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Summary

A fundamental question in biology is how the myriad of specialized cell behav-
iors observed in a multicellular organism is encoded by a single genome sequence, 
and which gene regulatory mechanisms orchestrate the spatiotemporal deploy-
ment and maintenance of these cell type-specific programs. Decades of genetic 
and, more recently, genomic analyses have identified multiple layers of regulation, 
including specific molecular players and their interactions. This regulation ulti-
mately results in cell-specific gene expression profiles that define coordinated cell 
cooperation at the tissue and whole-organism levels. However, the diversity and 
evolutionary dynamics of cell types remain almost completely unexplored beyond 
selected tissues in a few species, and so it is the gene regulatory networks that de-
fine them. Similarly, little is known about the emergence of complex genome regu-
latory mechanisms that support cell type-specific programs and cellular memory, 
including genome spatial compartmentalization and chromatin dynamics. The ad-
vent of low-input, highly-multiplexed epigenomic and transcriptomic profiling 
methods, even at single-cell resolution, and the broad applicability of these tech-
niques to diverse systems, bypasses the need to obtain large amounts of biological 
material by culturing or dissecting particular tissues or cell types. This paves the 
way for the comparative multi-level analysis of cell differentiation in species and 
ontogenetic stages that span an unprecedented phylogenetic breadth and represent 
diverse levels of biological complexity: ranging from unicellular temporal differen-
tiation dynamics and simple multicellular behaviors (as in some protistan eukary-
otes), through loosely integrated and limitedly diversified ensembles of cell types 
(as in early-branching animals), to organisms with elaborate tissue and body plan 
organization (as in bilaterian animals). The comparative approach, through the 
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prism of evolutionary theory and supported by a robust phylogenetic framework, 
holds the promise of offering far-reaching insights into the fundamental principles 
that govern cell biological systems and the associated molecular mechanisms of 
genome regulation.

1.  The functional genomics revolution: from genome sequences 
to cell type gene regulation

The first sequenced eukaryotic genome was that of the yeast Saccharomyces 
cerevisiae in 1996 (Goffeau et al., 1996), soon followed by the initial genome as-
semblies of the two major animal model species: the nematode Caenorhabidits 
elegans in 1998 (Consortium, 1998) and the arthropod Drosophila melanogaster 
in 2000 (Adams et al., 2000). The human draft genome arrived only a year later,  
in 2001 (Lander et al., 2001; Venter et al., 2001). These inaugurated two decades 
of progressive taxonomic expansion in genome sequencing (Dunn and Ryan, 
2015), albeit with strong taxonomic biases (Del Campo et al., 2014). A good ex-
ample of these efforts was the sequencing, by the Joint Genome Institute (JGI), of 
the first representatives of early-branching animal phyla, namely the sponge Am-
phimedon queenslandica (Srivastava et al., 2010), the cnidarian Nematostella 
vectensis (Putnam et al., 2007), and the placozoan Trichoplax adhaerens (Srivas-
tava et al., 2008). This bonanza of genome sequences enabled comparative 
genomics to flourish, providing insights into microevolutionary (genetic varia-
tion, genome-wide association studies) and macroevolutionary processes (gene 
family evolution, origin of de novo genes, horizontal gene transfer events, gene 
synteny, ancient chromosomal linkage groups, and much more). Not only that, 
but genome sequencing completely transformed our understanding of animal 
phylogenetic relationships. This was thanks to phylogenomic analyses that 
emerged hand-in-hand with the development of novel phylogenetic reconstruc-
tion algorithms and elaborate substitution models (Kapli et al., 2020; Lartillot et 
al., 2007; Schrempf et al., 2019). 

Genome sequencing across eukaryotes has recently accelerated with the 
launch of large-scale biodiversity genome sequencing initiatives (Blaxter et al., 
2022; Lawniczak et al., 2022; Lewin et al., 2022), like the Earth Biogenome Pro-
ject and the Darwin Tree of Life initiative (which aims to sequence all eukaryotic 
species in the United Kingdom). As part of this global effort, and with similar 
goals and standards, the Catalan Biogenome project has also recently started the 
sequencing of eukaryotic species of the Catalan territories (https://www.biog-
enoma.cat/). From these initiatives not only a quantitative and phylogenetic ex-
pansion of available genomes is expected, but the quality of these new generation 
genomes is far superior, for example, to the JGI genomes of 10 years ago. Indeed, 
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the advent of long-read sequencing methods (e.g. Oxford Nanopore) now allows 
us to accurately resolve highly-repetitive regions and, together with chromosom-
al contact mapping methods (see below), enable chromosome-scale assemblies, 
even telomere-to-telomere assemblies (Manuel et al., 2020; Nurk et al., 2022). 
Additional functional genomics methods like full-length cDNA sequencing and 
5’ RNA sequencing methods have allowed significant progress in what remains, 
arguably, the biggest challenge in genome sequencing: the prediction of gene 
models (transcriptional start and end sites, untranslated regions, specific coding 
sequencing, alternative isoforms, etc.).

