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Abstract

This PhD study covers the development and application of methods in basal ani-
mal phylogenomics as well as the development of methods in metagenomics.

Studies of the tree of the basal animals Cnidaria, Ctenophora (comb-jellies),
Porifera, and Placozoa are - despite the use large sets of DNA sequences - equiv-
ocal and are in conflict with traditional phylogenies based on morphological data.
A resolved tree allows implications about the early evolution of the animal bau-
plan. New methods as well as enriched taxon sampling are needed to test existing
hypotheses and to come to a consensus regarding the tree of basal animals as well
as whether sponges are monophyletic or not. Using existing methods for similar-
ity search, EST translation, sequence alignment and filtering of noisy characters
in alignments, a new pipeline will automatically construct large-scale datasets for
phylogenetic studies. In this work, we developed the new method OrthoSelect
that - for the first time - automatically constructs datasets suitable for phyloge-
netic studies on a large scale. We assembled and analysed two large-scale datasets
with enriched taxon sampling for basal animals and more sophisticated outgroup
selection. OrthoSelect is generally applicable to all taxonomic groups and therefore
a valuable tool for all phylogenetic large-scale studies. Our studies could further
support the hypothesis that sponges are a monophyletic phylum. However, the
studies were unequivocal concerning the relationships of basal animals due to cases
of undetected hemiplasy (gene tree/species tree conflict).

In the field of metagenomics, the study of unculturable microorganisms, new
methods are needed for constructing taxonomic profiles that scales with the in-
creased size of datasets from next generation sequencing technologies and large-
scale studies. A new method based on PFAM assignments allows the computation
of taxonomic profiles from large metagenomic datasets. We developed the new tool
Treephyler for taxonomic profiling of metagenomes. It is as accurate as existing
methods, but ∼ 10 times faster. This makes Treephyler the first tool that is ready
to handle large datasets as e.g. in the study to explore the human microbiome.
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Chapter 1

Introduction: Phylogenomics and
issues of basal animal evolution

”The time will come I believe, though I shall not live to see
it, when we shall have fairly true genealogical trees of each
great kingdom of nature.”

Charles Darwin, 1857

1.1 From Darwin to the Tree of Life

A prerequisite for almost any evolutionary study is the understanding of the phy-
logenetic relationships between organisms. All evolutionary history of genes and
contemporary species is related by a phylogenetic tree (Page et al., 1988). This
directly follows from the famous evolutionary theory of natural selection presented
by Charles Darwin in The Origin of Species (Darwin, 1859). In that book, the
evolutionary relationships between organisms were, for the first time, illustrated
as a phylogenetic tree. The publication of Ernst Haeckel’s famous tree in 1866
corroborates the enthusiasm of biologists in phylogenies (Haeckel, 1866).

Today, phylogenetic trees are drawn from features of recent species using meth-
ods that rely on mathematical models. The basis for reconstructing the evolu-
tionary history of species is the identification of homologous characters1 that the
different organisms share. These characters are then compared and reconstruc-
tion methods are used to construct a phylogenetic tree. The accuracy of the tree
strongly depends on how well the evolutionary history is described by the math-
ematical model. Because the underlying biological mechanisms are not yet well

1There is no generally agreed-upon definition of a character in phylogenetics. However, a
character can be thought of as an attribute, which can be used to distinguish taxa (e.g. the
shape of teeth or an amino acid).
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understood, these models do not have a sufficient fit. This makes the reconstruc-
tion of the Tree of Life (Maddison et al., 2007) - the ultimate goal of phylogenetics
- a difficult task.

Phylogenetics - trees from morphological and molecular data

The 1970s brought the development of tools to sequence DNA and proteins. Until
that time, phylogenetics was based on the analysis of morphological or ultrastruc-
tural data only. Using the comparative anatomy of fossils and recent species, the
main groups of plants and animals could be separated. However, the limited num-
ber of available reliable morphological characters restricts the ability to get highly
resolved trees for parts of the Tree of Life. Morphological characters that can
be used to distinguish species are almost not present in microorganisms and are
limited in complex organisms, e.g. animals (van Niel, 1955).

The emergence of molecular data in phylogenetic studies promised to improve
the resolving power and, by this, to overcome the limitation of insufficient com-
parable characters (Zuckerkandl and Pauling, 1965). In the course of phylogenetic
research, some genes proved to be more suitable than others to reconstruct trees,
making them reference markers. One of these markers is the gene that encodes the
small ribosomal subunit RNA (SSU rRNA). Investigations using the SSU rRNA
gene shaped the tree of Bacteria and Archaea in the 1980s (Woese, 1987). It also
led to the recognition of Archaea as a third distinct domain of life (Woese and
Fox, 1977).

Different genes - different answers

To further increase the resolution of the Tree of Life, researchers started using
several genes rather than only single genes. However, it turned out that the re-
solving power is still limited and usually allows to obtain firm support for some
parts of a phylogeny, only. This is especially true for the deepest inner nodes in a
phylogeny. They are very old and therefore supported by less characters and more
likely to undergo multiple substitutions. Furthermore, the analysis of different
genes revealed rather different and often contradictory tree topologies.

Consequently, large parts of the Tree of Life remain unresolved due to the
limited amount of data, while other parts - for which enough data are available -
are unresolved because of incongruencies between the genes under study. These
incongruencies are widespread and have been reported to occur on all taxonomic
ranges; between closely related species (Kopp and True, 2002; Mason-Gamer and
Kellogg, 1996), major classes (Giribet et al., 2001; Hwang et al., 2001) or phyla
(Löytynoja and Milinkovitch, 2001; Rokas et al., 2003a).
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1.2 Phylogenomics - the more data the better

”. . . a classification founded on any single character, how-
ever important that may be, has always failed.”

Charles Darwin, 1857

Based on the hypothesis that the more data is used the more likely it is to
get the correct tree (Miyamoto and Fitch, 1995), newly developed sequencing
techniques were used to generate thousands of base pairs in the time it requires
to read these lines (Delsuc et al., 2005). This wealth of sequencing information
lead to a new branch of molecular phylogenetics, called phylogenomics (Eisen and
Fraser, 2003), which tries to apply phylogenetic methods on genomic-scale data.
The availability of this immense mass of data could decrease the impact of factors
that cause incongruencies (Eisen and Fraser, 2003).

1.2.1 A lot of different genes - still different answers

Reasons for incongruencies are the limited data availability (Cummings et al.,
1995), the use of inappropriate taxa (taxon sampling) (Graybeal, 1998), inadequate
modeling of sequence evolution (Yang et al., 1994), as well as biological processes
such as natural selection or genetic drift (Maddison, 1997; Martin and Burg, 2002;
Satta et al., 2000). The year 2000 marked a shift from single gene to multi-gene
analyses, with studies using up to 20 genes predating the era of phylogenomics
(Baldauf et al., 2000; Madsen et al., 2001; Murphy et al., 2001; Stiller and Hall,
1997; Qiu et al., 1999)

Following this trend to increase the size of datasets, studies using large sets of
genes were published focussing on e.g. the phylogeny of deuterostomes (Bourlat
et al., 2006), tunicates (Delsuc et al., 2006) or ecdysozoa (Philippe et al., 2005).
However, the limitation of taxon sampling to model organisms allowed to resolve
some parts of the Tree of Life, only. The use of expressed sequence tags (EST)
opened up new prospects.

1.2.2 Large datasets of EST sequences

Many recent phylogenomic studies are based on EST sequences (Bapteste et al.,
2002; Philippe et al., 2004, 2005). EST sequences are short (≈ 200 - 800 bases),
unedited, randomly selected single-pass reads from cDNA libraries that sample
the diversity of genes expressed by an organism or tissue at a particular time and
under particular conditions.
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The relatively low cost and rapid generation of ESTs led to studies using more
than 100 genes and a broader taxonomic spectrum (Bapteste et al., 2002; Blair
et al., 2002; Lerat et al., 2003; Rokas et al., 2003b; Wolf et al., 2004).

1.2.3 Large datasets, but wrong answers

In general, the use of large datasets results in increased resolution of phylogenetic
trees. Additionally, the phylogenetic methods used to construct trees are statisti-
cally consistent (Delsuc et al., 2005). That means that analyses converge towards
the correct tree as dataset size increase. This is true as long as basic assumptions
are met, but failure to do so can lead to inconsistencies (Felsenstein, 2004). Cases
when phylogenetic reconstruction methods can produce inconsistent results are:

Compositional bias In cases where species possess a similar sequence composi-
tion, phylogenetic methods can group them together, although they are not
closely related.

Long branch attraction A common problem to phylogenetic methods is that
fast evolving unrelated taxa can be artefactually grouped together and lead
to wrong trees (Felsenstein, 1978). An example is the long branch attraction
artefact in Philippe et al. (2005) where the fast evolving species C. elegans is
attracted by the distant fungal outgroup S. cerevisiae, but correctly groups
with D. melanogaster when the fungi outgroup is replaced by a more closely
related choanoflagellate outgroup.

Heterotachy A character or alignment site is called heterotachous, if its evo-
lutionary rate varies through time. Heterotachy is an essential process of
sequence evolution and can lead to wrong trees (Lopez et al., 2002; Ko-
laczkowski and Thornton, 2004). Heterotachy is difficult to detect as its
presence cannot be judged from simply looking at the sequences (Inagaki
et al., 2004; Kolaczkowski and Thornton, 2004; Philippe and Germot, 2000).

These factors can lead to highly supported trees that are not guaranteed to be
correct. Although the use of large-scale datasets - as with phylogenomics - seems
promising, there are cases where different studies yielded different results. One of
these cases concerns the basal taxa of the animal Tree of Life and the branching
order of early-diverging metazoa.

1.3 The quest for the tree of basal animals

Our project deals with the phylogenetic relationships between the basal animal
(non-bilaterian) taxa Porifera, Ctenophora, Cnidaria, and Placozoa. Phyloge-
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nomics provided a robust picture of bilaterian relationships (Delsuc et al., 2006;
Dunn et al., 2008; Philippe et al., 2005). At the beginning of our project, the most
complete picture of the animal Tree of Life was published in Dunn et al. (2008). It
used sequences from 21 animal phyla and could confirm previously highly disputed
hypotheses, e.g. velvet worms as the sister group of arthropoda and monophyletic
molluscs. Due to insufficient taxon sampling the relationships of the basal taxa
could not be resolved, leaving their phylogenetic status as well as the phylogenetic
origin of sponges unresolved.

Ctenophora

Porifera

Placozoa

Cnidaria

Ctenophora

Figure 1.1: The figure shows the ctenophore Bathocyroe fosteri, the cnidarian
Chrysaora fuscescens, the sponge Xestospongia testudinaria, and the placozoan
Trichoplax adhaerens. Pictures taken from (Wikipedia, 2010a,b,c,d).

1.3.1 The basal branches of the metazoan tree

Recent studies that try to resolve the animal Tree of Life or parts of it led to
contradictory and poorly resolved trees regarding the relationships between basal
taxa (Rokas et al., 2005; Schierwater et al., 2009). In the following, we briefly sum-
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marize the working hypotheses for the evolutionary relationship of basal metazoan
taxa (see Figure 1.1):

Cnidaria and Ctenophora - Coelenterata or not?

Cnidaria is an animal phylum containing over 9,000 species. It includes jellyfish,
corals, sea pansies, sea pens, box jellies, and sea wasps and is found exclusively in
aquatic and mostly marine environments. The Ctenophora (comb jellies) are an
animal phylum that lives in marine waters worldwide (see figure 1.1).

During the long history of animal phylogenetics, mostly two different (of the
three possible) scenarios regarding the branching order of Eumetazoa (Cnidaria,
Ctenophora, and Bilateria) were found (see figure 1.2). In one of these trees,
Ctenophora and Cnidaria form the clade Coelenterata as a sister group to Bilateria.
In another hypothesis, Cnidaria are basal to a Ctenophora + Bilateria clade, called
Acrosomata. The third tree has Ctenophora branching off first and contains a
Cnidaria + Bilateria clade.

Cnidaria

Ctenophora

Bilateria

Coelenterata

Cnidaria

Ctenophora

Bilateria
Acrosomata

Cnidaria

Ctenophora

Bilateria
A B C

Figure 1.2: The three possible hypotheses about the branching order of
Ctenophora, Cnidaria, and Bilateria. Picture redrawn from (Minelli, 2009).

The latter describes a rather uncommon scenario because it implies that slightly
more complex taxa (Ctenophora) have a larger evolutionary distance to Bilateria
than obviously simpler Cnidaria.
The three trees find support by the following character sets:

� The Coelenterata hypothesis (Ctenophora + Cnidaria) is based on unilateral
cleavage (see figure 1.2, A).

� The presence of Hox and Parahox genes as well as collinearity of the Hox gene
expression support the Cnidaria + Bilateria clade (Finnerty and Martindale,
1997; Martinez et al., 1998; Martindale et al., 2002) (see figure 1.2, B).

� The clade Acrosomata (Ctenophora+Bilateria) finds support by the presence
of true muscle cells, multiciliate cells, complex sensory organs, a through-gut,

13



and a highly stereotyped cleavage (Martindale and Henry, 1997) (see figure
1.2, C).

The recent study by Dunn et al. (2008) placed Ctenophora as the most basal
animal taxon. This contradicts classical concepts as it implies that morphological
more simple animals like sponges are younger than more complex animals like
Ctenophora.

Are placozoans reduced cnidarians?

Placozoans are basal, multicellular animals. They are very flat creatures, about
1mm wide, lacking any organs or internal structures (see figure 1.1). The phy-
logenetic position of Placozoa within the basal tree of animals is still uncertain.
The phylum Placozoa was traditionally regarded to be represented by the taxon
Trichoplax adhaerens only, but is now assumed to be greater in diversity (Sig-
norovitch et al., 2005; Voigt et al., 2004). An analysis using 18S rRNA suggests
placozoans to be secondary reduced cnidarians (Cavalier-smith and Chao, 2003).
Contradictory, not only does the organization of the mitochondrial genome of T.
adhaerens and Cnidaria differ, but also the predicted secondary structure of the
16S rRNA is different between the two phyla (Ender and Schierwater, 2003). Syed
and Schierwater (2002) proposed that Placozoa would represent a basal metazoan
stem line that branched off first to the group Porifera + Eumetazoa. This view
finds support when looking at the size and structure of the mitochondrial DNA
(Dellaporta et al., 2006).

This unclear picture of the phylogenetic position of Placozoa does not change
despite the use of mitochondrial genomes (Haen et al., 2007; Wang and Lavrov,
2007), and 50 nuclear genes (Rokas et al., 2005). An analysis using SSU rRNA
sequences of 528 metazoan taxa supported a sister group relationship of Placozoa
to a Cnidaria + Bilateria clade (Wallberg et al., 2004). These inconsistencies are
mainly due to insufficient and/or inadequate taxon sampling of basal metazoa.

1.3.2 The phylogenetic origin of sponges

Sponges are a diverse group of animals with many body plan features in common
and are classified into Demospongiae, Hexactinellida, Calcarea, and Homosclero-
morpha (see figure 1.1). The presence of a system of internal canals and choanocyte
chambers, through which water flows, together with the pinacoderm, a thin ep-
ithelial covering, firmly support a monophyletic origin of sponges. A monophyletic
origin of sponges supports the idea that these features evolved only once (see figure
1.3).
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Whole-genome analysis supports a sister-group relationship of sponges to all
other metazoa (Srivastava et al., 2008). This is in accordance with morphology
(Ax, 1996).

Molecular data contradicts morphology

This picture gets blurred when looking at studies using molecular evidence. A
paraphyletic origin of sponges has been supported by studies based on 18S rRNA
(Borchiellini et al., 2001; Cavalier-smith et al., 1996; Collins, 1998; Peterson and
Eernisse, 2001), protein kinase C (Kruse et al., 1998), and seven nuclear-encoded
genes (Peterson and Butterfield, 2005). In these studies, Calcarea form a sister
group together with non-sponge metazoans (Epitheliozoa). This grouping finds
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Figure 1.3: (A) Most parsimonious scenario for sponge paraphyly. (B) most par-
simonious scenario for sponge monophyly. Picture redrawn from (Philippe et al.,
2009).

morphological support by the presence of striated ciliary rootlets in the larvae
of calcareous sponges as well as in Epitheliozoa (Rieger, 1976), but not in other
sponges (Woollacott, 1995).

