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How animals evolved from a single-celled ancestor, transitioning from a
unicellular lifestyle to a coordinated multicellular entity, remains a fascinating question. Key events in this transition involved the emergence of
processes related to cell adhesion, cell–cell communication and gene
regulation. To understand how these capacities evolved, we need to reconstruct the features of both the last common multicellular ancestor of
animals and the last unicellular ancestor of animals. In this review, we summarize recent advances in the characterization of these ancestors, inferred by
comparative genomic analyses between the earliest branching animals and
those radiating later, and between animals and their closest unicellular relatives. We also provide an updated hypothesis regarding the transition to
animal multicellularity, which was likely gradual and involved the use of
gene regulatory mechanisms in the emergence of early developmental and
morphogenetic plans. Finally, we discuss some new avenues of research
that will complement these studies in the coming years.

1. An overview of animal origins
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Animals (Metazoa) are among the major groups of complex multicellular
organisms. They rely on a wide variety of differentiated cell types that are
spatially organized within physiological systems. At the same time, animal
cells perform specialized functions, and thus evolved the capacity to integrate
and coordinate them using tightly regulated developmental programmes.
However, we still do not know which genetic and mechanistic factors
underpinned the origin and evolution of animal multicellularity.
All extant animals living today diversified from a common multicellular ancestor, also known as the last common ancestor (LCA) of animals or the animal LCA
(box 1). The animal LCA evolved from a single-celled ancestor more than
600 million years ago (Ma), transitioning from a unicellular ancestral state to complex multicellularity (box 1, figure 1a). By comparing the nature of these two
ancestral states—the last unicellular ancestor and the animal LCA—we can uncover
the major changes that drove the transition to animal multicellularity and create
new, testable hypotheses about the origin of animals. The questions are, then:
What were these two animal ancestors like? Was the last unicellular ancestor
very simple, or was it quite complex, establishing the foundations for cell differentiation and multicellularity? And what was the animal LCA like? Was it simple,
gradually acquiring new developmental capabilities while diversifying into
© 2021 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution
License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted use, provided the original
author and source are credited.
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Last common ancestor of animals (animal LCA):
The ancestral stage from which all animal phyla living today radiated. Reconstructed from features present in, and shared by,
extant animals. Undoubtedly presenting all the features shared by all animals, including complex, coordinated multicellularity. Therefore, it can be classified as an animal.
Last unicellular ancestor of animals:
The single-celled ancestor immediately preceding the emergence of the first animal.
Complex multicellularity:
An assembly of cells displaying a three-dimensional organization and complex body plans arising from a centralized developmental programme.

First animal:
First multicellular ancestor of all extant animals. Partly reconstructed from features shared between early diverging animal
lineages (i.e. sponges, ctenophores, placozoans and cnidarians), even if these features are absent from bilaterians. This ancestor lived subsequent to changes that led to the foundations of complex multicellularity in animals and is unlikely to be the
same as the animal LCA.
Animal stem:
The evolutionary lineage leading to all animals, from the common ancestor of animals and choanoflagellates (Urchoanozoan)
to the animal LCA. The subsequent transition from unicellularity to multicellularity occurred along the animal stem lineage.
Urmetazoa:
A term used in the literature, that is variously defined as the first animal, the animal LCA, or as an amalgam of the two. To
avoid confusion, we do not use this term in this review
Urchoanozoan:
The last common ancestor of animals and choanoflagellates. It may or may not be the same as the last unicellular ancestor of animals.
Holozoa:
Eukaryotic group comprising animals, choanoflagellates, filastereans, ichthyosporeans and corallochytreans/pluriformeans.
The largest clade including Homo sapiens but not Neurospora crassa [1].
Last common ancestor of Holozoa (Holozoa LCA):
The ancestor shared by Metazoa, Choanoflagellatea, Filasterea, Ichthyosporea and Corallochytrea/Pluriformea.
Metacell:
In single-cell genomics, a subgroup of homogeneous scRNASeq profiles with only local variance relative to the total dataset,
useful for clustering and quantitative gene expression analyses [2]. Ultimately, it can be related to certain cell types, but only
upon experimental validation.
Cell type:
In its simplest definition, a cell type was defined as a unit of classification to distinguish forms of cells according to different
morphologies or phenotypes. Cell types are often related to different germ layers during the formation of the embryo, with
nerve and epithelial cells coming from the ectoderm, muscle and blood cells from the mesoderm, and gut cells from the endoderm [3–5]. Whereas vertebrate cell types are often defined by their committed fate and being unable to de-differentiate, cells
from early branching animals are known to transdifferentiate and change their cell types [6]. This has led to numerous revisions of the concept at the functional, developmental, and even molecular (gene expression) level. Here, we use the term ‘cell
type’ as ‘a classification unit based on the combined observations of a cell morphology and gene expression profile, which is
driven by a gene regulatory network and can be repeatedly found within the context of a species’. These cell types can be part
of either a spatially or a temporally integrated life cycle.
Aggregative multicellularity:
One of the two known mechanisms for evolving multicellularity. Aggregative multicellularity is the result of two or more
independent and genetically distinct cells binding to or aggregating with each other. The resulting multicellular structure
consists of a heterogeneous population of cells, and it is often formed for the purpose of reproduction and dispersion
[7–9]. It has evolved repeatedly across different eukaryotic lineages [10–14].
Clonal multicellularity:
One of the two known mechanisms for evolving multicellularity. Clonal multicellularity arises through successive rounds of
cell division from a single founder cell (spore or zygote) with incomplete cytokinesis (i.e. division of the cytoplasm of the
parental cell into two daughter cells). It has appeared on fewer occasions and is responsible for the best-known radiations
of complex multicellular life forms in the tree of life: land plants, fungi and animals.
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Simple multicellularity:
An assembly of cells, including filaments, clusters, balls, sheets or mats, that arise via mitotic cell division from a single progenitor or by aggregation of independent cells. Simple multicellularity can be found in prokaryotes and eukaryotes.
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Box 1. Terminology used in this review.

(a)

3

Cambrian explosion

molecular clock-based estimates of different animal phyla

(all extant animal phyla)

750

Tonian

700

650

Cryogenian

600
Ediacaran

Neoproterozoic

550

500

royalsocietypublishing.org/journal/rsob

800

(Ma)

450

Cambrian
Paleozoic

estimated time range for the origin of animals
well-accepted animal fossil record
oldest fossil or geological evidence of Metazoa

Bilateria

Metazoa

Cnidaria
Placozoa

animal LCA
first animal

Ctenophora

Urchoanozoan

Porifera
Choanoflagellatea
Holozoa LCA

Holozoa

last unicellular ancestor

Filasterea
Ichthyosporea
Corallochytrea/Pluriformea
Holomycota
other eukaryotes

Figure 1. Phylogenetic classification of animals and their unicellular relatives. (a) A timeline of different events during early animal evolution. The transition to
animal multicellularity, and therefore the origin of the first animals, occurred sometime at the end of the Tonian period, according to molecular clock estimates. The
oldest fossil or geological evidence of recognizable animals dates back to the Ediacaran period, with molecular clocks extending the emergence of different animal
phyla back to the Cryogenian [15–17]. Time units are million years ago (Ma). (b) Cladogram representing the major clades of the tree of animals and the major
groups of unicellular relatives of animals: choanoflagellates, filastereans, ichthyosporeans and corallochytreans/pluriformeans. Coloured nodes indicate different ancestors that we can reconstruct and that are important to understand the transition to animal multicellularity; the highlighted internal branch (from the Urchoanozoan
to the animal LCA) indicates the animal stem (see box 1; LCA = last common ancestor). Uncertain positions within the animal tree [18–23] and within Holozoa
[24–26] are represented with polytomies.
different body plans, or was it already complex, creating the
genetic conditions for a successful animal diversification?
Recent data from a broad representation of animal species,
especially from non-bilaterian animals (sponges, ctenophores,
placozoans and cnidarians), and also from unicellular species
related to animals, have enabled us to better answer these
questions. Their genome content, gene regulatory capabilities
and biological features can be compared to reconstruct the cellular foundations of animal evolution and infer the minimal
genomic complexity of both the last unicellular ancestor of animals and the animal LCA. Moreover, the advent of sequencing
technologies, such as single-cell omics, and the development of
genetic tools among unicellular relatives of animals are
opening new avenues of research for gene function studies,
pointing to an ever-expanding breadth of exciting questions
that will complement these inferences from a functional and
biological perspective.
In this review, we provide an updated reconstruction
of these two evolutionary stages that are key to better
understanding the transition to animal multicellularity: 1)
the last unicellular ancestor of animals and 2) the animal
LCA. We summarize current knowledge on the genetic toolkit,
cell-type diversity and ecological context of these ancestors,

inferred by comparative genomic analyses between animals
with their closest unicellular relatives and between the earliest
branching animals and those radiating later. On this basis, we
propose an updated hypothesis to explain the transition to
animal multicellularity, stressing that animal foundations
were laid before the origin of animals and that the gradual
complexification of genetic regulatory mechanisms was key
to the progressive acquisition of animal axial cell patterning
and cell-type identity. Finally, we discuss some of the research
areas that we predict will be key to studying animal origins in
the coming years.

1.1. Phylogenetic framework of animals and their
unicellular relatives
The reconstruction of any evolutionary event relies on a wellsupported phylogenetic framework. Thus, to infer the genomic and biological features of the last unicellular ancestor
of animals and the animal LCA, the first step is to define
the evolutionary relationships between animals and between
animals and their closest relatives. The animal tree of life has
been deeply studied [18,27–31] (see [32] for a review), yet a
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(b)

group), or it may be the earliest branching holozoan lineage [84].
Environmental surveys have also identified other putative
new species falling within or related to different unicellular
holozoan clades and even a potential novel lineage [85–93].
This indicates that there is still a substantial hidden diversity
within the Holozoa clade, which may affect our reconstruction
of the evolution of certain traits along the Holozoa stem.
We expect future studies will improve our understanding of
unicellular holozoan diversity and clarify the evolutionary
relationships of the tree surrounding animals. Nevertheless,
despite the previously mentioned conundrums in the Holozoa
phylogeny, we can still make inferences based on the current
data that we review in the following sections.

Under the Holozoa phylogenetic framework we can compare
the genomic and biological features between unicellular holozoans and animals and reconstruct the two key evolutionary stages
from which animals originated: the last unicellular ancestor of
animals and the animal LCA (see box 2 for clarification).

2.1. Reconstruction of the genomic features of the last
unicellular ancestor of animals and the last
common ancestor of animals
2.1.1. The genetic toolkit of the last unicellular ancestor of
animals
The nature of the last unicellular ancestor of animals can only
be reconstructed through comparative studies between
animals and their closest extant unicellular relatives, the unicellular holozoans. In the last decade, multiple omics-scale
datasets have been generated from a broad representation of
unicellular holozoan species. We currently have 11 complete
genomes at our disposal [24,25,41–45] and around 30 transcriptomes and proteomes of several species, including
representatives of each unicellular holozoan lineage
[24–26,42,45,51,84,96–101]. These datasets have allowed us to
identify the genomic features that are shared between extant
unicellular holozoans and animals, which are thus inferred to
be present in their last unicellular common ancestor.
Strikingly, the genomes of extant unicellular holozoans
indeed encode a large repertoire of genes that are homologous to genes critical for multicellularity-related functions
in animals [24–26,41,42,44,45,97,98,100–104]. These include
genes related to cell adhesion, signalling pathways and transcriptional regulation (figure 2a) [95,122,123]. For instance, a
rich repertoire of genes related to cell adhesion in animals is
found in the genomes of several unicellular holozoans. These
include key genes mediating animal cell–cell adhesion, such
as cadherin domain-containing proteins or C-type lectins,
which are present in choanoflagellates and have a patchy distribution in other holozoans [84,97,105,124,125]. Integrins
and associated scaffolding proteins, which mediate animal
cell–extracellular matrix adhesion, are present in filastereans,
ichthyosporeans, C. limacisporum, S. multiformis and T. unikontum [26,84,97,98,103,126]. Some choanoflagellate species also
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consistent, well-supported phylogeny remains elusive. Some
areas of uncertainty remain, especially around the root of
Metazoa, due largely to choices made in different phylogenomic analyses, such as the genes selected, taxon
sampling used, the assembly of the phylogenomic data
matrix or the model of sequence evolution [18,31–33]. The
latter can contribute to violations of model assumptions,
known as systematic errors (e.g. long-branch attraction artefacts); these may also impact animal tree reconstruction
[31]. This lack of consensus on relationships between the earliest branching Metazoa [18,19,31,33,34] has hindered the
reconstruction of certain metazoan traits [33,35]. For instance,
uncertainty regarding the position of Ctenophora or Porifera
as the sister group of all other animals has led to continued
debate regarding the origin and evolution of the nervous
system [18–23,33,36–40]. Nonetheless, the robustness of
other positions in the animal phylogeny allow us to infer
many other features of the animal LCA [33].
Until recently, we knew very little about the tree of life
surrounding animals, especially because a well-supported
phylogeny relies on the availability of well-annotated genomescale data and the placement of key taxa. In the last decade, the
genome sequencing of several unicellular species has improved
the phylogenetic framework of animals and their unicellular relatives [24,25,41–45]. Now we know that animals are closely
related to a heterogeneous assembly of unicellular lineages
known as unicellular holozoans, which together comprise the
Holozoa clade within the eukaryotic group Opisthokonta
(figures 1b and 3; box 1) [25,46–51]. The closest unicellular lineage
to animals is Choanoflagellatea, a group of more than 250 species
of spherical/ovoid heterotrophic flagellates (figure 1b) [52]. Their
representatives, the choanoflagellates, have been linked to animals for over a century because of their morphological
resemblance to choanocytes, a specific cell type of sponges [53].
This similarity, together with the confirmation from molecular
phylogenies of their position as a sister group of animals (figures
1b and 3a,b) [47,48,52,54–59], has historically given rise to
hypotheses of animals evolving from a choanoflagellate-like
ancestor [60–63]. Molecular phylogenies have confirmed two
additional independent lineages within Holozoa: Filasterea
and Ichthyosporea (figure 1b). Filasterea is the sister group of
Choanoflagellatea and Metazoa, and is so far known to include
only five amoeboid and amoeboflagellate species (figures 1b and
3c,d) [25,26,48–50,55,64–71]. Ichthyosporea is the sister group to
the rest of Holozoa and is a diverse group of around 40 osmotrophic and saprotrophic protists (figure 1b and 3e,f ) [72–82].
Nevertheless, the addition of new species has left some uncertainties in the holozoan phylogeny, which appears to be highly
sensitive to taxonomic sampling.
One open question concerns the position of the free-living
osmotroph Corallochytrium limacisporum (figures 1b and 3g)
[83]. Corallochytrium was previously classified as the sister
group to Ichthyosporea, forming a monophyletic group
named Teretosporea [24,25]. However, recent analyses
including the newly described predatory flagellate Syssomonas
multiformis (figure 3h) [26,70] grouped Corallochytrium and
Syssomonas together in a new independent clade named Pluriformea, which branches between Filasterea and Ichthyosporea
(figure 1b) [26]. A similar case concerns the unresolved position
of the recently discovered Tunicaraptor unikontum, another predatory flagellate closely related to animals [84]. Depending on the
taxon sampling used, T. unikontum may be sister to filastereans,
Filozoa (which includes the filasterean–choanoflagellate–animal
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possess a small subset of the integrin adhesome system
[97,98,103]. Moreover, other structural remodelling proteins,
such as fascin or Ezrin–Radixin–Moesin and some basal
lamina elements (i.e. collagen, laminin and fibronectin), are
present in a few unicellular holozoan species [84,98,106].
Choanoflagellates and T. unikontum also encode several
domains with affinity to the animal Ig-like domain families
[41,84,97]. Altogether, this indicates that several genes from
the animal cell adhesion machinery were already present in
the last unicellular ancestor of animals (figure 2a).
The genomes of unicellular holozoans also encode homologues of key metazoan intracellular signalling components
related to cell–cell communication, immunity and environmental signal/response pathways. These include Notch,
Delta, receptor tyrosine kinases and homologues of the
animal Toll-like receptor genes (figure 2a) [97,107,125,
127–131]. By contrast, several upstream receptors and ligands,
such as the spatial signalling genes Hedgehog, Wnt, TGF-β and
JAK from the JAK-STAT network, are absent in unicellular
holozoans and were likely absent from the last unicellular
ancestor of animals (figure 2a) [95]. A similar pattern is
observed among some members of the Myc–Max network
[132] and the Hippo signalling pathway [108]. For example,
in the latter case, some intracellular components are present
in Capsaspora owczarzaki, whereas their metazoan upstream
receptors Crumbs and Fat are animal specific [95,108]. Thus,
despite several upstream receptors and ligands evolving after
the transition to animal multicellularity, the last unicellular
ancestor of animals already encoded several components of
key metazoan signalling pathways (figure 2a).
A number of transcription factors (TFs) formerly thought
to be animal specific are also present in unicellular holozoans.
For example, several transcriptional activators of the previously mentioned Hippo signalling pathway and the
Myc–Max network are present in some unicellular holozoans
[100,108]. A few choanoflagellates and ichthyosporeans, as

