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Abstract

Extracellular matrix and the origin
of animal multicellularity

by
Laura Anne Wetzel
Doctor of Philosophy in Molecular and Cell Biology
University of California, Berkeley
Professor Nicole King, Chair

The evolution of animals from their unicellular ancestors was a major transition in
evolutionary history that enabled the diversity and complexity of extant animals. Due to
the lack of a clear fossil record of the progenitors of animals, we know relatively little about
the first animals and the developmental events that predicated their evolution. My doctoral
research utilized Salpingoeca rosetta, a model choanoflagellate and one of the closest
living relatives of animals, to investigate the molecular changes that might have led to the
origin of multicellularity in animals.

S. rosetta facultatively forms multicellular “rosettes” through serial cell division in a
process reminiscent of early animal embryogenesis. To determine the genetic
underpinnings of rosette development in S. rosetta, | performed a forward genetic screen
for rosette defect mutants (Chapter 2). | identified a new class of mutants that aggregate
promiscuously into amorphous clumps of cells, but that do not develop into orderly
rosettes. Two clumpy mutants, named Jumble and Couscous, mapped to lesions in genes
encoding predicted glycosyltransferases. The mutations in the jumble and couscous
genes were shown to disrupt glycosylation patterns at the basal pole of the extracellular
matrix (ECM). The only previously identified gene required for rosette formation,
rosetteless, was found to encode a protein that localizes at the basal pole of cells in the
ECM-filled center of rosettes. Thus, all three genes known to be required for rosette
development in S. rosetta play a role in establishing the ECM of rosettes and implicate
the ECM in the regulation of multicellular development.

Beyond the specific genes required for cell adhesion and cell signaling, animal
multicellular development relies on transcriptional regulation of specific genes for cell
differentiation. To examine the role of transcriptional regulation, | generated an improved
S. rosetta genome assembly that allows for better annotation of regulatory regions and
analyzed chromatin accessibility using an assay for transposase-accessible chromatin
(ATAC-seq) in distinct S. rosetta cell types, including unicellular slow swimmers and
rosettes (Appendix). Slow swimmers and rosettes were found to have nearly identical
chromatin accessibility profiles—consistent with previous transcriptome sequencing that
showed remarkably similar expression profiles between slow swimmers and rosettes.

Taken together, S. rosetta may rely on translational and/or post-translational
regulation, including modification of the ECM, to build multicellular rosettes. Continuation

1



of the forward genetic screen for rosette defects to saturation and utilization of recently
developed methods for reverse genetics will allow future scientists to more fully elucidate
the genetic basis of rosette development in S. rosetta and its possible homology to animal
development.
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Chapter 1

Cell adhesion and the glycocalyx in the evolution of multicellular
development in animals



INTRODUCTION

Animals develop from a single founding cell, the zygote, that undergoes serial
rounds of cell division along with cell movement, cell differentiation, tissue
morphogenesis, and apoptosis to produce adult animals in a wide array of body plans
(Gilbert, 2000). All modern animals are composed of hundreds to trillions of cells (Savage,
1977; Wood, 1988) that function cooperatively and differentiate into at least five
distinguishable cell types (Valentine, 2006). Yet, little is known about the evolutionary
events that lead to coordinated multicellular development in animals.

Beyond animals, multicellularity evolved independently in at least 15 other lineages
throughout the eukaryotic tree, notably including land plants, fungi (possibly including
separate origins in ascomycetes and in basidiomycetes) (Nagy et al., 2018), cellular slime
molds and different types of algae (Bonner, 1998; King, 2004; Rokas, 2008) (Figure 1.1).
Each of these transitions occurred at different times in the history of life (Sebé-Pedrés et
al., 2017) and from a distinct unicellular ancestor (Baldauf, 2003; King, 2004). Comparing
multicellular eukaryotes may allow us to extrapolate whether there are common molecular
mechanisms for the evolution of multicellularity and may help to inform our understanding
of animal origins.

TWO PATHWAYS TO MULTICELLULARITY: AGGREGATION AND DIVISION

Each origin of multicellularity occurred through either aggregation or by clonal cell
division. Aggregative multicellularity happens through the adhesion of individual cells to
each other whereas clonal multicellularity results from successive rounds of division
without separation of sister cells. Interestingly, there are no reported descriptions of
protists that are able to form both stable aggregative and clonal multicellular forms,
indicating that the two types of multicellularity may not be easily interconvertible (Bonner,
1998; Brunet and King, 2017).

Overall, aggregative multicellularity is a less common strategy among eukaryotes
than clonal multicellularity. Aggregation is seen as a roadblock to the evolution of division
of labor between cell types (Buss, 1988) because aggregated cells are not required to be
genetically related and therefore are vulnerable to “cheaters” that can benefit from
aggregation without sharing resources or contributing labor (Santorelli et al., 2008;
Strassmann et al., 2000). Thus, aggregation is predicted to be evolutionarily stable only
if restricted to close relatives (Gilbert et al., 2007; Kuzdzal-Fick et al., 2011). High
relatedness ensures that cheaters and cooperators will tend to be in different groups,
which limits the opportunity for cheaters to exploit cooperators and exposes any group-
level defects for cheaters to selection (Gilbert et al., 2007).

One of the best-studied models of aggregative multicellularity, the slime mold
Dictyostelium discoideum, relies on specific kin recognition mechanisms to form fruiting
bodies with viable spores and dead stalk cells upon starvation (Benabentos et al., 2009;
Hirose et al., 2011). A matching pair of the highly polymorphic tgrB1 and tgrC1 alleles is
required for self-recognition through the predicted direct binding of the extracellular
protein products of the two alleles (Gruenheit et al., 2017; Hirose et al., 2011). TgrB1 and
TgrC1 contain immunoglobulin-like folds—a fold that is tolerant of sequence variation and
convergently evolved in many organisms to mediate self-recognition (Hirose et al., 2011).
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Despite the safeguard of kin selection, the multicellular form of D. discoideum remains a
transient stage of in its overall life history. In fact, in all known cases, aggregative
multicellularity is only found as a temporary life stage (Sebé-Pedros et al., 2017).

On the other hand, clonal multicellularity is more phylogenetically widespread.
Clonal multicellularity might evolve relatively easily since it avoids many of the genetic
conflicts associated with aggregation since related cells remain stuck together. Moreover,
“‘complex multicellularity” marked by cells that undergo spatial cell differentiation and have
intercellular communication (Knoll, 2011) is restricted to lineages with clonal
development. Complex multicellularity has evolved only six times among eukaryotes
suggesting that the evolutionary hurdle is relatively high—possibly due to the strong
demand for cooperation among cells that are specialized and dependent on each other.

In fact, clonal multicellularity can arise with simple mutations that lead to a loss of
complete cell division (Brunet and King, 2017). Within 100 generations after the
introduction of a predator, the green alga, Chlorella vulgaris, was able to form multicellular
clusters of tens to hundreds of cells, apparently through incomplete cell division (Boraas
et al., 1998). During selection for rapid settling in liquid media or through predation,
Chlamydomonas reinhardtii evolved multicellular clusters that developed clonally by
daughter cells remaining together after mitotic reproduction (Herron et al., 2018; Ratcliff
et al., 2013). In a similar selection scheme for settling, disruption the transcription factor
ACE2 of Saccharomyces cerevisiae was found to prevent mother-daughter cell
separation and generate multicellular “snowflake” yeast (Ratcliff et al., 2015). In each of
these studies, laboratory-evolved de novo multicellularity resulted from mutations that led
to incomplete cytokinesis that were acquired in between 100-315 generations (Boraas et
al., 1998; Ratcliff et al., 2015, 2013).

Since most transitions to multicellularity happened hundreds of millions of years
ago, how can we unravel their mechanisms? There are two possible approaches: (1)
First, comparative genomics might reveal gene families whose origins, elaboration, or
expansion correlates with the transition to multicellularity in the diverse groups of interest.
(2) Second, in forms with facultative multicellularity, loss-of-function approaches (i.e,
mutant screens or knock-outs) can reveal genes that are necessary for multicellularity.
Strikingly, these two complementary approaches have converged toward revealing a
central role for cell adhesion genes.

MULTICELLULAR CELL ADHESION IS MEDIATED BY GLYCOSYLATION

Comparative genomics has revealed a dramatic expansion of genes encoding
adhesion molecules in multicellular organisms (Gagneux et al., 2015), which is consistent
with data from developmental and cell biology that emphasizes the importance of
adhesion molecules for the establishment and maintenance of the complex multicellular
forms of animals, plants, and fungi. The specific adhesion molecules themselves vary
between lineages, but in many multicellular lineages an extracellular matrix (ECM) that is
heavily modified with sugars mediates adhesion (Colley et al., 2015) (Figure 1.2).
Evolution has repeatedly and consistently selected polysaccharides, often referred to as
glycans when on the exterior surface of cells, as being the most diverse and flexible
molecules at the interface between cells and the extracellular environment (Colley et al.,
2015). Potential reasons that glycans cover all cell types include: their relative
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hydrophilicity, flexibility, and mobility in aqueous environments and their extreme diversity
that allows facile short-term and long-term adaptations to changing environments and
pathogen regimes (Colley et al., 2015). Alternatively, glycans could have evolved early in
life and remained covering cells as an evolutionary contingency.

Glycans vary immensely in structure and expression both within and between
evolutionary lineages (Gagneux et al., 2015) and our knowledge about this diversity
remains limited largely due the inherent difficulties in elucidating their structures. Most
major glycan classes in animal cells are represented in some related form among other
eukaryotes or even archaea (Gagneux et al., 2015). One trend, however, is that there are
far fewer N-glycoproteins in unicellular than multicellular organisms (Gagneux et al.,
2015). Beyond covering the cells, glycans can play either a structural role in holding cells
together or can modify the activity of other molecules which hold cells together.

For example, cell adhesion in the aggregative slime mold D. discoideum requires
carbohydrate binding lectins, CBP-26 (also called discoidin 1) and CBP-24 (also called
discoidin 1l) (Ray et al., 1979; Shinnick and Lerner, 1980; Springer et al., 1984) (Figure
1.2). CBP-26 binds cell surface galactose molecules on other cells, allowing cell
aggregation (Ray et al., 1979; Shinnick and Lerner, 1980). Inhibition of all protein
glycosylation does not alter protein synthesis, but blocks cell aggregation (McDonald and
Sampson, 1983).

Land plants and fungi are surrounded by cell walls composed of carbohydrates
that mediate cell attachment (Figure 1.2). Land plants are covered by a cell wall
composed of the polysaccharides cellulose, hemicellulose, and pectin (Daher and
Braybrook, 2015; Iwai et al., 2002). Pectin encompasses a family of plant cell wall
polysaccharides that contain galacturonic acid and are generally grouped into three
majors types: homogalacturonan, rhamogalacturonan I, and the substituted galacturonan
rhamnogalacturonan Il (Atmodjo et al., 2013). Chemical modification of pectin, including
methylation and acetylation, affect its ability to gel and act as glue between cells (Daher
and Braybrook, 2015; Iwai et al., 2002). The fungal cell wall is composed mainly of the
polysaccharides glucan and chitin (Bowman and Free, 2006; Gow et al., 2017). Fungal
cell adhesion is mediated by a combination of adhesive cell wall proteins and secreted
carbohydrates, although the precise composition of fungal adhesives is highly
heterogenous between species and understudied in fruiting bodies and other complex
multicellular forms (Nagy et al., 2018).

In animals, epithelial adhesion is mediated through cell adhesion molecules
(CAMs) on the cell surface including: cadherins, integrins, selectins (a class of C-type
lectin), and immunoglobin cell adhesion molecules (IgCAMs) (Edelman, 1986; Takeichi,
1988) (Figure 1.2). Cadherins, integrins, and IgCAMs are regulated by their glycosylation
patterns (Carvalho et al., 2016; Guo et al., 2009; Kadmon et al., 1990; Zhao et al., 2008);
while selectins bind sugar modifications to hold cells together. CAMs, such as cadherins
and C-type lectins, are encoded in the genomes of choanoflagellates, the closest living
relatives of animals (Abedin and King, 2008; Fairclough et al., 2010; King et al., 2008;
Nichols et al., 2012; Richter and King, 2013). llluminating the ancestral roles of CAMs
and how glycans regulate or interact with CAMs in choanoflagellates and other close
living relatives of animals can help to reveal which cell adhesion molecules were available
to the last common ancestor of animals.



ESTABLISHING THE GLYCOCALYX

There is no single gene controlling glycan biosynthesis—they are synthesized and
modified by a network of enzymes. The enormous complexity of the glycans found on the
outside of all cells, also known as the glycocalyx, is derived from the orchestration of the
enzymatic formation and breakdown of glycosidic linkages achieved by
glycosyltransferases (GTs), glycoside hydrolase, glycoside phosphorylases, and
polysaccharide lyases (Lairson et al., 2008; Rademacher et al., 1988) (Figure 1.3).

A key class of enzymes, the GTs, establish glycosidic linkages by transferring an
activated donor sugar substrate that contains a phosphate leaving group to an acceptor
substrate (Lairson et al., 2008). Most often, acceptor substrates are other sugars, but they
can also be a lipid, protein, nucleic acid, or another small molecules (Lairson et al., 2008).
GTs have been classified into 90 families based on amino acid sequence similarities
(Campbell et al., 1997). However, making precise functional predictions based on
sequence alone is often unreliable or inaccurate because many GT families exhibit
polyspecificity, whereby enzymes within the same family have different donors and/or
acceptors (Campbell et al., 1997). Based on more than 500 sequenced organisms, GTs
account for about 1% to 2% of the gene products of an organism whether archaeal,
bacterial, or eukaryotic—and even doubled-stranded DNA viruses (Lairson et al., 2008);
thus, the enzyme family is very ancient. As of January 2008, there were 33,000 open
reading frames encoding GTs, yet the donor and acceptor specificity for the vast majority
(>95%) is not known (Lairson et al., 2008). Given their importance in establishing the
glycocalyx, identifying the molecular and cellular functions of additional GTs in
multicellular organisms and their relatives may reveal important modifications for proper
cell adhesion in multicellular organisms.

GLYCOSYLATION IN ANIMAL DEVELOPMENT AND CANCER

Glycans are essential for developmental and differentiation events required for the
assembly of complex multicellularity body plans in animals (Haltiwanger and Lowe, 2004).
A strong link has been established between developmental phenotypes and genetic
deficiencies in glycan expression and structures in humans, mice, Drosophila
melanogaster, and Caenorhabditis elegans (Haltiwanger and Lowe, 2004). One of the
best studied examples is the regulation of Notch signaling, essential for cell-fate
specification in metazoans, by glycosylation of its extracellular domain (Takeuchi and
Haltiwanger, 2014). The Notch extracellular domain is modified with different types of
carbohydrates including asparagine-linked N-glycans and several serine- or threonine-
linked O-glycans (Takeuchi and Haltiwanger, 2014). In mammals alone, there are nine
different GTs that preferentially modify the epidermal growth factor (EGF) repeats in the
Notch extracellular domain with O-glycans (Takeuchi and Haltiwanger, 2014). The nine
GTs create a complex code of regulation as glycosylation by each enzyme is either
essential for viability, activates Notch, or inhibits Notch (Takeuchi and Haltiwanger, 2014).

Cancer has been proposed by many researchers as a disease of multicellularity—
whereby cancer cells revert to acting like unicellular life and can be viewed as cheating
within a cooperative multicellular system (Aktipis et al., 2015; Chen et al., 2015; Trigos et
al., 2018). Given the role glycosylation plays in ensuring multicellular cooperation in
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animals, it should not be surprising that alterations in glycoproteins, glycosphingolipids,
and proteoglycans are common features of cancer cells (Pinho and Reis, 2015). Irregular
glycan expression in cancer has been attributed to under- or overexpression of
glycosyltransferases (Kannagi et al., 2008), dysregulation of chaperone function
(Schietinger et al., 2006), and/or altered glycosidase activity (Kakugawa et al., 2002).

Increased sialylation, branched-glycan structures and expression of ‘core’
fucosylation, are the most-widely occurring cancer-associated changes in protein
glycosylation (Pinho and Reis, 2015). Several of these changes interfere directly with
CAMs. Overexpression of branched-N-glycan structures disrupts epithelial cadherin-
mediated cell-cell adhesion, which promotes tumor cell dissociation and invasion (Pinho
etal., 2013, 2011, 2009). Modifications of integrins with branched N-glycans (Bassagafias
et al., 2014), truncated O-glycans (Zhao et al., 2008), and/or sialylated structures (Asada
et al., 1997) modulate tumor cell-matrix interaction and stimulate the process of tumor
cell migration. Increased glycosylation with the sugars, sialyl Lewis* and SLe?, are
associated with tumors and serve as ligands for adhesion receptors expressed in
activated endothelial cells (E-selectin), platelets (P-selectin), and leukocytes (L-selectin),
promoting cancer cell adhesion and metastasis (Rosen and Bertozzi, 1994). These
examples underscore the importance of proper glycan modifications in ensuring proper
cell adhesion mechanisms, yet the molecular mechanisms dictating glycosylation of
CAMs remain difficult to study in the context of complex multicellular animals. All animals
have complex multicellularity, making it difficult to know by looking at animals alone which
changes paved the way for the initial evolution of multicellularity. On the other hand, the
facultative multicellular forms of their closest relatives can serve as a proxy of the
multicellular ancestors of animals.

