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A clear picture of animal relationships is a prerequisite to understand how the morphological and ecological
diversity of animals evolved over time. Among others, the placement of the acoelomorph flatworms, Acoela
and Nemertodermatida, has fundamental implications for the origin and evolution of various animal organ
systems. Their position, however, has been inconsistent in phylogenetic studies using one or several genes.
Furthermore, Acoela has been among the least stable taxa in recent animal phylogenomic analyses, which
simultaneously examine many genes from many species, while Nemertodermatida has not been sampled in
any phylogenomic study. New sequence data are presented here from organisms targeted for their instability
or lack of representation in prior analyses, and are analysed in combination with other publicly available data.
We also designed new automated explicit methods for identifying and selecting common genes across different
species, and developed highly optimized supercomputing tools to reconstruct relationships from gene
sequences. The results of the work corroborate several recently established findings about animal relationships
and provide new support for the placement of other groups. These new data and methods strongly uphold
previous suggestions that Acoelomorpha is sister clade to all other bilaterian animals, find diminishing
evidence for the placement of the enigmatic Xenoturbella within Deuterostomia, and place Cycliophora
with Entoprocta and Ectoprocta. The work highlights the implications that these arrangements have for
metazoan evolution and permits a clearer picture of ancestral morphologies and life histories in the deep past.
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1. INTRODUCTION
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traditional target gene approach—to high-throughput
sequencing strategies that collect data from many genes
at random. These sequencing methods, which include
expressed sequence tags (ESTs) and whole-genome shot-
gun sequencing, theoretically allow gene selection to be
part of the data analysis rather than project design since
gene selection does not affect, and could be informed
by, data acquisition. Existing phylogenetic studies already
vary in size by at least four orders of magnitude and are
anticipated to grow much larger, so scalable gene selec-
tion methods (i.e. tools that are able to accommodate
datasets of very different sizes) based on explicit criteria
will become increasingly important. In addition to facili-
tating larger analyses, such tools would make it possible
to evaluate the specific effects of gene selection criteria
on phylogenetic results. The development of methods
and criteria for matrix assembly, rather than the manual
curation of gene lists, would also facilitate the construc-
tion of matrices for a wide diversity of phylogenetic
problems, including matrices optimized for subclades,
superclades or entirely different groups of organisms.

The last several years have seen a proliferation of tools
for identifying homologous sequences and evaluating
orthology (Chen ez al. 2007), but fully automated phyloge-
nomic matrix construction based on explicit criteria is still
in its infancy. A recent study that included new EST data
for 29 broadly sampled animals applied a largely auto-
mated method for gene selection (Dunn ez al. 2008) that
relied on phenetic Markov clustering (MCL; van Dongen
2000) followed by phylogenetic evaluation of clusters.
User intervention was required to evaluate some cases of
paralogy. That study supported previous views that broad
taxon sampling is critical for improving the phylogenetic
resolution of the metazoan tree of life. Some important
relationships still remained unresolved, however, and
other critical taxa were unsampled.

(b) The base of Bilateria

The existence and placement of Acoelomorpha, a group
hypothesized to consist of Acoela and Nemertoderma-
tida, have been particularly problematic. Resolving the
placement of acoelomorphs is essential for rooting
the bilaterian tree and understanding the early phylogeny
of bilaterian animals, particularly for the reconstruction of
the evolution of animal organ systems (Bagufnia & Riutort
2004; Hejnol & Martindale 2008b; Bourlat & Hejnol
2009). This is therefore one of the most important
remaining problems in animal phylogenetics. Acoela has
been recovered as the sister group to all other bilaterian
animals in direct sequencing analyses, though their place-
ment with respect to Nemertodermatida has been
inconsistent (Ruiz-Trillo er al. 1999, 2002; Jondelius
et al. 2002; Wallberg et al. 2007; Paps er al. 2009). The
position of acoels has not been resolved satisfactorily in
previous EST-based analyses (Philippe ez al. 2007;
Dunn er al. 2008; Egger et al. 2009). In fact, they were
the most unstable taxon in the Dunn er al. (2008)
study. In a more recent phylogenomic study, Egger ez al.
(2009) found an acoel to be the sister group to the rest
of Bilateria, but questioned the result based on data on
stem cell distribution and proliferation, as well as the
mode of epidermal replacement, and suggested that
acoels could alternatively be part of Platyhelminthes.
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Critically, the second major acoelomorph group, Nemerto-
dermatida, has yet to be included in any phylogenomic
analysis.