Another recent contentious issue regards the position of the Homoscleromor-
pha, a taxon formerly placed within the Demospongiae. The Homoscleromorpha
share many morphological and developmental features with non-sponge metazoans
(Boury-Esnault et al., 2003).

Implications of sponge paraphyly are interesting for understanding the evolu-
tion of early-branching metazoans: characters shared by all sponge lineages are
ancestral to Metazoa and eumetazoans are derived from sponge-like organisms
(Borchiellini et al., 2001; Peterson, 2001; Nielsen, 2008).

SUMMARY

Our leading questions are:

15



� Relationships between basal Metazoa?

� What is the position of Placozoa in the basal metazoan
tree?

� Are sponges monophyletic or not?

� Relationship within sponge classes?

1.4 How phylogenomics can help

Recent studies focussing on resolving the early branches of the animal tree were
equivocal and had either no support or did not include enough taxa to draw con-
clusions. With an increase in the amount of available sequences, the phylogenomic
approach will be suitable to get the true tree of basal animals.

Orthologs and paralogs - the apples and oranges of phylogenetics

Phylogenetic trees are based on orthologous sequences. Following the original
definition by Fitch (1970) sequences are called orthologous if they diverged through
a speciation event; sequences are called paralogous if they diverged through a
duplication event within the same species (see figure 1.4).

Orthology assignment is a crucial prerequisite in phylogenetic studies as falsely
predicted orthologs can lead to incorrect tree hypotheses (Zmasek and Eddy, 2002).
The selection of orthologous sequences in phylogenomics is even more critical as
dataset size increases making manual orthology search impossible.

Orthology Search - a crucial task

A common approach to orthology search is to use similarity search tools like
BLAST (Altschul et al., 1997) to search query sequences against a sequence
database. As a result of that search, the best hit or the best reciprocal hit (Mushe-
gian et al., 1998), two sequences from different datasets that find each other as the
best scoring hit, is commonly regarded as an orthologue to the query sequence.
However, this is not a sufficient condition to determine orthologous relationship
between sequences (Johnson, 2007). The method fails in the case of e.g. gene loss.
Several methods for prediction orthologs have been developed and extensively com-
pared (Alexeyenko et al., 2006; Altenhoff and Dessimoz, 2009; Chen et al., 2007;
Dutilh et al., 2007). These methods are based on either a phylogenetic analysis (e.g.
Rio (Zmasek and Eddy, 2002), PhyOP (Goodstadt and Ponting, 2006), Ensembl
Compara (Hubbard et al., 2007)) or all-against-all BLAST searches (Dolinski and
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Ancestral gene

A B

A1

B1

A2

B2

1 2

0 Paralogs in 
ancestral species

Duplication

Speciation

Figure 1.4: The picture describes the relationship between orthologous and pa-
ralogous genes. An ancestral gene is duplicated within the genome of species 0
leading to the two copies A and B. After the speciation event, there are two copies
in each of the species 1 and 2. The genes A1 and A2 as well as the genes B1 and
B2 have an orthologous relationship, because they stem from a speciation event.
The genes A1 and B1 and A1 and B2 have a paralogous relationship, since they
are the result of a duplication event in the common ancestor 0. Picture redrawn
from (Koonin, 2001).

Botstein, 2007). Among the all-against-all methods, several use the reciprocal
condition (Waterston et al., 2002; Remm et al., 2001; Tatusov et al., 1997), while
others start with reciprocal best-hitting sequence pairs and further cluster those
pairs using evolutionary distances (DeLuca et al., 2006), Markov clustering (Li
et al., 2003), third-party species (Mclysaght and Huson, 2005; Schneider et al.,
2007) or include additional information, e.g. guide trees and gene neighborhood
conservation (Sayers et al., 2010).

Problems of existing methods: All existing methods are designed to cluster
protein sequences. However, they are not designed to explicitly deal with EST
sequences and their correct translation. Furthermore, most existing methods are
not capable of dealing with the high redundancy of gene copies. That is, they can
not select the sequence most likely to be orthologous from a set of gene copies.
Besides that, existing tools that rely on phylogenetic trees require manual curation
and are therefore inappropriate for large-scale analysis. Summarized, existing tools
are not suitable in EST-based phylogenomics analyses.
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EST handling

ESTs are commonly used in large-scale studies because they provide a wealth of
phylogenetic information and are relatively cheap to generate. However, ESTs
often contain sequencing errors and may cover genes partially, only (James and
Mark, 2004). These errors can lead to shifts in the reading frame and make trans-
lation non-trivial. Several tools (Iseli et al., 1999; James and Mark, 2004; Shafer
et al., 2006; Xu et al., 2007) and web servers (Lee et al., 2007; Schmid and Blax-
ter, 2008; Smith et al., 2008; Strahm et al., 2006) have been developed to correct
sequencing errors and try to avoid frame shift errors.

Phylogenomic workflow - how large datasets are analysed

Phylogenomic studies are based on large sets of sequences. In general, there are
two different types of analyses in phylogenomics (see figure 1.5):

� sequence-based methods,

� whole-genome methods.

In this study, we focus on sequence-based methods only, because whole-genome
data is limited for basal metazoan taxa.

The dataset size of recent phylogenomic studies dramatically increased in the
last years. These datasets (e.g. Bapteste et al. (2002); Blair et al. (2002); Lerat
et al. (2003); Rokas et al. (2003b); Wolf et al. (2004)) include many characters,
but a considerably lower number of taxa. An interesting issue in phylogenomics
is whether the number of taxa or the number of characters should be increased
to improve the accuracy of the resulting tree (Graybeal, 1998; Hillis et al., 2003;
Lecointre et al., 1993; Poe and Swofford, 1999; Rosenberg and Kumar, 2003).
While computer simulations are equivocal (Hillis et al., 2003; Rosenberg and Ku-
mar, 2003), empirical studies support an increased sampling of species (Lecointre
et al., 1993; Lin et al., 2002; Philippe, 1997). Datasets with complete genome
sequences available would be asymmetrical having either many species and few
genes or vice versa. Phylogenomic studies aim at maximizing both, the number of
species and the number of genes (Driskell et al., 2004; Sanderson et al., 2003), in
order to be able to construct more accurate trees (Lin et al., 2002; Philippe, 1997).

The presence or absence of genes and/or species in such datasets leads to
another issue, the impact of missing data on the resulting phylogeny.

In general, there are two different methods - the supermatrix and the supertree
approach - to combine the information from single gene alignments that were
assembled from local and/or public databases2. In this study, we focus on the

2Phylogenomics also offers methods that use whole-genome features such as gene content or
gene order to build phylogenetic trees, but this is not covered here.
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Figure 1.5: The picture shows both currently applied methods of tree inference
from genomic data. Obtained from large-scale sequencing projects, sequences
are assembled into orthologous genes. Subsequent analysis is based on either
sequence-based methods, that construct phylogenetic trees using the superma-
trix or supertree approach, or based on whole-genome features. Picture redrawn
from (Delsuc et al., 2005).

supermatrix approach only, because it has been shown to be more accurate in
simulation studies than the supertree approach (Gadagkar et al., 2005).

Supermatrix - Concatenating single genes

The supermatrix approach is based on the principle of total evidence and tries
to use all available data (see figure 1.5). For this, all genes under study are
concatenated and missing data - the absence of genes in some species - is marked
as a question mark. Recent studies used different levels of missing data (12,5%
in Murphy et al. (2001), 20% in Qiu et al. (1999), 25% in Bapteste et al. (2002))
to investigate the impact of missing data. Empirical studies (Driskell et al., 2004;
Gatesy et al., 2002; Philippe et al., 2004) as well as simulations (Philippe et al.,
2004; Wiens, 2003) found that even species with a large proportion of missing data
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can be correctly placed in a tree, given the available data are informative enough
(Philippe et al., 2004). These findings show that the supermatrix approach is
relatively robust against missing data. That makes it applicable to datasets with
EST sequences, that are cheap to generate but are an incomplete resource of
sequence information.

1.5 Aims - phylogenomics

Despite the use of large datasets, the current situation in phylogenetics of basal
metazoan is highly debated.

The aim of this work is to contribute to finding an answer regarding
the emergence order of the basal metazoan taxa Ctenophora, Cnidaria,
Placozoa, and Porifera as well as whether the phylum Porifera is mono-
phyletic or paraphyletic.

Our hypothesis is that the massive use of newly generated sequences and data
from previously neglected taxa combined with new methods for automated dataset
construction and the application of complex models of sequence evolution will lead
to more accurate trees and answer our questions (see section 1.3.2). The results
should give further hints on the early evolution of the animal body plan as well as
the phylogenetic origin of sponges.
Our project is divided into two parts (see figure 1.6):

First Part We design, implement and test a new method for automatically con-
structing datasets in EST-based phylogenomics.

Second Part We apply phylogenomic methods on newly generated EST data and
data from public databases to test existing hypotheses.

1.5.1 First part: OrthoSelect

Although cheap and rapid to generate, the use of ESTs in evolutionary studies is
hindered by the lack of available tools for automated orthology search in ESTs.
Existing methods either require a known species tree or cannot cope with the re-
dundancy in ESTs. A drawback of all existing methods is that they cannot handle
sequence redundancies - multiple copies of the same gene. By the development
of a new tool - called OrthoSelect - for orthology prediction in ESTs, we aim for
filling this gap. OrthoSelect is able to search large databases for the presence of
orthologous genes in ESTs and produce gene alignments ready to use for down-
stream analysis (e.g. construction of phylogenetic trees). The development of
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Figure 1.6: This picture shows the two main parts of our project. The first part -
on the left side - is the development of an automated tool for constructing datasets
for phylogenomics. The second part - on the right side - describes the extension
of existing datasets by tools like OrthoSelect and its subsequent analyses. The
analyses will help to either corroborate or disprove existing hypotheses about the
evolution of basal metazoan taxa.

OrthoSelect allows - for the first time - the complete and automated construction
of phylogenomic datasets. We evaluate OrthoSelect by comparing it to the already
published and manually curated phylogenomic dataset of Dunn et al. (2008). The
tool is written in Perl and freely distributed as a command line program.

OrthoSelect - webserver

Additionally, we set up a web server to provide easy access to the command line
program. Compared to the command line version, the web server additionally
visualizes gene alignments and provide numerous additional statistics about e.g.
the generated gene clusters, and the presence of taxa.
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1.5.2 Second part: Dataset generation

In order to test the hypotheses mentioned in section 1.3.2, we have to assemble
suitable datasets. We use two published datasets as a basis and add our newly
generated sponge sequences as well as sequences from other basal metazoan taxa.
The extension of both datasets is necessary to be able to test the competing
hypotheses from section 1.3.2. The datasets are:

� The datasets from Baurain et al. (2007) and Lartillot and Philippe (2008),

� The dataset from Dunn et al. (2008), the most complete and comprehensive
view of the animal phylogeny at that time.

Phylogenetic analysis

The two datasets will be analysed using the supermatrix approach. It is widely
accepted that the evolutionary process is stochastic and should be modeled in a
statistical way (Maddison and Knowles, 2006). Therefore we use likelihood-based
methods of phylogenetic inference rather than distance-based methods or maxi-
mum parsimony. Additionally, likelihood-based models incorporate more complex
models of sequence evolution (Whelan et al., 2001) and proved to be less affected
by model violations (Kolaczkowski and Thornton, 2004). One of these models, the
categories model CAT (Lartillot and Philippe, 2004), relaxes the assumption of
homogeneity of alignment columns. By assigning different evolutionary categories
to single sites the CAT model can account for among-site heterogeneities (Pagel
and Meade, 2004).

We are aware of the following possible limitations: The resolution of a phyloge-
netic tree depends on how dominant the phylogenetic signal in the dataset is. Time
intervals between the deepest nodes in the animal tree, that define the branching
pattern of non-bilaterians, are short and it is questionable whether these nodes
can be significantly supported even by the use of genome-scale datasets (Philippe
et al., 1994). In order to validate current evolutionary hypotheses, the results from
phylogenetic analyses using different dataset and/or models should be congruent
(Miyamoto and Fitch, 1995).
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1.6 Metagenomics - investigating the uncultur-

able

After their discovery by Anton van Leeuwenhoek in the 1670, microorganisms have
been intensively studies and much has been learned about their importance to hu-
man health, agriculture, industry, and the origin and evolution of life. However,
most microorganisms are still unknown (Eisen, 2007). Many bacterial phyla are
not culturable, so other methods are needed to access the physiology and genetics
of these organisms (Handelsman, 2004). One of these methods is metagenomics,
where a population of microorganisms is subject to a genomic analysis. In metage-
nomics, genomes from microbial communities are randomly sampled resulting in
usually large databases of environmental sequence tags. The direct sequencing of
genomic DNA from the species that live in these communities allows to study their
evolution, lifestyle, and diversity (Béjà et al., 2000; Gill et al., 2006; Hansen et al.,
2007).

The development of Pyrosequencing (Margulies et al., 2005) produces a lot of
data and allows the direct sequencing of metagenomes without cloning (Edwards
et al., 2006). Currently, pyrosequencing generates only short sequence reads (≈
100 - 450 bp) which makes an assembly into contiguous sequences (contigs) a
computationally very demanding task.

An important question in metagenomics is to quantify and characterize micro-
bial communities. To do this, their taxonomic composition can be assessed via the
generation of taxonomic profiles.

1.6.1 16S rRNA

After the pioneering work of Carl Woese (Woese and Fox, 1977; Woese, 1987),
16S rRNA and 18 rRNA have been established as reliable phylogenetic markers.
Besides their high accuracy, methods using these markers can taxonomically profile
a small proportion of metagenomes, only.

1.6.2 Alternative approaches

To overcome this limitation, the set of marker gene was extended in Wu and
Eisen (2008) and Mering et al. (2007) using methods (Huson et al., 2007; Meyer
et al., 2008) that rely on sequence similarity search against public databases using
BLAST (Altschul et al., 1997). The known shortcomings of BLAST (requirement
of sufficient read length and presence of close homologs in the database) led to the
development of tools that directly pursue the classification of the DNA signatures
(Brady and Salzberg, 2009; Diaz et al., 2009; McHardy et al., 2007). However,
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previous methods showed a drop in accuracy as sequence length gets shorter than
1,000 bp and are computationally demanding (Krause et al., 2008). This makes
them not suitable to handle the rapidly increasing dataset size in metagenomics
and metatranscriptomics. New tools are needed to overcome the computational
burden as well as to provide high accuracy.

1.7 Aims - metagenomics

We develop a new tool, called Treephyler, for assessing community profiles of
metagenomes and metatranscriptomes. We will overcome existing limitations in
computational complexity using the new method UFO (Meinicke, 2009) that makes
fast assignments of sequences to PFAM (Finn et al., 2008) families.
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Eric Quéinnec,2 Corinne Da Silva,8 Patrick Wincker,8
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Summary

The origin of many of the defining features of animal body

plans, such as symmetry, nervous system, and the meso-
derm, remains shrouded in mystery because of major uncer-

tainty regarding the emergence order of the early branching
taxa: the sponge groups, ctenophores, placozoans, cnidar-

ians, and bilaterians. The ‘‘phylogenomic’’ approach [1]
has recently provided a robust picture for intrabilaterian

relationships [2, 3] but not yet for more early branching
metazoan clades. We have assembled a comprehensive

128 gene data set including newly generated sequence
data from ctenophores, cnidarians, and all four main sponge

groups. The resulting phylogeny yields two significant
conclusions reviving old views that have been challenged

in the molecular era: (1) that the sponges (Porifera) are
monophyletic and not paraphyletic as repeatedly proposed

[4–9], thus undermining the idea that ancestral metazoans
had a sponge-like body plan; (2) that the most likely position

for the ctenophores is together with the cnidarians in

a ‘‘coelenterate’’ clade. The Porifera and the Placozoa branch
basally with respect to a moderately supported ‘‘eumeta-

zoan’’ clade containing the three taxa with nervous system
and muscle cells (Cnidaria, Ctenophora, and Bilateria).

