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Summary
Large-scale species comparisons at genome and
expressed sequence tag (EST) levels have revealed that
early branching metazoans such as sponges and cnidar-
ians share many if not most of their genes with the
allegedly advanced vertebrates including man. The
ancestor of all animals may thus have been much more
complex than anticipated. To facilitate and support
analysis of genomic and transcriptomic resources in
early branching metazoans, we have established a
local bio-computational platform, Compagen (http://
www.compagen.org). The platform contains searchable
databases with selected raw genomic and EST sequence
datasets from sponges and cnidarians up to the lower
vertebrates. In addition to the public datasets, Compagen
also provides processed data like CAP3 assembled
ESTs or predicted peptides. Evaluating the efficacy of
the platform by screening for genes reported to be
essential in controlling stem-cell behavior in higher
organisms uncovered ancient origins for some but not
all components of the vertebrate stem-cell system.
BioEssays 30:1010–1018, 2008.� 2008 Wiley Periodicals,
Inc.

Introduction

One of the major challenges in developmental biology is to

understand how cells become specified and organized in

complex tissues. While studies in bilaterian animals such as

Drosophila and C. elegans in the last decade have shown that

just a few signaling pathways generate most of the cellular and

morphological diversity during the development of individual

organisms,(1) only comparative data from more basal animals

provide information for reconstructing the early history of

bilaterian developmental mechanisms (Fig. 1). Cnidaria are

the sister group to the Bilateria(2,3) and are the first in evolution

to have a defined body plan, a nervous system and a tissue

layer construction. One of the surprising discoveries in the last

5 years was the observation that Cnidaria not only have about

the same number of genes as human and share most of their

genes with human(4,5) but that their protein sequences are

often more similar to mammalian sequences than to those of

fly and worm.(6,7) Genes previously thought to have evolved in

the deuterostome branch due to their absence in flies and

worms, unexpectedly were found to be present and to function

in an equivalent manner in cnidarians.(4,8) Early-branching

metazoans, therefore, not only have preserved much of the

genetic complexity of the common metazoan ancestor but also

appear to be highly informative with respect to tracing the

evolutionary origin of developmental control genes.(9)

Until recently, investigations in early-branching metazoans

were hindered by the absence of representative molecular

datasets like genome sequences or sequenced transcrip-

tomes. Within the last few years, novel computational tools and

the development of genomic resources such as large-scale

EST Projects as well as genome projects with assembled draft

genome sequences (Fig. 1) have brought a new perspective

on the developmental capacities of early metazoan animals.

To facilitate access and analysis of genomic and trans-

criptomic data in these organisms, we have established a

local bio-computational platform, Compagen. The sequence

databases at Compagen contain selected raw genomic and

EST sequence datasets from sponges and cnidarians up to

the lower vertebrates. In addition to the public datasets,

Compagen also provides already processed data like

assembled EST datasets or predicted peptides. Compagen

allows researchers not only to more quickly refine their data

but provides also the ‘‘virtual data’’ for all those interested in
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studying the evolutionary origin of developmental control

genes.

Genomic resources in early-branching

metazoan animals

The unicellular choanoflagellates represent the closest known

relatives of metazoans (Fig. 1).(10) Their notable similarity to

the feeding cells of sponges, the choanocytes, led taxonomists

early on to the idea that there must be a close relationship

between both organisms. In the past, several molecular

phylogenetic approaches investigating the position of choano-

flagellates in the tree of life supported this by comparing their

mitochondrial genomes to those of sponges, cnidarians

and other metazoan animals.(10,11) Finding a proportion of

metazoan homologs expressed in choanoflagellates endorses

this view.(12–15) At the beginning of this year, the draft genome

of the choanoflagellate Monosiga brevicollis was released(16)

and promised deeper insights into the transition from

unicellular organisms to multicellularity. The assembled

genome sequence together with transcriptional data (ESTs)

and predicted gene models are accessible and searchable

through a common genome browser on the webpage of the

Joint Genome Institute.(16)

Trichoplax adhaerens, a member of the Placozoa (Fig. 1),

represents one of the earliest branching metazoan taxa of the

animal kingdom.(17) Exhibiting an extremely simple body plan

generated by only four somatic cell types,(18) together with its

taxonomic position, makes it a suitable model to study the

transition from unicellular to multicellular animals. The dis-

covery of evolutionary conserved developmental genes(19,20)

points towards a reduced complexity in gene families compared

to higher metazoans. Sequencing of the Trichoplax mitochon-

drial genome(17) consolidated the taxonomic position in the tree

of life. The recently sequenced genome is accessible through

JGÍs genome browser, but the community is still awaiting an

official publication.

