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Abstract

Filopodia are fine actin-based cellular projections used for both environmental sensing
and cell motility, and they are essential organelles for metazoan cells. In this study we
reconstruct the origin of metazoan filopodia and microvilli. We first report on the
evolutionary assembly of the filopodial molecular toolkit and show that homologs of
many metazoan filopodial components, including fascin and myosin X, were already
present in the unicellular or colonial progenitors of metazoans. Furthermore, we find
that the actin crosslinking protein fascin localizes to filopodia-like structures and
microvilli in the choanoflagellate Salpingoeca rosetta. In addition, homologs of
filopodial genes in the holozoan Capsaspora owczarzaki are upregulated in filopodia-
bearing cells relative to those that lack them. Therefore, our findings suggest that
proteins essential for metazoan filopodia and microvilli are functionally conserved in
unicellular and colonial holozoans and that the last common ancestor of metazoans bore

a complex and specific filopodial machinery.
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Introduction

A dynamic cytoskeletal and membrane system is a hallmark of the eukaryotic cell. It
allows cells to change cell shape to carry out motility, phagocytosis, and other key
functions (Fletcher and Mullins 2010). Cell motility, in particular, is a common feature
among eukaryotes that often requires specialized organelles. There are two main classes
of cellular structures responsible for cell motility in eukaryotes: tubulin-based cilia and
flagella, conspicuous in eukaryotes as diverse as choanoflagellates, ciliates and
dinoflagellates, and actin-based filopodia and lamellipodia, which allow cells to crawl

along surfaces through amoeboid movement (Soldati and Meissner 2004).

Filopodia are finger-like structures based upon 10 to 30 parallel bundled actin filaments
whose growing/barbed ends orient toward the filopodial tip. Here, many proteins
accumulate and form the so-called tip complex, which controls actin monomer addition
to filament ends (Small et al. 2002; Bohil et al. 2006; Faix and Rottner 2006; Gupton
and Gertler 2007; Mattila and Lappalainen 2008; Lundquist 2009; Mellor 2010;
Nambiar et al. 2010). In metazoans, filopodia function as sensory and exploratory
organelles and typically display active protrusive and retractile motility (Yang and
Svitkina 2011). Filopodia also contribute to cell adhesion (Schéfer et al. 2010) and
mediate many essential, metazoan-specific phenomena, including growth cone
guidance, wound-healing, embryonic development and angiogenesis and they serve as
precursors for dendritic spines in neurons (Magie et al. 2007; Mattila and Lappalainen
2008; Mellor 2010). In contrast, the other major type of actin-based cell protrusion
(Small et al. 2002; Faix and Rottner 2006), the lamellipodium, is a flat sheet-like
structure based upon a branched network of actin filaments (Mattila and Lappalainen

2008; Small et al. 2008; Vallotton and Small 2009). Filopodia often emerge from

£T0Z ‘02 3unC Uo DS T /610's[euno [pJo Jxo-agui//:dny woJj papecjumod


http://mbe.oxfordjournals.org/

lamellipodial sheets and both structures share some molecular components, although a
characteristic filopodial molecular architecture has been described (Mattila and

Lappalainen 2008).

Filopodia-like structures (often also called pseudopodia) are known in cells from
diverse other eukaryotic lineages. These cellular protrusions have historically been
defined as “filopodia” based primarily on morphological characteristics (i.e. being long
slender cellular protrusions) and the presence of actin filaments (Yang and Svitkina
2011). While a hallmark of metazoan filopodia is their dynamic nature (i.e. protrusion
and retraction), little is known about the dynamic properties of filopodia-like structures
in non-metazoans (Adl et al. 2012; Cavalier-Smith 2013). Among bikonts, filopodia-
like structures are found in excavates (e.g. Naegleria gruberi (Preston and King 2005)),
stramenopiles (Pawlowski 2008), and rhizarians (Cavalier-Smith 2003; Pawlowski
2008; Ota et al. 2011), in which filopodia represent one of the defining morphological
characteristics of the group (Pawlowski 2008; Brown et al. 2012). In contrast, no
filopodia-like structures have been so far described in other bikont clades, such as plants
or alveolates. Filopodia are most abundant and diversified in the other major eukaryotic
supergroup Amorphea (also known as “unikonts” or “podiates”) (Derelle and Lang
2012; Adl et al. 2012; Cavalier-Smith 2013), in which filopodia-like structures have
been reported in amoebozoans, apusozoans (Cavalier-Smith and Chao 2010) and several
independent opisthokont lineages, including nucleariids (the sister group of fungi)
(Mikrjukov and Mylnikov 2001; Zettler et al. 2001), filastereans (Cavalier-Smith 2003),
choanoflagellates (Leadbeater and Morton 1974; Dayel et al. 2011) and metazoans (see
fig. 1 for their phylogenetic relationships). In contrast, no filopodia-like structures have

