
 
CHANNELRHODOPSIN-1:  

CELLULAR LOCALIZATION AND ROLE IN EYESPOT ASSEMBLY AND 
PLACEMENT IN CHLAMYDOMONAS REINHARDTII 

 
 

by 
 
 

Mark Thompson 
 
 
 

__________________________ 
Copyright © Mark Thompson 2016 

 
 
 
 

A Dissertation Submitted to the Faculty of the 
 
 

DEPARTMENT OF MOLECULAR & CELLULAR BIOLOGY 
 
 

In Partial Fulfillment of the Requirements 
 

For the Degree of 
 
 

DOCTOR OF PHILOSOPHY 
 
 

In the Graduate College 
 
 

THE UNIVERSITY OF ARIZONA 
 
 
 
 

2016 
 
 
 
 
 



	

THE UNIVERSITY OF ARIZONA 
GRADUATE COLLEGE 

 
As members of the Dissertation Committee, we certify that we have read the 
dissertation prepared by Mark Thompson, titled Channelrhodopsin-1: Cellular 
Localization and Role in Eyespot Assembly and Placement in Chlamydomonas 
Reinhardtii and recommend that it be accepted as fulfilling the dissertation 
requirement for the Degree of Doctor of Philosophy. 
 
 
_______________________________________________________________________ Date: May 16, 2016 

Carol Dieckmann    
 
_______________________________________________________________________ Date: May 16, 2016 

Joyce Schroeder    
    
_______________________________________________________________________ Date: May 16, 2016 

Ted Weinert    
 
_______________________________________________________________________ Date: May 16, 2016 

Andrew Capaldi    
    
    
    
 
Final approval and acceptance of this dissertation is contingent upon the 
candidate’s submission of the final copies of the dissertation to the Graduate 
College.   
 
I hereby certify that I have read this dissertation prepared under my direction and 
recommend that it be accepted as fulfilling the dissertation requirement. 
 
 
________________________________________________ Date: May 16, 2016 
Dissertation Director:  Carol Dieckmann    

 
 
 
 
 
	
 

2



	

STATEMENT BY AUTHOR 
 

This dissertation has been submitted in partial fulfillment of the 
requirements for an advanced degree at the University of Arizona and is 
deposited in the University Library to be made available to borrowers under rules 
of the Library. 
 

Brief quotations from this dissertation are allowable without special 
permission, provided that an accurate acknowledgement of the source is made.  
Requests for permission for extended quotation from or reproduction of this 
manuscript in whole or in part may be granted by the head of the major 
department or the Dean of the Graduate College when in his or her judgment the 
proposed use of the material is in the interests of scholarship.  In all other 
instances, however, permission must be obtained from the author. 
 
 
 

SIGNED: Mark Thompson 
 

 

 
 
 
 

 
 
 
 

 
 
 
 
 

3



	

ACKNOWLEDGMENTS 

First I would like to thank my advisor Dr. Carol Dieckmann.  She has been a 
great influence on my life as both a scientist and human being.  I sat and worked 
next to her in the lab for over five years.  I couldn’t have asked for a better 
mentor for my graduate studies. I know that without her guidance, patience and 
understanding, I would not have made it through graduate school.  I thank her for 
taking a chance on me. 
 
I would also like to thank Drs. Telsa Mittelmeier and Joseph Boyd who trained 
me on the skills needed for work with Chlamydomonas.  Telsa was a great 
resource for information on a daily basis and helped me troubleshoot issues I 
faced in my lab work.  
 
I was blessed to work with some great undergraduates, including Rebecca Luiten 
and Vicky Monteleone who helped get my mutant screening up and going.  Matti 
Tygert also helped with mutant screening during her time in the lab as summer 
undergraduate researcher.   
 
I would like to thank the staff of the MCB office including Denise Slay, Barb 
Johnson and Vince Leon, along with many others who helped to make sure I was 
enrolled in the right classes, filled out the right paperwork and was paid. 
 
The many graduate students and faculty that lived on the 4th floor of LSS and 
were available for advice and conversation, specifically Saumya Jain, who was 
always available for conversation or lunch and is a great friend. 
 
Funding for this project was provided by the National Science Foundation, a 
National Institutes of Health Graduate Training Grant in Biochemistry & Molecular 
and Cellular Biology, and research and travel funds from the Graduate College at 
the University of Arizona. 
 
Last but certainly not least, I would like to thank my wife, Danielle Thompson for 
her patience as I worked long hours in the lab, and my son Grant who loved to 
visit the lab and was always interested in what I was doing.  I would also like to 
thank my in-laws, John and Keri Prigge for their support through this long 
journey. 
 

 
 
 

 

4



	

DEDICATION 

To my grandparents, Ray and Vivian Thompson 

 

 
 

 
 
 
 

 
 
 
 

 
 
 
 
 

 
 
 
 
 

5



	

Table of Contents 
List of Figures ...................................................................................................... 7 
List of Tables ........................................................................................................ 8 
Abstract ................................................................................................................ 9 
Chapter One: Introduction ................................................................................ 10 
Chapter Two: ChR1 localization in Chlamydomonas Cells ........................... 21 

Introduction ................................................................................................................ 21 
Results ........................................................................................................................ 25 

ChR1 localizes along the plasma membrane interface with the D4 rootlet ............. 25 
Truncation of the C-terminal domain of ChR1 did not affect localization of the 
protein to the eyespot .............................................................................................. 28 
Mutating conserved cysteine residues in the N-terminus of ChR1 did not affect 
localization of the protein to the eyespot ................................................................. 30 

Discussion .................................................................................................................. 32 
ChR1 localization and movement along the D4 rootlet ............................................ 32 
ChR1 mutations do not affect localization to the eyespot ........................................ 34 

Chapter Three: The Elusive and Enigmatic ChR2 Mutation .......................... 35 
Introduction ................................................................................................................ 35 
Results ........................................................................................................................ 37 

Initial screen using method designed by Gonzalez-Ballester et al., (2011) ............. 37 
Second screen focused on phototaxis-negative mutants ........................................ 41 
Third screen focused on pooling transformants to isolate phototaxis-negative 
mutants .................................................................................................................... 42 
Attempt to generate ChR2 mutation using the CRISPR/Cas9 system .................... 44 

Discussion .................................................................................................................. 45 
Difficulty in the isolation of a ChR2 mutation ........................................................... 45 
Lessons learned from mutagenic screening ............................................................ 45 

Chapter Four: ChR1 Proteomics ...................................................................... 48 
Introduction ................................................................................................................ 48 
Results ........................................................................................................................ 50 

Eyespot isolation ...................................................................................................... 50 
Protein isolation and ChR1 Immunoprecipitation ..................................................... 52 

Discussion .................................................................................................................. 54 
Lessons learned from IP of ChR1 protein from isolated eyespots ........................... 54 

Chapter 5: Contributions to Lab Publications ................................................ 57 
     Introduction……..…………………………...…………………………………………….57 
     Publications…………….…….…………………………………..………….…………….57 

Chapter 6: Discussion and Future Directions ................................................. 59 
Introduction ................................................................................................................ 59 
Visualizing ChR1 and Other Proteins in Live Chlamydomonas Cells .................. 59 
The role(s) of ChRs in eyespot assembly and placement ..................................... 64 
Microtubule-based studies to learn more about the eyespot ................................ 66 

MATERIALS AND METHODS ............................................................................ 73 
Appendix A.  Lab Publications ……………………………………………………77 

6



	

References………………………………………………………………………….114 

List of Figures 
 
FIGURE 1. CARTOON REPRESENTATION OF THE CHLAMYDOMONAS 

CELL.  ………………………………………………………………………………….11 
 

FIGURE 2. CARTOON REPRESENTATION OF THE SWIMMING MOTION AND 

LIGHT-ACTIVATED RESPONSES OF THE CELL. ……………………………....13 
 

FIGURE 3. CARTOON REPRESENTATION OF THE MICROTUBULE 

ROOTLET STRUCTURES OF THE CHLAMYDOMONAS CELL. ……………... 15 
 

FIGURE 4. CARTOON REPRESENTATION OF THE ULTRASTRUCTURE OF 

THE CHLAMYDOMONAS EYESPOT……………………………………………....17 
 

FIGURE 5. CARTOON OF CHR1 IN THE PLASMA MEMBRANE……………...22 
  

FIGURE 6. A FIGURE FROM SINESHCHEKOV ET AL., (2002). ACTION 

SPECTRA FOR PHOTORECEPTOR CURRENTS IN CSRA-ENRICHED (CHR1) 

AND CSRB-ENRICHED (CHR2) CELLS………………………………………..….24 
 

FIGURE 7. IMMUNOFLUORESCENCE SIM MICROGRAPHS OF ΔCOP3-

RESCUED CELLS………………...……………………………………..……………26 
 

FIGURE 8. 3D-RENDERING OF MAX PROJECTION 

IMMUNOFLUORESCENCE SIM MICROGRAPHS OF WILD-TYPE (137C+) 

CELLS……………………………………………………………………………..……27 
 

FIGURE 9. CARTOON REPRESENTATION OF THE DIFFERENT CHR1 

CONSTRUCTS THAT WERE CLONED…………………………………………….29 
 

FIGURE 10. LIVE CELL IMAGING OF CHR1-MCHERRY LOCALIZATION IN 

ΔCOP3 RESCUED CELLS……………………………………………………….…..31 
 

FIGURE 11. WESTERN BLOTS OF WHOLE CELL LYSATES WITH OR 

WITHOUT Â-MERCAPTOETHANOL (BME)………………………………….....33 
 

FIGURE 12. CARTOON REPRESENTATION OF AN INSERTION OF THE 

ARG7 GENE SELECTABLE MARKER INTO A TARGET GENE. ……………....39 
  

FIGURE 13. IMAGE OF CHLAMYDOMONAS EYESPOT ISOLATION IN AN 

ULTRA-CENTRIFUGE TUBE AFTER CENTRIFUGATION…………………….. 51  

7



	

 
 

FIGURE 14. CHR1 IP STEPS EVALUATED BY SILVER STAINED SDS-PAGE 

AND WESTERN BLOT…………………………………………………………….….53 

FIGURE 15. WESTERN BLOT OF DIGITONIN-TREATED EYESPOT 

ISOLATIONS……………………………………………………………………..…….55   
 

FIGURE 16. CHLOROPHYLL A/B ABSORBANCE SPECTRA………….……….60 

 

List of Tables 
TABLE 1. LIST OF GENES THAT WERE TARGETED IN MUTAGENIC 

SCREEN…………………………………………………………………………….….40 

 

 

 

	
	
	

	

	
	
	
	
	
	
	

8



	

 

Abstract 
	
The eyespot of the single-celled alga Chlamydomonas aids the cell in detecting 

the direction of light in the environment.  The complex assembly and asymmetric 

placement of the eyespot provides a model to ask questions about assembly and 

asymmetric placement of organelles. Understanding the mechanisms that 

underlie assembly and asymmetric placement of the eyespot can be applied 

more broadly to their functions in other eukaryotic organisms.   This study sought 

to understand the role of a key protein in those processes, Channelrhodopsin-1 

(ChR1).  ChR1 was found to localize along the entire length of the D4 rootlet 

from the region around the daughter basal body to the eyespot.  ChR1 was found 

to primarily localize to the plasma membrane side of the D4, suggesting that 

ChR1 was being pulled through the plasma membrane from the region around 

the basal bodies to the eyespot.  Further, ChR1 was found to be able to localize 

to the eyespot even with the truncation of the large cytoplasmic C-terminal 

domain, suggesting that ChR1 is able to complex with another protein that is 

being trafficked to the eyespot.  One such protein was thought to be ChR2, the 

other light-activated ion channel localized to the eyespot.  Efforts to isolate a 

mutation in ChR2 were unsuccessful.   Initial efforts were made in this 

dissertation to perform proteomic studies of ChR1 and identify its interacting 

partners.  ChR1 is not the master regulator of either placement or assembly of 

the eyespot, but work in this study lays the groundwork to further investigate 

transport of ChR1 and interacting proteins to the eyespot and their role in 

assembly of the eyespot.   
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Chapter One 
 

Introduction 
 

The goal of my dissertation work was to further clarify our understanding of 

placement and assembly of the eyespot organelle in the single-celled alga, 

Chlamydomonas reinhardtii. Specifically, I investigated the role of the eyespot 

protein, Channelrhodopsin-1 (ChR1) in those processes.   I was also curious how 

ChR1 was trafficked to the eyespot, and the proteins it interacted with once at the 

eyespot.  To be able to understand the context of my scientific questions, I must 

first introduce the overarching scientific principles addressed by my work, as well 

as the model organism that was used to test my hypotheses.  I will then give a 

brief history of the previous work that has laid the foundation for what we 

currently know about eyespot biology, and how ChR1 came to be a relevant 

piece of the puzzle. 

  

Organelle biogenesis describes the creation of new organelles.  Historically, for 

something to be labeled as an organelle it had to be encompassed by a 

membrane.  But, this left out structures such as ribosomes, centrioles and 

eyespots. In more recent times, the definition of an organelle has been expanded 

to include all structures within a cell that has a specialized function (Diekmann & 

Pereira-Leal 2013). I will use this definition of an organelle for my dissertation.  

 

Studying the process of organelle biogenesis is a first step towards 

understanding how and why a cell needs these structures, as disregulation of 

any of these steps can be detrimental to the cell (Lerit et al. 2013).  In particular, 

elucidating the mechanism by which organelles assemble de novo, such as the 

eyespot of unicellular alga Chlamydomonas reinhardtii, can lead to new insights 

regarding the origins of organelle assembly.  Furthermore, understanding how 
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Figure 1. Cartoon representation of the Chlamydomonas cell.  Highlighted are 
some of the features and organelles of the cell.  A. Micrograph of a wild-type 
(137c+) cell.   
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 the eyespot is precisely positioned in the cell lends insight into a mechanism for 

asymmetric placement of organelles in eukaryotic cells.  To better understand the 

context of eyespot biology as a tool to study these principles, we must first 

appreciate a model organism that uses an eyespot, Chlamydomonas reinhardtii.    

Chlamydomonas reinhardtii is a single-celled alga that is used as a model 

organism for scientific discovery (Figure 1A).  The short lifecycle and recently 

sequenced genome makes it a great tool for genetic analysis.  The cell is 

comprised of a large chloroplast that fills the posterior two-thirds of the cell, 

providing an excellent model for studying processes related to photosynthesis 

(Figure 1). This has helped in the quest to understand how to make more cost-

effective and sustainable biofuel (Scranton et al. 2015).   At the anterior of the 

cell resides the nucleus and other organelles in a small cup formed by the 

chloroplast.  Near the plasma membrane, the two basal bodies are anchored and 

are the template and base for the flagella. The basal bodies are also used as the 

centrioles during cell division.  They are not equal, as the mother is retained from 

a previous division and the daughter is matured shortly before the latest division. 

This asymmetry in the basal bodies is also seen in the flagella as they respond 

differently to changes in light, which will be described next.   

 

Studies of flagella in Chlamydomonas have been focused on signal transduction 

in mating, intraflagellar transport mechanisms and swimming in response to light 

and other stimuli. The flagella on cells of opposite mating type interact and bring 

the cells together for sexual reproduction (Musgrave & van den Ende 1987). 

Scientists have also made seminal discoveries about trafficking along 

microtubules and cilia by studying the flagella (Kozminski et al. 1993; Kozminski 

et al. 1995; Pazour et al. 2000a). These discoveries have been used to better 

understand the functions of non-motile cilia, termed primary cilia in higher 

organisms(Pazour et al. 2000a; Pazour & Rosenbaum 2002).  Chlamydomonas 

flagella work together, beating in a breaststroke-like motion to propel the cell 

through the aqueous environment (Brokaw 1982). In order for the cell to be able  
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Light	 Posi*ve	Phototaxis	

Light	 Nega*ve	Phototaxis	

Light	 Photoshock	Response	

A B

Figure 2. Cartoon representation of the swimming motion and light-activated 
responses of the cell. The eyespot is represented by the orange dot.  A. The cell 
swims/rolls in a helical motion along its longitudinal axis allowing the eyespot to 
scan 3600 in the environment for light. B. The intensity of the light detected by 
the eyespot affects the stroke pattern of the flagella, directing movement of the 
cell towards the light (positive phototaxis) or away from the light (negative 
phototaxis).  In positive phototaxis, the flagellum nearest the eyespot beats more 
weakly, while the other flagellum beats normally.  This turns the cell toward the 
light.  The asymmetry in the flagellar waveforms   switch during negative 
phototaxis to turn the cell away from bright light.   If the eyespot detects a sudden 
strong light stimulus (photoshock), the flagella switch to a waving pattern and 
briefly swim backwards. The flagella quickly resume a normal beating pattern 
and the swims off in a random direction. 
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to swim to an optimal level of light for photosynthesis, it needs to be able to 

detect the direction of the light and swim toward it in a process known as 

phototaxis. 

 

The Chlamydomonas cell swims/rolls in a helical motion along its longitudinal 

axis (Figure 2),(Riffer & Nultsch 1985). This allows the light-sensing eyespot 

organelle to scan 360o in the environment for light.  When light is detected 

perpendicular to the swimming direction, the eyespot is stimulated alternately as 

the eyespot rotates between being lighted and shaded.  In response to this 

modulation of light intensity, a signal is produced that causes a rapid change in 

beating pattern of the flagella to turn towards (positive phototaxis) or away 

(negative phototaxis) from the light source (Figure 2), (Feinleib & Curry 1971; 

Rüffer & Nultsch 1997).  As the cell swims parallel to the light source, the 

eyespot maintains a more relatively constant stimulation of light.  No further 

correction of the swimming direction will occur until the cell swims or drifts out of 

an area conducive for phototaxis. If the cell encounters a sudden strong stimulus 

of light brighter than that needed for phototaxis, the cell will have a photoshock 

response (Feinleib & Curry 1971). When photoshocked, the flagella change from 

a breaststroke to a waving pattern that propels the cell backwards a short 

distance. The cell quickly recovers and continues swimming in a random 

direction. The placement and design of the eyespot are critical for optimal 

phototaxis behavior.  

 

The eyespot can be seen by light microscopy as a red-orange dot in the cell, and 

was discovered over a century ago (Ehrenberg 1830).  The eyespot forms anew 

in an asymmetric location in each daughter cell after cell division.  Asymmetric 

placement of the eyespot near the equator of the cell is required for optimal 

function of the eyespot (Figure 3),(Ringo 1967; Ueki et al. 2016).  The eyespot is 

comprised of proteins that reside in at least three distinct compartments within 

the cell:  the chloroplast, a specialized region of the chloroplast envelope, and 

the plasma membrane (Figure 4)(Schmidt et al. 2006). The pigment granule  
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Figure 3. Cartoon representation of the microtubule rootlet structures of the 
Chlamydomonas cell.  The basal bodies are shown as the small rectangular 
boxes at the base of the flagella. Each basal body is associated with a set of 
microtubule rootlet structures. Mother basal body-associated structures are 
labeled in orange and Daughter structures in blue. There is a four-membered (4) 
and two-membered (2) rootlet associated with each basal body.   On the right is a 
view looking down at the anterior of the cell.  This shows the symmetrical cruciate 
pattern of the rootlets. The D4 is longer than the other rootlets in the cell.  The 
eyespot (orange oval) is positioned at an asymmetric location near the tip of the 
D4 rootlet.  This localization is important for proper phototaxis. 
 

D4	M4	 M2	 D2	

D2	

M2	

M4	

D4	

FLAGELLUM	 FLAGELLUM	

Top	Down	View	
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arrays are assembled in the chloroplast near a specialized region of the 

chloroplast envelope, and act as a quarter-wave reflector to aid in activation of 

the photoreceptors that reside in the plasma membrane (Foster & Smyth 1980).  

The pigment granule arrays are the visible red-orange dot that we see by light 

microscopy.  
	 

The eyespot of Chlamydomonas is localized near the plus ends of a specialized 

microtubule structure, the Daughter four-membered (D4) rootlet (Holmes & 

Dutcher 1989; Mittelmeier et al. 2011; Boyd et al. 2011). This bundle of four 

microtubules is important for proper placement of the eyespot.  It also acts as a 

road for the movement of proteins to the eyespot.  The minus ends of the 

microtubules in the D4 rootlet emanate from a region near the daughter basal 

body and the bundle extends to the equator of the cell. The rootlet lies 

immediately under the plasma cell membrane. The D4 rootlet is paired with the 

D2 two-membered rootlet, which is offset from the D4 by 90 degrees. Both 

rootlets are associated with the daughter basal body. Another pair of rootlets, M4 

and M2, are associated with the Mother basal body (Figure 3). While the rootlets 

appear to assemble in a symmetrically cruciate pattern, the D4 rootlet is longer 

and more highly acetylated than the other rootlets (Boyd et al. 2011).  Proteins 

associated with the basal bodies, the basal bodies themselves, and others that 

interact with the D4 help to contribute to this asymmetry (Holmes & Dutcher 

1989).  This asymmetry is important to the Chlamydomonas cell as it helps align 

mating cells, establishes a plane of division for the cell, coordinates a precise 

orientation for mitotic division, and is important for proper transport of proteins to 

the eyespot (Harris 2001). 

 

Over the past decade, our understanding of the process of eyespot placement 

and assembly at the molecular level has started to become clear.  Through a 

program of forward genetics, coupled with the development of antibodies that 

target eyespot proteins, a better understanding of key regulators of eyespot 

placement and assembly has been established. 
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Thylakoid	
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MLT1	
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Figure 4. Cartoon representation of the ultrastructure of the Chlamydomonas 
eyespot.  The pigment granule arrays are assembled in the chloroplast and act 
as a quarter-wave reflector to reflect and absorb light that enters the cell from all 
directions.  Light that enters the eyespot region of the cell and is not initially 
detected by the photoreceptors is reflected back to photoreceptors in the plasma 
membrane. Also, the arrays absorb and reflect light that enters the cell from 
directions other than orthoganol to the outer eyespot surface.  This allows the cell 
to detect the direction of the light source.  A closer look at the ultrastructure 
shows the localization of protein that we have antibodies directed against, and 
their localization in the eyespot.  Features shown here were not drawn to scale. 
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A screen conducted by Lamb et al., (1999) was the first large screen to identify 

mutations that affect eyespot assembly and placement.  The authors  

mutagenized Chlamydomonas cells and screened for cells that were unable to 

phototax, but could still swim and perform photosynthesis. They identified 170 

mutants that fit these criteria. Screening of those individual cells for eyespot 

aberrancy left 28 mutants. The authors identified three abnormal eyespot 

phenotypes among those 28 mutants: lacking an eyespot “eyeless”, having more 

than one eyespot “multi- eyed” and eyespots that were smaller in size “mini- 

eyed”.  After complementation and linkage analysis, the authors identified two 

eyeless, one multi-eye, and one mini-eyed loci. These mutant strains were 

named eye2, eye3, mlt1 and min1 respectively. However, no mutations were 

isolated in the previously identified eye1 locus that was described over 50 years 

before this study, most likely because the eye1 mutant strains acquire the ability 

to phototax in stationary phase (Hartshorne 1953). Cloning and identification of 

the mutated loci over the subsequent years has yielded information about their 

roles in eyespot placement and assembly. 

 

The EYE2 gene (Cre12.g509250) was the first to be isolated and characterized 

(Roberts et al. 2001).  EYE2 is a chloroplast envelope protein in the thioredoxin-

family protein that also contains a LysM domain and is suggested to be a 

structural linker between critical eyespot proteins in the chloroplast. The MIN1 

gene (Cre12.g490700) was the next to be characterized, and the MIN1 protein 

sequence was found to contain both a C2 and a LysM domain (Mittelmeier et al. 

2008).  LysM domains are known to bind to peptidoglycan, which is found in cell 

wall complexes and not in the interior of the cell (Buist et al. 2008).  Since several 

other proteins found in the eyespot are predicted also to contain a LysM domain 

(Schmidt et al. 2006), it is possible this domain has been co-opted to function as 

glue to hold the eyespot together.  The EYE3 gene (Cre02.g105600) was 

characterized next, and the EYE3 protein was found to be a Ser/Thr kinase 

important for the formation of the pigment granules (Boyd et al. 2011). The low-

complexity nature of the MLT1 gene (Cre12.g509850) complicated the 
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identification of intron-exon boundaries and thus the protein sequence.  Recently, 

whole-genome sequencing identified the mlt1-1 mutation as a C to a T at position 

1131, which introduces a stop codon (Mittelmeier et al. 2015). MLT1 is predicted 

to be ~306 kDa protein of low complexity and contains no previously 

recognizable functional domains.  The migration of the polypeptide by SDS-

PAGE fits with a protein of this size.  The mutation in another multi-eyed mutant 

strain, mlt2 has not been identified.    
 

Isolation of the genes enabled the generation of antibodies against peptides or 

fusion proteins of EYE3, EYE2 and MLT1.  Along with ChR1 and ChR2 antisera 

that were gifted to the lab, we now know where each of these proteins localizes 

in the cell (Figure 4). It is important to note that MLT1 antisera was only recently 

isolated and localization of the MLT1 protein along the D4 was not known until 

after the data I am about to describe was collected. 
 

Knowing the localization of each of the proteins (minus MLT1), the focus turned 

to understanding how these proteins were involved in assembly of the eyespot. 

Specifically, could a master regulator of assembly be identified? Data collected 

by immunofluorescence microscopic analysis of wild-type and mutant strains 

showed that EYE3 requires EYE2 to be localized to the eyespot, and cannot co-

localize with ChR1 unless EYE2 is present (Boyd et al. 2011b; Boyd, Mittelmeier 

et al. 2011).  EYE2 however, can localize to the eyespot independently of EYE3, 

and is co-localized with ChR1 (Boyd et al. 2011).  This ruled out EYE3 as the 

master regulator, but still left EYE2 and ChR1 proteins as candidates for the 

master, along with proteins associated with the D4 rootlet as possibilities. When 

dividing wild-type cells were examined, it was found that EYE2 and ChR1 

localized to the eyespot with the same timing. However, detectable levels of both 

proteins were seen only at the position of eyespot formation once the acetylated 

D4 had reached that position (Mittelmeier et al. 2013).  Examining the timing of 

eyespot assembly in dividing mlt1 cells revealed that EYE2 was able to localize 

independently of ChR1, as EYE2 deposition showed wild-type timing, while 

ChR1 positioning was delayed (Mittelmeier et al. 2013).  ChR2 shows the same 
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localization patterning as ChR1, and can also localize independently of ChR1 in 

a ChR1 null mutant strain (Δcop3).  These data led to the hypothesis that a 

protein component associated with the D4 rootlet is the master regulator, 

activating an assembly cue once it reaches the position of eyespot.  
 

My interest was in the mechanism of transport of ChRs on the D4 microtubule 

rootlet.  I used genetics, biochemistry and microscopy to investigate the specific 

localization of ChRs on the microtubule rootlet in fixed cells, their localization in 

live cells and their role in eyespot assembly. Since ChR1 null mutants (Δcop3) 

still phototax and have eyespots, it was evident that the redundant ChR2 was 

sufficient for assembly and function. To enable a cleaner analysis of structure 

and function, I screened for a mutation in the gene encoding ChR2. I also purified 

eyespots and isolated ChR1 to identify proteins with which it interacts.  This 

would allow for identification of the kinesin and associated proteins responsible 

for the ChRs trafficking to the eyespot, as well as a more focused list of eyespot 

proteins.  I also used molecular genetics to investigate the role of the C-terminal 

domain of ChR1 in trafficking and assembly. This domain is not needed for 

proper function of the light-sensing, membrane-bound, N-terminal region, which 

suggested a more specialized function for the C-terminal domain in transport of 

the protein and/or its role in assembly of the eyespot. 
 

Chapter 2 of this dissertation will further introduce the ChR proteins and describe 

my experiments to understand the role of the C-terminal domain of ChR1.  It will 

also highlight what I discovered about the localization of ChR1 along the D4 

rootlet using super resolution microscopy. Chapter 3 will cover my study to 

isolate a ChR2 mutation using forward genetic screening. Chapter 4 covers my 

experiments to purify eyespots and isolate ChR1 to identify interacting proteins. 

Chapter 5 contains brief summations of my contributions to the manuscripts for 

which I was a co-author. Chapter 6 highlights the future directions for my projects 

and my perspective on our most current knowledge of eyespot biology.  Finally, 

Chapter 7 describes the experimental methods and materials used in this 

dissertation. 
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Chapter Two 
 

ChR1 localization in Chlamydomonas Cells 
 

Introduction 
 
The focus of the experiments in this chapter was to learn more about the 

localization of ChR1 in Chlamydomonas cells.  Specifically, I aimed to further 

resolve ChR1 protein localization along the D4 rootlet.  Also, I sought to learn 

more about the uncharacterized C-terminal domain of the protein, and if the 

domain was required for trafficking of the protein to the eyespot. 