While we are producing genomes at an unprecedented pace and across ani-
mal life, our understanding of how these genomes “function” is still extremely 
limited. For example, where and how is gene regulatory information stored? 
What kind of regulatory circuits underlie the diversity of tissues and cell types 
observed in multicellular animals? In truth, we can answer these questions to a 
large extent for only a handful of species (again, C.elegans, Drosophila, and hu-
mans). Just a few years after the completion of these genomes, large-scale pro-
jects like ENCODE, Blueprint, and modENCODE set out to catalog the tran-
scribed RNA species and the genome-wide distribution of regulatory sequences 
and chromatin modifications (e.g., histone post-translational modifications 
typically associated with certain transcriptional states – like activation and re-
pression). These projects sparked some controversy, accused of being a Pan-
glossian quest to define a function for every single base in the genome through 
biochemical assays, completely disregarding any evolutionary and genetic data 
and the possibility of non-adaptive DNA sequences (Graur et al., 2013). But be-
yond these considerations, these initiatives created the context for the develop-
ment of an impressive toolkit of functional genomics protocols: transcription 
and nascent transcription (e.g. GRO-seq, CAGE-seq), accessible chromatin (e.g. 
DNase-seq and ATAC-seq), histone modifications and variants (ChIP-seq and 
variants), DNA methylation (e.g. bisulfite sequencing) and chromosomal con-
tacts (Hi-C and variants). More recently, many of these methods went sin-
gle-cell: we can now measure these features quite accurately in individual cells, 
and this has paved the way to understanding cellular diversity and regulation at 
an unprecedented resolution (as we shall see below). Most importantly for the 
focus of this assay: these methodologies are amenable to non-model species. So 
now the conditions are set for starting a comparative study of genome function. 
This comparative regulatory genomics should reveal the diversity, evolution 
and shared principles of gene regulation, cell type and tissue identity programs, 
chromatin mechanisms, etc. and in a way analogous to the progress in under-
standing genome organization and evolution, which genome sequencing has 
made possible.
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2.  Genome regulation and the origin of multicellularity  
and cell type differentiation

A central question in evolutionary biology is how animal multicellularity and 
spatial cell differentiation originated (Brunet and King, 2017; Sebé-Pedrós et al., 
2017). Cell types access distinct combinations of genetic elements (genes and 
cis-regulatory sequences) and this process results in unique and stable transcrip-
tional programs that define the cellular phenotype. Cell type programs are im-
plemented by both transcription factors (TFs) binding to specific cis-elements 
and by epigenomic mechanisms. Together, they establish and maintain cellular 
identity, while often also repressing alternative cell fates. Multiple epigenomic 
mechanisms participate in this specific genomic interpretation and studies of 
vertebrates, Drosophila and C.elegans have revealed common themes in genome 
regulation across bilaterian animals. For example, the widespread combinatorial 
usage of distal enhancer elements to control gene expression, or the existence of 
transcriptional states defined by conserved histone marks (Bonev and Cavalli, 
2016; Ernst et al., 2011; Filion et al., 2010; Ho et al., 2014; Kvon et al., 2014). An-
other important regulatory layer is the spatial compartmentalization of the ge-
nome, although this remains unexplored beyond a handful of species (Bonev and 
Cavalli, 2016; Crane et al., 2015; Rao et al., 2014; Sexton et al., 2012). In addition, 
comparative genomic analyses have shown that gene innovation at the origin of 
animals was less extensive than previously thought (Brunet and King, 2017; 
Richter et al., 2018; Sebé-Pedrós et al., 2017; Suga et al., 2013). This led to the 
hypothesis that an important animal innovation was the ability to co-regulate 
these genes in multiple combinations, leading to spatial cell type specialization.

In particular, three specific epigenomic mechanisms have been suggested to 
be key for stable cell type differentiation: (i) genome spatial compartmentaliza-
tion (Sebé-Pedrós et al., 2017; Tanay and Cavalli, 2013), as it allows the organiza-
tion of modular gene regulatory neighborhoods that are independently regulat-
ed; (ii) large heterochromatic domains associated with repressive histone marks 
(Reinberg and Vales, 2018), as they maintain parts of the genome inaccessible to 
the cell and stabilize/restrict cell lineage commitment; and (iii) the emergence of 
combinatorial gene regulation by distal elements (as opposed to regulation by 
proximal promoter elements predominant in unicellular eukaryotes (Sebé-Pe-
drós et al., 2016; Tunnacliffe et al., 2018)), which allows elaborate spatiotemporal 
patterns of gene expression (Gaiti et al., 2017; Sebé-Pedrós et al., 2017, 2018b).

