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TH E COM PLEXITY OF A “SIM PLE” ORGA N ISM

CILIATES seem simple when viewed through the familiar lens of multicellularity (one cell = simple, many cells = com-
plex). Upon closer examination, ciliates exhibit a bewildering and sophisticated organizational complexity, in a stag-
gering diversity of forms (Figure 1).

When describing ciliates, we tend to draw on vocabulary from the more familiar metazoan reference despite en-
trance onto a unicellular theater. Conventionally, protozoologists assign anterior to the end of the cell that supports 
the mouth or oral apparatus (OA), while posterior refers to the region endowed with organs of excretion: the cytoproct 
(CYP) and contractile vacuole pores (CVPs), but these conventions quickly grow problematic. While serviceable for 
the Tetrahymena clade (Figures 1F and 2), in some ciliates such as Paramecium (Figure 1C), the OA is located roughly 
at midbody, and CVPs assemble at both ends of the cell. A better convention is to orient anterior and posterior with 
respect to the direction of locomotion as ciliates usually swim with oral structures facing forward. Even in species in 
which the OA is centrally located, forward swimming is the direction that propels food particles into the oral cavity. 
The side of the cell harboring the OA (often “face down” as in the hypotrich ciliates, Figure 1A), is assigned the term 
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Abstract

As single cells, ciliates build, duplicate, and even regenerate complex cortical 

patterns by largely unknown mechanisms that precisely position organelles 

along two cell- wide axes: anterior– posterior and circumferential (left– right). We 

review our current understanding of intracellular patterning along the anterior– 

posterior axis in ciliates, with emphasis on how the new pattern emerges during 

cell division. We focus on the recent progress at the molecular level that has 

been driven by the discovery of genes whose mutations cause organelle posi-

tioning defects in the model ciliate Tetrahymena thermophila. These investiga-

tions have revealed a network of highly conserved kinases that are confined to 

either anterior or posterior domains in the cell cortex. These pattern- regulating 

kinases create zones of cortical inhibition that by exclusion determine the pre-

cise placement of organelles. We discuss observations and models derived from 

classical microsurgical experiments in large ciliates (including Stentor) and in-

terpret them in light of recent molecular findings in Tetrahymena. In particular, 

we address the involvement of intracellular gradients as vehicles for positioning 

organelles along the anterior- posterior axis.
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ventral while the side opposite is dorsal. From the cell's perspective, left and right also exhibit an asymmetry of organ-
elle placement. In Tetrahymena, the CVPs are located to the cell's right of the oral meridian, along- side ciliary rows 
5,6 (Figure 2A).

The complexity of ciliate architecture is seriously compounded when one confronts the problem of cell division 
often referred to as “tandem duplication.” In ciliates cytokinesis typically bisects the cell in a plane perpendicular to 
the long (anterior– posterior) axis, and at the cell's “equator.” The anterior daughter cell (conventionally named the 
“proter” in the older literature) inherits the preexisting anterior region with the old OA and assembles a new posterior 
region including a new CYP, and new CVPs (Figure 2B). The posterior daughter (or “opisthe”) inherits the preexisting 
posterior region (including the old CVPs and CYP), and assembles a new anterior region including a new apex and 
OA. What is remarkable is the fidelity with which ciliates assemble new structures at precise locations. The oral pri-
mordium (OP), the first new organelle to develop at the onset of cell division, assembles mid- ventrally alongside the 
first postoral ciliary row, the so- called “stomatogenic kinety” (Figure 2B, row # 1). Next, the circumferential fission 
zone (FZ) forms just anterior to the OP. Then, new CVPs and a CYP assemble at precise circumferential positions 
with reference to the stomatogenic kinety, and just anterior to the FZ. The new cell apex forms immediately posterior 
to the FZ. Clearly, precise mechanisms must be at work that define the positions of each cortical structure along both 
the anterior– posterior (A/P) axis and around the cell circumference (circumferential or C axis).

The goal of this review is to capture our current understanding of mechanisms that establish A/P organization. 
Though referencing a wealth of classical surgical experiments from the larger ciliates (Stentor and Blepharisma), most 
of this review will focus on recent genetic discoveries in the physically more modest species: Tetrahymena thermophila. 
Tetrahymena has proven an exceptional model for both forward and reverse genetic approaches (reviewed by Ruehle 
et al. (2016)). Much of the work we describe was inspired by the long and fruitful career of Joseph Frankel (University 
of Iowa), and his exquisitely characterized collection of Tetrahymena cortical pattern mutants (reviewed by Frankel 
(1989, 2008)).

F I G U R E  1  Ciliate diversity. (A) Diophrys. (B) Acineta divisa. (C) Paramecium spp. (D) Acineta tuberosa. (E) Vorticella patelline. (F) 
Tetrahymena thermophila. Images (A), (B), (D), (E) are from “The Project Gutenberg eBook,” Marine Protozoa from Woods Hole, by Gary N. 
Calkins. Image C is from D.G. McKean, (http://www.biolo gy- resou rces.com/drawi ng- param ecium.html), and image F is from (Lynn, 2008)

F I G U R E  2  Tetrahymena cytogeometry and organelle nomenclature (Cole et al., 1987). (A) A ventral view and a polar projection of a 
nondividing cell. Ciliary rows are depicted as lines. The OA is positioned at the anterior and the cytoproct and contractile vacuole pores at the 
posterior. Two ciliary rows terminate just posterior to the OA. The left- postoral row is often used as a spatial reference (row number 1), and 
serves as the “stomatogenic kinety” near which the new OA forms during cell division. (B) A ventral view and a polar projection of a dividing 
cell. A new oral primordium (OP) forms at mid- body, just posterior to the fission zone (FZ), and a new pair of CVPs develops just anterior to 
the fission zone. Ciliary rows are numbered in the polar projection. The OP, CVPs, and FZ are our principle cortical landmarks

http://www.biology-resources.com/drawing-paramecium.html
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TH E PROBLEM OF PATTERN FORM ATION

The paradigm of “pattern formation” comes to us from the study of development in metazoans, and protozoan pat-
tern studies make frequent reference to it. In the metazoan embryo, a key role is played by “morphogens”: diffusible 
molecules that specify cell fates in a concentration- dependent fashion (see Gilmour et al. (2017) and Kornberg (2014) 
for review). Morphogen concentrations are highest near their source, and diminish towards a “sink” (Figure 3A). 
They often manifest as dual, counter- gradients. Cells in the developing metazoan respond to varying morphogen 
concentrations (or unique combinations of morphogens), by expressing specific gene products. Novel cell types driven 
by differential gene expression become the “read- out” for patterning activity in the metazoan embryo, and together, 
morphogen driven differential gene expression has become the paradigm for studies into pattern formation. In this 
review we will evaluate how ciliates utilize intracellular gradients of cortical morphogens (frequently localized to the 
peri- basal body spaces) as inputs to determine which cortical domains become committed to specific organelle as-
sembly pathways (the output; Figure 3B).

Hydra (a metazoan model) has several features relevant to our discussion. First, the concentration of a diffusible 
morphogen, specifies where the organism assembles specific structures such as the mouth and tentacles. An inhibitory 
morphogen (shown in pink) represses head formation. As cells far from the morphogen source escape the influence 
of this rapidly degraded inhibitor, genes are activated by the now, unconstrained and more stable “head activator” 
(shown in green). These gene products drive head and mouth formation and lateral budding occurs (Bode, 2009; 
MacWilliams, 1983a, 1983b). The features of this model that bear generalizing, are that a diffusible molecule estab-
lishes a concentration gradient across an organism, and different concentrations of this molecule trigger different 
morphogenetic “read- outs.”

In the year of this writing, it is fitting to acknowledge the passing of Lewis Wolpert, and his enormous contribution 
to our understanding of pattern formation (see Tickle and Slack (2021)). Wolpert invented the language of positional 
information, capturing how simple, continuous gradients of diffusible molecules (the morphogens), could be inter-
preted across embryonic space. “There was evidence that the concentration at each point in the embryo was somehow 
interpreted to specify anatomy— and this indeed meant turning on different sets of genes at each level in the antero-
posterior axis” (reviewed by Lawrence (2001)). Wolpert's ideas regarding positional information in the animal embryo 
(Wolpert, 1969, 1981), profoundly informed Frankel's approach as he took up the challenge of understanding pattern-
ing in ciliates. Indeed, much of Frankel's careful and painstaking analysis of cortical patterning was carried out in 
parallel with our vigorously expanding knowledge of metazoan development that took place in the 1980s and 1990s. In 
Drosophila these studies identified a dual- gradient of transcription factors, which in a concentration- dependent fash-
ion define the insect's anterior– posterior segment identities (Driever & Nusslein- Volhard, 1988; Wieschaus & Nusslein- 
Volhard, 2016). In the developing chick limb, a gradient of the diffusible protein shh (sonic hedgehog), has been shown 
to define digit identity (Riddle et al., 1993). In the frog embryo, a gradient of TGF- β, was shown to define mesodermal 
cell fates across the dorsal– ventral axis (Heasman, 1997). The stage was set to explore how single- celled organisms 
create patterns of cortical architecture against the conceptual backdrop of patterning in the metazoan embryo.

INTRACELLU LAR PROTEIN GRADIENTS

It is highly relevant to our discussion that molecular gradients can form inside cells (recently reviewed in Hubatsch 
and Goehring (2020)). In fact, the first well characterized morphogens in Drosophila (bicoid and nanos), form oppos-
ing antero- posterior gradients during early stages of development when the embryo is effectively unicellular. The 
Drosophila egg is a large cell (~500 μm) in which morphogen gradients are established by transport of morphogen- 
encoding mRNAs and their anchorage at the cell poles (localizing the source of their translation). However, stable 
protein gradients can form inside much smaller cells with few cytoskeletal structures, including bacteria. Generally, 
speaking, an intracellular protein concentration gradient can be sustained if a posttranslational modification changes 
the protein's diffusion coefficient, allowing for sorting of the fast and slow diffusing isoforms along the cell's axis 
(Lipkow & Odde, 2008; Wu et al., 2018). The formation of such a gradient requires spatially- restricted enzymes that 
locally modify the protein to alter its diffusibility (e.g. by inducing oligomerization or anchoring to the plasma mem-
brane or cytoskeleton). Typically, the switch that changes the protein's diffusion coefficient is based on either phos-
phorylation or nucleotide binding/hydrolysis. Importantly, such intracellular gradients can produce positional effects. 
Particularly relevant to this review are gradients that direct the site of cell division in bacteria and fungi. In the 
bacterium Caulobacter crescentus, an ATPase MipZ forms a bipolar gradient with the highest concentration at the 
cell poles. MipZ inhibits assembly of the FtsZ contractile ring thereby focusing cytokinesis at midbody (Kiekebusch 
& Thanbichler, 2014; Thanbichler & Shapiro, 2006). A conceptually similar mechanism operates in the fission yeast 
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S. pombe, where a bipolar gradient of the Pom1 kinase prevents entry into cell division in cells that have not reached 
proper size (Gerganova et al., 2021; Martin & Berthelot- Grosjean, 2009; Moseley et al., 2009; Wood & Nurse, 2015).

One way that protein- modifying enzymes can partition across the cell is based on a “mutual cortical antagonism,” 
well documented during early development in C. elegans. The single cell embryo of C. elegans is among the best studied 
metazoan cell types that carry intracellular protein gradients (reviewed by Hoege and Hyman, (2013), Lang and Munro 
(2017) and Motegi and Seydoux (2013)) and this model may be particularly relevant when thinking about patterning 
in ciliates. Measuring 30 × 50 μm, C. elegans is well within the size range of many ciliates including Tetrahymena. 
During fertilization of the oocyte, the sperm- derived centrosome polarizes the cytoskeleton to generate anterior and 

F I G U R E  3  Morphogen gradients and their role in positional information in animals and ciliates. (A) In a simplified model of the 
freshwater Hydra, a gradient of “head activator” is established, with its high value at the head and low value at the base (green gradient). High 
levels of this rapidly- diffusing morphogen lead to differentiation of tentacles, stinging cells and a mouth. Low levels are correlated with the 
expression of an adhesive disk at the base of the animal. An equally important morphogen gradient involves the head inhibitor (pink) that also 
emanates from the head region, but has a more limited ability to diffuse. The head inhibitor suppresses secondary head formation along the 
body axis. As the hydra grows in length, the head inhibitor gradient still covers the same limited physical range, so that at some point, tissues 
in the proximity of the base become exposed to supra- threshold levels of activator, and sub- threshold levels of inhibitor, and a new head forms 
(budding occurs) [after (Vogg et al., 2019; Webster & Wolpert, 1966); see Mercker et al. (2021) for recent review]. A more complete model would 
include the description of a “foot activator” and “foot inhibitor” emanating from the basal disk. (B) A simplified model of gradients involved in 
cortical patterning of Tetrahymena. A posterior- high gradient of the oral inhibitor (pink = elo1) prevents initiation of oral assembly too close to 
the posterior. A purely hypothetical posterior- high gradient of oral activator (green) stimulates oral development near mid- body (arrow) as the 
cell launches predivision development
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posterior cortical domains that accumulate distinct sets of plasma membrane- bound Par proteins, including several 
highly conserved kinases (Hoege & Hyman, 2013; Motegi et al., 2011). The two Par complexes (anterior and posterior) 
engage in a mutual antagonism based on inhibitory cross- phosphorylation, decreasing each other's ability to bind the 
plasma membrane, which results in a sharp boundary between their respective cortical domains. PAR- 1 kinase in the 
posterior Par complex phosphorylates an RNA- binding protein MEX- 5, decreasing its affinity for cytoplasmic RNA 
and making it more mobile (Griffin et al., 2011; Lim et al., 2021). Because PAR1 is enriched in the posterior domain, 
this creates an anterior- posterior gradient of MEX- 5. An opposing gradient of another RNA- binding protein PIE- 1 is 
also established (Daniels et al., 2009). These gradients then specify the cell types that differentiate during subsequent 
embryonic development. As we will discuss later, a similar mechanism of sorting based on a mutual cortical antago-
nism (but with a different set of conserved kinases) appears to operate in the dividing Tetrahymena cell to position the 
division boundary, a critical step in the emergence of cortical pattern in the forming daughter cells (Jiang et al., 2020).

