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Abstract

We present phylogenomic analyses of the most comprehensive molecular character set compiled for Annelida and its constitu-
ent taxa, including over 347 000 aligned nucleotide sites for 39 taxa. The nucleotide data set was recovered using a pre-existing
amino acid data set of almost 48 000 aligned sites as a backbone for tBLASTn searches against NCBI. In addition, orthology
determinations of the loci in the original amino acid data set were scrutinized using an All vs All Reciprocal Best Hit approach,
employing BLASTp, and examining for statistical interdependency among the loci. This approach revealed considerable
sequence redundancy among the loci in the original data set and a new data set was compiled, with the redundancy removed.
The newly compiled nucleotide data set, the original amino acid data set, and the new reduced amino acid data set were sub-
jected to parsimony analyses and two forms of bootstrap resampling. The last-named data set also was analysed using a maxi-
mum-likelihood approach. There were two main objectives to these analyses: (i) to examine the general topology, including
support, resulting from the analyses of the new data sets and (ii) to assess the consistency of the branching patterns across opti-
mality criteria by comparison with previous probabilistic approaches. The phylogenetic hypotheses resulting from analyses of
the three data sets are largely unsupported, reflecting the continued difficulty of finding numerous, reliable, and suitable loci for
a group as ancient as Annelida. Resulting parsimonious hypotheses disagree, in some respects, with the previous probabilistic
approaches; Sedentaria and, in most cases, Errantia are not supported as monophyletic groups but Pleistoannelida is recovered
as a (unsupported) monophyletic group in one of the three parsimony analyses as well as the likelihood analysis. In addition, we
performed missing data titration studies to estimate the impact of missing data on overall support and support for specific
clades.
© The Willi Hennig Society 2013.

Notwithstanding recent efforts to resolve the evolu-
tionary history and phylogenetic relationships of
Annelida (e.g. Ers�eus, 2005; Struck et al., 2007, 2008,
2011; Rousset et al., 2007; Zrzav�y et al., 2009), the
debates relating to this are still contentious and the
hypotheses concerning certain groups are unstable.
While the class Clitellata (Hirudinida, oligochaetous

clitellates, Branchiobdellida, and Acanthobdellida) is
frequently recovered as monophyletic, Hirudinida
commonly nests within oligochaetous clitellates, ren-
dering the latter paraphyletic (see also Brinkhurst and
Nemec, 1987; Ers�eus, 1987; Siddall et al., 2001). More-
over, the class Polychaeta, including the vast majority
of the 17 210 annelid species currently recognized
(Zhang, 2011), is regularly rendered paraphyletic with
respect to Clitellata, as well as the “phylum” Sipuncula
(see also Struck et al., 2007; Dunn et al., 2008; Dordel
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et al., 2010), and several of the long-held clades among
polychaetous annelids are themselves paraphyletic (see
also Fauchald and Rouse, 1997). Equally disconcerting
is the fact that the traditionally held order Sedentaria
is seldom recovered as monophyletic (Day, 1967; Wes-
theide et al., 1999) and its counterpart, Errantia, has
only been recovered as monophyletic in one study, in
which only morphological characters were used (Rouse
and Fauchald, 1997). Sedentaria has historically
referred to annelid worms with a more sessile or semi-
sessile lifestyle (but including Clitellata) and with
weakly developed, more or less absent parapodia,
while Errantia includes worms with a more vagile life-
style and more well-developed parapodia and chaetae
(Perrier, 1897; Westheide et al., 1999; Bartolomaeus
et al., 2005). Whereas Errantia is upheld by a number
of synapomorphic morphological characters (Bartolo-
maeus et al., 2005), Sedentaria includes such morpho-
logically disparate taxa that establishing homologies is
often difficult, if not impossible. Until Fauchald’s
(1977) treatment of the two orders, there had also been
doubt as to whether these different modes of life accu-
rately reflected common ancestry (e.g. Day, 1967). The
taxonomy behind these groups was probably a matter
of convenience as opposed to their being reflective of
true evolutionary relationships and, as a result, Fauch-
ald (1977) eliminated the Errantia and Sedentaria
dichotomy, whilst erecting 17 new, taxonomically
equivalent groups, which were later expanded to
include more orders (Rouse and Fauchald, 1997;
Rouse and Pleijel, 2001; Bartolomaeus et al., 2005).
Until recently, the phylogenetic analyses of molecu-

lar characters that underlie some of the taxonomic
changes mentioned above have been based on only a
small number of different loci (e.g. McHugh, 1997,
2000; Bleidorn et al., 2003; Bely and Wray, 2004;
Ers�eus and K€allersj€o, 2004; Rousset et al., 2007),
which may have contributed to inconsistency in the
monophyletic groups recovered. To address this and
other issues, Struck et al. (2011) compiled a large data
set of expressed sequence tags (ESTs), including 231
loci for 39 taxa across Annelida. Their phylogenetic
analyses, based on Bayesian inference and maximum-
likelihood (ML) estimations of almost 48 000 aligned
amino acid sites, recovered both Errantia and Seden-
taria as monophyletic groups (albeit somewhat taxo-
nomically modified by Struck et al., 2011). While their
rediscovered monophyly may be reason enough to
re-erect these old groupings, we believe that some re-
considerations of the analyses are pertinent before
restoring a previous classification of such a large group
of organisms. Chiefly, we investigate whether a parsi-
mony analysis of the nucleotides coding for the amino
acids used by Struck et al. (2011) results in the same
hypothesis. In addition, we examine whether locus in-
terdependencies could lead to artificial clades or at

least artificially inflated support values for clades. The
large data set compiled by Struck et al. (2011) also
lends itself well to a timely discussion on orthology
statements and a desire for consistency of results
across methods.
To this end, we here recovered orthologous nucleo-

tide sequences for each locus and taxon using the
amino acids as a source for targeted searches, and ana-
lyse this larger data set (as well as the amino acid data
set independently) under a parsimony, as opposed to
probabilistic, framework.