HOLOZOANS CAN HELP REVEAL THE ORIGIN OF ANIMAL MULTICELLULARITY

Many of the genes required for cell-cell adhesion, cel-lECM adhesion, and
developmental patterning are shared among almost all animals (Adamska et al., 2011;
Nichols et al., 2006; Pires-daSilva and Sommer, 2003; Richter et al., 2018; Srivastava et
al., 2010). The near ubiquity and conserved function of their gene products among extant
animals implies the last common ancestor of all animals was multicellular and had a
complex developmental toolkit. Yet, the first animals lived over 600 million years ago and
left little mark on the fossil record for scientists to directly interrogate their origins (Conway
Morris, 1993). Therefore, we must look to phylogenetically relevant relatives of animals
to understand the early steps in the evolution of animal multicellularity. Three unicellular
lineages, choanoflagellates, filastereans, and ichthyosporeans, form a clade with animals
called Holozoa (Lang et al., 2002) which forms the reference point for studies of the
origins of animals (Figure 1.1). Studying all unicellular holozoans can provide the most
complete possible view of the genetic and regulatory toolkit available in the last common
ancestor of animals.

Ichthyosporeans

The ichthyosporeans are the earliest branching holozoan lineage (Torruella et al.,
2015). The clade, comprised of around 40 described species, includes parasites and
commensals of a wide diversity of animals (Glockling et al., 2013; Mendoza et al., 2002).
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The model species, Creolimax fragrantissima, has a life cycle that includes coenocytic
development where the nucleus replicates multiple times without the cell itself dividing
before undergoing cellularization and release of motile amoeboid zoospores (Marshall et
al., 2008; Marshall and Berbee, 2011). Coenocytic development, despite being quite
distinct from canonical animal development, is found in some animal lineages, such as in
Drosophila syncytial blastoderm (Suga and Ruiz-Trillo, 2013); therefore, studying
coenocytic development might inform our understanding of yet another developmental
program available to the last common ancestor of animals.

The genome of C. fragrantissima has been sequenced and has shown distinct
transcriptomic profiles for its two life stages that involve hundreds of differentially
expressed genes (de Mendoza et al., 2015). Interestingly, the unicellular amoeboid cell
type and not the multinucleate cell type is defined by multicellularity-related activities (de
Mendoza et al., 2015). For example, the integrin adhesome, which is a major cell-ECM
adhesion system in animals, and the transcription factor Brachyury, which is essential for
animal development, are significantly upregulated in the unicellular amoeba stage (de
Mendoza et al., 2015). Thus, while these genes may have an ancestral role in cell type
specification, their roles in animal development may have been co-opted over time for
different functions.

Filastereans

Filastereans are the sister group of the clade composed of choanoflagellates and
animals (Torruella et al., 2015). To date, there are only four described filasterean species:
the predatory flagellates Pigoraptor viethamica and Pigoraptor chileana (Hehenberger et
al., 2017), the marine free-living Ministeria vibrans (Schalchian-Tabrizi et al., 2008) and
the snail symbiont Capsaspora owczarzaki (Hertel et al., 2002). The life cycle of the model
species C. owczarzaki includes three different cell stages: an amoeboid stage, a cystic
stage, and an aggregative multicellular stage (Sebé-Pedros et al., 2016). C. owczarzaki
has the only known example of aggregative multicellularity in Holozoa (Sebé-Pedros et
al., 2017). Transcriptome analysis has revealed that aggregate-stage C. owczarzaki cells
highly express integrin adhesome genes, as well as ECM proteins, including fibronectin
domain-containing and laminin domain-containing proteins (Sebé-Pedros et al., 2016).
This work has helped to reveal that major cell-cell and cell-matrix adhesion mechanisms
in animals have a deeper evolutionary origin than previously thought. Studying further the
molecular mechanisms of aggregation in C. owczarzaki may inform our understanding of
adhesion and cell signaling mechanisms available to the last common ancestor of animals
and whether aggregative multicellularity might have been an intermediate on the way to
clonal multicellularity in animals.

Choanoflagellates

Choanoflagellates are a globally distributed group of marine and freshwater
protozoans (Leadbeater, 2015). In 1867, Henry James-Clark first hypothesized a close
relationship between choanoflagellates and the early branching animals, sponges, based
on the shared morphology of choanoflagellates and choanocytes of sponges (James-
Clark, 1867). With the advent of molecular phylogenetics, choanoflagellates
unambiguously have been shown to be the closest living relatives of animals (King, 2004;
Ruiz-Trillo et al., 2008; Schalchian-Tabrizi et al., 2008). Genomes and transcriptomes
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from several choanoflagellate species have revealed that many gene families once
thought to be animal-specific are present in choanoflagellates (Fairclough et al., 2013;
King et al., 2008; Richter et al., 2018).

Enticingly, many choanoflagellates have facultatively clonal multicellular forms,
including swimming spherical (rosettes), linear, or flat colonies, and sessile branching
colonies (Dayel et al., 2011; Leadbeater, 2015, 1983). It remains unknown whether
choanoflagellate and animal multicellularity are homologous or have independent origins.
Studying choanoflagellate colony formation may help to clarify the relationship and reveal
a plausible pathway to multicellularity along the animal lineage.

Salpingoeca rosetta is an emerging model choanoflagellate that has a complex life
history that includes multicellular rosettes. Under standard laboratory conditions S.
rosetta proliferates as solitary cells or linear chains that easily break apart into solitary
cells (Dayel et al., 2011). However, upon exposure to the prey bacterium, Algoriphagus
machipongonensis, S. rosetta develops into highly organized and structurally stable
rosettes through a process of serial cell division reminiscent of early animal
embryogenesis (Alegado et al., 2012; Dayel et al., 2011; Fairclough et al., 2010; Woznica
et al., 2016). Recent advances — including a fully-sequenced genome (Fairclough et al.,
2013), the discovery of a sexual phase of its life cycle that enables controlled mating
(Levin et al., 2014; Levin and King, 2013; Woznica et al., 2017), and techniques that allow
for transfection and expression of transgenes (Booth et al., 2018) — have enabled the
detailed study of the molecular mechanisms underlying rosette developmentin S. rosetta.

A groundbreaking genetic screen for rosette defective mutants in S. rosetta
revealed the first gene required for rosette formation, a C-type lectin named rosetteless
(Levin et al., 2014). C-type lectins, until then thought to be animal specific (Fairclough et
al., 2013; King et al., 2008; Richter et al., 2018), play many roles in animals, including
cell-cell adhesion, cell-ECM adhesion, cell signaling, and innate immune recognition of
pathogens (Cambi et al., 2005; Geijtenbeek and Gringhuis, 2009; Ruoslahti, 1996;
Svajger et al., 2010; Zelensky and Gready, 2005). Although the molecular mechanisms
by which rosetteless regulates rosette formation remain unknown, the wild type
Rosetteless protein localizes to the basal pole of solitary swimmers and becomes heavily
enriched in the ECM-filled center of rosettes upon rosette induction (Levin et al., 2014).
This localization led to the hypothesis that the Rosetteless-filled ECM plays an essential
role in holding together cells of a rosette and highlights the role of the ECM in multicellular
development (Levin et al., 2014).

Several other rosette defective mutants were recovered in the screen and all
lacked mutations at the rosetteless locus; thus, multiple genes are required for rosette
formation (Levin et al., 2014). Intriguingly, transcriptome sequencing of S. rosetta cell
types revealed that chain colonies and rosette colonies have remarkably similar genome-
wide transcriptional profiles (Fairclough et al., 2013). Thus, it remains an open question
what regulatory mechanisms—transcriptional, translational, or post-translational—direct
the switch to rosette development. Uncovering additional required genes may help to
reveal whether this pathway is conserved in the regulation of animal multicellularity.



Figure 1.1. The multiple origins of multicellularity. Multicellular forms are present in
many eukaryotic lineages. Several of these lineages have only a few multicellular species,
but animals (Metazoa; highlighted in bold) and plants (Embryophyta; highlighted in bold)
are entirely multicellular. Figure adapted from Sebé-Pedrés et al., 2017.
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Figure 1.2. Multicellular cell adhesion in diverse organisms is mediated by
glycosylation. In both aggregative and clonal multicellularity, glycans (green) play key
roles in cell-cell adhesion. The slime mold, Dictyostelium discoideum, forms an
aggregative fruit body through the action of lectin, CBP-26, which binds to specific glycans
to hold cells together. Figure adapted from Vasta et al., 2017. Land plants are covered
by a cell wall composed of the polysaccharides: cellulose and pectin. Figure adapted from
Loqué et al., 2015. Fungal cell adhesion mediated by a combination of adhesive cell wall
proteins and secreted carbohydrates, although the precise composition of fungal
adhesives is highly heterogenous between species and understudied in fruiting bodies
and other complex multicellular forms. Figure adapted from Gow et al., 2017. In animals,
epithelial adhesion is mediated through cell adhesion molecules (CAMs) on the cell
surface including: cadherins, integrins, selectins (a class of C-type lectin), and
immunoglobin cell adhesion molecules (IgCAMs). Cadherins, integrins, and IgCAMs are
all regulated by their glycosylation patterns. Selectins are lectins that bind specific glycans
to hold cells together. Figure adapted from Lodish et al., 2000.
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Figure 1.3. Multiple enzymes shape the glycocalyx. Glycans, found on the outside of
all cells, also known as the glycocalyx, are derived from the action of four classes of
enzymes: glycosyltransferases, glycoside hydrolases, glycoside phosphorylases, and
polysaccharide lyases. Glycosyltransferases establish glycosidic linkages by transferring
an activated donor sugar substrate that contains a phosphate leaving group to
nucleophilic group, normally an alcohol, on an acceptor substrate. Most commonly
acceptor substrates are other sugars, but they can also be a lipid, protein, nucleic acid,
or other small molecules. Glycoside hydrolases catalyze the hydrolysis of glycosidic
bonds. Glycoside phosphorylases catalyze the cleavage of a glycosidic bond through
substitution with phosphate. Polysaccharide lyases cleave uronic acid-containing
polysaccharides to generate an unsaturated hexuronic acid residue and a new reducing
end at the point of cleavage.
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Chapter 2

Predicted glycosyltransferases promote development and prevent promiscuous
cell aggregation in the choanoflagellate S. rosetta

The results presented here were published as part of the following paper:

Wetzel L., Levin T., Hulett R.E., Chan D., King G., Aldayafleh R., Booth D., Sigg M.A., &
King N. (2018). Glycosyltransferases promote development and prevent promiscuous cell
aggregation in the choanoflagellate S. rosetta. bioRxiv. doi: 10.1101/384453 (also in
review at eLife).

IMPACT STATEMENT
A genetic screen reveals that two predicted glycosyltransferases promote proper rosette

development and prevent of cell clumping in one of the closest living relatives of animals,
the choanoflagellate S. rosetta.
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ABSTRACT

In a previous study (Levin et al. 2014), we established forward genetics in the
choanoflagellate Salpingoeca rosetta and found that a C-type lectin gene is required for
rosette development. Here we report on critical improvements to genetic screens in S.
rosetta while also investigating the genetic basis for rosette defect mutants in which single
cells fail to develop into orderly rosettes but instead aggregate promiscuously into
amorphous clumps of cells. Two of the mutants, Jumble and Couscous, mapped to
lesions in genes encoding two different predicted glycosyltransferases and displayed
aberrant glycosylation patterns in the basal extracellular matrix (ECM). In animals,
glycosyltransferases sculpt the polysaccharide-rich ECM, regulate integrin and cadherin
activity, and, when disrupted, contribute to tumorigenesis. The finding that predicted
glycosyltransferases promote proper rosette development and prevent cell aggregation
in S. rosetta suggests a pre-metazoan role for glycosyltransferases in regulating
development and preventing abnormal tumor-like multicellularity.
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INTRODUCTION

The transition to multicellularity was essential for the evolution of animals from their
single celled ancestors (Szathmary and Smith, 1995). However, despite the centrality of
multicellularity to the origin of animals, little is known about the genetic and developmental
mechanisms that precipitated the evolution of multicellularity on the animal stem lineage.
All modern animals develop clonally through serial cell division, suggesting that the same
was true for their last common ancestor. While the closest living relatives of animals,
choanoflagellates, develop clonally into multicellular rosettes, more distant relatives such
as Capsaspora owczarzaki (Sebé-Pedros et al., 2013) and Dictyostelium discoideum
(Bonner, 1967; Brefeld, 1869) become multicellular through cell aggregation (which is
vulnerable to cheating) (Santorelli et al., 2008; Strassmann et al., 2000). This raises a
general question of how stem animals might have suppressed cell aggregation in favor
of clonal multicellular development.

Although the first animals evolved over 600 million years ago, studying their closest
living relatives, choanoflagellates, allows the reconstruction of important aspects of
animal origins (Brunet and King, 2017; King et al.,, 2008; Ruiz-Trillo et al., 2008;
Schalchian-Tabrizi et al., 2008; Sebé-Pedrés et al., 2017). Salpingoeca rosetta is an
emerging model choanoflagellate that was isolated from nature as a spherical colony of
cells called a rosette. Under standard laboratory conditions, S. rosetta proliferates as
solitary cells or as linear chain colonies that easily break apart into solitary cells (Dayel et
al., 2011). When exposed to rosette inducing factors (RIFs) produced by the co-isolated
prey bacterium Algoriphagus machipongonensis, S. rosetta instead develops into highly
organized and structurally stable rosettes through a process of serial cell division
(Alegado et al., 2012; Dayel et al., 2011; Fairclough et al., 2010; Woznica et al., 2016).
Recent advances, including a sequenced genome (Fairclough et al., 2010), the discovery
of a sexual phase to the S. rosetta life cycle that enables controlled mating (Levin et al.,
2014; Levin and King, 2013; Woznica et al., 2017), and techniques that allow for
transfection and expression of transgenes (Booth et al., 2018) have enabled increasingly
detailed studies of molecular mechanisms underlying rosette development in S. rosetta.

In the first genetic screen to identify genes required for rosette formation in S.
rosetta, multiple rosette defect mutants were recovered that displayed a range of
phenotypes (Levin et al., 2014). The first mutant to be characterized in detail was named
Rosetteless; while Rosetteless cells did not develop into rosettes in the presence of RIFs,
they were otherwise indistinguishable from wild type cells (Levin et al.,, 2014). The
mutation underlying the Rosetteless phenotype was mapped to a C-type lectin, encoded
by the gene rosetteless, the first gene shown to be required for rosette formation (Levin
et al.,, 2014). In animals, C-type lectins function in signaling and adhesion to promote
development and innate immunity (Cambi et al., 2005; Geijtenbeek and Gringhuis, 2009;
Ruoslahti, 1996; Svajger et al., 2010; Zelensky and Gready, 2005). Although the
molecular mechanisms by which rosetteless regulates rosette development remain
unknown, the localization of Rosetteless protein to the rosette interior suggests that it
functions as part of the extracellular matrix (ECM) (Levin et al., 2014).

Here we report on the largest class of mutants from the original rosette defect
screen (Levin et al., 2014), all of which fail to develop into organized rosettes and instead
form large, amorphous clumps of cells in both the absence and presence of RIFs. By
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mapping the mutations underlying the clumpy, rosette defect phenotypes of two mutants
in this class, we identified two predicted glycosyltransferase genes that are each essential
for proper rosette development. The causative mutations led to similar perturbations in
the glycosylation pattern of the basal ECM. The essentiality of the predicted
glycosyltransferases for rosette development combined with prior findings of the
requirement of a C-type lectin highlight the importance of the ECM for regulating
multicellular rosette development and preventing spurious cell adhesion in a close relative
of animals.

RESULTS

Rosette defect mutants form amorphous clumps of cells through promiscuous cell
adhesion

The original rosette defect screen performed by Levin et al., 2014 yielded nine
mutants that were sorted into seven provisional phenotypic classes. For this study, we
screened 21,925 additional clones and identified an additional seven mutants that failed
to form proper rosettes in the presence of Algoriphagus RIFs. (For this study, we used
Algoriphagus outer membrane vesicles as a source of RIFs, as described in Woznica et
al., 2016). Comparing the phenotypes of the 16 total rosette defect mutants in the
presence and absence of RIFs allowed us to classify four broad phenotypic classes: (1)
Class A mutants that have wild type morphologies in the absence of RIFs and entirely
lack rosettes in the presence of RIFs, (2) Class B mutants that have wild type
morphologies in the absence of RIFs and develop reduced levels of rosettes with aberrant
structures in the presence of RIFs, (3) Class C mutants that produce large clumps of cells
in both the presence and absence of RIFs while forming little to no rosettes in the
presence of RIFs, and (4) a Class D mutant that exist primarily as solitary cells, with no
linear chains of cells detected in the absence of RIFs and no rosettes detected in the
presence of RIFs (Table 2.2).

Of the 16 rosette defect mutants isolated, seven mutants fell into Class C. For this
study, we focused on four Class C mutants — Seafoam, Soapsuds, Jumble, and
Couscous (previously named Branched in Levin et al., 2014) — that form amorphous,
tightly packed clumps of cells, both in the presence and absence of RIFs, but never
develop into rosettes (Table 2.1; Figure 2.1A,B). We found that the clumps contain a few
to hundreds of mutant cells that pack together haphazardly, unlike wild type rosettes in
which all cells are oriented with their basal poles toward the rosette center and their apical
flagella extending out from the rosette surface (Alegado et al., 2012; Levin et al., 2014;
Woznica et al., 2016). Moreover, in contrast with the structural stability and shear
resistance of wild type rosettes (Figure 2.1A) (Levin et al., 2014), the cell clumps formed
by Class C mutants were sensitive to shear and separated into solitary cells upon
pipetting or vortexing the culture (Figure 2.1A).

Following exposure to shear, we observed that mutant cells re-aggregated into
new clumps within minutes, while wild type cells never formed clumps (Figure 2.1C, D;
rare cell doublets were likely due to recent cell divisions). Within 30 minutes after
disruption by shear force, cell clumps as large as 75, 55, 32, and 23 cells formed in
Couscous, Soapsuds, Seafoam, and Jumble mutant cultures, respectively. Moreover,
blocking cell division with the cell cycle inhibitor aphidicolin did not prevent clump
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formation (Figure 2.2). Both the speed of clump reformation (less than the ~6 hours
required for a single cell division (Levin et al., 2014; Figure 2.3) and the observation of
cell clumping in the absence of cell division (Figure 2.2) demonstrate that cell aggregation
alone is sufficient to drive clump formation. Indeed, each of the mutants tested also
displayed a mild defect in cell proliferation (Figure 2.3).

