S rRNA sequences from
sponge symbionts and free-living archaea (see
Supplementary Figure 3). Taken together, our data
show that aerobic nitrification and transport of



ammonia are active in C. concentrica and that those
functions are being carried out by a Nitrosopumilus-
like crenarchaeon, which is a representative of
common symbiotic and planktonic archaea. These
results also indicate that members of this nitrifying,
archaeal clade might exist in either a host-associated
or a free-living form, which could explain why
crenarchaeal sequences were not detected in a
previous metagenomic analysis of C. concentrica
(Thomas et al., 2010).

Given that both aerobic and anaerobic conditions
might exist within microhabitats of the sponge tissue,
we queried our metaproteomic data set for functions
related to anaerobiosis. We found the expression of
proteins annotated to COG0076 (glutamate decarboxy-
lase and related pyridoxal 5-phosphate-dependent
proteins) (Supplementary Table S1), which is part of
the glutamate-dependent acid resistance systems
(AR2). The AR2 system protects cells during anaero-
bic phosphate starvation, when glutamate is available,
by preventing damage from weak acids produced
from carbohydrate fermentation. Although no pro-
teins directly associated with carbohydrate fermenta-
tion were detected, acetoacetate decarboxylase was
expressed (Supplementary Table S1), which is in-
volved in the solventogenesis of the typical fermenta-
tion products butyric and acetic acid into acetone and
butanol (Schaffer et al., 2002). Anaerobic degradation
of amines and polyamines may also occur as we
detected the expression of crotonobetainyl-CoA hy-
dratase (CaiD) (COG1024) (Supplementary Table S1),
which is part of the carnitine degradation pathway
(Elssner et al., 2001). In Escherichia coli, this pathway,
which includes the dehydration and reduction of
L-carnitine to y-butyrobetaine, is induced during
anaerobic growth. The carnitine pathway has also
been found to generate the osmoprotectant betaine
during anaerobic respiration (Kleber, 1997; Preusser
et al., 1999; Elssner et al., 2001). Recent analysis
of the anaerobic carnitine reduction in E. coli
has also shown that the electron transfer of flavo-
proteins FixA and FixB are necessary for the transfer
of electrons to crotonobetaine reductase (CaiA)
(Walt and Kahn, 2002) and we found FixA expressed
in the sponge community (Supplementary Table S1).
Taken together, our data show the existence of both
aerobic and anaerobic metabolism in the sponges and
future work could target the exact localisation of these
processes.

Molecular symbiont-host interactions

A substantial over-representation of ankyrin repeat
(AR) and tetratricopeptide proteins was observed in
our recent metagenomic study of the bacterial
communities associated with C. concentrica (Tho-
mas et al., 2010) and the genes for these eukaryotic-
like proteins also clustered in the genome of an
uncultured, deltaproteobacterial symbiont of the
same sponge (Liu et al., 2011). Genes encoding AR
proteins have been reported to be abundant in the
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genomes of obligate and facultative symbionts, such
as Wolbachia pipientis (Iturbe-Ormaetxe et al.,
2005), Ehrlichia canis (Mavromatis et al., 2006),
Legionella pneumophila (Habyarimana et al., 2008)
and Coxiella butnetii (Voth et al., 2009), and might
play a role in mediating host-bacteria associations.
This has been highlighted recently by a mutant
study of L. pneumophila, which showed that certain
AR proteins are controlling its intracellular replica-
tion within the amoebal host (Habyarimana et al.,
2008). An AR protein (COG0666) and tetratricopep-
tide protein (PFAMO00515) were found in the
metaproteomic data set (Supplementary Table S1),
showing that sponge-associated microorganisms
indeed express those proteins, potentially for med-
iating interactions with the sponge host, as was
proposed previously (Thomas et al., 2010). Other
proteins with roles in bacteria—eukaryote inter-
actions were also expressed, including proteins
with Hep/Hag domains (Supplementary Table S1).
This seven-residue repeat domain of Hep/Hag is
contained in the majority of the sequences of
bacterial hemagglutinins and invasins. The adhesin
YadA was also detected in the metaproteome and
this protein has been shown to be responsible for
phagocytosis resistance (Nummelin et al., 2004).
Sponges are filter feeders, and the presence of such
eukaryotic-like proteins and bacteria—eukaryote
mediators suggests that sponge symbionts might
use these proteins to escape phagocytosis and/ or
control their symbiotic relationship with their hosts.

Linking phylotype to function-expression profiling of
an uncultured Phyllobacteriaceae

Binning of our previous sequencing data for the
metagenome of C. concentrica (Thomas et al., 2010)
and our current pyrosequencing data set allowed
for the reconstruction of partial genomes of five
uncultured sponge symbiont, that is, phylotypes
belonging to the Phyllobacteriaceae, Piscirickettsia-
ceae, Gammaproteobacteria, Sphingomondales and
Deltaproteobacteria (Thomas et al., 2010) (see also
Materials and methods section). We could confi-
dently assign 65 proteins to the Phyllobacteriaceae
genome, 17 to Piscirickettsiaceae, 15 to Gammapro-
teobacteria, one to Sphingomondales and one to
Deltaproteobacteria. As the numbers of hits against
the Phyllobacteriaceae genome was the highest, we
further investigated its expression profile and
genomic features.