well as Capsaspora and Corallochytrium, encode LIM Homeobox TFs [24,104]. Several unicellular holozoans also encode
homologues of key animal developmental TFs, such as nuclear
factor-κB, the p53/63/73 family, RUNX and T-box TFs, such as
Brachyury [84,95,102,109,133]. Interestingly, some of these TFs
already display the potential to participate in gene regulatory
networks (GRNs) well established in Metazoa, such as Brachyury and Myc [100]. This indicates that the last unicellular
ancestor of animals already possessed a diverse repertoire
of TFs and some of them could potentially have had similar
regulatory roles to those found in animals (figure 2a).
Finally, a few unicellular holozoans also exhibit some of
the mechanisms that animals use to regulate TF recruitment
and gene expression. For example, some species encode
genes involved in the control of chromatin accessibility,
such as the histone acetyltransferase p300/CBP or many histone post-translational modifiers [24,100]. In Capsaspora, lifestage transitions are associated with changes of chromatin
accessibility in only the proximal cis-regulatory regions
[100]. In addition, its regulatory genome lacks animal promoter types and signatures of animal enhancers, indicating that
Capsaspora cis-regulatory regions are small and proximal
[100]. Moreover, the first evidence for post-transcriptional
regulation of mRNA via miRNAs has been reported in
ichthyosporeans, as some species encode several miRNA
genes and homologues of the animal miRNA biogenesis
machinery (including Drosha and Pasha) [134]. This indicates
a unicellular origin of animal miRNAs and the associated
microprocessor complex [134]. Altogether, this suggests
that the last unicellular ancestor of animals likely followed
a primarily proximal gene regulatory strategy and used few
epigenomic mechanisms to control chromatin accessibility,
which potentially could also regulate transitions between
different life stages.
Thus, these findings indicate that the last unicellular
ancestor of animals had a gene-rich and regulatorily complex

Open Biol. 11: 200359

The shared common multicellular ancestor from which all extant animals diversified (the animal LCA) may have not been the
same as the first animal (box 1). The first animal was the first multicellular ancestor of all extant animals, and likely gave rise
to other lineages that subsequently became extinct prior to the divergence of all modern animal lineages from the animal
LCA. Despite research being so far limited to the reconstruction of the animal LCA (and the different unicellular ancestors
of animals), we can partly reconstruct the first animal based on our current knowledge of the animal LCA and also from
features shared between early diverging animals. For instance, we can infer that the genetic toolkit of the first animal was
very rich in genes related to metazoan innovations, ranging from the cellular foundations of epithelial-like layers to
neuron-like signalling cells and occurrence of muscle-like contractile cells. Many animal-specific pathways and mechanisms
were thus largely complete in the animal LCA (similar to the observations about the cnidarian–bilaterian LCA by Putnam
et al. [94]), suggesting that they were also present in previous ancestral states, possibly even in the first animals (figure 1,
box 1). Similarly, based on our inferences of cell-type diversity in the animal LCA, those ancestors prior to the animal
LCA likely had the ability to regulate cell differentiation by means of hierarchical TF networks and distal regulation in different cells within the multicellular collective, which translates to a certain degree of spatial cell differentiation possibly present
in the first animals. Rather than a drastic bloom of innovations, it is likely that gene expansion, co-option, increased regulatory sophistication and a transition from temporal to spatial gene regulation had a crucial impact on the gradually increasing
complexity of the first animals ([95], and references within).
Currently, phylogenomic studies and analysis for the reconstruction of animal ancestors are limited by the data available
for such comparisons. For instance, genomic data on early branching animals is limited to a handful of species, which may or
may not be good representatives due to gene loss and rapid evolution. Likewise, our findings would be biased towards the
assumption of numerous innovations in the animal lineage unless we include other lineages in our comparisons. For these
reasons, studying the origin and evolution of animals requires us to sequence more early branching animal genomes, and just
as importantly, to expand our focus to other lineages outside Metazoa.
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Box 2. Was the first animal similar to the animal LCA?
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Figure 2. An inferred gene repertoire of the last unicellular ancestor and the last common ancestor of animals. (a) The reconstruction of the last unicellular ancestor
of animals is based on the presence of key metazoan genes in the genomes of unicellular relatives of animals. (b) Inferred gains present in the last common ancestor
(LCA) of animals. Yellow indicates genes that originated prior to the emergence of the Holozoa LCA ( pre-holozoan origins); green, genes that originated in Holozoa
prior to the animal LCA (Holozoa origins); red, animal-specific genes that originated at the root of animals (animal origins). bHLH, basic helix–loop–helix transcription factors; BRA, Brachyury; CSK, C-terminal Src kinase; DRFs, diaphanous-related formins; EPS8, epidermal growth factor receptor kinase substrate 8; ERM,
Ezrin–Radixin–Moesin proteins; GPCRs, G protein-coupled receptors; GSK3, glycogen synthase kinase 3; HD, homeodomain; MAGUKs, membrane-associated guanylate kinases; MAPKs, mitogen-activated protein kinases; MEF2, myocyte-specific enhancer factor 2; NF-κB, nuclear factor-κB; PI3 K, phosphatidylinositol
3-kinase; RFX, regulatory factor X transcription factors; RTKs, receptor tyrosine kinases; STAT, signal transducer and activator of transcription; TALEs, three amino
acid loop extensions; TFs, transcription factors; TGFß, transforming growth factor beta. Data from [24,26,44,45,97,102,105–121].
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2.1.2. The genetic toolkit of the last common ancestor of animals
The genetic toolkit of the animal LCA can be reconstructed by
comparing the genomes of extant animals. However, comparisons between extant animals and unicellular holozoans
can also yield valuable insights into reconstructing the genomic features of the animal LCA [33,34,95]. Specifically, those
features that are shared between unicellular holozoans
and animals, which are traced back to the last unicellular
ancestor of animals (see §2.1.1), can also be inferred to be
present in the animal LCA (figure 2). For example, cadherins
(molecules mediating cell–cell interactions), integrins
(mediating cell–extracellular matrix interactions) and
some basal lamina elements are shared between unicellular
holozoans and most animals and are thus inferred to be
present both in the last unicellular ancestor of animals

and the animal LCA (figure 2) [20,22,94,135–137]. The
same happens with several of the aforementioned components related to key intracellular signalling pathways
and TFs (figure 2) [24–26,41,42,44,100,102]. Thus, the animal
LCA also possessed key genes related to cell adhesion,
signal transduction and transcriptional regulation that evolved
in a unicellular context (see §2.1.1, figure 2).
Other features that are well conserved between unicellular
holozoans and some animal lineages but absent in some early
branching animals can also be traced back to the animal LCA
[33,123]. For example, the hedgling cadherin family is
inferred to have been present in the last unicellular ancestor
of animals, as it is present in the genomes of some choanoflagellates, sponges and cnidarians (figure 2a) [33,41,42,138,139]
but is absent in ctenophores, placozoans and bilaterians
[33,105,138,139]. Similarly, Toll-like receptors are found in
several choanoflagellate species and in nearly all bilaterians
and cnidarians but are absent in placozoans and ctenophores
and incomplete (i.e. partial domain architectures) in sponges
[97,140,141].
Lastly, those features exclusively shared between bilaterian and non-bilaterian animals but absent from unicellular
holozoans can be inferred to be present in the animal LCA.
These features can be considered key animal innovations
and can help identify the set of genes and mechanisms that
evolved to support the fundamentals of animal multicellularity. Strikingly, most of these genes are enriched in functions of
DNA binding, signalling pathways and innate immunity, as
well as cell adhesion and cytoskeletal regulation [34,97,110].
For example, a key animal innovation includes the emergence
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genome. Some of the genes that were already present
in the last unicellular ancestor are important for animal
multicellularity-related functions, especially those involved
in differential gene regulation (e.g. TFs and signalling
pathways), cell adhesion (e.g. cadherins and integrins), celltype specification, cell cycle and immunity (figure 2a)
[34,97,122]. Nevertheless, these inferences are based on a
still limited number of currently available genomes, the
gene content of which varies considerably between unicellular holozoan species and lineages [41,42,97]. We expect to
continue elucidating the genetic toolkit of the last unicellular
ancestor of animals as more genomic data are available for
more unicellular holozoans in the coming years.
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Figure 3. (Overleaf.) Temporally alternating life cycles of unicellular holozoans. Each panel shows life stage transitions of two unicellular holozoan species representing each
clade. Arrows indicate directionality of the transition. Loop arrows indicate cell division. Dotted arrows with question marks between stages indicate potential (unconfirmed)
life-stage transitions. (a) Life stages of the colonial choanoflagellate Salpingoeca rosetta [176,187]. The asexual life cycle (on the right) includes a single-celled sessile thecate
stage (adhered to the substrate), slow and fast swimming single-celled stages, and two types of clonal colonial stages (chain and rosette colonies), in which neighbouring cells
are linked by intercellular bridges [188–190]. Starvation triggers the S. rosetta sexual cycle (on the left), in which diploid cells (slow swimmers) undergo meiosis and recombination, and the resulting haploid cells (which can also divide asexually) mate anisogamously [176,178]. (b) Life stages of the colonial choanoflagellate Choanoeca flexa [96].
Light-to-dark transitions induce C. flexa colonies to rapidly and reversibly invert their curvature while maintaining contacts among neighbouring cells between their collar
microvilli, alternating between two colony conformations. In response to light, colonies exhibit a relaxed (flagella-in) feeding form. In the absence of light, colonies transition to
an inverted (flagella-out) swimming form. (c) Life stages of the filasterean Capsaspora owczarzaki [64,65,98]. In the trophic proliferative (filopodial) stage, cells are amoebae
adhered to the substrate, extending several long, thin actin-based filopodia. These amoebas can detach from the substrate and actively aggregate in the aggregative or ‘multicellular’ stage, producing an extracellular matrix that presumably binds them together. In response to crowding or stress, cells from both the amoeba and the aggregative stages
can encyst by retracting the filopodia into a cystic or resistance stage. (d) Putative life stages of the filasterean Pigoraptor vietnamica [26,70]. Swimming flagellated cells can
form long, thin, sometimes branching filopodia that can attach to the substrate. Flagellated cells can sometimes present wide lobopodia. Flagellated cells can retract the
flagellum and become roundish, to either divide into two daughter flagellated cells or transition to a cystic stage. This can, in turn, produce two flagellated daughter
cells. Cells can also form easily disintegrating aggregations of cells and feed jointly. The life stages of Pigoraptor chileana are very similar to the ones of P. vietnamica,
but P. chileana shows a much reduced capability to produce filopodia and lobopodia (both stages are extremely rare in P. chileana). (e) Life stages of the ichthyosporean
Creolimax fragrantissima [45,77]. Single-nucleated amoebae disperse until they settle and encyst. The rounded cell undergoes multiple rounds of synchronous nuclear division
(coenocytic division) without cytoplasmic division. Nuclei are later arranged at the periphery of the cell as a large central vacuole grows. Finally, the coenocyte cellularizes and
new amoebas are released to start the cycle over again. ( f ) Life stages of the ichthyosporean Sphaeroforma arctica [99,180]. Single-nucleated cells undergo multiple rounds of
synchronous nuclear division (coenocytic division) without cytoplasmic division. Nuclei are later arranged at the periphery of the cell. Finally, the coenocyte cellularizes, releasing
a number of daughter cells to start the cycle over again. (g) Life stages of the corallochytrean Corallochytrium limacisporum [22,83,191]. Reproduction in C. limacisporum occurs
mainly through binary fission (99% of the cases), during which a binucleated cell divides into two, symmetrical, uninucleate cells. Binucleate cells can form two lobes that can
lead to cellular division (forming two monoucleate cells), or can reverse towards spherical cells. At this point (*), cells can transition to coenocytic growth (1% of the cases) and
continue dividing their nuclei further forming quadrinucleated cells. Quadrinucleated cells can often form a clover-like shape (similar to bilobed cell), that generates either four
mononucleate cells or returns to spherical shape and further divides to an eight, 12 and up to 32 nuclei coenocyte. Coenocytes can release dispersive amoebas to start the cycle
over again. (h) Putative life stages of the pluriformean Syssomonas multiformis [26,70]. A swimming flagellated cell can temporarily attach to the substrate through the anterior
part of the cell body or move to the bottom and transform to an amoeboflagellate form by producing both wide lobopodia and thin short filopodia. Flagellated cells can lose the
flagellum via different modes and transition into an amoeba stage, which produces thin, relatively short filopodia. Both amoeboflagellate and amoeba stages can transition
back to the flagellate stage. Amoeboid cells can also encyst by retracting their filopodia and rounding the cell body. Palintomic divisions may occur in the cystic stage to release
several flagellated daughter cells. Flagellated cells can partially merge and form temporary shapeless cell aggregates of both flagellated or non-flagellated cells and rosette-like
colonies composed by only flagellated cells (showing outwards-directed flagella). In rich medium, solitary flagellated cells can sometimes actively merge and form a syncytiumlike structure, which undergoes budding and releases flagellated daughter cells.

