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THE AGE AND RELATIONSHIPS OF THE MAJOR ANIMAL PHYLA 
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Abstract.-Given the uncertainties in the fossil record and the paucity of informative morphological characters, there 
is still considerable uncertainty as to the phylogenetic affinities and times of origins of essentially all of the phyla of 
animals. A multilocus analysis of amino-acid sequence data for mitochondrial genes suggests that the major triplohlast 
phyla began diverging approximately 630 million years ago. These results support the hypothesis that the so-called 
Camhrian radiation of animals actually initiated about 100 million years prior to the Cambrian, as the fossil evidence 
suggests. In addition, phylogenetic analysis supports the monophyly of animals, an early (-900 million years ago) 
branching off of the cnidarian lineage, the monophyly of deuterostomes and protostomes, and the inclusion of nematodes 
in the protostome lineage. The results of this study suggest that, with appropriate levels of taxon sampling and a focus 
on conserved regions of protein-coding sequence, complete mitochondrial genome analysis may be sufficiently powerful 
to elucidate the genealogical relationships of many of the animal phyla. 
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A common interpretation of the sudden appearance of most 
animal phyla in the Cambrian fossil record is the occurrence 
of an explosive phase of phylogenetic diversification during 
.this period (Gould 1989; Lipps and Signor 1992), initiating 
about 550 million years ago and coming to completion in as 
few as 10 million years ago (Bowring et al. 1993). However, 
an absence of fossils prior to the Cambrian does not preclude 
the possibility that most phyla were represented by soft-bod- 
ied or microscopic forms in their early stages of evolution 
with a very low likelihood of preservation. The existence of 
fossils of soft-bodied forms from Vendian deposits of about 
560 million years ago as well as of a few forms approaching 
900 million years in age is consistent with a Precambrian 
presence of animals (McMenamin and McMenamin 1989; 
Weiguo 1994). Nevertheless, there is considerable uncertain- 
ty as to whether these ancient fossils of multicellular organ- 
isms even represent animals, and assuming they do, it is 
debatable as to whether they are the progenitors of our cur- 
rent-day phyla or simply remnants of extinct lineages (Bergs- 
trom 1994; Seilacher 1994). 

Quantitative resolution of the timing and patterning of the 
divergence of the animal phyla is highly desirable because 
a correct phylogenetic framework is essential for the devel- 
opment of hypotheses for the evolution of body plans of these 
diverse lineages. Given that some uncertainties will always 
exist as to the affinities of fossil remains and current-day 
taxa, that a detailed fossil record may simply not exist for 
many phyla, and that the various phyla are so distinct that 
few anatomical or embryological features can be used to 
confidently infer their relationships, the use of historical in- 
formation inherent in gene sequences provides a useful al- 
ternative approach to the problem. 

Drawing from comparative data on six mitochondrial and 
two nuclear genes, Wray et al. (1996) recently challenged the 
idea of a Cambrian radiation, arguing that the diversification 
of the animal phyla may have begun 1.0 to 1.2 billion years 
ago. This conclusion is somewhat surprising in that fossil 
evidence suggests that the divergence of the animal, plant, 
and fungal clades occurred approximately 1 .1  billion years 
ago (Knoll 1992; Shixing and Huineng 1995), observations 
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that are at least qualitatively consistent with molecular anal- 
yses (Wainwright et al. 1993; Nikoh et al. 1994, 1997; Phi- 
lippe et al. 1994; Gupta 1995; Saccone et al. 1995; Doolittle 
et al. 1996; Feng et al. 1997). However, Wray et al. (1996) 
are not alone in suggesting an ancient origin of animals. 
Observations of complex fossilized burrows in ancient sed- 
iments from India have led Seilacher et al. (1998) to argue 
that triploblast animals existed at least a billion years ago. 
The latter study raises obvious questions as to why no other 
such trace fossils are apparent for the nearly 500 subsequent 
million years, and one possibility is that the fossils recorded 
by Seilacher et al. (1998) are actually contained within Cam- 
brian deposits (Brasier 1998). Nevertheless, other indirect 
arguments support a Precambrian origin of metazoans (Con- 
way Morris 1997, 1998; Fortey et al. 1997), and the central 
question now appears to be just how far back the diversifi- 
cation of the major animal lineages extends. If the extreme 
conclusions of Wray et al. (1996) and Seilacher et al. (1998) 
are correct, then either the radiation of the animal phyla oc- 
curred shortly after the divergence of the eukaryotic king- 
doms or the age of the major eukaryotic kingdoms has also 
been greatly underestimated. 