Hubatsch and Goehring (Hubatsch & Goehring, 2020) consider that the role of the known intracellular gradients 
may be limited to generation of two subcellular regions of contrasting properties, for example, the cell poles versus the 
midbody. Thus, it would be important to learn whether intracellular gradients could generate multiple positioning out-
comes across a single cell, something that ciliates may utilize to position organelles with remarkable precision. Most 
if not all eukaryotic cells utilize sophisticated mechanisms for positioning organelles along both the antero- posterior 
and even left- right axis (reviewed in Inaki et al. (2016), Marshall (2020), and Spassky and Meunier (2017)). Examples 
include the placement of centrioles and cilia on the apical surface or the front of migrating cells (Albrecht- Buehler, 
1977; Guirao et al., 2010; Katsumoto et al., 1994; Ohata et al., 2014; Schneider et al., 2010; Wu & Mlodzik, 2017), and 
the alignment of stereocilia into triple rows of the inner hair cells within the inner ear (Barr- Gillespie, 2015; Schwander 
et al., 2010). While pathways that polarize cells (including the Par and Wnt signaling networks) are important for or-
ganelle patterning, it is not well understood how polarity cues are translated into the precise positioning of organelles. 
With their elaborate cortical patterns, ciliates are particularly useful in exploring principles of intracellular patterning 
and specifically the role of intracellular gradients in organelle positioning. Finally, as unicellular organisms, ciliates 
focus our attention on intracellular mechanisms free of the layers of complexity brought by multicellularity.

TH E CILI ATE CELL CORTEX, A SELF- ASSEM BLING ARCH ITECTU RE

There is little doubt that in ciliates, patterning mechanisms reside and operate within the cell cortex, the outer- most 
layer of the cell that is rich in both cytoskeletal and membranous components (Figure 4). The cortex exhibits re-
markable powers of self- assembly, self- propagation, healing, and regeneration (reviewed in Frankel (1989)). By way 
of example, the heterotrich ciliate, Stentor coeruleus, demonstrates impressive regenerative capabilities. An entire cell 
can regenerate from a surgically isolated cellular fragment only 1/64th the original size, providing it carries a por-
tion of the macronucleus (Morgan, 1901). Stentor fragments can regenerate missing structures including all cortical 
organelles (Gruber, 1885; Tartar, 1960, 1961). However, regeneration only takes place if at least a small patch of cortex 
remains on the endoplasm surface (Tartar, 1956, 1961). Thus, pattern information appears to be contained within even 
minute cortical fragments. It is tempting to speculate that the minimal unit that can provide cortical patterning cues 
is the basal body (BB), a conserved centriole- like structure that has intrinsic polarity (reviewed in Bornens (2019)). 
However, hypotrich ciliates resorb all BBs during encystment (induced by environmental stress or starvation) and yet 
the complete cortical pattern reforms when the cyst redevelops upon return to favorable growth conditions (Fryd- 
Versavel et al., 2010; Grimes, 1973a, 1973b). Intriguingly, despite the lack of BBs, the hypotrich cysts retain a dense 
network of cortical microtubules albeit in a reorganized form (Fryd- Versavel et al., 2010), suggesting that microtubules 
(themselves polar structures) may provide patterning cues upon excystment.

Another property of the cell cortex is the degree of autonomy of cortical structures and their ability to self- 
propagate. Cortical abnormalities of all kinds (not caused by mutations) can be transmitted through multiple gener-
ations. Inversions of individual ciliary rows (Beisson & Sonneborn, 1965; Ng & Frankel, 1977), parabiotic doublets 
(“Siamese twins”; Nanney et al., 1975; Tartar, 1956) and even mirror- image pattern reversals created by mechanical 
manipulations (Nelsen & Frankel, 1989; Nelsen et al., 1989a, 1989b) can be stably propagated over dozens of cell di-
visions, revealing a phenomenon described as “cortical inheritance” (Nelsen & Frankel, 1989; Nelsen et al., 1989a, 
1989b; Sonneborn, 1963). Thus, there is a “structural memory” integrated within the cell cortex. Equally remarkable is 
the ability of cortical regions to sustain themselves even when moved to incorrect locations. For example, the dissected 
FZ of a dividing cell continues to constrict when grafted onto the wrong position of another Stentor as long as the 
recipient cell is also a divider (Tartar, 1968). Possibly, positive feedback loops sustain localized activities in the ciliate 
cortex, similar to how positive feedback drives polarization in the budding yeast (reviewed in Woods and Lew (2019)).

From outside in, there are four layers to the ciliate cortex. Outermost is the plasma membrane (Figure 4). Beneath 
this lies, in tight proximity, a network of flattened, membrane- bound compartments, the alveolar sacs (turquoise in 
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Figure 4) which may serve as calcium ion reservoirs (Hardt & Plattner, 2000; Lange et al., 1995; Plattner & Klauke, 
2001; Plattner et al., 2012; Stelly et al., 1991, 1995). This creates a three- membrane outer boundary and, one suspects, 
a barrier to vesicle trafficking between endo- membrane compartments and the cell surface. Taxonomically, alveolar 
sacs also place ciliates among the “alveolates” (the clade of Alveolata) together with dinoflagellates and the parasitic 
apicomplexans (including Plasmodium and Toxoplasma). Alveolins are cytoskeletal proteins (containing charged re-
peat motifs) that are associated with alveoli and are conserved among alveolates (Gould et al., 2008). In Tetrahymena, 
a partial somatic knockout of Alv2 alveolin produces large multinucleated “monster” cells, suggesting that Alv2 is 
important for patterning during cell division, but its specific role or timing of action during cell division are unclear 
(El- Haddad et al., 2013).

The triple- membrane barrier at the cell surface is breached by BBs and by two sets of membrane- exchange foci: the 
docking sites for dense- core secretory granules or “mucocysts” (Briguglio et al., 2013; Sparvoli et al., 2020; Turkewitz, 
2004), and rows of endocytic pits at the base of each cilium called “parasomal sacs” (Briguglio & Turkewitz, 2014; Elde 
et al., 2005; Figure 4). Mucocysts are engaged in stimulated secretion producing small, expanding packages of protein 
that may help in feeding (adhering to microbes and organic material that is later ingested) or may provide defense 
against predators. Parasomal sacs are located at the base of every cilium, and appear homologous to the flagellar or 
ciliary pockets found in other eukaryotes, that are known to be the sites of endocytosis (Ghossoub et al., 2011; Halliday 
et al., 2021). Parasomal sacs are active in both pinocytosis (clathrin- mediated endocytosis (Elde et al., 2005)), and pos-
sibly in exocytosis (see Bayer- Santos et al. (2013) and Flotenmeyer et al. (1999)). We draw attention to the parasomal 
sacs and their adjacent ciliated BBs, as potential players in the regulation of cortical pattern, possibly serving as sites 
of insertion for polarity factors within the plasma membrane.

Beneath the triple- membrane of the plasma membrane and alveolar sacs, lies a layer of proteinaceous, nonmicro-
tubule cytoskeleton superficially resembling the spectrin layer in red blood cells. This is the “epiplasm” (Figure 4, 
green). One can think of the epiplasm as a cytoskeletal matrix surrounding the cell with numerous “caged” openings 
for organelles such as BB, mucocysts and parasomal sacs. Importantly, during cell division, the epiplasm temporarily 
clears from regions where new structures assemble (BBs, the OP, and the FZ). The major cytoskeletal proteins forming 
the epiplasm in Tetrahymena are EpA, EpB, and EpC1 (Honts & Williams, 2003; Williams et al., 1995). A knockout 
of EpC1 resulted in a rounded cell shape and mild disorganization of BBs in the ciliary rows and the OA. However, 
epiplasm is still present in the absence of EpC1, indicating that the remaining proteins are sufficient for epiplasm as-
sembly (Williams, 2004). Thus, the overall role of epiplasm remains unclear.

Finally, stretching out across the cell, and lying both under and over the epiplasm, is the microtubular cytoskele-
ton with 750 BBs organized into 18– 20 rows running parallel to the A/P axis [(Allen, 1967, 1969), reviewed in Wloga 
and Frankel (2012)]. Each BB has short rootlets or “appendages”: the transverse (TM) and postciliary microtubules 
(PC), and the well- studied (nonmicrotubular) kinetodesmal fibers (KD). The polarity of the BB and its appendages 
within ciliary rows is uniform (e.g. all TMs extend to the cell's left side). TMs and PCs are most likely oriented with 
the plus ends of microtubules pointing outward, away from the BB (Thazhath et al., 2004). In addition, there are two 
sets of longitudinal microtubule bundles that are aligned parallel to the ciliary rows. The longitudinal microtubules 

F I G U R E  4  Organization of the cell cortex in Tetrahymena. A patch of cell cortex is depicted with anterior to the left, and posterior to 
the right. pm = plasma membrane; alv = Ca++ reservoirs known as alveolar sacs; lm = longitudinal band of microtubules lying just under 
the alveolar sacs and above the epiplasm; epi = a proteinaceous layer of nonmicrotubule based cytoskeleton resembling the spectrin layer 
in red blood cells; tm = transverse microtubules exposed to cytoplasm; kd = the kinetodesma (or striated fiber); bb = BB; pin = pinosomes; 
ps = parasomal sac, site of clathrin- mediated pinocytosis; ee = early endosomes; pcm = postciliary microtubules (also exposed to cytoplasm) 
and the bm = basal microtubule: the one microtubule track that runs the length of the cell (anterior to posterior) that is exposed to the 
cytoplasm and hence available for A/P vesicle traffic; muc = mucocyst (dense- core secretory granule); golgi = dictyosome; mit = mitochondrion
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(LMs) run along the cell's right of each ciliary row (as viewed from inside the cell looking out) and are sandwiched 
between the alveolar sacs and the epiplasm. The basal microtubules (BMs) run along the cell's left side of the BB 
rows (viewer's right). LMs are bundles of long, partly overlapping microtubules whose polarity is likely uniform: plus 
ends oriented towards the anterior end of the cell (Ng & Frankel, 1977). The polarity of the BMs is unknown, but, 
unlike the LMs, they are exposed to the endo- cytoplasm where they could serve as anterior– posterior runways for the 
trafficking of vesicles and signaling components in ways that might be involved in cortical pattern. Several known 
pattern- regulating proteins (described below) localize along the ciliary rows, suggesting an association with cortical 
microtubules. This raises the prospect that their distribution might involve transport along longitudinally oriented 
microtubules, a topic we will return to later on. Trafficking of vesicles from posterior to anterior along cortical run-
ways has been observed in live cells, traveling at velocities consistent with microtubule- mediated organelle transport 
(Zweifel et al., 2009). Conversely, phagosomes migrate from anterior to posterior, possibly along the BM microtubule 
tracks, or alternatively along the deep fiber bundle, a little studied microtubule track that runs deep within the cyto-
plasm from its origin at the OA and towards the cell posterior (Figure 5).

CORTICA L DEVELOPM ENT IN TETRAHYMENA

The cortex is primarily composed of small repeated units (BBs and their associated structures) that follow local rules 
of self- assembly during vegetative cell growth. During interphase, ciliary rows typically grow through addition of new 
BBs anterior to the ciliated, pre- existing BBs (Allen, 1969; Bayless et al., 2015). There are also major organelles that 
assemble during specific stages of the cell- cycle and follow more global rules of patterning. These include, in order of 
appearance, the new OA, the FZ, the CVPs, and CYP. The first of these to assemble is the OA that functions as the 
cell's mouth (Figure 5). Its fundamental role is as the single site of phagocytosis. As such, it is a place of significant 
membrane turnover as food particles are continuously channeled into the buccal cavity and internalized within grow-
ing phagosomes. The most conspicuous components of the OA are the rows of ciliated BBs that form a set of four 
structures: three diagonally oriented “membranelles” (M1, M2, and M3) and a fourth “undulating membrane” (UM), 

F I G U R E  5  Oral assembly. Stages assigned to development of the oral primordium (lower Fig. from Lansing et al. [1985]). The asterisk (*) 
denotes the “physiological transition point” between stages 4B and 5A. In the lower panel the triangle indicates a stage at which the undulating 
membrane of the mature OA is remodeled, completing its reassembly in synchrony with that of the oral primordium. Also in the lower panel, 
ciliated and unciliated basal bodies are shown in black and grey respectively
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hence, “Tetra”- hymena (Figure 5). The three membranelles sweep food particles into the buccal cavity and into the 
cytostome (where food vacuoles form) while the UM is thought to reinforce the buccal cavity. The BBs of the OA are 
reinforced by microtubule architecture including the “ribbed wall” which is anchored to the UM and a “deep fiber” 
bundle that extends into the endoplasm (where it may provide a motility track for the newly formed phagosomes as 
they move inside the cell). In addition to tubulin, the OA is rich in organelle- specific cytoskeletal proteins including 
“tetrins” (Honts & Williams, 2003).

