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Genètica, Universitat de Barcelona, Barcelona, Spain; and àDépartement de Biochimie, Robert Cedergren Center for Bioinformatics
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The evolution of multicellular animals (Metazoa) from their unicellular ancestors was a key transition that was accompanied
by the emergence and diversification of gene families associated with multicellularity. To clarify the timing and order of
specific events in this transition, we conducted expressed sequence tag surveys on 4 putative protistan relatives of Metazoa
including the choanoflagellate Monosiga ovata, the ichthyosporeans Sphaeroforma arctica and Amoebidium parasiticum,
and the amoeba Capsaspora owczarzaki, and 2 members of Amoebozoa, Acanthamoeba castellanii and Mastigamoeba
balamuthi. We find that homologs of genes involved in metazoan multicellularity exist in several of these unicellular
organisms, including 1 encoding a membrane-associated guanylate kinase with an inverted arrangement of protein-protein
interaction domains (MAGI) in Capsaspora. In Metazoa, MAGI regulates tight junctions involved in cell-cell
communication. By phylogenomic analyses of genes encoded in nuclear and mitochondrial genomes, we show that the
choanoflagellates are the closest relatives of the Metazoa, followed by the Capsaspora and Ichthyosporea lineages, although
the branching order between the latter 2 groups remains unclear. Understanding the function of ‘‘metazoan-specific’’
proteins we have identified in these protists will clarify the evolutionary steps that led to the emergence of the Metazoa.