The study of Wray et al. (1996) is much more ambitious 
in scope than previous molecular investigations of the age 
of the animal phyla. Nevertheless, several aspects of their 
analyses may have led to substantial errors in the  estimated 
times of divergence. For example, to calibrate molecular 
clocks for their eight genes, sequence comparisons were made 
between various taxa with a fairly well-understood paleon- 
tological record. The authors acknowledge that rates of se- 
quence divergence may vary over time and among lineages, 
but they argue that the noise from such heterogeneity will 
average out over long periods of divergence. However, this 
is only true if the deviations from the average pattern are 
randomlv distributed over the time scale of clock calibration, 
which is unlikely to be the case. Of particular concern is the 
authors' use of mammalian sequences, which are known to 
evolve at substantially elevated rates in the mitochondrial 
genome (see review in Lynch and Blanchard 1998). Because 
the times separating the mammalian taxa were relatively short 

mailto:mlynch@oregon.uoregon.edu


320 MICHAEL LYNCH 

compared to those separating other pairs o f  taxa, the slope 
o f  the regression o f  sequence divergence on time is expected 
to be reduced by the presence o f  such sequences, and this 
would tend to lead to inflated estimates o f  divergence times 
for more distantly related taxa. In addition, the regressions 
employed by Wray et al. (1996) did not account for the phy- 
logenetic nonindependence o f  comparative data. Both types 
o f  problems may be responsible for the substantial positive 
intercepts (up to 15% protein sequence divergence at time 
zero) that are present in most o f  the molecular clock cali- 
brations o f  Wray et al. (1996). O f  equal concern is the fact 
that the authors obtained their divergence time estimates by 
linearly extending their regressions to ages up to three times 
greater than the range o f  existing data. 

The analyses o f  Wray et al. (1996) were taxonomically 
limited to vertebrates, echinoderms, arthropods, molluscs, 
and annelids, presumably because o f  the relative abundance 
o f  sequence data for species from these phyla. Because the 
genome o f  Caenorhabditis elegans is nearly completely se- 
quenced, nematodes could have been included, but the au- 
thors eliminated them because o f  concerns about their ele- 
vated rate o f  evolution. Moreover, because no nonanimal se- 
quences were included in the Wray et al. (1996) study, one 
can only wonder what the predicted date o f  divergence o f  
the major eukaryotic domains would have been i f  plants and 
fungi had been included. Inclusion o f  sequences from these 
other eukaryotic lineages would have also reduced the prob- 
lem o f  temporal extrapolation noted above. 

Finally, there is some uncertainty as to the quality o f  the 
comparative sequence data in the Wray et al. (1996) study. 
For taxonomic groups as distant as animal phyla, there are 
typically many insertions and deletions in protein-coding 
genes, and this is definitely the case for the loci employed 
by Wray et al. (1996). Although the authors aligned their 
sequences with a reasonably powerful algorithm, ClustalW 
(Thompson et al. 1994), they eliminated from their final anal- 
yses only "those positions not represented by all species." 
Such treatment almost certainly leaves some ambiguously 
aligned sites in the final analysis because distant sequences 
with multiple insertion/deletions generally have extended 
stretches o f  amino acids (not just isolated sites) for which 
alignment is very difficult. In a recent reanalysis o f  the Wray 
et al. (1996) dataset, Ayala et al. (1998) had to completely 
exclude one locus, for which they were unable to obtain 
reliable alignments. 

