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ABSTRACT 

In biology, size control (or scaling) is a fundamental property at all levels of organization, 

from polymeric protein complexes to tissues, organs and organisms. This thesis addresses the 

mechanisms of scaling at the intracellular level using the ciliate Tetrahymena thermophila as a 

model. Tetrahymena carries a polarized cortical pattern of organelles including hundreds of cilia, 

on the cell surface. This cortical pattern can be used to study the intracellular scaling with high 

resolution. We developed a genetic pipeline for identification of causal variants in Tetrahymena 

mutants by comparative whole genome sequencing, with unusually high accuracy. In Chapter 3, 

I focused on the scaling at the organelle level, using cilium length as a model. We developed a 

genetic interactor screen based on a hypermorphic allele of the conserved kinase, LF4/MOK, that 

acts as negative regulator of cilium length. We identified another conserved cilium length kinase, 

LF2/CCRK/DYF-18, as an upstream regulator of LF4/MOK abundance. We adapted total 

internal reflection microscopy for imaging inside cilia, to show that LF4 is a ciliary protein that 

is distributed uniformly along cilia, mostly immobile and likely microtubule-bound. We also 

found that LF4 affects the intraflagellar transport (IFT), a motility mechanism that distributes 

components inside cilia.  



 

Most cells double their size prior to cell division to produce two daughters of equal size. In 

Chapter 4, I studied a Tetrahymena mutant, cdaI-1, that during cell division produces daughters 

of unequal size. I found that cdaI-1 results from a mutation in CdaI, an ortholog of the 

Hippo/Mst kinases, components of the highly conserved Hippo signaling, which in diverse 

eukaryotes regulate cell growth and cell division, and in animals affect embryo polarity and 

organ size. We conclude that in Tetrahymena, the Hippo pathway maintains the equatorial 

placement of the division plane. In summary, this dissertation delivers new powerful genetic and 

imaging tools to Tetrahymena, a large single-cell eukaryote that is highly amenable for studies of 

intracellular scaling. We dissected the principles of size control inside the single cell across 

multiple levels of organization and identified specific proteins and interactions that affect 

intracellular size control. 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

A eukaryotic cell consists of organelles, compartments that perform specific functions, and 

the correct size of organelles relative to the overall size of the cell is essential for vital cellular 

activities. Various mechanisms exist that control organelle scaling that in principle amounts to 

the measuring and adjusting of the size of the organelle. For example, nuclear scaling involves 

adjusting the nucleus size according to the cytoplasmic volume (reviewed in (Levy and Heald, 

2012)). The cilium is one of the most actively studied models of organelle scaling. Cilium length 

is easily quantifiable making it an ideal experimental model to study organelle sizing. The length 

of cilia varies greatly and does not strictly correlate with the cell size, but rather is cell type (or 

species)-specific. The green alga Chlamydomonas reinhardtii is about 10 µm in diameter and has 

two equal length cilia of approximately 12 µm. In comparison, the ciliate Tetrahymena 

thermophila is about 30-50 µm in diameter and has 500-1000 cilia of 4-6 µm. The classical 

“long-short” cilia experiment in the Chlamydomonas demonstrates that cilium length is actively 

monitored and regulated (Rosenbaum et al., 1969a). When one of the two cilia of 

Chlamydomonas is artificially severed, the remaining cilium shortens, until its length matches 

the length of the remaining cilium, and both cilia elongate at the same rate to achieve equal 

steady-state length (Rosenbaum et al., 1969a). The mechanism that senses and adjusts cilium 

length has been extensively studied but the mechanistic principles have been slow to emerge. 

Furthermore, the length is critical for optimal sensory or motile functions of cilia. In humans, 

many proteins that are related to cilium length regulation, when mutated, cause a wide range of 
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cilia-based diseases, or ciliopathies, including developmental disorders (some lethal), blindness, 

and polycystic kidney disease (Bielas et al., 2009; Castren et al., 2011; Grati et al., 2015; Hakim 

et al., 2016; Liu et al., 2002; Moon et al., 2014; Oud et al., 2016; Ozgul et al., 2011; Slaats et al., 

2016; Stone et al., 2011; Tammachote et al., 2009; Taylor et al., 2015; Thiel et al., 2011; 

Upadhya et al., 2000). Studying cilium length regulation fulfills curiosity in basic cell biology as 

well as the motivation to improve human health. 

CILIUM STRUCTURE 

Cilium is a structurally and functionally conserved organelle consisting of a microtubule-

based core, or axoneme, wrapped by the plasma membrane, making the cilium a cell extension. 

Cilia support important motile and sensory functions. Motile cilia beat to move the cell (for 

example animal sperm cells, and protists such as Chlamydomonas and Tetrahymena), or propel 

fluids around the cells (e.g. epithelium in the respiratory tract) (Amelar et al., 1980; Satir, 1980; 

Vincensini et al., 2011). Nonmotile, so-called, primary cilia and some motile cilia are important 

for sensory functions including chemosensation, photoreception and mechanosensation (Berbari 

et al., 2009; Falk et al., 2015; Mohieldin et al., 2016; Prasad et al., 2014; Shah et al., 2009; 

Winyard and Jenkins, 2011).  

The axoneme is composed of nine outer doublet microtubules arranged into a circle of ~250 

nm in diameter. Most motile cilia have additional two central singlet microtubules (central pair 

apparatus) that are important for the coordination of the activities of motor complexes (dynein 

arms) during ciliary beating (Lechtreck et al., 2008). In motile cilia, large protein complexes, 

including radial spokes and dynein arms, are distributed in regularly spaced repeats along the 

length of the axoneme, where they function in generating ciliary bending (Oda et al., 2014; Satir 

et al., 2014). The axonemal microtubules are nucleated from a conserved centriole-like structure, 
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the basal body (BB), that is usually composed of 9 triplet microtubules and has a pinwheel 

organization. The BB transits into axoneme at the transition zone (TZ) where the distal end (+ 

end) of the triplet microtubules are anchored. The TZ is defined by the presence of several 

structures including transition fibers and Y-links (Fisch and Dupuis-Williams, 2011; Reiter et al., 

2012), and is believed to be the “gate” of the ciliary compartment as it restricts entry of non-

ciliary proteins into cilia (Basiri et al., 2014; Craige et al., 2010; Lim and Tang, 2013; 

Szymanska and Johnson, 2012; Takao and Verhey, 2016). C-tubules of the BB triplets also 

terminate around this region, and the nine A and B-tubules extend into the cilium forming the 

outer doublets of the axoneme that has a 9+0 organization in non-motile cilia or a 9+2 

organization in motile cilia owing to the presence of the central microtubules (Fisch and Dupuis-

Williams, 2011). Near the ends of cilia, the B-tubules terminate and only the A-tubules are 

present and form the distal segment. Finally, at the very end of the axoneme, undefined electron-

dense structures known as the ciliary caps attach the A-tubules of outer microtubules and the 

ends of the central microtubules to the plasma membrane at the ciliary tip (Fisch and Dupuis-

Williams, 2011; Portman et al., 1987).  

The ciliary membrane is continuous with the cell body membrane though it differs in lipid and 

protein composition. The barrier function at the cilium base is important in controlling the ciliary 

membrane domain composition, though its regulation and function are less understood (reviewed 

in (Rohatgi and Snell, 2010)).  

INTRAFLAGELLAR TRANSPORT  

There is no protein synthesis inside cilia, based on the absence of ribosomes. A specialized 

transportation system called the intraflagellar transport (IFT) (Kozminski et al., 1993) is required 

for most proteins to enter and to distribute inside cilia, and for some proteins to exit cilia as well. 
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IFT is a bidirectional motility that relies on kinesin-2 motors for the anterograde transportation 

along the B tubules of the outer doublet, from the BB to the ciliary tip (e.g. - end to + end of the 

doublet MTs), and cytoplasmic dynein (IFT dynein) motors for retrograde transportation along 

the A tubules, from the ciliary tip to the BB (Kozminski et al., 1995; Pazour et al., 1999; Signor 

et al., 1999; Stepanek and Pigino, 2016). These motors move IFT particles or IFT trains, protein 

complexes that function as cargo-carrying platforms (Cole et al., 1998b; Kozminski, 1995; 

Piperno and Mead, 1997). IFT particles can be biochemically separated into two large 

subcomplexes, complex A and complex B (Cole et al., 1998b). IFT complex B is more important 

for the anterograde IFT, while complex A functions primarily in the retrograde IFT (though not 

without exceptions) (reviewed in (Taschner and Lorentzen, 2016)). IFT is required for assembly 

and maintenance of cilia, most likely because it delivers precursors to the tips of cilia where they 

are incorporated into the growing axoneme (Brown et al., 1999; Cole et al., 1998a; Piperno et al., 

1998; Shakir et al., 1993; Walther et al., 1994). Given the importance of the IFT mechanism, a 

series of questions about it are currently under investigation, that among other topics address the 

regulation of motility of IFT trains, internal organization of IFT complexes, mechanisms of 

cargo recognition and loading, as well IFT-related defects that cause diseases (reviewed in 

(Lechtreck et al., 2017)).  

IFT motor proteins 

After the initial discovery of IFT in Chlamydomonas (Kozminski et al., 1993), kinesin-2 and 

IFT dynein were soon identified as the motor proteins driving the anterograde IFT and retrograde 

IFT movement in cilia, respectively (Kozminski et al., 1995; Pazour et al., 1999). FLA10/KIF3A 

and FLA8/KIF3B form the kinesin-2 motor heterodimer, bind to an accessory subunit KAP 

(forming a heterotrimeric complex), and are the primary anterograde IFT motor (Brown et al., 
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1999; Cole et al., 1998b; Hirokawa et al., 2009; Kozminski et al., 1995; Pan et al., 2006; 

Wickstead and Gull, 2007). A loss of the heterotrimeric kinesin-2 results in an immediate loss of 

IFT in Chlamydomonas, Tetrahymena and mammals (Brown et al., 1999; Davenport et al., 2007; 

Kozminski et al., 1995). In addition to the heterotrimeric kinesin-2, there is also a homodimeric 

kinesin-2 complex, OSM-3/KIF17, but this motor is not required for assembly of cilia in 

mammals (Jiang et al., 2015; Ou et al., 2005). However, in Caenorhabditis elegans, OSM-3 

partly compensates for the loss of the heterodimeric kinesin-2 and is required for the anterograde 

IFT along the most distal part of the axoneme or the distal segment (Ou et al., 2005; Snow et al., 

2004) where the outer microtubules are thinner due to the termination of the B-tubule and only 

the A-tubule is available for both anterograde and retrograde IFT. It needs to be mentioned that 

the distal segment is particularly long in C. elegans in comparison to other organisms (Evans et 

al., 2006). Thus, the heterotrimeric kinesin-2 may be more adapted for the anterograde IFT along 

the B-tubules and sufficient in most organisms (Stepanek and Pigino, 2016), while the 

homodimeric kinesin-2 may be specialized in moving on the A-tubule and more important in 

organisms with long distal segments where the motor has to use the A-tubule to efficiently 

deliver the cargo to the ciliary tip.  

Retrograde IFT uses cytoplasmic dynein 2 (IFT dynein) (Pazour et al., 1998; Porter et al., 

1999; Signor et al., 1999) and drives along the A-tubule from the tip to the base of cilia 

(Stepanek and Pigino, 2016). A deficiency in the IFT dynein motors reduces the retrograde IFT 

but does not have an immediate severe impact on the anterograde IFT, except for an 

accumulation of IFT proteins at the ciliary tip (Engel et al., 2012; Reck et al., 2016). The 

retrograde IFT is needed for the removal of proteins that are either products of cilium 

disassembly (see below) or are subject to recycling. For example, when the cilium disassembles, 
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ciliary proteins undergo massive ubiquitination and the retrograde IFT is needed for the removal 

of these modified proteins from the cilium (Liang et al., 2016; Long and Huang, 2013; Long et 

al., 2015). 

IFT complexes and cargoes 

The structural organization of the IFT particles is actively explored to learn how IFT can 

transport hundreds of different proteins as cargoes in a proper order and with correct 

stoichiometries. There are more than 20 IFT complex proteins identified so far (reviewed in 

(Taschner et al., 2012)). Increasing ionic strength revealed stronger interactions among several 

IFT-B proteins, dividing them into the core and peripheral IFT proteins (Lucker et al., 2005). A 

series of recent structural studies has resulted in 3D structures of a number of IFT proteins and a 

major advance in understanding the overall organization of IFT particles (reviewed in (Taschner 

and Lorentzen, 2016)). In particular, it is of high interest how IFT transports tubulin, the main 

component of the axonemal microtubules. Furthermore, the mechanisms of IFT transport of 

tubulin is highly relevant to understanding cilium length regulation as it seems likely to consider 

the axoneme as the main stable determinant of the length of the entire cilium. Two IFT-B core 

proteins, IFT81 and IFT74, form a heterotetramer (Lucker et al., 2005) that interacts with the 

tubulin dimer through the calponin homology domain of IFT81 and a highly basic domain of 

IFT74 (Bhogaraju et al., 2013), directly showing the long hypothesized role of IFT proteins as 

cargo adapters. In addition to the IFT-B and IFT-A complex, the BBSome complex is a 

peripheral component of IFT specifically responsible for membrane protein trafficking (Goetz et 

al., 2017; Jin et al., 2010; Nachury et al., 2007), and in particular for removal of membrane 

proteins from cilia (Lechtreck et al., 2009). The cargo binding rate of IFT proteins could be one 
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of the main mechanisms of cilium length control mechanism, as the cargo loading of IFT 

particles is one of the most consistent indicators of the change of cilium length (discussed later).  

CILIUM LENGTH REGULATION 

Given the physiological importance of cilium length, it is not surprising that this parameter is 

closely regulated. For example, cilia that have improper length fail to generate proper propulsive 

forces and show defects in signaling (Thorpe et al., 2017; Tilley et al., 2015). The factors 

involved in regulating cilium length can be loosely divided into groups: axonemal/structural 

factors including axonemal structure proteins, IFT proteins, lipid and protein composition of the 

ciliary membrane, as well as signaling factors including kinases, phosphatases and small 

signaling molecules in cilia and the cytoplasm. 

Axonemal proteins in cilia length regulation 

The axonemal microtubules undergo slow turnover even in steady-state cilia and this dynamic 

property could have some role in the length regulation, albeit the exact mechanism remains 

unclear (Song and Dentler, 2001). Factors related to microtubule stability and turnover affect the 

axoneme and the length of cilia. Such factors include tubulin post-translational modifications 

(PTMs), microtubule-associated proteins (MAPs), and axonemal proteins including dynein arms.  

Certain MAPs affect microtubule stability and change cilium length. RP1 and DCDC2 are 

two members of the doublecortin family that bind to and stabilize microtubules (Coquelle et al., 

2006; Reiner et al., 2006). The doublecortin domain is required for overexpressed DCDC2 or 

RP1 to stabilize the axoneme and increase cilia length (Liu et al., 2004; Massinen et al., 2011; 

Omori et al., 2010). Structural axonemal components are also known to affect cilia length. 

Several mutants in Chlamydomonas lacking outer dynein arms and/or inner dynein arms have 

short cilia (Huang et al., 1979; LeDizet and Piperno, 1995). Possibly many proteins that bind to 
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axonemal microtubules stabilize them and promote microtubule elongation (for example by 

making the disassembly less likely) and therefore make cilia longer. Recent studies have also 

implicated certain post-translational modifications of tubulin as regulators of cilium length that 

interact with the axoneme-binding/stabilizing proteins. Namely, a loss of a tubulin glutamylase 

TTLL9 (an enzyme that adds polyglutamate side chains to tubulin) suppresses the short cilia 

length of mutants lacking axonemal microtubule-binding proteins such as dynein arms (Kubo et 

al., 2015). This indicates that a modification of tubulin, polyglutamylation, has a shortening 

effect on the axonemal microtubule and consequently shortens the cilium. This effect could be 

mediated by activation of ciliary microtubule-severing proteins (reviewed in (Wloga et al., 

2016)). However, tubulin modifications may also have a cilium-elongating effect. A loss of 

tubulin glycylase TTLL3 results in shorter cilia (Pathak et al., 2007; Wloga et al., 2009). In 

addition to the effects of tubulin modifications on severing factors that are thought to have a 

cilium shortening effect, the same modifications could act in a cilium elongation-promoting 

manner by regulating IFT (O'Hagan et al., 2011; Sirajuddin et al., 2014). These effects could 

primarily occur during the anterograde IFT because tubulin is modified strongly on the B-tubule 

and not on the A-tubule (Lechtreck and Geimer, 2000; Suryavanshi et al., 2010) and the 

anterograde IFT for most of its length (except for the distal segment) occurs on the B-tubule 

(Stepanek and Pigino, 2016). 

Cilium disassembly is closely related to cell cycle progression 

In addition to these modifications and proteins known to affect axonemal stability, many 

signaling molecules including proteins have been shown to closely associate with cilia 

disassembly (reviewed in (Liang et al., 2016)). Mostly notably, CNK2, a member of NIMA-

related kinase family in Chlamydomonas, was shown to prevent extensive elongation of cilia by 
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increasing the disassembly rate (Hilton et al., 2013). Another NIMA-related kinase, NEK2, 

phosphorylates kinesin-13 (Kif24), a microtubule depolymerizing motor-like enzyme, thus 

inhibiting ciliation and encouraging cell cycle progression in breast cancer cells (Kim et al., 

2015). Cell cycle progression is a reciprocal regulator of cilium length as a longer cilium causes 

a delay in G1-S progression (Kim et al., 2011; Li et al., 2011). In mammalian cells that reenter 

the cell cycle and disassemble the primary cilium, there is activation of Aurora A kinase and 

PLK1 that promote cilium disassembly, possibly by activating HDAC6 deacetylase which may 

be involved in deacetylation of tubulin during cilia disassembly (Lee et al., 2012; Pugacheva et 

al., 2007). In addition, PLK1 also phosphorylates kinesin-13 (KIF2A) and encourages cilium 

disassembly (Miyamoto et al., 2015). In Chlamydomonas, the ratio of phosphorylated Aurora 

kinase (pT193 of CALK) to the total amount of CALK is a reporter of cilium length (Luo et al., 

2011; Pan and Snell, 2014). The initiation of this phosphorylation requires LF5/CDKL5 which is 

also involved in promoting cell division in Chlamydomonas (Hu et al., 2015). Taken together, 

cilium assembly seems closely related to cell cycle progression (Izawa et al., 2015), although it is 

not clear whether and how the disassembly is involved in regulating length of cilia that are not 

programmed to be fully disassembled such as in the Chlamydomonas “long-short” experiment. 

Another example is that overexpression of NRK1 and NRK2 shorten cilia in Tetrahymena, while 

conditional overexpression of a kinase-dead variant of NRK2 elongates cilia, suggesting an 

activate disassembly regulation by NRKs (Wloga et al., 2006).  

IFT affects cilium assembly and cilia length 

Except for some special cases where cilia assemble inside the cell body prior to their insertion 

into the plasma membrane (Kukic et al., 2016; Sorokin, 1962; Sorokin, 1968a; Sorokin, 1968b), 

in most cell types, the assembly of cilia relies on IFT for the delivery of axonemal proteins, 
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including tubulin, to the ciliary tip (Kubo et al., 2016; Marshall and Rosenbaum, 2001). A loss of 

kinesin-2 or other core proteins in the IFT complex causes an immediate arrest in ciliary 

assembly (Cole et al., 1998b; Fan et al., 2010; Kozminski et al., 1995). IFT activity and cargo 

loading rate increase in short elongating cilia and subsequently decrease as the cilia lengthen 

(Craft et al., 2015; Engel et al., 2009b; Ludington et al., 2013). Furthermore, when cilia 

disassemble (e.g. in cell types where cilia undergo complete disassembly prior to mitosis that 

results in a release of BBs before their conversion into centrioles), IFT complexes carry little or 

no cargo (Pan and Snell, 2005). Furthermore in the LF2 (a cilium length kinase, see below) loss 

of function mutant, the tubulin cargo loading rate is affected (Craft et al., 2015). These 

observations indicate that a control over the IFT cargo loading rate in the anterograde IFT 

direction could be critical in cilium length regulation. The role of the retrograde IFT in cilium 

length regulation is less understood. In some ciliated models, including Chlamydomonas and 

mammals, a loss of the retrograde IFT motor, IFT dynein, results in extremely short cilia with a 

bulged tip, presumably because the retrograde IFT is needed for recycling of the anterograde IFT 

components (Engel et al., 2012; Reck et al., 2016; Taylor et al., 2015). Indeed, a conditional fast 

acting mutation of IFT dynein inhibits both the retrograde as well as the anterograde IFT (Engel 

et al., 2012). The phenotypes of IFT dynein loss of function mutants do not support an intuitive 

model that retrograde IFT plays a role in the cilia disassembly pathway, because in such a case a 

loss of retrograde IFT would be expected to lengthen cilia. Furthermore, in Chlamydomonas, 

cilium disassembly takes place in the absence of IFT (Kozminski et al., 1995; Marshall and 

Rosenbaum, 2001). Presumably, for the disassembly pathway it is not important to remove the 

products of axoneme disassembly from the cilium or that diffusion alone is sufficient to provide 

enough of the removal activity. However, observations in other cell types indicate a link between 
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the retrograde IFT and cilium length control. For example, in Tetrahymena, a loss of the 

retrograde dynein motor results in fewer cilia that are on average shorter but have a more 

variable length range, including some that are longer than the wild type (Rajagopalan et al., 

2009). Thus, the removal of recycled components including the products of cilia disassembly 

could contribute to the length regulation as well. However, the major effect of the retrograde IFT 

appears to be to support the recycling of the components of the anterograde IFT. 

Protein phosphorylation in cilia length regulation 

In addition to the structural components of axonemal proteins and IFT machinery, published 

evidence suggests that a dedicated sensing mechanism exists to tightly regulate cilium length. 

One classical example is the “long-short” cilia experiment in Chlamydomonas, where amputating 

one of the two cilia triggers the other full length cilium to disassemble until the length is equal to 

the regenerating cilium, indicating a mechanism exists that sets the cilia to equal length and 

differentially controls the assembly and disassembly rates for each cilium within the same 

cytoplasm (Rosenbaum et al., 1969b). Furthermore, there is now a direct evidence that in the 

same Chlamydomonas cell, the two cilia are regulated differentially. For example, when only one 

cilium grows, this cilium has a higher rate of IFT cargo loading (Craft et al., 2015). Thus, the 

length of each cilium is regulated separately, by independent adjustment of its parameters, such 

as the rate of IFT cargo loading. Tetrahymena represents another perhaps more dramatic example 

of such individualized regulation, where the cilium length depends on the position within the 

cell, with cilia being progressively longer toward the posterior end (Wloga et al., 2006). It 

appears therefore that some unknown mechanisms are in place to sense the length of individual 

cilia and actively adjust their length using cilium unit-specific mechanisms.  
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Although the nature of the sensor and feedback mechanism is not known, it is firmly 

established that protein phosphorylation is one of the key players. Several conserved kinases 

(e.g. LF2/CCRK, LF4/MOK, DYF-5/ICK/MAK, CALK, NIMA-related kinases, LF4/CDKL5) 

(Berman et al., 2003; Bradley and Quarmby, 2005; Broekhuis et al., 2014; Burghoorn et al., 

2007; Cao et al., 2013; Chaya et al., 2014; Erdmann et al., 2006; Hilton et al., 2013; Lin et al., 

2015; Luo et al., 2011; Meng and Pan, 2016; Pan et al., 2004; Tam et al., 2013; Wloga et al., 

2006; Yang et al., 2013) have been consistently shown to negatively regulate cilium length in 

that their loss results in longer cilia (thereafter referred as cilium length kinases). However, there 

are two exceptions: CDPK1 and CDK5; when these kinases are depleted, cilia get shorter 

(Husson et al., 2016; Liang et al., 2014; Maskey et al., 2015). Several phosphatases were found 

inside cilia (Boesger et al., 2009), and PP1 has been implicated in cilium length regulation, based 

on the observation that an inhibitor of PP1 causes cilia to shorten, indicating that PP1 is a 

positive regulator while its competing kinase a negative regulator of cilium length (Abdul-

Majeed et al., 2012). An irreversible S/T phosphatase inhibitor, sodium pyrophosphate, also 

induces cilium shortening by an unknown mechanism, presumably via inhibition of PP1, and/or 

other unknown phosphatases (Lefebvre et al., 1978; Liang and Pan, 2013; Pan et al., 2004).  

The discovery and subsequent studies of cilium length kinases have revealed important 

information about ciliogenesis, cilium assembly and disassembly. However, the nature of the 

sensor that reports on the length of cilia remains unknown. More work is needed to discover the 

relevant phosphatases and the phosphorylation targets of the cilium length kinases. Reverse 

genetic approaches have been fruitful but increasingly less productive as cilium length is 

entangled with other important cellular functions including cell cycle progression, and 

developmental contexts in the case of multicellular organisms. In addition, the target proteins of 
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cilium length kinases may be phosphorylated transiently and possibly at multiple sites, 

challenging the effectiveness of proteomic studies. Historically, genetic screens have been 

ground-breaking in the discovery of the several cilia length kinases (Asleson and Lefebvre, 1998; 

Tam and Lefebvre, 1993; Tam et al., 2013). However, it has been difficult to progress beyond 

the discovery of the cilium length kinases. In particular, very little is known about the substrates 

of these kinases. While there is some evidence that cilium length kinases work through both 

adjustments of IFT and cilium disassembly rates, exactly how these steps are accomplished 

remains uncertain. One powerful way of the discovery of new components of a biological 

pathway is by genetic interactor screens. Likely for technical reasons, namely a lack of an 

approach for selection of appropriate cilium length mutants, the forward genetic approach has 

not been used to uncover additional interactors of cilium length components. In Chapter 3 we 

describe a new genetic strategy for isolation of interactors of cilium length kinases by exploring 

a novel allele of one of the cilium length kinases, LF4, that causes a complete loss of cilia and 

cell paralysis, a phenotype that can be easily used for isolation of suppressors.  

Models of cilia length regulation 

Among the most popular models for cilia length regulation is the “balance-point” model 

(Marshall et al., 2005). This relatively simple model is based on several experimental 

observations about cilium length and IFT: 1) the IFT velocity and total abundance of IFT trains 

per cilium do not vary when the cilium length changes; 2) the cilium assembly rate is negatively 

correlated to cilium length; while 3) the disassembly rate is constant. In order to explain how the 

assembly rate decreases in a longer cilium, the balance point model postulates that as cilium 

becomes longer and the travel time for IFT trains between the base and the tip increases, leading 

to decreased frequency of IFT and reduced delivery of ciliary proteins to the ciliary tip. This 
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model was later rectified by new observations including that the frequency of IFT entry (mainly 

anterograde IFT) is in fact not variable with length, but the amount of IFT proteins per entry 

decreases (smaller trains) as the cilium lengthens (Ludington et al., 2013), and so does the 

frequency of IFT trains carrying cargoes including DRC4 and tubulins (Craft et al., 2015; Wren 

et al., 2013). The cilium length-dependent effects on the IFT train organization and cargo loading 

rate are under investigation as are the mechanism responsible for regulating cilium length. One 

possibility is that a feedback mechanism that monitors the cilium length directly affects the IFT 

complexes. The reduction of IFT cargo loading as the cilium lengthens is faster in the shf2 short 

cilium mutant, conversely, IFT cargo loading remains higher for an extended duration in the lf2 

mutant, where the cilia are variable in length and often longer than normal (Craft et al., 2015). In 

addition, the CNK2 mutant of Chlamydomonas displays a reduced disassembly rate and longer 

cilia indicating that in addition to IFT the disassembly pathway also controls cilium length 

(Avasthi and Marshall, 2013; Hilton et al., 2013). Though as discussed earlier, the main 

remaining difficulties are the lack of knowledge about the interactions between IFT proteins and 

cargoes, and even less understanding about the target of the regulatory factors (e.g. the 

phosphorylation substrates of the cilia length kinases) involved in the regulation of cargo loading.  

