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professional com personal.
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que parlava dels opisthokonts, de 'origen dels animals i d’organismes unicel-lulars. Els
opisthokonts? — vaig pensar... i alguna cosa em va dir que provés sort. Aixi, cap a I'abril-
maig de ja fa uns quants anys, vaig entrar per segon cop a I'IBE i vaig congixer a I'liaki.
T’he de dir, Ifaki, que em vas convéncer de seguida. Aixi vaig viure els meus tres
primers mesos — molt intensos ja — a 'MCG. | d’alguna manera, no en vaig tenir pas

prou.

IAaki, ja saps tot el que penso, i resumir tot el que has fet per mi aquests anys amb un
“moltes gracies” se’'m queda curt, moooooolt curt. Gracies per conéixer-me de debo i
per donar-me totes les eines possibles per cremar I'ebullici6 d’energia, les ganes
d’aprendre i 'entusiasme inevitable que he viscut aquests anys a 'MCG.

També per tooota la paciéncia i el suport incondicional que sempre m’has brindat,
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funcionava res. Sobretot gracies per totes les vegades que he vingut amb la llibreta
temible de westerns: tot i ensenyar-te westerns negres o amb bandes rares sempre has
confiat amb mi. Moltes gracies per ensenyar-me i formar-me en molts aspectes, i per
animar-me sempre a seguir endavant. | sobretot, per compartir amb mi el teu entusiasme
per la recerca, la docéncia, els viatges i estades, congressos, cursos i outreach, que
m’han inspirat i que se’ns dubte han calat molt dins meu i m’han fet millor persona. En
aquest punt un se n’adona que no escull la recerca, sin6 que la recerca t'escull i t'atrapa,

i forma part de tu.
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Abstract/Resum

Abstract

The origin of animal multicellularity is a major evolutionary question. Recent genome
data from the closest extant unicellular relatives of animals revealed that they actually
possess and express a complex repertoire of genes related to animal development and
multicellularity. Thus, assessing the functions of those genes in those unicellular
relatives is key to gaining insight into to how they were co-opted at the onset of animals.
However, such analyses have been hampered by the lack of genetic tools. Overall, this
thesis advances our understanding of how co-option worked by using two different
approaches. First, | provide a reliable transfection method for the filasterean Capsaspora
owczarzaki, the close unicellular relative of animals with the richest repertoire of genes
related to transcriptional regulation. This accomplishment converts Capsaspora into a
unique experimentally tractable organism to investigate the origin and evolution of animal
multicellularity. Then, | provide evidence of a remarkable degree of conservation
between several transcription factor (TFs) networks in Capsaspora, suggesting that

complex regulatory networks of TFs existed in the unicellular ancestor of animals.

Resum

L’origen de la multicel-lularitat dels animals és un gran enigma evolutiu. Dades
genomiques recents dels parents unicel-lulars més propers als animals han revelat que
codifiquen | expressen un repertori complex de gens relacionats amb el
desenvolupament i amb la multicel-lularitat animal. Per aquest motiu, investigar les
funcions d’aquests gens en aquests parents unicel-lulars és clau per entendre com es
van co-optar a l'origen dels animals. No obstant, aquestes analisis han estat
obstaculitzades per la falta d’eines genétiques. En conjunt, aquesta tesi avancga el nostre
coneixement de com la co-opcié va funcionar de dues maneres. En primer lloc, aporto
un protocol fiable de transfeccié per al filasteri Capsaspora owczarzaki, el parent
unicel-lular més proper als animals amb el repertori genetic mes ric en gens relacionats
amb la regulacié transcripcional. Aixo converteix Capsaspora en un organisme tractable
experimentalment unic per investigar l'origen i 'evolucio dels animals. Després, aporto
evidéncia d’un grau considerable de conservacié entre diverses xarxes de factors de
transcripcié a Capsaspora, suggerint que xarxes de factors de transcripcié complexes

van existir en I'ancestre unicel-lular dels animals.
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Preface

Nature has amazed us since the beginning of civilizations. In an eternal pursuit of
knowledge to satiate our intrinsic curiosity we have been tirelessly seeking to understand
the origin and evolution of life: Where do we come from? How did life emerge? Which

are the mechanisms that drove (and are driving) evolution?...

In antiquity, we tried to solve these questions cranking out myths and the pillars of
religion. Later on, especially during the scientific revolution in the seventeenth century,
we developed the fundamentals of modern sciences, such as astronomy, chemistry and
biology. At that time, the paradigm of geocentrism was replaced by heliocentrism and
novel principles of the cosmos were slowly introduced, shaking our vision of the world
and the universe. While these new concepts were pointing out the stars, Antonie P. van
Leeuwenhoek self-designed a single-lense microscope and shed light into a completely
new universe of until then invisible creatures, originally referred to as animalcules (tiny
animals). His observations and discoveries pioneered an interdisciplinary novel field of
research that connects uncounted disciplines, such as biochemistry, cell biology,
ecology and evolution, and bequeathed a legacy that paved the path to the fundamentals

of microbiology.

Leeuwenhoek performed the very first observations of protists, a. k. a. unicellular
eukaryotes. Protists are widely distributed in almost every habitat on Earth: from free-
living forms in aquatic (freshwater and marine), terrestrial (soil crusts and forest litter)
(Venter et al., 2018) or extreme environments (Oliverio et al., 2018), to other forms
directly related to other species in commensal, parasitic or symbiotic relationships
(Wilcox and Hollocher, 2018). Protists are major contributors to the active biosphere and
to biological and geochemical processes (de Vargas et al., 2015; Debroas et al., 2015;
Weisse et al., 2016). For instance, macrophytes and planktonic algae are key
communities of marine plankton and act as primary producers for carbon fixation and
photosynthesis (Reitsema et al., 2018). The composition, structure and interactions of
protist communities also serve as bioindicators of environmental impacts and to assess

the biological quality of different ecosystems.
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Examples include diatoms, foraminifera, ciliates and testate amoeba as indicators for
eutrophication, heavy metal contamination or chemical pollution (Desrosiers et al.,
2013). Moreover, their close relationship to animals as vectors of infectious diseases,
such as the malaria parasite Plasmodium falciparum or Trypanosoma sp. in

Trypanosomiasis, put them in the spotlight for biomedical research.

Despite protists being mostly unicellular, they present a vast range of morphologies,
lifestyles and behaviours, bringing cellular complexity to the extremes. There are species
that are able to reach up to few centimeters, such as the giant alga Ventricaria
ventricosa, or being as small as less than a micrometer, such as the minute green alga
Ostreococcus tauri. Some protists, such as dinoflagellates, possess elaborate weapons
shot by harpoon-like secretory organelles (Gavelis et al., 2017). Others, such as
Diatoms, use silica to build their colorful shells (frustules) and Xenophyophores are even
able to form intracellular barite crystals (Gooday and Nott, 1982). Other species present
multicellular-like stages at some point during their life cycle, such as the aggregative
behaviour of the social amoeba Dictyostelium discoideum (Konijn and Raper, 1961) or
the colonial rosettes formed by the choanoflagellate Salpingoeca rosetta (Dayel et al.,
2011; Levin et al., 2014).

Historically, the first tentative classification of protists in the Eukaryotic Tree of Life
(ETolL) grouped them together in a hodgepodge separated from Animals and Plants: the
Kingdom Protista (Haeckel, 1866). This view soon changed with the advent of new DNA
sequencing and molecular technologies, including Next-Generation Sequencing (NGS)
and phylogenetics, that helped overcome the bias of morphology-based taxonomies and
refined their evolutionary relationships (Medlin et al., 1988; Woese, 1996; Woese and
Fox, 1977). Later on, high-throughput sequencing technologies promoted environmental
DNA metabarcoding, which is nowadays revealing novel lineages of protists at different
taxonomic levels, highlighting their ubiquitous phylogenetic distribution and still hidden
diversity in the EToL (Del Campo et al., 2014; del Campo and Massana, 2011; Diez et
al., 2001; Lépez-Garcia et al., 2001; Pawlowski et al., 2016, 2012; Venter et al., 2018).
Actually, protists are scattered across the EToL, being closely related to animals, plants,
fungi and other multicellular groups of eukaryotes (Adl et al., 2012; Corliss, 1984; Keeling
et al., 2005). These evolutionary relationships provide an ideal phylogenetic framework

to study unicellular-to-multicellular transitions.
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Multicellularity is, in fact, one of the major evolutionary transitions in the history of life. It
entailed temporal and spatial regulatory programs of cell division and differentiation that
gave rise to a wide variety of cell types and complex body plans (Szathmary, 2015;
Szathmary and Smith, 1995). Among all the unicellular-to-multicellular transitions, the
transition to animal multicellularity is undoubtedly the most unique one (Cavalier-Smith,
2017). However, the underlying genetic basis and mechanisms that drove this transition
are still a long-standing question in biology. To fully understand how the transition
occurred, it is key to investigate how distinct animal groups are related to each other and
to their closest unicellular relatives, and how the genes involved in (and relevant to) their

multicellularity evolved.

In fact, animals (Metazoa) and fungi are closely related to a heterogeneous assembly of
protist lineages, altogether forming a highly diverse eukaryotic supergroup known as
Opisthokonta (Brown et al., 2009; Cavalier-Smith, 1987; Del Campo et al., 2014; Ruiz-
Trillo et al., 2004, 2006, 2008a; Shalchian-Tabrizi et al., 2008; Steenkamp et al., 2006;
Torruella et al., 2012, 2015). Animals and their unicellular relatives Choanoflagellatea,
Filasterea and Teretosporea form the Holzoa clade (Lang et al., 2002), whereas Fungi
and their unicellular relatives Nuclearidae and Fontinculae form the
Holomycota/Nucletmycea clade (Adl et al., 2012; Brown et al., 2009; Liu et al., 2009).

Choanoflagellatea is the sister-group to Metazoa consisting of flagellated protists that
feed on prey using a collar structure made by microvilli (Cavalier-Smith and Chao, 2003;
Medina et al., 2003; Ruiz-Trillo et al., 2008b, 2006, 2004; Steenkamp et al., 2006).
Interestingly, some species are able to form multicellular-like structures of clonal colonies
(Leadbeater, 2015; Levin et al., 2014). Filasterea is a group of filopodiated amoeba,
composed to date by four species (Hehenberger et al., 2017; Ruiz-Trillo et al., 2008b,
2006, 2004; Shalchian-Tabrizi et al., 2008; Torruella et al., 2015). An example is
Capsaspora owczarzaki, capable of forming aggregate structures of independent cells
(Sebé-Pedrés et al., 2013). Finally, the group Teretosporea (composed by Ichthyosporea
and Corallochytrea) includes fungus-like protists, some of them being parasites of
animals and presenting a coenocytic development with palintomic cell division (Glockling
et al., 2013; Marshall et al., 2008; Mendoza et al., 2002; Torruella et al., 2015).

XMl
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Recent genome data from the choanoflagellates Monosiga brevicollis (King et al., 2008)
and Salpingoeca rosetta (Fairclough et al., 2013), the filasterean Capsaspora
owczarzaki (Suga et al., 2013) and the Ichthyosporean Creolimax fragrantissima (de
Mendoza et al., 2015) showed they possess a complex repertoire of genes previously
thought to be animal-specific and complex transcriptional regulatory control of their life
stages. This included an unexpected conservation of genes related to typical
multicellular functions, such as cell cycle control, cell growth, programmed cell death,
specialized cell types, adhesion and transcriptional regulation (Fairclough et al., 2013;
King et al., 2008; Sebé-Pedrés et al., 2016, 2011, 2010; Suga et al., 2013). Altogether,
this indicates that the single-celled ancestor of animals was genetically complex and that
co-option, tinkering and increased regulation, rather than gene innovation itself, were
probably important driving forces for the origin of animals (Sebé-Pedros et al., 2017,
2016). In this context, studying the function of genes related to important multicellular
functions, such as transcriptional regulation and cell adhesion, in unicellular holozoans
is key to understanding how they were co-opted during the transition to animal

multicellularity.

In the present thesis, | address the transition to animal multicellularity from a functional
perspective by: 1) developing a transfection protocol to turn the filasterean amoeba
Capsaspora owczarzaki into an experimentally tractable system (section 3.1.
Transfection of Capsaspora owczarzaki, a close unicellular relative of animals), 2)
studying the evolution and diversification of Runx1, Runx2 and NF-kB transcription
factors families through a taxon-rich paneukaryotic survey and 3) assessing the role of
Runx1, Runx2 and NF-kB animal homologs in Capsaspora owczarzaki through
localization and Chromatin Immunoprecipitation coupled with high-throughput
sequencing (ChlP-seq) experiments (section 3.2. Evolution of Runx and NF-kB
developmental Transcription Factor families and the origin of animal multicellularity).
Altogether, the present thesis places Capsaspora as a good model to understand the
function of key genes in a unicellular context and offers new insights into the evolution

of animal multicellularity.
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Section 1

Introduction

A unicellular perspective on
the transition to multicellularity in animals






1. Introduction

Life on Earth began more than three thousand million years ago (Mya), and since then
it has conquered inconceivable ecological niches. From the stunning tropical
environments that are bursting hotspots of biodiversity to the cold and solitary tundra in
the poles or the fathomless depths in the abyss of the oceans. This astonishing
environmental diversity has favoured life embracing refined and complex forms, such as
the extremophile Pyrococcus sp. colonizing submarine hydrothermal vents or the tireless
hummingbirds inhabiting cloud forests. But still, life has ultimately evolved from (and

exists as) a single unit: a cell.

After the origin of the eukaryotic cell the biosphere underwent a complete upheaval,
especially at the end of the Proterozoic eon when the first multicellular life forms
appeared. From then on, multicellularity evolved independently in at least 25 lineages
from all three domains of life and led to the diversification of a huge diversity of
multicellular entities (Grosberg and Strathmann, 2007). Incredibly, simple groups of cells
are able to form mat structures in Cyanobacteria (Rossetti et al., 2010) and Myxobacteria
(Velicer and Vos, 2009) or even reproductive aggregates in slime molds (Du et al., 2015)
and ciliates (Olive and Blanton, 1980). Complexity increases in differentiated
multicellular organisms, like the volvocine green algae and the large seaweeds of red
and brown algae, and is taken to extremes in land plants, fungi and animals (Bonner,
1998; Becker and Marin, 2009; Knoll, 2011; Umen, 2014; Cavalier-Smith, 2017).
Multicellularity has been undoubtedly one of the major transitions in evolution

contributing to the extraordinary diversity of life forms that exist on Earth.

The present introduction will be a journey to gain insight into the transition to animal
multicellularity from a unicellular perspective. | will start by introducing the evolutionary
transition to multicellularity, defining what multicellularity is and introducing the types and
mechanisms of evolving multicellularity. Next, | will focus on the uniqueness of animal
multicellularity and present the closest unicellular relatives of animals. Here, | will
pinpoint their relevance as emerging model systems, presenting the knowledge gained
from studying their genomes and life cycle transitions through comparative analyses.
Moreover, | will stress the need for developing genetic tools among them for molecular
and functional-based analyses. Finally, | will present Capsaspora owczarzaki, on which
my work has been based, as an emerging model system to address the evolutionary

transition to animal multicellularity.






1. Introduction

Section 1.1

Evolutionary transitions to multicellularity

During billions of years, the planet biosphere has been reshaped as a result of a series
of “major evolutionary transitions”, where pre-existing simpler entities evolved into more
complex ones (Szathmary and Smith, 1995; Szathmary, 2015). At the beginning, genes
were collected in protocells, a process that constitutes the origin of life as we know it.
Next, unlinked replicators gave rise to chromosomes; prokaryotes formed a symbiotic
relationship to constitute the eukaryotic cell, and unicellular eukaryotes preceded the
origin of multicellular organisms. Not all living systems have been subjected to all of
these transitions because there is no reason to expect continuous increases in
complexity. Nevertheless, some of these transitions have occurred multiple times in
evolution (Anderson, 1984; Duffy et al., 2000; Szathmary, 2015). Multicellularity has long
been viewed as this type of major transition, and it is a clear example of a transition that
has occurred repeatedly, crossing over one of the major steps in the evolution of life’s
complexity (Szathmary and Smith, 1995; Szathmary, 2015). Multicellularity evolved
independently and repeatedly in at least 25 lineages from all the three domains of life,
representing a wide spectrum of simple to complex organizations, especially in all major
eukaryotic groups (Figure 1) (King, 2004; Grosberg and Strathmann, 2007; Knoll, 2011;
Adl et al., 2012).

Multicellular green algae (750 Mya) Cambrian explosion (542 Mya)

Origin of life (3,900 Mya) Multicellular red algae (1,200 Mya) Multicellular fungi (300 Mya)
4,600 Mya 3,900 Mya § 2,500 Mya 1,200 Mya 542 Mya
Hadean & Archean eons Proterozoic eon Phanerozoic eon
Origin of the Earth (4,600 Mya) Eukaryotic cell (2,100 Mya)  Heterotrophic eukaryotes (800 Mya) Multicellular brown algae (130 Mya)

First evidence of Porifera fossils (635-600 Mya) Embryophyta (450 Mya)
Molecular Clock estimates

* Origin of Opisthokonts ** Origin of Metazoa Ediacaran fauna (575 Mya)

Figure 1. A time-line of the origins of the major multicellular eukaryotic lineages.
Estimations are based on fossil record and molecular clock estimates. Time units are Millions of
years ago (Mya). Adapted from Sebé-Pedrés et al., 2017 and Grau-Bové, 2017.
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Simple multicellular structures are found in the early fossil records of both bacterial and
eukaryotic lineages, being the first evidence of multicellular assemblies from around 3 to

3.5 billion years ago (Gya), corresponding to mat structures of cyanobacteria-like

prokaryotes (Schopf, 1993).
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Figure 2. The multiple origins of multicellularity. Overview of the phylogenetic distribution of
multicellularity among eukaryotes representing a consensus composite based on several recent
phylogenomic studies. The multiple origins of multicellular forms and their modalities (clonal,
aggregative or complex) are highlighted. Some lineages, such as animals (Metazoa) and land
plants (Embryophyta), are entirely multicellular, whereas other lineages have only a few
multicellular species, with the majority being unicellular. Adapted from Sebé-Pedrés et al., 2017.
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Despite evidence for a certain level of cell differentiation existing around 2 Gya (Tomitani
et al., 2000), it is after the origin of eukaryotes (1-1.9 Gya according to molecular clocks;
Eme et al., 2014; or at least 2.1 Gya according to the fossil record; Knoll, 2014) that most
of the known multicellular lineages and cell differentiation appeared within this group
(Grosberg and Strathmann, 2007; Knoll and Hewitt, 2011). Multicellularity shows, thus,

a discontinuous phylogenetic distribution in the Tree of Life (Figure 2).

Multicellularity can be defined as a feature of a living system formed by the assembly of
multiple cells that build up a cohesive, physically integrated and coordinated entity. In a
multicellular context cells present at least some degree of cell-to-cell adhesion and cell-
to-cell communication and their individual identities change, because they belong to a
larger inclusive entity that shifts the nature of their individuality (Buss, 1987; Szathmary
and Smith, 1995). Multicellularity shows a wide range of organizations, from simple

groups of cells to complex differentiated multicellular organisms (Bonner, 1998).

1.1.1. Types of multicellularity and their occurrence in the tree of life

Multicellularity can be “simple” or “complex”, according to differences in cell
differentiation, intracellular communication and direct contact with the external
environment (Bonner, 2004; Butterfield, 2000; Knoll, 2011; Knoll and Hewitt, 2011; Lane
and Martin, 2010; Schlichting, 2003).

Simple multicellularity consists of an assembly of identical cells, including filaments,
clusters, balls, sheets or mats, that arise via mitotic cell division from a single progenitor.
In general, these structures are formed by undifferentiated cell assemblages with some
exceptions (i.e., complete germ-soma differentiation with division of labour in Volvox;
Umen, 2014). They can also include a limited degree of cell-cell communication and cell
adhesion but necessarily entail direct contact with the external environment, at least
during phases of the life cycle characterized by nutrient acquisition and active
metabolism (Knoll and Hewitt, 2011). Simple multicellular organisms can be found both
in prokaryotes, such as mat structures in cyanobacteria, and in eukaryotes: from the
colonies of choanoflagellates and the diverse green algae structures like Volvocales

(spherical colonies) or Charales (filamentous) to the aggregative structures of the
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amoebozoan slime molds, the nucleariid Fonticula or the ciliate Sorogena (Bonner,
2000a; Knoll and Hewitt, 2011).

In contrast, complex multicellularity is a rarer event in evolution and is mostly restricted
to eukaryotes where it appeared 6-7 times: in Metazoa (animals), in Ascomycota and
Basidiomycota (fungi), in Embryophyta (land plants), in Phaeophyta (brown algae), and
in Bangiophyceae and Florideophyceae (red algae) (Knoll, 2011). Complex
multicellularity not only entails cell-cell adhesion but also a higher level of intercellular
integration and communication, and commonly, tissue differentiation through networks
of regulatory genes that tightly control spatial and temporal differentiation programs.
Programmed cell death occurs in a number of these groups and individuals generally
display a three-dimensional organization, in which only some cells are in direct contact
with the external environment. This organization is critically important for organismic
function, and includes both molecular conduits for cell-cell communication and tissues to
facilitate bulk transport for oxygen, nutrients and signalling molecules required by internal
as well as external cells (Beaumont, 2009; Knoll and Hewitt, 2011; Schlichting, 2003).

Hence, complex multicellular organisms have evolved structures that circumvent the
limitations of diffusion, considered key to the evolutionary success of complex
multicellular life (Knoll and Hewitt, 2011).

1.1.2. Mechanisms to evolve multicellularity

Multicellularity can appear via two different mechanisms that vary in the level of
relatedness of the cells and the level of complexity they achieve: clonality or aggregation
(Figure 3).

In most lineages, clonal multicellularity arises through successive rounds of clonal cell
division from a single founder cell (spore or zygote) with incomplete cytokinesis (i.e.,
division of the cytoplasm of the parental cell into two daughter cells). This results in a
genetically identical population of cells that are stable (Figure 3A). This kind of

multicellularity acquisition is present in complex multicellular lineages.
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For example, besides animals, plants and fungi, the division products of colonial
organisms such as in the green alga Volvox sp., are surrounded by a cohesive jelly that
maintains them held together. In the case of Chlorococcales, the products of cell division

are confined within the mother cell and, at some point, daughter flagellated cells are

freed.
A Clonality B Aggregation
Spherical mass of Swimming Sessile filamentous Syncytial Spherical mass of
propagules (with or flagellated or plasmodium propagules (with or
without stalk) sphere branched colony without stalk)
)
@ O) @ 27 single
ial ; 0 QQ cells
seria serial serial ) )
Fel.l cell cell l kar Sc?cnar:esis aggregation
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& (=
- D@% b
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Myxgoastria (Amoebozoa) Choanoflagellata Fungi Physarum Sorogena (Ciliata)
Ichthyospore (Holozoa) Volvocales Plantae (Amoebozoa) Dictyostelia (Amoebozoa)
Actinomonas Rhodophycaea and other Myxogastria Fonticula (Holomycota)
(Heterokonta) Chrysophycaea Guttulinopsis (Rhizaria)
Chrysospharella Codosiga Acrasis (Excavata)
(Chrysophycaea) (Choanoflagellata)
Metazoan embryos Zoothamnium
(Ciliata)

Figure 3. Clonal and aggregative multicellularity. (A) Clonal multicellularity gives rise to
diverse multicellular forms. (B) Aggregative multicellularity gives rise to spherical masses of
spores or cysts, sometimes atop a stalk. The organism indicated is sown in bold, and other
organisms with similar forms of multicellularity are listed below. Adapted from Brunet and King,
2017.

However, other multicellular forms develop when two independent and genetically
distinct cells bind or aggregate to each other (Figure 3B) (Grosberg and Strathmann,
2007). This aggregative multicellularity results in a heterogeneous population of cells
evolutionarily more unstable than a clonal multicellular entity, as it is subjected to a
slightly different fithess challenge (Aanen et al., 2008; Newman, 2012). Indeed,
aggregative multicellularity is transient and implies lower cell relatedness and lower
complexity levels, but still can present some level of organisation and differentiation.
Some of these multicellular forms are triggered under stress or starvation, such as in the
amoebae Acrasis or Copromyxa, in which starving cells crawl on top of each other and

differentiate into spores or cysts (Du et al., 2015).
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Others are formed during their reproductive stage building spore-bearing fruiting bodies,
such as the ones present in slime molds. In fact, the social amoeba Dictyostelium
discoideum (Schaap, 2011) is a great example of one of the most sophisticated
structures of aggregative multicellularity, displaying a freely moving “slug” stage and up
to five different cell types (Du et al., 2015). In the case of the nucleariid Fonticula alba,
cells secrete an extracellular-matrix-like material to support the spore mass (Brown et
al., 2009; Du et al., 2015).

All the multicellular aquatic organisms began their multicellularity by the products of cell
division failing to separate, while most terrestrial microorganisms involve some form of
motile aggregation of cells or nuclei in a multinucleate syncytium (Bonner, 1998). There
are some apparent exceptions, such as the actinomycetes and a few cyanobacteria

(e.g., some species of Stigonema, which live in air in moist environments).

10
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Section 1.2

Gene content for evolving multicellularity

The underlying molecular mechanisms that drove the transitions to multicellularity must
have necessarily relied on at least some specific pathways ensuring physical, functional
and reproductive stability and trade-off between these fithess components, especially

related to survival and reproduction (Michod et al., 2005).

First, the physical unit of the multicellular entity requires tightly regulated mechanisms of
cell-cell recognition and adhesion (Abedin and King, 2010). This is generally
accomplished by extracellular adhesive molecules, such as pectins, hemicelluloses or
glycoprotein-based bonds, or specific molecules in the surface of the cells (e.g.,
transmembrane proteins), such as cadherins or other specialized cell adhesion
molecules (CAMSs), that maintain tight junctions between cells. Second, individual cells
need to act in coordination and communicate between themselves through cell-cell
signalling pathways. Finally, cell growth, proliferation and differentiation should be tightly
regulated at least temporarily (simple multicellularity) and spatially (complex
multicellularity) under precisely defined transcriptional programs (Degnan et al., 2009;
Sebé-Pedrods et al., 2011; Suga et al., 2013).

Transitions to multicellularity, especially the evolution of complex multicellularity,
additionally entailed an increase in the number of genes involved in these mechanisms,
especially cell differentiation, cell-cell communication and transcriptional regulation.
Probably, increases in complexity (number of cell types, body size, life-cycle stages,
genes or protein domains) are linked to gene innovation, as well as tinkering and
expansion of genetic material (Rokas, 2008a). Indeed, most of these cellular
mechanisms were already present in the unicellular ancestor of multicellular lineages.
This suggests that co-option or recycling of existing mechanisms, in addition to gene
innovation of multicellular-specific genes, was probably an important driving force for

multicellularity.

11
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For instance, it has been shown that genes related to cell adhesion (e.g., integrins and
cadherins), cell signalling and cell-cell communication (e.g., tyrosine kinases) predate
the origin of Metazoa (Abedin and King, 2010; King et al., 2008, 2003; Sebé-Pedrés et
al., 2010; Suga et al., 2013).

Similarly, genes related to extracellular matrix components, present in volvocine algae,
evolved from a pre-existing genetic toolkit in their unicellular ancestors (Prochnik et al.,
2010). And other genes related to cell differentiation and developmental pathways,
present in the unicellular Dictyostelium discoideum (Schaap, 2011) and in Volvox carteri
(Matt and Umen, 2016; Nedelcu, 2009; Prochnik et al., 2010), have also evolved from

their unicellular ancestors.

12
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Section 1.3

Selective advantages of evolving multicellularity

Being multicellular can provide opportunistic benefits and several selective advantages
in a hostile environment. First of all, multicellularity is an effective way to increase size.
Compared to a single-celled counterpart, a multicellular organism is able to sustain larger
organismic sizes in a more efficient way as compared to hypertrophic cell growth
(Bonner, 2000b; King, 2004). This overcomes most of the physico-chemical limitations,
such as surface-volume ratio or higher diffusion rates in the cytoplasm and cell
membranes, that might impose an upper limit on the size of a single-celled organism,
despite some exceptions, such as the giant algae Ventricaria ventricosa, one of the
largest unicellular species (Bisson and Beilby, 2002; Ryser et al., 1999). An increased
size can represent as well a defensive mechanism to escape from heterotrophic
predators (Stanley, 1973). Moreover, large sizes are more effective in nutrient storage
(Bonner, 2000b; Kirk, 2003).

Second, multicellularity confers more environmental resilience, both over predators and
over external conditions. In fact, it can produce an internal, more stable environment and
therefore be more effectively shielded and resilient to the vagaries of the external

environment (Bonner, 1998; Gerhart and Kirscher, 1997).

Third, functional specialization and division of labour is another advantage of
multicellular organisms. Multicellular organisms can simultaneously partition
complementary tasks among different cells. This adds to the selective advantages of the
organisms under some circumstances and allows functional specialization and increased
cell cooperation (Ispolatov et al., 2012; Michod, 2007; Szathmary and Smith, 1995).
Related to this, multicellularity allows for metabolic cooperation between key metabolic
processes that cannot concurrently occur within a single cell. For example,
photosynthesis interferes with nitrogen fixation because nitrogenase does not effectively

catalyse fixation in the presence of oxygen (Kaiser, 2001).

13
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Forth, multicellularity is also a more competitive way to carry the genes over generations
and maintain a more genetic uniformity through programmed regulation of cell division
(Butterfield, 2009; Dawkins, 1976; Grosberg and Strathmann, 2007; Wolpert and
Szathmary, 2002), especially when it is linked with the evolution of specialized
reproductive cell types (germ lines and somatic cells). This also improves the trade-off
associated with large body reproduction and results in a higher hereditary potential
(Buss, 1987; Michod, 2006; Michod and Herron, 2006; Szathmary, 2015; Szathmary and
Smith, 1997).

Finally, multicellularity opens new ecological opportunities and improve the efficiency of
food consumption, such as by the secretion of digestive enzymes (Grosberg and
Strathmann, 2007). There are, as well, other non-adaptive scenarios related to
thermodynamics (Otsuka, 2008), genetic drift (Lynch and Conery, 2003) or other
environmental effects, that have been proposed to explain an increased complexity

during the evolution of multicellularity.

14
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Section 1.4

The origin of animal multicellularity

Among the major groups of complex multicellular organisms, animals stand out for their
vast morphological richness. Animals are a monophyletic group of heterotrophic
organisms classified in 35 different phyla with around 1.3 million of species described,
despite estimations raise the potential number of species up to 10 million species
(Pawlowski et al., 2012). They present more genetic and phenotypic complexity than
other eukaryotic lineages, being the group displaying the widest variety of cell types with
refined coordination and physiological systems structured in tissues and organs (Bell
and Mooers, 1997; Rokas, 2008a). Moreover, animals undergo coordinated
embryogenesis (Valentine et al., 1991) and present highly regulated developmental

programs.

1.4.1. Dating animal origins: fossil record and molecular clock-based

estimates

Despite the enigmatic causes that might have driven the transition to animal
multicellularity, there is no exact consensus on when animals appeared (Antcliffe et al.,
2014; Budd and Jensen, 2017; Knoll and Hewitt, 2011).

Fossil record inferences have tentatively dated the origin of early-branching metazoans,
including sponges, placozoans and cnidarians, back to the Ediacaran period (at the end
of the Neoproterozoic era) around 632-600 Mya (Cohen et al., 2009; Love et al., 2009;
Narbonne, 2005; Narbonne and Gehling, 2003; Yin et al., 2015). In fact, most of the rock
fossils of the Ediacaran preserve evidence of some of the earliest complex macroscopic
organisms, many of which have been interpreted as animals. To date, around 200
Ediacaran macrofossil taxa have been described (Fedonkin et al., 2007) and classified
according to their morphological similarities in “morphogroups” representing grades of
organism (Erwin et al., 2011; Grazhdankin, 2014).

