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Functional genomic analysis of an uncultured
d-proteobacterium in the sponge
Cymbastela concentrica
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Marine sponges are ancient, sessile, filter-feeding metazoans, which represent a significant
component of the benthic communities throughout the world. Sponges harbor a remarkable
diversity of bacteria, however, little is known about the functional properties of such bacterial
symbionts. In this study, we present the genomic and functional characterization of an uncultured
d-proteobacterium associated with the sponge Cymbastela concentrica. We show that this organism
represents a novel phylogenetic clade and propose that it lives in association with a
cyanobacterium. We also provide an overview of the predicted functional and ecological properties
of this d-proteobacterium, and discuss its complex interactions with surrounding cells and milieu,
including traits of cell attachment, nutrient transport and protein–protein interactions.
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Introduction

Sponges are ancient, sessile, filter-feeding metazo-
ans, which represent a significant component of
marine, benthic communities throughout the world.
Despite their simple body plan, they are remarkably
efficient in obtaining food by pumping surrounding
seawater through a specialized canal system. Stu-
dies have estimated that as much as 24 000 l of water
can be pumped though a kilogram of sponge on a
daily basis and that the filtering system used by
the sponge leaves the expelled water essentially
sterile (Reiswig, 1971, 1974; Turon et al., 1997).
Despite this process, sponges also host permanently
a large number of microorganisms in their body,
which can contribute up to 60% of the total sponge
biomass (Wilkinson, 1978; Hentschel et al., 2006).
These sponge-associated bacteria cover a remarkable
diversity across major bacterial and archaeal phyla,
and some clades found in sponges represent
host-specific groups of bacteria (Taylor et al., 2007;
Webster et al., 2008; Zhu et al., 2008). The inter-
actions between sponges and microorganisms have
been postulated to range from mutualism to com-
mensalism and parasitism, however, little is under-
stood regarding the exact nature of the symbiosis or

the functional role played by certain groups of
bacteria within the sponge (Webster and Blackall,
2008). One of the major limitations for our under-
standing of sponge–microorganism interactions
is the inherent difficulty of culturing symbiotic
bacteria. For most sponges the dominant or represen-
tative members are not available for further analysis.

We have recently applied whole-environment
shotgun sequencing to characterize the bacterial
community of the sponge Cymbastela concentrica,
an abundant sponge species in shallow, temperate
waters along the Australian east coast (Thomas
et al., 2010). This metagenomic study has revealed
previously unrecognized genomic signatures and
functions of sponge bacteria including defense
mechanisms against the introduction of foreign
DNA, metabolic interactions with the host through
vitamin production, nutrient transport and utiliza-
tion, redox sensing and response, as well as protein–
protein interactions mediated through ankyrin and
tetratricopeptide repeat (TPR) proteins. In our
metagenomic data set, we also discovered a diver-
gent 16S ribosomal RNA (rRNA) gene sequence that
belongs to the d-proteobacteria class. To understand
the functional characteristics of this novel organism
and how these relate to sponge–bacteria inter-
actions, a detailed genomic analysis and determina-
tion of cellular localization are presented here. We
show that this organism represents a novel clade
and that it lives within the sponge in association
with a putative cyanobacterium. The predicted
properties of the partial d-proteobacterial genome
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indicate complex interactions with surrounding
cells and their environment as reflected in traits
for cell attachment, nutrient transport and protein–
protein interactions.

