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SUMMARY Epithelial tissues are a key metazoan cell type,
providing a basic structural unit for the construction of diverse
animal body plans. Historically, an epithelial grade of organi-
zation was considered to be restricted to the Eumetazoa, with
the majority of cell layers described for Porifera lacking any of
the conserved ultrastructural characteristics of epithelia. Now
with the use of genomic information from the demosponge,
Amphimedon queenslandica, we identify orthologs of bila-
terian genes that determine epithelial cell polarity or encode
components of specialized epithelial junctions and extracel-
lular matrix structures. Amphimedon possesses orthologs of
most bilaterian epithelial polarity and adherens junction genes
but few or no tight junction, septate junction, or basal lamina
genes. To place this information in an evolutionary context, we

extended these analyses to the completed genomes of
various fungi, the choanoflagellate, Monosiga brevicollis,
the placozoan, Trichoplax adhaerens, and the cnidarian,
Nematostella vectensis. The results indicate that the major-
ity of “epithelial” genes originated in metazoan or eumetazoan
lineages, with only two genes, Par-1 and Discs large,
antedating the choanoflagellate-metazoan split. We further
explored the mechanism of evolution for each of these genes
by tracking the origin of constituent domains and domain
combinations. In general, domain configurations found in
contemporary bilaterians are inferred to have evolved early
in metazoan evolution and are identical or similar to those
present in representatives of modern cnidarians, placozoans,
and demosponges.

INTRODUCTION

Epithelial tissues are fundamental units of composition for
most eumetazoan body plans. Epithelial sheets provide bar-
riers for the construction of body walls, tissues, and organs,
and allow for compartmentalization within the body and be-
tween the body and the external environment (Tyler 2003).
The epithelial tissue type is not specific to any of the three
eumetazoan germ layers, being found in tissues of ectodermal,
mesodermal, and endodermal origin (Ruppert et al. 2004).
Three criteria distinguish the “true” epithelial tissue phe-
notype (Tyler 2003; Ruppert et al. 2004). First, component
cells should display an aligned polarity with clearly distin-
guishable apical and basal surfaces. This characteristic is most
visible in columnar cells, in which organelles are differentially
distributed along the apical-basal axis. Epithelial cells may
also exhibit planar polarity but this is not always as clearly
manifested at the morphological level (Zallen 2007). Second,
cells should be connected by belt-form junctions that form a
continuous structure around the circumference of the cell and
include tight (well characterized in vertebrates with possible
related structures in ascidians), septate (found in most non-
vertebrates but not vertebrates), and zonula adherens (found
in both vertebrates and nonvertebrates) junctions (Green
and Bergquist 1982; Tyler 2003). Last, cells should be asso-
ciated with extracellular matrix only at their basal and apical
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surfaces (i.e., with a basal lamina and sometimes also with an
apical cuticle).

Historically, these three morphological features of animal
epithelia were best observed by electron microscopy. More
recently it has become possible to gain insight into the de-
velopment and maintenance of epithelial characteristics
through analysis of the conserved molecular components,
that contribute to epithelial structure and function in bilater-
ian model organisms. In general, the genes responsible for
establishing cellular polarity, forming intercellular junctions,
and constructing and regulating adhesion to the basal lamina
appear to be conserved between insects, nematodes, and ver-
tebrates (Hutter et al. 2000; Hynes and Zhao 2000; Tepass
et al. 2000; Knust and Bossinger 2002; Roh et al. 2002; Deng
et al. 2003; Hortsch and Margolis 2003; Li et al. 2003; Cox
and Hardin 2004; Segbert et al. 2004; Nance 2005; Oda et al.
2005; Humbert et al. 2006; Johnson et al. 2006).

In differentiating epithelial cells of Drosophila and verte-
brates the specification of distinct apical and basolateral
membrane domains and the positioning of zonula adherens
junctions at the boundary between these domains is accom-
plished by the positive and negative interactions between three
cortically localized multiprotein complexes, the Crumbs—
Stardust (vertebrate membrane protein, palmitoylated 5
or MPP5)-Patj complex, the Bazooka (vertebrate Par-3)-
Par-6-atypical protein kinase C (aPKC) complex and the
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Scribbled-Discs large (Dlg)-Lethal (2) giant larvae (Lgl) com-
plex (Nelson 2003; Shin et al. 2006; Martin-Belmonte and
Mostov 2008). These proteins maintain restricted patterns of
subcellular localization postdifferentiation and can be useful
as visual markers for discrete epithelial membrane domains.
In both vertebrate and nonvertebrate epithelia the main ad-
hesive junction, the zonula adherens, is positioned as a sub-
apical belt around the circumference of the cell and comprises
a physical complex between cell adhesion proteins of the
classical cadherin subfamily (cadherins containing the cat-
enin-binding cytoplasmic domain), the cytoskeletal linkers, B-
and o-catenin, and the regulatory protein, pl20/3-catenin
(Tyler 2003; Cox and Hardin 2004; Oda et al. 2005). By con-
trast, occluding junctions of vertebrate and nonvertebrate
epithelia differ in both molecular composition and localiza-
tion. Apically localized tight junctions composed of the trans-
membrane proteins, claudin and occludin, appear to be a
vertebrate innovation (the molecular composition of ascidian
tight junctions has not been characterized but occludin has
not been found in the Ciona intestinalis genome) (Sasakura et
al. 2003; Shin et al. 2006). The septate junction, the sealing
junction of most nonvertebrate epithelia, is distinct from the
functionally analogous tight junction, however, its molecular
composition in Drosophila indicates that it may be homolo-
gous with the septate-like paranodal junctions that form be-
tween axons and glia in the vertebrate peripheral nervous
system (Bhat 2003; Hortsch and Margolis 2003). The main
conserved adhesive proteins forming these junctions are Ne-
urexin IV, Contactin, and Neuroglian (and their vertebrate
orthologs). Finally, the major components of the basal lamina
are conserved between diverse bilaterians and include Type IV
and Type XV/XVIII collagen, laminin, nidogen, and perlecan
(Timpl and Brown 1996; Hutter et al. 2000; Hynes and Zhao
2000; Whittaker et al. 2006).