(i) Chromosomal physical architecture. Bilaterian animal genomes studied 
to date are organized into structural chromatin territories, such as topologically 
associating domains (TADs) (Bonev and Cavalli, 2016; Dixon et al., 2012; Nora 
et al., 2012; Sexton et al., 2012). These physical chromatin domains restrict the 
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frequency of contacts of distal regulatory elements with promoters, thus defining 
gene regulatory landscapes. Recent high-resolution chromatin contact maps in 
Drosophila have revealed the existence of two distinct structural elements in the 
genome: insulators (which define boundaries of limited cross-domain contacts) 
and tethering elements (which use chromatin to bring folding promoters togeth-
er with other promoters or with distal enhancer elements) (Batut et al., 2022; 
Levo et al., 2022). The discretization of the genome into broad structural do-
mains allows the existence of autonomous regulatory blocks, with similar preva-
lent chromatin features (e.g. active or repressive TADs) and within which loop-
ing regulatory interactions can occur (Dixon et al., 2016; Tanay and Cavalli, 
2013). CTCF is regarded as an essential factor for TAD formation, therefore the 
origin of CTCF in Bilateria might be related to a bilaterian-specific structural 
compartmentalization of the genome. Conversely, alternative structural proteins 
could be acting in the formation of chromatin domain structures in non-bilateri-
an animals. Thus, deciphering and comparing the three-dimensional genome ar-
chitectures of non-bilaterian animals will be key to resolving the evolutionary 
link, if any, between the origin of animal multicellularity and the emergence of 
specific mechanisms for genome compartmentalization and folding.

(ii) Heterochromatin. Another conserved feature across animals is the exist-
ence of transcriptional states defined by similar chromatin modifications (Ho et al., 
2014; Schwaiger et al., 2014; Sebé-Pedrós et al., 2016). For example, histone marks 
defining transcriptionally active genes are conserved in diverse non-metazoan eu-
karyotes, for example H3K4me3 and H3K27ac at promoters and H3K36me3 in 
gene bodies. This may suggest they are ancient eukaryotic regulatory features, al-
though we do not know whether the reading/writing/erasing mechanisms for these 
marks are conserved. In contrast, less is known about the definition of heterochro-
matic regions across animals by repressive histone marks like H3K9me2/3 (consti-
tutive) and H3K27me3 (facultative), although these marks are also found in 
non-metazoan eukaryotes (Grau-Bové et al., 2022). The existence of large, regulated 
heterochromatic domains has been hypothesized to be important for the emergence 
of differentiated multicellularity (Reinberg and Vales, 2018). Heterochromatic do-
mains maintain parts of the genome inaccessible to the cell and this would help to 
restrict cell lineage commitment and stabilize cell identity. But we do not know 
what the genome-wide distribution of different types of heterochromatin in most 
animal lineages is and, more importantly, which specific mechanisms (modifying 
enzymes, binding proteins, etc.) mediate heterochromatin function. Hence, a better 
understanding of heterochromatin function across animals is needed to test to what 
extent this represents an evolutionary regulatory novelty.

A similar repressive role is mediated by DNA methylation in vertebrates. But 
this modification shows a sparse phylogenetic presence/absence in metazoans 
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and significant differences in the genome-wide distribution (Mendoza et al., 
2020). Many invertebrates present gene body methylation associated with active 
gene transcription, as well as methylation of silenced repetitive elements (a pat-
tern sometimes called “mosaic” methylation). In contrast, multiple animals have 
completely lost DNA methylation (given the absence of DNMT1/3 enzymes 
encoded in their genomes) (Mendoza et al., 2020). An extreme case among meta-
zoans is found in the vertebrate lineage, showing genome-wide high levels of 
methylation, with only active/accessible regulatory regions (promoters and en-
hancers) devoid of methylation. Interestingly, it has recently been reported that 
this widespread methylation pattern is also found in the demosponge Amphime-
don queenslandica, suggesting the convergent evolution of hypermethylation in 
animals (Mendoza et al., 2019). In summary, while diverse chromatin modifica-
tions and their genome-wide distribution appears conserved across animals, in 
most cases we do not know whether the writers/erasers and the regulatory read-
out of these marks are conserved.

