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Abstract 

The origin of animal multicellularity has its roots in the process by which one cell 

becomes many: the cell division, in turn controlled by the cell cycle. Many features of 

animals, such as development, rely in an intricate control of the cell cycle. The study of 

the evolution of animal cell cycle has the potential to shed light into the foundations of 

this lineage; however, cell cycle regulation has been characterized in few species 

belonging to other evolutionary lineages, for which comparative approaches are limited. 

In this thesis I present the work leading to the development of tools for cell cycle 

synchronization and DNA transfection in the species Capsaspora owczarzaki, a 

unicellular relative of animals proposed as a model system to understand the transition 

to metazoan multicellularity. These tools have allowed to infer some key aspects of the 

cell cycle regulation in the unicellular ancestor of animals, and open the door for a new 

era of functional approaches to address the question of the origin of animals. 

 

Sinopsis 

El origen de la multicelularidad en animales tiene sus raíces en el proceso por el cual 

una célula da lugar a otras: la división celular, controlada a su vez por el ciclo celular. 

Muchas características de los animales, como el desarrollo embrionario, requieren de 

un control preciso del ciclo celular. El estudio de cómo evolucionó la regulación de ciclo 

celular en animales tiene el potencial de arrojar luz a los orígenes de este linaje; no 

obstante, la regulación del ciclo celular ha sido caracterizada en pocas especies 

pertenecientes a otros linajes evolutivos, lo cual dificulta una aproximación comparativa. 

En esta tesis, presento el trabajo que ha dado lugar al desarrollo de herramientas para 

la sincronización de ciclo celular y la transfección de ADN en la especie Capsaspora 

owczarzaki, un pariente unicelular de los animales propuesto como organismo modelo 

para entender la transición a la multicelularidad. Estas herramientas han tanto permitido 

inferir aspectos esenciales de la regulación del ciclo celular en el ancestro unicelular de 

los animales, como abrir las puertas para una nueva era de aproximaciones funcionales 

para abordar la pregunta del origen de los animales. 
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Preface  

As many other biologists before me, yours truly hasn’t been the first (nor will be the last) 

to try and explain to himself what ‘life’ is (or what is it about), and would struggle to find 

a way to describe it in simple terms. In retrospective, the closest I have come to this is a 

simple list of three tightly interrelated concepts: diverse, responsive, and self-

perpetuating. ‘Diverse’ because, despite the common building blocks that are 

biomolecules and cells, we observe a huge diversity of extant life forms: microscopic 

bacteria and unicellular eukaryotes, photosynthetic plants and algae transforming the 

energy of the Sun and making this planet hospitable, animals of all kinds predating on 

other organisms and among themselves, all of them occupying all niches and places one 

can think of as inhabitable (and even those ones we wouldn’t). Living organisms are 

responsive as dynamic systems capable of perceive changes in an interacting 

environment and accordingly react at multiple levels (from physiological to behavioural). 

Along the same line, species are not static because they are susceptible to changes and 

alterations that confer them greater fitness over successive generations in time. This 

occurs as living forms self-perpetuate through reproduction, either at the unicellular or 

multicellular levels, either asexually or sexually. All these traits are linked to each other 

by another pivotal concept, the genetic program, in an interplay with consequences at 

the evolutionary time scale. 

It is nothing but mesmerizing that the grandiose scenario that is life on Earth can be 

reduced to a minimal unit of function, the cell. Because all known life descends from a 

single ancestral cell, all life originates from a single-celled state, and a notorious variety 

in all life is explained by differences in the arrangement and types of cells; all of it 

underlied by the ever-running mechanism of cell reproduction, in turn regulated by a 

genome at the mercy of evolution’s whims. 

Let us imagine, for a moment, a gene within a cell. That is, a sequence of DNA; a 

molecule formed by nucleotides, that is, smaller components. May this gene’s product 

be linked to a certain feature. May this feature be some sort of chemical activity within 

the cell, may it be the ability to respond to a cue, may it even be the ability to give rise to 

a cell lineage, responsible to give rise to an essential component within a multicellular 

body plan. 
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Let us think, for a moment, about the many generations and processes of speciation 

during so many millions (I say again, ‘millions’) of years so that, just by chance and only 

chance, some changes in this molecule occurred, that some -but not all- of the changes 

were translated into a certain other feature, at first unnoticed, first in one organism, then 

transmitted to some, then to many, to the point of being present in all and thus becoming 

subjected to selection; that in turn this sequence gathered more changes, that some -

but not all- provided a larger fitness, and were thus transmitted first to some, then to 

many, to the point that it became a normal feature in the species. Only to start over again. 

Let us think, for a moment, about this same process, only for all the features, all those 

details at the structural, metabolic, morphological and behavioral levels, that make a 

species being what it is. 

Hundreds, thousands, hundreds of thousands, perhaps millions of changes in the tiniest 

molecules, inappreciable molecules, for millions of years. And yet, as small as they are, 

they are so important. They determine so many things. They made you to be here, alive, 

sitting and about to read -and hopefully enjoy- my thesis, for example. And not only us 

as a species. Let us think, for a moment, in all those changes but only for all the species, 

all the known and unknown species. All the organisms that were born, that were no more, 

that may have thrived, that may have not. 

As many other biologists before me, yours truly is one who fascinates when drifting away 

in this sea of thoughts, because when one stops and thinks in all the ‘genes within a cell’, 

in all the cells, in all of Earth’s history, it is inevitable to end up admiring the complexity 

and might of life, no matter the definition. To attempt and abstract the immensity of 

evolution of life on Earth down the level of cells, genes, and molecules, is a precious 

exercise to a researcher. An exercise that makes you feel very, very small. 

But, at the same time, happy and proud to be part of such a big thing. 

 

This thesis is my humble attempt to sail this sea of thoughts. Now, if you sail with me… 
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Prefacio 

Como muchos otros antes que yo, este biólogo al que lees no ha sido el primero (ni será 

el último) en intentar darse a sí mismo una respuesta de qué es ‘la vida’ (o de qué se 

trata), y dudaría en cómo sería capaz de describirla con palabras sencillas. En 

retrospectiva, lo más que me he acercado a esto es una lista de tres conceptos muy 

relacionados entre sí: diversa, responsiva, y que se perpetúa a sí misma. Diversa 

porque, a pesar de compartir los ladrillos básicos que son las células, los genes y las 

moléculas, vemos una diversidad enorme de formas de vida: bacterias microscópicas y 

eucariotas unicelulares, algas y plantas fotosintéticas transformando la energía del sol 

y haciendo de nuestro planeta un lugar acogedor, animales de todas clases depredando 

a otros organismos, todo ello ocupando todos los nichos y lugares que uno pueda 

imaginar como habitables (y probablemente también aquellos impensables). Los seres 

vivos son responsivos en tanto que son sistemas dinámicos capaces de percibir cambios 

en un ambiente interactivo, y reaccionan acordemente a múltiples niveles (desde 

fisiológicos hasta de comportamiento). En la misma línea, las especies no son estáticas 

ya que son susceptibles a cambios y alteraciones que les confieren mayor aptitud 

conforme las generaciones se suceden unas a otras. Esto ocurre al tiempo que los seres 

vivos se auto perpetúan al reproducirse, ya sea a nivel unicelular o multicelular, ya sea 

a nivel asexual o sexual. Todos estos atributos están vinculados entre sí gracias a otro 

concepto igual de importante, el programa genético, en un sistema de interacciones con 

consecuencias a escalas evolutivas. 

Es inevitable verse cautivado por el hecho de que, tan grande como es el escenario de 

la vida en la Tierra, pueda reducirse a una unidad mínimamente funcional, la célula. 

Porque toda la vida conocida desciende de una célula ancestral, toda la vida comienza 

como un estadio unicelular, y gran parte de la diversidad de la vida se puede explicar 

por diferencias en la organización de las células. Todo ello subyacido por el incesante 

mecanismo de la reproducción celular, a su vez regulado por un genoma a merced de 

los caprichos de la evolución.  

Imaginemos, por un momento, un gen perteneciente a una célula. Una secuencia de 

ADN, una molécula formada por nucleótidos, es decir, componentes más pequeños. El 

producto de este gen está asociado a cierta característica. Esta característica puede ser 

desde una actividad química en la célula, a la habilidad de responder a cierto estímulo, 
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hasta la habilidad de dar a una progenie de células que formarán un componente 

esencial en el cuerpo de un organismo multicelular. 

Pensemos, por un momento, la de generaciones y especiaciones que habrá habido 

durante tantos millones (repito, millones) de años para que, por azar y sólo azar, hubiera 

cambios en esas moléculas, que algunos (no todos) se tradujesen en cierta 

característica, inicialmente inapreciable, en primero uno, luego varios, luego muchos 

organismos, hasta el punto de estar siempre presente y por tanto sujeto a selección, 

para que a su vez aunase más cambios, que resultasen beneficiosos y se transmitiesen 

a tal cantidad de descendientes de la población que pasó a ser una característica 

habitual en la especie. Y vuelta a empezar. Pensemos, por un momento, en eso mismo, 

pero para todas aquellas características, todos esos detalles, a nivel morfológico, 

estructural, metabólico, … que hace a cierta especie ser la que es. 

Cientos, miles, cientos de miles, quizá millones de cambios en moléculas chiquitísimas, 

inapreciables, durante millones de años. Y sin embargo, por muy inapreciables que 

sean, son tan importantes. Determinan tantas cosas. Han hecho que estés aquí vivo, 

sentado y leyendo mi tesis, por ejemplo. Y no sólo a nosotros como especie. Pensemos 

en esa cantidad de cambios, pero para todas las especies conocidas y por conocer. La 

de organismos que habrán nacido, que habrán muerto, que habrán proliferado, que 

habrán perpetuado sus genes, que no lo hayan conseguido. 

Como muchos otros antes que yo, este biólogo al que lees es de los que se fascina al 

divagar en este mar de pensamientos, porque cuando uno se para a pensar en todos 

los ejemplos de situaciones como la de hoy es inevitable acabar admirando la 

complejidad y poder que tiene la vida, la definas como la quieras definir. Intentar abstraer 

la inmensidad de la evolución en la Tierra pormenorizando en cada detalle hasta llegar 

al nivel de células, genes y moléculas es algo precioso. Y te hace sentir muy, muy 

pequeño. 

Y al mismo tiempo orgulloso de formar parte de algo tan grande. 

Esta tesis es mi humilde intento de navegar ese mar de pensamientos. Y ahora, si  te 

animas a navegar conmigo…
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1. Introduction
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Introduction 

Evolutionary biology focuses on understanding the events and processes that led to the 

current biodiversity and complexity of living organisms. Life as we know it has always 

been subjected to change by evolutionary forces, but the most notorious radiations have 

occurred around the so-called major evolutionary transitions (Rokas, 2008; Szathmary 

and Smith, 1995). These milestones led from simpler self-replicating entities into higher 

ones: the origin and confinement of replicating molecules, and the endosymbiosis of 

prokaryotes giving rise to a new cell architecture, are only some of them. One, in 

particular, stands out due to its multiple appearances across very distant lineages: the 

transition from unicellular to multicellular levels of organization in eukaryotes. In 

multicellular eukaryotes, single cells assemble to form an integrated, coherent collective 

participating as a whole entity in the evolutionary process. Multicellularity per se comes 

hand in hand with emerging properties allowing to create and occupy new ecological 

niches in ecosystems, resulting in an enrichment of the biodiversity. The mechanisms by 

which these emerging properties can be acquired and are regulated are only vaguely 

understood, a reason for which is necessary to define a framework of the rationale 

underlying multicellular systems. 

1.1  Overview of the evolution of multicellularity 

Multicellularity has appeared in a plethora of different lineages, with remarkable mentions 

to the embryogenic multicellularity of land plants, brown algae, fungi, and animals (Adl 

et al., 2019; Grosberg and Strathmann, 2007; King, 2004; Knoll, 2011) (Figure 1A). Albeit 

these lineages are very different among them (with their common unicellular ancestor 

dating back to the radiation of the major groups of eukaryotes, (Adl et al., 2019)), they 

share numerous common aspects. First, they (especially land plants and animals, Fig. 

1D) account for representing a large amount of the diversity in morphologies and 

lifestyles we observe (Bar-On et al., 2018; Mora et al., 2011). Despite all these 

differences, all of them are ultimately formed by cells that originate from one zygotic cell, 

meaning all the cells in a multicellular organism contain (in principle) the same genetic 
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information and can arrange and coordinate to form a coherent body plan following a 

developmental program (Figure 1C). These arrangements culminate in systems and 

tissues that cooperate to maintain the homeostasis of the whole, with specialized cell 

types simultaneously coexisting within the same organism. Unicellular organisms exhibit 

a contrasting ontogeny: they emerge from single cells but do not follow a developmental 

plan. Instead, they temporally transition between life stages widely depending on 

external cues (such as the availability of nutrients or other triggering stimuli), because 

the co-occurrence of different biological processes within the cell is not always possible 

(Figure 1B, 1C). Additionally, unicellular organisms need to cope with the colliding two 

essential processes that are gene expression and DNA replication; in other words, they 

need to integrate the responses to stimuli and the execution of gene expression 

programs while they proliferate and replicate their DNA (Pomerantz and O’Donnell, 

2010). These constraints put unicellular organisms under strong selective pressures for 

optimal response to the surrounding context. 

Multicellular organisms overcome these limitations typical in unicellular organisms: 

spatial differentiation of cell types allows different tasks otherwise incompatible to occur 

at the same time in a single entity. For example, different metabolic pathways like 

nitrogen fixation and photosynthesis are separated in two different cell types in 

cyanobacteria (Fay and Walsby, 1966), machinery-competing processes like mitosis and 

motility can occur in flagellate colonies as some cells swim while others generate more 

cells (Buss, 1988), and the aforementioned replication-transcription colliding is overcome 

by cells with heavily-specialized programs performing unique tasks while delegating the 

process of DNA replication and mitosis to other cell types. Multicellularity also comes 

with the advantages of a larger size: organisms can escape predators but also enhance 

their predatory capabilities, and in the case of autotrophs it provides larger lit surfaces 

(Boraas et al., 1998; Pentz et al., 2015; Ratcliff et al., 2013) (Figure 1C). 

Together, all the mentioned arguments are seen as possible adaptive scenarios where 

multicellularity can develop. In itself, they cannot explain why the transition occurred in 

the first place for two reasons: first, they are rather Darwinian properties and therefore 

cannot be invoked to explain their own evolution (Clarke, 2014; Griesemer, 2001; Libby 

and Rainey, 2011; Rainey, 2007; Rainey and Kerr, 2010); second, selection at the lesser 

level of organization (cells) can disrupt the selection process at the higher level during 

the transition to multicellularity (De Monte and Rainey, 2014; Szathmary and Smith, 

1995) (Figure 1B). A mid-level of selection takes place when all cells within a collective 
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come from the same parental cell: they all have the same fitness level, but fitness across 

collectives is different. This results in a switch from within-group to between-groups 

selection (Figure 1C). Only then the groups become evolutionary units and obey natural 

selection (a detailed description is available in (Szathmary and Smith, 1995) and (De 

Monte and Rainey, 2014)). At some point the forming cells lose the ability to replicate on 

their own and require the context of their higher level of organization (as in specialized 

cell types depending on proliferative signals in tissues; see (Szathmary and Smith, 1995) 

for more examples), due to reasons often not related to the evolution of such complexity 

in the first place. This happens only in organisms with a pre-adaptive value in their 

regulatory program, that is, the genome content. In turn, this pre-adaptive value comes 

from a byproduct of unidirectional changes (mutations) in regulatory systems where their 

parts, originally non-dependant, become increasingly co-dependant, in a two-scale 

scenario of contingent irreversibility (Gray et al., 2010; Lukeš et al., 2011). 

We can think of the origin of animals as a large-scale, illustrative example of pre-

adaptiveness and the acquisition of complexity in the transition to multicellularity. The 

appearance of new genes and regulatory features involved in different aspects of 

metazoans (such as body plan and development) has been linked to the origin of 

animals, including Wnt, TGF-Beta, animal-like enhancers, different histone marks, the 

presence of different networks and interactions, or even the transition between cell types. 

However, numerous studies in comparative genomics have shown that the unicellular 

ancestor of animals was already complex (meaning many of these genes and regulatory 

features were already present). The transition to (and irreversibility of) animal 

multicellularity occurred not because of selection pushing to acquire more complexity, 

but simply because many of the components later part of the  “multicellular toolkit” had 

been selected for other reasons, their interactions ambiguous or non-deleterious to the 

eyes of natural selection. 
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This “two-level” (genomic and cellular), contingent irreversibility allows to explain why 

multicellularity has appeared more than once (their unicellular ancestors with a certain 

degree of complexity in their systems) but neither always nor the same way (other 

lineages are under strong selective pressures, their regulatory mechanisms constricted 

and with a limited margin for evolution). Parallel studies in fungi and plants complement 

this perspective: the expansion of transcription factors in Embryophyta took place for 

different families than animals (de Mendoza et al., 2013), and the formation of fungal 

multicellular structures in Dikarya likely did not involve attachment of daughter cells but 

rather the innovation of septation mechanisms in long, multinucleated hyphae (Nagy et 

al., 2018). In general terms, the acquisition of multicellularity is related to the ability to 

keep cells together, of cells to communicate between them, and of cells to acquire 

specialized functions. The current knowledge suggests that this can happen at different 

levels of regulation by using very different molecular toolkits, including rewiring of cell 

division regulation, expansion of pre-existing signaling genes and transcription factors, 

and the transition from temporal-only to temporal-and-spatial cell differentiation 

(Mikhailov et al., 2009; Szathmary and Smith, 1995). 

Figure 1 (next page). An overview of the origin of multicellularity. A: Phylogenetic tree of 
eukaryotes showing the different lifestyles of multicellularity (adapted from Sebé-Pedrós et al., 
2017). Colored tree leaves indicate the main lineages where the cell cycle has been studied 
and/or characterized. B: The transition to multicellularity: Complex multicellularity such as those 
of animals and landplants can only be achieved when multicellular structures become 
evolutionary units. This can occur only if cells within a group have all the same fitness (S’A, S’B), 
meaning there is no within-group selection that could disrupt selection processes between 
collectives (SA, SB, S’). Red and gray circles represent cell with different genetic information and 
therefore different fitness. C: multicellular organisms (shown in blue) can escape predators (such 
as the rotiferan in the picture) more efficiently than unicellular organisms (single cells stained in 
red), and can couple tasks otherwise incompatible (such as mitosis and flagellar motility). Adapted 
from (Pentz et al., 2015). D: Unicellular organisms often do not follow a complex ontogenetic 
cycle, instead transitioning between different stages and reproducing in response to 
environmental cues. Cells within multicellular organisms divide and proliferate under certain 
conditions according to the needs of the whole organism, such as tissue or organ regeneration, 
and embryonic development, by integrating various signals from the multicellular environment in 
which they are found. Clockwise: Capsaspora owczarzaki adherent cells adapted from (Suga et 
al., 2013), Salamander limb regeneration (Goss, 1969), Zebrafish embryo, and 
Schizosaccharomyces pombe cells (Wikimedia commons). E: different representatives of 
multicellular eukaryotes across the tree of life. Clockwise: a mushroom (Fungi) and mosses 
(Embryophyta) (Wikimedia commons), a colonial individual of Volvox (Wikimedia commons),  the 
sea anemone Nematostella vectensis (Putnam et al., 2007),  and the amoebozoan Dictyostelium 
discoideum.  
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1.2  Cell division underlies multicellular processes 

As pointed by (Szathmáry, 2015), the phenomenon underlying the aspects of 

multicellular life previously discussed (and the same necessary to acquire them) is none 

other than the control of cell division. Something inherent to life’s self-perpetuation is the 

need to preserve the information as the organisms reproduce, in turn meaning that 

faithful replication and splitting of the genetic material must be ensured when cells divide. 

Tight regulation of cell division and proliferation is what drives populations of 

microorganisms to proliferate in optimal environmental conditions, to transition between 

life stages, to establish cell types generating specific responses, or the formation of 

intricate biological structures like body plans in an interplay with the developmental 

program. Cell division is also the mechanism to either directly generate offspring or to 

generate the cells that will give rise to new organisms, implying it is the biological window 

in where changes in the genetic information can be fixed and preserved over time, with 

potential evolutionary implications. Differences in the way cell division operates between 

species (including unicellular and multicellular) are explained by differences in the control 

of the cell division process through the genetic regulatory program. Lastly, recent 

evidences (discussed below) show that tweaking the genetic program of cell division can 

have drastic consequences in the emergence of simple, conglomerate multicellularity. 

A better comprehension of how cell division is controlled by the genetic program across 

different taxa can ultimately impact our knowledge on how the transition to multicellularity 

can happen. For this reason, we need to investigate the process responsible for 

regulating the proper consecution of the different events required for cells to divide: the 

cell cycle. 
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1.3  The cell cycle  

a) An essential order  

DNA replication and mitosis ensures proper cell reproduction 

In the nineteenth century, a contemporary of Charles Darwin named Rudolph Virchow 

introduced the third and then final dictum to the cell theory: Omnis cellula e cellula; all 

cells come from cells (Kuiper, 2010). As previously discussed, all living things (including 

multicellular ones) come from pre-existing cells and descend from a single unicellular 

ancestor. The only way to make a cell is by duplicating a previously existing cell, meaning 

all the material and information in the mother cell needs to be correctly copied and 

transmitted to the daughter cell. This is ensured by timing the duplication and splitting of 

the genetic material. The resulting rounds of replication and division are known as the 

cell cycle, and comprise the essential underlying process of reproduction. 

Controlling the elaborate process of replicating the genome and dividing the cell is 

facilitated by temporally spacing such events into different cell cycle phases of DNA 

Synthesis (S phase) where chromosomes are duplicated, and Mitosis (M phase) where 

they are segregated. In many cases, these events are separated by two gap phases, 

namely G1 (between M and S) and G2 (between S and M), where the cell synthesizes 

different components, multiplies their protein and organelle content and grows in size 

(Morgan, 2007). These phases also offer the cell a time window to inspect their internal 

and external environment for suitable conditions, such as the completion of all the 

previous cell cycle events or environmental cues, before committing to the next one 

(Figure 2 A). 

G1, S, and G2 are together called interphase, as opposed to mitosis.  After division, a 

newborn cell usually grows larger and undergoes active metabolism (read this and make 

sure) during G1. On a certain moment in this phase, the cell can decide if continuing 

proliferation or exiting the cell cycle. If the latter was the case, cells would enter into a 

so-called G0 state or no-return point where they undergo a reprogramming of gene 

expression, for example giving rise to specialized cell types. Sometimes these cells 

never re-enter the cell cycle and stay in G0 until they die. If the cell decided to follow 

further rounds of duplication, several mechanisms are activated to increase cell size and 

to start preparing the cell for DNA replication. This moment is called Start in yeasts, and 
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Restriction Point in mammalian cells. During S phase, each molecule of DNA, or 

chromosome, is replicated and chromatin proteins are synthesized to provide a scaffold 

for the nascent DNA. Centrioles, a particular organelle with a significant role in the 

upcoming stages, are also duplicated in S phase. After DNA replication is completed, the 

cell is committed to continuing into G2 and mitosis. Microtubules assemble around the 

centrioles forming centrosomes, and organelles and the membrane system dissociate, 

including the nuclear membrane, and scatter across the cytosol.  

Upon entering cell division, newly-replicated chromosomes are condensed in densely-

packed structures called chromatids and kept together by cohesins in prophase. A 

macromolecular complex called kinetochore forms on the centromere, the primary 

constriction of chromosomes. The emanation of microtubules from the centrosomes 

originates the mitotic spindle, whose filament tip proteins associate to the kinetochores 

of sister chromatids. The mitotic spindle thus positions centrosomes and the 

chromosomes relative to the plane of division forming the metaphase plate, facilitating 

the subsequent segregation of chromosomes (Figure 2A-B). The tensions of the mitotic 

spindle to pull apart chromatids are compensated by the proteins keeping sister 

chromatids together. In anaphase, a protein signaling cascade triggers the dissociation 

of sister chromatids, resulting in spindle filaments pulling one chromatid of each 

chromosome to either pole of the dividing cell. These structures finish resolving in 

telophase, where the spindle dissociates, and the different organelles are restituted. 

These events comprising nuclear division, also called karyokinesis, are followed by 

division of the cytoplasm or cytokinesis. With variances across cells and species, an 

actomyosin complex forms in anaphase beneath the plasma membrane of the equatorial 

plane, pulling the membrane inside by gradual contraction. Cytokinesis concludes by 

fusion of plasma membrane sealing the gap between the daughter cells. 

Each of the major events in this sequence is binary in response because of their 

implications: once started, the cell is committed to finish. An example is found in cells 

that become refractory to extracellular factors once they have entered cell cycle (Hartwell 

et al., 1974). The disassembly of the nuclear membrane and the condensation of 

chromosomes would disrupt homeostasis if left uncompleted. Similarly, uneven 

segregation of chromosomes due to incomplete DNA replication would yield a newborn 

cell lacking part of the genome, with catastrophic consequences. Concordantly, proper 

cell volume needs to be ensured, meaning checking all the organelles and other cellular 

material are abundant enough to sustain the newborn cells, before starting DNA 



 11 

replication and mitosis. The essential order and pacing of cell cycle phases contributes 

thus to a tight regulation of the cell cycle. 

Because cells can appear in a multitude of contexts, the cell cycle is deployed differently 

on every situation. Two examples are palintomic divisions in vertebrate embryonic cell 

cycles lacking gap phases, or the modified cell cycle in meiosis where two rounds of 

division follow one round of duplication. These adaptations are ultimately variants at the 

robust, multi-layered regulation of the cell cycle, whose aspects are discussed below. 

b) The core control System: CDK-cyclin complexes 

The fundamental regulatory machinery of the cell cycle is a biochemical oscillator of 

protein phosphorylation, ubiquitination, and degradation activities (Morgan, 2007).  The 

central components of this oscillator are a group of protein kinases deeply conserved in 

eukaryotes named cyclin-dependent kinases (Lee and Nurse, 1987; Reed, 1980). These 

kinases control the activity of many other proteins involved in cell cycle control, including 

the activation or inactivation of the main effectors of the cell cycle (Dunphy and Newport, 

1988; Fisher et al., 2012; Hunt, 1989; Lohka, 1989; Peter et al., 1990). As kinases, they 

have the typical two-lobed conformation, with different modifications for further regulation 

(Fig. 3). A flexible portion of their structure, named T-loop, regulates the binding to 

protein substrates (Fig. 3). Another important region is one composed by the two alpha 

helices containing a “PSTAIRE” motif, which interacts with the main partners of CDKs 

regulating their activity over the cell cycle (Fig. 3) (Brown et al., 2015; De Bondt et al., 

1993).  
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Figure 2 (next page): The eukaryotic cell cycle. A: ‘bird’s-eye view’ approximation to the 
eukaryotic cell cycle. White boxes indicate the different events occurring approximately at each 
time, in an approximate way to all analyzed model species. B: an overview of some of the 
important genes regulating two key steps of the cell cycle: DNA replication and cell division.  
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The regulation of the cell cycle, therefore, consists of gradual increases and decreases 

of activity mediated by binding of CDKs to another group of regulatory proteins called 

cyclins (Peeper et al., 1993). Protein levels of cyclins oscillate over the cell cycle by 

transcriptional regulation and protein degradation (Botz et al., 1996; Cross et al., 1999; 

Evans et al., 1983; Kobayashi et al., 2015b; Le Cam, 1999; Ohtani et al., 1995; 

Polanowska et al., 2001), constituting a great example of biological timers in nature. 

Cyclins are not that much conserved in sequence, but they all share a tertiary structure 

of two compact domains with five alpha helices each.  The first compact domain 

corresponds to the cyclin box, a region of 100 amino acids where most of the sequence 

similarity between cyclins concentrates. Sequences outside this box are variable, 

especially the amino-terminal region containing different regulatory and targeting 

domains specific for each cyclin (Brown et al., 1995). Because this fold is also present in 

other transcription factors such as retinoblastoma or TFIIB, it is possible that cyclins 

share a common evolutionary origin with some proteins mediating transcription (Gibson 

et al., 1994). 

Binding of cyclins to CDKs modify the protein conformation of the CDK active site, 

increasing the binding affinity of CDKs for their substrate (Peeper et al., 1993). Each 

cyclin also provides a different degree of affinity to the substrate, which implies that 

different cyclins activate different downstream targets. The range of cyclin-CDK targets 

is expanded by indirect binding of CDKs to substrates via cyclin interactions, or by 

regionalizing CDK activity to a subcellular compartment by co-localization with cyclins. 

Furthermore, cyclin-CDK activity control extends beyond the cell cycle. In animals, 

complexes of both non-canonical and canonical cell cycle cyclins and CDKs have 

specific tissue expression and have been reported to play roles in RNA polymerase II- 

and Wnt/β catenin- based transcription, DNA damage repair, metabolic and epigenetic 

control, or establishing cell fates (Lim and Kaldis, 2013). In yeasts, Cln3 is a cell size 

controller with no periodic activity (Richardson et al., 1989; Wang et al., 2009). 

Because each complex of cyclins and CDKs are active at different stages of the cell 

cycle, they are named G1/S, S, or M cyclins and CDKs, although this classification does 

not always apply. Under certain circumstances, such as different cell types, the same 

cyclin can participate in different cell cycle events. In some animal embryonic cells where 

there is no restriction point, G1/S cyclin levels remain high during the cell cycle and 

behaves as the S phase cyclin, while the otherwise S cyclin acts during M phase 



 14 

(Morgan, 2007). Together with their many downstream targets, cyclin-CDK complexes 

of one phase also mediate the activation of complexes of the next phase, generating a 

robust regulation of progression of the cell cycle. 

 

 

Fig. 3: Cyclin-dependent kinases, the drivers of the cell cycle. A: the three-dimensional 
structure of CDK2, an S-phase CDK in human cells. Red indicates the PSTAIRE motif, and green 
indicated the T-loop motif. Key residues in the active site are highlighted. When CDK2 interacts 
with cyclin A (far right), it suffers a conformational change and the active becomes accessible. 
Further activity is enhanced by CDK-activating kinases (CAKs). B: an alignment of seven CDKs 
sequences (three yeasts, two plants and two human orthologs). Highly conserved sites are 
highlighted in yellow. PSTAIRE and T-loop follows the same color scheme as A. Adapted from 
Morgan et al., 2004. 

