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Resolving the evolutionary relationships of molluscs
with phylogenomic tools
Stephen A. Smith1,2, Nerida G. Wilson3,4, Freya E. Goetz1, Caitlin Feehery1,4, Sónia C. S. Andrade5, Greg W. Rouse4,
Gonzalo Giribet5 & Casey W. Dunn1

Molluscs (snails, octopuses, clams and their relatives) have a great
disparity of body plans and, among the animals, only arthropods
surpass them in species number. This diversity has made Mollusca
one of the best-studied groups of animals, yet their evolutionary
relationships remain poorly resolved1. Open questions have
important implications for the origin ofMollusca and formorpho-
logical evolution within the group. These questions include
whether the shell-less, vermiform aplacophoran molluscs diverged
before the origin of the shelled molluscs (Conchifera)2–4 or lost
their shells secondarily. Monoplacophorans were not included in
molecular studies until recently5,6, when it was proposed that they
constitute a clade named Serialia together with Polyplacophora
(chitons), reflecting the serial repetition of body organs in both
groups5. Attempts to understand the early evolution of molluscs
become evenmore complex when considering the large diversity of
Cambrian fossils. These can have multiple dorsal shell plates and
sclerites7–10 or can be shell-less but with a typical molluscan radula
and serially repeated gills11. To better resolve the relationships
among molluscs, we generated transcriptome data for 15 species
that, in combination with existing data, represent for the first time
all major molluscan groups. We analysed multiple data sets con-
taining up to 216,402 sites and 1,185 gene regions using multiple
models andmethods. Our results support the clade Aculifera, con-
taining the three molluscan groups with spicules but without true
shells, and they support the monophyly of Conchifera. Mono-
placophora is not the sister group to other Conchifera but to
Cephalopoda. Strong support is found for a clade that comprises
Scaphopoda (tusk shells), Gastropoda and Bivalvia, withmost ana-
lyses placing Scaphopoda and Gastropoda as sister groups. This
well-resolved tree will constitute a framework for further studies of
mollusc evolution, development and anatomy.
Since the first animal phylogenies based on molecular data, many

researchers have struggled to resolve mollusc phylogenies even as
taxon sampling improved5,6,12 (see Fig. 1 for some hypotheses that have
been proposed). Little support, if any, was found for themonophyly of
Mollusca or most of its larger subclades. Better results were achieved
for some internal relationships of these groups, including Polyplaco-
phora, Bivalvia, Cephalopoda, Scaphopoda and Gastropoda, although
often with difficulties recovering monophyly of the two largest clades,
the gastropods and bivalves5,13,14. Unfortunately, fundamental ques-
tions inmollusc evolution remain largely unanswered by themolecular
and morphological data. These questions include whether the aplaco-
phoran molluscs are monophyletic2 or paraphyletic3,4. There has also
been conflicting evidence for the placement of Polyplacophora, which
has been placed with the aplacophorans (forming the clade Aculifera),
as the sister group to the shelled molluscs (forming the clade Testaria)
or as the sister group to Monoplacophora (forming the clade Serialia).
In addition, many hypotheses have been proposed for the interrela-
tionships of the conchiferan groups. The extensive fossil record of

Mollusca (which dates back to the Cambrian), combined with the
numerous Palaeozoic forms that are considered stem-group molluscs
and the lack of resolution in targeted-gene approaches to molluscan
phylogenetics, pointed towards a possible rapid radiation with little
phylogenetic signal left in the genomes ofmolluscs.However, the same
has been argued for the radiation of Metazoa in the Cambrian or
earlier15, but large increases in gene representation using phyloge-
nomic analyses have clearly ameliorated this problem and identified
relationships that seemed impossible to resolve with target-gene
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Figure 1 | Selected hypotheses of extant molluscan relationships and
relevant taxa. Phylograms based on the hypotheses of Scheltema3 (a), Salvini-
Plawen and Steiner2 (b) and Waller28 (c). Most controversy centres on the
monophyly of Aplacophora, the relationships within Conchifera and the
placement of Polyplacophora (for example, in Aculifera versus in Testaria).
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approaches16,17.We applied the same principles toMollusca, one of the
most challenging problems to solve in animal phylogenetics.
Only phylogenomic analyses have been able to recover molluscan