Material and methods

Data set reconstruction

The amino acid alignment compiled by Struck et al.
(2011) (47 953 aligned sites for 39 taxa) was parsed
and transferred to 231 separate files, each representing
a single locus as defined in Supplementary Table 6 in
Struck et al. (2011). The nucleotide data set then was
compiled using the individual loci as queries for inde-
pendent BLAST searches as described below.
Using BLAST client 3 (NCBI), the separate loci

were compared remotely against both the EST data-
base and the non-redundant (nr) sequence database at
NCBI using a tBLASTn protocol (searching translated
nucleotide databases using a protein query) and
employing a cutoff e-value of 1E�5, retaining the best
hit for each query, insofar as the best hit in a database
should represent the sequence used by Struck et al.
(2011). Data were obtained in this way for each of the
following taxa—Polychaeta: Alvinella pompejana (Alvi-
nellidae), Arenicola marina (Arenicolidae), Cirratulus
sp. (Cirratulidae), Eulalia clavigera (Phyllodocidae),
Eurythoe complanata (Amphinomidae), Flabelligera
affinis (Flabelligeridae), Glycera tridactyla (Glyceri-
dae), Lanice conchilega (Terebellidae), Lumbrineris
zonata (Lumbrineridae), Malacoceros fuliginosus (Spi-
onidae), Onuphis iridescens (Onuphidae), Ophelia lima-
cina (Opheliidae), Pectinaria koreni (Pectinariidae),
Platynereis dumerilii (Nereididae), Pomatoceros lama-
rckii (Serpulidae), Ridgeia piscesae (Siboglinidae), Sco-
loplos armiger (Orbiniidae), Sthenelais boa
(Sigalionidae), and Typosyllis pigmentata (Syllidae);
Clitellata: Eisenia andrei (Lumbricidae), Eisenia fetida
(Lumbricidae), Haementeria depressa (Glossiphonii-
dae), Hirudo medicinalis (Hirudinidae), Lumbricus ru-
bellus (Lumbricidae), Perionyx excavatus
(Megascolecidae), and Tubifex tubifex (Naididae); Biv-
alvia: Crassostrea gigas (Ostreidae); Myzostomida:
Myzostoma cirriferum (Myzostomidae); and Sipuncula:
Sipunculus nudus (Sipunculidae). In cases where the
best hit among the targets did not match the taxo-
nomic identities of the queries, a new tBLASTn search
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was performed on the NCBI website using the Entrez
option to confine the search to the respective taxon.
Complementary to the foregoing, the amino acid

sequences for each of the following taxa were com-
pared against the annotated genomes of the respective
taxon using a local tBLASTn search—Polychaeta:
Capitella teleta (Capitellidae); Clitellata: Helobdella
robusta (Glossiphoniidae); and Gastropoda: Lottia gi-
gantea (Lottiidae). Again, the search employed a cut-
off e-value of 1E�5 and the best matching hit was
retrieved. The nucleotide sequences from the genomic
hits were extracted and added to the data set acquired
from the EST and nr databases.
In addition, tBLASTn searches (1E�5 cutoff) were

performed against assembled trace archive data for
each of—Polychaeta: Chaetopterus variopedatus (Chae-
topteridae) and Urechis caupo (Urechidae); Myzosto-
mida: Myzostoma seymourcollegiorum (Myzostomidae);
Ectoprocta: Bugula neritina (Bugulidae); Nemertea:
Cerebratulus lacteus (Cerebratulidae); Brachiopoda:
Terebratalia transversa (Laqueidae); and Sipuncula:
Themiste lageniformes (Themistidae). To ensure maxi-
mum correspondence, the exact same trace archive
assemblies as used by Struck et al. (2011) were used as
targets. Nucleotide sequences from the best hit for
each locus and taxon were extracted and added to the
total data set now consisting of data from all four
sources. All of these data, including the entire nucleo-
tide data set as well as hit descriptions for each of the
tBLASTn searches, are available as Supplementary
material.

Repeat masking

All of the data retrieved from the tBLASTn searches
were imported to and indexed in a database created in
FileMaker Pro ver. 5 (FileMaker Inc., Santa Clara,
CA, USA). Polyadenosine tails were identified and, in
cases where they were longer than four bases, each
was truncated at the upstream polyadenylation signal
(AATAA; Zaret and Sherman, 1982). In addition,
homopolymer leading and trailing sequences were
excised where they occurred in multiples of two or
more (largely in Platynereis dumerilii). Other dinucleo-
tide, trinucleotide, and tetranucleotide repeat patterns
also were identified with FileMaker Pro and excised
using the RepBase repeats library for the nematode
Caenorhabditis elegans (Rhabditidae) as implemented
in the software EGassembler (Masoudi-Nejad et al.,
2006) employing the “slow” option with a default cut-
off score of 225.

