Near Intron Pairs and the Metazoan Tree
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Abstract

Gene structure data can substantially advance our unddnstaof metazoan evolution and deliver an independentagmbr to
resolve conflicts among existing hypotheses. Here, we usaaes of spliceosomal intron positions as novel phylotienerker

to reconstruct the animal tree. This kind of data is infelfredh orthologous genes containing mutually exclusivedn$ at pairs

of sequence positions in close proximity, so-called neaoimpairs (NIPs). NIP data were collected for 48 speciesdilided

as binary genome-level characters in maximum parsimony) @glyses to reconstruct deep metazoan phylogeny. Allpings

that were obtained with more than 80% bootstrap support@msistent with currently supported phylogenetic hypotlses his
includes monophyletic Chordata, Vertebrata, Nematodstyelminthes and Trochozoa. Several other clades sucleateids-
tomia, Protostomia, Arthropoda, Ecdysozoa, Spiralia, Bathetazoa, however, failed to be recovered due to a few qmudtic
taxa such as the miteodesand the warty comb jellfjMnemiopsis The corresponding unexpected branchings can be explained
by the paucity of synapomorphic changes of intron positisimsred between some genomes, by the sensitivity of MP asalys
to long-branch attraction (LBA), and by the very unequalletionary rates of intron loss and intron gain during evimtof the
different subclades of metazoans. In addition, we obtainedsamdsage of Cnidaria, Porifera, and Placozoa as sistepgrioBi-
lateria+ Ctenophora with medium support, a disputable, but remaekalsult. We conclude that NIPs can be used as phylogenetic
characters also within a broader phylogenetic contexgrgthat they have emerged regularly during evolution ireeipe of the
large variation of intron density across metazoan genomes.

Keywords: intron evolution, molecular phylogenetics, maximum paisny, metazoan phylogeny, Ecdysozoa, rare genomic
changes

1. Introduction genomes, such as that @aenorhabditis elegangPhilippe
et al., 2005). These are thus often excluded from phylogenet

The evolutionary relationships of metazoan phyla still-con datasets. In addition, conflicting signals are often olgtéiinom
stitute a challenge for both morphological and molecuksdal  mitochondrial, nuclear rRNA, phylogenomic and also morpho
analyses. The traditional view arranges bilaterian metazo logical data (Trautwein et al., 2012). Despite a plethorstod-
into acoelomates, pseudocoelomates, and coelomatest- Stdes based on both molecular and morphological data, a con-
ing with the work of Aguinaldo et al. (1997), sequence datasensus on the phylogenetic tree of metazoan phyla is still no
initially mostly rDNA, have been used to establish a “newani in sight (Edgecombe et al., 2011). This concerns in pasicul
mal phylogeny” with far-reaching consequences: (1) thegro the non-bilaterians (Dunn et al., 2008; Schierwater ef809;
stomes were divided into ecdysozoans (Aguinaldo et al.7)199 Pick et al., 2010) and the Lophotrochozoa (Hejnol, 2010).
and lophotrochozoans (Halanych et al., 1995), and (2) sev- _ .
eral phyla representing apparently lower grades of complex Characters resulting from stru.ctural changes of the geoomi
ity (Platyhelminthes, Nemertea, and Nematoda) were rédoca sequence, so-callgd rare genomic c_hanges (RGCs), sucﬂas co
amongst the coelomate groups at the crown of the tree. In col™¥ msc.artlonﬂjele_tl_ons (mc_je!s) (Belinky et al., 2010), spllggo—
trast, some studies employing genomic datasets contaomilyg somal |_ntron pqsmons (Irimia gnd Roy, 2008), and postion
a few taxa (e.g. Wolf et al., 2004) supported the monophyly on mobile genetic elements (Kriegs et al., 2006, 2010), are e

coelomates. Later studies, however, have shown that teese pected to be less prone to homoplgsy than substitufci.onrpa_t te
sults are likely artefacts, misled by a faster evolutionahs of sequence data and hence provide valuable additionat info
mation to resolve conflicts in phylogenetic tree reconstonc

