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a b s t r a c t

Bathymodiolinae mussels have been used as a biological model to better understand the evolutionary ori-
gin of faunas associated with deep-sea hydrothermal vents and cold seeps. Most studies to date, however,
have sampled with a strong bias towards vent and seep species, mainly because of a lack of knowledge of
closely related species from organic falls. Here we reassess the species diversity of deep-sea mussels
using two genes and a large taxon sample from the South-Western Pacific. This new taxonomic frame-
work serves as a basis for a phylogenetic investigation of their evolutionary history. We first highlight
an unexpected allopatric pattern and suggest that mussels usually reported from organic falls are in fact
poorly specialized with regard to their environment. This challenges the adaptive scenarios proposed to
explain the diversification of the group. Second, we confirm that deep-sea mussels arose from organic
falls and then colonized hydrothermal vents and cold seeps in multiple events. Overall, this study consti-
tutes a new basis for further phylogenetic investigations and a global systematic revision of deep-sea
mussels.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Phylogenetic studies based on sampling that does not reflect the
breadth of species diversity across ecosystems may lead to biased
conclusions about their evolutionary history. However, prior
knowledge regarding the possible relationships among ecosystems
and the species diversity that should be sampled to properly ad-
dress evolutionary issues are not always available. Evolutionary
studies focusing on evolutionary relationships among organisms
from deep-sea ecosystems often suffer from this problem (Samadi
et al., 2006; McClain, 2007; O’Hara, 2007; Vrijenhoek, 2009).

In this regard, the case of hydrothermal vent and cold seep fau-
nas is striking. Being the first discovered of chemosynthesis-based
ecosystems, vents and seeps are one of the most amazing findings
in oceans in the last 40 years (Cavanaugh et al., 2006; Dubilier
et al., 2008; Lonsdale, 1977). As a consequence, both environments
have been extensively studied and much data are now available
regarding vent and seep ecology, as well as the physiological fea-
tures of organisms living there (Hourdez and Lallier, 2006; Sibuet
and Olu, 1998; Van Dover, 2000). But in contrast, their evolution-
ary origins are less well documented. Distel et al. (2000) neverthe-
ll rights reserved.
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less showed the close relationship between symbiont-bearing
mussels of the genera Bathymodiolus Kenk and Wilson 1985 and
Tamu Gustafson, Turner, Lutz and Vrijenhoek 1998 (Mytilidae:
Bathymodiolinae), endemic to vents and seeps, and the small-sized
mussels of the genera Idas Jeffreys 1876, Adipicola Dautzenberg
1927 and Benthomodiolus Dell 1987 (Mytilidae: Modiolinae), usu-
ally associated with shallower and more poorly known organic fall
ecosystems. These mainly consist in sunken wood and vegetal deb-
ris but also include vertebrate bones. While decomposing at the
deep-sea floor, organic falls produce sulfide that is used by mussels
through chemosynthetic symbionts similar to those of vent and
seep mussels (Duperron et al., 2009).

Distel et al. (2000) therefore clarified an important issue:
understanding of the evolutionary history of vent and seep mussels
requires knowledge of their relationships with relatives from
organic falls. They additionally proposed the ‘‘wooden-step”
hypothesis, which suggests that the mussels from vents and seeps
evolved recently from ancestors associated with organic falls.
Other data confirmed that many vent faunas are much younger
than previously thought (Little and Vrijenhoek, 2003), and
challenged previous hypotheses that suggested that hydrothermal
vents had experienced ‘‘a long and continuing evolutionary his-
tory” (Newman, 1985). However, the ‘‘wooden-step” hypothesis
proposed by Distel et al. (2000) relies more on ecological and
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Fig. 1. Western Pacific map showing the distribution of localities (squares) from
which mussels associated with organic falls were available for this study, taking
into account new samples and data from Genbank.
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paleontological data (Kiel and Goedert, 2006a; Smith and Baco,
2003) than on a reliable phylogenetic reconstruction. Indeed the
18S rRNA-based tree provided in their study was poorly resolved.
More recent studies investigating the evolutionary origin of vent
and seep mussels used more rapidly evolving genes and/or more
taxa (Jones et al., 2006; Samadi et al., 2007; Lorion et al., 2009; Fuj-
ita et al., 2009). But at most 6 species from organic falls were used
in these studies, out of at least 20 reported in the taxonomic liter-
ature (Dell, 1987; Warén and Carrozza, 1990). This is because most
species were described long time ago: their soft tissues are lacking
or not very suitable (formalin-fixed) for extensive molecular stud-
ies. New samples are thus strongly needed. As organic falls are un-
evenly distributed at the deep-sea floor and often thinly dispersed,
sampling strategies different from those used for the exploration of
vents and seeps are also required.

Once solved, the issue of sampling leads to other difficulties re-
lated to the poor taxonomic knowledge of mussels associated with
organic falls. Indeed, many species were described on the basis of a
few shell characters, providing few diagnosable characters (see
however Dell, 1987 and Gustafson et al., 1998). The species
descriptions were often based on a few specimens and thus gener-
ally without description of life stages, levels of environmental plas-
ticity and any other details of polymorphism that characterize
species. As a consequence, some species descriptions are ambigu-
ous and the distinction between the genera Idas and Adipicola is de-
bated (Gustafson et al., 1998; Warén, 1993). Therefore, the
methods for species delimitation and the potential extent of diver-
sity in mussels from organic falls would greatly benefit from a
complete reassessment. This task is made difficult by several issues
related to the evolutionary significance of shell characters classi-
cally used for alpha-taxonomy in molluscs (Knowlton, 2000; Vri-
jenhoek, 2009). Indeed, shell morphology in molluscs is subject
to crypticism (Won et al., 2003b; Lee and Foighil, 2004; Johnson
et al., 2009), environmental plasticity (Yeap et al., 2001; Wullsch-
leger and Jokela, 2002; Baker et al., 2003; Hollander et al., 2006;
Pfenninger et al., 2006) and growth allometry (Horikoshi and
Tsuchida, 1984). By contrast, using anatomical characters is often
more useful in species delimitations (e.g. Cosel, 2008). However,
especially when specimens are small (mussels from organic falls
are usually less than 1 cm length), it is difficult and time consum-
ing to analyze anatomical characters for many specimens. More-
over anatomy may not solve the problem of cryptic species.

In this context, it seems relevant to first use molecular charac-
ters for species delimitation (Blaxter, 2003; Blaxter, 2004; Vogler
and Monaghan, 2007). From a given set of specimens, primary
hypotheses of species delimitation can be drawn, for instance,
using a criterion of similarity based on genetic distances. In an
integrative framework (De Queiroz, 2007; Samadi and Barber-
ousse, 2009), these primary hypotheses can be refined using the
alternative criterion of monophyly (Meier and Willman, 2000;
Sites and Marshall, 2004; Wheeler and Meier, 2000) and/or addi-
tional unlinked markers. The analysis of unlinked markers more-
over allows evaluating the occurrence of gene flow between
putative species, and thus to use the additional criterion of repro-
ductive isolation (Taylor et al., 2000). Interestingly, recent method-
ological developments, rooted in the methodological framework of
the coalescent theory, offer reliable opportunities to use simulta-
neously several of these criteria (Nielsen et al., 2001; Pons et al.,
2006). Finally, the molecular hypotheses of species delimitation
should be discussed using ecological and morphological data (Will
and Rubinoff, 2004; Will et al., 2005).

