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[bookmark: _Hlk92294016]Abstract
The origination and evolution of multicellular form and function is generally thought to be based on gene-based variation, with natural selection changing the populational composition in the respective variants over time. The criterion for evolutionary success is differential fitness, the relative capacity to leave progeny in the next generation. Theoretical considerations show that this model implies that phenotypic evolution will generally be gradual, based on variations of small effect. But the fossil record of early phylogenesis, notably for the metazoans, or animals, does not support the gradualist scenario. Moreover, discordances of phenotype and genotype in extant species, along with the existence of a pan-metazoan developmental genetic toolkit, does not support the gene-variation-based evolutionary mechanism, at least at the level of phyla. Most importantly, all life-forms, including the cells that constitute animal embryos, exhibit agency, and associations of cells (even constructed ones with no history of natural selection) exhibit novel kinds of agency. This strongly suggests that new multicellular forms can invent new ways of life (e.g., ecological niches) and can persist without supplanting their populational cohorts. This chapter describes how anatomical (e.g., segments, appendages) and functional (e.g., muscle, nerve) phenotypes can emerge without cycles of gradual selection from inherent properties of metazoan cells and their aggregates. While such phenotypic “add-ons” could provide enablements for exploration of new niches, it is implausible that they arose as adaptations to external challenges. Reproductive fitness, which is essential for understanding biogeography and ecology, is unlikely to have played a role in phylum-level evolution.


Introduction

Attempts to reconstruct the evolutionary origins of the metazoans (animals) most often assume that the multicellularity of this group began with clusters that formed when cells faile
d to detach after division. This would have ensured that the multicellular entities were clonal, genetically uniform individuals, and thus appropriate targets for natural selection. The genotypes of variant individuals (their defining property in this picture) would become more prominent in each generation if they left more offspring than their competitors, and this would occur if they did better at gaining access to scarce resources or more favorable habitats (Futuyma and Kirkpatrick 2017).
In this view, any morphological attributes (e.g., segments, appendages) or functional specializations (e.g., muscle or nerve cells) would be built up gradually over many generations to meet adaptive requirements, requiring the concomitant evolution of finely honed developmental mechanisms that caused cells to take up assigned positions at appropriate stages. Additional mechanisms must also have evolved to keep individual organisms clonal, thus suppressing evolution that could lead to the emergence of cellular “cheaters” that undermined the cell societies (Strassmann and Queller 2011). Most of these changes are presumed to have occurred by selection for genetic variants with small effects on the phenotype. After many such cycles, this produced a panoply of morphologically diverse but phenotypically stable organisms, well-adapted to their environments, with refined capacities to inhabit the ecological niches in which they arose.
In this chapter, I question all the basic assumptions of this framework and present evidence that instead favors a view in which evolution of multicellular organisms is more directional and purposeful than this opportunistic, random-search-based scenario suggests. Concerning the specific elements of the standard picture, I show that (i) morphological motifs and patterns that arise during animal development are based on inherent material properties of cell clusters and are therefore readily accessible to these systems without repeated cycles of selection for marginally distinct variants; (ii) development does not depend on genetic uniformity of the embryo’s cells and therefore the beginnings of metazoan evolution were unlikely to have required it;  (iii) functionalities that provided the physiological bases for specializations of differentiated cell types and organs were inherent to the single-celled organisms directly ancestral to the metazoans; (iv) a unique gene regulatory system whose origin accompanied animal evolution was capable of readily appropriating and parceling out cell functionalities to novel differentiated cell types; (v) the capacity of organisms to behave as autonomous agents, able to define their own boundaries and sustain themselves according to internal motives, was already present in unicellular antecedents; (vi) novel organismal characters, drawing on intrinsic cellular or material properties, often appeared abruptly, and in preferred, or partly predictable directions, serving as enablements for new ways of life, rather than as adaptations to existing or emerging challenges.
Among other heterodox implications, these proposed departures from the standard evolutionary narrative indicate a less deterministic relationship between genotype and phenotype than standardly believed. They will be taken up in order in the remainder of this chapter.

Inherencies of Multicellular Matter Imply Non-Adaptive Origins of Morphology

The metazoans (Animalia) emerged from the eukaryotic cellular lineage termed holozoans around 800 million years ago (Sperling and Stockey 2018). The animals are not the only extant holozoans – present-day choanoflagellates and icthyosporeans are also in this group, which in turn is a sister clade (within the opisthokonts) of the fungi (Ros-Rocher et al. 2021). In all metazoan phyla, cell-cell attachment during development is mediated by members of the cadherin family of cell adhesion molecules. These cell surface proteins were based on earlier evolving holozoan ones but in addition contained a novel transmembrane domain that linked the extracellular portion to the internal motility-generating cytoskeleton. This had the novel effect of permitting cells to remain tightly bound to their neighbors while they move past one another in random directions, giving the resulting cell clusters the properties of liquid-state matter (reviewed in (Newman 2016)). 
This defining condition of animal life, the “liquid-tissue” state, gave the ancestral colonial holozoans that embodied it strikingly novel material properties. Like the spherical shape of nonliving liquid droplets, the shapes of early-stage embryos and newly formed organ primordia are spherical by default (Steinberg and Poole 1982). (In general, the behaviors and morphological outcomes of biological materials that have nonliving counterparts are relatively predicable, or “generic;” Newman and Comper (1990).) Liquids with two different kinds of subunits can undergo phase separation (like shaken salad dressing), and this is seen in embryonic tissues containing cells with different cadherins on their surfaces (reviewed in (Forgacs and Newman 2005)). Gastrulation, the reorganization of a mass of cells into adjacent nonmixing layers, is the first step in the development of animal bodies. Experiments in some species’ embryos show that phase separation-like physical effects drive gastrulation (Krieg et al. 2008), suggesting that they may have been the basis for such rearrangements in the first metazoans (Newman 2016); (Newman, 2022).
Along with their unique cadherins, all animals, including the ones with the simplest body plans, the labyrinthine sponges and sandwich-like placozoans, produce the protein Wnt, which (like the cadherins themselves) is not present outside the animals. Wnt is secreted and diffuses between cells (thus serving as a “morphogen”), inducing them to selectively express certain genes and thus differentiate (see below) and to rearrange their cadherins and to change their shapes. Due to altered distributions of adhesive proteins, cell clusters exposed to Wnt can form interior spaces. Further, by causing cells to elongate, Wnt can promote their intercalation (analogous to the formation of liquid crystals by long polymers) and thereby reshape an embryo or organ primordium (reviewed in (Forgacs and Newman 2005) and (Newman 2019b)).
Bodies more complex than those of sponges and placozoans, such as the two-layered (diploblastic), tentacled, ctenophores (comb jellies) and cnidarians (hydra, jellyfish), appeared when metazoans became capable of producing a “basal lamina,” a stiff but flexible planar substratum to which cells could adhere. This structure, a type of extracellular matrix (ECM), permitted the formation of the stable, sharply defined tissue layers of these organisms, and introduced mechanical, along with merely liquid-like, effects. The diploblasts, and the even more complex and abundant three-layered (triploblastic) forms derived from them (which include arthropods, mollusks, and our own group, chordates), depended on an enzyme called peroxidasin, still another protein unknown outside the animals. Although the ECM protein type IV collagen is present in all metazoans, it is only in diploblasts and triploblasts (and one type of sponge) that it is converted (by peroxidasin) into a basal lamina (Fidler et al. 2017). The capacity to form elongated bodies, appendages, tissue ridges, folds and clefts is only possible with the presence of a basal lamina, and this depends in turn on the action of peroxidasin (Fidler et al. 2017).