2.1.3. Major forces shaping the evolution of animal genomes
Which major evolutionary mechanisms shaped the evolution
of animal genomes during the transition from unicellularity
to multicellularity? Previously, the innovation of some
genes key to animal multicellularity was considered the
most important driving force for the origin of animals. And
indeed, a relatively large number of novel gene families
(around 2000), which take part in processes that differentiate
animals from other lineages, originated in the animal stem
lineage [34,42,44,97,160]. However, only around 2% of these
gene families are conserved across animal phyla, indicating
that most genes originating in the animal LCA were secondarily lost in extant phyla [34,97]. Some studies estimate that the
rate of gene innovation in or immediately prior to the animal
LCA was larger than at other points of the animal stem. This
suggests a high gene birth rate at the onset of animals which
progressively decreased as animals diversified into clades
[34,161]. Other studies estimate approximately equal numbers of gains and losses, finding evidence for a burst of
gene family expansions in the last unicellular ancestor of animals stem (box 1), and an accelerated churn (i.e. both gains
and losses, rather than only gains) of gene families that
later evolved along the Metazoa stem [97,162]. In fact, a similar number of gene losses and gains are detected in animals
compared to their unicellular relatives, mostly affecting pathways such as amino acid biosynthesis and osmosensing
[34,97]. This points to a high turnover of genes and the potential for increased genomic plasticity during the diversification
of animals, implying that a remarkable amount of gene losses
and gene innovation contributed to shaping the genome
composition of animals [34,97,161,163–165].
As discussed in previous sections, analyses of the genomes
of extant unicellular holozoans have revealed that they indeed
share an unexpectedly large repertoire of multicellularityrelated genes with animals; these genes are therefore inferred
to have been present both in the last unicellular ancestor of
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information about their microbiomes [157,158], sharing a
common origin of the foundations of the neural and the
immune systems at the functional level. A similar scattering
pattern is observed with genes related to the development
of germ layers. Ctenophores possess an independently
derived mesodermal tissue, despite their lack of key bilaterian mesoderm specification genes [20,22,159]. This suggests
that the regulatory mechanisms necessary for establishing
early fates in layers of cells (such as the muscle cells in the
ctenophore-specific mesoderm) were present before the emergence of bilaterians. If we consider ctenophores as the earliest
branching animal lineage, then these mechanisms would
likely have been present in the animal LCA. Thus, although
the origins of the nervous system and of developmental processes remain elusive, the relevant toolkit may have existed in
a simpler form in the animal LCA and later evolved into
more specialized and complex systems in different lineages
during animal diversification.
Overall, the emergence and expansion of key TFs and
members of several signalling pathways (such as Wnt and
TGF-β), as well as the evolution of elements involved in
innate immunity, development and cell adhesion, were critical
acquisitions that originated in the animal LCA. These systems
may have helped establish the foundations of axial patterning
and the acquisition of stable multicellularity in animals.

royalsocietypublishing.org/journal/rsob

of several new classes of TFs [102,110,133]. Some of these new
TF classes include ETS, SMAD, nuclear receptor, Doublesex
and interferon-regulatory factor TFs [110,133]. As importantly, other TF families which expanded along the animal
stem (see box 1 for a definition) greatly enhanced the regulatory capabilities of the first animals. These include members
of the homeobox TF family, such as Pax, Sox, basic helix–
loop–helix and zinc-finger TF families [110,133]. Thus, the
foundations of the animal TF toolkit were already integrated
in the animal LCA (figure 2b).
Components of key signalling pathways also originated
along the animal stem and are inferred to be present in the
animal LCA. The first example includes the Wnt signalling
pathway, which orchestrates cell–cell communicationmediated cooperation, specialization and polarity during
animal development. For instance, frizzled, dishevelled and
β- and δ-catenins are inferred to have been present in the
animal LCA. Some of these members are indeed expressed
among early branching animals, such as in sponge larvae,
during cnidarian development, and in several structures of
both adult sponges and adult ctenophores [136,141–145].
Others are present only in a few highly derived taxa
[146,147]. Another key signalling pathway that evolved at the
root of Metazoa includes the developmental TGF-β signalling
pathway. Although its core components show a more scattered
distribution between lineages and species across the animal
tree, it is also inferred to be present in the animal LCA
[20,22,141]. Similarly, many other animal signalling pathways
which expanded along the animal stem (including those
responsible for patterning in bilaterians and innate immunity)
are present in early branching animal lineages, despite also
being patchily distributed and incomplete in some species
[34,141,148]. For instance, there is abundant evidence of
innate immunity components occurring in different animal
lineages, from Toll-like and Ig receptors to TFs and complement system in sponges and cnidarians [140,141,149–151].
Thus, the animal LCA already contained a rich repertoire of
genes related to key animal signalling pathways. These key
animal-specific acquisitions, especially related to members of
the Wnt and TGF-β signalling pathways, are considered hallmarks of animal development and the acquisition of stable
multicellularity [34,97,143,145,152].
Several genes related to cell–cell adhesion and cytoskeletal
regulation also emerged at the onset of Metazoa and are
inferred to be present in the animal LCA. These include, for
example, Dystroglycan, Hemicentin, Fermitin [97] and the
multifunctional Espin gene (figure 2b) [153,154]. Other components related to adherens junctions and cell polarity
functions are fairly well conserved in sponges [105,136,155]
with some homologues missing in ctenophores [156].
Finally, those features absent from unicellular holozoans
and most non-bilaterian animals are more difficult to infer
as present in the animal LCA [33,35]. An example includes
the reconstruction of genes critical to the development and
physiology of the nervous system [37,39,40,94]. Interestingly,
some relevant genes are present in sponges, despite the
apparent absence of a nervous system in this group
[136,141]. By contrast, ctenophores lack neurotransmitters of
the canonical nervous system toolkit present in other animals
[20], leading some authors to hypothesize a parallel evolution
of the nervous system in this lineage [39,40]. Nevertheless,
some observations indicate that early branching animals
could use this ‘simpler’ nervous system to communicate

2.2.1. Potential lifestyles of the last unicellular ancestor of
animals
Besides analyses of their genomes, comparisons of unicellular
holozoans’ biological traits can also provide a comprehensive
reconstruction of the cellular foundations of the last unicellular ancestor of animals. In recent years, the lifestyles and cell
biology of several unicellular holozoan species have been
characterized at the transcriptomic and morphological level
[24–26,42,45,51,70,84,96–99,175–180]. Strikingly, each unicellular holozoan lineage features unique and distinctive traits
that have changed our understanding of the biological
nature of the last unicellular ancestor of animals.
For example, choanoflagellates are widely distributed
worldwide in a range of primarily aquatic environments
[89,181–186]. Despite being mostly unicellular flagellates,
some species, such as Salpingoeca rosetta, are able to form
simple multicellular structures of stably adherent cells as a
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2.2. Reconstruction of the biological features of the last
unicellular ancestor of animals and last common
ancestor of animals

result of oriented cell divisions from a single founder cell
(figure 3a, box 1) [61,187]. Under certain conditions, S. rosetta
flagellate cells are also able to transdifferentiate into
amoeboid cells [192]. Other species, such as the recently
described Choanoeca flexa, are able to form enormous cupshaped colonies (figure 3b) [96]. Notably, these colonies reversibly invert their curvature in response to light through a
rhodopsin-cGMP pathway, representing a similar behaviour
to concerted movement and morphogenesis in animals [96].
Filastereans are found in freshwater, marine and animalassociated environments [25,26,50,55,64–68,70,71]. Like choanoflagellates, some filasterean species are able to form simple
multicellular structures. But, in contrast to the clonal colonies
found in choanoflagellates, these are formed through the
active aggregation of independent cells (figure 3c,d, box 1)
[26,67,98]. The best-described species, Capsaspora owczarzaki,
has three different life stages, including an aggregative
stage; these stages are differentially regulated at the transcriptomic, proteomic and phosphoproteomic levels (figure 3c)
[65,98,100,101]. Others, such as Pigoraptor spp., are morphologically very plastic and are able to transition from
amoeba and amoeboflagellate stages to cysts and aggregates
of cells (figure 3d) [26,70].
Ichthyosporeans are found in commensal, mutualistic or
parasitic relationships with aquatic (both freshwater and
marine) and terrestrial animals. Most of them have been
directly isolated from different animal tissues, especially guts
of molluscs and arthropods [73,76–79]. Some species exhibit
distinct phenotypes, such as motile pseudopodia, hyphal or
plasmodial structures [76]. Ichthyosporeans also present a
broadly conserved developmental mode consisting of large,
multinucleated spherical or ovoid coenocytes that sometimes
release multiple spherical propagules or motile limax-shaped
amoebas by cellularization of the internal nuclei (figure 3e,f )
[76–78,99,180,193]. Intriguingly, at least one of these species
appears to generate a self-organized polarized layer of cells
in the course of cellularization (figure 3f ) [180].
Members of the Corallochytrea/Pluriformea group and
T. unikontum also exhibit complex behaviours and developmental modes, sometimes resembling those observed in
ichthyosporeans and filastereans. For example, C. limacisporum, is a small spherical free-living osmotroph originally
isolated from marine coral reefs with a still unresolved complex developmental mode (figure 3g) [25,83]. Usually, cells
undergo binary cell division but occasionally cell division
occurs by coenocytic development followed by the release of
propagules or limax-shaped amoebas, similar to ichthyosporeans (figure 3g) [83,191]. Syssomonas multiformis is a freshwaterdwelling predatory flagellate that feeds on large eukaryotic
prey [26,70]. Similar to the filasterean Pigoraptor sp., it also
has a complex developmental mode that includes amoeboflagellate, amoeboid cells, motile swimming cells, spherical
cysts and sometimes clusters of multiple cells (figure 3h)
[26,70]. Finally, T. unikontum is a marine free-living predatory flagellate that also feeds on eukaryotic prey [84]. Besides
its flagellate form, solitary cells temporarily aggregate into
flagellated or non-flagellated cell clumps as observed in
S. multiformis or the filasterean Pigoraptors spp. [84].
This diversity of phenotypes observed in each unicellular
holozoan lineage, and the evidence of temporarily regulated
life-stage transitions among some of their representatives
[42,45,98,100], indicate that the last ancestral unicellular state
was probably relatively plastic, rather than a simple
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animals and in the animal LCA (figure 2) [24–26,41,42,44,
45,97,98,100–104]. For instance, approximately one-quarter of
the genes shared between animals and their unicellular
relatives were already present in the LCA of Opisthokonta
or gained at the root of Holozoa (figure 1a and box 1). This
suggests that gene co-option of these pre-existing ancestral
genes to perform new or specialized functions was an important driving force for animal origins [24,25,41,42,44,45,
97,102,125,166].
The changes in gene content mentioned above were facilitated in part by two major genome expansions that
contributed to gene family expansion and diversification in animals [161]. Gene family expansion and diversification
specifically led to changes in the regulatory capacities of animals
[34,97,110,133]. For instance, several classes of TFs also
expanded to give rise to new families at the onset of Metazoa
(see §2.1.2) [102,110,133]. This expansion of TFs in terms of
classes and families triggered the rewiring and integration of
some pre-existing core regulatory networks into more complex
regulatory programmes during animal evolution [100,133]. In
parallel, the evolution of non-coding genes and novel epigenetic
mechanisms, such as the appearance of developmental promoters and distal enhancer elements, also increased cis-regulatory
complexity in the animal stem lineage [100]. Finally, an
additional level of acquired transcriptomic regulatory complexity, including alternative splicing events by exon shuffling, exon
skipping or intron retention [24,167], also contributed to novel
sources of transcriptomic innovation [24,168–171].
Overall, the evolution of animal genomes from a unicellular
ancestor was made possible through a combination of ancient
gene families with newly evolved genes in the animal stem
lineage, shaped by an unbalanced distribution of gene gain
and duplications, rampant gene family losses, gene co-option,
gene family expansion and subfunctionalization (especially of
several key TFs). The emergence of novel GRNs (especially
distal regulatory elements such as enhancers and chromatinstructural modifications) was then a key mechanism for the
evolution of animal genomes from a unicellular ancestor
[24,25,34,41,42,44,45,97,100,102,110,125,136,161,166,172–174].
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Figure 4. Our current perspective on important changes in the origin of animals. (a) The last unicellular ancestor of animals likely possessed a life cycle comprising
different temporally regulated stages, including a sexually reproductive stage and at least one multicellular stage. (b) Cells within this multicellular structure were
able to respond to different environmental stimuli thanks to a complex repertoire of signalling molecules and gene regulatory networks (GRNs), transitioning to
labile cell stages. (c) This multicellular entity might have had a certain ability to integrate positional information from within the structure but lacked any axial/
positional patterning. (d) The transition to animal origins likely involved some changes in this life cycle, already present by the time of the last common ancestor
(LCA) of animals. (e) Cells within the multicellular structure acquired the ability to integrate spatial information from within the organism by making use of
morphogenetic tools (such as ligands, receptors, and GRNs) (d0 ), which allowed the spatial organization of cell types (d00 ). Concomitantly, this developmental
programme was conjoined with the sexual reproduction programme, by which gamete fusion was able to trigger the formation of a multicellular structure through
serial division. ( f ) A greater ability to establish different cell types independently of the environment translates into the emergence of rudimentary morphogenetic
plans, consisting of simple positional patterns (such as a primary axis) where different cell types localize to different regions of the organism (axial/positional
patterning). It is worth emphasizing that the visual depictions presented here are mere representations of general concepts, and that we are by no means
taking positions regarding specific details, such as the real structure of the life cycles, the number of cells, genes, molecules and GRNs implicated, the axial
patterning or the morphological details of these organisms.
unicellular entity (figure 4a) [95,123]. The last unicellular
ancestor of animals could probably sense environmental
stimuli and respond by transitioning to different cell stages
(figure 4a,b). Its life cycle could have included a differentiated
sedentary filter-feeding or heterotrophic life stage (most likely
bacterivorous), and a proliferative stage, possibly including
dispersive forms. It could also have included cysts or resistance forms and at least one multicellular stage. These
distinct cell stages could have been regulated via temporal
gene regulatory programmes, which in turn controlled lifestage transitions. Thus, the data gathered among unicellular
relatives of animals suggest that the last unicellular ancestor
of animals likely presented a complex life cycle integrating distinct transient cell identities, or states, and likely included a
multicellular state exhibiting the spatial coexistence of different labile cell types. Future studies will provide deeper
insights into whether the temporal regulation of these distinct
labile cell types or stages in the last unicellular ancestor could

have gradually evolved into spatio-temporal differentiation of
cell types in the animal stem lineage. In fact, recent and
ongoing efforts are investigating whether the multicellular
structures exhibited in various unicellular holozoan species
are formed by distinct cells coexisting in those multicellular
stages (at the morphologic and genetic level) ([188,189,191];
S. R. Najle 2021, personal communication). If this is indeed
the case, then it would suggest that spatio-temporal differentiated cell types might have been present in the last
unicellular ancestor of animals.

2.2.2. Potential lifestyles of the last common ancestor of animals
Comparative analyses between unicellular holozoans and animals also allow us to reconstruct the biological and ecological
features of the animal LCA. In this case, those features
inferred to be present in the animal LCA include traits predicted to have evolved along the animal stem. For example,

Open Biol. 11: 200359

GRN

royalsocietypublishing.org/journal/rsob

swimmer
zygote

The updated reconstruction of the genomic and biological
features of both the last unicellular ancestor of animals
and the animal LCA have allowed us to identify key features
and major forces shaping animal evolution. In past, this
identification was restricted by the limited information
on the evolutionary relationships of animals and other
eukaryotes. For instance, classical studies compared animals
with unicellular organisms like yeast and designated features
absent from yeast as potentially key to the origin of animals
[194,195]. Now we know that such an approach was
far from ideal due to the long evolutionary distances separating these lineages. In recent years, we have seen this
perspective gradually changing with the study of animals’
closest unicellular relatives and their comparison to early
branching animals, as discussed in previous sections.
In addition, numerous studies have increased our knowledge
of the environment in which animals originated and

3.1. The ecological context of the transition
External factors and ecological triggers were possibly as
important as genomic changes during animal evolution [34].
One example is the biogeochemical context in which animals
originated and diversified. Some of the potential ecological
triggers include changes in ocean chemistry, such as the availability of iron and copper [196–201] or the great oxygenation
event that occurred around 700 Ma [202] (although some
authors argue the latter was not as critical: [203,204]). As multicellular organisms, the origin of animals could also have
been influenced by all the advantages derived from being
multicellular. For example, the emergence of new ecological
niches [205] and selection for multicellularity as an escape
from predation were also potential driving forces for the
origin of animals [206,207] (but see also [208]).
The ecological context might have also had an impact on
animal evolution, such as in shaping animal feeding modes
and morphological features [209]. For instance, animals
evolved in an environment teeming with bacteria and other
eukaryotes, and have lived in close association with these
organisms throughout their subsequent evolutionary history.
Indeed, host-associated microbiota can actually regulate
development and gut morphogenesis in animals [157]. In
this context, being in a close relationship with bacteria
could have impacted animal evolution by requiring a
system of cell communication to harbour bacterial symbionts
and commensals, and a defence system to deal with bacterial
pathogens. Interestingly, bacterial interactions are also
observed among the closest unicellular relatives of animals,
especially among choanoflagellates. For instance, rosette
development in the choanoflagellate S. rosetta is known to
be triggered and enhanced by a bacterial sulfonolipid
[42,61,177,187,210]. Bacterial lipids also regulate developmental switches both activating and inhibiting rosette formation
in S. rosetta [177]. This is not the sole example of environmental bacteria playing a key role during its life stages
transitions, as S. rosetta is also capable of sexually reproducing upon induction by a bacterial chondroitinase
[176–178]. Interestingly, the S. rosetta sexual cycle is induced
by a bacterial species that also regulates light-organ
development in a squid [211]. Numerous studies in other
choanoflagellates highlight the role of bacterial interactions
[179,212]. An example is Salpingoeca monosierra, a new choanoflagellate species harbouring the first known choanoflagellate
microbiome [213]. Salpingoeca monosierra forms large colonies
of more than 100 µm in diameter (more than an order of magnitude larger than those formed by S. rosetta) and harbour
around 10 bacterial symbionts within a single colony [213].
Overall, the ecological context during animal evolution was
also key for the transition to multicellularity. Living in an
environment teeming with bacteria likely provided the foundations of animal-associated microbiomes and the origin of
animal interactions with microorganisms.

