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a b s t r a c t

Resolving evolutionary relationships in groups that underwent fast radiation in deep time is a problem
for molecular phylogeny, as the scant phylogenetic signal that characterises short internal branches is
generally swamped by more recent substitutions. We implement an approach, that maps how the sup-
port for rival phylogenies changes when analysing subsets of sites with either faster and more heteroge-
neous rates or slower and more homogeneous rates, to address a long-standing problem in deuterostome
phylogeny – the interrelationships of the eleutherozoan echinoderm classes. We show that miRNA genes
are phylogenetically uninformative as to the relationships of asteroids, echinoids and ophiuroids, consis-
tent with a rapid radiation of these groups as suggested by their fossil record. Using three nuclear rRNAs
and seven nuclear housekeeping genes, we map the support for the three possible phylogenetic arrange-
ments of asteroids, ophiuroids and echinoids when moving between subsets of the data with very similar
or very different rates of evolution. Only one of the three possible topologies (asteroids (ophiu-
roids + echinoids)) strengthens when the most rate-homogeneous subset of data are analysed. The other
two possible pairings become stronger in a less reliable data subset, which includes the fastest and thus
homoplasy-rich data in our alignment. Thus, while superficial analysis of our concatenated alignment
identifies asteroids and ophiuroids as sister taxa, more thorough analyses suggest that ophiuroids may
be more closely related to echinoids. Divergence of these echinoderm groups, using a relaxed molecular
clock, is estimated to have occurred within �5 million years. Our results illustrate that the analytic
approach of phylogenetic signal dissection can be a powerful tool to investigate rapid radiations in deep
geologic time.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction challenge (Brinkmann and Philippe, 1999; Ruitz-Trillo et al., 1999;
Both morphological and molecular approaches to phylogenetic
reconstruction work well when divergences between taxa are sep-
arated by relatively long time intervals, as the accumulation of
substantial numbers of derived characters in the stem lineages cre-
ates a strong phylogenetic signal. However, when divergence oc-
curred rapidly in deep time and stem lineages are of short
duration, accurate phylogenetic reconstruction is difficult. This is
because continuing evolution results in convergence and reversals
that ultimately overwhelm the weak signal in short internal
branches. In such situations, unequal rates of evolution can lead
some branches to accumulate a significantly larger number of sub-
stitutions leading to the well-known problem of long-branch
attraction (LBA: Felsenstein, 1978). While LBA has long been recog-
nised as a problem, how best to identify trees affected by LBA and
tease out historical signal from systematic biases remains a major
ll rights reserved.
Pisani, 2004; Lartillot and Philippe, 2008; Jeffroy et al., 2006;
Sperling et al., 2009; Rota-Stabellli et al., 2010). Indeed, while the
signature of rapid divergence is a phylogenetic tree where branch-
ing order cannot be resolved with confidence, LBA can confuse the
picture causing the recovery of artefactual groups with very high
support (Jeffroy et al., 2006).

One problematic area of the metazoan tree concerns how the
five echinoderm classes are related (Smith et al., 2004; Janies
et al., 2011). Both morphology and molecular data place crinoids
as sister group to the other classes (echinoids, asteroids, ophiu-
roids, holothurians), and pair echinoids and holothurians together.
Yet the interrelationships of asteroids, ophiuroids and the echi-
noid–holothurian clade remain disputed. Morphological data
favours either an asteroid–ophiuroid pairing (Mooi and David,
2000) or an ophiuroid plus echinoid–holothurian pairing (Little-
wood et al., 1997), whereas different molecular analyses have
found support for all three possible groupings (Field et al., 1988;
Littlewood et al., 1997; Janies, 2001; Mallatt and Winchell, 2007;
Pereske et al., 2010; Janies et al., 2011; Letsch and Kjer, 2011).

http://dx.doi.org/10.1016/j.ympev.2011.08.028
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These echinoderm clades pose a particularly acute problem for
molecular phylogenetic analyses because they underwent crown
group diversification long after they had split from one another
and all three have long stem groups that cannot be broken up by
selective sampling of the modern fauna, making them particularly
susceptible to LBA.
2. Materials and methods

2.1. Molecular data assembled

Total RNA was collected from the ophiuroid Ophiopholis and a
small RNA library constructed and sequenced following Wheeler
et al. (2009), resulting in 3804 parsed non-redundant reads. These
were then compared with previously published small RNA libraries
drawn from an asteroid (Henricia sanguinolenta), echinoid (Strong-
ylocentrotus purpuratus), hemichordate (Saccoglossus kowalevskii)
and other metazoans published previously and analysed by
miRMiner (Wheeler et al., 2009) for known and potentially novel
miRNAs (Table S1).