monophyly with high support17; however, few molluscs were included
in earlier analyses, and not all of themajor subclades were represented.
Therefore, little could be concluded about the interrelationships of the
major molluscan groups. Morphology-based cladistic analyses have
often relied on ‘idealized’ composite ground patterns to represent
entire clades2,4, a practice that has now been largely replaced with
the use of exemplar species18 and more detailed character descrip-
tions. But an analysis of molluscan morphological features coding real
exemplars has yet to be published, and the exemplar approach is much
more amenable to molecular data.
Analyses of our broadly sampled, new phylogenomic data (see

Methods, Supplementary Table 1 and Supplementary Fig. 1) result in
a well-resolved and highly supported phylogeny ofMollusca (Fig. 2), in
contrast to all previous molecular attempts5,6,12. These results are con-
sistent across analytical methods, phylogenetic inference programs,
matrices that vary in occupancy and the number of genes considered
(Fig. 2 and Supplementary Figs 2–6 and 9), and the inclusion of differ-
ent outgroup taxa (Supplementary Fig. 7).
Our results (Fig. 2) show a sister group relationship between the

aculiferan molluscs and the conchiferan groups. Aculifera3,19 includes

Polyplacophora as the sister group to the two aplacophoran groups
(Neomeniomorpha and Chaetodermomorpha). This topology lends
support to the idea that the vermiform Aplacophora are not plesio-
morphic but are derived from plated Palaeozoic molluscs such as
Acaenoplax10. The aculiferans are characterized by spicules and dorsal
shell plates. Chitons have eight dorsal shell plates, but their larva has an
anlagen with seven rows of dorsal papillae, as observed in the serially
arranged spiculoblasts of a chaetodermomorph larva20, a character that
may constitute a synapomorphy of the clade.
Conchifera is supported as a clade, suggesting that true shells may

have originated only once, perhaps by the concentration of a diffuse
shell gland into a single zone of the mantle (two zones in bivalves), at
least as defined by the role of engrailed during organogenesis21. The
support here for Conchifera rejects the recent Serialia hypothesis5,6.
Comparing the site likelihoods in analyses in which Serialia is con-
strained with those in which it is not constrained reveals that there
are many more characters that are incongruent with Serialia than sup-
port Serialia (Supplementary Fig. 8). Monoplacophora is not, however,
the sister group of all other Conchifera, as has been suggested by most
authors, and is instead the sister group to Cephalopoda, as has been
proposed based on somepalaeontological data22.Manypalaeontologists
have accepted the monoplacophoran ‘ancestry’ of Cephalopoda23,24,
although this relationship has been rejected by neontologists, who

99/79/100/1

100/67/53/99

99/100/100/99

100/70/100/89

89/84/100/93

100/84/100/100

100/98/100/99

100/26/0/100

68/1/0/2

69/95/100/90

30/74/24/52

96/100/100/31

86/62/73/62

Aculifera

Conchifera

Crassostrea gigas

Lottia gigantea

Euprymna scolopes

Perotrochus lucaya

Ruditapes decussatus

Aplysia californica

Biomphalaria glabrata

Neomenia megatrapezata

Nautilus pompilius

Haliotis asinina

Idiosepius paradoxus

Octopus vulgaris

Crassostrea virginica

Ennucula tenuis

Chaetoderma nitidulum

Ilyanassa obsoleta

Littorina littorea

Mizuhopecten yessoensis

Chaetopleura apiculata

Antalis entalis

Ruditapes philippinarum

Laevipilina hyalina

Solemya velum

Chlamys farreri

Mytilus californianus

Greenland neomeniomorph

Haliotis discus

Yoldia limatula

Siphonaria pectinata

Gadila tolmiei

Argopecten irradians

Mytilus galloprovincialis

Lymnaea stagnalis

Hyriopsis cumingii

Pinctada martensi

Neomeniomorpha

Cephalopoda

Chaetodermomorpha

Polyplacophora

Monoplacophora

Scaphopoda

Gastropoda

Bivalvia

*

*

*
*

*

*

*

*

*

*

* *

*
*

100/100/100/68

*

*

*

*

*

*

Figure 2 | Phylogramof theRAxMLmaximum likelihood analysis of the big
matrix (216,402 amino acids) under theWAG1Cmodel. Support values for
the topology obtained from four analyses are listed as percentages in the order
A/B/C/D. A is the bootstrap support from RAxML analysis under the WAG
model for the big matrix. B is the bootstrap from RAxML analysis under the