Therefore, the cell clumps are not aberrant rosettes, which never form through
aggregation and instead require at least 15 — 24 hours to develop clonally through serial
rounds of cell division (Dayel et al., 2011; Fairclough et al., 2010). Nonetheless, we tested
whether Jumble and Couscous clump formation might be influenced by the presence or
absence of RIFs. Clumps formed in both the presence and absence of RIFs were
comparable in size (K-S test; Figure 2.4). Cell aggregation was not strain-specific, as
unlabeled Jumble and Couscous mutant cells adhered to wild type cells identified by their
expression of cytoplasmic mWasabi (Figure 2.5).

The fact that the seven clumping/aggregating Class C mutants isolated in this
screen were also defective in rosette development suggests a direct link between
promiscuous cell adhesion and failed rosette development.

Improving genetic mapping in S. rosetta through bulk segregant analysis

We next set out to identify the causative mutation(s) underlying the clumping and
rosette defect phenotypes in each of these mutants. In the Levin et al. 2014 study, the
Rosetteless mutant was crossed to a phenotypically wild type Mapping Strain (previously
called Isolate B in Levin et al., 2014) and relied on genotyping of haploid F1s at 60 PCR-
verified genetic markers that differed between the Rosetteless mutant and the Mapping
Strain (Levin et al., 2014). The 60 markers were distributed unevenly across the 55 Mb
genome and proved to be insufficient for mapping the Class C mutants for this study.
Compounding the problem, the low level of sequence polymorphism among S. rosetta
laboratory strains and abundance of repetitive sequences in the draft genome assembly
(Fairclough et al., 2013; Levin et al.,, 2014) made it difficult to identify and validate
additional genetic markers, while genotyping at individual markers proved labor intensive
and costly.

To overcome these barriers, we modified bulk segregation methods developed in
other systems (Doitsidou et al.,, 2010; Leshchiner et al., 2012; Lister et al., 2009;
Pomraning et al., 2011; Schneeberger et al., 2009; Voz et al., 2012; Wenger et al., 2010)
for use in S. rosetta. Our strategy involved: (1) crossing mutants to the Mapping Strain
(which contains previously identified sequence variants); (2) isolating heterozygous
diploids identified through genotyping at a microsatellite on supercontig 1; (3) inducing
meiosis; (4) growing clonal cultures of haploid F1 offspring; (5) phenotyping the F1
offspring; (6) pooling F1 offspring based on their clumping phenotype; and (7) deeply
sequencing pooled genomic DNA from the F1 mutants to find mutations that segregated
with the clumping phenotype (Figure 2.6).

To test whether a bulk segregant approach would work in S. rosetta, we first
analyzed a cross between the previously mapped Rosetteless mutant and the Mapping
Strain (Levin et al., 2014). We isolated 38 F1s with the rosette defect phenotype from a
Mapping StrainxRosetteless cross (Levin et al., 2014), grew clonal cultures from each,
pooled the resulting cultures, extracted their genomic DNA, and sequenced the pooled
mutant genomes to an average coverage of 187X. Against a background of sequence
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variants that did not segregate with the Rosetteless phenotype, five unlinked single
nucleotide variants (SNVs) and insertions/deletions (INDELs) were found to segregate
with the phenotype (Table 2.3). Four of these detected sequence variants likely had
spurious correlations with the phenotype resulting from relatively low sequencing
coverage at those variants (>0.25X coverage of the entire genome) (Table 2.3). In
contrast, the remaining SNV was detected in a well-assembled portion of the genome at
a sequencing depth approaching the average coverage of the entire genome. The
segregating SNV, at position 427,804 on supercontig 8, was identical to the causative
mutation identified in Levin et al., 2014 (Table 2.3). Thus, a method based on pooling F1
haploid mutants, identifying sequence variants that segregated with the phenotype, and
masking those SNVSs/INDELs that were detected with >0.25X coverage of the total
genome was effective for correctly pinpointing the causal mutation for Rosetteless (Figure
2.6). Therefore, we used this validated bulk segregant method to map the clumping
mutants.

Mapping crosses were carried out for the four clumping/rosette defect mutants
characterized in this study (Seafoam, Soapsuds, Jumble, and Couscous) and all four
crosses yielded heterozygous diploids, demonstrating that they were competent to mate.
As observed in prior studies of S. rosetta mating (Levin et al., 2014; Woznica et al., 2017),
the diploid cells each secreted a flask-shaped attachment structure called a theca and
were obligately unicellular. Therefore, the heterozygous diploids were not informative
about whether the mutations were dominant or recessive as the phenotypes could only
be detected in haploid cells. For Seafoam and Soapsuds, we isolated heterozygous
diploids, but never recovered F1 offspring with the mutant phenotype (Table 2.1). The
inability to recover haploids with either clumping or rosette defect phenotypes from the
SeafoamxMapping Strain and SoapsudsxMapping Strain crosses might be explained by
any of the following: (1) the clumping/rosette defect phenotypes are polygenic, (2) meiosis
defects are associated with the causative mutations, and/or (3) mutant fithess defects
allowed wild type progeny to outcompete the mutant progeny. In contrast, heterozygous
diploids from crosses of Jumble and Couscous to the Mapping Strain produced F1 haploid
progeny with both wild type and mutant phenotypes and thus allowed for the successful
mapping of the causative genetic lesions, as detailed below.

Jumble maps to a putative glycosyltransferase

Following the bulk segregant approach, we identified 5 sequence variants in
Jumble that segregated with both the clumping and rosette defects. Only one of these —
at position 1,919,681 on supercontig 1 — had sequencing coverage of at least 0.25X of
the average sequence coverage of the rest of the genome (Figure 2.7A; Table 2.4). In a
backcross of mutant F1 progeny to the Mapping Strain, we confirmed the tight linkage of
the SNV to the rosette defect phenotype (Figure 2.7B). Moreover, all F2 progeny that
displayed a rosette defect also had a clumping phenotype. Given the tight linkage of both
traits with the SNV and the absence of any detectable neighboring sequence variants, we
infer that the single point mutation at genome position 1:1,919,681 causes both the
clumping and rosette defect phenotypes in Jumble mutants.

The mutation causes a T to C transition in a gene hereafter called jumble
(GenBank accession EGD72416/NCBI accession XM_004998928; Figure 2.7A). The
jumble gene contains a single exon and is predicted to encode a 467 amino acid protein
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containing a single transmembrane domain. Following the convention established in
Levin et al. 2014, the mutant allele, which is predicted to confer a leucine to proline
substitution at amino acid position 305, is called jumble™?2,

We used recently developed methods for transgene expression in S. rosetta
(Booth et al.,, 2018) to test whether expression of a jumble with an N- or C-terminal
monomeric teal fluorescent protein (MTFP) gene fusion under the S. rosetta elongation
factor L (efl) promoter could complement the mutation and rescue rosette development
in the Jumble mutant (Figure 2.7C,D). We were able to enrich for rare transformed cells
by using a plasmid in which the puromycin resistance gene (pac) was expressed under
the same promoter as the jumble fusion gene, with the two coding sequences separated
by a sequence encoding a self-cleaving peptide (Kim et al., 2011). Transfection of Jumble
mutant cells with wild type jumble-mTFP followed by puromycin selection and the addition
of RIFs yielded cultures in which 9.33%+5.07% of cells were in rosettes (Figure 2.7C).
Similarly, transfection of Jumble with mTFP-jumble followed by puromycin selection and
rosette induction resulted in cultures with 7.00%+4.91% of cells in rosettes (Figure 2.7C).
Importantly, we did not detect any rosettes when we transfected Jumble cells with mTFP
alone, jumble™*-mTFP, or mTFP-jumble™!. Complementation of the Jumble mutant by
the wild type jumble allele, albeit in a subset of the population, provided further
confirmation that the jumble™! mutation causes the cell clumping and rosette defect
phenotypes. The fact that the transfection experiment did not allow all cells to develop
into rosettes may be due to any number of reasons, including incomplete selection
against untransformed cells, differences in transgene expression levels in different
transformed cells, and the possibility that the mTFP tag reduces or otherwise changes
the activity of the Jumble protein.

We next sought to determine the function and phylogenetic distribution of the
jumble gene. BLAST searches uncovered unannotated jumble homologs in nine other
choanoflagellates (Figure 2.8A) and in fungi (Figure 2.9), but none in animals. The
choanoflagellate homologs of jumble were detected in the transcriptomes of species
representing each of the three major choanoflagellate clades (Richter et al., 2018),
suggesting that jumble evolved before the origin and diversification of choanoflagellates.
Although Interpro (Finn et al., 2017) and Pfam (Finn et al., 2016) did not reveal any known
protein domains in Jumble, the NCBI Conserved Domain Search (Marchler-Bauer et al.,
2017) predicted a glycosyltransferase domain with low confidence (E-value 3.87-99).
Moreover, two different algorithms that use predicted secondary and tertiary structures to
identify potential homologs, HHphred (Zimmermann et al., 2017) and Phyre2 (Kelly et al.,
2015), predict that Jumble is related to well-annotated glycosyltransferases (HHphred: E-
value 7.51° to polypeptide N-acetylgalactosaminyltransferase 4; Phyre2: Confidence
94.5% to human polypeptide n-acetylgalactosaminyltransferase 2) (Figure 2.8B). The
Leu305Pro substitution in Jumble™? disrupts a predicted alpha helix, which we
hypothesize would prevent proper folding of the Jumble protein (Figure 2.7A).

Glycosyltransferases play essential roles in animal development (Sawaguchi et al.,
2017; L. Zhang et al., 2008) and cell adhesion (Mdiller et al., 1979; Stratford, 1992). Their
biochemical functions include transferring an activated nucleotide sugar, also called a
glycosyl donor, to lipid, protein, or carbohydrate acceptors (Lairson et al., 2008). Target
acceptors in animals include key signaling and adhesion proteins such as integrins and
cadherins, whose activities are regulated by N- and O-linked polysaccharide
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modifications, also referred to as N- and O-linked glycans (Larsen et al., 2017; Zhao et
al., 2008). Notably, many well-characterized glycosyltransferases act in the Golgi
apparatus, where they glycosylate molecules that are trafficked through the secretory
system (El-Battari, 2006; Tu and Banfield, 2010). To investigate the localization of
Jumble, we transfected wild type cells with a jumble-mWasabi gene fusion transcribed
under the control of the S. rosetta efl promoter. Jumble-mWasabi protein localized to the
apical pole of the cell body near the base of the flagellum. Based on comparisons with
transmission electron micrographs of S. rosetta and other choanoflagellates, Jumble-
mWasabi localization corresponds to the location of the Golgi apparatus, for which there
is not yet a fluorescent marker in S. rosetta (Figure 2.7E,G; Figure 2.10A) (Leadbeater,
2015). In contrast, Jumble™-mWasabi, was distributed in a tubular pattern throughout
the cell and co-localized with an endoplasmic reticulum (ER) marker (Figure 2.7F,H;
Figure 2.10B) (Booth et al., 2018). The ER localization of Jumble™? is consistent with the
hypothesis that the missense mutation disrupts proper protein folding as often misfolded
proteins are retained in the ER and targeted for degradation (Kopito, 1997). The failure
of the Jumble™? protein to localize properly at the Golgi apparatus strongly suggests a
loss of function.

Couscous maps to a lesion in a predicted mannosyltransferase

We followed a similar strategy to map the genetic lesion(s) underlying the
Couscous mutant phenotype. Using the bulk segregant approach on F1 mutant offspring
from a Couscous x Mapping Strain cross, we identified eight sequence variants that
segregated with the clumping and rosette defect phenotypes, of which only one — a single
nucleotide deletion at position 462,534 on supercontig 22 — had sequencing coverage at
least 0.25X of the average sequence coverage of the rest of the genome (Figure 2.11A;
Table 2.5). The tight linkage of the deletion to both the clumping and rosette defect
phenotypes was further confirmed by genotyping the sequence variant in F2 mutants
resulting from backcrosses of F1 mutants to the Mapping Strain (Figure 2.11B). Given the
tight linkage, we infer that the deletion at position 462,534 on supercontig 22 causes both
clumping and the disruption of rosette development in Couscous mutant cells.

The single nucleotide deletion at position 462,534 on supercontig 22 lies in a four-
exon gene, hereafter called couscous (GenBank accession EGD77026/ NCBI accession
XM_004990809). The mutation causes a predicted frameshift leading to an early stop
codon in the mutant protein, Couscous™? (Figure 2.11A). As with the Jumble mutant, we
were able to rescue rosette formation in a portion of the population by transfecting cells
with either a couscous-mTFP or mTFP-couscous gene fusion under the efl promoter
(Figure 2.11C, D), thereby increasing confidence in the mapping results.

The predicted Couscous amino acid sequence contains a specific type of
glycosyltransferase domain, an alpha-mannosyltransferase domain, that transfers
activated mannose onto the outer chain of core N-linked polysaccharides and O-linked
mannotriose (Strahl-Bolsinger et al., 1999). The predicted mannosyltransferase domain
shares 28% and 35% amino acid sequence identity to alpha 1-2 mannosyltransferase
(MNNZ2) proteins in Saccharomyces cerevisiae and Candida albicans, respectively,
including the conserved DXD motif found in many families of glycosyltransferases
(Wiggins and Munro, 1998) (Figure 2.12A). MNN2 proteins catalyze the addition of the
first branch of mannose-containing oligosaccharides found on cell wall proteins (Rayner
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and Munro, 1998) and proper MNNZ2 activity is required for flocculation, or non-mating
aggregation, in S. cerevisiae (Stratford, 1992). In addition to the mannosyltransferase
domain, Couscous is predicted to have a PAN/Apple domain composed of a conserved
core of three disulfide bridges (Ho et al., 1998; Tordai et al., 1999). PAN/Apple domains
are broadly distributed among eukaryotes, including animals, where they mediate protein-
protein and protein-carbohydrate interactions, often on the extracellular surface of the cell
(Ho et al., 1998; Tordai et al., 1999).

In wild type cells transfected with a couscous-mWasabi transgene under the efl
promoter, Couscous was found in puncta scattered throughout the cytosol, collar and cell
membrane (Figure 2.12B, C). While Couscous-mWasabi was clearly not localized to the
Golgi, the puncta may co-localize with the ER, where glycosyltransferases are also known
to function (El-Battari, 2006; Tu and Banfield, 2010). However, despite attempting to co-
transfect cells with couscous-mWasabi and a marker of the ER (mCherry fused to a C-
terminal HDEL ER retention signal sequence (Booth et al., 2018)), we were unable to
detect any cells expressing both gene fusions. In addition, it is possible that the fusion of
Couscous to a fluorescent protein or its overexpression interfered with its proper
localization in S. rosetta. Therefore, we are currently uncertain about the subcellular
localization of Couscous protein.

Jumble and Couscous mutants lack proper sugar modifications at the basal pole

Because both Jumble and Couscous have mutations in predicted
glycosyltransferases, we hypothesized that the abundance or distribution of cell surface
sugars, called glycans, on Jumble and Couscous mutant cells might be altered. To
investigate the distribution of cell surface glycans, we stained live S. rosetta with diverse
fluorescently labelled sugar-binding lectins. Of the 22 lectins tested, 21 either did not
recognize S. rosetta or had the same staining pattern in wild type, Jumble and Couscous
cells (Table 2.6).

The remaining lectin, jacalin, bound to the apical and basal poles of wild type cells
(Figure 2.13A, B, B’). Jacalin also brightly stained the ECM filling the center of rosettes in
a pattern reminiscent of the Rosetteless C-type lectin (Levin et al., 2014) (Figure 2.13A,
B’), although the two were not imaged simultaneously because jacalin does not bind after
cell fixation and labelled Rosetteless antibodies accumulate strongly in the food vacuoles
of live cells. In contrast with wild type cells, the basal patch of jacalin staining was absent
or significantly diminished in Couscous and Jumble mutants, both in the presence and
absence of RIFs (Figure 2.13C-F). Interestingly, the apical patch of jacalin staining in
mutant cells appeared similar to wild type cells. This may explain the lack of a clear
difference in bands detected with jacalin by western blot between wild type and mutants
whole cell lysates (Figure 2.14). Transformation of Jumble cells with mTFP-jumble not
only rescued rosette development (Figure 2.7C, D), but also restored the wild type
glycosylation pattern, as revealed by jacalin staining in the center of complemented
rosettes (Figure 2.15). The same was true for Couscous cells, in which transformation
with couscous-mTFP rescued both rosette development and the wild type glycosylation
pattern (Figure 2.11C, D; Figure 2.15). Thus, the glycosylation defects in Jumble and
Couscous mutant cells were directly linked to the genetic lesions in jumble and couscous,
respectively.
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The loss of basal jacalin staining in Jumble and Couscous mutants indicated that
jumble™® and couscous™! either disrupt proper trafficking of sugar-modified molecules to
the basal pole of cells or alter the glycosylation events themselves. Thus, we examined
whether the basal secretion of Rosetteless protein was disrupted in the mutant strains. In
both Jumble and Couscous cells, Rosetteless protein properly localized to the basal pole,
but its expression did not increase nor was it secreted upon treatment with RIFs, as
normally occurs in wild type cells (Figure 2.16). Because Rosetteless is required for
rosette development, this failure to properly upregulate and secrete Rosetteless might
contribute to the rosette defect phenotype in Jumble and Couscous cells.

DISCUSSION

Of the 16 rosette defect mutants isolated in Levin et al. 2014 and in this study,
almost half (7) also display a mild to severe clumping phenotype. This suggests that
mechanisms for preventing promiscuous adhesion among wild type cells can be easily
disrupted. We found that the clumping phenotype results from promiscuous adhesion of
mutant cells to other mutant or wild type cells rather than from incomplete cytokinesis. A
recent study revealed that the bacterium Vibrio fischeri induces S. rosetta to form swarms
of cells, visually similar to the mutant clumps, as part of their mating behavior (Woznica
et al., 2017). However, it seems unlikely that the clumping Class C mutants is related to
swarming; the cell fusion and subsequent settling of diploid cells characteristic of V.
fischeri-induced mating have not been observed in the class C mutants cultured without
V. fischeri.