NOVEL TECHNIQUES IMPROVE UTILITY OF TETRAHYMENA AS A MODEL 

ORGANISM 

I used Tetrahymena thermophila, a ciliated protist, to study cilium length regulation (Chapter 

3) and cell scaling during cell division (Chapter 4). Tetrahymena is easy to grow and maintain, 

and its cultures can reach high cell density (reviewed in Gaertig et al. (2013)). Each cell 

possesses between 500-1000 of locomotory and about a hundred of oral cilia that can be 

amputated by a pH shock. The removed cilia can be easily isolated for biochemical studies while 
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the deciliated cells quickly regenerate a set of new cilia, and thus the process of regeneration can 

be used to study the mechanism of assembly under conditions where the assembly status is 

nearly synchronized (Calzone and Gorovsky, 1982; Rosenbaum and Carlson, 1969). Gene 

targeting by homologous DNA recombination (Orias, 2012) allows for gene knockouts (Dave et 

al., 2009a), and epitope-tagging at the native loci for localization of gene products at the 

physiological levels of expression (reviewed in (Gaertig et al., 2013)). It is highly relevant to this 

thesis that in Tetrahymena, hypermorphic alleles can be created by conditionally overexpressing 

a gene under a heavy metal-dependent promoter (Shang et al., 2002).  

Live imaging in Tetrahymena 

With the help of the versatile genetic tools available in Tetrahymena, gene products of interest 

can be easily detected in fixed cells using fluorescence or electron microscopy. These classical 

imaging techniques have been proven fruitful in studies of microtubules and cilia (Bregier et al., 

2013; Brown et al., 1999; Dave et al., 2009b; Gaertig et al., 2013; Galati et al., 2014; Kushida et 

al., 2016; Meehl et al., 2016; Pearson et al., 2009; Pigino et al., 2012; Urbanska et al., 2015; 

Vasudevan et al., 2015; Waclawek et al., 2017; Wloga et al., 2006; Wloga et al., 2008; Wloga et 

al., 2009). However, the molecules of interest inside cilia are often low in abundance, and their 

localization sites are transient, making the imaging in vivo technically challenging. The lack of a 

live imaging solution for Tetrahymena has also been a limit to investigations of highly mobile 

ciliary proteins, in particular those in IFT.  

In comparison, total internal reflection fluorescence (TIRF) microscopy has greatly facilitated 

studies of IFT by imaging and measuring the intensity of fluorescence-tagged proteins in 

Chlamydomonas cilia (Collingridge et al., 2013; Engel et al., 2009a; Lechtreck, 2013; Lechtreck 

et al., 2009; Ludington et al., 2013; Wren et al., 2013). The superb sensitivity of TIRF 
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microscopy allows for detection of low-abundance ciliary proteins, and tracking of ciliary 

protein dynamics using techniques such as fluorescence recovery after photobleaching (FRAP). 

The use of TIRF microscopy has been a unique advantage in studies of cilia in Chlamydomonas 

(Avasthi and Marshall, 2012; Engel et al., 2009b; Lechtreck et al., 2009; Ludington et al., 2013; 

Pan and Snell, 2014; Wren et al., 2013).  

Seeking to introduce TIRF microscopy into Tetrahymena, I had the honor to collaborate with 

Dr. Karl Lechtreck’s lab to apply TIRF microscopy for live imaging of IFT and ciliary proteins 

in Tetrahymena (described in Chapter 2). In principle, the use of TIRF in Tetrahymena was 

possible after optimization of conditions for immobilization and paralysis of ciliary beating. We 

achieved such conditions and the relevant paper forms Chapter 2 of this thesis. This new 

development facilitated the discovery and study of several projects in the lab. In this study, I 

used TIRF microscopy to reveal that the cilium length kinase LF4 localizes uniformly along the 

axoneme and functions as an inhibitor of IFT (Chapter 3). Combined with the existing 

biochemical, genetic and traditional microscopy capabilities of Tetrahymena, TIRF microscopy-

based live imaging greatly increases the value of the Tetrahymena model for studies of cilia.  

Forward genetics in Tetrahymena 

Genetic screens give researchers a selective handle on the phenotypes of interest yet still 

allow the benefit of unbiased discovery through a forward genetics strategy. Case in point is the 

2016 Nobel Prize in Physiology or Medicine awarded to Yoshinori Ohsumi to honor the 

discovery of the autophagy mechanism using a genetic screen in yeast. In this case, the 

autophagy genes were discovered in a screen of protease-defective cells that accumulate 

otherwise short-lived autophagy bodies (Enserink and Pennisi, 2016; Tooze and Dikic, 2016). 

Tetrahymena is a complex unicellular organism that has many conserved structures of eukaryotic 
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cells present in animals including mammals. The sequence of the somatic genome (the 

macronucleus) was published in 2006, revealing the entire set of genes that control the 

phenotype (Eisen et al., 2006). Most recently, the germline (micronucleus) genome of 

Tetrahymena has been published (Hamilton et al., 2016), allowing for the linkage-based 

identification of causal mutations that we took advantage of in Chapters 3 and 4. One additional 

distinct advantage of Tetrahymena is the ease of genetic manipulations by homologous DNA 

recombination, making it possible to generate precise genetic changes, an essential tool for 

validation of the results of genetics screens. In Chapter 3 of this dissertation, I also used the 

capability of homologous DNA recombination to create a hypermorphic allele of a cilium length 

kinase LF4 to enable a genetic screen in Tetrahymena that revealed an interactor of the LF4 

cilium length kinase. Further potential of this (unsaturated) screen is discussed in Chapter 5. 

Recent developments in next generation sequencing and bioinformatics allow for cost-

effective and rapid identification of causal mutations, opening exciting possibilities for 

mutational studies and forward genetic strategy in Tetrahymena. Recently, an implementation of 

comparative whole genome sequencing to Tetrahymena led to the identification of the first 

mutation that affects the cortical pattern in Tetrahymena, a mutation responsible for the BB 

disorientation defect, disA-1 (Galati et al., 2014). This thesis heavily relies on the use of 

comparative whole genome sequencing for identification of mutations relevant to biological 

scaling, namely in the cilium length control (Chapter 3) and equalization of cell division 

(Chapter 4). In both projects, I used a novel strategy for identification of causal mutations by 

comparative whole genome sequencing (for details see Chapter 4). The overall strategy is a 

variation of the bulked segregant approach (Birkeland et al., 2010; Michelmore et al., 1991) 

where a heterozygote is subject to a number of independent meioses and a genetic link is 
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identified in the progeny between the phenotype and one or more of the sequence variants. The 

first innovation that we introduced for Tetrahymena is the use of self-crosses instead of standard 

crosses, that reduce the level of overall genetic variation and facilitates identification of the 

causal variant(s). The second improvement is the use of variant filtering and subtraction methods 

that have not been applied to Tetrahymena before, including subtractions of variants found in 

unrelated backgrounds and filtering for types of mutations expected for a particular mutagen. 

These methods were inspired by the approaches developed earlier for C. elegans (Minevich et 

al., 2012). Finally, we took advantage of the recently published sequence of the germline genome 

of Tetrahymena (the micronucleus) to develop a mapping approach that determines the 

chromosome interval based on the frequency of variant cosegregation with the mutant 

phenotype, again also following the footsteps of C. elegans (Minevich et al., 2012). While these 

approaches are not original and have been used in other models, the combination of these 

approaches in application to Tetrahymena has created a powerful pipeline that in our hands 

identifies causal mutations with an ultimate level of precision – a single variant resolution (see 

Chapter 4). In practical terms, it means that the “guessing step” (which of the many candidate 

variants is causative?) is eliminated and researchers can identify a strong candidate for a causal 

variant without a need for considering the magnitude of the biological effect of the mutation on 

the gene product or the biological pathway assignment of the gene product. These powerful 

approaches were used to identify an interactor of the cilium length kinase LF4 in Chapter 3. 

Chapter 4 in this dissertation is another example in which the outcome of a basic genetic screen 

informs about the principles of biological scaling using the process of equal cell division. 
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POLARIZED CELL DIVISION AND CELL SCALING IN TETRAHYMENA 

Cell division, cell polarization, and scaling of daughter cells are closely related processes. 

Typically, the mother cell establishes an axis of polarity that enables the correct placement of the 

division plane. Sometimes the cell divides asymmetrically producing progeny cells of unequal 

size. Such asymmetric division occurs in the C. elegans zygote where the mechanism involves 

two partitioning-defective (PAR) proteins that mutually exclude each other at the cell membrane. 

The PAR proteins generate a polarized pattern by either a reaction-diffusion model based on 

actomyosin flows as diffusion media or a microtubule induced self-organization independent of 

actomyosin flows (Goehring et al., 2011; Motegi et al., 2011). In this case, the scaling of the 

mother cell is accomplished by establishing a transient bipolar axis perpendicular to the 

emerging division plane.  

In comparison, Tetrahymena has permanent anteroposterior and circumferential axes. The 

oral apparatus marks the anterior and ventral area while the contractile vacuole pores and the 

cytoproct are markers of the posterior end. Tetrahymena divides by a unique mechanism of 

“tandem duplication”. Unlike in other cell types where there is an underlying bipolar 

organization that reflects the organization of the bipolar mitotic spindle, in a dividing 

Tetrahymena cortical structures are arranged as a tandem. The best comparable arrangement is 

seen in planarians that divide by splitting their bodies and the resulting fragments regenerate the 

missing parts: the anterior fragments regenerate a tail while the posterior fragment regenerates a 

head and a brain (Salo and Baguna, 1984). Thus, a dividing Tetrahymena mother cell splits into 

two halves and the anterior half develops a new posterior end while the posterior half develops a 

new anterior end including a new oral apparatus (see Fig. 3.1 in Chapter 4). This extensive 

remodeling of the mother cell must be precisely coordinated with cytokinesis and scaling 
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mechanisms must exist to make sure that the two developing daughters are equal in size. 

Specifically, the emerging division plane establishes a discontinuity at the cell equator called the 

“cortical subdivision”. The regions immediately anterior and posterior to the cortical subdivision 

undergo different morphogenetic events, and subsequently develop into posterior and anterior 

poles of the daughter cells, respectively. This newly established polarization is evident as 

different cortical organelles appear on either side of the division plane (Cole et al., 2008; Frankel 

et al., 1981; Jerka-Dziadosz, 1981; Kaczanowska et al., 1999; Numata et al., 1995). Meanwhile, 

two equally-sized daughter cells are generated, indicating a correct scaling despite the “broken 

ruler”. This phenomenon raises interesting questions about the mechanisms of the intracellular 

scaling. How do Tetrahymena cells temporally remodel the cortical pattern from the existing 

anteroposterior axis during the cell division? And around the same time, how is the division 

plane established at the mother cell equator so that the two daughter cells are equally sized, 

despite the vastly different morphogenesis that occur within each? It is not clear if shared 

conserved regulatory pathways connect the changes in the rulers and the measurements, namely 

the remodeling of the polarization and the placement of the division plane (Chalker and Frankel, 

2014). Chapter 4 attempts to provides some information on this subject.  
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CHAPTER 2 

TOTAL INTERNAL REFLECTION FLUORESCENCE MICROSCOPY OF 

INTRAFLAGELLAR TRANSPORT IN TETRAHYMENA THERMOPHILA1 

  

                                                
1 Jiang, Y.Y., K. Lechtreck, and J. Gaertig. 2015. Methods Cell Biol. 127:445-456. 
 Reprinted here with permission of the publisher. 
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ABSTRACT 

Live imaging has become a powerful tool in studies of ciliary proteins. Tetrahymena 

thermophila is an established ciliated model with well-developed genetic and biochemical 

approaches, but its large size, complex shape and the large number of short and overlapping cilia, 

have made live imaging of ciliary proteins challenging. Here we describe a method that 

combines paralysis of cilia by nickel ions and total internal reflection microscopy for live 

imaging of fluorescent proteins inside cilia of Tetrahymena. Using this method, we quantitatively 

documented the intraflagellar transport in Tetrahymena.  

INTRODUCTION 

Many features make Tetrahymena thermophila an excellent model for studies of cilia, 

including the large number of cilia per cell, rapid growth in axenic media, and high maximal cell 

density (1 x 106 cells/ml), (reviewed in Gaertig et al. (2013)). Each Tetrahymena cell possesses 

between 500-1000 locomotory and oral cilia that can be excised from the cell body by artificial 

deciliation, which triggers rapid regeneration of a new set of cilia. The Tetrahymena population 

can be synchronized in the cell cycle either by starvation (Mowat et al., 1974) or by size 

selection using centrifugation/elutriation (Marsh et al., 2000). Classical genetics (including 

ability to make whole genome homozygotes) can be combined with gene targeting by 

homologous DNA recombination (reviewed by Orias (2012)). Conditional gene overexpression 

based on heavy metal-inducible promoters can be used to produce and purify proteins or to 

create hypermorphic phenotypes (Shang et al., 2002b). Gene products can be localized with 

precision by fusion with an epitope tag at the native loci (reviewed in (Gaertig et al., 2013)). 

While detection of gene products of interest can be done with ease in fixed cells using 
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fluorescence or electron microscopy, live imaging of fluorescence-tagged proteins has been used 

only sparingly (reviewed in Winey et al. (2012)).  

Imaging ciliary proteins in vivo has been technically challenging in Tetrahymena. In particular, 

studies of the intraflagellar transport (IFT) have been limited by the lack of an imaging solution. 

IFT is a bidirectional motility that occurs inside cilia and is required for assembly and 

maintenance of cilia. During IFT, motor proteins, kinesin-2 and IFT dynein (DH1B), move 

protein complexes, IFT trains, along the side of outer doublet microtubules; the IFT trains carry 

ciliary precursors as cargo (reviewed in (Pedersen and Rosenbaum, 2008; Scholey, 2003)). IFT 

was discovered in cilia of Chlamydomonas reinhardtii by video-enhanced differential 

interference microscopy (Kozminski et al., 1993).  

Not limited to imaging of IFT, TIRFM is highly suitable for detection of non-abundant ciliary 

proteins, and tracking of ciliary protein dynamics in real time. TIRFM has brought new 

information about the mechanisms that govern cilia assembly, disassembly, length regulation and 

cilia-based signaling (Avasthi and Marshall, 2012; Engel et al., 2009; Lechtreck et al., 2009; 

Ludington et al., 2013; Pan and Snell, 2014; Wren et al., 2013). Here we describe an approach 

that allows the application of TIRFM to study IFT in Tetrahymena. Combined with the existing 

biochemical, genetic and traditional microscopy capabilities, TIRFM-based live imaging greatly 

increases the value of the Tetrahymena model for studies of cilia.  

TIRF MICROSCOPE CONFIGURATION AND DATA ANALYSIS IN APPLICATION 

TO IFT IN TETRAHYMENA  

The configuration of the TIRF microscope is the same as recently described for 

Chlamydomonas (Lechtreck, 2013). In brief, we used a TIRF system house-built around a Nikon 

Eclips Ti-U microscope. The microscope is equipped with a GFP/mCherry TIRF filter cube, a 



 

37 

60x NA 1.49 TIRF objective and an Andor iXON X3 DU897 EMCCD camera (with a C mount 

and a 2.5 x lens). The GFP is excited using a 488-nm diode laser, 40 mW (Spectraphysics) with 

two density filter wheels (Newport) to adjust the illumination intensity. The images and videos 

are digitally recorded with the Nikon Elements emission software module. 

The analysis of imaging data is also adopted from Lechtreck (2013). NIH ImageJ (Rasband, 

1997-2014) was used to generate kymographs and measure IFT particle velocities. In brief, 

videos of 30 sec were recorded at a frame rate of 15 fps. Some of the videos are not suitable 

because the imaged cells are not sufficiently immobilized (see III.B.). A high quality video 

typically covers a few dozens of cilia with detectable IFT in one cell. Only a handful of these 

cilia are selected for generating kymographs of IFT particles. The individual cilia that are 

suitable for the production of kymographs fulfill the following criteria: 1) remain in focus along 

the entire length, 2) are relatively straight and remain immobile, 3) do not overlap with other 

cilia and 4) their base to tip orientation can be determined. Using ImageJ, a straight line is 

manually drawn to highlight the selected cilium, from its base to the tip. Then a kymograph is 

generated with the “Multiple Kymograph” function of the Kymograph plugin (Rietdorf and Seitz, 

2004) of ImageJ. After rotating the kymograph 90 degree counterclockwise, the time lapses from 

left to right and the bottom of the image indicate the base of the cilium. A diagonal trajectory 

shown in the kymograph represent an actively moving IFT particle. An anterograde IFT will 

result in a trajectory from left-bottom to right-top, and a retrograde IFT will produce a trajectory 

from the left-top to the right-bottom. The velocity is measured as the distance divided by the 

time period of an IFT movement. 
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USING A TIRF MICROSCOPE TO IMAGE TETRAHYMENA CILIA 

Tetrahymena cells are challenging for live imaging of cilia. The cells move rapidly and do not 

adhere to glass. The Tetrahymena cell has a relatively large diameter (20-60 µm) compared to 

the length of the cilia (about 6 µm), and the locomotory cilia are located inside cortical grooves 

(reviewed in Wloga and Frankel (2012)). Despite the absence of chloroplasts, there is noticeable 

autofluorescence in the cell body that interferes with imaging even at a steep TIRF illuminating 

angle. When the cells are trapped under the coverglass, the cilia overlap and bundle. 

Consequently, the positions of the ciliary tips and the bases are difficult or impossible to 

determine, preventing the orientation of IFT tracks. Our approach to reduce the impact of some 

of these obstacles was to combine trapping of cells in a limited volume of medium with 

immobilization of cilia using nickel ions (see below). 

GFP-Dyf1 is a suitable IFT marker in Tetrahymena 

Using TIRFM, we tested several GFP-tagged IFT proteins as markers for imaging IFT, 

including Kin1p, a motor subunit of kinesin-2, the anterograde IFT motor (Brown et al., 1999), 

and components of the IFT complex B: Ift52p (Brown et al., 2003) and Dyf1p (Dave et al., 2009). 

In each case, the GFP fusion was expressed in its own gene knockout background and rescued 

the loss of cilia phenotype, indicating its functionality. The GFP-Kin1p was expressed under its 

own promoter and in its own locus, while the GFP-Ift52p and the GFP-Dyf1p were expressed 

under the cadmium-inducible MTT1 promoter (Shang et al., 2002a) in the non-essential BTU1 

locus (these cells were maintained without cadmium induction as the non-induced MTT1 

promoter has a basal level of expression that is sufficient for rescue of the respective null 

phenotype). GFP-Dyfp1 was found to be a superior IFT marker that revealed IFT tracks with the 

highest signal intensity and few stationary particles (supplemental videos 1 and 2).  
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Immobilization of Tetrahymena cilia to observe IFT 

Simply pressing the Tetrahymena cells with a coverglass does not immobilize most cilia 

sufficiently well. Occasionally, a cilium is sufficiently immobile for imaging but this is rare. 

Most cilia continue to beat and at some point, bundle (Fig. 1.1A). Among cilia that do not bundle, 

most do not lay straight (Fig. 1.1B). Neither bundled nor bent cilia are suitable for quantification 

of IFT events.  

We tried several methods to immobilize Tetrahymena cells prior to TIRFM observations. 

Coating coverglasses with poly-L-lysine did not increase the adhesion and immobilization of 

cells. Embedding cells in 2-5% low melting temperature point agarose resulted in encapsulation 

of cells, which maintain vigorously beating cilia (the agar failed to solidify in a narrow zone 

around beating cilia). We found that the most practical immobilization method is simply placing 

cells in a small volume of media, which results in a pressure from the coverglass that flattens the 

cells and presses the cilia against the glass, and allows for a 15-25 min observation, before the 

cells burst. Under these conditions, however, most cilia continue to twitch and the number of 

cilia suitable for imaging is very low.  

To further reduce the motility of cilia, in one attempt we labeled the surface of cells with 

NHS-LC-LC-biotin, and mounted onto a coverglass coated with streptavidin. The attachment of 

biotinylated cilia to the streptavidin-coated coverglass was noticeable, yet too weak to hold the 

cilia sufficiently stable for a 30 sec recording, as the cilia continued to twitch. We had similar 

negative experiences with the use of coverglasses coated with lectins, (concanavalin A, peanut 

agglutinin). We then used Ni2+ ions, an established axonemal dynein inhibitor, to inhibit ciliary 

beating (Larsen and Satir, 1991). We found that in the presence of 2-3 µM NiCl2, the cells stop 

moving within 3 min and most cilia remain immobile when pressed against the glass. In the Ni2+ 
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observation medium (see section III.C.), the cells burst within 10-15 min post mounting. Most 

cells treated with Ni2+ are suitable for recording. For each microscope slide, we were able to 

record about ten 30 sec videos, each covering a large number of cilia on one cell (supplemental 

videos 1 and 2). Under these conditions, the anterograde IFT is slower, more frequent and 

uniform in size, as compared to the retrograde IFT (Fig. 1.2). We noticed a significant variation 

in the frequencies of both the anterograde and retrograde IFT events between cilia on one cell 

and between different cells, which is likely a result of differential pressure against the glass (see 

section IV).  

Experimental Protocol 

Preparation of Tetrahymena cells:  

Grow cells in SPP medium to 1-3 x 105 cells/ml. 

Pellet 0.5-1 ml of cell culture by centrifugation at 1700 x g for 1 min. 

Wash the pellet once with 10 mM Tris-HCl, pH 7.5 (Tris buffer). 

This step is optional but highly recommended as it reduces the background of fluorescent debris 

from the medium. 

Suspend the cells in 100-300 µl of Tris buffer. 

Preparation of a slide specimen for TIRF imaging: 

Mix 1 µl of 20 µM NiCl2 and 10 µl of washed cells (final concentration of NiCl2 is 2 µM) at 

the center of a 22 x 22 mm2 No. 1.5 coverglass (VWR #48366-227). If the cells are imaged in 

the SPP medium (containing 0.003% w/v EDTA-Fe-Na) a higher concentration of NiCl2 may be 

needed. 

Use a glass slide to gently touch the droplet, and pick the coverglass up, forming an upside 

down assembled slide.  
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Mount the assembled slide onto the microscope stage with the coverglass facing down and 

hanging over the objective. Be cautious as flipping, shaking or resting the assembly will cause 

the coverglass to glide and this will crush the cells or rip off the cilia. 

Recording images and videos of cilia and IFT: 

Using bright-field illumination, find the correct focal position.  

As the cells slow down within the first few min, the larger cells flatten first and the cilia at the 

mid-section of their cell bodies become “squeezed” onto the coverglass. Such cilia are optimal 

for imaging IFT as they are flat, uniformly close to glass and often aligned in one direction.  

Perform TIRF imaging at a sufficiently steep angle to avoid autofluorescence of the cell 

bodies.  

Under the above conditions, most slides last for 10-15 min. As the cells round up, IFT events 

become slower and less frequent and soon the cells burst. We avoid recording videos of IFT after 

the first 10 min since the slide assembles.  

Effect of Ni2+ on the velocities of IFT 

We were concerned about the potential side effect of Ni2+ on the retrograde IFT driven by the 

cytoplasmic dynein that contains the heavy chain DH1B (Pazour et al., 1999; Signor et al., 1999). 

However, unlike another dynein inhibitor, vanadate, that decreases the ATPase activity of both 

the axonemal outer and inner dynein arm (ODA and IDA) (Gibbons et al., 1978; Vale and 

Toyoshima, 1988) and the cytoplasmic dynein heavy chains (Cande and Wolniak, 1978; 

Kobayashi et al., 1978), Ni2+ abolishes IDA , but has only a minor effect on the ODA ATPase 

activity (Larsen and Satir, 1991), suggesting a degree of selectivity toward dynein subtypes. The 

retrograde IFT dynein heavy chain, DH1B, belongs to the cytoplasmic dynein subgroup of the 

dynein superfamily, that is evolutionarily distant from both IDA and ODA axonemal dyneins 
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(Wickstead and Gull, 2007; Wilkes et al., 2008). Nevertheless, we could not exclude a possibility 

that Ni2+ has a side effect on the IFT dynein heavy chain and consequently on the retrograde IFT 

in Tetrahymena. 

We compared the anterograde and retrograde IFT velocities in the Ni2+ treated and untreated 

cells (while fewer cilia were suitable for imaging without Ni2+ immobilization, we were able to 

gather enough of data by examining a larger number of untreated cells). Using GFP-Dyf1p as a 

marker, the velocities of IFT particles were measured as is described in section II. To our 

surprise, the mean velocities of the anterograde and retrograde IFT of Ni2+ treated cilia were 

significantly higher than those from the untreated cilia (Fig. 1.3A, B). Both the anterograde and 

retrograde IFT velocities were increased by about 25%, suggesting the effect of Ni2+ is grounded 

in the methodology and does not reflect a real stimulatory effect of Ni2+ on the IFT motors.  

We noticed that the IFT velocities histograms of the Ni2+-treated cilia fit the normal 

distribution curves, while those of the untreated cilia lean towards the lower values (Fig. 1.3A’, 

B’). Using an approach similar to ours, Brooks and Wallingford (2012) measured the velocities 

of the anterograde and retrograde IFT in Xenopus multiciliated cells, in cilia that were pressed 

against the coverglass by the gravity of the embryos. Their reported histograms of IFT velocities 

appear to fit the normal distribution (Figure 2 in Brooks and Wallingford (2012)), which are in 

agreement with our measurements from the Ni2+-treated cilia. The simplest interpretation of the 

effect of Ni2+ in our experiments is that the slower IFT velocities of untreated cilia are an artifact 

caused by the inability to distinguish between cilia or their segments that lay flat on the cover 

glass or slightly bend away from the glass. When using the Kymograph ImageJ plugin to analyze 

IFT velocity, it is crucial that the straight line is fitted to a straight cilium. If the straight line is 

fitted to a slightly curved cilium and used to calculate the velocity of an IFT movement, the 
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measured velocity is the true velocity times the cosine of the curving angle. Curved cilia are 

clearly more frequent in untreated specimens (Fig. 1.1). Ni2+ rapidly impairs cilia motility and 

reduces cilia curving and bundling. In addition, Ni2+-treated cilia are often aligned in one 

direction (Fig. 1.1C). This may be caused by a small drift of the cell body after cilia paralysis. In 

summary, Ni2+ does not appear to affect the IFT DH1B dynein and its paralyzing effect on cilia 

greatly facilitates the scale and quality of IFT imaging 

LIMITATIONS 

Our method is the first step towards routine employment of live imaging tools such as TIRFM 

to study of ciliary proteins in Tetrahymena. To our knowledge, we are first to report the 

velocities of IFT for Tetrahymena. There are certain limitations of our approach. In particular, 

there is major variability in the frequency and intensity of IFT particles between different cells 

on the same slide and even among individual cilia within the same cell. This makes the 

determination of IFT event frequency and estimation of the IFT particle size distribution 

challenging. In contrast to the Chlamydomonas TIRF approach that relies on the natural adhesion 

of flagella to glass, in our method, the cilia of Tetrahymena are pressed against but do not adhere 

to glass. The closeness of the imaged cilia to the coverglass varies between different cells 

depending on the degree of their flattening, which in turn depends on the cell size (cell cycle 

stage), the side on which the cell lands on glass (ventral, dorsal, lateral), and the local differences 

in the medium layer height across the coverglass. Within the same cell, different cilia experience 

a different level of pressure against the glass depending on their position on the antero-posterior 

and circumferential axes, and whether they are immobilized between or along the cortical 

grooves. In TIRFM, the energy exciting the fluorescence decreases exponentially with the 
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distance away from the coverglass. Thus, a slight variation in the closeness of cilia to the 

coverglass can greatly affect the intensity of the ciliary signals. 

