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Multigene Analyses of Bilaterian Animals Corroborate the Monophyly of
Ecdysozoa, Lophotrochozoa, and Protostomia

Hervé Philippe, Nicolas Lartillot,l and Henner Brinkmann

Canadian Institute for Advanced Research and Département de Biochimie, Université de Montréal, Montréal, Québec, Canada

Almost a decade ago, a new phylogeny of bilaterian animals was inferred from small-subunit ribosomal RNA (rRNA) that
claimed the monophyly of two major groups of protostome animals: Ecdysozoa (e.g., arthropods, nematodes, onycho-
phorans, and tardigrades) and Lophotrochozoa (e.g., annelids, molluscs, platyhelminths, brachiopods, and rotifers). How-
ever, it received little additional support. In fact, several multigene analyses strongly argued against this new phylogeny.
These latter studies were based on a large amount of sequence data and therefore showed an apparently strong statistical
support. Yet, they covered only a few taxa (those for which complete genomes were available), making systematic artifacts
of tree reconstruction more probable. Here we expand this sparse taxonomic sampling and analyze a large data set (146
genes, 35,371 positions) from a diverse sample of animals (35 species). Our study demonstrates that the incongruences
observed between rRNA and multigene analyses were indeed due to long-branch attraction artifacts, illustrating the enor-
mous impact of systematic biases on phylogenomic studies. A refined analysis of our data set excluding the most biased
genes provides strong support in favor of the new animal phylogeny and in addition suggests that urochordates are more
closely related to vertebrates than are cephalochordates. These findings have important implications for the interpretation

of morphological and genomic data.

Introduction

The traditional view of bilaterian animal evolution
based on morphological and embryological characters pro-
posed that the phylogeny correlates with a gradual increase in
complexity (Adoutte etal. 2000). The most simple organisms
emerged first, i.e., acoelomates (e.g., platyhelminths) fol-
lowed by the pseudocoelomates (e.g., nematodes) and then
by the true coelomates (e.g., arthropods and chordates). This
view was challenged by a careful analysis of small-subunit
ribosomal RNA (rRNA) sequences, sampled from a selected
set of animals with slowly evolving rRNAs (Aguinaldo et al.
1997). In this so-called new animal phylogeny, some pseu-
docoelomates, in particular nematodes, were grouped with
some coelomates (e.g., arthropods and tardigrades) in the
clade Ecdysozoa, whereas other pseudocoelomates (e.g.,
rotifers) and acoelomates were grouped with the remaining
protostomian coelomates (e.g., annelids and molluscs) in
the clade Lophotrochozoa. Ecdysozoa and Lophotrochozoa
furthermore form a monophyletic assemblage correspond-
ing to Protostomia sensu lato.

Although often taken for granted (Adoutte et al. 2000;
Graham 2000; Giribet 2002), the new animal phylogeny
has only been confirmed by the analyses of Hox genes
(de Rosa et al. 1999, but see Telford 2000), horse radish
peroxidase (HRP) antibody staining (Haase et al. 2001),
large-subunit rRNA (Mallatt and Winchell 2002), and Na/K
adenosine triphosphatase (ATPase) (Anderson, Cordoba,
and Thollesson 2004). A sequence signature that was ini-
tially proposed to support it (Manuel et al. 2000) turned
out to be noninformative (Telford 2004).

In sharp contrast, several multigene analyses (Mushegian
et al. 1998; Hausdorf 2000; Blair et al. 2002; Korbel et al.
2002; H. Dopazo, Santoyo, and J. Dopazo 2004; Hugues
and Friedman 2004; Wolf, Rogozin, and Koonin 2004) pro-
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vide strong support in favor of the monophyly of Coelomata,
with nematodes and platyhelminths emerging at the base of
Bilateria. For example, the analysis of 100 proteins from four
taxa (44,214 amino acids) supports the grouping of arthro-
pods with vertebrates to the exclusion of nematodes with
extremely high statistical support (Blair et al. 2002). The
most exhaustive and careful analysis was performed by
Wolf, Rogozin, and Koonin (2004), who studied over 500
sets of orthologous proteins from six species. In summary,
the monophyly of Ecdysozoa was only supported by a few
single-gene phylogenies based on numerous taxa and
strongly rejected by analyses based on a few taxa but numer-
ous genes.