WAGmodel for the small matrix. C is the posterior probability fromMrBayes
under theWAGmodel for the small matrix. D is the posterior probability from
PhyloBayes under the CATmodel for the small matrix. Asterisks indicate 100/
100/100/100 support. Taxa with new data are shown in green. Scale bar, 0.08
expected changes per site.
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consider that cephalopods and gastropods share important morpho-
logical features such as the presence of cephalic eyes, the isolation of the
head from the visceral mass, the terminal position of the mantle cavity
and the occurrence of muscle antagonistic systems2,23. The presence of
multiseptate shells in fossil Hypseloconidae monoplacophorans, a
character that is found in Nautilus and fossil cephalopods, has been
interpreted as supporting this relationship between Cephalopoda and
Monoplacophora24. The presence of two pairs of gills, kidneys and atria
in the chambered Nautilus has been interpreted as an indication that
secondary simplification took place during the early evolution of
cephalopods from an ancestor with serially repeated structures23.
This interpretation and the present trees suggest that the most recent
common ancestor of Cephalopoda and Monoplacophora had some
serially repeated structures.
The internal resolution of Cephalopoda is in agreement with all of

the current hypotheses, with the chambered Nautilus forming the
sister group of Coleoidea, and also identifies the monophyly of
Decapoda25,26. Scaphopoda, Gastropoda and Bivalvia form a cladewith
thick multilayered shells, but this clade has received little attention in
the literature23. Most morphological hypotheses place scaphopods as
the sister group to bivalves in a clade named Diasoma2,27 and, recently,
molecular and developmental data have favoured a cephalopod–
scaphopod relationship. Although there is strong support for the
placement of Scaphopoda as the sister group to Gastropoda in
maximum likelihood analyses of the bigmatrix (Fig. 2 and Supplemen-
tary Figs 2 and 4), maximum likelihood analyses of the small matrix
recover this same relationship but with less support (Fig. 2 and Sup-
plementary Figs 3 and5). Bayesian analyses using the site-heterogeneous
CAT model of protein evolution also place Scaphopoda as the sister
group to Gastropoda, with a posterior probability of 89% (Supplemen-
tary Fig. 9).
Within Bivalvia, maximum likelihood analyses and Bayesian ana-

lyses under the Whelan and Goldman (WAG) model support the
monophyly of Protobranchia, which includes bivalves with plesio-
morphic ctenidia—gills comparable to those of many other molluscs.
This contradicts some earlier bivalve phylogenies, based on fewer data,
that proposed paraphyly of protobranchs14 but supports the traditional
morphological views2,28. Bayesian analyses with the CAT model are
consistent with Protobranchia but do not provide strong support for it.
The hypertrophied bivalve gill, which is responsible for filter feeding,
had a single origin, and organisms with this type of gill constitute the
well-recognized clade Autolamellibranchiata. Palaeoheterodonta (the
group that includes freshwater pearl mussels) is the sister group to all
other autolamellibranchiates, which can be divided into heterodonts
and pteriomorphians. This hypothesis is similar to that proposed by
somepalaeontologists, although additional taxa, especiallyNeotrigonia,
Anomalodesmata andArchiheterodonta, must be included before con-
cluding more about the internal autolamellibranchiate relationships.
Likewise, the internal relationships of Gastropoda, although still

limited in their taxonomic representation (the group includes nearly
100,000 living species), support some of the major divisions that are
currently accepted29. The patellogastropod Lottia is either the sister
group to Vetigastropoda (as in Thiele’s Archaeogastropoda hypo-
thesis) or the sister group to all other gastropods29, depending on the
data set that is analysed. The former alternative has been recovered in
recent molecular analyses of gastropods30. The two representatives of
Caenogastropoda form a sister clade to the representatives of
Heterobranchia, including opisthobranchs and pulmonates, as sug-
gested in all of the modern analyses of gastropod relationships13,29.
For the first time, our data and analyses resolve the broad-scale