Six nuclear housekeeping genes (aldolase, methionine adenosyl-
transferase, ATP synthase beta chain, elongation factor 1 alpha,
triosephosphate isomerase and phosphofructokinase) were se-
quenced from the ophiuroid Ophiopholis sp. following the protocol
described in Sperling et al. (2009). These sequences have been
deposited in Genbank under accession numbers (JN716365–
JN716370). Sequences for Aplysia californica, Alvinella pompejana
and Tubifex tubifex, as well as three genes for Carinoma mutabilis,
were downloaded from the NCBI trace archives. Unpublished se-
quences from Chaetopleura apiculata and Leptochiton asellus were
kindly provided by J. Vinther (Yale University). Sequences for other
lophotrochozoan taxa were taken from previously published reports
(Peterson et al., 2004), and new sequences were manually added to
the pre-existing alignment used, for example in Sperling et al.
(2011). Data for ribosomal 5.8S, 18S and 28S ribosomal genes for
22 deuterostome, 35 lophotrochozoan, and 15 ecdysozoan taxa were
assembled, either taken directly from Mallatt et al. (2010) or down-
loaded from the NCBI Genbank website and manually aligned to the
Mallatt et al. (2010) sequences. Chimaeras at the generic level were
permitted when data for the same species were not available. After
the removal of minor indels, the amino acid matrix was 88% com-
plete and the ribosomal matrix was 76% complete. The seven nuclear
housekeeping genes (2049 amino acids in total) and three ribosomal
genes (4682 nucleotides in total) were concatenated for analysis.
2.2. Sequence analysis

2.2.1. Conventional phylogenetic analysis
The protein and rRNA partitions were first independently ana-

lysed to investigate the nature of the principal signal (Pisani and
Wilkinson, 2002) in these data sets. Protein analyses were per-
formed using the heterogeneous CAT-GTR model, and rDNA analy-
ses were performed using the GTR + G model, which proved to be
the best fitting model (selected using MrModeltest) for our nucle-
otide data. CAT-GTR analyses were performed in Phylobayes V. 3
(Lartillot and Philippe, 2004). We used posterior predictive analysis
as implemented in Phylobayes (see also Sperling et al., 2009) to
discover whether the taxa of interest (i.e. the echinoderms) were
compositionally homogeneous or heterogeneous.

The rRNA and protein partitions were concatenated and ana-
lysed under mixed models using Bayesian and Maximum Likeli-
hood (ML) analyses. Maximum Parsimony (MP) and Neighbour
Joining (NJ) (with uncorrected P distances and no gamma correc-
tion) were also performed. Bayesian analyses were performed
using MrBayes 3.1 (Huelsen-beck and Ronquist, 2001), ML analyses
were performed using RAxML (Stamatakis, 2006), while MP and NJ
analyses were performed using PAUP4b10 (Swofford, 2002).
Support for nodes found in the MP, NJ and ML analyses was esti-
mated using the bootstrap, with 500 replicates for MP and NJ
(but see Supplementary information) and 5000 replicates for ML.

For all Bayesian mixed models analyses both the rRNA and pro-
tein partitions were modelled using GTR + G. Sperling et al. (2009)
showed that for this protein data set, GTR + G is the best fitting
amongst the homogeneous substitution models implemented in
MrBayes, whilst we showed here that GTR + G is the best fitting
model for our nucleotides partition. CAT-GTR analyses could not
be performed for the concatenated data set because of software
limitation (Lartillot, pers. comm.). For the ML analyses the protein
partition was modelled using LG + G. The nucleotide partition was
modelled using GTR + G.

2.2.2. Phylogenetic signal dissection
Both the rRNA and the Protein data sets were partitioned into

sets of ‘‘homogeneously evolving’’ and ‘‘heterogeneously evolving’’
sites using a modification of Brinkmann and Philippe’s (1999)
slow–fast approach (see Sperling et al., 2011 for justifications). This
method assigns rates to characters semi-independent of tree topol-
ogy. The characters in the rRNA and protein data sets were inde-
pendently ranked according to their evolutionary rate (estimated
as slow–fast parsimony scores) and partitioned into four quartiles.
For each data set (proteins and rRNAs) characters were split into
two groups: the first containing all the sites in the fourth quartile
plus invariant sites, the second contained all the variant sites in the
first, second and third quartiles. The characters in the first data
partition represent a combination of sites with highly heteroge-
neous rates (i.e. very fast and constant sites only). This partition in-
cluded 1247 AA and 3206 NN positions, of which 748 AA and 2332
NN positions were constant and 499 AA and 874 NN where
deemed to be fast evolving. Because of the extreme rate variation
(including constant and fast evolving sites only), and the high sub-
stitution rates and homoplasy levels of the variable characters it
includes, this data partition presents a hard phylogenetic problem,
and is prone to generate phylogenetic artefacts (e.g. LBA) even
when analysed using well-fitting, parameter-rich models. The sec-
ond data partition is composed of phylogenetically more reliable,
rate-homogeneous, characters of slow to intermediate evolution-
ary rate. This partition includes 811 AA and 1476 NN (all of which
are parsimony informative) and is more likely to support relation-
ships that represent historical signal (see Sperling et al., 2009,
2011; Rota-Stabellli et al., 2010).