This new phylogeny provides a stimulating framework for
exploring the important changes that shaped the body plans

of the early diverging phyla.

Results and Discussion

A Comprehensive Phylogenomic Data Set to Address

Basal Metazoan Evolution
Previous studies of basal metazoan relationships by molecular
phylogeny techniques (e.g., [3–8, 10, 11]) have proposed
contradictory and often poorly supported trees, leaving major
issues such as the phylogenetic status (monophyly or para-
phyly) of sponges and the position of ctenophores and placo-
zoans unsettled. These inconsistencies may reflect insufficient
molecular sampling and/or inadequate taxon sampling of the
diversity of extant nonbilaterian metazoan lineages [1, 11–
13]. We have adopted a phylogenomic approach specifically
aimed at clarifying the basal metazoan relationships, involving
more comprehensive sampling of all the major early branching
animal lineages. By using newly generated cDNA sequences in
addition to publicly available sequences, we have assembled
a metazoan data set enriched in species representing the early
diverging phyla (see Experimental Procedures and Supple-
mental Data available online). The data set comprises 128
different protein-coding genes (30,257 unambiguously aligned

*Correspondence: woerheide@lmu.de (G.W.), michael.manuel@snv.jussieu.

fr (M.M.)
11These authors contributed equally to this work



positions) for 11 outgroup species and 44 metazoans,
including 9 sponge species, 3 ctenophores, 9 cnidarians, the
placozoan Trichoplax, and a representative sampling of bilat-
erian species. Among the 55 terminal taxa, 24 are complete
or nearly complete (%5% of missing data), and only 27% of
positions in the final alignment are absent (see Table S2).
This is the first phylogenomic data set to include all four
main sponge lineages: Demospongiae, by far the most
species-rich sponge group, is represented by four species,
chosen to maximize morphological and phylogenetic diversity;
Hexactinellida and Calcispongia are each represented by two
species; and Homoscleromorpha is represented by a chime-
rical operational taxonomic unit created from two species of
the genus Oscarella.

The Sponges Restored as a Monophyletic Group
Our data set was analyzed by Bayesian inference analysis, via
the CAT model of sequence evolution [14], conceived to
reduce artifacts resulting from mutational saturation and
unequal rates of substitution, which are major problems
when analyzing ancient events [13, 15]. To explore the effect
of outgroup taxa on the metazoan interrelationships obtained,
we performed three analyses with different taxon samplings
(Figure 1): rooted analysis with a paraphyletic outgroup
comprised of the fungi, ichthyosporeans, Capsaspora, and
choanoflagellates (‘‘outgroup 1;’’ tree shown in Figure 1 and
Figure S1; with bootstrap supports [BS] in pink in Figure 1);
analysis rooted with just choanoflagellates, the metazoan
sister group [16] (‘‘outgroup 2;’’ BS in blue in Figure 1, tree in

Figure 1. Phylogenetic Analyses of 128 Nuclear-Encoded Proteins

Bayesian tree obtained from the analysis of 30,257 aligned amino acid positions for the 55 terminal taxa with the CAT model. Bootstrap supports (BS) after

100 replicates are indicated for three analyses with different taxon sampling: outgroup 1 (BS values in pink); outgroup 2 (BS values in blue); unrooted analysis

(BS values in black). Nodes with maximal support values in all analyses are indicated by an asterisk. The tree obtained with outgroup 1 is shown here (and

in Figure S1 with branch posterior probabilities, PP), whereas trees obtained with outgroup 2 and without outgroup are shown in Figures S2 and S3, respec-

tively. Scale bar indicates number of changes per site.
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Figure S2); and unrooted analysis (BS in black in Figure 1, tree
in Figure S3). The topology resulting from the rooted analyses
(trees shown in Figure 1 and Figures S1 and S2) was statisti-
cally well supported at most nodes, and its general features
were in line with previous studies [2, 3]: choanoflagellates
positioned as the sister group to the Metazoa, with Bilateria,
Protostomia, Lophotrochozoa, and Ecdysozoa each forming
well-supported monophyletic groups. These rooted trees
provide strong evidence that the sponge species all belong
together in a monophyletic group (Porifera) (bootstrap support
= 90% and 96% with outgroup 1 and outgroup 2, respectively).
The branch leading to the Porifera is short (Figure 1),
accounting for the difficulty in recovering sponge monophyly
in previous molecular analyses. This presumably reflects
closely spaced splitting events during the Proterozoic era
when the sponge lineages emerged.

Extant sponges are a diverse group sharing a number of
common body plan features, notably a system of internal
canals and choanocyte chambers through which water flows,
and a thin epithelial covering called the pinacoderm (Figure 2A).
Although morphological character analyses firmly support the
hypothesis that the sponges form a monophyletic group [5, 17],
rRNA analyses have repeatedly indicated that they are para-
phyletic, with the calcisponges and/or the homoscleromorphs
positioned closer to eumetazoans than to the other sponges
[4–8]. It is worth noting, however, that sponge monophyly could
not be ruled out unequivocally in many of these studies
because of poor statistical support [6, 7, 10]. The previously
proposed hypothesis of sponge paraphyly had significant
implications for understanding the origin of multicellular
animals, because it would imply that characters shared by all
sponge lineages are ancestral for the Metazoa and that eume-
tazoans are derived from animals with a sponge-like body plan
[4, 5, 8, 9] (Figure 2B).

The significant support for sponge monophyly in the present
study allows us to return to the idea that a sponge body plan
(notably featuring an aquiferous system with internalized

choanocyte chambers and the pinacoderm) evolved in the
stem line of the Porifera (Figures 2C and 3). The specialized
collar apparatus of sponge choanocytes has often been
assumed to be an ancient feature shared with choanoflagel-
lates, based on phenotypic similarity [16]. However, many
ultrastructural details of choanoflagellate and choanocyte
cells are different, such as the length and spacing of the micro-
villi and the organization of the microtubule cytoskeleton. Their
functional properties also differ, with the microvilli of choano-
flagellates but not of choanocytes being contractile. Their
similarity might thus represent convergence, with choano-
cytes being a synapomorphy (shared derived character) of
Porifera. It is clear in any case that, rather than reflecting the
ancestral animal form, adult sponges are better considered
as highly specialized organisms, possibly having acquired
a sedentary life style from a hypothetical pelagic ancestor.
Notably, the absence of obvious symmetry in many adult
sponges fuelled the popular idea that the last common
metazoan ancestor lacked defined axial organization [18, 19].
In fact the adult bodies of hexactinellids, calcisponges, homo-
scleromorphs, and nonbilaterian eumetazoans are character-
ized by axial symmetry, as is the larval organization of sponges
[20], ctenophores, and cnidarians. This suggests that the
common ancestor of all animals may have showed symmetry
around a single polarity axis [21], and thus that the asymmetry
of the adult body in most demosponges and in Trichoplax is
likely to be derived rather than ancestral (Figure 3).

Lessons from Relationships within the Porifera

In line with some previously published phylogenies (e.g., [6, 7,
11]), our analysis placed hexactinellids and demosponges
together to form the Silicea Gray, 1867 [22] sensu stricto
(with maximal bootstrap support in all analyses) characterized
by siliceous spicules organized around a well-defined proteic
axial filament [23] and by a particular class of membrane phos-
pholipids known as demospongic acids [24]. Concerning the
enigmatic Homoscleromorpha, our analyses clearly excluded

Figure 2. Characters of the Sponge Body Plan and Their Evolution

(A) Schematic section of an adult sponge (bottom) and SEM picture showing a choanocyte, the sponge collar cell (top, choanocyte from Chelonaplysilla

noevus, Demospongiae). The arrows indicate the direction of circulation of water in the aquiferous system of the sponge. Abbreviations: atr, atrial cavity;

cb, cell body; cc, choanocyte chamber; col, collar of microvilli; ex, exhalant canal; fl, flagellum; in, inhalant canal; mes, mesohyl; osc, osculum (or exhalant

orifice); ost, ostium (or inhalant orifice); pin, pinacoderm (thin epithelial layer, limiting the sponge body on its external surface and within the canals);

sp, spicule.

(B) Most parsimonious scenario for the evolution of sponge body plan characters, imposed on a scheme of sponge paraphyly.

(C) Most parsimonious scenario assuming sponge monophyly.

In (B) and (C), the gray branches indicate the presence of sponge body plan characters (aquiferous system, internalized choanocyte chambers, pinacoderm)

and the black branches indicate the absence of these characters. The gray horizontal line indicates character acquisition; the hollow horizontal line indicates

character loss. ‘‘Sponges 1, 2, and 3’’ correspond to the major lineages (silicisponges, homoscleromorphs, and calcisponges), of which exact branching

order varies among published studies recovering sponge paraphyly.
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them from the demosponges and favored a sister group
relationship to the Calcispongiae (with highest support of
91% [BS] obtained in the analysis with outgroup 2), in line
with results from 18S rRNA analyses [25, 26] but in conflict
with traditional classification schemes (see [27]). The siliceous
spicules without defined axial filament found in some Homo-
scleromorpha [23] thus might have evolved independently
from those of hexactinellids and demosponges (Figure 3). In
addition, homology of siliceous spicules between the latter
two taxa is uncertain because they are absent in the Dictyocer-
atida, represented here by Carteriospongia foliascens, the
earliest-branching Demospongiae taxon in our phylogeny
(Figure 1) (see [25, 28]). Whether the thick basi-epithelial base-
ment membrane of homoscleromorph larvae and adults,
which shares homologous biochemical components with eu-
metazoan basement membranes [29, 30], was inherited from
a common metazoan ancestor and subsequently reduced or
lost in most sponges and in Trichoplax, or acquired indepen-
dently in homoscleromorphs and eumetazoans, cannot be
decided from our analyses (Figure 3).

The Coelenterata Clade Revived
A recent phylogenomic analysis suggested that the cteno-
phores, a phylum of marine, mostly planktonic and gelatinous
animals, diverged earlier than sponges [3]. This highly unor-
thodox hypothesis would see the dismantling of the clade Eu-
metazoa (ctenophores, cnidarians, and bilaterians), despite
their sharing of many key characteristics such as nerve and
muscle cells and a differentiated digestive system (absent in

sponges and in Trichoplax). Polyphyly of eumetazoans would
thus imply several independent acquisitions of these features,
or their secondary loss in sponges and/or placozoans [31].
Our rooted analyses are not consistent with the basal position
of ctenophores, but rather suggest the existence of a Coelen-
terata [32] (Ctenophora + Cnidaria) clade, placed within
a monophyletic Eumetazoa (Figure 1). A recent study [11]
also obtained the coelenterate grouping, but with low boot-
strap support, and within a heterodox scheme of eumetazoan
polyphyly. Historically, the coelenterate grouping [32] was
based on certain anatomical resemblances between cteno-
phores and the cnidarian medusae (e.g., gelatinous body,
tentacles, and ‘‘radial’’ symmetry) that were later considered
convergences [33]. In fact, the complex body plan of cteno-
phores (with eight longitudinal rows of ciliated ‘‘comb rows,’’
a ramified endodermal gastro-vascular system, a complex
sensory apparatus located at the aboral pole, and a prevalence
of biradial symmetry [19]) differs markedly from that of the
cnidarians. Apart from some common embryological features
(central yolk and similar unipolar cleavages; animal pole corre-
sponding to adult mouth), there are no clear-cut morpho-
anatomical synapomorphies supporting the Coelenterata.

The very long branch leading to the ctenophores (see
Figure 1) makes their position prone to perturbation by the
long-branch attraction (LBA) artifact [34]. The basal position
of ctenophores suggested by Dunn et al. [3] might thus have
resulted from attraction of the ctenophores by the distant out-
group taxa used to root the tree. This problem was alleviated in
the present study by more comprehensive species sampling

Figure 3. Changes Affecting Important Body Plan Characters Traced onto the Topology Obtained from Our Molecular Analyses

Key to character changes: 1, acquisition of multicellularity and of a symmetrical body with a single axis of symmetry and polarity; 2, acquisition of the

poriferan aquiferous system and of the pinacocytes; 3, acquisition of a well-developed basement membrane supporting epithelia (by convergence in the

homoscleromorph sponges and in a cnidarian-ctenophore-bilaterian ancestor); 4, acquisition of siliceous spicules (by convergence in some

homoscleromorph sponges and in a hexactinellid + demosponge ancestor, or independently in the hexactinellids and within the demosponges); 5, loss

of body symmetry (by convergence in the stem-line of demosponges or within them, and in placozoans); 6, acquisition of gland cells in epithelia [17]; 7,

acquisition of the neuro-sensory system, of the muscle cells, and of the digestive system; 8, acquisition of the mesoderm. Homology between the mesoderm

of bilaterians, ctenophores, and some cnidarians is debatable; an alternative possibility being convergence of mesoderm-like germ layers between these

three taxa; 9, acquisition of bilateral symmetry (by convergence in the Bilateria and in the cnidarian stem-line or within them in the Anthozoa). Parsimony

optimization by Mesquite.
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and by the use of the CAT model. That ctenophores are indeed
attracted by distant outgroups is empirically demonstrated in
our analyses by the observed increase in branch support for
Coelenterata and Eumetazoa after partial or total removal of
outgroup taxa (Figure 1). Thus, when distant outgroups
(notably fungi) were used (as in [3]) (outgroup 1), the Coelenter-
ata were moderately supported (BS = 78%) and the Eumeta-
zoa were poorly supported (BS = 62%). With choanoflagellates
as the only outgroup (outgroup 2), support for Coelenterata
and Eumetazoa increased remarkably (BS = 93% and BS =
90%, respectively). Even higher support for the coelenterates
was obtained by unrooted analysis (BS = 99%). We further
checked that the position of ctenophores was not due to arti-
factual attraction by the long branch leading to medusozoan
cnidarians (Hydrozoa + Scyphozoa) (see Figure 1), by an
analysis excluding these species (Figure S4): ctenophores still
grouped with anthozoan cnidarians (a short branch), with high
support (BS = 91%).

Our results not only suggest that ctenophores are the sister
group to cnidarians but also that eumetazoans are monophy-
letic, implying single acquisition during animal evolution of
nerve and muscle cells and/or the digestive system, in line
with conventional ideas. These findings are at odds with the
schemes of eumetazoan polyphyly proposed in two other
recent phylogenomic studies [3, 11], both of which used
more limited taxonomic sampling of nonbilaterian metazoans
and more phylogenetically distant outgroups. It is clearly
premature to make a final conclusion on basal metazoan rela-
tionships, because not all our analyses yielded significant
statistical support values, and the influence of outgroup taxon
sampling on tree topology might indicate that there is conflict
in the data. As additional data from more nonbilaterian species
become available, the remaining doubts should finally be
resolved. It should be noted that the position of the placozoan
Trichoplax with respect to sponges and eumetazoans remains
poorly supported in our analyses (Figure 1) and that recent
investigations focused on placozoan relationships [11, 35]
provided contradictory results, leaving this question unre-
solved.

Body Plan Evolution among the Eumetazoans

The proposed restoration of the Coelenterata implies that
cnidarians and ctenophores are phylogenetically equally
related to the bilaterians and has implications with respect to
the origin of mesoderm and of bilateral symmetry. These
body plan features have been classically thought to be evolu-
tionary innovations of the Bilateria, but their origin has been
suggested to date back to the common cnidarian-bilaterian
ancestor from recent developmental gene evidence [36–38].
The mesoderm-like muscle cell lineage of ctenophores [37]
might be homologous with the mesoderm of the Bilateria
and with mesoderm-like derivatives previously identified in
cnidarians [37, 39]. Concerning symmetry, parsimony optimi-
zation favors an independent evolution of anatomical bilateral-
ity in the bilaterians and in anthozoan cnidarians (Figure 3), but
the significance of the biradial anatomy of the ctenophores [21]
remains to be evaluated, for instance through the study of the
developmental regulatory genes unilaterally expressed in
cnidarians and in the bilaterians [38].