ScCDK       MSGELANYKRLEKVGEGTYGVVYKALDLRPGQGQRVVALKKIRLESEDEGVPSTAIREIS 60
CaCDK       -MVELSDYQRQEKVGEGTYGVVYKALDTK--HNNRVVALKKIRLESEDEGVPSTAIREIS 57
SpCDK       ----MENYQKVEKIGEGTYGVVYKARHKL---SGRIVAMKKIRLEDESEGVPSTAIREIS 53
HsCDK1      ----MEDYTKIEKIGEGTYGVVYKGRHKT---TGQVVAMKKIRLESEEEGVPSTAIREIS 53
HsCDK2      ----MENFQKVEKIGEGTYGVVYKARNKL---TGEVVALKKIRLDTETEGVPSTAIREIS 53
AtCDKA      ----MDQYEKVEKIGEGTYGVVYKARDKV---TNETIALKKIRLEQEDEGVPSTAIREIS 53
OsCDKA      ----MEQYEKEEKIGEGTYGVVYRARDKV---TNETIALKKIRLEQEDEGVPSTAIREIS 53

ScCDK       LLKELKD----DNIVRLYDIVHSDAHKLYLVFEFLDLDLKRYMEGIPK--DQPLGADIVK 114
CaCDK       LLKEMKD----DNIVRLYDIIHSDSHKLYLVFEFLDLDLKKYMESIPQ--GVGLGANMIK 111
SpCDK       LLKEVNDENNRSNCVRLLDILHAES-KLYLVFEFLDMDLKKYMDRISETGATSLDPRLVQ 112
HsCDK1      LLKELRH----PNIVSLQDVLMQDS-RLYLIFEFLSMDLKKYLDSIPP--GQYMDSSLVK 106
HsCDK2      LLKELNH----PNIVKLLDVIHTEN-KLYLVFEFLHQDLKKFMDASAL---TGIPLPLIK 105
AtCDKA      LLKEMQH----SNIVKLQDVVHSEK-RLYLVFEYLDLDLKKHMDSTPD---FSKDLHMIK 105
OsCDKA      LLKEMHH----GNIVRLHDVIHSEK-RIYLVFEYLDLDLKKFMDSCPE---FAKNPTLIK 105

ScCDK       KFMMQLCKGIAYCHSHRILHRDLKPQNLLINK-DGNLKLGDFGLARAFGVPLRAYTHEIV 173
CaCDK       RFMNQLIRGIKHCHSHRVLHRDLKPQNLLIDK-EGNLKLADFGLARAFGVPLRAYTHEVV 170
SpCDK       KFTYQLVNGVNFCHSRRIIHRDLKPQNLLIDK-EGNLKLADFGLARSFGVPLRNYTHEIV 171
HsCDK1      SYLYQILQGIVFCHSRRVLHRDLKPQNLLIDD-KGTIKLADFGLARAFGIPIRVYTHEVV 165
HsCDK2      SYLFQLLQGLAFCHSHRVLHRDLKPQNLLINT-EGAIKLADFGLARAFGVPVRTYTHEVV 164
AtCDKA      TYLYQILRGIAYCHSHRVLHRDLKPQNLLIDRRTNSLKLADFGLARAFGIPVRTFTHEVV 165
OsCDKA      SYLYQILRGVAYCHSHRVLHRDLKPQNLLIDRRTNALKLADFGLARAFGIPVRTFTHEVV 165

ScCDK       TLWYRAPEVLLGGKQYSTGVDTWSIGCIFAEMCNRKPIFSGDSEIDQIFKIFRVLGTPNE 233
CaCDK       TLWYRAPEILLGGKQYSTGVDMWSVGCIFAEMCNRKPLFPGDSEIDEIFRIFRILGTPNE 230
SpCDK       TLWYRAPEVLLGSRHYSTGVDIWSVGCIFAEMIRRSPLFPGDSEIDEIFKIFQVLGTPNE 231
HsCDK1      TLWYRSPEVLLGSARYSTPVDIWSIGTIFAELATKKPLFHGDSEIDQLFRIFRALGTPNN 225
HsCDK2      TLWYRAPEILLGCKYYSTAVDIWSLGCIFAEMVTRRALFPGDSEIDQLFRIFRTLGTPDE 224
AtCDKA      TLWYRAPEILLGSHHYSTPVDIWSVGCIFAEMISQKPLFPGDSEIDQLFKIFRIMGTPYE 225
OsCDKA      TLWYRAPEILLGSRQYSTPVDMWSVGCIFAEMVNQKPLFPGDSEIDELFKIFRVLGTPNE 225

ScCDK       AIWPDIVYLPDFKPSFPQWRRKDLSQVVPSLDPRGIDLLDKLLAYDPINRISARRAAIHP 293
CaCDK       EIWPDVNYLPDFKSSFPQWKKKPLSEAVPSLDANGIDLLDQMLVYDPSRRISAKRALIHP 290
SpCDK       EVWPGVTLLQDYKSTFPRWKRMDLHKVVPNGEEDAIELLSAMLVYDPAHRISAKRALQQN 291
HsCDK1      EVWPEVESLQDYKNTFPKWKPGSLASHVKNLDENGLDLLSKMLIYDPAKRISGKMALNHP 285
HsCDK2      VVWPGVTSMPDYKPSFPKWARQDFSKVVPPLDEDGRSLLSQMLHYDPNKRISAKAALAHP 284
AtCDKA      DTWRGVTSLPDYKSAFPKWKPTDLETFVPNLDPDGVDLLSKMLLMDPTKRINARAALEHE 285
OsCDKA      QSWPGVSSLPDYKSAFPKWQAQDLATIVPTLDPAGLDLLSKMLRYEPNKRITARQALEHE 285
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c) The transcriptional program during the cell cycle: Transcription 

factor networks and effector machineries 

Both DNA replication and mitosis require a highly specific set of proteins and molecules 

that need to be present and expressed for such a ready-state of the machinery. Cell 

division cycles are linked to a temporal transcriptional program that ensures the presence 

of proteins when they are required. Different networks of transcription factors allow the 

“just-in-time” expression of many necessary downstream targets such as DNA replication  

or cell division proteins (Bendris et al., 2015; Doenecke, 2016).  For instance, the E2 

Factors - Retinoblastoma (E2F-Rb) network of transcription factors controls initiation of 

DNA replication in many eukaryotes (including animals) at the G1/S transition (Goodrich 

et al., 1991; Grant et al., 2013; Ishida et al., 2001) and are indirectly involved in the 

transcriptional regulation of G2/M by controlling the expression of other transcription 

factors, such as FoxM1 or B-Myb (Costa, 2005; Grant et al., 2013; Laoukili et al., 2005; 

Musa et al., 2017; Sadasivam et al., 2012). In yeasts, G1/S is driven by the SBF-MBF, 

Fkh1-2 and Hcm1 networks (Gefeng et al., 2000; Pramila et al., 2006; Reynolds et al., 

2003). To a certain extent, these networks can run and self-regulate independently in 

parallel to progression through the cell cycle (Orlando et al., 2008). 

In this thesis, the term “periodic transcriptional program” of a cell or a species refers to 

the catalogue of genes with oscillatory expression during the cell cycle of that cell type 

or species. The periodic transcriptional program typically groups in clusters of 

coexpressed genes that correspond to temporal waves of transcriptional activation, 

occasionally regulated by the same transcription factor (Fig. 4, Fig. 2) (Pramila et al., 

2006). The two, most typical temporal waves found across species occur at the onset of 

DNA replication and mitosis, and are thus named the G1/S wave and the G2/M wave. 

The G1/S wave typically includes genes such as DNA polymerases, helicases, 

ribonucleotide synthases, histones, chromatin protein biosynthesis, and other proteins 

necessary to start and proceed through DNA replication (Whitfield et al., 2002) (Figure 

2B). This temporal wave is mainly regulated by the E2F-retinoblastoma (Rb) complex 

(Fig. 4). The G2/M wave comprises mitotic spindle proteins, chromatin remodelers, and 

different regulators with a role in cell division: cohesins, keeping sister chromatids 

together; condensins, sister proteins of cohesins implicated in chromosome 

condensation; aurora kinase A, a serin-threonin kinase implicated in the function of the 

centrosomes and the mitotic spindle, aurora kinase B, a related protein involved in the 
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alignment and segregation of chromosomes; and polo-like kinase 1, a protein that 

indirectly triggers the separation of sister chromatids in collaboration to the Anaphase-

promoting complex (see below) (Golan et al., 2002; Hansen et al., 2004; Kotani et al., 

1998; Moshe et al., 2004) (Figure 2B). This wave is usually regulated by transcription 

factors from the Forkhead family, such as FoxM1 in animals or Fkh in yeasts (Fig. 4). 

Other biological processes that depend on cell cycle can also be subjected to periodic 

transcriptional regulation, such as metabolism, growth, synthesis of organelle 

components, development, cell differentiation, or programmed cell death (Cho et al., 

2001; Kalucka et al., 2015). 

Transcriptional activity during the cell cycle is present in numerous species and cell 

types, although many of the genes who are periodically expressed are unique to each. 

For example, it is common to find G2/M-upregulated genes related cytokinesis in every 

species, although the underlying mechanisms of cell division are different: mitosis and 

cytokinesis in animal cells, budding or fission in bud and fission yeasts, or cell wall 

deposition in Arabidopsis (Guertin et al., 2002). 

 

Figure 4: The transcriptional waves of the cell cycle. In the transition to G1/S, cyclins and 
CDKs phosphorylate Retinoblastoma (Rb) and prevent its inhibition of E2F transcription factors. 
In turn, this leads to an increased gene expression of S cyclins, proteins of DNA replication, and 
other genes with a role in the following steps (in turquoise). In G2/M, cyclins and CDKs activate 
the FoxM1 transcription factor, resulting in the upregulation of M-phase genes (in red). 
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d) A multi-layered, regulatory interplay: Checkpoints 

A robust control of the cell cycle progression is mainly achieved by the previously 

discussed layers of regulation. In turn, these layers of regulation are further controlled 

by additional regulatory proteins outside the cyclin-CDK control system, by the effector 

proteins themselves via feedback loops, by integrating third-party signaling such as 

controlling cell size or mitogenic extracellular factors, and by cross-talking between each 

layer of regulation. Moreover, all of these regulatory mechanisms not only control the 

events in their own cell cycle phase, but also those of other phases. 

Further modulation of CDK-cyclin complex activity occurs by full activation or inhibition. 

Full activity is achieved by CDK-Activating kinases (CAKs), as cyclin binding alone 

cannot fully activate CDKs. These enzymes phosphorylate a residue adjacent to the 

kinase active site that further enhances catalytic activity of CDKs, a modification that is 

not reversible. Kinases in charge of activating CDKs not necessarily bear homology 

across species, with animals using another CDK-cyclin in a larger complex and yeasts a 

monomeric protein. To prevent overlap between different complexes, CDKs and cyclins 

of a certain phase are inactive in the rest. Because dephosphorylation by CAKs is not 

reversible, CDK activity is downregulated by CDK-Inhibitor Kinases (CIKs), and CDK-

inhibitor proteins (CKIs). Inhibitor kinases can phosphorylate kinases in different residues 

than CAKs to drive them in an inactive state (Morgan, 2007). Inhibitor proteins bind and 

inactivate cyclin-CDK complexes: one important example are the proteins p21 and p16, 

from the INK4 family stabilising G1 phase and preventing re-entry into cell cycle (Beach 

et al., 1993; Polyak et al., 1994; Wade Harper et al., 1993; Xiong et al., 1992). Another 

example is the protein Wee1, a kinase that prevents entry into mitosis by inhibiting mitotic 

CDKs (Den Haese et al., 1995) (Figure 5). Cyclin levels are in turn lowered by protein 

degradation. A ubiquitin-ligase macromolecular complex named the Anaphase-

promoting complex (APC) degrades different targets of the cell cycle depending on 

different regulatory subunits. S and M cyclins and securin, among other proteins, are 

degraded in the presence of Cdc20 subunit at the end of M phase. Securin is the first 

step in the cascade to degrade cohesins and promote sister chromatid separation 

(Cohen-Fix et al., 1996; Shirayama et al., 1999). M CDKs are degraded when APC binds 

Cdh1 during G1 until before entering to a new cycle (Visintin et al., 1997).  

Some additional mechanisms of regulation are only now being investigated, such as 

tridimensional chromatin architecture and epigenetic regulation across different cell cycle 
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phases. Concomitant to the unfolding of chromatin following DNA replication, early-S 

phase chromatin shows a lower degree of insulation in topologically-associated domains 

compared to later-S, mitosis or G1, where the DNA is tightly packed and later expanded 

(Nagano et al., 2013). These changes in chromatin  are accompanied by active and 

inactive epigenetic marks, respectively (Pope et al., 2014). In this deterministic scenario 

of cell cycle-regulated chromosomal dynamics, the cell still manages to integrate 

regulatory programs -like responses to stimuli or cell fate specification- that often imply 

genome reorganization and epigenetic regulation, but how this is done is still beyond full 

comprehension.  

Cell cycle regulation is more than independent layers of regulations: First, these different 

mechanisms interact with each other. The periodic transcriptional program is regulated 

by the cyclin-cdk control and vice versa: upon entry into S phase, G1 cyclin-CDK 

complexes phosphorylate the repressor protein Retinoblastoma (Rb) to release the 

transcription factor E2F and trigger the upregulation of genes in S phase (Fig. 4). In turn, 

expression level of mitotic cyclins is usually regulated by the transcription factors 

controlling the mitotic transcriptional wave (Costa, 2005; Pramila et al., 2006) (Fig. 4). 

Secondly, cell cycle regulation occurs across time between phase-specific regulators: 

some can inhibit those of the previous phase and upregulate those of the next phase. 

For example, cyclin-CDK complexes in G1 increase the expression of S cyclins and later 

M cyclins (Morgan, 2007). Other examples are CKIs Kip/Cip, which repress G1 

cyclin/CDKs but are required to form active G1/S cyclin/CDK complexes (Polyak et al., 

1994). The APC keeps active during G1 by binding the Cdh1 subunit, preventing early 

activation of mitotic cyclins and thus promoting unidirectional progression through the 

cell cycle (Fang et al., 1998; Sudo et al., 2001; Visintin et al., 1997). 

Lastly, the cell cycle is not an isolated process occurring indifferent to the surrounding 

context. Different ways to integrate input from other processes in the regulation of the 

cell cycle include cell size and nutrient monitoring systems, such as Cln3 or PFK2 in 

yeasts (Newcomb et al., 2003), or the Cyclin D-CDK4,6- mediated response to mitogens 

in animal cells. 

The resulting regulatory interplay of cyclin-CDK control, transcriptional regulation, 

temporal regulatory feedback, and third-party modulation, allows the cell to monitor both 

internal and external cues over time in the so-called checkpoints. Only when all the 

requirements of a certain checkpoint are satisfied will the cell decide to progress through: 
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before committing into DNA replication and mitosis, it is required to ensure the cell is 

large enough to give rise to two newborn cells, that the DNA is not damaged before DNA 

replication, and that the environment is suitable. The regulatory elements controlling 

these aspects constitute the G1/S checkpoint. The cell will not proceed into mitosis until 

all chromosomes are attached to a spindle tip, and until the two centrosomes are located 

in the plane of division, constituting the spindle checkpoint. Sister chromatids will not 

separate until all the chromosomes have been replicated and they are positioned in the 

metaphase plate attached to the mitotic spindle, constituting the mitotic checkpoint. 

Overall, checkpoints reflect a reinforced selective pressure for cells to follow a 

sequential, logical order of events strictly in response to very specific conditions. 

 

1.4  Adaptations of the cell cycle in different life situations 

Cell reproduction is so pivotal and deeply rooted in the life cycles of all species that it is 

almost logical to think it is different for each organism. However, a broad glance across 

different eukaryotic lineages reveals as many differences as similarities, the latter 

sometimes convergent. It is neither easy nor practical to describe the cell cycle regulation 

of different organisms without a comparative approach. For this reason, the writing of 

cell cycle features below is inevitably biased towards the study of classical model 

systems; in particular, and pertinent to our topic of study in this thesis, a focus is done 

into comparisons from the perspective of the cell cycle in cells from multicellular systems, 

namely animals. 

a) The prokaryotic cell cycle 

Although the work in this thesis focuses on cell cycle regulation in eukaryotes, 

prokaryotes also follow progression through a cell cycle. There are two main groups of 

prokaryotes: Bacteria and Archaea (Madigan et al., 2008). They share some similarities 

due to their prokaryotic organization, such as the genome encoded in one single circular 

molecule and the presence of a cell wall, but differences in multiple aspects place 

Archaea and Bacteria as very distantly related lineages. Cell cycle in prokaryotes is one 

of those different aspects. 

The most studied bacterial cell cycle is that of Escherichia coli (Dewachter et al., 2018; 

Donachie, 1993), where a cell size control mechanism triggers the initiation of DNA 
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replication upon growth to a critical mass. A protein named DnaA binds to the only origin 

of replication in the chromosome, oriC, and opens the different strands. Unlike the linear 

chromosomes in eukaryotes, bacterial chromosomes are circular and end up physically 

interlinked after DNA replication, their decatenation mediated by topoisomerases. 

Simultaneously to DNA replication, chromosomes start  segregating by yet unclear 

mechanisms, with both passive (entropy) and active (protein activity) forces putatively 

involved (Graumann, 2014). Septation occurs at mid cell and is coordinated with 

chromosome segregation (Donczew et al., 2016). The Z ring, a dynamic ring of tubulin-

homologue polymers named FtsZ, acts as a scaffold to recruit numerous proteins 

involved in the generation of  constriction forces that ultimately divide the cell in two. 

The cell cycle in Archaea, however, is more similar to that of eukaryotes. Archaeal cell 

cycle phases are similar to the described above and spend most of their time in their 

equivalent of G2 (Lindås and Bernander, 2013). Many mechanisms and effector proteins 

are conserved between archaea and eukaryotes, including the cytoskeletal and 

replication machinery (Orc Cdc6, Mcm); Archaea can have multiple replication origins, 

in contrast to Bacteria (Wu et al., 2014). These similarities reflect the evolutionary origin 

of eukaryotes within the Archaea division (Eme et al., 2017). Interestingly, serine-

threonine kinases have been found to highly oscillate during the archaeal cell cycle, 

hinting to the fact that maybe regulators similar to CDKs may also be present in Archaea 

(Lundgren and Bernander, 2007). 

 

Figure 5: prokaryotes have a different cell cycle. A simplified model of cell division in 
Escherichia coli by binary fission. Newly synthetized DNA is shown in blue. Chromosomes (black) 
are pulled apart from the origin of replication (oriC) as DNA replication concludes, and a cell wall 
constriction takes place at midcell in the Z ring (FtsZ). 

 

  

oriC

FtsZ

Bacterial chromosome



 21 

b) The cell cycle in unicellular eukaryotes: Yeasts as a model system 

Yeasts have historically been a powerful model system to understand cell cycle 

regulation in eukaryotes with all the advantages of a unicellular organism, such as a rapid 

generation time or the ability to do quick, large scale mutant screenings. Specifically, two 

species have been largely characterized at the cell cycle level: the budding yeast 

Saccharomyces cerevisiae, and the fission yeast Schizosaccharomyces pombe. 

Yeast cell cycle structure slightly differs from the arrangement described in previous 

sections. While DNA replication and mitosis still occur in separate phases, there is no 

G2 in S. cerevisiae phase because budding begins when the cell starts replicating the 

DNA and chromosomes can be segregated immediately after DNA replication. Recent 

findings hint that these processes are so overlapped that DNA replication even finishes 

in anaphase (Ivanova et al., 2018). Moreover, full cell separation occurs already into the 

next cycle (Morgan, 2007). In S. pombe, the cell has already passed the cell size 

threshold to enter a new cell cycle before completing former cytokinesis; thus, DNA 

replication starts as the cell septates (Hagan et al., 2016; Mitchison and Creanor, 1971) 

(Fig. 6). In addition, yeast mitosis occurs without the disassembly of the nuclear 

membrane, and the machinery used to separate chromosomes, named the spindle pole 

body, is different from the centrosome (Kilmartin, 2014). Entry into the cell cycle is 

controlled by external cues, such as the presence/abscence of mating pheromones 

which can trigger arrest or progression through the cycle (Strickfaden et al., 2007), or 

intracellular cues such as cell size regulated by dillution of the repressor Whi5 (Schmoller 

et al., 2015). 

Albeit present in all eukaryotes, the cyclin and CDK gene families have undergone 

independent expansions and subfunctionalization in every major eukaryotic lineage, 

including opisthokonts --the branch where animals and fungi are found, among others 

(Figure 1A) (Cao et al., 2014; Medina et al., 2016). For example, in S. cerevisiae, one 

single CDK sequentially binds to nine cyclins in three temporal waves (Bloom and Cross, 

2007; Mendenhall and Hodge, 1998): Cln1-2 are expressed in G1 and mark the 

commitment to a new cycle (Cross and Tinkelenberg, 1991; Nasmyth and Dirick, 1991; 

Richardson et al., 1989; Skotheim et al., 2008), Clb5,6 promote DNA replication at S 

phase (Epstein and Cross, 1992; Schwob and Nasmyth, 1993), and Clb 1-4 drive 

progression through mitosis. The fission yeast S. pombe has a single CDK that also 

binds different cyclins at G1,S, and M: Cig1,2 drive progression through G1 and S phase 
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(Martín-Castellanos et al., 2000; Mondesert et al., 2015), and Cdc13 drives progression 

through mitosis (Booher and Beach, 1988; Booher et al., 1989). However, a single CDK-

Cyclin complex can drive progression through the entire cell cycle in this species 

(Coudreuse and Nurse, 2010). CAKs, the kinases in charge of fully activating CDKs, are 

partially conserved with their animals counterparts (Morgan, 2007). 

Transcriptional regulation of the G1/S transition in yeasts is driven by SBF and MBF, two 

transcription factor complexes that are exclusive to Fungi and bear no homology to the 

paneukaryotic transcription factor E2F (Iyer et al., 2001). Recent findings show that these 

transcription factors were acquired through lateral gene transfer from a virus during 

fungal evolution (Medina et al., 2016). In addition, other transcription factors in S. 

cerevisiae are the mitotic Fkh2 (Gefeng et al., 2000; Reynolds et al., 2003) or Hcm, a 

Forkhead-class transcription factor controlling progression through G2 and mitosis 

(Pramila et al., 2006). Some of these transcription factors are coordinated within the 

same network in budding yeast, whereas in fission yeast they operate in parallel (Rustici 

et al., 2004). The cell cycle transcriptional program has also been investigated in the 

fungal pathogens Cryptococcus neoformans and Candida albicans. Interestingly, only a 

relatively small set of common genes is cell cycle-regulated in the three species, with 

many shifting their time of peak expression in the cell cycle (Côte et al., 2009; Kelliher et 

al., 2016). Thus, periodic transcriptional programs across yeasts are similar only at the 

surface level, as many of their periodic genes obey to the production of secondary 

metabolites or the two entirely different mechanisms of cell division that are, in the case 

of S. cerevisiae and S. pombe, bud formation and cell fission (Pramila et al., 2006; Rustici 

et al., 2004).  

Overall, it has become increasingly clear that many otherwise conserved cell cycle 

regulators have been lost and independently evolved in the fungal lineage compared to 

the ancestral opisthokont (Cooper, 2006; Cross et al., 2011; Kearsey and Cotterill, 2003; 

Medina et al., 2016; Rhind and Russell, 2000). This is most dramatic in yeasts, known 

to have lost and reinvented a substantial number of other cellular components (Gallone 

et al., 2016; Nguyen et al., 2017; Rhind et al., 2011; Steenwyk et al., 2019). 
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c) Other unicellular eukaryotes 

Social amoebae 

Amoebozoa is a group of unicellular amoeboid eukaryotes that, together with 

opisthokonts and other lineages, form the clade Amorphea (Figure 1). Within 

Amoebozoa, cell cycle regulation has also been investigated in the so-called social 

amoebae: Dictyostelium discoideum and Physarum polycephalum.  

D. discoideum is an amoeba that grows in unicellular populations until starvation and 

other signals induce the aggregation of cells into a “slug”, a superorganism with the ability 

to migrate (Robertson and Grutsch, 1981). After settling, the slug transforms into a 

sessile structure with a stalk and a fruiting body, from which spores of single cells are 

released. The fate of a cell within the whole entity (slug head, tail, stalk, fruiting body…) 

is determined by their cell cycle phase when aggregation occurs (Gomer and Firtel, 

1987). In cell cultures of Dictyostelium, cells spend a long time in G2 phase; S phase 

and M are short in proportion, and there is no detectable G1 (Weijer et al., 1984). Other 

than that, it has a conventional cell cycle toolkit with one CDK, different cyclins of 

B/C/H/L/T/Y types (Cao et al., 2014), a recognizable APC, aurora and polo kinases, and 

a retinoblastoma ortholog involved in the regulation of typical S and M phase genes 

(Strasser et al., 2012). There is little known about temporal waves of gene expression, 

or how it regulates entry into the cell cycle. 
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Figure 6: The diversity of cell cycles across unicellular eukaryotes.	

In P. polycephalum, the vegetative phase of this species is a plasmodium, a syncytium 

where all the nuclei are surrounded by a common plasma membrane forming a giant, 

multinucleated cell (Guttes and Guttes, 1964). Nuclei within a plasmodium divide 

synchronously by accumulation of a cytosolic spreading factor that triggers mitosis 

(Guttes et al., 1961; Rusch et al., 1966; Sachsenmaier et al., 1972)). There are 

documented evidences accounting for a mass/size controller acting in G2 (Dove et al., 

1986); thus, the checkpoint triggers nuclear division followed by immediate DNA 

synthesis, leaving no G1 phase such as in D. discoideum. Concomitantly, cyclin B1 

accumulates during G2 phase and likely mediates progression through mitosis (Rajan et 

al., 2014). There are waves of expression of important genes for DNA replication such 

as histones (Dove et al., 1986). DNA polymerase peaks at G2 matching the readiness 
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of the replication machinery upon chromosome segregation, and tubulin peaks at 

mitosis, likely because they lack a inactive tubulin stock as typical of mammalian cells 

(Dove et al., 1986). 

Kinetoplastids and apicomplexans: parasitic and pathogenic protists 

Because of their impact in human and animal health, two eukaryotic groups where the 

cell cycle has been heavily studied are kinetoplastids and apicomplexans. 

Kinetoplastids derive from a group of photosynthetic organisms within Excavata named 

euglenids and have a kinetoplast, a unique organelle harboring a large amount of DNA 

in association to the basal body of the flagellum. Some of them are free living, but in the 

group Trypanosomatids we find the pathogens Trypanosoma  and Leishmania. 

Kinetoplastids have their own set of ten independently expanded cyclins, with three of 

them resembling B-type cyclins of animals and other eukaryotes. Similarly, CDKs have 

evolved independently into CRKs. It is likely that CRK activity is regulated by divergent 

activators and inhibitors, as many CDK residues key to canonical CAK/CKI regulation 

are different in CRKs; in parallel to this, only a limited number of these activators and 

inhibitors are conserved with other eukaryotes (Li, 2012). Cell cycle progression is 

mediated by CRKs and cyclins: CRK1,2 and CYC2,4,5,7 are required for progression 

through G1 and G1/S (Gourguechon and Wang, 2009; Hammarton et al., 2004; Li and 

Wang, 2003) and CRK3 (homolog of animal mitotic CDK), CRK9, and CYC2,6 are known 

to control progression through mitosis (Gourguechon and Wang, 2009; Hammarton et 

al., 2004, 2003). In S phase, DNA replication origins are recognized by a highly derived 

set of ORC proteins, and Kinetoplast DNA is replicated by an independent machinery 

from the nuclear one (De Melo Godoy et al., 2009; Tiengwe et al., 2012). How 

chromosomes segregate is still not very clear, since less than the required amount of 

kinetochores per chromosome are formed (Tan et al., 2005). Interestingly, cell cycle 

control is deployed differently between Trypanosoma life stages, with bloodstream cells 

lacking a cytokinesis checkpoint, contrary to procyclic cells (Wheeler et al., 2013). 

Apicomplexa encompasses a group of single-celled, obligate intracellular parasites 

distantly related to a group of free living unicellular algae within alveolates (Woo et al., 

2015). Apicomplexans differ in host and life cycles but share common adaptations to 

parasitic lifestyle such as the apical complex, an organelle made of cytoskeletal and 

secretory (White and Suvorova, 2018). Among these adaptations, they can decide to 

undergo different types of cell cycles, concomitant to the parasitic lifestyle: from budding 
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to fission and from one replication to multiple DNA replications (Ferguson et al., 2008).  

The molecular basis of the cell cycle is formed by a mixture of conserved and newly 

evolved proteins. As Trypanosomatids, Apicomplexa have a derived set CDKs also 

named CRKs. G1/S transition is regulated by the ApiAP2 family of transcription factors, 

instead of E2F/Rb. This family was acquired through lateral gene transfer from an algal 

endosymbiont in the photosynthetic ancestor (White and Suvorova, 2018). DNA 

replication machinery is conventional, but regulated by a novel kinase (Matthews et al., 

2018). No G2/M checkpoint exists as no G2 phase is detected in apicomplexans. In 

mitosis, chromosome segregation and the spindle assembly checkpoint are regulated by 

aurora kinases and the APC, but polo-like kinases have been lost and another CRK 

controls exit from mitosis (Ganter et al., 2017; Suvorova et al., 2013). Interestingly, 

apicomplexans can decouple karyokinesis from cytokinesis during endopolygeny by 

using two independent microtubule organizing centers, in order to produce large 

offsprings in their infection cycles (Courjol and Gissot, 2018). This is controlled by a 

newly evolved CRK that is able to trigger chromosome segregation only in nuclei in a 

post-replicative state; the mechanisms by which these are distinguished from those in S 

phase are still unknown although local regulation has been suggested (Dorin-Semblat et 

al., 2013; Francia and Striepen, 2014; Naumov et al., 2017).  

Overall, because of their condition as unicellular parasites, the cell cycle control in 

Trypanosomatids and apicomplexans is tightly related to developmental control, and 

they have evolved different ways to regulate cell cycle control in compensation for the 

gene losses concomitant to their parasitic lifestyles  (Li, 2012; White and Suvorova, 

2018). 

Photosynthetic unicellular eukaryotes 

In Chlamydomonas reinhardtii, a unicellular green alga closely related to multicellular 

volvocales algae (Figure 1A,E) (Herron, 2016), progression through the cell cycle is 

coupled to the circadian clock (Zones et al., 2015). Cells proceed synchronously through 

G1 during the day and undergo multiple rounds of DNA synthesis and mitosis during the 

first night hours. Newborn cells remain in G0 until dawn, where they start growing in 

mass again. Due to this deployment of the cell cycle, most of Chlamydomonas genes 

are periodically expressed throughout day/night shifts, including those encoding 

photosystems and biosynthesis of pigments proteins ((Zones et al., 2015). In this 

program, most cell cycle-related genes peak before (DNA replication machinery) or after 
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(mitosis) dusk, including many conserved cell cycle regulators such as the APC, E2F1, 

MAT, CKS1, cyclins, and CDKs. The latter two have also undergone independent 

expansions in Archaeplastida (the group comprising green algae and plants) (Gutierrez, 

2009). 

Dinoflagellates, another group of photosynthetic eukaryotes with remarkable impacts in 

marine ecology (Hackett et al., 2004; Wang, 2008), follow a similar pattern. They 

complete a typically-phased cell cycle in a 24 hour period, with G1 during the day, S 

phase in the first hours of night, and G2/M during the rest of the night (Bhaud et al., 2000; 

Wang et al., 2013); these cell cycles can be affected by perturbations in the environment 

such as light and nutrient (Olson and Chisholm, 1986; Taroncher-Oldenburg et al., 1999). 

Phylogenetic analyses have shown that dinoflagellates have cyclins and CDKs from the 

same families as animal S and M cyclins and CDKs (Morse et al., 2016). Among these, 

homologs of conventional G1, G1/S, and M cyclins have been documented to peak at 

their respective phases (Barbier et al., 2003; Shi et al., 2017; Zhuang et al., 2013). 

Although protein levels of histones and proliferation markers during dinoflagellate cell 

cycle match with cell cycle dynamics previously described in other species (Brunelle and 

Van Dolah, 2011; Wang et al., 2013), little is known about global cell cycle gene 

expression in these organisms. 

From the study of all these unicellular eukaryotes, we have learnt that cell cycle in 

unicellular species is tightly coupled to other fundamental processes of their lifestyles, 

such as complex development life cycles, circadian rhythms, mating, or metabolism. 

Secondly, we already observe large differences in cell cycle deployment in a not-so-large 

number of examples that only represents a small percentage of the currently estimated 

eukaryotic diversity (Del Campo et al., 2014). While cell cycle regulation has been 

studied in a selected number of eukaryotes for different reasons (like being pathogens, 

because they are model systems, or because they have an ecological impact), their 

differences in cell cycle regulatory programs point to a larger unknown diversity of cell 

cycle regulation awaiting to be unraveled. 
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d) Multicellular organisms: animals and plants 

Animals and plants belong to opisthokonts and archaeplastids, respectively, two 

lineages of eukaryotes that are very distantly related. Despite this, they share many 

similarities due to their embryogenic multicellular lifestyles. In contrast to unicellular 

organisms, animal and plant cells grow and proliferate under certain conditions according 

to the needs of the whole collective, such as regeneration or embryonic development 

(Figure 1D). This occurs by integrating various signals from the multicellular environment 

in which they are found: in both lineages, G1 cyclins control entry into cell cycle in 

response to extracellular mitogenic and hormonal signals ((Matsushime et al., 1994, 

1991); reviewed by (Sherr, 1995) and (Klein and Assoian, 2008); (Gutierrez, 2009)). 

Animals and plants are formed by many different cell types, and cell cycle regulation 

varies across them, often integrating with the ontogenetic plan of the cell type. 

Many cell cycle genes are conserved in animals and plants, such as the E2F-Rb network, 

PCNA proteins, Aurora kinases, the APC, or the cyclin and CDK subfamilies. Compared 

to other model systems such as yeasts, and concomitant to historic events of genome 

expansions and duplications in animals and plants (Paps and Holland, 2018; Rejlová et 

al., 2019; Richter et al., 2018), some of these gene families of cell cycle regulators have 

undergone extensive diversification and specification, acquiring additional layers of 

regulation to time their activity (Menges et al., 2003; Rustici et al., 2004; Whitfield et al., 

2002). 

In animals, progression through the cell cycle is regulated by an elaborate system of 

cyclin-CDK interactions where specific partners activate downstream effectors at 

different stages of the cell cycle. While many metazoan groups have expanded cell cycle 

cyclins and CDKs differently, members of cyclin A, B, D, E, and CDK 1, 2, 4 and 6 

subfamilies have been found in representative species of all metazoans (Cao et al., 

2014; Gunbin et al., 2011; Liu and Kipreos, 2000). Both cyclins and CDKs are 

transcriptionally and post-translationally regulated, showing specific timings of 

expression, subcellular localizations, and affinities for substrates (Morgan et al., 2007; 

review specific cyclin b and stuff). Cyclin D-CDK4,6 complexes control entry into the cell 

cycle in response to mitogenic factors ((Matsushime et al., 1994, 1991); reviewed by 

(Sherr, 1995) and (Klein and Assoian, 2008)). The G1/S transition is driven by the Cyclin 

E/CDK2 complex, and progression through S phase is controlled by the Cyclin A/CDK2 

complex (Cook et al., 2002; Coverley et al., 2002). Lastly, cyclin B/CDK1 drive 
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completion of mitosis (Pomerening et al., 2005, 2003). Because some of these 

interactions are shared (although not promiscuous) and occasionally differ across cell 

types, cyclin and CDKs are thought to retain the ability to bind to other members aside 

from their canonical partners. This results in multiple mechanisms of redundancy, useful 

in the case of an abnormal scenario where one of the components fails. For example, 

animal cell cycle can still work in the absence of a number of G1 and S CDK partners, 

suggesting only CDK1 is essential to drive progression through the cell cycle 

(Santamaría et al., 2007). 