With all these potential uncertainties, it is very difficult to 
know whether the results o f  Wray et al. (1996) are biased in 
an upward or downward fashion or whether the various sourc- 
es o f  error essentially cancel, leaving the projected times as 
reasonable estimates. However, in their reanalysis o f  the same 
data, Ayala et al. (1998) obtained substantially different re- 
sults, dating the divergence o f  the major phyla to between 
600 and 670 million years ago. Still other molecular analyses 
have suggested times o f  origins for the animal phyla that are 
intermediate to these two studies. Using hemoglobin as a 
molecular clock, Runnegar (1982) suggested that the phyla 
arose at least 900 to 1000 million years ago. Drawing from 
a study o f  64 nuclear-encoded protein-coding genes, Feng et 
al. (1997) suggested that the deuterostome-protostome di- 
vergence occurred 730 to 850 million years ago, and in a 

study involving 22 such genes, Gu (1998) estimated the same 
event to have occurred 830 million years ago. Animal nuclear 
genomes contain many duplicate genes, and one potential 
limitation o f  these latter two studies is uncertainty that or- 
thologous comparisons were made across taxa. 

In this paper, I attempt to clarify the approximate times o f  
origin and relationships o f  several o f  the major animal phyla 
by: (1 )  restricting the analysis to mitochondrial protein-cod- 
ing genes, for which there is no uncertainty about orthology; 
( 2 )  restricting the analysis to sites that are unambiguously 
aligned; ( 3 )  weighting the results from different genes by 
their information content; ( 4 )  expanding the analysis to in- 
clude sequences from cephalochordates, hemichordates, nem- 
atodes, cnidarians, platyhelminthes, fungi, and plants; and 
(5) employing methods o f  phylogenetic analysis that are in- 
sensitive to unequal rates o f  molecular evolution in different 
terminal lineages. 

Source of Data 

This study is based on the amino-acid sequences for 10 
mitochondrially encoded protein genes, all o f  which were 
retrieved from the Genbank data repository. Performing an 
analysis exclusively on mitochondrial genes eliminates all 
uncertainty about orthology because, in virtually all animals, 
all protein-coding genes in the mitochondrial genome are 
present in single copy and presumably always have been. O f  
the 13 genes encoded in the mitochondrial genome, all but 
those for ATP8, ND4L, and ND6 were used, the last being 
too divergent to align confidently. The genes involved were 
sorted into the phylogenetic groups that are central to this 
paper: amphibia, ray-finned fishes, cephalochordates, hemi- 
chordates, echinoderms, molluscs, annelids, arthropods, nem- 
atodes, and cnidarians. In addition, for purposes o f  rooting 
the animal phylogeny, all available sequences for fungi and 
chlorophytes were utilized. Except in the case o f  cephalo- 
chordates, hemichordates, and annelids, there were typically 
multiple sequences per phylogenetic group. 

The use o f  sequence data in this study was highly con- 
servative. All amino-acid sequences were aligned with the 
assistance o f  ClustalW (Thompson et al. 1994), and only 
portions o f  the molecules that could be unambiguously 
aligned in long stretches were retained for analysis. Such 
stretches were identified as continuous sequence (uninter-
rupted by insertions or deletions) sandwiched between sites 
that were invariant across all animals, fungi, and plants. The 
invariant sites were not included in the final analysis. The 
complete dataset is available from the author on request. 