 Nevertheless, even with the current limitations, our approach can be used to determine the 

IFT velocities. In the future, dual color imaging should be feasible to simultaneously image 

cargoes and IFT trains. Multiple selectable markers (Chalker, 2012; Iwamoto et al., 2014) will 

allow for incorporation of IFT markers into various gene knockout backgrounds, to enable 

functional studies on the mechanism of IFT. 
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FIGURES AND FIGURE LEGENDS 

Figure 1.1. Inhibition of axonemal dynein with nickel ions improves the quality of live 
imaging of IFT in cilia of Tetrahymena thermophila. TIRF Images of Tetrahymena cells 
expressing GFP-Dyf1p. (A) A dividing cell that was not treated with Ni2+. Note tangles of 
multiple cilia (arrows) that are not usable for measuring IFT. The old and new oral apparatuses 
are marked (o.a.). (B) A non-dividing cell that was not treated with Ni2+. Many cilia are bent 
(arrows) and not suitable for measuring IFT. Note the (shorter) assembling cilia (arrowheads) 
have a higher GFP-Dyf1p signal intensity. (C) A cell that was treated with Ni2+. Note that the 
cilia are relatively straight, and most cilia are not bundled. In addition, many cilia are aligned in 

http://www.embl.de/eamnet/html/body_kymograph.html
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the same direction facilitating the orientation of IFT events in the relation to the position of the 
basal bodies. Scale bar = 10 µm 
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Fig. 1.1 
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Figure 1.2. Bent or detached cilia can lead to artifacts when measuring the IFT velocity. 
Paralyzing cilia with Ni2+ reduces these artifacts. (A) A kymograph obtained for an untreated 
cilium that is likely to be partially detached from the coverglass surface at its mid-section. The 
arrowheads point at the segments of the tracks that appear fuzzier and where the apparent 
velocity rate is reduced. Such segments most likely represent a regions of the cilium that is 
detached from the coverglass surface. (B) A kymograph obtained for a Ni2+-treated cilium. The 
IFT tracks (arrows) are sharp and consistent in the angle (velocity), indicating that the cilium is 
uniformly attached to the coverglass. Notice that the retrograde IFT particles are more varied in 
size as compared to the anterograde IFT particles. Time: left to right. The proximal end of the 
cilium is at the bottom. Scale bars = 1 second and 1 µm. 

  



 

50 

Fig. 1.2 
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Figure 1.3. Inhibition of axonemal dynein with nickel ions does not have a side effect on 
IFT. The velocities of the anterograde (A) and retrograde (B) IFT, without (blue) or with Ni2+ 
treatment (red) are shown as data points along with their box and whisker plots. Crosses indicate 
the means. The measured untreated anterograde IFT velocity is 0.98 ± 0.01 µm/sec, n = 207. The 
measured Ni2+-treated anterograde IFT velocity is 1.22 ± 0.02 µm/sec, n = 132. The difference is 
significant, p < 1 x 10-6. The measured untreated retrograde IFT velocity is 1.81 ± 0.02 µm/sec, 
n= 71. The measured Ni2+-treated retrograde IFT velocity is 1.43 ± 0.02 µm/sec, n = 100. The 
difference is significant, p < 1 x 10-7. (A’, B’). The histograms of the same data sets as in A and B 
are compared with their normal distribution curves. The Ni2+-treated anterograde and retrograde 
IFT velocities fit the normal distribution curves closely. The measured untreated anterograde and 
retrograde IFT velocities lean toward the lower values. In the absence of Ni2+ the measured 
velocities are likely to be underestimated due to curving and detachment of cilia (see Fig. 1.2). 
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Fig. 1.3 
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Supplemental videos 1 and 2. Two Ni2+-treated cells expressing GFP-Dyf1p as IFT marker. 
Frame rate is 3 times of the real time. Scale bar = 10 µm 
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CHAPTER 3 

LF2 RELATED DYF18 DETERMINES THE DOSAGE OF LF4 WITHIN THE 
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ABSTRACT 

Cilium length is actively maintained and important. Conserved LF4/MOK kinases 

inhibit cilium elongation through an unknown mechanism. In Tetrahymena, the loss of an 

LF4 ortholog LF4A, lengthened the locomotory cilia, increased the rate of cilia assembly 

and IFT velocity. LF4A was uniformly distributed along the cilium, mostly immobile but 

occasionally moved as an IFT cargo. Overproduced LF4A shortened cilia, causing cell 

paralysis in a kinase activity-dependent manner. LF4A phosphorylated a kinesin-2 motor 

in vitro, but this was not required for the cilia-shortening activity in vivo. A mutation in 

DYF18, a DYF-18/CCRK/LF2-related protein, was isolated as an extragenic suppressor 

of LF4A overexpression. A knockout of DYF18 produced longer locomotory cilia and 

oral cilia. A loss of DYF18 reduced the level of overexpressed LF4A, and a mildly 

elevated LF4A rescued the longer cilia caused by the loss of DYF18. Thus, the main if 

not only function of DYF18 is to regulate the abundance of LF4.  

INTRODUCTION 

Cilia are conserved microtubule-based organelles that are present in most eukaryotic 

species where they support important motile and sensory functions. The length is a 

functionally important attribute of cilia. The classical “long-short” cilia experiments in 

the flagellate Chlamydomonas showed that the length of cilia is actively monitored and 

regulated; when one of the two cilia of Chlamydomonas is amputated, the remaining 

cilium shortens until it reaches the length of the regenerating cilium, and both cilia 

continue to grow with the same rate to achieve an equal steady-state length (Rosenbaum 

et al., 1969). A number of ciliopathies (Joubert syndrome (Bielas et al., 2009; Slaats et 

al., 2016), Meckel syndrome, (Slaats et al., 2016; Tammachote et al., 2009), encodrine-
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cerebro-osteodysplasia synchrome (Moon et al., 2014; Oud et al., 2016), short rib 

polydactyly syndrome (Taylor et al., 2015; Thiel et al., 2011), retinitis pigmentosa (Ozgul 

et al., 2011; Stone et al., 2011) , non-syndromic recessive deafness (Grati et al., 2015), 

polycystic kidney disease (Hakim et al., 2016; Liu et al., 2002; Upadhya et al., 2000) and 

juvenile epilepsy (Castren et al., 2011)) are caused by mutations in proteins implicated in 

cilium length regulation.  

The homeostasis of cilium length relies on a balance of assembly and disassembly of 

cilia. The assembly requires a supply of precursors from the cell body as well as a 

motility mechanism that distributes components inside the cilium known as the 

intraflagellar transport (IFT). IFT complexes that carry cargo proteins that are building 

blocks of cilia, including tubulin (Kubo et al., 2016; Marshall and Rosenbaum, 2001), are 

driven by motor proteins along the axonemal microtubules. Kinesin-2 operates in the 

anterograde direction from the cilium base to the tip, where IFT cargoes are incorporated 

into the axoneme, while IFT dynein returns recycled components to the ciliary base and 

the cell body. Both motors move on different subfibers of the outer microtubule doublets 

of the axoneme (Stepanek and Pigino, 2016). Cilia assembly fails when IFT is 

compromised, for example due to a loss of kinesin-2 (Cole et al., 1998; Kozminski et al., 

1995). The mechanism of cilium disassembly is less understood but is known to involve 

protein modifications such as ubiquitination and phosphorylation and several signaling 

pathways (reviewed in (Liang et al., 2016)). The rates of assembly (IFT) and disassembly 

determine the steady-state cilium length. On the assembly side, IFT activity (measured by 

the IFT train size and entry rate) (Engel et al., 2009; Ludington et al., 2013) and cargo 

loading rate (measured by the frequency of IFT carrying a cargo tubulin protein) (Craft et 
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al., 2015) increase during cilia regeneration or in short cilia and decrease as the cilia 

approach full length. Furthermore, IFT complexes carry little or no cargo when the cilium 

disassembles (Pan and Snell, 2005). Despite that the composition and principles of 

operation of IFT are well characterized, it is not clear whether and how IFT is adjusted to 

regulate cilium length. This could involve cilium length-dependent feedback-based 

influences on the multiple aspects of IFT, including cargo loading and unloading, motor 

velocity and processivity, turnover of IFT trains at the tip, and IFT particles recycling 

versus exchange from the cell body (Craft et al., 2015; Dentler, 2005; Engel et al., 2009; 

Liang et al., 2014; Ludington et al., 2013; Marshall et al., 2005; Marshall and 

Rosenbaum, 2001).  

While the mechanisms that sense and adjust the cilium length are poorly understood, it 

is firmly established that protein phosphorylation is of critical importance. Several 

conserved kinases negatively regulate cilium length including LF4/MOK (Berman et al., 

2003; Broekhuis et al., 2014; Hilton et al., 2013), DYF-5/ICK/MAK (Broekhuis et al., 

2014; Burghoorn et al., 2007; Chaya et al., 2014; Erdmann et al., 2006; Yang et al., 

2013), LF2/CCRK (Tam et al., 2007; Yang et al., 2013), CALK (Cao et al., 2013; Luo et 

al., 2011; Pan et al., 2004), NIMA-related kinases NRK/NEK (Bradley and Quarmby, 

2005; Hilton et al., 2013; Lin et al., 2015; Meng and Pan, 2016; Wloga et al., 2006), 

LF5/CDKL5 (Tam et al., 2013)). Consistently, inhibition of protein phosphatases 

including PP1, shortens cilia (Abdul-Majeed et al., 2012; Lefebvre et al., 1978; Pan et al., 

2004). On the other side, there are also kinases that promote ciliary elongation (Husson et 

al., 2016). In some cases, the activities of cilium-associated kinases have been linked to 

specific ciliary substrates. CDK5 phosphorylates NDE1, a negative regulator of cilium 
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length, and causes its proteolysis by SCFFBW7 (Maskey et al., 2015). CDPK1 in 

Chlamydomonas phosphorylates kinesin-2 motor FLA8. This phosphorylation inactivates 

FLA8 and impairs its interaction with the IFT complex proteins IFT172 and IFT81, 

causing the shortening of cilia. CCRK, an LF2-related kinase phosphorylates and 

activates ICK kinase which inhibits ciliogenesis and shortens cilia. However, the 

substrate specificity of many other kinases involved in cilia length regulation remains to 

be uncovered. Furthermore, the nature of the sensor that reports on the length of cilia 

remains unknown. 

Among the many kinases involved in cilia length regulation, LF4 (long flagella 4) was 

among the first cilium length regulators discovered in a seminal genetic screen for cilium 

length mutants in Chlamydomonas (Asleson and Lefebvre, 1998). In Chlamydomonas, a 

loss of LF4 makes cilia twice as long as the wild-type (Berman et al., 2003). Its 

mammalian homolog MOK (MAPK/MAK/MRK-overlapping kinase) also negatively 

regulates cilium length. Mutation or knockdown of LF4/MOK in Chlamydomonas and 

mammalian cells lead to increased cilia length, cilia assembly rate, and the entry rate of 

kinesin-2 motors (Broekhuis et al., 2014; Hilton et al., 2013; Ludington et al., 2013). Yet 

the exact mechanism of how LF4/MOK shortens cilia is still unknown, largely due to the 

lack of knowledge about its phosphorylation substrates. Furthermore, we do not know 

whether and how LF4 is integrated into the unknown signaling mechanism that senses the 

cilium length. 

LF4/MOK and closely-related MAK/ICK kinases are members of the RCK (ros cross-

hybridizing kinases) kinase family, within the CMGC group. The RCK members share a 

TXY motif in the activation loop (TDY for MAK/ICK, TEY for LF4/MOK) that is 
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phosphorylated at two amino acids through autophosphorylation and, at least in the case 

of mammalian ICK by CCRK, an LF2-type kinase (Fu et al., 2006). The RCK kinases 

have been extensively documented to negatively regulate cilium length (Bengs et al., 

2005; Berman et al., 2003; Burghoorn et al., 2007; Hilton et al., 2013; Moon et al., 2014; 

Omori et al., 2010; Yang et al., 2013) (except that some studies revealed a cilia 

lengthening or assembly-promoting effects of ICK (Chaya et al., 2014)). Most ciliated 

species have homologs of both LF4/MOK and MAK/ICK, indicating that the two 

subgroups of RCK have evolved by gene duplication from a common ancestral kinase 

during eukaryotic evolution. However, in some organisms, LF4/MOK function is 

dispensable, most likely because its function is fulfilled by ICK/MAK. It is possible that 

all RCK family members have the same substrate specificity and that the evolutionarily 

conserved sequence differences between LF4/MOK and ICK/MAK reflect other 

properties such as differences in their regulation by upstream components. Alternatively, 

LF4/MOK and ICK/MAK could phosphorylate different protein substrates toward the 

same functional output (e.g. different components of IFT) or different phosphosites on 

the same substrate to accomplish the same functional outcome.  

The substrate phosphorylation motif of ICK was determined using a peptide library 

screen (Fu et al., 2006) and has been consistently shown to be utilized by both ICK and 

MAK in pathways not directly related to cilia (Wang and Kung, 2012; Wu et al., 2012). 

In addition, Chaya et al. (2014) also showed based on both in vitro and in vivo 

experiments that ICK phosphorylates one of the murine kinesin-2 motors, KIF3A, at a 

conserved R-P-R-T674-S-K-G motif within the C-terminal tail. A KIF3A T674A mutant 

restores ciliogenesis more than a wild-type KIF3A when endogenous KIF3A is knocked 
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down in NIH3T3 cells, which fits an inhibitory role of T674 phosphorylation. This is 

consistent with two reports that knockdowns of ICK in NIH3T3 and IMCD-3 cells cause 

elongation of cilia (Broekhuis et al., 2014; Yang et al., 2013). More work is needed to 

understand whether LF4/MOK also phosphorylates kinesin-2 motor proteins and how this 

phosphorylation affects cilia assembly.  

The Tetrahymena model also offers a unique perspective on the cilium length 

regulation. Tetrahymena has two kinds of cilia: oral cilia, which form several short rows 

below the anterior apex that propel food particles prior to phagocytosis, and locomotory 

cilia that are distributed in longitudinal rows along the entire cell. Importantly, the length 

of Tetrahymena cilia is dependent on their type and position in the cell. The oral cilia are 

shorter than the average locomotory cilia. The length of the locomotory cilia depends on 

their position within the cell, with the anterior end cilia being the shortest and the 

posterior end cilia being the longest. At the early stage of cell division, the new oral cilia 

assemble in the forming posterior daughter cell. At about the same time, the old oral cilia 

partially disassemble and reassemble in phase with the growing new oral cilia. The 

majority of new locomotory cilia assemble near the cell’s equator during the mid-stage of 

cell division from the basal bodies that were formed much earlier (Frankel et al., 1981). 

Tetrahymena offers an interesting entry point to examine the mechanisms where multiple 

types of cilia are regulated differently in a single cell. One key question is how 

Tetrahymena can maintain cilia of different length in the same cytoplasm. This is an 

important question as in other organisms, most notably Chlamydomonas, there is a 

mechanism that equalizes the length of the two cilia in the same cell (reviewed in 

(Wemmer and Marshall, 2007)). The understanding of how Tetrahymena manages the 
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cilia length differentially may also be applicable to multicellular organisms with 

multiciliated epithelial cells.  

Genetic interactor screens are a powerful tool for the discovery of pathway 

components including substrates of post-translational modifications such as 

phosphorylation (Nurse and Thuriaux, 1980). While several cilium length kinases were 

discovered in genetic screens, to our knowledge, forward genetics has not been utilized to 

discover genetic interactors. One limitation is that the cilium length kinases uncovered by 

genetic screens thus far, LF2, LF4, and LF5, all negatively regulate cilia length. The 

mutant carrying loss of function alleles of such kinases do make cilia (albeit longer) and 

remain motile. Consequently, isolating a suppressor would require a sophisticated and 

likely time-consuming screen based on a subtle change toward the normalization of the 

swim pattern. On the other side, a gain-of-function of a cilium length kinase could 

shorten or completely disassemble cilia causing cell paralysis, a phenotype more 

amenable for isolation of motile suppressors. Here we explore this idea in Tetrahymena. 

We constructed a gain-of-function allele of LF4 based on its overexpression that causes 

extensive cilia shortening and cell paralysis. In a screen for suppressors of 

LF4overexpression, we isolated several intragenic suppressions caused by mutations in 

the LF4 kinase domain and one extragenic suppression in a mutation in DYF18, a kinase 

related to the known cilium length regulators LF2/CCRK. DYF18 appears to primarily 

act as an upstream regulator of LF4 abundance. Our LF4 overexpression suppressor 

screen is not saturated and should be suitable for isolation of additional cilium length 

regulation components including the substrates of phosphorylation of several kinases. 
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RESULTS 

LF4A is a negative regulator of cilium length and positive regulator of the number 

of cilia in Tetrahymena 

To determine the number of potential homologs of various cilia length kinases in 

Tetrahymena, we performed a phylogenetic analysis of related kinases (based on 

reciprocal BLASTP searches) in several ciliated species including Tetrahymena. In the 

analysis, we included potential LF4/MOK, MAK/ICK, LF2/CCRK, and LF5 type kinases 

as they all belong to a single family of kinases, CGMC, and all are important for cilium 

length regulation. Tetrahymena has two LF4 orthologs: LF4A (TTHERM_00058800) and 

LF4B (TTHERM_00822360). Tetrahymena also has several kinases most closely related 

to MAK/ICK, as well as single homologs of LF5 and LF2 kinases. The LF4/MOK and 

MAK homologs of various species are clearly related, but they consistently fall into 

separate clades and most ciliated species have both an LF4/MOK and a MAK/ICK 

homolog (Fig. 2.1A). Likely, the MAK/ICK and LF4/MOK kinases originated from a 

common RCK ancestor and had split before the emergence of opisthokonts. Thus, 

LF4/MOK and MAK kinases are likely to have related but non-identical activities. On the 

other hand, some species, including zebrafish and C. elegans, lack an LF4/MOK but have 

a MAK/ICK. Thus, the function of LF4 in the cilia length regulation can be fulfilled by a 

MAK/ICK type kinase in some species. This is not the case of Chlamydomonas (Asleson 

and Lefebvre, 1998), and Tetrahymena (see below) where LF4 null mutants have 

excessively long cilia despite these species having multiple MAK kinases. 

We disrupted one of the two Tetrahymena homologs of LF4/MOK gene. LF4A 

(TTHERM_00058800) in the germline micronucleus and used crosses to construct 
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macronuclear homozygotes that express a null phenotype (LF4A-KO). The disruption of 

LF4A resulted in locomotory cilia that were 32% longer than the wild type (Fig.1B and 

C). However, the anterior-posterior gradient of increasing cilium length that is present in 

wild-type cells is still preserved in the LF4A-KO, indicating that LF4A is not responsible 

for the position-dependent individualization of cilium length. In addition, the LF4A-KO 

cells carry fewer cilia, especially in the posterior/dorsal region. Oral cilia length seemed 

unaffected. In Chlamydomonas, LF4 is believed to act by decreasing the rate of assembly 

of cilia while it may not affect the rate of disassembly (Hilton et al., 2013; Ludington et 

al., 2013). To determine the rate of cilia assembly, we amputated Tetrahymena cilia by a 

pH shock, and measured the elongation of cilia during regeneration. The LF4A-KO 

locomotory cilia regenerated at a faster rate than the wild type, while the regeneration of 

oral cilia seemed unaffected (Fig. 2.2A and B). Overall, our results are consistent with 

previous observations (Berman et al., 2003; Broekhuis et al., 2014; Hilton et al., 2013), 

and indicate that LF4A negatively regulates the length of the locomotory cilia by 

decreasing the rate of cilia assembly. 

LF4A localization 

We added a GFP to the C-terminus of LF4A by engineering the native locus using 

homologous DNA recombination. LF4A-GFP was present at a relatively low level; using 

confocal microscopy, it could only be detected above the background by immunostaining 

with anti-GFP antibodies. LF4A-GFP was present in the basal bodies of locomotory cilia 

and at a lower level within the shafts of locomotory cilia (Fig. 2.3A and B). Within the 

cilia, LF4A-GFP appeared as dots spread uniformly along the length. The ciliary but not 

the basal body LF4A-GFP was sensitive to Triton X-100 (Fig. 2.3C), suggesting that in 
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cilia LF4A is in the soluble matrix-membrane fraction or is weakly bound to the 

axoneme. 

Total internal reflection fluorescence (TIRF) microscopy provided sufficient 

sensitivity for live imaging of the ciliary LF4A-GFP and confirmed its enrichment at the 

base of the locomotory cilia and the weaker presence along the entire cilium length (Fig. 

2.3D). Most of the LF4A-GFP particles were immobile, and the patterns consistent with 

diffusion (Lechtreck, 2015) were rare. However, occasionally LF4A-GFP moved either 

in the anterograde or retrograde direction (Fig. 2.3E) with velocities comparable to the 

speeds of IFT (Fig. 2.4B). Thus, the majority of LF4A-GFP could be weakly anchored to 

the axoneme or reside on non-mobile IFT particles and a small fraction moves as IFT 

cargo.  

LF4A kinase activity shortens cilia. 

To test further whether LF4A shortens cilia, we overproduced a GFP-tagged LF4A 

(ovGFP-LF4A) using a Cd2+-inducible promoter MTT1p (Shang et al., 2002). In cells that 

were not exposed to exogenous Cd2+, GFP-LF4A was uniformly distributed along the 

length of cilia, similar to the natively-expressed LF4A-GFP described above (TIRFM 

data not shown). The signal was significantly more intense than that of LF4A-GFP under 

its own promoter, suggesting a mild overproduction of GFP-LF4A occurs even without 

added Cd2+ ions.  

With the addition of Cd2+ for an hour, GFP-LF4A strongly accumulated at the bases of 

cilia (including oral cilia) and simultaneously the cilia shortened (Fig. S2.1A and Fig. 

2.4A). GFP-LF4 also decorated two microtubule-based structures specific to 

Tetrahymena: longitudinal microtubules and contractile vacuole pores (Sharma et al., 
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2007). This observation suggests that GFP-LF4 has a microtubule-binding activity. After 

6-8 hours of GFP-LF4A overproduction, cilia, including oral cilia, continued to shorten 

to become stubs and the cells became nearly paralyzed. However, the GFP-LF4A-

overproducing cells continued to grow in size and progress through the cell cycle, except 

that they frequently failed to complete cytokinesis and became compound cells with 

multiple cortical “subcells” and nuclei, indicating repeated failures at cytokinesis (Fig. 

S2.1B). The cytokinesis defects are an expected outcome of the loss of locomotory cilia, 

which in Tetrahymena are required for rotokinesis, a ciliary-force dependent separation 

of daughter cells (Brown et al., 1999).  

LF4 of Chlamydomonas phosphorylates a generic substrate of serine/threonine 

kinases, myelin basic protein (MBP) and autophosphorylates (Berman et al., 2003). 

Similarly, GFP-LF4A pulled down from overproducing Tetrahymena phosphorylated 

both MBP and itself in vitro (Fig. 2.4B). To test if the kinase activity is necessary for 

LF4’s cilia shortening activity, we mutated F82, a key residue at the active site, with 

either an alanine or glycine. GFP-LF4A--F82A was produced at a higher level compared 

to GFP-LF4A while GFP-LF4A--F82G was less abundant (Fig. S2.1C). Both mutated 

GFP-LF4A proteins showed a greatly reduced kinase activity in vitro (Fig. 2.4B). The 

variation in production might be related to the copy number of the transgene in the 

macronuclei (see Material and Methods) or protein structure instability caused by the 

point mutation.  

Neither GFP-LF4A--F82A nor GFP-LF4A--F82G overexpression caused cilia 

shortening even though one of these variants was present at the level comparable to the 

non-mutated GFP-LF4A (Fig. 2.4A and C). The cilia length of cells expressing either of 



 

66 

the two kinase-weak variants were indistinguishable from cells overproducing GFP alone 

as a negative control. During the same time (3-6 hours with Cd2+), cilia in the GFP-LF4A 

overproducing cells shortened to 75% of wild-type. Furthermore, both kinase-weak 

variants accumulated near the tips of cilia (in both locomotory and oral cilia), contrasting 

with the strong GFP-LF4A accumulation at the base of cilia (Fig. 2.4A and Fig. S2.1A). 

In addition, GFP-LF4A--F82A and GFP-LF4A--F82G were seen moving along the cilia 

at a velocity similarly to LF4A-GFP and IFT (Fig. S2.1D). We conclude that the kinase 

activity of LF4A is required for its cilia shortening activity but not required for its 

transport by IFT. 

LF4A affects IFT velocities 

The tip accumulation of the mutated GFP-LF4A is similar to the consequences of 

overproduction of other ciliary proteins including GFP-TTLL9, and GFP-FAP206 

(Vasudevan et al., 2015; Wloga et al., 2008). Therefore, we hypothesized that the tip 

accumulation is mainly the result of overproduction and the rate of entry of mutated GFP-

LF4A, presumably driven by IFT, exceeded the rate of its removal of GFP-LF4A in cilia. 

One simple possibility for why the active, overproduced GFP-LF4 accumulates at the 

ciliary base is that an excessive activity of LF4A kinase inhibits IFT and therefore 

prevents its own entry into the cilium. To explore this hypothesis further, we examined 

whether IFT is affected by the levels of LF4.  

DYF-1/IFT70 is an IFT complex B protein that is essential for cilia assembly in 

multiple models including Tetrahymena (Dave et al., 2009b). GFP-DYF1 is a suitable 

marker for imaging IFT in Tetrahymena using TIRF microscopy (Jiang et al., 2015c). 

The anterograde and retrograde GFP-DYF1 velocities were measured in the ovGFP-
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LF4A (4-5 hours in Cd2+) or LF4–KO cells, respectively. Overexpression of GFP-LF4A 

decelerated both the anterograde and retrograde movements (Fig. 2.5A). Conversely, both 

IFT directions gained speed in the LF4A-KO cilia (Fig. 2.5B and C). Thus, LF4A 

negatively regulates the IFT velocities and this could be the main if not only route 

through which LF4 shortens cilia.  

LF4A phosphorylates KIN1, a kinesin-2 motor subunit in vitro, but in vivo shortens 

cilia via other unknown substrates.  

The above data and those by others establish firmly that the cilia-shortening activity of 

LF4A is mediated through phosphorylation of an unknown substrate that may act by 

decreasing IFT activity and subsequently inhibiting cilia assembly. Therefore, we 

reasoned that IFT components are the most likely candidates for LF4A phosphorylation 

substrate(s). The murine ICK (a relative of LF4A in RCK family) phosphorylates KIF3A 

kinesin-2 motor subunit at a conserved C-terminal motif, R-P-R-T674-S-K-G. We 

followed up on this observation to explore whether LF4A of Tetrahymena can 

phosphorylate a heterotrimeric kinesin-2 subunit KIN1 within the corresponding C-

terminal motif R-P-T-S695-K-P-G.  

We engineered a strain that overproduces GFP-KIN1, and two additional IFT proteins 

GFP-DYF1 and GFP-IFT52. We developed a novel in vitro “substrate proximity” 

thiophosphorylation assay where a GFP-tagged target and GFP-LF4A are overexpressed 

in separate Tetrahymena strains and brought to proximity by capture on the same GFP-

trap beads from a mixture of lysates (see Material and Methods). LF4A phosphorylated 

KIN1 but not two other IFT proteins (Fig. 2.6A). 
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The corresponding thiol-phosphorylated KIN1 gel bands were subjected to in-gel 

trypsin digestion and tandem mass spectrometry analysis. No thiol-phosphorylated tryptic 

peptide of GFP-KIN1 was detected likely due to a low peptide coverage (Fig. S2.2A). 

Interestingly, a few tryptic peptides of LF4A were phosphorylated (Fig. S2.2B and C), 

including S-N-N-S347-N-M-Y that was thiol-phosphorylated. This autophosphorylation 

site is of unclear significance as it is different from the previously reported 

autophosphorylation sites of ICK and MAK within the TXY motif (Fu et al., 2006; Fu et 

al., 2005; Wang and Kung, 2012) and the amino acid motif is not conserved among RCK 

members. We also identified (non-phosphorylated) tryptic peptides of KIN3 

(TTHERM_00297200). This strongly suggest that KIN3 is a partner of KIN1 (and its 

redundant paralog KIN2) within the heterotrimeric kinesin-2 complex.  