 

Detection of light influences the swimming behavior of photosynthetic 

microorganisms such as Chlamydomonas.  The retinal-containing proteins called 

rhodopsins govern detection of light.  The first two to be discovered in 

Chlamydomonas, Chlamyopsin 1 and 2 (Cop1, Cop2), were thought to be the 

key detectors of light for the Chlamydomonas eyespot (Deininger et al. 1995; 

Beckmann & Hegemann 1991).  Subsequent experiments showed that they did 

not function in that capacity and their function is still not known (Fuhrmann et al. 

2001).   

 

Several years later, three independent labs simultaneously discovered two new 

Chlamyopsins in Chlamydomonas expressed sequence tag (EST) data 

(Sineshchekov et al. 2002; Nagel et al. 2002; Suzuki et al. 2003).  The data 

showed that these two new proteins were the light-detecting rhodopsins that 

influenced swimming behavior.  The structure revealed that these proteins 

contain seven trans-membrane ion channels and were named Channel 

Rhodopsin 1 (ChR1), and Channel Rhodopsin 2 (ChR2), (Figure 5), (Suzuki et al. 

2003; Kato et al. 2012; Nagel et al. 2003; Nagel et al. 2002).  The genes that 

code for these proteins were named COP3 (Cre14.g611300) and COP4  
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A	

B	

	
	

	
	

Figure 5.  A. Cartoon of ChR1 in the plasma cell membrane.  Conserved Cys73 
and Cys75 were mutated to Ser (C73S,C75S), and the C-terminal region was 
removed (Trunc). ChR1 constructs containing the mutations, singularly or in 
combination, were electroporated into arg7 cells lacking ChR1 (ΔChR1) on an 
ARG7 vector. B.  Arg+ transformants were tested for phototaxis (ptx) in white 
versus orange light. Only those transformants acquiring a functional ChR1 can 
phototax in orange light. (Madico’s Amber 81 window film acts as a high pass 
filter with a cut off of ~500nm.)  Loss of the C-terminal region of ChR1 and/or 
mutation of the N-terminal cysteines does not affect rescue of the ChR1 null 
mutant strain. 
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(Cre02.g085257) respectively. However, the ion channel makes up less than half 

of the ~700 amino acids of each protein.  The majority of the other residues 

comprise a large cytoplasmic domain of unknown function.  Removal of this 

domain does not affect the ability of the ion channel to gate ions (Nagel et al. 

2002; Nagel et al. 2003).  

 

Subsequent experiments also showed that activation of these channels by light 

caused a change in plasma membrane potential (Nagel et al. 2005; Berthold et 

al. 2008).  For this reason, the ion channel domain of ChR2 has been developed 

into a transgenic tool to change the membrane potential of targeted cells with 

light (Lin 2011). Most often, this  “optogenetic” receptor has been introduced into 

neurons in higher organisms to control firing stimulated by fiber-optically 

delivered light (Hegemann & Möglich 2011).  In Chlamydomonas cells, the 

change in membrane potential causes a depolarizing current that propagates 

along the membrane to the flagella and affects the swimming pattern.  This 

allows the cell to direct movement towards optimal levels of light, a behavior 

called phototaxis.  The two photoreceptors are activated by broad, overlapping 

wavelength ranges (Figure 6), however the absorbance maximum for ChR2 is 

470 nm, whereas the maximum for ChR1 is 510 nm (Sineshchekov et al. 2002). 

 

Further analysis of the Chlamydomonas genome revealed there are other 

rhodopsin-like proteins, bringing the total for the organism to eight (Kateriya et al. 

2004; Luck et al. 2012).  The last four that were discovered contain an ion 

channel, and also a histidine kinase domain.  One of these histidine kinase 

domain-containing proteins, COP5 (also HKR1), has been shown to localize to 

the eyespot (Luck et al. 2012), but it and the function of the others is still 

unknown. ChR1 and ChR2 are thought to be the only two channel rhodopsins 

that affect light-activated swimming behavior. However, it has not been shown 

that loss of both ChR1 and ChR2 abolish light-activated swimming behavior. 
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Cut	off	for	orange	filter	

Figure 6. This is a figure from Sineshchekov et al., (2002).  A. Action spectra for 
photoreceptor currents in CSRA-enriched (ChR1) and CSRB-enriched (ChR2) 
cells. Sensitivity is the relative effectiveness of monochromatic light determined 
from fluence-response curves as the reciprocal of the fluence that it gives a 
photoreceptor-current amplitude equal to that at a reference wave-length (500 
nm for CSRA and 470 nm for CSRB), expressed as a percent of the reference 
value. Spectra were measured at fluences of ~1 /µE/m2 (1 µE= 1 µmol of 
photons). Reproducibility was better than 90%.   Dotted line and orange shading 
were added to show the cutoff for the orange filter that was used for phototaxis 
assays.  The authors note in the text that the secondary peaks may represent the 
incomplete loss of the ChR due to inefficient RNA-i knockdown of the ChR.   We 
see no detectable phototactic cells in the ChR1 null (Δcop3) mutant strain when 
the orange filter is used. 
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Use of an antibody against the C-terminal domain of ChR1 or ChR2 shows their 

localization to the eyespot in wild-type cells (Berthold et al. 2008; Mittelmeier et 

al. 2013).  Localization in dividing cells is also seen near the basal bodies at the 

anterior of the cell and also in patches along the D4 rootlet (Mittelmeier et al. 

2011; Mittelmeier et al. 2013).  The small pools of photoreceptor at the anterior 

increase in size greatly in mlt1 mutant cells, in which localization to the eyespot is 

delayed after cell division (Mittelmeier et al. 2013).  Collectively, these data 

suggest that the photoreceptors are synthesized and transported to the region 

near the basal bodies, where they are subsequently trafficked along the D4 

microtubule rootlet to the eyespot.  Both ChR1 and ChR2 show the same 

localization patterning in wild-type and mutant cells. 

 

The goal of the experiments in this study was to better understand the movement 

of ChRs along the D4 rootlet. Specifically, I wanted to resolve the localization of 

the ChRs along the D4 in relationship to the plasma membrane and to visualize 

their movement in real time. Second, I wanted to investigate the role of the 

cytoplasmic C-terminal domain of ChR1 in localization of the protein to the 

eyespot. 

 

Results 
 

ChR1 localizes along the plasma membrane interface with the D4 rootlet 
 

Previous data collected using deconvolution fluorescence microscopy suggested 

that ChR1 was localized along the D4 microtubule rootlet leading up to the 

position of the eyespot, but its localization in relation to the plasma membrane 

was unknown (Mittelmeier et al. 2011; Mittelmeier et al. 2013). Therefore, when 

the higher-powered Structured Illumination Microscope (SIM) became available, I 

sought to further resolve the localization of ChR1 along the D4 rootlets.  
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ChR1	 AcTub	 Merge	

Figure 7. Immunofluorescence SIM micrographs of wild-type (137c+) cells.  
ChR1 staining is seen along the entire length of the D4 rootlet and in a patch at 
the location of the eyespot. ChR1 is shown in red and acetylated tubulin in green. 
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ChR1	
AcTub	

A B

C	

Figure 8. 3D rendering of max projection immunofluorescence SIM 
micrographs of wild-type (137c+) cells. A. Shows the cell from a side view 
of the D4 rootlet. B. A magnified view looking from outside to inside the 
cell at the D4 rootlet and eyespot C. A magnified view looking from inside 
the cell to the outside at the D4 rootlet and eyespot.  ChR1 is seen 
primarily along the side of the D4 rootlet that faces the plasma membrane. 
ChR1 is shown in red and acetylated tubulin in green. 
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Wild-type cells, fixed and stained with anti-ChR1 and anti-acetylated tubulin 

antibodies, were imaged using SIM microscopy. Imaging showed that ChR1 was 

localized along the D4 rootlet from the basal bodies to eyespot in a continuous 

strip (Figure 7).  3D reconstruction of z-slices taken at 0.2 µm through the cell 

body revealed the striping was mostly on the side of the D4 rootlet adjacent to 

the plasma membrane (Figure 8). Also, there was a small pool of ChR1 near the 

daughter basal body at the anterior of the cell. 

 

Truncation of the C-terminal domain of ChR1 did not affect localization of 
the protein to the eyespot 
 

The Chlamydomonas rhodopsin photoreceptors ChR1 and ChR2 both have a 

large, intracellular, folded domain not found in most other rhodopsin family 

members (Hou et al. 2011), and removal of the C-terminal domain does not 

affect the ability of the protein to detect light and change the polarity of the 

membrane (Nagel et al. 2002; Nagel et al. 2003).   I hypothesized that this 

domain was responsible for transport of the protein to the eyespot. 

 

 The ChR1 coding sequence was cloned from cDNA and genomic DNA (Figure 

9). (Introns are required to avoid silencing of Chlamydomonas transgenes (Harris 

2001))  Also, restriction enzyme sites were introduced as silent mutations to 

allow for easier manipulation of key domains.  A truncated version of ChR1 was 

made from the full-length clone by removing the entire C-terminal region of ChR1 

from the site right after the last transmembrane helix of the N-terminal ion 

channel.  The coding sequence for mCherry was added to the end of the protein 

for visualization in live cells.  This construct was then electroporated into arg7 

cells lacking ChR1 (Δcop3) on an ARG7 vector.  Arg+ transformants were tested 

for phototaxis in white versus orange light. Only those transformants 
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RbcS2i	
promoter	 Exon	1-11	 Exon	11-14	 Exon	14-Stop	 3’	UTR	

BamHI	 StuI	 SacI	 XmaI	 EcoR1	BsteII	

Exon	1-11	 3’	UTR	

StuI	 XmaI	 EcoR1	BsteII	 XbaI	

Ion	Channel	Domain	

ChR1	

ChR1-mCherry	

Exon	1-11	 Exon	11-14	 Exon	14-GGG	 3’	UTR	

StuI	 SacI	 XmaI	 EcoR1	BsteII	

mCherry	

XbaI	

Linker	sequence	

ChR1-Trunc-mCherry	

RbcS2i	
promoter	

BamHI	

RbcS2i	
promoter	

BamHI	

mCherry	

Figure 9. Cartoon representation of the different ChR1 constructs that were 
cloned.  Orange boxes represent regions of the gene that were cloned from 
cDNA.  Blue boxes represent regions of the gene that were cloned from genomic 
wild-type DNA.  Restriction enzyme sites that were introduced for ease of cloning 
are shown as well.  The ion channel domain is encoded by exons 1-11 and a 
BstEII site was introduced after the last transmembrane domain so the entire C-
terminal domain could be removed.  The mCherry fluorescent tag was added for 
live cell imaging of the protein. mNeon was used in place of mCherry as well.  A 
small linker sequence was used for ease of cloning to connect the mCherry tag 
to the ion channel domain. 
 

29



	

 acquiring a functional ChR1 can phototax in orange light due to the difference in 

absorbance of the two photoreceptors (Figure 6).  All of the Arg+ transformants 

were able to phototax in white light.  When phototaxis was tested in orange light, 

31% of full-length ChR1 transformants were able to phototax. Similarly, 35% of 

transformants that lacked the C-terminal domain were also able to phototax 

(Figure 5B).  Complete rescue of phototaxis in orange light was not achieved due 

to silencing of the transgene. This phenomemon is reflected in all the 

percentages described in this chapter. As stated above, efforts to reduce 

silencing were implemented by introduction of introns into ChR1 constructs. 

Visualization of these proteins in live cells confirmed that they were localized to 

the eyespot (Figure 10).  

 

Mutating conserved cysteine residues in the N-terminus of ChR1 did not 
affect localization of the protein to the eyespot  
 
Work from this study and others suggested that the ChRs may form larger 

mutimeric structures that are not stable in the presence of a reducing agent 

((Berthold et al. 2008), Figure 11).   Two N-terminal, extracellular cysteines, 

Cys73 and Cys75, were identified in the protein sequence, and are conserved in 

channelrhodopsins found in other Chlamydomonas species (Figure 5A), (Hou et 

al. 2011).   In the oxidizing extracellular environment, it is possible that these 

cysteines are involved in intra- and/or intermolecular disulfide bridges between 

ChR1 or ChR2 homodimers or multimers, or between ChR1-ChR2 

heteroligomers. To test this hypothesis, the conserved Cysteines were mutated 

to Serine (C73S, C75S). A ChR1 construct containing these point mutations was 

then electroporated into arg7 cells lacking ChR1 (Δcop3) on an ARG7 vector.  

Arg+ transformants were tested for phototaxis in white versus orange light. All 

Arg+ transformants were able to phototax in white light.  When phototaxis was 

tested in orange light, 75% of transformants were able to  
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ChR1-Trunc-mCherry	

ChR1-mCherry	

ChR1-untagged	

Figure 10. Live cell imaging of ChR1-mCherry localization in ΔCOP3 rescued 
cells. ΔCOP3 rescued with ChR1-untagged. ΔCOP3 rescued with ChR1-
mCherry. ΔCOP3 rescued with ChR1-Trunc-mCherry. Arrow shows the position 
of the eyespot. mCherry was excited with a 594nm laser, and visualized via 
filtered emission from 615-636nm. Micrographs were taken using a Zeiss LSM 
510 META Confocal microscope using a 63x/1.4 oil objective and Digital 
microscope camera AxioCam. 
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phototax (Figure 5B).  When these mutations were tested in combination with the 

C-terminal truncation, 28% of the transformants were able to phototax in the 

presence of orange light. 

 

Discussion 
 

ChR1 localization and movement along the D4 rootlet 
 
The new SIM images of ChR1 localization along the plasma membrane side of 

the D4 rootlet shed new light on the route of transport of ChR1 to eyespot.  The 

pools of ChR1 near the basal bodies suggest that ChR1 is trafficked from the 

Golgi to this region, where it is then loaded into the plasma membrane.  The 

striping along the plasma membrane side of the D4 suggests that ChR1 is then 

pulled through the membrane to its final destination at the eyespot. This 

mechanism is similar to how membrane-bound signaling proteins are transported 

from the cell body, through a region near the basal bodies into the primary cilia 

(Rosenbaum & Witman 2002).  If ChR1 were transported in a vesicle along the 

D4 we would have expected to see ChR1 staining on all sides of the D4. 

Visualization of the ChR1 trafficking along the D4 rootlet was not detected in live 

cells via the mCherry tag, using the Zeiss 510 confocal microscope.  I will 

discuss future plans for this later in Chapter 6.  I will also discuss the impact that 

protocols developed during this study will have on future live-cell imaging 

experiments. 
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Figure 11. Western blots of whole cell lysates with or without β-
Mercaptoethanol (BME). A. Membrane was probed with anti-ChR1 antibody. 
A’. Membrane from (A) was washed and probed with anti-ChR2 antibody. B. 
Different membrane probed with anti-ChR2 antibody only.  Data suggest that 
ChR1 and ChR2 are able to complex together, but that interaction can be 
disrupted with a reducing agent.  ChR1 and ChR2 run at ~70 kDa. ChR2 is 
slightly smaller than ChR1. 
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ChR1 mutations do not affect localization to the eyespot 
 

These data show that the C-terminal cytoplasmic domain and/or the conserved 

cysteine residues found in the N-terminal extracellular extension of the protein 

are not required for proper transport of ChR1 to the eyespot.  Examining the 

remaining extramembrane segments of the protein, only three, small, five-to-

seven residue connecting loops between the transmembrane helices are left as 

possible sites for a localization signal.  These sites do not seem a likely position 

for such a signal.  Alternatively, it is more likely that protein-protein interactions 

between the membrane helices of ChR1 and ChR2 form mutimeric structures.  

These mutimeric structures can still be transported to the eyespot. Even though 

ChR1 has lost its C-terminal domain, ChR2 is still full-length and contains a 

localization signal.  Isolation of a double mutant strain with lesions in the genes 

encoding both ChR1 and ChR2 would be needed to test this hypothesis.  
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Chapter Three 
 

The Elusive and Enigmatic ChR2 Mutation 

 

Introduction 
 

The last chapter highlighted the relationship between ChR1 and ChR2 and the 

need for a double mutant strain to parse out not only the individual contributions 

to eyespot assembly, but also to better understand the uncharacterized C-

terminal domain of both proteins. Since a ChR1 null strain was already available 

in the lab (a gift from Dr. Krishna K. Niyogi), a ChR2 mutation was needed to 

make the double mutant. If a double mutant was isolated, then the role of the 

ChRs could be fleshed out, along with providing a tool to study the individual 

domains of each protein. 

 

As great as Chlamydomonas is as a model organism, the tools available for 

isolation of specific mutations lag behind those of other model organisms. 

Methods developed for direct targeting of genes in other model organisms, such 

as yeast, worms and mice, relies on homologous recombination (HR) to 

introduce a desired mutation (Mell & Burgess 2001; Kaletta & Hengartner 2006; 

Aarthi Gopinathan 2008).  HR has been shown to occur in vegetative 

Chlamydomonas cells, but it is a rare event (Sodeinde & Kindle 1993). Targeting 

of endogenous genes using HR has only been reported to work in two cases 

(Zorin et al. 2009; Sodeinde & Kindle 1993).  This severely hampers targeted 

mutation of the Chlamydomonas genome as a viable tool at this time.  

 

Scientists have tried other ways to target a Gene Of Interest (GOI).  One way, is 

to use zinc-finger nucleases, but it has not proven to be a practical nor reliable 

tool (Sizova et al. 2013). More recently, a new method of targeting DNA was 

developed using the Cas9 protein and specific guide sequences (Harrison et al. 

2014).  This method is now widely used in many model (and non-model) 
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organisms and is becoming the desired method used by scientists because of 

ease and effectiveness (Ma & Liu 2015).  However, it was found that Cas9 

expressed in Chlamydomonas was toxic to the cells (Jiang et al. 2014).  

Currently scientists are working to make changes to modulate the expression of 

the proteins, and also tweak the targeting mechanism to make Cas9 and its 

coupled guide sequence a reliable tool for targeting a GOI in Chlamydomonas 

(Jiang et al. 2014).  

 

Currently, the most effective way to isolate a desired mutant strain is through a 

forward genetic screen.  There are many selectable markers and mutagens 

available to alter the genomic DNA sequence (Harris 2001; Neupert et al. 2012).   

A forward genetic screen is both labor intensive and requires a detectable 

phenotype for which to screen. 

 

Scientists have found ways to reduce the burden that both of these limitations 

place on a screen by taking a reverse genetic approach (Zhang et al. 2014; 

Gonzalez-Ballester et al. 2011; Henikoff 2004; Oleykowski et al. 1998).  One of 

the first effective methods was developed by Gonzalez-Ballester et al., (2011).  

The premise of the screen was to transform cells with a selectable marker and 

select for the incorporation of the marker into the genome.  Next, those cells 

were screened via PCR using inverse primers unique to the GOI and the 

selectable marker to verify the GOI was disrupted by random insertion of the 

selectable maker (Figure 12).  By pooling DNA from hundreds or thousands of 

individual insertion strains for one PCR reaction, the authors were able to screen 

a large collection in a much shorter amount of time.  Also, this method allows one 

to screen for a desired mutation for which the phenotype is unknown. Unless the 

mutation is lethal, there is a high percentage chance of isolating a mutation in the 

GOI.   

 

A small change to this method was made in Zhang et al., (2014); high throughput 

sequencing of the insertion sites was used instead of screening by PCR, Li et al., 
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(2016), further refined the protocol and also developed a cryopreservation 

protocol for long-term storage of the mutant strains, something that has not been 

reliably available in the Chlamydomonas community.  This allowed the authors to 

generate and maintain the first large Chlamydomonas mutant library collection (Li 

et al. 2016).   While this method is referred to as a reverse genetic approach, it 

relies on the premise of random mutagenesis, which is the basis of forward 

genetic screening. 

 

The goal of the experiments in my study was to isolate a ChR2 mutation.  

Specifically, this study aimed to isolate a ChR2 mutation and combine it with the 

already available ChR1 mutation to assess the role of the photoreceptors in 

eyespot placement and assembly. Second, the double mutant strain would also 

provide a background to study the individual contributions of each of the 

photoreceptors and the features of each protein.  Third, this study could provide 

insight about the exclusiveness of ChR1 and ChR2 as the only identified 

photoreceptors in Chlamydomonas that affect directional movement of the cell. 

 

Results 
 

Initial screen using method designed by Gonzalez-Ballester et al., (2011) 
 
A null mutation in the ChR2 gene was needed to parse out the individual and 

combined effects of the photoreceptors in the placement and assembly of the 

eyespot in Chlamydomonas.  A reverse genetic screen was designed, following 

the method developed by Gonzalez-Ballester et al., (2011), to isolate a ChR2 null 

mutant strain.  

 

For this study, the ARG7 gene was used as a selectable marker. Inverse primers 

were designed for the ends of the ARG7 gene to compliment primers designed in 

the GOI. If the GOI acquires an insertion, PCR products will be produced using 

pairs of primers, one of which hybridizes with the selectable marker and one with 
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the GOI (Figure 12).  Given the design of this method, mutations in other genes 

believed to be important in eyespot placement and assembly, along with ChR2, 

were targeted for isolation (Table 1). Primers in the GOI were designed every 1 

kb in both directions. This ensured that a PCR product of reasonable length 

would be identified if the selectable marker was inserted in either direction 

(Figure 12).  Primers in the GOI were first tested to ensure they gave a PCR 

product before beginning the screen.  The final selection of primers used for each 

GOI, and the selectable marker, are shown in Table 1. arg7 cells lacking ChR1 

(Δcop3) were mutagenized by transformation with the ARG7 gene.  This strain 

also was used for all subsequent screens. 

 

To maximize the number of mutant strains collected, but reduce the chance of 

multiple insertions in a particular strain, various concentrations of DNA were 

electroporated into cells until an increase in concentration of DNA did not result 

in an increase in the number of Arg+ transformants. That concentration, 20 µg, of 

DNA was electroporated into arg7 cells lacking ChR1. Arg+ transformants were 

selected and individual cells were picked by toothpick and placed in 200 µl of 

medium in a 96 well plate.  After two days of growth, 40 µl of liquid from each 

well was pooled into a small flask and liquid media was added to final volume of 

50 ml. The cells were grown for three more days before genomic DNA was 

isolated.  Genomic DNA from each pool was then used as a template for PCR to 

try to identify an insertion of the selectable marker in the GOI. The PCR reactions 

were analyzed by agarose gel electrophoresis to look for DNA products.  All 

samples that showed a PCR product were repeated to ensure validity of the 

insertion. 10,080 Arg-positive transformants were screened using this method. 

No desired mutations were isolated in this screen. 
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F1	 F2	 F3	

R3	R2	R1	

target	gene	

ARG7	gene	

AF1	

Figure 12.	Cartoon representation of an insertion of the ARG7 gene selectable 
marker into a target gene.  AF1 represents an ARG7 gene specific primer.  “F” 
represents primer designed for target gene for “forward” priming.  “R” represents 
primer designed for target gene “reverse” priming.  Gray areas represent the 
untranslated regions of the target gene.  Black boxes represent exons and white 
boxes introns.  The forward and reverse primers are staggered every 1 kb in the 
target gene sequence.  A PCR product will be amplified from the AF1 primer and 
one of the target gene primers if the ARG7 gene selectable marker is inserted 
into the target gene.  Primers are needed in both directions, as the ARG7 gene 
will insert into the target gene with an unknown orientation. 
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Table 1. List of genes that were targeted in mutagenic screen and the final set of 
primers used for PCR reactions to determine if the ARG7 gene selectable marker 
had disrupted the selected gene.  The gene ID that corresponds to the target 
gene is listed in the table as well. 
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Second screen focused on phototaxis-negative mutants 
 
Since no ChR2 mutation, or any of the other desired mutations were isolated in 

the first screen, my focus turned to the isolation of a ChR2 mutation alone.  The 

first change was to screen for phototaxis-negative transformants after Arg+ 

selection.  This was designed to reduce the number of transformants needed to 

be screened via PCR.  It was focused also on finding the double photoreceptor 

mutant, since ChR1 and ChR2 are believed to be the only photoreceptors that 

direct movement of the cell. Second, only phototaxis-negative transformants 

were screened for insertion of the selectable marker into the ChR2 gene.   

 

This screen was performed the same way as the first screen, but with the few 

changes noted above. 7,680 Arg+ transformants were first screened by a 

phototaxis assay. 67 Arg+ transformants were phototaxis-negative.   Individual 

transformants were screened by PCR for disruption of the ChR2 gene. 

Transformants that showed a PCR product were rescreened with the same 

primers as well as ChR2-only primers to check for insertion into the ChR2 gene. 

None of the transformants screened passed all of these criteria.   

 

As a secondary screen, the 67 phototaxis-negative transformants were screened 

for eyespot aberrancy.  The rational was, even though the ChR2 mutation was 

not found, new eyespot mutations could be identified by identifying cells with an 

atypical eyespot phenotype.  One of the mutants, 46D4 had an eyeless 

phenotype, and the rest looked wild-type. 

 

The next step was to identify the disrupted gene in 46D4, with the assumption 

that the insertion site of the ARG7 gene selectable marker was the site of 

disruption.  To identify the insertion site of the ARG7 selectable marker, genomic 

DNA from 46D4 was harvested. Second, the genomic DNA was digested with 

various blunt end-cutting restriction enzymes that would cut frequently in the 

Chlamydomonas genome.   The Chlamydomonas genome is ~64% G/C, thus 

41



	

restriction enzymes PvuII, SfoI and PmlI, which have G/C rich recognition sites, 

were used. After digestion of the genomic DNA overnight, it was ethanol 

precipitated and resuspended in water.  The DNA was then diluted 1:10 in the 

appropriate ligation buffer and ligase, and incubated overnight at 4oC.  These 

conditions were designed to enhance the circularization of individual digestion 

fragments. 

 

Using inverse primers that hybridize to the ARG7 selectable marker, and are 

appropriately placed with respect to the restriction enzyme sites, should yield a 

PCR product comprising a fusion of ARG7 sequence to genomic sequence at the 

insertion site. A PCR product was isolated from 46D4, purified, ligated into a 

cloning vector, and sequenced.  Sequencing revealed that the insertion of the 

ARG7 selectable marker caused a disruption in the EYE3 gene, which has 

already been characterized as a constituent of eyespot pigment granules (Boyd 

et al. 2011; Lamb et al. 1999). 

 

   

Third screen focused on pooling transformants to isolate phototaxis-
negative mutants  
 
The first two screens were unable to identify a mutation in ChR2, so a third 

screen was designed in an attempt to isolate the mutation. In an effort to remove 

the labor intensive nature of screening individual mutants, this screen sought to 

isolate phototaxis negative mutants from a pool of mutagenized cells.  This was 

the method of screening used by Lamb et al., (1999) to isolate the first eyespot 

mutant strains.  By screening phototaxis-negative cells from pools of 

mutagenized cells, similar numbers of phototaxis-negative transformants can be 

isolated as in the previous screens, but the plan reduces the amount of time 

needed for screening. 
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The initial mutagenesis of the cells with the ARG7 selectable marker was the 

same as the first and second screens.  After selection for Arg+ colonies, isolates 

were pooled together in groups of ~100 and placed into 20 ml of liquid medium.  

36 tubes were inoculated for a total of ~3,600 transformants that were screened.  

After allowing the cells to grow to an appropriate density, pools of cells were 

screened for their ability to phototax. To enrich for phototaxis-minus cells, 1 ml of 

medium was pipetted from the top third of each tube immediately after 

completion of the phototaxis assay and placed in 20 ml of fresh medium.  Cells 

that reside in the top third of the tube represent the region where cells are unable 

to phototax, but can still swim.  This enrichment process was repeated five times, 

and at this point there was no visible positive phototaxis response in any of the 

cultures. Cells from each tube were then diluted 1:10 and 1:100, and the liquid 

medium was spread on solid agar plates for isolation of individual colonies. 

Individual colonies were then selected and tested for their ability to phototax.  35 

out of 36 tubes produced at least one phototaxis-negative individual colony.  One 

phototaxis-negative colony representing each tube was saved for further 

analysis.  

 

To assay for a mutation in ChR2, the 35 phototaxis-negative strains were fixed 

and stained with anti-ChR2 serum and analyzed by wide-field fluorescent 

microscopy.  All 35 strains stained positively for ChR2 at the eyespot, indicating 

that the ChR2 gene (COP4) was not disrupted.  

 

A secondary screen was also done to look for eyespot aberrancy in the 35 

phototaxis-negative strains. Two mutant strains had a visible eyespot defect, one 

was multi-eyed and one had a posterior eyespot phenotype. To identify the 

insertion site, genomic DNA from each of the mutants was collected, digested, 

prepared and analyzed by PCR as was done in the previous screen.  The multi-

eyed mutant was found to be an allele of another previously identified mutant, 

mlt1 (Boyd et al. 2011a; Lamb et al. 1999).  The mutation in the posterior eyespot 

mutant was not located in the genome. 
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Attempt to generate a ChR2 mutation using the CRISPR/Cas9 system 
 

Since all mutagenic screens were unsuccessful in isolating a ChR2 mutant strain, 

I turned to CRISPR/Cas9 to target the ChR2 gene.  Using the Cas9 protein and 

the accompanying guide sequence, I sought to target the ChR2 gene (COP4), 

and isolate a Δcop4 mutant strain.  

