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Abstract

Gene structure data can substantially advance our understanding of metazoan evolution and deliver an independent approach to
resolve conflicts among existing hypotheses. Here, we used changes of spliceosomal intron positions as novel phylogenetic marker
to reconstruct the animal tree. This kind of data is inferredfrom orthologous genes containing mutually exclusive introns at pairs
of sequence positions in close proximity, so-called near intron pairs (NIPs). NIP data were collected for 48 species andutilized
as binary genome-level characters in maximum parsimony (MP) analyses to reconstruct deep metazoan phylogeny. All groupings
that were obtained with more than 80% bootstrap support are consistent with currently supported phylogenetic hypotheses. This
includes monophyletic Chordata, Vertebrata, Nematoda, Platyhelminthes and Trochozoa. Several other clades such as Deuteros-
tomia, Protostomia, Arthropoda, Ecdysozoa, Spiralia, andEumetazoa, however, failed to be recovered due to a few problematic
taxa such as the miteIxodesand the warty comb jellyMnemiopsis. The corresponding unexpected branchings can be explained
by the paucity of synapomorphic changes of intron positionsshared between some genomes, by the sensitivity of MP analyses
to long-branch attraction (LBA), and by the very unequal evolutionary rates of intron loss and intron gain during evolution of the
different subclades of metazoans. In addition, we obtained an assemblage of Cnidaria, Porifera, and Placozoa as sister group of Bi-
lateria+ Ctenophora with medium support, a disputable, but remarkable result. We conclude that NIPs can be used as phylogenetic
characters also within a broader phylogenetic context, given that they have emerged regularly during evolution irrespective of the
large variation of intron density across metazoan genomes.
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1. Introduction

The evolutionary relationships of metazoan phyla still con-
stitute a challenge for both morphological and molecular-based
analyses. The traditional view arranges bilaterian metazoans
into acoelomates, pseudocoelomates, and coelomates. Start-
ing with the work of Aguinaldo et al. (1997), sequence data,
initially mostly rDNA, have been used to establish a “new ani-
mal phylogeny” with far-reaching consequences: (1) the proto-
stomes were divided into ecdysozoans (Aguinaldo et al., 1997)
and lophotrochozoans (Halanych et al., 1995), and (2) sev-
eral phyla representing apparently lower grades of complex-
ity (Platyhelminthes, Nemertea, and Nematoda) were relocated
amongst the coelomate groups at the crown of the tree. In con-
trast, some studies employing genomic datasets containingonly
a few taxa (e.g. Wolf et al., 2004) supported the monophyly of
coelomates. Later studies, however, have shown that these re-
sults are likely artefacts, misled by a faster evolution of some
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genomes, such as that ofCaenorhabditis elegans(Philippe
et al., 2005). These are thus often excluded from phylogenetic
datasets. In addition, conflicting signals are often obtained from
mitochondrial, nuclear rRNA, phylogenomic and also morpho-
logical data (Trautwein et al., 2012). Despite a plethora ofstud-
ies based on both molecular and morphological data, a con-
sensus on the phylogenetic tree of metazoan phyla is still not
in sight (Edgecombe et al., 2011). This concerns in particular
the non-bilaterians (Dunn et al., 2008; Schierwater et al.,2009;
Pick et al., 2010) and the Lophotrochozoa (Hejnol, 2010).

Characters resulting from structural changes of the genomic
sequence, so-called rare genomic changes (RGCs), such as cod-
ing insertions/deletions (indels) (Belinky et al., 2010), spliceo-
somal intron positions (Irimia and Roy, 2008), and positions
of mobile genetic elements (Kriegs et al., 2006, 2010), are ex-
pected to be less prone to homoplasy than substitution patterns
of sequence data and hence provide valuable additional infor-
mation to resolve conflicts in phylogenetic tree reconstruction.
For holometabolic insects, novel phylogenetic hypotheseshave
been introduced on the basis of such characters, for example
the basal position of Hymenoptera (Krauss et al., 2005). Later,
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this proposal received strong support by sequence-based anal-
yses of single-copy nuclear genes and additional intron posi-
tion data (Savard et al., 2006; Zdobnov and Bork, 2007; Krauss
et al., 2008; Wiegmann et al., 2009). Another study used retro-
transposon insertions to improve our knowledge about the basal
branching order of rodents (Churakov et al., 2010). Earlierat-
tempts to reconstruct the radiation of rodents are well-known to
have suffered from long-branch attraction (LBA) artefacts.

The present study utilizes the conservation of positions
of spliceosomal introns among orthologous coding sequences
(CDS). Intron positions have already been used by several au-
thors to resolve problematic branches of the metazoan tree (for
review see Irimia and Roy, 2008). For instance, an intense
debate emerged about the concepts of Ecdysozoa (Roy and
Gilbert, 2005) and Coelomata (Zheng et al., 2007) using in-
tron position data. Roy and Gilbert (2005) supported the taxon
Ecdysozoa using a pattern of intron conservation. This was
criticized by Zheng et al. (2007) by showing that intron loss
rates within specific branches are strongly correlated. These au-
thors argued that high rates of independent intron losses within
the used nematode and arthropod species had misled the for-
mer study. However, in turn, Roy and Irimia (2008) identified
several weaknesses of the latter analysis, among them biases
in the procedure used to differentiate between intron gain and
loss. Pointing to both large intron loss and gain rate variations,
Roy and Irimia (2008) avoided a clearcut conclusion about the
Ecdysozoa/Coelomata problem.

In order to reduce the impact of homoplastic characters due
to parallel intron gains or losses, we specifically considerpairs
of nearby introns. More precisely, a near intron pair (NIP) con-
sists of two intron positions in an alignment of two or more
orthologous genes that are separated by a small number of nu-
cleotides. Exons smaller than about 50 nt are relatively rare
(Saeys et al., 2007) and in general functionally detrimental
(Weir et al., 2006). The two nearby intron positions are thus
very unlikely to have coexisted. Under the assumption that par-
allel intron gain is very rare, a NIP can be used to parsimo-
niously infer an edge of the phylogenetic tree along which both
intron loss and gain must have occurred, separating the species
sharing one of the positions from those that share the other.