With the lack of success in the identification of in vitro (thio)phosphorylation site on 

KIN1, we focused on the C-terminal R-P-T-S695-K-P-G homologous in sequence and 

position to the motif used on KIF3A kinesin-2 motor subunit by ICK (Chaya et al., 2014) 

and an adjacent similar motif R-P-Q-S708-G-V-K. Both motifs fit the previously reported 

substrate consensus for ICK, R-P-X-S/T-P/A/T/S, except for the +1 position but RCK 

kinase are known to have relaxed requirements for this position (Howard et al., 2014). 

We tested a series of GFP-tagged KIN1 proteins with a part or the entire C-terminal tail 

truncated, or carrying substitutions at the phosphorylatable amino acids. Using these 

variations of GFP-KIN1 as substrates for the kinase activity assay, we concluded that the 

S695 of KIN1 is responsible for more than 70% of the phosphorylation of GFP-LF4A in 

vitro (Fig. 2.6B). This, or a similar motif, is not present in the paralog KIN2 or KIN3. 

The adjacent S708 of KIN1 was responsible for less than 20% of the in vitro 
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phosphorylation. This motif is also present near the C-terminus of the likely partner of 

KIN1 in the kinesin-2 complex, KIN3 (R-P-Q-S-G-L-K).  

KIN2 (TTHERM_00263330) is paralog of KIN1 (Wickstead et al., 2010) (and likely 

alternative partner of KIN3) and is sufficient for assembling cilia in cells lacking 

KIN1(Brown et al., 1999). KIN2 is genetically redundant to KIN1 (see discussion). Yet it 

does not have a phosphosite that would fit the R-P-X-S/T-P/A/T/S consensus that 

emerged from this and previous studies for various LF4/MOK or MAK/ICK homologs. 

To test whether phosphorylation of KIN1 by LF4A is necessary for shortening of cilia, 

we overproduced GFP-LF4A in the KIN1-KO cells where the anterograde IFT is thought 

to be driven by a kinesin heterotrimeric motor consisting of KIN2 and KIN3. As 

expected, cells carrying ovGFP-LF4A with or without KIN1 formed cilia normally in 

Cd2+ free medium. With Cd2+ added, cilia were shortened by overproduction of GFP-

LF4A with similar kinetics, regardless of the presence or absence of KIN1 (Fig. 2.6C). 

This suggests that either the remaining R-P-X-(S/T)-X site on KIN3 is sufficient to 

confer cilia shortening or that in fact LF4A acts through another substrate different from 

subunits of kinesin-2. At the least these studies confirm the motif that LF4A 

phosphorylates in vitro on kinesin-2 of Tetrahymena is consistent with the ICK motif 

uncovered in earlier studies. However, our observations also expose the weaknesses of 

the reverse genetic approach in linking the modifying enzyme to the modification sites, 

complicated by the potential multiplicity of the sites on one protein as well as the 

potential use of partially redundant sites or differences between the site utilization in vitro 

and in vivo. A similar level of complexity was earlier encountered in the murine ICK 

study (Chaya et al., 2014). 
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 Development of a genetic screen for LF4 interactors based on suppression of GFP-

LF4A overexpression 

We sought to develop a forward genetic approach with the goal of identifying genetic 

interactors of LF4A including its potential phosphorylation substrates. An overexpression 

of LF4A causes a phenotype that is exactly opposite to the loss-of-function of LF4A. It 

therefore appears that the overexpression phenotype is a hypermorph, and the cilia-

shortening is due to excessive phosphorylation of the physiological substrate of LF4A. 

Theoretically, a loss of the phosphorylation residue or a null of the LF4A substrate is 

expected to result in cilia being insensitive to shortening caused by LF4A 

overproduction. With the long-term goal of identifying the phosphorylation substrate(s) 

of LF4A, we developed a genetic screen for suppressors of GFP-LF4A overexpression, 

taking advantage of the cell paralysis, an easily selectable phenotype.  

We introduced GFP-LF4A overexpressing transgene (ovGFP-LF4A) along with neo5 

(paromomycin resistance) selective marker into the (germline) micronucleus by replacing 

the endogenous LF4A locus (Fig. 2.7 a). A heterokaryon strain (mic: ovGFP-

LF4A/ovGFP-LF4, mac: wild-type) was mutagenized with nitrosoguanidine (Fig. 2.7 b). 

The mutated cells were subjected to a uniparental cytogamy (UPC) self-cross (Cole and 

Bruns, 1992) (Fig. 2.7 c). This technique yields progeny that are mostly homozygous 

homokaryons (Fig. 2.7 d) and express the post-mutagenesis phenotypes. Overexpression 

of GFP-LF4A was induced in the mutagenized progeny cells, and suppressors were 

isolated as cells capable of swimming to the top of the vertically positioned test tubes 

(Fig. 2.7 e and f). Importantly, a negative control revealed no suppressors among the 3 x 

107 non-mutagenized cells derived from the ovGFP-LF4A heterokaryon self-cross that 
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was subjected to the same manipulations as the mutagenized set. Suppressors appeared in 

the mutagenized set, multiple suppressors were isolated from independently selected 

batches and were analyzed further.  

The suppressor F0 clones were outcrossed and the F1 heterozygotes were analyzed for 

linkage to the transgene ovGFP-LF4A, which would indicate an intragenic suppression. 

F2s were produced by a second self-cross and progeny that contained the ovGFP-LF4A 

transgene (that were resistant to paromomycin owing to the presence of neo5 closely 

linked with the ovGFP-LF4A transgene) were isolated and tested for suppression by 

overexpression of GFP-LF4A. A suppressor clone giving exclusively paromomycin-

resistant F2s clones that are all suppressed (remain mobile upon induction with Cd2+), is 

likely to carry an intragenic mutation, presumably within the GFP-LF4A ORF. For an 

extragenic unlinked suppression, paromomycin-resistant F2 clones were expected to 

segregate the suppressed and unsuppressed phenotypes (1:1 for a suppression caused by a 

single unlinked mutation). Among the 5 suppressors analyzed, 4 were judged to be 

intragenic as their F2s were exclusively suppressed and one suppressor (sup1) was judged 

to be extragenic, with the suppressed versus unsuppressed phenotypes segregating 1:2 

(29: 60).  

The overproduction of GFP-LF4A was also examined in the suppressor F2 clones 

upon induction with Cd2+. Among the four intragenic suppressors, sup6 lacked a GFP 

signal (not shown). The other three intragenic suppressors: sup3, sup4, and sup5, had a 

strong signal of GFP-LF4A signal at the tips of cilia (Fig. 2.8A) that was exactly the 

pattern seen in cells overproducing GFP-LF4A with mutations lowering the kinase 

activity (Fig. 2.4A). The single extragenic suppressor, sup1, showed GFP-LF4A at the 
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cilia bases, along the length of some cilia and occasionally was slightly enriched at the 

ciliary tips (suppressed F2 in Fig. 2.8B right with insert). The subset of cilia that showed 

uniform GFP-LF4A in sup1 were all very short, likely assembling cilia.  

Sanger DNA sequencing of the ovGFP-LF4A transgene ORFs revealed that sup6 had 

several point mutations including two in the MTT1p promoter, two in the GFP portion 

and a G to A mutation at the 5’ end of the predicted intron 1 in LF4A (splicing donor 

site), consistent with the loss of GFP signal. The intragenic sup3, sup4 and sup5 carried 

single point mutations, producing E132K, G13S and E160K substitutions, respectively, in 

the LF4A protein. Specifically, all three mutations are at conserved residues in the kinase 

domain of LF4. To estimate the impact of these mutations on the kinase activity, we 

produced a homology-based model of the Tetrahymena LF4A kinase domain using 

Cyclin-dependent kinase of Cryptosporidium (Chain A of PDB 3NIZ) as template (Artz 

et al., 2011; Fiser et al., 2000). All three amino acids are in the areas adjacent to the 

kinase active site (Fig. 2.8C, zoom). While it is not clear how exactly these mutations 

affect the LF4A kinase activity, G13 and E132 mutations are frequently disease-

associated (Torkamani et al., 2008). It is likely that all mutations interfere with catalytic 

activity or impair the binding to the substrate peptide.  

We used the recently established methodology for comparative whole genome 

sequencing (Jiang et al., 2017) based on a bulked segregant approach, to identify the 

causal mutation(s) for the extragenic suppressor sup1. The self-cross F2 progeny clones 

derived from a single sup1/sup1+ heterozygote were grouped into suppressed and non-

suppressed pools. The homogeneity of the phenotypes of the two pools was verified by 

immunofluorescence, based on the length of cilia and GFP patterns (Fig. 2.8B). Genomic 
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DNAs of both pools were sequenced; the sequence reads were aligned to the 

macronuclear reference genome and the detected variants were subjected to multiple 

steps of subtraction and filtering (Fig. 2.9A) (Chapter 4) to generate a list of strong 

candidate variants that were unique to the suppressed F2 pool and in which most of the 

sequence reads contained a variant base(s). This yielded three variants that met all the 

criteria, all of which are predicted to have an affected gene product (Table 1). 

The three candidate variants are each located on different macronuclear chromosomes. 

To determine which of the 3 variants is more likely to be the causal mutation for the 

suppression, we examined the frequency of variant cosegregation with the suppression 

phenotype as a function of the position along all 5 micronuclear chromosomes. This 

revealed a peak of variant co-segregation on the micronuclear chromosome 3 between 9 

to 10 Mb (Fig. 2.9B). This region intersected with one of three candidates identified by 

subtraction and filtration, scf_8254401:105680 T to C. This variant also showed the most 

extreme bias in the ratio of the alt and ref sequences. In the suppressed (mutated) pool all 

sequence reads contained an alt base, while in the unsuppressed (wild-type) pool 8% (3 in 

37 reads) contained an alt base (Fig. 2.9C and table 2.1). 

The top candidate for causal mutation is within the gene TTHERM_01080590, which 

encodes a protein kinase related to LF2/CCRC (see below). The mutation changes the 

predicted stop codon 5’-TGA-3’ (reverse strand: 5’-TCA-3’) into 5’-TGG-3’ (tryptophan, 

reverse strand: 5’-CCA-3’). This would add a few extra amino acids in the form of a 

sequence WIRNLLILNG to the C-terminus of the TTHERM_01080590 gene product 

(Fig. 2.9D). 
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DYF18 is a negative regulator of cilia length and regulator of LF4A abundance 

BLASTP searches revealed that the closest homologs of TTHERM_01080590 are 

LF2/CCRK kinases and the sequence homology is limited to the kinase domain of 

TTHERM_01080590. The most closely related sequence in other species is that of DYF-

18 (H01G02.2) an LF2-related kinase that is already implicated in the cilium length 

regulation in C. elegans (Phirke et al., 2011). Thus, we named TTHERM_01080590 

DYF18.  

DYF18 does not have an R-P-X-(S/T)-X motif, and therefore is unlikely to be the 

phosphorylation substrate of LF4. To learn about the function of DYF18, we knocked its 

gene out in the germline and produced homozygous homokaryons. The locomotory cilia 

of DYF18-KO cells were significantly longer than the wild-type cilia and the average 

length of the locomotory cilia was similar to that of LF4A-KO. There was also a 

reduction in the density of locomotory cilia in the posterior-dorsal region as seen in 

LF4A-KO. Thus, in regard to the locomotory cilia, the phenotype of DYF18-KO is 

remarkably similar to that of LF4A-KO (Fig. 2.10A and B). Strikingly, while the oral 

cilia that seemed unaffected in LF4A-KO, they were exceptionally long in the DYF18-

KO cells. Unlike wild-type and LF4A-KO cells, DYF-18 KO cells could only be grown 

on the specialized medium MEPP (that support proliferation of phagocytosis-minus 

mutants) but not on the standard SPP, an indication that these cells were defective in 

phagocytosis, a function that requires motile oral cilia (Brown et al., 1999; Orias and 

Rasmussen, 1976). Overall the phenotype of DYF18-KO cells was more severe as 

compared to the LF4A-KO cells specifically in the lengthening of the oral cilia. The 

double knockout DYF18-KO+LF4A-KO cells had the phenotype closely resembling that 
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of the single knockout DYF18-KO (Fig. 2.10A). Previous studies indicate that 

LF2/CCRK acts upstream of LF4/MOK and ICK/MAK (Asleson and Lefebvre, 1998; Fu 

et al., 2006; Wang and Kung, 2012; Yang et al., 2013). Our observations are consistent 

with the locomotory cilia length being regulated by LF4A and DYF18 in the same linear 

pathway, while the oral cilia length are affected by DYF18 but not by LF4A. 

The sup1 mutation adds 10 residues at the C-terminus and its effect on the DYF18 

protein functionality is unknown. Recently a similar stop codon shift that caused addition 

of a few amino acids at the C-terminus of an unrelated protein led to a loss of function 

(Sellami et al., 2016). We hypothesized that the sup1 mutation is a loss-of-function 

mutation. To test whether a loss-of-function of DYF18 suppresses overexpression of 

GFP-LF4A, we constructed a DYF18 null strain that also carries the GFP-LF4 

overexpression transgene: DYF18-KO+ovGFP-LF4A, and evaluated whether DYF18 

knockout rescues cilia shortening caused by overexpression of GFP-LF4A. The 

locomotory cilia length were measured at 0 hours, 6 hours, and overnight after adding 

Cd2+ to cells carrying LF4A transgene with or without DYF18, and compared the results 

to the two sup1 F2 pools (Fig. 2.10C). Unexpectedly, the locomotory cilia lengths of all 

four strains at 0 hour were similar (see below) and then shortened to nearly the same 

extent after 6 hours’ overproduction of GFP-LF4A. The overnight overproduction of 

GFP-LF4A shortened cilia further in the presence of the wild-type allele of DYF18, but 

not in cells with the sup1 allele or DYF18-KO allele. This is consistent with the sup1 

mutant allele being a loss-of-function mutation of DYF18. 

After 6 hours of overexpression in the DYF18 null background, instead of the 

exclusive basal body pattern, GFP-LF4A was visible in short (presumably growing) cilia 
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(Fig. S2.3A). This is similar to the pattern seen in sup1 cells (Fig. 2.8B). However, the 

specific kinase activity of GFP-LF4A purified from cells without DYF18 was not lower 

when normalized for the GFP-LF4A input (Fig. S2.3B). After overnight exposure to Cd2+ 

cells with DYF18 had GFP-LF4A-positive granules in the cell body, and had consistently 

short cilia. The cells that were DYF18 null had more variable patterns of GFP-LF4A 

accumulation in the cell body, and their cilia length appeared inversely correlated to the 

amount of GFP-LF4A. A western blot (Fig. 2.10D) showed that the loss of DYF18 led to 

the reduction of total abundance of overexpressed GFP-LF4A. Thus, most cilia 

shortening caused by overproduction of GFP-LF4A was suppressed by a reduction in the 

GFP-LF4A abundance.  

Importantly, without Cd2+ induction, the ovGFP-LF4A transgene rescued the DYF18-

KO phenotype. The double mutant cells that are DYF18 null and have the ovGFP-LF4A 

transgene had shorter locomotory and oral cilia than the DYF18-KO cells and grew well 

in SPP (while the DYF18-KO cells did not) (Fig. 2.10 B). Most likely the slightly 

elevated GFP-LF4A expression (due to leaky MTT1p promoter in Cd2+-free media) was 

able to compensate the loss of DYF18. This suggests that an elevated level of LF4A 

rescues the loss of DYF18. These data are consistent with DYF18 acting solely to 

regulate the abundance of LF4.  

DISCUSSION 

MOK and MAK/ICK 

The RCK family members LF4/MOK, MAK/ICK share significant amino acid 

sequence similarity within the kinase domain (Chen et al., 2013; Fu et al., 2006). Our 

phylogenetic analysis point to the MAK/ICK and LF4/MOK kinases as separate 
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subfamilies within the RCK family. There is certainly more of diversity in the MAK/ICK 

group. In the mouse, ICK is expressed uniformly while MAK shows tissue-specific 

expression patterns (Chen et al., 2013).  

We also note that some non-ciliated species have RCK kinases including the slime 

mold Dictyostelium discoideum (Fig. 2.1A) and yeast (Smith and Mitchell, 1989). The 

ancestor RCK kinases likely have evolved with cilia and perhaps MAK/ICK and MOK 

have evolved to use non-ciliary targets in lineages that have lost cilia. Overall the 

phylogenetic studies and functional studies cited above indicate that MAK/ICK and 

MOK represent distinct subgroups of RCKs that may have non-identical substrates or 

non-identical sites on the same protein target. While MAK and ICK knockout studies 

have identified functions of these kinases in diverse (but invariably ciliated) cell types, a 

MOK mutant to our knowledge has not been analyzed. However, expression knockdown 

studies support non-identical roles for MAK/ICK and MOK. Broekhuis et al. (2014) 

showed that ICK and MOK are both localized to the primary cilium of IMCD-3 (murine 

inner medullary collecting duct) cells. Knockdowns of either ICK or MOK lengthen the 

primary cilium. While a knockdown of ICK increases the anterograde IFT velocity and 

overproduction of ICK causes the cilium to shorten, such effects were not observed for 

similar manipulations applied to MOK. Clearly however, a MAK kinase can be the sole 

RCK to support ciliary functions in C. elegans and zebrafish.  

In Tetrahymena, LF4 regulates the cilia length and number 

Cilium length is determined by an equilibrium of the assembly and disassembly rates. 

The work by others and this study have shown that the loss of LF4 causes cilia to 

regenerate faster (Asleson and Lefebvre, 1998; Ludington et al., 2013). At similar length, 
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the disassembly rate of LF4 mutant cilia is not any greater than that of the wild-type 

(Hilton et al., 2013). Therefore, LF4 is likely to act solely by decreasing the rate of cilia 

assembly (Hilton et al., 2013). 

In Tetrahymena, the locomotory cilia are longer in steady state and regenerate faster 

upon the loss of LF4. It is important to emphasize that in the wild-type, not all the 

locomotory cilia are of the same length. The cilia at the anterior end are shorter than the 

posterior ones. The anterior-posterior gradient in cilium length is not compromised in 

LF4A-KO cells (both in steady state and during cilia regeneration). We also do not see 

obvious changes in the abundance of LF4A-GFP allocated to each basal body/cilium unit 

(Fig. 2.4C). Thus, LF4A is not involved in the position-dependent regulation of the 

cilium length. The antero-posterior axis differential in cilia length must be executed by 

other factors than LF4A. One candidate is the NRK/NEK/CNK kinase group that have 

been linked to the disassembly pathway. This group has significantly expanded in the 

number of paralogs in Tetrahymena and specific paralogs are targeted to a subset of cilia 

along the cell’s anteroposterior and circumferential axes (Wloga et al., 2006). It is also 

possible that several MAK paralogs have position-dependent functions. While it appears 

that LF4A is a generic non-cell position dependent factor, an exception is that LF4A 

appears not to act on oral cilia. It is most likely that the paralog LF4B is targeted to the 

oral cilia where it acts in the same manner as LF4A in the locomotory cilia. There already 

are cases where Tetrahymena paralogs have diverged to serve specifically oral cilia 

(Wloga et al., 2009). 

It is not clear why a loss of LF4A reduces the density of ciliation in the posterior-

dorsal area. The unciliated area is variable in size in affected cells and the cilia 
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regeneration at this region is similarly reduced in wild-type and LF4-KO. This argues that 

the basal bodies in the posterior-dorsal region are not competent for ciliation. 

Intriguingly, the phenotype of LF4A null cells is reminiscent of the phenotype of the loss 

of function of subunits of IFT dynein (dynein-2): shorter but fewer cilia and more 

variable in length (Rajagopalan et al., 2009). Based on both cases, a loss of a cilium 

length regulator correlates with reduced ciliogenesis. We therefore can speculate that in 

Tetrahymena there is a link between cilium length regulation and initiation of ciliation. A 

similar complication is observed in the case of another cilium length kinase, LF2/CCRK 

which is also involved in cilia length regulation and ciliogenesis. Several LF2-null 

mutant alleles in Chlamydomonas assemble cilia of variable length within the cell cycle, 

but have a defect in regenerating cilia after deciliation by pH shock. Further, a weak LF2 

mutant (lf2-2, two amino acids lost) displays longer cilia and delayed cilia regeneration 

(Asleson and Lefebvre, 1998; Barsel et al., 1988; Tam et al., 2007). A CCRK knockdown 

in NIH3T3 cells consistently lengthens cilia, but encourages earlier ciliogenesis after 

serum starvation (Yang et al., 2013). How the LF2/CCRK-LF4/MOK pathway is 

involved in the coordination between cilia length regulation and cilia assembly or 

ciliogenesis is largely not explored.  

LF4 regulates IFT 

LF4A-GFP localizes uniformly along the length of the axoneme. Others and this study 

have shown that LF4/MOK is a ciliary protein and moves in a velocity similar to IFT, 

indicating that LF4 is a cargo of IFT (Berman et al., 2003; Broekhuis et al., 2014). In 

Chlamydomonas, when normalized in length, LF4 loss-of-function mutant cilia have a 

higher amount of the IFT entering cilia per unit time than wild-type cilia (Ludington et 
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al., 2013). We show that the speed of IFT (interestingly in both directions) is negatively 

regulated by LF4. While in IMCD-3 cells, knockdown of MOK results in longer cilium 

while overproduction of MOK does not shorten cilium. The IFT velocity is not 

significantly affected in either knockdown or overproduction of MOK (Broekhuis et al., 

2014). It’s possible a threshold for detecting an IFT change was not achieved in the 

knockdown experiments, or that the effect on IFT is subtle but sufficient to lengthen the 

cilium over longer time. We further suggest that cargo transport by IFT is also inhibited 

by LF4. The kinase-weak variants of GFP-LF4A can be transported as IFT cargo and 

accumulate at the distal region due to overproduction. Similar observations were made 

for overexpressed kinase dead mutant of ICK in NIH 3T3 cells (Moon et al., 2014) and 

IMCD-3 cells (Broekhuis et al., 2014). The wild-type GFP-LF4A instead accumulates at 

the basal region of the cilia, despite its overproduction and capacity to be transported by 

IFT. This basal accumulation is clearly not due to clogging but inhibition of IFT cargo 

transport at this region due to excessive LF4 kinase activity. Whether IFT transport of 

other cargoes are also affected by excessive LF4 is yet to be tested.  

IFT carries many cilia proteins as cargo, including tubulins and axoneme binding 

components into cilia (Craft et al., 2015; Wren et al., 2013). Loss of anterograde IFT 

kinesin-2 motor results in loss of all IFT proteins in the cilia, an immediate arrest of cilia 

assembly and gradual shortening of cilia in 3-6 hours (Kozminski et al., 1995). A strong 

knockdown as well as a temperature-sensitive mutation in dynein heavy chain 1b, an IFT 

dynein motor subunit required for retrograde IFT, results in greatly reduced velocity and 

frequency of retrograde IFT, reduced frequency but not velocity of anterograde IFT and 

accumulation of IFT proteins in cilia. The cilia remained the same length for 36 hours 
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before starting to slowly shorten, but fail to regenerate after deciliation by pH shock 

(Engel et al., 2012; Reck et al., 2016). Although the anterograde IFT is the immediate 

deliverer of ciliary proteins, the retrograde IFT might affect cilia assembly indirectly. 

They are two aspects of the same transportation mechanism, and it is understandable that 

their impact, direct or indirect, on cilia assembly and disassembly is synergistic instead of 

opposite. The rapid shortening of cilia caused by the overproduction of GFP-LF4A 

strongly suggests that LF4 inhibits the anterograde IFT while the effect on the retrograde 

IFT could be indirect through the modulation of the anterograde IFT. Alternatively, LF4 

could also inhibit IFT dynein, for these effects on the motor could be direct or indirect by 

the regulation of the cargo load (Engel et al., 2012). Taken together, the results suggest 

that LF4 is intimately linked to IFT, by being a cargo as well as being an important 

regulator of IFT. 

Whether LF4/MOK and MAK/ICK shorten cilia by phosphorylating the tail of 

kinesin-2 remains unresolved. 

As LF4 kinase activity is necessary for its function as a negative regulator of IFT and 

cilia length, the identity of the relevant substrate(s) of phosphorylation is without a doubt 

the most significant piece of knowledge that is missing. Several studies have looked into 

the substrate specificity of another RCK family member ICK/MRK. Fu et al. (2006) first 

reported that ICK recognizes a phosphorylation consensus motif R-P-X-S/T-P/A/T/S 

based on a peptide library screen. Functional studies point at IFT components as strong 

candidates for the relevant substrates of RCKs. The murine KIF3A kinesin-2 motor 

subunit is phosphorylated by ICK in vitro and in vivo at a conserved R-P-R-T674-S-K-G 

motif. After a knockdown of endogenous KIF3A NIH3T3 cells, reintroduction of KIF3A 
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T674A substitution produces longer cilia than wild-type KIF3A. This is consistent with 

longer primary cilia in ICK knockdown NIH3T3 and IMCD-3 cells (Broekhuis et al., 

2014; Yang et al., 2013), but contradicts the loss of cilia in ICK-KO MEF cells in an 

independent study (Chaya et al., 2014). Two independent ICK knockout mice generated 

around the same time also indicate that ICK has multiple effects on cilia length and 

ciliogenesis. The limb bud from an ICK knockout mouse has 2.5 fold longer primary cilia 

(Moon et al., 2014) while the other ICK knockout mouse has short cilia at the neural tube 

(Chaya et al., 2014). Although a reintroduction of KIF3A mutant with all adjacent serine 

and threonine substituted with alanine shows a ciliogenesis defect, it is not clear whether 

this defect is related to KIF3A inactivation by loss of ICK phosphorylation or more 

profound loss-of-function KIF3A. In the end, the functional connection between T674 

phosphorylation of kinesin-2 and cilium length control have not been firmly established.  

Tetrahymena has six motor subunits of kinesin-2. Three of them: KIN1, KIN2 and 

KIN3 are orthologs of the well-studied FLA10/FLA8 kinesin-2 subunits and the 

remaining three KIN5, KIN6 and KIN7 that are homologous to the OSM-3/KIF17 

subtype of kinesin-2 (Wickstead et al., 2010). In C. elegans, Osm3 plays a specialized 

role in the assembly of the distal segment of cilia (Pan et al., 2006), while in mammals 

and Tetrahymena where distal segment is relatively short, losses of OSM-3/KIF17 or 

knockdown of KIN5 do not affect cilia assembly (Awan et al., 2009; Jenkins et al., 2006; 

Jiang et al., 2015a). On the other side, KIN1-GFP was detected moving with IFT speeds 

inside Tetrahymena cilia (data not shown). KIN1 and KIN2 are paralogs that are partially 

redundant and one of them is required for cilia assembly. A loss of both KIN1 and KIN2 

causes the loss of cilia, cell paralysis and cytokinesis defect, similarly to the loss of Fla10 
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in Chlamydomonas (Brown et al., 1999) and is identical to the phenotype of 

overproduction of GFP-LF4A. It is therefore most likely that KIN1/KIN3 or KIN2/KIN3 

motors provide the principal kinesin-2 activity in IFT in Tetrahymena and is the logical 

substrate of cilia length kinases, especially LF4.  

We show that KIN1 is phosphorylated by LF4A in vitro at the high efficiency 

phosphorylation site, S695, conserved with KIF3A phosphorylation site by ICK above. 

Among the 3 subunits that likely form the principal kinesin-2 motor, KIN1, KIN2 and 

KIN3, only KIN1 has this motif (R-P-T-S695-K-P-G) for phosphorylation established for 

the RCK members. There is a similar motif that includes S708 that is far more weakly 

phosphorylated by LF4A in vitro (less than the autophosphorylation on GFP-LF4). A 

deletion of KIN1 does not visibly change or delay the kinetics of loss of cilia upon 

overexpression suggesting that the stronger phosphorylated site unique to KIN1 is not 

used by LF4A at all to shorten cilia. The weakly phosphorylated motif found in KIN1 is 

also present on KIN3 C-terminus. It is therefore possible that the weak site on KIN3 or 

another unidentified site on KIN2 or KIN3 is used by LF4A to mediate shortening of 

cilia. Overall, we cannot exclude a possibility that KIN1/KIN2/KIN3 provide the sought 

phosphorylation site(s) for LF4, though we feel that it is more likely that LF4A uses a 

different substrate to inhibit IFT and shorten cilia. 

