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Since the first animal genomes were completely se-
quenced ten years ago, evolutionary biologists have
attempted to use the encoded information to recon-
struct different aspects of the earliest stages of animal
evolution. One of the most important uses of genome
sequences is to understand relationships between ani-
mal phyla. Despite the wealth of data available, ranging
from primary sequence data to gene and genome struc-
tures, our lack of understanding of the modes of evolu-
tion of genomic characters means that using these data
is fraught with potential difficulties, leading to errors in
phylogeny reconstruction. Improved understanding of
how different character types evolve, the use of this
knowledge to develop more accurate models of evolu-
tion, and denser taxonomic sampling, are now minimiz-
ing the sources of error. The wealth of genomic data now
being produced promises that a well-resolved tree of the
animal phyla will be available in the near future.

Genomes as a repository of evolutionary information
The major groups of animals - the bilaterian phyla —
appear suddenly in the fossil record ~530 million years
ago in what is known as the Cambrian explosion. Although
the suddenness of their appearance could be explained in
part by the limitations of the fossil record, the cladogenesis
and morphological innovation that produced these diverse
body plans is likely, nevertheless, to have taken place
during a relatively short period of time, very long ago
[1]. The apparent brevity and great antiquity of the Cam-
brian explosion has led some to argue [2,3] that there is
little hope of unpicking the genomic signal that might
remain from this explosion of evolutionary innovation —
the evolutionary equivalent of the ‘cosmic background
radiation’ left over from the Big Bang.

But is it naive to suppose that complete genome
sequences might provide a complete and final picture of
animal relationships, a solution to a problem that arose
long before Darwin? Logically, genomes must be replete
with evolutionary information, representing a more or less
interpretable historical record of genotypic and phenotypic
change.

Crucially, gaining an understanding how genomes have
evolved is not possible via the study of individual species;
understanding depends, instead, on comparisons of gen-
omes (and the phenotypes they encode) which represent
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the endpoints of different branches of evolution. To make
meaningful evolutionary comparisons of genomes they
must be interpreted in the light of a phylogeny relating
the organisms in which they reside [4].

Considering this requirement for phylogenetic context it
is perhaps not surprising that one of the greatest successes
of comparative genomics to date has been the use of geno-
mic data to aid the reconstruction of evolutionary relation-
ships. But, as we will see, although the idea of using
genome-sized datasets to reconstruct animal evolution is
immensely attractive, it has also proved to be far from
straightforward. The problem is that the ancient evolu-
tionary information encoded in the genome is overwritten

Glossary

Bilateria: bilaterally symmetrical animals; synonymous with triploblasts
because they possess three tissue layers - ectoderm, mesoderm and
endoderm. Bilateria contain deuterostomes and protostomes and exclude
poriferans (sponges), cnidarians (jellyfish and corals), placozoans (Trichoplax)
and ctenophores (sea gooseberries).

Cambrian explosion: the sudden appearance of many of the extant bilaterian
animal phyla in the fossil record 530-540 million years ago.

Cladogenesis: a speciation event resulting in two monophyletic groups or
clades of organisms.

Deuterostomia: a major division of Bilateria; contains the phyla Chordata,
Echinodermata, Hemichordata and Xenacoelomorpha.

Ecdysozoa: a major division of Protostomia; ecdysozoan phyla include
Arthropoda, Nematoda and Priapulida.

Homoplasy: convergent evolution of a given character state in unrelated
lineages. Homoplasy leads to the incorrect grouping of unrelated species on
phylogenetic trees.

Long-branch attraction (LBA): LBA is an error of tree reconstruction resulting
from undetected convergent evolution (homoplasy) in unrelated branches of
phylogenetic trees. These homoplasies are more likely to occur along long
branches, leading to the artefactual clustering of long-branch taxa. LBA could
arise from rapid evolution in a subset of species, or because one or more
species are particularly evolutionarily distant from others, or from a combina-
tion (e.g. rapidly evolving nematodes are attracted to the phylogenetically
distant fungi). LBA affects all types of tree-reconstruction methods to some
degree, but probabilistic models are generally better able to infer the existence
of convergent changes.

Lophotrochozoa: a major division of Protostomia; lophotrochozoan phyla
include Mollusca, Annelida and Platyhelminthes.

Phylogeny: an evolutionary tree of relationships, also called a phylogenetic
tree.