The interpolation of additional ECM molecules between the two epithelial layers of some diploblastic linages led to a third tissue layer, the mesoderm, which typically took on a loosely packed “mesenchymal” physical state. The resulting tissue-tissue interactions led to novel morphological elements involving folding, clefting, invagination, and evagination of the epithelium, and condensation (compaction of dispersed cells) and solidification (skeletogenesis) of the mesenchyme, a process that eventually gave rise to about 32 additional, triploblastic, body plans (reviewed in ). Triploblastic (or bilaterian) bodies are therefore more complex than those of the diploblasts and could develop true organs, a feature absent in earlier evolving forms.
Several of the most important genes and gene products accompanying the original constitution of animal life and the major transitions within this group have not been detected in non-metazoan organisms and have no known evolutionary intermediates. There origins are therefore obscure. Once they were in place, the physical processes they mobilized could be employed optionally or in different temporal sequences in primitive cell aggregates, leading to extensive variations on structural themes, even within genetically related types. This brought vastly expanded developmentally accessible morphospaces into existence, and since the operative physical effects were often nonlinear and condition dependent, novel forms could be produced by small genetic steps or changes of externalities (temperature, nutrients).
After this combination of mobilizing gene products and physical effects produced a new range of anatomies, evolution did not stand still. Innovation remained within a restricted phyletic envelope, a “natural kind” (Newman 2020b), since while development could navigate each physico-genetic defined morphospace it was essentially impossible to move outside it. Changes in genetic circuitry can occur even as forms become increasingly autonomized and persistent (Müller and Newman 1999). Even the physical processes by which structures originated could be supplanted by more reliable ones without changing the forms themselves (Newman 2019a). The molecular and physical bases of somitogenesis in fishes, birds and mammals, for example, differ in significant ways even though these groups had a common vertebrate ancestor (Stern and Piatkowska 2015). More generally, when physics-based development of morphological motifs became overlain and reinforced by new regulatory processes during eons of evolution it caused organismal subgroups and individual identities to become increasingly unique and internally defined. The philosopher Lenny Moss and I have compared these new forms of biological matter to the “natural purposes,” i.e., causes and effects of themselves, posited by Immanuel Kant as the definition of living organisms as teleological beings (Moss and Newman 2015, Kant 1790; trans. 1966).
In the present-day descendants of the necessarily pleiomorphic early metazoans each phylum is characterized by developmental toolkit genes shared with (i) all the animal groups, (ii) those which are characteristic of the superphylum it belongs to (e.g., protostomes, deuterostomes, ecdysozoans), and (iii) those specific to that phylum. Among the toolkit genes and gene products that participated in these early-trial stages of morphological evolution were morphogens additional to Wnt, such as Shh, BMPs, and FGFs, each acting via spatial gradients and thus making the morphological outcomes less uniform than they would have been in their absence. The interaction of these diffusible factors with the biosynthetic responses they induce in their target cells could lead, under certain effect-ratios (parameters), to physical effects termed reaction-diffusion or Turing-type instabilities (Turing 1952, Kondo and Miura 2010) which produce spatial periodicities in cell type distributions (e.g., skeletal primordia; Newman and Frisch (1979)). Added to this were cell surface proteins (e.g., the Notch-Delta juxtacrine system) that exerted, in some contexts, lateral inhibition, ensuring that cell groups followed different developmental pathways from ones immediately adjacent to them. In other contexts, Notch activation could also induce feedback oscillations in the expression of transcription factors, another source of periodicity, temporal in these cases, which was eventually employed in generation of tandem tissue blocks like the segments of insects or the somites of vertebrate embryos. Collectively, the modulation of by diffusible factors and lateral inhibition is termed “pattern formation” ((Salazar-Ciudad, Jernvall, and Newman 2003), Newman (2019b)).
Two implications concerning development of form emerge from this analysis, both at odds with generally accepted views. The first is that the morphological features of animals (whatever their roles may be in present-day species) likely originated by expression and elaboration of organizational propensities inherent to multicellular masses. There is no reason to believe that they were built up gradually by the greater reproductive success of marginally better adapted morphological variants. While (like the Darwinian view) this is difficult to prove unequivocally, recent experiments suggest that multicellular entities of animal origin can survive and reproduce, at least in laboratory settings, with no discernable morphological elaborations. Levin and coworkers isolated fragments of embryonic epithelium from the top surface (“animal cap”) of frog embryos, permiited them to reassociate  into aggregates of several thousand cells, and found these cellular masses behaved as autonomous organisms despite having no tissue-level morphological characteristics (Blackiston et al. 2021). Like the morphologically simplest animals, the placozoans, they could navigate by the action of cilia (specialization intrinsic to the source cells) on their surfaces. Notwithstanding the authors’ use of terms like “synthetic,” “machines” and “bots” for these entities, they are purely biological. They can socially engage with one another and navigate diverse environments. Placed in a suitable culture medium they can survive up to 90 days. Unexpectedly, when their environment contains dissociated cells of the same type, they can actively form them into replicas of themselves, thereby “reproducing” by construction (Kriegman et al. 2021).
If tissue masses composed of a uniform population of cells but lacking salient morphological features can perform so many organism-level activities (i.e., exhibit agency, see Alignment and Export of Cell Agency in the Evolution of Multicellularity, below) it follows that organisms with the capacity to generate more elaborate attributes – interior spaces, segments, appendages, and so forth – could explore and establish themselves in more complex environments which, by making use of novel affordances (a term introduced by Gibson (1979)), they can even participate in constructing. In such scenarios (see (West-Eberhard 2003)) rather than new phenotypes resulting from the incrementalism of adaptive natural selection in defined niches, developmental shifts would produce new organisms capable of new ways of life. While morphological complexity can increase versatility and promote exploration and ecological inhabitance, it is not necessary for existence, as the case of Placozoa exemplifies. 
The idea that structural attributes can be generated as indirect consequences of other processes and recruited to uses for which they were not naturally selected is familiar from the conceptual work of Gould, with Lewontin and Vrba, respectively, on “spandrels” (Gould and Lewontin 1979) and “exaptations” (Gould and Vrba 1982) and from Müller’s “side-effect” hypothesis inspired by his experiments on the avian fibular crest (Müller 1990). The view advanced here generalizes these phenomena, making them not exceptions, but (in consideration of inherencies) the main modes of morphological innovation.
A second implication of this picture, anticipated by nineteenth century Laws of Form theorists like J. W. von Goethe and Etienne Geoffroy Saint-Hilare (discussed in Webster and Goodwin (1996)), and in the twentieth century, D’Arcy W. Thompson (Thompson 1942), derives from the conclusion that morphological attributes are spontaneous or elicited expressions of the inherent physical properties of tissue masses and not the outcomes of generations of natural selection on genetically based minor variants. Thus, body plan and organ development of an animal should not depend on the precise details of its genotype. So long as its embryonic cells contain a relevant set of toolkit genes under the regulatory control typical of its phylum, it is not important for all the cells to have the same genomes or even a shared recent evolutionary history. This inference is confirmed by the generation of healthy full-term animals from experimentally constructed embryo chimeras (Fehilly, Willadsen, and Tucker 1984). These are formed from the blastomeres of mammalian species as evolutionary distant as sheep and goats which are estimated to have diverged 14-16 Mya (resulting in “geeps”), and from the ﬁshes medaka and zebraﬁsh, teleost lineages which separated on the order of 320 Mya. The cells of chimeras (unlike those of hybrids like the mule) retain their species-specific genomes and gene regulatory molecules but are nonetheless capable of interpreting each other’s patterning signals in constructing an evolutionarily unprecedented animal (discussed in Newman (2014)). Specifically, the morphological phenotypes of chimeric bodies and organs are intermediates, or compromises, between those of the originating species, thus representing structures that were not fine-tuned by natural selection.