Our new proposal of basal metazoan relationships provides
a stimulating framework for furthering our understanding of
early metazoan evolution. It suggests that several key features
of metazoan body plans were affected by events of conver-
gence or reversion (Figure 3), contrasting with the traditional

conception of metazoan evolution dominated by a gradual
increase in morphological complexity. It should motivate
detailed exploration of many aspects of character transforma-
tions during evolution, development, and metamorphosis, as
well as the relationships of larval to adult traits.

Experimental Procedures

EST Sequencing

Fresh samples of Sycon raphanus, Oscarella lobularis, and Oopsacas

minuta were collected in the Mediterranean near Marseille (France). Ephy-

datia muelleri gemmules from Belgium were incubated in the lab until

production of young adult sponges. Samples of Heterochone calyx were

collected in British Columbia (Canada) and re-aggregated tissue was

used as starting material. Carteriospongia foliascens was collected at

Lizard Island (Great Barrier Reef, Australia) and Leucetta chagosensis at

North Stradbroke Island (Australia). Pleurobrachia pileus adults were

collected in Villefranche-sur-Mer (France). For Clytia hemisphaerica, the

starting material was a strain cultured at the Marine Station in Ville-

franche-sur-Mer. Frozen samples, RNA Later (QIAGEN)-preserved, or

extracted total RNA (depending on the species) were sent to Genome

Express (O. minuta), RZPD (S. raphanus, O. lobularis, E. muelleri), Express

Genomics (P. pileus and C. hemisphaerica), and the Max Planck Institute

for Molecular Genetics in Berlin (Germany) (H. calyx, C. foliascens, L. chago-

sensis) for cDNA library construction. ESTs were sequenced at the Max

Planck Institute for Molecular Genetics (Berlin, Germany) (H. calyx, C. folias-

cens, L. chagosensis) or at the Genoscope (Evry, France) (all other species).

Numbers of sequenced ESTs were approximately 2,000 (O. minuta, E. muel-

leri, S. raphanus, O. lobularis), 4,000 (H. calyx, C. foliascens, L. chagosensis),

30,000 (P. pileus), and 90,000 (C. hemisphaerica). All these newly sequenced

EST collections are publicly available in dbEST/GenBank (http://www.ncbi.

nlm.nih.gov/dbEST/). The alignment used for phylogenetic analyses is

provided as Supplemental Data.

Data Assembly

We built upon phylogenomic data sets previously assembled [13, 40]. These

alignments were updated, via the protocol described in [41], with the

addition of newly generated sequences, and of sequences publicly available

from the Trace Archive (http://www.ncbi.nlm.nih.gov/Traces/) and the EST

Database (http://www.ncbi.nlm.nih.gov/dbEST/) of GenBank at the National

Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/). In

addition, 23 new genes sampled for at least two main poriferan clades

were added. All these genes are likely to be orthologs because they are in

single-copy in most of the opisthokonts, few recent duplications being

observed mostly in vertebrates and Drosophila. To further evaluate the

possibility of hidden paralogy, we inferred single-gene phylogenies and

looked for any strongly supported conflict with the super-matrix tree

according to protocol described in [42]. At a bootstrap threshold of 70%,

conflicts were observed for only 6.5% of the testable bipartitions, less

than the expected error rate. None of these conflicts could be easily

explained by hidden paralogy (see details on these analyses in the Supple-

mental Experimental Procedures).

As previously demonstrated [13], taxon sampling has a major impact in

phylogenomic studies. In addition to the nine sponges, nine cnidarians,

three ctenophores, and one placozoan available, we therefore selected

22 slowly evolving representative taxa among available Bilateria (based

on previous branch length comparison). To reduce the potential impact of

long-branch attraction (LBA) [34], we also incorporated all available ichthyo-

sporeans and choanoflagellates (taxa hypothesized to be the closest unicel-

lular relatives of Metazoa) to break the long-branch leading to the distantly

related fungal outgroup (for which only the slow-evolving chytridiomycetes

and zygomycetes were used).

Ambiguously aligned regions were removed with Gblocks [43]. Sequence

selection and concatenation were performed with SCaFoS [44]. To reduce

the amount of missing data in the final alignment, we discarded under-

sampled genes. Only genes sampled for at least two-thirds of the species

(36 out of 55) were retained. The resulting gene selection (128 genes) yielded

an alignment of 30,257 unambiguously aligned positions. For all but two

genes, the four major diploblast lineages (Porifera, Cnidaria, Ctenophora,

and Placozoa) were represented by at least one species; at least three of

the main poriferan clades (Demospongiae, Hexactinellida, Homoscleromor-

pha, Calcispongia) were represented for 65% of the genes.
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ABSTRACT

In the absence of whole genome sequences for
many organisms, the use of expressed sequence
tags (EST) offers an affordable approach for
researchers conducting phylogenetic analyses to
gain insight about the evolutionary history of organ-
isms. Reliable alignments for phylogenomic analy-
ses are based on orthologous gene sequences from
different taxa. So far, researchers have not suffi-
ciently tackled the problem of the completely auto-
mated construction of such datasets. Existing
software tools are either semi-automated, covering
only part of the necessary data processing, or
implemented as a pipeline, requiring the installation
and configuration of a cascade of external tools,
which may be time-consuming and hard to
manage. To simplify data set construction for phy-
logenomic studies, we set up a web server that uses
our recently developed OrthoSelect approach. To
the best of our knowledge, our web server is the
first web-based EST analysis pipeline that allows
the detection of orthologous gene sequences in
EST libraries and outputs orthologous gene align-
ments. Additionally, OrthoSelect provides the user
with an extensive results section that lists and
visualizes all important results, such as annotations,
data matrices for each gene/taxon and orthologous
gene alignments. The web server is available at
http://orthoselect.gobics.de.

INTRODUCTION

The rapid development of genome-sequencing techniques
has led to the generation of complete genome sequences

for >600 species. Most of these sequences belong to model
organisms, covering only small portions of the tree of life.
The generation of massive numbers of expressed sequence
tag (EST) libraries that can now be sequenced inexpen-
sively by third-generation sequencing is a cheap alterna-
tive to whole genome sequencing, and has also provided a
wealth of phylogenetically relevant data. Several recent
phylogenomic studies have used EST sequences to gener-
ate large data matrices (1–4).
These studies generated and assembled EST sequences,

which were screened for orthologous sequence regions to
build useful orthologous gene alignments. Orthologous
sequences result from a speciation event, and are likely
to have a conserved function, whereas paralogous
sequences evolve through a gene duplication event
within a species, and are less likely to maintain their
original function, due to processes such as neo-/or sub-
functionalization (5).
Orthologous and paralogous together are called homo-

logues (6). Since the prime goal of building reliable phy-
logenetic trees is to decipher the evolutionary relationships
among organisms based on their shared common ancestry,
only orthologous sequences should be used.
A reliable protocol is needed to build sets of ortholo-

gous sequences from EST libraries for successive phyloge-
nomic analyses. We recently proposed such a protocol,
which we called OrthoSelect (Schreiber et al., manuscript
submitted). The workflow of the protocol is outlined in
Figure 1. The main idea is to keep user interaction simple,
by simultaneously using state-of-the-art methods for
orthology assignment, EST translation and elimination
of paralogues, as well as construction and automated
refinement of multiple sequence alignments. OrthoSelect
has been extensively tested and proven to be a useful tool
for managing this complex task.
Here, we present a web interface to OrthoSelect,

the first web-based EST analysis pipeline for constructing
orthologous gene alignments from EST libraries. Our web

*To whom correspondence should be addressed. Tel: +49 (0) 551 3913884; Fax: +49 551 3914929; Email: Fschrei@gwdg.de

� 2009 The Author(s)
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/2.0/uk/) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.



server does not require any kind of installation or testing.
The user simply uploads EST libraries and chooses param-
eters (or uses default settings) to conduct the analysis.
OrthoSelect then provides the user with a dataset useful
for subsequent phylogenetic analysis, as well as numerous
helpful data and statistics, such as annotations, a data
matrix showing EST assignments to the orthologous
groups (OGs) and visualizations of the orthologous gene
alignments.

WEB SERVER

The main purpose of our web server is the construction
of orthologous gene alignments from assembled EST
libraries or other nucleotide sequences. After the user
uploads pools of EST sequences, ESTs are assigned to
OGs and the sequences most likely to be orthologous—
in case there were multiple sequences per species—are
used to compute an alignment that is post-processed in a
final step. The workflow of the pipeline is depicted in
Figure 1, and is described in more detail in the next
section.

METHODS

Using the OGs defined by the eukaryotic orthologous
groups (KOG) database (7), each EST is assigned to the
closest OG. The assignment is done using a reimplementa-
tion of BLASTO (8) that clusters hits from a similarity
search of the EST against the KOG database. The simi-
larity between a query sequence and an OG is defined as
the mean E-value between the query and the sequences
from the OG. ESTs are then translated using a standard
six-frame translation method.
We then translate the ESTs using the tools ESTScan (9)

and GeneWise, (10) to account for frame shift errors.
Considering the best Blast hit of the EST as a reference
sequence, our program selects the translated sequence that
is most similar to the reference sequence. Only OGs with
at least three taxa are further considered.
At this stage of the analysis, it is possible to preselect

individual or groups of taxa. The set of OGs is then
further reduced to contain only OGs containing all pre-
selected taxa. Redundant (e.g. paralogous) sequences are
removed from each OG. This is done by considering only
the sequence from each species that maximizes a global
alignment score as being most likely orthologous. All
sequences from each orthologous group are then aligned
using either Muscle (11), T-Coffee (12) or DIALIGN-TX
(13). These alignments are used to build hidden Markov
models (14) that will be used to search the EST libraries
for additional hits. Gblocks (15) is subsequently used to
remove ambiguously aligned alignment columns. Since
EST sequences may only partially cover genes, there is
an option to exclude sequences from the alignment that
are too short. This procedure outputs gene alignments
whose member sequences are the ones most likely to be
orthologous, given the dataset.

INPUT

Our web server allows the use of OrthoSelect with default
or adapted parameter values, e.g. the E-value for similar-
ity searches using Blast (16) or methods for computing
multiple sequence alignments. OrthoSelect accepts nucleo-
tide sequences in FASTA format.

In the absence of a standard format for sequence
identifiers in FASTA headers, sequence identifiers have
to be adapted at some stage of a phylogenetic analysis
to allow viewing taxa.

OrthoSelect requires the FASTA header to be in a cer-
tain format (the first word up to the first whitespace
is taken as an accession number), and uploaded files
have to match that format, or can be adapted using a
converter supplied on the web page. Several syntax
checks for the uploaded EST sequences have been imple-
mented to ensure optimal performance from OrthoSelect.
Our web interface offers the possibility to set up sequence
identifiers (e.g. abbreviated taxon names) that will be used
throughout the analysis.

Furthermore, the user can preselect one taxon or several
taxa.

Our web server will then return a list of those OGs to
which the submitted ESTs have been assigned, as well as
a subset of those OGs containing the preselected taxa.
The maximum number of input sequences is 30 000, and
the maximum number of EST libraries is 10. An email
address has to be supplied, since notification about the
results will be sent via email.

Figure 1. The main workflow of OrthoSelect: Each EST (A) is assigned
to a pre-defined orthologous group (OG) by the KOG database, and
translated (B). After all ESTs have been assigned to OGs, a subset of
the OGs can be selected which will be further processed to exclude all
redundant sequences, compute a sequence alignment and refine it in the
last step (C).
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OUTPUT

Having generated EST libraries for the species under
study, one of the main questions that arise is what genes
those EST libraries have in common. These set of common
genes can be used as a base for subsequent phylogenetic
analysis. Our web server outputs those genes present in all
EST libraries, but also provides additional information
that will help the user to interpret the data and to decide
which data are useful as input for phylogeny programs.
The web interface offers a wide range of diagrams, charts,

tables, etc. to supply the user with useful information
(Figure 2). The most important part is the graphical rep-
resentation of individual OGs with all assigned and trans-
lated EST sequences, and an overview of its taxonomical
composition. Single sequences can be viewed along with
their translation, as well as the computed multiple
sequence alignment prior and subsequent to the final
post-processing step in which the program Gblocks or
Aliscore are used. The alignment is visualized using the
Jalview (17) applet. The web server outputs an overview of

Figure 2. The output of the OrthoSelect web server. Besides a general overview page of the results (A), our web server reports information about
functional annotations (B), a gene/taxa presence/absence matrix (C, D), annotations for each taxon (E), as well as an overview of the orthologous
groups (F). Additionally, for each orthologous group the resulting alignments are visualized using the Jalview (17) applet (G).

Nucleic Acids Research, 2009, Vol. 37, Web Server issue W187



the ESTs’ functional classifications and OG assignments
as a data matrix with presence/absence information for
each gene and species in the study, and annotations for
each species. The data matrix shows how many sequences
from which taxa have been assigned to an OG. This way,
the user can easily select OGs with all or a certain percent-
age of taxa present.
Besides an overview of all OGs with sequences assigned

(‘All orthologous groups’), OrthoSelect automatically
builds a subset of OGs (‘Best orthologous groups’)
that have either at least three different taxa or the pre-
defined taxa present. The ‘all orthologous groups’ con-
tain all orthologous groups to which sequences have
been assigned, whereas the ‘best orthologous groups’
only contain one sequence per taxon (see Methods
section).
The results page is intended to give the user an elaborate

overview and useful information, but also provides all
results to be downloaded for further examination and
use in phylogenetic studies.

DESIGN AND IMPLEMENTATION

The OrthoSelect server consists of a web interface, a
MySQL database management system (DBMS), and the
core program OrthoSelect. The web interface for
OrthoSelect has been constructed using Grails, which is
a web application framework that uses the Groovy script-
ing language on the Java platform to help standardize the
development of web interfaces (http://www.grails.org).
Grails follows the idea of keeping data and web pages
separate with a controller functioning as a mediator
between them. All jobs are split into equal chunks to be
computed in parallel on our computer cluster, and all data
is stored in the DBMS. The average runtime for 20 000
ESTs with an approx. length of 500 bp is 5 h.
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Abstract
Background: Phylogenetic studies using expressed sequence tags (EST) are becoming a standard approach to
answer evolutionary questions. Such studies are usually based on large sets of newly generated, unannotated, and
error-prone EST sequences from different species. A first crucial step in EST-based phylogeny reconstruction is
to identify groups of orthologous sequences. From these data sets, appropriate target genes are selected, and
redundant sequences are eliminated to obtain suitable sequence sets as input data for tree-reconstruction
software. Generating such data sets manually can be very time consuming. Thus, software tools are needed that
carry out these steps automatically.

Results: We developed a flexible and user-friendly software pipeline, running on desktop machines or computer
clusters, that constructs data sets for phylogenomic analyses. It automatically searches assembled EST sequences
against databases of orthologous groups (OG), assigns ESTs to these predefined OGs, translates the sequences
into proteins, eliminates redundant sequences assigned to the same OG, creates multiple sequence alignments of
identified orthologous sequences and offers the possibility to further process this alignment in a last step by
excluding potentially homoplastic sites and selecting sufficiently conserved parts. Our software pipeline can be
used as it is, but it can also be adapted by integrating additional external programs. This makes the pipeline useful
for non-bioinformaticians as well as to bioinformatic experts. The software pipeline is especially designed for
ESTs, but it can also handle protein sequences.

Conclusion: OrthoSelect is a tool that produces orthologous gene alignments from assembled ESTs. Our tests
show that OrthoSelect detects orthologs in EST libraries with high accuracy. In the absence of a gold standard
for orthology prediction, we compared predictions by OrthoSelect to a manually created and published
phylogenomic data set. Our tool was not only able to rebuild the data set with a specificity of 98%, but it detected
four percent more orthologous sequences. Furthermore, the results OrthoSelect produces are in absolut
agreement with the results of other programs, but our tool offers a significant speedup and additional
functionality, e.g. handling of ESTs, computing sequence alignments, and refining them. To our knowledge, there
is currently no fully automated and freely available tool for this purpose. Thus, OrthoSelect is a valuable tool for
researchers in the field of phylogenomics who deal with large quantities of EST sequences. OrthoSelect is written
in Perl and runs on Linux/Mac OS X. The tool can be downloaded at http://gobics.de/fabian/orthoselect.php
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Background
DNA and protein sequences provide a wealth of informa-
tion which is routinely used in phylogenetic studies. Tra-
ditionally, single genes or small groups of genes have been
used to infer the phylogeny of a group of species under
study. It has been shown, however, that molecular phyl-
ogenies based on single genes often lead to apparently
conflicting tree hypotheses [1]. The combination of a
large number of genes and species in genome-scale
approaches for the reconstruction of phylogenies can be
useful to overcome these difficulties [2]. This approach
has been termed phylogenomics [3].

