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Abstract:

Bathymodioline mussels occur in chemosynthesis-based ecosystems such as cold seeps,
hydrothermal vents and organic debris worldwide. Their key adaptation to these environments is their
association with bacterial endosymbionts which ensure a chemosynthetic primary production based on
the oxidation of reduced compounds such as methane and sulfide. We herein report a multiple
symbiosis involving six distinct bacterial 16S rRNA phylotypes, including two belonging to groups not
yet reported as symbionts in mytilids, in a small Idas mussel found on carbonate crusts in a cold seep
area located north to the Nile deep-sea fan (Eastern Mediterranean). Symbionts co-occur within hosts
bacteriocytes based on fluorescence in situ hybridizations, and sequencing of functional genes
suggests they have the potential to perform autotrophy, and sulfide and methane oxidation. Previous
studies indicated the presence of only one or two symbiont 16S rRNA phylotypes in bathymodioline
mussels. Together with the recent discovery of four bacterial symbionts in the large seep species
Bathymodiolus heckerae, this study shows that symbiont diversity has probably been underestimated,
and questions whether the common ancestor of bathymodioline mussels was associated with multiple
bacteria.
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Introduction

The genus Idas (Bivalvia: Mytilidae) encompasses small mussels found on sunken
woods and whale bones in the Pacific ocean and Adriatic sea (Deming et al., 1997; Distel et
al., 2000; Bolotin et al., 2005; Pailleret et al., 2007), as well as cold seeps in the Gulf of
Mexico and Eastern Mediterranean (Gustafson et al., 1998; Olu-LeRoy et al., 2004). These
are close relatives to the large mussels, mainly of the genus Bathymodiolus, which occur,
worldwide but exclusively, at cold seep and hydrothermal vent sites (Distel et al., 2000;
Iwasaki et al., 2006; Jones et al., 2006). The major characteristic feature of Bathymodiolus is
their successful association with endosymbionts, mainly methanotrophic and sulphide-
oxidizing Gammaproteobacteria, which occur within specialised bacteriocytes located in the
gill epithelium of the mussel and ensure a chemosynthetic primary production benefiting to
their host (Fisher, 1990; DeChaine and Cavanaugh, 2005). For this reason, Bathymodiolus
have been the subject of intensive studies investigating structural, functional and ecological
aspects of their symbiotic associations in the last two decades (Fisher, 1990; Von Cosel, 2002;
DeChaine and Cavanaugh, 2005; Stewart et al., 2005). Evolutionary aspects of symbiosis
have been less studied. Host phylogeny supports the hypothesis that whale falls and sunken
woods have served as evolutionary stepping stones for the colonisation of deep-sea cold seeps
and vents by chemosynthesis-fuelled mytilids, and that small /das-like mussels are the actual
representatives of intermediate stages (Distel et al., 2000). Recent molecular studies on
Bathymodiolus indicate that bacterial symbionts might be more diverse than previously
thought both at the strain and 16S rRNA levels, and that symbionts might be environmentally
transmitted, questioning the biogeography and evolution of symbiotic bacteria (Won et al.,
2003; DeChaine et al., 2006; Duperron et al., 2007b). Data regarding symbiosis in small /das-

like mussels should thus improve our understanding of the evolutionary steps leading to the



symbioses we observe today in mytilids; to test to which extent mussels were pre-adapted to
colonise seeps and vents, and whether methane- or sulphide-oxidizing symbionts appeared
first. Up to now, the only report indicates the presence of sulphide-oxidizing symbionts in the
gill of I. washingtonia from a whale fall in the Santa Catalina Basin, but is based only on
TEM observation and enzyme assays (Deming et al., 1997).