Oral morphogenesis (stomatogenesis) is the first conspicuous step in the developmental program leading to tandem 
duplication, so we define the onset of cell division in Tetrahymena by the emergence of the OP. The OP appears within 
a mid- body clearing of the epiplasm, just posterior to the equatorial position of the future FZ and alongside of the 
right postoral ciliary row (row 1 or the stomatogenic kinety, Figure 1, also see Figures 5– 7; Bakowska, Frankel, et al., 
1982; Bakowska, Nelsen, et al., 1982; Williams et al., 1987). Within this epiplasm clearing (or possibly concurrently) 
BBs proliferate in a manner not seen during interphase. Whole “streams” of BBs originate along the left side (cell's 
perspective) of the stomatogenic kinety, and migrate laterally into the inter- row space. This creates an “anarchic field” 
of seemingly randomly oriented BBs in the space between the two postoral ciliary rows (Figure 5, stages 1A– 1B). BBs 
then align into rows, the so- called “pro- membranelles” first visible as singlets and later as doublets (stages 2– 3 in 
Figure 5). Next, the doublet rows are expanded by addition of a third row of BBs creating membranelles (Figure 5, 
stages 4A, B). The UM assembles to the cell's right of the three membranelles (stages 4B– 5C). The period between 
stages 4A and 5B (asterisk in Figure 5) is noteworthy. Before this stage, environmental insults (heat shock or a variety 
of pharmacological inhibitors) can disrupt OP development and block cell division. After this point, oral development 
proceeds despite such treatments (Frankel, 1962; Williams, 1964). This has been termed the “physiological transition 
point.” It also marks the end of the temperature- sensitive period for the cdaA- 1 mutant that is unable to form the FZ 
(Frankel et al., 1980a, 1980b). It is also noteworthy, that between stages 5A and 5B, the mature OA undergoes partial 
disassembly (including a loss of one row of BBs within the UM), and then re- assembles in synchrony with the devel-
oping OP (Figure 5, triangle; Bakowska, Nelsen, et al., 1982).

The FZ starts to form after OP development is well under way (around stages 4B– 5A). First a gap appears in the 
somatic ciliary rows, completely encircling the cell at its equator and generating what is known as the “cortical sub-
division” (Frankel et al., 1981; Kaczanowska et al., 1999). The equatorial gap and the region immediately posterior 
undergo major molecular changes including clearance of epiplasm proteins (Kaczanowska et al., 1999) and infusion 
of the protein fenestrin Fen1 (Cole et al., 2008; Joachimiak et al., 2013; Kaczanowska et al., 2003; Nelsen et al., 1994; 
Yasuda et al., 1980; Figure 6). Fenestrin decorates the Tetrahymena cortex in a pattern that is almost the perfect com-
plement to the epiplasm distribution. Namely, fenestrin decorates (and epiplasm is absent from) the cortical space 
around the somatic BB, the developing OP, and the FZ. During the final stages of cell division, a contractile ring 
forms within the FZ plane and cytokinesis is initiated (Jerka- Dziadosz, 1981; Numata et al., 1995; Yasuda et al., 1980). 
The LM microtubule bundles undergo severing within the plane of constriction, due to localized activity of katanin 
that may be locally activated by posttranslational modifications of microtubules (Sharma et al., 2007; Thazhath et al., 
2002; Waclawek et al., 2017).

F I G U R E  6  Localization of Tetrahymena proteins in the cell cortex. (A) GFP- tagged Epc1 localization in a dividing cell, dorsal view 
(courtesy of Douglas Chalker). Note clearance around each BB and within the FZ. (B) GFP- tagged fenestrin Fen1 localization in a dividing 
cell. Fenestrin appears everywhere the epiplasm is excluded including the developing FZ, a cage around each BB, the OA and the developing OP. 
(C) Cda12:GFP tagged vesicles (likely recycling endosomes) in a recently divided cell (After Zweifel et al., 2009). This is a posterior daughter cell 
and the putative endosomes appear more richly concentrated at the anterior (arrow), which recently was the fission zone at midbody prior to 
division
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From the perspective of global cell- patterning, it is worth emphasizing that the FZ assembles immediately anterior 
to the developing OP. There are mutations that coordinately shift the position of both the OP and FZ, thus displacing 
the entire division plane (elo1- 1 and cdaI- 1, see below; Frankel, 2008; Jiang et al., 2017, 2019a). These phenotypes sug-
gest that the positions of the two structures are coordinated (i.e. the FZ position either depends on the OP position, 
or both rely on a common patterning mechanism). However, certain mutant combinations and drug treatments that 
affect phosphorylation states shift the relative positions of the OP and FZ [(Jiang et al., 2020; Kaczanowska et al., 
2012) and see below]. Furthermore, a removal of the OP by dissection [in Stentor (Tartar, 1966)] or UV microbeam 
irradiation [in Glaucoma (Frankel, 1961)] fails to block the subsequent development of the FZ (Frankel, 1961; Tartar, 
1966). Thus, the mechanisms that position the OP and FZ show a degree of independence, suggesting that each of the 
two structures is positioned in reference to the whole cell axis and not to each other.

As the cell undergoes cytokinesis and as the plasma membrane constricts, a new apex forms in the posterior hemi- 
cell (Jerka- Dziadosz, 1981), and a new posterior end is remodeled anterior to the constriction zone in the anterior 
hemi- cell. The cell apex is composed of pairs of BBs that represent the anterior- most ends of a subset of posterior 
ciliary rows [reviewed in (Wloga & Frankel, 2012)]. New CVPs and CYP of the developing anterior daughter cell as-
semble just anterior to the developing FZ, in what will become the posterior end of the anterior hemi- cell (Figure 7). 
Circumferentially, the site of cytoproct assembly also appears alongside the stomatogenic kinety, but the CVP domain 
is unique, assembling at a constant proportion of the cell circumference, approximately 83° to the cell's right (viewers’ 
left) of the stomatogenic kinety. This has been referred to as the “central angle” (Nanney, 1966), reviewed in (Frankel, 
1989). Importantly, CVPs are positioned according to both global (cell- wide) and local cues. As already mentioned, 
inverted ciliary rows can propagate through multiple cell divisions (Beisson & Sonneborn, 1965; Ng & Frankel, 1977). 

F I G U R E  7  Sequence of cortical organelle dynamics leading to cell division. Development proceeds from left to right. In the first sign 
of prefission development, epiplasm proteins (green) disappear from the site of oral assembly (the OP). BBs proliferate within this clearing 
from the stomatogenic kinety. Note: it is not certain whether epiplasm clearance precedes or is concurrent with BB proliferation. BBs become 
organized into three transverse membranelles and the undulating membrane. The epiplasm clears from the future fission zone, and becomes 
free of BBs (there is now a midbody discontinuity in the ciliary rows known as the cortical subdivision). Cytokinesis is initiated, and the second 
cytoproct and CVP sets develop in the anterior daughter cell
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If an inverted row happens to be present within the exact area at which CVPs are expected to assemble, then new CVPs 
form correctly in respect to the A/P and C axes though locally they form on the reverse side of that inverted row (Ng 
& Frankel, 1977). This remarkable observation reinforces the idea that the positioning mechanisms integrate cues 
operating at multiple scales (global and local) and along multiple axes (A/P and C) at an organelle level. Likely the 
global positioning determines a coarse position while the local influences (such as the availability of binding sites in 
the cytoskeleton) define the fine position.

In summary, the major cortical organelles: the OA, cell apex, CVPs, and CYP appear at precise spatial locations 
and within a prescribed temporal sequence during prefission development. These are illustrated in Figure 7, and de-
scribed in more detail in Table 1.

A NTERIOR- POSTERIOR GRA DIENTS IN TH E CILIATE CORTEX

Physiological and morphogenetic gradients

Having introduced the ciliate cell cortex as a dynamic theater for intracellular patterning, and as the site of assembly 
for the major organelles whose timing and spatial position take center stage, it is time to ask: do ciliates exhibit A/P 
gradients, and if so, do they use such gradients to establish cortical pattern?

Historically the first evidence pointing to cortical gradients in ciliates involved physiological approaches. Namely, 
in Paramecium, these studies uncovered an anterior– posterior decreasing gradient of plasma membrane conductivity 
attributed to mechanosensitive Ca2+ channels and an opposite posterior– anterior gradient of K+ conductivity (Ogura 
& Machemer, 1980). Additional A/P gradients attributable to either ion- channels or chemoreceptors have been found 
in Paramecium and Stylonychia (Machemer & Deitmer, 1985; Oami, 1996; Peyer & Machemer, 1977; Preston & Van 
Houten, 1987).

Anterior– posterior and circumferential gradients of morphogenetic activities have also been described. As 
Tetrahymena grow during interphase, new BBs are inserted into the somatic ciliary rows, but the distribution of their 
insertion is not random. The region of greatest BB proliferation is centered ventrally along the stomatogenic row and 
its flanking ciliary rows, and equatorially at mid- body. Curiously, the center of this area corresponds to the region in 
which BB assembly initiates OP formation in the early divider (Kaczanowski, 1978; Nanney, 1975).

During interphase in Tetrahymena, there is a significant delay between the time of assembly of new BBs and their 
ciliation (emergence of the cilium proper from the BB). Consequently, prior to cell division, many BBs are completely 
assembled and yet remain unciliated. Once the cell enters division, the posterior daughter cell undergoes an anterior- 
to- posterior wave of basal- body ciliation (Frankel et al., 1981).

Wloga and colleagues noted that during interphase, there is an A/P gradient in the length of somatic cilia in 
Tetrahymena, with the shortest cilia at the anterior cell tip (Wloga et al., 2006). In the same study, several members 
of the NRK/NEK family of kinases were overproduced. NRK/NEK kinases have an evolutionarily conserved cilia- 
shortening activity (Bradley & Quarmby, 2005; Mahjoub et al., 2004). Interestingly in Tetrahymena each of several 
overproduced NRKs caused preferential shortening of a different subset of cilia, in some cases producing gradients of 
ciliary resorption along either the A/P or circumferential axes (Wloga et al., 2006). Overall, these observations suggest 
that factors that control cilia length function as gradients.

Further evidence of anterior– posterior gradients comes from surgical manipulations of Stentor coeruleus [reviewed 
in Frankel (1989)]. Weisz (1951) and later Uhlig (1959) described ectopic tail formation (the “holdfast”; the posterior- 
most structure that anchors Stentor to its substrate), in response to excision of a mid- body patch of postoral cell cor-
tex. Importantly, ectopic holdfasts were more readily formed the closer the excision was to the posterior end, possibly 
reflecting an underlying gradient of tail- inducing capability.

When the anterior end of a Stentor cell carrying with it the long, spiral OA is surgically removed (Figure 8), a 
new OA starts to form as an OP appearing in the mid ventral region of the cell (Tartar, 1957). The OP forms as a 
long, linear structure, within the narrow region that can be described as a morphological seam: “the zone of stripe 
contrast,” the cell's meridian (likely analogous to the stomatogenic kinety in Tetrahymena). The elongated OP 
forms a buccal cavity (gullet) and cytostome (mouth) at its posterior- most end, closest to the holdfast (Figure 8B, 
lower arrow). When the developing OP was surgically rotated 180°, two sets of buccal structures formed: one at the 
original site (now anterior- most) and a second in the posterior (newly apposed to the posterior cell tail, Figure 8C). 
This suggests an influence from the cell's posterior region that induces construction of specific components within 
the developing OP. Moreover, when Uhlig (1959) and Tartar (1961) grafted an ectopic tail near the middle of an 
already developing OP, a second, partial set of buccal structures formed in the mid region of the OP as well as at 
the normal posterior, again demonstrating what appears to be a posterior inductive influence (Figure 8D). Frankel 
viewed these surgical data as evidence for a potential gradient of some oral development signal molecule emitted 
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from the posterior region of the cell (Frankel, 1989). We will review evidence indicating that in Tetrahymena the 
posterior region also expresses an inhibitory influence that prevents the OP from developing too close to the pos-
terior cell end (see below) and the gene products associated with this activity (Elo1 and Mob1) present in genuine 
decreasing posterior- to- anterior gradients (Jiang et al., 2019a; Tavares et al., 2012). Remarkably, these findings 
in both Tetrahymena and Stentor indicate the presence of two posterior- to- anterior gradients, one inhibitory and 
one stimulatory, in single celled organisms resembling those documented in the multicellular Hydra (Figure 3). 
To be accurate, these two posterior gradients affect different aspects of OP formation. The Elo1/Mob1 gradi-
ent in Tetrahymena specifies the initial position of the entire OP along the cell's A/P axis while the mouthpart- 
inducing gradient of Stentor induces specific oral structures (the buccal cavity and cytostome) at the posterior end 
of Stentor's unusually elongate, ribbon- like OP.

