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ABSTRACT
This study provides the first empirical evidence for the
conservation of the ets proto-oncogene transcription
factor family throughout the Metazoa. Using the
polymerase chain reaction with degenerate primers
corresponding to conserved sequences within the ETS
DNA-binding domain, we have detected ets genes in
a range of lower metazoans, including sponges,
ctenophores, anemones, flatworms and nematodes,
and in several higher invertebrate metazoans. Many of
these sequences are significantly divergent from the
original v-ets-1 oncogene, although most can be
aligned with recently defined groups within the ets
gene family. Multiple ETS domain sequences were
detected in a number of the lower metazoan species,
providing evidence for the existence of an ets
multigene family at the earliest stages of metazoan
evolution. In contrast, we were unable to detect any
ETS sequences In fungal, plant or several protozoan
DNAs. Our findings suggest that the duplication and
divergence of ets proto-oncogenes responsible for
generating the multigene family occurred
concomitantly with the development of metazoan
animals. In addition, these data corroborate other
recent molecular evidence in providing strong support
for the monophyletic origin of all multicellular animals,
including sponges.

INTRODUCTION
Animal development requires complex intercellular cooperation
and coordination for construction of the three-dimensional body
plan. Although the mechanisms by which animals of diverse taxa
undergo differentiation vary significantly at the external cellular
and morphological levels, the molecular mechanisms by which
the differentiated patterns of gene expression are achieved are
highly conserved among metazoans (1). Evidence for this
conservation comes from the large number of evolutionarily
conserved protein domains shown to play essential roles in

intercellular signalling, ligand binding, signal transduction and
the regulation of transcription in animal development. One group
of conserved genes are the proto-oncogenes, originally identified
as the cellular homologs of sequences within mammalian and
avian transforming retroviruses (2). Proto-oncogenes generally
encode proteins known to be involved in the cascade of events,
initiated by the interaction of cell surface receptors with
intercellular signals, that specify the developmental fate of cells
(i.e. signal transduction and gene expression) (3). The structural
and functional conservation of many proto-oncogene families
among several Metazoan phyla attests to their pivotal role in the
process of normal animal development.
Of those nuclear proto-oncogenes that have been shown to be

evolutionarily conserved, myc (4, 5) so far has been detected only
in deuterostomes, rel (6),jun (7),fos (7) and ets (8, 9) have been
identified only from higher means, and nyb (10, 11) has been
detected throughout the Eukaryota. The ets family of proto-onco-
genes was originally identified through sequence homology to
the v-ets gene of the avian erythroblastosis virus E26 (12, 13).
Members of this family are transcriptionally active in many
different cell types in sea urchins (14), Drosophila (e.g. 15-17)
and a wide variety of vertebrate species (e.g. 18-21), and appear
to be one of the most conserved proto-oncogene families known.
Ets family members are defined by the presence of the highly
conserved ETS DNA-binding domain, corresponding to approx-
imately 85 amino acid residues. This domain constitutes a recently
recognized DNA-binding structural motif (22, 23) that has no
structural homology to other well-characterized DNA-binding
motifs; it is essential for binding to purine rich DNA sequences
(23). Recent phylogenetic and structural comparisons of ETS
domains identified from three triploblastic phyla have suggested
that the origin of the ets gene family is very ancient, with gene
duplication events occurring prior to the separation of arthropods
(protostomes) and vertebrates (deuterostomes) (8, 9).
The function of ets genes in development remains unclear. In

Drosophila, six ETS domain-containing genes are expressed in
a complex spatial pattern during early embryogenesis and larval
metamorphosis (15-17, 24, 25). E74, the best characterized of
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Table 1. Summary of metazoan taxa from which ETS sequences were isolated. Major animal groups (Super-phyla) are in bold and underlined, phyla and higher
classifications are in bold, and species names are in italics.

