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ABSTRACT 
 

The unicellular green alga Chlamydomonas reinhardtii is typically biflagellate, 

but forward genetic screens have identified uniflagellar mutants.  All uniflagellar mutants 

(uni1, uni2, and uni3) contain ultrastructural defects in the basal body or transition zone 

and preferentially assemble a flagellum from the older basal body.  The UNI2 gene 

encodes a novel coiled-coil protein with a potential homolog in the human genome.  We 

rescued the uni2 mutant phenotype with an HA-epitope tagged gene construct.  

Immunoblot analysis demonstrated that the Uni2 protein migrates as at least two 

molecular-weight variants that can be converted to a single form with phosphatase 

treatment. Synthesis of Uni2 protein is induced during cell division cycles; accumulation 

of the phophorylated form coincides with assembly of transition zones and flagella at the 

end of the division cycle.  Immunofluorescence staining of the Uni2 protein in interphase 

cells demonstrated that it localizes to four distinct spots coinciding with the location of 

basal bodies and probasal bodies.  Immunogold labeling confirmed Uni2 protein 

localization on probasal bodies and the distal end of basal bodies at the precise point of 

triplet to doublet microtubule transition between the basal body and flagellum.  Using the 

Uni2 protein as a marker of basal bodies during the cell cycle, we observed the sequential 

assembly of new probasal bodies beginning at prophase.  Double mutant strains with 

uni1,uni2 or uni2,uni3 genotypes showed enhanced defects in flagellar assembly.  

Immunoblot analysis showed that phosphorylation of the Uni2 protein is significantly 

reduced in uni1 mutant cells but is similar to wild-type levels in uni3 mutant cells.  

Ultrastructural analysis demonstrated enhanced transition zone defects in the uni1,uni2 

double mutant cells.  Serial transverse sections through basal bodies in uni1 and uni2 

single and double mutant cells revealed a previously undescribed defect in the transition 

from triplet to doublet microtubules between the basal body and flagellum.  The 

transition defect was correlated with an inability to form axonemes.  These mutants 

provide the first mechanistic insights into the pathway mediating the transition of triplet 

to doublet microtubules during flagellar assembly and suggest an overlap in the pathways 

mediating microtubule transition and basal body maturation. 
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Introduction 

Centrioles are barrel shaped organelles composed of triplet microtubules that serve to 

organize microtubule arrays and to provide a template for the growth of eukaryotic 

cilia/flagella.  While it is likely that these functions are interconnected, distinctly different 

structural components are associated with centrioles as they perform each task (Marshall, 

2007).  The purpose of this review is to examine the role of the centriole as it functions as 

a basal body in nucleating the growth of a cilium.   

Cilia are utilized for signaling and/or motility functions in many cells and facilitate 

numerous developmental and regulatory roles (for review see Christensen, et al., 2007).   

Most mammalian cells have a single primary cilium composed of doublet microtubules 

that is utilized much like an antenna to receive and relay signals (for reviews see Singla 

and Reiter, 2006; Scholey, 2008).  Ciliary formation and signaling both require the 

bidirectional transport process termed intraflagellar transport (IFT), which was first 

discovered in the green alga Chlamydomonas reinhardtii (Kozminski et al., 1993).      

Centrioles in mammalian cells are surrounded by an elaborate protein-dense matrix 

that consists of amorphous and distinct structures, which collectively form the 

pericentriolar material (PCM; for reviews see Doxsey, 2001; Bornens, 2002).  In contrast, 

centrioles in basal eukaryotes contain more rudimentary associated structures.  Through 

studies in diverse organisms, it is becoming increasingly clear that distinct functional 

processes required for ciliogenesis and ciliary signaling are mediated by structural 

components in or closely associated with the PCM.  The centriole likely acts as a 

‘gatekeeper’ by controlling the formation and positioning of these structural components.  

As a gatekeeper, the centriole may ultimately define the alignment of structures that 

directly mediate the passage of components for IFT-mediated cellular signaling and 

ciliogenesis.  

 

Evolutionary discoveries provide insights into human genetic functions 

Centrioles and cilia are evolutionarily conserved, making studies of these organelles 

from diverse organisms directly applicable to understanding the molecular composition 
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and function of these organelles in mammals.  Phylogenetic studies suggest that the 

molecular ‘blue print’ of centrioles and cilia is evolutionarily ancient, possibly being 

extant in the protoeukaryotic cell ancestral to all current lineages (Cavalier-Smith, 2002).  

These evolutionary insights are supported by functional studies with unicellular 

‘protists1’, nematodes, flies, and metazoa, which have been relevant to the identification, 

characterization, and regulation  of centriolar and ciliary genes in humans (for respective 

examples see Li, et al., 2004; Lechtrek and Witman, 2007; Efimenko et al., 2005). 

The importance of determining the genetic composition and function of centriolar and 

ciliary components is becoming increasingly evident as the list of human genetic 

disorders attributed to defects in ciliary and centriolar genes continues to increase.  

Examples of these disorders, collectively called ciliopathies, include Bardet-Biedl 

Syndrome, primary ciliary dyskinesia, retinitis pigmentosa, and polycystic kidney disease 

(for reviews see Badano et al., 2006; Fliegaurf, et al., 2007; Marshall, 2008).  Studies 

from a variety of organisms are vital to the understanding of such human genetic 

disorders. 

 

Microtubule structure and polarity 

In mammals and other organisms that retain ciliated cells, centrioles are essential 

for nucleating the growth of eukaryotic cilia and the structural similarity of these 

organelles reflects this association.  Centrioles and cilia each contain nine sets of radially 

arranged microtubules.  The centriolar wall is formed by a ring of nine triplet 

microtubules (Fig. 1).  Each triplet microtubule is composed of a complete A-tubule, 

typically with 13 protofilaments, and partial B- and C-tubules, each of which contains 10 

protofilaments and an additional unidentified 11th component (for review see Linck and 

 
1 The term ‘protist’ is used here in a historical context to represent primarily unicellular organisms, which 

have been classically used to study centrioles and cilia.  While these organisms are now known to be 

polyphyletic, their historically perceived connection has instilled a common nomenclature system that 

remains persistent in the literature.  We will use the term protist to represent these etymological similarities. 
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Stephens, 2007).  Precisely at the distal end of a centriole, the C-tubules discontinue; 

extension of the A- and B-tubules from this point forms the axoneme of a cilium (Figs. 2 

and 3).  

Motile cilia contain an additional central pair of singlet microtubules, which is 

obligatory for generating a beat pattern (Fig 2; for reviews see Wirschell et al., 2007; 

DiBella and King, 2001; Kamiya, 2002).  Primary cilia, which play key roles in cell 

signaling, lack central pair microtubules and are generally non-motile (for review see 

Singla and Reiter, 2006).  In contrast to the outer doublet microtubules, the central pair 

microtubules do not arise from a template, but appear distal to a transition structure.  

Gamma-tubulin has been localized to this region and may be involved in nucleation of 

the central pair microtubules (Silflow et al., 1999).  The molecular events that mediate 

the assembly of both motile and primary cilia are the same. 

Microtubules are composed of heterodimers of alpha and beta tubulin assembled 

head-to-tail into protofilaments that have an intrinsic structural polarity.  This polarity is 

maintained by the parallel arrangement of protofilaments side-by-side and is retained 

over the entire length of the microtubule (for review see Lüders and Stearns, 2007).  In 

cilia, the plus end of the centriolar triplet microtubules provides a template for the 

extension of doublet microtubules in the axoneme.  Although central pair microtubules 

do not extend from a template, they also are oriented with plus ends distal to the centriole 

(Allen and Borisy, 1974).  Thus, all axonemal microtubules have plus ends at the ciliary 

tip. 

 

Intraflagellar transport and ciliary assembly 

  Pioneering work over 40 years ago indicated that ciliary assembly occurs at the 

plus ends of microtubules at the distal tip of a cilium (Rosenbaum and Child, 1967).  It is 

now known that IFT facilitates the bidirectional movement of ciliary ‘cargo’ for distal 

end assembly (Kozminski et al., 1993).  With only a few nonmammalian exceptions (Han 

et al., 2003; Sarpal et al., 2003; Briggs et al., 2004), IFT is the universal mechanism 

utilized for ciliary assembly. 
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The IFT process involves the continuous movement of IFT components, including 

ciliary specific microtubule associated motor proteins, IFT ‘particles’, and ciliary cargo 

(for review see Rosenbaum and Witman, 2002; Scholey, 2008; Pedersen et al., 2008).  

Microtubule associated motor proteins move ciliary particles and their cargo between the 

centriolar region and the distal tip of a cilium along the B-tubule (Kozminski et al., 

1993).  Anterograde movement to the plus end is facilitated by one or more kinesin II 

proteins, which includes both heterotrimeric and homodimeric members (Cole et al., 

1998; Snow et al., 2004; Insinna et al., 2008).  Retrograde movement to the minus end or 

the ciliary base is facilitated by a specialized cytoplasmic dynein variant (Pazour et al, 

1999; Porter et al., 1999).   

Intraflagellar transport particles are composed of two complexes, A and B, which 

in total contain a core of at least 17 different polypeptides (Piperno and Mead, 1997; Cole 

et al., 1998; Cole, 2003).  Intraflagellar transport particles mediate the transport of IFT 

cargo destined for the tip of the cilium and the recycling of cargo from the tip back to the 

ciliary base (Fig. 3).  The cargo shuttled between the base and tip of a cilium presumably 

includes the inactive IFT motor protein(s), axonemal precursors or axonemal subunits to 

be recycled, and some membrane bound components (Qin et al., 2004).   Detailed 

analysis of IFT particles demonstrated that their rate of movement is approximately 

constant whether the cilia are growing, shortening, or in equilibrium (Dentler, 2006).   

Interestingly, almost all known IFT components are localized primarily to the 

base of the cilium and surrounding the  centriole (for example see Cole et al., 1998; 

Pazour et al., 1999; Vashishtha et al., 1996; Deane et al., 2001).  Stoichiometrically lower 

amounts of IFT components are found within the cilium.  It has been proposed previously 

that the distal end of the centriole represents a ciliary “pore” whereby ciliary components 

destined to or returning from the cilium await entry or recycling, respectively 

(Rosenbaum and Witman, 2002).  
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Centriole positioning and maturation 

During interphase, ciliated mammalian cells contain a ‘mother’ centriole that 

nucleates the growth of a cilium and a non-ciliated ‘daughter’ centriole (for review see 

Lange and Gull, 1998).  Mother and daughter centrioles are positioned at a 90o angle 

from each other and are connected through the PCM (for reviews see Doxsey, 2001; 

Bornens, 2002).  Prior to the ensuing mitotic cycle, the daughter centriole ‘matures’ and 

two new daughter centrioles are formed (Vandré and Borisy, 1989).  Assembly of 

daughter centrioles is regulated by the PCM of existing centrioles (Loncarek et al., 2008) 

and occurs through a conservative process (Kochansky and Borisy, 1990).  Each set of 

mother and daughter centrioles is segregated semiconservatively into daughter cells at 

cytokinesis (Kuriyama and Borisy, 1981; Kochansky and Borisy, 1990).  The fidelity of 

this process ensures that the mother centriole is at least one cell cycle older than the 

daughter centriole. 

Centriolar maturation typically requires two or more generations and includes both 

the sequential acquisition of distinct structural components and a change in the cellular 

positioning of the organelle (for reviews see Beech et al., 1991; Hinchcliffe and Sluder, 

2001; Merald and Nigg, 2002).  In a typical mammalian cell that assembles a single 

primary cilium, the terms mature and ciliated are synonymous because the daughter 

centriole forms and assembles a cilium over two cell cycles.  In contrast, the centrioles of 

the biflagellate alga Chlamydomonas form and fully mature over four cell cycles, despite 

becoming competent to assemble a flagellum after the second cell cycle (Piasecki et al., 

2008).  Uniflagellar mutants isolated in this species have revealed maturation defects that 

preferentially affect the capacity of the younger centriole to assemble a flagellum (Huang 

et al., 1982; Dutcher and Trabuco, 1998; Piasecki et al., 2008).  In these cells, acquisition 

of the ability to form a flagellum is part of the maturation process, but completion of the 

pathway requires an additional cell cycle during which the mature centriole assumes a 

final stereotypical position with respect to the eyespot (Holmes and Dutcher, 1989).     
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In certain specialized cells of both animals and plants, centrioles undergo a rapid 

replication and maturation giving rise to multiciliated cells in a single generation.  For 

example, mucociliary transport is facilitated by up to several hundred cilia nucleated 

from a single cell in the lining of the mammalian oviduct (Anderson, 1972 and 1974; 

Dirksen and Satir, 1972).  Approximately 1000 centrioles arise by de novo synthesis in 

the developing blepheroplast of Ginkgo biloba sperm (Vaughn and Renzaglia, 2006).  

The multiciliated G. biloba sperm cells facilitate motility for fertilization.  In many cells 

that contain supernumerary cilia the uniform alignment of the centrioles by the centriolar 

apparatus facilitates a coordination of waveform and uniform direction of ciliary beat 

(Sanderson and Sleigh, 1981; Hard and Rieder, 1983).   

 

Pericentriolar material components are required for ciliogenesis 

The PCM consists of amorphous or discrete components surrounding both 

immature and mature centrioles, but the PCM of mature centrioles contains distinct 

appendages that are not present on immature centrioles (for review see Doxsey, 2001).  

Detailed ultrastructural analyses of ciliated cells amongst various species have shown that 

some of these appendages are apparently omnipresent in organisms that contain ciliated 

centrioles or that maintain the potential to form cilia (Gibbons and Grimstone, 1960; 

Anderson, 1972; Cavalier-Smith, 1974; Albrecht-Buehler and Bushnell, 1980; Vorobjev 

and Chentsov, 1980; Geimer and Melkonian, 2004; O’toole et al., 2003; Paintrand et al., 

1992).  Etymological differences within these studies, even amongst the same or similar 

organisms, may have concealed significant evolutionary relationships.  The most current 

mammalian nomenclature will be used in all figures.   

 

Distal appendages / transitional fibers 

From the distal end of centriolar triplet microtubules, nine fibers extend outwards 

and upwards like propellers, docking this organelle with the plasma or ciliary membrane 

(Anderson, 1972).  The ultrastructural similarity of these fibers from the mammalian 

‘distal appendages’ (Anderson et al., 1972; Albrecht-Buehler and Bushnell, 1980; 
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Paintrand et al., 1992) to the protozoan ‘transitional fibers’ (Gibbons and Grimstone, 

1960; Weiss et al., 1977) is striking.  An elegant freeze fracture study in Chlamydomonas 

demonstrated that the transitional fibers attach to the membrane at nine distinct points, 

corresponding to a single attachment point per triplet extension (Figs. 2 and 3; Weiss et 

al., 1977).  The resulting pattern of membrane contacts was termed the “ciliary bracelet” 

(Weiss et al., 1977).   

One morphological observation with potentially profound functional implications 

is that the position where distal appendages and transitional fibers attach to the centriole 

demarcates the region where the triplet microtubules of the centriole transition into 

doublet microtubules found in the cilium (for examples see Albrecht-Buehler and 

Bushnell, 1980; Vorobjev et al., 1980; Paintrand et al., 1992; Geimer and Melkonian; 

2004).  Because IFT motor proteins are catalytic solely on B-tubules (Kozminski et al., 

1993), it is likely that the discontinuation of the C-tubule is required for access to the B-

tubule by the IFT machinery.  The uni1 and uni2 mutants in Chlamydomonas both 

contain defects in the ability to transition triplet to doublet microtubules (Piasecki and 

Silflow, Chapter 3).  Serial section ultrastructural analysis through the distal end of basal 

bodies in these mutants has correlated the failure to transition microtubules with the 

failure to form cilia (Piasecki and Silflow, Chapter 3).  The Uni2 protein localizes to the 

distal end of basal bodies in Chlamydomonas at precisely the point of triplet to doublet 

microtubule transition, consistent with the function of this protein in microtubule 

transition.  Orthologs of the UNI2 gene may exist in other ciliated organisms (Piasecki 

and Silflow, Chapter 3; Piasecki et al., 2008), suggesting that the microtubule transition 

pathway may be conserved in evolution.        

The subcellular localization of many IFT proteins and other components required 

for ciliogenesis strongly suggests that the distal appendages and surrounding components 

constitute a regulatory “pore” for IFT-mediated ciliogenesis (Rosenbaum and Witman, 

2002).  It has previously been proposed that the distal appendages demarcate the docking 

site for IFT particles (Deane et al., 2001).  This supposition was based on observations, 

using both immunofluorescence and immunogold microscopy, that the IFT complex B 

protein IFT52 primarily localized to or around the transitional fibers in Chlamydomonas 
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(Deane et al., 2001).  Biochemcial and histochemical analyses have demonstrated that 

lower amounts of the IFT52 protein are also found in the cilium.  Mutants of IFT52, 

including the bld1 mutation in C. reinhardtii and osm-6 mutation in Caenorhabditis 

elegans, are unable to assemble cilia (Brazelton et al., 2001; Collet et al., 1998).  All IFT 

motor proteins and almost all other IFT particles and their cargo that have been 

characterized using fluorescence microscopy in protozoan and metazoan cells have 

demonstrated a similar intense peribasal body and less intense ciliary pattern of 

localization (for example see Cole et al., 1998; Pazour et al., 1999, Snow et al., 2004; Li 

et al., 2008).  Both the IFT kinesin II motor protein Fla10 and IFT particle component 

IFT172 also have been characterized using immunogold labeling, and shown to localize 

primarily around the distal ends of basal bodies (Cole et al., 1998).      

Other proteins required for ciliogenesis localize to the distal appendages but are 

not found additionally in the cilium.  These proteins are thought to mediate the 

modification and/or loading/unloading of IFT-mediated ciliary components.  For 

example, the mammalian protein Cep164 resides at or around distal appendages and an 

RNAi depletion of its transcript results in a high proportion of cells unable to assemble 

cilia (Graser et al., 2007).  Stephan et al. (2007) demonstrated that the tubulin cofactor C 

domain-containing protein (TBCC) TbRP2 localizes to the transitional fibers in 

Trypanosoma brucei.  An RNAi depletion of its transcript caused an abnormal 

arrangement of ciliary microtubules.  The mammalian TBCC homolog XRP2 has been 

implicated in retinitis pigmentosa, a heritable cause of blindness, but the localization of 

the mammalian form may be to the plasma membrane (Chapple et al., 2002).  The 

mammalian outer dense fiber protein 2 (ODF2/connexin) localizes to both subdistal and 

distal appendages (Nakagawa et al., 2001).  A knockout of Odf2/connexin in mice results 

in the failure to assemble subdistal appendages, distal appendages, and primary cilia 

(Ishikawa et al., 2005).  Connexin is a fiber-forming protein that is closely associated 

with microtubules, but a direct interaction between the two proteins has yet to be 

demonstrated (Donkor et al., 2004). 

These data collectively suggest that a pool consisting of both ciliary proteins and 

regulatory components is found at the distal end of the centriole.  Modifications of the 
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ciliary proteins by the ciliary regulatory components might facilitate the selection and 

loading/unloading of components involved in or transported by IFT.  Thus, the distal 

appendages are likely part of the “[ciliary] pore complex” (Rosenbaum and Witman, 

2002), which mediates IFT loading and unloading in most ciliated cells. 

In addition to providing a scaffold for IFT components, the distal appendage 

attachments to the membrane may be functionally significant. At the beginning stages of 

ciliogenesis in mammalian cultured cells the distal appendages of the centriole are not 

fused to the plasma membrane.  Instead, the centriole and associated structures remain 

undocked in the cytoplasm.  Prior to docking and the procession of ciliogenesis, a small 

membrane “islet” (vesicle) forms the primordial ciliary membrane (Sorokin, 1968; Alieva 

and Vorobjev, 2004; Pedersen et al., 2008).  Only after an extension of the ciliary 

membrane and ciliary doublet microtubules does the complete ciliary “islet” dock with 

the plasma membrane, allowing extension of the axoneme and ciliary membrane to 

proceed (Alieva and Vorobjev, 2004).  Because the intracellulary formed islet is separate 

from the plasma membrane at the time of its inception, it is likely that attachment of 

distal appendages to the forming ciliary membrane is a prerequisite for docking the 

centriole to the plasma membrane.  Thus, the sites of distal appendage attachments (the 

ciliary bracelet) may demarcate the beginning of the ciliary membrane, which may 

remain functionally separate from the plasma membrane even after the two have fused.  

This may be of biological significance because the ciliary membrane contains a distinctly 

different composition of proteins than does the plasma membrane (Bloodgood, 1990).   