Materials and methods

Phylogenetic analysis
The initial taxonomic classification of the d-proteo-
bacterial 16S rRNA gene sequence was carried out
using the Bayesian classifier algorithm with default
parameters at the Ribosomal Database Project (Wang
et al., 2007; Cole et al., 2009). The nearest-neighbor
sequences (both for uncultured and isolated repre-
sentatives) of the d-proteobacterial 16S rRNA gene
sequence were extracted from the Ribosomal Data-
base Project version 10 using the seqmatch function
and then aligned using the SINA web aligner
(Pruesse et al., 2007). A phylogenetic tree was
constructed using the maximum likelihood algo-
rithm with near full-length 16S rRNA gene se-
quences (41200nt) in the ARB software package
(Ludwig et al., 2004). To avoid the use of highly
variable regions for comparisons, a positional
variability-by-parsimony mask (pos_var_Bacter-
ia_94) and a user-specific end mask were used
resulting in the comparison of 1178 nucleotides in
the tree construction. An uncultured euryarchaeote sp.
(Genbank Accession: AB077227) was used as an
outgroup in the tree construction.

Genomic reconstruction and comparative genomics
The partial genome of the d-proteobacterial species
was re-constructed by binning of shotgun-sequen-
cing data from the bacterial community of the
sponge C. concentrica (Thomas et al., 2010). Binning
of scaffolds with 420 kb sequence was done
according to a modification of the strategy out-
lined by Woyke et al. (2006) and Thomas et al.
(2010) and is further described in the Supple-
mentary Information.

For comparative analysis, the complete and
annotated genome sequences of the species Bdello-
vibrio bacteriovorus strain HD100 (3587 open read-
ing frames (ORFs)) (Rendulic et al., 2004) and
Desulfurmonas acetoxidans DSM 684 (3234 ORFs)
(unpublished) were downloaded from National
Center for Biotechnology Information. The com-
plete, predicted protein sets of these two organisms
and the partial protein data set for the sponge
d-proteobacterium were searched with blastP
(E-value o10e�5) against the Cluster of Orthologous
Groups of proteins (COG) database (Tatusov et al.,
2003). Proteins with at least 30% identity to an entry
were then classified into specific COGs and COG
categories. Statistical, pairwise, comparison of the
COG profile between the sponge d-proteobacterium,
B. bacteriovorus and D. acetoxidans was performed
by resampling (n¼ 1000) of COG subsamples

(n¼ 300) as outlined in Lauro et al. (2009). MEGAN
(Huson et al., 2007) was used to examine the
taxonomic relationship of proteins within the
d-proteobacterial partial genome. MEGAN uses a
lowest common ancestor algorithm to assign ORFs
into taxonomical groups based on Basic Local
Alignment Search Tool bit scores (Altschul et al.,
1990). Parameters were set with ‘min support’ at 1,
‘min score’ at 30 and ‘top percentage’ set at 10%.

Localization of d-proteobacterium
Specimens of the marine sponge C. concentricawere
collected from Botany Bay near Bare Island, Sydney,
Australia (S 33.59.461; E 151.13.946) during August
2009. Following collection, C. concentrica tissue
was rinsed with calcium and magnesium-free sea-
water (25 g NaCl, 0.8 g KCl, 1 g Na2SO4, 0.04 g
NaHCO3 per 1 l) and immediately transferred to a
15% sucrose solution. The specimens were then
transferred back to the laboratory on ice within 1h.
Fluorescent in-situ hybridization (FISH) was per-
formed as described in the Supplementary Informa-
tion with validated probes targeting bacteria in
general and the d-proteobacterium specifically.

