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Symbiosis insights through metagenomic
analysis of a microbial consortium
Tanja Woyke1,2, Hanno Teeling3, Natalia N. Ivanova1, Marcel Huntemann3, Michael Richter3,
Frank Oliver Gloeckner3,4, Dario Boffelli1,2, Iain J. Anderson1, Kerrie W. Barry1, Harris J. Shapiro1, Ernest Szeto1,
Nikos C. Kyrpides1, Marc Mussmann3, Rudolf Amann3, Claudia Bergin3, Caroline Ruehland3, Edward M. Rubin1,2
& Nicole Dubilier3
Symbioses between bacteria and eukaryotes are ubiquitous, yet our understanding of the interactions driving these
associations is hampered by our inability to cultivate most host-associated microbes. Here we use a metagenomic approach
to describe four co-occurring symbionts from the marine oligochaete Olavius algarvensis, a worm lacking a mouth, gut and
nephridia. Shotgun sequencing and metabolic pathway reconstruction revealed that the symbionts are sulphur-oxidizing and
sulphate-reducing bacteria, all of which are capable of carbon fixation, thus providing the host with multiple sources of
nutrition. Molecular evidence for the uptake and recycling of worm waste products by the symbionts suggests how the worm
could eliminate its excretory system, an adaptation unique among annelid worms. We propose a model that describes how
the versatile metabolism within this symbiotic consortium provides the host with an optimal energy supply as it shuttles
between the upper oxic and lower anoxic coastal sediments that it inhabits.
Symbiosis has a major role in shaping the evolution and diversity of
eukaryotic organisms1. Remarkably, it is only in recent times that
there has been an emerging recognition that most eukaryotic organisms are intimately associated with a complex community of beneficial microbes that are essential for their development, health and
interactions with the environment2. This renaissance in symbiosis
research stems from advances in molecular approaches that have
enabled the study of natural microbial consortia using cultivationindependent methods3–5. Metagenomic analyses have provided a new
dimension in the study of community organization and metabolism
in natural microbial communities6–10. So far, however, genomic analyses of symbiotic microbes from eukaryotes have been confined to
individual species (for the only exception, see ref. 11), limiting our
ability to understand the intricate interactions involving communication, competition and resource partitioning that shape symbiotic
microbial communities.
Here we use random shotgun sequencing and nucleotide-signature-based binning to study the symbiotic community in Olavius
algarvensis. This marine worm belongs to a group of oligochaetes
(phylum Annelida) that lack a mouth, gut and anus, and are unique
among annelid worms in having reduced their nephridial excretory
system12. They live in obligate and species-specific associations with
multiple extracellular bacterial endosymbionts located just below the
worm cuticle12. As the symbionts have yet to be grown in culture,
their phylogeny has only been accessible through 16S ribosomal RNA
analysis and fluorescence in situ hybridization (FISH)13,14. O. algarvensis lives in coastal Mediterranean sediments and harbours a
chemoautotrophic sulphur-oxidizing gammaproteobacterium (c1
symbiont) and a deltaproteobacterial sulphate reducer (d1 symbiont), recently shown to be engaged in an endosymbiotic sulphur
cycle14. An additional gamma- and delta-proteobacterial symbiont
(c3 and d4 symbionts) of unknown function occur consistently in
these hosts, and, in some individuals, a spirochaete has been observed

as a minor part of the symbiotic consortium (see Supplementary
Fig. 1a)12.
Given that most chemosynthetic hosts harbour only one or two
bacteria, the association of gutless oligochaetes with multiple symbionts is remarkable, raising a series of questions about their interactions with each other, their host and the environment. How does
the symbiosis compensate for the loss of digestive and excretory
systems in the host, what do the various partners gain from this
relationship, and is it mutually obligate? What is the selective advantage for O. algarvensis in harbouring multiple symbiotic partners? Our
metagenomic analyses explain how the bacterial consortium meets
the energy and waste management needs of its oligochaete host. We
describe how resource partitioning between the phylogenetically
diverse symbionts benefits both the symbionts and the worm in the
heterogeneous environment. Finally, we propose a model showing
that the selective advantage of harbouring multiple symbionts lies in
their ability to supply their host with energy from an abundant and
diverse supply of reducing equivalents and electron acceptors as it
shuttles between the oxidized and reduced sediment layers.