 

The ciliary membrane and the ciliary necklace 

A growing body of evidence has demonstrated that IFT-mediated ciliary signaling 

and transport is facilitated by the ciliary membrane (Handel et al, 1999; Pazour et al., 

2002; Wang et al., 2006).  For example, cilia are responsible for the continuous turnover 

of up to 2,000 photopigment molecules per min in the outer segment of retinal rod cells 

(Horst et al., 1990) through an IFT-mediated process (Pazour et al., 2002).  Recently, 

several genes that were each previously implicated in the human genetic disorder Bardet-
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Biedl syndrome were shown to form a stable complex, termed the “BBSome” that is 

involved in vesicular trafficking (Nachury et al., 2007).  Bardet-Biedl syndrome is a 

pleiotropic genetic disorder characterized by renal abnormalities, polydactyly, obesity, 

and genitourinary tract malformations (for reviews see Beales, 2005; Blacquie and 

Leroux, 2006).  Targeting of the BBsome to the ciliary membrane is facilitated by a Rab8 

guanine nucleotide exchange factor, which is localized both to the centriole and the 

cilium (Nachury et al., 2007).       

A direct link between IFT and membrane localized proteins has been established 

through the localization and expression pattern of the IFT20 protein.  This IFT complex 

B component originates from the Golgi complex and is transported to the base of the 

centriole where it subsequently functions in IFT-mediated ciliary transport (Follit et al., 

2006).  Strong knockdown of IFT20 levels in mice resulted in the perturbation of 

ciliogensis; whereas weaker knockdowns allowed ciliogenesis but resulted in reduced 

expression of the ciliary membrane protein PKD2 (Follit et al., 2006).  The PKD2 protein 

contains six transmembrane domains, localizes to kidney renal cilia, and is one of several 

proteins implicated in the pathology of polycystic kidney disease (Pazour et al., 2002; 

Yoder et al., 2002).  While these data provide a direct link between IFT and ciliary 

membrane components, the mechanisms regulating these processes are yet to be 

determined.  

A morphological feature that may provide a connection between IFT and the 

ciliary membrane is found immediately distal to the site of triplet to doublet microtubule 

transition between the centriole and cilium.  Direct structural links between doublet 

microtubules of the axoneme and the ciliary membrane are found in this region.  These 

links, which have been termed the “ciliary necklace” (Gilula and Satir, 1972), form 

between the outer wall of all nine outer doublet microtubules and the ciliary membrane 

(for review see Dentler, 1981).  A 210 kDa protein was identified in the alga 

Spermatozopsis similis that localizes to this region, but no direct mammalian ortholog is 

apparent (Lechtreck et al., 1999).  While little is known about the specific composition or 

function of the ciliary necklace, ultrastructural analysis has shown an increased number 

of links occurs in the ciliary necklace of retinal rod cells (Rohlich, 1975).  Thus, there is a 
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correlation between the length of the ciliary necklace and the relative abundance of 

membrane transported proteins.  Formation of ciliary necklace links does not require the 

transition from triplet to doublet microtubules, as demonstrated in mutants of 

Chlamydomonas which retain these links in triplet microtubules that have failed to 

transition to doublet microtubules (Piasecki and Silflow, Chapter 3).   

Dentler (1981) first proposed that the ciliary necklace might facilitate the 

“selection of proteins and lipids which pass from the cell body into the cilium”.  Both the 

distal appendages and the ciliary necklace may be part of the ciliary pore complex.  

Together they may mediate the docking and undocking of axonemal and ciliary 

membrane components involved in intraflagellar transport.  Future work may 

demonstrate a functional association between the membrane attachment of distal 

appendages (the ciliary bracelet) and the ciliary necklace.  

 

Model of IFT loading and unloading  

A potential model for the loading and unloading of IFT components at the distal 

end of the cilium may include 1) the transport of membrane vesicles from the Golgi 

complex to the distal appendages; 2) the synthesis of nonmembrane proteins in the 

vicinity of the centriole; 3) convergence of membrane-bound and nonmembrane-bound 

proteins at or along the distal appendages; 4) the modification of some of these 

components prior to their loading or following their unloading for recycling; 5) the 

selection of nonmembrane proteins for IFT occurs at or around the distal appendages; 6) 

the selection of membrane-bound proteins for IFT involves transport through the ciliary 

bracelet and the ciliary necklace.  

 

IFT and the cell cycle 

Distal appendages are unique components of the PCM as they persist during the 

mitotic cycle when cells typically have resorbed their cilia (Vorobjev and Chentsov, 

1982; Gaffal, 1988).  This is distinctly different from other PCM components, such as 

subdistal appendages, which are not retained during the cell cycle (Piel et al., 2000; 
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Guarguaglini et al., 2005).  In congruence with morphological analyses, the distal 

appendage localized proteins IFT52 and Cep164 both colocalize with centrioles during 

the mitotic cycle (Deane et al., 2001; Graser et al., 2007).  Additionally several other IFT 

proteins, including IFT20, IFT27, and IFT88/Polaris, all of which demonstrate the typical 

interphase IFT pattern of fluorescence localization, have been shown to colocalize with 

centrioles during mitosis (Folit et al., 2006; Qin et al., 2007; Robert et al., 2007).  This 

raises the interesting possibility that in addition to their role in ciliogensis, IFT proteins 

may be bone fide components of the centrosome and contribute to cell cycle 

control/regulation.   

Recent data have emerged to support this notion.  Over-expression of the 

IFT88/Polaris protein prevents G1/S transition, while a reduction in the level of the 

IFT88/Polaris protein promotes cell cycle progression (Robert et al., 2007).  The 

IFT88/Polaris protein contains numerous tetratricopeptide repeats, and is conserved in 

algae, worms, and mammals (Pazour et al., 2000; Haycraft et al., 2001).  Defects in 

IFT88 result in polycystic kidney disease and retinal degeneration in mice (Pazour et al., 

2000; Pazour et al., 2002).    Knockdowns of the small Rab-like G protein IFT27 result in 

ciliary assembly defects, cell cycle length progression, cytokinesis defects, and lethality 

(Qin et al., 2007).  Orthologs of the IFT27 protein exist in mammalian genomes where 

their function has yet to be examined (Qin et al., 2007). These data show that some 

intraflagellar transport components localized to non-ciliated mature centrioles may play 

dual roles in both ciliogenesis and cell cycle progression.   

One caveat exists to the implications of IFT proteins to the cell cycle.  Several 

exhaustive ultrastructural studies in certain non-ciliated cell culture lines, including 

epithelioid Chinese hamster kidney cells and L-fibroblasts, have never found distal 

appendages or the transition from triplet to doublet microtubules which typically occur in 

this region (Vorobjev and Chentsov, 1980; Alieva and Vorobjev, 2004).  While it is 

possible that these cell lines are atypical and/or particularly sensitive to traditional 

electron microscopy fixation conditions, these observations raise the interesting 

possibility that centrioles in some mammalian cells may not possess distal appendages or 

the associated IFT proteins specific to these structures and yet divide normally.  Even if 
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these observations are atypical, the cell lines used in these studies might be particularly 

useful for histological, biochemical, and/or molecular comparisons.   

 

Conclusion 

 A growing body of evidence implicates the centriole as the ‘gatekeeper’ of IFT, 

whereby components tightly associated with the centriole form the ciliary pore complex 

that mediates the ciliogenesis and ciliary signaling processes.  While the link between 

ciliary pore components and IFT is becoming increasingly evident, specific details are yet 

to be determined.  For instance, the targeting of vesicular components from the Golgi 

complex to the centriole is just beginning to be understood (Follit et al., 2006; Nachury et 

al., 2007).   The specific mechanisms utilized for IFT loading at or around the distal 

appendages remain uncharacterized and additional modification processes likely occur in 

this region.  A better understanding of how triplet microtubules transition into doublets 

between the centriole and cilium may reveal details about the IFT loading process 

(Piasecki and Silflow, Chapter 3).  While several studies directly implicate some IFT 

components in cell cycle control and progression (Qin et al., 2007; Roberts et al., 2007), 

the functional details of IFT proteins during the cell cycle needs to be further 

characterized.  These exciting avenues of research will likely have broad implications in 

our understanding of the developmental dynamics and regulation of many processes 

linked to cilia.   
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CHAPTER 2                                                                                     

The Uni2 Phosphoprotein is a Cell Cycle-regulated 
Component of the Basal Body Maturation Pathway in 

Chlamydomonas reinhardtii2 
 

 

 

 

  

 
2  The contents of this chapter have been published previously   
© 2007 by The American Society for Cell Biology 
Piasecki, B.P., M. LaVoie, L.W. Tam, P.A. Lefebvre,  and C.D. Silflow. 2008. The Uni2 phosphoprotein is a 
cell cycle‐regulated component of the basal body maturation pathway in  Chlamydomonas reinhardtii.  
Mol.Biol.Cell. 19:262‐273. http://www.molbiolcell.org/cgi/content/full/19/1/262 
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Abstract 

Mutations in the UNI2 locus in Chlamydomonas reinhardtii result in a 

“uniflagellar” phenotype in which flagellar assembly occurs preferentially from the older 

basal body and ultrastructural defects reside in the transition zones.  The UNI2 gene 

encodes a protein of 134 kD that shares 20.5% homology with a human protein.  

Immunofluorescence microscopy localized the protein on both basal bodies and probasal 

bodies.  The protein is present as at least two molecular-weight variants that can be 

converted to a single form with phosphatase treatment.  Synthesis of Uni2 protein is 

induced during cell division cycles; accumulation of the phosphorylated form coincides 

with assembly of transition zones and flagella at the end of the division cycle.  Using the 

Uni2 protein as a cell-cycle marker of basal bodies, we observed migration of basal 

bodies prior to flagellar resorption in some cells, indicating that flagellar resorption is not 

required for mitotic progression.   We observed the sequential assembly of new probasal 

bodies beginning at prophase.  The uni2 mutants may be defective in the pathways 

leading to flagellar assembly and to basal body maturation. 
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Introduction    

Centrioles are evolutionarily ancient organelles, possibly extant in a common 

ancestor of all eukaryotic cells (Cavalier-Smith, 2002).  They are required for the 

organization of interphase and mitotic microtubule arrays and as basal bodies they serve 

as templates for the growth of nine doublet microtubules in axonemes of cilia and flagella 

(for review see Marshall, 2007).  While flowering plants and more derived fungi have 

reduced or eliminated centrioles and cilia, metazoans have diversified their functions in 

numerous sensory and developmental processes (for reviews see Singla and Reiter, 2006; 

Dawe et al., 2007).  Several mammalian genetic disorders have been linked to defects in 

centrioles or cilia (for review see Afzelius, 2004; Pan et al., 2005).  For example, the 

proteins associated with Bardet-Biedl syndrome, a debilitating pleiotropic human 

disorder characterized by obesity, renal abnormalities, polydactyly, retinal degeneration 

and genitourinary tract malformations have been shown to localize to or around centrioles 

and cilia (for review see Beales, 2005; Blacque and Leroux, 2006).   

Centrioles in actively dividing cells show conservative replication and semi-

conservative segregation during division (for review see Dawe et al., 2007).  As a result, 

each pair of centrioles consists of an older and a younger centriole that differ in age by at 

least one cell generation.  The “mother” centriole differs both in structure and function 

from the “daughter” centriole.  For example, in the single pair of centrioles found in most 

types of mammalian cells, the mother centriole nucleates the growth of the primary 

cilium and contains proteins not present in the daughter centriole.  The daughter centriole 

becomes competent for ciliary assembly only in the ensuing cell cycle (for review see 

Bornens, 2002).   Extension of the pathway for sequential maturation of basal bodies has 

been revealed in studies of unicellular algae possessing two basal body pairs that nucleate 

assembly of two flagella that can differ in form and function (anisokont).  A basal body 

that assembles one type of flagellum in one cell cycle will transform to assemble a 

different flagellum in the following cell cycle, thus prolonging its maturation pathway 

(for review see Beech et al., 1991).  A “mature” basal body was defined by Beech et al. 

(1991) as one “that will not, in subsequent generations, change its interphase position in 
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the cell . . . or produce a flagellum and/or roots that differ [from] those already present on 

that basal body.” 

The unicellular green alga Chlamydomonas reinhardtii serves as a valuable genetic 

model system to better understand the molecular structure and regulation of centrioles 

(for review see Dutcher, 2003).  In interphase cells, centrioles serve as basal bodies to 

nucleate the assembly of two flagella; in dividing cells, the centrioles are positioned near 

the poles of the mitotic spindle (Coss, 1974).  Despite these important roles, centrioles 

are non-essential organelles in Chlamydomonas.  For example, bld10 mutants lack most 

of the centriolar structure but the bld10 cells are viable (Matsura et al., 2004).  Other 

mutations identify genes encoding proteins involved in assembly or positioning of basal 

bodies.  The bld2 mutation in the gene encoding ε-tubulin (Dutcher et al., 2002) and the 

uni3 mutation in the gene encoding δ-tubulin (Dutcher and Trabuco, 1998) reveal the 

roles of these tubulins in assembly of B-tubules and C-tubules in triplet microtubules of 

the basal body wall.  Mutations in the VFL1 gene encoding a basal body protein (Silflow 

et al., 2001) and in the VFL2 gene encoding centrin (Taillon et al., 1992) show the roles 

of these gene products in basal body positioning and segregation.  Genomic and 

proteomic approaches have provided information on the protein composition of the 

flagella and basal bodies (Li et al., 2004; Keller et al., 2005; Pazour et al., 2005). 

Genetic studies of basal body function in Chlamydomonas are supported by detailed 

ultrastructural characterization of the basal bodies and associated fibers (Ringo, 1967; 

Cavalier-Smith, 1974; O’Toole et al., 2003; Geimer and Melkonian, 2004).  In interphase 

Chlamydomonas cells, the basal body apparatus contains two basal bodies that nucleate 

flagellar growth and two probasal bodies without flagella (Gould, 1975).  Through a 

semi-conservative segregation during mitosis, each daughter cell receives one basal body 

and its daughter basal body, both of which will assemble a flagellum.  A marker for 

identifying the age of the basal body is provided by the eyespot, which has been shown 

by Holmes and Dutcher (1989) to reside on the same side of the cell as the younger basal 

body.  While the two flagella in Chlamydomonas appear morphologically identical 

(isokont), they differ in motility as shown by differential sensitivity to Ca++ levels 

(Kamiya and Witman, 1984).    
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Previous studies in Chlamydomonas have identified mutations that result in a high 

number of uniflagellate cells (uni1, uni2, uni3 mutations) in clonal populations. Flagellar 

assembly in each of these strains occurs preferentially from the older basal body, 

positioned trans to the eyespot (Huang et al, 1982; Dutcher and Trabuco, 1998).  

Therefore, uniflagellar mutants in Chlamydomonas provide a genetic means of studying 

pathways to flagellar assembly and basal body maturation. 

In this study we characterize the protein encoded by the Chlamydomonas UNI2 gene. 

Two mutant alleles result in ultrastructural defects in the transition zone (TZ), a structure 

positioned just distal to the region where the triplet microtubules of the basal body 

convert into doublet microtubules of the axoneme microtubules.  Using a strain rescued 

with a gene construct encoding an HA-epitope tagged protein, we determined the Uni2 

protein is post-translationally modified by phosphorylation and is up-regulated in 

dividing cells.  Due to its association with basal bodies and probasal bodies, the Uni2 

protein provides a marker for examining the migration of basal bodies and the 

development of probasal bodies during the cell cycle. 
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Materials and Methods 

Strains and culture conditions 

Mutants 12A10 (uni2-2) and 31E3 (uni2-3) were obtained from a visual screen for 

motility mutants among transformed cells expressing the NIT1 selectable marker gene 

(Tam and Lefebvre, 1993).  The mutants were back-crossed to WT strains L5 and L8 

(Tam and Lefebvre, 1993) and to WT strains CC-124 and CC-125 from the 

Chlamydomonas Resource Center, University of Minnesota. Strains with the uni2-2 and 

uni2-3 mutations were deposited to the Center as numbers CC-4161 and CC-4162 

respectively.  Phenotypically rescued strain UNI2-3-HA (CC-4163) expresses a Uni2 

protein tagged with the HA-epitope (see below).  Cultures were grown axenically in 

minimal medium I (Sager and Granick, 1953) or tris-acetate-phosphate (TAP) medium 

(Gorman and Levine, 1965), each supplemented with 0.005% arginine as required.  

Cultures were maintained at 24o C by bubbling continuously with filtered air and 

illuminated by fluorescent white light at approximately 60 μmol photons/m2/s1.  For 

experiments with cells in G1 phase, cultures were grown on a 14:10 hr light:dark cycle.  

For experiments with dividing cells, cultures were synchronized on a 12:12 hr light:dark 

cycle in TAP medium at 24o C for at least 5 days, maintaining the cell density between 

105 and 106 cells/ml by serial dilution as required.  For long-term culture storage and 

mating, cultures were maintained on solid agar medium. Tetrad analysis was performed 

at 24o C using standard techniques (Levine and Ebersold 1960). Diploid strains were 

constructed using the arg2 and arg7 mutations as described by James et al., 1988. 

 

Quantitation of flagellar number, percent division and cis-trans eyespot analysis 

For conducting flagellar counts or scoring the percent of cells in division, cells were fixed 

in culture medium containing 2% glutaraldehyde.  A Leica compound microscope 

equipped with DIC optics was used to count the number of flagella per cell or to score for 

cell division.  Cells were prepared for cis-trans analysis of the eyespot using a rapid 

fixation method as described in Mitchell (2003).  For visualizing the eyespot, microscope 

settings were altered such that the DIC analyzer was used with the brightfield condenser.  
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This combination enhanced the combined view of flagella and eyespot.  Deflagellation 

was induced using pH shock as described by Lefebvre et al. (1978).   

 

Cloning and tagging the UNI2 gene 

The 12A10 and 31E3 strains were obtained from an insertional mutagenesis 

screen using plasmid pMN24 containing the NIT1 gene as a selectable marker (Tam and 

Lefebvre, 1993).  Genomic DNA blot analysis with the 12A10 strain showed that one 

complete and one partial copy of the plasmid integrated in tandem into the genome, 

causing at least a 10 kb deletion at one of the integration junctions.  A size-specific 

partial genomic library was constructed and the genomic fragment adjacent to one 

integration junction was cloned.  When used as a hybridization probe on a blot of DNA 

from WT and mutant strains, the junction fragment identified restriction fragment 

polymorphisms in DNA from strains 12A10 and 31E3.  The junction fragment was used 

to screen a lambda phage library of WT Chlamydomonas DNA to obtain nine 

overlapping clones covering a region of 29 kb.  A 9.7 kb Sal I fragment of genomic DNA 

containing the UNI2 gene was cloned into the plasmid vector pBlueScript II KS- 

(Stratagene, La Jolla, CA) to obtain the plasmid pML9.7.  The DNA was sequenced on 

both strands and the DNA sequences were assembled using Genetics Computer Group 

software (Devereux et al., 1984).  Because no EST support for the gene was available, 

cDNA sequences were identified by using reverse transcriptase PCR amplification of 

UNI2 RNA as described by Silflow et al., 2001. The 5’ end of the RNA transcript extends 

at least 272 bp upstream of the putative start codon.  A putative polyadenylation signal 

(TGTAA) for Chlamydomonas (Silflow et al., 1985) is located 207 bp downstream of the 

TAG stop codon.   The UNI2 gene sequence is available at GenBank under the accession 

number EF675992.  The pML9.7 plasmid was modified by inserting a sequence encoding 

three copies of the HA-epitope (Silflow et al., 2001) into a BamH I site located 13 codons 

upstream of the stop codon to create the pML9.7-3xHA plasmid.  Isolation of nucleic 

acids from Chlamydomonas and RNA blotting were carried out as described by Silflow et 

al. (2001).   Phenotypic rescue of the mutant strains was accomplished using the glass 
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bead transformation with the pARG7.8 plasmid (Debuchy et al., 1989) together with 

lambda phage or linearized plasmid DNA as described by Silflow et al. (2001).  Both 

pML9.7 and pML9.7-3xHA plasmids were linearized with Sal I.  

 

Immunoblotting and densitometry 

Immunoblotting was performed as described by Silflow et al. (2001). Protein extracts 

from approximately 3 X 106 cells were loaded per lane on SDS-PAGE minigels.  The 

HA-tagged protein was detected with a rat anti-HA (3F10) high-affinity antibody (Roche 

Molecular Biochemical, Indianapolis, IN) at a 1:1200 dilution. The primary antibody was 

detected using a secondary goat anti-rat IgG-POD (Sigma Aldrich, St. Louis, MO) at a 

1:10,000 dilution.   For loading control a mouse anti β-tubulin (2-10-B6) monoclonal 

antibody (a gift from Dr. G. Piperno, Mount Sinai School of Medicine, New York, NY) 

was used at a 1:300 dilution.  To detect the primary antibody, a goat anti-mouse IgG-

POD (Sigma Aldrich) was used at 1:25,000 dilution. Densitometry of the scanned HA-

tagged protein blot was performed using Image J by measuring the integrated density of a 

whole gel band and subtracting out the background blot intensity.  