The majority of the proteins mentioned above appear to be
metazoan-specific (i.e., not found in fungal or plant genomes)
and it can be hypothesized that their origin was closely as-
sociated with the emergence of the epithelial cell phenotype
early in animal evolution. The possession of tissues with a true
epithelial grade of organization is generally considered to be
a synapomorphy for the Eumetazoa sensu stricto (Cnid-
aria+Ctenophora+Bilateria) (Nielsen 2001; Tyler 2003; Rup-
pert et al. 2004; Magie and Martindale 2008). The epidermis
and gastrodermis of cnidarians fulfil all the criteria of true
epithelia. These tissues are composed of columnar cells that
are linked by belt-form junctions and rest on a basal lamina
enriched with laminin and Type IV collagen (Thomas and
Edwards 1991; Sarras et al. 1994; Fowler et al. 2000; Zhang
et al. 2002; Magie and Martindale 2008; Shimizu et al. 2008).
In placozoans, an early-branching metazoan phylum with an
uncertain phylogenetic position (Srivastava et al. 2008, 2010;
Philippe et al. 2009; Schierwater et al. 2009; Sperling et al.
2009), upper and lower surface epithelial-like layers consist of

polarized cells joined together by zonula adherens but with no
underlying basal lamina (Grell and Ruthmann 1991). Struc-
tures with similarity to septate junctions have been observed
basal to the zonula adherens in some cells of the ventral ep-
ithelium but it is unclear whether these should be interpreted
as true septate junctions (Ruthmann et al. 1986; Nielsen
2001).

In Porifera, the phylum that most consistently falls outside
the Eumetazoa as an early-branching metazoan lineage (or
paraphyletic assemblage of lineages) (Philippe et al. 2009;
Sperling et al. 2009; Srivastava et al. 2010), most tissues ap-
pear to lack key features of epithelia. However, some cell
layers, such as the choanoderm (the choanocyte layer), can be
considered epithelial-like, displaying an obvious aligned api-
cal-basal cell polarity (Simpson 1984). The pinacoderm or
outer layer of some demosponges appears to be integrated by
adhesive spot-form junctions but belt-form junctions have not
been observed and it is unclear whether sponges possess
mechanisms for creating a barrier between the external and
internal environment (Pavans de Ceccatty 1986; Leys 2007).
Except in the case of the homoscleromorph sponges, which
maintain an enrichment of Type IV collagen beneath the
pinacoderm, an observable basal lamina appears to be absent
(Boute et al. 1996). The ciliated outer layer of some demo-
sponge larvae resembles the ciliated epithelium of cnidarian
planula larvae and zonula adherens-like junctions have been
observed at the apices between constituent cells (Boury-
Esnault et al. 2003; Ereskovsky and Tokina 2004; Usher and
Ereskovsky 2005; de Caralt et al. 2007). Again, homo-
scleromorph larvae appear to possess a thin layer of under-
lying extracellular matrix, suggesting that this larval
epithelium may represent a true epithelium homologous to
that of eumetazoans (Boury-Esnault et al. 2003; de Caralt
et al. 2007; Maldonado and Riesgo 2008).

We were intrigued by the possibility that the epithelial-like
outer layer of demosponge larvae might represent a tissue
homologous with eumetazoan epithelia. As a first step toward
investigating this problem, we have conducted a survey of the
genome of the demosponge, Amphimedon queenslandica, for
orthologs of bilaterian genes that act as determinants of
epithelial structure and function. In addition to identifying
orthologs of target genes through sequence similarity
searches, we used bulk Pfam domain annotations for the
Amphimedon predicted proteome to catalogue complete (or
near-complete) sets of related genes including those contain-
ing PDZ (domain present in PSD-95, Dlg, and ZO-1/2),
Laminin G (LamG), and Cadherin domains.

To place our results from Amphimedon in an evolutionary
context, we extended our analyses to include the completed
genomes of fungi (multiple genomes—see ‘“Materials and
methods”), the choanoflagellate, Monosiga brevicollis, the
cnidarian, Nematostella vectensis, and the placozoan, Trichop-
lax adhaerens. For this purpose we adopt the phylogenetic
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hypothesis for metazoan relationships presented in recent
phylogenomics analyses (Philippe et al. 2009; Srivastava et al.
2010), although we recognize that relationships among early-
branching metazoan phyla are still uncertain (Dunn et al.
2008; Schierwater et al. 2009; Sperling et al. 2009). Unfortu-
nately, instances of gene loss in Amphimedon and other
early-branching metazoans, along with incomplete genome
assembly, will confound our efforts to reconstruct the evolu-
tion of these genes and we stress that these analyses remain as
hypotheses, which are likely to be reworked as more genomic
information becomes available. In particular, a comparative
approach using data from other demosponges and other key
poriferan clades (i.e., hexactinellid, calcareous, and homo-
scleromorph sponges) will be necessary to determine whether
instances of gene absence in Amphimedon might result from
lineage-specific loss. Although an argument can be made for
the necessity of further extending our analysis to include ad-
ditional EST data sets from organisms occupying key evolu-
tionary positions among metazoans and their close relatives,
the difficulty of making orthology assignments for genes on
the basis of partial sequence and domain information pre-
cluded their use in this study. The results of our comparative
genome analyses also allowed us to generate hypotheses re-
garding the relative points of origin for domains and archi-
tectures relevant to each gene from our target set.

MATERIALS AND METHODS

Amphimedon genome searches

Genomic trace and EST data for 4. queenslandica was generated as
part of a collaborative genome project with the Joint Genome
Institute (JGI) and is publically available on NCBI (http://
www.ncbi.nlm.nih.gov/). Assembled genomic contigs, automated
gene predictions, bulk annotations of the automated gene predic-
tions, and an annotated genome browser were also kindly provided
by the JGI.

Representative sequences for each bilaterian orthology group
were chosen from the NCBI sequence database and used to search
Amphimedon EST clusters and genomic contigs with tBLASTn. As
a complementary approach, bulk analyses of the Pfam, PAN-
THER, and KOG annotations for the entire predicted protein set
were used to detect Amphimedon proteins with relevant combina-
tions of domains (Pfam) or matches to gene family profiles (KOG
and PANTHER) (Tatusov et al. 2003; Thomas et al. 2003; Mi et al.
2007; Finn et al. 2008). In some cases, an additional search in-
volved the use of keywords to locate regions of the genome that
aligned to human proteins from the family of interest. These align-
ments were generated by BLASTx against the human proteome as
part of the genome annotation process (Srivastava et al. 2010).

For each promising hit, we chose among available gene pre-
diction models by picking the model which best incorporated EST
or BLASTx alignments and/or produced the greatest number of
relevant domain hits when scanned against the InterPro domain
database (http://www.ebi.ac.uk/Tools/InterProScan/) (Quevillon
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et al. 2005). Where necessary, GenomeScan (http://genes.mit.edu/
genomescan.html) (Yeh et al. 2001), GeneMark.hmm ES-3.0
(http://exon.gatech.edu/eukhmm.cgi) (Lomsadze et al. 2005), or
direct translations were used to predict genes or to edit available
models. Candidates were assessed for likelihood of orthology to the
family of interest by scoring for domain composition and best
BLASTp matches to sequences in the NCBI RefSeq database
(http://blast.ncbi.nlm.nih.gov/Blast.cgi) (Altschul et al. 1997; Pruitt
et al. 2007). In some cases, an in-house trace assembly pipeline
was used to derive missing sequence information for local gaps or
breaks in the genomic contigs (Larroux et al. 2007). See supporting
information File S1 for the A. queenslandica sequences used in
this study.