For both Jumble and Couscous, the causative mutations mapped to predicted
glycosyltransferase genes. Consistent with its role as a glycosyltransferase, Jumble
localized to the Golgi apparatus, but Couscous appeared to localize in cytoplasmic puncta
and to the cell membrane. We predict that the mutations in predicted glycosyltransferases
are loss of function alleles, given that transfection of mutant S. rosetta with the wild type
alleles was sufficient to complement each of the mutations. While we have not uncovered
the target(s) of the predicted glycotransferases or the exact nature of the interplay
between the two phenotypes, disruption of the glycocalyx at the basal pole of both Jumble
and Couscous mutant cells (Figure 2.13) hints that the regulation of ECM could play a
role in preventing clumping and in promoting proper rosette development.

One possible explanation for the clumping phenotype is that jumble and couscous
are required to regulate the activity of cell surface adhesion molecules and receptors.
Glycosylation regulates the activities of two key adhesion proteins in animals: integrins
that regulate ECM adhesion, and cadherins that, among their various roles in cell
signaling and animal development, bind other cadherins to form cell-cell adhesions called
adherens junctions (Larsen et al., 2017; Zhao et al., 2008). Cadherin activity can be either
positively or negatively regulated by glycosyltransferases. For example, epithelial
cadherin (E-cadherin) is modified by N-acetylglucosaminyltransferase 11l (GnT-IIl) whose
activity leads to increased cell adhesion and N-acetylglucosaminyltransferase V (GnT-V)
whose activity leads to decreased cell adhesion (Carvalho et al., 2016; Granovsky et al.,
2000). GnT-V knockdown enhances cell-cell adhesion mediated by E-cadherin and the
related N-cadherin (Carvalho et al., 2016; Guo et al., 2009). The inactivation of E-
cadherin, including through over- or under- expression of GnT-V or GnT-lIl, is considered
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to be a hallmark of epithelial cancers (Hirohashi and Kanai, 2003). S. rosetta expresses
29 different cadherins (Nichols et al., 2012) and it is possible that mutations to jumble and
couscous disrupt regulatory glycosylation of a cell adhesion molecules like cadherins.

Another possibility is that jumble and couscous add a protective sugar layer to the
cell surface and loss of glycosyltransferase activity reveals underlying sticky surfaces. If
jumble and couscous add branches to existed sugar modifications, their loss of function
could expose new sugar moieties at the cell surface that act as ligands for lectins that
aggregate cells. Lectins mediate cell aggregation in diverse organisms (Colin Hughes,
1992). For example, sponges such as Geodia cydonium can be disaggregated into single
cells and then reaggregated through lectin binding of a post-translational sugar
modification (Mdller et al., 1979). In S. cerevisiae, the mannosyltransferase MNN2 adds
mannose structures to the cell wall that are recognized by aggregating lectins and MNN2
is required for proper flocculation (Rayner and Munro, 1998; Stratford, 1992). Exposing
new sugars on the cell surface in Jumble and Couscous could lead to spurious
aggregation, potentially by lectins or other sugar binding proteins.

It is somewhat more difficult to infer how increased clumping in single cells might
interfere with rosette development. One possibility is that the disruption of ECM
glycosylation that we hypothesize might promote clumping may also prevent the proper
maturation of the ECM needed for rosette development (Figure 2.17). A prior study
showed that only S. rosetta cells recognized with the lectin wheat germ agglutinin (WGA)
are competent to form rosettes, which suggests that glycosylation might be necessary for
rosette development (Dayel et al., 2011). While WGA staining does not appear to be
perturbed in Jumble and Couscous (Table 2.6), jacalin staining at the basal pole appears
severely reduced or abolished compared to wild type. Jacalin staining was enriched in
the center of wild type rosettes in a pattern reminiscent of Rosetteless, which is required
for rosette development (Levin et al., 2014). Intriguingly, in Jumble and Couscous,
Rosetteless localized to the correct pole, but did not become enriched upon rosette
induction, indicating that the ECM did not properly mature. Rosetteless has mucin-like
Ser/Thr repeats that are predicted sites of heavy glycosylation and two C-type lectin
domains that would be expected to bind to sugar moieties (Levin et al., 2014). Therefore,
it is possible that Rosetteless might be regulated either through direct glycosylation or
through the glycosylation of potential binding partners by Jumble and Couscous.

The clumping, rosette defect mutants underscore the differences between cell
aggregation and a regulated clonal developmental program, such as animal
embryogenesis or choanoflagellate rosette development. Importantly, the multicellularity
of all extant animals arises through cell division rather than cell aggregation, suggesting
that the suppression of cell aggregation in favor of clonal development was a prerequisite
for animal origins. Our results raise the possibility that glycosylation and the regulation of
the ECM suppressed cell aggregation while stabilizing obligate clonal multicellularity on
the animal stem lineage. Glycosylation remains an important regulator of tissue
organization in modern animals (L. Zhang et al., 2008). Interestingly, cancer suppression
is thought to have been important for ensuring organismal integrity in multicellular animals
(Aktipis et al., 2015) and disruption of glycosylation is often implicated in metastatic
cancers (Pinho and Reis, 2015). Understanding the molecular mechanisms that prevent
spurious aggregation in S. rosetta may provide new insights into the mechanisms that
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ensured cell cooperativity in stem animals while also revealing cancer vulnerabilities in
modern animals.

MATERIALS AND METHODS

Media preparation, strains, and cell culture

Unenriched artificial seawater (ASW), AK artificial seawater (AK), cereal grass
media (CG), and high nutrient (HN) media were prepared as described previously (Booth
et al., 2018; Levin et al., 2014; Levin and King, 2013). The wild type strain, from which
each mutant was generated, was the described strain SrEpac (ATCC PRA-390;
accession number SRX365844) in which S. rosetta is co-cultured monoxenically with the
prey bacterium Echinicola pacifica (DSM 19836, Levin et al., 2014; Levin and King, 2013;
Nedashkovskaya et al., 2006). Seafoam, Soapsuds, and Couscous (previously named
Branched) were generated through X-ray mutagenesis and Jumble was generated by
EMS mutagenesis as documented in Levin et al., 2014. In Levin et al., 2014,
Branched/Couscous was not thoroughly characterized and was named based on the
hypothesis that the clumps formed through cell divisions that resulted in unusually
branched chain colonies. (Wild type chain colonies are primarily linear, with rare
branches.) Our thorough characterization of the mutant in this study revealed that the
clumps form through aggregation and not through branching cell divisions. In order for
the mutant name to better reflect the phenotype, we renamed it Couscous. For routine
culturing, wild type and mutant cultures were diluted 1:10 every 2-3 days in HN media.
The Mapping Strain, (previously called Isolate B in Levin et al., 2014) used for mapping
crosses (accession number SRX363839) was grown in the presence of rosette-inducing
A. machipongonensis bacteria (ATCC BAA-2233). The Mapping Strain was maintained
in 25% CG media diluted in ASW and passaged 1:10 every 2-3 days. For transfection of
S. rosetta, cells were maintained in 5% (vol/vol) HN media in AK seawater (Booth et al.,
2018). Rosette formation initially was assayed using both live A. machipongonensis and
A. machipongonensis outer membrane vesicles (OMVs) prepared as in Woznica et al.,
2016. For each strain tested, both methods of rosette induction resulted in similarly
low/non-existent percentages of cells in rosettes and visually similar clumps for Class C
mutants (Table 2.2). Therefore, unless stated otherwise, rosette induction was performed
with A. machipongonensis OMVs and referred to here as rosette inducing factors (RIFs).

Imaging and quantifying rosette phenotypes

To image rosette phenotypes (Figure 2.1A), cells were plated at a density of 1x10*
cells/mlin 3 ml HN media either with or without Algoriphagus RIFs. Cultures were imaged
after 48 hr of rosette induction in 8-well glass bottom dishes (Ibidi 15 u-Slide 8 well Cat.
No. 80826) that were coated with 0.1 mg/mL poly-D-lysine (Sigma) for 15 min and washed
3 times with water to remove excess poly-D-lysine. For imaging wild type and mutant
cultures in the presence and absence of RIFs (Figure 2.1A top two panels), 200 pl of cells
were plated with a wide bore pipette tip for minimal disruption and allowed to settle for 5
min. For images of vortexed cells (Figure 2.1A bottom panel), 200 pl of cells were
vortexed for 15 s before plating and imaged within 10 min of plating to prevent re-
clumping. Cells were imaged live by differential interference contrast microscopy using a
Zeiss Axio Observer.Z1/7 Widefield microscope with a Hammatsu Orca-Flash 4.0 LT
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CMOS Digital Camera and a 63x/NA1.40 Plan-Apochromatic oil immersion lens with 1.6X
optivar setting.

To quantify rosette induction (Figure 2.1B), cells were plated at a density of 1x104
cells/ml in 3 ml HN media with RIFs. After 48 hr, an aliquot of cells was vortexed
vigorously for 15 secs and fixed with formaldehyde. To determine the percentage of cells
in rosettes, the relative number of single cells and cells within rosettes were scored using
a hemocytometer. Rosettes were counted as a group of 3 or more cells with organized
polarity relative to a central focus after exposure to vortexing.

Imaging and quantification of cell clumping

Clumps were quantified using a modified protocol from Woznica et al., 2017
(Figure 2.1C; Figure 2.4). Mutant cells, and to some extent wild type cells, will adhere to
glass. Therefore, to prevent cells from simply sticking to the bottom of the 8-well glass
bottom dishes (lbidi 15 p-Slide 8 well Cat. No. 80826), the dishes were coated with 1%
BSA for 1 hr and washed 3 times with water to remove any residual BSA. Importantly, the
addition of BSA to the imaging dishes did not cause wild type cells to stick to the bottom
of the dishes or to each other. Cells were diluted to 5x10° cells/mL, vortexed for 15 s to
break apart any pre-formed clumps and plated in the BSA pre-treated dishes. For
guantification, DIC images were taken using a Zeiss Axio Observer.Z1/7 Widefield
microscope with a Hammatsu Orca-Flash 4.0 LT CMOS Digital Camera and a 20x
objective. Images were collected for each strain from 10 distinct locations throughout the
well.

Images were batch processed in ImageJ for consistency. To accurately segment
the phase bright cells and limit signal from the phase dark bacteria the following
commands were applied with default settings: ‘Smooth’ (to reduce background bacterial
signal), ‘Find Edges’ (to highlight the phase-bright choanoflagellate cells), ‘Despeckle’ (to
remove noise), ‘Make Binary’ (to convert to black and white), ‘Dilate’ (to expand to smooth
jagged edges from segmentation), ‘Erode’ (to return to the same size as before dilate),
and ‘Fill Holes’ (to fill any remaining small holes). Finally, images were analyzed with the
‘Analyze Particles’ command to calculate the area of the clump and only particles larger
than 20 um? were kept to filter out any remaining bacterial signal. Cell equivalents/clump
(Figure 2.1C and Figure 2.4, right y axis) were calculated by dividing the area of the clump
by the area of a representative individual cell (as approximated by averaging the area of
the wild type cells). Data are presented as violin boxplots, showing the median cell
number (middle line), interquartile range (white box), and range excluding outliers (thin
line). A minimum of 630 clumps from two biological replicates were measured for each
condition.

To examine whether cell division was required for clump formation, we used
aphidicolin to block cell division (Figure 2.2). Cells in vortexed wild type, Jumble, and
Couscous cultures were counted and diluted to 1x10° cells/mL in 5%(vol/vol) HN media
in AK seawater. For each strain, either 250 uM aphicidolin, an equal volume of a DMSO
control, or no additional control were added to each condition. After 24 h, DIC images
were taken using a Zeiss Axio Observer.Z1/7 Widefield microscope with a Hammatsu
Orca-Flash 4.0 LT CMOS Digital Camera and a 40x air objective.
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Performing mapping crosses

Mapping crosses for each mutant strain (Seafoam, Soapsuds, Jumble, and
Couscous) with Mapping Strain (previously described as Isolate B) were attempted using
both methods previously shown to induce mating in S. rosetta: nutrient limitation for 11
days and addition of 2.5-5% Vibrio fischeri (ATCC 700601) conditioned media (Levin and
King, 2013; Woznica et al., 2017). Both methods were effective at inducing mating for all
attempted crosses; here, we report which method was used to generate data for each
individual cross. Cells induced to mate were plated by limiting dilution to isolate diploid
clones. Clonal isolates were allowed to grow for 5-7 days and screened for populations
of thecate cells, as these are the only documented diploid cell type (Levin et al., 2014,
Woznica et al., 2017). From each population of thecate cells, we extracted DNA from 75
I of cells by scraping cells from the plate, harvesting and pelleting the cells, resuspending
in 10 pl of base solution (25 mM NaOH, 2 mM EDTA), transferring samples into PCR
plates, boiling at 100°C for 20 min, followed by cooling at 4°C for 5 min, and then adding
10 ul Tris solution (40 mM Tris-HCI, pH 7.5). We used 2 pl of this sample as the DNA
template for each genotyping reaction. We identified heterozygous strains through
genotyping by PCR at a single microsatellite genotyping marker at position 577,135 on
supercontig 1 (Forward primer. GACAGGGCAAAACAGACAGA and Reverse primer:
CCATCCACGTTCATTCTCCT) that distinguishes a 25 bp deletion in the Mapping Strain
(199 bp) from the strain used to generate the mutants (217 bp). Isolates containing PCR
products of both sizes were inferred to be diploid. Meiosis was induced by rapid passaging
every day in CG medium.

For both Seafoam and Soapsuds, we were able to generate putative outcrossed
diploids by crossing to the Mapping Strain based on the genotyping marker on
supercontig 1, but we only could only clonally isolate populations of F1 haploids with
rosettes and never isolated any F1 haploids with the clumpy, rosetteless phenotype.
Whole genome resequencing of Seafoam and Soapsuds revealed no mutations at the
rosetteless, jumble, or couscous loci. Seafoam and Soapsuds have 17 and 34 predicted
nonsense or missense mutations, respectively, in coding sequences and additional
mutations in non-coding portions of the genome. Of the lesions in Seafoam and
Soapsuds, none were detected in genes encoding a predicted glycosyltransferase, lectin,
or related gene family. Without being able to do mapping crosses, it was not possible to
identify the causative mutations from Seafoam or Soapsuds.

For the successful cross of Jumble to the Mapping Strain, we induced mating by
starvation using the approach of Levin and King 2013. First, we started with rapidly
growing, regularly passaged strains, pelleted 2x10° cells/mL of each strain together and
resuspended in 10mL of ASW lacking any added nutrients. After 11 days of starvation in
ASW, we pelleted all cells (presumably including diploid cells resulting from mating) and
resuspended in 100% CG media to recover any diploids. After 3 days of recovery, we
isolated clones by limiting dilution in 10% CG media in ASW (vol/vol). The probability of
clonal isolation in this step was 0.91-0.93 (calculated using the Poisson distribution and
the number of choanoflagellate-free wells per plate; Levin and King, 2013). Three clonally
isolated heterozygous populations, each containing almost exclusively thecate cells, were
identified through genotyping by PCR at a supercontig 1 microsatellite as described
above. To induce meiosis, heterozygotes were diluted 1:2 in 25% CG media in ASW
(volivol) every 1-2 days for 8 days. As soon as rosettes and swimming cells were
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observed, we repeated the serial dilution to isolate clones (probability of clonal isolation
0.85-0.98). We collected any clonally isolated populations that formed rosettes or clumps
and ignored any wells containing thecate cells assuming that these represented diploid
cells that had not undergone meiosis. 56% of all non-thecate isolates displayed the cell
clumping phenotype and 44% of all non-thecate isolates were capable of forming
rosettes, consistent with Mendelian segregation of a single locus (X?=1.162, df=1,
p=0.28). Isolates were genotyped with the marker on supercontig 1 to ensure that
independent assortment of the genotype and the phenotype indeed occurred. In total, 30
clumpy F1s were collected for bulk segregation analysis.

For the successful Couscous cross, we induced mating using V. fisheri conditioned
media using the approach of Woznica et al., 2017. A mixture of 1x10® Couscous and
Mapping Strain cells at stationary growth were pelleted and resuspended in 5% V. fischeri
conditioned media in ASW (vol/vol). After 24 hr, the cells were pelleted, resuspended in
5% HN media in ASW (vol/vol), and allowed to recover for 24 hr. We then isolated clones
by limiting dilution in 10% CG media in ASW (vol/vol). The probability of clonal isolation
in this step was between 0.97-0.98. We extracted DNA as described above and identified
heterozygous clones through genotyping by PCR at a single microsatellite genotyping
marker on supercontig 1. Four clonally isolated heterozygous populations, containing
almost exclusively thecate cells, were identified. To induce meiosis, heterozygotes were
passaged 1:2 in 25% CG media in ASW (vol/vol) every 1-2 days for 8 days. As soon as
rosettes and swimming cells were observed, we repeated clonal isolation (probability of
clonal isolation 0.78-0.97). We collected any clonally isolated populations that formed
rosettes or clumps and ignored any wells containing thecate cells assuming that these
represented diploid cells that had not undergone meiosis. Only 14.6% of non-thecate
isolates were clumps; this deviation from a Mendelian ratio (X?=225.63, df=1, p<5.3451)
may indicate a potential fithess defect of the mutant phenotype. Isolates were genotyped
with the marker on supercontig 1 to ensure that independent assortment indeed occurred.
In total, 22 clumpy F1s were collected for bulk segregant analysis.