(iii) Distal enhancer regulation. Transcription factors bind to specific se-
quences located at gene promoters and, at least in bilaterian animals, distal en-
hancer elements. Enhancers are clusters of TF binding sites with specific chro-
matin characteristics such as depletion of nucleosomes (open chromatin sites) 
and particular histone marks (H3K4me1 and H3K27ac) in the flanking nucle-
osomes (Andersson et al., 2014; Corces et al., 2016; Heintzman et al., 2009; Ra-
da-Iglesias et al., 2011; Thurman et al., 2012). The presence of p300, a histone 
acetyltransferase of holozoan origin (Sebé-Pedrós et al., 2011), has also been used 
to predict enhancer regions and activity (Visel et al., 2009). High-throughput ap-
proaches to identify and validate enhancer candidates and test their functions 
have shown that, in bilaterian animals, most enhancer elements are distal 
(kilobases up to megabases) to the gene promoters they regulate, and that they 
act through physical looping of the chromatin (Deng et al., 2012; Jin et al., 2013; 
Shlyueva et al., 2014). This chromatin looping is mediated by CTCF, cohesin and 
other structural proteins (Phillips-Cremins et al., 2013; Schmidt et al., 2010). En-
hancer elements generally reside in intergenic regions and, in more compact ge-
nomes, in introns, often of genes neighboring those regulated by the enhancers. 
The estimated number of enhancers is in the order of thousands in animals such 
as Drosophila (Kvon et al., 2014) or humans (Andersson et al., 2014). Moreover, 
in Drosophila the vast majority of enhancers show very restricted spatial and 
temporal activity during development (Bonn et al., 2012; Kvon et al., 2014), em-
phasizing the importance of enhancer elements in orchestrating complex regula-
tory states. Another defining feature of cis-regulatory enhancer elements is their 
combinatorial nature and modularity: multiple binding sites occur in each en-
hancer (Schwarzer and Spitz, 2014) and regulatory states are generated by the 
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combined action of multiple enhancers on the same gene, especially in genes en-
coding transcription factors and other developmental regulators (Ernst et al., 
2011; Levine, 2010). Overall, the combined action of both distal enhancers and, 
to a lesser extent, proximal promoter cis-regulatory elements underlie the com-
plex spatiotemporal expression patterns observed during bilaterian development 
and cell type differentiation.

Although the evolutionary dynamics of enhancers have been extensively 
studied in some bilaterians (Villar et al., 2015), the existence of such regulatory 
elements in other metazoan or premetazoan lineages has remained a mystery. 
An indirect hint to the possible existence of distal regulation across all metazo-
ans is the deep evolutionary conservation of microsyntenic blocks across Meta-
zoa (Irimia et al., 2012, 2013). These blocks comprise a gene (usually a develop-
mental gene such as one encoding a TF or signaling protein) that is linked to 
another functionally unrelated neighboring bystander gene. This linkage is 
probably due to the presence of regulatory elements in the bystander gene. In-
terestingly, these blocks are not present in the unicellular relatives of animals 
(Irimia et al., 2012), suggesting that distal regulation evolved at the root of 
Metazoa. The first direct experimental evidence for the evolutionary conserva-
tion of the epigenetic regulatory landscape beyond Bilateria came from the 
landmark study of the model cnidarian Nematostella vectensis (Schwaiger et al., 
2014). Approximately 6,000 enhancers were predicted in Nematostella, showing 
similar chromatin signatures (H3K4me1, K3K27ac and presence of the histone 
acetyltransferase p300) to those of bilaterian enhancers. Confirming these pre-
dictions, 12 of these Nematostella enhancer elements showed activity in in vivo 
reporter assays. Moreover, Nematostella enhancers were found to be particular-
ly enriched close to TF genes, suggesting the existence of complex TF combina-
torial regulatory networks. What remains unknown, however, is whether these 
Nematostella enhancers work through chromatin looping (through tethering 
elements) or non-looping proximity mechanisms. The latter is suggested by the 
absence of CTCF, a key protein for chromatin looping, in Nematostella and oth-
er non-bilaterian animals (Heger et al., 2012). Nevertheless, a non-looping 
proximity mechanism is inconsistent with the lack of dependence of enhancer 
activity on enhancer orientation or relative position to the promoter in Nema-
tostella reporter assays (Schwaiger et al., 2014). Moreover, the more ancient co-
hesin complex (present in all animals and most eukaryotes) seems to be key to 
enhancer looping (Phillips-Cremins et al., 2013; Schmidt et al., 2010), and it has 
recently been shown that several different structural proteins, but notably not 
CTCF, are associated with enhancer–promoter chromatin loops in Drosophila 
(Cubeñas-Potts et al., 2016; Eagen et al., 2017). Therefore, it is possible that en-
hancer–promoter looping in Nematostella occurs, even in the absence of CTCF, 
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with looping mediated by cohesin and/or other structural proteins instead. 
More recently, enhancer elements have been reported in even earlier branch-
ing lineages such as sponges and ctenophores (Gaiti et al., 2017; Sebé-Pedrós et 
al., 2018a). In contrast, no distal regulatory elements are found in close extant 
unicellular relatives of animals (Sebé-Pedrós et al., 2016), suggesting that distal reg-
ulation was an important feature associated with the emergence of animal multi-
cellularity. Distal enhancers would not only allow us to encode additional regula-
tory information, but to use it in a modular manner by employing different 
combinations of these elements (it remains to be proven whether this is the 
case in some of these invertebrate animal lineages), resulting in more complex 
patterns of gene expression. It is worth noting that among non-metazoan eu-
karyotes, distal regulatory elements have been also identified in diverse plant 
species (Lu et al., 2019; Ricci et al., 2019). This suggests the convergent origin of 
enhancers in this lineage and reinforces the association between distal regula-
tion and differentiated multicellularity.