To fulfill the sampling needs required to document the evolu-
tionary history of deep-sea mussels, specimens associated to or-
ganic falls were collected throughout the South-West Pacific, one
of the most species-rich area of the marine environments. Here,
an integrative approach to taxonomy based on the analysis of
two unlinked gene fragments is used to overcome the poor evolu-
tionary significance of shell characters. Both the sampling effort
and the integrative approach provide a new taxonomic framework
for the mussels associated to organic falls. This then serves as a ba-
sis for investigation of the diversification processes of mussels in
the deep-sea. Hypotheses regarding the speciation patterns in
mussels from organic falls are formulated and constitute first in-
sights regarding biogeography in these environments. Relation-
ships among mussels from organic falls with mussels from vent
and seep allow discussion of various aspects of the ‘‘wooden-step”
hypothesis such as the connectivity among habitats and the rela-
tive roles of adaptive and stochastic processes in the species diver-
sification. Finally, implications of our results for further
investigations of the systematics of deep-sea mussels are
evaluated.
2. Material and methods

2.1. Sampling

Most of the new material studied herein was collected during
cruises of the Tropical Deep-sea Benthos program from 1999 to
2006 (Bouchet et al., 2008). Samples from these cruises include
212 mussels collected off the Philippines (137 specimens), Vanuatu
(58 specimens), Solomon Islands (9 specimens), Chesterfields Is-
lands (4 specimens), and Fiji (4 specimens) (Fig. 1). These new
samples represent a total of 18 localities and 59 stations trawled
at depth ranging from 103 m to 1392 m (Supplementary data 1
and 2). Moreover two colonization modules were deployed off
Noumea (New Caledonia) in October 2003 and September 2005
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at 1060 m and 800 m depth, respectively. These were recovered in
October 2005 and May 2008, respectively, and allowed collection
of 5 and 28 specimens, respectively, from turtle bones. Upon recov-
ery, all samples were immediately stored in 90% EtOH. Collabora-
tors kindly provided additional alcohol-fixed specimens from
organic falls, including four paratypes of Adipicola arcuatilis (NMNZ
M. 089789) collected from whale skull off New Zealand and three
specimens collected from sunken wood off Japan. All these new
specimens were deposited both in collections of the Muséum Na-
tional d’Histoire Naturelle (MNHN) and in the Barcoding Of Life
Database (BOLD, project WFAL).

Tissues from the 16 specimens analyzed by Samadi et al. (2007),
from the coastal species Modiolus modiolus, from the seep species
Bathymodiolus mauritanicus, Ba. boomerang and Idas sp. Med (unde-
scribed species), and from the vent species Ba. thermophilus, Ba.
manusensis, Ba. taiwanensis and NZ3 (undescribed species) were
available at the MNHN and added to our new samples (Tables 1
and 2). Genus names will be abbreviated hereafter as following:
M. Modiolus, Be. Benthomodiolus, I. Idas, A. Adipicola, Ba. Bathymodio-
lius, G. Gigantidas, and T. Tamu.

2.2. Molecular methods

DNA was extracted from whole specimens or gills of largest speci-
mens using the QIAamp� DNA Micro Kit (Qiagen). A fragment of the
cytochrome oxidase I (COI) mitochondrial gene was amplified using
the primers H691 (50-GTRTTAAARTGRCGATCAAAAAT-30), which was
designed for deep-sea mussels, and LCO1490 (Folmer et al., 1994).
Domains D1, D2 and D3 (Qu, 1986) of the 28S rRNA nuclear gene were
amplified using primers C10 (50-ACCCGCTGAATTTAAGCAT-30) and C4
(50-TCGGAGGGAACCAGCTACTA-30). PCR reactions were performed
in 25 lL final volume, containing approximately 3 ng template DNA,
1.5 mM MgCl2, 0.26 mM of each nucleotide, 0.3 lM of each primer,
5% DMSO and 0.75 U of Taq Polymerase (Qbiogene). Amplification
Table 1
Species name, substrate, geographical location and Genbank accession numbers of specim
number of sequences is given within brackets when higher than one. Authors of sequence
5Iwasaki et al. (2006), 6Lorion et al. (2009), 7Duperron et al. (2008a).

Species Substrate Locality (country) C

Be. geikotsucola
Okutani and Miyazaki 2007

Bone Torishima seamount (off Japan) A

Be. lignicola
Dell 1987

Wood, bone Chatham Rise (off New Zealand) A

A. longissima
Thiele and Jaeckel 1931

Wood Solomon islands, Philippines E
D
D

A. pacifica
Dall, Bartsch and Rehder 1938

Bone Off Noma cape (Japan) A

A. crypta (B0)
Dall, Bartsch and Rehder 1938

Wood, bone Vanuatu E

A. crypta (B00)
Dall, Bartsch and Rehder 1938

Wood, bone Off Noma cape (Japan)
Philippines
Vanuatu

E

A. iwaotakii
Habe 1958 (A0)

Wood Off Hitachinaka city (Japan)
Vanuatu

A
an

A. iwaotakii (A00)
Habe 1958

Wood Off Hitachinaka city (Japan)
Philippines

E

I. japonica
Habe 1976

Wood Off Noma cape (Japan) A

I. washingtonia
Bernard 1978

Wood, bone Monterey Bay (USA) A

Idas sp. SAL1 Wood Solomon islands D
D

Idas sp. SAL3 Wood Solomon islands D
Idas sp. SAL4 Wood Philippines

Solomon islands
D

Idas sp. C Wood, bone Solomon islands
Vanuatu

E

Idas sp. D Wood Philippines E
products were generated by an initial denaturation step of 4 min at
94 �C followed by 35 cycles at 94 �C for 40 s, 50 �C (52 �C for 28S rDNA)
for 50 s and 1 min at 72 �C, and by a final extension at 72 �C for 10 min.
PCR products were purified and sequenced with the PCR primers at the
Genoscope (Evry) in both directions. Chromatograms were edited
using Sequencher 4.1.4 and sequences were aligned using the Clustal
W module included in Mega 4.0(Tamura et al.,2007).The sequences of
newly sampled specimens were deposited both in BOLD and in
Genbank (COI mtDNA: FJ937033–FJ937283, GU073224; 28S rRNA:
GU065746-GU065881).

2.3. An integrative approach to alpha-taxonomy

The purpose of this integrative approach to alpha-taxonomy is
to use all available sources of evidences to propose hypotheses of
species delimitation. Classically in malacology the primary hypoth-
eses of species delimitations are drawn from morphology and then
documented using other lines of evidence. We here built primary
hypotheses upon molecular characters and then discussed these
hypotheses in the light of other evidences.