We then evaluated the strength of the signals supporting the
three possible arrangements of asteroids, echinoids and ophiuroids
residing in the three data sets (i.e. all sites, rate-heterogeneous
sites and rate-homogeneous sites), under three, differently per-
forming, methods – Parsimony, Neighbour Joining and Bayesian
analysis. The fit to data of the three topologies (see Fig. 1) into
which asteroids, echinoids and ophiuroids can be arranged were
compared using Bayes Factors (BF; e.g., Sperling et al., 2010;
Holton and Pisani, 2010) as follows. For each data set (homoge-
neous, heterogeneous and all sites), and each sister-group hypoth-
esis (E + O, A + E and E + A), a constrained tree search (of 2 runs and
four chains per run) was performed in MrBayes (Huelsenbeck and
Ronquist, 2001). Each constrained tree search was run for
5,000,000 generations and a burn-in of 2,500,000 generations
was used. This burn-in period was sufficiently long to allow each
analysis to converge, and generated an identical number of data
points (per data set and hypothesis) to calculate the BF. For each
data set, the MrBayes ‘‘.p’’ file corresponding to the chain of max-
imal marginal likelihood across all trees (estimated using the
harmonic mean) was selected, and used to estimate the BF for each
pair of considered hypotheses in Tracer v1.5.1 (Rambaut and
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Fig. 1. MicroRNA phylogeny of deuterostomes highlighting the lack of phyloge-
netically informative characters for resolving echinoderm class relationships.
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Drummond, 2007). Because the variance around the BF harmonic
means can be extremely large (Lartillot and Philippe, 2005), we
followed the suggestion of Marc Suschard (unpublished but
see http://groups.google.com/group/beast-users/browse_thread/
thread/3e9d7da1eeb9d6c8/9e3aa8eb29c76978?pli=1), that BF be
calculated multiple times from the same data to estimate how
much the results vary. Here, we have calculated the BF twice, start-
ing from two independent MrBayes runs (time and computational
limitations prevented us from performing more independent
tests). In addition, all our BF results are presented in association
with Standard Errors around the calculated harmonic means. For
all BF analyses the protein and the nucleotide partitions were mod-
elled using two unlinked GTR + G models.

To estimate the strengths of alternative signals in the three data
sets we performed bootstrap analyses under MP, NJ and ML and
compared the support for the three alternative topologies. Similar
analyses could not explicitly be performed in a Bayesian frame-
work, because, for each of the tree data sets, only one of the alter-
native hypotheses was supported. For each data set, some of the
alternative hypotheses received low to extremely low levels of
support, indicating that the strength for that signal in that data
set was minimal. To evaluate whether these low support values
represented an artefact of the bootstrap resampling, or a real fea-
ture of the data, for each data set we performed multiple bootstrap
analyses (only under MP and NJ). In these analyses the number of
replicates was incrementally augmented. Bootstrap analyses were
performed (in Paup4b10) using 100, 500, 1000, 5000 and 10,000
replicates by which time the signal had stabilised around a given
value.

2.3. Molecular clock analyses

All relaxed molecular clock analyses were performed using the
software Phylobayes version 3 (Lartillot and Philippe, 2004) fol-
lowing the protocol of Sperling et al. (2010) and using the CIR mod-
el, an autocorrelated model that fits this data set better than
uncorrelated models (Sperling et al., 2010). An additional 29
sponge, seven cnidarian and two non-metazoan outgroups (the
choanoflagellate Monosiga brevicollis and the yeast Saccaromices
cerevisiae) were added to the dataset to maximise the number of
calibration points. Clock analyses used a fixed topology based on
the results of the homogeneous data set only (i.e. with an ophiu-
roids plus echinoids grouping), combined with the results of
Sperling et al. (2010). Branch lengths for this fixed topology (Table
S9) were re-estimated under the CAT-GTR model using only the
protein alignment. A total of 24 calibration points, spread phyloge-
netically throughout Metazoa and spaced temporally from the
Miocene to Cryogenian, were used (Supplementary data, Table
S2). Using Phylobayes two chains were initially run using soft
bounds and allowing 5% of the prior probability density to lie
outside of the minimum–maximum interval defined for each
calibration point. Further analyses were performed to test the
effect of different levels of relaxation on the recovered ages. We
calculated divergence times allowing 10%, 25% and 50% of the prior
probability density of each calibration point to lie outside the min–
max interval defined by the provided calibration points. Analyses
were also run with no-data to test the effect of our calibrations
on the unconstrained nodes; this was done to test whether ‘‘com-
posite calibration points’’ (i.e. the effect of multiple surrounding
calibration points on intervening nodes) could have biased our
results. The root node in our molecular clock analyses represents
the split between Fungi and the Holozoa, and all the above-
mentioned analyses were run using a prior root age of 1000 Ma
and a standard deviation of 100 Ma. Analyses performed using
the 5% relaxation level were also performed using a significantly
deeper prior root (1600 Ma) and a SD of 700 Ma to test the effect
of the root-prior on our divergence times.
3. Results

3.1. MicroRNA markers in echinoderms

Virtually all expected miRNAs were discovered in our ophiuroid
small RNA library, including the deuterostome-specific miR-103/
107/2013, the ambulacrarian-specific miRNAs miR-2008, -2011
and -2012, and seven echinoderm-specific miRNAs (Fig. 1). No
miRNA shared between any two of the three echinoderms to the
exclusion of the third was found (Supplementary data, Table S1).
Only six potential miRNA sequences were shared among at least
two of these three taxa, but none of these was a novel miRNA
(three were transfer RNA sequences, and the other three were edits
to known miRNAs).
3.2. Phylogenetic analyses of standard sequence data

Posterior predictive analysis showed that amino acid sequences
in all species relevant to this study (and the great majority of the
species in this data set) are compositionally homogeneous (Supple-
mentary data, Table S3). The nucleotide data do, however, show
compositional heterogeneity, although the ophiuroid and most
echinoid sequences are compositionally homogeneous (Supple-
mentary data, Table S4). This is not considered a problem for our
analyses, as we never observe compositionally heterogeneous taxa
grouping together.