The long-branch attraction (LBA) phenomenon
(Felsenstein 1978), according to which divergent (hence
long branched) but otherwise unrelated taxa tend to cluster
together in the estimated phylogeny, is one of the most per-
vasive tree reconstruction artifacts (Philippe and Laurent
1998). Typically, the branch leading to the out-group, which
is by necessity long, attracts long branches of fast-evolving
in-group species, so that, in most cases, an LBA results in an
artifactual placement of fast-evolving species at the base of
the tree. All tree reconstruction methods, because none are
based on an entirely correct model of sequence evolution, are
sensitive to LBA, although some, especially the probabilistic
ones, are more robust (Lockhart et al. 1996). The LBA arti-
fact has played a central role in the inference of the metazoan
phylogeny. The fact that the rapid evolutionary rate
of nematode rRNAs prevents a reliable placement of this
group had been noticed early on (Philippe, Chenuil, and
Adoutte 1994), and only the use of a newly sequenced nem-
atode rRNA that evolved more slowly allowed the recovery
of the grouping of nematodes and arthropods (Aguinaldo
et al. 1997). Therefore, in recent multigene analyses, the
hypothesis that the LBA artifact can be responsible for
the nonmonophyly of Ecdysozoa was carefully studied.
Several approaches (i.e., the use of slowly evolving genes
[Blair et al. 2002] or computer simulations [Wolf, Rogozin,
and Koonin 2004]) were carried out and seemed to discard
this interpretation (but see Copley et al. 2004).
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However, it should be noted that artifacts such as LBA
are systematic, i.e., they tend to be reinforced as more and
more data are considered (a property named inconsistency)
(Felsenstein 1978; Kim 1996; Lockhart et al. 1996). Multi-
gene analyses are thus expected to be increasingly sensitive
to this problem (Phillips, Delsuc, and Penny 2004). There
are presently no simple solutions to completely eschew sys-
tematic biases, although different approaches have been
proposed to reduce their impact (Philippe and Laurent
1998): (1) the use of efficient tree reconstruction methods,
(2) the improvement of taxon sampling, and (3) the selec-
tion of positions or genes that evolve more slowly.

In the present study, we took advantage of numerous
expressed sequence tags and genomic sequencing projects
to assemble a very large data set of 146 genes and 49 spe-
cies. Based on this data set, we demonstrate that LBA
indeed affects bilaterian phylogeny and that the basal posi-
tioning of platyhelminths and nematodes (i.e., the Coelo-
mata hypothesis) is one of its manifestations. Finally, by a
combination of the three methods mentioned above, we
show how to overcome the LBA artifact, yielding further
molecular support to the Lophotrochozoa-Ecdysozoa
hypothesis.

Materials and Methods

To assemble our data set, as detailed in Supplementary
Materials, we followed with some modifications the proto-
col described in Philippe et al. (2004). Most sequences were
downloaded from GenBank through National Center for
Biotechnology Information  (http://www.ncbi.nlm.nih.
gov/) except for Celuca pugilator (ftp://ftp.genome.
ou.edu/pub/fiddlercrab/craball_dir),  Fasciola  hepatica
(ftp://ftp.sanger.ac.uk/pub/databases/Trematode/Fhep/), Fu-
sarium graminearum (http://www.broad.mit.edu/cgi-bin/
annotation/fusarium/download_license.cgi), Monosiga bre-
vicolis (King, Hittinger, and Carroll 2003), Neocallimastix
patriciarum (Brinkmann et al., unpublished data), and
Strongylocentrotus  purpuratus  (http://sugp.caltech.edu/
ftp_page/). Genes were carefully examined to avoid prob-
lems due to hidden paralogy. Importantly, the use of numer-
ous species greatly improves the reliability of orthology
assignment. Single-gene phylogenies, shown in Supplemen-
tary Materials, were used either to completely discard genes
from the analysis for which orthology relationship was dif-
ficult to establish (e.g., EF-1a or cytosolic HSP70) or to
select the slowest evolving copy of recently duplicated genes
(in particular for vertebrates).