The CDK repertoire found in plants comprises six subfamilies, named CDK A-F. Two of 

these, CDKA and CDKB, bind to G1/S and M cyclins and drive cell cycle progression, 

with CDKA (related to human CDK1 (Medina et al., 2016)) binding to all cyclins much 

like in yeast (Gutierrez, 2009). Most of C to F-type CDKs are involved in the cell cycle 

one way or another, some acting as CDK activators (CAK) (Gutierrez, 2009). Plant 

cyclins are representative members of A and B subfamilies, also present in animals and 

other eukaryotes (Cao et al., 2014; Medina et al., 2016). Plants “D-type” cyclins, which 

are ortholog to the Cyclin G family in other eukaryotes (Medina et al., 2016), interact with 

RB to promote entry into cell cycle, and B-type cyclins regulate progression through 

mitosis and are degraded at M phase by the APC. 
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Figure 7: The main cell cycle checkpoints and regulators across species. Generally, cyclin-
CDK complexes indirectly upregulate transcription factors by inhibition of repressors. These 
transcription factors may, in turn, promote the expression of cyclin-CDKs from later stages. In 
parallel, cyclins and CDK also regulate (and are regulated by) different activators and inhibitors, 
such as cdc25 or wee1, which ensure proper transition through cell cycle stages. Notice the 
different degree of conservation in the regulatory networks between species: CDKs and 
transcription factors of the same color are phylogenetically related. Cyclins of the same color hue 
play a part in the cell cycle phase according to the color on the right axis.	
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Gene expression during the cell cycle has been characterized mainly in human and 

mouse cells (Bar-Joseph et al., 2008; Cho et al., 2001; Grant et al., 2013; Ishida et al., 

2001; Whitfield et al., 2002), and in cell suspension cultures of Arabidopsis thaliana and 

Nicotiana benthamiana (Breyne et al., 2002; Menges et al., 2003; Menges and Murray, 

2002). Similar to other organisms, there are two main temporal waves of gene 

expression, one at the G1/S transition and another at G2 and M. The G1/S wave is 

controlled in both lineages by the same E2F/Rb network in both animals and plants, 

which is essentially conserved (Gutierrez, 2009). E2Fs comprise a gene family of both 

transcriptional factors which activate when binding to other proteins from the DP family 

(Helin et al., 1993). Animals E2F1,2,3 (most notably E2F1) and plants E2Fa,b,c are 

known to activate gene expression (as in other eukaryotes described above), and 

E2F4,5,6,7 are transcriptional repressors (Litovchick et al., 2007). E2F1 regulates the 

expression of NFY (Caretti et al., 2003; Zhu et al., 2004), a multimeric transcription factor 

that can act as an activator or repressor depending on its cofactors and thus binds to the 

promoters of cell cycle genes from different temporal waves. E2F1 also controls b-Myb, 

a transcription factor that activates expression of genes at G2/M (Zhu et al., 2004). 

Another transcription factor of G2/M genes is FoxM1 (Costa, 2005; Laoukili et al., 2005), 

from the same family as yeast Hcm1 (Pramila et al., 2006). b-Myb and FoxM1 are 

recruited sequentially by the MuvB complex, a major regulator of G2/M gene expression 

in mitosis (Sadasivam et al., 2012). Overall, the network of transcription follows a 

sequential interaction of E2F, NFY, Myb, MuvB and FoxM1. Orthologs of these proteins 

have been found in many eukaryote species, including plants: Arabidopsis thaliana uses 

different Muv-B complexes to regulate G2/M progression (Fischer and DeCaprio, 2015; 

Kobayashi et al., 2015a), and transcription factors of the Myb family also controls 

expression of G2/M genes in Nicotiana tabacum (Araki et al., 2004; Ito et al., 2001). 

Several of these studies identify periodic genes related to programmed cell death, 

differentiation, and development, showing the specification of the cell cycle towards 

multicellular programs (Bar-Joseph et al., 2008; Cho et al., 2001; Dominguez et al., 2016; 

Grant et al., 2013; Gutierrez, 2009; Iyer et al., 1999; Menges et al., 2003; Whitfield et al., 

2002). Animal and plant periodic transcriptional programs are nonetheless very 

divergent; one example is cell plate-mediated cell wall deposition in plants to septate 

daughter cells, a mechanism of cell division lacking homology to the actomyosin ring in 

animal cytokinesis (Guertin et al., 2002; Gutierrez, 2009). Differences occur also within 

the same species: of hundreds of periodically expressed genes detected in different 

human cell types, only a fraction is conserved across them (Giotti et al., 2017; Grant et 
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al., 2013), the others related to the cell type physiology or byproducts of cancerous 

deregulation in the immortalized cell lines. 

 

Figure 8: structure and regulation of the cell cycle in unicellular and multicellular 
organisms. A: temporal dynamics of the core cell cycle system (cyclins and CDKs) in two model 
systems: the budding yeast and somatic human cells. Continuous lines represent cyclins, and 
dashed lines represent CDKs. Note that yeast CDK remains transcriptionally stable during the 
cell cycle, while multiple CDKs oscillate in animal cells. Color code represents different stages of 
the cell cycle. B: different structures of the cell cycle between different organisms and cell types. 
Phases are color-coded as indicated for the canonical structure. On the right, visual 
representation of the resulting phenotypes of each cycle. Gray nuclei indicate prior to DNA 
replication, black nuclei indicate post-DNA replication. C: the meiotic cell cycle. Adapted from 
(Marston and Amon, 2004). 
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Cell cycle regulation is linked to embryogenesis 

Animals and plants show embryogenic multicellularity: cells arrange following a 

developmental program that culminates in many different cell types coexisting and filling 

diverse roles in a cohesive body plan. These developmental programs are different both 

between and within animals and plants. During  animal development and organogenesis, 

many cell types specialize and never enter into the cell cycle again, while the ability to 

proliferate is retained in a very small number of cells committed to give rise to specific 

lineages of cell types. Conversely, speciallized cell-types in plants can often revert to a 

pluripotential stage and become proliferative, allowing plant organs to keep developing 

after embryogenesis. Because of these differences in developmental plans and 

commitment to proliferate, cell cycle regulation often deviates from the canonical stage 

structure during development and between cell types within a multicellular organism. 

For example, in early stages of animal development, the fertilized egg rapidly divides by 

palintomic division into thousands of small daughter cells without an increase in cell size, 

in order to generate enough cells for the newborn organism to fend (Morgan, 2007). In 

the vertebrate Xenopus laevis, this occurs by cells alternating between S and M while 

skipping G1 and G2 phases; in other systems such as insect embryos, nuclei multiply 

without cell division by skipping cytokinesis, forming a coenocyte, a giant multinucleated 

cell, after which cellularization takes place (Farrell and O’Farrell, 2014) (Fig. 8C). This 

rapid consecution of events is highly coordinated by molecular clocks that run 

autonomously and independent from checkpoints. At this point, timing of the cell cycle 

relies in the so-called maternal factors, molecules of messenger RNA and proteins 

inherited by the maternal egg cell, with little to none transcriptional regulation during 

these stages. Such circumstances lead to a number of differences from the canonical 

cell cycle regulation, such as the aforementioned high levels of G1/S cyclin E throughout 

the cell cycle and S phase cyclin A acting as cyclin B (Morgan, 2007). Later in the 

ontogeny, the cyclin/CDK system and the periodic transcriptional program take control 

of the cell cycle in most somatic cells. Regarding different cell types and tissues, some 

specific cells become polyploid by replicating their DNA without chromosome 

segregation, such as cells in salivary glands of the fruit fly undergoing endoreduplication, 

or polyploid hepatocytes and megakaryocytes undergoing endomitosis (Ullah et al., 

2009). In plants, many different, large cell types become polyploid by endoreduplication, 

such as ovular cells, root hair cells, or leaf epidermal cells (Joubes and Chevalier, 2000). 



 

 34 

Cell cycle regulation is intertwined with wound healing and regeneration. Many animals 

are capable of regenerate structures (from tissues to whole organs, limbs or body parts) 

upon damage or amputation. Generally, cells from the surrounding damaged tissues 

dedifferentiate or re-program to form a blastema, a structure in which cells proliferate 

and differentiate following a developmental pattern. In mouse ear regeneration, G2-

arrested fibroblasts form the blastema and undergo cell division (Heber-Katz et al., 

2012); in axolotl (salamander) limb regeneration, multiple cell types contribute to form 

the blastema by exiting G0 and re-entering into G1 (Gerber et al., 2018). In both cases, 

the blastema is formed and proliferates in response to axonal and neural factors, 

suggesting a key role of the nervous system in regeneration through de-differentiation 

signaling. Overall, regeneration occurs by a context-dependent regulation of cell 

proliferation in a specific group of cells able to dedifferentiate and re-enter into a 

developmental state (Nacu and Tanaka, 2011). 

e) Cell cycle and cell identity 

The identity of a cell, either defined as a life/metabolic/response stage in unicellulars or 

a cell type undertaking specific roles in multicellulars, is necessarily linked to the 

fundamental process that is the cell cycle. Acquiring an identity often involves perception 

of a stimulus in the surrounding environment and transduction of this signal into a 

response, often a specific program of gene expression driven by a variety of transcription 

factors. Perception of these signals can virtually occur at any stage of the cell cycle, 

which offers an additional dimension of regulation of cell identity and differentiation. 

Examples are widely found across the tree of life: haploid yeasts can switch their mating 

type every cell cycle by expression of a specific endonuclease in late G1, enabling sexual 

reproduction and sporulation in cultures from the same progenitor (Haber, 1998). In 

Dictyostelium, cell fate within the multicellular structure is determined by the cell cycle 

stage at which starvation is sensed: G1 cells commit to pre-spore cells, but S/G2 cells 

will become pre-stalk (Gomer and Firtel, 1987). In mammalian embryogenesis, 

endocrine progenitor cells commit to different fates depending on their exposure to 

differentiation signals at early or late G1; in mouse, cortical progenitor cells adopt 

different fates depending on the cell cycle phase when detecting  extracellular factors. In 

mouse bone marrow and Drosophila nervous system, S-phase progression is required 

to activate differentiation programs (Pop et al., 2010; Weigmann and Lehner, 1995).  
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Although not always necessary, there are numerous examples of cell differentiation and 

reprogramming linked to cell cycle exit in proliferative conditions. During formation of 

muscle cells, CDKs repress the activity of myogenic transcription factors in immature 

cells, maintaining their proliferative capacity until the exit of the cell cycle (Guo and 

Walsh, 1997; Rao et al., 1994; Skapek et al., 1995). In Zebrafish, cardiac regeneration 

is linked to polo-like kinase 1, a M phase regulator (Jopling et al., 2010; Poss et al., 

2002). Examples go on and on, with documented cases in early branching animals such 

as Cnidaria (Schmid et al., 1988). The link between cell division and cell fate might come 

in hand to the extensive chromatin remodeling and epigenetic marking that occurs 

throughout the cell cycle. Studies in pluripotent stem cells (PSCs) have shown that, 

overall, gene chromatin is initially marked by ambivalent histone marks in early G1, but 

remain marked by repression marks (enhanced by cyclin D1 in late G1) throughout the 

rest of the cycle (Singh et al., 2015). During cell division, the DNA is tightly packed and 

condensed by numerous chromatin remodelers, a reason for which the majority of DNA-

binding proteins are excluded from the chromatin. Some remodelers, such as MLL, are 

however retained and bookmark promoters, leaving genes primed for activation (Lodhi 

et al., 2014). Developmental genes may thus express in the new cell cycle if appropriate 

signaling is also active (Singh et al., 2013). This mechanism, named mitotic bookmarking 

(Fig. 2A), is essential to establish the pluripotent state and makes mitosis a window of 

opportunity for changes in cell fate, differentiation, and overall identity, by facilitating 

hyper-dynamic factor exchange and, to a lesser extent, excluding numerous 

transcriptional repressors of reprogramming factors (Soufi et al., 2012). Another 

mechanism to establish different fates occurs by asymmetric cell division, by which 

daughter cells inherit different factors, modifying their molecular background (Bi and 

Park, 2012; Knoblich, 2008). 

f) Sexual reproduction: a different cell cycle 

During sexual reproduction, cells from two different mating types combine their genetic 

material by fusing together, meaning that they restore the normal amount of genetic 

material. These cells come from a special cell division called meiosis, which yields 

newborn cells with half the amount of genetic material as the progenitor cell: if the original 

cell is diploid, four haploid cells will be yielded. The meiotic cell cycle comprises one 

round of DNA replication followed by two consecutive rounds of cell division, and shares 

many similarities with a normal cell division cycle (Fig. 8C). Some of the main regulators 

are the same between mitotic and meiotic cell cycles: in yeasts, cyclin-CDK complexes 
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controlling S and G2 phases are the same in mitotic and meiotic cell cycles, but one 

special transcription factor named IME1 (a CDK-like gene) is in charge of triggering 

meiotic cell cycle in G1 in response to a low amount of nutrients. IME1 upregulates IME2, 

a G1 CDK-like gene that controls entry into cell cycle and the later execution of meiotic 

divisions, together with M cyclin-CDK. This latter complex oscillates twice to trigger the 

two meiotic divisions. Homologous chromosomes are segregated in meiosis I, and sister 

chromatids are segregated in meiosis II, for which different mechanisms exist across 

species to ensure the separation in this order (Marston and Amon, 2004).	

Meiosis is related to the formation of gametes, and, by extension, is often found in only 

a very few number of cells within a multicellular organism. Occasionally, progression 

through the meiotic cell cycle can be stalled during large amounts of time, such as with 

female ovulation in mammals (Tripathi et al., 2010). Meiosis is also tightly coupled to 

processes of cell differentiation: in mammals, egg cell precursors yield oocytes and also 

other types of cells that assist in a variety of functions during development (Schmerler 

and Wessel, 2011).	

g) Cell cycle genes are involved in the acquisition of multicellularity 

Multicellularity requires the evolution of mechanisms to keep the cells together. Among 

the main candidates to be considered are logically genes related to cell cycle and cell 

division; for example, cells can be kept together after division by mechanisms involving 

incomplete separation. Another example would be the evolution of mechanisms to time 

and coordinate cell division in the context of a whole, or to time the expression of 

multicellularity genes (such as cell-cell adhesion and signalling) to the cell cycle. 

Interestingly, complexification of the genetic machinery involved in the cell cycle has 

been linked to the evolution of multicellularity in several cases throughout eukaryotes, 

most notably green algae and yeasts.	

In green algae, Chlamydomonas, Gonium and Volvox form a clade of unicellular, 

colonial, and complex multicellular lifestyles, respectively. Cyclin D1 underwent 

expansion in the lineage from Chlamydomonas to Volvox, with multiple copies in Volvox 

and different paralogs in Gonium. The increase and diversification of D-type cyclins has 

been suggested to play part in the differentiation of cell types in Volvox (Hanschen et al., 

2016). D-type cyclins interact with Retinoblastoma, whose predicted interacting site with 

the E2F transcription factor in Gonium and Volvox is shorter than in Chlamydomonas 
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and lacks key sites for canonical interaction with Rb. Additionally, Gonium Rb induces 

formation of undifferentiated colonies in Chlamydomonas cells by a gain of expression 

of genes related to cell adhesion in G1. These results suggest Retinoblastoma-E2F were 

co-opted for multicellularity in the volvocine algae.	

Multicellularity can evolve when experimentally selecting for larger individuals. Two 

examples are culturing in presence of predators (Boraas et al., 1998; Herron et al., 2019) 

and artificial selection for rapid settling in liquid cultures (Ratcliff et al., 2015). In Chlorella 

vulgaris, clonal colonies emerge under 100 generations in the presence of the predator 

Ochromonas vallescia, in an optimal size to escape predation while exposing all cells to 

the medium for nutrient uptake (Boraas et al., 1998). Chlamydomonas is capable of 

generating similar colonies in the presence of Paramecium tetraurelia, although with 

more variable sizes and putatively linked to a pre-adaptive ability to form transient 

multicellular structures in other conditions (Herron et al., 2019). In both cases, 

multicellularity was inherited, meaning there was an underlying genetic mechanism. 

When analyzing gene expression of Chlamydomonas colonies artificially selected for 

sedimentation, numerous genes related to cell cycle processes and mitosis showed a 

different temporal up- and down-regulation compared to unicellular Chlamydomonas 

(Herron et al., 2018). The “snowflake yeast”, so-called by its unique reproductive model, 

is a strain of S. cerevisiae artificially evolved under settling selection that grows clonally 

while keeping daughter cells attached. Genotyping revealed that disruption of a single 

transcription factor involved in regulation of cytokinesis and bud septation is enough to 

generate a multicellular phenotype (Ratcliff et al., 2015). 
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Figure 9: Experimental evolution of multicellularity is linked to cell cycle regulation. A: 
Introducing a vector carrying the Gonium pectorale Retinoblastoma gene in Chlamydomonas rb 
mutants results in the formation of clonal colonies. B: The snowflake yeast, generated by settling 
selection, is able to grow and reproduce in simple multicellular structures due to mutations in a 
gene controlling bud fission. C: a strain of C. reinhardtii equally generated by settling selection. 
Peripheral cells seemingly disconnected from the colony are joined by extracellular matrix. D: a 
colony of Chlorella vulgaris evolved by the addition of a phagotroph predator in the culture 
medium.  Adapted from (Boraas et al., 1998; Hanschen et al., 2016; Ratcliff et al., 2015, 2013). 

 

Interestingly, snowflake yeast and other clonal green algae show a developmental model 

where each propagule, either unicellular or multicellular, forcefully goes through a single-

cell genetic bottleneck, thus overcoming the main problem of in-group selection hinted 

earlier in this chapter (Herron et al., 2018; Ratcliff et al., 2015; Szathmary and Smith, 

1995). These cases illustrate how changes in the regulation of cell cycle-related genes 

can work as the underlying mechanism driving multicellularity. 
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1.5 Cell cycle evolution: state of the art and paving new avenues  

The cell cycle plays an essential part in arguably every aspect of eukaryote life. Cells 

from all species, regardless of their position in the tree of life, need to attend and solve 

the same problems related to cell reproduction that are replicating and segregating the 

DNA. It does not seem strange, then, that the basic components of the same machinery 

that allows cells to move, change shape, and transport things within them, are the same 

effectors that mend the problem of segregating chromosomes during cell division, and 

are thus well conserved. Actin, myosin, tubulin, kinesins and dyneins, among other 

cytoskeletal components, play important roles in both scenarios and are regulated by the 

cell cycle machinery. Studies in multiple different eukaryotes have shown that 

progressing through the cell cycle is essentially governed by the same regulatory core: 

1) the cyclin-CDK system, 2) a periodic transcriptional program under the control of 

mainly E2F transcription factors, and 3) a number of regulators of the former two, 

including but not limited to kinases and ubiquitin-ligases. Subunits and members of these 

machineries are widely found across eukaryotes, even in those for which we only have 

genomic data: such are the cases of the multimeric, intricate anaphase-promoting 

complex (APC) (Eme et al., 2011), the heavily expanded cyclins and CDKs, the 

ubiquitous presence of E2F and forkhead transcription factors from plants to animals 

together with the repressor Rb (de Mendoza and Sebé-Pedrós, 2019; Medina et al., 

2016), or diverse proteins such as CAKs, CIKs, Aurora- and polo-like kinases 

(Archambault and Glover, 2009; Gunbin et al., 2011). 

Despite the virtually pan-eukaryotic conservation of the core machinery, the cell cycle 

regulatory program is under selective pressure to fit the requirements of the organism, 

for which it adjusts and deploys very differently (and often convergently) across different 

lifestyles. Unicellular organisms rely heavily in the environmental conditions to undergo 

cell division as a mean of reproduction, with special mentions to photosynthetic 

organisms, in which the cell cycle is tightly linked to circadian rhythms, or parasitic life 

forms with intricate developmental cycles. In multicellular organisms like animals and 

plants, the cell cycle program is executed as a way to form the organism’s body plan and 

structures, to replenish their cell pool, and/or to regenerate damaged parts. To this end, 

the cell cycle is bound to the requirements of the whole entity, with only certain cell types 

able to proliferate in a certain way at certain moments of their ontogeny. Ultimately, 

failures in this regulation are the reason behind cancers, with fatal consequences for the 

homeostasis of the organism. Additional examples lay in the so many different ways to 
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undergo cell division, or to couple division to replication or cytokinesis (see S. pombe, P. 

polycephalum, and apicomplexans, discussed above). 

Regarding the core cyclin-CDK system, several phylogenetic studies have shown that 

the last eukaryotic common ancestor (LECA) likely had at least one CDK and multiple 

cyclin families, including members of A- and B- type cyclins, a situation similar to 

currently extant eukaryotes such as yeasts (Fig. 10) (Cao et al., 2014; Gunbin et al., 

2011; Liu and Kipreos, 2000; Medina et al., 2016). However, our confidence about the 

phylogenetic relationships of cyclins and CDKs is limited. First, Cyclins and CDKs 

involved at the same cell cycle phases across different organisms can be orthologs 

(descending from the same sequence in the ancestor, such as Cyclin B, Clb) or 

homologs in function (such as apicomplexans CRKs and animal CDKs, or D-type cyclins 

in plants and animals). This is illustrated by the weak phylogenetic signal of some of the 

phylogenetic trees of these proteins, where most of the conserved residues belong to 

the PSTAIRE or the T-loop regions in CDKS and cyclins, respectively. Secondly, the 

numerous bona-fide cases known for CDKs and cyclins mediating other non-cell cycle-

related processes in model organisms (such as regulation of gene expression) (Lim and 

Kaldis, 2013) suggests this trend also applies throughout eukaryotes. Experimental 

approaches to identify the interactions and timing of expression of these genes 

throughout the cell cycle could help to determine the identity of cyclins and CDKs. 

Unfortunately, these studies are uncommon for organisms outside the groups of 

landplants, yeasts, and human cells (as shown above), despite our increasing knowledge 

in the cyclin-CDK gene content of different groups of eukaryotes. 

Although the number of species where the cell cycle has been studied has slowly 

increased over the course of years, the periodic transcriptional program has been mostly 

characterized in only a handful of model organisms, namely budding and fission yeasts 

(Orlando et al., 2008; Pramila et al., 2006; Rustici et al., 2004; Spellman et al., 1998), 

plant cells in suspension cultures (Breyne et al., 2002; Menges et al., 2003; Menges and 

Murray, 2002) and several Homo sapiens cell lines (Bar-Joseph et al., 2008; Cho et al., 

2001; Dominguez et al., 2016; Grant et al., 2013; Peña-Diaz et al., 2013; Whitfield et al., 

2002), a panel weakly representative of the currently known eukaryotic diversity. 

Although periodic transcriptional programs are found in many different organisms and 

cell types, the genes affected by cell-cycle-regulated transcription are divergent between 

distantly related species, likely due to the fact that transcriptional regulation adapts to the 

environment and lifestyle of each particular cell type or organism. For example, a number 
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of periodically expressed genes in S. cerevisiae peak at the time of budding (Spellman 

et al., 1998), a phenomenon that does not occur in animal cells. Transcriptional programs 

show disparity across different cell types within the same species, as previously exposed 

for human cells (Giotti et al., 2017; Grant et al., 2013). It is unclear to which extent is 

periodic regulation even relevant for cell cycle progression on each species (Orlando et 

al., 2008). Many of the periodic genes in these organisms are therefore expressed 

periodically for reasons that do not apply to the rest, which leads to little conservation in 

the periodic transcriptional program of the cell cycle (Jensen et al., 2006). 

 

 

Figure 10: Conservation and evolution of cell cycle regulation in eukaryotes. A: a phylogeny 
of the major groups of eukaryotes showing the presence/absence of different key cell cycle 
regulators as described in model systems such as yeasts, human cells, or Arabidopsis. ‘U. 
Hmycota’ stands for unicellular holomycota, the unicellular relatives of fungi, and ‘U. Hzoa’ stands 
for unicellular Holozoa, the unicellular relatives of animals. B: Venn diagram depicting the number 
of groups of ortholog genes, inferred computationally, that are shared across the periodic 
transcriptional program of different eukaryote species. Adapted from (Jensen et al., 2006; Medina 
et al., 2016). 
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a) The relevance of cell cycle in animal multicellularity 

Evolution and implementation of the cell cycle regulation proves important in the 

emergence and control of new levels of organization, as shown in experimental models 

of multicellularity (Hanschen et al., 2016; Herron, 2016; Herron et al., 2019, 2018; Ratcliff 

et al., 2015, 2013). However, cell cycle regulation is so embedded in the life history of 

species that insights from the current, limited set of organisms fail at providing a 

comprehensive scenario of how cell cycle regulation evolves in the context of major 

evolutionary transitions, such as that of the origin of animals. 

Some aspects of the cell cycle core system in animals, such as the expansion and 
subfunctionalization of multiple CDKs, has been suggested to contribute to the robust 

regulation underlying metazoan cell cycle regulation in a multicellular context (Cao et al., 

2014). It is not fully clear what are the evolutionary origins of this regulation, as we are 

currently missing knowledge from many species within and outside Metazoa. This is 

reflected in the  largely incomplete spectrum of animal diversity: although genomics has 

allowed to access the gene content of countless animal species, most of the 

experimental effort has been put into into functional studies of the cell cycle in classic 

systems such as sea urchin, Drosophila, zebrafish, Xenopus, and roundworms (See 

examples and reviews in (Evans et al., 1983; Garcia et al., 2007; Kipreos and van den 

Heuvel, 2019; Philpott and Yew, 2008; Shepard et al., 2004; Sugiyama et al., 2009)). 

While the contributions in these studies have provided invaluable information about the 

elaborate control of the cell cycle in multicellular organisms, all of these species are 

bilaterians and, on top of it, members of much more diverse bilaterian phyla, highlighting 

a lack of data from other representatives within their groups such as more protostomes 

outside Ecdysozoa, and most notably from early-branching metazoan lineages such as 

sponges, ctenophores, or cnidarians (Laumer et al., 2019). 

Logically, most of the work in animal cell cycle has a focus on embryogenic development, 
under which cell cycle regulation varies greatly among animal embryos (Fig. 5, see 

above). Our current knowledge comes from experiments often related to other aspects 

of the cell cycle such as protein biochemistry or developmental patterns; when available, 

time-series gene expression analyses are rarely exploratory and the sampling resolution 

does not go down to the level of cell division, only covering the whole organism or tissue 

of study (Boeck et al., 2016; Bonke et al., 2013; Duffy et al., 2005). Therefore, 

comparisons of cell cycle regulation are limited to the genetic content and one-to-one 
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comparisons of gene expression at certain times of development, but no in-depth insights 

about how cell cycle regulation differs between different animal cell types throughout 

ontogeny.  

Animals belong to the supergroup Opisthokonta, which is formed by Holozoa (animals 

and their unicellular relatives) and Holomycota (Fungi and their unicellular relatives) 

(Torruella et al., 2015) (Fig. 1A, Fig. 10A). Within Opisthokonta, the closest unicellular 

species to animals where cell cycle regulation has been studied are yeasts, which are 

known to have reinvented a considerable number of otherwise conserved cell cycle 

regulators upon gene losses, lateral transfers, and other events in their evolutionary 

history (see above). Because no other unicellular lineage within Opisthokonta has been 

studied, we lack a clear understanding of the evolution of the cell cycle regulatory 

program along opisthokonts. 

b) Choosing more organisms to study the cell cycle 

The evolution of cell cycle regulation faces the classic scientific problem of describing 

broad generalities (nomothenics) from a pool of unique particulars (idiographics) (Jenner 

and Wills, 2007). This issue occurs repeatedly across science fields, including other 

comparative disciplines like evolutionary developmental biology, or evo-devo. Despite 

this problem, evo-devo studies the fundamental principles whose changes explain the 

evolution of new body features is possible by cross-comparison of a broad panel of 

species to extract general tendencies. Making our research of cell cycle regulation 

extensive to other eukaryotic species might, in the same line, provide a more accurate 

vision of the evolution of this phenomenon arguably pivotal in the transition to 

multicellularity. Expanding our research to other lineages requires their establishment as 

new model systems where to study the cell cycle. 

Model systems, or model organisms, are species extensively studied to understand a 

biological process, hoping that conclusions extracted are also applicable to other 

organisms (Goldstein and King, 2016; Jenner and Wills, 2007; Leonelli and Ankeny, 

2013; Müller and Grossniklaus, 2010; Russell et al., 2017). Historically, life sciences has 

relied in model organisms for the discovery and description of many crucial concepts, 

from chromosome-based inheritance and development with Drosophila to the 

understanding of cell biology and the cell cycle with yeasts (Hartwell et al., 1974; Morgan 

et al., 1915). The choice of a species as a model organism is related to several 

characteristics that make research easier and transferrable. Model organisms are usually 
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easy and cheap to grow, maintain and transport in a systematic manner. Ideally they are 

able to grow axenically under culture conditions, meaning no other species, either known 

or unknown, grow in the culture or are needed by the organism to grow. Model organisms 

have quick generation spans and life cycles, which facilitate the completion of many 

experiments in a given time. Experimental replicates are also facilitated by the generation 

of large, viable offsprings, such as in Drosophila or zebrafish reproduction (Ingham, 

1997; Nüsslein-volhard and Wieschaus, 1980). Model organisms feature experimental 

tractability and amenability, which is crucial for their power as genetic tools. They have 

high mutation rates or are highly susceptible to genetic techniques, either mutagenesis 

and classical crossings, or other reverse genetics such as transgenesis or genome 

editing. These are often complemented by a systematic ability to  induce different 

responses by diverse treatments, either chemical (like drugs), physical (temperature, 

tensions), or environmental (starvation). In the current times where the cost of genomic 

sequencing has dramatically dropped, an equally essential requirement is the availability 

of well curated, annotated genomes that serve to characterize the number of genes, 

intron content, gene sintenies, and rate of evolution among others, all prior to any 

experimental approach. 

Although often serendipitously, the life history of a model organism suits the question 

under investigation. Some contributing aspects are the phylogenetic position of the 

species, the retainment of ancestral characteristics, and the presence a particular 

biological trait relevant to the question. Three examples are the presence of thousands 

of chromosomes in the ciliate Tetrahymena, which facilitated the study of telomeres 

(Ahmed et al., 1998); the arrangement of meiotic products in the ascomycete 

Neurospora, which facilitates the analysis of genetic recombination (Horowitz et al., 

1945; Lindegren, 1932); or the ability to form multicellular structures in social amoebae 

to study the processes of cell communication and differentiation (Leonelli and Ankeny, 

2013; Robertson and Grutsch, 1981). 

Perhaps most importantly, research in model organisms proves valuable only if 

supported and maintained by a scientific community that follows upon the work 

previously done by others. Such a community is fostered by the establishment of 

infrastructures of communication and exchange that serve both as the channel for 

dissemination and as the entity retaining the value of the organism. Examples are found 

in databases such as YeastDB, WormBase, FlyBase, The Arabidopsis Information 

Resource (TAIR), or more generic ones such as ENSEMBL or Uniprot (Bateman et al., 
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2017; Leonelli and Ankeny, 2012). The relevance of the community only contributes to 

defining it as an essential requirement. Concomitantly, the value of a model organism is 

also measured by the possibility to transfer the knowledge and skills generated to other 

model organisms, in order to facilitate comparative approaches. 

In addition of the aforementioned aspects, a suitable organism to study cell cycle 

regulation needs to be experimentally tractable under at least the three following 

conditions:  

1. First, because cell cycle events occur over time in a sequential manner within a 

single cell, the organism must allow experimentation and monitoring at the 

cellular level, and with a relatively high degree of temporal resolution, meaning 

that time-series experiments below the time of generation are essential to assess 

cell cycle dynamics over time. 

2. Second, because cells in a population follow their internal rhythms regardless of 

their neighbouring cells as a consequence of internal fluctuations, each of them 

is often at a different stage of the cell cycle. Methods to measure events occurring 

at the cellular level must be developed; because single-cell approaches were not 

always possible, synchronization of the cell cycle in cultures has been classically 

used to address cellular events in a temporal order. Cell cycle synchronization 

methods include the usage of mutant strains, condition-induction such as 

starvation or harsh temperatures, or chemical methods such as inhibitors of the 

cell cycle. Inhibitors are molecules that prevent progression of the cell cycle by 

disrupting the regulation of the cell, often interfering with cytoskeletal 

components, biosynthesis enzymes, or replication/division machineries. They are 

classified as irreversible (if their action permanently prevents progression of the 

cell cycle upon removal of the agent) or reversible (if a transient effect is produced 

as long as the agent is present). Reversible inhibitors of the cell cycle are 

essential for in vivo approaches. 
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3. Third, because the amount of DNA within a cell changes over time and proves 

an useful indicator of cell cycle progression, DNA content in the cells of the 

organism must be accessible and measurable over time, in order to identify the 

stage of progression of cells during the cell cycle. 

Ideally, methods of measurement and data collection shall include cell imaging to track 

down the different events of mitosis, gene expression analysis in order to assess the 

periodic transcriptional program, protein interactions in order to elucidate their 

relationships, protein localization, and mutant/overexpression phenotypes. 

Establishing model organisms to wonder about the nature of cell cycle regulation outside 

animals and yeasts requires us to turn our attention to other lineages within 

Opisthokonta; if possible, to other organisms more closely related to metazoans. 

Fortunately, we live in a time where the phylogenetic relationships between animals, 

fungi, and their unicellular relatives have long been clarified (King, 2004; King et al., 

2008; Ruiz-Trillo et al., 2008, 2004; Shalchian-Tabrizi et al., 2008). Multiple lineages are 

now recognized as the closest living unicellular relatives of animals, and group together 

in the clade Holozoa. 