3.2. The origin of animals
Besides the ecological context, former biological definitions of
animals involved the capacity for cell coordination at the
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3. Our current perspective on the origin of
animals

diversified. These studies have allowed us to rethink the context and major forces that drove the transition to animal
multicellularity.
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the animal LCA was likely aquatic and featured obligate,
clonal multicellularity [122,123]. Importantly, the animal
LCA likely presented cell–cell communication-mediated
cooperation, specialization and polarity, allowing the spatial
distribution of labour between distinct coexisting cells. Each
cell type (box 1) was specialized to perform a different role
within the whole organism, with molecular features resembling those seen in the main cell types of extant animals
[122]. For instance, each cell type would also have their own
sets of expressed genes used in different processes (e.g. contraction, secretion, signalling and reception), regulated by
well-defined genetic programmes (a set of TFs and other
specific regulatory mechanisms). This implies that some
genes would be expressed by certain cell types but not others
(i.e. each cell type expresses a limited number of genes encoded
in the genome). The genome partitioning into functional modules accessed by different cell types reflects an increase in
regulatory mechanisms to determine diverse cell fates [38].
From our previous ancestral gene content reconstruction,
we can also predict that the animal LCA featured cell–cell
adhesion using cadherins, cell–ECM adhesion through integrin-related proteins, and orchestrated collective movement by
cell contractility [123]. It also had the capacity to sense the
environment, communicate between cells via synapse-like
pathways and employ an epithelium-like cell layer used in
part to capture bacterial or eukaryotic prey as a food source
[122,123]. Moreover, it probably reproduced sexually using
sperm and eggs, thus differentiating distinct gametes through
spermatogenesis and oogenesis (i.e. oogamy) [122,123].
Finally, the animal LCA likely presented a form of developmental processes through mechanisms of cell division, cell
differentiation and invagination present in all animals
[122,123]. Such diversity of cell types and complex organization was in turn regulated by a diverse set of TFs and
epigenomic machinery involving distal regulation, and the
initial steps of development likely involved coordinated signalling through members of the Wnt and TGF-β pathways,
paving the path to spatial distribution of labour among coexisting cells. Thus, we can conclude that the animal LCA was
already rich in cell types which share some of their cellular
foundations with those found in extant species.

The origin of animals was accompanied by increased genomic innovation, including many new, rapidly evolving and
subsequently widely conserved genes. These genes encoded
proteins known to have regulatory functions in animal multicellularity: gene regulation, signalling, cell adhesion and cellcycle regulation. Nevertheless, co-option of and regulatory
changes in pre-existing elements present among unicellular
holozoans set the foundations for further gene family expansions and diversifications. This in turn contributed to an
increased layer of regulation for cell-type specification in
the animal stem lineage, and likely played a major role in
the events discussed below.

3.2.2. Progressive acquisition of axial patterning and cell-type
identity
As previously proposed, the last unicellular ancestor of animals had a mixture of labile cell types coexisting in the
same entity (figure 4b,c) [95]. However, analyses have so far
not yet shown conclusive evidence that unicellular relatives
of animals have specific arrangements of differentiated cell

3.2.3. Emergence of a conjoined gene regulatory programme of
fertilization and multicellular development
Animals produce very distinct kinds of gametes. Gamete
fusion determines initial polarity and triggers the developmental programme in animal eggs [218,219], meaning that
in earlier stages of animal evolution it could have served as
an early trigger for asymmetric cell division, generation of a
rudimentary axis and establishment of cell fates. During
development and throughout the animal’s life, animal cells
are able to proliferate in response to signals from within the
organism by controlling entry into the cell cycle. The set of
Capsaspora cell cycle regulators shares some traits with
those of animals, with some conserved TFs related to proliferation as well as the timing of expression of cell cycle
checkpoint genes [100,220]. However, unicellular holozoans
lack the genes required to trigger cell cycle progression in
response to extracellular signalling in animals [220–222]. So
far, we do not know of any unicellular holozoan where the
formation of the multicellular stage is linked to the fusion
of gametes. At some point along the stem lineage leading
to animals, an ancestor with the ability to both generate a
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3.2.1. Increased genomic innovation and co-option of
pre-existing elements

types when forming a multicellular structure. The last unicellular ancestor of animals was likely able to respond to
external cues in a changing environment thanks to the signalling and genome regulatory mechanisms discussed above
(figure 4b,c). Co-option of such genes for spatial cell signalling between neighbouring cells might have led to the
ability to integrate positional information from within the
organism. The pathways in question would involve the triggering of adjustable, non-binary responses, as in animal
morphogens, and at least one mechanism of genome regulation determining different phenotypes. One potential
candidate could be the Wnt/β-catenin signalling pathway,
known to regulate the anteroposterior axis of the body plan
even in early branching animals [142,144]. A primary axis
likely arose as a result of spatial separation between different
groups of cells. These primary axes could have provided a
nucleating architecture for the different cell types to arrange
and may have led to the formation of simple morphogenetic
plans [95]. With this, spatial coordination of cells came to be
equally important to define different functions in the organism, rather than just individual coexisting cells.
The integration of temporally regulated and spatially
coexisting cell types could have contributed to a gradual
regionalization of functions that in turn fostered the emergence of morphogenetic programmes (figure 4d–f ) [95].
Flexible cell identity (and in turn GRNs) became less dependent on external factors, leading to a certain commitment of
cell fate (figure 4e). This might have occurred through
GRNs becoming more linked or dependent on signals
within the organism, thereby overriding the freedom of the
cell to respond to its environment by transdifferentiation.
The emergence of cell types would allow selection to operate
at the level of individual cells in terms of collective fitness,
constituting a fine-tuning of within-group selection [216].
Inherently, the emergence of multicellular structures might
have enhanced the differences between cells in different
regions of this multicellular entity [217]. Thus, the transition
to animal origins likely involved the progressive integration
of GRNs and a gradual regionalization of functions, allowing
the establishment of different spatially coexisting cell types.

royalsocietypublishing.org/journal/rsob

multicellular level, the presence of spatial cell differentiation
and a coordinated developmental plan starting from a
single cell. Thus, theories explaining the origins of animals
involve the acquisition of mechanisms necessary to generate
epithelium-like multicellular structures. Further studies and
comparisons revealed that the mechanisms underpinning
these features likely developed in the stem lineage of animals,
building upon pathways and features present in their unicellular ancestors [24,25,45,95,98,100,122,123]. Thus, some
revised theories proposed the acquisition of spatial regulation
as one of the main drivers of the origin of animals, in contrast
to the temporal regulation of cell types exhibited by their
unicellular relatives [214,215].
We here propose an updated review of which changes
might have been key to the emergence of animals
(figure 4). To start with, in our view, multicellular structures
with different labile cell types coexisting were likely present
prior to the origin of animals. We envision an initial scenario
of an ancestral organism with a complex ontogeny and temporal regulation of different transient life stages, as proposed
in Zakhvatkin [215] and revised in Mikhailov [214]
(figure 4a–c). Each stage consisted of different cell types
using distinct pathways to perform specific roles, such as substrate attachment, feeding, swimming and mating. One of
those stages was a multicellular structure likely originating
through clonal division, displaying spatial coexistence of
different, non-committed cell identities driven by unique genetic programmes of transdifferentiation (figure 4b,c). In this
temporal multicellular stage, different functions (feeding,
motion and secretion) occurred simultaneously as they were
performed by different cells. Thus, we propose that spatial
regulation itself was present in the last unicellular ancestor
of Metazoa.
Below, we speculate about some aspects that may have
played a key role in the origin of animals, in relation to
some of their features and in no particular order, and
always in the context of incremental complexity discussed
in this review.

3.2.4. Relegation of unicellular stages in favour of a multicellular
stage

4. New avenues of research into animal
origins
The improved phylogenetic framework of animals and their
unicellular relatives along with the sequencing of various
omics-scale datasets has allowed an updated reconstruction
of the genomic and biological features of both the last unicellular ancestor of animals and the animal LCA. These
comparative studies have also highlighted various evolutionary mechanisms as important driving forces for the origin of
animals. For instance, we now know that co-option of ancestral genes into new functions; expansion of pre-existing GRNs
combined with the emergence of novel genomic regulatory
strategies; and the progressive acquisition of spatio-temporal
cell-type identities, were probably key for animal evolution.
Nevertheless, many questions are still left unanswered, and
further studies are needed to fully understand how those
mechanisms might have impacted the transition to animal
multicellularity.
For example, many genes critical for animal multicellularity-related functions have homologues in unicellular
holozoans, but we still do not understand the function of
these homologues in non-metazoans. In addition, some
genes underwent duplications along the animal stem lineage,
and their functions prior to duplication (and sub- or neofunctionalization) are not known. The functions of these genes in
extant unicellular holozoans are not necessarily identical to
those in the unicellular ancestors of animals; nevertheless,
understanding their function in a unicellular context is essential to fully address the role of co-option during the
unicellular-to-multicellular transition. In this regard, the
development of genetic tools among unicellular holozoans
is crucial to fully understand the function of these genes of
interest and assess to which extent the unicellular holozoan
orthologues perform similar or different functions in a unicellular context [223]. In recent years, our joint efforts have
successfully developed transfection in several unicellular
species representing all major unicellular Holozoa clades
[191,193,224–227]. This tool has already provided some
insights into the cell biology of several unicellular holozoans.
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The origin of animals likely involved a long, gradual evolutionary process rather than a single evolutionary leap,
paving the way to animal multicellularity by coupling complex development, sperm–egg fusion and serial cell division
in parallel with the integration of spatial cell differentiation
[95,123]. The multicellular stage could have prevailed over
the unicellular stage by favouring escape from predators,
enhanced resource exploitation and relaxation of ecological
constraints due to increases in the availability of some nutrients. The relegated unicellular stages could have later become
simple forms for dispersion, or gametes, as the emerging
properties concomitant with multicellularity, like the division
of labour, could have led the multicellular stage to thrive as a
proliferative stage [95].

For instance, transfection in the choanoflagellate S. rosetta
allowed the first in vivo characterization of septins, a major
class of cytoskeletal proteins [225]. Interestingly, the S. rosetta
septin orthologue localized to the basal poles of the cells,
resembling the localization of septins in animal epithelia
[225]. Transient transfection in the filasterean C. owczarzaki
revealed the three-dimensional organization of filopodia and
actin bundles in live cells [224]. In the ichthyosporean Creolimax fragrantissima, transient transfection allowed tracing of
nuclear divisions in a growing cell in vivo, and revealed that
these divisions were strictly synchronized [193]. Moreover,
two gene silencing strategies using RNA interference by
small interfering RNAs (siRNA) and morpholinos have also
been developed in C. fragrantissima [193]. This tool has been
used to analyse the function of c-Src kinase animal homologue
throughout its life cycle, and revealed that an existing tyrosinespecific phosphatase was potentially co-opted for the role
of Src regulation in the highly reduced kinome of
C. fragrantissima [131,193]. Finally, transfection has also been
recently developed for two additional unicellular holozoan
species: the ichthyosporean Abeoforma whisleri [227] and the
corallochytrean C. limacisporum [191,228]. Both species can be
transiently transfected with fluorescently tagged reporter cassettes containing endogenous genes, using the same approach
developed in S. rosetta [191,225,227]. Indeed, C. limacisporum
transfectants can also be stably maintained using antibioticbased selection, a strategy that has allowed the reconstruction
of the life cycle of C. limacisporum with an unprecedented level
of detail [191]. More recently, CRISPR/Cas9-mediated genome
editing tool has been developed for S. rosetta, opening new avenues of research for gene function studies using reverse
genetics [226]. Under this scenario, we expect future efforts
to be invested in two main directions. First, towards taking
advantage of the tools developed to investigate the function
of key animal ‘multicellularity-related’ genes, such as those
involved in animal cell adhesion, cell communication or transcriptional regulation, in the aforementioned unicellular
holozoan species. And second, towards developing genetic
tools in a broader representation of unicellular holozoan
species to continue expanding the functional platform of
experimentally tractable systems to address animal origins.
Another important pending question concerns genome
regulation in a wider representation of unicellular holozoan
species. Until now, our inferences have been based on the
analysis of the regulatory genome of only one single species,
the filasterean C. owczarzaki [100]. Based on this study, we
inferred that the last unicellular ancestor of animals probably
followed a primarily proximal gene regulatory strategy, lacking
some animal promoter types and signatures of animal enhancers [95,100]. However, we still need to characterize the
genomic regulatory landscape of other unicellular holozoan
species to accurately infer the regulatory capability of the last
unicellular ancestor and fully understand how genome regulation evolved during the origin of animals. Thus, we expect
future research to be directed to comparatively investigate the
epigenome (including chromatin accessibility and regulatory
dynamics, and transcription factor networks) of additional
species representing other unicellular holozoan clades (i.e.
choanoflagellates, ichthyosporeans and corallochytreans). This
will allow for a more comprehensive reconstruction of the regulatory capabilities of the last unicellular ancestor of animals;
address whether metazoan-like distal regulation was or was
not an animal innovation; and also provide mechanistic
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multicellular morphogenetic plan through axial patterning
and perform sexual reproduction likely integrated these
two programmes in a single developmental plan (figure 4).

In the coming years, the development of emerging model
systems among unicellular holozoans combined with the use
of modern research tools will allow us to fully address these
new outstanding questions with an unprecedented level of
detail. We look forward to seeing advances in this field as
we are now entering an exciting era in the study of the
origin of animals.

5. Concluding remarks

Data accessibility. This article has no additional data.
Authors’ contributions. All authors participated in the writing of the
manuscript.

Competing interests. We declare we have no competing interests.
Funding. This work was supported by a European Research Council
Consolidator Grant (ERC-2012-Co -616960), and grants (BFU201790114-P) from Ministerio de Economía y Competitividad
(MINECO), Agencia Estatal de Investigación (AEI), and Fondo
Europeo de Desarrollo Regional (FEDER) to I.R.-T. We also acknowledge ‘la Caixa’ Grant for Doctoral Studies from ‘la Caixa’ Banking
Foundation (ID 100010434) (Spain) to A.P.-P. (LCF/BQ/ES16/
11570008), and a Marie Skłodowska-Curie Individual Fellowship
under the EU Framework Programme for Research and Innovation
Horizon 2020 ( project ID 747789) and an Ayuda Juan de la CiervaIncorporación (IJC2018-036657-I) to M.M.L.
Acknowledgements. We thank Daniel J. Richter, Jesús Lozano-Fernández,
Sebastián R. Najle, Iain Patten and, in general, past and current members of the laboratory for fruitful discussions. We also thank two
anonymous reviewers for comments on the manuscript.