been described in fungi.
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Moreover, microvilli, which are another type of fine actin-based cell protrusion, are
restricted to holozoan lineages; good examples are the apical collar of microvilli in
choanoflagellates and sponge choanocytes (Karpov and Leadbeater 1998; Gonobobleva
and Maldonado 2009) and the apical microvilli of epithelial cells (DeRosier and Tilney

2000).

Two possible scenarios may account for the patchy distribution of filopodia in the
eukaryotic tree. One possibility is that filopodial structures and their specific molecular
components evolved independently several times during eukaryotic evolution
(Pawlowski 2008). Alternatively, filopodia-like structures may have been present in
ancestral eukaryotes and secondarily lost in multiple lineages. In this latter case, all
filopodiated eukaryotes may share the same molecular toolkit for the formation of actin-
based cellular protrusions. To differentiate between these two options, it is critical to
determine the evolutionary history of proteins required for metazoan filopodia
formation. The molecular composition of filopodia in metazoans is well described
(Gupton and Gertler 2007; Mattila and Lappalainen 2008; Mellor 2010) and includes
actin-crosslinking proteins, actin-remodelling proteins, nucleation promoting factors,
Rho GTPases and other signaling proteins, and motor proteins. Filopodia from the
amoebozoan Dictyostelium discoideum contain many, but not all, of the molecular
components of metazoan filopodia (Faix and Rottner 2006), while the composition of
filopodia from other non-metazoans remains largely unknown. Furthermore, some
proteins characteristic of metazoan filopodia have also been detected in microvilli and
lamellipodia (DeRosier and Tilney 2000; Small et al. 2002; Tilney et al. 2004; Gupton

and Gertler 2007; Mattila and Lappalainen 2008).

By deciphering the evolutionary history of metazoan filopodial genes, as well as by

experimentally analysing the expression and subcellular localization of metazoan
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filopodial components in non-metazoans, we aim to investigate the ancestry of the
molecular toolkit for filopodia formation in metazoans (Gupton and Gertler 2007;

Mattila and Lappalainen 2008).

We analyzed the genomes of diverse unicellular and colonial relatives of Metazoa,
including the filasterean Capsaspora owczarzaki, the choanoflagellates Salpingoeca
rosetta and Monosiga brevicollis, the apusozoan Thecamonas trahens, and the early-
branching fungi Spizellomyces punctatus and Allomyces macrogynus (Ruiz-Trillo et al.
2007; King et al. 2008; Ruiz-Trillo et al. 2008; Fairclough et al. 2013) for metazoan
filopodial proteins. We find that while some components of metazoan filopodia evolved
relatively recently and are only detected in metazoans, choanoflagellates, and C.
owczarzaki, others are ancient and evolved before the divergence of holozoans from
other eukaryotes. Moreover, we show that unicellular holozoans produce filopodia-like
structures and that the filopodia marker protein fascin localizes to filopodia-like
structures and the microvillar collar in the choanoflagellate S. rosetta. Finally, gene
transcription analyses of filopodial toolkit genes suggest subfunctionalization of some
of the components in different S. rosetta life history stages and reveal that the
transcription of filopodial genes is correlated with the presence of filopodia-like
structures in C. owczarzaki. Taken together, these data show that the origin of several
key components of filopodia formation predates the origin of metazoans and suggest
that at least some of these proteins perform similar functions in unicellular and colonial

relatives of metazoans.

Results & Discussion

Origin of the filopodial genetic toolkit
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To investigate the origin and evolutionary history of proteins required for metazoan
filopodia formation, we performed a taxon-rich genomic survey of the metazoan
filopodial toolkit (Mattila and Lappalainen 2008). To classify as many proteins as

possible, we performed similarity searches and, when possible, phylogenetic analyses.

