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ABSTRACT

Not much has been revealed about how organelles are assembled into patterns inside
cells. Ciliates are good models to study intracellular pattern formation due to the complex
cortical pattern on the cell surface that is accurately replicated during cell division. For
example, in Tetrahymena thermophila, the feeding organelle oral apparatus is located near
the anterior cell end, and the oral primordium (new oral apparatus) is formed at ciliary row
posterior to the old oral apparatus. The contractile vacuole pores, organelles required for
osmoregulation, are located near the posterior cell end and on the cell’s right side (cell’s
perspective). The goal of my doctoral research was to characterize gene products implicated
in intracellular pattern formation in T. thermophila. In my first project, | characterized the
cdaH-1 mutant that displays a pleiotropic phenotype with multiple defects in anterior-
posterior patterning. We found that CdaH is a Tetrahymena ortholog of conserved
Fused/Stk36 kinases. CdaH plays multiple roles in patterning on both global and local scale.
The global function of CdaH is in maintaining the subequatorial position of the oral
primordium. The local functions of CdaH include induction of the division boundary,
generation of new cell ends, cytokinesis and stability of the oral primordium. CdaH
prominently colocalized with the contractile ring, implying a possibility that its ancestral

function is associated with actin. In my second project, | characterized the hpo7 mutants that



are affected in patterning on the circumferential axis. Loss-of-function of Hpo1 caused
displacement and excessive number of oral primordia. We discovered that Hpo1 is an
Armc9-like protein that accumulates on the cell’s right side, as a bidirectional gradient with
drop-offs in concentration on the ventral and dorsal side. Our data indicate that Hpo1
functions as a bilateral repressor that spatially excludes oral development from its domain.
That Hpo1 marks the position for extra oral apparatus formed on the dorsal side of janus
mutant reflects the role of Hpo1 as the bilateral repressor. Double mutants lacking Hpo1 and
Bcd1 display diverse patterning defects, including elongated cell morphology. Overall, we
conclude that circumferential patterning in Tetrahymena involves multiple factors that are

localized as gradients.

Index : CdaH, Fused, Hpo1, Armc9, Oral apparatus, Oral primordium, Contractile vacuole

pore, Division boundary, Anterior-Posterior, Circumferential
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

1. Definition and importance of cell polarity

Cell polarity is an asymmetrical placement of cellular structures or non-uniform
distribution of molecules across the cell. For example, cilia on the apical side of epithelial
cells exhibit important functions in our body, such as preventing entry of dust into our
respiratory system. Neuron is a highly polarized cell with specialized structures, such as
signal-receiving dendrites and signal-sending synapses at the axon’s terminal. Cell polarity
can also play a role as an inhibitor against tumor development by maintenance of cell-cell
junctions by apical and basal factors (reviewed in (Cole and Gaertig, 2022)). Unicellular
organisms can help understanding the principles of cell polarity without complications of the
multicellular environment and may unfold ancestral mechanisms underlying cell polarity.
Among unicellular models, ciliates display strikingly elaborate cell polarity characterized by

invariable placement of cortical organelles forming the cortical pattern.

Throughout my PhD years, my research focused on principles underlying intracellular
pattern formation in the small ciliate Tetrahymena thermophila and explored where such
mechanisms stand during the evolutionary history of establishment of cell polarity. The broad
question is whether the pathways implicated in intracellular patterning of T. thermophila are
conserved or lineage-specific. This is an important question because ciliates have diverged
from other eukaryotes over 1,000 million years ago (Frankel, 2008). Below | reviewed the

cell polarity mechanisms in a range of organisms, including T. thermophila.



2. Cell polarities in well-studied model organisms

Cell polarity is established along a variety of directional axes (anterior-posterior, proximal-
distal, apical-basal, dorsal-ventral, left-right). For example, wing cells of Drosophila display
alignment of hair projections pointing in the same direction, revealing what is known as the
Planar Cell Polarity (PCP) (Adler, 2012; Wang et al., 2014). The one cell stage of C. elegans
is a well-studied example for establishment of cell polarity characterized by asymmetrical
distribution of polarity factors along the anterior-posterior axis. Left-right asymmetry is
manifested in diverse evolution lineages by either unidirectional rotation of cilia that carry
left-right asymmetry determinants during vertebrate development (Sung et al., 2016)
(reviewed in (Hamada, 2020)) or left-right bias in cell migration (Gros et al., 2009; Mendes et
al., 2014) (reviewed in (Ferreira and Vermot, 2017)). In this subchapter, | reviewed diverse
examples of cell polarities in several organisms that have been widely adopted as model

organisms in the biology laboratories.

2.1. Saccharomyces cerevisiae

The budding yeast S. cerevisiae divides unequally by forming a bud. Budding occurs just
once per cell cycle (Bi and Park, 2012; Hartwell, 1971) and the budding site is not random
but rather determined by the position of the bud scar where budding occurred in the previous
generation. Cdc42, originally characterized as a protein that displays a domain similar to the
regions of Ras proteins implicated in GTP binding (Johnson and Pringle, 1990), plays a
critical role in budding and consequently is a key cell polarity factor. Cdc42, a regulator of
diverse downstream effectors, is one of the most highly conserved GTPases that regulate
cell polarity in diverse organisms, including yeast (reviewed in (Chiou et al., 2017)). S.
cerevisiae initially displays multiple sites enriched by Cdc42 but after apparent competition,
only one Cdc42 zone is selected as a site for bud growth (Witte et al., 2017; Wu et al., 2015)
(reviewed in (Chiou et al., 2017)). Hyperactive (gain-of-function) Cdc42 confers production of

multiple buds during a single cell cycle even in the absence of activator GEF (Bi and Park,

2



2012; Caviston et al., 2002), while a loss-of-function mutation in Cdc42 confers failure in bud
formation (Adams et al., 1990; Miller and Johnson, 1997). Thus, Cdc42 activity is essential
for bud emergence and its regulation important for bud singularity. From its initial
homogenous distribution, active Cdc42-GTP localizes to the bud site before the actual bud
emergence (Brauns et al., 2023), and Cdc42 enrichment at the future bud site is enhanced
by a positive feedback loop, consisting of GEF-containing complex (serving as binding
partner of active Cdc42) that activates additional adjacent Cdc42 that subsequently binds to
additional complex and the following amplification of cluster (Kozubowski et al., 2008).
Among the effectors of Cdc42 there is Formin, whose localized activation leads to increased
assembly of microfilaments growing out toward the site of budding (Evangelista et al., 1997;
Evangelista et al., 2002; Sagot et al., 2002) (reviewed in (Chiou et al., 2017)). The
microfilament network serves as a track for vesicles that support plasma membrane
expansion and cell wall assembly (Adams and Pringle, 1984; Novick and Botstein, 1985)
and transfer of parental components to the daughter cell (Hill et al., 1996; Simon et al., 1997;
Takizawa et al., 1997; Yang and Pon, 2002). For cytokinesis, Cdc42 and its effector Gic(s)
(GTPase-interacting components) regulate assembly of septin, a cytoskeletal GTP-binding
protein that forms a ring at the bud neck (Bi and Park, 2012; Sadian et al., 2013). Septins
are assembled into a ring shape that is eventually expanded into an hourglass shape that is
split into two cortical rings that confines cytokinesis machine in-between at the beginning of
cytokinesis (Bi and Park, 2012). Septins play a role as a scaffold for the actomyosin ring that
drives cytokinesis (reviewed in ((Meitinger and Palani, 2016)). The bud eventually grows in
size, and given its enlargement of domain covered by Cdc42 along the enlarged plasma
membrane of bud (Tong et al., 2007), Cdc42 is thought to exhibit defining role for final

dimension of polarized growth (reviewed in (Martin and Arkowitz, 2014)).

2.2. Caenorhabditis elegans

The roundworm C. elegans is often employed as a good model for those who are



interested in cell polarity. The first cell cycle of C. elegans embryo has been a fundamental
model in unfolding mechanisms leading to asymmetrical division (reviewed in (Pacquelet,
2017)). The one-cell C. elegans undergoes rounds of asymmetric cell divisions that generate
six founder cells followed by cell type specification (Sulston et al., 1983) (reviewed in (Rose
and Gonczy, 2014)). Decades ago, six par (partitioning defective) genes were discovered in
genetic screens for cytoplasmic partitioning factors in the early stage embryo of C. elegans
(reviewed in (Goldstein and Macara, 2007)). The PAR proteins are required for
establishment of asymmetry that define the anterior-posterior body axis of C. elegans
(reviewed in (Gomes and Bowerman, 2002)). The first cell division in the zygote is
asymmetric, producing a larger anterior and a smaller posterior domain, respectively. par
mutations disturb the ability of the embryo to undergo an asymmetric cell division. For
example, par-5 mutant displays similarly sized anterior and posterior cell (smaller than
anterior cell in wild type) at the two-cell embryo stage (Morton et al., 2002). To properly
understand the entire process of cell polarity exhibited in C. elegans, one has to start from
understanding what happens during the early zygotic stage. Upon fertilization, C. elegans
goes through completion of meiosis followed by formation of the maternal and paternal
pronucleus (Goldstein and Hird, 1996). Only the paternal pronucleus is associated with
microtubule-nucleating centrosome, due to the removal of centrosome from oocyte before
fertilization. PAR proteins are initially distributed evenly either in the cortex or cytoplasm but
after receiving unknown signals from the centrosome, the zygote undergoes ‘symmetry
breaking’, a process where the contractile actomyosin network and cortical Par proteins are
polarized in anterior pole by cortical flow, while cytoplasmic Par proteins are translocated to
posterior pole (reviewed in (Gan and Motegi, 2020)). The finding that ablation of centrosome
by laser treatment affects Par distribution while depletion of microtubules does not affect
suggests that the centrosome (not the microtubules that it nucleates) is a critical factor for
polarity establishment (Cowan and Hyman, 2004) (reviewed in (Rose and Gonczy, 2014)).
The anterior factors are PAR-3, PAR-6, and PKC-3, whereas the posterior factors are PAR-
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2, and PAR-1. Anterior Par proteins (aPAR) and posterior Par proteins (pPAR) exclude each
other via phosphorylation inhibiting their plasma membrane association, maintaining their
biased distribution (reviewed in (Lang and Munro, 2017)). In recent studies, requirement of
Aurora A kinase (AIR-1 in C. elegans) has been demonstrated by RNAi-mediated
knockdown of AIR-1 that resulted in disrupted distribution of PAR proteins, such as bipolar or
lacking PAR-2 in cortex (Kapoor and Kotak, 2019; Klinkert et al., 2019; Manzi et al., 2024;
Reich et al., 2019). For cortical accumulation of PAR-2, AIR-1 may possibly serve as
upstream kinase or indirect regulator by antagonizing aPAR proteins (Manzi et al., 2024).
Polarity factor CDC42 is known to regulate anterior polarization of PAR proteins (Gotta et al.,
2001; Kay and Hunter, 2001). The polarization of Par proteins is essential for cell fate
determination. The posterior PAR-1 phosphorylates MEX-5, a factor required for polarized
localization of cell fate determinants, resulting in disassociation of MEX-5 from RNA-
containing complex and its diffusion to anterior side due to increased mobility (reviewed in
(Rose and Gonczy, 2014)). Anteriorly-enriched MEX-5 functions to inhibit expression of
germline-specific proteins (Schubert et al., 2000) and thus the anterior domain of the one-
cell stage embryo is destined to become somatic blastomere. MEX-5 restricts germline
factors such as PIE-1 to the posterior domain through increased degradation (reviewed in
(Rose and Gonczy, 2014)). Cortical Par proteins are also implicated in the promotion of
cytokinesis by confining inhibitors of F-ACTIN of the contractile ring to anterior side (Jordan
et al., 2016). The principle of mutual antagonism between kinases along A/P axis is highly
conserved during evolution. In Tefrahymena, there is an anterior-posterior antagonism
(involving anterior Hippo signaling and posterior cyclin E) that drives induction and
positioning of division boundary (Jiang et al., 2020) (reviewed in (Cole and Gaertig, 2022)),
suggesting that the link between mutual inhibition of polarized cortical factors and
cytokinesis may possibly be highly conserved and could have evolved before the emergence
of Metazoa among the ancestral eukaryotes.

In addition to such elaborate molecular polarity along A/P axis, C. elegans can also be a
5



reference model in studying establishment of the apicobasal polarity in epithelial cells. In the
growing intestine of C. elegans, the well-conserved Hippo pathway consisting of a cascade
of kinases, is required for maintenance of apicobasal polarity by inhibiting nuclear transport
of transcription co-factor YAP-1 and expression of its target genes whose misregulated
expression may lead to basolateral trafficking of new apical proteins (Lee et al., 2019).
Involvement of the Hippo pathway in the apicobasal polarity is also reported in studies on
renal epithelia (reviewed in (Michgehl et al., 2017)) and epithelium of Drosophila (Genevet et
al., 2009) (reviewed in (Genevet and Tapon, 2011)), indicative of conserved functionality of
the Hippo components in cell polarization. Importantly, our lab has documented an essential
role of the Hippo pathway in patterning on the anterior-posterior axis in Tetrahymena (see

below).

2.3. Drosophila melanogaster

In D. melanogaster, the embryo undergoes segmentation as a result of differential gene
expression that depends on the segment location in the embryo. The initial polarity of the
embryo is established by opposite gradients of anterior-enriched Bicoid and posterior-
enriched Nanos (reviewed in (Snustad and Simmons, 2009)). The Bicoid and Nanos mRNAs
are transported along microtubules and become enriched in the anterior and posterior
region, respectively. Consequently, upon fertilization the high point of Bicoid gradient forms
at the anterior end (Ali-Murthy and Kornberg, 2016), whereas Nanos is high at the posterior
end of embryo (Wang et al., 1994). The gradients of these proteins control patterning of
body structures along the anterior-posterior axis. For example, bicoid mutants lack the head
and have the duplicated telson (Driever and Nusslein-Volhard, 1988). Nanos is required for
establishment of the germ-line lineage (Hayashi et al., 2004; Kobayashi et al., 1996)
(reviewed in (De Keuckelaere et al., 2018)). Both Bicoid and Nanos regulate gene
expression: Bicoid is a transcription factor and Nanos is a repressor of translation. The

insect embryo undergoes multiple rounds of the cell cycle and becomes multinucleated with



nuclei anchored to the cortex. The concentration gradients of Bicoid and Nanos lead to
different patterns of gene expression between individual nuclei along the anterior-posterior
axis. The opposing gradients of polarity factors in Drosophila and the resulting cell
specification are reminiscent of the asymmetrical distributions of polarity factors in C.
elegans where the anterior and posterior factors specify the somatic and germ-line
blastomere, respectively. Thus, the principles underlying embryo polarization at one-cell
stage are conserved (despite the differences in the nature of early polarity factors between
C. elegans and Drosophila). The egg polarity gene products (including Bicoid and Nanos)
regulate the levels of expression of genes whose products create body segments. Among
them the activities of gap gene products, transcriptional regulators: Hunchback (a
transcriptional regulator) and Caudal, are required. Nanos represses translation of
Hunchback mRNA in the posterior region, while Bicoid increases Hunchback gene
transcription in the anterior region (Dearden and Akam, 1999). Domain of posteriorly-
enriched Caudal is defined by gradient of anteriorly-enriched Hunchback by exclusion from
its domain (Schulz and Tautz, 1995). As the term ‘gap’ indicates, the mutations from these
genes cause body gaps in the embryos (e.g. embryos lacking thoracic and anterior
abdomen segments (Rosenberg et al., 1986)). The gap gene products play a critical role in
establishing stripes of gene expression of pair-rule genes (Kraut and Levine, 1991) acting in
the below hierarchy. Two pair-rule genes Fushi Tarazu and Even Skipped (Driever and
Nusslein-Volhard) control pattern of transcription factor Engrailed and Wingless, the factors
defined as “segment polarity” gene products, resulting in their distinct molecular organization
within each segment (Ingham et al., 1988). Mutual signaling between Wingless and
Engrailed/Hedgehog signaling occurs at the border of parasegment (Gritzan et al., 1999).
Mutations in segment polarity genes disturb fate specification of body segments (Nusslein-
Volhard and Wieschaus, 1980), such as a lack of a wing and duplicated thorax displayed in
the wg mutant (Bejsovec, 2018). At the lowest hierarchy, the homeotic gene activities are
required for specification of distinctive, development of each segment (metamere) (reviewed

7



in (Morata, 1993)). For instance, the formation of the Drosophila gonad necessitates
functionality of a specific homeotic gene abdominal-A (abd-A) (Greig and Akam, 1995). Most
of the homeotic genes of Drosophila are placed in the form of two large gene clusters
consisting the Antennapedia complex (required for specification of the identity of the head,
and thoracic segments) and Bithorax complex (required for determining the rest of thoracic

segments and abdominal segments), respectively (reviewed in (Lepesant, 1990)).

Drosophila has been used extensively to study a type of cell polarity called the planar cell
polarity (PCP). PCP refers to a uniform alignment of individual cells within a sheet of cells. In
Drosophila wing cell, PCP is manifested in uniform positions of actin hairs on the apical cell
surface. The core PCP components are asymmetrically distributed along the cell’s proximal-
distal axis. The PCP factors induces downstream effectors to initiate formation of the actin
hair that point to the distal direction (reviewed in ((Singh and Mlodzik, 2012)). Along the
epithelial plane, PCP is also displayed in the sensory organ precursor cells whose PCP
factors, polarized either anteriorly or posteriorly, bias cortical recruitment of dynein motors,
which results in linking astral microtubules to cell cortex, and asymmetric spindle orientation

(Se’galen et al., 2010) (reviewed in (Devenport, 2014)).

Neuroblast (NB) can be referred to as an example of a cell displaying apicobasal polarity
in Drosophila. NB serves as a progenitor cell for neurons and glia. In the NB delaminated
from epithelium, proteins are asymmetrically distributed (apical proteins required for
orientation of spindle that undergoes rotation during metaphase for alignment with epithelial
layer in perpendicular/ basal proteins serving as cell-fate determinants essential for
differentiation of neuron (reviewed in (Yu et al., 2006))). It is to some extent reminiscent of
asymmetrical cell division of C. elegans embryo whose underlying process places cell-fate
determinants asymmetrically along polarity axis. To sum up, Drosophila uses a range of cell
polarities for sophisticated pattern formation of its body parts or cell differentiation and

represents one of the most powerful model organisms for understanding cell polarity.



3. Cell polarities in ciliates

Figure 1.1. Depiction and microscope images showing cortical organelles of T.
thermophila. (A) Picture (the courtesy of Eric Cole (Saint Olaf University, USA))
describing a course of cell division of T. thermophila. Note that new organelles labeled in
the illustration are assembled at the same longitude as old organelles. (B) SR-SIM image
of the wild type cell labeled by anti-polyG tubulin antibody (green), anti-centrin antibody
(red), and DAPI (blue). Note array of cilia along rows of basal bodies and oral apparatus
shown near the anterior end of cell. (C) Confocal image of the wild type cell labeled by
anti-fenestrin antibody (red), and DAPI (blue). Note the two CVPs (indicated by the yellow
arrows) in the proximity of posterior end of cell. Abbreviation: OP; Oral primordium

Ciliates have on their surface numerous cilia and other types of microtubule-rich
organelles that are positioned at specific locations along the cell-wide polarity axis. In
general, ciliates have two polarity axes: anterior-posterior (A/P) and circumferential (C). The
A/P polarity axis could also be described as a “front-rear” axis as ciliates most of the time
swim in the forward direction with their anterior end leading. The C polarity describes the

placement of organelles around the cell circumference. Tetrahymena thermophila is a small



ciliate whose cilia are nucleated from basal bodies (BBs) most of which are aligned as
longitudinal rows spanning the length of the cell. A subset of cilia are organized as 4 short
oral rows within the oral apparatus (Fig. 1.1A,B). A large number of cilia and the availability
of methods for isolating cilia renders T. thermophila to be an excellent organism to explore
characteristics and functions of ciliary proteins (Gaertig et al., 2013). T. thermophila has also
been used extensively in exploring intracellular pattern formation of cortical organelles
thanks to the pioneering work of Joseph Frankel and colleagues (University of low in
isolating and characterizing cortical mutants (reviewed in (Frankel, 1989; Frankel, 2008)). |

will now review the cell polarity features and some underlying mechanisms in ciliates.

3.1. Intracellular pattern formation of organelles

In Tetrahymena, the feeding organelle called oral apparatus (OA) is located very close to
the anterior cell end. In contrast, the osmoregulator contractile vacuole pores (CVP) and the
cytoproct (CYP) are located near the posterior cell end. The circumferential polarity axis is
unusual because ciliates lack symmetry in the lateral placement of cortical organelles. The
cell circumference is organized around ~ 20 rows of somatic locomotory cilia that are equally

spaced apart. A good analogy of the circumferential polarity would be a clock dial with 20

“hour positions” that correspond to each of the longitudinal ciliary rows (we define each row

on the basis of numerical position: 0 is assigned to the row along which OA is aligned. On
the cell's perspective, the adjacent right and left row is defined as +1 and -1, each. The
following adjacent right and left row is defined as +2 and -2, each, and so on.). There is only
a single OA and its cortical side is by definition called ventral. The CYP, organelle that
function as ejector of spent content of food vacuoles, is located at about the same
circumferential position as the oral apparatus, in the posterior/ventral region. In contrast the

CVPs are located near usually two somatic rows located on the right side of the cell. T.

thermophila divides by “tandem duplication”, a transverse binary fission whose core step is
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formation of equatorial division boundary (DB) that produces a tandem of daughters whose
regions adjacent to DB are remodeled into new cell ends. Oral primordium (new oral
apparatus) is assembled at the ciliary row along which old OA is positioned (the right
postoral row). New CVPs and CYP are assembled at the same longitudes as the old CVPs
and CYP respectively near the posterior end of the anterior daughter cell as depicted in the

Fig. 1.1A.

Figure 1.2. Oral apparatus of T. thermophila consists of four oral rows. lllustration
(A) and SR-SIM image of wild type cell showing oral apparatus displaying one undulating
membrane (um) and three membranelles (m1, m2, and m3) (B). The cells were labeled
by anti-centrin antibody (red), and DAPI (blue).

In addition to the cell polarization at whole cell scale, sophisticated cell polarity is also
established within organelles. The oral apparatus (OA) of T. thermophila is a perfect example
for such internal organelle-level polarity, given its asymmetrical shape formed by cilia that are
aligned into 4 oral rows: the so called “undulating membrane” (UM) on the right side, and 3 so
called “membranelle” rows (M1, M2 and M3) on the left side (Fig. 1.2). Several gene products
regulate the internal pattern of the OA. For example, certain mutations either increase (mpD-
1) or decrease (mpH-1 and mpG-1) the number of oral M rows (reviewed in (Frankel, 2008)).
Our laboratory has recently identified the MpD gene product as Importin-9 that forms a

gradient within the oral apparatus with the high point at row M1 (Deraniyagala et al JCB In
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Press 2025). Such consistent pattern formation (either at global or local scale) established in
wild type T. thermophila and relatively a short cell cycle enable ease of recognizing patterning
defects in a large population of cortical mutants. When investigating other ciliated organisms,
polarity of specific cortical organelle is either variable or invariable, depending on the species.
Importantly, ciliates are an extremely diverse group and even relatively closely related ciliates
can differ greatly in their cortical patterns. For example in Paramecium, the OA is positioned
around midbody while CVPs and CYP are assembled at both of the cell ends (reviewed in
(Cole and Gaertig, 2022)). Possibly, the patterning factors that place organelles at each of
assigned position may be differently distributed or regulated, depending on the ciliate species.
In contrast, among Tefrahymena species the CVP is generally placed on the right side of cell
within a narrow range of cell circumference (Nanney et al., 1980). Another interesting variation
is in the organization of the circumferential polarity axis is the case of Stentor. Stentor is a
very large ciliate whose OA is placed at the anterior cell end whereas the holdfast (a part that
attaches the cell to the substrate) is placed at posterior end. The OA is very large, occupies

most of the cell circumference.

Pcrl:tomc
adoral field
buccal cavily
cybostome primordium
fine-lin y site
one wide striping

- holdfast

Figure 1.3. lllustration of large ciliate Stentor. The picture of stentor borrowed from
(Tartar, 1956b). Note the L-R decreasing gradient in the stipe width along the cell
circumference.

Strikingly, in Stentor the spacing between adjacent longitudinal (somatic) ciliary rows
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depends on their circumferential position. The inter-row spaces are called “stripes” as they are
filled with green pigment. The stripe width decreases from the cell’s left to right side. In other
words, there is a circumferential L-R decreasing gradient in the stripe width (Uhlig, 1960) (Fig.
1.3). On the ventral side, the narrowest stripe meets the widest stripe forming the so called
“locus of stripe contrast (LSC)” (Tartar, 1956a; Uhlig, 1960). Strikingly, the new oral apparatus
forms at the LSC (Paulin and Bussey, 1971; Pelvat and Dehaller, 1979; Uhlig, 1960). We will
discuss the lessons about pattern formation mechanisms that come from the experiments
done on Stentors further. Taken together, patterning of ciliate organelles may be more
complicated than the conventional perspective, and it would be promising to investigate if
discrepancies in pattern formation among diverse ciliates is due to diverse mechanisms or
species-specific modifications of common mechanisms (e.g. changes in the cortical

distributions of conserved pattern regulators).

3.2. Cortex of ciliate, a center of the intracellular pattern formation

alv

Figure 1.4. Cortex of T. thermophila. Depiction of organization of cotex in T. thermophila
(borrowed from (Cole and Gaertig, 2022)). Note that the cortex is composed of layers,
starting from the outermost layer plasma membrane (pm).

