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Abstract. Deep-sea bivalves found at hydrothermal vents,of bivalve symbioses in order to evaluate the capacities of
cold seeps and organic falls are sustained by chemosynthetibese remarkable ecological and evolutionary units to with-
bacteria that ensure part or all of their carbon nutrition. Thesestand environmental change.

symbioses are of prime importance for the functioning of the
ecosystems. Similar symbioses occur in other bivalve species

living in shallow and coastal reduced habitats worldwide. In

recent years, several deep-sea species have been investigafled Introduction

from continental margins around Europe, West Africa, east-

ern Americas, the Gulf of Mexico, and from hydrothermal Bivalve mollusks occur in a variety of marine and fresh-
vents on the Mid-Atlantic Ridge. In parallel, numerous, more Water ecosystems, at all depths and latitudes. Among other
easily accessible shallow marine species have been studdaptations, they have evolved various strategies for nutri-
ied. Herein we provide a summary of the current knowledgetion, including filter-feeding using their gills, particle uptake
available on chemosymbiotic bivalves in the area rangingusing elongated labial palps, and carnivory through reduc-
west-to-east from the Gulf of Mexico to the Sea of Marmara, tion of gills to muscular pumping elements. In some remark-
and north-to-south from the Arctic to the Gulf of Guinea. able species (e.g., families Tridacnidae and Cardiidae), nu-
Characteristics of symbioses in 53 species from the area ariéition involves symbiotic interactions with micro-organisms
summarized for each of the five bivalve families documentedsuch as photosynthetic dinoflagellates. Symbiotic nutrition
to harbor chemosynthetic symbionts (Mytilidae, Vesicomyi- through gill-associated bacteria is the most recently discov-
dae, Solemyidae, Thyasiridae and Lucinidae). Comparison§red nutrition mode. It was demonstrated in large clams and
are made between the families, with special emphasis ofnussels found around deep-sea hydrothermal vents, first dis-
eco|ogy, life Cyc|e’ and Connectivity_ Chemosynthetic sym- covered in 1977 (LonSdale, 1977) Scientists were pUZZIed
bioses are a major adaptation to ecosystems and habita¥éhen they discovered large fauna, including bivalves and gi-
exposed to reducing conditions. However, relatively little is ant tube worms around chimneys emitting high-temperature,
known regarding their diversity and functioning, apart from a toxic fluids. In fact, both bivalves and tube worms (Annel-
few “model species” on which effort has focused over the lastida: Siboglinidae) were shown to harbor chemoautotrophic
30 yr. In the context of increasing concern about biodiver- bacteria in their tissues. These bacteria oxidize reduced sul-
sity and ecosystems, and increasing anthropogenic pressufer from the fluids, and use the energy acquired to fix inor-

on oceans, we advocate a better assessment of the diversi@@nic carbon, which is subsequently transferred to their ani-
mal host (Cavanaugh, 1983; Rau and Hedges, 1979). Similar,
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often related, organisms and symbioses were then identifiefbcused on a relatively small number of areas subject to hot
at cold seeps and large organic falls occurring in the deemnd cold venting, employing manned submersibles and re-
sea (Pailleret et al., 2007; Paull et al., 1984; Smith and Bacomotely operated vehicles (Fig. 1). Many cold seep sites have
2003). Subsequent examples of symbioses have been fourzben explored at varying depths in the Gulf of Mexico (see
in much more readily accessible, reduced sediment habitat€ordes et al., 2010, for review), and several hydrothermal
such as seagrass beds, mangroves, fjords, and deltas, awents sites have been explored on the Mid-Atlantic Ridge
even in sewage sludge they have been since recorded (DYMAR) (Desbruyeres et al., 2000; van der Heijden et al.,
bilier et al., 2008; Fisher, 1990), illustrating the unexpected2012). Other areas have been less intensively investigated,
paths emerging scientific fields can follow. As will become such as deep hydrothermal vents in the Caribbean Sea
evident in the following text, the term “symbiosis” must be (Piccard vent field, Mid-Cayman Ridge). Cold seeps are
interpreted in the broadest sense here, because isolating aheéginning to be explored in the Barbados prism, the east
evaluating costs and benefits for each partner is not an easfmerican margin (Blake Ridge), the Sea of Marmara, the
task (Douglas, 1994). eastern Mediterranean (Olimpi mud field, Anaximander
The occurrence of chemosynthetic symbioses is one of thenounds, Nile deep-sea fan), the Gulf of Cadiz (various mud
characteristic features of cold seeps and hydrothermal ventolcanoes), the Norwegian margin (Haakon Mosby mud
faunas, because they are responsible for most in situ biovolcano and Storegga Slide), the Gulf of Guinea (Guiness,
logical productivity and fuel the often high-biomass com- Regab, Kouilou), the Arctic margin (Loki’'s castle), the
munities. That said, symbioses have often been overlooke€aribbean Sea off Colombia, and the Laurentian deep-sea
in other habitats, in which symbiotic species tend not to befan (Connelly et al., 2012; Cosel and Olu, 2009; Van Dover
dominant and somewhat smaller. Nevertheless, the ability teet al., 2003; Gebruk et al., 2003; Gracia et al., 2012; Olu
associate with chemosynthetic bacteria is a recurring featuret al., 1996; Olu-LeRoy et al., 2007a; Sahling et al., 2008,
in the evolution of bivalves, since it has appeared indepenCunha et al., 2013).
dently in at least five families: the Mytilidae, Vesicomyi- A survey of the literature indicates that approximately 200
dae, Solemyidae, Lucinidae and Thyasiridae. Recent discowbivalve species, in these areas, belong to families or subfam-
eries of associated bacteria in two families (Nucinellidae andlies specifically reported to be associated with chemosyn-
Montacutidae) suggest further species and habitats should kbetic bacteria. This number certainly underestimates the
explored (Oliver and Taylor, 2012; Oliver et al., 2013). Tight true diversity, as hew species are often discovered upon ex-
evolutionary relationships exist between metazoans and thejploration of new sites. Moreover, some presently described
associated symbionts in various habitats, with several studspecies could comprise several cryptic species, which are dif-
ies providing evidence that deep-sea vent and seep bivalvBicult to identify without detailed genetic study examining
species originated from shallow-water ancestors (Craddoclspecimens in large quantities often not available for the deep
et al., 1995; Little and Vrijenhoek, 2003; Lorion et al., 2010; sea. Such cryptic species have been documented in deep-sea
Williams et al., 2004). Examining the intra- and interspecific Mytilidae (Jollivet et al., 1990; Jones et al., 2006; Lorion et
diversity of chemosynthetic symbioses in bivalves, within the al., 2010). Besides the problem of accurate species identifi-
context of functional, ecological, biogeographical and evo-cation, the current taxonomic position of many chemosym-
lutionary trends in symbiotic systems, will provide greater biotic bivalves is itself under debate. Genera were indeed
insight into this adaptation to reducing habitats. often described morphologically at times when only very
The Atlantic Ocean opened relatively recently a few species were known. Many taxonomic characteristics
(~180Mya), after fragmentation of Pangaea. Today, inhave since lost their diagnostic value as the number of new
the Northern Hemisphere, the Atlantic is connected with theavailable species increased, and new knowledge on features,
Mediterranean Sea and the Gulf of Mexico. The Mediter-such as allometric growth, became available. As a conse-
ranean only re-connected with the Atlantic following the quence, new molecular phylogenies frequently reveal poly-
Messinian salinity crisis (5.96-5.33 Mya), during which it phyly within genera (Decker et al., 2012; Jones et al., 2006;
essentially evaporated (Duggen et al., 2003). The Gulf ofKrylova and Sahling, 2010; Taylor and Glover, 2006, Audz-
Mexico became exclusively connected to the Atlantic afterijonyte et al., 2012). Another problem is that many species
the rise of the Isthmus of Panama about 3.1 Mya, restrictinchave been described based on shell characteristics only, for
exchanges between the Pacific and Atlantic (Kegwin, 1978)which soft tissue is no longer available for validation by
In this context, the North Atlantic makes for an interesting molecular techniques. Efforts are currently being made to
area for investigating colonization, evolution and biogeog-connect “old” names (such ddas modiolaeformisSturany
raphy of chemosynthetic symbioses. Further, shallow-watef1896) with recent molecular data, but ultimately a reassess-
coastal areas of the North Atlantic, Gulf of Mexico and ment of bivalve taxonomy combining morpho-anatomical
Mediterranean have been investigated in detail for a longand molecular characteristics is needed (Lorion and Samadi,
time, and the information regarding the diversity of bivalves 2010). This must be kept in mind when dealing with the
is some of the most accurate available. On the continentahames of species and genera (Table 1).
shelf and in the deep sea, most of the sampling effort has
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Fig. 1. Map displaying the deep-sea hydrothermal vent and cold seep sites from which chemosymbiotic bivalves were sampled in the North
Atlantic and Mediterranean. Western Atlantic (including Gulf of Mexico) from north to south: Blake Ridge (BR), Louisiana slope (Lou),
Atwater Valley (AtV), Alaminos Canyon (AIC), West Florida Escarpment (WFE), Chapopote (Cha), Mid-Cayman Ridge (MCR), Barbados
prism (Bp); Mid-Atlantic Ridge (MAR) from north to south: Menez Gwen (MG), Lucky Strike (LS), Rainbow (RB), Lost City (LoC), Broken

Spur (BS), Trans-Atlantic Geotraverse (TAG), Snake Pit (SP), Logatchev (E®,ahd 9 S; eastern Atlantic from north to south: Loki's

Castle (LC), Haakon Mosby (HMMV), Nyegga/Storegga (Nye/Sto), Skagerrak (Ska), Gulf of Cadiz (GoC), Mauritania basin (Mau), Guiness
(Gui) and Regab (Reg) sites at Gulf of Guinea; Mediterranean Sea from west to east: eastern Mediterranean (EM) and Sea of Marmara (MaS)
Bivalve species or sister species with a trans-Atlantic distribution are indicated by symbols, a similar shape (for example, circle) indicating
same (identical color) or sister (distinct colors) species.

Here we provide an overview of the current knowledge chemosynthetic symbioses. Several authors have formerly
available on chemosymbiotic bivalve species in the regionalluded to unexpected trans-Atlantic distributions of certain
ranging west-to-east from the Gulf of Mexico (GoM) to the chemosymbiotic bivalve species or sister-species along the
Sea of Marmara, and north-to-south from the Arctic to the Atlantic equatorial belt (AEB, Fig. 1), and thus a specific
Gulf of Guinea (GoG, Fig. 1). Characteristics of symbiosesgoal was to evaluate whether this hypothesis also holds true
are summarized for each of the five bivalve families in which for their associated symbionts (Cordes et al., 2008hiG et
chemosynthetic symbionts are documented (with a note oral., 2008; Olu et al., 2010; Olu-LeRoy et al., 2007b). A check
the recently investigated Nucinellidae), and followed by alist of species in which symbiosis has been documented is
synthesis focusing on species from the area. Although somalso provided (Table 1).
features are shared between families, the degree of depen-
dency between host and symbionts or the mode of sym-
biont acquisition and transmission may vary. The final part
of this review attempts to compare and contrast features in
the different families to uncover general trends in bivalve
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Table 1. Summary of chemosymbiotic bivalve species for which data are available regarding symbiosis in the Atlantic, Gulf of Mexico, and
Mediterranean Sea. Numbers in parentheses indicate the number of species for which symbiosis is documented using electron microscopy an
molecular data, possibly including in situ hybridization of symbionts (bold). Synonymized taxa, according to the World Register of Marine
Species (WORMSyww.marinespecies.oygare included as many former names were in use when symbioses were initially documented, and
thus appear in the tree (Fig. 2). Species within gemimtardia’ were recently ascribed to undetermined genus (Audzijonyte et al., 2012).
Symbiont (Sym.) types: sulfide (S)-oxidizer, methane (M)-oxidizer, (My) methylotrophs, Bacteroidet€y@)jclasticugCy)-related and

(G) for Gammaproteobacteria unrelated to other documented symbiont groups. Location (Loc.) corresponds to north (N), south (S), east (E),
west (W) Atlantic (A), and Mediterranean (Med). Type (Ty.) of chemosynthesis-based ecosystem is mentioned for deep-sea species, (CS)
cold seeps, (HV) hydrothermal vents, and (OF) organic falls. A non-exhaustive list of sampling sites is provided for vent and seep species
(vent and seep sites illustrated in Fig. 1). Reproduction (Rep.), when documented, is either gonochoric (G) or hermaphrodite (H)(-p then
means protandric), and can be seasonal (-s). For references, see text.