Actin-crosslinking proteins

Mechanical cohesion of filopodia is achieved by actin cross-linking proteins, including
fascin, espin, fimbrin (also known as plastin), alpha-actinin, and in some cases ERM
(Ezrin-Radixin-Moesin) proteins. Our data show that fimbrin and alpha-actinin, which
are present not only in filopodia, but also in other actin-based structures (Mellor 2010),
are present in all eukaryotes examined in this study. ERM proteins, which link the actin
cytoskeleton to the membrane (Bretscher et al. 2002; Hoeflich and Ikura 2004; Niggli
and Rossy 2008; McClatchey 2012), and fascin, a critical filament-bundling protein in
metazoan filopodia, are both restricted to holozoans (fig. 1; supplementary fig. S2B)
(Ruiz-Trillo et al. 2008). Espin, on the other hand, is restricted more narrowly to
metazoans, where it is expressed in a limited number of cell-types and specialized
filopodial structures, including sterocilia (Mellor 2010) (fig. 1). The restriction of both
microvilli and ERM proteins to choanoflagellates and metazoans raises the possibility
that the evolution of ERM proteins contributed to the origin of microvilli (Nambiar et
al. 2010) in their last common ancestor (fig. S1; supplementary fig. S2A). Moreover,
the finding of fascin and other metazoan filopodial proteins in non-metazoans raises the

possibility that they functioned in filopodia in the Urmetazoa.

Actin-remodelling proteins

Most actin-remodelling proteins are widespread among eukaryotes (fig. 1). This is the

case with the Arp2/3 complex, a major actin-remodelling factor (Pollard 2007), which
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convergently elongates actin filaments from the cortical actin meshwork and is
regulated, in metazoans, by WASP and cortactin (Weaver et al. 2003). The seven
subunits of this complex are present in almost all eukaryotes, suggesting this is an

ancient protein network.

Formins are also involved in actin filament formation, but instead of bundling an
existing actin meshwork, formins nucleate actin filaments de novo. Our phylogenetic
analyses show that Diaphanous-related formins (DRFs) (Chalkia et al. 2008), those with
the domain structure GBD-FH3-FH2-DAD, are present in all Amorphea investigated as
well as in Excavata (supplementary figs. S3 and S4). Interestingly, Ena/VASP, a
multifaceted actin-regulatory protein with essential roles in filopodia formation and
elongation that is essential for DRF-based de novo actin nucleation (Schirenbeck et al.
2006), is exclusive to Amorphea and appears to have been secondarily lost in Fungi
(fig. 1). Therefore, although DRF-like formins are present in some Excavata, it is
unclear whether actin nucleation based on formins is truly an ancestral mechanism in

eukaryotes, as they lack Ena/VASP.

Other proteins involved in actin remodelling include cofilin, which has depolymerizing
activity, profilin, which sequesters actin monomers (Revenu et al. 2004), and several
proteins, such as Eps8, Twinfilin, Villin and other Gelsolin family proteins
(supplementary fig. S5), which are involved in capping (Mattila and Lappalainen 2008)
(i.e., they stabilize filament ends by binding them and inhibiting actin monomer
association or dissociation). Most of these other actin regulators are widespread among
eukaryotes or Amorphea (fig. 1), except for the capping protein Eps8, which is specific
to metazoans and choanoflagellates. Eps8 is a direct binding partner of ERM proteins
(see above) and, together, they stimulate formation of microvilli (Zwaenepoel et al.

2012). Villin seems to be restricted to holozoans as well, although plants have a villin-
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like protein with similar domain architecture but with uncertain affinity to other known
gelsolin-domain proteins (fig. S5). Villin is a multi-faceted actin-remodelling protein
that, in metazoans, is usually associated with microvillar formation, particularly in

intestinal cells (Silacci et al. 2004; Khurana and George 2008; Nambiar et al. 2010).

In sum, we find that some actin-remodelling proteins have an ancient eukaryotic origin
whereas others evolved later in evolution, either at the stem of Holozoa (villin and

Eps8) or at the stem of Amorphea (Ena/VASP).

Nucleation Promoting Factors

Nucleation Promoting Factors (NPFs) activate the Arp2/3 complex (Goley and Welch
2006). Some important NPFs in metazoan filopodia are WASP (and the associated
WASP interacting protein (WIP)) (Veltman and Insall 2010; Kollmar et al. 2012) and
Cortactin (Weaver et al. 2001; Goley and Welch 2006). In metazoans, WASP is a direct
target of Cdc42 RhoGTPase, mediating the activation of the Arp2/3 complex
(Takenawa and Miki 2001; Anton et al. 2007; Faix et al. 2009; Mellor 2010), which is
also activated by Cortactin (Kinley et al. 2003; Ren et al. 2009), while WIP is

responsible for inactivating WASP (Anton et al. 2007).