For holometabolic insects, novel phylogenetic hypothbses
*Corresponding author been introduqe_d on the basis of such characters, for example
Email addresskrauss@rz.uni-leipzig.de (Veiko Krauss) the basal position of Hymenoptera (Krauss et al., 2005)e1,at
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this proposal received strong support by sequence-bastd anposals of metazoan phylogeny.
yses of single-copy nuclear genes and additional introm- pos
tion data (Savard et al., 2006; Zdobnov and Bork, 2007; Kyaus )
et al., 2008; Wiegmann et al., 2009). Another study usedetr 2 Material and methods
transposon insertions to improve our knowledge about tealba
branching order of rodents (Churakov et al., 2010). Eadter
tempts to reconstruct the radiation of rodents are wellkmtm Initially, we retrieved orthologous protein-coding geifresn
have siffered from long-branch attraction (LBA) artefacts. the Ensembl Compara database (release 67, May 2012) (Flicek
The present study utilizes the conservation of positionet al., 2011) in the following manner: For a set of 8 se-
of spliceosomal introns among orthologous coding sequencdected query speciesA¢yrthosiphon pisumnCaenorhabditis
(CDS). Intron positions have already been used by several aglegans Drosophila melanogasterixodes scapularis Ne-
thors to resolve problematic branches of the metazoanfiwee ( matostella vectensisSchistosoma mansgn$trongylocentro-
review see Irimia and Roy, 2008). For instance, an intenstus purpuratusandTrichoplax adhaerensall protein-coding
debate emerged about the concepts of Ecdysozoa (Roy ageéne IDs with the status 'Known’ were determined using En-
Gilbert, 2005) and Coelomata (Zheng et al., 2007) using insembl Biomart. Then, these reference genes and their pre-
tron position data. Roy and Gilbert (2005) supported thertax dicted 1:1 orthologs within the Ensembl Metazoa (v14) and
Ecdysozoa using a pattern of intron conservation. This wagnsembl Core (v67) databases were retrieved from the fol-
criticized by Zheng et al. (2007) by showing that intron losslowing 29 taxa: Acyrthosiphon pisumAedes aegyptiAm-
rates within specific branches are strongly correlateds&la@- phimedon queenslandicaAnopheles gambiaeApis mellif-
thors argued that high rates of independent intron losstisrwi  era, Bombyx mori Caenorhabditis brenneriCaenorhabdi-
the used nematode and arthropod species had misled the fdis briggsae Caenorhabditis elegangaenorhabditis japon-
mer study. However, in turn, Roy and Irimia (2008) identifiedica, Caenorhabditis remangiCiona intestinalis Ciona sav-
several weaknesses of the latter analysis, among themsbiasgnyi, Culex quinquefasciatysDanio rerio, Daphnia pulex
in the procedure used toftirentiate between intron gain and Drosophila melanogasterHomo sapiensixodes scapularis
loss. Pointing to both large intron loss and gain rate viana;  Monodelphis domesticdlematostella vectensiBediculus hu-
Roy and Irimia (2008) avoided a clearcut conclusion abogit th manus Pristionchus pacificusSchistosoma mansgrétrongy-
EcdysozoACoelomata problem. locentrotus purpuratysTakifugu rubripes Tribolium casta-
In order to reduce the impact of homoplastic characters duseum Trichinella spiralis andTrichoplax adhaerend~or each
to parallel intron gains or losses, we specifically consfiers  gene, only the transcript coding for the longest isoform ses
of nearby introns. More precisely, a near intron pair (NI lected. If a gene was contained in more than one of these puta-
sists of two intron positions in an alignment of two or more tive ortholog groups, all theffected groups were excluded from
orthologous genes that are separated by a small number of ntive dataset to avoid the inclusion of paralogs. Finallyyahé
cleotides. Exons smaller than about 50 nt are relativelg rar4,405 ortholog groups containing genes from at least 50% of
(Saeys et al., 2007) and in general functionally detrimentathe species were retained for further processing in ordantb
(Weir et al., 2006). The two nearby intron positions are thughe amount of missing data. In order to extend this core dgtas
very unlikely to have coexisted. Under the assumption thaet p we followed two diferent approaches, depending on the target
allel intron gain is very rare, a NIP can be used to parsimospecies:
niously infer an edge of the phylogenetic tree along whicthbo A targeted search for orthologs based on available gene
intron loss and gain must have occurred, separating théespec builds was performed for the 13 additional specksn-
sharing one of the positions from those that share the other. chiostoma floridagBrugia malayj Capitella teleta Coprinop-
In previous work, we found some evidence that NIPs arisesis cinerea Dictyostelium purpureumHelobdella robusta
not only from uncoupled, successive processes of introm losHeterorhabditis bacteriophoralottia gigantea Meloidog-
and intron gain, but also from intron sliding (Krauss et al.,yne hapla Meloidogyne incognitaMonosiga brevicollis Na-
2005, 2008; Lehmann et al., 2010). Harosophila we could  sonia vitripennis and Schistosoma japonicurtsee Supple-
show that some of the younger NIPs were indeed caused hyentary Tables S1-S2). For this purpose, we used the
shifts of splice donor and acceptor sites in relation to conhamstrsearch local package (Ebersberger et al., 2009)
served CDS (Lehmann et al., 2010). In the same study, we usédaMStR v8b) to determine reliable ortholog additions. The
NIPs for a systematic investigation of intron gain mechiausis pipeline generates profile hidden Markov models (HMMs) from
in Drosophila. the ortholog groups of the core dataset and uses theseitveetr
Encouraged by the successful application of NIPs to the phyeandidate hits within each target proteome usingsearch
logeny of holometabolan insects (Krauss et al., 2008; Ng&ehu (HMMER 3.0 packagehttp://hmmer.org). These are au-
et al., 2012), we here try to resolve the phylogenetic tremnef tomatically checked for reciprocity usinglastp (Camacho
imals based exclusively on NIP data from 45 metazoan and 8t al., 2009) against a subset of reference species. Hexe, th
outgroup taxa. Our results demonstrate the usefulnessRd NI reference species more closely related to the target speeie
as phylogenetic marker also for deep metazoan phylogeny. lased preferentially (see Supplementary Table S2 for &gtail
particular, we evaluate the Ecdysozoa hypothesis, as wdllea  Target proteins that could not be uniquely assigned to desing
general agreement of our tree reconstructions with cupent  query protein were excluded from the resulting dataset.
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For the remaining 6 target speciégpfysia californicaHet-  bonus to aligned intron positions. Any CDS predictions con-
erorhabditis bacteriophoraMnemiopsis leidyiRhodnius pro- taining internal stop codons were excluded from the traedla
lixus, Saccoglossus kowalevskdindSchmidtea mediterranga  alignments.
no gene builds were available, hence we used BLAST (Cama- Intron positions were mapped to the codon-based sequence
cho et al., 2009) to identify orthologs. For this purpose, wealignments and labeled with the codon position of a refezenc
performedtblastn searches for each target species using thesequence as defined within each alignment (preferably from
full proteome sets of 4 dierent reference species from the coreD. melanogasterC. elegansor H. sapieny. From each align-
dataset (see Supplementary Tables S1, S3) to ensure timat eawent, all intervals were extracted that contained at leesin-
ortholog group is represented by at least one query. Fortepar tron positions separated by at most 70 alignment columns. We
ular ortholog group, the query sequence that was actuadlgt us called such alignment intervals near intron pair regiond?(N
for thetblastn retrieval was selected based upon availabilityregions). Each alignment of such a NIP region includes 30 nt
and a ranked order of the four query species, such that the moflanking CDS alignment sequence around the outmost intron
closely related query species was selected preferentigdlgt-  positions. Sequences consisting of gaps only were excluded
hit genomic target regions were automatically extracted] a from these regions.