Model 

Our results show that LF4 is an IFT cargo, inhibits IFT activity, and inhibits cilia 

assembly. Further, we show that LF4A-GFP is weakly bound to the axoneme and further 

GFP-LF4A accumulation in the cell body binds to some cytoskeletal structures with 

bundled microtubules. Both results are consistent with a weak interaction between LF4 
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and axonemal microtubules. We suggest that the axoneme affinity allows LF4 to stably 

and evenly distribute along the length of cilia (instead of free diffusion), an expected 

feature of a sensory and feedback role that tightly regulates cilia length. Therefore, we 

hypothesize a “time-of-flight” model: the LF4 is transported by IFT in to cilia and weakly 

binds to the axoneme. The axoneme-bound LF4 stochastically inhibits IFT activity, likely 

by phosphorylating an IFT protein. The longer the cilium, the more inhibited the IFT 

activity is. The “time-of flight” model projects that the steady-state cilium length is 

determined by the allocated amount of LF4 per basal body/cilium unit.  

LF4A is not related to the anterior-posterior gradient in cilia length. Similarly, this 

autonomous model also has difficulty explaining how the cilia length responds to an 

external signal from the cell body. In a Chlamydomonas “long-short” assay, the wild-type 

length cilium shortens when the other cilium is amputated. It is unlikely that the IFT pool 

is depleted due to the loss of the IFT proteins within one cilium (Rosenbaum et al., 1969). 

It has been suggested that another regulator exclusively located at the basal region, such 

as CDKL5 in Chlamydomonas, regulates entry of proteins into the cilia, including ciliary 

regulatory proteins such as LF4 (Tam et al., 2013). In addition, IFT activity (including 

train size, speed and cargo loading) is also shown to be regulated at the base and/or distal 

region (cargo release and IFT turnaround) (Liang et al., 2014; Ludington et al., 2013). 

How both regulation at various ciliary compartments converge into a mechanism that 

regulates IFT activity and cilia length is still unclear. We can’t exclude that LF4 is 

unrelated to IFT and cilia length regulation responding to external signal, though we 

think LF4A might still be regulated by cytoplasmic factors.  



 

85 

DYF18 regulates the abundance of LF4 

We identified a mutation in DYF18, a DYF-18/LF2/CCRK related protein as a genetic 

suppressor of LF4A gain-of-function in Tetrahymena. Loss of its closest homolog, DYF-

18 in C. elegans, leads to accumulation of some IFT proteins in ciliated chemosensory 

neurons (Phirke et al., 2011). In Chlamydomonas, several LF2 mutant alleles show on 

average longer (but also more variable in length) cilia than wild-type and is epistatic to 

LF4 mutant (Barsel et al., 1988). 

RCK family member ICK is phosphorylated at the TDY activation motif and activated 

by the mammalian ortholog of LF2, CCRK in vitro, but not by the closely-related kinase, 

CDK7 that has not been reported in association with cilia (Fu et al., 2006; Fu et al., 

2005). LF2/CCRK phosphorylates MAK affecting cell cycle in LNCaP prostate cancer 

cells which does not have a cilium (Wang and Kung, 2012) and ICK in HEK293 cells 

(Wu et al., 2012). Though not directly tested, LF4/MOK is also thought to 

autophosphorylate and be activated by LF2/CCRK as the mutation at the TEY motif 

impairs its kinase activity (Miyata et al., 1999). Related to cilia, a knockdown of CCRK 

(cyclin-dependent kinase 20) elongates cilia and promotes early ciliogenesis post 

starvation and a delayed cilium disassembly when mammalian cells return to the cell 

cycle upon addition of serum (Yang et al., 2013). The increase in cilium length and 

upregulation of ciliogenesis are reversed when overexpressing ICK that is perpetually 

activated by mutation at the activation loop (EDY instead of TDY), supporting that 

CCRK acts through ICK as an activator. 

Our data in Tetrahymena show that DYF18 is a negative regulator of cilia length. 

Cells without DYF18 have locomotory cilia that are longer than wild type yet similar to 
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LF4A-KO. Additionally, DYF18-KO has longer oral cilia which is not observed in 

LF4A-KO. Double knockout of DYF18 and LF4A has the same phenotype as DYF18-

KO. One explanation is that DYF18 activates LF4A and regulates locomotory cilia 

length. DYF18 also negatively regulates oral cilia length while LF4A does not. Old oral 

cilia partially disassemble and reassemble during cell division, while the old locomotory 

cilia remain the same, also indicating that the length of these two types of cilia are 

regulated differently. We propose that a pathway separate from LF4A, is also activated 

by DYF18 and regulates oral cilia length. Assuming that DYF18 is the upstream activator 

of LF4 and the other pathway possibly by direct phosphorylation, one simple candidate is 

LF4B (TTHERM_00822360) -the paralog of LF4A- which also has the same TEY 

activation loop phosphorylated by CCRK in MOK (TDY for ICK and MAK). 

Interestingly, the LF2/CCRK is largely limited to the cell body and is not found inside 

cilia (Ko et al., 2010; Tam et al., 2007; Yang et al., 2013). We failed to detect any 

DYF18-GFP signal above the background, using anti-GFP antibodies and confocal 

microscopy or in cilia by TIRF microscopy (not shown). On the other hand, 

Chlamydomonas LF4, mammalian MOK and Tetrahymena LF4 are consistently found 

primarily in the cilia and at the basal body (Berman et al., 2003; Broekhuis et al., 2014). 

How does DYF18 activate LF4? GFP-LF4A purified from cells with DYF18 does not 

show higher kinase activity than from DYF18 null cells. It is possible that the sensitivity 

of this in vitro assay testing for a small increase of LF4 kinase activity is undermined by 

the excessive amount of GFP-LF4A. However, GFP-LF4A, without DYF18 activation, 

shorten cilia with either mildly elevated or high level of expression in vivo. 
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In the previously mentioned example where (overexpressed) perpetual ICK activation 

(EDY) shortens cilia and rescue increased ciliogenesis in CCRK knockdown, replacing 

ICK with ADY (cannot be phosphorylated by CCRK but can autophosphorylate) at the 

activation loop also partially rescues the increased ciliogenesis (Yang et al., 2013). Our 

data provides strong evidence that a complete loss of DYF18 activation is compensated 

by increased abundance of GFP-LF4A. We are reminded that ICK also weakly activates 

by autophosphorylation (Fu et al., 2005). The activity from an increased amount of kinase 

with this weak self-activation can be comparable to or surpass the activity from an 

endogenous amount of fully activated kinase. This self-activation may even be 

physiologically relevant when the downstream target such as LF4/MOK is autonomously 

activated due to restricted compartmentalization and is unable to access the external 

activator such as LF2/CCRK/DYF18. The abundance is the most direct mechanism of 

regulating the activity of an enzyme and a good indicator of its activity in the cell. 

Alternatively, the phosphorylation by DYF18 may not only activate LF4 kinase 

activity but also regulate its abundance. The accumulation of GFP-LF4A due to 

overexpression by a MTT1p (heavy metal inducible promotor for metallothionein (Shang 

et al., 2002), unrelated to cilia) is greatly reduced by the loss of DYF18. Thus, DYF18 

may be acting by preventing degradation of LF4. There is no direct evidence that 

LF4/MOK is regulated by protein degradation. However, ubiquitination has been 

implicated in the cilia length regulation. There is an increase in the levels of ubiquitinated 

ciliary proteins during cilia disassembly in Chlamydomonas (Huang et al., 2009). 

APC/CCdc20 E3 ubiquitin ligase regulates cilium length and disassembly, as well as 

axonemal microtubule stability by degrading Nek1 kinase (Wang et al., 2014). Kim and 
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colleagues recently described a CDK5-ScfFbw7-Nde1 pathway through which the cell 

cycle progression governs the abundance of Nde1, a negative regulator of cilia length and 

ciliogenesis, by ubiquitination (Kim et al., 2011; 2015).  

More interestingly, Wang and Kung (2012) showed that wild-type MAK interacts with 

the WD40 domain of CDH1 but not CDC20, two substrate recognition subunits of 

APC/C E3 ligase. The WD40 domain of CDH1 is involved in substrate binding and 

subsequent ubiquitination by APC/CCDH1. An inactive MAK, either with K33R kinase 

activity mutation or an ADF activation loop mutation, show reduced interaction with 

CDH1. Overexpression of MAK can inhibit CDH1 interaction with CDC27 in the APC/C 

complex, and impair ubiquitination of Aurora A, suggesting MAK as both a substrate and 

a competitive inhibitor of APC/CCDH1. This shows how the activity of an RCK kinase 

may affect its binding to the ubiquitination machinery and that its increased expression 

may lead to inhibition of ubiquitination on another target. This collaborating 

ubiquitination mechanism and phosphorylation activation by CCRK may direct RCK 

members into temporal and spatial regulation of multiple functions such as cell growth, 

ciliogenesis and cilia length regulation, allowing utilizing one activation pathway 

fulfilling related or even seemingly opposite functions such as the old oral cilia 

disassembly, maintaining locomotory cilia and ciliogenesis of new oral cilia and 

locomotory cilia around cell division in sync-step. 

MATERIALS AND METHODS 

Strains and cultures 

SPP medium (Gorovsky and Woodard, 1969) was used to grow Tetrahymena strains 

with the exception that strains with severe cilia defects and resulting poor phagocytosis 
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were maintained in MEPP medium (Orias and Rasmussen, 1976) with added 2 µg/ml 

dextrose (MEPPD) (Gaertig et al., 2013). 2.5ug/ml CdCl2 was added to SPP to induce 

MTT1 promoter-driven overproduction of proteins.  

Somatic and Germline transformation. 

Plasmid and respective transformed strains are outlined below:  

pMTT1-GFP  @ CU522,  

pMTT1-GFP-LF4A @ CU522 

pMTT1-GFP-LF4A F82A @ CU522 

pMTT1-GFP-LF4A F82G @ CU522 

pNeo3 LF4A NLE @ CU428 

pNeo4 LF4A-KO @ CU428+B2086 germline 

pNeo5 DYF18 KO @ CU428+B2086 germline 

pMTT1-GFP-KINI @ CU522 

pMTT1-GFP-KINI 1-599 @ CU522 

pMTT1-GFP-KINI 1-694 @ CU522 

pMTT1-GFP-KINI S695A @ CU522 

pMTT1-GFP-KINI S708A @ CU522 

pMTT1-GFP-KINI S688G @ CU522 

pMTT1-GFP-KINI S688G S695A @ CU522 

pNeo5 

pNeo5 MTT1-GFP-LF4A (LF4) @ CU428+B2086 germline and Dyf1GFP rescue 

pNeo5 LF4A-KO  @ DYF1-GFP rescue 
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Confocal and TIRF microscopy 

For immunofluorescence, cells were stained as described (Dave et al., 2009b) using 

simultaneous fixation (with 2% paraformaldehyde) and permeabilization (0.5% Triton X-

100). To test for association with the cytoskeleton, cells were permeabilized with Triton 

X-100 prior to fixation with paraformaldehyde. Primary antibodies were: anti-GFP (1:50, 

rabbit, Rockland 600-401-215), anti-centrin 20H5 (1:200, mouse, Millipore 04-1624), 

anti-polyglycine serum 2302 (1:200, rabbit, gift of Martin Gorovsky, University of 

Rochester). Secondary antibodies were from Jackson Immuno Research. Images were 

taken using a Zeiss LSM 710 confocal microscope (63x oil immersion, 1x or 1.5x digital 

zoom) and analyzed with Fiji-ImageJ software (Schindelin et al., 2012).  

Total internal reflection fluorescence microscopy of Tetrahymena was as described in 

(Jiang et al., 2015b). In experiments that required recording of IFT in cilia, only cells 

pressed under the coverslip for less than 25 minutes were recorded. Alternatively, a thin 

coat of petroleum jelly was used on the brim of the coverglasses to minimize the pressure 

due to rapid evaporation. Images and video recordings were processed in Fiji-ImageJ 

(Schindelin et al., 2012). 

Western blots 

Protein samples were separated on a 10% SDS-PAGE. The gels were either stained 

with blue silver (Candiano et al., 2004), or proteins were transferred onto PVDF 

membrane for western blotting. Primary antibodies used with western blots were: anti-

GFP (1:5000, rabbit, Abcam ab6556 or 1:500, rabbit, Rockland 600-401-215), anti-

thiophosphate ester 51-8 (1:2000-5000, rabbit, Abcam ab92570). Colorimetric images of 
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stained gels and immunoluminescent images of western blots were collected using 

ChemiDoc MP System and processed with Image Lab (Biorad). 

Immunoprecipitations and on-beads in vitro kinase assay 

Cultures of cells (30 ml for ovGFP-LF4A and/or ovGFP-LF4A F82A, F82G or 50-100 

ml for GFP-KINI Full length, 1-599, 1-694, S688G, S695A, S708A) were used at 2x105 

/ml. Cells were exposed to 2.5 µg/ml CdCl2 for 3-5 hr, then collected at 2700 rcf for 3 

min and washed once with 10 mM Tris-HCl (pH 7.5) buffer. Lysis buffer (5 ml per 30 ml 

of Cd2+ induced cells) was added that contained 0.5% NP-40, phosphatase inhibitor 

cocktail (20 mM beta-glycerophosphoate, 1 mM sodium orthovanadate, 1 mM Na4P2O7, 

20 mM NaF) and 70 mM E64, in TBS (20 mM Tris-HCl pH 7.5, 150 mM NaCl). PMSF 

was added to 1 mM immediately before suspending the cell pellets. The mixtures were 

kept on ice and were pipetted vigorously every 10 minutes for 3 times. Then, the 

mixtures were spun at 20,000 rcf for 15 minutes. Supernatants were collected, diluted 

with 2 volumes of TBS so that the NP-40 concentration is below 0.2% for 

immunoprecipitation with GFP-Trap beads (agarose, ACC0CM-GFA0050, Allele). 

Desired substrate candidates were GFP-tagged, such as GFP-KINI, GFP-IFT52 or GFP-

DYF1, lysates were mixed with the GFP-LF4A lysate. When myelin basic protein was 

used as generic substrate, it was added after immunoprecipitation along with the kinase 

buffer (see below).  

GFP-Trap beads (10-15 µl) were added to the diluted lysate (per 30 ml of the starting 

culture). The mixtures were then incubated at 4 °C for 2 hr. The beads were pelleted at 

2700 rcf for 2 min, washed with TBS, washed with TBS with 500 mM NaCl, and washed 

with the kinase buffer (50 mM Tris-HCl pH 7.2, 100 mM NaCl, 10mM MgCl2).  
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The kinase buffer with phosphatase inhibitors (30 µl, 1 mM DTT and 100 µM ATP-

gamma-S (Biolog 88453-52-5)) were added to no more than 25 µl of the beads slurry. If 

needed, 20 µg MBP (Active Motif 31314) was added. The kinase assay mixtures were 

incubated for 30-60 minutes at 30°C followed by addition of 2.5 mM PNBM (Abcam 

ab138910) and incubation for 2 hr at room temperature. The samples were then separated 

by SDS-PAGE. Alternatively, the kinase assay mixtures were incubated for 2 hr at 30 °C 

(omitting incubation with PNBM), the mixtures were separated on SDS-PAGE so that the 

corresponding bands (thio-phosphorylated KIN1) could be cut out for in-gel digestion 

and mass spectrometry. 

In-gel digestion and mass spectrometry were performed at the Proteomics and Mass 

Spectrometry Core Facility at the University of Georgia. 

Cilia regeneration 

Deciliation and cilia regeneration were done as described in (Gaertig et al., 2013). 

Samples at the appropriate time points were retrieved for immunofluorescence.  

Genetic screen for suppressors of GFP-LF4A overexpression 

Mutagenesis and uniparental cytogamy 

The neo5-MTT1_GFP-LF4A fragment was targeted to the LF4A locus in the 

micronucleus by biolistic transformation as described (Dave et al., 2009a). The 

heterokaryon strain ovGFP-LF4A-HE-3B (mic: neo5-ovGFP-LF4A mac: wild type, VII) 

were grown to 1x105 /ml (40ml total). The growing culture was exposed to 10 µg/ml of 

nitrosoguanidine (Sigma-Aldrich) for 3 hr. The mutagenized culture was subjected to 

starvation by pelleting cells and suspending in Dryl’s buffer (Dryl, 1959) (1.7 mM 

NaCitrate, 1 mM NaH2P04 , 1 mM Na2HPO4  and 1.5 mM CaCl2), overnight at 30oC. The 
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mutagenized cells were mixed with an equal volume and number of starved B*VI and 

subjected to uniparental cytogamy (Cole and Bruns, 1992). Briefly, 5-6 hours after 

mixing, the conjugating cells were treated with 1.4% glucose for 45 minutes and diluted 

with 7-10 volumes of sterile water. The cells were spun down, suspended in 30 ml of SPP 

and split into 5 ml samples, each kept inside a 500 ml capped bottle (six total) at room 

temperature overnight to complete self-fertilization.  

Suppressor screen 

SPP (45 ml) was added to each bottle, followed by incubation at 30 °C for 3 hr. 

Paromomycin (pm) was added to the final concentration of 200 µg/ml to select the 

conjugation progeny. After 24-36 hr of pm selection at 30 °C, the progeny cells were 

collected by centrifugation and suspended in fresh 40 ml SPP with 2.0 µg/ml CdCl2 (SPP 

+ Cd) and incubated in standard polypropylene 50 ml conical centrifuge tubes in vertical 

positions overnight at room temperature. Due to GFP-LF4A overproduction and the 

resulting loss of cilia, unsuppressed cells become paralyzed and sink to the bottom of the 

tubes. Cells carrying suppressor mutations remain motile. Supernatant (4-5 ml) was 

collected from the top of each vertically positioned tube and cells were transferred into 5 

ml fresh Cd2+-free SPP in 15 ml conical tubes, incubated horizontally for 6 hr to 

overnight, then washed and resuspended in 10 ml SPP + Cd and the tubes were kept 

vertically oriented overnight. Single cell clones were isolated from the top 1 ml of culture 

from each tube. Individual clones were established, grown and retested for suppression in 

small scale cultures on 96-well plates. Best two suppressed closes from each tube were 

kept as F0 suppressor clones. For this study, 6 clones were isolated, each from a different 

selected batch.  
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Outcross and verification of the germ-line presence of the suppression. 

The F0s were mated to the cycloheximide resistance (cy-r) heterokaryon CU427 (mic: 

chx1-1/chx1-1, mac: + VI) or CU427.7 (mic: chx1-1/chx1-1, mac: + VII) and the F1 

progeny was recovered as pm-r and cy-r cells. 

The F1 clones were matured and allowed to assort to paromomycin sensitivity (pm-s). 

The assorted pm-s F1 were used for the uniparental cytogamy (UPC cross) as follows.  

Generation of F2 progeny 

An F1 culture (~2x105 cells/ml, 40 ml) was mated to same volume of either B*VI or 

B*VII and subjected to UPC a described above. After the dilution of the osmotically-

shocked culture, the cells were suspended in 25 ml of SPP. Twenty ml of cells were 

plated onto four 96-well plates at 50 µl per well. SPP + pm (400 µg/ml) were added to 

each well (50 µl) on the next day to select for F2 UPC progeny (for 36-48 hr).  

Four 96-well plates of F2s were cloned by picking pm-r cells from different wells 

grown in SPP and tested on SPP + Cd by replica plating to test for segregation patterns 

for the cell paralysis as a proxy of cilia shortening. For the intragenic suppressors, 100% 

of pm-r clones became paralyzed with addition of Cd2+. A single extragenic clone sup1 

showed segregation of cell paralysis and resistance to paralysis among the pm-r F2 

progeny.  

Identification of the causal mutations for suppressors. 

For the intragenic suppressors, total genomic DNA was extracted from a pool of F2s 

and the neo5-MTT1p-ovGFP-LF4A gene was amplified and sequenced using Sanger 

method.  
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For the single extragenic suppressor sup1, pools were prepared for the wild-type F2s 

that underwent paralysis in Cd2+ (12 clones) and suppressed F2s that resisted paralysis in 

Cd2+ (14 clones). The pools were grown as mixed cultures in 25 ml volumes starved 

overnight in 60 mM Tris-HCl and total genomic DNAs were extracted, using the urea 

method as described (Gaertig et al., 1994). The genomic DNAs were subjected to whole 

genome sequencing as described (Jiang et al., 2017). Variants were aligned to the 

macronuclear reference genome (June 2014 version, GenBank assembly accession 

GCA_000189635.1) (Eisen et al., 2006) and variants were detected filtered and 

subtracted as described (Jiang et al., 2017). In parallel, the suppressor and non-suppressor 

reads where aligned to the micronuclear reference genome (Hamilton et al., 2016) and the 

allelic contrast analysis was performed as described (Jiang et al., 2017) to detect a 

micronuclear chromosome location with increased frequency of variant cosegregation 

with the mutant (suppressed) phenotype using a Tetrahymena-customized MiModD 

(https://sourceforge.net/projects/mimodd/). 

Structural Modeling of LF4A kinase 

Th cyclin-dependent kinase from Cryptosporidium (Chain A of PDB 3NIZ) with 

highest similarity (37% sequence identity) was chosen as the template. Modeller program 

(version 9.12) was used to generate the homology model for LF4A from 3NIZ using the 

automodel module (Fiser et al., 2000). ADP and magnesium ions present in the template 

are also included in the modeled structure of LF4A. Visualization of the modeled 

structure was performed using PyMOL (Schrodinger, 2015). 
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FIGURES AND FIGURE LEGENDS 

Figure 2.1. LF4/MOK is a RCK family member, negatively regulates cilium length in 
Tetrahymena. (A) A maximum likelihood phylogenetic tree obtained using PhyML for 
subset of CMGC kinases group including homologs of LF2/CCRK/DYF-18, LF4/MOK, 
ICK/MAK, and CDK. The human ERK1 kinase was used as an outgroup. The numbers 
on branches represent a LRT SH-like support values. The numbers in parenthesis 
represent branch support values obtained by bootstrapping. Only values above 0.5 are 
shown. (B) A knockout of LF4A lengthens the locomotory cilia. Wild-type and LF4A-KO 
cells were stained with anti-polyG (serum 2302) antibodies to visualize cilia (green), anti-
centrin 20H5 antibody to mark the basal bodies (red) and DAPI to detect the nuclei 
(blue). Arrowheads indicate posterior-dorsal region of the cell. Abbreviation: oral 
apparatus (oa). (C) A histogram of locomotory cilia length for wild-type and LF4A-KO 
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cells. Cilia from no less than ten (10) of wildtype and LF4A-KO cells were measured. 
The average cilium length for the wild type (n = 216) is 5.88 µm, SD: 0.38 µm; the 
average cilia length from LF4A-KO (n = 367) is 7.74 µm, SD: 1.82 µm. p < 0.1%. 
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Figure 2.1
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Figure 2.2. LF4A-KO cilia regenerate faster than the wild type. (A) The length of the 
wild-type and LF4A-KO cilia at several times after deciliation by pH shock. Four to six 
cells, 50 - 150 cilia were used per each time point. Error bars indicate standard 
deviations. Asterisks (*) indicate significant difference between the mutant and wild-type 
averages at the time point (p < 0.1% for each pair). (B) Wildtype and LF4A-KO cells at 
60 min or 180 min post deciliation labeled with anti-polyG (green), anti-centrin (red) and 
DAPI (blue). Note that the oral cilia in the LF4A-KO appeared to regenerate, slower than 
surrounding locomotory cilia and more in line with the wild-type.  
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Figure 2.2 
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Figure 2.3. LF4A-GFP localizes to the basal bodies and along the cilia, and is 
transported by IFT. (A–B) A Negative control (wild-type) cell (A) and a cell expressing 
LF4A-GFP under the native promoter (B) subjected to immunofluorescence that included 
a simultaneous fixation/permeabilization with paraformaldehyde and Triton X-100 prior 
to staining with ant-GFP (red) antibodies and DAPI (blue). Note that background staining 
in the cell body and occasionally at the tips of cilia (A inset). The specific signal (B) is 
detected in the basal body and more weakly present along the locomotory cilia length (B 
inset). (C) An LF4A-GFP cell that was first permeabilized (by Triton X-100) then fixed 
by paraformaldehyde prior to immunofluorescence. Compare to B. GFP signal remained 
near the basal bodies but disappeared along the axonemes Thus LF4A-GFP near the basal 
bodies is mostly detergent-resistant and likely bound to the cytoskeleton and the ciliary 
pool is labile. (D) A TIRF microscopy image of a live LF4A-GFP cell. Arrowheads 
indicate the basal bodies within the locomotory row, arrows point to ciliary shafts. (E) 
Three kymographs obtained from videos of LF4A-GFP cells. Ciliary LF4A-GFP protein 
were mostly stationary but infrequently moved along the cilia at velocities similar to 
those recorded for an IFT particle marker GFP-DYF1 (Fig. 2.5B) (anterograde: 0.84 µm / 
sec, average of three events; retrograde: 1.53 µm / sec average of two events). Scale bar: 
1 µm x 1 s.  
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Figure 2.3 
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Figure 2.4. Excessive LF4A kinase activity shortens cilia. (A) Cells overexpressing 
(under MTT1p and induced by Cd2+ for 3 hours) either GFP, GFP-LF4A or two mutated 
GFP-LF4A variants (F82A and F82G) showing GFP signal and labeled by anti-polyG 
antibodies (red) and DAPI (blue). Note the shortening of cilia is evident only in the cell 
expressing GFP-LF4A without kinase domain mutations and GFP-LF4A is enriched at 
the basal bodies. The mutant GFP-LF4A accumulates at the tips of cilia while the basal 
body signal is not apparent. (B) The results of an in vitro kinase assay using wild-type 
GFP-LF4A and its two mutated variants, F82A and F82G. Each protein was 
overexpressed and immunoprecipitated on GFP-beads (IP input). The beads were then 
incubated with myelin basic protein (MBP) and ATP-γ-S. The reactions products were 
separated by SDS-PAGE and detected using western blotting and anti-
thiophosphorylation 51-8 antibody (top). The relative amounts of each GFP-LF4A were 
estimated on a western blot using anti-GFP antibodies (bottom). (C) A chart documenting 
the lengths of locomotory cilia of cells overexpressing that overproduce either GFP, GFP-
LF4A or two mutated GFP-LF4A variants F82A and F82G. The cilia lengths of GFP, 
GFP-LF4A--F82A and GFP-LF4A--F82G are not significantly different (p > 1%), while 
GFP-LF4A cilia length was significantly shorter (75% of GFP, Asterisk (*) indicates 
significant difference, p < 0.1%). 
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Figure 2.4 
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Figure 2.5. LF4A negatively regulate IFT velocities. (A) A chart showing IFT velocities 
in cells that express DYF1-GFP as an IFT marker that are either otherwise wildtype or 
GFP-LF4A-overexpressing. Both strains were exposed to Cd2+ for 3 hours. Both the 
anterograde (left) and retrograde IFT (right) velocities were significantly decreased due to 
overexpression of GFP-LF4A (paIFT < 0.1%, prIFT <0.1%). (B) A chart showing the IFT 
velocities (based on DYF1-GFP) in the wild-type and LF4A-KO cilia. Both the 
anterograde and retrograde IFT velocities significantly increased due to the loss of LF4A 
(paIFT < 0.1%, prIFT < 0.1%). (C) A chart of the cilia lengths of DYF1-GFP cells and 
DYF1-GFP+LF4A-KO cells. (p < 0.1%). Error bars indicate SDs. Asterisks (*) indicate 
significant difference from the respective control.  
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Figure 2.5 
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Figure 2.6. KIN1 motor subunit of kinesin-2 is phosphorylated by LF4A in vitro, but 
is not required for the cilia shortening activity of LF4A in vivo. (A) Western blots that 
document in vitro kinase assays using GFP-LF4A and three substrates that are GFP-
tagged IFT proteins. GFP-LF4A and a substrate protein were simultaneously 
immunoprecipitated on anti-GFP-beads incubated with ATP-γ-S and the reaction products 
were analyzed by SDS-PAGE and western blotting using an anti-thiophosphate antibody 
(top panel) or anti-GFP antibodies (bottom panel). The blots show that GFP-LF4A 
phosphorylated GFP-KIN1 (red boxes) but not GFP-IFT52 or GFP-DYF1 (black boxes). 
(B) Western blots on the products of in vitro kinase assays of GFP-LF4A (as enzyme) and 
several GFP-tagged KIN1 variants of different length or carrying substitutions within the 
C-terminal tail domain (as substrates). The outcome of phosphorylation is documented 
using a western blot with an anti-thio-phosphate antibody (top panel) and the relative 
amounts of the enzyme and substrate are documented using a western blot with anti-GFP 
antibodies (bottom). The conclusion is that GFP-LF4A primarily (>70% of total activity) 
phosphorylates S695. Red boxes indicate strong phosphorylation. (C) Cells that have the 
ovGFP-LF4 overproducing transgene and are either wild-type or null for KIN1 (KIN1-
KO), without or with overproduction (homokaryons, Cd2+ induced) for 3 or 6 hours. The 
cells show GFP–LF4A (green) and polyG tubulin (red). 
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Figure 2.6
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Figure 2.7. A Schematic drawing of the workflow used for the isolation of 
suppressors of overexpression of GFP-LF4A. (a) The genomic location and structure of 
the transgene that was place in the micronucleus. The transgene uses MTT1p to 
overproduce GFP-LF4. A neo5 is in the proximity of the ovGFP-LF4 transgene. The 
transgene replaces the endogenous LF4A. (b-d) Steps involved in mutagenesis and 
crosses to generate cells for selection of suppressors. (b) A heterokaryon with the ovGFP-
LF4A transgene in the micronucleus is subjected to mutagenesis with nitrosoguanidine. 
(c-d) The mutagenized heterokaryon is subjected to a self-cross (uniparental cytogamy) 
that involves a mating to a star strain that lacks a functional micronucleus. (d) the 
progeny of the self-cross is selected based on paromomycin resistance. The progeny 
clones either carry a suppressor mutation (green crosses) or not the background or 
unrelated (non-suppressing) mutations that are either preexisting or induced in this 
experiment are shown as black cross. (e-f) The mutagenize progeny population is 
transferred to tubes, and cells are treated with Cd2+ while tubes are kept in a vertical 
position. The progeny that lacks a suppressing mutation shortens cilia and sinks to the 
tube bottom. The suppressors remain motile and accumulate near the top of the tube due 
to negative gravitaxis that is depend on ciliary motility(f). 
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Figure 2.7
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Figure 2.8. Phenotypes of intragenic and extragenic suppressors of GFP-LF4A 
overexpression, identification of intragenic suppressors. (A) F2 progeny of a self-
cross of intragenic and extragenic suppressors of GFP-LF4A overexpression. All strains 
contain the overproducing GFP-LF4A transgene and have suppressor mutations. The left 
to right representative cells of the following strains are shown after 6 hr of exposure to 
Cd2+: non-mutated control (ovGFP-LF4A), extragenic suppressor sup1 (suppressed pool) 
and three intragenic suppressors: sup3, sup4 and sup5. All cells were subjected to 
immunofluorescence and show the direct GFP signal (green) and polyG tubulin (red). 
Note that the extragenic suppressor has longer cilia and some short presumably 
assembling cilia show a uniform pattern of GFP-LF4A. The extragenic suppressors 
maintain long cilia that have tips enriched in GFp-LF4A. (B) Images of pools of F2 
progeny derived by a self-cross of a sup1/SUP1 heterozygote that are either non-
suppressed (left panel) or suppressed (right panel) and exposed to Cd2+ for overnight. The 
insets show magnified cortical areas to document the patterns of GFP-LF4A inside cilia. 
(C) Three-dimensional protein structure of the kinase domain of LF4A based on 
homology-directed modeling using Cyclin-dependent kinase from Cryptosporidium 
(Chain A of PDB 3NIZ) as a template. Three locations of substitutions found in the 
intragenic suppressors are shown as sticks: Sup3 (E132K), sup4 (G13S) and sup5 
(E160K).  
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Figure 2.9. Extragenic suppressor sup1 is identified as a point mutation in DYF18. 
(A) Results of variant subtraction and filtering based on the alignment of whole genome 
sequencing reads for the suppressed and nonsuppressed pool to the macronuclear 
reference genome. The final three candidate variants are described in detail in Table 1. 
(B) Variant density mapping based on the micronuclear genome. Normalized linkage 
scores are shown that reflect the frequency of variant co-segregation with the suppressed 
phenotype along the length of each of the 5 micronuclear chromosomes. This analysis 
reveals a cluster of co-segregating variants at 9-10 Mb on the micronuclear chromosome 
3. (C) AN IGV browser view of the scf_8254401:105680 T to C variant on the 
micronuclear chromosome 3. (D) The scf_8254401:105680 T to C variant results in a 
point mutation in the coding region of the DYF18 gene that shifts the stop codon 
introduces a short peptide to the C-terminus of the predicted DYF18 protein.  