Here we simultaneously address new analytical chal-
lenges of building phylogenomic matrices using entirely
explicit criteria, investigate central questions in animal
phylogenetics regarding Acoelomorpha and several other
important taxa, and explore the effects of subsampling
this matrix. We do this by collecting new data from
relevant animals, developing new orthology evaluation
methods that enable the construction of much larger
data matrices and applying optimized tools for high-
performance computing architectures. The new data we
generated (see electronic supplementary material, table
S1) focus on the putative group Acoelomorpha, including
two species of the previously unsampled Nemertoderma-
tida. We also added new EST or whole-genome data for
additional taxa of special interest. Publicly available data
were incorporated, largely derived from the same taxa
considered in a previous analysis (Dunn ez al. 2008),
but also including additional key taxa such as the pla-
cozoan Trichoplax adhaerens and the gastropod mollusc
Lottia gigantea. Our new gene selection strategy relies
exclusively on explicit criteria, allowing it to be fully auto-
mated, and it is scalable across projects of very different
sizes. This new method improves the ability to build
large matrices, though at a trade-off of shallower gene
extraction from poorly sampled EST libraries.

2. MATERIAL AND METHODS

(a) Data acquisition and matrix assembly

New data were generated for seven taxa (electronic sup-
plementary material, table S1) that were selected to address
several key questions in animal phylogeny, and a total of 94
taxa were included in the present analyses (electronic sup-
plementary material, table S2). Sequencing and assembly
of ESTs were performed as previously described (Dunn
et al. 2008). The new ESTs were strategically collected
from species in groups that were unstable (according to leaf
stability metrics; see below and Dunn er al. 2008), under-
sampled or unrepresented in previous studies. These
include a sponge, two acoels, two nemertodermatids, an
entoproct and a cycliophoran. All new data, not just the
sequences used for phylogenetic inference, have been depos-
ited in the National Center for Biotechnology Information
(NCBI) Trace Archive. Publicly available data for a variety
of other taxa were incorporated into the analysis (see
electronic supplementary material, table S2).

(b) Homology assignment and paralogue pruning

Phenetic sequence clustering was similar to that of Dunn
et al. (2008), though taxon sampling criteria were relaxed
considerably as described below. Unless specified otherwise,
all software versions and settings are the same as in that
study. Amino acid sequences were used at all stages of analy-
sis. Sequence similarity was assessed with the previously
described BLAST strategy (Dunn er al. 2008) and then
grouped with MCL (van Dongen 2000). An MCL inflation
parameter of 2.2 was used (see electronic supplementary
material). Clusters were required to (i) include at least four
taxa, (ii) include at least one taxon from which data were col-
lected in this or the previous study, (iii) include at least one of
the taxa used as BLAST subjects, (iv) have a mean of less
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than five sequences per taxon, (v) have a median of less than
two sequences per taxon and (vi) have no representatives of a
HomoloGene group that had sequences in more than one
MUCL cluster. Clusters that failed any of these criteria were
not considered further. Sequences for each cluster that
passed these criteria were aligned with MuscLE (Edgar
2004), trimmed with GBrocks (Castresana 2000) and a
maximum likelihood (ML) tree was inferred by RAXML.

The assessment of cluster phylogenies herein differs
markedly from Dunn ez al. (2008). In the first step, mono-
phyly masking, all but one sequence were deleted in clades
of sequences derived from the same taxon. The retained
sequence was chosen at random. Paralogue pruning, the
next step, consisted of identifying the maximally inclusive
subtree that has no more than one sequence per taxon.
This tree is then pruned away for further analysis, and the
remaining tree is used as a substrate for another round of
pruning. The process is repeated until the remaining tree
has no more than one sequence per taxon. If there were mul-
tiple maximally inclusive subtrees of the same size in a given
round, then they were all pruned away at the same time.

Subtrees produced by paralogue pruning were then fil-
tered to include only those with (i) four or more taxa and
(i) 80 per cent of the taxa present in the original cluster
from which they were derived (see electronic supplementary
material). Fasta-format files with sequences corresponding to
each terminal in the final subtrees were then generated,
aligned and concatenated into a supermatrix.