Because there is a debate about the relative importance
of increasing the number of characters or the number of spe-
cies to improve phylogenetic accuracy (Hillis etal. 2003), we
tried to assemble a data set rich in both species and genes.
However, this generally implies allowing for missing or par-
tial sequences of some genes from some species (e.g., the
amount of missing data is of 12.5% [Murphy et al. 2001],
20% [Qiu et al. 1999], or 25% [Douzery et al. 2004]). We
retained only species for which a sufficiently large number
of amino acid residues were available (larger than 6,000).
Simulation studies have shown that, under these conditions,
the impact of missing data is negligible (Wiens 2003;
Philippe et al. 2004). To further verify, analyses without
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the eight most incomplete sequences were performed (figs.
S1 and S2, Supplementary Material online), and, as
expected, the results were virtually identical. A large data
set comprising 49 species and 146 genes (displaying a mean
of ~35% of missing data per species, see Supplementary
Materials for more information) was constructed, in which
the major animal phyla were represented (echinoderms,
urochordates, cephalochordates, vertebrates, arthropods,
tardigrades, nematodes, molluscs, annelids, platyhelminths,
cnidarians, and ctenophores) as well as two successive out-
groups (2 choanoflagellates and 10 diverse fungi). Even if
several animal phyla are still not represented (e.g., priapul-
ids, onychophorans, sipunculans, brachiopods, hemichor-
dates) in our alignment consisting of 35,371 positions, it
has a much better taxon sampling than any previous multi-
gene analyses of animals, which contained only three to five
animal species (Mushegian et al. 1998; Hausdorf 2000; Blair
et al. 2002; Wolf, Rogozin, and Koonin 2004).

The phylogeny was inferred by the maximum likeli-
hood (ML) method using concatenated Jones, Taylor, and
Thornton (JTT) + F + T or separate Whelan and Goldman
(WAGQG) + F + I'models (Jones, Taylor, and Thornton 1992;
Whelan and Goldman 2001). The gamma distribution was
used to correct for rate across sites variation and, as expected,
significantly improved the fit of the model to the data (from In
L = —908,441 without I" to In L = —862,699 with I'). The
separate model (Yang 1996b) allows branch lengths and
alpha parameter to vary from gene to gene, to take into
account heterogeneity of evolutionary rates between genes
and lineages. This contrasts with a concatenated model (i.e.,
considering all the genes as a “supergene’’) that imposes the
same branch lengths and o parameter to all the genes. Despite
a serious increase in the number of parameters (16,675 addi-
tional parameters), the separate model has a better fit than the
concatenated model, according to the Akaike Information
Criterion (Akaike 1973) (1,758,748 vs. 1,768,702). When
a very large number of positions are used, the problem of
local minima is exacerbated because of the height of the
potential barriers separating them. We therefore used two
approaches. First, a heuristic search was performed with a
concatenated JTT + F + I" model using PHYML (Guindon
and Gascuel 2003). For bootstrap analysis (100 replicas),
two different starting trees (the BIONIJ tree and the PHYML
tree obtained for the complete data set) were used to reduce
the local minima problem. Second, an exhaustive tree search
approach was used by defining several sets of constraints, as
explained in the Supplementary Materials, with a separate
WAG + F + T" model. The bootstrap support was computed
using the RELL method (Kishino, Miyata, and Hasegawa
1990) based on 1,000 replicates. Only bootstrap values
(BVs) obtained for the best-fitting model (separate WAG +
F + I') are discussed in the text.

