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Analysis of Rare Amino Acid Replacements Supports the Coelomata Clade
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The recent analysis of a novel class of rare genomic changes, RGC_CAMs (after conserved amino acids—multiple
substitutions), supported the Coelomata clade of animals as opposed to the Ecdysozoa clade (Rogozin et al. 2007). A
subsequent reanalysis, with the sequences from the sea anemone Nematostella vectensis included in the set of outgroup
species, suggested that this result was an artifact caused by reverse amino replacements and claimed support for
Ecdysozoa (Irimia et al. 2007). We show that the internal branch connecting the sea anemone to the bilaterian animals is
extremely short, resulting in a weak statistical support for the Coelomata clade. Direct estimation of the level of
homoplasy, combined with taxon sampling with different sets of outgroup species, reinforces the support for Coelomata,
whereas the effect of reversals is shown to be relatively minor.

As the set of sequenced genomes from diverse taxa rap-
idly grows, phylogenetic analysis is entering a new era when
the reconstruction of the evolutionary history of organisms
on the basis of full-scale comparison of their genomes be-
comes the strategy of choice. In addition to more traditional,
genome-wide analysis of alignments, rare genomic changes
(RGC:s) that are likely to comprise derived shared characters
of individual clades are increasingly used in genome-wide
phylogenetic studies (Rokas and Holland 2000; Nei and
Kumar 2001; Rokas et al. 2003).

We have recently proposed a new type of RGCs
designated RGC_CAMs (after conserved amino acids—
multiple substitutions), which are inferred using a ge-
nome-scale analysis of protein and underlying nucleotide
sequence alignments (Rogozin et al. 2007). The
RGC_CAM approach utilizes amino acid residues that
are conserved in the major lineages within an analyzed
taxonomic division (e.g., eukaryotes), with the exception
of a few species comprising a putative clade. In addition,
to reduce the effect of homoplasy, only those amino
acid replacements that require 2 or 3 nucleotide substi-
tutions are employed for phylogenetic inference. The
RGC_CAM analysis has been combined with a procedure
for rigorous statistical testing of competing phylogenetic
hypotheses and shown to be robust to branch-length dif-
ferences and taxon sampling. When applied to animal phy-
logeny, the RGC_CAM approach significantly supports
the coelomate clade that unites chordates with arthropods
as opposed to the ecdysozoan (molting animals) clade that
encompasses arthropods and nematodes (Rogozin et al.
2007). This conclusion is compatible with some previous
genome-wide phylogenetic analyses (Mushegian et al.
1998; Blair et al. 2002; Stuart and Berry 2004; Wolf
et al. 2004; Philip et al. 2005) but not others (Copley
et al. 2004; Dopazo and Dopazo 2005; Philippe et al.
2005) and runs against the view of animal evolution that
is currently prevailing in the evolutionary developmental
biology (evo-devo) community (Aguinaldo et al. 1997,
Adoutte et al. 2000; Telford and Copley 2005).

Key words: phylogenetic analysis, cladistics, rare genomic changes,
coelomata, ecdysozoa.
E-mail: koonin@ncbi.nlm.nih.gov.

Mol. Biol. Evol. 24(12):2594-2597. 2007
doi:10.1093/molbev/msm218
Advance Access publication October 5, 2007

Published by Oxford University Press 2007.

Irimia et al. (2007) have further explored the
RGC_CAM approach, after adding proteins from 2 recently
sequenced animal genomes, the cnidarian (sea anemone)
Nematostella vectensis and the nematode Brugia malayi,
to the original data set of Rogozin et al. (2007). The analysis
of the resulting alignments has suggested that the apparent
support for the coelomate clade resulted from the rapid rate
of evolution in the nematodes (Irimia et al. 2007). There are
2 types of errors that have the potential to distort the results
obtained with the RGC_CAM approach, namely, reversals
and parallel changes (fig. 1). Irimia et al. (2007) emphasize
the effect of reversals but, effectively, ignore parallel
changes; furthermore, they do not report any rigorous sta-
tistical analysis of the results.

