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Letter

Coelomata and Not Ecdysozoa: Evidence
From Genome-Wide Phylogenetic Analysis

Yuri I. Wolf, Igor B. Rogozin, and Eugene V. Koonin'

National Center for Biotechnology Information, National Library of Medicine, National Institutes of Health,

Bethesda, Maryland 20894, USA

Relative positions of nematodes, arthropods, and chordates in animal phylogeny remain uncertain. The traditional
tree topology joins arthropods with chordates in a coelomate clade, whereas nematodes, which lack a coelome,
occupy a basal position. However, the current leading hypothesis, based on phylogenetic trees for 185 ribosomal
RNA and several proteins, joins nematodes with arthropods in a clade of molting animals, Ecdysozoa. We performed
a phylogenetic analysis of over 500 sets of orthologous proteins, which are represented in plants, animals, and fungi,
using maximum likelihood, maximum parsimony, and distance methods. Additionally, to increase the statistical
power of topology tests, the same methods were applied to concatenated alignments of subunits of eight conserved
macromolecular complexes. The majority of the methods, when applied to most of the orthologous clusters, both
concatenated and individual, grouped the fly with humans to the exclusion of the nematode, in support of the
coelomate phylogeny. Trees were also constructed using information on insertions and deletions in orthologous
proteins, combinations of domains in multidomain proteins, and presence-absence of species in clusters of orthologs.
All of these approaches supported the coelomate clade and showed concordance between evolution of protein

sequences and higher-level evolutionary events, such as domain fusion or gene loss.

Despite more than a century of extensive phylogenetic studies,
major issues in the evolution of the metazoa (animals) remain
unresolved (for review, see Hedges 2002). The traditional tree
topology based on comparative anatomy includes a clade of ani-
mals with a true body cavity (coelomates, such as arthropods and
chordates), whereas animals that have a pseudocoelome, such as
nematodes, and those without a coelome, such as flatworms,
occupy more basal positions in the tree (e.g., Raff 1996). How-
ever, a new concept emerged from the phylogenetic analysis of
18S ribosomal RNA, which clustered arthropods and nematodes
in a clade of molting animals termed the Ecdysozoa (Fig. 1; Agui-
naldo et al. 1997). The ecdysozoan scenario was further sup-
ported by independent phylogenetic analysis of 18S RNA (Giribet
et al. 2000; Peterson and Eernisse 2001) and by combined analy-
sis of 18S and 28S rRNA sequences (Mallatt and Winchell 2002).
The ecdysozoan topology was recovered only when certain spe-
cies of nematodes, which apparently have evolved slowly, were
included in the analyzed sample. On the basis of these observa-
tions, the coelomate topology, which emerged both from the
classical morphological comparisons and from other molecular
phylogenetic studies, has been reinterpreted as a long-branch
attraction artifact. Additional support for the ecdysozoan theory
has been harnessed from several phylogenetic studies on protein-
coding genes, such as Hox (de Rosa et al. 1999) and B-thymosin
(Manuel et al. 2000).

The ecdysozoan topology gained rapid recognition in the
“evo-devo” community thanks to its apparent biological plausi-
bility (e.g., Adoutte et al. 2000; Valentine and Collins 2000; Col-
lins and Valentine 2001). However, recent phylogenetic analyses
of multiple sets of orthologous proteins seem to turn the tables
again by lending stronger support to the coelomate topology. In
particular, Mushegian and coworkers (1998) reported phyloge-
netic analysis of 42 sets of probable orthologs, whereas Blair and
coworkers (2002) analyzed ~100 orthologous nuclear proteins us-
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ing several phylogenetic methods. Both groups found that the
majority of trees supported the coelomate topology. Given the
multiple lines of support for each of the alternative tree topolo-
gies, the issue is considered unresolved, and the metazoan phy-
logenetic tree is often cautiously presented as multifurcations
(e.g., Hedges 2002).

The principal interest of the coelomate-ecdysozoa conun-
drum lies in the relationship between phylogeny and biological
organization, at both the organismal and molecular levels. The
coelomate topology reverberates with the straightforward no-
tions of the hierarchy of morphological and physiological com-
plexity among the considered organisms, which is the main rea-
son why this phylogeny had been accepted since the time of
Ernst Haeckel and until the 18S rRNA analysis by Lake and co-
workers (Aguinaldo et al. 1997). However, the existence of the
ecdysozoan clade is compatible with several aspects of develop-
ment that are shared by the molting animal phyla.

Large-scale phylogenetic analysis inevitably involves a
trade-off between taxon sampling and gene (or, more generally,
character) sampling. The relative importance of increasing the
number of analyzed taxa and the number of characters for the
accuracy of phylogenetic inferences remains an issue of debate
(Hillis 1998; Hillis et al. 2003; Rosenberg and Kumar 2003).
Taxon sampling had a decisive effect on the outcome of the
phylogenetic analysis of rRNAs that led to the ecdysozoan topol-
ogy (Aguinaldo et al. 1997). However, independent recent simu-
lations and empirical studies suggest that gene sampling, in gen-
eral, might have a greater effect on phylogenetic tree topology
than taxon sampling (Mitchell et al. 2000; Rosenberg and Kumar
2001). We sought to take advantage of the complete eukaryotic
genomes and the collection of clusters of orthologous groups of
eukaryotic proteins (Tatusov et al. 2003) to greatly increase the
size of gene sample available for phylogenetic analysis and re-
examine the coelomate versus ecdysozoa problem on the ge-
nome scale. Phylogenetic analysis of ~500 KOGs (eukaryotic or-
thologous groups) using several phylogenetic methods showed
the strongest and most consistent support for the coelomate to-
pology. This result is compatible with the topologies of trees
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Figure 1 Three possible topologies of the metazoan phylogenetic tree.
At, Arabidopsis thaliana; Sc, Saccharomyces cerevisiae; Sp, Schizosaccharo-
myces pombe; Ce, Caenorhabditis elegans; Dm, Drosophila melanogaster;
Hs, Homo sapiens.

produced using nonsequence-based criteria, such as gene content
and multidomain protein composition, indicating a general con-
cordance between tempo and mode in animal evolution.