3.  Cell types as the fundamental building blocks of animal 
multicellularity

Specialized cells represent the fundamental level of organization in multicel-
lular organisms (Arendt, 2008). The morphological and molecular regularities 
observed in cells inspired an analogy to the diversity of organisms and their hier-
archical arrangement into different taxa. This analogy suggested cellular taxono-
my could be developed following similar principles to those underlying Linnae-
an classification: discreteness, reproducibility and hierarchy. Indeed, we can 
characterize a cell type as a discrete entity, with unique morphological and func-
tional properties. And we can require a cell type to be reproducible, that is, to 
emerge stably across generations through embryonic development. Nevertheless, 
the hierarchical nature of cell types and the discrete nature of their classification 
remain more elusive: clearly ontogeny and cell lineages within organisms are 
major cell type organizing forces, but these are remodeled continuously by the 
plasticity and pleiotropy of gene regulatory programs across tissues. Since cell 
types are natural building blocks bridging molecular (gene level) and organismal 
(phenotypic) evolution, it is of great interest to facilitate their study as evolution-
ary units (Arendt et al., 2016). To this end, molecular profiling tools, particularly 
single-cell transcriptomics, hold the promise of bringing cell type molecular phe-
notyping and classification to non-model species, building systematic atlases of 
cells in different animal lineages. Single-cell atlases will not only advance our un-
derstanding of the molecular and cellular biology of understudied animal groups, 
but are the necessary first step towards a comparative biology of cell type 
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programs. Only through these cell type comparisons can we eventually under-
stand and reconstruct cell type evolutionary dynamics.

Cell type classification schemes vary in their granularity and in the degree of 
phylogenetic and anatomical generalization. Indeed, classifications may encom-
pass only particular organs/species or represent phylogenetically and anatomically 
(even organism-level) wider frameworks (Willmer, 1970). Most proposed cell type 
classifications are hierarchical and, with few exceptions (Xia and Yanai, 2019), use 
concepts and jargon borrowed from taxonomy (clades, lineages, trees, etc.). How-
ever, they do not explicitly consider or attempt to convey evolutionary relation-
ships between cell types (Schwartz et al., 2020). From a historical perspective, the 
first efforts in cell type classification were based on the morphology, spatial tissue 
arrangement, and histological staining properties of cells. Using this information, 
multiple attempts were made in the pre-genomics era to develop global cell classifi-
cation schemes (Willmer, 1970), to systematically characterize cell types in specific 
taxa (Baguñá and Romero, 1981; Bode et al., 1973; Simpson, 1984), and to use cell 
type number as a proxy for organismal complexity (Valentine et al., 1994). These 
classification frameworks were restricted in resolution and could not incorporate 
functional or ontogenetic considerations that are not readily represented morpho-
logically. The advent of molecular profiling tools extended the ability to character-
ize, identify and classify cell types. Common strategies include the detection of spe-
cific proteins using antibody-based immunostaining (surface markers are still 
widely used for the molecular phenotyping of hematopoietic and immune cells 
(Novershtern et al., 2011)) or specific transcripts profiled using RNA in situ hy-
bridization (more rarely also by qPCR analysis (Hirano et al., 2013)). While immu-
nostaining is strongly constrained by the limited availability of antibodies, in situ 
hybridization with custom synthesized probes has enabled the rapid extension of 
molecular fingerprinting to a wide diversity of organisms, becoming a cornerstone 
of modern Evo-Devo studies (Ogino et al., 2011; Steinmetz et al., 2012; Tess-
mar-Raible et al., 2007). A major limitation of these expression profiling tools is 
the need to define a priori the set of gene markers to be studied and the limited 
scalability to dozens of markers. Molecular fingerprinting strategies have been very 
effective when employed in the comparative study of embryogenesis and tissue/
organ-level anatomical structures (Martín-Durán et al., 2018; Sacerdot et al., 2018). 
Still, mapping the diversity of cell types across species in a truly systematic fashion 
has so far not been feasible.