Here we report a reanalysis of animal evolution with
the RGC_CAM method, with special attention to the sour-
ces of potential artifacts, using a further amended data set.
The adopted animal phylogeny is shown in figure 1, and
the results of the RGC_CAM analysis of the set of 15
species are shown in the table 1 (top row). Only one
RGC_CAM supported the coelomate clade, and 2
RGC_CAMs supported the ecdysozoan clade (table 1).
Thus, considering the lengths of the respective branches,
the coelomate clade still had a weak statistical support
(table 1; see Methods for the details of the statistical test)
under the assumption of the basal position of N. vectensis
(the branch separating N. vectensis from the rest of the
Bilateria is only 3 RGC_CAMs long [fig. 1], with no re-
versals). We further explored the support for different to-
pologies provided by RGC_CAMs by performing taxon
sampling of the outgroup species. All combinations of
10-15 species, that is, including from 1 to 6 outgroup spe-
cies (63 combinations altogether), were analyzed. Of the
63 combinations, in 29 combinations of species, the raw
number of RGC_CAMs compatible with the coelomate to-
pology was greater than the number of RGC_CAMs com-
patible with the ecdysozoa topology, whereas the reverse
was true of 32 combinations, with the remaining 2 combi-
nations showing the same number of RGC_CAM:s for both
topologies (table 1). Considering the respective branch
lengths, for 57 (91%) combinations of species, there
was statistical support for the coelomate clade (table 1),
whereas with the rest of the combinations (9%), none
of the topologies received statistical support. Thus, the re-
sults of this extensive RGC_CAM analysis indicate
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Fic. 1.—The animal phylogeny employed in this study. The node
connecting Deuterostomes, nematodes, and insects is shown as a tri-
furcation. Branch lengths were calculated in RGC_CAM units (Rogozin
et al. 2007), and the respective value is given above each branch.
Reversals are shown in red, and parallel changes are shown in blue. Am,
Apis mellifera; Ag, Anopheles gambiae; At, Arabidopsis thaliana; Bm,
Brugia malayi; Cb, Caenorhabditis briggsae; Ce, Caenorhabditis
elegans; Dm, Drosophila melanogaster; Hs, Homo sapiens; Mb,
Monosiga brevicollis; Mm, Mus musculus; Nv, Nematostella vectensis;
Pf, Plasmodium falciparum; Sc, Saccharomyces cerevisiae; Sp, Schizo-
saccharomyces pombe; St, Strongylocentrotus purpuratus.

support for the Coelomata topology but no significant sup-
port for the Ecdysozoa. As indicated by the results in table
1, the test loses most of its power when N. vectensis is in-
cluded in the outgroup species set due to the very short
branch connecting this species to the rest of animals.
The problem could be caused by compressed cladogenesis
at the base of the animal clade (Rokas et al. 2005; Rokas
and Carroll 2006) although an alternative explanation,
such as a whole-genome duplication with subsequent dif-
ferential loss of paralogs, cannot be ruled out (Rogozin
et al. 2007).

There are 2 types of evolutionary events that have the
potential to produce artifacts in the RGC_CAM analysis,
namely, parallel changes and reversals (fig. 1) (Irimia et al.
2007; Rogozin et al. 2007). Parallel changes are taken into
account in the statistical test that was applied as part of
the original RGC_CAM analysis (Rogozin et al. 2007)
(table 1). However, reversals might present a substantial
problem for the RGC_CAM method (Irimia et al.
2007). The RGC_CAM approach provides for the possi-
bility to estimate the level of homoplasy directly. To ob-
tain an estimate of the number of reversals, we employed
the scheme shown in figure 2. We required the same amino
acid to be shared by a pair of closely related nematodes
(the 2 Caenorhabditis species) and outgroup species but
not the rest of the animals (fig. 2). A reversal is the most
parsimonious explanation for this pattern, assuming that
the tree topology in the node leading to Deuterostomes,
insects, and worms is a true trifurcation, and such reversals
were invoked by Irimia et al. (2007) to explain the ob-
served RGC_CAM support for the coelomate clade. If
the tree topology in the node leading to Deuterostomes,
insects, and worms is not a true trifurcation, 2 parallel
changes, one in the internal branch leading to the coelo-
mate clade and the other one in the B. malayi branch, also
might explain the observed pattern. Thus, the obtained es-
timates give the upper bound of the number of reversals.
The branches leading to the 2 Caenorhabditis species and
to the 3 nematodes both comprise 63 RGC_CAMs (fig. 1).
Thanks to this coincidence, the homoplasy level that is de-
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termined here can be directly compared with the results of
the RGC_CAM analysis of the Coelomata—Ecdysozoa
problem (figs. 1 and 2). For 50 of the 63 species sets
obtained by sampling (see above), the number of
RGC_CAMs supporting the coelomate topology is greater
than the number of reversals (table 1). This excess is suf-
ficient to reject the hypothesis that the RGC_CAMs sup-
porting the coelomate topology are reversals with a high
statistical significance (Student’s #-test, P = 4 x 107 ")
Thus, the support for the coelomate clade obtained
using the RGC_CAM method is not explained solely
by reversals.