Since complete genome sequences are available only for a
limited number of species, many phylogenomic studies
rely on EST sequences. EST sequences are short (~200 –
800 bases), unedited, randomly selected single-pass reads
from cDNA libraries that sample the diversity of genes
expressed by an organism or tissue at a particular time
under particular conditions. The relatively low cost and
rapid generation of EST sequences can deliver insights
into transcribed genes from a large number of taxa. More-
over, EST sequences contain a wealth of phylogenetic
information. Several recent phylogenomic studies used
EST sequences to generate large data matrices, e.g. [4-7].
Such studies start with the generation of EST libraries for
a set of species. Overlapping EST sequences from single
coding regions are then assembled into contigs and
orthologous genes are identified as a basis for phyloge-
netic reconstruction. Homologous sequences are called
orthologs if they were separated by a speciation event, as
opposed to paralogous sequences, which were separated
by a duplication event within the same species [8]. If the
last speciation event predates the gene duplication event,
homologous sequences are called inparalogs [9].
Orthologs are usually functionally conserved whereas par-
alogs tend to have different functions [10] and are less
useful in phylogenetic studies. (because true genealogical
relationships among taxa can only be reconstructed with
great difficulty.) A typical protocol for detecting orthologs
in phylogenomic studies should include (1) a similarity
search using tools like BLAST [11], (2) a strategy to select
a subset of hits returned by this search, (3) a criterion to
identify sequences as potential orthologs, (4) a strategy
for eliminating potential paralogs – in case several
sequences from the same species have been assigned as
potential orthologs to the same orthologous group.

Orthology assignment is a crucial prerequisite for phylog-
eny reconstruction as faulty assumptions about orthology
– e.g. the inclusion of paralogs – can lead to an incorrect
tree hypothesis [12]. Errors can result from similarity
searches against non-specialized databases, e.g. NCBI's nr
database, or from best-hit selection strategies such as best
reciprocal hit [13] or best triangular hit that may lead to false
positive orthology predictions. The similarity between a

query and a database sequence stemming from a similar-
ity search – expressed for example as a bit-score or expec-
tation value (E-Value) – is usually taken as a criterion to
predict an orthologous relationship. Since the results of
these methods depend on the choice of a database and on
the strategy to select sequences from similarity search hits,
a more reliable protocol for ortholog predictions is
needed.

Several databases and computational methods for predict-
ing orthologs are available. Multi-species ortholog data-
bases have been developed based on different sources of
orthologous information. They include information
about orthologous relationships between sequences. The
OrthoMCL-DB database [14] and the KOG database [15]
have been constructed from whole genome comparisons,
HomoloGene [16] on the basis of synteny. HOVERGEN
[17] and TreeFam [18] were constructed using the orthol-
ogous information from phylogenetic trees. Two of these
databases, OrthoMCL-DB and KOG, explicitly define
orthologous groups (OG) which can be used as a source
for orthology assignment of unknown sequences using
similarity searches.

Most computational methods to identify orthologs are
based on either a phylogenetic analysis, or on all-against-
all BLAST searches [19]. The former approach is computa-
tionally expensive and usually requires manual interven-
tion. All-against-all approaches use every sequence from
the input data set as a query for BLAST searches against
sequences from the respective other species. This gener-
ates OGs based on some similarity measure, e.g. using all
best reciprocal hits. These OGs can further be processed to
merge, delete, or seperate overlapping groups using a clus-
tering algorithm, as implemented in e.g. OrthoMCL [20]
or Inparanoid [21]. Zhou and Landweber [22] developed
BLASTO, a different computational method for orthology
prediction by including information from an orthologous
database. Other important aspects in data set construction
for phylogenetic analysis on a large scale are (1) correct
identification of open reading frames in ESTs and their
translation, (2) careful selection of target genes to maxi-
mize the phylogenetic information, (3) elimination of
redundant sequences, and (4) a refinement step to select
conserved blocks and remove homoplasy from multiple
sequence alignments.

Nowadays, data sets in phylogenomic studies can easily
contain dozens of taxa and hundreds of genes [6]. The
construction of data sets of that size for phylogenomic
studies is time-consuming and can hardly be achieved
manually. To the best of our knowledge, no software pipe-
line is currently available that performs the above steps
automatically. Herein, we present a software pipeline,
called OrthoSelect, to process clustered EST sequences
automatically for phylogenomic studies. Our goal is to
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give both non-bioinformaticians and bioinformatic
experts a useful framework to carry out analyses on a phy-
logenomic scale. It integrates publicly available bioinfor-
matic tools and manages data processing and storage.
Although the software pipeline is designed to automate
the construction of data sets for phylogenomic studies,
the user can evaluate intermediate results at any time of
the analysis. OrthoSelect produces automatically calcu-
lated and post-processed alignments that can be used as
input for common phylogenetic reconstruction software.
In a large-scale study, we applied OrthoSelect to a data set
from metazoan species consisting of > 950, 000 ESTs
belonging to 71 taxa (unpublished data). In order to
assess the quality of OrthoSelect predictions in relation to
results obtained from other methods, we compared
OrthoSelect to the manually created and published phyl-
ogenomic data set by Dunn et al. [6]. Since our tool offers
an increased functionality compared to other tools for
orthology prediction (e.g. OrthoMCL), our tests focus on
the assignment of orthology only, and do not cover the
correct translation of ESTs, gene selection, alignment
computation, and alignment postprocessing.

Implementation
Our software pipeline is written in PERL and uses BioPerl
[23]. The main workflow is depicted in Figure 1. The
entire analysis is guided by a configuration file and several
PERL scripts. OrthoSelect can be run on a single desktop
computer as well as on a computer cluster using a batch
system, e.g. a Sun Grid Engine [24]. Required programs
are BLAST for the similarity search, ESTScan [25] and
GeneWise [26] for translating ESTs, and a software pro-
gram for multiple sequence alignment. ClustalW and
MUSCLE are needed for computing the pairwise sequence
alignments. Our software supports multiple alignments
computed by MUSCLE or T-Coffee, but it can easily be
adapted to accept multiple alignments calculated by other
programs. Gblocks [27], Noisy [28] and Aliscore [29] are
used to select informative alignment columns. OrthoSe-
lect offers the possibility to automatically download and
install all missing required programs on the computer.

Program outline
In contrast to the above outlined methods for the identi-
fication of orthologs based on whole genome compari-
sons, we adopted an approach that compares EST
sequences to predefined groups of orthologous genes. We
developed a software pipeline that uses a reimplementa-
tion of BLASTO, an extension of BLAST that clusters
BLAST hits using predefined orthologous groups from an
ortholog database. Here, the similarity between a query
sequence and an OG is defined as the mean E-value
between the query and the sequences from the OG (see
Figure 2). As input data, it takes a library of EST sequences
together with a database of orthologous genes. We assume

that the basic pre-processing steps such as end clipping
and vector trimming have already been done and that the
ESTs are already assembled into contigs. As a database of
orthologs, either KOG or OrthoMCL-DB can be used.

Using the orthologous groups (OG) defined by KOG or
OrthoMCL-DB as a basis, orthologous ESTs are detected
by a similarity search of ESTs against the ortholog data-
base and assigning them to the OGs using our reimple-
mentation of BLASTO. The ESTs are then translated and
stored. Redundant sequences within each OG are elimi-
nated and an alignment of the remaining sequences is
computed. In a last step, we use sophisticated post-
processing methods to filter out non-informative or mis-
leading information from the alignment (see Figure 1).
The entire analysis is guided by a configuration file con-
taining the main parameters and options for each external
program.

Orthology Detection
The first step of the software pipeline comprises the detec-
tion of potential orthologs in EST libraries (see Figure 1,
Point 1). This is a critical step, because false ortholog
assignments can lead to serious errors in the resulting phy-
logenetic tree. Orthologs are detected by searching an
ortholog database – either KOG or OrthoMCL-DB – with
a query EST using blastx and subsequently the resulting
hits are clustered according to an algorithm similar to that
used in BLASTO. A standard BLAST search returns a list of
hits ordered by their significance. By contrast, BLASTO
calculates similarity values between the query sequence
and entire groups of orthologs (OGs).

In BLASTO, the similarity between a query s and a OG g is
defined as the average similarity between s and all
sequences in g. In our approach, we modified this meas-
ure of similarity. For a query s and a OG g, we consider
only the subset g' ⊂ g that contains the best hit from each
species. This is to compensate the many paralogs present
in KOG [30], and to ensure a high probability of the EST
sequence being orthologous to the sequences in the corre-
sponding OG. The similarity score for a query s and an OG
g is then calculated as

where

Here, Ei is the E-value of the BLAST alignment of fi with the
query sequence s and |g'| the number of species in g'.
Finally, every EST sequence s is assigned to those ortholo-
gous groups g with a similarity score Sg,s above a given
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Workflow of OrthoSelectFigure 1
Workflow of OrthoSelect. The main workflow of the software pipeline to detect ortholog sequences in phylogenomic 
studies. Input are EST libraries and an ortholog database (either KOG or OrthoMCL) as multi-fasta files. The analysis com-
prises four parts. (1) The orthology detection – which can be performed on a single computer or a computer cluster – blasts 
each EST against the ortholog database, selects the closest ortholog group as the best hit and translates it and stored together 
with the nucleotide sequences in the corresponding OG. (2) Target genes can be selected. (3) The sequence most likely being 
an ortholog is selected by eliminating potential paralogs. (4) Informative alignment columns are selected to increase the phylo-
genetic signal.
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threshold. We allow multiple assignments of a single EST,
because ESTs can represent domains rather than full
genes, and they should be assigned to all OGs containing
that domain (E.g. the OGs KOG0100, KOG0101,
KOG0102 of KOG all contain the same Pfam domain
HSP70). All ESTs assigned to the same OG are now poten-
tial orthologous. Redundant sequences will be removed
later (see section Eliminating Redundancies).

EST Translation
In the next step, potential coding regions in assembled
EST sequences are detected and translated into proteins.
By their nature, EST sequences often contain sequencing
errors and may cover genes partially, only [31]. These
errors result in e.g. reading frame shifts that make transla-
tion non-trivial. Several algorithms have been developed
to overcome this problem. DIANA-EST [32] uses a combi-
nation of Artificial Neural Networks while ESTScan uses
Hidden Markov Models. In contrast to this, DECODER
[33] implements rule-based methods, and GeneWise uses
a known protein as a template. In addition, combinations
of these methods have been proposed to identify coding
regions and to translate EST sequences correctly, e.g
prot4EST [31]. We use a comparative approach of differ-
ent well established programs for translation. Each EST is
translated (using ESTScan, GeneWise, and a standard six-
frame translation using BioPerl) and aligned to the best
hit from the previous BLAST search using bl2seq [34]. The
translated sequence with the lowest E-value is then chosen
as the correctly translated sequence. This way, the proba-
bility of getting correctly translated ESTs is increased. Our

goal was to fully automate the installation of all external
programs. We did not include prot4EST since it requires
additional programs and one of which is not freely avail-
able for download and therefore cannot be installed auto-
matically.

Taxon/Gene Sampling Strategy
After the assembled EST sequences were assigned to pre-
defined orthologous groups (OG) and translated into pro-
teins, the next step consists of the proper selection of OGs
suitable for phylogenetic analysis. Since EST libraries rep-
resent snapshots of expressed genes, not every OG will
contain EST sequences from all species under study; some
OGs may contain too few sequences and do not contain
sufficient information for further consideration. We do
not require every OG to contain all sequences of interest.
There is no consensus about the influence of missing
genes on the resulting phylogeny [35]. No reliable crite-
rion, which OGs should be used for phylogenetic infer-
ence exists. Our software offers two alternative ways of
selecting OGs:

1. The user selects a subset of individual species under
study. In this case, those OGs will be selected that con-
tain at least one EST from each of the user-selected spe-
cies.

2. The user defines groups of species (e.g. groups that
are thought to be monophyletic). Our tool will then
select those OGs that contain at least one EST
sequence for each of the specified groups.

Workflow of orthology assignmentFigure 2
Workflow of orthology assignment. Workflow of our software pipeline. The two databases colored in green are to be 
supplied by the user. The ortholog database is converted into a BLAST database and clustered in ortholog groups. Each contig 
from the assembled EST library is assigned to the OG returned by a BLASTO search against the ortholog database.
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The idea of these two methods is to select the maximal
biclique of a graph with the nodes consisting of the OGs
and the taxa – in case of option 1 – or monophyla – in
case of option 2 [36]. The selection of genes according to
these who methods focusses on maximising the phyloge-
netic signal in the dataset (see Figure 1, Point 2).

Eliminating Redundancies
Multiple divergent copies of the same gene and different
levels of stringency during EST assembly can lead to a sit-
uation where OGs contain more than one sequence for
each species (Depending on the size of the study, OGs can
contain hundreds of sequences which makes manual
elimination of redundant sequences impossible). It is also
known that some of the orthologous groups contained in
KOG contain not only orthologous genes but also para-
logs [30]. In these cases, a fast and reliable method is
needed to select the correct sequence for each species. We
work with the assumption that a gene from one organism
is often more similar to an orthologous gene from another
organism than to paralogs from that organism. This seems
plausible based on both the definition of orthology and
the fact that orthologs typically retain the same function
[10]. A scenario where a gene from one organism is more
similar to a paralog rather than to its ortholog from
another organism would require a considerable difference
in the rate of paralog evolution [10]. Since this is more an
exception than a rule and since OrthoSelect aims at the
production of gene alignments containing only one
sequence per species, we do not consider such cases.

All sequences belonging to the same OG are aligned in a
pairwise manner to compute a distance matrix. Two types
of distance matrices can be used to select the sequence
from an organism that is most likely ortholog (see
Figure 3):

1. An initial distance matrix as computed by align-
ment methods like ClustalW [37].

2. A normalized distance matrix selecting those
sequences that have the highest percentage of match-
ing positions in pairwise comparisons using MUSCLE
[38,39].

The first option follows the idea that those sequences
should be selected that optimize the alignment score in a
global alignment. The second option takes into account
that ESTs usually do not represent complete genes. Since a
selection based on a standard distance matrix will penal-
ize missing positions, longer paralogous sequences can be
selected instead of shorter orthologous ones. The distance
matrix used in the second option selects the sequence
with the highest number of matching positions normal-
ized by its length. The user can select one type of matrix to

be used to eliminate redundant sequences (see Figure 1,
Point 3). Based on that distance matrix, we want to select
one sequence from each organism in such a way that the
selected sequences are most probable to be ortholog to
each other. Here, we use the following strategy: All
sequences from one organisms are compared to all
sequences from all other species. For each sequence s from
a given species S, we count the number of species S' such
that s has the shortest distance to a sequence from S'
among all sequences from S' (if there are any such species
S'). Formally, if the distance between sequences s and s' is
denoted by d(s, s'), we count the number of species S' for
which we have

For species S, we then select the sequence s for which this
number is maximal (see Figure 3).

Multiple Sequence Alignment
By default, the previously selected sequences are aligned
using either MUSCLE or T-Coffee [40,41]. Other standard
methods for multiple alignment can be used as well, e.g.
ProbCons [42], MAFFT [43,44], DIALIGN [45,46] or DIA-
LIGN-TX [47,48].