Results and Discussions

A novel d-proteobacterial clade of sponge-associated
bacteria
In the phylogenetic survey of the bacterial commu-
nity associated with the sponge C. concentrica, we
discovered a 16S rRNA gene sequence (Thomas
et al., 2010) that was assigned by the Ribosomal
Database Project classifier to the class d-proteobac-
teria (87% confidence) and the order of Bdellovi-
brionales (81% confidence). Phylogenetic analysis
and comparison of the sponge d-proteobacterial
sequence with sequences from closely related iso-
lates and uncultured organisms (Figure 1) showed
that it falls into a cluster of uncultured bacteria that
were all found in marine sponges. Specifically, the
sponge d-proteobacterium sequence was identical to
a previously described sequence of an uncultured
bacterium (Cc110, AY942772) from C. concentrica,
indicating a permanent association of this bacterium
with this sponge. Other sequences in this cluster
were from the reef sponge Axinella corrugata
(clones B2505_B3 (EF092213) and MBrad_A7
(EF092260)) and the Caribbean sponge Svenzea zeai
(clone A115 (FJ529308)) (Lee et al., 2009). These five
sponge-associated organisms were only distantly
related (415% sequence divergence) to the nearest
cluster of cultured organisms that was defined by B.
bacteriovorus strains. The latter strains were
isolated from soil (100T, AF084850), animal gut
(HD100, AJ292759 and HD127, AJ292760) and an
aquaculture farm (JSF1, EU884925) and had high
levels of 16S rRNA gene sequence identity (499%).
In addition, three other B. bacteriovorus isolates
from soil (MPA, AY294215), root extract (BEP2,
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AF148938) and sewage (JSS, EF687743) were found
in the same cluster, but with lower levels of identity.

The sponge-associated d-proteobacteria cluster was
also distinct from the genera Desulfuromonas and
Bacteriovorax, with divergence levels of 24%
and 30%, respectively. The genus Desulfuromonas
contains aquatic species that are known to grow
anaerobically by oxidizing acetate with concomitant
reduction of elemental sulfur or Fe (III) (Pfennig and
Biebl, 1976). Bacteriovorax species parasitizes on
other gram-negative bacteria and have a highly motile,
free-living, extracellular phase, during which they
seek out new hosts. The phenotypic characteristics
of this genus are identical to that of Bdellovibrio,
and Bacteriovorax was only recently reclassified as a
distinct genus based on 16S rRNA gene-based phylo-
geny (Baer et al., 2000, 2004).

The phylogenetic analysis conducted here
showed that the d-proteobacterium from C. concentrica
possibly represents a novel genus or family and that
members of this group of yet-to-be-cultured bacteria
are associated with sponges.

Functional genomic comparison of the sponge
d-proteobacterium with related bacteria
To gain insight into the functional genomic proper-
ties of the new d-proteobacterium, we reconstructed
a partial genome for the organism from data of our
recent metagenomic study (Thomas et al., 2010).
The assembled data represent a composite genome
of many related individuals as seen in other partial
genome reconstructions from metagenomic shotgun
data (for example, Tyson et al., 2004; Hallam et al.,
2006) and within population variation may exist at
the single-nucleotide or gene level. Through binning
based on nucleotide signatures, we could confi-
dently identify 32 genomic scaffolds belonging to
the organism spanning an estimated total of 1.1Mbp
with 582 622 bp of unique sequence. The longest
scaffold was 116 573 bp and the average span of
scaffold was 35 695bp. We identified 670 open
reading frames in this reconstruction and compared

their functional annotation to the completed genomes
of B. bacterivorus HD100 and D. acetoxidans DSM68,
the nearest related organisms with available genome
sequences. The sponge d-proteobacterium showed an
overrepresentation in the functional COG categories
of translation and replication, recombination and
repair, and an underrepresentation in signal transduc-
tion when compared with B. bacteriovorus
(Figure 2a). On the individual COG level, specific
functions associated with signal transduction me-
chanisms (COG0642, COG0840, COG0784, COG0644
and COG0745) were underrepresented, whereas func-
tions associated with ankyrin repeat (AR) proteins
(COG0666), TPR proteins (COG0790), the DNA-
directed RNA polymerase, beta subunit per 140kD
subunit (COG0085), the 2-oxoglutarate dehydrogenase
complex, dehydrogenase (E1) component (COG0567),
restriction endonuclease related to defense mechan-
ism (COG1403) and D-alanyl-D-alanine carboxypepti-
dase (penicillin-binding protein 4, COG2027) were
overrepresented (Supplementary Table S2). A similar
pattern of functional characteristics was observed
when the sponge d-proteobacterium was compared
with D. acetoxidans DSM684 (Figure 2b). The overall
functional comparison again indicated that signal
transduction was underrepresented in the sponge
d-proteobacterium and translation and replication,
recombination and repair were overrepresented. On
the individual COG level, specific functions asso-
ciated with signal transduction mechanisms (COG
2199, COG0642, COG2200, COG0840, COG3706,
COG0784, COG2204 and COG2203) were underrepre-
sented, whereas functions associated with AR pro-
teins (COG0666) and TPR proteins (COG0790) are
overrepresented (Supplementary Table S3). This
analysis highlights the clear functional differences
between the sponge d-proteobacterium and B. bacteri-
vorux and D. acetoxidans, respectively, and in
particular within the function of signal transduction.