In summary, the results of RGC_CAM analysis
reported here reinforce the support for the Coelomata clade
observed with this approach in the original study (Rogozin
et al. 2007) and additionally emphasize the importance of
the analysis of multiple outgroups for obtaining reliable
results in the study of deep phylogenies. Of course, the de-
finitive solution to the coelomate—ecdysozoa conundrum
will require a much larger set of complete genome sequen-
ces representing diverse animal taxa.

Methods

Each of the 694 protein alignments constructed from
selected eukaryotic orthologous groups (KOGs) (Koonin
et al. 2004) analyzed here included orthologous genes
from 10 eukaryotic species with completely sequenced
genomes: Homo sapiens, Caenorhabditis elegans, Dro-
sophila melanogaster, Saccharomyces cerevisiae, Schizo-
saccharomyces pombe, Arabidopsis thaliana, Anopheles
gambiae, Plasmodium falciparum, Caenorhabditis brigg-
sae, and Mus musculus (Rogozin et al. 2007). Amino acid
sequence alignments are available at ftp://ftp.ncbi.nlm.
nih.gov/pub/koonin/RGC_CAM/. To these KOGs, proba-
ble orthologs from 5 other animal genomes, namely, those
of N. vectensis, B. malayi, Apis mellifera, Strongylocen-
trotus purpuratus, and Monosiga brevicollis, were added
using the COGNITOR method (Tatusov et al. 1997).
Briefly, all the protein sequences from the new genomes
are compared with the protein sequences previously in-
cluded in the KOGs; a protein is assigned to a KOG when
2 genome-specific best hits to members of the given KOG
are detected. To minimize misalignment problems, only
conserved, unambiguously aligned regions of the align-
ments constructed using the MUSCLE program (Edgar
2004) were included in the further analysis. Specifically,
all positions containing a deletion or insertion in at least
one sequence were removed from the protein sequence
alignment together with 5 adjacent positions (Rogozin
et al. 2007).

The statistical test of phylogenetic hypotheses is based
on a null model under which, in a comparison of 2 alter-
native hypotheses, for example, ([X—Y],Z) versus
([X-=Z1,Y), the number of RGC_CAMs that are shared
by 2 lineages due to chance (Nxy and Nx7z) is proportional
to the length of the branch the position of which differs be-
tween the 2 hypotheses, that is, Y and Z, respectively. The
significance of the difference between normalized numbers
of RGC_CAMs was estimated using Fisher’s exact test
(Rogozin et al. 2007).
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Table 1
RGC_CAM Analysis of the Coelomata—Ecdysozoa Problem with Sampling of the Outgroup Species