Classification and Common name DNA source Clones ETS-containing
specific name sequenced clones

Deuterostome
Chordate; ascidian

Styela montereyensis ascidian sperm 15 2
Echinoderm

Patiria miniata sea star sperm 8 3
Protostome
Arthropod; crustacean
Cancer antennarius rock crab hepatopancreas 13 10
Moliusc; gastropod

Haliotis rufescens red abalone sperm 12 5
Moliusc; bivalve

Hinnites giganteus rock scallop sperm 3 3
Annelid
Chaetopterus variopedatus polychaete sperm 3 3
Pseudocoelomate
Nematode
unknown species nematode whole animal 24 8
Acoelomate
Platyhelminth

Notoplana acticola flatworm anterior tissue 12 3
Diploblast
Cnidarian

Anthropleura elegantissima sea anemone gonad 21 2
Ctenophore
Pleurobranchia bachei ctenophore oocyte cDNA 21 5
Poriferan
Haliclona sp. sponge dissociated cells 27 5
Tethya aurantia sponge dissociated cells 12 3

the Drosophila ets genes, is induced directly by the steroid
hormone ecdysone at metamorphosis and is likely to be involved
directly in regulating downstream genes essential for the global
morphological changes that occur at this stage (15). Insight into
the canonical function of the ets gene family may benefit from
a phylogenetic approach, and from elucidation of the structure
and function of the gene and its product in simpler model
organisms. To elucidate the origin of the ets gene family, and
as a first step in isolating these genes from simple model
organisms, we have used the polymerase chain reaction (PCR)
in efforts to amplify a portion of the ETS domain from a range

of lower and higher metazoans, and from fungal, plant and
protozoan genomes. Our results suggest that an ets multigene
family may already have existed at the origin of animal
multicellularity.

MATERIALS AND METHODS
Isolation of nucleic acids
Marine invertebrates. Twelve species of marine invertebrates,
representing 10 phyla (Table 1) were collected in the vicinity
of Santa Barbara, CA and maintained in an ambient temperature
flow-through seawater system. Gametes were used as a source

of nucleic acid when possible and were isolated either by
dissection or induction of spawning. Tissues dissected from
Cancer antennarius, Notoplana acticola and Anthropleura
elegantissima were thoroughly washed in sterile seawater and
inspected microscopically prior to cell lysis. Unidentified
nematodes of similar size and morphology were transferred
through three seawater bathes prior to lysis; it is not known if
they represented a single species. Total nucleic acids were isolated

from the sources listed in Table 1 by homogenization in lysis
buffer (50 mM Tris-HCI pH 7.6, 300 mM NaCl, 100 mM
EDTA, 2% SDS, 500 ,tg/ml proteinase K) in a ground-glass
homogenizer. For species from which sperm were collected
(Table 1), approximately 5 ,ul of pelleted sperm were resuspended
in 100 Id sterile sea water prior to the addition of 400 /d lysis
buffer. For remaining species, the ratio of tissue to lysis buffer
volume varied with tissue type (Table 1), but in general was
approximately 1:20. In all cases, lysates were incubated at 55°C
for 15 min and then extracted twice with an equal volume of
phenol/chloroform (26). Nucleic acids were precipitated by the
addition of 0.1 volume of 3 M NaOAc pH 5.2 and 2 volumes
of 100% ethanol, collected by centrifugation, and dissolved in
water to concentrations of 50 to 500 ng//il.
For the ctenophore Pleurobranchia bachei, total RNA was

isolated from dissected oocytes as described above. cDNA was
synthesized from 5 ,ug maternal total RNA at 370C for 1 h in
a 20,u1 reaction consisting of 50 mM Tris-HCl pH 8.3, 75 mM
KCI, 3 mM MgCl2, 5 uM random hexamers, 1 mM dNTPs,
lunit/4l RNasin and 10 units/jl BRL Superscript reverse
transcriptase (27). After denaturing the reverse transcriptase at
95°C for 5 min, the cDNA was amplified by PCR as described
below.