A natural extension of candidate marker gene profiling is the analysis of ge-
nome-wide cell type gene expression using bulk transcriptomics. Pioneering 
studies in cell type bulk transcriptomics have provided systematic cell type clas-
sification schemes (Breschi et al., 2020), enabled the explicit analysis of cell type 
transcriptome hierarchical structure (Liang et al., 2015), and enabled the first 
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attempts at building phylogenies of closely related cell types based on their bulk 
gene expression profiles (Kin et al., 2015). However, these enrichment strategies 
are necessarily limited to cell lines (Breschi et al., 2020; Brown et al., 2014; Cher-
bas et al., 2011; Forrest et al., 2014) – virtually non-existent in the vast majority 
of organisms – or homogeneous cell populations isolated manually or by 
FACS-sorting (Alié et al., 2015; Novershtern et al., 2011; Sogabe et al., 2019), 
requiring dedicated methods with no guarantee of purity. High-throughput sin-
gle-cell RNA sequencing methods (scRNA-seq) overcome many of these limita-
tions, ultimately facilitating the unbiased sampling and molecular characteriza-
tion of thousands of single cells, and setting the stage for in silico reconstruction 
of cell type repertoires in species that have so far been difficult to study.

Overall, the development of cell type classification tools is in a way analogous 
to that of species phylogenetics methods: from morphological to molecular char-
acters (nucleotide or protein sequences). Just as it is difficult to resolve species 
phylogenies using morphological characters alone, only with molecular data can 
we aim to develop phylogenetically-inclusive cell type classification schemes. But 
the analogy ends here: modern taxonomy is explicitly based on a species’ under-
lying evolutionary history, very often incorporating molecular phylogenetics as a 
key tool for classification. Cell type taxonomies remain, to date, fundamentally 
Linnaean.

4. Our current understanding of animal cell type diversity

Since the first proof-of-concept scRNA-seq studies in the early 2010s (Is-
lam et al., 2011; Jaitin et al., 2014; Tang et al., 2009), we have witnessed the rapid 
proliferation of scRNA-seq analyses, with an ever-growing number of cells and 
moving from descriptive cell type phenomenologies to perturbation assays, de-
velopment and temporal differentiation dynamics, and spatial transcriptomics 
with single-cell resolution (Marx, 2021). Today, cataloging the full repertoire 
of cell type programs in human tissues and development seems within reach 
(Cao et al., 2020; Regev et al., 2017) and important progress has already been 
made in cataloguing mouse cell types (Han et al., 2018; Schaum et al., 2018). 
Applied to non-traditional model species, whole-organism scRNA-seq meth-
ods should pave the way for the systematic characterization and comparison of 
cell types across the animal and, consequently, to rapidly advance in our un-
derstanding of cell type diversity, development and evolution (Marioni and 
Arendt, 2017). 

Given a minimally biased single-cell sampling strategy, we can employ stand-
ardized pipelines to generate gene expression profiles for thousands of cells and 
to group such profiles into discrete, highly-similar transcriptional cell states. 



 animal cell type diversity, evolution and regulation 19

These data-driven cell groups/clusters constitute basic units that can be further 
developed, through biological interpretation, into cell type classification schemes. 
Following up on the phylogenetics analogy, scRNA-seq methodologies can have 
an impact on the study of cell type diversity and evolution analogous to that of 
whole-genome/transcriptome sequencing techniques on the resolution of the 
animal tree of life. 

From a taxonomic perspective, whole-organism cell type atlases are current-
ly available for seven major animal groups (in most cases represented by a single 
species), including a ctenophore (Sebé-Pedrós et al., 2018a), two sponges (Muss-
er et al., 2019; Sebé-Pedrós et al., 2018a), a placozoan (Sebé-Pedrós et al., 2018a), 
four cnidarians (Chari et al., 2021; Hu et al., 2020; Sebé-Pedrós et al., 2018b; Sie-
bert et al., 2019), an acoel (Duruz et al., 2021), craniates (considering mouse 
whole-organ single-cell transcriptomes (Cao et al., 2019; Han et al., 2018)) and 
platyhelminths (Fincher et al., 2018; Li et al., 2021; Plass et al., 2018). In addition, 
tissue-specific single-cell atlases are already available for model species, includ-
ing multiple Drosophila (Arthorpoda) datasets (Allen et al., 2020; Croset et al., 
2018; Davie et al., 2018; Hung et al., 2020; Rust et al., 2020; Slaidina et al., 2020) 
and Caenorhabiditis (Nematoda) neuronal single-cell analysis. In addition, em-
bryonic and larval stages have been sampled in two sea urchin species (Echino-
dermata) (Foster et al., 2020; Massri et al., 2020), in the marine polychaete Platy-
nereis dumerilii (Annelida) (Achim et al., 2018), in the tunicate Ciona intestinalis 
(Horie et al., 2018) and again both in D. melanogaster and C. elegans (Karaiskos 
et al., 2017; Packer et al., 2019). The most densely sampled lineage is that of ver-
tebrates, including developmental single-cell atlases in four species (human, 
mouse, zebrafish and Xenopus) (Briggs et al., 2018; Cao et al., 2019, 2020; Farrell 
et al., 2018; Pijuan-Sala et al., 2019; Wagner et al., 2018) and brain single-cell 
data (in most cases for specific brain regions) for several mammals, reptiles and 
teleosts (Hodge et al., 2019; Shafer et al., 2021; Tosches et al., 2018).