Accepted Synonymized Sym. Loc. Ty. Sampling sites Rep.
species name taxa (vent/seep species)
SOLEMYIDAE (6/11)
Acharax sp. S EA CSs Gulf of Guinea (Guiness site)
Acharax gadirae S WA CS Gulf of Cadiz
Solemya elarraichensis S NEA CS Gulf of Cadiz
Solemya velum S NWA G-s
Solemya borealis S WA
Solemya occidentalis S WA
LUCINIDAE (16/85)
Anodontia (Loripinus) fragilis S EA, Med
Anodontia alba S WA
Codakia orbicularis S NWA G-s
Ctena orbiculata Codakia orbiculata S WA G
Divalinga quadrisulcata Divaricella quadrisulcata S WA
Loripes lucinalis Loripes lacteus S A G-s
Lucina pensylvanica Linga pensylvanica S WA G
Lucinisca nassula Lucina nassula S WA
Lucinoma asapheus S NEA CS Gulf of Cadiz
Lucinoma borealis S NEA
Lucinoma kazani S Med CSs Mediterranean, Sea of Marmara
Myrtea spinifera S NEA, Med CSs Mediterranean, Sea of Marmara
Parvilucina costata Codakia costata S WA
Parvilucina pectinella Codakia pectinella S WA
Phacoides pectinata Lucina pectinata S WA H-p-s
Stewartia floridana Lucina floridana S WA
THYASIRIDAE (9/59)
Axinulus croulinensis S EA; WA G
Thyasira equalis Parathyasira equalis S EA; WA Skagerrak G
Thyasira flexuosa S EA; WA, Med
Thyasira gouldi S EA;WA
Thyasira sarsi S EA; WA Skagerrak
Thyasira trisinuata S WA G
Thyasira vulcolutre S NEA CS Gulf of Cadiz
Thyasiran. sp. Regab S EA CS Gulf of Guinea (Regab site)
Thyasirasp. Guiness S EA CS Gulf of Guinea (Guiness site) G
MYTILIDAE, clade Bathymodiolinae (11/18)
Bathymodiolus azoricus M, S A HV Mid-Atlantic Ridge G-s
Bathymodiolus boomerang M, S A CSs Barbados prism, relative in the
Gulf of Guinea
Bathymodiolus brooksi M, S WA CSs Gulf of Mexico
Bathymodiolus childressi M WA CS Gulf of Mexico, relative in the G-s
Barbados prism
Bathymodiolus heckerae M, 2S, My, Cy WA CS Gulf of Mexico, Blake Ridge
Bathymodiolus mauritanicus M, S NEA CS Gulf of Cadiz. Mauritania, G-s
Nigerian margin
Bathymodiolus puteoserpentis M, S A HV Mid-Atlantic Ridge G-s
Idas macdonaldi S WA CS, OF Gulf of Mexico
Idas modiolaeformis M, 2S, My, G,B NEA CS, OF Mediterranean, Gulf of Cadiz H-p
Idas simpsoni S NEA OF
Idas sp. Marmara S Mar CS Sea of Marmara
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Table 1.Continued.

Accepted Synonymized Sym. Loc. Ty. Sampling sites Rep.

species name taxa (vent/seep species)

VESICOMYIDAE (11/29)

Abyssogena southwardae S A HV,CS Barbados prism, Florida, Mid-

Atlantic Ridge, Canary Islands

Calyptogena valdiviae Vesicomya valdiviae; V. longa S EA CS Gulf of Guinea G

Christineconcha regab Calyptogena regab S EA CS Gulf of Guinea, Bay of Biscay

Elenaconcha guiness S EA CS Gulf of Guinea

Isorropodon bigoti S EA CS Gulf of Guinea G

Isorropodon megadesmus S NEA CS Gulf of Cadiz

Isorropodon perplexum S Med CS Mediterranean, Sea of Marmara

Laubiericoncha chuni Vesicomya chuni S EA CS Gulf of Guinea

Laubiericoncha myriamae S NA Cs Barbados prism

“Pliocardia” cordata Vesicomya cordata S WA Cs Gulf of Mexico

“Pliocardia” ponderosa Calyptogena ponderosa S WA Cs Gulf of Mexico; Colombia
2 Chemosymbiotic bivalves and their symbioses Lorion et al., 2010). Cosel (2002) re-evaluated most of the