As the relationships between outgroup organisms are essen-
tially static across analyses, only the three taxa under consider-
ation – echinoids (E), asteroids (A) and ophiuroids (O) – are
discussed. Analyses of the rDNA (Supplementary Fig. S1) and of
the protein data (Supplementary Fig. S2) partitions found low sup-
port for the grouping A + O (Posterior Probabilities (PP) = 0.56
(rDNA) and 0.49 (protein)). This group is then sister to the
echinoids in both the rDNA (PP = 0.97) and protein data (PP = 1).
Analyses of the concatenated (proteins and rRNA) data set
performed under mixed models (Fig. 2A, left; Supplementary
Fig. S3) also support a sister group of A + O, but with higher
support (PP = 0.97; ML-BP = 0.71). This group is then the sister of
the echinoids (PP = 1). Although data concatenation increased the

http://groups.google.com/group/beast-users/browse_thread/thread/3e9d7da1eeb9d6c8/9e3aa8eb29c76978?pli=1
http://groups.google.com/group/beast-users/browse_thread/thread/3e9d7da1eeb9d6c8/9e3aa8eb29c76978?pli=1


Fig. 2. Cladograms summarising levels of Bayesian Factors support for alternative potential topologies under different data partitions of the combined rDNA and protein
sequences A, full sequence; B, partition of the quartile of fastest evolving sites plus invariant sites (heterogenous partition); C, partition of the slow and intermediate evolving
sites only (homogeneous partition). Shaded box indicates best-supported topology in each case.
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support for A + O (Fig. 2A), a common feature of these trees (Sup-
plementary Figs. S1-3) is that the asteroid and ophiuroid terminal
branches are long whilst the internal branch uniting them is very
much shorter, raising the possibility that the pairing of asteroids
and ophiuroids could be the result of LBA.

3.3. Phylogenetic signal dissection of rate-homogeneous and rate-
heterogeneous data partitions

The fit of our data sets to the three alternative phylogenetic
hypotheses was tested using Bayes Factors (Supplementary data,
Tables S5-7). Results obtained in the two independent BF analyses
are in full agreement, and comparisons of the estimated harmonic
means (with their bootstrapped confidence intervals) show that
uncertainty around the estimated harmonic means should not be
a problem for our analyses.

When all sites are used BF clearly supports the A + O pairing and
finds least support for the E + O pairing (Fig. 2A). Analysis of the
heterogeneous data partition also identified strong support for
the pairing A + O (PP = 1; ML-BP = 79 Fig. 2B). The homogeneous
data partition, however, supports a different set of relationships,
pairing O + E (PP = 0.93 Fig. 2C). Support for an A + O, or E + A pair-
ing is minimal in this subset of data (less than 0.1 for both hypoth-
eses; Fig. 2C). Exactly the same pattern is recovered when the
analyses are repeated under ML, with higher support for an E + O
pairing appearing in the homogeneous data partition, although
support values are much lower and non-significant. Thus, the sig-
nal that groups A + O is strongest in the heterogeneous partition,
whereas that for E + O is strongest in the homogeneous partition.
Indeed, E + O is the only grouping that is better supported in the
homogeneous partition (Fig. 2C), than in either the heterogeneous
data partition or the full alignment. Note that the precise level of
support for this group is method dependent, being higher under
Bayesian analysis than maximum likelihood. This in part is to be
expected as the bootstrap is known to be over-conservative whilst
posterior probabilities might be too optimistic (e.g. Douady et al.,
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2003). However, in this case the lower support obtained under ML
(given also the substantial difference in support observed), most
likely reflects the poor ability of MCMC methods to deal with com-
plex models and mixed data sets (e.g. Lartillot and Philippe, 2004).
Accordingly, we suggest the results of the Bayesian analysis, in this
specific case, may better describe the strength of the signal in the
compared data sets.

When the full data set is analysed using NJ and observed dis-
tances, a method and a distance measure that perform poorly
and are easily swayed by LBA, support is again found for an A + O
pairing (BP = 55%) (Fig. 3). The support for this group reaches a
maximum of 65% in the NJ analysis of the heterogeneous data,
and drops to 33% in the NJ analysis of the homogeneous data. Par-
simony analysis (which is also easily swayed by LBA) of the com-
plete data set finds virtually no support for E + O pairing
(BP = 3%) and minimal support for the A + O group (BP = 15%),
favouring instead a pairing of E + A (BP = 81%) (Fig. 3). As found
with the NJ analyses, when the heterogeneous data are analysed
with MP, the support for A + O rises to 36%, whereas support for
E + A decreases to BP = 63% and support for E + O drops to zero.
However, when the homogeneous data are analysed with MP, sup-
port for E + O increased to 55%, whilst support for E + A and A + O
decreased to 26% and zero, respectively. That these differences
are not stochastic variations associated with the heuristic nature
of the bootstrap is demonstrated by the consistency of the differ-
ences observed (Fig. 3).

3.4. Molecular divergence estimates

Using a relaxed molecular clock methodology we find that the
divergence amongst the sampled eleutherozoan echinoderms is
estimated to be Early Ordovician �480 Ma (95%CI = 505–446)
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(Fig. 4). Consistent with the fossil record (Dean-Shackleton, 2005;
Smith and Savill, 2001), we estimate that ophiuroids and echinoids
diverged very soon afterwards, roughly 475 Ma (95% CI = 501–440)
(Fig. 3). Thus, this is indeed a very rapid divergence, spanning
approximately 5 million years. Sensitivity analyses indicate that
our dates are robust and unlikely to have been caused by the use
of inappropriate fossil calibrations. Running the analyses under
the priors shows that our set of calibrations seem appropriate to
address the problem at hand (not shown). Relaxing the soft bounds
to allow up to 10%, 25%, or 50% of the prior probability density to
lie outside of the minimum–maximum interval of each considered
calibration point caused negligible changes to estimated echino-
derm ages, and in two cases (10% and 25%) cases still recovered
divergence times that lay within the 95% confidence interval of
the analysis run under the default 5% relaxation level (Supplemen-
tary data, Table S8). Finally, changing the root prior age did not sig-
nificantly affect our recovered divergence times (Supplementary
data, Table S8).
4. Discussion

