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The transition to multicellularity that launched the evo-
lution of animals from protozoa marks one of the most
pivotal, and poorly understood, events in life’s history.
Advances in phylogenetics and comparative geno-
mics, and particularly the study of choanoflagellates,
are yielding new insights into the biology of the unicel-
lular progenitors of animals. Signaling and adhesion
gene families critical for animal development (includ-
ing receptor tyrosine kinases and cadherins) evolved
in protozoa before the origin of animals. Innovations
in transcriptional regulation and expansions of certain
gene families may have allowed the integration of cell
behavior during the earliest experiments with multicel-
lularity. The protozoan perspective on animal origins
promises to provide a valuable window into the distant
past and into the cellular bases of animal development.

Over 600 million years ago (MYA), the multicellular pro-
genitor of modern animals evolved from a unicellular
flagellate. From such modest beginnings evolved the
entire diversity of Metazoa: from deep sea sponges to
beetles, frogs, and humans. Trumping even the origins
of gastrulation, segmentation, and the germline, the
transition to multicellularity stands as a pivotal event in
metazoan history. It is also the least understood.

The origin of animals from a protozoan ancestor was
shaped by a convergence of environmental forces, ge-
nomic innovation, contingency, and natural selection
(Table 1) (Carroll, 2001; Knoll and Carroll, 1999). The
emerging picture of environmental and geochemical
events surrounding animal origins has revealed a time
of increasing atmospheric and oceanic oxygen concen-
trations (reviewed in Knoll, 2003). Limited oxygen avail-
ability prior to the late Proterozoic is thought to have
prevented the evolution of large three-dimensional
multicellular eukaryotes (Table 1). (In contrast, filamen-
tous prokaryotes decorate the fossil record beginning
far earlier, perhaps 3200 MYA [Knoll, 2003].) The niche
of multicellularity, left vacant by the dominance of the
unicellular lifestyle, was apparently colonized by only a
subset of lineages following the lifting of environmental
barriers. In concert with ecological influences, preadap-
tations in certain lineages (e.g., possession of a minimal
molecular machinery for cellular interactions) helped de-
termine in which lines the transition to multicellularity oc-
curred.

Although the question of how animals evolved from
their protozoan ancestors has at times seemed intracta-
ble, recent developments in phylogenetics and the
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emergence of comparative genomics have paved the
way for new insights. Long-standing hypotheses regard-
ing the identity of our protozoan relatives and the cellular
foundations of development are now topics of active
inquiry. While comparative embryology and genomics
within animals have been fruitful forinferring early events
in the radiation of Metazoa, | argue here that meaningful
insights into animal origins will require greater focus on
protozoan biology, diversity, and genomics.

The Benefits of Staying Together

Upon completion of each round of mitosis, daughter
cells have two options: they can migrate apart, dedicat-
ing themselves to a unicellular existence, or stay to-
gether, taking the first step toward integrated multicellu-
larity (Figure 1A). Alternatively, cells can aggregate and
develop coordinated structure and behavior (Kaiser,
2001). Nonetheless, for over 1500 million years after the
origin of eukaryotes, not one known eukaryotic foray
into multicellularity stuck, leaving the early fossil record
devoid of multicellular eukaryotes (Knoll, 2003). Thus,
the organisms to which animals and other macroscopic
groups owe their origins were shaped over millennia by
the demands of unicellular life. This historical predispo-
sition of eukaryotes to the unicellular lifestyle begs the
question of what selective advantages might have been
conferred by the transition to multicellularity.

Escape from Predation

For reasons not entirely clear, possibly dependent upon
environmental conditions and the simplicity of the food
web, new species evolved and expired at a relatively
slow rate until ~1500 MYA. Then, in an accelerating
wave of evolution, the fossil record depicts a series
of morphological experiments by eukaryotes, including
filamentous forms of red algae (1200 MYA), green algae
(ancestors to the green plants; 750 MYA), and early
evidence of animal embryos (598 MYA; Knoll, 2003).
Furthermore, after a long history of autotrophy (e.g.,
photosynthesis) among eukaryotes, the finding of tes-
tate amoeba fossils in 750 million-year-old sediments
documents early evidence of heterotrophy (Porter et
al., 2003).

In addition to environmental factors, what cell biologi-
cal changes might have contributed to this increase in
morphological evolution? One explanation for the sud-
den evolution and radiation of multicellular eukaryotes
posits that with the origin of predation, and particularly
the ability to engulf prey through phagocytosis, came
selection for multicellularity among normally unicellular
prey (Stanley, 1973). The first heterotrophs probably tar-
geted small bacteria and particles of detritus, with the
ability to ingest larger cells (e.g., algae and other hetero-
trophic protozoa) evolving later (Table 1). By assembling
as a multicelled organism (either through aggregation
or failure to separate following mitosis), prey could es-
cape the upper limits of a predator’s capacity to ingest
foreign objects.

The potential effectiveness of phagotrophy as a selec-
tive agent for multicellularity has been demonstrated
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Table 1. Glossary

heterotrophic in the context of protozoa, the ability of cells to
capture and feed upon other living cells, typically
through phagocytosis
multicellular  possessing stably adherent cells whose activities
are coordinated or integrated
a diverse, polyphyletic group of mainly single-
celled non-photosynthetic eukaryotes
Urmetazoan the first multicellular animal; the progenitor of
animal diversity

protozoa

for laboratory cultures of unicellular eukaryotes. In an
experimental predator-prey system, predation by the
phagotrophic predator Ochromonas vallescia reproduc-
ibly selected for multicellularity within a population of the
unicellular alga Chlorella vulgaris (Boraas et al., 1998).
Whereas some predators secrete pheromones that can
induce colony formation in their prey, the transition to
multicellularity in this example was heritable and stable
in the absence of the predator. The rapid evolution of
multicellularity demonstrates a latent and normally un-
tapped genetic potential within populations of C. vul-
garis. Furthermore, it lends credence to the idea that
predation may have selected for fixation of multicellu-
larity in the unicellular progenitors of animals.