species oBathymodiolusbased upon morphological char-

2.1 Mytilidae acteristics of the shells and soft parts, and suggested a di-

vision into four groupsBathymodiolus thermophilugoup,
One clade within the family Mytilidae has successfully col- B. brevior group,B. heckerae/boomerangroup and theB.
onized the deep sea, in habitats in which methane, reduceehildressigroup) (Cosel, 2002). Keeping in mind the above
sulfur species or hydrogen is available as energy sourcedimitations, several common features are conserved within
These habitats include cold seeps, hydrothermal vents, oihe group, such as the overall modioliform shape, the gross
organic falls such as cetacean carcasses or sunken woodnatomy, the presence of often reduced digestive tract and
This deep-sea mussel clade is often referred to as the sufi@bial palps, and of hypertrophied gills in most species (re-
family Bathymodiolinae typified by the genBathymodio-  viewed in Duperron, 2010). Nevertheless the most striking
lus Kenk and Wilson (1985), a large vent and seep mussebhared feature is the presence of bacterial symbionts associ-
genus (Kenk and Wilson, 1985). In reality, several genera ofated with epithelial cells in the lateral zone of gill filaments
smaller mussels such &das Adipicola (formerly Myrina), in all species. A possible exception lidas argenteugre-
Benthomodiolusand Tamy some of which were described Viously collected from woods in the North Atlantic, which
long before the discovery @dathymodiolusind chemosyn- feed on larvae of wood-boring bivalves as evidenced by the
thetic ecosystems, also form part of the clade. This is depresence of remnants in their gut (Ockelmann and Dinesen,
spite the fact that they have been historically included in2011). However). argenteusmay not belong to the Bathy-
the subfamily Modiolinae, along witModiolus modiolusa ~ modiolinae.
species often used as an out-group in deep-sea mussel phy-Mussel species investigated to date associate with be-
logenies (Distel et al., 2000; Jones et al., 2006; Lorion et al. fween one and six distinct types of bacterial symbionts. Each
2010; Samadi et al., 2007). Notably, deep-sea mytilids are altype displays a distinct 16S rRNA-encoding gene sequence,
most absent from the background fauna, except for few smalwhich is used as a barcode for identifying and character-
species within genuBacrydium a group in which symbio- izing phylogenetic relationships in bacteria (Fig. 2). Most
sis has not been investigated (Duperron, 2010; Salas and Gdrequently they correspond to sulfur-oxidizing (thiotrophic)
fas, 1997). Contrary to most other chemosymbiotic bivalvesor, in some species, methane-oxidizing (methanotrophic)
discussed in this paper, mussels are epibenthic, and occur &sammaproteobacteria (Cavanaugh, 1983; Cavanaugh et al.,
tached to hard substrates including carbonates, basalts, tub@887; Felbeck et al., 1981; Rau and Hedges, 1979). Dual
of large tube worms (Annelida: Siboglinidae) or shells of Ssymbioses involving both sulfur- and methane-oxidizing bac-
other specimens, via a byssus. Exceptions inclBdéhy-  teria simultaneously have been reported (Distel et al., 1995;
modiolus boomerangwhich lives partly buried in the sedi- Fiala-Medioni et al., 2002; Fisher, 1993; Olu et al., 1996).
ment at the Barbados seeps (Cosel and Olu, 1998; Duperroiore recently, other phylotypes were documented corre-
2010). These mussels occur mostly in areas of diffuse fluigsponding to methylotrophs, belonging to a clade named
flow, and avoid the hottest or most anoxic niches (Fisher eGammaproteobacteria G, to hydrocarbon-degrading bacteria
al., 1988, Desbrures et al, 2000). The genera themselvesof the genusCycloclasticus and to Bacteroidetes (Duper-
(e.g.,Bathymodiolusldas, or Adipicola) remain poorly de-  ron et al., 2007b, 2008a, Raggi et al., 2012). In the Bathy-
fined based on morphological characteristics, and are clearlynodiolinae, sulfur-oxidizing symbionts are small bacteria
non-monophyletic (Carney et al., 2006; Jones et al., 2006that occur either inside gill epithelial cells, within vacuoles,
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or outside the cells, within a layer of microvilli, depend- 2008; Olu et al., 2010; Olu-LeRoy et al., 2007b (Fig. 1)).
ing on the host species (Duperron et al., 2008b, 2009; Gro$peciation could also have occurred along this belt. All but
and Gaill, 2007; Lorion et al., 2009; Miyazaki et al., 2010). B. childressj which has only methanotrophs, harbor multi-
They oxidize reduced sulfur compounds (sulfide, thiosulfate)ple symbionts, with simultaneous occurrence of one sulfur-
and use the energy for carbon fixation via the Calvin cy-and one methane-oxidiz&. heckeraspecimens also have a
cle, using a Type | RubisCO (Fisher et al., 1988; Nelson etsecond distinct sulfur-oxidizer, a methylotroph-related sym-
al., 1995; Pimenov et al., 2002). Recently, mussel-associateHiont in the northern GoM, and hydrocarbon-degrading bac-
thiotrophs were shown to use hydrogen as an alternative erteria in the southern GoM (DeChaine et al., 2006; Distel et
ergy source not only at the hydrogen-enriched ultramafical., 1995; Duperron et al., 2005, 2007b; Fisher et al., 1993,
vents of Logatchev, but also at the hydrogen-poor southeriRaggi et al., 2012) (Fig. 2). In fact, @&lathymodioluspecies
MAR (5° Sand 9 S), based on the presence of hydrogenasedocumented to harbor two or more different symbionts with
encoding genes. Pacific—Antarctic Ridge mussel symbiontglistinct metabolisms are documented from seeps and vents in
also displayed the gene, but the gene was not amplifiedhe Atlantic and Gulf of Mexico. Multiple symbioses are not
from Gulf of Mexico seep mytilids, suggesting this ability yet documented iBathymodioluspecies from other oceans.
is not always present (Petersen et al., 2011). The methanédultiple symbiosis is a common feature of mussels within
oxidizers are related to free-living Type | methanotrophs;a clade that includeB. azoricusthe two mytilids from 8 S
they are intracellular and larger than thiotrophs, and dis-and 9 S MAR, B. puteoserpentis, B. heckerae, B. boomerang
play Type I-typical stacked internal membranes within their andB. aff. boomeranga group that diverged around 6.2 Mya
cytoplasm (Cavanaugh et al., 1987). They possess methar{®liyazaki et al., 2010). This could be a phylogenetic trend,
monooxygenase, an enzyme found only in methanotrophshut multiple symbioses also occur B. brooksj which is
and use methane as both a carbon and energy source (Caoyly distantly related to this group (Jones et al., 2006; Lo-
et al., 1988; Childress et al., 1986; Duperron et al., 2007byion et al., 2010), and iB. mauritanicusvhereas the sister
Pernthaler and Amann, 2004). Evidence on the occurrencepecies. childressiharbors only methanotrophs (Rodrigues
of a RubisCO gene, and thus possibly an alternative auet al., 2013). Symbioses involving two or more types of bac-
totrophic pathway of carbon assimilation, was presented interial metabolisms were hypothesized to confer flexibility to
a species from the Pacific Ocean (Elsaied et al., 2006). Retheir host, by allowing fine-tuning of the symbiont popula-
cently, genes enabling the use of aromatic compounds wergon for optimized resource use in habitats with high spa-
identified in a symbiotic lineage related @ycloclasticus  tial and temporal variability (Distel et al., 1995). This hy-
present in the gills oBathymodiolus heckeragpecimens pothesis was confirmed by several studiesBonazoricus
from an asphalt seep in the Gulf of Mexico (Raggi et al., andB. puteoserpentifom MAR vents. Symbiont densities
2012). The metabolism of other symbionts (methylotrophs,based on transmission electron microscopy (TEM) counts
Gammaproteobacteria G and Bacteroidetes) has not yet beamere shown to differ between sites By azoricus(Fiala-
investigated, and hypotheses are based on weak phylogé4édioni et al., 2002). More recently, using more quantitative
netic inferences (Duperron et al., 2007b, 2008a). For examapproaches with statistical support, differences in the abso-
ple methylotrophs iB. heckeraavere hypothesized to take lute and relative abundance of sulfur- and methane-oxidizers
up methanol from nearby methane-oxidizers. were demonstrated (Halary et al., 2008). Relative abundances
Within the area considered in the present review, largeof symbionts qualitatively mirrored the respective amount
Bathymodiolusare reported from cold seeps in the Gulf of of energy available from the substrates used by each sym-
Mexico (B. childressj B. brooksj B. heckerag the Barba-  biont in local mussel habitats on MAR vents (Le Bris and
dos accretionary prisnB( boomerang, Bsp. B related td3. Duperron, 2010). Experiments confirmed that a short sulfur
childress), the Blake Ridge diapirB. heckerag the Mid- or methane pulse stimulates growth of thiotrophic or methan-
Atlantic Ridge hydrothermal vent8(azoricusB. puteoser-  otrophic symbionts, respectively (Halary et al., 2008; Riou et
pentis and relatives of uncertain species status at sit 5 al., 2008), and also showed that symbiont densities vary over
and @ S, displaying distinct COI haplotypes closely related time. At cold seeps in the northern Gulf of Mexico, methane-
to B. azoricu$. Bathymodiolusre also reported from seeps oxidizers dominate the symbiont population, but differences
off Mauritania and the Gulf of CadiZB( mauritanicu}, off in symbiont abundances were observed betwBemeck-
Nigeria B. aff. mauritanicusand B. aff. boomerang with eraeandB. brooksi Specimens oB. brooksifrom Alaminos
no detail regarding symbiosis), and at deep seeps in the GulEanyon showed lower symbiont densities compared to those
of Guinea B. aff. boomerangFig. 1). They are not yet doc- from Atwater Canyon (Duperron et al., 2007b). A variabil-
umented from the Mediterranean. Interestingly two groupsity in relative abundances of symbionts was linked with the
of closely related specie®. boomeran{B. heckeraeand  characteristics of local habitats 8 aff. boomerangat the
B. mauritanicugB. sp. B/B. childressj display an amphi- Regab and DIAPIR sites (Gulf of Guinea). Methanotrophs
Atlantic distribution, which led authors to postulate a dis- dominated in the gills of all specimens, with higher rela-
persal route following the Atlantic equatorial belt (the AEB tive abundances at a site with direct evidence of high flux
hypothesis discussed in Cordes et al., 200éni@ et al.,  (bubbling, high degassing activity), and the highest methane
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concentration in bottom waters (Duperron et al., 2011). Sta-opment or after larval settlement. The larval shell (Fig. 3f)
ble isotope signatures correlated with these measurementsuggests planktotrophic larvae with some dispersal capabili-
suggesting that specimens with more methane-oxidizers deties (Gaudron et al., 2012ldas modiolaeformiss the sister
rived a substantially higher fraction of their carbon from species ofildas macdonaldknown from the Gulf of Mex-
methane, and a lower fraction of their sulfur from sulfide. ico and possibly diverged around 1.84 Mya. This amphi-
This confirms that multiple symbioses are highly adaptableAtlantic distribution led to the prediction that populations
to changing habitats, both in time and space, optimizing theof mussels branching within thie modiolaeformid. mac-
use of resources. Bathymodiolusheterotrophy plays alim-  donaldiclade should occur at locations in between the east-
ited role, but a fraction of carbon is derived from particulate ern Mediterranean and the Gulf of Mexico. Recently, small
and dissolved organic matter at shallower sites, as seen fddaslike mussels were indeed recovered from the northeast
B. azoricusat the 800 m deep Menez Gwen site (Riou et al., Atlantic on organic substrates at mud volcanoes in the Gulf
2010), or during early life (Martins et al., 2008). of Cadiz (Darwin and Mekés MVs) and in the Gorringe
Symbioses in smaller mytilids from the Atlantic, Gulf of Bank (Gettysburg Seamount) (Rodrigues et al., 2013). The
Mexico and Mediterranean have been far less documentedtudied specimens display COIl sequences identical (Gor-
Tamu fisheri which inhabits the base dfamellibrachia  ringe) or almost identical (Mel¥s, Darwin MVs) to the
luymesi(Annelida: Siboglinidae) aggregations and beds of specimens from the eastern Mediterranean, suggesting they
B. childressj and Idas simpsonifrom the North Sea both belong to the same species. Possible settlement is also re-
harbor extracellular sulfur-oxidizing bacteria associated withported on wood block colonization experiments deployed in
their gill epithelial cells. This observation was based onthe western Mediterranean canyons at 500 m deep (personal
electron microscopy data, but no molecular characterizatiorobservation, N. Le Bris, personal communication, 2012). In-
is available yet (Southward, 2008). Conversely, the sulfur-terestingly, molecular and microscopic data suggest the ab-
oxidizing bacteria associated witdas macdonaldioccur-  sence of methane-oxidizing symbionts. Furthermore, speci-
ring at 650 m on the Louisiana Slope, were characterized bynens from the Mekés and Gorringe sites do not seem to
16S rRNA gene sequencing only (Won et al., 2008). Interest-have sulfur-oxidizers either. Identified bacteria either belong
ingly, this species has a well-developed digestive system ino the “Gammaproteobacteria G” group, present imodi-
comparison with others from the group, suggesting mixotro-olaeformis or to a clade unrelated to any known symbiont
phy (Gustafson et al., 1998). Twdas species were investi- (clone G-4), or to the Bacteroidetes. Overall, symbioses in
gated in more detail, combining molecular and microscopicthe l. macdonaldil. modiolaeformisclade appear unexpect-
confirmative approach data. The first is an unnamed speciesdly variable. This could be linked with the wide range of
recovered in the Sea of Marmara, tentatively ascribed to thénabitats colonized, which include alfalfa and wood coloniza-
genuddasand labeleddassp. Marmara. The secondligas  tion devices, natural wood falls, carbonates close to reduced
modiolaeformisa species identified in the eastern Mediter- sediment, and siboglinid tubes. The plasticity of thmac-
ranean cold seeps with very close relatives recently sampledonaldil. modiolaeformisclade makes it a very good model
and investigated in the northeast Atlantic (Duperron et al.,to study at which stage of the life cycle (spawned oocytes,
2008a; Lorion et al., 2012; Ritt et al., 2012; Rodrigues et al.,veliger stages, post-larvae, aposymbiotic juveniles or adult
2013). Despite its apparent morphological resemblance wittstages) and how symbionts establish, transmit and evolve
Idas modiolaeformiswith similar habitat and depth range, over a relatively short evolutionary time scale. Otheas
Idas sp. Marmara is at best distantly related to oth#as species have been associated with reduced environments. In
lineages and branches quite far from other Bathymodioli-the Mediterranean, for example,simpsoniandl. cylindri-
nae based on COIl analysis (17 % divergence from any othecushave been associated with organic falls (Pastorelli et al.,
mussel)ldassp. Marmara hosts dense populations of sulfur-1999; Pelorce and Poutiers 2009). Another unidentifiied
oxidizing bacteria in its gill epithelial cellddas modiolae- was found on organic cargo in the wrecked shipncois
formis was initially described in the late 19th century, and Vieljeux(Dando et al., 1992).
was re-sampled only recently (Olu-LeRoy et al., 2004). It Besides documented chemosynthetic gill-associated sym-
can harbor 6 distinct bacterial 16S rRNA phylotypes in its bionts, deep-sea mytilids were shown to be affected by
gills, including two sulfur- and one methane-oxidizers, one several potentially pathogenic micro-organisms, including
methylotroph, one Bacteroidetes and one belonging to theviruses, prokaryotes, and ciliates (Ward et al., 2004). The
“Gammaproteobacteria G” clade (Duperron et al., 2008a)most intriguing potential pathogen yet is a lineage of intranu-
(Fig. 2). Depending on sampling years or substrates, eitheclear Gammaproteobacteria related to various sequences re-
sulfur- or methane-oxidizers dominate in the gills, but their covered from clone libraries from metazoans (Zielinski et
abundance in relation to the local geochemistry was not in-al., 2009).Candidatus'Endonucleobacter bathymodioli” in-
vestigated (Lorion et al., 2012). The species displays protanvades and disrupts the nuclei of symbiont-free gill intercalary
dric hermaphrodism with possible gender transitions duringcells in severaBathymodioluspecies. This group is thought
adult life, and symbionts are absent from the gonad tissueto be widespread in deep-sea metazoans, but remains to be
which support environmental acquisition later during devel- confirmed in other chemosymbiotic bivalves.
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2.2 \esicomyidae fossil record to 22—-44 Mya with molecular estimated; Lit-
tle and Vrijenhoek, 2003). Symbionts are transmitted di-
The family Vesicomyidae consists of over 100 known rectly from mother to offspring as evidenced by polymerase
species, distributed worldwide at depths from 100 to 9500 mchain reaction (PCR) and in situ hybridization (ISH) tests us-
(Baco et al.,, 1999; Cosel and Olu, 2009; Krylova and ing symbiont-specific primers and probes (Endow and Ohta,
Sahling, 2010). As in other families of chemosymbiotic bi- 1990; Krueger et al., 1996b). Host and symbiont phylogenies
valves, currently applied genera are under intense discussan be superimposed, suggesting rather strict co-speciation
sion (Krylova and Sahling, 2010, Audzijonyte et al., 2012). (Peek et al., 1998a, b). However, a limited amount of lat-
The subfamily Vesicomyinae, gendgesicomyaconsists of  eral transfer does exist and may permit gene exchanges be-
smaller species, up to 1cm shell length, which inhabit thetween symbiont lineages (Stewart et al., 2008, 2009b; Decker
abyssal plain. In contrast, representatives of the Pliocardiet al., 2013). To date, the Vesicomyidae are the only deep-
inae can reach up to 30 cm and colonize a variety of deep-sesea chemosymbiotic metazoans for which symbiont genomes
reducing habitats including cold seeps, hydrothermal ventsare fully sequenced — namelgandidatus“Vesicomyoso-
and vertebrate carcasses (Krylova and Sahling, 2010). Mostius okutanii” andCandidatus“Ruthia magnifica”, in two
species are infaunal and possess siphons of varying lengtlspecies from the Pacific (Kuwahara et al., 2007; Newton et
They live with their anterior region buried into reducing sed- al., 2007). Genome sequencing indicates the loss of several
iment, although some vent species inhabit the cracks or smatjenes and strong genome reduction compared to free-living
crevices on bare basalts. They thus bridge the oxic/anoxic infelatives. This trait, shared with many symbionts in insect,
terface (Cavanaugh et al., 2005). This way they can access characteristic of maternally inherited bacterial symbionts
both oxygen and dissolved carbon, as well as reduced comacking a free-living stage, and is thus congruent with pre-
pounds that seep from the subsurface or are concentratedous findings (Gil et al., 2004; Wernegreen et al., 2003). In
within the underlying sediment layers that they can reachCand.“Vesicomyosocius okutanii”, the loss of tlfisZ gene
using their vermiform foot (Childress and Mickel, 1982). involved in bacterial division suggests, for example, strong
Characteristic features of the Pliocardiinae are a mediumhost control over the symbiont cycle (Kuwahara et al., 2007).
to-large white shell, reduced labial palps, simple gut (Fiala-Significant variations also exist among the metabolisms of
Médioni and Le Pennec, 1987), sub-filamental tissue in thehe closely related symbiont€and.Ruthia magnifica does
gills (Krylova and Sahling, 2010), large and thick gills, and not harbor the membrane-bound nitrate reductase present in
the presence of very dense intracellular sulfur-oxidizing au-Cand. Vesicomyosocius okutanii, suggesting that only the
totrophic Gammaproteobacteria located within gill epithe- latter is able to respire nitrate (Kleiner et al., 2012). An-
lial bacteriocytes. Certain species of Vesicomyidae possessther consequence of genome alteration is that the existence
hemoglobin molecules capable of transporting hydrogen sulof active free-living forms of vesicomyid symbionts is ques-
fide via the hemolymph, from the foot to the gill sym- tionable. Although the issue is not settled, no environmental
bionts (Childress et al., 1993). Oxygen is acquired directlysequence from any active bacterium yet clusters inside the
by the gill and in some species transported by circulatinggroup. The only exception is the symbiont sequence from a
hemoglobin (Terwilliger et al., 1983). In some species, thethyasirid, Thyasira vulcolutrewhich was recently shown to
gills are also organized in tubes or channels (Le Pennecluster within this group, suggesting a host shift (Fig. 2) (Ro-
et al., 1988). Several species can co-occur at a given seerigues and Duperron, 2011).
or vent site, sometimes within a single clam aggregate, as Despite the fact that approximately 29 Vesicomyidae
observed in the Gulf of Guinea witlhristineconcha re- species are documented in the Atlantic and Mediterranean
gabandLaubiericoncha chunfDecker et al., 2012; Krylova Sea, symbiosis has been investigated in only 11 species (Ta-
and Cosel, 2011). Physiological differences between soméle 1). Among these i8byssogena southwardaghich oc-
species could account for slight ecological niche differen-curs at seeps on the west coast of Florida and at the Bar-
tiation and prevent competition (Goffredi and Barry, 2002; bados prism, with large populations on very deep mud vol-
Decker at al., 2013). canoes. At vent sites Logatche¥S and 9 S, old shells of
Symbionts associated with the Vesicomyidae are related tahis species were found in dredgings from a seamount near
the sulfur-oxidizing symbionts of the Mytilidae and sponges, the Canary Islands, even though conditions may never have
as well as to various free-living bacteria (Fig. 2). They usebeen optimal to support a stable population; the small field
reduced sulfur as an energy source and fix carbon througbbserved in 1997 had disappeared in 2007 (Gebruk et al.,
the Calvin cycle, but contrary to mussel symbionts, they2010). Interestingly, they could represent populations of an
employ a Type Il instead of Type | RubisCO (Robinson amphi-Atlantic species, and MAR vents and Florida species
and Cavanaugh, 1995). Vesicomyid symbionts form a tightalso have very closely related symbionts (van der Heijden
clade that displays a high homogeneity among 16S rRNA seet al., 2012; Krylova et al., 2010). The genusubiericon-
guences; the most dissimilar sequences differ by only 8.1 %chacould be amphi-Atlantic, withaubiericoncha myriamae
(Rodrigues et al., 2012), despite the fact that the family isfrom Barbados (Jollivet et al., 1990; Cosel and Olu, 2008)
quite ancient (estimates varying from 100 Mya based on theand L. chuniin the Gulf of Guinea. Recent molecular data
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suggest that species should be included in distinct generaf great significance for the evolution of vesicomyid sym-
(Decker et al., 2012). Although ultrastructural evidence ex-bioses.
ists for sulfur-oxidizing symbiosis ih. myriamaeno molec-
ular data have been released regarding symbionts (Olu et al2.3 Solemyidae
1996). In bothA. southwarda@andL. myriamag genetic data
regarding symbiosis are not available for specimens from theAll documented Solemyidae live in obligate symbiosis with
eastern Atlantic. Another specid3jocardia atalantag(for- sulfur-oxidizing Gammaproteobacteria. They make U- or Y-
merly Isorropodon atalantag has been documented from shaped burrows that allow access to both the bottom sea-
the Gulf of Guinea to the Mid-Atlantic Ridge, but no data water, rich in oxygen, and sediment pore-waters that con-
are available regarding symbiosis. tain reduced sulfur (Fisher, 1990; Stewart and Cavanaugh,
In the Gulf of Mexico, vesicomyids are represented by 2006). Due to their infaunal lifestyle, deep-sea Solemyidae
Pliocardia ponderosa(formerly Calyptogena ponderosa) are rarely sampled in great numbers, which limits the pos-
and Pliocardia cordata(formerly Vesicomya cordatajTa- sibility to investigate them in detail. Most data were ob-
ble 1). They both display closely related sulfur-oxidizing tained from coastal species. Although a weak suspension-
symbionts (Fig. 2) (Brooks et al., 1987; Distel et al., 1994; feeding capability is retained, dependency upon symbiotic
Stewart et al., 2009b) and an abundance of hemoglobin (Scottutrition is maximal, as shown by the drastic reductiSolé-
and Fisher, 1995). Species from seeps in the Gulf of Guineanya velun), or even absencesplemya reidi of the diges-
have recently received attention. These incliitlenacon-  tive system and reduction in labial palps. Authors estimated
cha guinesslsorropodon bigotiand Calyptogena valdiviae  that more than 97 % of the carbon is derived from symbionts
E. guinesswas found to display a very typical vesicomyid (Conway et al., 1989; Krueger et al., 1992). Protobranch gills
symbiosis, as documented in many other species around theccount for more than 35% of total weight, with a greater
world (Duperron et al., 2012). This species displays a singlesurface area to volume ratio than those documented for other
symbiont 16S rRNA phylotype, with high similarity to other bivalves (Scott, 2005). Symbionts are located inside bacteri-
vesicomyid-associated symbiont sequences available in Gerecytes of the gill epithelium, which alternate with symbiont-
bank, and sulfur metabolism is supported by the presence diree intercalary cells. The symbiont cycle may be complex as
the gene encoding APS (adenylyl-sulfate) reductase and bbacterial shape is variable from coccoid- to rod-shaped, and
carbon stable isotope values in the range of those reported fatividing stages are rarely seen, suggesting strong host con-
seep vesicomyids (Olu et al., 2009). With regards to connectrol. Carbon is fixed via the Calvin cycle (Cavanaugh, 1983;
tivity, small clams of the genusorropodonyielded interest-  Cavanaugh et al., 1988), using energy derived from the oxi-
ing findings. Specimens of the three spedieperplexum  dation of reduced sulfur, most likely through the APS path-
I. megadesmuand I. bigoti, collected respectively in the way for which they possess enzymes (Kleiner et al., 2012;
eastern Mediterranean, Gulf of Cadiz and Gulf of Guinea,Stewart and Cavanaugh, 2006). Ammonia is the nitrogen
are closely related, forming a distinct clade, based on COlsource assimilated via a host-encoded glutamine synthetase
phylogeny (Cosel and Salas, 2001; Rodrigues et al., 2012)Lee et al., 1999). Vertical transmission of the symbionts is
Their symbionts also appear as close relatives (Fig. 2), andlocumented in the gen®lemyéaased on amplification of
the association is very similar to that documented in largersymbiont DNA from ovaria, eggs and larvae, although con-
clams. The genussorropodonconsists of various species firmation with in situ hybridizations was not obtained from
colonizing a wide range of depths (150—6800 m), and couldoocytes and eggs (Cary, 1994; Krueger et al., 1996b). In con-
represent a suitable case study into the barriers influencingrast to the Vesicomyidae, host—symbiont co-speciation is not
the biogeography and evolution of vesicomyid symbioses, a®bserved.
demonstrated by the recent discoveryl.gberplexumin the Shallow water Atlantic species for which information is
Sea of Marmara (Ritt et al., 2012). Finding closely related available regarding symbiosis inclu@®lemya velumthe
symbionts in closely related species is somewhat expectednodel species for the group, found in coastal sediments
although instances of non-parental acquisition are reportedrom Florida to Canada (Nova Scotia) with densities reach-
(Stewart et al., 2008, 2009b; Decker et al., 2013). The ho4ing 253 individuals per square meter in eelgrass beds on
mogeneity of symbiont populations within a single speciesthe coast of Massachusetts (Eisen et al., 1992; Krueger and
was also questioned recently by the finding of distinct bac-Cavanaugh, 1997; Stewart and Cavanaugh, 2006). Molecu-
terial 16S rRNA lineages in distinct specimensQxdlypto-  lar and ultrastructural information is also available fr&@n
gena valdiviag(Fig. 2). Overall, new data about symbioses occidentalis a small tropical Atlantic species, 1-3mm in
in the Atlantic Vesicomyidae further support the existencelength (Conway et al., 1992; Krueger et al., 1996a). Their
of a certain level of symbiont heterogeneity within species,symbionts belong to the Gammaproteobacteria (Fig. 2). In
and of environmental acquisition of non-parental symbiontS. velum four populations on the New England coast of
strains in co-occurring host species, which can potentiallythe USA were shown to harbor distinct symbiont geno-
lead to symbiont co-occurrence, displacement, or genetic retypes despite host populations being connected, suggesting
combination among symbionts. These phenomena might bdecoupling between host and symbiont history (Stewart et
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al., 2009a). This could either be due to the limited resolu-on detailed electron microscopy approaches, but without sup-
tion of the host marker gene, or a consequence of the latporting molecular data (Oliver and Taylor, 2012).
eral acquisition of locally adapted bacteria. Enzymatic and
ultrastructural data also exist f&. borealis another small 2.4 Thyasiridae
species (Conway et al., 1992). Several species have been
documented at deeper depths in the area. In the MediterAround 100 Thyasiridae species are described worldwide
ranean, a single specimen of an undetermiel@myas for (59 in the area reviewed herein). They occupy various habi-
example the only living Solemyidae species reported in thetats from intertidal to hadal waters, including the deepest
deep Mediterranean (Rodrigues et al., 2011). It was recovfeported chemosymbiotic specidaorithyas hadaligFuji-
ered from a soft sediment core close to a cold seep area ofara et al., 2001). Thyasiridae burrow into suboxic to anoxic
the Nile deep sea fan, at a depth of 1697 m. Unfortunatelysediment, in particular in habitats rich in hydrocarbons or
no data are available regarding symbiosis, despite attemptiuids (cold seeps, hydrothermal vents) and in oxygen min-
to amplify symbiont genesAcharax gadiraeand Solemya imum zones. They also occur in organic-enriched habitats
(Petrasma) elarraichensisave been documented from deep such as sunflower seeds in a wrecked ship off Vigpiax-
(Yuma, Ginsburg, Jesus Baraza, Captain Arutyunov, Carlosnus sentosysOliver and Holmes, 2006), colonizing artifi-
Ribeiro, Porta MVs, 960—-3902 m depth) and shallower MVs cial wood substrates in the eastern Mediterranean close to
(Mercator, Mekms, Gemini, Kidd, Yuma, Ginsburg, Dar- seeps Thyasirasp.; Gaudron et al., 2010), and in canyons
win, 358-1105m depth) respectively in the Gulf of Cadiz under reducing and organic-enriched conditions (Cunha et
(Oliver et al., 2011). Another member of the geicharax al.,, 2011). As in the Vesicomyidae and Bathymodiolinae,
not yet assigned to a species, was collected at the Guineggenera are poorly defined, leading to frequent misidentifica-
site (580 m depth) in the Gulf of Guinea (Duperron et al., tions (Taylor et al., 2007). Contrary to other bivalve groups
2012). Sequences from symbionts of the dwatharaxspecies  discussed here, not all members of the Thyasiridae harbor
(GoC and GoG) are almost identical to sequences of severdlacterial symbionts. In fact, several degrees of association,
Acharaxfrom the Oregon, Pakistan and Indonesia marginsranging from the absence of symbionts to the occurrence of
at depths from 780 to 2940 m (Imhoff et al., 2008).elar-  very dense bacterial populations in the lateral zone of gill
raichensissymbiont sequences are, on the other hand, closeljilaments, are documented (Dufour, 2005). This illustrates
related to those of the shallo®@olemya velunfEisen et al.,  differing degrees of dependence upon symbiont-based nutri-
1992; Rodrigues et al., 2010charaxshells, but no living  tion (Dando and Spiro, 1993), and suggests that symbioses
specimens, are documented from various locations includingppeared several times during the evolution of the family.
the Norway plateau or in the Barbados seeps (Ivanov et al.Species with symbionts harbor bacteria in large cells located
2010; Olu et al., 1996). In addition several other species ocin the gill epithelium. The bacteria are tightly packed into a
cur in the area, though no information is available regardinglarge vacuole that is devoid of host cell cytoplasm (Fig. 3a)
their symbioses (Table 1). and separated from the outside by a net-like structure that
Overall, Acharaxassociated symbionts form a very tight may consist of modified microvilli (Dufour, 2005). These
cluster despite the geographical distance between collectioepecies burrow deeper than non-symbiotic species and use
sites. MeanwhileSolemyaymbionts are spread over at least their super-extensile foot to mine for sulfide-rich pockets in
three distinct clades of Gammaproteobacteria, related to Luthe sediment, creating a network of tunnels (Dufour and Fel-
cinidae and Thyasiridae symbionts (Fig. 2). This distinct beck, 2003). Some species suchlayasira flexuosandT.
clustering could reveal significant differences in the sym-gouldi lack siphons and maintain communication with the
bioses between the different host genera, and even amorgurface seawater by a long tube made of mucus rings created
species within genuSolemyaFor example, carbon fixation by the foot (Blacknell, 1973). Symbiont chemoautotrophy
in symbionts ofSolemya veluns carried out by a Type IA is supported by the occurrence of APS reductase-encoding
RubisCO, while a Type Il RubisCO is presentinharaxsp. genes in symbionts of some species (Rodrigues and Duper-
Guiness (Duperron et al., 2012; Robinson and Cavanaugiron, 2011), and by the carbon stable isotope signatures of
1995; Schwedock et al., 2004). Other differences could exisinimal tissue that are in the range of values measured in
besides the type of RubisCO. chemosymbiotic metazoans harboring sulfur-oxidizing sym-
Additional 16S rRNA sequences were recovered besidebionts. Variability in symbiont abundances and the host nutri-
that of gammaproteobacterial symbionts Solemya elar-  tional strategy depends upon environmental conditions (pres-
raichensisand Acharax gadiraebranching within the Ep- ence of sulfide and particles), as show hiyasira flexuosa
silonproteobacteria, Betaproteobacteria, Chlamydiae, FirmiT. sarsiandParathyasira equalisconfirming their ability to
cutes, and Actinobacteria. Their status as symbionts omithstand fluctuating environments (Dando and Spiro, 1993;
pathogens was not resolved, but at least some might havBufour and Felbeck, 2006).
been contaminants. In the Sea of Oman, a family related to Symbiosis has been investigated in 9 identified species
Solemyidae, the Nucinellidae, was recently shown to displayfrom coastal and deep sediment, including cold seeps, but
chemosynthetic sulfur-oxidizing bacteria in their gills based molecular data on symbionts remain very scarce (Table 1).
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In addition, two unidentified species have been reported by Occasionally, additional bacterial sequences are recov-
Southward (1986) as having symbiotic associations, eactered, mostly Epsilonproteobacteria and Bacteroidetes, but
with two distinct bacterial morphotypes, none containing fluorescence in situ hybridization has yet to support these as
sulfur vesicles. In most investigated species, only the ultra-being significant symbionts (Brissac et al., 2011; Rodrigues
structure was characterizethyasira(Parathyasirg equalis ~ and Duperron, 2011). Microscopy also indicates possible
(Barents Sea) andxinulus croulinensigNorth Sea) harbor  Spirochete-like morphotypes located extracellularly on the
moderate amounts of extracellular symbionts, whildris- apex of some bacteriocytes. Interestingly, at least four stud-
inuata (Florida), T. sarsi(White Sea, North Sea),. flexu- ies report the presence of dense virus-like inclusions within
osa(North Sea), and’. gouldi(Arctic region) harbor dense bacteria ofThyasirafrom four different locationsT. flexu-
bacterial populations in their gills (Dufour, 2005). Available osafrom Plymouth Sound (15 m depth) afid gouldifrom