The computed alignments contain sequences that are
most likely being orthologous given the data set. Never-
theless, there might be cases in which our comparative
approach did not find the optimal translation (see section
about EST Translation). To correct this, we use the soft-
ware hmmbuild from the HMMER package to build profile
hidden markov models (HMMs) from sequence align-
ments [49]. Additionally, the EST sequences from all taxa
are translated using ESTScan. ESTScan is based on a HMM
and was trained for species ranging from Arabidopsis thal-

d s s d s s
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Eliminating redundant sequencesFigure 3
Eliminating redundant sequences. The figure shows 
how OrthoSelect eliminates redundant sequences. Here, we 
have an OG with three sequences from organism A and B 
and two sequences from organism C. All sequences are 
aligned in a pairwise manner to compute a distance matrix 
(left side). That sequence from an organism is selected that 
most often has the smallest distance to another organism, 
see section for details (right side).
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iana to Homo sapiens by default. The translated sequence
databases are then searched using hmmsearch from the
HMMER package [50] and the HMM. The closest
sequence from each taxon above a given threshold is
taken as a hit. By this, we can find more similar as well as
additional hits – hits that might have been overseen dur-
ing the initial blastx search, because the EST sequence con-
tained one or several frame shift errors. The workflow is
depicted in Figure 4. The advantage of using a HMM is the
possibility of finding that translated sequence that fits best
to the whole existing alignment and not just to single
sequences, as with standard Blast searches.

Once multiple alignments have been calculated for
selected groups of ortholog EST sequences, these align-
ments can be further processed to exclude columns that
are not suitable for phylogenetic analysis. Since not all

parts of a gene evolve at the same rate, alignments typi-
cally contain highly conserved as well as less conserved
sites. Alignment columns that are too conserved do not
contain any phylogenetic signal. The same holds true for
parts of the sequences that are too divergent to be correctly
aligned. Another problem that confuses phylogenetic
reconstruction is the presence of homoplasy caused by
back- or parallel-mutation. Several programs have been
developed to tackle these problems by automatically
selecting sufficiently conserved blocks from alignments,
for example Gblocks and Aliscore, or by eliminating poten-
tially homoplastic sites, e.g. Noisy. Gblocks, Aliscore, and
Noisy are incorporated in our software pipeline to allow a
broad spectrum of alignment post-processing thereby
increasing the accuracy of the subsequent phylogenetic
analysis (see Figure 1, Point 4). Furthermore, alignments
processed by Gblocks can be further filtered by discarding

Rebuilding the multiple sequence alignmentFigure 4
Rebuilding the multiple sequence alignment. The figure illustrates how OrthoSelect refines the multiple sequence align-
ments (MSA) created so far. Based on the MSA a hidden Markov Model (HMM) is build. Additionally, all EST libraries are trans-
lated using ESTScan with different matrices (ranging from Arabidopsis thaliana to Homo sapiens). The software hmmsearch from 
the HMMER package then used the HMM to search all translated sequences and selecting the best hit from each taxon above a 
given threshold. From these hits the new MSA is then computed
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too short sequences from the alignment (e.g. sequences
with > 50% missing characters).

Results and Discussion
OrthoSelect is the first fully automated and freely availa-
ble tool that covers the whole process of selecting
orthologs from EST libraries to output orthologous gene
alignments that can be used to build phylogenies. In the
absence of a gold standard for benchmarking of orthology
prediction and in order to evaluate the performance of our
program, we designed the following tests: First, OrthoSe-
lect was compared to the best-hit selection strategy using
a set of sequences from JGI with KOG-annotations. Sec-
ond, we evaluated the performance compared to the KOG
database by re-annotating (re-assinging) ortholog data-
base sequences. In the third and most powerful test we
compared OrthoSelect tool to a manually created and
published phylogenomic data set. In this context, we also
compared our tool with OrthoMCL.

OrthoSelect vs. Best-hit selection strategy
To evaluate the performance of our software pipeline and
the best-hit selection strategy regarding correct orthology
assignment, we used a data set comprised of transcribed
genes and annotation files from 4 different species as
shown in Table 1. The best-hit selection strategy assigns
the query sequence to that OG the best hit belongs to. As
ortholog database, we used KOG. The annotation files
contain KOG classification and therewith the functional
annotation for each sequence. Sequences and annotations
were downloaded from the Department of Energy Joint
Genome Institute (JGI) [51]. Since OrthoSelect makes
annotations by assinging sequences to OGs of KOG, we
considered an assignment of a sequence to an OG to be
correct if it matches the KOG classification provided by
JGI. To evaluate the performance of our classification sys-
tem, we calculated for each species and an E-value cut-off
of 1e - 10 the ratio of correctly assigned OGs, i.e. the
number of correctly assigned sequences divided by the
number of assigned sequences. Table 2 shows the result of
the analysis. Our software pipeline reaches a correct
assignment rate of ~93%, whereas the best-hit selection
strategy assigns the sequences in ~79% of the cases to the
correct OG. OrthoSelect outperforms the best-hit selec-

tion strategy and its very high rate of correct ortholog pre-
diction should provide a good basis for subsequent
phylogenetic analyses.

OrthoSelect vs. KOG
In absence of a reference dataset for orthology prediction
and due to the fact that our tool is mainly focused on the
automation of a process rather than being a completely
new method for orthology prediction, we compared
OrthoSelect to the KOG database by re-annotating (re-ass-
inging) ortholog database sequences. We performed the
following: 5000 sequences were randomly chosen and
masked out from the ortholog database. The remaining
sequences were converted into a blastable database. We
then ran OrthoSelect using each of the 5000 sequences as
a query sequence against the masked database. Assuming
the original ortholog group assignment in the ortholog
database represents the correct orthology relation, we cal-
culated in how many cases our orthology assignment
matched the original assignment. We could assign the
query sequences in 92% of the cases to the correct
ortholog group.

OrthoSelect vs. manually created data set by Dunn et al
The goal of our tool is to automate the process of con-
structing data sets that can be used for subsequent phylo-
genetic analyses. To test our tool regarding this, we
selected Dunn et al.'s data set (hereafter referred to as ref-
erence data set) published in Nature [6].

This data set consists of newly sequenced ESTs as well as
publicy available ESTs and protein sequences, and has
been generated using all-vs.-all BLAST searches, protein
translations using prot4EST, grouping of the sequences
into orthologous groups using TribeMCL [52] as well as
manual curation and tree reconciliation (see [6] for more
details).

The reference data set as well as the single EST and protein
sequences were either downloaded from publicly availa-
ble sources or provided by Casey Dunn. The initial data
set consisted of 150 genes and 77 taxa. In order to guaran-
tee comparable results, we mapped each sequence from

Table 1: Species used. 

Species Sequences KOG Classifications

Daphnia pulex 30940 15806
Ostreococcus tauri 7725 4733
Trichoderma virens 11643 6879
Xenopus tropicalis 27916 27617

The table shows species that we used in our test runs along with the 
number of sequences from each sequence and the corresponding 
KOG classifications.

Table 2: Results from orthology assignment: OrthoSelect vs. 
Best-hit selection strategy. 

Species Predictions OrthoSelect Best-hit strategy

Daphnia pulex 12696 98% 86%
Ostreococcus tauri 4742 91% 76%
Trichoderma virens 5886 99% 87%
Xenopus tropicalis 18556 84% 69%

The table shows species that we used in our test runs along with the 
number of predictions and percentage of correct predictions made by 
OrthoSelect and the best-hit selection strategy respectively.
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each gene to the KOG database using the best BLAST-hit.
Only genes where all sequences could be mapped to the
same KOG were further considered. This led to a consid-
erable decrease in the number of genes. Since some taxa
were not available for download, we ended up with 70 out
of the 77 taxa Dunn et al. initially used.

For prediction of orthologous sequences, we denote a true
positive as a correctly predicted ortholog, a false positive
as an incorrectly predicted ortholog, and a false negative
as an overlooked sequence. To be more precise, we use the
following measures of performance:

• Taxon is present in both alignments: If the percentage
identity of both sequences is above a threshold (≥
95%), the sequences are regarded as being equal and
counted as a true positive. Else, both sequences are
aligned to a hidden markov model (HMM) build from
the alignment of the corresponding orthologous
group (OG) using hmmsearch from the HMMER
package. If the OrthoSelect sequence is closer to the
HMM, it will be counted as a true positive, and other-
wise it will be counted as a false positive.

• Taxon is present in the reference alignment, but not in the
OrthoSelect alignment: It will be counted as a false neg-
ative.

• Taxon is present in the OrthoSelect alignment, but not in
the reference data set: The sequence is aligned to the
HMM of that OG. If it shows significant similarity, it
will be counted as a true positive, and otherwise as a
false positive.

Furthermore, we use the following formula to measure
the specificity of our results:

• Specificity:

We get the following results (see also Table 3): With
respect to the reference data set, our tool receives a specif-
icity of 98%. This means that the predictions about
orthology our tool makes are almost always true and
almost all orthologous sequences contained in the origi-
nal reference data set could be found. The number of false
predictions is considerably small. Although we missed 8%
of the orthologous sequences, we could find additional
hits for 270 sequences. 268 of those additional sequences
showed significant similarity to the rest of the alignment
and were counted as true positives. 2 sequences were
falsely predicted as being orthologous. This equals an
increase of +4% of orthologous sequences. Compared to

the reference data set, we can make the following state-
ments: Our tool selects orthologous sequences from EST
libraries and other sources with very high accuracy.
OrthoSelect correctly translates the sequences and receives
a higher specificity by finding more true positives. In phy-
logenomics, the use of EST data can result in data matrices
– where the rows are genes and the columns are taxa or
vice versa – with most of the cells being empty. Although
there is no consensus about the impact of missing
sequences on the resulting phylogeny, the additionally
found sequences will have a beneficial effect.

OrthoSelect vs. OrthoMCL
In order to further assess the performance of OrthoSelect,
we compared it with OrthoMCL, another tool for orthol-
ogy prediction. OrthoMCL takes a set of sequences and
clusters them into groups of orthologous and inparalo-
gous sequences. In contrast to OrthoSelect, OrthoMCL
only handles protein sequences and produces clusters of
orthologous sequences rather than multiple sequence
alignments (see Figure 5). These generated clusters can
contain considerably more than one sequence per taxon,
and subsequently build multiple sequence alignments
would not be comparable to the ones produced by
OrthoSelect and Dunn et al. Nevertheless, we are inter-
ested in the performance of our tool compared to
OrthoMCL. The previous test revealed that clustering algo-
rithms of OrthoSelect and the method by Dunn et al. per-
form similarly. To check if clusters build by OrthoMCL are
in agreement with the OrthoSelect clusters and thus with
the Dunn clusters, we used the following 6 taxa: Cryptococ-
cus neoformans, Drosophila melanogaster, Gallus gallus, Homo
sapiens, Saccharomyces cerevisiae, and Suberites domuncula.
The dataset has been reduced to include only protein
sequences, because OrthoMCL deals with protein
sequences, only.

For each of the 60 previously compared gene clusters (see
previous section), we checked whether OrthoMCL assigns
sequences from the 6 taxa to the same OrthoMCL cluster
or not. The results were, that all sequences belonging to
the same alignment have been clustered together by

True Positives
True Positives False Positives

 
  +

Table 3: Results from orthology assignment: OrthoSelect vs. 
reference data set

Value OrthoSelect

Specificity 98%
Cases where OrthoSelect found better sequences 63%
Number of additional sequences found 270
Number of additional sequences found (good) 268
Number of additional sequences found (bad) 2
Number of sequences missed 197
Ratio of additional/missed sequences +4%
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OrthoMCL. This means that the clustering algorithm of all
methods produce similar results and converge.

Besides the additional functionality of OrthoSelect as
compared to OrthoMCL and its usability for EST
sequences, it is also much faster. It took OrthoMCL 24
hours to analyse the data set of 55.646 sequences. In con-
trast, our tool analysed the 1.000.000 sequences Dunn et
al. used in about 6 hours.

Conclusion
OrthoSelect is a tool for finding ortholog groups in EST
databases. It can be used by either installing it locally or
via the OrthoSelect web server [53]. It automatically
searches assembled EST sequences against databases of
ortholog groups (OG), assigns ESTs to these predefined
OGs, translates the sequences into proteins, eliminates
redundant sequences assigned to the same OG, creates

multiple sequence alignments of identified ortholog
sequences and offers the possibility to further process
these alignments in a last step. OrthoSelect performes bet-
ter than the best-hit selection strategy and shows reliable
results in re-annotating database member sequences of
OrthoMCL-DB and KOG. Most importantly, we showed
that our tool produces high quality data sets such as Dunn
et al's data set, but with more selected sequences and
therefore less missing data in the alignments. Further-
more, the results our tool produces are in absolut agree-
ment with the results of OrthoMCL, but OrthoSelect
offers additional funcionality, e.g. handling with EST
sequences, computing sequences alignments, and refining
them. Our method also showed a significant speedup in
comparison to OrthoMCL. Correct orthology assignment
is an important prerequisite for the construction of relia-
ble data sets and OrthoSelect is capable of producing
them. This makes a OrthoSelect a valuable tool for

Overview of functionality of OrthoSelect compared to other toolsFigure 5
Overview of functionality of OrthoSelect compared to other tools. The figure illustrates the differences in functional-
ity between OrthoSelect and other tool for orthology prediction. Both approaches have in common that they build clusters of 
orthologous sequences. Moreover, OrthoSelect can handle EST sequences and correctly translate them and further processes 
these clusters to select only one sequence per taxon, compute sequence alignments and refine them. In contrast to the other 
tools, OrthoSelect outputs orthologous gene alignments that can be directly used the subsequent phylogenetic analysis.
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researchers dealing with large EST libraries focussing on
constructing data sets for phylogenetic reconstructions.
The tool can be downloaded at http://gobics.de/fabian/
orthoselect.php or the web server accessed without local
installation at http://orthoselect.gobics.de/.

Availability and requirements
Project name: OrthoSelect

Project home page: http://www.gobics.de/fabian/
orthoselect.php

Operating system: Mac OS X, Linux

Programming language: Perl

Other requirements: BioPerl, BLAST, ESTScan, GeneW-
ise, Clustalw, Muscle or T-Coffee, HMMER, Gblocks,
Aliscore or Noisy

License: GNU GPL

Restrictions: none
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ABSTRACT

Summary: Assessment of phylogenetic diversity is a key element
to the analysis of microbial communities. Tools are needed to handle
next-generation sequencing data and to cope with the computational
complexity of large-scale studies. Here, we present Treephyler,
a tool for fast taxonomic profiling of metagenomes. Treephyler
was evaluated on real metagenome to assess its performance in
comparison to previous approaches for taxonomic profiling. Results
indicate that Treephyler is in terms of speed and accuracy prepared
for next-generation sequencing techniques and large-scale analysis.
Availability: Treephyler is implemented in Perl; it is portable
to all platforms and applicable to both nucleotide and protein
input data. Treephyler is freely available for download at
http://www.gobics.de/fabian/treephyler.php
Contact: fschrei@gwdg.de

Received on December 18, 2009; revised on January 25, 2010;
accepted on February 16, 2010

1 INTRODUCTION
Beyond the analysis of single species genomes of culturable
organisms, metagenomics currently opens a new view on the
exploration of microbial communities. Progress in sequencing
technology enables broader and deeper genomic sampling of the
biosphere which in turn puts new challenges for sequence analysis
methods. Problems arise from the sheer mass and the short length
of sequencing reads. Usually only a small fraction of reads can be
assembled due to the phylogenetic diversity in the samples. In the
first instance, large-scale analysis of short metagenomic sequencing
reads has to provide an estimate of the phylogenetic distribution
of the sample. Taxonomic profiling achieves this task by assigning
sequencing reads to phylogenetic categories. The most common
methods are based on homology to known genes.