In previous work, we found some evidence that NIPs arise
not only from uncoupled, successive processes of intron loss
and intron gain, but also from intron sliding (Krauss et al.,
2005, 2008; Lehmann et al., 2010). ForDrosophila we could
show that some of the younger NIPs were indeed caused by
shifts of splice donor and acceptor sites in relation to con-
served CDS (Lehmann et al., 2010). In the same study, we used
NIPs for a systematic investigation of intron gain mechanisms
in Drosophila.

Encouraged by the successful application of NIPs to the phy-
logeny of holometabolan insects (Krauss et al., 2008; Niehuis
et al., 2012), we here try to resolve the phylogenetic tree ofan-
imals based exclusively on NIP data from 45 metazoan and 3
outgroup taxa. Our results demonstrate the usefulness of NIPs
as phylogenetic marker also for deep metazoan phylogeny. In
particular, we evaluate the Ecdysozoa hypothesis, as well as the
general agreement of our tree reconstructions with currentpro-

posals of metazoan phylogeny.

2. Material and methods

2.1. Compilation of Ortholog Data Set

Initially, we retrieved orthologous protein-coding genesfrom
the Ensembl Compara database (release 67, May 2012) (Flicek
et al., 2011) in the following manner: For a set of 8 se-
lected query species (Acyrthosiphon pisum, Caenorhabditis
elegans, Drosophila melanogaster, Ixodes scapularis, Ne-
matostella vectensis, Schistosoma mansoni, Strongylocentro-
tus purpuratus, andTrichoplax adhaerens), all protein-coding
gene IDs with the status ’Known’ were determined using En-
sembl Biomart. Then, these reference genes and their pre-
dicted 1:1 orthologs within the Ensembl Metazoa (v14) and
Ensembl Core (v67) databases were retrieved from the fol-
lowing 29 taxa: Acyrthosiphon pisum, Aedes aegypti, Am-
phimedon queenslandica, Anopheles gambiae, Apis mellif-
era, Bombyx mori, Caenorhabditis brenneri, Caenorhabdi-
tis briggsae, Caenorhabditis elegans, Caenorhabditis japon-
ica, Caenorhabditis remanei, Ciona intestinalis, Ciona sav-
ignyi, Culex quinquefasciatus, Danio rerio, Daphnia pulex,
Drosophila melanogaster, Homo sapiens, Ixodes scapularis,
Monodelphis domestica, Nematostella vectensis, Pediculus hu-
manus, Pristionchus pacificus, Schistosoma mansoni, Strongy-
locentrotus purpuratus, Takifugu rubripes, Tribolium casta-
neum, Trichinella spiralis, andTrichoplax adhaerens. For each
gene, only the transcript coding for the longest isoform wasse-
lected. If a gene was contained in more than one of these puta-
tive ortholog groups, all the affected groups were excluded from
the dataset to avoid the inclusion of paralogs. Finally, only the
4,405 ortholog groups containing genes from at least 50% of
the species were retained for further processing in order tolimit
the amount of missing data. In order to extend this core dataset,
we followed two different approaches, depending on the target
species:

A targeted search for orthologs based on available gene
builds was performed for the 13 additional speciesBran-
chiostoma floridae, Brugia malayi, Capitella teleta, Coprinop-
sis cinerea, Dictyostelium purpureum, Helobdella robusta,
Heterorhabditis bacteriophora, Lottia gigantea, Meloidog-
yne hapla, Meloidogyne incognita, Monosiga brevicollis, Na-
sonia vitripennis, and Schistosoma japonicum(see Supple-
mentary Tables S1–S2). For this purpose, we used the
hamstrsearch local package (Ebersberger et al., 2009)
(HaMStR v8b) to determine reliable ortholog additions. The
pipeline generates profile hidden Markov models (HMMs) from
the ortholog groups of the core dataset and uses these to retrieve
candidate hits within each target proteome usinghmmsearch

(HMMER 3.0 package,http://hmmer.org). These are au-
tomatically checked for reciprocity usingblastp (Camacho
et al., 2009) against a subset of reference species. Here, the
reference species more closely related to the target species was
used preferentially (see Supplementary Table S2 for details).
Target proteins that could not be uniquely assigned to a single
query protein were excluded from the resulting dataset.
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For the remaining 6 target species (Aplysia californica, Het-
erorhabditis bacteriophora, Mnemiopsis leidyi, Rhodnius pro-
lixus, Saccoglossus kowalevskii, andSchmidtea mediterranea),
no gene builds were available, hence we used BLAST (Cama-
cho et al., 2009) to identify orthologs. For this purpose, we
performedtblastn searches for each target species using the
full proteome sets of 4 different reference species from the core
dataset (see Supplementary Tables S1, S3) to ensure that each
ortholog group is represented by at least one query. For a partic-
ular ortholog group, the query sequence that was actually used
for thetblastn retrieval was selected based upon availability
and a ranked order of the four query species, such that the more
closely related query species was selected preferentially. Best-
hit genomic target regions were automatically extracted, and
CDS were predicted withexonerate (Slater and Birney, 2005)
(spliced-alignment using theprotein2genome model) based
on the query protein. Occasional frame shifts due to insertions
or deletions were compensated by short artificial gaps in the
CDS sequence and annotation. A refinement of CDS predic-
tions was obtained for a subset of candidates for which appro-
priate target proteins and/or mRNAs were available from NCBI
databases. In this case the spliced-alignment withexonerate

was based on the protein of the target species rather than the
homologous query protein, see Supplementary Table S3. Each
CDS prediction within these 6 species was required to

1. have no overlap with a prediction from another query pro-
tein with a largertblastn bit score,

2. have a query coverage of at least 50%,
3. have a mean identity of at least 25% (as measured by the

tblastn HSPs)

In case of multipletblastn predictions for a target species,
only the best-scoring one per ortholog group was retained. Each
CDS prediction was checked by reciprocalblastp of its trans-
lation to the query proteome, and only retained if the initial
query was returned as best hit.To test whether the usage of
blastp for these 6 species has an impact on the resulting NIP
phylogeny, we usedHaMStR to identify putative paralogs here.
Removal of these sequences, however, resulted only in a small
reduction of the informative NIP dataset (0.2%) and did not af-
fect the topology of the NIP-inferred tree.