CDS were predicted withxonerate (Slater and Birney, 2005)

(spliced-alignment using therotein2genome model) based 2.3. Extraction and Selection of NIP Characters

on the query protein. Occasional frame shifts due to inzesti Finally, NIP characters were extracted from NIP regions by
or deletions were compensated by short artificial gaps in theollecting each pair of intron positions that fulfilled thistdnce
CDS sequence and annotation. A refinement of CDS prediazonstraint 032 nt (Lehmann et al., 2010) for all sequences of
tions was obtained for a subset of candidates for which appra region (i.e., excluding gap characters). NIP charactavs h
priate target proteins afar mMRNAs were available from NCBI ing both introns present in one of the sequences were removed
databases. In this case the spliced-alignment wstidtnerate  entirely from the data set. Each NIP character was addition-
was based on the protein of the target species rather than tlaly checked for the local quality of the amino acid alignmen
homologous query protein, see Supplementary Table S3. Eaeltound both intron positions. Taxa that are not part of the
CDS prediction within these 6 species was required to NIP were not considered in this context of alignment quality
The local quality of the sub-alignment was determined as the
tein with a largerblastn bit score, average rglative surn—of—pair score (se_e paragraph ”_Sg:(mﬁn.

2. have a query coverage of at least 50%, Protein Allg_nments ) fo_r a sequence window of 3 amino acids

. ! around the intron positions, similar to the method empldygd
3. have a mean identity of at least 25% (as measured by ﬂ\f/ilkerson et al. (2009). The average-score threshold wae se
tblastn HSPS) ‘ o 9 .
0.5. Furthermore, we required the sub-alignment to be gap-fre
In case of multipletblastn predictions for a target species, within this sequence window.
only the best-scoring one per ortholog group was retainadhE A NIP character is encoded by a column in the data matrix
CDS prediction was checked by reciprobabstp of its trans-  containing symbol '1’ for species having the upstream infro
lation to the query proteome, and only retained if the ihitia symbol'2’ for species having the downstream intron of thig,pa
query was returned as best hit: and a '?" (missing data symbol) for species not contributing
with an intron (optionally encoded as state '0’) or not pdrt o
the NIP region alignment.

1. have no overlap with a prediction from another query pro

2.4. Tree Searches and Testing
Maximum parsimony (MP) tree searches and bootstrap anal-
yses based on NIP character matrices (character type: un-
2.2. Translated Alignments and Intron Position Mapping ordered, i.e. equal state transition costs, Wagner parsijno
CDS were compiled for each transcript using the avail-were performed using PAUP* 4.0b10 (Sffard, 2003). De-
able CDS annotation. Similarly to the procedure outlined infault settings for the heuristic search were random stepadis
Lehmann et al. (2010), theransAlign program (Bininda- dition and 1,000 replicates with the tree-bisection-rewamtion
Emonds, 2005) was used to construct a codon-based multip(@ BR) branch-swapping option. For bootstrapping 1,000i+ep
alignment for each of the 4,405 ortholog groups. This toolcates and simple stepwise addition were used in combination
translates nucleic acid sequences to peptide sequenegisein  with TBR. The same settings for tree search and bootstrap-
Muscle (Edgar, 2004) to generate a protein alignment and theping were employed for the additional intron presgabsence
back-translates them to the corresponding CDS alignment. Idata analyses using both Dollo parsimony and Wagner parsi-
addition to the protein alignment withuscle, the realignment mony (Supplementary Figures S8-S9). The (ensemble) consis
tool of Csurds et al. (2007) was employed. It allows to re-tency index (Cl) and the retention index (RI) were determine
score an existing amino acid alignment with intron posgion with PAUP* considering only the parsimony-informative cha
annotated for each individual sequence while at the same timacters. Recall that Cl measures the level of homoplasy while
attempting to align the positions of introns whenever possiRI measures the amount of synapomorphy (Farris, 1989). Con-
ble. We used the standard parameters, which give only a smaHadictory hypotheses were evaluated by comparing the tota
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M filtered dataset cinerea(Fungi), andDictyostelium purpureunfAmoebozoa)

- B parsimony-informative (12,244)
O parsimony-uninformative (61,349) were added as OUth’OUpS.