Because of their propensity to harbor contaminating organisms,
sponges were treated somewhat differently. Whole sponges were
thoroughly cleaned using high pressure, UV-sterilized seawater.
Cell suspensions were prepared by squeezing diced sponge tissue
through 16 layers of cheese cloth into UV-sterilized seawater and
inspecting dissociated cells microscopically for contaminants. The
cells were incubated in sterile seawater with 2 itg/ml rifampicin
at 23°C for 16 h (Tethya aurantia) or 3 h (Haliclona sp.) to allow
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reaggregation. Dissociated sponge cells form homospecific cell
masses in culture (28), reducing the likelihood of protozoan
contamination. A sponge cell aggregate of approximately 100
Itm diameter was removed from the culture in 0.5 td of seawater,
added directly to 24.5 ,ul PCR buffer and amplified as described
below. For both species, three different cell aggregates were
added separately to three gene amplification reactions.

Other DNAs. Most of the non-metazoan DNAs were donated
from other laboratories, including DNAs from the ciliate
protozoan Tetrahymena thermophila (E.Orias), the dinoflagellate
Alexandrium fundyense (E.DeLong), the fungus Aspergillus
nidulans (J.Carbon), and the pea plant (J.Cooper). For the
ameoba Trichoshaerium sp., DNA was isolated, as described
above for sperm, from 10 11 of pelleted cells from an axenic
culture donated by M. Polner-Fuller.

PCR amplification
Degenerate PCR primers were designed based on consensus
sequences witiin the conserved ETS domain compiled from sea
urchin, Drosophila and vertebrate sequences (19). The primers
were designed to match most closely with the human ets-J and
ets-2 amino acid sequences (19), although they also contain
significant similarity to other ETS sequences. Sequences of
primers 1 (27-mer) and 2 (30-mer) are 5' ATMWSNTGGAC-
NGGNGAYGGNTGGGAR 3' and 5' YTCCCANCCRTCNC-
CNGTCCANSWKAT 3', respectively. Witiin the ETS domain
of ets-1, primer 1 corresponds to amino acid positions 24-32,
and primer 2 corresponds to amino acid positions 66-75 (19).
ETS sequences were amplified from 50 to 500 ng cDNA or
genomic DNA in 25 ,l reactions containing 10 mM Tris-HCI
pH 8.3, 50 mM KCI, 2 mM MgCl2, 1.25 IAM primers 1 and
2 and 0.6 units Taq polymerase. An initial step of 95°C for 4
min was followed by 30 cycles of 94°C for 45 sec, 50°C for
60 sec, and 72°C for 10 sec. As a positive control to assess the
suitability of DNAs for PCR amplification, duplicate reactions
containing primers used to amplify the ribosomal DNA internal
transcribed spacer region (Degnan and Lavin, unpublished) were
performed for all samples ofDNA tested. Negative controls run
in parallel included the complete reaction mixture without DNA.
All PCR reaction products were analyzed by agarose gel
electrophoresis (26).
Cloning and sequencing
Following electrophoresis, ETS PCR products of the correct size
were excised from a 2% agarose gel, purified and used to seed
a second amplification reaction (26). The reamplification products
were blunt-ended by the addition of MgCl2 to a final
concentration of 5 mM, and 5 units of Klenow polymerase,
directly to the PCR reaction and incubation at 230C for 30 min.
Blunt-ended products were electrophoresed in a 2% agarose gel,
excised, purified, and ligated to an EcoRV-digested pSK+
plasmid (Stratagene) for 12 h at 160C (26). E.coli SURE
(Stratagene) were transformed with ligated plasmid (29). DNA
from randomly selected recombinant colonies was sequenced by
the dideoxy cycle-sequencing method using BRL reagents and
Taq polymerase (30).