Introduction
‘‘When animals appeared, the world changed, in some
ways, forever,’’ according to Simon Conway Morris in his
book The Crucible of Creation (1998). Multicellularity has
been independently acquired several times within eukaryotes in groups such as animals, fungi, plants, slime molds,
and various algal lineages. The emergence of the multicellular Metazoa from protist ancestors is unquestionably the
most spectacular case, with the abrupt appearance of an astounding variety of metazoans in the fossil record about 530
MYA, an event known as the Cambrian explosion (Conway
Morris 2003, 2006). Attempts to explain this evolutionary
transition range from environmental (e.g., the increase in
free oxygen levels) to ecological (e.g., changes in ecosystems) and evolutionary (such as horizontal gene transfer;
for a review, see Valentine 2004). To be complete, any
answer will not only involve environmental or ecological
factors but must also take into account the suite of genes present in the genomes of the protistan ancestors of Metazoa.
Molecular phylogenetic analyses have definitively
shown that Metazoa and Fungi share a common ancestor
and form a eukaryotic supergroup known as the opisthokonts (Baldauf and Palmer 1993; Steenkamp and Baldauf
2004). Recent analyses have changed our view of opisthokont phylogeny by adding new unicellular lineages to this
clade, such as the nucleariids (Nucleariidae), the choanoflagellates (Choanoflagellata), the ichthyosporeans (Ichthyosporea), and the genera Capsaspora, Corallochytrium,
and Ministeria (Ragan et al. 1996, 2003; Lang et al.
2002; Mendoza et al. 2002; Medina et al. 2003; Philippe
et al. 2004; Ruiz-Trillo et al. 2006; Steenkamp et al.
2006; Moreira et al. 2007). In these studies, nucleariids
consistently appear to be the sister group to Fungi, whereas
choanoflagellates, ichthyosporeans, Capsaspora, Corallochytrium, and Ministeria are close to Metazoa. However,
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previous attempts to resolve opisthokont phylogeny have
suffered from several drawbacks. The phylogenomic analyses published thus far have a very limited taxonomic sampling, including just 1 or 2 unicellular lineages (Lang et al.
2002; Philippe et al. 2004). On the other hand, all taxon-rich
analyses have been based on a small number of sequence
characters derived from at most 4 genes (Ragan et al.
1996, 2003; Mendoza et al. 2002; Medina et al. 2003;
Ruiz-Trillo et al. 2004, 2006; Steenkamp et al. 2006; Moreira
et al. 2007). Therefore, several aspects of the opisthokont
phylogeny remain contentious. For instance, the position
of Capsaspora relative to Metazoa, Choanoflagellata, and
Ichthyosporea varies from study to study depending on
the taxa included and the genes analyzed.
To clarify the unicellular-to-multicellular transition
that occurred at the origin of Metazoa, comparative genomic analyses must include both Metazoa and their closest
unicellular relatives. However, the choanoflagellates are the
only unicellular relative of Metazoa to have been studied on
the genomic level (King and Carroll 2001; Snell et al. 2001,
2006; King et al. 2003; King 2004). These studies demonstrated that the choanoflagellates express a wide variety of
genes associated with multicellularity, such as cadherins,
C-type lectins, tyrosine kinases, and, most recently,
a Hedgehog homolog (Snell et al. 2006). In Monosiga,
these genes are proposed to be involved in 2 processes:
sex and predation, both of which require cell–cell recognition, adhesion and endocytosis, or fusion (King et al. 2003;
King 2004). Most cell signaling, cell adhesion, and transcription factor genes are widely conserved across Metazoa
including morphologically simple taxa such as cnidarians
and sponges (Finnerty and Martindale 1999; Kusserow
et al. 2005; Miller et al. 2005; Technau et al. 2005; Nichols
et al. 2006; Ryan et al. 2006, 2007; Adamska et al. 2007;
Putnam et al. 2007; Sullivan et al. 2007). However, several
genes associated with multicellularity have, so far, not been
detected outside Metazoa. These genes include the Antennapedia (ANTP) and paired classes within the homeobox
superfamily and the T-box and Pax families of transcription
factors. Actually, a recent examination of the complete genome sequence of the sponge Amphimedon queenslandica,
which branches prior to the common ancestor of Cnidaria
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and Bilateria (Eumetazoa), shows that within the ANTP
class, A. queenslandica possesses several NK-like genes
but no Hox, ParaHox, or EHGbox genes (Larroux et al.
2007). Similarly, the placozoan Trichoplax adhaerens, a
basal metazoan of unclear phylogenetic position (Dellaporta
et al. 2006), seems also to have a low diversity of ANTP class
homeobox genes (Monteiro et al. 2006). Genes coding for
proteins involved in cell adhesion and the extracellular matrix
are also of key importance to the origin of metazoan multicellularity. Although some of these proteins, such as the cadherins, have already been detected in choanoflagellates
(King et al. 2003; King 2004), others have been suggested
to be specific to Metazoa, including the membrane-associated
guanylate kinases with inverted arrangements (MAGIs) that
participate in the assembly of multiprotein complexes at
regions of cell–cell contact (Dobrosotskaya et al. 1997;
Dobrosotskaya and James 2000). All these observations seem
to suggest that the last common ancestor of metazoans was not
as genetically complex as the last common ancestor of Eumetazoa (Metazoa excluding Porifera). On the other hand, it is
likelythatunicellularancestorsofMetazoapossessedsomepart
of the ‘‘genetic toolkit’’ needed to construct a multicellular body
plan. Yet, it remains unclear how many of the genes responsible for multicellularity were adapted from preexisting ones
in unicells and which ones originated in the first metazoans.
In order to clarify the origin of Metazoa, we need
a well-resolved phylogeny of the opisthokonts and genomic
data from unicellular, close relatives of metazoans. With
this aim, we have undertaken expressed sequence tag
(EST) projects from 4 unicellular opisthokonts (Capsaspora owczarzaki, the ichthyosporeans Sphaeroforma arctica and Amoebidium parasiticum, and the choanoflagellate
Monosiga ovata). We have also undertaken EST projects
from 2 taxa (Mastigamoeba balamuthi and Acanthamoeba
castellanii) from Amoebozoa, the sister group to opisthokonts. Furthermore, we have obtained the almost complete
sequence of the mitochondrial genome of the single-celled
opisthokont C. owczarzaki. We have built large concatenated nuclear and mitochondrial alignments that increase
both the number of genes and the taxonomic sampling
of single-celled relatives of Metazoa and the sister group
of Opisthokonta. Moreover, we searched our protistan
EST data for the occurrence of genes relevant to the origin
of multicellularity in Metazoa. Among them, we have identified the first member of the MAGI outside Metazoa. Here,
by combining these 2 approaches, we clarify the origin of
metazoan multicellularity by further delineating the phylogenetic placement of these unicellular lineages relative to
Metazoa and by identifying genes in their transcriptomes
that are associated with metazoan multicellularity.
Materials and Methods
EST Data
Total RNA was extracted using TRI Reagent (Molecular Research Center, Cincinnati, OH) following the manufacturer’s guidelines. Complementary DNA (cDNA)
libraries were constructed by Amplicon Express (Pullman,
WA) except for A. castellanii and M. balamuthi (DNA
Technologies Inc., Gaithersburg, MD), A. parasiticum
(for details, see Rodriguez-Ezpeleta et al. 2007), and