Plesiomorphies: primitive or ancestral character states. These can be shared
(symplesiomorphies) by a subset of species of interest but, being primitive, will
also be present in more distantly related taxa. Symplesiomorphies cannot be
used to infer close relationships between the species that share them.
Protostomia: a major division of Bilateria; contains Lophotrochozoa and
Ecdysozoa.

Synapomorphies: derived or novel character states shared by two or more taxa
—these then constitute a monophyletic group (clade) whose common ancestor
also possessed the character state. The character will not be present in any
outgroups to the clade and therefore is unique to and defines the clade.
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by the messy course of subsequent change and, just as
phylogenies based on morphology can be dogged by con-
vergence and secondary absence of characters, so too can
those derived from genomes.

The dawn of animal phylogenomics: the Ecdysozoa
versus Coelomata dispute

For a phylogenetic tree to contain non-trivial information it
must connect a minimum of three species plus an outgroup
to root the tree. For animal groups this minimum condition
was fulfilled 10 years ago with the complete sequencing of
genomes of the model organisms Drosophila melanogaster,
Caenorhabditis elegans and of humans [5-7]. Although a
phylogenetic problem concerning just three species (and
with only three possible solutions) could appear trivial, this
particular sample of genomes was a phylogeneticist’s
dream because, for the first time, it allowed the testing
with genome-scale data of one of the most controversial
claims of the ‘new animal phylogeny’ - the existence of a
clade termed the Ecdysozoa. The Ecdysozoa are named
after the common occurrence of ecdysis — moulting of the
cuticle for growth. The clade includes the insects and
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nematodes and excludes non-moulting animals including
annelids and molluscs as well as vertebrates such as
humans [8,9]. The Ecdysozoa hypothesis (C elegans, D.
melanogaster) contradicts the traditional view that unites
apparently more complex animals, in possession of an
epithelium-lined body cavity or coelom (Human, D. mela-
nogaster), to the exclusion of more simple pseudocoelomate
animals including nematodes.

The apparent simplicity of this question, and the abun-
dant means for its resolution in the form of genome-scale
data, set the scene for a debate lasting a decade. The
inability to agree on a solution seems surprising, but the
basis for the disagreement is illustrative of the root of the
most recalcitrant of phylogenetic problems — the diverse
methods used to solve this problem indicate future direc-
tions for the use of genome-scale data in phylogenetics.

Long-branch errors and their solution

The first evidence for the Ecdysozoa hypothesis came from
authors who recognized the unusually rapid evolution of
the available nematode small subunit (SSU) ribosomal
RNA sequences meant there was a strong likelihood of a
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Figure 1. More realistic models of molecular evolution have a major impact on tree reconstruction. (a) Analysis of phylogenomic data from [13] (29 625 characters) using the
original site homogenous model (JTT matrix, gamma parameter with five discrete categories) shows support for monophyletic Coelomata (blue box). (b) Analysis of the same
data using a site-heterogeneous model (CAT-GTR + I') shows support for Ecdysozoa (green box). (c) Analysis of data from [22] (8089 characters) using site homogenous model
(as above) shows support for Coelomata (blue box). (d) Analysis using the CAT model shows support for Ecdysozoa (green box). All analyses were performed using Phylobayes;
all nodes have a Bayesian posterior probability of 1.0. CAT, categories model; GTR, general time-reversible; JTT, Jones, Taylor and Thornton model.
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systematic error in tree reconstruction known as long-
branch attraction (LBA) [9]. LBA is a well-understood
and pervasive source of systematic error in phylogeny re-
construction that causes unrelated long branches to cluster
together [10]. Long branches could occur through elevated
rates of evolution in specific taxa or might simply be because
no close relatives have been sampled for particular species
on the tree. In general, systematic errors are generated
when the genes/genomes of different taxa have experienced
divergent trends in their evolution (in the case of LBA,
different rates of substitution) that are not adequately
accounted for by the models of evolution employed [11].
The recognition of the rapid evolution of the available
nematodes led to a search for nematodes with more typical
rates of evolution [9]. This effort resulted in a change from a
tree in which the long-branched nematodes diverged close to
the distant root (leaving the coelomate animals as a clade —
Coelomata) to a tree in which the more moderately evolving
nematodes branched with the arthropods forming the Ecdy-
so0zoa, thus disbanding the coelomate clade [9].