RESULTS
Identification of metazoan ETS domains
In all metazoan DNAs investigated, primary PCR amplification
with the degenerate ETS primers yielded a predominant 159 bp

H-ets-i
H-ets-2
H-erg
H-fli-i
H-elk-i
H-elf-i
H-SAP-1
M-PEA-3
R-GABPQ

D-ets-2
D-ets-3
D-ets-4
D-elg
D-ets-6
D-E74A
D-pok

higher metazo.,
ascidian
sea star
rock crab
abalone
scallop
polychaste

lower metazoans
nematode 1
nematode 2
nematode 3
flatwors
ctenophore
anemone 1
anemone 2
sponge Hal
sponge Tthl
sponge Tth2

35 45 55 65

FKLSDPDEVARRWGKRKNKPKMNYEKLSRGLRY
---A-----------------------------
--MT----------E--S--N---D----A---
--MT-------F--E--S--N---D----A---
---V-AE----L--L----TN---D-----A---
---V-SKA-S-L---H----D----TMG-A---
---LQAE----L--I-----N---D----A---
---IE-E-----L--IQ--R-A- A----S---
---NQ-EL--QK--Q-----T--------A---

---T----------E--S--N---D----A--/
--IE-SVR--KL--R---R-A ---D----SI-Q
---T---R---L--EK----A--------A---
-R-I ----------E--A--N---D----A---
---V-SKA-S-L--MH----D----TMG-A---
--IV--AGLAKL--IQ--HLS---D-M--A---

a

---T-------L--L------------------
---A----------I------------------
--------------I------------------
--------------I------------------

-F____-__-----------------F---
---V----------E--S--N---D----A---
-RVV-H--------N----KT-T-D-----M-F
-RFK--EK--KK--DM----S-----M------
--I-NSV-L--L--V--SN-I--FD----A---
---T----------I------------------
---TN-N----L--LH-----------------
---I--E-------A------------------
---NNSE----M--L----TN---D----A---
---I--E-------S------------------

44
45
46
47
48
49
50
21
51

24
17
17
16
17
15
52

(x2)
(x3)
(xlO)
(z5)
(x3)
(x3)

(x5)
(x2)
(xl)
(x3)
(x5)
(xl)
(xl)
(x5)
(x2)
(xl)

consensus F .... .WG.K.... .....R..RX
R L FD F

Flgure 1. Alignment of derived amino acid ETS domain sequences with members
of the ets gene family. Amino acid sequences correspond to ETS domain positions
33-65 (19). The basic domain begins at Arg (position 43). Dashes indicate identity
with the human ets-l sequene. All new sequences are listed in bold and the number
to the right of these sequences indicates the number of clones containing the
sequence. A reference number follows all previously characterized ets family
members. A consensus sequence of invariant and conserved amino acids (Asn/Gln,
Asp/Glu, Arg/Lys, lle/Leu/Val, Phe/Tyr, Ser/Thr) is listed at the bottom. Letter
codes prefixing known ETS sequences are H, human; M, mouse; R, rat; D,
Drosophila; and Su, sea urchin. The following ets family members are not shown
because of 100% identity between positions 33-65 with a listed sequence: v-
ets-l (12), chicken ets-I (53), Xenopus ets-JA and ets-IB (36) and sea urchin
ets-J and ets-2 (14) are identical to H-ets-J (44); chicken ets-2 (54) and Xenopus
ets-2B (35) are identical to H-ets-2 (45); sea urchin erg (8) is identical to H-erg
(46); Xenopus ets-2A (35) is identical D-ets-2 (24); and Drosophila Yan (55) is
equal to D-pok (52).

product. In a number of species (Styela montereyensis,
C.antennarius, A.elegantissima and P.bachei), larger, less
prevalent products also were observed (not shown). Our strategy
of sequencing only 159 bp PCR products for the present study
precluded detection of either intron-containing genes or SPI-like
ETS domains (31, 32), hence we cannot comment on their
existence in the species investigated. Attempts to generate a
primary 159 bp ETS PCR product from representative protozoan,
fungal and plant DNAs were not successful, even when the
annealing temperature was reduced to 400C. The same non-
metazoan DNAs were successfully used as templates to amplify
the internal transcribed spacer region of the rDNA unit (not
shown), suggesting that failure to amplify ETS sequences using
the degenerate ETS primers was due to the lack of suitable target
sequences within the genomes of these organisms.
A total of 171 clones were sequenced from the 12 marine