To understand whether certain functions of the
d-proteobacterium genome have a shared evolution-
ary history with related genomes, we classified all
its proteins taxonomically with a lowest common

Figure 1 Maximum likelihood tree of the d-proteobacterium’s 16S rRNA gene sequence from C. concentrica and related organisms.
The tree was built on 1178 nucleotides of the 16S rRNA gene. An uncultured euryarchaeote sp. (AB077227) was used as an outgroup for
the analysis (not shown in the tree). The scale bar indicates 0.1 nucleotide changes (10%) per nucleotide position. U, uncultured;
I, isolates.
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ancestor algorithm implemented in MEGAN
(Huson et al., 2007). Taxonomic analysis of 663
proteins showed that 249 could be assigned to

B. bacteriovorus HD100, 4 assigned to D. acetoxi-
dans DSM684, 185 had no hits in the non-redundant
GenBank database and the remaining proteins

Figure 2 Functional genome comparison based on COG categories of d-proteobacterium partial genome and the genomes of B. bacteriovorus
HD100 genome (a) and D. acetoxidans DSM684 (b). The Y axis displays the median value with a significant cut-off value of �2 and 2.
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were assigned, at various levels, within the bacteria
or just cellular organisms (Supplementary Table S4).
These results show that the d-proteobacterium
genome shared more conserved proteins with B.
bacteriovorus HD100 genome than any other avail-
able genome.

Specific functions enriched within the 249 pro-
teins included translation, transcription, replication
and cell wall biogenesis, which reflect the evolu-
tionary conserved nature of these functions across
phylogenetically related organisms. The sponge
d-proteobacterium and B. bacteriovorus also share
an adventurous gliding motility protein R, which is
associated with microorganisms that travel in
environments with a low water availability, such
as biofilms, microbial mats and soil (Spormann,
1999), and which facilitates host cell infection in
some Apicomplexan parasites (Kappe et al., 1999).
In addition, there is a shared and conserved Flp
pilus assembly protein and a cluster of four proteins
that are involved in type IV pili assembly and
translocation (assembly protein TapB, two twitching
motility proteins and a pilin assembly protein PilC).
Type IV pili are associated with twitching motility,
which has been proposed to be important in cell
attachment and invasion by Bdellovibrio species,
wherein the force of pili retraction generated by
depolymerization could pull the Bdellovibrio cell
through its attached prey cell (Lambert et al., 2009).
Together these observations support the notion that
certain aspects of attachment and motility might
be shared and conserved between the sponge
d-proteobacterium and B. bacteriovorus.