The COI mtDNA encoding-gene was used to propose primary
hypotheses of species delimitations. In that purpose we used the
General Mixed Yule Coalescent model (GMYC, single threshold
algorithm) (Fontaneto et al., 2007; Monaghan et al., 2009; Pons
et al. 2006). The aim of this method is to classify the branching
time intervals defined by the nodes in an ultra-metric tree to either
being the result of inter-specific or intra-specific processes of line-
age branching. The main GMYC parameters are the threshold be-
tween coalescent and speciation branching times, the coalescent
branching rate and the species branching rate. Two additional scal-
ing parameters are used to relax strict assumptions of constant
population size and speciation rates. The likelihood function
derived from this model is optimized across an input tree. The
method allows detecting monophyletic entities that may be
ens associated with organic falls previously published and used in this study. The
s: 1Fujita et al. (2009), 2Smith et al. (2004), 3Jones et al. (2006), 4Samadi et al. (2006),

OI mtDNA 28S rRNA

B257513 and AB257514 (5)1

Y275545(1)2 AY7811313

U350072, DQ340773, DQ340777, DQ340783,
Q340784, DQ340788, DQ340789,
Q340791, DQ340792 (9)4–7

DQ8639454

B257526–AB257528, AB170040 (7)1–5

U702316–EU702319, EU702321 (5)6 EU683296–EU683300 (4)6

U702315, EU702320, AB257515–AB257519 (14)1–6 EU683297, EU683301 (2)6

B257520, AB257521, AB257523, EU702323
d EU702324, EU702326–EU702349 (29)1–6

EU683282–EU683294 (13)6

U702322, EU702325 (2)6 EU6832956

B257536–AB257537 (2)1

Y275546(1)2 AY7811463

Q340775, DQ340778, DQ340780, DQ340782,
Q340785, DQ340787, DQ340790 (7)4

DQ8639444

Q340772, DQ340774, DQ340781 (3)4 DQ8639464

Q340776, DQ340779, DQ340786, DQ340793 (4)4 DQ8639474

U702360–EU702377 (18)6 EU683259–EU683272 (14)6

U702350–EU702359 (10)6 EU683273–EU683281 (9)6



Table 2
Names, habitat, depth range, geographical location of species from hydrothermal vents, cold seeps and coastal environments used in this study. Genbank accession numbers are
given. Geographical locations are abbreviated as following: GoM: Gulf of Mexico, NA: Northern Atlantic, WP: Western Pacific, EM: Eastern Mediterranean. The authors of
sequences: 1this study, 2Samadi et al. (2006), 3Jones et al. (2006), 4Won et al. (2003), 5Smith et al. (2004), 6Miyazaki et al. (2000), 7Duperron et al. (2008b).

Species Habitat Depth range Locality COI mtDNA
28S rRNA

M. modiolus
Linné 1758

Intertidal Subtidal 10–300 m Ireland sea (NA) FJ8905011 EF5264552

Ba. brooksi
Gustafson, Turner, Lutz and Vrijenhoek 1998

Seep 2.222–3.314 m West Florida Escarpment (GoM) AY6497983 AY7811353

T. fisheri
Gustafson, Turner, Lutz and Vrijenhoek 1998

Seep 546–650 m Garden Banks (GoM) AY6498033 AY7811323

Ba. heckerae
Gustafson, Turner, Lutz and Vrijenhoek 1998

Seep 3.314 m West Florida Escarpment (GoM) AY6497943 AY7811383

Ba. azoricus
Cosel and Comtet 1999

Vent 866–2.330 m Menez Gwen (NA) AY6497953 AY7811483

Ba. puteoserpentis
Cosel, Metivier and Hashimoto 1994

Vent 3.023–3.510 m Snake Pit (NA) AY6497963 AY7811513

Ba. thermophilus
Kenk and Wilson 1985

Vent 2.460–2.747 m Eastern Pacific Rise GU9666391 GU9666401

Ba. aff. thermophilus Vent 2.331 m Eastern Pacific Rise AF4563174 AY7811403

G. gladius
Cosel and Marshall 2003

Vent 300–460 m Rumble III (WP) AY6498023 AY7811343

Ba. tangaroa
Cosel and Marshall 2003

Vent 920–1.205 m Cape Turnagain (WP) AY6084393 AY7811493

Ba. brevior
Cosel, Metivier and Hashimoto 1994

Vent 3589 m Mariana Trough (WP) AY6497993 AY7811503

Ba. mauritanicus
Cose2002

Seep 540–2.222 m Barbados Accretionary Prism (NA) FJ8905021 FJ8905041

Ba. taiwanensis
Cosel 2008

Seep 200–355 m Okinawa arc (WP) GU9666381 GU9666411

Ba. boomerang
Cosel and Olu 1998

Seep 1.000–3.170 m Barbados Accretionary Prism (NA) FJ8905031 FJ8905051

Ba. aduloides
Hashimoto and Okutani 1994

Vent 1.378–1.451 m Iheya Ridge (WP) AB1700546

Ba. manusensis
Hashimoto and Furuta 2007

Vent 1.627 m Manus basin (WP) GU9666371 GU9666421

NZ3 Vent 200 m Macauley Come (WP) FJ7679361 FJ7679371

Idas sp. Med Seep 2.129 m Nile fan (EM) EF2100727 FJ1595341

I. macdonaldi
Gustafson, Turner, Lutz and Vrijenhoek 1998

Seep 650 m Garden Banks (GoM) AY6498041 AY7811451
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considered as Evolutionary Significant Units (ESUs; Moritz, 1994).
As the branching times among ESUs exceed those within ESUs,
these entities should also stand up to a criterion of similarity.

In practice, all COI mtDNA sequences obtained from specimens
newly sampled from organic falls were pooled with all those avail-
able from Genbank (Table 1). The dataset #1 was constituted by
adding to these data one sequence from the species M. modiolus,
which was used as the outgroup following Samadi et al. (2007),
and one sequence from each species of a representative subset of
all lineages known from hydrothermal vents and cold seeps (Ta-
ble 2) (Fujita et al., 2009). Using MrModeltest 2.2 (Nylander,
2004) allowed selecting a Generalized Time Reversible (GTR) mod-
el, with a gamma law (C, four categories) and a proportion of
invariants (I), as the best-fitting model of nucleotide evolution.
Bayesian trees were calculated under this model with Beast 1.4.8
(Drummond and Rambaut, 2007). A coalescent model of constant
population size was used as a tree prior and the heterogeneity of
the mutation rate across lineages was set under an uncorrelated
log-normal clock. The mutation rate was set to one to get branch
lengths in units of substitution per site. Four independent analyses,
starting from distinct coalescent trees, were run over 200 million
generations and sampled each 10,000 steps. To assess if marginal
posterior distributions of each parameter were properly sampled
and if the independent runs converged, results were analyzed with
Tracer v1.4.1 (Rambaut and Drummond, 2007). After discarding 25
millions samples as a burn-in, the four runs were pooled and
resampled each 40,000 steps. The maximum clade credibility tree
was drawn from these pooled results. Its branch lengths were con-
served and the posterior probabilities of its nodes were calculated
from the rest of trees. The resulting tree served as the input in the
GMYC model, which was run from the R package (http://www.r-
project.org/) using the SPLITS and Ape libraries (Ezard et al.
2009). Kimura 2-parameters (K2P) genetic distances within and
among each ESUs defined from the GMYC analysis were estimated
using the Mega 4 software and compared to literature data. A max-
imum likelihood (ML) tree was also build from the dataset #1
using RAxML (Stamatakis, 2006). The best-scoring ML tree under
the GTR + C + I model was estimated by an analysis starting from
a Neighbor-Joining tree built from K2P genetic distances with
Mega 4. Robustness of nodes in the best-scoring tree was assessed
using the rapid bootstrapping algorithm (1000 replicates) (Felsen-
stein, 1985; Stamatakis et al., 2008).