invertebrate species; these yielded 16 unique ETS sequences from
52 confirmed ETS-containing clones (Table 1; Figure 1). The
159 bp cloned PCR product generated 99 bp of sequence
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information corresponding to ETS domain amino acid positions
33-65 (Figure 1). This region contains portions of both the hinge
domain (positions 33-42) and the basic domain (positions
43-65) as defined by Wang et al. (33). All ETS domain derived
amino acid sequences possessed a number of highly conserved
signature residues in these regions (9, 19), including Phe 33,
Lys/Arg 34, Val/Leu 41, Trp 45, Gly 46, Lys 49, Met 54,
Tyr/Phe 56, Glu/Asp 57, Arg 61, Arg 64 and Tyr/Phe 65
(Figure 1). It should be noted that members of the divergent SPI
group of ETS domains (31, 32) have a number of non-conserved
residues in these positions, and additional codons within the
region under investigation.
Comparison of species-specific ETS sequences revealed a small

number of single nucleotide misincorporations. In a comparison
of 2,970 bp of ETS sequence from nine different species, 15
misincorporations were found, resulting in an average of one
incorrect nucleotide every 198 nucleotides. Prior to cloning, all
PCR products were reamplified, resulting in a slightly higher
error rate than would be expected if the PCR products were
cloned directly. Direct sequencing of the uncloned RT-PCR
products was not undertaken, since the original 159 bp product
could have represented a mixture ofETS sequences. Therefore,
all ETS sequences (Figure 1) that have not been sequenced in
at least triplicate may contain a small number of single nucleotide
misincorporations. This PCR error rate is similar to that reported
previously (34).
From all but one of the higher metazoan species analyzed, a

single ETS sequence was obtained at least in triplicate by the
PCR amplification method employed, so that PCR errors could
easily be identified (Figure 1). The exception was the ascidian
S.monteryensis, for which only two sequences were obtained.
Comparison of the two S.monteryensis sequences revealed three
neutral nucleotide changes in the third position of three codons:
Ala 42, Lys 51 and Leu 59. This nucleotide substitution rate is
higher than expected from polymerase errors alone, suggesting
that at least some of the differences may be real and that the two
ascidian sequences may represent two separate ets genes. Two
forms of ets-I and ets-2 have been identified in Xenopus and each
form contains a number of neutral nucleotide changes within the
ETS domain (35, 36). This uncertainty could be resolved by
further sequencing of more ascidian ETS sequences.
From several of the lower metazoan species analyzed, more

than one ETS sequence was confirmed (Figure 1). Three distinct
sequences were obtained from the unidentified nematode, two
from the anemone A. elegantissima and two from the sponge
T.aurantia. Of the two T.aurantia derived amino acid sequences,
one (Tth2) was most similar to an ETS sequence obtained from
the second species of sponge, Haliclona sp. (Figure 1). These
results thus extend the detection of ets genes to the entire range
of metazoans and reveal the presence of an ets multigene family
in the most primitive multicellular animals.

Comparison of lower and higher metazoan ETS domains
We attempted to classify each of the 16 partial ETS sequences
into one of nine groups recently proposed by Laudet et al. (9)
for the ets gene family: ETS, ERG, ELG, PEA3, ELK, ELF,
DE7S4, POK and SPI (Figure 2). Based upon derived amino acid
sequence, ten of the 16 sequences were most similar to ets-i and
ets-2 sequences, which define the ETS group (Figure 2). Further
discrimination between ets-I and ets-2 sequences cannot be
achieved without sequence data from distinguishing residues

H-ets-l
H-ets-2
ascidian
sea star
rock crab
abalone
scallop
polycha-te
nematodel
anemonel
spongefal
spong.Tth2