 

I ordered Addgene plasmid #45945 (pHsp70-Cas9) containing the Cas9 protein 

codon optimized for C. elegans. I obtained plasmids for the guide RNAs from Dr. 

Andew Capaldi’s lab (pSNR52sgTEF1 gift from Dr. Lei Stanly Qi).  With guidance 

from Dr. Capaldi, I designed an overlapping PCR approach to clone the guide 

sequence (GGAGGCGCCCTGAGTGCCGT) targeting the ChR2 gene into this 

plasmid in-frame with the hairpin structure of the guide RNA. I then cloned ChR2-

targeted signal guide RNA sequence into a Chlamydomonas vector behind the 

RbcS2i promoter containing an ARG7 selectable marker.  The Cas9 protein was 

cloned into the same vector, also driven by a second copy of the Rbcs2i 

promoter. This plasmid was electroporated into Δcop3, arg7 double mutant cells. 

65 Arg+ transformants were isolated from a combination of three electroporation 

experiments (normally you would expect ~900 Arg+ transformants). 37 

transformants were phototaxis-negative. Phototaxis-negative transformants were 

screened for disruption of the ChR2 gene, using a ChR2-antibody and 

immunofluorescence to detect the presence of the protein.   All cells showed 

proper placement of ChR2 protein at the eyespot.  This attempt was made before 

published reports and communication about the difficulty of using CRISPR/Cas9 

in Chlamydomonas.   
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Discussion 

Difficulty in the isolation of a ChR2 mutation 
 

Over 21,360 Arg-positive transformants were collected and analyzed in my three 

separate screens. These screens failed to identify the desired mutation in ChR2.  

Recently, the Jonikas group at Stanford, using the methods they devolved in 

Zhang et al., (2014), initially isolated a collection of 18,430 mutant strains with 

specific insertions. This collection contained a single mutant strain with a 

disruption in the 3’ untranslated region of the ChR2 gene.  I examined that 

mutant strain by western blotting with a ChR2 antibody, and found that the ChR2 

protein was still being expressed.  Collectively, the results of my attempts and 

that of the Jonikas group perhaps suggest that the saturation point has not been 

reached for screening and further mutagenesis could yield the desired mutation. 

Another hypothesis is that there is yet another photoreceptor that can stand in for 

ChR1 and ChR2, or is upregulated in their absence and is why I was unable to 

identify a double photoreceptor mutant. Searching of the Chlamydomonas 

genome for rhodopsin like proteins has not revealed such a third photoreceptor 

involved in phototaxis (Kateriya et al. 2004). A third interpretation of the data is 

that loss of ChR2, singularly or in combination with loss of ChR1, is lethal to the 

cell. This hypothesis seems the least plausible, since there has been no other 

function ascribed to the photoreceptors other than photon-regulated channel 

opening.  Also, we do not know of any mutation that causes loss of the 

photoreceptor on the D4, even if cells have no eyespot. 

 

Lessons learned from mutagenic screening 
 
Forward genetic screens are still the best available tool for isolation of desired 

mutations in Chlamydomonas.  Refining and simplifying protocols will reduce 

unnecessary steps and improve efficiency, which both help to increase the 

number of mutations that can be screened and also decrease the time needed 

for screening.   
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In the first screen, it was found that transferring the Arg+ transformants to liquid 

medium in 96 well plates both reduced the time for phototaxis screening and 

reduced the time and cost of transferring transformants to the liquid medium.  

This step is now used following all electroporation experiments.  If the 

transformant is needed for further analysis, or other experiments, liquid medium 

containing the cells can be spotted on solid agar plates for long-term storage.  

This is especially useful when a desired phototaxis phenotype is needed.  Also, 

in the first screen it became very apparent that collection of transformants and 

screening of the transformants needed to be done in cycles.  Initially, too many 

Arg+ transformants were collected before screening began.  Available incubator 

space became sparse and transformants from early collections started to die in 

the 96 well plates. These problems were rectified, but many transformants were 

lost in the process.   There were other small technical problems with setting up 

the PCR in 96 well plates and training undergraduate students.  All of these 

taken together may have contributed to the fact that not a single mutant was 

isolated in the first screen.  

 

The second and third screen together showed that if phototaxis mutants are the 

desired outcome, pooling of transformants is a more streamlined and less labor-

intensive method.  Pooling of transformants also reduced a substantial amount of 

plastic cost and waste, as compared to screening individual strains.  In the future 

however, the method could be streamlined more by reducing the size of test tube 

used for enrichment.  The larger 30 ml tubes proved to be very cumbersome and 

also required a specialized phototaxis box and masking for the larger tubes. Use 

of the smaller 12 ml tubes should prove to be a more effective method for 

screening. 

 

In summary, a future mutagenic screen to isolate a ChR2 mutant strain or any 

new eyespot mutant strain, should start by first mutagenizing cells with a 

selectable marker by electroporation. After positive selection, pools containing 
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~100 transformants should be inoculated into 12 ml tubes with 4 ml of media.  

After the cells have grown to a light green density, the pools of cells should be 

screened for the ability to phototax. At the completion of the phototaxis screen, 

the top 100 µl of media should be removed and transferred to a fresh 4 ml of 

media. This will enrich for cells that do not phototax, but can swim and perform 

photosynthesis. The enrichment should be continued for three to four rounds, or 

until the cells no longer phototax.  Cells should then be diluted and plated on 

solid agarose plates for isolation of single colonies.   

 

Next, five colonies from each pool should be selected and screened for the ability 

to phototax.   Only one of the phototaxis-negative colonies should be kept from 

each pool.  The phototaxis-negative mutant strains should then be screened by 

light microscopy for eyespot aberrancies.  If a ChR2 mutation is the target, cells 

can be screen by immunofluorescence with a ChR2 antibody.  If a mutant strain 

of interest is isolated, it should be mated with a wild-type strain and the progeny 

analyzed for segregation of the selectable marker and phenotype.  This will 

ensure there are no multiple insertions, and the site of genomic disruption by the 

selectable marker is linked to the phenotype.  If segregation is not 2:2, a second 

mating should be done. Analysis of the disruption can be done by the PCR 

methods highlighted above.  Alternatively, the labor intensive PCR methods can 

be bypassed by whole genome sequencing of candidate mutant strains.    
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Chapter Four 
 

ChR1 Proteomics 
 

Introduction 
 

Currently, it is unknown how ChR1 is transported along the D4 rootlet to the 

eyespot, and its role in eyespot assembly.  Identification of proteins that interact 

with ChR1 would help to better understand the underlying mechanisms involved 

in both processes.  Specifically, the focus of the work described in this chapter 

was to identify proteins that interact with the uncharacterized C-terminal domain 

of ChR1.  

 

The ChR1 protein has a large uncharacterized C-terminal domain, which resides 

in the cytoplasm of the cell.  Removal of this domain does not affect the ability of 

the N-terminal ion channel to gate ions (Nagel 2002; Nagel 2003). As stated in 

Chapter 2, the C-terminal domain makes up over half the residues in the protein.  

This large domain is conserved among other Chlamydomonas species (Hou et 

al. 2011).  One theory could be that this large domain is responsible for functions 

beyond sensing light, such as a scaffold for assembly of the plasma-membrane 

localized eyespot proteins. Also, it is possible that a portion of this 

uncharacterized domain houses the eyespot localization signal. The latter was 

addressed in Chapter 2 and is still unresolved.  Knowing the proteins that make 

up the eyespot is a first step to understanding the proteins with which ChR1 

interacts. 

 

To get a better idea of the proteins that make up the eyespot, Schmidt et al., 

(2006) conducted a proteomic study of isolated eyespots.  The authors identified 

202 different proteins.  As expected, both ChRs were found, along with other 

known eyespot proteins, EYE2 and MIN1.  More recently, a second proteomic 

study of the eyespot was conducted (Eitzinger et al. 2015).  The authors focused 
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on isolating more intact eyespots by reducing the energy used to disrupt the 

cells, and identified 742 proteins. The list included almost all of the proteins from 

the previous proteomic study, excluding a few proteins that could be ruled out as 

contaminates. This study, unlike that done previously, included the identification 

of EYE3, suggestive that more of the proteins localized to the chloroplast region 

of the eyespot were identified. As more tools become available to directly target 

Chlamydomonas genes, these libraries will be a valuable tool for identifying the 

role of individual proteins in eyespot placement and assembly.  A potential 

outcome of the proteomic study in this dissertation, would be to identify a 

subclass of eyespot proteins that localize to the plasma membrane region. Sub-

classification of the proteins in the eyespot can help to better understand how all 

the pieces fit together. 

 

One of the direct targets of the experiments in this chapter is to identify the 

protein(s) that aid the photoreceptors in trafficking to the eyespot.  The path to 

the eyespot requires plus-end directed movement along the microtubule rootlet.  

A good candidate for transporting photoreceptors would be one of the many 

kinesin motor proteins. Molecular motor proteins have been heavily studied for 

their role in trafficking to, and along, the flagellar microtubules (Lechtreck et al. 

2009; Pazour et al. 2000b; Avasthi et al. 2014; Rosenbaum & Witman 2002).  

Cells that are defective in known kinesins related to the flagella have not shown 

defects in eyespot placement or assembly (Lechtreck et al. 2009; Pazour, et al. 

2000b; Rosenbaum & Witman 2002)  These  results suggest  that a non-flagellar 

kinesin is needed to transport eyespot proteins, or alternatively, that transport of 

proteins along the D4 rootlet are not necessary for eyespot assembly and 

placement.  Since the D4 rootlet has a major role in assembly and placement of 

the eyespot, it is more likely that the molecular motor has not been identified yet. 

Characterization of an eyespot-directed kinesin is needed to resolve this 

question.   A survey of the Chlamydomonas genome reveals 43 kinesin-like 

genes. Granted all of them are not unique motors, but it shows that a directed 
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proteomic approach is need to narrow down the possible candidates for future 

genetics-based studies. 

 

A study of proteins that interact with ChR1 would help identify those responsible 

for trafficking ChR1 along the D4 microtubule rootlet, and those with which it 

interacts once delivered to the eyespot. Specifically, the experiments in this study 

aimed to purify ChR1 from isolated Chlamydomonas eyespots and identify co-

purifying proteins by mass spectrometry. 

 

Results 
 

Eyespot Isolation  
 

Eyespots from wild type (137c+) and cells lacking ChR1 protein (Δcop3), were 

used to evaluate proteins that interact with ChR1.  Following a protocol similar to 

Schmidt et al., (2006), eyespots were isolated by first inoculating a small patch of 

cells from a solid agar TAP plate into 3 ml of TAP liquid medium in a small test 

tube.  The liquid medium was then transferred to 250 ml of TAP in a larger flask 

and grown for three days in a lighted shaking incubator with a constant 

temperature of 25oC.  Cells were then divided and transferred to larger flasks 

with a combined volume of 10 L.  Cells were grown for three more days until they 

were dark green and ready for eyespot isolation. 

 

The cells were concentrated in a single bottle over multiple centrifugation cycles 

of 4,000 rpm for 10 min.  The cells were resuspended in 40 ml of unfiltered 

autolysin and allowed to incubate at room temperature for one hour.  The cells 

were then pelleted and the supernatant was removed.  The cells were 

resuspended in 10 ml of HB buffer (5mM MES pH 6.3, 200mM sorbitol, 0.4% 

BSA(w/v) 6% PEG 3500 (w/v)), and divided equally between four 15 ml conical  
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Orange	Band	

Greenish	Orange	Band	

Figure 13.	Image of Chlamydomonas eyespot isolation in ultracentrifuge tube 
after centrifugation.  The indicated bands represent the eyespot fractions of the 
preparation.  They were removed and used for ChR1 IP experiments. 
	

51



	

tubes.  An equal volume of 2 mm glass beads was added to each tube.  The cells 

were then sonicated at 34% power with 15 seconds bursts for 20 cycles on ice. 

The cells were pipetted from the tubes and added to 25 ml of 84%sucrose in 

GSS (10mM HEPES pH 7.8, 4mM MgCl2) to a final concentration of 42% sucrose 

in 50 ml.  It was then carefully mixed to a homogenous consistency, and divided 

between four Beckman Quick Seal ultra-centrifuge tubes.  The cell-containing 

fraction was layered with 10 ml of 31.8% (w/v) sucrose (in GSS) and 20.5% (w/v) 

sucrose (in GSS).  The tubes were topped off with GSS and sealed.  The 

sucrose step gradients were centrifuged in a Beckman fixed angle Ti50.2 rotor at 

100,000g for 105 min.  After centrifugation, the orange and greenish orange 

bands (Figure 13) were removed and stored at -800C. 

Protein isolation and ChR1 Immunoprecipitation 
 
Eyespots were concentrated by centrifugation at 45,000 rpm for ten minutes.  

The pellet was resuspended in 2% digitonin (in 50mM Tris pH 7.5) on ice for one 

hour, with slight agitation of the pellet every fifteen minutes. The sample was 

centrifuged again at 45,000 rpm for ten minutes and the supernatant was 

removed.  The pellet was resuspended in 100 µl of 50 mM Tris pH 7.5 and 

stored.  The extract containing the solubilized proteins was brought to a final 

volume of 500 µl with a final concentration of 50 mM Tris pH 7.5,150mM KCl. 

The extract was then added to 0.2 mg of Protein-A-Sepharose beads that had 

been previously washed in wash buffer (150 mM KCl, 50 mM Tris). This mixture 

was allowed to incubate on a tube rotator at 4oC for three hours to preclear the 

extract.  The extract was then placed on new washed beads with a 1:50 dilution 

of ChR1 antibody.  This was allowed to incubate on a tube rotator at 4oC 

overnight.  

 

The next day, the supernatant was removed and the beads were washed two 

times for thirty seconds and two times for fifteen minutes in wash buffer.  The 

beads were washed a final time for 30 seconds in 50 mM Tris.  The supernatant 

was removed and the beads were boiled for five minutes in 100 µl of Laemmli  
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Figure 14. ChR1 IP steps evaluated by silver stained SDS-PAGE and Western 
Blot. A) Silver stained SDS-PAGE gel of samples from each step of the ChR1 IP. 
Wt=wild-type cells. Super=supernatant.  “eyespot pellet” represents the pellet left 
after digitonin extraction.  No detectable bands in the Wt IP beads lane except for 
IgG. 2 B) Western blot of samples taken from each step of the ChR1 IP 
experiment.  Membrane was probed with anti-ChR1 antibody.  The membrane 
was cut at the 50 kDa ladder marker to remove IgG that was cross-reacting with 
the ChR1 antibody.ChR1 runs at ~70 kDa.  With a shorter exposure, a distinct 
band for ChR1 is seen in the Wt eyespot pellet lane. 
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sample buffer.  Samples from each step were evaluated by SDS-PAGE and 

blotting with ChR1 antibody (Figure 14B).  Detection of protein levels present in 

each sample was evaluated by silver staining of a duplicate SDS-PAGE 

experiment (Figure 14A).  

 

Discussion 
 

Lessons learned from IP of ChR1 protein from isolated eyespots 
 
In my first attempt at the ChR1 immunoprecipitation (IP), half of the collected 

sample from the orange band of the eyespot isolation was used. I was unable to 

detect ChR1 protein by western blot in the ChR1 IP lane.  Since I was unable to 

detect ChR1 in the IP lane of that experiment, I decided to use the entire 

greenish orange band sample from the eyespot isolation for the subsequent IP.  

There was enough digitonin-extracted ChR1 protein in that sample to detect a 

small band by Western blot (Figure 15). The silver stained gel in Figure 14A, did 

not show any detectable protein bands that were different in the ChR1 IP 

samples of wild-type vs. Δcop3 cells.  Protein bands need to be detectable by 

either silver staining or Commassie-Blue staining to be evaluated by mass 

spectrometry.  

 

If proteins that co-purify with ChR1 are to be evaluated, changes in the protocol 

need to be made to increase the amount of ChR1 protein solubilized from the 

eyespot preparations.  Detergents available in the lab (n-Dodecyl β-D-maltoside 

and digitonin) and n-Octylglucoside (Aveldaño 1995) were tested for their ability 

to solubilize ChR1 protein from the plasma membrane of the eyespot.  Varying 

concentrations of KCl (10 mM - 300 mM) were also used to try and maximize the 

amount of ChR1 that was extracted.  The amount of ChR1 extracted was never 

more than the ~1% as detected by Western blot from the first attempt with 2% 

digitonin (Figure 15).  Since varying detergents were not effective at extracting 
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	Figure 15. Western Blot of digitonin treated eyespot isolations.  Membrane 
was probed with anti-ChR1 antibody.  Only a small fraction of ChR1 was 
solubilized from the isolated eyespots. S= supernatant after digitonin 
extraction, P=pellet after digitonin extraction 
	

260	kDa 

180	kDa 

100	kDa 

75	kDa 

50	kDa 

37	kDa 

2%	
digitonin 

5%	
digitonin 

P P S S 

55



	

 ChR1 from the membrane, more eyespots should be pooled to increase the 

amount of ChR1 protein that can be extracted. 

Future ChR1 IP experiments should be designed to maximize the amount of 

ChR1 that is extracted.  First, cells should be grown in M medium, under low light 

conditions.  M medium lacks a carbon source for the cell and forces them to rely 

exclusively on photosynthesis for energy.  Others and we have found that the 

eyespots of cells grown under these conditions are larger, and have more ChR1 

than cells grown in TAP medium (Trippens et al. 2012).  Second, all eyespots 

harvested from the experiment (both bands in the sucrose gradient), should be 

pooled together.  If necessary, multiple eyespot isolations can be combined.  

Finally, it may be worth revisiting the methods used by Aveldano, (1995), to 

extract rhodopsin from bovine photoreceptor disk membranes.  Other detergents 

and conditions tried by the author could increase the amount of ChR1 extracted 

from the membrane.  It may be that the photoreceptors are linked together in 

higher order conformations. These conformations may not be extracted from the 

membrane under conditions that still preserve the biochemical interactions with 

the proteins I wish to identify by mass spectrometry.   Alternatives to extracting 

ChR1 from eyespot isolations will be addressed in the final chapter of this 

dissertation. 
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Chapter 5 
 

 Contributions to Lab Publications 
 

Introduction 
 
As a member of the Dieckmann lab, I have contributed to three lab publications 

for which I was not a first author.  This section will highlight my contributions to 

each of these publications.  The published manuscript for each of the studies 

listed below can be found in the attached Appendix A. 

 

 

Publications 
 

Mittelmeier TM, Thompson MD, Lamb MR, Lin H, and Dieckmann 

CL.(2015) MLT1 links cytoskeletal asymmetry to organelle placement in 

Chlamydomonas. Cytoskeleton. 2015 Mar;72(3):113-23. doi: 

10.1002/cm.21220 
 

I harvested the genomic DNA that was used to sequence the genome of the mlt1 

strain along with others that were sequenced at the same time.  I assisted with 

technical problems that arose with experiments related to this study. I also 

provided critical feedback on both the text and figures in the manuscript. 
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Mittelmeier, T. M., Thompson, M. D., Oztürk, E., & Dieckmann, C. L. 

(2013). Independent localization of plasma membrane and chloroplast 

components during eyespot assembly. Eukaryotic Cell, 12(9), 1258–1270. 

doi:10.1128/EC.00111-13 
 

I was responsible for most of the work with the ChR1 null strain (Δcop3).  I 

verified that ChR1 was lost in these cells and outcrossed the strain twice to 

ensure no other mutations were contributing to the phenotype.  I also generated 

the Δcop3 mlt1 double mutant strain.  I also collected and analyzed micrographs 

of immunofluorescence done on these cells looking at the localization of EYE2 

protein.  I also helped with the collection and analysis of EYE2 protein 

localization in wild-type cells.  Data and micrographs I collected were given to Dr. 

Telsa Mittelmeier for her to format into the proper figures.  I also gave critical 

feedback on the text and figures in the manuscript. 

 

 

Boyd, J. S., Gray, M. M., Thompson, M. D., Horst, C. J., & Dieckmann, C. 

L. (2011). The daughter four-membered microtubule rootlet determines 

anterior-posterior positioning of the eyespot in Chlamydomonas reinhardtii. 

Cytoskeleton.2011 Aug;68(8):459-69. doi:10.1002/cm.20524 
 

I collected and analyzed the data related to the sensitivity of mlt1 cells to 

Colchicine treatment.  I then created Figure 7 for the manuscript representing the 

data and wrote the accompanying figure legend. I also created the tables S2 and 

S3 in the Supporting Information section. I also gave feedback on the text in the 

manuscript. 
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Chapter 6 
 

Discussion and Future Directions 

 

Introduction 
 

The final chapter of my dissertation is devoted to my thoughts on the results and 

future directions of the studies in this dissertation.  I also will talk more broadly 

about where future studies should be focused to learn more about eyespot 

assembly and placement, and why these studies are important.   

 

Visualizing ChR1 and Other Proteins in Live Chlamydomonas Cells 
 

There were many technical hurdles that had to be overcome to visualize protein 

localization in live Chlamydomonas cells.  This technique was not used in the lab 

prior to my project, and required a lot of research and effort to get it up and 

going.   Also, the majority of live cell imaging by Chlamydomonas scientists, up to 

the point when I started my work, was of proteins in the flagella and not the cell 

body. One of the major challenges for visualization of fluorescently tagged 

proteins in live Chlamydomonas cells is the presence of the large chloroplast.  

The chloroplast contains chlorophylls A and B, which have wide light 

absorbance/emission spectrums (Figure 16).  This only leaves small windows 

where a few select fluorophores can be used to reduce the background 

fluorescence.  To get around this, I used a Zeiss 510 confocal microscope 

instead of the Delta Vision wide-field microscope.  Attempts were made with 

various filter sets on the Delta Vision, but ultimately the Zeiss confocal was the 

better choice. The confocal microscope allowed me to both excite the fluorophore 

within a tight bandwidth from a laser, and also narrow the “capture window” of the 

emitted fluorescence.  This allowed me to image mCherry-tagged ChR1 at the  
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Figure 16. Chlorophyll a/b absorbance spectra copied from 
https://commons.wikimedia.org/wiki/File:Chlorophyll_ab_spectra2.PNG. 
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eyespot with no background from the chloroplast, as is seen in Figure 10 in 

Chapter 2.  However, the sensitivity of the aging microscope did not allow me to 

visualize movement along the D4 rootlet. Another fluorophore, mNeon, was used 

in place of mCherry to better my chances of imaging ChR1 along the D4 rootlet.  

It was gifted from Dr. Karl Lechtreck, and is about six times brighter than 

mCherry (Shaner et al. 2013).  I was able to see it localize to the eyespot, but not 

along the rootlet.   

 

We now have a Zeiss 880 confocal microscope available on campus, which is 

substantially more sensitive than the microscope that was used for my studies.  

Our input on the purchasing of the new microscope helped to include a 594 nm 

laser and a 100x objective, both of which are needed for imaging 

Chlamydomonas to avoid chlorophyll autofluorescence and to accommodate the 

small cell size. I was not able to image my cells with this new microscope before 

completion of my dissertation.  Changes to the expression vector for ChR1 and 

the strain used for the experiment must be made also, and are mentioned in the 

next sections.  These changes will help to increase the chance of visualization 

with the new microscope.  

 

One of the other challenges I had to overcome was immobilizing the cells.  Live-

cell imaging studies in Chlamydomonas have focused on the flagella, which have 

established simple techniques for getting them to stick to coverslips for imaging. 

However, immobilizing the cell body on a coverslip has proven more challenging. 

I tried many different methods obtained through conversations with other 

Chlamydomonas scientists, and also through reading of the literature. I found 

that the method published by Park et al., (2015) worked best for my experiments.  

I experimented with incubation times for application of the 1 mg/ml gelatin on 

coverslips, suggested by the authors, to find what worked optimally for me (Park 

et al. 2015). I found it best to prepare the slides freshly the day before the 

experiment by coating the coverslips with the mixture, letting them incubate for 6 

hr at 37o C, and then leaving them covered on my bench at room temperature 
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overnight. The next morning, the coverslips had a clear sticky film that kept the 

Chlamydomonas cells adhered to the coverslip.  After letting 8 µl of cells rest on 

the coated coverslips for five minutes, the cells were further immobilized with 8 µl 

of 2% agarose in TAP medium layered over the top.  Without adherence to the 

coverslip first, the cells would frequently be suspended in the agarose, which 

reduced the clarity of the imaging. Use of the coated coverslips also meant that 

more cells would be in the same focal plane, and multiple cells could be imaged 

at the same time with fewer z-slices needed to image a group of cells in the 

same plane. 

 

The final hurdle to overcome was achieving stable expression of the tagged 

construct.  This was not only a problem for my project, but silencing of introduced 

constructs is something that all Chlamydomonas scientists face.    Recently, 

scientists have developed expression vectors for Chlamydomonas that contain 

an FMDV 2A coding region that allows the production of two independent 

proteins from a single dicistronic construct, with one Gene Of Interest (GOI) and 

the other gene conferring resistance to a selectable marker (Rasala et al. 2012; 

Plucinak et al. 2015).  Ribosome frame-shifting between the coding sequences 

allows translation of two proteins from one mRNA. Plucinak el al., (2015), 

demonstrated that this system could be used for high-level expression of foreign 

genes in Chlamydomonas. By altering the order of the genes on the vector, along 

with the selectable marker, the authors were able to vary the expression of the 

GOI. These vectors will help to overcome the silencing of the ChR1 construct or 

any other expression construct made in the future for use in Chlamydomonas. 

 

 One experiment worth revisiting was my work to visualize ChR1 in dividing mlt1 

Δcop3 double mutant cells. I attempted this experiment with the theory that the 

delayed trafficking of ChR1 from the anterior pole of the cell provided both a build 

up of ChR1, and a time frame for visualization of trafficking to the eyespot.  I 

expected that the “release” of ChR1 from the anterior region would provide a 

burst of movement from the pool near the basal bodies to the eyespot.  I was 
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able to image this event once, but was unable to repeat the experiment do to lack 

of expression of the tagged ChR1 protein.  Since mlt1 (non-phototactic) and/or 

dividing cells (non-motile) cannot be prescreened via phototaxis for expression of 

ChR1, stable expression of the protein is needed to increase the chance of 

visualizing the tagged protein in live cells. 

 

When visualization of the movement of ChR1 along the D4 rootlet was seen as 

something beyond the technical limitations of the microscopes we had on 

campus, I sought other means for imaging.  Movement of intraflagellar transport 

proteins along the microtubule rootlets in flagella has been imaged many times 

using TIRF microscopy (Lechtreck et al. 2009; Wren et al. 2013; Engel et al. 

2009).  I reached out to Dr. Karl Lechtreck at the University of Georgia; he is a 

leading expert in this technique in Chlamydomonas cells.   The transgene was 

silenced in transport to his lab, and he discovered that imaging at the eyespot 

was not possible using TIRF, because the eyespot reflected the laser light, 

making it impossible to distinguish the presence of the tagged photoreceptor.  To 

get around this issue, a Δcop3 eye3 double mutant strain can be generated.  

These cells will not have an eyespot, but will still allow visualization of ChR1 

localized along the D4 rootlet. 

 

In summary, generation of a Δcop3 eye3 double mutant is needed for future 

studies to look at trafficking of ChR1 along the D4 microtubule rootlet for TIRF, 

and possibly confocal, microscopy.  Cloning of my tagged constructs into the new 

expression vectors will help to produce a more stable expression of the protein. 

Use of the more sensitive Zeiss 880 confocal microscope will increase the 

chance of seeing movement along the rootlet. Finally, if stable expression of the 

tagged ChR1 can be achieved, then imaging ChR1 in dividing mlt1 Δcop3 double 

or mlt1 eye3 Δcop3 triple mutant cells should produce images of the 

photoreceptors moving in real time. 
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These techniques also open the door for fluorescent tagging of other eyespot 

proteins to assess their localization.  Currently we do not know the localization of 

the MIN1 protein, because we have been unable to generate antibodies against 

this protein.  This protein influences the size of the eyespot (Mittelmeier et al. 

2008; Boyd et al. 2011a) and may act as a connector to hold the different layers 

of the eyespot together. Also, visualization of proteins in real time will allow a 

kinetic analysis of the localization of proteins to the eyespot, which is important 

for assessing an order of assembly.  Other labs also have started to visualize 

fluorescently tagged proteins in the cell body of live Chlamydomonas cells 

(Rasala et al. 2012; Plucinak et al. 2015; Harris et al. 2016). This will only help to 

further the techniques and tools used to make fluorescence microscopy a reliable 

tool for scientists who use Chlamydomonas as a model organism.  

 

The role(s) of ChRs in eyespot assembly and placement 
 
It is still unclear from the studies in this dissertation what the role(s) of the ChRs 

are in eyespot placement and assembly.  The data collected show the real need 

for a ChR2 mutation before any role(s) can be resolved.  Extensive effort was put 

into isolating this mutation with all available tools.  Further genetic screening may 

yield the desired mutation, but it will require screening a large number of mutated 

cells.  Development of a direct genetic targeting tool, such as CRISPR, is what 

may be needed to create a desired lesion in the ChR2 gene.  Until such a tool is 

available, studies involving the ChRs should focus on understanding the proteins 

with which they interact. 