In this study, we provide the first molecular investigation of symbiosis in a small
mussel, up to 1.5 cm in length, tentatively assigned to the genus /das based on shell size and
morphology. Mussels were attached by byssal threads to authigenic carbonate crusts
associated with fluid seepages, which were collected north of the Nile Delta at a depth of
2130 m during the Nautinil cruise (eastern Mediterranean; chief scientist J.P. Foucher).
Mussels likely sit at the interface between methane-enriched fluids and bottom seawater, and
are part of a macrofaunal community which also includes vestimentiferan tubeworms and
galatheid crabs. Comparative sequence analyses were performed to confirm the affiliation of
mussels to the genus /das and to asses the diversity of symbiotic bacteria using cyotochrome
oxidase subunit I (COI) and bacterial 16S rRNA genes, respectively. The potential of
symbionts to perform sulphide oxidation, autotrophy and methanotrophy was tested by
amplifying fragments of adenosine S5'-phosphosulfate (APS) reductase, ribulose 1,5-
bisphosphate carboxylase/oxygenase (RubisCO) and particulate methane monooxygenase
(pmoA) genes respectively. Fluorescence in situ hybridizations (FISH) were used to confirm
the status of bacteria as symbionts, and stable isotope analysis to confirm their nutritional

role.



Materials and methods

Samples

Six specimens of Idas sp., up to 1.5 cm in length, were collected with the manned
submersible Nautile during the Nautinil cruise to the eastern Mediterranean (2003, chief
scientist: J. P. Foucher). Specimens occured in irregularities at the surface of two authigenic
carbonate crusts which were collected from a pockmark area located in the 'Central Province',
north of the Nile deep sea fan, during Dive 14 (32°38.4N, 29°55.0E, 2129m depth). The
collection area corresponds to the lower slope of the Centre Nile Province described in Bayon
et al (Bayon et al., submitted). Upon recovery, mussels were dissected, one gill and a
fragment of the foot were frozen for DNA and stable isotope analysis, and the second gill and
a part of the foot were fixed for FISH (see below). Shells were saved to allow for the exact

determination of the species by taxonomists.

Gene amplification, cloning and sequencing

DNA was extracted individually from gill tissue of four specimens using a FastDNA®
SPIN KitPrep (Qbiogene, CA) with bead beater disruption of the cells. The gene encoding
bacterial 16S rRNA was amplified from each specimen as described elsewhere (Duperron et
al., 2005). Cytochrome oxidase subunit I (COI) mitochondrial gene was amplified with the
forward primer LCO 1490 (Folmer et al., 1994) and the specific reverse primer H691 (5'-
GTRTTAAARTGRCGATCAAAAAT-3") using the following PCR cycling conditions: initial
denaturation at 94°C for 3 min followed by 35 cycles at 94°C for 1 min, 50°C for 1 min (45°C
for the first 5 cycles) and 72°C for 1 min, then a final elongation step at 72°C for 7 min.
Fragments of genes encoding RubisCO form I and APS reductase alpha subunit were

amplified from each mussel using primers and PCR conditions described in (Blazejak et al.,



2006; Duperron et al., 2007a) and (Deplancke et al., 2000), respectively, using 33 PCR
cycles. For these two genes, due to the low amount of PCR product obtained, reactions from
the four specimens were pooled together prior to cloning. A fragment of the gene encoding
the alpha subunit of particulate methane monooxygenase (pmoA4) was amplified from three
mussels using primers A189F (5’-GGNGACTGGGACTTCTGG-3") and MB661R (5°-
CCGGMGCAACGTCYTTACC-3’) (Duperron et al., 2007b) with the following cycling
conditions: 92°C (4 min), 33 cycles with 92°C (1 min), 55°C (1.5 min) and 72°C (1 min), then
a final elongation step at 72°C (10 min).

PCR products were purified with the QIAquick PCR purification kit (QIAGEN,
Germany) and cloned using the TOPO-TA kit (Invitrogen, California). Inserts from positive
clones were partially sequenced using the plasmid-specific primer M13F. A total of 170 16S
rRNA clones and 32 clones per functional gene were partially sequenced and aligned.
Chimeric sequences were identified either by visual examination of the alignments or using
ChimaeraCheck (Cole et al., 2003) and Bellerophon (Huber et al.,, 2004). Clones

representative of each group of identical sequences were fully sequenced (Table 1).

Sequence analysis and phylogenetic reconstruction
Sequences were compared to the RDP (Cole et al, 2003) and NCBI

(www.ncbi.nlm.nih.gov) databases using BLAST (Altschul et al., 1990). Best hits were

included in phylogenetic analysis. Sequences were aligned using ClustalX and alignments
were checked manually.