relationships within Mollusca with strong support. This allows us to
gain anunderstandingnot only of the relationships ofmodernmolluscs
but also of the numerous Palaeozoic forms ofmolluscs. It also allows us
to investigate several key characters that define the group. Molluscs are
related to other animals with spiral development and a trochophore
larva and have now been shown to share a close ancestor with annelids

and brachiopods16, both of which use chaetoblasts to produce chaetae.
Spicules and chaetae may share a similar developmental mechanism17.
Likewise, the appearance of dorsal plates or shells in addition to sclerites
is nowwell documented inhalwaxiids,Acaenoplax andPolyplacophora.
These features are generated by multiple rows of secretory papillae in
chiton and aplacophoran larvae. They may be plesiomorphic among
molluscs, especially if halwaxiids are interpreted as stem-group mol-
luscs, but they could also be apomorphic for Aculifera. The condensa-
tion of such papillae into a single shell gland21 could be responsible for
the origin of the conchiferan shell, arguably the single event that led to
the extraordinary success of molluscs, first in the Cambrian oceans and
later in many limnic and terrestrial environments. In addition to the
presence of shell glands that can deposit calcium carbonate, the
primitive mollusc may have had a rasping radula and serially repeated
ctenidia along the mantle cavity, because both characters appear in the
two lineages of extant molluscs, Aculifera and Conchifera, as well as in
several extinct Palaeozoic stem molluscs. Like the arthropods, with
their hardened exoskeletons, molluscs are true conquerors of our land
and waters.

METHODS SUMMARY
New transcriptome data were collected for 14mollusc species that had been selected
to optimize taxonomic representation (Supplementary Table 1). Collecting efforts
included an oceanographic campaign to collect members of the key taxon
Monoplacophora. Using several protocols, messenger RNA was extracted, and
cDNA samples were sequenced on a 454 Genome Sequencer FLX Titanium
(Roche) or a Genome Analyzer IIx (Illumina). After assembly and translation, the
sequences from all taxa were compared to each other with BLASTP. These pairwise
comparisons were used to cluster genes into homologues using the algorithmMCL.
The phylogenetic analyses divided sets of homologues into orthologues, which were
aligned, trimmed and concatenated into two supermatrices that differed in the
number of genes and the average fraction of genes available for each species. The
‘small’ matrix consists of 301 genes that are present in at least 20 taxa. This matrix
has 50% gene occupancy (that is, sequence data were available for an average of 50%
of the genes across the taxa), 27% character occupancy (that is, 27% of the matrix
consists of unambiguous amino acid data, with the remainder beingmissing data or
alignment gaps) and is 50,930 sites in length. The ‘big’matrix consists of 1,185 genes
that are present in at least 15 taxa. This matrix has 40% gene occupancy, 21%
character occupancy and is 216,402 sites long. Both matrices contain data for all
of the46 species thatwere included in the study. Thematriceswere analysedwith the
programs RAxML, MrBayes and PhyloBayes to infer relationships.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Taxon sampling and RNA isolation. The taxa were selected to optimize
taxonomic representationwithinMollusca. Collecting efforts included an oceano-
graphic campaign to collect members of the key taxon Monoplacophora31. New
transcriptome data were collected for one outgroup taxon, Lingula anatina, and
for 14 other taxa that were broadly sampled across Mollusca (Supplementary
Table 1). All tissues were collected fresh and were prepared immediately or pre-
served for subsequent RNAwork. Stored tissuewas frozen (at280 uC) or added to
RNAlater (and frozen at 280 uC or 220 uC). Total RNA was isolated with TRI
Reagent (Invitrogen) and further cleaned up with an RNeasy kit (QIAGEN),
including a DNase I digestion step.
Sequencing. Samples were sequenced on a 454Genome Sequencer FLXTitanium
(Roche) or a Genome Analyzer IIx (GA IIx, Illumina). The sample preparation
protocol and sequencing technology used for each sample is listed in
Supplementary Table 1.
All 454 samples were sequenced by 454 Life Sciences on one-eighth of a