Estiniation of the Nunzber of Substitutions per Site 

As an estimator for the number o f  substitutions per amino 
acid site separating two sequences, I used the formula 

where n is the number o f  amino-acid sites compared, k is the 
number o f  differences between two sequences, I ,  is the as- 
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ymptotic divergence, and l/d\/oc is the among-site coefficient 
of variation of the substitution rate. This formula, which I 
derived as a generalization of that given by Rzhetsky and 
Nei (1994), eliminates the bias in the estimation of d due to 
finite numbers of sites as well as that due to variation in the 
substitution rate among sites. I set I, = 0.08 based on pre- 
vious observations (Lynch and Jarrol 1993), and a was taken 
to be approximated by 0.5 based on the average of obser- 
vations in the literature (Kumar 1996; Yang 1996). When the 
observed fraction of different sites (Mn) is on the order of 
0.15 or less, 2= Wn regardless of the values of I, and a. As 
Wn increases beyond this point, 2becomes increasingly great- 
er than the observed divergence, as multiple substitutions per 
site are accounted for. 

When multiple sequences existed for different species 
within a phylum, as was often the case, the estimate of d 
differentiating two phyla for that locus was obtained by av- 
eraging over all possible pairwise estimates across phyla. 
Such treatment assumes that the different groups employed 
in the analyses are truly monophyletic, a condition that was 
verified throughout by phylogenetic analysis of the data. The 
sampling variance for each individual estimate of 2was ob- 
tained with 

again a generalization that I derived of an expression in 
Rzhetsky and Nei (1994). For each pair of species, the sam- 
pling variance was obtained for each locus using equation 
(?), and the actual sampling variance for the locus-specific 
d(x,y) for a pair of phyla was then taken to be the average 
of the species-specific estimates. This is an upwardly biased 
estimate of the sampling variance because it does not account 
for the fact that estimates of 2obtained with different taxa 
are semi-independent. However, because the phylogenies of 
species within the phyla examined in this paper are not con- 
fidently known, I made no attempt to reduce the pooled sam- 
pling variances. 

For pooling the data from all loci into a single estimate of 
divergence, each locus was weighted by the average recip- 
rocal of the sampling variances for the estimates of d for that 
locus. Letting the weight for locus i be \vi and the esjimate 
of the number of substitutions per site for the locus be di(x,y), 
the pooled estimate of divergence for two taxonomic groups 
(x and y )  is then 

Weighting with the inverse of the sampling variances for the 
individual loci yields pooled estimates that should have close 
to minimal variance. 

Phylogenetic Analysis 

All phylogenetic analyses were performed with the neigh- 
bor-joining algorithm (Saitou and Nei 1987), as implemented 
by MEGA (Kumar et al. 1993). This method allows for het- 
erogeneity in rates of molecular evolution on different 
branches of a phylogeny. Because of the composite nature 

of the analyses, involving multiple loci and with different 
numbers of taxa within the various phyla for each locus, a 
conventional bootstrap analysis (over individual amino-acid 
sites) was not performed. Rather, the data were bootstrapped 
over loci. 

Estinzation of Divergence Tinzes 

Two temporal benchmarks were used to estimate the di- 
vergence times of the animal phyla. First, the divergence of 
tetrapods and ray-finned fishes is assumed to have begun 430 
million years ago (Ahlberg and Milner 1994). Second, fungi 
and animals are assumed to have initiated divergence 1100 
million years ago (Knoll 1992; Shixing and Huineng 1995). 
The times associated with nodes of the phylogenetic tree 
intermediate to these two points were then estimated by linear 
interpolation. This approach requires no quantitative as-
sumptions about the rate of molecular evolution, nor is it 
influenced by heterogeneity of evolutionary rates in terminal 
branches of the phylogeny. It does, however, assume an es- 
sentially constant rate of evolution on the internal branches 
separating the animal-fungal and tetrapod-fish nodes. Even 
with this approach, it is still necessary to place a root at the 
base of the animal-fungal tree. This was accomplished by 
including plants in the analysis as an outgroup. 