The best fitting model of COI sequence evolution was determined by hierarchical
likelihood ratio tests (hLTR) implemented in Modeltest version 3.06 (Posada and Crandall,
1998). The HKY-85 + [T'] + I model of nucleotide evolution was chosen (I = 0.52, a = 0.91,

Ti/Tv = 5.04). Phylogenetic relationships of the COI gene sequence (495 nt) were estimated



using two methods. First, parameters associated with the HKY model were used in the
Maximum Likelithood (ML) heuristic searches with 100 RA replicates. Robustness of the
nodes was assessed by performing 1000 bootstrap replicates, TBR branch swapping, and 10
RA replicates. Second, a Bayesian analysis (BA) was performed using MrBayes v3.1.2
(Ronquist and Huelsenbeck, 2003). Two independent analyses were run in parallel using the
same parameters as used for the ML searches. The two analyses each comprised four Markov
chains and each chain was run over 6.000.000 generations. Convergence between the two
analyses was assessed using likelihood curves, standard deviation of split frequencies, and
potential scale reduction factor (PSRF) as indicated by Ronquist (Gelman and Rubin, 1992;
Ronquist and Huelsenbeck, 2003).

A general time reversible (GTR) model with I'-distributed rates of evolution was
employed to analyse the 16S rRNA dataset (1406 nt). RubisCO, APS reductase and pmoA
datasets, consisting of alignments of 230, 133 and 154 aminoacids respectively, were
analysed using a GTR model. Phylogenetic relationships of the bacterial genes were estimated
using MrBayes v3.1.2 by running four Markov chains, each over 500.000 generations.

Calculated posterior probablilities are presented as support values for nodes in the trees.

Fluorescence in situ hybridizations (FISH)

From each mussel, an entire gill was fixed onboard with 2% formaldehyde in 1X
phosphate-buffered saline (PBS) (4°C, 2-4 h), rinsed 3 times in 1X PBS, and stored at -20°C
in PBS : ethanol (1:1). Back to the lab, tissues were embedded in polyethylene glycol
distearate: hexadecanol-1 (9:1) (Duperron et al., 2007b). Sections 7um thick were cut with a
microtome (Leica, Germany), collected on Superfrost® Plus slides (Roth, Germany),
rehydrated in decreasing ethanol series, and hybridized as described previously with a buffer

containing 40 % formamide (Duperron et al., 2005).



Three FISH probes, ImedM-138, ImedG-193 and ImedT2-193, were newly designed
by modification of previous probes designed for other mussel symbionts (Duperron et al.,
2005; Duperron et al., 2007b). These probes target the M1, G and T2 phylotypes,
respectively. Three probes from previous studies, Bthio-193, BhecM2-822 (Duperron et al.,
2007b) and CF319 (Manz et al., 1996), were used to target phylotypes T1, M2 and CFB
(phylum Bacteroidetes), respectively (see table 2 for probe sequences). Dual hybridizations
were performed to check that no cross hybridization between probes occured. To check
whether some symbionts were missed by our probes, hybridizations using all probes together
with the same labelling against Eub338 were performed.

To visualize all symbionts on the same section, combinations of three fluorescent dyes
were used. Three probes were labelled each with a single fluorescent dye. For the three other
probes, a 1:1 mixture of two mono-labelled probes was used, resulting in symbiont being
labelled with both dyes. Three monochrome 8 bits images, one per fluorochrome, were
acquired and each image was attributed to either the red, green or blue channel. Images were
merged, resulting in a 24 bits RGB image. Displaying composite colors, dual-labelled bacteria
can then be distinguished from mono-labelled bacteria (Tab. 2) (Gué, pers. comm.). Images
were acquired using a Leica SP5 microscope (Service Imagerie IFR 83 Biologie Intégrative,

UPMC) and image treatment was performed using the Imagel] software (Abramoff et al.,

2004).

Stable isotope analysis
Gill and foot tissue of two specimens were acidified overnight in 0.1N HCI, rinsed,
dessicated for 48 hours in a 46°C chamber. Samples were then ground, and stable isotope

values of nitrogen and carbon were measured in a Finnigan Delta S isotope ratio mass



spectrometer. Tissues from the two individuals were pooled to gather enough material to

allow for a reliable measurement.