The first phylogenomic analyses of the Ecdysozoa/Coe-
lomata question were for the most part restricted to a
single and notably long-branched nematode - C. elegans
[12,13] (Figure 1). Although measures were taken in these
studies to address the problems of LBA, they nevertheless
overwhelmingly supported Coelomata, with flies and
humans sharing a more recent common ancestor with each
other than with nematodes [12,13]. Whereas the taxonomic
coverage was much lower than for the work based on SSU,
these studies were given serious credence in view of their
overwhelming superiority in terms of overall alignment
length. The much smaller SSU studies supporting Ecdy-
sozoa were widely dismissed as resulting from stochastic
error. Hindsight tells us that, although stochastic (small
sample) error had certainly been removed in these phylo-
genomic studies, systematic error (whose effects are felt
with greater certainty with larger datasets) had been
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emphasized - in particular by the use of the idiosyncratic
Caenorhabditis data [11,14-16].

Solving LBA errors in phylogenomic datasets

In the original SSU-based study supporting Ecdysozoa,
LBA had been tackled by sampling additional nematodes
and, in particular, slowly evolving exemplars. Equivalent
methods employed with phylogenomic datasets — using less
phylogenetically distant (and thus shorter-branched) out-
group taxa to root the tree [16,17], increasing the density of
taxon sampling within the nematodes [11,16,18], and using
the more slowly evolving priapulids in place of nematodes
[19] - have similarly led to strong support for Ecdysozoa. In
addition to adding new taxa, the influence of parameter-
rich probabilistic models of evolution, designed explicitly to
model the realities of sequence evolution, should not be
underestimated. Including additional biologically relevant
parameters in probabilistic models inevitably results in a
closer fit to the data, and estimating additional parameters
is generally well-tolerated with the very large datasets
available under phylogenomic studies. The effects of using
one of the most realistic models currently available (CAT-
GTR + I' mixtures model from the Phylobayes software
[20,21]) can be seen in Figure 1. Here two venerable
datasets [13,22] that strongly support Coelomata under
their original methods of analysis, now switch their alle-
giance to strongly supporting Ecdysozoa simply by the use
of a better-fitting model [20,21].

Presence/absence data and the violation of Dollo’s law
As a complement to these whole-genome-based studies
that use typical analyses of aligned gene sequences, sever-
al authors have used an alternative approach involving
consideration of data that can be broadly classed as pres-
ence/absence characters [23,24]. The principle is simply to
look for common, complex heritable features of the gen-
omes under consideration (genes, specific combinations of

Box 1. Examples of rare genomic changes from gene and genome structure

Introns

Although intron locations in isolated orthologous genes have
previously been used for phylogenetic inference (e.g. [66]), the arrival
of complete genome sequences provides the means for this method
to be approached in a more rigorous manner. Although conceptually
straightforward, early analyses focused on resolving the Coelomata
versus Ecdysozoa controversy produced conflicting results depend-
ing on outgroup choice and the methods for deciding which introns
were informative. The sequencing of the Nematostella vectensis
genome helped to clarify which introns are likely to be plesiomor-
phies of the bilaterians, and strongly supports large-scale correlated
loss of introns within the ecdysozoans [59]. Intron dynamics also
support the Olfactores hypothesis, despite the fact that tunicates have
undergone substantial intron loss [67].

In general, on a genome-wide scale, intron presence/absence is not
necessarily a well-conserved trait. Genomes can undergo substantial
turnover of introns — in Oikopleura dioica, for instance, 76% of intron
locations are not shared with other animals [68] (in comparison,
human and Amphioxus share 85% of introns in alignable regions).
Such data need to be interpreted with caution, and care must be taken
to distinguish primitive from secondary absence.

Unique gene structures

Related to intron locations, some genes have unusual structures that
can be treated as synapomorphies. One such useful contribution
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arises from consideration of vertebrate immunoglobulin loci, which
have tandem cassettes of V, D and J gene segments. Hagfish and
lampreys, in contrast, share an unusual immune receptor that uses
tandem cassettes of leucine-rich repeats to generate diversity — this
has been interpreted as providing support for grouping these jawless
vertebrates (Cyclostomata) [36].