M. ovata (a lambda ZAPII library, kindly provided by
Dr P. Holland). The number of ESTs passing quality control
and submitted to further analysis was 13,770 (A. castellanii), 3,623 (A. parasiticum), 8,870 (C. owczarzaki), 19,182
(M. balamuthi), 6,433 (M. ovata), and 8,006 (S. arctica).
EST data were automatically clustered by tools implemented in Taxonomically Broad EST Database (TBestDB)
(http://amoebidia.bcm.umontreal.ca/pepdb/searches/login.
php?bye5true) (O’Brien et al. 2007) and AnaBench
(http://anabench.bcm.umontreal.ca/anabench/)
(Badidi
et al. 2003). Capsaspora owczarzaki and S. arctica data
were also manually clustered using Phred and Phrap and
CAP3 (Ewing and Green 1998; Huang and Madan
1999). All EST data generated for this article are publicly
available from the GenBank EST data set, and clusters are
available at TBestDB.
Purification and Sequencing of Mitochondrial DNA
Cells were lysed in the presence of 1% sodium dodecyl
sulfate in TE buffer, and mitochondrial DNA (mtDNA) was
purified from this whole-cell lysate as described previously
(Lang and Burger 2007). The mtDNA sequence was determined from a random shotgun sequence library (Burger
et al. 2007), using Phred and Phrap (http://www.phrap.
org/) for genome assembly.
Phylogenetic Analyses
A concatenated data set of 110 nucleus-encoded proteins
was constructed with MacGDE2.3 (Smith et al. 1994) by combining the data sets described in Philippe et al. (2004, 2005),
our new EST data, and new data from other publicly available
EST or genome projects. All individual gene alignments were
manually inspected and edited. All potential paralogs were
manually inspected, and if paralogy could not be ruled out,
the corresponding proteins were removed from the final alignment. Furthermore, only those positions that were unambiguously aligned were manually included in the final analysis,
resulting in a total of 20,711 amino acid positions. The 13 mitochondrialprotein sequences inferredfrommtDNA sequence
were automatically aligned with Muscle (Edgar 2004) and
concatenated, after using Gblocks (Castresana 2000) with default parameters to remove regions that were not aligned with
confidence. The final nuclear and mitochondrial alignments
can be downloaded from http://www.multicellgenome.com/
Lab/Welcome.html.
Phylogenetic trees from the concatenated data set were
estimated using a combination of programs and procedures
in order to test for any potential systematic errors. We first
built the tree using IQPNNI (le and Haeseler 2004) and
Raxml (Stamatakis et al. 2005; Stamatakis 2006) programs
using a Whelan and Goldman (WAG) model of evolution
and with a gamma distribution (8 categories) (WAG þ C).
Statistical support was obtained from 100 bootstrap replicates using a WAG þ C model (4 rate categories). Bootstrapping in IQPNNI was performed by Iqpnniboot
kindly provided by Jessica Leigh, Dalhousie University.
Both Raxml and IQPNNI gave nearly identical topologies
and bootstrap values. Thus, in the interest of clarity, only
IQPNNI results will be shown throughout the manuscript.
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Table 1
Deep Phylogenetic Relationships between Metazoa and Their Unicellular Relatives Obtained with Different Data Sets and
Using Various Methodologies
Topologies (% bootstrap support)
Nuclear data set
Methods
ML
ML (FSR)
ML excluding taxa with .50% missing data
ML (recoded data)
Bayesian (CAT model)
Bayesian (CAT model þ recoded)

Ecdysozoa
monophyletic


þ
þ
þ
þ

(51)
(,50)
(57)
(95)
(99)

Cnidaria
monophyletic
 (65)
 (83)
NA
þ (52)
þ (51)
þ

Mitochondrial data set
Capsaspora þ
Ichthyosporea
þ
þ
þ
þ
þ
þ

(100)
(100)
(100)
(97)
(97)

Trichoplax þ
Bilateria

Capsaspora-independent
lineage

 (85)
NA
NA
 (39)
—
NA

þ
NA
NA
þ (57/49)
þ (93/72)
NA

NOTE.—Statistical support is indicated where available. See text and Supplementary Material online for full details and discussion of methods. NA, not available; ML,
maximum likelihood (IQPNNI program); and FSR, fast-evolving sites removed.