F I G U R E  8  Anterior- posterior morphogenetic gradients deduced from microsurgical experiments in Stentor [A– D, based on (Tartar, 1961)] 
and Blepharisma [E, modified from (Suzuki, 1957)]. Fig. A) diagrams a Stentor cell with a developing OP that assembles at the zone of stripe 
contrast (CZ = contrast zone). This region exhibits a visible “seam” between broad longitudinal stripes of pigment granules, and narrow stripes. 
(B) A dividing Stentor cell whose OP has begun to differentiate a “cytostome” at its posterior end (arrow). (C) A surgically manipulated Stentor 
in which the OP has been excised and rotated 180°. Its original cytostome is now positioned at the anterior end and a new, 2° cytostome has 
been induced at its new posterior. (D) A Stentor regenerating its OP, with a second posterior surgically grafted nearby. This has, apparently, 
induced formation of a 2° cytostome in the middle of the developing OP. (E) A classic surgical result from Blepharisma [modified from (Suzuki, 
1957)]. In the first panel, the anterior hemicell of a nondividing cell is severed, rotated, and grafted back to the posterior hemicell. The right- 
most panels depict development of two oral primordia, the first assembling just posterior to the mature OA (in a postequatorial region that 
would not normally form an OP). The second OP forms where it would normally have formed had there been no surgery. This highlights the 
ability of a mature OA to “induce” or at least specify where a novel OP will form
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Gradients of protein phosphorylation

So far, we have reviewed evidence suggesting that ciliates exhibit cortical gradients in the form of physiological or 
morphogenetic activities. As we shall see, ciliates also exhibit gradients in protein “phospho- states.” Kaczanowska 
and colleagues (Kaczanowska et al., 1999) probed Tetrahymena with the MPM- 2 monoclonal antibody originally 
raised against cell- cycle- specific mammalian phosphoproteins (Davis et al., 1983; Kuang et al., 1991). In dividing cells, 
and at early stages of FZ formation, MPM2 preferentially labeled BBs at both the (old) anterior end of the dividing 
cell, and just posterior to the FZ, in what will become the new anterior end of the posterior daughter. In cells with a 
fully developed FZ, the posterior daughter showed a strong MPM2 signal along the ciliary rows in the form of an A/P 
gradient, highest at the FZ (Kaczanowska et al., 1999). The area of most intense MPM2 signal corresponds to the area 
where epiplasm proteins are cleared and where fenestrin accumulates as the FZ develops (Cole et al., 2008; Joachimiak 
et al., 2013; Kaczanowska et al., 2003; Nelsen et al., 1994). It is tempting to theorize that gradients of kinase activity 
could position phosphorylation activities causing localized cortical remodeling. Future identification of cortical phos-
phorylated proteins that are recognized by MPM2 could be instructive.

Kaczanowska and colleagues used kinase inhibitors to explore the functional significance of the observed 
phosphorylated epitope gradients. In one study (Kaczanowska et al., 1999), Tetrahymena cells were treated with 
6- dimethylaminopurine (6- DMAP): a protein kinase inhibitor that blocks the prophase- metaphase transition in an-
imal oocytes (Neant et al., 1989; Rime et al., 1989). 6- DMAP prevented completion of Tetrahymena division, and in 
some cells, shifted the position of the OP and the FZ anteriorly (Figure 9B; Kaczanowska et al., 1999). These observa-
tions point to kinase activities defining the A/P location of the entire division plane. More recently, Kaczanowska et al. 
(2012), treated proliferating Tetrahymena cells with roscovitine, an inhibitor of cyclin- dependent kinases (CDKs; De 
Azevedo et al., 1997). Remarkably, roscovitine displaced the FZ posteriorly, sometimes bisecting the developing OP, 
or localizing it posterior to the OP creating an anterior division product with two mouths (Figure 9C). Furthermore, 
in some roscovitine- treated cells new CVPs formed posterior to the FZ (Kaczanowska et al., 1999). To summarize, 
Kaczanowska and colleagues’ pharmacological experiments indicate that protein phosphorylation (potentially pro-
duced by multiple kinase species), controls the A/P location of the FZ and new organelles. Importantly, these drug 
treatments produce phenotypes that resemble those in some single or double cell division/patterning mutants isolated 
by Frankel's laboratory (Frankel, 2008) and indeed the known loci encode kinases or kinase activators (see below). 
Namely, the end point produced by 6- DMAP (an anteriorly shifted division plane) phenocopies cdaI- 1 and CdaI is a 
Hippo/Mst kinase (Jiang et al., 2017). Furthermore, the shifts in the relative positions of OP, FZ, and new CVPs were 
also observed in the double mutant cdaI- 1;cdaA- 1 (Jiang et al., 2020).

TH E SEARCH FOR PATTERN- REGU LATOR GEN ES IN CILIATES

In the mid- 1970s, Peter Bruns (Cornell University) and Eduardo Orias (U.C. Santa Barbara) developed genetic tech-
niques for making homozygous mutants in Tetrahymena thermophila (Bruns et al., 1976; Bruns & Sanford, 1978; Orias 
& Bruns, 1976). Shortly thereafter, Joseph Frankel (University of Iowa) began applying these methods to systemati-
cally prospect for Tetrahymena genes involved in pattern formation during cell division (Frankel et al., 1976a, 1976b, 
1977). From the initial Cornell University collection, Frankel also characterized janA- 1 (janus A), a mutant that 
expresses a global, mirror- image cortical pattern duplication (Frankel & Jenkins, 1979; Jerka- Dziadosz & Frankel, 
1979). These achievements encouraged Frankel to persevere in a career- long search for mutations that influenced cor-
tical pattern in Tetrahymena thermophila.

Following a strategy of nitrosoguanidine- mutagenesis, homozygosis and clonal screening, the Frankel lab isolated 
over 40 recessive Tetrahymena pattern mutants (Frankel, 2008). Several mutant loci specifically affect A/P patterning 
during cell division: elo1, con1, cdaI, cdaH, cdaA, cdaK, and psm. The mutants identified in the Frankel lab hinted at 
a rich gallery of gene products that are involved in establishing and maintaining the A/P pattern in Tetrahymena, but 
for decades there was no means of identifying the causal mutations. Then, in 2006, the Tetrahymena macronuclear 
genome was published, fulfilling a long- time goal for one of the pioneers of genome studies in Tetrahymena, Eduardo 
Orias (Eisen et al., 2006). Also, that same year, the first draft of the macronuclear genome of Paramecium tetraurelia 
was published (Aury et al., 2006).

These milestone achievements were followed by several “mapping by sequencing” studies that identified causal 
sequence variants in a number of mutants, first in Paramecium and later in Tetrahymena (Bhullar et al., 2018; Galati 
et al., 2014; Kontur et al., 2016; Marker et al., 2014). In both species, next- generation sequencing (NGS) strategies, 
while differing in details, were based on the principle of “bulked segregant analysis.” This strategy examines pools 
of cross progeny to identify sequence variants that co- segregate with the mutant phenotype (Birkeland et al., 2010; 
Michelmore et al., 1991). In 2014, Galati and colleagues (Galati et al., 2014) identified the first cortical pattern 
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gene from Frankel's collection, disA- 1 (disorganized). disA- 1 mutants have highly fragmented and mispositioned 
ciliary rows but (surprisingly) manage to assemble the major structures (OP, FZ, CVPs) nearly correctly and di-
vide (Jerka- Dziadosz et al., 1995). DisA is a protein with weak homology to SF- assemblin, a component of the 
BB- associated striated fiber originally discovered in green algae (Lechtreck & Melkonian, 1998). DisA localizes 
to the striated fibers of Tetrahymena (also known as the kinetodesma or KD fibers; Figure 4; Galati et al., 2014). 
The disA- 1 phenotype is likely due to a loss of cohesion between the linearly adjacent BBs within a ciliary row that 
is normally provided by the kinetodesma (Galati et al., 2014; Iftode & Fleury- Aubusson, 2003; Nabi et al., 2019; 
Soh et al., 2017, 2020). Because the A/P global pattern formation in disA- 1 is nearly unaffected (Jerka- Dziadosz 
et al., 1995), DisA protein likely plays a role confined to local patterning. More recently, Jiang and colleagues 
used similar comparative NGS to identify CdaI, Elo1 and CdaA proteins that clearly play a role in global (cell- 
wide) patterning along the A/P axis (Jiang et al., 2017, 2019a, 2020). In addition, reverse genetic approaches have 
implicated Mob1 (Tavares et al., 2012) and Sas4 (Ruehle et al., 2020) in the A/P patterning in Tetrahymena. The 
known gene products, and the yet- to- be- identified loci involved in Tetrahymena A/P patterning are summarized 
in Table 2, with detailed descriptions to follow.

GEN E PRODUCTS TH AT CONTRIBUTE TO EARLY A / P PATTERN ING 
(BEFORE FISSION ZON E IN DUCTION )

We will divide the A/P polarity factors into two groups reflecting when the mutant phenotype first appears using the 
FZ as a landmark: those acting early (before the FZ formation) and those acting late (at the time of, or just after FZ 
formation). Mutant phenotypes are diagrammed in Figure 10.

The appearance of the OP marks the onset of the tandem duplication that culminates in cell division. Several 
cortical activities that control OP formation were first detected based on microsurgeries performed on larger cili-
ates. Studies in Stentor suggest that the cell has to achieve a certain minimal size to be able to activate the program 
of OP formation [oral/somatic ratio; (De Terra, 1969)]. The old OA may inhibit OP assembly in nondividing cells. 
For example, grafting an OA or its part onto a regenerating Stentor (from which OA was earlier excised), delays OP 
development or even triggers OP resorption (Hyvert et al., 1972; Tartar, 1958). On the other hand, the old OA may 
have an activating influence for OP development as well. In Blepharisma, when the anterior hemi- cell (containing 
the mature OA) is rotated 180° and reattached to the posterior hemi- cell, two OPs will form as the cell enters cell 
division: one along the longitude corresponding to the original OA position (suggesting residual OP- determinants 
exist in the posterior hemicell) and another posterior to the newly positioned OA (suggesting that the grafted OA 
has transmitted OP- determinants to the neighboring, posterior cortex (Frankel, 2008; Suzuki, 1957; Figure 8E). 
Again, as we pointed out for the posterior cell end, the anterior end may be the origin of both activator and repres-
sor activities controlling OP formation. While the identity of oral activator and repressor activities are unknown, 
recent molecular studies of some of Frankel's mutants are beginning to shed light on how the precise position of 
the OP is determined (see below).

F I G U R E  9  Role of protein phosphorylation in specification of the division plane position in Tetrahymena. (A) Control cell, BBs labeled 
with anticentrin (Kaczanowska et al., 2012). Arrows indicate FZ. (B) A 6- DMAP- treated cells showing anterior displacement of FZ and OP 
(note unequal size of daughter cells; Kaczanowska et al., 1999). (C) A roscovitine- treated cells showing posterior displacement of FZ (but not 
the OP; Kaczanowska et al., 2012). (D) A double mutant (cdaA- 1/ cdaI- 1) grown at restrictive temperature (Jiang et al., 2020). OP is displaced 
anterior to the FZ. (E) MPM- 2 immunostaining of triton- extracted T. pyriformis, a gradient of phosphorylated protein epitopes posterior to the 
FZ [from Kaczanowska et al. (1999)].
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Elo1

In the elo1- 1 mutant there is a concerted posterior displacement of virtually all new cortical structures eventually 
leading to an unequal cell division producing a small posterior and a large anterior daughter cell, respectively 
(Frankel, 2008). Importantly, the earliest manifestation of the elo1- 1 defect is the formation of a structurally nor-
mal OP at a position that is excessively close to the posterior cell end (Figure 10). Interestingly, the initial extreme 
posterior OP location is partly normalized as division progresses, but at all times the OP remains excessively 
posterior (Frankel, 2008; Jiang et al., 2019a). Whether this correction is a result of anterior migration of the OP 
(cortical slippage) or differential growth of the cortex posterior to the OP is unclear. All subsequent new struc-
tures (FZ, new cell ends, and CVPs) form at posteriorly shifted positions but in local agreement with each other, 
and the daughter cells are structurally normal except for their size. Significantly, elo1- 1 shifts the positions of 
boundaries of cortical domains formed by polarity markers that appear at later stages and drive the FZ initiation 
and positioning (CdaI and CdaA, see below). The ELO1 gene (TTHERM_00035550) encodes a kinase orthologous 
to highly conserved Lats/Ndr kinases (Jiang et al., 2019a). In other species these are invariably part of the Hippo 
pathway. Hippo signaling was discovered in Drosophila as a pathway that controls the cell proliferation in the 
context of organ size control (Gokhale & Pfleger, 2019; Udan et al., 2003). Hippo signaling generates diverse out-
puts that contribute to the cell cycle, cell polarity, cell size regulation, mechano- sensation and cell differentiation 
[reviewed in (Davis & Tapon, 2019; Misra & Irvine, 2018)]. The most conserved components of Hippo signaling are 
two kinases (Hippo/Mst and Lats/Ndr) and the Mob1 adapter that binds to Lats/Ndr. In metazoans, Hippo/Mst 
kinases are activated by diverse upstream signals including signaling complexes associated with the cell surface 
or cell junctions. Hippo/Mst then phosphorylates Lats/Ndr and Mob and the activated Lats/Ndr phosphorylates 
downstream targets. In animal embryos, the main targets of Lats/Ndr are transcription factors YAP/TAZ that 
are not conserved outside of the Metazoa. In fungi, Lats/Ndr kinases phosphorylate proteins involved in the exit 
from mitosis (Cdc14), cytokinesis (Cyk3, Hof1), and the differentiation of daughter cells [reviewed in (Hergovich 
& Hemmings, 2012)]. Elo1- GFP (shown in green in Figure 11) localizes to the BBs in the posterior- most region of 
the cell cortex both at interphase and during cell division (Jiang et al., 2019a). Importantly, Elo1- GFP presents as 
a genuine gradient highest around the most posterior BBs. When the OP first emerges as an anarchic field, it as-
sembles in the mid- ventral region of the cell along the stomatogenic ciliary row, and just anterior to the low end of 
the Elo1 gradient [based on confocal and super- resolution microscopy of Elo1 tagged at its own locus (Jiang et al., 
2019a); depicted green in Figures 11, 12]. When the FZ forms, Elo1 makes a novel appearance at the newly formed 
posterior end of the anterior daughter cell (Figure 11).