 

Protein dephosphorylation 

A strain expressing the HA-tagged Uni2 protein was concentrated to 5 x 107 cells/ml and 

suspended in 100 μl of 1X CIP buffer (Roche Molecular Biochemical, 1 097 075), 3X 

protease inhibitors (Sigma Aldrich, P8340) and 10% SDS (Sigma Aldrich).  The lysate 

was incubated at 37oC for 5 min and diluted by the addition of 300 μl of 1X CIP buffer 

and 1X protease inhibitors.  The lysate was aliquoted into four tubes.  The first tube 

received 15 μl 1X CIP buffer.  The second tube received 10 μl CIP inhibitors (50 mM 

NaF, 25 mM β–glycerol phosphate and 100 μM sodium orthovanadate) and 5 μl of 1X 

CIP buffer.  The third tube received 10 μl CIP inhibitors, 4 μl (80 U) CIP and 1 μl of 1X 

CIP buffer.  The fourth tube received 11 μl CIP buffer and 4 μl (80 U) CIP.  All tubes 

were incubated at 37oC for 30 min.  An equal volume of SDS sample buffer was added 

and the samples were boiled.    
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Indirect immunofluorescence labeling 

Indirect immunofluorescence in whole-cells and NFAps was conducted as 

described by Silflow et al. (2001) based on methods described in Sanders and Salisbury 

(1995) and Wright et al. (1985) with the following modifications. The rat anti-HA (3F10) 

high-affinity antibody (Roche Molecular Biochemical) was used at a 1:200 dilution and 

detected using a 488-conjugated goat anti-rat secondary antibody (Sigma Aldrich) at a 

1:400 dilution.  Tubulin was detected using a Chlamydomonas specific rabbit anti- α-

tubulin antibody (Silflow and Rosenbaum, 1981) at a 1:1000 dilution and detected using 

a Texas red (TR)-conjugated goat anti-rabbit secondary antibody at a 1:400 dilution (ICN 

Pharmaceuticals, Inc. Aurora, OH). The rabbit anti-centrin (MC1) antibody (a gift from 

Dr. J.L. Salisbury, Mayo Clinic, Rochester, MN) was used at a 1:200 dilution and 

detected using a TR-conjugated rat anti-rabbit secondary antibody at a 1:400 dilution 

(ICN Pharmaceuticals).  DNA was stained with DAPI at 0.05 mg/ml during incubation 

with secondary antibodies.   

Preparations were viewed using a Nikon Eclipse E800 photomicroscope equipped 

with DIC and fluorescence optics including a 100 W mercury lamp epi-fluorescence 

illumination with UV (excitation filter 330-380 nm, barrier 420 nm), blue (excitation 

filter 470-490 nm, barrier 520-580 nm) and green (excitation filter 510-560 nm, barrier 

570-620 nm) filter sets.  The samples were viewed using a 60X, 1.40 n.a. plan apo lens 

with a 1.5X optivar.  16-bit digital images were collected using a Roper CoolSnap HQ 

monochrome camera and captured to a Pentium IV 2.6 GHz personal computer using 

Image Pro Plus AMS version 5.1 software (Media Cybernetics, Silver Springs, MD 

20910).  Z-motor movements, filters and shutters were managed using a Ludl MAC 3000 

controller (Ludl Electronic Products Ltd., Hawthorne, NY) interfaced to the ImagePro 

software.   

Digital images were obtained and image stacks collected from each individual 

illumination wavelength were deconvoluted using a Huygens Maximum Likelihood 
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estimation algorithm in batch on computers at the Minnesota Supercomputing Institute 

(University of Minnesota).  Using Image J (U.S. National Institutes of Health, Bethesda 

MD), the brightness and contrast from the image stacks at each individual wavelength 

was adjusted and color channels were assigned as the images were combined.  The focal 

planes containing the desired cellular features were projected using maximum intensity in 

the Z-dimension.  The projected images from each wavelength and the combined images 

were then imported into Adobe Photoshop (Adobe Systems Incorporated, San Jose, CA) 

and combined into a single panel.  Individual RGB channel levels were adjusted and 

scale bars were added.  Basal body regions were enlarged for cut-out panels by enlarging 

the selected region four times using bicubic smoother.  Images were moved into Adobe 

Illustrator (Adobe Systems Incorporated) for labeling and sizing adjustments. 

 

Ultrastructural analysis 

Cells in G1 phase of the cell cycle were prepared for EM according to Porter et al. 

(1999).  Ultra-thin sections were cut and stained with 1% uranyl acetate in 50% methanol 

for 20 min at room temperature followed by staining with lead citrate for 5 min.  Sections 

were examined using a transmission electron microscope (CM-12; Phillips) at 60 kV. 

 Pre-embedding immunogold electron microscopy of NFAps was performed as 

described by Silflow et al. (2001).  Ultra-thin sections were imaged at (60,000X) using a 

TEM (CM-12; Philips) at 60 kV.  The gold particles were quantified on the entire image 

of 21 negatives, each containing a sectioned NFAp. 
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Results  

New uni-flagellar (uni) mutant strains identify a novel gene 

Two independent mutant strains with a uniflagellar phenotype were obtained in an 

insertional mutagenesis screen (Tam and Lefebvre, 1993).  Characterization of strains 

12A10 and 31E3 showed that most of the cells in a population are aflagellate (>50%), a 

high percentage of cells assemble a single flagellum (>35%), and only a few cells 

assemble two (6-7%) or more (<1%) flagella (Table I).  The motility phenotypes of the 

mutant strains co-segregated with the selectable marker gene on the plasmid used for 

insertional mutagenesis, suggesting that the defects were caused by plasmid DNA 

insertion (Tam and Lefebvre, 1993; unpublished data).  

Mutant strains 12A10 and 31E3 had disruptions in the same region of the genome.  

Blotting experiments using a probe to a genomic DNA fragment flanking the plasmid 

insertion in strain 12A10 showed that the DNA from both strains had restriction fragment 

polymorphisms when compared to wild-type (WT) DNA.   The probe was used to screen 

a lambda phage library to obtain WT DNA clones from the genomic region (Fig. 4A). To 

identify the smallest genomic region required for rescue of the mutant phenotype, cloned 

WT DNA fragments were transformed into 31E3 mutant cells.  The mutation in this 

strain was shown to be recessive to WT in heterozygous diploid strains (unpublished 

data).  Some DNA fragments were able to rescue the uniflagellar phenotype to produce 

WT swimming cells (Fig. 4 and Table I).   Interestingly, the same clones conferred only a 

partial rescue of the phenotype of strain 12A10, with 80% of transformed cells becoming 

biflagellate.  The smallest genomic DNA fragment able to rescue the phenotype of 31E3 

cells was a 9.7 kb subclone. It was mapped to Linkage Group IX within 3 cM of the 

PF16 locus (Kathir et al., 2003).  This map location and the mutant phenotype were in 

common with the uni2-1 mutation described by Dutcher and Trabuco (1998). We 

designated the mutant alleles in the 12A10 and 31E3 strains as uni2-2 and uni2-3, 

respectively.  

Using reverse transcriptase PCR, we determined that the UNI2 gene consists of 

twelve exons (Fig. 4B) that when spliced together result in one large open reading frame 



26 
 

of 1331 codons.  Lesions in the two uni2 alleles were examined using DNA blotting and 

sequencing.  The uni2-2 allele contains one complete and one partial copy of the NIT1 

selectable marker gene and at least a 10 kb deletion at one of the integration junctions.  

DNA sequencing of the cloned junction fragment revealed that the uni2-2 mutation 

results in a fusion gene containing the first four exons of the UNI2 gene fused to the NIT1 

transcript lacking its first exon.  The putative fusion protein might account for the 

inability to obtain full rescue of the phenotype for the uni2-2 strain.  DNA blot 

experiments showed that the uni2-3 allele consists of a deletion overlapping with the 

uni2-2 deletion in a region of about 6 kb, but extending in the opposite direction (Fig. 

4A). 

Expression of the UNI2 transcript was examined in RNA isolated from WT, 

mutant, and phenotypically rescued strains (Fig. 4D).  A probe containing DNA from 

exon 2 of the UNI2 gene hybridized with a 4 kb transcript in RNA from WT cells.  This 

transcript was missing in RNA from uni2-3 cells, suggesting this is a null allele, but was 

present in cells rescued with the 9.7 kb genomic fragment.  In RNA from uni2-2 cells, the 

probe hybridized to a larger transcript of about 5 kb presumably representing the 

transcript of the fusion gene.  In rescued uni2-2 cells, the probe hybridized to a transcript 

of WT length in addition to the larger transcript. 

 

The Uni2 protein has potential homologs in vertebrate genomes 

The UNI2 gene encodes a novel alanine-rich (22% overall) protein that has a 

predicted molecular mass of 134.3 kD with an isoelectric point of 6.19 (Fig. 5, A and B).  

It is predicted to contain a large central coiled-coil domain.  A human protein predicted 

from genome sequence (FLJ36090) has 20.5% homology and 38.2% similarity with the 

Uni2 protein over a 497 amino acid region (Fig. 5C).  The human protein is the smallest 

of three predicted splicing variants, each of which contains this region of homology.  

Support for this splice variant is found in an EST from testis (Ota et al., 2005).  The 

human gene is located at 5q23.2 (Venter et al., 2001). The region of homology includes 
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sequence upstream of and within the coiled-coil domain and is conserved in other 

invertebrate and vertebrate organisms including purple sea urchin, rat and chicken.  

 

Flagellar assembly in uni2 mutants 

In uni mutants previously described, flagellar assembly occurs preferentially from 

the older of the two basal bodies, located trans to the eyespot (Huang et al, 1982; Dutcher 

and Trabuco 1998).  We performed a cis-trans analysis of the flagellum relative to the 

eyespot in uniflagellate cells of the uni2-3 mutant.  The majority (91%) of the flagella 

were positioned trans to the eyespot, indicating the chronologically older basal body is 

used preferentially to nucleate flagellar growth (Fig. 6, A-C).   

To determine whether the uni2 mutation affects the kinetics of flagellar assembly, 

we compared the flagella of uni2 cells before and after deflagellation.  The distribution of 

flagellar numbers in a population of pre-deflagellated cells persists following flagellar 

excision and regeneration (Fig. 6D).  The rate of flagellar regeneration in mutant cells is 

indistinguishable from that of WT cells (Fig. 6E).  We conclude that regeneration 

probably occurs from the same basal body that was previously flagellated and that the 

uni2 mutation has no noticeable affect on the rate of flagellar assembly. 

 

Structure of the TZ is abnormal in uni2 mutants 

We examined the basal bodies and associated structures of uni2 mutant cells using 

thin-section transmission electron microscopy (TEM).  Previous analyses of uni1 cells 

showed defects in the TZ (Huang et al., 1982), whereas uni3 cells showed defects in the 

formation of triplet microtubules in basal bodies (Dutcher and Trabuco, 1998).  Cross-

sections of basal bodies and probasal bodies in uni2-2 and uni2-3 cells revealed normal 

triplet microtubules (unpublished data).  The great majority of basal bodies appeared to 

be properly “docked” with the plasma membrane at the surface of the cell and not 

misplaced within the cytoplasm.  Rare longitudinal sections including both basal bodies 

as seen for a WT cell (Fig. 7A) and for a uni2-2 mutant cell (Fig. 7B) showed that fibrous 
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components of the basal body apparatus such as the distal striated fiber linking the two 

basal bodies are present in mutant cells.  

The most consistent defect we observed in uni2 mutant cells was in the TZ, a 

region just distal to the basal body proper that contains two prototypical electron-dense 

cylinders. The distal cylinder observed in a WT TZ is slightly longer than the proximal 

cylinder (Fig. 7, A and C).  In TZs from uni2-2 mutant cells the distal cylinders are 

reduced in length and/or distorted (Fig. 7, B and D).  The basal body on the left in Figure 

7B appears to assemble a flagellum, while the basal body on the right nucleates a 

flagellar stump less than one micron in length which does not project through the opening 

of the “collar” in the cell wall.  Sections from uni2-2 mutant cells showed that 94% 

(n=37) of TZs were abnormal, with defects ranging from a shortened distal cylinder (Fig. 

7D) to disrupted TZ material (Fig. 7B).  A different defect in the TZ was observed 

consistently in the uni2-3 cells where 78% (n=56) of TZs were abnormal, with defects 

ranging from an elongated distal cylinder (Fig. 7E) to disrupted and stacked TZ material 

(Fig. 7, F-H).  In favorable sections, it was possible to correlate the morphology of the TZ 

with the presence of a flagellum.  The abnormal TZs did not prevent flagellar assembly 

(Fig. 7, D-F). In other cases, a defective TZ was associated with a flagellar stub 

containing short microtubules (Fig. 7, B and G) or amorphous material (Fig. 7H).  In 

uni2-3 mutants, 21% (n=33) of defective TZs assembled a flagellum whereas 64% (n=11) 

of apparently normal TZs assembled a flagellum.  Axonemal cross-sections from uni2-2 

and uni2-3 mutants revealed a normal arrangement of outer doublet and central pair 

microtubules (data not shown). 

 

The Uni2 protein is modified by phosphorylation 

To determine the localization of the Uni2 protein in cells, an epitope-tagged 

protein was expressed in cells.  The WT UNI2 gene was modified by the addition of a 

sequence encoding three copies of the HA epitope (Silflow et al., 2001).  Transformation 

with the tagged gene construct rescued the flagellar number phenotype of the uni2-3 

mutant (Table I).  Protein extracts from WT and mutant cells rescued with the tagged or 
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untagged gene construct were analyzed by SDS-PAGE and immunoblotting.  Antibodies 

against the HA epitope identified at least two distinct molecular-weight variants in 

multiple independent transformants (Fig. 8A; top, lanes 3 and 4).  The Uni2 protein runs 

at approximately 155 kD, which is slightly larger than the 139 kD expected size of the 

epitope-tagged protein.  Protein extracts from cells that did not contain the epitope-tagged 

gene produced no signal on the immunoblot (Fig. 8A; top, lanes 1 and 2).       

Uni2 protein is present in at least two forms in whole-cell protein extracts, 

suggesting that the protein might undergo post-translational modification.  Analysis of 

Uni2 protein with NetPhos 2.0 (Blom et al., 1999) predicted numerous sites with greater 

than 95% chance of being phosphorylated including 21 serine, one threonine and one 

tyrosine residues.  To determine whether the higher molecular-weight band of the Uni2 

protein is due to phosphorylation, protein extracts from whole cells were treated with calf 

alkaline intestinal phosphatase (CIP; Fig. 8B).  The results show that Uni2 protein in 

untreated extract, in mock-treated extract with phosphatase inhibitors, or in mock-treated 

extract with phosphatase inhibitors and CIP migrates as a doublet.  In extracts incubated 

with active CIP the HA-tagged protein migrates as a single isoform, suggesting that the 

higher molecular-weight isoform is converted to the lower molecular-weight isoform by 

CIP. 

To determine whether the two Uni2 protein isoforms are located in cell bodies or 

in flagella, we analyzed the Uni2 protein from non-deflagellated cells and from cells less 

than 5 minutes after deflagellation.  No noticeable changes in the quantity or ratio of the 

two major Uni2 protein isoforms were observed (unpublished data), suggesting that the 

majority of the Uni2 protein resides proximal to the flagellar deflagellation point, which 

is at the distal end of the TZ (Sanders and Salisbury, 1989). 

 

The Uni2 protein localizes to basal bodies and probasal bodies  

The cellular localization of the Uni2 protein was examined using 

immunofluorescence microscopy.   The HA-tagged protein was doubly stained with α-

tubulin, which provides a useful whole-cell marker.  A Z-series of images from fixed and 
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labeled whole cells was collected, deconvoluted and projected to show a single image.  In 

a cluster of C. reinhardtii cells all viewed from above the flagella, α-tubulin antibodies 

stain the flagella, basal bodies and cytoplasmic microtubules (Fig. 9, A and C).  

Localization of the Uni2 protein was observed consistently at four distinct spots (green) 

at the base of the flagella (red; Fig. 9, A and B).  Nuclear DNA and chloroplastic DNA 

stained with DAPI (blue) were localized within the cell body (Fig. 9, A and D).  The 

localization of Uni2 protein coincides with the expected location of basal bodies and 

probasal bodies.  Side views of similarly stained cells sometimes showed three or four 

spots depending on the angle of observation (Fig. 9, A and C).  A control using cells 

labeled in the absence of the primary antibodies showed no significant staining 

(unpublished data).  

Because co-staining with tubulin suggested that the Uni2 protein is associated 

with basal bodies and probasal bodies, we compared the position of Uni2 protein with 

centrin.  In Chlamydomonas, centrin is a major component of the distal striated fiber, 

which connects the two flagellated basal bodies in interphase cells (Salisbury et al., 

1988).  Additional centrin-containing fibers descend from the basal bodies toward the 

nucleus ending in fimbrae that drape around the nucleus.  Nucleoflagellar apparatuses 

(NFAps) were obtained by lysis of whole cells with non-ionic detergent (Wright et al., 

1985).  A DIC image of the NFAp depicted in Figure 9H shows a successful extraction of 

cytoplasmic component.  The Uni2 protein remained associated with the NFAps during 

purification.  Staining of the Uni2 protein (green) with centrin (red) revealed two spots 

residing at the ends of the distal striated fiber in the expected location of basal bodies; 

two additional spots reside on either side of distal striated fiber in the expected location 

of probasal bodies (Fig. 9E).  The localization pattern of the Uni2 protein with centrin is 

the same as that reported previously for the basal body-specific protein Vfl1 (Silflow et 

al., 2001). 

Using pre-embedding immunogold electron microscopy in NFAps, we 

determined the Uni2 protein localizes to probasal bodies (Fig. 9, I-L).  We labeled 

NFAps from the rescued strain or a WT strain as a control using the anti-HA antibody 

followed by a secondary antibody conjugated with 12 nm gold particles.  On thin sections 
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from the tagged-strain we identified 21 images, each containing a single NFAp 

representing approximately 0.34 μm2 (18%) of a total area of 1.89 μm2.  On these images 

we found 40 gold particles, of which 95% localized on probasal body structures (Fig. 9, 

I,J,L) or in the expected location of probasal bodies (Fig. 9K).  Staining of similar 

material from a non-HA-tagged strain showed no probasal body staining (unpublished 

data).  Although immunofluorescence microscopy indicated that basal bodies also are 

stained with the anti-HA antibody, we did not detect staining with the gold-conjugated 

antibody, perhaps because it did not have access to the epitope in basal bodies. 

 

Uni2 protein expression during the cell cycle 

In addition to two flagella-bearing basal bodies, interphase C. reinhardtii cells 

also have two disc-shaped probasal bodies.  These structures lack TZs and do not 

nucleate flagellar growth.  After their elongation during prophase, the probasal bodies are 

segregated along with mother and daughter basal bodies to daughter cells as the cells 

divide (Gaffal, 1988).  The flagella and TZs are resorbed during the beginning stages of 

cell division (Cavalier-Smith, 1974).  The cells then undergo one or more rounds of 

mitotic division coordinated with cycles of basal body duplication. When mitotic 

divisions are completed, the daughter cells assemble new TZs and flagella, enabling them 

to swim out of the mother cell wall. 

To explore the possibility that the phosphorylation state of Uni2 protein might be 

altered during the basal body cycle in dividing cells, we analyzed the abundance and 

post-translational modification pattern of the Uni2 protein during the cell cycle.  A strain 

expressing the HA-tagged Uni2 protein was synchronized on a 12:12 hr light:dark cycle.  

Growth conditions included high light and carbon-rich growth medium.  Under these 

conditions cells are stimulated to undergo multiple rounds of mitotic divisions and basal 

body replication cycles during each dark period.  Cells were harvested at various time 

points after entry into the dark period.  For each time point, cells were collected, fixed, 

and scored for division using DIC microscopy.  Prior to division, cells were uniformly 

large and flagellated (Fig. 10, A and B).  Cells were considered to be in division if they 
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had visible cleavage furrows or had completed one or more rounds of division but 

remained within their mother cell wall (Fig. 10C).    At the end of the dark period, 

following two or three rounds of cell division, four or eight small daughter cells formed 

flagella and were released from the mother cell wall (Fig. 10D).  The percentage of cells 

in division was determined at time points after entry into the dark period (Fig. 10E).  For 

each time point, protein extracts from an equal volume of culture were analyzed on an 

immunoblot using the anti-HA antibody.   Both 20-s and 60-s exposures of the same 

immunoblot are shown (Fig. 10, F and G).  The total pixel intensity of both isoforms 

from the shorter exposure time (Fig. 10F) was quantified using densitometry (Fig. 10H).  

The value at each time point was compared to the value at time t=0 which was set at 1.0.  

The ratio of the lower molecular-weight isoform to the higher molecular-weight isoform 

was determined from the original densitometry data.   

The Uni2 protein is upregulated during the division cycle (Fig. 10, E-G).  The 

lower molecular-weight isoform increases in abundance more rapidly, reaching a nine-

fold increase during the first six h of the dark period.  During this time when existing 

probasal bodies elongate and new probasal bodies assemble, little increase was detected 

in the higher molecular-weight isoform.  In contrast, during the later stages of division, 

the abundance of the higher molecular-weight isoform increases to approximately six-

fold that of the original while the abundance of the lower molecular-weight isoform 

decreases, reaching a final level approximately seven-fold that of the zero time point.  

This increased abundance of the higher molecular-weight isoform coincides with the end 

of division as cells are assembling TZs and flagella.  Even higher molecular-weight 

isoforms were detected in protein samples from time points most enriched for dividing 

cells (Fig. 10G,  hour 7-8), but were not detected in G1 cells (Fig. 10G, hour 9.5).  The 

transient larger isoforms might result from additional post-translational modification. 

