Protist

An informal name that is given
to eukaryotes (usually
unicellular eukaryotes) that are
not included in the fungal,
animal or plant lineages.
Protists do not form a
monophyletic clade.
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REVIEWS I

perspective

The origin of Metazoa: a unicellular

of metazoan genes and genome function.

“No direct proof exists of the origin of the Metazoa from
the Protozoa, but such [an] origin besides being necessi-
tated by the principle of evolution is strongly indicated
by the facts of embryonic development, in which each
metazoan passes from an acellular to a cellular condi-
tion”, wrote Libbie H. Hyman in her 1940 book, The
Invertebrates: Protozoa Through Ctenophora'. More than
75 years after Hyman's words, we now have direct proof
that animals did evolve from an ancestor protist. Not
only that, but we also now know that multicellularity
has been acquired several times independently within
the tree of eukaryotes, including in fungi, in plants,
in the different types of algae and in slime moulds (BOX 1;
FIC. 1). Multicellular organisms not only grow bigger than
unicellular organisms, they also have the capability to
perform different cellular functions at the same time
owing to spatially organized and regulated division of
labour?™. Thus, the question is now not whether ani-
mals evolved from a protistan ancestor, but when, and
whether this unicellular ancestor possessed features that
we know are important in the formation and functioning
of extant animal cell types and body plans.

Most work on the origin of animals has focused on
determining the nature of the shared ancestor of all
contemporary animals. Although comparative studies
between bilaterian animals and non-bilaterian animals
(sponges, ctenophores, placozoans and cnidarians) have
provided important insights into the characteristics of
the last common ancestor of metazoans (Urmetazoa)>'?,
this approach is insufficient as a means of improving our
understanding of animal origins. To decipher how this
transition took place, we also need to elucidate the nature
of the unicellular ancestor of animals. Only by having
some knowledge of the nature of both the unicellular
ancestor and the first animal can we fully understand the
unicellular-to-multicellular transition. Given that there
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Abstract | The first animals evolved from an unknown single-celled ancestor in the Precambrian
period. Recently, the identification and characterization of the genomic and cellular traits of the
protists most closely related to animals have shed light on the origin of animals. Comparisons of
animals with these unicellular relatives allow us to reconstruct the first evolutionary steps
towards animal multicellularity. Here, we review the results of these investigations and discuss
their implications for understanding the earliest stages of animal evolution, including the origin

is no fossil record of either the unicellular ancestor or the
initial steps in the evolution of animal multicellularity,
the only way we can do this is by studying the closest
extant unicellular relatives of animals and comparing
them with animals.

In this Review, we examine how comparative
studies of the closest unicellular relatives of Metazoa
have revolutionized our understanding of the uni-
cellular ancestor of animals and, consequently, of the
unicellular-to-multicellular transition. First, we describe
the phylogenetic relationships between animals and other
eukaryotes. Next, we explain how comparative genom-
ics studies have provided a detailed reconstruction of the
gene repertoire of the protistan ancestor of animals. We
then review how studies addressing the cell and regula-
tory biology of animal relatives have enabled us to infer
some of the biological traits of this unicellular ancestor.
Based on these latest reconstructions, we further develop
the hypothesis proposed by Zakhvatkin'', which has more
recently been expanded upon by Mikhailov et al.’?, who
suggested that temporally regulated cell differentiation
existed in the unicellular ancestor of animals and that
animals originated through spatiotemporal integration of
these pre-existing cell types. Finally, we discuss how these
results pose new and exciting questions, and we propose
research avenues to tackle them.

Animals among the eukaryotes

A strongly supported phylogenetic framework is key to
addressing any evolutionary question. Thus, the first
step towards understanding the unicellular ancestor of
animals was the identification of the extant unicellular
relatives of animals. Until a decade ago, we knew very
little about the phylogenetic relationships between ani-
mals and other eukaryotes. Based on morphological
similarity alone, it was difficult to identify single-celled
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Box 1| Multicellularity: a common theme among eukaryotes

Multicellularity has repeatedly evolved within the eukaryotic tree of life to the point that some authors have considered
this a ‘minor’ major evolutionary transition’. The transition to multicellularity has occurred within eukaryotes between
16 (REF. 3) and 22 (REF. 4) times. Moreover, we find examples of multicellularity in all major eukaryotic lineages. Some
lineages are entirely multicellular (such as Metazoa and Embryophyta), whereas others only have one or a few
multicellular species. Similarly, in some lineages, such as fungi, there have been several reversions to the unicellular state.

Multicellularity can be acquired via two major mechanisms: by clonal division and by cell aggregation. In clonal
multicellularity, all the cells in the organism arise from a founder cell that undergoes successive rounds of division,
resulting in the formation of a cluster of genetically identical cells. By contrast, aggregative multicellularity develops
through the attachment, one to another, of genetically distinct cells to form a multicellular entity. In this latter scenario,
intra-organismal competition poses strong fitness challenges, and therefore, the aggregate is predicted to be
evolutionarily unstable'. Indeed, aggregative multicellularity is found only as a transient life stage. Among lineages with
clonal multicellularity, those that result from embryonic development are associated with more complex body plans.
Multicellular embryonic development is well described in many embryophytes (land plants) and metazoans. This is not
the case for brown and red algae, which remain poorly studied, although there is evidence of embryonic development in
these lineages as well'>"". Finally, despite fungi being a relatively well-characterized group, multicellularity in fungi is
not well understood and quite problematic to categorize.

Not only has multicellularity evolved independently multiple times in eukaryotes, but each of these transitions also
occurred at different times in the history of life. Fossils of putative macroscopic multicellular organisms have been
described from 2,100 million-year-old rocks in Gabon'*é, but it is debatable whether these fossils represent true
multicellular organisms or colonies, whether they are eukaryotes or prokaryotes, or even whether they represent
biological or abiotic structures*. The oldest unequivocal multicellular eukaryotes are the Bangiomorpha spp. red algae,
which appeared around 1,200 million years ago, and have differentiated holdfasts and reproductive cells'*’. However,
most of the extant major multicellular lineages appeared later in evolution. These include macrophyte green algae
(Coleochaetales, Zygnematales and Charales), which arose 750 million years ago'?*!?!; metazoans, which arose

~650 million years ago'**'*%; embryophytes, which arose ~450 million years ago'?; multicellular fungi, which arose

~300 million years ago'?®; and phaeophytes, which arose ~130 million years ago'” (FIC. 1).

Finally, different molecular systems have evolved to serve similar functions in different multicellular lineages.
An interesting case is cell adhesion, which is mediated by different molecules in different multicellular taxa. For example,
whereas cell adhesion in plants is largely mediated by extracellular ‘glues’ such as pectins and hemicelluloses, in fungi it
involves extracellular glycoproteins, in animals it is mediated by transmembrane proteins such as cadherins and integrins,
and in brown algae it involves phlorotannins and alginates (which are polymers of b-mannuronic acid and L-guluronic
acid)'?812, Similarly, signalling pathways are largely distinct in different multicellular lineages and, even though an
expansion in transcription factor (TF)-encoding genes is observed in many of them®, different structural TF families have
expanded in each case. In fact, ‘phylogenetic inertia’ largely determines the multicellularity toolkit in each group. That is,

Bilaterian animals

A monophyletic group that is
defined by bilateral symmetry
of the body plan and three
germ layers, and that
comprises most animal phyla.