Protein domain structure

Kawashima et al. identified 1000 new domain pairs found uniquely
within the vertebrate lineage [69], although their study tested no
phylogenetic hypotheses. The existence of a vertebrate clade is
obviously uncontested, but many unique domain combinations can
be shared by non-monophyletic clades — for instance by Lophotro-
chozoa plus Ambulacraria (unpublished observations). Under the
assumption that domain-fusion events are rare, and multiple
independent occurrences are therefore unlikely, this suggests ex-
tensive secondary loss of ancestral domain combinations. Such
losses are unlikely to occur randomly, but instead are concentrated in
particular taxa, thus confounding the use of shared presence as a
synapomorphy. The alternative, that domain-fusion events are
common, has been considered unlikely [70].
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Box 2. Lineage-specific genes and gene families as markers of relationships

Gene families can serve as clade synapomorphies. Examples
include the ANTP class homeobox genes found within the Metazoa,
but in no other eukaryotic phyla, and the entire class of four-helix
cytokine-like proteins (including interferons and various hormones)
within the vertebrates, but not other Metazoa. This class of
synapomorphy is seductive because it appeals to the intuition that
specific genes define particular types of clade-specific biology: in
the case of the Hox genes, patterning of the metazoan body plan; in
the case of the cytokines, the vertebrate adaptive immune system.
As with other traits, however, the phylogenetic utility of the
presence/absence of such gene classes is affected by poor taxon
sampling and by secondary absence. Nematodes, for instance, have
lost the entire class of NFkB-like transcription factors — before the
identification of these genes in Nematostella vectensis and other
outgroups this fact would have appeared to support the Coelomata
hypothesis.

The developmental ‘toolkit” of animal genes, absent from the first
sequenced non-animal outgroup genomes, including yeasts and the
choanoflagellate Monosiga brevicollis [71], were thus apparent
metazoan synapomorphies. Recently, however, examples such as

protein domains, introns, indels and rarely changing ami-
no acids [13,14,25-28]) and to score each homologous
character as being present or absent in each genome (Boxes
1,2). The characters are considered sufficiently complex to
be unlikely to have evolved convergently, and common
occurrence is used to indicate close relationship. For the
Ecdysozoa/Coelomata problem the question is simply
whether fruit flies share more of these derived characters
(those absent in the outgroup) with humans or with nema-
todes. These presence/absence data have been analyzed
using Dollo parsimony, which allows a single instance of
evolution of a character but permits parallel losses in
multiple lineages (loss of a character is easier than gain)
[29,30]. Dollo parsimony should not be confused with
‘Dollo’s law of irreversibility’ which states that evolution
cannot proceed in reverse such that any character returns
exactly to its ancestral character state [31].

Just as with the initial sequence-based analyses, these
studies were restricted to the few taxa with a complete
genome (a character can only reliably be scored as absent if
the complete genome is known), and again the studies
overwhelmingly supported Coelomata [13,25-28]. Dollo
parsimony is a sensible approach for this class of charac-
ters, but nevertheless relies on the assumption that losses
of characters will be randomly distributed among taxa. The
inevitable suspicion, considering the (with hindsight) in-
appropriate support for Coelomata, is that this model of
randomly distributed character loss is violated.

A greatly enhanced tendency for loss of characters in
Caenorhabditis compared to humans or flies has indeed
been demonstrated [14], and this systematic bias in Cae-
norhabditis results in an LBA effect exactly as encountered
with the standard sequence-based approach. Methods to
address LBA (more closely related outgroup and more
densely sampled ingroup, especially additional nematodes)
have been applied to several of these datasets and, in each
case, these efforts to address LBA switch support from
Coelomata to Ecdysozoa [32-35].

Problems with presence/absence data arise because
their evolution violates Dollo’s law of irreversibility. In
instances of loss of a character, and contra Dollo, it is not

the T-box and RUNT domain have been found in the single-celled
Capsaspora owczarzaki [72]. This case is instructive because it
highlights the fact that gene families are often found to have arisen
before there was any necessity for the functions with which they are
typically associated, and that the chosen outgroup for a particular
clade (in this case Monosiga brevicollis) is not necessarily a good
proxy for the genome of the last common ancestor of a group, having
itself undergone secondary loss.

In preference to gene families, one would ideally identify precisely
the individual genes that constitute clade-specific synapomorphies.
Although the principles are clear, namely reconstructing a phylogeny
and identifying clade-specific gene-duplication events, the challenges
of performing these analyses robustly on a genome-wide scale are
formidable. Gene duplications are likely to lead to functional shifts
(and hence accelerated evolution) that are unevenly distributed over
the paralogous copies, leading to difficulties in inferring when the
duplication event occurred. The problem of secondary absence of
duplicated genes is particularly acute because duplicated genes are
likely to have some level of functional redundancy and are therefore
at elevated risk of being lost.

possible to differentiate between (i) the case in which a
taxon lacks a character because the taxon diverged before
the character evolved (primitive absence) and (ii) the case
in which a taxon lacks a character due to loss in a subset of
a clade whose ancestor possessed the character (derived or
secondary absence). In essence, although the derived state
might be complex and resistant to convergent evolution,
the primitive state (absence) is a very simple character and
is easily re-evolved. This inequality becomes a problem in
cases where differences in propensity for loss result in
systematic error [14].