The oldest animals in the sister group of the Placozoa are the

Porifera (sponges; Fig. 1). Current research projects mostly

investigate the demosponges Suberites domuncula and

Amphimedon queenslandica.(9) These multicellular animals

consist of at least ten different cell types, including the

characteristic choanocytes, but they lack symmetry around a

body axis and, thus, have no defined body plan.(21) Although

established molecular techniques are still limited, preliminary

evidence for the presence of conserved genes involved in both

developmental processes(9,22,23) and the innate immune

system(24,25) underlines the importance of sponges for com-

parative studies and the discovery of molecular ancestry and/

or secondary gene loss. To unravel the complete ancestral

metazoan gene set, the whole genome shotgun (WGS)

sequencing project of Amphimedon queenslandica and ex-

tensive ESTsequencing are crucial for further investigations.

Cnidarians as sister-group to all bilaterian animals (Fig. 1)

are the first organisms in evolution that have developed a

Figure 1. Phylogenetic relationships of early branching metazoan animals. Placozoans are considered as the earliest branching

metazoan animals in the evolutionary tree and represent the sister group to poriferans (sponges), cnidarians (corals, anemones, hydroids,

jellyfish) and all bilaterian animals. Cnidarians are amongst the simplest animals at the tissue grade of organization, and are regarded as the

closest outgroup to the Bilateria. The sponges (Porifera) are unquestionably animals, but represent a lower level of organization. As non-

metazoan outgroup served the unicellular choanoflagellates. For selected taxa/species the availability of genomic (WGS) as well as

transcriptomic (EST) sequence data are indicated.
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defined body plan, stem-cell systems, nerve cells and a tissue

layer construction. In contrast to the triploblastic Bilateria,

cnidarians develop from two germ layers, the ectoderm and

the endoderm, and are thus referred to as diploblasts lacking

the mesoderm.(26) The two body layers are organized around a

single (oral–aboral) body axis, forming a gastric cavity that is

defined by the mouth opening at one end. The synapomorphic

feature of the Cnidaria is the so-called cnidocyte or nemato-

cyte (stinging cell), which is used to catch prey or to defend

predators.(27) Cnidarians can be grouped (Fig. 1) into

the most-basal Anthozoa (corals and anemones) and the

Medusozoa, consisting of the Cubozoa (sea wasps), the

Scyphozoa (jellyfishes) and the Hydrozoa (hydroids).(28,29)

For two cnidarian model systems, the sea anemone

Nematostella vectensis and the freshwater polyp Hydra

magnipapillata, extensive molecular resources have been

established within the last three years.(30,31) Whole genome

shotgun (WGS) sequencing approaches generated sequence

data for draft genome assemblies with at least six-fold

coverage. Two different research groups meanwhile as-

sembled the Nematostella vectensis genome and made their

results accessible for analysis through classical genome

browsers(30) or online blast-platforms.(32) The recently pub-

lished draft genome sequence(30) revealed that the genomic

complexity and gene repertoire in Nematostella vectensis are

more similar to vertebrates than to model invertebrates like fly

and worm.

For Hydra magnipapillata, only preliminary genome as-

semblies are available, which are not yet publicly available.

The raw sequencing data are accessible through the

NCBI Trace Archive. Both cnidarian genome projects were

accompanied by large scale EST sequencing. Whereas

the Nematostella ESTs are available through the above-

described online resources, all Hydra sequences were

deposited at NCBI dbEST database. Within each particular

EST project, several different cDNA libraries derived from

several different developmental stages or tissues were

generated providing supplementary information.

In addition to the ESTs that have been sequenced

accompanying whole genome sequencing projects in selected

early branching metazoans, several more anthozoan and

hydrozoan species have been subject to smaller EST-based

studies(6,33–35) so that today we have access to transcript data

of more than 10 different cnidarian species. Taken together,

the overall situation for early branching metazoan genomics

has developed rapidly within the last few years, and new 2nd

generation sequencing technologies promise more and larger

sequence datasets to come in the near future.

To provide a comprehensive working environment for

comparative studies using the available sequence data of

early branching metazoan animals, we thought that it is

necessary to centralize, integrate and pre-analyze these data

and make them accessible for the interested researcher. The

need for such a computational resource for cnidarian model

systems and especially for Hydra led to the idea to establish a

comparative genomics online platform for early branching

metazoan animals.