To distinguish genes for which nematodes and platy-
helminths evolve fast relative to other Bilateria, we com-
puted a distance matrix for each gene with a WAG +
F + T model using Tree-Puzzle (Schmidt et al. 2002).
The evolutionary rate of nematodes and platyhelminths
was estimated as the average of all distances between
the 16 out-group species and the 15 species of these two
groups. We also estimated the evolutionary rates of slowly
evolving Bilateria as the average distance between the
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16 out-group species and the mollusc, the annelid, and the
five deuterostome species. Genes were then sorted in decreas-
ing order according to the ratio of these two evolutionary
rates. They were removed from the data set five at a time;
for each reduced data set, BVs were computed by ML with
a separate WAG + F + I model. Similar results were
obtained if only choanoflagellates, cnidarians, and cteno-
phores were used as an out-group and/or if nematodes and
platyhelminths were considered separately (data not shown).

Results and Discussion

For a set of ~100 evolutionarily conserved ortholo-
gous proteins, nematodes and platyhelminths are evolving
about two times faster than deuterostomes or arthropods
(Philippe et al. 2004). In such a context, where a large data
set is used, inconsistent (i.e., strongly supported but erro-
neous) results are expected to manifest themselves. In par-
ticular, the use of a distant out-group (e.g., fungi) should
attract nematodes and platyhelminths to the base of the
Bilateria. In contrast and provided that the new animal phy-
logeny is correct, they are expected to emerge higher in the
tree when a closer out-group is used because their long
branches will no longer be attracted by the now much
shorter branch of the out-group.

To test this prediction, we selected subsets of four
bilaterian species from our data set of 146 genes and 49 spe-
cies (see Materials and Methods). We followed the first
approach to reduce the impact of LBA by inferring the
phylogenies by the ML method with a separate WAG +
F + I"'model (Yang 19964, 1996b), which is among the most
efficient tree reconstruction methods currently available.
Then, as done in several recent studies (Mushegian et al.
1998; Hausdorf 2000; Blair et al. 2002; Wolf, Rogozin,
and Koonin 2004), the yeast Saccharomyces, which is quite
distant to Bilateria, was used as an out-group. Nematodes and
platyhelminths robustly emerged at the base of animals (fig.
1A), supporting the monophyly of Coelomata (represented
here by Drosophila and Homo) with a BV of 95%. When
the fission yeast Schizosaccharomyces and the choanoflagel-
late Monosiga were added to break the very long branch of
the out-group (fig. 1B), the support for the early emergence of
platyhelminths and nematodes decreased markedly (BVs of
43% and 61%). More significantly, when a closer and more
slowly evolving out-group, the cnidarian Hydra, was added,
the topology changed drastically (fig. 1C); the nematodes
were now a sister-group of platyhelminths (BV of 80%). This
group clustered with arthropods, recovering the monophyly
of protostomes with high support (98%). These results fit
perfectly the prediction that an LBA artifact, caused by
the use of a too distant out-group, underlies the early emer-
gence of nematodes and platyhelminths found in previous
multigene analyses (Mushegian et al. 1998; Hausdorf
2000; Blair et al. 2002; Wolf, Rogozin, and Koonin 2004).

The addition of a cnidarian essentially prevented the
attraction between nematodes/platyhelminths and the out-
group but yielded a surprising and somewhat disquieting
result: nematodes were now the sister-group of platyhel-
minths to the exclusion of arthropods, a grouping that
has never been proposed and that does not make any bio-
logical sense. We suggest that this grouping is also due to an

Saccharomyces
Caenorhabditis
Schistosoma

100 Homo
95 Drosophila

B | Saccharomyces
100 Sch

izosaccharomyces
Monosiga brevicollis
Caenorhabditis

100 Schistosoma
il —"Homo
61

Drosophila

C_|j Saccharomyces
100 S

chizosaccharomyces
Monosiga brevicollis

100
Drosophila
Caenorhabditis
80 Schistosoma

Fic. 1.—LBA and the effect of the out-group. Trees were inferred
with an ML method using a separate WAG + F + I" model. The in-group
species remain identical, and the out-group is (A) a distantly related yeast,
(B) two yeasts and a more closely related choanoflagellate, Monosiga, or
(C) two yeasts, a choanoflagellate, and a very closely related cnidarian,
Hydra. The early emergence of nematodes (Caenorhabditis) and platyhel-
minths (Schistosoma) is due to an LBA artifact that disappears when a
close out-group is used. BVs are indicated to the left of each node. The
scale bar represents 0.1 substitutions per site for a unit branch length.