All that appears necessary to produce the stereotypical anatomical elements of the encompassing group (genus, order) of each of these chimeric forms are the respective species’ homologous developmental-genetic toolkits, not any species-specific developmental program (Newman 2011). The key patterning processes are the mesoscale physical effects, termed “dynamical patterning modules” (Newman and Bhat 2009) that come into existence during the stage of early (normal or chimeric) development (variously, the blastula or inner cell mass) when enough cells are present to constitute the embryo as a liquid tissue.
The patterning processes discussed above as modulators of morphogenesis also have the role of specifying locations within the tissue mass at which differentiated cells appear. These cell types represent discrete expression states of the organism’s genome and contributed to organismal physiological versality during evolution leading to present-day forms. Whereas morphological motifs may have emerged (as argued above) as optional attributes stemming from physical inherencies of metazoan cell masses, functions are based on intricate biochemical pathways and have specific life-sustaining roles. They seem like poor candidates for spandrels, side-effects or exaptations and are never treated as such in the evolutionary biology or philosophy literature. 
In the next section, however, I provide evidence that the functions of differentiated cells and organs of animals are in fact based on inherent properties of holozoan cells that were appropriated and partitioned to perform specialized roles in the multicellular aggregates that became metazoans. Like the morphological motifs discussed above, they are attributes that facilitate niche exploration and which, at least at their inception were non-obligatory. The basis of this appropriation is a unique metazoan system of selective gene regulation.

Origination of Cell Differentiation by Appropriation of Unicellular Functions
The notion of biological function has a long history in the philosophy of biology (Wouters 2005). It has broken into the empirical discourse when, for example, physiological roles have been ascribed to system components of debated significance, such as non-protein-coding DNA (Germain, Ratti, and Boem 2014). In the animals, organs, in performing life-sustaining functions, will often do other things as well. The heart, for example, pumps blood but also makes sounds. It is only the first that is considered a “proper function” (Thomas 2017), and since natural selection is usually considered the only possible explanation for how organs and their functions arise, proper functions have also been synonymized by many philosophers, following Neander as “selected effects” (Neander 1991). 
But other activities of organs and body parts can also contribute importantly to an organism’s life even when they were not specifically selected to do so. Staying with the example of the heart, its ventricular wall can become thickened, or hypertrophic, when arterial blood flow is impaired. The abnormally thickened heart wall, by enhancing ejection force, performs a health-sparing compensatory function, but one that is unlikely to have been selected for, since the need for it typically appears after reproductive age. Further, it can lead to exacerbation of the blood flow problem by narrowing the ventricle (Nagueh 2021).
Some commentators argue for excluding non-selected activities as functions at all. But adaptationist scenarios for some components with unambiguous causal roles can be elusive. This is particularly true when it comes to functions performed by individual cells. The origins of cytoplasmic contractility and vesicular packaging of proteins are unknown but both appear to have roots in archaea (Akil et al. 2021, Gould, Garg, and Martin 2016). They have essential causal roles, but are they selected effects? There is no evidence one way or the other, and as we have seen in the previous section, features can arise by means other than natural selection. Once having appeared, they can be propagated just by not undermining survival, constituting what John Tyler Bonner termed “neutral phenotypes” (Bonner 2013).
Without speculating on the origin of functions in the holozoan cellular ancestors of the animals, I will present recent findings on the coincident emergence of metazoans with a gene regulatory apparatus capable of appropriating ancestral unicellular functions into specialized cell types. An implication is that animal tissue and organ functions of increasingly complex phyla and species were preexisting in, and inherent to, holozoan cellular life and that they originally were optional embellishments of novel metazoans which only later became indispensable in certain lineages. 
Against the standard dichotomy of the function discourse, this view proposes that specialized functions in multicellular organisms such as animals are neither selected effects nor, in their original instances, causally essential to their bearers’ survival. (Their intracellular versions are, of course, causally essential.) The plausibility of this “add-on” notion of organismal function is supported by further work of Levin and coworkers in which they added functionalities to their multicellular constructs such as light responsive genes, and found that the biobots acquired unforeseen novel agent-like behaviors and “invented” new ways of life (Blackiston et al. 2021).
Like their present-day counterparts, premetazoan opisthokonts and holozoans almost certainly exhibited alternative cell phenotypes and states. While some of these may have been antecedents of metazoan cell types (Brunet and King 2017, Sogabe et al. 2019), complex animals have a hundred or more cell types (vertebrates over 250) and most of these emerged as the metazoans diversified. Gene regulatory networks (GRNs), the interacting sets of transcription factors (TFs) and their cognate genes that control the expression of one or more function-related genes of specific cell types, are often conserved across animal phyla (Arendt et al. 2016). The GRNs that mediate differentiated functions of animal cell types are organized into “gene coexpression networks” (Singh et al. 2018, Cao and Cheng 2015, Laarman et al. 2019, Stodola et al. 2018). These networks are conserved over broad taxonomic groups (Tanizawa et al. 2010, Diament and Tuller 2017) where they mediate alternative physiological states (Sebé-Pedrós, Degnan, and Ruiz-Trillo 2017, Sebé-Pedrós et al. 2016). In early emerging metazoans such as sponges they provide the bases of stem cell biology and that of a few differentiated cell types (Sogabe et al. 2019). 
Cell types of later-diverging animals with apparent roots in coexpression networks in ancestral single-cell functions include myoblasts (motility), fibroblasts, osteocytes, and chondrocytes (extracellular matrix production), neurons (electrical excitability), hepatocytes (detoxification), adipocytes (lipid storage), retinal rods (light responsivity), and erythrocytes (oxygen capture). The hypothesis that differentiated cell functions of metazoans were recruited from intrinsic ones of direct ancestors implies that functions only found in distant linages would not appear in animals except, rarely, through endosymbiosis or lateral transfer of genes. In confirmation, while cell types that capture light or store starch are seen in the vascular plants, they are not present in animals. The cellulosic tunic of urochordates appears to represent an exceptional laterally transferred function (Nakashima et al. 2004).
The means by which animal embryos coopt preexisting gene coexpression networks into specialized cell types is a gene regulatory system different from those in any other form of life. This system is based on chromatin, the complex of DNA and proteins found in all eukaryotic (nucleated) cells, but holozoan chromatin has components additional to those found in other eukaryotes, and the chromatin of metazoans is still more elaborate. Briefly, since this system has been described in detail elsewhere, the nuclei of animal cells contain an architectonic complex of “function-amplifying centers” (FACs) (Newman 2020a). The main components of the FACs are a “write-read-rewrite” transcription regulatory system (Prohaska, Stadler, and Krakauer 2010), based on reversible chemical modification of the histone proteins that organize the cell’s DNA into nucleosomes and have the capacity to restrict or facilitate access to it. This is a feature shared with all eukaryotic cells, as it the scaffolding of the transcriptionally active stretches of DNA by Mediator, a large protein complex of 21-26 subunits that brings relevant TFs and cofactors to the genes’ promoters (Verger, Monte, and Villeret 2019).