 

122 

Figure 2.9
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Figure 2.10. A loss of DYF18 lengthens the locomotory and oral cilia and partially 
rescues GFP-LF4A overexpression by reducing the abundance of GFP-LF4A. An 
uninduced GFP-lF4 transgene rescues the loss of DYF18. (A) Wildtype, and mutant cells 
with the genotypes indicated above the panel that are either in interphase (top row) or 
dividing (bottom row). The cells were stained with anti-polyG antibodies (green) 
antibodies and anti-centrin (red). Note a similar pattern of long locomotory cilia between 
the LF4A-KO and DYF18-KO cells, but the latter also have extraordinarily long oral 
cilia. The presence of the uninduced ovGFp-LF4A transgene rescues the DYF18-KO 
phenotype. (B) A chart showing the lengths of locomotory cilia in different genetic 
backgrounds. The cilia length in LF4A-KO, DYF18-KO and the double knockout strain 
are similar (p > 5%) but all are significantly longer than the wild-type cilia (p < 0.1%). 
Cilia length of ovGFP-LF4A+DYF18-KO without Cd2+ was significantly shorter than 
DYF18-KO alone (p < 0.1%) as well as wildtype (P < 0.1%). Error bars indicate standard 
deviations. (C) The chart documents the effect of various genotypes on the kinetics of 
cilia shortening mediated by the ovGFP-LF4 transgene at multiple times of exposure to 
Cd2+.  
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Figure 2.10 



 

125 

Figure S2.1. Overexpressed wildtype and kinase-dead GFP-LF4A differently related 
to their kinase activity. (A) TIRF microscopy images of cells overexpressing wildtype 
GFP-LF4A and two mutated variants F82A and F82 (Cd2+ exposure for 1-2 hours). (B) A 
cell with GFP-LF4A overproduction after overnight induction, showing GFP-LF4A 
accumulation, shortened cilia (and cell paralysis) and cytokinesis defect. (C) 
Overproduction of GFP, GFP-LF4A and two mutated GFP-LF4A variants F82A and 
F82G. Western blot with anti-GFP antibody and coomassie blue staining of the whole cell 
lysate after 3 hours of Cd2+ induction. (D) Kymographs extracted from GFP-LF4A--F82A 
and GFP-LF4A--F82G cilia.  
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Figure S2.1 
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Figure S2.2. MS analysis fails to identify LF4A phosphosite but LF4A 
autophosphorylation. (A) KIN1 coverage map. Confidence is color coded as indicated 
in the right bottom corner. Possible phosphorylation of the tryptic peptides at the C-
terminal was of low confident and represents regular phosphorylation but not 
thiophosphorylation by LF4A in the in vitro assay. (B) and (C) MS analysis of the 
thiophosphorylated GFP-LF4A may indicate autophosphorylation. Tryptic peptides of 
LF4A were detected within the gel piece corresponding to GFP-Kin1 with fair 
confidence. One of the tryptic peptide was detected as thiophosphorylated. 
Chromatogram (B) and list of detected b (red) and y (blue) fragments (C) indicated a 
thio-phosphorylated S347 in LF4A.  
  



 

128 

Figure S2.2 
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Figure S2.3. Loss of DYF18 causes GFP-LF4A relocating into cilia, does not reduce 
GFP-LF4A kinase activity but reduces its accumulation in the cell. (A) Cells 
overexpressing GFP-LF4A with or without DYF18 showing GFP signal and anti-
glycylation 2302 (red) staining. In addition to the basal body region localization, GFP-
LF4A was also observed along the cilia (insert) in cells without DYF18. (B) GFP-LF4A 
purified from cells with or without DYF18 had similar kinase activity. Left: western blots 
of GFP-LF4A and its autophosphorylation and kinase activity. Right: quantification of 
relative kinase activity of GFP-LF4A in the kinase assay, percentage normalized to MBP 
phosphorylation per amount of GFP-LF4A. (C) Cells overexpressing GFP-LF4A, with or 
without DYF18, exposed to Cd2+ for overnight. Left: cells showing GFP signal and anti-
glycylation 2302 (red) staining. Right: percentage of total cell counts with and without 
vacuole accumulation of GFP-LF4A in these two strain.  
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Figure S2.3
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Tables 

Table 2.1. Macronuclear genome alignment based subtraction and filtering results in a list of strong candidate 

variants that were unique to the suppressed F2 pool (high ALT% in suppressed genome). 

Mac 
Chromosome Position Ref Alt Alt% in 

suppressed 
Alt% in 

unsuppressed Affected Gene mRNA Mic Chromosome 
(JCVI) Position of the gene 

scf_8254401  105680 T C 100% 26/26 8% 3/37 TTHERM_01080590 133.m000819 chr3 9838679 to 9839991 

scf_8254385 317769 G A 100% 24/24 56% 18/32 TTHERM_00532630 705.m003592 chr4 22762047 to 22764484 

scf_8254763 129784 G A  95% 20/21 55% 17/31 TTHERM_00560020 302.m002700 chr2 4855627 to 4859161 
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ABSTRACT 

The mechanisms that govern pattern formation within the cell are poorly understood. Ciliates 

carry on their surface an elaborate pattern of cortical organelles that are arranged along the 

anteroposterior and circumferential axes by largely unknown mechanisms. Ciliates divide by 

tandem duplication: the cortex of the pre-division cell is remodeled into two similarly-sized and 

complete daughters. In the conditional cdaI-1 mutant of Tetrahymena thermophila, the division 

plane migrates from its initially correct equatorial position toward the cell’s anterior, resulting in 

unequal cell division, and defects in nuclear divisions and cytokinesis. We used comparative 

whole genome sequencing, to identify the cause of cdaI-1 as a mutation in a Hippo/Mst kinase. 

CdaI is a cortical protein with a cell cycle-dependent, highly polarized localization. Early in cell 

division, CdaI marks the anterior half of the cell, and later concentrates at the posterior end of the 

emerging anterior daughter. Despite the strong association of CdaI with the new posterior cell 

end, the cdaI-1 mutation does not affect the patterning of the new posterior cortical organelles. 

We conclude that in Tetrahymena, the Hippo pathway maintains an equatorial position of the 

fission zone and by this activity specifies the relative dimensions of the anterior and posterior 

daughter cell. 

SUMMARY 

We investigate the mechanism of the intracellular pattern formation using the ciliate 

Tetrahymena thermophila as a model. We address how the cell duplicates its cortical pattern 

during cell division. We used whole genome sequencing to identify the causal mutation in the 

cdaI-1 mutant that divides asymmetrically with a consistent anterior shift of the division plane. 

The CdaI protein is a Hippo/Mst kinase that marks the cortex of the emerging anterior daughter. 
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CdaI is not needed for the initial positioning of the division plane, but is needed for keeping the 

division plane at the cell’s equator.  

INTRODUCTION 

Ciliates are among the most structurally complex cell types known, due to their nuclear 

dualism and the intricate organization of their surface. Ciliates have two structurally and 

functionally distinct nuclei that operate in one cytoplasm: the germline micronucleus that 

undergoes mitosis (or meiosis), and the somatic macronucleus that divides by amitosis, a unique 

mode of nuclear division that does not involve chromatin condensation or a bipolar spindle 

formation (reviewed in (Ruehle et al., 2016)). During the vegetative cell cycle, these two nuclei 

divide at different times, with the mitosis of the micronucleus preceding the amitosis of the 

macronucleus (Fig. 3.1). In addition, during cell division, ciliates duplicate the cortex, to produce 

a tandem of daughter cells (reviewed in (Wloga and Frankel, 2012)).  

The tandem duplication of the cortical pattern has to be precisely coordinated with cytokinesis 

in time and space. The cortical regions immediately anterior and posterior to the fission zone 

undergo vastly different morphogenetic routines, to develop new cortical ends (see Fig. 3.1). The 

division plane establishes an asymmetry in the cell cortex that is manifested by different 

organelles that appear on each side of the cleavage furrow: the new cytoproct and contractile 

vacuole pores form above, and the new cell apex emerges below the cleavage furrow, 

respectively (Fig. 3.1). The first sign of cell division is the formation of the oral primordium (a 

developing new oral apparatus) within the confines of the posterior subcell4 (Fig. 3.1). Next, in 

the region directly anterior to the oral primordium, the ciliary rows become interrupted by a gap, 

the “cortical subdivision”, which demarcates the emerging daughters (Fig. 3.1). At about the 

                                                
4 The term “subcell” is used to describe a half of the dividing cell that will give rise to either 
the anterior or the posterior daughter.  
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same time, the new cortical ends start to differentiate, and this is manifested by the appearance of 

the new contractile vacuole pores and the new cytoproct at the posterior end of the anterior 

daughter (Fig. 3.1). How the cortical events of tandem duplication are accomplished, and 

specifically, how they are coordinated with cytokinesis is not known.  

A set of potentially informative conditional Tetrahymena mutants that are affected in cell 

division, have been generated by random chemical mutagenesis, but most of the responsible 

genes remain unknown (Frankel, 2008; Frankel et al., 1976; Frankel et al., 1977). Recently, 

comparative whole genome sequencing has been used for identification of causative mutations in 

Tetrahymena, and in another ciliate, Paramecium (Galati et al., 2014; Kontur et al., 2016; 

Marker et al., 2014). An important breakthrough was the identification of the first mutation that 

alters the cortical pattern in Tetrahymena, disA-1 (Galati et al., 2014). Here we use whole 

genome sequencing to identify the causative mutation for cdaI-1, a temperature-sensitive 

mutation that results in unequal cell division (Frankel, 2008), in a homolog of Hippo/Mst 

kinases, a conserved upstream component of Hippo signaling (reviewed in (Yu et al., 2015)). 

cdaI-1 phenocopies a loss-of-function of the conserved key substrate of Hippo/Mst kinases, 

Mob1 (Tavares et al., 2012). We conclude that ciliates utilize the conserved Hippo pathway for 

achieving equatorial division. Our observations also indicate that ciliates must have additional 

yet unknown mechanisms, independent of CdaI, for setting up the anteroposterior and 

circumferential axes.  

MATERIALS AND METHODS 

Tetrahymena strains 

To identify the causal mutation for cdaI-1, we used the strain, IA237 cdaI-1/cdaI-1 (cdaI-1, 

II). For the outcross, we used the heterokaryon strain CU427 chx1-1/chx1-1 (CHX1, cy-s, mt VI). 
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The CU428 strain mpr1-1/mpr1-1, (MPR1, mp-s, mt VII) was used as a wild type for 

comparisons of phenotypes. The B*VII strain was used for the self-cross. The expression of 

CdaI-GFP transgene was performed in CU428 as well as in the background of elo1-1, a mutation 

that shifts the division plane posteriorly, using strain IA388 elo1-1/elo1-1 (elo1-1; I). All strains 

were obtained from the Tetrahymena Stock Center, Cornell University (Ithaca, NY). Cells were 

grown in SPP medium (Gorovsky, 1973) with antibiotics (SPPA, (Gaertig et al., 2013)) at 28-

30°C (standard temperature that is permissive for cdaI-1) or 39-40°C (restrictive temperature for 

cdaI-1). 

Crosses and preparation of pools for next generation sequencing 

Standard methods for crosses and analyses of progeny (Orias et al., 2000) were used unless 

mentioned otherwise. To identify the causative mutation for cdaI-1, we used a modified “bulked 

segregant” approach (Birkeland et al., 2010; Michelmore et al., 1991) that includes a self-cross. 

The IA237 cdaI-1 mutant strain was crossed to the heterokaryon CU427, and F1 heterozygotes 

were recovered based on cycloheximide resistance (cy-r, 15 µg/ml). Several cy-r F1 

heterozygotes were cloned and grown for > 60 generations for sexual maturation and 

macronuclear assortment to cycloheximide sensitivity. A single fertile cy-s F1 was used for a 

self-cross to B*VII to produce the progeny type known as “short circuit genomic exclusion, 

(SCGE)” (Bruns et al., 1976) as follows. The CDAI/cdaI-1 cy-s F1 and B*VII cells were grown 

to ~2-3 x 105 cell/ml in 5 ml of SPPA at 30oC. The cells were washed, suspended in 5 ml of 10 

mM Tris-HCl pH 7.5 and starved for 18 hr at 30oC. The starved F1 and B*VII cells (400 µl each) 

were mixed in a single well of a 24-well microtiter plate and allowed to mate at 30°C for 6.5 hr. 

The mating cells were diluted to 10 ml with SPPA and plated on a 96-well microtiter plate at 50 

µl/well. The plates were incubated for 18 hr at 30 °C and 50 µl of SPPA with 30 µg/ml of cy 
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were added to each well. After 2 days of selection, 192 single cy-r F2 cells (each from a different 

well to ensure that they come from independent meioses) were isolated into drops of SPPA on 

Petri dishes. The F2 cy-r clones were replicated onto 96-well microtiter plates with 100 µl/well 

of SPPA, incubated overnight at 39 °C and scored for either a wild-type or cdaI-1 phenotype. 

Thirty-six wildtype and separately 36 cdaI-1 F2 clones were pooled. The clonal pools were 

grown overnight in 25 ml of SPPA, washed and suspended in 60 mM Tris-HCl pH 7.5 (this 

unusual concentration of Tris-HCl is used to block pairing (Bruns and Brussard, 1974)), and 

starved for 2 days at the room temperature. Total genomic DNAs were extracted from the two F2 

pools with the urea method as described (Dave et al., 2009).  

Whole genome sequencing and causative variant identification using the macronuclear 

reference genome  

The pool DNAs were used to prepare libraries using Illumina Truseq adapters and sequenced 

by the Illumina MiSeq instrument to generate paired-end reads of 300 bp with 30x coverage. The 

following sequence analyses were performed using the Galaxy web-based platform (Afgan et al., 

2016) (https://usegalaxy.org). The sequence reads were aligned to the macronuclear reference 

genome (June 2014 version, GenBank assembly accession GCA_000189635.1) (Eisen et al., 

2006). FASTQ Quality Trimmer was used to remove ends of reads with aggregate quality score 

<20 (Blankenberg et al., 2010). The reads were aligned to the macronuclear reference genome 

using BWA-MEM (Li and Durbin, 2009) and realigned around indels using GATK (DePristo et 

al., 2011; McKenna et al., 2010). PCR duplicates were removed using Picard 

(http://broadinstitute.github.io/picard). Homozygous variants were called using GATK Unified 

Genotyper. Next we used the GATK Select Variants tool to remove variants from the mutant 

pool that were also present in: 1) the sister F2 wild-type pool and 2) six pools that originated 



 

138 

from independent projects using non-cdaI-1 backgrounds and the same genetic scheme (our 

unpublished data). The remaining variants were filtered for the types of mutations that are 

commonly induced by nitrosoguanidine (Ohnishi et al., 2008) using SnpSift (Cingolani et al., 

2012) with the expression: ((REF = 'G') & (ALT = 'A')) | ((REF = 'C') & (ALT = 'T')) | ((REF = 

'T') & (ALT = 'C')) | ((REF = 'A') & (ALT = 'G')). Following variant subtraction, the remaining 

candidate variants were annotated using SnpEff (Cingolani et al., 2012). Sequence reads 

containing candidate variants were inspected manually in the IGV genome browser (Robinson et 

al., 2011; Thorvaldsdottir et al., 2013). 

Identification of the causative micronuclear chromosomal region by allelic composition 

contrast analysis 

To map the location of the causative variant on the micronuclear genome, we used a 

customized version of MiModD (https://sourceforge.net/projects/mimodd/) as follows. We 

aligned the mutant and wild-type pool reads to the micronuclear genome assembly of T. 

thermophila, strain SB210 (GenBank assembly accession GCA_000261185.1) (Hamilton et al., 

2016) and performed joint variant calling of both pools against the reference, keeping all variants 

that appeared at least heterozygous in one of the two samples. A linkage score quantifying the 

difference in the allelic composition between the mutant and the wild-type pool was then 

computed at each variant site. When plotted against genomic coordinates, this score is expected 

to peak near the location of the causative variant. 

Rescue 

To rescue the cdaI-1 mutant (IA237 strain), a fragment of TTHERM_00971920 was amplified 

from the wild-type genomic DNA (CU428 strain) using primers: 5’-tgttactgcaacaccaga-3’ and 

5’- ggtcaaggctcatatggaa-3’ and introduced by biolistic bombardment (Bruns and Cassidy-Hanley, 

https://sourceforge.net/projects/mimodd/
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2000) into starved cdaI-1 IA237 cells that were subsequently grown on the 96-well plates at the 

restrictive temperature and periodically inspected for the appearance of wild-type cells. Mock-

transformed cells were used as a negative control. 

Imaging of CdaI-GFP and analyses of CdaI mutants 

To determine the localization of the CDAI gene product, CdaI, a GFP sequence was added to 

the 3’ end of the ORF predicted for TTHERM_00971920, using a linked neo5 gene marker 

(Busch et al., 2010). The macronuclear assortment of the tagged allele was promoted by growing 

cells in increasing concentrations of paromomycin starting at 120 µg/ml. The GFP tagging of 

CdaI was done in the wild-type background (CU428), and in the elo1-1 mutant (IA388). To 

evaluate the morphological phenotypes, cells were labeled by immunofluorescence with 

simultaneous fixation and permeabilization (Gaertig et al., 2013), using 20H5 monoclonal anti-

centrin antibody (Millipore), or 6-11 B-1 anti-acetyl-K40 α-tubulin antibody (Piperno and Fuller, 

1985) or polyclonal anti-GFP (Rockland) antibodies, followed by secondary antibodies coupled 

to either CY3 or fluorescein (Rockland). DNA was stained using DAPI. The imaging was done 

on a Zeiss LSM 710 confocal fluorescence microscope. 

RESULTS 

Cortical and nuclear defects in cdaI-1 Tetrahymena mutants 

The cdaI-1 Tetrahymena clone was isolated in a screen for cell division mutants, which 

involved exposure to nitrosoguanidine (Frankel et al., 1976) followed by cytogamy to bring 

mutations to expression (Orias et al., 1979). cdaI-1 is a temperature-sensitive, recessive 

mutation. The cdaI-1 cells appear morphologically normal when grown at 28-30oC and undergo 

a severe anterior displacement of the division furrow at 39-40oC (Frankel, 2008). We used anti-

centrin antibodies (Sanders and Salisbury, 1994) to evaluate the cortical organization in the wild 
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type and cdaI-1 mutants. The anti-centrin antibodies label the basal bodies of both the 

locomotory ciliary rows that span the entire cell length, and the four sets of short ciliary rows 

that are parts of the oral apparatus. In the wild-type cells or in the cdaI-1 cells grown at the 

permissive temperature, the first sign of cell division is the appearance of the new oral apparatus 

(oral primordium), as a cluster of basal bodies that form adjacent to the right postoral ciliary row 

at a sub-medial location (Fig. 3.1 stage 2; Fig. 3.2A). Next, the basal bodies of the oral 

primordium organize into subsets that give rise to the oral rows (Fig. 3.1 stage 3; Fig. 3.2B). 

Coincident with the completed differentiation of these structures, the longitudinal ciliary rows 

develop the “cortical subdivision”, a gap that circumscribes the cell at a medial location (Fig. 3.1 

stage 4, Fig 3.2C). The subsequent cytokinesis occurs within the cortical subdivision (Fig. 3.1 

stage 5; Fig. 3.2D). The micronucleus undergoes closed mitosis around the time of the initiation 

of cortical subdivision (Fig. 3.1 stages 3-4; Fig. 3.2C), while the macronucleus divides by 

amitosis at the time of constriction of the contractile ring (Fig. 3.1 stage 4, Fig. 3.2D). 

At the restrictive temperature, the cdaI mutants initially develop an oral primordium at a 

correct medial and circumferential position (Fig. 3.3A, B). However, at the later stage of 

development, the new oral apparatus was seen immediately posterior to the old oral apparatus 

(Fig. 3.3C), most likely due to its anterior translocation. The basal bodies of the two postoral 

rows that in wild type are positioned between the new and the old oral apparatus, in the mutants 

shorten or completely disappear (Fig. 3.3C and data not shown). Consistently with the anterior 

shift of the new OA, the cortical subdivision forms at an excessively anterior position but still in 

the space between the two OAs (Fig. 3.3C). Based on the staging of nuclear divisions, the 

cortical subdivision and the subsequent cytokinesis are delayed but eventually subcells 

differentiate except that they are unequal in size (Fig. 3.3D, F; Fig. 3.1). Often, the smaller 
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anterior subcell tilts resulting in a “hammerhead” shape of the dividing cell (Fig. 3.3D, F). The 

tilting could be a consequence of an incomplete or asymmetrically delayed cortical subdivision; 

often in the same hammerhead, some of the ciliary rows are subdivided, while other rows 

maintain continuity between the anterior and posterior subcell, which could produce an 

asymmetry in the growth of the cortex (Fig. 3.3D, F). The progression of the mutant phenotype 

outlined above is supported by the quantification of the morphological phenotypes at 3 and 6 hr 

at the restrictive temperature (Fig. 3.3H). In some cdaI-1 cells, cytokinesis, while delayed, runs 

to completion, generating an excessively large posterior daughter (Fig. 3.3D, E) and an 

excessively small anterior daughter (Fig. 3.3E). In other mutant cells cytokinesis fails, and the 

posterior cell enters a new cell cycle, producing a second generation anterior subcell (Fig. 3.3G). 

The mitotic division of the micronucleus takes place in the majority of mutant cells, but often the 

anterior subcell does not receive a progeny micronucleus (Fig. 3.3G, I). In contrast, in most 

mutants, the macronucleus fails to divide and remains in the posterior subcell (Fig. 3.3D, E, G, 

I). Consequently, when the abscission is successful, often the anterior daughter lacks a 

macronucleus or lacks the nuclei altogether (Fig. 3.3E, G, I, 3.9G).  

Identification of the causal mutation of cdaI-1 by whole genome sequencing 

We aimed at identifying the causative mutation for cdaI-1 using comparative whole genome 

sequencing. We used a modified “bulked segregant” approach (Birkeland et al., 2010; 

Michelmore et al., 1991) that includes a self-cross, similar to what was used with Paramecium 

tetraurelia (Marker et al., 2014). The principle is to subject an F1 heterozygote to a number of 

independent meioses, and to identify a mutation that among the F2 progeny strictly co-segregates 

with the mutant phenotype. We performed an SCGE self-cross by mating an F1 to B*VII (a 

strain that lacks a functional micronucleus), with the intention of producing progeny that are 
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homozygous post-meiotic derivatives of the F1 genome, as reported (Bruns et al., 1976). The 

SCGE F2s were expected to display a 1:1 segregation of the mutant versus wild-type 

phenotypes. Among a total of 100 F2 clones picked, at the restrictive temperature, 63 were wild-

type and 37 were cdaI-1 (1.7:1 ratio). The apparent deviation of the segregation pattern from the 

expected 1:1 ratio is explained by our subsequent observation that the SCGE cross, in addition to 

expected homozygotes apparently also produced some F2 heterozygotes (see below). We 

prepared pools of 36 F2 clones that were phenotypically either wild type or cdaI-1. Both pools 

were subjected to whole genome sequencing and variant identification.  