MicroRNAs are a diverse family of small, non-coding regulatory
genes present throughout Bilateria. Because they are continually
added to over time, rarely change in primary sequence and are only
rarely secondarily lost in most taxa, they are considered reliable
phylogenetic markers (Sperling et al., 2010; Sperling and Peterson,
2009; Heimberg et al., 2010; Rota-Stabellli et al., 2010). Yet unex-
pectedly we found no unique microRNAs to resolve the asteroid–
echinoid–ophiuroid trichotomy (Fig. 1). Polytomies that cannot
be resolved using microRNAs must be considered as potentially
having undergone rapid divergence, a possibility also suggested
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by the fossil record (Smith, 1988), the volatile phylogenetic signal
that emerges from gene sequence data (Fig. 2), and our molecular
divergence estimates (Fig. 4).

Reconstructing relationships of clades that have radiated rap-
idly deep in geological time has proved to be particularly difficult,
and the general approach adopted to address such problems has
been to try and tease out a weak signal using larger and larger data
sets (e.g. Holton and Pisani, 2010; Rota-Stabellli et al., 2010; Dunn
et al., 2008; Hejnol et al., 2009). However, while increasing the
dimension of the data set can eliminate stochastic errors, it will
also exacerbate systematic errors like LBA (Sperling et al., 2009;
Pick et al., 2010). Indeed, it is a misconception that simply adding
more data will eventually lead to the recovery of the correct phy-
logeny; if the data are affected by LBA then the opposite will hap-
pen (Jeffroy et al., 2006).

The comparison of phylogenies obtained using differently fit-
ting substitution models (and differently performing phylogenetic
methods) has previously been used to identify LBA artefacts. This is
because well-fitting substitution models (e.g. the CAT model of
Lartillot and Philippe, 2008), and optimal outgroup selection
(Rota-Stabellli and Telford, 2008) can help reduce LBA (Sperling
et al., 2009; Rota-Stabellli et al., 2010; Rodriguez-Ezpeleta et al.,
2007). An alternative, but less frequently used, strategy to circum-
vent LBA is to exclude sites with high evolutionary rate (i.e. site
stripping) from the analyses (e.g. Brinkmann and Philippe, 1999;
Rodriguez-Ezpeleta et al., 2007; Pisani, 2004; Sperling et al.,
2009; Rota-Stabellli et al., 2010).

Wägele (1999) identified three classes of LBA artefact: sympl-
esyomorphy trap (Type I LBA), erosion of phylogenetic signal (Type
II LBA), and misleading and invisible attraction due to non-homol-
ogous similarities (Type III LBA). Each affects tree topology in a dif-
ferent way, producing artefactual topologies with different
characteristics. However, all stem from the same phenomenon:
the existence of substantially different lineage-specific substitu-
tion rates. Site-stripping approaches that exclude sites that accu-
mulate substitutions at high rate (thus contributing to LBA),
certainly help circumvent Type II and III artefacts, but it is unclear
how much site stripping can help circumventing Type I artefacts.
However, the application of site stripping should not exacerbate
Type I LBA artefact, so long as only fast evolving sites are excluded.
This is because rapidly evolving sites tend to be saturated and
hence rich in homoplasy (including reversals) and poor in true apo-
morphies. True apomorphies are concentrated rather in sites of
either slow or (most likely) intermediate rate, which we retain.
Accordingly, exclusion of fast sites should not increase the true
plesiomorphy to true apomorphy ratio in the data set, which is
ultimately responsible for Type I LBA artefacts (see Wägele,
1999). In any case, it is clear that, even for data affected by Type
I LBA, if noisy (fast) sites are excluded true but weak phylogenetic
signal is more likely to emerge. Hence, we would expect that
exclusion of sites of high rate (where multiple substitution are
more likely to accumulate) should have a generally positive (or
in the worst case neutral) effect independent of the LBA type
affecting a data set.

It is important to bear in mind that site-stripping based meth-
ods are not the only possible approach to attempt circumventing
systematic artefacts (see Jeffroy et al., 2006 and references there-
in), and they should not be considered a generalised panacea. Their
utility is limited to deep time studies where anciently acquired
substitutions at fast evolving sites are likely to have been erased
by subsequent substitutional events.

In contrast to standard site stripping approaches, where only
sets of slowly evolving sites are analysed, our approach (see also
Sperling et al., 2009, 2011) compares the strength of phylogenetic
signals in both the slow and fast evolving data, thus effectively
associating the various signals to subsets of data. Signals associated
with fast evolving sites most likely characterise artifactual groups,
while those associated with slowly evolving sites are more likely to
support real clades. Our results suggest that there is a partitioning
of the signals within this data set, with the signal supporting the
pairing of asteroids and ophiuroids concentrated in the fast (i.e.,
heterogeneous) positions and that supporting the pairing of echi-
noids and ophiuroids concentrated in the slow (i.e., homogeneous)
positions. Support for the pairing of echinoids and asteroids is
more widely distributed with some support for this group present
in the homogeneous partition but with the majority residing in the
heterogeneous partition.