My doctorate research projects were mainly focused on the cortical development of T.
thermophila. The cortex of Tetrahymena is composed of multiple layers starting from the

plasma membrane (pm) on cell surface. Beneath the pm lie alveolar sacs that may serve as
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calcium storage organelles (Hardt and Plattner, 2000; Lange et al., 1995; Plattner and Klauke,
2001; Plattner et al., 2012; Stelly et al., 1995; Stelly et al., 1991) (reviewed in (Cole and Gaertig,
2022)) (Fig. 1.4). Below the alveolar sacs, there are basal bodies (bb(s)) that nucleate cilia
and adjacent parasomal sacs (ps) serving as a site for endocytosis of cortical components
(Cole et al., 1987; Cole et al., 2023). Arecent study suggests that parasomal sacs also function
in exocytosis (Jiang et al., 2024). The third layer of cortex is occupied by a sheet of the
nonmicrotubule cytoskeleton called “epiplasm (epi)”. The proteins that form the epiplasm are
required for proper cell shape and organization of basal bodies (Honts and Williams, 2003;
Williams, 2004). The upper and lower region of epiplasm is occupied by microtubule networks
that extend across the cell (reviewed in (Cole and Gaertig, 2022)). Importantly, the longitudinal
microtubule bundles (LMs) run along each ciliary row spanning the anterior-posterior polarity
axis. On the other hand, the transverse microtubules align with the circumferential polarity
axis. The microtubule-associated motor proteins may transport cortical regulator proteins
along the microtubule networks as cargo to form the gradient of patterning factors. Taken
together, ciliates display multiple-layered cortex exerting diverse roles, including intracellular
pattern formation. In ciliates, the cortex also exhibits astonishing ability of developmental
plasticity (reviewed in (Frankel, 1989)). It was revealed in the past that cellular fragment of
Stentor coeruleus created by surgery regenerates its lost structures but such impressive
regenerating capability is exerted only when at least a small patch of cortex is still retained

after the surgery (Tartar, 1956¢; Tartar, 1961). Therefore, it is logical to expect

14



that cues for how cortical organelles are organized into pattern are released from components
of the cell cortex. For instance, given enrichment of microtubule networks and epiplasm within

cortex, the cytoskeleton somehow may be associated with cues for intracellular pattern

22°C

37°C

Figure 1.5. Disorganized basal bodies doesn’t critically affect cortical patterning and
division of T. thermophila. (A-H) Confocal images of temperature-sensitive disA-1 mutants
during interphase stage (A,E)and cell division stage (B-D;F-H). After incubated either at room
temperature for overnight, the cells were labeled by anti-centrin antibody (green), anti-GFP
antibody (red), and DAPI (blue). Note that in spite of disorganized basal bodies (the degree of
disorganization appears as more prominent at 37°C) characterized by disrupted orientation of
ciliary rows, division boundary and oral apparatus are intact.

formation. One can also deem the basal body as a promising contributor for intracellular
pattern formation, given its enrichment on cortex. However, the basal bodies of hypotrich
ciliates are resorbed at unfavorable condition such as stress or starvation (during the process
of cyst formation) but the cortical pattern reforms correctly at favorable conditions (Fryd-
Versavel et al., 2010; Grimes, 1973a; Grimes, 1973b). On the other hand, even in the absence
of basal bodies, the submembraneous microtubules are retained in a highly organized form
and the cell polarity features remains present on the cell surface (Fryd-Versavel et al., 2010).
Moreover, in the disA-1 mutant displaying highly disorganized BBs, the positions of major
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organelles and the cell division course are not grossly affected (Galati et al., 2014; Jerka-
Dziadosz et al., 1995) (Fig. 1.5), suggesting that BBs are not the important factors for
intracellular pattern formation or if they are, they do not need to be organized into proper
longitudinal rows. Intracellular pattern formation of ciliates also appears to reflect
communication between the cortex and the endocytoplasm. For example, the division of
micronucleus and macronucleus coincides with the time of cortical subdivision and cytokinesis,

respectively (Jerka-Dziadosz et al., 2001; Kirk et al., 2008).

Importantly, there is evidence for mechanisms based on mutual antagonism of polarity
factors in Tetrahymena (Jiang et al., 2020). In C. elegans, the anterior and posterior cortical
Par proteins exclude each other from their domains by inhibiting their respective ability to bind
to the plasma membrane. In Tetrahymena, a mutual antagonism occurs between the anteriorly
located component of Hippo signaling (Cdal/Mst) and the posteriorly located CdaA/cyclin E
and this interaction induces and positions the division plane along the cell’'s equator (Jiang et

al., 2020).

Interestingly, ciliates also appear to possess the ability to adjust normally consistent cortical
pattern in response to change in cell size. For instance, in Stentor excision of posterior end of
cell induces anterior migration of originally determined equatorial fission line, resulting in equal
cell division (Tartar, 1968). This seems to be an implication that the cortical pattern is adjusted
in agreement with cell size (scaling). With all these, cortex of ciliates exerts powerful capability
of reproducible patterning of organelle and its adjustment to the cell size. In the recent
decades, there has been endeavor for exploring intracellular pattern formation at molecular
level by application of forward genetics (Galati et al., 2014) to cortical mutants (Frankel, 2008).
Below | introduce several patterning factors governing placement of organelles along the

polarity axes of T. thermophila.
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3.3. Molecular factors essential for intracellular pattern formation along polarity axes
of T. thermophila

Cortical mutants can be classified on the basis of the scale of pattern formation. Global
defects indicate mispositioning of cortical organelles along either the anterior-posterior (A/P)
or the circumferential (C) polarity axis, whereas local defects indicate abnormal property of a
particular cell structure. The examples are presented below. Over the decades, multiple gene
products have been identified as patterning factors required for correct geometry of cortical
organelles along the polarity axes or in internal patterning of organelle.

3.3.1 A/P patterning factors
A 1 2 3 4 5

B
Hippo(MST) ? Cdal
Lats/Mob Elol1/Mob1? ?/Mob1
divisionin the divisionin the nuclear
POSLETION RgEn anteriorregion  divisions
cytokinesis

Figure 1.6. Molecular factors and involved pathways implicated in A/P patterning. (A)
The illustration (borrowed from (Jiang et al., 2020)) depicting cortical localization of A/P
patterning factors (Elo1 (green), Cdal (Red), and CdaA (Blue)) in dividing T. thermophila.
(B) The summary (borrowed from (Jiang et al., 2019)) of Hippo components working in two
circuits during cell division phase of T. thermophila.

3.3.1.1. Mob1 (The first Hippo factor defined as A/P patterning factor)

In the recent years, several genes required for intracellular pattern in T. thermophila have
been identified by the application of forward genetics (Galati et al., 2014). This approach led

to discoveries that link intracellular pattern formation of organelles to Hippo pathway, a kinase
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cascade preserved well throughout the history of evolution. Initially discovered in Drosophila,
Hippo pathway is required for a wide range of cellular phenomena such as proliferation, death,
morphogenesis, and cell fate determination, and has been described as the ‘jack of all trades’
(Davis and Tapon, 2019). The Hippo pathway consists of cascade of kinases where Mst/Hippo
kinase regulates activity of Lats kinase-Mob1 complex that controls activity of downstream
effectors required for a variety of cellular processes. In the budding yeast, activation of Hippo
pathway is required for exit from mitosis and subsequent initiation of G1 phase of cell cycle
(Rock et al., 2013). In C. elegans, Hippo pathway contributes to the establishment of
apicobasal cell polarity in a growing intestine by regulating the activity of transcription regulator
Yap by cytoplasmic sequestration, preventing dysregulated target gene expression that may
possibly affect identities of membrane domains (no clear border between apical and basal
domain) (Lee et al., 2019). In Drosophila, Hippo pathway is involved in diverse activities such
as the apico-basal polarity (reviewed in (Genevet and Tapon, 2011)), proliferation, apoptosis,
and cell fate control (reviewed in (Varelas, 2014)). In the mammalian embryo, cells display
different levels of Hippo activity that result in proper tissue specification and organ
development (reviewed in ((Wu and Guan, 2021)). Recently, studies have revealed that Hippo
pathway is required for intracellular pattern formation of ciliates. In Stentor, phenotypes
conferred by knockdown of Mob1 (a Hippo pathway component that stimulates kinase activity
of its binding partner Lats/Ndr), such as abnormal morphology characterized by excessive
elongation or loss of wine-glass shape, and a failure of growth of anterior part from posterior
fragment (during regeneration), revealing that Mob1 is implicated in proper morphogenesis
and regeneration (Slabodnick et al., 2014). In dividing Tetrahymena, depletion of Mob1
(enriched at the posterior end of cell) resulted in wrong placement of the division plane, arrest
in cytokinesis, and delayed ciliogenesis, indicating multiple roles in cortical development plan
(Tavares et al., 2012). Mob1 localizes to the posterior region in both Tetrahymena and Stentor,
two ciliate species separated by a very long period of evolution, indicating that the involvement
of Hippo signaling in cortical patterning and cell division predates the emergence of diverse
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lineages of ciliates (Slabodnick et al., 2014; Tavares et al., 2012).

3.3.1.2. Elo1

In the elo7-1 mutant, OP and division plane are shifted posteriorly causing an asymmetrical
cell division producing a large anterior daughter and a small posterior daughter cell (Frankel,
2008; Jiang et al., 2019). elo1-1 was mapped to the TTHERM_0035550 gene that encodes a
Lats/NDR kinase (Jiang et al., 2019), a conserved component of Hippo kinase cascade
(reviewed in (Hergovich, 2013)). The localization pattern of Elo1 is similar to that of Mob1
which is not unexpected as in other organisms the two proteins form a complex in which Mob1
activates the Lats kinase. At the posterior end of cell, Elo1 forms a decreasing gradient toward
the anterior cell end. During early stage of division phase when OP starts to form o as “an
anarchic field” (an early stage of oral development characterized by random orientation of
BBs), Elo1-GFP formed gradient whose anterior end (Elo1-GFP lowest) was directly posterior
to the anarchic field (Jiang et al., 2019). During later stages when the division boundary is
induced, Elo1-GFP forms a tandem of shorter gradients at posterior end of each hemi-cell
(reviewed in (Cole and Gaertig, 2022)). Taken together, Elo1 likely acts by preventing oral
development from occurring too close to the posterior cell end. There are other possible
examples of patterning factors acting by “cortical exclusion” (see below). This gradient-
mediated placement of cortical organelles is also observed along the C axis where
bidirectional gradient of Hpo1-3xHA appears to exclude oral apparatus and results in its
correct circumferential localization (see the Chapter 3). Thus, we suggest that in T.
thermophila, intracellular pattern formation of oral apparatus encompasses requirement of
molecular gradients along the A/P and C polarity axis. Elo1 and Hpo1 are similar in that the
weak point of each gradient borders the OA, indicating that they may share similarities in

overall mechanism that demarcates location of oral apparatus.

3.3.1.3. Cdal

A temperature-sensitive cdal-1 mutation confers anterior migration of OP and division
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plane (Frankel, 2008; Jiang et al., 2017), leading to unequal cell division producing a small
anterior daughter cell and large posterior daughter cell. But cdal-1 likely doesn’t play a critical
role in localization of cvp, indicating that posterior cell end patterning is relatively less
dependent on Cdal (Jiang et al., 2017). cdal-1 was mapped to the TTHERM_00971920 gene
encoding a Hippo/Mst Kinase (Jiang et al., 2017). This suggests that the Hippo pathway
controls correct anterior-posterior cell polarity in Tetrahymena possibly by activating
downstream effectors or interaction with other molecular pathways required for intracellular
pattern formation. Cdal accumulates at anterior cell half during division phase of T.
thermophila (Fig. 1.6A). These results are intriguing in the light of data about Elo1/Lats and
Mob1. Both Cdal/Mst and Elo1/Lats are orthologs of components of the kinase cascade of
Hippo signaling so it is unexpected that the properties of these two proteins are so dramatically
different. Namely, 1) Elo1 is posterior and Cdal is anterior, 2) loss-of-function mutations results
in different outcomes: a loss of Cdal causes an anterior shift in the OP and division boundary
(DB) position and exactly opposite effect is observed in the elo7-1 mutant, 3) the gradients
have different temporal patterns: the Elo1 posterior gradient is permanent (present even in
interphase) while the anterior gradient of Cdal forms during cell division (before the
emergence of the division boundary). Interestingly, dividing double mutants bearing loss of
functional Elo1 and Cdal (hypomorphic) initially display a phenotype similar to that of the elo1-
1 single mutant (division plane posteriorly migrated) but later display a phenotype
characteristic of hypomorphic Cdal (migration of the OP and division plane in the anterior
direction) (Jiang et al., 2019). These results suggest that Elo1 and Cdal act as components of
two separate Hippo signaling circuits (Elo1 may be a component of the “early Hippo circuit”
and Cdal may be a component of the late Hippo circuit.) to control the position of the OP and
the division plane (Jiang et al., 2019) (Fig. 1.6B). Along with Cdal, Mob1 may also be a part
of late Hippo circuit given the similarity of defect conferred by downregulated Mob1 compared
to defect conferred by cdal-1, not elo7-1 (Jiang et al., 2019). On the other side, Mob1
colocalizes with Elo1 so it is also likely a component of the early Hippo circuit. Given that there
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is also a presence of TTHERM_001262898 (not yet been studied) similar to Mob4 (a subtype
of Mob1) in animal lineages (Trammell et al., 2008; Ye et al., 2009), functionality of Mob4 may
be involved in the early Hippo circuit instead of Mob1 (Jiang et al., 2019) (reviewed in (Cole

and Gaertig, 2022)).

Recently, it has been revealed that Cdal (Mst/Hippo kinase) and CdaA (cyclin E) engage in
a mutual antagonism for induction and equatorial localization of division boundary (DB) (Jiang
et al., 2020). Posteriorly enriched CdaA and anteriorly enriched Cdal (Fig. 1.6A) exclude each
other from each of their domains. While single cdaA-1 mutants do not develop the division
boundary, double mutants cdaA-1;cdal-1 do and regain the ability to proliferate, implying
significance of balancing between CdaA and Cdal activity (Jiang et al., 2020). This discovery
implicates cyclin E in cortical patterning in T. thermophila. On the other hand, there are a few
reports linking cyclin E to cell polarity in C. elegans (Cowan and Hyman, 2006) and Drosophila
(Berger et al., 2010; Berger et al., 2005; Bhat and Apsel, 2004). The relationship between
CdaA and Cdal is reminiscent of mutual exclusion of anterior and posterior Par proteins of C.
elegans for cell polarization and conservation of establishment of cortical antagonism (Adl et
al., 2012; Jiang et al., 2020). In addition to such global scale pattern formation, extra oral M
rows (more than 3) are frequently observed in the OP of cdal-1 single mutants. Thus, we
propose that Cdal (Mst/Hippo kinase) also controls the size of oral apparatus. That one
mutation (cdal-1) causes defects in patterning at two scales (global and local) can be
explained in two ways. One is that there is a functional connection between the global and
local patterning. Specifically, the same mechanism that positions the op could also control the
op internal organization. The second explanation is simpler: the protein Cdal functions in two
or more pathways that control the global and local patterning. This explanation seems more
likely as Cdal is a kinase and kinases are known to typically phosphorylate many substrates
and localize at multiple places in the cell. In fact, Cdal whose loss affects the position of OP
and DB division boundary localizes to both the vicinity of the division boundary and the OP.

Thus, the same kinase could be influencing both the global and local patterning simply by
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phosphorylating two or more substrates that act at multiple levels of patterning. As described
in Chapter 2, | performed a study of another “multifunctional” kinase whose loss produces a
combination of local and global patterning defects, CdaH, an ortholog of Fused/Stk36 kinases.
In this case we again detected CdaH at multiple places that correlate with the multitude of

patterning defects in the cdaH-1 mutant (Lee et al., 2024).

3.3.2. C patterning factors

A

)
hypoangular

wild type becd1-1 hpo1-3

A LB

Figure 1.7. Mutants that confer C patterning defects. lllustration (borrowed from
(Frankel, 2008)) (A) and confocal images that show C patterning mutants (C,D compare to
B) displaying extra oral primordiums (OPs) (pointed by the white arrows) along cell
circumference. Note two OPs and four OPs from bcd7-1 (C) and hpo7-3 mutant,
respectively. The cells were labeled by anti-centrin antibody (red), and DAPI (blue).
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C patterning is defined as correct placement of cortical organelle along the circumferential
(left-right) polarity axis. For example, the OP is formed along the same longitude as the old
OA, whereas CVPs are formed on the right side of wild type T. thermophila. Namely, proper
patterning of cortical organelle also requires correct localization along the C axis, in addition
to correct localization along the A/P axis. The C patterning mutants display incorrect geometry
of cortical organelles, including examples of OP formed at different longitudes (either on the
left or right side) as the old OA or formation of extra OPs along the cell circumference. The
significance of investigating mechanisms underlying the C patterning may be conceived from
multiple perspectives: How the C pattern forms without landmarks that are available on the
A/P axis, such as cells ends? For example, the OP forms near a single specific ciliary row 0
that in every way seems to be identical structurally to any other ciliary rows; Row 0 is one of
the two postoral rows that end near the mature OA and thus one possibility is the shorter
length of row 0 may send cues for determination of The OP location. However, there are two
short postoral rows and thus another mechanism must exist that distinguishes between row 0
and row +1 (left postoral row) that is not active in oral development. Another question is about
how position-specific features are generated around the cell circumference. The most extreme
example is how the circumferential gradient in the row spacing observed in Stentor (Fig. 1.3).
However, C position specific row features are also observed in Tetrahymena. For example, a
subset of anterior rows on the left-dorsal side end with BB pairs forming the so-called apical
crown (Jerka-Dziadosz, 1981; McCoy, 1974). There is strong evidence for the existence of
distinct circumferential regions that interact laterally to control pattern formation. For example,
in Stentor, important interaction occurs along the longitude where the narrowly-spaced ciliary
rows meet the widely-spaced ciliary rows(locus of stripe contrast or LSC). The OP forms at
the LSC. Furthermore, cortical grafting experiments showed that extra OPs formed when
artificial LSCs are created by grafts that place a portion of cortex with narrow stripes next to
wide stripes (Tartar, 1956b; Uhlig, 1960) (reviewed in (Frankel, 1989))). Another question is
whether the AP and C patterning mechanisms interact, for example by sharing some
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components (I will present evidence in Chapter 4 that this could be the case.). Below | will
review the C patterning mutants investigated so far and some known properties behind the C

patterning in T. thermophila.

3.3.2.1. Hpo1

To fully understand intracellular pattern formation of 7. thermophila, relatively unstudied C
(left-right) patterning must not be overlooked. hpo7-3 confers excessive op generally
displaced either to left or right direction (Chapter 3; Fig. 1.7A,D compare to B) along the cell
circumference and reduced # of CVPs on right side of cortex (Frankel et al., 1993) (see Fig.
3.S1 of Chapter 3). In the wild type, only one OP forms along a postoral row defined as
‘position O’ (right (cell’s perspective) row from two postoral rows; middle row is defined as
position 0 when three postoral rows that occasionally appear especially in mutants) (Fig.
1..7B), and in hpo1-3 strain, such cortical development plan is disrupted as reflected from
excess of OPs along cell circumference (Fig. 1.7D). Temperature-sensitive hpo1-3 also
displays posterior migration of OPs when incubated at restrictive temperature for a prolonged
time (Frankel et al., 1993), indicating that molecular pathways implicated in A/P and C

patterning are not completely separated.

3.3.2.2. Bed1

Bcd1 (Broadened cortical domain1), recently identified as BEACH domain protein, is
another left-right patterning factor that regulates cortical dimension occupied by organelles
by controlling membrane trafficking that remodels the cortex (Cole et al., 1987; Cole et al.,
2023). bcd1 alleles confer increased number of OPs along cell circumference (Cole et al.,
1987) (reviewed in (Frankel, 2008)) (Fig. 1.7A, C compare to B) and CVPs. The pinosomes
(labeled by FM 1-43 dye) deliver surface membrane and extracellular materials by dynamin-
mediated endocytosis (Elde et al., 2005), and the significant reduction in pinocytotic activity
reflected by FM labeling was displayed in bcd7-2 mutant, indicating that Becd1 regulates the

cortical pattern by activating pinocytosis (Cole et al., 2023). bcd alleles also display
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excessive number of CVPs (Cole et al., 1987) (reviewed in (Frankel, 2008)), and the recent
observation that both hpo7 and bcd1 cause excess of op but respectively exerts contrasting

impact on # of cvp (see Fig. 3.S1 of the C

hapter 3) implies that op and cvp are organized into pattern independently at the
molecular level. In addition to implication in cortical patterning along cell circumference, it
was revealed from the lethal double mutant expressing hpo1 ko and bcd1-2 that either Hpo1
and Bcd1 or required for cell viability (synthetic lethality). This double mutant displays gross
defects in cortical development characterized by abnormal shape of cell and oral apparatus
(See Fig. 3.9 of the Chapter 3). This may indicate requirement of interaction between Hpo1
as a right factor and Bcd1 as a left factor, respectively, similar to the case of grafting
experiment of Stentor revealing that oral development is delayed until the weak stripe
contrast (created by juxtaposition of left and right cortex) is remodeled into stronger stripe
contrast by branching of stripes for oral development (Tartar, 1956b; Uhlig, 1960) (reviewed

in (Frankel, 1989)).

3.3.2.3. Janus

janus alleles confer duplicated pattern of ventral side on dorsal side (Frankel and Nelsen,
1986; Frankel and Nelsen, 1987). The phenotype of the mutant is represented by extra oral
apparatus on dorsal side (Fig. 1.7A; Fig. 1.8B compare A), similar to mythical image of Janus
possessing two heads. As the principle behind the formation of extra OA in the janus strain,
the intercalation model that positional values (assigned to each individual ciliary row)
undergoes duplication and reversal of positional values (intercalation) was proposed (Frankel
and Nelsen, 1987). Hpo1 precisely accumulates in a form of bidirectional gradient between
primary and secondary OA in the janus mutant (see Fig. 3.5 of the Chapter 3). This suggests
that on dorsal side, Hpo1 marks cryptic position for extra OA expressed in the janus mutants.
We suggest that Janus may serve as dorsal inhibitor against OA rather than regulator of

maintenance in positional values. Recently, Jan A has been identified as a Polo kinase of T.
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thermophila and shown accumulated on left side of cortex (Cole et al., 2024) (Fig. 1.8C-C™).
Other Polo-like kinases mark cortical domains with distinctive pattern, such as enrichment of
PIk2 on the right side (opposite polarization against Jan A) and enrichment of PIk3 around the
ciliary rows along which cvp(s) are aligned, indicative of involvement of Plks in cortical pattern
formation in each of enriched domain (Cole et al., 2024). For instance, opposite polarity of
PIk2 and Jan A may act as right and left cortical factor along C axis, possibly in a manner that
Hpo1 and Bcd1 interact or other kinases interacting by mutual antagonism along A/P axis

(Jiang et al., 2020).
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Figure 1.8. Left factor Janus is required for inhibition of extra oral induction along
cell circumference. (A,B) SR-SIM images of wild type (also displayed in the Fig. 3.2 of
the Chapter3) (A) and janC-1 strain (B). After incubated at 38°C, the cells were labeled by
anti-centrin antibody (red), and DAPI (blue). Note the extra oral apparatus and extra oral
primordium in janC-1 strain. (C-C’) SR-SIM images of two sides (ventral side displayed
in the panel C,C’ and dorsal side displayed in the panel C”,C”’) of the cell expressing JanA-
GFP. The cells were labeled by anti-GFP antibody (green), anti-centrin antibody (red), and
DAPI (blue). Note the enrichment of JanA-GFP on dorsal/left side (cell’s perspective) of
the cell and oral apparatus and new oral apparatus exclusively formed on ventral side
(C,C’) and their absence on dorsal side (C”,C™).
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ABSTRACT

Ciliates assemble numerous microtubular structures into complex cortical patterns. During
ciliate division, the pattern is duplicated by intracellular segmentation that produces a
tandem of daughter cells. In Tetrahymena thermophila, the induction and positioning of the
division boundary involves two mutually antagonistic factors: posterior CdaA (cyclin E) and
anterior Cdal (Hippo kinase). Here, we characterized the related cdaH-1 allele, which
confers a pleiotropic patterning phenotype including an absence of the division boundary
and an anterior—posterior mispositioning of the new oral apparatus. CdaH is a Fused or
Stk36 kinase ortholog that localizes to multiple sites that correlate with the effects of its loss,
including the division boundary and the new oral apparatus. CdaH acts downstream of CdaA
to induce the division boundary and drives asymmetric cytokinesis at the tip of the posterior
daughter. CdaH both maintains the anterior—posterior position of the new oral apparatus and
interacts with Cdal to pattern oral rows within the oral apparatus. Thus, CdaH acts at
multiple scales, from induction and positioning of structures on the cell-wide polarity axis to

local organelle-level patterning.

Keywords: Cell cortex, Ciliate, Patterning, Polarity

Summary: CdaH, a conserved Fused kinase, acts at multiple stages and scales to generate

a pattern of cortical organelles during cell division in the ciliate Tetrahymena thermophila.