Comparative genomic analyses

We searched fungal, M. brevicollis, T. adhaerens and N. vectensis
genomes for orthologs of the genes analyzed in Amphimedon using
BLASTp (against predicted protein sets), tBLASTn (against
genomic scaffolds/contigs) and combinatorial domain searches
(against predicted protein sets) (Putnam et al. 2007; King et al.
2008; Srivastava et al. 2008). Fungal BLASTp and tBLASTn
searches were conducted using the NCBI fungi genomes BLAST
tool  (http://www.ncbi.nlm.nih.gov/sutils/genom_table.cgi?organ
ism =fungi) and domain searches were performed with SMART
in genomic mode (http://smart.embl-heidelberg.de/smart/set_
mode.cgi’GENOMIC=1) (Letunic et al. 2009). These databases
allowed for searches against genomes from multiple fungal species
(BLASTp-50+species, tBLASTn-90+species, SMART-14 species).
BLAST searches in Monosiga, Nematostella, and Trichoplax were
carried out using the relevant BLAST tools available at the JGI
(http://genome.jgi-psf.org/) and/or the NCBI BLAST website.
Domain searches for these genomes were performed using the
advanced search feature on the JGI genome homepages and
the architecture analysis function on the SMART annotation of
M. brevicollis website (http://smart.embl.de/Monosigia/index.html)
(King et al. 2008). In some cases, we consulted the Hydra ma-
gnipapillata genome to confirm the results of surveys in Nemato-
stella (Chapman et al. 2010). BLASTp searches were conducted
using the NCBI BLAST server and tBLASTn searches using
the Hydra BLAST tool on Metazome (http://hydrazome.meta
zome.net/search.php?show = blast&db =hydra_072606).

Promising hits were scored as for Amphimedon. In cases where
gene models were obviously truncated or lacking important do-
mains we used GenomeScan (Yeh et al. 2001), GeneMark.hmm
ES-3.0 (Lomsadze et al. 2005) or direct translations to edit
available models. See supporting information Files S2-S4 for the
M. brevicollis, T. adhaerens, and N. vectensis sequences used in this
study.

Phylogenetics

Sequences for phylogenetic analysis were obtained from the sources
listed above, from the NCBI RefSeq database or from the Broad
Institute (http://www.broadinstitute.org/). Alignments were con-
structed with ClustalX v2.0.10 and manually edited with MacClade
4.07 (Maddison and Maddison 2005; Larkin et al. 2007). Sequences
with gaps caused by suspected modeling errors were replaced by
alternative models, edited or discarded from the alignment.
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Distance neighbor-joining (NJ) analyses with 1000 bootstraps were
performed using PHYLIP v3.68 (Felsenstein 2005). For the Star-
dust/membrane palmitoylated protein (MPP)/Dlg phylogeny, a
maximum likelihood (ML) analysis with 100 bootstraps was con-
ducted using the PhyML v3.0 online web server (http://www.atgc-
montpellier.fr/phyml/) (Guindon and Gascuel 2003), with the LG
model recommended by ProtTest v2.2 (Abascal et al. 2005). For
the Stardust/MPP/Dlg phylogeny, Bayesian analyses were con-
ducted using MrBayes v3.1.2 (Ronquist and Huelsenbeck 2003)
with the Jones-Taylor-Thornton model, a proportion of invariable
sites and a y-shaped distribution of rates. Two runs were performed

for 5 million generations with default sampling parameters, and
compared. A burn-in of 25% was discarded.

RESULTS

Amphimedon orthologs of bilaterian “epithelial”
genes fit into two main functional categories
Figure 1 summarizes the results of a survey for apical-basal
polarity, junction, and basal lamina genes in the Amphimedon
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Fig. 1. Cell polarity, junction, and basal lamina genes in Amphimedon. Proteins depicted in color are encoded by predicted genes from the
Amphimedon genome, while those shown in gray represent bilaterian proteins for which no clear Amphimedon orthologs were found. The
domain diagrams accurately reflect domain composition and order but do not reflect domain numbers. For accurate domain diagrams refer
to Fig. 2 and supporting information Figs. S1-S8. Putative protein—protein interactions predicted from studies in bilaterians are depicted
where the relevant domain or binding motif is conserved in Amphimedon. For Par-3, there is no consensus in the literature as to how the
protein interacts with Par-6 and aPKC (dashed arrows), with direct binding to both proteins having been reported (Izumi et al. 1998; Lin et
al. 2000; Wodarz et al. 2000; Suzuki et al. 2001). TJ, tight junction; ZA, zonula adherens; SJ, septate junction.


http://www.broadinstitute.org/
http://www.broadinstitute.org/
http://www.broadinstitute.org/
http://www.broadinstitute.org/
http://www.atgc-montpellier.fr/phyml/
http://www.atgc-montpellier.fr/phyml/
http://www.atgc-montpellier.fr/phyml/
http://www.atgc-montpellier.fr/phyml/
http://www.atgc-montpellier.fr/phyml/
http://www.atgc-montpellier.fr/phyml/
http://www.atgc-montpellier.fr/phyml/
http://www.atgc-montpellier.fr/phyml/
http://www.atgc-montpellier.fr/phyml/

Fahey and Degnan

genome. For each discrete functional category (polarity, tight
junction, adherens junction, septate junction, basal lamina),
Amphimedon displays a complete or near-complete presence
or absence of the targeted gene complement. In some cases we
have detected related Amphimedon genes that may be capable
of substituting for the functions of genes depicted as absent in
Fig. 1.

Cell polarity genes

Amphimedon possesses a single clear ortholog for each protein
that functions as part of the Par cell polarity determining
pathway in bilaterians (Fig. 1). Proteins encoded by AmgPar-
6 and AmqgaPKC share unique domain architectures with
their bilaterian counterparts (supporting information Figs. S1
and S2, Table S1). AmqPar-3 is distinguishable from numer-
ous other multi-PDZ proteins in the Amphimedon genome
because of its possession of an N-terminal domain conserved
among metazoan Par-3/Bazooka proteins, which has been
shown to be essential for proper localization and function of
the protein in Drosophila and in Madin-Darby canine kidney
cells (Benton and St Johnston 2003; Mizuno et al. 2003; Feng
et al. 2007) (supporting information Fig. S3, Table Sl1).
Finally, AmqgPar-1 forms part of a well-supported clade com-
prising animal and choanoflagellate Par-1 orthologs in a
phylogenetic analysis based on the kinase domain of Par-1
and related CAMKL (nomenclature according to Kin-
Base—http://kinase.com/kinbase/) family kinases (Fig. 2).
In addition to encoding for these four core members of the
Par complex, Amphimedon possesses orthologs of other genes
that act as regulators and effectors of Par signaling. These
include Cdc42, which binds to Par-6 and regulates aPKC ac-
tivity (Yamanaka et al. 2001), and 14-3-3, which interacts
with Par-1 (Goransson et al. 2006; Srivastava et al. 2010).
The Amphimedon genome contains a gene with similarity
to the bilaterian Crumbs family of transmembrane cell po-
larity determining proteins. The predicted extracellular region
of this protein contains a large array of LamG and epidermal
growth factor (EGF) repeats, while the short cytoplasmic
domain possesses most of the conserved residues that define a
functional motif in Drosophila Crumbs (supporting informa-
tion Fig. S4, Table S2) (Klebes and Knust 2000). Interest-
ingly, we identified several loci with nucleotide sequence
highly similar to the extreme 3’ end of the full length Crumbs
coding sequence, suggesting that this region has undergone
duplications in the Amphimedon genome. An assembly of rel-
evant genome traces with stringent conditions indicates that
there may be as many as nine genes encoding Crumbs C-
termini (supporting information Fig. S4). Three of these genes
are clustered within 30 kilobase pairs and lack the majority of
the Crumbs extracellular region coding sequence, suggesting
that they may represent either pseudogenes or genes which
give rise to truncated forms of the Crumbs protein. None of
the N-terminally truncated Crumbs genes possess obvious
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signal peptides indicating that they are unlikely to be func-
tional at the cell surface (despite encoding the transmembrane
region) (supporting information Fig. S4).