LBA artifact, this time between the two fastest evolving in-
groups (i.e., nematodes and platyhelminths). We therefore
applied the second approach to reduce the LBA, i.e., the
addition of many taxa to break long branches (Hendy
and Penny 1989). We compiled sequences mainly from
cDNA-sequencing projects and obtained a data set rich
in both species (49) and genes (146) (displaying on average
~35% of missing data; see table S1 [Supplementary Mate-
rial online] for the detailed distribution of missing data
among species), in which most major animal phyla
were represented, as well as two successive out-groups
(choanoflagellates and fungi).

The ML phylogeny based on this extended data set
(fig. 2) was in excellent agreement with the current knowl-
edge. All undisputed groups were strongly supported (e.g.,
monophyly of ascomycetes, basidiomycetes, choanoflagel-
lates, Bilateria, deuterostomes, nematodes, platyhelminths,
arthropods, and insects). The structure of the bilaterian tree
was very similar to the new phylogeny of animals (e.g.,
monophyly of protostomes), with the exception of platyhel-
minths, which were again a sister-group of nematodes
instead of being clustered with the other Lophotrochozoa
(represented here by annelids and molluscs). The addition
of 42 taxa (from 7 in fig. 1C to 49 in fig. 2) was therefore
not sufficient to eliminate the attraction between nematodes
and platyhelminths. However, it should be noted that many
of the added taxa (in particular the nine nematodes and the
four platyhelminths) were fast evolving, and the addition
of fast-evolving lineages may in fact exacerbate the
inconsistency due to the LBA artifact (Kim 1996; Poe 2003).
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Fic. 2.—Tree based on 146 genes (35,371 amino acid positions). Trees were inferred with an ML method. The same topology (except for a few not
supported nodes) was obtained using either a separate WAG + F + I" model or a concatenated JTT + F + I' model. The values indicated correspond to
bootstrap support values of the separate (upper) or concatenated (lower, in italic) models. When both are equal to 100%, only the first one is indicated, and

when at least one is below 75%, the node is indicated by a hyphen.

We further explored the issue of species sampling by
specifically and independently removing nematodes and
platyhelminths because they constitute potential major
attractors. When platyhelminths were removed (fig. S3,
Supplementary Material online), the topology remained
exactly the same but the support was higher, suggesting that
Ecdysozoa are monophyletic. By contrast, when nematodes
were removed (fig. S4, Supplementary Material online), a
single but major topological change occurred. Platyhel-
minths moved from inside the Ecdysozoa to a sister-group
position of molluscs + annelids. Interestingly, the mono-
phyly of Lophotrochozoa was recovered with a high sup-
port (BV of 95%). No obvious artifact could explain this
result because a fast-evolving lineage was clustered with
two slowly evolving ones. These analyses strongly suggest
that the fast-evolving nematodes constitute a potent attrac-
tor to platyhelminths.

The drastic approach used above has the disadvantage
that all groups of interest cannot be present simultaneously
in our analysis. We therefore turned to an alternative method,
and selected the slowest evolving taxa among nematodes
and platyhelminths, as previously done in the case of rRNA
(Aguinaldo et al. 1997). Interestingly, the inferred phylogeny
is now identical to the new animal phylogeny (fig. S5,
Supplementary Material online). However, even if the mono-
phyly of protostomes remained highly supported (BV of

100%), support for the monophyly of Ecdysozoa and
Lophotrochozoa was weak (BV of 55%).