Metagenomic data analysis and binning
Pooled samples of 200 O. algarvensis specimens per library were
shotgun-sequenced (see Supplementary Information, Supplementary Fig. 1b) and the sequences assembled using the whole-genome
shotgun assembler JAZZ15 (Supplementary Methods, Supplementary
Fig. 2). To assign the metagenomic scaffolds to their phylotype origin, we used a combinatory binning approach based on intrinsic
DNA signatures (see Supplementary Methods). Binning of the
Olavius symbionts’ metagenome resulted in the formation of four
distinct clusters (Fig. 1). The presence of the corresponding rRNA
operons, which represented the only rRNA operons found in these
bins and the assembly, enabled us to identify them as the O. algarvensis symbionts d1, d4, c1 and c3 (Fig. 1, Supplementary Table 1;
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Supplementary Table 2 provides a comparison to other symbiont
genomes). This study illustrates the usefulness of our nucleotide
frequency method for the assignment of metagenomic scaffolds from
a natural microbial community to a phylotype when using shotgun
sequencing. It would not have been possible to reconstruct genome
assemblies of the four symbionts purely on the basis of GC contents
and scaffold read depth, and without a closely related, fully sequenced
reference genome.
Symbiont bin assignments based on 16S rRNA genes were confirmed by phylogenetic analysis of predicted proteins within each
cluster of scaffolds (Supplementary Fig. 3), and the clusters were
furthermore supported by the distribution of 49 single-copy genes.
Although the populations are not clonal, the frequencies of polymorphic sites found in the four symbiont bins, ranging from 0.01–
0.1% (Supplementary Table 4), were rather low compared with
environmental microbes such as those from acid mine drainage8.
The following discussion describing the metabolism of the symbionts
is based on the genes found in each symbiont bin. With a focus on
capturing the core metabolic pathways present in the community, it
is of minor importance if the genes within each bin originated from a
single strain or represent a pan-genome of several very closely related
strains16.
Carbon and energy metabolism
Gammaproteobacterial symbionts. Chemoautotrophic symbionts
feed their hosts by providing them with organic carbon from
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Figure 1 | Clustering of the O. algarvensis symbiont scaffolds. Visualization
of the first three components of a principal component analysis, in which
GC-content, net-read-depth z-scores for all possible 64 trinucleotides and
256 tetranucleotides were incorporated with equal weight (z-scores
calculated with TETRA39, and normalized by length). The colours represent
the four clusters of scaffolds (calculated with MetaClust35) that were binned
based on GC-content, dinucleotide relative abundance, Markov-modelbased statistical evaluations of tri-, tetra- and penta-mer over- and underrepresentation, and normalized chaos game representations for tri- to hexamers; sequences ,5 kilobases (kb) in length are not represented. Scaffolds
containing 16S rRNA genes are indicated.

autotrophic CO2 fixation driven by oxidation of reduced inorganic
compounds such as sulphide. In agreement with previous studies
indicating the chemoautotrophic, sulphur-oxidizing nature of the
O. algarvensis c1 symbiont12, our analysis of the c1 bin revealed the
presence of genes required for autotrophic CO2 fixation via the
Calvin–Benson–Bassham cycle using type I ribulose 1,5-bisphosphate carboxylase–oxygenase (Rubisco; cbb), the oxidation of
reduced sulphur compounds (genes such as dsr, fcc and sox), and
the storage of sulphur in globules (sgpB, encoding one of three known
sulphur-globule proteins).
Unexpectedly, our metagenomic analyses revealed that the c3
symbiont of O. algarvensis is also a sulphur-oxidizing chemoautotroph. Several gutless oligochaete species are known to harbour c3
symbionts but the metabolism of these bacteria was previously
unknown and the benefit of harbouring additional Gammaproteobacteria is unclear. The nearly complete genomic sequence
for the O. algarvensis c3 symbiont obtained in this study is notable,
as this is the only genome from a chemoautotrophic symbiont
sequenced thus far. The c3 bin carries all the genes required for a
thiotrophic (sulphur-oxidizing) metabolism including those needed
for the oxidation of reduced sulphur compounds (including dsr, apr,
sat, fcc and sox) as well as autotrophic CO2 fixation by means of genes
closely related to but phylogenetically distinct from the c1 symbiont
(Fig. 2). The absence of genes encoding sulphur-globule proteins in
the near-complete c3 bin indicates that these symbionts do not store
sulphur, supporting transmission electron microscopy analyses
showing that only c1 symbionts contain sulphur globules (O.