We aligned the mutant and wild-type pool sequence reads to the macronuclear reference 

genome (Eisen et al., 2006). Following variant calling we narrowed down the list of candidate 

mutations through stepwise variant filtering and subtraction as follows (Fig. 3.4A). We detected 

3444 and 3566 variants that were prominent enough in the cdaI-1 and the wild-type pool, 

respectively, and 1009 of these were unique to cdaI-1 and were analyzed further (Fig. 3.4A). We 

subtracted those mutant pool variants that were also detected in 6 DNA pools obtained by the 

same genetic scheme in non-cdaI-1 backgrounds (our unpublished data), which led to 341 

remaining variants. Sixty-nine of these variants were base transitions compatible with the 

mutagen used, nitrosoguanidine (G/C to A/T and A/T to G/C)(Ohnishi et al., 2008). A manual 

inspection of the individual sequence reads across the positions of these 69 variants revealed 

only a single variant, scf_8254051:142648 C to T, in the coding region of the gene 

TTHERM_00971920, where 100% of sequence reads contained an alternate base (Fig. 3.4B). In 

the cdaI-1 pool genome, 100% of sequence reads (28) had an alternate base and among them 

96% (27) contained a C to T substitution (one sequence had an A but this position was near the 

end of the read and thus is more likely to be a sequencing error (Mandoiu and Zelikovsky, 
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2016)). Within the wild-type pool DNA, 91% (21) of reads encoded the reference base C, and 

~9% (2) had the alternate base T (Fig. 3.4B). Since the pools of F2 clones were assembled based 

on their phenotypes, most likely SCGE, in addition to the expected homozygotes (Bruns et al., 

1976) also produced some heterozygotes; given the recessive character of cdaI-1 such 

heterozygotes cannot be distinguished from the wild-type homozygotes, which explains the 

skewing of the phenotypic segregation ratio toward the wild-type (as mentioned above).  

In parallel to the variant subtractions and filtering approach based on the macronuclear 

genome, we took advantage of the recently sequenced micronuclear (germ-line) genome 

(Hamilton et al., 2016), to map the chromosome interval of the candidate causative mutation 

region. We performed this mapping using the whole-genome sequencing data of the mutant and 

the wild-type F2 pools in a manner similar to the approach used in other organisms including C. 

elegans (Minevich et al., 2012). We aligned the mutant and wild-type sequence reads to the 

micronuclear chromosome assembly, and determined the density of variant co-segregation with 

the mutant phenotype by comparing the allelic composition at variant sites between the mutant 

and the wild-type pool. Normalized variant co-segregation density plots revealed a single peak 

on the micronuclear chromosome 4, around 24 MB (Fig. 3.4D). In the macronucleus, 

TTHERM_00971920 is a part of the chromosome scaffold scf_8254051 that maps to the region 

between 23.7 to 23.9 Mb on the micronuclear chromosome 4. The close match between the 

micronucleus-based chromosome interval mapping and the macronucleus-based variant 

identification achieved by subtractions and filtering, gave us confidence that we had indeed 

identified the causative variant.  

The cdaI-1 mutation is recessive (Frankel, 2008). A fragment of the wild-type 

TTHERM_00971920 (spanning the base that we found mutated in cdaI-1), when introduced by 



 

144 

biolistic transformation into vegetative cdaI-1 cells, produced rescue clones that divided 

normally at the restrictive temperature (Fig. 3.5A, B), while no rescues were seen in the negative 

control that was mock-transformed (n=107 cells). Sanger DNA sequencing of two rescue clone 

DNAs detected the mutant base (T) and the wild-type base (C) at the same position (Fig. 3.5C 

and data not shown), indicating that both alleles are present in the same cells, consistent with a 

partial replacement of the mutant alleles by a wild-type allele in the polycopy macronucleus 

(reviewed in (Chalker, 2012)). Thus, we conclude that the scf_8254051:142648 C to T mutation 

in TTHERM_00971920 causes cdaI-1. 

The TTHERM_00971920 gene that we now rename CDAI, encodes a protein, CdaI, with a 

single N-terminally located kinase domain (Fig. 3.4C). Based on reciprocal BLASTP searches, 

the closest homologs of the predicted CdaI protein are kinases belonging to the Hippo/Mst 

group, including Hippo in Drosophila melanogaster, MST2 in humans and Kic1 in the budding 

yeast. For example, the kinase domain of CdaI is 47% identical (65% similar) to that of human 

MST2. The scf_8254051:142648 C to T mutation translates into a P216S substitution in CdaI, 

which is located within the kinase domain (Fig. 3.4C). We used homology modeling to predict 

the 3D structure of the CdaI kinase domain based on the structure of human MST2 (PDB: 

4LGD) (Ni et al., 2013) (Fig. 3.5D). P216 maps to the αF-αG loop a region involved in substrate 

binding and protein recognition (Kannan and Neuwald, 2004; Kannan and Neuwald, 2005; 

Lodowski et al., 2006; Sours et al., 2008). P216S is predicted to impact substrate binding by 

altering the conformation of the αF-αG loop (Fig. 3.5D). It is also possible that the mutant S216 

serves as a gained phosphorylation site (Radivojac et al., 2008) that alters the activity or 

substrate specificity of CdaI. 
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CdaI is expressed in a highly polarized pattern during cell division 

To localize CdaI protein within the cell, we tagged the ORF of CDAI by adding a GFP-

encoding sequence at the 3’ end, so that the gene product is expressed under its own promoter. 

We could not detect CdaI-GFP in non-dividing cells (Fig. 3.6A). In cells approaching cell 

division that started to develop an oral primordium, CdaI-GFP was present as lines of dots or 

dashes that corresponded to the ciliary rows, but the signal was much stronger in the anterior half 

of the cell that gives rise to the future anterior daughter (Fig. 3.6B-D). At this stage, most cells 

had a uniform circumferential pattern of CdaI-GFP (Fig. 3.6D), while in some the signal was 

stronger on the ventral side, above the oral primordium (Fig. 3.6B, C). When the cortical 

subdivision appeared (staged by the completed micronuclear mitosis), the signal of CdaI-GFP 

was enhanced as a circumferential band of short ribbons above the division plane (Fig. 3.6E). 

The oral apparatuses, both old and new, also appeared positive for CdaI-GFP (Fig. 3.6E), but the 

background fluorescence tends to be higher in these locations (Fig. 3.6I, J). During early 

cytokinesis/macronuclear division, CdaI-GFP remained strong on the anterior side of the fission 

zone (Fig. 3.6F). At this stage, CdaI-GFP also marked the new contractile vacuole pores (CVPs) 

that assemble on the right side of the cell near the posterior end of the emerging anterior 

daughter (Fig. 3.6G arrows). When the constriction zone became narrow, the CdaI-GFP signal 

was present near the posterior end of the emerging anterior daughter cell (Fig. 3.6H).  

The appearance of the CdaI-GFP signal coincides with the onset of cortical subdivision and 

the subsequent cytokinesis. To examine in detail the relationship between CdaI and cortical 

morphogenesis, we labeled the CdaI-GFP-expressing cells with anti-centrin to detect the basal 

bodies (Fig. 3.7 green) and anti-GFP antibodies (red) to detect the cortical CdaI. Cortical CdaI-

GFP first appeared in the anterior half of the dividing cell in the early stage of the oral 
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primordium development (Fig. 3.7A-A’). CdaI-GFP became prominent and uniform along all 

ciliary rows of the anterior subcell when the oral primordium was advanced to the stage of 

individualization of the oral rows, but before the first signs of cortical subdivision (Fig. 3.7B-B’). 

Thus, it appears that the establishment of the posterior edge of the CdaI-GFP lines does not 

require a cortical subdivision. The CdaI-GFP lines were composed of dots that roughly 

corresponded to the basal bodies, as well as dashes that were located between or on the side of 

the basal bodies (Fig. 3.7B-B’ inset). When the cortical subdivision appeared, CdaI-GFP lines 

polarized by increasing in intensity near the anterior side the cortical subdivision, but a weaker 

signal was still present across and below the cortical subdivision (Fig. 3.7C-C’). When the 

division plane started to constrict, the CdaI-GFP signal was limited to the anterior side of the 

cortical subdivision. CdaI-GFP was also present between the neighboring ciliary rows along the 

constriction plane (Fig. 3.7D-D’, also see Fig. 3.6F). During more advanced cytokinesis, CdaI-

GFP was concentrated along the portions of the ciliary rows near the posterior end of the anterior 

subcell (Fig. 3.7E-E’).  

elo1-1 shifts both the division plane and the posterior boundary of CdaI 

To explore how the CdaI localization is influenced by the cell division events, we analyzed 

the pattern of CdaI-GFP in another cell division mutant, elo1-1, in which the division plane is 

dramatically shifted to the posterior cell pole (Frankel, 2008). In elo1-1, the division plane is 

shifted already at the stage of the early oral primordium, the first sign of cell division (Fig. 3.8A-

B’). Despite the posterior shift, the course of cell division in elo1-1 cell appeared normal except 

for twisting of ciliary rows that was apparent at cytokinesis (Fig. 3.8). In the elo1-1 background, 

the pattern of CdaI-GFP lines conformed to the new position of the division plane but was 

otherwise normal. On the ventral side, the posterior edge of the CdaI-GFP lines reached the top 
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of the oral primordium. Strikingly, the ends of CdaI-GFP lines on the dorsal side were at a wild-

type equatorial position and the ends of lines on the cell’s sides were intermediate in their 

anteroposterior position (Fig. 3.8B-D). This creates a remarkable slant in the position of the 

posterior boundary of the CdaI lines (Fig. 3.8B-D) as compared to an equatorial position of the 

CdaI edge in the wild type (Fig. 3.7B-D). This indicates that Elo1 acts primarily within the oral 

circumferential sector. Thus, the CdaI pattern is influenced by earlier cell division events that 

position the division plane and the ELO1 gene product is probably upstream of CdaI. We also 

note that in addition to the signal of CdaI-GFP within the anterior subcell, there was a consistent 

signal near the posterior (old) cell’s end, especially in elo1-1 cells with a cortical subdivision 

(Fig. 3.8C-E’ arrowheads). Wild-type cells also had weaker but consistently present foci of CdaI-

GFP near the posterior cell’s end (Fig. 3.6D-H, 3.7B, D arrowheads) that appeared specific as 

they were not seen in the negative controls (Fig. 3.6I, J). The extreme posterior CdaI-GFP may 

represent a pool of CdaI that interacts with its likely substrate, Mob1, that was deposited in the 

previous cell cycle (see the Discussion).  

cdaI-1 does not abolish the correct placement of the posterior end cortical organelles 

Since CdaI eventually becomes focused on the posterior end of the anterior subcell, we 

explored whether its deficiency affects the assembly and placement of the new CVPs that form 

near the new posterior end (see Fig. 3.1). CVPs contain microtubules that are enriched in the 

acetyl-K40 α-tubulin (Gaertig et al., 1995), which can be detected with the 6-11 B-1 antibody 

(Piperno and Fuller, 1985). In the cdaI-1 cells grown at the permissive temperature, we detected 

the CVPs at a proper posterior location in 97% of interphase cells (n=73) (Fig. 3.9A, B). 

Furthermore, new CVPs were readily seen above the fission zone whenever the cortical 

subdivision was also present (Fig. 3.9C, D). To determine whether the cdaI-1 cells assemble new 
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CVPs at the restrictive temperature, we examined cells that were the anterior products of a 

complete cell division but with clear signs of CdaI deficiency, based on their small size and an 

absence of a macronucleus. Surprisingly, in 75% (n=33) of those anterior daughters, CVPs were 

present at proper posterior positions (Fig. 3.9G-K). The true frequency of CVPs in the anterior 

offspring is probably higher because some of them have disorganized ciliary rows that likely 

result from an incomplete cortical subdivision, making the identification of CVPs more difficult. 

In the hammerhead cells, (many of which appear to have failed cytokinesis), CVPs were present 

in 61% of anterior subcells (n=55). However, in the CVP-positive hammerheads, the positions of 

CVPs within the anterior subcells were often incorrect (38%, n=34), with CVPs located either at 

the same anteroposterior level as the old oral apparatus (Fig. 3.9E-E’), or strikingly, above the 

old oral apparatus (Fig. 3.9F-F’). At the least, the assembly of the CVPs is less dependent on 

CdaI as compared to other cell cycle events such as the equatorial cortical subdivision, 

cytokinesis and macronuclear division. Likely, CdaI is not required for the assembly of the 

CVPs; it is difficult to determine whether the abnormal placement of the new CVPs in the 

hammerheads is a result of the CdaI deficiency or is secondary to the variable cortical defects. In 

summary, CdaI does not seem to play a major patterning role in the assembly of at least one 

posterior cortical organelle, the CVP, but may have some role in limiting the placement of these 

organelles near the posterior cell end. 

 DISCUSSION 

The core of Hippo signaling is conserved in ciliates 

The elements of the Hippo pathway that are highly conserved and essential for Hippo 

signaling (the Hippo core) are: 1) upstream kinase Hippo/Mst, 2) downstream kinase Warts/Lats, 

and 3) Warts/Lats activator, Mats/Mob1, (reviewed in (Hilman and Gat, 2011; Meng et al., 2016; 
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Sebe-Pedros et al., 2012; Thompson and Sahai, 2015)). We show that a mutation in a Hippo/Mst 

kinase of Tetrahymena, CdaI, causes an anterior migration of the division plane, and defects in 

cytokinesis and nuclear divisions. The Hippo/Mst kinases phosphorylate themselves, the 

Warts/Lats kinase and its activator Mats/Mob1 (reviewed in (Meng et al., 2016)). All three 

phosphorylations are needed to produce an active tertiary complex of Hippo/Mst-Warts/Lats-

Mats/Mob1 (Gogl et al., 2015). Importantly, a knockdown of Mob1 in Tetrahymena generates a 

cell division phenotype that closely resembles that of cdaI-1 (Tavares et al., 2012), indicating 

that CdaI and Mob1 are in the same pathway and that cdaI-1 is likely a loss-of-function 

mutation. Furthermore, an RNAi knockdown of Mob1 affects cytokinesis and cell shape in 

Stentor (Slabodnick et al., 2014). Thus, ciliates use a canonical Hippo core during cell division. 

The respective localizations of CdaI and Mob1 show a striking overlap, but also some 

informative differences. CdaI appears earlier in the cell cycle and marks the anterior half of the 

cell, shortly before the cortical subdivision (Fig. 3.1, stage 3). Mob1 appears later near the 

posterior boundary of CdaI (Fig. 3.1, stage 4), (Tavares et al., 2012). CdaI is in the right place 

and time to phosphorylate Mob1 and this event could stabilize Mob1 and enable its accumulation 

in the fission zone. This is based on the observations in budding yeast, where the proper 

localization of Mob1 requires activity of a Hippo/Mst kinase, Cdc15 (Luca et al., 2001) that 

phosphorylates a scaffolding protein, Nud1, to create a binding site for Mob1 on the spindle pole 

body (SPB) (Rock et al., 2013). Interestingly, in Tetrahymena, the signal of CdaI around the 

fission zone also increases at about the time when Mob1 appears (Fig. 3.1 stage 4). There could 

be a positive feedback where the active CdaI-Mob1-Warts/Lats complex amplifies CdaI. Such a 

feedback loop operates in the fission yeast (Feoktistova et al., 2012) . 
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Tetrahymena pyriformis cells treated with a serine-threonine kinase inhibitor, 6-

dimethylaminopurine, arrest in cytokinesis, with an anteriorly displaced division plane 

(Kaczanowska et al., 1999), which is a partial phenocopy of cdaI-1. Thus, 6-

dimethylaminopurine could inhibit CdaI or another kinase in the same pathway. The anterior cell 

contraction and the hammerhead shape could be useful for high throughput screens for additional 

inhibitors of the Hippo pathway, which are of therapeutic interest in the context of cancer and 

organ regeneration (Anand et al., 2009; Ehmer and Sage, 2016; Fan et al., 2016). 

In other species, the Hippo components associate with the cytoskeleton, namely microtubules 

and microfilaments. In fungi, the Hippo pathway proteins associate with the SPBs, the contractile 

ring and septum (Frenz et al., 2000; Luca et al., 2001; Menssen et al., 2001). In Tetrahymena, 

both CdaI and Mob1 strongly accumulate along the ciliary rows, and on the microtubule-based 

CVPs (this study and (Tavares et al., 2012)). It should be noted however, that cell division is 

almost normal in the disA-1 Tetrahymena mutant, in which the ciliary rows are disorganized 

(Galati et al., 2014; Jerka-Dziadosz et al., 1995). Thus, in Tetrahymena, the Hippo pathway may 

not require a correct pattern of cortical organelles, but it remains to be determined whether some 

microtubule-binding activity is important, as is the case in budding yeast (Menssen et al., 2001). 

Another conserved property of the Hippo signaling is the asymmetry of its components. In 

budding yeast, during mitosis, Cdc15 initially associates with the mother (new) SPB and later 

becomes enriched at the daughter (old) SPB (Menssen et al., 2001). In fission yeast, the 

Hippo/Mst kinase Cdc7 first localizes to both SPBs but later becomes enriched at the old SPB 

(Guertin et al., 2000; Sohrmann et al., 1998). In Tetrahymena, CdaI undergoes a step-wise 

polarization: first it marks the anterior half of the cell, and later focuses at the posterior end of 

the anterior subcell. In fission yeast, time-dependent post-translational modifications have been 
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proposed to distinguish between the old and new SPB to confer polarization of the Hippo 

components (Johnson et al., 2012). In ciliates, the new oral apparatus, appears shortly before the 

cortical CdaI. Thus, the difference in age between the new and old oral apparatus could 

contribute to the subsequent asymmetry of the Hippo components: CdaI and Mob1. Curiously, in 

budding yeast, when the daughter SPB is ablated, the Hippo components become enriched on the 

“wrong” (mother) SPB and this reverse asymmetry is sufficient for cytokinesis (Magidson et al., 

2006). In the light of the directional flexibility of the Hippo core observed in fungi, it perhaps is 

not surprising that ciliates utilize this pathway in the unique context of tandem duplication (Fig. 

3.1).  

Hippo signaling and cytokinesis in ciliates  

The Hippo pathway is important for cytokinesis in diverse eukaryotes including fungi, 

protists, plants and mammals (Bui et al., 2016; Citterio et al., 2005; Gromley et al., 2003; 

Hammarton et al., 2005; Hergovich and Hemmings, 2012; Ma et al., 2010; Meitinger et al., 

2013; Rohlfs et al., 2007; Slabodnick et al., 2014; Tavares et al., 2012; Yabuta et al., 2007; Yang 

et al., 2004). The cdaI-1 mutants either delay or abort cytokinesis. A stronger allele, cdaI-3, 

causes an almost complete block in cytokinesis (JF unpublished data). In fungi and animals, the 

Hippo signaling renders phosphorylations of the components of the contractile ring to drive its 

assembly and constriction (Meitinger et al., 2013; Yang et al., 2004). However, in ciliates the 

molecular mechanism of cytokinesis is divergent; ciliates do not use septins in cell division 

(Wloga et al., 2008), and the contractile ring operates without myosin-2 and possibly even 

without conventional actin (Shimizu et al., 2013; Sugita et al., 2011; Sugita et al., 2009). In 

fission yeast, overexpression of a MEN Hippo/Mst kinase, Cdc7, induces ectopic contractile 

rings (Fankhauser and Simanis, 1994). However, in Tetrahymena, depletion of CdaI causes 
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multiple defects that occur before cytokinesis (see below) or about the time of cytokinesis (and 

amitosis). Thus, either CdaI controls multiple subroutines in cell division including cytokinesis, 

or it acts at an earlier step and affects cytokinesis as a downstream consequence.  

CdaI may not play a major role in cortical patterning of the emerging daughters 

In all three of the Tetrahymena cdaI mutants: cdaI-1, cdaI-2 and cdaI-3 ((Frankel, 2008), this 

study and JF unpublished observations), the anterior subcell collapses after its initially correct 

demarcation, which is manifested by a close juxtaposition of the old oral apparatus and oral 

primordium. Thus, Hippo signaling may play a role in the morphogenesis of the emerging 

daughters. In this scenario, even the first sign of depletion of CdaI, the migration of the oral 

primordium, could be a consequence of failure in specifying the anterior compartment. Such a 

morphogenetic function would be analogous to what has been documented in budding yeast, 

where Hippo signaling activates transcription specifically in the daughter cell nucleus (Colman-

Lerner et al., 2001). The main if not only output of CdaI activity is likely the generation of a pool 

of active tertiary complex with Mob1 at the new posterior end. However, we find here that the 

posterior end cortical markers, CVPs, assemble correctly in the cdaI-1 anterior cells that have 

managed to separate, despite their severe defects in nuclear division and segregation. It remains 

to be determined whether CdaI plays a role in other activities that take place at the new ends of 

emerging cortices, on either side of the cortical subdivision including the remodeling of the 

submembranous cytoskeleton, and control of ciliation of basal bodies (Cole et al., 2008; Frankel 

et al., 1981; Gonda et al., 1999; Jerka-Dziadosz, 1981; Kaczanowska et al., 1999; Numata et al., 

1995; Ohba et al., 1986). To conclude, there is no evidence that CdaI plays a role in the organelle 

patterning at the posterior end of the anterior daughter, besides its role in sizing the anterior 

compartment by maintaining the fission zone at a proper equatorial position.  



 

153 

How is CdaI activated and patterned 

It is unclear how the cortical CdaI is spatially regulated and why its pattern changes so 

dramatically as the cell division progresses. The cortical lines of CdaI appear first when cell 

division is already under way, after the oral primordium starts to develop. Based on the pattern of 

CdaI-GFP in the elo1-1 mutant, it appears that the new oral apparatus influences the posterior 

boundary of CdaI cortical lines and that this effect weakens further away from the oral sector. 

The posterior boundary of CdaI-GFP lines is established before the cortical subdivision appears 

(Fig. 3.7B, 3.8B). Clearly, in addition to the ELO1 gene product, other unknown factors pattern 

CdaI along the anteroposterior axis. In yeast, the Hippo/MEN pathway activity is a consequence 

of activation of a G protein, Tem1/Spg1, that is asymmetrically enriched on the daughter SPB 

(Bardin et al., 2000). It is unlikely however that in ciliates the factors that pattern CdaI originate 

from the mitotic spindle or more broadly from the nuclei. The macronucleus divides by amitosis 

relatively late, at the time of cytokinesis (Williams and Williams, 1976), using microtubules that 

lack a bipolar spindle organization (Fujiu and Numata, 2000). The micronucleus divides by 

mitosis at about the time of initiation of cortical subdivision (Joachimiak et al., 2004; 

Kaczanowska et al., 1993), but this is a closed mitosis that occurs without centriolar centrosomes 

or a structure similar to the SPB of fungi (LaFountain and Davidson, 1979; LaFountain and 

Davidson, 1980). Also, there is a viable strain of T. thermophila that lacks a micronucleus 

(Kaney and Speare, 1983), and other Tetrahymena species have lost the micronucleus during 

evolution (Doerder, 2014). Thus, the signal that activates and spatially restricts Hippo in ciliates 

is unlikely to come from the nuclei. To the contrary, there is evidence of a reverse “outside to 

inside” signaling in which the cortex affects the nuclei (Cohen and Beisson, 1980; de Terra, 
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1973; de Terra, 1975; Gaertig and Cole, 2000). Thus, the signal that activates CdaI in ciliates is 

likely to be intrinsic to the cortex.  

In interphase, Mob1 may act without CdaI 

In interphase, Mob1 remains associated with the posterior end of the cell (Tavares et al., 

2012), while CdaI is not detectable (Fig. 3.1, stages 1-3). The persistence of Mob1 at the 

posterior end of interphase cells was also documented in Stentor, using anti-Mob1 antibodies 

(Slabodnick et al., 2014). The old Mob1 pool is likely present during cell division based on the 

presence of foci of CdaI-GFP at the posterior end of the dividing cells (Fig. 3.7 and 3.8 

arrowheads). Since the expression of CdaI appears to be limited to cell division, during 

interphase Mob1 may be activated by one of the three additional Hippo/Mst kinase paralogs 

(TTHERM_00933100, TTHERM_01246760 and TTHERM_00580440). A function of Mob1 in 

interphase is supported by the observation that a depletion of Mob1 in Stentor affects the ability 

of this large ciliate to regenerate its body shape after surgical dissection (Slabodnick et al., 2014). 

To explore the potential interphase and early cell division functions of Mob1, it will be useful to 

generate a fast-acting conditional allele of Mob1; such mutations have been isolated in budding 

yeast (Luca et al., 2001; Luca and Winey, 1998).  

SUMMARY 

We show that Tetrahymena uses the conserved Hippo core to maintain equatorial cell 

division. Despite the unique mode of cell division by tandem duplication, in ciliates the Hippo 

signaling shows many conserved properties, including polarization of the signaling components 

across the axis of cell division. More work is needed to determine the exact mechanism of how 

Hippo signaling maintains the equatorial division plane in ciliates. Finally, it is compelling that 

under CdaI deficiency the plane of cell division is initially set correctly on both the 
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anteroposterior and circumferential axes. Thus, unknown polarity factors must act upstream of 

CdaI to control the positional information. Among them, the ELO1 gene product may play a 

critical role in specifying the anteroposterior position of the oral apparatus. 
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FIGURES AND FIGURE LEGENDS 

Figure 3.1 A diagram that presents the cortical and nuclear stages of cell division by tandem 
duplication in Tetrahymena. The green and red lines indicate the patterns of Hippo signaling 
components CdaI (red, this study) and Mob1 (green, based on (Tavares et al., 2012). 
Abbreviations: mi, micronucleus; ma, macronucleus; oa, oral apparatus; noa, new oral apparatus 
(primordium); cvp, contractile vacuole pore; ncvp, new contractile vacuole pore; cyp, cytoproct; 
ncyp, new cytoproct. The stage designations are novel to this paper and the numbers do not 
correspond to the earlier named stages of oral development (Nelsen et al., 1981). 
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Fig. 3.1 
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Figure 3.2 Cortical pattern and nuclei during cell division in wild-type Tetrahymena grown at 

39oC. The cells were labeled with anti-centrin 20H5 antibodies (green) and DAPI (blue). (A-B) 

Early stages of cell division. A new oral primordium develops (more advanced in B) but there is 

no sign of cortical subdivision yet. (C) A cell with a well-developed cortical subdivision but 

before cytokinesis. The micronucleus has already completed its mitosis and the two progeny 

micronuclei are present. The macronucleus is elongated, in an early stage of amitosis. (D) A cell 

in a late stage of cytokinesis, the macronucleus has divided by amitosis. Abbreviations: oa, oral 

apparatus; noa, new oral apparatus; mi, micronucleus, ma, macronucleus; cs, cortical 

subdivision. 
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Fig. 3.2 
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Figure 3.3 The course of cortical and nuclear division in the cdaI-1 Tetrahymena at the 

restrictive temperature. The cells were labeled with anti-centrin 20H5 antibodies (green) and 

DAPI (blue). The cdaI-1 cells were grown for 3 or 6 hr at the restrictive temperature, 39oC. (A-

B) Mutants in an early stage of cell division, with an oral primordium (noa) present at the proper 

submedial position. (C) The mutant cell after the micronuclear division, with a well-developed 

new oral apparatus (comparable to the stage 4 in the wild-type in Fig. 3.1C). Note the anterior 

displacement of the new oral apparatus. The cortical subdivision is present at a proper location in 

relation to the new oral apparatus, and thus the entire division plane is shifted. (D) A mutant cell 

with a nearly completed cytokinesis. Note the failure in the division of the macronucleus 

resulting in the absence of a macronucleus in the anterior daughter. (E) A cell that is an anterior 

product of a complete cdaI-1 division, lacking a macronucleus. (F) A hammerhead cell where the 

anterior compartment is relatively mildly affected. Note an incomplete cortical subdivision; an 

asymmetry in the breakage of ciliary rows could be behind an unbalanced cortical growth that 

could produce the tilting of the anterior daughter. (G) A mutant cell that has produced two 

anterior subcells, and failed cytokinesis in two subsequent generations. (H) A diagram showing 

the frequencies of the different morphologies observed in the cdaI-1 cells at 3 and 6 hr after the 

temperature shift or after 6 hr of incubation at the permissive temperature. (I) A diagram 

showing the frequency of nuclear end-points of cells with the hammerhead shape. Abbreviations: 

oa, oral apparatus; noa, new oral apparatus; mi, micronucleus, ma, macronucleus; cs, cortical 

subdivision. 
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Fig. 3.3 

 

  



 

168 

Figure 3.4 Identification of the causative mutation of cdaI-1 in TTHERM_00971920 by 

comparative whole genome sequencing. (A) The results of variant subtraction and filtering steps 

using macronuclear reference genome. MNNG is an abbreviation of nitrosoguanidine (B) Whole 

genome sequencing reads aligned to the region of interest in TTHERM_00971920 around the 

causative variant scf_8254051:142648 (C to T) in the cdaI-1 (top) and wild-type clonal pool 

(bottom). In this view generated with the IGV browser, the sequences reads are stacked 

underneath the reference genome sequence to which they were aligned. Reference bases in the 

reads are shown in grey while non-reference bases are highlighted using the same color code as 

in the reference genome. (C) The predicted domain organization of TTHERM_00971920 

protein. The arrow shows the location of the substitution that results from the 

scf_8254051:142648 C to T mutation, in the predicted kinase domain of TTHERM_00971920 

protein. (D) Variant density mapping on the micronuclear chromosomes. Normalized linkage 

scores are shown along the length of each of the 5 micronuclear chromosomes.