However, it was in the non-metazoan holozoans that the composition and function chromatin began to diverge from those of other eukaryotes. Metazoans contain two closely related proteins, p300 and CBP (with a homolog in non-metazoan holozoan genomes) which, by chemically modifying (acetylating) nucleosomal histones, make the associated DNA available for transcription. In metazoan species they also help recruit linearly distant DNA segments termed “enhancers” to liquid-like biomolecular condensates termed “topologically associating domains” (TADs). These are molecular hubs containing sets of co-expressed genes contained in chromatin loops drawn by mechanical forces from far-flung chromosomal sites (Furlong and Levine 2018). 
[bookmark: _Hlk532585822]During development and terminal cell differentiation an intensification of the role of p300 occurs. Now it binds “pioneer” TFs (Iwafuchi-Doi and Zaret 2016) which physically “open up” regions of chromatin within TADs which contain genes destined to be regulated at certain times and places during embryogenesis. In addition, “lineage-determining” TFs (Obier and Bonifer 2016) are recruited to these sites. These promote the expression of genes associated with broad developmental pathways and families of related cell types. Concomitantly, “super-enhancers,” containing several hundred or more enhancer sequences as well as noncoding RNAs transcribed from them, transform the respective TADs into FACs.
The FACs, which are unique to metazoans, are essentially engines for appropriation of cellular functions. They amplify life-sustaining activities based on pathways consisting of coordinated sets of genes, which were already present in the unicellular and transiently colonial holozoan cell populations they arose from, partitioning them into specialized cell types. Which cells in a developing embryo acquire which specific functions is determined by the morphogen- and lateral inhibition-based pattern-forming systems described in the previous section.
While much remains to be discovered about how a particular pathway is plucked from the intracellular repertoire and elevated, often depending on gene duplication, to a novel cell type, these findings underscore the fact that cell and organ functions are based on inherencies of metazoan existence. Unlike morphological motifs, which are based on physical propensities of multicellular aggregates, the functionalities of cell types are intrinsic to individual cells. Together, however, they imply an evolutionary scenario based on mobilization of preexisting properties and capabilities. This is a departure from one in which these characters are acquired gradually, based on external challenges, with no preferred direction. 
The picture presented here, considered along with the comparative phylogenomics of metazoans and their sister clades, provides a logic for the evolutionary emergence of the main tissues of the animal body, something unaddressed in the Darwin-influenced theory of undirected evolution. A starting point is that the morphologically simplest animals, marine sponges and placozoans (inferred to have resembled the earliest emerging metazoans) have the fewest cell types. Trichoplax adhaerens, a well-studied placozoan, has six somatic cell types (Smith et al. 2014), and Spongilla lacustris, a demosponge, has 18 (Sogabe et al. 2019). Some form of epithelium, mediated by the homophilic binding of cadherins, is a defining characteristic of metazoans, and cadherin expression is induced by Grainyhead, one of a small number of simultaneously pioneer and lineage-determining transcription factors (Boivin and Schmidt-Ott 2018). An early step of metazoan evolution was apparently the coordinated production (likely at an early appearing FAC) of a metazoan-type cadherin, and Grainyhead, which already existed in opisthokontal lineages where it was also involved in regulating cell attachment (Paré et al. 2012).
Once constituted in this fashion, primitive animals could have made use of their nuclear FAC engines in various ways, first generating muscle and true connective tissue cells using additional simultaneously pioneer-lineage-determining transcription factors (MyoD and Twist). This would have been followed by neurons (hints of appropriation of the respective ancestral circuitry already existing in sponges; Musser et al. (2021)) and other cell types that are often refinements and embellishments (again, by co-optation of existing cell circuitry) of these canonical tissue categories. In such cases, the broad-stroke effects of the rare TFs that are both pioneer and lineage-determining types in bringing about macroevolutionary transformations may have been exhausted and generating new cell types came to depend on the synergistic effects of generically acting pioneer factors (e.g., Pax7) and lineage-determining TFs without pioneer function (e.g., Nkx-3.1 for heart muscle, Sox9 for cartilage).  
These specialized cell types were nonessential “add-ons,” however. Placozoans and poriferans, which lack muscle and nerves, are perfectly good organisms despite their disabilities, and not all diploblasts and triploblasts have all the capabilities of their respective groups. All of them nonetheless occupy ecological niches suited to their biology. Further, each of these forms exhibits its own manner of exploratory, self-preserving, and cooperative agency, a universal characteristic different from either form or function. The next section will take up this enigmatic set of properties.
     
Alignment and Export of Cell Agency in the Evolution of Multicellularity  
[bookmark: _Hlk91355797]We have seen that major morphological motifs and physiological functions and of animals can, respectively, be manifestations of the inherent forms of the materials constituted by cell aggregates and appropriations of life-sustaining activities of their originating and constituent cells. But organisms also exhibit agency, the capacity to define and regulate their own boundaries and sustain their integrity according to a set of internal motives and rules (Wilson 2005, Moreno and Mossio 2015). This property is not reducible either to form or function. Is organismal agency finally only explicable by natural selection?
Addressing this question requires recognizing that agency was in fact inherent to animal life from its start, a property of its founding cells. Owing to their intracellular chemical dynamics and capacity to generate mechanical forces and electrical fields, cells actively modify their behavior in response to their environment and modify their surroundings in ways that can further affect cell-environment interactions (Wan and Jékely 2021). Although the origins of cellular life from nonliving chemistry are obscure, we know of no cells, from prokaryotes to archaea and eukaryotes, that do not exhibit a form of agency (Lyon et al. 2021, Baluška and Levin 2016). However individual cell agency arose, however, its role in the more recent and better documented evolution of agentive multicellular organisms is more amenable to investigation.
 Agentive processes of cells include exploratory behaviors, migration to sources of nutrients or social cues (chemotaxis), cessation of movement, and quiescence. Entering a biochemically oscillatory mode or acquiring surface or shape polarity can also be elements of agent-type activities (Arias Del Angel et al. 2020). Cells also engage in active processes that are not agentive ones, and it is important for our purposes not to conflate them. The randomly directed cytoskeletally driven perambulation of cells, discussed above in relation the liquid-like properties of animal tissues, are evidence of energy consuming intracellular mechanical activity, unique to living systems. But they are not indicative of agency, which implies goal-directedness. Similarly with the random motile effects of ciliary beating on animal cells or flagellar motion of bacteria. There is nothing inherently purposeful about these activities. Like the differentiated cell functions that were proposed to have been co-opted from them (see Origination of Cell Differentiation by Appropriation of Unicellular Functions) the functionalities of unicellular organisms facilitate ways of life but were not necessarily selected for their ability to increase the numbers of offspring of the cells that bear them.
Individual cell agency is largely obscured in animals and plants by virtue of being marshaled into collective modes of behavior in the tissues of developing organisms (see Inherencies of Multicellular Matter Imply Non-Adaptive Origins of Morphology). In animal embryos, cell motility is mainly of the randomly oriented, non-agentive type that gives the tissues their liquid-like properties. This enables morphogenetic effects like layering, lumen formation and segmentation. The associated patterning of cell arrangements is typically based on reaction-diffusion or other self-organizing effects that depend on biochemical activities and therefore positive and negative feedback effects, but not, in any obvious way, the autonomous agency of cells.