RESULTS AND DISCUSSION

Phylogenetic Analysis of Concatenated Protein
Sequence Alignments

To increase the statistical power of phylogenetic analysis, we con-
structed concatenated alignments of the subunits of eight mac-
romolecular complexes (hereinafter, the con8 set), under the
premise that these proteins are likely to evolve in the same mode
and can be legitimately analyzed as a single entity (Table 1). The
conserved blocks from each of the concatenated alignments (see
Methods) were employed to construct distance matrix trees using
the neighbor-joining and least-squares methods as well as parsi-
mony and maximum-likelihood (ML) trees. Both distance-based
methods showed a strong preference for the coelomate topology,
with bootstrap probabilities >80% (Table 1; data not shown).
Both maximum parsimony methods also assigned the coelomate
topology to the majority of the analyzed systems, with two ex-
ceptions, namely, a weak support for the ecdysozoan topology
for the RNA polymerase subunits, and a strong preference for the
ecdysozoan topology for the proteasome subunits (Table 2). In
contrast, all three ML methods divided the systems between the
two competing topologies, with five alignments (chaperonins,
clathrins, DNA polymerase subunits, licensing factors, and trans-
lation factors) showing preference for the coelomate model (with
varying degrees of confidence), and three (proteasome subunits,
ribosomal proteins, and RNA polymerase subunits) displaying a
strong preference for the ecdysozoan model (Table 2).

Phylogenetic Analysis of Individual KOGs

Each of the 507 KOGs containing representatives from six eu-
karyotic species (six507 set) and selected as described in the
Methods section were subjected to phylogenetic analysis using
the least squares and ML methods, under the gap exclusion and
block site selection schemes (see Methods). For each scheme,
35%-44% of the trees failed to recover the monophyly of the
metazoa or that of the two yeast species or to cluster paralogs
from the same species (when present) into the same lineage.
These obvious artifacts were attributed to errors in automatically
produced alignments, compositional bias of the sequences, or
misidentification of orthologs, and the respective trees were dis-
carded. The remaining 285 to 328 trees (depending on the
method) assign one of the three possible topologies to the meta-
zoa, with plants and fungi considered outgroups (Fig. 1). A rela-
tively small minority (12%-14%) of the trees placed the fly in the
metazoan root, whereas the rest were divided between the coe-
lomate (53%-67%) and ecdysozoan (21%-35%) topologies (Table
3). The gap exclusion mode (i.e., use of a greater number of rela-
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tively variable positions in the phylogenetic analysis) and the
least-squares tree reconstruction method favored the coelomate
topology. In contrast, the block site selection mode (use of only
highly conserved, slow-evolving positions) and the ML method
made the split between the two topologies more even (Table 3).
Considering only the cases where at least three of the four tree
construction schemes agreed on the topology, the distribution
shifted even further in favor of the coelomate model, with ~70%
of the robust trees pointing this way (Table 3). Altogether, 202 of
the 507 analyzed KOGs (40%) showed complete agreement on
the reconstructed topology, which, in itself, is a considerable
amount of apparently phylogenetically coherent data; however,
this result also points to a notable variability in the outcomes of
different analysis schemes.

Branch Length Effects

It has been claimed that the coelomate topology is an artifact of
the high evolutionary rate in some species of nematodes, par-
ticularly Caenorhabditis elegans, which results in long branches
that are pushed to a basal position in trees (Aguinaldo et al.
1997). The choice of slow-evolving nematode species seemed to
favor the ecdysozoan model. This notion at present cannot be
tested systematically because there are too few sequences avail-
able from nematodes other than C. elegans. However, we rea-
soned that, if branch lengths made a major contribution to the
metazoan tree topology, a significant correlation between the
relative branch lengths and the observed tree topology should be
expected. Therefore we examined the 122 coelomate and 73 ec-
dysozoan trees that were obtained for the six384 set of KOGs
with the ML (ProtML) method for tree reconstruction. The ecdy-
sozoan trees tended to have a shorter branch for C. elegans rela-
tive to the length of the human branch, compared to the coelo-
mate trees (Table 4), although the distributions of the relative
branch lengths showed a large overlap (Fig. 2A); both distribu-
tions could be well approximated by the lognormal distribution
(data on the goodness of fit not shown).

The fraction of trees with the coelomate topology mono-
tonically increases over the range of the relative lengths of the C.
elegans branch (Fig. 2B). Under the hypothesis that the ecdyso-
zoan topology is the correct one and the coelomate topology
appears because of long-branch attraction, this corresponds to an
increasing rate of erroneous topology assignment with the in-
crease of the relative length of the nematode branch. Whether or
not the above hypothesis is realistic, it can be tested by measur-
ing the rate of false topology assignment in model trees with
varying relative branch lengths produced from simulated mul-

Table 1. Macromolecular Complexes Used for Phylogenetic
Analysis of Concatenated Subunit Sequences

No. of

con8 subunits No. of sites
ID? (KOGs) Function in blocks
CH 8 Chaperonins, TCP-1/cpn60 family 3970
CL 5 Clathrin complex proteins 2138
DP 3 DNA polymerase subunits 1782
LF 4 DNA replication licensing factors 2284
PR 12 20S proteasome subunits 2474
RI 74 Ribosomal proteins 11586
RP 3 RNA polymerase subunits 3274
TF 5 Translation factors 2045