Our data show that WASP is widespread among eukaryotes (fig. 1; supplementary fig.
S6), while WIP is restricted to Amorphea and Cortactin to holozoans (fig. 1). It is worth
mentioning that a major regulator of Cortactin, c-Src tyrosine kinase (Weaver et al.
2001; Weaver et al. 2003), is a component of the metazoan integrin adhesome that also

originated in the holozoan lineage (Sebé-Pedros et al. 2010; Suga et al. 2012).

Rho GTPases and other signaling proteins
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RhoGTPases are key regulators of actin dynamics and play important roles as major
switches in filopodia formation (Ridley 2006; Ladwein and Rottner 2008; Faix et al.
2009). They act through two types of actin nucleators: WASP and DRFs (Ridley 2006).
Cdc42 RhoGTPase, thought to be exclusive to opisthokonts (Boureux et al. 2007),
appears to be the primary filopodia-inducing RhoGTPase in metazoans (Ridley 2006).
In Dictyostelium, which has filopodia but lacks Cdc42, Racl GTPases induce filopodia
(Vlahou and Rivero 2006) whereas in plants, the Racl-related Rop GTPases can also
stimulate actin polymerization (Boureux et al. 2007). We find that Racl-type
RhoGTPases are ancestral within Amorphea, and, interestingly, that Cdc42 is not
specific to opisthokonts (Boureux et al. 2007), since it is also present in the apusozoan
T. trahens, sister group of opisthokonts (supplementary fig. S7; fig. 1). RIF and
WRCHI1, which induce filopodia in some metazoan cell types (Faix et al. 2009), are

specific to Metazoa (fig. 1).

Beside RhoGTPases, the signalling proteins abLIM, Abi, Vav-1, and IRSp53-like also
regulate filopdia formation. These proteins evolved during different episodes in
eukaryotic evolutionary history. IRSp53-like proteins are ancestral Amorphea proteins
(supplementary fig. S9), Vav-1 is specific to holozoans (fig. 1), Abi specific to
metazoans and choanoflagellates (fig. 1) and abLIM specific to metazoans

(supplementary fig. S8).

Motor proteins: myosins

Myosins are a large protein family present in all eukaryotes and are essential for cell
trafficking along actin filaments (Richards and Cavalier-Smith 2005; Odronitz and
Kollmar 2007). The MyTH4-FERM domain myosins (named according to their protein

domain composition) have special relevance for filopodia function and formation. For
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example, the metazoan myosin X (Tuxworth et al. 2001; Berg and Cheney 2002; Nagy
et al. 2008; Nambiar et al. 2010) is essential for filopodia formation (Bohil et al. 2006)
and for the transport of proteins such as integrins (Breshears et al. 2010) or Ena/VASP
protein to the filopodial tip (Zhang et al. 2004; Sousa and Cheney 2005). Two other
MyTH4-FERM myosins, myosin VII and myosin XV, are also important for filopodia
function (Breshears et al. 2010). Our analysis shows that these three myosins (X, VII

and XV) emerged at the origin of Holozoa (fig. 1).

Filopodia-like structures in unicellular and colonial relatives of metazoans

The richness of the filopodial toolkit in unicellular and colonial holozoans prompted us
to investigate the presence, abundance, and distribution of filopodia-like structures in
these close relatives of metazoans. We stained for polymerized actin (using phalloidin)
and tubulin (using anti-tubulin antibodies) in C. owczarzaki and S. rosetta. In C.
owczarzaki multiple 1-20 pm long bundles of actin microfilaments can be found in
filopodiated stage cells (fig. 2A). Scanning electron microscopy confirms the presence
of multiple long filopodia-like structures in this cell stage of C. owczarzaki (fig. 2B), in
contrast with the naked cystic cell stage (fig. 2C). In the choanoflagellate S. rosetta
actin microfilaments were detected in two distinct sites: in the apical collar of actin-
filled microvilli and in basally-positioned 1-10um long cellular protrusions that
resemble filopodia (fig. 2D) (Leadbeater 1979; Dayel et al. 2011). Supporting the
inference that the basal actin microfilaments are associated with filopodia, transmission
electron microscopy of thin sections through S. rosetta cells shows the presence of

multiple basally-positioned cellular processes (fig. 2E and F, black rectangle). Thus, our
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data show the presence of multiple long, actin-filled cellular projections that resemble

filopodia in two close relatives of metazoans.