  



 

 47 

1.6  The unicellular relatives of animals: where to study the cell 
cycle?  

Holozoa is the group formed by animals and their extant unicellular relatives (CAVALIER-
SMITH, 1987; Hehenberger et al., 2017; Lang et al., 2002; Ruiz-Trillo et al., 2008, 2004; 

Torruella et al., 2015, 2012). The first organisms proposed as unicellular ancestors of 

animals were choanoflagellates, based on their morphological resemblance with a 

sponge cell type called choanocyte (Clark, 1866). Advances in genomics uncovered the 

lineages Filasterea and Ichthyosporea as closely related to animals and 

choanoflagellates (Shalchian-Tabrizi et al., 2008) (Fig. 11). As mentioned earlier, 

genomic studies showed that these species contained many genes and protein domains 

previously thought to be exclusive to animals, thus dating their origin prior to the origin 

of metazoan multicellularity. Studying these organisms can provide insights into the roles 

of these genes in a unicellular system, much like those of the unicellular ancestors of 

animals. 

a) Choanoflagellates 

Choanoflagellates form a group of more than 250 of spherical heterotrophic, predatory 

flagellates ubiquitously found as free-living across aquatic environments. They feature a 

collar of microvilli surrounding an apical flagellum, used for both locomotion and feeding 

(Leadbeater, 2015). There are two currently available genomes, those of Monosiga 

brevicollis (King et al., 2008) and Salpingoeca rosetta (Fairclough et al., 2013). The latter 

has been extensively characterized at the transcriptional level, and more transcriptomic 

data exists from many species of choanoflagellates (Richter et al., 2018). Genomic 

analyses have shown that S. rosetta contains two genes from the CDK1 family, and M. 

brevicollis only contains one (Cao et al., 2014). 

Choanoflagellates show unique life cycles with asexual and sexual reproduction (Levin 

and King, 2013), the formation of extracellular siliceous structures, and most interestingly 

the ability to form colonial structures of multiple cells remain together after cell division. 

An example are the rosette-like structures of S. rosetta, formed in the presence of a 

bacterial sulfonolipid (Alegado et al., 2012; Woznica et al., 2016). These findings hint at 

a deep connection between switching from a unicellular to a multicellular cell/life cycle 

and environmental cues. 
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b) Ichthyosporea and Corallochytrea 

Ichthyosporea and Corallochytrea group together in the clade Teretosporea (Grau-Bové 

et al., 2017). Ichthyosporea form a group of more than 40 species often found as 

saprophytic/osmotrophic parasites, with occasional reports of free-living species 

(Glockling et al., 2013; Mendoza et al., 2002). In Corallochytrea, the only species 

described is named Corallochytrium limacisporum (Raghu-kumar, 1987). Currently 

available genomes of these groups include those of Creolimax fragrantissima (de 

Mendoza et al., 2015; Marshall et al., 2008), Sphaeroforma arctica (Dudin et al., 2019; 

Jøstensen et al., 2002), and C. limacisporum (Grau-Bové et al., 2017; Torruella et al., 

2015). 

Ichthyosporeans are frequently multinucleated, and together with C. limacisporum follow 

a broadly conserved developmental program whereby nuclei divide synchronously as 

the cell increases in volume. After the formation of a coenocyte, nuclei travel to the 

periphery and cellularization takes place, after which the mother cell bursts and daughter 

cells are spread as propagules. Occasionally, daughter cells appear in the form of 

amoebas that disperse and form a new colony (de Mendoza et al., 2015; Dudin et al., 

2019; Mendoza et al., 2002; Ondracka et al., 2018). The life cycle of ichthyosporeans 

shows many resemblances to the coenocytes and syncitia found in some animal 

embryos, in the slime mould P. polycephalum (see above)(Fig. 5), and some fungi 

(Bonner, 2009; Chen et al., 2007; Grosberg and Strathmann, 2007), providing an 

interesting system where to study this developmental program. 

c) Filasterea 

Filasterea is the sister group to animals and choanoflagellates. With only four currently 

described species (Hehenberger et al., 2017; Owczarzak et al., 1980; Ruiz-Trillo et al., 

2004; Stibbs et al., 1979; Tong, 1997), it is, so far, the least rich and abundant holozoan 

lineage (del Campo et al., 2015; del Campo and Ruiz-Trillo, 2013). Filastereans have 

typically been described as small, spheric, free-living amoebae bearing multiple, 

branching filopodia, with occasional flagellum, able to feed by both predation and 

osmotrophy (Adl et al., 2019, 2012). The most extensively studied species within this 

group is Capsaspora owczarzaki. C. owczarzaki (from here onwards referred to as 

Capsaspora) is a filopodiated amoeba originally isolated from the insides of the 

freshwater snail Biomphalaria glabrata, during the study of the parasitic trematode 
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Schistosoma mansoni within its snail host (Owczarzak et al., 1980; Stibbs et al., 1979). 

Capsaspora amoebae, yet unidentified, were reported to ingest the parasite’s sporocysts 

(Stibbs et al., 1979). Years after deposited in the the American Type Culture Collection 

(ATCC® 30864) (Owczarzak et al., 1980), it was identified as a close unicellular relative 

of animals (Hertel et al., 2002); later confirmed by protein coding genes (Ruiz-Trillo et 

al., 2008, 2004). Its genome was annotated shortly after (Suga et al., 2013), and went 

under extensive research in the following years (reviewed in (Ferrer-Bonet and Ruiz-

Trillo, 2017; Sebé-Pedrós et al., 2017)). Filastereans have been described to display 

aggregate formation, a mechanism similar to the amoebozoan D. discoideum or other 

sorocarpic amoebae, such as the holomycota Fonticula alba (Brown and Silberman, 

2013; Robertson and Grutsch, 1981; Worley et al., 1979). 

 

Figure 11: The extant unicellular relatives of animals. A: a phylogeny of the different 
subgroups of unicellular relatives of Metazoa: choanoflagellates (yellow), filastereans (orange), 
and teretosporea (ichthyosporeans and Corallochytrium limacisporum; green). B-D: The currently 
described life cycles of the choanoflagellate S. rosetta, Creolimax fragrantissima, and 
Capsaspora owczarzaki. 
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1.7 Emerging systems in Holozoa: Capsaspora 

Overall, the three currently described lineages of unicellular holozoa are of great interest 

for the scientific community to understand the origin of animals, as proven by many 

genomic and functional studies shedding light into the field ( see (Brunet and King, 2017; 

Sebé-Pedrós et al., 2017) for detailed reviews). While generating knowledge in multiple 

lineages can complement the findings of each other and help to reconstruct the nature 

of the unicellular ancestor, their development as model systems is crucial to deepening 

in the question. Below I present a broad description of findings in Capsaspora, and their 

implications to consider this species as a candidate for an emerging model system. 

Capsaspora is a filopodiated amoeba of 6-7µm in diameter that is able to grow in axenic 

cultures. Under such conditions, its life cycle begins with cells thriving while attached to 

the bottom of the plate by using their filopodia, in a stage called ‘adherent’ or ‘filopodial’. 

Cells divide at a ratio of once every approximately twelve hours, increasing the 

population size until reaching confluency. When resources are depleted, Capsaspora 

cells shrink in size, retract their filopodia and adopt a resistance form called ‘cystic’ stage, 

which is able to endure over harsh conditions such as lack of nutrients or desiccation. 

Perhaps most interestingly, Capsaspora adherent cells are able to actively form 

multicellular structures by aggregation of independent cells. In this stage, cells 

synthesize a substance similar to an extracellular matrix that has been proposed to 

contribute to maintain the aggregate structure (Sebé-Pedrós et al., 2013). 

These stages have been described at the transcriptional, proteomic, and epigenetic 

level: in all cases, each stage has a clearly different profile of gene expression, protein 

abundance and phosphorylation, and associated changes in the chromatin state that are 

correlated to each other (Sebé-Pedrós et al., 2016a, 2016b, 2013). In adherent cells, 

genes related to cascade signalling -such as tyrosin-kinases and G-protein receptors- 

are upregulated, together with transcriptional regulators such as the bZIP superfamily 

(Sebé-Pedrós et al., 2013). Cystic cells show upregulation of ubiquitin-signaling 

pathways, vesicle transport, and autophagy, pointing to large rearrangement inside the 

cell. In aggregates, many genes related to multicellular behavior in animals are 

upregulated, such as the integrin adhesome, laminin, fibronectin, and associated tyrosin 

kinases, together with the tubulin cytoskeleton (Sebé-Pedrós et al., 2013, 2010). These 

different expression programs are accompanied by differential expression and regulation 

of transcription factors, which may orchestrate the overall differences between the 
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programs. In adherent cells, the bZIP superfamily is upregulated; in cystic, bHLH 

superfamily; and in aggregates, some transcription factors linked to metazoan immunity, 

development, and proliferative signals, such as RUNX and NFκB (Sebé-Pedrós et al., 

2013). Protein abundance and phosphorylation also changes across the life cycle of 

Capsaspora, correlating to the transcriptomic data (Sebé-Pedrós et al., 2016b) and are 

argued as a distinctive hallmark of Holozoa at the onset of the genomic expansion of the 

tyrosin-kinase families (Suga et al., 2012). Concomitant to this, Capsaspora cells have 

differential regions of open chromatin across stages, which correlate to the presence and 

placement of different transcription factors and their differential regulation across life 

stages (Sebé-Pedrós et al., 2016a). 

Interestingly, numerous findings in Capsaspora shows traits ideal to study the cell cycle. 

Capsaspora seems to conserve most of the currently known, pan-eukaryotic cell cycle 

regulators: cyclins, CDKs, APC components, Aurora kinases and others, have all been 

annotated and show a great degree of sequence conservation. This includes cell cycle 

regulators lost in fungi, such as E2F and Rb (Suga et al., 2013). Capsaspora cyclins 

have broadly been characterized in subfamilies A, B, together with other subfamilies 

tangentially or non-related to cell cycle regulation (Cao et al., 2014; Medina et al., 2016). 

The latter applies also to CDKs, with incongruencies in the previous literature about the 

presence of a cell cycle CDK homolog (Cao et al., 2014; Eme et al., 2011; Medina et al., 

2016; Suga et al., 2013). Regarding molecular findings, it is in adherent cells where we 

find upregulation of cell cycle genes, both at the level of gene expression and protein 

abundance (Sebé-Pedrós et al., 2016b, 2013). Examples include genes and proteins 

related to cyclin binding, DNA replication, and G1/S transition. When addressed for DNA 

content, Capsaspora adherent cells under proliferative conditions show a classic 

example of a bimodal distribution: one subpopulation of cells in G1 coexist with another 

of G2/M cells, with a small remaining fraction S phase cells (Sebé-Pedrós et al., 2013) 

(Fig. 9D). In contrast, cells at the cystic stage show a drastic decrease of cells at S and 

G2/M phases, indicating no proliferation is occurring at that time. Additionally, that same 

study showed that Hydroxyurea was able to inhibit cell proliferation of Capsaspora cells 

(Fig. 9E). Hydroxyurea inhibits cell cycle progression by acting as a competitor substrate 

for the enzyme ribonucleotide reductase, necessary to increase the dNTP pool upon 

entry into DNA replication (Koç et al., 2004; Slater, 1973). Cells are stalled at the G1/S 

transition in a reversible manner, as removal of the compound allows to continue into the 

cell cycle (Slater, 1973) (Fig. 9B). 
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Due to its phylogenetic position, its genomic content, its easiness for culture and 

experimental tractability, and the extensive knowledge of its life cycle at the molecular 

level, Capsaspora stands as a strong candidate for a model system in the group of 

unicellular relatives of animals. Together with the availability to address its progression 

through the cell cycle, to generate gene expression data throughout its life cycle, and 

with initial evidences of susceptibility to cell cycle inhibitors, proves promising to be used 

as a model organism to study cell cycle regulation in another lineage outside animals 

and yeasts. 

Figure 12: Capsaspora and its experimental tractability for cell cycle studies. A: A flow 
cytometry histogram of an unsynchronized population of human cells. Each peak represents a 
fraction of cells at a different stage of the cell cycle. B: Effect of hydroxyurea in unsynchronized 
cultures: following A, the peak of cells corresponding to G2/M cells drops in a culture treated with 
hydroxyurea, as these cells progress onto the following cell cycle stages while pre-replicative cells 
remain stuck at the G1/S transition, due to the replicative stress caused as an effect of 
hydroxyurea. C: Hydroxyurea is a reversible inhibitor of the cell cycle: A culture of S. cerevisiae 
cells was synchronized using hydroxyurea, and followed up after release from this inhibitor. Flow 
cytometry profiles show that cells progress throughout the different cell cycle phases, completing 
a whole cell cycle. D: Culture growth of Capsaspora measured by flow cytometry and DNA 
content. E: effect of hydroxyurea on the proliferation of Capsaspora cells. A was adapted from 
(Pozarowski and Darzynkiewicz, 2005); B was adapted from (Borel et al., 2002); C was adapted 
from (Wilsker et al., 2008); D and E were adapted from (Sebé-Pedrós et al., 2013). 
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a) Development of genetic tools in Capsaspora

Because genetic approaches are not yet possible in Capsaspora, a second remaining 

challenge is the establishment of any sort of genetic tool that would allow experimental 

approaches at the DNA level. Genetic tools can be used to induce (overexpress), 

downregulate (knock-down), or inhibit (knock-out or gene silencing) the expression of 

one or more genes (Bosher and Labouesse, 2000; Prelich, 2012; Ran et al., 2013). 

Among the most widely used tools lays mutagenesis and mutant isolation through 

genetic crosses. Mutagenesis and crosses have been classically used in fungi, flies, and 

other systems throughout the past century in order to unravel the function of every gene 

based on their phenotype. This technique is made possible when the species shows both 

a susceptibility to treatment-induced mutagenesis and it has a well-known, systematized 

sexual cycle. Sexual reproduction has been proved to occur in choanoflagellates and 

used in the aforementioned approach of genotyping (Levin et al., 2014); however, in the 

case of Capsaspora, no sexual life cycle has yet been identified. 

In case the first is not possible or sufficient, another technique consists in the introduction 

of foreign genetic material into the cell, a process called transfection (when referring to 

eukaryotes). Transfection is inspired by the discovery of a naturally-occurring process 

where the DNA acts as a transforming factor (hence the name) in fungi and bacteria. 

Transfection is a transgenesis tool: it has the additional advantage of allowing the 

introduction of DNA molecules from foreigner species, or the creation of DNA molecules 

not existing in nature, through the technology of recombinant DNA. This allows for a 

much more fine-tuned alteration of the organism’s phenotype, as well as additional 

applications like the in vivo monitoring. Transfection can occur through chemical, 

physical, or biological factors; the two classically used methods are calcium-phosphate 

precipitation and electroporation. With the advent of genome editing tools, newer 

technologies are arising such as nucleofection and lentivirus-mediated delivery. 

Transfection can be stable if the foreign molecule thrives in the forthcoming generations 

of the organism, or transient if degraded or lost upon dilution by cell division. Due to the 

lack of classical genetics in Capsaspora, and because transgenesis would allow all its 

unique applications, the latter method results in the optimal path where to focus research 

efforts. 

Original protocols in the decades of 1970 and 1980 took advantage of the formation of 

DNA precipitates when incubated with calcium and phosphate solutions, resulting in 
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calcium-phosphate-DNA complexes (Graham and van der Eb, 1973). These particles 

can be assimilated by cells relatively easily, and later transferred into the nucleus using 

shock- inducing protocols (such as osmotic shocks with glycerol) (Loyter et al., 1982). 

Despite the appearance of a variety of techniques in the following decades, such as 

electroporation, virus-mediated delivery or lipofection, some authors still use the 

precipitate-mediated method as it is a much cleaner protocol (Jordan et al., 1996; Sun 

et al., 2013), which works with materials and compounds that are natural to life (calcium 

and phosphate have important roles taking part in numerous processes, essentially in 

signaling) and is therefore more tolerable by cells, regardless of their type or species. 

These reasons prompt the use of shock-inducing methods as a first option when testing 

nucleic acids delivery protocols in novel cell lineages or unicellular organisms, as it can 

be learnt from the work in D. discoideum (Crowley et al., 1985; Fey et al., 2007; Gaudet 

et al., 2007; Martens et al., 2002; Pang et al., 1999). 

*** 

Due to the potential of Capsaspora owczarzaki to tackle very interesting questions 

regarding the evolution of the cell cycle and the origin of animals, in this PhD I focused 

in the development of methods to experimentally address this species at the cell cycle 

and transgenesis level, subsequently illustrated by our findings about the evolution of 

cell cycle regulation in the lineage of Opisthokonta. 
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Remarks and summary of the introduction

1. The study of the origin of animals as multicellular entities involves the study of

the emergence and functioning of those traits that make them multicellular. An

elaborate integration of the cell division program under a multicellular context is

crucial to explain the origin of clonal multicellularity.

2. To that end, studying the cell cycle in unicellular and multicellular species proves

important to understand its evolution in the multicellular lineages such as animals.

3. Unfortunately, our current perspective of the cell cycle regulation is incomplete

and biased towards the vast knowledge generated in a handful of model species.

This panel, although diverse, is not representative of the currently known diversity

of eukaryotes; additionally, it shows several flaws, such as the divergences in the

cell cycle machinery and regulation arguably expected in distantly related

organisms, which make difficult cross-species comparisons of the cell cycle.

4. Expanding our study of the cell cycle towards other species within the lineage of

opisthokonts, together with their establishment as model organisms, remains as

the next logical step in this line of research.

5. Among alternative opisthokonts where to study the cell cycle, unicellular

holozoans stand out due to their key phylogenetic position to understand the

origin of animals, and their genomic content full of genes and features previously

thought to be animal-specific. These groups are choanoflagellates,

ichthyosporeans, and filastereans.

6. Among filastereans, Capsaspora owczarzaki stands out as an emerging model

organism due to its experimental amenability and the large knowledge of the

molecular basis of its life cycle.

7. From this knowledge, numerous evidences suit this species as a putative

candidate where to study cell cycle regulation.

8. The lack of genetic tools in Capsaspora precludes any functional study, for which

a transfection protocol needs to be developed.
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Objectives 

For the reasons exposed in the section ‘Introduction’, in this thesis I focus in the 

development of experimental tools and cell cycle knowledge in a unicellular species 

closely related to animals, the filasterean Capsaspora. Building on previous work, the 

following objectives were pursued:	

1. To develop a protocol to establish synchronous cultures of Capsaspora.

2. To describe the periodic transcriptional program of Capsaspora owczarzaki

during its cell cycle.

3. To unravel the cell cycle regulation of cyclins and CDKs in Capsaspora

owczarzaki throughout its cell cycle.

4. To compare the periodic transcriptional program of Capsaspora owczarzaki to

those of other species and cell types.

5. To develop a reliable and robust protocol to transiently transfect the filasterean

Capsaspora owczarzaki.
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Results 

Impact and authorship of the publications 

Among the three manuscripts here presented, Alberto Perez-Posada has been the sole 

first author in Result 3.1, second author in Result 3.2, and co-first author in Result 3.3. 

The specific contributions of Alberto Perez-Posada to each publication are: 

Preprint (section 3.1) 

Perez-Posada A,	 Dudin O,	 Ocaña-Pallarès E,	 Ruiz-Trillo I, Ondracka A: Gradual 

evolution of cell cycle regulation by cyclin-dependent kinases during the transition to 

animal multicellularity. bioRxiv 719534, 2019. doi: 10.1101/719534 

• Impact Factor (2019): NA

• 5 Year Impact Factor: NA

• Authorship: first author

• Contribution: Alberto had a leading role in the design of the experiments, the

realization of the experiments, the analysis and the interpreation of the data

generated, and in the writing and editing of the manuscript and the figures.

Publication (section 3.2)	

Parra-Acero H, Ros-Rocher N, Perez-Posada A, Kożyczkowska A, Sánchez-Pons N, 

Nakata A, Suga H, R. Najle S, Ruiz-Trillo I. Transfection of Capsaspora owczarzaki, a 

close unicellular relative of animals Development. 2018. 145(10): dev.162107. doi: 

10.1242/dev.162107 

• Impact Factor (2016): 5.763

• 5 Year Impact Factor: 6.1

• Authorship: second author
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• Contribution: Alberto had a major role in the realization of the experiments, made

contributions in the development of the technique, and provided feedback in the

writing and editing of the manuscript.

Unpublished review (section 3.2)	

Ros-Rocher N, Perez-Posada A, Ruiz-Trillo I. The origin of animal multicellularity. 

Unpublished 

• Impact Factor (2019): NA

• 5 Year Impact Factor: NA

• Authorship: co-first authorship with equal contributions with NRR.

• Contribution: Alberto had a leading role in the writing and editing of the

manuscript.
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3.1  Result 3.1 

Gradual evolution of cell cycle regulation by cyclin-dependent kinases 
during the transition to animal multicellularity 

Perez-Posada A, Dudin O, Ocaña-Pallarès E, Ruiz-Trillo I, 
Ondracka A. Gradual evolution of cell cycle regulation by cyclin-
dependent kinases during the transition to animal multicellularity. 
bioRxiv. bioRxiv; 2019. p. 719534. DOI: 10.1101/719534

https://www.biorxiv.org/content/10.1101/719534v1
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3.2  Result 3.2 

Transfection of Capsaspora owczarzaki, a close unicellular relative of 
animals 

Parra-Acero H, Ros-Rocher N, Perez-Posada A, Kożyczkowska A, 
Sánchez-Pons N, Nakata A, et al. Transfection of Capsaspora owczarzaki, 
a close unicellular relative of animals. Dev. 2018 May 1;145(10). DOI: 
10.1242/dev.162107

https://dev.biologists.org/content/145/10/dev162107
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3.3  Result 3.3 

The origins of animal multicellularity 

Ros-Rocher N, Perez-Posada A, Leger M, Ruiz-Trillo I. The origin of animal multicellularity. 

Unpublished 
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Abstract 

The origin of animals involved a transition from a unicellular lifestyle to a multicellular, 

coordinated organization of cells. Understanding the origin of animals requires to 

investigate key events in their evolutionary history, such as the emergence of spatial 

co-occurrence of cells and the origin of processes related to multicellularity, like cell 

adhesion or communication. Therefore, we need to reconstruct how were the last 

single-celled ancestor of animals and the first animals, for which we compare early-

branching animals and the closest unicellular relatives of animals. In this review, we 

revise all the recent advances in the characterization of these ancestors with an 

updated view at the genomic content, complemented by recent advances at the 

functional level, such as novel insights into the diversity of cell types in early-branching 

animals and possibly unicellular relatives of animals. These findings prompt us to 

revise and comment on the latest theories about the transition to multicellularity, which 

was likely gradual and involved the use of gene regulatory mechanisms in the 

emergence of early developmental or morphogenetic plans. 

1. The origin of animal foundations

Evolution operates by chance and selection, which means there is neither an 

established blueprint nor a reason to expect continued increases in complexity 

(Szathmáry and Smith, 1995). Living organisms have thus evolved in many different 

directions during their time on Earth. There have been important events that seem to 

have taken place once in the history of life, such as the emergence of eukaryotes; yet, 

multicellular life forms have appeared repeatedly in an independent manner in at least 

16 eukaryotic lineages (Bonner, 1998; King, 2004; Knoll, 2011; Rokas, 2008). 

Multicellularity can evolve via two different mechanisms: by cells coming together 

(aggregation) or by cells remaining attached after they divide (clonality). In aggregative 

multicellularity, cells from the same species that may or may not have the same genetic 

background assemble together forming a multicellular structure of a heterogeneous 

population of cells, often towards the aim of reproduction and dispersion (Du et al., 

2015; Schaap, 2011). While aggregative multicellularity has evolved repeatedly across 

different eukaryotic lineages (Brown et al., 2012, 2009; Brown and Silberman, 2013; 

Lasek-Nesselquist and Katz, 2001; Worley et al., 1979), clonal multicellularity has 

appeared on fewer occasions and is responsible for the greatest radiations of life forms 
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in the tree of life: land plants, fungi, and animals. The latter group shows an 

unprecedented degree of disparity in forms and behaviours, and the highest levels of 

organismal complexity, body plan diversity, and developmental regulation (Grosberg 

and Strathmann, 2007). Nevertheless, the underlying genetic and mechanistic basis 

which triggered and shaped the evolution of animals remains a long-standing question. 

To better understand the transition to animal multicellularity and thus their origin from a 

unicellular ancestor, we need to know more about the nature of the organisms from 

which animals first evolved and diversified. 

In this review, we focus on the reconstruction of the evolutionary stages that were 

crucial during the transition to animal multicellularity: the last common ancestor (LCA) 

of animals and the single-celled ancestor(s) of animals (Fig. 1A). We summarize the 

current knowledge on the genetic toolkit, cell type diversity and ecological context of 

these stages inferred by comparative genomic analyses between the earliest branching 

animals and those radiating later, and between animals with their closest unicellular 

relatives. We finally discuss an updated perspective on the evolution of animals, 

stressing the gradual complexification and the emergence of complex regulatory 

mechanisms to drive early developmental programs. 

1.1. Reconstruction of the last common ancestor of animals: the 

fossil record and molecular clocks 

All animals living today share a common multicellular ancestor, that we denominate the 

animal LCA, which followed the evolution of multicellularity from a single-celled 

ancestor (Fig. 1). This transition occurred more than 600 million years ago (MYA), 

although there is still no exact consensus between fossil record estimates and 

biochemical and molecular clock-based estimates. Until recently, fossil record 

inferences were the only way to address when the animal LCA originated and what it 

looked like. The first unequivocal evidence of animals in the fossil record date back to 

the Ediacaran period, with molecular clocks extending the estimate of the emergence 

of animals 100 million years more, during the Cryogenian and Tonian periods (Antcliffe 

et al., 2014; Budd and Jensen, 2017; dos Reis et al., 2015; Douzery et al., 2004; 

Hedges et al., 2004; Knoll, 2011; Knoll and Hewitt, 2013; Narbonne, 2005; Peterson et 

al., 2004). Some examples of these animal fossils are Dickinsonia, Kimberella (both 

from around 560 MYA), Eoandromeda octobrachiata (555 MYA) or Eocyathispongia 

qiania (600 MYA), whose body plans suggest that axial patterning and symmetry were 
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featured early in animal evolution. Although the use of sterols as biomarkers of animal 

life in the fossil record remains controversial (Nettersheim et al., 2019), molecular 

characterization of the sterol composition of sponge-like and Dickinsonia fossils 

suggests that these organisms share ancestry with animals living today (Bobrovskiy et 

al., 2018; Love et al., 2009). Thus, all extant animal lineages share a common ancestor 

that lived on Earth prior to the Cambrian explosion, ca. 700 MYA, which later radiated 

in the Cambrian period (Budd and Jensen, 2017; Narbonne, 2005) (Fig. 1B). 

Despite the limited information provided by the fossil record about the biology of the 

first animals, we can do partial reconstructions by examining the extant, earliest 

branching animals. All animals have a body plan relying on symmetry at least during a 

certain stage, which allows a clear distinction between bilaterian (bilaterally 

symmetrical) and non-bilaterian animals. Under this scenario, and before confirmation 

by molecular phylogeny, animals with more rudimentary body plans (i.e., poriferans, 

ctenophores, cnidarians, and placozoans) were considered the earliest branching 

lineages (Haeckel, 1874). Studies in sponges (Porifera) prompted authors like Muller to 

speculate about the nature of the first animals (Müller et al., 2004).  

1.2. Knowledge of animal genomes helps to reconstruct the animal 

LCA genetic toolkit  

Advances in comparative genomics have provided deeper insight into the molecular 

characteristics of these lineages with dozens of non-bilaterian transcriptomes and 

genomes currently available (Chapman et al., 2010; Moroz et al., 2014; Putnam et al., 

2007; Riesgo et al., 2014; Ryan et al., 2013; Srivastava et al., 2010, 2008), thus 

uncovering their genetic toolkit and clarifying their evolutionary relationships. 

Understanding the evolutionary relationships of metazoan (animal) early-branching 

lineages illuminates how metazoan traits arose and evolved during evolution 

(Dohrmann and Wörheide, 2017). Although all animal phyla are well defined both 

morphologically and phylogenetically, there is no consensus about many of the internal 

relationships between some of them (Telford et al., 2015), including early-branching 

animals. The debate over the earliest split in the metazoan tree of life is long and still 

ongoing, with two main hypotheses under consideration – either Ctenophora or 

Porifera are the sister group of the rest of Metazoa (Laumer et al., 2019; Moroz et al., 

2014; Pisani et al., 2015; Ryan et al., 2013; Telford et al., 2015; Whelan et al., 2015). 

Both lineages diverged very early in animal evolution and feature unique characteristics 
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that make them very derived organisms. Previous studies have claimed the full support 

of each hypothesis, only for a later study to reach conflicting conclusions due to 

differences in their genes of choice, the sequence positions used in the alignments, the 

outgroups chosen, and the assumptions of homogeneous or heterogeneous 

substitution rates (Laumer et al., 2019; Moroz et al., 2014; Pisani et al., 2015; Ryan et 

al., 2013; Telford et al., 2015; Whelan et al., 2015). Future approaches require the 

addition of more well curated genomes to improve phylogenomic resolution (Gold et al., 

2019; King and Rokas, 2017; Laumer et al., 2019; Leclère et al., 2019). Despite the 

obscure phylogenetic relationships at the base of the animal tree, for which we remain 

agnostic, reconstruction of the animal LCA is still possible to a certain extent (King and 

Rokas, 2017) and our points in this review apply regardless of the scenario considered. 

The deep knowledge provided by genome sequencing of several animal species has 

contributed to reconstructing the metazoan (animal) LCA gene toolkit. Two recent, 

independent studies addressed the genomic features of the animal LCA using a wide 

range of currently available genomes (Paps and Holland, 2018; Richter et al., 2018), 

and concluded that around two thousand gene families originated on the animal stem 

lineage (Richter et al., 2018). The rate of gene innovation in or immediately prior to the 

animal LCA is larger than at other key points of the animal stem, highlighting the 

importance of gene innovation in the origin of animals (Paps and Holland, 2018). 

Surprisingly, not all the genes detected to have originated in the animal LCA are still 

present in all extant phyla. In fact, only around 2% of these gene families are 

conserved across all animals; among early-branching, currently sequenced animals, 

the sea anemone Nematostella vectensis seems to retain most of the animal LCA 

genetic toolkit (Putnam et al., 2007; Richter et al., 2018). Some of the genes that 

emerged at the onset of animals take part in processes that differentiate them from 

other lineages: the set of a few, highly retained genes in all phyla are enriched in 

functions of DNA binding, Transcription Factors (TFs) (already hinted in previous 

studies, see (de Mendoza et al., 2013)), innate immunity, and members of the Wnt and 

TGF-β signalling pathways, the latter linked to the emergence of animals since they 

determine axial patterning (Adamska et al., 2007; Lee et al., 2006; Leininger et al., 

2014; Paps and Holland, 2018; Richter et al., 2018). These families are absent or 

underrepresented only in highly derived early-branching animals (Chang et al., 2015; 

Schenkelaars et al., 2017). Besides gene innovation, pre-existing gene families 

expanded and new domain architectures were acquired in the emergence of animals, 

e.g., in receptor tyrosine-kinases, SNARE receptors, and homeobox and helix-loop-
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helix TFs (de Mendoza et al., 2013; Paps and Holland, 2018; Srivastava et al., 2010), 

and gradually expanded and increased in the stem towards bilateria (Larroux et al., 

2008). It has been argued that expansion and subfunctionalization may have played a 

role in contributing to increasing complexity in animals (de Mendoza et al., 2013; 

Larroux et al., 2007, 2006; Srivastava et al., 2010). However, gene loss also appears to 

have impacted the evolution of animals, with as much gene loss as gene gain in 

animals compared to their unicellular relatives, affecting pathways such as amino acid 

biosynthesis and osmosensing (Richter et al., 2018). Comparisons have also been 

made between animals and other multicellular life forms, although these are 

complicated by the long evolutionary distances separating them (Nedelcu, 2019). 

Based on these comparisons, it has been argued that evolution and complexification of 

animal forms could have been boosted by the acquisition of the SAND domain at the 

onset of this lineage through lateral gene transfer; this shared domain of animals, 

plants and multicellular volvocine green algae would explain why all these lineages 

have an exuberant diversity of cell types and developmental patterns (Nedelcu, 2019). 

1.3. Comparative genomics unravels traits of the animal LCA: 

adhesion, contractility, cell communication and development 

Perhaps unsurprisingly, the common gene repertoire of all animals points that cell 

adhesion, motility, and developmental and nervous signalling were mechanisms 

already present in the animal LCA. Cadherins (molecules mediating cell-cell 

interactions) and integrins (mediating cell-extracellular matrix interactions) are found in 

most of non-bilaterians (Moroz et al., 2014; Putnam et al., 2007; Ryan et al., 2013; 

Srivastava et al., 2010) (Srivastava et al., 2010b; Ryan, Moroz, Putnam 2007), and a 

recent study determined the presence of basal lamina components laminin and 

collagen (or its truncated sister spongin) in comb jellies (Ctenophora) and at least one 

group of sponges (Fidler et al., 2017). As for adherens junction components and cell 

polarity, sponges have a full, fairly conserved repertoire (Fahey and Degnan, 2010; 

Nichols et al., 2012; Srivastava et al., 2010) but ctenophores lack Crumbs complex and 

Scribble homologs (Belahbib et al., 2018). These results altogether point to a rich 

repertoire of adhesion genes in the animal LCA. Although sponges are sessile during 

adulthood, two orthologs of heavy chain myosin of striated and non-striated muscle 

have been identified in two sponge genomes. This suggests that a contractile system 

existed in the animal LCA, and later evolved into distinct muscle types in different 
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lineages. This system was potentially lost in sponges and independently gave rise to 

striated muscle cells in cnidarians, ctenophores, and bilaterians (Burton, 2008; 

Steinmetz et al., 2012). Similarly, at the organizational level, ctenophores possess an 

independently-derived mesodermal tissue, despite their lack of key bilaterian 

mesoderm specification genes (Martindale and Henry, 1999; Moroz et al., 2014; Ryan 

et al., 2013). This suggests that the regulatory mechanisms necessary for establishing 

early fates in layers of cells (such as the muscle cells in the ctenophore-specific 

mesoderm) were present before the emergence of bilaterians. If ctenophores are the 

earliest branching animals, then these mechanisms would likely have been present in 

the animal LCA. 