The Flagellar Synthesis Constraint

Given their unicellular lifestyle, the versatility and adapt-
ability of protozoa is remarkable. Protozoa have evolved
systems for locomotion, food capture, predator avoid-
ance, and response to environmental perturbations, all
while maintaining the capacity to divide and reproduce
(Buss, 1983; Wolpert, 1992). Some of this juggling act
comes at a cost, with cells specializing for one need at
atime through a constant reorganization of cell morphol-
ogy and behavior.

Two cellular activities in particular—motility and mito-
sis—compete for the same cellular machinery. De-
pending on its location in the cell and the phase of the
cell cycle, the microtubule organizing center (MTOC)
can serve either as a basal body supporting flagellar
synthesis or a mitotic spindle supporting chromosome
segregation. Hence, the challenge for those protozoa
with limited numbers of MTOCs is to balance the require-
ments of motility against those of mitosis (Buss, 1987;
Margulis, 1981). In organisms that have not resolved the
competition between cell division and flagellar synthe-
sis, the flagellum retracts and motility ceases prior to
formation of the mitotic spindle (Buss, 1987; Margulis,
1981). This conflict seems to hold as well for animals.
No flagellated or ciliated animal cell—including sperm,
epithelial cells, nerve cells, and statocysts —ever divides
(Buss, 1987; Cavalier-Smith, 1991; Margulis, 1981)

The flagellation constraint may have had important
consequences for animal origins. Leo Buss has argued
that the trade-off between locomotion and mitosis may
have granted a selective advantage to multicellular vari-
ants in which these dueling functions were allocated to
different sets of cells (Buss, 1983). Whereas the MTOCs
of the unicellular ancestors of animals alternated be-
tween flagellar synthesis and mitotic spindle formation,
thus sacrificing motility during cell division, colony for-
mation would potentially circumvent the constraint. Ini-
tially, the division of labor between cell fission and motil-
ity may have been temporal, with colonies composed

o KX

unicellular colonial multicellular
&

B METAZOA

& °

o i B
8} S
Ofb"‘\ {\Q‘:‘ . > O

& S S ¢®  Bilateria

Figure 1. Stages in the Transition to Multicellularity

(A) From unicellular flagellates evolved motile colonies of multipo-
tent cells. Genetic variants of colonial flagellates may have produced
differentiated cells, and eventually given rise to multicellular, inte-
grated individuals with subsets of cells dedicated to proliferation
and others dedicated to preserving colony motility. Cells may divide
on the colony surface (a) or introgress (b) and divide in the interior
of the colony (c).

(B) Metazoa are monophyletic, and their last common ancestor,
the Urmetazoan, was multicellular (3). The multicellular Urmetazoan
evolved from a colonial flagellate (2), whose last common ancestor
with choanoflagellates was a unicellular flagellate (1).

of multipotent cells each of which took turns either divid-
ing or providing flagellar activity. For each cell in a col-
ony, a benefit of cooperation would be the maintenance
of motility during cell division.

As motile colonies grew, the balance between flagel-
lated and dividing cells would have been critical for the
maintenance of motility (Figure 1A; Buss, 1983). Too
many dividing (and therefore unflagellated) cells would
create an overpowering drag on the colony. Buss sug-
gests that this constraint may have played into the evolu-
tion of gastrulation if selection acted against colonies
with unflagellated cells on the surface. If cells primed
for mitosis first migrated into the hollow center of the
colony, they would have little impact on overall colony
motility, thus balancing the flagellation constraint against
environmental pressures (Figure 1A). Furthermore, this mi-
gration would have led to an early pattern of spatial
differentiation, with flagellated cells on the periphery
and unflagellated proliferating cells (precursors to the
germline) in the interior (Buss, 1983). Therefore, a simple
feature of protozoan cell biology (that is, the participa-
tion of the MTOC in both mitosis and motility) may have
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Figure 2. Diverse Origins of Multicellularity

Multicellular and colonial species are found throughout the diversity of eukaryotic phyla (Bonner, 1998; Buss, 1987). Although some phyla are
strictly multicellular (e.g., land plants and animals), many more contain a mix of unicellular and multicellular forms. The apparent clustering
of multicellularity among related branches of the tree suggests the existence of heritable genomic features that facilitate the evolution of
higher order cellular interactions. With regard to animal origins, it is worth noting that the closest relatives, the choanoflagellates, are thought
to be primitively unicellular and have evolved the ability to form colonies in some species. Modified from Baldauf, 2003.

profoundly impacted early events in animal evolution
and development.

The Ties that Bind

Although studies of the transition to multicellularity were
once hindered by uncertainty regarding the evolutionary
relationships among extant taxa, progress on three phy-
logenetic issues has rekindled interest and opened up
new avenues of research. Here | briefly discuss recent
findings regarding the phylogenetics of multicellular or-
ganisms, the common ancestry of all Metazoa, and the
close relationship between Metazoa and a special group
of protozoa, the choanoflagellates.

Multiple Transitions to Multicellularity

To place the origin of animals from protozoa in context,
it is valuable to consider the relationships among multi-
cellular eukaryotes. Despite the challenges of inferring
the evolutionary relationships from among long-diverged
taxa, a consensus picture of eukaryotic phylogeny has
emerged (Figure 2; Baldauf, 2003). Armed with a new
understanding of the eukaryotic tree, we are now equipped
to ask if all multicellular eukaryotes are related, reflecting
a single transition to multicellularity, or if their evolution-
ary histories imply multiple independent origins of multi-
cellularity. Mapping all known examples of multicellu-
larity onto this phylogenetic framework reveals its roots
throughout eukaryotic diversity (Bonner, 1998; Buss,
1987). Including the better-known multicellular groups
(animals, land plants, fungi, and green, brown, and red

algae), multicellularity appears in at least 16 indepen-
dent eukaryotic lineages. In some of these lineages (e.g.,
Fungi) the relationships among diverse multicellular
and unicellular members suggest that multicellularity
evolved repeatedly after the initial radiation of the lin-
eage and was subsequently lost in select taxa (Medina
et al., 2001). In contrast, land plants and animals are
entirely multicellular, suggesting that the transition from
unicellularity occurred early in their evolutionary his-
tories.