Fascin localizes to filopodia-like structures and actin-filled microvilli in S. rosetta

In metazoans, fascin functions as a filament-bundling protein that localizes to filopodia,
and in some cell types also to microvilli (DeRosier and Tilney 2000; Kureishy et al.
2002; Tilney et al. 2004). Given that we identified clear fascin homologs in S. rosetta,
M. brevicollis and C. owczarzaki (fig. 1; supplementary fig. S2B) (see above), we next
investigated whether fascin homologs in choanoflagellates might function in filopodia-
like structures and microvilli as they do in the metazoans. Western blot analysis showed
that a commercially available fascin antibody, which was originally raised against the
human protein fascin, recognizes a single band of the expected size when used to probe
S. rosetta lysate (fig. 3D). The S. rosetta genome encodes two fascin paralogs with
predicted molecular weights of 54.3 and 54.6 kDa. Thus, we performed immuno-
localization studies of fascin in S. rosetta. Interestingly, fascin localizes to the basal
filopodia-like structures and to the actin filled collar of S. rosetta (fig. 3A and B). These
data suggest a functional conservation of the critical filopodial protein fascin between

choanoflagellates and Metazoa.

Expression of filopodial genes in C. owczarzaki and S. rosetta
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To further investigate the putative functional homology of filopodial genes between
metazoans and their unicellular relatives, we analyzed the expression levels of diverse

filopodial genes between different life history stages of C. owczarzaki and S. rosetta.

C. owczarzaki can differentiate into at least two different cell types, an attached cell
type that has filopodia-like structures (fig. 2B) and a naked, non-filopodial, cystic form
that is not attached to the substrate (fig. 2C). We investigated the expression of
filopodial gene homologs in these two cell types. Homologs of most of the genes
involved in metazoan filopodia, such as fascin, myosin X and Cortactin, are upregulated
in the adherent filopodial form of C. owczarzaki (fig. 4A). The differential expression of
homologs of filopodial genes in filopodial and non-filopodial life stages of C.
owczarzaki is consistent with the hypothesis that there is functional homology between

C. owczarzaki and metazoan filopodia.

S. rosetta can differentiate into at least five distinct cell types, including three solitary
cell types (slow swimmers, fast swimmers, and substrate attached cells) and two
colonial forms (rosettes and chains) (Dayel et al. 2011). Both attached cells and colonial
cells have been previously reported to produce filopodia-like structures (Leadbeater
1979; Dayel et al. 2011). In attached cells, filopodia-like structures may mediate the
attachment to environmental substrates both by searching the environment for suitable
attachment sites and by contributing to the construction of a goblet-shaped attachment
structure called a theca. In colonies, filopodia-like structures extend from the basal pole
of cells in most, but not all, rosette colonies and may contribute to colony formation or
stabilization. When we compared the expression of homologs of filopodial genes
between attached cells and colonies (chains and rosettes; fig. 4B), most were not
differentially expressed, consistent with the hypothesis that cells in both life history

stages form filopodia-like structures. Surprisingly, however, some of the filopodial gene
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homologs were differentially expressed, suggesting that the molecular composition of
filopodia-like structures in different life stages might be specialized. For example, one
S. rosetta fascin homolog, Fascinl, is upregulated in attached cells, whereas Fascin2 is
upregulated in colonies, suggesting subfunctionalization. Other genes upregulated in
colonies are Diaphanous-like, Vav-1 and Abi, whereas Villin and MyosinXV are
upregulated in attached cells. This raises the possibility that the different patterns of
expression in different types of filopodiated cells in S. rosetta may contribute to cell

differentiation.

Evolutionary assembly of the metazoan filopodial toolkit

Our evolutionary reconstruction suggests a gradual assembly of the metazoan filopodial
toolkit (fig. 5). Many actin remodelling and crosslinking proteins, such as fimbrin,
alpha-actinin, profilin, cofilin and twinfilin, are ancient. It is likely that Arp2/3-WASP-
DREF based filopodia formation (with DRF as the anti-capping agent instead of VASP),
coupled with RhoGTPase regulation, was the ancestral eukaryotic mechanism, rather
than the formin-based mechanism, since demonstration of DRF-based filopodia
formation (independent of Arp2/3 and without the presence of VASP protein, known to
be essential for formin-based filopodia formation (Schirenbeck et al. 2006), see above)
awaits demonstration in non-amorphean taxa. Later, the Ena/VASP protein evolved in
the amorphean clade, where two independent mechanisms of filopodia formation,
Arp2/3-WASP-VASP and DRFs-VASP have been demonstrated in amoebozoans and in
metazoans.