To minimize potential systematic error, we used several methods. First, we reconstructed the tree with the fastest evolving sites removed as in Ruiz-Trillo et al. (1999),
which resulted in a total of 18,341 amino acid positions.
The conditional mode site rates of all amino acid positions
were estimated with Tree-Puzzle v. 5.2 (Schmidt et al.
2002) with the WAG þ C model (8 rate categories). Fastest
evolving sites (category 8) were excluded from the analysis,
and a new tree was estimated using IQPNNI with the
WAG þ C model (8 rate categories). Second, to reduce
the effects of compositional heterogeneity and saturation,
we recoded the amino acids into 4 functional categories
as specified in Rodriguez-Ezpeleta et al. (2007) and reconstructed a tree by IQPNNI using a general time reversible þ
C model (8 rate categories). Third, we used a site-heterogeneous mixture model (CAT þ C) that accounts for different models of evolution for classes of aligned sites
(Lartillot et al. 2007) implemented in a Bayesian approach
using the program PhyloBayes (Lartillot and Philippe
2004). Statistical support was obtained by 100 bootstrap
replicates in IQPNNI and PhyloBayes. Fourth, we also
attempted recoding analyses using the site-heterogeneous
CAT þ C model in PhyloBayes. In this case, we recoded
several states most influenced by guanine-cytosine/
adenosine-thymine composition biases, R/K and V/I, into
one state, yielding an 18-state CAT þ C model. Finally,
to determine whether missing data had a significant effect
on the nuclear analyses, taxa with more than 50% missing
data (see supplementary table S1, Supplementary Material
online) were excluded and phylogenies were constructed
using IQPNNI. Statistical tests of alternative topologies
(Capsaspora as sister group of ichthyosporeans or as sister
group of choanoflagellates þ Metazoa) were performed on
both the nuclear and the mitochondrial data set using the
Shimodaira–Hasegawa (SH) test (Shimodaira and Hasegawa
1999) and the expected likelihood weights (ELWs) test
(Strimmer and Rambaut 2002), implemented in Tree-Puzzle
v. 5.2 (Schmidt et al. 2002).
Searches for Metazoan-Specific Genes
We searched for known metazoan cell signaling, cell
adhesion, and transcription factor gene families in all our

ESTs. We also searched in all available ESTs and genomic
databases from Eukaryota. We used the cnidarian homolog
(or if this was not available, we used the human one instead)
as a query with TBlastN against our protistan EST data
using AnaBench (Badidi et al. 2003). All putative positives
(E value , 1  1005) were rechecked by blasting the
putative hit against PFAM version 21.0 (Finn et al.
2006). Only those TBlastN hits that also gave in PFAM
the same gene family were considered robust positives.
For example, we blasted a human Hedgehog homolog
against our protistan database, retrieving one putative homolog in Monosiga ESTs. The protein sequence inferred
from this Monosiga EST was blasted against PFAM, identifying the Monosiga candidate as a clear Hedgehog protein. Results are shown in table 2.