Phylogenetic analysis of the mitochondrial encoded pro- 
teins reveals several patterns of interest (Fig. 1). First, the 
positions of the branch tips for the various lineages indicate 
a huge degree of heterogeneity in the rate of molecular evo- 
lution (Fig. 1, top). Relative to members of the triploblast 
lineage, cnidarians have evolved at a very reduced rate, the 
total amount of protein sequence evolution in this lineage 
being substantially less than that in the triploblast lineage 
prior to the origin of its component phyla. The rate of evo- 
lution in the protostome lineage (containing molluscs, an- 
nelids, and arthropods) substantially exceeds that in the deu- 
terostome lineage (containing echinoderms, hemichordates, 
cephalochordates, and vertebrates). The total amount of se- 
quence evolution that occurred in the protostome lineage pri- 
or to the divergence of its component phyla exceeds the total 
amount of evolution in the deuterostome lineages. The 
amount of evolution in the nematode lineage is particularly 
high, exceeding the total amount of evolution remaining in 
the eukaryotic phylogeny (i.e., since the origin of plants, 
fungi, and animals). 

Second, although several of the internal branch lengths 
separating the major phyla are very small, bootstrap analysis 
indicates that the cumulative data from the mitochondrial 
protein-coding genes are capable of elucidating some gene- 
alogical relationships (Fig. 1, bottom). Not surprisingly, the 
tetrapod-fish clade is supported unequivocally and a terminal 
echinoderm-hemichordate clade is strongly supported as 
well. The monophyly of the deuterostome lineages is mar- 
ginally supported by the analysis, whereas the monophyly of 
the protostome lineages is very strongly supported. Con- 
tained within the latter clade of coelomate phyla is the pseu- 
docoelomate nematode lineage. Finally, a basal position for 
the diploblast cnidarians is fully supported. 
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Alternatively, if one is willing to assume that the rate of 
molecular evolution was roughly constant between the fun- 
gal-animal node and the tetrapod-fish node, then estimates 
of the dates of the intervening nodes can be obtained by 
interpolation, without making any quantitative assumptions 
about the rate of molecular evolution. Applying such an anal- 
ysis to bootstrapped phylogenies, the node (It- SE) at the base 
of the triploblast phyla is then estimated to be 627 +. 51 
million years ago, and the node separating diploblasts (cni- 
darians) and triploblasts is estimated to be 902 i- 29 million 
years ago. 

The phylogenetic tree obtained in this study suggests that 
a relatively small amount of molecular divergence separates 
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FIG.1. Top: Phylogenetic tree based on the neighbor-joining meth- 
ods applied to the pooled distance statistic derived from mitochon- 
drial protein-coding loci. The branch lengths are proportional to the 
weighted estimates of numbers of amino-acid substitutions per site. 
Bottom: The most common topology obtained by bootstrapping over 
loci, with the percent bootstrap support denoted on the internal 
branches. Here, only the form of the phylogenetic tree is given; the 
branch lengths are not proportional to evolutionary distance. 

Third, a qualitative examination of the phylogenetic tree 
indicates that a very substantial fraction of the sequence di- 
vergence in animals occurred prior to the diversification of 
this lineage into its major triploblast phyla (Fig. 1, top). Given 
the huge variation among lineages in the rate of evolution, 
it is difficult to extrapolate the dates separating the various 
phyla. For example, the amount of evolution in the amphibian 
lineage is twice that in the fish lineage since their divergence 
from a common ancestor, and as noted above, the total amount 
of evolution in the vertebrate lineage is quite low relative to 
that in the protostome lineage. Thus, it is difficult to justify 
the use of evolutionary distances between any terminal 
groups of species in the animal phylogeny in predicting the 
dates of the earlier nodes in the phylogenetic tree. For ex- 
ample, if one were willing to assume that the average rate 
of evolution along the internal branches from the base of the 
triploblast lineage to the basal vertebrate is equivalent to the 
average rate of divergence between amphibians and fishes, 
then the predicted times for the beginning of the triploblast 
radiation, the diploblast-triploblast divergence, and the ani- 
mal-fungal divergence are, respectively, 1270, 3310, and 
4220 million years, all of which seem wildly unrealistic. 