Choanocyte

A specialized filter-feeding cell
type that is characteristic of
sponges. The basic cell
structure, with a central
flagellum surrounded by

a microvilli collar, to some
extent resembles that of
choanoflagellate cells.

each of the multicellular lineages is more similar in terms of their TFs or their signalling repertoires to their unicellular
relatives than to other multicellular groups. Therefore, despite some common trends, there is no universal gene toolkit

for multicellularity.

In summary, the overall pan-eukaryotic picture of multicellularity is characterized by multiple independent transitions,
at very different times, and by the use of very different molecular toolkits.

protists that could potentially be close relatives of ani-
mals and that could, therefore, shed light on animal
origins. The exception are the choanoflagellates, which
have been considered to be close relatives of animals for
more than a century because of their close resemblance
to a specific sponge cell type called the choanocyte®*°.
Even in the case of choanoflagellates, however, it was
not until the advent of molecular phylogenetics that they
were confirmed as the closest relatives of animals.
Phylogenomic studies have considerably changed our
understanding of the tree of life (BOX 1; FIC. 1). In addition
to confirming the position of choanoflagellates as the
unicellular sister group of animals, studies in the past
decade have revealed that two additional independent
lineages, the filastereans and the ichthyosporeans, are
also closely related to Metazoa's™"?. Consequently, three
unicellular lineages (choanoflagellates, filastereans and
ichthyosporeans) form a clade with Metazoa (FIC. 2).
This clade, called Holozoa®, thus forms the reference
point for studies of the origin of animals. There have
been alternative hypotheses with regard to the spe-
cific phylogenetic relationships between unicellular

holozoans. For example, some earlier analyses indicated
that filastereans and ichthyosporeans formed a mono-
phyletic clade', while others showed filastereans to be
the sister group of choanoflagellates and animals". The
position of another candidate holozoan, the enigmatic
Corallochytrium limacisporum, also remained contro-
versial, as only a few gene sequences were available?'-.
However, the most recent phylogenomic analyses, which
use dozens of phylogenetic markers, have shown that
the clade formed by C. limacisporum plus Ichthyosporea
is the earliest-branching holozoan lineage, and that
Filasterea is the sister group of the Choanoflagellatea and
Metazoa'®" (FIC. 2). It is worth emphasizing that none
of these possible alternative topologies within Holozoa
has an impact on the conclusions and reconstructions
reviewed here.

Interestingly, the three unicellular lineages included
in the Holozoa clade have very different morphologies
and lifestyles. The choanoflagellates, which are the
group most closely related to animals, are free-living
single-celled and colonial flagellates that feed on bacteria.
They are divided into two major groups (Craspedida and
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‘ First evidence of Metazoa (635 Mya) ‘ ‘ Embryophyta (450 Mya) ‘

‘ Ediacaran fauna (575 Mya) ‘

evolved independently multiple times, although only in four lineages is
this multicellularity linked to embryonic development and complex body
plans. The tree is a consensus composite based on several recent
phylogenomic studies'®3%138 b | A timeline of the origins of the major
multicellular eukaryotic clades showing that transitions to
multicellularity have occurred at very different times in the history of life.
The estimations are based on fossil record and molecular clock
estimates*!191231257127.139 Time units are millions of years ago (Mya).

Figure 1| The multiple origins of multicellularity. a | The phylogenetic
distribution of multicellularity among eukaryotes. Multicellular forms
(clonal or aggregative; see BOX 1) are present in several eukaryotic
lineages. Some lineages, such as animals (Metazoa; highlighted in bold)
and plants (Embryophyta; highlighted in bold), are entirely multicellular
(that is, all species are multicellular), whereas other lineages have only
afew multicellular species, with the majority being unicellular. From this
widespread distribution, it can be inferred that multicellularity has
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Figure 2 | Phylogenetic relationships of animals and unicellular Holozoa. There are
three independent unicellular holozoan lineages that are closely related to animals:
namely, Ichthyosporea, Filasterea and Choanoflagellatea. The schematic phylogenetic
tree is based on the most recent and taxonomically rich phylogenomic studies'®*°.

The position of Ctenophora and Porifera is indicated as a polytomy given the current
debate on the branching order of these two lineages’***1,

Filopodia

Thin, actin-based cellular
projections that are used in
environmental sensing and cell
motility.

Metabarcoding

Analysis of species or lineage
diversity in pooled
environmental samples by
sequencing of a standardized,
common region of DNA,
usually the gene encoding the
18S ribosomal RNA.

Coenocyte

A multinucleated cell resulting
from successive nuclear
divisions (karyokinesis) without
associated cytokinesis.

Acanthoecida) and comprise more than 250 known spe-
cies??. Choanoflagellates inhabit marine and freshwater
environments, and are widely distributed worldwide. By
contrast, the filastereans are amoeboid protists that have
filopodia. There are only two described filasterean spe-
cies so far: the marine free-living Ministeria vibrans'*;
and Capsaspora owczarzaki, which was isolated from
a freshwater snail from Puerto Rico and Brazil”-?.
It was originally suggested that C. owczarzaki would
provide the snail with resistance to Schistosoma man-
soni infections by destroying the sporocysts of this par-
asite. However, further attempts to isolate C. owczarzaki
from S. mansoni-resistant snails were unsuccessful,
and the exact interaction of C. owczarzaki, if any, with
this potential host remains unclear?*. Finally, the
ichthyosporeans comprise approximately 40 described
species, and they are the parasites or commensals of
a wide diversity of animals, including humans and
many marine invertebrates®*2. Nevertheless, metabar-
coding analyses suggest the presence of free-living
ichthyosporean species®. Most ichthyosporeans repro-
duce through multinucleated coenocyte colonies and
have a wide diversity of dispersal stages, including
flagellated and amoeboid forms**.

Based on our latest view of the phylogenetic frame-
work of animals within the eukaryotic clade, it is clear
that when investigating the origin of animals, all three
of the closest relatives of animals — choanoflagellates,
filastereans and ichthyosporeans — should be taken into
consideration. Obtaining detailed genomic, regulatory

and cell-biological information about representative
members of the various groups is likely to yield insights
into the transition from unicellularity to metazoan
multicellularity.