Giere, personal communication). In addition to using oxygen as an
electron acceptor, the presence of nap and nir gene clusters indicates
that the c3 symbionts couple oxidation of reduced sulphur compounds to dissimilatory nitrate reduction under oxygen-limiting
conditions (Fig. 2). In deeper sediment layers, with neither oxygen
nor nitrate, both Gammaproteobacteria have the ability to use fumarate as an electron acceptor for the oxidation of reduced sulphur
compounds (Fig. 2).
Deltaproteobacterial symbionts. The presence of genes characteristic of dissimilatory sulphate reduction (such as dsr, qmo and apr) in
both the d1 and d4 bins indicates that these symbionts are sulphatereducing bacteria that use oxidized sulphur compounds such as sulphate as an electron acceptor, thereby producing sulphide (Fig. 2). In
addition to the syntrophic cycling of sulphate and sulphide between
the gamma- and delta-proteobacterial O. algarvensis symbionts14,
intermediate sulphur compounds such as tetrathionate and thiosulphate may also be cycled between the symbionts. The d4 symbiont
seems to be able to reduce sulphur compounds of intermediate
oxidation states, as suggested by the presence of a multi-haem cytochrome most closely related to tetrathionate reductase of Shewanella
oneidensis17 and located in a chromosomal cluster with molybdopterin-dependent dehydrogenase related to thiosulphate reductase
of Wolinella succinogenes. Cycling of intermediate sulphur compounds is energetically more favourable than the exchange of sulphide and sulphate, as shown previously in experiments with free-living
sulphate reducers and sulphur oxidizers18.
Heterotrophy is important in sulphate-reducing bacteria and correspondingly we found in the d1 bin genes coding for the transport
and utilization of a large variety of carbohydrate substrates, including
uronic acids (glucuronate, galacturonate and fructuronate), xylose,
fructose, dihydroxyacetone and polyols (mannitol, sorbitol and glycerol). Although all sulphate-reducing bacteria are heterotrophic
only some fix CO2, and it is intriguing that both deltaproteobacterial
symbionts are capable of autotrophic carbon fixation via the reductive acetyl-coenzyme-A (CoA) pathway, as well as via the reductive
tricarboxylic acid (TCA) cycle (Fig. 2). Thus, O. algarvensis has established an association with four symbionts that are all capable of
providing it with organic carbon through three different autotrophic
pathways.
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One of the most common electron donors for autotrophic
sulphate-reducing bacteria is hydrogen. We found gene clusters
encoding periplasmic Ni–Fe hydrogenases, a transmembrane highmolecular-weight cytochrome c (hmc) complex, and a type II tetrahaem cytochrome c3 (TpII-c3) in the bins of both sulphate-reducing
symbionts, as well as a type I tetrahaem cytochrome c3 (TpI-c3) in the
d1 bin (Fig. 2). This is a compelling indication for the uptake and
oxidation of molecular hydrogen using sulphate as an electron
acceptor19. It is not clear if hydrogen is provided by the c-symbionts.
Within the c3 bin, we found genes encoding a pyruvate ferredoxin
oxidoreductase (POR), typically used in an alternative route for

pyruvate oxidation20 and indicative of hydrogen release from lowpotential ferredoxins. Released hydrogen could subsequently be
taken up by the sulphate-reducing symbionts leading to hydrogen
syntrophy within the microbial consortium. Alternative electron
donors to hydrogen include glycerol, lactate, proline and betaine,
and potentially glycolate and other 2-hydroxy acids, as well as succinate, acetate and propionate.
Symbiont–-host interactions
‘Feeding’ of the host. In other chemosynthetic associations, the
symbionts provide their hosts with nutrition using either reduced
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Figure 2 | Reconstruction of the symbionts’ physiology. APS, adenosine
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sulphur compounds or methane as their energy source21. In the O.
algarvensis symbiosis, both reduced sulphur compounds and hydrogen can be used as energy sources, and all four symbionts have the
potential to fix CO2 into organic carbon via autotrophy. In addition,
the sulphate-reducing symbionts can feed the oligochaete host
through heterotrophy by taking up dissolved organic carbon compounds from the environment. Almost all amino acids and a variety
of vitamins can be synthesized by the symbionts to provide their host
with these required nutrients (Supplementary Table 5). Nutrient
transfer to the host is likely to occur via intracellular uptake and
digestion of the bacteria, as the number of genes encoding aminoacid exporters was not elevated in the symbionts when compared to
those of free-living bacteria, and the only known family of sugar
exporters22 was not encoded in any of the symbiont bins. This conclusion is supported by morphological analyses showing symbiont
lysis in the basal region of the worm’s epidermis23.