With regards to the Crumbs interacting proteins, Stardust/
MPP5 and Patj (orthologous to vertebrate Mpdz and Inadl),
we were able to identify a clear ortholog for Patj. AmqPatj is
the only multi-PDZ protein in the Amphimedon genome that
possesses a similar number of PDZ domains (12) to vertebrate
and nematode Patj proteins (10 or 13) and the N-terminal L27
domain present in bilaterian Patj proteins (supporting infor-
mation Fig. S5, Table S1). The Amphimedon genome encodes
three membrane associated guanylate kinase (MAGUK) pro-
teins with similarity to bilaterian MPP-related proteins
(MPP1-MPP7), the wider family to which Stardust/MPP5
orthologs belong (Fig. 3, supporting information Table S1; te
Velthuis et al. 2007). In a phylogenetic analysis using the Dlg
MAGUK class as an outgroup, only one of these proteins,
AmgMPP2/6, is placed into a well-supported clade with other
metazoan MPP-related proteins (Fig. 3). Three different
phylogenetic methods (distance NJ, ML, and Bayesian) failed
to resolve the position of the other two genes. One of these
genes, AmqMPP5/7, appeared to be most closely related to
the Stardust/MPPS and Skiff/ MPP7 subfamilies and did fall
at the base of a eumetazoan Stardust/MPP5 clade in some
analyses. Therefore, although it cannot be stated that Amp-
himedon possesses a direct ortholog of Stardust/MPPS5, it is
possible that AmqMPP5/7 may be similar enough in sequence
to substitute for some of the known functions of the Stardust/
MPPS protein.

An Amphimedon ortholog of the basolateral polarity de-
terminant, DIg, has been reported elsewhere (Sakarya et al.
2007) and no paralogous genes were identified in this study.
Amphimedon possesses a single gene with the domain archi-
tecture characteristic of bilaterian Scribble/d proteins (N-ter-
minal Leucine rich repeats followed by multiple PDZ
domains), although the predicted protein possesses three in-
stead of four PDZ domains (supporting information Fig. S6,
Table S1). Two genes with similarity to bilaterian Lgl proteins
were identified in Amphimedon (supporting information Fig.
S7). Phylogenetic analysis indicates that these genes may be
lineage-specific duplicates, with both genes falling at the base
of a supported metazoan Lgl clade.

Cell junction genes

The fact that the Amphimedon genome contains orthologs of
the major components of bilaterian adherens junctions is
known from previous studies (Sakarya et al. 2007; Abedin
and King 2008; Adamska et al. 2010). Here, we have cata-
logued the complete complement of Amphimedon cadherins
and searched for the presence of the cytoplasmic catenin-
binding domain, which confers the ability to form linkages
between sites of cell contact and the actin-based cytoskeleton.
We confirm that of the 17 cadherin genes encoded by the
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Amphimedon genome, only the previously reported sequence
(here referred to as AmqgCadherinl) contains the catenin-
binding domain (Table 1; supporting information Tables S2
and S3). We detected a single additional a-catenin-related
gene in the Amphimedon genome not reported in previous
studies. AmqaCateninl is the protein most closely related to
bilaterian a-catenin, with phylogenetic analyses placing it at
the base of a well-supported clade containing eumetazoan o-
catenin-like proteins (Fig. 4, supporting information Fig. S8).
AmgqaCateninl contains a stretch of sequence in the middle of
the Vinculin domain that is absent from bilaterian o-catulin
proteins, and for this reason we have designated it as a-cat-
enin, despite the fact that it may be directly orthologous to
both families. AmqaCatenin2 groups with related proteins
from Trichoplax and Nematostella in a clade, which lacks
bilaterian representatives. This clade appears to be more
closely related to the Vinculin family—of which there is an
Amphimedon representative—than to a-catenin and may rep-
resent a distinct family that has been lost in all or multiple
bilaterian lineages.

As expected, we did not find any Amphimedon orthologs of
proteins that contribute to vertebrate tight junctions. How-
ever, profile-based searches did allow for the identification of
a member of the wider PMP-22/EMP/MP-20/Claudin super-
family to which vertebrate Claudins and nonvertebrate Clau-
din-related proteins belong. AmqClaudinSF contains the four
transmembrane regions and conserved motif that characterize
the superfamily and is of a similar length to bilaterian PMP-
22/EMP/MP-20/Claudin proteins (supporting information
Fig. S9). Outside of the conserved motif, members of this
family display little sequence similarity to one another, making
it difficult to make conclusions regarding orthology. Some
Drosophila Claudin-related proteins have been claimed to rep-
resent direct orthologs of vertebrate Claudins (Behr et al. 2003;
Wu et al. 2004) and at least one of these sequences does possess
a PDZ-binding motif at the C-terminus that is conserved in the
Claudin family. AmqClaudinSF lacks a C-terminal PDZ-bind-
ing motif and does not display greater similarity to Claudins
than to other PMP-22/EMP/MP-20/Claudin proteins.

No clear orthologs of the major adhesive proteins of
nonvertebrate bilaterian septate junctions were located in the
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Amphimedon genome. No known Amphimedon predicted
proteins possess the domain architecture characteristic of
the Neurexin IV/CASPR family. Similarly, none of the many
predicted immunoglobulin (IG) and fibronectin type III
(FN3) domain containing cell adhesion molecules (CAMS) in
the Amphimedon genome were considered similar enough in
terms of sequence similarity and domain architecture to qualify
as clear orthologs of bilaterian Contactin or Neuroglian
CAMS.