TA B L E  2  Gene products associated with A/P patterning in Tetrahymena

Gene product Gene ID Early mutant phenotype Localization References

Elo1 (Lats kinase) TTHERM_00035550 Posterior shift of OP (elo1- 1) Gradient decreasing from 
the posterior cell end

Jiang et al. (2019a)

Con1 ? Posterior shift of the OP 
(con1- 1)

? Doerder et al. (1975)

CdaI (Hippo/Mst 
kinase)

TTHERM_00971920 Anterior shift of OP and FZ 
(cdaI- 1; cdaI- 3/39°C)

Anterior half of dividing cell 
before FZ formation

Jiang et al. (2017)

Mob1 (Mob adapter of 
Lats kinase)

TTHERM_00716080 Anterior shift of OP and FZ 
(knockdown)

Gradient decreasing from 
the posterior cell end

Tavares et al. (2012)

CdaA (Cyc8; cyclin E 
domain protein)

TTHERM_00332170 No FZ (cdaA- 1, cdaA- 4/39°C) Posterior half of dividing cell 
before FZ formation

Jiang et al. (2020)

Sas4 TTHERM_00382220 Anterior shift of the FZ 
(knockout)

Basal bodies Ruehle et al. (2020)

CdaH ? No FZ, anterior shift and 
partial degradation of OP 
(cdaH- 1/39°C),

? Frankel et al. 
(1980a), Frankel 
(2008)

CdaK ? Oblique FZ (cdaK- 1/39°C) ? Frankel (2008), 
Krzywicka et al. 
(1999)

PsmA ? OP spreads along the A/P axis 
(psmA- 3/39°C)

? Frankel et al. (1984)
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The simplest model that can account for both the Elo1 loss- of- function phenotype and its restricted localization is 
that Elo1 prevents the OP and all subsequent structures from forming within the (posterior) cortical domain that it 
occupies. This suggests that in the absence of Elo1, oral development (by default) initiates in a more posterior location 
along the stomatogenic kinety. These conclusions recall to mind the microsurgical experiments (in Stentor) indicating 
a cytostome- inducing influence emanating from the posterior end of the cell (hypothetical blue gradient, Figure 12; 
Tartar, 1961; Uhlig, 1959; Weisz, 1951). Thus, both OP activating and inhibitory gradients may emanate from the pos-
terior cell region.

Elo1 most likely operates as part of the conserved Hippo protein triad, activated by an unknown Hippo/Mst kinase 
and working in a complex with a Mob scaffolding protein. In addition to Hippo/Mst encoded by CdaI (that is known 
to act at the later stage to position the FZ), the genome of Tetrahymena encodes three unstudied Hippo/Mst kinases 
(TTHERM_00933100, TTHERM_01246760, and TTHERM_00580440). Thus, one or more could phosphorylate and 
activate Elo1. Based on a remarkable colocalization during interphase and cell division, Mob1 (described below) is 
the likely binding partner of Elo1/Lats (with the caveat that a knockdown of Mob1 phenocopies cdaI- 1 rather than 
elo1- 1, see below). Note that a second burst of Hippo signaling activity occurs at the time of FZ formation and cytoki-
nesis and involves the CdaI Hippo/Mst kinase and most likely also Mob1 (see below). It appears that the two periods 
of Hippo activity (with Elo1 and CdaI) are consecutive. For example, a double mutant elo1- 1; cdaI- 1 initially has the 
phenotype of elo1- 1 alone (a posteriorly shifted OP) and later the OP undergoes an anterior migration characteristic 
of cdaI- 1 (see below). This goes beyond the anterior correction seen in the single elo1- 1 mutant. Consequently, in the 
double- mutant the division plane is positioned correctly at the cell's equator (Jiang et al., 2019a). The signaling activity 
involving Elo1/Lats and likely Mob1 was named the “early Hippo circuit” while the subsequent activity with CdaI/
Hippo/Mst and also Mob1 was named the “late Hippo circuit.”

Con1

Con1- 1 mutants also develop a posteriorized OP and divide unequally (Figure 10; Doerder et al., 1975; Frankel, 2008). 
The OP initially forms very close to the posterior cell end and later shifts a bit, but the division products remain of 
unequal size (like in elo1- 1). Unlike elo1- 1, the con1- 1 cells are also abnormally shaped. They are wider and the position 
of their maximal width is closer to the posterior end (in contrast to the wild type where the cell is widest midway be-
tween the two ends; Doerder et al., 1975; Lynn, 1977). However, another allele, con1- 2, displays the posteriorly shifted 
division plane while its overall shape is normal and resembles elo1- 1 more closely (Frankel, 2008). Thus, the abnormal 
shape is allele- specific, and the defect shared by both alleles is the posterior shift of the division plane. The CON1 gene 
product remains unknown but based on the similarity of con phenotypes to elo1- 1, we speculate that Con1 may also 
be a protein that is part of the early Hippo circuit.

Mob1

Mob proteins are conserved components of Hippo signaling, functioning as activating adapters of Lats/Ndr kinases 
[reviewed in Delgado et al. (2020)]. Mob was discovered in yeast as a protein required for completion of M phase 
(Luca & Winey, 1998). Tavares and colleagues were first to implicate the Hippo pathway in the A/P positioning in 
Tetrahymena based on their studies of Mob1 (Tavares et al., 2012). The pattern of localization of Mob1 closely resem-
bles that of Elo1- GFP (Jiang et al., 2019a; Tavares et al., 2012). Both proteins exhibit a posterior to anterior gradient 
that is already present during interphase and is duplicated during a late stage of division coincident with the formation 
of the new posterior cell end in the anterior daughter cell (Figures 11 and 12, “green”). A homology- based model of 
Elo1 reveals a high level of conservation with other Lats/Ndr kinases including the region known to bind Mob. Thus, 
it is likely that Elo1 works in a complex with a Mob, and likely this Mob is Mob1 based on the strict colocalization of 
the two proteins (Figure 12). However, Tetrahymena possess a second unstudied Mob, Mob4 (TTHERM_001262898). 
Because the knockdown of Mob1 phenocopies cdaI- 1 (a component of the late Hippo circuit, see below), and not elo1- 1 
(Jiang et al., 2017), Mob4 may be redundant with Mob1 in the early Hippo circuit. Alternatively, as suggested, a knock-
down of Mob1 does not affect the early Hippo circuit because Mob1 is already present in the cell cortex in interphase, 
but does affect the late Hippo circuit because it may require newly synthesized Mob1 to be deposited at the forming 
posterior cell end (Jiang et al., 2017).

The presence of both Elo1 and Mob1 gradients during interphase raises a question about whether they contribute 
to organelle positioning during interphase prior to their role in positioning of the OP. A clue that there could be an 
interphase function for Hippo signaling came from manipulations of Mob1 in Stentor (Slabodnick et al., 2014). In this 
giant ciliate, Mob1 also occupies the posterior cell end and forms a clear gradient decreasing toward the cell's anterior 
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end. Like in Tetrahymena, in the dividing Stentor Mob1 appears at the developing posterior end of the anterior daugh-
ter cell. Mob1 depletion by RNAi severely disturbs Stentor's shape. Importantly, in dissected Stentors that regenerate 
either the anterior or posterior cell region, Mob1 depletion blocks or slows down regeneration and some cells produce 
lateral projections that look like ectopic tails (Slabodnick et al., 2014). These data suggest that Mob1 has a role outside 
of cell division, in the maintenance of the A/P polarity axis. Further investigation of the potential roles of Mob1 and 
Elo1 during interphase is therefore of great interest and would benefit from development of additional genetic tools to 
rapidly inactivate these proteins, such as fast- acting conditional alleles [such alleles have been reported for Mob1 in 
the original study in budding yeast (Luca & Winey, 1998)]. Also, a null allele for Elo1 is needed to determine whether 
the early Hippo signaling has additional roles beyond acting as a posterior “exclusion ruler” for the OP. Because only 
one allele is available (elo1- 1) and it is not clear whether the mutation causes a complete loss of function, the early 
Hippo signaling may also play a role in the induction of the OP, not just its posterior positioning. Such an inductive 
role was shown for the late Hippo circuit in the case of the FZ (see below).

F I G U R E  10  Diagram illustrating major features of cortical mutant phenotypes of Tetrahymena discussed. Red triangles and diamonds: 
developing OPs. Red cross- bars: developing FZ. Small red circles: developing CVPs. Blue arrows indicate anterior cortical slippage of OP to 
more anterior location. Anterior hemi- cells partially divided from posterior hemi- cells indicate “hammerhead” phenotypes with incomplete 
fission.
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Psm gene products

Pseudomacrostome mutants (psmA, psmB, and psmC) occupy an uncertain place in the gallery of A/P pattern mu-
tants (Frankel, 2008; Frankel et al., 1984). psmA- 3 is a particularly useful temperature- sensitive allele that grows well 
at 30°C and fails to undergo cell divisions at 39°C (Frankel, 2008). We are considering the Psm gene products among 
the participants of the early stage of cell division (prior to the FZ formation) because the first sign of deviation from 
normal development in psm mutants is that the OP at the stage of anarchic field abnormally expands (on the A/P axis) 
to include cortical territories both anterior and posterior to the normal mid- body position. In psmA- 3/39°C mutants 
the shift in the anterior direction is particularly impressive as the BBs of the anarchic field reach the vicinity of the 
old OA. The BBs then gradually organize into a more condensed nearly normal- looking (yet enlarged) OP, but cells 
fail to divide (no FZ forms). At this point, normal cortical development is aborted. The mature OA is resorbed, and 
the enlarged “macrostome” simply replaces it at the anterior end of the undivided cell. This strongly resembles an 
alternative developmental program called “oral replacement” that occurs in starving Tetrahymena (Frankel, 1969; 
Kaczanowski, 1976). We can propose two alternative models to explain the psm phenotype. In one, Psm gene products 
restrict BB proliferation in the developing OP. The subsequent abnormal “replacement” of the mature OA by the OP 
would then be an odd amendment to the juxtaposition of the OP next to the old OA. If this scenario is correct, the Psm 
gene products may interact with Elo1 and Con1 based on the shared effects on initial OP localization. Alternatively, 
the psm mutations may trigger Tetrahymena’s alternate developmental program of oral replacement rather than mid-
body oral development leading to fission.

GEN E PRODUCTS TH AT CONTRIBUTE TO TH E LATE STAGES OF CELL 
DIVISION STARTING W ITH TH E FISSION ZON E IN DUCTION

During the early stages of cell division discussed above, the developing OP is the most conspicuous indicator that a 
cell has initiated “tandem duplication.” The subsequent stages of cell division bring a dramatic reorganization of the 
cell cortex around the cell's equator and just anterior to the developing OP. This generates the FZ, sculpts the newly 
emerging cell ends and importantly seeds the components of the early Hippo circuit (Elo1 and Mob1) at the new poste-
rior cell end. The FZ normally forms in close proximity to the anterior edge of the OP. Both Stentor and Blepharisma 
can divide after a surgical removal of the OP (Suzuki, 1957; Tartar, 1966). Thus, while the FZ is precisely positioned 
in spatial relation to the OP, it is not dependent on the OP. In Frankel's collection, mutations in three gene products 
specifically affect either FZ initiation, its positioning, or both: CdaI, CdaA, and CdaH. All three mutant classes initi-
ate OP development at normal locations (and therefore are not affected in what we define as the early stages of cell 
division), but in two of them (cdaH- 1 and cdaI alleles), there is a subsequent “cortical slippage,” as the OP shifts to a 
more anterior destination. Furthermore, in cdaH- 1, cdaA- 1 (and cdaA- 4), and cdaI- 3 mutants, the FZ fails to develop 

F I G U R E  1 1  Localizations of proteins involved in A/P patterning in Tetrahymena. (A) interphase; (B) early oral development; (C) early 
cortical subdivision; (D) early cytokinesis/cell end emergence; (E) late cytokinesis. Green = Elol (Lats/Ndr Kinase) andMob1 (Lats/Ndr 
kinase adapter). Blue = CdaI (Hippo/Mst kinase). Red = CdaA (cyclin E). Elo1 forms a posterior- high gradient present during the entire cell 
cycle including interphase (stage A). The OP forms anteriorly to the low end of the Elo1/Mob1 posterior gradient (B). Before the FZ induction, 
CdaA appears as streaks in the posterior hemi- cell. With a slight delay, CdaI covers the anterior semi- cell (B– C) The FZ first manifested as an 
equatorial cortical gap forms between the margins of CdaA and CdaI cortical zones (C). When the FZ is fully developed, CdaA also appears 
in the anterior hemi- cell (D). After the FZ emergence, Elo1, Mob1 and CdaI accumulate at the new posterior cell end anteriorly to the FZ (D, 
E). Inserts highlight that, just anterior to the newly formed FZ, there is triple- labeling around BBs including Elo1, CdaI, and CdaA. Later, as 
fission progresses, Elo1 and CdaI remain associated with the new posterior end. The CdaI signal disappears around the time of completion of 
cytokinesis (not shown). Thus, only Elo1 and Mob1 remain when the postdivider enter interphase



   | 19 of 34TETRAHYMENA PATTERN FORMATION

and cytokinesis is not initiated. In cdaI- 1 the FZ develops at an abnormal, anterior location but there is incomplete 
cytokinesis creating the iconic “hammerhead” pattern phenotype, as well as defects in nuclear divisions. The partial 
overlap in phenotypes among the mutants affecting the three loci suggest that the gene products interact with each 
other and this has indeed been shown for CdaA and CdaI (see below). Furthermore, reverse genetics has also revealed 
roles for Mob1 and Sas4 in late divisional events based on their loss of function phenotypes. These activities are sum-
marized in Figure 13.