Three groups, the plants, amoebozoa, and opistho-
konts, are particularly enriched for multicellularity,
whereas others (e.g., the excavates, rhizaria, and alveo-
lates) are notably deficient. The clustering of multicellu-
lar origins within closely related groups may indicate
that some genomes and some cell biologies have been
better building blocks for multicellularity than others.
Additionally, the natural histories of some groups (e.g.,
their susceptibility to predation) may have generated
greater or lesser selective advantages for colonial forms
over solitary cells. The key to understanding the founda-
tions of multicellularity and development in each multi-
cellular lineage is to have a clearer picture of its unicellu-
lar prehistory.

Monophyly of Animals

A central question regarding animal origins, then, is
whether animals are monophyletic and owe their history
to a single transition to multicellularity, or polyphyletic,
meaning Porifera (i.e., sponges) and the remaining ani-
mal phyla derive from two or more separate protozoan
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ancestors. Morphological analyses have been ambigu-
ous, alternately supporting or rejecting the homology
of early development in all animals, and highlighting
morphological and cell ultrastructural similarities and
differences between Porifera and the tissue-level Meta-
zoa (reviewed in Leys, 2003; Maldonado, 2004; Morris,
1993; Nielsen, 1995). Further confusion has arisen from
the observation that the unique and specialized feeding
cells or “choanocytes” of Porifera bear a striking resem-
blance to a class of protozoa, the choanoflagellates
(Figure 3; reviewed in Leadbeater and Kelly, 2001). Im-
portantly, this cell type has been observed only in choa-
noflagellates and Metazoa, suggesting that the two
groups share recent common ancestry.

The apparent homology between choanoflagellates
and poriferan choanocytes originally prompted Henry
James-Clark to regard sponges as highly specialized
choanoflagellate colonies, and therefore separate from
the animal lineage (James-Clark, 1868). With the subse-
quent discovery of collar cells in diverse non-poriferan
animals (e.g., Cnidaria and Echinodermata), Porifera
tentatively gained re-entry into Metazoa, but the contro-
versy did not end (Lyons, 1973; Norrevang and Wing-
strand, 1970). Both the homology of choanoflagellates
and choanocytes, and the utility of morphological char-
acters for assessing animal monophyly have been called
into question (Ax, 1996; Karpov and Leadbeater, 1998;
Mehl and Reiswig, 1991; Woollacott and Pinto, 1995).

As a complement to morphological data, comparisons
of sequences from conserved genes may allow the infer-
ence of evolutionary relationships from among long-
diverged and morphologically dissimilar taxa. In con-
trast with the uncertainty derived from morphological
studies, analyses of ribosomal RNA sequences and se-
quences from low copy number nuclear genes provide

Figure 3. Resemblance between Choano-
flagellates and Poriferan Choanocytes

In historical sketches by William Saville-Kent
(A Manual of the Infusoria [London: David
Brogue], 1880-1882), choanoflagellates (A
and B) and choanocytes (C) are shown to
display similar cellular architectures: a spher-
ical or ovoid cell body and an apical flagellum
subtended by a collar of tentacles. Both cho-
anoflagellates and choanocytes use the fla-
gellum to create water currents that propel
bacterial food onto the collar for capture. (A)
Monosiga consociata (as modified from plate
IV-19; Saville-Kent); (B) (left) Salpingoeca
convallaria (as modified from plate IV-13; Sa-
ville-Kent), (right) Salpingoeca infusionum (as
modified from plate VI-8; Saville-Kent); (C)
Leucosolenia coriacea. Triradiate spicule (sp)
and three associated choanocytes (arrow) (as
modified from plate X-2; Saville-Kent).

independent, robust, and consistent support for the mo-
nophyly of Metazoa, including Porifera (Baldauf, 1999;
Borchiellini et al., 1998; Cavalier-Smith et al., 1996;
Schutze et al., 1999; Wainright et al., 1993).
Unicellular Relatives of Animals

The key phylogenetic question regarding animal origins
concerns the identity of the closest protozoan relatives,
particularly those that might inform considerations of
the transition to multicellularity. The similarities between
choanoflagellates, poriferan choanocytes, and the collar
cells of Cnidaria and echinoderms prompted early spec-
ulation that animals might have evolved from a choano-
flagellate-like ancestor. In fact, choanoflagellates are
the only known protozoa whose cell biology uniquely
allies them with Metazoa. Nonetheless, as mentioned
earlier, there remains uncertainty about the validity of
uniting choanoflagellates with Metazoa based upon the
collar cell structure. To evaluate the evolutionary history
of animals relative to choanoflagellates and other proto-
zoa, several research groups have performed indepen-
dent phylogenetic analyses of multiple nuclear and mito-
chondrial genes from diverse taxa. Although analyses of
rRNA sequences tend not to provide sufficient resolution
for the question of choanoflagellate relationships with
Metazoa, those emphasizing protein sequences have
consistently revealed strong statistical support for the
grouping of choanoflagellates with animals (Atkins et
al., 2000; Burger et al., 2003; Cavalier-Smith et al., 1996;
King and Carroll, 2001; Kumar and Rzhetsky, 1996; Phil-
ippe et al., 2004; Ragan et al., 1996; Snell et al., 2001;
Wainright et al., 1993; Zettler et al., 2001).