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 (NP r
- gions, see Supplementary Material 1, Supplementary Mdteri

online, for a subset of these regions). Consistent with oet p
7 U UU UU U vious study orDrosophila(Lehmann et al., 2010), the fraction
of NIP candidates that need to be excluded from the analysis
B due to short exons, i.e., because the alignment contain®a ta
135791 14 17 20 23 26 29 in which introns are present at both positions, increaseN|f®
NIP distance [nt] distances of more than some 30 nt (Supplementary Figure S2).
Thus, in contrast to Krauss et al. (2008) but in concordarte w
Lehmann et al. (2010), we here only consider NIPs of distance

Figure 1: Intron distance distribution of the NIP datasetheTparsimony- -39 nt to further limit the amount of h0m0p|asy in the data set
informative NIP subset (blue) and the remaining NIPs areped according to ’

intron position distances in nucleotides.

number of NIPs

1000 2000 3000 4000 5000
|

0

L
[
|

Intriguingly, the dataset of used NIPs reveals that distanc
of 1 nt and of multiples of 3 nt are more abundant than others,

tree lengths of the MP topologies with those of constrainéd M especially for very short distances (Figure 1). This may be a
topologies. Statistical significance was assessed by the Te consequence of the unequal distribution of intron phasés20
pleton test (Templeton, 1983) and the winning-sites testg@® = 91:27:22) already described by Long and Deutsch (1999) us-
and Wilson, 1988) as implemented in PAUP*. ing an early eukaryotic splicing database. The inequalitie
Sequence-based phylogeny reconstructions were conductys distribution were shown to be due to biased intron gain
with RAXML v. 7.3.2 (Stamatakis, 2006) using the WAG substi-(Qiu et al., 2004; Nguyen et al., 2006). We evaluated theghas
tution model as selected withroteinModelSelection.pl distribution of all introns from our initial ortholog dat@isand
(rapid bootstrapping option, 100 replicates), @hg1oBayes obtained a ratio similar to data of Qiu et al. (2004) (0:£:2
(Lartillot et al., 2009) (v. 3.2e; with default settings;rse@r-  ©0:26:24). Thus, the observed general excess of NIP distanc
gence of two runs were assumed at a'méxaalue of 0.12, a of multiples of 3nt can be ascribed mainly to the increased
'maximum discrepancy0.3, a ‘minimum &ective size’>50. probability that two adjacent intron positions have the sam
The consensus tree was built from ca. 36,000 sampled tree?h?sev which is for our data se38 (distance is multiple of
For the sequence-based analyses, data sets were seleakd fo3: I-e. phase dierence is 0), in contrast to3l for phase dfer-
most complete taxon coverage4(l taxa), and the amino acid €nces of 1 or 2, respectively.
alignment positions were trimmed wiftbLocks (Talavera and

Castresana, 2007) using default settings-&b4=10). The additional excess for NIP distances of 1 nt and lower

multiples of three is consistent with previous studies (&g
et al., 2000; Krauss et al., 2008; Lehmann et al., 2010), kvhic
provided evidence for intron sliding, a possible mecharfism
For scoring of alignment quality, we calculated for each sit the emergence of NIPs that leads to a preference of these dis-
of the (partial) multiple amino acid sequence alignmenti@re tances. In coding regions there is a very strong selecties-pr
tive sum-of-pair score using the BLOSUMA45 substitution ma-sure to preserve the reading frame, hence the shift fromaespl
trix of Clustal W (Larkin et al., 2007) (modified for positive site to another one located a multiple of three nucleotides/a
pair-scores) and weighting with the maximally possible sumis favoured, allowing the independent migration of donad an
of-pair score based on the most abundant amino acid(s). Thaeceptor sites. Intron sliding thus could explain the revimaj
final average score for the complete alignment was obtaigied bNIP number diterences between the distances.
averaging the relative sum-of-pair score over all sites.

2.5. Scoring of Protein Alignments

By extracting all possible pairs of mapped intron positions
passing the alignment quality filter (see Materials and Meth
3. Results ods), we retained 76,150 NIPs. For 2,557 (3.4%) of thesé, bot
introns were present in one or more taxa. Most of these short
internal exons<32 nt) were found ifCoprinopsis cineregHet-
Starting from selected Ensembl Compara ortholog predicerorhabditis bacteriophoraTrichoplax adhaerensand Ciona
tions, we compiled a set of orthologs covering 48 taxa, comintestinalis participating in more than 6% of the cases, respec-
prising 12 metazoan phyla: Cnidaria, Placozoa, Ctenophoraively. All these NIPs were excluded from the subsequent phy
Porifera, Annelida, Mollusca, Platyhelminthes, Chordatalogenetic analysis. We finally arrived at a dataset of 73,593
Echinodermata, Hemichordata, Arthropoda, and NematodIPs, of which 12,244 are parsimony-informative. Figure 2
(see Supplementary Table S1, Supplementary Material ordisplays an example NIP region, containing a NIP in suppiort o
line). Monosiga brevicollis(Choanoflagellata)Coprinopsis  Ecdysozoa.
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Smp_150040 Mbre (CDS) e 300-0 307-2 309-0 oo
Dictyostelium_purpureum GGT...ATTTCAGCAGCCGAG GCATTAAATCACCCATATTTTAC AACT GGTGTAAAG. ..