15
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A recent study by Dunn et al., analysed the affinities of three widely recognised
morphogroups (the rangeomorphs, dickinsoniomorphs and erniettomorphs) with animals
from a developmental point of view (Dunn et al., 2018). Interestingly, rangeomorphs and
dickinsoniomorphs presented congruence with aspects of metazoan development, and
allowed the identification of Dickinsonia (Figure 4A), Andiva, Yorgia and the
rangeomorphs as early metazoans (Dunn et al., 2018). Interestingly, this supports recent
suggestions of considerable developmental complexity in early-branching metazoans
(Ferrier, 2015). Some other examples of early-branching animal fossil records include
the well-established Porifera Protohertzina anabarica from around 535 Mya (Hamdi et
al., 1989) and some earlier but ambiguous sponges, such as Eocyathispongia giania
from around 600 Mya (Yin et al., 2015) (Figure 4B) and pre-Marinoan limestones
specimens from around 635 Mya (Antcliffe et al., 2014; Maloof et al., 2010). Ctenophora
are relatively absent from the fossil record, with only a few confident fossils dated 540-
580 Mya, such as the Eoandromeda genus (Figure 4C) (Ou et al., 2015; Tang et al.,
2011). Nevertheless, the first unequivocal eumetazoan' (i.e., animals with well-defined
tissues and organs) fossil evidence dates back around 541-565 Mya (Cunningham et al.,
2017; Erwin et al., 2011) and the extraordinary radiation of metazoan forms tentatively

occurred around 542 Mya, during the Cambrian explosion.

Relaxed molecular clock-based studies from phylogenomic and fossil data of crown
Metazoa do not match the estimations of fossil record-based interpretations
(Cunningham et al., 2017), instead yielding older estimates for animal origins to around
700-800 Mya (Erwin et al., 2011), or 755-838 Mya (Sperling et al., 2010) or 650-833 Mya
(Figure 4D) (dos Reis et al.,, 2015). This implies that animals would have begun
diversifying over 100 million years before the first definitive metazoan fossil evidence in
the Cambrian. Despite the discrepancy between molecular clock estimates and rock
record interpretations, biomarker evidence suggests that animals may have been
present by 635 Mya, and reasonably convincing fossil evidence would date from 565

Mya onwards (Figure 4D).

" The term “eumetazoans” was originally coined to (and is used here to) encompass all animals
except sponges (Hyman, 1940). Cnidarians and ctenophores, together with bilaterians, are also
often referred to as “eumetazoans”, excluding placozoans. Nevertheless, the presence of
epithelia in Trichoplax adhaerens has led to the definition of placozoans plus all eumetazoans as
the “epitheliozoa” (Sperling et al., 2009).
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Nevertheless, molecular clock-based analyses estimate the radiations of eumetazoans
around 626-746 Mya; bilaterians around 596-688 Mya; Deuterostomia 587-662 Mya; and
Protostomia 578-653 Mya (dos Reis et al., 2015).
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Figure 4. Examples of animal fossil specimens and the mismatch between the fossil and
molecular clock records of early animal evolution. (A) Dickinsonia, a representative of
soft-bodied Ediacaran macrobiota. Scale bar: 5 mm (Cunningham et al., 2017). (B) Scanning
electron micrograph of Eocyathispongia qiania phosphatized fossil (600 Mya) displays multiple
independent characters of modern adult sponges. Scale bar: 200 ym (Yin et al., 2015). (C)
Carbonaceous compressions of Eoandromeda octobrachiata (JK10909). Scale bar: 5 mm (Tang
et al,, 2011). (D) The phylogeny follows dos Reis et al., 2015. Note that ctenophores, the
phylogenetic position of which is contentious, were not included. Blue bars represent
well-accepted reports of fossils that can be assigned to extant animal phyla, which are limited to
the Cambrian; ranges mainly follow Erwin et al., 2011. Orange bars represent the range of
molecular clock estimates of the origins of major clades obtained in dos Reis et al., 2015. Note
that the origin of eumetazoans is inferred to predate the Ediacaran and the origins of bilaterians,
protostomes, deuterostomes, ecdysozoans and lophotrocozoans are inferred to predate the
Cambrian. The righthand column shows the first evidence for major clades in the geological
record: (1) Metazoa 1/4 635 Mya, possible biomarker evidence; alternatively, 565 Mya
eumetazoan trace fossils; (2) Eumetazoa 1/4 565 Mya, trace fossils; (3) Bilateria 1/4 555 Mya,
trace fossils, (3) Protostomia 1/4 540 Mya, helcionellids, protoconodonts, (5) Deuterostomia 1/4
530 Mya, echinoderm plates. Adapted from Cunningham et al., 2017.
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1.4.2. Geochemical context

In the past decades, the lack of pre-Cambrian eumetazoan fossils and the sudden and
late diversification of animals was reasoned to be related to changes in the Earth’s
geochemical environment. The end of the Neoproterozoic was especially subjected to
key environmental and biological transitions from a geochemical point of view. In
particular, water masses were enriched in oxygen and more predictably gradually oxic

than in previous eras (Knoll, 2011).

This transition gradually shifted marine environments from a sulfidic to a more
ferruginous composition, favouring a less toxic milieu which promoted eukaryotic
diversification to new environments (Knoll, 2011). In parallel, this transition was
influenced by the second significant increase in oxygen levels in the atmosphere, which
has also been linked to animal origins (Lyons et al., 2014a). This view, known as the
“oxygen control hypothesis” or OCH (Knoll, 1992), argues that the raise of oxygen levels
and the maintenance of a constant oxygen concentration in the atmosphere created the
necessary permissive environment of oxygen availability, reaching the relatively high
oxygen level requirements to support oxidative metabolism and animal life (Nursall,
1959). In fact, the synthesis of collagen-based extracellular matrices necessary to
sustain multicellular tissues in animals require high oxygen concentrations in the
environment (Towe, 1970). The OCH was quantified by Berkner and Marshall, which
argued that 1% of present atmospheric levels of oxygen passed the “critical threshold”
that allowed aerobic metabolism and, subsequently, animals to evolve at the end of the
Proterozoic Eon (Berkner and Marshall, 1965). Shortly afterwards, geological evidence
suggested that 1% oxygen levels were reached as far as back to 1.2 (Cloud, 1965) to 2
Gya (Cloud, 1976), and thus were not sufficient for animal evolution. Instead, oxygen
levels perhaps closer to 3% were required for the emergence of animals (Cloud, 1968).
While other inferences suggested 6-10% oxygen levels as the minimum oxygen
requirements for animals (Erwin et al., 2011; Mills et al., 2014; Runnegar, 1991), other
estimates suggested oxygen levels could go as low as 1-3% (Runnegar, 1991).
Nevertheless, more recent analyses have shown that collagen synthesis can also occur
at low oxygen concentrations, although with lower efficiency (Mills and Canfield, 2014).
Moreover, certain animals are able to grow under low oxygen levels, such as the
demosponge Halichondria panicea at 0.5%-4% oxygen concentration (Mills et al., 2014)

or some bilaterians at 0.3% oxygen concentration (Mills and Canfield, 2014).
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Thus, the shift from an initially reducing atmosphere to a modern oxidizing environment
with constant oxygen levels were not directly sufficient for animal origins, it might have
suppressed the proliferation of large multicellular life (Knoll and Carroll, 1999; Nursall,
1959). Other external geochemical constraints possibly also played a role in animal
evolution, such as global surface temperature changes (Schwartzman, 2002) or salinity
(Knauth, 2005). However, they still cannot fully explain the huge diversity of animal

species (Knoll and Carroll, 1999; Sperling et al., 2013).

1.4.3. Ecological context

In combination with the geochemical context, ecological factors were also possibly key
for the emergence of animals, and especially might have had an impact on reshaping
animal feeding modes and their morphological features (Knoll and Carroll, 1999; Sperling
et al., 2013). Animals evolved in an environment teeming with bacteria and have lived
since then in close association with bacteria throughout their evolutionary history. As
mentioned above, one critical factor that positively influenced animal origins was the
series of oxygenation events that raised and prolonged oxygen levels both in the
atmosphere and in the ocean. These events were partly driven by the photosynthetic
activity of marine cyanobacteria (Alegado and King, 2014; Kasting and Siefert, 2002;
Lyons et al., 2014b; Schirrmeister et al., 2015). Moreover, animal-bacteria interactions
may have inadvertently shaped their biology as well. These include predation on

bacteria, harbouring bacterial commensals, and infection with bacterial pathogens.

The earliest fossil evidence recording the existence of bacteria (and possibly archaea)
dates back around 3.45 billion years, in the form of layered macroscopic sedimentary
structures known as “stromatolites” (Allwood et al., 2007; Grotzinger and Knoll, 1999;
Kaiser, 2001; Mojzsis et al., 1996; Rosing, 1999; Walter et al., 1980). Interestingly, the
emergence and diversification of animals coincided with a sudden and rapid decline in
the abundance of stromatolites in the Cambrian, leading some authors to hypothesize
that bacteria involved in stromatolite formation could have been prey targets of early
animals (Alegado and King, 2014; Awramik, 1971; Garrett, 1970; Walter and Heys,
1985).
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Nearly all animals have stable interactions with bacteria. For example, larvae produced
by some early-branching animals, including sponges and cnidarians, respond to
uncharacterized compounds released by environmental bacteria (Webster et al., 2004;
Woollacott and Hadfield, 1996). In addition, commensal bacteria can regulate
development and gut morphogenesis in some animals (Bates et al., 2006; Mazmanian
et al., 2005; McFall-Ngai and Ruby, 2000; Montgomery and McFall-Ngai, 1994).
Interestingly, bacterial cues are able to regulate a developmental switch in
choanoflagellates, the closest relatives of animals. Bacterial-induced colony formation
allows the choanoflagellate species Salpingoeca rosetta to exhibit enhanced prey

capture abilities.

Moreover, bacteria also play a key role as trigger for meiotic sex in S. rosetta (Levin et
al., 2014; Woznica et al., 2017, 2016; Woznica and King, 2018). The bacterivorous
nature of choanoflagellates also suggests that the progenitors of animals were likely
bacterivores. Hence, bacterivory may have also impacted genome evolution at the onset
of animals by lateral gene transfer (LGT) mechanisms (Alegado and King, 2014; Ford
Doolittle, 1998). Other adaptive advantages of being in a close relationship with bacteria
during mass extinctions would be extending the nutritional capacity of animal hosts by
commensal bacteria. This may have allowed animals to adapt to changing environments

and expand into new ecological niches (Alegado and King, 2014).

1.4.4. Theories on the origin of Metazoa

The origin and evolution of animal multicellularity has been a long-debated and
challenging question in biology. For over a century, Haeckel’s “Gastraea theory”, inspired
by the early stages of animal development, was the first widely accepted model for
animal origins (Haeckel, 1874). The Gastraea theory suggests that the transition from
unicellularity to multicellularity occurred in two consecutive stages (Figure 5A). First,
unicellular flagellates formed a hollow ball-shaped (volvox-like) colony of identical cells,
named Blastea for its resemblance to the Blastula, an early stage in animal
embryogenesis. At the second stage, the homogeneous Blastea invaginated at the
posterior pole, forming a solid double walled cup-like structure, the precursor of the

primary gut.
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After this important event, the Blastea underwent primary cell differentiation (spatial cell
differentiation), the first step in the evolution of Metazoa (Haeckel, 1874). Thus, the
animal ancestor was a blastula-like colony of uniform cells that gradually evolved cell

differentiation.
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Figure 5. The Gastraea and Synzoospore scenarios. (A) The Gastraea theory assumes
gradual modification of a colony of uniform cells. Primary cell differentiation occurs with the
formation of functional primary gut, the evolutionary precursor of the endoderm. (B) The
Synzoospore theory envisions the metazoan ancestor as a protist with a complex life cycle that
includes monotomously dividing trophic cells (or cellular aggregates), hypertrophic growth of
gametes, and their subsequent palintomic cleavage producing non-feeding dispersal zoospores.
The transition to multicellulairty occurs with (1) integration of trophic cells into a differentiated
colonial body (transition towards spatial cell differentiation and the synzoospore), (2) integration
of zoospores into the uniform synzoospore, the primary lecitotrophic dispersal larva of the
animals capable of carrying primary building material (a multicellular synzoospore, the blastula)
and (3) the emergence of feeding larvae in the evolution of Eumetazoa. This last step allows the
development of the primary gut as an adaptation to catch the multiceled prey, and entails a
transition toward neoteny and loss of the sedentary filtrator stage. Blue arrows mark hypothetical
evolutionary transitions, gray arrows designate the life cycle. Adapted from Mikhailov
et al., 2009.
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In the later years, Haeckel's Gastraea theory was gradually reshaped. Lankester
proposed that the ancestral colonial protozoan was a solid, flagellated protozoan-like
animal (e.g., Pandorina) (Lankester, 1877, 1873) and Metschnikoff suggested that the
ancestral colonial organism, similar to a choanoflagellate, resembled the existing
Proterospongia (Metchnikoff, 1886). Modern authors have further adapted this idea into
the Choanoblastea theory, supported by the striking morphological resemblance
between colonial choanoflagellates and the choanocyte chamber of sponges (Fairclough
et al., 2010; Grosberg and Strathmann, 2007; Willmer, 1990). This view postulates that
the metazoan multicellular development initially occurred through a series of incomplete
cell divisions from a flagellated blastea, or “choanoblastea”, originated from a
choanoflagellate colony. At the early phase of the transition to multicellularity, cells
composing the choanoblastea were undifferentiated, and by successive generations
they started to develop different cell types. Those differentiated cell types led to the
blastula formation which represented the origin of a colony that started to gradually
become more and more complex, until the formation of the Urmetazoan, the single

common ancestor of all metazoans (Nielsen, 2008).

Recent knowledge from the genomes and complex lifestyles of choanoflagellates and
other unicellular relatives of animals shows that there is evidence of regulated temporal
cell differentiation prior the emergence of animals (de Mendoza et al., 2015; Fairclough
et al., 2013; Sebé-Pedros et al.,, 2016a, 2013a). This, together with the genetic
complexity observed in those lineages, indicates that the nature of the unicellular
ancestor of animals was relatively plastic with a complex life cycle, multiple cell types
and a complex genetic repertoire of genes related to multicellular functions (Figure 6)
(Sebé-Pedrés et al.,, 2017; Torruella et al., 2015). These observations completely
renewed the view of animal multicellularity, originally conceived as a “synzoospore” in
the so called “Synzoospore theory” (Figure 5B) (Mikhailov et al., 2009). The
Synzoospore theory integrates pre-existing transient cell types into the body of an early
metazoan, which already possessed a complex life cycle with a differentiated sedentary
filter-feeding trophic stage, and a non-feeding blastula-like larva, the synzoospore
(Mikhailov et al., 2009). Therefore, the animal ancestor was a composition of
premetazoan cell types that appeared after a temporal-to-spatial switch in cell
differentiation programs (Budd and Jensen, 2017; Mikhailov et al., 2009; Sebé-Pedrés
et al., 2017).
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Fig. 6. The premetazoan genetic toolkit: an inferred gene repertoire of the unicellular
ancestor of animals. Many genes that are important for the metazoan multicellularity-related
functions - such as adhesion, signalling and transcriptional regulation - evolved in a unicellular
context and were present in the unicellular ancestor of animals. The inference is based on the
presence of homologes of these metazoan genes in the genomes of unicellular relatives of
animals. BRA: Brachyury; DIA: Diaphanous; EPS8: Epidermal Growth Factor Receptor Tyrosine
Kinase substrate 8; GAB1: GRBZ2-associated binding protein; GPCRs: G-protein coupled
receptors; GSK3: Glycogen Synthase Kinase 3; HD: Homeodomain;, MAGUK:
membrane-associated Guanylate Kinases; MAPKs: Mitogen-activated protein Kinases;, MEF2:
Myocyte-specific enhancer factor 2, mTOR: mechanistic target of Rapamycin; MYOX: Myosin X;
NF-kB: Nuclear Factor-KappaB; PI3K: Phosphatydilinositol 3-Kinase; RTKs: Receptor Tyrosine
Kinases; STAT: Signal Transducer and activator of transcription;, TALEs: Three aminoacid loop
extensions. Adapted from Sebé-Pedrés et al., 2017.
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1.4.5. Origin of metazoan genetic developmental toolkits

Animal multicellularity entailed the diversification of architecturally complex body plans
built from a diverse collection of differentiated cell types generated by cell-type specific
gene expression programs (Bonner, 1998; Carroll, 2000; Raff, 1996). To attain this
tantalizing complexity, animals require the existence of coordinated developmental
genetic programs, key to control cell differentiation, cell-cell communication and cell

adhesion processes (Larroux et al., 2008).

The genetic toolkit for animal development comprises a set of few hundred genes from
a few dozen gene families which underwent extensive gene duplications and evolved
new roles for establishing the patterning of animal body plans (Carroll, 2001, 2000; Knoll
and Carroll, 1999). Examples include components of the Hox transcription factors, Wnt
and receptor tyrosine kinases cell signalling families and cadherins and integrins

involved in cell adhesion (Rokas, 2008b).

Developmental transcription factors (TFs) appear to be one of the most crucial aspects
of animal development and have been associated to the origin of complex morphological
features, such as the ones observed in bilaterians. The large majority of TFs networks
that lie at the basis of bilaterian developmental gene regulatory networks are also present
in early-branching animals (including sponges, placozoans and cnidarians), and thus
aroused much earlier in evolution (Degnan et al., 2009; King et al., 2008; Larroux et al.,
2008, 2006; Putnam et al., 2007; Richards and Degnan, 2009; Srivastava et al., 2010,
2008). Nevertheless, most TFs families appear to have expanded during early
eumetazoan evolution. In fact, comparisons among early-branching animals show an
appreciable increase of TFs family complexity, which qualitatively and quantitatively
changes across lineages, being more complex in cnidarians relative to poriferans or
placozoans (Degnan et al., 2009; Levin et al., 2016; Putnam et al., 2007; Ryan et al.,
2013; Srivastava et al., 2010). In fact, it has been hypothesized that higher genome
complexity requires an over-proportional increase in regulatory elements: the number of
TFs per genome correlates over-proportionally with the number of genes in genomes,

resulting in a higher proportion of TFs in larger genomes (Babu et al., 2004).
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The increase in the number of regulatory proteins in general and of TFs in particular has
been connected to phenotypic innovations and the evolution of more complex organisms
(de Mendoza et al., 2013; Schmitz et al., 2016). Taken together, the emergence and
expansion of TF networks are related to increases in morphological complexity and
number of cell types (Schmitz et al., 2016; Sebé-Pedrés et al., 2018).

Some of the key TFs families of the metazoan developmental toolkit include members
of the basic helix-loop-helix (bHLH), myocite enhancer factors 2 (Mef2), Fox, Sox, T-box,
Ets, nuclear receptor (NR), Rel/Nuclear Factor-KappaB (NF-kB), basic-region leucine
zipper (bZIP), Smad families and a range of homeobox-containing classes, including
ANTP, Prd-like, Pax, POU, LIM-HD, Six and three-amino acid-loop extension (TALE)
(Degnan et al., 2009).

The study of the origins and assembly of key developmental TFs may be carried out
through careful comparisons between animals and their extant closest unicellular
relatives. In fact, several genes involved in the animal developmental toolkit have been
identified in the unicellular relatives of animals over the last decade (de Mendoza et al.,
2013; Grau-Bové et al., 2017; King et al., 2008; Putnam et al., 2007; Sebé-Pedrés et al.,
2011; Srivastava et al., 2010; Suga et al., 2013). For example, the choanoflagellate
Monosiga brevicollis (Fairclough et al., 2013; King et al., 2008) possesses cadherins,
integrins, receptor tyrosine kinases and laminins, as well as the Myc TF network. Further
comparative genomics analyses in filastereans and ichthyosporeans revealed they
possess a complex repertoire of developmental TFs networks, like Brachyury, the Myc-
Max network, Runx and p53 (de Mendoza et al., 2015; Sebé-Pedros et al., 2011). Thus,
ancient regulatory genes evolved prior the divergence of animals and were possibly co-

opted for the various developmental roles associated with animal morphology.
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Section 1.5

The striking diversity among unicellular holozoans,

the closest relatives of animals

Animals are closely related to a heterogeneous assembly of protist lineages, altogether
forming the group Holozoa (Lang et al.,, 2002) within the Opisthokonta eukaryotic
supergroup (Cavalier-Smith, 1987; Ruiz-Trillo et al., 2008, 2004; Shalchian-Tabrizi et al.,
2008; Torruella et al., 2015, 2012). Unicellular Holozoa lineages are Choanoflagellatea,
Filasterea, Ichthyosporea® and the still enigmatic Corallochytrea clade, composed to
date of one single species (see Figure 7 on next page). Recently, three new holozoan

flagellated species have been described, reshaping the phylogenetic framework of this

group.

In this section, | will introduce the inconspicuous diversity among the unicellular relatives
of animals. | will examine their distribution and ecological heterogeneousness, focus on
their morphological features, life cycles and multicellular-like behaviours and present
their genetic diversity and phylogenetic relationships. In a later section (1.6. Emerging
model systems among unicellular holozoans), | will pinpoint the importance of developing
them as experimentally tractable systems to address the origin and evolution of animal

multicellularity.

2Image on previous page credits: Sphaeroforma arctica, a member of the Ichthyosporea, stained
with Phalloidin (green) and DAPI (blue). “Sphaeroforma arctica” by Omaya Dudin (CC by 2.0).
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Fig. 7. Phylogenetic classification of unicellular Holozoa within the eukaryotes. Note the
changing position of Corallochytrium limacisporum grouping with Ichthyosporeans forming the
Teretosporea clade (Torruella et al., 2015; Grau-Bové et al., 2017) or with the recently described
Syssomonas multiformis forming the Pluriformea clade (Hehenberger et al., 2017). LECA: Last
Eukaryotic Common Ancestor.
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1.5.1. Choanoflagellatea

Choanoflagellates, a.k.a., Choanomonada (Adl et al., 2012, 2005), is a group of free-
living heterotrophic flagellates that has been a longstanding mystery for microbiologists.
Dating back to the nineteenth century, they were first morphologically associated with
animals due to their striking resemblance to choanocytes, a specific cell type of sponges
(Figure 8) (James-Clark, 1866). This similarity gave rise to the hypotheses of a close
relationship between animals and choanoflagellates and 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).

Figure 8. Choanoflagellates and its resemblance to sponge choanocytes. (A) SEM image of
Salpingoeca rosetta thecate cell. Key: flagellum (f), collar (c), bacterium (b), skirt (s) and theca (t)
(image credit Dayel and King, 2014). (B) Oscarella carmela choanocyte chamber. Like
choanoflagellates, sponge collar cells (choanocytes) also have a single apical flagellum and
collar of microvilli that they use to capture bacteria (image credit Scott Nichols). (C) Sponge
choanocytes (image credit Pefa et al., 2016).

In the past years, phylogenomic analyses confirmed their placement in the tree of life as
the closest living unicellular relatives of animals (Lang et al., 2002; Ruiz-Trillo et al., 2008,
2004; Wainright et al., 1993; Zettler et al., 2001). Choanoflagellates and animals have
been proposed to belong to the monophyletic Apoikozoa clade (Budd and Jensen, 2017),
referred to, in informal terms, as choanimals (Fairclough et al., 2013). More recently, as
an alternative to these terms, Brunet and King redefined and proposed the term
Choanozoa as the clade containing the most recent common ancestor of animals and
choanoflagellates (the Urchoanozoan), along with all of its descendants (Figure 7)
(Brunet and King, 2017).
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Choanoflagellates include around 250 species of spherical/ovoid protists, widely
distributed in a range of aquatic environments: from marine water columns or abyssal
plains, to freshwater or anoxic/hypoxic brackish waters (del Campo and Massana, 2011;
del Campo and Ruiz-Trillo, 2013; Nitsche et al., 2007; Wylezich et al., 2012). They are
also considered to be major contributors to aquatic microbial food webs (Arndt et al.,
2000; King, 2005).

Figure 9. Diversity of morphologies in choanoflagellates. (A-B) Salpingoeca rosetta thecate
cell and rosette colony, respectively (image credits Mark Dayel and Nicole King). (C-K) Examples
of loricate choanoflagellates. (C-D) Acanthoeca spectabilis, a distinctive member of the nudiform
clade. (C) Recently divided cell showing juvenile (j) and sister cell, both with flagellum (arrows).
(D) Juvenile cell with covering of vertical bundels of costal strips (arrow). (E-H) Stephanoeca
diplocostata, an example of tectiform lorica replication. (E) Cell with substantial accumulation of
costal strips at top of the collar (arrow). (F) Recently divided cell showing inverted juvenile (j)
emerging from parent lorica with covering of costal strips. (G) Recently released juvenile with
bundles of strips in vertical and transverse planes (arrows). (H) Juvenile with extended lorica
forming tentacles, /ff. Siliceous costae has been removed with hydrofluoric acid. (I-K) Scanning
electron microscopy (SEM) images of nudiform loricae showing helical costae and anterior spines
of Helgoeca nana (l); Savillea micropora (J) and Acanthoeca spectabilis (K). Images I-K from
Leadbeater et al., 2009.
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Morphologically, they present a “collar-bearing” structure, similar to a funnel-shaped
collar of interconnected microvilli (a specialized actin-based filopodia structure) at the
base of a flagellum (Figure 9A) (Leadbeater, 2015). This microvilli-flagellum complex is
used to propel forward the cell through the medium as well as to facilitate phagocytosis
by a precise coordination of whipping movements that create currents leading to the
collar (Dayel and King, 2014). Some of their representatives are able to form clonal
colonies (Figure 9A-B) and one group is remarkable for its siliceous basket-like covering
(Figure 9C-K). Moreover, they are capable of both asexual and sexual reproduction
(Levin and King, 2013).

1.5.1.1. Classification of Choanoflagellatea

Choanoflagellates are classified in two main monophyletic clades: Acanthoecida
(including Stephanoecidae and Acanthoecidae) and Craspedida. This recent
classification overcomes the limitations of morphology-based taxonomy at the species
and genera level and still agrees with traditional classifications (Carr et al., 2017; Nitsche
etal., 2011).

Acanthoecida, a.k.a., loricate choanoflagellates, is a group of mostly marine and
brackish water choanoflagellates (with few freshwater records) that present a distinctive
siliceous extracellular structure forming a rigid basket-like cage that surrounds the cell,
known as lorica (Figure 9C-K). Most of the representatives of this group belong to the
Stephanoecidae (around 150 species) and present “tectiform” loricae with rings that
facilitate their pelagic lifestyle (Figure 9E-K) (Carr et al., 2008). Daughter cells receive a
full set of strips from the parent cell that are immediately assembled into a new lorica,
therefore they are never naked. Few other members (between 5-6 species) belong to
the Acanthoecidae, and present a “nudiform” lorica that comprises longitudinal and
helical horizontal costae (Figure 9C-D, I-K) (Leadbeater, 2015). Both groups present as
many variations as there are species, differing in their lorica assembly, construction,

patterns and sizes (Leadbeater, 2015).

Craspedida is a group of choanoflagellates with exclusively organic coverings divided in

three different clades (Clades 1, 2 and 3). This classification was described using a
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phylogenetic approach and only the representatives of Clade 3 share the same
morphology (Carr et al., 2017). In general, their basic life cycle comprises a sedentary
interphase cell, with mainly feeding functions, followed by cell division that produces
transitory motile cells with dispersive functions. The flagellar apparatus is ideally suited
for this dual functional role. Some species produce a specialized organic structure that
binds cells to the substrate, the theca (especially in Salpingoecidae morphology) (Figure
9A). Others (non-thecated), produce coverings of glycocalix or sheath (Codosigidae
morphology). Interestingly, other species are able to produce multicellular-like structures
of clonal cell colonies, such as the rosette colonies produced by Salpingoeca rosetta
(Figure 9B and 10) (Carr et al., 2017, 2008; Fairclough et al., 2013; Nitsche et al., 2011).
Other clades of choanoflagellates have been defined from environmental surveys
pointing to their wide distribution and still hidden diversity to uncover (del Campo and
Ruiz-Trillo, 2013).
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Figure 10. Salpingoeca rosetta morphologies and life cycle. (A) Five distinct cell
morphologies observed in S. rosetta. Images in 1-3, 5 and 7 correspond to DIC
microsocopy; 4, 6 and 8, correspond to SEM images. (3-4) Sessile forms; (5-6) Slow swimmers;
(7-8) Fast swimmers. Key: flagellum (f); collar (C); theca (t); skirt (s); filopodia (Fp); bacteria (B).
Scale bars: 5 ym. Images from Dayel et al., 2011. (B) Life cycle transitions of S. rosetta.

Currently, there are two available choanoflagellate genomes, both of them craspedids:
the Monosiga brevicollis (King et al., 2008) and the colony-forming S. rosetta (Fairclough
et al., 2013). S. rosetta has been thoroughly characterized from the point of view of
transcriptomics and cell biology (see section 1.6.1. Salpingoeca rosetta, a benchmark
among choanoflagellates). Moreover, recent analysis included 19 new transcriptomes

from a broad representation of different choanoflagellate species (Richter et al., 2018).
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1.5.2. Filasterea

Filasterea is an holozoan lineage composed of only four known species to date (Figure
11): the endosymbiont Capsaspora owczarzaki (Owczarzak et al., 1980; Stibbs et al.,
1979), the free-living heterotroph Ministeria vibrans (Shalchian-Tabrizi et al., 2008) and
the more recently described predatory flagellates Pigoraptor vietnamica and Pigoraptor
chileana (Hehenberger et al., 2017). Together with animals and choanoflagellates, they
form the Filozoa clade (Figure 7) (Shalchian-Tabrizi et al., 2008).

Figure 11. Diversity of morphologies in filastereans. (A) SEM image of Capsaspora
owczarzaki ("Capsaspora owczarzaki” by Multicellgenome Lab, CC by 2.0). (B) SEM image of
Ministeria vibrans ("Ministeria vibrans” by Multicellgenome Lab, CC by 2.0). (C-F) Light
micrographs of Pigoraptor vietnamica life cycle stages: two different flagellated cells (C and D),
cell cluster (E), and cyst (F). (G-J) Light micrographs of Pigoraptor chileana life cycle stages: two
different flagellated cells (G and H), cell cluster (I), and cyst (J). Scale bars represent 10 ym;
(C-J) images from Hehenberger et al., 2017.

Capsaspora owczarzaki is the member of filastereans that has been more deeply
studied, as the complete genome, transcriptome, proteome, phosphoproteome and
epigenome are available (Figure 11A) (Sebé-Pedrds et al., 2016b, 2016a, 2013b, 2011,
2010; Sebé-Pedroés and Ruiz-Trillo, 2010; Suga et al., 2013).

33



1. Introduction

An exhaustive description of the molecular and morphological characterization of C.

owczarzaki will be presented in section 1.7. Capsaspora owczarzaki.

Ministeria vibrans is a small heterotrophic, filopodiated, spherical amoeba of around 4
pMm in diameter found as a marine free-living species (Cavalier-Smith and Chao, 2003;
Tong, 1997). It presents several fine, stiff, slender radiating arms of equal length, and a
thicker stalk flagellum frequently extended by a cytoplasmic thread of variable length that
helps cells attach to surfaces (Figure 11B) (Torruella et al., 2015). It also extends a
pseudopodium to feed on bacteria, especially motile rods. Ministeria vibrans cells
sometimes vibrate when adhered to surfaces, a fact that gives the species its name,
although the function of this behaviour is still unknown. Under culture conditions, it grows
slowly in a minimal medium containing a mixture of live bacteria, a fact that still
complicates further experimental manipulation in vitro. For this reason, the life cycle of
M. vibrans still remains unknown. Nevertheless, there is transcriptomic data available
(Torruella et al., 2015), and its genome is currently being obtained in our lab. Apparently,
Ministeria vibrans has a sibling species belonging to the same genus, Ministeria marisola
(Patterson et al., 1993). Although this species has never been molecularly characterized
to date and cultures are still not available, it presents morphological similarities to M.

vibrans.

Recently, two additional filasterean species were isolated from freshwater environments:
Pigoraptor vietnamica and Pigoraptor chileana (Hehenberger et al.,, 2017). Both
Pigoraptors are predatory flagellates that feed on large eukaryotic prey (similar size to
themselves) and are able as well to engulf bacteria and small detritus. They also seem
to be morphologically plastic and present complex life cycles with different stages,
including immobile cysts and multicellular clusters of several cells (Hehenberger et al.,
2017). Pigoraptor vietnamica flagellated cells are elongated with an oval-like shape and
they measure around 5-12 um in diameter (Figure 11C-F). Pigoraptor chileana
flagellated cells are roundish and slightly bigger, measuring around 6-14 uym in diameter.
Both motile swimming cell types present a smooth flagellum that emerges from the
middle-lateral point of the cell (Figure 11G-J). They are also naked and sometimes they
produce a short, thin pseudopodium. Besides its morphological description,
transcriptomic sequencing of both species revealed by homology searches that they
possess genes related to extracellular matrix (ECM) adhesion, as well as cell-cell

adhesion components.
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Moreover, they both contain nearly a complete integrin adhesome system with the
associated signalling and cell adhesion components, such as the integrin-linked kinase
(ILK), PINCH and Parvin (a.k.a., IPP complex), as well as several T-box domain-

containing transcripts related to Brachyury TF family (Hehenberger et al., 2017).