Characterization of MAGI
Purified polyAþ messenger RNA and cDNA from Capsaspora were obtained as in Ruiz-Trillo et al. (2006) and independently from the RNA used to construct the cDNA
libraries. We obtained the full sequence of the 5# and 3# ends
of Capsaspora MAGI by rapid amplification of cDNA ends
using the GeneRacer kit (Invitrogen, Carlsbad, CA) with primers designed from the original EST sequence. Sequences
were obtained and analyzed as in Ruiz-Trillo et al. (2006).
Alignment of different MAGI homologs was done using
MacGDE2.3 software (Smith et al. 1994). The MAGI alignment is available from http://www.multicellgenome.com/
Lab/Welcome.html. Searches for MAGI were carefully conducted using different Blast methodologies at National Center for Biotechnology Information (NCBI), TBestDB,
PFAM (Finn et al. 2006), Metazome, Prosite (Hulo et al.
2006), and ongoing genome projects from The Institute
for Genomic Research and Joint Genome Institute. A
phylogenetic tree, from an alignment comprising all MAGI
protein domains, was estimated using IQPNNI with the
WAG þ C model (8 rate categories). Bootstrap values were
obtained by 100 replicates in Phyml (Guindon and Gascuel
2003) using a WAG þ C model (4 rate categories). The
domain architectures of MAGI homologs were obtained
using Blast against Prosite and NCBI databases.
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Table 2
Phylogenetic Distribution of Genes Associated with Metazoan Multicellularity
Function

Gene Product

Cell adhesion and
adhesion related

Tetraspanin
Laminin A
Beta-catenin–interacting
protein (ICAT)
MAGI
Ankyrin

GenBank Accession Number

Other Nonmetazoa Taxa
Where Gene Is Present

Capsaspora
Capsaspora and
Monosiga ovata

EF693744
EC736556, EC165586,
EC164818

Fungi and Amoebozoa

Capsaspora, Acanthamoeba
Capsaspora
Capsaspora, Mastigamoeba

EC740811, EF693748
EF611870
EC737721, EC705671
EF693745, EF693746,
EF693747
EC627545, EC629343
ABA55664

Dictyostelium

Capsaspora, Monosiga ovata
Amoebidium
Monosiga ovata

Fascin
Forkhead
Hedgehog

Transcription factor
Cell signaling

Organisms

Amoebozoa and Trypanosoma
—
Plants and Fungi
Dictyostelium
Fungi
—

NOTE.—See main text and Supplementary Material online for details of the methods used.

Results and Discussion
Molecular Phylogeny
Here, we address the phylogeny of Opisthokonta by
increasing both the number of genes and the taxonomic
sampling of single-celled relatives of Metazoa and members of Amoebozoa, the sister group to opisthokonts.
Two concatenated alignments were constructed using data
from both our EST and mitochondrial genome projects plus
data from publicly available EST and genome projects.
The nuclear data set includes a total of 30 taxa, 6 of them
from our ESTs projects and 110 nucleus-encoded proteins
(20,711 amino acid positions). The mitochondrial data set
includes a total of 38 taxa and 13 mitochondrion-encoded

proteins (2,619 amino acid positions), including homologs
from the complete mitochondrial genome of Capsaspora
that we have determined. Phylogenetic trees were inferred
using a variety of methods (see table 1 and Supplementary
Material online). Because phylogenetic analyses regularly
suffer from systematic error such as long-branch attraction
(Felsenstein 1978), we used methods and evolutionary
models known to minimize these artifacts (see table 1
and Supplementary Material online). These measures include the following: 1) removing fast-evolving positions
as in Ruiz-Trillo et al. (1999), 2) recoding the amino acids
into functional categories as in Rodriguez-Ezpeleta et al.
(2007), and 3) using a site-heterogeneous mixture (CAT)
model that accounts for heterogeneity in the evolutionary

Danio rerio
Mus musculus
Metazoa
Ciona intestinalis
83/66
Strongylocentrotus purpuratus
Branchiostoma sp.
95/99
Drosophila melanogaster
Anopheles sp.
C. elegans
99/100
Schistosoma mansoni
Hydra magnipapillata
Porites porites
52/51
Oscarella carmela
Proterospongia sp.
Choanoflagellata
Monosiga brevicollis
Monosiga ovata
Sphaeroforma arctica
Ichthyosporea
Amoebidium parasiticum
Capsaspora
Capsaspora owczarzaki
98/100
Neurospora sp.
M. grisea
Fungi
Gibberella sp.
S. cerevisiae
C. albicans
99/100
Cryptococcus sp.
Phanerochaete chrysosporium
Ustilago maydis
Neocallimastix sp.
M. balamuthi
Amoebozoa
D. discoideum
Acanthamoeba castellanii
79/94