Titanium flow cell. For five of the 454 samples, RNA was sent to the sequencing
facility for library preparation and sequencing according to the standard 454
cDNA protocols (these samples aremarked Roche in the Library Protocol column
of Supplementary Table 1).Nautilus pompiliusmRNAwas enriched by one round
of binding toDynabeads (Invitrogen); for the other specimens, total RNAwas sent
to the sequencing centre, wheremRNAenrichmentwas performed. For four of the
454 samples, full-length cDNA was prepared according to a template-switching
protocol32 (these samples are marked TS in the Library Protocol column of
Supplementary Table 1). Adaptors were modified to include restriction sites
and were removed by cleavage before sequencing. AnMmeI site was incorporated
into the 39 adaptor (59-ATT CTA GAG CGC ACC TTG GCC TCC GAC TTT
TCT TTT CTT TTT TTT TCT TTT TTT TTT VN-39, where V and N are
ambiguous nucleotides), and a SfiI site (59-AAG CAG TGG TAT CAA CGC
AGA GTG GCC ACG AAG GCC GGG-39) or an AsiSI site (59-AAG CAG
TGG TAT CAA CGC AGA GTG CGA TCG CGG G-39) was included in the 59
adaptor. Titanium sequencing reagents were used for all samples. Additional
expressed sequence tags for L. hyalina were sequenced with Sanger technology
according to previously described methods17.
Most Illumina samples were prepared with the NEBNext mRNA Sample Prep

kit (New England BioLabs), with size selection for 400 base pair (bp) products.
These samples were sequenced (paired-end, 104 bp), with one per lane on an
Illumina GA IIx at the Genomics Core Facility at Brown University. One sample
(marked Fragmentase in the Library Protocol column of Supplementary Table 1)
was prepared with a modified NEBNext mRNA protocol, in which the full-length
cDNA was fragmented with NEBNext dsDNA Fragmentase (New England
BioLabs) instead of the mRNA being fragmented. This sample was sequenced
(paired-end, 150 bp) in a single lane on an Illumina GA IIx at the FAS Center
for Systems Biology at Harvard University.
Assembly. Publicly available data from the NCBI dbEST database were processed
with a version of the PartiGene pipeline (version 3.0.5)33 that had beenmodified to
run without user intervention. Trace Archive data were processed as described
previously16.
Roche454datawere assembledwith theNewblerGSDenovoAssembler (version

2.3, Roche) with the flags ‘-cdna -nrm -nosplit’. In cases in which multiple splice
variants (isotigs inNewbler terminology) were produced for a gene (an isogroup in
Newbler terminology), a single exemplar splice variant was selected. The selected
isotigwas the onewith the highest geometricmeanof reads spanning each splice site
between contigs. This roughly corresponds to the most abundant splice variant for
the gene. Singletons that were not assembled by Newbler were assembled with
CAP3 (version 10/15/07, with the options ‘-z 1’ and ‘-y 100’). The sequences that
were assembled by Newbler, the sequences that were assembled by CAP3 and all
singletons that were not assembled by either were used in subsequent analyses.
Illumina data were assembled with Velvet34 (version 1.0.12) and Oases (version

0.1.15). Insert lengths for Oases were estimated with a 2100 Bioanalyzer (Agilent).
Reads that did not have an average quality score of at least 35 were removed. We
examined the assemblies over a range of k values (21–61, in increments of 10). We
selected a k value of 61 for all samples, except for Octopus (for which we used 31).
As for the 454 assemblies, we selected a single splice variant (transcript in Oases
terminology) for each gene (locus in Oases terminology). To accomplish this, we
developed a procedure whereby we chose transcripts that were at least 150 nucleo-
tides, had a length of at least 85% of the longest transcript for the gene and had the
highest read coverage. We ignored loci that hadmore than 50 transcripts, as these
often appeared to be the result of misassembly.
Assembled data were compared to NCBI’s nr protein database with BLASTX,