Whole genome sequencing

Jumble, Couscous, Seafoam, and Soapsuds were whole genome sequenced
individually to identify the mutation(s) carried in each strain. To do this, Jumble,
Couscous, Seafoam, and Soapsuds cells were grown to stationary phase in 500 mL of
5% HN media in ASW (vol/vol). To generate pooled genomic DNA for bulk segregant
analysis, we grew up 5x10° cells of each of the 38 F1s with the rosetteless phenotype
from the RosettelessxMapping Strain cross (Levin et al., 2014), 5x10° cells of each of
the 30 F1s with the clumpy phenotype from the JumblexMapping Strain cross, and 5x108
cells of each of the 22 F1s with the clumpy phenotype from the CouscousxMapping Strain
cross. For each cross, the F1 cells were pelleted, frozen, and combined during lysis for
DNA extraction. For all samples, we performed a phenol-chloroform DNA extraction and
used a CsCl gradient to separate S. rosetta DNA from contaminating E. pacifica DNA by
GC content (King et al., 2008).

Multiplexed, 100 bp paired-end libraries were prepared and sequenced on an
lllumina HiSeq 2000 for the Jumble, Couscous, Seafoam, and Soapsuds mutant DNA
alone. Multiplexed, 150 bp paired-end libraries were prepared and sequenced on an
lllumina HiSeq 2500 for the RosettelessxMapping Strain cross and the Jumble x Mapping
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Strain cross pooled DNA. For the CouscousxMapping Strain cross DNA, a multiplexed,
300 bp paired-end library was prepared and sequenced on an Illlumina MiSeq. Raw reads
are available at the NCBI Short Read Archive with the BioProject identifier
PRJINA490902. BioSample and SRA accession numbers are as follows: Jumble mutant-
SAMN10061445 and SRR7866767, Couscous mutant-SAMN10061446 and
SRR7866768, Seafoam mutant-SAMN10501893 and SRR8263910, Soapsuds mutant-
SAMN10501894 and SRR8263909, RosettelessxMapping Strain cross-SAMN10061447
and SRR7866769, JumblexMapping Strain cross-SAMN10061448 and SRR7866770,
and CouscousxMapping Strain cross- SAMN10061449 and SRR7866771. Raw reads
were trimmed with TrimmomaticPE (Bolger et al., 2014) to remove low quality base calls.
Trimmed reads were mapped to the S. rosetta reference genome (Fairclough et al., 2013)
using Burrows-Wheeler Aligner (Li and Durbin, 2009), and we removed PCR duplicates
with Picard (http://broadinstitute.github.io/picard/). We realigned reads surrounding indel
calls using GATK (Depristo et al., 2011) and called variants using SAMtools and bcftools
(Li et al., 2009).

Bulk segregant sequencing analysis

No large region of the genome (i.e. haplotype block) was found to co-segregate
with the mutant phenotype in any of the crosses, likely because of the sparse, uneven
distribution of genetic markers and/or high recombination rates. Sequence variants from
the pooled samples were culled using vcftools vcf-isec (Danecek et al., 2011): (1) to keep
only any sequence variants in the pooled samples that were shared with the parental
mutant strain since any causative mutations should be present in both the pooled sample
and the parental mutant strain, and (2) to remove any sequence variants in the pooled
samples that were shared with the Mapping Strain (Isolate B), wild type (previously Isolate
C), or the unmutagenized control from the Rosetteless mutagenesis (C2E5) since any of
these sequence variants should not be causative for rosette defects (Levin et al., 2014;
Levin and King, 2013). The remaining variants were filtered by quality: depth >2, quality
score >10, and reference allele not N. The remaining list represents high quality variants
in the pooled population that are shared with the mutant to the exclusion 3 different strains
competent to form rosettes. Segregating variants were determined by dividing the number
of reads that map to the alternative allele by the total number of high quality reads
determined by SAMtools and bcftools (Li et al., 2009); any variants with >99% of reads
that map to the alternative allele were considered variants that segregated with the mutant

phenotype.

Backcrosses

To test the linkage of clumpy phenotype and the predicted causative mutation from
the bulk segregant analysis, F1s with the clumpy phenotype from the JumblexMapping
Strain and CouscousxMapping Strain were backcrossed to the Mapping Strain. For the
Jumble F1 backcross, 1x10° cells grown up from a clonally isolated F1 with the clumpy
phenotype from JumblexMapping Strain and 1x10® Mapping Strain cells were mixed,
pelleted, and resuspended in 10 mL of 5% V. fischeri conditioned media in ASW (vol/vol).
After 24 hr, the V. fischeri conditioned media was replaced with 25% CG media in ASW
(vol/vol) and cells were plated to limiting dilution. Clonally isolated thecate populations
were genotyped by PCR of the microsatellite on supercontig 1 as described above and 4
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heterozygous diploids populations were identified (probability of clonal isolation 0.79-
0.95). The heterozygotes were rapidly passaged for 2 weeks to induce meiosis before
being plated for clonal isolation (probability of clonal isolation 0.95-0.98). 12 F2s with the
clumpy phenotype and 9 F2s with the rosette phenotype were identified (Figure 2.7B).
Their DNA was extracted using Base-Tris method described above and the region around
the causal mutation was amplified. The resultant PCR product was digested for 4 hr with
Bfal, which cleaves the mutant allele but not the wild type allele, and products of the digest
were distinguished by agarose gel electrophoresis.

For the two Couscous F1 backcrosses, 2.5x10° cells from either one of two F1s
with the clumpy phenotype from CouscousxMapping Strain cross and 2.5x10° Mapping
Strain cells were mixed, pelleted, resuspending in 0.5 mL of 2.5% V. fischeri conditioned
media in ASW (vol/vol). After 24 hr, V. fischeri conditioned media was replaced with 25%
CG media in ASW (vol/vol) and cells were plated to limiting dilution (probability of clonal
isolation 0.85-0.97). Clonally isolated thecate populations were genotyped by PCR of the
microsatellite on supercontig 1 as described above and 3 heterozygous diploids (6 total)
were identified in each cross. Isolates were rapidly passaged for 2 weeks to induce
meiosis before being plated for clonal isolation (probability of clonal isolation 0.88-0.97).
51 F2s with the clumpy phenotype and 38 F2s with the rosette phenotype were identified
(Figure 2.11B); their DNA was extracted using Base-Tris method described above, the
region around the causal mutation was amplified, and the resultant PCR product was
Sanger sequenced.

Jumble and Couscous domain and structure prediction and alignment

Protein domains encoded by jumble (Figure 2.7A) and couscous (Figure 2.11A)
were predicted using Interpro (Finn et al., 2017), PFAM (Finn et al., 2016), and the NCBI
Conserved Domain Search (Marchler-Bauer et al., 2017). Structural homology analysis
of Jumble was performed with Phyre2 (Kelly et al., 2015) and HHphred (Zimmermann et
al., 2017). The structure of the human N-acetylgalactosaminyltransferase 4 (GIcNAc T4)
catalytic domain (HHphred: E-value 7.51%) was aligned to the predicted Jumble structure
generated by HHphred using the PyMOL Molecular Graphics System, Version 2.0
Schrédinger, LLC (Figure 2.8B). Other choanoflagellate homologs of jumble were
determined by reciprocal BLAST of the 20 sequenced choanoflagellate transcriptomes
(Richter et al., 2018) and alignment was performed with ClustalX (Larkin et al., 2007)
(Figure 2.8A). Four fungal homologs [Saitoella complicata (NCBI accession
XP_019021578.1), Dactylellina haptotyla (NCBI accession EPS43829.1), Naematelia
encephala (NCBI accession ORY22834.1), and Tuber magnatum (NCBI accession
PWW71609.1)] were identified by best reciprocal BLAST using the S. rosetta Jumble
protein sequence and aligned with ClustalX (Larkin et al., 2007) (Figure 2.9).The
alignment of Couscous to yeast MNN2 glycosyltransferase domains was performed with
ClustalX (Larkin et al., 2007) (Figure 2.12A).

Generating transgenic constructs

Jumble (GenBank accession EGD72416/NCBI accession XM_004998928) and
Couscous (GenBank accession EGD77026/ NCBI accession XM_004990809) were
cloned from wild type cDNA prepared as described in Booth et al., 2018. Jumble™! was
cloned from cDNA prepared from the Jumble mutant. Couscous™? could not be cloned
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from cDNA directly (possibly because of low mRNA levels due to nonsense mediate
decay or simply because of high GC content of the gene). However, the 1 bp deletion in
Couscous™! was confirmed by Sanger sequencing of genomic Couscous DNA. Site
directed mutagenesis of the wild type gene was used to generate the mutant allele.

For complementation (Figure 2.7C,D and 3C,D), constructs were generated from
a plasmid with a pUC19 backbone with a 5’ S. rosetta elongation factor L (efl) promoter,
monomeric teal fluorescent protein (mTFP), and the 3 UTR from actin (Addgene ID
NK633) (Booth et al., 2018). A puromycin resistance gene was synthesized as a gene
block and codon optimized for S. rosetta. The puromycin resistance gene (pac) was
inserted after the efl promoter and separated from fluorescent reporters by self-cleaving
2A peptide from the porcine virus (P2A) (Kim et al., 2011). Copies of jumble, jumble™?,
couscous, and couscous™were inserted either 5’ or 3’ of the mTFP and separated from
mMTFP by a flexible linker sequence (SGGSGGS) through Gibson cloning.

For fluorescent localization (Figure 2.7E-H, Figure 2.10B, Figure 2.12B,C),
constructs were generated from a pUC19 backbone with a 5’ S. rosetta elongation factor
L (efl) promoter, mWasabi, and 3’ UTR from actin. Copies of jumble (Addgene ID NK690),
jumble™! (Addgene ID NK691), and couscous (Addegene ID NK692) were inserted either
5 of the mWasabi separated by a flexible linker sequence (SGGSGGS) through Gibson
cloning. Plasma membrane and ER markers from Booth et al., 2018 were used as
previously described (Addgene ID NK624 and NK644).

S. rosetta transfection and transgene expression

Transfection protocol was followed as described in Booth et al, 2018
(http://www.protocols.io/groups/king-lab). Two days prior to transfection, a culture flask
(Corning, Cat. No. 353144) was seeded with Jumble, Couscous, or wild type cells at a
density of 5,000 cells/mlin 200 ml of 1x HN Media. After 36-48 hr of growth, bacteria were
washed away from the cells in three consecutive rounds of centrifugation and
resuspension in sterile AK seawater. After the final wash, the cells were resuspended in
a total volume of 100 ul AK and counted on a Luna-FL automated cell counter (Logos
Biosystems). The remaining cells were diluted to a final concentration of 5x107 cells/ml
and divided into 100 ul aliquots. Each aliquot of cells pelleted at 2750 x g, resuspend in
priming buffer (40 mM HEPES-KOH, pH 7.5; 34 mM Lithium Citrate; 50 mM L-Cysteine;
15% (w/v) PEG 8000; and 1 uM papain), and incubated at room temperature for 30 mins
to remove extracellular material coating the cells. Priming buffer was quenched with 50
mg/ml bovine serum albumin-fraction V (Sigma). Cells were pelleted at 1250 x g and
resuspend in 25 ul of SF buffer (Lonza). Each transfection reaction was prepared by
adding 2 pl of “primed” cells to a mixture of 16 ul of SF buffer, 2 pl of 20 ug/ pl pUC19; 1
pl of 250 mM ATP, pH 7.5; 1 ul of 100 mg/ml Sodium Heparin; and 1 ul of each reporter
DNA construct at 5 pg/ul. Transfections were carried out in 96-well nucleofection plate
(Lonza) in a Nucleofector 4d 96-well Nucleofection unit (Lonza) with the CM-156 pulse.
Immediately after nucleofection, 100 pl of ice-cold recovery buffer (10 mM HEPES-KOH,
pH 7.5; 0.9 M Sorbitol; 8% (w/v) PEG 8000) was added to the cells and incubated for 5
min. The whole volume of the transfection reaction plus the recovery buffer was
transferred to 1 ml of 1x HN media in a 12-well plate. After cells recovered for 1 hr, 5 pl
of a 10 mg frozen E. pacifica pellet resuspend in 1 ml of AK seawater was added to each
well and RIFs were added if looking at rosette induction.
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Transgenic Complementation

For complementation, Jumble mutants were transfected with the following
plasmids: (1) pEFI5-Actin3"::pac-P2A-Jumble-mTFP (Addgene ID NK694), (2) pEFI5'-
Actin3"::pac-P2A-Jumble™*-mTFP (Addgene ID NKG695), (3) pEFI5'-Actin3'::pac-P2A-
mTFP-Jumble (Addgene ID NK696), (4) PpEFI5'-Actin3"::pac-P2A-mTFP-Jumble™!
(Addgene ID NK697), and (5) pEFI5'-Actin3"::pac-P2A-mTFP (Addgene ID NK676); and
Couscous with the following plasmids: (1) pEFI5'-Actin3"::pac-P2A-Couscous-mTFP
(Addgene ID NK698), (2) pEFI5'-Actin3"::pac-P2A-Couscous™!-mTFP (Addgene ID
NK699), (3) pEFI5'-Actin3'"::pac-P2A-mTFP-Couscous (Addgene ID NK700), (4) pEFI5'-
Actin3"::pac-P2A-mTFP-Couscous™! (Addgene ID NK701), and (5) pEFI5'-Actin3'::pac-
P2A-mTFP (Addgene ID NK676). Transformed cells were grown an additional 24 hr after
transfection to allow for transgene expression, and then 40 ug/ml puromycin was added
for selection. Selection occurred for 48 hr before rosette induction was counted by
hemocytometer. After vortexing for 15 sec and fixing with formaldehyde, 200 cells of each
transfection well were counted on a hemocytometer to determine percentage of cells in
rosettes (Figure 2.7C, Figure 2.11C). Complementation was repeated on 2 biological
replicates with 3 technical transfection replicates each. Representative rosette images
(Figure 2.7D, Figure 2.11D) were taken on by confocal microscopy using Zeiss Axio
Observer LSM 880 a C-Apochromat 40x/NA1.20 W Korr UV-Vis-IR water immersion
objective.

Live cell imaging

Glass-bottom dishes for live cell imaging were prepared by corona-treating and
poly-D-lysine coating as described in Booth et al., 2018. Transfected cells were prepared
for microscopy by pelleting 1-2 ml of cells and resuspend in 200 pl of 4/5 ASW with 100
mM LiCl to slow flagellar beating. Cells were plated on glass-bottom dishes and covered
by 200 pl of 20% (w/v) Ficoll 400 dissolved in 4/5 ASW with 100 mM LICl. Confocal
microscopy was performed on a Zeiss Axio Observer LSM 880 with an Airyscan detector
and a 63x/NA1.40 Plan-Apochromatic oil immersion objective.
Confocal stacks were acquired in super-resolution mode using ILEX
Line scanning and two-fold averaging and the following settings: 35 nm x 35 nm pixel
size, 100 nm z-step, 0.9-1.0 psec/pixel dwell time, 850 gain, 458 nm laser operating at 1-
6% laser power, 561 nm laser operating at 1-2% laser power, 458/561 nm multiple beam
splitter, and 495-550 nm band-pass/570 nm long-pass filter. Images were processed
using the automated Airyscan algorithm (Zeiss).

Lectin staining and jacalin quantification

All fluorescein lectins from kits I, Il, and Ill from Vector Lab (FLK-2100, FLK-3100,
and FLK-4100) were tested for recognition in wild type, Jumbled, and Couscous (Table
2.6). Cells were plated on poly-D-Lysine coated wells of a 96-well glass bottom plate,
lectins were added at a concentration of 1:200 and imaged immediately using Zeiss Axio
Observer.Z1/7 Widefield microscope with a Hammatsu Orca-Flash 4.0 LT CMOS Digital
Camera and a 20x objective. For further jacalin image analysis (Figure 2.13), cells were
plated on a poly-D-Lysine coated glass bottom dish, 1:400 fluorescein labelled-jacalin
and 1:200 lysotracker Red DN-99 (overloaded to visualize the cell body) and were imaged
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immediately by confocal microscopy using Zeiss Axio Observer LSM 880 a 63x/NA1.40
Plan-Apochromatic oil immersion objective. Images were taken with the following
settings: 66 nm x 66 nm pixel size, 64 nm z-step, 0.34 ysec/pixel dwell time, 488 nm laser
operating at 0.2% laser power with 700 master gain, and 561 nm laser operating at
0.0175% laser power with 750 master gain. Fifteen unique fields of view chosen based
on lysotracker staining. Induced cells were treated with OMVs 24 hr before imaging.

To process images, Z-stack images were max projected using ImageJ. Individual
cells were chosen based on the ability to clearly see a horizontally oriented collar by
lysotracker and cropped to only include a single cell. The maximum fluorescence intensity
pixel of the jacalin channel was determined for the cropped image and was used to
normalize the fluorescence intensity. To measure jacalin staining around the cell body, a
line was drawn using only the lysotracker staining from the point where the collar and the
cell body meet on one side of the cell around the cell to the other and the fluorescence
intensity was measured along the line. To compare between cells, the lines drawn around
the cell body were one-dimensional interpolated in R to include 150 points and normalized
to the length of the line. The average fluorescence intensity was plotted over the length
of the line drawn around the cell body for Jumble, Couscous, and wild type induced and
uninduced with a 95% confidence interval (Figure 2.13F). Measurements were taken from
two biological replicates with at least 59 cells in total from each condition.

To examine jacalin localization for the Jumble and Couscous rescue experiments
(Figure 2.15), fluorescein-conjugated jacalin could not be used due to its overlapping
emission spectrum with the mTFP fusion protein used for complementation. Therefore,
cells were incubated with 1 mg/mL biotinylated jacalin (Vector Labs, Cat. No. B-1155) for
5 min at room temperature and pelleted at 3000xg for 5 min. Once the supernatant was
removed, the cells were incubated with 1:1000 Streptavidin Alexa Fluor 647 conjugate
(Thermo Fisher Scientific, Cat. No. 32357) for 5 min at room temperature to fluorescently
label the jacalin. The cells were then pelleted at 3000xg for 5 min, the supernatant was
removed, and the cells were resuspended in ASW and plated for imaging. Jacalin
localization was imaged by confocal microscopy using a Zeiss Axio Observer LSM 880
with a 63x/NA1.40 Plan-Apochromatic oil immersion objective.