Coprinopsis_cinerea GGA...ATTTCAGCCCGCGAGgtacgact//gaaaactacactagGCTCTCAATCATCCCTACTTCTT CGCA CTCCCTTAT. ..
Mcnosiga_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 ARAACCTGCC. ..
Bombyx_mori GGA...TGTGATTGCACGCAG GCCTTGCARATGGCGTATTTTAGgtaagcta//tatgcctattgecagTAGT 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 GCATTACARATGCCATACTTTAGgtgaataa//atatacattttcagTAAT CGGCCACCA. ..
Daphnia_pulex GGT...TGTACTTGTAGCGAA GCTTTGCARATGCCGTATTTCAGgtatatat//ttcttccttaacagCAAT AAACCAGCT. ..
Pristionchus_pacificus GGA...TGGAGTGCGACCGAC GCCCTCAAGAGTCCCTACTTCTCgtgagtta//ataaacatttgcagAACA GCCCCGTAC. ..
Meloidoqyne_incognita GGT...TTAACGGCAACACAA TCACTTCATTCACAATATTTTAA ATCT TTACCCTAT. ..
Meloidogyne_hapla GGT...TTAACGGCAACACAA TCACTTCATTCAAAATATTTTAA ATCT TTACCTTAT...
Brugia_malayi GGA. . .TGGAATGCAACTCAA GCACTTTGTTCTCATTATTTCCA ATCGgtacgaca//aatcaatattctagATGCCATAT. ..
Heterorhabditis_bactericphora 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®PNharacteSmp_150040 . Mbre .Mbre . 300-0-307-2 supports that the last common ancestor of
arthropods and nematodes (i.e. of Ecdysozoa) is not antanadDeuterostomia. Intron positions are indicated bydovase nucleotides. Sequence IDs were
replaced by full taxon names, and only the section relevarthe selected NIP is shown.

3.2. Parsimony Search for each character. Here, changes to and from the zero state
Rave 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
qgcurs more than once in the tree, a large additional penalty

We conducted MP tree searches and bootstrap runs based
12,244 parsimony-informative NIPs and obtained the stoot
sensus MP tree shown in Figure 3.

To compare our NIP-based tree to contemporary sequenc

based analyses, we mapped our data to a tree topology th dded th licit he h I H q
combines the currently preferred metazoan relationslsipsa 'S 2dded that explicitly scores the homoplasy. We performe

posed by Lartillot and Philippe (2008), Hejnol et al. (2009) three dife;ent helu_ristic runs using the full NIP datfas?t (73,593
Mortazavi et al. (2010), and Meusemann et al. (2010) (Fig]\!Ps) with penalties 1000, 100, and 10, respectively. To ob-

ure 4). Here, the tree length is 13,968, i.e. 130 steps Iongéf"in bootstrap values was not possible due to the largementi

than the unconstrained MP trees (strict consensus showg-in F for one run (about 170h). T_he_ results of this more in_clusive
ure 3). According to Templeton and Winning-site tests, this2PProach, therefore, are of limited value (Supplementégy F
difference is significant (Table 1). ure S3-S5). All three runs resulted in a significantly worse

topology than found using (unordey®¥dagner) two-state par-
simony (Figure 3). These results suggest that the incotipora

.3. Exten Parsimony Approach . .
33 tended Parsimony Approac of absence states does not improve tree inference.

A potential shortcoming of the reported analysis is thatsim
ple intron losses within the tree cannot be used as phylog
netic information. To overcome this limitation, we inclutle
the absence of both intron positions of a NIP as a third charac In order to compare the NIP-based results with classical
ter state (zero) in an extended parsimony approach, instead sequence-based results, we conducted maximum likelihood
accounting for it as missing data. However, the standartbbol (ML) and Bayesian (Bl) analyses for tree reconstructioredas
Parsimony approach as implemented in PAUP* (often applieen the amino acid alignments from the same ortholog dataset.
to such presen¢absence data) is unsuitable for such a charactefor this purpose, we filtered the 4,405 alignments to coratin
coding, since regain of the same intron position is verykafyi  least 42 taxa. This resulted in 191 alignments. After trimgni
and cannot be penalized, given two states for the presence afignment positions usingblocks, the concatenated dataset
introns. contained 9,121 amino acid alignment sites from 134 genes.

Hence, we adapted SarfKs parsimony algorithm (Sankihy ~ Figure 5 displays thAxML bootstrap consensus tree obtained
1974; Sankff and Rousseau, 1975) for scoring state transitiongrom ML tree searches. The resulting topology (as well as tha
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Issue  Constraint MPsteps MPtrees Templeton Winning-sites

Fixed topology from Figure 4 13,968 1 <0.0001***  <0.0001***
la ((Mnemiopsis, Amphimedon, Trichoplax, Cnidaria)) 13,873 5 0.0001*** 0.0002***
1b ((Amphimedon, Trichoplax, Cnidaria, Bilateria)) 13,856 10 0.1939 0.2445
lc ((Mnemiopsis, Trichoplax, Cnidaria, Bilateria)) 13,842 5 0.2850 0.4240
1d ((Mnemiopsis, Amphimedon, Cnidaria, Bilateria)) 13,851 5 0.0016** 0.0023**
le ((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*
da 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 theonstrained MP topologies using the NIP dataset (12,24fnmdtive NIPs). Levels of significance
in the Templeton (Templeton, 1983) and Winning-sites (Bramd Wilson, 1988) tests in comparison to the unconsuldifie topologies (5 trees with 13,838 steps
each, strict consensus shown in fig. 3) are indicated by. staestable displays only the larggstvalue observed among all pairwise comparisons of uncainsa
and constrained MP topologies, respectively.