The unicellular urmetazoan genome
Understanding the transition from unicellularity to
multicellularity requires knowledge of the types and
extent of genomic innovation that preceded and accom-
panied this transition. For instance, if the unicellular
ancestor of animals contained few genes involved in
multicellular processes, it could be inferred that a key
event in the evolution of metazoan multicellularity
would be the evolution of animal-specific genes. By
contrast, if the unicellular ancestor had many of the
genes involved in multicellular development and phys-
iology, then the evolution of multicellularity is likely to
have involved the co-option of existing genes to perform
new functions. To distinguish between these possibili-
ties, however, we need to elucidate the gene content of
the unicellular ancestor. By determining which genes
and genetic pathways are shared between animals and
their relatives, it is then possible to infer which genes
and genetic pathways were present in the ancestor.

We now have the complete genome sequences of
four unicellular holozoans, which represent each of the
three unicellular lineages that are most closely related
to animals. These include the genomes of two choano-
flagellates (Monosiga brevicollis and Salpingoeca rosetta),
one filasterean (C. owczarzaki) and one ichthyosporean
(Creolimax fragrantissima)** (FIG. 3a). This rich dataset
enables us to reconstruct the gene content of the uni-
cellular ancestor of animals with an unprecedented
level of detail. The results have been quite surprising.
Although there was gene innovation at the onset of
Metazoa, the unicellular ancestor of animals already
had a rich repertoire of genes that are required for cell
adhesion, cell signalling and transcriptional regulation
in modern animals (FIG. 3b).

The first example is that of genes encoding cell
adhesion proteins, which are necessary for cell-cell and
cell-matrix interactions in the formation of cell layers,
tissues and the extracellular matrix (ECM) in animals.
Genome sequence analysis of unicellular holozoans indi-
cates that the unicellular ancestor of animals already had
several mechanisms of cell adhesion, both for cell-cell
and cell-ECM adhesion (FIG. 3b). For example, there
are approximately 20-30 predicted cadherin domain-
containing proteins encoded in the genomes of choano-
flagellates*. However, classic animal cadherins, which
are regulated by B-catenin and are involved in cell-cell
adhesion, seem to be metazoan specific. Moreover,
C. owczarzaki has a complete integrin adhesome, which
is a major cell-ECM adhesion system in animals*'.
Other ECM-related proteins are present in unicellular
holozoans, and they include several components of the
dystrophin-associated glycoprotein complex and mul-
tiple ECM-related protein domains, such as laminins,
collagens and fibronectins®. Finally, C-type lectins,
which are involved in cell-cell adhesion, are present in
choanoflagellates®. Overall, the presence of animal cell
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Figure 3 | Comparative genomics of Holozoa. a | The genomic features of
animals and their unicellular relatives. Animal genomes contain a larger
proportion of non-coding sequences than do the genomes of other Holozoa,
which might be related to the amount of regulatory information encoded.
Other differences are the larger size and higher number of predicted genes
in animal genomes relative to the genomes of other Holozoa, although both
these features show high variability across species. Data from REFS 38,39,142.
b | Aninferred gene repertoire of the unicellular ancestor of animals. Many
genes that are important for metazoan multicellularity-related functions —
such as adhesion, signalling and transcriptional regulation — evolved in a
unicellular context and were present in the unicellular ancestor of animals.
The inference is based on the presence of homologues of these metazoan
genes in the genomes of unicellular relatives of animals. The origin of the
animal gene repertoire is comprehensively described elsewhere®'%. Aque,
Amphimedon queenslandica (Porifera); BRA, Brachyury; Cfra, Creolimax

5 MYOX, dystroglycan, vinculin,

(— ) Signal transduction

Adhesion receptors.
Cadbherins,
C-type lectins
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Fascin, VAV1, DIA, ERM,

MYC, BRA ,CSL,
RUNX, STAT,
NF-xB, HD TALEs and
non-TALEs, p53,
MEF2, RFX

SRC, CSK, Hippo pathway,
PI3K, GSK3, GABL,
mTOR, MAGUKs, MAPKs

fragrantissima (Ichthyosporea); Cowc, Capsaspora owczarzaki (Filasterea);
DIA, diaphanous; Dmel, Drosophila melanogaster (Bilateria); EPS8,
epidermal growth factor receptor kinase substrate 8; GAB, GRB2-associated
binding protein; GPCRs, G protein-coupled receptors; GSK3, glycogen
synthase kinase 3; HD, homeodomain; Hsap, Homo sapiens (Bilateria);
MAGUKs, membrane-associated guanylate kinases; MAPKs,
mitogen-activated protein kinases; Mbre, Monosiga brevicollis
(Choanoflagellatea); MEF2, myocyte-specific enhancer factor 2; Mlei,
Mnemiopsis leidyi (Ctenophora); mTOR, mechanistic target of rapamycin;
MYOX, myosin X; NF-kB, nuclear factor-kB; Nvec, Nematostella vectensis
(Cnidaria); PI3K, phosphatidylinositol 3-kinase; RTKs, receptor tyrosine
kinases; Scer, Saccharomyces cerevisiae (Fungi); Sros, Salpingoeca rosetta
(Choanoflagellatea); STAT, signal transducer and activator of transcription;
Tadh, Trichoplax adhaerens (Placozoa); TALEs, three amino acid loop
extensions; TF, transcription factor.
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Orthologues

Genes in different species that
are descended from a common
ancestral gene through

a speciation divergence event.

adhesion proteins — including integrins, C-type lectins
and cadherins — in extant unicellular holozoans indi-
cates that these adhesion mechanisms were not animal
innovations.

Signal transduction is another key requirement for
metazoan multicellularity. Several key developmental
signalling pathways, such as Hedgehog, WNT, trans-
forming growth factor-p (TGFp), JAK-STAT and
Notch, are highly conserved across Metazoa (with the
possible exception of most components of the Notch
and Hedgehog pathways, which are absent in cteno-
phores®”) and are not found in non-metazoans®****%,
In other cases, similar signalling receptors are present
in the genomes of unicellular holozoans (FIC. 3b). The
best-studied case is that of the receptor tyrosine kinases
(RTKs). Choanoflagellates, filastereans and ichthyo-
sporeans have dozens of independently evolved RTKs,
none of which seems to be homologous to the RTKs of
each other or any metazoan RTKs (that is, metazoan
RTKs are a fourth independent expansion of RTKs in
Holozoa)**. By contrast, some orthologues of cyto-
plasmic tyrosine kinases — such as SRC, focal adhesion
kinase (FAK) and CSK — are present in both animals
and unicellular holozoans. Another conserved premeta-
zoan signalling mechanism is the Hippo signalling path-
way, which is present in C. owczarzaki*. In this case,
once again, the intracellular components of the pathway
are conserved, whereas the known metazoan upstream
receptors, Crumbs and Fat, are absent. Thus, it seems
that although some metazoan intracellular signalling
components were present in the unicellular ancestor of
animals, in most cases their upstream receptors and lig-
ands evolved after metazoans diverged from unicellular
holozoans.