Because artifactual attraction between nematodes and
platyhelminths appears to be extremely strong, we applied
the third approach to overcome LBA, i.e., the use of slowly
evolving characters. We proceeded by the selective elimi-
nation of the most biased genes, made feasible by the large
size of our data set, with the hope that some of the 146 genes
used here are sufficiently slowly evolving for both nemat-
odes and platyhelminths. For each gene, we computed the
ratio of the mean evolutionary rates of nematodes and pla-
tyhelminths to those of short-branch organisms, i.e., annel-
ids, deuterostomes, and molluscs. As expected from the
branch lengths of figure 2, these ratios were greater than
1 for the vast majority of genes (fig. 3A). Genes with the
highest ratio would be expected to contribute most to the
artifactual grouping of nematodes and platyhelminths.
We therefore progressively removed these genes and
recomputed the phylogeny. As shown in figure 3B, boot-
strap support for the grouping of nematodes and platyhel-
minths decreased continuously, reaching <10% when 75
genes were discarded. Remarkably, in parallel, support
for the monophyly of both Ecdysozoa and Lophotrochozoa
increased steadily, up to 90%—-95%. It should be noted that
the monophyly of protostomes was virtually unaffected by
gene removal (BV around 100%), until more than 100 genes

120Z 9UNP G|, UO oSN SSWIN - SUIo8paL 8p auleysioAlun anbayionaig Ag €26990 /912 L/S/2Z/3I0me/eqW/Wwod dno-olWspese/:sdiy Woly pepeojumod



1250 Philippe et al.

60 A 100 7
90
80 1
70
60 1
50 1
40 1
30 1
20 4
10 1

50

40

30

20

Number of genes
Bootstrap values

10

—— Protostomia
—=— | ophotrochozoa
—=— Ecdysozoa

- Nematoda+Platyhelminthes

X i
Hong e 2 g3

0 0

0.5 1 1.5 2 25 0 25

Relative rates

50 75 100 125
Number of genes removed

Fic. 3.—Evolutionary rates, gene removal, and the new animal phylogeny. For each of the 146 genes, the ratio of the mean evolutionary rate in
nematodes and platyhelminths to the mean evolutionary rate in annelids, molluscs, and deuterostomes is displayed (A). A ratio higher than one indicates
that nematodes and platyhelminths evolve faster than annelids, molluscs, and deuterostomes. Only 14 genes have a ratio below one. Genes with the highest
ratio are removed five at a time, and the evolution of BVs for the four nodes of interest is monitored (B). The monophyly of Protostomia is used to indicate
when gene removal leads to a significant decrease in the phylogenetic signal.

were discarded. At this stage, no sufficient phylogenetic
signal is present in the remaining genes (fewer than 40)
and, in consequence, the support decreased for all the nodes
(data not shown). To reduce the impact of the LBA artifact
without decreasing the resolution too significantly, the
removal of 75 genes was an acceptable trade-off. The
phylogeny based on the 71 remaining genes (20,705 posi-
tions, fig. 4) was in excellent agreement with the new ani-
mal phylogeny: the Ecdysozoa and the Lophotrochozoa
were both monophyletic (BVs of 87% and 88%) and
formed together the clade Protostomia (BV of 100%). In
conclusion, the combination of the three approaches given
above (i.e., efficient tree reconstruction method, large spe-
cies sampling, and selection of slowly evolving features)
was necessary to overcome the artifactual attraction of
platyhelminths by nematodes.

The position of urochordates as the sister-group of ver-
tebrates to the exclusion of cephalochordates (BVs of 92%
and 97% in figs. 2 and 4) deserves special attention.
Although this grouping has been proposed by Jefferies
(1986) based on the interpretation of unusual fossils called
mitrates and cornutes, the current consensus favors the
alternative grouping of cephalochordates and vertebrates,
following the seminal work of Garstang (1928). However,
this consensus relies neither on particularly strong morpho-
logical evidence nor on molecular evidence (Oda et al.
2002; Winchell et al. 2002; Mallatt and Chen 2003), and
the great similarities between cephalochordates and verte-
brates probably represent chordate symplesiomorphies. Our
results seemed to be robust, particularly when considering
that urochordates were fast evolving and should therefore
be attracted to the base of the deuterostomes by an LBA
artifact but not toward the slowly evolving vertebrates.
However, possible inconsistency of tree reconstruction
when few species are used (Philippe and Laurent 1998)
(here only five deuterostomes) argues for caution before
making any firm conclusions. At any rate, the grouping
of urochordates with vertebrates constitutes a reasonable
working hypothesis that must be tested with a much larger
deuterostomian taxon sampling. The migratory neural
crestlike cells, recently found in the ascidian urochordate
Ecteinascidia turbinate (Jeffery, Strickler, and Yamamoto
2004), could potentially constitute a synapomorphy for this
hypothetical group.