Results

Host phylogeny

The phylogenetic reconstruction based on the Cyotchrome Oxidase (COI) gene
sequence yields Idas macdonaldi and 1. washingtonia, two small mussels from the eastern and
western coast of the USA respectively (Distel et al., 2000; Jones et al., 2006) as the closest
relatives of Idas sp. (Fig. 1). These form a cluster well separated from the three clades which
include sequences from Bathymodiolus mussels (Jones et al., 2006). The basal position of B.
brooksi 1s not well supported in the BA tree, with a posterior probability of 0.56, and does not

appear in the ML tree; it is thus probably artefactual.

Symbiont diversity and phylogeny based on 16S rRNA gene sequence analysis

Six distinct phylotypes were recovered in clones libraries obtained from four Idas sp.
specimens, in a total of 142 partial (29 full) sequences (Tab. 1). Five phylotypes belong to the
Gammaproteobacteria, and one belongs to the phylum Bacteroidetes (Cytophaga Flavobacter
Bacteroides or CFB). Among gammaprotebacterial symbionts, three belong to well-known
clades of Bathymodiolus-associated symbionts (Fig. 2); M1 1is closely related to the
methanotrophic symbiont of B. brooksi (98.4 % similarity) (Duperron et al., 2007b); T1 and
T2 represent two distinct phylotypes (97.1 % similarity to each other) clustering within the
clade which includes all thiotrophic symbionts of Bathymodiolus mussels and vesicomyids.
Phylotype M2 is related to a clone from the Haakon Mosby Mud Volcano (96.8 % similarity,
Losekann et al. unpublished), and clusters in the same clade as the M2 symbiont from B.
heckerae (Duperron et al., 2007b). The closest cultivated relatives of this group are free-living
methylotrophic bacteria. The last gammaprotebacterial phylotype, G, is related to several

clones obtained from marine samples (Bano and Hollibaugh, 2002; Suzuki et al., 2004;
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Brown et al., 2005), and has no related cultivated bacteria. The sixth phylotype, affiliated to
the Bacteroidetes group, was identified only once in /das sp. specimen 1. Its closest relative is
clone AL-5 recovered from the gills of the hydrothermal vent shrimp Alvinocaris longirostris
(96.0 % similarity; Tokuda et al, unpublished); close relatives also include Polaribacter

dokdonensis and an uncultivated Tenacibaculum.

Fluorescence in situ hybridization

Several to all symbionts co-occur within a single bacteriocyte, mostly in the apical half
of the cell (Fig. 3A and Tab. 2). No mutual exclusion between any two symbiont types was
observed in dual hybridizations (Fig. 3A-D). Within the apical half of any given bacteriocyte,
symbiont types are apparently distributed randomly, and all symbiont types are mixed. The
methanotroph-related symbiont M1 was the most abundant bacterium in most bacteriocytes. It
displays a typical 'donut' shape under the microscope, likely due to the presence of
intracellular stacked membranes typical of Type I methanotrophs as previously observed
(Cavanaugh et al., 1987; Duperron et al., 2005).

All symbionts were present in the 4 specimens investigated. The methanotroph-related
bacterium M1 was the dominant symbiont in all specimens, all others being, in comparison,
much less abundant. The two thiotroph-related symbionts T1 and T2 co-occur, but the density
of T2 varied greatly between specimens (Fig. 3B). As for the latest, the density of G varied
between specimens, and within a given specimen this bacterium typically occured in
aggregates spread over two to three neighbouring bacteriocytes on one side of the gill
filament, while it was virtually absent from other bacteriocytes (Fig. 3C). Densities of
Bacteroidetes (Fig. 3A,C) and M2 (Fig. 3D) were homogeneous and rather low in all

specimens. Control hybridizations using all probes against Eub338 did not yield any bacteria
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hybridized only with Eub338, indicating that we did not miss any abundant symbiont with our

set of probes.