Hypothesis (No. of

. RGC_CAMs in Support) Branch Lengths (No. of RGC_CAMs)
Combination of Outgroup No. of
Species (At, Sc, Sp, Pf, Mb, Nv) C E B Deuter Insects Worms Stem P(C-E) Reversals
111111 1 2 1 0 14 63 3 0.046* 1
111110 5 3 1 1 15 66 39 2 x 107%% 2
111101 1 2 1 0 14 78 5 0.037* 1
111011 1 4 1 1 21 105 7 0.089 1
110111 2 3 2 0 15 74 3 0.003* 1
101111 1 2 1 1 16 77 3 0.073 2
011111 1 4 1 0 16 76 3 0.062 1
111001 1 7 1 1 24 132 12 0.111 1
111100 7 3 2 1 15 81 84 <107 %« 2
111010 5 5 1 3 22 113 62 5 x 107%% 4
110110 6 4 2 2 16 78 43 9 x 10 % 2
110101 2 3 2 0 15 94 6 0.002* 1
110011 2 5 2 2 22 126 7 0.013* 1
011110 6 5 2 2 19 80 55 2 x 107%% 2
001111 1 4 1 1 20 96 3 0.096 2
010111 2 5 2 0 18 89 4 0.005* 1
011011 2 7 1 1 26 140 10 0.009* 1
011101 1 4 1 0 17 97 6 0.049* 1
001011 3 8 2 2 38 185 14 0.001* 2
001101 2 6 1 1 21 126 9 0.009* 2
001110 6 5 2 5 23 101 66 6 x 1077% 4
010011 3 10 2 2 29 168 15 0.003* 1
010101 2 6 2 0 19 118 8 0.004* 1
010110 9 6 3 3 21 95 68 <1070 2
011000 35 13 6 12 35 211 679 <1076 14
011001 5 11 1 3 31 191 22 7 x 1075%* 1
011010 11 9 2 8 30 153 114 <107%* 4
011100 12 5 4 3 20 102 172 <10 %= 5
010010 18 12 3 12 34 184 212 <10 % 4
010001 8 17 2 5 37 244 41 1076 1
001100 16 8 4 7 26 137 305 <107 % 8
010100 20 7 8 5 22 125 318 <10 6* 10
100001 6 17 3 4 48 272 41 2 x 107%* 3
100010 14 12 4 10 37 214 163 <10 %= 9
100011 3 7 2 3 35 197 17 0.002* 2
100100 19 9 4 7 24 145 318 <107 8
100101 3 5 2 1 21 134 15 5 x 1074 2
100110 7 7 2 5 22 107 68 3 x 107%% 3
100111 2 3 2 1 21 100 8 0.005%* 2
101001 3 8 1 2 30 178 19 0.001* 2
101010 8 6 2 6 26 149 83 1076 7
101011 2 4 1 2 25 137 9 0.008* 2
101100 9 4 2 4 18 104 117 <107 %= 4
101101 1 3 1 1 16 98 6 0.076 2
101110 5 3 1 4 17 81 45 10 3
110001 2 8 2 2 27 165 15 0.016* 1
110010 8 6 2 5 23 136 73 <10 %= 4
110100 9 4 3 2 16 98 114 <10 % 2
111000 13 8 3 3 25 144 160 <10 % 5
000111 3 5 2 1 27 131 9 5 x 1074 2
110000 22 9 4 5 28 180 261 <10 %= 9
101000 26 10 5 9 33 197 269 <107 % 11
001010 16 11 4 11 42 205 194 <107 10
001001 8 16 2 4 45 263 45 <1070 3
000110 11 9 6 7 30 140 175 <107 6
000101 6 10 2 2 30 184 34 2 x 107% 2
000011 7 15 4 4 56 302 42 1076 2
100000 71 23 12 19 53 301 1737 <1070 34
010000 74 22 16 19 42 272 2727 <107 33
001000 74 22 15 21 53 298 2120 <1070 42
000100 71 15 20 15 36 204 3862 <1076 47
000010 55 21 13 21 64 337 1520 <1070 30
000001 19 40 7 13 88 510 327 <1076 8

Note.—The absence/presence of a species (At, Sc, Sp, Pf, Mb, and Nv) is denoted by 0/1. The following 3 phylogenetic hypotheses were analyzed: C, Coelomata, that
is, (Deuterostomes, insects) nematodes; E, Ecdysozoa, that is, (insects, nematodes) Deuterostomes; B, bizarre, that is, (Deuterostomes, nematodes) insects. P(C-E) is the
probability that the C and E hypotheses are equally likely, calculated using Fisher’s exact test (Rogozin et al. 2007). Cases where the C hypothesis received a significant
statistical support are indicated by asterisks. At, Arabidopsis thaliana; Mb, Monosiga brevicollis; Nv, Nematostella vectensis, Pf, Plasmodium falciparum; Sc,
Saccharomyces cerevisiae; Sp, Schizosaccharomyces pombe.
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Fic. 2.—Direct determination of the number of reversals. X and Y
denote 2 amino acids found in a particular position. The reversals are
shown in red. The tree is the same as in figure 1, but the species names are
omitted for simplicity.
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