The 28S rRNA (unlinked to the COI mtDNA) dataset #2 was built
using one sequence from each selected vent and seep species and
all sequences available from mussels associated with organic falls.
Sequences obtained from mussels associated with organic falls
covered all mitochondrial ESUs. GTR + C + I with four C categories
was selected as the best-fitting model of nucleotide evolution.
Since the variability of this gene was much lower than that of
the COI mtDNA, the GMYC method was not used. Instead, diagnos-
tic alleles were used as a similarity criterion and the monophyly of
genetic entities was evaluated from an ML analysis similar to that
performed for the dataset #1.

Then, shells of specimens from each ESU were examined to find
out shell characters potentially diagnostic. Only high quality pic-
tures from type specimens were available for A. pacifica, I. washing-
tonia, Be. lignocola, and Be. geikotsucola. This examination focused
on the general shell shape, the shell thickness and coloration and

http://www.r-project.org/
http://www.r-project.org/
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the presence/absence of periostracal hairs. Finally, geographical
distributions, depth ranges and associations to substrates were
also examined to highlight ecological and biogeographical factors
that could explain the patterns of genetic and morphologic poly-
morphism from which the species hypotheses were drawn.

2.4. Phylogenetic relationships

The genetic entities that we identified were then used to reas-
sess the phylogenetic relationships among mussels from organic
falls and those from vents and seeps. Only one specimen from each
genetic entity was selected from datasets #1 and #2 to build data-
sets #3 and #4, respectively. Lengths of datasets, alignments and
substitution models were the same than those used in the alpha-
taxonomy approach. A combined dataset #5 was also built. For
this, substitution models were set according to the data partition
and mutation rates were relaxed between genes. Both ML and
Bayesian approaches were used.

Best-scoring ML trees were estimated using RAxML from 100
independent searches that started from distinct random trees
and the robustness of their nodes was assessed using the thorough
bootstrapping algorithm (1000 replicates). Bayesian trees were cal-
culated with Beast 1.4.8. The Yule model was used as the tree prior
and the heterogeneity of the mutation rate across lineages was set
under an uncorrelated log-normal clock. The mean mutation rate
was set to one. Four independent analyses, starting from distinct
coalescent trees, were run over 10 million and 20 million genera-
tions for single and combined datasets, respectively and sampled
each 1000 steps. After analyzing results with Tracer v1.4.1 and dis-
carding 50% samples as a burn-in, independent runs were pooled
and resampled each 4000 steps. Trees and posterior probabilities
of nodes were calculated following the method used for the dataset
#1.

2.5. Evolution of habitat use

The evolution of habitat use was assessed using the maximum
likelihood method implemented in Mesquite (Maddison and
Maddison, 2009). Following the method of Jones et al. (2006), hab-
itat was coded by three possible states, namely ‘‘hydrothermal
vent”, ‘‘cold seep” and ‘‘organic falls”. Neither intra-specific poly-
morphisms nor various kinds of organic substrates were coded.
The evolution of habitat use was set under a Markov model with
four states and one transition parameter (Lewis, 2001). To take
the tree uncertainties into account, ancestral states were recon-
structed for all Bayesian trees retained from the analysis of the
dataset #5 and their mean likelihood was then plotted on the max-
imum clade credibility tree.
3. Results

3.1. Integrative alpha-taxonomy

3.1.1. COI dataset
The COI mtDNA dataset #1 included 390 sequences and 579

positions, of which 269 bp were variable and 238 parsimony infor-
mative. Effective Sample Sizes (ESS) of the Bayesian analysis were
higher than 300 for all parameters and most were higher than 600,
indicating that posterior distributions were well explored. Consid-
ering mussels from organic falls, the GMYC method allowed defini-
tion of 10 ESUs among previously published data (labeled
following the original publications) and two unique haplotypes
corresponding to Be. lignocola and I. washingtonia. Among newly
sequenced specimens, 16 ESUs and 1 unique haplotype (labeled
from E to U) were defined. For two of these new ESUs, a species
name could be attributed. Indeed, the ESU U included only para-
types of A. arcuatilis, and among the specimens included in the
ESU H there were two sequences of I. japonica from Genbank. All
ESUs defined were supported by high bootstrap values and/or pos-
terior probabilities, except the ESU F (Fig. 2).

Mean K2P genetic distances within each of the 26 ESUs ranged
from 0.1% to 1.8% (Table 3). These values are close although slightly
higher than mean intra-specific distances in closely related mus-
sels from hydrothermal vents and cold seeps (�1%, see Miyazaki
et al., 2004; Won et al., 2003b). Genetic distances among ESUs ran-
ged from 4.5% to 29% (Supplementary data 3). They therefore ex-
ceed the 4% mean divergence between Ba. thermophilus and Ba.
aff thermophilus, which represent one of the most recent speciation
event clearly identified in vents mussels (Won et al., 2003b).

The ESUs B (A. crypta), A (A. iwaotakii) and S each included two
haplotypic clusters (not shown). B0 and B00 differed by a mean K2P
genetic distance of 2.7%, A0 and A00 by 1.7% and S0 and S00 by 2.3%
(Table 3). These values are close to those observed in species com-
plexes of mussels from cold seeps (Olu-Le Roy et al., 2007). Only B0,
A00 and S0 were monophyletic and rooted within their ESU. The
same results were already obtained in our previous study for ESU
A and B (Lorion et al., 2009).

3.1.2. 28S dataset
The 28S rRNA gene fragment was successfully sequenced for a

subset of 120 additional specimens. Except for Be. geikotsucola
and A. pacifica, ribosomal sequences were therefore available from
all mitochondrial ESUs and species from organic falls reported in
literature data (Supplementary data 4). After adding M. modiolus,
and vent/seep species, the dataset #2 included 202 sequences.
The alignment had a total length of 1042 positions but the posi-
tions 387–418, 426–430, and 690–696 were removed from the
dataset because of uncertainties regarding their positional homol-
ogy. Finally, the dataset #2 was analyzed for 998 positions, of
which 174 were variable and 151 were parsimony informative.