RubisCO, APS reductase and pmoA gene sequence analyses

Two gene sequences encoding a Form IA type of RubisCO were identified, sharing
93.5 % identical amino acid positions (94.8 % sequence similarity in nucleic acids) and 87 %
amino acid similarity to the sequence from Hydrogenophilus thermoluteolus, their closest
relative in the tree (Fig. 4A). Sequences are only distantly related to the clade comprising
RubisCO sequences from symbionts of other molluscs (Lucinoma sp., Solemya velum and
Bathymodiolus azoricus) (Schwedock et al., 2004; Spiridonova et al., 2006; Duperron et al.,
2007a). However, due to problems in sequencing reactions, many clones yielded sequences of
poor quality, so the diversity of RubisCO genes might be underestimated.

Two closely related APS reductase alpha subunit sequences were found. They differ
only, but consistently, by three nucleic acid positions among 390 and one amino acid. They
cluster together with sequences from Thiobacillus denitrificans ATCC 25259, an
environmental clone, and A/lochromatium vinosum (posterior probability of 0.99) (Hipp et al.,
1997) and are not close relatives to the sequence previously reported from the symbiont-
associated clam Lucinoma aff. kazani (Fig. 4B) (Duperron et al., 2007a).

A single pmoA alpha subunit sequence was recovered, displaying 96.8 % similarity to
the sequence obtained from the Mid-Atlantic Ridge vent mussel Bathymodiolus azoricus
(Spiridonova et al., 2006). This sequence belongs to the group of Type I methanotroph
sequences and appears at the base of a well-supported clade containing all but one pmoA
sequences from symbionts of Bathymodiolus species (posterior probability: 0.99) (Fig. 4C)

(Duperron et al., 2007b).
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Stable isotope analysis
Gill tissue from the two pooled specimens displayed a 8"°C value of —38.32 %o and a

8"°N value of 1.00 %o. Foot tissue displayed values of —34.04 %o and 1.21 %o, respectively.
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Discussion

Symbiont diversity and distribution

Idas sp. harbours the highest diversity of symbionts ever reported for a bivalve, with at
least 6 bacterial partners based on 16S rRNA gene sequence analysis and FISH (see Fig. 1).
For the past couple decades, large cold seep and hydrothermal vent mussels, mostly from the
genus Bathymodiolus, were assumed to harbour only thiotrophs, only methanotrophs, or both
types in their gills, dual symbiosis being restricted to Atlantic species (including the Gulf of
Mexico) (Cavanaugh et al., 1987; Fisher, 1990; Fisher et al., 1993; Distel et al., 1995; Fiala-
Médioni et al., 2002; Duperron et al., 2005). It was only recently that B. heckerae was shown
to harbour four symbionts; one methanotroph, two distinct thiotrophs, and a bacterium related
to free-living methylotrophs (Duperron et al., 2007b). To a similar set of symbionts, /das sp.
adds two additional, previously unknown, symbionts; one, phylotype G, is related to marine
Gammaproteobacteria of unknown metabolism and the other is a Bacteroidetes. The latest is
the first example of a member of the phylum Bacteroidetes involved in symbiosis in a
chemosynthesis-based ecosystem, though symbiotic Bacteroidetes are known for example in
termites (Ohkuma et al., 2002), in beetles (Hurst et al., 1999), in cockroaches (Bandi et al.,
1994) and in acanthamoebae (Horn et al., 2001).

The overall morphology of gill filaments and bacteriocytes in /das sp. is similar to that
displayed by Bathymodiolus mussels (Distel et al., 1995). Dominance of methanotrophs over
any other symbiont is a common trend in cold seep dual symbiotic Bathymodiolus
(Cavanaugh et al., 1987; Fujiwara et al., 2000; Duperron et al., 2005; Duperron et al., 2007b).
Symbionts are mixed within bacteriocytes, such as reported for the Mid Atlantic Ridge vent
mussels B. azoricus and B. puteoserpentis (Duperron et al., 2006); thiotrophs are not located

in the most apical part such as described in other species from the Gulf of Mexico and the
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Gulf of Guinea (Duperron et al., 2005; Duperron et al., 2007b). Compared to B. heckerae, we
found no evidence for mutual exclusion between the two thiotrophs, which would contradict
the hypothesis of competition between symbionts displaying a similar metabolism. We either
did not observe the typical localisation of methylotrophs in the most apical part of
bacteriocytes that was described in B. heckerae (Duperron et al., 2007b).