2.2. Translated Alignments and Intron Position Mapping

CDS were compiled for each transcript using the avail-
able CDS annotation. Similarly to the procedure outlined in
Lehmann et al. (2010), thetransAlign program (Bininda-
Emonds, 2005) was used to construct a codon-based multiple
alignment for each of the 4,405 ortholog groups. This tool
translates nucleic acid sequences to peptide sequences, invokes
Muscle (Edgar, 2004) to generate a protein alignment and then
back-translates them to the corresponding CDS alignment. In
addition to the protein alignment withMuscle, the realignment
tool of Csurös et al. (2007) was employed. It allows to re-
score an existing amino acid alignment with intron positions
annotated for each individual sequence while at the same time
attempting to align the positions of introns whenever possi-
ble. We used the standard parameters, which give only a small

bonus to aligned intron positions. Any CDS predictions con-
taining internal stop codons were excluded from the translated
alignments.

Intron positions were mapped to the codon-based sequence
alignments and labeled with the codon position of a reference
sequence as defined within each alignment (preferably from
D. melanogaster, C. elegans, or H. sapiens). From each align-
ment, all intervals were extracted that contained at least two in-
tron positions separated by at most 70 alignment columns. We
called such alignment intervals near intron pair regions (NIP
regions). Each alignment of such a NIP region includes 30 nt
flanking CDS alignment sequence around the outmost intron
positions. Sequences consisting of gaps only were excluded
from these regions.

2.3. Extraction and Selection of NIP Characters
Finally, NIP characters were extracted from NIP regions by

collecting each pair of intron positions that fulfilled the distance
constraint of<32 nt (Lehmann et al., 2010) for all sequences of
a region (i.e., excluding gap characters). NIP characters hav-
ing both introns present in one of the sequences were removed
entirely from the data set. Each NIP character was addition-
ally checked for the local quality of the amino acid alignment
around both intron positions. Taxa that are not part of the
NIP were not considered in this context of alignment quality.
The local quality of the sub-alignment was determined as the
average relative sum-of-pair score (see paragraph ”Scoring of
Protein Alignments”) for a sequence window of 3 amino acids
around the intron positions, similar to the method employedby
Wilkerson et al. (2009). The average-score threshold was set to
0.5. Furthermore, we required the sub-alignment to be gap-free
within this sequence window.

A NIP character is encoded by a column in the data matrix
containing symbol ’1’ for species having the upstream intron,
symbol ’2’ for species having the downstream intron of the pair,
and a ’?’ (missing data symbol) for species not contributing
with an intron (optionally encoded as state ’0’) or not part of
the NIP region alignment.

2.4. Tree Searches and Testing
Maximum parsimony (MP) tree searches and bootstrap anal-

yses based on NIP character matrices (character type: un-
ordered, i.e. equal state transition costs, Wagner parsimony)
were performed using PAUP* 4.0b10 (Swofford, 2003). De-
fault settings for the heuristic search were random stepwise ad-
dition and 1,000 replicates with the tree-bisection-reconnection
(TBR) branch-swapping option. For bootstrapping 1,000 repli-
cates and simple stepwise addition were used in combination
with TBR. The same settings for tree search and bootstrap-
ping were employed for the additional intron presence/absence
data analyses using both Dollo parsimony and Wagner parsi-
mony (Supplementary Figures S8–S9). The (ensemble) consis-
tency index (CI) and the retention index (RI) were determined
with PAUP* considering only the parsimony-informative char-
acters. Recall that CI measures the level of homoplasy while
RI measures the amount of synapomorphy (Farris, 1989). Con-
tradictory hypotheses were evaluated by comparing the total
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Figure 1: Intron distance distribution of the NIP dataset. The parsimony-
informative NIP subset (blue) and the remaining NIPs are grouped according to
intron position distances in nucleotides.

tree lengths of the MP topologies with those of constrained MP
topologies. Statistical significance was assessed by the Tem-
pleton test (Templeton, 1983) and the winning-sites test (Prager
and Wilson, 1988) as implemented in PAUP*.

Sequence-based phylogeny reconstructions were conducted
with RAxML v. 7.3.2 (Stamatakis, 2006) using the WAG substi-
tution model as selected withProteinModelSelection.pl
(rapid bootstrapping option, 100 replicates), andPhyloBayes

(Lartillot et al., 2009) (v. 3.2e; with default settings; conver-
gence of two runs were assumed at a ’maxdiff’ value of 0.12, a
’maximum discrepancy’<0.3, a ’minimum effective size’>50.
The consensus tree was built from ca. 36,000 sampled trees).
For the sequence-based analyses, data sets were selected for al-
most complete taxon coverage (>41 taxa), and the amino acid
alignment positions were trimmed withGblocks (Talavera and
Castresana, 2007) using default settings (b3=8, b4=10).

2.5. Scoring of Protein Alignments

For scoring of alignment quality, we calculated for each site
of the (partial) multiple amino acid sequence alignment a rela-
tive sum-of-pair score using the BLOSUM45 substitution ma-
trix of Clustal W (Larkin et al., 2007) (modified for positive
pair-scores) and weighting with the maximally possible sum-
of-pair score based on the most abundant amino acid(s). The
final average score for the complete alignment was obtained by
averaging the relative sum-of-pair score over all sites.

3. Results

3.1. Collection and Characterization of a Large NIP Data Set

Starting from selected Ensembl Compara ortholog predic-
tions, we compiled a set of orthologs covering 48 taxa, com-
prising 12 metazoan phyla: Cnidaria, Placozoa, Ctenophora,
Porifera, Annelida, Mollusca, Platyhelminthes, Chordata,
Echinodermata, Hemichordata, Arthropoda, and Nematoda
(see Supplementary Table S1, Supplementary Material on-
line). Monosiga brevicollis(Choanoflagellata),Coprinopsis

cinerea (Fungi), andDictyostelium purpureum(Amoebozoa)
were added as outgroups.

The automated alignment and NIP extraction pipeline (see
Materials and Methods) produced 49,129 partial CDS align-
ment regions that contain potential near intron pairs (NIP re-
gions, see Supplementary Material 1, Supplementary Material
online, for a subset of these regions). Consistent with our pre-
vious study onDrosophila(Lehmann et al., 2010), the fraction
of NIP candidates that need to be excluded from the analysis
due to short exons, i.e., because the alignment contains a taxon
in which introns are present at both positions, increases for NIP
distances of more than some 30 nt (Supplementary Figure S2).
Thus, in contrast to Krauss et al. (2008) but in concordance with
Lehmann et al. (2010), we here only consider NIPs of distance
<32 nt, to further limit the amount of homoplasy in the data set.