Most animals sense and respond to stimuli with complex behaviours thanks to the 

nervous system. The LIM-associated homeobox family of TFs was originally found to 

be only in Metazoa (Putnam et al., 2007), and together with genes such as bHLH, Sox 

and elav, they are among the first genes found in animal genomes related to neural 

development and neural cell fate. Surprisingly, LIM-associated homeobox genes are 

present and expressed in developing Amphimedon embryos, despite Amphimedon 

lacking any overt nervous system (Srivastava et al., 2010). This same species 

possesses genes related to postsynaptic densities, as well as different receptors and 

biosynthesis enzymes of different molecules used as transmitters, the latter linked to 

the production of secondary metabolites (Riesgo et al., 2014). This pan-representation 

of neural genes is however limited in some lineages such as ctenophores, where the 

main messengers used in synapses in other animals are absent (Moroz et al., 2014). 

This has led some authors hypothesize a parallel evolution of the nervous system in 

early-branching animals such as ctenophores (Moroz and Kohn, 2016, 2015).  

Nervous systems rely on the transmission of information at two main levels: within the 

same cell (electrochemical impulse) and between cells (chemical or electric synapsis). 

There are numerous examples in nature of electrically excitable epithelia (Josephson, 

2004; Mackie, 2004; ROBERTS, 1969) which suggest a potential common origin of the 

electrochemical basis observed in nerve impulses and that of epithelia. Neuronal 

features heavily rely on current transmission derived from osmotic changes (Bucher 

and Anderson, 2015), and so their evolution required a machinery for osmotic control 

(i.e., ion channels to generate action potential and a basal lamina) in a continuum of 

cells delimiting compartments (the outside and the inside of the cell). At the cell-cell 

communication level, some observations indicate that early-branching animals use 
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their nervous system to communicate information about their microbiomes and the 

surrounding bacteria (Klimovich and Bosch, 2018; Musser et al., 2019), sharing a 

common origin of the foundations of the neural and the immune systems. There is 

abundant evidence of innate immunity components occurring in different animal 

lineages, from Toll-like and Ig receptors to TFs and complement system in sponges 

and cnidarians (Brennan et al., 2017; Gauthier et al., 2010; Miller et al., 2007; Riesgo 

et al., 2014), some being expressed by cells in intimate contact with neurons.  

A particularly important group of signalling pathways are those mediating animal 

development. Embryonic development coordinates the placement of the 

aforementioned components into a coherent, physically integrated organizational plan. 

Several components of the Wnt signalling pathway, involved in anteroposterior axial 

patterning, are expressed in sponge larvae, during cnidarian development, and in 

several structures of both adult sponges and adult ctenophores (Adamska et al., 2007; 

Hobmayer et al., 2000; Lee et al., 2006; Riesgo et al., 2014; Srivastava et al., 2010, 

2010; Windsor Reid et al., 2018). Components of other signalling pathways, such as 

Hedgehog, Notch, or TGF-β, are present but more scattered between lineages and 

species (Moroz et al., 2014; Riesgo et al., 2014; Ryan et al., 2013). Despite being 

patchy and incomplete in different species, all animal signalling pathways (including 

those responsible for patterning bilaterians) are present in virtually all early lineages 

(Nichols et al., 2006; Paps and Holland, 2018; Riesgo et al., 2014), suggesting the 

animal LCA contained a machinery with the potential to drive axial patterning in a 

developmental program. 

1.4. The last common ancestor of animals likely possessed many 

different cell types 

A major feature of animals is the spatial distribution of labor between coexisting cells 

within a single multicellular entity. The building blocks of multicellular bodies are 

different kinds of cell types (Box 1), each specialized in different roles within the whole 

organism. Cell types have their own cell modules used in different processes (e.g., 

contraction, secretion, signalling and reception), that are normally regulated by a well-

defined genetic program (a set of TFs and other specific regulatory mechanisms). This 

implies that some genes are expressed by certain cell types but not others – in other 

words, they express a limited number of genes encoded in the genome. On the other 

hand, the totality of genes in the genome of a unicellular organism may be used by a 
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single cell throughout its life cycle. The genome partitioning in animal cell types reflects 

an increase of regulation to determine cell fate genetic programs between different cell 

types within a single organism (Arendt et al., 2019). Understanding the origin of 

animals therefore requires asking questions about the evolutionary origins of cell types 

and their mechanisms of differentiation. 

All the information provided by comparative genomics is relative to the presence or 

absence of certain genes in the organism. Therefore, sequencing of the genome alone 

fails to provide information on how those genes are expressed and regulated in 

different cells, and on the putative identities of the cells within an organism. Insights in 

this field have come hand in hand with advances in single-cell genomics. It has been 

reported that cell type diversity increases within animals in each step of body plan 

complexification, with relatively low numbers cell type diversity in early-branching 

animals contrasting the hundreds or thousands of cell types in bilaterians and in 

vertebrates, respectively. However, new research is showing that cell type diversity is 

more complex and varied in animals than we thought. Many of the bona fide cell types 

of non-bilaterians have been classically described at the morphological level, but the 

access at the molecular level has allowed the definition of numerous identities 

previously unnoticed (Marioni and Arendt, 2017). Identifying previously undescribed 

cell types in early-branching metazoans can help us understand the role of gene 

expression regulation in the definition of cell types. Cell atlases of sponges and 

cnidarians (Musser et al., 2019; Sebé-Pedrós et al., 2018b; Siebert et al., 2019) have 

allowed the identification of transcriptional signatures in the form of correlated and 

differential gene expression across the transcriptomes of different cells, leading to the 

definition of numerous “metacells” in these organisms (Baran et al., 2018; Sebé-Pedrós 

et al., 2018b). Based on their expression profiles, these metacells can be linked to 

putative functions, such as muscle or cnidocyte cells in Hydra and Nematostella, or 

archaeocytes in sponges (Musser et al., 2019; Sebé-Pedrós et al., 2018b; Siebert et 

al., 2019; Sogabe et al., 2019), or can be used to detect novel, undiscovered cell types, 

such as nitric oxide-sensitive contractile cells or neuroid-amoeboid cells in Spongilla 

(Musser et al., 2019). Metacells appear to change across developmental stages of 

these organisms, with differences in the metacell composition in adult and larval stages 

of Nematostella (Sebé-Pedrós et al., 2018b; Siebert et al., 2019). Likewise, they can be 

linked to different cell fate trajectories branching from stem cells, reconstructing the cell 

type phylogeny of the organism (Siebert et al., 2019). One main recognisable signature 

of these cell types is the expression of TFs: hundreds of them are differentially 
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expressed in Nematostella, of these hundreds 85% are of metazoan origin and half are 

specific to certain metacells. These numbers reflect the relevance of TFs diversification 

in the lineage that led to animals (de Mendoza et al., 2013). Some of these TFs 

coexpress with genes whose promoters contain binding sites matching them (Siebert et 

al., 2019). Correlation of gene expression between TFs suggests there exists a 

hierarchy of control to define the identity of the cells, meaning the control of cell type 

identity emerges from the control at the tissue level, from a broader to a more specific 

fate. Distal regulation may also play a role in the specification of cell types, as many of 

the cell type specific genes have associated putative enhancers spanning multiple 

kilobases upstream (Sebé-Pedrós et al., 2018b). 

An especially large number of cell types correspond to neuronal identity in these 

species (Sebé-Pedrós et al., 2018b). These cells show extensive conservation in 

neuronal effector gene repertoires with other animal species, but not at the level of 

coexpression, supporting the existence of an ancestral cell type with neuronal 

characteristics, at least at the onset of cnidarians and bilaterians. Interestingly, a group 

of Spongilla cells named neuroids surround other cells and express a combination of 

TFs and effector genes related to immunity and synaptic communication (Musser et al., 

2019). Animals like Nematostella, Hydra and Spongilla have thus been able to use a 

basal regulatory machinery and different ancestral cell modules to evolve their own 

types of cells. This fact reinforces the possibility of an animal LCA machinery related to 

that of nerve and immune cells which could have later diverged independently in each 

lineage, giving rise to similar structures, such as the nervous system. 

So far, single-cell approaches are bringing a much deeper insight into cell type 

differentiation in many early-branching Metazoa, by adding sponges, comb jellies and 

placozoans to the comparisons (Sebé-Pedrós et al., 2018a). Such analyses have 

revealed how sponge larvae and adult organisms exhibit different cell types, an 

unexpectedly high diversity of cell types in ctenophores, and the presence of 

peptidergic cell types in placozoans (Sebé-Pedrós et al., 2018a). Interestingly, these 

species show differences in the control of cell type-specific gene expression, such as a 

large diversity of TFs and very specific promoter motifs, versus the use of distal 

elements (Sebé-Pedrós et al., 2018a). Because of these differences in very different 

lineages of early branching animals, it is likely that cell type genome regulation in the 

animal LCA involved a heterogeneous program of distal regulation and complex TFs 

networks. However, the large evolutionary distances and high divergence between 
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these lineages to the ancestor makes it difficult to find homologous cell types between 

them. Only very conserved aspects, such as the expression profile of epithelial or 

ciliated cells, are conserved across species. Most of the genes expressed in all cell 

types in these species are either found in all eukaryotes or are lineage-specific, and in 

all cases it appears that novel genes are more limited to specific cell types (Sebé-

Pedrós et al., 2018a). 

From this scenario of poor conservation and high divergence we can make three 

observations: first, the very limited living record of early branching animals becomes 

evident. The fossil record shows that many animal groups present in the Cambrian 

explosion went extinct leaving no representatives to this day, a situation with little 

prospect of change due to the discovery of only three animal phyla in the past thirty 

years (Kristensen, 2002), and with all the documented metazoan diversity by 

environmental metabarcoding belonging to already existing phyla (López-Escardó et 

al., 2018). Second, the currently extant early-branching animals are very derived and 

specialized, suggesting that secondary losses and simplification fostered the evolution 

of new structures and genes in these lineages ((O’Malley et al., 2016), see Box 2). 

Third, while tracing the origin of specific cell types to the origin of Metazoa proves a 

difficult task, these approaches show that animals have been able to diversify and 

specify the fates of their cells in many different ways but using the same mechanisms 

of genomic regulation and the same effector machineries responsible for cell 

physiology. We can conclude that the animal LCA was already rich in cell types which 

share some of their cellular foundations with those in extant species. 

1.5. Reconstruction of other ancestors of animals 

It is important to note that the animal LCA and the first common ancestor of animals 

may have not been the same (Box 1). In fact, the first animal, defined as a multicellular 

entity with a developmental plan, likely gave rise to other lineages that subsequently 

went extinct prior to the divergence of all modern animal lineages from the animal LCA. 

Research is so far limited to the reconstruction of the animal LCA, and the different 

unicellular ancestors of animals. 

However, we can have an approximate reconstruction of the first common ancestor of 

animals based on our current knowledge of the animal LCA. For instance, taking into 

account the patchy distribution of all those machineries in all the different lineages of 
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early-branching animals, we can infer that the genetic toolkit of the animal LCA was 

very rich in genes related to metazoan innovations, from the cellular foundations 

necessary to generate epithelia-like layers to neuron-like signalling cells and muscle-

like contractile cells. Although specific cell types may have evolved convergently in 

different early-branching lineages (Moroz, 2015; Steinmetz et al., 2012), all of their 

genomes encode elements of the genes and domains that allowed these cell types to 

emerge. Many animal-specific pathways and mechanisms were thus largely complete 

in the animal LCA (similar to the observations about the cnidarian-bilaterian LCA by 

(Putnam et al., 2007)), suggesting that those machineries were likely present in 

previous ancestral states possibly even in the first animals (Fig. 1, Box 1). Similarly, 

based on our inferences of cell type diversity in the animal LCA, those ancestors prior 

to the animal LCA likely had the ability to regulate cell differentiation by means of 

hierarchical TF networks and distal regulation in different cells within the multicellular 

collective, which translates to a certain degree of spatial cell differentiation. Rather than 

a drastic bloom of innovations, it is likely that gene expansion, co-option, increased 

regulatory sophistication and a transition from temporal to spatial gene regulation had a 

crucial impact on the gradually increasing complexity of animals ((Sebé-Pedrós et al., 

2017), and references within). 

Still, phylogenomic studies and analysis for the reconstruction of the animal ancestors 

are limited by the data currently available for such comparisons: genomic data of early-

branching animals is limited to a handful of species, which may or may not be good 

representatives due to events of gene loss and fast evolution. Likewise, our findings 

would be biased towards the assumption of numerous innovations in the animal 

lineage unless we include other lineages in our comparisons. For these reasons, the 

study of the origin and evolution of animals requires sequencing more early-branching 

animal genomes and, just as importantly, to expand our focus to other lineages outside 

Metazoa. 

2. A unicellular perspective into animal origins 

In the last decade, the advent of molecular and sequencing techniques and genomic 

and morphological characterization of unicellular species closely related to animals has 

drawn a robust phylogenetic framework of animals and their unicellular relatives. 

Animals are closely related to a heterogeneous assembly of unicellular lineages, 

together comprising the Holozoa clade within the eukaryotic group Opisthokonta 
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(Cavalier-Smith, 1987; Lang et al., 2002; Ruiz-Trillo et al., 2008, 2004; Shalchian-

Tabrizi et al., 2008; Torruella et al., 2015, 2012) (Fig. 1). By comparing their biology 

and genome content to those of animals, we can reconstruct the cellular foundations of 

animal evolution and infer the minimal genomic complexity of common ancestors of 

animals. Moreover, unicellular relatives of animals, hereafter unicellular holozoans, 

allow a more comprehensive reconstruction of the gene content, regulatory 

mechanisms and potential lifestyle(s) of the single-celled ancestor of animals, which 

are key to understanding the transition from unicellular to multicellular forms. 

2.1. Unicellular holozoans, animals’ closest relatives 

The closest unicellular lineage to animals comprises a group of more than 250 species 

of spherical/ovoid heterotrophic predatory flagellates known as Choanoflagellatea, 

originally associated to animals more than a century ago by their morphological 

resemblance to choanocytes, a specific cell type of sponges (Clark, 1866). This 

similarity, together with their phylogenomic confirmation as the closest living unicellular 

relatives of animals, gave rise to hypotheses of animals evolving from a 

choanoflagellate-like ancestor (Cavalier-Smith, 2017; Cavalier-Smith and Chao, 2003; 

Lang et al., 2002; Ruiz-Trillo et al., 2008; Steenkamp et al., 2006; Wainright et al., 

1993; Zettler et al., 2001). Choanoflagellates are widely distributed worldwide in a 

range of aquatic environments and are considered to be major contributors to aquatic 

microbial food webs (Arndt et al., 2000; del Campo and Massana, 2011; del Campo 

and Ruiz-Trillo, 2013; King, 2005; Nitsche et al., 2007; Thomsen et al., 2016; Torruella 

et al., 2015; Wylezich et al., 2012). They present an apical funnel-shaped feeding collar 

that forms a complex of interconnected actin-filled microvilli at the base of a single 

flagellum, which allows generating water currents to capture and phagocytose bacterial 

prey (Leadbeater, 2015). Some of their representatives are remarkable for producing 

extracellular siliceous basket-like coverings (Carr et al., 2008; Leadbeater, 2015) and 

others are able to form multicellular-like structures of stably adherent cells, known as 

rosettes, as a product of oriented cell divisions from a single founder cell (Dayel et al., 

2011; Fairclough et al., 2010). Another interesting behaviour has been observed in the 

recently described Choaneca flexa, which is able to form enormous cup-shaped 

colonies (Brunet et al., 2019). These colonies reversibly invert their curvature in 

response to light through a rhodopsin-cGMP pathway, representing a similar behaviour 

to concerted movement and morphogenesis in animals and the first observation of 

light-response in a choanoflagellate (Brunet et al., 2019). 
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Filasterea is the second closely related lineage to animals, composed of only four 

known species to date: the endosymbiont Capsaspora owczarzaki (Owczarzak et al., 

1980; Stibbs et al., 1979), the marine free-living heterotroph Ministeria vibrans 

(Cavalier-Smith and Chao, 2003; Kiss et al., 2009; Mylnikov et al., 2019; Shalchian-

Tabrizi et al., 2008; Tong et al., 1998; Torruella et al., 2015) and the more recently 

described freshwater predatory flagellates Pigoraptor vietnamica and Pigoraptor 

chileana (Hehenberger et al., 2017). Similarly to choanoflagellates, some filastereans 

are able to form multicellular structures. For example, the filopodiated amoeba C. 

owczarzaki presents a multicellular stage formed through the active aggregation of 

independent cells, representing the first example of an aggregative behaviour among 

unicellular holozoans (Sebé-Pedrós et al., 2013b). C. owczarzaki also presents two 

additional stages which, together with the aggregative stage, are all differentially 

regulated at the transcriptomic, proteomic and phosphoproteomic levels (Sebé-Pedrós 

et al., 2016a, 2016b, 2013a; Stibbs et al., 1979). Recently, clusters of few cells have 

also been detected in M. vibrans (Mylnikov et al., 2019) and in both Pigoraptor species 

(Hehenberger et al., 2017). 

The next lineage is Ichthyosporea, a group of osmotrophic and saprotrophic fungus-like 

protists frequently multinucleated and sometimes with a single posterior flagellum, 

especially in dispersal forms. Most members of Ichthyosporea have been found in 

commensal, mutualistic or parasitic relationships with aquatic (both freshwater and 

marine) and terrestrial animals, and therefore most of them have been directly isolated 

from different animal tissues, especially guts of molluscs and arthropods (Glockling et 

al., 2013). Few species have been identified as free-living (Hassett et al., 2015). Over 

the past decade, the number of taxa in this group has increased considerably, reaching 

to date about 40 characterized species, although around half of them are phylotypes 

(Feldman et al., 2005; Lohr et al., 2010; Lord et al., 2012; Marshall et al., 2008; 

Marshall and Berbee, 2011). Moreover, many taxa in the Eccrinales and Amoebidiales 

originally identified as fungi have been phylogenetically classified as ichthyosporeans 

(Benny and O’Donnell, 2000; Cafaro, 2005; Mendoza et al., 2002). Some species 

exhibit fungal-like traits (Mendoza et al., 2002; Torruella et al., 2015) or other complex 

phenotypes, such as motile pseudopodia, hyphal or plasmodial structures (Marshall 

and Berbee, 2011). Interestingly, some members of the Ichthyosporea present a 

broadly conserved developmental mode consisting of large, multinucleated spherical or 

ovoid coenocytes, often with a large central vacuole or multiple vacuoles and a thick 

cell wall. At some point, this stage releases multiple motile spherical or limax-shaped 
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amoebas by cellularization of the internal nuclei (Dudin et al., 2019; Mendoza et al., 

2002; Ondracka et al., 2018). Interestingly, in Sphaeroforma arctica, nuclear division 

operates independently of cell size by a clock-like mechanism, generating a self-

organized polarized layer of cells (Dudin et al., 2019; Ondracka et al., 2018). 

  

Finally, the Corallochytrea clade includes a single species, Corallochytrium 

limacisporum (Raghu-kumar, 1987), a small spherical-shaped free-living osmotroph, 

originally isolated from marine coral reefs in the Arabian Sea and more recently in 

Hawaii (Raghu-kumar, 1987; Torruella et al., 2015). C. limacisporum presents a 

complex developmental mode that in some aspects resembles the one present in 

Ichthyosporea. Uninucleated cells undergo a number of binary cell divisions without 

cytokinesis, causing a single large cell or colony to form and grow until it releases 

limax-shaped amoebas that disperse and form new colonies (Raghu-kumar, 1987). 

Although it is still not clear whether C. limacisporum is able to undergo a coenocytic 

cycle, some observations revealed it is able to undergo serial cell divisions with 

palintomic cleavage (Butterfield, 2011; Chen et al., 2014; Xiao et al., 2012). In the most 

recent and taxon-rich phylogenomic analysis, it was classified as the sister group to 

Ichthyosporea, forming a monophyletic group named Teretosporea, referring to the 

prevalence of “rounded spores” in both C. limacisporum and ichthyosporeans (Grau-

Bové et al., 2017; Torruella et al., 2015). However, analysis of the newly described 

species Syssomonas multiformis (Hehenberger et al., 2017) grouped them together in 

an independent clade branching between Filasterea and Ichthyosporea, named 

Pluriformea (Hehenberger et al., 2017). S. multiformis is a freshwater-dwelling 

predatory flagellate that feeds on large eukaryotic prey, especially on heterotrophic 

chrysomonads and bodonids (Hehenberger et al., 2017). Morphologically, it presents a 

complex developmental mode that includes amoeboflagellate, amoeboid cells and 

motile swimming cells. Similar to the filasterean Pigoraptors, it can form clusters of 

multiple cells and spherical cysts. Both C. limacisporum and S. multiformis 

phylogenetic position need to be further investigated. 

Other clades falling within or related to different unicellular holozoan lineages have 

been identified using molecular data from environmental surveys, a powerful tool to 

describe new diversity (Arroyo et al., 2018; del Campo et al., 2016; del Campo and 

Ruiz-Trillo, 2013; Pawlowski et al., 2016, 2012, 2011). For example, in deep-sea 

sediments, Operational Taxonomic Units (OTUs) from Choanoflagellatea and 
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Ichthyosporea were mostly abundant in sediments from the Arctic Sea (Pawlowski et 

al., 2011). A recent study identified more than 60% of OTUs as potential new taxa at 

the species level in unicellular holozoans, especially to S. multiformis (Arroyo et al., 

2018). This study surveyed freshwater environments, which are generally considered 

to have more ecological niches for eukaryotic communities than marine environments 

(Arroyo et al., 2018). Filastereans have been recently identified in environmental 

surveys ((Heger et al., 2018); Arroyo et al., unpublished). Altogether, this points to a 

wider geographical and ecological distribution of key taxa and potentially new groups 

related to unicellular holozoans, suggesting that still there is a considerable hidden 

diversity of unicellular holozoans to be uncovered (Arroyo et al., 2018; del Campo et 

al., 2015; del Campo and Massana, 2011; del Campo and Ruiz-Trillo, 2013; Pawlowski 

et al., 2011; Savin et al., 2004; Stougaard et al., 2002; Takishita et al., 2007, 2006, 

2005). 

2.2. The single-celled ancestral toolkit 

Analyses of the genomes, transcriptomes, proteomes and gene regulatory 

mechanisms of unicellular holozoans make it possible to identify key features that are 

present/shared between extant unicellular holozoan species and present/absent in the 

animal lineage. These features can be inferred to be present in the unicellular ancestor 

and thus allow reconstructing the nature of the single-celled ancestral toolkit. 

Currently, there are two available choanoflagellate genomes, those of Monosiga 

brevicollis (King et al., 2008) and the colony-forming S. rosetta (Fairclough et al., 

2013), which has also been thoroughly characterized at the transcriptomic level and 

cell biology level (Fairclough et al., 2013; Levin et al., 2014; Levin and King, 2013; 

Woznica et al., 2017, 2016). Transcriptomes are available from a broad representation 

of different choanoflagellate species (Brunet et al., 2019; Fairclough et al., 2013; 

Richter et al., 2018). Among filastereans C. owczarzaki has been more deeply studied 

as the complete genome, transcriptome, proteome, phosphoproteome and epigenome 

are available (Denbo et al., 2019; Sebé-Pedrós et al., 2016a, 2016b, 2013b; Suga et 

al., 2013). There is transcriptomic data available for M. vibrans (Torruella et al., 2015) 

and both Pigoraptor species (Hehenberger et al., 2017), and analysis of their genomes 

are underway. To date, there are six available ichthyosporean genomes: S. arctica 

(Grau-Bové et al., 2017); C. fragrantissima (de Mendoza et al., 2015); I. hoferi 

(Torruella et al., 2015) and P. gemmata, A. whisleri and C. perkinsii (Grau-Bové et al., 
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2017). Currently, transcriptomic data is available for several species, including S. 

destruens (Torruella et al., 2015) and C. perkinsii (Grau-Bové et al., 2017) and C. 

fragrantissima (de Mendoza et al., 2015), A. whisleri and P. gemmata (Torruella et al., 

2015), A. parasiticum (Torruella et al., 2012) and S. arctica (Ondracka et al., 2018; 

Torruella et al., 2012). Transcriptomic data is also available for S. multiformis 

(Hehenberger et al., 2017) and the genome of C. limacisporum was recently 

sequenced (Grau-Bové et al., 2017). 

Unicellular holozoans possess and express an unexpectedly large repertoire of genes 

that have key functions in animal multicellularity showing that these genes predate 

animal origins (de Mendoza et al., 2015; Fairclough et al., 2013; Grau-Bové et al., 

2017; Hehenberger et al., 2017; Richter et al., 2018; Sebé-Pedrós et al., 2016a, 2016b, 

2013b, 2011, 2010; Suga et al., 2013; Torruella et al., 2015, 2012). For example, 

almost 400 gene families previously thought to be animal innovations were identified in 

choanoflagellates (Richter et al., 2018). These observations make gene innovation 

alone unable to fully explain the transition to animal multicellularity. Thus, in addition to 

the emergence of novel gene families only found in animals, gene co-option and/or 

regulatory changes to pre-existing ancestral genes may have been important driving 

forces for the transition from unicellular to multicellular forms (de Mendoza et al., 2015; 

Fairclough et al., 2013; Grau-Bové et al., 2017; King et al., 2008, 2008; Richter et al., 

2018; Sebé-Pedrós et al., 2011; Suga et al., 2013; Torruella et al., 2015, 2012). 

Discovering the function of these and other “multicellularity-related” genes in unicellular 

holozoans and how they are regulated during their life cycles would be the next crucial 

step towards understanding how those genes were co-opted during the transition (Box 

3) (Brunet et al., 2019; de Mendoza et al., 2015; Goldstein and King, 2016; Rokas, 

2008; Ruiz-Trillo et al., 2007). 

2.2.1. Cell adhesion toolkit 

Early discussions in the field pointed out that evolution of cell-cell and cell-extracellular 

matrix (ECM)  adhesion mechanisms was needed prior to the emergence of animals 

(Müller et al., 2004). Cell adhesion mechanisms are essential for building a cohesive 

and physically integrated assembly of multiple cells, tissues and organs in animals. 

Nevertheless, both cell-cell and cell-ECM adhesion molecules are present in unicellular 

holozoans. For example, choanoflagellates possess several predicted cadherin 

domain-containing proteins (Abedin and King, 2010; Nichols et al., 2012) and c-type 
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lectins localised into the interiors of rosettes in S. rosetta as part of an extracellular 

matrix, which potentially mediates intercellular adhesion (King et al., 2008; Levin et al., 

2014). Strong evidence for several domains present in the animal homolog Flamingo 

have also been identified in several choanoflagellate species as well as several 

Protocadherin domains identified in five species of choanoflagellates (Richter et al., 

2018). Most components of the integrin adhesome system, essential for cell-ECM 

junctions in animals, have also been detected in unicellular holozoans. An integrin beta 

domain was identified in the choanoflagellate D. costata and the integrin beta-binding 

protein ICAP-1 was present in all choanoflagellates except M. brevicollis and S. rosetta 

(Richter et al., 2018). Interestingly, some S. rosetta cells within rosette colonies are 

connected with other neighbouring cells by intercellular bridges  (Laundon et al., 2019). 

Among filastereans, C. owczarzaki possesses and expresses the complete integrin 

adhesome system (Sebé-Pedrós et al., 2010; Suga et al., 2013) and other ECM-related 

proteins, which are upregulated in aggregates (Suga and Ruiz-Trillo, 2013). Nearly a 

complete integrin adhesome system and the associated signalling and cell adhesion 

components, such as the integrin-linked kinase (ILK), PINCH and Parvin are also 

present in both Pigoraptor species (Hehenberger et al., 2017) and integrin alpha and 

beta genes are present in C. limacisporum (Grau-Bové et al., 2017). Several 

components of this system are also present in S. multiformis (Hehenberger et al., 

2017). Other key elements present in animal ECM, such as canonical Type IV 

collagens, were found in M. vibrans (Grau-Bové et al., 2017). 

2.2.2. Gene regulatory networks: cell signalling, communication, 
transcription factors and genomic regulation 

As previously mentioned, the architecturally complex body plans present in animals 

require the coordination and arrangement of cells. The developmental programs 

responsible for the body plan are deployed through TFs, signalling molecules, and 

other proteins interacting in gene regulatory networks (GRNs). Cell signalling pathways 

mediate cell-cell communication and environmental sensing/response. Metazoan 

intracellular signalling components were present in the unicellular ancestor of animals, 

but upstream receptors and ligands evolved after the transition (Sebé-Pedrós et al., 

2017). For example, key genes involved in spatial signalling include Hedgehog, WNT, 

TGF-β and JAK-STAT networks, which are absent in unicellular holozoans. 

Nevertheless, a recent study revealed that Notch, Delta and homologs of the animal 
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Toll-like receptor genes evolved prior the animal-choanoflagellate divergence as they 

are present in several choanoflagellate species (Richter et al., 2018). Another group of 

signalling molecules, the receptor tyrosine kinases (RTKs), might have been key to the 

evolution of the holozoan lineages provided their evolutionary history in this group. 

Dozens of RTKs have diversified independently in all groups of unicellular holozoans 

(Manning et al., 2008; Suga et al., 2014, 2012), while others, such as the cytoplasmic 

tyrosine-kinases Src, FAK and CSK, also have premetazoan origins but likely evolved 

later (Schultheiss et al., 2014, 2012; Suga et al., 2012; Suga and Miller, 2018). Other 

members of important signalling cascades, such as the Myc-Max network (Young et 

al., 2011) and intracellular components of the Hippo signalling pathway are present in 

C. owczarzaki their metazoan upstream receptors (i.e., Crumbs and Fat) are absent 

(Sebé-Pedrós et al., 2012). 

Transcription factors (TFs) drive gene expression by binding to the DNA at specific 

recognition sequences, generally localized in the proximity of the transcription start site 

of the target gene. From the numerous TFs known to be present in the animal LCA, 

many originated in the previous unicellular ancestors or even in Opisthokonta. LIM-

associated Homeobox TFs, formerly thought to be only in animals, are present in 

several ichthyosporeans, in Capsaspora and in Corallochytrium (Grau-Bové et al., 

2017). Other examples include Nuclear Factor-κB, the p53/63/73 family, RUNX, and T-

box TFs (de Mendoza and Sebé-Pedrós, 2019; Sebé-Pedrós et al., 2011). As with 

some components of the Hippo pathway (Sebé-Pedrós et al., 2012), some of these 

TFs already display the potential to play a part in gene regulatory networks well 

established in Metazoa, such as Brachyury and MYC (Sebé-Pedrós et al., 2016a), 

highlighting that this regulatory role was likely already present in the unicellular 

ancestors of animals.  

In animals, gene expression can be regulated by modifying DNA accessibility. 

Compaction and relaxation of the chromatin can foster the recruitment of TFs and other 

regulatory proteins. Many of the genes involved in controlling chromatin accessibility 

are also present in unicellular holozoans, such as the histone acetyltransferase 

p300/CBP or many histone post-translational modifiers (Grau-Bové et al., 2017; Sebé-

Pedrós et al., 2016a). Interestingly, the life stages of Capsaspora have associated 

changes of chromatin accessibility in the proximal cis-regulatory regions, in contrast to 

the abundant distal regulation in animals (Sebé-Pedrós et al., 2016a). Overall, 
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comparative studies have inferred that the unicellular ancestor of holozoa was able to 

use GRNs and epigenomic mechanisms to regulate the transition between life stages. 

2.3. The evolution from the unicellular ancestral genome 

Most unicellular holozoans, such as Corallochytrium, Capsaspora or Chromosphaera, 

have relatively compact genomes; with a few exceptions in Ichthyosporeans (Grau-

Bové et al., 2017), which like animals typically have larger genomes than their 

unicellular relatives (e.g., early-branching animals genomes are 300-500 Mb) (Elliott 

and Gregory, 2015; Simakov and Kawashima, 2017). This indicates that the LCA of 

Holozoa may have had a considerably compact genome, which was progressively 

shaped by differential retention of ancestral states and secondary innovations. 

Independent selective pressures on different traits, such as genome size, synteny 

conservation and reorganization and intron density, were key during the transition to 

multicellularity. Moreover, there was also a continuous process of protein domain gain 

and diversification involving multicellularity-related genes in animal ancestors (Grau-

Bové et al., 2017). Altogether, two major genome expansions, before and after the 

origin of animals, had a major impact on gene families expansion and diversification 

which, together with Transposable Element propagation, may have contributed to 

increases in the size of animal genomes (Grau-Bové et al., 2017; Paps and Holland, 

2018).  

Importantly, as outlined above, gene novelty had a considerable impact during the 

origin and evolution of animals, especially in biological functions key for animal 

multicellularity, such as genes involved in differential gene regulation (e.g., TFs, 

signalling pathways), cell adhesion (e.g., cadherins), cell-type specification, cell cycle 

and immunity (Paps and Holland, 2018; Richter et al., 2018; Richter and King, 2013). 