MicroRNAs as phylogenetic indicators

One possible solution is to identify characters that, once
gained, are unlikely to be lost. This mode of evolution has
been expected to hold for microRNAs (miRNAS) which,
because they are generally thought to interact with multi-
ple target genes, are expected to be resistant to loss due to
the deleterious pleiotropic effects that would result. miR-
NAs have indeed had many notable successes and have
given invaluable support to a number controversial animal
groups including the Cyclostomata (lampreys and hagfish)
[36], the Mandibulata (insects, crustaceans and myria-
pods) [37], the Olfactores (urochordates and vertebrates)
[38], and the Deuterostomia [39]. Although they have an
impressive record, the immunity of miRNAs to loss turns
out not to be universally true. It was recently demonstrat-
ed, for example, that numerous miRNAs have been lost
from (or at least are undetectable in) the genome of the
supposedly primitive acoel flatworm Symsagittifera roscof-
fensis [39]. This type of systematic bias in propensity for
loss is exactly that which can lead to wrong answers with
presence/absence characters. In the case of the acoels, the
paucity of miRNAs led to incorrect support for a position
close to the outgroup and outside of the main clade of
Bilateria [39].

Characters that conform to Dollo: the example of the
NAD5 gene

A consequence of these considerations is the realization
that complex characters that do not violate Dollo’s law of
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Box 3. The NAD5 gene as an ideal synapomorphy of
protostomes

The usefulness of NAD5 was first pointed out in a study considering
the phylogenetic position of chaetognaths using whole mitochon-
drial genome sequences [41]. These authors noted clustered series
of amino acids in the NAD5 protein sequence that were highly
conserved across many eukaryotic groups including sponges,
cnidarians, ctenophores and deuterostomes. They showed that
these same amino acids were different, but equally conserved, in all
protostomes they looked at. In addition to these ‘conserved-but-
different’ amino acids, there is both a deletion of a single (otherwise
conserved) amino acid in all protostomes and a greatly shortened N-
terminus in protostomes when compared to all other eukaryotes. In
essence, the NAD5 gene conforms perfectly to our ideal character
with two complex character states, one primitive and one derived. It
is highly unlikely that the diverse animals that possess the derived
condition evolved it convergently, but it is equally unlikely that
those with the ‘primitive’ character state evolved it by reverse
evolution from the ‘derived’ state.

The protostome NADS5 character defines just a single clade on the
metazoan tree, but is nevertheless particularly interesting because
the existence of this clade serves to rule out a series of long-
disputed phylogenetic relationships:

(i) Arthropods and nematodes are both protostomes, and are
therefore more closely related to each other than either is to the
chordates (thus ruling out the Coelomata hypothesis) [13,25—
28,32-35].

(ii) Chaetognaths are protostomes (and therefore not deuteros-
tomes) [41,73-75].

(iii) The lophophorate phyla (brachiopods, bryozoans and phoro-
nids) are protostomes (and therefore not deuterostomes) [76-
791.

(iv) The acoel flatworms are not protostomes (and hence not the
sistergroup of the platyhelminthes) [39,80,81].

irreversibility would be robust indicators of phylogeny. The
straightforward way to avoid this problem is to use char-
acters in which the primitive state is as complex, and hence
as resistant to convergent (re) evolution, as the derived
state [40]. In essence, the character must be one that is
always present (instead of being absent or present) but
which exists in two equally complex character states —
primitive and derived. One such character, the mitochon-
drial NADH dehydrogenase subunit 5 (NAD5), clearly
illustrates this approach. NADS5 exists in two distinct
but conserved states that differ by multiple substitutions
and indels: one state is found in almost all eukaryotes
studied, including cnidarians and deuterostomes, and
represents the primitive character state for the animals;
the other state is found uniquely in the protostomes and
thus represents a shared derived character (synapomor-
phy) that unites the protostomes [41] (Box 3).