Alignment and phylogenetic analyses

Sequences for each locus in the nucleotide data set
were aligned independently using MAFFT (Katoh

et al., 2005) on the European Bioinformatics Institute
website employing a gap-opening cost of three and
default settings for all other parameters. Each of (i)
the joined nucleotide data set, (ii) the amino acid data
set from Struck et al. (2011), and (iii) the dataset fol-
lowing from the removal of some redundant loci
(retaining the representative locus with the highest tax-
onomic coverage; see below) then were subjected to
parsimony analyses using TNT (Goloboff et al., 2008).
New Technology searches were conducted employing
sectorial searches, with the tree fusing and ratcheting
algorithms turned on. Trees were retrieved by a driven
search using 100 initial addition sequences and requir-
ing that the minimum length tree be found at least five
times. All characters were equally weighted and non-
additive, and gaps were treated as missing data. The
results of the New Technology searches were subse-
quently resubmitted to TNT for TBR branch swap-
ping. Support values for nodes also were estimated in
TNT through both standard bootstrap resampling and
partition (i.e. locus) bootstrapping (Siddall, 2009).
Both bootstrap analyses employed 100 iterations, each
subjected to five iterations of ratcheting and three
rounds of tree fusing after an initial five rounds of
Wagner tree building.
To elucidate whether the differences in results are

contingent on the optimality criteria used or differ-
ences in the signal of the data, ML analyses were car-
ried out using RAxML ver. 7.3.1. (Stamatakis, 2006)
on the data set with redundant loci removed. A heuris-
tic search was performed using the PROTCAT model
of amino acid evolution and employing the JTTF tran-
sition matrix. Runs were performed for 1000 iterations
with an initial 25 CAT rate categories and final opti-
mization using four gamma shape categories. Support
values were estimated from 1000 pseudoreplicates with
a different starting tree for each replicate. All trees
presented here were rooted at Bugula neritina follow-
ing Struck et al. (2011).

Examination of interdependent loci

An “all vs. all” reciprocal BLAST or bi-directional
best hit search (Ge et al., 2005; Fang et al., 2010)
using a BLASTp protocol (searching protein databases
using a protein query) with a cutoff e-value of 1E�20

was performed on the amino acid loci to determine the
level of similarity and coverage between them (hits
that were less similar than 1E�20 were also retained
separately to be used in the next step). Using the loci
that showed hits at 1E�20 as a guide, all data (i.e. even
hits less similar than 1E�20 but excluding self-hits)
both for intra-locus (within a particular locus) and for
inter-locus (between loci) similarity values were com-
piled. In turn, averages, standard deviations, and
range intervals, as well as 95% confidence intervals
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were calculated both for intra-locus and for inter-locus
values. The putative overlap between the 95% confi-
dence interval of intra-locus and inter-locus range val-
ues was assessed assuming that an overlap between
95% confidence intervals of e-value ranges indicated
orthologous gene families or redundant use of
sequences in more than one locus.

Missing data

To assess the level at which the taxa grouped
together based on mere presence or absence of data
(and the support values related to this), rather than
true phylogenetic signal, all positions in the original
amino acid data set were changed to an “A” such that
the only information present in the data set consisted
of patterns of presence or absence of data. The parsi-
mony analysis then was re-run using the same parame-
ters as mentioned above but now treating gaps as a
fifth state and supported clades were crosschecked
against clades present in the Bayesian tree found by
Struck et al. (2011).
Complementary to this, missing data titrations were

performed on the data set that had redundant loci
already removed by considering the relative representa-
tion of characters for each taxon or the relative repre-
sentation of taxa for each character and then
evaluating clade support with a resampling scheme.
That is, for characters, parsimony bootstrap support
values were calculated (using the same parameters as
mentioned above) for various main clades when char-
acters were missing for a given percentage of the taxa
(e.g. Oakley et al., 2013). This was performed in incre-
ments of 5% such that when characters were missing
for 100, 95, 90 […] 25% of the taxa, they were

removed; resampling was performed at each increment.
A similar strategy was then applied for the exclusion
of taxa for which a certain number of characters were
absent (i.e. a taxon was completely excluded from the
analysis if it was lacking 100, 85, 80, […] 55% of the
characters). Again, parsimony bootstrap resampling
was applied at each increment and the resulting values
were investigated. Scripts for implementation of our
titration scheme (excludemiss and deactmiss) are avail-
able on the TNT Wiki (http://tnt.insectmuseum.org/
index.php/Scripts).

Results

Data independency

In the results of the BLASTp search, loci were
deemed orthologous if the 95% confidence interval of
the e-value range for hits between sequences from at
least two different loci overlapped with that of the
range found within a locus. A total of 23 loci (9.96%)
satisfied this criterion. Some of the redundancy was
conjoined in triple-locus hits (i.e. if locus A = locus B
and locus B = locus C then, transitively, locus
A = locus C). A total of 13 loci (5.63%) were found
to be redundant in that they are already represented
by ten other orthologues. Figure 1 illustrates this phe-
nomenon using real similarity values from the data set
generated by Struck et al. (2011). Specifically, non-
redundant loci 96 and 143 each demonstrate intra-
locus similarity values that do not significantly overlap
with values obtained from comparisons between loci
96 and 143 (Fig. 1a). In contrast, the inter-locus simi-
larities for loci 224 and 225 are indistinguishable from

(a) (b)

Fig. 1. Two examples of the calculations of overlap between ranges of e-values within a 95% confidence interval: (a) an instance in which the
95% confidence interval of similarity values between two loci does not overlap with that of similarity values within each of those loci and (b) a
case in which these values do overlap. Black horizontal lines bind the minimum and maximum e-values (i.e. ranges); shaded areas indicate the
95% confidence interval; and vertical lines within the shading indicate the average e-values for comparisons within and between the loci. Broken
lines denote a compression of the actual ranges in order to fit the values within the ranges of the x-axes. Lower bound values of the e-value
ranges, and in some cases also upper bound values, are printed as they are very close to 0. All e-values were recovered using a BLASTp protocol
and the remaining comparisons for other loci are presented in the text.
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intra-locus values (Fig. 1b), illustrating their mutual
redundancy. The following loci (with the single redun-
dant locus retained for analysis appearing in parenthe-
ses) were removed from subsequent phylogenetic
analyses: locus 14 (locus 7); locus 16 and locus 136
(locus 5); locus 32 and locus 109 (locus 35); locus 64
(locus 120); locus 125 and locus 137 (locus 134); locus
126 (locus 50); locus 129 (locus 74); locus 141 (locus
59); locus 212 (locus 53); locus 224 (locus 225).