with an e cutoff of 0.00001. Large data sets were compared to a reduced nr database
by masking nr sequences from taxa that do not belong to the clade designated
by NCBI Taxon ID 33154 (Fungi/Metazoa group). Nucleotide sequences were

translated with a version of the prot4EST (version 2.3)35 pipeline that had been
modified to run without user intervention, using these BLASTX results.
Orthology assignment. The orthology assessment for data set assemblies fol-
lowed one described previously16. All-by-all comparisons were conducted with
BLASTP as in ref. 17. Clustering analyses were conducted on these results by using
MCL36. At the suggestion of recent analyses37, we excluded edges with 2log10
BLASTP e values lower than 20, to reduce spurious cluster connections. We
examined cluster composition with inflation parameters between 1.1 and 6 and
found that the final cluster composition was not particularly sensitive to different
inflation values in this range.We selected an inflation value of 2.1. Clusters with at
least four taxa and at least one ingroup taxon were aligned by usingMAFFT38 and
trimmed with Gblocks39, and maximum likelihood analyses were conducted with
RAxML40. The assessment of these phylogenies was conducted as in ref. 16.
Monophyly masking was conducted to reduce the number of monophyletic
sequences from the same taxon to one sequence. The resultant phylogenies were
then analysed by an iterative paralogy pruning procedure, by which maximally
inclusive subtrees with no more than one sequence per taxon were pruned and
retained. FASTA-formatted files were generated from subtrees that were produced
by the paralogy pruning procedure. These files were then aligned with MAFFT,
trimmed with Gblocks, filtered (alignments with fewer than 150 sites were
excluded) and concatenated into the final matrices.
Phylogenetic analyses.We constructed two phylogeneticmatrices from the trans-
lated sequences. The ‘small’ matrix consists of 301 genes that are present in at least
20 taxa. It has 50%gene occupancy and is 50,930 sites long. The ‘bigmatrix’ consists
of 1,185 genes that are present in at least 15 taxa. It has 40% occupancy and 216,402
sites. Both matrices contain data for all of the 46 species included in the study
Maximum likelihood analyses were performed for both matrices by using

RAxML (version 7.2.6)40 with both the Le and Gascuel (LG)41 andWAG42 models
with each gene region partitioned. Likelihood analyses consisted of first conduct-
ing a bootstrap analysis with 200 replicates, which was followed by a thorough
maximum likelihood search.
Bayesian analyses of the small matrix were conducted with MrBayes (version

3.1.2)43 and PhyloBayes (version 3.3b)44,45. The big matrix was too large to analyse
with these tools. With MrBayes, we conducted two searches each with two runs
(four runs and 16 chains total). We allowed MrBayes to estimate the fixed rate
model of evolution. Each chain was run for 1,000,000 generations, and conver-
gence was determined with time-series plots and an estimated sample size of tree
likelihoods of at least 100. Samples recorded before burn-in were removed, and
post-burn-in samples of the runs were combined. We summarized the posterior
probabilities of the clades with majority rule consensus trees.
We conducted analyses of the reduced-outgroup small matrix with PhyloBayes