A number of functions in cell wall and envelope
biogenesis are conserved across the sponge
d-proteobacterium and B. bacteriovorus. These
include a murein-degrading enzyme (membrane-
bound lytic murein transglycosylase D precursor)
that has a role in recycling of muropeptides during
cell elongation and/or cell division. Bdellovibrio
species can digest up to 20% of their prey’s cell
wall after invasion, while keeping their newly
formed bdelloplast structure from uncontrolled lysis
(Thomashow and Rittenberg, 1978). During bacterial
predation the amount of digested peptidoglycan
would yield enough precursors to form the multiple
progeny. Murein biosynthesis requires a crucial
disaccharide penta-peptide precursor molecule
(UDPMurNAc-pentapeptide) usually formed in the
cytoplasm and Bdellovibrio species have therefore
retained the six cytoplasmic enzymes (MurA-F)
responsible for its de novo biosynthesis and peri-
plasmic transport. The sponge d-proteobacterium
also contains three conserved homologs of these
enzymes, namely the UDP-N-acetylmuramoyl-
alanine-D-glutamate ligase (MurD), the UDP-N-acetyl-
muramoylalanyl-D-glutamyl-2, 6-diaminopimelate-
D-alanyl-D-alanine ligase (MurF), and the UDP-N-
acetylmuramoylalanyl-D-glutamate-2, 6-diamino-
pimelate ligase (MurE). Clustered with the ORFs of
these proteins is another gene (mraY) encoding

a phospho-N-acetylmuramoyl-pentapeptide-transferase,
which catalyzes the first step of lipid cycle reactions
and the biosynthesis of the cell wall peptido-
glycan. Immediately downstream of this cluster
are two genes that are also associated with cell wall
biogenesis. First, there is an ORF encoding for
the penicillin-binding protein 2B (PBP2), which
has transglycosylase activities to catalyze the
formation of the beta 1–4 glycosidic links from the
lipid-bound precursors to the nascent end of the
peptidoglycan strand, and which is responsible for
bulk peptidoglycan synthesis in other bacteria
(Vollmer and Bertsche, 2008). The second gene
encodes for a peptidoglycan synthetase (FtsI or
PBP3), whose homolog in Escherichia coli is
essential for the septum formation of the murein
sacculus and synthesis of cross-linked peptido-
glycan from the lipid intermediates (Nakamura
et al., 1983).

This shows that, besides attachment and motility,
the process of cell wall biogenesis is also an
evolutionary conserved function of the sponge
d-proteobacterium and B. bacteriovorus.

The sponge d-proteobacterium exhibits a
cell-associated life-style
The similarity found in motility, attachment and cell
wall biogenesis when compared with B. bacterio-
vorus led us to the hypothesis that the sponge
d-proteobacterium might also form an association
(potentially of predatory nature) with other bacterial
cells. We therefore investigated the physical locali-
zation of the d-proteobacterium in the sponge by
fluorescence in-situ hybridization. Using a probe for
the domain of bacteria (EUB338), we first demon-
strated the presence of high numbers of bacteria
within the sponge C. concentrica (Figure 3a). The
probe directed against the d-proteobacterium 16S
rRNA sequence resulted in the detection of small
cells (o1mm in length) in the sponge tissue. These
were generally associated with larger, auto-fluores-
cent cells (43mm in length) and only occasionally
found as free-living cells (Figures 3b and c). The
relative proportion of the d-proteobacterium against
the total microbiota was estimated to be
6.4%±1.8% (see Supplementary Information),
which is similar to 2.2%±0.8% of sequences found
in three 16S rRNA gene PCR libraries belonging to
the d-proteobacterium (Thomas et al., 2010). The
localization of the d-proteobacterium was often at
the end of the larger, auto-fluorescent cells.

The auto-fluorescent ‘host’ cells showed green
auto-fluorescence when excited with 488nm light,
which is consistent with the fluorescence reported
for Cyanobacteria, diatoms and dinoflagellates
(Tang and Dobbs, 2007). To determine, whether the
auto-fluorescent cells were eukaryotic (that is,
diatoms or dinoflagellets) or bacterial (that is,
cyanobacteria), we conducted a further FISH
analysis using a two-probe hybridization design
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with a Cy3-labelled probe specific for the d-proteo-
bacterium and a fluorescein isothiocyanate-labelled
bacteria-specific probe. Figure 3d shows that the
auto-fluorescent cells responded to the general
bacterial probe. Therefore, based on the particular
auto-fluorescence and the binding of a bacteria-
specific probe, these cells are most likely
cyanobacteria. This finding is consistent with an
observation made 30 years ago by Wilkinson (1979),
who found ‘Bdellovibrio-like’ particles, using elec-
tronmicroscopy, within unicellular cyanobacteria in
the mesohyl of the two coral sponges, Neofibularia
irata and Jaspis stelifera.