Phylogenetic analyses

While a lenient e-value of 1E�5 was used as a cutoff
for the tBLASTn searches, in almost all cases, result-
ing e-values were much lower (i.e. better matching)
than 1E�20. With a rather high incidence, however, the
best BLAST-hits for the amino acid sequences repre-
sented a different taxon than the query (see Supple-
mentary material), requiring an additional tBLASTn
search using the Entrez-option to confine the search to
the same taxon. All of the individual BLAST searches
for Onuphis iridescens matched Lumbrineris zonata,
and vice versa, at a lower e-value due to a confusion
of these taxa (T. Struck pers. comm.) in the final data
set used by Struck et al. (2011). That is, the NCBI
submissions for these taxa were correct, whereas there
is an error in the final data set used by Struck et al.
(2011); the TreeBase submission for this data set now
includes a disclaimer noting this confusion. In the
present study, this was remedied by extracting the best
hit for the opposite taxon in every case. As an aside,
Supplementary Table 6 in Struck et al. (2011) states
that data for Myzostoma seymourcollegiorum, Platyne-
reis dumerilii, and Glycera tridactyla are available in
the NCBI EST database but, rather, data for M. sey-
morcollegiorum are found in NCBI trace archives and
for the latter two in the NCBI nr database. Hits equal
to or lower than 1E�5 were not found for Glycera tri-
dactyla at loci 163, 164, 171, 175, 187 and 189 or for
Sthenelais boa at locus 228. Either no sequence (or an
erroneous one) was deposited in NCBI for those taxa
at those loci or the translation from nucleotides to
amino acids by Struck et al. (2011) was not equivalent.
For information on data coverage for each taxon, see
Supplementary material in Struck et al. (2011).
The final nucleotide data set consisted of 347 298

aligned sites, 118 163 of which were parsimony infor-
mative. The parsimony analysis of this data set
returned a single most-parsimonious tree with 932 748
steps (Fig. 2). Support values were low across the
entire topology of the tree, with the exception of sup-
port values relating to Clitellata, which were relatively
high. Both of the molluscs (Lottia gigantea and Cras-
sostrea gigas) nest within Annelida (standard bootstrap
support; BS < 50%, partition bootstrap support; PBS
< 50%), rendering the phylum non-monophyletic. Nei-

ther Errantia nor Sedentaria is monophyletic by virtue
of taxa from each group nesting within the other.
Clitellata is recovered as a monophyletic group (BS
<50%, PBS 78%) as sister to an unsupported clade
containing Alvinella pompejana, Crassostrea gigas, and
Lottia gigantea. Neither Canalipalpata (including Tere-
belliformia, Cirratuliformia, Siboglinidae, Serpulidae,
and Spionidae) nor Scolecida (including Capitellidae,
Ophellidae, and Arenicolidae) were recovered as
monophyletic. The echiuran Urechis caupo nests within
Annelida as sister to the clade containing Platynereis/
Capitella, Pomatoceros/Myzostomida, Alvinella/Moll-
usca, and Clitellata.
The original amino acid data set used by Struck

et al. (2011) consisted of 47 953 aligned sites, 18 628
of which were parsimony informative. Analysis of that
data set returned a single most-parsimonious tree with
110 516 steps (Fig. 3). Again, support values were low
across most of the topology, but show relatively high
values for clitellate clades. In the tree, both species of
Myzostoma [these were included in Annelida by Struck
et al. (2011), but see their discussion] nest among the
outgroup taxa (BS <50%, PBS 86%). Sedentaria is
rendered paraphyletic (BS <50%, PBS <50%) with
respect to both the monophyletic Errantia (BS <50%,
PBS <50%) and another clade containing both the si-
punculans (placed together with BS 98%, PBS 99%)
and Chaetopterus variopedatus (BS <50%, PBS <50%).
Clitellata is monophyletic (BS 100%, PBS 100%) but
placed as sister to Opheliidae. Within Sedentaria, nei-
ther Canalipalpata nor Scolecida is monophyletic. Ure-
chis caupo nests well within Annelida, and its position
as sister to Capitella teleta is supported by BS of 67%
and PBS of 96%; this relationship has also been con-
sistently recovered with high support in previous stud-
ies (Dunn et al., 2008; Hejnol et al., 2009).
After removing the 13 redundant loci (retaining ten

representatives), the data set comprised 44 265 aligned
amino acid sites (92.30% of the total data set), 17 555
of which were parsimony informative. The parsimony
analysis of these resulted in two equally parsimonious
trees, the strict consensus of which is shown in Fig. 4.
The tree shows largely the same topology as the analy-
sis of the original amino acid data set that included
the redundant loci. Nevertheless, differences exist rela-
tive to the tree from the original data set as well as the
tree found by Struck et al. (2011). Significantly, Erran-
tia is not recovered as monophyletic: Ridgeia piscesae
nests within the group. Additionally, Flabelligera affi-
nis and Cirratulus sp. appear in different parts of the
tree when redundant loci are excised (Fig. 4). How-
ever, Sedentaria + Errantia [named clade 1 by Struck
et al. (2011), see Discussion below] is recovered as
monophyletic. Neither the standard bootstrap values
nor the partition bootstrap values associated with the
tree vary markedly when excluding redundant loci but
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it can be noted that the standard bootstrap support
for Ophelia limacina as sister to Clitellata is decreased
to below 50%.
The resulting tree from the likelihood analysis of the