Wild type and mutant clumping assays

Wild type cells transfected with the puromycin resistance gene and mWasabi
separated by the P2A self-cleaving peptide under the efl promoter and maintained in 40
Mg/mL puromycin to enrich for positive transformants. For clumping assays, equal
numbers of mWasabi-wt cells either uninduced or induced to form rosettes were mixed
with either Jumble or Couscous, vortexed, and plated on BSA treated 8-well glass bottom
dishes. DIC and fluorescent images were obtained after 30 mins using Zeiss Axio
Observer.Z1/7 Widefield microscope with a Hammatsu Orca-Flash 4.0 LT CMOS Digital
Camera and a 40x/NA1.40 Plan-Apochromatic lens (Figure 2.5).

Wild type and mutant growth curves

All cells strains were plated at a density of 1x10% cells/ml in 3 ml HN media. Every
12 hr an aliquot of cells was vortexed vigorously for 15 sec, fixed with formaldehyde, and
counted by hemacytometer. Curves were generated from the average + SD from 2
biological replicates with 3 technical replicates each (Figure 2.3).
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Jacalin Western blot

Whole cell lysates were made from pelleting 1x107 cells at 4C at 3,000 x g and
resuspending in lysis buffer (20 mM Tris-HCI, pH 8.0; 150 mM KCI; 5 mM MgCI2; 250
mM Sucrose; 1 mM DTT; 10 mM Digitonin; 1 mg/ml Sodium Heparin; 1 mM Pefabloc SC;
0.5 U/ul DNasel; 1 U/ul SUPERaselN). Cells were incubated in lysis buffer for 10 min on
ice and passed through 30G needle 5x. Insoluble material was pelleted at 6,000 x g for
10 min at 4C. Lysate (1x10° cells/sample) was run on 4-20% TGX mini-gel (Bio-Rad) for
45 min at 200 V and transferred onto 0.2 pym nitrocellulose membrane using Trans-Blot
Turbo Transfer System (Bio-Rad) with semi-dry settings 25V for min. The blot was
blocked for 30 min with Odyssey PBS Block (Li-cor). The blot was probed with biotinylated
jacalin (1:4,000; Vector Labs) and E7 anti-tubulin antibody (1:10,000; Developmental
Studies Hybridoma Bank) diluted in block for 1 hr, and then with IRDye 800 streptavidin
(1:1,000; Li-cor) and IRDye 700 mouse (1:1,000; Li-cor) in PBST [PBS with %1 Tween
20 (viv)]. Blot was imaged on Licor Odyssey (Figure 2.14).

Rosetteless immunofluorescence staining and imaging

Immunofluorescence (Figure 2.16) was performed previously described in Levin
et al., 2014 with the modifications for better cytoskeleton preservation described in Booth
et al., 2018. Two mL of dense wild type, Jumble, and Couscous cells, that were either
uninduced or induced with RIFs for 24 hr, were allowed to settle on poly-L-lysine coated
coverslips (BD Biosciences) for 30 min. Cells were fixed in two steps: 6% acetone in
cytoskeleton buffer (10 mM MES, pH 6.1; 138 KCI, 3 mM MgClz; 2 mM EGTA; 675 mM
Sucrose) for 5 and 4% formaldehyde with diluted in cytoskeleton buffer for 20 min. The
coverslips were gently washed three times with cytoskeleton buffer. Cells were
permeabilized with permeabilization buffer [L00 mM PIPES, pH 6.95; 2 mM EGTA; 1 mM
MgClz; 1% (w/v) bovine serum albumin-fraction V; 0.3% (v/v Triton X-100)] for 30 min.
Cells were stained with the anti-Rosetteless genomic antibody at 3.125 ng/ul (1:400), E7
anti-tubulin antibody (1:1000; Developmental Studies Hybridoma Bank), Alexa fluor 488
anti-mouse and Alexa fluor 647 anti-rabbit secondary antibodies (1:1000 each; Molecular
Probes), and 6 U/ml rhodamine phalloidin (Molecular Probes) before mounting in Prolong
Gold antifade reagent with DAPI (Molecular Probes).

Images were acquired on a Zeiss LSM 880 Airyscan confocal microscope with a
63x objective (as described for live cell imaging) by frame scanning in the super-resolution
mode with the following settings: 30 nm x 30 nm pixel size; 100 nm z-step; 561 nm laser
operating at 1.5% power with 700 master gain, and 488 nm laser operating at 2.0% power
with 800 master gain. Wild type rosettes were imaged with 633 nm laser operating at
0.3% laser power and 650 master gain to prevent overexposure of Rosetteless, but all
other conditions were operating at 2% laser power and 650 master gain in the 633 nm
channel.
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Figure 2.1. Mutant cells aggregate and fail to form rosettes. (A) Wild type cells are
unicellular or form linear chains in the absence of rosette inducing factors (RIFs) and
develop into organized spherical rosettes. Rosettes are resistant to shear force and
survive vortexing. Four class C mutants — Seafoam, Soapsuds, Couscous, and Jumble
— form disordered clumps of cells in the presence and absence of RIFs. The clumps are
not resistant to vortexing and fall apart into single cells. (B) Class C mutants do not form
any detectable rosettes. Rosette development was measured as the % of cells in rosettes
after 48 hr in the presence of RIFs and is shown as mean + SEM. n.d. = no detected
rosettes. (C) Class C mutants quickly aggregated into large clumps after disruption by
vortexing. After vortexing, wild type and mutant cells were incubated for 30 minutes in the
absence of RIFs and clump sizes were quantified by automated image analysis. Data are
presented as violin boxplots, showing the median cell number (horizontal line),
interquartile range (white box), and range excluding outliers (vertical line). All mutants had
significantly larger masses of cells (K-S test, ****p<0.0001) than found in cultures of wild
type cells. (D) Clumping occurred within minutes after vortexing in the Class C mutants
without RIFs, revealing that the clumps form by aggregation and not through cell division.
DIC images obtained at 0, 15, and 30 minutes post-vortexing. Scale bar = 20 pym.
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Figure 2.2. Cell division is not required for clump formation in mutants. Wild type,
Jumble, and Couscous cells were vortexed and diluted to 1x10° cells/mL.Either no
addition, DMSO, or 250 uM aphidicolin were added to wild type, Jumble, and Couscous.
After 24 hours, cells were counted and imaged. (A) Aphidicolin successfully blocked cell
division, while the no addition control and DMSO control grew for all conditions. Mean
density plotted + S.D for 3 technical replicates on the same day as imaged. (B) In wild
type cells, no chains were observed in the aphidicolin treated cells, but they were able to
successfully grow chains. For Jumble and Couscous, clumps formed in all conditions.
Clumps formed in the presence of aphidicolin appear smaller, perhaps due to the lower
cell density of the cultures or the lack of cell division, both of which may contribute to
clump size. Scale bar = 20 ym.
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Figure 2.3. Class C mutant growth curve. Mutant and wild type cells were plated at a
density of 1x10* cells/mL and counted every 12 hours to assess growth. Mean density
plotted + SD (n=2 biological replicates with 3 technical replicates).
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Figure 2.4. Jumble and Couscous clumps formed in the absence or presence of
RIFs are comparable in size. Jumble and Couscous were cultured for 24 hours, either
without RIFs or with RIFs. To perform the clumping assay, cells cultured either with or
without RIFs were vortexed and then incubated for 30 minutes. Wild type cells without
RIFs were included as a negative control. Clump sizes were quantified by automated
image analysis. Data are presented as violin boxplots, showing the median cell number
(horizontal line), interquartile range (white box), and range excluding outliers (vertical
line). There were no significant differences in clump size in mutants treated with RIFs or
without RIFs (K-S test, n.s.=not significant, p>0.05).
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Figure 2.5. Jumble and Couscous cells adhere to wild type cells. Fluorescent
mWasabi expressing wild type cells uninduced or induced to form rosettes by the addition
of RIFs were mixed with either Jumble or Couscous cells and imaged after 30 minutes.
Mutant cells adhered non-specifically to each other and wild type cells. Scale bar = 20
pm.
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Figure 2.6. Mapping cross scheme. Flow chart of the steps used in mapping cross and
bulk segregant analysis.
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Figure 2.7. Jumble maps to a predicted glycosyltransferase that localizes to the
Golgi apparatus. (A) Jumble has a predicted transmembrane domain (marked TM) and
secondary structure (alpha helices marked by black rectangles). Structural homology
algorithms predict that Jumble is structurally related to well-characterized
glycosyltransferases (Figure 2.8B). The mutant gene has a T to C mutation at nucleotide
1109 that causes an amino acid substitution of proline to leucine at amino acid position
305. (B) A backcross of a mutant F1 progeny to the Mapping Strain yielded nine rosette-
forming F2 isolates with the wild type T allele and twelve clumpy F2 isolates with the
jumble™? C allele. The inheritance significantly deviated from expected Mendelian
inheritance of unlinked traits and confirmed the tight linkage between the jumble™! allele
to the clumpy, rosetteless phenotype. X? = Chi-squared value, d.f. = degrees of freedom.
(C,D) Transgenic expression of jumble-mTFP and mTFP-jumble rescued rosette
development in the Jumble mutant, but jumble™*-mTFP, mTFP-jumble™, or mTFP did
not. RIFs were added immediately after transfection and 40 pg/mL puromycin was added
24 hours post-transfection to select for transformants. (C) Rosette development was
measured as the % of cells in rosettes 72 hr post-transfection and shown as mean + SD.
n.d. = no detected rosettes. (n=200 cells counted from each of 3 technical replicates; 2
biological replicates). (D) Rosettes transgenically complemented with jumble-mTFP in the
Jumble mutant appeared phenotypically wild type and most cells in rosettes had
detectable fluorescent expression at the apical base of the cell. Representative rosette
shown. (E-H) To examine localization, Jumble-mWasabi or Jumble™*-mWasabi (cyan)
under the efl promoter were co-expressed with membrane marker-mCherry (magenta) in
wild type S. rosetta. Jumble-mWasabi localizes to the apical pole of cells grown (E)
without RIFs or (G) with RIFs, consistent with the localization of the Golgi apparatus.
When expressed in otherwise wild type cells grown (F) without RIFs or (H) with RIFs, the
mutant Jumble™*-mWasabi incorrectly localizes to the ER and food vacuole. Boxes
indicate the inferred location of the Golgi apparatus at the apical pole of the cell. The food
vacuole (asterisk) was often visualized due to autofluoresence from ingested bacteria or
through accumulation of the fluorescent markers in the food vacuole, perhaps through
autophagy. For reference, arrows indicate the base of the flagellum although the flagellum
may not be visible in the plane of focus shown. Scale bar =5 pm.
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Figure 2.8. Alignment of Jumble homologs and predicted structure. (A) S. rosetta
Jumble amino acid sequence was aligned to the predicted sequences encoded by
homologs from nine other choanoflagellate species, first identified by best reciprocal
BLAST using the transcriptomes reported in Richter et al., 2018. Red asterisk indicates
the location of the causative mutation in the S. rosetta jumble gene. (B) The structure of
Jumble protein predicted by HHphred (teal) was aligned to the catalytic domain of human
polypeptide N-acetylgalactosaminyltransferase 4 (GalNAc-T4; purple). The mutated
leucine at 305 is found in a predicted alpha helix.
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Figure 2.9. Alignment of Jumble to fungal homologs. S. rosetta Jumble protein
sequence was aligned to predicted/unannotated protein sequences from four fungal
species identified by best reciprocal BLAST: Saitoella complicata (NCBI accession
XP_019021578.1), Dactylellina haptotyla (NCBI accession EPS43829.1), Naematelia
encephala (NCBI accession ORY22834.1), and Tuber magnatum (NCBI accession
PWW71609.1).
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Figure 2.10. Ultrastructure of S. rosetta and ER co-localization of Jumble?1. (A) A
transmission electron micrograph shows the ultrastructure of S. rosetta. The Golgi
apparatus has been pseudo-colored pink and labelled. Image provided courtesy of Kent
McDonald and adapted from Booth et al., 2018. (B) Jumble™-mWasabi fusion protein
shows partial co-localization with the mCherry-ER marker when expressed in wild type S.
rosetta. Dashed line marks the inferred location of the nucleus. Scale bar =1 um.
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Figure 2.11. Couscous maps to a predicted mannosyltransferase with a PAN/Apple
domain. (A) Couscous has a predicted signal sequence (S), a PAN/Apple domain (PAN),
and a mannosyltransferase domain. The causative lesion is a 1-base pair deletion at
nucleotide position 2447 that causes a frameshift at amino acid 728, resulting in 75 amino
acids that do not align between the wild type and mutant (Cous) sequences, and an early
stop codon (*) at amino acid 803. (B) Independent backcrosses of two individual mutant
F1 progeny to the Mapping Strain yielded 38 rosette-forming F2 isolates with the wild type
GCCC allele and 51 clumpy F2 isolates with the couscous™! GCC allele. The inheritance
significantly deviated from expected Mendelian inheritance of unlinked traits and
confirmed the tight linkage between the couscous™! allele to the clumpy, rosetteless
phenotype. X? = Chi-squared value, d.f. = degrees of freedom. (C, D) Rosette formation
in Couscous mutant cells can be rescued by transgenic expression of couscous-mTFP or
mTFP-couscous, but not couscous™*-mTFP, mTFP-couscous™?!, or mTFP alone. RIFs
were added immediately after transfection and 40 pg/mL puromycin was added 24 hours
post-transfection to select for positive transformants. (C) Rosette development (mean +
SD) was measured as the % of cells in rosettes 72 hr after transfection and treatment
with RIFs. n.d. = no detected rosettes. (n=200 cells counted from each of 3 technical
replicates; 2 biological replicates). (D) Rosettes transgenically complemented with
couscous-mTFP in the Couscous mutant appeared phenotypically wild type.
Representative rosette shown. Scale bar =5 pm.

57



A

: GCCC = GCC
r]J[o-:| ~ g L~ Mo -nt4468
a.a. 0 PAN Mannosyltransferase L P a.a. 866
a.a. 721 a.a. 803

WL E NEINWZNEPATEDQGVOLOPGELGVEFTYYDGTGSLTGNTITVDTTTSYSLQYSGYHGTHTGPYQRYNTAYDPSNHLF TRDVFS...
Cous: i LQPRIRACSCSRASWAWSSPTTTAQARSRVTPSPWTRPPATRCSTPGITAHIQGHIDTTPPTTRAITCSPATCSA*

B Couscous
Rosettes| Clumps
GCCC 38 0
GCC 0 51

X2=92.8, df=3, p < 0.0017

<
T 15
n
o
2 T
2 -
g nd. [L] nd [—] nd
© O 1 1 1 1 1
S
L L L P
\Q N %O oo
ox & O
O\)% @000 &QQ Q’O
O NS & &
® é\

58



Figure 2.12. Couscous homology and localization. (A) The predicted
mannosyltransferase domain from S. rosetta was aligned to the alpha-
mannosyltransferase domain of MNN2 genes from S. cerevisiae (NCBI accession
NP_009571.1) and C. albicans (NCBI accession XP_710276.1). Red asterisks highlight
the conserved DXD motif of many glycosyltransferases. (B) The transgenes mCherry-
membrane marker and Couscous-mWasabi fusion protein were expressed in wild type S.
rosetta. The Couscous fusion localized to puncta distributed throughout the cell (to the
exclusion of an unidentified organelle; circle) and faintly at the cell collar. Scale bar = 5
pgm.
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Figure 2.13. Disruption of basal glycosylation patterns in Jumble and Couscous
mutants. FITC-labelled jacalin binds the apical and basal poles of wild type single cells
(B) and becomes enriched in the ECM in the center of rosettes (A, B’ boxed region from
A). Although FITC-jacalin staining appeared normal at the apical poles of Jumble (C) and
Couscous (D) mutant cells, FITC-jacalin staining at the basal poles of cells was
undetectable in cells grown either in the absence (-RIFs; C, D) or presence (+RIFs; C’,
D’) RIFs. Arrows mark the apical pole and arrowheads mark the basal pole. (E) Cartoon
depicts how jacalin fluorescence was measured. Starting with micrographs of FITC-
jacalin stained cells, a line was drawn tracing from one edge of the collar around the cell
body to the other edge of the collar, and the underlying fluorescent signal was normalized
for cell size and background intensity. (F) The average normalized fluorescence intensity
of jacalin measured in at least 59 cells for each condition was graphed against the
normalized length of the cell body (n=2 biological replicates). Jumble and Couscous -
/+RIFs have reduced jacalin binding at the basal pole compared to wild type -/+RIFs. Gray
shadows indicate 95% confidence intervals. Scale bar =5 pm.
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Figure 2.14. Jacalin Western blot in cell lysates. Whole cell lysates from E. pacifica
(co-cultured prey bacteria), wild type S. rosetta, Couscous, and Jumble were probed with
jacalin. No clear differences in banding pattern were observed among the S. rosetta
strains, except for a small band ~25 kD in the Couscous lysate that is likely from E.
pacifica contamination. Tubulin was probed as a loading control.