INTRODUCTION

Ciliates have two permanent cell polarity axes: anterior—posterior and circumferential (left—
right) (Fig. 2.1). In Tetrahymena thermophila, the oral apparatus (OA) is located near the
anterior cell end, whereas the osmoregulatory contractile vacuole pores and the cytoproct

(where spent food vacuoles are egested) are located near the posterior cell end, but at
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different circumferential positions. As proposed by V. Tartar based on his famous
microsurgical studies of Stentor coeruleus, ciliates divide by a process that amounts to a
developmental segmentation of a single cell (Tartar, 1968). The extensive cortical
remodeling that takes place throughout the midbody of the dividing ciliate is remarkably
precise and, consequently, in the population, the cortical pattern is nearly invariant, which
has enabled isolation of unique intracellular patterning mutants (reviewed in Frankel,
1989,2008). Recently, reverse and forward genetic approaches (Galati et al., 2014) have
enabled identification of a number of gene products that contribute to patterning in ciliates
(reviewed in Cole and Gaertig, 2022). On the anterior—posterior axis, several highly
conserved kinases and kinase regulators control the positions of forming cortical structures,
including Elo1 (Lats kinase) (Jiang et al., 2019a), Cdal (Hippo kinase) (Jiang et al., 2017),
Mob1 (Slabodnick et al., 2014; Tavares et al., 2012) and CdaA (cyclin E) (Jiang et al., 2020).
These proteins appear to form a signaling ‘prepattern’ that acts by localized inhibition:
forming structures are excluded from the cortical areas where these prepatterning factors

are enriched.

The generation of the division boundary (DB) at the equator of the ciliate parental cell is a
key step that precedes cytokinesis and morphogenesis of new cell ends. In T. thermophila,
loss-of-function mutations of either the posteriorly enriched CdaA or the anteriorly enriched
Cdal cause either a failure or a shift in the position of the DB. CdaA and Cdal engage in a
mutual antagonism that induces and positions the DB (Jiang et al., 2017,2020). Here, we
investigate a closely related conditional allele, cdaH-1, the molecular identity of which has
remained unknown since its original description over 40 years ago (Frankel et al., 1980).
cdaH-1 confers a pleiotropic patterning phenotype that includes an absence of the DB and
an anterior displacement and partial resorption of the new OA (Frankel, 2008;Frankel et al.,

1980). We show that CDAH encodes an ortholog of the highly conserved Drosophila Fused
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(Cole et al.) and human Stk36 kinases. Our observations suggest that CdaH contributes to

both global (cell-wide) and local (organelle-level) intracellular patterning.

MATERIALS AND METHODS

Tetrahymena strains

All strains were obtained from the Tetrahymena Stock Center (Cornell University, Ithaka, NY,
USA). CU428 (TSC_SD00178) was used as the wild type. IA450 (TSC_SD01593) is
homozygous for cdaH-1, IA104 (TSC_SD01447) is homozygous for cdaA-1, and 1A237
(TSC_SD01449) is homozygous for cdal-1 (Frankel, 2008; Jiang et al., 2017). Double-
mutant homozygotes were generated by crosses to create double heterozygotes, and self-
crosses using B*VII (TSC_SD00023) to generate micronuclear homozygotes. The
micronuclear genotypes of the self-cross progeny were determined using outcrosses to
single-mutant homozygotes. Pairs of strains with the desired micronuclear genotypes were
crossed to each other to obtain double-mutant homozygote progeny. The genotypes of final
double homozygotes were verified by PCR amplification and Sanger DNA sequencing
across the base positions of mutant alleles. Strains were cultured in SPP medium (1%
proteose—peptone, 0.2% dextrose, 0.1% yeast extract and 0.003% EDTA:ferric sodium salt)

supplemented with antibiotics (SPPA medium) (Gaertig et al., 2013;Gorovsky, 1973).

Mapping of cdaH-1 by comparative next-generation sequencing

We applied the ACCA workflow (Jiang et al., 2017) to map the causal mutation for cdaH-1.
IA450 was crossed to CU427 [strain homozygous forchx1-1a cycloheximide (cy)-resistant
allele in the micronucleus, TSC_SD00715], and the resulting F1s presumed to be double
heterozygotes (cdaH-1/CDAH; chx1-1/CHX1) were allowed to undergo phenotypical
assortment to cy sensitivity by multiplication for ~60 generations in a non-selective medium.
Subsequently we crossed several F1s in multiple combinations and selected F2 progeny

using cy resistance (15 pg/ml). We picked 38 and 31 F2s with a cdaH-71and wild-type
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phenotype, respectively, and pooled them according to the phenotype. The mutant and wild-
type F2 pools were cultured to a mid-log phase in 25 ml of SPPA medium at room
temperature, starved for 2 days also at room temperature in 60 mM Tris-HCI, pH 7.5, and
total genomic DNA was extracted from each pool using the urea method (Gaertig et al.,
1994). Genomic libraries were constructed with the lllumina Truseq primer adapters and
sequenced on an lllumina HiSeq X, which generated paired-end reads of 150 bp length at
~90% genome coverage. The sequence reads were deposited at the Sequence Read
Archive (SRA) database (Bioproject accession numberPRJNA999728). The Mutation
Identification in Model Organism Genomes using Desktop PCs (MiModD) suite of
bioinformatics tools (version 0.1.8;https://sourceforge.net/projects/mimodd/) was used on the
Galaxy Europe bioinformatics server (https://usegalaxy.eu) to execute the ACCA variant
mapping workflow as follows. The sequencing reads of the cdaH-1 and wild-type F2 pools
were aligned to the macronuclear reference genome of the wild-type strain SB210 (GenBank
assembly accession GCA_000189635) (Eisen et al., 2006) and a multi-sample variant
calling was conducted. Variants were annotated with predicted effect on gene products, and
linkage scores were calculated on the basis of contrast between the allelic composition of
the wild-type and the mutant pool. The linkage scores were plotted against the micronuclear
genome assembly (GenBank assembly accession GCA 000261185.1) (Hamilton et al.,
2016) coordinates along the five micronuclear chromosomes. This analysis displayed a peak
in the ACCA signal at a location of ~0.05 Mb of chromosome 5, and nearby variants with a

predicted effect on a gene product were considered candidate causative variants.

Phylogenetic and structural analyses

The predicted gene model for CDAH/TTHERM_01345780 was corrected based on the
MRNA sequence data available at the Tetrahymena Functional Genomics Database
(http://tfgd.ihb.ac.cn), which revealed an additional intron near the end of the coding region.

A phylogenetic analysis was performed using 497 sequences of human kinase domains
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(Modi and Dunbrack, 2019b) and the corresponding amino acid sequences of
CdaH/TTHERM_01345780, TTHERM_00756520 and TTHERM_00726480. The following
analyses were performed at the NGPhylogeny.fr server (Lemoine et al.,
2019;https:/Ingphylogeny.fr/). A multiple sequence alignment was produced using the
Multiple Alignment using Fast Fourier Transform (MAFFT) program (Katoh and Standley,
2013) and curated using trimAl (Capella-Gutiérrez et al., 2009). A neighbor-joining
phylogeny was constructed using FastME and the statistical support of branches was tested
by bootstrap resampling with 1000 replicates (Lefort et al., 2015). The tree was visualized
with iTOL (https://itol.embl.de). A multiple sequence alignment of the entire amino acid
sequences of CdaH and other Fused/Stk36 kinases was obtained with Clustal Omega at the
European Molecular Biology Laboratory (EMBL)-European Bioinformatics Institute (EBI)
(Sievers et al., 2011) and visualized with mView (Brown et al., 1998). Protein domains were
detected using the SMART (http://smart.embl-heidelberg.de/) tool and homologs in other
species were identified using the Blastp tool at the Cildb database (http://cildb.i2bc.paris-

saclay.fr/).

Genome editing in the macronucleus

To rescue the cdaH-1 phenotype, starved IA450 cells were subjected to biolistic
bombardment with a ~1.5-kb fragment of TTHERM_01345780 amplified from the wild-type
genomic DNA (strain CU428) using the primers 5-GCATTTCTCTAAAATTATTTTTGTATCC-3
and 5-GTTCTGCAATTCCATTATCATC-3'. The bombarded (~5x10°) and mock-transformed
cells were cultured in SPPA medium at 25°C for 1 day, replicated onto fresh 96-well plates
and incubated at 38°C. We searched for wells containing cells that regained the ability to
multiply. To further confirm the location of the cdaH-1 causal mutation, we constructed
plasmids carrying a portion of the 5’ UTR of TTHERM_01345780, followed byneo5,the MTT1
promoter and a portion of the coding sequence of TTHERM_01345780 that terminated

either 63 bp upstream or 568 bp downstream of the suspected cdaH-1 causal variant site. To
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construct the above plasmids, the 5’ UTR region was amplified with the primers 5'-
GAATTGGAGCTCAATCTATAAAATCTTGATTTCTCTTT-3' and 5'-
TGCCATCCGCGGTCTAACAATCTAACATTAAAACA-3'and cloned between the Sacl and
Sacll sites of pLF4gOEneo2-4 (Jiang et al., 2019b). The coding region of
TTHERM_01345780 was amplified with the forward primer 5'-
ACTTAAAATAATGGCCAAGTCGACGATGGAGAATTATCATATTCTT-3' and either 5'-
AGGGAACAAAAGCTGGGTACCAAAATGTTTGTATTGTTT-3' (long coding fragment) or 5'-
AGGGAACAAAAGCTGGGTACCCAAAACCGAAATCGCATAATTTTACAA-3' (short coding
fragment), and cloned using the Kpnl and Sall sites. The targeting fragments of the resulting
plasmids (pMTT1_CDAHov_long and pMTT1_CDAHov_short) were separated from their
plasmid backbones using Kpnl and Sacl and introduced into the cdaH-1 mutants (IA450) by
biolistic bombardment. Transformants were selected with 100 ug/ml paromomycin at room
temperature. Wells containing transformants were replicated onto fresh SPPA medium with

400 pg/ml paromomycin, incubated overnight at 38°C and scored for cell multiplication.

To express CdaH-GFP, we added a DNA sequence encoding GFP, a 3' UTR region of BTU1
and a neo5 selectable marker to the 3' end of TTHERM_01345780/CDAH by homologous
DNA recombination. The flanking DNA sequences for targeting CDAH were amplified using
the following primer pairs: forward, 5'-
GGGCGAATTGGCCGGCATTATTTCATTCAAAGTTTGTTATTTC-3', and reverse, 5'-
ATCAAGCTTGCCATCCGCGGTTATTGCATGTCCTAATC-3'; forward, 5'-
GCTTATCGATACCGTCGACCACAAATTAATTTAAGAATTATGA-3', and reverse: 5'-
AGGGAACAAAAGCTGGGTACGATTATGTCGATTAAACTGAA-3'. The two fragments were
subcloned into the plasmid pNeo2_4-GFP (Jiang et al., 2019b). The CDAH gene was tagged
in the wild-type (CU428), cdaA-1 (IA104) and cdal-1 (IA237) backgrounds. Transformants
were selected with 100 yg/ml paromomycin. The copy number of the engineered allele was
increased by the phenotypical assortment with increasing concentration of paromomycin.

The targeting plasmids for GFP tagging of CDAI and CDAA in the cdaH-1 background were
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described previously (Jiang et al., 2017, 2020).

Microscopic imaging

T. thermophila cells were fixed and immunostained using the quick method that includes
simultaneous fixation and/or permeabilization and drying of cells on the cover glass (Gaertig
et al., 2013) with small modifications. After placing on the cover glass, 20 ul of cell culture
was mixed with an equal volume of 0.25% Triton X-100 and 1% paraformaldehyde in PHEM
buffer (60 mM PIPES, 25 mM HEPES, 10 mM EGTA and 2 mM MgS04, pH 6.9). The cover
glass was air dried, washed three times with PBS and incubated with primary antibodies in
PBS supplemented with 3% BSA fraction V and 0.01% Tween-20. The primary antibodies
were: polyclonal rabbit anti-GFP (Rockland Immunochemicals, 600-401-215; 1:800),
monoclonal mouse anti-centrin 20H5 (EMD Millipore, 41624; ~1:200-1:400), and anti-
polyglycine polyclonal serum 2302 (Shang et al., 2002) (1:200). The secondary antibodies
were conjugated to either Cy3 or FITC (Jackson ImmunoResearch, 115-095-146 and 111-
165-003; 1:100-1:300). The nuclei were stained with DAPI (Sigma-Aldrich). The stained
cells were embedded in 90% glycerol, 10% PBS supplemented with 100 mg/ml DABCO
(Sigma-Aldrich). Confocal images were collected on a Zeiss LSM 710 microscope with a
Plan-Apochromat 63x/1.40 oil DIC M27 objective. SR-SIM imaging was conducted on an
ELYRA S1 microscope equipped with a 63% NA 1.4 Oil Plan-Apochromat DIC objective. The
optical slices were processed using Fiji/lmaged (z-project tool). To image actin and CdaH-
GFP, the CdaH-GFP-expressing cells were fixed with cold methanol (-80°C) for 30 min,
washed three times with 1 ml of PBS, followed by a wash with 1 ml of PBS containing 1%
BSA (PBSB) for 30 min. The primary and the secondary antibodies used were the anti-
Tetrahymena Act1 actin rabbit serum (Shiozaki et al., 2013; 1:200 dilution in PBSB) and the
goat anti-rabbit IgG H/L antibodies coupled to Alexa Fluor 594 (Thermo Fisher Scientific,
R37117; 1:200), respectively. The cells were observed using an Olympus BX51 fluorescence

microscope equipped with a 100x lens (NA 1.40) and the images were collected on a
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Hamamatsu Photonics ORCA-3CCD camera. For SR-SIM co-imaging of CdaH—-GFP and
actin, cells were fixed and dried on coverslips as described above, the coverslips washed
three times for 5 min in PBS, treated with 1% SDS in PBS for 20 min, and washed three
times for 5 min in PBS. The primary antibodies used were anti-Act1 guinea pig serum
(Shiozaki et al., 2013; 1:80) and anti-GFP (Rockland Immunochemicals, 600-401-215;
1:800), and the secondary antibodies used were goat-anti-guinea pig IgG-FITC (Sigma-
Aldrich, F6261; 1:100) and goat-anti-rabbit IgG-Cy3 (Jackson ImmunoResearch, 111-165-
003; 1:200). The anti-actin antibodies were validated based on detection of a single band
with the size expected for actin on western blots using total extracts ofT. thermophila.The
TIRF microscope set-up has been previously described (Lechtreck, 2016). TIRF imaging
was done as previously described (Jiang et al., 2015) except that cells were immobilized by
entrapment in a small volume and without NiCI2. To perform FRAP, a 488 nm laser beam
was split using a zero-order half-wave plate and a broad band polarized beam splitter. One
of the beams was used for TIRF illumination and the other beam was send to the specimen
for photobleaching. The bleaching beam was expanded using a 3x beam expander, focused
using a 200 mm plano-convex lens and a 35 mm plano-convex lens and recombined with
the TIRF beam using a polarized beam spilitter (all parts from Thorlabs Inc.). A motorized
mirror connected to a joystick (Newfocus) was used to move the bleaching laser to the
desired location and the size of the laser spot was controlled manually by moving the 35 mm
lens. Samples were prepared for electron microscopy as previously described (Vasudevan

et al., 2015).

Statistical analysis

The sample sizes were chosen based on the previous research. To quantify the phenotypic
defects, 10-50 dividing cells were scored per genotype. Differences were evaluated by
GraphPad PRISM software. An unpaired two-tailed t-test was used and P<0.05 was

considered to be statistically significant.
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RESULTS
The pleiotropic phenotype of cdaH-1

In Tetrahymena, the anterior—posterior cell polarity is reflected by the different curvatures of
cell extremities and asymmetrically placed structures: the anterior OA and the posterior
contractile vacuole pores and cytoproct (Fig. 2.1, stage 1). The main elements of the cortical
pattern are the basal bodies (BBs), most of which are ciliated. The majority of BBs are
aligned in ~20 longitudinal rows, whereas a subset of BBs forms four short oral rows. Cell
division is initiated with assembly of the new OA (oral primordium, OP) at the subequatorial
position on the ventral side (Fig. 2.1, stage 2). The OP starts as a group of randomly
oriented BBs that gradually align into four oral rows: three diagonally oriented membranelles
(M1, M2and M3) and the undulating membrane (UM) (Fig. 2.1, stages 2 and 3) (Bakowska
et al., 1982a). Subsequently, the DB forms at the cell equator and anteriorly to the OP (Fig.
2.1, stage 4). The DB starts as an array of gaps in all ciliary rows that circumvent the cell
(the stage of ‘cortical subdivision’) (Frankel et al., 1981). The sculpturing of new cell ends
occurs concurrently with cytokinesis and, eventually, two complete daughters emerge and
split apart (Fig. 2.1, stage 5). The micronucleus divides (by mitosis) at the time of cortical
subdivision, whereas the macronucleus divides (by amitosis) concurrently with cytokinesis
(Jerka-Dziadosz et al., 2001; Kirk et al., 2008). The overall cortical pattern can be assessed
using the 20H5 anti-centrin monoclonal antibody (Salisbury et al., 1988), which marks the
BBs. At 22°C, most of the cdaH-1 homozygotes divided normally (Fig. 2.2A-E). At 39°C, the
cdaH-1 cells assembled an OP (Fig. 2.2F,G), but most mutants failed to develop the cortical
subdivision (Fig. 2.2H,1, compare to Fig. 2.2C,D). The OP displaced anteriorly to land in the
vicinity of the old OA (‘op’ in Fig. 2.2l, also Fig. 2.20). In the displaced OP, the oral rows
were partially degraded and mispositioned (‘op’ in Fig. 2.21). The micronucleus divided but
the macronuclear amitosis failed (‘ma’ in Fig. 2.2l, compare to Fig. 2.2D). The cell division-

blocked cdaH-1 cells entered the next cell cycle and developed a second-generation OP
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(‘fop2’in Fig. 2.2J, also Fig. 2.2P). In a minority of mutants, the cortical subdivision formed
and the macronucleus divided, but there was a subsequent arrest in cytokinesis, followed by
translocation of the entire cortices of hemi-cells that produced variable cell morphologies
(Fig. 2.2L-N, compare to Fig. 2.2K,Q), as already reported for other mutants blocked in

cytokinesis (Brown et al., 1999; Williams et al., 2006).

CdaH is a Fused/Stk36 kinase ortholog

cdaH-1 is a recessive allele on the micronuclear chromosome 5 (Frankel, 2008; Frankel et
al., 1980). To map cdaH-1 by next generation sequencing, we outcrossed cdaH-1
homozygotes (strain 1A450) and the resulting F1 heterozygotes were crossed to each other
to obtain F2 progeny. We pooled a number of phenotypically mutant and wild-type F2s,
sequenced the pooled genomes and used the allelic composition contrast analysis (ACCA)
bioinformatics workflow (Jiang et al., 2017) to search for genomic variants that cosegregated
with the mutant phenotype. A strong ‘variant-to-phenotype’ linkage signal was detected near
the end of the left arm of chromosome 5 at ~0.05 Mb (Fig. 2.3A). Within this genomic region,
two homozygous variants were found that were predicted to affect gene products: G/A at
chr5:49333 and C/T at chr5:501775. The latter variant results in a V11761 substitution in
TTHERM 00649260, a protein with homology to the mammalian centrosomal protein
Ccdc81 (Firat-Karalar et al., 2014). The former variant results in an A168T substitution in
TTHERM_01345780, a protein kinase. We attempted to rescue the multiplication arrest of

cdaH-1 mutants by biolistic introduction of wild-type fragments spanning

the variant position in either TTHERM_01345780 or TTHERM 00649260, followed by
screening for clones capable of multiplying at the restrictive temperature. Using ~5%x106
mutant cells, two rescue clones were obtained with the TTHERM_01345780 but not the
TTHERM_ 00649260 fragment (Fig. 2.3B-D). Sequencing of TTHERM_01345780 in the two
rescue clones revealed both a variant and a wild-type base, consistent with partial
replacement of the 90 gene copies in the macronucleus (Zhou et al., 2022) (Fig. 2.3E). Next,
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we edited TTHERM_01345780 in the cdaH-1 homozygotes by homologous DNA
recombination using fragments carrying a portion the 5’ untranslated region (UTR) (with an
embedded neo5 marker) and a portion of the adjacent coding region that terminated either
63 bp upstream or 568 bp downstream of codon 168 (see Materials and Methods for
details). At the restrictive temperature of 38°C, all tested paromomycin-resistant
transformants that integrated the DNA fragment covering codon 168 proliferated (n=95),
whereas no rescues were observed in transformants that integrated a fragment that
terminated upstream of codon 168 (n=96). We conclude that the causal mutation for cdaH-1
is the A168T substitution inTTHERM_01345780 and the TTHERM_ 00649260 variant is
noncausal but closely linked (in agreement with the estimated rate of meiotic genetic
recombination in T. thermophila, at ~50 kb/cM;Orias, 1998).The TTHERM_01345780 gene
(or CDAH, following the gene naming recommendations; Allen et al., 1998) encodes a
protein, CdaH, with an N-terminal kinase domain. A Blastp search of the human proteome
retrieved Stk36, an ortholog of the ‘segment polarity’ gene product of Drosophila
melanogaster Fu (Fused, CG6551) (Therond et al., 1993) as the closest match. The amino
acid sequence of the kinase domain of CdaH is 64% identical to that of the kinase domain of
human Stk36 and 47% identical to that of D. melanogaster Fu. In Dictyostelium discoideum,
TsuA (Tsunami) is a Fused/Stk36 ortholog that is required for cell polarization (Tang et al.,
2008) (Fig. 2.3F). Blastp searches using Fu, Stk36 or TsuA sequences against the predicted
T. thermophila proteome all returned CdaH as a top match. In a phylogenetic analysis that
included the amino acid sequences of 497 human kinase domains (Modi and Dunbrack,
2019b), CdaH formed a statistically supported clade with Stk36 (Fig. 2.S1). Alignment of the
entire amino acid sequences of CdaH and established Fused/Stk36 orthologs showed
strong homology within and weaker homology outside of the N terminal kinase domain (Fig.
2.S2). The cdaH-1 mutation A168T is within the highly conserved ‘APE’ motif located at the
end of the kinase activation loop (Modi and Dunbrack, 2019a). Diverse kinases almost
invariably have an alanine at this position. Thus, the cdaH-1 phenotype is likely a result of
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reduced kinase activity of CdaH. Intriguingly, in mammalian Stk36, the amino acid at the
homologous position is a serine. It is possible that Stk36 has weak kinase activity or is a
pseudokinase, as is the mammalian paralogUlk4 (Khamrui et al., 2020). CdaH also has an
armadillo repeats domain (Pfam PF00514) near the C-terminus. In Stk36, there is a related
C-terminal HEAT domain (Pfam PF02985), which, similar to the armadillo repeats domain,
forms a superhelix (Fig. 2.3F). Overall, CdaH is a compelling ortholog of Fused/Stk36
kinases. In animals, Fused/Stk36 kinases participate in Hedgehogsignaling during
embryonic development (reviewed in Maloverjan and Piirsoo, 2012). However, in mammals
(Edelbusch et al., 2017; Liu et al., 2016; Nozawa et al., 2013; Wilson et al., 2009) and in the
kinetoplastid Leishmania mexicana (McCoy et al., 2023), deficiencies in Fused/Stk36
kinases cause structural defects in motile 9+2 cilia, including a failure to assemble central
microtubules. Tetrahymena assembles numerous motile 9+2 cilia that are used for cell
locomotion and feeding. Although the cdaH-1 mutant phenotype is distinct from the
phenotypes reported for ciliary mutants (reviewed in Bayless et al., 2019), we nonetheless
examined the cdaH-1 mutants grown for 3 h at 39°C (a time sufficient to induce cell division
arrest) and found no gross defects in the number or length of cilia and in axoneme

ultrastructure (Fig. 2.S3).

During cell division, CdaH accumulates at multiple sites, mostly within the posterior
hemi-cell

We tagged CdaH with GFP at the C-terminus by editing the CDAH locus. No CdaH-GFP
signal above the background was present in non-dividing cells (Fig. 2.4A,A"). In early
dividers (in which the OP had just started to form), a faint CdaH—GFP signal appeared along
the entire length of somatic ciliary rows and in the OP (Fig. 2.4B,B’,compare to Fig. 2.4A,A").
Later in development, CdaH—GFP presented as streaks of dots near the BBs of somatic
rows and the dot intensity was higher within the posterior hemi-cell; the anterior margin of
strong CdaH-GFP signal corresponded to the future plane of cortical subdivision (Fig.