redundant data set is shown in Fig. 5. By and large,
the tree agrees well with the Bayesian and ML trees
shown by Struck et al. (2011), in that both Errantia
and Sedentaria are each recovered as monophyletic
groups (BS 74 and 71%, respectively). Yet, several of
the sister-group relationships change when using the
reduced data set. These include Ophelia limacina as sis-
ter to Clitellata (BS <50%), Ridgeia piscesae as sister
to the cirratuliform species (BS <50%; this node was
unresolved in Struck et al., 2011), Malacoceros fuligi-
nosus and Pomatoceros lamarckii as sister to the cirrat-
uliforms and Ridgeia piscesae (BS <50%), and the
myzostomids as sister to the remaining ingroup taxa

(BS 76%). By extension, the positioning of Urechis
caupo and Capitella teleta as sister to Clitellata, as
recovered by Struck et al. (2011), changes when using
the reduced data set. The likelihood bootstrap values
are consistently higher than the parsimony bootstrap
values, although 11 of the 37 nodes receive likelihood
bootstrap values below 75%.

Missing data titration

The topology of the tree based on missing data only
(not shown) is completely incongruent with the trees
shown here, as well as the Bayesian tree recovered by
Struck et al. (2011), affirming that the taxa are not
grouping based on mere presence/absence of data.
The parsimony bootstrap results from the titration

of characters and that of taxa are presented in

Fig. 2. Single most-parsimonious tree recovered from the analysis of the nucleotide data set (L = 932 748; CI = 0.487; RI = 0.236). Standard
bootstrap values � 50% are indicated above each node and partition bootstrap values � 50% below each node. Note the low support for most
nodes, which is discussed further in the text. Branches are coloured following taxonomic affiliations in Struck et al. (2011): blue = Sedentaria,
green = Errantia, red = Annelida but not Errantia or Sedentaria. Dashed lines denote non-annelid taxa and grey bars denote additional taxo-
nomic information. Branch lengths are drawn proportional to change.
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Tables 1 and 2, respectively. These titration analyses
were carried out using the amino acid data set that
already had the redundant loci removed. For the titra-
tion of characters (Table 1), the support for Annelida
(including Myzostomida) reaches levels above 75%
only when characters that are missing for 55–75% of
the taxa are deleted. Sedentaria is never recovered as
monophyletic, regardless of the amount of data
involved. Most often, this is due to the “sedentary”
Ridgeia piscesae nesting within Errantia instead. Simi-
larly, the support values associated with Errantia are
low across the entire character-titration scheme, aver-
aging 2 � 4.84% in the 13 simulations, the highest
support (14%) occurring when those characters are
deleted that are missing for 70% of the taxa. Errantia
is also not monophyletic in nine of the 13 simulations.
The non-monophyletic nature of the group is due to

either Ridgeia piscesae nesting within the group or,
when R. piscesae jumps out of the group, its addi-
tional exclusion of the “errant” Scoloplos armiger.
Moreover, the phyllodocid species are rarely recovered
as a monophylum and when they are (when those
characters are deleted that are missing for 60–70% of
the taxa), the maximum bootstrap value recovered is
30%. Interestingly, Ophelia limacina is recovered as
sister to Clitellata across the titration scheme save for
the most stringent iteration, in which those characters
are deleted that are missing from 25% of the taxa.
However, bootstrap values associated with this clade
rarely become relevant, the maximum value being 73%
when only 4.4% of the characters remain.
In terms of titrating out taxa missing large amounts

of data (Table 2), the average parsimony bootstrap
support value remained fairly constant throughout

Fig. 3. Single most-parsimonious tree recovered from the analysis of the amino acid data set (L = 110 516; CI = 0.619; RI = 0.347). Standard
bootstrap values � 50% are indicated above each node and partition bootstrap values � 50% below each node. Note the low support for most
nodes, which is discussed further in the text. Branches are coloured following taxonomic affiliations in Struck et al. (2011): blue = Sedentaria,
green = Errantia, red = Annelida but not Errantia or Sedentaria. Dashed lines denote non-annelid taxa and grey bars denote additional taxo-
nomic information. Branch lengths are drawn proportional to change.
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with an average of 59 � 7.97% (note that no taxa
were missing more than 86% of the characters and
that deleting all taxa missing at least 55% of the total
characters eliminates the outgroup and prevents mean-
ingful analysis). In total, 38% of the taxa fulfil the
requirement of lacking no more than 55% of the char-
acters from the original data set. The data in Table 2
illustrate a substantial change in the number of taxa
that fulfil the requirement of lacking no more than
75% of the characters (72% of the taxa remaining) as
opposed to 70% of the characters (56% of the taxa
remaining). Thus, 44% of the taxa in the data set are
lacking 70% or more of the characters.
Taxon titration was also performed on the charac-

ter-titrated data set with the highest average parsi-
mony bootstrap score (the 65% data set; Table 1), in
an attempt to tease out a stable tree topology. Interest-
ingly, in the data set that already had 50% of the
characters removed because they were not represented

in at least 65% of the taxa, we get an added
improvement if we then also eliminate about 12% of
the taxa because they are still missing at least 70% of
the characters (Table 3).