Finally, comparative genomics studies have also
shown that a considerable proportion of the transcrip-
tion factor (TF) repertoire of animals was already pres-
ent in the holozoan unicellular ancestor (FIG. 3b). This
includes some TF classes that were previously thought
to be metazoan specific (such as nuclear factor-xB
(NF-kB), p53, RUNX and T-box)*"*8. New TF classes —
such as the ETS, SMAD, nuclear receptor, Doublesex and
interferon-regulatory factor (IRF) families — evolved at
the root of Metazoa, and many new families appeared
within specific TF classes, including the T-box, SOX,
homeobox and basic helix-loop-helix (b HLH) families
(reviewed in REF 49).

Some of these TFs, along with the integrin adhe-
some*!, were secondarily lost in choanoflagellates®.
These are two cautionary examples of the limitation of
reconstructing ancestral gene content on the basis of
very few species and lineages. Therefore, we cannot rule
out that secondary loss is not obscuring more ancient
evolutionary origins for some gene families.

The finding that many key genes involved in animal
multicellularity and development were already present
in the unicellular ancestor of animals suggests that the
co-option of ancestral genes into new functions was an
important mechanism in the evolution of animal multi-
cellularity. That is, many of the genes that currently
function within multicellular animals evolved within

a unicellular context and were subsequently repurposed
for multicellularity. This co-option of the ancestral gene
repertoire, together with the evolution of novel animal
genes (for example, ligands and receptors), and a sub-
stantial expansion and diversification of some ancestral
gene families, configured the gene toolkit for animal
multicellularity.

Unicellular holozoan cell types

Although reconstructing the gene content of the pro-
tistan ancestor of animals is an important step towards
understanding the emergence of animals, gene content
alone is not sufficient to provide insights into the cell
biology, life cycle and regulation capabilities of the uni-
cellular ancestor. This requires analysis of the biology of
the extant unicellular relatives of animals. To this end,
a few unicellular holozoan species are being intensively
studied and are emerging as candidate model systems in
which to address the origin of animals.

Choanoflagellate life stages. S. rosetta is the best-
studied choanoflagellate species. Analysis of the S. rosetta
life cycle has revealed that this choanoflagellate forms
colonies by clonal cell division® and that cells within the
colony are linked by cellular bridges®' (FIC. 4A).
Interestingly, colony formation in S. rosetta is triggered by

Figure 4 | Unicellular holozoan life cycles. Each panel
shows the life cycle and temporal cell type transitions in one
unicellular holozoan species. For each organism, the life
cycle is shown schematically on the left, and microscopy
images of the corresponding stages are shown on the right.
A| The life cycle of the colonial choanoflagellate Salpingoeca
rosetta. The cycle includes a single-celled sessile thecate
stage, slow and fast swimming single-celled stages, and two
types of colonial stage — chain and rosette colonies —in
which cells are linked by intercellular bridges (indicated by
awhite arrow in the electron microscopy image in the right
panel of part d). Starvation triggers the S. rosetta sexual
cycle, inwhich diploid cells undergo meiosis and
recombination, and the resulting haploid cells (which can
also divide asexually) mate anisogamously. Scale bars
represent 5 um, except in the right panel of part d where the
scale bar represents 1um. B | The life cycle of the
ichthyosporean Creolimax fragrantissima. Single-nucleated
amoebas disperse until they find a spot to settle and encyst.
The cell then undergoes multiple rounds of synchronic
nuclear division without intervening cytoplasmic division.
The nuclei are placed in the periphery as a large central
vacuole grows. Finally, the coenocyte cellularizes, and new
amoebas are released. Scale bars represent 10 um, except in
part c where the scale bar represents 50 um. C| The life cycle
of the filasterean amoeba Capsaspora owczarzaki. The
trophic proliferative stage is an amoeba with long thin
actin-based filopodia. These amoebas can aggregate and
produce an extracellular matrix that binds them together.

In addition, aggregated cells and amoebas can transform
into a cystic resistance form. Scale bars represent 1um,
except in part d where the scale bar represents 200 nm. Part
Ais adapted with permission from REF. 51, Elsevier. Part Bis
adapted with permission from REF. 38, eLife Sciences
Publications. Part C is adapted with permission from REF. 57,
eLife Sciences Publications.

6| ADVANCE ONLINE PUBLICATION

www.nature.com/nrg

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



REVIEWS

A Chain colony Rosette colony

C D

N\

/D Slow swimmer

Fast swimmer
Gametes (J Me|05|s

Thecate cell

B Synchronic Coenocyte

nuclear
division b

Encystment @

Dispersive
a % amcF:eba
O SN
1 ®
C b

[
© O
Multicellular O O O /\ O Cysts
aggregate O
©

k Fllopodlated amoebas )

a U

C Proliferative stages #~  Directionality of cell type transitions

NATURE REVIEWS | GENETICS ADVANCE ONLINE PUBLICATION |7

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



REVIEWS

Effector gene

A gene that is related to
structural and metabolic
cellular functions (for example,
enzymes or cytoskeletal
proteins), as opposed to a
regulatory gene.

the presence of its bacterial prey, Algoriphagus machipon-
gonensis, and more specifically, by a sulfonolipid mole-
cule produced by this bacterium®2. This observation
suggests a deep evolutionary link between bacterial prey
capture and early animal multicellularity. Additional life
stages of S. rosetta include a sessile thecate form, and slow
and fast swimmer stages®' (FIC. 4A). S. rosetta also has a
sexual life cycle that is triggered by nutrient starvation
and involves morphologically differentiated gametes®.
The presence of sexual reproduction and gametogenesis
in choanoflagellates suggests that these processes were
present in the unicellular ancestor of animals.

RNA sequencing (RNA-seq) analysis of S. rosetta has
revealed highly specific transcriptome profiles that are
associated with the different life stages”. Differentially
upregulated genes include those encoding septins in the
colonial stage and those encoding different cadherin
domain-containing proteins in the colonial and sessile
stages. In a recent random mutagenesis screen*, a C-type
lectin was identified as essential for colony formation in
S. rosetta, providing the first direct gene-to-phenotype
link in a unicellular holozoan.

Investigation of another choanoflagellate, M. brev-
icollis, has provided insights into the premetazoan
function of cadherins. Two M. brevicollis cadherins
localize in the microvilli feeding collar and colocalize
with the actin cytoskeleton®. M. brevicollis is a strictly
solitary choanoflagellate species, which suggests a role
for choanoflagellate cadherins in prey capture. In line
with this, none of the studies in the colonial choano-
flagellate S. rosetta has linked cadherins to colony forma-
tion, which further supports the idea of a non-cell-cell
adhesion role for cadherins in extant choanoflagellates
and, potentially, in the unicellular ancestor of animals.