It was only later, in the stem of the holozoan lineage, that the metazoan filopodia-

specific toolkit was established. This includes Cdc42 signalling as an initiator of
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filopodia formation and also the control of filopodia formation through Tyrosine kinase
signalling (involving Src and Abl cytoplasmic TyrK). The metazoan filopodia toolkit
also includes fascin as the main actin-bundling protein, specific motor proteins myosin
X, VII and XV and other proteins such as cortactin, Vav-1 and Abi. Our expression data
suggest that this complex complement is, indeed, functionally conserved in unicellular
holozoans, as most filopodial genes are overexpressed in C. owczarzaki filopodial cells.
Moreover the main actin-bundling protein fascin localizes to filopodia and microvilli in
S. rosetta and in many metazoan cell types, suggesting that fascin functioned as an

actin-crosslinking protein in the filopodia and microvilli of the Urmetazoa.

In the common ancestor of choanoflagellates and metazoans, the complexity of the
filopodial apparatus was further expanded as filopodial specialization in the form of the
microvillar collar evolved. Our findings support the hypothesis that microvilli and
filopodia are related, with microvilli reusing part of the filopodial toolkit, while also
depending on the function of proteins like ERM and Eps8, which are restricted to
choanoflagellates and metazoans. Finally, in metazoans the toolkit further expanded,
particularly with the evolution of new RhoGTPases that are known to act instead of

Cdc42 in specific cell-types.

Our analyses suggest that other non-metazoan eukaryotic lineages evolved their specific
filopodial toolkits based on an ancient molecular machinery that included core actin
linking proteins (profilin, twinfilin, fimbrin, cofilin and others) and an ancestral
filopodia formation mechanism (Arp2/3-WASP-DRFs). We hypothesize this
mechanism was deployed under the control of different signalling triggers (for example,
Cdc42 in metazoans and Racl in amoebozoans) together with different specific co-
factors. The recently reported NET superfamily (Deeks et al. 2012), a plant specific

membrane-actin cytoskeleton adaptor protein, exemplifies this idea of convergence (in
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this case, to mediate the interaction between the membrane and the actin cytoskeleton).
Therefore, we infer that metazoan-type filopodia originated at the stem of Holozoa,
built upon many ancient proteins and acting with some more recently evolved (i.e.

holozoan-specific) molecular components.

In any case, the study of the cell biology and genome content of filopodiated
chlorarachniophytes (Rhizaria) (Ota and Vaulot 2012), labyrinthulomycetes, other
filopodiated stramenopiles (Tsui et al. 2009; Goémez et al. 2011), and filopodiated
Excavata, such as Naegleria gruberi (Preston and King 2005), will be crucial to gain
new insights into the question of whether there is a common, functionally homologous,

molecular toolkit underlying all eukaryotic filopodia.

Conclusions

Our study reconstructs in detail the evolutionary assembly of the metazoan filopodial
and microvillar molecular toolkit. We find that many components of the metazoan
filopodial toolkit are paneukaryotic, while other elements evolved in stem Amorphea.
Finally, a number of metazoan filopodial and microvillar components evolved in stem
holozoans. Moreover, some of the components of metazoan microvilli appeared
concomitantly with the evolution of the feeding collar at the stem of choanoflagellates
and metazoans and likely played a crucial role in the feeding mode of the Urmetazoan,

as it does in choanoflagellates.

We further demonstrate that fascin is expressed both in filopodia-like structures and
microvilli in the choanoflagellate S. rosetta and that filopodial genes are differentially

upregulated in C. owczarzaki’s filopodial cell-stage. This suggests functional
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conservation of the metazoan filopodial toolkit in both choanoflagellates and C.
owczarzaki. Given the predicted homology of filopodia between metazoans and their
unicellular relatives, we hypothesize that the existence of a complex filopodial toolkit in
the ancestors of metazoans may have contributed to the origin of metazoans, by being
co-opted to function in cell-cell and cell-matrix adhesion functions within a

multicellular context.

Materials and methods

Gene searches & Phylogenetic analysis

A primary search was performed using the basic local alignment sequence tool
(BLAST: BlastP and TBlastN) using Homo sapiens and C. owczarzaki proteins as
queries against Protein and Genome databases with the default BLAST parameters and
an e-value threshold of e-5 at the National Center for Biotechnology Information
(NCBI), the Joint Genome Institute (JGI), the Broad Institute (for S. rosetta and
Spizellomyces punctatus), as well as the Amphimedon queenslandica genome database

(www.metazome.net/amphimedon). For some proteins, we also performed Hmmer

searches using HMMER3.0b2 (Eddy 1998) to confirm that we were retrieving all

orthologs.