Discussion

Using the amino acid data set from Struck et al.
(2011) as well as a newly compiled nucleotide represen-
tation of it, we show that parsimony analyses produce
trees with topologies that are at odds with the Bayes-
ian and ML trees recovered by that study and in this
study. However, the resulting parsimony bootstrap
values were found wanting for almost all clades, indi-
cating that the topologies shown in Figs 2–4 are no
more reliable than topologies of previous studies (e.g.
Rousset et al., 2007). That is, our study shows that
even when using this large EST data set, cladistic

Fig. 4. Strict consensus of two most-parsimonious trees recovered from the amino acid data set with 13 redundant loci removed (L = 104 470;
CI = 0.615; RI = 0.347). Standard bootstrap values � 50% are indicated above each node and partition bootstrap values � 50% below each
node. Note the low support for most nodes, which is discussed further in the text. Branches are coloured following taxonomic affiliations in
Struck et al. (2011): blue = Sedentaria, green = Errantia, red = Annelida but not Errantia or Sedentaria. Dashed lines denote non-annelid taxa
and grey bars denote additional taxonomic information. Branch lengths are drawn proportional to change.
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Fig. 5. ML tree using the data sets with 13 redundant loci removed (ln L = �651928.083620). Standard likelihood bootstrap values are shown
above each node. Branches are coloured following taxonomic affiliations in Struck et al. (2011): blue = Sedentaria, green = Errantia,
red = Annelida but not Errantia or Sedentaria. Dashed lines denote non-annelid taxa and grey bars denote additional taxonomic information.

Table 1
Results from the character titration analysis with associated bootstrap support values for some major groupings. Characters were incrementally
removed from the data set if they were lacking for a certain percentage of the taxa and bootstrap resampling was performed at each increment
to identify poorly supported groups and the effects of missing data on the analyses. CM cutoff indicates the level at which characters needed to
be missing from taxa in order to be excluded from the data set (i.e. at 100, a character needed to be absent from 100% of the taxa to be
excluded);% Characters indicates the percentage of the original character data set that was still included after each titration level.

CM cutoff
Average
support Annelida Errantia

Arenicola +
Terrebelliformia Phyllodocida

Clitellata +
Ophelia Cirratuliformia % Characters

100 39.8 0 0 0 0 41 0 100
85 38.4 0 0 4 0 31 0 97.32
80 48.2 47 0 0 4 43 0 87.33
75 58.9 83 8 81 0 42 20 76.73
70 60.8 96 14 83 21 67 48 63.04
65 62.3 95 0 80 30 63 87 50.44
60 57.9 88 10 71 10 64 77 42.15
55 57.4 75 0 79 0 70 87 36.46
50 59.8 9 0 82 0 60 90 33.83
45 56.9 10 0 88 0 73 100 29.08
40 56.7 33 0 97 0 57 99 24.30
35 53.3 25 0 70 0 13 95 15.42
25 39.1 12 0 0 0 0 91 4.37
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analysis does not support the probabilistic hypotheses
of phylogenetic relationships of Annelida, such as the
monophyly of Sedentaria and, in most cases, Errantia.
Regardless of one’s preferred optimality criterion,
these findings reflect the continued difficulty of finding
numerous reliable and suitable loci for a group as
ancient as Annelida (Struck et al., 2007). The fact that
the Bayesian tree shown by Struck et al. (2011)
receives dramatically higher support values than the
parsimony trees shown here may not be surprising.
Previous studies have shown that Bayesian posterior
probabilities are often considerably higher when com-
pared with parsimony or ML bootstrap values (Suzuki

et al., 2002; Alfaro et al., 2003; Cummings et al.,
2003; Douady et al., 2003; Lewis et al., 2005), and
might be treated with appropriate caution. Note here,
however, that Struck et al. (2011) base their conclu-
sions only on nodes that also received high ML boot-
strap support.
With the exception of a few unsupported clades, the

ML tree shown here mirrors the Bayesian tree shown
by Struck et al. (2011), exposing the fact that the opti-
mality criterion of choice will dictate the tree topology.
This is unfortunate but solidifies a historical contin-
gency: finding numerous reliable loci that will consis-
tently lead to the same phylogenetic hypothesis across
optimality criteria is a very problematic issue in Annel-
ida. In addition to recovering Errantia and Sedentaria
as monophyletic, our ML analysis recovered a tree
with relatively higher support than the parsimony
trees. That said, there are still several clades, chiefly
within Sedentaria (see Fig. 5), that consistently remain
unsupported by both parsimony and ML.
Stochastic models of evolution may be prone to dif-

ficulties in parameter estimation when the number of
parameters is greatly increased (e.g. amino acid substi-
tution matrices) or when a large number of characters
are added in conjunction with the use of certain mod-
els of evolution (Felsenstein, 1982, 1983, 2004; Lartil-
lot and Phillippe, 2004). Because (site-specific)
mutations occur at the nucleotide level, and because
nucleotides entail fewer parameters, we were curious
to see how well a tree recovered from a nucleotide rep-
resentation would compare with that of the amino acid
data set used by Struck et al. (2011). Nucleotide data
sets potentially hold an advantage over those of amino
acids in that they consider potentially informative syn-
onymous substitutions, a measure that is lost after
translation into amino acids. If the rate of third-posi-
tion nucleotide substitutions greatly exceeds “normal”
evolutionary rates, this may in some cases lead to less
resolved phylogeny reconstructions (Cunningham,
1997). However, in other cases, inclusion of such sites
increases the resolution and support of the trees (e.g.
K€allersj€o et al., 1999; Rydin et al., 2002; Kim et al.,
2004). Bearing all of this in mind, our nucleotide data
set produced a tree with a substantially different topol-
ogy (Fig. 2) as compared with both the parsimony tree
recovered from the original (Struck et al., 2011) amino
acid data set (Fig. 3), as well as the trees recovered
from the reduced amino acid data set used here
(Figs 4 and 5), much as it differs from the Bayesian
tree shown by Struck et al. (2011). None of Annelida,
Errantia, and Sedentaria was monophyletic in the
resulting nucleotide hypothesis, based on over 347 000
aligned sites. Nor was there much support for any but
the already obviously well-supported groups (Rousset
et al., 2007). It is also notable that the support values
related to our analysis of nucleotide data agree, in