Host waste recycling. The reduction of nephridia in the oligochaete
host, used for the excretion of nitrogenous waste compounds and
osmoregulation, suggests that its symbionts have adapted to carry
out these functions. Most aquatic organisms excrete ammonium, but
urea—which also functions as a common organic osmolyte—has
also been found in marine worms with symbionts, such as the hydrothermal vent worm Riftia pachyptila24. The genome bins for the d1, d4
and c3 symbionts encode a bidirectional uniporter (Amt family
transporter25) for the counter-ion-independent and energy-independent uptake of ammonium. A probable urea ABC transporter
for urea uptake is present in the c3 bin, adjacent to a urease operon
that encodes genes involved in urea hydrolysis. Ammonium and urea
uptake by the symbionts would not only aid the host in the removal of
these toxic waste products, but also lead to the conservation of valuable nitrogen by the symbionts (Fig. 3).
Marine invertebrates are typical osmoconformers, maintaining
their cell volume primarily with organic osmoregulatory compounds
such as amino acids, taurine, glycine betaine, trimethylamine
N-oxide (TMAO) and urea, as well as polyols and sugars26. The
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presence of gene clusters encoding proteins used for taurine and
glycine betaine import and catabolism in the c3 bin may indicate
the use of these osmolytes as both a carbon and nitrogen source27
(Fig. 3). Furthermore, we found pathways for TMAO degradation in
the O. algarvensis symbionts. Microbial TMAO degradation includes
its conversion to trimethylamine by TMAO reductase, and further
demethylation of trimethylamine either by trimethylamine and
dimethylamine dehydrogenases found in Bacteria28 or by trimethylamine, dimethylamine and monomethylamine methyltransferases
found mostly in Archaea29. Genes coding for the key enzymes in both
pathways were present in the c3 and d1 symbionts, suggestive of their
TMAO catabolic activity (Fig. 3). The availability of the osmolyte
TMAO would, furthermore, be particularly advantageous for the
sulphur-oxidizing symbionts that could use this organic carbon compound as an alternate electron acceptor in the absence of oxygen or
nitrate. Although the c3 bin encodes enzymes likely to be involved in
the reduction of TMAO, their specificity for this substrate could not
be clearly identified.
Polyamines are essential in all organisms for DNA stabilization,
DNA replication and cell proliferation30, and represent additional
products of host protein breakdown. We found abundant gene clusters encoding ABC transporters for the uptake of the polyamines
putrescine and spermidine in the d1 bin, and putrescine in the c3
bin (Fig. 3).
Finally, evidence is provided for the recycling of host fermentation
waste products such as the dicarboxylate succinate, as well as the
monocarboxylates acetate and propionate. Pathways for their utilization and a variety of potential dicarboxylate transporters, and
probable monocarboxylate transporters, were found in all four symbiont bins. The d1 bin encodes 23 tripartite ATP-independent periplasmic (TRAP)-T family dicarboxylate transporters31, some of
which are likely to be involved in monocarboxylate and dicarboxylate
transport (Fig. 3).
A mutually obligate relationship?
The lack of a digestive and excretory system in O. algarvensis means
that its symbionts are crucial for its survival. But is this relationship
mutually obligate or can the symbionts survive outside of the host in
a free-living stage? Several pieces of evidence from the sequence data
and the metabolic reconstruction analyses suggest a lack of evidence
for obligate host-dependence of any of the symbionts. This includes
the observation that the genomes of the extracellular bacteria do not
show AT-bias or genome size reduction (Supplementary Table 2) and
there was no obvious loss of essential metabolic pathways in the d1 or
c3 bins suggestive of host-dependence, as is the case for many obligate host-associated bacteria32,33. Finally, we found genes required for
cell motility via a flagellum in the d1, d4 and c3 bins. Although this
evidence suggests that the symbionts associated with the worm may
have a free-living stage, the presence of a remarkable number of
transposases in the c3 and c1 symbiont bins (7.5% and 20.5%,
respectively; Supplementary Tables 4 and 6) indicates that these
symbionts may be in transition to an obligate symbiotic lifestyle.
Bacteria that have recently evolved into obligate symbionts show
an increase in frequency of mobile elements, representing a source
for chromosomal rearrangements and gene inactivation34 (for symbiont transmission hypotheses, see Supplementary Information).