 

The Uni2 protein provides a marker for the basal body cycle 

Because expression of the Uni2 protein was shown to be up-regulated during 

mitosis and it appears to be a component of basal bodies, we analyzed the localization of 
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the Uni2 protein during mitosis, which is coordinated with the basal body cycle (Gaffal, 

1988).   We compared the localization of Uni2 protein with that of tubulin as the 

dynamics of microtubules during the cell cycles were characterized in detail previously 

by Doonan and Grief (1987).  Using synchronized cell cultures, we localized the HA-

tagged Uni2 protein (green) with α-tubulin (red) and DAPI (blue) in whole cells and 

collected a Z-series of images (Fig. 11).  A cell in late interphase or early prophase (Fig. 

11, A-E) has brighter nuclear staining and subtly shorter flagella than most cells in G1 

phase.  It contains a single cluster of four HA spots, typical for a G1 cell.   At late 

prophase, the nucleus is condensed and the flagella are shorter and of unequal length 

(Fig. 11, F-J).  Two clusters of HA spots have migrated away from the base of the 

flagella.  Typically, each cluster contains more than the two spots of HA staining 

expected from distribution of the four interphase spots.  For example in panels f and i, 

clusters of three or four spots were observed on both the right and left sides of the cell.  In 

other prophase cells, the number of spots per cluster varied between two and four.  By 

metaphase the condensed DNA and the mitotic spindle become visible, and the clusters 

of HA spots were observed on either side of the spindle in the expected location of basal 

bodies (Fig. 11, K-N).  Metaphase cells contained two to four spots in each cluster 

(unpublished data).  In a cell in anaphase, the chromosomes have separated, the spindle 

remains visible, and the three to four bright spots of HA staining remain associated with 

either end of the spindle (Fig. 11, O-R).  In a telophase cell, the DAPI staining in the two 

nuclear regions becomes more diffuse (Fig. 11, S and U).  The cytoplasmic microtubules 

become more visible and form the phycoplast along the cleavage furrow (Fig. 11, S, T 

and W).  The cell still retains short unequal length flagella from the mother cell (Fig. 11, 

S, T and W).  Distinct spots detected by the anti-HA antibody were observed in clusters 

of three to four (Fig. 11, S and V).  All other telophase cells observed showed clusters of 

four spots on each side of the cell when viewed from the appropriate angle (unpublished 

data).  In a cell in cytokinesis (Fig. 11, X-AB) two distinct nuclei are apparent (Fig. 11, X 

and Z).  The cleavage furrow has formed completely, and the microtubule rootlets are 

more prominent.  A cluster of four HA spots resides in each daughter cell, with each 

cluster arranged in the diamond-shaped pattern of spots observed in interphase cells (Fig. 
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11, X and AA).  Some dividing cells retained flagella throughout the first mitotic division 

(Fig. 11, A-E, F-J, and S-W).  We also observed cells in all stages of division that did not 

retain their flagella.  Because we could not distinguish between cells that have naturally 

resorbed or excised flagella and cells that have lost their flagella as a result of the fixation 

and mounting process, we were not able to quantify the frequency of flagellated cells 

during division.  However, our results raise the interesting possibility that flagella can be 

retained on dividing cells well after the time when basal bodies move away from the base 

of flagella.   
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Discussion 

The Uni2 protein provides a molecular marker that we have used to further 

elucidate the basal body cycle in Chlamydomonas.  Key to its utility as a marker is the 

observation that the epitope-tagged Uni2 protein labels basal bodies and probasal bodies, 

which co-purify with isolated NFAps.  The accumulation of the Uni2 protein in distinct 

spots at both ends of the distal striated fiber and on both sides of the fiber is identical to 

the localization observed with the basal body protein Vfl1 (Silflow et al., 2001).  

Immunogold labeling showed that the Uni2 protein is associated with probasal bodies.  It 

is not clear why we labeled only probasal bodies in these experiments.  Perhaps the 

epitopes on this low-abundance protein are masked as the probasal bodies elongate to 

basal bodies.   Further evidence that the Uni2 protein is a component of basal bodies is its 

localization at the poles of mitotic spindles (Coss, 1974; Matsuura et al., 2004).  Despite 

the ultrastructural defect in TZs in uni2 mutant cells, the mitotic migration of the Uni2 

protein to the spindle poles suggests it is not a TZ component.   Previous ultrastructural 

studies have shown that TZs remain associated with remnants of flagella during mitosis 

(Johnson and Porter, 1968) and that the TZ is resorbed along with the flagellum during 

mitosis (Cavalier-Smith, 1974). 

The localization of Uni2 protein confirmed the timing for initiation of the basal 

body development cycle in Chlamydomonas.  We found that the Uni2 protein 

accumulates in at least one new focus as early as prophase.  Ultrastructural observations 

of serial sections through dividing cells showed new probasal body formation between 

late metaphase and early anaphase (Gaffal, 1988).  Marshall et al. (2001) suggested that 

the initiation of basal body replication occurs during the S/G2 phase of the cell cycle.  

Our data show that the first appearance of Uni2 protein coincides with the assembly of 

probasal body structures during M phase, in agreement with Gaffal (1988). 

Previous reports have suggested that basal bodies in C. reinhardtii dissociate from 

attached flagella at the onset of mitosis (Johnson and Porter, 1968; Gould, 1974).   

Subsequent reports, however, have suggested that flagellar resorption is completed prior 

to mitosis (Cavalier-Smith, 1978; Gaffal, 1988).  We found that at least some cells are 

able to retain flagella throughout all mitotic stages of the first division, indicating that 
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complete flagellar resorption is not a prerequisite for basal body migration.  A similar 

observation was reported for the unicellular green alga Chlorogonium elongatum, which 

has been shown to retain fully functional flagella detached from basal bodies throughout 

mitosis (Hoops and Whitman, 1985). 

The difference in chronological age between the two basal bodies may be 

reflected in the timing of replication.  Gaffal (1988) suggested that basal body replication 

might be sequential between the two basal bodies because probasal body structures did 

not appear simultaneously alongside the two basal bodies.  Our immunolocalization 

results are consistent with this suggestion.  In earlier stages of mitosis, typically only 

three Uni2 protein spots were observed on either side of the spindle, while in later stages, 

four spots were usually distinguishable.  Furthermore, basal body replication may occur 

asymmetrically as we sometimes observed different numbers of Uni2 stained spots in the 

two daughter cells.   

The maturation pathway for basal bodies in Chlamydomonas occurs over four cell 

cycles including three mitotic events that may occur during a single cell-division period 

as depicted in Figure 12.  Alternatively, following any of the mitotic cycles depicted in 

Figure 12, a cell could exit the cell division cycle and assemble flagella.  In M phase of 

cell cycle one, the probasal bodies (3) present in the interphase cell elongate and are 

segregated with mother (1) and daughter (2) basal bodies to opposite poles of the spindle 

(Gaffal, 1988).  New probasal bodies (4) are “born” during M phase and accumulate the 

Uni2 protein.  After segregation to daughter cells, the probasal bodies (4) lie dormant 

until they elongate at prophase of cell cycle two and are segregated to daughter cells.  In 

the third cell cycle, the basal bodies (4) are in the “cis” position with respect to the 

eyespot.  During the third mitosis, the basal bodies (4) migrate to the final “trans” 

position.  Upon assembling a flagellum in the ensuing cell cycle four, they are considered 

fully “mature”.  Both cis (immature/daughter) and trans (mature/mother) basal bodies are 

capable of flagellar assembly in WT cells.  The uni2 mutations affect flagellar assembly 

from both cis and trans basal bodies.  However, the more pronounced defect in flagellar 

assembly seen for the cis basal body suggests that the UNI2 gene product also functions 

in the pathway for basal body maturation.  
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Results from analysis of Uni2 protein expression in synchronized cultures suggest 

that the post-translational modification of the Uni2 protein is correlated with cell-cycle 

progression.  A model to explain the results is that phosphorylation of the Uni2 protein 

coincides with formation of a TZ and assembly of a flagellum (Fig. 12).  This model 

predicts that Uni2 protein is first phosphorylated when a basal body assembles a TZ and 

flagellum and remains modified in all ensuing cell cycles.  In interphase cells, 

approximately equal amounts of the two isoforms represent the basal body component 

(modified) and the probasal body component (unmodified).  During early stages of the 

dark period, the lower molecular-weight isoform becomes more abundant as new basal 

body assembly is occurring in the absence of TZ assembly.  Later in the dark period 

when cells are finishing division and beginning to assemble new TZs and flagella, an 

increase in the higher molecular-weight isoform is seen.  When multiple cell cycles occur 

during one dark period (as seen in Fig. 12), the phosphorylation occurs only at the 

completion of all division cycles when all the daughter cells assemble flagella (cell cycle 

4).  As cells complete the division period, equal amounts of modified and unmodified 

Uni2 protein are again observed.  In this model, a basal body would first acquire the 

phosphorylated Uni2 isoform as a flagellated daughter basal body positioned cis to the 

eyespot.    

This pathway may involve the gradual accumulation of phosphorylation during 

successive cell cycles as the phosphorylated Uni2 isoform never appears to decrease in 

the early stages of the division cycle.  A threshold level of phosphorylation reached by 

the younger (cis) basal body in a WT cell at the end of the division cycle would permit 

flagellar assembly.  In mutant cells, the absence of the Uni2 protein results in defects in 

flagellar assembly from both cis (daughter) and trans (mother) basal bodies.   However, 

assembly from the mother basal body is less affected by the mutation, suggesting that 

additional components act in the maturation pathway.   

Phenotypes of the uni2 mutants are strikingly similar to those reported for the 

uni1 mutants (Huang et al., 1982).  Like uni2 mutants, cultures of uni1 mutants contain a 

large proportion of uniflagellate cells, in which flagellar assembly occurred from the 

older basal body.  Ultrastructural studies of uni1 mutants revealed morphological defects 
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in the TZ.  These results suggest that the UNI1 gene, which has not been characterized, 

and the UNI2 gene both function in pathways leading to basal body maturation and the 

assembly of flagella. 
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CHAPTER 3                                                                                    

The UNI1 and UNI2 genes Function in the Transition of 
Triplet to Doublet Microtubules between the Centriole and 

Cilium in  
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Abstract  

 Chlamydomonas reinhardtii cells are biflagellate, but forward genetic screens 

have identified several mutants that assemble a single flagellum, almost always from the 

older basal body.  In this study, genetic interactions among the UNI genes affected by 

these mutations were examined.  Ultrastructural analysis demonstrated enhanced 

transition zone defects in the uni1,uni2 double mutant. Serial transverse sections through 

basal bodies in uni1 and uni2 single and double mutant cells revealed a previously 

undescribed defect in the transition from triplet microtubules of the basal body to doublet 

microtubules of the axoneme, a defect correlated with failure to assemble flagella.  

Immunogold electron microscopy revealed that the Uni2 protein localizes at the distal 

end of basal bodies where the transition occurs.  Immunoblot analysis showed that 

phosphorylation of the Uni2 protein is reduced in the uni1 mutant.  These results provide 

the first mechanistic insights into the pathways mediating the assembly of nine doublet 

microtubules of the axoneme from the basal body template.   
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Introduction 

One fundamental role of the centriole in eukaryotic cells is to nucleate the growth 

of cilia, which are utilized in cell motility, fluid flow, food capture, sexual reproduction, 

and sensation.  In mammals, cilia are essential organelles that function in numerous 

sensory and developmental processes (for review see Christensen, et al., 2007).  Yet, the 

molecular mechanisms underlying the role of the centriole in ciliogenesis are largely 

unknown.  An increased knowledge of the pathways mediating ciliary formation will 

likely provide insights key to the understanding of several human genetic disorders, 

collectively known as ciliopathies, that can be attributed to defects in centrioles or cilia 

(for reviews see Afzelius, 2004 and Marshall, 2008).    

Centrioles and cilia both contain radially-arranged sets of microtubules.  A ring of 

nine triplet microtubules forms the wall of the centriole.  Each triplet typically contains a 

complete A-tubule composed of 13 protofilaments adjoined by partial B- and C-tubules, 

each of which contains 10 protofilaments and an unidentified 11th component (for review 

see Linck and Stephens, 2007).  Axonemes of cilia contain a ring of nine doublet 

microtubules, each assembling from a template provided by the A- and B-tubules of the 

centriole.  The conversion of triplet microtubules to doublet microtubules occurs 

uniformly at a distinct point at the distal end of the centriole (for example see Cavalier-

Smith, 1972; Albrecht-Buehler and Bushnell, 1980; Paintrand et al., 1992).   

 Because the genes required for the formation and function of cilia and centrioles 

are highly conserved, the unicellular green alga Chlamydomonas reinhardtii provides a 

relatively simple model system to study these organelles.  Powerful genetic approaches 

take advantage of the fact that vegetative cells are haploid and that neither cilia nor 

centrioles are essential for viability (Matsura et al., 2004).  The availability of the genome 

sequence (Merchant et al., 2007) combined with a well-characterized molecular map 

(Kathir et al., 2003) and efficient transformation methods (Kindle, 1990) add to the utility 

of this model organism.  Detailed ultrastructural analyses have provided an in-depth 

characterization of wild-type (WT) centrioles (basal bodies) and cilia (flagella; for 

examples see, Ringo, 1967; Cavalier-Smith, 1972; Geimer and Melkonian, 2004; 

O’Toole et al., 2003).  Chlamydomonas cells in interphase have two flagella-bearing 
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basal bodies that are of different chronological ages and two immature probasal bodies of 

the same age (Gould, 1975; Gaffal, 1988; Holmes and Dutcher, 1989; Piasecki et al., 

2008). 

In nature, the arrangement of nine triplet microtubules of the centriole is almost 

omnipresent in organisms that retain these organelles.  Mutant analysis in C. reinhardtii 

has revealed genes that are essential for assembly of triplet microtubules and for the nine-

fold rotational symmetry of the basal body.  For example, mutations in the gene BLD2, 

which encodes ε-tubulin, result in formation of basal bodies with only nine singlet A-

tubules (Dutcher et al., 2002).  Mutation of the gene UNI3, which encodes δ-tubulin, 

results in basal bodies with doublet rather than triplet microtubules (Dutcher and 

Trabuco, 1998).  While the ability to nucleate flagellar growth is decreased overall in 

uni3 cells, the chronologically younger of the two basal bodies is affected preferentially 

(Dutcher and Trabuco, 1998).  Mutations in the SAS6 gene, which encodes a protein of 

the cartwheel structure at the base of the basal body, result in variable numbers, from 

seven to eleven, of complete triplet microtubules that can rarely assemble flagella 

(Nakazawa et al., 2007).  The SAS6 gene was originally identified in Caenorhabditis 

elegans as an early component of centriolar assembly (Leidel et al., 1995; Delattre et al., 

2006; Pelletier et al., 2006).  Analysis of these mutant phenotypes reveals the essential 

role of the nine-fold arrangement of triplet microtubules in the basal body for the normal 

assembly of axonemal doublet microtubules.  

 Other studies in Chlamydomonas have revealed genes that affect the ability of 

basal bodies to properly assemble a transition zone (TZ), the region just distal to the point 

of triplet to doublet microtubule transition. Mutations in either the UNI1 or the UNI2 

gene do not appear to affect triplet microtubule assembly in basal bodies as was observed 

in the uni3 mutant, but rather result in aberrant and elongated TZ structures (Huang et al., 

1982; Piasecki et al., 2008).  Like uni3 mutant cells, uni1 and uni2 mutant cells 

preferentially assemble a single flagellum from the older basal body (Huang et al., 1982; 

Dutcher and Trabuco, 1998; Piasecki et al., 2008).  The UNI2 gene was shown to encode 

an alanine-rich phosphoprotein with a predicted central coiled-coil region (Piasecki et al., 

2008).    The protein localizes to both basal bodies and probasal bodies.  The UNI1 gene 
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product has not been identified.  Double-mutant combinations of uni1, uni2, and uni3 all 

produced aflagellate cells (Dutcher and Trabuco, 1998).  Enhancement of the aflagellate 

phenotype in uni1,uni2 double mutants and the similarity in the ultrastructural phenotype 

of the uni1 and uni2 mutations suggest that these genes may function in the same 

pathway.   

 To further test for genetic interactions involving UNI2, we examined the Uni2 

protein in both uni1 and uni3 mutant cells.  We show that the Uni2 protein expressed in 

uni1 cells is significantly reduced in phosphorylation, whereas it remains 

indistinguishable from WT when expressed in uni3 mutant cells. Ultrastructural analysis 

of longitudinal sections through basal bodies of uni1,uni2 double mutant cells revealed 

enhanced defects in the TZ.  In serial transverse sections from basal bodies in the almost 

completely aflagellate uni1,uni2 double mutant cells, we found that one or more of the 

triplet microtubules consistently fails to convert to a doublet microtubule at the site where 

the triplet to doublet microtubule conversion typically occurs in WT cells.  In similar 

analyses of mutant uni1 and mutant uni2 cells, we found that a subset of basal bodies 

displayed the same failure to transition triplet to doublet microtubules and that this 

structural abnormality is correlated with defective flagellar formation from the affected 

basal body.  Additionally, the HA-tagged Uni2 protein was localized at the ultrastructural 

level to the precise point where triplet to doublet microtubule transition occurs at the 

distal end of the basal body.  The results suggest that the UNI1 and UNI2 genes both 

function in the pathway controlling the microtubule transition from triplet to doublet 

microtubules. 
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Materials and Methods 

Strains, culture conditions, and fixation  

Strains of uni1-1 (CC-1926), uni2-3 (CC-4162), uni2-3::NIT1,UNI2-HA (CC-

4163), and vfl1-1 (CC-1388) were obtained from the Chlamydomonas Resource Center at 

The University of Minnesota.  The uni3-1 mutant was provided by Dr. Susan K. Dutcher 

(Washington University) and is now deposited in the Chlamydomonas Resource Center 

(CC-4179).  Cultures were typically grown axenically in minimal medium I (Sager and 

Granick, 1953).  Cultures containing the uni3-1 (CC-4179) mutation and all cultures 

grown for immunoblot analyses were grown in modified minimal medium supplemented 

with 22 µM sodium acetate.   All cultures were maintained at 24oC by bubbling 

continuously with filtered air and were illuminated by fluorescent white light at ~60 µmol 

photons/m2/s1.  Cultures were grown on a 14:10-h light:dark cycle.  For long-term culture 

storage and mating, cultures were maintained on solid agar medium.   

Tetrad analysis was performed at 24oC using standard techniques to generate 

uni1-1,uni2-3 (CC-4201), uni2-3,uni3-1 (CC-4202), and vfl1-1,uni2-3 (CC-4203) double 

mutants (Levine and Ebersold, 1960).  Phenotypic rescue of mutants with the triple HA-

tagged UNI2 gene was accomplished using glass bead transformation (Kindle, 1990) with 

the pSI103 plasmid, which confers paromomycin resistance (Sisova et al., 2001).  All 

double mutant and rescued strains were deposited in the Chlamydomonas Resource 

Center at The University of Minnesota.     

For conducting flagellar counts, cells were pelleted by centrifugation and 

suspended in 10 mM HEPES buffer (pH 7.4).  Cells were placed on an orbital shaker and 

gently agitated for one hour prior to fixation by adding an equal volume of cell culture to 

culture medium containing 4% glutaraldehyde for a final concentration of 2% 

glutaraldehyde.  A Zeiss (Thornwood, NY ) compound microscope equipped with phase 

contrast optics was used to count the number of flagella per cell.  
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Immunoblotting and densitometry 

Immunoblotting was performed as described by Silflow et al. (2001). Protein 

extracts from approximately 3 X 106 cells were loaded per lane on 7% SDS-PAGE 

minigels.  The HA-tagged protein was detected with a rat anti-HA (3F10) high-affinity 

antibody (Roche Molecular Biochemical, Indianapolis, IN) at a 1:1200 dilution. The 

primary antibody was detected using a secondary goat anti-rat IgG-POD (Sigma Aldrich, 

St. Louis, MO) at a 1:10,000 dilution.   For a loading control, a mouse anti β-tubulin (2-

10-B6) monoclonal antibody (a gift from Dr. G. Piperno, Mount Sinai School of 

Medicine, New York, NY) was used at a 1:300 dilution.  To detect the primary antibody, 

a goat anti-mouse IgG-POD (Sigma Aldrich) was used at 1:25,000 dilution. Densitometry 

of the scanned HA-tagged protein blot was performed as described in Piasecki et al., 

(2008).   

 

Indirect immunofluorescence labeling 

Indirect immunofluorescence in whole cells was conducted as described by 

Piasecki et al. (2008).  Digital images were obtained and image stacks collected from 

each individual illumination wavelength were deconvoluted using a Huygens V3.0 

Maximum Likelihood estimation algorithm in batch on computers at the Minnesota 

Supercomputing Institute (University of Minnesota).  Using Image J (U.S. National 

Institutes of Health, Bethesda MD), the brightness and contrast from the image stacks at 

each individual wavelength were adjusted and color channels were assigned as the 

images were combined.  The focal planes containing the desired cellular features were 

projected using maximum intensity in the Z-dimension.  The projected images from each 

wavelength and the combined images were then imported into Adobe Photoshop (Adobe 

Systems Incorporated, San Jose, CA) and combined into a single panel.  Individual RGB 

channel levels were adjusted and scale bars were added.  Basal body regions were 

enlarged for cut-out panels by enlarging the selected region two times using bicubic 

smoother.  Images were moved into Adobe Illustrator (Adobe Systems Incorporated) for 

labeling. 
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Ultrastructural analysis 

For phenotypic analysis, cells were prepared for EM according to Porter et al. 