Ichthyosporean life stages. C. fragrantissima is a promis-
ing ichthyosporean model system in which tools are avail-
able for transient genetic transformation*. The life cycle of
C. fragrantissima (and other ichthyosporeans) is very dif-
ferent from that of choanoflagellates (FIC. 4B). It starts with
a mononucleated cell that undergoes multiple rounds of
synchronic nuclear division, which results in a large, sessile
multinucleated coenocyte (with a diameter of 70-80 um)
that has a cell wall, nuclei localized to the cell periphery
and a large central vacuole®**. The rapid cellularization of
the coenocyte is followed by the release of mononucleated
amoeboid cells, which are highly motile and do not divide.
The amoebas disperse until they find a clear spot to settle,
where they encyst and begin a new cycle (FIC. 4B). A recent
analysis of two life stages of C. fragrantissima (multi-
nucleated and amoeba) has shown specific transcriptomic
profiles for each stage that involve hundreds of differen-
tially expressed genes®. For example, the integrin adhe-
some and the TF Brachyury are significantly upregulated
in the amoeba stage, whereas DNA replication-related
and translation-related genes are upregulated in the
colonial stage.

Filasterean life stages. Among Filasterea, only the life
cycle of C. owczarzaki has been described®” (FIC. 4C).
Although C. owczarzaki was originally reported as an

endosymbiont of a freshwater snail, recent observations
suggest that this amoeba may be able to phagocytose
bacteria and grow as a bacterivore, similarly to its sister
species M. vibrans (LR-T. and colleagues, unpublished
observations). The C. owczarzaki life cycle includes three
different cell stages: an amoeboid stage, a cystic stage
and an aggregative multicellular stage. In the amoeboid
stage, cells have long thin actin-based filopodia®, and
the amoeba represents the proliferative and phagocytic
trophic stage. Upon starvation, C. owczarzaki cells
retract their filopodia and encapsulate, forming a cystic
resistance form. Finally, amoeboid cells can join and
form multicellular aggregates, in which cells produce
an ECM that holds them together without the need for
direct cell-cell contact. This represents the only known
case of aggregative multicellularity in Holozoa (FIC. 1).

Transcriptomic analysis of the C. owczarzaki life cycle
showed that temporally regulated cell differentiation is
linked to specific transcriptional profiles*”. This differ-
ential gene regulation involves hundreds of genes, and
among them, there are many C. owczarzaki homologues
of genes that are essential for animal multicellularity. For
example, aggregate-stage cells strongly co-express integrin
adhesome genes, as well as ECM proteins, including
fibronectin domain-containing and laminin domain-
containing proteins; by contrast, in the filopodial stage,
genes related to actin cytoskeleton, filopodia forma-
tion and tyrosine kinase signalling are overexpressed.
Moreover, differentially regulated alternative splicing is
linked to cell type transitions in C. owczarzaki and fur-
ther contributes to temporally regulated gene expression.
A more recent study analysed proteome and phospho-
signalling dynamics during the C. owczarzaki life cycle
using high-throughput proteomics®. This study showed
that extensive proteome remodelling and hundreds of
dynamic phosphosignalling events underlie temporally
regulated cell differentiation in C. owczarzaki. Interestingly,
dozens of tyrosine kinases — including orthologues of sev-
eral cytoplasmic tyrosine kinases (such as SRC, ABL and
TEC), as well as structurally diverse RTKs — were shown
to be phospho-activated in a cell type-specific manner.
Moreover, multiple TFs seemed to be phosphoregulated,
and the Hippo pathway was activated specifically during
the aggregative stage. These results further support the idea
that elaborate transcriptional, post-transcriptional and
phosphosignalling-mediated regulation already existed in
the protistan ancestor of animals.

Overall, the diversity of morphologies and cell behav-
iours in extant unicellular holozoans suggests that the
unicellular ancestor of metazoans was a bacterivore that
displayed sexual reproduction and multiple temporally
differentiated cell types'?. Most likely, these transitions
between the different cell states were tightly regulated
by the differential expression of conserved TFs, such as
Brachyury, and were triggered by environmental con-
ditions such as nutrient starvation and the presence of
bacterial prey.

Regulatory innovation at animal origins
Specific effector gene modules and their immediate
upstream regulators define the functional specificity of a

8| ADVANCE ONLINE PUBLICATION

www.nature.com/nrg

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



Cis-regulatory element

A genomic segment that
regulates the transcription of
(usually neighbouring) genes
on the same chromosome.

Chromatin looping
Physical folding of the

chromatin nucleoprotein fibre.

Itis often associated with
regulatory events that involve
physical proximity between
distal enhancer elements and
gene promoters.

given cell type® and, as we have described, many of the
components of these gene modules evolved in premeta-
zoan lineages. However, as Eric H. Davidson stated in
his 2006 book The Regulatory Genome®' “Differentiation
gene batteries do not make body plans”. Indeed, animal
development ultimately depends on the finely regulated
spatiotemporal deployment of these effector gene bat-
teries to generate individual cell phenotypes and collec-
tive multicellular structures. This dynamic definition
of regulatory states is orchestrated by large hierarchical
gene regulatory networks (GRNs) and epigenetic mech-
anisms of cellular memory. The key question here is
whether or not these GRNs and epigenetic mechanisms
were already present in the unicellular ancestor of animals.

Signalling novelties at the root of Metazoa. Signalling
genes are essential elements of metazoan GRNs. In uni-
cellular organisms that display temporally regulated
cell type differentiation, environmental cues — such
as nutrient deprivation and hypoxia — trigger cell
type transformations®*®. The control of differentiation
through metabolism or chemical gradients is arguably
much less prominent in modern metazoans than in uni-
cellular organisms. Instead, cell-to-cell and long-range
signalling mechanisms are the most important deter-
minants of cell fate in modern metazoans. Interestingly,
most of these signalling pathways originated at the root
of Metazoa (see above)®**** and are essential for body
patterning in early-branching animals'®®*. Thus, these
developmental signalling pathways seem to have been
important for the evolution of cell type determination
and morphogenesis in animals.

The emergence of a metazoan TF toolkit. TFs are the
other major players in animal developmental GRNS.
Available data suggest that the establishment of the meta-
zoan TF regulatory toolkit resulted from a combination
of five processes. First, ancient TF classes — particularly
those with highly variable DNA-binding specificities,
such as homeoboxes and zinc fingers®® — were vastly
expanded by gene duplication at the onset of Metazoa,
originating dozens of new families®. Second, pre-
existing TF classes were co-opted into new functions.
This happened to many TFs of holozoan origin, such
as T-box TFs, RUNX TFs, p53 and NF-«B. Third, new
TF classes — such as the ETS, SMAD, IRF and nuclear
receptor families — originated at the root of animals.
Fourth, changes in TF-TF and TF-cofactor interac-
tions expanded the number of combinatorial regulatory
binding specificities. For example, the basic leucine zip-
per (bZIP) dimerization preferences of several species,
including the choanoflagellate M. brevicollis, have been
analysed in vitro®®. This study found that the proportion
of heterodimeric bZIP interactions (that is, interactions
between bZIP TFs belonging to different families) was
greatly increased in multicellular species relative to their
unicellular relatives. This indicates that the remodel-
ling of TF dimerization networks is a potential way to
increase the number of regulatory outputs from a limited
set of TFs. Finally, ancient TF-specific downstream regu-
latory networks were probably co-opted and modified.
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Whereas cis-regulatory element sequence conservation
is quickly eroded during evolution, specific regulatory
connections tend to be more conserved®.