 

169 

Fig. 3.4 



 

170 

Figure 3.5 A wild-type TTHERM_00971920 fragment carrying a wild-type codon 216 

complements cdaI-1. The P216S mutation affects the kinase domain. (A-B) cdaI-1 cells (A) and 

cdaI-1 cells rescued by biolistic transformation with a wild-type TTHERM-00971920 fragment 

(B), were grown overnight at the restrictive temperature and stained with anti-centrin (green) and 

DAPI (blue). (C) DNA sequencing chromatograms showing the region of interest within 

TTHERM_00971920 ORF (with the mutation site shown in a red box) in the original mutant and 

a rescue clone. Note the presence of the reference C along with the alternate T base at the 

position of scf_8254051:142648 in the rescue cells. The presence of both the wild-type and 

mutant bases is consistent with the anticipated presence of both wild-type and mutant alleles in 

the rescued cells as is typically the case for a macronuclear transformation. (D-D’) Modeled 3D 

structure of the kinase domain of CdaI in its wild-type (D) and cdaI-1 (P216S) mutant version 

(D’).  

  



 

171 

Fig. 3.5

 

  



 

172 

Figure 3.6 CdaI is a cortical protein with a polarized and cell cycle-dependent localization and 

strong association with the division plane. (A-H) Cells that express CdaI-GFP but are otherwise 

wild-type, were labeled by immunofluorescence with anti-GFP antibodies (red) and co-stained 

with DAPI (blue). (A) An interphase cell; note the absence of a CdaI-GFP signal above the 

background (compare to the negative controls in I-J). (B-C) Cells in early cell division with a 

relatively young oral primordium still lacking well differentiated oral rows (the primordium can 

be seen based on the background staining). In addition to the anterior subcell bias, CdaI appears 

stronger along a few ventral rows above the oral primordium especially in the cell shown in B. 

(D) A cell in an early stage of cortical subdivision (judging by the well-developed oral 

primordium and the micronucleus in anaphase). CdaI-GFP is strong and uniform along all the 

ciliary rows of the anterior subcell. (E) A cell with a more advanced cortical subdivision based 

on the completed mitosis of the micronucleus (this cell has two micronuclei, both have divided, 

this and other nuclear abnormalities are not uncommon in transgenic strains that are selected 

with paromomycin). Note the enhancement of CdaI-GFP immediately anterior to the cortical 

subdivision in the form of short ribbons. (F-G) The same cell in early cytokinesis and early 

amitosis shown on two sides. Note focusing of CdaI-GFP signal at the posterior border of the 

anterior subcell. In (G) new CVPs are positive for CdaI-GFP (arrows). (H) A cell in late 

cytokinesis and late amitosis. The CdaI signal is present mainly at the posterior end of the 

anterior daughter. (I-J) Negative control wild-type cells lacking the CdaI-GFP transgene and 

labeled in the same way as the CdaI-GFP expressing cells. Abbreviations: mi, micronucleus; cs, 

cortical subdivision; ncvp, new CVPs; oa, oral apparatus; noa, new oral apparatus. In D-H the 

arrowheads point at the speckles of CdaI-GFP at the extreme posterior end of the cell that likely 

correspond to the preexisting Mob1 (see Fig. 3.1 and Discussion).
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Fig. 3.6 
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Figure 3.7 The CdaI pattern changes during cortical subdivision and cytokinesis. Cells 

expressing CdaI-GFP were labeled with anti-GFP antibodies (red, A-E), and anti-centrin (green, 

A’-E’). Insets show magnified fragments of merged images. (A-B’) Cells in an early stage of cell 

division with a young oral primordium, with the cell in A-A’ in an earlier stage as compared to 

the cell in B-B’. In A-A’ a weak cortical CdaI-GFP is present in the anterior cell’s half. 

Arrowheads show the posterior ends of the lines of CdaI-GFP. (C-C’) A cell in an early stage of 

cortical subdivision. Note the presence of the CdaI-GFP mostly on the anterior side of the 

cortical subdivision (insets). (D-D’) A cell in early cytokinesis. CdaI-GFP marks strongly the 

posterior ends of the ciliary rows (of the anterior subcell) and interconnects the rows above the 

cortical subdivision. (E-E’) A cell in advanced cytokinesis. CdaI-GFP marks the posterior ends 

of ciliary rows of the anterior subcell. In B and D, the arrowheads mark the speckles of CdaI-

GFP at the extreme posterior end. Abbreviations: oa, old oral apparatus; noa, new oral apparatus. 
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Fig. 3.7 
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Figure 3.8 The posterior boundary of CdaI is influenced by ELO1. CdaI was tagged with a C-

terminal GFP and expressed under the native promoter in the cell division mutant elo1-1 grown 

at the standard temperature 30oC. Cells were labeled to detect CdaI-GFP (red shown in A-E), 

centrin (green in A’-E’) and DNA with DAPI (blue in A’-E’). (A-A’) A cell in an early stage of 

cell division. Note that the very young primordium assembles at an excessively posterior 

position. A weak signal of CdaI-GFP is present, stronger in the area immediately above the new 

oral apparatus. Arrowheads mark the ends of the weak CdaI-GFP lines. (B-B’) A cell with a 

more advanced oral primordium but before the cortical subdivision. The pattern of CdaI-GFP is 

essentially the same as in the wild type at the similar stage (see Fig. 3.7B-B’) except that the 

posterior boundary of CdaI-GFP is shifted in compliance with the more posterior position of the 

oral primordium. (C-D’) elo1-1 cells with a cortical subdivision. Note that the posterior shift of 

the edge of CdaI-GFP is prominent in the oral sector but progressively less apparent in the rows 

positioned away from the oral sector, and the positions of the ends of CdaI-GFP lines appear 

normal (equatorial) at the extreme dorsal side. This gives a slant to the edge of the CdaI-GFP 

lines (compare to Fig. 3.7C, D). (E-E’) elo1-1 mutant in cytokinesis. Note an excessively small 

size of the posterior daughter. In C-E the arrowheads point to the speckles of CdaI-GFP at the 

extreme posterior end that may represent CdaI-GFP bound to the old Mob1 (see the Discussion). 

Abbreviations: cs, cortical subdivision; oa, oral apparatus; noa, new oral apparatus; mi, 

micronucleus. 



 

177 

Fig. 3.8  
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Figure 3.9 New CVPs form in the anterior daughter but their locations are disturbed when 

cytokinesis fails due to CdaI deficiency. (A-K) cdaI-1 cells grown at the permissive 30oC (A-D) 

or restrictive (39oC) temperature (E-K) for 5 hr, and labeled with 6-11 B-1 anti-acetyl-K40 α-

tubulin (green) and DAPI (blue). Arrowheads show old CVPs and arrowheads/asterisks show 

new (assembling) CVPs. (A) An interphase cell. (B) A cell shortly before the cortical 

subdivision. Note that the old CVPs are present but the new ones that will appear along the same 

meridians are not visible yet. (C) A cell in early cytokinesis. The old and new CVPs are present. 

(D) A cell in late cytokinesis. The old and new CVPs are present. (E-E’) The same hammerhead 

cell (seen on two sides) in which the posterior subcell has entered the second cell cycle (since the 

temperature shift) based on the presence of two micronuclei in anaphase. The anterior subcell 

has failed to separate and receive progeny nuclei. In the anterior subcell, a pair of new CVPs are 

present on the side of the old oral apparatus. (F-F’) The same hammerhead cell (seen on two 

sides) in which the anterior subcell has failed to separate and receive a nucleus. Note a new CVP 

present in the anterior subcell above the old oral apparatus. (G-K) Cells that are derived from the 

anterior subcells of mutants that have managed to separate, despite severe defects in the nuclear 

divisions (lacking macronuclei). Note the presence of new CVPs at the roughly correct posterior 

positions. 
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CHAPTER 5 

CONCLUSIONS 

This dissertation explores the principles of scaling inside the cell at two levels of 

organization: organelle size (length) and scaling of the entire cell when it divides. Tetrahymena 

thermophila is used as this model provides a wealth of general advantages such as a simple 

culture and availability of both forward and reverse genetic approaches. The cilia length 

regulation in Tetrahymena represents a case of an unusual scaling mechanism that was not 

investigated in other models. While in Chlamydomonas a mechanism operates to equalize the 

length of cilia across the cell, in Tetrahymena the length of cilia is organelle-type and position-

dependent (Wloga et al., 2006). Specifically, the oral cilia are shorter than the locomotory cilia 

and among the locomotory cilia those near the anterior end are shorter than those in the posterior 

end. In the context of studies on intracellular scaling, Tetrahymena provides a unique 

opportunity for exploration of the intracellular geometries at an unusually high level of 

resolution. Tetrahymena maintains a sophisticated cortical pattern formed by hundreds of 

microtubule-rich organelles that are anchored to the cell surface. The cell has easily identifiable 

anteroposterior and circumferential polarities. The oral apparatus is the marker of the anterior 

and ventral region while the contractile vacuole pores and the cytoproct are located near the 

posterior end (Frankel et al., 1981).  

In the course of this thesis I improved the tools for both live imaging and genetic analyses of 

Tetrahymena. While I have taken steps toward understanding of the mechanisms of intracellular 

scaling at two levels of organization (cilia length and scaling during cell division), my 
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contributions to the methodology could have even more lasting impacts. The TIRF-based live 

imaging capacity that I helped to develop in collaboration with Karl Lechtreck has already 

facilitated research in Tetrahymena and contributed to improved understanding of cilia biology 

(Vasudevan et al., 2015a; Vasudevan et al., 2015b). One of the major successes of this thesis is 

an identification of the first genetic interactor in Tetrahymena. While genetic interactor screens 

have been used extensively in more established genetic models such as S. cerevisiae, Drosophila 

and C. elegans, Tetrahymena is a newcomer to the elite club of model organisms that offer 

forward genetics tools. In fact only recently, in 2014, Galati and colleagues published the first 

successful identification of a causal mutation in Tetrahymena using a forward genetics approach 

based on the new generation sequencing (Galati et al., 2014). The forward genetics pipeline 

developed here (see Chapter 3 and 4) offers a powerful unbiased strategy for investigations of 

mechanisms that are difficult to explore in other genetic models including aspects of intracellular 

scaling. Taken together, the two techniques newly developed here have improved and will 

continue to improve the utility of Tetrahymena as a model organism.  

Regarding the cilia length project, I focused on the LF4 kinase, an established negative 

regulator of cilium length (Berman et al., 2003). Using the novel utility of live imaging of IFT 

motility based on TIRF microscopy, I found that LF4 inhibits IFT by decreasing the velocities of 

IFT trains. For the first time in any model, I performed imaging of LF4 in live cells under 

conditions of expression as close to native as possible (with LF4 expressed under its own 

promoter). This imaging revealed that LF4 is present inside cilia and that it is distributed evenly 

along the entire cilium length. Moreover, I found that LF4 is mostly immobile and that an 

overproduced LF4 showed a microtubule-binding activity. These observations suggest that LF4 

is mostly bound to the axoneme and a small pool of LF4 travels with IFT trains. It is therefore 
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possible that the LF4-axoneme association is important for LF4 activity. A longer cilium would 

have more LF4 loaded onto its axoneme, hence more inhibition of IFT. This led me to propose a 

“time-of-flight” model in which LF4 that is distributed along the axoneme stochastically inhibits 

IFT, therefore autonomously adjusts the rate of assembly of cilia according to the current 

axoneme length.  

One prediction of this model is that longer cilia should have a less active IFT. While I 

observed that IFT trains are slower in shorter cilia that overproduce LF4 (and faster in longer 

cilia that lack LF4), in mammalian cells, knockdown of MOK results in elongated cilia but IFT 

velocity does not significantly change in either knockdown or overexpression of MOK 

(Broekhuis et al., 2014), suggesting that the change in cilia length is not necessarily directly 

associated with change of IFT velocity. Furthermore, this prediction is opposed by an 

observation in Chlamydomonas the longer (fully assembled) cilia have faster IFT trains as 

compared to shorter (assembling) cilia (Engel et al., 2009a; Engel et al., 2009b). The increased 

assembly rate due to lack of LF4 in Chlamydomonas and Tetrahymena argues against the 

possibility that LF4 activity is only prevalent after cilia reach full length (Hilton et al., 2013; 

Ludington et al., 2013). Therefore, we cannot rule out that the change of IFT velocity may be an 

indirect consequence of LF4 activity that changes cilia length. It is also unlikely that LF4 acts to 

encourage premature release of IFT cargo, as no evidence supports that such premature cargo 

drops occur with increased frequency in longer cilia. What is well established is that in 

Chlamydomonas the IFT trains carry less cargo in longer cilia (Craft et al., 2015; Engel et al., 

2009b; Wren et al., 2013) and the size of IFT trains is increased in lf4 mutant (Ludington et al., 

2013). Our data also points to an alternative possibility that LF4 acts at the cargo loading step. 

Though this activity occurs at the ciliary base, it makes sense to assume that the ciliary presence 
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of LF4 is important for its activity. One possibility is that the axoneme-distributed LF4 acts to 

log the travel time of IFT, and affects (perhaps less directly) the ability of IFT components to 

load the cargo when the trains return from the cilium to the base. Namely, perhaps LF4 

phosphorylates an IFT component during its anterograde and/or retrograde run inside the cilium 

but this phosphorylation is inconsequential until the IFT train returns to the ciliary base, where 

such a phosphorylated component of IFT would have reduced ability to support cargo loading. 

Recent study of IFT proteins in Chlamydomonas suggests a semi-open system where IFT 

proteins, in particular IFT-B proteins, exiting cilia (by retrograde IFT) are at least partially 

recycled into the IFT protein pool at the basal body (unpublished data from Karl Lechtreck). One 

interesting speculation is that the phosphorylation by cilia length kinases such as LF4 on some 

IFT-B proteins are the readout of cilia length that when returned to the basal body, 

communicates the length information within the ciliary unit, causing change in anterograde IFT 

cargo loading, as well as to the cytoplasm as reporter so that the length of multiple ciliary units 

in the cell can be coordinated, such as in the “long-short” experiment in Chlamydomonas or in 

different subtypes of cilia in Tetrahymena. Ultimately, further exploration of the underlying 

mechanisms of LF4 regulating IFT activity and cilia length requires the identification of its cilia 

shortening substrate, which will inform which aspect of the cilia biology (i.e. IFT activity, 

axoneme stability, microtubule PTMs or else) is affected.  

Seeking to uncover the LF4 kinase substrate specificity, I developed a novel hypermorphic 

allele-based genetic interactor screen, reasoning that a mutation or a loss of the key 

phosphorylation substrate (that shortens the cilium in response to its phosphorylation by LF4) 

may reverse the inhibitory effect of overproduced LF4 on IFT and cilia length. In the screen 

(Chapter 3) I uncovered a number of intragenic suppressors that all carried mutations in the 
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kinase domain of LF4. In the future, isolation of additional intragenic suppressors could shed 

light on the function of the non-kinase parts of LF4. In particular, it would be of interest to 

address whether any non-kinase domain mutations affect the microtubule-binding activity of LF4 

and whether microtubule binding is important for LF4 function as a length regulator. I also 

identified a single extragenic suppression of LF4 gain of function as a mutation in DYF18, a 

kinase orthologous to the known and conserved cilia length kinases LF2/CCRK/DYF-18. My 

data suggests that DYF18 increases the LF4 abundance in cilia. The data complement the 

existing evidence that LF2/CCRK/DYF-18 is an upstream activator of the LF4/MOK kinase 

activity. All these data taken together suggest that LF4/MOK is both activated and stabilized 

against degradation by LF2/CCRK/DYF-18. It is intriguing that the screen yielded an apparent 

upstream regulator of LF4 even though theoretically downstream components in relation to LF4 

were anticipated. This brings hope that in the future, among the suppressions there could be 

mutations that affect additional steps upstream of LF4 including parts of the hypothetical sensor 

of cilium length. The screen is not saturated and additional extragenic suppressor clones may 

carry mutations in the components that are downstream of LF4 including its phosphorylation 

substrates. Finding the key substrate of LF4 kinase remains the highest priority as this could 

provide a conceptual bridge that explains how LF4 modulates the ciliary assembly pathway to 

shorten the cilium. As discussed in Chapter 3, others have explored kinesin-2 motor chains and 

more precisely phosphosites near the C-terminal end of the motor. Kinesin-2 is a logical 

candidate for being the main target of LF4. A recent study showed that a kinase related to LF4, 

ICK, phosphorylates a site on the tail of kinesin-2. However, this phosphosite alone is not 

important and mutating multiple phosphosites on the same kinesin-2 motor subunit (KIF3A) 

blocks ciliary assembly, a result opposite to the expected cilium shortening activity of this 
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phosphorylation (Chaya et al., 2014). Another study showed in Chlamydomonas another kinase, 

CDPK1, phosphorylates a similar motif on kinesin-2 motor tail (Liang et al., 2014). However, 

the loss of CDPK1 results in shorter cilia. In the same study a mutation of the phosphosite serine 

to alanine (S663A) on the kinesin-2 motor made cilia shorter phenocopying the loss of the kinase 

CDPK1. On the other side, a phospho-mimicking mutation (S663D) led to a complete loss of 

flagella, a result that is consistent with phosphorylation acting as an inhibitor of kinesin-2 and 

indirectly an inhibitor of the anterograde IFT. Additional data in the same paper led to a model 

that phosphorylation of kinesin-2 by CDPK1 occurs at the ciliary tip and is needed for the 

dissociation of kinesin-2 from the IFT particles that allows for their return to the cell body via 

retrograde IFT. It is fair to say that the question of whether the cilium length kinases such as LF4 

or more broadly the RCK members shorten cilia by phosphorylating kinesin-2 and 

downregulating some aspect of IFT remains unanswered. We have fully validated our LF4 gain-

of-function suppressor screen by isolating both intragenic suppressors (in LF4 itself) and an 

extragenic suppressor and likely upstream regulator of LF4, LF2/CCRK/DYF-18. The screen can 

be easily scaled up and additional extragenic suppressors could identify new components of the 

LF2-LF4 pathway including the long sought phosphorylation substrates of LF4.  

This dissertation initiated the investigation on the activation mechanism of LF2/CCRK/DYF-

18-LF4/MOK pathway. This pathway may be the important hub of the long sought-after cilia 

length feedback network that communicates throughout the cell for (relatively) equal and 

constant cilia length while also allowing autonomous regulation of cilia length of different cilia 

types. This is an important issue as cilia length has been implicated as a regulatory factor of cell 

cycle progress that has relevance to cancer (Dutta and Avasthi, 2017; Izawa et al., 2015; Keeling 

et al., 2016; Kim et al., 2015; Maskey et al., 2015; Wang et al., 2014; Zhang and Mitchell, 2015). 
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Understanding the cilia length regulation in multicellular organisms with multiple types of cilia 

has been challenging as the phenotypic outcome may subject to various limitations such as 

experimental difficulties, tissue-specific expression and development. As demonstrated in this 

dissertation, unicellular ciliates including Tetrahymena have conserved and comparable cilia 

length regulation mechanisms and are more advantageous for studying cilia biology. 

Furthermore, studying the sizing of cilia might further reveal how the organelle size can be 

controlled at a global level while their functionality may still be programmed to diverge at 

certain temporal and spatial conditions.  

This dissertation also explored the mechanism of whole cell scaling during cell division. 

Ciliates such as Tetrahymena offers a unique perspective on the connection between scaling 

during cell division and cell polarity, owned to the intricate cortical pattern and the 

anteroposterior and circumferential axes. Mutational studies in Tetrahymena have identified 

intracellular pattern mutants in which either the overall organization of the cell cortex is altered 

and/or the division plane is misplaced resulting in unequal cell division (Cole and Frankel, 1991; 

Cole et al., 1988; Frankel et al., 1993; Frankel and Nelsen, 1986; Frankel et al., 1984). 

Identification of the responsible mutations will provide more insight regarding the intracellular 

pattern formation as well as scaling.  

In Chapter 4 I studied a cell division mutant of Tetrahymena, cdaI-1. This mutant was isolated 

by Joseph Frankel (University of Iowa) in a screen for conditional mutants that fail to divide 

properly at higher temperature (Frankel et al., 1976). I identified the causal mutation for cdaI-1 

in an ortholog of the Hippo/Mst kinase. CdaI is a cell division-specific protein that shows a 

highly polarized localization pattern. First, CdaI localizes to the anterior half of the dividing cell 

and later it condenses along the anterior side of the division plane, marking the posterior end of 
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the anterior daughter. We propose that CdaI phosphorylates Mob1, based on how the Hippo 

pathway works in other species (reviewed in (Meng et al., 2016)) as well as based on the 

remarkable similarity of the phenotype of cdaI-1 and a knockdown of Mob1, in both cases the 

affected cells arrest with an anterior displacement of the division plane (Chapter 4 and (Tavares 

et al., 2012)). Based on the extensive studies of the Hippo pathway, primarily in budding and 

fission yeast, the only function of Hippo/Mst is likely to activate Mob1 so that its partner kinase, 

Lats, can be activated (Gogl et al., 2015).  

Mob1 knockdown phenotypes were described for Tetrahymena, as well as another ciliate, 

Stentor (Slabodnick et al., 2014; Tavares et al., 2012). Based on the analysis of Mob1, Tavares et 

al proposed that Mob1 is “a key factor for the establishment of intrinsic cell polarity” (Tavares et 

al., 2012). Furthermore, Slabodnick et al concluded that in Stentor Mob1 “acts as a patterning 

protein” (Slabodnick et al., 2014). These statements implicate the Hippo pathway in the 

establishment of cell polarity and pattern formation in ciliates. Our own analysis of the 

localization and function of CdaI, the Hippo/Mst kinase, leads to a different view of the role of 

the Hippo pathway in ciliates. Our data indicate that the Hippo pathway may act mainly in 

scaling the daughter cells by keeping the division plane at the mother cell’s equator. This 

conclusion is based on careful observations of the timing of when the first defects appear in the 

cell cycle of the cdaI-1 mutant. The first sign of the incoming cell division is the formation of the 

new oral apparatus at the sub-medial-ventral position and this step is unaffected in cdaI-1. 

Furthermore, despite the strong presence of CdaI at the posterior end of the emerging anterior 

daughter cell at late cell division, in cells lacking CdaI, the posterior end-specific organelles, 

contractile vacuole pores, assemble at normal positions. Our finding shows that a loss of CdaI 

(likely causing the inactivation of Hippo pathway) does not disrupt at least some aspects of the 
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cortical pattern formation. We suggest that the other cortical defects observed in both cdaI-1 

mutants as well as in Tetrahymena and Stentor Mob1 depleted cells, could to large extent be 

secondary consequences of delayed, incomplete or arrested events of nuclear divisions and 

cytokinesis (Chapter 4 and (Slabodnick et al., 2014; Tavares et al., 2012)). These results indicate 

that without CdaI Tetrahymena cells have an ability to properly position new organelles along 

both the anteroposterior and circumferential axes, and the polarity features of both the anterior 

(small) and likely also posterior daughter (big) are to large extent preserved. Thus, it is unlikely 

that CdaI is required for the establishment of cell polarity, rather, CdaI must act downstream of 

unknown mechanisms that establish the anteroposterior and circumferential axes. We further 

show evidence that ELO1 could be an important upstream component in relation to CdaI. We 

conclude therefore that CdaI is important for cell scaling by affecting the division plane but it is 

not a polarity factor itself.  

While there is no evidence that CdaI is a patterning or polarity factor besides its role in 

keeping the division plane at the equator, we are open to a possibility that the entire Hippo 

pathway has other roles in addition to those controlled by CdaI. This is based on two 

observations. First, the Tetrahymena genome contains three additional Hippo/Mst kinase 

sequences that are paralogs of CdaI. Second, Tavares et al showed that unlike CdaI that 

disappears shortly after cell division and is not detectable in interphase, its likely substrate Mob1 

persists at the posterior end of interphase cells (see Fig.1 in Chapter 4 and (Tavares et al., 2012)). 

Thus, Mob1 could be activated by one or more paralogs of CdaI in interphase, and be active in 

interphase or early cell division without CdaI. At some point in the cell cycle, Mob1 (possibly in 

a complex with a paralog of CdaI) is present at the posterior end and the cell enters cell division 

and assembles a new oral apparatus, which is followed by the appearance of the CdaI zone in the 
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anterior half of the cell. Eventually the activity of CdaI generates a band of new active Mob1 at 

the new posterior end of the emerging anterior daughter. One could therefore imagine that the 

old Mob1 controls some aspects of early cell division, even the placement of the new oral 

apparatus or more broadly the initial position of the division plane. Thus, the old pool of Mob1 

in the mother could affect the generation of the new pool of Mob1 in the daughter. This kind of a 

trans-generational interaction could have broad effects that go beyond scaling of the daughters. A 

fast-acting conditional mutation of Mob1 could reveal additional functions of Mob1, for example 

during early cell division, before the appearance of the first marker of cell division, the new oral 

apparatus. Fast-acting conditional alleles of Mob1 have been isolated in yeast and could inspire 

reverse genetic manipulations in Tetrahymena (Luca et al., 2001; Luca and Winey, 1998). 

In the future, in addition to further dissection of the Hippo pathway components based on 

reverse genetics, it will be important to address further the mechanism of cell polarity and pattern 

formation in ciliates in an unbiased way. The genetic pipeline established can be applied to 

identification of causal mutations in mutant clones that are affected in cell polarity or pattern 

formation. One promising candidate already mentioned is the elo1-1 mutant in which the cell 

division plane is shifted to the posterior end starting at an earliest stage of the oral primordium. 

The elo1-1 mutant may have a defect in the functionality of the anteroposterior polarity axis. 

There also are additional mutants that are defective in the circumferential positioning, including 

hypoangular hpo1 mutants (Frankel et al., 1993; Frankel and Nelsen, 1986). Work is already 

under way toward identification of the causal mutations responsible for the defects in elo1-1 and 

hpo1 mutants. It is important to mention that ciliates lack most homologs of polarity proteins that 

have been studied in other organisms including Par kinases and components of the Wnt pathway 

(Eisen et al., 2006). Furthermore, in ciliates the polarity cues are primarily cortical and likely do 
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not originate from the nuclei or the mitotic spindle as to a large extent is the case of animal cells. 

Thus, studies in ciliates could lead to discovery of new pathways that generate cell polarity. 

Those pathways may be conserved but unrecognized in other species.  
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