FKLSDPDEVARRWGKRKNKPKMNYEKLSRGLRY

-----------L--L------------------
---A----------I------------------
--------------I------------------
--------------I------------------
_____________-----------------F---
---.T----------I------------------
---I--Fd-------A-------------------F-I-ff-------S-----------------

H-erg FKMTDPDEVARRWGERKSKPNMNYDKLSRALRY
D-ets-6 -BLI-------------A---------------
nmatode2 --LV-----------------------------

D-elg FKLTDPDRVARLWGEKKNKPAMNYEKLSRALRY
R-GABP ---NQ-LL--QK--QB----T------------
anemone2 ----N-NE------LH----K--------G---

H-elk-1 FKLVDAEEVARLWGLRKNKTNMNYDKLSRALRY
H-SAP-1 ---LQ---------I----P-------------
spongeTthl ---NNS-----M---------------------

D-ets-4 FKIEDSVRVAKLWGRRKNRPAMNYDKLSRSIRQ
ctenophore ---SN--EL-B---V--SN-I--E-----AL-Y

nomatod*3 FRVVDHDEVARRWGNRKNKKTMTYDKLSRGMRF

L flatworm FRFKDPEKVAKKWGDMKNKPSMNYEKMSRGLRY

-POJC

Figure 2. Alignment of ETS derived amino acid sequences with representatives
of ets family groups. An evolutionary tree of ETS domain sequences is drawn
to the right and shows the relationships among ets family groups (italics) as in
(9). Tree branch lengths are arbitrary and do not represent degree of sequence
divergence. New ETS sequences are aligned with representatives of each group
as described in Figure 1. Conserved amino acid substitutions are underlined.
Flatworm and nematode 3 ETS sequences could not be aligned to any other known
ETS domains.

located outside the region of current analysis. The nematode 2
sequence has greatest identity with the human erg and Drosophila
ets-6 ETS domains, both members of the ERG group, which
appears to be most closely reIated to the ETS group (9). The
anemone 2 ETS is most similar to members of the ELG group,
while the sponge Tthl ETS sequence is likely a member of the
more divergent ELK group with greatest sequence identity to the
human elk-i and SAP-I genes (Figure 2). The ctenophore ETS
may be a member of the DETS4 group, which is substantially
diverged from the ETS group to which the PCR primers were
originally designed (Figure 2). Because of the high level of
sequence divergence found in flatworm and nematode 3, we are
unable to associate these sequences with any of the previously
defined groups of ets genes. Further sequence information is
required to determine if these divergent lower metazoan ETS
domains can be included in previously defined groups, or if they
constitute novel, more divergent groups.

DISCUSSION
Prior to this study, ets-related sequences had been identified only
from chordates, arthropods and echinoderms (Figure 3). Based
on the identification of ets genes in both protostomes and
deuterostomes, it has been proposed that there existed an ets
multigene family in primitive metazoans (8, 9). By identifying
ETS sequences in a variety of lower metazoan taxa, using
degenerate primers to some of the most conserved regions of
the ETS domain, we have provided the first empirical evidence
for the conservation of this gene family throughout the Metazoa
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CHORDATES* ARTHROPODS*
S. montereyensls ETS C. antennarus ETS

ANNELIDS
\ r C. ~~~~vaidopewtkus EZ

ECHINODERMS* \ / MOLLUSCS
a P. miniata

ETS H. rufescensH. giganteus ETS

NFLATWORMSc NEMATODES1 ft~~~A aticola uc unknown UTS, ERG, uc

CTENOPHORES DIPLOBLASTS
P. bachel DETS4

CNIDARIANS SPONGES

A. elegantissim ETS, ELG T. auranta ETS, ELK

Halicbona sp. ETS
Archemetazoan

Figure 3. A hypothetical metazoan tree indicating possible evolutionary
relationships (adapted from 37) of taxa surveyed for ETS sequences. Major animal
groups are boxed and phyla are in upper case. An asterisk indicates phyla from
which ETS domains have been characterized previously. Specific names from
this study are listed under the appropriate phylum name, and are followed by
the names of ets family groups detected in that species (uc, unclassified ETS
sequence).