What remains unclear is the extent to which such
TF regulatory connections might be inferred by com-
paring extant unicellular relatives with early-branching
animals. A recent study suggests that, at least for some
TFs, such inference might be possible. In the filasterean
C. owczarzaki, orthologues of Brachyury and MYC were
shown to regulate genes involved in cell motility and cell
proliferation, respectively, indicating that they function
similarly to their metazoan orthologues™. Moreover,
MYC from the choanoflagellate M. brevicollis has sim-
ilar interacting partners (the bHLH TF MAX) to those
of metazoan MYC and uses the same DNA-binding
sites through which metazoan MYC proteins act (sites
called E-boxes)”". These findings further reinforce the
idea of a highly conserved premetazoan MYC regulatory
network involved in the control of cell proliferation.
In summary, the data suggest that the metazoan TF
regulatory toolkit evolved through changes both in
the TF gene repertoire and in the cis-regulatory and
trans-regulatory interactions. These changes ultimately
resulted in the greatly expanded regulatory capabilities
of the metazoan TFs.

Distal enhancer regulation in early Metazoa. TFs
bind to specific sequences located at gene promot-
ers and, at least in bilaterian animals, distal enhancer
elements. Enhancers are clusters of TF-binding sites
that have specific chromatin characteristics such as
depletion of nucleosomes (open chromatin sites) and
particular histone marks (histone 3 lysine 4 mono-
methylation (H3K4mel) and histone 3 lysine 27 acetyl-
ation (H3K27ac)) in the flanking nucleosomes’*7.
The presence of p300 (also known as EP300), a histone
acetyltransferase of holozoan origin¥, has also been
used to predict enhancer regions and activity””. High-
throughput approaches to identify and validate enhancer
candidates and test their functions have shown that most
enhancer elements in bilaterian animals are distal to
(kilobases up to megabases away from) the gene promot-
ers they regulate, and that they act through the physical
looping of the chromatin”#®. This chromatin looping is
mediated by CTCE, cohesin and other structural pro-
teins®*2. Enhancer elements generally reside in inter-
genic regions and, in more compact genomes, in introns;
these intronic enhancer elements are often located in
genes neighbouring the genes that they regulate. The
estimated number of enhancers is in the order of thou-
sands in animals such as Drosophila melanogaster® and
humans’ (TABLE 1). Moreover, in D. melanogaster the vast
majority of enhancers show very restricted spatial and
temporal activity during development®**, emphasizing
the importance of enhancer elements in orchestrating
complex regulatory states. Another defining feature of
cis-regulatory enhancer elements is their combinatorial
nature and modularity: multiple binding sites occur in
each enhancer®, and regulatory states are generated
by the combined action of multiple enhancers on the
same gene, particularly in genes encoding TFs and other
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developmental regulators®®*’. Overall, the combined
action of both distal enhancers and, to a lesser extent,
proximal promoter cis-regulatory elements underlies the
complex spatiotemporal expression patterns observed
during bilaterian development.

Although the evolutionary dynamics of enhancers
have been extensively studied in some bilaterians®, the
existence of such regulatory elements in other meta-
zoan or premetazoan lineages has remained a mystery.
An indirect hint of the possible existence of distal reg-
ulation across all metazoans is the deep evolutionary
conservation of microsyntenic blocks across Metazoa®*,
These blocks comprise a gene (usually a developmental
gene such as one encoding a TF or signalling protein)
that is linked to another functionally unrelated neigh-
bouring bystander gene. This linkage is often due to the
presence of regulatory elements in the bystander gene.
Interestingly, no conserved microsyntenic blocks have
been found between animals and their unicellular rel-
atives®, which suggests that distal regulation evolved at
the root of Metazoa.

The first direct experimental evidence for the
evolutionary conservation of the epigenetic regu-
latory landscape beyond Bilateria came from a land-
mark study in the cnidarian Nematostella vectensis®!
(TABLE 1). Approximately 6,000 enhancers were
predicted in N. vectensis, and they showed similar
chromatin signatures (H3K4mel, K3K27ac and the
presence of the histone acetyltransferase p300) to
those of bilaterian enhancers. Confirming these pre-
dictions, 12 of these N. vectensis enhancer elements
showed activity in in vivo reporter assays. Moreover,
N. vectensis enhancers were found to be particu-
larly enriched close to TF-encoding genes, which

suggests the existence of complex TF combinatorial
regulatory networks. What remains unknown, how-
ever, is whether these N. vectensis enhancers work
through chromatin looping or through non-looping
proximity mechanisms. The latter is suggested by the
absence of CTCE, a key protein for chromatin loop-
ing, in N. vectensis and other non-bilaterian animals®.
Nevertheless, a non-looping proximity mechanism is
inconsistent with the lack of dependence of enhancer
activity on enhancer orientation or the position of
the enhancer relative to the promoter in N. vectensis
reporter assays’’. Moreover, the more ancient cohesin
complex (which is present in all animals and most
eukaryotes) seems to be key to enhancer looping®"#,
and it has recently been shown that several different
structural proteins, but notably not CTCE, are asso-
ciated with enhancer-promoter chromatin loops
in D. melanogaster®®*. Therefore, it is possible that
enhancer-promoter looping in N. vectensis occurs,
even in the absence of CTCEF, via looping mediated
instead by cohesin and/or other structural proteins.

Multicellularity and chromosomal architecture. Even
though the gene regulatory landscape of N. vectensis is
similar to that of Bilateria, it remains unclear whether
global genome organization may differ between bilater-
ians and non-bilaterians. In particular, it is unclear
whether the genome of non-bilaterians is organized into
structural chromatin territories, such as topologically
associating domains (TADs), which are found in bila-
terian genomes”*. The discretization of the genome
into broad structural domains such as TADs allows the
existence of autonomous regulatory blocks, which have
similar prevalent chromatin features (for example, active

Table 1| Genome regulatory features in animals and unicellular relatives

Saccharomyces Capsaspora Nematostella Drosophila Homo sapiens
cerevisiae owczarzaki vectensis melanogaster
Clade Fungi Filasterea Cnidaria Bilateria Bilateria
Multicellularity Unicellular Unicellular Multicellular ~ Multicellular Multicellular
% non-coding genome 254 58.7 93.1 86.8 98.8
Number of gene deserts (50kb) 0 1 474 1,033 45,248
Mean intergenic distance (bp) 544 738 6,959 5,542 111,359
Number of transcription factors 95 143 544 497 1,012
H3K27me3/PRC2 —/- —/- /+ +/+ +/+
High-order chromatin structures - ? ? + +
(TADs and compartments)
Chromatin loops/CTCF -/- ?/- 2/~ +/+ +/+
DNA methylation - - + - +
Promoter types 17 Il ? I, Iland Il LIland IlI
Number of open chromatin sites 4,897 11,927 ? 35,507-45,825 2,890,742
Number of enhancer elements 0 0 5,747 50,000-100,000 41,011-399,124
Number of miRNAs 0 0 87 147 677
Number of lincRNA loci 63 652 ? 1,119 8,195