Although we suggest that all symbiont types can occur intracellularly based on the
unambiguous occurence of representatives of all phylotypes well inside bacteriocytes on
FISH images, the embedding and microscopy techniques used in this study do not allow to
conclude definitely about the intra- or extracellular localisation of bacterial symbionts.
Preliminary TEM investigations show that although most bacteria occur within host cells,
small bacteria also occur right outside bacteriocytes, but it is not yet possible to assign them
to any of the 16S rRNA phylotypes. Further investigation will assess the identity of these

bacteria, because any given symbiont could be present both within and outside of host cells.

Functional aspects of symbiosis in Idas sp.

Sulphide-oxidizing endosymbionts are reported to harbour APS reductase and
RubisCO based on enzymatic activities (Fisher et al., 1987). The presence of two sequences
of each gene supports the hypothesis, based on the occurence of two thiotroph-related 16S
rRNA phylotypes, of two thiotrophic symbionts (T1 and T2) although we can not rule out the
hypothesis that phylotype G also corresponds to a sulphide-oxidizer. If APS reductase is
widely acknowledged as a good marker for the presence of bacteria involved in the sulfur
cycle, caution is needed with regards to RubisCO as this enzyme is more widespread, and has
recently been identified in the 'methanotrophic' endosymbiont of a Bathymodiolus species
using coupled 16S rRNA and mRNA FISH (Elsaied et al., 2006), as well as in the genome

sequence of the methanotroph Methylococcus capsulatus (Ward et al., 2004). APS sequences
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found in Idas sp. do not cluster together with the lucinid symbiont sequences, but neither do
the symbionts in 16S rRNA-based phylogenies (Stewart et al., 2005). The absence of a close
relationship between RubisCO sequences and those from other molluscs, especially
Bathymodiolus azoricus, is more surprising and questions whether these sequences might
originate from another of the symbionts besides T1 and T2, or even from a contaminant. The
phylogeny of RubisCO is reported to be inconsistant with phylogenies obtained from classical
markers due to multiple events of horizontal gene transfer and duplication, and thus RubisCO
trees are not always reliable (Delwiche and Palmer, 1996; Uchino and Yokota, 2003). It is
illustrated in our tree, which displays a betaproteobacterium, Hydrogenophilus
thermoluteolus, as the closest relative to the Idas sp. sequences. More data is thus needed
before one can really investigate the phylogeny of these two genes in bathymodiolines and
compare it to 16S rRNA-based trees. Particulate methane monooxygenase, of which the pmoA
gene encodes the alpha subunit, has only been reported in methanotrophic bacteria. The
existence of a clade comprising pmod sequences from Bathymodiolus-associated
methanotrophs supports the hypothesis that true methanotrophs, represented by phylotype
M1, occur as symbionts in /das sp. and that methanotrophic symbionts of mussels have a
common evolutionary origin. Overall, more work is needed to unambiguously associate each
16S rRNA phylotype with eventual corresponding functional gene sequences, especially in
the present case where Idas sp. shelters 6 distinct symbionts.

The presence of RubisCO-, APS reductase- and particulate methane monooxygenase-
encoding genes suggests that the symbiont population has the genetic potential to perform
autotrophy, sulphide oxidation and methanotrophy, in a way similar to that observed in dual
symbiotic Bathymodiolus (Fisher, 1990). Whether these genes are expressed in the Idas sp.
symbiosis remains to be determined, for example using coupled 16S rRNA and mRNA

hybridization techniques (Elsaied et al., 2006). However, the occurence of several highly
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similar copies of APS reductase and RubisCO might render their distinction impossible due to
the use of polynucleotidic probes (Elsaied et al., 2006).