(summarized in Figure 3). It is commonly thought that a 'planula-
like' progenitor gave rise to the diploblastic phyla, Cnidaria and
Ctenophora, and to an acoelomate proto-Platyhelminthes
(flatworm) which in turn gave rise to all triploblastic taxa (see
37 for an extensive discussion). The identification of ets proto-
oncogenes in sponges, cnidarians and ctenophores confirms the
existence of this gene family prior to the origin of the
triploblast/diploblast dichotomy. Furthermore, comparison of
partial ETS sequences obtained from these taxa suggests that a

number of gene duplications had generated a multigene family
prior to the origin of higher metazoans (Figures 2 & 3). Two
distinct ETS sequences were detected within the genomes of the
sponge T.aurantia and the anemone A. elegantissima (Figure 1).
We propose that further sequences may be identified in lower
metazoans by a more exhaustive search.
We have attempted to classify the partial ETS sequences

obtained in this study according to the nine groups proposed by
Laudet et al. (9) (Figure 2). With incomplete ETS domain
sequences, our classification can only be considered tentative.
From the lower metazoan species we have investigated,
representatives of five divergent groups within the ets family
(ETS, ERG, ELG, ELK and DETS4) and two unclassifiable ETS
sequences (Flatworm and Nematode 3) were obtained (Figures
2 & 3). These results suggest that representatives of at least these
five groups exist in both protostomes and deuterostomes, and
we would predict that a Drosophila ELK-like ets gene and a

human DES4-like ets gene, neither of which have been detected
to date, also are likely to exist. Based on our finding of two
different ets genes in sponges, we also consider it likely that ets
gene duplication events occurred prior to the origin of the simplest
extant metazoans (Figure 3).

This study corroborates previous evidence that the ets gene
family is one of the most conserved metazoan proto-oncogene
families (Figure 3), implying that these genes may be essential
in development in a wide range of taxa. Ets genes comprise a

family of genes that code for transcription factors that are

expressed in a developmentally restricted manner (e.g. 15, 17,

25); in this respect, they are functionally analogous to the
homeodomain proteins (see 17 for discussion). Our identification
ofETS domain sequences within the genomes of lower metazoans
(Figure 3) extends the detection of this gene family to phyla in
which HOM-C/Hox homeoboxes also were identified recently,
namely flatworms (38), cnidarians (39, 40) and sponges (Degnan
et al., in prep.). Interestingly, we were unable to detect either
these homeoboxes (Degnan et al., in prep.) or ETS sequences
(this study) in a suite of non-metazoan DNAs.
The role of ets proto-oncogenes and their products in metazoan

development, for the most part, is not yet clear. However, it is
possible that this multigene family, in addition to other metazoan
gene families, was essential for establishment of the cellular
environment in which multicellularity could arise. With the origin
of the metazoan organism arose the need for a unique suite of
genes not required by protozoans, to allow cells to coordinate
the correct spatial and temporal patterns of gene expression and
cytoskeletal arrangement needed for construction of a viable
multicellular organism. Our identification of ets genes in the
primitive metazoan phylum Porifera is an important addition to
the recent identification of several apparently metazoan-specific
genes, including HOM-C/Hox homeoboxes (Degnan et al., in
prep.), src-related proto-oncogenes (41) and structural genes
encoding short chain collagens (42) in this phylum. The existence
of several metazoan-specific genes in sponges provides strong
empirical support for the hypothesis that the phylum Porifera
arose from the same progenitor as diploblastic and higher
metazoan taxa (37, 43). Furthermore, these observations together
provide evidence for the existence of a unique suite of genes that
arose concomitantly with, and hence may have allowed for, the
development of metazoan animals. Our demonstration of the
striking conservation of ets genes throughout the Metazoa
provides access to experimental investigations of the structure
and function of these genes in simple model organisms, and may
provide a window into the molecular environment in which the
multicellular organism arose and flourished.
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