Table 2
Results from the taxon titration scheme. Taxa were incrementally
excluded from the data set if they were lacking a certain percentage
of the characters and bootstrap resampling was performed at each
increment. TM cutoff indicates the level of missing characters at
which taxa were excluded (i.e. at 100, taxa had to lack 100% of the
characters in order to be removed);% Taxa indicates the percentage
of the taxa from the original data set that were remaining after each
titration level; average support is across the entire topology; the last
column indicates the product of the number of supported groups
and the average support (i.e. the sum of all bootstrap values across
the tree)

TM
cutoff % Taxa

Average
support

Average
support * no.
of groups

100 100 57.4 2123.8
85 94.87 51.5 1802.5
80 82.05 53 1590
75 71.79 57.6 1497.6
70 56.41 59.4 1188
65 48.72 64.7 1099.9
60 41.03 54.5 763
55 38.46 76.2 990.6

Table 3
Results from the taxon titration on the data set with highest overall
clade support in the character titration scheme (exclusion of charac-
ters that were missing for 65% of the taxa; see Table 1). Taxa were
incrementally excluded from the data set if they were lacking a cer-
tain percentage of the characters and bootstrap resampling was per-
formed at each increment. TM cutoff indicates the level of missing
characters at which taxa were excluded (i.e. at 100, taxa had to lack
100% of the characters in order to be removed);% Taxa indicates
the percentage of the taxa from the original data set that were
remaining after each titration level; and average support is across
the entire topology. See text for further details

TM cutoff % Taxa Average support

100 100 62.3
80 97.44 55.81
75 92.31 65.29
70 84.62 69.26
65 79.49 68.17
60 74.36 63.74
55 82.76 78.91
50 56.41 76.25
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most respects, to those estimated by the parsimony
analysis performed by Zrzav�y et al. (2009) on the basis
of only six nucleotide loci, suggesting that a 38-fold
increase in sequence information is no more or less
helpful in resolving annelid relationships. However,
this seems to be true only under the parsimony crite-
rion as likelihood bootstrap values seem to increase
greatly with an increased number of characters (see
Struck et al., 2008; Struck, 2011). In comparing the
parsimony analyses performed here with previous
studies of annelid phylogenetics, it seems that using
amino acids to reconstruct the trees is more propitious
than using nucleotides; this was also noted by Dordel
et al. (2010) for probabilistic analysis.

Redundancy of loci and orthology determination

All phylogenetic methods assume independence of
characters (Farris, 1983), a prerequisite that is transi-
tive to loci or other sets of characters. Whether auto-
mated orthology determinations are sensitive to this
requirement is poorly evaluated in phylogenomics.
Using a straightforward BLAST to establish orthology
will not itself ensure locus independence, especially if
coverage in a database is patchy (Koski and Golding,
2001). Our simple double-check was to perform an
“all vs. all” BLAST search and contrast the ranges
(rather than a single match) of the e-values among the
suspected overlapping loci against the ranges of e-val-
ues within each putative locus. When applied to the
amino acid data set used here, this simple method
showed that 23 loci belonged to ten distinct, redundant
sets of loci. Exemplary of this, sequences for Helobdel-
la robusta, Lottia gigantea, Capitella teleta, and Cras-
sostrea gigas at locus 59 and locus 141 all display
perfect e-values (0), even for inter-locus comparisons.
Non-independence of (e.g.) loci inflates the number of
ad-hoc hypotheses needed to describe the data on any
tree (Farris, 1983). For example, if two taxa are sup-
ported as a group, any homoplasy supporting that
group would be counted as many times as there are
redundant non-independent sites (Farris, 1983; Farris
and Kluge, 1985). Clearly, the use of non-independent
data generates an artificial inflation of support values
for clades that are themselves supported by the redun-
dant loci involved. As the size of the data set increases,
as it does when many orthologous loci are used more
than once in a data set, the support values will also
artificially increase (see de Queiroz et al., 1995).
A corollary problem, and one not fully explored

here, concerns orthology statements that belie multiple
loci in one. Several of the loci show abnormally high
e-values for intra-locus comparisons, suggesting that
the sequences have been forced to represent a single
locus, regardless of sequence similarity or coverage.
For example, within locus 48, Cirratulus sp. and Pla-

tynereis dumerilii return an e-value of 5E0 when com-
pared against each other, much like Sipunculus nudus
vs. Arenicola marina within locus 95 (see Supplemen-
tary material). Of the 107 376 individual intra-locus
BLAST hits, 2320 (2.16%) show e-values higher than
1E�5 and 1679 (1.56%) of them show e-values of
0.001 or higher (see Supplementary material). This
could of course be exacerbated by the often fragmen-
tary nature of EST data leading to very little overlap
between taxa on any given locus. Regardless, if orthol-
ogy statements for the loci involved in these hits were
based on e-values alone, many would not accept that
these loci should be considered orthologues. Indeed,
BLAST-based orthology prediction is becoming more
stringent (Kharchenko et al., 2006; Chen et al., 2007)
and there is some precedence for using an e-value cut-
off of 1E�20 for unequivocal orthology determination
(e.g. Putta et al., 2004; Pel et al., 2007). If these strin-
gent e-values were to be applied to the current amino
acid data set, fully 12 481 sequences (11.62%) would
have to be removed from the partition to which they
currently belong.