It is interesting to compare the phylogenetic expansion of single-cell atlases 
to that of reference genomes over the past five years. In 2015, almost two decades 
after the publication of the first animal draft genomes, Dunn and Ryan (Dunn 
and Ryan, 2015) reviewed the status of genome sequencing across animal line-
ages. By then, 212 genomes from 14 animal phyla were available at NCBI. Today, 
there are 11,404 genomes from 27 animal phyla available or in progress, with 
many more expected in the near future in the context of large-scale biodiversity 
sequencing initiatives like the Darwin Tree of Life or the Vertebrate genomes 
project (Koepfli et al., 2015). Importantly, taxon sampling biases persist, with 
86% of these genomes coming from vertebrates (6,454) and arthropods (3,383) 
– 95% if we include mollusks (518) and nematodes (253). In comparison, since 
the publication of the first high-throughput single-cell transcriptomics datasets 
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circa 2015 (Jaitin et al., 2014; Klein et al., 2015; Pollen et al., 2014; Zeisel et al., 
2015), whole-organism single-cell atlases have been published for 12 non-model 
animal species. Given the fast pace in the scale and sophistication of single-cell 
methods in model species (and the wide availability of commercial solutions), 
the current taxonomic sampling of single-cell atlases across the animal tree of life 
seems rather modest.

5.  From cell type transcriptional phenotypes to cell type 
evolution

Beyond cataloging cells in different organisms, the key challenge to under-
standing the evolution of cell types is how to compare them in order to assess 
whether they share a common evolutionary origin (i.e. homology) (Arendt, 2008; 
Arendt et al., 2016; Wagner, 2014). Complex characters like cell types or organs 
have multiple components, often with non-coherent evolutionary histories 
(Liebeskind et al., 2016; Shubin et al., 2009). This complicates evolutionary infer-
ences, especially at large evolutionary distances (Arendt, 2008; Hejnol and Lowe, 
2014; Liebeskind et al., 2016). Indeed, despite obvious phenotypic (and even mo-
lecular) similarities between cell types across animal lineages, it is still highly un-
certain whether (a) these similar cell types (e.g. neurons, stem cells, muscle fib-
ers, or epithelial cells) are homologous and were therefore present in the common 
ancestor of all animals or, by contrast, (b) if they arose independently in different 
lineages by co-opting similar effector genes (i.e. homoplasy). Ontogenetic trajec-
tories are also often a poor indicator of evolutionary affinity at large distances as 
often the same cell types emerge convergently from distinct progenitors or germ 
layers, and vice versa (e.g. Wagner et al., 2018). 

An alternative to comparing whole cell type transcriptomes is to focus on 
the expression of combinations of transcription factors (TFs), often called ter-
minal selectors (Hobert, 2008), as the key regulators of cell identity programs 
(Arendt et al., 2016). The implicit assumption is that TFs can represent a good 
proxy for the gene modules employed in that particular cell type. A second un-
derlying hypothesis when focusing on TFs is that regulatory similarities have 
fewer evolutionary constraints and therefore better approximate cell type ho-
mology (compared to effector gene usage). However, we still don’t know enough 
regarding the frequency at which cell identity TFs can be replaced, especially giv-
en the intricate evolutionary history of TF gene families. Newly derived cell type 
atlases highlight the role of TFs from large multi-gene families (e.g. zf-C2H2, 
Ets or Sox TFs). Such atlases also uncover multiple expressed paralogs sharing 
very similar DNA-binding characteristics (Lambert et al., 2019; Nitta et al., 
2015; Weirauch et al., 2014). In addition, often tens of different TFs are 
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expressed in a particular cell type (e.g. in sponge choanocytes), making it diffi-
cult to determine which of them are the upstream drivers of cell type identity 
and what the evolutionary significance is of the conservation of a few of those 
TFs. However, although this represents an excellent theoretical framework to 
try to model cell type evolution, we have very limited data to systematically 
implement and assess the limits of this regulatory blueprint comparison and 
also to understand which regulatory features (e.g.TF-gene module associa-
tions, TF binding motifs, TF expression, etc.) can be maximally informative 
and at which evolutionary distances.