These results clearly illustrate a serious, often underestimated
potential pitfall of supermatrix analyses, that a clade with strong
support might not necessarily be real. Our conventional analysis
of aligned gene sequence finds strong and unambiguous support
for an asteroid–ophiuroid pairing. However, data partitioning sug-
gests this is most likely an LBA artefact since the data set scoring
the most unreliable sites in our alignment strongly support an
asteroid–ophiuroid pairing and provide a better fit than either
the slow-evolving sites or the complete data to trees displaying
this clade. In contrast, the analyses of the homogeneous data set
tend to support an ophiuroid + echinoid grouping. This indicates
that the signal for this clade is concentrated in the slowly evolving
(more reliable) sites (Fig. 2), and is thus likely to represent phylo-
genetic signal. While this signal is not very strong, this is to be ex-
pected given that the signal for this grouping is swamped by other
signals in the complete data set. Our signal dissection approach
therefore provides a simple means of distinguishing those group-
ings more likely to be driven by LBA (e.g., asteroid + ophiuroid)
from those more likely to represent genuine phylogenetic signal
(e.g., echinoid + ophiuroid).

These results help explain why previous molecular analyses
have come to different conclusions concerning the interrelation-
ships among eleutherozoan echinoderms. Littlewood et al. (1997)
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excluded all sites that could not be unambiguously aligned (thus
avoiding the most rapidly-evolving sites), and discovered a weak
signal for an echinoid–ophiuroid pairing. In contrast, Janies
(2001) and Janies et al. (2011) analysed RNA data using POY
(Wheeler et al., 1996; Varón et al., 2010), a technique that carries
out tree building and sequence alignment simultaneously on the
complete sequence and thus includes regions of highly ambiguous
alignment. Initially Janies (2001) found strong support for an aster-
oid–ophiuroid pairing, and no signal for the echinoid–ophiuroid
pairing. Later Janies et al. (2011) showed that class relationships
could not be resolved because the outcome was very sensitive to
tree search parameters being used. By including poorly aligned
(i.e., faster evolving) regions, the direct optimisation approach
implemented in POY is much more likely to find support for arti-
factual clades. Similarly we suspect that Pereske et al.’s (2010)
analysis of mitochodrial genome architecture and amino acid se-
quences, which consistently recovered only one clade comprising
asteroids, echinoids and holothurians, is most likely an artefact.
Ophiuroids proved to be both very long-branched and highly diver-
gent in genome architecture while crinoids had markedly different
nucleotide compositions of protein coding genes.

Confirmation that echinozoans and ophiuroids form a clade will
require analysis of many more slowly evolving genes. However,
our preliminary results point to this being the only grouping sub-
tended by an historical signal in our data. If correct this has impor-
tant implications for the morphological evolution of echinoderms.
First it confirms that that the morphologically similar pluteus lar-
val stages of echinoids and ophiuroids are indeed homologous
rather than convergent, as first suggested by Hyman (1955). It also
supports the view that neurulation of the radial nerve in echinoids,
holothurians and ophiuroids evolved just once, as argued by Heinz-
eller and Welsch (2001). Finally, the stellate body plan of asteroids
and ophiuroids must be plesiomorphic with the globular echinozo-
an body plan derived from it. The outstanding problem now for
palaeontology is to identify whether any of the early fossil aster-
ozoans are potential stem group echinoids + holothurians.

Acknowledgements

DP is supported by a Science Foundation Ireland Research Fron-
tier Programme grant (08/RFP/EOB1595). All molecular analyses
were performed using the computing infrastructures provided by
the Irish Center for High End Computing (ICHEC), and the National
University of Ireland Maynooth High Performance Computing
facility. RF is supported by an IRCSET (Irish Research Council for
Science Engineering and Technology) PhD Studentship. KJP is sup-
ported by the National Science Foundation and a NASA National
Astrobiology Institute grant. We should like to thank two anony-
mous referees for their helpful suggestions, and J. Robertson, V.
Moy and E. Sperling for technical assistance.

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.ympev.2011.08.028.

References

Brinkmann, H., Philippe, H., 1999. Archaea sister group of Bacteria? Indications from
tree reconstruction artifacts in ancient phylogenies. Mol. Biol. Evol. 16, 817–825.

Dean-Shackleton, J., 2005. Skeletal homologies, phylogeny and classification of the
earliest Asterozoa. J. Syst. Palaeontol. 3, 29–114.

Douady, C.J., Delsuc, F., Boucher, Y., Doolittle, W.F., Douzery, E.J.P., 2003. Comparison
of Bayesian and maximum likelihood bootstrap measures of phylogenetic
reliability. Mol. Biol. Evol. 20, 248–254.

Dunn, C.W., Hejnol, A., Matus, D.Q., Pang, K., Browne, W.E., Smith, S.A., Seaver, E.,
Rouse, G.W., Obst, M., Edgecombe, G.D., Sørensen, M.V., Haddock, S.H.D.,
Schmidt-Rhaesa, A., Okusu, A., Kristensen, R.M., Wheeler, W.C., Martindale,
M.Q., Giribet, G., 2008. Broad phylogenomic sampling improves resolution of
the animal tree of life. Nature 452, 745–749.

Felsenstein, J., 1978. Cases in which parsimony or compatibility methods will be
positively misleading. Syst. Zool. 27, 401–410.

Field, K.G., Olsen, G.J., Lane, D.J., Giovannoni, S.J., Ghiselin, M.T., Raff, E.C., Pace, N.R.,
Raff, R.A., 1988. Molecular phylogeny of the animal kingdom. Science 239, 748–
753.