Intriguingly, the dataset of used NIPs reveals that distances
of 1 nt and of multiples of 3 nt are more abundant than others,
especially for very short distances (Figure 1). This may be a
consequence of the unequal distribution of intron phases (0:1:2
= 51:27:22) already described by Long and Deutsch (1999) us-
ing an early eukaryotic splicing database. The inequalities of
this distribution were shown to be due to biased intron gain
(Qiu et al., 2004; Nguyen et al., 2006). We evaluated the phase
distribution of all introns from our initial ortholog data set and
obtained a ratio similar to data of Qiu et al. (2004) (0:1:2=
50:26:24). Thus, the observed general excess of NIP distances
of multiples of 3 nt can be ascribed mainly to the increased
probability that two adjacent intron positions have the same
phase, which is for our data set 0.38 (distance is multiple of
3, i.e. phase difference is 0), in contrast to 0.31 for phase differ-
ences of 1 or 2, respectively.

The additional excess for NIP distances of 1 nt and lower
multiples of three is consistent with previous studies (Rogozin
et al., 2000; Krauss et al., 2008; Lehmann et al., 2010), which
provided evidence for intron sliding, a possible mechanismfor
the emergence of NIPs that leads to a preference of these dis-
tances. In coding regions there is a very strong selection pres-
sure to preserve the reading frame, hence the shift from a splice
site to another one located a multiple of three nucleotides away
is favoured, allowing the independent migration of donor and
acceptor sites. Intron sliding thus could explain the remaining
NIP number differences between the distances.

By extracting all possible pairs of mapped intron positions
passing the alignment quality filter (see Materials and Meth-
ods), we retained 76,150 NIPs. For 2,557 (3.4%) of these, both
introns were present in one or more taxa. Most of these short
internal exons (<32 nt) were found inCoprinopsis cinerea, Het-
erorhabditis bacteriophora, Trichoplax adhaerens, andCiona
intestinalis, participating in more than 6% of the cases, respec-
tively. All these NIPs were excluded from the subsequent phy-
logenetic analysis. We finally arrived at a dataset of 73,593
NIPs, of which 12,244 are parsimony-informative. Figure 2
displays an example NIP region, containing a NIP in support of
Ecdysozoa.
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        Smp_150040 Mbre (CDS)    ...               ________300-0___________                       ________307-2___________    ________309-0___________         ...

      Dictyostelium_purpureum GGT...ATTTCAGCAGCCGAG                        GCATTAAATCACCCATATTTTAC                        AACT                        GGTGTAAAG...

          Coprinopsis_cinerea GGA...ATTTCAGCCCGCGAGgtacgact//gaaaactacactagGCTCTCAATCATCCCTACTTCTT                        CGCA                        CTCCCTTAT...

         Monosiga_brevicollis GCC...CCCACGGCCCGGGAGgtctgcac//cccctcaatcctagACTCTTATGCACCCCTATTTTTC                        AGAA                        GCACCCGGG...

     Amphimedon_queenslandica GGC...TGTACAGCGTCTCAA                        GCTCTCCAAAGCAGTTACTTCAG                        TAAT                        CCGCCCGGT...

         Trichoplax_adhaerens GGC...ATTACGGCTACTGAAgtaagcca//atatcaatatatagGCACTACAGATGAAATATTTCTT                        TAAT                        CTGCCAGCT...

       Nematostella_vectensis GGA...GTCAATGCTACTCAGgtaaatgg//catcgttcttctagGCACTCAACATGCCATATTTTTC                        AAAC                        AAGCCAGCG...

Strongylocentrotus_purpuratus GGT...TGTAAGGCCACTGAGgtaagtgt//gtcattccttgtagGCACTTAAGATGCCATACTTCTA                        TACA                        AAGCCAGCA...

           Ciona_intestinalis GGG...GTAACTGCAGTTCAA                        GCTTTACATTTCTCCTTCTTCAC                        AAAC                        CAGCCATAC...

                 Homo_sapiens GGC...ATTACGGCCACACAGgtattttg//ttttcttttaaaagGCACTGAAAATGAAGTATTTCAG                        TAAT                        CGGCCAGGG...

        Monodelphis_domestica GGC...CTCACAGCTACTCAGgtatttaa//cttttttttttaagGCTTTGAAAACTAAGTATTTCAG                        CAAT                        CGACCAGGG...

            Takifugu_rubripes GGG...ACCACAGCAACACAGgtaaaccc//gttctaatctccagGCACTAAAGATGAAGTATTTCAG                        TAAT                        CGACCTGGT...

                  Danio_rerio GGC...ACCACAGCTATGCAGgtaacatt//tattcttattccagGCTTTGAAAATGAAGTATTTCAG                        CAAT                        AGACCAGGA...

            Ixodes_scapularis GGC...TGCTCGTGCGGTGAG                        GCCCTGCAGATGCCGTACTTCAG                        CAAC                        CGGCCCCCG...

               Apis_mellifera GGT...TGTACATGTGATCAA                        GCTCTCCAAATGCCATACTTTAG                        CAAT                        AAGCCAGCA...

          Nasonia_vitripennis GGT...TGTAGTTGCGATCAA                        GCATTGCAAATGACTTATTTTAG                        TAAT                        AATCCTCCT...

      Drosophila_melanogaster GGC...GTGTCCTGCCGCGAG                        GCACTGAGCATGCCGTATTTCGC                        TAAC                        AAACCGGCG...

            Anopheles_gambiae GGG...TGCTCCTGTACCGAG                        GCGCTGAAGATGGCATACTTTTC                        AAAC                        AAACCGGCG...

                Aedes_aegypti GGA...TGCACATGTACTGAG                        GCCCTTAAGATGCCGTACTTCTC                        CAAT                        AAACCTGCC...

                  Bombyx_mori GGA...TGTGATTGCACGCAG                        GCCTTGCAAATGGCGTATTTTAGgtaagcta//tatgcctattgcagTAGT                        AAACCGGCG...