The classical ‘gold standard’ approach to taxonomic profiling
in metagenomics is focused on the 16S rRNA gene and
relies on a sufficient number of sequences of that gene in
metagenomic sequence data. Usually the number of reads containing
sufficiently long stretches of 16S rRNA is small. Therefore,
several researchers perform deep sequencing of that particular gene
[see e.g. (Hamady and Knight, 2009)]. Although this approach
efficiently overcomes the sparseness of 16S rRNA in metagenomic
samples, the sequence data support taxonomic profiling only,

∗To whom correspondence should be addressed.

without any explicit information about the functional inventory of
microbial communities. Furthermore, 16S analysis does not apply
to metatranscriptomics, an increasingly important approach to direct
measurement of the metabolic activity of microbial communities.
Another way to cope with the small proportion of 16 S rRNA in
metagenomic data is to extend the set of marker genes to particular
protein coding genes (Wu and Eisen, 2008). In von Mering et al.
(2007), a set of 31 marker genes for metagenome analysis was
proposed. This principle has been further extended in Krause et al.
(2008) where all PFAM protein domains are used as potential
markers. Their tool CARMA searches metagenomic sequences for
PFAM domains and classifies them on the basis of pyhlogenetic
trees built from the metagenome and reference sequences. Although
computationally demanding for large-scale metagenome analysis,
the CARMA approach shows the potential of a dual use of PFAM
domain assignments which not only provides a basis for taxonomic
profiling but also for functional profiling as well. In principle,
also BLAST-based analysis [MEGAN (Huson et al., 2007), MG-
RAST (Meyer et al., 2008)] can achieve both kinds of profiling
at the same time because the detected homologies may provide
information about functional and taxonomic relations. However, the
known shortcomings of BLAST-based analysis in metagenomics
include the requirement of a sufficient sequence length and the
existence of close homologues in the reference database. In contrast
to homology-based approaches, several methods pursue the direct
classification of the DNA signature of single reads [PhyloPythia
(McHardy et al., 2007), TACOA (Diaz et al., 2009), Phymm (Brady
and Salzberg, 2009)]. While previous methods showed a rapidly
decreasing classification performance for read lengths <1000 bp,
more recent approaches also seem to perform reasonably well on
short reads. Here, we present a new tool for community profiling
in metagenomics and metatranscriptomics which is based on PFAM
domain assignments. Previous methods like the CARMA approach
are limited to small-scale analysis due to computational expense of
homology search and tree inference. Here, we propose an approach
which combines ultra-fast PFAM domain prediction as obtained
from the UFO web server (Meinicke, 2009) with an efficient
phylogenetic method based on fast tree inferences using approximate
maximum likelihood trees (Price et al., 2009).

2 METHODS
Our algorithm offers fast taxonomic profiling to investigate the community
structure of metagenomes. Based on PFAM predictions, e.g. by UFO, pre-
calculated profile Hidden Markov Models of all PFAM families are used to

960 © The Author 2010. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org
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Fig. 1. The relative amount of assigned sequences is shown for each method
as well as for each bacterial phylum for the glacial ice metagenome.

screen matching sequencing reads for significant hits. Reads are classified
using a phylogenetic tree. For each PFAM family with a sufficient number
of newly assigned sequences, approximate-maximum likelihood trees of
the PFAM database sequences and the matching reads are computed using
FastTree, which combines the speed of minimum-evolution methods with
the accuracy of maximum likelihood methods. Once trees are computed,
Treephyler uses the algorithm of (Nguyen et al., 2006) to classify reads
according to the phylogenetic placement in the tree (see also Treephyler
web site). Treephyler offers an efficient way to balance the computation
load on multi-core computers or computer clusters. By this, the runtime
only depends on the computation of the largest trees. Similar to CARMA,
Treephyler only computes trees for PFAM families with less than 3000
(assigned + reference) sequences.

3 RESULTS
The glacial ice dataset (Simon et al., 2009) was taken as a
reference because of its relatively short read length (∼200 bp), the
availability of results from a 16S analysis and the moderate sample
size (∼0.2 Gbp). We analysed the glacial ice dataset to assess the
performance of Treephyler in comparison with the tree-based tool
CARMA and the signature-based tool Phymm, and the 16S RNA
reference analysis. The analysis was conducted on a single 2.4 GHz
dual-core CPU AMD Opteron with 16 Gb RAM.

For runtime comparison, we randomly selected 1% of the glacial
ice dataset to allow the comparison with CARMA. Both Treephyler
and Phymm analysed the reduced dataset in ∼25 min, while it
took CARMA 168 h to complete the analysis. On the full dataset,
Treephyler needed only 12 h, while Phymm needed 30 h. The
estimated runtime for CARMA is 696 h. The runtime of UFO for
the reduced and the full dataset was 22 s and ∼30 m, respectively.
Results on the full dataset of Treephyler and CARMA [taken
from (Simon et al., 2009)] are in good agreement with the 16 S

analysis, expect for the phyla Bacteroidetes (Phymm: 3%, CARMA:
8%, Treephyler: 9%, 16S: 30%) and Betaproteobacteria (P: 21%,
C: 24%, T : 24%, 16S: 41%), where all three methods differ from the
16S analysis (see Fig. 1). This may be the consequence of an uneven
taxon sampling of PFAM. Remarkably, Phymm also disagreed on
the phyla Firmicutes (P: 11%, 16S: 0%) and Gammaproteobacteria
(P: 21%, 16S: 5%). Test data and additional results for the class
level are available at the Treephyler web site.

4 CONCLUSION
We introduced Treephyler, a new tool for fast taxonomic profiling
of metagenomes. We evaluated our method on real metagenomic
data by comparison with previous approaches for taxonomic
profiling. We could show a close correspondence between the
predicted profiles of Treephyler and CARMA, while computational
speed was increased by orders of magnitude. While speed is not
necessarily an essential requirement in genome analysis, the increase
of metagenomic sequence data urges for particularly efficient
techniques, which also work with limited computational resources.
Therefore, the approach we propose here is well prepared for next-
generation sequencing technologies and large-scale studies like the
exploration of the human microbiome.
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Abstract 

Despite expanding data sets and advances in phylogenomic methods, deep 

level metazoan relationships remain highly controversial. Recent 

phylogenomic analyses depart from classical concepts in recovering 

ctenophores as the earliest-branching metazoan taxon, and propose a sister-

group relationship between sponges and cnidarians (e.g. Dunn et al., 2008, 

Nature 452: 745). Here, we argue that these results are artefacts stemming 

from insufficient taxon sampling and long-branch attraction (LBA). By 

increasing taxon sampling from previously unsampled non-bilaterians and 

using an identical gene set to that reported by Dunn et al. (2008) we recover 

monophyletic Porifera as the sister group to all other Metazoa. This suggests 

that the basal position of the fast-evolving Ctenophora proposed by Dunn et 

al. was due to LBA and that broad taxon sampling is of fundamental 

importance to metazoan phylogenomic analyses. Additionally, saturation in 

the Dunn et al. character set is comparatively high, possibly contributing to the 

poor support for some non-bilaterian nodes. 
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Resolving the relationships of deep branching metazoan lineages is critical if 

we are to understand early animal evolution. Unravelling these relationships 

through the analysis of large scale molecular data sets has recently given 

birth to the field of phylogenomics (e.g. Philippe et al. 2005). Despite 

significant advances in this field, recent studies have generated contradictory 

results regarding relationships within and between early-diverging metazoan 

lineages: cnidarians, ctenophores (comb-jellies), sponges, placozoans 

(anatomically the simplest extant metazoans), and bilaterians. Placozoans 

have historically been regarded by some as relicts of the metazoan ancestor 

(see summary by Schierwater 2005), and some recent analyses place 

Placozoa at the base of a group of non-bilaterian animals (Dellaporta et al. 

2006; Schierwater et al. 2009). However, recent whole genome (Srivastava et 

al. 2008) and phylogenomic (Philippe et al. 2009) analyses including 

Trichoplax recovered sponges as the sister-group to all other metazoans in 

accordance with morphological analyses (Ax 1996). Such contradictory 

hypotheses regarding non-bilaterian metazoan relationships prevent a 

consensus view of metazoan evolution, a goal that is of fundamental 

importance if we hope to fully understand the early evolution of animals (for 

an overview see Erpenbeck and Wörheide 2007). 

A recent phylogenomic analysis adds further controversy to this debate (Dunn 

et al. 2008) (compare also Hejnol et al. 2009). Their outcome is highly 

unusual as sponges form a clade with the Cnidaria, while the ctenophores 

(despite being morphologically derived), are proposed to be the earliest 

branching metazoan taxon. As suggested by Philippe et al. (2009), we 

hypothesized that a long-branch attraction (LBA) artefact was responsible for 
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these controversial findings due to insufficient ingroup sampling and an 

inappropriate choice of outgroup taxa. Furthermore, the Placozoa are 

conspicuously absent from the Dunn et al. (2008) data set, and sponges are 

represented by only one Demospongiae and one Homoscleromorpha with no 

representatives of the remaining two extant sponge classes: Calcarea 

(Calcispongiae or calcareous sponges) and Hexactinellida (glass sponges). 

Sparse taxon sampling is a common pitfall of phylogenetic analyses  

(Lecointre et al. 1993) and is largely responsible for the lack of a robustly 

supported non-bilaterian metazoan phylogeny (Erpenbeck and Wörheide 

2007). With a largely different gene set (only 45 genes in common with the 

150 gene set of Dunn et al. 2008) and an increased sampling of non-bilaterian 

species, Philippe et al. (2009) obtained monophyletic sponges as the first-

diverging metazoan lineage, and a sister-group relationship between the 

Cnidaria and the Ctenophora. 

To test whether insufficient sampling of non-bilaterian taxa and inappropriate 

outgroup choice adversely influenced the analyses performed by Dunn et al. 

(2008), we re-analysed their 64-taxon matrix cleared of instable taxa (leaf 

stability < 90%) and with the following major modifications (cf. Baurain, 

Brinkmann, and Philippe 2007): 

1) Ingroup taxon sampling was increased by the addition of non-bilaterian 

EST and genomic sequences. These included: 12 additional sponge taxa 

representing all four major sponge lineages; one additional ctenophore; five 

additional cnidarians (see Supplementary Table 1) and Trichoplax adhaerens 

(Placozoa). 
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2) We removed outgroup taxa with long branches. Long branches in the 

outgroup can strongly influence the topology of early branching ingroups 

(Philippe and Laurent 1998; Rota-Stabelli and Telford 2008). The long 

branches of the fungal outgroup are not visible in the cladogram of the 

PhyloBayes analysis (CAT+Γ4) of Dunn et al. (see their Fig. 2), but are 

evident in their Supplementary Figure 1. Consequently, we analysed our 

dataset with two sets of outgroups. First using only choanoflagellates, the 

most likely sister-group to all Metazoa (Carr et al. 2008), consisting of 

Monosiga ovata (shortest branch of Dunn et al.'s outgroup taxa), Monosiga 

brevicollis (complete genome data) and Proterospongia sp.. Second, with 

more distant outgroups, such as those used by Dunn et al. (2008) (see 

Supplementary Figure 1, and Supplementary Data for a detailed taxon list and 

methods used). 

Furthermore we eliminated errors (e.g., frameshifts) and refined the Dunn et 

al. (2008) alignment, e.g., by reducing missing data and removing 2,150 

ambiguously aligned positions (see Supplementary Data for detailed 

procedures). Our extended data set with the choanoflagellate-only outgroup 

consists of 80 taxa and 19,002 characters. Using this dataset we performed 

Bayesian phylogenetic analyses under the CAT+Γ4 model (Lartillot and 

Philippe 2004) and subsequent non-parametric bootstrapping (cf. Philippe et 

al. 2009). 

Contrary to Dunn et al. (2008), and also Hejnol et al. (2009), we recover 

sponges as the sister-group to all other metazoan taxa (Figure 1). This is in 

congruence with earlier morphological (Ax 1996), and phylogenomic analyses 
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(Philippe et al. 2009). In accordance with the latter study, we also recover 

sponges as a monophyletic group. The Homoscleromorpha, a taxon 

previously assigned to the Demospongiae (see Hooper and Van Soest 2002), 

are found to be the sister-group to Calcarea as suggested by van Soest 

(1984) and Grothe (1989) based on morphology, and subsequently by 

Dohrmann et al. (2008) based on rRNA data. Similarly, Hexactinellida and the 

remaining Demospongiae sensu stricto form a monophyletic group (Silicea 

sensu stricto). 

The basal position of ctenophores proposed by Dunn et al. (2008) was 

probably caused by the attraction of ctenophores to distant outgroup species, 

particularly fungi. In comparison, our re-analysis of the updated Dunn et al. 

(2008) dataset with increased ingroup taxon-sampling and a refined alignment 

indicates that LBA is reduced, independent of whether we use the 

choanoflagellate-only outgroup or more distant outgroups (see Fig. 1 and 

Supplementary Figure 1). This indicates that ingoup-taxon sampling, and 

probably to a lesser extent data refinement, are the most important 

parameters affecting non-bilaterian relationships. 

Results of our analyses indicate that sponges are the sister group to the 

remaining Metazoa, and Placozoa are sister to the Bilateria. We also recover 

both monophyletic Ctenophores and Cnidaria, but they are paraphyletic with 

respect to Placozoa+Bilateria (Fig. 1). This is in contrast to the findings of 

Philippe et al. (2009) that supported the "Coelenterata hypothesis" (c. f. 

Haeckel 1866), i.e., a monophyletic Cnidaria+Ctenophora clade and a sister-

group relationship between Coelenterata and Bilateria. However, support 
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values for the position of Ctenophora, Cnidaria and Placozoa in our analysis 

are either not significant (posterior probabilities < 0.9) or low (bootstrap 

support < 70%). We suspected that Dunn et al.'s character set contains a 

substantial amount of non-phylogenetic signal due to multiple substitutions. 

To test this, we conducted a saturation analysis of inferred substitutions 

against observed amino acid differences (Figure 2). This revealed a higher 

saturation in the original Dunn et al. (2008) character set (slope = 0.38x) 

compared to the Philippe et al. (2009) character set (slope = 0.46x) (Figure 2). 

From this we conclude that despite increasing the number of non-bilaterian 

taxa by a factor of 3 (from 9 to 27), multiple substitutions have partly masked 

phylogenetic signal contributing to the incongruent results reported here with 

those of Philippe et al. (2009). However, with the expanded and refined 

dataset reported here none of these incongruencies are statistically 

significant, indicating that non-phylogenetic signal has been reduced with 

respect to the original character set of Dunn et al. (2008). Furthermore, Dunn 

et al. (2008) recovered high support for the sister-group relationship of 

ctenophores to the remaining Metazoa – based on our analyses here this 

hypothesis should be rejected (with a bootstrap value of 91%). 

The inclusion of additional taxa has little influence on the relationships within 

and between bilaterian crown groups. Three of the four differences between 

the findings of Dunn et al. (2008) and our results affect the relationships of a 

single sequence within their well-defined clades (Euprymna within Mollusca, 

Paraplanocera within Platyhelminthes and Anoplodactylus among the 

chelicerate arthropods). None of these splits were strongly supported in the 

original Dunn et al. (2008) analysis. Additionally, we do not recover 
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Panarthropoda due to a difference in the position of Tardigrada. 

Panarthropoda was also weakly supported in the Dunn et al. (2008) analysis 

(PP values under WAG and CAT models were 0 and 0.86 respectively, and 

RAxML bootstrap support under the WAG model with 64 and 77 taxa was 4% 

and 2% respectively). 

Our results highlight the sensitivity of phylogenomic studies to ingroup taxon 

sampling, and demonstrate the need for great care in the analysis and 

interpretation of large data sets. Character-rich analyses are thought to 

outperform character-poor analyses, and have been suggested to be of 

greater importance than increased taxon sampling with regard to recovering 

robust metazoan phylogenies (Rokas and Carroll 2005). However, our 

analyses demonstrate the strong influence of taxon sampling, even though 

non-bilaterian taxa still remain under-represented (Cnidaria: no Octocorallia, 

Ceriantharia, Cubozoa or Staurozoa; Ctenophora: no Platyctenida, Beroida, 

Cestida; just one placozoan strain etc.). The phylogenomic approach 

promises to reveal a well resolved consensus metazoan tree, but it should not 

be assumed that a large dataset will automatically produce a strong or correct 

phylogenetic signal (Jeffroy et al. 2006). A wide range of factors, such as 

saturation, LBA, the best fitting evolutionary model and appropriate outgroup 

choice (Philippe et al. 2005) need to be carefully addressed before a fully 

resolved and robust animal tree of life will be realized. 
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Figure 1: Phylogenetic tree based on refinements to the Dunn et al. (2008) 
64-taxon set reconstructed with PhyloBayes (Lartillot, Lepage, and Blanquart 
2009) under the CAT+Γ4 model. Choanoflagellates were set as outgroup and 
an additional 18 non-bilaterian taxa included. Posterior probabilities > 0.7 are 
indicated followed by bootstrap support values > 70. A large black dot 
indicates maximum support in posterior probabilities and bayesian bootstraps 
(= 1 / 100). 
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Figure 2: Saturation plot of character sets. See supplementary materials for 
method details. Grey line and filled dots: Dunn et al. (2008). Black line and 
open dots: Philippe et al. (2009). 