Given the potential importance of choanoflagellates
as a window on animal origins, the question of choano-
flagellate monophyly warrants further examination. In
the small number of studies for which SSU rRNA se-
quences from multiple choanoflagellate species were
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Figure 4. Choanoflagellates Are an Outgroup of Metazoa
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The cox2-ATP8-ATP6-cox3 gene cluster (yellow) is conserved in the mtDNAs of diverse animals, including Porifera, Cnidaria, arthropods,
echinoderms, and chordates (Boore, 1999; Watkins and Beckenbach, 1999). In contrast, the orthologous set of genes from a choanoflagellate
mtDNA contains 22 additional protein-coding genes, 14 of which (red) are absent from animal mtDNAs (Burger et al., 2003). Modified from

the supplement to King et al. (2003).

included, choanoflagellates have emerged as a mono-
phyletic group (e.g., Medina et al., 2003). The analysis
of multiple independent molecular markers (including
protein coding genes) from a greater diversity of species
will improve our understanding of the relationships
among choanoflagellates. Regardless, the relationship
between animals and the choanoflagellates thus far
sampled has proven to be much closer than that be-
tween animals and their nearest multicellular neighbors,
the Fungi.

A small number of nonchoanoflagellate protozoa of
previously uncertain affinities, and with no obvious
structural similarities to animal cells, have also emerged
from SSU rRNA studies as possible members of the
internode between Metazoa and Fungi (Mendoza et al.,
2002). These taxa suffer from ambiguity regarding their
exact phylogenetic placement relative to choanoflagel-
lates and animals and, in some cases, have evolved
parasitic lifestyles that may mask their common ances-
try with animals. For example, although members of
Class Mesomycetozoea appear monophyletic with cho-
anoflagellates in some analyses of SSU rRNA, analyses
of EF-1« failed to resolve their placement relative to
animals and Fungi (Cavalier-Smith and Allsopp, 1996;
Herr et al., 1999; Mendoza et al., 2002; Ragan et al.,
1996, 2003; Zettler et al., 2001). In contrast, a recent
study using 11 mitochondrial genes strongly supports
their placement as an outgroup to the choanoflagel-
lates + Metazoa (Burger et al., 2003). Inferences about
the phylogenetic positions of other potential outgroups,
e.g., Corallochytrium limacisporum, the nucleariid amoe-
bae, and two Ministeria species, remain somewhat un-
certain; future studies with larger numbers of inde-
pendent molecular markers will help clarify their
evolutionary relationships to animals (Cavalier-Smith
and Chao, 2003; Medina et al., 2003; Zettler et al., 2001).
As we learn more about the biology and phylogenetic
relationships of these groups, they may offer important
insights into protozoan evolution preceding the origin
of Metazoa. In the meantime, the aggregate of morpho-
logical similarities between choanoflagellates and ani-
mals, and our relative confidence about their phyloge-
netic affinity, suggest that choanoflagellates are the
most appropriate protozoan reference group for near-
term studies of animals origins.

Are Choanoflagellates an Outgroup of Metazoa?

As confidence that choanoflagellates cluster closely
with animals has increased, so has concern that they
might, in fact, be degenerate Porifera (Maldonado, 2004;
Rieger and Weyrer, 1998). Unfortunately, poor sampling
of phylogenetically informative genes from Porifera has
limited proper testing of the “Choanoflagellates from
Porifera” hypothesis. To evaluate the finer-scale rela-
tionships between choanoflagellates and sponges and
examine whether choanoflagellates diverged before the
origin of animals or, instead, evolved from sponges,
multiple protein sequences from diverse sponges, two
choanoflagellates, and a variety of diploblasts and
triploblasts have been collected (Rokas et al., 2003a).
Analyses of the data set, the largest of its kind at the
time, failed to resolve either the relationships between
previously well-defined metazoan taxa (e.g., Bilateria)
or those between animals and choanoflagellates. These
findings indicate that data sets with what we now con-
sider small numbers of genes are insufficient for resolv-
ing the relationships of early-branching Metazoa. In-
stead, the problem calls for much more sequence data
than is commonly used (Rokas et al., 2003b). One such
source of data has recently become available with the
sequencing of a choanoflagellate mitochondrial genome
(Burger et al., 2003; Lang et al., 2002).

The mitochondrial genomes of animals are highly re-
duced and compact relative to those of diverse protists,
usually containing far fewer genes and little to no in-
tergenic DNA (Boore, 1999; Gray et al., 1999; Lang et al.,
1999). Sequences of the highly conserved cox2-ATP8-
ATP6-cox3 gene cassette from two sponge species
show that the compacted state of animal mtDNA
evolved before the divergence of Porifera and Cnidaria
from the lineage, giving rise to Bilateria (Figure 4; Wat-
kins and Beckenbach, 1999). In contrast, the same quar-
tet of genes from mtDNAs of diverse unicellular eukary-
otes is embedded with many additional genes that, while
common to protistan mtDNAs, are never found in animal
mtDNAs. If choanoflagellates evolved from sponges,
their mtDNAs should resemble animal mtDNA, lacking
genes missing from animals, as well as introns and in-
tergenic DNA. Instead, the region of choanoflagellate
mtDNA containing cox2, ATP8, ATP6, and cox3 contains
large numbers of extra genes found in protist mtDNAs
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Figure 5. Inferring the Minimal Genomic
Complexity of Common Ancestors

(A) Homologous genes found in choanofla-
gellates and animals represent the minimal
genomic complexity of their most recent

Pan-eukaryote genome common ancestor (node 1, Figure 1), and of

the Urmetazoan (node 3, Figure 1). Note that
such comparisons reveal only the minimal ge-
nomic complexity of the common ancestor
and that components of the ancestral ge-
nome may have been lost in one or more lin-
eages.

(B) Genes unique to animals, choanoflagel-

Metazoan genome S

Unigue to choanoflagellates

lates, and their most recent common ances-
tor may be identified by excluding genes (e.g.,

and the genome as a whole contains both intergenic
DNA and introns (Figure 4; see supplement to King et
al., 2003). Whereas the animal mtDNAs (including, ap-
parently, those of sponges) evolved through early gene
loss and compaction, the expanded state of choanoflag-
ellate mtDNA suggests that choanoflagellates diverged
before the origin and radiation of metazoan phyla
(Boore, 1999; Gray et al., 1999; Lang et al., 1999). In
other words, choanoflagellates are a bona fide outgroup
of living animal phyla and provide an unprecedented
opportunity to probe the origin and early evolution of
Metazoa.