16S rRNA sequences all belong to the Gammaproteobacteriboch Etive, Scotland (Southward and Southward, 1991), off
and are related to free-living bacteria and sulfur-oxidizing Long Beach, Florida (Dufour, 2005), arnthyasirasp. at
symbionts of several metazoan groups (Fig. 2). In the are@old seeps in the eastern Mediterranean (central zone, site
considered herein, these inclu@ieflexuosdrom Plymouth ~ 2A, 1693 m depth) (Brissac et al., 2011). In all cases, do-
Sound (15m depth)Thyasiraaff. flexuosafrom the Nile  decahedral inclusions occur only in some bacteriocytes, but
deep-sea fan cold seepyasira vulcolutrefrom the Car-  are abundant when present. Brissac et al. (2011) indicated
los Ribeiro (2200 m depth) and Sagres (1562 m depth) MVsthat these “infected” bacteriocytes displayed large lysosomal
in the Gulf of Cadiz,Thyasiran. sp. from the Regab site in structures, possibly involved in the destruction of infected
the Gulf of Guinea (3167 m depth), afithyasiran. sp. Gui-  symbionts. Viral infection of symbionts is thus a recurrent
ness from the Guiness site, at 580 m depth in the Gulf offeature of Thyasiridae symbioses. Another intriguing find-
Guinea (Brissac et al., 2011; Distel and Wood, 1992; Duper-ng is the presence of peculiar gill cells displaying large and
ron et al., 2012; Rodrigues and Duperron, 2011). Each ofabundant mitochondria, unlike the situation in “normal” bi-
these species has a single dominant bacterial 16S rRNA phyalve gills (Southward, 1986). For exampleNtendicula fer-
lotype (Fig. 2). A certain level of within-species strain het- ruginosa which is devoid of symbionts, it has been hypoth-
erogeneity could exist, as shown by the co-occurrence of twaesized that these structures might be generating ATP by ox-
highly similar yet distinct phylotypes ifhyasiran. sp. Gui-  idizing reduced compounds such as reduced iron, although
ness (Duperron et al., 2012). Interestingly, symbionts clustethis remains to be proven (P. R. Dando, personal communi-
in at least three clearly distinct clades within the Gammapro-cation, 2013).