63



250 kD
150

100
75

50

25

Tubulin

M
O
=

Q

@®

Q
R

wit
Couscous
Jumble

T T v—

64



Figure 2.15. Transgenic rescue restores jacalin staining at the center of
complemented rosettes. (A-F) Biotinylated-jacalin labelled with streptavidin Alexa Fluor
647 has the same localization pattern in the absence (A, C, E) and in the presence (B,
D, F) of RIFs as that observed with FITC-labelled jacalin (Figure 2.13A-D). In wild type
cells, jacalin binds the apical and basal poles of single cells (A) and becomes enriched at
the center of wild type rosettes (B). In the mutants Jumble (C, D) and Couscous (E, F),
jacalin staining was severely reduced at the basal poles both in the absence (C, E) and
in the presence (D, F) of RIFs, while the apical pole staining appeared similar to wild type
single cells. (G, 1) Transfection of Jumble (G) and Couscous (I) with mTFP alone did not
restore jacalin localization to the basal pole. Shown here in the presence of RIFs. (H, J)
However, Jumble (H) and Couscous (J) complemented with mTFP-jumble or couscous-
MTFP, respectively, form rosettes with jacalin localized in the center as observed in wild
type rosettes. Arrows mark the apical pole and arrowheads mark the basal pole. Scale
bar=5 pm.
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Figure 2.16. Rosetteless staining in wild type and mutant cells. Jumble and
Couscous cells grown without and with RIFs were stained for Rosetteless (magenta),
tubulin (gray), and actin (cyan). In uninduced Jumble and Couscous cells Rosetteless
staining localizes to the basal pole, similar to wild type cells. Following treatment of wild
type cells with RIFs, Rosetteless staining becomes highly enriched in the center of
rosettes and must be imaged with less gain for clarity (0.3% laser power, gain=650
indicated by green boxes), while Rosetteless is not enriched or apparently secreted from
the basal poles of Jumble or Couscous cells (2% laser power, gain=800). Scale bar = 20

um.
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Figure 2.17. Model for promiscuous clumping in rosette defective Class C mutants.
Wild type S. rosetta has a glycosylated basal patch of ECM (red) as marked by the lectin
jacalin that becomes enriched during the course of rosette formation. The Rosetteless
protein, required for rosette formation and speculated to play a structural role in holding
rosettes together, localizes to the same location on the basal pole of cells and becomes
similarly enriched as rosette form. Mutants lack the glycosylated basal patch of jacalin
staining. The altered cell surface could lead to clumping, either through mis-regulation of
cell adhesion molecules or exposure of a normally masked adhesive cell surface. The
same alteration that allows clumping of Class C mutants also prevents rosette
development, perhaps by disrupting glycan modification on the Rosetteless protein or one
of its interaction partners.
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Table 2.1. Phenotypes of wild type and Class C mutants.

, % cells in , , Successful
Strain Cell interactions
rosettes outcross?
wild type 87.7 Non-clumping Yes
Seafoam 0 Clumping No
Soapsuds 0 Clumping No
Couscous 0 Clumping Yes
Jumble 0 Clumping Yes

Table 2.2. Phenotypic classes of mutants isolated in this study and in the Levin et al.

2014 screen.

% cells in rosettes
Mutant Strain Mutagen ‘Single cell Rosette Live
Class interactions | morphology | Algori- OMVs
phagus
wt - Non-clumping wt 87 95.2
Rosetteless’ EMS Non-clumping n.d. 0 0
ClassA M7G9 X-rays Non-clumping n.d. 0 0
M1AL1l.F3 Spontaneous Non-clumping n.d. 0 0
Insensate’ X-rays Non-clumping Irregular 3.1 5.6
Slacker® X-rays Non-clumping Irregular 42.4 nt
Class B Uptight! X-rays Non-clumping Irregular 53.1 nt
M14A9.D5 X-rays Non-clumping Irregular 56.9* 76.3*
M17C12 X-rays Non-clumping Irregular nt 24*
Jumbled? EMS Clumping n.d. 0 0
Couscous’ X-rays Clumping n.d. 0 0
Seafoam' X-rays Clumping n.d. 0 0
Class C Soapsuds’ X-rays Clumping n.d. 0 0
M5G11.E8 X-rays Mild clumping n.d. 0 0
M13H12.G2 X-rays Mild clumping wt 5.2 4
M1C5.D2 X-rays Mild clumping wt 0 37*
Class D¥ Solo X-rays Non-clumping  No rosettes 0 nt

TOriginally reported in Levin et al., 2014; n.d.= not detected; nt= not tested; * < 2 biological
replicates; *Class D mutant fails to form chains in the absence of RIFs and is therefore distinct

from Class A mutants.
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Table 2.3. Segregating variants in Rosetteless mapping cross.

Supercontig  Location  Position relative to genes  Type  Coverage’

4 516,051 intron INDEL* 8
6 1,139,589 5 UTR INDEL* 40
8 427,804 splice donor SNV** 253
11 524,974 intron INDEL* 12
11 1,660,350 intron INDEL* 6

Average genome-wide coveraget: 187

TNumber of high quality reads determined by SAMtools (Li et al., 2009) at nucleotide
position; *Insertion or deletion; **Single nucleotide variant; Highlighted sequence
variant indicates known causative lesion (Levin et al., 2014).

Table 2.4 Segregating variants in Jumble mapping cross.

Supercontig Location  Position relative to genes  Type  Coverage'

1 1,919,681 coding sequence SNV** 165
20 530,561 intron INDEL* 3
22 65,983 intron INDEL* 37
32 134,832 intron INDEL* 5
49 3,863 intron SNV** 2

Average genome-wide coveraget: 187

TNumber of high quality reads determined by SAMtools (Li et al., 2009) at
nucleotide position; *Insertion or deletion; **Single nucleotide variant; Highlighted
sequence variant indicates predicted causative lesion.

Table 2.5. Segregating variants in Couscous mapping Cross.

Supercontig Location  Position relative to genes  Type  Coveraget

3 1,812,030 splice acceptor INDEL* 2
475,982 intron INDEL* 10
4 518,253 intron INDEL* 12
5 533 intron INDEL* 3
9 141,246 intron INDEL* 3
13 698,752 intron INDEL* 6
22 110,265 intron INDEL* 5
22 462,534 coding sequence INDEL* 128

Average genome-wide coveraget: 72

TNumber of high quality reads determined by SAMtools (Li et al., 2009) at
nucleotide position; *Insertion or deletion; Highlighted sequence variant indicates
predicted causative lesion.
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Table 2.6. Fluorescent lectins tested.

Lectin Preferred wild type Jumble Couscous
Sugar Localization Localization Localization
Specificity*
Con A (Concanavalin A) aMan, aGlc Bacteria Bacteria Bacteria
SBA (Glycine max (soybean) a>BGalNAc Faint cell body Faint cell Faint cell body
agglutinin) body
DBA (DOI'Ch.OS. biflorus aGalNAc Faint cell body Faint cell Faint cell body
agglutinin) body
DSL (Datura
Stramonium lectin) (GIcNAC)2-4 n.d. n.d. n.d.
E.CL (Erythnr_la GalB4GIcNAc n.d. n.d. n.d.
cristagalli lectin)
GSL I.(anfqma (Bandewaea) aGal, aGalNAc Patchy _ Patchy _ Patchy _
simplicifolia lectin 1) cytoplasmic cytoplasmic cytoplasmic
GSL ”. (Gr!ff.om.a (Bapdelraea) a or BGIcNAc n.d. n.d. n.d.
simplicifolia lectin 1)
Jacalin GalpB3GalNAc Basal pole and Collar base Collar base
collar base
LCA (Lens culinaris agglutinin) | aMan, aGlc n.d. n.d. n.d.
LEL (Lycopersicon . (GIcNAC)2-4 Collar base Collar base Collar base
esculentum (tomato) lectin)
MAL I (Maaclqa Amurensis Gal4GalNAc | Cell membrane Cell Cell
lectin I) membrane membrane
GalB4GIcNACcB
2Mana6
PHA-E (Phaseolus (GIcNACcB4) : Faint cell .
vulgaris Erythroagglutinin) (GlcNAcB4Man Faint cell body body Faint cell body
a3)
ManB4
GalB4GIcNACc
PHA-L (Phaseolus 6(GIcNAC nd nd nd
vulgaris Leucoagglutinin) B2Mana3)Man o o o
a3
PNA (Arachis - GalB3GalNAc n.d. n.d. n.d.
hypogaea (peanut) agglutinin)
PSA (Pisum sativum . Faint cell .
Agglutinin) aMan, aGlc Faint cell body body Faint cell body
RCAuz0 (Ricinus communis Gal Cell body Cell body Cell body
agglutinin)
: . Neu5Aca6Gal/
SNA (Sambucus Nigra Lectin) GalNAC n.d. n.d. n.d.
STL (Solanum
tuberosum (potato) lectin) (GIcNAC)2-4 Collar base Collar base Collar base
Succmylatgq WGA (_VVheat GlcNAC Cell membrane Cell Cell
germ agglutinin, succinylated) membrane membrane
UEAI (Ulex_ : aFuc n.d. n.d. n.d.
europaeus agglutinin 1)
L . . Faint cell .
VVL (Vicia villosa agglutinin) GalNAc Faint cell body body Faint cell body
WGA (Triticum vulg_ar_|s (wheat GlcNAC Cell membrane Cell Cell
germ) agglutinin) membrane membrane

*From Vector Laboratories Product Information
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Symbols and abbreviations:

n.d. not detected
> preference for first over
Fuc second sugar
Gal L-Fucose
GalNAc D-Galactose
N-Acetylgalactoamine

Glc
GIcNAc
Man
Neu5Ac

D-Glucose
N-Acetyleglucosamine
Mannose
N-Acetylneuraminic
acid (sialic acid)
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Appendix

Improved genome assembly and the regulatory genome of S. rosetta

Laura Wetzel conceived and designed genome assembly experiments, analyzed data,
and wrote the manuscript. ATAC-seq nuclei and library preparation were performed by
David Booth and Lily Helfrich. Stefan Prost aided in the genome assembly analysis.
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INTRODUCTION

Complex multicellularity, including numerous specialized cell types arising from
temporally and spatially regulated developmental programs, is a hallmark of animals.
Recent genomic analyses of holozoans have revealed that the last common unicellular
ancestor of animals already had a complex gene repertoire involved in multicellular
functions, including transcription factors, extracellular matrix components, and intricate
signaling pathways that were previously considered to be animal specific (de Mendoza et
al., 2015; Fairclough et al., 2013; Grau-Bové et al., 2017; King et al., 2008; Richter et al.,
2018; Sebé-Pedros et al., 2016; Srivastava et al.,, 2010; Suga and Ruiz-Trillo, 2013).
Since many genes required for animal development were present before animals arose,
an emerging hypothesis proposes that animal evolution may have relied on new genome
regulatory capabilities to generate cell types during animal development (Sebé-Pedroés et
al., 2016).

Transcriptional regulation underlies much of cell differentiation during animal
development. Distinct transcriptional profiles are established and maintained by a
complex combination of chromatin regulatory dynamics, distal cis-regulatory elements
and transcription factor networks (Bernstein et al., 2007; Buecker and Wysocka, 2012; de
Laat and Duboule, 2013; Ho et al., 2014; Levine, 2010; Levine and Tjian, 2003). However,
the evolutionary origins of these regulatory mechanisms remain unclear.

The closest unicellular relatives of animals, including ichthyosporeans,
filastereans, and choanoflagellates, have complex life histories complete with
morphologically distinct cell types (Dayel et al., 2011; Marshall et al., 2008; Marshall and
Berbee, 2011; Sebé-Pedroés et al., 2016). Recent studies of the filasterean, Capsaspora
owczarzaki, and the ichthyosporean, Creolimax fragrantissima, have revealed that
different cell types have distinct transcriptional profiles (de Mendoza et al., 2015; Sebé-
Pedros et al., 2016). Moreover, C. owczarzaki appears to lack animal promoter types and
its regulatory sites are small, proximal, and lack signatures of animal enhancers (Sebé-
Pedrods et al., 2016).

Choanoflagellates, as the closest living relatives of animals, may provide additional
insights in the regulatory toolkit available to progenitor of animals. Transcriptional analysis
of facultatively multicellular Salpingoeca rosetta revealed distinct transcriptomes between
attached thecate cells, swimming cells (including slow and fast swimmers), chain
colonies, and rosettes colonies (Fairclough et al., 2013). However, little is known about
mechanisms, such as cell-type specific promoters or enhancers, that regulate these
transcriptional differences.

The recently developed technique assay for transposase-accessible chromatin
using sequencing (ATAC-seq), which enables rapid detection of open chromatin and the
regions of nucleosome-bound and nucleosome-free positions in regulatory regions, can
provide a basis for uncovering epigenetic regulation (Buenrostro et al., 2013). ATAC-seq
relies on the transposase, Tn5, to insert sequencing adapters into only accessible regions
of chromatin; this is followed by a PCR reaction that amplifies DNA fragments between
inserted adapters of preferentially open chromatin (Buenrostro et al., 2013). Here, we use
ATAC-seq to assay the open chromatin of four distinct S. rosetta cell types: thecate cells,
fast swimmers, slow swimmers, and rosettes (Figure A.1). Additionally, to improve ATAC-
seq analysis and to increase sequence information about regulatory elements, we
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generated an improved genome assembly using newly developed long-read sequencing
technologies and using Hi-C chromatin capture to increase scaffold lengths.

RESULTS

Improving the S. rosetta genome assembly

To improve the assembly of the S. rosetta genome, we developed a new method
of reducing contaminating DNA from prey bacteria through 48 h of rifampicin treatment
and by pelleting choanoflagellates at low-speed centrifugation and washing with
seawater. This method avoided the need to use a CsCl gradient, which separated
bacteria and choanoflagellate DNA by GC-content and therefore prevented recovery of
any low GC-content choanoflagellate DNA. For sequencing, we utilized two new long-
read sequencing techniques: single-molecule, real-time (SMRT) sequencing technology
using the PacBio RSIl and nanopore sequencing on the MinlON from Oxford Nanopore
Technologies. Draft genomes were assembled from each of these technologies alone;
then, we used Dovetail Hi-C and HiRise assembly to improve scaffold lengths for each
assembly and the original 454 assembly in Fairclough et al., 2013. Here we report on 3
improved de novo assemblies of the S. rosetta genome and will use the Pac+Hi-Rise
assembly as the new S. rosetta reference genome for future studies (Table A.1).

Due to the ability to recover low GC content DNA, we were able to assemble a
contig of putative mitochondrial DNA (mtDNA) of S. rosetta. The majority of animal
MtDNAs are relatively small (~13-19 kbp in size) due to gene loss from the mitochondrial
genome, but the only choanoflagellate mtDNA genome assembly to date, Monosiga
brevicollis, was 76.6 kbp and conserved genes that were thought to be present in the
alphaproteobacterial ancestor (Burger et al.,, 2003). The size of the M. brevicollis’
unreduced mtDNA was a key piece of supporting evidence that choanoflagellates are the
outgroup to animals (Burger et al., 2003). Consistent with the expanded size of the M.
brevicollis, S. rosetta mtDNA was found to be 81.7 kbp (Table A.2). This provides
additional evidence that last common ancestor of animals and choanoflagellates retained
an expanded mitochondrial genome which was specifically reduced along the animal
stem lineage. A similar process is thought to have occurred within the fungi (Bullerwell
and Lang, 2005).

Comparing chromatin accessibility between S. rosetta life histories

Eukaryotic genomes are hierarchically packaged into chromatin (Kornberg, 1974)
and the nature of this packaging plays a central role in gene regulation (Kornberg and
Lorch, 1992; Mellor, 2005). To interrogate accessible chromatin as a proxy for active cis-
regulatory elements, we carried out ATAC-seq on ten million unfixed nuclei from four
distinct S. rosetta cell types: thecate cells, fast swimmers, slow swimmers, and rosettes
(Figure A.1). Mapped reads were reproducible between technical replicates (Spearman
Correlation Coefficient R=0.91-0.98; Figure A.2D); thus, the reads from technical
replicates were combined for some comparative analyses between cell types.

Previous studies found that ATAC-seq reads produced detailed information about
nucleosome packing and positioning (Buenrostro et al., 2013). The insert size distribution
of sequenced fragments from different S. rosetta cell types showed a hint of periodicity of
approximately 200 bp, primarily in the fast swimmers, suggesting fragments might be
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protected by integer multiples of nucleosome (Figure A.2E). Based on this periodicity and
previously observed periodicity (Buenrostro et al., 2013), reads were separated into
nucleosome-free and mono-nucleosome by length. Others have found nucleosome-free
fragments are enriched at canonical nucleosome-free promoter regions overlapping with
transcription start sites (TSSs), whereas nucleosome signal is enriched both upstream
and downstream of the active TSS (Buenrostro et al., 2013). Examining the highly
expressed, elongation factor L (efl) in S. rosetta slow swimmer populations upholds this
expected pattern (Figure A.3A).

To identify potential regulatory differences between cell types, we identified
genomic regions enriched with ATAC-seq reads using the MAC2s peak caller for each
cell type (Y. Zhang et al., 2008). We compared the called ATAC-seq peaks between cell
types. PCA analysis showed that slow swimmers and rosettes clustered together while
fast swimmers and thecate cells formed individual clusters (Figure A.3B). Moreover, all
ATAC-seq peaks were compared between each cell type (Figure A.3C). Interestingly,
there were no differential peaks between slow swimmers and rosettes; but there were
>1000 differential peaks between every other cell type pairwise (Wald test p<0.01; Figure
A.3C). Thus, while all other S. rosetta cell types have distinct chromatin accessibility
profiles, there is no detectable difference between slow swimmers and rosettes in open
chromatin and thereby, presumably no differential transcriptional regulation.

DISCUSSION AND FUTURE DIRECTIONS

The improved genome assembly and ATAC-seq of S. rosetta cell types provides
a new set of tools to untangle the role of transcription regulation in life history transitions
and infer the regulatory mechanisms present in the last common ancestor of animals. We
found distinct chromatin accessibility profiles for each life history examined, although
rosettes and slow swimmers appear indistinguishable. Consistent with transcriptome
sequencing that revealed that slow swimmers and rosettes have remarkably similar
genome-wide transcription profiles (Fairclough et al., 2013), our results add further
support to the hypothesis that the transition from slow swimmers to rosettes is not
transcriptionally regulated and may be dictated by translational or post-translational
modifications.