The 8"°C value of —38.32 %o measured from gill tissue is between values measured in
vent Bathymodiolus species (-21 to —37 %o) and values measured in cold seep species (-39.7
to —74.7 %o) and thus consistent with the hypothesis of a nutrition based on chemoautotrophy
and methanotrophy, although signatures of local carbon sources were not measured
(Cavanaugh et al., 1987; Trask and Van Dover, 1999; Colaco et al., 2002; MacAvoy et al.,
2002). The presence of thermogenic, thus heavier, methane in the ‘Central Province’ could
explain these intermediate values (Bayon et al., submitted). Another possibility is the
significant contribution of non-methane carbon sources, either by other symbionts or by filter-
feeding. The methylotroph-related symbiont might be fixing C1 compounds present in the
environment, or the CFB (Bacteroidetes) symbiont might be acquiring organic carbon
heterotrophically, as do many bacteria from this phylum including its relative Polaribacter

dokdonensis (Gosink et al., 1998).

Comparison with Bathymodiolus symbioses and evolutionary implications

The colonisation of cold seeps and hydrothermal vents by symbiont-bearing mussels is
hypothesised to have occured through 'intermediate' forms inhabiting sunken woods or
organic debris, of which /das and other small mussels may be actual representatives (Distel et
al., 2000). These small mussels are thus good models to investigate the evolution of symbiosis
in mytilids, which led to the highly specialized Bathymodiolus-like mussels found today only
at cold seeps and hydrothermal vents.

The phylogenetic position of Idas sp., related to two Idas species and well-separated
from representatives of the genus Bathymodiolus, confirms the claim based on morphological

features that this mussel is a 'true' Idas. The occurence of 6 bacterial symbionts was
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unexpected, as bathymodioline mussels are usually reported to possess only one or two
symbionts. Another mussel, B. heckerae, was recently shown to harbour 4 bacteria (Duperron
et al., 2007b). The fact that Idas sp. and B. heckerae, which are only distantly related, both
harbour two thiotrophic, one methanotrophic and one Methylophaga-related symbionts is
intriguing (see Fig. 1). It could result from a functional convergence linked to the occurrence
of both species in cold seep habitats. However, an alternative hypothesis would be that the
most recent common ancestor of Idas and Bathymodiolus had multiple symbionts, some of
which were lost in other mytilid species, or were overseen by investigators. Indeed, the
identification of symbionts relies upon PCR amplification and cloning, a procedure known to
lead to underestimates of gene diversity because of faster amplification of certain sequences
and to the examination of a limited number of clones (Qiu et al., 2001). Decreasing the
number of PCR cycles and increasing the number of clones reduce these biases, but this has
not been done systematically in mussel symbiosis studies. It is thus very likely that molecular
studies, as well as morphological studies, have underestimated the true diversity of symbionts
and that multiple symbioses involving both sulphide- and methane-oxidizing but also other
types of symbionts are much more widespread than previously thought in bathymodiolinae.
Two symbionts, the gammaproteobacterial phylotype G and the Bacteroidetes
phylotype, belong to groups not previously reported in symbiosis with mytilids. Considering
the latest, many members of the phylum Bacteroidetes are known to degrade plant polymers
such as cellulose (Madigan et al., 2002). As many /das and related species occur on sunken
woods (Distel et al., 2000; Baco and Smith, 2003; Pailleret et al., 2007), the presence of CFB
symbionts could correspond to a specific adaptation to such environments. Because the
Bacteroidetes phylum also comprises many pathogens, an alternative hypothesis consistent
with the presence of localized CFB aggregates on gill sections would be that Idas sp. is being

infected by pathogenic bacteria.
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The phylogenetic tree of thiotroph- and methanotroph-related symbionts, for which
16S rRNA sequences are available from numerous Bathymodiolus species, does not display
the same branching order as the host tree presented in this and previous studies. In particular,
sequences from Idas sp. symbionts are not basal to Bathymodiolus sequences, while some
host-based studies support the position of Idas as an outgroup to Bathymodiolus (Iwasaki et
al., 2006; Jones et al., 2006). Cladogenesis is clearly not simultaneous between hosts and
symbionts, there is thus no compelling evidence for host-symbiont co-speciation, contrary to
what is observed in vesicomyid clams (Peek et al., 1998). This observation is consistent with
the hypothesis of environmental transmission proposed by Won et al. for the sulphide-
oxidizing symbionts based on the analysis of bacterial Internal Transcribed Spacer genes in B.
azoricus and B. puteoserpentis from the mid-Atlantic Ridge (Won et al.,, 2003). How

methanotrophic symbionts are transmitted is not yet elucidated.