The successes of phylogenomics

The prolonged debate regarding Ecdysozoa versus Coelo-
mata has certainly highlighted many of the pitfalls associ-
ated with the use of such large datasets and has
contributed in great part to the first and arguably most
important contribution of phylogenomics studies — the
support they have given to the general view of animal
phylum level relationships derived from studies of SSU
rRNA: the so-called ‘new animal phylogeny’ [8]. Recently,
the more influential of such phylogenomic studies have
gone to great lengths to sample the broadest possible range
of taxa with a very large selection of orthologous genes [42-
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44]. Despite the controversy we have seen over the position
of the nematodes, this subsequent work has confirmed the
monophyly of the Ecdysozoa, Lophotrochozoa, Protostomia
and Deuterostomia and identified their constituent taxa.

When molecules and morphology clash

Most higher-level groupings of animals have been fairly
intensively sampled; why then have we not already
reached the end of metazoan high-level phylogenetics (no-
table remaining controversies are illustrated in Figures
2,3)? We suggest that part of the explanation lies in the
inability of large-scale holistic studies to address adequate-
ly the possibility of systematic artefacts affecting specific
parts of the tree. The second important contribution made
by recent genomic studies, therefore, has emerged from
more in-depth research into specific sets of relationships.
These questions have been targeted either because exist-
ing trees make little sense in terms of the characteristics of
the groups (they conflict with the known distribution of
presumed homologous morphological characters) or, more
generally, because different datasets have suggested dif-
fering conclusions. These more targeted studies highlight
the importance of stress-testing contentious aspects of
these large phylogenies.

A classic example of a clash between molecules and
morphology is found when considering the relationships
of the myriapods (millipedes and centipedes). The head
segments and in particular the mouthparts of myriapods
strongly resemble those of insects, and to a lesser extent
those of crustaceans; all three groups have therefore been
traditionally linked in a clade named Mandibulata in
recognition of the biting mandible that all three share as
their third head appendage. Molecular analyses, including
large phylogenomic studies, however, indicated that the
closest relatives of the myriapods were the chelicerates
(arachnids and horseshoe crabs) [45-48]. This separation
of myriapods from insects and crustaceans implied a sur-
prising (albeit not unprecedented [49]) degree of conver-
gent evolution between Myriapods and the crustacean/
insect clade [50-52]. Only work using increased sampling,
careful outgroup selection, assessment of the best-fitting
models of sequence evolution, and novel miRNA characters
was able to overcome the apparent effects of an LBA
artefact made worse by the short branch leading to the
Mandibulata [37,50,53,54]. With this somewhat labor-in-
tensive approach to the problem it was possible to show the
Mandibulata is a credible clade, reconciling morphology
with the results from molecular analyses [37].

Systematic errors from both molecules and morphology
The Mandibulata clade provides a clear example where
discordance between molecular and morphological char-
acters has tested the molecular phylogeny. Occasionally
however, both molecules and morphology have been found
to mislead in the same way. One important example is the
discovery that the closest relatives of the vertebrates are
not the fish-like cephalochordates but the unusual and fast
evolving urochordates [55]. The urochordates (e.g. sea
squirts) have a typical chordate tadpole larva but an
unusual sac-like, sessile and filter-feeding adult stage.
Molecules and morphology conspired to mislead because
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Figure 2. Notable open questions in the higher-level relationships of the Metazoa. (a) Position of the Ctenophora (comb jellies) relative to the Cnidaria, Porifera and
Bilateria. Some analyses support the traditional view in which the Porifera are basal to other groups [15], others place ctenophores as most basal branch of Metazoa
[43,61,62]. (b) Origins of Porifera (sponges). Different studies have supported multiple lineages (paraphyletic) [82], whereas others favor a single origin (monophyletic) [15].
(c) Chaetognaths (arrow worms) are protostomes [41] but it is not clear whether they belong with Lophotrochozoa, or with Ecdysozoa, or are outside both of these clades

[73].

both the high substitution rate (and, it turns out, secondary
absence of various genes and violent reorganization of the
genome as a whole) and the loss of typical chordate fea-
tures in the adult pointed to the urochordates as being an
early branch in chordate evolution. Dense species sampling
was the key to revealing the unexpected truth of a close
relationship between urochordates and vertebrates (Olfac-
tores) that has since been corroborated by additional evi-
dence [56-59].

The benefits of widespread genome and transcriptome
sequencing

Much progress has been made in the past 20 years in
resolving the relationships between all known metazoan
phyla and the influence of genome-scale approaches is
increasingly evident. Until recently, transcriptome se-
quencing was the principal route to providing massive
alignments of orthologous genes for phylogenomics. The
increasing taxonomically-broad reach of genome sequenc-

ing is improving matters further: by minimizing missing
data [17], by making available a sample of genes unbiased
by expression levels, and by providing large collections of
non-gene-sequence based characters. There are now many
parts of the metazoan phylogeny with broadly accepted
relationships in which different clades have diverse
sources of support; as can be seen from the unresolved
bushy areas of the consensus animal tree (Figure 3), how-
ever, a number of outstanding areas of disagreement or
uncertainty remain — most notably at the base of the tree
and within the Lophotrochozoa.