2.4C,C’; Fig. 2.54B-B"). At the onset of cortical subdivision, the CdaH-GFP streaks became
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polarized in signal intensity (Fig. 2.4D,D’). Live observations using total internal reflection
fluorescence (TIRF) microscopy revealed that each streak had multiple dots, the signal
intensities of which formed a gradient decreasing toward the posterior cell end (Fig. 2.5A,F—
F"; Movie 1). It has been suggested that in ciliates, the anterior—posterior patterning factors
are distributed by motors along the cortical longitudinal microtubules (Cole and Gaertig,
2022; Marshall, 2021). However, kymograms did not reveal signals moving between the dots
either within the streaks or between the streaks (Fig. 2.S5A-B’). In contrast, after
photobleaching, the dot signals recovered to near pre-bleach level within ~1 min (Fig.
2.S5C,C", indicating a rapid turnover, likely by exchange with soluble CdaH in the cell body
and possibly with involvement of intracytoplasmic microtubules that connect to the BBs
(Gaertig et al., 1993). When the cortical subdivision (‘cs’ in Fig. 2.4E—F") was fully developed
and cytokinesis and macronuclear amitosis had started, CdaH formed a ring around the cell
equator (Fig. 2.4E-F'). An apparent transition from the streak pattern to the ring pattern was
seen by TIRF microscopy (Fig. 2.5B; Fig. 2.S5B,B’). Super-resolution structured illumination
microscopy (SR-SIM) revealed that the CdaH—GFP ring was subequatorial and positioned at
the posterior edge of the cortical subdivision (Fig. 2.54C-D"). At the stage when the ring
was fully formed, the most anterior BBs of a subset of the posterior half-rows exist as pairs
called BB couplets (marked ‘c’ in Fig. 2.4G',H") (Jerka-Dziadosz,1981; McCoy, 1974; Numata
et al., 1995). Later on, the BB couplets associate laterally to form the new ‘apical crown’
(AC), an incomplete circle of paired BBs that represent the apex of the cell (marked ‘ac’ in
Fig. 2C). The CdaH-GFP ring was located immediately anterior to the BB couplets (Fig.
2.4G',H'). After photobleaching of a portion of the ring in live cells, the signal recovered to
90% of the pre-bleach level within 50 s, indicating a rapid turnover (Fig. 2.5G,G’; Movie 2).
During the course of cytokinesis, the CdaH—GFP ring narrowed along with the degree of cell
constriction (Fig. 2.4G-H', Fig. 2.5C,D; Fig. 2.54D—E"). When the two daughters were about
to split apart, a residual CdaH—GFP ring was present at the anterior tip of the posterior
daughter (Fig. 2.41-J',Fig. 2.5E; Fig. 2.S4E—E"). A distinct CdaH-GFP signal was also
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present near the old anterior cell end, as a short ribbon near the ends of somatic rows on the
ventral right side, partially overlapping with the AC and connecting to the old OA. We will
refer to this CdaH—GFP pool as the anterior suture (AS) (‘as’ in Fig. 2.4E,E",J,J";Fig.
2.84C',C",E',E"). The AS appeared at the same time as the CdaH ring (Fig. 2.4E,E’,
compare to Fig. 2.4D,D’). These two CdaH—GFP pools (the AS and the ring) could be
related, as both were positioned near the anterior ends of ciliary rows (old and new,
respectively). CdaH also localized to the OP and less consistently to the old OA. CdaH-GFP
appeared as a uniform signal across the entire OP during the early phase of oral
morphogenesis (Fig. 2.4C,C'). When the rows emerged within the OP, a narrow patch of
CdaH-GFP formed anteriorly to the new M1 (most anterior) membranelle. We will refer to
this pool of CdaH-GFP as the ‘M1 arc’ (M1A) (labeled ‘m1a’ in Fig. 2.4D,D',F,F’; Fig.
2.54C',D',D"). During early cytokinesis, CdaH-GFP also marked the UM (Fig. 2.4F-G’; Fig.
2.84D',D"). Whereas the CdaH population associated with the division plane (streaks and
ring) correlates with roles in the cortical subdivision and cytokinesis, the OP-associated

CdaH could be involved in OP positioning and morphogenesis (see below).

CdaH colocalizes with the cytokinetic actin ring at the anterior end of the posterior
hemi-cell

The timing and position of the subequatorial CdaH—-GFP ring coincides with the assembly of
the microfilament-rich cytokinetic ring (Jerka-Dziadosz, 1981; Yasuda et al., 1980). We
therefore explored the relationship between the two rings by co-imaging CdaH-GFP and
actin (Act1). The CdaH-GFP ring started to form shortly before the actin ring appeared at
the onset of cytokinesis (Fig. 2.6A—B") and the two rings strictly colocalized during the
course of cell constriction based on fluorescence (Fig. 2.6A-D") and super-resolution (Fig.
2.6G-G") imaging. Strikingly, before the scission of daughter cells, both rings co-localized at
the anterior tip of the posterior daughter (Fig. 2.6E—E"). Moreover, shortly after cytokinesis,
residual actin and CdaH-GFP ring signals were present at the tip of the posterior postdivider

(Fig. 2.6F—F",H-H"). These data indicate that the CdaH ring is associated with or is even a
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part of the cytokinetic ring. Additionally, in Tetrahymena, the contractile ring appears to form

and operate at the tip of the posterior hemi-cell throughout cytokinesis.

Distribution of CdaH within the posterior hemi-cell requires CdaA

The anterior Cdal and posterior CdaA are two mutually antagonistic factors that interact to
induce and position the DB. One or both of these proteins might interact with CdaH, based
on the overlaps in the loss-of-function phenotypes (Fig. 2.56) and localizations. We
therefore examined how the distribution of CdaH-GFP is affected by expression of the loss-
of-function alleles cdal-1 or cdaA-1. In cdal-1 homozygotes, at the permissive temperature
of 22°C, as expected, the localization pattern of CdaH-GFP was unaffected (Fig. 2.7A-E,K).
At 39°C, the distribution of CdaH-GFP appeared normal except that all pools within the
posterior hemi-cell were shifted anteriorly, consistent with the global displacement of the
division plane conferred by cdal-1 (Fig. 2.7F-J). It therefore appears that the distribution of
CdaH is not directly dependent on Cdal. In the cdaA-1 background, at the permissive
temperature of 22°C, pattern of CdaH-GFP was unaffected as expected (Fig. 2.7L-P, see
also 7V). At the restrictive temperature of 39°C, the posterior CdaH-GFP signal was greatly
diminished (Fig. 2.7Q-U, compare toFig. 2.7L—P, see also 7V). Specifically, both the
posterior streaks and the subequatorial ring were not detectable at stages at which they
were present at the permissive temperature (Fig. 2.7R-U, compare to Fig. 2.7M-P).
Interestingly, the AS and OP (including M1A) signals of CdaH—GFP appeared unaffected
(insets in Fig. 2.7T). Thus, the distribution of CdaH-GFP is dependent on CdaA in a subset
of locations that are associated with the cortical subdivision and cytokinesis. In a reciprocal
experiment, the distribution of CdaA—GFP was unaffected by conditional expression of
cdaH-1 (Fig. 2.S7). These data support the placement of CdaH downstream of CdaA in the
context of the formation of the posterior streaks and the subequatorial ring, which correlates

with its functions in DB formation and cytokinesis.

CdaH interacts with Cdal to pattern the oral primordium

To further explore interactions between CdaH and either CdaA or Cdal, we examined the
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phenotypes of double mutants using loss-of-function alleles: ccdaH-1, cdaA-1 and cdal-1.
Conveniently, alleles are highly penetrant at 39°C. The phenotype of most of the cdaH-
1,cdaA-1 double homozygotes at 39°C (3—6 h) was similar to that of cdaH-1 alone: a
frequent failure of the DB formation, an anterior OP displacement and partial degradation of
the OP(Fig. 2.8A-E,1,J). Although the double-mutant phenotype did not reveal an interaction,
there was no contradiction to the model that CdaH acts downstream of CdaA in the context
of the DB formation and cytokinesis, and that CdaH has a CdaA-independent role in OP
positioning and stability. Similarly, the phenotype of the cdaH-1;cdal-1 at 39°C resembled
that of cdaH-1 alone, with the cortical subdivision failing to develop in most cells and an
extreme anterior displacement of the OP (Fig. 2.8F-I). Unexpectedly, the OP degradation
conferred by cdaH-1 alone was partially suppressed in the double cdaH-1;cdal-1 mutants. In
particular, whereas the UM was usually severely degraded in the cdaH-1 mutants, it
remained intact in the double mutants, both in the first- and second-generation OPs (Fig.
2.8G,H, compare to Fig. 2.8E; also Fig. 2.8J). Thus, Cdal activity might inhibit the CdaH
activity that prevents OP degradation. Furthermore, the second-generation OP of the cdaH-
1,cdal-1 double mutants often had an excessive number of membranelles. As an example,
in the double-mutant cell shown in Fig. 2.8H, the second-generation OP(‘op2’) had seven
(instead of the normal three) membranelles. Importantly, the allelic cdal-2 mutants were
reported to have an increased number of membranelles in the OA (Frankel, 2008). Indeed,
the cdal-1 single mutants used here also had extra membranelles (Fig. 2.8F,J). Although the
addition of cdaH-1 did not increase the average number of membranelles per OA, it
increased the penetrance of the extra-membranelle phenotype (Fig. 2.8J,K). All these
observations indicate that CdaH not only participates in the global positioning of the OP on
the anterior—posterior axis, but also contributes to the local patterning of the OP where it

might interact with Cdal.
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DISCUSSION

The cortical patterns of ciliates exceed in complexity the most sophisticated intracellular

patterns seen in other eukaryotic cells (Frankel, 1989, 2008). Powerful self-organizing

mechanisms are likely involved, based on the ability of some ciliates to generate the pattern

de novo during encystation (Fryd-Versavel et al., 2010; Grimes, 1973a,b) or during
regeneration from small cell fragments (Gruber, 1885; Morgan, 1901; Tartar, 1960, 1961).
Surprisingly, despite the peculiar features of the ciliate phylum, recent studies in
Tetrahymena revealed that the positions of forming cortical structures on the anterior—
posterior axis are controlled by several conserved kinases and kinase-binding proteins,
including orthologs of Hippo signaling components (reviewed in Cole and Gaertig,2022;
Soares et al., 2019). These proteins appear to form a prepattern that excludes forming
structures from specific cortical regions. The prepatterning activities occur in two phases.
Before the stage of cortical subdivision, the posteriorly enriched ‘early Hippo circuit’ (with
Elo1) positions the entire division plane including the OP and DB (Jiang et al., 2019a).
Subsequently, a mutually antagonistic pair of the anterior ‘late Hippo circuit’ (with Cdal) and
the posterior CdaA induce and position the DB (Jiang et al.,2017, 2020; Tavares et al.,
2012). In addition, at the time of the DB appearance, Cdal maintains the subequatorial OP
position by preventing its anterior displacement (Jiang et al., 2017). Based on the phenotype
of the single available allele (cdaH-1), CdaH acts during the late stage that involves Cdal
and CdaA. CdaH has multiple functions that can be seen as either global or local. The global
function of CdaH is in maintaining the position of the OP in reference to the anterior—
posterior cell polarity axis. The local functions involve execution of cortical subdivision and
cytokinesis and shaping the OP. CdaH presents at multiple locations that correlate with its
multiple patterning functions, offering an explanation for the highly pleiotropic phenotype of
cdaH-1.These observations agree with the relatively long period of temperature sensitivity

for cdaH-1 expression during cell division compared to that of cdaA-1 that specifically affects
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DB formation (Frankel et al., 1980).

The global function of CdaH: positioning the oral primordium on the anterior—
posterior axis

cdaH-1 confers a dramatic anterior displacement of the OP that phenocopies cdal-1
(Frankel, 2008; Jiang et al., 2017). As documented earlier for cdal-1, in the cdaH-1 mutants,
the initial position of the OP is correct and the structure shifts anteriorly later at the time of
the DB formation. Both Cdal-GFP and CdaH-GFP are enriched at the OP, whereas CdaA—
GFP is not. Thus, there is a correlation between the role of CdaH in OP positioning and
presence within the structure. CdaH and Cdal activities might anchor the OP at the correct
anterior—posterior position in response to global positioning cues. It remains to be explored
whether CdaH and Cdal interact to execute the OP positioning as they do to pattern the

internal organization of the OA (see below).
The local functions of CdaH

Shaping the oral primordium

The morphogenesis of the OP is a remarkably complex process of apparent self-
organization that includes proliferation of BBs, formation of BB pairs, alignment of BB pairs
into rows, emergence of BB triplets and quartets, and resorption of some and movements of
other BBs (Bakowska et al., 1982b). The exact course of these events is row specific and,
consequently, each row acquires a unique organization. Both Cdal and CdaH localize to the
OP but, within the organelle, they occupy non-identical domains. The M1A pool of CdaH-
GFP is of particular interest as, to our knowledge, the first row-specific marker. The cdal
alleles increase the number of membranelle rows in the OP (Frankel, 2008; Jiang et al.,
2017) and we show here that cdaH-1 increases the penetrance of this phenotype. In
contrast, cdaH-1 confers broad degeneration of oral rows and this phenotype is suppressed
by cdal-1. During the normal course of late OP development, a number of BBs at multiple

positions (including the right margins of membranelles and the most posterior region of the
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OP) are resorbed (Bakowska et al., 1982b). The programmed BB resorption could be a part
of the mechanism that determines the row number and generates the unique organization of

specific oral rows. Cdal and CdaH might act within the OA to control the resorption of BBs.

In division boundary formation and cytokinesis

During the course of cell division, the earliest defect conferred by cdaH-1 is the block in DB
formation. We showed previously that the induction and positioning of the DB on the
anterior—posterior axis are coupled and involve mutually antagonistic posterior CdaA and
anterior Cdal (Jiang et al., 2020). Prior to DB formation, CdaH colocalizes with CdaA to the
posterior half-rows in a CdaA-dependent manner. Shortly before the cortical subdivision,
CdaH is enriched at several BBs proximal to the cortical gap as a gradient decreasing
toward the posterior cell end. The same area contains a posteriorly decreasing gradient of
phosphoserine— or phosphothreonine—proline epitopes (Kaczanowska et al., 1999). Thus,
CdaH might contribute to generation of the gradient of protein phosphorylation within the
subequatorial region that might drive the formation of the DB. We show that following DB
formation, CdaH is required for the execution of cytokinesis and that CdaH forms a ring that
colocalizes with the actin contractile ring. As in other eukaryotes, in Tetrahymena, the
contractile ring contains microfilaments, actin and actin-binding proteins (Edamatsu et al.,
1992; Gonda and Numata, 2002; Jerka-Dziadosz, 1981; Numata and Gonda, 2001; Numata
et al., 2000; Shirayama and Numata, 2003; Watanabe et al.,1998). Although it is assumed
that the microfilaments and myosin motors generate the force for cell constriction, this has
not yet been firmly established as ciliates lack myosin-2, the principle force producer in
animal cytokinesis (Sugita et al., 2011) and, in Tefrahymena, cytokinesis is not sensitive to
the actin inhibitor latrunculin A (Shimizu et al., 2013). Nevertheless, cytokinesis is blocked by
depletion of cleavage furrow-associated actin-4 in Paramecium (Sehring et al., 2007, 2010)
and by overexpression of GFP—Act1 in Tetrahymena (Hosein et al., 2003). The CdaH ring
appears to form shortly before the actin ring, indicating that CdaH promotes contractile ring

assembly. Importantly, we found that the contractile ring assembled at the anterior margin of
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the posterior hemicell and its apparent remnant was inherited by the posterior daughter.
Thus, in Tetrahymena and likely in other ciliates as well, the contractile ring is placed
asymmetrically. Interestingly, the anterior tip of an interphase Tetrahymena cell contains a
band of microfilaments (apical band) that is attached to the most anterior BBs (the AC)
(Jerka-Dziadosz et al., 1981, 2001). The two microfilament-rich organelles that form at the
new anterior cell end (contractile ring and apical band), might be separate structures.
Alternatively, the remnant of the contractile ring might be remodeled into the apical band. U
Ultrastructural studies are needed to resolve the relationships between CdaH, the contractile

ring and the apical band.

Evolution of Fused kinases

The multifunctionality of CdaH is surprising because the genomes of ciliates encode an
extraordinarily large number of kinases (1069 in T. thermophila) that arose by gene
duplications and likely gained lineage-specific functions (Aury et al., 2006; Eisen et al., 2006;
Reiffand Marshall, 2017 preprint; Swart et al., 2013). However, there already are well-
documented cases of ‘pleiotropic’ kinases in animals, including the Aurora B and Polo
kinases, that play multiple roles during cell division (Hadders and Lens, 2022; Zitouni et al.,
2014). Given that ciliates are an ‘early-branching’ non-opisthokont lineage of eukaryotes
(Burki et al., 2020), our studies shed light on the evolution of the Fused kinases. Fused was
discovered as a product of a ‘segment polarity’ gene in Drosophila (Busson et al.,1988;
Gergen and Wieschaus, 1986; Nusslein-Volhard and Wieschaus, 1980; Perrimon and
Mahowald, 1987) and, in animals, Fused kinases function in Hedgehog signaling (reviewed
in Maloverjan and Piirsoo, 2012). Ciliate genomes appear to lack homologs of proteins that
participate in Hedgehog signaling other than Fused. Although Fused is required for proper
Hedgehog signaling during embryogenesis in Drosophila (Maloverjan and Piirsoo, 2012), in
mammals, the Fused ortholog Stk36 plays a nonessential function in Hedgehog signaling
(Maloverjan and Piirsoo,2012), possibly redundant with Ulk3 (Han et al., 2019). Intriguingly,

in mice, Stk36 and a closely related kinase, Ulk4, are required for assembly of central
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microtubules in the 9+2 cilia (Liu et al., 2016; Nozawa et al., 2013; Wilson et al., 2009). The
ciliary role of Fused kinases could be ancestral, based on the recent report that Fused and
Ulk4 are required for correct assembly of flagellar axonemes in the kinetoplastid Leishmania
(McCoy et al.,2023). Although our study did not reveal a ciliary function for CdaH, the
genome of Tetrahymena encodes orthologs of Ulk4 (TTHERM_00756520 and
TTHERM_00726480) that could fulfill the ciliary roles (Fig. 2.51). If such a division of labor
exists, the Tetrahymena model could be useful in dissecting the ciliary versus non-ciliary
functions of Fused-related kinases. We reveal here a role for Fused in intracellular
patterning. In Dictyostelium, the Fused ortholog TsuA is required for cell polarization during
developmental aggregation, and, intriguingly, TsuA colocalizes with microtubules (Tang et al.,
2008). In Drosophila, Fused phosphorylates Cos2 kinesin to activate Hedgehog signaling
(Nybakken et al., 2002; Raisin et al., 2010; Ruel et al., 2007). In Arabidopsis thaliana, the
Fused ortholog TIO is required for expansion of the microtubule-rich phragmoplast during
cytokinesis and associates with two members of the kinesin12 family (Oh et al., 2012). CdaH
is closely associated with the microtubule-rich BBs. As suggested by others (Oh et al., 2012;
Tang et al., 2008), the evolutionarily conserved molecular function of Fused kinases could be
to phosphorylate microtubule motors and, specifically, kinesins. In addition, studies in
Dictyostelium and our work implicate Fused kinases in cell polarity-related phenomena:
formation of the cell polarity axis (Tang et al., 2008) and positioning and patterning of
organelles (this study). It is possible that Fused orthologs have conserved roles in
distributing polarity-related molecules along microtubules via regulation of kinesin motors.
Such activities could also be behind the role of Fused homologs in the assembly of ciliary
axonemes (Liu et al., 2016; McCoy et al.,2023; Nozawa et al., 2013; Wilson et al., 2009).
The genome of Tetrahymena encodes an unusually large number of kinesins (77)
(Wickstead and Gull, 2006) and, therefore, some could participate in intracellular positioning
as phosphorylation targets of CdaH. However, our study also points to a close relationship of
Fused with actin.
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Figure legends

Fig. 2.1. Anterior-posterior patterning during cell division in Tetrahymena. The diagram
(modified from fig. 11 in Cole and Gaertig, 2022 with permission from Wiley; ©2022 The
Authors. Journal of Eukaryoti Microbiology published by Wiley Periodicals LLC on behalf of
International Society of Protistologists) summarizes the course of cell division in
Tetrahymena, the localizations of CdaH and other pattern regulators and interactions among
them. Stages: 1, interphase; 2, early oral primordium (Gao et al.) development; 3, midstage
of OP development (shortly before the cortical subdivision); 4, cortical subdivision; and5,
cytokinesis and morphogenesis of new cell ends. A/P, anterior—posterior; cvp, contractile
vacuole pores; cyp, cytoproct; m1, m2 and m3, membranelles; oa, oral apparatus; op, oral

primordium; um, undulating membrane.
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Fig. 2.2. cdaH-1 confers temperature-sensitive defects in patterning during cell

division. (A-N) Representative SR-SIM images of cdaH-1 mutants labeled with the 20H5

anti-centrin antibody (green) and DAPI (blue), grown at either 22°C (A-E,K) or 39°C (F-J,L—
N). Cells documented in panels A-J,0,P were exposed to 39°C for 3 h, whereas those
shown in panels K—N,Q were exposed to 39°C for 1 h. The images are representative of
three (A—J) and two (K—N) independent experiments, respectively. ac, apical crown; cs,
cortical subdivision; ma, macronucleus; mi, micronucleus; oa, oral apparatus; op, oral
primordium; op1, op2, first and second-generation oral primordium, respectively. Scale bars:
20 um. (O-Q) Quantitative analyses of phenotypic defects in the cdaH-1 mutants. (O) The
frequencies of cells with an OP abnormally close to the old OA. (P) The average number of
OAs (old and new) per cell. The asterisks mark significant differences between the datasets
(P<0.05 using a two-tailed unpaired t-test). The bars represent meants.d. The numbers of
cells scored are displayed. (Q) The graph documents the frequency of cdaH-17 cells blocked
either before or after the stage of cortical subdivision (during cytokinesis). The quantitative
data shown in panels O—Q were obtained by scoring dividing cells in two independent

experiments.

70



22°C

39°C

0]

1004
= g0
2
E 60-
x
o
Q
c 40+
<
O 204
(qV]

0 7 20 2 13
22°C 39°C 22°C 39°C 22°C 39°C 22°C 39°C
2hr 4 hr 2hr 4 hr
wild type cdaH-1

Centrin

22°C

39°C

71

F<0.0001 100+
01 P=0,0031 1hr
k { —~ 3 "
25 P=0.0023 o 80+ [l Cytokinesis arrest
— 2y e . ol 8
D 50l ) DCort:caI subdivision
2 T = 60+ arrest
# 3
<C 1.5 e
o ' 404
I
1.0 ©
ko]
O 204
05
00146, 47 |50 50 [50 |49 150 0
22°C 39°C 22°C 39°C 22°C 39°C
2hr 4hr (n=61) (n=95)
[ wild type cdaH-1



Fig. 2.3. Mapping of the cdaH-1 causal mutation to TTHERM_01345780. (A) Mapping of
genomic sequence variants linked to cdaH-1 onto the micronuclear genome by the ACCA
method. (B-D) A wild-type TTHERM_01345780 fragment rescued the cdaH-1 phenotype by
homologous DNA recombination. cdaH-1 negative control (B) and rescue clone cells (C)
maintained at 38°C and fluorescently labeled using anti-centrin (green) and DAPI (blue).
Note a dividing cell with a proper fission line in the rescue population (arrow). The images
are representative of three experiments. Scale bar: 40 ym.(D) Culture growth curves of
cdaH-1 cells (IA450) and two cdaH-1+TTHERM_01345780 rescue clones. The cultures
were initially grown at 25°C and transferred to 38°C at the time indicted by the arrow. The
data points and error bars are the meanzs.d. from three independent experiments. (E) DNA
sequencing chromatograms of an amplified region of TTHERM_01345780 containing the
cdaH-1-linked variant (arrows). The top panel is the original sequence in the cdaH-1 mutant
(IA450), whereas the two bottom panels show the same sequence in the two independent

rescue clones. (F) Domain organization of CdaH and Fused (Cole et al.)/Stk36 orthologs.
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Fig. 2.4. CdaH-GFP accumulates at multiple locations during cell division. Confocal
images of cells expressing CdaH-GFP, arranged according to the cell cycle stage. The cells
were labeled by anti-GFP (magenta) and anti-centrin (green) antibodies and DAPI (blue).
(A,A" Interphase. Note that antibodies frequently bind to the OA, especially its posterior
region, resulting in background fluorescence (Jiang et al., 2017). (B—C') Early OP
development. (D,D’) Onset of cortical subdivision. The OP is in an advanced stage, and all
rows are visible. (E—H') Cytokinesis and formation of new cell ends. (I-J’) Scission. The
images are representative of five independent immunofluorescence experiments. as,
anterior suture; ¢, BB couplet; cs, cortical subdivision; m1a, M1 arc; op, oral primordium; um,

undulating membrane. Scale bar: 20 um.
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Fig. 2.5. TIRF imaging of CdaH-GFP. Live cells expressing CdaH-GFP were imaged after
partial immobilization. Red arrows mark the anterior—posterior cell axis. (A—E) Still images of
the peri-equatorial region shortly before or at the onset of cortical subdivision (A), and during
early (B,C) and late (D,E) stages of cytokinesis. (F-F") Within the posterior streaks, CdaH-
GFP forms a concentration gradient decreasing toward the posterior cell end. F and F’' show
the same image. F" is a signal intensity plot along a single streak marked in F’ with a yellow
line. In F',F", red arrowheads orient the density plot. (G,G’) Fluorescence recovery after
photobleaching (FRAP) experiments reveal that CdaH-GFP within the ring turns over.
Following bleaching with a focused laser beam, the signal intensities were analyzed using
kymograms. The quantitative analysis of the signal intensity during FRAP is shown in G'.
The data are representative of observations done on three cells in the ring stage (in two
independent experiments). A, anterior cell end; P, posterior cell end. Scale bars: 10 ym (A—

E, kymogram in G); 5 um (F-F"); 20 um (G, still images).
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Fig. 2.6. CdaH-GFP colocalizes with actin at the anterior margin of the posterior
daughter cell. (A—F") The CdaH-GFP-expressing cells were fixed with cold methanol and
labeled with polyclonal anti-Act1 actin antibodies (green) and CdaH-GFP was imaged
directly (magenta).(A—A") Cortical subdivision prior to cytokinesis.(B—E") Stages of
cytokinesis. (F—F") An early posterior post-divider. The images shown in panels A—F" are
representative of four independent experiments. (G—-H") SR-SIM images of cells fixed with
paraformaldehyde in alate stage of cytokinesis around at the time of scission (G—G") and of
a posterior post-divider shortly after scission (H-H") labeled with anti-GFP (magenta), anti-
Act1 (green) and DAPI(blue). Note that, using this fixation method, the direct GFP signal of
CdaH-GFP was not visible in the green channel. The images shown in panels G-H" are

representative of two independent experiments. Scale bars: 10 ym (A—F"); 20 ym (G-H").