With the new Pigoraptors data, Small Subunit (SSU) rRNA gene phylogenies relates
another group of abundant environmental sequences with filastereans, the previously
defined Marine Opisthokonts 1 (MAOP1) clade (del Campo et al., 2015; del Campo and
Ruiz-Trillo, 2013; Hehenberger et al., 2017). Further investigations need to be performed

to gain more insights into this group of unicellular holozoans.

1.5.3. Ichthyosporea

Ichthyosporea, a.k.a., Mesomycetozoea (Mendoza et al., 2002), is a group of
osmotrophic and saprotrophic fungus-like protists frequently multinucleated and
sometimes with a single posterior flagellum, especially in dispersal forms (Figure 7).
They were formerly referred to as the DRIP clade, an acronym for the original four
members of the group: Dermocystidium, the “rosette agent’, Ichthyophonus and

Psorospermium (Cavalier-Smith, 1998; Ragan et al., 1996).

Most members of Ichthyosporea have been found in commensal, mutualistic or parasitic
relationships with aquatic (both freshwater and marine) and terrestrial animals, and
therefore 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 as well (Hassett et al., 2015) and the presence and abundance of other
putative lineages of ichthyosporeans in unsampled environmental surveys suggests that
there are still other undescribed free-living members to be analysed (del Campo et al.,
2015; del Campo and Massana, 2011; del Campo and Ruiz-Trillo, 2013; Savin et al.,
2004; Stougaard et al., 2002; Takishita et al., 2007, 2006, 2005). Over the past decade,
the number of taxa in Ichthyosporea 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).
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Moreover, many taxa in the Eccrinales and Amoebidiales originally identified as fungi
have been phylogenetically classified as ichthyosporeans as well, increasing even more
its diversity and richness (Benny and O’Donnell, 2000; Cafaro, 2005; Mendoza et al.,
2002).

1.5.3.1. Classification of Ichthyosporea

Ichthyosporea are divided in two groups, Ichthyophonida and Dermocystida (Adl et al.,
2012; Cavalier-Smith, 1998; Glockling et al.,, 2013; Mendoza et al.,, 2002, 2001),
consistent to distinct phenotypic traits related to their morphology and life cycle
(Glockling et al., 2013; Mendoza et al., 2002) and supported as well by phylogenetic
analyses, according to which both groups are monophyletic (Marshall and Berbee,
2011).

The Ichthyophonida is the most species-rich clade according to environmental surveys
(del Campo and Ruiz-Trillo, 2013). Most of its members are associated to either
vertebrate or invertebrate animals, such as Amoebidium parasiticum, Ichthyophonus
hoferi, Creolimax fragrantissima, Pirum gemmata, Abeoforma whisleri, Sphaeroforma
tapetis, Sphaeroforma arctica (Figure 12) (Glockling et al., 2013; Marshall et al., 2008;
Marshall and Berbee, 2011; Mendoza et al., 2002).

There are also free-living species such as the marine saprotrophic Sphaeroforma sirkka
and Sphaeroforma napiecek (Hassett et al., 2015). In general, most of the
Ichthyophonida present a broadly conserved developmental mode consisting of large,
multinucleated spherical or ovoid-shaped coenocytes, often with a large central vacuole
or multiple vacuoles (a.k.a. sporangia or sporocyst) and a thick cell wall. At some point,
this stage releases multiple motile amoebas (sometimes referred to as spores,
zoospores, endospores or schizonts) by cellularization of the internal nuclei (see Figure

13 on next page).
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Figure 12. Diversity of the Ichthyophonida. (A-C) Diversity of cell morphologies in Creolimax
fragrantissima. (A) SEM image of Creolimax fragrantissima (”"Creolimax fragrantissima” by
Multicellgenome Lab, CC. (B) Spherical cell with a single large vacuole. (C) Amoeba escaping
through pores or tears in parental cell wall (arrow) and continuing to crawl along slide. Image
credits in (B-C) from Marshall et al., 2008. (D-G) Examples of diversity of cell shapes of
Abeoforma whisleri. (D) A commonly observed spherical form with prominent vacuoles that
occupy a large proportion of the cell volume. (E) Example of an irregularly shaped cell that may
have been in transition between a plasmodial and spherical stage. (F) Large plasmodial cell. (G)
Reproduction via release of large numbers of endospores (arrow) through an opening in the
parent cell wall. (H) Vegetative cells of Pirum gemmata. Cells are round in cross section and pear
shaped in longitudinal view with large, often convoluted, central vacuoles (CV). Scale bar: 20 um.
Image credits in (D-H) from Marshall and Berbee, 2011.(I-J) SEM images of Sphaeroforma arctica
single cell (I) and colony (J) ("Sphaeroforma arctica” by Arnau Sebé-Pedrés, CC by 2.0).
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Amoebas are frequently spherical or limax-shaped, lacking a flagellum, and will typically
disperse to establish a new colony and start the cycle again (Mendoza et al., 2002).
Interestingly, some species exhibit fungal-like traits, such as chitin walls present in
elongated amoebae of A. parasiticum (Mendoza et al., 2002; Torruella et al., 2015) or
the hyphal structures of I. hoferi (Mendoza et al., 2002). Others exhibit a wide range of
complex phenotypes, such as A. whisleri. While some cells present motile pseudopodia,
hyphal or plasmodial structures, the amoeboid cell types can divide without reaching the

coenocytic stage (Marshall and Berbee, 2011).
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The Dermocystida (a.k.a. Rhinosporideacae) is composed of strictly parasitic species
typically associated with skin, gills, mucus membranes and visceral organs of vertebrate
hosts. A classic example is Sphaerothecum destruens, previously described as the
“rosette agent’, a well-described fish pathogen known to cause anaemia and
lymphocytosis in salmon (Glockling et al., 2013; Mendoza et al., 2002). Other examples
include Amphibiocystidium and Amphibiothecum, which appear to be closely related to
Dermocystidium species (Feldman et al., 2005; Gonzalez-Hernandez et al., 2010;
Pereira et al., 2005), Rhinosporidium (Herr et al., 1999) and the recently described

Chromosphaera perkinsii (Grau-Bové et al., 2017).

Similar to Ichthyophonida, most of its members present roughly conserved
developmental modes, including a spherical sporangium lacking the central vacuole.
This stage also releases dispersive motile zoospores, which frequently present a single
posterior flagellum. In general, the Dermocystida are less well characterized from a
molecular point of view, especially due to their strictly parasitic nature that intricates

establishing them in monoaxenic cultures (Glockling et al., 2013).
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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), P.
gemmata and A. whisleri and the dermocystid C. perkinsii (Grau-Bové et al., 2017).
Currently, transcriptomic data is available for several species, including the dermocystids
S. destruens (Torruella et al., 2015) and C. perkinsii (Grau-Bové et al., 2017) and the
ichthyophonids C. fragrantissima (de Mendoza et al., 2015), A. whisleri and P. gemmata
(Torruella et al., 2015), Amoebidium parasiticum (Torruella et al., 2012) and S. arctica
(Ondracka et al., 2018; Torruella et al., 2012).

1.5.4. Corallochytrea

The Corallochytrea clade includes a single described species, the enigmatic
Corallochytrium limacisporum (Figure 14) (Raghu-kumar, 1987). C. limacisporum is 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). Despite initial descriptions pointed out that it lost its flagellum secondarily
(Cavalier-Smith, 1998), recent comparative transcriptomic analysis revealed that at least

it expresses most of the required flagellar genetic toolkit (Torruella et al., 2015).
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Figure 14. Corallochytrium limacisporum and its life cycle transitions. Clonal outgrowths
from settled amoebas are similar to C. fragrantissima’s, but the existence of a multinucleate,
vacuolated coenocyte is unclear. Sometimes, individual cells undergo (confocal microscopy)
serial binary palintomic division to form cell duets (TEM picture), tetrads (pictured with confocal
microscopy and DAPI nuclear staining; upper right), etc. A flagellated stage (possibly dispersive)
has been hypothesized. Scale bars are 1um. Adapted from Grau-Bové et al., 2017.
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C. limacisporum presents a complex developmental mode that in some aspects
resembles the one present in Ichthyosporea (Figure 14). Usually, its life cycle starts with
a uninucleated cell that undergoes a number of binary cell divisions without cytokinesis,
until it releases amoeboid limax-like cells that disperse and form new colonies (Raghu-
kumar, 1987). However, it is still not clear whether during its life cycle C. limacisporum
presents a coenocytic stage. Interestingly, cell division sometimes occurs by palintomic
cleavage, a developmental pattern involving serial cell divisions without accompanying
size increase, originating Y-shaped junctions. This gives rise to several tiny cells,
possibly reproductive propagules (Butterfield, 2011; Chen et al., 2014; Xiao et al., 2012).
With all these complex developmental modes, it presents a variety of morphologies:

single-cells, diads and tetrads.

Its phylogenetic position has been and still is controversial (Figure 7). Originally, it was
classified as a thraustochytrid based on morphological similarities to other members of
this group (Raghu-kumar, 1987). Later on, it was reclassified as a fungus due to its lysine
catabolism (Sumathi et al., 2006), as sister-group of choanoflagellates based on SSU
rRNA gene phylogenies (Cavalier-Smith and Allsopp, 1996; Mendoza et al., 2002; Zettler
et al., 2001) placed with ichthyosporeans (Ruiz-Trillo et al., 2004; Steenkamp et al.,

2006) and branching between filastereans and choanoflagellates (Paps et al., 2013).

Finally, in a more recent and taxon-rich phylogenomic analysis, C. limacisporum was
classified as sister group to Ichthyosporea within Holozoa, 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).
Teretosporea members interestingly present similarities in their lifestyles consisting of
osmotrophic feeding modes and coenocytic development followed by the release of
daughter propagules which in some cases present amoeboid and/or flagellated forms.
However, the addition of the newly described species Syssomonas multiformis
(Hehenbergeret al., 2017) placed C. limacisporum in an independent Holozoa clade with
S. multiformis, named Pluriformea, referring to the variety of forms found within the

members of the group. Therefore, its position needs to be further confirmed.
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1.5.5. Syssomonas multiformis

The newly described Syssomonas multiformis is a freshwater-dwelling predatory
flagellate that feeds on large eukaryotic preys, especially on heterotrophic
chrysomonads and bodonids (Hehenberger et al., 2017). It can engulf as well bacteria,
small detritus and cytoplasmic content of eukaryotic cells. Morphologically, it presents a
complex developmental mode that includes several cell types (Figure 15). In fact, S.
multiformis exists as amoeboflagellate and amoeboid cells. Moreover, it presents motile
swimming stage cells, predominantly roundish and naked, which measure around 7-14
pMm in diameter. A smooth flagellum emerges from the middle-lateral point of these cells,
ending by short acroneme (i.e., the slender section of the flagellum) and directed
backwards. Similarly to the filasterean Pigoraptors it can form as well clusters of multiple

cells and spherical cysts.

Figure 15. Morphology of Syssomonas multiformis showing multiple life-cycle stages.
Light micrographs of Syssomonas multiformis stages: flagellated cell with laterally emerging
flagellum (A), flagellated cell with posteriorly orientated flagellum (B), flagellated cell with large
food vacuole (C), amoeboflagellate (D), amoeboid stage (E), cyst (F), and two different cell
clusters (G and H). Scale bars represent 10 uym. Images from Hehenberger et al., 2017.

Recent transcriptomic analyses revealed S. multiformis presents some components of
the integrin-based adhesion system. It actually presents a reduced set of components
compared to filastereans but includes others not found in earlier-branching
ichthyosporeans, such as in C. fragrantissima. Moreover, it also contains Fibronectin-3

domain-encoding transcripts and one T-box domain-encoding transcript.
S. multiformis phylogenetic position remains unclear (Figure 7). A recent study relates

it with C. limacisporum forming the Pluriformea clade, a putative new holozoan lineage

that branches between Filasterea and Ichthyosporea (Hehenberger et al., 2017).
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In fact, both C. limacisporum and S. multiformis share some similarities, such as the
capacity to form amoebae at some point during their life cycle, presumably exist as
flagellated cells (C. limacisporum possesses the flagellar genetic toolkit), and the
putative ability to form a syncytium before dividing into progeny. However, they differ
both in habitat and feeding modes and the study included a smaller dataset and a limited
taxon sampling with reduced representation of dermocystids and outgroup taxa
(Hehenberger et al., 2017). Therefore, S. multiformis life cycle and phylogenetic position

need to be further investigated.
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Section 1.6

Unicellular holozoans as emerging model systems

Traditional model systems in biology have been widely used in research to address key
biological questions, especially in the fields of developmental biology and biomedical
research. Classically, they have thoroughly included animal or animal-related systems,
such as mouse, the fruit fly genus Drosophila, the nematode Caenorhabditis elegans,
zebrafish and mammalian and insect cell lines and few other non-animal systems such
as yeast, the flowering plant Arabidopsis thaliana or the gram-negative bacteria

Escherichia coli.

The recent advent of molecular and sequencing tools has opened new avenues of
research, uncovering an unlimited number of novel biological questions. However,
traditional model systems still include only a handful of species representing a limited
taxonomic diversity, with a clear animal-bias (especially bilaterian-bias). This progress
leap confronts the need of new systems, entailing an obligate paradigmatic change:
instead of trying to answer the questions that traditional model systems can outline, we
rather contemplate new relevant biological questions themselves and assess which

model is more convenient to investigate.

Novel questions require suitable and phylogenetically better-placed non-traditional
models, or emerging model systems (Goldstein and King, 2016). Fortunately, most of
the tools developed for traditional model systems can, in principle, be “easily” adapted
to non-model systems. Examples include the acoel Hofstenia miamia, the earliest
lineage of animals with bilateral symmetry, as a model to study the evolution of the
mechanisms of regeneration (Raz et al., 2017; Srivastava et al., 2014); the sea anemone
Aiptasia pallida, as a model to study coral bleaching (Weis et al., 2008) or the green alga
Chlamydomonas reinhardtii, as a model to study cell cycle control (Brown et al., 1991;
Grossman et al., 2003; Harris, 2001; Rasala and Mayfield, 2011).
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This is also applicable to address the longstanding question of the origin of animals. In
fact, our understanding on the transition to animal multicellularity and the nature of the
unicellular ancestor of animals in the past years has been empowered thanks to the
study and characterisation of the genomes and transcriptomes of their extant closest
unicellular relatives. Their complex genetic repertoires possessing genes related to
multicellular functions in animals, the fact that they present complex developmental
modes with multicellular-like structures and their phylogenetic position as close
unicellular relatives to animals makes unicellular holozoans ideal systems to study the

evolutionary origins of multicellular development.

1.6.1. Salpingoeca rosetta, a benchmark among choanoflagellates

After more than one decade, the choanoflagellate Salpingoeca rosetta has become a
reference model to address the evolution to multicellular animals (Hoffmeyer and
Burkhardt, 2016). S. rosefta is able to produce multicellular-like structures of spherical
clonal colonies by incomplete cell division, known as rosettes, triggered and enhanced
by a bacterial sulfonolipid produced by the prey Algoriphagus machipongonensis (Figure
10) (Alegado et al., 2012; Fairclough et al., 2010; Woznica et al., 2016).

A comparative transcriptomic analysis of multiple cell stages revealed that these
multicellular colonies and the unicellular swimming cells from which they develop are
enriched in genes exclusively shared between choanoflagellates and Metazoa. Colonies
presented a Salpingoeca-specific profile (Fairclough et al.,, 2013). The authors
hypothesized that early colony development is based on genomic features that
originated at the shared ancestor of choanoflagellates and Metazoa, while specific
colonial cell type would be a choanoflagellate innovation. This result is supported by the
identification of upregulated Septin genes in the rosette colonies (GTPases that regulate
cytokinesis in fungi and Metazoa), which the authors linked to a mode of incomplete

cytokinesis also found in Metazoa (Fairclough et al., 2013, 2010).

44



1. Introduction

Moreover, recent studies revealed S. rosetta is able to undergo meiosis and genetic
recombination, suggesting that mechanisms used for gamete recognition and fusion in
the ancestor of animals may have been co-opted for somatic cell adhesion during the

evolution of animal multicellularity (Levin and King, 2013).

This opens new avenues of research for both reconstructing the evolution of sex and
establishing classical genetics in choanoflagellates. Finally, the experimental tractability
of S. rosetta is pushing techniques that can be further adapted for other choanoflagellate
species (Booth et al., 2018).

1.6.2. Creolimax fragrantissima and Sphaeroforma arctica, two emerging

models within Ichthyosporea

Ichthyosporeans are of significant interest for their close association with animals and
for their complex developmental life cycle. Interestingly, the coenocytic growth of most
of the ichthyosporeans has been suggested to be evolutionary related to animal
multicellularity, because of its resemblance to the coenocytes and/or syncytia exhibited
by some animal embryos (Bonner, 2000a; Grosberg and Strathmann, 2007; Suga and
Ruiz-Trillo, 2013).

The ichthyophonid Creolimax fragrantissima follows the prototypical developmental
mode of ichthyophonids, with two clear cell types (Figure 13) (Marshall et al., 2008).
First, small, spherical zoospores of around 6-8 um in diameter develop a central vacuole
and grow in size. After multiple rounds of coenocytic nuclear division, reaching
maturation around 25-60 pm in diameter, cells cellularize and release several motile
amoebae, that disperse, encyst and restart the cycle again (Marshall et al., 2008). The
transcriptomic profile of both developmental cell types has been investigated in a
comparative analysis with other holozoans, and demonstrated that C. fragrantissima has
a program of transcriptionally regulated cell type differentiation (de Mendoza et al.,
2015). Unexpectedly, this osmotroph upregulates animal-like gene toolkits in the
amoeboid stage, including developmental TFs and adhesion genes involved in the

integrin adhesome.
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Multinucleated coenocytes instead, appear to have transcriptomic profiles analogous to
the proliferative undifferentiated animal cell types, such as stem cells. Therefore, C.
fragrantissima probably co-opted ancestral gene regulatory programs to develop a novel

osmotrophic feeding mode, absent in non-ichthyosporean holozoans.

Overall, this study provided direct evidence of the plasticity of cell type evolution across
holozoan lineages, supporting a scenario of recurrent recruitment of co-regulated
expression programs to support the emergence of novel cell types and developmental
programs (Newman, 2012). Moreover, nuclear division is synchronized within the
coenocytic cell of C. fragrantissima, and nuclei are arranged beneath the cell surface of
the colony (Suga and Ruiz-Trillo, 2013).

Interestingly, the same process also occurs in Sphaeroforma arctica, another
ichthyophonid (Suga and Ruiz-Trillo, 2013). This process was recently described by
Ondracka et al., showing that S. arctica presents a highly regular and experimentally
tractable coenocytic cell cycle (Ondracka et al., 2018). Interestingly, cells present a
synchronous coenocytic growth, in which cells grow from 1 to 64-128 nuclei before
cellularization periodically driven by a clock-like mechanism that operates independently
of the cell volume and growth rate. Thus, it is distinct from the regulation of the cell cycle
in multinucleate filamentous fungi, that present asynchronous nuclear divisions within
the coenocyte and individual nuclei control local cytoplasm growth (Anderson et al.,
2013; Gladfelter et al., 2006; Nair et al., 2010). Nevertheless, it putatively evokes the
synchronous cell cycles in early animal embryos. Moreover, a recent study reported the
first evidence for microRNA (miRNA) genes and homologs of the animal miRNA
biogenesis machinery (including Drosha and Pasha) in S. arctica, suggesting that the
origin of animal miRNAs and the microprocessor complex predated the origin of animals

(Brate et al., in press).

Although these investigations undoubtedly represent advances, molecular and
functional-based analyses to understand the function of key genes encoding proteins
important for metazoan development and multicellularity, have been limited by the lack
of genetic tools (e.g., transfection and gene silencing). Hence, it is key to develop

unicellular holozoans as experimentally tractable systems for functional approaches.
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1.6.3. Genetic tools for gene function studies

Genetic tools used in molecular biology enable the study of the function of genes and
gene products in cells by enhancing (overexpression), downregulating (knock-down) or
inhibiting (knock-out or silencing) their gene expression (Bosher and Labouesse, 2000;
Prelich, 2012; Ran et al., 2013). The first necessary step to achieve this is the
introduction of foreign nucleic acids into a cell using chemical, physical or biological
approaches in a process known as “transfection”. Transfection allows the delivery of
DNA in the form of plasmid (circular) or linear molecules, or RNA in the form of
messenger RNA (mRNA), small interfering RNA (siRNA) or microRNAs (miRNAs) into a
cell (Kim and Eberwine, 2010; Recillas-Targa, 2006; Washbourne and McAllister, 2002).
With the proper signalling tags, the proteins encoded by these molecules can be
specifically delivered in subcellular locations and transiently or stably alter the function

of the gene of interest.

In a transient transfection, transfected nucleic acids do not self-replicate nor integrate
into the genome. Thus, they generally persist for a short period of time in the cells, being
lost after few generations. In contrast, the hallmark of stably transfected cells is that
foreign nucleic acids are integrated into the genome, replicated and transmitted to the
next generation, generating stable cell lines and allowing long-term studies (Recillas-
Targa, 2006). Stable transfection starts with a transient transfection, the first step used
to introduce foreign DNA, and its infrequent but serendipitous integration to the genome.
Generally, integration happens through homologous recombination processes between
homologous regions flanking the gene of interest and the genome. Moreover, this DNA
generally encodes a gene that allows the small proportion of transfected cells to grow
under particular conditions and, thus, be further “selected” from the non-transfected or
transiently-transfected populations using selectable markers (e.g., conditioned media or
antibiotics). Despite the vast range of currently available transfection methods, not all of
them are equally suitable nor can be applied to all types of cells or experiments. This
entails huge variation regarding achieved transfection efficiencies, viability of the cells,
or persistence and level of gene expression. Determination of the more suitable
methodology for a specific application will depend on several factors, such as cell type
or organism to be transfected, compromise between cell viability and transfection

efficiencies, time consumption and laboratory costs.
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1.6.3.1. Chemical, physical and biological transfection methods

Chemical transfection methods use carrier molecules to overcome the cell-membrane
barrier and favour nucleic acid uptake by the cell, generally by endocytosis. They consist
of the interaction of negatively charged nucleic acids with positively charged carrier
molecules, such as polymers, lipids or salts, enabling nucleic acids to come into contact
with the negatively charged membrane components, incorporating them into the cell, and
later being released into the cytoplasm. Currently, there is a wide range of chemical
methods used to efficiently transfect eukaryotic cells, and some of them even combine

with physical methods to increase nucleic acids uptake.

The first chemical transfection method, initially developed in the late 1950s, used
hyperosmotic and polycationic proteins to promote DNA uptake into cells (for a review,
see Felgner, 1990). Few years later, Diethylaminoethyl-dextran (DEAE-dextran) was
developed to introduce poliovirus RNA and SV40 (Kumar et al., 2018; Schenborn and
Goiffon, 2000; Vaheri and Pagano, 1965) and polyomavirus DNA (McCutchan and
Pagano, 1968; Thorne et al., 1968) into cells. DEAE-dextran-mediated transfection forms
nucleic acid-polymer complexes with a carbohydrate polymer (i.e., a polycationic
derivate of dextran) that putatively serve as a bridge between the negatively charged
nucleic acids and the negatively charged surface of the cell. After complexes
internalization, nucleic acids are transported into the nucleus (Holter et al., 1989; Lieber
et al.,, 1987; Ryser, 1967; Yang and Yang, 1997). With slight modifications, this
procedure continues to be widely used for transfection of cultured cells with viral
genomes and recombinant plasmids (Kumar et al., 2018). Despite it being one of the
simplest transfection methods and requires low cost and time, a major drawback is that
achieved transfection efficiencies are generally low for a range of cell types, and
cytotoxicity can compromise cell viability in the long term. Thus, it is not generally suitable

to generate stable lines.

Another popular chemical-based transfection method is calcium-phosphate precipitation
(Graham and van der Eb, 1973). This method has been widely used to transfect
mammalian cells and the amoebozoan Dictyostelium discoideum (Gaudet et al., 2007;
Nellen et al., 1984). In this method, DNA is mixed with calcium chloride in a buffered
saline/phosphate solution. Proper incubation times and temperature promote the

formation of DNA-calcium phosphate coprecipitates which adhere to the surface of cells
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(‘Calcium phosphate — mediated transfection of eukaryotic cells’, 2005). Contrary to
DEAE-dextran, calcium phosphate precipitation is widely used to generate stably-
transfected cell lines, allowing for long-term gene expression studies. Nevertheless,
cytotoxicity should be also considered in the long-term as well. Moreover, coprecipitate
(or crystal) formation is critical for a successful transfection. In fact, crystal size is highly
sensitive to slight changes in pH, temperature, incubation times and buffer salt
concentrations, which can compromise successful transfection (Chowdhury et al., 2003;
Jordan et al.,, 1996; Jordan and Wurm, 2004). Transfection efficiency is also low

compared to other chemical transfection methods.

This is not the case in lipid-based transfection, or lipofection, the most commonly used
transfection method in mammalian cells (Felgner et al., 1987; Holmen et al., 1995).
Similarly to previous methods, lipofection takes advantage of the positive nature of
cationic transfection lipids, which consist of a positively charged head group (e.g., an
amine), a flexible linker group (e.g., an ester or ether) and two or more hydrophobic tail
groups. Cationic lipids are mixed with a neutral lipid, such as 1,2-Dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE) (a.k.a., helper lipid), in a solution that favours the
formation of unilamellar liposome vesicles, carrying a net positive charge. Nucleic acids
are then adsorbed to these vesicles, which will in turn be absorbed by the cellular
membrane (Cardarelli et al., 2016). Lipofection is known to transfect a wide range of cell
types (mainly adherent cell lines) with high efficiency, and with relatively low cost. Among
its advantages, lipofection successfully delivers nucleic acids of all sizes, and is
applicable for both transient and stable transfection. Nevertheless, it presents some
caveats. For example, in most primary cell lines and in suspension cell lines, lipofection
presents low transfection efficiencies. Moreover, it is generally more cytotoxic than other

methods in the long term.

Magnetofection is a recently developed procedure that combines chemical and physical
approaches, and it has been reported to efficiently transfect neurons (Buerli et al., 2007;
Dobson, 2006; Ensenauer et al., 2011; Plank et al., 2003; Scherer et al., 2002). In fact,
physical transfection methods use physical or mechanical forces to enable the direct
transfer of nucleic acids into the cytoplasm or nucleus. In this case, Magnetofection uses
lipid-based transfection or cationic-based nucleic acids coating magnetic nanoparticles
which, under the proper magnetic field (physical force), are concentrated and transported

into cells, favouring cell surface contact and promoting cellular uptake.
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Among its advantages, Magnetofection is relatively fast and is recommended for primary

cells and hard-to-transfect adherent cells.

Microinjection is a physical transfection method which uses a micromanipulator to
directly inject nucleic acids or proteins in the cytoplasm or directly into the nucleus of
single cells, such as oocytes or embryonic stem cells (Chow et al., 2016). A major
advantage is the high efficiency of this method; nevertheless, it is very time consuming,
expensive and requires certain operator skills. Cell viability can be compromised as well.

Microinjection is commonly used to generate transgenic organisms (lvics et al., 2014).

Biolistic particle delivery (a.k.a., particle bombardment) is another physical transfection
method mainly used for genetic vaccination and agricultural applications. This approach
transfers microparticles (e.g., gold or tungsten) coated with nucleic acids into cells by a
particular driving force, such as gas pressure or voltage discharge between two
electrodes. Among its advantages, this technique is fast, relatively simple and allows
transfection of large numbers of genes. Nevertheless, cell mortality is considerably high.
Particle bombardment has been widely used to efficiently transfect volvocine green
algae, such as Volvox carteri, Gonium pectoral, Eudorina elegans and Pandorina morum
(Lerche and Hallmann, 2014, 2013, 2009; Schiedimeier et al., 1994).

The most frequently used physical transfection approach is electroporation.
Electroporation applies high voltage pulses of electricity or electric shocks to introduce
DNA into cells suspended in an electroporation buffer (Neumann et al., 1982; Potter et
al., 1984; Potter and Heller, 2010). The electrical pulse creates a differential potential
across cell membranes, as well as charged membrane components, and induces
temporary pores in the cell membrane for DNA uptake. In general, transfection
efficiencies using electroporation are considerably high. However, its main drawbacks
are low efficiency in primary cells and high mortality rates. Thus, this technique requires
finetuning and optimization of pulse strength, pulse duration and pulse repetition for each
cell type used. Electroporation has been widely used to transfect eukaryotic cells, such

as the unicellular green alga Chlamydomonas reinhardtii (Brown et al., 1991).

Related to this, a novel electroporation-based methodology, known as Nucleofection,
has recently been developed to deliver DNA directly into the nucleus of cells (Caro et al.,
2012; Janse et al., 2006; Vinayak et al., 2015).
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Nucleofection is based on a Nucleofector™ device, that delivers unique electrical
parameters, and Nucleofector™ Kits, which contain cell type-specific buffer solutions,
cuvettes and pipettes. This technique is especially recommended for cells or cell lines
that are difficult to transfect. Moreover, this robust transfection methodology maintains
high cell viability. Its main caveats are that the specific electrical settings are determined
in distinct pre-programmed settings, which cannot be directly optimized by the user and

require service attention. Moreover, its cost is relatively high.

Other physical transfection methods include laser-mediated transfection (a.k.a.,
optoporation or phototransfection), in which transient pores are formed by irradiating cell
membranes using a pulse laser (Barrett et al., 2006; Schneckenburger et al., 2002;
Shirahata et al., 2001; Yao et al., 2008). The osmotic differential created between the
transfection medium and the cytosol of the cells promotes nucleic acids uptake into the
cells. Laser-mediated transfection allows to specifically localize the pores at any location
of the cells and it is generally used in very small cells. Similar to phototransfection, other
methods use ultrasound-mediated transfection (sonoporation) to efficiently deliver

nucleic acids into cells (Kim et al., 1996; Tomizawa et al., 2013).

Finally, biological methods use genetically engineered viruses (e.g., retroviruses,
adenoviruses, adenoassociated) as gene delivery vehicles, taking advantage of their
capacities to carry foreign nucleic acids with a high efficiency, especially in primary cells
and cell lines (Pfeifer and Verma, 2001). These methods consist in generating
recombinant virus containing the transgene by molecular cloning and amplification of
viral particles in a packaging cell line. After virus isolation, purification and titration, one
can proceed to infect the target cell type (usually mammalian cell lines or insect cell
lines). Interestingly, virus-mediated transfection can allow the integration of the
transgene in host genome, and therefore achieve stable transfection. Nevertheless, viral-
mediated transfection is relatively time consuming, presents elevated laboratory costs
and limitations of insert sizes. Moreover, cell types to transfect should have specific viral

receptors to be successfully infected.
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1.6.3.2. Gene function modulation and genome editing approaches

Transfection allows studying the function of genes and gene products, either by
enhancing, diminishing or inhibiting specific gene expression in cells. Examples include
overexpression, targeted gene therapy for disease treatment, siRNA knock-down

procedures and CRISPR/Cas9-mediated gene silencing.

Gene regulation studies are a common approach to investigate the activity of gene
regulatory elements. Using overexpression or siRNA knock-down of gene products, a
particular signalling pathway can be manipulated, a fact that allows the investigation of
gene function. Generally, measurable reporter genes, such as fluorescent proteins, are
frequently used in overexpression experiments to enzymatically, colorimetrically or

fluorescently assay the effect of the activity of the target gene.

Other experimental approaches to estimate the effect of altering the function of target
genes in siRNA knock-down is through the examination of transcriptional variation, such
as reverse transcriptase polymerase chain reaction (RT-PCR), RNAse protection assays

or Northern blotting.