teobacteria, four if we include Symbiont | dflaorithyas

hadalis(Fig. 2). Sequences froin flexuosandThyasiraaff. 2.5 Lucinidae

flexuosdrom the eastern Mediterranean cluster with various

sequences from Lucinidae and Siboglinidae symbionts, and.ucinidae were formerly classified along with Thyasiridae
with environmental sequences. The symbioritlyasirasp. within the Lucinoidea, mainly because of shared morpholog-
Guiness clusters with those dhyasiran. sp. Regab and ical features. However, recent molecular evidence has shown
Maorithyas hadalisclose to environmental sequences from that the families, although displaying convergent features,
reducing habitats. Interestingly, the symbionTofulcolutre  are not closely related (Taylor and Glover, 2000; Williams et
clusters right within the clade of Vesicomyidae-associatedal., 2004). Lucinidae are burrowing bivalves occurring over
symbionts, suggesting a recent host shift from Vesicomyi-a wide range of depths, from coastal to at least 2500 m, and
dae to Thyasiridae (Rodrigues and Duperron, 2011). Becausia latitudes from 60N to 55° S. More than 400 (330 liv-

T. vulcolutre co-occurs with Vesicomyidae in the Gulf of ing) species have been described, 85 in the area investigated
Cadiz, host shift could have resulted from lateral acquisition.here. They are the most diverse of the chemosymbiotic bi-
Symbiont phylogeny thus suggests multiple independent orivalves (reviewed in Taylor and Glover, 2006; Taylor et al.,
gins of symbiotic bacteria associated with the Thyasiridae,2011). All investigated Lucinidae harbor chemoautotrophic,
possibly from a pool of environmental bacteria presentingsulfur-oxidizing Gammaproteobacteria located within vac-
features that allow them to establish interactions with meta-uoles occurring in gill epithelial cells from the lateral zone of
zoans (Imhoff et al., 2003; Rodrigues and Duperron, 2011)the gill filament, suggesting obligatory association (Frenkiel
This observation agrees well with the hypothesis of the mul-and Moueza, 1995). Despite this, lucinids retain the capabil-
tiple origin of symbiosis in Thyasiridae hosfhyasira flex- ity to filter feed (Duplessis et al., 2004). Gills, which form
uosg in particular, seems to be a species with a wide geo-about one-third of an animal’'s weight, are thick, opaque,
graphical distribution (Fig. 1), occurring in the western At- and organized in bacteriocyte channels (Distel and Felbeck,
lantic in Florida, in the eastern Atlantic from Norway south 1987). Moreover, bacteria can store sulfur granules. Symbio-
to Galicia (Spain), and in the Mediterranean near the Iberiarsis studies from littoral species have been initiated on the
peninsula (Dufour, 2005; Southward, 1986). This could makewest coast of France (e.d-pripes lucinaliy showing the

T. flexuosaa good target species to investigate the relevancdranslocation of fixed carbon from bacteria to the host tissues
of the AEB hypothesis to Thyasiridae. (Herry et al., 1989), but most of our knowledge regarding
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the functioning of lucinid symbioses originates from speciescinomaaff. kazanioccurs at depths between 500 and 1709 m
in the Caribbean. In vivo experiments @odakia orbicu- inthe Anaximander Mountains between Rhodes and Cyprus,
laris demonstrated symbiont absence in ovaries, testis, eggshe Olimpi area south of Greece on the Mediterranean Ridge,
veliger larvae and metamorphosed juveniles reared in steriland the Nile deep-sea fan (North Alex MV and pockmarks
sand (Gros et al., 1996, 1997). Symbiont-specific PCRs alsin the Central area); it was also recently reported from the
failed to reveal bacterial DNA from the testis and ovaries, Sea of Marmara (Bayon et al., 2009; Olu-LeRoy et al., 2004;
and TEM did not reveal bacterial shapesLincinoma ae- Ritt et al., 2010; Salas and Woodside, 2002). The second
quizonata(Gros et al., 1999). Overall this supports environ- speciesMyrtea sp., possiblyM. amorphadescribed in Olu
mental acquisition of symbionts after larval metamorphosis.et al. (2004) and Ritt et al. (2010), is closely relatedvto
Free-living forms of symbionts were subsequently shownspiniferabased on 18S and 28S gene sequences, and is la-
to be abundant in th@halassia testudinurseagrass envi- beledMyrtea aff. spiniferain the tree (Fig. 2). It was sam-
ronment and water (Gros et al., 2003b). The functioning ofpled from the same areas lascinoma kazaniincluding the
symbiosis is also intriguing. Bacteria replicate their genomicSea of Marmara. Both. aff. kazaniandM. aff. spiniferahar-
DNA but do not divide actively within hosts cells (Caro et bor sulfur-oxidizing bacteria in their gills (Fig. 3b), and the
al., 2007), and are not released by adult bivalves (Brissac atlltrastructure of the association, in terms of bacterial shape,
al., 2009), suggesting a strong host control. Further, symbionpresence of sulfur granules, and host tissue organization, re-
reacquisition after starvation is not by within-host division of sembles that of shallow water lucinids. Another deep-sea
bacterial cells, but rather by capture of new bacteria courtesypecies with sulfur-oxidizing symbionts, asapheusis doc-
of a life-long continuous ability to acquire symbionts (Gros umented from Mercator MV in the Gulf of Cadiz (Rodrigues
etal., 2012). In oxygen-depleted environments, symbionts okt al., 2010). Iri_. aff. kazanj a dominant bacterial endosym-
some species can avoid competition with their host for oxy-biont was identified, and the presence of APS reductase- and
gen resources by growing on nitrate (Duplessis et al., 2004)RubisCO-encoding genes confirmed the chemoautotrophic
Carbon transfer would most likely involve the digestion of potential of symbionts. Spirochete sequences were reported
symbionts. for L. aff. kazaniand L. asapheusbut without further ev-

In the area considered, symbioses have been investigataddence they are unlikely to represent significant symbionts
in several coastal species, mainly from the Caribbean, neaand were suggested as potential pathogens.

Guadeloupe and Martinique. These includacina pecti- Seep lucinids emerged during the Jurassic period. Sym-
nata which lives in black reducing sediment of mangrove biosis has often been considered as a critical step in allow-
swamps, andCodakia orbiculata C. pectinella C. orbic- ing their diversification, and could possibly even date back

ularis, C. costata and Linga pensylvanicawhich live in to the Silurian (Boss, 1970; Distel et al., 1994; Little and
Thalassia testudinurseagrass beds. All five seagrass bedVrijenhoek, 2003). From the point of view of bacteria, the
species share a single 16S rRNA symbiont phylotype (Dis-situation is more complex. The host—-symbiont relationship
tel et al., 1994; Durand et al., 1998 nodontia alba(Bris- is not highly specific, as interspecific infection of aposym-
sac et al., 2011) anDivaricella quadrisulcata(Gros et al.,  biotic juveniles can occur (Gros et al., 2003a). Since sym-
2003a), which live in reduced sediment near seagrass bedbjonts do not divide inside host cells and cannot be released,
also have identical symbionts to those @bdakia orbicu-  symbiosis appears to be an evolutionary dead end for bacte-
laris. The symbiont froni. pectinatanot only diverges from  ria. Multiple related symbiont strains most probably co-occur
those of other lucinids, but the host tissue also displays awithin a given host. Although 16S rRNA usually displays no
high concentration of haemoglobin, which suggests that thentra-individual variation, two related but distinct RubisCO
symbiosis might function in a different way (Frenkiel et al., form IA sequences were obtained framaff. kazanj which
1996). Another species, nassulaoccurs in seagrass beds could suggest multiple strains (Duperron et al., 2007a). Re-
near Florida and has a very similar symbiont sequence (Duecombination between symbionts and environmental bacteria
rand and Gros, 1996) Additionally, symbiosis was characterimay take place, given the incongruence between the APS re-
ized based on gill tissue ultrastructure or molecular evidencaluctase and 16S rRNA phylogenies from theaff. kazani
in a variety of other coastal reduced sediment or seagrass besymbiont. Indeed, 16S rRNA indicates a Gammaproteobac-
species including/yrtea spiniferalL. floridana L. borealis terium, while APS has a Betaproteobacterium as a closest
andLoripes lucinalis(synonymized withLoripes lacteusfor relative (Duperron et al., 2007a). To understand the evolu-
which symbiont 16S sequences are in GENBANK but un-tion of lucinid symbionts will require extended knowledge of
published), with estimates that the latter could be responsifree-living forms, as symbiosis is probably just one of several
ble for up to 16 % of the primary production observed in sea-niches available for the bacteria, and possibly not an optimal
grass bed habitats in a lagoon in upper Corsica (Dando et algne with regards to fitness.
1994, 1985, 1986; Distel et al., 1988; Johnson and Fernan-
dez, 2001; Johnson et al., 2002).