78



79



Fig. 2.7. CdaA, but not Cdal, is required for proper distribution of CdaH. (A—J) Confocal
images of cdal-1 cells expressing CdaH-GFP, labeled with anti-GFP (magenta), anti-centrin
(green) and DAPI (blue). Prior to staining, cells were incubated at either 22°C (A-E) or 39°C
(F=J) for 2 h. (K) The graph shows the percentage of dividing cells with a (stage-appropriate)
pattern of CdaH-GFP. (L-U) Confocal images of cdaA-1 cells expressing CdaH-GFP,
labeled with anti-GFP (magenta), anti-centrin (green) and DAPI (blue), incubated at either
22°C (L-P) or 39°C (Q-U) for 2 h. (V) The graph shows the percentage of dividing cells with
CdaH-GFP in the form of either posterior streaks or a subequatorial ring (sub-pools
associated with the cortical subdivision and cytokinesis). The images shown are

representative of three independent experiments. Scale bars: 20 ym.
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Fig. 2.8. CdaH interacts with Cdal to shape the developing oral primordium. (A—H)
Representative confocal images of single- and double-mutant cells with the indicated
genotypes, labeled with the anti-centrin antibody (green) and DAPI (blue) after incubation for
3-6 h at 39°C. (I-K) The graphs quantify the following phenotypes in the dividing cells at
39°C: the frequency of cells with a displaced OP (l), the frequency of cells with an OP that
was either partially degraded or had extra membranelle rows in the OP (J), and the number
of membranelles per OP (K). The bars indicate meants.d. The numbers of cells scored are
displayed on bars. Phenotype scoring was done on dividing cells in two independent

experiments. ns, not significant (two-tailed unpaired t-test).
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Fig. 2.81. CdaH as an STK36 ortholog. A neighbor-joining phylogenetic analysis was
performed using 497 sequences of human kinase domains (Modi and Dunbrack, 2019b) and
kinase domain sequences of Tetrahymena: CdaH/ TTHERM_01345780,
TTHERM_00756520 and TTHERM_00726480. The numbers represent statistical support for
branches based on 1000 bootstrap resamples. The tree is rooted to the human PLK7. The

three Tetrahymena sequences are labeled in red.
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Fig. 2.82. A multiple amino acid sequence alignment of CdaH and Fused/Stk36
orthologs. A multiple sequence alignment of CdaH, human Stk36, Fu of D. melanogaster
and TsuA of D. discoideum. Note strong homology within the N-terminal kinase domain and

a weaker homology outside of the kinase domains.
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Fig. 2.83. cdaH-1 mutants assemble structurally normal 9+2 cilia. (A-F) Confocal
images of the wild-type and cdaH-1 mutant cells labeled by the anti-polyG tubulin antibodies
(magenta), the anti-centrin antibody (green) and DAPI (blue). (G,H) Transmission electron
micrographs of sections of the wild-type and the cdaH-1 mutant cell with cross-sections of
oral cilia. The images are representative. For the mutant, we analyzed a total 83 cross-

sections of axonemes on multiple sections representing multiple cells.
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Fig. 2.84. SR-SIM imaging of CdaH-GFP. (A-E”). The CdaH-GFP expressing cells were
labeled by immunofluorescence using the anti-GFP antibodies (magenta), the anti-centrin
antibody (green) and DAPI (blue). (A-A”) Interphase. (B-B”) Early OP development. (C-C”)
Cortical subdivision. (D-E”) Cytokinesis. Abbreviations: as, anterior suture; m1a, M1 arc; um,
undulating membrane. The imaging of CdaH-GFP was conducted 5 times and

representative images are displayed.
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Fig. 2.85. TIRF imaging of CdaH-GFP. (A-B’). Kymograms reveal that the dot signals are
stationary and there is no detectable movement of CdaH-GFP between the dots, both along
the same streak and between the streaks. The yellow lines mark the areas analyzed in the
kymograms. The red arrowheads orient the kymograms. (C-C’) FRAP experiment reveals
that CdaH-GFP within the streak turns over rapidly. Following bleaching with a focused laser
beam the signal intensities were analyzed using kymograms. Individual frame for the image
showing bleach, and 10 frame average for the rest of the images. The quantitative analysis
of the signal intensity in the course of FRAP is shown in C’. The data are representative of
observations done on 5 cells in the posterior streaks stage. The live imaging experiments

were conducted twice and representative images are shown.
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Fig. 2.86. A comparison of the phenotypes of single and double mutants used in this
study. The following cortical structures are shown in black: oral apparatus (triangle), division
boundary (horizontal bar), and contractile vacuole pore (circle). Using the same shapes, the
new structures that form during cell division are shown in red. The blue arrows show the

direction of displacement of the OP. The dashed line depicts OP undergoing degradation.
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Fig. 2.87. cdaH-1 expression does not affect the cortical distribution of CdaA. Confocal
images of cdaH-1 cells expressing CdaA-GFP. The cells were labeled by the anti-GFP
antibodies (magenta), anti-centrin (green) antibody and DAPI (blue). Before staining, the
cells were incubated at either 22°C (A-E) or 39°C (F-J) for 2 hr. (K) The graph shows the
fractions of (stage appropriate) CdaA-GFP-positive dividing cells in the cdaH-1 mutants. The

representative images are derived from 3 independent experiments.
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Movies

Movie 2.1. hitp://movie.biologists.com/video/10.1242/jcs.261256/video-1

Movie 2.2. http://movie.biologists.com/video/10.1242/jcs.261256/video-2
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CHAPTER 3

Left-right cortical interactions drive intracellular pattern
formation in the ciliate Tetrahymena

Left-right cortical interactions drive intracellular pattern formation in the ciliate Tetrahymena
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SUMMARY
In ciliates, cortical organelles are positioned at precise locations along two polarity axes:

anterior-posterior and circumferential (lateral). We explored the poorly understood
mechanism of circumferential patterning, which generates left-right asymmetry. The model
ciliate Tetrahymena has a single anteriorly-located oral apparatus. During cell division, a
single new oral apparatus forms near the equator of the parental cell and along the longitude
of the parental organelle. Cells homozygous for hypoangular 1 (hpo1) alleles, assemble
multiple oral apparatuses positioned either to the left or right flanking the normal oral
longitude. We identified HPO1 as a gene encoding an ARMC9-like protein. Hpo1 colocalizes
with ciliary basal bodies, forming a bilateral concentration gradient with the high point on the
cell’s right side and a sharp drop-off that marks the longitude at which oral development
initiates on the ventral side. Hpo1 acts to exclude oral development from the cell’s right side.
Hpo1 interacts with the Beige-Beach domain protein Bcd1, a cell’s left side-enriched factor,
whose loss also confers formation of multiple oral apparatuses. A loss of both Hpo1 and
Bcd1 is lethal and profoundly disrupts both positioning and organization of the forming oral
apparatus (including its internal left-right polarity). We conclude that in ciliates, the
circumferential/chiral patterning involves gradient-forming factors that are concentrated on
either the cell’s right or left side and that the two sides of the cortex interact to create

boundary effects that induce, position and shape developing cortical organelles.

Introduction

Eukaryotic cells typically have a prominent anterior-posterior (also called front-to-rear or

apical-basal) polarity. In addition, some cell types, including cells that move while adhering
to a substrate or single-cell metazoan embryos, also have a distinguishable dorsal-ventral
polarity axis. Moreover, some cells display chiral asymmetries in reference to the anterior-

posterior axis. Ciliated protists have features that are favorable for exploring how multiple
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polarities and chiral asymmetries are generated in the cell. In the genetic model ciliate
Tetrahymena thermophila cortical organelles occupy specific positions along the anterior-
posterior axis and around the cell circumference (Fig. 3.1A-1). All cortical structures are
duplicated during a type of binary fission called “tandem duplication”, in the course of which
a single parental cell is subdivided into two daughter cells arranged head-to-tail (Fig. 3.1A).
The anterior daughter cell assembles new posterior organelles while the posterior daughter
cell assembles new anterior organelles. A new oral apparatus (oral primordium) forms on the
ventral surface near the future anterior end of the posterior daughter cell (Fig. 3.1A-2).
Remarkably, the primordium almost always assembles in association with basal bodies of a
single specific ciliary row (row 0, Fig. 3.1B). The anterior-posterior position of the oral
primordium is regulated by a set of conserved cortical proteins, (including components of the
Hippo signaling pathway) that appear to act by marking cortical domains where organelle
assembly is disallowed (reviewed by Cole and Gaertig (2022)). The principles of lateral
positioning (around the circumferential axis) are less understood but could be exceptionally
revealing as the responsible mechanism must generate precise coordinates in the absence
of structural landmarks available for the anterior-posterior positioning (such as cell ends).
Furthermore, studies in ciliates may provide insights into mechanisms that generate chiral
asymmetries. In multicellular models, mutations in cytoskeletal proteins (including myosin, a-
tubulin and B-tubulin) can invert the left-right positioning of body organs ((Hatori et al., 2014;
Hozumi et al., 2006; Ishida et al., 2007; Speder et al., 2006), reviewed in (Inaki et al., 2016)).
Intriguingly in ciliates, alterations of left-right organelle positioning can be caused by
mutations in non-cytoskeletal proteins (including a protein associated with vesicle trafficking
and a kinase (Cole et al., 2023; Cole, 2024)) or by trauma that alters the cortical organization
in a way that is epigenetically heritable across multiple cell generations (Nelsen and Frankel,

1989; Nelsen et al., 1989).
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Tetrahymena thermophila is a fast growing ciliate that is widely used as a genetic model with
both reverse (Yao and Yao, 1991) and forward (Galati et al., 2014) genetics strategies. A
library of unique Tetrahymena mutants with defects in cortical patterning has been
developed and extensively characterized by Joseph Frankel and colleagues (University of
lowa) (Frankel, 1989; Frankel, 2008). The mutants of interest here are those in which the
principal defect is in the positioning of organelles around the circumferential axis. The hpo1
and bcd1 alleles (Cole et al., 1987; Cole et al., 2023; Frankel et al., 1993) exhibit multiple
oral primordia assembled at incorrect circumferential locations. Recently, Cole and
colleagues identified the BCD1 gene product as a Beige-BEACH domain protein orthologous
to the mammalian NBEA and Rugose of D. melanogaster. Bcd1 is enriched on the cell’s left
side and appears to act by regulating the balance between delivery and retrieval of organelle
assembly components through endocytosis and exocytosis, to control the size of cortical
domains competent for organelle formation (Cole et al., 2023). Here, we used comparative
next generation sequencing (NGS) to identify HPO1 as a gene encoding a protein similar to
ARMCS9, a highly conserved ciliary distal tip protein. Remarkably, Hpo1 is enriched on the
Tetrahymena cell’s right side where it forms a bilateral concentration gradient that diminishes
both dorsally and ventrally. Oral development occurs at positions at which Hpo1 levels drop
abruptly. Our data suggest that Hpo1 functions as a bidirectional repressor excluding oral
morphogenesis from the cell’s right lateral side. We also reveal that together, the right-side-
biased Hpo1 and the left-side-biased Bcd1 are required for cell viability and that mutants
lacking both proteins display diverse and severe patterning defects including local defects in
the organization of cortical structures. We propose that in a ciliate, circumferential patterning
involves multiple cortical subdomains formed by bilateral gradients of pattern regulators that
interact with each other and act by generating cortical boundaries that define sites of

organelle assembly.
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Results

Hpo1 is an ARMC9-like protein, TTHERM_001276421

Tetrahymena cells have two permanent polarity axes: anterior-posterior (AP) and
circumferential (C). AP polarity is reflected by an asymmetric placement of major cortical
organelles: the oral apparatus (OA) near the anterior cell end, the contractile vacuole pores
(CVPs) and the cytoproct near the posterior cell end (Fig. 3.1A-1). C axis polarity is
revealed by asymmetric lateral positions of cortical organelles. While the cytoproct is located
at the same longitude as the OA, the CVPs are located on the cell’s right lateral side (Fig.
3.1A-1). During cell division new organelles form at the same cell longitudes as the
preexisting organelles. The new OA (oral primordium or OP) assembles initially as a group
of ciliary basal bodies (BBs) forming at a subequatorial AP position in the middle of the cell’'s
ventral side, precisely on the left side of row O (Fig. 3.1A-2). BBs proliferate and form four
oral ciliary rows (UM on the right and M1, M2 and M3 on the left) (Fig. 3.1A-4, 1B). In an
advanced stage of oral development, a fission zone bisects all somatic ciliary rows anteriorly
to the OP (Fig. 3.1A-3-5). The new CVPs and the new cytoproct form at the posterior ends of
the anterior half-rows (Fig. 3.1A-5). The cell completes nuclear divisions and undergoes

cytokinesis (Fig. 3.1A-5).

We adopted the longitudinal row numbering scheme after Cole and colleagues (Cole et al.,
1987). The right postoral (stomatogenic) row is designated as row 0 (Fig. 3.1B). The
remaining rows are numbered as +1 or higher when moving to the cell’s right side or -1 or
lower when moving to the cell’s left side (Fig. 3.1B). hpo1 (hypoangular 1) alleles disturb the
positioning of oral development along the C axis (Frankel et al., 1993). While in the wild type
a single OP forms near the left side of row 0, in the hpo1 mutants, multiple OPs form near

several adjacent ventral rows located to either the left (rows -1, -2...) or right (rows +1, +2...)
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of the stomatogenic row 0 (Fig. 3.2B,E compare to Fig. 3.2A,D; Fig. 3.2H). One complication
is that in some hpo7 mutant cells the oral apparatus is wider than normal, which is correlated
with the presence of 3 post-oral rows. In such cases we designated the middle postoral row
as 0 (Frankel et al., 1993). As described by Frankel and colleagues (Frankel et al., 1993), in
the hpo1-3 mutants, the extra OPs form more frequently to the right of row 0 (Fig. 3.2B,E,H).
However, when multiple OPs were present, they were located near adjacent rows, typically
including row 0 or a row in the proximity of row 0. Thus, in the hpo? mutants, the OP
positions are not random. The hpo1 phenotype can be described as an inability to focus to
OP position to a single ventral row. Also as described (Frankel et al., 1993), the severity of
the hpo1 allele phenotypes increases at 38°C as compared to the standard temperature
30°C (Fig. 3.2H). As oral development progresses, adjacent OPs frequently fuse into one
oral field and consequently most mutant cells have a single, mature OA (OA in Fig. 3.2B,E).
Intriguingly, the hpo1 alleles also reduce the number of CVPs per cell: while most wild-type
cells have two CVPs (near two adjacent rows on the right side, usually +4 and +5), hpo1
mutant cells often have only one CVP (Frankel et al., 1993), (Fig. 3.S1B compare to Fig.

3.S1A; Fig. 3.S1H).

We used comparative NGS to map genomic variants that co-segregate with each of the four
available hpo1 alleles (hpo1-1, hpo1-2, hpo1-3 and hpo1-4). Linkage peaks were
consistently detected on the micronuclear chr3 around ~5 Mb (see the data obtained for
hpo1-3in Fig. 3.3A), in agreement with the previous assignment of hpo7-7 to chr3 using
complementation tests in crosses between mutant homozygotes and nullisomic strains
lacking specific micronuclear chromosomes (Frankel et al., 1993). Within the linkage peak
region, we located two homozygous variants: chr3:5363773 G/A in hpo1-1 and hpo1-4 and
chr3:5364108 T/C in hpo1-2 and hpo1-3 genomes, respectively. Both variants are located

within the same protein-coding gene, TTHERM_001276421. BlastP searches identified
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TTHERM_001276421 homologs in diverse ciliate species including another
oligohymenophoran Paramecium tetraurelia (GSPATG00001303001 and 6 paralogs), and
more evolutionarily-distant ciliates: the hypotrich Oxytricha fallax (g7224, g191167 and
g3871) and the heterotrich Stentor coeruleus (SteCoe_23425, SteCoe_24205). While BlastP
searches failed to identify proteins with significant homology outside of the ciliate phylum,
the domain organization of TTHERM_001276421 resembles that of the conserved ciliary tip
protein ARMC9, whose mutations cause Joubert syndrome (Latour et al., 2020; Louka et al.,
2018; Van De Weghe et al., 2017). Both ARMC9 and TTHERM_001276421 have the same
set of protein domains arranged in the same order (Fig. 3.3B,B’). The N-terminal one-third
of TTHERM_001276421 is classified by Interpro as the ARMC9 domain (IPRO040369),
within which there is a LisH domain (IPR006594), and two coiled-coil regions (Fig. 3.3B,B’).
The C-terminal region contains an ARM-like domain (IPRO11989) (Fig. 3.3B,B’). Thus, it
appears that TTHERM_001276421 is a ciliate lineage-specific ARMC9-like protein. The
chr3:5363773 G/A variant (hpo1-1, hpo1-4) results in the S236N amino acid substitution,
while the chr3:5364108 T/C variant (hpo1-2, hpo1-3) results in the F318S substitution, both
within the ARM-like domain. In agreement with our findings, homozygotes for hpo1-2 and
hpo1-3 were reported to have a similar temperature-sensitive phenotype, less severe than
that of the hpo7-1 and hpo1-4 homozygotes ((Frankel et al., 1993), and information
deposited at the Tetrahymena Stock Center

(https://tetrahymena.vet.cornell.edu/display.php?stockid=SD01466).

To test whether TTHERM_001276421 is the locus of hpo1 alleles, we used homologous
DNA recombination to edit TTHERM_001276421 to encode the hpo1-2(3) linked F318S
variant with a C-terminal 3xHA tag. Homozygotes expressing TTHERM_001276421-F318S-
3xHA had the phenotype similar to the one observed in the original hpo1-3 mutants: multiple

early-stage OPs forming near adjacent ventral rows (Fig. 3.3D,D’ compare to Fig. 3.3C,C’) or
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a single compound primordium (resulting from fusion of adjacent primordia) at a later cell
division stage (Fig. 3.3E,E’). While the wild-type TTHERM_001276421-3xHA protein was
enriched near anterior BBs along a subset of ciliary rows on the cell’s right side (Fig.
3.3C,C’) (see below for a detailed analysis of the localization pattern), the F318S variant was
either not-detectable above the background (Fig. 3.3D-D’) or greatly diminished but still
biased to the cell’s right side (Fig. 3.3E-E’ compare to 3C,C’). Thus, F318S may reduce the
targeting of TTHERM 001276421 protein to the cell cortex or decrease its stability. Next, we
created a germ-line based strain with a deletion of TTHERM_001276421. The
TTHERM_001276421-KO homozygotes showed a phenotype similar to the original hpo1
mutants with a subtle difference: the knockout cells had a higher number of OPs per cell as
compared to the hpo1-3 homozygotes (Fig. 3.2C,F,G). Furthermore, while in the hpo1-3
homozygotes the OPs were predominantly shifted to the cell’s right side, in the
TTHERM_001276421-KO cells the OPs were more frequently shifted to the cell’s left side at
both 30 and 38°C (Fig. 3.2C,F compare to 2B,E, Fig. 3.2H). A leftward shift was reported to
occur in the hpo1-2 homozygotes grown at 39°C for 24 hr (Frankel et al., 1993). Thus, the
direction of the shift in the stomatogenic row position appears to depend on the degree of
loss of function of Hpo1 and the original hpo1 alleles are likely hypomorphs. Overall the
phenotypes conferred by the engineered alleles are remarkably similar to the phenotypes
observed in the original hpo1 mutants (Frankel et al., 1993) and therefore we concluded that

TTHERM_001276421 is the sought HPO1 gene.

Hpo1 forms a circumferential cortical gradient with a high point on the cell’s right side
During interphase, Hpo1-3xHA was enriched near the most anterior BBs of ~6 somatic

ciliary rows on the cell’s right side (Fig. 3.4A-A’’). Along these rows, the levels of Hpo1-3xHA
were high within the first most anterior 8-10 BBs and decreased along row length (Fig. 3.4A-

A’’). In addition, Hpo1 marked the BBs of the UM row in the OA (um in Fig. 3.4A’). On the
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ventral side, there was an abrupt drop in the Hpo1 level between row +1 and row 0 (Fig.
3.4A-A’). This seems important because the OP starts to form in the immediate proximity of
BBs of row 0 (likely by nucleation from somatic BBs of row 0 serving as templates (Allen,
1969)). In the early divider with a young OP, the Hpo1-3xHA pattern was unchanged, with a
drop-off between rows +1 and 0 and the presence in UM (Fig. 3.4B-B’”). In dividers with a
prominent fission line, the pattern of Hpo1-3xHA was duplicated along the AP axis (Fig.
3.4C-C’’). Namely, Hpo1-3xHA appeared along the anterior BBs of a subset of posterior
ciliary half-rows on the right side of the cell, mirroring the positions of the pre-existing Hpo1-
3xHA in the anterior hemi-cell (Fig. 3.4C-C’’). Thus, the C pattern of Hpo1 is faithfully
propagated during the cell cycle. Observations of live cells expressing GFP-Hpo1 revealed a
pattern of Hpo1 distribution consistent with the data obtained in fixed cells (Fig. 3.S2B,C). In
addition to the localization at BBs, Hpo1 weakly localized at positions consistent with the
microtubule bundles associated with the BBs (transverse and longitudinal microtubule

bundles, Figure S2A,B,C). We did not detect displacements of GFP-Hpo1 foci.

A close inspection of the levels of Hpo1-3xHA around the cell’s circumference revealed a
second drop-off on the cell's dorsal side (Fig. 3.4A”-A”, B*-B”, C”-C™). In the cells stained
for fenestrin, a marker of CVPs (Cole et al., 2008; Nelsen et al., 1994), the drop-off was
apparent between the second and third row past the CVP row counting clockwise (Fig.
3.5C’). To map the position of the dorsal Hpo1 drop-off more accurately, we imaged the
cell’s apical region in cell fragments that offered a “polar” view of the circumference (Fig.
3.4D-E). The centrin signal was nearly uniform around the cell circumference (Fig. 3.4D-E).
The Hpo1-3xHA signal was highest at row +4 and decreased to almost the background level

in two steps: between row +5/+6 and +7/+8. (Fig. 3.4D,D’’,D”” E).
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Overexpression of Hpo1-3xHA using the cadmium-dependent promoter MTT1(Shang et al.,
2002) resulted in strong accumulation in the cell body. However, the right-side- and anterior-
biased localization of Hpo1 was still visible and cortical positioning was not disturbed (Fig.
3.S3). Likely, the biased localization of Hpo1 requires its binding to another spatially-biased
cortical factor, and Hpo1, while required, is not rate-limiting for precise positioning of

organelle development.

The dorsal Hpo1 drop-off marks the position where an extra oral apparatus assembles
in the janus mutant

In the janus mutants (janA, janB and janC allelic groups), ventral structures are abnormally
duplicated on the dorsal cell surface (Frankel and Jenkins, 1979; Frankel and Nelsen, 1986;
Frankel and Nelsen, 1987; Jerka-Dziadosz and Frankel, 1979). The dorsal (secondary) OA
is underdeveloped and often inverted in its left-right internal polarity (sOA in Fig. 3.5B; Fig.
3.S4A). The janus phenotype was interpreted as a global mirror-image pattern duplication
(Frankel and Nelsen, 1986; Frankel and Nelsen, 1987; Jerka-Dziadosz and Frankel, 1979).
In the janC-4 homozygotes the distribution of Hpo1-3xHA was similar to that in the wild type,
including an enrichment of Hpo1 on the cell’s right side (Fig. 3.5A-B’ compare to Fig. 3.4).
The average number of rows with high Hpo1-3xHA (rows between the two drop-off positions)
was elevated from 7 in the wild type to 8 in the janC-4 homozygotes (Fig. 3.5E), but janC-4
cells had more total rows per cell and therefore the ratio of Hpo1-enriched rows to the total
cell circumference was unchanged (Fig. 3.5F). The expression of the sOA in janus mutants
is partially penetrant (Frankel and Jenkins, 1979; Frankel and Nelsen, 1987; Jerka-Dziadosz
and Frankel, 1979). Both janC-4 mutant cells with and without a sOA had a similar number
of Hpo1-enriched rows (Fig. 3.5B,B’ compare to 5A,A’). Strikingly, in cells with a fully

expressed Janus phenotype, the sOA was located at the position of the dorsal discontinuity
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of Hpo1 (next to row +7 in Fig. 3.5B,B’; Fig. 3.S4). Thus, in the janus background, Hpo1 is a

bilateral marker for oral development in the janus background.

The janus mutants also have an increased number of CVPs that often are arranged as two
sets separated by 1-2 rows lacking these organelles (Frankel and Nelsen, 1986; Frankel and
Nelsen, 1987). Thus, there is a correlation between the widening of the Hpo1-enriched
domain and the increased number of CVPs in the janC-4 homozygotes. The mid-point of the
CVP domain was located along or close to the row with the peak level of Hpo1 in both the

wild type (Fig. 3.5C’) and janC-4 cells (Fig. 3.5D’).

To summarize, OA development occurs at positions where Hpo1 levels suddenly drop off

while CVPs form at the peak level of the Hpo1 circumferential gradient.