(1999).  Ultra-thin sections were cut and stained with 1% uranyl acetate in 50% methanol 

for 20 min at room temperature followed by staining with lead citrate for 5 min.  Sections 

were examined using a transmission electron microscope (CM-12; Phillips) at 60 kV.   

 For post-embedment immunoelectron microscopy, cells were pelleted by 

centrifugation, suspended in 4% percent paraformaldehyde and microtubule 

fixation/stabilization buffer (pH 7.0), and fixed on ice for 30 min (Sanders and Salisbury, 

1995).  Fixed cells were rinsed three times by pelleting and suspending in 10mM HEPES 

(pH 7.0) for 15 min/step.  An ethanol dehydration series was conducted by pelleting and 

suspending cells in a gradation of (25, 50, 75, 95, and 2 X 100%) ethanol for 15 

min/series on ice.  Cells were substituted with L.R. White Medium Grade resin (Ted 

Pella Inc., Redding, CA) at 4oC following the manufacturers specifications, including the 

addition of accelerator for 4oC polymerization.  Ultra-thin sections were cut, hydrated in 

PBS and blocked for 30 min at room temperature.  Sections were labeled with rat anti-

HA (3F10, Roche Molecular Biochemical) antibodies at a 1:50 dilution in blocking 

buffer at 4oC overnight.  An unlabeled control was incubated overnight in PBS.   Sections 

were rinsed four times for five min each in PBS, and then labeled with 12nm gold-

conjugated goat-anti-RAT (112-205-143, Jackson ImmunoResearch, Balitmore, PA) 

antibodies at a 1:20 dilution for 30 min at room temp.  Sections were rinsed four times for 

five min each in PBS, and then fixed in 1% glutaraldehyde in PBS for 5 min.  The grids 

were washed five times in double distilled H2O, and then stained and observed as 

previously described. 
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Results 

Genetic interactions among uniflagellar mutants 

To characterize potential genetic interactions with the UNI2 gene, the uni2-3 

mutant was crossed with uni1-1 and uni3-1 strains to obtain double mutant strains.  From 

several tetrads from each cross, the flagellar number phenotypes of all four progeny were 

determined to identify potential double mutant progeny, which were expected to have 

sharply reduced numbers of flagella compared to the parental strains (Dutcher and 

Trabuco, 1998).   The uni2-3 and uni3-1 mutations are null alleles generated through 

insertional mutagenesis (Tam and Lefebvre, 1993; Dutcher and Trabuco, 1998; Piasecki 

et al., 2008).  Confirmation of the presence of these mutations was obtained thorough a 

PCR screen that detected the presence or absence of the UNI2 and UNI3 genes.  The 

uni1-1 mutation was generated through chemical mutagenesis (Huang et al., 1982), and 

the gene affected by this mutation has not been identified.  Within each tetrad, the two 

progeny with the uni1-1 mutation were deduced from the flagellar number phenotypes.  

The flagellar number of WT, single mutant, and double mutant strains is presented in 

Table 2.   

While WT C. reinhardtii cells are almost entirely biflagellate (>97%), populations 

of uni1-1, uni2-3, and uni3-1 mutant cells all contain a high percentage (20% - 45%) of 

uniflagellate cells, which defines the “uniflagellar” phenotype (Huang et al., 1982).  

Mutant cell populations also contain various percentages of aflagellate (48%-53%) and 

biflagellate (3-29%) cells.  In populations of the uni2-3 and uni3-1 mutant cells, a small 

percentage (< 4%) contain more than two flagella.   Flagellar number counts of the uni1-

1,uni2-3 double mutant revealed almost entirely aflagellate cells (99%), but  a few cells 

assembled one or sometimes two flagella (1%).  Double mutant uni2-3,uni3-1 cells were 

mostly aflagellate (94%), but 6% of cells were able to assemble one or two flagella.  Our 

mutant constructs confirm the report of Trabuco and Dutcher (1998) that a more 

pronounced flagellar number defect is found in both the uni1,uni2 and uni2,uni3 double 

mutant strains than in any of the single mutant strains. 
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For comparison and for use in subsequent experiments, the uni2-3 mutant was 

also crossed with the vfl1-1 mutant to generate a uni2-3,vfl1-1 double mutant.  The vfl1-1 

mutation causes basal body segregation defects that result in cells with a variable number 

of flagella (Adams et al., 1985; Silflow et al., 2001).  The Vfl1 protein is a component of 

both basal bodies and probasal bodies (Silflow et al., 2001).  Flagellar number counts of 

the vfl1-1 mutant and the uni2-3,vfl1-1 double mutant demonstrated that there is an 

overall reduction in the number of cells that contain one or more flagella in the double 

mutant strain (from 70% to 27%), but that many cells can still assemble one or more 

flagella (Table 2).   

We explored the possibility that the expression or localization of the Uni2 protein 

might be altered in the uni1-1, uni3-1, or vfl1-1 mutant cells.  A triple-HA-epitope tagged 

UNI2 gene was used previously to rescue the flagellar number phenotype of the uni2-3 

mutation, and the HA-tagged Uni2 protein was shown to be a component of basal bodies 

and probasal bodies (Piasecki et al., 2008).  For all double mutant progeny containing the 

uni2-3 mutation, we rescued the uni2-3 phenotype by transforming cells with the HA-

tagged UNI2 gene.  In each case, multiple independent transformants were shown to be 

rescued to the phenotype of the corresponding single mutant strain.  The flagellar number 

from a single transformed strain from each double mutant rescue is reported in Table 2.   

 

The Uni2 protein is phosphorylated in uni3-1 but not in uni1-1 cell lines 

 We showed previously that the HA-tagged UNI2 gene expresses a protein in at 

least two distinct molecular-weight variants, the larger one being a phosphoprotein 

(Piasecki et al., 2008).  To determine whether either of the distinct Uni2 protein isoforms 

is altered in the genetic background of the uni1-1, uni3-1, or vfl1-1 mutations, we utilized 

the mutant strains expressing the Uni2 HA-tagged protein.  Protein extracts from multiple 

transformed strains were isolated.  For comparison, extracts were prepared from an 

untransformed WT strain and from the uni2-3 mutant rescued to WT with the HA-tagged 

UNI2 gene.  All protein extracts were subjected to SDS-PAGE and immunoblot analysis 

using antibodies for the HA-epitope and for β-tubulin as a loading control (Fig. 13).  
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While no HA-tagged protein is detected in the untransformed WT control, the HA-tagged 

Uni2 protein migrates as two distinct molecular-weight variants in a uni2-3 strain rescued 

to WT.  The Uni2 protein in the uni1-1 mutant background is expressed primarily as a 

single form, corresponding to the lower molecular-weight or non-phosphorylated 

isoform.  In contrast the HA-tagged Uni2 protein in both the uni3-1 mutant and vfl1-1 

mutant backgrounds migrates as a doublet.   

To quantify the reduction in phosphorylation of the Uni2 protein in the uni1-1 

background and to determine if subtle phosphorylation differences occur in any of the 

other mutant backgrounds, the ratio of the two protein isoforms was compared using 

densitometry (Fig. 13B).  These data indicate that there is over a 13-fold decrease in the 

phosphorylated Uni2 protein isoform in the uni1-1 mutant cells as compared to WT cells.  

A much smaller reduction, approximately 1.4 fold, is observed in the higher molecular 

weight Uni2 protein isoform in the vfl1-1 mutant.  In the uni3-1 mutant cells, the pattern 

of Uni2 protein isoforms was the same as that of WT cells.  Thus, phosphorylation of the 

Uni2 protein is significantly reduced in the uni1-1 mutant and slightly reduced in the vfl1-

1 mutant.   Similar results in the expression pattern of the HA-tagged Uni2 protein in the 

uni1-1 mutant background were observed in multiple independent transformants, 

suggesting that this result is not dependent on integration of the UNI2 transgene in a 

particular context in the nuclear genome (Fig. 14).  Multiple independent transformants 

expressing the HA-tagged Uni2 protein in the uni3-1 and vfl1-1 mutant backgrounds 

produced similar gel patterns (data not shown). 

 

Localization of the Uni2 protein in uni1-1 and uni3-1 mutant cells 

To determine whether the reduction in the phosphorylated Uni2 protein isoform in 

the uni1-1 mutant background can be attributed to a mislocalization of the Uni2 protein, 

we examined the distribution of the HA-tagged Uni2 protein in the uni1-1 mutant cells 

using immunofluorescence microscopy.  In a uni2-3 mutant rescued to WT with the HA-

tagged UNI2 gene, the Uni2 protein localizes to four distinct spots corresponding to basal 

bodies and probasal bodies (Fig 15A; Piasecki et al., 2008).   The HA-tagged Uni2 
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protein in uni1-1 mutant cells also localizes to four distinct spots at the base of a single 

flagellum in uniflagellate cells (Fig. 15B or at the base of the two flagella in biflagellate 

cells (data not shown)  These results indicate that the diminished phosphorylation does 

not result in the mislocalization of the Uni2 protein.   

The Uni2 protein expressed in uni3-1 mutant cells also localizes to basal bodies 

and probasal bodies (Fig. 15C).  However, we observed many cells with an abnormal 

number and positioning of basal bodies and probasal bodies in the uni3-1 mutant, a defect 

not previously characterized in uni3-1 mutant cells (Fig. 16).  These images suggest that a 

failure of proper basal body segregation regularly occurs during cell division in uni3-1 

mutant cells. 

  

The uni1-1,uni2-3 double mutant displays enhanced transition zone defects 

In WT cells the proximal end of the basal body is freely exposed in the cytoplasm 

of the cell (Cavalier-Smith, 1974; Fig. 17A).  At the distal end of each mature basal body, 

fibers extending from each triplet microtubule dock the basal body with the plasma 

membrane (Weiss et al., 1977).  These transitional fibers also mark the site at which the 

triplet microtubules of the basal body transition into the doublet microtubules found in 

the axoneme (Fig. 17A, solid white arrow). As viewed in longitudinal sections, the 

Chlamydomonas TZ is an electron-dense H-shaped region at the base of the flagellum.  

Wild type TZs consist of electron dense proximal (p) and distal cylinders (d) separated by 

a transitional plate, and are highly uniform in size and shape (Fig. 17A).   

Because similar elongated TZ defects were observed previously in both uni1 and 

uni2 cells (Huang et al. 1982; Piasecki et al., 2008), ultrastructural analysis of TZs from 

uni1-1,uni2-3 double mutant cells was performed.  In fortuitous longitudinal sections 

through 36 TZs from uni1-1,uni2-3 double mutant cells, we consistently observed 

elongated or multiplied and stacked TZs (Fig. 17, B and C).  Additionally, we observed 

more pronounced basal body docking defects in the uni1-1,uni2-3 double mutant than 

have been reported for either single mutant strain. Whereas WT basal bodies are always 

docked with the plasma membrane (Fig. 17A), 24.4% (x‾  =10, n = 41) of basal bodies in 
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double mutant cells were undocked and were found to reside in the cytoplasm, usually at 

the anterior end of the cell (Fig. 17C).  Similar to the docked basal bodies (Fig. 17B), 

undocked basal bodies were still able to assemble defective TZs (Fig. 17C). 

 

Some basal bodies in uni1-1 and uni2-3 mutant cells show a normal transition of 

triplet to doublet microtubules 

To further explore the basis for the TZ defects in the uniflagellar mutants, we 

examined serial transverse sections of basal bodies from single and double mutant cells.  

These experiments were informed by results from several exhaustive studies of WT cells 

using either electron microscopy (Ringo, 1967; Cavalier-Smith, 1974; Geimer and 

Melkonian, 2004) or electron tomography (O’Toole et al., 2003).  In the series shown in 

Figures 18 and 19, the basal-most section of each basal body is positioned on the upper 

left and the distal-most flagellar region is positioned on the bottom right.  All images are 

displayed as if the observer is looking down at the axoneme and basal body from outside 

the cell. The distal striated fiber (df, solid arrow head) adjoins the two mature basal 

bodies approximately mid-way along the length of a basal body and provides a useful 

marker for numbering triplet, and in subsequent sections doublet, microtubules (Hoops 

and Witman, 1983).  In Fig. 18A, the triplet microtubules numbered 1, 3, and 8 are 

labeled.  All images are rotated in a similar orientation with respect to the numbering of 

microtubules. 

In both the uni1-1 and uni2-3 mutant cells, serial sections through several basal 

bodies and TZ regions showed ultrastructural features similar to those of WT cells.  The 

series in Figure 18 (A-L) shows an example of a basal body, TZ, and flagellum from a 

uni2-3 mutant cell that looks similar to WT. The transitional fibers (tf, open arrow) 

extend from the wall of each triplet microtubule in the basal body to the base of the 

ciliary membrane in a propeller type manner (Fig. 18, B and C).  The conversion of 

triplet microtubules to doublet microtubules occurs just distal to the point of attachment 

of the transitional fibers to the basal body  (open arrow heads, Fig. 18, D and E) and is 

completed prior to the formation of the stellate structure of the TZ (Fig. 18, F-H).  This 
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basal body is docked with the plasma membrane and the flagellar membrane can clearly 

be resolved (fm; Fig. 18, E-L).  Beginning at the base of the proximal stellate structure 

(Fig. 18E), the “ciliary necklace” (cn, asterisk), which consists of links between each 

doublet microtubule and the flagellar membrane, can be resolved (Guilula and Satir, 

1972).  The ciliary necklace extends all the way through the TZ region in 

Chlamydomonas and is observed in the most distal TZ section of this series (Fig. 18H).  

Note that the stellate structure of the TZ region in this cell is fully included over at least 

three sections.  Because each section is approximately 60 nm thick, this would 

correspond to approximately 180 nm in length (Fig. 18, F - H).  This TZ is similar in 

length to a WT TZ, which typically measures between 150 and 175 nm (Fig. 17A).  The 

central pair of microtubules of the flagellum are observed in sections distal to the TZ 

(Fig. 18, J-L).  The axoneme extends from the TZ of this basal body for at least eleven 

sections spanning approximately 660 nm in length and indicating assembly of a 

flagellum.  Because the two flagellated basal bodies of C. reinhardtii are positioned 

approximately at a 90o angle relative to each other, both basal bodies of a single cell are 

never in an orientation conducive to simultaneous transverse sectioning.  Thus, we were 

unable to determine whether both basal bodies of a single cell retained this normal 

transition of triplet to doublet microtubules.    

 

Some basal bodies in uni2-3 cells retain triplet microtubules in the transition zone 

A striking new ultrastructural defect was uncovered in serial sections through 

some basal bodies in uni2-3 cells.  Several basal bodies observed from uni2-3 cells 

contained multiple triplet microtubules extending into the TZ region.  In WT cells, the 

triplet microtubules never extend past the distal end of the transitional fibers (Geimer and 

Melkonian 2004).  In nine cells in which all nine sets of microtubules could be resolved 

from a single basal body, four cells contained the normal arrangement of doublet 

microtubules in the TZ as described above.  However, five cells showed the presence of 

one or more triplet microtubules in the wall of the axoneme surrounding the TZ.  A series 

through an aberrant basal body and TZ from the uni2-3 mutant is displayed in Figure 18 
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(M-X).  The proximal fiber (pf, dark arrowhead) at the base of the basal body (Fig. 18M) 

connects to triplet microtubule number eight and provides a marker for the numbering of 

triplet microtubules (Hoops and Witman, 1983; Geimer and Melkonian, 2004).  In this 

series, the transitional fibers (Fig. 18, P and Q) appear less pronounced than those in the 

uni2-3 basal body that assembles a flagellum (Fig. 18, B and C).  While this basal body 

appears docked with the plasma membrane, the flagellar membrane appears less 

pronounced and is malformed on the side including microtubule triplet numbers 1-3 (Fig. 

18, R-X).  Five triplet microtubules are present at the proximal end of the TZ (Fig. 18, S).  

Over the length of the TZ, three of these triplet microtubules transition into doublet 

microtubules but two triplet microtubules remain at the distal end (Fig 18, S-U).  Notice 

that the TZ in this series extends over at least six sections (Fig. 18, R-V), which would 

span at least 360 nm in length and corresponds to a length approximately double that of a 

WT TZ.  Microtubule dissociation and flagellar termination occurs just distal to the TZ 

and a membrane plug appears to seal off the flagellar stub (Fig. 18X). 

In all five basal bodies showing an abnormal transition of triplet to doublet 

microtubules, the number of triplets varied from between two and nine triplets at the 

proximal end of the TZ and between zero and nine triplet microtubules at the distal end.  

Of the four cells that displayed only doublet microtubules in the TZ, subsequent sections 

in three of the four series demonstrated that flagellar assembly occurred; sections through 

the other cell did not extend far enough to determine whether axonemal assembly 

occurred.  Of the five cells with triplet microtubules in the TZ, subsequent sections 

through three cells showed that microtubule dissociation and flagellar termination 

occurred at the distal end of the TZ or the base of the axoneme.  Sections through the 

remaining two cells could not be resolved far enough to determine whether axonemal 

assembly occurred.  In three of the five cells with aberrant microtubule transition the 

central pair of microtubules was able to form, although these microtubules were 

significantly mislocalized in one case. 
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Some basal bodies in uni1-1 cells retain triplet microtubules in the transition zone 

In serial sections through seven uni1-1 cells in which all nine sets of microtubules 

from a single basal body could be resolved, four cells contained the normal arrangement 

of nine doublet microtubules in the TZ.  However, three cells contained numerous triplet 

microtubules in the TZ.  A series of transverse sections through an aberrant basal body 

and TZ from the uni1 mutant is displayed in Figure 19 (A-L).  In this series, the proximal 

fiber and distal striated fiber are clearly discernable.  The transition fibers appear less 

pronounced than those in WT cells (Fig. 19, D-F).  This basal body is docked with the 

plasma membrane and the flagellar membrane appears well formed (Fig. 19, F-L).  Three 

triplet microtubules are retained at the base of the TZ (Fig. 19G).  Surprisingly, some 

triplet microtubules in the TZ of this series appear to form ciliary necklace links (Fig. 19, 

G and H).  These links extend between the junction of the A- and B- tubule walls to the 

flagellar membrane.  No link was observed at the junction of the B- and C- tubule walls.  

The TZ region of this cell extends for at least five sections (Fig. 19, G-J), which would 

span at least 300 nm in length, nearly double the length of a WT TZ.  While only one 

triplet microtubule remains present in the most distal section in which all nine 

microtubules exist (Fig. 19J), microtubule dissociation and flagellar termination occurs at 

the distal end of the TZ (Fig. 19 K and L)   

In the three cells with basal bodies showing an abnormal transition of triplet to 

doublet microtubules, the number of triplets varied from between two and nine triplet 

microtubules at the proximal end of the TZ to between zero and nine triplet microtubules 

at the distal end of the TZ or disintegrating axoneme.  Subsequent sections in each series 

showed that flagellar assembly did not occur and central pair microtubules were never 

observed.  In all these cells, microtubule termination and axonemal disintegration were 

observed either at the distal end of the TZ or just distal to this region.  In contrast, three 

of the four cells with a normal arrangement of microtubules in the TZ were able to 

assemble a flagellum, while one was not.   
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Basal bodies in uni1-1,uni2-3 cells retain triplet microtubules in the transition zone  

The anomalous presence of triplet microtubules in and above the TZ was more 

pronounced in uni1-1,uni2-3 double mutant cells.  In serial cross sections through basal 

bodies from eight uni1-1,uni2-3 double mutant cells in which all nine sets of 

microtubules could be resolved from a single basal body, all cells contained multiple 

triplet microtubules in the TZ.  A series through an aberrant basal body and TZ from the 

uni1-1,uni2-3 double mutant is shown in Figure 19 (M-X).  In this series, the proximal 

fiber (Fig. 19M) and distal striated fiber (Fig. 19O) attached to this basal body do not 

reside in an orientation consistent with those previously displayed in either single mutant 

strain (Figs. 18 and 19) or with that observed in WT strains (Hoops and Witman, 1983; 

Geimer and Melkonian, 2004).  Thus, either the proximal fiber or the distal striated fiber 

is mislocalized on this basal body.  While the transitional fibers do not appear as 

pronounced as those in a WT cell, they are observed in this cell (Fig. 19, P and Q).  This 

basal body is likely docked with the plasma membrane; however, the flagellar membrane 

appears significantly malformed around the entire length of the TZ (Fig. 19, R-X).  At the 

base of the TZ, eight triplet microtubules are retained (Fig. 19Q).  Similar to our 

observation in the uni1-1 mutant, ciliary necklace links appear to form between triplet 

microtubules and the ciliary membrane (Fig. 19T).  The eight triplet microtubules remain 

throughout the entire length of the TZ in this series, which spans at least ten sections (Fig. 