Only rarely does cell agency come to the fore in animal development: in sperm activity during fertilization, in the neural crest cells of vertebrates as they detach from the embryo’s central axis and migrate to distant sites where they differentiate into disparate cell types, and pathologically, in cancer metastasis. The atypicality of these cases, and the persistent but unfounded notion of the development-orchestrating “genetic program” (Sarkar 1998) wrote the idea of cell agency out of the theoretical paradigms not only developmental but also evolutionary biology. However, animal cells in culture, derived from either tumors and normal tissue, can navigate mazes (Tweedy et al. 2020), and make decisions that are both nonrandom and productive for their survival (SenGupta, Parent, and Bear 2021). Is there a relationship between these latent agent-like, apparently foresightful properties of these isolated cells and the agency that is uncontroversially exhibited by mature animals?
The idea that the populations of single-celled organisms that eventually gave rise to multicellular entities had a property termed “fitness,” an index of their relative adaptation to their ecological setting (Futuyma and Kirkpatrick 2017), has given rise to a widely accepted model for the evolution of multicellular organisms, multilevel selection (MLS) theory (Folse and Roughgarden 2010). This model asserts that the cellular ancestors of multicellular organisms were originally well-adapted to their circumstances and only began to form multicellular structures with selection for a genetic propensity to bring their fitnesses into alignment with one another. This would have allowed the collective to explore new ecological niches and form new lineages having a multicellular stage in their life cycle. Once entering the multicellular state, however, the possibility of cells individually mutating into a noncooperative condition and nonetheless reaping benefits of the collective required a second phase of selection to ensure that such “cheating” was suppressed (Strassmann and Queller 2011). The multicellular entity then became the new evolutionary unit of selection as fitness was exported to the supracellular level.
The concept of fitness in MLS theory is problematic, however. Stating that cells or multicellular organisms are able to establish themselves and survive is readily demonstrable.[endnoteRef:1] It is not the same as attributing to them a relative fitness, a quantitative measure based on the comparative potential, often difficult to assess, of leaving different numbers of offspring. Appealing to fitness to account for the emergence of multicellular organisms assumes the validity of Darwin’s hypothesis that organisms and the cells that constitute them arose by a struggle for survival based on fortuitous, undirected variations. [1:  Ecological persistence is included in some versions of fitness (Bouchard 2008). In that case, variants of any degree of departure from the originating phenotype can establish themselves, so it it difficult to see what Darwinian gradualism would to explaining phyletic transformation. The processes described here plausibly serve this role.  ] 

While it is difficult to disentangle individual cellular agency from integrated whole organism agency in animals, studies of species in which aggregation-based morphological development is part of their life cycle can provide insight into the unicellular-multicellular transition in agentive behavior. Dictyostelia and Myxobacteria, respectively eukaryotic and prokaryotic multicellular lineages, have life cycles comprising a vegetative and a developmental stage. The social amoebae Dictyostelia behave as solitary cells during their vegetative stage, whereas the social bacteria Myxobacteria exist as cell consortiums through their entire life cycles in the wild. Both lineages are commonly found in soils where they feed on bacteria (Myxobacteria on other species). Once nutrients have been depleted, they enter a developmental stage characterized by a substratum- and intercellular signal-dependent cellular aggregation, formation of fluid cell streams, and in the case of Dictyostelium a motile pseudoplasmodium 2-4 mm long that resembles a metazoan slug. In both organisms, development culminates in the formation of multicellular structures (up to 105-106 cells) called fruiting bodies, where cell differentiation takes place (Whitworth 2008). In each case, individual agents reappear when the fruiting body releases spores and these mature and recreate a population like the original one.
There is a remarkable resemblance of developmental processes and resulting morphologies between eukaryotic fruiting body-forming amoebae such as Dictyostelia and the prokaryotic Myxobacteria. The fruiting bodies in both lineages, for example, display a similar range of diversity ranging from simple mound-like to highly branched tree-like structures. This is despite the enormous evolutionary distance between them, reflected in entirely different cellular structures and lack of homology in the signaling and cell-cell interaction modalities mechanisms employed in these groups.
These evolutionary-developmental convergences were explored systematically by Arias Del Angel et al. (2020). The aggregative nature of these organisms, and the need for cells individually (in the case of Dictyostelium) or in groups (in the case of Myxobacteria) to detect and consume bacterial prey, and then when these are no longer available, switch to different collective modes of behavior, require that cell agency plays a prominent role in their development. This includes, for Dictyostelium, directed migration, signaling and response to other cells, joining fluid streams, and participation in the slug. During this period the cells become subject to mesoscopic physical effects like those that drive animal development, and these lead to liquid-liquid- and solidification-type phase transformations in which the agency of individual cells is curtailed. But even during collective activities like slug translocation and fruiting body construction some cells behave autonomously, moving independently to new locations within the aggregates.
For the rod-shaped cells of Myxobacteria, protein complexes that promote motility define a lagging and a leading pole. Reversals in polarity, which flip the direction of movement, are a major agent-type behavior in Myxobacteria motility (Wu et al. 2009). At the molecular level, reversals are controlled by intracellular oscillators, and cell-cell contacts, by affecting the rate of reversal, convert individual agential behavior to collective motion. As in Dictyostelium, the cell mass become liquid-like, sustaining viscous streams. Directed migration in Myxobacteria is also facilitated by stigmergy, in which individual cellular movement is biased by cues left behind by other cells (Gloag et al. 2016).
While most amoeba and bacteria related to these species do not have their dramatic social behaviors, they use corresponding modalities to inhabit and explore their respective Umwelts (i.e., species-characteristic worlds) (Ginn 2014). The evolution of cellular agents to participate in multicellular life cycles occurred with small changes in their agential toolkits. Though mechanistically and molecularly very different in the amoeboid and bacterial lineages, cell agency came to serve the analogous functions of mediating cell aggregation, the effect of which was to constitute mesoscopic materials. The inherent morphogenetic properties of such materials, rather than the genetic disciplining of individual cells not to cheat, mobilized them to the collective purpose of building complex structures.
From this consideration of the aggregative microorganisms, it can be inferred that the first steps toward metazoan autonomy began in holozoan cell populations as hybrid quasi-tissue associations in which aggregates acquired their own agency. The example of the Dictyostelium slug shows that an association of cells can have its own, different form of agency, albeit transient. It could be argued that this stage of the Dictyostelium life cycle is a product of natural selection, but even single-cell-type tissue fragments, with no evolutionary history behind their independent existence, e.g., the biobots described above, spontaneously exhibit modes of agency different from the cells that constitute them or from the organisms from which they were derived.
The potential forms and functions of these “proto-metazoans” may have been (as Darwin suggested) “endless,” but they were also constrained and limited by the material inherencies of their developing tissues and the cooptable functionalities of their constituent cells. These processes account for innovation within bounds, but the fossil record suggests that evolutionarily stasis most often follows novelty (Eldredge and Gould 1972). In the following section I describe some of the inherent forces that normalize the generation and regeneration of phenotypes, adding generative entrenchment and stability to what is otherwise, in our discussion up to now, a highly plastic process.