When looking to the solution of the remaining questions
at least one aspect appears clear: a mass of new data from
completed genomes and transcriptomes will emerge in the
near future in view of the decreasing cost and increased
availability of next-generation sequencing. This deluge of
data indicates, for sequence-alignment-based phyloge-
nomic analyses, that we have essentially overcome the
problem of stochastic error.
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Figure 3. Consensus view of metazoan higher-level taxonomy highlighting the evidence for specific nodes discussed in the text. (1) Olfactores not Euchordata [38,55,59]. (2)
Monophyletic Cyclostomata [36]. (3) Deuterostomia including Xenacoelomorpha [39,57]. (4) Monophyletic Xenacoelomorph [39] (5) Xenambulacraria [39,57]. (6) The
Ecdysozoa [16,19,32,34,35]. (7) Mandibulata not Myriochelata [37,64]. (8) Protostomes including chaetognaths [41,73,75,83]. Note the lack of resolution within
lophotrochozoan and ecdysozoan phyla. The Deuterostomia are boxed in blue; Protosomia in yellow. Within Protostomia, Ecdysozoa are boxed in orange and
Lophotrochozoa in green. Symbols indicate sources of support for numbered clades as discussed in the text.

As some of the examples we have given above show, large datasets because the likelihood that they are can-
however, large datasets are not necessarily sufficient in celled out by stochastic error begins to disappear — they are
themselves to minimize or eliminate errors in tree recon- said to be inconsistent. Moroever, it is axiomatic that the

struction. Systematic errors can in fact be accentuated by remaining areas of uncertainty in the metaozan tree are
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precisely those difficult nodes (typically closely spaced)
where systematic errors can most easily exert a major
effect. In consequence, simply building big datasets is
not sufficient to tackle these questions; further progress
in using genome- and transcriptome-grade data for meta-
zoan phylum-level phylogenetics will depend to a great
extent on adopting approaches to minimize systematic
error.

Broader taxonomic sampling

The first and most obvious improvement is to widen taxo-
nomic sampling. Although it is difficult to be prescriptive
about where this sampling should be done (because this
depends on the interests of the community), the falling cost
of genome sequencing gives grounds for optimism that
even minor phyla will soon have fully sequenced represen-
tatives. However, to date a number of phyla have been
barely sampled despite notable efforts to generate
sequences from the more obscure, minute or difficult-to-
collect groups of taxa [42,43].

The primary and obvious benefit of including new phyla
in the analysis is simply that this is the only way in which
they can be placed. More indirect but equally important
benefits are achieved by reducing the effects of homoplasy.
This bonus arises because insertion of additional taxa onto
existing branches provides information about intermedi-
ate character states along those branches. If there is a
convergent change in the branches leading to two taxa,
tracking of intermediate states along the branches can
reveal the independent evolution of the convergent
changes, and homoplasy will not result in false support
for grouping the two taxa. When dealing with LBA, adding
intermediate species can be more simply thought of as a
means to divide long branches. For some problematic
groups, however, more intensive sampling seems unlikely
to help: all extant species of some problematic phyla (chae-
tognaths [60] and ctenophores [61-63] for example) appear
to derive from relatively recent radiations — meaning that
essentially no intermediate (long-branch breaking) taxa
are available for sampling.

Additional complete genomes simplify inference of loss
The advantages accruing from deeper sampling are also
applicable to the seductive, but occasionally problematic,
presence/absence data. As discussed, the major problem
with such data is that secondary absence is generally
indistinguishable from the ancestral (plesiomorphic) state:
if secondary absences are sufficiently frequent and biased
towards only a subset of the taxa under investigation (as is
the case with introns in tunicates, compared to other
chordates for instance [59]), inferred phylogenies could
be incorrect. Sampling of sister taxa is able to reveal the
previous existence of secondarily absent characters in the
branch leading to the problematic species [14]. The useful-
ness of additional taxa has been clearly demonstrated in
studies [32-35] of the presence/absence data that had
initially supported Coelomata [13,25-27].