CdaI

cdaI- 1 is a temperature- sensitive allele. At 39°C, the cdaI- 1 mutants initially form their OP at a correct sub- equatorial 
location but later the OP shifts in the anterior direction (cortical slippage), followed by the formation of the FZ at the 
anteriorly displaced location (Figure 10; Frankel, 2008; Jiang et al., 2017). The portions of postoral ciliary rows that 
are located between the old OA and new OA shorten as the OP shifts suggesting that the displacement is not merely a 
physical phenomenon and that some degree of cortical remodeling along the path of displacement takes place (Jiang 
et al., 2017). While the FZ forms at an anteriorly shifted position it is in a local agreement with the OP position (an-
teriorly to the OP). The new CVPs also form correctly in a local reference, close to the posterior end of the anterior 
daughter (Jiang et al., 2017). Thus, cdaI- 1 is defective in both the maintenance of the OP position (anchoring?) and 
the A/P placement of structures that form later. The degree of completion of cytokinesis arrest and nuclear division 
varies. Often, despite the formation of the FZ, cytokinesis is not completed and the anterior daughter tilts resulting in 
the “hammerhead” shape of the division- arrested cell. While some cdaI- 1 mutants divide completely, there is frequent 
mis- segregation of both the micronuclei and macronuclei and the smallest anterior daughter can lack one or both 
nuclei (Jiang et al., 2017). cdaI- 1 is likely a hypomorphic allele, as another allele cdaI- 3, shows a stronger defect in the 
FZ formation and cell division fails more often (Frankel, 2008). It is not clear whether the defects in cytokinesis and 
nuclear divisions reflect the continuing late role of CdaI beyond the initial positioning of the division plane or are 
indirect consequences of the mispositioned (anteriorly shifted) division plane.

CdaI (TTHERM_00971920) is a Hippo/Mst kinase (Jiang et al., 2017) that is proposed to be the part of the late 
Hippo circuit. The cdaI- 1 mutation is a P216S substitution in the kinase substrate binding region, indicating that 
the mutant protein has reduced enzymatic activity. Unlike Elo1 and Mob1, CdaI is undetectable in the cortex of 
interphase cells and first appears sometime after the emergence of the OP but (importantly) before the emergence 
of the FZ. CdaI- GFP is localized in longitudinal streaks, coincident with ciliary rows within the future anterior 
daughter cell (blue in Figures 11 and 13). Intriguingly, the streaks start to appear on the ventral, postoral side 

F I G U R E  1 2  Early acting specification of the A/P position of OP assembly. The posterior early Hippo circuit (Elo1/ Mob1 driven), inhibits 
OP initiation within the most posterior cell region. On the left a hypothetical gradient of activity is depicted that originates from the posterior 
cell end and induces the formation of portions of the OA (based on the observations in Stentor). The molecular nature of this gradient is 
unknown
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suggesting an involvement of the old OA (or stomatogenic kinety) in initiating signaling. The postoral localization 
could be significant in light of Tartar's observation that a loss of the OA in the dividing cell causes an anterior shift 
of the division plane (Tartar, 1961), an apparent phenocopy of cdaI- 1. Possibly the old OA provides a signal for 
cortical loading of CdaI and its loss reduces the levels of active CdaI. In addition to the streaks along the ciliary 
rows, CdaI- GFP also marked both the old and new OA. Importantly, these streaks appear before the FZ assembly. 
When the FZ appears as the cortical subdivision, it forms immediately outside of the posterior- most ends of the 
CdaI streaks. Because the FZ moves anteriorly when CdaI is mutated, CdaI acts as an anterior cortical “exclusion 
ruler” for the FZ, in the manner analogous to how Elo1 act earlier on the position of the OP in the posterior region. 
However, as mentioned earlier, Elo1 and CdaI act consecutively and are unlikely to oppose each other in a direct 
way (Jiang et al., 2017).

As cell division progresses, and coincident with the formation of the FZ, CdaI- GFP becomes more concentrated 
in the proximity of the FZ and persists at the newly formed posterior cell end until the end of cytokinesis. The most 
likely enzymatic function of CdaI (as a Hippo/Mst kinase) is to phosphorylate an unknown Lats/Ndr kinase (possibly 
one or more of the two unstudied Lats/Ndr kinases other than Elo1: TTHERM_00151590 and TTHERM_00283290). 
Mob1 is likely acting in a complex with that kinase and is activated by CdaI phosphorylation (see below and Tavares 
et al. (2012)).

We note that CdaI generally remains restricted to the cortex of the anterior hemi- cell, with two exceptions. The first 
one is the OP that is positive for CdaI (and Mob1 (Tavares et al., 2012)) even before FZ formation. When the positions 
of CdaI streaks are traced for each row, they all end anterior to the FZ. This is true even for the two postoral rows of 
the anterior daughter. Thus, the OP signal of CdaI represents an isolated enclave of expression inside the posterior 
domain that generally lacks CdaI (but is occupied by CdaA, see below). The second exception is the presence of a weak 
signal of CdaI- GFP at the old posterior cell end that appears exactly at the time when CdaI- GFP signal becomes en-
hanced at the FZ (Jiang et al., 2017). This observation suggests that following the FZ formation (and the onset of emer-
gence of new cell ends) there is metamerization of not only cortical structures but also molecular markers. Because 
CdaI- GFP becomes undetectable during interphase, the presence of CdaI- GFP at the old posterior end in dividers 
is transient. There are two explanations that we can think of. One is that the old posterior end is morphogenetically 
active even without visible signs of organelle assembly. Another simpler explanation is that once the new posterior cell 
end emerges, CdaI cannot distinguish between the old and new posterior cell region due to the presence of its binding 
sites at both locations. Generally, the studied polarity factors tend to be present throughout the cell as documented 
most clearly for CdaA using super- resolution microscopy (Jiang et al., 2020) and therefore their enrichment to specific 
cortical locations is not caused by diffusion barriers but rather by selective retention or biased transport.

Mob1

In Tetrahymena, a knockdown of Mob1 produces an anterior displacement of the entire division plane (OP and FZ), 
defects in nuclear segregation and cytokinesis, an apparent exact phenocopy of cdaI- 1. With regard to the anterior- 
displacement of the OP, Tavares and colleagues (Tavares et al., 2012) did not report whether the OP initially assembled 
in an abnormally anterior location, or whether it assembled normally and later underwent cortical slippage as is the 
case of cdaI- 1 (Frankel, 2008; Jiang et al., 2017). However, the frequent end- point of the Mob1 knockdown is the ham-
merhead configuration, strongly suggesting that the Mob1 knockdown phenocopies cdaI- 1. This suspicion of course 
is strongly reinforced by the fact that both proteins are orthologs of the components of the highly conserved “triad” 
of Hippo signaling (Hippo/Mst- Mob- Lats/Ndr). Most likely CdaI phosphorylates and activates Mob1 and unknown 
Lats/Ndr kinase that is a binding partner of Mob1 and these events drive the formation of the FZ and possibly later 
cortical events. Mob1p makes a fresh appearance at the new posterior cell end during the FZ formation (Tavares 
et al., 2012) at the time corresponding to the polarization of CdaI (accumulation within the FZ region). This positions 
Mob1p at the right time and place to respond to the anterior- localized CdaI (Hippo/Mst) and helps to form and posi-
tion the FZ.

CdaA

Like the cdaI- 1 mutant, the cdaA- 1 mutant phenotype initially exhibits a normal placement of the OP, but later fails 
to develop FZ, and any indication of the new cell ends including a failure to develop new CVPs and CYP (Figure 10). 
However, unlike in the cdaI- 1  mutant, the OP usually stays roughly at its original position following FZ failure 
(Frankel et al., 1976a, 1976b, 1977, 1980a). The new apex, CVPs, and CYP do not appear (Gonda, Katoh, et al., 1999; 
Joachimiak et al., 2004; Kaczanowska et al., 1992, 1993, 1999). CDAA [TTHERM_00332170 also known as CYC8 
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(Stover & Rice, 2011)], encodes a protein CdaA with a cyclin E domain (Jiang et al., 2020). cdaA- 1 and the less studied 
cdaA- 4 alleles both carry substitutions in the cyclin E domain that are predicted to affect its binding to a currently 
unknown CDK partner (Jiang et al., 2020). That CdaA/cyclin E activates an unknown CDK is supported by an obser-
vation that inhibition of phosphatases (with okadaic acid) partially rescues the cell division arrest in cdaA- 1 mutants 
(Buzanska & Wheatley, 1994).

In dividing cells, CdaA initially appears as streaks in the posterior cortex at about the same time as CdaI (or per-
haps a bit earlier), after the emergence of the OP but prior to the FZ formation as linear streaks along the ciliary rows 
(Jiang et al., 2020). When fully developed, the streaks of CdaA and those of CdaI are strictly complementary, forming 
a sharp boundary precisely at the cell's equator and importantly before any sign of the FZ formation. FZ assembly is 
initiated by “cortical subdivision,” as a narrow equatorial gap devoid of BBs, which forms in all ciliary rows (Frankel 
et al., 1981). Remarkably, the equatorial gap forms within the narrow area between the BBs representing the margins 
of CdaA and CdaI cortical domains (Jiang et al., 2020). The formation of the cortical subdivision also occurs at the 
exact stage that is blocked in the cdaA- 1 mutant phenotype (Frankel et al., 1980a, 1980b; Joachimiak et al., 2004). The 
localization of CdaA immediately prior to the formation of subdivision suggests that CdaA has a dual role: in both 
positioning (as a posterior “exclusion ruler”) and in inducing the formation of the subdivision (or more broadly the 
FZ). It should be noted that after the emergence of the FZ, CdaA appears in streaks within the anterior hemi- cell 
as well. Likely this “symmetrization” of CdaA corresponds to the time at which the single A/P polarity axis is du-
plicated, corresponding to the emergence of daughter cells (see below). The symmetrization of CdaA is reminiscent 
of the transient presence of CdaI at both the new and old posterior cell end at about the same stage (see above). We 
also note that at about the same time major morphogenetic activities occur in sync in both the emerging anterior and 
posterior daughters. Following earlier partial disassembly of the old OA, the UM is being rebuilt at the same time in 
both daughters (Bakowska, Nelsen, et al., 1982). Thus, the symmetrization of the polarity markers correlates with the 
synchronization of cortical activities during oral morphogenesis.

The pattern of CdaA and CdaI prior to FZ emergence and in complementary cortical domains, raises the possi-
bility that CdaA and CdaI antagonize one another other, in an analogy to how anterior and posterior Par complexes 
exclude each other in the C. elegans embryo [reviewed in (Lang & Munro, 2017; Motegi & Seydoux, 2013)]. Jiang and 
colleagues (Jiang et al., 2020) showed that CdaA and CdaI are indeed engaged in a mutual antagonism that controls 
their respective cortical boundaries while inducing the formation of the FZ. These studies revealed a role for CdaA 
in both localization and induction of the FZ, something that could not be anticipated based on the phenotype of the 
cdaA- 1 mutant alone that indicated a role solely in the FZ induction. That CdaA and CdaI control each other's cortical 
boundaries along the equator is indicated by the abnormal leakage of the CdaI streaks into the posterior hemi- cell in 
the cdaA- 1 mutant, and a reciprocal, and complementary effect on the CdaA streaks in the cdaI- 1 mutant (at the re-
strictive temperatures). Furthermore, the double mutant, cdaA- 1; cdaI- 1 showed partial recovery of the FZ failure that 
occurs in the single cdaA- 1 mutant. Because cdaA- 1 and cdaI- 1 are both predicted to be loss- of- function alleles, likely 
CdaI activity inhibits CdaA in regard to FZ formation. That CdaA activity also inhibits CdaI is based on the observa-
tion that in the double mutant, cdaA- 1 rescues the anterior shift of the FZ conferred by cdaI- 1 alone. Interestingly, the 

F I G U R E  1 3  Late- acting specification of the fission zone. This model is informed by mutant (loss- of- function) and GFP- localization 
data. Prior to FZ induction (left panel) the posterior CdaA- Cyclin E/CDK circuit (CDK not yet identified), represses fission zone formation 
(red). Later, the anterior late Hippo- circuit (CdaI- driven) is expressed, and it inhibits FZ assembly within the anterior hemi- cell (blue). The 
CdaA and CdaI zones exclude each other. The FZ assembles at the boundary between the CdaI and the CdaA- domains. Later, the CdaA/CdaI 
boundary may also contribute to assembly of the early Hippo circuit components just anterior to the fission zone which may in turn promote 
establishment of CdaA in the anterior hemicell during the next generation
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anterior shift of the OP that occurs in the cdaI- 1 mutant is not rescued by cdaA- 1 and as a result, the FZ is positioned 
posteriorly to the OP in the double mutant. Thus, it appears that CdaA and CdaI act antagonistically to induce the FZ 
but CdaI has an independent role in controlling the position of the OP. We can speculate that CdaA and CdaI interact 
along the FZ but the separate pool of CdaI that localizes to the OP (where it may interact with CdaH, see below) may 
be involved in maintaining the subequatorial position of the OP.

Further support for a model of mutual antagonism between CdaA and CdaI in regard to the FZ positioning comes 
from observations of double mutants cdaA- 1;cdaI- 1 grown at the intermediate temperature 32°C. At this temperature 
the single mutant cdaA- 1 does not divide, while the double mutant does. In the dividing double- mutant the position 
of the FZ is often abnormal in relation to the OP and as a result the FZ cuts through the OP suggesting that under 
these conditions the two activities are not perfectly balanced (Jiang et al., 2020). This is reminiscent of the phenotype 
observed in cells treated with roscovitine, a CDK inhibitor (Kaczanowska et al., 2012). We note however in the double 
mutant cdaA- 1;cdaI- 1, the FZ tends to be either equatorial or anteriorly shifted while in the roscovitine- treated cells 
the FZ seems to be shifted posteriorly. Possibly multiple CDKs control the positioning of new structures including 
the postulated CDK activated by CdaA/cyclin E and another one that is inhibited by roscovitine. The genome of 
Tetrahymena encodes a total of 20 CDKs, most of them unstudied (Stover & Rice, 2011; Yan, Dang, et al., 2016; Yan, 
Zhang, et al., 2016).