Field Effects in Developmental Precision, Templating, and Regeneration

The standard evolutionary narrative based on differential fitness treats innovation and conservation of phenotypes as two sides of one process. The variant individuals in a population are stringently tested against previously evolved physiological systems and ecological relationships, and the ones with improved fitness will in general only be marginally different from their progenitors. Evolution is held to produce genetic programs, and programs function with precision. In contrast, in the scenario described here the innovational processes are more unbridled and anarchic – forms can be elicited in cell aggregates based on physical inherencies which are manifested, or not, depending on externalities or slight shifts in the tuning of genetic circuitry. Functions can be appropriated, or not, from a repertoire intrinsic to constituent cells. Survival or extinction of deviant phenotypes do not depend on capacity to leave more offspring than competitors in the niche from which they originated, as in the Darwinian framework. Rather, since they will be agents with new capabilities, they can set out on their own and fashion new affordances suitable to them.
But the biosphere is filled with stable types of organisms that can often regenerate their canonical states when damaged, and the evolutionary record is marked by anatomical stasis. So there must be strong forces of stabilization and normalization to balance those of innovation. One set of phenomena that occurs during embryonic development (again in metazoans) is the establishment of developmental or morphogenetic fields, poorly understood effects that coordinate tissue organization over distances greater than known modes of cell-cell communication can achieve (Goodwin and Trainor 1980, Brandts and Trainor 1990, Levin 2012). The processes that arrange cell types in stereotypical patterns are molecular ones involving cell-cell contact, and diffusion and related transport processes. The effective spatial range of these during the relevant periods would typically be on a scale of less than 10 cell diameters. But the scale of precise developmental patterning is typically over 100 or more cell diameters. In certain cases this discordance is resolved by the cells in a prospectively patterned field undergoing periodic changes in one or more key transcriptional regulators, often Hes1, with the oscillations then coming into synchrony (Özbudak and Lewis 2008, Bhat et al. 2019). This effect can occur through weak, nonspecific interactions, with no exchange or transport of molecules (Strogatz 2003, Garcia-Ojalvo, Elowitz, and Strogatz 2004). When the developing primordium is then induced to undergo patterning, the constituent cells will now all be “on the same page” and respond in a coordinated fashion despite not being in communication across the domain. This smoothing-out mechanism makes development (a dynamical, condition-dependent process, not a programmed one) a less chaotic and more reproducible phenomenon than it would otherwise be. Synchronization is also used elsewhere in the organism, in the brain, for example, where the resulting coordination of neuronal firing is thought to be a basis for cognitive integration (Mamashli et al. 2021, Palva et al. 2010).  
The physics underlying synchronization of oscillators is understood, at least in principle. A less familiar, but apparently more general globally acting effect is the representation, recording and templating of morphological structures by spatial patterns of voltage gradients (Levin 2021). Levin and his colleagues call this phenomenon “anatomical homeostasis.” The phenomenon is based on Vmem, or resting membrane potential, mediated by transport of ions and other small molecules through gap junctions. The group found that in the developing face of the frog, patterns of hyperpolarization map out the prospective locations of the eyes and other structures (Vandenberg, Morrie, and Adams 2011). When these voltage patterns are perturbed by chemicals or manipulation of expression of connexin gap junction proteins, the boundaries of expression of face patterning genes are altered, with corresponding deleterious effects on craniofacial anatomy (Levin, Pezzulo, and Finkelstein 2017). Spatial differences of resting potential can thus scaffold and guide subsequent morphogenesis. Importantly, they are instructive, capable of placing normal structures in ectopic positions.   
Similar studies on planaria showed that development of the body axis, regeneration, and number of heads, and even species identity of head morphology are guided (even when the tissues normally containing portions of the field are missing) by spatially nonuniform electric fields (Sullivan, Emmons-Bell, and Levin 2016). The influences of Vmem on cell proliferation, migration and differentiation and the proximate bases of these effects. The ultimate (i.e., evolutionary) basis is unclear. The experimental production of inter-species chimeras such as geeps (see above), with physiologically healthy intermediate morphological phenotypes that develop notwithstanding the genetically mosaic nature of the embryos and mature tissues, suggest that the homeostatic setpoints of the electrical field-based pattern-memory effects is something other than species- or genome-level characters.
[bookmark: _Hlk91792424]For the present discussion, it is notable that the efficacious representation of tissue morphology in endogenous patterned bioelectrical fields, like the animal functions and agential properties discussed above, has deep roots in the tree of life. Organisms as phylogenetically distant from the metazoans as bacteria (in patterned communities and biofilms) (Yang et al. 2020), and Physarum, a single-celled fungus with exploratory properties (Murugan et al. 2021), show evidence of the same guidance by self-generated electrical fields (Zheng et al. 2015).  

Conclusion: What We Know and What We Don’t

I have presented an account of the diversification of animals using several recent bodies of investigation not usually included in theories of multicellular origins and evolution. These are: 
· Phylogenomics of the non-metazoan holozoans, identifying key innovations in the developmental genetic toolkit accompanying the origination of animals and their phylum-level radiation.
· Experimental tissue physics of animal morphogenesis and pattern formation, including findings that although liquid-tissue effects are universal, liquid-crystal, liquid-substratum, and tissue condensation and solidification effects are added successively during phylogenesis. 
· Comparative analysis of chromatin structure and gene regulation, which has disclosed unique features of metazoans, including super-enhancers, and pioneer and lineage-determining transcription factors.
· Recognition that all cells, cell aggregates, and tissue fragments exhibit autonomous and agentive behavior.
· Studies of tissue-level field effects that normalize, coordinate, template and restore morphology and pattern, including transcriptional oscillator synchronization and bioelectrical pattern-memory. 
These matters, none of them controversial or even contested (though all with incompletely understood aspects; see below) have not been considered together, but when they are, they lock into a coherent alternative to the Darwinian narrative of adaptive evolution by gradual natural selection. This new view accounts for several phenomena that have eluded satisfactory explanation in standard framework. These include: (i) the abruptness of appearance of animal forms in the fossil record (the Ediacaran and Cambrian radiations Sperling and Stockey (2018)) ; (ii) the tempo and mode of subsequent evolution (saltation, stasis, punctuated equilibria; Gould and Eldredge (1977)); (iii) discordances between phenotype and genotype (developmental  system drift (True and Haag 2001), homomorphy (Newman 2019a)); (iv) the recurrence of morphological motifs across the animal kingdom (inherency (Newman 2019b), homoplasy (Wake 1991)); (v) the use of a conserved developmental-genetic toolkit to generate analogous structures in lineages for which they were not present in common ancestors (the developmental analogy-homology paradox (Newman 2006), deep homology (Shubin, Tabin, and Carroll 2009)); (vi) the delay in appearance of phylum-characteristic body plans until mid-embryogenesis (the evolutionary-developmental hourglass (Newman 2011)); (vii) the origin of animal-characteristic differentiated cell types, and tissue and organ functions (Arendt et al. 2016); (viii) the ability of inter-species embryo chimeras to develop into viable organisms with class-characteristic intermediate phenotypes (Fehilly, Willadsen, and Tucker 1984); (ix) the non-adaptive origins of morphological characters (spandrels (Gould and Lewontin 1979), developmental side-effects (Müller 1990)); (x) adaptive appropriation of forms arising by unrelated processes (exaptation); (xi) the ability of organisms to prevail in ecological settings in which they had no prior evolutionary history (invasive species (Carthey and Banks 2014), transgressive hybrids (Dittrich-Reed and Fitzpatrick 2013)).