obtained from the Bl analysis, see Supplementary FigurésS6) andM. leidyi, up to 11 or 13 introns per gene for rubripes
similar to that taken from the literature (Figure 4), exceth ~ andP. pacificu, see Supplementary Figure S7 for a compari-
respect to the positions MnemiopsisTrichoplax Brugia, and  son. In general, large fierences of intron densities as expected
the Ambulacraria$accoglossuandStrongylocentrotus between more distantly related species may pose a problem fo
the correct inference of deep relationships using introsi-po
) ) tions as markers (Rogozin et al., 2005). Specifically, we ob-
4. Discussion served within our dataset of 12,244 parsimony-informatitr
characters a rate of 78.9% missing data. Slightly more than
Here, we extracted for the first time near intron pairs (NIPShf of these cases can be attributed to the absence of éntron

from a broad collection of genomes and used them as binany3 294), the remaining 35.7% result from the absence of or-
genome-level character in maximum parsimony analyses-to exnologous sequences.

plore the information value of NIPs to reconstruct deep meta
zoan phylogeny. The resulting tree deviates remarkabiw fro
contemporary hypotheses of metazoan relationships. Notab
the unusually distributed taXdnemiopsisixodes and Ambu-
lacraria prevented the tree from resolving major cladeh sisc

Another caveat for our analysis is that NIP characters it par
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 asedi
; i . more than once: 3,049 positions appear in 2 NIPs, 352 are used
Bilateria, Ecdysozoa, Arthropoda, and Deuterostomia. dn a three times, 33 four times, 7 five times, and 4 are used sixstime

gllg?:r(;,z(\;v;a()sb;?;?eerd ?guaize;g; ii?i\/(l)r]:ecn?ilgagizsi;/vii?:rr:fii anOur dataset thus comprises only 20,588 intron positioriedus
group P of the theoretically expected 24,488.

disputable, but remarkable result. We conclude that NIs ca
in principle be used as phylogenetic characters within adeo Although it is possible in principle to encode groups of ever
phylogenetic context as the corresponding changes ofesplic lapping NIP characters as a single multi-state characten+o
somal intron positions seem to have happened more or less rel§rce character independence, this appears to be immahctic
ularly during metazoan evolution irrespective of the lavge- ~ The reason is that there is a large number Gedent local situ-
ation of intron density across genomes. ations that give rise to manyftierent arrangements of possible
The taxa in this analysis were selected to include mainlyfransitions between the multiple character states. Adntérely, _
deep metazoan branches, e.g. we included only a few vert&haracters may be reduced to Fhe subset where eaph intron is
brates and only one representativeDnbsophila (for a NIP- used only once. However, z_ipplled to our dataset, this recblu_ce
based phylogeny of the gen@sosophila see Lehmann et al. the amount of phylogenetic information by more than oneadthir
(2010)). On the other hand, within some important lineages t &nd the topology of the resulting tree was further impaises(
number of available genomes is still very limited (e.q. S@) ~ Supplementary Figure S10).
and species sampling in part concentrates on uncommonrepre Partial dependency of characters does not appear to be a dra-
sentatives such aSchistosomaFurthermore, the coverage of matic problem in general: nucleotide and protein sequeatz d
orthologous genes in our dataset varies substantiallydmiw cannot be expected to be free of correlations between atdjace
species (e.g. orthologs fé. californicaare only presentin a characters either. The variability of a site within a protef an
fifth of the dataset). In addition, the intron densities alssd  RNA sequence depends upon its functional and structural con
within these ortholog predictions vary considerably (&gm  text (Savill et al., 2001; Conant and Stadler, 2009) and @émc
less than 3 introns per gene f8rmediterranegD. purpureum  a certain extent on its neighbors. In the context of proteiiis



is the biochemical foundation of the covarion model of melec plausible distribution of these species with low bootssap-
ular evolution (Penny et al., 2001). In the case of RNA, whergort (Figure 5 and Supplementary Figure S6).
the dependence of base paired nucleotides is nearly camplet The number and distribution of taxa available for early di-
specialized substitution models can be used (Jow et al2)200 verging metazoan lineages is still ifBaient for a convincing
These still neglect the weaker correlations between adjgae  analysis. More problematically, all five diploblastic tasz-
sitions resulting from base pair stacking. hibit much fewer shared intron gains (on average 0.3% of all
Irrespective of these complications, our NIP-based MP-analparsimony-informative NIPs) compared to the other metazoa
ysis (Figure 3) suggests monophyletic, well-establisHades  genomes (on average 5.5% of all parsimony-informative NIPs
such as Cnidaria, Ambulacraria, Chordata, Vertebrategidan  Figure 6), resulting in a much weaker phylogenetic signahth
tacea, Nematoda, Platyhelminthes, and Trochozoa. Howeveavailable elsewhere in the metazoan tree. Maximum parsimon
only the bootstrap support of Ambulacraria, Vertebratay-Pa is well-known for being very sensitive to LBA (Felsenstein,
crustacea, and Platyhelminthes, respectively, is abo¥e 9¢  1978). The very low abundance of phylogenetically informa-
found that all branchings of our strict consensus tree withean tive, novel introns inMnemiopsiscombined with some paral-
than 80% bootstrap support (Figure 3) are consistent with culel intron gains here and in some pancrustaceans could have
rently published phylogenies (Figure 4). Some other braach cause the misplacement of Ctenophores. Rare cases ofatktect
diverge from this super tree. To evaluate the compatibdfty novel introns might be caused by frequent, independerdrintr
our analysis results with current phylogenetic hypotheses losses within all clades. This necessarily causes a sheodhg
conducted constrained MP analyses for selected groupitdys atraceable shared intron gains in early diverging branchiess,
compared the results with the unconstrained topologies (Tahe inclusion of additional taxa diverging from basal spfitay
ble 1). We discuss them in the background of current metazoamelp to resolve the positions of diploblastic animals irticatar
tree reconstructions: in a NIP-based tree.