From the metagenome to the environment
The oligochaete symbiosis is inseparably linked to the geochemical
properties of the environment, needing access to both reduced and
oxidized compounds for energy production and net carbon fixation
(Fig. 4). In the upper oxic sediment layers of the O. algarvensis habitat, where no sulphide is present, both the c1 and the c3 symbiont
can use reduced sulphur compounds produced internally by the
sulphate-reducing symbionts in a syntrophic sulphur cycle. (We have
shown previously that the sulphate-reducing symbionts can produce
sulphide in O. algarvensis under microaerobic conditions comparable
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management through resource partitioning and cooperation during
syntrophic cycling of oxidized and reduced compounds.
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Figure 4 | Model for energy metabolism in the symbiosis. O. algarvensis
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acceptors and donors are available to the symbionts in all sediment layers,
with some supplied from the environment (shown in the yellow rectangle/
triangles) and some internally (shown next to the yellow worms). Carbon is
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to those in the lower oxic zone at 2–5-cm sediment depth14.) The c1
symbiont can also gain energy independently of the sulphate-reducing symbionts by oxidizing the large supply of sulphur stored in its
cytoplasm. For both gammaproteobacterial symbionts, oxygen
would be the energetically most-favourable electron acceptor (Fig. 4).
As the worm migrates downwards, it encounters sediment layers in
which oxygen is no longer present. Under these conditions, the c3
symbiont can use nitrate from the environment for the oxidation of
reduced sulphur compounds. Given the extremely low concentrations of sulphide in this layer as well as in the deeper reduced sediment layers of the Elba habitat (in the low nM range14), it is likely that
the sulphate-reducing symbionts provide a large part of the reduced
sulphur compounds for the c-symbionts under most conditions.
In the deeper sediment layers characterized by reducing conditions
and the absence of oxygen or nitrate, hydrogen oxidation by the
sulphate-reducing symbionts may occur, in which hydrogen is used
as an energy source for the autotrophic fixation of inorganic carbon.
As hydrogen concentrations are commonly very low in most marine
sediments, heterotrophic pathways should also have an important
role for the deltaproteobacterial symbionts under these reducing
conditions. Although energetically less favourable than nitrate or
oxygen, organic electron acceptors including TMAO (host-derived)
and fumarate (produced by the d-symbionts) are provided internally
within the symbiosis and may be used by the c-symbionts for the
oxidation of reduced sulphur compounds. This would enable the c1
symbiont to replenish its sulphur stores, which could be fully oxidized using the energetically more favourable electron acceptor oxygen when the worm returns to the oxic zone. Fumarate respiration by
the c-symbionts would produce succinate, which could be used by
the deltaproteobacterial symbionts as an energy source and reoxidized to fumarate, thus leading to a syntrophic cycling of reductants
and oxidants.
Our analysis of the O. algarvensis microbial symbiont genomes has
provided insights into how resources are used and shared among the

METHODS
Further details for all methods used in this study are provided in Supplementary
Information.
O. algarvensis specimens were collected off Capo di Sant’ Andrea, Elba, Italy.
Metagenomic libraries were constructed from 200 pooled O. algarvensis specimens per library. A small-insert pMCL200 library was made from a nycodenzseparated, symbiont-enriched sample and two pCC1Fos fosmid libraries were
constructed using the CopyControl Fosmid Library Construction kit
(Epicentre). 16S rRNA polymerase chain reaction (PCR) libraries were created
from the DNA sources used for each of the libraries and approximately 384
clones sequenced and analysed. From the shotgun libraries, we created 204
megabases (Mb) of vector- and quality-trimmed sequence. This data was
assembled using JAZZ, resulting in a set of 2,286 scaffolds, which were binned
using a combinatory approach based on dimer-to-hexamer frequencies using the
newly developed MetaClust program35. Final clusters with 511 scaffolds were
verified by phylogenetic affiliation of each scaffold based on the most common
phylogeny of its predicted proteins using a bayesian classifier, and by checking
for paralogues of 49 genes that typically occur with only one copy per genome (V.
Kunin et al., unpublished data). To assess nucleotide sequence variation within
the bins, we analysed the multiple alignment of the JAZZ assembly. Potential
open reading frames (ORFs) were identified using ‘mORFind’ (J. Waldmann,
H.T. and F.O.G., unpublished data) and annotation performed with the GenDB
v2.2 system36 and MicHanThi37. The annotated symbiont metagenome was
loaded into the metagenomics version of Integrated Microbial Genomes/M
(IMG/M; http://img.jgi.doe.gov/m)38.
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