We performed searches using the following taxon sampling: seven metazoans (Homo
sapiens, Drosophila melanogaster, Daphnia pulex, Capitella teleta, Lottia gigantea,
Nematostella vectensis, Amphimedon queenslandica), two choanoflagellates (Monosiga

brevicollis, Salpingoeca rosetta), one filasterean (Capsaspora owczarzaki), four fungi
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(Laccaria bicolor, Saccharomyces cerevisiae, Allomyces macrogynus, Spizellomyces
punctatus), one apusozoan (Thecamonas trahens), two amoebozoans (Acanthamoeba
castellanii, Dictyostelium discoideum), three viridiplantae (Arabidopsis thaliana,
Ostreococcus taurii and Chlamydomonas reinhardtii), two excavates (Trichomonas
vaginalis and Naegleria gruberi), and three chromalveolates (Thalassiosira

pseudonana, Tetrahymena thermophila and Toxoplasma gondii).

Alignments were constructed using the MAFFT v.6 online server (Katoh et al. 2002)
and then manually inspected and edited using Geneious software. Only those species
and those positions that were unambiguously aligned were included in the final
analyses. Maximum likelihood (ML) phylogenetic trees were estimated by RaxML
(Stamatakis 2006) using the PROTGAMMAWAG+I'+I model, which uses the WAG
amino acid exchangeabilities and accounts for among-site rate variation with a four
category discrete gamma approximation and a proportion of invariable sites. Statistical
support for bipartitions was estimated by performing 100-bootstrap replicates using
RaxML with the same model. Bayesian analyses were performed with MrBayes3.2
(Huelsenbeck and Ronquist 2001), using the LG+I'+I model of evolution, with four
chains, a subsampling frequency of 100 and two parallel runs. Runs were stopped when
the average standard deviation of split frequencies of the two parallel runs was <0.01,
usually at around 18,000,000 generations. The two LnL graphs were checked and an
appropriate burn-in length established. Bayesian posterior probabilities (BPP) were used

to assess the confidence values of each bipartition.

Cell Culture and Microscopy

S. rosetta cultures enriched for attached cells were maintained in artificial sea water and

split 1:5 every 3 days. For immunofluorescence, the cells were grown to a density of
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10° cells/mL and carefully scraped off from the surface of the culture flasks. Cells were
then pelleted by spinning for 10 min at 4000 x g and resuspended in a small volume of
artificial seawater. Approximately 0.4 mL of the cells were applied to poly-L-lysine
coated coverslips, left to attach for 30 min.

C. owczarzaki cells were grown on coverslides in ATCC medium 1034 (modified
PYNFH medium) for two days and directly fixed.

For both S. rosetta and C. owczarzaki, cells were fixed for 5 min with 6% acetone and
for 15 min with 4% formaldehyde. The coverslips were washed gently four times with
PEM (100 mM Pipes at pH 6.9, 1 mM EGTA, and 0.1 mM MgSO04), incubated for 30
min in blocking solution (PEM+: 1% BSA, 0.3% Triton X-100), 1 h in primary
antibodies solution (in PEM+), and after further washes (PEM+), 1 h in the dark with
fluorescent secondary antibodies (1:100 in PEM+, Alexa Fluor 488 goat anti-mouse,
and Alexa Fluor 568 goat anti-rabbit; Invitrogen) and washed again four times (PEM).
To visualize F-actin coverslips were incubated for 15 min in the dark with with
rhodamine phalloidin (6 U/ml in PEM; Molecular Probes). After 3 washes (PEM),
coverslips were mounted onto slides with Fluorescent Mounting Media (4 pL; Prolong
Gold Antifade, Invitrogen). The following primary antibodies have been used: mouse
monoclonal antibody against B-tubulin (E7, 1:400; Developmental Studies Hybridoma
Bank); mouse monoclonal antibody against Fascin (ab78487, 1:100; Abcam). Images
were taken with a 100x oil immersion objective on an inverted Leica microscope.