1 the base of the triploblast animal phylogeny from the split 
between tetrapods and ray-finned fishes. The latter time point 
seems to be fairly well established at approximately 430 mil- 
lion years ago. Thus, assuming the animal-fungi divergence 
date to be 1100 million years ago, then the estimated time 
of initiation of the divergence o f the  triploblast animal phyla 
is approximately 630 million years ago, near the beginning 
of the Vendian period. This estimate was obtained without 
making any quantitative assumption about the rate of mo- 
lecular evolution, and thus it is not dependent on the specific 
identities of taxa used to calibrate molecular clocks. This 
estimate does rely on the assumed animal-fungal divergence 
date being approximately correct, but this latter time would 
have to be greatly underestimated to place the triploblast 
divergence at the deep times suggested by Wray et al. (1996). 
For example, if we assume the animal-fungal divergence to 
have occurred two billion years ago, which is the current 
estimated time of the origin of eukaryotes (Han and Runnegar 
1992; Knoll 1992; Schopf 1994), then the estimate of 630 
million years expands to 900 million years. To achieve an 
estimate of 1.2 billion years for the initiation of the triploblast 
radiation, the divergence between animals and fungi would 
have to date to three billion years, which is not far from the 
estimated time of origin of life on earth (3.4 billion years in 
the past). 

The validity of the results in this study also depends on 
the assumption that the rate of molecular evolution remained 
roughly constant over the time period separating the points 
of animal-fungal and tetrapod-fish divergence. If, for ex-
ample, the rate of evolution on the internal branches sepa- 
rating the base of triploblasts from the tetrapod-fish split were 
unusually low compared to that on the branches leading back 
from the most recent triploblast to the animal-fungal split, 
then the time of the triploblast radiation will have been un- 
derestimated by linear interpolation. Again, the violation of 
this assumption would have to be quite extreme to place the 
divergence of triploblasts at about one billion years. Focusing 
on the results in Figure 1, a twofold reduction in the average 
rate of evolution would alter the estimated date from 630 
million years to 740 million years. A 10-fold reduction in 
the rate of evolution is required to extend the date to 970 
million years. However, if there was a progressive increase 
in the rate of evolution over time, then the time to the basal 
triploblast would be overestimated. Thus, unless the diver- 
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gence of animals and fungi is substantially more remote in 
the past than 1.1 billion years or unless the ancestral deu- 
terostome experienced a very pronounced reduction in the 
rate of molecular evolution, the results of this study imply 
that the radiation of the triploblast phyla did not initiate much 
more than 100 million years priorto the Cambrian, whereas 
the ancestral triploblast dates to about 900 million years ago. 

The estimated date for the triploblast radiation suggested 
here is lower than estimates obtained from several other anal- 
yses of molecular data, which range from 700 million years 
to 1200 million years (Runnegar 1982; Wray et al. 1996; 
Feng et al. 1997; Gu 1998). However, the 630-million-year 
date is remarkably compatible with results reported for the 
mitochondrial analysis in Ayala et al. (1998), which were 
obtained by a rather different approach. Their analyses con- 
sidered only five mitochondrial genes, the same ones eval- 
uated by Wray et al. (1996), but the average estimated time 
of the deuterostome-protostome split using gamma-corrected 
measure of amino-acid divergence (which is similar to the 
measure employed herein) is 600 million years (their average 
estimate based on a Poisson model of divergence is 580 mil- -
lion years). Contrary to the estimated time of divergence 
obtained in the present study, which ignores the rate of evo- 
lution in terminal branches and is not influenced by rate het- 
erogeneity in those regions of the tree, the estimate of Ayala 
et al. (1998) was obtained by use of molecular clocks cali- 
brated from the divergence of various vertebrate lineages. 
They made an attempt to eliminate sequences that have 
evolved at an aberrant rate, but they still assume that the 
evolutionary rate is constant over the entire phylogeny of 
triploblasts. That such similar estimates wer; obtained by 
such different procedures speaks to the robustness of this 
result, at least insofar as mitochondrial gene analysis is con- 
cerned. 