“The members of individual KOGs are listed in the Supplementary
Information.
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Figure 2 The effect of relative branch lengths of tree topology. (A)
Distribution of the relative length of the nematode branch in the six384
set. E, 73 families with the ecdysozoan topology; C, 122 families with the
coelomate topology. (B) Relative frequency of topologies reconstructed
from real and simulated alignments. C-obs, fraction of trees with the
coelomate topology in the six384 set (blue diamonds, calculated from
observed distribution density values; blue lines, calculated from the log-
normal approximation). Err-simE, fraction of wrong topologies (error
rate) for the trees reconstructed from alignments simulated by using
model trees with the ecdysozoan topology. Err-simC, fraction of wrong
topologies (error rate) for the trees reconstructed from alignments simu-
lated by using model trees with the coelomate topology. Horizontal axis:
the length of the nematode branch relative to the human branch.

tiple sequence alignments. The alternative hypothesis that the
coelomate topology is the correct one can be similarly tested. As
shown in Figure 2B, the ML trees reconstructed by using ProtML
are remarkably robust to long-branch attraction artifacts. For the

alignments simulated with the ecdysozoan tree, even a 64:1 ratio
of the nematode to human branch lengths yields an error rate of
~60%. In the range of branch length ratios where most of the
actual data belongs (1:1 to 3:1), ProtML correctly reconstructs
70%-95% of trees for simulated alignments. In contrast, in the
trees constructed for the real KOGs, the coelomate trees signifi-
cantly outnumber the ecdysozoan ones; that is, the “error rate” is
>50% (Fig. 2B).

Conversely, the fraction of trees with the erroneous ecdyso-
zoan topology reconstructed from alignments simulated with the
coelomate model increases with the decrease of the relative
length of the nematode branch; however, even when the nema-
tode branch was twice shorter than the human branch, the error
rate was only 18% (Fig. 2B). Thus, the results of the tests with
simulated alignments and model trees indicate that the presence
of both coelomate and ecdysozoan topologies among the trees
for the six384 KOG set cannot be attributed solely or even largely
to the long (short) branch attraction artifacts.

Trees Built Using the Median Similarity Between
Orthologs as a Measure of Evolutionary Distance
Previous analyses have shown that the distributions of evolution-
ary distances (or simply percent sequence identity) between pairs
of orthologous proteins had the same shape, up to a scaling fac-
tor, for a wide range of evolutionary distances (Grishin et al.
2000). Therefore, parameters of such distributions, in particular
the median, can be employed to calculate evolutionary distances
between species and to construct neighbor-joining or least-
squares trees (Wolf et al. 2001, 2002). We were interested in using
this approach, in addition to the more standard methods
discussed above, in order to take into account the maximum
number of detectable orthologs. The metazoan tree constructed
using this approach strongly supported the coelomate topology
(Fig. 3).

Indels as Evolutionary Markers

Insertions and deletions (indels) in proteins are often considered
to be suitable characters for inferring evolutionary relationships,
under the assumption that independent insertion or deletion in
the exact same position of a protein in different lineages (homo-
plasy) is unlikely (Rokas and Holland 2000; Bapteste and Philippe
2002). We applied the Wagner parsimony analysis, which imple-
ments this assumption, to the indels in the six384 set of align-
ments. The coelomate topology emerged as a clear winner, re-
sulting in significantly fewer homoplasies than any alternative
topology (Table 5).

Table 2. Distribution of the Metazoan Tree Topologies for Concatenated Sequences of Macromolecular
Complex Subunits With Different Tree Construction Methods

con8 ID NJ MP(F) MP(S) ML(AH) ML(Y) ML(TP)
CH C(87%) C(96%) C(60%) C(58%) C(54%) C(100%)
cL C(100%) C(99%) C(87%) C(86%) C(88%) C(72%)
DP C(82%) C(87%) C(71%) C(51%) C(50%) C(64%)
LF C(100%) C(100%) C(99%) C(100%) C(100%) C(80%)
PR C(92%) E(84%) E(85%) E(73%) E(75%) E(82%)
RI C(100%) C(77%) C(75%) E(65%) E(72%) E(90%)
RP C(93%) C(54%) E(69%) E(76%) E(72%) E(89%)
TF C(98%) C(87%) C(99%) C(83%) C(85%) C(70%)

For each complex (Table 1) and each method, the preferred tree topology (C, coelomate, E, ecdysozoan) and the bootstrap
support or, in the case of ML(TP), Expected Likelihood Weight are given in parentheses. NJ, neighbor-joining (nearly
identical results were obtained with the FITCH program; data not shown); MP(F), maximum parsimony (Felsenstein,
PHYLIP); MP(S), maximum parsimony (Swofford, PAUP*); ML (AH), Maximum Likelihood (Adachi-Hasegawa; MOLPHY);
ML (Y), Maximum Likelihood (Yang; PAML); ML (TP), Maximum Likelihood (Strimmer-von Haeseler; TREE-PUZZLE).
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Table 3. Distribution of the Metazoan Tree Topologies
Obtained With Four Tree Construction Methods for 507 KOGs

Method C E W ~
Gap/ML 175 (53%) 114 (35%) 39 (12%) 179 (35%)
Gap/Fl 216 (67%) 68 (21%) 40 (12%) 183 (36%)
Block/ML 152 (53%) 95(33%) 39 (14%) 221 (44%)
Block/FI 186 (65%) 61 (21%) 38 (13%) 222 (44%)
combined

(B of4) 139 (69%) 48 (24%) 15 (7%) 305 (60%)
combined

(4 of 4) 91 (72%) 28 (22%) 7 (6%) 381 (75%)

The number of KOGs is given for each combination of phylogenetic
analysis strategy [Gap, gap exclusion mode; Block, block mode; ML,
Maximum Likelihood (MOLPHY); Fl, Fitch] and topology (C, coelo-
mate; E, ecdysozoan; W, worm-human; ~, poor tree, monophyly of
Metazoa and/or Fungi not recovered). The numbers in parentheses
show the percentage of the given topology among the acceptable
trees (those with correctly recovered monophyly of the kingdoms)
except for the last column (poor trees), in which the percentage of
the entire six507 set is indicated.