(version 3.3b) using the CAT model of evolution45. PhyloBayes misidentified the
data type of our matrix as DNA, resulting in model misspecification and lack of
convergence. We conducted the analyses presented here with a modified version
that was forced to read all matrices as protein sequences. Five PhyloBayes runs
under the fully parameterized CATmodel each converged at around 1,500 cycles
(at least 86,000 generations) based on time-series plots of the likelihood scores and
number of partitions. The runs were allowed to run for 5,000 cycles for two runs
and 2,500 cycles for three runs. The runs estimated 140 (610) categories for the
model. We removed pre-burn-in samples and constructed a majority rule con-
sensus tree using all five runs (Supplementary Fig. 9)
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Supplementary Figure 1. Size distributions of assembled transcriptomes derived from 
new 454 and Illumina data, with the gene predictions from the Lottia gigantea genome 
project (Department of Energy Joint Genome Institute) for comparison. The color of the 
line indicates sequencing method, and the species are indicated for a subset of lines. Bin 
sizes are 100 bp. The best library sequenced with Illumina (Solemya velum) has a similar 
size distribution to that obtained from an annotated genome project (Lottia gigantea). The 
best 454 Titanium library (Siphonaria pectinata) has many fewer large assembled genes 
than the worst Illumina library (Octopus vulgaris). 
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Supplementary Figure 2. ML phylogram for the big matrix, with bootstrap support 
values (200 replicates), inferred under the WAG+! model by RAxML. This is the same 
tree as that shown in Fig. 2, but with outgroup taxa. 
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Supplementary Figure 3. ML phylogram for the small matrix, with bootstrap support 
values (200 replicates), inferred under the WAG+! model by RAxML.  
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Supplementary Figure 4. ML phylogram for the big matrix, with bootstrap support 
values (200 replicates), inferred under the LG+! model by RAxML.  
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Supplementary Figure 5. ML phylogram for the small matrix, with bootstrap support 
values (200 replicates), inferred under the LG+! model by RAxML. 
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Supplementary Figure 6. Bayesian phylogram for the small matrix, with posterior 
probabilities, inferred under a mixed model by MrBayes. Of the four runs, each a million 
generations, three converged (with burn-ins of 100k, 100k, and 200k generations) and 
were used to prepare the figure. 
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Supplementary Figure 7. ML phylogram for the small matrix with reduced outgroup 
sampling and bootstrap support values (200 replicates), inferred under the WAG+! 
model by RAxML. 
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Supplementary Figure 8. Differences in site log likelihood between maximum 
likelihood analyses in which there are no topological constraints and Serialia 
(Chaetopleura apiculata + Laevipilina hyalina) is constrained. The x-axis indicates the 
alignment column in the small matrix. Lines above the x-axis indicate sites for which the 
likelihood is higher in the constrained analysis, lines below the axis have a higher 
likelihood in the unconstrained analysis (i.e., the topology in Sup. Fig. 3). Values only 
shown for sites that have data for both Chaetopleura apiculata and Laevipilina hyalina. 
While there are many sites with weak support for Serialia, and a small number with 
strong support (a difference in log likelihood > 2), the preponderance of sites that bear 
strongly on this relationship favor the placement of the monoplacophoran Laevipilina 
hyalina with cephalopods rather than Chaetopleura apiculata. Total log likelihoods 
differed by -160.6764 in favor of the unconstrained analysis. 
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Supplementary Figure 9. Consensus phylogram of five runs inferred under the CAT 
model in PhyloBayes on the small matrix with reduced outgroup. For details please see 
the Methods section. 

SUPPLEMENTARY INFORMATIONRESEARCHdoi:10.1038/nature10526

WWW.NATURE.COM/NATURE | 9



Supplementary Table 1. Species included in the analysis, including new and publicly 
available data. The sequencing method for new data is indicated in the second column, 
or, alternatively, the source of the data if it is from a public archive. The public archives 
are: dbEST- http://www.ncbi.nlm.nih.gov/dbEST/, JGI- http://www.jgi.doe.gov/, Trace 
Archive - http://www.ncbi.nlm.nih.gov/Traces/trace.cgi, and FlyBase - 
ftp://ftp.flybase.net/genomes/Drosophila_melanogaster/dmel_r5.31_FB2010_08/fasta/. 
Voucher accession numbers beginning with MCZ are at the Harvard Museum of 
Comparative Zoology, SIO-BIC accessions are for the Scripps Institution of 
Oceanography Benthic Invertebrate Collection. See methods for details on sample 
preparation protocols. 

Species Sequencing 
method/ 
(Source) 

Sampling 
Location 

Voucher 
Accession 

Library 
Protocol 

Number 
of Reads 

Assembled 
Sequences 

Genes 
in Big 
Matrix 

Genes in 
Small 

Matrix 

Antalis entalis 454 Kristineberg, 
Sweden 

MCZ 
DNA106284 

TS 77,794 12,827 383 140 

Chaetopleura 
apiculata 

454 Woods 
Hole, MA, 
USA 

MCZ 
DNA106285 

TS 148,345 24,362 635 211 

Laevipilina 
hyalina 

454, Sanger Southern 
California, 
USA 

SIO-BIC 
M11891-
M11896 

TS 75,485 11,917 486 165 

Littorina littorea 454 Bristol, RI, 
USA 

MCZ 
DNA106288 

Roche 111,455 27,651 513 181 

Nautilus 
pompilius 

454 Monaco 
Aquarium, 
Monaco 

NA Roche 112,375 31,771 594 177 

Perotrochus 
lucaya 

454 Grand 
Bahama 
Island, 
Bahamas 

MCZ 
DNA102483 
(USNM 
869615) 