Hpo1 acts bidirectionally to restrict circumferential positions competent for oral
development

Based on its circumferential distribution pattern in the janC-1 homozygotes, Hpo1 may act
bidirectionally to exclude OPs from the region of its enrichment on the cell’s right lateral side.
To test this idea, we analyzed double mutant homozygotes, janC-1;hpo1-3. The double
mutants presented a highly penetrant phenotype, two mature OAs were located side by side
near the anterior cell end, sometimes separated by a gap of one or more ciliary rows (Fig.
3.6D compare to 6A-C). While such cells were rare in the single janC-1 or hpo1-3 mutants,
the frequency reached 70% in the double mutants (Fig. 3.61,J). When such twin OAs were
physically adjacent to one another with no intervening gaps, they often appeared to integrate
into a single, compound organelle (Fig. 3.6E). It appears that under Hpo1 deficiency, the two
OAs exhibit “cortical slippage” (caused by ongoing shifts in the positions of both OPs) that

eventually result in a collision of the formerly separate OPs within the janC cortex (a situation
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predicted by (Frankel, 2008)) (Fig. 3.6K). Curiously, the direction of cortical slippage
appears reversed for the two oral domains: OP slippage appears to occur to the cell right of
the primary oral meridian, and to the cell left of the secondary meridian (Fig. 3.6K). Given
its high frequency, the “twin OA” configuration appears relatively stable and is likely
propagated during division. Occasionally we observed dividing cells seemingly in the course
of “cortical slippage” where the distance between the OAs decreased within one generation;
the dividing cells in Fig. 3.6F-H have two old OAs still separated by a gap, and multiple
immediately adjacent OPs. Overall, these data suggest that Hpo1 acts to separate the
regions competent for oral development, one of which (dorsal) is typically repressed in the
wild type through action of the Janus gene products. These data correlate the bilateral

gradient pattern of Hpo1 (described above) with its bilateral (OP excluding) activity.

Hpo1 interacts with Bed1, a left side-enriched OP positioning factor

Bcd1 is a conserved Beige-BEACH domain protein (Cole et al., 2023) whose loss of function
in Tetrahymena confers a phenotype superficially similar to that of hpo7: multiple adjacent
oral primordia (Cole et al., 1987). However, while the hpo1 alleles reduce the number of
CVPs (Fig. 3.51B,C,H), bcd1 alleles increase the number of CVPs per cell (Cole et al., 1987;
Cole et al., 2023) and (Fig. 3.S1F,H). Also, while Hpo1 is enriched on the cells’ right side,
Bcd1 is enriched on the cell’s left side where it appears also to form a bidirectional
circumferential gradient when viewed toward the apical cell end (See Fig. 3.5H in (Cole et
al., 2023), and Fig. 3.S5A-B™). The AP distribution of Bcd1 protein resembles that of Hpo1,
high near the most anterior row segments and fading away toward the posterior row ends

((Cole et al., 2023) and Fig. 3.S5A-B”).

The similarity of hpo? and becd1 OP phenotypes and the enrichment of Hpo1 and Bcd1

proteins on opposite sides of the stomatogenic ciliary row suggest that the two proteins act
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collectively to restrict the OP formation from spreading to either the cell’s right (Hpo1) or
cell’s left (Bcd1) of this prominent cortical landmark. To look for potential interactions
between Hpo1 and Bcd1, we first examined whether a deficiency of Bcd1 (bcd71-2) affects
the pattern of Hpo1-3xHA. In the bcd7-2 homozygotes, the average number of Hpo1-
enriched rows (rows between the discontinuities) was increased to 9 (Fig. 3.S6F) but the
total number of rows per cell also increased and therefore the Hpo1-enriched domain was
proportionally unchanged (Fig. 3.S6G). As in the wildtype, Hpo1 signal showed a dramatic
drop-off in concentration both ventrally (near the primary oral meridian) and dorsally (Fig.
3.7B-B” compare to 7A-A”; Fig. 3.7C,E). However, the bcd7-2 background consistently
altered the AP distribution of Hpo1-3xHA. In wild type cells, the anterior-posterior Hpo1-
3xHA gradient is steep, dropping to half signal intensity within ~10 BBs of the anterior cell
end. In bcd7-2 homozygotes, the AP gradient of Hpo1-3xHA remained high, only dropping
to 75% signal intensity (Fig. 3.7B-B” compare to 7A-A”; Fig. 3.7D). This gradient-altering

effect was observed both on the cell’s ventral and dorsal side (Fig. 3.S6).

Next, we focused on whether the C distribution of Hpo1 is affected by bcd7-2. In wild-type
cells, the ventral Hpo1 drop-off occurs between row +1 (contrast row) and row 0. In the
dividing bcd1-2 cells in which the OP fields were shifted laterally, the contrast row position
was consistently shifted to the row on the right side of the right-most OP. For example, in the
dividing cell shown in Fig. 3.8B-B’, there are two early OPs at positions 0 and +1 and the
contrast row is located to the right of the OP pair at row +2.  While we have not observed
clear cases of a shifted contrast row in interphase cells, there were instances of apparent
ambiguity in position of the contrast row. In the cell shown in Fig. 3.8A-A’, within the anterior
1/3 of the cell the contrast row is +1. However, in the posterior 2/3 of the cell the contrast
row is +2. This cell has 3 postoral rows, a feature common to both bcd? and hpo1 mutants

that correlates with the increased OA width. However, another interphase bcd7-2 cell shows
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the same “ambiguous contrast row” phenotype in the presence of two postoral rows (Fig.
3.8D-D’). Taken together, these data reveal that the Bcd1 deficiency modifies both the AP
and C pattern of Hpo1. These observations suggest that there is a cross-talk between Hpo1
and Bcd1, possibly as a boundary interaction between the right and left ventral cortical

region.

No obvious effect of expression of hpo1-3 on the distribution of Bcd1-GFP was observed but
the signal of Bcd1-GFP was weak even in the wild-type background making the evaluation

difficult (Fig. 3.S5C-D” compare to Fig. 3.S5A-B”).

We next asked whether there is a functional interaction between Hpo1 and Bcd1 by
analyzing the phenotypes of double mutants homozygous for bed7-2 and hpo1-KO.
Surprisingly, the bed1-2;hpo1-KO homozygotes were not viable. To test further for synthetic
lethality, we attempted to rescue the progeny of mating (double mutant) heterokaryons by
biolistic introduction of a transgene mediating expression of Hpo1-3xHA in an unrelated
locus. A total of about 5 x 108 mating heterokaryon cells were either subjected to biolistic
bombardment with a Hpo1-3xHA transgene or mock-transformed without plasmid DNA and
selected with paromomycin (conferred by the neo gene embedded in the disrupted HPO1
gene). Eighteen drug-resistant clones were isolated from the population bombarded with the
Hpo1-3xHA plasmid and one clone was isolated from the mock-transformed population. Six
clones from the plasmid bombarded cells were analyzed by immunofluorescence and all
were positive for Hpo1-HA (Fig. 3.S7B-C’). The single clone selected in the mock-
transformed population was negative for Hpo1-HA as expected (Fig. 3.S7A,A’). APCR
amplification detected a wild-type Hpo1 sequence corresponding to the portion that was
deleted in the hpo1-KO allele in the “escapee” clone (Fig. 3.S7D,D’). Likely, in this single

clone there was a transfer of the wild-type HPO1 gene from the parental macronucleus to
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the newly developing macronucleus that rescued the lethality. These observations confirm
that the loss of function of Bcd1 and Hpo1 is lethal and 100% penetrant (n=5 x 108). Next,
we evaluated how the cortical pattern changes during the transition from the wild-type to
double mutant phenotype in the mass-selected progeny of mating heterokaryons. To this
end, heterokaryons expressing complementary mating types were allowed to mate, refed
and selected with paromomycin to kill the non-mating (phenotypically wild-type) parental
cells. After 24 hr of drug selection, the double mutant progeny cells looked nearly normal
except for the frequent OAs with abnormally wide oral M rows (white arrows in Fig. 3.9A).
After 30-46 hr, dividing cells frequently had severely posteriorly displaced primordia (yellow
arrows in Fig. 3.9B,E,F,G). In the cells with a posteriorly shifted OP, the division boundary
position was variable, either also shifted to the posterior (Fig. 3.9F) or equatorial (Fig. 3.9E)
or shifted anteriorly (Fig. 3.9G). Cells with a posteriorly shifted OP and an anteriorly shifted
division plane may produce a posterior daughter cell with mature OA near the posterior cell
end (Fig. 3.9H). At ~46 hr the cells were uniformly arrested in cell proliferation and had an
abnormally elongated and curved morphology with OAs that had curved (pink arrows in Fig.
3.9C,l) or fragmented M rows (green arrows Fig. 3.9C). The somatic ciliary rows appeared
excessively long, and sometimes twisted (Fig. 3.9D,H,l). SR-SIM imaging revealed
additional patterning defects including OAs that lacked the UM (Fig. 3.9G,l) and OAs with M
rows arranged with orthogonal orientations (small arrows in Fig. 3.9J,K). In addition, there
were defects in the organization of the buccal cavity including a missing or fragmented
ribbed wall of microtubules (Fig. 3.9G,|,J,K). The bcd71-2;hpo1-KO heterokaryon progeny did
not grow on the specialized culture medium (MEPP) that supports proliferation of mutants
lacking a functional oral apparatus (Orias and Rasmussen, 1976). Thus, the lethality is not
solely caused by a lack of a functional oral apparatus. We conclude either Hpo1 or Bcd1 are

required for survival and both contribute to patterning functions that extend beyond
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positioning of the OP, including shaping the internal organization of the OA and controlling

the longitudinal expansion of the somatic ciliary rows.

Discussion

Ciliates are well suited for studies on intracellular pattern formation but remain relatively
unexplored. In Tetrahymena, mutations in several loci selectively affect organelle positioning
along either the AP or C axes (reviewed in (Cole and Gaertig, 2022; Frankel, 2008)),
suggesting that pathways operating on each of the two orthogonal polarity axes have a
degree of independence. Several highly conserved kinases and kinase-binding proteins,
including components of Hippo signaling, mediate organelle positioning along the AP axis
(Jiang et al., 2019; Jiang et al., 2017; Jiang et al., 2020; Lee et al., 2024; Slabodnick et al.,
2014; Tavares et al., 2012). The emerging view is that on the AP axis, organelle locations
are determined by proteins that mark cortical domains within which new structures are not
permitted to form (reviewed in (Cole and Gaertig, 2022)). These inhibitory cortical factors are
either permanent (Elo1/Lats (Jiang et al., 2019)) or appear shortly before the structures form
(Cdal/Mst (Jiang et al., 2017), CdaA/cyclin E (Jiang et al., 2020)). Here we made an
advance toward understanding the far less explored mechanism of patterning around the cell
circumference in Tetrahymena, by identifying the HPO1 gene. The hpo1 alleles disturb
circumferential patterning by permitting oral development outside of the standard row 0.
Over generations, the ongoing shifts in the positions of oral meridians (cortical slippage) may
even produce mutant cells that have CVPs on the left cell’s side, and therefore have an

inverted overall “handedness” (Frankel et al., 1993).

Hpo1 is a ciliate phylum-specific BB-associated ARMC9-like protein. In Tetrahymena and
mammalian cells ARMC9 localizes to BBs and the tips of cilia (Breslow et al., 2018; Louka et

al., 2018; Van De Weghe et al., 2017). Mutations in ARMC9 cause Joubert syndrome, a
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neuro-developmental ciliopathy (Latour et al., 2020; Van De Weghe et al., 2017). Likely,
Hpo1 evolved by neofunctionalization of the ancestral ARMC9, following a gene duplication
that occurred before the emergence of diverse ciliate subclasses. We recently identified
another conserved ciliary protein, a Fused/Stk36 kinase CdaH, as a key regulator of
positioning on the AP axis (Lee et al., 2024). Ciliates belong to the protist clade of Alveolata
that also includes dinoflagellates and apicomplexans. Among the alveolate protists, only
ciliates assemble multi-ciliated arrays. Thus, in the course of emergence of ciliates from an
ancestral biciliated alveolate (Cavalier-Smith and Chao, 2004; Janouskovec et al., 2013;
Orias, 1976), multiple ciliary proteins could have gained functions in the formation and

patterning of ciliary rows.

Hpo1 forms concentration gradients along both cell polarity axes. Remarkably, on the
circumferential axis, Hpo1 forms a bilateral concentration gradient with the high point on the
cell’s lateral right side and sharp drop-offs along the longitudes permissible of oral
development. The pattern of Hpo1 appears invariable during the cell cycle. Hpo1 is
reminiscent of Elo1, a Lats kinase that marks the posterior cell region and acts to prevent the
OP from forming too close to the posterior cell end (Jiang et al., 2019). Thus, the positioning
on both orthogonal polarity axes involves gradient-forming proteins that may function as pre-

existing markers that define positions at which organelles assemble.

Important early insights into the mechanism of circumferential patterning were obtained
using the giant ciliate Stentor coeruleus. Stentor species have formidable healing and
regenerative capabilities. Fragments of Stentor lacking most of the cortex can regenerate a
complete pattern and recover the ability to grow and divide, which argues that pre-existing
cortical organelles are not an essential source of positional information for forming structures

(Gruber, 1885; Morgan, 1901; Tartar, 1961). Importantly, in Stentor, the circumferential
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surface differentiation is apparent along the entire cell length. Unlike in Tetrahymena, in
Stentor, the width of the inter-row spaces (called stripes) gradually changes around the cell
circumference. The narrowest stripes are located on the right side of the ventral surface and
the stripe width gradually increases clockwise until the widest stripes meet the narrowest
stripes within the ventral region named the “locus of stripe contrast” (LSC) (Tartar, 1956b;
Uhlig, 1960). OP develops at the LSC, within the narrow stripe zone and close to the margin
of the wide stripe zone (Paulin and Bussey, 1971; Pelvat and Dehaller, 1979; Uhlig, 1960).
Remarkably, supernumerary OPs can be induced by cortical grafts that juxtapose a narrower
stripe cortex with a wider stripe cortex, even if the boundaries of the graft would normally be
far from the sites of cortical development (Tartar, 1956a). Thus, oral development occurs at

locations that are characterized by a “structural contrast’. In Tetrahymena, Hpo1 forms a
“‘molecular contrast” as the sharp level discontinuity between row +1 and the stomatogenic
row 0. Topologically, the Hpo1-enriched region in Tetrahymena corresponds to the narrow
stripe region in Stentor. Taken together, our observations and the grafting studies in Stentor
suggest that the ventral “contrast region” contains both activating and inhibitory influences
that control oral development. We speculate that the right lateral region, where Hpo1 is
concentrated, is also a source of an unknown “oral activator” that is inhibited by Hpo1 (green
gradient in Fig. 3.1C). Hpo1 and the oral activator gradients may overlap for most of the
length except at the positions where the Hpo1 levels drop, thus creating conditions

permissible for oral development (Fig. 3.1C). Consequently, (in cells having a normal Janus

activity, see below) the OP can form at row 0.

By analogy to the emerging principle of positioning on the AP axis (where pattern regulators
mark cortical domains where organelle assembly is inhibited), the primary activity of Hpo1
could be an exclusion of oral development from the cell’s right lateral side. Indeed in all

original hpo1 mutants (expressing alleles that are likely hypomorphs) , the extra primordia
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form more frequently to the right of row 0 ((Frankel et al., 1993) and this study).
Unexpectedly however, in cells with a knockout of HPO1, there was an increase in the
frequency of extra primordia to the left of row 0. The hpo7-2 mutants also occasionally form
primordia on the left side and that the frequency of left-shifted OPs increases at 39°C
((Frankel et al., 1993) and this study). We speculate that in addition to the exclusionary
activity to the right of row zero, Hpo1 stimulates the exclusionary activity to the left of row 0,
which requires Bcd1. Both Hpo1 and Bcd1 mutants assemble extra oral primordia on either
side of row 0 ((Cole et al., 1987; Frankel et al., 1993) and this study). It is tempting to
speculate that Bcd1 and Hpo1 have OP excluding activity in the areas of their enrichment
(Hpo1 on the right and Bc1 on the left) and enhance each other’s exclusionary activity as a

boundary effect across row 0 (Fig. 3.1C).

We show that Hpo1 is organized as a bilateral gradient with drop-offs on the dorsal and
ventral side. Both drop-off positions mark sites for oral development in the janC
homozygotes. janA and janB alleles confer the same janus phenotype as the janC alleles
used here (Cole et al., 1988; Frankel et al., 1984, Frankel et al., 1987). The JanA gene
product was recently identified as a Polo kinase that localizes to the left-to-dorsal
circumferential region, with a large overlap with Bcd1 and a partial overlap with Hpo1 on the
dorsal side (Cole, 2024) (see Fig. 3.1C). Cole and colleagues propose that JanA represses
the expression of ventral features on the dorsal side by interfering with a right-side enriched
oral activator (Cole, 2024). We show here that in the double mutant expressing janC-1, a
loss of Hpo1 reduces the distance between the primary and the secondary OAs. This
observation suggests that Hpo1 has bilateral activity, excluding oral development from both
dorsal and ventral margins of its gradient. Hpo1 suppression of dorsal oral development is
masked by the over-arching Janus suppression activity. The Janus gene products may

either act to modify the parameters of the Hpo1 gradient (e.g. by reducing its steepness at
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the dorsal drop-off position) or suppress downstream components required for expression of
oral structures. While in cells having wild-type Janus gene products, the right-sided influence
of Hpo1 on the OP position is not relevant, on the dorsal side Hpo1 may engage in other
positional activities, including its potential dorsal interaction with Bcd1 that may control the

number of CVPs (see below).

Intriguingly, all gene products studied here in addition to their effects on oral development,
also affect the number of CVPs. While all alleles used here either null or hypomorphs, hpo1
alleles decrease while the jan and bcd1 alleles increase the number of CVPs, respectively.
While during cell division, the OP forms before the CVPs, it is unlikely that either the number
or positions of OPs affect the number of CVPs based on the phenotypes of hpo? and bcd1
mutants that affect oral development in a similar way but have opposite effects on the
number of CVPs. We observed that CVPs are located at the posterior ends of rows whose
anterior ends are at or near the high point of the Hpo1 circumferential gradient. Furthermore,
we show that a loss of either JanC or Becd1 expands the Hpo1-enriched domain. Both Bed1
(Cole et al., 2023) and JanA are located in the left dorsal region (Cole, 2024) and partly
overlap with Hpo1 and could act on the CVP rows indirectly by regulating the parameters of

the Hpo1 gradient.

Unexpectedly, by combining null alleles hpo1-KO and bcd1-2, we uncovered that either the
right-side-enriched Hpo1 or left-side-enriched Bcd1 are required for Tefrahymena survival.
The double mutants lacking both Hpo1 and Bcd1 arrest in the cell cycle with a grossly
misshaped cortical pattern. One of the prevailing phenotypes in the double mutants are
frequent posterior shifts in the OP position. This phenotype was earlier seen in the hpo1-2
mutants exposed to a higher temperature for a prolonged period (Frankel et al., 1993) and

occasionally in the bcd7-2 mutants (see Fig. 3.4A in (Cole et al., 1987)). Frankel and
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colleagues suggested that Hpo1 may be a shared component of pathways that operate on
the C and AP axes (Frankel et al., 1993). We note however that all C patterning factors
studied to date (Bcd1, JanA and Hpo1) in addition to the circumferential distribution bias,
also show a graded distribution along the AP axis ((Cole et al., 2023; Cole, 2024), and this
paper). Thus, there could be a deeper relationship between the C and AP positioning

pathways.

To our knowledge, we are the first to document essential interactions between the right and
left side-enriched pattern regulators. These observations bring to mind some fascinating
cortical graft experiments performed on Stentors by Vance Tartar and Gotram Uhlig. When
grafting created cortical boundaries with a relatively weak stripe contrast (e.g. obtained by
juxtaposition of the left and right cortex after removal of most of either the dorsal or ventral
surface), oral development was delayed and preceded by a period of remodeling along the
heal lines that involved branching of a subset of wider stripes that generated narrowest
stripes and consequently created a stronger structural contrast (Tartar, 1956a; Uhlig, 1960)
(reviewed in (Frankel, 1989)). Thus, it appears that left and right cortex interact to generate
cues that remodel the cortex on both sides of the oral meridian. Double mutants lacking both
Bcd1 and Hpo1, show defects not only in the positioning but also in the internal organization
(including the left-right polarity of oral structures). Our observations suggest that Bcd1 and
Hpo1 are parts of the left-right cross-talk that positions and shapes the ventral features

including the oral apparatus.

To summarize, our observations suggest a multi-domain model for circumferential pattern

formation in ciliates (Fig. 3.1C). Multiple cortical domains are formed by bilateral gradients of

patterning factors including Hpo1, Bcd1 and Janus gene products. Adjacent or overlapping
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domains interact to regulate each other’s distribution and to create boundary effects that

generate positional information for forming organelles.

Materials and methods

Strains and culture

All strains used were obtained from the Tetrahymena Stock Center (Cornell University,
Ithaca NY, currently housed at Washington University, St Louis, MO USA,;
https://sites.wustl.edu/tetrahymena/). Cultures were grown in the SPPA medium (1%
Proteose-peptone, 0.2% dextrose, 0.1% yeast extract and 0.003% EDTA:ferric sodium salt)
supplemented with antibiotics (SPPA) (Gaertig et al., 2013; Gorovsky, 1973). CU428 mpr1-
1/mpr1-1 (MPR1; VII)(TSC_SD00178) and B2086 mat1-2/mat1-2 (mat1-2; Il
(TSC_SDO00709) were used as wild type controls. CU427 chx1-1/chx1-1 (CHX1; VI)
(TSC_SDO00715) was used for outcrosses to map the hpo1 alleles. B*VIl (TSC_SD00023)
was used for self-crosses The following mutant strains were used: 1A393 hpo1-1/hpo1-1;
eja1-1/eja1-1 (hpo1-1, eja1-1; I) (TSC_SD01463), IA418 hpo1-2/hpo1-2 (hpo1-2, VI)
(TSC_SD_01465), 1A443 hpo1-3/hpo1-3 (hpo1-3; Il) (TSC_SD01455), , IA480 hpo1-4/hpo1-
4 (hpo1-4, Il) (TSC_SD01466), IA359 janC-1/janC-1 (janC-1, IV) (TSC_SD00637), IA479
janC-4/janC-4 (janC-4; VII) (TSC_SD01520), I1A342 bcd1-1/bcd1-1, eja1-1/eja1-1 (bcd1-1,
gja1-1; 1) (TSC_SDO00635), IA378 bcd1-2/bcd1-2 (bcd1-2, V) (TSC_SD00641), IA437 janC-
1/janC-1, hpo1-2/hpo1-2 (janC-1, hpo1-2(3); IV) (TSC_SD01576) and I1A441 bcd1-1/bcd1-1,
hpo1-2/hpo1-2 (becd1-1, hpo1-2; IV). In addition the following strains were made by editing
the micronucleus by DNA homologous recombination (see below) and using crosses: UG20
hpo1-F318S-3xHA-neo4/ hpo1-F318S-3xHA-neo4 (hpo1-F318S-3xHA-neo4), UG21
hpo1::neo2/hpo1::neo2 (hpo1::neo2), and heterokaryon strains UG22 bcd1-2/bcd1-2
hpo1::neo2/hpo1::neo2 (BCD1, HPO1, pm-s), UG23 bcd1-2/bcd1-2 hpo1::neo2/hpo1::neo2

(BCD1, HPO1, pm-s, mates with UG22). To obtain progeny cells with the terminally lethal
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macronuclear genotype hpo1::neo2, bed1-2 in the macronucleus, UG22 and UG23
heterokaryon strains were starved and allowed to mate for 24 hr at 30°C, the cell population
was incubated in SPPA medium for 6 hr followed by selection with paromomycin 100 mg/mi

in SPPA to kill the parental cells.

Mapping of hpo1 alleles and protein structure analysis

We applied ACCA method (Jiang et al., 2017) to map the casual mutation for hpo1-3 as
described below (the same strategy was used to map the remaining three hpo17 alleles using
appropriate homozygous strains). Strain I1A443 was crossed to CU427 (homozygous for a
cycloheximide (cy)-resistant allele chx7-7 in micronucleus, TSC_SDO00715). The
heterozygous F1 progeny (hpo1-3/HPO1; chx1-1/CHX1) was assorted in SPPA to
cycloheximide (cy) sensitivity. An assorted cy-sensitive F1 was mated to B*VII to produce F2
homozygotes using uniparental cytogamy (Cole and Bruns, 1992). F2 clones were selected
with 15 pg/ml cy and the cortical phenotype was evaluated by immunofluorescence. Twenty-
three phenotypically wild-type or mutant F2 clones were pooled, cultured in 25ml of SPPA
overnight, and subjected to starvation in 60 mM Tris-HCI (pH 7.5) for 2 days at 30°C. Total
genomic DNA was extracted from the starved pools and used for generating genomic
libraries using Illumina Truseq primer adapters. The libraries were sequence on lllumina
HiSeq X to obtain paired-end 150 bp reads at 90x coverage. MiModD in the ACCA workflow
was used to identify variants linked to the hpo1 phenotype as described in detail in (Jiang et
al., 2017; Jiang et al., 2020). A 3D model of the Hpo1 structure was obtained from the

AlphaFold protein structure Database (https://alphafold.com/). Protein domains were

identified by InterPro (https://www.ebi.ac.uk/interpro/).