1. Accordingto the NIP-based MP analysis, the cnidarldes 2. In the MP tree (Figure 3)Strongylocentrotus purpura-
matostella vectensisndHydra magnipapillatathe placozoan tus(Echinodermata) an8accoglossus kowalevsiiemichor-
Trichoplax adhaerensand the spongédmphimedon queens- data) are not grouped as sister to the remaining deuterestom
landica are grouped together as sister clade to all other anibut as sister to all remaining bilaterian taxanemiopsisthus
mals in our trees with a bootstrap support of more than 77%contradicting a monophyletic clade of deuterostomes. Alaim
Monophyletic diploplasts would be in agreement with a previ misplacement of these taxa was found by Nesnidal et al. (2010
ous analysis that postulates an early separation of dgdtipl here seemingly reflecting a compositional bias in amino acid
animals from a bilaterian ancestor (Schierwater et al. 9200 composition. Both species show much fewer intron gains than
however, in our analysis the diplobldginemiopsisclearly is  all other deuterostomian taxa in our tree (Figure 6). Thos, t
misplaced as a supposed sister of the Pancrustacea. In canisplacementin the NIP dataset result might be due to higg lo
trast, Mallatt et al. (2010) support a sister relationsh@ b rates of conserved introns combined with a very limited géin
tweenTrichoplaxand Cnidaria as well as between Porifera (asnew introns during early deuterostomian evolution. Indéieel
represented byAmphimedopand all other metazoans. Other difference to the constrained tree is not significant (Tablent). |
sequence-based phylogenetic analyses (Srivastava 2080,  terestingly, urochordate€{ona), a taxon which was often mis-
Pick et al., 2010) propose, instead, the placement of efitier  placed in sequence-based phylogenies (e.g. Bourlat 208i3;
choplaxor Cnidaria as sister to the group of all other Eumeta-Mallatt et al., 2010), is consistently found within the ctiate
zoa, respectively, and Porifera as earliest branchingzoata  partitions of the trees (Figure 3), in agreement with the new
lineage. Philippe et al. (2011) question the results of&wa-  chordate phylogeny (Delsuc et al., 2006). Here, intronwevol
ter et al. (2009) on the grounds of several methodologisalis  tion in the inferred common ancestor of vertebrates Gimha
that may have resulted in a strong non-phylogenetic sigmal d provided siiicient synapomorphic intron position changes to
to scarce taxon sampling and a weak phylogenetic signal asrasolve this branch.

consequence of short internal branches.