Basal lamina genes

Finally, of the four surveyed basal lamina components (col-
lagens IV and XV/XVIII, laminins o, B, and vy, nidogen, and
perlecan) we were only able to detect genes encoding for
laminin-related proteins in the Amphimedon genome. These
encoded predicted secreted proteins with various combina-
tions of laminin domains (Laminin N-terminal, Laminin IVA,
Laminin IVB, Laminin o 3/5, Laminin-type EGF, and
LamG) and a C-terminal region with similarity to the
coiled-coil trimerization region of bilaterian laminins (sup-
porting information Fig. S10, Table S2). Interestingly, none of
these proteins possesses a domain architecture that is directly
comparable to one of the four well-characterized bilaterian
laminin isoforms (called isoforms but encoded by different
genes), o 1/2, o 3/5, B, and 7y (Srivastava et al. 2010).
The architecture of AmqlLamy-like is similar to that of bila-
terian laminin vy, however, it possesses a short cysteine and
glycine rich stretch in the middle of the coiled-coil region,
which strongly resembles the Laminin -knob domain specific
to bilaterian laminin B proteins (Beck et al. 1993; Tzu
and Marinkovich 2008). In addition, phylogenetic analyses
provide no support for an orthologous relationship between
AmgLamy-like and eumetazoan laminin vy proteins (data not
shown).

Comparative genomic analyses reveal that genes
contributing to epithelial structure in bilaterians
were predominantly metazoan or eumetazoan
innovations

In order to track the evolutionary history of the genes shown
in Fig. 1 we searched for orthologs in the genomes of

Fig. 2. Structure and molecular phylogeny of Par-1. (A) SMART domain diagrams for AmqPar-1 and Drosophila Par-1. S_TKc, Serine/
Threonine protein kinases, catalytic domain; UBA, Ubiquitin associated domain; KA1, Kinase associated domain 1. (B) Phylogenetic
analysis of the CAMKL kinase family based on alignment of the kinase domain. At key nodes are shown the percentage of bootstrap
support by distance neighbor-joining (NJ) with 1000 replicates. Bootstrap values >50% are shown. Text labels indicate subfamilies
(nomenclature according to KinBase), species-specific expansions and single sequence names, with the letters in brackets indicating the
phylogenetic distribution of sequences within a labeled clade: e, eukaryotic; f, fungal; h, holozoan; m, metazoan; eu, eumetazoan. Re-
lationships within the Par-1/MARK clade are depicted in greater detail in the bottom left of the figure, with all bootstrap values >50%
shown. Amq, Amphimedon queenslandica; At, Arabidopsis thaliana; Ce, Caenorhabditis elegans; Ci, Ciona intestinalis, Dd, Dictyostelium
discoideum; Dm, Drosophila melanogaster; Hm, Hydra magnipapillata; Hs, Homo sapiens, Mb, Monosiga brevicollis; Nv, Nematostella
vectensis; Sp, Strongylocentrotus purpuratus; Ta, Trichoplax adhaerens; Tt, Tetrahymena thermophila. Other species included in the analysis
but not labeled on the tree include Neurospora crassa, Saccharomyces cerevisiae, and Schizosaccharomyces pombe.
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multiple fungi, a choanoflagellate, a placozoan, and a cnid-
arian, and compared our results with published data for rep-
resentative bilaterians (Fig. 5). Our analyses yield a minimal
estimate of the ancestral gene complement at each of the
nodes depicted in Fig. 5. It is important to note that for
genomes other than Amphimedon we analyzed only the best
matches for unambiguously identified orthologs, and that
therefore accompanying sequences (supporting information
Files S2-S4) do not represent complete catalogues of the rel-
evant genes from each genome.

We did not find any direct orthologs of the genes from our
list in fungal genomes. Fungi have been reported to possess
homologs of Par-1 (Drewes et al. 1997; Drewes and Nurse
2003; Elbert et al. 2005), however, our phylogenetic analysis
of the kinase domain does not recover a sister group rela-
tionship between these proteins and holozoan Par-1 repre-
sentatives (Fig. 2B). Fungal kinl and kin2 proteins do share a
C-terminal regulatory domain with animal Par-1 proteins (the
KA1 domain) but this domain is also found in related kinases
that fall into distinct subfamilies of the CAMKL family
(e.g., Arabidopsis AKIN10 and human Maternal embryonic
leucine zipper kinase) (Fig. 2). In our analysis, fungal kinl and
kin2 proteins do not group within any clear subfamily and it
remains possible that their actual phylogenetic relationships
have been obscured by considerable levels of sequence diver-
gence within the kinase domain. Fungi also possess a Lgl/
Tomosyn-related gene (two genes in Saccharomyces cerevi-
siae). In a phylogenetic analysis of this family, the fungal
proteins and all other nonmetazoan Lgl/Tomosyn proteins
are excluded from two well-supported clades representing the
metazoan Lgl and Tomosyn families (supporting information
Fig. S7). These data suggest that the metazoan Lgl and Tom-
osyn families arose through duplication from a single precur-
sor before metazoan cladogenesis, as has been suggested
previously (Kloepper et al. 2008).

The M. brevicollis genome contains only two genes that are
direct orthologs of genes from our target list, MbPar-1 and
MbDIg. Both show strong similarity to representatives from
the corresponding animal gene family and were confidently

<
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grouped with members of that family in phylogenetic analyses
(Figs. 2B and 3B). The Monosiga genome also encodes several
genes related to our genes of interest, namely MbMPP?7,
MbLgl/ Tomosyn, MbVinculin, and MbLaminin-like. Phyloge-
netic analyses failed to resolve the position of MbMPP7,
with some methods placing it at the base of all metazoan
MPP-related proteins and others placing it within the
SkifffMPP7 subfamily or basal to a clade containing Skiff/
MPP7 and Stardust/MPP5 sequences (Fig. 3B). As with other
nonmetazoan Lgl/Tomosyn-related proteins, MbLgl/Tom-
osyn was excluded from both the metazoan Lgl and
Tomosyn clades and did not possess greater affinity to
either (supporting information Fig. S7). In our phylogenetic
analysis of the Vinculin and o-catenin family, MbVinculin
grouped with metazoan Vinculin proteins with good support
(Fig. 4). The only other nonmetazoan Vinculin/o-catenin-
related protein identified in Genbank, Dictyostelium discoid-
eum vinculin A, did not cluster with the Vinculin family and
therefore it cannot be concluded that metazoan Vinculin and
o-catenin proteins arose from a Vinculin-like precursor.
Finally, MbLaminin-like resembles metazoan laminin pro-
teins in its possession of an N-terminal LamNT domain, a
series of LamEGF repeats and a sequence with likelihood for
coiled-coil formation (mediates laminin subunit trimerization)
(Srivastava et al. 2010). However, as with the laminin-related
proteins identified in Amphimedon, MbLaminin-like is
not comparable to any of the bilaterian laminins in terms of
domain architecture.