In contrast to these similar results obtained with mito- 
chondrial gene sequences, the average estimated time of the 
deuterostome-protostome split derived from the analysis of 
14 nuclear genes in Ayala et al. (1998) is 780 million years, 
which is roughly comparable to, although somewhat lower 
than, estimates derived by Feng et al. (1997) and Gu (1998) 
using larger sets of such genes. Why do nuclear-gene analyses 
tend to give greater estimates of divergence times than mi- 
tochondrial-gene analyses? One possibility relates to the fact 
that animal nuclear genomes typically contain large numbers 
of gene duplicates. This is particularly true in vertebrates, 
because two complete genome duplications occurred prior to 
the divergence of tetrapods and ray-finned fishes and many 
of the duplicates remain functional to the present (Lundin 
1993; Nadeau and Sankoff 1997). However, duplicate genes 
are common in invertebrates as well. 

The presence of multiple copies of genes within organisms 
complicates phylogenetic analyses considerably, because it 
raises the possibility that nonorthologous genes will be in- 
advertently included. If, for example, true orthologues are 
used in the calibration of a molecular clock when the se- 
quences of two species with an unknown divergence time are 
actually paralogues, then the estimated divergence time will 
be inflated. The opposite will occur if a molecular clock 
calibration based onparalogous sequences is applied to true 
orthologues in a pair of taxa of unknown divergence time. 

Guigo et al. (1996) provide numerous examples of inconsis- 
tent molecular trees for various sets of invertebrate phyla, 
suggesting that all such inconsistencies are a consequence of 
gene duplication and the inclusion of nonorthologues in an- 
alyses. Although this is an extreme view, it seems likely that 
analyses based on large numbers of nuclear genes, such as 
those of Feng et al. (1997), Ayala et al. (1998), and Gu (1998), 
are somewhat (and perhaps substantially) biased by the in- 
clusion of nonorthologous genes, particularly because the 
molecular clocks in these studies were entirely or largely 
based on vertebrate sequences. None of these studies mention 
any formal attempt to verify orthology. 

Although nuclear genomes, which harbor thousands of 
genes, contain much more information than 10 mitochondrial 
genes, the problem of orthology will not be easily solved. 
Correct assignment of orthology requires that sequences of 
all members of a gene family be available for all species of 
interest, which is seldom the case, and that the phylogenetic 
relationships of the species are known in advance, which is 
certainly not the case in studies of animal phyla with poorly 
understood affinities. Even then, the stochastic nature of the 
evolutionary process can result in misassignment of orthol- 
ogy based on sequence identity. 

Clarification of the phylogenetic relationships of the major 
animal phyla has been an elusive problem, with analyses 
based on different genes and even different analyses based 
on the same genes yielding a diversity of phylogenetic trees 
(Table 1). For example, considerable effort has gone into 
resolving the relationships of the three major protostome lin- 
eages (annelids, arthropods, and molluscs). Analyses with 
18s  rRNA consistently identify annelids and molluscs as 
sister taxa, as does a morphology-based analysis and the anal- 
ysis of Guigo et al. (1996). However, results based on partial 
28s  rRNA sequences are not even consistent with the mono- 
phyly of protostomes, suggesting instead a mollusc-deutero- 
stome affiliation. Two studies employing elongation factor 
1-a have also yielded different topological relationships in- 
volving annelids, arthropods, and molluscs. Similarly, the 
phylogenetic position of nematodes has been controversial. 
Of the two studies that are based on 18s  rDNA sequences, 
one positions nematodes basally with respect to the coelomate 
lineages, while the other joins them with arthropods (Table 
1). Aguinaldo et al. (1997) have argued that this inconsistency 
is an artifact of using nematode sequences that have evolved 
at unusually high rates. In still another example of phylo- 
genetic inconsistency, in a study involving two protein-cod- 
ing genes thought to be ideally suited to phylogenetic anal- 
ysis, Nikoh et al. (1997) found amphioxus to cluster in its 
expected position with chordates in one case, but to branch 
off prior to the deuterostome-protostome divergence in the 
other case. 