Trees Based on Gene Content and Domain
Co-Occurrence in Multidomain Proteins
Using patterns of gene presence-absence in orthologous sets for
tree construction is one of the straightforward genome-tree ap-
proaches (Fitz-Gibbon and House 1999; Snel et al. 1999; Wolf et
al. 2002). Presence-absence of a gene can be naturally treated as
a binary character, and the table of such characters can be sub-
jected to either parsimony or distance phylogenetic analysis. Af-
ter constructing such a character matrix for the complete set of
KOGs, we applied the Dollo parsimony method, which assumes
irreversibility of character loss; that is, when a KOG is lost in a
lineage, it cannot be regained, which seems to be indisputable in
the absence of horizontal gene transfer. Unlike the case of pro-
karyotic evolution, this assumption seems reasonable for the
analysis of the evolution of eukaryotes, where the possibility of
horizontal gene transfer can be disregarded. Furthermore, since,
in the absence of horizontal gene transfer, each KOG was gained
exactly once during eukaryotic evolution and, accordingly, the
parsimony algorithm, in this case, minimized only the number
of losses, the problem of choosing the appropriate gain and loss
weights, which was critical for the analyses of prokaryotic evo-
lution (Snel et al. 2002; Mirkin et al. 2003), did not present itself.
The rooted tree produced using the Dollo method confi-
dently supported the coelomate topology (Fig. 4). Otherwise,
however, this tree was at odds with the prevalent taxonomic view
(Hedges 2002) in that grouping of animals with plants was ob-
served. This deviation of the gene content tree from the currently
accepted phylogeny is probably due to the varying amount of
gene loss in different eukaryotic lineages, in particular, massive

gene loss in yeasts. As discussed previously in the context of
prokaryotic genome analysis, the topology of gene content trees
seems to reflect a combination of the phylogenetic signal and
other trends in genome evolution that are not necessarily linked
to phylogeny, such as parallel gene loss associated with lifestyle
similarities (Wolf et al. 2002). The clustering of humans with flies
in the gene content tree points to the congruence in gene reper-
tories of these animals. Given the likely effect of parallel gene loss
on the topology of this tree, it could not be viewed as indepen-
dently supporting the coelomate topology. The significance of
this tree is different: Given the support for the coelomate phy-
logeny from the other genome-scale phylogenetic analyses de-
scribed above, clustering of vertebrates and insects in the gene
content tree suggests that, among animal lineages, the patterns
of gene loss and emergence at least roughly follow the species
divergence.

All eukaryotes have numerous multidomain proteins, which
allows one to use the data on domain co-occurrence to construct
trees. For this purpose, each pair of co-occurring domains was
treated as a binary character, and the Dollo parsimony method
was applied to the resulting character table with the same ratio-
nale as for the gene presence-absence data; that is, under the
assumption that independent origin of the same domain combi-
nation is unlikely. The topology of the resulting tree was identi-
cal to that of the gene content tree, with an equally strong sup-
port for each internal branch (Fig. 5). Thus, evolution of domain
fusions seems to follow the pattern of gene emergence and loss.
The strong support for the coelomate topology seen in this tree
reflects the previously noted higher similarity between the archi-
tectures of human and fly multidomain proteins compared to
those of the nematode (Koonin et al. 2000; Lander et al. 2001).

DISCUSSION

In this work, we explored metazoan phylogeny by analyzing a
large set of orthologous clusters with several widely different ap-
proaches for tree construction. Quantitatively at least, there
seems to be a clear convergence on the coelomate topology. This
topology was supported by both sequence-dependent phyloge-
netic methods and sequence-independent approaches, such as
the analysis of gene content of KOGs and protein domain archi-
tectures. This demonstrates the apparent concordance between
different types of evolutionary events in animals; that is, gene
loss and domain fusions and fissions seem to occur more or less
in parallel with the decay of sequence similarity. This is not nec-
essarily the case for the deeper branches in the eukaryotic tree,
where the analysis of gene content and domain architectures
supported the animal-plant grouping, in contrast to most phy-
logenetic analyses, including our own reported herein, which
suggested the existence of an animal-fungi clade. Similarly, ge-
nome-wide phylogenetic studies on the evolution of prokaryotes
revealed major differences between trees based on sequence di-

Table 4. Relative Branch Lengths for Different Topologies of the Metazoan Tree

Branch length

relative to human C E W ~

Worm 2.13 £ 0.10 1.54 + 0.08 2.00 = 0.19 2.03 = 0.14
(1.97-2.31) (1.37-1.69) (1.53-2.19) (1.78-2.28)

Fly 1.21 + 0.04 1.06 = 0.05 1.37 = 0.15 1.06 + 0.05
(1.11-1.27) (0.98-1.17) (1.14-1.59) (1.01-1.20)

The lengths of the fly and worm branches are given relative to the human branch length, which was assumed equal to 1.
Median =+ standard deviation and 95% confidence interval (in parentheses) are indicated. The tree topologies are desig-

nated as in Table 3.
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Figure 3 An unrooted tree constructed using the median similarity
between orthologs as a measure of evolutionary distance. The tree was
constructed using the least-squares method. The bootstrap values are
shown for each internal branch.

vergence and those constructed on the basis of gene content or
gene order data (Wolf et al. 2002).

The phylogenetic approach employed here is one of the “ge-
nome-tree” approaches (Wolf et al. 2002) in that we relied on the
maximal possible expansion of the number of analyzed ortholo-
gous sets rather than taxon sampling. A combination of both
strategies probably would provide the optimal solution but,
given the practical situation with genome sequencing, this is not
feasible in the nearest future. The main objection against the use
of a single species from a taxon for phylogenetic analysis is that
the results could be prone to artifacts caused by a systematic bias
in branch lengths. In particular, if C. elegans evolves faster than
Drosophila and/or humans, the coelomate topology could be a
branch length-related artifact. However, explicit assessment of
the effect of branch length differences on the topology of the
recovered trees reported here shows that the topology is remark-
ably robust and seems to rule out long-branch or short-branch
attraction artifacts as the main causes of the observed distribu-
tion of topologies.