The Ancestral Genome

Ideally, one would like to learn how animals differ from
their unicellular ancestors and identify the molecular
genetic changes that made possible the origin of ani-
mals. Given the impossibility of directly examining the
protozoan progenitor of animals, how might new in-
sights on animal origins be derived? How might we learn
which genes were important, and how novelties in tran-
scriptional regulation might have contributed? How can
we infer when the elements of animal multicellularity
first evolved and what roles they originally played in the
protozoan ancestors of animals?

By comparing the genomes of choanoflagellates with
those of animals, we can infer the minimal genomic
complexity of their most recent common ancestor (Fig-
ure 1B, node 1; Figure 5A) (Brooke and Holland, 2003;
King et al., 2003). By broadening the comparison to
include all other eukaryotes, we can identify genes that
are shared uniquely between choanoflagellates and ani-
mals and those that have no known homologs outside
of Metazoa (Figure 1B, node 3; Figure 5B). Within these
subsets of the ancestral genome lie genes that played
critical roles in the origin of animals.

The Parts List: Building the Urmetazoan Genome

While comparisons between the complete genomes of
diverse animals and choanoflagellates promise to pro-
vide the most taxonomically informed perspective on
animal origins, comparisons between animal and nonan-
imal genomes have already yielded valuable insights
into the ground state of the Urmetazoan genome (Table
1). The shared ancestry of Metazoa predicts that all
animals, including sponges, use a core set of genes to

housekeeping genes) found in other eukary-
otes (i.e., pan-eukaryote genes).

support the fundamentals of multicellularity: cell adhe-
sion, signal transduction, and differentiation. Indeed,
targeted investigations of candidate genes from sponges
have uncovered numerous gene families required for cell
interactions and the integrity of multicellular animals,
including collagens, integrins, receptor tyrosine kinases
(RTKs), and homeobox genes (Figure 6A) (Boute et al.,
1996; Brower et al., 1997; Coutinho et al., 2003; Garrone,
1998; Suga et al., 2001., 1999; Wimmer et al., 1999).
Functional analyses of sponge genes reveal similarities
with the activities of homologs from other animals. For
example, type IV collagen, which localizes to the base-
ment membranes of bilaterians, also localizes to the
basement membrane of a homoscleromorph sponge,
suggesting that the two structures have a common ori-
gin (Boute et al., 1996). Similarities in function between
poriferan and bilaterian genes have also been demon-
strated for C-type lectins and B-integrin (Gundacker et
al., 2001; Wimmer et al., 1999). As we learn more about
the complement of gene families from sponges and can
compare their functions with those in other animals, it
may prove possible to trace the most basal aspects
of animal development to the Urmetazoan (Muller et
al., 2001).

A flurry of analyses accompanying the releases of the
first genomes of eukaryotes revealed that many of the
best-characterized protein domains involved in animal
cell interactions (e.g., integrins, laminins, tyrosine ki-
nases [TKs]) are apparently unique to animals (Arabi-
dopsis Genome Initiative, 2000; Copley et al., 1999; Hut-
ter et al., 2000; Hynes and Zhao, 2000; Rubin et al.,
2000). In fact, protein domains involved in signal trans-
duction, cell adhesion, and differentiation heavily popu-
late lists of motifs with apparent restriction to animals
(Table 2). Fundamental differences between the genome
contents of animals and nonanimals, including a collec-
tion of over 800 protein domains found only in Metazoa,
suggest a wealth of sequences for building unique fac-
ets of animal biology (Table 2). Considering the evolu-
tionary distance between animals and the most closely
related eukaryotes with sequenced genomes (Fungi), an
unresolved question concerns whether “animal-spe-
cific” protein domains evolved before or after the origin
of animals, and what their significance might be for the
transition to multicellularity.

In contrast with the putatively “animal specific” pro-
tein domains, some components of animal signaling and
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Figure 6. Multidomain Signaling and Adhesion Proteins from Porifera and Choanoflagellates

The domain architectures of representative genes from Porifera (A) and choanoflagellates (B) were predicted using PFAM (http://www.sanger.ac.
uk/Software/Pfam/search.shtml) and SMART (http://smart.embl-heidelberg.de/). Poriferan sequences are labeled with their Genbank accession
numbers. Note that some sequences (e.g., MBSRC1 and PRCDH1) are not full-length.

adhesion pathways have been identified in nonanimals.
For example, the EGF-like domain, once thought to be
diagnostic of animals, has now been found in diverse
nonanimals including Paramecium, Eimeria, and Dicty-
ostelium (Fey et al., 2002; Sperling et al., 2002; Tomley
et al., 2001). Furthermore, homologs of animal 3-catenin
and STAT have been isolated from Dictyostelium, where
they are used for signaling and adhesion (Grimson et
al., 2000; Kawata et al., 1997). The finding in nonanimals
of protein domains used for animal cell interactions hints
that these domains, and the cellular activities they sup-
ported in ancient eukaryotes, may have served as pread-
aptations for the origin of animals. Alternatively, some
components of the protein machinery that mediates ani-
mal cell interactions may have originally played other
roles in ancestral unicellular eukaryotes before being
co-opted to function in signaling and adhesion.

A first step in understanding the early evolutionary
history (and prehistory) of the animal genome has been
to catalog and characterize expressed genes of choano-
flagellates. As might be predicted from the phylogenetic
relationships between choanoflagellates and animals,
the vast majority of choanoflagellate-expressed genes
have homologs in animal genomes (King et al., 2003). Of
particular interest is whether choanoflagellates express
genes that are otherwise known only from animals; that
is, genes of the type in Table 2. Surveys of expressed
sequence tags (ESTs) and full-length cDNA sequences
reveal choanoflagellates to express multiple members
of gene families previously thought to be unique to ani-
mals. Despite the apparent simplicity of their lifestyle,
choanoflagellates express a surprising diversity of ani-
mal signaling and adhesion gene homologs including
TKs, G protein-coupled receptors, cadherins, and C-type

lectins (Figure 6; King et al., 2003). In addition, several
predicted polypeptides from choanoflagellates contain
multiple protein-protein interaction domains (e.g., EGF,
SH2, TNFR, and CCP) that typically function in animal
signaling and adhesion proteins (Figure 6B).