The increasingly acknowledged phenomenon of niche construction (Odling-Smee, Laland, and Feldman 2003), a process in which organisms influence their abiotic and biotic environments to suit their own attributes, has been discussed as part of an “extended evolutionary synthesis,” where it provides behaviorally initiated venues for adaptive natural selection (Laland et al. 2015). In the perspective presented here (earlier versions of which also contributed to the initiative toward a new synthesis Newman and Müller (2000); see also (Müller 2019)), niche construction follows from the more fundamental concept of organismal agency (including that of organisms with novel, originally nonadaptive features; see points (ix-xi)) but is only incidentally a target or locus of selection. If organisms, even the simplest of the animals, like placozoans, and artificially constructed ones like biobots, exhibit agency, the identification of suitable affordances becomes a default activity of life rather than a set of co-adaptations.
This justifies dispensing with the concepts of adaptation, and its driving process in the Darwinian framework, relative reproductive fitness (i.e., the propensity to leave different numbers of offspring). If metazoan organisms can acquire complex morphological features by the manifestation of inherencies of multicellular matter, and functional attributes by the appropriation for novel cell types of preexisting cellular life-sustaining pathways, such add-ons are not products of adaptive natural selection. They may be useful after the fact but are more properly considered “enablements” than Darwinian adaptations.
Correspondingly, Darwin’s mechanism for the gradual building of complex traits (“Darwin’s dangerous idea” Dennett (1995)) requires differential fitness and competition for resources in a common niche. But if elaborate characters are produced by other means, the relative numbers of progeny any variant leaves, while potentially significant for biogeography and ecology, are irrelevant to evolution of phenotype. Agency and adjustments of lifestyle can spare even relatively low producing variants, and the fecundity of organisms that occupy different niches are rarely compared.
Another element of the proposed extended synthesis with a relationship to the view presented here is “facilitated variation,” which looks to the reorganization of the established components of developmental systems to generated novelty, often by reconfiguration of developmental systems (Gerhart and Kirschner 2007). The variants contemplated by facilitated variation, however, while relatively detached from genetic change, do not draw on the inherencies of form and function discussed here, and lack a role for organismal agency. The model remains within the Darwinian paradigm, as exemplified by its formulators’ statement: “By such reductions and increases, the conserved core processes facilitate the generation of phenotypic variation, which selection thereafter converts to evolutionary and genetic change in the population” (Gerhart and Kirschner 2007).
This finally brings us to the unknowns of the items in the bulleted list, above:
The phylogenomics of the transition from non-metazoan holozoans to animals contains many surprises, but none more mysterious than the appearance of genes and gene modules specifying the cytoskeletal-binding domain of the metazoan cadherins, the morphogen Wnt, the enzyme peroxidasin, and the cell shape polarity modulator Stbm/Vang, all of which thus far have no protein counterparts in other lifeforms (reviewed in (Newman 2019b). These are not just any proteins, but ones that mobilize new physical effects underlying new body plans. Where did they come from?
 The assembly of topologically associating domains and super-enhancers in metazoan nuclei are the subject of hundreds of research papers in the past decade. But little is known about how the function-amplifying centers that they form, apparently amorphous liquid-like droplets which are enriched in intrinsically disordered protein domains and non-coding RNAs, mediate extreme differences in the regulation of differentiation-specific genes.
Cell agency is incontrovertible, but very little is understood about its origin and physical bases. Similarly with the different forms of agency of multicellular aggregates.
The processes by which protein concentrations are caused to oscillate in cells, and of how these oscillations come into synchrony to establish developmental fields, are relatively well understood. The means by which nonuniform patterns of membrane resting potential in developing tissues anticipate, guide, remember, and restore morphological arrangements so far lack explanation.
To answer these questions, some of which are new to science, we can echo the call of the early twentieth century embryologist E.E. Just, in contemplating the strange, non-mechanistic behaviors of the developing marine organisms he had been studying, for “a physics and chemistry in a new dimension …superimposed upon the now known physics and chemistry” (Just (1939), p. 3). Concerning the theory of evolution, however, relevant progress has been made ever since Darwin, more than 160 years ago, advanced his theory of replacement of organisms by better adapted ones. The organismal subjects of his theory of natural selection were conceived as relative passive entities. Darwin and his contemporaries, specifically, knew nothing about physically determined inherent forms, of the multicellular means for coopting unicellular functions, of cell-based agency, or of oscillation and electrical field-based developmental homeostasis. Given these advances, it is difficult not to conclude that Theodosius Dobzhansky’s famous tenet that “nothing in biology makes sense except in the light of evolution” (Dobzhansky 1973) applies to the theory of evolution itself.
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Newman, S. A., and R. Bhat. 2009. "Dynamical patterning modules: a "pattern language" for development and evolution of multicellular form."  Int J Dev Biol 53 (5-6):693-705. doi: 10.1387/ijdb.072481sn.
Newman, S. A., and W. D. Comper. 1990. "'Generic' physical mechanisms of morphogenesis and pattern formation."  Development 110 (1):1-18.
Newman, S. A., and H.  L. Frisch. 1979. "Dynamics of skeletal pattern formation in developing chick limb."  Science 205 (4407):662-668.
Newman, S. A., and G. B. Müller. 2000. "Epigenetic mechanisms of character origination."  J. Exp. Zool. B (Mol. Dev. Evol.) 288 (4):304-17.
Obier, N., and C. Bonifer. 2016. "Chromatin programming by developmentally regulated transcription factors: lessons from the study of haematopoietic stem cell specification and differentiation."  FEBS Lett 590 (22):4105-4115. doi: 10.1002/1873-3468.12343.
Odling-Smee, F. John, Kevin N. Laland, and Marcus W. Feldman. 2003. Niche construction: the neglected process in evolution, Monographs in population biology ; 37. Princeton, N.J.: Princeton University Press.
Özbudak, E. M., and J. Lewis. 2008. "Notch signalling synchronizes the zebrafish segmentation clock but is not needed to create somite boundaries."  PLoS Genet 4 (2):e15.
Palva, J. Matias, Simo Monto, Shrikanth Kulashekhar, and Satu Palva. 2010. "Neuronal synchrony reveals working memory networks and predicts individual memory capacity."  Proceedings of the National Academy of Sciences 107 (16):7580-7585. doi: 10.1073/pnas.0913113107.
Paré, A., M. Kim, M. T. Juarez, S. Brody, and W. McGinnis. 2012. "The functions of grainy head-like proteins in animals and fungi and the evolution of apical extracellular barriers."  PLoS One 7 (5):e36254. doi: 10.1371/journal.pone.0036254.
Prohaska, S. J., P. F. Stadler, and D. C. Krakauer. 2010. "Innovation in gene regulation: the case of chromatin computation."  J Theor Biol 265 (1):27-44. doi: 10.1016/j.jtbi.2010.03.011.
Ros-Rocher, N., A. Perez-Posada, M. M. Leger, and I. Ruiz-Trillo. 2021. "The origin of animals: an ancestral reconstruction of the unicellular-to-multicellular transition."  Open Biol 11 (2):200359. doi: 10.1098/rsob.200359.
Salazar-Ciudad, I., J. Jernvall, and S. A. Newman. 2003. "Mechanisms of pattern formation in development and evolution."  Development 130 (10):2027-37.
Sarkar, Sahotra. 1998. Genetics and reductionism, Cambridge studies in philosophy and biology. Cambridge ; New York: Cambridge University Press.