Thus, the coexistence of the two incompatible topologies
among the KOGs emerges as a major outstanding issue. One pos-
sible explanation is that the models of amino acid substitutions
employed in distance calculations and in maximum likelihood
estimates (see Methods) are not necessarily adequate approxima-
tions of evolution for all genes. Different biases in substitution
probabilities might have differential effects on tree topology.
This interpretation of the differences in tree topologies for dif-
ferent orthologous sets assumes that there is a single true topol-
ogy—conceivably, the one that is observed most frequently, that
is, the coelomate topology—and all deviations from it are caused
by artifacts of varying nature. However, an alternative hypothesis
based on the assumption that different topologies reflect evolu-
tionary realities also could be considered. Specifically, the differ-
ent topologies could ensue from a duplication of multiple genes
(perhaps large parts of the genome) preceding the divergence of
the analyzed lineages; in the present case, vertebrates, arthro-
pods, and nematodes. Under this scenario, the most common
tree topology still reflects the actual order of lineage divergence,
but alternative topologies result from lineage-specific, differen-
tial loss of paralogs.

Taken together, the results of the genome-wide phyloge-

netic analysis described here indicate that the available data sup-
port the coelomate topology for animal evolution. To reach a
new level of confidence in this solution, representative samples
of genome sequences from the relevant taxa and more adequate
models of evolution are required.

METHODS

Selection of Sets of Orthologous Proteins (KOGs)
for Phylogenetic Analysis

Orthologous sets of eukaryotic proteins (KOGs; (Tatusov et al.
2003; http://www.ncbi.nlm.nih.gov/COG/new/shokog.cgi) were
deemed suitable for phylogenetic reconstruction if they met two
criteria: (1) representation in six species of eukaryotes, namely,
Saccharomyces cerevisiae, Schizosaccharomyces pombe, Arabidopsis
thaliana, Caenorhabditis elegans, Drosophila melanogaster, and
Homo sapiens, and (2) contained no large paralogous families (at
most two paralogs in any of the species). Of the 6162 KOGs, 507
satisfied these criteria and were selected for phylogenetic analysis
(“six507” set). Of these, 384 KOGs had no paralogs in metazoa
(“six384” set). Sequences were aligned using the T-Coffee pro-
gram (Notredame et al. 2000) in a completely automatic regime.

Concatenated Alignments of Subunits
of Macromolecular Complexes

Eight multisubunit complexes that are conserved in all eukary-
otes were selected to construct concatenated alignments (“con8”
set). Orthologous sets of individual subunits of each of these
complexes were aligned using the T-Coffee program, and first-
approximation phylogenetic trees were constructed using the
least-squares (Fitch-Margoliash) method as implemented in the
FITCH program of the PHYLIP package (Felsenstein 1996). Align-
ments were examined and manually corrected when necessary.
Paralogs, when present, were discarded based on the analysis of
alignments (truncated or poorly assembled sequences) and Fitch-
Margoliash trees (long branches). Alignments of the individual
subunits were then concatenated for further analysis.

Site Selection for Phylogenetic Analysis

Poorly conserved protein regions, especially those rich in inser-
tions and deletions, might be a source of noise, obscuring phy-
logenetic information contained in alignments. Two methods of
site selection, primarily devised to counter the effect of potential
misalignment, were used in this study. In the “gap exclusion”
mode, all sites containing three or more gap characters were re-
moved. In the “block” mode, alignments were split into blocks
completely devoid of indels and flanked by highly conserved
columns; only blocks of 20 sites or longer were retained for fur-
ther analysis.

Table 5. Parsimony Analysis of Indels in Alignments
for the six384 Set

Tree Total no. of No. of sites with

topology? indel events homoplasies® Difference®
C 1092 36 (3.4%) best

E 1119 63 (6.0%) 27 =83
w 1125 69 (6.5%) 33+79

2C, coelomate; E, ecdysozoa; W, clustering of human with nematode.
bSites with homoplasies were those for which two or more indepen-
dent events were indicated by the Wagner parsimony analysis.
“Difference from the best scenario and its standard deviation as com-
puted by MIX program of PHYLIP package.
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Figure 4 Dollo parsimony tree for the presence-absence of species in
KOGs. The bootstrap values are indicated for each internal branch.

Sequence-Based Phylogeny

The following methods were used to construct phylogenetic trees
from sequence alignments. (1) Neighbor-joining trees (Saitou
and Nei 1987) were constructed by using the NEIGHBOR pro-
gram of the PHYLIP package, with the distance matrix (PAM dis-
tance) calculated using the PROTDIST program of PHYLIP (Fel-
senstein 1996). (2) Least-squares trees (Fitch-Margoliash method;
Fitch and Margoliash 1967) were constructed by using the FITCH
program of PHYLIP, with same distance matrix as for the neigh-
bor-joining trees. (3) Maximum parsimony trees were con-
structed using the HSEARCH program of the PAUP* package
(Swofford 2000) or the PROTPARS program of PHYLIP. (4) Maxi-
mum likelihood (ML) trees were constructed using: (a) the Pro-
tML program (JTT model adjusted for frequencies) of the MolPhy
package (Kishino et al. 1990; Adachi and Hasegawa 1992), (b) the
CODEML program of the PAML package with the JTT model
adjusted for frequencies and vy-distribution parameter « esti-
mated from the data set (other models produced virtually iden-
tical results when tested; Yang 1997; data not shown), and (c) the
TREE-PUZZLE program with automatic selection of the substitu-
tion model and y-distribution parameter o estimated from the
data set (Schmidt et al. 2002). For neighbor-joining, least-squares,
and maximum parsimony trees, the robustness of the recon-
structed phylogenies was assessed by using bootstrap analysis
(100 replications). For ML trees, the Kishino-Hasegawa (Kishino
et al. 1990), Shimodaira-Hasegawa (Shimodaira and Hasegawa
2001), and expected likelihood weight (Strimmer and Rambaut
2002) tests included in ProtML, PAML, and TREE-PUZZLE, respec-
tively, were used.