Symbiosis has also been investigated in some deep-water
species from the eastern Mediterranean Basin cold seeps.
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3 Comparing symbioses from North Atlantic, Gulf of example demonstrated that individuals Tdiyasira ferrug-
Mexico and Mediterranean bivalves ineafound at 1500 m did not harbor symbionts, and Decker
and Olu (2012) did not find evidence for a major input of
3.1 Ecological trends in bivalve symbioses symbionts in the nutrition of the host based on stable iso-

tope analysis. In the Mytilidae, multiple symbioses involv-

Most chemosymbiotic bivalves associate with sulfur-ing 2 to 6 bacterial types occur in the area considered in
oxidizing bacteria (Fig. 2). They usually live in habitats ex- this study, and this might be peculiar to the area, as species
isting within the oxic/anoxic interface, where animals can ac-from other regions have either sulfur- or methane-oxidizers
quire oxygen from seawater as well as reduced sulfur comonly. Yet, multiple symbioses occur both at seeps and vents,
pounds available in the underlying substrate (e.g., reducednd methanotrophs mostly at methane-rich sites (Duperron
sediment, decaying organic matter, seeping fluid, etc). In noret al., 2009). Most mussels associated with organic falls
mal deep-sea sediment settings, this oxic/anoxic interfacéarbor thiotrophic symbionts, but some may have methan-
does not exceed a few centimeters, or just a few millime-otrophs (identified on sonldas modiolaeformispecimens)
ters in undisturbed cold seep sediment with little-to-no mix- or other symbiont types such as Gammaproteobacteria G,
ing between the two layers (de Beer et al., 2006; Wenzhofeand may not have thiotrophs (C. Rodrigues, personal obser-
and Glud, 2002). The “feeding” behavior of chemosymbi- vation, 2013). Bacterial densities can be rather low, suggest-
otic burrowing-bivalves, made possible by their morphol- ing that additional nutritional sources are probably signifi-
ogy (long siphons, extensile foot), artificially extends this cant. Overall depth or habitat type does not strongly influence
oxic layer’s depth, increasing access to reduced compoundthe diversity of symbioses except in Mytilidae, in which the
while maintaining oxygenated conditions (Cavanaugh et al. presence of methanotrophs is clearly linked with methane-
2005). Symbiotic Mytilidae are an exception not only be- enriched habitats, or by-products of wood degradation such
cause they can have additional symbionts, notably methanas methanol.
otrophs (Fig. 2), but also because they are epibenthic and Symbiont abundances on the other hand are clearly influ-
usually do not burrow into the substrate. Thus, in order toenced by local characteristics of the habitat. This has been
maintain fluid supply to gill-inhabiting symbionts, they re- demonstrated in vent and seep Mytilidae, in which relative
quire actively emitted, reduced compounds mixing with oxy- amounts of sulfur- versus methane-oxidizing bacteria reflect
genated seawater. This might explain their success at manthe availability of their respective substrates, and can also
vents and seeps that are characterized by active venting, ardisplay age- or time-related variations (Le Bris and Duper-
organic falls that emit reduced compounds, and also their abron, 2010; Fiala-Mdioni et al., 2002; Halary et al., 2008;
sence at some other seeps and among background fauna. Riou et al., 2008). Although they only have sulfur-oxidizing
contrast, other families have some representatives in reducdubcteria, Thyasiridae can also display inter-habitat variabil-
sediments away from active seeping sites (deep-sea or evdty in symbiont densities, with higher densities when sul-
coastal sediments). fide is more abundant in the environment (Dufour and Fel-

Lucinidae and Vesicomyidae are all associated with sulfur-beck, 2006). Using carbon stable isotopes ratios, Dando and
oxidizing symbionts, whatever their habitat or depth, al- Spiro (1993) have shown that the contribution of chemoau-
though direct evidence is still lacking for the genussi-  totrophic bacteria could vary inter-annuallyThyasira sarsi
comyasensu Krylova (Decker et al., 2012; Krylova and and T. equalis in relation to environmental change in the
Sahling, 2010; Taylor and Glover, 2000). Symbiont phy- habitat. In some specimens, carbon signatures of these sym-
logeny indicates the absence of depth- or habitat-relatedbiotic thyasirids were identical to those of non-symbiotic
clades (Fig. 2). By contrast, within Vesicomyidae hosts, re-bivalves in which the diet was based upon phytoplankton-
cent phylogenies suggest recurrent events of “stepwise spelerived material. This was interpreted as a consequence of
ciation” from shallow to deep waters in different ocean mixotrophy with animals that derive distinct fractions of their
basins, consistent with narrow vertical ranges for most ofdiet from symbionts and from heterotrophy.
the vesicomyid genera (Decker et al., 2012; Krylova and
Sahling, 2010). All Solemyidae also associate with sulfur-3.2 Reproduction, development and dispersal strategies
oxidizers, but the genuAcharax which occurs at deeper of hosts
sites thanSolemyais associated with a different clade of
sulfur-oxidizing bacteria than members of the shallower Most documented symbiotic bivalves from the area under
genus (Imhoff et al., 2003). It is not known whether this study are gonochoric such &athymodiolus azoricuéla-
difference is linked with host genus or with distinct depth ble 1, Colaco et al., 2006; Dixon et al., 2006). A few of
ranges. In the Thyasiridae (though not all species have symthem are hermaphrodites alternating between being func-
bionts), symbiosis does exist in both shallow and deep-se¢éional males and females, such l®s modiolaeformisa
species, and in the various types of habitats colonized byrotandric hermaphrodite (Gaudron et al., 2012). Most seem
this family. There are also non-symbiotic species in all habi-to be broadcast spawners with no brooded-development de-
tats and at all depths (Dufour, 2005). Southward (1986) fortected so far. Oocytes can be large and rich in vitellus
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Myrtea flabellifommis (FNB63544)
72| Lucinoma asapheus clone Mer MV_1_1 (FM213432)
Lucinoma aff. kazani (AM236336)
Cardiolucina quadrata {FN869540)
Lucinoma aequizonata (M39448)
Dulcing sp.. (FNB6I36)
Lucina nassula, Codakia orbicularis (EUA88581, X84975)
Myrtea tanimbarensis (FN869533)
Myrtea aff. spinifera (FNE00353)
Gloverina rectangulans (FNB6I545)
Loripes lacteus (FJ752447)
Lucina floridana {L25707)
3o Actarax sp. Guinass (HEDS

73

Thistrophic symbionts

Thyasiridae / Lucinidae/ So

Codakia orbicularis (FM211TT.

99 , Solemya velum (M90415)

Petrasma efaraichensis clone Mer MV_1_1(FM213426)

Uncultured bacterium clone:OT-B17.13 (AB262438)

Solemya (U41049)

99 - Anodontia ovum clone Luc01 (EU9835T7)

L Anodontia ovum clone Luc02 (EU983576)

Anodontia fragilis (FJ752438)
g 131

Thy:

Uncultured bact
Lucina pectinata (X84980)
99 | Phacoides pectinatus (EU488631)
Uncultured bacterium clons AMSMV-5-833 (HQ588461)
55 Uncultured bacterium clone KZNMV-0-B14 (FJ712409)
sa - Thyasira sp. Guiness, specimen 1 and 2 (HE863792)
Thyasira sp. Guiness, specimen 3 (HE863793)
Maorithyas hadalis thioautotrophic symbiont Il (AB188776)
Uncultured proteobacterium clone BO1R021 (AY197388)
Uncultured bacterium clone KZNMV-0-B56 (FJ712437) Thiotrophic symbionts
Maorithyas hadalis thioautetrophic symbiont Il (AB188780)
Thyaslra sp. REGAB (FRT15579)
hadalis gill t hic symbiont Il (AB042414)
L Uncultured bacterium clone OrigSedB29 (FJ264669)
Maorithyas hadaiis thinautotrophic symbiont Il (AB188770)

aslm flexuosa clone T4-8 {FNGOD!ﬁS)

Thyasiridae hosts

76‘

74 Bathymodiolus aff. boomerang (AMB888204)
Bathymodiolus aff. boomerang (AJ745717)
Bathymodiolus japonicus (ABO36711)
r Bathymodiolus mauritanicus symbiont G-1b (HE963014)
B:

H:E‘al’hyrrmﬂmlz.r.ti heckerae clone M6.2 (AM236325)

b3 athymodiolus mauritanicus symbiont G-1a (HE363013)
Bathymodiolus sp. 9° South MAR (JO44782) Methanctrophic symbionts
97| Bathymodiolus childressi (AM236329)
— Bathymodiolus sp. 5° South MAR (JQ844775) Mytilidae hosts
Bathymodioius hirtus (AB260698)

sp. symbiont | (AB0S

Bamymomolm azoricus (AY951332)

(AM083966)
Bathymodiolus brooksi (AM236330)
851 idas modiolaeformis clane M3.33 (AM402955)

Bathymodiolus azoricus (Menez Gwen) clone alG 5.160 (AM083967)
Bathymodiolus azoricus Mid-Atlantic Ridge, Menez Gwen (FM162187)

99 | Bathymodiolus puteoserpentis Mid-Atlantic Ridge. Logatchev, IRINA |i site (FM162189)
Bathymodiolus sp. Mid Atlantic Ridge, Lilliput hydrothermal vent field (FM162186)
Bathymodiolus sp. Mid-Atlantic Ridge, Wideawake (FM162190)

Bathymodiolus sp. Mid-Atlantic Ridge, Wideawake (FM162193)

( Bath; 'mwfous,;sn‘u‘fwslABUBEﬁD‘
] ’7

o1 | L Bathymodiolus sp. Pacfic-Antarctic Ridge, German Flats (FM162195) Intranuclear bacteria
| Bathymodiolus childressi Mississippi canyon (FM244338)
Bathymodiolus heckerae West Florida Escarpment (FII162185) Wytilidae hosts

sp. Campeche Knolls asphalt volcano, Chapopote site (FM162134)
94| Bathymodiolus brooksi Atwater Valley (FM162182)
Bathymodiolus broaksi Alaminos Canyon (FM162183)
70 L loripes lacteus gill clone 1B (GQ853556)

75 Idas modiolaeformis clone M4.36 (AM402959) |
RE

Gammaproteobacteria-G symbionts

ldas modto!aefor’mls Ilkaspeclman Darwin lulWMeknE MV symbiont G2b (HE963018)
lik

Bank, symbiont G-2a (HE963016 ) [| Mytilidae hosts

Idas arwin
Uncultured gamma Arctic96B8-16 (AFESQEEE)
Uncultured marine bacterium clone SPOTSFEB02_70m1 (DQ009423)
Uncultured bacterium clone SCS_HX28_140 (HM598193)
Uncultured gamma proteabacterium clone DS143 (DQ234225)
Idas modiolaeformis-lik i Darwin MV/Meknes MV/GB symbiont G4 (HE963023)

%0

t llular symbiont C of Adipicola pacifica (AB539012)
5 9% Idas modiolaeformis clone M2.41 (AM402960) I Methylotroph-related symbionts
hirfus (AB )
L Bathymodiolus heckerae clone M12.2 (AM236326) Mytilidae hosts

89 Uncultured Helicobacter sp. clone MESS (DQ917867)

’_‘W_I_“ii— Vibrio sp. clone BME2 (DQ917612) R——
= Thyasira flexuosa clone T3.7 (FN600361) Epsilonp (ot confirme

100
| | platifrons (AB250697)