Errantia, Sedentaria, and Pleistoannelida

Until the 1970s, Polychaeta was widely accepted to
consist of Archiannelida, Errantia, and Sedentaria
(Bartolomaeus et al., 2005), although some authors
had expressed doubt about the reliability of these taxa
(e.g. Dales, 1962; Day, 1967). In the last quarter of the
twentieth century, each of these large taxa was elimi-
nated on the basis of both phylogenetic analysis and
morphological examinations. While Hermans (1969)
argued that archiannelid taxa are more closely related
to each other than any other group based on morpho-
logical phylogenetics, Westheide (1985, 1987) based his
arguments on ontogeny and a more comprehensive
phylogeny, which suggested that Archiannelida is a pa-
raphyletic assemblage. Errantia and Sedentaria also
were eliminated during this period of rapid advance-
ment of annelid systematics; Fauchald (1977) replaced
them with 17 orders on the basis of morphological
examination. Struck et al.’s (2011) analyses imply a
resurrection of Errantia and Sedentaria, and Struck
(2011) also erects a new taxon, Pleistoannelida (defined
as the group consisting of Errantia and Sedentaria,
and exclusive of Sipuncula, Myzostomida, and Chaet-
opterus).
In the most comprehensive analyses of Annelida

prior to Struck et al. (2011) none of Errantia, Seden-
taria or Pleistoannelida was reliably recovered as
monophyletic groups (Zrzav�y et al., 2009). With the
most taxonomically broad analysis to date, Rousset
et al. (2007), with four loci for 217 taxa, also failed to
recover the monophyly of Errantia, Sedentaria, or
Pleistoannelida. Our analysis of nucleotides and rea-
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nalyses of amino acids with redundant sequences
removed continue to suggest a lack of compelling evi-
dence for the monophyly of Errantia or Sedentaria,
much like both the nucleotide data set and the original
amino acid data set used by Struck et al. (2011) do
not reliably find the monophyly of Pleistoannelida
under a parsimony framework. Interestingly, however,
when removing the redundant loci from the amino
acid data set, Pleistoannelida is recovered as monophy-
letic but without support. If the root of the tree result-
ing from our analysis of the original amino acid data set
was applied at the node leading to Chaetopterus, how-
ever, our tree would result in monophyly of both Erran-
tia and Sedentaria. Increased taxon sampling may be of
even more importance than increased genetic coverage,
and could potentially accurately resolve the relation-
ships at the base of the tree of Annelida, which would
have a large effect on the overall topology and group-
ings found (see Phillippe et al., 2011). Indeed, some of
the unconventional relationships found in the present
study, such as the sister grouping of the amphinomid
Eurythoe complanata and the phyllodocids Scoloplos
armiger and Sthenelais boa, or the paraphyly of Cirra-
tuliformia in Figs 2 and 4, can probably be explained
by the low taxon sampling in the data set. Other atypi-
cal relationships, such as the placement of Ridgeia pisce-
sae within Errantia, may be an artefact of missing data
(see above and Tables 1 and 2). Adding to the contro-
versies surrounding the phylogeny of Annelida, our
analyses corroborate previous studies in suggesting that
the hypotheses of relationships both within Annelida,
and between the phylum and its constituent taxa are not
consistent nor reasonably supported across optimality
criteria, even when large amounts of data are employed
by the analyses.

Transcriptomics and missing data

Differential gene expression is common in both ver-
tebrates and invertebrates (e.g. Okubo et al., 1992;
Evans and Wheeler, 1999; Carleton and Kocher, 2001;
Franzellitti and Fabbri, 2005) and may explain the
inability to gather comparable transcriptomic data
from organisms with diverging expression patterns.
Moreover, data recovered from EST libraries are often
fragmentary with respect to the original transcript,
and alignments of such sequences will overlap incom-
pletely, leaving ragged ends (Hartmann and Vision,
2008). These issues are geared towards transcriptomic
data (as opposed to PCR-directed studies) and may
lead to either a highly mosaic data set with high levels
of missing data or a data set with erroneously inferred
orthology between the loci involved. The effect of
missing data on large-scale, empirical EST studies is
largely unknown (but see Phillippe et al., 2004; Sid-
dall, 2009) but several simulation studies have found a

large impact of both random and non-random missing
data on the resulting topology (e.g. Wiens, 2003,
2006). Contrary to the results conveyed by Struck
et al. (2011), here we show that the resulting average
clade stability across a topology is reduced when
including taxa with high levels of missing data. Thus,
the lack of support for most clades in the parsimony
hypotheses presented here is mostly attributable to the
lack of data for several taxa in the original matrix.
Unfortunately, this issue may be hard to resolve as a
single transcriptome necessarily changes in nucleotide
composition throughout the lifespan of any given
organism, a concern that can only be partially medi-
ated by exceedingly deep next-generation cDNA
sequencing. The data set presented by Struck et al.
(2011) will probably prove to be a cornerstone for
future studies of annelid systematics and it is impor-
tant that this data set now be amended such that the
amount of missing data is reduced.
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