          Tribolium_castaneum GGG...TTCGAGTGCAGCAAG                        TGTTTGGCGATGCCGTTTTTCAG                        TAAT                        AAACCGGCG...

            Pediculus_humanus GGA...TGTACGGCAACAGAA                        GCTCTTCAAATGGAATATTTTCGgtaaaaaa//cattttatacacagGAAC                        AAACCTTAT...

            Rhodnius_prolixus GGA...TATAATTGCCCACAA                        GTCTTACAGATGCCATATTTTAGgtaacgta//ttaattttgtttagCAAT                        AAACCAGCA...

          Acyrthosiphon_pisum GGC...CCTACTTGTTCTGAA                        GCATTACAAATGCCATACTTTAGgtgaataa//atatacattttcagTAAT                        CGGCCACCA...

                Daphnia_pulex GGT...TGTACTTGTAGCGAA                        GCTTTGCAAATGCCGTATTTCAGgtatatat//ttcttccttaacagCAAT                        AAACCAGCT...

       Pristionchus_pacificus GGA...TGGAGTGCGACCGAC                        GCCCTCAAGAGTCCCTACTTCTCgtgagtta//ataaacatttgcagAACA                        GCCCCGTAC...

        Meloidogyne_incognita GGT...TTAACGGCAACACAA                        TCACTTCATTCACAATATTTTAA                        ATCT                        TTACCCTAT...

            Meloidogyne_hapla GGT...TTAACGGCAACACAA                        TCACTTCATTCAAAATATTTTAA                        ATCT                        TTACCTTAT...

                Brugia_malayi GGA...TGGAATGCAACTCAA                        GCACTTTGTTCTCATTATTTCCA                        ATCGgtacgaca//aatcaatattctagATGCCATAT...

Heterorhabditis_bacteriophora GGA...ATGACAACTAGTCAG                        GCGCTACAGTGCAGTTATTTCAGgtgatact//atatatgatttcagTAAC                        ATGCCATTA...

      Caenorhabditis_japonica GGA...CTCACTTGCACTCAA                        TCTCTTCAAATGGAATATTTCAGgttagaca//atttattttctcagAAAC                        CAACCATTC...

       Caenorhabditis_elegans GGA...CTGACTTGTACTCAA                        TCTCTTCAAATGGAATATTTCCG                        AACT                        CAACCATTC...

      Caenorhabditis_brenneri GGA...GTTAATTGTACACAA                        GCACTGCAAGCGGAGTACTTCCG                        ATCT                        CAACCGTAT...

      Caenorhabditis_briggsae GGA...TTGACATGCACTCAA                        TCTCTGCAAATGGAATACTTCCG                        AGCA                        CAGCCGTAC...

       Caenorhabditis_remanei GGA...CTGACTTGTACTCAA                        TCACTGCAAATGGATTATTTCAA                        ATCT                        CAACCATAT...

              Lottia_gigantea GGC...TGTACTGCAACAGAGgtaggtaa//ttatatttatccagGCTGTACAGATGCCATATTTTAG                        TAAC                        AAACCAGCT...

             Capitella_teleta GGA...TGCACGGCCACGGAGgtcagtga//atctgtcgttgcagGCGTTGCGCATGCCGTACTTCAG                        CAGT                        AAGCCCGCC...

           Helobdella_robusta GGC...TGTACCTGCTCCCAAgtacgtgt//aatattgttcccagGCCCTCCAAATGCCCTACTTCAC                        GAAC                        AAGCCCCTA...

       Schmidtea_mediterranea GGA...GGCACTTGCACAGAG                        GCATTGAAGCATCCGTTCTTTGT                        CAAT                        GAGCCCTAT...

          Schistosoma_mansoni GGA...GGAACTGCTGCTGAC                        GCGTTACAATCATCCTATTTTAC                        ATCA                        AAACCATAT...

Figure 2: Example NIP region. The parsimony-informative NIP characterSmp 150040.Mbre.Mbre.300-0 307-2 supports that the last common ancestor of
arthropods and nematodes (i.e. of Ecdysozoa) is not an ancestor of Deuterostomia. Intron positions are indicated by lowercase nucleotides. Sequence IDs were
replaced by full taxon names, and only the section relevant for the selected NIP is shown.

3.2. Parsimony Search

We conducted MP tree searches and bootstrap runs based on
12,244 parsimony-informativeNIPs and obtained the strictcon-
sensus MP tree shown in Figure 3.

To compare our NIP-based tree to contemporary sequence-
based analyses, we mapped our data to a tree topology that
combines the currently preferred metazoan relationships as pro-
posed by Lartillot and Philippe (2008), Hejnol et al. (2009),
Mortazavi et al. (2010), and Meusemann et al. (2010) (Fig-
ure 4). Here, the tree length is 13,968, i.e. 130 steps longer
than the unconstrained MP trees (strict consensus shown in Fig-
ure 3). According to Templeton and Winning-site tests, this
difference is significant (Table 1).

3.3. Extended Parsimony Approach

A potential shortcoming of the reported analysis is that sim-
ple intron losses within the tree cannot be used as phyloge-
netic information. To overcome this limitation, we included
the absence of both intron positions of a NIP as a third charac-
ter state (zero) in an extended parsimony approach, insteadof
accounting for it as missing data. However, the standard Dollo-
Parsimony approach as implemented in PAUP* (often applied
to such presence/absence data) is unsuitable for such a character
coding, since regain of the same intron position is very unlikely
and cannot be penalized, given two states for the presence of
introns.

Hence, we adapted Sankoff’s parsimony algorithm (Sankoff,
1974; Sankoff and Rousseau, 1975) for scoring state transitions

for each character. Here, changes to and from the zero state
have a cost of one, whereas changes directly between the two
intron states have a cost of two. Each intron state is allowed
to be introduced (along the tree edges) only once without ad-
ditional costs. Whenever a change to the same intron state
occurs more than once in the tree, a large additional penalty
is added that explicitly scores the homoplasy. We performed
three different heuristic runs using the full NIP dataset (73,593
NIPs) with penalties 1000, 100, and 10, respectively. To ob-
tain bootstrap values was not possible due to the large runtime
for one run (about 170h). The results of this more inclusive
approach, therefore, are of limited value (Supplementary Fig-
ure S3–S5). All three runs resulted in a significantly worse
topology than found using (unordered/Wagner) two-state par-
simony (Figure 3). These results suggest that the incorporation
of absence states does not improve tree inference.