Heimberg, A.M., Cowper-Sallari, R., Sémon, M., Donoghue, P.C.J., Peterson, K.J., 2010.
MicroRNAs reveal the interrelationships of hagfish, lampreys, and
gnathostomes and the nature of the ancestral vertebrate. Proc. Natl. Acad. Sci.
USA 107 (45), 19379–19783. doi:10.1073/pnas.1010350107.

Heinzeller, T., Welsch, U., 2001. The echinoderm nervous system and its
phylogenetic interpretation. In: Roth, G., Wullimann, M.F. (Eds.), Brain
Evolution and Cognition. John Wiley and sons, New York, pp. 41–75.

Hejnol, A., Obst, M., Stamatakis, A., Ott, M., Rouse, G.W., Edgecombe, G.D., Martinez,
P., Bagu, J., Bailly, X., Jondelius, U., Wiens, M., Mueller, W.E.G., Seaver, E.,
Wheeler, W.C., Martindale, M.Q., Giribet, G., Dunn, C.W., 2009. Assessing the
root of bilaterian animals with scalable phylogenomic methods. Proc. Roy. Soc.
Lond. B 276, 4261–4270.

Holton, T.A., Pisani, D., 2010. Deep genomic-scale analyses of the Metazoa reject
Coelomata: evidence from single- and multigene families analyzed under a
supertree and supermatrix paradigm. Genome Biol. Evol. 2, 310–324.

Huelsenbeck, J.P., Ronquist, F., 2001. MRBAYES: bayesian inference of phylogeny.
Bioinformatics 17, 754–755.

Hyman, L., 1955. The Invertebrates: Echinodermata, vol. 4. McGraw Hill, New York.
Janies, D., 2001. Phylogenetic relationships of extant echinoderm classes. Can. J.

Zool. 79, 1232–1250.
Janies, D., Voight, J.R., Daly, M., 2011. Echinoderm phylogeny including Xyloplax, a

progenetic asteroid. Syst. Biol. doi:10.1093/sysbio/syr044.
Jeffroy, O., Brinkmann, H., Delsuc, F., Philippe, H., 2006. Phylogenomics: the

beginning of incongruence? Trends Genet. 22, 225–231.
Lartillot, N., Philippe, H., 2004. Bayesian phylogenetic software based on mixture

models. Mol. Biol. Evol. 21, 1095–1109.
Lartillot, N., Philippe, H., 2005. Computing Bayes factors using thermodynamic

integration. Syst. Biol. 55, 195–207.
Lartillot, N., Philippe, H., 2008. Improvement of molecular phylogenetic inference

and the phylogeny of Bilateria. Philos. Trans. Roy. Soc. B 363, 1463–1472.
Letsch, H.O., Kjer, K.M., 2011. Potential pitfalls of modelling ribosomal RNA data in

phylogenetic tree reconstruction: evidence from case studies in the Metazoa.
BMC Evol. Biol. 11, 146.

Littlewood, D.T.J., Smith, A.B., Clough, K.A., Emson, R.H., 1997. The interrelationships
of the echinoderm classes: morphological and molecular evidence. Biol. J. Linn.
Soc. 61, 409–438.

Mallatt, J., Winchell, C.J., 2007. Ribosomal RNA genes and deuterostome phylogeny
revisited. More cyclostomes, elasmobranchs, reptiles, and a brittle star. Mol.
Phylogenet. Evol. 43, 1005–1022.

Mallatt, J., Craig, C.W., Yoder, M.J., 2010. Nearly complete rRNA genes assembled
from across the metazoan animals: effects of more taxa, a structure-based
alignment, and paired-sites evolutionary models on phylogeny reconstruction.
Mol. Phylogenet. Evol. 55, 1–17.

Mooi, R., David, B., 2000. What a new model of skeletal homologies tells us about
asteroid evolution. Am. Zool. 40, 326–339.

Pereske, M., Bernhard, D., Fritzsch, G., Brümmer, F., Stadler, P.F., Schlegel, M., 2010.
Mitochondrial genome evolution in Ophiuroidea, Echinoidea, and
Holothuroidea: insights in phylogenetic relationships of Echinodermata. Mol.
Phylogenet. Evol. 56, 201–211.

Peterson, K.J., Lyons, J.B., Nowak, K.S., Takacs, C.M., Wargo, M.J., McPeek, M.A., 2004.
Estimating metazoan divergence times with a molecular clock. Proc. Natl. Acad.
Sci. USA 101, 6536–6541.

Pick, K.S., Philippe, H., Schreiber, F., Erpenbeck, D., Jackson, D.J., Wrede, P., Wiens, M.,
Alie, A., Morgenstern, B., Manuel, M., Wörheide, G., 2010. Improved
phylogenomic taxon sampling noticably affects nonbilaterian relationships.
Mol. Biol. Evol. 27, 1983–1987.

Pisani, D., 2004. Identifying and removing fast-evolving sites using compatibility
analysis: an example from the Arthropoda. Syst. Biol. 53, 978–989.

Pisani, D., Wilkinson, M., 2002. MRP, taxonomic congruence and total evidence.
Syst. Biol. 51, 151–155.

Rambaut, A., Drummond, A.J., 2007. Tracer v1.5.1 [Internet]. <http://beast.bio.ed.
ac.uk/Tracer>.