A recently developed approach to ultimately achieve permanent gene silencing is the
CRISPR/Cas9 technology (Ran et al., 2013). In this method, the RNA-targeted Cas9
nuclease is used to mediate genome alteration from the microbial clustered regulatory
interspaced short palindromic repeats (CRISPR) adaptive immune system.
CRISPR/Cas9 efficiently performs genome engineering in eukaryotic cells by simply
specifying a 20-nucleotide target sequence within its guide RNA via non-homologous
end-joining (NHEJ) or homology-directed repair (HDR) for functional studies (Ran et al.,
2013). This system overcomes off-target effects of RNAi-mediated protein depletion (as
well as incomplete and reversible protein depletion) and has been widely used to disrupt

gene function in various cell lines (Adli, 2018; Janssen et al., 2018; Ran et al., 2013)
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1.6.4. Development of genetic tools among unicellular holozoans

Several years ago, the first functional link between genotype and phenotype was set out
in choanoflagellates by establishing forward genetics in Salpingoeca rosetta, notable for
its experimental tractability relative to other choanoflagellate species (de Mendoza and
Ruiz-Trillo, 2014; Levin et al.,, 2014). In this study, the authors induced random
mutagenesis by exposing S. rosetta cells to either electromagnetic spectrum (EMS) or
X-rays. Clonal lines of potential mutants were further established by isolating individual
cells through serial dilution and exposing them to the rosette-inducing A.
machipongonensis conditioned medium. 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).
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Figure 16. Fluorescent subcellular markers expressed from reporter plasmids in live S.
rosetta cells. Twenty-four hours post-transfection imaging by superresolution microscopy with a
Zeiss LSM 880 Airyscan. (A) A fusion of mCherry to the C-terminus of Histone H3 was confined
to the nucleus. (B) A plasma membrane marker fusing a geranyl-geranylation sequence
(PTSG_00306) to the C-terminus of mCherry outlined the entire cell shape, including the collar,
flagellum, and cell body. The membrane marker also weakly highlighted the Golgi (arrowhead).
The food vacuole (asterisk) was often visualized due to autofluorescence from ingested bacteria
or through accumulation of the fluorescent markers in the food vacuole, perhaps through
autophagy. (C) mTFP1-SrSeptin2 co-transfected with a plasma membrane marker revealed
SrSeptin2 distributed throughout the cytosol and enriched at the basal pole in S. rosetta cells (C”,
arrowhead). (D) mTFP1-SrSeptin6 mirrored the enrichment of mTFP1-SrSeptin2 at the basal
pole (D”, arrowhead). Scale bars: 2 ym. Adapted from Booth et al., 2018.
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More recently, new avenues for exploring gene function in choanoflagellates are
upcoming thanks to the development of a robust transfection method for delivering and
expressing transgenes in S. rosetta (Booth et al., 2018). Cells are efficiently transfected
using an electroporation-based method for DNA delivery by Nucleofection (Caro et al.,
2012; Janse et al., 2006; Vinayak et al., 2015). Using a self-engineered panel of
fluorescently-tagged endogenous proteins, S. rosetta organelles can be now visualized
in live cells. This has enabled the first in vivo characterization of Septins, a class of
cytoskeletal proteins which localized to the basal poles of cells, resembling Septin
localization in animal epithelia. Altogether, this represents an expanded repertoire of new

functional-based approaches for investigating gene function in S. rosetta.

Transient transfection has also been developed in the ichthyosporean Creolimax
fragrantissima by electroporation (Suga and Ruiz-Trillo, 2013). A reporter vector with the
Histone 2B (H2B) gene of S. arctica, another ichthyosporean, fused to a fluorescent
protein under the control of the endogenous g-tubulin promoter of C. fragrantissima was

used to successfully trace the nuclear divisions in a growing cell in vivo (Figure 17A).
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Fig. 17. C. fragrantissima transfection reveals synchronized nuclear division and Src
localization in live cells. (A) Time-lapse movie showing synchronized nuclear divisions (arrows
and ovals). Venus fluorescent protein is expressed in the cytoplasm and a fusion of H2B gene
with mCherry in the nuclei. Adapted from Suga and Ruiz-Trillo, 2013. (B) C. fragrantissima cell
co-transfected with Venus fluorescent protein and a fusion of mCherry with the endogenous C.
fragrantissima Src kinase (CfrSrc). Note CfrSrc localisation in the cell membrane. Adapted from
Suga and Miller, 2018.
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Results indicated that C. fragrantissima colonies develop from a fully-grown
multinucleated syncytium, in which nuclear divisions are strictly synchronized. Moreover,
two strategies for gene silencing using RNA interference by small interference RNAs
(siRNA) and Morpholinos probes to successfully knock down the expression of target

genes in a dosage-dependent manner (Suga and Ruiz-Trillo, 2013).

The function of ¢-Src kinase of C. fragrantissima has also been recently analysed in vivo
using overexpression experiments (Suga and Miller, 2018). C. fragrantissima possesses
a single homolog of the animal c-Src kinase (CfrSrc) and 7 tyrosine-specific
phosphatases (PTPs), but lacks any homolog of the animal Csk kinase, known to
negatively regulate animal Src at the C-terminal site. This suggested that another mode
of negative regulation may exist for CfrSrc. To further examine this, expression of both
proteins was assessed throughout the lifecycle of C. fragrantissima. CfrSrc resulted to
be active and expressed throughout its lifecycle in the cell membrane (Figure 17B),
whereas RNAseq data revealed that expression of CfrPTP-3 is over 5 times higher than
that of CfrSrc during the multinucleate stage, and nearly double in the amoeboid stage.
Interestingly, the phosphatase CfrPTP-3 suppressed CfrSrc activity in vitro and in vivo.
Moreover, C. fragrantissima cells overexpressing CfrSrc showed growth defects and
never reached the maturation stage to produce amoebae. Co-expression of CfrPTP-3
rescued these phenotypes, 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 in our lab for two additional unicellular holozoan
species: transient transfection in A. whisleri® and stable transfection in C. limacisporum®.
Both species can be transiently transfected using an electroporation-based transfection
protocol with a fluorescently tagged reporter cassette with endogenous genes. C.
limacisporum transfectants can be stably maintained through selection with the antibiotic
puromycin using a puromycin resistance cassette. Stable transfectant cell lines are
further being characterized. Finally, efforts are underway to develop transfection in other

ichthyosporean species, such as S. arctica.

3 Protocol available in protocols.io: dx.doi.org/10.17504/protocols.io.nmvb466

4 Protocol available in protocols.io: dx.doi.org/10.17504/protocols.io.rsud8éw
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Altogether, this opens new avenues to other experimentally-tractable systems among
unicellular holozoans and increase the mechanistic insights into the ancestry of animal
cell biology. However, there has not been a representative experimentally tractable

filasterean species to date.

Recent analyses in the filasterean Capsaspora owczarzaki provided important insights
into the origins of animal multicellularity and the nature of their unicellular ancestor
(Sebé-Pedrés et al.,, 2016b, 2016a; Suga et al., 2013). The C. owczarzaki genome
encodes an unexpected set of TFs known to be involved in animal development, some
of them secondarily lost in S. rosetta (Sebé-Pedros et al., 2010; Suga et al., 2013). This
puts C. owczarzaki in the spotlight as the closest relative of animals in which such genes

can be studied.
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Section 1.7

Capsaspora owczarzaki

In the late seventies, Stibbs et al. serendipitously observed an amoeba-like symbiont in
three strains of the freshwater snail Biomphalaria glabrata (Owczarzak et al., 1980;
Stibbs et al., 1979). Symbionts were repeatedly cultivated unintentionally from the snail
hemolymph during several attempts to culture B. glabrata cells infected by the
widespread human pathogen Schistosoma mansoni. Notably, the amoebae not only
showed excellent growth in vitro but also proved to be able to rapidly ingest Schistosoma
sporocysts. To further investigate the enigmatic symbiont, amoebae were successfully
isolated using snail pericardial explants and mantle swabs, maintained axenically in vitro
and deposited in the American Type Culture Collection (ATCC® 30864 ) (Owczarzak et
al., 1980). Nearly twenty years later, symbionts were described as the novel genus and
species Capsaspora owczarzaki, referring to their ability to destroy trematode sporocysts

in vitro and after one of its discoverers (Hertel et al., 2002; Owczarzak et al., 1980).

Based on initial morphological observations, Capsaspora owczarzaki, hereafter
Capsaspora, was initially classified as a Nuclearia sp. (Owczarzak et al., 1980). A further
molecular analysis based on a 18S rDNA phylogeny reclassified Capsaspora within the
Ichthyosporea (also known as Mesomycetozoea), a group comprising unicellular
opisthokonts with parasitic lifestyles (Hertel et al., 2002). Deeper phylogenetic studies
using a multigene phylogenetic approach and a wider taxon sampling confirmed
Capsaspora’s phylogenetic placement within Filasterea, an independent Opisthokonta
lineage closely related to Metazoa and Choanoflagellatea (Figure 7) (Ruiz-Trillo et al.,
2008, 2006, 2004; Shalchian-Tabrizi et al., 2008; Torruella et al., 2015).
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1.7.1. Capsaspora, a filopodiated amoeba with a complex life cycle

Capsaspora is a small filopodiated amoeba of about 6-7 pm in diameter (Figure 18A)
(cell body, excluding filopodia). Unlike its other Filasterea siblings, it does not present
any flagellar structure. Capsaspora presents a single nucleus that measures one third to
one half of the diameter of the cell with a central nucleolus (Stibbs et al., 1979) and
several mitochondria with flattened cristae (Zettler et al., 2001). Cells generally present

numerous phagosomes, several lipid vacuoles, some glycogen granules and a Golgi

apparatus, but rarely rough and smooth endoplasmic reticulum (Figure 18B) (Stibbs et
al., 1979).

Fig. 18. Capsaspora owczarzaki. (A) SEM image of a filopodiated C. owczarzaki cell
("Capsaspora owczarzaki” by Multicellgenome Lab, CC). (B) Electron micrograph of
C. owczarzaki in its trophozoite form. N: Nucleus with central nucleolus; G: Golgi complex; Gl:
Glycogen; P: Phagosome; M: mitochondria; L: lipid vacuole. Image credit from Stibbs et al., 1979.

Under culture conditions, Capsaspora presents three morphologically different life
stages (Figure 18) that are differentially regulated at the transcriptomic, proteomic and
phosphoproteomic levels (see section 1.7.2. The Capsaspora genome and its regulated
life cycle transitions) (Sebé-Pedroés et al., 2016b, 2016a, 2013b; Stibbs et al., 1979). In
the adherent or filopodial stage, Capsaspora’s cell body is flattened, elongated and
extends several long and thin filopodia, which enable the amoeba to aimlessly crawl and
inspect the environment, attached to the substrate (Figure 19A) (Stibbs et al., 1979). At
this stage, cells proliferate exponentially, rapidly dividing (in less than a minute) into two

daughter cells of approximately equal size every 6 to 8 hours.
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Adherent stage cells can be induced from a fresh dilution of a confluent culture and
grown for 2-4 days. In response to crowding or stress, usually after 6-7 days of growth
onwards, adherent cultures detach and encyst by retracting the filopodia (Figure 19B).
At this cystic or floating stage, the cell body shrinks to 3-5 um in diameter and presents
a double wall, features that resemble dormant/resistance cell types (Figure 19C) (Stibbs
et al., 1979). Interestingly, Capsaspora can actively form a multicellular-like structure by
the aggregation of independent cells. In this aggregative stage, cells secrete a cohesive

extracellular material to putatively maintain the aggregates (Figure 19D), which can be

sometimes observed in crowded cultures or induced by agitation of adherent cells
(Figure 19E-F) (Sebé-Pedrds et al., 2013b). This observation represented the first
example of an aggregative behaviour in a close unicellular relative of animals (Sebé-
Pedrés et al., 2013b).

Aggregative
amoebae

d
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Trophic, filopodiated amoebae

Fig. 19. Capsaspora and its life cycle transitions. (A) Filopodiated (adherent) stage cells,
amoebas with long filopodia. (B) Transition from filopodial to cystic stage: cells retract filopodia.
(C) Cystic stage cells are rounded cysts without filopodia and slightly smaller than filopodial cells.
(D) Transition from filopodial to aggregative stage: cells attach to each other and an extracellular
matrix appears. (E) Mature aggregate. (F) Transmission EM image showing adjacent cells in the
aggregate separated by extracellular matrix. Arrows indicate the observed stage
inter-conversions. Scale bars: 1 um, except in panel F: 200 nm. Modified from Sebé-Pedros et al.,
2013b.
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1.7.2. The Capsaspora genome

The striking temporal differentiation at the morphological level (Figure 19) and its
phylogenetic placement as a close unicellular relative of animals put Capsaspora in the
spotlight for further analyses. In fact, the sequencing of the genome of Capsaspora and
analyses of the regulation of its life cycle completely tweaked our conception of the
nature of the unicellular ancestor of animals (Sebé-Pedros et al., 2017, 2016a, 2016b,
2013b; Suga et al., 2013).

The Capsaspora genome® contains an unexpected repertoire of genes previously
thought to be animal-specific and, most importantly, directly related to multicellular
functions in animals. These includes members of the complete integrin adhesome
system (Sebé-Pedrés et al., 2010; Sebé-Pedrds and Ruiz-Trillo, 2010), essential for cell
adhesion to the extracellular matrix in animals; members of important signalling
cascades, such as the Myc-Max network (Young et al., 2011) and developmental TFs,
such as members of the T-box, Runx and NF-«kB TF families (de Mendoza et al., 2013;
Sebé-Pedrods et al., 2013a, 2011), key to temporal and spatial cell differentiation during

early embryonic development in animals.

1.7.3. Capsaspora and its regulated life cycle transitions

Capsaspora life stages presented different transcriptomic profiles: in the adherent stage,
genes related to signalling cascades, such as tyrosine kinases and G-protein-coupled
receptors; transcriptional regulation, such as the Basic Leucine Zipper (bZIP)
superfamily; and cell metabolism, such as protein synthesis and DNA replication
machinery; were significantly upregulated (Sebé-Pedrds et al.,, 2013b). In the cystic
stage, cells significantly upregulated genes involved in vesicle transport and autophagy,

suggesting a high cytosolic rearrangement and protein turnover, possibly in response to

5 Capsaspora’s genome is relatively small, of around 28 Mb. It encodes 8,657 protein-coding
genes, which account around 58.7% of the genome. Its genome is compact, around 309.5 genes
per Mb. Interestingly, it presents a 196.9 Kb Mitochondrial genome, which is 12 times bigger than
the one of other eukaryotes (Suga et al., 2013).

60



1. Introduction

starvation or stress (Kiel, 2010). Other protein domains involved in the ubiquitin pathway
(e.g., UQ_con, zf-RING2 and Cullin domains) and in synaptic cell-cell communication
(e.g., SNARE, synaptobrevin and syntaxin), as well as specific TF families (e.g., bHLH
TFs), were also significantly upregulated (Sebé-Pedrés et al.,, 2013b). Nevertheless,
genes associated with myosin transport, DNA replication, protein translation and
metabolic activities (especially mitochondrial energy production) are significantly
downregulated. Interestingly, aggregates upregulated genes related to multicellular
behaviours in animals, such as the complete set of the integrin adhesome system and
associated signalling and cell-adhesion proteins, such as laminins and tyrosine kinases
(Hamazaki et al., 1998; Lewandowska et al., 1991; Sebé-Pedros et al., 2013b). Other
proteins involved in multicellular functions such as the IPP (ILK-PINCH-Parvin) complex,
G-protein a-13 (Gong et al., 2010) and fibronectin_3 domains (known to interact with
integrins) as well as genes involved in mitosis and in the tubulin cytoskeleton were also
upregulated at this stage. Altogether, this suggested that the molecular toolkit associated
with animal multicellularity could function both in aggregative and clonal multicellular

contexts.

Analysis of the proteome and phosphoproteome of Capsaspora in the different life
stages also confirmed a temporally regulated profile that correlated with transcriptomic
data (Sebé-Pedrés et al., 2016a). Especially in the aggregative stage, there was a
significant enrichment of genes shared with Metazoa and choanoflagellates. Moreover,
its dynamic pattern of protein phosphorylation also was argued to be an holozoan
distinctive feature on the basis of the emergence of tyrosine kinase signalling genes in

the ancestor of Holozoa (Suga et al., 2012).

The regulatory functions of Capsaspora’s genome have also been characterized in a cell
type-specific manner. Capsaspora life cycle transitions resulted to be associated to
changes in chromatin states as well as to differential long intergenic non-coding RNAs
(lincRNAs) expression and dynamic cis-regulatory sites, revealing a dynamic regulation
of the chromatin states that correlated with gene expression. Interestingly, Capsaspora
presents several novel specific histone modifications, some of them being the fastest

evolving components of the histone code (Sebé-Pedros et al., 2016a).
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Moreover, Capsaspora lacks both animal promoter types (distal regulatory sites) and
signatures of animal enhancers. Contrary to animals, the regulatory sites in Capsaspora
are significantly smaller, proximal and more uniformly distributed (Sebé-Pedros et al.,
2016a).

1.7.4. Conserved transcription factor networks in Capsaspora

Capsaspora is the closest unicellular relative of animals with the known largest repertoire
of metazoan-like TFs, such as Brachyury, Myc and Runx TF families, key for animal
development (Sebé-Pedros et al., 2011). The Capsaspora ortholog of Brachyury
(CoBra), a developmental TF involved in animal gastrulation, was recently analysed in
an integrative cell-type specific analysis (Sebé-Pedrés et al., 2016a). The CoBra
downstream regulatory network included genes involved in establishment of cell polarity,
phagocytosis, metabolism, transcription factors, and G-protein coupled receptor (GPCR)
signalling genes. Moreover, 63 shared orthologs between inferred CoBra targets and
those known for mouse Brachyury were enriched in actin cytoskeleton and amoeboidal
cell-motility functions (Sebé-Pedrds et al., 2016a). Thus, similarly to its animal homolog,
CoBra controls genes related to cell migration in the filopodial and aggregative stages,
an essential cellular function later used in animal gastrulation. CoBra also demonstrated
a functional conservation in another study using heterologous expression in Xenopus
laevis (Sebé-Pedros et al., 2013a). The molecular phenotype of CoBra, and that of
homologs of early branching metazoans (i.e., the cnidarian Nematostella vectensis and
the calcareous sponge Sycon ciliatum), were analysed in a comparative approach.
Interestingly, CoBra could partially rescue the phenotype of Xenopus laevis embryos,
although it activated target genes known to be regulated by other T-box gene classes,
not by Brachyury (Sebé-Pedrds et al., 2013a). Altogether, this suggested that animal

Brachyury TF network is remarkably conserved in Capsaspora.

Other TF networks have also been analysed in Capsaspora (Sebé-Pedros et al., 2016a).
A blind motif-enrichment analysis of ATAC-defined sites revealed three significantly
enriched nucleotide motifs, which possessed ~90% similarity to known binding motifs for
animal Runx, NFAT/NF-kB and Myc TFs, orthologs that had been previously described
in Capsaspora (Sebé-Pedrés et al., 2011).
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Interestingly, Capsaspora Myc ortholog was strongly associated with regulatory sites
with higher ATAC-seq signal in the filopodial stage. As previously described, the
filopodial stage corresponds to the proliferative stage in Capsaspora, correlating with the
well-studied proliferative role of Myc as a proto-oncogene in animals. Moreover,
Capsaspora Myc downstream regulatory genes were related to ribosome biogenesis and
translation, similar to what is described in animal Myc networks (Sebé-Pedrés et al.,
2016a).

Altogether, the results of the TFs analysed suggest that Capsaspora presents relatively
complex TF-TF regulatory interactions and that at least some of the TF downstream
regulatory networks were already conserved in the unicellular ancestor of animals.
Subsequent remodelling and expansion of TF networks were probably associated with
increased complexity of the animal lineage. Moreover, some of these TF networks might
have been co-opted during the transition, and acquired novel functions in animals
(Richter and King, 2013; Sebé-Pedrods et al., 2017).

63






1. Introduction

Summary of the Introduction

Multicellularity evolved independently and repeatedly in at least 25 lineages from all
three domains of life representing a wide spectrum of organizations, from simple
colonies of cells (simple multicellularity) to complex differentiated multicellular
organisms (complex multicellularity), especially in all major eukaryotic groups.
Genetic programs linked to cell adhesion, cell-cell communication and cell
differentiation, are key for the establishment and maintenance of multicellularity.
Multicellularity confers several selective advantages: it is an effective way to increase
body size, efficiently store nutrients, be more environmentally resilient (e.g., escape
from predation), it allows functional specialization by division of labour, it confers
higher hereditary potential and opens new ecological opportunities.

Animal multicellularity is unique in the eukaryotic tree of life, presenting the widest
range of complex architectural forms with cell differentiation and tissue organization
regulated by cell-type specific regulatory programs. The biogeochemical context at
the end of the Neoproterozoic era influenced animal diversification ~541-565 Mya.
Transcriptional regulation, and especially developmental transcription factor
networks, are key for animal development and multicellularity, as they act as
regulators of cell fate, cell patterning and cell differentiation programs.

Unicellular holozoans are the closest extant unicellular relatives of animals.
Strikingly, they possess complex repertoires of genes previously thought to be
animal-specific, and multicellular-like structures at some point during their life cycle.
Comparative analyses of their genomes and regulated life cycle transitions can help
us get insights into the nature of the unicellular ancestor.

Novel biological questions require suitable and phylogenetically better-placed
emerging model systems to be fully addressed. The development of genetic tools
among unicellular holozoans is key to performing molecular and functional-based
analyses and better understand the origin of animal multicellularity.

Capsaspora owczarzaki is the closest unicellular relative of animals in which key
genes related to transcriptional regulation and adhesion can be studied to date. It
presents a differentially regulated life cycle at the transcriptomic, proteomic and

phosphoproteomic levels.
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2. Objectives

Section 2

Objectives

The general framework of my thesis is to gain insights into the transition to animal
multicellularity from a functional perspective, focusing on the filasterean Capsaspora

owczarzaki. To this end, | have focused in the following objectives:

1. The development of a reliable and reproducible protocol to transiently transfect the

filasterean Capsaspora owczarzaki.
2. The study of the evolution and diversification of Runx and NF-«kB transcription factor

families in eukaryotes and assessment of the role of Runx1, Runx2 and NF-kB

transcription factor animal homologs in Capsaspora owczarzaki.
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Abstract

The origin of animal multicellularity is a major question in biology. Recently, new genome
data from extant unicellular relatives of animals revealed that the single-celled animal
ancestor possessed a complex repertoire of developmental transcription factors (TFs),
key for animal multicellularity. This suggests a more ancient origin of complex regulatory
networks prior to the emergence of animals. However, the role of TFs in a unicellular
context and how they were possibly co-opted during the transition to animal
multicellularity remains unsolved. Here, we investigated the evolution of Runx1, Runx2
and NF-kB developmental transcription factors through a paneukaryotic bioinformatic
analysis. We also assessed their functional role in Capsaspora owczarzaki, a close
unicellular relative of animals. Interestingly, Runx1, Runx2 and NF-«kB proteins localise
in the nucleus and/or in vesicle bodies in a cell-type specific manner across C.
owczarzaki life stages. We additionally evaluated their binding preferences and

downstream regulatory network through Chromatin Immunoprecipitation experiments.

Keywords
Capsaspora owczarzaki, multicellularity, origin of Metazoa, transcription factors,

development
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INTRODUCTION

How animals emerged from their single-celled

ancestor is an intriguing yet unsolved
question in biology (Cavalier-Smith, 2017;
King, 2004; Knoll, 2011; Richter and King,
2013; Rokas, 2008; Ruiz-Trillo et al., 2007;
Sebé-Pedros et al.,, 2017). Developmental
programs linked to embryogenesis and cell
type differentiation, ultimately orchestrated by
developmental transcriptional factors (TFs),
are key to animal multicellularity (Davidson
2006; Larroux et al.,, 2008).

Strikingly, recent genome data of the closest

and Erwin,

extant unicellular relatives of animals
revealed that they actually possess and
express an unexpected repertoire of
developmental TFs previously thought to be
animal-specific (de Mendoza et al.,, 2015,
2013; Fairclough et al.,, 2013; King et al.,
2008; Richter et al., 2018; Sebé-Pedros et al.,
2013a, 2011). This suggests that animal
evolution was not solely dependent on gene
innovation itself, but that co-option, tinkering
and expansion of pre-existing transcription
factor networks were probably key for the
evolution of animal multicellularity (Arenas-
Mena, 2017; King, 2004; Sebé-Pedrés et al.,
2016a). Thus, to determine how key TF
networks were co-opted it is crucial to study
their regulatory capabilities among the extant
closest unicellular relatives of animals. Some
of the pre-metazoan developmental TF
networks include representatives of the Basic
helix—loop—helix (bHLH), T-box, Rel/NF-kB,
bZIP, Runx, and a diversity of homeobox-
containing classes (Degnan et al., 2009;
Fairclough et al., 2013; Nichols et al., 2012;

Sebé-Pedros et al., 2013a, 2011, 2010). Runx
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and the NF-kB developmental TFs have

myriad roles in development, cell fate

determination, cell differentiation and stress

responses in animals. Both TFs were
identified in the filasterean amoeba
Capsaspora owczarzaki, hereafter

Capsaspora, one of the closest unicellular
relatives to animals (Sebé-Pedrés et al.,
2016a, 2016b, 2013a, 2011). Runx is a family
of heterodimeric TFs with essential functions
diverse

as master regulators of

developmental processes such as

haematopoiesis and skeletogenesis in
animals, and was initially thought to be an
animal apomorphy (Coffman, 2003; Rennert
et al.,, 2003; Robertson et al.,, 2009). The
Rel/NF-kB signalling pathway in bilaterians is
a well-described multicomponent pathway
related to cell proliferation in immune
responses and stress responses, such as
pathogen stresses and environmental
stresses (Hayden and Ghosh, 2004; Macian,

2005).

Capsaspora is an ideal organism to analyse
TFs because it presents a complete repertoire
of TFs, some of which were secondarily lost
in other unicellular relatives of animals such
as choanoflagellates (Sebé-Pedrés et al.,
2011).

morphologically and transcriptionally different

Moreover, Capsaspora has three
life stages under culture conditions, including
a multicellular stage (Sebé-Pedros et al.,
2013b). Capsaspora grows exponentially in
the “adherent stage”, in which maotile
amoebae extend long, thin filopodia and crawl
attached to the substrate. In response to

crowding or stress, Capsaspora transitions to
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the “cystic stage”, in which cells float and
encyst by retracting the filopodia. Finally,
Capsaspora can actively form multicellular
structures by the aggregation of independent
cells into an “aggregative stage”, in which
cells stick together with the aid of a cohesive
extracellular matrix-like material. Interestingly,
Capsaspora’s Runx and NF-kB homologs
present different transcriptional levels and
protein abundance across its different life
stages, suggesting they act as complex
regulatory networks with a putative role in
transitioning between life stages (Sebé-
Pedrés et al., 2016a, 2016b, 2013b; Stibbs et
al., 1979). Moreover, they present different
phosphorylation profiles across life stages
(Sebé-Pedrés et al., 2016b). However, their
downstream regulatory network has not been
assessed in vivo.

Here we investigated the evolution and
diversification of Runx and NF-kB TF families
through a taxon-rich paneukaryotic survey
and searched for the presence of their key
domains in several eukaryotic genomes and
transcriptomes, including the newly described
chileana  and

filastereans  Pigoraptor

Pigoraptor vietnamica and Syssomonas
multiformis (Hehenberger et al.,, 2017). We

additionally assessed their role in Capsaspora

through localisation and Chromatin
Immunoprecipitation coupled with high-
throughput sequencing (ChlP-seq)

experiments, to gather additional evidence of
their
regulators in a unicellular context. We found
that CoRunx2, and
CoRunx1 and CoNF-kB, are capable of

putative function as transcriptional

Capsaspora likely

functioning as transcription factors. Their
downstream regulatory network was primarily
enriched with genes related to cell growth,
response to stress and proliferation.
Moreover, we found a remarkable degree of
between

their

especially for CoRunx2. Thus, our results

conservation Capsaspora TF

networks and animal homologs,
suggest that complex regulatory networks of
transcription factors exist in Capsaspora and
that they are temporally regulated across

Capsaspora different life stages.

RESULTS AND DISCUSSION

Runx, NF-kB and related partners in
unicellular holozoans

The Runx and the NF-«kB TFs are two
developmental TF families with evolutionarily
conserved sequence-specific DNA-binding
domains (DBDs): the Runt and the Rel-
homology Domain (RHD), respectively. In
contrast to Runt, which is exclusive to Runx
TF family, RHD is found
families, including NF-kB and the Nuclear
factor of activated T-cells (NFAT) TF family.
Thus, to detect the presence of Runx and NF-
kB TFs we performed Hidden Markov Model
(HMM) searches using HMMs for both DBDs
over a taxon-rich paneukaryotic database of

in several TF

predicted proteomes, including newly
sequenced protistan
(Hehenberger et al., 2017; Richter et al.,

2018). We also searched for the C-terminal

lineages (Table $S1)

Runx Inhibitor domain related to Runx TF
(Runxl), and the Rel-homology Dimerization
domain and the C-terminal Death domain that
are each found in some NF-kB proteins. After

the primary search, we additionally re-
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analysed significant hits by BLAST searches
and performed a PfamScan search to further
confirm their presence and to evaluate their

domain architecture.

Among unicellular holozoans, we confirmed
well-conserved Runt and RHD domains in
some of the recently  sequenced
choanoflagellate transcriptomes (Richter et
al., 2018), two Runt and a single RHD in the
filasterean Capsaspora (Sebé-Pedrés et al.,
2011), two Runt and two RHD

filasterean Ministeria vibrans and in several

in the

ichthyosporeans, and a single Runt domain in
Corallochytrium limacisporum (Fig. 1, Fig.
S1) (de Mendoza et al., 2013). Interestingly,
both domains were also identified in the newly
described filasterean Pigoraptor chileana but
neither Runt nor RHD were identified in
Pigoraptor vietnamica nor in Syssomonas
2017).
Moreover, we recovered a single RHD in the

multiformis (Hehenberger et al.,
recently described nucleariid Parvularia
atlantis (Lopez-Escardo et al., 2018), which is
closely related to fungi (Fig. 1, Fig. S$1) (de
Mendoza et al., 2013). Both the Runx Inhibitor
domain and the NF-«kB-related Death domain
appeared to be metazoan innovations, Runxl
appearing in chordates (Fig. S$2) and the
Death domain in non-bilaterian animals (Fig.
83). Our observations confirm that the Runt
domain was gained at the base of Holozoa
and NF-kB at the root of Opisthokonta,
putatively being secondarily lost in Fungi.
Both TFs families were significantly enriched
at the origin of Metazoa, possibly through
gene duplication events and diversification of

protein domain architectures.
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Furthermore, we found that Runx homologs
among unicellular holozoans share with
animals key DNA binding amino acids and
Cysteine residues involved in redox binding
affinity regulation (Fig. S4). A single Runx in
the filastereans Capsaspora and P. chileana,
Creolimax

in the ichthyosporeans

fragrantissima, Sphaeroforma arctica,
Abeoforma whisleri, Chromosphaera perkinsi
and Sphaerothecum destruens and in C.
shared the two

limacisporum highly

conserved Cysteine residues with other

animal Runx. Interestingly, all unicellular
holozoan sequences lacked the Runx C-
terminal inhibitor motif (WRPY) known to
with

Enhancer-of-split

Groucho/Transducin-like
(TLE)
animals (Fig. S2) (Coffman, 2003; Levanon et
al., 1998; 2009).

Nevertheless, sequences for some of the

interact

co-repressors in

Robertson et al.,

species included come from transcriptomic
data, so we cannot completely exclude the
possibility that this motif is present in some
unicellular holozoans (Supplementary File
1).