3.4. Sequence-based Phylogeny for Comparison

In order to compare the NIP-based results with classical
sequence-based results, we conducted maximum likelihood
(ML) and Bayesian (BI) analyses for tree reconstruction based
on the amino acid alignments from the same ortholog dataset.
For this purpose, we filtered the 4,405 alignments to containat
least 42 taxa. This resulted in 191 alignments. After trimming
alignment positions usingGblocks, the concatenated dataset
contained 9,121 amino acid alignment sites from 134 genes.
Figure 5 displays theRAxML bootstrap consensus tree obtained
from ML tree searches. The resulting topology (as well as that
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Issue Constraint MP steps MP trees Templeton Winning-sites

Fixed topology from Figure 4 13,968 1 <0.0001*** <0.0001***
1a ((Mnemiopsis, Amphimedon, Trichoplax, Cnidaria)) 13,873 5 0.0001*** 0.0002***
1b ((Amphimedon, Trichoplax, Cnidaria, Bilateria)) 13,856 10 0.1939 0.2445
1c ((Mnemiopsis, Trichoplax, Cnidaria, Bilateria)) 13,842 5 0.2850 0.4240
1d ((Mnemiopsis, Amphimedon, Cnidaria, Bilateria)) 13,851 5 0.0016** 0.0023**
1e ((Mnemiopsis, Trichoplax, Amphimedon, Bilateria)) 13,850 10 0.0105* 0.0192*
1f ((Cnidaria, Bilateria)) 13,881 10 0.0001*** 0.0002***
2 Deuterostomia 13,846 10 0.0455* 0.0768
3a Coelomata: ((Arthropoda, Trochozoa, Deuterostomia)) 13,961 5 <0.0001*** <0.0001***
3b Ecdysozoa: ((Arthropoda, Nematoda)) 13,858 5 0.0168* 0.0232*
4a Arthropoda 13,893 5 <0.0001*** <0.0001***
4b Holometabola 13,848 10 0.2809 0.3318
4c ((Aedes, Culex)) 13,839 5 0.5637 1.0000
5a ((Meloidogyne, Pristionchus, Heterorhabditis, Caenorhabditis)) 13,842 5 0.4142 0.5413
5b ((C. brenneri, C. remanei, C. briggsae)) 13,840 5 0.5271 0.7539
6 Spiralia 13,849 14 0.1790 0.2218

Table 1: Comparison of constrained MP topologies with the unconstrained MP topologies using the NIP dataset (12,244 informative NIPs). Levels of significance
in the Templeton (Templeton, 1983) and Winning-sites (Prager and Wilson, 1988) tests in comparison to the unconstrained MP topologies (5 trees with 13,838 steps
each, strict consensus shown in fig. 3) are indicated by stars. The table displays only the largestp-value observed among all pairwise comparisons of unconstrained
and constrained MP topologies, respectively.

obtained from the BI analysis, see Supplementary Figure S6)is
similar to that taken from the literature (Figure 4), exceptwith
respect to the positions ofMnemiopsis, Trichoplax, Brugia, and
the Ambulacraria (SaccoglossusandStrongylocentrotus).

4. Discussion

Here, we extracted for the first time near intron pairs (NIPs)
from a broad collection of genomes and used them as binary
genome-level character in maximum parsimony analyses to ex-
plore the information value of NIPs to reconstruct deep meta-
zoan phylogeny. The resulting tree deviates remarkably from
contemporary hypotheses of metazoan relationships. Notably,
the unusually distributed taxaMnemiopsis, Ixodes, and Ambu-
lacraria prevented the tree from resolving major clades such as
Bilateria, Ecdysozoa, Arthropoda, and Deuterostomia. In ad-
dition, we obtained an assemblage of Cnidaria, Porifera, and
Placozoa as sister group to Bilateria+ Mnemiopsis, which is a
disputable, but remarkable result. We conclude that NIPs can
in principle be used as phylogenetic characters within a broader
phylogenetic context as the corresponding changes of spliceo-
somal intron positions seem to have happened more or less reg-
ularly during metazoan evolution irrespective of the largevari-
ation of intron density across genomes.

The taxa in this analysis were selected to include mainly
deep metazoan branches, e.g. we included only a few verte-
brates and only one representative ofDrosophila (for a NIP-
based phylogeny of the genusDrosophila see Lehmann et al.
(2010)). On the other hand, within some important lineages the
number of available genomes is still very limited (e.g. Spiralia)
and species sampling in part concentrates on uncommon repre-
sentatives such asSchistosoma. Furthermore, the coverage of
orthologous genes in our dataset varies substantially between
species (e.g. orthologs forA. californicaare only present in a
fifth of the dataset). In addition, the intron densities observed
within these ortholog predictions vary considerably (e.g.from
less than 3 introns per gene forS. mediterranea, D. purpureum,

andM. leidyi, up to 11 or 13 introns per gene forT. rubripes
andP. pacificus), see Supplementary Figure S7 for a compari-
son. In general, large differences of intron densities as expected
between more distantly related species may pose a problem for
the correct inference of deep relationships using intron posi-
tions as markers (Rogozin et al., 2005). Specifically, we ob-
served within our dataset of 12,244 parsimony-informativeNIP
characters a rate of 78.9% missing data. Slightly more than
half of these cases can be attributed to the absence of introns
(43.2%), the remaining 35.7% result from the absence of or-
thologous sequences.

Another caveat for our analysis is that NIP characters in part
depend on each other. This may be the case when NIP regions
contain more than one NIP. Among the 12,244 parsimony-
informative NIPs, we found 3,445 intron positions that are used
more than once: 3,049 positions appear in 2 NIPs, 352 are used
three times, 33 four times, 7 five times, and 4 are used six times.
Our dataset thus comprises only 20,588 intron positions instead
of the theoretically expected 24,488.