50/56

97/97

0.1

FIG. 1.—Phylogeny of the opisthokonts based on concatenation of 110 nucleus-encoded proteins. The topology and branch lengths were obtained
using Bayesian analyses (PhyloBayes) with the amino acids recoded into functional categories. All branches with posterior probability values of 1.0 are
marked with a filled dot (black). The dot is colored red if maximum likelihood (ML) bootstrap analysis (IQPNNI) and Bayesian (PhyloBayes) bootstrap
also yields 100% support. For other relevant nodes, ML (with amino acids recoded into functional categories) bootstrap and Bayesian bootstrap support
values are indicated (in %). Taxa from which new data have been obtained from an EST project are depicted in bold. See Materials and Methods for
further details and supplementary table S1 (Supplementary Material online) for complete names of taxa.
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97

Amoebidium parasiticum
Capsaspora owczarzaki
Monosiga brevicollis

Ichthyosporea
Capsaspora
Choanoflagellata

Oscarella carmela
Tethya actinia
Geodia neptuni
Axinella corrugata

Porifera

Sarcophyton glaucum
Aurelia aurita
Nematostella sp.
Metridium senile
Astrangia sp.
Ricordea florida
Acropora tenuis

87

97

56
84

Cnidaria

Trichoplax adhaerens GRS
Trichoplax adhaerens BZ243
Trichoplax adhaerens BZ49
Trichoplax adhaerens BZ101
L. polyphemus
K. tunicata
Mustelus manazo
Asterina pectinifera
100

Metazoa

Trichoplax

Bilateria

Spizellomyces punctatus
Rhizophydium brooksianum
Monoblepharella sp_15
Harpochytrium sp_94
Rhizopus oryzae
Mortierella verticillata
Cryptococcus neoformans
Fungi
Schizophyllum commune
Cantharellus
cibarius
95
Yarrowia lipolytica
Candida albicans
Podospora anserina
Aspergillus niger
Allomyces macrogynus
Acanthamoeba castellanii
Amoebozoa
Dictyostelium discoideum
0.1

FIG. 2.—Phylogenomic analysis based on mitochondrial proteins. The alignment (2,619 amino acid positions, after trimming with Gblocks) was
built from 13 protein sequences that are encoded in most mtDNAs. The topology and branch lengths were obtained in a PhyloBayes analysis. All
branches with posterior support values of 1.0 are marked with a filled dot (black). The dot is colored red when, in addition, maximum likelihood (ML)
bootstrap analysis with IQPNNI yields 100% support. Other ML (IQPNNI) bootstrap support values of interest are indicated. Genus abbreviations are:
L. polyphemus, Limulus polyphemus and K. tunicata, Katharina tunicata.

process across sites (Lartillot and Philippe 2004; Lartillot
et al. 2007; Rodriguez-Ezpeleta et al. 2007). As expected,
the use of recoding or of complex models such as CAT
improved the results. For example, some widely accepted
metazoan clades such as Ecdysozoa or Cnidaria were recovered only when using more complex models with the
nuclear data set (see table 1 and fig. 1) (Ruiz-Trillo et al.
2002; Lavrov and Lang 2005; Philippe et al. 2005; Philippe
and Telford 2006; but see Wolf et al. 2004; Philip et al.
2005; Rogozin et al. 2007). Curiously, the monophyly of
Metazoa has a very low bootstrap support (fig. 1). This
is probably due to the effect of the missing data for both
Oscarella carmela (70.12% missing data) and Porites porites (56.60% missing data; see supplementary table S1,
Supplementary Material online). Consistent with this hypothesis, a tree excluding those taxa with more than 50% missing
data shows a maximum likelihood bootstrap support of 100%
for Metazoa (supplementary fig. S1, Supplementary Material
online). An important point is that the position of Capsaspora, ichthyosporeans, and choanoflagellates remained identical regardless of the method (table 1). Curiously, the nuclear
tree shows Capsaspora as the sister group to ichthyosporeans