Nearly 400 gene families previously thought to be animal-specific instead evolved prior 

to the animal-choanoflagellate divergence, as illustrated in the earlier section (Richter 

et al., 2018). Novel gene regulatory mechanisms, such as enhancers and chromatin-

structural modifications (distal regulatory elements) were key to the rise of metazoans 

(Sebé-Pedrós et al., 2016a). An increase of transcriptional regulatory networks also 

made an important contribution to gene family diversification. Some classes of TFs 

expanded to give rise to new families at the onset of metazoa, including T-box, SOX, 

homeobox, and bHLH. An additional level of acquired transcriptomic regulatory 

complexity, including alternative splicing events by exon shuffling, exon skipping or 
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intron retention (Grau-Bové et al., 2017; Liu et al., 2005), contributed to novel sources 

for transcriptomic innovations (Barbosa-Morais et al., 2012; Grau-Bové et al., 2017; 

Irimia et al., 2009; Nilsen and Graveley, 2010, 2010; Rogozin et al., 2012). 

In parallel, a recent study suggests extensive gene loss or divergence occurred during 

metazoan evolution, especially in genes related to enzymatic functions (i.e., kinases), 

although we have to consider that taxon sampling was limited (Paps and Holland, 

2018). Nevertheless, this points to a higher turnover of genes and greater genomic 

plasticity during the diversification of animals (O’Malley et al., 2016). These changes in 

the architecture and content of the genome reshaped the genetic toolkit, structure and 

regulatory mechanisms of the earliest animals genomes (Grau-Bové et al., 2017; 

Simakov and Kawashima, 2017). Probably an early burst of gene diversity in the LCA 

of Holozoa, enriched in TFs and cell adhesion machinery, was followed by multiple and 

differently-timed episodes of synteny disruption, intron gain and genome expansions. 

The evolution of non-coding genes and novel epigenetic mechanisms may have also 

played major roles during the transition to animal multicellularity (Sebé-Pedrós et al., 

2016a). For example, the appearance of developmental promoters and distal enhancer 

elements was potentially a key innovation at the onset of animals, increasing cis-

regulatory complexity (Sebé-Pedrós et al., 2016a). Moreover, a recent study reported 

the first evidence for miRNA genes and homologs of the animal miRNA biogenesis 

machinery (including Drosha and Pasha) in Ichthyosporea (Bråte et al., 2018). This 

indicates a unicellular origin of animal miRNAs and the associated microprocessor 

complex, which evolved long before the last common ancestor of animals, early in 

holozoan evolution (Bråte et al., 2018). 

Thus, the unicellular ancestor of animals already possessed several gene regulatory 

mechanisms, including regulation of chromatin states, complex cis-regulation by 

enhancers, cell-type-specific alternative splicing and post-transcriptional regulation of 

mRNA translation via miRNAs with remarkable similarities to those of animals, 

suggesting that the foundations of animal genome architecture and gene control 

mechanisms were laid before the origin of multicellularity (Bråte et al., 2018; Grau-

Bové et al., 2017; Sebé-Pedrós et al., 2016a). Inclusion of new genomes in the future 

may change the reconstruction of the ancestral genome and regulatory capacities 

because comparative genomic studies are highly sensitive to taxonomic biases.  
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3. Our current perspective on the origin of animals

To define what makes an animal, classical comparisons started comparing animals 

with unicellular organisms like yeast (Aravind and Subramanian, 1999; Hazkani-Covo 

et al., 2004). Everything absent in yeast was notated as an important innovation to the 

origin of animals. The study of numerous early-branching animals and unicellular 

relatives of animals has gradually changed our perspective, by revealing that many 

genes and mechanisms thought to be animal innovations are also present in unicellular 

organisms, and were therefore likely already present in their (unicellular) shared 

common ancestor with animals. Concomitantly, numerous studies have increased our 

knowledge about the environment in which animals originated and diversified. The 

definition of what makes an animal has changed concordantly to these discoveries, as 

have the hypotheses concerning what were the crucial innovations, or circumstances 

that led to the origin of animals. 

The study of early branching animals has allowed us to reconstruct some of the main 

characteristics of the last common ancestor of animals. The animal LCA was likely an 

aquatic, obligate multicellular organism composed of different cell types with cell 

modules resembling those seen in the main cell types of extant animals. The animal 

LCA likely featured cell-cell adhesion using cadherin and cell-ECM adhesion using 

integrin-related proteins, collective movement by cell contractility, environmental 

sensing and cell-cell communication via synaptic-like modules, and an epithelium-like 

cell layer composed at least partly of collar cells used to capture bacteria as a food 

source (Brunet and King, 2017; Richter and King, 2013). It probably reproduced 

sexually via sperm and egg and presented a form of developmental processes through 

mechanisms of cell division, cell differentiation and invagination present in all animals 

(Brunet and King, 2017; Richter and King, 2013). Such diversity of cell types and 

complex organization was regulated by a diverse set of TFs and epigenomic 

machineries involving distal regulation, and the initial steps of development likely 

involved Wnt and TGF-β genes acting coordinately in signalling pathways. 

In turn, the study of the unicellular relatives of animals has allowed us to infer that the 

last common ancestor of Holozoa was likely a bacterivorous organism with a compact 

genome containing genes involved in cell adhesion and communication, and regulatory 

mechanisms involving chromatin remodelling, alternative splicing, TF networks, and 

cis-regulation of the genome. The different lifestyles observed among unicellular 
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holozoans, and especially the evidence of regulated temporal cell differentiation prior to 

the emergence of animals (de Mendoza et al., 2015; Fairclough et al., 2013; Sebé-

Pedrós et al., 2016a, 2013b), indicates that the ancestral unicellular state was relatively 

plastic, with a complex life cycle integrating transient cell identities, or states, at the 

temporal level. These included, for example, a differentiated sedentary filter-feeding or 

heterotrophic life stage and a proliferative stage that could have included dispersive 

forms. Interestingly, recent and ongoing efforts in the study of multicellular structures in 

the unicellular relatives of animals are investigating the possibility that cells with 

different morphologies and identities, driven by different genetic programs, might 

coexist in these stages ((Laundon et al., 2019); Najle et al., personal communication). 

This has been also hinted when performing comparative transcriptomics between 

sponge cell types and unicellular holozoa, with the pluripotential archaeocyte 

resembling S. rosetta colonies or C. fragrantissima coenocyte (Sogabe et al., 2019). 

Therefore, the single-celled ancestor of animals likely possessed the foundations to 

establish different cell type identities. 

Events explaining the transition 

Our increasing knowledge of these species illustrates that these two evolutionary 

stages key for animal evolution had many things in common. The emergence of some 

aspects of their complex biology, which overall contributed to the emergence of animal 

multicellularity, can be explained by evolutionary events at the genomic level. Whole 

genome duplications, gene duplications and gene family expansions, lateral gene 

transfers, or invasions of TEs increased the complexity of their genome architecture, in 

turn increasing the evolvability of the genome by distal regulation, neofunctionalization 

and co-option of genes, and increases in the cross-talking of regulatory networks 

(possibly throughout dimeric TFs (Sebé-Pedrós et al., 2017)). This may have 

contributed to a rudimentary integration of temporal cell types into a single physical 

entity. 

Additionally, it has been argued that external factors and ecological triggers were 

equally as important as internal genomic changes during animal evolution (Paps and 

Holland, 2018). One example is the biogeochemical context in which animals 

originated and diversified, with changes in ocean chemistry such as the availability of 

iron and copper (Canfield et al., 2008, 2007; Knoll and Carroll, 1999; Runnegar, 1982) 

or the great oxygenation event occurred around 700 MYA, although some authors 
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argue the latter was not as critical (Lyons et al., 2014; Mills et al., 2014; Mills and 

Canfield, 2014). As multicellular organisms, the origin of animals can also be related to 

all the advantages of being multicellular. The emergence of new ecological niches 

(Stanley, 1973), or selection for multicellularity as an escape from predation, were 

potentially other driving forces for the origin of animals (Boraas et al., 1998; Herron et 

al., 2019). 

The ecological context might have also had an impact in animal evolution, such as in 

shaping animal feeding modes and morphological features (Sperling et al., 2013). For 

example, animals evolved in an environment teeming with bacteria, and have lived 

since then in close association with bacteria throughout their evolutionary history. In 

fact, host-associated microbiota can actually regulate development and gut 

morphogenesis in animals (Klimovich and Bosch, 2018). In this context, being in a 

close relationship with bacteria could have potentially impacted animal evolution by 

requiring a system of cell communication to harbour bacterial symbionts and 

commensals and a defense system to deal with bacterial pathogens. Bacterial 

interactions are also observed among the closest unicellular relatives of animals, 

especially among choanoflagellates. Rosette development in the emerging model S. 

rosetta has been well characterized, and is known to be triggered and enhanced by a 

bacterial sulfonolipid (Alegado et al., 2012; Carr et al., 2017, 2008, p. 200; Dayel et al., 

2011; Fairclough et al., 2013, 2010; Nitsche et al., 2011; Woznica et al., 2016) and 

regulated by the rosetteless gene (Levin et al., 2014). Bacterial lipids regulate 

developmental switches both activating or inhibiting rosette formation in S. rosetta 

(Woznica et al., 2016). This is not the sole example of environmental bacteria playing a 

key role during its life stage, as S. rosetta is capable of sexually reproducing upon 

induction by a bacterial chondroitinase (Levin and King, 2013; Woznica et al., 2017, 

2016). Interestingly, some of these bacterial species also regulate life cycle transitions 

in other animal species (Nyholm and McFall-Ngai, 2004). Numerous investigations in 

other choanoflagellate species highlight the role of bacterial interactions in 

choanoflagellates (Alegado and King, 2014; Woznica and King, 2018). An example is 

Salpingoeca monosierra which presents 10 bacterial symbionts within a large single 

colony that reaches more than 100 µm in diameter, the first known choanoflagellate 

microbiome (Hake et al., unpublished). It is likely that living in an environment of 

bacteria likely fostered the foundations of holobiomes from the beginning of animals, 

and that the origin of some essential aspects of animals can be found in the 

interactions with microorganisms. 
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Theories 

Former definitions of ‘what is an animal’ involved coordinated at the multicellular level, 

the presence of spatial cell differentiation, and a coordinated developmental plan 

starting from a single cell. Thus, the theories explaining the origins of animals involved 

the acquisition of mechanisms to generate epithelium-like multicellular structures. 

Further studies and comparisons revealed that the mechanisms underpinning these 

features were likely elaborated in the stem lineage of animals, building upon pathways 

and features present in their single-celled ancestor (Brunet and King, 2017; Richter and 

King, 2013). Revised theories proposed the acquisition of spatial regulation as one of 

the main drivers of the origin of animals, in contraposition to the temporal regulation of 

cell types exhibited by their unicellular relatives(Mikhailov et al., 2009; Zakhvatkin AA, 

1949) Concomitant to the fact that unicellular relatives of animals likely possess 

different cell types at the multicellular stage, we propose an updated revision of what 

changes might have been key to the emergence of animals. In our view, multicellular 

structures, with different cell type identities coexisting, were likely present prior to the 

origin of animals (Fig. 2). 

We envision an initial scenario as shown in Zakhvatkin in 1949 and revised in Mikhailov 

et al., 2009, of an organism with a complex ontogeny of different life stages transiently 

regulated in a temporal way. Each stage consisted of different cell types using distinct 

cell modules to perform different roles: substrate attachment, feeding, swimming, or 

mating are some examples. One of these stages was a multicellular structure 

originating through clonal division, displaying spatial coexistence of different, non-

committing cell identities driven by unique genetic programs of transdifferentiation. In 

this stage, different living functions (feeding, motion, and secretion) occurred 

simultaneously as they were performed by different cells. Whereas spatial regulation 

itself was formerly proposed as the main driving change, these features may have 

likely been present in the so-called ‘unicellular ancestors of Metazoa’ and cannot justify 

in itself the coordinated multicellularity of animals. 

Below we speculate about some aspects that may have played a key role in the origin 

of animals, in relation to some of their features and in no particular order, and always in 

the context of incremental complexity discussed in this review. 
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Increased genomic innovation and co-option of pre-existing elements: 

The transition was accompanied by an increase of genomic innovation, including many 

new, rapidly evolving, and subsequently widely conserved genes encoding regulatory 

functions associated with animal multicellularity: gene regulation, signalling, cell 

adhesion and cell cycle. Nevertheless, co-option of and regulatory changes to pre-

existing elements present among unicellular holozoans set the foundations for further 

gene family expansions and diversifications. This in turn contributed to an increased 

layer of regulatory mechanisms for cell-type specification in the animal stem lineage, 

and likely played a major role in the sections below.  

The acquisition of axial patterning 

The current unicellular relatives of animals so far identified do not seem to show any 

particular arrangement of cells when forming a multicellular structure, seemingly 

lacking coordination with their neighboring cells, unlike animal development. The 

developmental plan of virtually all animals is driven by morphogens and signalling 

pathways, with the main components of these pathways mostly absent in the 

unicellular relatives of animals . 

Signalling molecules driving modular responses are present in bacteria and other 

eukaryotes, and are used by unicellular organisms to respond to quorum (Cámara et 

al., 2002), to arrange components within the cells (Hachet et al., 2011; Martin and 

Berthelot-Grosjean, 2009), or to trigger major developmental plans in aggregative 

organisms (Robertson and Grutsch, 1981). The unicellular ancestor already possessed 

different receptors, ligands and gene regulatory mechanisms to respond to extracellular 

cues in a changing environment. One crucial change could have been the co-option or 

neofunctionalization of these genes to respond to signals originating within the 

multicellular organism, leading to the ability of cells to integrate spatial information 

stemming from neighboring cells (Fig. 2). The pathway in question likely was able to 

trigger a modular non-binary response, which would explain multiple outcomes, and at 

least one component of at least one mechanism of genome regulation capable of 

triggering different cell type identities. Likewise, assymmetrical cell division might have 

been important at the onset of animals to generate spatial differences between cells. A 

primary axis likely arose as a result of the ability to arrange cell types. One potential 
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candidate could be the Wnt/β-catenin signalling pathway, known to regulate the 

anteroposterior axis of the body plan even in early-branching animals, providing a 

nucleating architecture for the different cell types to arrange (Hobmayer et al., 2000; 

Windsor Reid et al., 2018). These primary axis may have led to the formation of simple 

morphogenetic plans (Sebé-Pedrós et al., 2017). Thus, functional modules in the 

organism would turn out to be based on spatial groups of cells, instead of individual 

coexisting cells.  

Progressive acquisition of cell type identity 

The integration of temporally regulated to spatially coexisting cell types could have 

contributed to a gradual regionalization of functions that in turn fostered the emergence 

of morphogenetic programs (Sebé-Pedrós et al., 2017).  Originally labile, cell type 

identity (and in turn GRNs) became increasingly dependent of within-group constraints 

and less dependent on external factors, leading to a certain commitment of cell fate. 

This might have occurred by the GRNs of the cells becoming more linked or dependent 

on the signals within the organism, overriding the autonomy of the cell to respond to 

the environment by transdifferentiation. The emergence of cell types would allow 

selection to operate at the level of individual cells in terms of the collective fitness, 

constituting a fine-tuning of the within-group selection by (Szathmáry and Smith, 1995). 

Inherently, the emergence of multicellular structures might have enhanced the 

differences between cells in different regions or parts of this multicellular entity. 

The emergence of a conjoined gene regulatory program of fertilization and 
multicellular development 

Animals produce very distinct kinds of gametes. Gamete fusion determines initial 

polarity and triggers the developmental program in animal eggs (Ajduk and Zernicka-

Goetz, 2016; Fatema et al., 2019), meaning it could have served in earlier stages of 

animal evolution as an early device for asymmetric cell division, generation of a 

rudimentary axis, and establishment of cell fates. During development and other 

moments of the ontogeny, animal cells are able to proliferate in response to signals 

from within the organism, by controlling the entry into the cell cycle. The set of cell 

cycle regulators Capsaspora shares some traits with those of animals, with some 

conserved transcription factors related to proliferation and the timing of key genes from 

animal checkpoints during their cell cycles (Perez-Posada et al., 2019; Sebé-Pedrós et 

al., 2016a), although these organisms lack the genes required to trigger cell cycle 



 

 28 

progression in response to extracellular signalling in animals (Cao et al., 2014; Medina 

et al., 2016). So far, we do not know of any unicellular holozoan where the formation of 

the multicellular stage is linked to the fusion of gametes, and the latter seem to be 

identical between sexes. At some point during in the stem lineage leading to animals, 

an ancestor with the ability to both generate a multicellular morphogenetic plan through 

axial patterning and perform sexual reproduction likely integrated these two programs 

in a single developmental plan (Fig. 2). 

Relegation of unicellular stages in favor of the multicellular stage 

In relation to the context discussed above, the multicellular stage could have prevailed 

over the unicellular stage, likewise fostered by escaping from predators, enhanced 

resource exploiting, and a relaxation of ecological constraints due to increases in the 

availability of some nutrients. Likewise, the emerging properties concomitant to 

multicellularity, such as the division of labor, could have favored the thriving of the 

multicellular stage as the proliferative stage (Sebé-Pedrós et al., 2017). Unicellular 

stages could have become simple forms of dispersions, if not only exclusive to the 

haploid form prior to fertilization, as we observe in today’s animal gametes. 

Thus, the origins of animals involved a long, gradual evolutionary process rather than a 

one-step evolutionary jump, which paved the path to develop animal multicellularity by 

coupling complex development, sperm-egg fusion, and serial cell division throughout 

the integration of spatial cell differentiation (Brunet and King, 2017; Sebé-Pedrós et al., 

2017).   

4. Concluding remarks 

In the past years, a vast body of knowledge produced by the advent of molecular omics 

has elucidated the relationships between animals’ earliest-branching lineages, and 

those of animals with their closest unicellular relatives. In this review, we have gone 

through all the major points of discussion in the current time: from an obscure origin 

where one cell became many, we have changed to the view of an intricate, complex 

single-celled ancestor of animals showing many of the traits currently found in animals, 

potentially even the spatial coexistence of different cell types. The convergence of this 

field with the molecular characterization of cell types using single cell technologies is 

proving essential to understanding the origin of animal multicellularity. 
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In order to expand this knowledge, we must aim at getting to know more about these 

lineages. On the one hand, phylogenies used to understand the origin of animals might 

be made more robust by the inclusion of more genomes from porifera, ctenophora, and 

other early-branching animals. Our knowledge of the gene content of the animal LCA 

might also benefit from the inclusion of more genomes, and studies at the functional 

level of individual cell types has proven that there is still a lot to know about the cell 

type diversity and the hidden biology of early-branching animals. On the other hand, 

the identification of more species in the branches of unicellular relatives of animals, 

together with the sequencing of their genomes, can help to uncover the evolutionary 

history of some animal genes still not well known. Likewise, studying the biology of 

these organisms might help to uncover additional aspects that could have been 

important for animal origins. Understanding the multicellular stages of these species 

involves understanding how they emerge within the life cycle, how they are maintained 

and organized, what are the different cell types within the collective, what are the 

temporal and (if any) spatial mechanisms to regulate their different identities. Their life 

cycles and ecological context might be further investigated by studying the possible 

relationships of these species with neighboring microorganisms, the temporal 

transitions between cell types, and the mechanisms of sexual reproduction. Overall, all 

of these areas of study might help to identify the origin and evolution of any sex-

associated developmental program involving a multicellular stage. Finally, the advent of 

genetic tools in these organisms will foster the study of the specific functions of genes 

that might participate in these processes, such as transcription factors, adhesion 

molecules, and components of different signalling pathways and other animal modules 

(such as cell contractility, synaptic proteins, and developmental pathways). 

With this narrowed set of questions, and the onset of a new era of functional and 

single-cell-based approaches within the framework of the origin of cell types, we find 

ourselves excited about - but most importantly eager to begin - unravelling the origins 

of animals. 
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BOXES 

BOX 1: Terminology used in this review 

● Holozoa: eukaryotic group comprising animals, choanoflagellates, filastereans, and teretosporeans. 

The largest group including Homo sapiens but not Neurospora crassa (Adl et al., 2019). 

● Last common ancestor of animals (== animal LCA): the ancestral stage from which all animal phyla 
living today radiated. Reconstructed from features present in and shared by all animals. Undoubtedly 

presenting all the features shared by all animals, including complex, coordinated multicellularity. 

Therefore, it can be classified as an animal. 

● First multicellular ancestor of all animals (== animal FCA): Partly reconstructed from features 
shared between early diverging animal lineages (i.e., sponges, ctenophores, placozoans and 

cnidarians), even if they are absent in bilaterians (Richter and King, 2013). This ancestor lived 

subsequent to ALL the changes that led to the foundations of multicellularity in animals, and may or 
may not be the same as the animal LCA (we cannot know). 

● Single-celled ancestor of animals: the single-celled ancestor immediately preceding the first 

common ancestor of animals originated. 
● Urchoanozoa: the last common ancestor of animals and choanoflagellates. May or may not be the 

same as the single-celled ancestor of animals. 

● Last common ancestor of Holozoa: The ancestor shared by Metazoa, Choanoflagellatea, Filasterea, 
Ichthyosporea, and Chorallochytrea. 

● Metacell: in single cell genomics, subgroup of homogeneous scRNASeq profiles with only local 

variance relative to the total dataset, useful for clustering and quantitative gene expression analyses 
(Baran et al., 2018). Ultimately, it can be related to certain cell types, but only upon experimental 

validation.  

● Cell type: in its simplest definition, a cell type was defined as a unit of classification to distinguish 
forms of cells according to different morphologies or phenotypes. Cell types are often related to 

different germ layers during the formation of the embryo, with nerve and epithelial cells coming from 

the ectoderm, muscle and blood cells from the mesoderm, and gut cells from the endoderm (Burton, 
2008; Chang and Hemmati-Brivanlou, 1998; Lewis and Tam, 2006). Whereas vertebrate cell types are 

often defined by their committed fate and being unable to de-differentiate, cells from early-branching 

animals are known to transdifferentiate and change their cell types (Nakanishi et al., 2014). This has 

led to numerous revisions of the concept at the functional, developmental, and even molecular (gene 
expression) level. Here, we use the term 'cell type’ as ‘a classification unit based on the combined 

observations of a cell morphology and gene expression profile, which is driven by a gene regulatory 

network and can be repeatedly found within the context of a species’. These cell types can be part of 
either a spatially- or a temporally-integrated life cycle. 

● Cell module: a functional unit oriented to perform a certain task in the cell. Cell modules can be 

formed by sets of effectors and/or regulatory proteins involved in a particular process, such as 
adhesion, cell-cell communication, motility, and signalling. Cell modules can be homologous in 

structure and (sometimes function) between different species and lineages. 
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BOX 2: Genomic caveats: gene loss and annotation 

It is important not to forget gene loss could explain why some of these genes are not found in the most 

basal lineages. We know that the genomes of sponges and ctenophores underwent substantial gene loss, 

which could have worked as a powerful evolutionary driver leading to the highly derived organisms they 
are today (O’Malley et al., 2016). This makes it difficult to infer the sister group to the rest of animals, as 

the complexity achieved by, say, ctenophores seems counter-intuitive to the idea that they may be the 

sister group. There are several cases of genes not having been found in sponges and ctenophores: one 

example is the patchy distribution of Hox genes, the result from an intricate events of gene conservation 
and loss (reviewed in (Lanna, 2015)); another example are different components of the Wnt and TGF-β 

pathway, with missing effectors and downstream signaling components. Similar events of gene loss have 

led to the absence of JNK and Notch pathways in placozoans respect to sponges and ctenophores (Moroz 
et al., 2014; Srivastava et al., 2010, 2008). Upon comparison with the unicellular relatives of animals, it 

becomes evident that there were major events of gene loss at the origin of animals (Richter et al., 2018). 

This could hint the realization that these pathways are not working exactly the way we know them in 
bilaterians or vertebrates and are much more complex than we thought. 

Similarly, it is important to mention that many of the genes found in these organisms are of unknown 

function because they don’t resemble any other annotated genes, as the databases have been mostly 
vertebrate-centered. There is a need to study the function of these genes. All of these issues could 

(mis)lead us to think about the animal LCA (or the first animal) as relatively simple organisms. 
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BOX 3: Unicellular holozoans as emerging model organisms 

Novel biological questions require suitable and phylogenetically better-placed non-traditional models, or 

emerging model systems (Goldstein and King, 2016). Unicellular holozoans are ideal systems to study the 

evolutionary origins of animals: phylogenetically they are the closest extant unicellular relatives of animals; 
they possess complex genetic repertoires of genes related to multicellular functions in animals and they 

present complex developmental modes with multicellular-like structures, reported to be differentially 

regulated at distinct levels in some of them. 

S. rosetta has become a reference benchmark for gene-function studies among choanoflagellates 
(Goldstein and King, 2016; Hoffmeyer and Burkhardt, 2016). In fact, the first functional link between 

genotype and phenotype was set out using forward genetics in S. rosetta, notable for its experimental 

tractability relative to other choanoflagellate species (de Mendoza and Ruiz-Trillo, 2014; Levin et al., 2014, 
p. 201). A highly penetrant mutant defective in rosette development, named rosetteless, allowed the 

identification of a C-type lectin gene, an exclusive choanoflagellate and metazoan gene family, as 

essential for the formation and establishment of rosette colonies (Levin et al., 2014). Further genetic 
screens on two other rosette defect mutants recovered from the same study, Jumble and Couscous, which 

aggregate into amorphous cell clumps, mapped to genes encoding two different predicted 

glycosyltransferases, suggesting a pre-metazoan role of glycosyltransferases in regulating development 
and preventing abnormal tumor-like multicellularity (Levin et al., 2014; Wetzel et al., 2018). In recent years, 

the development of genetic tools in unicellular holozoans has opened new avenues of functional-based 

studies for investigating gene function. In S. rosetta, a robust transfection method for delivering and 
expressing transgenes using Nucleofection, an electroporation-based method for DNA delivery (Booth et 

al., 2018; Caro et al., 2012; Janse et al., 2006; Vinayak et al., 2015), allowed complementation of each of 

the mutations of Jumble and Couscous rosette defect mutants by overexpressing the wild-type alleles 
(Wetzel et al., 2018). Additionally, S. rosetta organelles can be now visualized in live cells thanks to a self-

engineered panel of fluorescently-tagged endogenous proteins (Booth et al., 2018). Transfection also 

enabled the first in vivo characterization of Septins in S. rosetta, a class of cytoskeletal proteins which 
localized to the basal poles of cells, resembling Septin localization in animal epithelia (Bowen et al., 2011). 

Moreover, transfected cells can be enriched using a plasmid with a puromycin resistance gene (Booth et 

al., 2018; Wetzel et al., 2018).  

Transient transfection has been developed for the filasterean C. owczarzaki using the classical calcium-
phosphate precipitation method coupled with a glycerol shock (Parra-Acero et al., 2018). A panel of 

fluorescently-tagged cassettes has also allowed the visualization of several subcellular structures in 

Capsaspora live cells, which revealed with unprecedented detail the three-dimensional organisation of 
filopodia and actin bundles around the cell body (Parra-Acero et al., 2018). 

In the ichthyosporean C. fragrantissima, transient transfection by electroporation has allowed tracing of 

nuclear divisions in a growing cell in vivo, showing that these divisions are strictly synchronized (Suga and 
Ruiz-Trillo, 2013). Moreover, two strategies for gene silencing using RNA interference by small 

interference RNAs (siRNA) and Morpholinos were used to successfully knock down the expression of 

target genes in a dosage-dependent manner (Suga and Ruiz-Trillo, 2013). This tool has been recently 
used to analyze the function of c-Src kinase animal homologs throughout the life cycle of C. fragrantissima 
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live cells, suggesting that an existing tyrosine-specific phosphatase was co-opted for the role of Src 

regulation in the highly reduced kinome of C. fragrantissima (Suga and Miller, 2018). 

Transfection has also been developed by our colleagues for two additional unicellular holozoan species: 
the ichthyosporean Abeoforma whisleri (Casacuberta et al., unpublished) and the teretosporean 

Corallochytrium limacisporum (Kozyczkowska et al., in preparation, Casacuberta et al., unpublished). Both 

species can be transiently transfected with fluorescently-tagged reporter cassettes containing endogenous 
genes using the same strategy as in S. rosetta. Moreover, C. limacisporum transfectants can be stably 

maintained using antibiotic-based selection, which are further being characterized. 

Finally, efforts towards establishing stable transfection using antibiotic-based selection or genome editing 

tools, such as the CRISPR/Cas9 technology, are underway in the choanoflagellate S. rosetta and the 
filasterean C. owczarzaki.  Efforts are also underway to develop genetic tools in other unicellular holozoan 

species. 
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Figures 

     

Figure 1: The origin of animals. A: Phylogenetic tree of animals and the major groups of  

unicellular relatives: choanoflagellates, filastereans, ichthyosporeans, and Pluriformea. 

Highlighted nodes indicate different ancestors that we can reconstruct and that are important to 

understand the transition to animal multicellularity. B: a timeline of different events during early 

animal evolution. The transition to animal multicellularity, and therefore the first animals, 

occurred some time at the end of the Tonian period, according to molecular clocks. The first 
fossils of recognizable animals are from the Ediacaran period, with molecular clocks extending 

the emergence of different animal phyla back to the cryogenian. By the time of the Cambrian, all 

extant animal phyla had originated.  
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Figure 2: Important changes for the origin of animals. The single-celled ancestor of animals 

likely possessed a life cycle comprised of different life stages regulated temporally, plus at least 
one multicellular stage. Cells within this structure were able to respond to different 

environmental stimuli thanks to a complex repertoire of signalling molecules and GRNs. This 

organism was capable of sexual reproduction. The transition to animal origins likely involved 

some changes in this life cycle (highlighted in red), already present by the time of the animal 

LCA: cells within the multicellular structure acquired the ability to integrate spatial information 

from within the organism by making use of morphogenetic tools (such as ligands, receptors, and 

GRNs), which allowed the spatial organization of cell types. A greater ability to establish 

different cell types independently of the environment translates to the emergence of rudimentary 
morphogenetic plans, consisting of simple positional patterns (such as a primary axis) where 

different cell types localize to different regions of the organism. Concomitantly, this 

developmental program was conjoined to the sexual reproduction program, by which gamete 
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fusion was able to trigger the formation of a multicellular structure through asymmetrical, serial 

division. It is worth emphasizing that the visual depictions presented here are mere 

representations of general concepts, and that we are by no means taking positions regarding 

specific details, such as the real structure of the life cycles, the number of cells, genes, 

molecules, and regulatory networks implicated, the axial patterning, or the morphological details 

of these organisms. 
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Discussion 

The work presented in this thesis contributes to the development of Capsaspora 

owczarzaki as a model system, by characterizing its cell cycle regulation (Result 3.1) 

and by establishing experimental protocols such as transgenesis (Result 3.2) and culture 

synchronization (Result 3.1). This chapter is structured in two sections, the first 

deepening and discussing the cell cycle of Capsaspora, and the second framing the 

development of tools for Capsaspora under the context of model organisms to study the 

origin of animal multicellularity. 

4.1  The cell cycle regulation of Capsaspora 

In this study, we have developed a method of synchronization of Capsaspora adherent 

cell cultures and illustrate its applicability by performing a transcriptomic characterization 

of the cell cycle in an organism beyond the conventional catalogue of model species. 

This approach has allowed us to gain insight into key aspects of the cell cycle -such as 

cell division and periodic gene expression- in a unicellular relative of animals. Our study 

of gene expression during the cell cycle has shown that transcriptional regulation occurs 

concomitant to the progression through the cell cycle in Capsaspora. Likewise, it has 

allowed establishing more connections between many Capsaspora genes and their 

known cell cycle roles in other organisms. 

a) Uniqueness and similarities of the Capsaspora cell cycle

Capsaspora cell cycle regulation seems to resemble a more ancestral state than yeasts 

or humans, illustrated by its genetic repertoire of the cyclin-CDK system, the presence 

of E2F and Rb genes, and the presence of orthologs present in outgroup lineages 

outside Opisthokonta (such as putative components of the RZZ complex in Dictyostelium 

discoideum (Samerier, 2011)). While we observed a fairly conserved machinery of cell 

cycle entry, DNA replication, and mitosis, it is interesting to note the absence of typical 

animal- or yeast-like CDK inhibitors in Capsaspora, such as p16 or p21, which control 

entry into the cell cycle. Thus, we wonder about the nature of the regulation to enter the 

cell cycle in this species. It is very likely that Capsaspora is able to monitor intra- and 

extracellular cues in a similar fashion to other unicellular organisms like yeasts, by 
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sensing changes in the cytoplasm/nucleus ratio and/or indirectly sensing nutrient 

abundance, although it was not under the scope of our study to identify such candidate 

regulators of this process.	

Based on our observations of gene expression and transcription factor motifs (see 

Appendix 1), we hypothesize that Capsaspora may have a putative network of 

transcription factors controlling the entry into the cell cycle, where E2F7 represses E2F1 

transcription while Rb inhibits E2F1 activity. Upon entry into cell cycle mediated by MAP 

kinases, these inhibitors may disassemble and allow the activation of E2F1, which would 

initialize transcription of G1/S genes. Among these genes, some are transcription factors, 

such as b-Myb, that may regulate gene expression at further stages of the cell cycle. 