Although it is possible in principle to encode groups of over-
lapping NIP characters as a single multi-state character toen-
force character independence, this appears to be impractical.
The reason is that there is a large number of different local situ-
ations that give rise to many different arrangements of possible
transitions between the multiple character states. Alternatively,
characters may be reduced to the subset where each intron is
used only once. However, applied to our dataset, this reduced
the amount of phylogenetic information by more than one third
and the topology of the resulting tree was further impaired (see
Supplementary Figure S10).

Partial dependency of characters does not appear to be a dra-
matic problem in general: nucleotide and protein sequence data
cannot be expected to be free of correlations between adjacent
characters either. The variability of a site within a protein or an
RNA sequence depends upon its functional and structural con-
text (Savill et al., 2001; Conant and Stadler, 2009) and hence to
a certain extent on its neighbors. In the context of proteins, this
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is the biochemical foundation of the covarion model of molec-
ular evolution (Penny et al., 2001). In the case of RNA, where
the dependence of base paired nucleotides is nearly complete,
specialized substitution models can be used (Jow et al., 2002).
These still neglect the weaker correlations between adjacent po-
sitions resulting from base pair stacking.

Irrespective of these complications, our NIP-based MP anal-
ysis (Figure 3) suggests monophyletic, well-established clades
such as Cnidaria, Ambulacraria, Chordata, Vertebrata, Pancrus-
tacea, Nematoda, Platyhelminthes, and Trochozoa. However,
only the bootstrap support of Ambulacraria, Vertebrata, Pan-
crustacea, and Platyhelminthes, respectively, is above 90%. We
found that all branchings of our strict consensus tree with more
than 80% bootstrap support (Figure 3) are consistent with cur-
rently published phylogenies (Figure 4). Some other branches
diverge from this super tree. To evaluate the compatibilityof
our analysis results with current phylogenetic hypotheses, we
conducted constrained MP analyses for selected groupings and
compared the results with the unconstrained topologies (Ta-
ble 1). We discuss them in the background of current metazoan
tree reconstructions:

1. According to the NIP-based MP analysis, the cnidariansNe-
matostella vectensisandHydra magnipapillata, the placozoan
Trichoplax adhaerens, and the spongeAmphimedon queens-
landica are grouped together as sister clade to all other ani-
mals in our trees with a bootstrap support of more than 77%.
Monophyletic diploplasts would be in agreement with a previ-
ous analysis that postulates an early separation of diploplastic
animals from a bilaterian ancestor (Schierwater et al., 2009),
however, in our analysis the diploblastMnemiopsisclearly is
misplaced as a supposed sister of the Pancrustacea. In con-
trast, Mallatt et al. (2010) support a sister relationship be-
tweenTrichoplaxand Cnidaria as well as between Porifera (as
represented byAmphimedon) and all other metazoans. Other
sequence-based phylogenetic analyses (Srivastava et al.,2010;
Pick et al., 2010) propose, instead, the placement of eitherTri-
choplaxor Cnidaria as sister to the group of all other Eumeta-
zoa, respectively, and Porifera as earliest branching metazoan
lineage. Philippe et al. (2011) question the results of Schierwa-
ter et al. (2009) on the grounds of several methodological issues
that may have resulted in a strong non-phylogenetic signal due
to scarce taxon sampling and a weak phylogenetic signal as a
consequence of short internal branches.

Constrained tree searches using NIP data (Table 1) withMne-
miopsis(1b) orAmphimedon(1c) as most basal group of meta-
zoans could not reject these constrained tree variants as alterna-
tives to the unconstrained MP tree topologies. Only groupings
with Trichoplax (1d) or Cnidaria (1e) as most basal group of
metazoans as well as monophyletic diploblasts includingMne-
miopsisseem to require significantly longer trees, respectively,
but results have to be considered with caution due to small num-
ber of cases with differences. Similarly inconclusive are the
results of our sequence-based analyses.PhyloBayes placed
AmphimedonandMnemiopsis(unresolved) at the base of the
animal tree, followed byTrichoplaxand then Cnidaria resulting
from basal splits, respectively, whereasRAxML obtained an im-

plausible distribution of these species with low bootstrapsup-
port (Figure 5 and Supplementary Figure S6).

The number and distribution of taxa available for early di-
verging metazoan lineages is still insufficient for a convincing
analysis. More problematically, all five diploblastic taxaex-
hibit much fewer shared intron gains (on average 0.3% of all
parsimony-informative NIPs) compared to the other metazoan
genomes (on average 5.5% of all parsimony-informative NIPs,
Figure 6), resulting in a much weaker phylogenetic signal than
available elsewhere in the metazoan tree. Maximum parsimony
is well-known for being very sensitive to LBA (Felsenstein,
1978). The very low abundance of phylogenetically informa-
tive, novel introns inMnemiopsiscombined with some paral-
lel intron gains here and in some pancrustaceans could have
cause the misplacement of Ctenophores. Rare cases of detected
novel introns might be caused by frequent, independent intron
losses within all clades. This necessarily causes a shortage of
traceable shared intron gains in early diverging branches.Thus,
the inclusion of additional taxa diverging from basal splits may
help to resolve the positions of diploblastic animals in particular
in a NIP-based tree.

2. In the MP tree (Figure 3),Strongylocentrotus purpura-
tus(Echinodermata) andSaccoglossus kowalevskii(Hemichor-
data) are not grouped as sister to the remaining deuterostomes,
but as sister to all remaining bilaterian taxa+Mnemiopsis, thus
contradicting a monophyletic clade of deuterostomes. A similar
misplacement of these taxa was found by Nesnidal et al. (2010),
here seemingly reflecting a compositional bias in amino acid
composition. Both species show much fewer intron gains than
all other deuterostomian taxa in our tree (Figure 6). Thus, the
misplacement in the NIP dataset result might be due to high loss
rates of conserved introns combined with a very limited gainof
new introns during early deuterostomian evolution. Indeed, the
difference to the constrained tree is not significant (Table 1). In-
terestingly, urochordates (Ciona), a taxon which was often mis-
placed in sequence-based phylogenies (e.g. Bourlat et al.,2008;
Mallatt et al., 2010), is consistently found within the chordate
partitions of the trees (Figure 3), in agreement with the new
chordate phylogeny (Delsuc et al., 2006). Here, intron evolu-
tion in the inferred common ancestor of vertebrates andCiona
provided sufficient synapomorphic intron position changes to
resolve this branch.