(fig. 1), whereas the mitochondrial tree shows Capsaspora
in an intermediate position between ichthyosporeans and
choanoflagellates (fig. 2). Using the SH and the ELWs tests,
we found that we could statistically reject the mitochondrial
topology using the nuclear data set (P values 5 0.04
and 0, respectively). The reciprocal test, the nuclear tree
imposed upon the mitochondrial data set was also rejected
(P value 5 0.04 and 0.02). The incongruity between these
data sets most likely results from a phylogenetic artifact, and
it is difficult to assess which topology is correct. One possible
contributing factor could be the different taxonomic sampling in the mitochondrial versus the nuclear data set
(the mitochondrial data set includes just one representative
of each of the 3 unicellular opisthokont lineages, but a wider
sampling of metazoans). However, the nuclear tree excluding taxa with more than 50% missing data not only has
a similar sampling of unicellular taxa as the mitochondrial
tree but also recovers ichthyosporeans and Capsaspora as
sister groups (supplementary fig. S1, Supplementary Material online). The source of the apparent strong incongruity
between these data sets remains unclear, but because the
mitochondrial analysis is based on fewer aligned positions
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MAGI domain architecture
Metazoans in general
(Chordata)

PDZ GK WW

PDZ

Macaca mulatta
(Chordata)
Suberites domuncula
(Porifera)
S. purpuratus
(Echinodermata)
Capsaspora owczarzaki
FIG. 3.—Protein domain architecture of MAGI from Capsaspora and
Metazoa. Protein domains were identified by Blast searches against the
amino acid sequences found in Prosite and NCBI databases. PDZ
domains are found in many signaling proteins and seem to be important
domains of scaffolding proteins. They bind either the C-terminal
sequences of proteins or internal peptide sequences. Canonical GK
domains catalyze the ATP-dependent phosphorylation of GMP into GDP.
The WW domain, a short conserved region present in a number of
unrelated proteins, binds proline-rich peptide motifs.

(2,619 vs. 20,711 amino acid positions), we favor the topology obtained with nuclear data. However, the position
of Capsaspora should be reexamined once full genomic
data become available from a wider variety of unicellular
and multicellular opisthokonts.
In summary, our results show that choanoflagellates,
ichthyosporeans, and Capsaspora are more closely related
to metazoans than to fungi, confirming previous results
(Ruiz-Trillo et al. 2004, 2006). Our results also demonstrate
with high confidence that choanoflagellates are the closest
sister group of Metazoa, to the exclusion of the other 2
groups (figs. 1 and 2). The positions of Ministeria and Corallochytrium relative to these taxa should be examined once
significant genomic information from them becomes
available.
Genes Involved in Multicellularity
To investigate the origin of gene families involved in
multicellularity in Metazoa, we searched our protistan EST
data as well as publicly available data for the occurrence of
developmental and other genes relevant to multicellularity
(see Supplementary Material online for details). We found
that both amoebozoans and unicellular opisthokonts share
with metazoans a number of genes involved in cell signaling or cell adhesion (see table 2 and Supplementary Material online). Capsaspora and the choanoflagellate
Monosiga express a significantly wider range of these genes
(table 2). Of note is the Hedgehog homolog of Monosiga
(Snell et al. 2006), which so far has not been found in other
nonmetazoan taxa, and the Capsaspora gene encoding
a MAGI-like protein, that functions in the regulation of
metazoan ‘‘tight junctions’’ (Adell et al. 2004).
Tight junctions are intracellular structures that mediate
adhesion between epithelial cells. They control paracellular
permeability and act as barriers to intramembrane diffusion
of components. As noted above, one of the proteins known
to regulate tight junctions is MAGI, a member of the MAGUK (membrane-associated guanylate kinase) family of