Detailed phylogenetic analysis (see Materials and
methods section) revealed that the 16S rRNA gene
sequence within the Phyllobacteriaceae partial
genome forms, together with two sequences pre-
viously amplified from C. concentrica (AY942778
and AY942764), a distinct clade that is deeply
branched within the Phyllobacteriaceae family (see
Supplementary Figure S4). A large majority of
members of the Phyllobacteriaceae are plant asso-
ciated and have been well studied for their potential
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to promote plant growth (Mantelin et al., 2006).
They also occupy diverse habitats, such as soil
(Jurado et al., 2005), water (Mergaert et al., 2001)
and unicellular organisms (Alavi et al., 2001),
suggesting a remarkable adaptive capacity to the
environment. The sponge sequences of this study
are also related to nitrogen-fixing Mesorhizobium
species and denitrifying Nitratireductor species
(Labbe et al., 2004), which could imply that the

a
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Phyllobacteriaceae phylotype in C. concentrica is
potentially involved in nitrogen metabolism.

We compared the proteome assigned to the
Phyllobacteriaceae phylotype with its partial gen-
ome and found over- and under-representation of
functional COG categories (Figure 4a) similar to the
overall metaproteome and metagenome comparison
(Figure 2). Again COG categories of amino-
acid transport and metabolism, post-translational
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Figure 4 Comparison between expressed proteome and partial genome of the Phyllobacteriaceae phylotype on the level of
COG categories (a) and COG level (b). Black and grey bars represent over- and under-representation, respectively, of identified proteins.
The x axis displays the median value with significant cutoff value of —1 and 1.
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modification, protein turnover, chaperone functions
and signal transduction were over-represented in
the expressed proteome data (Figure 4a). At the
individual COG level, specific transport functions
were over-represented (Figure 4b), with both ABC-
and TRAP-type transporters being expressed. Of
particular interest was the ABC-type nitrate/sulpho-
nate/bicarbonate transport systems TauA, which can
import nitrate across the cell membrane. A nitrate
reductase gene cluster (narG, narH, narl and narY)
was present in the partial genome of the Phyllobac-
teriaceae phylotype highlighting its potential for
denitrification, however, the expressed proteins
nitrate reductase NarG and NarY in our metapro-
teome data set (see Supplementary Table S1) could
not be unambiguously assigned to this organism.
Nevertheless, the proteomic data suggest that deni-
trification is actively expressed in the microbial
community of C. concentrica and most likely take
place in the anaerobic, inner part of the sponge
(Hoffmann et al., 2008). We therefore investigated
the physical location of the Phyllobacteriaceae
phylotype by fluorescence in situ hybridization.
No fluorescence in situ hybridization signal was
observed near the outer surface of the sponge and
the Phyllobacteriaceae phylotype was found to
reside within the mesohyl, mainly near the cham-
bers, where feeding takes place in sponges (see
Supplementary Figure S5).

We also assigned an expressed transposase gene to
this Phyllobacteriaceae phylotype and its chromoso-
mal location was flanked by two genes associated
with lipid metabolism (cyclopropane-fatty-acyl-phos-
pholipid synthase and acyl-CoA dehydrogenase)
(data not shown). Transposons and transposase were
found to be abundant in the metagenome of C.
concentrica and speculated to be an important part of
the genomic adaptation process towards a symbiotic
relationship between bacteria and host (Thomas
et al., 2010). Our observation shows that the trans-
posase function is still active and that the transposase
genes are not all just remnants of past events of intra-
or intercellular horizontal gene transfer.

Conclusion

Our analysis has provided new insights into the
activities of sponge-associated microbial commu-
nities, and for the Phyllobacteriaceae phylotype has
offered a clear link between uncultivated phylotypes
and functions. For the first time, specific transport
functions for typical sponge metabolites (for example,
halogenated aromatics, dipeptides) could be identi-
fied. While the coexistence of aerobic and anaerobic
phases of the nitrogen cycles has been previously
observed for another sponge system (Hoffmann et al.,
2009b), here we link those functions to specific,
expressed proteins and phylotypes in C. concentrica.
Our analysis also indicated the requirement for
the microbial community to respond to variable

Metaproteomics of sponge bacteria
M Liu et al

environmental conditions and hence express an array
of stress protection proteins. Finally, molecular
interactions between symbionts and their host might
also be mediated by a set of expressed eukaryotic-like
proteins and cell-cell mediators, and some sponge-
associated bacteria (for example, the Phyllobacteria-
ceae phylotype) may be undergoing evolutionary
adaptation process to the sponge environment, as
evidenced by active mobile genetic elements.

Our data have clearly shown that a combined
metaproteogenomic approach can provide novel
information on the activities and physiology of
sponge-associated, microbial communities. We be-
lieve that this approach will not only be useful to
further our understanding of the enormous micro-
bial diversity found in sponges around the world,
but also to investigate the functional behaviour of
symbiont communities in response to environmen-
tal change or host physiology (Webster et al., 2008).
These observations will be crucial to understand the
dynamic and complex interactions between sponges
and their associated microbial symbionts.
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