+, present; —, absent;?, unknown; H3K27me3, histone H3 lysine 27 trimethylation; lincRNAs, long intergenic non-coding RNAs;
miRNAs, microRNAs; PRC2, Polycomb repressive complex 2; TADs, topologically associating domains. Data are derived from

REFS 39,67,75,76,83,143-151.
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or repressive TADs) and within which looping regula-
tory interactions can occur®'®’. CTCF is regarded as an
essential factor for TAD formation, and therefore the
origin of CTCF in Bilateria might be related to a bilat-
erian-specific genome structural compartmentalization.
Conversely, alternative structural proteins could be con-
tributing to the formation of TADs or similar structures
in N. vectensis and early-branching metazoans. Thus,
deciphering and comparing the 3D genome architec-
tures of non-bilaterian animals will be key to resolv-
ing the evolutionary link, if any, between the origin of
Metazoa and the emergence of specific mechanisms for
genome compartmentalization and folding.

Unicellular holozoan regulatory genomes. Once
genomic regulatory features of bilaterians had been
observed in non-bilaterian animals, the obvious ques-
tion was whether this could be further extended to
premetazoan lineages. The filasterean C. owczarzaki is
an ideal candidate in which to investigate this, given that
it has a well-described pattern of temporally regulated
cell differentiation, and that it has the richest repertoire
of metazoan-like TFs (see above) among the unicellular
relatives of animals. Analysis of the C. owczarzaki reg-
ulatory genome showed that temporally differentiated
cell types in C. owczarzaki are associated with changes
in chromatin states and also with thousands of dynamic
cis-regulatory elements (as defined by accessible chro-
matin profiling)”. These cis-regulatory elements are
mostly proximal to the transcription start site (in pro-
moter regions and first introns). They are small and, even
when they are distal, lack any of the chromatin features
associated with animal enhancers. Thus, these results
suggest that distal enhancer elements might indeed be
an animal innovation. Similar studies are now required
in sponges, ctenophores and other unicellular holozoans
to precisely define when this innovation occurred.

Another important finding is the absence of repres-
sive marks such as histone H3 lysine 9 trimethylation
(H3K9me3; which marks constitutive heterochromatin)
and H3K27me3 (which marks inducible developmental
enhancers and promoters) in C. owczarzaki”™. Although
they remain to be explored in non-bilaterians, these
marks are common in bilaterians. By contrast, active
promoter chromatin signatures (such as H3K4me3 and
H3K27ac) found in C. owczarzaki are similar to those
observed in N. vectensis, bilaterians and also other
eukaryotes. Although unidentified C. owczarzaki-
specific repressive marks might exist, these results sug-
gest that repressive epigenetic states might be an impor-
tant precondition of animal multicellularity, as they
would progressively restrict differentiation potential
and maintain the differentiated cell state by locking’
genomic regions or specific genes.

In summary, a major innovation in the transition
to animal multicellularity was the emergence of mech-
anisms (inductive signals and genome regulation) that
allowed for the spatiotemporal deployment of effector
gene batteries, many of which already existed in the
unicellular ancestor. The specific nature of these mech-
anisms remains to be fully resolved, but likely candidates
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include the decoupling of cell differentiation from envi-
ronmental cues, the expansion of TF regulatory capabili-
ties, the emergence of a combinatorial regulatory lexicon
mediated by distal enhancer elements, the evolution
of repressive chromatin states and the evolution of a
hierarchically organized chromosomal architecture.

Urmetazoa: a mosaic of premetazoan cell types?
The data generated in recent years have allowed us to
reconstruct the nature of the unicellular ancestor of ani-
mals in some detail. Based on this, we can now revisit the
question of how this ancestor evolved into the first animal.
One of the oldest and most enduring evolutionary theo-
ries on the origin of animals is Ernst Haeckel’s Gastrea
theory'®!. Haeckel proposed that the first step in the
evolution of animal multicellularity was a hollow ball of
identical flagellated cells, which he called a blastea. With
some modern adaptations, such as the ‘choanoblastea’
theory (which emphasizes the resemblance of Haeckel’s
blastea to a choanoflagellate colony)'®%, Haeckel's model is
still the most widely accepted explanation of the emer-
gence of animal multicellularity'®-%. An important
assumption of the Gastrea model is that cell differenti-
ation appeared after the origin of multicellularity and,
therefore, that there was a single founding cell type in
animals (a choanoflagellate-like cell, according to many
authors). Some of these interpretations arise from the pos-
sible homology between sponge choanocytes and choano-
flagellates'®, whereas others simply assume that ontogeny
recapitulates phylogeny'®; that is, that successive devel-
opmental stages in an animal ontogeny resemble the evo-
lutionary history of that particular species (for example,
early stages would resemble the urmetazoan ancestor).

The recent discoveries reviewed here provide evi-
dence for a potential alternative scenario. First, many
genes that are essential to animal multicellularity orig-
inated in a unicellular context. Second, several close
unicellular animal relatives have complex life cycles that
include different cell types and temporally regulated
multicellular behaviours****”. Moreover, the temporally
regulated cell type differentiation of animal relatives is
associated with specific transcriptional profiles**** that
are supported by changing chromatin states” and exten-
sive remodelling of signalling states such as phospho-
signalling networks®. All of these findings indicate that
the cell states of premetazoans are the result of bona fide
differentiation processes that involve changes in mor-
phology, motility and so on, rather than simply being
examples of temporary phenotypic plasticity or changing
metabolic states. It is also important to emphasize that
these temporally regulated cell transitions in unicellular
holozoans are directional (that is, not all cell types can
give rise to all cell types) and that only specific cell types
are proliferative (for example, only the filopodial stage
in C. owczarzaki). Finally, there is evidence that major
changes in genome regulation occurred at the root of
Metazoa, raising the possibility of further expansion and
elaboration of regulatory capacity.