Gene editing in T. thermophila
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To construct a plasmid for a genomic knockout of TTHERM_001276421/HPO1, fragments
were amplified from the genomic DNA of the wild-type strain CU428 and subcloned on the
sides of the neo4 selectable marker using primer pairs: 5-AATTCCGCGGCGAACTTC
TGAGTCATCATTG-3', 5-AATTCTGCAGCTTAAAGGCGTCTACCATTTTATTC-3" and 5'-
ATTCCCGGGTCAAGTATTCAACTCCTCTAAGTG-3', 5'-
AATTGGGCCCGAATACTCTGCTCGTGATGTCGA-3'. The resulting plasmid pcand2-KO-
neo4 targeted for deletion a portion of the coding region composed of 1383 bp starting at
codon 250 and including 371 bp of the 3° UTR. Another targeting plasmid, plA443-3HA was
constructed to introduce the F318S substitution (hpo7-3) into the wild type background and
simultaneously add a 3xHA epitope tag sequence at the 3’ end of the coding region. To this
end, fragments were amplified using the total genomic DNA from strain 1A443 (homozygous
for hpo1-3) using primers pairs: 5-AATTCTCGAGGAACTGTATTAGGAGTGATTTCAC-3’,
5-TTAACTGCAGCATAAAATATCCAATTAATTTCAAATATCCACAAATATTATC-3 and 5'-
AATTGGATCCTTAACTAACTTCATCCTAGAAGCATTC-3, 5-
AAATACGCGTTTAGTTCAACACTTAGAGGAGTAGAATAC-3 and used to replace gene
targeting parts of the plasmid plFT54-3HA-native-neo4 (Hazime et al., 2021). The targeting
fragments of the above plasmids were released using restriction enzymes cleaving near the
ends of flanking homologous sequences and the digested DNA was used for biolistic
bombardment of mating CU428 and B2086 cells at an early stage of conjugation optimal for
targeting in the micronucleus, followed by standard crosses to make mutant heterokaryons

and homokaryons (Dave et al., 2009).

To prepare a strain for live imaging of Hpo1, the coding region of
TTHERM_001276421/HPO1 was cloned into the plasmid pGFP_PLK2-BTU1ov,
downstream of the MTT1 promoter and the GFP sequence. The primer pairs used to amplify

the Hpo1 fragment were 5’-CTATACAAACGCGTGATGTAAAACTTACCTGATTGC-3’, and
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5-GTTCGCTTACGGATCCTCATTAACTAACTTCATCCTAGAAGC-3'. The transgene was
placed between UTR sequences of BTU1 for targeting to this locus by homologous DNA
recombination. The plasmid was digested by BamHI and Mlul, biolistically introduced into the

CU428 strain and transformants were selected with 100 mg/ml paromomycin.

To overexpress Hpo1-HA, a plasmid was made (pMTT1_Hpo1_HA) with the following
sequence elements cloned between the UTR sequences of the BTU17 gene: Bsr selectable
marker, MTT1 promoter, coding region of HPO1 amplified with primers: 5'-
TAAAATAATGGCCAAGTCGACAATGTAAAACTTACCTGATTGCG-3' and 5'-
AACATCATAAGGATAAGCACCGGATCCTTAACTAACTTCATCCTAGAAGCATTC-3', HA
epitope tag sequence. The targeting portion of the plasmid was released with Sacl and
BamHl, introduced biolistically into the BTU17 locus (of CU428 strain) and transformants were
selected with 60 mg/ml blastidicin S. To induce overproduction, the transgene-carrying cells

were exposed to 2.5 mg/ml cadmium chloride for 6 hr.

Microscopic imaging

T. thermophila cells were fixed by and prepared for immunofluorescence as described
(Gaertig et al., 2013; Jiang et al., 2020). The primary antibodies used were: anti-GFP
(Rockland Immunochemicals, #600-401-215; 1:800 dilution), monoclonal anti-HA 16B12
(Covance; 1:300), and monoclonal anti-centrin 20H5 (EMD Millipore; 1:200-300;(Salisbury et
al., 1988)). The secondary antibodies were conjugated to either Cy3 or FITC (Jackson
ImmunoResearch, 115-095-146 and 111-165-003; 1:100-1:300). The nuclei were stained
with DAPI (Sigma-Aldrich). The labeled cells were mounted in 90% glycerol, 10% PBS
supplemented with 100 mg/ml DABCO (Sigma-Aldrich). To image the apical surface of cells,
cell fragments were obtained as follows: 1.5 ml of cell culture was concentrated at 2,800

rpm/3 min, and washed with 1 ml of the nuclear isolation medium A (0.1M sucrose, 4% gum
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arabic, 0.0015M MgCl,, 0.01% spermidine-HCI, pH 6.75) (Gorovsky, 1970). The cells were
concentrated by centrifugation to 150 pl and combined with 160 ml of 1%
paraformaldehyde/0.25% Triton X-100 followed by addition of 1.92 ml of octyl alcohol. The
mixture was vortexed for 10-60 seconds and 20 ml of the sample was air-dried at the room
temperature on a cover glass. Next, immunofluorescence was conducted as described
above. The microscope images were collected on a Zeiss LSM 710 confocal microscope
with a Plan-Apochromat 63%/1.40 oil DIC M27 objective and on an ELYRA S1 SR-SIM
microscope equipped with a 63x NA 1.4 Oil Plan-Apochromat DIC. TIRF microscopy was
executed as previously described (Jiang et al., 2015) except that partial immobilization of

cells was achieved by entrapment in a small volume of culture medium.

Statistical analysis

Using the GraphPad PRISM software, we executed two-tailed unpaired t-tests to evaluate

differences. P<0.05 was deemed statistically significant.
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Figure Legends

Figure 3.1. Circumferential positioning In Tetrahymena. (A) Cell cycle stages of T.
thermophila with emphasis on cortical development. Note that during cell division, new
organelles form at same longitudes (same ciliary rows) as old organelles. (B) A detailed view
of a stage 2 cell presents the row numbering method. (C) A multi-domain model for
circumferential positioning in a ciliate. Abbreviations: oa, oral apparatus; op, oral primordium;
cvp, contractile vacuole pore; ncvp, new contractile vacuole pore; m1,m2,m3 oral M
(membranelle) rows; um, oral undulating membrane row. Note that the model of mutual
enhancement between Hpo1 and Bcd1 is proposed to explain bidirectional shift of OP in

hpo1-3 and bcd1-1 single mutant.
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Figure 3.2. hpo1 alleles disturb the patterning on the circumferential axis by
conferring an excessive number of oral primordia and their lateral displacement. (A-F)
SR-SIM images of cells labeled with the 20H5 anti-centrin antibody (red) and DAPI (blue).
The cells were cultured overnight at either 30°C (A-C) or 38°C (D-F). (G,H) The graphs
document an increase in the number of oral primordia (G) and their lateral displacement (H)
conferred by the hpo1 alleles. Abbreviations: oa, oral apparatus; rw, ribbed wall of

microtubules. The numbers mark the C positions of ventral rows with OPs.
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Figure 3.3. hpo1 alleles map to TTHERM_001276421 gene encoding an ARMC9-like
protein. (A) Mapping of hpo1-3 by the ACCA method. A linkage peak is present around 5
mB on the micronuclear chromosome 3. (B) The 3D protein structure of predicted
TTHERM_001276421 protein generated by AlphaFold2. (B’) The domain organization of
TTHERM_001276421 based on InterPro. The positions of two substitutions found in strains
homozygous for the four hpo1 alleles are marked. (C-E’) SR-SIM images show the cortical
localization of either TTHERM_001276421-3xHA, a C-terminally tagged wild type protein
(C,C’) or TTHERM_001276421-3xHA with the hpo7-3-linked substitution F318S (D-E’). The
edited strain used was a homozygote expressing only the variant TTHERM_001276421-
F318S protein. Note that expression of the F318S variant of TTHERM_001276421
phenocopies the cortical organization (multiple OPs) of hpo1-3. After growth at 38°C for 3
hours, the cells were labeled with the anti-HA antibody (red), 20H5 anti-centrin antibody

(green), and DAPI (blue).
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Figure 3.4. Hpo1 forms a bidirectional gradient with a high point on the cell’s right
lateral side. (A-C’) SR-SIM images showing two sides of cells expressing Hpo1-3xHA
during the cell cycle. Cells were labeled with the anti-HA (red) and 20H5 anti-centrin (green)
antibodies, and DAPI (blue). (D-D””’) Confocal images of an apical fragment of a cell
expressing Hpo1-3xHA. The cell was labeled with anti-HA (red) and 20H5 anti-centrin
(green) antibodies, and DAPI (blue). Single channel gray scale images for centrin (D’,D”)
and Hpo1-3xHA (D’”,D””) were generated using the confocal image shown in D. (E) The
intensity plots document the gray values measured across the region marked by the yellow
lines shown in panels D” and D””’. The orange arrows indicate where the measurements
were started, and the purple arrows indicate the position of the dorsal discontinuity.

Abbreviations: um, undulating membrane row within the OA; op, oral primordium. The

numbers mark ventral row positions.
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Figure 3.5. The dorsal discontinuity in the Hpo1 gradient marks a cryptic position for
oral development expressed in the Janus mutant. (A-B’) Pairs of confocal images
showing two sides of janC-4 homozygote cells that have either a single OA (A’A’) or two OAs
(B-B’). Cells were labeled with the anti-HA (red) and 20H5 anti-centrin (green) antibodies,
and DAPI (blue). (C-D’) SR-SIM image pairs of cells that are either wild-type (C,C’) or janC-4
homozygotes (D,D’) and express Hpo1-3xHA. The cells were decorated with the anti-HA
(red), anti-fenestrin (green) antibodies, and DAPI (blue). (E,F) Graphs reveal an increase in
the number of rows with enriched Hpo1-3xHA in the janC-4 background as compared to the
wild type (E) but the fraction of the circumference occupied by high Hpo1-3xHA remains
unchanged when the increase in the total number of rows is taken into account (F). ns: not
significant, Stars indicate statistically significant (*: P < 0.05, **: P < 0.01, and ***: P < 0.001).
Abbreviations: pOA, primary oral apparatus; sOA, secondary (dorsal and usually defective)

oral apparatus; CVP, contractile vacuole pore.
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Figure 3.6. Hpo1 acts bidirectionally to separate the two oral apparatuses in the janus
mutant. Confocal (A-D) and SR-SIM (E-H) images cells with indicated genotypes labeled
with the 20H5 anti-centrin antibody (red), and DAPI (blue). Cell shown in all panels except H
were incubated for 4 hours at 38°C to enhance the hpo1-3 phenotype. (1,J) The graphs
quantify the frequencies of cells two mature OAs (1), and two OAs in close proximity (J). The
bars represent the means + SD. Two-tailed unpaired t-test was executed for statistical
analysis. ns: not significant. Stars indicate statistically significant (*: P < 0.05, **: P < 0.01,
and ***: P < 0.001). (K) The drawing summarizes the outcome of the genetic interaction
between janC-1 and hpo1-3. The yellow ovals are OPs. The green arrows shows the
proposed predominant direction of shifts in the OP positions. Abbreviations: pOA primary

OA; sOA secondary OA; op, oral primordium.
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Figure 3.7. A Becd1 deficiency changes the A/P distribution of Hpo1. (A-B”) SR-SIM
images of Hpo1-3xHA-expressing cells that are either otherwise wild-type (A-A”) or bcd1-2
homozygotes (B-B”). The cells were labeled with the anti-HA (red), 20H5 anti-centrin (green)
antibodies, and DAPI (blue). The grey scale images are the single channel signals of Hpo1-
3xHA. The yellow lines (A” and B”) cover the region whose gray values were measured
along the A/P axis, and the light blue arrow indicates the initial point of measurement. The
corresponding A/P grey value intensity plots for Hpo1-3xHA in the two genetic backgrounds
are shown in the graph in panel D. (C-C”) An SR-SIM image of the cell’s apical region from
a cell expressing Hpo1-3xHA (red) in the bed1-2 background, also stained with anti-centrin
(green) antibody. The single channel grey scale images for centrin (C’) and Hpo1-3xHA (C”)
were used for measurements of the circumferential signal intensities. The measured regions
are marked by the yellow lines and the orange arrows orient the measurements. The

resulting signal intensity plots are shown in the graph in panel E.
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Figure 3.8. Becd1 influences the circumferential pattern of Hpo1-3xHA. Confocal (A-C’)
and SR-SIM (D-E”) images of cells expressing Hpo1-3xHA that are homozygous for bcd1-2.
After overnight incubation at 30°C, the cells were labeled with the anti-HA (red), 20H5 anti-

centrin (green) antibodies, and DAPI (blue). The numbers mark the ventral row positions.
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Figure 3.9. A loss of both the left-side enriched Bcd1 and the right-side enriched Hpo1
severely disturbs cortical patterning. Confocal (A-C) and SR-SIM (D-K) images of bcd1-
2;hpo1-KO double homozygotes obtained as progeny of mating heterokaryons. The times
shown in panels A-C refer to the period after refeeding of the mating heterokaryons (after 18
hr of mating at 30°C). Cells were labeled with the 20H5 anti-centrin antibody (red), and DAPI
(blue). Abbreviations: m, M oral row; um, UM oral row; rw, ribbed wall of microtubules; ac,
apical crown; cs, cortical subdivision. The stars show the gaps in the longitudinal rows that
indicate the position of the “cortical subdivision” (a set of gaps in rows at the division plane).
Arrows of multiple colors indicate types of cortical defects: white, OAs with long oral rows;
yellow, OP displaced posteriorly; green, OA with disorganized rows; pink, OA with circular

rows.
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Figure 3.S1. Quantification of the number of CVPs per cell. All genotypes are
homozygous as indicated in the figure panels. (A-G) Confocal images of wild type (A),
single mutants (B-D,F), and double mutants (E,G). The cells were labeled with the anti-
fenestrin antibody (red), and DAPI (blue) after incubation for 4 hours at 38°C. Panels are
representative of each genotype. The white arrows point to the CVPs. (H) The graph
quantifies the number of CVPs per cell. The bars represent the means = SD. The number of
cells scored is displayed in each of the bar. A two-tailed unpaired t-test was executed for
statistical analysis. ns: not significant. Stars indicate statistically significant (*: P < 0.05, **: P
< 0.01, and ***: P < 0.001). Abbreviations: pOA, primary OA; sOA, secondary OA (in janC-1

background).
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Figure 3.S2. In vivo Hpo1 marks basal bodies and adjacent microtubule bundles (A)
lllustration of T. thermophila with the magnified inset describing a portion of cell cortex (from
(Thazhath et al., 2004)). (B,C) Still images of live cells expressing GFP-Hpo1 that localizes
at positions consistent with the basal bodies and microtubule bundles (indicated by arrows).
Abbreviations: tm, transverse microtubule; Im, longitudinal microtubule; pc, postciliary
microtubule; bb, basal body, kd, kinetodesmal fiber (nonmicrotubular), m, membranelle; um,
undulating membrane; oa, oral apparatus; mic, micronucleus; mac, macronucleus; cvp(s),

contractile vacuole pore(s).
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Figure 3.S3. Overexpression of Hpo1 does not affect the cortical organelle pattern.
Cells carrying a transgene expressing Hpo1-HA under the MTT1 promoter were grown either
without (A-D’) or with addition of 2.5 mg/ml cadmium chloride for 6 hr (E-H’), fixed and
labeled with the anti-HA (red) and either anti-centrin (A’-C’; E’-G’) or anti-fenestrin (D’,H’)
(green) antibodies and DAPI (blue). Note an accumulation of Hpo1-HA in the cell body of
overproducing cells. Despite overproduction, the right-side and anterior gradients of Hpo1
are still apparent and the positions and number of OPs (E-G’ compare to A-C’) and the

number of CVPs (H,H’ compare to D,D’) are unaffected.
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Figure 3.S4. Quantification of the circumferential distribution of Hpo1-3xHA in the
janC-4 homozygote. (A-A”’) An SR-SIM image of Hpo1-3xHA and centrin in an apical cell
fragment of the janC-4 homozygote. (A) The cell fragment was labeled with anti-HA (red),
20H5 anti-centrin antibody (green), and DAPI (blue) after overnight incubation at 30°C.
Duplicates of single channel grey scale images for centrin (A’,A”) and Hpo1-3-HA (A”’,A””)
are shown. The yellow lines mark the area used for measurements of signal intensity. The
pink arrows show the start locations for signal intensity measurements. The orange and cyan
arrow indicates initial and end point of gap, respectively. (B) The graph shows that signal

intensity plots for Hpo1-3xHA (red line) and centrin (green line).
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Figure 3.S5. Localization of Bcd1-GFP in hpo1-3 homozygotes. (A-D’”’) Pairs of SR-SIM
images showing two sides of the same cells that express Bcd1-GFP and are either
otherwise wild-type (A-B’”) or hpo1-3 (C-D’’). The cells were labeled with the anti-GFP
antibodies (red), 20H5 anti-centrin antibody (green), and DAPI (blue) after a period of growth

for 4 hours at 39°C.
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Figure 3.56. Comparison of Hpo1-3xHA distributions between the wild type and bcd17-
2 homozygotes. (A-E’’) Confocal images of Hpo1-3xHA expressed in wild type (A-B’’) or
bcd1-2 homozygotes (C-E”’). The same images for bcd7-2 background were also used for
the Figure 8. After overnight incubation at 30°C, the cells were labeled with anti-HA
antibodies (red), 20H5 anti-centrin antibody (green), and DAPI (blue). (F,G) Graphs quantify
the number of rows enriched in Hpo1-3xHA (F), and the ratio of Hpo1 enriched rows to the
total number of rows per cell (G). ns: not significant. Stars indicate statistically significant (*:

P <0.05, **: P <0.01, and ***: P < 0.001).
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Figure 3.S7. The lethality caused by the loss of function of both Bcd1 and Hpo1 can
be rescued by a transgene encoding Hpo1-3xHA. (A-C’) SR-SIM images clones selected
from the population of mating heterokaryons homozygous in the micronucleus for becd7-2
and hpo1-KO alleles that were either subjected to a mock biolistic bombardment (without
transgene DNA) (A,A’) or biolistically transformed with a transgene encoding MTT1-Hpo1-
3xHA (B-C’). The cells were labeled with anti-HA (red), 20H5 anti-centrin antibody (green),
and DAPI (blue) after overnight incubation at 30°C. (D,D’) The diagram shows the positions
of PCR primers designed for amplification of the portion of HPO1 gene sequence deleted in
the hpo1-KO allele (D) and the gel image showing the PCR products amplified from the

genomic DNA isolated either from the escapee clone or from rescued clone (D).
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CHAPTER4
CONCLUSIONS

Principles underlying cell polarity still remain largely unknown. Being impressed by
strikingly invariable placement of organelles at each of specific cortical domain of T.
thermophila, | began my doctorate research with strong desire to dissect molecular
mechanisms underlying such precise intracellular pattern formation. | was able to take
advantage of availability of cortical mutants thanks to pioneering work of Joseph Frankel and
his students (University of lowa, USA) who isolated and characterized the Tefrahymena
mutant strains on the basis of patterning defects affecting cell polarity or shape of organelle
(reviewed in (Frankel, 1989; Frankel, 2008)). In recent years, Wolfgang Maier (University of
Freiburg, Germany) in collaboration with our laboratory developed bioinformatics
approaches enabling mapping mutation in the Tetrahymena genome and we have mapped
several causal mutations to genes that encode factors implicated in intracellular pattern
formation. By this method previously described (Jiang et al., 2017; Jiang et al., 2020),
multiple pattern regulator gene products have been recently implicated in placement of
organelle along anterior-posterior (A/P) axis , most of which are conserved kinases or
kinase-binding proteins, (Jiang et al., 2019; Jiang et al., 2017; Jiang et al., 2020; Lee et al.,
2024; Slabodnick et al., 2014; Tavares et al., 2012). Following these groundbreaking
studies, | began to delve into exploring the cdaH-1 allele as my first doctoral project (Lee et
al., 2024). cdaH-1 confers a rather complex and puzzling phenotype with most (but not all)
defects specific positioning on the A/P axis: an anterior shift of the OA followed by its
instability, a failure to develop the DB and an arrest in cytokinesis (Frankel et al., 1980; Lee
et al., 2024). Recent studies have determined that the DB induction and positioning involves
mutually-antagonistic factors: anterior Cdal (Mst/Hippo kinase) (Jiang et al., 2017) and

posterior CdaA (cyclin E) (Jiang et al., 2020), whose mutations produce partially overlapping
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phenotypes with cdaH-1. For example, cdaA-1 confers a failure to develop the DB (Frankel,
2008; Frankel et al., 1980; Jiang et al., 2020), while cdal-1 confers an anterior shift of the OA
(Jiang et al., 2019; Jiang et al., 2017) (reviewed in (Frankel, 2008)). We therefore
hypothesized that CdaH interacts with CdaA or Cdal (or both) and could be a participant or
even outcome of the mutual antagonism between Cdal and CdaA. My initial contribution to
this project was an identification of the CDAH gene among the two candidate genes

proposed based on a pair of closely-linked variants co-segregated with cdaH-1 using Maier’s
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bioinformatics pipeline: G/A at chr5:49333 and C/T at chr5:501775. The former variant
causes amino acid replacement (A168T) in TTHERM_01345780 whereas the latter variant
causes V1176l substitution in TTHERM_00649260. | amplified the wild-type fragments
containing each of the variant region and then introduced each fragment into the cdaH-1
mutant. Testing at the restrictive temperature 38°C (note that cdaH-17 is a temperature-
sensitive allele), we observed a rescue of capability of cell division in the cdaH-1 cells
transformed by the TTHERM 01345780 fragment, but not in the cdaH-1 cells transformed
by TTHERM_00649260 fragment. Thus, we identified CDAH gene as TTHERM_01345780
that encodes an ortholog of one of the most highly conserved kinases: H. Sapiens Stk36 and
D. melanogaster Fused Fu (Lee et al., 2024). Our BlastP analysis for Stk36, Fu, and TsuA
(Fused/Stk36 ortholog in Dictyostelium) (Tang et al., 2008) against T. thermophila proteome
all placed CdaH as a top match. In Drosophila, Fused is required for proper establishment of
segment polarity during embryonic development and for development of wings and legs
during the larval stage (Maloverjan and Piirsoo, 2012). However, in the kinetoplastid L.
Mexicana (McCoy et al., 2023) and in mammals (Edelbusch et al., 2017; Liu et al., 2016;
Nozawa et al., 2013; Wilson et al., 2009), Fused/Stk36 is essential for normal structure of
motile 9+2 cilia. Specifically, in cells lacking Fused/Stk36, cilia lack the central microtubules
(become 9+0) (Liu et al., 2016; McCoy et al., 2023; Nozawa et al., 2013; Wilson et al.,
2009).We tested if CdaH is essential for ciliary phenotypes in T. thermophila by electron
microscopy with assistance of Mary Ard (GEM, University of Georgia). We found no obvious
ciliary defects in the cdaH-1 Tetrahymena mutant and thus we suggest that CdaH is involved
in pattern formation and execution of cell division and not in cilia biogenesis in T.
thermophila. This conclusion is limited as we have only characterized a single allele, cdaH-1,
and we do not know whether this is a null. However, the pattern of localization of CdaH (see
below) and in particular its apparent absence from cilia, suggests that CdaH does not have a
ciliary role. Given that in diverse eukaryotic lineages, Fused/Stk36 orthologs have been

implicated in ciliary functions (Liu et al., 2016; McCoy et al., 2023; Nozawa et al., 2013;
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Wilson et al., 2009) and that motile 9+2 cilia were present in the ancestral
eukaryotes(McCoy et al., 2023) , it is possible that the ciliary role of Fused is also ancestral
and that the pattern formation role of CdaH has emerged in the phylum of ciliates. However,
it is intriguing that in Drosophila, Fu is required for “segment polarity” (Busson et al., 1988;
Gergen and Wieschaus, 1986; Nusslein-Volhard and Wieschaus, 1980; Perrimon, 1994,
Perrimon and Mahowald, 1987), a function that probably is likely non-ciliary as embryonic
cells of Drosophila lack cilia (Kuzhandaivel et al., 2014). Segment polarity involves signaling
between cells generated by Wnt and Hedgehog pathways (Colosimo and Tolwinski, 2006;
Swarup and Verheyen, 2012) (reviewed in (Perrimon, 1994)). Wnt signaling is a key part of
the Planar cell Polarity (PCP). It is intriguing to note that a dividing Tetrahymena cell can be
seen as a special example of PCP as at the end of cell division the two daughter cells
assume the same orientation. Even if this is a pure coincidence, we should be open to a
possibility that both roles of Fused: in cilia and in cell signaling related to cell and embryonic
polarity are both ancient. Furthermore, a ciliary role of Fused in Tetrahymena may be fulfilled

by several paralogs of CdaH (Lee et al., 2024) .