Predicted functional properties of the sponge
d-proteobacterium
To gain further insight into the functional properties
of the new d-proteobacterium, we performed a
careful manual analysis of its partial genome with
respect to physiological and ecological functions.

We identified the subunits of the terminal enzyme
in the aerobic respiratory chain, the cytochrome C
oxidase, in the partial genome (1108814258778_
ORF0001). The sponge d-proteobacterium is therefore
likely able to grow aerobically; further distinguishing it
from the related, strictly anaerobic Desulfuromonas
species.

A total of 19 proteins had clear functions in
membrane transport and could be assigned to four
major transport families (Supplementary Table S5) with
the adenosine-5’-triphosphate-binding cassette (ABC)
superfamily being the largest group. A phosphate
transporter (3.A.1.7.2) is encoded by a pstSCAB
operon and appears to be homologous to the

high-affinity phosphate-specific ABC transport system
from Mycobacterium smegmatis (Gebhard and Cook,
2008). A glutathione porter (3.A.1.5.11) is partially
encoded by genes similar to yliA, C and D, which
encode adenosine-5’-triphosphate-binding cassettes
in E. coli K-12 for the import of extracellular
glutathione, and which have been shown to be
crucial for growth on glutathione as the sole sulfur
source (Suzuki et al., 2005). The d-proteobacterium
genome also encodes for a tetracycline resistance
protein (1108814258826_ORF0009), which function
as a antibiotic efflux transport (metal-tetracycline/
Hþ antiporter) of the major facilitator superfamily
(Yamaguchi et al., 1990; Marger and Saier, 1993),
and which can perform a wide variety of processes,
including uptake of essential ions, nutrients and
removal of toxic compounds (Griffith et al., 1992).
An additional tetracycline efflux/multidrug resis-
tance protein (1108814257392_ORF0004) indicates
that removal of toxins and antibiotics might be a
relevant functional aspect of the d-proteobacterium.

The d-proteobacterium also appears to maintain
some essential anabolic capacity, despite its host-
associated life-style, and has probably not developed
an obligate dependence on nutrients provided
by the host cell. It possesses two key enzymes for
the chorismate biosynthesis (shikimate synthase:
1108814258173_ORF0043 and 3-phosphoshikimate
1-carboxyvinyltransferase: 1108814258173_ORF0042),
which provide intermediates for the synthesis of
aromatic amino acids and coenzymes such as folic
acid, ubiquinone, menaquinone and enterochelin.
In addition, proteins involved in menaquinone bio-
synthesis (menaquinone biosynthesis proteins MenD:
1108814258173_ORF0048; O-succinylbenzoate-CoA