For scanning electron microscopy (SEM) C. owczarzaki cells were fixed with 1h 2°5%
glutaraldehyde and 1h with 1% osmium tetroxide, followed by sequential dehydration
with ethanol. Next, drying critical point was performed and samples were coated with

carbon. Samples were observed in a Hitachi S-4100 microscope.
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For transmission electron microscopy (TEM) choanoflagellate cells were concentrated
by gentle centrifugation, loaded into 100 pm-deep specimen carriers and high pressure
frozen in a Bal-Tec HPM 010 high pressure freezer (Bal-Tec AG, Liechtenstein).
Freeze-substitution was performed over 2 hours by the SQFS method of McDonald and
Webb (2011)(McDonald and Webb 2011), then infiltrated with Eponate 12 resin and
polymerized in a Pelco Biowave research microwave oven (Ted Pella, Inc., Redding,
CA) over a period of 2 hours. Sections were cut at 70 nm thickness, post-stained with
uranyl acetate and lead citrate, and viewed in a Tecnai 12 transmission EM (FEI Inc.,
Hillsboro, OR) operating at 120 kV. Images were recorded on a Gatan Ultrascan 1000
CCD camera.

Gene expression analyses

Total RNA from C. owczarzaki’s described life stages was extracted using Trizol
reagent. Libraries were sequenced with 76 base pair reads on an Illumina HiSeq
instrument (Illumina). mRNA was isolated from S. rosetta cultures enriched for colonial
and attached cells using the RNAeasy (Qiagen) and Oligotex (Qiagen) kits. Libraries
were sequenced with 68 base paired-end reads on an Illumina GAII instrument
(Illumina) following manufacturer’s recommendations. In both cases, fragments per
kilobase per million reads mapped (FPKM) per CDS was calculated and colonial and
attached values averaged and log2 transformed (resulting in negative or positive values
corresponding to overexpression in one particular cell stage or the other, this

relationship is arbitrary and only for visualization purposes).
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Figure legends

Figure 1. Phylogenetic distribution of diverse proteins associated with filopodia and
related actin-based cellular protrusions. A black dot indicates the presence of clear
homologs, whereas absence of a dot indicates that a homolog was not detected in that
taxon. 'Based on Boureux et al. 2007 “Only present in the excavates Naegleria gruberi
and Trichomonas vaginalis. *Plants have a villin-like protein that, despite having the

same domain architecture as metazoans, is not phylogenetically related with holozoan
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villin (supplementary fig. S5). “Racl RhoGTPases are key filopodia-inducers in

amoebozoans, but not in metazoans (Dumontier et al. 2000).

Figure 2. Filopodia-like structures in close relatives of metazoans. (A) C. owczarzaki
filopodiated cells bear multiple long bundles of actin microfilaments, as revealed by
staining with phalloidin (green). The cell periphery is revealed by staining with
antibodies against beta-tubulin (red). Scanning electron microscopy shows the presence
of multiple long filopodia-like structures in C. owczarzaki filopodiated cells (B), but not
in non-filopodiated, cystic cells (C). (D) In S. rosetta, attached cells bear actin
microfilaments in the apical collar of microvilli and in basally-positioned long cellular
protrusions that resemble filopodia. S. rosetta cells were stained with phalloidin (green)
and antibodies against beta-tubulin (red). (E) Transmission electron microscopy of thin
sections through a choanoflagellate shows the presence of basally-positioned cellular
processes (indicated with black rectangle), shown in higher magnification in panel F.

Scale bars (A-E: 1 uM, F: 200 nm).

Figure 3. Subcellular localization of Fascin in S. rosetta. (A) Phase contrast microscopy
shows the morphology of a fixed S. rosetta cell. (B and C) Immunolocalization studies
reveal that Fascin localizes to a basal filopodia-like structure (fp) and to the apical actin
filled collar (c). (D) Western blot analysis shows that S. rosetta cell lysate probed with
Fascin antibodies detect a single band of approximately 55 kDa (+). No signal was
detected when primary Fascin antibody was omitted (-). f, flagellum; c, microvilli

collar; fp, filopodia. Scale bar: 1uM.

Figure 4. Expression of filopodial and related genes in unicellular holozoans. (A) Log2-
fold expression (see Materials and Methods) of C. owczarzaki filopodial genes between

filopodiated and cystic stages. (B) Log2-fold expression of S. rosetta filopodial genes
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between attached and colonial stages. Red lines highlight 2-fold expression differences.
For clarity, negative values indicate overexpression in one stage compared with the

other, and vice versa.

Figure 5. Evolution of the metazoan filopodial toolkit. Schematic representation of the
metazoan filopodial toolkit (left), with colours indicating the inferred evolutionary
origin of each gene (white=eukaryotes, blue=Amorphea,
yellow=opisthokonts+apusozoans, orange=holozoans,
green=choanoflagellates+metazoans, red=metazoans). The cladogram (right) represents
gains and losses and the presence of filopodia and microvilli in different groups. Dashed
filopodia in other eukaryotes represent the presence of filopodia only in some groups

(see main text).
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