 

I believe that uncovering the molecular motor that facilitates transport of the 

ChRs to the eyespot is a key first step.  If the molecular motor cannot be isolated 

from the IP experiments with isolated eyespots, changes can be made to try a 

different approach.  One such change would be to isolate a different protein 

fraction. Before I isolated eyespots, I used a protocol developed by Norling, 

(2000) to isolate a plasma membrane fraction from Chlamydomonas cells 
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(Norling 2000).  I did not detect any photoreceptor in the final plasma membrane 

pellet, but it was detected in the pellets and supernatants of previous 

centrifugation steps.  In those centrifugation steps, silver stained gels showed a 

large decrease in the number of proteins that were present.  This step may be all 

the purification that is needed for an IP of ChR1.  Also, an IP from one of these 

fractions, may provide a greater chance for identification of the molecular motor, 

as it will capture all of the ChR1 in the plasma membrane, not just the ChR1 in 

the plasma membrane section of the eyespot.  Once ChR1 is at the eyespot, it 

most likely has already been released by the motor and is interacting with 

proteins at the eyespot.  Therefore, performing IP’s of ChR1 from both isolated 

eyespots and whole plasma membrane fractions would yield the best chance of 

identifying a molecular motor, and possibly giving a profile of different groups of 

proteins with which ChR1 interacts.   

 

I first attempted to purify ChR1 from eyespots using a dual CH-purification tag 

that I cloned at the C-terminal end of the ChR1 protein.  This short peptide 

sequence adds a C-peptide sequence along with six histidine residues. These 

two regions allow for sequential purification using beads with anti-His and anti-C-

peptide residues.   And I was unsuccessful in detecting the protein from eyespot 

preps.  This would be worth revisiting with the new vectors, as the lack of protein 

is most likely due to silencing of the transgene. The cells were screened for the 

ability to phototax in orange light after transformation with the tagged ChR1 

protein construct. Cells that showed the highest expression (those that 

phototaxed) were used for microscopy and westerns, so protein should have 

been detected.   The new expression vectors I highlighted in the previous section 

would help to alleviate the silencing problem.   

 

In summary, to better understand the role of the ChRs in eyespot placement and 

assembly, a ChR2 mutation will most likely have to be generated with a direct 

targeting tool such as CRISPR.  Efforts should first be focused on proteomic 

studies involving the ChRs.  Identification of the molecular motor that transports 
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the ChRs to the eyespot should be the target of these studies.  Identification of a 

molecular motor that would presumably be eyespot-specific, would be of great 

benefit.  It could be used for proteomic or yeast two hybrid studies to uncover 

other proteins that are transported by this motor.  Also, a mutation in this motor 

could be used as an indirect way of understanding the role of ChRs, since neither 

ChR1 nor ChR2 would be transported to the eyespot. Also, an extension of such 

a study would be to find the sequence in ChR1 and/or ChR2 that is recognized 

by the motor for transport.   Delineation of this eyespot localization signal would 

add to the mechanisms known for the complex sorting of proteins near the basal 

bodies.  Learning more about the ChRs and their interacting partners will open 

the gateway to understanding what the unique properties of the D4 microtubule 

rootlet and the plasma membrane section of the eyespot. 

 

Microtubule-based	studies	to	learn	more	about	the	eyespot	
 

Three major discoveries came about during my time in the lab: 1) the elucidation 

of the timing of the delivery of the ChRs and EYE2 proteins to the eyespot; 2) the 

discovery of the importance of the D4 microtubule rootlet for eyespot placement; 

and, 3) the localization of MLT protein along the D4 rootlet. These data are 

highlighted in the papers on which I was an author, and are listed in the previous 

chapter. Results from these studies suggest future experiments designed to 

expand our knowledge of proteins associated with the microtubule rootlet 

structure of the cell.  My dissertation focused on the ChRs and how they interact 

with the D4 microtubule rootlet, but there are other microtubule-associated 

proteins that deserve attention as well. 

 

The timing studies done in dividing cells revealed our first glimpse of an order of 

assembly. As I highlighted in the introduction, these new data suggest that the 

eyespot is assembled from a D4 rootlet/chloroplast membrane interface inward 

towards the chloroplast and outward towards plasma membrane.  It will be 

important to discover the proteins that interact at this interface, because it will 
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help determine a mechanism for biogenesis of the eyespot.  Elucidating the 

mechanism for assembly of one organelle will add to the general knowledge of 

how other organelles are formed, whether they have been identified and studied 

previously, or are possibly newly discovered. The creation and duplication of 

organelles within cells is a crucial process for maintaining viability of an 

organism.  Organelles are usually assembled before division and then 

segregated between daughter cells during division.  Organelle biogenesis is 

thought to happen via one of three different mechanisms:  de novo assembly, 

templated assembly, or growth and fission (Lowe & Barr 2007).    

  

Template and growth and fission models, both rely on the principle that a pre-

existing organelle must be present.  The difference between the two is that 

templated assembly is described as using a piece or part of an existing organelle 

as a template to assemble a new organelle, whereas growth and fission is the 

separation of an existing organelle into two new organelles after it has grown to a 

sufficient size.  These assembly modes account for the primary way membrane 

bound organelles are assembled, and are the most heavily studied (Lowe & Barr 

2007). Which method an organelle uses may depend on the complexity of its 

makeup and/or on the number of organelles that are present in the cell. 

Mitochondria for example, which have a complex membranous morphology, use 

growth and fission, whereas the Golgi are thought to arise primarily by templated 

assembly.  Why these two organelles use different modes of assembly is still not 

fully understood and differs between organisms (Mullock & Luzio 2005; Lowe & 

Barr 2007).  

  

De novo assembly can be thought of as the purist form of assembly.  Proteins 

and/or lipids are assembled together in an ordered fashion to produce a new 

organelle.  The complexity of assembling a de novo membrane makes it easier to 

envision a non-membrane bound organelle such as a ribosome or eyespot can 

assemble from molecular components.  In fact, this is how ribosomes are known 

to assemble (Fromont-Racine et al. 2003).   
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Studying the process of organelle biogenesis is a first step to understanding how 

and why a cell needs these structures, because disregulation of any of these 

steps can be detrimental to the cell (Lerit et al. 2013).  In particular, elucidating 

the mechanism by which organelles assemble de novo, such as the eyespot of 

unicellular alga Chlamydomonas reinhardtii, can lead to new insights regarding 

the origins of organelle assembly.  Since the D4 microtubule rootlet has emerged 

as the major player in eyespot biogenesis, studies focused on discovering how it 

triggers this “seeding” of the eyespot will help to reveal a master regulator of 

eyespot assembly.   

 

A group of proteins on which to focus first, would those that interact with the 

growing plus end of the D4 rootlet. Microscopy data showed that the localization 

of EYE2 and the ChR proteins at the position of eyespot assembly does not 

occur until the leading tip of the growing D4 reaches a position close to the 

equator of the cell (Mittelmeier et al. 2013). The position of the eyespot becomes 

fixed in this equatorial position.  Then, the D4 continues to extend to the posterior 

of the cell briefly, before receding back to the position of the eyespot.  The final 

length of the D4 rootlet in interphase cells is longer than the other microtubule 

rootlet structures in the cell, because the other three rootlets recede further 

toward the apical pole (Mittelmeier et al. 2013). Perhaps once the eyespot is 

fixed at the equator and it has enlarged, it impedes and/or stabilizes the D4 

rootlet from receding past this point.  We know the D4 marks the longitudinal 

location of the eyespot, but the latitudinal location must be determined initially by 

the master regulator interaction(s) at the D4 chloroplast envelope interface.  

 

The latitudinal location of the eyespot can vary by large degrees in mutant strains 

such as pey1, cmu1, soul3 and mlt1, in which the eyespot is shifted toward the 

posterior or anterior extremes of the cells (Boyd et al. 2011; Lamb et al. 1999; 

Boyd et al. 2011a; Schulze et al. 2012). Also, latitude varies to a smaller degree 

in populations of wild-type cells.  A simple hypothesis could be that changing the 
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kinetics for the localization of the master regulator and/or other key proteins 

needed to assemble the eyespot will shift the final location.  ChR protein 

localization is delayed in mlt1 cells, but EYE2 localization is not delayed and 

localizes to the tip of the D4.  The final location of the eyespot after the D4 has 

receded is shifted toward the anterior of the cell. This suggests that the master 

regulator can seed the eyespot and initiate elaboration at the tip of the D4, but 

the final location is not determined until an unknown percentage of the eyespot is 

assembled, “locking” it into place.  ChR protein may be needed to lock the 

eyespot in place. Repeating the immunofluorescence timing studies done with 

mlt1 cells, on dividing pey1, cmu1 and soul3 cells would test this hypothesis.  

 

Looking at soul3 cells would be interesting, because the eyespot location varies 

by large degrees from posterior to anterior in these cells (Schulze et al. 2012).  

SOUL3 is a heme binding protein identified in the eyespot proteome and 

localizes to the pigment granules (Schulze et al. 2012; Schmidt et al. 2006). 

Schulze et al., (2013) knocked down expression of the protein 10- 65% among 

the strains they analyzed. There was no correlation of the direction the eyespot 

shifted with the amount of protein detected by western. Some knockdown strains 

had more anterior eyespots, while others had them placed more posteriorly. 

However, the number of eyespots that were delocalized in the population of cells 

from each knockdown strain increased with the loss of SOUL3 protein, along with 

the presence of miniature and multiple eyespots. SOUL3 is most likely not the 

master regulator, because it is localized to the pigment granule arrays, but the 

data suggest it is needed to determine the final location of the eyespot.  It will be 

interesting to see if the timing of EYE2 protein delivery to the eyespot and the 

kinetics of D4-related protein trafficking is perturbed in these or other extremely 

aberrant eyespot localization mutant strains, or if the nascent eyespot is seeded 

in the wild-type location and drifts randomly along the D4 longitudinal plane.  In 

summary, discovery of the proteins associated with the growing tip of the D4 is 

needed to help identify the master regulator and understand the mechanisms for 

eyespot assembly.  Understanding how the final latitudinal placement of the 
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eyespot is determined will require studies that focus on the kinetics of delivery of 

components from the rootlets and all membrane layers to the eyespot and the 

time at which the position becomes fixed.  

 

Localization of the MLT1 protein focused our attention on the minus ends of the 

D4 rootlet microtubules, where the rootlet begins to extend after cell division from 

the region near the daughter basal body.  The MLT1 protein localizes exclusively 

to the D4 rootlet and does not extend beyond the position of the eyespot 

(Mittelmeier et al. 2015). Thus, the MLT1 protein must have some interaction with 

ChR1 or the proteins that are responsible for its trafficking along the microtubule 

rootlets. SIM microscopy could help to determine the localization of MLT1 relative 

to the D4 such as I did with ChR1.  It is plausible that MLT1 is also at the 

interface between the D4 rootlet and plasma membrane and this localization is 

what influences ChR1 trafficking down the rootlet. How MLT1 determines which 

rootlet to associate with is still not understood, but it is most likely independent of 

the ChR proteins and/or the associated motor.  

 

MLT1 has an affinity for the daughter basal body associated rootlets (Mittelmeier 

et al. 2015), thus MLT1 protein must be able to distinguish the daughter 

microtubule-based structures from those of the mother. Since the daughter basal 

body forms anew each cell division, the tubulin used to build the daughter basal 

body and rootlets may lack a posttranslational modification or another “marker”, 

such as a bound protein, that the mother structures have acquired during the 

transition from daughter to mother status during cell division.   Further studies to 

look for such a modification would need to be done to validate such a hypothesis.   

 

At a more refined level, the MLT1 protein localizes to the D4 rather than the D2 

rootlet in wild-type cells. MLT1 protein is able to localize to both the D2 and D4 

rootlets in vfl2 cells, which have a mutation in centrin (Koblenz et al. 2003).  

Centrin is a major component of the short, thick, fibrous structures that connect 

the basal bodies, and long, thin fibers that connect the basal bodies to the 
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nucleus (Wright et al. 1985; Koblenz et al. 2003; Geimer & Melkonian 2005).  

The microtubule rootlets are polymerized from a region just below these fibrous 

structures (Goodenough 1978; Geimer 2004; O'Toole & Dutcher 2014). In 

addition to the fibers, Geimer and Melkonian, (2005) detected patches of centrin 

on the two-membered rootlets near the apical ends.  This patch on the D2 may 

act as a block to prevent MLT1 protein from trafficking down the rootlet, and this 

patch may be lost in vlf2 mutant cells. Studies should be done using SIM 

microscopy, utilizing the MLT1 and centrin antibodies, similar to the ones I 

performed in Chapter 2, to help to resolve the location of the proteins relative to 

each other. Studies looking at early-dividing cells will help to determine the timing 

of MLT1 protein localization relative to centrin as well.  Also, SIM studies on vfl2 

mutant cells should be conducted to determine if the patch of centrin on the D2 is 

lost and how MLT1 localization is affected.  Finally, MLT1 has been shown to 

localize to the D4 rootlet prior to acetylation of the rootlet and in a rare occasions 

before the detection of the rootlet with anti-tubulin monoclonal (Mittelmeier et al. 

2015). This may be due to some limitation of the monoclonal antibody. However, 

SIM studies similar to those previously proposed, with the addition of anti-tubulin, 

would help add the timing of D4 rootlet extension to the story.  SIM may not be 

able to resolve this fine timing of D4 rootlet polymerization, thus immuno-electron 

microscopy will have to be used to determine the precise timing of MLT1 and 

centrin deposition relative to microtubule extension.  

 

In summary, future studies should build on the recently collected data and focus 

on understanding protein interactions and localization at both ends of the D4 

microtubule rootlet.  Forward genetic screens by scientists in the Dieckmann lab 

and the Chlamydomonas community have identified many key genes, the protein 

products of which affect eyespot placement and assembly.  Also, the generation 

of antibodies to some of these proteins has given us information about their 

localization in the cell. Work is now shifting toward understanding how these 

proteins interact with each other at a molecular and biochemical level, while still 

devising new ways to screen for more mutations. Efforts are also focusing on 
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where these proteins localize in real time to influence eyespot placement and 

assembly. The work in my dissertation was representative of this shift, as we 

move closer to a more lucid understanding of the asymmetric placement and 

assembly of the eyespot of Chlamydomonas. 
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MATERIALS AND METHODS 
 

Chlamydomonas	strains	and	media: Chlamydomonas strains used in this study 

were ΔCop3 (generated in the lab of Dr. Krishna K. Niyogi from a mutagenic 

screen using aph8 selectable marker) and ΔCop3,arg7 (generated this study). 

Chlamydomonas reinhardtii wild-type strains 137c mt+ (CC-125) and mt- (CC-

124), were obtained from the Chlamydomonas Stock Center (University of 

Minnesota, St. Paul, MN). Strains were maintained on solid TAP medium or TAP 

supplemented with 0.2 mg/mL arginine (for arginine auxotrophic strains). Liquid 

cultures were grown in either TAP medium or TAP supplemented with 0.2 mg/mL 

arginine or modified Sager and Granick medium I with added Hutner’s trace 

elements without acetate (M medium) (Harris 1989). 

 

Phototaxis	assays: Following overnight growth in M medium, cultures in test 

tubes were screened for phototactic ability by placing them in a box with a narrow 

slit at the bottom for illumination.  Madico’s Amber 81 window film was used for 

phototaxis assays described using orange light. 

 

Genetic	analysis: Fresh cultures from plates were grown for two days on solid R 

medium containing 1/10 of the normal nitrogen source at 25°C under continuous 

illumination. Cells were inoculated into 1 mL M-N medium and incubated 4 hours 

at 25°C. 200 µl of each culture were combined and allowed to mate for two hours 

under continuous illumination at 25°C. Mating mixtures were plated on solid R 

medium containing 4% agar and kept in the dark for at least 4 days. Dissection 

and tetrad analysis were conducted according to standard methods (Harris 

1989).  

 

Immunofluorescence	microscopy: 2 ml of cells was grown overnight in M 

medium with constant light at 250C. Cells were pelleted (5000g, 5 minutes), 

resuspended in 200 µl autolysin and 10 µl was spotted on a coverslip and 

incubated at room temperature for 30 minutes. Cells were fixed in -20°C 
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methanol for 30 seconds. Samples were incubated sequentially at room 

temperature for 30 minutes in block buffer (1X PBS + 1% bovine serum albumin) 

and 30 minutes in block + 0.1% Triton X-100. Samples were incubated in primary 

antibodies overnight at 4°C, washed 4 x 10 minutes in block buffer, and 

incubated for 2 hours at room temperature in appropriate secondary antibodies 

diluted in block buffer. Samples were washed 3 x 10 minutes in wash buffer (1X 

PBS + 0.1% Tween-20) and 1 x in PBS, blotted, and allowed to air-dry. Slides 

were coverslipped with MOWIOL® 4-88 mounting reagent (Calbiochem, La Jolla, 

CA) and allowed to set overnight at 30°C. For fluorescence microscopy, 

Polyclonal rabbit anti- ChR1 and ChR2 antibody (gift of P. Hegemann) were 

detected with goat anti-rabbit secondary conjugated to Alexa Fluor® 488 and 

monoclonal anti-acetylated α-tubulin (Clone 6-11B-1, Sigma, St. Louis, MO) was 

detected with goat anti-mouse secondary antibodies conjugated to Alexa Fluor® 

595 at a dilution of 1:1000. For Structured Illumination Microscopy, samples were 

viewed on a Zeiss ELYRA S1 (SR-SIM) Super Resolution Microscope with an 

Alpha Plan-APO 100x objective at 240C using appropriate filters.  Images were 

captured using an EM-CCD camera (Andor iXon), and processed using Zeiss 

Zen software. 

 

Live	Cell	Imaging:  2 ml of cells grown overnight in M medium with constant light 

at 25oC were first tested for the ability to phototax.  100 µL of cells were pipetted 

from the bottom of the tube after phototaxis assay. Cells were pelleted (5000g, 5 

minutes), resuspended in 20 µl of TAP and 8 µl spotted on Gelatin-coated 

coverslips and allowed to incubate for 5 minutes at room temperature.  8µl of 2% 

agarose in TAP was spotted on top of the cells and covered with a microscope 

slide.  Agarose was allowed to solidify for at least 5 minutes. Cells were viewed 

using a Zeiss LSM 510 META Confocal microscope using a 63x/1.4 oil objective 

at 240C. Samples were illuminated with a 594nm laser, and visualized via filtered 

emission from 615-636nm and imaged with Digital Microscope camera AxioCam.  

Image processing was done with Zeiss Zen software. 
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Gelatin-Coated	Coverslips: 100 µl of 1 mg/ml of Gelatin (Biosciences, Cat#RC-

052, Lot# 140810) in 100mM Tris Acetate pH 8, was spotted on a coverslip and 

allowed to incubate at 370C for 6 hours and then left to incubate on the lab bench 

covered at room temperature overnight.  Coverslips were prepared fresh the day 

before each experiment. 

 

Immunoblotting: Whole-cell extracts from 2 mL cultures grown overnight in M 

medium were prepared by resuspending pelleted samples in 200 µL 4x Laemmli 

buffer (250 mM Tris-Cl [pH 6.8], 40% glycerol, 20% β-mercaptoethanol, 8% 

sodium dodecyl sulfate (SDS), 0.024% bromophenol blue) (Laemmli 1970) with 

added protease inhibitors (5 µg/mL aprotinin, 5 µg/mL leupeptin, 1 µg/mL 

pepstatin A, and 1.0 mM phenylmethylsulfonyl fluoride (PMSF)) and boiling at 

100°C for 5 minutes. Proteins were separated by polyacrylamide gel 

electrophoresis using standard 10% polyacrylamide-SDS gels, and transferred 

overnight onto polyvinylidene difluoride membranes (Pall Corp., Ann Arbor, MI) 

using a standard protocol. Blots were blocked in 5% nonfat dry milk (NFDM) for 

one hour at room temperature and incubated overnight at 4°C in primary 

antibodies (1:500 rabbit polyclonal anti-ChR1 or anti-ChR2 antibodies in 4% 

NFDM in TBS-T (10 mM Tris-Cl, 150 mM NaCl, 0.5% Tween-20). Blots were 

probed with goat anti-rabbit horseradish peroxidase at a dilution of 1:5,000 

(Pierce, Rockford, IL) in 4% NFDM-TBS-T for 2 hours at room temperature. After 

multiple washes with TBS-T, blots were incubated with SuperSignal substrates 

(Pierce) or VisiGloTM Select substrate (Amresco) for one minute and exposed to 

CL-X Posure film (Thermo Scientific) or Blue X-ray Film (Phenix Research 

Products).  

DNA	sequencing: Automated DNA sequencing was performed by GENEWIZ 

(South Plainfield, NJ) 

 

Oligonucleotide	synthesis: Oligonucleotides were synthesized by SigmaGenosys 

Biotechnologies (The Woodlands, TX).  
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Figure	preparation: Figures were prepared using Microsoft PowerPoint and 

Excel (Microsoft). Figure 5 was prepared using Adobe Illustrator (Adobe 

Systems). Micrographs were minimally adjusted for brightness and contrast using 

NIH ImageJ software or Zeiss Zen software, cropped in Adobe Photoshop, and 

reduced from the original size in Microsoft Powerpoint.  
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Appendix A 
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Asymmetric placement of the photosensory eyespot
organelle in Chlamydomonas is patterned by mother-
daughter differences between the two basal bodies,
which template the anterior flagella. Each basal body is
associated with two bundled microtubule rootlets, one
with two microtubules and one with four, forming a cru-
ciate pattern. In wild-type cells, the single eyespot is
positioned at the equator in close proximity to the plus
end of the daughter rootlet comprising four microtu-
bules, the D4. Here we identify mutations in two linked
loci, MLT1 and MLT2, which cause multiple eyespots.
Antiserum raised against MLT1 localized the protein
along the D4 rootlet microtubules, from the basal bodies
to the eyespot. MLT1 associates immediately with the
new D4 as it extends during cell division, before micro-
tubule acetylation. MLT1 is a low-complexity protein of
over 300,000 Daltons. The expression or stability of
MLT1 is dependent on MLT2, predicted to encode a sec-
ond large, low-complexity protein. MLT1 was not
restricted to the D4 rootlet in cells with the vfl2-220
mutation in the gene encoding the basal body-associated
protein centrin. The cumulative data highlight the role
of mother-daughter basal body differences in establish-
ing asymmetry in associated rootlets, and suggest that
eyespot components are directed to the correct location
by MLT1 on the D4 microtubules. VC 2015 Wiley Periodicals, Inc.

Key Words: chlamydomonas; eyespot; asymmetry; micro-
tubules; basal bodies

Introduction

Microtubules and microtubule-based structures play
critical roles in determining cell structure and organi-

zation in eukaryotic cells as diverse as vertebrate neurons or
epithelial cells, single-celled protists, and the cells of land
plants [Vladar et al., 2012; Sakakibara et al., 2013; Ham-
ada, 2014; Hayes et al., 2014]. Microtubule assembly and
organization is dependent on microtubule organizing cen-
ters such as basal bodies or centrioles, and on a wide variety
of microtubule associated proteins (MAPs) that stabilize,
destabilize, modify, bundle, sever, and/or move along
microtubules [Glotzer, 2009; Struk and Dhonukshe, 2014].
In the unicellular, photosynthetic alga Chlamydomonas rein-
hardtii, placement of the single, photosensory eyespot is
dictated by the location of specific basal body-associated
microtubules, providing an excellent model system in which
to study the relationship between basal bodies, microtu-
bules, and cell organization [Holmes and Dutcher, 1989;
Dutcher, 2003;Mittelmeier et al., 2011; Marshall, 2012].

In Chlamydomonas, two mature basal bodies, the Mother
and Daughter, are at the anterior end of the cell where they
template flagellar assembly (Fig. 1A). Each basal body is
associated with two cytoplasmic microtubule “rootlets” that
lie close to the plasma membrane and extend from the basal
body toward the posterior of the cell [Ringo, 1967;
Cavalier-Smith, 1974; O’Toole et al., 2003; Geimer and
Melkonian, 2004]. One rootlet of each pair comprises two
microtubules (M2 and D2) and the other comprises four
microtubules in a three-over-one pattern (M4 and D4)
[Goodenough and Weiss, 1978]. Like flagellar microtu-
bules, the rootlet microtubules are highly acetylated [LeDi-
zet and Piperno, 1986]. The daughter basal body matured
just prior to the most recent cell division, assembly of the
associated D4 and D2 rootlets began during metaphase,
and the rootlet microtubules were acetylated shortly there-
after [Gould, 1975; Gaffal, 1988; Mittelmeier et al., 2013;
O’Toole and Dutcher, 2014]. The mother basal body and
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rootlets were assembled and acetylated during a previous
division. The eyespot, which comprises a patch of
rhodopsin-family photoreceptors in the plasma membrane
and underlying layers of pigment granules and chloroplast
membranes, is invariably assembled adjacent to the nascent
D4 rootlet in newly divided cells [Holmes and Dutcher,
1989; Kreimer, 2009; Engel et al., 2015]. This precise
placement of the eyespot at an asymmetric position relative
to the flagella is crucial for phototaxis [Witman, 1993].
Eyespot proteins such as the channelrhodopsin photorecep-
tors, ChR1 and ChR2 [Schmidt et al., 2006; Berthold
et al., 2008; Sineshchekov et al., 2009], first begin to accu-
mulate at the distal (plus end) tips of the newly polymerized
D4 microtubules during cell division, and ChR1 has been
observed along the outer surface of the D4 rootlet in inter-
phase cells [Mittelmeier et al., 2011, 2013]. These data
prompted the hypothesis that D4 microtubules direct traf-
ficking of the photoreceptors from the anterior end of the
cell to the position of the eyespot, but the identity of puta-
tive trafficking components and the basis for their specific-
ity for D4 microtubules remains unknown.

In contrast to single-eyed wild-type cells, mlt1 mutant
cells are unable to phototax, and have one primary D4-
associated eyespot plus one or more additional eyespots

associated with either the D4 or with another rootlet, most
often the M4 (Fig. 1B) [Pazour et al., 1995; Lamb et al.,
1999; Mittelmeier et al., 2011; Boyd et al., 2011a]. The
eyespots in mlt1 cells typically occupy more anterior posi-
tions than that of the equatorial wild-type eyespot. In divid-
ing mlt1 cells, ChR1 and ChR2 accumulate at the anterior
end of the cell and localization to the primary eyespot is
delayed, suggestive that the MLT1 protein promotes photo-
receptor movement along the D4 rootlet [Mittelmeier
et al., 2013]. Here we identify MLT1 as a large, low-
complexity protein that is specifically associated with D4
microtubules from their minus ends near the basal bodies
to the position of the eyespot. In dividing cells, MLT1 was
associated with the nascent D4 rootlet prior to microtubule
acetylation. Expression or stability of MLT1 was dependent
on MLT2, predicted to encode a second large, low-
complexity protein, while restriction of MLT1 to the D4
rootlet was dependent on wild-type basal body organiza-
tion. Together, the data suggest a model in which a MLT1-
MLT2 complex links the inherent asymmetry of the
microtubule-based flagellar/basal body apparatus to the
asymmetric localization of eyespot components.

Results and Discussion

MLT1 Associates Specifically With the D4
Rootlet

The MLT1 gene (Cre12.g509850) was identified by a com-
bination of phenotypic rescue, genetic mapping, and whole
genome sequencing (details are provided in Materials and
Methods and Tables S1 and S2 in Supporting Information).
The predicted 306.6 kDa MLT1 protein (Fig. 2A) is of low
complexity (>50% of residues are Ala, Gly, Ser, or Pro)
and has no identifiable functional domains; searches of
GenBank using the BLAST algorithm yielded only short
stretches of similarity to a predicted 2873 residue Volvox
carteri protein (GenBank accession EFJ50705). MLT1
sequences can be accessed using the Cre*.* identifier as a
keyword to search the Chlamydomonas reinhardtii genome
v5.5 at the Joint Genome Institute (JGI) Phytozome 10
portal (http://phytozome.jgi.doe.gov/pz/portal.html).

As a first step toward understanding how MLT1 pro-
motes photoreceptor localization along D4 microtubules,
we raised a MLT1-specific polyclonal antiserum, which
detected a >300 kDa protein in wild-type cell lysates (Fig.
2B, Fig. S1 in Supporting Information). The protein was
not detected in lysates of the mlt1-1 mutant strain or from
two out-crossed mlt1-1 progeny. By indirect immunofluo-
rescence microscopy (IF), anti-MLT1 labeling was observed
along the single acetylated rootlet associated with the ChR1
photoreceptor patch in wild-type cells (Figs. 2C and 2D)
and in mlt1-1 cells that were phenotypically rescued follow-
ing transformation with the wild-type MLT1 genomic
sequence (Fig. 2F, Table S2 in Supporting Information).