To summarize, both initiation and A/P positioning of the FZ are controlled by the anteriorly restricted late Hippo cir-
cuit (with CdaI and a subpool of Mob1) that antagonizes the posterior activity containing CdaA. One fundamental role 
for the CdaI/CdaA antagonism is to enable the cortical loading of components of the early Hippo circuit (Elo1 and a 
subpool of Mob1). Then, in the next generation the early Hippo circuit positions the boundary between CdaI and CdaA.

In addition to CdaI, Mob1, and CdaA the following gene products may also be associated with activities during the 
late stages of cell division.

CdaH

This temperature- sensitive mutant (Frankel, 2008; Frankel et al., 1980a) phenotype exhibits normal initial place-
ment of the OP, but fails to form a FZ, new CVP set and CYP (Figure 10). Later the OP is partially resorbed and 
its residue migrates anteriorly ending up in the close proximity of the old OA. The CDAH gene remains unknown. 
The FZ failure resembles the phenotype of cdaA- 1 while the anterior migration of the OP resembles the phenotype 
of cdaI- 1 (except that in cdaI- 1 cells the OP remains intact). That cdaH- 1 manifests a combination of the pheno-
types attributed to losses of either CdaA or CdaI suggests that CdaH interacts with both CdaA and CdaI. One 
possibility is that CdaH activity is an outcome of the CdaA/CdaI mutual antagonism and takes part in induction 
of the FZ. Furthermore, because CdaI and CdaH alleles cause anterior migration of the OP, CdaH, and CdaI may 
interact to anchor the OP position.

CdaK

In the conditional cdaK- 1 mutant, at the restrictive temperature, the OP forms correctly. However, the FZ forms in 
a slanted fashion with the gap positions progressively shifted to the anterior starting to the cell's right side of the 
postoral region (Figure 10). Some rows fail to develop gaps and cytokinesis is incomplete resulting in a hammerhead 
(Krzywicka et al., 1999). Note: while the end- point of cdaK- 1 is similar to that of cdaI- 1, the way in which the defects 
develop in these mutants are fundamentally different (Frankel, 2008). The as yet- unknown CdaK gene product is of 
high interest as a rare mutation in which the A/P defect is dependent on the cortical position on the C axis. Thus, 
CdaK could be a part of the mechanism that coordinates cues from the two global polarity axes (A/P and C).

Sas4

SAS- 4 protein is a highly conserved and essential component of centrioles as well as closely structurally related BBs 
(Gogendeau et al., 2011; Gopalakrishnan et al., 2011; Kirkham et al., 2003; Leidel & Gonczy, 2003). In Tetrahymena, a 
knockout of SAS4 led to a complete loss of BBs (Ruehle et al., 2020). Intriguingly, the SAS- 4 knockout cells eventually 
arrest in cell division with the hammerhead shape that resembles the terminal phenotype of cdaI- 1 and Mob1 knock-
down cells. In the SAS- 4 knockout cells, GFP- Mob1 is lost from the cell cortex (Ruehle et al., 2020). Thus, Mob1, a 
critical component of the late Hippo circuit, may require SAS4 for its binding to the posterior BBs and this may be 
important for the functionality of Hippo signaling. It should be noted that the same study reports that Mob1 forms 
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a proper posterior gradient in disA- 1 mutants that have highly mispositioned BBs (Galati et al., 2014; Jerka- Dziadosz 
et al., 1995; Ruehle et al., 2020) indicating that the precise alignment of BB into longitudinal rows is not required for 
the formation of posterior gradients by Hippo components and for proper Hippo signaling.

TERM INATION OF CELL DIVISION: CYTOK IN ESIS A N D COM PLETION 
OF N EW CELL EN DS

Following the emergence of cortical subdivision, the cell constricts, new cell ends develop, and the macronucleus di-
vides by amitosis. The contractile ring forms along the FZ plane, which contains a divergent actin (Hirono et al., 1987; 
Sehring et al., 2007), possibly a divergent myosin (Sugita et al., 2011), EF1α translation initiation factor (Numata et al., 
2000), and several actin- binding proteins (Edamatsu et al., 1992; Shirayama & Numata, 2003; Wilkes & Otto, 2003). 
Cda12, a small protein not conserved outside of the phylum of ciliates, is also required for cytokinesis. This conclusion 
was based on depletion of Cda12 expression by an antisense rRNA that produced large multinucleate “monsters” com-
posed of multiple “cell units” likely resulting from cytokinesis failures (Zweifel et al., 2009). The cortical boundaries 
between the individual “sub- cells” were present suggesting that the FZ forms at least to some extent and that the ar-
rest does not affect patterning, but occurs during cytokinesis itself. Cda12 is associated with vesicles that travel along 
ciliary rows from posterior to anterior along the length of the cell, occasionally docking at the cell cortex. GFP- Cda12 
vesicles were also seen traveling circumferentially for short stretches, from cell right to left, possibly along the TMs. 
The motility speeds were similar to those reported for microtubule- dependent motors, kinesins. In the dividing cells 
that have begun to furrow, GFP- Cda12 becomes concentrated in the area just posterior to the FZ (Figure 6C; Zweifel 
et al., 2009). Zweifel and colleagues proposed that Cda12p associates with the recycling endosomes. In other species, 
recycling endosomes have been implicated in supplying membrane for the ingressing cleavage furrow during cell divi-
sion (reviewed in Fraschini (2020) and Fremont and Echard (2018)).

Several mutants isolated by Frankel and colleagues also affect the terminal stages of cell division and arrest at the 
stage of partial constriction, possibly during cytokinesis. The genes carrying these mutations (cdaC, cdaE, cdaF, cdaG, 
and cdaJ alleles) remain unknown (Frankel, 2008).

At the time of emergence of the cortical subdivision, the terminal BBs in the posterior daughter cell form pairs (or 
couplets). These couplets appear at the anterior ends of rows 5 to n- 2 (Jerka- Dziadosz, 1981; Wloga & Frankel, 2012). 
As the cell constricts, the couplets coalesce to form the “apical crown,” the cell's apex of the developing posterior 
daughter cell. In the mature apical crown only the posterior BBs of each pair are ciliated and the base of the apical 
crown is associated with a filamentous ring (the apical band; Jerka- Dziadosz, 1981; McCoy, 1974). Cmb1/p85, a Ca2+/
calmodulin- binding protein co- localizes with the couplets at the time of subdivision and remains associated with the 
apical crown in the posterior daughter (Gonda, Katoh, et al., 1999; Gonda & Numata, 2002; Numata et al., 1995). 
The gel mobility of Cmb1/p85 changes in cdaA- 1 cells at the restrictive temperature (Ohba et al., 1986), indicating that 
Cmb1/p85 is modified posttranslationally downstream of phosphorylation mediated by CdaA- cyclin E/CDK. The 
function of Cmb1/p85 has not been reported.

Not much is known about how the new posterior cell end forms. New CVP and CYP assemble in the proximity of 
the new posterior end, just anterior to the FZ. The timing of CVP assembly with respect to oral development or FZ 
assembly has not been carefully documented. The CVP assembly likely requires the establishment of the FZ based 
on the lack of these structures in the mutants that fail to assemble the FZ (cdaA- 1, cdaH- 1; Frankel et al., 1980a, 
1981; Gonda, Nishibori, et al., 1999; Kaczanowska et al., 1992, 1993, 1999). Possibly these organelles are induced and 
positioned only after the A/P axis is duplicated as division progresses (see below). Earlier displacement of the FZ 
either towards the anterior or posterior of the cell equator, typically displaces the CVP positions as well, preserving 
their spatial relationship (e.g. elo1- 1 and cdaI- 1). There are several notable exceptions to this. In the double mutant 
(cdaI- 1; cdaA- 1) raised at the restrictive temperature, CVPs sometimes develop posterior to the FZ (while the OP is 
positioned anterior to the FZ; Jiang et al., 2020). A hypomorphic single mutant cdaA- 2 occasionally assembles CVPs 
posterior to the FZ, as well (Frankel, 1979). Furthermore, in the roscovitine- treated Tetrahymena cells new CVPs form 
posteriorly to the FZ (Kaczanowska et al., 2012). These observations indicate that the mechanisms that position the 
three developing structures (OP, FZ, and CVPs) respond to the same signaling components (Elo1, CdaA, and CdaI). 
However, the differential effects on positions of specific structures caused by double mutations or roscovitine indicate 
the mechanisms for positioning of each organelle are unique in some ways, for example, by incorporating organelle- 
specific components. Overall, a complex picture emerges where the positioning of multiple structures is regulated by 
both the late Hippo circuit (CdaI and Mob1) and possibly multiple CDKs one of which is activated by CdaA/cyclin E. 
CdaI has a uniform effect on positioning of all new structures so its loss causes their shift but does not change their 
relative positions. The contribution of CDKs [including the undetermined CDK(s) that are activated by CdaA/cyclin 
E] is more structure- specific.
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At the very end of cytokinesis, when the new cell ends are fully developed, the two daughter cells remain connected 
by a very thin cytoplasmic bridge. The final separation of the two daughters involves a rupture of that bridge that 
occurs during so called “rotokinesis” (Brown, Hardin, et al., 1999). The posterior daughter undergoes a series of rota-
tions around its long axis, while the anterior daughter remains stationary. This generates a tension on the connecting 
cytoplasmic bridge that is severed by several posterior movements of the two daughters. The rotations and pulling 
require ciliary motility, and not surprisingly, mutants lacking or having paralyzed cilia fail to separate and the two 
daughters gradually integrate into a compound cell (Brown et al., 2003; Brown, Marsala, et al., 1999; Williams et al., 
2006). Rotokinesis is profoundly asymmetric on the A/P axis, because the posterior daughter rotates while the ante-
rior does not. One could take this asymmetry as evidence that despite the emergence of the nearly complete daugh-
ters, some differences between the anterior and posterior division product continue to exist. In fact, the anterior and 
posterior daughter remain nonequivalent at least until the cytokinetic bridge is finally ruptured and the membrane 
breakage sites are healed at the two new cell ends. Moreover, this developmental asymmetry likely continues for some 
time after the scission of the division products. For example, the posterior division product shows increased presence 
of epitopes of the 12G9 antibody at the (new) cell apex (Jerka- Dziadosz et al., 2001).

SU M M ARY A N D OVERVIEW

An important conclusion that Vance Tartar arrived at, based on his elegant surgical experiments on Stentor, was that 
at some point early in the cell cycle, the ciliate cortex is subdivided into future territories for the anterior and posterior 
daughter, and that this prepattern (or in Tartar's own words “blocking out” of the cortical domains) is established 
long before the first signs of fission. As Frankel states: “A central fact of ciliate life is that cortical organization is du-
plicated before the ciliate begins its actual constriction into two cells” (Frankel, 1989). Recent studies reviewed here, 
have begun to identify the signaling proteins that form this cortical blueprint, namely the Hippo signaling proteins 
(Elo1, CdaI, and Mob1) and CdaA/cyclin E (Jiang et al., 2017, 2019a, 2020; Tavares et al., 2012). These proteins mark 
cortical territories early in the cell cycle (Elo1 and Mob1) or shortly after the OP emergence but before the formation 
of the FZ (CdaI and CdaA). Moreover, the two Hippo proteins function as cortical “exclusion rulers” preventing 
structures from forming in the cortical domains that these proteins occupy (Elo1 and CdaI). Thus, Tartar's “blocking 
out” appears to be based on zones of cortical inhibition, such that cortical structures only form in areas that escape 
these inhibitory influences.

One way to achieve the needed precision in organelle localization is to invoke two opposing inhibitory zones, 
emanating from both the anterior and posterior ends of the cell. It appears that such a “double- exclusion” mech-
anism positions the FZ between the margins of the anterior CdaI and posterior CdaA expression domains (Jiang 
et al., 2020). CdaI and CdaA are engaged in a mutual antagonism that both induces FZ assembly and positions 
it at the cell's equator. Thus, CdaA and CdaI act in a striking analogy to how the Par domains operate in the C. 
elegans embryo (Motegi & Seydoux, 2013). In animal cells some structures form precisely at the boundary between 
opposing polarity (Par) domains, including the cytokinetic ring during the first division of the C. elegans embryo, 
or the adherens junctions in animal epithelial cells (Bonello et al., 2021; Bruser & Bogdan, 2017; Davies et al., 2016; 
Jordan et al., 2016). Further investigations in ciliates could provide broader insights into the role of cortical exclu-
sion in organelle positioning.

We speculate that the principle of “double exclusion” may contribute to the positioning of other structures that 
appear either before or after the FZ, namely the OP and new cell- end associated organelles (including CVP and CYP). 
For example, during the early stages of cortical development, the OP forms outside of a “posterior exclusion zone” 
established by the early Hippo circuit (operating with Elo1 and likely Mob1). Another (yet- to- be- identified) OP exclu-
sion activity may be located in the anterior cell region, acting antagonistically to the posterior early- Hippo- circuit and 
the sum of the two activities may precisely position the OP.

It is intriguing however, that based on surgical experiments in Stentor (Tartar, 1961; Uhlig, 1959; Weisz, 1951) and 
Blepharisma (Suzuki, 1957), cell ends also possess positive or activating influences, including an anterior OP inducing 
activity and a posterior gradient that induces buccal cavity and cytostome formation in the developing OP. Possibly, 
the induction and positioning of organelles involves a combination of activating and inhibitory influences originating 
from both ends, analogous to the Hydra model of head activator/inhibitor described earlier.