Idas sp. is the first small Bathymodiolus-related mussel in which symbiosis was
investigated using molecular techniques. Features such as gill structure, symbiont localisation
or metabolic potential are shared with some bathymodioline mussels, but the high diversity of
symbionts is intriguing. Large scale studies based on numerous species and large clone
libraries would help understanding how multiple symbioses established, and whether it is the
ancestral or derived state of symbiosis. We suggest that symbiosis evolved because hosts
epithelial cells became "permeable" to certain types of bacteria. The origin of this
permeability could be a change in host defense systems, or the presence of appropriate
virulence genes in some bacteria, which might have been pathogens or parasites in the
beginning. The fact that several bacterial lineages occur in symbiosis raises questions about

how bacteria become symbionts. Further work should aim at understanding which genes are
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needed to communicate with, enter, and survive within the host tissue, and whether these

genes were eventually laterally transmitted between bacterial lineages.
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Fig. 1. Tree displaying the phylogenetic relationship between Idas sp. and other
bathymodiolinae, putatively harbouring bacterial symbionts, based on the analysis of the
cytochrome oxidase subunit I gene. Modiolus modiolus is used as an outgroup. Values at
nodes indicate posterior probabilities (Bayesian) / boostrap values (maximum likelihood).
Scale bar represents 10% estimated base substitution. Columns indicate the presence/absence
of symbionts within the gill tissue: methanotroph (M1), methylotroph-related (M2), thiotroph
(T1), second thiotroph (T2), symbiont G-related (G) and Bacteroidetes (CFB). Column Mol.
refers to the following molecular studies: Distel et al., 1988 (1); Distel et al., 1994 (2); Distel
et al., 1995 (3); Fujiwara et al., 2000 (4); Duperron et al., 2006 (5); Duperron et al., 2007b (6);
This study (7); No molecular data available, but other evidence exist such as TEM or enzyme
assays (-); No data available regarding symbiosis in the species (Nd).
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Fig. 2: Phylogenetic tree displaying bacterial symbionts associated with /das sp. based on 16S
rRNA gene sequences (in bold). Bacteroidetes (CFB) are used as an outgroup to the
Gammaproteobacteria. Posterior probabilities are displayed as percentages (>60% shown).
Scale bar represents 10% estimated base substitution.
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Fig. 3: Fluorescence in situ hybridization of symbiotic bacteria on transversal sections of gill
filaments of Idas sp. For color code, refer to table 2. A: Hybridization displaying all 6
symbionts on a single section. Arrows indicate examples of bacteria displaying the different
colors corresponding to color code. Scale bar = 5 um. B: Hybridization displaying the
distribution of the two sulphide-oxiding symbionts (T1 in cyan, T2 in red) versus the
methanotrophic symbiont M1 (in green). Scale bar = 10 pm. C: Hybridization showing the
distribution of symbionts G (in yellow) and CFB (in red on this image, in magenta on fig.
3A), very few cells visible, one is in the upper right) versus the methanotrophic symbiont M1
(in green). Scale bar = 10 um. D: Hybridization showing the distribution of the
methylotrophic symbiont M2 (in blue) versus the methanotrophic symbiont M1 (in green).
Scale bar = 10 pm.
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Fig. 4: Phylogenetic trees of functional genes recovered from Idas sp. (in bold). Sequences
obtained from symbiont-associated metazoans are underlined. Posterior probabilities >60%
are shown. Scale bars represent 10% estimated aminoacid substitution. 4: RubisCO
phylogenetic tree. Form II RubisCO was used as an outgroup. B: Tree obtained for the APS
reductase gene fragment, with CysH used as an outgroup. C: Tree based on the analysis of a
fragment of particulate methane monooxygenase. Sequences from Type II methanotrophs
(Alphaproteobacteria) are used as an outgroup. Probable source organism for the pmoA
sequence is symbiont M1.
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