A comparison of the gene set from Amphimedon with that
from fungi and Monosiga reveals genes or families that are
likely to have arisen along the metazoan stem. Unambiguous
metazoan innovations include Par-3, Par-6, aPKC, Crumbs,
Patj, Scribble/d, classic/adherens junction type cadherin, and
p120/6-catenin. In addition, Lgl and a-catenin appear to be
metazoan-specific families that arose through the duplication
and divergence of premetazoan precursors.

Finally, our results suggest that Stardust/MPP5, Neurexin
IV/CASPR, Neuroglian, collagen XV/XVIII, laminin o, la-
minin B, laminin y, nidogen, and perlecan are all eumetazoan

Fig. 3. Amphimedon membrane palmitoylated protein (MPP)-related proteins. (A) SMART domain diagrams for Amphimedon MPP-
related proteins and relevant MPP-related proteins from Drosophila and humans. AmgM PP2/6b is so named because it is located adjacent
to the MPP2/6-related gene, AmgMPP2/6, on a contig. It is unclear whether the Calponin homology (CH) and PDZ domains at the N-
terminus of AmgMPP5/7 belong to the same gene or to an adjacent gene. One isoform of Drosophila Stardust (Isoform G) also encodes an
N-terminal PDZ (pictured). Pictured Drosophila proteins represent single orthologs for each of the MPP5 (Stardust), MPP7 (Skiff), and
MPP2/6 (Varicose) subfamilies. In cases where the domain architecture of the Drosophila protein is not representative of the subfamily, one
of the human paralogs is also displayed. L27, domain in receptor targeting proteins Lin-2 and Lin-7; SH3, Src homology 3 domains; GuKc,
guanylate kinase domain. (B) Phylogenetic analyses of the MPP-related MAGUK class based on alignment of the SH3 and guanylate
kinase (GUK or GuKc) domains. Trees generated by distance neighbor-joining (NJ) (left), maximum likelihood (ML) (middle), and
Bayesian (right) analyses are shown. Trees were rooted using the Discs large (Dlg) class as the outgroup. For each node, values above the
branch represent the percentage of bootstrap support obtained by distance NJ with 1000 replicates or by ML with 100 replicates. For the
ML tree, asterisks represent aLRT values (SH-like method) >0.9. For the Bayesian tree, asterisks represent posterior probabilities > 0.95.
For Monosiga, Trichoplax, and Nematostella MPP-related proteins, sequence names were based on initial observations of BLAST similarity
and may not accurately reflect the observed placement in the phylogenetic analyses. Refer to Fig. 2 legend for species name abbreviations.
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Table 1. Amphimedon Cadherin domain containing genes

Gene model' Domains>?

Top BLAST hit

g13768.t1 (edited) (Aqul.212079)

snap.38132 (Aqul.216652)
2 x LamG, TM
ren.15543 (Aqul.217020)
1Ge2, IG, 2 x EGF, TM
snap.54997 (Aqul.224307)

Aqul.227599 7 x Cadherin, TM
aqg_kal3411x00790 (Aqul.220982)

aq_kal13273x00330 (Aqul.216632)

SignalP, 14 x Cadherin, 13 x EGF,

2 x LamG, TM, Cadherin_C

SignalP, very many Cadherin, 2 x EGF,
Hedgehog signal, VWA, 12 x Cadherin,
5-6 x Cadherin, 3 x EGF, 2 x LamG,
LamEGF, GPCR family 2 extracellular
domain (HRM), GPS, 7 x T™

SignalP, 10 x Cadherin, TM

5 x Cadherin, 2 x LamG, EGF, TM

Vertebrate FAT tumor suppressor 1
Vertebrate FAT tumor suppressor homolog 1
Nematostella FAT Tumor suppressor 4 like

Insect Protocadherin-like wing polarity protein stan
precursor (Protein starry night) (Protein flamingo)

Vertebrate cadherin, EGF LAG seven-pass G-type
receptor 2

Nematostella FAT tumor suppressor homolog

4 like

Vertebrate protocadherin 2 alpha b 5

aq_ka13433x00220 (Aqul.221884)
snap.61946 (Aqul.227600)
ren.15682 (Aqul.225106)

SignalP, very many Cadherin, TM
SignalP, very many Cadherin, TM
SignalP, very many Cadherin, TM

Vertebrate FAT tumor suppressor homolog 4
Vertebrate FAT tumor suppressor homolog 4
Vertebrate FAT tumor suppressor homolog 4

aq_ka13478x00870 (Aqul.224598)
aq_ka13434x00540 (Aqul.221984)

Very many Cadherin, TM

TM, ZF-MYND
aq_ka13448x00660
aq_kal3514x00590 (Aqul.228397)
aq_ka13490x00420 (Aqul.225649)
aq_kal3423x00300 (Aqul.221460)
snap_lcmask.38703 (Aqul.222292)

Very many Cadherin, TM

SignalP, very many Cadherin, TIG, FN3,
SignalP, very many Cadherin, 2 x EGF
SignalP, very many Cadherin, 2 x LamG

EGF, very many Cadherin, TM
SignalP, 2 x Cadherin, IG, FN3, TM

Vertebrate cadherin-like 23
Vertebrate Fat tumor suppressor homolog 4

Nematostella Fat4 like

Vertebrate Fat tumor suppressor homolog 4
Vertebrate Fat tumor suppressor homolog 4
Nematostella Fat4 like

Vertebrate protocadherin 19

!Gene model identifiers are listed for the chosen gene model and for the corresponding Aqul model in brackets.
’Domains and features are listed in order of appearance in the protein from N-terminus to C-terminus. The lists do not accurately reflect the domain

architecture of each protein.
3SignalP, N-terminal signal peptide for secretion.
TM, transmembrane domain.

innovations. Although not found in Amphimedon, a collagen
IV gene has been found in the homoscleromorph sponge,
Pseudocorticium jarrei, suggesting that the origin of this type
of collagen predates the Eumetazoa (Boute et al. 1996). Pro-
posed sponge paraphyletic phylogenies have the homo-
scleromorph lineage distinct from other demosponges and
more closely related to eumetazoans (Sperling et al. 2009),
raising the possibility that the collagen IV gene is a
eumetazoan+homoscleromorph (i.e., epitheliozoan) synapo-
morphy. Although we were able to locate putative orthologs
for the majority of polarity, adherens junction, septate junc-
tion, and basal lamina genes in Nematostella, we were unable
to detect an unambiguous Nematostella Contactin gene. This
was also the case with Hydra and Trichoplax genomes. All
three genomes encode a large number of IG and FN3 do-
main containing CAMs but none were considered similar
enough to Contactin to pass as a clearly identified ortholog
for that gene. Considering that cnidarians are thought to
possess septate junctions (Magie and Martindale 2008), it is
possible that some other CAM is able to substitute for the
function of bilaterian Contactin in these organisms.