(¢) Phylogenetic inference
Phylogenetic analyses were conducted on an IBM BlueGene/LL
system at the San Diego Supercomputer Center, com-
prising three racks of 1024 nodes each, with two processors
per node. The total analysis time was 2.25 million processor
hours. The relatively low amount of per node RAM on the
IBM BlueGene/LL (BG/L) means that the likelihood compu-
tations for a single tree topology need to be conducted
concurrently on several nodes, essentially by distributing
the alignment columns across processors. The dedicated par-
allel version of RAXML for the current analysis is based on
RAXML v. 7.0.4. A significant software engineering effort
was undertaken to transform the initial proof-of-concept par-
allelization on an IBM BG/L into production-level code that
covers the full functionality of RAXML. Among other things,
the performance of the code was improved by 30 per cent
(compared with the original BG/L version) via optimization
of the compute-intensive loops in the phylogenetic likelihood
kernel. In general, the fine-grained parallelization strategy
deployed here at the level of the phylogenetic likelihood
kernel needs to be applied on all state-of-the-art supercom-
puter architectures to better accommodate the immense
memory requirements of current phylogenomic studies
(Stamatakis & Ott 2008). The ability to now split the likeli-
hood calculation for a single matrix across multiple nodes,
rather than just dividing bootstrap replicates across nodes,
overcomes hurdles from memory limitations per node that
are encountered with large alignments, allows for a short
response time for a single tree search and enables the con-
venient exploitation of thousands of CPUs. The adaptation
of RAXML to the IBM BG/L also required the development
of solutions to avoid memory fragmentation.

Models of molecular evolution were evaluated using the
Perl script available from the RAXML website. ML searches
and bootstrap analyses were executed under the Gamma
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model of rate heterogeneity. Tree sets were summarized
with PHYUTILITY (Smith & Dunn 2008), which was used to
map bootstrap support onto the most likely trees, calculate
leaf stability and prune taxa.

3. RESULTS

(a) Data matrix assembly

MUCL generated 7445 clusters, of which 2455 passed the
taxon sampling and other phenetic criteria described
above. Paralogue pruning, the phylogenetic evaluation
and pruning of these clusters to generate sets of ortholo-
gues with no more than one sequence per taxon resulted
in 4732 subtrees with four or more taxa (the minimum
size of a phylogenetically informative tree), of which
1487 passed the additional criteria described in the
methods. This process is robust to noisy data, even when
two haplotypes are included for nearly every gene in the
Branchiostoma floridae genome (see electronic supplemen-
tary material on the robustness of matrix assembly). The
final 1487-gene, 94-taxon matrix (figure 1) was 270 580
amino acids long, and had 19 per cent occupancy (i.e.
on average 19% of the genes were sampled for each
taxon) and 251 152 distinct column patterns. Of the 150
genes from the previous study (Dunn ez al. 2008), 56 cor-
responded to genes in the new 1487-gene matrix. The
omission here of genes considered in that previous analysis,
or other such studies, does not necessarily indicate that
they were unfit for phylogenetic inference, only that they
were not accepted according to the different set of criteria
used here that are optimized for other purposes.

Relative to the previous study (Dunn ez al. 2008), the
number of gene sequences in the new matrix was greatly
increased for taxa with many sequenced genes (i.e. the
number of unique protein predictions following EST
assembly and translation), but was reduced for taxa
with the smallest numbers of sequenced genes (electronic
supplementary material, table S2), despite there being
nearly ten times as many genes in the total matrix
(1487 versus 150). The reasons for this are explored in
greater detail in the electronic supplementary material,
along with comparisons to the 150-gene matrix sup-
plemented to include all 94 taxa considered here
(electronic supplementary material, fig. S1). The best-
sampled taxon, Homo sapiens, had 1351 (90.9%) of the
1487 genes, whereas the most poorly sampled taxon,
Phoronis vancouverensis, had only 2 (0.14%; yellow circles
in figure 2). Positions of taxa with the least data were not
well resolved. The new matrix construction strategy was
therefore disproportionally beneficial for well-sampled
taxa. Poorly sampled taxa such as P vancouverensis were
not excluded from analyses a priori because hetero-
geneous sampling success is common in EST datasets,
and is therefore of analytical interest. Also, the later appli-
cation of leaf stability indices allows for the evaluation of
support between stable taxa, even when poorly sampled,
unstable taxa are included in the analysis.

Our analyses address the potential impact of missing
data in several ways (see electronic supplementary
material; §4). We found no indication that missing data
have resulted in systematic error, though the analyses
we were able to conduct were necessarily constrained by
the size of the large matrix and the subject in general
still requires greater attention.
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