Roche 108,401 22,008 482 157 

Siphonaria 
pectinata 

454 Fort Pierce, 
Florida, 
USA 

MCZ 
DNA104886 

Roche 177,718 33,154 586 186 

Yoldia limatula 454 Woods 
Hole, MA, 
USA 

MCZ 
DNA106291 

Roche 97,766 14,726 342 127 

Gadila tolmiei Illumina Southern 
California, 
USA 

SIO M12332 NEBNext 75,942,132 78,360 887 232 

Greenland 
neomeniomorph 

Illumina Disko 
Island, 
Greenland 

MCZ 
DNA106286 

NEBNext 70,456,224 59,536 908 233 

Neomenia 
megatrapezata 

Illumina South 
Orkneys, 
Antarctica 

SIO-BIC 
M12318 

NEBNext 58,583,176 31,371 958 254 

Ennucula tenuis Illumina Disko 
Island, 
Greenland 

MCZ 
DNA106289 

NEBNext 77,448,350 64,402 956 249 
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Octopus 
vulgaris 

Illumina Blanes, 
Barcelona, 
Spain 

MCZ 
DNA106283 

Fragmentase 16,501,336 29,404 926 255 

Solemya velum Illumina Woods 
Hole, MA, 
USA 

MCZ 
DNA106290 

NEBNext 66,597,054 27,319 1031 264 

Aplysia 
californica 

(dbEST)      661 205 

Argopecten 
irradians 

(dbEST)      132 68 

Biomphalaria 
glabrata 

(dbEST)      412 155 

Chlamys farreri (dbEST)      121 51 

Crassostrea 
gigas 

(dbEST)      861 253 

Crassostrea 
virginica 

(dbEST)      397 140 

Euprymna 
scolopes 

(dbEST)      521 162 

Haliotis asinina (dbEST)      157 70 

Haliotis discus (dbEST)      63 33 

Hyriopsis 
cumingii 

(dbEST)      80 43 

Idiosepius 
paradoxus 

(dbEST)      164 65 

Ilyanassa 
obsoleta 

(dbEST)      252 104 

Lymnaea 
stagnalis 

(dbEST)      314 114 

Mizuhopecten 
yessoensis 

(dbEST)      309 118 

Mytilus 
californianus 

(dbEST)      514 174 

Mytilus 
galloprovincialis 

(dbEST)      450 166 

Pinctada 
martensi 

(dbEST)      108 51 

Ruditapes 
decussatus 

(dbEST)      192 85 

Ruditapes 
philippinarum 

(dbEST)      174 77 

Lottia gigantea (JGI)      1070 281 

Chaetoderma 
nitidulum 

(Trace 
Archive) 

     40 24 
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Outgroup taxa         

Lingula anatina 454 Stradbroke 
Island, 
Queensland, 
Australia 

MCZ 
DNA103794 

TS 70,309 14,861 511 160 

Macrostomum 
lignano 

(dbEST)      163 61 

Paraplanocera 
oligoglena 

(dbEST)      117 65 

Schmidtea 
mediterranea 

(dbEST)      508 169 

Drosophila 
melanogaster 

(FlyBase)      853 243 

Capitella teleta (JGI)      1043 272 

Helobdella 
robusta 

(JGI)      912 261 

Carinoma 
mutabilis 

(Trace 
Archive) 

     100 53 

Cerebratulus 
lacteus 

(Trace 
Archive) 

     144 78 

Chaetopterus 
variopedatus 

(Trace 
Archive) 

     151 70 

Terebratalia 
transversa 

(Trace 
Archive) 

     252 110 

 !
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