 



Chapter 8

Results and Discussion:
Automated orthology search,
monophyletic sponges and
scalable taxonomic profiling

The aim of this study was to solve long standing issues of early animal evolu-
tion. For this purpose, we needed a new tool to automatically build phylogenomic
datasets from our newly sequenced ESTs as well as publicly available sequences.
Furthermore, we wanted to develop a new method suitable for large-scale analysis
of metagenomes.
The results and discussion section is divided into the following parts:

� Tool for orthology search (see section 8.1),

� Solving long-standing issues regarding basal animal evolution using phyloge-
nomics (see section 8.2),

� Taxonomic profiling in metagenomics (see section 8.3).

8.1 What we learned about orthology search

EST sequences are routinely used in phylogenetic studies to answer evolutionary
questions. A first crucial step in these studies is the assembly of a dataset of
orthologous genes from large sequence databases. These orthologous genes will be
processed to keep appropriate target genes and eliminate redundant sequences to
obtain a set of sequences suitable for the subsequent tree reconstruction. Since
the manual generation of such datasets is very time-consuming, our goal was to
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develop a software tool that carries out all steps automatically. Furthermore, a
web server should be developed to allow an easy access to the software without
installation.

Summary of results

We have developed the easy-to-use software pipeline OrthoSelect (Schreiber et al.,
2009a), that constructs orthologous gene alignments for phylogenomic analyses.
Phylogenomic studies are usually based on large sets of assembled ESTs and se-
quences from public databases. OrthoSelect searches those large sets for orthol-
ogous sequences, assigns the translated sequences to existing orthologous groups,
keeps the orthologous copy of the gene - in case there are multiple copies of a gene
for a taxon -, uses popular alignment tools to build alignments, and offers post-
processing (the removal of ambiguously aligned alignment colums, the removal of
homoplastic sites, and the removal of phylogenetic misleading information) after-
wards. Our software pipeline can be extended and runs on desktop machines and
computer clusters. Furthermore, we set up a web server to provide an easy-to-use
interface to OrthoSelect (Schreiber et al., 2009b).

Main point

OrthoSelect is the first tool that builds phylogenomic datasets in a fully automated
way and can also deal with EST sequences. In contrast to existing methods,
OrthoSelect not only assigns new sequences to (existing) orthologous groups, but
also selects the sequences most likely to be orthologous from each taxon. The web
server provides the results of the analysis, but also shows numerous statistics to
give researchers additional useful information.

Evaluation

We successfully evaluated the performance of our tool by comparing the results of
OrthoSelect to the following two other approaches that predicts orthologs as well
as a published reference dataset:

� Best-hit selection strategy (Mushegian et al., 1998),

� Predictions by the KOG algorithm (Tatusov et al., 2003),

� The reference data set by Dunn et al. (2008).

The tests showed that our tool was superior in terms of speed and accuracy to the
best-hit selection strategy and the KOG algorithm. Furthermore, OrthoSelect was
able to automatically construct the manual curated reference dataset. OrthoSelect
is capable of producing datasets for phylogenomic studies.
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Concluding remark

In phylogenomics, there was previously no tool available capable of searching EST
databases and building orthologous gene alignments ready for phylogenetic tree
reconstruction software. By developing OrthoSelect, we have filled this gap. Or-
thoSelect is a valuable tool for researchers dealing with large libraries of EST
sequences focussing on the assembly of large datasets for phylogenetic analyses.
That makes it applicable to almost any phylogenetic study dealing with the Tree
of Life.

Phylogenomic methods: Summary of our aims

� First fully automated tool for dataset construction in
EST-based phylogenomics → √

� Evaluating performance of tool using real data → √

� Easy-to-use web interface → √

Open question

Once, OrthoSelect has assigned sequences to predefined orthologous groups, it
selects that sequence from each taxon that is most likely an ortholog. However, in
cases where the ortholog for a taxon is missing - due to gene loss or absence from
the EST database - OrthoSelect will select a sequence in any case. This might lead
to the inclusion of paralogs. A possible approach to deal with this is outlined in
section 9.

8.2 What we learned about early animal evolu-

tion

Previous studies dealing with the relationships between basal metazoan taxa pro-
duced contradictory trees with low support. Major issues such as the phylogenetic
status of sponges (monophyletic or paraphyletic) and the position of Ctenophora
and Placozoa were unresolved. These inconsistencies may be due to insufficient
taxon sampling of non-bilaterian phyla. We used a phylogenomic approach and
increased taxon sampling of non-bilaterian phyla to try to answer these issues.
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We extended two existing datasets by newly generated as well as publicly avail-
able sequences, we have assembled two different datasets with high taxon sampling
for non-bilaterian taxa.

Position of Placozoa The position of Placozoa in the basal metazoan tree
could not be resolved in Philippe et al. (2009) (basal to metazoans, but with
virtually no support: Bootstrap support (BS) ≈ 60%). In Pick et al. (2010),
we recovered Placozoa as a sister group to all Bilateria with moderate support
(posterior probability (pp) = 0.89). The recent study by Schierwater et al. (2009)
sees Placazoa as the first branching metazoan taxon (BS = 100), whereas Placozoa
was placed between paraphyletic sponges in Hejnol et al. (2009) with BS = 89.
With these contradictory results, the question of the position of Placozoa remains
unresolved.

Position of Ctenophora Our results could not confirm a previously proposed
hypothesis that Ctenophora are the earliest branching metazoan taxon (Dunn
et al., 2008; Hejnol et al., 2009) (BS ≥ 90% and BS = 100, respectively). This
hypothesis supports polyphyletic Eumetazoa and the independent innovation of
eumetazoan synamoporphies such as nerve and muscle cells as well as a differen-
tiated digestive system (Miller and Ball, 2008).

In Philippe et al. (2009), Ctenophora formed a sister group with Cnidaria
(Coelenterata, BS ≈ 93%), the coelenterate clade. This is in congruence with
Schierwater et al. (2009), although this clade has virtually no support (BS =
27%). The Coelenterate clade is based on anatomical similarities between cnidar-
ian medusae and ctenophores (e.g. gelatinous body, tentacles, and ”radial” sym-
metry), which was later considered as convergent evolution (Harbison, 1985). Al-
though, ctenophores and cnidarians share some embryological features, their body
plan notably differs. The phylogenetic position of ctenophores is uncertain as its
long branch is prone to the long branch attraction artefact. This fact is supported
by the increased support for a coelenterate clade after the removal of the fungi
outgroup in Philippe et al. (2009). A similar result is in Pick et al. (2010), where
Ctenophora are basal to a clade Cnidaria + Placozoa + Bilateria (pp = 0.91).
Therefore, we attribute the basal position of Ctenophora in Dunn et al. (2008)
and Hejnol et al. (2009) to the attraction of ctenophores to distantly related out-
group taxa.

Phylogenetic origin of sponges

Our analyses support the hypothesis of a monophyletic origin of sponges: In
Philippe et al. (2009) with BS ≈ 95% and in Pick et al. (2010) with pp = 0.91.
However, support values are not significant for sponge monophyly in (Pick et al.,
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128  nuclear genes

CAT model

Placozoa (1)

Ctenophora (3)
Porifera (13)
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RTREV model

Placozoa (1)
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Figure 8.1: The picture shows the results from most recent studies about the
animal Tree of Life in chronological order. The red boxes are results from our own
studies Philippe et al. (2009) and Pick et al. (2010), and other studies are from
Dunn et al. (2008), Schierwater et al. (2009), and Hejnol et al. (2009).

2010) as well as in Philippe et al. (2009) when using (a too distantly-related) Fungi
outgroup. The monophyly of sponges is also present in Schierwater et al. (2009),
but not supported (BS = 53%). In Hejnol et al. (2009), sponges are paraphyletic,
but with virtually no support (BS = 31%). A possible scenario of sponge paraphyly
that would imply that Eumetazoa are derived from sponge-like ancestors (Borchie-
llini et al., 2001; Nielsen, 2008; Peterson, 2001) can be ruled out. The hypothesis
of sponge monophyly is strongly supported by morphological characters shared
by all sponge lineages (e.g. an aquiferous system with choanocyte chambers and
the pinacoderm). There is still some uncertainty about whether the choanocytes
of sponges are an ancient feature shared with choanoflagellates or they are the
product of convergence. In any case, sponges do not reflect a metazoan ancestor,
but should be seen as a specialized taxon.

Within sponge classes The relationships of the four sponge classes were iden-
tical in both of our studies: Demospongiae formed a clade with Hexactinellida
(BS = 100% in Philippe et al. (2009) and pp = 0.97 in Pick et al. (2010)) in a
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clade called Silicea (Gray, 1867) sensu stricto. This grouping is supported by the
presence of siliceous spicules organized around a well-defined proteic axial filament
(Uriz et al., 2003) as well as demospongic acids, a particular class of membrane
phospholipids (Thiel et al., 2002). In Schierwater et al. (2009), Calcarea has a sis-
ter group relationship (BS = 100%) to the clade Hexactinellida + Demospongiae
(BS = 98%).

Homoscleromorpha formed a clade with Calcarea (BS = 90% in Philippe et al.
(2009) and pp = 1.0 in Pick et al. (2010)). Although these findings are in conflict
with traditional views (Hooper and van Soest, 2002), they are supported by recent
phylogenetic studies based on the 18S rRNA (Borchiellini et al., 2004; Dohrmann
et al., 2008). The silicious spicules that can be found in Homoscleromorpha might
have been independently evolved from those present in hexatinellids and demo-
sponges. No conclusion can be drawn regarding the evolution of the basi-epithelial
basement membrane found in larvae and adult homoscleromorphs. This membrane
either was present in common metazon ancestor and lost in placozoans and most
sponges or independently acquired in homoscleromorphs and eumetazoans.

Concluding remark

Despite the use of large, newly-generated sequences, the relationships between
basal metazoa are still controversial. However, we found support for the monophyly
of sponges as well as for the branching pattern of sponge lingeages.

We could partially answer our leading questions from section
1.3.2:

� Relationships between basal Metazoa? → still contro-
versal (why? see chapter → 9)

� What is the position of Placozoa in the basal metazoan
tree? → still controversal

� Are sponges monophyletic or not? → monophyly:
√

� Relationship within sponge classes? → (Hexactinellida
+ Demospongiae),(Calcarea + Homoscleromorpha)?
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8.3 Metagenomics - a quick overview of the tax-

onomic composition of metagenomes

We developed Treephyler (Schreiber et al., 2010), a tool for fast taxonomic pro-
filing of metagenomes. We evaluated Treephyler using real metagenomic data by
comparison with existing methods for taxonomic profiling.

We could show that the predicted profiles by Treephyler are in close correspon-
dence with those of CARMA (Krause et al., 2008), while computational speed was
increased by orders of magnitude.

While speed is not an essential requirement in genome analyses, efficient algo-
rithms that work with limited computational resources are needed to cope with the
increase of metagenomic sequence data. Therefore, Treephyler is well prepared for
next generation sequencing technologies and large-scale studies like the exploration
of the human microbiome (Turnbaugh et al., 2007).
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Chapter 9

Outlook: How to avoid the
bottleneck in phylogenomics

”The current molecular phylogenetic paradigm still recon-
structs gene trees to represent the species tree.”

Liu and Pearl (2007)

The situation with phylogenomic methods

The current situation in phylogenomics is that the use of different datasets can
lead to different, contradicting results. An example for this was our study of long-
held issues regarding the evolution of basal metazoan taxa. Our studies Philippe
et al. (2009) and Pick et al. (2010) as well as the studies from Dunn et al. (2008),
Schierwater et al. (2009), and Hejnol et al. (2009) all resulted in different hypothe-
ses about the branching pattern of Ctenophora, Cnidaria, Placozoa, and Porifera.
These findings disprove the hypothesis of Miyamoto and Fitch (1995) that the
more data we use, the closer we get to the true tree.

The reason for incongruencies

From a theoretical point of view, our partially contradicting results from chapter
8.2 are not a surprise. It has been reported that evolutionary trees from different
datasets/genes can have conflicting topologies (Tajima, 1983; Hudson, 1983; Neigel
and Avise, 1986; Pamilo and Nei, 1988; Nichols, 2001; Pollard et al., 2006). In
general, there is incongruence between the evolution of genes and the evolution of
species.
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Reasons for incongruencies can be artefactual, when we fail to recover the
correct tree due to insufficient sequence length (stochastic error) or violation of
model assumptions (systematic error) (Jeffroy et al., 2006) or a biological reason
(Galtier and Daubin, 2008). The biological reasons for such incongruencies are
incomplete lineage sorting1, hidden paralogy, and horizontal gene transfer. All
these processes lead to incongruencies between gene and species tree.

Hemiplasy

”The topological discordance between a gene tree and a
species tree attributable to lineage sorting of genetic poly-
morphisms that were retained across successive nodes in a
species tree.”

Avise and Robinson (2008)

In case of a large effect of incomplete lineage sorting and/or horizontal gene
transfer, many morphological or ecological defined species should be para-/ or
polyphyletic, a scenario that is rarely observed. The phylogeny of early-branching
metazoa is a good case for ancient incomplete lineage sorting, as short internal
branches2 are common (Whitfield and Lockhart, 2007).

A possible solution: Quality not quantity

All of the above mentioned processes lead to the same result: The gene tree does
not match the species tree. This is a chicken and egg issue. We need to know the
species tree to decide whether a gene tree matches a species tree or not. But, the
reconstruction of the species tree is our goal.

The relaxed species tree

One way to overcome this problem is to use a relaxed species tree when comparing
gene trees with species trees. A relaxed species tree is a consensus of our current
knowledge about the branching order of a certain group of taxa. For parts of
the tree, where we have conflicting hypotheses, the tree does not contain any
information and is polytomous. The relaxed species trees will not include any
hypotheses that the current study is going to test. Given the hypothesis that a

1also termed: ancestral polymorphism, deep coalescence, or incomplete coalescence
2these branches are usually short, because of the short time frame of high diversification

during the cambrian explosion (Giribet, 2009)
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Gene 1

Gene 1

Existing dataset

New Method

Tree reconstruction

Figure 9.1: The picture shows the idea behind the use of a relaxed species tree.
Each gene from an existing dataset is compared to the known tree and either
discarded or kept depending on some similarity threshold.

species tree should be constructed using congruent genes, a relaxed species tree
can be used as a reference.

Disregarding bad genes

In a first instance, one could compare each gene tree with the relaxed species tree
and disregard those genes that are below a certain similarity threshold, e.g. that
are not similar enough to the relaxed species tree.

Choosing the best alignment columns

This method can then be extended and applied to single alignment columns instead
of whole genes. This is possible because most statistical models for reconstruct-
ing phylogenies assume independence of the alignment columns. The evolution of
each alignment column can be compared to our current knowledge of the evolu-
tion of species. This is done by constructing a phylogenetic tree for each column
and compare it to the relaxed species tree. If the alignment column tree is not
similar enough to the relaxed species tree, it will be discarded. This leaves only
those alignment columns that are congruent with our current knowledge of species
evolution.
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Figure 9.2: The picture shows the alignment columns could be either discarded
or accepted for further analysis based on their similarity to a relaxed species tree.

Future of orthology search - back to orthology definition

While these two approaches are only applicable to already existing datasets, the
idea can also be applied to build phylogenomic datasets by incorporating the ap-
proaches into OrthoSelect. Based on orthologous gene alignments from orthologous
databases (e.g. OMA (Schneider et al., 2007) or OrthoMCL (Chen et al., 2006))
new sequences will be added one at a time, a phylogenetic tree build, and the re-
sulting tree compared to some relaxed species tree. By this, orthologous sequences
can be clearly distinguished from paralogous. This way of predicting orthology
resembles more closely the original definition of orthology (Fitch, 1970) than all
existing methods.
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