Fig. 1. The Chlamydomonas flagellar apparatus and eyespot
(A) Illustration of a wild-type Chlamydomonas cell viewed from
the side (left) or from the anterior/flagellar pole (right). Flagella
extend from two mature basal bodies, each of which is associ-
ated with two acetylated microtubule rootlets, one comprising
four microtubules (thick green lines) and one comprising two
microtubules (thin green lines). Maturation of the Daughter
basal body and assembly of the associated rootlets occurred dur-
ing the most recent cell division while assembly of the Mother
basal body and rootlets occurred during a previous division.
The eyespot is always associated with the daughter four-
membered microtubule rootlet (D4). (B) Illustration of a mlt1
mutant cell. The basic organization of mlt1 cells is the same as
that of wild-type cells, but the following phenotypic differences
have been described: (1) mlt1 cells are unable to phototax, (2)
most cells contain !2 eyespots that are associated with D4 or
with another rootlet, most often M4, (3) the acetylated D4
rootlet is shorter than that in wild-type cells, and (4) immedi-
ately following cell division, the major eyespot photoreceptors,
ChR1 and ChR2, accumulate at the anterior end of the cell
(light blue shading) rather than at the newly-assembling eye-
spot(s). Eventually the photoreceptors localize at the eyespots.
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Similar labeling was absent in mlt1-1 cells (Fig. 2E) and in
mlt1::NIT1 insertion mutant cells (Materials and Methods,
Fig. S1 in Supporting Information) [Pazour et al., 1995].
Specific anti-MLT1 labeling was not associated with the
basal bodies or non-rootlet microtubules. These data indi-
cate that MLT1 is uniquely associated with D4 rootlet
microtubules. Other than components of the eyespot,
MLT1 is the only known Chlamydomonas protein that is
distributed asymmetrically relative to the mother/daughter
halves of the cell [Dutcher, 2003].

MLT1 may bind D4 microtubules directly. Similar to
recently identified microtubule-binding proteins in

Arabidopsis [Hamada et al., 2013], MLT1 is proline-rich,
and contains three “basic islands,” stretches of sequence
between 143 and 234 residues in length that are devoid of
Glu or Asp residues and have predicted isoelectric points
between 11.5 and 12.9 (Fig. 2A). These basic regions may
interact with the conserved, acidic C-terminal tail of tubu-
lin, known to bind basic sequences in a variety of proteins
[Bai et al., 2013; Bhogaraju et al., 2013; Gigant et al.,
2014; Zach and Stohr, 2014; Wang et al., 2014b]. Based
on this idea, a MLT1 gene was constructed in which all six-
teen codons specifying Lys or Arg in the largest basic island
(asterisk in Fig. 2A) were changed to codons specifying Asp

Fig. 2. MLT1 associates with the D4 rootlet. (A) Cartoon of the linear organization of the MLT1 protein including: the mlt1-1
nonsense mutation at residue 1131, three short stretches of homology to a predicted Volvox carteri protein (JGI ID 8849, heavy black
bars), three basic regions (shaded boxes), the largest of which was targeted for mutagenesis (asterisk), twenty-two phosphorylation
sites identified with 95% confidence (black dots) [Wang et al., 2014a], and the sequence used for production of anti-MLT1, residues
2648 through 2759 (dark blue line). (B) Western blot of whole cell protein from equal numbers of wild-type (wt), mlt1-1 mutant,
or min1 mutant (mini-eye, phototaxis negative control) cells separated by 5% SDS-PAGE and probed with affinity-purified anti-
MLT1 polyclonal antibody. The asterisk indicates the top of the gel. The entire length of the blot is shown in Fig. S1 in Supporting
Information. (C and D) Immunoflourescence microscopic (IF) images of wild-type cells labeled with anti-MLT1 and anti-Ac-tub
alone (left panels), or in conjunction with anti-ChR1 (right panels). (E) IF image of a mlt1 mutant cell labeled with anti-MLT1 and
anti-Ac-tub. (F) IF image of a mlt1 mutant cell that was phenotypically rescued by transformation with wild-type MLT1 genomic
sequence (Materials and Methods, and Table S2 in Supporting Information) labeled with anti-MLT1 and anti-Ac-tub. Scale bars 5 2
lm.
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or Glu (Materials and Methods). The altered MLT1 gene
restored normal phototaxis and eyespot localization to mlt1
cells (Table S2 in Supporting Information), and MLT1 was
observed along the D4 rootlet by IF in the cells of two pho-
totaxis positive transformants (Mittelmeier, unpublished
data). Thus, the largest basic island is not required for
MLT1 function, perhaps because the three basic regions are
functionally redundant.

Alternatively, MLT1 may associate with microtubules via
unidentified MAPs. In interphase cells labeled with anti-
MLT1 and anti-ChR1, the plus ends of the D4 rootlet
microtubules extended beyond the photoreceptor patch,
but MLT1 fluorescence did not (Fig. 2D, Fig. S2 in Sup-
porting Information). The specificity for the more anterior
portion of the rootlet may reflect an interaction between
MLT1 and a component(s) of the eyespot, such as the pho-
toreceptors, or proteins involved in their localization.

MLT1 Associates With the D4 Rootlet Prior
to Microtubule Acetylation

During cell division, the daughter basal bodies and rootlets
become mothers, the old eyespot disappears, and mature
daughter basal bodies, daughter rootlets, and eyespots are
newly formed in each of the mitotic progeny. To determine
when MLT1 disassociates from the daughter-turned-
mother four-membered rootlet and associates with the nas-
cent D4, we analyzed MLT1 localization during sequential
stages of cell division (Fig. 3). Preprophase/prophase cells
exhibited either very faint anti-MLT1 fluorescence along a
single four-membered rootlet, or no detectable anti-MLT1
signal (Fig. 3B). No specific MLT1 labeling was observed in
late prophase cells in which the basal body pairs had sepa-
rated and the four-membered rootlets formed the meta-
phase band, which defines the future division plane (Fig.
3C) [Gaffal and el-gammal, 1990; Ehler et al., 1998].
Thus, the association between MLT1 and rootlet microtu-
bules is lost prior to assembly of the mitotic spindle, most
likely in response to pathways that regulate entry into mito-
sis. A recent, in-depth characterization of the Chlamydo-
monas phosphoproteome identified 22 phosphosites within
MLT1 (Fig. 2A) [Wang et al., 2014a], raising the possibility
that the phosphorylation state of MLT1 regulates its associ-
ation with the D4 rootlet.

In metaphase/anaphase cells, identified by the presence of
the mitotic spindle, MLT1 was observed only rarely as a
very small, new accumulation adjacent to the daughter basal
body (Fig. 3D, bottom cell). Nascent D4 rootlet microtu-
bules were not clearly identifiable in these cells, but their
fluorescence may have been obscured by the overwhelming
staining of the spindle microtubules. As previous structural
studies have shown that newly polymerized daughter root-
lets are present in metaphase cells [Gaffal, 1988; O’Toole
and Dutcher, 2014], we favor the hypothesis that these nas-
cent microtubules provide a platform for MLT1 accumula-

tion. Alternatively, MLT1 may localize near the basal bodies
and/or form filaments independently of microtubules,
though the primary sequence of MLT1 shows no obvious
similarities to known filament-forming proteins [e.g. Lech-
treck and Melkonian, 1998; Kato et al., 2012].

MLT1 was consistently observed along the nascent D4
rootlet in cells in late mitosis/cytokinesis (Figs. 3E and 3F),
regardless of whether the microtubules had been acetylated.
Rootlet microtubule polymerization and MLT1 association
prior to acetylation is consistent with recent data suggestive
that acetylation levels are a function of microtubule life-
time, and acetylation appears minutes to hours after micro-
tubule polymerization [Szyk et al., 2014]. As significant
accumulation of the photoreceptors and EYE2 at the nas-
cent eyespot occurs within the same time frame as rootlet
acetylation [Mittelmeier et al., 2013], prior association of
MLT1 with the rootlet is consistent with the hypothesis that
MLT1 promotes directed movement of the photoreceptors.

The Low-Complexity, Leucine-Rich MLT2
Protein is Required for MLT1 Expression or
Stability

Similar to mlt1 cells, mlt2 mutant cells have multiple eye-
spots, but the mlt2 phenotype is distinguishable from that of
mlt1 because eyespots are more numerous, more disorganized
and often mis-localized to the posterior half of the cell (Boyd
et al., 2011b). Western blot analysis of whole-cell protein
from two mlt2 out-crossed progeny (Materials and Methods)
indicated that MLT1 is not stable and/or expressed in mlt2
cells (Fig. 4A and Fig. S1 in Supporting Information). This
result was confirmed by IF of mlt2 mutant cells (Fig. 4B).
Whole genome sequencing of the mlt2 genome [Dutcher
et al., 2012; Lin et al., 2013] revealed a 6 bp (two residue)
in-frame deletion in Cre12.g501150 (Table S1 in Supporting
Information). This deletion is the only mutation within 1.0
Mbp of MLT1 (Materials and Methods), consistent with
mapping data indicating that mlt2 is within 0.5 map unit of
mlt1 [Boyd et al., 2011b]. The predicted MLT2 product is a
979 residue low-complexity protein (54% of the residues are
Ala, Gly, Ser, or Leu) with seven leucine-rich repeats in the
N-terminal half. The mlt2 deletion removes codons for V413
and E414 between repeats 5 and 6. Though the wild-type
MLT2 protein may be required for MLT1 transcription or
for translation of the MLT1 protein, we favor the hypothesis
that MLT2 is required for the association of MLT1 with the
D4 rootlet, and without this association, the MLT1 protein
is degraded. Understanding how MLT1 and MLT2 interact
with each other and with microtubules will instruct studies
of other microtubule-based systems that establish cell
organization.

MLT1 is Mislocalized in a Centrin Mutant Strain

The four microtubule rootlets extend from the region
between the mother and daughter basal bodies, just below
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Fig. 3. MLT1 localization during cell division Illustrations of the basal bodies and major microtubule-containing structures throughout
Chlamydomonas cell division are shown to the left of IF images of wild-type cells labeled with anti-Ac-tub, anti-MLT1, and anti-tub. A
legend for the diagrams is at the bottom of the figure. Scale bars 5 2 lm. (A) An interphase cell with two mature basal bodies, flagella, and
MLT1 immunoreactivity along a single acetylated microtubule rootlet (arrow). (B) Two representative cells in pre-prophase/prophase that
were aflagellate and had two pairs of basal bodies. Faint anti-MLT1 labeling of a single rootlet (arrow) was often observed. (C) Two represen-
tative cells in prophase, in which the basal body pairs had separated and developing spindle microtubules are associated with each basal body
pair, but the mature mitotic spindle had not assembled. Specific anti-MLT1 labeling was not observed. (D) Two representative cells in which
the mitotic spindle had assembled, indicative of metaphase (top) or anaphase (bottom). Specific anti-MLT1 labeling was not present in
most metaphase/anaphase cells, but occasionally a small aggregation of MLT1 was observed near the daughter basal body (arrow). (E) Two
cells in telophase or early cytokinesis in which the mitotic spindle had been disassembled and microtubules had polymerized at the division
plane defined by the four-membered microtubule rootlets associated with the mother basal bodies. Anti-MLT1 labeling of the newly
assembled but unacetylated D4 rootlet was consistently observed. (F and G) Three representative groups of daughter cells during later stages
of cytokinesis when the flagella and the eyespot begin to assemble; two pairs of cells derived from a single mother by two successive divisions
are pictured in the top row. The nascent D4 rootlets (green arrows) were acetylated in three of the four pairs of sister cells, and all of the D4
rootlets were labeled with anti-MLT1. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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the distal fibers that connect the basal bodies to one another
[Goodenough and Weiss, 1978; Geimer and Melkonian,
2004; O’Toole and Dutcher, 2014]. To determine whether
the association between MLT1 and the D4 rootlet is
dependent on basal body organization, we examined MLT1
localization in vfl2-220 cells which have a missense muta-
tion in the Chlamydomonas gene encoding centrin (Fig. 5)
[Kuchka and Jarvik, 1982;Taillon et al., 1992]. Centrin is a
major component of fibrous structures associated with the
basal bodies, including the distal connecting fibers, which
hold the basal bodies together. Centrin mutations cause
basal body mis-localization and mis-segregation, leading to
the variable flagellar number phenotype for which the

vfl2-220 mutant is named [Wright et al., 1985, 1989;
Koblenz et al., 2003; Geimer and Melkonian, 2005]. In an
analysis of 27 vfl2 cells with only two flagella (and presum-
ably only two basal bodies) and at least three visible rootlets
that could be viewed from the flagellar pole, 19 had two
MLT1-labeled rootlets (Fig. 5A), and one cell had three.
Though their exact origin and structure could not be defini-
tively determined, both MLT1-associated rootlets always
appeared to extend from a single basal body.

To determine whether the association of MLT1 with
non-D4 microtubule rootlets leads to ectopic patches of
photoreceptor, vfl2 cells were labeled with both anti-MLT1
and anti-ChR1 (Fig. 5B). In 6 of 14 cells with two flagella

Fig. 3. (Continued)
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and two MLT1-labeled rootlets, both MLT1-labeled root-
lets were associated with a ChR1 patch. Often, one of the
ChR1 patches was extremely small, raising the possibility
that some photoreceptor was associated with the additional
MLT1-associated rootlet in a higher percentage of the cells.
Together, the data are consistent with the hypothesis that
MLT1 interacts with the photoreceptors and/or trafficking
proteins and with rootlet microtubules to promote photore-
ceptor localization. Mis-localization of MLT1 in vfl2 cells
could be a direct consequence of compromised centrin
function; in wild-type cells, a patch of centrin observed
near the anterior end of the D2 rootlet microtubules may
limit MLT1 accessibility [Geimer and Melkonian, 2005].
Alternatively, correct localization of MLT1 and, therefore,
of the eyespot photoreceptors may depend on one or more
of the basal body-associated structures that are reduced or
absent in cells lacking centrin. Understanding how MLT1
specificity is achieved will add molecular details to models
describing how basal body asymmetries lead to cellular
asymmetries.

Materials and Methods

Chlamydomonas Strains and Growth

Chlamydomonas reinhardtii strains were maintained at 25"C
on solid Tris-acetate-phosphate (TAP) medium [Harris
et al., 2009]. For phototaxis assays, Western blot analysis of
whole-cell protein, or immunofluorescence labeling of
interphase cells, strains were grown at 25"C in liquid M
medium (no acetate) [Mittelmeier et al., 2011] in constant
light. For the analysis of MLT1 localization during cell

Fig. 4. MLT1 is not detectable in mlt2 mutant cells. (A)
Western blot of whole cell protein separated by 5% SDS-PAGE
probed with anti-MLT1 and anti-CEP290 [Craige et al., 2010]. The
location of the 250 kDa size marker is indicated. Strains 1A, 1B, 1C,
and 1D were derived from a single tetrad obtained following two
sequential out-crosses of the original mlt2-1 mutant to wild-type
strain 137c. Progeny 1A and 1B were phenotypically wild-type and
contained the wild-type MLT2 genomic sequence, while 1C and 1D
were multi-eyed and contained the 6 bp deletion identified in mlt2-1
cells (Materials and Methods and Table S1 in Supporting Informa-
tion). Whole cell protein from vfl2 mutant cells was used as a positive
control. The entire length of the blot is shown in Fig. S1 in Support-
ing Information. (B) IF image of a mlt2 mutant cell labeled with
anti-MLT1 and anti-Ac-tub. Only nonspecific labeling with anti-
MLT1 was observed. Scale bar 5 2 lm. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

Fig. 5. MLT1 specificity is lost in a centrin mutant. IF images of vfl2 mutant cells labeled with anti-MLT1 and anti-Ac-tub alone (A),
or in conjunction with anti-ChR1 (B). Anti-MLT1 immunoreactivity was observed on more than one rootlet in 20 of 27 vfl2 cells with two
flagella and !3 rootlets. Scale bars 5 2 lm. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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division, cells were synchronized on solid TAP under a
12:12 light:dark regimen and harvested after one hour in
the dark. The following strains are available through the
Chlamydomonas Resource Center (University of Minne-
sota, St. Paul, MN; chalmycollection.org): wild-type (wt,
CC-125, 137c mt1), mlt1 (CC-4304, mlt1-1 mt1), and
vfl2 (vfl2-220 mt1, CC-2530) which carries an E101K
mutation in the gene encoding centrin [Taillon et al.,
1992]. The single-eyed mlt1::MLT1 strain (Fig. 2F) was
obtained following phenotypic rescue of mlt1-1 with the
13.7 kb MLT1 genomic sequence (described below). The
multi-eyed strain K16 (mlt1::NIT1, Fig. S1 in Supporting
Information) was identified in a screen for phototaxis defec-
tive strains following insertional mutagenesis with NIT1
genomic sequence [Pazour et al., 1995]. Following mating
of a K16 arg2 strain to mlt1-1 arg7, all prototrophic dip-
loids examined (n 5 10) retained the multi-eyed phenotype,
indicating that K16 is a mlt1 allele (Dieckmann, unpub-
lished data).

Identification of Causative Mutations in mlt1-1
and mlt2-1

Isolation, phenotypic characterization, and genetic mapping
of the mlt1-1 and mlt2-1 mutant strains have been
described [Lamb et al., 1999; Mittelmeier et al., 2011;
Boyd et al., 2011a, b]. The lesions in both strains were
identified by pair-ended 101 bp whole-genome sequencing
(Table S1 in Supporting Information) [Dutcher et al.,
2012; Lin et al., 2013]. With 43x sequencing coverage,
68950 SNPs/short indels found in mlt1-1 were compared
with the 2.5 million SNP/short indel library found in 16
other Chlamydomonas strains; 28,831 SNPs/short indels
that are unique to mlt1-1 remained. Changes within the
non-coding regions and reads that have Phred quality scores
lower than 100 were eliminated using SnpEff [Cingolani
et al., 2012]. Previous genetic mapping indicated that mlt1-
1 is #0.75 map unit away from eye2, which is located at
position #2.1 Mb on chromosome 12. Only one change
was found in this region: a nonsense mutation at codon
1131 of the predicted reading frame of Cre12.g509850
(CAA ! TAA). In the mlt2-1 strain, 433 sequencing cov-
erage and SNP/short indel library comparison led to identi-
fication of 1693 SNPs/short indels that are unique to this
mutant strain. Previous genetic analyses indicated that while
mlt1-1 and mlt2-1 complement one another, they are only
#0.5 map unit apart on chromosome 12 [Boyd et al.,
2011b]. Only one mutation was identified within 1.0 Mbp
of mlt1-1: a 6 bp deletion of codons 413 and 414 of the
predicted reading frame of Cre12.g501150. The two other
mutations identified on chromosome 12 were #2.8 and
#3.9 Mbp from mlt1-1, inconsistent with the mapping
data for the mlt2-1 mutation. The MLT1 and MLT2
genomic and predicted protein sequences can be viewed
using the Cre*.* numbers in the “keyword search” tool of

the Chlamydomonas reinhardtii v5.5 genome at the Joint
Genome Institute (JGI) Phytozome portal (http://phyto-
zome.jgi.doe.gov/pz/portal.html). Two sequential out-
crosses of mlt1-1 to wild-type strain 137c yielded multi-
eyed strains mlt1-1-1D and mlt1-1-4B (Fig. S1 in Support-
ing Information). Both strains carried the Q1131STOP
lesion. Likewise, two out-crosses of strain mlt2-1 to 137c
yielded mlt2-1-1C and mlt2-1-1D (Fig. 4A), which had
both the mlt2 phenotype and the 6 bp deletion. In all
crosses, the multi-eyed phenotype segregated 2:2.

Rescue of the mlt1 Mutant Phenotype

Cre12.g509850 extends from the predicted beginning of
the 5’UTR on chromosome 12 at position 2,044,806 to
the end of the 3’UTR at position 2,056,067. Phenotypic
rescue of mlt1-1 by Cre12.g509850 sequence is summar-
ized in Table S2 in Supporting Information. Briefly, frag-
ments of Chlamydomonas genomic sequence ligated to
pARG7.8cos [Purton and Rochaix, 1995] were used to
transform a mlt1-1, arg7-8 strain to arginine prototrophy
(Arg1) by electroporation (Supporting Information Meth-
ods). Arg1 transformants were screened for the ability to
phototax and eyespot phenotype. The multi-eyed pheno-
type was rescued by 13.7 kb or 11.3 kb sequences covering
the predicted MLT1 gene. An 8.0 kb sequence lacking the
C-terminal portion of the predicted coding sequence failed
to rescue the mutant phenotype.

To construct pArg12BE/2DE, in which the 16 codons
specifying Lys or Arg within the largest basic island (asterisk
in Fig. 2A) were changed to codons specifying Asp or Glu,
altered sequence from the SmaI site at 12: 2,050,873 to the
BlpI site at 12: 2,051,650 was synthesized (Genewiz, Inc.,
South Plainfield, NJ) and used to replace the corresponding
sequence in pArg12BE. The mlt1-1 phenotype was rescued
by pArg12BE/2DE (Table S2 in Supporting Information).

Production of Anti-MLT1

Sequence coding for MLT1 residues 2648 through 2759
(Fig. 2A), which includes sequence that is similar to a pre-
dicted Volvox carteri protein (JGI ID 8849), was codon-
optimized for expression in Escherichia coli (DNA 2.0, Inc.,
Menlo Park, CA) and ligated in-frame to TrpE coding
sequence using the BamHI site in the pATH1 vector
[Koerner et al., 1991]. TrpE-MLT1 fusion protein expres-
sion was induced in E. coli as described [Koerner et al.,
1991] and separated from other E. coli proteins by 10%
SDS-PAGE. The portion of the gel containing the fusion
protein was sent to Pacific Immunology Corp. (Ramona,
CA) for the production of rabbit antiserum. For affinity
purification of anti-MLT1, TrpE-MLT1 was transferred
from a 10% SDS-polyacrylamide gel to 3 cm2 of PVDF
membrane, which was then incubated with 0.4 ml of anti-
serum for 1 h at room temperature (RT). The membrane
was washed several times with PBS (123.0 mM NaCl,
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10.4 mM Na2HPO4, 3.2 mM KH2PO4) before eluting the
antibodies in three 150 ll, 30 s washes with 5 mM glycine,
150 mM NaCl. Each eluate was immediately neutralized
with 50 ll of 0.5 M NaPO4, pH 5 8.0.

Immunofluorescence Microscopy

Cells were harvested from 0.2 ml of an overnight culture or
from solid medium using a toothpick, transferred to 50 ll
of autolysin [Harris et al., 2009], and 10 ll were spotted
onto coverslips and incubated in a humid chamber at RT
for 30 min (min). The cells were fixed in 220"C methanol
for 30 s, and then air-dried. The fixed cells were rehydrated
in block buffer (PBS, 1% BSA) for 30 min, then in block
buffer containing 0.1% Triton X-100 for 30 min at RT.
Cells were then incubated overnight at 4"C in block buffer
containing 1:50 affinity purified polyclonal anti-MLT1 plus
1:50 anti-acetylated a-tubulin clone 6-11B-1 IgG2b (a-Ac-
tub) (Santa Cruz Biotechnology, Inc., Dallas, TX) (Piperno
and Fuller, 1985). Some experiments also included 1:50
anti-a-tubulin clone DM1A IgG1 (a-tub) (Santa Cruz Bio-
technology, Inc., Dallas, TX). Cells were washed with block
buffer containing 0.05% Tween-20, incubated for 2 h at
RT in block buffer containing 1:1000 dilutions of Alexa
fluor-conjugated antibodies directed against rabbit IgG,
mouse IgG2b, or mouse IgG1 (Invitrogen, Carlsbad, CA),
then washed again. For experiments including polyclonal
anti-ChR1 [Berthold et al., 2008], the antibody was
directly conjugated to Alexa fluor 594 using the Xenon IgG
labeling kit according to the manufacturer’s instructions
(Invitrogen) and applied to the cells after incubation with
secondary antibodies. The labeled cells were washed thor-
oughly and coverslipped with Mowiol mounting medium
prepared as described [Mittelmeier et al., 2013] which was
allowed to harden for at least 24 h before imaging.

Immunofluorescence was viewed using a DeltaVision
Elite microscope (Applied Precision, a GE Healthcare
Company, Issaquah, WA) with an Olympus 1003 plan apo
NA 1.4 objective plus a 1.63 optivar and appropriate filter
sets. Images were captured with a pco.edge sCMOS camera
(Kelheim, Germany). Z-series datasets were collected at a
step size of 0.2 lm. Postacquisition deconvolution was per-
formed using SoftWorx software (Applied Precision, LLC,
Issaquah, WA).

Western Blot Analysis

Cells from 2.0 ml of a liquid culture at 2.0 3 106 cells/ml
were harvested, resuspended in 200 ll of 43 Laemmli
buffer (250 mM Tris-Cl (pH 5 6.8), 40% glycerol, 20% b-
mercaptoethanol, 8% SDS, 0.024% bromophenol blue)
with protease inhibitors (5 lg/ml aprotinin, 5 lg/ml leu-
peptin, 1 lg/ml pepstatin A, 1.0 mM PMSF) and heated at
100"C for 5 min; 40 ll of each sample were electropho-
resed through 5% polyacrylamide-SDS gels and transferred
to nitrocellulose membrane using standard techniques. The

membranes were blocked in 5% non-fat dried milk in
TBS-T (10 mM Tris-Cl, 150 mM NaCl, 0.5% Tween-20)
for 1 h at RT, probed overnight at 4"C with either 1:200
affinity purified anti-MLT1 or 1:1000 anti-CEP290
[Craige et al., 2010] in block buffer, washed in TBS-T, and
probed with 1:10,000 horse radish peroxidase-linked sec-
ondary antibody (Thermo Scientific, Rockford IL) in block.
Following TBS-T washes, the blots were incubated in
SuperSignal Chemiluminescent substrate (Thermo Scien-
tific) for 1 min and exposed to ECL Hyperfilm (Amersham
Biosciences, Piscataway, NJ).

Figure Production

To produce a final micrographic image, ImageJ was used to
collapse 6 to 12 Z-series images from a single channel,
merge images from different channels, and add false color.
Pixel value histograms were adjusted using either
“brightness and contrast” in ImageJ or “levels” in Adobe
Photoshop (Adobe Systems Inc., San Jose, CA). Adobe
Photoshop was used to add scale bars, crop images, and
adjust image size. Images, text, and diagrams were
assembled in Adobe Illustrator v11.0.
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Independent Localization of Plasma Membrane and Chloroplast
Components during Eyespot Assembly

Telsa M. Mittelmeier,a Mark D. Thompson,a Esra Öztürk,b Carol L. Dieckmanna

Department of Molecular and Cellular Biology, University of Arizona, Tucson Arizona, USAa; Department of Biology, Faculty of Science, Ege University, Izmir, Turkeyb

Like many algae, Chlamydomonas reinhardtii is phototactic, using two anterior flagella to swim toward light optimal for photo-
synthesis. The flagella are responsive to signals initiated at the photosensory eyespot, which comprises photoreceptors in the
plasma membrane and layers of pigment granules in the chloroplast. Phototaxis depends on placement of the eyespot at a spe-
cific asymmetric location relative to the flagella, basal bodies, and bundles of two or four highly acetylated microtubules, termed
rootlets, which extend from the basal bodies toward the posterior of the cell. Previous work has shown that the eyespot is disas-
sembled prior to cell division, and new eyespots are assembled in daughter cells adjacent to the nascent four-membered rootlet
associated with the daughter basal body (D4), but the chronology of these assembly events has not been determined. Here we use
immunofluorescence microscopy to follow assembly and acetylation of the D4 rootlet, localization of individual eyespot compo-
nents in the plasma membrane or chloroplast envelope, and flagellar emergence during and immediately following cell division.
We find that the D4 rootlet is assembled before the initiation of eyespot assembly, which occurs within the same time frame as
rootlet acetylation and flagellar outgrowth. Photoreceptors in the plasma membrane are correctly localized in eyespot mutant
cells lacking pigment granule layers, and chloroplast components of the eyespot assemble in mutant cells in which photorecep-
tor localization is retarded. The data suggest that plasma membrane and chloroplast components of the eyespot are indepen-
dently responsive to a cytoskeletal positioning cue.

Photosynthetic algae are ubiquitous, morphologically diverse,
and important producers of fixed carbon (1–3). Single cells of

many algae, both unicellular species and the gametes or spores of
multicellular species, assemble flagella, which propel the cells
through their aqueous environment, often in response to environ-
mental stimuli, such as chemical concentration gradients (che-
motaxis), gravity (gravitaxis), or light (phototaxis) (4–6). Algal
flagella are analogous to mammalian cilia, and their outgrowth is
organized by cytoplasmic basal bodies which are associated also
with the minus ends of cytoplasmic microtubules, including one
or more microtubule bundles termed rootlets (7). Flagellate algal
species are classified in part based on the characteristic arrange-
ment of the flagella, basal bodies, and associated rootlets, collec-
tively termed the “flagellar apparatus.” One universal feature of
the flagellar apparatus is its asymmetry; the morphology and/or
function of a single flagellum-basal body-rootlet complex is not
the mirror image of the other even though they are often visually
indistinguishable (8–11). This asymmetry, believed to derive ulti-
mately from the maturation of cytoskeletal structures over the
course of two or more cell cycles, is critical for appropriate direc-
tional movement in response to environmental cues (11–15).