We additionally extended the search to key
domains from the evolutionarily conserved
Groucho/TLE co-repressors and the Core
binding Factor (CBFB) (Fig. 1A, Fig. S1A).
Both protein families are related as direct
interacting partners for Runx, and mediate its
dual role as activator or repressor of key
developmental pathways (Levanon et al.,
1998; Robertson et al., 2009; Yarmus et al.,
2006). Groucho/TLE co-repressors are known
to directly interact with the C-terminal WRPY

domain of Runx TFs, favouring repression,
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A B
Taxonomic Classification Runx Family NF-kB Family
Metazoa
° Choanoflagellatea & o e ¢ pe® 0 o 0 o° e (&e‘a o
Filasterea « g W c® o o W w o
@ Ichthyosporea Homo sapiens (Hsap) . . . . . ° . . °
@ Fungi + Nucleariidae Mus musculus (Mmus) o ] ° o ] [} o o ]
Anolis carolinensis (Acar) o . ° [} o ° [} o [
©® Previously reported Gallus gallus (Ggal) . . . . . ° . . .
Xenopus tropicalis (Xtro) [} (] o [} (] ° [} o [
Danio rerio (Drer) o ] [} ° [} ° o o (]
Latimeria chalumnae (Lcha) [} (] o [} (] ° [} [} ]
Callorhinchus milii (Cmil) ° ] [} [} ] [} [} o ]
Petromyzon marinus (Pema) ° ° [ ° ° )
Ciona intestinalis (Cint) [} [} o [} [} [} (]
Ciona savignyi (Csav) o [} (] ° o .
Oikopleura dioica (Odio) ° ° ° ° ° °
Branchiostoma floridae (Bflo) [} [ [} o (] [ [} [
Strongylocentrotus purpuratus (Spur) @ ° ° ° ° °
Saccoglossus kowalevskii (Skow) o [} o [} . [
Capitella teleta (Ctel) o ° o o ° (]
Helobdella robusta (Hrob) [ ° ° ° ° °
Crassostrea gigas (Cgig) o ° o (] ° [} (]
Aplysia californica (Acal) [ ] ] [ ] [ ] L[] °
Lottia gigantea (Lgig) o ° o (] [} ]
Daphnia pulex (Dpul) ° ° ° [) ° ° [
Drosophila melanogaster (Dmel) ° ° ° ° ° °
Tribolium castaneum (Tcas) [} [} o (] . [} [
] Strigamia maritima (Smar) ° ° ° ° ° ° °
Ixodes scapularis (Isca) o [} [} [} ° [
Trichinella spiralis (Tspi) o [} o ]
Caenorhabditis elegans (Cele) o ° [} (]
Brugia malayi (Bmal) [} [} (]
I: Echinoccocus multilocularis (Emul) o [) ° ° °
Schistosoma mansoni (Sman) [} [} ]
Acropora digitifera (Adig) [} o o o [ [
4&: Nematostella vectensis (Nvec) ° ° ° ° ° °
Hydra magnipapillata (Hmag) [} o [
Trichoplax adhaerens (Tadh) ° ° ° °
— Oscarella carmela (Ocar) o (] ° [
rE Amphimedon queenslandica (Aque) @ ° ° ° °
I_E Leucosolenia complicata (Lcom) [} [} [} [} ° (]
Sycon ciliatum (Scil) [} [} [} [} [} (]
Mnemiopsis leidyi (Mlei) [} [} ]
Salpingoeca infusionum (Sinf) °
Salpingoeca kvevrii (Skve) ° [)
I Salpingoeca urceolata (Surc) ° °
Salpingoeca macrocollata (Smac) [} .
Salpingoeca punica (Spun) ° ° °
Myinosiga fluctuans (Mflu) [} .
Salpingoeca helianthica (Shel) o °
Codosiga hollandica (Chol) o °
Salpingoeca dolichothecata (Sdol) o °
u Savillea parva (Spar) ° °
Helgoeca nana (Hnan) ° °
Acanthoeca spectabilis (Aspe) o [
Stephanoeca diplocostata (Sdip) ]
Didymoeca costata (Dcos) [}
Diaphanoeca grandis (Dgra) ° °
Capsaspora owczarzaki (Cowc) [} o .
Pigoraptor chileana (Pchi) ° ° °
B Ministeria vibrans (Mvib) [} o °
Creolimax fragrantissima (Cfra) [} [} [}
Sphaeroforma arctica (Sarc) [} o °
Amoebidium parasiticum (Apar) [} [} [}
Ichthyophonus hoferi (Ihof) [} o o [
Abeoforma whisleri (Awhi) ° ° [}
7] Pirum gemmata (Pgem) [} o .
Chromosphaera perkinsii (Cper) ° ° °
Sphaerothecum destruens (Sdes) o [}
Corallochytrium limacisporum (Clim) @
Syssomonas multiformis (Smul) [}
— Piromyces sp. E2 (Pisp) [}
L panvularia atlantis (Patl) ° °

(Figure 1 legend on next page)
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Figure 1. Table of domain presence of Runx and NF-kB TF families and related partners. Columns

represent all the PFAM domains analysed in this study. Black dots indicate the presence of an ortholog.

The phylogenetic relationships are based on several recent phylogenomic studies (Brown et al., 2009;
Hehenberger et al., 2017; Ruiz-Trillo et al., 2008; Torruella et al., 2015). Letters on the right depict the data
source: genome (G) or transcriptome (T). Taxa are color-coded according to taxonomic assignment

(indicated in the upper left legend).

through a highly conserved N-terminal
rich domain (TLE_N domain),
which is unique to the Groucho/TLE family.
The Core binding Factor (CBFpB)
heterodimeric binding partner
enhance DNA
(Robertson et al., 2009; Sullivan et al., 2008;
Wheeler et al., 2000). We identified the
TLE_N domain in

species, Salpingoeca kvevrii and Salpingoeca

Glutamine

is an
known to
Runx

binding  affinity

two choanoflagellate
urceolata, in the filastereans Pigoraptor
chileana and Ministeria vibrans, in all
ichthyosporeans and in  Syssomonas
multiformis. We confirmed its absence in
Capsaspora (Fig. 1A, Fig. S1A) (Sebé-
Pedrés et al.,, 2011). We also identified a
TLE_N domain in the

Piromyces sp. E2, suggesting this domain

single fungus
originated at the root of Opisthokonta, despite
having diversified at the onset of Metazoa. In
contrast, CBF domain was found to be a
clear metazoan innovation.

We found that NF-kB homologs in unicellular
holzoans share with their animal homologs
key domains for DNA-binding specificity,

including a highly conserved specific
recognition loop (RL) within the Rel-homology
DBD, an immunoglobulin-like fold in a Rel-
homology dimerization domain and a highly
Nuclear  Localisation

conserved  basic

Sequence (NLS) (Fig. S5).
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A Glycine-Serine rich region (GS), previously
reported in Capsaspora (Sebé-Pedros et al.,
2011), in the NF-«kB

homolog of M. vibrans, P. chileana, C.

was also present

perkinsi and P. atlantis, but not in the NF-kB
homolog of other ichthyosporean sequences
nor in choanoflagellates (Supplementary File
2). Interestingly, we also identified in the NF-
kB  homolog of several filasterean,
ichthyosporean and nucleariid taxa C-terminal
Ankyrin repeats key for protein-protein
interactions, that were previously thought to

be exclusive to metazoan NF-kB (Fig. S3).

We finally extended the search to two
additional binding partners of NF-«kB: the NF-
kB essential modulator (NEMO) and the
Inhibitor of Kappa B Kinase (IKK) (Fig. 1B,
Fig. S1B).
regulatory proteins from the /KK complex that
activate NF-kB to

responses, cell

They are both associated
initiate  inflammatory
proliferation or cell
differentiation in animals. Thus, we searched
for NEMO and the NEMO-binding domain in
IKK (IKKbetaNEMODbind) (Fig. 1B, Fig. S1B).
Both  NEMO and the IKK NEMO-binding
domain were found to be specific to
metazoans and were not detected in any of

the unicellular holozoans evaluated.



Ros-Rocher et al., 2018

Evolution of Runx and NF-kB developmental TF families

Runx and NF-kB evolution and
diversification in Holozoa
To further confirm the evolutionary

relationships of both Runx and NF-«kB TF
families, we performed a taxon-rich and
likelihood-based

phylogenetic analyses for each TF family

updated maximum
(Fig. 2, Supplementary Files 1-6). The Runx
phylogeny remained poorly resolved, with low
nodal support throughout most parts of the

tree (Fig. 2B, Supplementary Files 5-6).

For the NF-kB phylogeny, we included both
NF-kB and NFAT TFs to elucidate the
evolutionary relationships between these
proteins and the RHD-containing proteins that
we had identified in unicellular holozoans
(Fig. 2A, Supplementary Files 3-4). As in
previous phylogenies (Sebé-Pedrés et al.
2011),

formed a well-supported clade to the

animal RHD-containing proteins

exclusion of the unicellular holozoan
sequences. Within this clade, NFAT orthologs
and Rel/NF-kB family proteins formed each a
well-supported clade. In the absence of
additional RHD-containing proteins that might
provide an outgroup, we cannot exclude the
possibility that the last holozoan common
ancestor possessed both NF-kB and NFAT
orthologs, and that the NFAT orthologs were
subsequently lost in all extant unicellular
holozoans. However, the most parsimonious
explanation is a duplication of an ancestral
Rel domain-like protein prior to the last
metazoan common ancestor, followed by
acquisitions of new domains in the paralogs
leading to the emergence of modern NF-kB

and NFAT proteins.

CoRunx1, CoRunx2 and CoNF-kB are
dynamically localised in the nucleus in
Capsaspora

The biological activity of some transcription
factors is controlled through dynamic
subcellular translocation, sometimes being
shuttled between the cytoplasm and the
nucleus upon activation through specific
interactions and signalling by Nuclear
Localisation Sequences (NLS). In animals,
inactive NF-kB is sequestered in the
cytoplasm by the physical interaction with its
inhibitor,  IkB.

mediated /kB degradation triggers the release

Upon activation, signal-
and subsequent nuclear translocation of NF-
kB (Huguet et al., 1997; Mikenberg et al.,
2007; Oeckinghaus and Ghosh, 2009; Tay et
al., 2010).

translocates between the nucleoplasm and

Similarly, mammalian Runx1

vesicles. Runx2 has been reported, in
animals, mainly in nucleus and nucleoplasm
and Runx3 translocates between cytoplasm
and nucleus upon activation through Pim-1
Kinase-mediated phosphorylation (Kim et al.,
2008). In Capsaspora, expression of Runx1
(CoRunx1), Runx2 (CoRunx2) and NF-«kB
(CoNF-kB) homologs at the transcript and
proteomic level was previously reported
across its different life stages (Sebé-Pedrés
2016b, 2013b).
levels and
CoNF-kB
predominantly expression at the cystic stage
(Fig. S6A-B). CoRunx1
resulted more abundant at the adherent and
CoRunx2
showed more protein abundance at the cystic

stage (Fig. S6A-B).

et al., Transcriptomic

expression relative  protein

abundance of indicate its

protein levels

aggregative  stages, whereas
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Figure 2. IQ-Tree of Rel-homology and Runt DNA-binding Domains. (A) IQ-Tree of Rel-homology

DNA-binding Domain. (B) IQ-Tree of Runt DNA-binding Domain. Taxa are color-coded according to

taxonomic assignment (indicated in the upper right legend).

In order to assess whether CoRunx1,
CoRunx2 and CoNF-kB homologs
function as transcription factors, we designed

their

likely

custom antibodies to evaluate
endogenous expression and localisation (see
Materials and Methods), and to perform other
such as Chromatin

functional analyses,

Immunoprecipitation experiments coupled
with high-throughput sequencing (ChIPseq).
We first confirmed their differential protein
abundance using Capsaspora protein extracts
from different life stages (adherent,
aggregative and cystic) by western blot
custom antibodies. We

analysis using

observed similar protein abundance as
previously reported from proteomic data, with
CoRunx2 being more abundant in the cystic

stage (Fig. S6C) (Sebé-Pedrés et al., 2016b).

Next, we examined differential localisation of
endogenous CoRunx1, CoRunx2 and CoNF-
KB by
adherent and cystic Capsaspora life stages

immunofluorescence assays from

(Fig. 3). We did not localise their expression
in the aggregative stage because of technical
limitations and low expression levels (Fig.
S6C). CoRunx1

small vesicles (seen as small bright dots

Interestingly, localised in
around the nucleus) in adherent cells (4-day
old culture) and in cystic stage cells (14-days
old) (Fig. 3A) and in the nucleus and small
vesicles in early cystic stage cells (6-days old)
(Fig. S7A).

Not all cells showed the same signal intensity
or presence, possibly due to asynchrony of
the culture. In contrast, CoRunx2 localised
clearly in the nucleus both in adherent and
cystic stages (Fig. 3B and Fig. S7B).
Consistent with previously reported data and
analysis of CoNF-kB protein abundance in
Capsaspora extracts, CoNF-kB was only
expressed in the cystic stage (Fig. 3C, Fig.
S§7C), localising in small vesicles around the
nucleus in the early cystic stage (6-day old),
and more intensely in small vesicles and in
the cytoplasm in late cystic stage (Fig. 3C).
Altogether, our data indicates that CoRunx2,
and possibly CoRunx1 and CoNF-kB, could
be capable of functioning as transcription
factors in a dynamical

manner across

Capsaspora life stages.

CoRunx2 and

overexpression in

Effect of CoRunx1,
CoNF-kB

Capsaspora
To further confirm the localisation and the
effect of overexpressing CoRunx1, CoRunx2
and CoNF-kB in

overexpression experiments in live cells using

vivo we performed
the recently developed transfection protocol
for Capsaspora (Parra-Acero et al., 2018). To

this end, we fused each gene in-frame to

mCherry fluorescent protein using the
Capsaspora expression vector backbone
pONSY (Parra-Acero et al., 2018). We

transfected Capsaspora cells with either
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Figure 3. Localisation of CoRunx1, CoRunx2 and CoNF-kB n Capsaspora. Immunofluorescence of 4-

day adherent and 14-day cystic stage Capsaspora cells using custom CoRunx1 (A), CoRunx2 (B) and

CoNF-kB (C) antibodies. Dashed line indicates cell body and arrows indicate antibody signal. Scale bar

represents 5 ym.
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pONSY-CoRunx1:mCherry, pONSY-
CoRunx2:mCherry or pONSY-CoNF-
used pONSY-mCherry

transfected cells as a control (Fig. S8).

kB:mCherry and
Moreover, to benchmark each fluorescent
marker with the nucleus, we co-transfected
each construct with a cassette containing a
fusion of the endogenous Capsaspora
Histone 2B gene with Venus fluorescent
protein (PONSY-CoH2B:Venus, from Parra et
al., 2018) and compared its localisation in
positive cells (Fig. S9). In total, we analysed
2.286 cells in three biological replicates and

additionally examined differences in cell size

(diameter) and “cell stage” (adherent or
floating) (Table S2).
Live fluorescence imaging revealed

CoRunx1:mCherry fusion localised to the

cytoplasm and in small vesicles and,
interestingly, it additionally localised to the
nucleus in floating cells. CoRunx2:mCherry
fusion consistently localised to the nucleus,
both in adherent and in floating cells (Fig.
S8A-B). This is with  the

localisation of Runx1 and Runx2 animal

consistent

homologs, where they are generally nuclear
localised but they can be as well cytoplasmic
under certain conditions (Deepak et al., 2011;
Mandoli et al., 2014). In contrast, CoNF-
kKB:mCherry fusion was mainly located in
small vesicles, in the cytoplasm and, in some
cases, in the nucleus; both in adherent and
NF-kB

homologs are also located in the cytoplasm

floating cells. Similarly, animal
and translocated to the nucleus upon IKK-
mediated activation (Fig. S8A-B) (Mikenberg

et al., 2007; Oeckinghaus and Ghosh, 2009).

To further assess whether overexpression of
either endogenous transcription factor was
affecting Capsaspora morphologically, we
compared differences in cell diameter (in um)
between positive and negative fluorescent
cells transfected with each construct. We did
not detect any significant differences between
positive (6.092+0.990 um) and negative cells
(6.076£0.867 pum) in  CoRunx1:mCherry
(P=0.8746, Student’'s T-Test) and between
positive (5.858+0.737 um) and negative cells
(5.93240.809 pum) in  CoRunx2:mCherry
(P=0.3478, Student's T-Test) transfections,
as well as in mCherry control (P=0.5331,
Student’'s  T-Test).

diameter of cells overexpressing CoNF-

Nevertheless, mean
kB:mCherry fusion was 5.973+1.259 um,
which resulted to be significantly larger than a
mean diameter of 5.616+0.831 pum in
negative cells (P=0.00567, Student’s T-Test)
(Fig. S8C). Additionally,
differences in cell diameter between cells

we examined

CoRunx1:mCherry,
CoNF-kB:mCherry

mCherry  control.

overexpressing

CoRunx2:mCherry  or
fusions compared to
mCherry positive cells measured a mean
5.503+1.001 um in diameter. In general, cells
overexpressing either fusions resulted in
significant increased cell size compared to
mCherry (CoRunx1:mCherry, P=1.522e-05;
CoRunx2:mCherry, P=0.002726; and CoNF-
kB:mCherry, P=0.002476; Student’'s T-Test).
Overall, CoRunx1:mCherry,
CoRunx2:mCherry and CoNF-kB:mCherry
overexpression resulted in increased cell
diameter of positive cells, compared to
that the effect of

mCherry, suggesting
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overexpressing either TF in Capsaspora has

an impact on cell size.

Finally, to assess whether overexpression of
each construct could affect transitioning
between stages, we compared differences in
the percentage of floating cells between cells
overexpressing CoRunx1:mCherry,
CoNF-kB:mCherry
fusion proteins with mCherry control (Fig.
S8D).

Cells overexpressing CoRunx2:mCherry and

CoRunx2:mCherry  or

CoNF-kB:mCherry floated significantly more
than transfected cells
(CoRunx2:mCherry, P=0.04608, CoNF-
kB:mCherry, P=0.03615; Student’'s T-Test),

whereas no significant differences were

mCherry

observed when comparing CoRunx1:mCherry

overexpressing cells with mCherry
(P=0.1353, Student’'s T-Test). This suggests
a putative dynamic role of CoRunx1,

CoRunx2 and CoNF-kB across Capsaspora
different life stages.
Ancient developmental transcription
factor networks in Capsaspora
To gain insights
CoRunx1, CoRunx2 and CoNF-kB TF

networks in vivo, we performed ChlIP-seq

into the dynamics of

experiments using custom antibodies against
CoRunx1, CoRunx2 and CoNF-kB. We
assessed their binding preferences and their
downstream regulatory genes across the
different Capsaspora life stages (adherent,
cystic and aggregative).
First, we examined the distribution of
CoRunx1, CoRunx2 and CoNF-kB binding

118

sites across the Capsaspora genome (Fig.
4A-F). CoRunx1 and CoRunx2 distribution
patterns were practically identical, and
preferentially strongly enriched in promoter
proximal regions and 5UTR, closer to
start sites (TSS) in the

aggregative stage (Fig. 4A-D). A number of

transcriptional

high-confidence peaks were located in CDS
regions at 2-day (37% and 47%) and 4-day
(43% and 44%) adherent stages and 6-day
(41% and 45%) and 14-day (49% and 41%)
cystic stages, respectively. CoNF-kB showed
a similar distribution to CoRunx?1 and
CoRunx2 at the adherent (2-day and 4-day)
and cystic (14-day) stages and slightly
different at the 6-day stage (Fig. 4E-F).
However, CoNF-kB was enriched in regions
closer to TSS (promoter proximal and 5’UTR)
in the cystic stage (14-day) and, in contrast to
CoRunx1 and CoRunx2, presented a lower
distribution of peaks around regions closer to
TSS in the aggregative stage. The mock ChIP
control (beads only control) did not recover
any DNA in the 2-day adherent stage. In
general, the control presented a similar

distribution to CoNF-«B (Fig. S10A-B).

We additionally used previously reported
Capsaspora high-coverage nucleosome-free
ATAC reads data (Sebé-Pedrés et al., 2016a)
to cross-validate the distribution of high
confident ChIP peaks in active regulatory
sites in the Capsaspora genome. We
calculated the distribution of the maximum
around ATAC-defined

regulatory sites across different Capsaspora

ChIP peak signal

life cycle stages (Fig. S10C). CoRunx1 was

enriched in regulatory sites at the 2-day, 14-
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day and aggregative stages (Fig. S10C),
while CoRunx2 was particularly enriched at
the 2-day and aggregative stages (Fig.
S$10C). However, CoNF-kB resulted in few
peaks falling near ATAC-defined regulatory
regions, being enriched only in the 14-day
stage (Fig. S10C). We recovered few peaks
in the mock ChIP control (Fig. S10C). This
suggests that at least CoRunx1 and CoRunx2
show dynamic changes in regulatory sites

signal across life stages in Capsaspora.
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To explore the nature of CoRunx1, CoRunx2
and CoNF-kB bound regions in vivo, we
performed de novo motif discovery to identify
overrepresented sequence motifs across
We

overrepresented

Capsaspora life stages. recovered

significantly motifs  for
CoRunx1 at the 6-day cystic (TAGGTATTAG)
and aggregative stages (CACTCACTCA and
CTCTCTCTCT) (2-day similar to aggregative
but not significant). Interestingly, these motifs
do not resemble the binding motifs of Runx1

animal homologs (Bowers et al., 2010).

B Distribution of genomic features (%)
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4-day N=60
Aggregates N=77
6-day N= 46
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Figure 4. Distribution of CoRunx1, CoRunx2 and CoNF-kB high confidence ChIP peaks. (A)
Distribution of CoRunx1 high confidence ChIP peaks near TSS across Capsaspora life stages. (B)

Genomic distribution of CoRunx1 high confidence ChIP peaks across Capsaspora life stages. (C-D) Same
as (A-B) for CoRunx2 ChIP peaks. (E-F) Same as (A-B) for CoNF-kB ChIP peaks. N in B, D, F indicate

number of high-confidence peaks.
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Strikingly, the

overrepresented

most significantly

CoRunx2
corresponded to a perfect match to the animal
Runx2 binding
AAACCGCA in the aggregative stage (Jolma
et al.,, 2013; Wu et al., 2014). Nevertheless,

we did not recover any significantly enriched

motif for

consensus sequence

motif in CoNF-«kB samples.

We additionally determined Capsaspora
CoRunx1, CoRunx2 and CoNF-kB binding
the universal

preferences using Protein

Binding Microarrays (PBMs), a common
method for in vitro analysis of TFs sequence
specificity (Berger et al., 2006; Berger and
Bulyk, 2009, 2006, Weirauch et al., 2014a,
2013). Of these, only CoRunx2 PBM yielded
data satisfying our stringent success criteria,
including statistically significant E-scores (at
least one k-mer sequence with E-score=0.45)
on two independent arrays (denoted “ME” and
“HK”) and agreement in both k-mer data and
motifs between both arrays (Berger et al.,
2008; Berger and Bulyk, 2009, 2006;
Weirauch et al.,, 2013). CoRunx2 enriched
motif corresponded to AAACCGCA, providing
independent confirmation of the ChlIP-seq
data quality (Fig. S10D). This motif has been
previously surveyed in Capsaspora, being
associated to

signalling receptor and

transducer activities, DNA replication and

repair and G protein-coupled receptors
signalling gene ontologies (Sebé-Pedrés et
al.,, 2016a). Thus, this

Capsaspora Runx?2 is a relatively complex TF

suggests that

network with regulatory functions related to

similar processes in animals.
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The Capsaspora CoRunx1 downstream target
genes were enriched in gene ontology (GO)
terms associated with metabolic (catabolic)
and biosynthetic processes, and regulation of
cell growth and development (Fig. 5A-B).
Particularly, GO terms related to proliferation
and development, such as chromatin binding
and chromosome

segregation  (putative

homolog to  Centromere protein S
(CAOG_6037) and to wings-apart like protein
(WALP) involved in sister chromatid cohesion
during mitosis in animals (CAOG_00797))
and cell signalling and regulation of gene
expression (tyrosine protein kinase Src
(CAOG_07757))

adherent stage (2-day and 4-day) and in the

were enriched at the

cystic stage (6-day) (Fig. 5B). Genes
associated to metabolic and biosynthetic
processes, especially involved in lipid and
carbohydrate metabolism, were enriched in
the cystic stage (14-day). For example, 3-
hydroxyacyl-CoA

(CAOG_00369) and
(CAOG_07140) were enriched at 14-day
sample. Genes related to response to stress
(e.g.,
pathways (e.g., the Notch signalling pathway),
to CAOG_01898, and
metabolic processes were enriched at the

dehydrogenase

isocitrate  lyase

oxidative stress) and signalling

both associated
aggregative stage (Fig. 5B).

Similarly to

Capsaspora CoRunx1, animal Runx1 is
associated with cell growth, proliferation and
cell cycle, DNA replication, recombination and
repair, responses to genotoxic stress and
biosynthesis (Bowers et al., 2010; Cai et al.,
2015; Coffman, 2003; Kim et al.,, 2014,
Mandoli et al., 2014; Michaud et al., 2008).

Thus, our data suggests that there might have
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Figure 5. GO enrichment of Capsaspora CoRunx1, CoRunx2 and CoNF-kB high confidence ChIP

peaks mapping regulatory regions. (A) Enriched GO terms among genes associated with CoRunx1

high confidence ChIP peaks mapping regulatory sites (P-value cutoff is 0.01). (H-I) Same as (G) for

CoRunx2 and CoNF-kB high confidence ChIP peaks, respectively. (H) Enriched GO terms among genes

associated with CoRunx1 peaks mapping regulatory sites across Capsaspora life stages (P-value cutoff is

0.05). GO terms in (H, J and L) are color-coded according to grouping GO term categories, indicated in

the lower-right legend.

been a conserved Runx? downstream
regulatory network with primary functions
related to cell growth, proliferation and stress
responses already present in premetazoan

lineages.

The Capsaspora CoRunx2 downstream target
genes were enriched in GO terms associated
with oxygen metabolism, primarily related to
oxidoreductase, oxygen transport and
dioxygenase activities (Fig. 5C). Interestingly,
GO terms related to meiosis, DNA replication,
repair and recombination, such as a putative
Centromere protein S (CAOG_06037), a
PMS2-like mismatch repair endonuclease
(CAOG_04075) and a putative Replication
(RPA)-interacting

enriched in the

protein A
(CAOG_00089)
adherent (2-day) stage. At this stage, other

protein

were

genes related to cell growth regulation and

metabolic  (catabolic)  processes, and
response to oxygen and stress, such as
cytosolic malate dehydrogenase A
(CAOG_02401) and a

methyltransferase (CAOG_06501) were also

putative

particularly enriched (Fig. 5D). Cell growth
and gene expression regulation, such as a
histidine kinase (CAOG_02706), and nitrogen
metabolism were particularly enriched at the

4-day adherent stage (Fig. 5D).
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Tyrosine protein kinase Src (CAOG_07757)
(CAOG_02706),
related to cell signalling, cell growth and

and a histidine kinase

metabolic and biosynthesis processes, were
also enriched in the 6-day stage cystic stage
(Fig. 5D). In the 14-day cystic stage, GO
terms were enriched in genes related to
oxygen metabolism, such as an
oxidoreductase (CAOG_03995). Similarly to
CoRunx1,

metabolism,

genes related to oxygen

such as  oxidoreductase
activities, gas transport, oxygen transport and
binding, and cytoskeleton and microtubule
organisation were enriched in the aggregative
stage. Examples of these genes related to
oxygen metabolism include a homolog to
gamma-butyrobetaine dioxygenase
(CAOG_00499), a member of the family of
oxidoreductases, specifically those acting on
with O2
incorporation or reduction of oxygen and
epoxidase subunit A (CAOG_04146) (Fig.

5D). Interestingly, the animal homolog Runx2

paired donors, as oxidant and

has been associated with cell growth, cell fate
determination and differentiation (Young et
al., 2007) but has also been associated with
oxidative stress responses (Byon et al.,
2008).  Thus, CoRunx2
downstream target genes were enriched in

Capsaspora

GO terms associated with similar functions to
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those of its animal homolog, primarily related

to cell growth and oxygen metabolism.

The Capsaspora CoNF-kB downstream target

network entailed genes involved in cell

division (cytokinesis, reproduction),
developmental processes such as sporulation
and cell budding, cell responses to stimulus,
such as nutrients or oxidative stress response
(including to reactive oxygen species and
antioxidant activity), transmembrane transport
ion channel

(ion  binding, activity), and

metabolic  (catabolic) and  biosynthetic
processes (Fig. 5E-F). Regulation of cell
adhesion, developmental growth, response to
external stimuli (alcohol, retinoic acid,
mechanical stimulus and nutrients), and other
related metabolic processes were enriched in
the 2-day adherent stage. Interestingly, a
Tenascin-like protein (CAOG_05254) was
particularly related to general response to
stimuli. Tenascins are involved in negative
adhesion,

regulation of cell having anti-

adhesive properties in animals (Chiquet-
Ehrismann and Chiquet, 2003). Transcription
and translation, hydrogen peroxide catabolic
processes, oxidoreductase activity (acting on
peroxide as acceptor) and oxidative stress
responses (including reactive oxygen species
(ROS)

Catalase

metabolic processes), such as
HPII (CAOG_02637), growth-
inhibiting protein 1 (CAOG_07797) and
TKL/IRAK protein kinase (CAG_07237), were
enriched in the 4-day adherent stage.
Interestingly, this Catalase was also enriched
at the 14-day cystic stage. Catalases are
essential to catalyse the decomposition of

hydrogen peroxide to water and oxygen, and

it has key roles in protecting the cell from
oxidative damage by ROS (Vanderauwera et
al., 2011). Moreover, genes were related to
metabolic (catabolic) processes, such as

hydrolase activity, mitosis (reproduction,
cytokinesis) and transmembrane transport
and cellular organisation was enriched at the
6-day and at the 14-day cystic stage. In
aggregates, enriched genes were related to
amine and lipid metabolism, such as 2-
acylglycerol O-acyltransferase 2-A
(CAOG_04763), signal transduction (through
p53 animal homolog-mediated regulation),
response to DNA damage and oxygen
metabolism, such as an oxidoreductase
(CAOG_03995) (also at 14-day cystic stage)
(Fig. 5F). This is consistent with animal NF-
kB TFs’ well-described roles in oxidative and
stress responses and regulation of the p53
pathway (Hayden et al., 2006; Hayden and
Ghosh, 2004; Mercurio and Manning, 1999;
Morgan and Liu, 2011; Oeckinghaus and
Ghosh, 2009; Webster and Perkins, 1999).
Thus,

Capsaspora CoNF-kB downstream target

similarly to its animal homolog,
genes were enriched in GO terms associated
with cell growth and response to stimulus,

such as oxidative stress response.

Globally, our results indicate that Capsaspora
CoRunx2, and likely CoRunx1 and CoNF-kB,
are capable of functioning as transcription
factors. Their downstream regulatory network
of genes primarily related to cell growth,
response to stress and proliferation, might
have evolved before the origin of animals.
Despite the tendency of TF networks to

rapidly undergo functional changes during
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evolution (Li and Johnson, 2010; Sorrells and
Johnson, 2015), we found a remarkable
degree of conservation between Capsaspora
TF networks and their animal homologs
(Sebé-Pedrés et al., 2016a), especially for
CoRunx2, both in TFBS and in its
downstream target genes. However, these
results have been analysed in one biological
replicate meaning that further confirmation is
Thus,

biological replicate are underway to validate

needed. analyses of a second

the overall findings. Nevertheless, these

preliminary results suggest that complex
regulatory networks of transcription factors
exist in Capsaspora and are temporally

regulated across its different life stages.

These core conserved TF networks, including
the ones here depicted, were most likely
integrated, expanded and remodelled during
tightly
of gene

animal evolution, allowing for a

regulated spatiotemporal control
expression at the onset of animals (Peter and
Davidson, 2011). Moreover, functional-based
available for other

approaches, now

unicellular holozoans, together with other
analyses of developmental TF networks in
other unicellular holozoans and in early
branching animals will be key to gaining
evolution  of

insights into the early

transcriptional regulatory networks at the

onset of animals.
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MATERIALS AND METHODS

Taxon sampling and domain analysis

Raw Hidden Markov Models (HMMs) of Rel
Homology DNA-binding
(RHD_DNA_bind  v.21, PF00554), Rel
Homology Dimerization domain (RHD_dimer
v.4, PF16179), Inhibitor of Kappa B Kinase
Beta NEMO binding
(IKKbetaNEMObind  v.7, PF12179), NF-
Kappa B Essential Modulator (NEMO v.7,
PF11577), Runt DNA-binding domain (Runt
v.18, PF00853), Runx Inhibitor domain (RunxI
v.10, PF08504), Groucho/TLE N-Terminal Q-
rich domain (TLE_N v.14, PF03920), Core
binding factor (CBF) beta subunit (CBF_beta
v.16, PF02312) and Death domain (Death
v.21, PF00531) were retrieved from Pfam
v.31.0 (Finn et al., 2014; Punta et al., 2012),
and used as queries in hmmscan (hmmer
3.1b2-2; Eddy, 1998; Sdoding, 2005) searches
against a paneukaryotic predicted proteome
included 39

animals, 22 choanoflagellates, 4 filastereans,

domain

domain

database. Taxon sampling

9 teretosporeans and Syssomonas
multiformis, 23 fungi, 2 discicristoideans, 1
apusozoan, 3 CRuMs, 3 ancyromonads, 4
amoebozoans, 7 land plants, 5 chlorophytes,
3 rhodophytes, 1 glaucophyte, 11
heterokonts, 6 alveolates, 2 rhizarians, 1
haptophyte,1 cryptophyte and 6 excavates

(Table S1).