19, Q-T).  This corresponds to a length of approximately 600 nm, which is over three 

times the length of a typical TZ region in WT cells.  Microtubule dissociation and 

flagellar termination occurs at the distal end of the TZ (Fig. 19X). In the eight cells with 

basal bodies ubiquitously showing an abnormal transition of triplet to doublet 

microtubules, the number of triplet microtubules varied between two and nine at the 

proximal end of the TZ and between one and six at the distal end of the TZ.  In five of 

these basal bodies, subsequent sections in each series demonstrated that central pair 

formation and flagellar assembly never occurred.  Sections through the remaining three 

cells could not be resolved far enough to decisively determine whether axonemal 

assembly occurred.     
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Some common features were observed in uni1-1 and uni2-3 single and double 

mutant cells.  In a total of 13 basal bodies, all showing an aberrant transition of triplet to 

doublet microtubules, serial sectioning allowed us to determine the rotational polarity of 

the affected microtubule(s).  This analysis demonstrated that the specific triplet 

microtubules defective in the microtubule transitioning process were positioned randomly 

(Table 3).  Further, in every observed series, once a triplet microtubule had transitioned 

into a doublet microtubule, the doublet never transitioned back into a triplet.      

 

The Uni2 protein localizes to the precise region of microtubule transition 

We previously showed that the Uni2 protein is a component of both basal bodies 

and probasal bodies (Piasecki et al., 2008).  Because the HA-tagged Uni2 protein 

colocalizes with basal bodies and probasal bodies during mitosis when Chlamydomonas 

cells have resorbed flagella and TZs (Cavalier-Smith, 1974; Gould, 1975), we proposed 

that the Uni2 protein localizes to the basal body in a region proximal to the TZ.  

Immunofluorescence microscopy of interphase cells consistently shows staining of four 

distinct spots in the expected location of basal bodies and probasal bodies.  However, pre-

embedding immunogold labeling was able to localize the Uni2 protein only to probasal 

bodies in the previous study. 

 The unique ultrastructural phenotypes of the uni1-1 and uni2-3 single and double 

mutants emphasized the need to determine the specific localization of the Uni2 protein on 

basal bodies.  In this study, we used a chemical fixation and post-embedding strategy.  

The fixation was modeled after conditions that consistently have proven successful for 

fluorescence microscopy (Sanders and Salisbury, 1995; Silflow et al., 2001; Piasecki et 

al., 2008).  While the overall ultrastructural preservation was reduced using this method, 

it provided conditions conducive to the localization of the Uni2 protein on basal bodies.  

Thin sections from the uni2-3 mutant rescued to WT with the HA-tagged UNI2 gene 

were labeled with an antibody against the HA-epitope.  Both labeled and unlabeled 

control sections were then labeled with 12-nm gold-conjugated secondary antibodies.   
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Longitudinal sections through the basal body, TZ, and flagellum regularly showed 

gold staining at the distal end of the basal body (Fig. 20, A-C).  We identified 22 basal 

body images with gold labeling, always at the precise point of triplet to doublet 

microtubule transition.  Of these 22 images, 13 showed no additional background 

staining; background gold particles in the other images did not consistently demarcate 

any other discernable feature.  Control sections labeled with secondary antibody alone 

did not contain gold particles on any specific region of  basal bodies (data not shown).   

To more precisely determine the subcellular localization of the Uni2 protein, the 

distance between gold particles and a highly consistent morphological feature of the TZ 

was compared.  We determined the distance between the transitional plate, which is the 

electron dense region separating the distal and proximal transitional cylinders of the TZ, 

and each gold particle (Fig. 20).  For this measurement, a line was drawn parallel to the 

length of the basal body between the transitional plate and each gold particle.  In 19 basal 

bodies in which the transitional plate could be resolved, the average distance between the 

proximal cylinder and each gold particle was 87 nm with a standard deviation of 13 nm.  

The localization of the gold particles corresponds to the site where the wall of the basal 

body becomes reduced in thickness due to the transition of triplet to doublet microtubules 

(see Fig. 17A). 

 The Vfl1 protein was shown to localize to the same region at the distal end of the 

basal body in Chlamydomonas (Silflow et al., 2001).  However, the Vfl1 protein is 

asymmetrically localized to the region of each basal body closest to the distal striated 

fiber.  In sections in which we could distinguish both a basal body with a gold particle 

and the distal striated fiber, gold particles on five basal bodies were cis to the distal 

striated fiber and three were trans to the distal striated fiber (Fig. 20, A and B).  Thus, a 

rotationally asymmetric localization of the Uni2 protein seems unlikely.  Fixation 

conditions did not allow us to resolve the structures of transverse sections of basal bodies 

in this material. 
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Discussion 

The transition from triplet microtubules to doublet microtubules between the basal 

body and flagellum is an essential process for flagellar formation.  In eleven series of 

transverse sections that contained one or more triplet microtubules in the TZ, including 

those from the uni1-1 mutant, uni2-3 mutant, and uni1-1,uni2-3 double mutant, we did 

not observe flagellar formation.  However, in both the uni1-1 and uni2-3 single mutant 

strains, each of which contain a high percentage of uniflagellate cells, flagellar formation 

was almost always associated with basal bodies that had completed the transition of 

triplet to doublet microtubules before forming the TZ.  Not only do these data provide the 

first mechanistic insights into how microtubule triplets transition to microtubule doublets 

between the basal body and axoneme, they also provide a functional explanation for why 

the uni1 and uni2 mutants sometimes fail to form flagella.          

Basal bodies must acquire the capacity to transition from triplet to doublet 

microtubules to become competent for flagellar assembly, but it is not clear why a defect 

in this process would preferentially affect the younger basal body.  Both the uni1 and 

uni2 mutations have been shown previously to preferentially affect the growth of a 

flagellum from the younger of the two basal bodies (Huang et al., 1982; Piasecki et al., 

2008).  While the alignment of the basal body apparatus makes it impossible to obtain 

transverse sections from both basal bodies from a single cell, our results demonstrate a 

correlation between the ability to transition triplet to doublet microtubules prior to 

forming the TZ and the ability to nucleate a flagellum.  Thus, it is likely that the younger 

basal body is less competent to transition from triplet to doublet microtubules in the uni1 

and uni2 mutant cells, suggesting that the pathways of basal body maturation and 

microtubule transitioning may be interrelated.        

The UNI1 and UNI2 genes likely work in the same or a parallel pathway.  Similar 

flagellar number and TZ defects were reported for uni1 and uni2 mutants (Huang et al., 

1982; Dutcher and Trabuco, 1998; Piasecki et al., 2008).  This hypothesis is supported by 

our observation that the Uni2 protein shows a greatly reduced level of phosphorylation in 

uni1-1 mutant cells, indicating that the Uni2 protein phosphorylation requires the 

function of the UNI1 gene.  Interestingly, the UNI1 gene and phosphorylation of the Uni2 
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protein are not required for the localization of the Uni2 protein to basal bodies and 

probasal bodies.  Our results confirmed the report of Dutcher and Trabuco (1998) that the 

aflagellate phenotype of the uni1-1,uni2-3 double mutant is enhanced.   Whereas 50% or 

more of the cells in each single mutant population can assemble one or more flagella, 

only one percent of double mutant cells are able to assemble a flagellum.  Longitudinal 

and transverse sections through TZs in the uni1-1,uni2-3 double mutant demonstrated 

enhanced defects that resulted in ubiquitously elongated or multiplied and stacked TZs.  

The results further showed the presence of significantly more defects in basal body 

docking in double mutant cells compared with either single mutant strain (Huang et al., 

1982; Piasecki et al., 2008).  Transverse serial sections demonstrated that the same 

specific ultrastructural defect, the inability to transition triplet to doublet microtubules, 

was present in both the uni1-1 and uni2-3 single mutants and that this defect was 

significantly more pronounced in the uni1-1,uni2-3 double mutant.  The Uni2 protein was 

shown to localize at the distal end of basal bodies at the precise location where the triplet 

to doublet microtubule transition occurs.  These data strongly suggest that the UNI1 and 

UNI2 genes work in the same or a parallel pathway.  However, determining the 

biochemical basis of any gene interaction will require identification of the UNI1 gene.  

Previously published ultrastructural analyses have demonstrated consistently that 

the transition of doublet to triplet microtubules occurs in all organisms at or around the 

transitional fibers or their analogous metazoan structures, termed distal appendages (for 

example see Albrecht-Buehler and Bushnell, 1980; Vorobjev and Chentsov, 1980; 

Paintrand et al., 1992; Geimer and Melkonian, 2004).   Our work emphasizes the 

importance of the microtubule transitioning process occurring in this region.  Further, it 

may provide a functional link between the microtubule transitioning process and the 

flagellar assembly process. We observed a strong correlation between the failure to 

complete microtubule transition and the failure to assemble a flagellum.   

Intraflagellar transport (IFT) is the bidirectional transport process that mediates 

flagellar assembly, a process conserved from algae to humans (for review see Rosenbaum 

and Witman, 2002; Scholey, 2008; Pedersen et al., 2008).   The IFT machinery is 

composed of a core of at least 17 different polypeptides forming two distinct complexes 
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termed A and B (Piperno and Mead, 1997; Cole et al., 1998; Cole, 2003).  The protein 

precursors required for IFT-mediated flagellar formation reside in a pool around the distal 

end of the basal body in stoichiometrically greater amounts than actually reside in the 

flagellum itself  (for example see Cole et al., 1998; Pazour et al., 1999; Vashishtha et al., 

1996; Deane et al., 2001).  Further, the Chlamydomonas transitional fibers were proposed 

to demarcate the docking site for IFT based on the localization of the IFT52 protein 

primarily to this region (Deane et al., 2001).  Because the movement of IFT particles in 

both directions occurs on the B-tubule of axonemal doublet microtubules (Kozminski et 

al., 1993), the discontinuation of the C-tubule may be essential for the docking of the IFT 

machinery on the B-tubule.  This requirement may provide a functional explanation for 

why centriolar microtubules in all organisms convert from triplets to doublets in precisely 

the same region.  
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CHAPTER 4                                                                                     

Centrioles and Ciliogenesis:                                                          

Potential Implications from our Observations 
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One discovery made shortly after the advent of the electron microscope was that the 

basal body wall is composed of nine triplet microtubules (Bernhard, 1956).  We now 

know that the triplet microtubule architecture of the basal body is almost ubiquitously 

present in organisms that retain these organelles.  The data described here provide the 

first mechanistic insights into how a single tubule of each triplet microtubule is 

discontinued, whereby the extension of each of the two remaining tubules forms the 

axoneme of a flagellum. 

Both the UNI1 and UNI2 genes have been implicated in the same or a parallel process 

mediating the transition of triplet to doublet microtubules between the basal body and 

flagellum (Chapter 3).  The UNI2 gene was characterized and found to encode an 

alanine-rich phosphoprotein that is predicted to contain a large central coiled-coil domain 

(Chapter 2).  In addition to the role of the Uni2 protein in mediating the transition of 

microtubules, several other notable observations were found in our detailed analyses of 

the Uni2 protein in both interphase and mitotic cells.  These observations provide a new 

perspective on the role of the basal body in the processes that mediate flagellar formation 

and suggest questions for further investigation.      

Most intraflagellar transport (IFT) components localize primarily to centrioles in both 

interphase and mitotic cells (for example see Cole et al., 1998; Pazour et al., 1999, Snow 

et al., 2004; Deane et al., 2001).  Using the HA-tagged Uni2 protein as a reporter for 

basal bodies, I showed that basal bodies sometimes migrate away from the base of 

flagella at the onset of the mitotic cycle in C. reinhardtii.  This observation raises 

questions about the role of the basal bodies in IFT.  Specifically, what happens to IFT in 

the flagella of cells with detached basal bodies? 

   My observation of the Uni2 protein localization during mitosis was made using an 

immunofluorescence study, but it is similar to an ultrastructural study in the related alga 

Chlorogonium elongatum (Hoops and Witman, 1985).  This organism retains motile 

flagella in dividing cells.  An additional example of basal body detachment from a 

flagellum can be found in mammalian spermatids.  Basal bodies in developing 

spermatozoa are degraded shortly after ciliogenesis (Fawcett, 1970).  Thus, it is likely 
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that the centriole is responsible for ciliogenesis, but that the centriole and centriole-

dependent IFT are not essential after ciliary formation.   

The notion that IFT-mediated ciliary transport can occur only if a centriole remains 

attached to the cilium has lead to the hypothesis that centrioles form a ciliary “pore” that 

acts as “gatekeeper” of intraflagellar transport (Rosenbaum and Witman, 2002; Piasecki 

and Silflow, Chapter 1).   If this supposition is correct, it would imply that IFT-mediated 

cellular signaling cannot occur in cells with flagella detached from basal bodies, such as 

in mammalian spermatids.  Further, it would indicate that the flagellar motility process 

can proceed without active IFT and that flagella can be maintained, at least at some 

predetermined length, without the continuous turnover of flagellar components through 

the IFT process. 

While IFT likely provides the main pathway for the targeting of ciliary components to 

flagella, it is possible that other mechanisms of flagellar transport may exist.  Recently, a 

homolog of the polycystic kidney disease 2 (Pkd2) protein was shown to localize to the 

flagellar membrane of Chlamydomonas cells (Huang et al., 2007).  The authors 

demonstrated that the Pkd2 protein is primarily transported into flagella through an IFT-

dependent process, but a fluorescence recovery after photobleaching experiment 

additionally showed Pkd2 protein transport into cilia occurs at 10% of the wild-type rate 

in an IFT temperature dependent conditional mutant shifted to a non-permissive 

temperature.  Thus, IFT is primarily utilized for the localization of the Pkd2 protein into 

flagella, but additional flagellar transport mechanisms may facilitate localization of this 

protein.   

While ciliary assembly through an IFT-mediated process occurs at the distal tip of the 

cilium (Rosenbaum and Child, 1967; Kozminski et al., 1993), resorption of cilia has been 

proposed to occur through a distinctly different process at the ciliary base (Parker and 

Quarmby, 2003).  This supposition was based on the observations that the flagellar 

deflagellation and resorption pathways are genetically intertwined, and that the proteins 

involved in flagellar deflagellation localize to the transition zone in Chlamydomonas 

(Parker and Quarmby, 2003; Finst et al., 2000).  Support for a genetic connection 

between deflagellation and resorption comes from the study of Chlamydomonas fa 
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mutants, which are defective in the deflagellation process and are slow to resorb flagella 

(Parker and Quarmby, 2003).  Our observation that Chlamydomonas cells can retain 

flagella at the onset of mitosis as basal body migration occurs, further supports the idea 

that flagellar resorption may occur through an IFT-independent process.  However, 

further experiments are required to determine whether flagellar resorption occurs in cells 

with basal bodies detached from flagella. 

The work described here provides additional insights key to understanding the 

role of the basal body in flagellar formation.  Specific molecular mechanisms have been 

described that begin to explain the process or processes mediating the transition of 

microtubules between the basal body and flagellum.  A genetic link between the UNI1 

and UNI2 genes has been established.  Important future goals include identifying the 

UNI1 gene product and determining whether it interacts physically with the Uni2 protein.  

How does the UNI1 gene product regulate phosphorylation of the Uni2 protein?  Which 

amino acid residues in the Uni2 protein are modified by phosphorylation?  It will also be 

important to examine the biochemical role of these proteins in the transition from triplet 

to doublet microtubules.  For example, might these proteins act to cleave and/or cap the 

C-tubule at the distal end of the basal body? 

In this study, a detailed analysis of the basal body replication pathway in C. 

reinhardtii has shown that probasal body assembly occurs sequentially beginning at 

prophase.  The post-translational modification of the Uni2 protein by phosphorylation has 

been implicated as one step in the pathway of centriolar maturation, acquiring the 

competency to assemble a flagellum.  These results are consistent with a model whereby 

phosphorylation of the Uni2 protein promotes flagellar assembly following each mitotic 

cycle.  Additionally, a link has been established between flagellar assembly and the 

transition of triplet to doublet microtubules.  These results provide a foundation for the 

future exploration that may reveal additional conserved processes that mediate the 

competency of a basal body for flagellar assembly.  



TABLES 
 

Table I. Distribution of flagella in uniflagellar strains 

 

CC number Strain Genotype 0 1 2 >2
% % % %

CC-1690 21gr wild type 2 2 96 0
CC-4161 12A10 uni2-2 52 40 7 1
CC-4162 31E3 uni2-3 55 38 6 1

31E3 IC2 uni2-3::NIT1,UNI2 8 4 89 0
CC-4163 31E3 F14 uni2-3::NIT1,UNI2-HA 8 3 89 0

31E3 F124 uni2-3::NIT1,UNI2-HA 3 3 95 0
31E3 G104 uni2-3::NIT1,UNI2-HA 10 4 86 0

1n>400 cells

Flagellar number1
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Table II.  Flagellar number in wild-type and mutant cultures 
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Table III.  Rotational polarity of affected triplet microtubules at the proximal end of the 
transition zone.  
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FIGURES AND FIGURE LEGENDS 
 

Figure 1 

 

Figure 1. (left) Schematic cross section of the nine-triplet microtubules in a centriole as 

viewed from the distal tip to the proximal base.  (right) An enlarged triplet microtubule 

labeled A-C.  The A-tubule contains 13 protofilaments; the B- and C-tubules each contain 

10 protofilaments and an additional 11th component.  Protofilaments and the 11th 

component are numbered using the standard convention (Linck and Stephens, 2007).  
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Figure 2 

 

Figure 2.  Schematic longitudinal diagram of the centriole, cilium, and associated 

structures.  The basal end of the centriole is composed of triplet microtubules and is 

undocked with the plasma membrane.  The PCM of a mature centriole contains subdistal 

appendages and distal appendages.  Distal appendages dock the centriole with the 

membrane.  The ciliary necklace provides direct links between the outer doublet 

microtubules of the axoneme and the ciliary membrane.  The central pair of microtubules 

are typically absent in non-motile primary cilia, but are universally found in motile cilia 

and flagella.        
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Figure 3 
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Figure 3.  (left) Oblique schematic diagram of the structural components associated with 

a mature centriole and cilium and how these are thought to mediate IFT.  (right) Oblique 

schematic cross sections along the length of a centriole and cilium depicting associated 

structural components.  The mother centriole contains one or more subdistal 

appendage(s).  Distal appendages dock the centriole with the ciliary membrane.  Distal 

appendages demarcate the site of triplet to doublet microtubule transition between the 

centriole and the axoneme of the cilium.  The ciliary necklace provides direct links 

between the outer doublet microtubules of the axoneme and the ciliary membrane.  The 

ciliary pore complex is believed to control the loading and unloading of IFT components, 

which are primarily localized to this region.  Intraflagellar transport is mediated by the 

motor proteins kinesin II and dynein 1b, which facilitate the transport of IFT complexes 

A and B, axonemal components, and ciliary membrane components. 

 

   



Figure 4 
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Figure 4.  UNI2 genomic region and transcripts.  (A) The heavy solid line depicts a 25 kb 

genomic segment on scaffold 35.  Sac1 sites (S) were used in the mapping of genomic 

DNA from the 12A10 and 31E3 strains.  The dark arrow indicates the site of insertion of 

the pMN24 plasmid DNA in the 12A10 strain.  Dashed lines show the genomic region 

disrupted in the 12A10 and 31E3 strains.  Thin lines below show cloned genomic 

fragments capable (+) and incapable (-) of rescuing the phenotype of the 31E3 strain.  

The bottom dashed line indicates the location of the coding region of the UNI2 gene as 

identified by reverse-transcriptase PCR experiments.  (B) Schematic showing the 

structure of the WT UNI2 gene with 12 exons.  (C) Schematic showing uni2-2 lesion in 

which the fourth intron of the UNI2 gene (black) is fused to the second intron of the NIT1 

gene (gray).  (D) Autoradiographs of RNA blots.  Polyadenylated RNA (10 μg/lane) from 

the indicated cells was electrophoresed on a denaturing gel and transferred to a 

membrane. (upper panel) The RNA was hybridized with a labeled probe consisting of the 

second exon of the UNI2 gene.  (lower panel) A labeled fragment of the CRY1 gene 

encoding the ribosomal protein S14 was used as a hybridization control for equal loading 

(Nelson, et al. 1994). 

   



Figure 5.  (A) Schematic of the 

predicted Uni2 protein containing a 

central coiled-coil domain (dark box) 

and alanine-rich region (28% between 

brackets).  (B) Deduced amino acid 

sequence of the Uni2 protein. The 

predicted coiled-coil domain is 

underlined; site of the inserted triple 

HA-epitope is indicated by an arrow. 