Figure 3 Detection of sponge-associated bacteria by fluorescence in-situ hybridization (FISH). (a) Section of C. concentrica hybridized
with a Cy3-labelled bacteria-specific (EUB322_CY3) probe (yellow) with the auto-fluorescent sponge tissue (red). (b) Section of
C. concentrica hybridized with a Cy3-labelled d-proteobacterium-specific probe (yellow), auto-fluorescence background (red) and larger
auto-fluorescence cells (blue-purple). Arrows indicated the sponge d-proteobacterium associated with auto-fluorescent cells (red). (c)
Section of C. concentrica (enlarged) hybridized with a CY3-labelled d-proteobacterium-specific probe (yellow). Arrows indicated the
host-associated nature of the sponge d-proteobacterium within auto-fluorescent cells (red). (d) Section of C. concentrica (enlarged)
hybridized with a Cy3-labelled d-proteobacterium-specific probe (red) and a fluorescein isothiocyanate (FITC)-labelled bacteria-specific
(EUB322_FITC) probe (green). The auto-fluorescent background of sponge tissues (blue) is also shown. Arrows indicated the associated
nature of the sponge proteobacterium within a putative cyanobacterial cell (green).
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ligase MenE: 1108814258778_ORF0042; naph-
thoate synthase MenB: 1108814258807_ORF0012
and a 1,4-dihydroxy-2-naphthoate octaprenyltransfer-
ase: 1108814258807_ORF0011) were also identified
and indicate the ability of the sponge d-proteobacter-
ium to produce this important redox component of
the electron transfer chain (Farrand and Taber, 1974).
Another cofactor that is possibly synthesized is
riboflavin (vitamin B2), a precursor for the essential
redox-active cofactors flavin mononucleotide and
flavin adenine dinucleotide. Three proteins related to
riboflavin biosynthesis were found, including a 6,7-
dimethyl-8-ribityllumazine synthase (1108814258173_
ORF0015), a riboflavin biosynthesis protein RibAB
(1108814258173_ORF0017) and riboflavin biosynth-
esis protein RibF (1108814258794_ORF0021).

A total of six ORFs encoding multi-functional
AR protein (COG0666) were found in the partial
d-proteobacterium, five of which were clustered
together (Figure 4). The complete genome of
B. bacteriovorus HD100 only contains two AR-
containing proteins. AR act as mediators for a
diverse range of protein–protein interactions and
are found commonly in eukaryotic and viral pro-
teins, but rarely in bacteria (Lux et al., 1990; Bork,
1993; Mosavi et al., 2004). Eukaryotic-like AR have
been reported in obligate intracellular bacteria such
as the a-proteobacteria Wolbachia pipientis (Iturbe-
Ormaetxe et al., 2005) and Ehrlichia canis (Mavro-
matis et al., 2006), as well as in the g-proteobacteria
Legionella pneumophila (Habyarimana et al., 2008)
and Coxiella butnetii (Voth et al., 2009). The
involvement of AR proteins in host–bacterial asso-
ciations and survival of the bacteria inside other
cells has been highlighted recently by a mutant
study of L. pneumophila, which showed that lack of
certain AR proteins cause a significant defect in
intracelluar replication (Habyarimana et al., 2008).
Seven TPR proteins were also identified, which
similarly mediate protein–protein interactions and
the assembly of multi-protein complexes (D’Andrea
and Regan, 2003). TPR-containing proteins have
been found to be involved in a variety of biological
processes, such as cell cycle regulation, transcrip-
tional control, mitochondrial and peroxisomal pro-
tein transport, neurogenesis and protein folding
(Goebl and Yanagida, 1991; Blatch and Lassle,
1999). Interestingly, the genes encoding for the
majority of AR and TPR proteins in the d-proteo-
bacterium are localized closely together on the
genome (see Figure 4) and might represent a cluster

for the mediation of protein–protein interactions
within the cell or between cells.

Conclusions

We have identified and characterized, through
culture-independent approaches, a novel d-proteo-
bacterium that possibly represents a new genus or
family. To our knowledge, this sponge-associated
organism represents only the third group of host-
associated d-proteobacteria. The sponge d-proteo-
bacterium is proposed to live in association with
cyanobacteria and likely impacts on the physiology
of its photosynthetic host. This in turn might have a
consequence for the sponge host, which often
harbors photosynthetic symbionts and thereby
acquires photosynthetically fixed carbon (Venn et al.,
2008). The functional genomic characterization of the
uncultured d-proteobacterium reported here also
indicates complex interactions with surrounding cells
and environmental milieu. This study offers an insight
into multi-level interactions between a sponge, which
serves as a host to a cyanobacterium, which in turn is
host to a d-proteobacterium.
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