Analysis of the Effect of Relative Branch Lengths
on Tree Topology

All pairwise distances between metazoan genes were extracted
from PAM distance matrices, which were constructed for the
con8 and six384 sets. These distances were transformed into
branch lengths in a star-like unrooted tree (b, = (dag + dac — dpc)/
2, where b, is the length of the branch leading to A and d,g, d,c,
and dg are the distances between A and B, A and C, and B and
C, respectively) and normalized by the length of the branch lead-
ing to a human sequence. Standard deviations and confidence
intervals for the median branch lengths in the six384 sets were
obtained from 1000 bootstrap samples of the data.

Four KOGs that stably produced the ecdysozoan topology
(KOG1159, KOG1337, KOG1687, and KOG2041) and four KOGs
with reliable coelomate topology (KOGO0323, KOG1107,
KOG2235, and KOG3061) were selected to generate “model”
trees required for alignment simulation; each of these KOGs had
an estimated evolutionary rate close to the median across the
KOGs. Branch lengths from the corresponding ML trees were
averaged to produce the ecdysozoan and coelomate model trees.
On the basis of each model tree, a series of trees with varying
ratios of the nematode to human branch lengths was created. In
each of these trees, three branch lengths, nematode, human, and
ecdysozoan (or coelomate in the simulations of coelomate topol-
ogy reconstruction) were changed in such a way that: (1) The
sum of branch lengths in the nematode-Drosophila-human star
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tree remained constant; (2) the relative position of the metazoan
root on the human or the nematode branch remained the same;
and (3) the ratio of the nematode to human branch lengths in
the nematode-Drosophila-human star tree was set to the desired
value.

Simulation of multiple sequence alignments corresponding
to the evolution of a sequence family according to a given tree
was performed using the Pseq-Gen tool (Grassly et al. 1997). Se-
quence length was set to 200 (a typical protein length) evolu-
tionary model to JTT, amino acid frequencies to those observed
in the six507 alignments, and the shape parameter of the y-dis-
tribution of intraprotein variation of evolutionary rates to 1.0
(typical of the values obtained for the conserved block of con-
catenated alignments using the PAML package, which were con-
sidered to be reasonable analogs of the gapless simulated align-
ments produced by Pseq-Gen). For each tree with a given nema-
tode to human branch length ratio, 1000 alignments were
simulated and the relative likelihood of the ecdysozoan and coe-
lomate tree topologies was evaluated for each simulated align-
ment by using the ProtML program of the MolPhy package
(Kishino et al. 1990; Adachi and Hasegawa 1992). The topology
with the higher likelihood value in the Kishino-Hasegawa test
was considered the winner regardless of the statistical signifi-
cance of the difference.

Construction of Phylogenetic Trees by Using
Distributions of Pairwise Distances Between Orthologs

This analysis was performed essentially as described by Wolf et al.
(2001). The sequences of all proteins encoded in the analyzed
genomes were compared to each other using the gapped BLASTP
program (Altschul et al. 1997). Reciprocal, genome-specific best
hits with the expectation (E) value cut-off of 0.001 were col-
lected. The distributions of identity percentage among the recip-
rocal best hits (probable orthologs) were derived for each pair of
species. The medians of the identity percentage distributions
were used for estimating evolutionary distances with the geomet-
ric distance correction calculated by using the formula d =1/
u — 1, where d is the evolutionary distance, g is percent identity,
and u = (q — 0.05)/0.95 (the trees constructed using this ap-
proach have been shown to be robust with respect to several
methods for evolutionary distance calculation; Wolf et al. 2001).
Trees were constructed from the distance matrices obtained with
the above distance estimates using the least-squares method as
implemented in the FITCH program of PHYLIP. Bootstrap values

Ce Hs
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Trep Arcf
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Figure 5 Dollo parsimony tree for domain architectures of multido-
main proteins. A selection of prokaryotic species was included to root the
tree. B, Bacteria; Escc, Escherichia coli K12; Agrt, Agrobacterium tumefa-
ciens C58; Them, Thermotoga maritima; Trep, Treponema pallidum; SynP,
Synechocystis sp. PCC 6803; Bacs, Bacillus subtilis; Myct, Mycobacterium
tuberculosis H37Rv; A, Archaea; Arcf, Archaeoglobus fulgidus; Mett, Metha-
nothermobacter thermautotrophicus Delta H; Suls, Sulfolobus solfataricus;
the rest of the species abbreviations are as in Figure 1. The bootstrap
values are indicated for each internal branch.
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were estimated by resampling the set of orthologs identified for
each pair of genomes 100 times and reconstructing trees from the
distributions of the distances from these resampled sets.

Using Indels as Phylogenetic Markers

Reliably identified indels were used for phylogeny reconstruction
as binary characters. Adjacent columns of alignment with the
same pattern of gap characters were treated as a single indel state
(“0” coding for gap and “1” for a nongap character). Indels sur-
rounded by columns without gaps and flanked by highly con-
served sites within a 16-amino acid window were regarded as
reliable. In addition, another filtering criterion was applied to the
indels extracted from the alignments of the six384 set. As a vari-
able number of plant and fungal proteins might be present in
these alignments, only those positions that had identical indel
states for all nonmetazoan orthologs (ensuring the unambiguous
identification of the ancestral state) and nonidentical indel states
for all metazoan orthologs (otherwise, a site would not carry any
phylogenetic information for metazoa) were considered, with all
of the nonmetazoan orthologs collapsed into one “ancestral”
node. Indels extracted from the con8 alignments and from the
six384 alignments were concatenated into binary character
tables consisting of 508 and 1056 sites, respectively. Alternative
metazoan topologies were compared using the Wagner parsi-
mony method as implemented in the MIX program of PHYLIP.