L - (AB368TT5)
Uncultured bacterium clone Ji4_1 (EU4B7863)
B Lutibacter litoralis strain CL-TF09 (AY962293)
- 100 Antarctic bacterium R-TB66 (AJ440984)
Idas modiofaeformis clone I11.25 (AM402956)
L das WMeknes MV Bac-1 {HE963024) I Bacterdiddtegymbigts
Mytiidas hosts
01

Fig. 2. Phylogeny of the Gammaproteobacteria associated with bivalve hosts based on analysis of 16S rRNA-encoding genes. Epsilonpro-
teobacteria presented include two sequences obtained from animal tissues, but not confirmed as actual symbionts, contrary to the Mytilidae:
associated Bacteroidetes. Colors relate to the family to which the host belongs; sequences in bold are from species present in the area of foct
for the review. For clarity, only host species hame is mentioned without mention of “symbiont”. Properly identified bivalve-associated 16S
rRNA sequences above 1200 bp were used; short sequences availd®dghigmodiolus tangargaAcharax gadiraeandldas macdonaldi

were not included. Tree was reconstructed using a maximum likelihood algorithm from 1129 nucleotide positions. Based on Bayesian infor-
mation criterion, a Tamura 3-parameter with Gamma-distribution of rates (T92 + G) was employed. Node support+\&idéshown) are

based on 500 bootstrap replicates using the same methodology. Analyses were run using MEGA 5.0 (Tamura et al., 2011). Although some
names have recently taken on new synonyms (see Table 1), we used names included in the original GENBANK records.
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98 — fsorropodon perplexum (HEGB0079)
Isorropodon megadesmus (HE680078)
Vesicomya steamsii (AB642238)
Isorropodon bigoti (HEG30077)
Elenaconcha guiness (HE&63789)
Vesicomya cordata (FJ899928)
97 Calyptogena ponderosa (EU403436)
i '_L'ufes.r'comya sp. mt-lll (EU403437)
Calyptogena aff. angulata (AY310507)
- Calyptogena nautilei (AB479080)
I;:esr’comya sp. mt-| (EU403439)

w
] en

Vesicomya sp. mt-Il (EU403438)

Calyptogena fausta (AB479081)

— Calyptogena valdiviae, specimen 1 (HEBG3787)

L Calyptogena valdiviae, specimen 2 and 3 (HE863786)

Pliocardia sp. SKG-2011 (JFT784423)

— Vesicomya sp. (FJ899927)

Calyptogena fossajaponica (AB044744)

Calyptogena sp. KT (AB479078)

Vesicomya sp. 'Mid-Atlantic Ridge’ cf. A. southwardae (EU403435)
Abyssogena southwardae (JQ844765)

Fig. 2. Continued.
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Calyptogena phaseoliformis (AB479082)
Vesicomya sp. mt-ll (EU403434)
Thyasira vulcolutre (FR715580)
a5 - Calypfogena extenta (ABA79075)
Calyptogena laubien ssp. 'CM-2 M’ (AB479073)
Calypfogena kilmen (EU403431)
Calypfogena soyoae (AB4T9077)
99 Calyptogena kawamurar (AB479076)
Vesicomya gigas (AF035726)
Calyptogena packardana (AY310508)
78l Vesicomya sp. (FJ899926)
100, Bathymodiolus aff. brevior (DQO77891)
Bathymodiolus mansindicus (DQ321715)
Maorithyas hadalis symbiont | (AB042413)
Bathymodiolus aff boomerang (AJ745718)
97 Bathymodiolus heckerae clone M6.3 (AM236327)
Bathymodiolus azoricus (DQ321711)
Bathymodiolus putecserpentis (DQ321712)
Bathymodiolus sp. Manus Basin (EU326223)
Bathymodiolus brooksi (AM236331)
Bathymodiolus thermophilus (DQ321716)
Bathymodiolus aff. thermophilus (DQ321717)
\— Bathymodiolus sp. (DQO77893)
Bathymodiolus sp. 9° South MAR (JQ8447385)
Bathymodiolus sp. 5° South MAR (JQ844772)
Bathymodiolus brevior (DQ321714)
Bathymodiolus hirfus (AB250700)
78 Bathymodiolus septemdierum (AB595130)
\— Bathymodiolus sp. (AB073122)
Bathymodiolus aff. brevior (DQ321713)
M 'Myrna sp. HEE-2004 (AB178222)
- Bathymodiolus mauritanicus/ldas modiolaeformis-like specimen G-3 (HE963020)
Mytilidae sp. morphotype BC 279 (AMB51094)
~ Idas modiolaeformis clone M1.2 (AM402956)
~ Mytilidae sp. morphotype BC 288 OGG0-41 (AMB51083)
\- Uncultured bacterium partial 165 rRMA gene, clone 336-10 (AM931532)
Idas sp. (EUBB3305)
ﬁ Idas sp. (EUBE3307)

G0

&1

Idas sp. (EUGB33086)
Adipicola pacifica (AB539011)
Idas-like specimen, Marmara Sea (JQ038225)
98 ; Mytilidae sp. morphotype BC 1007 (AM503921)
Mytilidae sp. morphotype BC 294 (AM503922)
Bathymodiolus sp. clone: Bsp6-2 (AB499796)
78— Gigantidas gladius (EU326224)
f Adipicola crypta (EU683303)
dipicola crypta (AB539010)
L Bathymodiolus heckerae clone M3.7 (AM236328)
+— Uncultured bacterium partial 165 rRNA gene, clone Ran5_c6330 (HEB14591)
Uncultured SUPOS cluster bacterium clone SGST732 (GQ345623)

_{—_Idas modiolaeformis clone M1.17 (AM402957)

Thiotrophic symbionts

Vesicomyidae hosts

Thiotrophic symbionts

Mytilidae hosts

Deep-sea mussel NZ3 (DQ321718)

3255

Biogeosciences, 10, 3242013



3256 S. Duperron et al.: An overview of chemosynthetic symbioses in bivalves

(Fig. 3c), indicative of lecithotrophic larval development and ;= so R s CJILa Y L oA
potentially enabling a significant larval dispersal under olig- ,?b%géagﬁ%éwﬁ B
otrophic conditions in the surrounding deep sea (Beninger’ o°°£’o ) 0 ‘o ) 850
and Le Pennec, 1997). Alternatively, oocytes can be smallel;\% 'O‘O%Oég&g'

with a lower vitellus content (Fig. 3d), indicative of plank- (0. & 00.'g.t9
totrophy where the veliger larvae will actively feed upon vbo,o'&.“'n
dissolved organic matter, phytoplankton, or microorganismsl’! O & ‘
(Arellano and Young, 2009). Historically, planktotrophic lar- :Qﬁ . ;--”@.
vae have been thought to spend an extended period in ths?g f QOYL
plankton and disperse great distances, while Iecithotrophicha &%
larvae live on limited reserves of vitellus, which permit lim- -y E
ited dispersal time only before metamorphosis and settlemen
(Thorson, 1950, Fig. 4a). This distinction might, however,
be partially inaccurate in the cold deep sea, as developmen
tal and metabolic rates decrease with temperature, enabling® *
longer dispersal time for lecithotrophic larvae, prior to com-

and Beninger, 2000; Tyler and Young, 1999). Much is be- !
lieved to depend upon the seasonality of reproduction and
whether larval dispersal takes place in cold deep waters or irft
warmer surface waters (Fig. 4a, Tyler et al., 2007). Currently,
however, such information is scarce for chemosymbiotic bi-
valves. f
Vesicomyidae, Solemyidae and Lucinidae bivalves gener-i
ally have large oocytes (from 100 um up to 600 um diame- =&
ter) rich in yolk (Table 1, Fig. 3c), although a few exceptions
occur (Le Pennec and Beninger, 2000). Most Vesicomyidad:ig. 3. (A) Detail of sulfur-oxidizing symbionts associated with gill
seem to be continuous spawners, but some also display pdlaments ofThyasirasp. Regab (Thyasiridae) under the TE(8)
riodicity like Calyptogena pacificand Calyptogena kilmeri Fluorescence in _situ hybridizatior_l usjing a symbiont-spe_cific probe
from bathyal depths in Monterey Bay (Lisin et al., 1997). The " & cross section through 3 gill filaments fdyrtea spinifera
large oocyte size in several species indicates that the veIige(rLucmldae) showing the dense populations of bacteria in the lat-

. . . - eral zone. Scale bar=50urfC—E) Histological sections of fe-
larva is propably Ie_CIthotrophlc. To d_a_te, nq ‘?'ata are avall'male gonads stained with hematoxylin-eosin. Scales bars are 50 pm.
able regarding their dispersal capacities (Lisin et al.,

. . 1997;(C) Detail of an acinus (arrows delimiting) encompassing a large
Parra et al., 2009). The protobranch family Solemyidae hasecithotrophic oocyte (fgo: fully grown oocytes of 150 um diam-

a pericalymma larva. lisolemya velunthe embryo devel-  eter) inlsorropodon bigotiVesicomyidae)(D) Detail of an acinus
ops within a sticky and negatively buoyant gelatinous cap-(arrows delimiting) encompassing smaller fully grown oocytes (fgo;
sule on the seafloor and yields a juvenile stage resembling- 60 um diameter) indas modiolaeformigMytilidae) that has a
the adult and possessing gill symbionts (Gustafson and Lutzplanktotrophic larvag(E) Detail of a gonad (arrows delimiting) en-
1992; Krueger et al., 1996b). This capsule, being adhesivesompassing small vitellogenic oocytes (voP0 to 30 um diameter
may disperse in the ocean if it has been initially attached" Thyasirasp. nov. from the Guiness site (Thyasiridae, g for gills).
to organic matter or sediment particles that may be resustF) Early juvenile ofldas modiolaeformiswith prodissoconch Il
pended and transported by water currents. The shallow-wate%ﬁz't?clz 'tr;]gr;r\:\?i and the surrounding young dissoconch in white.
L . . umber of gill filaments visible by transparency.
S. velumis widespread in the northwest Atlantic, from north- Scale bar = 100 um.
ern Florida to Nova Scotia, and larval dispersal conforms to
that of a passive particle. Gelatinous egg capsules are also ob-
served in the tropical Lucinidae from the Caribbean such as
Codakia orbicularis(Gros et al., 1997), and in the shallow-
water Thyasiridae from the North Atlanti¢hyasira gouldi  free-swimming larval form (Arellano and Young, 2009; Gau-
(Blacknell and Ansell, 1974, Fig. 3e). Little data exists re- dron et al., 2012; Lutz et al., 1980; Ockelmann, 1965). Ex-
garding dispersal capacities in both families. Mytilidae haveperimental evidence demonstrated tBathymodiolus chil-
planktotrophic larvae, and the time spent in the water columndressifrom the Gulf of Mexico can produce “teleplanic” lar-
has been inferred from the relative sizes of prodissoconch l/ae capable of spending one year in the water column be-
and Il (Fig. 3f). The granular prodissoconch | is produced fore settlement, supporting long-distance larval dispersal ca-
from the energy reserves of the oocytes, while prodissoconcipabilities (Arellano and Young, 2009). It was subsequently
I develops incrementally, using energy from food during the shown that temperature is not a limiting factor in the vertical
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migration of larvae up to 200 m or more above the cold seeps
in the Gulf of Mexico (Arellano and Young, 2011).
Investigating dispersal patterns of bivalve hosts is prob-
lematic. Early larvae and dispersal stages of chemosymbi
otic bivalves are difficult to identify in the water column,
despite various methodologies based on diagnostic PCR, o
in situ hybridization of larvae using specific probes having
been developed (Comtet et al., 2000; Le Goff-Vitry et al.,
2007; Pradillon et al., 2007). Consequently, the distributions
of larvae and their positioning in the water masses are not
known. The factors triggering larval settlement at a new site
are poorly understood, although several authors suggest tha
sulfide or plume compounds may play a role (Cowen and
Sponaugle, 2009; Tyler and Young, 1999; Won et al., 2003).
Theoretical approaches have attempted to evaluate dispersal
potential, but with severe limitations (Martins et al., 2008). Fig. 4. (A) Dispersal strategies in bivalves. Long-distance, with
For example, a recent Lagrangian-based dispersal model inplanktotrophic larvae dispersing in the euphotic zone (1) or in a
plemented for the Gulf of Mexico muss&athymodiolus  deeper water layer (2). Larvae can grow during dispersal and can
childressiindicated that despite long larval life, larvae re- settle very far from their birth site. Shorter-distance dispersal (3)
leased from relatively shallow seep habitats of the specie§an be achieved by _Iecithotrophic larvae, which live on maternal
(100 and 500 m) tended to be retained in the Gulf of Mexico, rgserves find theoretically settle c.Ioser. to their birth @kBacte-
limiting the potential for trans-Atlantic dispersal (Young et rial symbionts can be maternally inherited (1), acquired from free-