References
1.

Adl SM et al. 2019 Revisions to the classification,
nomenclature, and diversity of eukaryotes.
J. Eukaryot. Microbiol. 66, 4–119. (doi:10.1111/jeu.
12691)

2.

Baran Y et al. 2019 MetaCell: analysis of singlecell RNA-seq data using K-nn graph partitions.
Genome Biol. 20, 206. (doi:10.1186/s13059-0191812-2)

3.

Burton PM. 2008 Insights from diploblasts; the
evolution of mesoderm and muscle. J. Exp. Zoolog.
B Mol. Dev. Evol. 310B, 5–14. (doi:10.1002/jez.b.
21150)

Open Biol. 11: 200359

In recent years, a vast body of knowledge from molecular omics has provided not only a better phylogenetic
framework of animals and their closest unicellular
relatives but also a better understanding of the evolutionary
history of genes key to animal multicellularity. To further
expand this knowledge, we must aim to improve our
understanding of the closest unicellular relatives of animals
from different perspectives. For instance, more genome
sequences are needed to better pinpoint the origin of
some genes key to animal multicellularity. Moreover,
functional studies of some proteins would allow us to
understand how they could have been co-opted. Efforts
at the taxonomic level should also allow the identification
and isolation of more unicellular holozoan species.
Likewise, studying their biology through cell biological
and developmental approaches might help to uncover
additional aspects of their temporal multicellular stages and
their potential homology to similar structures in animals.
Finally, the recent establishment of genetic tools in those
taxa also promises to contribute to this end. Overall,
we believe the years ahead of us will be crucial to better
understand this transition and we find ourselves excited
about, but most importantly eager to begin, unravelling the
origins of animals.

15

royalsocietypublishing.org/journal/rsob

insights into the evolution of genome regulation during the
unicellular-to-multicellular transition.
We also still do not know how animal cell types appeared
nor whether spatial cell differentiation was already established in a unicellular context. Although analyses in the
filasterean C. owczarzaki revealed that some of the mechanisms required for animal spatial cell differentiation were
already present in the last unicellular ancestor of animals
[100], it has been assumed that spatial cell differentiation
per se evolved at the Metazoa stem. However, we still have
not investigated whether the multicellular structures exhibited by unicellular holozoans are indeed composed of
morphologically and genetically identical cells or, on the contrary, they are composed of distinct cell types. Recently, the
tridimensional reconstruction of rosette colonies in the choanoflagellate S. rosetta has unexpectedly revealed that cells
within rosette colonies exhibit spatial cell disparity, varying
significantly in cell size, shape and nuclear and mitochondrial content [188,189]. In parallel, microscope observations
in other unicellular holozoan species, such as in the filasterean C. owczarzaki, have also pointed to at least different cell
morphologies within the same multicellular structure
(S. R. Najle 2021, personal communication). This indicates
that unicellular holozoan colonies may not be just formed
from the assemblage of identical single cells, but they may
subsequently differentiate into distinct cell types displaying
morphological modifications and, potentially, genetic modifications. Thus, we expect future studies to be directed towards
analysing cell-type diversity at the genetic and morphologic level across the multicellular structures of several
unicellular holozoan species representing major unicellular
Holozoan clades. The integration of newly developed
single-cell techniques will indeed provide a unique opportunity into these studies as they can allow to detect novel,
undiscovered cell types and signatures of cell-type specific
gene expression profiles [2,229–233]. Moreover, molecular
data at a single-cell resolution from several animal taxa,
especially among non-bilaterian animals (i.e. sponges, comb
jellies and placozoans) [229–232], will also complement
these studies from a comparative perspective to address
animal cell-type evolution.
Finally, we also predict future research to be directed
towards isolating and characterizing under-studied unicellular holozoan species. Particularly, those species falling within
or related to different known unicellular holozoan clades
identified from molecular environmental data, and those
related to potential novel unicellular holozoan clades [86].
First, because the discovery of new unicellular holozoan
species will clarify the evolutionary relationships of the tree
surrounding animals. And second, because their huge diversity of morphologies, lifestyles and genetic repertoires will
help us continue refining the genome content and biological
features of both the last unicellular ancestor of animals and
the animal LCA.

4.

6.

7.

9.

10.

11.

12.

13.

14.

15.

16.

17.

33. King N, Rokas A. 2017 Embracing uncertainty in
reconstructing early animal evolution. Curr. Biol. 27,
R1081–8. (doi:10.1016/j.cub.2017.08.054)
34. Paps J, Holland PWH. 2018 Reconstruction of the
ancestral metazoan genome reveals an increase in
genomic novelty. Nat. Commun. 9, 1730. (doi:10.
1038/s41467-018-04136-5)
35. Dohrmann M, Wörheide G. 2017 Dating early
animal evolution using phylogenomic data/631/
181/735/631/181/414 article. Sci. Rep. 7, 1–6.
(doi:10.1038/s41598-016-0028-x)
36. Moroz LL. 2015 Convergent evolution of neural
systems in ctenophores. J. Exp. Biol. 218, 598–611.
(doi:10.1242/jeb.110692)
37. Burkhardt P, Sprecher SG. 2017 Evolutionary origin
of synapses and neurons — bridging the gap.
BioEssays News Rev. Mol. Cell Dev. Biol. 39,
1700024. (doi:10.1002/bies.201700024)
38. Arendt D, Bertucci PY, Achim K, Musser JM. 2019
Evolution of neuronal types and families. Curr. Opin.
Neurobiol. 56, 144–152. (doi:10.1016/j.conb.2019.
01.022)
39. Moroz LL, Kohn AB. 2015 Unbiased view of synaptic
and neuronal gene complement in ctenophores: are
there pan-neuronal and pan-synaptic genes across
Metazoa? Integr. Comp. Biol. 55, 1028–1049.
(doi:10.1093/icb/icv104)
40. Moroz LL, Kohn AB. 2016 Independent origins of
neurons and synapses: insights from ctenophores.
Phil. Trans. R. Soc. B 371, 20150041. (doi:10.1098/
rstb.2015.0041)
41. King N et al. 2008 The genome of the
choanoflagellate Monosiga brevicollis and the origin
of metazoans. Nature 451, 783–788. (doi:10.1038/
nature06617)
42. Fairclough SR et al. 2013 Premetazoan genome
evolution and the regulation of cell differentiation
in the choanoflagellate Salpingoeca rosetta. Genome
Biol. 14, R15. (doi:10.1186/gb-2013-14-2-r15)
43. Denbo S, Aono K, Kai T, Yagasaki R, Ruiz-Trillo I,
Suga H. 2019 Revision of the Capsaspora genome
using read mating information adjusts the view on
premetazoan genome. Dev. Growth Differ. 61,
34–42. (doi:10.1111/dgd.12587)
44. Suga H et al. 2013 The Capsaspora genome reveals
a complex unicellular prehistory of animals. Nat.
Commun. 4, 2325. (doi:10.1038/ncomms3325)
45. de Mendoza A, Suga H, Permanyer J, Irimia M,
Ruiz-Trillo I. 2015 Complex transcriptional regulation
and independent evolution of fungal-like traits in a
relative of animals. eLife 4, e08904. (doi:10.7554/
eLife.08904)
46. Cavalier-Smith T. 1987 The origin of eukaryotic and
archaebacterial cells. Ann. N Y Acad. Sci. 503,
17–54. (doi:10.1111/j.1749-6632.1987.tb40596.x)
47. Lang BF, O’Kelly C, Nerad T, Gray MW, Burger G.
2002 The closest unicellular relatives of animals.
Curr. Biol. 12, 1773–1778. (doi:10.1016/S09609822(02)01187-9)
48. Ruiz-Trillo I, Roger AJ, Burger G, Gray MW, Lang BF.
2008 A phylogenomic investigation into the origin
of Metazoa. Mol. Biol. Evol. 25, 664–672. (doi:10.
1093/molbev/msn006)

16

Open Biol. 11: 200359

8.

18. Laumer CE et al. 2019 Revisiting metazoan phylogeny
with genomic sampling of all phyla. Proc. R. Soc. B
286, 20190831. (doi:10.1098/rspb.2019.0831)
19. Telford MJ, Budd GE, Philippe H. 2015 Phylogenomic
insights into animal evolution. Curr. Biol. 25,
R876–R887. (doi:10.1016/j.cub.2015.07.060)
20. Moroz LL et al. 2014 The ctenophore genome and
the evolutionary origins of neural systems. Nature
510, 109–114. (doi:10.1038/nature13400)
21. Pisani D, Pett W, Dohrmann M, Feuda R, RotaStabelli O, Philippe H, Lartillot N, Wörheide G, 2015
Genomic data do not support comb jellies as the
sister group to all other animals. Proc. Natl Acad.
Sci. USA 112, 15 402–15 407. (doi:10.1073/pnas.
1518127112)
22. Ryan JF et al. 2013 The genome of the ctenophore
Mnemiopsis leidyi and its implications for cell type
evolution. Science 342, 1242592. (doi:10.1126/
science.1242592)
23. Whelan NV, Kocot KM, Moroz LL, Halanych KM.
2015 Error, signal, and the placement of Ctenophora
sister to all other animals. Proc. Natl Acad. Sci. USA
112, 5773–5778. (doi:10.1073/pnas.1503453112)
24. Grau-Bové X, Torruella G, Donachie S, Suga H,
Leonard G, Richards TA, Ruiz-Trillo I. 2017 Dynamics
of genomic innovation in the unicellular ancestry of
animals. eLife 6, e26036. (doi:10.7554/eLife.26036)
25. Torruella G et al. 2015 Phylogenomics reveals
convergent evolution of lifestyles in close relatives
of animals and fungi. Curr. Biol. 25, 2404–2410.
(doi:10.1016/j.cub.2015.07.053)
26. Hehenberger E, Tikhonenkov DV, Kolisko M, del
Campo J, Esaulov AS, Mylnikov AP, Keeling PJ.
2017 Novel predators reshape holozoan phylogeny
and reveal the presence of a two-component
signaling system in the ancestor of animals.
Curr. Biol. 27, 2043–2050.e6. (doi:10.1016/j.cub.
2017.06.006)
27. Li Y, Shen X-X, Evans B, Dunn CW, Rokas A. 2020
Rooting the animal tree of life. bioRxiv. (doi:10.
1101/2020.10.27.357798)
28. Laumer CE et al. 2015 Spiralian phylogeny
informs the evolution of microscopic lineages.
Curr. Biol. 25, 2000–2006. (doi:10.1016/j.cub.2015.
06.068)
29. Halanych KM, Bacheller JD, Aguinaldo AM, Liva SM,
Hillis DM, Lake JA. 1995 Evidence from 18S
ribosomal DNA that the lophophorates are
protostome animals. Science 267, 1641–1643.
(doi:10.1126/science.7886451)
30. Aguinaldo AM, Turbeville JM, Linford LS, Rivera MC,
Garey JR, Raff RA, Lake JA. 1997 Evidence for a
clade of nematodes, arthropods and other moulting
animals. Nature 387, 489–493. (doi:10.1038/
387489a0)
31. Kapli P, Telford MJ. 2020 Topology-dependent
asymmetry in systematic errors affects phylogenetic
placement of Ctenophora and Xenacoelomorpha.
Sci. Adv. 6, eabc5162. (doi:10.1126/sciadv.abc5162)
32. Giribet G. 2015 New animal phylogeny: future
challenges for animal phylogeny in the age of
phylogenomics. Org. Divers. Evol. 16, 419–426.
(doi:10.1007/s13127-015-0236-4)

royalsocietypublishing.org/journal/rsob

5.

Chang C, Hemmati-Brivanlou A. 1998 Cell fate
determination in embryonic ectoderm. J. Neurobiol.
36, 128–151. (doi:10.1002/(SICI)10974695(199808)36:2<128::AID-NEU3>3.0.CO;2-3)
Lewis SL, Tam PPL. 2006 Definitive endoderm of
the mouse embryo: formation, cell fates, and
morphogenetic function. Dev. Dyn. 235,
2315–2329. (doi:10.1002/dvdy.20846)
Nakanishi N, Sogabe S, Degnan BM. 2014
Evolutionary origin of gastrulation: insights from
sponge development. BMC Biol. 12, 26. (doi:10.
1186/1741-7007-12-26)
Bonner JT. 1998 The origins of multicellularity.
Integr. Biol. 1, 27–36. (doi:10.1002/(SICI)15206602(1998)1:1<27::AID-INBI4>3.0.CO;2-6)
Du Q, Kawabe Y, Schilde C, Chen Z, Schaap P. 2015
The evolution of aggregative multicellularity and
cell–cell communication in the Dictyostelia. J. Mol.
Biol. 427, 3722–3733. (doi:10.1016/j.jmb.2015.
08.008)
Schaap P. 2011 Evolutionary crossroads in
developmental biology: Dictyostelium discoideum.
Development 138, 387–396. (doi:10.1242/dev.
048934)
Brown MW, Kolisko M, Silberman JD, Roger AJ.
2012 Aggregative multicellularity evolved
independently in the eukaryotic supergroup
Rhizaria. Curr. Biol. 22, 1123–1127. (doi:10.1016/j.
cub.2012.04.021)
Brown MW, Spiegel FW, Silberman JD. 2009
Phylogeny of the ‘forgotten’ cellular slime mold,
Fonticula alba, reveals a key evolutionary branch
within opisthokonta. Mol. Biol. Evol. 26,
2699–2709. (doi:10.1093/molbev/msp185)
Brown M, Silberman J. 2013 The non-dictyostelid
sorocarpic amoebae. In Dictyostelids: evolution,
genomics and cell biology, pp. 219–242. Berlin
Heidelberg, Germany: Springer. (doi:10.1007/978-3642-38487-5_12)
Lasek-Nesselquist E, Katz LA. 2001 Phylogenetic
position of Sorogena stoianovitchae and
relationships within the Class colpodea (Ciliophora)
based on SSU rDNA sequences. J. Eukaryot.
Microbiol. 48, 604–607. (doi:10.1111/j.1550-7408.
2001.tb00197.x)
Worley AC, Raper KB, Hohl M. 1979 Fonticula alba:
a new cellular slime mold (Acrasiomycetes).
Mycologia 71, 746–760. (doi:10.1080/00275514.
1979.12021068)
dos Reis M, Thawornwattana Y, Angelis K,
Telford MJ, Donoghue PCJ, Yang Z. 2015
Uncertainty in the timing of origin of animals
and the limits of precision in molecular timescales.
Curr. Biol. 25, 2939–2950. (doi:10.1016/j.cub.2015.
09.066)
Cunningham JA, Liu AG, Bengtson S, Donoghue PCJ.
2017 The origin of animals: can molecular
clocks and the fossil record be reconciled?
BioEssays 39, e201600120. (doi:10.1002/bies.
201600120)
Dunn FS, Liu AG, Donoghue PCJ. 2018 Ediacaran
developmental biology. Biol. Rev. 93, 914–932.
(doi:10.1111/brv.12379)

65.