Trees Based on Presence-Absence of Species in KOGs

The patterns of presence-absence of seven eukaryotic species in
the KOGs were treated as a binary character table (with “0” cor-
responding to the absence and “1” to the presence of the given
species) and used to construct a Dollo parsimony tree with the
DOLLOP program of PHYLIP.

Analysis of Domain Architectures
of Multidomain Proteins

Occurrences of the members of a nonredundant set of 2548 do-
mains from the CDD collection were identified in six eukaryotic
genomes and in 10 completely sequenced prokaryotic genomes
(three archaea and seven bacteria) using the RPS-BLAST program
(Marchler-Bauer et al. 2003). Pairs of different domains co-
occurring in multidomain proteins were collected from the entire
data set, and their presence or absence in each genome was re-
corded. The domain co-occurrence table was analyzed as binary
character data by using the Dollo parsimony method (the
DOLLOP program of PHYLIP).

Availability of Data and Results

All multiple sequence alignments and phylogenetic trees con-
structed and used in this work are available at ftp://ftp.ncbi.nih.
gov/pub/koonin/EUK_PHYLOGENY/.

ACKNOWLEDGMENTS

We thank John Spouge and Eva Czabarka for help in estimating
the confidence intervals for the relative branch length medians,
Anna Panchenko and Sigian He for help with the use of the CDD
library, and Alexei Kondrashov and Kira Makarova for useful dis-
cussions.

The publication costs of this article were defrayed in part by
payment of page charges. This article must therefore be hereby
marked “advertisement” in accordance with 18 USC section 1734
solely to indicate this fact.

REFERENCES

Adachi, J. and Hasegawa, M. 1992. MOLPHY: Programs for Molecular
Phylogenetics. Institute of Statistical Mathematics, Tokyo.

Adoutte, A., Balavoine, G., Lartillot, N., Lespinet, O., Prud’homme, B.,
and de Rosa, R. 2000. The new animal phylogeny: Reliability and
implications. Proc. Natl. Acad. Sci. 97: 4453-4456.

Aguinaldo, A.M., Turbeville, .M., Linford, L.S., Rivera, M.C., Garey, J.R,,
Raff, R.A., and Lake, J.A. 1997. Evidence for a clade of nematodes,
arthropods and other moulting animals. Nature 387: 489-493.

Altschul, S.F., Madden, T.L., Schaffer, A.A., Zhang, J., Zhang, Z., Miller,
W., and Lipman, D.J. 1997. Gapped BLAST and PSI-BLAST: A new
generation of protein database search programs. Nucleic Acids Res.
25: 3389-3402.

Bapteste, E. and Philippe, H. 2002. The potential value of indels as
phylogenetic markers: Position of trichomonads as a case study. Mol.
Biol. Evol. 19: 972-977.

Blair, J.E., Ikeo, K., Gojobori, T., and Hedges, S.B. 2002. The
evolutionary position of nematodes. BMC Evol. Biol. 2: 7.

Collins, A.G. and Valentine, J.W. 2001. Defining phyla: Evolutionary
pathways to metazoan body plans. Evol. Dey. 3: 432-442.

de Rosa, R., Grenier, J.K., Andreeva, T., Cook, C.E., Adoutte, A., Akam,
M., Carroll, S.B., and Balavoine, G. 1999. Hox genes in brachiopods
and priapulids and protostome evolution. Nature 399: 772-776.

Felsenstein, J. 1996. Inferring phylogenies from protein sequences by
parsimony, distance, and likelihood methods. Methods Enzymol.
266: 418-427.

Fitch, W.M. and Margoliash, E. 1967. Construction of phylogenetic
trees. Science 155: 279-284.

Fitz-Gibbon, S.T. and House, C.H. 1999. Whole genome-based
phylogenetic analysis of free-living microorganisms. Nucleic Acids
Res. 27: 4218-4222.

Giribet, G., Distel, D.L., Polz, M., Sterrer, W., and Wheeler, W.C. 2000.
Triploblastic relationships with emphasis on the acoelomates and
the position of Gnathostomulida, Cycliophora, Plathelminthes, and
Chaetognatha: A combined approach of 18S rDNA sequences and
morphology. Syst. Biol. 49: 539-562.

Grassly, N.C., Adachi, J., and Rambaut, A. 1997. PSeq-Gen: An
application for the Monte Carlo simulation of protein sequence
evolution along phylogenetic trees. Comput. Appl. Biosci.

13: 559-560.

Grishin, N.V., Wolf, Y.I., and Koonin, E.V. 2000. From complete
genomes to measures of substitution rate variability within and
between proteins. Genome Res 10: 991-1000.

Hedges, S.B. 2002. The origin and evolution of model organisms. Nat.
Rev. Genet. 3: 838-849.

Hillis, D.M. 1998. Taxonomic sampling, phylogenetic accuracy, and
investigator bias. Syst. Biol. 47: 3-8.

Hillis, D.M., Pollock, D.D., McGuire, J.A., and Zwickl, D.J. 2003. Is
sparse taxon sampling a problem for phylogenetic inference? Syst.
Biol. 52: 124-126.

Kishino, H., Miyata, T., and Hasegawa, M. 1990. Maximum likelihood
inference of protein phylogeny and the origin of chloroplasts. J. Mol.
Evol. 31: 151-160.

Koonin, E.V., Aravind, L., and Kondrashov, A.S. 2000. The impact of
comparative genomics on our understanding of evolution. Cell
101: 573-576.