Epithelial genes were predominantly assembled
from preexisting domains with the occasional
incorporation of novel domains and motifs

We further investigated the evolution of our genes of interest
by classifying each gene on the basis of mode of origin (sup-
porting information Fig. S11). We used the classification
system defined in Putnam et al. (2007) for the description
of novel eumetazoan genes. Briefly, Type I novelties represent
entirely novel sequences, Type II novelties represent the com-
bining of ancestral and new domains, and Type III novelties
represent new domain architectures assembled from ancestral
domains. We expanded these categories to include Type 0
and Type IV. Type 0 novelties represent genes and families
that are not distinguished by unique domain architectures
and that are likely to have arisen through duplication
and divergence of similar ancestral genes. Type IV novelties
are a special case in which the representatives from early-
branching metazoan lineages are recognizable as orthologs of
characterized bilaterian genes but contain additional or miss-
ing domains.
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Fig. 4. Phylogenetic analysis of o-catenin- and Vinculin-related
proteins based on alignment of conserved regions within the Vi-
nculin domain. Values at each node represent the percentage of
bootstrap support obtained by distance neighbor-joining (NJ)
with 1000 replicates. Refer to Fig. 2 legend for species name
abbreviations.

The majority of genes analyzed here (all except Neurexin
IV/CASPR) were classified as Type 0, Type II, or Type III
novelties. Evolution of these gene families involved the in-
corporation of preexisting ancestral domains with novelty
arising from new domains and motifs, new domain combi-
nations or sequence differentiation.

Only Type II novelties involve the addition of novel
domains. Type II gene families include those such as Par-3
and Crumbs for which novel family-specific domains
or motifs differentiate them from genes with similar domains.
Other Type II gene families originated when evolutionarily
novel domains were assembled with preexisting domains into
new combinations. For example, while Amphimedon possesses
all of the constituent domains for perlecan except for the
eumetazoan-specific SEA domain (domain found in sea ur-
chin sperm protein, enterokinase, agrin), these domains are
not found together in a perlecan-like gene.

Type 0 novelties include genes, which evolved through
duplication and divergence, like Stardust/MPPS and Lgl, for
which domain architectures are indistinguishable from those
of paralogous families. They also include genes like p120/6-
catenin and Neuroglian that probably evolved through du-
plication and sequence divergence from an ancestral gene with
a similar architecture.
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Genes such as Par-6 and aPKC, in which ancestral do-
mains are combined together for the first time, represent typ-
ical Type III novelties. Also included as a Type III novelty is
the Dlg family. Although DIg shares a set of domains with
MPP-related proteins, it possesses a unique number and ar-
rangement of these domains.

We identified only one case of a Type IV novelty. Neurexin
IV/CASPR orthologs from both Nematostella and Trichoplax
genomes lack an N-terminal Discoidin (FA58C) domain but
resemble bilaterian Neurexin IV orthologs in all other respects.
The Discoidin domain is an extracellular carbohydrate-bind-
ing domain and therefore its absence is likely to affect the
adhesive properties of the protein.

DISCUSSION

Demosponges encode molecular components
necessary for epithelial cell adhesion and polarity

In comparison with a typical bilaterian epithelium, Amphime-
don possesses a near-complete complement of the known
proteins that act to establish cellular apical-basal polarity and
form adherens junctions. Despite sponge and eumetazoan
lineages having diverged over 600 million years ago, many of
the genes have maintained conserved sequence elements that
have been shown to be necessary for protein function, local-
ization, and protein—protein interactions in model bilaterians.
This suggests that these orthologs, pathways, and complexes
have the potential to operate in a conserved fashion in Amp-
himedon. However, it would be premature to conclude on the
basis of sequence data alone that the Amphimedon genes
identified here must be involved in establishing cell polarity
and forming junctional structures resembling the zonula ad-
herens of bilaterian epithelial cells. As with many metazoan
developmentally regulated genes, members of the Crumbs,
Par, and Scribble/d complexes, have multiple context-depen-
dent roles in the animals in which they have been studied. The
majority of these roles are indeed polarity-related (e.g., the
Par complex in asymmetric division of the oocyte in C. eleg-
ans, the Par complex and Lgl in asymmetric division of ne-
uroblast precursors in Drosophila, the Crumbs complex in
polarity of photoreceptor cells in Drosophila and vertebrates),
however, without data from nonbilaterian outgroups, it is
impossible to know which were the ancestral functions and
which are derived (Omori and Malicki 2006; Suzuki and
Ohno 2006). Similarly, the proteins that form the zonula ad-
herens of bilaterian epithelial cells, can give rise to spot-form
adherens junctions in nonepithelial cells like neurones (synap-
tic junctions) and fibroblasts (Yagi and Takeichi 2000;
El Sayegh et al. 2007).

We failed to identify a clear ortholog of the Crumbs in-
teracting protein, Stardust/MPPS5, in Amphimedon by phylo-
genetic analysis. The Amphimedon protein that appears most
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closely related to the Stardust/MPPS family, AmqMPP5/7,
possesses the domains which mediate binding to Patj, Lin-7,
and Crumbs in bilaterian Stardust/MPP5 proteins (Fig. 3; Bit-
Avragim et al. 2008). However, these do not appear obviously
more similar in sequence to Stardust/MPP5 proteins than to
the same domains found in Skiff/MPP7 proteins. The protein
also lacks the N-terminal Par-6 binding motif that is con-
served among bilaterian Stardust/MPP5 proteins (Fig. 3;
Penkert et al. 2004). In summary, although it is possible that
one of the Amphimedon MPP5/7-related proteins may substi-
tute for the functions of Stardust/MPP5 in apical-basal po-
larity determination, there is no clear evidence based on
sequence data to suggest this.

In contrast to Trichoplax and Nematostella, we were un-
able to find convincing Amphimedon orthologs for the ma-
jority of septate junction and basal lamina genes. These results
are consistent with the fact that these structures have not been
widely observed by electron microscopy in demosponges.
Reports of septate-like junctions in demosponges involve
various cell types (Leys et al. 2009), and are often uncon-
vincing. Clear septate junctions have been observed in cal-
careous sponges, where they appear to be involved in sealing
between cells involved in extracellular spicule calcite depo-
sition (Ledger 1975). As discussed previously, convincing
evidence for the presence of a basal lamina is also restricted
to certain taxa within the Porifera, in this case the homo-
scleromorphs, which are traditionally assigned as a group
within the Demospongiae. The evolutionary significance of
the absence of septate junctions, basal lamina, and their
associated molecular components in Amphimedon hinges
on the phylogenetic position of Calcarea and Homo-
scleromorpha with respect to other demosponges. If the
Porifera is monophyletic, as most recently proposed by Phil-
ippe et al. (2009), then the absence of these traits may be
derived in Amphimedon and most other demosponge clades. If
these sponges are paraphyletic (e.g., Sperling et al. 2009), then
these may represent characters that evolved in the clade con-
taining the Calcarea, Homoscleromorpha, and Eumetazoa
after it diverged from the lineage comprising the majority of
demosponges. Whatever the evolutionary implications of
these results, we can present a conservative estimate of the
gene complement of the last common ancestor (LCA) to all

<
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extant animals and a working estimate of the total genes
present in Amphimedon.