Although our current data to support these hypotheses are mere computational 

predictions, this suggests that control of cell cycle gene expression by E2F + b-Myb 

might be conserved in Capsaspora, as happens in other species (Fischer and Müller, 

2017). Cell cycle regulation is also driven by ubiquitination-mediated protein degradation; 

however, only a small number of ubiquitin ligase complex subunits are periodically 

regulated in Capsaspora. From all the subunit of the Anaphase-Promoter Complex 

(APC) currently described in unicellular relatives of animals (Eme et al., 2011), only 

UBE2S shows periodic activity. Similarly, only the SCF complex subunit BTRC (another 

ubiquitin-ligase complex that regulates the APC and progression through the cell cycle 

(Morgan, 2007)) shows a peak of expression during the cell cycle. One possible 

interpretation is that regulation of these genes occurs at the protein level and not at the 

transcriptional level, as also suggested for the E2F1 transcription factor and other cell 

cycle regulators.	

Thus, the regulation of the cell cycle in Capsaspora shares many commonalities with 

other eukaryotes. However, cell cycle regulation can be deployed very differently across 

species (Jensen et al., 2006). This is reflected by the gene age of the Capsaspora 

periodic transcriptional program. Despite the otherwise conserved program of mitotic cell 

division as shown by individual inspection of genes, the G2/M and M gene clusters do 

not appear as significantly enriched in any particular gene age, in either of the iterations 

analysed. One way to interpret this is that the Capsaspora mitotic gene expression 

program contains as many old, typical eukaryotic genes as newly innovated, or even 

Capsaspora-specific genes. This contrasts with the largely conserved gene set of DNA 

replication and entry into cell cycle, and may be related to specificities in the mechanisms 

of cell division in Capsaspora, such as its fast cytokinesis. Cell division in Capsaspora 



 227 

shows traits of a typical amoeboid cell; microtubule structures bear a high resemblance 

to previous reports of mitotic cell division in D. discoideum amoebae (Fukui and Inoue, 

1991), with a bundle of bridging microtubules prominently visible (Fig. 13). Whereas 

conservation of the regulators and machinery of the spindle and mitotic checkpoints is 

widely conserved in Capsaspora, the absence of typical centrosomal or spindle pole 

body proteins in this organism raises new questions about how microtubules assemble 

and arrange to form the spindle in this species. As discussed in Result 3.1, two 

possibilities are that Capsaspora microtubules are able to self-assemble, or that 

Capsaspora relies on a microtubule-organizer machinery independently acquired at 

some point in the lineage that led to Capsaspora. Further investigation could focus in the 

isolation of gamma-tubulin-associated proteins in Capsaspora, either by pull-down or co-

immunoprecipitation, as gamma-tubulin acts as a nucleator to polymerize microtubules 

at the microtubule-organizing center. 

	
Fig. 13: The structure of the mitotic spindle in Capsaspora resembles that of Dictyostelium 

discoideum. Arrows indicate the bridging microtubules of the mitotic spindle. Adapted from 
Perez-Posada et al., 2019 and Fukui and Inoue, 1991.	
As an unicellular organism, it is likely that the cell cycle of Capsaspora is tightly related 

to its life cycle. For example, cell cycle might be putatively down-regulated upon entering 

in the cystic stage, matching previous observations during its life cycle (Sebé-Pedrós et 

al., 2013). It is well known that Capsaspora can form aggregates of independent cells 

coming together. Recent observations of an aggregate-triggering factor in the culture 

medium of Capsaspora (Ros-Rocher, Gerdt, personal communication) and the putative 

presence of cell types within Capsaspora aggregates (Najle et al., personal 

communication) suggest that the biology of Capsaspora aggregates might be more 

complex than previously stated. Although not used as a layer to regulate controlled 

proliferation in a multicellular bauplan, I speculate that Capsaspora cell cycle phases 

could be able to determine cell identity within the aggregate (only if proven that different 

cell types exist within aggregates), following prior findings in other aggregative species 

like D. discoideum (Gomer and Firtel, 1987; Soufi and Dalton, 2016). 

DictyosteliumCapsaspora

Perez-Posada et al., 2019 Fukui and Inoue, 1991

α-tubulin α-tubulinDAPI
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b) The cyclin-CDK system of Holozoa in the context of eukaryotic 

evolution 

The cyclin-CDK repertoire of Capsaspora is more similar to other opisthokonts outside 

yeasts, its genome encoding cyclins from the A, B and E families. We detected a 

conserved pattern of expression of cyclins E, A, B, and CDK1, between Capsaspora and 

human cells. We think that Capsaspora cyclins E, A and B may bind sequentially to CDK1 

throughout the cell cycle, in a similar situation to S. cerevisiae cell cycle and likely to 

other opisthokonts and eukaryotes, but with a cyclin repertoire more similar to that of 

animals. Future confirmations of these proposed interactions could be done via binding 

assays of Capsaspora CDK1 with E, A, and B cyclins, including pull-down assays 

(Draetta et al., 1989), two-hybrid assays (see (Measday et al., 1997) for a former 

detection of cyclin partners in S. cerevisiae), or genetic approaches if available. 	

That being the case, our observations would support our proposed model for the 

evolution of the cyclin/CDK system within Opisthokonta (Fig. 14). We consider a scenario 

matching previous models of ancient eukaryotic cell cycle regulation, where a primitive 

cyclin-CDK oscillator drives periodic DNA replication and mitosis and additional 

regulatory layers were implemented throughout the course of evolution in different 

lineages (Nasmyth, 1995), including independent expansions and sub-functionalizations 

of cyclins and CDKs. Such regulation is endorsed by systems engineered for a single 

cyclin/CDK oscillation driving progression through the cell cycle, such as yeast or 

knockout mice embryos, or by organisms well known to have a single CDK involved in 

the cell cycle (Coudreuse and Nurse, 2010; Gutierrez, 2009; Murray and Kirschner, 

1989; Santamaría et al., 2007).	
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Fig. 14: a model of cell cycle regulation by cyclins and CDKs in Opisthokonta.	

Based on phylogenies by multiple authors ((Cao et al., 2014; Medina et al., 2016), 

ourselves) (see Appendix 1), the last eukaryotic common ancestor (LECA) likely had A- 

and B-type cyclins, among others including cyclins G/I, but not D- and E-type cyclins 

(Fig. 15). In Opisthokonta, fungi lost cyclin A, independently expanding cyclin B into Cln- 

and Clb-type cyclins. Cyclin E would have appeared in the last common ancestor of 

Holozoa, and cyclin D later in the lineage that led to animals, together with the expansion 

of CDK1 into CDK2,3,4,6 (Cao et al., 2014) (Fig. 15). This model would imply different 

expansions of cyclins (mostly B) and CDKs in eukaryotes, with different lineages 

exhibiting convergent evolution of a G1-phase cyclin responding to extracellular cues 

(the term “cyclin D” in Archaeplastida being misleadingly referring to a protein that is 

sister group to a different subfamily of cyclins, but homolog in function to metazoan cyclin 
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D). The latter would not be surprising, provided the known redundancy in function of 

cyclins and CDKs and the phylogenetic proximity of metazoan cyclin D to the cyclin G/I 

family (Medina et al., 2016). It could also be possible that the ancestral function of G/I 

cyclins was, precisely, to trigger the entry into the cell cycle, provided that Rb and E2F 

were likely present in the LECA (de Mendoza and Sebé-Pedrós, 2019; Desvoyes et al., 

2014). Our model, while matching previous observations in phylogenies and functional 

studies, is limited due to the difficulty of inferring strong phylogenetic relationships 

between cyclin and CDK subfamilies, as they show very little conservation outside the 

cyclin box and PSTAIRE motifs (Morgan, 2007). In addition, for a better understanding 

of the cyclin-CDK regulation in other eukaryotes and further validation of our model, more 

functional studies are needed outside the current set of studied species.	

Although we focused on Capsaspora, I find interesting to discuss the phylogenetic profile 

of cyclins and CDKs in other unicellular holozoans. We found an internal duplication of 

both cyclin B and CDK1 within choanoflagellates, of cyclin B in the filasterean Pigoraptor 

chileana, and multiple co-orthologs of cyclin B1-2 in the filasterean Ministeria vibrans 

(Appendix 1). Although Monosiga brevicollis and S. rosetta do not seem to have a cyclin 

E ortholog, it cannot be excluded an independent loss and that it may be present in other 

choanoflagellates. This scattering and independent expansion of the cyclin/CDK 

repertoire in choanoflagellates and filastereans, known to have life cycles with multiple 

life stages and cell types, results of great interest for further interrogating the basis of cell 

cycle regulation in the origin of animals. Such expansions recapitulate the 

aforementioned expansions of cyclins and CDKS after the last common ancestor of 

animals and choanoflagellates (Cao et al., 2014), which we also recover in our 

phylogenies. It becomes interesting then to consider the putative implications of G1 

cyclins and specific CDKs in the emergence of more complex cell cycle regulation, 

adding an additional layer of regulation for additional proliferation/inhibitory signals 

beyond the environmental, non-cellular cues. Such window of regulation might have 

contributed to the coordination of cell reproduction in a multicellular context, as 

previously discussed by (Cao et al., 2014) (see Result 3.3). 
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Figure 15: a possible reconstruction of the evolution of the animal cyclin-CDK cell cycle 

regulator kit. Phylogenetic tree of eukaryotes displaying the different expansions, gains and 
losses of the cyclin and CDK subfamilies with a known role in cell cycle regulation, in different 
eukaryotic groups. Events within group refers to some species within the group in which show 
additional expansions, gains or losses beside those depicted here. Note that LECA cyclin G/I 
likely gave rise to plants cyclin D and share a common ancestor to the metazoan cyclins D and 
G/I. Gain of other cyclin families are depicted as regular letters at different stems.	

c) Conservation and divergence of the cell cycle regulation 

Evolution and conservation of periodic gene expression might not have  been a key 

factor to explain similarities and differences between animals and their unicellular 

relatives, due to the many regulatory layers responsible for periodic activity during the 

cell cycle. Regulation of the cell cycle is long-known to occur at multiple levels, from the 

acquisition of temporal expression to temporal regulation in the form of translational 

regulation, or protein activation-repression (Dunphy and Newport, 1988). These multiple 

regulatory layers allow the deployment of cell cycle programs in many different ways 

across cell types and species, despite a core machinery inherent to the need to replicate 



 232 

and segregate DNA during cell reproduction. Our comparative analyses of periodic 

transcriptional programs suggest that pairwise species comparison alone performs 

poorly as a proxy of how similar is cell cycle regulation between two species compared 

to a third species. Conclusions drawn from our and similar studies are limited for multiple 

reasons:	

• First, genomic comparisons between distantly related species are usually 

possible only at orthogroup levels, due to difficulties in inferring orthology 

relationships due to events of gene loss, expansion, and shuffling, occurring 

across large evolutionary scales (Tekaia, 2016). Comparisons are even more 

limited due to our lack of experimental validation beyond sequence homology. 

• There are several aspects of cell cycle regulation that are not captured by our 

current method of analysis and comparison. Gene expression can quickly diverge 

in evolution by losing or acquiring TF binding sites in cis-regulatory sequences 

such as promoters or enhancers (Wray, 2007). This leads to divergences in the 

periodic transcriptional programs across species, which may (or may not) 

translate into keeping the periodic activity of a complex by recruiting different 

partners of the same regulatory network in different lineages through different 

mechanisms (Jensen et al., 2006). In addition, comparisons of the transcriptional 

regulation during the cell cycle might not reflect the actual similarities and 

differences as post-transcriptional processes such as splicing or translation are 

also very dynamically regulated throughout the cell cycle, making mRNA-protein 

levels correlate differently for each gene (Aviner et al., 2013; Kronja and Orr-

Weaver, 2011; Liu et al., 2016; Novoa et al., 2010; Sivan and Elroy-Stein, 2008; 

Stumpf et al., 2013). This goes hand in hand with the fact that there is no clear 

distinction between periodic and non-periodic genes only by gene expression, 

especially for lowly expressed or low-dynamically expressed genes, as 

fluctuations in transcription can translate very differently for each particular case.  

• A substantial source of bias comes from the currently available datasets of 

different species and cell types. A larger homogeneity in the cell cycle program 

is expected in datasets from the same unicellular cell type than in datasets from 

different cell lines; the differences are more evident if some of these cell lines 

show aberrant gene expression and overall biology as a result of immortalization 

(See (Ben-David et al., 2018, 2017; Kobayashi et al., 2015b; Landry et al., 2013) 

for examples aberrant genome, gene expression, and heterogeneity). In addition, 
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different structures in cell cycle phasing across species may add an extra layer 

of complexity when interrogating for the conservation of phase-dependent 

expression (Jensen et al., 2006; Kelliher et al., 2016). 

• Finally, the different studies are undoubtedly biased by experimental, technical, 

and methodological differences: differences in sample treatments, timing and 

conditions, differences and biases from experimental techniques (microarrays 

and next-generation sequencing; see (Zhao et al., 2014) for a case example), 

differences in detection algorithms and thresholds applied, or even bias 

introduced by missing and obsolete data, such as microarray identifiers. 

As a line of research with a strong component of comparative approaches, 

investigating conservation and evolution of the periodic transcriptional across 

eukaryotes entails additional challenges because of the aforementioned reasons. 

Future comparative approaches exploring the evolution of cell cycle regulation in 

opisthokonts should focus on the following main fronts:	

• Including more non-immortalized cell types from more different animals and other 

multicellular species, in order to understand the differences across cell types 

within one single organism. 

• Exploring cell cycle regulation in other unicellular relatives of animals such as 

choanoflagellates, ichthyosporeans, or other filastereans (Hehenberger et al., 

2017; Torruella et al., 2015). 

• Exploring cell cycle gene expression in non-model, non-holozoan opisthokonts 

such as nucleariids, fonticulids (Brown and Silberman, 2013; López-Escardó et 

al., 2018; Worley et al., 1979), and other fungal species (Hong et al., 2014; Klar, 

2013), to contextualize cell cycle regulation of yeasts as model systems provided 

their divergence and fast evolution in relation to the rest of fungi. 

• Studying other groups within the branch of Amorphea, such as Apusomonadida, 

and Amoebozoa (Dove et al., 1986), for a better understanding of pre-

Opisthokonta PTP and to infer the PTP in the last common opisthokont ancestor. 

• Studying the conservation of other regulatory layers of the cell cycle besides 

periodic transcription. Together with recent advances into the proteomic 

characterization of Capsaspora (Sebé-Pedrós et al., 2016b), our protocol of cell 

cycle synchronization opens the door for studies of changes in the 

phosphoproteome of Capsaspora during the cell cycle, which could unravel the 
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post-translational regulation of many genes that might complement our current 

knowledge of cell cycle regulation in Capsaspora. 

Assessing the problem of taxon bias has been classically difficult due to the need to 

isolate and grow cells in cultures in enough quantity and for long enough to retrieve data 

during a whole cell cycle event; and secondly, due to the inability to synchronize these 

cell cultures. These hindrances may be overcome in the future by the advent of single-

cell technologies, whereby high-throughput gene expression data can be obtained at the 

independent, cellular level, removing the need to obtain culturable cells and 

synchronized cultures. These methods are able to retrieve gene expression data relative 

to the cell cycle relatively easily (Barron and Li, 2016) and abundantly enough to allow 

for further analysis, allowing the reconstruction of cell cycle pseudo-timelines (Barry et 

al., 2015; Karlsson et al., 2017; Proserpio et al., 2015; Scialdone et al., 2015), thus 

having the potential to uncover differences between cell cycle regulation in different cell 

types within and between organisms.	

As an initial step, these tools and approaches may help to better understand the origin 

of the cell cycle-associated transcriptional regulation found in multicellular organisms. 

Ultimately, however, functional validation is crucial to infer the role and involvement of 

periodic genes in each species, complementing our vision of the periodic transcriptional 

regulation and corroborating our hypothesis regarding the evolution of cell cycle 

regulations in opisthokonts. 

4.2 Development of Capsaspora as a model system and the value 

of novel model organisms 

Some questions in biology escape the current landscape of tools available for research. 

As previously stated, the evolution of the cell cycle is one among many questions limited 

by the taxon bias, that is, the lack of organisms experimentally tractable outside a 

selected number of species. This situation, observable across multiple disciplines, has 

prompted a steady effort into developing tools for multiple non-model organisms 

throughout eukaryotes, including Capsaspora and other unicellular relatives for the 

question of the transition to animal multicellularity.	

The origin of multicellularity, a feature with an undeniable role in the emergence of 

animals, has its roots in the lesser level of organization shown by its current, extant 

unicellular relatives. Understanding the mechanisms that facilitated, preceded, and 
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fostered multicellularity is not possible unless we attempt to understand the nature of two 

types of organisms key in the transition to animal multicellularity: the last common 

ancestor of animals, and the unicellular ancestors in the stem that led to the animal 

lineage (reviewed in section 3.3). Efforts to understand this transition has focused mostly 

on the reconstruction of the genetic content of the ancestor. These reconstructions have 

shown that many genes previously thought to be exclusively present in animals were 

also present in their unicellular ancestor. Some of these genes are known to be crucial 

in multicellular processes, such as development, and yet they are present in unicellular 

organisms. The next logical step, therefore, is to investigate the function of these genes 

in a unicellular context, that is, the biology of the extant unicellular relatives of animals.	

In order to investigate the biology of these organisms, we need tools that are able to tell 

us about the function of their genes. Whereas our study of the cell cycle has contributed 

to generate valuable ground-based knowledge of the biology of Capsaspora, we were 

still lacking methods to approach gene function at the molecular level of the DNA. 

 

a) The value of the cell cycle in the development of model species 

This thesis contributes to expanding the set of tools and knowledge available for one of 

the predilect species to study the origin of animal multicellularity, the filasterean 

Capsaspora owczarzaki. The study of Capsaspora at the genomic, transcriptional, 

proteomic and epigenomic level has helped to better understand genome evolution (and 

the evolution of genome regulation) under the framework of the evolutionary transition to 

animal multicellularity. Our novel data of periodic expression during the cell cycle adds 

to the seemingly ever-growing collection of resources surrounding Capsaspora, helping 

to elucidate and confirm previous assumptions regarding cell cycle regulation in 

Opisthokonta. Evolution and conservation of periodic gene expression might not have 

been a key factor to explain similarities and differences between animals and their 

unicellular relatives, due to the multiple additional layers of regulation controlling periodic 

activity during the cell cycle. On the contrary, expansion of cyclins and CDKs after the 

last common ancestor of animals and choanoflagellates has putative implications in the 

emergence of a more sophisticated control of the cell cycle responding to controlled, 

within-group proliferative signals. This scenario matches a situation where gene families 

expand, sub-functionalize, and acquire a specific niche of activation, a recurring motif in 

animal evolution (Paps and Holland, 2018; Richter et al., 2018). Overall, the independent 
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similarities in the periodic transcriptional program of Capsaspora, human cells, yeasts, 

and putatively other representatives from earlier-branching lineages such as D. 

discoideum, position Capsaspora as a new model system where to study cell cycle 

regulation in order to bridge gaps between our knowledge from yeasts and human cells. 

Developing a model species involves getting to know the basis of its biology, serving as 

the foundations for further generation of knowledge. The cell cycle, being an intrinsic 

process to an organisms’ biology, can inform about multiple aspects: from cell decision 

making, to duration and coordination of processes, to the mechanisms of DNA replication 

and mitosis. In addition, developing tools to study the cell cycle can have numerous side 

applications: culture synchronization allows the study of numerous cellular processes 

with a high temporal resolution and reproducibility. Similarly, accessing the cell’s biology 

in a temporal manner allows to address questions regarding the duration of biological 

processes. Cells are known to react differently to certain treatments or extracellular cues 

according to their cell cycle phase, and show susceptibility to DNA uptake in the absence 

of nuclear membrane. This knowledge can help to design novel experimental protocols 

to address the species as a model organism. 

b) Development of transfection in Capsaspora: technical 

breakthroughs and implications for functional studies 

The biology of an organism can only be understood if its genome is both known (through 

genomics) and experimentally accessible (through genetic tools). In section 3.2, we show 

for the first time a robust protocol to transiently transfect Capsaspora adherent cells. 

Based on protocols previously used in other systems such as fibroblasts or Dictyostelium 

cells, we versioned a method of Calcium phosphate-based DNA precipitation to drive 

uptake of foreign DNA in Capsaspora adherent cells. The efficiency achieved is 

comparable to those from other transfection methods in other unicellular species (Booth 

et al., 2018; Caro et al., 2012; Gaudet et al., 2007; Chris J Janse et al., 2006; Chris J. 

Janse et al., 2006; Kawai et al., 2010; Schiestl and Gietz, 1989; Vinayak et al., 2015), 

and sufficient for further manipulations such as screenings and fluorescence/imaging 

approaches (cell imaging, subcellular tracking, live-cell immunofluorescence, phenotypic 

assays, or fluorescence-activated cell sorting (FACS)). As a result of our work, a 

thorough description of the protocol is available for reproducible testing, which has been 

successfully implemented in other laboratories achieving similar transfection efficiencies 

(Suga, Phillips, 2018 personal communications). Our protocol of DNA transfection is thus 
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the first step in a line of future genomic assays at the functional and molecular level; 

joining efforts with an antibiotic selection-based approach (Ros-Rocher, Parra-Acero et 

al., unpublished), our improved protocol of DNA transfection can contribute to building 

stable transfection and genome editing in Capsaspora. 

c) Knowledge transfer across techniques in Capsaspora 

Our protocols of DNA transfection and cell cycle synchronization have the potential to be 

used together, and progress in either sides might benefit each other. The ability to 

reproducibly transfect Capsaspora has contributed to our knowledge on very basic 

aspects of this organism, and might help to better understand its underlying biology. 

Tagging of plasma membrane revealed with unprecedented detail that Capsaspora cells 

attach to the substrate using their filopodia, with their cell bodies separated from the 

surface. This observation matches former descriptions of the movement of Capsaspora 

cells (Stibbs et al., 1979) and also matches our findings of cytoskeletal dynamics during 

the Capsaspora cell cycle, where cells upregulate actin remodelers during mitosis in 

parallel to downregulation of some components of the integrin adhesome. Capsaspora 

cells remain transfected for more than ten days, a time which exceeds the duration of 

other cellular processes such as the cell cycle (as characterized with our protocol) and 

thus undergoing multiple rounds of cell division. Therefore, transfection of Capsaspora 

with nuclear and cytoskeletal markers can, together with our protocol of culture 

synchronization, prove useful to in vivo monitor chromosome segregation and changes 

in the cytoskeletal dynamics.	

Our knowledge of cell cycle regulation may allow the development of tools driven by cell 

cycle progression which, in turn, can help to further investigate and confirm former 

findings of the cell cycle; one potential application is engineering cell cycle-regulated 

constructs by clonings under the control of the promoters of periodic genes. Among other 

applications, transfection can help to confirm gene expression throughout the cell cycle, 

to track mitosis using markers of chromatin and nuclear membrane, to confirm cell cycle 

gene expression by promoters and transcription factors, to identify cells undergoing a 

specific cell cycle phase for further characterization, or to find some of the previously 

discussed cell cycle inhibitors by over-expressing putative candidates. 
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d) Knowledge transfer between Capsaspora and other species 

Synergic progress not only occurs between techniques within a species but also across 

different species. Originally, Capsaspora transfection was inspired by previous protocols 

to transfect other amoeboid cells, such as D. discoideum and fibroblasts from mammals. 

The development of Capsaspora transfection has come hand in hand with the 

development of transfection in other unicellular Holozoa. This scenario mirrors the history 

of transgenesis development in unicellular algae (Jakobiak, 2004; Lerche and Hallmann, 

2014, 2013, 2009), or the development of techniques across more traditional model 

organisms (reviewed in (Müller and Grossniklaus, 2010)). Our protocol of transfection in 

Capsaspora is contemporary to transfection and forward genetics in other lineages of 

unicellular relatives of animals, including choanoflagellates (Booth et al., 2018; Levin et 

al., 2014), ichthyosporeans (Suga and Ruiz-Trillo, 2013), and corallochytreans 

(Kozyczkowska et al., in preparation). Much like transfection in Capsaspora, such 

advances have contributed to our knowledge on fundamental aspects of the biology of 

these organisms, such as the localization and arrangement of proteins involved in the 

multicellular development of S. rosetta, or the synchronous nuclear division in C. 

fragrantissima.	

In addition, our studies of culture synchronization and cell cycle progression can promote 

the initiative to investigate and compare the regulation of the cell cycle across multiple 

species of unicellular holozoans. Many of them exhibit unique life cycles of 

multinucleated cells (Glockling et al., 2013; Mendoza et al., 2002) or clonal colonies 

(Dayel et al., 2011) with similar behavior as some embryonic stages of animals. Studying 

their cell cycle regulation would unravel similarities between them, as well as have 

potential implications in the control of the cell cycle in the unicellular ancestor of animals. 

For example, internal duplications of CDK1 within choanoflagellates might be related to 

a more sophisticated regulation of the cell cycle related to their life cycles with uni- and 

multicellular stages, for which this lineage proves as an enticing point from where to 

continue this research. 	

This knowledge transfer across novel model organisms foretells the emergence of a new 

era of functional approaches in the field, being able for the first time to address long-

standing questions about the role of so-thought “animal” genes in a unicellular context, 

including their contribution, if any, to the origin of multicellular organisms (Brunet and 

King, 2017; Richter and King, 2013; Rokas, 2008; Ruiz-Trillo et al., 2007).	
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4.3 Concluding remarks of this PhD thesis 

Below lies a list of findings and concluding remarks from the results presented in this 

thesis, which illustrate the conclusions of section 5:	

1. The regulation of the core cell cycle oscillator in Capsaspora shows similarities 
with animals, with a sequential order of expression of cyclins E, A, B, and CDK1 
dynamically expressed throughout the cell cycle of Capsaspora. 

2. The periodic transcriptional program of Capsaspora contains many genes 
involved in ancient machineries of DNA replication, chromatin assembly, and 
chromosome segregation, showing similarities to other model organisms studied 
such as yeasts or human cells. 

3. Multiple transcription factors are dynamically expressed during the cell cycle of 
Capsaspora. A putative set of cell cycle transcriptional regulators in Capsaspora 
include a MAPK-Rb/E2F7-E2F/DP network of interaction controlling entry into cell 
cycle, and the transcriptional control of mitotic genes by an MYB-like transcription 
factor. 

4. The absence of cell cycle regulators typical from G1 phase in other opisthokonts, 
such as CDK inhibitors Sic, p15, or p16, suggest that Capsaspora might control 
entry into the cell cycle differently from those organisms. 

5. The periodic transcriptional program of Capsaspora contains a small but 
significant fraction of genes belonging to the same groups of orthology as human 
cells, yeasts, and one amoebozoan species. These similarities, together with a 
conserved set of CDK1, Cyclin A/B/E, E2F, and Rb orthologs, among other 
proteins absent from yeasts, position Capsaspora as a novel organism in which 
to compare cell cycle regulation within the group of Opisthokonta, known to have 
yielded complex multicellular forms independently. 

6. Because cell cycle regulation can occur at multiple levels and evolves rapidly, 
this thesis illustrates the need to study more species outside the conventional 
catalog in order to study evolution and conservation of cell cycle regulation, and 
to develop genetic tools which may facilitate functional analysis. 

7. Calcium-phosphate DNA precipitation can be used to transfect Capsaspora cells 
with an efficiency of ~1% 18 hours post transfection, a time sufficient for the 
functional assays during the cell cycle. 

8. In the light of initial experiments, Capsaspora transfected cells can be 
synchronized and progress through the cell cycle normally. Our improved 
protocol of cell transfection could serve as the basis for functional assays of cell 
cycle genes in a unicellular relative of animals. 
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5. Conclusions 

The main conclusions of the work presented in this thesis, related to the objectives listed 

in Section 2, are the following:	

1. A hydroxyurea-based culture synchronization protocol allows the follow up of the 

cell cycle in Capsaspora. 

2. Capsaspora owczarzaki shows a conventional cell cycle regulation consisting of 

a cyclin-CDK oscillator resembling animal regulation in terms of gene expression 

dynamics, which helps us to better understand how cyclin-CDK regulation 

evolved complexified in Opisthokonta. 

3. Transcriptional regulation throughout the cell cycle of Capsaspora consists of a 

set of Rb/E2F/DP-MYB putatively regulating periodic gene expression, and a 

periodic transcriptional program containing conserved cell cycle regulators 

involved in DNA replication and mitosis checkpoints, including protein 

degradation regulated by the Anaphase-promoting complex. 

4. The Capsaspora periodic transcriptional program has similarities to other 

unicellular and multicellular opisthokonts, which position this species as an 

enticing model system for comparative studies of the cell cycle. 

5. We developed a calcium-phosphate transfection protocol in Capsaspora, which 

for the first time opens the door to functional assays and the future development 

of more genetic tools in a close unicellular relative of animals. 
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Appendix 1: A detailed description of the cell cycle 

transcriptional program of Capsaspora owczarzaki highlights 

similarities and differences with other opisthokonts 

Alberto Perez-Posada 1 

1: Institute of Evolutionary Biology. Pg Marítim de la Barceloneta, 37-49, 08003 Barcelona 

One of the main regulatory layers of the cell cycle consists of periodic transcriptional regulation. 
Independent studies have shown that cell cycle periodic transcription is barely conserved across 
eukaryotes, only comparable at closer evolutionary distances. In Opisthokonta, the group including 
animals and fungi, much is known about the cell cycle of few model species but many species in 
between have been poorly characterized. Comparative genomes of unicellular relatives of animals 
and fungi have shown an unprecedented degree of conservation of key cell cycle regulators for which 
we still lack a lot of functional information. To investigate the putative cell cycle regulation of 
Capsaspora, a unicellular relative of animals, we performed a curated, semi-automated exploration 
of the identity of genes found to be periodically expressed. We identified nearly fifty Capsaspora 
orthologs of genes with known roles in the cell cycle of other eukaryotes or exclusively in animal cells, 
including transcription factors that belong to cell cycle transcriptional networks conserved 
throughout all eukaryotes. Further comparisons with datasets from other species, while limited, 
reassure the position of Capsaspora as the opisthokont with the most ancestral transcriptional 
regulation of the cell cycle.

INTRODUCTION 

Periodic transcription during the cell cycle is exhibited in 
many types of eukaryotic cells, from unicellular to 
multicellular species (Morgan, 2007; Oliva et al., 2005; 
Spellman et al., 1998; Whitfield et al., 2002). Despite its 
omnipresence, periodic transcriptional programs are 
deployed very differently across distantly related 
eukaryotic species due to their evolutionary constraints 
(different lifestyles, adaptations, and all the evolutionary 
events leading to the biology of a species). Similarities are 
only appreciable at closer evolutionary distances, such as 
genus or subgroup (Jensen et al., 2006; Kelliher et al., 
2016). Interrogating periodic regulation during the cell 
cycle at different key evolutionary positions, such as the 
origin of Opisthokonta or animals, might prove useful to 
investigate the role of cell cycle in different evolutionary 
transitions. 

In section 3.1 of the present thesis, we present a novel 
protocol for culture synchronization in Capsaspora 
adherent cells, which was used to further characterize the 
progression of the cell cycle by investigating gene 
expression dynamics using RNA-seq (Perez-Posada et al., 
2019). We recently presented a study of the periodic 
transcriptional program of Capsaspora, corroborating 
previous observations in former studies of its genome 
(Perez-Posada et al., 2019; Suga et al., 2013). Specifically, 
we illustrated the resemblance of cell cycle regulation of 
Capsaspora and animals by showing a conserved temporal 

order of expression of Capsaspora and human cyclins E, 
A, and B, and the periodic regulation of a dozen of cell 
cycle regulators. However, the Capsaspora genome 
contains numerous genes that are known to be involved in 
the regulation of the eukaryotic cell cycle. These include 
different transcription factors of the E2F, Forkhead and 
Myb classes, some of which have been lost in other 
organisms extensively studied such as yeasts (Cross et al., 
2011; Medina et al., 2016). 

To expand our vision of how Capsaspora might regulate 
progression through the cell cycle, we performed a curated, 
semi-automated exploration of the periodic transcriptional 
program of Capsaspora. Using different levels of 
stringency in our analyses of periodicity, we identified two 
subdivisions of the periodic gene clusters and found nearly 
fifty genes with known functions in the cell cycle of other 
eukaryotes or exclusively in animal cells, including 
numerous transcription factors that belong to cell cycle 
transcriptional networks conserved throughout all 
eukaryotes. We expanded our previous comparative 
analysis to more datasets from more species, which 
illustrated larger conservation of cell cycle regulation 
between human cells, budding yeast, and Capsaspora. 
Interestingly, we also found larger similarities with a subset 
of the periodic transcriptional program of Dictyostelium 
discoideum (Strasser et al., 2012). We interpret these 
results as Capsaspora retaining a more ancestral periodic 
transcriptional program, while stressing the need of more 
data from more taxa to infer more accurate evolutionary 
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relationships in the evolution and conservation of cell cycle 
regulation. 