Rodriguez-Ezpeleta, N., Brinkmann, H., Roure, B., Lartillot, N., Lang, B.F., Philippe, H.,
2007. Detecting and overcoming systematic errors in genome-scale
phylogenies. Syst. Biol. 56, 389–399.

Rota-Stabellli, O., Telford, M., 2008. A multi criterion approach for the selection of
optimal outgroups in phylogeny: recovering some support for Mandibulata
over Myriochelata using mitogenomics. Mol. Phylogenet. Evol. 48, 103–111.

Rota-Stabellli, O., Campbell, L., Brinkmann, H., Edgecombe, G.D., Longhorn, S.J.,
Peterson, K.J., Pisani, D., Philippe, H., Telford, M., 2010. A congruent solution to
arthropod phylogeny: phylogenomics, microRNAs and morphology support
monophyletic Mandibulata. Proc. Roy. Soc. Lond. B Biol. Sci. doi:10.1098/
rspb.2010.0590.

Ruitz-Trillo, I., Riutort, M., Littlewood, D.T.J., Herniou, E.A., Bagu, J., 1999. Acoel
flatworms: earliest extant bilaterian metazoans, not members of
Platyhelminthes. Science 283, 1919–1923.

Smith, A.B., 1988. Fossil evidence for the relationships of extant echinoderm classes
and their times of divergence. In: Paul, C.R.C., Smith, A.B. (Eds.), Echinoderm
Phylogeny and Evolutionary Biology. Clarendon Press, Oxford, pp. 85–97.

http://dx.doi.org/10.1016/j.ympev.2011.08.028
http://dx.doi.org/10.1073/pnas.1010350107
http://dx.doi.org/10.1093/sysbio/syr044
http://beast.bio.ed.ac.uk/Tracer
http://beast.bio.ed.ac.uk/Tracer
http://dx.doi.org/10.1098/rspb.2010.0590
http://dx.doi.org/10.1098/rspb.2010.0590


34 D. Pisani et al. / Molecular Phylogenetics and Evolution 62 (2012) 27–34
Smith, A.B., Savill, J.J., 2001. Bromidechinus, a new Middle Ordovician Echinozoa
(Echinodermata), and its bearing on the early history of echinoids. Trans. Roy.
Soc. Edinburgh 92, 137–147.

Smith, A.B., Peterson, K.J., Wray, G., Littlewood, D.T.J., 2004. From bilateral
symmetry to pentaradiality: the phylogeny of hemichordates and
echinoderms. In: Cracraft, J., Donoghue, M.J. (Eds.), Assembling the Tree of
Life. Oxford University Press, New York, pp. 365–383.

Sperling, E.A., Peterson, K.J., 2009. MicroRNAs and metazoan phylogeny: big trees
from little genes. In: Telford, M.J., Littlewood, D.T.J. (Eds.), Animal Evolution –
Genomes, Trees and Fossils. Oxford University Press, Oxford, pp. 157–170.

Sperling, E.A., Peterson, K.J., Pisani, D., 2009. Phylogenetic-signal dissection of
nuclear housekeeping genes supports the paraphyly of sponges and the
monophyly of Eumetazoa. Mol. Biol. Evol. 26, 2261–2274.

Sperling, E.A., Robinson, J.M., Pisani, D., Peterson, K.J., 2010. Where’s the glass?
Biomarkers, molecular clocks, and microRNAs suggest a 200-Myr missing
Precambrian fossil record of siliceous sponge spicules. Geobiology 8, 24–36.

Sperling, E.A., Pisani, D., Peterson, K.J., 2011. Molecular paleobiological insights into
the origin of the Brachiopoda. Evol. Develop. 13, 290–303.
Stamatakis, A., 2006. RAxML-VI-HPC: maximum likelihood-based phylogenetic
analyses with thousands of taxa and mixed models. Bioinformatics 22 (21),
2688–2690.

Swofford, D.L., 2002. Paup⁄. Phylogenetic Analysis Using Parsimony (⁄ and other
methods). Version 4. Sinauer Associates, Sunderland, Massachusetts.

Varón, A., Vinh, L.S., Wheeler, W.C., 2010. POY version 4: phylogenetic analysis
using dynamic homologies. Cladistics 26, 72–85.

Wägele, J.W., 1999. Major sources of errors in phylogenetic systematics. Zool. Anz.
238, 329–337.

Wheeler, W.C., Gladstein, D.S., De Laet, J., 1996–2003. POY. Version 3.0 (current
version 3.0.11). Documentation by Daniel Janies and Ward Wheeler.

Wheeler, B.M., Heimberg, A.M., Moy, V.N., Sperling, E.A., Holstein, T.W., Heber, S.,
Peterson, K.J., 2009. The deep evolution of metazoan microRNAs. Evol. Develop.
11, 50–68.


	Resolving phylogenetic signal from noise when divergence is rapid: A new look  at the old problem of echinoderm class relationships
	1 Introduction
	2 Materials and methods
	2.1 Molecular data assembled
	2.2 Sequence analysis
	2.2.1 Conventional phylogenetic analysis
	2.2.2 Phylogenetic signal dissection

	2.3 Molecular clock analyses

	3 Results
	3.1 MicroRNA markers in echinoderms
	3.2 Phylogenetic analyses of standard sequence data
	3.3 Phylogenetic signal dissection of rate-homogeneous and rate-heterogeneous data partitions
	3.4 Molecular divergence estimates

	4 Discussion
	Acknowledgements
	Appendix A Supplementary material
	References