Of the 27 mitochondrial lineages from which ribosomal se-
quences were available, 18 displayed single diagnostic 28S rRNA
alleles. Within five ESUs a slight polymorphism was detected
(two alleles differing by one or two positions within ESUs A, E, J,
Q and P) but alleles were nevertheless diagnostic. In contrast,
one allele was shared between ESUs within pairs C/D and H/I.
The two minor haplotypic clusters detected within ESU B (A. cryp-
ta) and within ESU S shared the same single 28S rRNA allele
whereas each of the two clusters within ESU A (A. iwaotakii) dis-
played a single diagnostic allele.

Several ribosomal sequences were available for most of the 23
mitochondrial ESUs displaying diagnostic alleles, except Be. ligno-
cola, I. washingtonia and the specimen M. Most of them were
monophyletic, except Idas sp. SAL3 and A. crypta (ESU B), which
were paraphyletic (Supplementary data 4). ESUs within pairs C/D
and H/I were mixed with one another, as a consequence of their
shared alleles. It is worth noting that the ESU F was here highly
supported contrary to the result obtained from the COI mtDNA-
based trees.

3.1.3. Morphology
Three morphogroups I, II and III were distinguished (Fig. 2).

Within morphogroup I, shells were large (often larger than 1 cm
and up to 4 cm), thick, brownish to blackish, and generally with-
out periostracal hairs. High levels of shell polymorphism could be
observed in A. longissima, ESU E and F, thanks to the many speci-
mens available. The polymorphism was mainly related to the size
in A. longissima, while both ESU E and F displayed at all sizes con-
tinua from straight morphs to curved morphs. While considering
the largest specimens – presumably adults – all named species
included in the morphogroup I were distinguishable from one



Fig. 2. On the left: Bayesian tree obtained from the analysis of the COI mtDNA (dataset #1). Gray branches correspond to the topology backbone and black branches
correspond to lineages from organic falls. Nodes are collapsed at the level of ESUs defined from the GMYC model. For legibility, posterior probabilities and bootstrap supports
(from the corresponding ML tree) are only given for ESUs and pairs of ESUs allopatrically distributed (within boxes). The scale bar represents 20% estimated base substitution.
On the middle: summary of species hypotheses drawn from the three criterion used and corresponding organic substrate (b: bone, w: wood), localities and depth range.
Missing data and paraphyly are marked by black crosses. Localities are sometimes abbreviated by their three first letters. On the right: pictures from specimens representative
of each ESU, surrounded by solid, dotted and dashed lines for morphogroups I, II and III, respectively. Black scale bars represent 1 cm length.
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another by their shell shape. Largest specimens attributed to Idas
sp. SAL3 were similar to those attributed to A. crypta (ESU B) but
differed by having the anterior part of their ventral margin
slightly concave. Moreover, shell of the smallest specimens of Idas
sp. SAL3 were thick, with concave ventral margins and a dark
periostracum, whereas they were thinner, convex and more light-
er-colored in A. crypta (ESU B). The shell polymorphism shared by
ESU E and ESU F prevented their diagnosis, but allowed us to dis-
tinguish both of them from other species/ESUs within morpho-
group I.

Within morphogroup II, shells were rhomboidal to oval, small-
sized (from a few millimeters up to 1.5 cm), fragile, yellowish and
often with periostracal hairs. No shell polymorphism was detected
within any of these ESUs/species, but many included few speci-
mens. ESUs C and D were not distinguished from one another
but both differed from other species/ESUs of morphogroup II by



Table 3
Diversity indexes across species, ESUs and haplotypic clusters associated with sunken
organic substrates. The number of stations (Nst) and the number of specimens (Nsp)
analysed, the number of haplotypes (Hap), and the mean, minimal and maximal K2P
genetic distances among haplotypes are given.

Species/ESU Nst Nsp Hap mean K2P min K2P max K2P

Be. lignicola 1 1 1 NA NA NA
Be. geikotsucola 1 5 2 0.001 0 0.002
A. pacifica 1 7 4 0.003 0 0.007
A. arcuatilis (ESU U) 1 4 4 0.009 0.003 0.016
I. washingtonia 1 1 1 NA NA NA
Idas sp. SAL1 8 9 7 0.011 0 0.030
Idas sp. SAL3 3 4 3 0.005 0 0.007
Idas sp. SAL4 5 5 4 0.012 0.002 0.023
A. longissima 8 10 3 0.001 0 0.004
A. iwaotakii ESU A (A0) 3 50 21 0.002 0 0.009
A. iwaotakii ESU A (A00) 2 3 1 0 0 0
A0 + A00 5 53 22 0.004 0 0.021
A. crypta ESU B (B0) 2 5 4 0.002 0 0.003
A. crypta ESU B (B00) 3 14 7 0.009 0 0.024
B0 + B00 4 19 11 0.018 0 0.036
Idas sp. ESU C 7 18 6 0.002 0 0.009
Idas sp. ESU D 4 11 3 0.001 0 0.004
ESU E 11 49 28 0.004 0 0.018
ESU F 5 34 12 0.004 0 0.025
ESU G 7 21 10 0.003 0 0.007
ESU H 8 19 4 0.001 0 0.005
ESU I 4 7 5 0.004 0 0.009
ESU J 1 2 2 0.005 NA NA
ESU K 1 2 2 0.002 NA NA
ESU L 7 9 4 0.003 0 0.010
M 1 1 1 NA NA NA
ESU N 2 3 3 0.005 0.002 0.008
ESU O 4 7 4 0.005 0 0.016
ESU P 7 16 11 0.005 0 0.014
ESU Q 2 9 6 0.003 0 0.007
ESU R 1 2 2 0.005 NA NA
I. japonica ESU S (S0) 4 5 4 0.003 0 0.007
I. japonica ESUS (S00) 5 26 12 0.005 0 0.010
S0 + S00 9 31 16 0.01 0 0.028
T 2 9 1 0 0 0
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having a concave ventral margin. ESUs L and M differed from other
species/ESUs of morphogroup II by displaying a strong angle be-
tween dorsal and ventral margins. Such angles between dorsal
and ventral margins are yet reported in Idas sp. Med and I. macdon-
aldi but much less marked (Gustafson et al., 1998; pers. obs.). In
ESU L, the angle started from the umbo which was terminal, while
in M, the angle started at the midpoint of the dorsal margin and the
umbo was subterminal. The ventral and dorsal margins were
straight and almost parallel in other species/ESUs and no consis-
tent morphological difference was found among them.

Shells within morphogroup III were elongated, fragile, small-
sized (from a few millimeters up to 1.5 cm), yellowish, and often
with periostracal hair. A high level of shell polymorphism was ob-
served within ESU S, whose anterior parts of the shells were more
or less thin. Other species/ESUs did not display any shell polymor-
phism, but few specimens were available for many of them. No
consistent morphological difference was found among species
from morphogroup III.