Compagen, a bio-computational platform

providing easy access to original and processed

genomic and transcriptomic data in early

branching metazoan animals

The Compagen bio-computational platform primarily offers an

extensive collection of raw and processed genomic as well as

transcriptomic sequence datasets (Fig. 2). The idea was to

provide centralized and public access to all available

sequences derived from various lower metazoan animals

and to pre-process redundant sequence data, facilitating

analysis for the scientific community. An online Blast-

server that can be accessed via the Internet at http://

www.compagen.org gives the possibility of sequence similarity

searches between all available lower metazoan datasets.

Allowing a broader comparative perspective and expanding

analysis capabilities, additional sequence data from higher

metazoan organisms of different taxa as well as from the

unicellular choanoflagellates have been included. In addition

to the public Blast server, the Compagen-underlying

bioinformatics platform enables a variety of local bio-

computational methods to be used to further process

sequence datasets of different size. Possible computational

analyses include different types of sequence assembly for

large EST datasets and smaller genomic datasets, EST-based

gene and peptide prediction (Fig. 2) as well as general

sequence annotation using homology-based gene ontology.

Datasets and data organization on Compagen

At the present time, datasets for 28 different organisms

(Table 1) are stored in databases containing about 70 million

sequences. As metazoan ‘‘outgroup’’, genomic and mRNA

sequences of two members of the choanoflagellates (Mono-

siga brevicollis and Monosiga ovata) have been included into

the data collection on Compagen. The raw genomic as well as

mRNA sequences of Trichoplax adhaerens (Placozoa) serve

as most-basal metazoan reference dataset. The Porifera

are represented by genomic and mRNA sequences of the

marine demosponge Amphimedon queenslandica. CAP3

assemblies of both Trichoplax and Amphimedon EST data

are under investigation. Sequences for several anthozoan

species, including the raw genomic reads of Nematostella

vectensis, two Acropora species and Porites lobata, as well as

mRNA sequences for these in addition to Metridium senile

and Montastrea faveolata are available as basal cnidarian

datasets. The hydrozoans are represented by EST data for

Hydractinia echinata and various genomic and mRNA

sequence collections for several different Hydra species

(Table 1). In addition to sequence data derived from early
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branching metazoan animals, a number of reference

datasets of higher metazoans, such as molluscs (Aplysia

californica, Biomphalaria glabrata), crustaceans (Daphnia

pulex, Daphnia magna, Litopenaeus vannamei, Penaeus

monodon), planarians (Dugesia japonica, Dugesia ryuky-

uensis, Macrostomum lignano), echinoderms (Strongylocen-

trotus purpuratus), a cephalochordate (Branchiostoma

floridae) and a basal chordate (Petromyzon marinus)

have been included to enable direct comparisons along the

evolutionary tree.

All datasets are stored as so-called ‘‘flat files’’ in plain

text fasta-format. So far, all datasets have been formatted

Figure 2. A: Schematic overview of the Compagen bio-computational platform. Raw EST sequence data are processed using the

platform-internal assembly pipeline followed by peptide prediction. All raw and processed datasets are stored in the Compagen sequence

database and are searchable using the public accessible Blast-server. B: Blast-example using human SOX2 transcription factor as query

sequence.
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into searchable databases for local and online Blast analysis.

The datasets can be divided in (a) raw genomic sequence

data (dbWGS), (b) raw EST sequence data (dbEST) and

(c) processed EST sequence data (dbCAP3, dbPEP).

The ‘‘dbWGS’’ section contains exclusively single whole

genome shotgun (WGS) sequencing reads, originating from

the corresponding organisms genome-sequencing project. All

raw ESTsequences are organized in the ‘‘dbEST’’ section. The

remaining sections contain CAP3-assembled EST datasets

(dbCAP3) and predicted peptides (dbPEP) that enable for

conserved domain searches (Fig. 2). To make databases

easily distinguishable from each other and easy to work with, a

common database-naming convention has been introduced,

indicating the type of database, the source of organism and the

date of construction (for detailed description see Compagen

webpage).

EST sequence data processing on Compagen

In contrast to the reference datasets that remain in raw

format, all early branching metazoan EST datasets have

been assembled using the TIGR gene indices clustering tool

package.(36) Most of the raw sequence data on Compagen

originate from public databases. They are obtained using the

EBI sequence retrieval system SRS,(37) by downloading

from NCBI Trace archive or by retrieving directly from the

corresponding sequencing center. Using the TGICL seqclean

program, vector and/or adaptor sequences are clipped and

low-quality sequencing reads are removed (Fig. 2). The

resulting ‘‘cleaned’’ data are then subjected to the clustering

and assembly routine. The purpose of this routine is to cluster

and create assemblies (contigs) efficiently from a given set of

sequences. During the ‘‘clustering phase’’, the input dataset is

partitioned into smaller groups of sequences (clusters) that

Table 1. Overview of sequence datasets available on the Compagen-internal Blast server.