Using custom Perl scripts, the resulting output
files were parsed and re-analysed using
PfamScan v.1.5 (Mistry et al.,, 2007) and
protein BLAST v.2.2.31 (Altschul, 1993;
Altschul et al., 1990; Gish and States, 1993),

and all sequences containing a Rel Homology
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or Runt DNA-binding domains were retrieved.
using BLAST
searches. The domain architecture of all

Sequences were verified

retrieved sequences was inferred with
PfamScan using the gathering threshold as

cutoff value.

Phylogenetic analysis
Sequences were aligned using MAFFT
v7.299b e-ins-i (Katoh et al., 2005, 2002;
Katoh and Standley, 2013) with the gap
extension parameter set to 0, trimmed using
BMGE v.1.0 (Criscuolo and Gribaldo, 2010)
using the BLOSUM45 matrix, and alignments
and trimming were verified by eye. Partial
sequences with very few  positions
represented in the final trimmed alignment
were excluded. Preliminary phylogenies were
constructed using FastTree v. 2.1.9 (Price et
al., 2010, 2009), and

sequences were excluded. Final alignments

long-branching

were constructed using mafft e-ins-i and
trimmed using BMGE as above, and final
phylogenies were constructed using IQ-TREE
multicore version 1.6.1 (Minh et al.,, 2013;
Nguyen et al., 2015) using the ModelFinder
option 2017).
ModelFinder recovered LG+G4 as the best fit
for the Runt phylogeny, and LG+R5 as the
best fit for the Rel

containing protein phylogeny according to the

(Kalyaanamoorthy et al.,

homology domain-

Bayesian Information Criterion.

Cell

stage differentiation

strain, growth conditions and

Capsaspora owczarzaki cell cultures (strain
ATCC® 30864) were grown axenically in 25
cm? culture flasks (Falcon® VWR, #734-

0044) with 5 mL ATCC medium 1034
(modified PYNFH medium), hereafter growth
medium, in a 23°C incubator.

Different cell stages were obtained by starting
Capsaspora cultures with 5*10° cells in 75
cm? flasks with 15 mL growth medium (from
an approximately 5*108-2*107 cells mL" at
80-90% confluence). Early and late filopodial
stage cells were collected after 2 and 4 days
growth, respectively. Aggregative stage cells
were induced by agitating a 2-day filopodial
stage culture at 50 rpm during 24 hours.
Finally, early and late cystic stage cells were
collected from 6-day-old and 14-day-old

cultures, respectively.

Construction of expression cassettes
for Capsaspora

Capsaspora RNA was extracted using Trizol
reagent (Invitrogen/ThermoFisher Scientific,
#15596026). cDNA was obtained by RT-PCR
using SuperScript® Il Reverse Transcriptase
#18080044)

manufacturer’s instructions.

(Invitrogen, following

Capsaspora fusion protein constructs were
built using pONSY-mCherry plasmid (Parra-
2018). pONSY-
CoRunx1:mCherry was created by cloning
Capsaspora Runx1 (CAOG_00880) into
pONSY-mCherry.  CoRunx1 PCR
amplified from cDNA using primers 1 and 2
(Table S3) and cloned into pONSY-mCherry

multi cloning site using Xmal and EcoRV

Acero et al,,

was

restriction enzymes.
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pONSY-CoRunx2:mCherry was created by
cloning Capsaspora Runx2 (CAOG_08438)
as before. CoRunx2 was PCR amplified from
cDNA using primers 7 and 8 (Table S3).
pONSY-CoNF-kB:mCherry was created by
cloning Capsaspora NF-kB (CAOG_01632)
as before. CoNF-kB was PCR amplified from
cDNA using primers 13 and 15 (Table S3).

All plasmids DNA were obtained using the
plasmid GenElute TM Plasmid Midiprep Kit
#NA0200-UKT),

resuspended at an approximate concentration

(Sigma, lyophilized and

of 1 ug/uL in distilled water.

Overexpression of candidate TFs in
Capsaspora

Capsaspora cells were transfected as in
2018 with either pONSY-
mCherry, pONSY-CoRunx1:mCherry,
pONSY-CoRunx2:mCherry or pONSY-CoNF-

kB:mCherry constructs. Each construct was

Parra et al.,

transfected per duplicate in three independent

experiments. Localisation of fluorescent
proteins was evaluated 24h post-transfection.
Controls were performed by co-transfecting
pONSY-CoH2B:Venus with each construct to
identify the

transfected cells with DAPI.

nucleus and by staining

Imaging of transfected cells

Transfected cells were plated in u-Slide 4-well
glass bottom dish (lbidi, #80427) with 750 pL
of growth medium and grown overnight at
23°C. For DAPI-staining control, cells were
washed once with 200 yL 1X PBS, fixed with
4% Formaldehyde in 1X PBS during 15 min at
RT, washed again as before and stained with
1:1000 DAPI (0.5 pg/mL) during 20 min at
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RT. After staining, cells were washed as
before and covered using DAKO mounting
media (SIGMA). Live and DAPI-stained cells
were imaged in 0.7 ym width z-stack using a
63X oil objective Zeiss Axio Observer Z.1
epifluorescence inverted microscope
equipped with LED illumination and Axiocam
503 mono. Images were analysed using Fiji
Imaging Software version 2.0.0-rc-44/1.50e
(Schindelin et al., 2012). Objectd Fiji Imaging
(ObjectJ-1.04c;

https://sils.fnwi.uva.nl/bcb/objectj/index.html)

software Plugin

was used for fluorescent cells quantification
and diameter measurement

Protein expression and purification
Recombinant proteins were produced by the
Protein

Biomolecular Screening &

Technologies Unit from the Centre for
(CRG).
protein fragments of CoRunx1 (711 aa, 75.8
kDa), CoRunx2 (518 aa, 54.2 kDa) and
CoNF-kB (721 aa, 75.6 kDa) were cloned into
pETM14 with a His-tag, expressed in E. coli
BL21(DE3) strain and purified by Nickel

affinity

Genomic Regulation C-terminal

chromatography  under  native
conditions with an Elution Buffer containing
50 mM Tris-HCI pH=7.4, 300 mM NaCl and
10% Glycerol. CoRunx1 and CoNF-kB pellets
were additionally re-solubilized with GuHCI,
purified by Nickel affinity chromatography in
refolded

second Nickel affinity chromatography under

denaturing conditions and in a
native conditions to avoid protein degradation
products. Purified recombinant proteins Co-
Runx1 (7mL, 1.4 mg/mL), Co-Runx2 (22.5
mL, 1.3 mg/mL) and CoNF-kB (7 mL, 1.47
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mg/mL) were used for antibody production

and as controls for Western Blot analysis.

Recombinant protein Sequences:
>CoRunx1_recombinant_protein
IKMTVDGPRDPRRRRPGSEMIASASEDDLS
DASGFASDLGSGTMSAEAFGSTASTGSPLS
GSSQQLAPGQTPPAQPNSAGTGGSFKSHR
TRSLSTTLRRCQSAPYMAPEFRRRTGSGTL
LPHDKPSSPRASSNNNDSLDPRPRSAFPSD
LADSEMQRFRSVSMGSSADSMAEDVFSPL
ESPRSPSVAALYHLQHSGVSSPSPDHSLLS
SMESLLAPLTTPAALSFNAADVVLSSGAMN
LVPDFTLVSLSVYEAPEGSACVATMRVGSA
GQVMTDVGVMFGNAIPTLDSVNLGIDGTVQ
CMFKVPSRSECGASLQRGNRLEVVGFYKL
ADRVCCSSNSLGFAFKDVEGAITERQLNAV
LHKLHLKNQQTQLAHSEPLQKQVLGGGAP
RNLLRQLRPLEDNLFARSQAVLQQCGMQH
TLNPIDLPIGPDGQISVSNVQSSGLTALHVA
AEFGWNKFVTQLVTAGASINQRDNFGNTAL
DWAFMSDQHVTCQLLQSAGGLFNMFAQPK
VTDDLQASFQQFTLSSPVLGQLPSPTTRIAS
SRSPRSPHLGSPLNFGGLSQNTSPPGQVLS
EIPEAQSSAQQSYQTQLQFLQQLQHHQLVE
QEQQQKQQQLLYQLMQQQQPQALALQQRA
KQQAAHHNLVQHLLSMDMSASASGSSSRA
VSTSSLLSNASAVTSAPSMLPLDFTTTSDAH
LYSEPDLLALDLPSPNPSTLSMGELHF

>CoRunx2_recombinant_protein
PQSQPHHPQQPGMHQFQPPMPPAFNVGG
GHPQQQQVNSQHLSHPPHHQQPGQHGTP
LPTPMSATLHFNFPASARETAMLEESANVS
RCSMIVETQLTGLSQRAQNALNACTHSMLS
IGSCNEALIPLNEALWNLENAKRAFDAPTAG
FGAAYEELRQLYKNARESLVTTMDHLQNAI
HAQEKLHHQTTGGVPPSPGTLNRGGSSGL

GAGFHRLGLSGASTGSVQPSFGMTTAAAA
ASAQGFPVAVSGAAVGRPSIAGSDTGSFVV
PNRIGTASAMPGSTEPLVPTFAVELVEKSVR
ERLAPIGNASASSLFVTHFAFCRPSDKCMM
PADHLIAARDGVMLVGLFATNASAISEQLAH
TSLDTLATRSQSPSSSGGVISAAVHLTRILD
ATQISAGADSANMHHLQFLQLRTELGEIRIA
GPREQYAGMFDLLKVMRTFAGESAPPHAA
GSKPGLVLPGERPGLTIEPPSPHTAEAVATL
MNYAGTPRSVKRDAGMLEESASSESAASS
GSNKRIRMDA

>CoNF-kB_recombinant_protein
ESQYVEYTYLPAEAAVRNAELAARKRRRDD
SMRDFMDRFDGSDGGNGSGSGRGNNGG
HDGSDANNNGRGGGGGSSSSKGGDEPFN
FNSLIPMHQHKLHQLALSTVRAVQGFAASG
DARYLLALHRQLLAAPNENGDSPLHTAVAQ
GNLRSTMALLPLLAAEDLQSVNDMGETVLH
SAVIEKRAAIARLLLVAGADLGQSNARNFNR
NSLHYLARHGDRATAMAVFGVFGSAQAPP
ANTNTPAQAPAGETKPKPADLRLLARIQAQ
AIKALLACELETGATPAHLAIRGGHWHVFEA
CAKLAASAPIPKAAGSLLSMVAEKSSGHSLL
HSCVLANNEQAVRLLINLGASGNARDFGKN
TPLHLAARQGHIGIAALLVEAGATLSLNAVS
QTPLDVLTSEGSGLSRDQLRALVAVLRGEL
KYADMRGRPTLRMPTHAELHSTAAALTSAS
PGAVSLADFYAGKKASRSPAPLGASSSLLS
STGASAAGASAPTIAAVHAASATPVERTSM
NNDDDYVLLEKDAPYPVEQQPHGKRNKHS
HHRFTRSSHGSQDKDELKKDKDDPKKEKE
PKELSKFTLKEAFVDGTNFWELTRKFAGKK
KMASASTGEMEPLSPERPLSPTNAGSGAA
SPFNQAKEQVSPGAVPPTGLEKLVNKLMDA
SEATLSSQPAEAVTPEQKLAEKLEKLGLAPA
STTSAPPPHPKVAALNAQSVEDARKTSTHA
LYSVD
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Antibody production

Polyclonal antibodies were raised in rabbits
by the Custom Antibody Service Unit (CAbS,
CIBER-BBN, IQAC-CSIC) from the ICTS
“NANBIOSIS”. Rabbits immunized
monthly (6 times) using 100 ug/rabbit per

were
immunization of CoRunx1, CoRunx2 or
CoNF-kB recombinant proteins (conjugated
with KLH) and affinity-purified from the final
antiserums using CoRunx1, CoRunx2 or
CoNF-kB recombinant proteins. The final
concentrations of affinity-purified antibodies
were 170 pg/mL, 350 ug/mL and 50 pg/mL.
Antibodies
Immunoprecipitation coupled to MS/MS and
Western Blot.

were validated by

Antibody validation
For Western Blot

Capsaspora

analysis, we used

total protein extracts and
recombinant Capsaspora Runx1, Runx2 and
NF-kB proteins (see Protein expression and
purification section). Capsaspora protein
extracts were obtained from 5*108-3*10"°
cells of the different cell stages (see Cell
strain and growth conditions). Cells were
scraped and harvested by centrifugation at
5.000g during 10 min at 4°C. Cell pellets were
washed twice with 20 mL 1X PBS (Sigma,
#P5368-10 PAK), flash frozen using liquid
Nitrogen and resuspended in the appropriate
extraction buffer.

For total protein extraction, cells were
resuspended in Total Extraction Buffer (50
mM Tris-HCI pH=8.8, 150 mM NaCl, 0.1%
SDS, 5 mM EDTA, 1 mM EGTA, 1% Triton X-

100, 1 mM MgCI2, 1 mM CaClI2, 1 mM DTT,
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0.5 mM PMSF, cOmplete™ Mini EDTA-free
protease inhibitor cocktail (#11 836 170 001,
Roche) and PhosStop phosphatase inhibitor
(#4906837001, Roche)) incubated 30 min
incubation on ice and sonicated using Digital
Sonifier (Model S-250D,
BRANSON) 30”"ON/30”OFF 20% amplitude
6-12 cycles. After sonication, samples were
centrifuged at 20.000g during 30 min at 4°C
and the supernatant was collected and stored
at -80°C until further use.

Approximately 20 and 40 ng of Capsaspora
Runx2 and NF-kB
proteins were separated by SDS-PAGE and

sonicator

Runx1, recombinant

transferred to nitrocellulose membranes.
Proteins were probed using anti-CoRunx1
(Mg/mL), anti-CoRunx2 (ug/mL) and anti-
CoNF-kB (50 pg/mL), detected with 1:2000
HRP-conjugated goat anti-rabbit IgG antibody
(#P0448, Dako) and with
Supersignal WestPico Chemiluminescent
substrate (#34078, ThermoFisherScientific) in
a ChemiDoc™ Touch Gel Imaging System
Transiluminator (#1708370, BIO-RAD).

visualized

Immunofluorescence of Capsaspora
Cells collected from each timepoint were
harvested at 4.500xg at 4°C during 5 min,
washed with 10 mL of 1X PBS (Sigma-
Aldrich, #P5368-10PAK) and fixed with 10 mL
4% Formaldehyde (Sigma-Aldrich, #F8775-
25mL) in 1X PBS during 15 min at RT in a
rotor. After fixation, cells were washed with 10
mL 1X PBS and blocked for 1h at RT in a
rotor with 2 mL Blocking solution (1% Bovine
Serum Albumin (Sigma-Aldrich, #A3294-10G)
and 0.1% Triton-X100 (Sigma-Aldrich, #X100-
500ML) in 1X PBS).
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Each sample was then divided into 200 uL
aliquots and incubated o/n at 4°C in a rotor
with 1.5 pg/mL primary antibody (custom anti-
CoRunx1, anti-CoRunx2 and anti-CoNF-kB).
After incubation, samples were washed twice
with 500 uL Blocking solution and incubated
1h at RT in a rotor with 1:2000 Alexa Fluor®
488 goat anti-rabbit IgG (Life Technologies 2
mg/mL, ref: A11008; lot: 1678787) secondary
Antibody. Samples were washed once with
500 pL Blocking solution and once with 500
ML 1X PBS. Cells were then incubated with
1:100 Texas Red®-564 Phalloidin (Life
Technologies, #T7471, lot:1463206) during
15 min at RT in a rotor, washed once with 1X
PBS and resuspended in 20 yL of 1:100 5
mM DRAQS5 (Thermo Scientific, #62251) in
1X PBS. The preparation was overlaid with
ProLon™ Gold antifade reagent (Invitrogen,
#P36930, lot:1942345) over a pre-treated
coverslide with Poly-L-Lysine (Sigma-Aldrich,
#P4832) and sealed with nail polish.

Immunostained samples were imaged using a
TCS SP5 i

microscope with a 63X

Leica inverted confocal
immersion ol
objective. Acquisition settings were adjusted
using samples without primary antibody.

Mass

Immunoprecipitation and

Spectrometry
Direct immunoprecipitation (IP) experiments
were performed using 50 pL of Protein A
rabbit

Millipore) per IP. Beads were first incubated

beads (for IgG, Pure Proteome
with 2 uL preserum in Protein Extraction
Buffer during 45 min at RT. Beads were
washed twice with 500 yL PBS-Tween 0.1%.

2 mg of protein extracts from 4-day and 6-day

adherent Capsaspora  cultures  were
incubated with preserum:beads for 2.5 hours
at 4°C on a rotor. In parallel, 50 uL beads
were incubated with 5 pL of final bleeding in
Protein Extraction Buffer for 1 hour at 4°C on
a rotor. Beads were then washed twice as
before. Precleared protein extracts from
before were incubated with final-bleeding
serum:beads overnight at 4°C on a rotor,
washed twice with 500 yL PBS-Tween 0.1%,
washed three times with 200 mM Ammonium
Bicarbonate (ABC) and resuspended in 60 pL
Resuspension Buffer (6M Urea, 200 mM
ABC). Immunocomplexes were reduced with
10 mM DTT during 1 hour at 37°C in
agitation, and alkylated with 20 mM
lodoacetamide (IAA) during 30 min at RT in
the dark and under agitation. After alkylation,
samples were diluted with 280 yL 200 mM
ABC and digested on beads with 0.2 pg/pL
Trypsin overnight at 37°C in agitation. Beads
were pulled-down and samples were acidified
using 20 pL 100% Formic Acid. Samples
were desalted using C18 stage tips
(UltraMicroSpin Column, #SUM SS18V, The

Nest Group, Inc., MA).

45% of each sample was analysed by LC-
MS/MS using a 1-hour gradient in the
Orbitrap Velos Pro. As a quality control, BSA
controls were digested in parallel and ran
between each sample to avoid carryover and
assess the instrument performance. Samples

were searched against Capsaspora database

(September, 2015), using the search
algorithm Mascot v2.5.1
(http://www.matrixscience.com/). Peptides
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were filtered based on FDR, retaining only

peptides showing an FDR lower than 5%.

Chromatin Immunoprecipitation
with

sequencing (ChiIPseq)

coupled high-throughput
ChiPseq experiments were performed using
CoRunx1,
CoRunx2 and CoNF-«kB. Cells were scraped
from 5*108-3*10"° cells of the different cell

stages (see Cell strain and growth conditions)

custom  antibodies  against

and harvested by centrifugation at 5.000g
during 10 min at 4°C. Cell pellets were
washed twice with 20 mL 1X PBS and
in 1% Formaldehyde (Sigma-
Aldrich, #F8775-4X25ML) in 1X PBS for 10

min at room temperature (RT). Crosslinking

crosslinked

was quenched with 125 mM Glycine (Sigma-
Aldrich, #50046-250G) for 5 min at RT. Cells
then
washed twice as before and flash freezed
with pellets were
resuspended in Lysis Buffer | (10 mM
HEPES-KOH pH=7.9, 1.5 mM MgCI2, 10 mM
KCl, 0.2% NP-40 and 0.5 mM PMSF,
cOmplete™ Mini EDTA-free protease inhibitor

were harvested by centrifugation,

liquid Nitrogen. Cell

cocktail and PhosStop phosphatase inhibitor),
incubated on ice for 20 min and centrifuged at
8.500g during 10 min at 4°C. Pelleted nuclei
were resuspended in Lysis Buffer Il (1%SDS,
10 mM EDTA, 50 mM Tris-HCI pH=8.1 and
0.5 mM PMSF, cOmplete™ Mini EDTA-free
and PhosStop
phosphatase inhibitor), incubated 10 min on
ice and sonicated 30”"ON/30”OFF during 16

cycles using Diogenode Bioruptor Pico at 5°C

protease inhibitor cocktail

in order to generate ~200 bp fragments.

Optimal sonication conditions for each stage
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were previously set up by testing a range of
sonication cycles (from 12 to 22). Sonicated
chromatin was transferred to eppendorf
tubes, incubated on ice from 30 min to 1h and
centrifuged at 20.000g for 20 min at 4°C.
Supernatants

containing ready-to-use

chromatin were kept at 4°C until further use.

A 100 pL aliquot of each sample was reverse
crosslinked for chromatin quality control
analysis. 10% V of 5 M NaCl was added per
sample and samples were incubated at 65°C
overnight. Samples were treated with 3 pL of
RNAse A (SIGMA, # R6148-25ML) at 37°C
during 30 min and 8 pL of =210 mg/mL
Proteinase-K (SIGMA, #P4850-1ML) at 50°C
during 1 hour. For DNA precipitation, 2 pL of
15 mg/mL GlycoBlue (Invitrogen, #AM9516)
were added and 1/10 V 3M NaOAc, and 3V of
cold 100% ETOH. Samples were incubated at
-80°C for minimum 30 min. Samples were
centrifuged at 20.000g for 30 min at 4°C.
Pellets were washed twice with 1 mL cold
70% ETOH and air-dried before resuspension
with 30 uL of distilled water. DNA samples
were quantified using NANODROP and
imaged on a 2% Agarose gel for fragment

size validation.

For chromatin immunoprecipitation, we used
an amount of chromatin equivalent to 60 ug of
DNA per ChIP. 50 uL of Protein A beads (for
rabbit 1IgG, Pure Proteome Millipore) per ChIP
were transferred to a fresh tube (protein
LoBind), washed twice with 500 pyL of 1X
PBS-Tween 0.1% and washed once with IP
Buffer (16.7 mM Tris-HCI pH=8, 167 mM
NaCl, 1.2 mM EDTA, 0.01% SDS, 1.1%
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Triton X-100) plus Protease/Phosphatase
Inhibitors. After washing, beads were blocked
with 500 uL of blocking solution (IP Buffer,
5% BSA) during 1 hour at 4°C on a rotor.
Blocked beads were then resuspended in 1
mL IP Buffer and incubated with 10 ug of
primary antibody for at least 4 hours at 4°C on
a rotor. 60 ug of DNA were added per ChIP
and incubated overnight at 4°C on a rotor. A
no antibody negative control (mock ChIP) was
performed per each timepoint.
Immunocomplexes were washed once with 1
mL low salt Washing Buffer 1 (0.1% SDS, 1%
Triton X-100, 2 mM EDTA, 20 mM Tris-HCI
pH=8, 150 mM NaCl), once with 1 mL
Washing Buffer 2 (0.1% SDS, 1% Triton X-
100, 2 mM EDTA, 20 mM Tris-HCI pH=8, 500
mM NaCl), once with 1 mL low salt Washing
Buffer 3 (0.25 M LiCl, 1% NP-40, 1% NaDOC,
1 mM EDTA, 10 mM Tris-HCI pH=8), three
times with 1 mL TE Buffer (10 mM Tris-HCI
pH=8, 1 mM EDTA) during 3 min at 4°C on a
rotor each. DNA complexes were eluted with
400 yL Elution Buffer (50 mM Tris-HCI pH=8,
10 mM EDTA) during 30 min at 65°C, de-
crosslinked overnight at 65°C with 10% V 5M
NaCl and treated with 6 puL of RNAse A
(SIGMA, # R6148-25ML) at 37°C during 30
min and 16 uL of 210 mg/mL Proteinase-K
(SIGMA, #P4850-1ML) at 50°C during 1 hour.
Samples purified using 1V
Phenol:Chloroform:IAA  (25:24:1) (#P3803-
100ML, Sigma), centrifuged at 20.000g during

10 min at 4°C and precipitated as before. The

were

immunoprecipitated DNA was resuspended in
20 uL distilled water.

Samples were subjected to 50 bp paired-end
deep sequencing in 1 sequencing Lane using
(high
output mode) in the Ultrasequencing Unit at

the lllumina Hiseq2000 sequencer

the Centre for Genomic Regulation (CRG).
Between 9 and 16 M paired-end 50 bp reads

were obtained per sample.

ChlIP-seq data analysis

ChiIP-seq and input 50 bp paired-end lllumina
sequencing reads were mapped into the
Capsaspora reference genome (v.3) using
Bowtie2 v.2.2.6 (Langmead et al., 2009) with -
N 1 parameter (1 or 0 mismatches) and
paired-end alignment mode. Duplicates reads
were removed using samtools v.1.8 (Li et al.,
2009) markdup with Peak
calling was performed using MACS2 (Zhang
et al.,, 2008) in paired-end mode (BAMPE)
with a genome mappability of -g 24500000 as

-r parameter.

(Sebé-Pedrés et al., 2016a) and a g-value
threshold of 0.01. High confidence peaks
were selected according to relative fold-
enrichment values thresholds set on the
upper quartile distribution in each sample.
Read density files were normalized by
sequencing depth using deepTools v.3.1.0
(Ramirez et al., 2016) bamCoverage function
with -e 200 (read extension, determined as
the average of d parameters from MACS2
output) --scaleFactor 0.1 --normalizeUsing

RPKM --binSize 1 parameters.

Bedtools toolset v.2.27.0 (Quinlan and Hall,
2010) was used for genome arithmetic
analyses. Bedtools intersect tool was used to
calculate overlaps between peaks and the

different genomic features, as well as to
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assign each cis-regulatory site to a particular
gene. Bedtools closest tool was used to
search for overlapping features, reporting the
nearest genomic distance to TSS and ATAC-

seq signals.

Gene ontology (GO) functional enrichment
analyses were calculated using Ontologizer
v.2.1. (Bauer et al.,, 2008) with the Parent-
Child-Union method and a p-value cut-off of
0.05 from a previously generated gene
ontology of 8,637 Capsaspora genes (Sebé-
Pedros et al., 2013b). of GO
terms mapped with mock (control) ChIP

Enrichment

peaks were used to discard random
enrichment genes in sample analysis.
De novo motif enrichment analysis of

significant peaks in regulatory sites was
performed using HOMER software v.4.10
(Heinz et al., 2010), with default parameters.
homerTools extract tool was used to extract
high confident peak regions of sequence from

genomic FASTA files.

Protein Binding Microarrays
PBM
Capsaspora CoRunx1, CoRunx2 and CoNF-
kB. CoRunx1 Pfam-defined DNA-binding

domain (DBD) sequence plus a flanking

experiments were assayed over

region of approximately 50 amino acids was
PCR amplified from cDNA using primers 3
and 4. CoRunx1 DBD plus a flanking region
of approximately 300 amino acids was PCR
amplified from cDNA using primers 5 and 6
(Table S3). CoRunx2 DBD plus a flanking
region of approximately 50 amino acids was
PCR amplified from cDNA using primers 10
and 11. CoRunx2 Pfam-defined DBD plus a
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flanking region of 300 amino acids was PCR
amplified from cDNA using primers 12 and 13
(Table S3). CoNF-kB DBD plus a flanking
region of approximately 50 amino acids was
PCR amplified from cDNA using primers 15
and 16. CoNF-kB DBD plus a flanking region
of 300 amino acids was PCR amplified from
cDNA using primers 17 and 18 (Table S3).
The resulting cassettes were digested using
Ascl and Sbfl restriction enzymes and cloned
at the N-terminal of glutathione S-transferase
(GST) in the pTH6838 expression vector
linearized at Ascl and Sbfl sites. All plasmids
DNA were obtained using the plasmid
GenElute™ Plasmid Miniprep Kit (Sigma,
#PLN350-1KT) and

approximate concentration of 500 ng/uL in

resuspended at an

distilled water.