TFs control gene expression by recognizing and binding to short sequence 
motifs (6–12 bps) located at cis-regulatory regions (promoters and enhancers) of 
downstream genes (Spitz and Furlong, 2012). Cell type transcriptional identity is 
strongly recapitulated by sequence motif enrichment (Sebé-Pedrós et al., 2018b, 
2018a), representing the cis-regulatory embedding of the cell type program 
(Hobert, 2008). In addition, with a few exceptions (like zf-C2H2 TFs), the bind-
ing sequences of TFs are very often conserved across large phylogenetic distances 
(Lambert et al., 2019; Sebé-Pedrós et al., 2013; Weirauch et al., 2014). This opens 
the possibility of comparing cell types not through their gene expression profiles 
but instead through the set of regulatory sequences defining the cell type pro-
gram. A recent study pioneered the idea of cross-species cis-regulatory sequence 
comparison (Minnoye et al., 2020). Working on melanoma cell lines in different 
vertebrate species, Minnoye et al. uncovered a highly-conserved cis-regulatory 
program, involving a combination of four TF binding (SOX10, TFAP2A, MITF 
and ETS) motifs in enhancer regions that most often showed little or no global 
sequence conservation. Building on this dissection of melanoma enhancer motif 
syntax, the authors further modeled the effect of evolutionary mutations in en-
hancer function, as defined by accessibility.

The different elements that constitute a cell type gene expression program 
(TFs, effector genes, TF binding sites, regulatory connections, etc.) do not neces-
sarily have congruent evolutionary histories (Shubin et al., 2009; Tschopp and 
Tabin, 2017), just as gene trees are not always in agreement with species trees (as 
a result of horizontal gene transfers, incomplete lineage sorting, etc.). By com-
bining sequence motif analysis with high-resolution chromatin accessibility data 
(Vierstra et al., 2020), we should be able to systematically reconstruct cell type 
gene regulatory networks in non-model species. Disentangling and comparing 
regulatory programs in multiple closely related species will enable the develop-
ment of quantitative models of cell type evolution, including evolutionary rates 
of distinct regulatory characters: TF usage/replacement, sequence motifs, regula-
tory interactions, gene module composition (Feregrino and Tschopp, 2021), and 
more. These models should constitute the basis of future cell type phylogenetics 
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and will help address important questions in cell type evolution: are these evolu-
tionary rates universally conserved (Carvunis et al., 2015) or are there particular-
ly “fast-evolving” cell type programs? How robust are cell type genetic networks 
and which components are particularly evolvable? Finally, identifying 
slow-evolving regulatory characters (e.g. sequence motifs) could help formulate 
better cell type homology hypotheses.

6. Summary and outlook

Whole-organism single-cell transcriptomics holds the promise of developing 
comprehensive catalogs of cell types in phylogenetically diverse systems. Refer-
ence cell type molecular atlases will crucially advance our understanding of the 
biology and evolutionary history of unsampled animal groups (Dunn et al., 
2015). This is similar to how the sequencing and annotation of genomes of un-
sampled animal lineages uncovers novel biology and enables phylogenomics and 
comparative genomics studies. The most immediate challenge will be to develop 
methodological standards to build cell type maps in the most unbiased and con-
sistent manner. Only with dense and technically-compatible phylogenetic sam-
pling will we be able to start a systematic comparative study of cell type pro-
grams. Based on this sampling, cell type comparative biology will enable the 
development of cell type phylogenetic models and can increase understanding of 
the genetic changes associated with cellular novelty. Overall, this can offer trans-
formative insights linking classic models of (genomic) molecular evolution with 
an intermediate molecular phenotype: cell types and their associated gene regu-
latory networks. 

Beyond this, the major limiting factor for this comparative study of cell pro-
grams is the lack of regulatory genome data on which to model these cell identity 
programs in the vast majority of species. This limitation can be overcome thanks 
to the advent of additional single-cell and functional genomics tools. While sin-
gle-cell transcriptomics allows the molecular characterization of cells, by com-
bining this phenomenology of cell types with chromatin profiling and in vitro TF 
binding motif analysis (Jolma et al., 2013; Weirauch et al., 2014), we can go one 
step further and characterize the cis-regulatory landscape (the set of accessed 
cis-regulatory sites) and genetic interactions underlying these cell types (Stegle et 
al., 2015; Tanay and Regev, 2017). Importantly, these methodologies are particu-
larly suited to studying non-standard model species, as they bypass the need to 
obtain large amounts of biological material and require very limited experimen-
tal handling. These unique characteristics pave the way for the comparative mul-
ti-level analysis of cell type regulation in metazoan species that span an unprece-
dented phylogenetic breadth.
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