Sebé-Pedrós, A., C. Ballare, H. Parra-Acero, C. Chiva, J. J. Tena, E. Sabido, J. L. Gomez-Skarmeta, L. Di Croce, and I. Ruiz-Trillo. 2016. "The Dynamic Regulatory Genome of Capsaspora and the Origin of Animal Multicellularity."  Cell 165 (5):1224-1237. doi: 10.1016/j.cell.2016.03.034.
Sebé-Pedrós, A., B. M. Degnan, and I. Ruiz-Trillo. 2017. "The origin of Metazoa: a unicellular perspective."  Nat Rev Genet 18 (8):498-512. doi: 10.1038/nrg.2017.21.
SenGupta, S., C  A.. Parent, and J. E. Bear. 2021. "The principles of directed cell migration."  Nature Reviews Molecular Cell Biology 22 (8):529-547. doi: 10.1038/s41580-021-00366-6.
Shubin, N., C. Tabin, and S. Carroll. 2009. "Deep homology and the origins of evolutionary novelty."  Nature 457 (7231):818-23. doi: 10.1038/nature07891.
Singh, A. J., S. A. Ramsey, T. M. Filtz, and C. Kioussi. 2018. "Differential gene regulatory networks in development and disease."  Cell Mol Life Sci 75 (6):1013-1025. doi: 10.1007/s00018-017-2679-6.
Smith, C. L., F. Varoqueaux, M. Kittelmann, R. N. Azzam, B. Cooper, C. A. Winters, M. Eitel, D. Fasshauer, and T. S. Reese. 2014. "Novel cell types, neurosecretory cells, and body plan of the early-diverging metazoan Trichoplax adhaerens."  Curr Biol 24 (14):1565-72. doi: 10.1016/j.cub.2014.05.046.
Sogabe, S., W. L. Hatleberg, K. M. Kocot, T. E. Say, D. Stoupin, K. E. Roper, S. L. Fernandez-Valverde, S. M. Degnan, and B. M. Degnan. 2019. "Pluripotency and the origin of animal multicellularity."  Nature 570 (7762):519-522. doi: 10.1038/s41586-019-1290-4.
Sperling, E. A., and R. G. Stockey. 2018. "The Temporal and Environmental Context of Early Animal Evolution: Considering All the Ingredients of an "Explosion"."  Integr Comp Biol 58 (4):605-622. doi: 10.1093/icb/icy088.
Steinberg, M. S., and T.  J. Poole. 1982. "Liquid behavior of embryonic tissues." In Cell Behavior, edited by R. Bellairs and A. S. G. Curtis, 583-607. Cambridge: Cambridge University Press.
Stern, C. D., and A. M. Piatkowska. 2015. "Multiple roles of timing in somite formation."  Semin Cell Dev Biol. doi: 10.1016/j.semcdb.2015.06.002.
Stodola, T. J., P. Liu, Y. Liu, A. K. Vallejos, A. M. Geurts, A. S. Greene, and M. Liang. 2018. "Genome-wide map of proximity linkage to renin proximal promoter in rat."  Physiol Genomics 50 (5):323-331. doi: 10.1152/physiolgenomics.00132.2017.
Strassmann, J. E., and D. C. Queller. 2011. "Evolution of cooperation and control of cheating in a social microbe."  Proc Natl Acad Sci U S A 108 Suppl 2:10855-62. doi: 10.1073/pnas.1102451108.
Strogatz, Steven H. 2003. Sync: the emerging science of spontaneous order. 1st ed. New York: Theia.
Sullivan, Kelly G., Maya Emmons-Bell, and Michael Levin. 2016. "Physiological inputs regulate species-specific anatomy during embryogenesis and regeneration."  Communicative & Integrative Biology 9 (4):e1192733. doi: 10.1080/19420889.2016.1192733.
Tanizawa, H., O. Iwasaki, A. Tanaka, J. R. Capizzi, P. Wickramasinghe, M. Lee, Z. Fu, and K. Noma. 2010. "Mapping of long-range associations throughout the fission yeast genome reveals global genome organization linked to transcriptional regulation."  Nucleic Acids Res 38 (22):8164-77. doi: 10.1093/nar/gkq955.
Thomas, Paul D. 2017. "The Gene Ontology and the Meaning of Biological Function." In The Gene Ontology Handbook, edited by Christophe Dessimoz and Nives Škunca, 15-24. New York, NY: Springer New York.
Thompson, D'Arcy W. 1942. On Growth and Form. 2nd ed. Cambridge: Cambridge University Press.
True, J. R., and E. S. Haag. 2001. "Developmental system drift and flexibility in evolutionary trajectories."  Evol Dev 3 (2):109-19.
Turing, A. M. 1952. "The chemical basis of morphogenesis."  Phil. Trans. Roy. Soc. Lond. B 237:37-72.
Tweedy, L., P. A. Thomason, P. I. Paschke, K. Martin, L. M. Machesky, M. Zagnoni, and R. H. Insall. 2020. "Seeing around corners: Cells solve mazes and respond at a distance using attractant breakdown."  Science 369 (6507). doi: 10.1126/science.aay9792.
Vandenberg, L.  N., R. D. Morrie, and D.  S. Adams. 2011. "V-ATPase-dependent ectodermal voltage and ph regionalization are required for craniofacial morphogenesis."  Developmental Dynamics 240 (8):1889-1904. doi: https://doi.org/10.1002/dvdy.22685.
Verger, A., D. Monte, and V. Villeret. 2019. "Twenty years of Mediator complex structural studies."  Biochem Soc Trans 47 (1):399-410. doi: 10.1042/BST20180608.
Wake, D. B. 1991. "Homoplasy: the result of natural selection or evidence of design limitations?"  American Naturalist 138:543-567.
Wan, Kirsty Y., and Gáspár Jékely. 2021. "Origins of eukaryotic excitability."  Philosophical Transactions of the Royal Society B: Biological Sciences 376 (1820):20190758. doi: doi:10.1098/rstb.2019.0758.
Webster, Gerry, and Brian C. Goodwin. 1996. Form and transformation: generative and relational principles in biology. Cambridge, U.K. ; New York, N.Y.: Cambridge University Press.
West-Eberhard, Mary Jane. 2003. Developmental plasticity and evolution. Oxford; New York: Oxford University Press.
Whitworth, David E. 2008. Myxobacteria: multicellularity and differentiation. Washington, DC: ASM Press.
Wilson, Robert A. 2005. Genes and the agents of life : the individual in the fragile sciences, biology. New York: Cambridge University Press.
Wouters, A. 2005. "The Function Debate in Philosophy."  Acta Biotheoretica 53 (2):123-151. doi: 10.1007/s10441-005-5353-6.
Wu, Y., A. D. Kaiser, Y. Jiang, and M. S. Alber. 2009. "Periodic reversal of direction allows Myxobacteria to swarm."  Proc Natl Acad Sci U S A 106 (4):1222-7. doi: 10.1073/pnas.0811662106.
Yang, C. Y., M. Bialecka-Fornal, C. Weatherwax, J. W. Larkin, A. Prindle, J. Liu, J. Garcia-Ojalvo, and G. M. Suel. 2020. "Encoding Membrane-Potential-Based Memory within a Microbial Community."  Cell Syst 10 (5):417-423 e3. doi: 10.1016/j.cels.2020.04.002.
Zheng, Yutong, Ruonan Jia, Yiqing Qian, Yang Ye, and Changhong Liu. 2015. "Correlation between electric potential and peristaltic behavior in Physarum polycephalum."  Biosystems 132-133:13-19. doi: https://doi.org/10.1016/j.biosystems.2015.04.005.

2