66.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

and Abeoforma whisleri, gen. nov., sp. nov.) from
invertebrate digestive tracts represent an
undescribed clade within the unicellular opisthokont
lineage Ichthyosporea (Mesomycetozoea). Protist
162, 33–57. (doi:10.1016/j.protis.2010.06.002)
Marshall WL, Celio G, McLaughlin DJ, Berbee ML.
2008 Multiple isolations of a culturable, motile
ichthyosporean (Mesomycetozoa, Opisthokonta),
Creolimax fragrantissima n. gen., n. sp., from
marine invertebrate digestive tracts. Protist 159,
415–433. (doi:10.1016/j.protis.2008.03.003)
Mendoza L, Taylor JW, Ajello L. 2002 The class
Mesomycetozoea: a heterogeneous group of
microorganisms at the animal–fungal boundary.
Annu. Rev. Microbiol. 56, 315–344. (doi:10.1146/
annurev.micro.56.012302.160950)
Glockling SL, Marshall WL, Gleason FH. 2013
Phylogenetic interpretations and ecological
potentials of the Mesomycetozoea (Ichthyosporea).
Fungal Ecol. 6, 237–247. (doi:10.1016/j.funeco.
2013.03.005)
Benny GL, O’Donnell K. 2000 Amoebidium
parasiticum is a protozoan, not a trichomycete.
Mycologia 92, 1133. (doi:10.1080/00275514.2000.
12061260)
Reynolds NK et al. 2017 Resolving relationships at
the animal–fungal divergence: a molecular
phylogenetic study of the protist trichomycetes
(Ichthyosporea, Eccrinida). Mol. Phylogenet. Evol.
109, 447–464. (doi:10.1016/j.ympev.2017.02.007)
Cafaro MJ. 2005 Eccrinales (Trichomycetes) are not
fungi, but a clade of protists at the early divergence
of animals and fungi. Mol. Phylogenet. Evol. 35,
21–34. (doi:10.1016/j.ympev.2004.12.019)
Raghu-kumar S. 1987 Occurrence of the
thraustochytrid, Corallochytrium limacisporum gen.
et sp. nov. in the coral reef lagoons of the
Lakshadweep Islands in the Arabian Sea.
Botanica Marina. 30, 83–90. (doi:10.1515/botm.
1987.30.1.83)
Tikhonenkov DV et al. 2020 New lineage of
microbial predators adds complexity to
reconstructing the evolutionary origin of animals.
Curr. Biol. 30, 4500–4509.e5. (doi:10.1016/j.cub.
2020.08.061)
Arroyo AS, López-Escardó D, Kim E, Ruiz-Trillo I,
Najle SR. 2018 Novel diversity of deeply branching
holomycota and unicellular holozoans revealed by
metabarcoding in middle Paraná River, Argentina.
Front. Ecol. Evol. 6, 99. (doi:10.3389/fevo.2018.
00099)
Arroyo AS, Iannes R, Bapteste E, Ruiz-Trillo I. 2020
Gene similarity networks unveil a potential novel
unicellular group closely related to animals from the
Tara oceans expedition. Genome Biol Evol. 12,
1664–1678. (doi:10.1093/gbe/evaa117)
del Campo J, Mallo D, Massana R, de Vargas C,
Richards TA, Ruiz-Trillo I. 2015 Diversity and
distribution of unicellular opisthokonts along the
European coast analysed using high-throughput
sequencing: diversity of unicellular opisthokonts
through HTS. Environ. Microbiol. 17, 3195–3207.
(doi:10.1111/1462-2920.12759)

17

Open Biol. 11: 200359

67.

Biomphalaria glabrata: an ultrastructural study.
J. Invertebr. Pathol. 35, 26–33. (doi:10.1016/00222011(80)90079-8)
Stibbs HH, Owczarzak A, Bayne CJ, DeWan P. 1979
Schistosome sporocyst-killing amoebae isolated
from Biomphalaria glabrata. J. Invertebr. Pathol. 33,
159–170. (doi:10.1016/0022-2011(79)90149-6)
Kiss ÁK, Ács É, Kiss KT, Török JK. 2009 Structure and
seasonal dynamics of the protozoan community
(heterotrophic flagellates, ciliates, amoeboid
protozoa) in the plankton of a large river (River
Danube, Hungary). Eur. J. Protistol. 45, 121–138.
(doi:10.1016/j.ejop.2008.08.002)
Mylnikov AP, Tikhonenkov DV, Karpov SA, Wylezich
C. 2019 Microscopical studies on Ministeria vibrans
Tong, 1997 (Filasterea) highlight the cytoskeletal
structure of the common ancestor of Filasterea,
Metazoa and Choanoflagellata. Protist 170,
385–396. (doi:10.1016/j.protis.2019.07.001)
Tong SM, Nygaard K, Bernard C, Vørs N, Patterson
DJ. 1998 Heterotrophic flagellates from the water
column in Port Jackson, Sydney, Australia.
Eur. J. Protistol. 34, 162–194. (doi:10.1016/S09324739(98)80027-8)
Ruiz-Trillo I, Lane CE, Archibald JM, Roger AJ. 2006
Insights into the evolutionary origin and genome
architecture of the unicellular opisthokonts
Capsaspora owczarzaki and Sphaeroforma arctica. J
Eukaryot. Microbiol. 53, 379–384. (doi:10.1111/j.
1550-7408.2006.00118.x)
Tikhonenkov DV, Hehenberger E, Esaulov AS,
Belyakova OI, Mazei YA, Mylnikov AP, Keeling PJ.
2020 Insights into the origin of metazoan
multicellularity from predatory unicellular relatives
of animals. BMC Biol. 18, 39. (doi:10.1186/s12915020-0762-1)
Urrutia A et al. 2021 Txikispora philomaios n. sp., n.
g., a micro-eukaryotic pathogen of amphipods,
reveals parasitism and hidden diversity in class
Filasterea. bioRxiv. (doi:10.1101/2021.01.19.427289)
Feldman SH, Wimsatt JH, Green DE. 2005
Phylogenetic classification of the frog pathogen
Amphibiothecum (Dermosporidium) penneri based
on small ribosomal subunit sequencing. J. Wildl Dis.
41, 701–706. (doi:10.7589/0090-3558-41.4.701)
Hassett BT, López JA, Gradinger R. 2015 Two new
species of marine saprotrophic sphaeroformids in
the Mesomycetozoea isolated from the Sub-Arctic
Bering Sea. Protist 166, 310–322. (doi:10.1016/j.
protis.2015.04.004)
Lohr JN, Laforsch C, Koerner H, Wolinska J. 2010 A
Daphnia parasite (Caullerya mesnili) constitutes a
new member of the Ichthyosporea, a group of
protists near the animal–fungi divergence.
J. Eukaryot. Microbiol. 57, 328–336. (doi:10.1111/j.
1550-7408.2010.00479.x)
Lord JC, Hartzer KL, Kambhampati S. 2012 A
nuptially transmitted ichthyosporean symbiont of
Tenebrio molitor (Coleoptera: Tenebrionidae).
J. Eukaryot. Microbiol. 59, 246–250. (doi:10.1111/j.
1550-7408.2012.00617.x)
Marshall WL, Berbee ML. 2011 Facing unknowns:
living cultures (Pirum gemmata gen. nov., sp. nov.,

royalsocietypublishing.org/journal/rsob

49. Ruiz-Trillo I, Inagaki Y, Davis LA, Sperstad S,
Landfald B, Roger AJ. 2004 Capsaspora owczarzaki is
an independent opisthokont lineage. Curr. Biol. 14,
R946–R947. (doi:10.1016/j.cub.2004.10.037)
50. Shalchian-Tabrizi K, Minge MA, Espelund M, Orr R,
Ruden T, Jakobsen KS, Cavalier-Smith T. 2008
Multigene phylogeny of Choanozoa and the origin
of animals. PLoS ONE 3, e2098. (doi:10.1371/
journal.pone.0002098)
51. Torruella G, Derelle R, Paps J, Lang BF, Roger AJ,
Shalchian-Tabrizi K, Ruiz-Trillo I. 2012 Phylogenetic
relationships within the opisthokonta based on
phylogenomic analyses of conserved single-copy
protein domains. Mol. Biol. Evol. 29, 531–544.
(doi:10.1093/molbev/msr185)
52. Leadbeater BSC. 2015 The Choanoflagellates:
evolution, biology and ecology. Cambridge, UK:
Cambridge University Press. (doi:10.1017/
CBO9781139051125)
53. Clark HJ. 1866 Conclusive proofs of the animality of
the ciliate sponges, and of their affinities with the
Infusoria flagellata. Am. J. Sci. s2–42, 320–324.
(doi:10.2475/ajs.s2-42.126.320)
54. Cavalier-Smith T. 2017 Origin of animal multicellularity:
precursors, causes, consequences—the
choanoflagellate/sponge transition, neurogenesis and
the Cambrian explosion. Phil. Trans. R. Soc. B 372,
20150476. (doi:10.1098/rstb.2015.0476)
55. Cavalier-Smith T, Chao EEY. 2003 Phylogeny and
classification of phylum Cercozoa (Protozoa). Protist
154, 341–358. (doi:10.1078/143446103322454112)
56. Carr M, Leadbeater BSC, Hassan R, Nelson M,
Baldauf SL. 2008 Molecular phylogeny of
choanoflagellates, the sister group to Metazoa. Proc.
Natl Acad. Sci. USA 105, 16 641–16 646. (doi:10.
1073/pnas.0801667105)
57. Steenkamp ET, Wright J, Baldauf SL. 2006 The
protistan origins of animals and fungi. Mol. Biol.
Evol. 23, 93–106. (doi:10.1093/molbev/msj011)
58. Wainright PO, Hinkle G, Sogin ML, Stickel SK. 1993
Monophyletic origins of the Metazoa: an
evolutionary link with fungi. Science 260, 340–342.
(doi:10.1126/science.8469985)
59. Zettler LAA, Nerad TA, O’Kelly CJ, Sogin ML. 2001
The nucleariid amoebae: more protists at the
animal–fungal boundary. J. Eukaryot. Microbiol. 48,
293–297. (doi:10.1111/j.1550-7408.2001.tb00317.x)
60. Metchnikoff E. 1886 Embryologische Studien an
Medusen. Ein Beitrag zur Genealogie der Primitivorgane. Wien: A. Holder.
61. Fairclough SR, Dayel MJ, King N. 2010 Multicellular
development in a choanoflagellate. Curr. Biol. 20,
R875–R876. (doi:10.1016/j.cub.2010.09.014)
62. Grosberg RK, Strathmann RR. 2007 The evolution of
multicellularity: a minor major transition? Annu.
Rev. Ecol. Evol. Syst. 38, 621–654. (doi:10.1146/
annurev.ecolsys.36.102403.114735)
63. Willmer P. 1990 Invertebrate relationships: patterns in
animal evolution. Cambridge, UK: Cambridge
University Press. (doi:10.1017/CBO9780511623547)
64. Owczarzak A, Stibbs HH, Bayne CJ. 1980 The
destruction of Schistosoma mansoni mother
sporocysts in vitro by amoebae isolated from

102.

103.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

lineages. BMC Evol. Biol. 10, 93. (doi:10.1186/14712148-10-93)
Grau-Bové X, Ruiz-Trillo I, Rodriguez-Pascual F. 2015
Origin and evolution of lysyl oxidases. Sci. Rep. 5,
1–11. (doi:10.1038/srep10568)
Philippon H, Brochier-Armanet C, Perrière G. 2015
Evolutionary history of phosphatidylinositol-3kinases: ancestral origin in eukaryotes and complex
duplication patterns. BMC Evol. Biol. 15, 226.
(doi:10.1186/s12862-015-0498-7)
Sebé-Pedrós A, Grau-Bové X, Richards TA, Ruiz-Trillo
I. 2014 Evolution and classification of myosins, a
paneukaryotic whole-genome approach. Genome
Biol. Evol. 6, 290–305. (doi:10.1093/gbe/evu013)
Tucker RP, Beckmann J, Leachman NT, Schöler J,
Chiquet-Ehrismann R. 2012 Phylogenetic analysis of
the teneurins: conserved features and premetazoan
ancestry. Mol. Biol. Evol. 29, 1019–1029. (doi:10.
1093/molbev/msr271)
Schilde C, Araki T, Williams H, Harwood A, Williams
JG. 2004 GSK3 is a multifunctional regulator of
Dictyostelium development. Development 131,
4555–4565. (doi:10.1242/dev.01330)
Dickinson DJ, Nelson WJ, Weis WI. 2011
A polarized epithelium organized by β- and αcatenin predates cadherin and metazoan origins.
Science 331, 1336–1339. (doi:10.1126/science.
1199633)
Nedelcu AM, Tan C. 2007 Early diversification and
complex evolutionary history of the p53 tumor
suppressor gene family. Dev. Genes Evol. 217,
801–806. (doi:10.1007/s00427-007-0185-9)
Jindrich K, Degnan BM. 2016 The diversification of
the basic leucine zipper family in eukaryotes
correlates with the evolution of multicellularity.
BMC Evol. Biol. 16, 28. (doi:10.1186/s12862-0160598-z)
Richter DJ, King N. 2013 The genomic and cellular
foundations of animal origins. Annu. Rev. Genet. 47,
509–537. (doi:10.1146/annurev-genet-111212133456)
Brunet T, King N. 2017 The origin of animal
multicellularity and cell differentiation. Dev. Cell.
43, 124–140. (doi:10.1016/j.devcel.2017.09.016)
Abedin M, King N. 2010 Diverse evolutionary paths
to cell adhesion. Trends Cell Biol. 20, 734–742.
(doi:10.1016/j.tcb.2010.08.002)
King N, Hittinger CT, Carroll SB. 2003 Evolution of
key cell signaling and adhesion protein families
predates animal origins. Science 301, 361–363.
(doi:10.1126/science.1083853)
Parra-Acero H, Harcet M, Sánchez-Pons N,
Casacuberta E, Brown NH, Dudin O, Ruiz-Trillo I.
2020 Integrin-mediated adhesion in the unicellular
holozoan Capsaspora owczarzaki. Curr. Biol. 30,
4270–4275.e4. (doi:10.1016/j.cub.2020.08.015)
Manning G, Young SL, Miller WT, Zhai Y. 2008 The
protist, Monosiga brevicollis, has a tyrosine kinase
signaling network more elaborate and diverse than
found in any known metazoan. Proc. Natl Acad. Sci.
USA 105, 9674–9679. (doi:10.1073/pnas.0801314105)
Suga H, Torruella G, Burger G, Brown MW, RuizTrillo I. 2014 Earliest holozoan expansion of

18

Open Biol. 11: 200359

104.