Lander, E.S., Linton, L.M., Birren, B., Nusbaum, C., Zody, M.C.,
Baldwin, J., Devon, K., Dewar, K., Doyle, M., FitzHugh, W., et al.
2001. Initial sequencing and analysis of the human genome. Nature
409: 860-921.

Mallatt, J. and Winchell, C.J. 2002. Testing the new animal phylogeny:
First use of combined large-subunit and small-subunit rRNA gene
sequences to classify the protostomes. Mol. Biol. Evol. 19: 289-301.

Manuel, M., Kruse, M., Muller, W.E., and Le Parco, Y. 2000. The
comparison of B-thymosin homologues among metazoa supports an
arthropod-nematode clade. J. Mol. Evol. §1: 378-381.

Marchler-Bauer, A., Anderson, J.B., DeWeese-Scott, C., Fedorova, N.D.,
Geer, L.Y., He, S., Hurwitz, D.I., Jackson, J.D., Jacobs, A.R.,
Lanczycki, C.J., et al. 2003. CDD: A curated Entrez database of
conserved domain alignments. Nucleic Acids Res. 31: 383-387.

Mirkin, B.G., Fenner, T.I., Galperin, M.Y., and Koonin, E.V. 2003.
Algorithms for computing parsimonious evolutionary scenarios for
genome evolution, the last universal common ancestor and
dominance of horizontal gene transfer in the evolution of
prokaryotes. BMC Evol. Biol. 3: 2.

Mitchell, A., Mitter, C., and Regier, J.C. 2000. More taxa or more
characters revisited: Combining data from nuclear protein-encoding
genes for phylogenetic analyses of Noctuoidea (Insecta: Lepidoptera).
Syst. Biol. 49: 202-224.

Mushegian, A.R., Garey, J.R., Martin, J., and Liu, L.X. 1998. Large-scale
taxonomic profiling of eukaryotic model organisms: A comparison
of orthologous proteins encoded by the human, fly, nematode, and
yeast genomes. Genome Res. 8: 590-598.

Notredame, C., Higgins, D.G., and Heringa, J. 2000. T-Coffee: A novel
method for fast and accurate multiple sequence alignment. J. Mol.
Biol. 302: 205-217.

Peterson, KJ. and Eernisse, D.J. 2001. Animal phylogeny and the
ancestry of bilaterians: Inferences from morphology and 18S rDNA
gene sequences. Evol. Dev. 3: 170-205.

Raff, R.A. 1996. The shape of life: Genes, development, and the evolution of
animal form. University of Chicago Press, Chicago, IL.

Genome Research 35
www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 13, 2026 . Published by Cold Spring Harbor Laboratory Press

Wolf et al.

Rokas, A. and Holland, P.W. 2000. Rare genomic changes as a tool for
phylogenetics. Trends Ecol. Evol. 15: 454-459.

Rosenberg, M.S. and Kumar, S. 2001. Incomplete taxon sampling is not
a problem for phylogenetic inference. Proc. Natl. Acad. Sci.

98: 10751-10756.

Rosenberg, M.S. and Kumar, S. 2003. Taxon sampling, bioinformatics,
and phylogenomics. Syst. Biol. §2: 119-124.

Saitou, N. and Nei, M. 1987. The neighbor-joining method: A new
method for reconstructing phylogenetic trees. Mol. Biol. Evol.

4: 406-425.

Schmidt, H.A., Strimmer, K., Vingron, M., and von Haeseler, A. 2002.
TREE-PUZZLE: Maximum likelihood phylogenetic analysis using
quartets and parallel computing. Bioinformatics 18: 502-504.

Shimodaira, H. and Hasegawa, M. 2001. CONSEL: For assessing the
confidence of phylogenetic tree selection. Bioinformatics
17: 1246-1247.

Snel, B., Bork, P., and Huynen, M.A. 1999. Genome phylogeny based on
gene content. Nat. Genet. 21: 108-110.

Snel, B., Bork, P., and Huynen, M.A. 2002. Genomes in flux: The
evolution of archaeal and proteobacterial gene content. Genome Res.
12: 17-25.

Strimmer, K. and Rambaut, A. 2002. Inferring confidence sets of
possibly misspecified gene trees. Proc. R Soc. Lond. B Biol. Sci.

269: 137-142.
Swofford, D.L. 2000. PAUP*. Phylogenetic Analysis Using Parsimony (* and

36 Genome Research
www.genome.org

Other Methods). Version 4. Sinauer Associates, Sunderland, MA.

Tatusov, R.L., Fedorova, N.D., Jackson, J.D., Jacobs, A.R., Kiryutin, B.,
Koonin, E.V., Krylov, D.M., Mazumder, R., Mekhedov, S.L.,
Nikolskaya, A.N., et al. 2003. The COG database: An updated version
includes eukaryotes. BMC Bioinformatics 4: 41.

Valentine, J.W. and Collins, A.G. 2000. The significance of moulting in
Ecdysozoan evolution. Evol. Dev. 2: 152-156.

Wolf, Y.I., Rogozin, I.B., Grishin, N.V., Tatusov, R.L., and Koonin, E.V.
2001. Genome trees constructed using five different approaches
suggest new major bacterial clades. BMC Evol. Biol. 1: 8.

Wolf, Y.I., Rogozin, I.B., Grishin, N.V., and Koonin, E.V. 2002. Genome
trees and the tree of life. Trends Genet. 18: 472-479.

Yang, Z. 1997. PAML: A program package for phylogenetic analysis by
maximum likelihood. Comput. Appl. Biosci. 13: 555-556.

WEB SITE REFERENCES

http://www.ncbi.nlm.nih.gov/COG/new/shokog.cgi; complete set of
alignments and trees for this work.

ftp://ftp.ncbi.nih.gov/pub/koonin/EUK_PHYLOGENY/; clusters of
orthologs from eukaryotic genomes (KOGs).

Received March 19, 2003; accepted in revised form October 20, 2003.


http://genome.cshlp.org/
http://www.cshlpress.com