Despite lacking some key basal lamina components, Amip-
himedon does possess a set of unique laminin-related genes.
Although none of these are quite reconcilable with the
laminin o, B, and y forms of bilaterians, it appears that they
may be able to form similar heterotrimer structures with one
another. Conserved cysteine residues at the N- and C-termini
of the coiled-coil regions are in comparable positions to those
that appear to form interchain disulfide bonds in vertebrate
laminins (Beck et al. 1993). An Amphimedon laminin hetero-
trimer could interact with cell surface receptors like integrin
and dystroglycan, which are both present in Amphimedon,
through the LamG domains at the C-terminus of the Amq-
Lama3/5-like chain (Miner and Yurchenco 2004; Srivastava
et al. 2010). However, it is possible that the lack of a well-
conserved LamNT domain in the o 3/5-like chain may neg-
atively affect the ability of the heterotrimer to self-polymerize
into a stable supportive network (Cheng et al. 1997).

In summary, we find that the demosponge, Amphimedon,
contains the necessary molecular components to form polar-
ized layers of cells with stabilizing adherens junctions, but
does not contain the machinery needed to make structures
homologous with the occluding junctions or basal lamina of
bilaterian epithelia. These data suggest that epithelial-like
layers of Amphimedon and other demosponges may share
some but not all of the conserved characteristics of
eumetazoan epithelia. It remains to be explored whether
sponge tissues make use of a unique set of proteins and sub-
cellular structures to achieve functions such as sealing and
integration.

Origins of epithelial genes and domains

Genome surveys conducted on representatives from fungi,
choanoflagellates, placozoans, and cnidarians, allowed us to
generate hypotheses on the points of origin for key epithelial
genes. We stress that these hypotheses remain tentative
because instances of lineage-specific gene loss, as well as the
possibility of gaps in genome sequencing projects, may con-
found attempts to accurately reconstruct the history of genes
and their domains.

Fig. 5. Evolutionary origin of bilaterian epithelial genes. The distribution of orthologs of bilaterian epithelial genes is shown superimposed
on a species tree for the organisms in which genomes were surveyed. Brackets on the left represent functional interrelationships between the
proteins as indicated by studies in bilaterian model organisms. Aberrant orthologs are defined as those with obvious minor differences in
domain composition or domain numbers with respect to bilaterian representatives or those with gaps in underlying genome contigs that
compromise the prediction. In summary: AmqPar-3, gaps in prediction in PDZ encoding region; TaPar-3, missing one of three PDZ
domains; TaaPKC, gap in prediction in presumed protein kinase C conserved region 1 (C1) encoding sequence; AmqCrumbsC2, extra
LamG domain at N-terminus; AmgqScribble, missing one of four PDZ domains; NvDlg, extra SH3 domain; TaNeurexinlV and
NvNeurexinlV, missing N-terminal Discoidin domain; NvNeuroglian, missing one of six IG domains; NvCollagenXV/XVIII, missing a
LamG/Thrombospondin N-terminal-like (TSPN) domain; TaLamal/2-like, missing two of five C-terminal LamG domains; TaPerlecan,
missing one of three C-terminal LamG domains; NvPerlecan, in two fragments that can’t be assembled (both located at the end of their
respective contigs). Eumetazoans s.s., eumetazoans sensu strictu (Bilateria+Cnidaria).
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In general the genes surveyed here were found to be meta-
zoan-specific, with only Par-1 and Dlg, observed to predate
the divergence of choanoflagellate and metazoan lineages.
Almost all genes contained domains that antedate the Meta-
zoa, with novelty being generated through sequence diver-
gence, domain shuffling, and addition of novel metazoan-
or eumetazoan-specific domains (supporting information Fig.
S11). Premetazoan domains included protein—protein interac-
tion and signaling domains such as PDZ and Serine/Threo-
nine Kinase as well as cell adhesion and extracellular matrix-
related domains such as Cadherin, LamG, EGF, and 1G.

The fact that most of the polarity genes evolved after the
divergence of metazoan and choanoflagellate lineages suggests
that animals use a largely novel set of proteins for generating
and regulating cell polarity. However, these proteins un-
doubtedly made use of preexisting mechanisms for generating
polarity. For example, Par-6 binds to and requires Cdc42, an
opisthokont-specific protein that is involved in generation of
cell polarity in yeast (Etienne-Manneville 2004).

Our results indicate that the majority of genes included in
our analysis were already in place before the divergence of the
early eumetazoan lineages, Placozoa and Cnidaria, from the
stem leading to the crown bilaterians, indicating that animals
within these groups contain most of the necessary compo-
nents needed to make true epithelial tissues. This is consistent
with observations of ultrastructure and immunochemical re-
activity in cnidarians (Thomas and Edwards 1991; Sarras
et al. 1994; Shimizu et al. 2008). The fact that the Trichoplax
genome has maintained a copy of all the main basal lamina
genes, suggests that these are used at some stage of the life
cycle, despite the fact that no basal lamina or extracellular
matrix of any kind has been observed in adult forms (Grell
and Ruthmann 1991). Although we did not find all compo-
nents of septate junctions in the genome of Nematostella and
Trichoplax, it is possible that a related molecule may substi-
tute for the function of the missing genes in the septate junc-
tions of these organisms. The absence of a Contactin gene in
these genomes and of the N-terminal Discoidin domain in the
Nematostella and Trichoplax Neurexin IV/CASPR orthologs,
suggests that the adhesive and barrier properties of cnidarian
and placozoan septate junctions may be quite different to
those of bilaterians.

CONCLUSIONS

As an outgroup to the Eumetazoa, sponges are uniquely
placed to provide insight into the evolution of epithelial tis-
sues and other shared derived eumetazoan traits. As with all
other metazoans, morphogenesis, and morphostasis of the
sponge body plan appears to be reliant on entrained cell-cell
and cell-matrix interactions largely mediated by proteins on
the cell surface. Sponges clearly possess cohesive and inte-
grated cell layers in both larval and adult forms. With the

Amphimedon genome encoding components to (i) confer api-
cal-basal cellular polarity, (ii) build adherens junctions, (iii)
synthesise a collagen-based extracellular matrix (Exposito
et al. 2008) consisting of proteoglycans (Fernandez-Busquets
and Burger 2003; Srivastava et al. 2010) and a suite of la-
minin-like factors, and (iv) anchor to the extracellular matrix
(e.g., integrins), we infer that the metazoan LCA had the
capacity to form cell layers that functioned in a manner sim-
ilar to extant epithelia. Nonetheless, it remains unclear if all
aspects of sponge epithelial-like layers can be considered ho-
mologous to eumetazoan epithelia or whether they represent a
parallel approach to the problem of integration and com-
partmentalization.
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