A key step to validating the observed ATAC-seq data is to corelate peaks to high
guality transcriptomes from each examined life history. Highly expressed genes should
have higher peak intensities at and around their TSSs if the assay is capturing open
chromatin and chromatin accessibility is a true readout of transcription levels (Buenrostro
et al., 2013). Correlating open chromatin to epigenetic marks, like histone modifications,
and to RNA polymerase through ChlP-seq may provide further insight into the molecular
mechanisms of regulation utilized in S. rosetta.

Examining the identified differentially open chromatin near TSSs can help to reveal
life history specific promoters and enhancer motifs. If identified promoter motifs are
conserved with other known motifs, prediction tools might be able to predict the
transcription factors that control life history specific expression. It has also been proposed
that distal enhancers are an animal innovation (Sebé-Pedrés et al., 2016). The ATAC-
seq data can be used to search for the presence of distal enhancers in choanoflagellates
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by identifying open chromatin at least 1 kb from the nearest gene and could be validated
using newly developed transgenic techniques (Booth et al., 2018).

MATERIALS AND METHODS

Media and cell culture

AK atrtificial seawater (AK), high nutrient (HN) media, and cereal grass (CG)
media were prepared as described previously (Booth et al., 2018; Levin et al., 2014;
Levin and King, 2013). The clonally isolated strain SrEpac (ATCC PRA-390;
accession number SRX365844) — S. rosetta co-cultured monoxenically with the prey
bacterium Echinicola pacifica (Levin et al., 2014; Levin and King, 2013;
Nedashkovskaya et al.,, 2006) — was used for all experiments. For routine
maintenance, cultures were passaged every 2-3 days in 5% (vol/vol) HN media in AK.

Genomic DNA preparation and sequencing for improved assembly

To reduce bacterial contamination for genomic DNA preparation, 200 mL of
stationary phase cultures were pelleted at 2400 x g, resuspended in AK, and treated
with 5 pg/mL rifampicin for 48 h. Cells were harvested by pelleting at 2400 x g at 4°C.
Phenol-chloroform extractions were performed as described previously with careful
pipetting to avoid shearing DNA (King et al., 2008).

PacBio SMRT sequencing was performed on PacBio RSII instrument (Pacific
Biosciences of California Inc., Menlo Park, CA, USA) at the UC Davis Genome Center.
In total, 5 SMRT cells were sequenced.

For Nanopore sequencing, 8 ug DNA was sheared to 10 kb, and performed a 4
kb high pass size selection on the Blue Pippin (Sage Science). The sample was ligated
with PCR adapters, split into four 100 ng PCR reactions, and amplified with NEB
LongAMP (Cat. No. MO323). 5 pg of the PCR amplified sample was used in the
standard ligation 1D protocol (Oxford Nanopore Technologies SQK-LSK108). Prepared
libraries were sequenced on MinlON (Oxford Nanopore Technologies).

Draft genome assembly

PacBio data were assembled with Sprai assembler using the default settings
(http://zombie.cb.k.u-tokyo.ac.jp/sprai/index.html). Nanopore data were assembled with
Miniasm assembler using the default settings (Li, 2016) and polished with RACON using
the default settings three times (Vaser et al., 2017).

Chicago library preparation

To improve the assembly, we created a Chicago library (Putnam et al., 2016) at
Dovetail Genomics. The Chicago library was sequenced on an MiSeq v3 2x300. The 3
draft genomes (the previous S. rosetta assembly (Fairclough et al., 2013), the PacBio
assembly, and the Nanopore assembly) in FASTA format, and Chicago library
sequence (3,159.77X- 5,018.49X based on input assembly; PE~300 bp) in FASTQ
format were used as input data for HiRise (Putnam et al., 2016). HiRise is a software
pipeline designed specifically for using Chicago library sequence data to assemble
genomes. The number of BUSCOs (benchmarking Universal Single-Copy Orthologs)
was determined after HiRise using the eukaryote odb9 dataset (Waterhouse et al.,
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scaffold was determined by BLAST with the M. brevicollis mitochondrial genome;
however, in the future, a better assembly may be generated using specific mitochondrial
genome assembly programs.

ATAC-seq protocol

(1) Prepare nuclei

Nuclei were isolated from different cell types: (1) slow swimmers, (2) rosettes, (3)
fast swimmers, and (4) thecate cells with two independent replicates. Slow swimmers
were generated by maintaining cells in standard culture conditions. Rosettes were
induced in SrEpac with outer membrane vesicles from Algoriphagus machipongonensis
as previously described (Woznica et al., 2016). Fast swimmers were grown 3 days in
standard media and then heat shocked at 30°C for 2.75 h. Slow swimmers, rosettes, and
fast swimmers were harvested by pelleting at 2400 x g for 5 min, washed with 50 mL AK
seawater, re-pelleted at 2400 x g for 5 min, counted with the Luna cell counter, diluted to
5x107 cells/mL, and 1x107 cells were pelleted at 2700 x g. Thecate cells were derived
from an isolate of SrEpac, called HD1, and maintained in 10% CG in AK seawater (vol/vol)
in petri dishes. To harvest thecate cells, plates were washed with 16.7 mL of AK seawater,
cells lifted from the plate with a cell scraper, and filtered onto a 3 um polycarbonate
membrane filter to concentrate. Filtered cells were pelleted at 2700 x g for 5 min, washed
with 50 mL AKSW two times, re-pelleted at 2700 x g for 5 min, counted with Luna cell
counter, diluted to 5x107 cells/mL, and 1x107 cells pelleted at 2700 x g. All cell types were
resuspended in 200 L freshly prepared pretreatment buffer (10 mM citric acid, 100 mM
LIOAC, 10% (w/v) PEG 800 pH 8.5 with Tris, 100 nM papain, and 10 mM thioglycolic acid)
and incubated at room temperature for 22 min.

Nuclei were isolated in four steps wash, strip, lyse, and purify (Figure A.2A). To
wash, cells were pelleted at 1200 x g for 5 min, the supernatant discarded, and
resuspended in 200 uL of 0.7M sorbitol in 1x PBS and 1% (w/v) BSA, and pelleted at
1200 x g for 5 min. Pellets were resuspend in 250 pL cold buffer L (10 mM HEPES-KOH
pH 7.9, 0.2 mM MgClz, 10 mM KCI, 0.1 mM EDTA-KOH pH 8.0, 0.5 mM EGTA-KOH pH
8.0, 0.5 mM DTT, 0.5 mM pefabloc, and 1x Roche protease inhibitor solution) and
incubated for 10 min on ice. To lyse cells, 0.05% NP40 was added, cells were incubated
on ice for 10 min, and then samples were passed through 30G needle ten times. Lysed
cells were pelleted at 1000 x g for 5 min at 4°C, supernatant was removed. Pellets were
resuspended in 250 pL buffer L with sucrose (Buffer L, 250 mM sucrose, 0.5 mM DTT,
0.5 mM pefabloc, and 1x Roche protease inhibitor solution), spun at 1000 x g for 5 min at
4°C, and both steps repeated.

To examine the purity of the nuclei, Western blots were run with a tubulin and H3
antibody (Figure A.2B).

(2) Transpose and purify

For transposition, nuclei were pelleted at 1000 x g for 5 min at 4°C, resuspended
in 25 pL of 2x TD buffer and 2.5 pl of Tn5 transposase from the Nextera DNA Library
Prep it (lllumina, San Diego, CA), and incubated at 37°C for 30 min. DNA was purified
using the Qiagen MinElute kit (Cat. No. 28004) per PCR purification protocol provided by
the manufacturer.
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(3) PCR

Transposed DNA was originally amplified and barcoded in a PCR reaction using
NEBnext PCR master mix (NEB Cat. No. #M0544) and 1.25 yM forward and reverse
primers originally described in Buenrostro et al., 2013 (Table A.3), using the following
PCR conditions: 72°C for 5 min; 98°C for 30 s; and thermocycling at 98°C for 10 s, 63°C
for 30 s and 72°C for 1 min. To reduce GC and size bias in the PCR, we monitored the
PCR reaction using gPCR in order to stop amplification before saturation. To do this, we
amplified the full libraries for five cycles, after which we took an aliquot of the PCR reaction
and added 10 pl of PCR cocktail with Sybr Green at a final concentration of 0.6x. We ran
this reaction for 20 cycles to determine the additional number of cycles needed for the
remaining 45 pL reaction. The libraries were purified using a Qiagen PCR cleanup Kkit.
Libraries were amplified for a total of 10-12 cycles. An additional 0.9X SPRI bead clean-
up was performed to eliminate a contaminating 50 bp peak. We quantified our libraries
using gPCR-based methods.

(4) Primary data processing

Data were collected using 50 x 8 x 50 reads on an lllumina HiSeq 2500 run in rapid
mode. E. pacifica contaminating reads varied between samples, but for all samples, we
were able to collect at least 5,000,000 reads (Figure A.2C). Raw reads were trimmed with
TrimmomaticPE (Bolger et al., 2014) to remove low quality base calls and
barcodes/adaptors. Trimmed reads were aligned to the S. rosetta reference genome
(Fairclough et al., 2013) using Bowtie (Langmead et al., 2009) with the parameters -
X2000 and -m1. These parameters ensured that only fragments up to 2 kb were allowed
to align (-X2000) and that only unique aligning reads were collected (-m1).) For all data
files, we removed PCR duplicates with Picard tools
(http://broadinstitute.github.io/picard/). Unmapped reads were aligned to the E. pacifica
reference genome (Nedashkovskaya et al., 2006) to determine how much bacterial
contamination was present (Figure A.2C).

To examine, the reproducibility between sample reads Deeptools (Ramirez et al.,
2016) was used to: (1) normalize reads using reads per kilobase million with
bamCoverage, (2) compare read counts using multiBigwigSummary, and (3) plot
Spearman correlations between samples using plotCorrelation (Figure A.2D). Given high
correlations between samples, replicates were combined for specified analyses.

The distribution of paired-end sequencing fragment sizes was determined with
Picard tools (http://broadinstitute.github.io/picard/). The read density was plotted against
insert size to look for evidence of insert sizes characteristic of mono-, di-, and tri-
nucleosomes (Figure A.2E).

For peak-calling, we adjusted the read start sites to represent the center of the
transposon binding event. Previous descriptions of the Tn5 transposase show that the
transposon binds as a dimer and inserts two adaptors separated by a 9 bp (Adey et al.,
2010; Buenrostro et al., 2013). Therefore, all reads aligning to the plus strand were offset
by +4 bp, and all reads aligning to the minus strand were offset -5 bp as previously
described (Buenrostro et al., 2013).
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Finally, reads were classified into nucleosome free reads (paired-read distance
<100 bp) and mononucleosome reads (pair-read distance between 180-247 bp),
representing single nucleosomes.

(5) ATAC-seq peak-calling

Peak calling was performed using MACS2 (Y. Zhang et al., 2008) with the following
parameters: -g 550000000 -g 0.1 --extsize 40 --call-summits --nomodel. Peaks from
different samples were merged using Bedtools (Quinlan and Hall, 2010) to generate the
final dataset of 45,176 peaks.

Peaks were visualized in the Integrative Genomics Viewer (Figure A.3A)
(Thorvaldsdottir et al., 2013). Peaks were compared using DESeq2 (Figure A.3C) (Love
et al., 2014).
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Figure A.l. S. rosetta life history. S. rosetta has several morphologically distinct life
histories of solitary and colonial forms. For this study, we focus on studying the solitary
fast swimmers, thecate cells and slow swimmers, and the colonial rosette colonies.
lllustration credit: Janet Iwasa.
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Figure A.2. Development of ATAC-seq in S. rosetta cell types. (A) A novel protocol
to purify nuclei from S. rosetta was established through four steps: (1) cells were
washed to remove excess bacteria, (2) ECM was stripped from the remaining cells, (3)
cells were lysed, and (4) nuclei were purified. (B) Whole cell lysate, intermediate
supernatants, and final purified nuclei were probed for tubulin and histone H3 (H3). As
expected for purified nuclei, we could not detect any tubulin, but retained the H3
signal. (C) The ATAC-seq reads contained variable amounts of contaminating
Echinicola pacifica mapped reads from the prey bacteria. For each sample, we were
able to collect at least 5,000,000 reads mapped to the S. rosetta genome. (D) Mapped
reads between technical duplicates were compared using Spearman correlation and
found to be reproducible between duplicates (Spearman correlation coefficient
R=0.91-0.98). The similarity of samples based on the nearest point algorithm from
Deeptools (Ramirez et al., 2016) is depicted in the red tree that is used to generate
heatmap clustering. Heat map colors correspond to the calculated Spearman’s
correlation coefficient. (E) Insert size of the ATAC-seq S. rosetta mapped reads were
determined and plotted as a function of read density. The insert size distribution
of sequenced fragments from different S. rosetta life histories showed a hint of
periodicity of approximately 200 bp in fast swimmers, suggesting fragments are likely
protected by integer multiples of nucleosome, but is unclear in other cell types.

85



Reads

~
5 & é‘w
%) <O 8
O & (’g (ﬁ
2 N S S
) 9 o &0
N 5SS E
) @ &
.
50kD — .
-— e Tubulin
Wash Strip Lyse Purify . .
o
4x10% [ Unaccounted for Reads
I [ E. pacifica mapped reads
1 [ S. rosetta mapped reads Slowswimmer2
3,‘108_: — Rosette2
: Slowswimmerl
2x108 Rosettel
E FastSwimmer2
1x108': FastSwimmerl
E Thecate2
o 053 | Thecatel
&N X @ (] X L e;\ &
& & &8 X & & 2 2
& & £ &£ & & &£ L —— ——
. . . . & )
‘.56‘& ,.94“& € < ,5:“& 4“& & e 00 02 04 0.6 08 1.0
X X
& & PO
Fast Swimmer Rosette
1.0x10% 1000007
100000 10000+
> - >
E = 10000 = 10004
S 10004 5
S 100 € 1003
o 5 °
© ©
& 104 g 10
14 14
0.1 T 1 0.1 T J
0 500 1000 0 500 1000
Fragment Length (bp) Fragment Length (bp)
Slow swimmer Thecate
1000003 10000005
10000 100000
> 3
£ 10004 E’ 100004
2 5 1000
° 100+ ° 1000
3 2 o
&> 10+ &> 100}
14 104
01 . ) 1 ; )
0 500 1000 0 500 1000
Fragment Length (bp) Fragment Length (bp)

86



Figure A.3. Enriched ATAC-seq reads at the elongation factor L (efl) transcription
start site (TSS) and peak comparisons between S. rosetta cell types. (A) We
identified genomic regions enriched with ATAC-seq reads using the MAC2s peak caller
(Y. Zhang et al., 2008) for all cell types. An example of ATAC-seq peaks at the efl locus,
a known highly expressed gene, are displayed for the slow swimmer population.
Nucleosome-free reads are enriched at the TSS with mono-nucleosome reads flanking
the efl TSS. (B) Principle component analysis (PCA) was performed on called peaks
between cell types. PC1 accounted for 81% of the variance and PC2 accounted for 12%
of the variance. Slow swimmers and rosettes cluster together, while thecate and fast
swimmers form distinct clusters. (C) ATAC-seq peaks were compared between cell
types for significant differences as determined by Wald test (p < 0.01). There
were no significantly different peaks between slow swimmers and rosettes, but
every other pairwise comparison produced >1000 differential peaks.
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Table A.1: Genome assembly statistics.

I[pi Sequencin Assembl SEEBIEE 17 Largest =il
Assembly qRuns 9 Coverage Size (Mbgl Hi-Rise L90/N90 Sca?fold Copy
Basis Assembly BUSCOs
454 Original 28
A esorb| - 33 x 55.54 154 scaffolds; | 2.6 Mb 218
y 0.796 MB
454 29
Sequencing + - 33 x 55.55 95 scaffolds; | 3.6 Mb 219
Chicago Hi-C 0.931 Mb
PacBio + 35
Chicago Hi-C 3 70 x 60.18 358 scaffolds; | 3.7 Mb 220
g 0.709 Mb
Nanopore + 31
Chioar e 6 50X 52.79 266 scaffolds; | 3.3 Mb 174
g 0.681 Mb
Table A.2: Mitochondrial genomes sizes.
Taxon Size, kbp
S. rosetta 81.7
M. brevicollis 76.6*
Animals 13-22*
Fungi 19-94*
*(Burger et al., 2003)
Table A.3: ATAC-seq primers.
Primer Name Sequence Samples
AdL noMX AATGATACGGCGACCACCGAGATCTACACTCG Al
- TCGGCAGCGTCAGATGTG

Ad2.1_TAAGGCGA

CAAGCAGAAGACGGCATACGAGATtcgcctta
GTCTCGTGGGCTCGGAGATGT

Slow swimmers 1

Ad2.2_CGTACTAG

CAAGCAGAAGACGGCATACGAGATCtagtacy
GTCTCGTGGGCTCGGAGATGT

Slow swimmers 2

Ad2.3_AGGCAGAA

CAAGCAGAAGACGGCATACGAGATttctgcct
GTCTCGTGGGCTCGGAGATGT

Rosettes 1

Ad2.4_TCCTGAGC

CAAGCAGAAGACGGCATACGAGAT(gctcagga
GTCTCGTGGGCTCGGAGATGT

Rosettes 2

Ad2.5_GGACTCCT

CAAGCAGAAGACGGCATACGAGATaggagtcc
GTCTCGTGGGCTCGGAGATGT

Fast Swimmers 1

Ad2.6_TAGGCATG

CAAGCAGAAGACGGCATACGAGATcatgccta
GTCTCGTGGGCTCGGAGATGT

Fast Swimmers 2

Ad2.7_CTCTCTAC

CAAGCAGAAGACGGCATACGAGATgtagagag
GTCTCGTGGGCTCGGAGATGT

Thecate Cells 1

Ad2.8_CAGAGAGG

CAAGCAGAAGACGGCATACGAGATCCtctctg
GTCTCGTGGGCTCGGAGATGT

Thecate Cells 1

Lower case sequence indicates the unique barcode.
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