3.1.4. Bathymetry and association to substrate
ESUs/species as defined herein were collected from 100 m to

1.400 m depth (Fig. 2). So far there is no evidence that species from
organic falls can live in shallower water. While equipment used
during the Tropical Deep-Sea Benthos cruises prevented deeper
sampling, a few species reported in the literature were collected
up to 4000 m depth (Table 3). It is worth noting that most ESUs
including specimens from many stations were collected over large
depth ranges. Narrow depth ranges sometimes observed might
therefore reflect sampling biases.
Most ESUs were collected only from sunken wood while ESU T
and A. arcuatilis (ESU U) were collected only from turtle and whale
bone, respectively. This study also allowed identification of new
ESUs able to colonize both sunken wood and bone in addition
to ESUs C and B already reported by Lorion et al. (2009). Indeed,
specimens of A. iwaotakii (ESU A) and Idas sp. SAL1 were collected
from turtle bone whereas these species had been previously only
sampled from sunken wood (Samadi et al., 2007). Similarly, the
new ESU N was also collected on both sunken wood and turtle
bone.

3.1.5. Geographical patterns
Most species/ESUs collected in archipelagos from the North-

Western part of the sampling plan (Japan and Philippines) were
not recovered in archipelagos from the South-Eastern part (Solo-
mon Islands, Vanuatu, Chesterfields, New Caledonia, Fiji and
New-Zealand) (Fig. 2). Additional levels of geographic structure
were detected off the Philippines, where the species distribution
did not overlap between the Bohol Sea and the Philippines Sea,
and off Vanuatu, where only 2 of the 12 ESUs/species were col-
lected in both Big Bay and Southern localities (Supplementary data
2).

This geographic distribution was highlighted by the phyloge-
netic analyses performed on the COI mtDNA dataset #1 (Fig. 2). In-
deed, four pairs of ESUs were distributed on both sides of the
equator. For example, ESU P collected off the Philippines was sister
group of Idas sp. SAL1 from the Solomon Islands. This geographic
pattern of genetic structure was also found within ESUs A, B and
S and explained haplotypic clusters detected in them. These results
confirmed and added support to our previous study, in which the
geographic pattern between ESUs C and D and within ESUs A and
B was already found (Lorion et al. 2009). Of these seven pairs of
haplotypic clusters distributed on both sides of the equator, three
(A0/A00, ESU E/ESU F, Idas sp. SAL1/ESU P) were recovered from
the analysis of the 28S rRNA, along with a new one between ESUs
O and K (Supplementary data 3).

3.2. Phylogenetics relationships and evolution of habitat use

In the COI mtDNA dataset #3, 242 base pairs were variable and
224 parsimony informative. In the 28S rRNA dataset #4, 160 base
pairs were variable and 92 bp parsimony informative. ESS were
higher than 1000 in all Bayesian analyses. ML and Bayesian analy-
ses of datasets #3 and #4 were consistent with ML trees obtained
from analyses of the datasets #1 and #2, respectively (Supplemen-
tary data 5 and 6), and consistent with one another. Analyses of the
combined dataset #5 allowed us to resolve a few additional nodes
(Fig. 3).

Consistent with previous studies Be. lignocola appeared as the
sister species of all other lineages that were included in a well-sup-
ported clade. This clade included seven lineages supported by
bootstrap values and posterior probabilities higher than 80% and
equal to 1, respectively, and seven single species or species com-
plexes. The two main lineages from hydrothermal vents and cold
seeps, namely the ‘‘thermophilus” (L5), ‘‘childressi” (L10) lineages,
were recovered as in the study by Jones et al. (2006). We could
moreover confirm the relationship of the new species Ba. taiwanen-
sis with the ‘‘childressi” group, as previously proposed in an ana-
tomical study (Cosel, 2008). Among the new lineages recovered
by our analysis, L6 was the most highly diversified among deep-
sea mussels. This lineage included mostly mussels from organic
falls but also I. macdonaldi and Idas sp. Med that live at cold seeps.
The remaining lineages including several species were associated
with organic falls.

Although the relationships among lineages were generally
poorly resolved, a sister group relationship was displayed between
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(i) the lineage L6 and the ‘‘thermophilus” lineage (L5) and (ii) the
sunken-wood lineage L2 and the vent species NZ3 (L3). Habitat
transitions that could be expected from these results were con-
firmed by the maximum likelihood analysis of the evolution of
habitat use. This reconstruction of ancestral states moreover sug-
gested that organic falls were the ancestral substrate of all deep-
sea mussels, although the alternative hypothesis could not be re-
jected at a 5% threshold (Fig. 4).

The lineages associated with organic falls generally included
mussels belonging to the same morphogroup (Fig. 3). However,
each of the three morphogroups was split into several lineages.
This situation may result from the lack of resolution at deep nodes.
However, a lack of resolution explained this result only partly since
some robustly supported lineages included several morphogroups
(e.g. all mussels of L6 belonged to morphogroup II, except ESU N
and A. iwaotakii).
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Fig. 3. Maximum clade credibility phylogram obtained from Bayesian analyses of the
organic falls obtained from Genbank and new samples. Values above and below nodes
Bayesian and Maximum Likelihood analyses, respectively. PP below 0.90 and BP belo
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4. Discussion

4.1. Species delimitation: integrating various lines of evidence

Our first aim was to reassess the alpha-diversity of mussels
associated with sunken organic substrates from an extensive sam-
pling in the South-West Pacific. To propose primary hypotheses of
species delimitations from our mitochondrial dataset, we used the
GMYC model that aims to distinguish coalescent from speciation
branching patterns. Overall, it allowed us to detect 26 ESUs and
three unique haplotypes. Of these 29 lineages, 17 were new to sci-
ence. Phylogenetic trees revealed that all mitochondrial ESUs, but
one, were highly supported by bootstrap values and posterior
probabilities. These ESUs therefore stand up to a phylogenetic cri-
terion for species delimitation. They also stand up to a similarity
criterion, as mean K2P genetic distances within and among ESUs
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were similar to intra-specific and inter-specific genetic distances,
respectively, reported for vent and seep mussels.

Ribosomal sequences were available for 27 of the 29 mitochon-
drial ESUs. Among them, 18 displayed diagnostic alleles and were
monophyletic from the 28S rRNA-based tree. Despite that several
ribosomal sequences were obtained from these ESUs, and that they
co-occurred at several stations, there was no evidence of introgres-
sion. These 18 ESUs may therefore also stand up to a criterion of
reproductive isolation and constitute among the most robust spe-
cies hypotheses that can be drawn from our molecular dataset.