These findings reveal that at least some gene families
intimately linked to animal multicellularity and develop-
ment evolved before the origin of animals, raising the
possibility that they participated in the transition to
multicellularity. A full recounting of the history of the
animal proteome will require the comparison of com-
plete genome sequences from diverse Porifera, Cnida-
ria, Ctenophora, choanoflagellates, and other unicellular
relatives of animals. By identifying those genes shared
with choanoflagellates and those found only in animals,
it may prove possible to reconstruct early events in the
assembly of the animal genome.

Evolving Novelty: Domain Shuffling, Gene
Duplication, and Differential Gene Expression

In the face of apparently high levels of coding-sequence
conservation among animals, and perhaps between ani-
mals and choanoflagellates, how might novel morpholo-
gies evolve? The increase in morphological complexity
and the requirement for coordination of cellular activities
during the transition to multicellularity would seem to
have demanded radically new protein and cellular func-
tions. Three complementary scenarios for the genomic
bases of macroevolution have been proposed, each call-
ing upon the modularity of the genome and its pro-
pensity for recombination: domain shuffling, gene du-
plication, and divergence, and the evolution of gene
regulation (Bartel and Chen, 2004; Carrington and Ambros,
2003; Carroll, 2000; Levine and Tjian, 2002; Long, 2001;
Lundin, 1999; Patthy, 1999). While there is evidence of
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domain shuffling prior to the origin of animals, the extent
to which the expansion of particular gene families and
the evolution of novel modes of gene regulation coin-
cided with and contributed to the transition to multicellu-
larity is unknown (King et al., 2003).

(1) Domain Shuffling. Proteins with entirely new speci-
ficities and activities can evolve through domain shuf-
fling, providing a potential route to rapid morphological
evolution (Long, 2001; Patthy, 1999). The TK family, a
diverse group of signal transduction proteins that regu-
lates cell proliferation and differentiation in animals,
beautifully demonstrates both the power and possibili-
ties of domain shuffling. Particularly relevant to the dis-
cussion here, the central role of TKs in regulating mor-
phogenesis and the expansion of the family in bilaterian
animals have prompted the hypothesis that TK evolution
was a key component of animal evolution (Darnell, 1997;
Hunter and Cooper, 1985).

One family of TKs, the RTKs, no doubt owes its origin
to domain shuffling. The canonical elements of RTKs, a
cytoplasmic TK domain tethered through a transmem-
brane domain to an extracellular ligand binding domain,
would have first been united through recombination
(King and Carroll, 2001; Muller et al., 1999). Phylogenetic
analyses of RTKs from diverse animals suggest the exis-
tence of approximately 30 distinct subfamilies, each
with a different combination of extracellular ligand bind-
ing domains (Suga et al., 2001, 1999). Importantly, at
least 15 (and probably more) of these subfamilies
evolved before the divergence of Porifera from other
Metazoa, suggesting that the Urmetazoan genome con-
tained much of the TK diversity found in modern animals
(Suga et al., 2001).

Although choanoflagellates have been less thoroughly
sampled than Porifera, they are known to contain two
RTKs and a Src kinase (Figure 6B; King et al., 2003).
Importantly, the combination of extracellular domains
found in one choanoflagellate TK, MBRTK1, does not
directly match that of any known animal TK. A second
choanoflagellate RTK, MBRTK2, lacks any identifiable
ligand binding sequence. By analyzing the full diversity
and abundance of TKs and members of other multido-
main protein families from choanoflagellates, it may be
possible to assess the extent and importance of domain
shuffling during animal origins.

(2) Gene Duplication and Divergence. An enigma of
protein evolution concerns an apparent constraint on
protein function: how can new protein activities evolve
without sacrificing the ancestral (and often essential)
functions of the protein? A solution appears to have
been rampant gene duplication and subsequent diver-
gence (Lundin, 1999). Duplicate genes (paralogs) arise
through local, regional, or total genome duplications,
resulting in two genes of identical sequence and func-
tion (Sankoff, 2001). New paralogs can then diverge
slowly, the sum of their activities including the ancestral
role of their progenitor and new functions that evolve
through selection and drift.

Gene duplication occurs frequently within extant pop-
ulations, and large-scale fixations of duplicated genes
have accompanied pivotal events in animal history: the
origin of animals, the origin of Bilateria, and early verte-
brate evolution (reviewed in Lundin, 1999; Lynch and
Conery, 2000). The diversity and abundance of TKs, Ga

proteins, protein tyrosine phosphatases, and collagens
found in Porifera and Cnidaria approach those found in
Bilateria, suggesting that the different protein families
expanded through gene duplication prior to the initial
radiation of the animal lineage (Exposito et al., 2002;
Garrone, 1998; Ono et al., 1999; Suga et al., 1999). The
extent to which these protein families expanded before
or after the transition to multicellularity awaits further
investigation of the genomes of choanoflagellates and
related unicellular outgroups of animals.

In contrast with the early expansions of signaling and
adhesion protein families, the Hox gene radiation seems
to correlate more closely with the evolution of morpho-
logical complexity (Holland, 1999). With no Hox genes
yet isolated from Porifera and two or fewer inferred for
the common ancestor of Cnidaria, the Urmetazoan prob-
ably contained one or two Hox genes at most (Holland,
1999). In contrast, the progenitor of Bilateria probably
had at least seven Hox genes and mice and humans
have 39 (Holland, 1999; Prince, 2002). A thorough sam-
pling of genomes from choanoflagellates and related
protozoa will help resolve the question of whether Hox
genes evolved before or after the origin of animals.