proteins that participate in the assembly of multiprotein
complexes at regions of cell–cell contact (Dobrosotskaya
et al. 1997; Dobrosotskaya and James 2000). MAGUK proteins are specific to Metazoa, and MAGI has been described
only in vertebrates, echinoderms, and, most recently, in
sponges (Adell et al. 2004). The Capsaspora MAGI therefore represents the first reported occurrence of such a protein
(or even of any member of the larger MAGUK family) in
a nonmetazoan organism. Curiously, despite the closer relationship of choanoflagellates to Metazoa, we could not
identify any MAGI homologs in choanoflagellates (or in
any other eukaryotes).
Phylogenetic analyses show that the Capsaspora homolog is a basal member of the MAGI subgroup of the MAGUK family (see supplementary fig. S2, Supplementary
Material online). MAGI (with an inverted arrangement
of protein–protein interaction domains) can be distinguished from other MAGUK proteins by several specific
features (Dobrosotskaya et al. 1997) (fig. 3): 1) the presence
of a PDZ domain at the N-terminal end, a feature shared by
other members of the MAGUK family; 2) a GK (guanylate
kinase) domain near the N-terminus, in contrast to other
MAGUKs; 3) 2 WW domains instead of the typical SH3
domain; and 4) 5 PDZ domains at the C-terminal end
(fig. 3). Analysis of the protein architecture shows that Capsaspora MAGI has the first 3 of these features but lacks the
C-terminal PDZ domains. Moreover, Capsaspora MAGI
shares with all other MAGUK proteins a GK domain that
conserves guanylic acid (GMP)-binding residues but lacks
an ATP-binding motif (supplementary fig. S3, Supplementary Material online). Thus, the domain architecture of the
Capsaspora MAGI homolog is unique, potentially representing a ‘‘transitional structure’’ between an ancestral protein and the canonical metazoan MAGI. It seems most
probable that the common ancestor of Capsaspora and
the metazoan lineage had a MAGI protein such as the
one described here for Capsaspora (PDZ-GK-WW), which
is a domain architecture not shared with any other MAGUK
protein or any other gene family. We infer that, in a more
recent common ancestor of extant Metazoa, the extra C-terminal PDZ signal domains were introduced, modifying the
function of the protein. To better understand the selective
forces at work in this scenario, more detailed functional investigations of the Capsaspora MAGI-like protein will be
required.
We have detected the presence of other genes involved
in cell adhesion in Capsaspora, and, in some cases, in
M. ovata, M. balamuthi, and A. castellanii (table 2). Based
on their wide distribution among eukaryotes, some of these,
such as ankyrin, laminin A, or tetraspanin, appear to be
genes or domains ancestrally present in unicellular eukaryotes. Their importance in shaping metazoan multicellularity likely derives from their new domain arrangements and/
or domain compositions in metazoan genes, a conjecture
that will require more extensive analyses when full-length
gene and genomic sequences become available. Particular
mention may be made of the presence of fascin in both
M. ovata and C. owczarzaki. Fascin has a clear role in cell
adhesion and migration (Kureishy et al. 2002) and to date
has only been identified, within eukaryotes, in Metazoa and
Dictyostelium. Interestingly, Dictyostelium fascin proteins
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exhibit the simplest architecture (a single fascin domain),
whereas in Metazoa, most fascin homologs are organized
into 2, 3, 4,or 6 contiguous fascin domains (supplementary
fig. S4, Supplementary Material online). Fascin proteins in
both Capsaspora and M. ovata possess 4 contiguous fascin
domains, probably representing an intermediate form between fascin protein architecture in Dictyostelium and that
found in Metazoa. Elucidation of the function of the fascin
domain proteins in the unicellular opisthokonts will likely
be key to understanding the evolution of cell adhesion and
migration in Metazoa.
Conclusions
In summary, our analyses show definitively that Ichthyosporea and Capsaspora diverged prior to choanoflagellates
and that the latter organisms are the closest unicellular relatives of Metazoa. More importantly, our comparisons of
EST and genomic data indicate that unicellular opisthokont
and amoebozoan lineages possess a number of genes involved in cell signaling and cell adhesion. Some of these
genes have already been described in Dictyostelium or fungi
(table 2), some (e.g., fascin) have a unique domain organization in unicellular opisthokonts, whereas others, such as
MAGI, were previously thought to be metazoan specific.
Thus, several genes involved in multicellularity and
development in metazoans were already present in their
single-celled ancestors. More speculatively, some of these
genes could have ancestrally been involved in sex, cell
contact, and environmental sensing. Our EST data yield just
a glimpse of the genomic composition of these organisms.
We expect that additional Metazoa-specific genes will be
uncovered in whole-genome sequencing initiatives such
as National Human Genome Research Institute UNICellular Opisthokont Research iNitiative (Ruiz-Trillo et al.
2007), an NHGRI-endorsed multitaxon genome sequencing project that will generate genome sequences from 11
taxa at the base of Metazoa and Fungi.
Supplementary Material
Supplementary figures S1–S4 and table S1 are available at Molecular Biology and Evolution online (http://
www.mbe.oxfordjournals.org/).
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