Based on the evidence obtained in recent years,
we can propose a hypothesis to explain the origin of
Metazoa that is rooted in the Synzoospore hypothesis
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Figure 5| A model of the origin of multicellularity: a transition from temporal to spatiotemporal cell
differentiation. a | The complex life cycle of the unicellular ancestor of animals. One cell type (labelled ‘A’) had
proliferative capacity, and both this proliferation and directional cell type transitions were controlled by environmental
stimuli. b | The pre-existing temporally regulated cell types were integrated into a proto-ontogeny, in which cell

differentiation polarities (for example, A differentiates into B,

Binto C and so on) were the same, and one cell type (in this

case A) was proliferative and gave rise to all the others. Environmental cues control terminal cell type (A, B and C)
transdifferentiation. c| In a later stage, a closed cellular ontogeny controlled by endogenous cell-cell signalling generated
stably differentiated cell types, the cell fate of which is maintained by mechanisms of cellular memory and, therefore, no
transdifferentiation or very limited transdifferentiation existed. Some cell types (U) retained the ability to proliferate and
to differentiate into other cell types (black dashed arrows), but only under endogenously regulated conditions. New cell

types progressively evolved (J).

that was originally proposed by Zakhvatkin in 1949
(REF. 11) and was later further developed by Mikhailov
et al.?. In this scenario, Metazoa arose from an ancestral
protist with a complex life cycle that involved multiple
temporally regulated cell states (FIG. 5a). This life cycle
was dependent on environmental stimuli, and prob-
ably comprised one or more multicellular life stages
(clonal and/or aggregative) and sexual reproduction, as
observed in some extant unicellular holozoans. These
temporally regulated cell types would become spa-
tially integrated into the first metazoans (FIC. 5b), con-
comitant with the evolution of additional mechanisms
for complex gene regulation. Innovation in signalling
pathways, the expansion of the TF repertoire and the
evolution of new genome regulatory mechanisms are
likely to have been key to providing additional con-
trol over the spatial integration of pre-existing cell
type-specific gene modules.

The initial coexistence of diverse cell types in the
Urmetazoa was associated with limited morphogenetic
programmes (for example, simple layering by differen-
tial expression of adhesion molecules or the creation
of internal spaces for nutrient diffusion) and, proba-
bly, labile cell fates; such multicellular organization is
observed in extant sponges, in which high rates of cell
transdifferentiation exist'”” (FIC. 5b). Also, these cells
were probably maintained together within an ECM
that was produced by one or more of these cell types.
In this initial proto-ontogeny, cell type differentiation

polarities were probably similar to those in the uni-
cellular ancestor (that is, not all cell types would be
proliferative and not all cell type transitions would
be possible), and limited cellular memory existed.
Organism size and the total number of cells could be
controlled by pre-existing cell proliferation mecha-
nisms that had been co-opted, such as those mediated
by MYC, p53 or the Hippo pathway.

Progressively, cell differentiation would become
independent of environmental stimuli, and cell identity
could instead be established and maintained by devel-
opmental regulatory programmes that were initiated by
cell-cell communication pathways that evolved in the
animal stem lineages (FIG. 5¢). These closed ontogenetic
cell trajectories would proceed through undifferen-
tiated cell states, and epigenomic mechanisms of
cellular memory would be essential to maintain differ-
entiated cell fates, while some cell types might retain
broad cellular potential (FIC. 5¢). It is likely that the cou-
pling of these ontogenetic differentiation trajectories
with morphogenesis (for example, during gastrulation
and mesoderm specification in some bilaterians) led
to the emergence of the first animal body plans and
developmental programmes'®. New cell types would
continuously evolve in the first animal lineages (FIG. 5¢),
at least in part by a process of subfunctionalization plus
innovations that generated sister cell types during evo-
lution®'. This cell type innovation was concomitant

with the evolution of new gene modules and TFs'",
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and with the co-option of modules usually deployed
in other cell types (through the recruitment of their
regulatory network).

In summary, we posit that recent results from uni-
cellular holozoans are consistent with regulated cell
differentiation existing before the advent of animal
multicellularity. Therefore, the first animals probably
evolved from a unicellular ancestor that had a complex
life cycle, through a transition from temporally regulated
to spatiotemporally regulated cell type differentiation'?.
This transition involved the co-option of multiple ances-
tral gene modules, as well as the evolution of new gene
families and genome regulatory mechanisms.

Conclusions and future perspectives

In recent years, the discovery and phylogenetic plac-
ing of new unicellular relatives of animals, and the
study of their genome content and cell biology, have
provided important insights into the nature of the uni-
cellular ancestor of Metazoa. However, vital questions
still remain to be answered, and new methodological
approaches can help to address them.

The development of tools for nucleic acid delivery
(such as electroporation, liposomal transfection, viral
vectors and particle bombardment) and genome editing
in unicellular holozoans will be a crucial advance if we
are to understand the function of multicellularity-related
genes in a unicellular context. A first step in that direction
has been the development of forward-genetics screens
in choanoflagellates™, which identified a crucial gene for
colony formation in S. rosetta, and the development of
transformation tools in the ichthyosporean C. fragrantis-
sima®. Future targeted genetic perturbation approaches
coupled with systematic phenotypic screens (morpholog-
ical and behavioural, but also molecular, such as DNA-
protein binding or gene expression profiling) will help to
elucidate the function of specific gene candidates.

Further insights into the regulatory genome of uni-
cellular holozoan and early-branching metazoan species
will be key to pinpointing the evolutionary origins of
the mechanisms that are responsible for cell differentia-
tion and cellular memory. Of particular interest will be
the study of repressive chromatin states and the analysis
of enhancer elements. In addition, the systematic and
comparative study of the genome architecture of these
lineages (using chromosome conformation capture (3C)

REVIEWS

techniques) can help to determine when distal regula-
tion through chromatin looping and hierarchical com-
partmentalization of the genome first evolved. With the
steady improvement of chromatin-profiling techniques
and analytical tools, we envisage these issues being
tackled in the not-too-distant future.

The development of single-cell epigenomic pro-
filing techniques will overcome the problems of popu-
lation-based approaches that require homogeneous and
synchronized cell populations. These approaches will also
provide a more refined understanding of epigenomic reg-
ulation and its link to gene expression in holozoans''"2,
It will be more challenging to decipher specific TF regula-
tory networks and protein—protein interaction networks
through direct immunoprecipitation techniques owing to
the strong limitation imposed by antibody development
in non-model organisms. Several alternatives can help to
circumvent this limitation, such as the profiling of open
chromatin coupled with in vitro TF binding-preference
determination'"?, inference of co-expression networks
through single-cell RNA-seq and, if genetic manipula-
tion is available, protein tagging followed by immuno-
precipitation, and gene knockout followed by expression
profiling. Finally, systematic unbiased characterization of
early metazoan cell types through high-throughput sin-
gle-cell transcriptomics''* can provide the first glimpses
of early multicellular cell type complexity and the regu-
latory principles that orchestrate it, including master TF
regulators and co-expressed gene modules.

Finally, it is important to recognize that our current
knowledge of premetazoan lineages is limited to a few
species that serendipitously became candidate model
systems. However, environmental surveys have revealed
that there exist other lineages that are closely related to
animals, and that these lineages thrive in marine and
freshwater environments®. Given that these lineages
could provide additional insights into the question of
animal origins, efforts to characterize and isolate new
holozoan species should continue.

Overall, more than a decade of intense research in
unicellular animal relatives has not only yielded impor-
tant new insights into the question of animal origins but
also opened up new research avenues. We expect that
these new approaches will help us to further reconstruct
the evolutionary path that led from humble protistan
beginnings to the complexity of animal life.
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branch was missing a yellow-black split circle symbolizing that clonal
multicellularity occurs in some Choanoflagellatea species. The sym-
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reinstated in the corrected article. The editors apologize for this error.
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