From a methodological point of view, apart from the
question of the position of nematodes and platyhelminths,
the phylogeny of opisthokonts is well recovered by our
multigene analyses, as evidenced by its good agreement
with morphologically based trees. This indicates, first, that
an ancient phylogenetic signal is still present in the genomic
data, even for the deepest nodes of the tree and, second, that
current tree reconstruction methods are rather efficient, pro-
vided some care is brought to reduce the impact of potential
artifacts. For instance, the use of a close out-group is suffi-
cient for current ML methods to discover the LBA between
fungi and fast-evolving bilaterians (fig. 1).

However, more difficult phylogenetic issues, such as
the position of platyhelminths and nematodes, highlight
the limits of the currently available procedures and point
to the urgent need for better tree reconstruction methods,
in particular through the development of better models
of sequence evolution. Heterotachy (shifts in position-
specific evolutionary rates) has been recently proposed
as an important cause of these limitations (Lockhart
et al. 1996; Philippe and Germot 2000; Inagaki et al.
2004; Kolaczkowski and Thornton 2004). In this respect,
the separate model, allowing branch lengths to be different
for each gene, deals with a particular case of heterotachy,
that between genes. In addition, it is based on a partition-
ing of the data and is thus particularly well suited to the
kind of situations investigated by Kolaczkowski and
Thornton (2004). We indeed found a significant level of
heterotachy between genes, as demonstrated by the better
fit to the data of the separate model over the concatenated
one. However, its impact on the phylogeny is limited
because the very same reconstructions are obtained with
both separate and concatenated models (data not shown),
suggesting that, more generally, heterotachy might not be
a major cause of phylogenetic artifacts. Nevertheless,
apart from heterotachy, quite a few other model violations,
such as the nonindependence of sites or the nonstationarity
of the evolutionary process, could be an important source
of systematic errors in tree reconstructions.

At any case, until better tree reconstruction methods
are available, the specific removal of the data that are
the most responsible for the tree reconstruction artifact
(here, the fastest evolving genes) will surely constitute a
simple and efficient heuristic approach to improve the
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F1G. 4—ML tree inferred from the separate analysis of 71 genes that evolve slowly in nematodes and platyhelminths (20,705 amino acid positions).
For phylogenetic methods, see legend of figure 2. It should be noted that the use of slowly evolving genes alone is not sufficient to overcome the LBA
artifact. If the same taxon sampling as in figure 1A and B was used, nematodes and platyhelminths still artifactually emerged at the base of the Bilateria (fig.
S6, Supplementary Material online). The monophyly of Ecdysozoa was only recovered when the cnidarian sequence was used as an out-group, however,
with a weak support (fig. S6C, Supplementary Material online). A reduced support, when only a few species were used (51% instead of 87% here),
demonstrates the important effect of a large species sampling. The support for grouping nematodes and tardigrades to the exclusion of arthropods
decreased from 76% to 65% when the fast-evolving nematode genes were removed. This suggests that this weakly supported grouping (instead of
the expected sister-group relationship of arthropods and tardigrades) is rather the result of an LBA artifact, in agreement with the very long branches
of these two groups. In fact, the monophyly of Ecdysozoa could be the result of an LBA artifact because arthropods, nematodes, and tardigrades were all
fast evolving. To test this hypothesis, only the slowest evolving arthropod (chelicerate) was retained. Even in this case, the fast-evolving nematodes still
clustered with arthropods (fig. S7, Supplementary Material online) with high support. Therefore, the monophyly of Ecdysozoa is most likely correct, albeit

LBA could potentially increase its support (Siddall 1998).

accuracy of inferred phylogenies. Such data removal meth-
ods (Brinkmann and Philippe 1999; Lopez, Forterre,
and Philippe 1999; Pisani 2004) are well suited for
phylogenomic analyses because the remaining data set is
sufficiently large to yield highly supported results.