In many phototactic algae, light intensity and direction is
sensed by a structure called the eyespot, located at a defined asym-
metric position relative to the flagellar apparatus, usually at the
base of a specific flagellum or associated with a specific rootlet
(16). In Chlamydomonas reinhardtii, a phototactic unicellular
green alga that is 5 !m to 10 !m in length, the flagellar apparatus
comprises two anterior basal bodies and flagella and four highly
acetylated rootlets that extend just under the plasma membrane
from the basal bodies toward the posterior of the cell (see Fig. 1A)
(17–20). The M2 and M4 rootlets, comprising two and four mi-
crotubules, respectively, extend from the older or mother basal
body, while the D2 and D4 rootlets extend from the younger or
daughter basal body (7, 9, 21). The numbering system proposed

by Moestrup (11) designates the M2, M4, D2, and D4 rootlets as
R1, R2, R3, and R4, respectively, while an alternative nomencla-
ture designates these rootlets as 1d, 1s, 2d, and 2s (22, 23). The
"0.6- to 1.5-!m2 Chlamydomonas eyespot is located near the
equator of the cell adjacent to the D4 rootlet (see Fig. 1A), placing
it closer to the cis flagellum assembled from the daughter basal
body than to the trans flagellum assembled from the mother basal
body (22, 24–27). The cis flagellum and trans flagellum respond
differently to light-evoked signals from the eyespot, causing the
cell to turn toward or away from the light source, depending on
intensity (28–31). The close physical and functional associations
between the algal eyespot and flagellar apparatus have led to the
proposal that eyespot position is determined by the geography of
the microtubule-based cytoskeleton (22, 32). In Chlamydomonas,
the daughter rootlets and the eyespot are assembled de novo in
each daughter cell following cell division (see Fig. 1B and C), and
the position of the nascent D4 rootlet is hypothesized to determine
the asymmetric location of the eyespot (10, 25, 33).

Algal eyespots comprise at least two components, a concentra-
tion (or “patch”) of photoreceptor molecules and a structure of-
ten made up of layers of pigmented lipid granules that intensifies
the directional signal by reflecting or focusing light onto and/or
shading the photoreceptor patch (4, 16, 34). In the Chlamydomo-
nas eyespot, several layers of orange-red carotenoid pigment gran-
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ules, subtended by thylakoid membranes in the chloroplast, lie
directly beneath specialized regions of the closely apposed chloro-
plast envelope and plasma membrane (see Fig. 1B) (22, 35). Chan-
nelrhodopsins ChR1 and ChR2, rhodopsin family light-gated cat-
ion channels that initiate the phototactic response, are localized in
the plasma membrane at the eyespot (36–40). EYE2, an eyespot-
specific, thioredoxin superfamily protein of unknown function, is
thought to reside in one of the two chloroplast envelope mem-
branes (39, 41, 42). Following cell division, one or more eyespot
proteins must respond directly to a positioning cue, such as the D4
rootlet, to initiate de novo eyespot assembly. Assembly might oc-
cur in a “cascade,” in which cue-directed localization of one eye-
spot component leads to localization of the others. Alternatively,
plasma membrane and plastid components might localize inde-
pendently of one another in response to the same cue. Immuno-
fluorescence microscopy (IF) of eye2 (eyeless) mutant cells, which
lack the pigment granule layers and the EYE2 protein, showed that
the ChR1 photoreceptor can localize independently of the missing
plastid components, prompting the hypothesis that D4-directed
localization of the photoreceptor(s) is the initial step in eyespot
assembly (36, 41, 43). This hypothesis predicts that following cell
division, assembly of the D4 rootlet occurs before localization of
eyespot components to the position of the nascent eyespot and
that photoreceptor localization occurs before that of EYE2 or the
pigment granule layers.

Studies of Chlamydomonas cell division using electron, light,
and immunofluorescence microscopy form the basis for our un-
derstanding of the inherent asymmetry of the flagellar apparatus
based on the relative age of its components and the relationship
between the flagellar apparatus and the eyespot (25, 44–50). The
described changes in these structures during cell division are sum-
marized in Fig. 1C; after mitosis (panel iv), nonacetylated cleavage
microtubules assemble in the plane of the metaphase band and the
cleavage furrow, and the daughter flagella, acetylated microtubule
rootlets, and eyespots assemble de novo in the daughter cells (panel
v). Here, we extend the previous work using indirect IF to observe
the accumulation and positioning of the photoreceptors and
EYE2 relative to assembly of the daughter rootlets and flagella
during and following cell division. The data indicate that the D4
rootlet is assembled prior to the initial localization of eyespot pro-
teins, which occurs within the same time frame as rootlet acetyla-
tion. Following the initiation of eyespot assembly, the rootlets
extend to the posterior end of the cell before shortening to their
mature length, which in the case of the D4 rootlet is just beyond
the equatorial eyespot (36). In mlt1 (multieyed) mutant cells,
which have multiple misplaced eyespots and a short D4 (36, 51),
photoreceptor localization is retarded but EYE2 localization is
not. Together, the data are consistent with a model in which the
plasma membrane and plastid components of the eyespot respond
independently to the D4 positioning cue and suggest that the an-
terior-posterior position of the assembled eyespot ultimately de-
termines D4 rootlet length.

MATERIALS AND METHODS
Strains and cell culture. The following Chlamydomonas reinhardtii
strains used in this study are available through the Chlamydomonas Re-
source Center (University of Minnesota, St. Paul, MN; chlamycollection
.org): wild type (CC-125, 137c mt#), mlt1 mutant (CC-4304, mlt1-1
mt#), eye2 mutant (CC-4302, eye2-1 mt#), eye3 mutant (CC-4302, eye3-1
mt#). The original cop3-null strain (CAL27.01.12) was generated by in-

sertional mutagenesis of the 4A# wild-type strain (52), with the AphVIII
gene conferring resistance to paromomycin. The strain had no ChR1 pro-
tein detectable by Western blotting or indirect immunofluorescence using
the anti-ChR1 polyclonal antibody (see Fig. S1 in the supplemental ma-
terial). The cop3$ strain used here was isolated following two backcrosses
of the original null strain to wild-type strain 137c mt% (CC-124). The mlt1
eye3 double mutant was isolated following a cross of an mlt1 mt% strain to
strain eye3-3 (CC-4317, eye3-3 mt#). Chlamydomonas cultures were
maintained at 25°C on solid Tris-acetate-phosphate (TAP) medium (21)
on a 12-12 light-dark cycle to synchronize cell division, which mostly
occurred within the first several hours of the dark period (21, 53).

Indirect immunofluorescence labeling and microscopy. Dividing
cells were transferred quickly from solid medium to 50 !l phosphate-
buffered saline (PBS) (123.0 mM NaCl, 10.4 mM Na2HPO4, 3.2 mM
KH2PO4) using a toothpick, harvested by centrifugation at 3,000 & g, and
resuspended in 50 !l autolysin (21). Ten microliters was spotted onto a
poly-L-lysine-coated coverslip which was incubated in a humid, dark
chamber at room temperature (RT) for 30 min, dipped in %20°C meth-
anol for 30 s, and air dried. The fixed cells were rehydrated in PBS plus 1%
bovine serum albumin (BSA; block) for 30 min at RT and incubated in
block containing 0.1% Triton X-100 for 30 min at RT, followed by incu-
bation overnight at 4°C in block containing 1:20 anti-acetylated '-tubulin
clone 6-11B-1 ('-Ac-tub) (Sigma-Aldrich, St. Louis, MO) (54) plus one
of the following antibodies: 1:20 anti-'-tubulin clone DM1a ('-tub; Sig-
ma-Aldrich, St. Louis, MO), 1:50 polyclonal anti-ChR1 (37), 1:50 poly-
clonal anti-ChR2 (37) (see Fig. S2B in the supplemental material), 1:50
polyclonal anti-EYE2 (41). Cells were washed with block containing
0.05% Tween 20, incubated for 2 h at room temperature in block contain-
ing a 1:1,000 dilution of the appropriate Alexa Fluor-conjugated second-
ary antibody (Invitrogen, Carlsbad, CA), washed thoroughly, and cover-
slipped with Mowiol mounting medium prepared as follows: 2.4 g
Mowiol 4-88 (Calbiochem, EMD Biosciences, Inc., La Jolla, CA) and 6 g of
glycerol were combined, 6 ml of water was added, and the solution was
stirred at RT for 2 h before the addition of 12 ml of 0.2 M Tris (pH ( 8.5),
being heated to 50°C for 10 min, and being clarified by centrifugation at
5,000 & g for 15 min. When clone 6-11B-1 was used in conjunction with
clone DM1a, Alexa Fluor-conjugated anti-mouse IgG2B and anti-mouse
IgG1 secondary antibodies were employed (Invitrogen). When anti-EYE2
was used in combination with anti-ChR1, one of the antibodies was di-
rectly conjugated to an Alexa Fluor using the Xenon IgG labeling kit
(Invitrogen) according to the manufacturer’s instructions.

Immunofluorescence was viewed using a Deltavison RT (Applied Pre-
cision, LLC, Issaquah, WA) with a &100-magnification, 1.4-numerical-
aperature (NA) objective plus a 1.6& optivar and appropriate filter sets.
Images in Fig. 5A (example 2) and B were captured without the 1.6&
optivar. Images were captured with a CoolSnap HQ charge-coupled-
device (CCD) camera (Photometrics, Tucson, AZ). Z-series data sets
were collected at a step size of 0.5 !m. Postacquisition deconvolution
was performed using SoftWorx software (Applied Precision, LLC,
Issaquah, WA).

Light microscopy. A total of 10 !l of cells transferred from solid me-
dium to 50 !l PBS was spotted onto a microscope slide and coverslipped.
The cells were viewed with a Leica DMRXA microscope using a Leica PL
APO &100-magnification, 1.4-numerical-aperture, oil immersion objec-
tive with a 1.6& optivar (1 pixel ( 0.039 !m) and bright-field or differ-
ential interference contrast (DIC) optics. After 5 to 10 min on the slide, the
slightly flattened, less motile cells were photographed with a QImaging
(Burnaby, BC, Canada) Retiga EX-cooled CCD camera driven by Univer-
sal Imaging (Downingtown, PA) MetaMorph version 6.1.2 software.

Data analysis. Flagellar, rootlet, and cell lengths, and the distances
between the basal bodies and the eyespot protein patches, were obtained
from the micrographs using either the Softworx “standard two point” or
“multiple segment” measuring tool or the ImageJ “lines” tool. For the
experiments represented in Fig. 3, 6, and 7D, F, and G, dividing cells were
categorized as without flagella or as having flagella that were !0.5 !m in
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length and then scored for the presence or absence of an eyespot protein
patch. For the experiments represented in Fig. 4 and 7C, cells were cate-
gorized according to flagellar length and then scored for the presence or
absence of a pigment granule array. For the experiment represented in Fig.
5, cells were categorized based on rootlet length, and flagellar and cell
lengths were determined and compared between groups. For the experi-
ment represented in Fig. 8D, eyespot protein patches in mlt1 cells were
categorized based on their distance from the basal bodies (the wild-type
measurement is diagrammed in Fig. 7A) and scored for the presence or
absence of anti-ChR1 and anti-EYE2 fluorescence. For the quantitation
described in Fig. 8C, groups of two or four mlt1 daughter cells that (i)
remained in the mother cell wall and (ii) had at least one pigment granule
array in each cell were examined using bright-field microscopy. For each
group, the number of daughter cells with two or more pigment granule
arrays was determined.

Western blotting. Dividing cells were scraped from solid medium and
transferred to 500 !l PBS, harvested at 3,000 & g, resuspended in 200 !l of
4& Laemmli buffer (250 mM Tris-Cl [pH ( 6.8], 40% glycerol, 20%
)-mercaptoethanol, 8% SDS, 0.024% bromophenol blue) with protease
inhibitors (5 !g/ml aprotinin, 5 !g/ml leupeptin, 1 !g/ml pepstatin A, 1.0
mM phenylmethylsulfonyl fluoride [PMSF]), and heated at 100°C for 5
min. A total of 20 !l to 40 !l of each sample was electrophoresed through
10% polyacrylamide-SDS gels and transferred to BioTrace polyvinylidene
difluoride (PVDF) membranes (Pall Corp., Ann Arbor, MI) using stan-
dard techniques. The blots were blocked in 5% nonfat, dried milk
(NFDM) in TBS-T (10 mM Tris-Cl, 150 mM NaCl, 0.5% Tween 20) for 1
h at RT, probed overnight at 4°C with either 1:5,000 anti-ChR1 or
1:10,000 anti-'-tubulin clone B-5-1-2 (Sigma) in 1% NFDM in TBS-T,
washed in TBS-T, and probed with 1:10,000 horseradish peroxidase-
linked secondary antibody (Pierce, Rockford, IL) in 1% NFDM in TBS-T.
Following several washes in TBS-T, the blots were incubated in
SuperSignal substrate (Pierce) for 1 min and exposed to ECL Hyperfilm
(Amersham Biosciences, Piscataway, NJ).

Image and figure production. To produce a final micrographic image,
ImageJ was used to collapse 8 to 10 Z-series images from a single channel,
add false color, and merge images from different channels. Pixel value
histograms were minimally adjusted using either “brightness and con-
trast” in ImageJ or “levels” in Adobe Photoshop (Adobe Systems Inc.,
San Jose, CA). Scale bars were added, and the image size was adjusted
in Adobe Photoshop. Images, text, and diagrams were assembled in
Adobe Illustrator.

RESULTS
D4 rootlet assembly occurs after mitosis but prior to flagellar
extension. During cell division in Chlamydomonas, the flagella,
daughter microtubule rootlets (D2 and D4), and D4-associated
eyespot assemble de novo in daughter cells (Fig. 1C). Our working
hypothesis has been that the position of the highly acetylated D4
rootlet directs localization of one or both of the major rhodopsin
family photoreceptors in the plasma membrane, ChR1 and ChR2,
to the position of the future eyespot, which in turn directs local-
ization and assembly of other eyespot components, such as EYE2,
in the chloroplast envelope and the pigment granule layers in the
chloroplast (37, 38, 41). This hypothesis predicts that D4 rootlet
assembly occurs before eyespot assembly. To determine when the
D4 rootlet is assembled, dividing cells (harvested between 1 and 2
h after the start of the dark period of a 12-12 light-dark cycle) were
fixed with methanol and examined by IF using antibodies specific
for '-tubulin ('-tub) or acetylated '-tubulin ('-Ac-tub). Figure
2 shows the microtubule distribution in pairs of postmitotic
daughter cells in which the mitotic spindle had been disassembled
and cleavage microtubules were present at the plane of division.
As described previously, '-tub labeled the cleavage microtubules
while '-Ac-tub labeled the basal bodies, the M2 and M4 rootlets,

and the metaphase band (20, 25, 47, 55). In our hands, the '-tub
monoclonal antibody DM1a, which recognizes the C-terminal
portion of '-tubulin (residues 426 through 450) on the outside
the microtubule, did not bind to the cytoplasmic microtubules
labeled with '-Ac-tub, which recognizes acetylated Lys40 of '-tu-
bulin in the microtubule lumen (56, 57). Exceptions to this gen-
eral observation (described below) were interpreted as binding of
'-tub to microtubules that were less extensively acetylated. Per-
haps methanol fixation alters the three-dimensional structure of
tubulin, bringing the epitopes in close proximity to one another,
and favors binding of the '-Ac-tub antibody.

A nascent D4 was not observed in premetaphase cells, identi-
fied by (i) the location of the two pairs of basal bodies away from
one another and from the cleavage plane and (ii) the presence of
only the acetylated microtubules of the metaphase band (and not
the cleavage microtubules) at the future division plane (e.g., Fig.
1Ciii). Similarly, a D4 rootlet was not present in daughters with a
mitotic spindle (e.g., Fig. 1Civ). However, in postmitotic daughter
cells without flagella, '-tub labeled microtubules that extended
from the daughter basal body at a position expected for the nas-
cent D4 rootlet (Fig. 2A and B). In a small number of such cells,
these microtubules were labeled with both '-tub and '-Ac-tub
(Fig. 2B), consistent with the hypothesis that they formed the new
D4. In postmitotic daughter cells with emerging flagella, the nas-
cent D4 rootlet was invariably acetylated (Fig. 2C). Together, the
data suggest that the D4 rootlet is assembled after mitosis but prior
to the completion of cytokinesis and flagellar assembly and that
D4 acetylation occurs after microtubule polymerization, within
the same time period as initial flagellar outgrowth.

Eyespot photoreceptors and EYE2 localize to patches associ-
ated with the acetylated D4 in cells with newly emerged flagella.
We have also hypothesized that eyespot assembly is a cascade of
events in which localization of the photoreceptors directs assem-
bly of other eyespot components, such as EYE2, in the chloroplast
envelope and the pigment granule layers in the chloroplast. To
determine whether photoreceptor localization occurs prior to that
of EYE2, dividing cells were analyzed by IF using '-Ac-tub in
combination with antibodies specific for ChR1, ChR2, or EYE2
and relating the presence of nascent aggregations or “patches” of
each eyespot protein to D4 rootlet assembly and acetylation and
flagellar outgrowth in the daughter cells (Fig. 3). In interphase
cells, anti-ChR1 and anti-EYE2 polyclonal antibodies specifically
label the eyespot (37, 41), with some nonspecific labeling in the
region of the basal bodies in cells devoid of these proteins (e.g., see
Fig. S2A in the supplemental material). Anti-ChR2 also specifi-
cally labeled the eyespot (see Fig. S2B), but a ChR2-null strain was
not available as a negative control. Daughter cells which met four
criteria were scored for the presence of a patch of eyespot protein
that was associated with the D4 and separate from the nonspecific
labeling near the basal bodies: (i) the cell was one of a pair of
daughters that remained associated with one another, either be-
cause cytokinesis was not complete or due to incomplete digestion
of the mother cell wall during autolysin treatment, (ii) the two
pairs of basal bodies had moved away from one another and from
the cleavage plane, (iii) only one pair of basal bodies was present in
each cell, indicating that the cell was not entering another round of
division (in cells destined to divide again, the new probasal bodies
assembled during metaphase [46] had extended, yielding four
basal bodies that were strongly labeled with '-Ac-tub), and (iv)
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the flagella were either not present (Fig. 3A) or were !0.5 !m in
length (Fig. 3B).

In daughter cells without flagella, eyespot protein patches were
never observed. D4 rootlet microtubules were observed in daugh-
ter cells without flagella, suggesting that D4 assembly occurs be-
fore eyespot assembly. In contrast to daughters without flagella,
"90% of daughters with flagella of !0.5 !m in length had patches
of ChR1 and ChR2, and at least 70% had EYE2 patches (Fig. 3B).
Consistent with our earlier observation that the D4 rootlet was

acetylated within the same time frame as initial flagellar out-
growth, an acetylated D4 was observed in all postmitotic cells with
newly emerged flagella but was observed only rarely in daughter
cells without flagella. These data indicate that the photoreceptors
and EYE2 are localized either simultaneously or in rapid succes-
sion and that all three proteins are localized within the same time
window as flagellar emergence and D4 acetylation.

To determine when organized pigment granule layers were as-
sembled in the chloroplast, dividing cells were labeled with a poly-
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D4 rootlet
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EYE2

(i) (ii) (iii) (iv) (v)
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cis flagellum
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αChR1

D4

D2
M2M4
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FIG 1 Eyespot location and structure. (A) Diagram of a Chlamydomonas cell highlighting the eyespot (red oval) adjacent to the daughter four-membered
microtubule rootlet (D4). The D4 is one of four bundles of acetylated microtubules that extend from the two mature basal bodies at the anterior end of the cell
(blue circles). The two basal bodies differ in age; the daughter basal body, in the cis position relative to the eyespot, matured just prior to the most recent cell
division, while the older mother basal body, in the trans position relative to the eyespot, matured prior to an earlier division. Each basal body is associated with
one rootlet that comprises four microtubules (D4 and M4, thick blue lines) and one rootlet that comprises two microtubules (D2 and M2, thin blue lines). The
rootlets lie just under the plasma membrane and are approximately 90° from one another, forming a cruciate structure; the dashed lines represent the two rootlets
that extend away from the viewer. (B) Left, diagram of postmitotic daughter cells in which new D4 rootlets (solid light-blue lines) have extended from the new
daughter basal bodies (light-blue circles outlined with dark blue) in a plane that is perpendicular to the cleavage plane, and the eyespots have assembled de novo
adjacent to the D4 rootlets. Right, eyespots comprise layers of carotenoid pigment granules (red circles) subtended by thylakoid membranes (TM) in the
chloroplast, closely apposed to the chloroplast envelopes (CE) and the plasma membrane (PM). Channelrhodopsin photoreceptors ChR1 and ChR2 (dark-red
ovals) span the plasma membrane, and EYE2 (small blue rectangles) is associated with one of the two chloroplast envelopes. (C) Summary of Chlamydomonas
cell division focusing on microtubules. Interpretive line drawings are above representative indirect immunofluorescence (IF) images of cells viewed from the
anterior pole: green, '-Ac-tub; red, '-tubulin (ii to iv) or anti-ChR1 (i and v). (i) Interphase cells have full-length flagella (heavy black lines) that define a plane
45° counterclockwise to the plane defined by the four-membered rootlets; the eyespot is adjacent to the D4 rootlet. Each of the mother and daughter basal bodies
is associated with a probasal body (light-blue circles). (ii) Prior to mitosis, the flagella are resorbed and/or severed, the probasal bodies extend to become the new
daughter basal bodies, and the eyespot is partially or fully disassembled. (iii) As mitosis begins, mother/daughter basal body pairs separate and the distal portions
of the parental four-membered rootlets form the metaphase band (mb) that defines the future cleavage plane. The basal bodies are distributed semiconservatively
to the future daughter cells, with each daughter positioned further than its mother from the metaphase band/cleavage plane. (iv) The mitotic spindle (purple) is
formed, and the metaphase band persists. After disassembly of the mitotic spindle, the internuclear and cleavage microtubules (or phycoplast) assemble in the
plane of the metaphase band and cytokinesis proceeds. For clarity, the new probasal bodies that are formed by the end of mitosis are not included in the
illustrations. The basal bodies, rootlets, and flagella contain a large proportion of acetylated tubulin, while the mitotic spindle and phycoplast microtu-
bules do not. (v) Cytokinesis results in two daughter cells; flagella, daughter rootlets, and eyespots are assembled de novo in each daughter. This study
focused on the relative timing of flagellar extension, D4 rootlet assembly and acetylation, and eyespot component localization following mitosis, e.g.,
between iv and v. Scale bars ( 1 !m.
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clonal antibody specific for the EYE3 protein, a predicted ABC1
family kinase that is present in the pigment granules (41). How-
ever, because the anti-EYE3 background level in dividing cells was
too high to discern EYE3 patches, we turned to differential inter-
ference contrast (DIC) microscopy, which allows visualization of
both the carotenoid-rich eyespot pigment granule layers and fla-
gella. Dividing cells were treated with autolysin for 10 min to
“loosen” the mother cell wall so that the flagella were clearly visible
with DIC and their length could be measured. Groups of two or
four sister cells were categorized according to their average flagel-
lar length and the presence (or absence) of a visible pigment gran-
ule array in at least one of the sister cells (Fig. 4). Pigment granule
arrays were observed in only 8% of the sister groups, with an
average flagellar length of !1.0 !m. As photoreceptor and EYE2
patches were observed in the majority of cells with flagella of !0.5
!m in length, the data suggest that the photoreceptor and EYE2
proteins are localized prior to assembly of the pigment granule
layers. However, the sensitivity of pigment granule array visual-
ization by DIC microscopy may be lower than that of detection of
eyespot proteins by immunofluorescence (24). As the average fla-
gellar length increased, the number of sister groups with pigment
granule arrays also increased, indicating that the eyespot pigment
granule layers and flagella are assembled within the same time
frame.

Daughter cells pass through a “long rootlet” stage. During IF
examination of dividing cells labeled with '-Ac-tub, we observed
flagellated daughter cells that had completed cytokinesis in which
the acetylated rootlets extended to the posterior end of the cell

(Fig. 5). Many of the cells with long rootlets also had more than
four acetylated microtubules or microtubule bundles. The length
of the rootlets contrasted with that in interphase cells, in which the
D4 rootlet, typically the longest, extends just beyond the equato-
rial eyespot such that the distance from the basal bodies to the end
of the rootlet (R) relative to the length of the cell (L) is 0.68 * 0.12
!m (36). To further characterize the cells with long rootlets, flag-
ellated cells from a dividing culture were randomly chosen, and
distances R and L and the length of a flagellum (F) were measured
(Fig. 5C, inset). The cells were categorized as having either an R/L
value of !0.8 for all rootlets (as for interphase cells) or as having
long rootlets, with an R/L value of +0.8 for two or more rootlets.
Cells without long rootlets (n ( 52) averaged 5.83 * 0.52 !m in
length, with an F/L value of 1.34 * 0.19. Cells in the long rootlet
category (n ( 54) were only slightly smaller, with an L value of
5.36 * 0.52 !m, but had significantly shorter flagella, with an F/L
value of 0.97 * 0.14, most likely because they had recently divided
and had not yet assembled full-length flagella. These data are in-
dicative of a post-cell division stage during which the acetylated
rootlet microtubules are longer than those in the fully mature cell.

Photoreceptor localization and EYE2 localization in postmi-
totic cells are independent of one another and of EYE3 localiza-
tion. Consistent with a cascade model of eyespot assembly in
which localization of the photoreceptors directs assembly of the
chloroplast components of the eyespot, ChR1 patches are cor-
rectly localized in interphase eye2 or eye3 (eyeless) mutant cells,
which lack organized pigment granule arrays (41, 51). To deter-
mine whether the absence of pigment granule layers affected the
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no flagella
+ D4 rootlet

no flagella
+ Ac-D4 rootlet
(rare)

+ flagella
+ Ac-D4 rootlet

αActub
αtub

D4

D4

FIG 2 The D4 rootlet assembles prior to flagellar extension. (A to C) IF images of postmitotic cells undergoing cytokinesis: green, '-Ac-tub; red, '-tub.
Interpretive diagrams to the left of the images summarize the location of microtubules: purple, nonacetylated microtubules; dark blue, acetylated microtubules
associated with the mother basal body; light blue, nascent acetylated microtubules associated with the daughter basal body. (A and B) Dividing cells in which the
mitotic spindle had been disassembled and the cleavage microtubules had assembled (red arrowheads) but flagella had not extended. In such cells, microtubules
were regularly observed at a location expected for the D4 rootlet (purple arrows). Most often, the presumptive D4 microtubules were not acetylated (A), but
occasionally the apparent D4 rootlets were labeled with both '-tub and '-Ac-tub (light-blue arrows), interpreted as partial acetylation (B). (C) Dividing cells
with newly extended flagella (yellow arrows). In these cells, the D4 rootlet was invariably acetylated (arrows), and cleavage microtubules were often still present
at the cleavage furrow (red arrowheads). Scale bars ( 1 !m.
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timing of photoreceptor localization, the presence or absence of
photoreceptor patches in dividing eye2 or eye3 cells was analyzed
(Fig. 6A, D, and F). Similar to dividing wild-type cells, photore-
ceptor patches were present in the majority of eye2 or eye3 daugh-
ter cells with flagella of !0.5 !m in length but were not observed
in eyeless daughter cells without flagella. The timing of EYE2
patches in eye3 mutant cells was also similar to that observed in the
wild type (Fig. 6E).

cop3$ mutant cells lacked the ChR1 photoreceptor but had
eyespots (see Fig. S1A in the supplemental material) (24) and were
indistinguishable from the wild type in our test tube-based assay
for positive phototaxis in response to white light (51). These data

suggest that either eyespot assembly is independent of photo-
receptor localization or that assembly of the chloroplast com-
ponents of the eyespot is dependent on the very similar ChR2
photoreceptor (40). Therefore, EYE2 localization and ChR2 local-
ization were analyzed in dividing cop3$ mutant cells (Fig. 6B and
C). Similar to the wild type, both proteins formed patches associated
with the D4 rootlet in daughter cells with newly emerged flagella, but
not in nonflagellated daughters. Together, these data suggest that the
photoreceptors and EYE2 localize independently of one another and
of pigment granule layer assembly.