(3) Evolution of Gene Regulation. The real novelty in
the transition to multicellularity is not simply that individ-
ual cells adhere or communicate, but that the functions
of each component cell become integrated and interde-
pendent (Buss, 1983; Michod, 2003; Szathmary and
Maynard Smith, 1995). An important aspect of this inte-
gration in animals has been the differentiation of cells
in time and space, a process largely directed by tran-
scriptional and posttranscriptional regulation of gene
activity. Whether novel modes of transcriptional regula-
tion contributed to animal origins remains an unresolved
issue, but one buoyed by comparisons of cis-regulatory
DNA and transcription factor diversity in animal and
fungal genomes (Levine and Tjian, 2002). Both the larger
size and modular organization of metazoan cis-regula-
tory DNAs, which often contain multiple enhancers and
fewer constraints on spacing, permit patterns of gene
expression that are orders of magnitude more intricate
than what is possible with the simple promoters of yeast
(Levine and Tjian, 2002).

While the expanding complexity of transcriptional reg-
ulation in animals correlates with morphological diversi-
fication during metazoan evolution, it remains unclear
whether it contributed to animal origins. Analyses of
upstream sequences from a handful of poriferan genes
hint at the existence of enhancers with combinations of
transcription factor binding sites, and fusions of these
sequences to reporters promotes expression in mam-
malian cell culture lines, but it has not been possible to
test the endogenous activities of the purportedly cis-
regulatory DNAs in vivo (Coutinho et al., 2003; Seack et
al., 1999). Additionally, nothing is known about either
the patterns or regulation of transcription in choanoflag-
ellates. Until transcriptional regulation is better under-
stood in Porifera and choanoflagellates, the connection
between enhancer evolution and animal origins remains
a mystery.

Likewise, little is known about how posttranscriptional
phenomena, including alternative splicing of nascent
transcripts and modulation of gene activity by small
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Table 2. Diverse Protein Domains Found Solely in Metazoa

Accession PFAM Domain Function/Process

PF01064 Activin types | and Il receptor domain transforming growth factor 8 receptor activity
PF01586 Myogenic Basic domain DNA binding transcription factor
PF01049 Cadherin cytoplasmic region homophilic cell adhesion

PF01410 Fibrillar collagen C-terminal domain extracellular matrix structural constituent
PF00812 Ephrin membrane-attached ligand

PF01153 Glypican extracellular matrix

PF01085 Hedgehog amino-terminal signaling domain local and long-range signaling

PF00219 Insulin-like growth factor binding protein insulin-like growth factor binding
PF05806 Noggin BMP binding

PF00640 Phosphotyrosine interaction domain (PTB/PID) phosphotyrosine binding

PF00907 T-box transcription factor activity

PF00110 Whnt family signal transducer activity

A list of 853 metazoan-specific domains was generated by the taxonomy search option at PFAM (http://pfam.wustl.edu/taxonomy.shtml).

Select domains from the list are shown.

RNAs, may have contributed to the transition to multicel-
lularity. The recent discovery of RNA-based gene regula-
tionin diverse eukaryotes, including animals, plants, and
the protozoan Trypanosoma brucei, suggests that the
unicellular progenitor of animals was capable of regulat-
ing gene function and transcript abundance using small
RNAs (Bartel and Chen, 2004; Carrington and Ambros,
2003; Ngo et al., 1998). An additional mode of regulating
gene function posttranscriptionally, through alternative
splicing of pre-mRNAs, contributes significantly to the
complexity of metazoan transcriptomes and is gaining
increasing attention within the plant community (Kazan,
2003; Maniatis and Tasic, 2002). However, with few com-
plete genome sequences from nonmodel eukaryotes, it
has been difficult to assess the relative frequency of
alternative splicing either within or beyond the Metazoa.
While our current understanding of posttranscriptional
events in nonmodel organisms lags behind our knowl-
edge of transcriptional regulation, genome-scale analy-
ses of RNA-based gene regulation and alternative splic-
ing in a broader diversity of taxa promise to provide
clearer insights into their evolutionary histories and po-
tential roles in the origin of animals.

Protozoan Antecedents to Multicellularity

The integrity of multicellular organisms requires stable
adhesion between neighboring cells, coordination of
cellular behavior (e.g., the cell cycle and cell migration)
through cell-cell signaling, and fine-scale regulation of
gene activity to control the identity and spatial distribu-
tion of differentiated cells. A paradox of the transition
to multicellularity is that much of the requisite molecular
machinery first evolved in unicellular protozoa and was
later co-opted to support robust cellular interactions.
Potential discomfort with the seeming unlikelihood of
this scenario may be reduced with a broader apprecia-
tion of the diverse cellular activities of extant protozoa
(Table 3; Wolpert, 1994). For example, cellular adhesion
between animal cells may derive from protein families
previously used by heterotrophic flagellates to recog-
nize and capture select bacterial and protozoan prey.
In fact, tethering of unicellular prey to the cell mem-
branes of predatory protozoa may be considered the
single-celled equivalent of animal cell adhesion. While

remarkably little is known about the mechanisms under-
lying prey capture in protozoa, close examination of
feeding in choanoflagellates might reveal unexpected
commonalities with cell adhesion in animals (King et
al., 2003).