In summary, three lines of evidence argue in favor of
the new animal phylogeny (fig. 4) and suggest that the
grouping of nematodes and platyhelminths (figs. 1C and
2) is the result of an LBA artifact. The monophyly of Ecdy-
sozoa and Lophotrochozoa was recovered when (1) the two
attractors were separately discarded (figs. S3 and S4, Sup-
plementary Material online), (2) the two attractors were rep-
resented each by the slowest evolving representative (fig.
S5, Supplementary Material online), and (3) the genes
for which the two attractors evolved the fastest were re-
moved (fig. 4). Several independent lines of molecular evi-
dence (rRNA [Aguinaldo et al. 1997; Mallatt and Winchell
2002], Hox cluster [de Rosa et al. 1999], HRP staining
[Haase et al. 2001], Na/K ATPase [Anderson, Cordoba,

and Thollesson 2004], and our 71 protein-encoding genes)
now support the hypothesis of the new animal phylogeny.
Strikingly, this phylogeny has until now received only
limited support from a morphological or embryological
point of view. The most commonly cited characters are the
molt in Ecdysozoa, which relies on a partially conserved hor-
monal triggering pathway (Gissendanner et al. 2004), spiral
cleavage for Lophotrochozoa (but see Anderson 1973), and
the fate of the blastopore in Protostomia, although this last
character might not be reliable, many protostomes having
in fact a deuterostomous (brachiopods) or an amphiostomous
(annelids) gastrulation (Nielsen 2001). Nevertheless, it
should be kept in mind that most of the organisms for
which development is well studied are highly derived (e.g.,
Caenorhabditis or Drosophila), which could have blurred
ancient characteristics, and a more detailed analysis of molec-
ular mechanisms of development and body-plan formation,
in particular in less derived groups (e.g., priapulids and ony-
chophorans), might reveal more striking shared derived
developmental mechanisms supporting these clades.
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Note

After the acceptance of this manuscript, Philip et al. pub-
lished a work on the very same subject (G. K. Philip, C. J.
Creevey, and J. O. McInerney. 2005. The Opisthokonta and
the Ecdysozoa may not be Clades: Stronger Support for the
Grouping of Plant and Animal than for Animal and Fungi
and Stronger Support for the Coelomata than Ecdysozoa.
Mol. Biol. Evol., doi:10.1093/molbev/msil02). Based on
an analysis of 780 single-copy genes from 10 species, they
proposed that both Ecdysozoa and Opisthokonta are not
monophyletic. We believe that their results concerning
Ecdysozoa are due to a long branch attraction artifact not cor-
rectly handled by the current tree reconstruction methods. This
artifact is especially problematic since their taxonomic sam-
pling is too limited, as illustrated in our Figure 1. The non-
monophyly of Opisthokonta is more puzzling. First, contrary
to the claims of Philip et al., the plant-animal-fungi relation-
ships have been tested with more than 23 proteins, since we
addressed precisely this question using 129 genes (Philippe
et al. 2004. Phylogenomics of Eukaryotes: Impact of Missing
Data on Large Alignments. Mol. Biol. Evol. 9:1740-1752).
Second, using this data-set we found an extremely high support
for the monophyly of opisthokonts, a signal that is recovered
whatever the species sampling and the tree reconstruction
methods used. Indeed, with the same species as Philip et al.
except for Mus and Anopheles, the topologies that do not
include the clade Opisthokonta (numbers 1-3 and 7-9in Table
3 of Philip et al.) were significantly rejected by the AU test (p-
value between2 X 10" and3 x 10", witha WAG + F +
I' model; Shimodaira, H. 2002. An approximately unbiased
test of phylogenetic tree selection. Syst. Biol. 51:
492—508). Additional work is required to understand the
reasons for these conflicting results.

Supplementary Material

Supplementary data are available at Molecular Biology
and Evolution online (www.mbe.oupjournals.org).
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