After identifying CDAH gene, we aimed at observing cortical localization of CdaH by
tagging GFP to CdaH. In the wild-type cells expressing CdaH-GFP along the course of cell
division, CdaH-GFP forms “streaks” in posterior cell half during early division stage and
eventually forms a subequatorial ring across the division boundary that colocalize with the
actin contractile (cytokinetic) ring; interestingly the actin/CdaH ring remained exclusively at
the tip of the posterior daughter cell, indicating that in Tetrahymena, cytokinesis is entirely
asymmetric (the division machinery forms in the posterior daughter and “cuts out” the
anterior daughter. (Lee et al., 2024). We also recognized CdaH-GFP localization at cell tip
and in the oral apparatus (Lee et al., 2024) and thus we suggested that CdaH is involved in
multiple functions at multiple locations. Next, to see CdaH-GFP cortical pattern in vivo, we

asked for TIRF microscopy by Karl Lechtreck (University of Georgia, USA). The TIRF

166



imaging with the protocol described previously (Jiang et al., 2015) revealed that the
localization pattern of CdaH is overall consistent with what was observed in the fixed cells.
Our additional goal of the TIRF imaging was to reveal how CdaH is loaded onto cortex. One
possibility was that CdaH is distributed by motor proteins walking along microtubules,
referring to the published suggestions that in ciliates, factors that contribute to pattern
formation along anterior-posterior axis are distributed by motor proteins working along
longitudinal microtubule bundles in cortex ((Cole and Gaertig, 2022; Marshall, 2021)).
However, the kymogram analyses failed to reveal CdaH movements within or between CdaH
streak(s), suggesting that CdaH cortical distribution is not dependent on cortical microtubule
networks and thus CdaH is placed in cortex by another mechanism (Lee et al., 2024). On the
other hand, FRAP experiments revealed that CdaH pools (streaks and the ring) are dynamic
indicating a rapid exchange, possibly with soluble CdaH from the cell body. Being especially
interested in CdaH-GFP ring observed during a time when cell forms cortical subdivision and
subsequently undergoes cytokinesis, we tested if CdaH and the main cytokinetic ring
component actin (Act1) are co-localized. To label Act1, we fixed the cells with 1%
paraformaldehyde and then treated 1% SDS (See the ‘MATERIALS and METHODS'’ section
of the Chapter 2.) to unfold Act1 as the anti-Act1 polyclonal antibodies were generated
against the linear sequence of Act1 and these antibodies do not work well in detection of the
folded Act1. Our data consistently show that Act1 and CdaH-GFP ring are-colocalized during
cytokinesis stage and that a residue of both rings remained in posterior daughter cell even
after completion of cytokinesis (Lee et al., 2024). Dr. Nakano’s images additionally show that
CdaH-GFP ring appears earlier than assembly of actin ring and this indicates that CdaH may
be required for assembly of Act1 ring. The fate of residues of Act1 and CdaH-GFP ring in
posterior daughter cell needs to be further explored by ultrastructural analysis. One
speculation we propose is that CdaH-GFP remnant may be required for remodeling of Act1
into the apical crown, a structure located at the anterior tip of interphase and dividing

Tetrahymena. The CdaH ring is reminiscent of the septin ring in budding yeast (Bi and Park,
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2012; Sadian et al., 2013) in regard to localization and ring-shape assembly. Therefore, |
suggest CdaH may also recruit the cytokinetic ring by distinctive mechanism, given its
absence of a GTP-binding domain. Next, as referred above, given similarities of defects
displayed in the mutants, | tested if CdaH interacts with Cdal (Mst/Hippo kinase) or CdaA
(cyclin E) (Frankel, 2008; Jiang et al., 2017; Jiang et al., 2020). By immunofluorescence and
subsequent microscopy we tested if CdaH distribution is affected by cdaA-1 or cdal-1 allele
and also if CdaA or Cdal distribution is affected by cdaH-1 allele. We found out that CdaH-
GFP posterior streaks (observed during early division phase) and ring (observed during
subdivision and cytokinesis followed) were absent at restrictive temperature 39°C in the
temperature-sensitive cdaA-1 background, whereas in another temperature sensitive cdal-1
background, there was no critical effect of CdaH-distribution except for its anterior shift that
was expected as this is the phenotype conferred by cdal-1 alone (Lee et al., 2024). Both
CdaA and CdaH are required for the formation of division boundary (Frankel, 2008; Jiang et
al., 2020; Lee et al., 2024), and likely CdaH acts downstream of CdaA in proper induction of
division boundary and cytokinesis, whereas the distribution of CdaH is not directly
dependent on functionality of Cdal. To further explore how CdaH interacts with CdaA or
Cdal, | investigated phenotypes of cdaH-1,cdaA-1 and cdaH-1;cdal-1 double mutants. My
confocal microscope images show that phenotype displayed in the cdaH-1;cdaA-1 double
mutant is similar to that of cdaH-17 single mutant : a lack of DB formation and degradation of
OP shifted anteriorly (Lee et al., 2024). This doesn’t indicate any gene interaction, but at
least this result is consistent with our important findings that CdaH acts downstream of CdaA
in formation of DB and CdaH is not dependent on CdaA in global (positioning) and local
patterning (stability) of op, given redundancy of CdaA in placement of op along A/P axis. In
the cdaH-1;cdal-1 double mutant, we detected absence of severe op degradation displayed
in cdaH-1 single mutant and this may suggest that Cdal inhibits CdaH activity required for
prevention of op degradation (Lee et al., 2024). We also observed excess of oral rows in op

(phenotype also shown in cdal-1 but with relatively lower frequency) displayed in the cdaH-
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1,cdal-1 double mutant. Interestingly, in the double mutant cdaH-1 didn’t enhance excess of
membranelle/op but at least increased penetrance of the additional-membranelle defect.
This finding indicates that CdaH and Cdal interact in regulation of op sizing (Lee et al.,
2024). To summarize, my studies on CdaH reveal its multiple roles correlated with multiple
locations. CdaH role in the DB formation is likely downstream of the posterior CdaA. Its role
in the OP positioning is likely separate and executed by the OP-restricted pool. CdaH also
interacts with Cdal in shaping the oral apparatus. The pleiotropic phenotype of cdaH-1 is
consistent with its proposed multiple roles. As CdaH is a kinase, one could imagine how the
same kinase can be targeted to multiple locations by diverse binding partners and have
multiple activities by phosphorylating multiple protein substrates. Given its multifunctionality,
further dissection of CdaH roles could be challenging. On the other hand, CdaH appears to
be closer to the effector end of the pattern formation pathways and therefore its further
characterization could be seen as low priority if someone aims at discovering the actual

“pattern formation” mechanism.

However, there is more of complication in understanding pattern formation of T.
thermophila due to necessity of investigating organelle placement along circumferential (left-
right) axis. If we take into account only the longitudinal ciliary rows, Tetrahymena cells
display almost a perfect radial symmetry without a clear distinction between the ventral and
dorsal surfaces (the cell is shape more or less like a barrel). However, the major organelles,
such as the OA, CVPs and CYP have asymmetric positions around the cell. Namely, CYP is
positioned at the same longitude as the OA and CVPs are located several rows to the right
of the OA/CYP longitude. This pattern is transmitted faithfully during cell division. However,
the pattern is not absolutely invariable. Nanney found that while most of the time the OP
forms near the same postoral row (right), occasionally the OP forms along the row shifted to
either cell’s left or less frequently right side (Nanney, 1967). This phenomenon was named

“cortical slippage”. Interestingly, in these cases the
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Figure 4.1. The Cylindrical model. (A) The illustration of top view of T. thermophila
and patterning factors (Fig. 1 of the Chapter 3). (B) The cylindrical model (the
picture borrowed from (Frankel, 1989)) that defines position of organelle based on
the position values ranging from 0 to 10 (OA assigned to 5, and CVP assigned to 7).

Note the process of loss of the values and subsequent intercalation under the effect
of janA allele.

positions of CVPs and CYP were also shifted in agreement with the position of the OP
arguing that there is a “global” positioning system that maintains relative placements of
organelles.

Frankel’s work on the janus mutant led to a model for circumferential positioning called the
cylindrical coordinate model (CCM) (Fig. 4.1B). CCM was inspired by the “polar coordinate
model” developed for principle of distal regeneration of appendages of insects and
vertebrates (French et al., 1976). CCM postulates that there is a circumferential positioning
system that produces unique “values” to longitudes. Tetrahymena cell would be organized
like a clock face with 0 to 10 values. OA can be arbitrary assigned to value 5, CVPs to
value 7 (the first depiction of Fig. 4.1B). Somewhere on the cell’s left side value 10 would
be next to value 0 (Frankel and Nelsen, 1987). In the janus mutant there is a second OA
that forms on the dorsal side and what appears to be a duplication of the CVP domain. The
dorsal second OA is often in a reverse orientation (Figure 5,54 of the Chapter 3). Frankel
proposed that janus mutant lost the ability to express the dorsal CCM values (from 8 to 2)

(the middle
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depiction of Fig. 4.1B). Next Frankel postulated that the positioning system does not tolerate
sharp boundaries, the janus case 8 would be next to 2. The cell fills in the missing values
with a reversed ventral domain (8-2 is replaced by 8-7-6-5-4-3-2) to minimize the contrast
between adjacent values (the last depiction of Fig. 4.1B) (Frankel and Nelsen, 1987). Note
that CCM is entirely a theoretical framework that attempts to explain cortical variations.
Frankel himself all but abandoned CCM when characterizing the hypoangular 1 (hpo1)
mutant whose complexities seriously challenged CCM (Frankel et al., 1993). For example, it
appears that hpo1 has lost the ability for expressing some right-ventral longitudes which
results in the CVPs positioned closer to the OP during division. However, this happens
without any attempt on the cell side to fill-in the missing region by “reversed intercalation”.
While our data do not disapprove CCM entirely, we reexamined hpo7-1, mapped the
mutated gene, localized the gene product and studied its interactions, which led us to
propose an alternative model for circumferential positioning based on “bilateral gradients”
(see below).

I launched on studying hpo1 alleles conferring patterning defects along cell the
circumference as my second doctoral research project. We could confirm that hpo7-3 mutant
and hpo1 knockout strains both display excess of oral primordia often shifted to either the
left or right from correct position 0 (Fig.1 of the Chapter 3), with additional observation that
the degree of such abnormalities appeared higher in the KO strain (Fig. 2 of the Chapter 3).
By application of comparative next-generation sequencing (Galati et al.), Wolfgang Maier
mapped both hpo1-1 and hpo1-3 alleles to the TTHERM_001276421 gene that encodes a
ciliary tip- and BB-enriched protein ARMC9, whose loss of functionality in humans triggers
Joubert syndrome, one of the diseases derived from defective cilia (Latour et al., 2020;
Louka et al., 2018; Van De Weghe et al., 2017). Hpo1 orthologs appear limited to diverse
ciliate lineages. Likely, Hpo1 emerged by gene duplication of the ancestral ARMC9 during
the emergence of ciliates. Both hpo1-1 (S236N) and hpo1-3 (F318S) affect Armadillo repeat

domain of TTHERM_001276421 protein (Fig. 3 of the Chapter 3) and with this information,
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Ewa Joachimiak (Nencki Institute of Experimental Biology of Polish Academy of Sciences,
Poland) by homologous DNA recombination generated a homozygote strain expressing
hpo1-3 version of Hpo1 with an HA tag. | labeled this strain with antibodies and the cell
appears to phenocopy the hpo7-3 mutant strain, showing extra OPs and their deviations
from normal position. So we were clearly convinced that TTHERM_001276421 is HPO1
gene. To see the pattern of Hpo1, | stained the wild type background strains expressing
Hpo1-3xHA protein. Throughout the entire cell cycle, we could observe accumulation of
Hpo1-3xHA on right side (cell’s perspective) of cell cortex in a form of a circumferential
bilateral gradient whose the highest point on the right lateral side of cell (midregion of the
gradient ranging from ventral to dorsal side) (Fig. 4 of the Chapter 3). It is likely important
that the Hpo1 gradient is not uniform and displays sharp drop-off on the ventral side between
row +1 and 0. The OA normally forms on the left side of row 0. So we hypothesized that the
Hpo1 +1/0 discontinuity may be important for determining the site permissible for oral
development. Interestingly, we detected a second drop-off of Hpo1 levels on the dorsal side
at the location where an extra OA forms in the janC-1 background (Fig. 5,54 of the Chapter
3). We concluded from these observations that the dorsal discontinuity in the Hpo1 gradient
acts as a marker for development of a cryptic oral apparatus and that the Janus gene
product suppresses that Hpo1 discontinuity site’s ability to support oral development on the
dorsal side (Fig. 1,5 of the Chapter 3). From analyzing phenotypes of double mutant janC-
1,hpo1-3, separation of two oral apparatuses (OAs) conferred by janC-1 was significantly
diminished by expression of hpo1-3 (Fig. 6 of Chapter 3). We proposed that Hpo1
contributes to placement of oral apparatus by exclusion of the Hpo1 enriched zone along the
cell circumference. Namely, we propose that in T. thermophila, OA is placed at the contrast
positions formed by bidirectional gradient of Hpo1. Hpo1 could be acting as an inhibitor of
oral development and consequently the OA can form only at the drop-off positions (and the
dorsal position is normally suppressed by Janus activity). These observations led us to

revisit the interesting discoveries about oral development made in Stentor. Importantly, in
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Stentor, the circumferential pattern is profoundly asymmetric. Namely, the width of the gap
(called stripe) between the ciliary rows gradually increases in a clockwise direction along cell
circumference. The narrowest stripe (on the right) meet the widest stripe (on the left) on the
ventral surface. During cell division the OP develops at that position named the “locus of
stripe contrast (LSC)”, the domain where the narrowest and the widest stripes border each
other (Tartar, 1956b; Uhlig, 1960). Thus, we conclude that Stentor and T. thermophila use
“structural contrast” and “molecular contrast”, respectively in determining site for oral
development. That oral development in Stentor is induced by the “structural contrast” was
confirmed in microsurgery experiments in which a portion of the wide stripe cortex was
excised transplanted into the narrow stripe region of another Stentor. This led to the
generation of two new zones of contrast at the margins between the transplant and the
recipient cortex. Remarkably, the operated Stentors developed an OP at the original position

and two extra OPs at positions of margins corresponding to the two new contrast zones

(Tartar, 1956b). We postulated that Hpo1 is a component that generates the circumferential

contrast needed for oral development. Hpo1 appears to act as an inhibitor for oral
development by exclusion from its occupying domain. We speculated that the Hpo1 domain
(cell’s right side) is also a source of currently unknown “oral activator”. The activator gradient
could extend beyond the Hpo1 inhibitor gradient at the Hpo1 discontinuity position,
permitting oral development on cortical domain free of Hpo1 influence (Fig. 1 of the Chapter
3). Thus, our model that oral development is governed by communication between a

currently unknown OP activator, Hpo1 as an inhibitor, and Janus as a dorsal suppressor.

The nearly invariable positioning of only one oral apparatus may be possibly discussed
in an analogous perspective with the bud emergence in S. cerevisiae, whose singularity is
regulated by competition between Cdc42 patches and subsequent selection of one Cdc42-

enriched site for bud growth governed by the cues generated by the scar from the previous
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budding site(Witte et al., 2017; Wu et al., 2015) (reviewed in (Chiou et al., 2017)).
Interestingly, Hpo1 (and also Bcd1, see later) could also be seen as factors needed for
singularity of oral development. Both hpo7 and bcd1 alleles induce multiple adjacent OPs.
One can propose that in analogy to the bud formation mechanism in yeast, in ciliates there is
competition among multiple adjacent sites on the ventral side of the cortex but eventually
only one site “wins” and is selected for placement of oral primordium. The Hpo1/unknown
activator system could be important in fine tuning the position of OP and maintaining its
singularity (Fig. 1 of the Chapter 3). Importantly, while both hpo? and bcd1 alleles (see
below) cause shifts and multiplicity in OP development, the positions of OPs still cluster
around the same region close to row 0. Again these observations position Hpo1 as a local
rather than global positioning factor. Thus “OP site focusing” function is likely executed as an

interaction with the right-side enriched Bcd1 (see below).

Another cortical organelle system that is subject to circumferential positioning is the
contractile vacuole pore(s) (CVP(s)), structures that are required for osmoregulation. In most
cells two CVPs are located (Fig. S1 of the Chapter 3) near posterior ends of two adjacent
rows to the right of the oral apparatus. We observed that the CVP region overlaps with the
high point of Hpo1 in T. thermophila (Fig. 5 of the Chapter 3). Intriguingly, hpo1 mutants
have fewer CVPs (Fig. S1 of the Chapter 3). We know that the positions of OA, CYP and
CVPs are coordinated (Nanney, 1967). Somehow, in the hpo1 mutants this coordination fails
resulting in variation between the positions of oral structures and CVPs (in the hpo1 original
mutants the CVP domain is closer to the oral domain, hence the name of the mutant
“hypoangular” referring to the decreased angle between the positions of these organelles
when viewed from the cell’s apical end as a polar projection). It is however puzzling that
hpo1 mutations decrease the number of CVPs. bcd? mutants also have an increased
number of OPs but also have more CVPs. Possibly, Hpo1 induces CVPs at the high level of

its expression and induces OPs at a low level of its expression (likely indirectly), see above).
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Hpo1 circumferential gradient is used in determining location for cortical organelles in a
manner that pattern formation of each organelle is assigned to different parts of the
circumferential gradient. This is reminiscent of the link between molecular gradients and
patterning in other organisms (Gao et al., 2011; Hersch et al., 2015; Kiekebusch and
Thanbichler, 2014; Thanbichler and Shapiro, 2006). Likely, principle of molecular gradients
driving pattern formation is conserved in diverse evolutionary lineages, including T.
thermophila and we suggest that Hpo1 may serve as morphogen (defined as molecule
emanated from a specific set of cells and distributed in a concentration-gradient that
specifies the fate of each cell (reviewed in (Mehlen et al., 2005)) at the single cell level, given
bidirectional gradient of Hpo1 that appears to overlap with CVP and contrast against OA.
Overproduction of Hpo1-HA under the MTT1 promoter by treatment of cadmium chloride
doesn’t appear to affect cortical cortical pattern (Fig. S3 of the Chapter 3), indicating that

Hpo1 is not a rate-limiting factor, interacting with binding partner or an activator.

The final part of this project was an analysis of a genetic interaction between hpo7 and
bcd1 alleles. Bed1 is a highly conserved Beige-Beach domain protein orthologous to the
human NBEA, implicated in vesicle trafficking including exocytosis and endocytosis (Cole et
al., 2023). In Tetrahymena, Bcd1 is enriched as a gradient on the cell’s left side, which is
opposite to the pattern of Hpo1. Furthermore, bcd1 loss of function alleles produce an OP
phenotype that is remarkably similar to that of hpo1 alleles: multiple adjacent OPs shifted to
either left or right of row 0 (Fig. S5 of the Chapter 3). These observations suggested that
there could be an interaction across row 0 between right-enriched Hpo1 and left-enriched
Bcd1 that focuses OP to row 0. We analyzed the pattern of Hpo1-3xHA gradient in the bcd1-
2 background. Our microscope images show that expression of bcd7-2 allele in a subtle way
altered the pattern of Hpo1 on both the A/P (characterized by correct steepness) and C axis
(characterized by a more clear definition of Hpo1-based contrast row on ventral side) of

Hpo1 3xHA are dependent on functionality of Bcd1 (Fig. 7,8,S6 of the Chapter 3). Bcd1 acts
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to maintain proper C polarity but uniquely by regulating membrane trafficking that prevents
excessive cortical loading of organelle components (Cole et al., 1987; Cole et al., 2023). We
subsequently analyzed phenotypes of the double mutant becd1-2;hpo1 KO generated by
genetic crosses between heterokaryons. Surprisingly the progeny of double mutant
heterokaryons was not viable. | subsequently analyzed the double mutant progeny of
heterokaryons before their ultimate death. My SR-SIM microscopy revealed diverse
patterning defects including significant displacements of oral primordium toward the posterior
cell end, an abnormal shape of entire cell and defects in the internal organization of the oral
apparatus (Fig. 9 of the Chapter 3). Surprisingly, among the most predominant defects in the
double mutant is the posterior migration of op. Posteriorly biased op was also occasionally
found in the single mutants expressing either hpo? (Frankel et al., 1993) or bcd1 alleles
(Cole et al., 1987). This indicates that molecular mechanisms driving either A/P or C
patterning are not completely separated. While the C patterning is more sensitive to the loss
of either Hpo1 or Bcd1, the A/P patterning is strongly affected when both factors are lost.
Possibly, the distributions of A/P factors such as Cdal (Jiang et al., 2017), Elo1 (Jiang et al.,
2019), and CdaA (Jiang et al., 2020) are modified in the double mutant bcd7-2;,hpo1 KO. In
particular, we were surprised to find out that this double mutant phenotype is lethal.
Introduction of a wild type Hpo1 into the double mutant successfully rescued the lethality
(Fig. S7 of the Chapter 3). We conclude from all of these phenotypes of bcd7-2;hpo1 KO
that either Hpo1 and Bcd1 is required for Tetrahymena cell survival. We speculate that there
is an essential left-right cross-talk between Hpo1 and Bcd1 that mediates the placement and
shaping of cortical features including oral apparatus. The idea of a left-right cross-talk
reminded us of the grafting experiment executed by Vance Tartar and Gotram Uhlig that
showed remodeling of cortex for induction of relatively lower stripe (ciliary row) contrast of
Stentor and subsequently OP development delayed until the cortex undergoes remodeling
by branching of a subset of wider stripes that generated contrast strong enough for oral

induction (Tartar, 1956a; Uhlig, 1960). This provides clear evidence that left and right cortex
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interact for cortical development. | also see a possibility of left-right interaction at local scale
from observation of defects such as symmetrical alignment of oral rows or excessively long
membranelle forming circular shape of oral apparatus in the bcd7-2;hpo1 KO strain (Fig. 9 of
the Chapter 3). Likely, given undulating membrane (um) decorated by antibody targeting
Hpo1-3xHA (Fig. 3,4 of the Chapter 3), and left adjacent site decorated by antibody targeting
Bcd1-GFP (Fig. S5 of the Chapter 3), Hpo1 and Bcd1 may possibly interact for correct
shaping of oral apparatus. Unlike the double mutant, hpo7-3 single mutant displays almost
intact oral rows. Bcd1 appears to accumulate near oral rows (Fig. S5 of the Chapter 3), and
such local Bcd1 may display accessory role in assembly of oral rows. But overall, link
between C factors and internal polarity of oral apparatus still remains to be explored. From
examination on the phenotypes of double mutants expressing hpo7-3 and either bcd7-2 or
janC-1, we didn’t see clear indication of gene interaction driving pattern formation of CVP

(Fig. S1 of the Chapter 3).

Another discovery we made in relation to the interaction between Hpo1 and Bcd1 was
mutual enhancement of Hpo1 and Bcd1. We initially anticipated that given lateral
misplacement of OPs in the hpo7-3 and bcd1-1 single mutants, we anticipated that Hpo1
(enriched on the right side) and Bcd1 (enriched on the left side) would unidirectionally
exclude OP from its domain. However, we observed that OPs were either misplaced in either
left or right direction in both of the single mutants. This may indicate that Hpo1 and Bcd1
mutually enhance its exclusion activity against OPs. Namely, loss of Hpo1 may also affect
Bcd1 to some extent, permitting shift of OP not only in Hpo1-free direction but also in Bcd1
direction and vice versa. Although we see the sign of mutual enhancement, it is reminiscent
of mutual inhibition between CdaA and Cdal whose balanced activity is required for
patterning along the A/P axis (Jiang et al., 2020). We conclude that Mutual interaction (either
inhibition or enhancement) is extensively employed in patterning of organelles along the

polarity axes.
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One important unanswered question is how the cell generates the polarized distribution of
Hpo1. The TIRF microscopy done in collaboration with Karl Lechtreck (University of Georgia)
showed weak presence of Hpo1 along the microtubule networks associated with BBs
including transverse microtubules TMs (Fig. S2 of the Chapter 3). The TM localization is of
interest because these microtubules align with the axis of circumferential polarity. While the
TMs of adjacent rows are short and do not overlap, one could imagine that motors distribute
Hpo1 along the TMs with breaks for diffusion between the adjacent rows (not unlike motors
move cargo along the short microtubules in the axon between the cell body and the synaptic
terminal). This implies that motor proteins moving along the microtubules may transport
Hpo1 as the cargo and given gradient of Hpo1, such transfer may be regulated differentially
depending on the cortical domain. Involvement of the cytoskeleton in generation of polarized
distributions has been observed in diverse species. For example, in S. cerevisiae actin cable
acts as a track for vesicles essential for polarized budding (Adams and Pringle, 1984; Novick
and Botstein, 1985). | speculate that during evolution, strategies for generation of polarized

distributions has been diversified.

In short, for my doctorate research, | have characterized functions of gene products
required for pattern formation of organelles along A/P or C polarity axes. | summarize my

doctorate studies with key findings or conclusions as below:

1) CdaH, identified as Fused kinase in T. thermophila, acts downstream of CdaA
(cyclin E) in inducing division boundary and interacts with Cdal (Mst/Hippo kinase)
to regulate overall size of oral primordium. Thus from the perspective of CdaH, an
interacting partner for global scale patterning is CdaA whereas interacting partner

for local scale patterning is Cdal.
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3)

4)

5)

6)

7)

8)

CdaH forms ring-shape assembly around division boundary and accumulates
exclusively on posterior daughter cell after completion of cytokinesis. This indicates
that remnant of CdaH may send cues for establishment of A/P axis for new daughter
cell. CdaH ring may serve its role similar to that of Septin ring of S. cerevisiae.

CdaH was found redundant in assembly of cilia, indicating distinctive roles of Fused

kinase depending on the species.

Hpo1 is an Armc9-like protein that contributes to placement of oral apparatus by
communication with currently unknown activator, taking inhibitory role along cell
circumference.

Janus acts as a dorsal suppressor for oral development, so inhibitory impact Hpo1
has on oral development is masked on dorsal side.

Either Hpo1 and Bcd1 is required for viability of T. thermophila (synthetic lethality in
bed1-2;hpo1 KO double mutant), and Hpo1 and Bcd1 are involved in left-right cross-
talk that leads to cortical development, as reflected in abnormal cell morphologies.
There may be some extent of shared mechanism or component required for both
A/P and C pattern formation (e.g. Hpo1 is C factor whose mutation also causes

posterior migration of op.).

Pattern formation of CVP still remains largely elusive, but discovery that CVP
domain and high point of Hpo1 domain within its bidirectional gradient overlaps
indicate that enrichment of Hpo1 acts as a marker (morphogenic effect at single cell

level) for placement of CVP.
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