Given the substantial evolutionary time separating the an- 
imal phyla, it is not surprising that single-gene analyses yield 
such discordant results. Under such circumstances, the sta- 
tistical noise associated with the substitution process leads 
to a high probability that phylogenetic analyses based on 
different molecules will yield different topologies (Philippe 
et al. 1994; Ruvolo 1997), so that inferences based on single 
genes can potentially be very misleading (leaving aside for 
now the additional problem of orthology). Although it is often 
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TABLE1. Phylogenetic trees for various combinations of the major animal phyla obtained in previous studies. An, Annelida; Ar, 
Arthropoda; C, Cnidaria; E,  Echinodermata; M, Mollusca; P, Platyhelminthes; and V, Vertebrata. The three results for the study of Carranza 
et al. (1997) were obtained with different methods of tree reconstruction. The root of the tree is denoted by a dot, whereas parentheses 
denote nestings of phylogenetic lineages. 

Reference Source of data Phvlogenetic tree 

Aguinaldo et al. (1997) 
Ballard et al. (1992) 
Carranza et al. (1997) 

18s  rDNA 
12s rDNA 
18s rDNA 

Halanych et al. (1995) 18s  rDNA 
Kim et al. (1996) 18s  rDNA 
Philippe et al. (1994) 18s  rDNA 
Winnepenninckx et al. (1995) 18s  rDNA 
Christen et al. (1991) 28s  rDNA (partial) 
McHugh (1997) elongation factor I - a  
Regier and Schultz (1997) elongation factor 1-a  
Guigo et al. (1996) multiple protein-coding loci 
Eernisse et al. (1992) morphology 

argued that the mitochondrial genome evolves too rapidly to 
be of much use in the analysis of distant phylogenetic re- 
lationships, the analyses presented above suggest that a mul- 
tilocus analysis based on mitochondrial genes may have ad- 
equate power to elucidate the phylogenetic affinities of many 
of the animal phyla. The unambiguous orthology of mito- 
chondrial genes is certainly a favorable property for phylo- 
genetic analysis, although the number of utilizable genes (10, 
according to the experience of this study) is a limiting factor. 

This study took a conservative approach with respect to 
use of mitochondrial sequence data, employing only those 
variable sites that could be aligned unambiguously across all 
animals, fungi, and plants. In addition, the results from each 
locus were weighted by their information content. The sam- 
pling variance of estimates of sequence divergence can vary 
dramatically from locus to locus depending on the length of 
the sequence and on the amount of divergence. Weighting by 
the inverse of the sampling variance helps ensure that the 
phylogenetic signal provided by the most informative loci is 
not overwhelmed by the noise associated with the less in- 
formative loci and should result in a composite measure with 
close to minimal sampling variance. 

With this approach, and only one to a few taxa sampled 
per phylum, it was possible to verify the monophyly of an- 
imals, the triploblast phyla, and the protostomes. In addition, 
strong support was obtained for an affiliation between hemi- 
chordates and echinoderms and moderate support for the 
monophyly of the deuterostomes. Finally, the hypothesis of 
Aguinaldo et al. (1997) that nematodes are a member of the 
protostome clade was corroborated. The monophyly of molt- 
ing animals suggested by these authors was not upheld, and 
additional data will be required to clarify this issue. In sum- 
mary, the results of this study suggest that a broader taxo- 
nomic sampling of the conserved regions of mitochondrial 
protein-coding genes, perhaps combined with analyses of ri- 
bosomal and transfer RNA genes and with additional infor- 

On gene order and the genetic code$may be a 
approach to refining our understanding of the genealogical 
relationships of the animal phyla. 
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