living populations of bacteria at site of origin (2a, green bacterium)

al., 2012). In an earlier study, several planktotrophic gaStrc"or at site of settlement (2b, yellow bacterium), or laterally acquired

pod larvae, similar in size and shape, were shown 1o be €agom another host at site of origin (3a, black bacterium) or at site
pable of crossing and dispersing throughout the Atlantic us+f settlement (3b, red bacterium). Situations 1, 2a and 3a lead to
ing diverse currents, indicating that the hypothesis for transost—symbiont co-dispersion, as emphasized by the bi-color arrows.
Atlantic dispersal needs to be considered (Scheltema, 197 1pifferent transmission modes can co-exist within a given species.
Dispersal potential also depends upon the depth at which lar-

vae live and, critically, whether or not they rise up the wa-

ter column. Evaluating biological parameters needed to inhacteria seems to be retained during adult life in certain bi-
form dispersal, including data concerning buoyancy, swim-valves. Indeed, symbiont-depleted Lucinidae were shown to
ming behavior, duration of larval stage, age at competencyreacquire symbionts exclusively via endocytosis throughout
transport mode, or feeding strategy, is critical for accuratetheir life, and acquired bacteria do not divide inside the gill
predictions, thus emphasizing the need for more experimen¢Brissac et al., 2009; Caro et al., 2007). In the Mytilidae,
tal work. The distribution of adults, although patchy and far many authors suggest that symbiont uptake occurs early in
from being fully documented, can only provide clues, andlife (Fig. 4b, Salerno et al., 2005). However, repeated obser-

thus alone is not sufficient. vations of abundant endocytosis vacuoles engulfing bacteria
in adult gill epithelial cells suggest that symbiont uptake may
3.3 Acquisition of symbionts also occur in adults (Dubilier et al., 1998; FialeéMoni et

al., 2002). An increase in symbiont numbers after a period of
Bacteria have been detected in the ovaries and follicle cellstarvation also occurs through within-gill bacterial division
of Vesicomyidae. InSolemya reidi bacteria are found in  (Kadar et al., 2005). Recent results indicate that maternal
ovaries, eggs, larvae and in juvenile stages. Bacteria occusind environmental modes of acquisition are not mutually ex-
in the ciliated epithelial calymma surrounding the 3 day per-clusive. In Vesicomyidae, lateral acquisition of non-parental
icalymma larvae. Inoculation by digestion of the calymma symbiont strains, probably promoted by physical closeness,
during metamorphosis of the larvae was proposed, wherebyas been documented in several species (Fig. 4b, Stewart et
symbionts were subsequently transported to the developingl., 2008; Decker et al., 2013).
gills (Gustafson and Reid, 1988; Stewart and Cavanaugh,
2006). As already discussed, maternal inheritance in Vesi3.4 Connectivity
comyidae has triggered genome reduction in symbionts,
potentially limiting their ability to occur in a free-living Several metazoan species or sister species were shown to
form. This has not yet been identified Solemyasymbionts  occur on both sides of the Atlantic, suggesting the exis-
(Kleiner et al., 2012). Environmental acquisition implies the tence of preferential dispersal pathways across the Atlantic
existence of free-living forms of the symbionts (Fig. 4b). equatorial belt (Cordes et al., 2007; Olu et al., 2010; Olu-
Acquisition can start early in life, but the ability to acquire LeRoy et al., 2007b, Fig. 1). In chemosymbiotic bivalves
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for which symbiosis is documented, at least three Mytili- dae claddathymodiolus heckerd&oM)/B. aff. boomerang
dae groups are known: the species compl®ahymodiolus  (GoG) are closely related on both sides of the Atlantic. The
childressiB. mauritanicugGulf of Mexico, Barbados prism, methanotroph associated with mauritanicug§GoC) is not
Nigerian margin and Gulf of CadizB. boomeran{B. heck-  closely related to that of its neighboring specks chil-
erae(Gulf of Mexico, Barbados prism, Blake Ridge and Gulf dressi(GoM), but the later is related to bacteria associated
of Guinea), anddas macdonaldi. modiolaeformiqGulf of with Bathymodioludrom the southern Mid-Atlantic Ridge
Mexico, Gulf of Cadiz and Mediterranean) (Cordes et al.,vent sites 35S and 9 S. Methanotrophs d8. brooksi(GoM)
2007; Van Dover et al., 2003;&nio et al., 2008; Lorion et and Idas modiolaeformigMed) are also closest relatives.
al., 2012; Olu-LeRoy et al., 2007b). These examples prodn Vesicomyidae symbionts, the only example is that of the
vide important insights into the speciation and the evolution-Elenaconcha guines$&s0G) symbiont, which is closely re-
ary context for the present biogeography of chemosynthetidated to those ofPliocardia cordataand Pliocardia pon-
mytilids in the area of interest. Given the planktotrophic lar- derosa(GoM), though with low support (Fig. 2). In Solemyi-
val development and the estimated duration of larval stageslae, symbionts oSolemya velunWA) are closely related
of 1yr in B. childressiand at least 5months ildas modi-  to symbionts ofSolemya (Petrasma) elarraichengiSoC).
olaeformis the potential for larvae to cross the Atlantic ex- No such relationships occur among reported Thyasiridae and
ists. Barriers to dispersal probably occur, though the Strait of_ucinidae symbionts. Apart from these examples, other 16S
Gibraltar at least does not prevedas modiolaeformigrom rRNA symbiont phylotypes are mixed with no self-evident
occurring on both the Atlantic and Mediterranean side, sug-trend. Symbiont-containing clades include a mixture of phy-
gesting occurrence of larvae in upper seawater layers (shaletypes associated with hosts from various locations. This
lowest depth: 300 m). A non-exclusive alternative would be might be due to the limited amount of variation of the 16S
that intermediate populations occur at sites situated betweerRNA gene, and maybe faster evolving genes could pro-
the extremes of the reported distribution. This hypothesis wawide better estimates of symbiont biogeographical trends, as
raised upon discovery of the relationship betwktas modi-  shown in Solemyidae from the coast of New England (Stew-
olaeformisandl. macdonaldj and confirmed by the discov- art et al., 2009a). However, at this stage, in contrast to obser-
ery ofl. modiolaeformispecimens in the Gulf of Cadiz, and vations in some host bivalves, there is no apparent trend to-
in the Lacaze-Duthiers Canyon in the western Mediterraneanvards closer phylogenetic relationships between symbionts
(Rodrigues et al., 2013; N. Le Bris, personal communication,from the western and eastern Atlantic. Apart from the few
2012).Abyssogena southwardamccurring on the west coast examples listed above, the hypothesis of a preferential dis-
of Florida, in the Barbados prism, along the MAR, from$®%  persal or diversification route along the Atlantic equatorial
to 1# N, to near the Canary islands, could be example ofbelt does not appear to be relevant to the bacterial symbionts
a Vesicomyidae with an amphi-Atlantic distribution. How- of bivalves.
ever, molecular data are not available from all locations, pre- Published symbiont phylogenies illustrate the close rela-
venting rigorous testing of the hypothesis (van der Heijdentionship between the different clades of symbionts and vari-
et al., 2012; Krylova et al.,, 2010A. southwardaeproba-  ous free-living bacteria (Fig. 2, Petersen et al., 2012). Sym-
bly has lecithotrophic larvae with a limited dispersal poten- biosis with bivalve hosts has appeared independently in sev-
tial, but locations are separated by relatively short distancegral clades of Gammaproteobacteria, generally consisting
that may be within the limits of larval dispersal capacity, par- of sulfur-oxidizing bacteria. In most cases, symbionts de-
ticularly considering the advantage of lecithotrophy in olig- rive from free-living bacteria, but in a few instances sym-
otrophic deep-sea waters (Tyler and Young, 1999). Volcanicbionts seem to have passed from one host family to an-
seamounts (Henry Seamount near the Canary Islands), transther, as seen for the symbiontTfyasira vulcolutrewhich
form faults or other sulfide-enriched habitats such as organicseems to have been derived from Vesicomyidae-associated
remains may act as ecological and/or evolutionary steppindpacteria (Rodrigues and Duperron, 2011). Host shifts might
stones between the known seeps and vent localities (Fig. 4ag@lso have occurred within the group that includes symbionts
Thyasira flexuosé found from Florida to the North Sea and from Solemyidae, Lucinidae and Thyasiridae, and possibly
in the Mediterranean, suggesting it is not only an amphi-from Mytilidae to Vesicomyidae (Fig. 2). Based on the few
Atlantic species, but also capable of crossing the Strait ofgenomes available, symbionts tend to share highly simi-
Gibraltar. Similarly, lecithotrophic larvae of the deep-sea lu- lar pathways for sulfur-oxidation, and a somewhat altered
cinid Lucinoma kazanfrom the eastern Mediterranean seem Calvin—Benson—Bassham cycle for autotrophy using either
to be able to cross the Dardanelles, since the species has be€&ype | or Type Il RubisCO (Kleiner et al., 2012). These
recovered in cold seeps in the Sea of Marmara, as has thgathways are less diverse than documented in available
small deep-sea vesicomyigorropodon perplexunBrissac  genomes from related free-living bacteria. Furthermore, phy-
etal., 2011; Ritt et al., 2010; Rodrigues et al., 2012). logenies obtained using functional genes (for example those
Regarding their symbionts, a few clades show simi-encoding APS reductase, RubisCO and particulate methane
lar trans-Atlantic distributions (Fig. 2). Both sulfur- and mono-oxygenase) usually do not corroborate those obtained
methane-oxidizing symbionts in the amphi-Atlantic Mytili- based on the classical marker 16S rRNA. This suggests that
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pathway convergences among symbionts result from laterafor the characteristics of their respective families. This ap-
gene transfer of pathways rather than common ascendancproach had yielded detailed knowledge of these systems.
In fact recombination is documented among closely relatedHowever, recent results emphasize significant within-family
symbionts (Stewart et al., 2009b). Loss of genes is a consevariability in symbiotic interactions, which may have been
quence of genome reduction, documented in maternally inoverlooked in the past. In this synthesis, it appears that the
herited Vesicomyidae symbionts, as well as in environmen-more diverse families are those for which a lower propor-
tally acquired mussel-associated sulfur-oxidizers (Kleiner ettion of species has been investigated: 19.0% and 15.2 % of
al., 2012). Free-living forms of thiotrophic symbionts are Lucinidae and Thyasiridae (85 and 59 species, respectively)
documented convincingly in Lucinidae in coastal seagrassagainst 39.3, 54.5 and 61.1 % of Vesicomyidae, Solemyidae
beds, and strongly suspected in Mytilidae based on data fronand Mytilidae (clade Bathymodiolinae). Even focusing only
hydrothermal vent mats and mats attached to the back of amn the northern Atlantic, Gulf of Mexico and Mediterranean,
nelids, although their abundance, metabolism, and exact ecanuch more can be learned from within- and among-family
logical niche are not known (€peau et al., 2011; Gros et comparisons in terms of common trends and peculiarities.
al., 2003b; Petersen et al., 2012). Overall, it seems that, apaAside from the necessary in-depth studies carried out on se-
from a few cases (maternally inherited Vesicomyidae sym-lected representative species, family-scale comparative stud-
bionts), symbionts have evolved quite separately from theiries appear equally important to develop an integrated view of
hosts. Many symbionts have, or probably had, free-livingbivalve symbioses encompassing the true diversity of species
forms, whereas hosts require their bacteria. This asymmetrand associations within each family. This broader perspective
between hosts and symbionts remains poorly acknowledget intrinsic to concerns about marine biodiversity and con-
in evolutionary studies, and a better understanding of symservation, which have triggered considerable effort through
biont evolution will require addressing the biology of these programs such as the Census of Marine Life (German et al.,
free-living forms. 2011). At a time when many human activities (including pol-
lution, over-fishing, and offshore gas, petroleum, and min-
eral exploitation) threaten the world’s oceans, a better un-
4 Conclusions derstanding of bivalve symbioses is needed to evaluate the
capacities of these remarkable ecological and evolutionary
Chemosymbiotic bivalves are diverse. Four of the five well- units to withstand environmental change.
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