throughput proteomics reveals the unicellular roots
of animal phosphosignaling and cell differentiation.
Dev. Cell 39, 186–197. (doi:10.1016/j.devcel.2016.
09.019)
Sebé-Pedrós A, de Mendoza A, Lang BF, Degnan
BM, Ruiz-Trillo I. 2011 Unexpected repertoire of
metazoan transcription factors in the unicellular
holozoan Capsaspora owczarzaki. Mol. Biol. Evol. 28,
1241–1254. (doi:10.1093/molbev/msq309)
Sebé-Pedrós A, Roger AJ, Lang FB, King N, RuizTrillo I. 2010 Ancient origin of the integrinmediated adhesion and signaling machinery. Proc.
Natl Acad. Sci. USA 107, 10 142–10 147. (doi:10.
1073/pnas.1002257107)
López-Escardó D, Grau-Bové X, Guillaumet-Adkins A,
Gut M, Sieracki ME, Ruiz-Trillo I. 2019
Reconstruction of protein domain evolution using
single-cell amplified genomes of uncultured
choanoflagellates sheds light on the origin of
animals. Phil. Trans. R. Soc. B 374, 20190088.
(doi:10.1098/rstb.2019.0088)
Nichols SA, Roberts BW, Richter DJ, Fairclough SR,
King N. 2012 Origin of metazoan cadherin diversity
and the antiquity of the classical cadherin/B-catenin
complex. Proc. Natl Acad. Sci. USA 109, 13 046–
13 051. (doi:10.1073/pnas.1120685109)
Shabardina V, Kashima Y, Suzuki Y, Makalowski W.
2020 Emergence and evolution of ERM proteins and
merlin in metazoans. Genome Biol. Evol. 12,
3710–3724. (doi:10.1093/gbe/evz265)
Suga H, Dacre M, de Mendoza A, Shalchian-Tabrizi
K, Manning G, Ruiz-Trillo I. 2012 Genomic survey of
premetazoans shows deep conservation of
cytoplasmic tyrosine kinases and multiple radiations
of receptor tyrosine kinases. Sci. Signal 5, ra35.
(doi:10.1126/scisignal.2002733)
Sebé-Pedrós A, Zheng Y, Ruiz-Trillo I, Pan D.
2012 Premetazoan origin of the hippo signaling
pathway. Cell Rep. 1, 13–20. (doi:10.1016/j.celrep.
2011.11.004)
Sebé-Pedrós A et al. 2013 Early evolution of the
T-box transcription factor family. Proc. Natl Acad. Sci.
USA 110, 16 050–16 055. (doi:10.1073/pnas.
1309748110)
de Mendoza A, Sebe-Pedros A, Sestak MS, Matejcic
M, Torruella G, Domazet-Loso T, Ruiz-Trillo I. 2013
Transcription factor evolution in eukaryotes and the
assembly of the regulatory toolkit in multicellular
lineages. Proc. Natl Acad. Sci. USA 110,
E4858–E4866. (doi:10.1073/pnas.1311818110)
de Mendoza A, Sebé-Pedrós A, Ruiz-Trillo I. 2014
The evolution of the GPCR signaling system in
eukaryotes: modularity, conservation, and the
transition to metazoan multicellularity. Genome
Biol. Evol. 6, 606–619. (doi:10.1093/gbe/evu038)
Brown MW, Sharpe SC, Silberman JD, Heiss AA,
Lang BF, Simpson AGB, Roger AJ. 2013
Phylogenomics demonstrates that breviate
flagellates are related to opisthokonts and
apusomonads. Proc. R. Soc. B 280, 20131755.
(doi:10.1098/rspb.2013.1755)
de Mendoza A, Suga H, Ruiz-Trillo I. 2010 Evolution
of the MAGUK protein gene family in premetazoan

royalsocietypublishing.org/journal/rsob

88. del Campo J, Guillou L, Hehenberger E, Logares R,
López-García P, Massana R. 2016 Ecological and
evolutionary significance of novel protist lineages.
Eur. J. Protistol. 55, 4–11. (doi:10.1016/j.ejop.2016.
02.002)
89. del Campo J, Ruiz-Trillo I. 2013 Environmental
survey meta-analysis reveals hidden diversity among
unicellular opisthokonts. Mol. Biol. Evol. 30,
802–805. (doi:10.1093/molbev/mst006)
90. Pawlowski J, Christen R, Lecroq B, Bachar D,
Shahbazkia HR, Amaral-Zettler L, Guillou L. 2011
Eukaryotic richness in the abyss: insights from
pyrotag sequencing. PLoS ONE 6, e18169. (doi:10.
1371/journal.pone.0018169)
91. Pawlowski J et al. 2012 CBOL protist working group:
barcoding eukaryotic richness beyond the
animal, plant, and fungal kingdoms. PLoS Biol.
10, e1001419. (doi:10.1371/journal.pbio.1001419)
92. Pawlowski J, Lejzerowicz F, Apotheloz-Perret-Gentil
L, Visco J, Esling P. 2016 Protist metabarcoding and
environmental biomonitoring: time for change.
Eur. J. Protistol. 55, 12–25. (doi:10.1016/j.ejop.
2016.02.003)
93. Heger TJ, Giesbrecht IJW, Gustavsen J, del Campo J,
Kellogg CTE, Hoffman KM, Lertzman K, Mohn WW,
Keeling PJ. 2018 High-throughput environmental
sequencing reveals high diversity of litter and moss
associated protist communities along a gradient of
drainage and tree productivity: moss and litterassociated protists. Environ. Microbiol. 20,
1185–1203. (doi:10.1111/1462-2920.14061)
94. Putnam NH et al. 2007 Sea anemone genome
reveals ancestral eumetazoan gene repertoire and
genomic organization. Science 317, 86–94. (doi:10.
1126/science.1139158)
95. Sebé-Pedrós A, Degnan BM, Ruiz-Trillo I. 2017 The
origin of Metazoa: a unicellular perspective. Nat.
Rev. Genet. 18, 498–512. (doi:10.1038/nrg.2017.21)
96. Brunet T, Larson BT, Linden TA, Vermeij MJA,
McDonald K, King N. 2019 Light-regulated collective
contractility in a multicellular choanoflagellate.
Science 366, 326–334. (doi:10.1126/science.
aay2346)
97. Richter DJ, Fozouni P, Eisen MB, King N. 2018 Gene
family innovation, conservation and loss on the
animal stem lineage. eLife 7, e34226. (doi:10.7554/
eLife.34226)
98. Sebé-Pedrós A, Irimia M, del Campo J, Parra-Acero
H, Russ C, Nusbaum C, Nusbaum C, Blencowe BJ,
Ruiz-Trillo I. 2013 Regulated aggregative
multicellularity in a close unicellular relative of
metazoa. eLife 2, e01287. (doi:10.7554/eLife.01287)
99. Ondracka A, Dudin O, Ruiz-Trillo I. 2018 Decoupling
of nuclear division cycles and cell size during the
coenocytic growth of the ichthyosporean
Sphaeroforma arctica. Curr. Biol. 28, 1964–1969.e2.
(doi:10.1016/j.cub.2018.04.074)
100. Sebé-Pedrós A et al. 2016 The dynamic regulatory
genome of Capsaspora and the origin of animal
multicellularity. Cell 165, 1224–1237. (doi:10.1016/
j.cell.2016.03.034)
101. Sebé-Pedrós A, Peña MI, Capella-Gutiérrez S, Antó
M, Gabaldón T, Ruiz-Trillo I, Sabidó E. 2016 High-

130.

131.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

157. Klimovich AV, Bosch TCG. 2018 Rethinking the role
of the nervous system: lessons from the Hydra
holobiont. BioEssays 40, 1–9. (doi:10.1002/bies.
201800060)
158. Musser JM et al. 2019 Profiling cellular diversity in
sponges informs animal cell type and nervous
system evolution. bioRxiv. (doi:10.1101/758276)
159. Martindale MQ, Henry JQ. 1999 Intracellular fate
mapping in a basal metazoan, the ctenophore
Mnemiopsis leidyi, reveals the origins of mesoderm
and the existence of indeterminate cell lineages.
Dev. Biol. 214, 243–257. (doi:10.1006/dbio.1999.
9427)
160. Zmasek CM, Godzik A. 2011 Strong functional
patterns in the evolution of eukaryotic genomes
revealed by the reconstruction of ancestral protein
domain repertoires. Genome Biol. 12, R4. (doi:10.
1186/gb-2011-12-1-r4)
161. Fernández R, Gabaldón T. 2020 Gene gain and loss
across the metazoan tree of life. Nat. Ecol. Evol. 4,
524–533. (doi:10.1038/s41559-019-1069-x)
162. Lewis ZR, Dunn CW. 2018 We are not so special.
eLife 7, e38726. (doi:10.7554/eLife.38726)
163. Guijarro-Clarke C, Holland PWH, Paps J. 2020
Widespread patterns of gene loss in the evolution
of the animal kingdom. Nat. Ecol. Evol. 4, 519–523.
(doi:10.1038/s41559-020-1129-2)
164. Simakov O, Kawashima T. 2017 Independent
evolution of genomic characters during major
metazoan transitions. Dev. Biol. 427, 179–192.
(doi:10.1016/j.ydbio.2016.11.012)
165. O’Malley MA, Wideman JG, Ruiz-Trillo I. 2016
Losing complexity: the role of simplification in
macroevolution. Trends Ecol. Evol. 31, 608–621.
(doi:10.1016/j.tree.2016.04.004)
166. King N. 2004 The unicellular ancestry of animal
development. Dev. Cell. 7, 313–325. (doi:10.1016/j.
devcel.2004.08.010)
167. Liu M, Walch H, Wu S, Grigoriev A. 2005 Significant
expansion of exon-bordering protein domains
during animal proteome evolution. Nucleic Acids
Res. 33, 95–105. (doi:10.1093/nar/gki152)
168. Barbosa-Morais NL et al. 2012 The evolutionary
landscape of alternative splicing in vertebrate
species. Science 338, 1587–1593. (doi:10.1126/
science.1230612)
169. Irimia M, Rukov JL, Roy SW, Vinther J, GarciaFernandez J. 2009 Quantitative regulation of
alternative splicing in evolution and development.
BioEssays 31, 40–50. (doi:10.1002/bies.080092)
170. Nilsen TW, Graveley BR. 2010 Expansion of the
eukaryotic proteome by alternative splicing. Nature
463, 457–463. (doi:10.1038/nature08909)
171. Rogozin IB, Carmel L, Csuros M, Koonin EV. 2012
Origin and evolution of spliceosomal introns. Biol.
Direct. 7, 11. (doi:10.1186/1745-6150-7-11)
172. Larroux C, Fahey B, Degnan SM, Adamski M,
Rokhsar DS, Degnan BM. 2007 The NK
homeobox gene cluster predates the origin of hox
genes. Curr. Biol. 17, 706–710. (doi:10.1016/j.cub.
2007.03.008)
173. Larroux C et al. 2006 Developmental expression of
transcription factor genes in a demosponge: insights

19

Open Biol. 11: 200359

132.

144. Windsor Reid PJ, Matveev E, McClymont A, Posfai D,
Hill AL, Leys SP. 2018 Wnt signaling and polarity in
freshwater sponges. BMC Evol. Biol. 18, 12. (doi:10.
1186/s12862-018-1118-0)
145. Adamska M, Degnan SM, Green KM, Adamski M,
Craigie A, Larroux C Degnan BM. 2007 Wnt and
TGF-β expression in the sponge Amphimedon
queenslandica and the origin of metazoan
embryonic patterning. PLoS ONE 2, e1031. (doi:10.
1371/journal.pone.0001031)
146. Chang ES, Neuhof M, Rubinstein ND, Diamant A,
Philippe H, Huchon D, Cartwright P. 2015 Genomic
insights into the evolutionary origin of Myxozoa
within Cnidaria. Proc. Natl Acad. Sci. USA 112,
14 912–14 917. (doi:10.1073/pnas.1511468112)
147. Schenkelaars Q, Pratlong M, Kodjabachian L, FierroConstain L, Vacelet J, Le Bivic A, Renard E,
Borchiellini C. 2017 Animal multicellularity and
polarity without Wnt signaling. Sci. Rep. 7, 15383.
(doi:10.1038/s41598-017-15557-5)
148. Nichols SA, Dirks W, Pearse JS, King N. 2006 Early
evolution of animal cell signaling and adhesion
genes. Proc. Natl Acad. Sci. USA 103,
12 451–12 456. (doi:10.1073/pnas.0604065103)
149. Brennan JJ, Messerschmidt JL, Williams LM, Matthews
BJ, Reynoso M, Gilmore TD. 2017 Sea anemone model
has a single Toll-like receptor that can function in
pathogen detection, NF-κB signal transduction, and
development. Proc. Natl Acad. Sci. USA 114,
E10122–E10131. (doi:10.1073/pnas.1711530114)
150. Gauthier MEA, Du Pasquier L, Degnan BM. 2010
The genome of the sponge Amphimedon
queenslandica provides new perspectives into the
origin of Toll-like and interleukin 1 receptor
pathways. Evol. Dev. 12, 519–533. (doi:10.1111/j.
1525-142X.2010.00436.x)
151. Richter D, Levin T. 2019 The origin and evolution of
cell-intrinsic antibacterial defenses in eukaryotes.
Curr. Opin. Genet. Dev. 58–59, 111–122. (doi:10.
1016/j.gde.2019.09.002)
152. Leininger S et al. 2014 Developmental gene
expression provides clues to relationships between
sponge and eumetazoan body plans. Nat. Commun.
5, 1–5. (doi:10.1038/ncomms4905)
153. Peña JF, Alié A, Richter DJ, Wang L, Funayama N,
Nichols SA. 2016 Conserved expression of vertebrate
microvillar gene homologues in choanocytes of
freshwater sponges. EvoDevo 7, 13. (doi:10.1186/
s13227-016-0050-x)
154. Sebé-Pedrós A, Burkhardt P, Sánchez-Pons N,
Fairclough SR, Lang BF, King N, Ruiz-Trillo I. 2013
Insights into the origin of metazoan filopodia and
microvilli. Mol. Biol. Evol. 30, 2013–2023. (doi:10.
1093/molbev/mst110)
155. Fahey B, Degnan BM. 2010 Origin of animal
epithelia: insights from the sponge genome:
evolution of epithelia. Evol. Dev. 12, 601–617.
(doi:10.1111/j.1525-142X.2010.00445.x)
156. Belahbib H, Renard E, Santini S, Jourda C, Claverie
J-M, Borchiellini C, Le Bivic A. 2018 New genomic
data and analyses challenge the traditional vision of
animal epithelium evolution. BMC Genomics. 19,
393. (doi:10.1186/s12864-018-4715-9)

royalsocietypublishing.org/journal/rsob

129.

phosphotyrosine signaling. Mol. Biol. Evol. 31,
517–528. (doi:10.1093/molbev/mst241)
Schultheiss KP, Suga H, Ruiz-Trillo I, Miller WT. 2012
Lack of Csk-mediated negative regulation in a
unicellular SRC kinase. Biochemistry 51, 8267–8277.
(doi:10.1021/bi300965h)
Schultheiss KP, Craddock BP, Suga H, Miller WT.
2014 Regulation of Src and Csk nonreceptor tyrosine
kinases in the filasterean Ministeria vibrans.
Biochemistry 53, 1320–1329. (doi:10.1021/
bi4016499)
Suga H, Miller WT. 2018 Src signaling in a lowcomplexity unicellular kinome. Sci. Rep. 8, 5362.
(doi:10.1038/s41598-018-23721-8)
Young SL, Diolaiti D, Conacci-Sorrell M, Ruiz-Trillo I,
Eisenman RN, King N. 2011 Premetazoan ancestry
of the Myc–Max network. Mol. Biol. Evol. 28,
2961–2971. (doi:10.1093/molbev/msr132)
de Mendoza A, Sebé-Pedrós A. 2019 Origin and
evolution of eukaryotic transcription factors. Curr.
Opin. Genet. Dev. 58–59, 25–32. (doi:10.1016/j.
gde.2019.07.010)
Bråte J et al. 2018 Unicellular origin of the animal
microRNA machinery. Curr. Biol. 28, 3288–3295.e5.
(doi:10.1016/j.cub.2018.08.018)
Srivastava M et al. 2008 The Trichoplax genome and
the nature of placozoans. Nature 454, 955–960.
(doi:10.1038/nature07191)
Srivastava M et al. 2010 The Amphimedon
queenslandica genome and the evolution of animal
complexity. Nature 466, 720–726. (doi:10.1038/
nature09201)
Fidler AL et al. 2017 Collagen IV and basement
membrane at the evolutionary dawn of metazoan
tissues. eLife 6, e24176. (doi:10.7554/eLife.24176)
Abedin M, King N. 2008 The premetazoan ancestry
of cadherins. Science 319, 946–948. (doi:10.1126/
science.1151084)
Adamska M, Matus DQ, Adamski M, Green K,
Rokhsar DS, Martindale MQ, Degnan BM. 2007 The
evolutionary origin of hedgehog proteins. Curr. Biol.
17, R836–R837. (doi:10.1016/j.cub.2007.08.010)
Miller DJ, Hemmrich G, Ball EE, Hayward DC,
Khalturin K, Funayama N, Agata K, Bosch TC. 2007
The innate immune repertoire in Cnidaria—
ancestral complexity and stochastic gene
loss. Genome Biol. 8, R59. (doi:10.1186/gb-2007-84-r59)
Riesgo A, Farrar N, Windsor PJ, Giribet G, Leys SP.
2014 The analysis of eight transcriptomes from all
poriferan classes reveals surprising genetic
complexity in sponges. Mol. Biol. Evol. 31,
1102–1120. (doi:10.1093/molbev/msu057)
Hobmayer B, Rentzsch F, Kuhn K, Happel CM, Von
Laue CC, Snyder P, Rothbächer U, Holstein TW. 2000
WNT signalling molecules act in axis formation in
the diploblastic metazoan Hydra. Nature 407,
186–189. (doi:10.1038/35025063)
Lee PN, Pang K, Matus DQ, Martindale MQ. 2006
A WNT of things to come: evolution of Wnt
signaling and polarity in cnidarians. Semin. Cell Dev.
Biol. 17, 157–167. (doi:10.1016/j.semcdb.2006.
05.002)

175.