Constrained tree searches using NIP data (Table 1)Miithr 3. Enforcing a Coelomata constraint (3a, Table 1) is signif-
miopsis(1b) orAmphimedorflc) as most basal group of meta- icantly worse compared to the unconstrained MP trees (tree
zoans could not reject these constrained tree variantssaaa@l  lengths 13,96%s.13,838,P < 0.0001). In contrast, an Ecdyso-
tives to the unconstrained MP tree topologies. Only groggin zoa constraint results in a tree which is only 20 steps lotigar
with Trichoplax (1d) or Cnidaria (1e) as most basal group ofthe unconstrained one, and thigfdience is less significant.
metazoans as well as monophyletic diploblasts includimg-  Thus, NIP data prefer the more recent morphological concept
miopsisseem to require significantly longer trees, respectivelypf moulting animals against the Coelomata (see Mallatt .t al
but results have to be considered with caution due to smaitnu 2010, and references therein).
ber of cases with dierences. Similarly inconclusive are the
results of our sequence-based analyskisyloBayes placed 4. Some arthropod species show unusual positions in the MP
Amphimedorand Mnemiopsigunresolved) at the base of the tree (Figure 3). First, the mite scapularisis placed as sister
animal tree, followed byrichoplaxand then Cnidaria resulting to all other ecdysozoans Platyhelminthes, instead of at the
from basal splits, respectively, whereasML obtained an im-  basal split from all other arthropods. A tree search enfayci
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Arthropoda yields significantly longer trees (4a, TableTe  approach based on simple intron pres¢alosence data. Cor-
problematic position of. scapularisis likely caused by the un- responding tree searches using Dollo parsimony and Wagner
usually small fraction of younger introns present, comgdoe  parsimony resulted in topologies that are clearly worsa tha
all other ecdysozoan species analyzed (Figure 6). NIP-based predictions, respectively, see Supplementayy F
Second, the monophyly of Hexapoda and of holometabolanres S8-S9. Thus, NIPs could be added to the already awilabl
insects is not recovered, by grouping the hymenopterans teet of rare genomic change (RGC) characters useful forgree r
gether with paraneopterans aBdphniaas sister to all other construction as all branchings of the strict consensuswitie
holometabolans. Low support values and insignificanthgemn  more than 80% bootstrap support (Figure 3) are consistéht wi
trees when enforcing Holometabola (4b, Table 1) point to acurrently published phylogenies (Figure 4).
currently unknown, but specific problem, as synapomorphici  However, this first NIP-based phylogenetic analysis of a
trons were abundantly found in the relevant genomes. large, ancient taxon has uncovered also some methodickt wea
Third, the mosquito specieA. aegyptiand C. quinque- nesses. First, taxa near the supposed root of the tree and evo
fasciatusfailed to group together, but also do not requirelutionary periods of very low gain of introns, concerningéde
longer trees in case of a constraint (4c). fiidulties to ar-  e.g. the lineages dfinemiopsisAmphimedoyHydra, Aplysia
range the three mosquito species as expected might be dueTdchoplax StrongylocentrotusNematostellaand Saccoglos-
the relatively short evolutionary times between them in-con sus(Figure 6) pose an objective challenge for NIP-based phy-
trast to the relatively large distance to the next-relaeties logenies. The unusual branchinglgbdesmight be similarly
D. melanogasterAs intron loss and gain have occurred in very caused by the much smaller fraction of novel introns in tieis-g
unequal rates during evolution, NIP characters are supgitose era compared to all other ecdysozoans analyzed. Second, mod
be especially sensitive to such distanffees. els for the evolution of NIPs are not available. Under thése c
cumstances, the necessary implementation of maximum-parsi
5. Alarge number of intron gains supports the generally wellmony exaggerates LBAfects. Probably, this causes the place-
resolved branches of nematode genera (Figures 3 and 6}, in agent of Mnemiopsisas sister to the Pancrustacea, and the as-
cordance with the high speed of intron evolution in this grou semblage of several diploblastic species. Third, the josit
(Coghlan and Wolfe, 2004; Cho et al., 2004). The branchingf the Caenorhabditisand the mosquito species as well as that
order ofBrugia malayiandMeloidogynecould not be resolved of Daphniaas sister to only some insect species might be due
reliably, however, both NIP and sequence-based analyses suo the very unequal rates of intron gain and loss in evolution
gestMeloidogyneto result from the more basal split (Figure (Carmel et al., 2007; Krauss et al., 2008). This might be a
5) in concordance with another phylogenomic study (Phéipp hindrance for usage of NIP characters in a phylogenetic anal
etal., 2004), but contradicting Lartillot and Philippe () and  ysis covering many terminal taxa with veryfidirent evolution-
Mortazavi et al. (2010). Further studies will show whichaép  ary distances from each other but appear not do disturbestudi
ogy is the best-supported hypothesis. Also the relatiotisiwi  concerning evolutionary splits of more comparable deeggees
the genusCaenorhabditiscould not be resolved as expected. (Krauss et al., 2008; Lehmann et al., 2010; Niehuis et al. 220
Both the position ofBrugia and the alternative phylogeny of  However, rapid developments in high-throughput sequencin
Caenorhabditisare not significantly supported (5a—b, Table 1). are adding more genome sequences of good quality that better
Here, fast intron loss appears to distort phylogenetiaérfee.  cover metazoan diversity. These data will likely also inyaro

_ ) NIP-based phylogenies in the near future.
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 Agysiais 6. Supplementary Material

highly under-represented within the ortholog dataset (Bp

mentary Figure S7). At least, NIPs propose a common clade Supplementary Figures S1-S10, Supplementary Tables
of trochozoan taxa but fail to resolve the splitinto anrebgid ~S1-S3 are available at Molecular Phylogenetics and Evo-
molluscs. Moreover, the Platyhelminthes do not group dsrsis lution —online  (http//www.journals.elsevier.cofmolecular-

to the trochozoans to build the clade of Spiralia. A correspo Phylogenetics-and-evolutifn Supplementary  Mate-

ing constrained search, however, did not require signifigan fals 1-2 (partial alignments, NIP character matri-
longer trees (Table 1). Possibly the speed of intron evauti c€s and trees) are available at hftpww.bioinf.uni-

was particularly slow during the early radiation of mollssmd  €ipzig.d¢publicationgsupplementd1-003. NIP data matrix

annelids, so that the origin of spiralian phylacannotbelwesi ~ and MP trees of this study are also available at TreeBase,
using NIP markers. httpy/www.treebase.org, under study accession no. S13351.

5. Conclusions 7. Funding

Overall, our study demonstrates that near intron pair (NIP) This work was supported by the Deutsche Forschungsge-
data could be used to derive a working hypothesis of the metaneinschaft (KR2062 to VK and STA85@6 to PFS). The
zoan phylogeny using MP as tree reconstruction method. IDeutsche Forschungsgemeinschaft had no role in the design o
particular, the analysis of NIP characters appears sugeran  interpretation of the study.
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Figure 6: Contribution of individual taxa to the 12,244 parsny-informative NIPs. The gray bars indicate the numbdedi®s in which a taxon is present in the
corresponding partial alignments (‘present’, percergagext to taxon names). The fraction in which a species axdilly contributes an intron position to a NIP
is indicated in light blue ('presentWI’). For the mediumuibl colored subset of these NIPs, the characters could bezedaising the metazoan topology from
Figure 4. Finally, taxa are sorted according to the pergentd NIPs to which they contribute the younger intron positidark blue, 'novel intron’).
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