In some cases, similarity and phylogenetic criteria could not be
simultaneously validated because (i) no data were available for the
28S gene fragment (A. pacifica and Be. geikotsucola), (ii) the mito-
chondrial ESUs were paraphyletic in the 28S rRNA-based tree (Idas
sp. SAL3, A. crypta ESU B), and (iii) data were available only for one
specimen (Be. lignocola, I. washingtonia and M). However, in these
seven cases, COI mtDNA-based hypotheses seems robust with re-
spect to either monophyly on this gene or genetic distances from
other ESUs for both genes. Moreover, most of them except I. wash-
ingtonia corresponded to morphologically diagnosable entities,
which provides additional support for their species status.

Some cases are more ambiguous. The mitochondrial divergence
between ESU C and D and between ESU H and I was high (8.9% and
4.8% respectively), but each shared with its close relative a slight
amount of nuclear polymorphism. Moreover ESUs within each pair
were morphologically indistinguishable from one another. Such
genetic patterns might be explained either by an incomplete lineage
sorting or by introgression. An incomplete lineage sorting of the 28S
rRNA seems a priori the most probable explanation (Nichols, 2001).
However, gene flows were reported within the ‘‘childressi” complex
and between Ba. azoricus and Ba. puteoserpentis despite mean levels
of mitochondrial divergence of 3% and 7.4%, respectively (Won et al.,
2003a; Olu-Le Roy et al., 2007). Such introgression patterns are
common in Mytilidae and thus cannot be ruled out without analyz-
ing additional data (Bierne et al., 2003).

Within three ESUs additional levels of genetic structure were
detected. Indeed, ESU S, A. iwaotakii (ESU A) and A. crypta (ESU B)
may each be split into two distinct mitochondrial clusters. How-
ever, these lineages were not reciprocally monophyletic. Moreover
each pair, except A. iwaotakii (ESUA), shared a single 28S rRNA al-
lele. As haplotypic clusters within each pair did not geographically
overlap, this pattern could be explained by a marked geographic
structure within species. However, the hypothesis of a lack of dif-
ferentiation between recently separate species cannot be ruled out.
The ESU S, A. crypta (ESU B) and A. iwaotakii (ESU A) might there-
fore be referred to as species complexes until more data are
available.

Overall our results highlight a molecular diversity that was
unexpected given the taxonomic literature and our preliminary
morphological observations. This study should be considered as a
starting point for further investigations of the diversity in mussels
associated with organic falls in the Western Pacific. Indeed, the
diversity structure at both large and regional scales suggests that
sampling new archipelagos and new localities within archipelagos,
respectively, will likely allow the discovery of more species. This
and population genetics are also required to refine some of the
hypotheses presented here.

4.2. Speciation patterns in mussels from organic falls

Phylogenetic trees presented herein allowed the distinction of
several new well-supported lineages of mussels mainly associated
with organic falls. Moreover, we detected a recurrent geographic
pattern of genetic structure within pairs of closely related mussels.
Indeed, for five pairs of ESUs, the two sister-ESUs had no overlap-
ping distributions in our dataset. For each of these five pairs, one
ESU was located in the north-western part of our sampling plan
(Japan and the Philippines) and the second one in the South-East-
ern part (Solomon Islands, Vanuatu, Chesterfields, Fiji and New
Zealand). The same geographic pattern was discovered between
haplotypic clusters depicted within three other ESUs.

The oldest paleontological records of species associated with
organic falls and species from vent and seeps date both from late
Eocene (Amano et al., 2007; Kiel and Goedert, 2006b, 2007; Kiel
et al., 2010). At this time, the whole Indo-West Pacific area was
undergoing intense paleo-oceanographic re-arrangements, as con-
sequences of the collision of both Australia and New Guinea with
the South-East Asia (Hall, 1998, 2001, 2002). These paleotectonic
events allowed the creation of vast amounts of new shallow
waters, habitat fragmentation, and subsequent diversification of
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numerous marine taxa 20–30 Myr ago (Crame and Rosen, 2002;
Meyer et al., 2005; Williams, 2007; Williams et al., 2008). Rising is-
lands likely increased the number of areas where plant remains
could accumulate and mussel thrive. Therefore it may explain at
least partly the diversity observed in our data set.

However deep-sea mussels have bentho-pelagic life cycles that
include highly dispersive larvae (Dean, 1993; Lutz et al., 1984).
These larvae may be able to spend up to six months in the water
column, which could explain low levels of spatial genetic structure
over hundreds and even thousands of kilometers (Olu-Le Roy et al.,
2007; Won et al., 2003b). We showed that several species are able
to colonize not only wood but also whale and turtle bones, the dis-
tribution of which is not related to proximity to land (Lorion et al.,
2009; this study). Furthermore, islands such as the Halmahera Is-
land, Papua New Guinea and its associated arcs, occurred between
the Philippines and the Melanesian arc during the last 40 Myr
(Hall, 2001). This suggests that many unevenly distributed patches
of organic matter (e.g. our samples from the Coral Sea, collected far
from any coast) should have constituted effective stepping stones
among archipelagos and prevented any divergence process.

Therefore the geographic patterns of genetic structure found in
this study cannot be explained without assuming the occurrence of
barriers to dispersal. Interestingly, there are many marine organ-
isms that display geographical patterns consistent with the split
between North-Western/South Eastern localities observed in our
dataset (Macaranas et al., 1992; McMillan and Palumbi, 1995;
Palumbi, 1997; Benzie, 1998; Planes and Fauvelot, 2002; Barber
et al., 2006; Imron et al., 2007; Magsino and Juinio-Meñez,
2008). These patterns are suggested to result from (i) the South
Philippines split of the Equatorial Counter Current into the north-
ward-flowing Kuroshio and the southward-flowing current Minda-
nao, and/or (ii) Pleistocene sea levels changes (see the review by
Hoeksema, 2007). The eustatic variations within the last 40 Myr
(Miller et al., 2005; Haq and Schutter, 2008) should also have con-
ditioned the number of wood patches surrounding islands and
thus, the habitat connectivity at organic falls.

Since the mussels studied here have similar depth ranges and
are all thought to be highly dispersive, they should have been af-
fected by eustatic changes and ocean circulation in a similar way.
However, the consistency of geographical patterns observed herein
contrasts with the heterogeneity of branch lengths among pairs of
ESUs/clusters (Fig. 3). One may hypothesize that subtle differences
in pelagic larval durations may have influenced the speed of the
divergence processes. This hypothesis is sound as both lecitotroph-
ic and planktotrophic larvae are reported in mussels from organic
falls (Horikoshi and Tsuchida, 1984; Dean, 1993). Other factors,
such as differences in mutation rates, effective population sizes
and selective constraints may also explain this heterogeneity.

Given the large spatial and temporal scales we considered, the
diversification processes explaining the geographical patterns pre-
sented here likely involve not only drastic Cenozoic paleo-oceano-
graphic re-arrangements but also later eustatic changes and ocean
circulation. The interaction among physical factors and heteroge-
neous biological features may have even more increased the com-
plexity of resulting patterns, as suggested elsewhere (Paulay, 1997;
Meyer et al., 2005).