Photoreceptor but not EYE2 localization is retarded in mlt1
mutant cells. The majority of mlt1 (multiple eyespot) mutant cells

αChR1 αChR2 αEYE2

αChR1 αChR2 αEYE2

A

B

no flagella

0% (n = 87)

92% (n = 88)

0% (n = 30) 0% (n = 28)

90% (n = 90) 70% (n = 86)
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antigen:

+ patch:
antigen:

ChR1 ChR2 EYE2

ChR1 ChR2 EYE2

+ flagella
+ Ac-D4 rootlet

(≤ 0.5 µm)

FIG 3 Eyespot photoreceptors and EYE2 localize to patches in cells with newly emerged flagella. IF images of dividing cells that had completed mitosis but either
had not extended flagella (A) or had flagella that were !0.5 !m in length (B): green, '-Ac-tub; red, anti-ChR1 or anti-ChR2; blue, anti-EYE2. The percentage
of daughter cells (no.) that contained a patch of accumulated eyespot protein associated with the D4 rootlet is indicated below each image. The lower percentage
of cells scored as having EYE2 patches was most likely due to the higher background produced by anti-EYE2 in some experiments, making small patches of EYE2
associated with the D4 rootlet more difficult to discern than similarly sized photoreceptor patches. Patches of fluorescence associated with the D4 rootlet were not
observed when cop3$ or eye2 mutant cells were labeled with anti-ChR1 or anti-EYE2, respectively (e.g., see Fig. S2A in the supplemental material). Interpretive
diagrams summarizing the data are to the left of the micrographs: dark blue, mother basal bodies and rootlets and the metaphase band; light blue, daughter basal
bodies and rootlets; black lines, flagella; red circle, eyespot protein patch. Scale bars ( 1 !m.
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C

1.1 µm - 2.0 µm 2.1 µm - 3.0 µm
8% (n = 36) 44% (n = 23) 79% (n = 19)
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FIG 4 Pigment granule arrays assemble after the emergence of flagella. Differential interference contrast (DIC) images of groups of two or four sister cells: black
arrows, newly emerged flagella; white arrows, eyespot pigment granule arrays. (A) Sister cells with a mean flagellar length of !1.0 !m. (B) Sister cells with a mean
flagellar length between 1.1 !m and 2.0 !m; (C) sister cells with a mean flagellar length between 2.1 !m and 3.0 !m. For each flagellar-length category, the
percentage of sister cell groups (no.) that included at least one cell that contained an organized pigment granule array is given below the image. Scale bars ( 1 !m.
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in interphase have two or more eyespots, and the “extra” eyespots
are often found associated with a rootlet other than D4 (36, 51).
The most posterior eyespot (closest to the equatorial position of
the wild-type eyespot) is usually associated with D4. We wondered
whether this asymmetry in eyespot position along the anterior-
posterior axis is the result of differences in the assembly of indi-
vidual mlt1 eyespots (e.g., the components assemble in a different
order) or in the timing of eyespot formation (e.g., the more pos-
terior eyespots associated with D4 are assembled prior to the oth-
ers) and whether potential differences might yield clues to the

requirements for eyespot assembly. To explore these questions,
dividing mlt1 cells harvested between 1 and 2 h after the start of the
dark period were examined by IF using '-Ac-tub and anti-ChR1,
anti-ChR2, or anti-EYE2 (Fig. 7). In wild-type cells, photorecep-
tor and EYE2 patches were observed in the majority of postmitotic
cells with flagella that were !0.5 !m in length (Fig. 3). By the time
the flagella had reached "3.0 !m in length, colocalized photore-
ceptor and EYE2 patches were invariably present in wild-type cells
at a distance of 2.28 * 0.49 !m from the anterior end of the cell
(Fig. 7A, n ( 72 cells). In contrast, photoreceptor patches were not

B αActub
αChR1

A αActub
αtub

example 1 example 2

R
L

F

FIG 5 Acetylated rootlets transiently extend to the posterior end of daughter cells. (A) Two examples of IF images (example 1 was captured with the use of a 1.6&
optivar, while example 2 was captured without the optivar) of cells that had recently completed cytokinesis (flagella were not yet full length) in which the
acetylated microtubules extended to the posterior ends of the cells (light-blue arrows). The recently divided cells are among more mature cells (larger, with
full-length flagella) with shorter acetylated rootlets (green arrows): green, '-Ac-tub; red, '-tub. (B) IF image (captured without the 1.6& optivar) of recently
divided cells with long acetylated rootlets (light-blue arrows) associated with patches of ChR1 (red arrows) compared to more mature cells with shorter rootlets
(green arrows). The inset illustrates measurements R, L, and F (dashed yellow lines): green, '-Ac-tub; red, anti-ChR1. Scale bars ( 1 !m.
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FIG 6 Localization of the photoreceptors and of EYE2 do not depend on each other or on EYE3. IF images of dividing mutant cells with flagella that were !0.5
!m in length: green, '-Ac-tub; red, anti-ChR1 or anti-ChR2; blue, anti-EYE2. The percentage of mutant daughter cells (no.) with flagella that were !0.5 !m in
length that contained a patch of the labeled protein is given below each image. (A) ChR1 in eye2 mutant cells; (B) EYE2 in cop3$ mutant cells; (C) ChR2 in cop3$
mutant cells; (D) ChR1 in eye3 mutant cells; (E) EYE2 in eye3 mutant cells; (F) ChR2 in eye3 mutant cells. Scale bars ( 1 !m.
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observed in postmitotic mlt1 cells (Fig. 7B), even after cytokinesis
was complete and the flagella approached full length; only 15% or
12% of mlt1 daughter cells with flagella of "3.0 !m in length had
patches of ChR1 or ChR2, respectively (n ( 86 for ChR1, n ( 65
for ChR2), and none of the patches were "2.0 !m from the ante-
rior end of the cell. ChR1 (Fig. 7B and D) and ChR2 fluorescence
was concentrated at the anterior end of recently divided mlt1 cells,
near the basal bodies. In mlt1 cop3$ double mutant cells, the an-
terior anti-ChR1 fluorescence was greatly diminished (Fig. 7E),
indicating that the overabundant anterior fluorescence in mlt1
cells was due to accumulated ChR1 rather than nonspecific bind-
ing of the antibody. Surprisingly, bright-field microscopy showed
that localization of the pigment granule layers in dividing mlt1
cells was similar to that observed in wild-type cells (Fig. 7C), with

a single eyespot orthogonal to the cleavage plane in daughter cells
with nascent flagella. EYE2 patches were also localized normally in
both mlt1 and mlt1 cop3$ cells, even as the photoreceptor(s) ac-
cumulated at the anterior ends of the cells (Fig. 7D and F); 95% of
mlt1 cells with flagella of "3.0 !m in length had EYE2 patches
(n ( 62), and 68% of the EYE2 patches were "2.0 !m from the
anterior end of the cell. The data suggest that the MLT1 gene
product promotes postmitotic photoreceptor localization and
that the photoreceptor proteins are trafficked to the anterior end
of the cell prior to localization at the developing eyespot.

To determine whether, in the absence of ChR1 and ChR2
patches, EYE2 localization required the presence of pigment gran-
ule layers, EYE2 localization in dividing mlt1 eye3 double mutant
cells was analyzed (Fig. 7G). EYE2 patches were present in all mlt1

mlt1 eye3

αChR1
αEYE2 αChR1 αChR1

αChR1
αEYE2αEYE2

αEYE2

mlt1

mlt1mlt1

wild type

mlt1 cop3∆ mlt1 cop3∆

αEYE2αChR1

A B

C D

E F G

2.3 ± 0.5 µm

FIG 7 Photoreceptor localization is retarded in mlt1 mutant cells but EYE2 localization is not. IF or DIC images of recently divided cells harvested after 1 h to
2 h in the dark: green, anti-acetylated tubulin; red, anti-ChR1 or anti-ChR2; blue, anti-EYE2. (A) Recently divided wild-type cells with localized ChR1 (yellow
arrows) and EYE2 (light-blue arrows); the distance from the anterior end of the cell to the anterior edge of the patch of colocalized eyespot protein (dashed yellow
line) was 2.3 * 0.5 !m (n ( 72). (B) ChR1 (yellow arrows) remained at the anterior end of mlt1 mutant cells; ChR1 fluorescence only is shown in the image on
the right. (C) DIC image of mlt1 sister cells containing single arrays of pigment granules (black arrows) distributed similarly to those in wild-type cells: 13%
(n ( 23) of sister cell groups with a mean flagellar length of !1.0 !m, 44% (n ( 23) of groups with a mean flagellar length between 1.1 !m and 2.0 !m,
and 100% (n ( 15) of groups with a mean flagellar length between 2.1 !m and 3.0 !m had at least one pigment granule array. (D) In mlt1 cells, ChR1
(yellow arrows in the image to the right) remained at the anterior end of each cell, but EYE2 patches (blue arrows in the image to the left) were localized
similarly to those in the wild type (see the text). (E) Anti-ChR1 fluorescence due to nonspecific binding of the antibody in mlt1 cop3$ double mutant cells
(red arrows) was significantly lower than the fluorescence resulting from specific binding of the antibody to ChR1 in mlt1 single mutant cells (see the
description for panel B, above). (F) EYE2 patches associated with the D4 rootlet (blue arrows) were observed in 97% (n ( 36) of mlt1 cop3$ double mutant
cells with flagella of !0.5 !m in length. (G) In mlt1 eye3 double mutant cells, EYE2 patches (blue arrows) were localized similarly to those in wild-type
and mlt1 cells (see the text). Scale bars ( 1 !m.
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eye3 cells with flagella of "3.0 !m in length (n ( 22), and the
majority of these patches (86%) were "2.0 !m from the anterior
end of the cell. Therefore, EYE2 is able to accumulate at the devel-
oping eyespot in the absence of both the pigment granules and
stoichiometric levels of the photoreceptors. Also, the presence of
only one EYE2 patch opposite the cleavage plane in recently di-
vided mlt1 daughter cells suggests that the extra eyespots observed
in interphase mlt1 cells form after the assembly of EYE2 and the
pigment granules at an initial or “primary” eyespot.

The multieyed phenotype arises after cytokinesis and flagel-
lar outgrowth. We observed by IF that as mlt1 cells proceeded
through cytokinesis and flagellar outgrowth, anti-ChR1 fluores-
cence at the anterior end of the cells increased (Fig. 8A), as did the
size of ChR1 eyespot patches in wild-type cells. To verify that the
observed increases in fluorescence were the result of increased
levels of ChR1 protein, whole-cell protein samples isolated from
wild-type or mlt1 cells after 1.0 h or 8.0 h in the dark were analyzed
by Western blotting using anti-ChR1 and '-tub (Fig. 8B). The
level of ChR1 protein relative to that of tubulin increased during
the dark period in both wild-type and mlt1 cells, presumably due
to both an increase in the percentage of cells that had completed
mitosis and an increase in relative eyespot size (24, 53). We also
note that while pigment granule layers of the mother cell eyespot
were observed at the cleavage plane of some dividing cells (25, 58),
patches of ChR1 at the metaphase band in premitotic cells were
not observed by IF (see Fig. S3 in the supplemental material). In
wild-type cells on a 14-10 light-dark schedule, COP3 RNA levels

were low just prior to mitosis and then increased during mitosis
and the first half of the dark period (Jim Umen, personal commu-
nication). Together, the data suggest that the ChR1 protein is de-
graded prior to cell division and resynthesized during or shortly
after mitosis.

As described above, shortly after mlt1 cell division, localization
of a single pigment granule array and EYE2 patch opposite the
cleavage plane was similar to that observed in wild-type cells. To
determine when the multieyed phenotype arises, bright-field mi-
croscopy throughout the dark period was used to determine the
number of pigment granule arrays in mlt1 cells that had recently
divided (two or four sister cells remained together in the mother
cell wall) and had already assembled at least one pigment granule
array in each of the sister cells (e.g., after formation of the primary
array). Halfway through the dark period, fewer than 25% of
daughter mlt1 cells had multiple pigment granule arrays, but by
the end of the dark period, over 50% of the cells had multiple
arrays of pigment granules (Fig. 8C). This was true for each of
three cultures that were followed for 48 h.

The presence of secondary or ectopic eyespots in mlt1 cells
offered the possibility of determining whether aggregation of any
one eyespot protein is sufficient to prompt assembly of a complete
eyespot. To analyze the secondary eyespots, dividing mlt1 cells
harvested after 10 h to 12 h in the dark were triple labeled with
'-Ac-tub, anti-ChR1, and anti-EYE2 (Fig. 8D, examples 1 and 2).
Eyespot protein patches in daughter cells were then characterized
as being ,2.0 !m or "2.0 !m from the anterior end of the cell

ex1 ex2 ex3

A B

C

D

αChR1

αEYE2
αChR1

αEYE2
αChR1

αEYE2 αEYE2

example1 example 2

patch distance (R): < 2.0 mm (n = 105) ≥ 2.0 mm (n = 108)
  ChR1 only:   10%    0
  EYE2 only:    6%   80%
  ChR1 + EYE2:   84%   20%

(i)

(ii)

(iii)

ChR1

tubulin

wild-type mlt1
1h 1h 8h8h

FIG 8 ChR1 levels in both wild-type and mlt1 cells increase as daughter cells mature. (A) IF image of groups of sister mlt1 cells with increasing levels of anterior
anti-ChR1 fluorescence (yellow arrows) in (i) dividing cells without flagella, (ii) daughter cells with short flagella, or (iii) daughter cells with longer flagella: green,
anti-acetylated tubulin; red, anti-ChR1. (B) Western blot of whole-cell protein probed with anti-ChR1 and '-tubulin. (C) DIC images of three mlt1 sister cell
groups (ex1, ex2, and ex3) at the end of the 12-h dark period when over 50% of daughter cells had multiple arrays of pigment granules (black arrows). Multiple
pigment granule arrays are evident only in one sister cell from each group because the arrays in the other sister cells were out of the focal plane. (D) Two IF images
(ex1 and ex2) of mlt1 sister cells after 10 h to 12 h in the dark: green, anti-acetylated tubulin; red, anti-ChR1; blue, anti-EYE2. The dashed yellow lines mark 2.0
!m from the anterior end of the cell (less than that observed for eyespot protein patches in wild-type sister cells shown in Fig. 7A). Only EYE2 was present in 80%
of eyespot protein patches that were "2.0 !m from the anterior end of the cell (n ( 108; blue arrows in ex1 and ex2). Of the eyespot protein patches that were
,2.0 !m from the anterior end (n ( 105), 84% contained both EYE2 and ChR1 (yellow arrows in example 1 and example 2), while 10% were ChR1 only (red
arrow in example 2) and 6% were EYE2 only (not shown). Scale bars ( 1 !m.
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and as including either ChR1 or EYE2 or both. Even at the end of
the dark period, only 20% of patches of "2.0 !m from the ante-
rior (n ( 108 patches) had both ChR1 and EYE2, and the other
80% contained EYE2 only. In contrast, 86% of patches of ,2.0
!m from the anterior (n ( 105 patches) had both ChR1 and
EYE2, with the remaining patches having either ChR1 or EYE2
only. As ChR1 and EYE2 were present to the same degree in the
more anterior, secondary patches, we were unable to conclude
which component might be sufficient for directing ectopic
eyespot assembly.

DISCUSSION
During each cell division in the unicellular green alga Chlamy-
domonas reinhardtii, the single photoreceptive eyespot is assem-
bled de novo in the daughter cells at a unique position relative to
the microtubule-based flagellar apparatus. The flagellar apparatus
comprises two anterior flagella and the associated mother (older)
and daughter (younger) basal bodies and four highly acetylated
microtubule rootlets. Two rootlets, one with two microtubules
and another with four, extend from each basal body toward the
posterior end of the cell; the eyespot is found at the equator of the
cell associated with the four-membered rootlet that extends from
the daughter basal body (D4). The Chlamydomonas eyespot, like
the eyespots of many green algal species, is built of photoreceptors
in the plasma membrane and organized layers of pigment granules
in the chloroplast (4, 22, 35). Here, we used immunofluorescence
and DIC microscopy to determine the timing of eyespot assembly
relative to that of the D4 rootlet and to flagellar outgrowth in
postmitotic daughter cells.

During cell division, the D4 rootlet was assembled prior to the
eyespot, consistent with the long-standing hypothesis that the po-
sition of the nascent D4 dictates the position of the eyespot. Wild-
type daughter cells that had not yet assembled flagella did not
contain pigment granule layers or discernible patches of the
eyespot photoreceptors ChR1 and ChR2 or of the chloroplast en-
velope protein EYE2. Nonacetylated microtubules in the expected
position of the nascent D4 rootlet were, however, observed in
nonflagellated daughter cells (Fig. 2). In these daughters, the mi-
totic spindle had been disassembled but cytokinesis was not com-
plete, as evidenced by the presence of cleavage microtubules at the
division plane. As rootlet microtubules are acetylated to a much
greater degree than nonrootlet cytoplasmic microtubules, partial
acetylation of these microtubules in some nonflagellated daugh-
ters supports their identification as the D4 rootlet (20). Previous
electron microscopic data are suggestive of daughter rootlet as-
sembly prior to flagellar outgrowth (46, 49), and Lechtreck and
Silflow (59) also noted the presence of potential D4 rootlets in
daughter cells in late mitosis/early cytokinesis when striated fibers
of SF-assemblin had formed in association with the D2 rootlet.
During cytokinesis, the SF-assemblin fibers form a cross associ-
ated with the anterior ends of the rootlets, leading to the authors’
proposal that the striated fibers play a role in organizing microtu-
bule rootlet assembly.

In daughter cells with newly emerged flagella (less than 0.5 !m
in length), the D4 rootlet was invariably acetylated, suggesting that
acetylation of the rootlet microtubules occurs after their poly-
merization. Acetylation of '-tubulin after microtubule assembly
has been observed, but how the acetyltransferase accesses Lys40 in
the lumen of the tubule remains unclear (57, 60–62). The data also
suggest that rootlet acetylation is concurrent with initial flagellar

outgrowth, likely at or near the completion of cytokinesis, when
intraflagellar transport proteins required for flagellar assembly ac-
cumulate at the base of the flagella (53). In mammalian cells, the
tubulin acetyltransferase, '-TAT1, is associated with the BBSome,
a complex of proteins involved in ciliogenesis (63, 64). Perhaps a
potential Chlamydomonas ortholog of '-TAT1 (Cre07.g345150)
is responsible for acetylation of both flagellar and rootlet micro-
tubules (65, 66), and the activity of this enzyme increases follow-
ing cell division.

Small patches of ChR1 and ChR2 photoreceptors and of EYE2
were observed at the end of the acetylated D4 rootlet in the vast
majority of daughter cells with newly emerged flagella (Fig. 3). As
the flagella extend, the pigment granule layers assemble, a process
that is dependent upon the presence of the EYE2 protein (41, 42)
and perhaps is not initiated until a critical level of EYE2 has accu-
mulated at the nascent eyespot. Though eyespot assembly and
flagellar assembly are independent processes (eyespot mutants as-
semble flagella and flagellar assembly mutants contain eyespots
[36, 51, 67]), concurrent assembly of these functionally related
structures may be triggered by a common postmitotic signal.
What then accounts for the specificity of eyespot component lo-
calization to the D4 rootlet as opposed to the M4 rootlet microtu-
bules, which are arranged also in a 3-over-1 pattern? Perhaps the
D4 is the default choice because M4 is associated with the cleavage
furrow (44, 45). In Spermatozopsis similis cells, eyespot assembly
precedes cell division and occurs in association with a parental
rootlet before the rootlet microtubules are observed between the
segregating pairs of basal bodies (32). A second possibility, poten-
tially related to the first, is that eyespot assembly is dependent on
the accessibility of proteins that are specifically associated with the
lengthening microtubules. We have proposed that trafficking
along the D4 rootlet moves the photoreceptors away from the
anterior end of the cell toward the eyespot, similar to the micro-
tubule-directed movement of the cellulose synthase complex in
Arabidopsis cells (68) or the cAMP receptor involved in che-
motaxis in Dictyostelium (69). Perhaps microtubule binding pro-
teins that mediate and/or promote photoreceptor trafficking are
specific for microtubules that are lengthening or undergoing acet-
ylation.

Somewhat surprisingly, ChR1, ChR2, and EYE2 localizations
to the nascent eyespot appear to be independent of one another.
ChR1 localizes to equatorial patches associated with the D4 rootlet
in mature eye2 or eye3 mutant cells, and EYE2 is correctly localized
in eye3 mutant cells (41). Here, we show that the timing of ChR1,
ChR2, and EYE2 localization in eyeless mutant cells is similar to
that in wild-type cells. Likewise, ChR2 and EYE2 are correctly
localized in ChR1-deficient cop3$ mutant cells, which have eyes-
pots (see Fig. S1A in the supplemental material) (24) and display
positive phototaxis in response to white light. In the absence of
ChR1, localization of EYE2 and assembly of the pigment granule
layers may depend on ChR2, which is closely related to ChR1 (40)
and may have a functionally redundant role in eyespot assembly.
However, in mlt1 mutant daughter cells with newly emerged fla-
gella, detectable levels of ChR1 and ChR2 are not observed at the
nascent eyespot, yet an EYE2 patch and pigment granule layers are
correctly positioned at the end of the acetylated D4 rootlet. Cor-
rectly localized patches of EYE2 are also present in mlt1 eye3 dou-
ble mutant daughters, which lack eyespot pigment granule layers.
These data are not consistent with the hypothesis that eyespot
assembly occurs in an obligatory cascade but instead suggest that
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the EYE2 protein responds to the localization cue and promotes
organization of the pigment granule layers independently of the
photoreceptors.

Recently divided mlt1 mutant daughter cells with short flagella
have a single “primary” eyespot associated with the D4 rootlet.
This first eyespot comprises EYE2 and pigment granule layers but
not ChR1 or ChR2, which accumulate at the anterior end of the
cell. As the daughter cells mature and the flagella extend beyond 3
!m in length, ChR1 continues to accumulate anteriorly and in
secondary eyespots that are ,2.0 !m from the basal bodies (Fig.
8D). Eventually, ChR1 moves to the primary eyespot, which in
interphase mlt1 cells is at a more anterior position than the wild-
type eyespot (36, 70). These data suggest that the MLT1 protein
promotes the D4-directed movement of the photoreceptors away
from the anterior end of the cell. Previously, we hypothesized that
MLT1 primarily affects microtubule rootlet asymmetry, which re-
sults in a shorter D4 rootlet and more anterior eyespots in mlt1
cells (36). The hypothesis that D4 rootlet length determines the
position of the eyespot along the anterior-posterior axis would
also explain the more posterior eyespots in pey1 and cmu1 mutant
cells, which have correspondingly long D4 rootlets (70, 71). If,
however, the primary effect of the MLT1 protein is on photore-
ceptor localization, then the shorter D4 rootlet in mlt1 cells may be
the result, rather than the cause, of the more anterior position of
the primary eyespot. This model is consistent with the recent ob-
servation that strains with reduced levels of the pigment granule
protein SOUL3 have eyespots that are mispositioned along the
anterior-posterior axis, with a corresponding change in D4 length
(72). Here, we find that shortly after cell division, the rootlets
temporarily extend to the posterior end of the cell. Perhaps, fol-
lowing a net polymerization and lengthening phase, the rootlet
microtubules undergo a period of net depolymerization and
shortening. During this period, shortening of the D4 rootlet may
be blocked at the eyespot by interactions between eyespot-local-
ized proteins and the microtubules. This model could explain
both the correlation between eyespot position and rootlet length
in mlt1, cmu1, and pey1 mutant cells, and SOUL3-knockdown
cells, and the observation that D4 is often the only acetylated root-
let that extends beyond the equator of the cell in mature wild-type
cells (36).

How might the absence of the photoreceptors at the nascent
primary eyespot in mlt1 cells affect the anterior-posterior posi-
tioning of the chloroplast components? As a new daughter cell
grows, continued posterior-directed movement of the eyespot
complex, tracking along the D4 rootlet, may be required to main-
tain the eyespot’s equatorial position. Eventually, the eyespot and
plus ends of the recently shortened rootlet microtubules might
meet at the equator, triggering the formation of a relatively stable
complex. Though an EYE2 pigment granule layer “subassembly”
is formed in the absence of the photoreceptors, posterior move-
ment of this incomplete complex may be retarded, leaving the
eyespot in a more anterior position at the time of rootlet shorten-
ing and stabilization. This hypothesis predicts that in the absence
of both ChR1 and ChR2, eyespots will be more anterior than in
wild-type cells. The cmu1 mutation, which leads to abnormally
long cytoplasmic microtubules (71), may inhibit shortening of the
rootlet microtubules. In this case, the microtubule-directed
movement of the eyespot toward the posterior end of the cell is not
halted at the equator. Identification of the MLT1 protein and of
eyespot components that interact with the photoreceptors, EYE2,

and/or D4 rootlet microtubules will further our understanding of
eyespot positioning and of how the asymmetric cytoskeleton of
flagellated algae determines the organization of the cell.
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The characteristic geometry of the unicellular chloro-
phyte Chlamydomonas reinhardtii has contributed to
its adoption as a model system for cellular asymmetry
and organelle positioning. The eyespot, a photosensi-
tive organelle, is localized asymmetrically in the cell at
a precisely defined position relative to the flagella and
cytoskeletal microtubule rootlets. We have isolated a
mutant, named pey1 for posterior eyespot, with vari-
able microtubule rootlet lengths. The length of the
acetylated daughter four-membered (D4) microtubule
rootlet correlates with the position of the eyespot,
which appears in a posterior position in the majority
of cells. The correlation of rootlet length with eyespot
positioning was also observed in the cmu1 mutant,
which has longer acetylated microtubules, and the
mlt1 mutant, in which the rootlet microtubules are
shorter. Observation of eyespot positioning after depo-
lymerization of rootlet microtubules indicated that eye-
spot position is fixed early in eyespot development and
becomes independent of the rootlet. Our data demon-
strate that the length of the D4 rootlet is the major de-
terminant of eyespot positioning on the anterior–
posterior axis and are suggestive that the gene product
of the PEY1 locus is a novel regulator of acetylated
microtubule length. VC 2011 Wiley-Liss, Inc.

KeyWords: Chlamydomonas, eyespot, microtubule root-
let, organelle positioning, pey1

Introduction

Asymmetry is a fundamental property of cellular orga-
nization across the spectrum of life. Apical–basal

asymmetries define cell polarity in a variety of tissue types
[Eaton and Simons, 1995] and the polarity of organelles
contributes to the geometric organization of cells [Bor-
nens, 2008]. The intrinsic asymmetry of the centrioles
(basal bodies) establishes cell polarity by directing the
positioning of organelles and localizing cortical polariza-
tion cues via interactions with components of the cyto-
skeleton [Beisson and Jerka-Dziadosz, 1999; Geimer and
Melkonian, 2004]. The unicellular green alga Chlamydo-
monas reinhardtii has a well-defined and characteristic ge-
ometry which has contributed to its use as a model
system for investigating the mechanisms controlling the
asymmetric placement of organelles (Fig. 1A). The basal
bodies, acting as centrioles during mitosis, control the
placement of the nucleus through connecting structures
and thus transmit polarity cues for the anterior–posterior
axis of the cell [Feldman et al., 2007]. The flagellar appa-
ratus, nucleated by the basal bodies, marks the apical (an-
terior) pole of the cell. A single cup-shaped chloroplast
fills the posterior two-thirds of the cell and contains a
conspicuous pyrenoid situated at the posterior pole.
A prominent feature of the C. reinhardtii cytoskeleton

is the system of microtubule rootlets which originate from
the basal bodies at the anterior pole of the cell (Fig. 1A).
These structures are highly acetylated, a modification that
confers enhanced stability concurrent with increased resist-
ance to microtubule-depolymerizing drugs [LeDizet and
Piperno, 1986]. Data are indicative that the acetylation
track of these rootlets extends the full length of the rootlet
in the majority of cells [Mittelmeier et al., 2011]. The
rootlets consist of four- and two-membered bundles of
microtubules: a two-membered and four-membered root-
let originate near the striated fiber at the proximal end of
the mother basal body, while a new two- and four-
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membered rootlet grow from the area near the daughter
basal body during mitosis [Goodenough and Weiss,
1978]. The four-membered rootlets exist in a three-over-
one arrangement [Melkonian, 1984] and the D4/M4
rootlets mark the plane of the cleavage furrow during
cytokinesis [Ehler and Dutcher, 1998]. Like the basal
bodies, each of which has an intrinsic asymmetry, the
rootlet system exhibits asymmetric characteristics, as the
daughter four-membered (D4) rootlet is noticeably longer
than the others [Mittelmeier et al., 2011].
Like many chlorophytes, C. reinhardtii has a photosen-

sory organelle, the eyespot, which forms de novo following
each cell division and is localized asymmetrically near the

equator of the cell. The eyespot is invariably positioned 45!

from the flagellar plane (Fig. 1B) [Holmes and Dutcher,
1989] and is associated with the D4 rootlet [Ringo, 1967;
Moestrup, 1978; Melkonian, 1984]. The precise position-
ing of the eyespot is essential for coordination with flagellar
beat frequency and proper photoorientation of the cell in
response to light signals [Rüffer and Nultsch, 1991]. The
eyespot comprises layers of carotenoid-rich pigment gran-
ules in the chloroplast that are overlayed by an elliptical
patch of rhodopsin photoreceptors in the plasma membrane
[Melkonian and Robenek, 1980; Berthold et al., 2008].
Evidence is suggestive that the tubulin cytoskeleton guides
localization of the rhodopsin photoreceptors to the daugh-
ter side of the cell [Mittelmeier et al., 2011] and that this
positioning cue plays a role in initiating the coordinated as-
sembly of the eyespot and association of its chloroplastic
components [Boyd et al., 2011].
Despite the established role of the D4 rootlet in the

asymmetric positioning of the eyespot in C. reinhardtii, the
factors that define the positioning of this organelle on the
anterior–posterior axis of the cell have not been thoroughly
investigated. In addition to mutants affecting assembly of
the basal bodies and flagellar apparatus [McVittie, 1972;
Barsel et al., 1988; Preble et al., 2001; Berman et al., 2003;
Tam et al., 2007], previous genetic studies have identified
mutants defective in various aspects of cytoskeletal structure
that have supplied clues in the pursuit of this question. The
cmu1 (cytoplasmic microtubules unorganized) mutant has
supernumerary acetylated and nonacetylated microtubules
that extend and curl around the posterior of the cell [Horst
et al., 1999]. The mlt1 (multiple eyespot) mutant is charac-
terized by supernumerary eyespots [Lamb et al., 1999] and
acetylated rootlets that are significantly shorter than wild-
type lengths [Mittelmeier et al., 2011]. In this study we
describe the identification and characterization of a novel
mutant, pey1 (posterior eyespot), which has variable micro-
tubule rootlet lengths that correlate with the position of the
eyespot in the cell. We demonstrate that the D4 microtu-
bule rootlet is the major determining factor for establishing
eyespot placement in C. reinhardtii, and that positioning of
this multicompartmental organelle becomes independent of
the rootlet early after eyespot assembly.