In search of the primary polarity generators

As described in Tetrahymena, multiple conserved signaling proteins show dramatic asymmetric localization along the 
A/P axis and some (Elo1 and Mob1) form gradients. It is not yet known whether these proteins themselves generate 
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distinct cortical domains (anterior, posterior, and mid- body), or whether their spatial asymmetry is downstream of 
some, as yet unknown “primary” polarity generators. Based on studies in both Metazoa and yeast, Hippo signaling is 
usually not regarded as a primary cell polarization mechanism but rather as a relay responding to cues from upstream 
polarity factors, the Par complexes for example (reviewed in Ajduk and Zernicka- Goetz (2016)). Among the highly 
conserved proteins that are known to be critical for the emergence of cell polarization, two have orthologs in ciliates. 
The first one is TTHERM_00267910, an ortholog of the GTPase CDC42 (Kaczanowska et al., 2008). In the budding 
yeast, CDC42- GTP forms a micron- scale patch at the plasma membrane that controls the bud emergence (Adams 
et al., 1990; Woods et al., 2015). As already discussed, cortical domains of ciliates are highly autonomous as indicated 
by their ability to sustain activities after grafting to new (and sometimes bizarre) positions (Tartar, 1968). It may be 
relevant that in yeast, cortical CDC42- GTP amplifies itself in a positive feedback loop that recruits its own positive 
regulator CDC24 GEF (reviewed in Miller et al. (2020)). Another potential candidate for a polarity domain generator 
is TTHERM_00046140, a DIX domain protein (van Dop et al., 2020). DIX domains mediate self- polymerization that 
forms cortical domains of polarity proteins including Dishevelled, a key component of Wnt signaling in animals, and 
Soseki, a polarity protein in land plants (van Dop et al., 2020). To our knowledge, the function of both proteins in cili-
ates have not been investigated at the time of this writing.

The role of cortical cytoskeleton in the polarized morphogen distribution

There is a singular feature of the intracellular morphogen gradients observed in ciliates so far. That is the restricted 
localization of pattern- gene products to linear rows of punctae associated (either directly or indirectly) with the BBs. 
Elo1, Mob1, CdaA, and CdaI, while restricted to their respective anterior or posterior global domains, are all aligned 
along ciliary rows in intimate association with the basal bodies. Elo1 and Mob1 are actually bound to the BBs. CdaA 
and CdaI, while concentrated around the basal bodies, also appear to spread as streaks into the linear spaces between 
them. BBs seem to have emerged as important spatial foci for the distribution of many or most prepattern factors. 
Preliminary observations on circumferential pattern gene products, and a variety of other cortical kinases reinforce 
this impression, (Cole, Chalker, and Gaertig, unpublished observations).

There is a curious “disconnect” here that bears examination. BBs may well be serving as destination foci for the 
distribution of cortical- pattern- gene products. From punctate anchorages, these agents (most involved in regulating 
the phospho- states of as yet unidentified target proteins), may influence their neighboring cortical architecture (reor-
ganizing the epiplasm and defining organelle- assembly- domains).

That said, there are at least two lines of evidence suggesting that rather profound disruptions in BB organization 
have little effect on global, cortical patterning. As already mentioned, hypotrich ciliates resorb their BBs during en-
cystment, and yet the cortical pattern redevelops upon excystment (Fryd- Versavel et al., 2010; Grimes, 1973a, 1973b). 
Also, the phenotype of the disA- 1 (disorganized) Tetrahymena mutant further argues against a role connecting BBs 
to the more global A/P pattern. In the disA- 1 mutant cells short fragments of BB rows are dispersed and oriented 
randomly, yet the OP and the FZ assemble at correct A/P positions during cell division. Furthermore, the posterior 
gradient of Mob1 is also preserved in disA- 1 mutants (Ruehle et al., 2020). The picture that is emerging, is that delivery 
of pattern gene products (or “prepattern factors”) to their respective global domains (anterior vs. posterior) occurs via 
a mechanism that is indifferent to the condition of local BB organization.

An attractive set of candidates for this delivery system are the bundles of longitudinal microtubules that remain 
reasonably well preserved and oriented along the A/P axis (Jerka- Dziadosz et al., 1995) even within the disA1 mutant 
phenotype. Furthermore, in the hypotrich cyst, an extensive network of cortical microtubules persist through both 
encystment/excystment (Fryd- Versavel et al., 2010). We hypothesize that polarity factors may be distributed by traf-
ficking along the longitudinally oriented bundles of cortical microtubules (LMs or the more exposed BMs) and as 
this material is off- loaded, it docks and is delivered to whatever peri- basal body spaces are in the vicinity (organized 
or disorganized). This focuses attention on the role of intact microtubule tracks in establishing and maintaining A/P 
domains and gradients within the ciliate cell cortex.

The Tetrahymena genome encodes a remarkably large number of kinesin microtubule motors [a total of 77 
(Wickstead & Gull, 2006)]. So far only a handful have been studied revealing conserved functions in cilia and meio-
sis and are not important for patterning (Brown, Marsala, et al., 1999; Kushida et al., 2017; Vasudevan et al., 2015). 
Exploration of the potential pattern- forming activities of unstudied kinesins is an important future goal that can be 
realized by a method that allows for high throughput generation of gene knockouts using the endogenous DNA rear-
rangement machinery (co- deletion; Hayashi & Mochizuki, 2015).
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Duplication of an A/P cortical gradient

The A/P axis appears to be duplicated at the time of FZ formation as a result of mutual antagonism between CdaA 
and CdaI across the division plane. This antagonism produces the new ends for the gradients of early Hippo activity, 
resulting in the gradient (and A/P pattern) duplication. These observations are reminiscent of how the cortical Par 
antagonism produces MEX- 5 and PIE- 1 gradients in C. elegans (Daniels et al., 2009; Griffin et al., 2011). One funda-
mental difference is that in ciliates the cortical antagonism at the time of the FZ formation produces not one cell- wide 
A/P gradient but two gradients arranged in tandem with the high and low gradient ends forming an adjacency at the 
FZ. A persistent question is how the A/P pattern (dueling gradients of kinase activity) undergoes tandem duplica-
tion. For discussion let's assume that the entire A/P pattern is governed by a pair of opposing, continuous cortical 
gradients (Figure 14). At some point during cell division and before emergence of the daughter cells, the gradient has 
to be duplicated, a process that we will call “intracellular metamerism.” Put plainly, if one establishes a high- point 
in a diffusible molecule, it should diffuse symmetrically and in all directions. If the "high point" is located at one end 
of a closed system (the anterior or posterior end of an elongate cell for example) one creates a continuous, monotonic 
gradient. Problems arise when that cell divides. As one cell reorganizes into two, the new posterior of what will be-
come the anterior daughter cell, will emerge adjacent to, and contiguous with the anterior end of the newly formed 
posterior daughter. If one re- establishes a “high- point” of some diffusible morphogen at mid- body, it should diffuse 
symmetrically, into both posterior and anterior division products. How can the diffusion (or delivery) of an intracel-
lular morphogen, become highly enriched at midbody, and yet be constrained, thereby establishing tandem, sawtooth 
monotonic A/P gradients?

A purely hypothetical solution is illustrated in Figure 14. In this model, cortical pattern determinants are synthe-
sized uniformly within the cell's cytoplasm and endo- membrane system (even this assumption is not a given). From 
this dispersed source of synthesis, packages diffuse to the cell cortex where they upload as cargo onto longitudinal 
microtubule tracks (these would most likely need to be the “basal microtubules” in this model, as they are the ones ex-
posed and accessible to the cytoplasm). If these packages are marked with “plus- end” directed motor proteins (pink), 
they migrate anteriorly (assuming the BM’s show plus ends oriented in this way as they are in the LMs). Similarly, 
different cargo tagged with minus- end directed motors (turquoise), would progress to the posterior. If we imagine sto-
chastic offloading dynamics, a gradient of cargo will be established highest in the anterior (in our plus- end directed 
model). Off- loading would (in our model) be coupled with cortical docking at the most accessible nearby sites: the 
peri- basal body space.

In order to drive intracellular metamerism, one simply needs to interrupt traffic at midbody. The cell equator 
then becomes a new and secondary “off- loading” depot, and the formerly continuous, monotonic gradient be-
comes a saw- tooth gradient with new high/low points established at the cell- equator or fission zone. Several pub-
lished observations support at least the broadest strokes of this model. Cda12:GFP- decorated endosomal vesicles 
have been observed traveling in anterior- directed bursts along cortical tracks using live cell, confocal f luorescent 
imaging (Zweifel, et al., 2008). Furthermore, as cytokinesis proceeds, these Cda12:GFP- decorated vesicles (re-
sembling recycling endosomes) become concentrated just posterior to the developing FZ, and subsequently are 
enriched at the anterior end of the newly formed posterior daughter cells following cell division (Figure 6C). This 
supports the idea that cortical trafficking can create an anterior- high distribution of membrane- cargo, and that 

F I G U R E  14  A hypothetical model depicting establishment and tandem duplication of anterior– posterior gradients of positional 
information in the ciliate cell cortex. (A) Hypothetical packages of “cortical morphogen” (CMPs) are synthesized and diffuse out to the cell 
cortex. (B) CMPs are loaded onto the exposed basal microtubule tracks, where plus- end or minus- end directed motors transport them towards 
the cell's anterior or posterior poles respectively. (C) CMPs become more concentrated in the anterior and posterior poles of the cell depending 
on their motor- protein orientations. (D) If such vesicles up- load and off- load stochastically, and dock to deliver their contents at the cell surface 
(where lateral diffusion is limited), one would expect monotonic gradients of anterior morphogen (pink), highest at the cell anterior, and 
posterior- morphogen (turquoise) highest at the cell posterior. (E, F) Disrupting morphogen transport at midbody would create two “high- 
point” destinations for each class of CMP, one at the cell's original pole, and a second at midbody
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cytokinesis can lead to a secondary high- point located just posterior to the division furrow (the “new” anterior). 
On a side note, CDC42 (mentioned earlier as a candidate for a “primary generator” of cortical pattern domains), 
has been implicated in recycling- endosome trafficking in metazoan cells in the context of establishing cellular 
polarity (Harris & Tepass, 2010).

Surgical experiments on Stentor suggest further support for this model. Weisz demonstrated that removal of a 
cortical strip just posterior to the OP, or severing the cell at mid- body (and rotating) lead to the emergence of a new, 
posterior holdfast anterior to the cortical break (Figure 15; Weisz, 1951). These results are consistent with a model in 
which tail- inducing (minus- end directed) cargo accumulates at the newly created terminus or discontinuity as recently 
suggested by Marshall (Marshall, 2021). It should be noted that an ectopic anterior end was never observed following 
these surgical interventions.

There is precedent for developmentally- induced disruption of the cytoskeleton at midbody during cytokinesis. At 
the onset of cytokinesis, the cell starts to constrict and the LM microtubule bundles undergo severing (depolymeriza-
tion) within the FZ plane due to localized activity of katanin (Sharma et al., 2007; Waclawek et al., 2017). Because LMs 
are uniformly oriented (with plus ends closer to the anterior cell end), their severing at the FZ would create a new set of 
microtubule termini (minus ends in the anterior daughter cell and plus ends in the posterior daughter) for off- loading 
of cargoes near forming cell ends. This, in turn, could drive the formation of new midbody highpoints within A/P di-
rected gradients. Though establishing precedent for equatorial disruption of the longitudinal microtubule tracks that 
resembles our model, it must be noted that this example (at least) occurs too late in prefission development for the kind 
of remodeling that redistributes most of the gene products described earlier in this review (the “blocking out” that 
occurs long before cytokinesis). In fact, eliminating Tetrahymena's katanin “severing- activity,” while blocking cytoki-
nesis, in no way disrupts A/P cortical patterning (Sharma et al., 2007). Any midbody disruption of A/P trafficking (if 
the model holds) must involve some other mechanism.

EPILOG

Long after the phenomena of cortical patterning were first observed and described in ciliates, the molecules driving 
them have begun to emerge. On the A/P axis, patterning mechanisms appear to involve networks of spatially restricted 
and highly conserved protein kinases and kinase regulators. These players are likely serving as intermediates between 
signals from unknown primary polarity generators acting upstream, and the equally obscure effectors that execute 
cortical remodeling and organelle assembly downstream. The emerging operational principle of A/P patterning in 
ciliates appears to be “cortical exclusion.” The boundaries of cortical exclusion zones may be determined by specific 
locations within signaling gradients. This recent progress has been driven by application of modern gene mapping 
techniques to classical pattern mutants. Many of the gene products involved may be scarce so biochemical approaches 
could be challenging [but may be feasible with synchronized cell populations (Liu et al., 2021)]. That said, some of 
the existing pattern mutants provide selectable phenotypes (failure to divide at restrictive temperatures, or conjugal 
blocks) and therefore might serve as a starting point for identification of gene interactors using second- site suppressor 

F I G U R E  1 5  Surgical experiments by Weisz (1951) depicted by Tartar (1961). (A) Weisz removed a strip of cortex along the stomatogenic 
“seam” resulting in transient expression of a tail and holdfast anterior to the cut. (B) Weisz severed and rotated the anterior hemi- cell with 
respect to its posterior half, provoking, again, a temporary tail and holdfast anterior to the cut. In both cases, (and especially the latter), a 
discontinuity is created in the cell cortex, provoking tail formation anterior to the discontinuity. This is consistent with a model in which the 
posterior transport of cortical determinants is interrupted, causing accumulation of posterior determinants in the more anterior location and 
provoking ectopic tail formation
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screens. To this end, there has already been recent success in identifying a suppressor mutation using comparative 
NGS (Jiang et al., 2019b). This review clearly marks the threshold of what promises to be a rich future full of new dis-
coveries. Curiously, the words of Carl Linnaeus, the 18th century naturalist, still hold true when describing the “Chaos 
Infusoria” (microscopic life- forms later known as the protozoa): “obscurae etiamnum latent plurimae moleculae vivae, 
quae forte ad hanc familiam spectant, posteris relinquendae” (…a great many living molecules belonging to this family 
remain obscure, left as puzzles for our descendants… (Linnaeus, 1767).
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