Even more so than cell adhesion, the ability of proto-
zoa to monitor and respond to cues from their changing
environments means that metazoan signal transduction
has many potential antecedents from the life histories
of free-living protozoa. Critical aspects of protozoan
cellular behavior are induced by chemical cues and se-
creted peptides, presumably through the activation of
signaling cascades (Table 3; Gortz et al., 1999). In a
lovely example, a small secreted peptide (A-factor) in-
duces dramatically different cellular activities in a proto-
zoan predator, Amoeba proteus, and its prey, ciliates of
the genus Euplotes (Kusch, 1999). A-factor synthesized
and secreted by A. proteus induces avoidance behavior
in E. octocarinatus, allowing the prey to survive and
coexist in the presence of an aggressive predator. In
contrast, members of species E. aediculatus do not re-
spond to A-factor and rapidly succumb to predation by
A. proteus. Curiously, A-factor also induces a behavioral
change in the predator, inhibiting phagocytosis of mi-
crometer-sized beads by A. proteus. A related defense-
inducing hormone from another protozoan, Lembadion
bullinum, localizes to the cell surface, suggesting that
a single peptide induces avoidance behavior in prey and
acts as a self-recognition molecule to prevent cannibal-
ism among conspecific predators (Kusch, 1999; Peters-
Regehr et al., 1997).

A hallmark of animal multicellularity is the division of
labor through highly regulated cell differentiation. Uni-
cellular eukaryotes are also capable of differentiation;
in their case, differentiation occurs temporally rather
than spatially, often in response to environmental cues
or biotic signals. The best-studied examples are of mat-
ing-type development and encystment/excystment (Ta-
ble 3). Many protozoa capable of sexual reproduction
favor asexual propagation given sufficient nutrient avail-
ability. For example, when nutrient levels fall, Euplotes
cells transform into preconjugants capable of mating
with cells of a complementary mating type (Ortenzi et
al., 2000; Weiss et al., 1995). Multiple distinct mating
types arise through cell differentiation, presumably the
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Table 3. Signal Transduction and Adhesion Mediate Diverse Behaviors in Unicellular Protozoa

Behavior Cellular Activity (%) Species Molecular Determinant Reference(s)
Mating Induction of conjugation (S)  Blepharisma japonicum  blepharmone glycoprotein  Sugiura and Harumoto, 2001
Euplotes octocarinatus Phr2b (membrane bound) Mollenbeck and Heckmann, 2002
Mating-type recognition (S)  Euplotes raikovi Er-1mem Weiss et al., 1995; Ortenzi et al.,
2000
Mating cell paring (A) Euplotes raikovi Er-1mem Weiss et al., 1995; Ortenzi et al.,
2000
Feeding Food recognition (S) Actinophrys sol 40-kDa glycoprotein Sakaguchi, 2001
Prey capture (A) Actinophrys sol 40-kDa glycoprotein Sakaguchi, 2001

Self-defense  Parasite avoidance (S)

Predator avoidance (S)

Self-recognition (S) Amoeba proteus

Actinophrys sol

Sterkiella histriomu-
scorum

Monosiga brevicollis

Euplotes raikovi

Excystment/Encystment (S)

Growth Cell proliferation (S)

Alexandrium ostenfeldii
Euplotes octocarinatus

unknown

A-factor polypeptide
A-factor polypeptide
40-kDa glycoprotein
cysteine proteases

Toth et al., 2004
Kusch, 1999

Kusch, 1999
Sakaguchi, 2001
Villalobo et al., 2003

tyrosine kinases King, 2003
Er-1 Weiss et al., 1995; Ortenzi et al.,
2000

28, Signal transduction; A, Adhesion

product of changes in gene expression and activity.
Signaling between conjugants, either in the form of se-
creted pheromones or membrane-bound receptors,
allows proper sorting of cells into pairs with complemen-
tary mating types. Finally, stable cell adhesion between
each pair permits the exchange of genetic material.

Choanoflagellates may provide the most direct in-
sights into the ancestral functions of animal signaling,
adhesion, and transcription factor gene families. For
example, with the finding of TKs in choanoflagellates,
we can begin to ask what function TK signaling plays
in a unicellular context. The presence of TKs in choano-
flagellates argues that they evolved first in protozoa and
were later co-opted into the multicellular lifestyle. By
disrupting TK activity with specific pharmacological in-
hibitors, it has been possible to demonstrate a require-
ment for TK activity during choanoflagellate proliferation
(King et al., 2003). Furthermore, choanoflagellates ap-
pear to interpret extracellular signals through a TK sig-
naling pathway; changes in nutrient availability cause
the profile of tyrosine-phosphorylated proteins to
change rapidly (King et al., 2003). The development of
techniques for targeting the functions of specific choa-
noflagellate genes in vivo will facilitate further investiga-
tions into the unicellular ancestry of animal signaling and
adhesion. By examining signaling and adhesion gene
homologs in diverse protozoa, we may identify pre-
viously unrecognized connections between the cell biol-
ogy of animals and their protozoan relatives.

Back to the Future

This is an exciting time for research on animal origins,
a time with great promise for new insights into a pivotal
event in life’s history. Meaningful progress in our under-
standing of animal origins rides on future developments
in phylogenetics, poriferan embryology, comparative
genomics, and the development of new protozoan
model systems. First, to the extent possible, we need
to remove all remaining ambiguity regarding the evolu-
tionary relationships among early-branching Metazoa
(Porifera, Cnidaria, and Ctenophora), choanoflagellates,

and protozoan relatives of choanoflagellates (e.g., Cor-
allochytrium, Ministeria, and Amoebidium). Second,
comparative embryology within the Porifera and be-
tween Porifera and other Metazoa will aid inferences on
the ground state of metazoan development, the funda-
mental elaboration of animal multicellularity. Third, com-
parisons between complete genomes of Porifera, choa-
noflagellates, and further removed protozoan outgroups
will help depict the assembly of the genome during the
transition to multicellularity. Finally, it will be crucial to
develop a phylogenetically relevant protozoan model
system (i.e., the choanoflagellates) in which to examine
the activities of animal cell signaling, adhesion, and tran-
scription factor gene homologs. By bringing functional
approaches (e.g., RNAI) to bear on the problem of animal
origins, we may make unprecedented inferences about
the biology of the Urmetazoan and its spawning of ani-
mal diversity.

The starting point in our search to understand animal
origins has been to identify which elements of animal
genomes are shared with their protozoan relatives and
which are unique. The holy grail will be to distinguish
the genetic changes that laid the foundation for the
transition to multicellularity. Let protozoa show the way.
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