3. Enforcing a Coelomata constraint (3a, Table 1) is signif-
icantly worse compared to the unconstrained MP trees (tree
lengths 13,961vs.13,838,P < 0.0001). In contrast, an Ecdyso-
zoa constraint results in a tree which is only 20 steps longerthan
the unconstrained one, and this difference is less significant.
Thus, NIP data prefer the more recent morphological concept
of moulting animals against the Coelomata (see Mallatt et al.,
2010, and references therein).

4. Some arthropod species show unusual positions in the MP
tree (Figure 3). First, the miteI. scapularisis placed as sister
to all other ecdysozoans+ Platyhelminthes, instead of at the
basal split from all other arthropods. A tree search enforcing
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Arthropoda yields significantly longer trees (4a, Table 1).The
problematic position ofI. scapularisis likely caused by the un-
usually small fraction of younger introns present, compared to
all other ecdysozoan species analyzed (Figure 6).

Second, the monophyly of Hexapoda and of holometabolan
insects is not recovered, by grouping the hymenopterans to-
gether with paraneopterans andDaphniaas sister to all other
holometabolans. Low support values and insignificantly longer
trees when enforcing Holometabola (4b, Table 1) point to a
currently unknown, but specific problem, as synapomorphic in-
trons were abundantly found in the relevant genomes.

Third, the mosquito speciesA. aegyptiand C. quinque-
fasciatus failed to group together, but also do not require
longer trees in case of a constraint (4c). Difficulties to ar-
range the three mosquito species as expected might be due to
the relatively short evolutionary times between them in con-
trast to the relatively large distance to the next-related species
D. melanogaster. As intron loss and gain have occurred in very
unequal rates during evolution, NIP characters are supposed to
be especially sensitive to such distance effects.

5. A large number of intron gains supports the generally well
resolved branches of nematode genera (Figures 3 and 6), in ac-
cordance with the high speed of intron evolution in this group
(Coghlan and Wolfe, 2004; Cho et al., 2004). The branching
order ofBrugia malayiandMeloidogynecould not be resolved
reliably, however, both NIP and sequence-based analyses sug-
gestMeloidogyneto result from the more basal split (Figure
5) in concordance with another phylogenomic study (Philippe
et al., 2004), but contradicting Lartillot and Philippe (2008) and
Mortazavi et al. (2010). Further studies will show which topol-
ogy is the best-supported hypothesis. Also the relations within
the genusCaenorhabditiscould not be resolved as expected.
Both the position ofBrugia and the alternative phylogeny of
Caenorhabditisare not significantly supported (5a–b, Table 1).
Here, fast intron loss appears to distort phylogenetic inference.

6. We obtain from four trochozoan species only very few novel
introns that can be used to resolve the phyla Mollusca and An-
nelida (Figures 4 and 6). A second problem was thatAplysiais
highly under-represented within the ortholog dataset (Supple-
mentary Figure S7). At least, NIPs propose a common clade
of trochozoan taxa but fail to resolve the split into annelids and
molluscs. Moreover, the Platyhelminthes do not group as sister
to the trochozoans to build the clade of Spiralia. A correspond-
ing constrained search, however, did not require significantly
longer trees (Table 1). Possibly the speed of intron evolution
was particularly slow during the early radiation of molluscs and
annelids, so that the origin of spiralian phyla cannot be resolved
using NIP markers.

5. Conclusions

Overall, our study demonstrates that near intron pair (NIP)
data could be used to derive a working hypothesis of the meta-
zoan phylogeny using MP as tree reconstruction method. In
particular, the analysis of NIP characters appears superior to an

approach based on simple intron presence/absence data. Cor-
responding tree searches using Dollo parsimony and Wagner
parsimony resulted in topologies that are clearly worse than the
NIP-based predictions, respectively, see Supplementary Fig-
ures S8–S9. Thus, NIPs could be added to the already available
set of rare genomic change (RGC) characters useful for tree re-
construction as all branchings of the strict consensus treewith
more than 80% bootstrap support (Figure 3) are consistent with
currently published phylogenies (Figure 4).

However, this first NIP-based phylogenetic analysis of a
large, ancient taxon has uncovered also some methodical weak-
nesses. First, taxa near the supposed root of the tree and evo-
lutionary periods of very low gain of introns, concerning here
e.g. the lineages ofMnemiopsis, Amphimedon, Hydra, Aplysia,
Trichoplax, Strongylocentrotus, Nematostella, andSaccoglos-
sus(Figure 6) pose an objective challenge for NIP-based phy-
logenies. The unusual branching ofIxodesmight be similarly
caused by the much smaller fraction of novel introns in this gen-
era compared to all other ecdysozoans analyzed. Second, mod-
els for the evolution of NIPs are not available. Under these cir-
cumstances, the necessary implementation of maximum parsi-
mony exaggerates LBA effects. Probably, this causes the place-
ment ofMnemiopsisas sister to the Pancrustacea, and the as-
semblage of several diploblastic species. Third, the positions
of theCaenorhabditisand the mosquito species as well as that
of Daphniaas sister to only some insect species might be due
to the very unequal rates of intron gain and loss in evolution
(Carmel et al., 2007; Krauss et al., 2008). This might be a
hindrance for usage of NIP characters in a phylogenetic anal-
ysis covering many terminal taxa with very different evolution-
ary distances from each other but appear not do disturb studies
concerning evolutionary splits of more comparable deepnesses
(Krauss et al., 2008; Lehmann et al., 2010; Niehuis et al., 2012).

However, rapid developments in high-throughput sequencing
are adding more genome sequences of good quality that better
cover metazoan diversity. These data will likely also improve
NIP-based phylogenies in the near future.

6. Supplementary Material

Supplementary Figures S1–S10, Supplementary Tables
S1–S3 are available at Molecular Phylogenetics and Evo-
lution online (http://www.journals.elsevier.com/molecular-
phylogenetics-and-evolution/), Supplementary Mate-
rials 1–2 (partial alignments, NIP character matri-
ces and trees) are available at http://www.bioinf.uni-
leipzig.de/publications/supplements/11-003. NIP data matrix
and MP trees of this study are also available at TreeBase,
http://www.treebase.org, under study accession no. S13351.
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