5.3. New insights to the ‘‘wooden-step” hypothesis

The ‘‘wooden-step” hypothesis, formulated by Distel et al.
(2000), suggests that mussels from hydrothermal vents and cold
seeps arose from a recent adaptation of mussels associated with
organic falls. The multiplicity of colonization events toward vents
and seeps was first suggested by Jones et al. (2006). Indeed, they
highlighted that the vent species NZ3 is a basal lineage distinct
from other vent and seep mussels. These, namely the ‘‘thermophi-
lus” lineage, the ‘‘childressi” lineage and T. fisheri, clustered to-
gether. Their results were not challenged by other studies that
also included a fourth vent lineage, including the species Ba.
manusensis and Ba. aduloides (Iwasaki et al., 2006; Won et al.,
2008). However, all these studies have sampled with a strong bias
towards vent and seep species.

Correcting this sampling bias first allowed us to suggest a sister
group relationship between the ‘‘thermophilus” lineage and a line-
age including only Idas and Adipicola mussels (L6). Second, we
showed that the paraphyletic assemblage of NZ3 and a sunken-
wood mussels at the root of the tree in our previous study (Samadi
et al., 2007) is in fact monophyletic. The addition of new species
belonging to those lineages may have prevented long-branch ef-
fects and these new results, recovered independently from the
two gene trees, are a priori more robust. Third, we found a lineage
(L6) that included species from organic falls along with Idas sp.
Med and I. macdonaldi, reported from cold seeps, and I. washingto-
nia, reported from both hydrothermal vents and organic falls (Dell,
1987; Gustafson et al., 1998; Southward, 2008). Overall, this study
provides new lines of evidence that vent and seep mussels arose
from multiple colonization events and that their history is closely
linked to that of species associated with organic falls. Cohesively
with our results, a recent analysis of the COI and ND4 mtDNA
encoding-genes (Kyuno et al., 2009; see also Fujita et al., 2009)
showed a close relationship between A. crypta, associated with or-
ganic falls, and the ‘‘childressi” group, living at vents and seeps only.
It is worth noting the diversity of habitats used by species/ESUs
within lineage 6. Indeed, this suggests that these mussels are less
specialized with regard to the environment than other vent and
seep species attributed to the polyphyletic Bathymodiolinae and
is thus in accordance with expectations of the ‘‘wooden-step”
hypothesis.

It is suggested that the radiation of deep-sea mussels resulted
from an adaptive process from shallow seeps to deep vents (Jones
et al., 2006). This hypothesis is however substantially challenged
by the broad depth range of many species and lineages (Kyuno
et al., 2009; this study). The symbiotic relationships may have
played a role in the diversification process by increasing the meta-
bolic capabilities, and thereby the number of ecological niches that
mussels could colonize (Cavanaugh et al., 2006). Habitat heteroge-
neity (such as differences in the chemical composition of fluids)
may have driven diversification through associations to symbionts
having different metabolic capabilities. However, many, if not
most, deep-sea mussels have only thiotrophic symbionts (Duper-
ron et al., 2009), whose genetic structure reflects geography rather
than ecology (Won et al., 2008; Lorion et al., 2009). Although the
symbiotic relationships were a pre-requisite to the colonization
of chemosynthetic ecosystems by mussels, their exclusive role in
the subsequent diversification is therefore questionable. This
diversification might also be ascribed to many other physiological
adaptations. As an alternative to adaptive hypotheses, divergence
processes in mussels were also shown to be driven by geography
(Won et al., 2003b; Olu-Le Roy et al., 2007; Faure et al., 2009; Plou-
viez et al., 2009). By putting once again the role of the geography in
mussel speciation forward, the present study further qualifies the
adaptive scenarios previously proposed to explain the diversifica-
tion of deep-sea mussels.

4.4. The shell handicap of mytilid systematics

As already reported in deep-sea mussels (Won et al., 2003b) and
other Mytilidae (Lee and Foighil, 2004), many species identified in
our molecular analyses have similar looking shells and may be mor-
phologically cryptic. In other cases, the shell polymorphism was
higher within species than between them, thus often preventing
objective morphological diagnosis. These levels of polymorphism
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may reflect either allometric growth, as shown in the wood-associ-
ated species A. longissima (Horikoshi and Tsuchida, 1984), or envi-
ronmental plasticity, a phenomenon that is very common in
molluscs (Baker et al., 2003; Hollander et al., 2006; Wullschleger
and Jokela, 2002; Yeap et al., 2001). Mussels sampled on sunken-
woods are found on the outer surface or within small cavities. In
this case, the shell shape seems to be constrained by the shape of
cavities (pers. obs.).

The poor evolutionary significance of shell shapes along with
the few characters used in most descriptions of species from or-
ganic falls did not enable us to link all species to extant names.
In this context, only species that were very easy to identify (A. lon-
gissima and A. crypta) or those that included type specimens (I.
macdonaldi and A. arcuatilis) could be attributed to a name with
confidence. Within morphogroups II and III, species identifications
that do not involve type specimens or type localities (A. iwaotakii, I.
japonica and I. washingtonia) may be questioned. As most type of
specimens in mussels from organic falls consist of dried and empty
shells, there will always be uncertainty regarding the use of names
based upon them, the implication being that neotypes will be
required.

Our data also confirm the poor relevance of genus descriptions
in mussels from organic falls. Because of their relationships with
polyphyletic Bathymodiolinae from vents and seeps, species de-
fined herein should be included in the global systematic revision
of deep-sea mussels suggested by various authors (Cosel, 2002;
Jones et al., 2006; Kyuno et al., 2009). Such a revision should be
made on the ground of a robust phylogenetic framework that is
not yet fully resolved. Rather than just using shell characters the
literature data suggest that anatomical characters would be very
valuable to both species and genus delimitation (Cosel, 2002; Dell,
1987; Gustafson et al., 1998). Indeed, the polyphyly of vent and
seep Bathymodiolinae was already suggested in such data. Among
others, characters related to the mantle and muscle configuration
have been used to suggest that the Bathymodiolinae should be
split into a ‘‘childressi” group and a ‘‘thermophilus” group (Cosel,
2002). Based on these characters, the new species Ba. taiwanensis
was attributed to the ‘‘childressi” group (Cosel, 2008), a result here
supported with molecular data. These examples (see also Dell,
1987) are encouraging clues for forthcoming anatomical studies
in mussels associated with organic falls.
5. Conclusion

We used an explorative and integrative approach to taxonomy
to overcome problems related to the taxonomy of mussels from or-
ganic falls. The comprehensive taxonomic framework we built al-
lowed us to rectify the bias of previous studies and the
relationships of mussels from the three kinds of deep-sea chemo-
synthetic environments to be better evaluated. The allopatric pat-
tern and the poor specialization of mussels with regard to the
substrate, interestingly, challenge adaptive scenarios usually pro-
posed to explain their diversification. A more resolved phylogeny
is however still needed to further assess systematics and evolu-
tionary processes in the whole group.
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