(C) Alignment of part of the Uni2 

amino acid sequence (top) with the 

full-length predicted Homo sapiens 

sequence FLJ36090 (bottom) that 

shows 20.5% identity and 38.2% 

similarity within this region of Uni2.  A 

box marks the predicted coiled-coil 

region. 
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Figure 6 

 

Figure 6.  Flagellar assembly in uni2-3 cells.  (A and B) DIC images of the eyespot 

position (white arrow) in a biflagellate cell and a uniflagellate cell with the flagellum 

trans to the eyespot.  (C) Number of uniflagellate cells in a population of uni2-3 cells that 

contain a flagellum cis or trans to the eyespot.  (D and E) Flagellar number and length 

before deflagellation and during flagellar regeneration of uni2-3 cells.  For comparison, 

the flagellar length in WT 21gr cells was determined.  Both cultures were deflagellated 

by pH shock and cells were allowed to regenerate flagella.  Cells were fixed at 0, 30, 60, 

and 120 minutes following deflagellation.  (D) The percent of uni2-3 cells in different 

flagellar number classes was determined at each time point.  (E) The average flagellar 

length was determined in flagellated cells of both WT and mutant populations. 
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Figure 7 

 

Figure 7.  Ultrastructural analysis of WT and mutant cells reveals TZ defects in uni2 

mutants.  Thin sections of WT or mutant strains were viewed using TEM.  (A and C) WT 

cells have uniform TZs composed of proximal (p) and distal (d) electron dense cylinders 

forming an H-shaped region in longitudinal section (white brackets).  The flagella project 

through openings in the cell wall (CW).  (B) Mutant uni2-2 cells have the normal 

arrangement of two basal bodies connected by a distal striated fiber (black arrow) but 

most basal bodies have a (D) truncated and/or (B) disrupted distal TZ cylinder.  (E-H) 

Mutant uni2-3 cells have (E) elongated distal TZ cylinders or (F-H) extra stacked TZ 

material.  Basal bodies unable to assemble a complete flagellum sometimes show a 

flagellar stump with some axonemal microtubules (white arrows, B and G).  In some 

cases, the tip of the stump is filled with amorphous material (open arrow, H).  
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Figure 8 

 
 

Figure 8.  Immunoblot analysis of HA-tagged Uni2 protein and phosphatase-treated Uni2 

protein.  Proteins were separated by SDS-PAGE and transferred to a PVDF membrane.  

A high affinity anti-HA antibody was used to identify the HA-tagged Uni2 protein.  (A) 

Protein extracts were lane 1, WT; 2, uni2-3; 3-4, two independent uni2-3 strains 

phenotypically rescued with the HA-tagged UNI2 gene.  (upper panel) A high affinity 

anti-HA antibody was used to identify the HA-tagged Uni2 protein.  (lower panel) An 

antibody against β-tubulin was used as a loading control.  (B) Protein from an HA-tagged 

transformant after a 30 minute treatment at 37oC with CIP buffer and the indicated 

reagents. The blot was probed with the anti-HA antibody. 

 

  

77 
 



Figure 9   
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Figure 9.  Indirect immunofluorescence and immunoelectron microscopy of the Uni2 

protein. (A-D) Immunofluorescence of fixed whole cells stained with rat anti-HA and 

rabbit anti-α-tubulin antibodies.  Secondary anti-rat 488 (green) and anti-rabbit TR (red) 

antibodies were used to detect primary antibodies.  DNA was localized with DAPI (blue).  

Panels show (A) staining of Uni2 protein, α-tubulin and DAPI; (B) Uni2 protein; (C) α-

tubulin; (d) DNA in nuclei and chloroplasts with yellow arrows marking the nuclei.  (E-

G) Fixed NFAps were stained with rat anti-HA and rabbit anti-centrin antibodies, 

followed by secondary anti-rat 488 (green) and anti-rabbit TR (red) antibodies.  A 

deconvoluted Z-series of images are shown.  The panels show (E) staining of Uni2 

protein and centrin; (F) Uni2 protein; (G) centrin with the white arrow marking the distal 

striated fiber; (H) DIC image of the NFAp. (I-L) Immunogold labeling of NFAps stained 

with rat anti-HA antibodies, followed by secondary goat anti-rat antibody conjugated 

with 12 nm gold particles.  The two basal bodies are shown at the top and bottom of each 

image; the two probasal bodies (open arrowheads) lie to the left and right of the basal 

bodies.  Gold particles are indicated by filled arrowheads.   

   



Figure 10   

 

Figure 10.  Expression of the Uni2 protein during the cell cycle.  Cells expressing the 

HA-tagged Uni2 protein were synchronized on a 12:12 hr light:dark cycle.  (A-D) During 

the dark period, cells were fixed for DIC microscopy; representative images are shown.  

(E) At the indicated time points, the percent of cells in division (black) was scored by 

observation of cleavage furrows or divided cells still within the parental cell wall   (F-G) 

Cells from equal volumes of culture were lysed in SDS sample buffer for immunoblot 

analysis using the anti-HA antibody. A 20-second and 60-second exposure of an identical 

immunoblot are shown.  (H) Densitometry was used to compare the levels of the two 

molecular weight isoforms on the film exposed for 20 seconds.  The fold change from t=0 

is shown for each time point.  The ratio of the two isoforms was determined from the 

original densitometry data. 
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Figure 11 
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Figure 11.  Indirect immunofluorescence microscopy of the Uni2 protein in dividing 

cells.  Fixed whole cells were stained with rat anti-HA and rabbit anti-α-tubulin 

antibodies.  Secondary anti-rat 488 (green) and anti-rabbit TR (red) antibodies were used 

to detect primary antibodies.  DNA was localized with DAPI (blue).  Images from 

specific cell cycle stages including (A-E) G2/prophase, (F-J) late prophase, (K-N) 

metaphase, (O-R) anaphase, (S-W) telophase, and (X-AB) cytokinesis are depicted.  

(A,F,K,O,S,X) Triple staining of α-tubulin, DAPI, and Uni2 protein.  (B,G,L,P,T,Y) 

Staining of α-tubulin; (C,H,M,Q,U,Z) staining of DAPI; and (D,I,N,R,V,AA) staining of 

the Uni2 protein are independently shown for all stages with the left and right basal body 

regions magnified. (E,J,W,AB) DIC images of the stained cells.  Yellow arrows mark 

nuclei/chromosomes, green arrows mark the cleavage furrow and white arrows mark the 

phycoplast.  The scale bar in each series represents 3 μm. 

 

   



Figure 12 

 

Figure 12.  Model of basal body developmental pathway and phosphorylation of the 

Uni2 protein over three successive mitotic events occurring in a single dark-phase period.  

(left) A schematic diagram of the cell bodies during multiple mitotic divisions.  Dotted 

flagella indicate flagellar resorption at mitosis.  (right) The basal bodies (BB, squares) 

and probasal bodies (PBB, circles) during these mitotic stages with their chronological 

age (1-6 oldest to youngest) marked.  The oldest basal body (trans to the eyespot) is 

always positioned on the left.  Basal bodies shaded in gray contain phosphorylated Uni2 

protein.  Depending on growth conditions, cells may exit from the cell division cycle 

after going one, two, or three mitotic divisions.  However, the maturation pathway from 

probasal body assembly to trans basal body requires four cell cycles. 
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Figure 13 

 

Figure 13. (A) Immunoblot analysis of uniflagellar mutants expressing the HA-tagged 

Uni2 protein.  Protein extracts from an untransformed WT strain (CC-124) and single and 

double mutant strains expressing the HA-tagged Uni2 protein (CC-4163, CC-4202, CC-

4205, CC-4306) were separated by SDS-PAGE and transferred to a PVDF membrane.  

(Top) A high affinity anti-HA antibody was used to identify the HA-tagged Uni2 protein; 

(Bottom) an antibody against β-tubulin was used as a loading control.  (B) Expression of 

the two distinct Uni2 protein isoforms was compared using densitometry.  The ratio of 

the lower to the higher molecular-weight isoform was calculated and the fold change of 

this ratio as compared to the uni2-3 strain rescued to WT (lane 2) was determined.     
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Figure 14 

 

Figure 14. Immunoblot analysis of three independent transformants of the uni1-1,uni2-3 

double mutant rescued with the HA-tagged UNI2 gene show a significant decrease in the 

phosphorylated Uni2 protein isoform.  Protein extracts from a uni2 single mutant rescued 

to WT with an HA-tagged UNI2 gene (CC-4163) and three uni1-1,uni2-3 transformants 

expressing the HA-tagged Uni2 protein were separated by SDS-PAGE and transferred to 

a PVDF membrane.  (Top) A high affinity anti-HA antibody was used to identify the HA-

tagged Uni2 protein; (Bottom) an antibody against β-tubulin was used as a loading 

control. 
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Figure 15 

 
Figure 15.  Indirect immunofluorescence microscopy of the HA-tagged Uni2 protein 

expressed in single and double mutant strains (CC-4163, CC-4202, CC-4205).  Fixed 

whole cells were doubly stained with rat anti-HA and rabbit anti-α-tubulin antibodies.  

Secondary anti-rat 488 (green) and anti-rabbit TR (red) antibodies were used to detect 

primary antibodies.  All images represent deconvoluted Z-series projections. 
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Figure 16 

 

Figure 16. Indirect immunofluorescence microscopy of the Uni2 protein in the uni3-1 

mutant background reveals basal body segregation and flagellar number defects.  

Immunolocalization of the Uni2 protein in (A) a uni2-3 mutant rescued to WT with the 

HA-tagged UNI2 gene (CC-4163) and in (B-H) a uni2-3,uni3-1 double mutant rescued to 

the uni3 phenotype with the HA-tagged UNI2 gene (CC-4202).  Cells with a single 

flagellum (panels B-D) contained two to four spots of Uni2 protein localization.  Cells 

with two or more flagella (panels E-H) often showed an abnormal spacing of flagella and 

contained from two to five spots of Uni2 protein at the base of each flagellum.  Fixed 

whole cells were doubly stained with rat anti-HA and rabbit anti-α-tubulin antibodies.  

Secondary anti-rat 488 (green) and anti-rabbit TR (red) antibodies were used to detect 

primary antibodies.  All images represent deconvoluted Z-series projections.     
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Figure 17  

 
Figure 17.  Ultrastructural analysis of longitudinal sections from uni1-1,uni2-3 double 

mutant cells reveal TZ and docking defects.  (A) WT TZ regions (white brackets) are 

uniform in size and shape and are composed of distal (d) and proximal (p) cylinders 

separated by an electron dense transitional plate.  The transition from triplet to doublet 

microtubules occurs at the distal end of the basal body proximal to the TZ (solid white 

arrow).  (B and C) Mutant uni1,uni2 (CC-4201)  cells have highly elongated or multiplied 

and stacked TZ regions.  The distal striated fiber (df, dark arrow head) typically links the 

two basal bodies together and appears to be properly connected to each of the mutant 

basal bodies.   
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Figure 18 
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Figure 18.  Transverse serial sections through two individual basal bodies and axonemal 

regions in uni2-3 mutant cells (CC-4162) reveal that (A-L) for some basal bodies, a 

normal transition of triplet to doublet microtubules occurs prior to assembly of a TZ and 

flagellum, (M-X) whereas other basal bodies fail to transition all triplet microtubules to 

doublet microtubules at the distal end of the transitional fibers. Triplet numbers (labeled 

1, 3, and 8 in panel A) can be determined based on the location of the distal striated fiber 

(df, solid arrow head) or the proximal fiber (pf, solid arrow).  Open arrows demarcate the 

transition from triplet to doublet microtubules, which typically occurs at the distal end of 

transitional fibers (tf, open arrow) in WT cells.  The ciliary necklace (cn, asterisk) links 

the doublet microtubules at the base of the axoneme to the flagellar membrane (fm).  

Roman numerals in the bottom left of some panels represent the number of omitted 

sections between that panel and the previous panel.  

  



Figure 19 
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Figure 19.  Transverse serial sections through a single basal body and axonemal region 

in (A-L) the uni1-1 mutant (CC-1926) and (M-X) the uni1-1,uni2-3 double mutant (CC-

4201) reveal an incomplete transition of triplet to doublet microtubules and failure of 

flagellar assembly. The basal body microtubule triplets were orientated based on the 

location of the proximal fiber (pf, solid arrow), which is in congruence with a normal 

localization of the distal striated fiber (df, solid arrow head) in series A-L, but not in 

series M-X.  Open arrows demarcate the transition from triplet to doublet microtubules in 

all series, which typically occurs at the distal end of transitional fibers (tf, open arrow) in 

WT cells.  The ciliary necklace (cn, asterisk) links the microtubules of the axoneme to the 

flagellar membrane (fm).  Roman numerals in the bottom left of some panels represent 

the number of omitted sections between that panel and the previous panel. 

 

  



Figure 20 

 

 

Figure 20.  (A-C) Post-embedment immunogold electron microscopy of whole cells 

reveals the localization of the Uni2 protein at the distal end of basal bodies.  Thin 

sections of the uni2-3 mutant rescued to WT with an HA-tagged UNI2 gene (CC-4163) 

were labeled with rat anti-HA antibodies and then labeled with secondary goat anti-rat 

antibodies conjugated with 12-nm gold particles.  Gold particles are indicated by open 

arrowheads.  (A and B) Individual particles were localized to the distal end of basal 

bodies on each side of the basal body with respect to the distal striated fiber (df, dark 

arrowhead) and (C) the middle of the basal body.  The transitional plate (tp) provided a 

reference point for quantifying the localization of gold particles.     
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APPENDICES 

Appendix A: Tetrad analysis of uni1-1 X uni2-3 
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Appendix B: Tetrad analysis of uni2-3 X vfl1-1 
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Appendix C: Tetrad analysis of uni2-3 X uni3-1 
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Appendix D: Tetrad analysis of uni2-3 X vfl3-2 
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Appendix F: Phosphatase treatment of protein 

1. Grow up strain(s) to be used using the standard method. 

2. Place 5x107 of cells in 15-mL Falcon tubes and pellet cells. 

3. Also, place 1x107 cells/ml in a separate tube and place aside. 

4. Re-suspend the 5x107 cells in 50 µl of 1x phophatase buffer (originally 10X)   
note: phosphatase and buffer were from Roche, 1 097 075 
 

5. Add 0.5% (2.5 µL of 10%) SDS and 3X (3 µL) protease inhibitors, heat at 37oC for 
5 minutes, and then add 50 µL of phosphatase buffer with 0.02% NP40.  
note: protease inhibitors were Sigma Aldrich, P8340 
 

6. Separately divide 1x107 cells/mL (20 µL) of each of the 3 heat-killed and denatured 
cell solutions into 4 Eppindorf tubes and add 50 µL more phosphatase buffer for a 
final concentration of 0.1% SDS and 0.01% NP40. 

 
7. Add the following components separately to a single one of these aliquoted portions 

and incubate in a 37oC water bath for 30 min. 
 

a. 15 µl phosphatase buffer 

b. 10 µl phosphatase inhibitors and 5 µl phosphatase buffer 

c. 10 µl phosphatase inhibitors and 4 µl phophatase and 1 µl buffer 

d. 4 µl phosphatase and 11 µl phosphatase buffer 

note: phosphatase inhibitor cocktail included 50 mM NaF, 25 mM β-glycerol phosphate and 100 
µM Na orthovanadate. 

 
8. Add 70 µL of 2X SDS buffer and boil for 90 sec. 

9. Freeze at -20oC. 

10. Perform immunoblot analysis. 
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Appendix G: Immunofluorescence protocol 

Method 

1.  Collect 1.0-5.0 ml of Chlamydomonas (1-5 X 106 total cells), pellet at 600 G for 2 
min. 

2.  Optional step: wash cells in 2.0-5.0 ml buffer A for 15-20 min. and observe for 
flagella. 

3.  Pellet cells at 600 G for 2 min.  Decant liquid.  Lightly resuspend pellet. 

4.  Fix cells in 1- 5 volumes of fixative (choose one of B-D) for 30 min. on ice. 

5.  While cells are on ice coat a deep welled slide (Carlson Scientific, Peotne, IL) with 
0.01% polyethyleneamine (Sigma P-3143) (or polylysine) by pipetting 15 μl into each 
well, waiting 2-5 min., and then flicking off the majority of the solution.  Allow the 
remaining liquid to air dry.  

6.  Mount 15 μl of fixed cell suspension in each well of slide.   

7.  Wash slides 3 times at 5 min each in PBS. 

8.  Permeabilize cells in -20oC MeOH (this is also fixation E) for 10 min.  MeOH should 
be at -20C overnight to ensure that it is cold.  Allow to air dry. 

Note: for fixation D only, wash slides in 10 mM HEPES + 50 mM NH4Cl (G) 3 times @ 5 min each to 
quench free aldehydes formed in glutaraldehyde fixative.  Then wash in PBS one time.   

9.  Incubate in blocking buffer F for 30 min at 37oC in a humidified chamber. 

10.  Incubate in primary antibody (diluted in blocking buffer 1: ___) for 1-4 hr at 37oC or 
overnight at 4oC. 

11. Wash 3 times at 5 min each in PBS. 

12.  Incubate in secondary antibody diluted in blocking buffer (1: ___) for 2 hr at 37oC.  
Keep slide in the dark. 

13.  Wash 3 times at 5 min each in PBS.  Keep slide in the dark. 

14.  Treat wells on the slide with one drop of Equilibration Buffer from Slowfade 
Antifade Kit from Molecular Probes (Eugene, Oregon).  Then add 3 μl mount in 
SlowFade antifade reagent (Component A) from the kit.  Add coverslip and seal with 
nail polish.  Keep slide in the dark and refrigerate prior to or between observation 
times. 
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Notes: 
1.  All washes performed on slides are done in Coplin jars. 

2.  All incubations are done in a humidified chamber. 

3.  Dilute all antibodies in Blocking Buffer and filter through a Millex 0.22 ml filter unit.  Store  at 4oC 
with 0.04% azide until use.  Centrifuge antibodies in a microfuge for 10 min just prior to use.  Note that 
secondary antibodies can also be preabsorbed and cross absorbed against fixed and permeabilized cells 
to remove nonspecific binding if background is a problem. 

4.  Use IF 550 cutoff filter on microscope (eliminates >550 nm light) to reduce autofluorescence  of 
chlorophyll when using FITC secondary. 

5.  The animal serum used in the Blocking Buffer should match the animal in which the  secondary 
antibody was produced. 

Solutions 

A:  10 mM HEPES buffer pH 7.0 

B:  4% paraformaldehyde, 10 mM HEPES buffer fixation 
16% paraformaldehyde, EM Grade (EMS 15710) 0.625 ml 
0.5 M HEPES buffer stock (pH 7.0)   0.05 ml 
H2O       1.825 ml 
     Final Volume  2.5 ml  
 Check final pH at 7.0 with pH paper 
 

C: 4% paraformaldehyde permeabilize/fixation/microtubule stabilizing buffer 
 4% paraformaldehyde, EM Grade (EMS 15710)  
 10 mM HEPES buffer  (pH 7.0)    
  3-5 mM EGTA 
  3 mM MgSO4 
 25 mM KCl 
  0.1% NP40 
 Check final pH at 7.0 with pH paper 
 

D: 4% formaldehyde  0.1% glutaraldehyde fixative 
 4% formaldehyde 
 0.1%glutaraldehyde 
 10 mM HEPES buffer pH 7.0 
 1 mM EGTA 
 1 mM MgSO4 

 Check final pH at 7.0 with pH paper  
 
E: -20oC 100% MeOH fixation 

 100 % fresh MeOH in Coplin jar stored in freezer at least 4 hours 
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F: Blocking Buffer 
 1 ml Glycerol  
 1 ml Normal Goat Serum (Gibco) 
 0.2 g BSA (fraction V, Sigma) 
 200 μl cold water fish gelatin (Sigma) 
 1 ml DMSO 
 Bring to 20 ml with PBS, pH 7.2.  Store in aliquots in cold room. 
 

G: 10 mM HEPES + 50 mM NH4Cl 
 10 M HEPES buffer pH 7.0 
 50 mM NH4Cl 
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Appendix H: Fluorescence microscopy of nucleo-flagellar apparatuses 

Method 
1.  If working with a cell wall containing strain, treat with autolysin for 45 min. to 1 hr. at 

room temp. 

2. Wash cells once in growth medium by spinning down and suspending them under 
normal (gentle) conditions into MT buffer or Centrin Buffer. 

3. Pipette cells onto well of a multi-well slide pretreated with 0.1% polyethylenimine 
(higher concentration than standard protocol).  Let slides sit in dark for about 5 min. to 
settle and stick to surface. 

4. Dip slide into MT buffer or Centrin buffer for 2 X 1 minute rinses in Coplin jar.  Flick 
slide each time to remove unbound cells and excess liquid. 

5. Place slide into 50 ml screw cap tube containing 40 ml MT or Centrin buffer +1% 
NP40 (room temperature).  Invert tube back and forth for 1 min.  Remove slide and 
flick to remove liquid. 

6. Place slide into a 50 ml tube containing 40 ml fix solution (such as fix C or Centrin 
Buffer Fix).   

7. Place on ice and let stand for 30 min. 

8. Continue with PBS rinses, MeOH permeabilization, antibody labeling, and mounting 
the same as with the standard protocol. 

 
Centrin Buffer 
 
Make 5X stock solution of 0.05 M Hepes (pH ~7.0), 25 µM  EGTA, and 5 µM MgCl2 
 
For rinses dilute 1/5 and use 
 
For fix, use 8 mL of 5X stock with 10 mL Paraformaldehyde (16%), 4 mL 10% NP40 
and 40 µL DMSO in 40 mL total volume. 
 