Organism

dbWGS # sequences dbEST # sequences dbCAP3 # sequences

Whole Genome Shotgun Expressed Sequence Tags CAP3 EST Assemblies

Choanoflagellates:

Monosiga brevicollis 640.632* pending -

Monosiga ovata N.A. 76.534 12.139

Placozoans:

Trichoplax adhaerens 1.230.612* 14.571* pending

Poriferans:

Amphimedon queensl. 2.823.539* 83.040* pending

Cnidarians:

Acropora millepora 14.625 10.247 6.008

Acropora palmata 11.025 4.017 1.421

Hydra magnipapillata 10.272.644 163.221 25.106

Hydra magnipapillata SF-1 N.A. 30.715 8.957

Hydra vulgaris N.A. 8.993 3.922

Hydra (vulgaris) AEP N.A. 2.851 267

Hydractinia echinata N.A. 9.460 —

Metridium senile N.A. 29.412 8.284

Montastrea faveolata N.A. 2.156 —

Nematostella vectensis 8.411.866* 166.595* 30.666

Porites lobata 11.450 N.A. —

Reference datasets:

Aplysia californica 4.320.600 179.001

Biomphalaria glabrata pending 52.624

Branchiostoma floridae 11.953.628 277.538

Daphnia pulex 2.724.768 1.548

Daphnia magna N.A. 13.134

Dugesia japonica N.A. 7.362

Dugesia ryukyuensis N.A. 8.988

Litopenaeus vannamei N.A. 7.429

Macrostomum lignano N.A. 7.617

Molgula tectiformis N.A. 106.863

Penaeus monodon N.A. 7.330

Petromyzon marinus 18.808.412 108.847

Strongylocentrotus purpuratus 7.352.452 141.833

N.A.¼not sequenced; pending¼ dataset will be intergrated soon; * these sequence data were produced by and are available through the US Department of

Energy (DOE) Joint Genome Institute (http://www.jgi.doe.gov). All other sequence data are publicly available in the corresponding database sections at the

National Institute of Biotechnology Information (NCBI; http://www.ncbi.nih.nlm.gov).
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share some similarity in fast MegaBlast(38) searches and that

potentially come from the same longer original sequence.

However, clustering does not produce any multiple alignments

but only pairwise alignments. In the ‘‘assembly phase’’, each

cluster is subjected to the CAP3 assembly program,(39) which

tries to create multiple alignments of the sequences within

each cluster. The resulting one or more consensus sequences

from the assembly step are then stored as so-called ‘‘contig’’

sequences (or contigs). Sequences that did not fall into

clusters or that did not fit in the CAP3-assemblies are

afterwards stored as ‘‘singletons’’. The dbCAP3-datasets

used for the Compagen Blast server include the concatenated

contig and singleton sequences for each species. The

ESTscan program(40) is used for the detection of coding

regions in assembled EST datasets and for peptide prediction.

Data availability and future direction

All datasets stored on the Compagen Blast server that contain

raw sequence data are available through public domains at

NCBI (Trace archive, dbEST) or EBI (ENSEMBL). All

processed datasets are available for download directly on

the Compagen webpage in the ‘‘sequence retrieval’’ section.

New dataset contributions from private investigators are highly

welcome and can be integrated into the platform on request.

We hope that we can add more data to this resource and

extend an invitation to all users to contact us so we can

determine if their data can be added.

Compagen unveils the evolutionary origin of

stem-cell-specific genes

Recent data in a number of vertebrate models suggest that a

constellation of intrinsic and extrinsic cellular mechanisms

regulates the balance of self-renewal and differentiation in all

stem cells. The transcription factors Oct3/4 and Nanog, as well

as the LIF-gp130-Stat3, BMP-TGF-b-Smad, MAPK-ERK and

possibly the Wnt signaling pathways, all have important roles

in this process.(41) For bone marrow hematopoietic stem cells

(HSCs), Bmp signaling is essential; Wnt signaling acts on

different developmental stages of the HSC system.(42) Thus,

an emerging theme is the implementation of the same

signaling pathways in distinct stem-cell systems. This is

perhaps not surprising given the limited number of such

pathways in all of biology. Unfortunately, although all multi-

cellular organisms seem to rely on stem cells and although this

seems to be a question of key importance for understanding

the evolution of animal life, little is known about stem cells in

early-branching taxa.(43) Do all stem cells in the animal

kingdom follow the same rules? Or are there differences

between stem cells in different organisms?