Can less sometimes be more?
Alongside deeper taxon sampling, we have seen the pro-
found effects that a more accurate evolutionary model can
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have on the correct reconstruction of phylogenetic relation-
ships. In a perfect world the ideal combination would be the
largest possible alignment of orthologous genes analyzed
with the best-fitting model possible, thus simultaneously
minimizing stochastic and systematic error. In reality,
however, the use of very large datasets in conjunction with
the models most able to reflect biological reality imposes a
toll on tractability in terms of computer capacity.

The most comprehensive analysis of metazoan phylum-
level relationships to date involved a dataset of 98 taxa
(including outgroups) and 270 580 aligned amino acids
[43]. This vast dataset was analyzed on the IBM Blue
Gene/Li supercomputer using the rapid RaxML software
rewritten for this distributed computing — but even with
this relatively simple approach the analysis took 2.25
million CPU hours to complete. Although a tour de force,
this analysis nevertheless seems likely to have suffered
from a degree of systematic error due to the suboptimal
model available to analyze such a large dataset [39]. More
complex models taking into account variation in amino
acid composition across sites as well as rates across sites
(CAT) have been shown to have a closer fit to real datasets
and to be less prone to LBA [20]. Reanalyses of this
complete dataset using CAT-type models are practically
impossible, however, as they are considerably more CPU-
intensive.

To achieve an accurate tree using current software and
hardware, a tradeoff must be made between the size of the
dataset and the sophistication of the method used to ana-
lyze it. One attractive approach is simply to discard posi-
tions (and also taxa) within the concatenated alignment
that are missing most data. This approach serves to short-
en the alignment while improving at least one measure of
quality: the proportion of missing data. One possible way to
make a virtue out of the necessity to cut the size of such
large datasets is to use a jackknife approach whereby a
randomly selected (large) proportion of the alignment is
omitted from multiple repetitions of the analysis. Each
random subsample can be analyzed relatively rapidly and
the repeated small samples used as nonparametric boot-
strap replicates providing an additional measure of node
support. An alternative is to address individual phyloge-
netic problems with bespoke datasets containing many
genes but fewer taxa (e.g. restricting an analysis to the
Lophotrochozoa), their selection depending on the problem
in hand. Finally, some workers are successfully using
datasets based on a large and predefined set of genes
(approximately 70) gathered by the more traditional ap-
proach of using degenerate PCR primers to amplify the
same gene regions from many taxa [64].

Systematic searches for ‘constant but different’ NAD5-
like genes

For future phylogenomic research the NAD5 example
could be an indicator of another way to proceed (Box 1).
The characteristic of NAD5 that makes it so useful can be
summarized as ‘constant but different’ because it is, in
effect, a binary switch with either a conserved primitive or
a conserved derived state. A systematic search for such
characters would need to identify genes with typical rates
of evolution within taxa but with an atypically high rate
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along an internode leading to one specific (and predefined)
clade — the branch along which the derived character state
has evolved. Some work in this direction has already been
carried out, albeit with an eye to discovering genes with a
step-change in function rather than for their use in phy-
logenetics [65].

Co
To

ly

ncluding remarks
the outsider, phylogenetic debates can seem particular-
fractious. If different investigators can reach strongly

supported but entirely different conclusions by analyzing
the same data, how does a consensus emerge and should it

be

trusted? A central guide here must be concordant

results from distinct sources of data, be they molecular
or morphological, and the biological credibility of the alter-
native views.

In this context, the value of rare genomic changes and

genomic presence/absence characters is not as traits that
will definitively resolve all phylogenetic questions, but as
additional and relatively independent tests of hypotheses.
If the evidence of such rare genomic changes is entirely
inconsistent with all other hypotheses, it is as much our
assumptions about these changes, and the manner in
which genomes can evolve, that should be subject to scru-
tiny.

The falling cost of DNA sequencing means that, in the

near future, phylogenetic questions will be approached
with greatly expanded molecular datasets, both in terms
of sampled taxa and quantity of data, as transcript sam-
pling becomes less attractive than whole-genome sequenc-
ing. Dense taxon sampling of genomes will lead to a better

un

derstanding of the evolutionary dynamics of processes

such as changing intron locations and the secondary ab-
sence of characters such as miRNAs, and will also provide
greatly expanded gene sets. Concordant phylogenetic
results from these multiple data sources will ultimately
prove hard to argue with. Such a situation returns us to the
question of whether Cambrian cladogenesis has left a
sufficient genomic signal to resolve inter-phylum relation-
ships. Based on the results from the disparate datasets
reviewed here, we see reasons for optimism.
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