MT Buffer (Microtubule Stabilizing Buffer) 
 
5X stock solution includes 50 mM HEPES buffer (pH 7.0), 25 mM EGTA, 15 mM 
MgSO4, 125 mM KCl  
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Appendix I:  Huygen’s batch deconvolution on Supercomputing Institute 

Method 

When performing batch deconvolution, separate folders corresponding to each 
channel/wavelength of the image stacks collected will be used on the Minnesota 
Supercomputing Institute (MSI) computers.  The image stacks in the folders must be 
named similarly with a sequential number at the end.  For example, if you collect both 
Texas Red and Alexa 488 wavelengths, name the first stack from a cell red1 (for Texas 
Red) and green1 (For Alexa 488); the second stack from another cell will be named red2 
and green2, and so forth and so on.  Even if more than 9 cells will imaged, keep using 
this convention and do not put a zero (e.g. 01) or hyphen/underscore (e.g. _1) before the 
initial number.  It is fine that the cells red1, red10, and red11 will appear to be in 
sequential order in the folder.  The program will still read them correctly.   After all 
images are collected move the images stacks to separate folders based on each 
color/wavelength on MSI.  In other words, all the red image stacks into one folder named 
red and green image stacks into the other named green. 

To conduct deconvolution in batch, you first must obtain access to the BSCL computers.  
This can only be done internally at MSI, so you need to contact them directly.   

Once you have access you will use the programs X11 and FUGU on a Macintosh 
computer.  For PC, Putty, WinSCP, and WinX11 are needed (not all freeware). 

Directions on a Macintosh 

1. Open an account on the MSI computer account BVIS and ask for extra space     (50 – 
100 gigabytes needed).  Alternatively, just request access to the directory and folders 
with the programs I have created called /project/lefebvre. 

 
2. open X11 and type ssh –Y username@bvis.msi.umn.edu 
 
3. enter your password XXXXX 
 
4. use the command cd to change to the appropriate directory where you have space.  

For example, my work is all the directory /project/lefebvre, so I type  
cd /project/lefebvre. 

 
5. If working in a directory that has previously been created, skip this step.  If working 

in a new directory from scratch, you’ll need to create a new directory for each folder 
corresponding to each wavelength of light you will be deconvoluting (eg. red, green, 
and blue).  To do this type mkdir and the name of the folder you want to create (e.g. 
mkdir green).  Type ls and hit enter to confirm that the folder was created.  Typing ls 
at any time will show you the contents of the directory you are in. 
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6. Now you need to upload images to this folder.  To do this, you need to make sure you 

keep the X11 window open and that you are logged in (you do not have to be 
navigated to the correct folder, just logged on to the root directory such as 
/project/lefebvre).  Next, open up FUGU, which apparently means Blowfish in 
Japanese.  Log onto the BVIS computer by typing bvis.mis.umn.edu in the connect to 
box and filling in your username (e.g. piasecki) in the username box.   It will then 
prompt you for your password, which you enter. 

 

7. Navigate to the appropriate folders on both your computer (left) and on the BVIS 
computer (right) by using the pull down and select menus.  Then drag and drop all the 
“green” images from your computer to the “green” image folder on the BVIS 
computer. Repeat at each additional wavelength.  You can either close FUGU or 
leave it open while you complete the deconvolution process. 

 

8. Go back into the X11 program and change into the first directory/folder (wavelength) 
that will be deconvolved by typing cd and then the folder name (e.g. cd green).  At 
any point you can step back to the previous folder/directory by typing cd .. and 
pressing enter. 

 

9. Inside this folder should reside all the images you placed there.  If a tcl script has 
been created, skip this step.  If not you will need to create a TCL script file for each 
specific directory/folder/wavelength.  The TCL script file must be modified for the 
specific number of images, their naming convention (e.g. green or red), and the 
excitation and emission wavelengths for use in the Huygen’s program.  Once a file 
has been created in the directory, it can be modified for additional uses. 

 
  
10. If needed, create a tcl file by typing the command xemacs filename.tcl (e.g. xemacs 

ravi_ver3.tcl).  When the Xwindows editor window opens, copy and paste the TCL 
script that precedes this method. IMPORTANT: You will need to modify the 
parameters in bold to fit your own parameters!  Additionally, the deconvolved image 
set will need a different naming convention than the original file as they will be 
stored in the same directory (see TCL script example below for 32 images from a data 
set named green1, green2, etc…, which after deconvolution will be named 
decon_green1, decon_green2, etc…).  When you are done entering the information, 
save and exit the Xwindows editor.  Repeat for each other directory if necessary. 
 

11. If a tcl file has been created previously in a specific folder (e.g. red, green or blue), it 
should contain the appropriate excitation and emission parameters.  If so, all that 
needs to be changed is the number of images and the starting and stopping image 
files, which are listed in these two codes of line below.  Modify the information in 
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bold to the appropriate parameters.  For example, if 32 images are going to be 
processed, type in 32 for the number of images.  If the image set starts at 1, then type 
in 1 and 32 for the set number parameters.  However, as long as the data set is 
sequential, you can start at any number you like.  For example, if you have 32 images 
but are starting at number 2, leave 32 as the value for set numImages and then type in 
2 and 33 for the set number parameters.  

 

a. set numImages 32 
 

b. for {set num 1} {$num<=32} {incr num} { 
  

  
12. To run the scripting program, navigate to the directory you will be using (e.g. green) 

and type huscript filename.tcl (e.g. huscript ravi_ver3.tcl).  Huygens will open and 
may prompt you to hit o.k.  The program will now deconvolute all images if 
configured correctly. 

 

13. After the first directory has begun deconvoluting, you can simultaneously run another 
directory by opening up a new window in X11 by using the Applications pull down 
menu and choosing Terminal. 

 

14. Transfer deconvoluted images from directory to computer using FUGU.  Exit X11 by 
typing logout. 
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TCL Script file (modify bold text as needed) 
 
##### 
####  Set these parameters 
#### 
 
huOpt verb -mode noQs 
huOpt cpu -min 3 -max 4 
#huOpt setmem -max 24 
 
set numImages 32 
set inputbase "green" 
set ext ".tif" 
set pathname "/project/lefebvre/green/" 
set num_aper 1.4; #Numerical Aperture 
set excitation 494 
set emission 519   
set niter 40; #No of iterations 
set outputbase "deconv_green" 
 
c del 
 
for {set num 1} {$num<=32} {incr num} { 
  #Read the original non-deconvolved image 
  set inputname $pathname$inputbase$num$ext 
  puts $inputname 
  img open $inputname 
  green stat  
  img create mypsf 
  img create c 
   
  #Determine PSF 
  green genpsfExpl -> mypsf -na $num_aper -ex $excitation -em $emission 
 
  #Deconvolve the image   
  green cmle mypsf -> c -it $niter -bgMode lowest -blMode off -pad auto 
   
  #Save the deconvolved image 
  set outputname $pathname$outputbase$num$ext 
  puts $outputname 
  c save $outputname -type tiff16 -tiffMultiDir 
 
  #Clear or destroy variables 
  mypsf del 
  c del 
  green del 
  set inputname "" 
  set outputname "" 
}  
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Appendix J:  Whole cell electron microscopy 
 

Fixation and dehydration method 

1.  Dilute cells suspended in culture medium into an equal volume of 2% 
glutaraldehyde in culture medium. 
 

2.  Gently pellet cells in the clinical centrifuge ( 2 min. setting #5). 
 

3. Remove supernatant and gently suspend cells in 1% glutaraldehyde in 100 mM 
sodium Cacodylate.  Optionally, 1% tannic acid can be added to the fix for 
staining and preservation.  Fix 1 hr. at room temperature and overnight at 4oC. 
 

4. Gently pellet cells, remove supernatant, and suspend in 100 mM sodium 
Cacodylate.  Repeat this for a total of 4 washes, 2-5 min. each wash. 
 

5. Suspend cells in 1% OsO4 in 100 mM sodium Cacodylate and fix for 1 hr. on ice. 
 

6. Gently pellet cells and resuspend in distilled water.  Wash 2-3 times with water. 
 

7. Suspend cells in 1% uranyl acetate in water.  Stain 1 hr. to overnight at room 
temperature. 
 

8. Dehydrate cells in acetone.  I usually suspend cells in 25% acetone: 75% water 
for 10 min., let the cells settle or centrigue to lightly pellet cells.  Remove the 
supernatant and suspend cells in 50:50 acetone:water for 10 min.  Repeat washes 
with 75%, 95%, and two 100% acetone changes. 
 

Epon embedment method 

1. The imaging center provides resin with and without the catalyst added.  Using the 
plastic that requires the addition of fresh catalyst because it provides better 
infiltration.  Thaw out plastic with components A and B added (see Imaging 
center for recipe), but that lacks the catalyst.  Add 160 µl / 5.0 ml resin of BDMA.          
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2. Suspend cells in 1:3 plastic:acetone and leave the tube uncovered overnight on a 
shaker in the hood.  The acetone will evaporate and increase plastic concentration.  
Freeze the remaining plastic with the catalyst added overnight.  In other words, 
you can use the plastic mixed with resin the next day provided it has been kept at 
-20C. 

3. The next day, gently pellet the cell and remove the acetone:plastic mix.  Add fresh 
100% plastic and mix cells.  Wait 1 hr., pellet the cells, remove the plastic, and 
add a little fresh plastic. 

4. Use a pipette to transfer the cells and plastic to a BEEM capsule.  Fill remaining 
space with fresh plastic.  Allow cells to settle, and then polymerize plastic at 40oC 
for 2 days.  
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Appendix K: Isolation of nucleo-flagellar apparatuses for immunogold labeling 
 
Method 
 
1.  Grow approximately 1L of cells (expressing the HA-tagged protein) in M on 

light/dark cycle; harvest cells at beginning of light cycle.  Wash cells once in M 
medium, use approximately 1x109 cells for prep. 
 

2. Incubate cells with 10-ml filter-sterilized autolysin for 40 min.  Test a small portion 
(20 µl) to make sure the cells are readily lysed using an equal volume of MT buffer + 
2% NP-40.  If cells do not quickly lyse, incubate in autolysin longer and/or spike with 
more autolysin.  When lysis is good, pellet cells in 15-mL screw-cap tubes (#5 in 
clinical centrifuge for 2 minutes). 

 
3. Resuspend cells in 10-mL MT buffer and transfer cells to two 15-ml screw-cap tubes.  

Pipette a layer (about 2 ml) of 30% Percoll (in MT buffer) under the cell suspension 
and centrifuge cells in a clinical centrifuge for 3 min. at 2000 rpm.  Pipette off the 
supernatant and discard. 
 

4. Gently resuspend all the cells in 15-ml cold MT buffer + protease inhibitor cocktail 
(Sigma P8340 diluted 1:50) in one 50 ml screw-cap tube.  Add 15-ml 2% NP-40 (if 
harvesting for immunoblot, add 0.01% aprotinin from 10 mg/ml frozen stock and 
0.005% PMSF to lysis buffer and use in all subsequent steps after lysis).  Mix the 
suspension vigorously (it will lose turbidity and become a clear green).  Keep the 
suspension on ice while checking a sample under the microscope to confirm cell lysis. 
 

5. Place 15 ml of the supernatant in each of two pre-chilled 50-ml thick-walled 
centrifuge tubes.  Add to the lysate 20-ml of 70% Percoll in MT buffer (for a final 
concentration of 40% Percoll).  Cover the tube with Parafilm and mix well.  
Centrifuge at 11,500 rpm in a Sorval SS-34 rotor for 30 minutes. 
 

6. The apparatuses will be banded near the top of the gradient, just below the interface 
between the aqueous and Percoll phases.  Pull out the apparatus layer with a 6-ml 
syringe and a 21-gauge needle (2-3 mL volume).  Transfer the solution to two 50-ml 
centrifuge tubes.  Add 35 ml of ice cold MT buffer with protease inhibitors (Sigma 
P8340 1:200) to each tube and centrifuge in the Sorvall SS-34 rotor at 11,500 rpm for 
20 minutes. 
 

7. Remove and discard most of the supernatant (using a 10-ml pipette), leaving about 1 
inch of supernatant in the tubes.  Pull out the soft pellets with a yellow tip and pipette 
them into two 1.5-ml microfuge tubes.  Fill the tubes with MT buffer with protease 
inhibitors (Sigma P8340 1:200) and centrifuge in a microfuge in the cold room for 10 
minutes (use the swinging bucket rotor to maximize recovery). 
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8. Pipette off the supernatant and discard it.  Resuspend the purified complexes in 0.5 ml 
MT buffer.  Add equal volume MT buffer +6% paraformaldehyde + 0.5% 
glutaraldehyde.  Incubate on ice for 30 minutes.  Spin down apparatuses in Eppendorf 
centrifuge in cold room. 
 

9. Suspend pellets in PBS – wash 3X (second wash with PBS plus 50 mM NH4Cl); 
resuspend sticky pellet each time. 
 

10. Incubate apparatus pellets in 150 µl blocking buffer at 4oC for 90 minutes.  Add an 
equal volume of blocking buffer with antibody (144 µl blocking buffer + 6 µl anti HA 
antibody, final dilution 1:50).  Incubate overnight (16 hr.) at 4oC.   

 
Note: for the control tube with secondary antibody only, carry out this step with no anti-HA antibody. 

11. Spin down apparatuses.  Wash 3X in ice-cold PBS; resuspend sticky pellet each time.  
Suspend apparatuses in 50 µl blocking buffer.  Add 50 µl of blocking buffer + 
colloidal gold antibody diluted 1:10; final dilution 1:20 (Antibody was 12 nm 
colloidal gold-affinity purified goat anti-rat IgG lot number 40157 from Jackson 
Immuno Research Laboratories, Inc.).  Incubate 2 hr., 37oC; agitate often. 
 

12. Wash 3 X PBS; resuspend sticky pellet each time.  Post-fix in 2% glutaraldehyde in 
PBS; O/N at 4oC. 
 
0.2   ml 5X PBS 

0.25 ml 8% glutaraldehyde 

0.55 ml H2O 

Wash pellets in PBS 3X 20 minutes. 

13. Osmilate 1% OsO4 in MT buffer for 30 min. on ice. 
 
0.2 ml 5X MT buffer 

0.25 ml OsO4 

0.55 ml H2O 

Wash 2X in MT buffer (2 X 20 min.). 

14. Embed pellets in 2% low melt agarose (melt and keep at 45oC prior to adding to the 
pellets). 20 µl pellet + 60 µl agarose in MT buffer. 
 

15. Place pellets in dram vials.  Dehydrate in acetone series 25%, 50%, 75%, 95%, 100%, 
each step 2 x 15 min. except O/N for one 25% or 50% step. 
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16. Embed in Embed-812.  Mix plastic: 5 ml mix A + 5 ml mix B + 200 µl DMP-30 
 

Incubate pellets in 1 plastic : 2 acetone for 1 hr. (0.75 plastic per vial) 

Incubate pellets in 1 plastic : 1 acetone for 1 hr. (1.2 plastic per vial) 

Incubate pellets in 100% plastic for 1hr. (2.4 plastic per vial) 

Embed pellets in fresh plastic in capsule 

Bake 68oC for 48 hours 

17. Cut 50 nm sections and 95 nm sections; stain them 2 min. with lead citrate and 15 
min. with uranyl acetate. 
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Solutions 
 
5X MT Buffer stock solution is required in many of the solutions described below (make fresh) 

5X MT Stock [Final] 

15 ml 0.5 M Hepes 150 mM 

1.25 ml 1M MgSO4 25 mM 

2.5 ml 0.5 M EGTA 25 mM 

6.25 ml 1 M KCl 125 mM 

250 µl DTT 5 mM DTT 

 
Notes 

Solution 100 ml MT/DTT Keep 25 ml at room temp 
Recipe 20 ml 5X MT/DTT stock, 80 mL H20 Put the rest on ice 

Solution 72 ml MT/DTT, PI Keep on ice 
Recipe 72 ml 1X MT + 270 PI 

Solution 20 ml MT/DTT, 2% NP-40, PI Keep on ice 
Recipe 5 ml 5X MT/DTT, 4 ml 10% NP-40, 300 ml PI 

Solution 5 ml MT/DTT, 30% Percoll Keep at room temp 
Recipe 1 ml 5X MT/DTT, 1.5 ml Percoll 

Solution 50 ml MT/DTT, 70% Percoll Keep on ice 
Recipe 10 ml 5X MT/DTT, 35 ml Percoll 

Solution 
1 ml MT/DTT, 6% formaldehyde, 0.5% 
glutaraldehyde 

Keep on ice Recipe 0.362 ml H20, 0.375 ml 16% formaldehyde, 
 02. ml 5X stock, 0.0625 ml 8% glutaraldehyde 

Solution 5X PBS 
Keep on ice 

Recipe 
40 g NaCl, 1.0 g KCl, 7.2 g Na2HP04, 1.2 g KH2P04 
in 1L H20, to pH 7.0 and autoclave 

Solution 2 mL PBS, NH4Cl Keep on ice 
Recipe 0.4 ml 5X PBS, 100 ml, 1M NH4Cl, 1.5 ml H20 
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Appendix L:  Chemical fix and LR White substitution for post-embedding TEM  
 

Method 

1. Fix cells for 30 min. on ice exactly as described for whole-cell 

immunofluorescence method using Fix C without NP40. 

 

2. Wash cells with 10 mM HEPES (pH 7.4) buffer 3X for 15 min. each wash. 

 
3. Dehydrate cells in a graded ETOH series (25, 50, 75, 95, and 2 X 100%) for 15 

min. each on ice. 

 
4. Infiltrate with 2:1 ETOH and LR White for 1 hr. on ice. 

 
5. Infiltrate with 1:1 ETOH and LR White for 1 hr. on ice. 

 
6. Infiltrate with 100% LR White 2X 1hr. each or O/N final step. 

 
7. Add accelerator to an aliquot of LR White resin following the manufacturer’s 

specification. 

 
8. Perform 2X 5 min. rinses with the accelerated resin on ice. 

 
9. Put cells in a gel capsule or Eppendorf tube.  Warning: gel caps adsorb water, so 

do NOT put them directly on ice.   

 
10. Add fresh resin to the brim of the tube/capsule, and allow cells to polymerize at 

4oC O/N.   

 
11. Section and stain by the method listed on the CBS Imaging Center website. 

  



Appendix M:  Cell synchrony procedure 

Method 

1. Inoculate a culture from a plate into a tube containing TAP growth medium. 

2. After the culture is a medium green, transfer it into a 150 ml Erlenmeyer flask 
containing 50 – 75 ml of TAP growth medium.  This flask should be fitted with a 
cotton plug containing a plug stabbed with a Pasteur pipette and plastic tubing 
(optional).  Plastic allows for the easy removal of cells during the dark period with a 
syringe (see below).   

Note: If there is too much volume of liquid is in the culture vessel, proper mixing will not occur.  
Therefore, culture volume should never exceed 50% of the maximum flask volume. 

3. Place the culture on a 12:12 hr. light:dark cycle at 24oC with a light intensity of 
approximately 62.5 μmol photons·m-2·s-1.  Bubble culture vigorously with filtered air. 

4. As growth of the culture requires, serially dilute cells into new flasks of TAP medium 
when the density is between 1-10 x 105 cells/ml (light green by eye).  After the culture 
is rapidly dividing, this transferring the culture to a new flask every day will be 
required.   
 
Note: It is important to keep cultures a light green or they will lose synchrony, and cells in TAP divide 
quickly!).  When the culture density gets much above 3 x 106 cells/ml (even on the day of your 
experiment), synchrony decreases. 
 

5. After about 5 days of vigorous bubbling cells should be well synchronized.  The 
strain I used was in peak division at approximately 7 hrs after the lights went out, but 
this should be empirically determined for every strain used.   

  

 
115 

 



Appendix N: Immobilization of cells in low-melt agarose  

Preparation of microscope slide 

To allow for minimal changes in the focal plane, four “posts” for a coverslip to rest on 
should be printed on a microscope slide.  From a pool of nail polish on a piece of 
Parafilm, dab with a tooth pick and make four small spots (as depicted below) forming a 
squre on a standard microscope slide.  Make the spots as small as possible.  Allow to dry.  

 

Preparation of cells to place on prepared slides 

Heat a 2% solution of low-melt agarose to 65oC, and then transfer the agarose to a water 
bath at 35oC.  After the melted agarose has equilibrated to 35oC, mix an equal volume of 
a cell culture with the low-melt agarose.  Gently pipette up and down a few times and 
then place 15 – 20 µl of cells in agarose in the center of the slide.  Gently place a 
coverslip over the cells and apply gentle pressure to each of the corners with a pipette tip 
or tooth pick to allow for the agarose to solidify at the height of the nail polish spots.  
Allow agarose to solidify for 8 – 10 min. prior to proceeding to next step. 

 

After the 8 - 10 min, coat the edges of the coverslip with immersion oil.  This will 
prevent the agarose from over drying and allow for a longer observation time.  

 

Wait another 10 – 60 min. to allow the agarose to further solidify prior to viewing. 
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