RESULTS 

A high throughput analysis to detect periodicity patterns, 
using a combined approach of wave-oriented 
(JTK_CYCLE) and slope-oriented (RAIN) algorithms, 
allowed the identification of many genes periodically 
expressed during the cell cycle, including components of 
the replication and cell division machineries (Perez-Posada 
et al., 2019). Since there is a continuum of gene expression 
dynamics during the cell cycle, and because these 
algorithms assign a score of probability, no clear distinction 
can be made between “periodic” and “non-periodic” genes. 
Therefore, this approach usually relies on a cutoff assigned 
arbitrarily (see (Kelliher et al., 2016) for an example of a 
study under the same constrictions). As a consequence, a 
considerable number of transcripts with an oscillatory 
pattern -or a pattern of differential expression- are not 
recovered as periodic by our pipeline, and a substantial 
number of genes are reported as periodic but, upon visual 
inspection, only show small fluctuations in their otherwise 
stable expression pattern. While type II errors (false 
positives) are arguably controlled by multiple-hypothesis 
test corrections implemented in each of the two algorithms 
(Hughes et al., 2010; Thaben and Westermark, 2014), it 
does not prove enough to recover many genes that could be 
argued to be periodically expressed. For example, in our 
analysis, we failed to recover cyclin A gene 
(CAOG_04719), which clearly coexpresses with genes in 
the S cluster, around the time where Capsaspora cells are 
replicating their DNA. 

To overcome the limitations of these algorithms upon the 
detection of false and true positives, two additional we 
followed two additional approaches to identify as many 
periodic genes as possible. First, we considered a second 
criterion of “high expression variability”, measured as the 
fold change (FC) in gene expression of a gene throughout 
the cell cycle. Genes with a fold change in gene expression 
larger than 1.4 were selected to follow the pipeline of 
periodicity detection, also applying a cutoff to the top 800. 
Overall, 50% of the genes were detected as periodic by both 
the FC-filtered and the original dataset (Fig. A1.1A). The 
dataset of highly dynamically expressed genes contains a 
larger number of S phase genes compared to the original, 
and more genes that cluster in the G1/S cluster (Fig. 
A1.1B). Further analysis revealed the G1/S cluster to be 
subdivided in two; one where there is no expression after 
mitosis, and another where expression rises again after cell 
division. The latter is nonetheless enriched in genes related 
to DNA replication as well (Fig. A1.1C). Overall, similar 
results are obtained in the rest of the analyses. Second, we 
performed a manual, blindfold revision of gene expression 
profiles to select transcripts poorly ranked but otherwise 
clearly differentially regulated genes, from rank 801 in the 
original dataset down to rank ~2000. 

We combined the sets of periodic genes detected by each 
method while keeping out the ‘flat genes’ with low fold 
change (Fig. A1.2A). The resulting list of ~1100 genes 
constitutes a more permissive dataset that was analysed 
following the same methodology (Fig. A1.2B). Results 
from reanalysis using this dataset yielded overall similar 
results, with similar PCA/PCoA structure and variance 

(Fig. A1.2C). Six gene clusters were retrieved, with two 
clearly separated clusters for G2/early mitosis and late 
mitosis (Fig. A1.2D). This subcluster allows to observe a 
temporal separation between expression of genes related to 
chromosome condensation and spindle-kinetochore 
interaction (Fig. A1.2E). We previously reported an 
enrichment of tRNA synthesis genes during G2. 
Interestingly, the G2/early M cluster is significantly 
enriched in amino acid biosynthesis, another process 
related to protein synthesis (Fig. A1.2E). t-SNE plotting of 
this dataset shows a more interconnected layout, compared 
to the one reported in our manuscript, suggesting more 
genes with different peaks of expression throughout the cell 
cycle are retrieved (Fig. A2.2F). Due to this continuity, 
distinction between cluster borders becomes a bit fuzzier 
than previously reported. Global pan-eukaryotic-age 
enrichment decreases slightly, as shown in Fig. A1.2G, 
meaning more genes innovated at later stages in the 
evolutionary history of Capsaspora are retrieved. 

Identification of genes in the Capsaspora periodic 
transcriptional program 

While a high-throughput analysis proves useful for a broad 
overview, we checked the identity of the genes periodically 
-or differentially- expressed throughout the cell cycle for a 
more detailed depiction of the cell cycle regulation in 
Capsaspora. From the dataset of 1100 genes, we took those 
that match a H. sapiens ortholog -or have a H. sapiens co-
ortholog- with a known role in the cell cycle, by any of the 
three following methods: OrthoFinder assignment (Emms 
and Kelly, 2015), BLAST top hit alignment (Altschul et al., 
1990), or one-to-one ortholog relationships as in (Sebé-
Pedrós et al., 2016). A quick browse of BLAST alignments 
against the S. cerevisiae proteome showed that many of 
these Capsaspora genes are also conserved in yeasts (data 
not shown). Some of these genes were not reported as 
periodic in our original manuscript, but belong to the 
dataset later curated. 

These genes can be classified in different categories 
according to their roles and involvement in different 
aspects of the cell cycle. Expression pattern of these genes 
can be found at figure 3; for simplicity, we will refer to 
them as their human orthologs, or co-orthologs. 

Entry into cell cycle and G1/S regulators  

Several of these genes have human co-orthologs with roles 
in promoting cell proliferation, such as AGTRAP 
(CAOG_07352) (Kim et al., 2015), Syntenin (Kashyap et 
al., 2015), and one ortholog from the MAGE gene family 
(CAOG_03494) (Barker and Salehi, 2002; Doyle et al., 
2010). There is also peak expression of different protein-
kinase domain-containing genes belonging to the same 
orthogroups as MAP kinases, such as MEK 
(CAOG_05490). We were not able to detect any periodic 
gene related to CDKN2a, the CDK inhibitor that regulates 
G1 cyclin-CDK complexes (Bockstaele et al., 2006; 
Okamoto et al., 1994). 

Activation of the cell cycle program is triggered by the de-
inhibition of the E2F1 transcription factor by Rb proteins. 
Whereas periodic activity of E2F1 has not been detected in 
Capsaspora, Rb expression (CAOG_07372) is 
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downregulated upon entry in S phase, matching the 
activation of E2F1. Another protein that regulates E2F1 is 
E2F7, an atypical E2F factor which represses transcription 
of E2F1 (Aksoy et al., 2012; Di Stefano et al., 2003; Endo-
Munoz et al., 2009). Interestingly, Capsaspora E2F7 
(CAOG_00276) levels also decrease upon entry into S 
phase. E2F1 cooperates with the transcription factor DP1 
to transcribe cell cycle genes. No Capsaspora ortholog of 
DP1 has been found to be periodically expressed. 

DNA replication 

During S phase, many genes related to DNA replication are 
upregulated. Different DNA polymerase subunits, 
including POLA1, POLA2, POLD, and POLE2E are 
upregulated, together with helicases such as CDC45 
(CAOG_00155) (Saha et al., 1998), DNA primases 
(CAOG_07825), and other proteins that form pre-
replicative complexes. Loading of PCNA and other pre-
replication proteins may be helped by DCC1 
(CAOG_04241) (Merkle et al., 2003), as well as coupling 
chromatid cohesion and DNA (Terret et al., 2009). Peaks 
of expression of these genes correlates with upregulation of 
Capsaspora cyclins E and A and the TIMELESS/TIPIN 
complex (CAOG 00958/04913), which are known to start 
and stabilize DNA replication by regulating the replisome  
(Yoshizawa-Sugata and Masai, 2007). Concomitant to this, 
chromatin proteins are transcribed and synthesized during 
S phase, such as histones, or the cohesin complex SMC1B 
(CAOG_04858) and SMC3 (CAOG_01984), members of 
the cohesin complex keeping sister chromatids together 
(Sumara et al., 2000). 

During this time, damages in the DNA are thought to occur 
because of hydroxyurea stress (Fox et al., 1987; Singh et 
al., 2017) and because of stalled replication forks upon 
coordination with transcription and other processes 
(Branzei and Foiani, 2005). Different proteins related to 
DNA damage, such as recombinases Lim15 
(CAOG_07267) and Spo11 (CAOG_03056) (Robert et al., 
2016), RAD51 (CAOG_01607) (Park et al., 2008; 
Sigurdsson et al., 2002), MSH2 (CAOG_03813), or PARPs 
(CAOG_03714) (Couto et al., 2011; Pears and Lakin, 2014; 
Satoh and Lindahl, 1992), are upregulated in Capsaspora. 
Interestingly, the telomerase complex component p240 
(CAOG_01731) peaks at G2, suggesting chromosome 
termini finish replicating at G2 (Venteicher et al., 2009). 

G2 phase genes 

The G2 phase serves as a gap phase where the cell monitors 
a proper completion of former events, such as the end of 
replication or the synthesis of more proteins to participate 
in cell division. We detected an ortholog of the Cyclin G/I 
family in Capsaspora (CAOG_00179). Cyclin G is 
recruited to promote p53-mediated cell cycle arrest in 
G2/M in response to DNA damage and stress (S. H. Kimura 
et al., 2001), whereas cyclin I does not oscillate 
transcriptionally in animals but has been shown to mediate 
the G2/M transition (Nagano et al., 2013). The oscillatory 
pattern in G2 suggests that Capsaspora cyclin G/I might 
operate by delaying the entry into mitosis, similar to the 
role found in animals. An ubiquitin ligase from the cullin 
family, CUL3 (CAOG_04201), peaks at G2 putatively 
regulating protein turnover from the previous cell cycle 
phases, as happens to cyclin E or Aurora B in human cells 

(Singer et al., 1999; Sumara et al., 2007). Another putative 
broader regulator of the cell cycle could be in the 
Capsaspora ortholog of GTP-binding protein 1 
(CAOG_00188), known to regulate mRNA stability in a 
circadian manner (Woo et al., 2011).  

We found coexpression of some genes indirectly related to 
protein synthesis. DDX1 (CAOG_02038) is an RNA 
helicase reported in many different processes, including 
activation of transcription factors and cyclins. Together 
with archease (CAOG_07121), another gene with a peak of 
expression in G2, they facilitate the guanylation of RTCB 
(CAOG_03064), a key intermediate step in tRNA ligation 
which is also upregulated in G2 (Popow et al., 2014). This 
co-regulation of three genes in the same pathway could be 
related to the enrichment in GO terms for tRNA maturation 
during G2 in Capsaspora. tRNA maturation is related to 
protein translation, which could occur at large amounts 
during G2/M likely to synthesize the numerous cytoskeletal 
components required for mitosis. 

Cytoskeletal dynamics 

Several cytoskeletal proteins involved in actin dynamics in 
eukaryotes, have a periodically expressed co-ortholog in 
Capsaspora, such as fascin (CAOG_00505) (Ma et al., 
2013), filopodial upregulator HBV (CAOG_03349) 
(Dasgupta et al., 2011), drebrin (CAOG_08639) (Pérez-
Martínez et al., 2010), and thymosin beta 4 (CAOG_06989) 
(SCHÖBITZ et al., 1991). The latter, known to bind and 
sequester g-actin preventing polymerization of actin 
filaments in human cells, is by far the most highly 
expressed gene in the Capsaspora cell cycle accounting to 
up to 15% of the total transcript pool at its peak of 
expression, at times corresponding to G2/M stages. Being 
this the moment where the cells round up their shape to 
divide, it is tempting to speculate on TYB4 as one of the 
main drivers of changes in the cytoskeleton of Capsaspora. 
CLASP1 (CAOG_03237), a protein previously reported to 
stabilize dynamic microtubules  (Akhmanova et al., 2001; 
Efimov et al., 2007; Mimori-Kiyosue et al., 2005), peaks at 
G2/M, putatively contributing to stabilization of spindle 
microtubules. We detect a dynamic behavior of integrins 
A1 (CAOG_01284), B1 (CAOG_01283), and Vinculin 
(CAOG_05123), with a pre-replicative differential 
expression pattern. As the integrin adhesome is known to 
be involved in cell-extracellular matrix adhesion in human 
cells (Ruoslahti and Giancotti, 1989) and putatively in 
Capsaspora (Parra-Acero et al., in prep.), this might 
indicate that cell adhesion decreases upon entry into 
mitosis, which matches our observations of cells retracting 
filopodia, dettaching, and rounding up prior to dividing. 

Spindle and chromosome interaction, chromosome 
separation, and mitosis 

During cell division, different mechanisms and checkpoints 
ensure that chromosomes are properly aligned and 
positioned at midcell prior to their segregation. Sorting 
nexin-33 (CAOG_04878), suggested to have a role in 
chromosome alignment and segregation (Ma and Chircop, 
2012), is periodically expressed during G2 in Capsaspora. 
We found mitotic expression of HASPIN (CAOG_09033), 
a protein kinase associated to histone 3 which mediates the 
positioning of AURKB during mitosis (Dai, 2005). 
Condensin subunits SMC2(00350) and SMC4 
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(CAOG_01474), which condense the newly replicated 
sister chromatids (K. Kimura et al., 2001), also peak in M 
phase in Capsaspora. Together with these genes, we found 
numerous co-orhtologs of kinesins, dineins, centromeric 
proteins (reported in the manuscript), and DNA damage 
proteins such as RAD54 (CAOG_04682) (Ristic et al., 
2001; Sigurdsson et al., 2002; Swagemakers et al., 1998), 
peaking at mitosis. 

Overall, Capsaspora seems to have a fairly conserved set 
of proteins regulating the mitotic cell cycle, with 
representative members of each major checkpoint complex 
(entry, G2/M, spindle, and mitotic checkpoints), that are 
cell cycle-regulated at the transcriptional level. We 
identified periodic co-orthologues of proteins Rod 
(CAOG_03064) and Zwilch (CAOG_07213), which form 
the RZZ complex together with the gene ZW10, involved 
in the mitotic spindle checkpoint (Kops et al., 2005; 
Samerier, 2011). Although not detected as periodic, there 
also exists a co-orthologue of ZW10 in Capsaspora 
(CAOG_00245). The RZZ complex interacts with the 
protein Spindly, reported to recruit dynein into 
kinetochores and proposed to contribute to the regulation 
of the spindle checkpoint (Griffis et al., 2007). A co-
orthologue of Spindly in Capsaspora (CAOG_02305) also 
presents periodic transcription, peaking at division times 
together with Rod and Zwilch orthologues. We also 
identified proteins from the NDC80 complex, such as 
NDC80 (CAOG_00634) and SP24 (CAOG_003380), 
required to the organization of spindle tips and kinetochore 
complexes (McCleland et al., 2004), and an ortholog of 
BUB1 kinase, essential for localization and assembly of 
checkpoint proteins at the kinetochore (Johnson et al., 
2004; Klebig et al., 2009; Qi and Yu, 2007; Seeley et al., 
1999; Tang et al., 2004), is also expressed at later stages of 
the Capsaspora cell cycle. Cdc25 is one of the main 
regulators of the cell cycle, as dephosphorylates mitotic 
cyclin-CDK complexes and activates them to progress 
through M phase (Peng et al., 1997; Sadhu et al., 1990). 
The single Capsaspora ortholog of the same group as 
human CDC25 is differentially regulated throughout the 
cell cycle (CAOG_03819), with the highest peaks at the of 
the cell cycle. A Capsaspora Tribbles homolog 
(CAOG_01948), a regulator in charge of the protein 
turnover of cdc25 (Liang et al., 2016), has a clear peak of 
expression in G2/M.  We hypothesize that these genes 
might function in the spindle and mitotic checkpoints of 
Capsaspora. 

Other Capsaspora regulators peaking at mitosis are GSTP1 
(CAOG_02067), the absence of which delays entry and 
progression through G1 and postpones the expression of G1 
cell cycle regulators in human cells (Pajaud et al., 2015), 
and CKS (CAOG_07008), a modulator of cyclin-CDK 
activity. At the onset of G1, organelle dynamics may 
increase provided the G1 upregulation of TWNK 
(CAOG_09482) and mitofusin (CAOG_00950), regulating 
replication of mtDNA and mitochondrion dynamics 
(Gupte, 2015; Korhonen et al., 2004). 

Transcription factors during the cell cycle of 
Capsaspora 

To assess the putative identity of the transcription factors 
(TFs) controlling the periodic transcriptional program of 
Capsaspora, we proceeded to characterize the putative co-

expression of transcription factors throughout the cell 
cycle. To that end, we checked which Capsaspora genes 
containing DNA binding domains were consistently 
expressed along with the two experimental replicates. From 
a total of 168 genes with DNA-binding domains, we 
inferred groups of co-expression by Pearson correlation 
and hierarchical clustering, followed up by manual testing 
(Fig. A1.4A) Two main groups of TF co-expression were 
detected: the G1/S transition, G2, and G1 expression. At 
G1/S, there are transcription factors such as SOX 
(CAOG_04975T0), SIX1 (CAOG_05435) and 
CSRP3(CAOG_04350), related to myogenesis and cell 
proliferation in animals, the former known to upregulate 
cyclin A expression. MAX (CAOG_01784) expression 
decreases two-fold during S and G2, and correlates to NFY 
(CAOG_04030), CG1, TFIIA, and GATA domain-
containing proteins (CAOG_06632, CAOG_00755, 
CAOG_00358). Proteins from the GATA family 
(CAOG_03836) are also expressed in G2, together with 
nuclear factor X (CAOG_06498). These clusters anti-
correlate with a small set of genes with low expression 
variability throughout the cell cycle, although visual 
inspection suggests they might be differentially expressed 
at later stages. Among these, the mitotic transcription factor 
FoxM1 (CAOG_05750) is found. 

In addition, DNA motif enrichment analysis was performed 
in the promoters of periodic genes within each independent 
cluster compared to the rest of promoters using HOMER 
Software (Heinz et al., 2010). These analyses yielded 
putative DNA motifs for each cluster showing two- to five-
fold enrichment (Fig. A1.4B, Table 1). Among these, one 
motif in promoters of the G1/S cluster showed similarity to 
the motif found for animal DP1 transcription factor, which 
couples with E2F during the entry into cell cycle (Helin et 
al., 1993; Wu et al., 1995). No enriched motif was found 
that matches the E2F consensus binding site; nevertheless, 
it has been estimated that only a small fraction of E2F-
mediated transcription occurs by direct binding to DNA 
(Rabinovich et al., 2008); the rest occurring indirectly 
mediated by other transcription factors such as DP. 
Similarly, the M cluster shows enrichment of a DNA motif 
resembling B-MYB binding site, another transcription 
factor known to upregulate genes at mitosis (Fischer and 
Müller, 2017). One MYB-related protein from Capsaspora 
(CAOG_00301) peaks at S phase, preceding its putative 
control of mitotic genes (Fig. A1.4B). Another putative 
motif resembling the NFX binding site, a TF differentially 
expressed during the cell cycle, was also found enriched in 
the G2/M cluster. A full list of motifs can be found in Table 
1. 

All together, these findings suggest that the mitotic gene 
cluster might be controlled by the activity of Myb-like 
transcription factors, as previously described for other 
species, and that upregulation of G1/S genes driven 
cooperatively by different TFs. Despite these results, more 
functional experiments of protein-DNA interaction would 
be required for further insight. 

Comments on the Capsaspora cyclin-CDK content in 
the context of Holozoa and other eukaryotes 

Previous studies in the literature showed inconsistencies 
regarding the presence of a CDK1 ortholog in Capsaspora 
(Cao et al., 2014; Suga et al., 2013). To unravel the reason 
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behind, we decided to characterize the repertoire of cyclins 
and CDKs in Capsaspora using phylogenetic trees. We 
surveyed the proteomes of a large set of species 
representing all the main eukaryotic lineages.  

Whereas other studies claim to have found A,B,D,E-type 
cyclins in all the major eukaryotic lineages (Medina et al., 
2016), we were not able to determine the phylogenetic 
relationships of these subfamilies in other groups outside 
Opisthokonta due to the poor phylogenetic signal in this 
protein family. We did, however, detected an ortholog of 
CDK1 in Capsaspora (CAOG_07905), previously 
unreported in other studies (Fig. A1.5, see Result 3.1). This 
could be explained if an e-value constraint was taken into 
account when identifying CDK proteins in (Cao et al., 
2014), as the gene CAOG_07905 was misannotated due to 
a gap in the genome assembly. We were able to identify and 
validate the rest of the coding sequence by PCR from 
gDNA and cDNA, as well as our transcriptomic data. The 
full sequence of CAOG_07905 aligns to the complete 
sequence of human and yeast CDK1 and cdc28, 
respectively (see Result 3.2). 

Our analysis confirms previous findings about the 
expansion of different cyclin subfamilies before Holozoa in 
a deeper branch of the tree of eukaryotes with the exception 
of cell cycle cyclins D and E. In the former literature, 
Archaeplastid “D-type” cyclins form a monophyletic group 
with metazoan cyclins G/I; this group appears as sister 
group to metazoan D-type cyclins (Medina et al., 2016). 
Whereas Capsaspora possesses a Cyclin G/I gene, this 
gene shows a G2 peak (discussed in Result 3.1) and does 
not follow an expression pattern typical of genes in the G1 
clusters. In addition, the single gene from Corallochytrium 
limacisporum retrieved as sister group of metazoan D-type 
cyclins (Fig. A1.5) might be an artifact of long-branch 
attraction provided the absence of this cyclin subfamily in 
the rest of unicellular Holozoa. Similarly, it was reported a 
group of E-type cyclins in chytrids which seems 
polyphyletic to animal E-type cyclins, but no other 
eukaryotic groups are reported to have any member of these 
families. 

Comparison with other datasets 

Our comparisons with the periodic transcriptional program 
(PTP) of other species shows that the Capsaspora PTP is 
more similar with human cells PTP. As discussed in the 
manuscript of Section 3.1, comparative approaches are 
difficult for numerous reasons: aiming to reduce the 
cumulative bias due to distantly related species, differences 
in detection methods, and , we sought to further investigate 
our findings in order to clarify our observations. We did so 
by extending our comparative analysis to other datasets of 
periodic genes from the literature, including more human 
and yeast datasets (Oliva et al., 2005; Peña-Diaz et al., 
2013; Pramila et al., 2006; Spellman et al., 1998), a dataset 
of Cryptococcus neoformans (Kelliher et al., 2016), and a 
data set of potentially G1/S-, G2-, and M-regulated genes 
in D. discoideum (Strasser et al., 2012). 

We found an expanded trend of our previous observations, 
with small but nonetheless significant numbers of periodic 
orthogroups shared between species. Adding more yeast 
datasets confirms the tendency of conserved genes between 
programs from the same species, as illustrated by the 

highlighted similarities between human and yeasts (Fig. 
A1.6). We can see a larger-than-expected conservation of a 
small number of periodic genes between D. discoideum, 
Capsaspora, and yeasts. These similarities are interpreted 
as indeed a conservation of the periodic transcriptional 
program because comparisons using randomized gene lists 
for each species yielded very different, non-significant 
results (see Fig A1.7A for an example), thus discarding a 
byproduct of  phylogenetic closeness between species (or 
datasets of the same species) and pointing to the presence 
of signal in the data. 

With the availability of more additional datasets, we also 
did additional comparisons of Capsaspora with other sets 
of core cell cycle genes, including one of yeasts (resulting 
from the intersection of three different budding yeast 
datasets). Interestingly, we detected that Capsaspora 
shares a remarkably large amount of periodic orthogroups 
with S. cerevisiae, the same happening between human 
cells and S. cerevisiae (Fig A1.7B).  

Discussion 

The discussion of this Appendix is included in the Section 
4.1 of the present thesis. Briefly, these results prompt to 
suggest that the transcriptional regulation of the 
Capsaspora cell cycle is largely similar to that of other 
Opisthokonta, perhaps retaining a more ancestral state 
provided the similarities with an outgroup species such as 
D. discoideum. One possible interpretation of our 
comparative analyses is that Capsaspora, S. cerevisiae, and 
H. sapiens all share a more conserved periodic 
transcriptional program than the rest of species in this 
study, despite the otherwise divergent regulatory 
mechanisms during the cell cycle. Our lack of data from 
other fungi outside unicellular Ascomycota and from other 
animals hampers to consider conservation or convergence 
in the use of periodic gene expression as a mean to regulate 
progression through the cell cycle between these species. 
All together, these results suggest that pairwise species 
comparison alone performs poorly as a proxy of how 
similar is cell cycle regulation between two species 
compared to a third species, requiring more data at the post-
translational level to infer the similarities in protein activity 
during the cell cycle to complement our current data at the 
transcriptional level (see Section 4.1 of the present thesis). 
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Figure A1.1: Clustering and Gene Ontology enrichment analysis of a set of  highly-dynamically expressed 

Capsaspora periodic genes. A: Venn diagram indicating the number of periodic genes detected in the former 

analysis and in the pre-filtered dataset for high foldchange of expression. B: heatmap showing gene expression 

across time for the five largest clusters retrieved by hierarchical clustering. C: Barplot showing all the significantly 

enriched Gene Ontology terms from the five clusters depicted in B.  
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Figure A1.2: Reanalysis of the Capsaspora periodic transcriptional program using a more permissive 

dataset of roughly 1100 genes. A: Venn diagram showing the genes used for the reanalysis. Genes not present 

in the dataset of high-FC (fold-change) genes were inspected, and those showing a flat pattern of expression were 

removed. A substantial number of Capsaspora genes were retrieved if their expression pattern resembles those of 

other periodic genes previously identified. B: Ranking of JTK_CYCLE and RAIN (Hughes et al., 2010; Thaben 

and Westermark, 2014) scores for the new dataset. Scatter plot of ranks assigned by RAIN and JTK; each dot 

represents a Capsaspora transcript expressed throughout the cell cycle. Blue dots indicate transcripts retrieved in 

A. C: principal component and  coordinate analysis reassuring that variance across samples is driven by periodic 

gene expression. D: heatmap showing gene expression across time for six largest clusters retrieved by hierarchical 

clustering. E: Barplots of Gene Ontology terms significantly enriched in for each cluster depicted in D. F: t-SNE 

plot of the periodic genes defined in A. G: pie chart showing the distribution of genes by gene age in the whole 

transcriptome of Capsaspora and in the dataset from A (up); and gene age enrichment for each of the clusters in 

D relative to the rest of Capsaspora genes (down).  



 

 292 

 

Figure A1.3: Expression of cell cycle regulators in Capsaspora. Expression profiles of different Capsaspora 

genes with known roles during the cell cycle in other species, grouped by their timing of expression and 

involvement in different processes throughout the cell cycle. Legends refer to the gene name assigned to their 

human orthologs. 
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Figure A1.4: Exploring transcription factor dynamics during the cell cycle of Capsaspora. A: Pearson 

correlation between gene expression of transcription factors during the cell cycle of Capsaspora. Highlighted 

clusters contain genes with a similar expression pattern as those shown in the plots. B: Transcription factor motif 

analysis in the promoters of different cell cycle gene clusters in Capsaspora. Left: Expression pattern of 

Capsaspora transcription factors MYB and NFX; Right: significant motifs matching known cell cycle TFs or TFs 

periodially expressed in Capsaspora. Barplot shows percentage of enrichment in promoters of genes of a 

particular Capsaspora cell cycle cluster, relative to the whole number of promoters. 
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Table 1: all significantly enriched DNA motifs founds in the promoters of the different gene clusters in the 

periodic transcriptional program of Capsaspora (pval<10^-6). 
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Table 1 (cont.): 
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Table 1 (cont.):  
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Figure A1.5: Phylogenetic analyses of the core cyclin-CDK system in opisthokonta, including unicellular 

relatives of animals. A: Presence and absence of the main animal drivers of the cell cycle. A simplified set of 

organisms is depicted (see Result 3.1 for more). B: Expression pattern of Capsaspora CDK1 during the cell cycle. 

C: zoom-in at the phylogenetic tree of cyclins found in Result 3.1. Orange represents animals, blue represents 

choanoflagellates, and purple the rest of unicellular relatives of animals used in the analysis. Species name follow 

the same four letter code as in Result 3.1. Dotted nodes indicate a Bootstrap higher than 90. D: Same as C for the 

phylogenetic tree of CDKs in animals and their unicellular relatives. 
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Figure A1.6: conservation of the periodic transcriptional program across species. Two overlapped heatmaps 

showing number of shared periodic orthogroups between pairs of species (lower left), and fold-change of expected 

vs observed numbers (upper right). Six additional datasets were added in this comparison: one additional human 

cell line, two budding yeast datasets, one fission yeast dataset, one dataset from Cryptococcus neoformans 

(Kelliher et al., 201_), and one dataset of E2F/Rb-regulated genes in D. discoideum. 
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Figure A1.7: further investigation to comprehend similarities between periodic transcriptional programs. 

A: evaluation of phylogenetic closeness by random selection of orthogroups as gimmick-periodic. Fold-change 

(and hence statistical significance) drops compared to actual comparisons. B: evaluation of the cell cycle 

transcriptional program of Capsaspora, Homo sapiens, and S. cerevisiae. Three asterisks indicate p-value smaller 

than 10e-6. 
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Appendix 2: assessing cell viability upon DNA transfection 
 
 
 

In the present thesis, I performed initial tests of a joined protocol of DNA 

transfection and culture synchronization1. Briefly, Capsaspora cultures were transfected 

as described in methods from Result 3.2 but, instead of left in fresh medium for eighteen 

hours, they were incubated in 10mM HU medium immediately after the glycerol shock, 

following the protocol of arrest described in Result 3.1. Preliminary results (data not 

shown) evidenced that, although yielding positive cells, our current protocol of DNA 

transfection may not be efficient enough to allow automated monitoring or quick 

screening of transfected cell throughout the cell cycle, unless coupled to more costly 

procedures such as FACS-assisted pooling of transfected cells. In order to generate 

homogeneous populations of cells with the same perturbation, stable transfection and 

genome-editing tools for Capsaspora have been in parallel development to the 

elaboration of a transfection protocol. 

To develop genome-editing tools in Capsaspora, an initial protocol for genotyping 

was designed combining DNA transfection of fluorescence markers and genome editing 

constructs, cell sorting, PCR and Sanger sequencing, in order to obtain sequence 

information from populations of cells coming from an unique event of DNA transfection2 

(Fig. A2.1B). Transfected cells were collected in 96-well plates containing fresh medium; 

as a negative control, we also took cells that went under the transfection protocol but did 

not show fluorescence (putative negative cells), and cells that were grown under the 

same conditions but did not go through the transfection protocol (Fig. A2.1C). 

We found that positive cells showed a much lower survival rate (7-13%) than the 

controls (~90%), measured as the fraction of thriving colonies observed through 

microscopy seven days after sorting per initial number of cells sorted (Fig. A2.1D,E). The 

low viability could not be attributed either to lethal mutations, as cells transfected only 

with the fluorescent marker also died, or to the simple effect of passing through the sorter 

                                                
1 People involved: Alberto Perez-Posada 
2 People involved: Alberto Perez-Posada, Andrej Ondracka, Helena Parra, Iñaki Ruiz-Trillo 
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or even a synergic effect of transfection and sorting, as negative cells survived at a much 

higher rate regardless of having passed through the transfection treatment. Upon further 

testing with different amounts of DNA, we observed that fluorescence intensity of positive 

cells was lower than that of cells transfected with two-to-ten times less amount of foreign 

DNA (Fig. A2.1F). This led us to hypothesize that high DNA-transfected cells suffered 

from a cytotoxic effect leading to a decay of cells expressing larger quantities of the 

protein (putatively by having uptaken larger amount of foreign DNA). This also matched 

parallel observations of Capsaspora cells transfected with the membrane marker having 

heavily branched filopodia, a phenotype not observed under normal culture conditions. 

DNA amount would then be crucial for the viability of cells, matching previous 

observation of DNA cytotoxicity in the literature affecting viability and transfection 

efficiency (Feng et al., 2007; Lesueur et al., 2016).  

We hypothesize that part of the cytotoxic effect could be explained by the use of 

a promoter from a constitutively, very highly expressed gene, the Capsaspora elongation 

factor I (see Result 3.2). Further assays of viability confirmed that cells transfected with 

less amount of DNA showed a higher fluorescence intensity and had a survival rate of 

~80%, comparable to that of negative cells. We thus discovered a cytotoxic effect on the 

viability of cells, and proceeded to adjust our protocol accordingly. As the duration of 

transient transfection was measured on cells with the initial amount of DNA, we speculate 

that the higher survival rate of low DNA-transfected cells would have an impact in the 

duration, possibly extending it. Future transfection assays in Capsaspora should also 

consider the use of low-expression cassettes based on our current transcriptomic 

knowledge of Capsaspora gene expression. 
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Figure A2.1: Unraveling cellular behavior and viability using transfection in Capsaspora. 
A: Our results revealed that Capsaspora cells use their filopodia to hold on to the substrate, 

illustrating the use of transfection as a tool to track cellular structures. B: An experimental setup 

designed to genotype Capsaspora cells upon transfection with genome-editing tools. Capsaspora 

cultures undergo transfection with a fluorescent marker and genome-editing constructs, and are 

passed through a cell sorting device to isolate individual transfected cells in 96-well plates. After 
a prudential time, say ten days, individual cultures are sampled for PCR and sequencing. C: Flow 

cytometry diagram showing a culture of transfected Capsaspora cells. Transfected cells show a 

wide range of fluorescence intensity, which can correlate with the amount of protein and with the 

amount of vector uptaken. Cells from each of the three gates were sampled to assess viability. D: 

Measurement of cell viability in all the different experiments. Survival rate is measured as the ratio 

of thriving colonies coming from an experiment as B, divided by the total number of cells isolated 

for each condition. Red colors indicate the same fluorescence intensity as shown in C. E: 

summarized plot of D, relative to the amount of DNA used in the transfection protocols. F: violin-
plots showing the distribution of transfected cells by fluorescence intensity in each condition, for 
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two independent experiments. Colors indicate the amount of DNA used to transfect the cultures. 

A, B and C indicate biological replicates from independent cultures transfected the same day. In 

the first experiment, 1 and 2 indicate replicates coming from the same culture. 
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