PBM laboratory methods were identical to
those described previously (Lam et al., 2011;
Weirauch et al.,, 2013). Each plasmid was
analysed in duplicate on two different arrays
with differing probe sequences. PBM data
processing was performed as in (Berger et
al., 2006; Berger and Bulyk, 2006; Weirauch
et al., 2014b, 2013). Motif logos were created
aligning the top ten scoring mean E-scores by
WebLogo (Crooks et al., 2004; Schneider and
Stephens, 1990).
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Figure S1. Runx and NF-kB TF families and related partners domain presence in eukaryotes.
Number of domains identified by HMMsearch. Letters on the right depict the data source: genome (G) or transcriptome
(T).Taxa are color-coded according to their taxonomic assignment (indicated in the upper-left legend).
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Figure S2. IQ-Tree of Runt DNA-binding Domain and domain architecture. Taxa are color-

coded according to taxonomic assignment (indicated in the upper right legend).
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Figure S3. 1Q-Tree of Rel-homology DNA-binding Domain and domain architecture. Taxa

are color-coded according to taxonomic assignment (indicated in the upper right legend).
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Figure S4. Runt DNA-Binding Domain alignment of Runx proteins. C. owczarzaki Runx1 (CAOG_00880) and Runx2 (CAOG_08438) were aligned with several animal
and unicellular holozoan Runx orthologs. Taxa includes Homo sapiens (Hsap), Drosophila melanogaster (Dmel), Strongylocentrotus purpuratus (Spur), Helobdella robusta
(Hrob), Capitella teleta (Ctel), Nematostella vectensis (Nvec), Mnemiopsis leidyi (Mlei), Sycon ciliatum (Scil), Salpingoeca infusionum (Sinf), Salpingoeca kvevrii (Skve),
Salpingoeca urceolata (Surc), Salpingoeca dolichothecata (Sdol), Codosiga hollandica (Chol), Salpingoeca punica (Spun), Salpingoeca macrocollata (Smac), Capsaspora
owczarzaki (Cowc), Pigoraptor chileana (Pigchi), Ministeria vibrans (Mvib), Creolimax fragrantissima (Cfra), Sphaeroforma arctica (Sarc), Amoebidium parasiticum (Apar),
Ichthyophonus hoferi (lhof), Abeoforma whisleri (Awhi), Pirum gemmata (Pgem), Chromosphaera perkinsi (Cper), Sphaerothecum destruens (Sdes) and Corallochytrium
limacisporum (Clim). The alignment was trimmed to the Runt Domain predicted by PFAM. Key DNA binding aminoacids are highlighted in blue and Cys residues involved
in redox binding affinity regulation are highlighted in orange. Numbers on the right represent the number of aminoacids in the alignment. Taxa are color-coded according
to taxonomic assingment (indicated in the upper-left legend).
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LTILEEPRQRGFRFRYSCE - - - -GPSHG- - GLPGETSEK- -NRKSYPTVQLRKY - -E- -GR- - - - AARVVVSLVT- - - - - QDDPPRPHAH- - - -SLV----G-RH----VV----- NGQCT---VQIG--PE-TNWM- - -LARKRQKKI
LAITAEQPAPFG-RFRYEAE - - - - - GRQN CLEGR-=----- RPGSVPAVVVNPK--Y--AQI IPDGTPVHVSLVKRH-DDEQGQPVPHWH- - - - ILS- - - --QLLA------ QGR--  ----------
LV IVEQPAQFG-RFRYEAE - - - - - GRQN - -CLEGR=- - - - - - SSDTFPTVAVNPK- -Y - -AAS |PDGTLVRVSLVKRY -DDEQGNPVPHWH - - - -MLT - - - --QPLR------ NGR- -

ILMD IEPAQFG-RFRYEAE - - - - - GRQN CLEGC- - -EQNSFPTICVNPE--W- -ASYVPDGTVISVSLVRRH-DL - - - - - KPHHH- - - -VLA- - - --QVLR-=----- DGR - -
IVMDVEPAQFG-RFRYEAE - - - - - GRQN SLEGE------- KGGFPAVRVSAE - -W- -AGL IPDGTPINVTL IRRH-DF - - - - - KPHHH- - - -VLM- - - --QFLR------ NGR- -
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LE I SQQPAAHG-RFRYSKE- - - - -GRKT--PLPGA------ IEGSFPTVQLSPA--Y--RHMVPDGTMVSVTL I TKY-HDDRGAPVRHWH - - - -TLE- - - --RPLSM------ GL- -
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LTILEQPTEHG-RFRYKKE -KEGTFPAVGLQGE - -W- -QHKVRDGTV | YASVVTRQ-NDSRG | PMPHWH - - - - GLE - - - --QRVV------ QGK - -
LEITQQPAERG-RFRYSKE -EEGSSPAVAVTAA--Y--RHLVPEGTTVDVTVVTKD-DDKNGNPVQHWH - - - -TLD- - - --RPLD----- KDKQ- - -AQQPQQTPT
LEITQQPAERG-RFRYSKE -EEGSSPAVAVTAA--Y--RHLVPEGTTVDVTVVTKD-DDKNGNPVQHWH - - - -TLD- - - --RPLD----- KDKQ- - -AQQPQQTPT
LTILEQPTEHG-RFRYKKE -KEGTFPAVGLQGE - -W- -QHKVRDGTVIYASVVTRQ-NDSRGIPMPHWH - - - -GLE - - - --QRVV- - ---- QGK--  -----a- -
LVILEQPAHYE-RFRYEKE-----NRSN--CLGGR------ QDGSFPTVAVNPKHPH- - AEYLTNGTL INVSLVKKD - - - IKNGLEPHWH- - - -TLE- - - --RKIT------ GGR-- -
LGITVQPAPYA-RFRYLKE- - - - -GRRA- -ALQGR- - - - - - - NNMYPTVRLSKE - -W- -MDKVVGDVLVVPALVTRH -DDASGEPKRHYH- - - - TLE - - - --RVLD----- KAGF - -
LSISAQPAPYG-RFRYRKE -CDGLFPTVIVAPE--W- - IDRASSPIVITPSLVTRS-NDLEGEP IPHYH----SLE- - - --RPIM------ HGV - -
IMIVVQPAEHG - RFRYTKE - - - - -GRKT - -SLQGR - - - - - - VEGRFPTVQVSPK- - F- -RQH IPDDTMIQASVVTRH -DDANGKP [ PHWH - - - -VLE - - - =G-RN=- - = = = = = - - - - < -LPVK------ NGV - -
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LLISDQPVQFG-RFRYKSE - - -KSCPEVMVNPK- -Y- -LSTVPADAVVSASLVTKT - VGPDGRPLPHWH - - - -ELG- - - --ASLLSG-PE---RK--  -QASKKRKYD
LQITVEPSEFA-RFRYRSE -VPGTYPQVSVNAA--Y--RGMVPPGTPIHVSLVCRN-PDAHGNY |PHCH----VLQ- - - --TVPVDA- ---ASAS- - -ANSKKRRID
LAISNSPSQFG-RFRYKSE - - -KGFPEVTLNPA--Y--ASLVPVGALVTVRIVTKT - TNDKLEVSPHFH- - - -ELG- - - --EAPLL---G-VIRR--  -QENKKRKMD
LAITNTPSQFG-RFRYKSE ---KGFPEVTLNPA--Y--SHLVAVGAMVTVRIVTKT-TNEKMEVLPHYH- - --ELG- - - --EAPLL---G-PQRK- - - QEHKKRKMD
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LVVSSQPNQFG-RFRYKSE - - - - -QRDR- -PLEGE - - - = - - - - RGCPAVQVNPK- -Y - -APL IPPDTVCKVRPVTKT - VDONGEPMPHFH - - - -ELG- - - --S-VEVDTA  -VESRKRRLD
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Figure S5. Rel Homology DNA-binding Domain alignment of NF-kB and NFAT proteins. C. owczarzaki NF-kB (CAOG_01632) was aligned with several opisthokonta NF-«kB
orthologs. Taxa includes Homo sapiens (Hsap), Drosophila melanogaster (Dmel), Capitella teleta (Ctel), Nematostella vectensis (Nvec), Sycon ciliatum (Scil), Salpingoeca macroco-
llata (Smac), Salpingoeca punica (Spun), Mylnosiga fluctuans (Mflu), Salpingoeca helliandica (Shel), Codosiga hollandica (Chol), Savillea parva (Spar), Helgoeca nana (Hnan),
Acanthoeca spectabilis (Aspe), Stephanoeca diplocostata isolated from Australia or France (Sdip_AU or Sdip_FR, respectively), Didymoeca costata (Dcos), Diaphanoeca grandis
(Dgra), Capsaspora owczarzaki (Cowc), Pigoraptor chileana (Pigchi), Ministeria vibrans (Mvib), Creolimax fragrantissima (Cfra), Sphaeroforma arctica (Sarc), Amoebidium parasiti-
cum (Apar), Ichthyophonus hoferi (lhof), Abeoforma whisleri (Awhi), Pirum gemmata (Pgem), Chromosphaera perkinsi (Cper) and Parvularia atlantis (Parv). The alignment was
trimmed to the Rel Homology DNA-binding Domain predicted by PFAM and the Nuclear Localization Signal (NLS). Key DNA binding aminoacids (recognition loop) are highlighted in
orange and NLS is highlighted in red. Taxa are color-coded according to their taxonomic assignment (indicated in the upper-left legend).
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Fig. S6: CoNF-kB, CoRunx1 and CoRunx2 expression across Capsaspora life stages. (A) CoNF-kB, CoRunx1 and
CoRunx2 transcriptomic expression in adherent, cystic and aggregative stages (data from Sebé-Pedrés et al., 2013a). (B)
CoNF-kB, CoRunx1 and CoRunx2 protein abundance in adherent, cystic and aggregative stages (data from Sebé-Pedrés
et al., 2016b). (C) Western Blot analysis of Capsapora protein extracts from adherent (2-day and 4-day), cystic (6-day and
14-day) and aggregates stages against CoRunx1, CoRunx2 and CoNF-«kB custom antibodies. Anti-alpha tubulin antibody
was used as loading control. (D) Antibody validation against CoNF-kB, CoRunx1 and CoRunx2 recombinant proteins.
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Fig. S7. Localization of CoRunx1, CoRunx2 and CoNF-kB in Capsaspora. Inmunofluorescence of 2-day adherent and 6-day
cystic stage Capsaspora cells using custom CoRunx1 (A), CoRunx2 (B) and CoNF-kB (C) antibodies. (D) No primary antibody
control across timepoints (2, 4, 6 and 14 days). Dashed line indicate cell body and arrows indicate antibody signal. Scale bar
represents 5 ym.
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Fig. S8. Overexpression of CoRunx1, CoRunx2 and CoNF-kB 24h post-transfection in Capsaspora. (A) Relative
localization of fluorescent proteins (%). (B) Live imaging of transfected cells with pONSY-mCherry, pPONSY-CoNF-kB:mCherry,
pONSY-CoRunx1:mCherry and pONSY-CoRunx2:mCherry constructs. Note different localization of fluorescent proteins in the
cytoplasm (C), cytoplasm and vesicles (CV), nucleus (N), vesicles (V) or nucleus and vesicles (NV). (C) Cell diameter of positive
and negative transfected cells with pONSY-mCherry, pONSY-CoNF-kB:mCherry, pONSY-CoRunx1:mCherry and
pONSY-CoRunx2:mCherry constructs. (D) Percentage of floating cells of cells transfected with each construct. Error
bars represent s.d. Statistical tests in (C) and (D) are performed using Student’'s T-Test. Results from 3 biological replicates
(n=2.286k cells).
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Fig. S9: Overexpression of CoNF-kB, CoRunx1 and CoRunx2 24h post-transfection in Capsaspora.
Co-transfection of CoH2B:Venus with either pONSY-mCherry, pONSY-CoNF-kB:mCherry, pONSY-
CoRunx1:mCherry or pONSY-CoRunx2:mCherry constructs. Note CoRunx2 localisation in the nucleus.
CoRunx1 and CoNF-«kB are mainly located in vesicles and in the cytoplasm.
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Fig. $10. Distribution and GO enrichment of high confidence ChIPseq peaks mapping
regulatory sites. (A) Distribution of mock (control) ChlP peaks near TSS across Capsaspora life
stages. (B) Genomic distribution of mock ChlIP (control) peaks across Capsaspora life stages.
Number of mapped peaks (N) are indicated at the right. (C) Distribution of CoRunx1, CoRunx2,
CoNF-kB and mock (control) ChIP peaks around ATAC-defined regulatory sites across
Capsaspora life stages, normalized to timepoints. (D) Distribution of 8-mer E-scores from HK and
ME arrays in CoRunx2 PBM and CoRunx2 enriched motif. (E) Enriched GO terms among genes
associated with mock (control) ChIP peaks mapping regulatory sites (P-value cutoff is 0.01). (F)
Enriched GO terms among (N) number of genes associated with mock (control) ChIP peaks
mapping regulatory sites across Capsaspora life stages (P-value cutoff is 0.05).
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SUPPLEMENTARY TABLES

Table S3. List of primers used to build Capsaspora expression vectors with reporter genes.

Restriction enzymes sites are underlined.

Gene Region Name Sequence 5°-3’
1 ATATCCCGGGATGAGCCTGAC
Full-length
2 TATAGATATCAAAATGTAATTCGCCCATG
3

AGCTGGCGCGCCGAATTCATGAGCCTGACAGC

CoRunx1 DBD (50 aa)

4 CGGTCCTGCAGGGAAATTCGGGAGCCATATAAGG

S ATTAGGCGCGCCATGAGCCTGACAGCGACT
DBD (+300 aa)

6 CACCCCTGCAGGAGCGCGACGGAACTTTGA

7 TATACCCGGGATGAGCATCG
Full-length

8 TATAGATATCCGCGTCCATACGTAT

9 GAATGGCGCGCCATCGCTGCAGCATCACCG

CoRunx2 DBD (50 aa)

10 GTGGCCTGCAGGGTTGCAAACCAAGCTGAGGA

11 ATATGGCGCGCCATGAGCATCGCTGCAGCAT
DBD (+300 aa)

12 TAAACCTGCAGGTGGCTGACATTGGCGTGG

13 TATACCCGGGATGGACCTCTCC
Full-length

14 TATAGATATCGTCGACGCTGTAGAGGGC

15 GTCCGGCGCGCCTCTGCCAACACGAGTATGGT

CoNF-kB  DBD (50 aa)

16 GGTGCCTGCAGGAGTTGGCGCCAGGTACATT

17  ATAAGGCGCGCCATGGACCTCTCCGAATTGTCTGGAT
DBD (+300 aa)

18

GGGCCCTGCAGGTGTGCAAGGGTGAGTCGC

155






Section 4

Discussion

The transition to animal multicellularity in light
of Capsaspora owczarzaki






4. Discussion

The origin and evolution of animal multicellularity can only be addressed by comparing
animals with their closest unicellular relatives, the unicellular holozoans. In the last
decades, the phylogenetic framework of Holozoa has been resolved by phylogenomic
analyses and expanded thanks to the description of new species (Arkush et al., 2003;
Cavalier-Smith and Chao, 2003; Glockling et al., 2013; Hehenberger et al., 2017; Knauth,
2005; Lang et al., 2002; Marshall et al., 2008; Marshall and Berbee, 2011; Raghu-kumar,
1987; Ruiz-Trillo et al., 2008; Shalchian-Tabrizi et al., 2008; Steenkamp et al., 2006;
Torruella et al., 2012, 2015). Moreover, comparative analyses between unicellular
holozoans and animals showed us the complex genetic repertoires as well as the
diversity of lifestyles of animals’ relatives, including regulated multicellular-like
behaviours (Alegado et al.,, 2012; de Mendoza et al., 2015; Fairclough et al., 2013;
Hehenberger et al., 2017; Ondracka et al., 2018; Raghu-kumar, 1987; Sebé-Pedrds et
al.,, 2013b, 2016a; Suga and Ruiz-Trillo, 2013). This suggests that the unicellular
ancestor of animals was probably capable of temporal cell differentiation, presented
different regulated cell stages (some of them multicellular) and possessed a complex
repertoire of genes related to multicellular functions that evolved prior the divergence of
animals (Mikhailov et al., 2009; Sebé-Pedrods et al., 2017).

Although the lack of genetic tools among unicellular holozoans has limited our
understanding of the function of key genes in a unicellular context, functional-based
analyses can now be performed thanks to the recent development of transfection in S.
rosetta (Booth et al., 2018), C. fragrantissima (Suga and Ruiz-Trillo, 2013), and A.
whisleri and C. limacisporum (Kozyczkowska et al., unpublished). Altogether,
comparative genomic analyses and functional analyses of genes key for animal
multicellularity represent an ideal synergy to improve our knowledge of the origin of

animal multicellularity.

In the following sections, | will discuss how the development of Capsaspora owczarzaki
as an experimentally tractable system (section 3.7. Transfection of Capsaspora
owczarzaki, a close unicellular relative to animals) and the study of the function of key
genes for multicellularity in Capsaspora (section 3.2. Evolution of Runx and NF-kB
developmental Transcription Factor families and the origin of animal multicellularity) can
improve our understanding of the role of co-option in the transition to animal

multicellularity.
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4. Discussion

Section 4.1

Developing genetic tools in Capsaspora owczarzaki, an

emerging model system

In section 3.1. Transfection of Capsaspora owczarzaki, a close unicellular relative to
animals we describe a reliable transfection protocol that opens new avenues for
molecular and functional-based analyses. Moreover, this protocol can be used as a
starting point to achieve stable transfection in Capsaspora and to develop transfection in

other species.

4.1.1. Transfection of Capsaspora owczarzaki

We have developed a robust method to efficiently transfect Capsaspora, based on the
classical calcium-phosphate precipitation coupled with a glycerol shock (Gaudet et al.,
2007; Graham and van der Eb, 1973; Grosjean et al., 2006; Ling et al., 2017). We
optimized the transfection procedure which now overcomes the barriers that prevented

efficient transfection in our prior attempts to deliver plasmid DNA in Capsaspora.

We achieved a mean transfection efficiency of 1.132%+0.529 (meanzs.d.) 18 hours post-
transfection, being the highest efficiency of 2.083%0.248 (which is equivalent to
~2.5*10? transformants per ug of DNA). This transfection efficiency is sufficient to screen
for positive cells and perform further manipulations, such as in vivo fluorescence
imaging, fluorescence activating cell sorting (FACS) of live cells and
immunofluorescence assays. Moreover, this efficiency is comparable to other
transfection efficiencies obtained in other unicellular species (Booth et al., 2018; Caro et
al., 2012; Gaudet et al., 2007; Janse et al., 2006b, 2006a; Kawai et al., 2010; Schiestl
and Gietz, 1989; Vinayak et al., 2015).
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We additionally show that co-transfection of two different plasmids is relatively high in
Capsaspora, similarly to those observed in other unicellular eukaryotes (Lerche and
Hallmann, 2013, 2014; Schiedimeier et al., 1994). Finally, we also observed that positive
cells persisted for more than 10 days, indicating that transient expression of a gene of
interest can be analysed during different life stages of Capsaspora (Sebé-Pedros et al.,
2013b; Stibbs et al., 1979). We provide a detailed step-by-step protocol available in
protocols.io', an open access repository for science methods. The protocol includes
reagent preparation and critical steps to be considered for efficient transfection that can
be easily implemented in other laboratories and can serve as a starting point to develop

transfection in other closely-related species.

This achievement situates Capsaspora as an ideal system to address the origin and
evolution of animal multicellularity from a functional perspective for different reasons.
First, Capsaspora grows in a rich medium axenically and cultures are easy to grow and
to maintain in the lab. In fact, axenic cultures facilitate experimental manipulations in a
controlled environment. Moreover, the multicellular aggregative stage of Capsaspora
can be easily and reproducibly induced under culture conditions (Sebé-Pedrds et al.,
2013b). Furthermore, Capsaspora’s full nuclear and mitochondrial genomes are
sequenced and well-annotated (Suga et al., 2013), an essential requirement to survey
interesting homologs to animal genes related to multicellular functions. Third, the
transcriptome, proteome, phosphoproteome and histone post-translational modifications
of Capsaspora are available from its three life stages (Sebé-Pedrds et al., 2013b, 2016b,
2016a), allowing the comparison of phenotypical/morphological and genomic differences
associated to gene function from a temporal perspective. Finally, it overcomes the
limitations of previous analyses in Capsaspora which exclusively relied on comparative
and functional genomics (Sebé-Pedros et al., 2016a, 2013a) or on custom antibodies for
subcellular localisation and functional study of a gene of interest (Sebé-Pedrés et al.,
2016a).

Thus, the development of the reliable transfection protocol in Capsaspora described here
will, hopefully, accelerate localization and in-depth studies on gene function of animal

homologs that are conserved in Capsaspora.

" Protocol avaiable in protocols.io: dx.doi.org/10.17504/protocols.io.p4adgse
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Moreover, comparisons to other experimentally-tractable unicellular holozoans (Booth et
al., 2018; Kozyczkowska et al., unpublished; Suga et al., 2013) promises to yield
increasingly mechanistic insights into the co-option of key genes for animal

multicellularity.

4.1.2. Uncovering cell biological features in Capsaspora owczarzaki

Transfection allows the exploration of the cell biology of live cells through the expression
of fluorescently tagged proteins. These proteins (or peptide sequences) contain key
localization signals that localize fluorescent markers to specific organelles or subcellular
structures. Moreover, in vivo localization of proteins overcomes distortion of native
structures derived from cross-linking procedures, such as the use of aldehyde fixatives

or organic solvents in fluorescence staining or antibody labelling.

Recently, a panel of fluorescently tagged cassettes allowed the visualization of the
nucleus, cytoplasm, collar, filopodia, flagellum, membrane, mitochondria and
endoplasmic reticulum in the choanoflagellate S. rosefta (Booth et al., 2018). For
example, fluorescent labelling of the actin-filled collar and flagellar structures using a
Lifeact:mCherry fusion in S. rosetta live cells revealed the parallel arrangement of
straight microvilli in the collar and filopodia extending from the basal pole of the cell.
Moreover, it also uncovered the existence of actin filaments originated in the cell body,
and their organization at the base of the collar forming the microvilli. The mitochondrial
marker encoded by the S. cerevisiae Cox4 gene illuminated the network of mitochondria
around the nucleus and a fusion of mCherry to the endogenous C-terminal Histone H3
(H3) gene or the N-terminal nuclear localization signal of the simian virus 40 (SV40)

allowed us to specifically visualize the nucleoplasm (Booth et al., 2018).

Similarly, the nucleus of the ichthyosporean C. fragrantissima was labelled using the
endogenous Histone 2B2 (H2B2) protein fused to Venus fluorescent protein (Suga and
Ruiz-Trillo, 2013). The expression of this cassette allowed the tracing of nuclear
movement during C. fragrantissima cell growth and revealed that nuclear divisions

happen strictly synchronously.
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To this end, we also provide a foundational set of expression vectors with signalling tags
to label the nucleus, filopodia, membrane and actin cytoskeleton of Capsaspora cells in
vivo (Figure 20). These vectors have been deposited in Addgene?, the non-profit plasmid
repository. Capsaspora expression vectors encode tagged subcellular markers fused to
Venus or mCherry fluorescent proteins under the control of an endogenous promoter
and terminator of the Capsaspora Elongation Factor 1 alpha gene (EF1a). We showed
by in vivo fluorescence imaging that each subcellular location is efficiently tracked. For
example, we monitored the dynamics of filopodia in vivo using the cell membrane and
filopodia marker, which allowed us to observe the retraction, breakage and foci of
membrane accumulation in filopodia. Membrane and filopodia labelling allowed us to
determine with unprecedented detail the three-dimensional organisation of filopodia
around the Capsaspora cell body. Interestingly, filopodia are distributed all around the
cell body, which in fact is not in direct contact with the substrate, but rather is held up by
the numerous filopodia around them. Moreover, we used the actin cytoskeleton marker
to observe the organisation of actin bundles around the cell body. These observations
provide a valuable information for understanding Capsaspora cell biology and

organization in vivo.

CoNMM:mCherry CoH2B:Venus Merge

Figure 20. Live imaging of a transfected Capsaspora cell. Cell co-transfected with the membrane
marker (from the endogenous Capsaspora Src2 protein) fused to mCherry (pONSY-
CoNMM:mCherry) and the nuclear marker labelling the endogenous Capsaspora Histone 2B (H2B)
protein fused to Venus (pONSY-CoH2B:Venus). Dashed lines indicate cell body. Scale bar: 5 um.

2 Addgene: www.addgene.org
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4.1.3. From transient to stable transfection

In order to study the function of a particular gene of interest, it is often necessary to work
with a homogeneous population of cells overexpressing the corresponding protein. This
can be achieved by stable transfection, which generates stable cell lines that integrate
the gene of interest. Stable transfection requires DNA integration into the host genome,
which can occur randomly using plasmids, actively at random sites of the genome using
transposases or viruses, or site-specifically when using genome editing tools, such as
CRISPR/Cas9. Importantly, it also requires a strategy to successfully identify the positive
population of transfected cells and permit the isolation of stable transfectants. For
example, stable transfection was achieved in the volvocine green algae Volvox carteri,
Eudorina elegans, Gonium pectoral and Pandorina morum using the same selection
strategy with an antibiotic resistance gene to Paromomycin, the aminoglycoside
3’phosphotransferase VIII gene (aphVIIl) of Streptomyces rimosus (Jakobiak et al.,
2004; Lerche and Hallmann, 2014, 2013, 2009).

Thus, a key step for the optimization and development of stable cell lines is the
determination of the selection conditions. This selection strategy needs to afford the
positive population of transfected cells a growth advantage in culture. For example,
selectable markers, such as antibiotic resistance genes, are a common strategy used for
selection in mammalian cell lines. Conditioned media is also used to identify the positive
population of transfected cells, especially in yeast. Thus, the implementation of either
approach will depend on the transfection of an antibiotic-resistance marker into cells,
along with the gene of interest. The antibiotic-resistance gene will allow the positive
transfected cells to survive under the stress of the corresponding antibiotic, whereas

non-transfected cells will perish after several weeks in culture.

Nevertheless, it is key to consider several steps when designing such experiments. For
example, antibiotic-resistance markers work well when the gene of interest has either a
neutral or stimulatory effect upon cell growth. However, if the gene of interest has a
negative or toxic effect on cell growth antibiotic-resistance markers will not be useful to
achieve stable expression of that gene. This is because cells lose their growth advantage
when expressing a toxic gene, even if they carry the antibiotic-resistance marker.
Moreover, the isolation of stable cell populations expressing a gene under antibiotic

selection conditions often requires a longer period of selection (usually a month or more)
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to be successfully isolated. Thus, by the time a stably transfected pool of cells is isolated,
the toxic gene expression may have produced negative irreversible effects on the cell
line. An alternative is to isolate positive transfectants soon after transfection, either by

micromanipulation or by FACS.

Moreover, to achieve stable transfection, the selection conditions need to be optimized
depending on the susceptibility of a particular cell line to the drug. Precise concentration
ranges, time and duration of treatment, and toxicity will vary depending on the organism

or cell line of choice.

In the present thesis, | also participated in developing a strategy to select Capsaspora
by the use of antibiotics®>. We tried the effect of several families of antibiotics on
Capsaspora cell growth and viability (Table 1). For example, we tested the effect of the
family of Aminoglycoside antibiotics (e.g., Neomycin, Paromomycin, Geneticin (G418),
Kanamycin, Nourseothricin, Puromycin and Hygromycin), which are widely used in
mammalian cell cultures (Southern and Berg, 1982). Aminoglycoside antibiotics function
as protein synthesis inhibitors by interfering with ribosomal function. We also tested three
antibiotics from the Bleomycin family (i.e., Bleomycin, Phleomycin and Zeocin), a broad-
spectrum antibiotic family effective against most bacteria, flamentous fungi, yeast, plant
and animal cell lines. This family induces DNA double strand breaks and putatively
inhibiting the incorporation of thymidine into DNA strands. Other tests were performed
by assessing the effect of Pyrimethamine-sulfadoxine and WR99210 antibiotics in
Capsaspora, two inhibitors of the dihydrofolate reductase (DHFR) gene involved in folic
acid synthesis (Hastings and Sibley, 2002). These antibiotics act as antiparasitic and are
commonly used in the treatment of uncomplicated chloroquine resistant P. falciparum
malaria. Finally, we also tested the effect of different combinations of the previous
antibiotics at similar concentration ranges. Overall, none of these antibiotics or a
combination of antibiotics at the conditions tested had any remarkable effect on
Capsaspora cells after one-week treatment. Ultimately, we tested the Carboxin family of
fungicides, which includes Carboxin, Isopyrazam, Boscalin, Fuopyram and Bixafen. The
Carboxin family of antibiotics primarily affects the succinate dehydrogenase (SdhB) gene

and is generally used in sensitive yeast and other fungi.

3 People involved: Nuria Ros-Rocher, Helena Parra-Acero, Aleksandra Kozyczkowska, Sebastian

R. Najle and Claudio Scazzoccio
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For Capsaspora, we tested multiple concentration ranges and assessed their effect on

cell growth and viability, yielding promising results for Carboxin, Bixafen and Isopyrazam

(Table 1). The strongest effect was noticed 30 hours post-treatment, especially for

Carboxin and Isopyrazam.

Table 1. Antibiotics screening in Capsaspora.

Family

Mechanism

Antibiotic Name

Concentration range

Neomycin

200-1000 pg/mL

Paromomycin

50-1000 pg/mL

Geneticin 200-1000 ug/mL

Aminoglycosides Protein synthesis Kanamycin 200-1000 ug/mL

inhibitor
Hygromycin 50-1000 pg/mL
Nourseothricin 50-1000 pg/mL
Puromycin 50-1000 pg/mL
Bleomycin 3.5-35 uM
. DNA double strand
Bleomycin i -
Y/ breaks inducer Phleomycin 50-1000 pg/mL

Zeocin 25-300 pg/mL

Aminonucleosides

Folic Acid synthesis

Pyrimethamine

50-1000 pg/mL

inhibitor WR 99210 50-1000 pg/mL
Carboxin 5-150 ug/mL
Isopyrazam 5-150 ug/mL
Carboxin i:ﬁ;;ﬁi;eenase Bixafen 5-150 pg/mL
Boscalin 5-150 ug/mL
Fuopyram 5-150 ug/mL

Overall, future work can be built on the transfection protocol here presented to establish

stable transfection and genome editing in Capsaspora. The determination of a selection

strategy and the effect of the drug in Capsaspora opens new avenues of research to

establish stable transfection in Capsaspora. Efforts are underway to further test the effect

of a resistance cassette to achieve stable transfection in Capsaspora.
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4.1.4. From one species to another: developing transfection in new species

Previously reported and optimized transfection methods in closely-related species or
species showing similar biological features can help to further develop a transfection
protocol in a new species of interest. For example, transfection in the volvocine green
alga Chlamydomonas reinhardtii was based on previously described protocols
developed for plant cells using DNA-coated tungsten microprojectiles accelerated by
particle gun (Klein et al., 1988a, 1988b, 1987). From the C. reinhardtii protocol (Kindle
et al., 1989), stable transfection using particle bombardment was developed in Volvox
carteri (Schiedimeier et al., 1994) and Gonium pectorale (Lerche and Hallmann, 2009),
other closely related species in the volvocine lineage. In fact, the G. pectorale resistance
cassette was built using flanking sequences that include promoters from C. reinhardtii
and from V. carteri (Lerche and Hallmann, 2009). This cassette allowed the functional
expression of heterologous genes in G. pectorale, such as the codon-optimized
luciferase gene from the marine copepod Gaussia princeps, which turned out to be a

suitable reporter in G. pectorale.

A few years later, these protocols also contributed to the development of stable nuclear
transfection in the volvocine green algae Eudorina elegans (Lerche and Hallmann, 2013)
and Pandorina morum (Lerche and Hallmann, 2014). In both cases, stable transfection
was achieved conferring resistance to the aminoglycoside antibiotic paromomycin using
the same resistance cassette previously built for V. carteri (Lerche and Hallmann, 2009),
which contains the aminoglycoside 3'-phosphotransferase (aphH) gene from

Streptomyces rimosus.

In a similar way, the protocol here presented was informed by previous approaches
developed in the slime mold D. discoideum (Gaudet et al., 2007; Nellen et al., 1984).
Like Capsaspora, D. discoideum presents a single-celled trophic amoeboid stage
adhered to the substrate which alternates with a multicellular (aggregative) dispersal
stage under certain conditions. The trophic stage (vegetative cycle) is strictly unicellular
and consists of an independent amoeba without a cell wall that multiplies by binary
fission, an event that occurs roughly every 8-10 hours under optimal growth conditions
(Escalante and Vicente, 2000), similarly to what happens in Capsaspora. This was the

reason why we decided to try this method.
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Thus, our method established in Capsaspora could, as well, extend to aid gene delivery
in other non-model amoeboid unicellular holozoans or other microeukaryotes. Moreover,
our panel of reporter cassettes for expression of fluorescent markers might also be of

interest to report transfection in other closely-related species without sequenced
genomes.
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Section 4.2

Conserved transcription factor networks in

Capsaspora owczarzaki

Unicellular holozoans possess and express an unexpected repertoire of developmental
transcription factors previously thought to be animal-specific (de Mendoza et al., 2015;
Fairclough et al., 2013; King et al., 2008; Richter et al., 2018; Sebé-Pedros et al., 2013a,
2011), suggesting that animal evolution was not solely dependent on gene innovation.
Thus, co-option, tinkering and expansion of pre-existing transcription factor networks
were probably key for animal multicellularity (Arenas-Mena, 2017; King, 2004; Sebé-
Pedrés et al., 2016a).

In section 3.2. Evolution of Runx and NF-kB developmental Transcription Factor families
and the origin of animal multicellularity we investigated the evolution and diversification
of Runx and NF-KB transcription factor families in a taxon-rich paneukaryotic survey and
assessed their downstream regulatory network in Capsaspora through localization and

Chromatin Immunoprecipitation experiments.

4.2.1. Evolution of Runx and NF-kB transcription factor networks

Taxon sampling richness is of critical importance to trace a more realistic evolutionary
history of gene families, including lineage-specific gene losses. Thus, recently
sequenced eukaryotic genomes and transcriptomes, especially those of unicellular
holozoans, can help update the phylogenetic history of key protein families. This newer
lineage representation can be analysed with novel methods and provide new insights

into the diversification and expansion of these families at the origin of animals.

Our taxon-rich paneukaryotic survey of Runx and NF-kB TFs-related protein domains,

including Runt and Rel-homology (RHD) DNA-binding domains and other key domains
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present in Runx and NF-«kB interacting partners extended the number of non-metazoan
taxa in which those genes have been identified. We confirmed Runt-related protein
families were gained at the base of Holozoa and RHD at the base of Opisthokonta (being
putatively secondarily lost in fungi), in agreement with previous studies (de Mendoza et
al., 2013; Robertson et al., 2009). Our results also suggested that RHD TF families
putatively underwent a duplication event of an ancestral Rel domain-like protein prior to
the last metazoan common ancestor, followed by acquisitions of new domains in the
paralogs leading to the emergence of modern NF-kB and NFAT proteins. Moreover, key
domains for Runx and NF-kB regulation in animals and well-described interacting
partners appeared to be metazoan innovations. Thus, an expansion of these TF
networks, protein domain gains and interaction with new partners were key to increasing
their combinatorial regulatory capabilities during the evolutionary transition to animal
multicellularity and may have contributed to the increased developmental potential and

cell type diversity in animals (Degnan et al., 2009).

4.2.2. Evolution of ancestral transcription factor networks

The origin of animal multicellularity has been associated with the genesis and expansion
of the transcription factor toolkit, which enabled increased regulation of specific gene
expression programs and cell differentiation (Bonner, 1998; Carroll, 2000; Larroux et al.,
2008; Raff, 1996). The evolution of many TF networks, especially the regulatory
components found in complex developmental programs, could have been produced by
a period of genome innovation and gene duplication, prior the divergence of all major
extant Metazoa phyla. In fact, some developmental TFs are present and expressed in
the sponge Amphimedon queenslandica, suggesting that the ancestral animal
developmental network was populated by many of the same regulatory components that

are operating in modern metazoans (Adamska et al., 2007a, 2007b; Larroux et al., 2006).