Results

Microtubule Rootlet Length Varies in
Eyespot-Position Mutants

Wild-type C. reinhardtii cells have a single asymmetrically
localized eyespot at or near the cell equator (Fig. 2A).
Cells of the previously described cmu1-1 mutant are char-
acterized by defects in microtubule organization and
altered cell shape [Horst et al., 1999] and, when examined
by bright field microscopy, often exhibit posteriorly posi-
tioned eyespots (Fig. 2B). Cells of the mlt1 mutant have

Fig. 1. Diagram of eyespot positioning and cytoskeletal or-
ganization in Chlamydomonas reinhardtii. A: The basal
bodies (gray circles) nucleate the two flagella and four microtu-
bule rootlets. Two rootlets (D2 and D4) extend from the region
of the daughter basal body and two (M2 and M4) are inherited
from the mother cell. The eyespot (large gray oval) is associated
with the D4 rootlet. B: View from the anterior pole of a cell
showing the cruciate arrangement of the rootlets. The eyespot is
situated 45! from the plane of the flagella (dark bars).
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multiple eyespots that are frequently more anteriorly posi-
tioned than wild-type eyespots and can form on either
side of the cell [Lamb et al., 1999] (Fig. 2E). To identify
additional mutants with defects in eyespot assembly or
positioning, we conducted a forward genetic screen of 600
insertion mutants (gift of Patrice Hamel, The Ohio State
University, Columbus, OH) using a simple phototaxis
assay [Lamb et al., 1999]. One strain was initially charac-
terized by erratic, jerky swimming behavior. When scored
by bright field light microscopy, a majority of cells within
a population of this strain had an eyespot at or near the
posterior end of the cell (Figs. 2C and 2D). We therefore
named the mutant pey1 for posterior eyespot. Subsequent
out-crosses of this strain indicated that the swimming
defect did not segregate with the eyespot-positioning phe-
notype. Cells of an out-crossed pey1 strain were able to
swim smoothly and undergo positive phototaxis. Although
we mapped the location of the APHVII insertion in pey1,

we found that the posterior-eyespot phenotype did not
segregate with the insertion, hindering identification of
the gene product of the PEY1 locus. Southern blotting

Fig. 2. Bright field micrographs of wild-type C. reinhardtii
cell and eyespot-position mutants. Arrows indicate eyespots. A:
Wild-type cell with an equatorially positioned eyespot. B: cmu1
mutant cell with a posteriorly positioned eyespot near the pyre-
noid. C and D: pey1 mutant cells with posterior eyespots. E: mlt1
mutant cell with two eyespots, one of which is positioned anteri-
orly in the chloroplast lobe. F: The pey1 mlt1 double mutant
exhibits the mlt1 phenotype. Bars, 5 lm.

Fig. 3. Acetylated rootlet length is perturbed in eyespot-position
mutants. Immunofluorescence micrographs of fields of metha-
nol-fixed C. reinhardtii cells stained with antiacetylated tubulin.
Ends of acetylated rootlets are marked by arrowheads. A: Wild-type
cells. B: The mlt1 mutant has shorter acetylated rootlets. C: Rootlets
in the pey1 mutant vary in length and are often longer than those of
wild-type cells. Bars, 10 lm.
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confirmed that hygromycin-resistance was due to a single
insertion event unlinked to the PEY1 locus. Genetic anal-
ysis confirmed that the pey1 mutation is unlinked to the
cmu1 mutation.

We examined microtubule rootlets in the mlt1 and pey1
mutants using an antibody to acetylated-a-tubulin (clone 6-
11-B-1, Sigma, St. Louis, MO). Interestingly, mlt1 cells have
significantly shorter microtubule rootlets than wild-type,

Fig. 4. Eyespot position varies over a wider, longer range in the pey1 and cmu1 mutants compared to wild-type, and eyespot
position correlates with the length of the D4 rootlet. A: Diagram of a C. reinhardtii cell showing basis for positioning measure-
ments. Eyespot angle (Heye) along the anterior–posterior axis was defined from the center of the cell. For wild-type cells, the distribu-
tion of Heye centers on the cell equator. B: Histogram showing the distribution of Heye in populations of wild-type, pey1, and cmu1
cells. The distribution of eyespot angles in the pey1 mutant is skewed toward the posterior of the cell, and eyespots in cmu1 cells are
always observed in the posterior range. C: Diagram showing basis for distance measurements. Distances from the anterior pole to the
distal ends of the eyespot (E1) and D4 rootlet (R1) were measured as straight lines. Distance between end of eyespot staining and
rootlet staining was calculated from E1/R1. D: Graph plotting the mean E1/R1 ratio (6S.D.) between the eyespot and end of the
D4 rootlet in populations of wild-type, pey1, and cmu1 cells scored by indirect immunofluorescence staining of ChR1 photoreceptor
and acetylated tubulin.

Table I. Measurements (Mean 6 Standard Deviation) of Wild-Type, pey1, and cmu1 Cells

Strain Heye
a (!; n) E1/R1b (n) Flagellar Length (lm; n) Tag lengthc (lm; n)

Wild-type 89 6 9 (116) 0.92 6 0.09 (63) 8.9 6 1.2 (100) 0.34 6 0.33 (20)

pey1 110 6 18 (81) 0.89 6 0.12 (84) 8.5 6 1.6 (100) 0.54 6 0.45 (20)

cmu1 144 6 19 (32) 1.00 6 0.07 (32) 9.3 6 1.5 (100) 0.26 6 0.26 (20)

aEyespot angle.
bRatio of eyespot position to D4 rootlet length.
cExtension of rootlet acetylation beyond eyespot.
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with the ratio of longest rootlet to cell length (R1/L) approxi-
mately one quarter less than the wild-type average (Fig. 3B).
The lengths of microtubule rootlets in the pey1 mutant are
more variable and often longer than wild-type (Fig. 3C).
These observations led to the hypothesis that D4 rootlet
length correlates with eyespot position in C. reinhardtii.

Eyespot Position Corresponds to Acetylated
Microtubule Rootlet Length

To quantify eyespot position in the pey1 and cmu1 mutants,
we defined Heye as the angle of the eyespot along the ante-
rior–posterior axis from the center of the cell body. The an-
terior flagellar pole lies at an angle of 0! and the posterior
pole at an angle of 180! (Fig. 4A). Heye varied widely in
pey1 cells, in contrast to the wild-type range, and eyespots

of cells of a cmu1 population were all in a posterior range
(Fig. 4B). The mean Heye in wild-type cells was 89 6 9! (n
¼ 116) while pey1 cells had a mean Heye of 110 6 18! (n
¼ 81) and cmu1 a mean of 144 6 19! (Table I). The mean
eyespot angle of pey1 cells was significantly different than
the means of both wild-type and cmu1 cells (Table II). We
also quantified the position of the eyespot in relation to the
highly acetylated D4 rootlet, defining E1 as the distance
from the anterior pole to the posterior of the eyespot and
R1 as the distance from the anterior pole to the end of root-
let acetylation (Fig. 4C). Immunofluorescence microscopy
of pey1 and cmu1 cells stained with antibodies against acety-
lated a-tubulin and the photoreceptor channelrhodopsin-1
(ChR1) revealed that the position of the eyespot strongly
correlated with the length of the acetylated track of the D4
rootlet (Table I and Fig. 4D). The E1/R1 ratio did not dif-
fer significantly between wild-type and pey1 cells, but the
E1/R1 ratio of cmu1 was significantly higher than either
wild-type and pey1 (Table II). The lengths of pey1 and cmu1
flagella did not differ markedly from wild-type (Table I).

The pey1 and cmu1 Mutations Do Not Affect
Eyespot Morphology

As assessed by triple-staining for acetylated tubulin,
ChR1, and the eyespot pigment granule marker EYE3,

Table II. Statistical Analysis of Measurements
of Wild-Type, pey1, and cmu1 Cells

Pairwise comparison P(0.05) Heye

P(0.05)
E1/R1

P(0.05)
Tag length

Wild-type vs. pey1 4.3 # 10$22 0.45 0.07

Wild-type vs. cmu1 3.8 # 10$50 3.2 # 10$5 0.2

pey1 vs. cmu1 4.1 # 10$15 4.0 # 10$4 0.01

Fig. 5. Characterization of eyespot morphology and rootlet associations in wild-type C. reinhardtii and eyespot-positioning
mutants. Combined immunofluorescence micrographs of methanol-fixed cells stained with anti-EYE3 (blue), antichannelrhodopsin-1
(ChR1; red), and antiacetylated tubulin (green). A: Wild-type cell with equatorially positioned eyespot, visible by the copositioned
layers of photoreceptor (red) and eyespot pigment granules (EYE3, blue). Note association of eyespot with the D4 rootlet (AcTub,
green). B–D: pey1 mutant cells exhibit a range of eyespot positions including posterior (arrows in B and C) and equatorial (D).
Arrow in C highlights rootlet association. Eyespot morphology appears normal in pey1 cells. E: cmu1 mutant cell. The posteriorly
positioned eyespot is associated with the rootlet (arrow). F and G: Eyespots in mlt1 mutant cells are often anteriorly positioned (F)
and exhibit loss of copositioning of photoreceptor with pigment granules (arrow in G). H: The pey1 mlt1 double mutant exhibits the
multiple-eyespot phenotype of mlt1 including anterior eyespots. Bars, 5 lm.
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eyespot morphology appeared normal in pey1 and cmu1
cells (Figs. 5B–5E), indicating that the cytoskeletal defects
of these mutants do not affect eyespot assembly. Examina-
tion of the mlt1 mutant by immunofluorescence staining
with EYE3 and ChR1 antisera confirmed that the anteri-
orly positioned eyespots correlated with the short-rootlet
phenotype of this mutant (Fig. 5F), in agreement with
previously reported results [Mittelmeier et al., 2011]. mlt1
mutant cells frequently exhibit defects in eyespot mor-
phology, with loss of association between the pigment
granules and photoreceptor evident in 54% of cells scored
in an asynchronously dividing population in stationary
phase (n ¼ 160; Fig. 5G). A double mutant of pey1 and
mlt1 exhibited the mlt1 phenotype, indicating that mlt1 is
epistatic to pey1 (Fig. 5H).

Extension of D4 Rootlet Acetylation
Beyond the Eyespot is Retained in
pey1 and cmu1 Mutants

As previously reported, rootlet acetylation often extends a
short distance beyond the eyespot in wild-type cells [Mit-
telmeier et al., 2011]. We examined whether mutations
affecting rootlets and eyespot position altered this ‘‘tag’’ of

acetylation. Observation of strains double-stained for
ChR1 and acetylated tubulin indicated that a tag was
present in 75% of both wild-type and cmu1 cells and
95% of pey1 cells (n ¼ 20; Fig. 6). This tag could be
observed even in pey1 cells with a far-posterior eyespot
(Fig. 6B). The average tag length in pey1 cells was not sig-
nificantly different than wild-type (Tables I and II). These
data imply that the mechanism for determining the extent
of acetylation beyond the eyespot is distinct from the reg-
ulation of overall steady-state length of the microtubule
rootlet.

mlt1 Exhibits Enhanced Sensitivity to Colchicine

To further characterize effects of eyespot-positioning
mutations on the cytoskeleton, cultures were treated with
the microtubule-destabilizing drug colchicine and assayed
for growth over several days. While the growth of colchi-
cine-treated pey1 and cmu1 strains did not differ observ-
ably from wild-type, the growth rate of mlt1 cultures was
significantly attenuated. At a concentration of 0.75 mM
colchicine, the doubling time of mlt1 cells slowed by 4 h
compared to 1 h for wild-type cells. At a slightly higher
dose of 1 mM colchicine, the doubling time of wild-type
cells slowed by 6 h whereas mlt1 exhibited substantially
increased sensitivity to the drug, the doubling time slow-
ing by 38 h (Fig. 7; see Tables S2 and S3 in Supporting
Information). These results provide additional evidence
that the MLT1 locus affects the stability or dynamics of
the microtubule cytoskeleton.

Eyespot Position is Established and
Becomes Independent of the D4 Rootlet
Prior to Interphase

Our investigation of the role of the D4 rootlet in eyespot
placement along the anterior–posterior axis led us to ask
whether the positioning of the eyespot is labile and could
be experimentally manipulated by altering microtubule or-
ganization. If eyespot position in interphase cells is de-
pendent upon the length of the D4 rootlet, shortening or
lengthening the rootlet would be expected to cause a pro-
portional change in eyespot position on the anterior–pos-
terior axis. As microtubule stabilizing and destabilizing
drugs have limited effects on the rootlets of living cells,
we assessed eyespot position in asynchronous populations
of wild-type and pey1 cells after an extended incubation at
0!C, which depolymerizes all cytoplasmic microtubules
[LeDizet and Piperno, 1986]. Cells were fixed and stained
with antiacetylated tubulin, EYE3, and ChR1 after 90
min at 0!C. After treatment, acetylated tubulin staining
was mostly confined to the basal bodies and flagella, indi-
cating that the rootlet microtubules had been depolymer-
ized almost completely; however, in cells with a
depolymerized D4 rootlet, the eyespot retained its struc-
ture, observed by the continued copositioning of pigment

Fig. 6. Extension of D4 rootlet acetylation beyond the eye-
spot is retained in pey1 and cmu1 mutants. Combined immu-
nofluorescence micrographs of individual cells stained for ChR1
(magenta) and acetylated tubulin (green). A: wild-type cell
showing ‘‘tag’’ of acetylation on D4 rootlet beyond posterior
edge of ChR1 staining (arrow), present in 75% of wild-type
cells. B: pey1 cell with acetylated tag (arrow) beyond posterior-
positioned eyespot. Tags were present in 95% of pey1 cells
scored. C: cmu1 cell showing ChR1 staining coextensive with
end of rootlet. D: Face-on view of a cmu1 cell showing tag
(arrow). Acetylated tags were present in 75% of cmu1 cells
scored. Bars, 5 lm.
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granules and ChR1 photoreceptor, and did not move to
an anterior position (Fig. 8A). Figure 8B shows a pey1 cell
with an incompletely depolymerized D4 rootlet and the
eyespot remaining in a fixed position. In many cells, the
D4 rootlet remained after treatment even though all other
microtubule rootlets had depolymerized (Fig. 8C), dem-
onstrating that the D4 rootlet is especially stable and re-
sistant to depolymerization relative to other members of
the tubulin cytoskeleton. These data indicate that eyespot
positioning becomes independent of the D4 rootlet after
being established, and that the structural organization of
the eyespot is not dependent on rootlet association in
interphase.

Discussion

The organization and placement of cellular organelles is
largely dependent on the guidance of cytoskeletal ele-
ments. The basal bodies (centrioles) of the unicellular alga
C. reinhardtii instruct the positioning of the nucleus
[Feldman et al., 2007] and direct the characteristic asym-
metric placement of organelles in the cell, such as the
chloroplast, by establishment of cortical polarity [Ehler
and Dutcher, 1998]. The D4 microtubule rootlet, ema-
nating from the vicinity of the daughter basal body,
directs the asymmetric placement of the eyespot, a photo-
sensory organelle located near the cell equator. We have

determined that in addition to its role in positioning the
eyespot on the daughter hemisphere of the cell, the D4
rootlet is the major determinant of eyespot positioning on
the anterior–posterior axis, and that this positioning is to
a large extent fixed following eyespot assembly.
The characteristic placement of the eyespot near the end of

the acetylated track of the D4 rootlet in wild-type cells is
retained in the pey1 mutant, which exhibits variable microtu-
bule rootlet lengths, the cmu1mutant, which has supernumer-
ary microtubules of extended length, and the multiple-eyespot
mutant mlt1, in which rootlet length is shorter than the wild-
type average. This correlation is consistent with a role of the
D4 rootlet in directing the placement of the eyespot on the
anterior–posterior axis of the cell.
The observation that depolymerization of microtubule

rootlets in interphase wild-type cells had no effect on eye-
spot position demonstrates that eyespot position becomes
independent of the D4 rootlet after a certain point in the
cell cycle. The fact that the eyespot apparatus is a stable
structure that can be isolated biochemically [Schmidt
et al., 2006] may account for its relative immobility once
fully assembled. It is possible that the cytoskeleton con-
tributes to maintaining the position of the eyespot, but
observation of the organelle at longer time points after
loss of rootlet association would be needed. Eyespots of
the similar species Chlamydomonas eugametos were
observed to move in the chloroplast toward the pyrenoid

Fig. 7. mlt1 cells exhibit enhanced sensitivity to colchicine. Graphs plotting the average logarithmic-fold concentrations of tripli-
cate samples of wild-type and mlt1 cells 6 standard deviation grown with and without colchicine at concentrations of 0.75 and 1
mM. Data points were normalized to the first 24-h counts. A: With treatment at 0.75 mM colchicine, only mlt1 showed a significant
retardation in growth at all time points (P value < 0.05). At day 4 both wild-type and mlt1 strains showed significant growth retar-
dation with drug treatment (P value < 0.05), with wild-type doubling time reduced by one hour and mlt1 doubling time reduced
by four hours relative to the nontreated controls. B: At 1 mM colchicine, both strains showed a significant retardation of growth at
all time points (P value < 0.05). At day 4 wild-type doubling time was reduced by six hours, whereas mlt1 doubling time was
reduced by 38 hours.
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after cells had been cultured for several days in the micro-
tubule-depolymerizing drug colchicine [Walne, 1967], but
it is unclear what observed changes in ultrastructure may
have been due to secondary effects of the drug. It is likely
that cell-cycle control of the expression of eyespot compo-
nents and kinetic factors regulating microtubule extension
together constitute the defining elements in the final
determination of eyespot placement.
Several mechanisms could account for the aberrant

placement of eyespots in the pey1 mutant: (1) the ‘‘fixa-
tion time’’ of the eyespot is delayed, so that eyespot com-
ponents would travel to a more posterior position as the
rootlet extends before the organelle coalesces into a suffi-
ciently stable structure; (2) transport and delivery of
chloroplastic eyespot-assembly factors to (or their associa-
tion with) the D4 rootlet could be delayed, resulting in a
scenario similar to that described above; or (3) acetylation
and thus stabilization of the rootlet occurs faster or is oth-
erwise misregulated, resulting in placement of eyespots

near the rootlet ends in more posterior positions. Distin-
guishing between these models would require develop-
ment of markers for real-time observation of microtubule
rootlet dynamics and localization of eyespot proteins dur-
ing and immediately following cytokinesis, as well as the
availability of drugs for manipulating microtubule
acetylation.
The specific roles of the MLT1 and CMU1 loci in

cytoskeletal organization remain unclear. The MLT1 gene
is predicted to encode a high-molecular weight, low-com-
plexity protein with no recognized functional domains
(JGI C. reinhardtii v 4.0; Protein ID 188661; http://
www.chlamy.org), and its subcellular localization has not
yet been determined. The epistasis of mlt1 to pey1, along
with the observation that the mlt1 mutation disrupts the
normal daughter-directed localization of eyespot compo-
nents, implies an upstream effect of MLT1 in the pathway
of eyespot assembly involving interaction of MLT1 with
cytoskeletal elements in the basal body region. The

Fig. 8. Eyespot positioning in cold-treated wild-type and pey1 cells. A: Immunofluorescence micrographs of a wild-type cell
treated for 90 min at 0!C to depolymerize microtubules. Eyespot structure remains intact and retains approximately equatorial posi-
tion as indicated by EYE3 and ChR1 staining (arrow in merge). B: Immunofluorescence micrographs of a pey1 cell showing incom-
pletely depolymerized rootlet (arrowhead) while the eyespot retains its position. C: Immunofluorescence micrographs of a wild-type
cell after 90 min at 0!C showing D4 rootlet remaining after depolymerization of other microtubule rootlets (arrow). Bars, 5 lm.
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correspondence of the mlt1 mutation with increased sensi-
tivity to colchicine is also supportive of interaction of
MLT1 with the microtubule cytoskeleton. The gene prod-
uct of the CMU1 locus has not yet been identified, but is
postulated to function in microtubule þ-end capture in a
manner similar to interactions of motor proteins with
microtubules previously characterized in yeast [Horst
et al., 1999]. The rootlet phenotype observed in pey1
seems to imply a defect in microtubule regulation rather
than assembly of eyespot proteins, but it is also possible
that a transport defect, such as a mutation in a microtu-
bule-associated motor protein, could affect both processes.
It remains possible that the lesion in the PEY1 locus does
not result in a null mutation, and some of the phenotypic
variability is due to dosage-dependent effects. Identifica-
tion of the gene products of the CMU1 and PEY1 loci
should clarify the mechanisms that control the timing of
eyespot placement and lend new insights into the regula-
tion of microtubule length and cytoskeletal organization.

Materials and Methods

Chlamydomonas Strains and Media

Strains used in this study are listed in Table S1 in Support-
ing Information. C. reinhardtii wild-type strains 137c mtþ

(CC-125) and mt$ (CC-124) were obtained from the Chla-
mydomonas Stock Center (University of Minnesota, St.
Paul, MN). Strain mlt1-1 (CC-4304) was originally
obtained following UV-mutagenesis of strain 137c mtþ

[Lamb et al., 1999]. The NIT1 insertional mutant strain
cmu1-1 (CC-3945) was obtained from George Witman
(University of Massachusetts Medical Center, Worcester,
MA). Strain 4A (CC-4051) was obtained from Patrice
Hamel (The Ohio State University, Columbus, OH). Strain
pey1-1 arg7 was obtained from a genetic screen of clones of
strain 3A (arg7, mtþ) after transformation by electroporation
with 100 ng of aphVII insert DNA amplified from plasmid
Hyg3 by polymerase chain reaction (PCR) with primers
Aph7-F (50-TCGATATCAAGCTTCTTTCTTGC-30) and
Aph7-R (50-AAGCTTCCATGGGATGACG-30). The Argþ

pey1-1 mtþ strain was derived from an out cross of pey1-1
arg7 mtþ to strain 137c mt$.
Strains were maintained on solid tris-acetate-phosphate

(TAP) medium [Harris, 1989] or TAP supplemented with
200 lg/mL arginine. For liquid cultures, freshly grown
cells from plates (2–4 days) were inoculated into either
modified Sager and Granick medium I with Hutner’s trace
elements (M medium) or M medium lacking nitrogen
(M-N medium) and grown overnight at 25!C under con-
tinuous light.

Genetic Screen

Approximately 600 strains of C. reinhardtii strain 3A car-
rying insertions of either a paromomycin-resistance or

AphVII (hygromycin-resistance) cassette were screened
using a simple assay for phototactic ability. Strains were
patched on solid TAP medium plus arginine and inocu-
lated into 1.2 mL liquid M-N medium in test tubes. Cul-
tures were grown overnight at 25!C and assayed for
phototaxis by placement in a covered box with a narrow
slit for illumination. Phototaxis-defective or motility-defi-
cient strains were examined by bright field microscopy.

Genetic Analysis

Fresh cultures from plates were grown for 2 days on solid
R medium containing 1/10 of the normal nitrogen source
at 25!C under continuous illumination. Cells were inocu-
lated into 1 mL M-N medium and incubated 4 h at
25!C, and 200 lL of each culture were combined and
allowed to mate for 1 h under continuous illumination at
25!C. Mating mixtures were plated on solid R medium
containing 4% agar and kept in the dark for at least 4
days. Dissection and tetrad analysis were conducted
according to standard methods [Harris, 1989].

Bright Field Microscopy

Cells from overnight liquid cultures were viewed accord-
ing to the protocol described in Mittelmeier et al. [2008].

Immunofluorescence Microscopy

Samples for observation by immunofluorescence were pre-
pared according to the protocol described in Mittelmeier
et al. [2008], with modifications described in Boyd et al.
[2011]. Images in Figs. 2 and 3 were captured on a Leica
DMRXA microscope using a 100# planapochromat 1.4
numerical aperture oil immersion objective with 1.6#
optivar and a Chroma 71001A filter set (Chroma Tech-
nology, Rockingham, VT). Exposures were captured using
a QImaging (Burnaby, BC Canada) Retiga EX cooled
CCD camera driven by Universal Imaging (Downing-
town, PA) MetaMorph v.6.1.2 software. Images in Figs. 5,
6, and 8 were captured on a DeltaVision inverted epifluo-
rescence microscope (Applied Precision, Issaquah, WA)
using an Olympus TH4 100# objective with a 1.6 opti-
var and deconvolved using the SoftWorx imaging program
(Applied Precision). Images were adjusted for brightness
and contrast and combined in National Institutes of
Health (NIH) ImageJ, then cropped in Adobe Photoshop
(Adobe Systems, Palo Alto, CA).

Measurements

Wild-type (137c) and pey1 cells were stained for EYE3
detected with donkey anti-rabbit Alexa-488-conjugated
secondary (Molecular Probes, Eugene, OR) as described
previously, and eyespot position was measured in immu-
nofluorescence micrographs of cell fields using the Angle
tool in NIH ImageJ. The angle from the anterior pole of
each cell to the approximate center of the fluorescent spot
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stained with anti-EYE3 was defined as Heye using the cen-
ter point of the cell as reference. Eyespot distance from
the end of the D4 rootlet was measured as a straight line
from the anterior pole to the end of staining in cells dou-
ble-stained for ChR1 and acetylated tubulin by immuno-
fluorescence using the straight line segment tool in
ImageJ. For measurements of flagellar length, cells of
strains 4A mtþ (wild-type), pey1 mtþ, and cmu1 mtþ

were stained with antiacetylated a-tubulin and detected
with a goat anti-mouse Alexa-488-conjugated secondary
antibody (Molecular Probes) according to the protocol
described previously, and individual flagella were measured
using the Straight Line Segment tool in ImageJ. Lengths
of acetylated tags were measured similarly from images
double-stained for ChR1 and acetylated tubulin. Measure-
ments were converted to micrometers in Microsoft Excel.

Drug Treatment

C. reinhardtii wild-type strain 137c mtþ and mutant
strain mlt1 mtþ were grown on solid TAP medium and
cells were inoculated into 2 mL of M medium. After 4 h
of incubation at 25!C under constant illumination, cells
were counted using a hemocytometer, and 1.5 # 105 cells
were transferred from the medium to a 50 mL flask con-
taining 5 mL of fresh M medium plus or minus either
0.75 mM or 1 mM colchicine (Sigma, St. Louis, MO).
Cultures were incubated at 25!C with constant light and
agitation. Every 24 h for 4 days, 200 lL of medium was
removed and cells were counted using a hemocytometer.

Cold Treatment

Cultures were grown overnight in liquid M medium and
cells were pelleted by centrifugation. Cells were resus-
pended in autolysin and incubated for 30 min at room
temperature with gentle shaking, pelleted by centrifuga-
tion, and resuspended in small volumes of phosphate buf-
fered saline (PBS) (approximately 50 lL/culture). Cell
suspensions were then incubated on ice for 90 min, spot-
ted on poly-lysine-coated slides, and fixed and stained for
immunofluorescence microscopy as described above.

Construction of Figures

Images were cropped with Adobe Photoshop and figures pre-
pared with Adobe Illustrator (Adobe Systems, Palo Alto, CA).
Data were compiled and statistically analyzed in Microsoft
Excel and graphs were exported to Adobe Illustrator.
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