The stem-cell system in the freshwater polyp Hydra is

arguably the most-tractable cell model to study the mecha-

nisms of regulation of cell differentiation in early branching

metazoans, and has certainly provided interesting data-

sets(44–47) to evolutionary developmental biologists and cell

biologists. Although, however, stem cells in Hydra represent

one of the most-ancient stem-cell systems in the animal

kingdom and, therefore, provide information for reconstructing

the early history of stem-cell control mechanisms, the

complexity involved in controlling of cell fate choices in stem

cells of multiple pathways is poorly understood.

To assess the efficacy of the Compagen platform,

we, therefore, conducted a screening in databases of early

branching metazoans for genes known to be important in

controlling bilaterian stem-cell behavior. We looked for somatic

cell reprogramming factors including Sox2, Nanog and

Oct3/4.(48,49) We also searched for the presence of neuron

differentiation factors of the Pou-domain family of proteins

such as Brn3 and Brn5(50,51) and included other proteins

known to be involved in controlling neurogenesis such as RE1

silencing transcription factor (REST),(52) gaba receptor

(GABRB3)(53) and neurogenin 2 (NGN2).(54) Furthermore,

the Compagen based search included known germ line

determinators such as PIWI, Nanos, and vasa.(55–57) Other

factors reported to be of importance for stem-cell function

and, therefore, included in our analysis were microRNA

regulator Lin28,(58) cell cycle progression control component

krueppel-like-factor 4 (Klf4),(59) fibroblast growth factor

4 (FGF4),(60) epigenetic regulators such as Bmi1 (B lymphoma

Mo-MLV insertion region 1 homolog)(61) and DNA methyl-

transferase DNMT3B.(62) Finally, more-general stem-cell

markers like Prominin-1,(63) telomerase reverse transcriptase

hTERT, proto-oncogene c-myc and ribosomal assembly

regulator BRIX(48) were searched for.

As shown in Fig. 3, screening the Compagen data

collection using the platform-internal blast server identified

Brn3, nanos, Ngn2, prominin-1, hTERT, c-myc, and BRIX in all

early branching metazoan taxa examined including the

Placozoa. Interestingly, the dead-box helicase vasa appears

to be absent (most likely due to secondary gene loss) in

sponges. Fig. 3 also shows that genes for Sox2, Brn5, PIWI

and DNMT3B are present in Porifera and Cnidaria but

absent in Placozoa and chonoflagellates. GABRB3, Bmi1

can be detected in Cnidaria but not in Porifera and Placozoa.

Intriguingly, the classical stem-cell-specific genes encoding

Oct3/4 and nanog aswell as REST, LIN28, Klf4, FGF4 were not

found in any of the basal metazoan taxa examined. Taken

together, the preliminary analysis indicates that out of the

20 randomly selected stem-cell marker genes about half can

be detected in data bases of early branching metazoans

indicating a striking conservation of signaling and transcrip-

tional mechanisms utilized in diverse stem-cell differentiation

processes across the animal kingdom. Intriguingly, out of

the trinity of nuclear factors (Oct3/4, Nanog and Sox2)

governing pluripotency in vivo and in vitro(46,64) in vertebrates,

only Sox2 can be found in organisms at the base of animal

evolution. This implies that not all of the stem-cell regulators
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appear to be conserved and that, therefore, unbiased

approaches such as stem-cell sorting followed by high-

throughput sequencing might discover previously unknown

stem-cell regulators.

Conclusion

With Compagen, we have established a user-friendly web-

based resource that enables researchers to obtain information

regarding gene distribution, genomic complexity and gene

Figure 3. Conserved stem-cell marker genes in early branching metazoan animals. Schematic representation of the results obtained by

screening early branching metazoan genomes for conserved bilaterian stem-cell marker genes. As non-metazoan outgroup the genome of

the choanoflagellate Monosiga brevicollis was included into the analysis.

Functional genomics and bioinformatics

1016 BioEssays 30.10



expression in early branching metazoans. Here we used

this platform to provide the first genome-wide screening for

stem-cell differentiation genes in early metazoan animals. The

preliminary data indicate that comparative analysis of stem

cells in diverse organisms promises new insights into how

stem cells act to construct and maintain tissues, and to reveal

how the diverse stem-cell systems may have evolved.
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