On one side, early innovations of novel TF genes in the ancestor of animals and their
closest unicellular relatives could have provided the regulatory foundation for the
evolution of multicellularity and embryogenesis. These novel TFs would have extended
the regulatory capacity of the genome which, followed by other innovation events during

the transition to animal multicellularity, allowed new combinatorial interactions between
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TFs and further expansions of their regulatory complexity (Figure 21) (de Mendoza et
al., 2013; Larroux et al., 2008; Phillips and Luisi, 2000; Wilson and Koopman, 2002). This
second period of innovation could have given rise to the full diversity of TF classes,
generating lineage-specific classes and subfamilies, especially after the divergence of
sponges and eumetazoans, and allowed their co-option into new roles. In fact, functional
co-option of pre-existing TF networks may have been the first step towards the evolution

of complex body plans and life cycles of eumetazoans (Larroux et al., 2008).

Number of TF
types 0% 50% 100% Total Number of TF

* Homo sapiens

* Danio rerio

Ciona intestinalis
Saccoglossus kowalevskii
Drosophila melanogaster
Caenorhabditis elegans
Capitella teleta

Lottia gigantea
Nematostella vectensis
Acropora digitifera

Hydra magnipapillata
Trichoplax adhaerens
Mnemiopsis leidyi
Oscarella carmela
Amphimedon queenslandica
Monosiga brevicollis
Salpingoeca rosetta
Capsaspora owczarzaki
Ministeria vibrans
Sphaeroforma arctica
Creolimax fragrantissima
Abeoforma whisleri

e0ZER|

.
B
&
£0Z0|0H

91
109
o 143
178
146
° 19
277

Pirum gemmata 245

Amoebidium parasiticum 345
Corallochytrium limacisporum 123

0% 50% 100% 0 1 2 3 4 TF/protein %

Paneukaryotic cluster Unikonta cluster  Metazoa cluster

x o a N

8 > =) & Ny

3 = = 5 = o
&

o N

£

<]

T

wLow N
[ 4]
T o

HLH
YL1

CBFB_NFYA

2
o

o«
2
w2

HMG box
zf C2H2
GATA
zf MI

Csb
ARID

zf GRF
Tubby

zf BED
HTH_psq
zf NFX1
p53-like

Fork head

Figure 21. Phylogenetic patterns of Transcription Factor families in Holozoa. Transcription
Factors (TFs) types that represent less than 2% of the corresponding TF repertoire (TFome) are
not considered. The following TF types are summarized in higher-level categories according to
structural similarities: (i) Homeobox supergroup (including Homeobox and Homeobox_KN/TALE);
(i) the bZIP supergroup (including bZIP_1, bZIP_2 and bZIP_Maf) and (iii) the p53-like
supergroup (including p53, STAT, Runx, NDT80, LAG1 and RHD). To the left, total number of TF
types present in each taxa and the relative abundance of each DBD type in the TFome of every
species are depicted using the color code in the legend of DBDs. To the right, the bar plot
indicates the total number of TFs in each species and dots indicate the percentage of total
TFs/total number of proteins. The black asterisks indicate species with Whole Genome
Duplications (WGDs). Modified from de Mendoza et al., 2013.
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On the other side, gene duplication events in some TF families during the evolution of
animals were also key for the expansion and diversification of their regulatory networks.
Interestingly, gene duplication products often present asymmetric evolutionary rates (i.e.,
one duplicate evolves faster than the other). This differential rate of evolution may
produce functional constraints on the protein’s original role, maintaining one copy similar
to the ancestral form while the other diverges, acquiring a new function (Larroux et al.,
2008; Taylor and Raes, 2004). Altogether, both sources of TF evolution contributed to a
gradual increase in TF gene number in animals. This increase was putatively key for cell
type differentiation and increasing the number of cell types, allowing the expansion of
the developmental potential in animals, especially during early eumetazoan evolution
(Degnan et al., 2009). In fact, TF numbers correlate with morphological and cell type
complexity across different animal phyla (Figure 21) (de Mendoza et al., 2013). For
example, cnidarians have a TF gene repertoire typically two to three times larger than
that of sponges and placozoans (Degnan et al., 2009; Putnam et al., 2007; Srivastava et
al., 2010), and morphologically simpler forms within these lineages have fewer TFs that

morphologically more complex groups (de Mendoza et al., 2013).

Functional co-option of ancestral genes was also an important driving force for the
emergence of animals (Sebé-Pedrds et al.,, 2017). Consistent with previous studies
(Sebé-Pedrés et al., 2016a), our results suggested that complex gene regulatory
networks (GRNs) may exist in Capsaspora. In particular, we showed in this thesis that
core GRNs of developmental TFs, such as Runx and NF-«kB, evolved long before the
advent of animal multicellularity (Davidson and Erwin, 2006), probably controlling
essential cell cycle and developmental control behaviours in the first animals. These core
conserved TF networks were subsequently integrated into complex developmental

programs during animal evolution (Peter and Davidson, 2011).

Nevertheless, the mechanistic changes in the ancestral genetic regulatory program that
were necessary for the evolution of the developmental body plan at the onset of animals
are still not fully resolved. Classic evolutionary theories, based on selection of small
incremental changes, has sought explanations by extrapolation from observed patterns
of adaptation (Davidson and Erwin, 2006). Macroevolutionary theories have invoked
multilevel selection, which proposes a series of analytical tractable stages during the
transition to multicellularity and the evolution of developmental programs (Damuth and

Heisler, 1988; Heisler and Damuth, 1987). Depending on their functional properties,
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(gradual) changes in the structure of the diverse kinds of subcircuits of GRNs will have
different consequences for the outcome of the developmental process, and therefore for
evolution. For example, some GRNs that perform essential upstream functions in
building given body parts would remain as evolutionarily inflexible subcircuits, termed
“kernels” (Davidson and Erwin, 2006). Other GRNs constituting small subcircuits, the
“plug-ins” of GRNs, would be repeatedly co-opted to diverse developmental processes.
Finally, other classes of GRNs would act as switches that would allow or disallow
developmental subcircuits to function in a given context or would be differentiated into
gene batteries that encode the detailed functional properties of the body part (Davidson,
2001; Davidson and Erwin, 2006).

Interestingly, the first class of GRNs, or kernels, would be mainly constituted by
subcircuits of regulatory genes (i.e., genes encoding TFs), which would execute
developmental patterning functions required to specify the spatial domain of an embryo
in which a given body part will form. Moreover, they would be exclusively dedicated to
given developmental functions. This means that kernels would have a particular well-
conserved structure, and each product of the multiple regulatory genes constituting that
kernel are required for its proper functioning. Thus, any interference in any of its
components would destroy kernel’s function, leading to catastrophic alternations of those
GRNs and possibly lethal phenotypes during development. The result is extraordinary
conservation of kermel architecture generally common to all members of a given phylum
or superphylum (Davidson and Erwin, 2006). Examples include kernels involved in cell
patterning specification of the nervous system or development of the immune system
(Arendt and Nubler-Jung, 1999; Cornell and Von Ohlen, 2000; Hirth et al., 2003;
Lichtneckert and Reichert, 2005; Lowe et al., 2003). Another interesting example of well-
conserved kernels includes GRNs involved in endoderm specification in echinoderms,
known to have existed at least since diverging at the end of the Cambrian (Hinman et
al., 2003).

Similarly to kernels, co-option of plug-ins are usually related to GRNs subcircuits involved
in many diverse developmental functions. Despite both of them being entirely regulatory
and well-conserved structurally, plug-ins provide inputs to a wider variety of regulatory
programs, such as signalling transduction systems. Examples include the Wnt and Notch
signalling pathways or transforming growth factor-beta. In general, those GRNs are more

flexible, and even homologous processes in related species may be used differently

175



4. Discussion

(Tokuoka et al., 2004). Finally, gene batteries would be directed to cell-type specific
functions, especially in cell differentiation programs (Davidson, 2001), being more
evolutionary labile and being subjected to continuous renovation. For example,
incremental changes of this type of GRNs would gradually alter gene functionality in their
protein-coding sequences. New genes may be also added to them, or others may be
lost. Nevertheless, they reside at the periphery of GRNs, being at the terminal part of the
network. Thus, they are not regulating other genes, but instead they are expressed in

the final stages of given developmental processes.

In the present thesis, | have addressed the transition to animal multicellularity from a
functional perspective by developing a transfection protocol to turn the filasterean
amoeba Capsaspora owczarzaki into an experimentally tractable system and studying
the evolution and diversification of Runx1, Runx2 and NF-kB transcription factor families.
Moreover, our results suggest that complex regulatory networks of transcription factors
exist in Capsaspora, and are temporally regulated across its different life stages. This
implies that the unicellular ancestor of animals was probably capable of temporarily
regulate distinct cell states (being one or more of them multicellular) through a pre-
existing repertoire of TFs, an scenario that was putatively dependent on environmental
stimuli, as observed in some extant unicellular holozoans. During the transition to animal
multicellularity, an expansion of the TFs repertoire and the evolution of gene regulatory
networks could have been key to providing additional during the spatial integration of

pre-existing cell types into the first metazoans.
Altogether, the present thesis places Capsaspora as a good model to understand the

function of key genes in a unicellular context and offers new insights into the evolution

of animal multicellularity.

176



Section 5

Conclusions

Capsaspora owczarzaki as an
emerging model






5. Conclusions

Section 5

Conclusions

The main conclusions of the present work are the following:

Capsaspora owczarzaki is efficiently and reproducibly transiently transfected using a
calcium-phosphate DNA precipitation protocol coupled with a glycerol shock,

opening new opportunities to explore its cell biology in vivo.

Capsaspora mean transfection efficiency resulted in 1.132%0.529 (meants.d.) 18
hours post-transfection, being the highest efficiency of 2.083%%0.248. This
transfection efficiency is sufficient to screen for positive cells and perform further
manipulations, such as in vivo fluorescence imaging, fluorescence activating cell

sorting (FACS) of live cells and immunofluorescence assays.

Fluorescence of transfected cells persists for more than 10 days, indicating that it
continues through multiple rounds of cell division. Thus, transient expression of a
gene of interest can be analysed during different life stages of Capsaspora.
Moreover, transfection did not irreparably harm Capsaspora as positive transfected

cells resembled non-transfected cells in their shape, motility, and ability to propagate.

Co-transfection of two different plasmids is possible in Capsaspora, allowing
visualizing two different cellular structures simultaneously in live cells. Moreover, co-
transfection was relatively high as ~65% to ~83% of positive cells simultaneously

expressed two fluorescent markers.

A panel of fluorescently-tagged proteins under the control of the endogenous
Capsaspora EF1a promoter and terminator sequences allows visualizing the
cytoplasm, membrane and filopodia, the actin cytoskeleton and the nucleus in

Capsaspora live cells.
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The cell membrane and filopodia marker allow monitoring the dynamics of filopodia
in vivo and revealed with unprecedented detail the three-dimensional organization of
filopodia around Capsaspora cell body. The actin cytoskeleton marker allows

observing the organisation of actin bundles around the cell body.

The protocol of transfection here developed situates Capsaspora as a potential

powerful model to analyze the origin of animals.

Both Runt and Rel-homology DNA binding domains were significantly enriched at the
origin of Metazoa, possibly through gene duplication events and diversification of

protein domain architectures.

Runx was gained at the base of Holozoa and NF-«kB at the root of Opisthokonta,

putatively being secondarily lost in Fungi.

Runx homologs among unicellular holozoans share key DNA binding amino acids
and Cysteine residues involved in redox binding affinity regulation in animals. The
Runx Inhibitor domain, the WRPY motif and the NF-kB-related Death domain
appeared to be metazoan innovations, Runx/ appearing in chordates and the Death

domain and WRPY in early branching animals.

CoRunx1 dynamically localized in small vesicles in adherent cells (4-day old culture)
and in cystic stage cells (14-days old) and in the nucleus and small vesicles in early
cystic stage cells (6-days old). In contrast, CoRunx2 localized clearly in the nucleus

both in adherent and cystic stages.

CoNF-kB was localized in small vesicles around the nucleus in the early cystic stage
(6-day old), and more intensely in small vesicles and in the cytoplasm in the late

cystic stage.

CoRunx2, and possibly CoRunx1 and CoNF-«kB, could be capable of functioning as

transcription factors dynamically across Capsaspora life stages.

The most significantly overrepresented motif for CoRunx2 corresponded to a perfect
match to the animal Runx2 consensus binding sequence in the aggregative stage.

This motif was also enriched in PBM experiments, providing independent
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16.

17.

confirmation of the ChlP-seq data quality. CoRunx1 overrepresented motifs do not
resemble the binding motifs of Runx7 animal homologs, altogether suggesting that

complex regulatory networks may exist in Capsaspora.

The downstream regulatory networks of CoRunx1 and CoRunx2 are enriched with
genes related to regulation of cell growth and proliferation and response to stress,
particularly, to oxygen response, similar to some of the pathways in which animal

Runx1 and Runx2 homologs are known to participate.

The CoNF-kB downstream regulatory network is enriched in genes related to
response to stimuli, including putative response to oxidative stress, similar to its

animal homologs.

Altogether our results indicate that complex regulatory networks may exist in

Capsaspora and are dynamically regulated across Capsaspora life stages.
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Antibody validation

Antibodies, especially custom antibodies, are among the most critical research reagents
used in a lab, both for their performance and for their cost of production (both at the
economic and time-consuming level). Still, most publications using both non-commercial
and commercial antibodies do not include complete information about their validation,
challenging the reproducibility of antibodies-related research, which thus faces a
replication crisis (Weller, 2018). It is not only essential to prove that they are able to bind
to the right target (specificity) and not to other non-specific proteins (selectivity), but it is
also important to make sure they are ultimately suitable for the desired applications
(functionality). Thus, validated antibodies must be specific, selective, and reproducible

in the context for which they are to be used (Bordeaux et al., 2010).

In the present thesis, | designed custom polyclonal antibodies using synthetic peptides
and protein fragments against the endogenous Runx1, Runx2 and NF-«kB proteins of
Capsaspora owczarzaki. This work took almost three years, including antigen design,
antigen production, animal immunization, antibody validation and purification; without
counting the actual experiments. Thus, | here present an overview of the know-how
generated in the lab from hands-on experience and training by the Custom Antibody
Service Unit (CAbS, CIBER-BBN, IQAC-CSIC) from the ICTS “NANBIOSIS and the

European Monoclonal Antibodies Network “EuroMabNet” (Roncador et al., 2015).

When planning an antibody production, it is key to consider many factors including the
conjugation method (if necessary), the immunization protocol and the antibody
purification procedure. In this appendix, | will briefly summarize the steps for designing
and producing antibodies against synthetic peptides and protein fragments and | will

expose the reasoning of each decision we made to validate the antibodies.
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Section A.1

Candidate proteins for functional studies in

Capsaspora owczarzaki

For our purpose, we surveyed Runx and the NF-kB animal orthologs in Capsaspora.
Runx and NF-kB are two well-described families of developmental TFs with myriad roles
in development, cell fate determination, cell differentiation and stress responses in
animals (Coffman, 2003; Hayden and Ghosh, 2004; Macian, 2005; Robertson et al.,
2009). Both Runx and NF-kB were identified in Capsaspora owczarzaki and interestingly
they both presented different transcriptional levels and protein abundance across its
different life stages (Sebé-Pedrés et al., 2016b, 2016a, 2013, 2011). Moreover, they

present different phosphorylation profiles across life stages (Sebé-Pedrés et al., 2016b).

Capsaspora has two homologs to animal Runx genes. Both Runx genes in Capsaspora
(CoRunx1 and CoRunx2) possess a conserved Runt DNA-binding Domain (DBD) with
key DNA contacting amino acids (Figure 22A-B). In particular, CoRunx1 possesses two
Cysteine residues involved in redox regulation (shared with other animal Runx genes)
and Ankyrin repeats (Ank) involved in protein-protein interactions. Moreover, both
Capsaspora Runx genes lack the C-terminal WRPY motif. The CoRunx1 transcript has
a predicted 2661 bp coding sequence, corresponding to a 886 amino acid predicted
protein (94.9 kDa). The CoRunx2 transcript has a predicted 2901 bp coding sequence,
corresponding to a 988 amino acid predicted protein (103.3 kDa).

Capsaspora has one homolog of the animal NF-kB TF family. Remarkably, Capsaspora
ortholog (CoNFkB) possesses a conserved Rel-homology DNA-binding and dimerization
Domain (RHD) with a highly conserved and specific recognition loop (RL) and other key
amino acids for DNA-binding specificities (Figure 22C). Moreover, it contains a basic
nuclear localization signal (NLS), a Glycine-Serine rich region (GS) and Ankyrin repeats
(Ank).
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The CoNF-kB transcript has a predicted 3672 bp coding sequence, corresponding to a
1223 amino acids protein (129.2 kDa). It shares with its animal homologs key domains

for protein-protein interactions and DNA-binding specificity:

A
ce I8291
CoRunx1 TRunt Ak
Peptide Peptide
I8291
CoRunx1 (fragment) ~ Ank
B
S651
S31 645 |§652
CoRunx2 | Runt |
Peptide Peptide
S651
8645I I8652
CoRunx2 (fragment)
C
S1138
RVL NI;S GVS I81215
CoNF-kB ~ RHD - Ank  Ank
Peptide Peptide
S1138
NI;S GVS I81215
CoNF-«kB (fragment) | ~Ank  Ank

Figure 22. Schematic representation of Capsaspora CoRunx1, CoRunx2 and CoNF-kB
candidates. (A) CoRunx1 protein architecture representation, depicting the Runt DNA-binding
Domain (Runt), key Cysteine residues (C) within Runt, residue and position of key
phosphorylation sites (S291), and Ankyrin repeats (Ank). (B) Same as (A) for CoRunx2.
(C). CoNF-kB protein architecture representation, depicting the Rel-homology DNA-binding and
dimerization domain (RHD), a specific recognition loop (RL) within the RHD, the nuclear
localisation signal (NLS), a Glycine-Serine rich region (GS), Ankyrin repeats (Ank) and residue
and position of key phosphorylation sites (example S1138). Key domains and regions are
depicted in the green boxes. Protein fragments used to raise especific antibodies against each
candidate are illustrated below as (fragment). Orange boxes indicate peptide regions used to
raise especific antibodies against each candidate.
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Section A.2

Generating antibodies against synthetic peptides

Raising antibodies against synthetic peptides has gained popularity in the recent years,
especially among commercial companies. Despite these peptides being poor
immunogens per se', using them can overcome cross-reactivity issues and increase

specificity.

Choosing the protein region for the synthetic peptide design is critical. In fact, the 3D-
structure of the candidate protein and other unpredictable factors will affect the
productivity and specificity of antibodies generated during animal immunization. Thus, it
is usually recommended to use more than one synthetic peptide (two or three peptides)

derived from the same protein sequence to raise the chances that they will be functional.

In our case, we designed two peptides for each of our candidate genes in Capsaspora
(CoRunx1, CoRunx2 and CoNFkB) to generate hyperimmune antisera in two rabbits per

peptide during an immunization period of 8 months.

A.2.1. Synthetic peptides design

As mentioned before, deciding which region would be more adequate for raising
antibodies against is critical, especially considering that synthetic peptide sequences
range between 12-15 amino acids long. Nevertheless, recommended peptides are not

guaranteed to successfully produce antibodies.

! Synthetic peptides are usually covalently conjugated to highly immunogenic carrier proteins
(e.g., Bovine Serum Albumin (BSA) and Keyhole limpet haemocyanin (KLH)) to raise effective

anti-peptide antibodies and for antibody titration during the immunization period.
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Our criteria for their design was based in three key points:

e Protein architecture and peptide uniqueness.
e Immunogenicity.

e Molecular technique to be used.

A.2.1.1. Protein architecture and peptide uniqueness

Peptide design over particular regions and uniqueness will be ultimately related to the
specificity and selectivity of the peptide for antibody recognition, respectively. We
evaluated protein architecture by assessing protein domain architecture, hydrophilicity

profiles of key regions and predicting secondary and tertiary structures of the protein.

a) Protein domain architecture:

We used PfamScan v.1.5 (Mistry et al., 2007) for protein domains prediction. Despite
PfamScan being based on Hidden Markov Models built mainly from animal sequences,
conserved regions are also detected in Capsaspora proteins. Thus, our criteria consisted
in avoiding ubiquitous protein domains conserved between various protein families to
minimize cross reactivity. These included, for example, Ankyrin repeats or
Immunoglobulin-like folds. Moreover, depending on the user’s particular purpose, it
might be critical to also avoid Cysteine-rich regions, Glycine-Serine rich regions or

Phosphorylation sites.

b) Hydrophilicity:

Assessment of the hydrophilicity profiles provides information about the putative
accessibility for antibody recognition. Thus, it is critical to avoid complex and inaccessible
regions (generally with higher hydrophobic profiles) and aim for accessible regions which
are surface-exposed and hydrophilic. To this end, we evaluated hydrophilicity profiles of
key regions using Kyte & Doolittle Hydropathy analysis® (Gasteiger et al., 2005) from
ExPASYy Bioinformatics Resource Portal (Artimo et al., 2012).

2 EXPASYy ProtScale Server: https://web.expasy.ora/protscale/
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c) Secondary and tertiary predicted structures:

Finally, another essential aspect of peptide region selection is to avoid disrupting
predicted secondary and tertiary structures. For secondary structure prediction, we used
the Geneious® 7.1.9 predict structure tool, which predicts protein secondary structure
(e.g., alpha helix and beta strand) using the original Garnier Osguthorpe Robson
algorithm (GOR 1) provided by the EMBOSS suite*. We additionally used the Phyre?
(Protein Homology/analogY Recognition Engine v.2.0)° protein fold recognition Server
(Kelley et al., 2015). This tool uses the alignment of hidden Markov models via HHsearch
(Séding, 2005) to significantly improve the accuracy of alignment and detection rate and
ab initio folding simulation, called “Poing”, to model regions with no detectable homology
to known structures. Another useful tool to compare crystallized structures and evaluate
the accessibility of the peptide region for antibody recognition is UCSF Chimera
(Pettersen et al., 2004), that allows the user to model and compare crystallized structures
(e.g., deposited in the Protein Data Bank (PDB); (Berman et al., 2000).

d) Peptide uniqueness:

To decrease putative cross-reactivity with other non-target proteins, it is essential to
select unique peptides, i.e., peptide regions that are only and exclusively present in the
candidate protein. A recommendation is to BLAST selected peptides against the

proteome of the target species to make sure they are exclusive for the target protein.

A.2.1.2. Immunogenicity

We predicted the immunogenicity in each protein comparing available information on
known epitopes and an immunogenicity prediction online tool. Even though protein
homology between the three Capsaspora genes and animal homologs is very low, we
decided to perform a detailed study based on the epitopes used to raise antibodies in

commercially available antibodies.

3 Geneious. See: https://www.geneious.com

4 EMBOSS 6.5.7 website. See: http://emboss.sourceforge.ne

® Phyre? Server. See: http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index
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However, in most of the cases the main providers used either larger peptides (around 50
amino acids) or recombinant fragments that could not be compared at the protein
sequence level with Capsaspora proteins or did not specify the sequence. Nevertheless,
this knowledge was used to at least select putative similar regions in our candidate
proteins. We performed protein alignments using Mafft v7.299b (Katoh et al., 2005, 2002;

Katoh and Standley, 2013) to assess the homology of selected regions in animals.

Moreover, we used the AbDesigner online tool® (Pisitkun et al., 2012) to analyse and
predict optimal immunizing regions of a given protein for antibody production. This tool
recognizes trade-off between immunogenicity, specificity, animal species targets and
post-translational modifications and provides each region a score correlating with

immunogenicity.

A.2.1.3. Molecular technique to be used

Finally, it is key to consider for what purpose the antibodies produced will be for. In our
case, we want to detect native proteins by immunofluorescence and Chromatin
Immunoprecipitation followed by DNA sequencing (ChIPseq). Thus, we should consider
avoiding additional domains that are directly correlated with DNA binding activities of our

candidate proteins.

A.2.2. Synthetic peptides production

Finally, 10-12 mg of the following candidate synthetic peptides with >90% purity were
produced at the Applied Molecular Receptor Group (AMRg) - CIBER of Bioengineering,

Biomaterials and Nanomedicine IQAC-CSIC (Spanish Council for Scientific Research).

P1-RUNX1: Cys-PSSPRASSNNNDS (14aa)
P2-RUNX1: Cys-LNFGGLSQNTSPP (14 aa)
P1-RUNX2: GRAKRAARPASGR-Cys (14 aa)

¢ AbDesigner online tool. See: https://hpcwebapps.cit.nih.gov/AbDesigner/index.jsp.
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P2-RUNX2: Cys-PQSQPHHPQQPG (13 aa)
P1-NFkB: Cys-PPRRGHNQSSSSD (14 aa)
P2-NFkB: Cys-DELKKDKDDPKKE (14 aa)

A.2.3. Antibody production protocol against synthetic peptides

The final antibody production protocol against synthetic peptides included the
conjugation of each peptide to both KLH, for rabbit immunization, and BSA, for ELISA
titration assays and antibody affinity purification. 12 polyclonal antibodies were raised in
rabbits by the Custom Antibody Service Unit (CAbS, CIBER-BBN, IQAC-CSIC) from the
ICTS “NANBIOSIS”. Rabbits were immunized monthly (6 times) using 100 ug/rabbit per
immunization of CoRunx1, CoRunx2 or CoNF-kB synthetic peptides (conjugated to KLH)
and affinity-purified from the final antisera using CoRunx1, CoRunx2 or CoNF-kB

synthetic peptides (conjugated with BSA).
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Section A.3

Generating antibodies against protein fragments

A.3.1. Protein fragment design

Antibodies generated against full-length or partial fragments of native proteins lead to
antibodies recognizing multiple epitopes, increasing the chances of detecting the target
protein. For our purpose, we ensured the antibodies are suitable for Chromatin
immunoprecipitation experiments and immunofluorescence assays by selecting the most
exposed regions of each candidate and excluding regions that might interfere the

technical performance of both approaches (i.e., DNA contacting amino acids).

We sought for the largest fragment possible of each candidate protein excluding the N-
terminal region and the DNA-binding Domains (DBDs) of CoRunx1, CoRunx2 and CoNF-
kB (Figure 22). We additionally generated recombinant proteins under native conditions,
as both Chromatin Immunoprecipitation experiments and Immunofluorescence assays

are performed with native proteins.

A.3.2. Recombinant proteins production

Protein fragments of CoRunx1 (711 aa, 75.8 kDa), CoRunx2 (518 aa, 54.2 kDa) and
CoNF-kB (721 aa, 75.6 kDa) were cloned into pETM14 with a His-tag, expressed in E.
coli BL21(DE3) strain and purified by Nickel affinity chromatography under native
conditions with an Elution Buffer containing 50 mM Tris-HCI pH=7.4, 300 mM NaCl and
10% Glycerol. CoRunx1 and CoNF-kB pellets were additionally re-solubilized with
GuHCl, purified by Nickel affinity chromatography in denaturing conditions and refolded
in a second Nickel affinity chromatography in native conditions to avoid protein
degradation products. Recombinant proteins were produced by the Biomolecular

Screening & Protein Technologies Unit from the Centre for Genomic Regulation (CRG).
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Recombinant proteins were used for antibody production and as controls for western blot

analysis.

A.3.3. Antibody production protocol against protein fragments

Polyclonal antibodies were raised in rabbits by the Custom Antibody Service Unit (CAbS,
CIBER-BBN, IQAC-CSIC) from the ICTS “NANBIOSIS”. Rabbits were immunized
monthly (6 times) using 100 pg/rabbit per immunization of CoRunx1, CoRunx2 or CoNF-
kB recombinant proteins (conjugated with KLH) and affinity-purified from the final
antiserums using CoRunx1, CoRunx2 or CoNF-kB recombinant proteins. The final

concentrations of affinity-purified antibodies were 170 pg/mL, 350 pg/mL and 50 pg/mL.
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Section A.4

Antibody validation

Antibody validation corresponds to the experimental proof(s) and documentation that a
specific antibody is suitable for an intended application or purpose, and specifically

recognizes what it is intended to recognize (Bordeaux et al., 2010).

In general, it is recommended to follow more than one strategy to completely assess

antibody specificity, selectivity and functionality for the desired technique to be used.

A.4.1. Target specificity validation

To ensure that the antibody will bind to the correct target, it is recommended to validate
the antibody’s proper functionality by at least two independent methods. There are
several strategies to address antibody validation; some examples include:

e |Immunoprecipitation coupled to Tandem Mass Spectrometry (IP-MS/MS)

e Genetic modification:

o Negative controls: testing antibodies on Knockout cell lines (e.g., using
CRISPR-Cas9) or Knockdown cell lines (e.g., using RNAI).

o Positive controls: testing antibodies on cell lines expressing target protein
with or without a tag.

o Independent antibody verification (IAV): measurement of target
expression using two differentially raised antibodies recognizing the same
target protein.

e Biological verification:
o Cell treatment: detecting downstream events following cell treatment.
o Relative expression: using naturally occurring variable expression across

cell stages or life cycle to confirm antibody specificity.
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o Neutralization: functional blocking of protein activity by antibody binding
(e.g., Peptide Competition Assays).

o Peptide array: using arrays to test reactivity against known protein
modifications.

A.4.2. Functional application validation

To ensure the antibody is suitable for a particular application of interest, it is critical to
assess the antibody’s functionality and optimize protocol conditions. Especially when
raising multiple antibodies against the same target protein, it is also essential to test
which one generates acceptable or the best results in a specific application to confirm
antibody performance and decide which one/s to further purify and use for subsequent
experiments, that may include (among others):

e \Western blot analysis

e Immunofluorescence assays

e Immunoprecipitation experiments

e Chromatin Immunoprecipitation

A.4.2.1. Validation of target antigen recognition

Assessing the antibody reactivity against the immunizing agent by high-throughput

screening techniques is usually the starting point for antibody validation.

Western blotting is widely used to determine an antibody’s specificity and in general is
the first validation step to ensure the antibody recognizes the denatured antigen. The
first indication that the antibody is specific for the selected target would be detecting the
immunizing agent (e.g., recombinant protein). Another good indicator is observing a
single band at the (approximately) known molecular weight for the target in whole cell
protein extract. Presence of multiple bands or bands too far from the proper molecular

weight might indicate nonspecific recognition for another undesired protein.
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Preimmune sera (a.k.a., animal sera before immunization) are also worth testing by dot
blot screens and western blotting. Preimmune sera can also be used as negative controls
and to “preclear” protein extracts when testing partial bleedings before antibody

purification.

Nevertheless, especially when antibodies are generated from proteins in native

conformations, western blotting will not be sufficient for antibody validation.

A.4.2.2. Immunoprecipitation coupled to Tandem Mass Spectrometry (IP-
MS/MS)

Immunoprecipitation in combination with tandem Mass Spectrometry (IP-MS/MS) allows
the user to verify that an antibody interacts specifically with an intended target. IP-MS/MS

directly identifies peptide sequences from the proteins in the sample.

Generally, the top 20 peptides detected by IP-MS/MS are considered (or the ones that
show a score higher than 90%). However, at times some proteins identified might be
marked as doubtful because its identification is supported by only one or few confident
peptides. This does not necessary mean that the protein identification is wrong, but it

should, logically, be considered with care.

One way to double check IP-MS/MS results is to examine in silico trypsin digestion
prediction of the target protein to verify the number and features of the identifiable

peptides by Mass Spectrometry, as not all the peptides are equally detectable by MS/MS.

e Peptide size: small peptides (generally shorter than 8 amino acids) or large
peptides (generally longer than 25 amino acids) will not be detected by MS/MS.

e Technical limitations: the necessary condition of a MS detector to be able to “see”
a peptide is the peptide’s ionization. However, there is always a percentage of
uncharged peptides that will not be detected.

e Unique peptides: a very important feature to assess the specificity of the

assignment/prediction of target protein recognition.
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A.4.2.3. Functional blocking by antigen competition assays

Neutralization, or functional blocking by competition assays, of endogenous proteins in
a cell lysate by antibodies is another strategy to validate antibody specificity. Basically,
when an antibody exhibits functional blocking characteristics, it is strong evidence that
the antibody is binding the intended target, or at least, a target specifically (the actual

identity of the target can only be determined through IP-MS/MS).

The immunizing peptide or recombinant protein can be used as a method for antibody
specificity verification by blocking the working concentration of the desired antibody with
different dilutions of the immunizing agent (peptides or recombinant proteins) in western

blotting applications.
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