176.

178.

179.

180.

181.

182.

183.
184.

185.

186.

187.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

Precambrian worm Dickinsonia, and the evolution of
the burrowing habit. Alcheringa Australas
J. Palaeontol. 6, 223–239. (doi:10.1080/
03115518208565415)
Lyons TW, Reinhard CT, Planavsky NJ. 2014 The rise
of oxygen in Earth’s early ocean and atmosphere.
Nature 506, 307–315. (doi:10.1038/nature13068)
Mills DB, Ward LM, Jones C, Sweeten B, Forth M,
Treusch AH, Canfield DE. 2014 Oxygen requirements
of the earliest animals. Proc. Natl Acad. Sci. USA
111, 4168–4172. (doi:10.1073/pnas.1400547111)
Mills DB, Canfield DE. 2014 Oxygen and animal
evolution: did a rise of atmospheric oxygen ‘trigger’
the origin of animals? BioEssays. 36, 1145–1155.
(doi:10.1002/bies.201400101)
Stanley SM. 1973 An ecological theory for the
sudden origin of multicellular life in the late
Precambrian. Proc. Natl Acad. Sci. USA 70,
1486–1489. (doi:10.1073/pnas.70.5.1486)
Boraas ME, Seale DB, Boxhorn JE. 1998 Phagotrophy
by a flagellate selects for colonial prey: a possible
origin of multicellularity. Evol. Ecol. 12, 153–164.
(doi:10.1023/A:1006527528063)
Herron MD, Borin JM, Boswell JC, Walker J, Chen ICK, Knox CA, Boyd M, Rosenzweig F, Ratcliff WC.
2019 De novo origins of multicellularity in response
to predation. Sci. Rep. 9, 2328. (doi:10.1038/
s41598-019-39558-8)
Kumler WE, Jorge J, Kim PM, Iftekhar N, Koehl MA.
2020 Does formation of multicellular colonies by
choanoflagellates affect their susceptibility to
capture by passive protozoan predators?
J. Eukaryot. Microbiol. 67, 555–565. (doi:10.1111/
jeu.12808)
Sperling EA, Frieder CA, Raman AV, Girguis PR, Levin
LA, Knoll AH. 2013 Oxygen, ecology, and the
Cambrian radiation of animals. Proc. Natl Acad. Sci.
USA 110, 13 446–13 451. (doi:10.1073/pnas.
1312778110)
Alegado RA, Brown LW, Cao S, Dermenjian RK,
Zuzow R, Fairclough SR, Clardy J, King N. 2012 A
bacterial sulfonolipid triggers multicellular
development in the closest living relatives
of animals. eLife 1, e00013. (doi:10.7554/eLife.
00013)
Nyholm SV, McFall-Ngai M. 2004 The winnowing:
establishing the squid–Vibrio symbiosis. Nat. Rev.
Microbiol. 2, 632–642. (doi:10.1038/nrmicro957)
Alegado RA, King N. 2014 Bacterial influences on
animal origins. Cold Spring Harb. Perspect. Biol. 6,
a016162. (doi:10.1101/cshperspect.a016162)
Hake KH. 2019 The microbiome of a colonial
choanoflagellate from Mono Lake, CA. PhD thesis,
UC Berkeley, CA. See https://escholarship.org/uc/
item/8gz2f9z8.
Mikhailov KV et al. 2009 The origin of Metazoa: a
transition from temporal to spatial cell
differentiation. BioEssays 31, 758–768. (doi:10.
1002/bies.200800214)
Zakhvatkin AA. 1949 The comparative embryology
of the low invertebrates. In Sources and method of
the origin of metazoan development. Moscow,
Russia: Soviet Science.

20

Open Biol. 11: 200359

177.

188.

rosetta. Dev. Biol. 357, 73–82. (doi:10.1016/j.ydbio.
2011.06.003)
Laundon D, Larson BT, McDonald K, King N,
Burkhardt P. 2019 The architecture of cell
differentiation in choanoflagellates and sponge
choanocytes. PLoS Biol. 17, e3000226. (doi:10.1371/
journal.pbio.3000226)
Naumann B, Burkhardt P. 2019 Spatial cell disparity
in the colonial choanoflagellate Salpingoeca rosetta.
Front. Cell Dev. Biol. 7, 231. (doi:10.3389/fcell.2019.
00231)
Larson BT, Ruiz-Herrero T, Lee S, Kumar S,
Mahadevan L, King N. 2020 Biophysical principles of
choanoflagellate self-organization. Proc. Natl Acad.
Sci. USA 117, 1303–1311. (doi:10.1073/pnas.
1909447117)
Kożyczkowska A, Najle SR, Ocaña-Pallarès E, Aresté
C, Ruiz-Trillo I, Casacuberta E. 2020 Stable
transfection in the protist Corallochytrium
limacisporum allows identification of novel cellular
features among unicellular relatives of animals.
bioRxiv. (doi:10.1101/2020.11.12.379420)
Brunet T, Albert M, Roman W, Coyle MC, Spitzer DC,
King N. 2021 A flagellate-to-amoeboid switch in
the closest living relatives of animals. eLife 10,
e61037. (doi:10.7554/eLife.61037)
Suga H, Ruiz-Trillo I. 2013 Development of
ichthyosporeans sheds light on the origin of
metazoan multicellularity. Dev. Biol. 377, 284–292.
(doi:10.1016/j.ydbio.2013.01.009)
Aravind L, Subramanian G. 1999 Origin of
multicellular eukaryotes—insights from proteome
comparisons. Curr. Opin. Genet. Dev. 9, 688–694.
(doi:10.1016/S0959-437X(99)00028-3)
Hazkani-Covo E, Levanon EY, Rotman G, Graur D,
Novik A. 2004 Evolution of multicellularity in
Metazoa: comparative analysis of the subcellular
localization of proteins in Saccharomyces, Drosophila
and Caenorhabditis. Cell Biol. Int. 28, 171–178.
(doi:10.1016/j.cellbi.2003.11.016)
Canfield DE, Poulton SW, Narbonne GM. 2007 LateNeoproterozoic deep-ocean oxygenation and the
rise of animal life. Science 315, 92–95. (doi:10.
1126/science.1135013)
Canfield DE, Poulton SW, Knoll AH, Narbonne GM,
Ross G, Goldberg T, Strauss H. 2008 Ferruginous
conditions dominated later neoproterozoic deepwater chemistry. Science 321, 949–952. (doi:10.
1126/science.1154499)
Knoll AH. 2011 The multiple origins of complex
multicellularity. Annu. Rev. Earth Planet Sci. 39,
217–239. (doi:10.1146/annurev.earth.031208.100209)
Knoll A, Hewitt D. 2011 Phylogenetic, functional,
and geological perspectives on complex
multicellularity. In The major transitions in evolution
revisited (eds B Calcott, K Sterelny), pp. 251–70.
Cambridge MA: The MIT Press.
Knoll AH, Carroll SB. 1999 Early animal evolution:
emerging views from comparative biology and
geology. Science 284, 2129–2137. (doi:10.1126/
science.284.5423.2129)
Runnegar B. 1982 Oxygen requirements, biology
and phylogenetic significance of the late

royalsocietypublishing.org/journal/rsob

174.

into the origin of metazoan multicellularity. Evol.
Dev. 8, 150–173. (doi:10.1111/j.1525-142X.2006.
00086.x)
Albalat R, Cañestro C. 2016 Evolution by gene loss.
Nat. Rev. Genet. 17, 379–391. (doi:10.1038/nrg.
2016.39)
Levin TC, Greaney AJ, Wetzel L, King N. 2014 The
rosetteless gene controls development in the
choanoflagellate S. rosetta. eLife 3, e04070. (doi:10.
7554/eLife.04070)
Levin TC, King N. 2013 Evidence for sex and
recombination in the choanoflagellate Salpingoeca
rosetta. Curr. Biol. 23, 2176–2180. (doi:10.1016/j.
cub.2013.08.061)
Woznica A, Cantley AM, Beemelmanns C, Freinkman
E, Clardy J, King N. 2016 Bacterial lipids activate,
synergize, and inhibit a developmental switch in
choanoflagellates. Proc. Natl Acad. Sci. USA 113,
7894–7899. (doi:10.1073/pnas.1605015113)
Woznica A, Gerdt JP, Hulett RE, Clardy J, King N.
2017 Mating in the closest living relatives of
animals is induced by a bacterial chondroitinase.
Cell 170, 1175–1183.e11. (doi:10.1016/j.cell.2017.
08.005)
Woznica A, King N. 2018 Lessons from simple
marine models on the bacterial regulation of
eukaryotic development. Curr. Opin. Microbiol. 43,
108–116. (doi:10.1016/j.mib.2017.12.013)
Dudin O, Ondracka A, Grau-Bové X, Haraldsen AA,
Toyoda A, Suga H, Brate J, Ruiz-Trillo I. 2019 A
unicellular relative of animals generates a layer of
polarized cells by actomyosin-dependent cellularization.
eLife 8, e49801. (doi:10.7554/eLife.49801)
Arndt H, Dietrich D, Auer B, Cleven E-J, Gräfenhan T,
Weitere M, Mylnikov AP. 2000 Functional
diversity of heterotrophic flagellates in aquatic
ecosystems. In The Flagellates (eds BSC Leadbeater,
JC Green), pp. 240–268. London, UK: Taylor &
Francis Ltd.
del Campo J, Massana R. 2011 Emerging diversity
within chrysophytes, choanoflagellates and
bicosoecids based on molecular surveys. Protist 162,
435–448. (doi:10.1016/j.protis.2010.10.003)
King N. 2005 Choanoflagellates. Curr. Biol. 15,
R113–R114. (doi:10.1016/j.cub.2005.02.004)
Nitsche F, Weitere M, Scheckenbach F, Hausmann K,
Arndt H. 2007 Deep sea records of choanoflagellates
with a description of two new species. Acta
Protozoo. 46, 99–106.
Thomsen HA, Nitsche F, Richter DJ. 2016 Seasonal
occurrence of loricate choanoflagellates in Danish
inner waters. Protist 167, 622–638. (doi:10.1016/j.
protis.2016.09.002)
Wylezich C, Karpov SA, Mylnikov AP, Anderson R,
Jürgens K. 2012 Ecologically relevant
choanoflagellates collected from hypoxic water
masses of the Baltic Sea have untypical
mitochondrial cristae. BMC Microbiol. 12, 271.
(doi:10.1186/1471-2180-12-271)
Dayel MJ, Alegado RA, Fairclough SR, Levin TC,
Nichols SA, McDonald K, King N. 2011 Cell
differentiation and morphogenesis in the
colony-forming choanoflagellate Salpingoeca

228. Waller RF et al. 2018 Strength in numbers:
collaborative science for new experimental model
systems. PLoS Biol. 16, e2006333. (doi:10.1371/
journal.pbio.2006333)
229. Hwang B, Lee JH, Bang D. 2018 Single-cell RNA
sequencing technologies and bioinformatics
pipelines. Exp. Mol. Med. 50, 96. (doi:10.1038/
s12276-018-0071-8)
230. Stuart T, Satija R. 2019 Integrative single-cell
analysis. Nat. Rev. Genet. 20, 257–272. (doi:10.
1038/s41576-019-0093-7)
231. Sebé-Pedrós A et al. 2018 Cnidarian cell type
diversity and regulation revealed by wholeorganism single-cell RNA-seq. Cell 173,
1520–1534.e20. (doi:10.1016/j.cell.2018.05.019)
232. Sebé-Pedrós A et al. 2018 Early metazoan cell type
diversity and the evolution of multicellular gene
regulation. Nat. Ecol. Evol. 2, 1176–1188. (doi:10.
1038/s41559-018-0575-6)
233. Marioni JC, Arendt D. 2017 How single-cell
genomics is changing evolutionary and
developmental biology. Annu. Rev. Cell Dev. Biol.
33, 537–553. (doi:10.1146/annurev-cellbio-100616060818)

21

Open Biol. 11: 200359

222. Medina EM, Turner JJ, Gordân R, Skotheim JM,
Buchler NE. 2016 Punctuated evolution and
transitional hybrid network in an ancestral cell cycle
of fungi. eLife 5, e09492. (doi:10.7554/eLife.09492)
223. Goldstein B, King N. 2016 The future of cell biology:
emerging model organisms. Trends Cell Biol. 26,
818–824. (doi:10.1016/j.tcb.2016.08.005)
224. Parra-Acero H et al. 2018 Transfection of Capsaspora
owczarzaki, a close unicellular relative of animals.
Development 145, dev162107. (doi:10.1242/dev.
162107)
225. Booth DS, Szmidt-Middleton H, King N. 2018
Transfection of choanoflagellates illuminates their
cell biology and the ancestry of animal septins. Mol.
Biol. Cell. 29, 3026–3038. (doi:10.1091/mbc.E1808-0514)
226. Booth DS, King N. 2020 Genome editing enables
reverse genetics of multicellular development in the
choanoflagellate Salpingoeca rosetta. eLife 9,
e56193. (doi:10.7554/eLife.56193)
227. Faktorová D et al. 2020 Genetic tool development in
marine protists: emerging model organisms for
experimental cell biology. Nat. Methods 17,
481–494. (doi:10.1038/s41592-020-0796-x)

royalsocietypublishing.org/journal/rsob

216. Szathmáry E, Smith JM. 1995 The major
evolutionary transitions. Nature 374, 227–232.
(doi:10.1038/374227a0)
217. Libby E, Ratcliff WC. 2014 Ratcheting the evolution
of multicellularity. Science 346, 426–427. (doi:10.
1126/science.1262053)
218. Ajduk A, Zernicka-Goetz M. 2016 Polarity and cell
division orientation in the cleavage embryo: from
worm to human. Mol. Hum. Reprod. 22, 691–703.
(doi:10.1093/molehr/gav068)
219. Fatema U, Ali MF, Hu Z, Clark AJ, Kawashima T.
2019 Gamete nuclear migration in animals and
plants. Front. Plant Sci. 10, 517. (doi:10.3389/fpls.
2019.00517)
220. Pérez-Posada A, Dudin O, Ocaña-Pallarès E,
Ruiz-Trillo I, Ondracka A. 2020 Cell cycle
transcriptomics of Capsaspora provides insights
into the evolution of cyclin–CDK machinery. PLoS
Genet. 16, e1008584. (doi:10.1371/journal.pgen.
1008584)
221. Cao L, Chen F, Yang X, Xu W, Xie J, Yu L. 2014
Phylogenetic analysis of CDK and cyclin proteins in
premetazoan lineages. BMC Evol. Biol. 14, 10.
(doi:10.1186/1471-2148-14-10)

