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Abstract 

The plant cortical microtubule array plays a role in the control of directional cell expansion, and the 

organization and dynamics of the array are subject to control by a variety of microtubule-associated 

proteins, many of which coordinate organization of the cortical array in response to environmental 

stimuli.  Point mutations affecting MOR1, a microtubule polymerase/depolymerase, result in disruption 

to the organization and dynamic properties of microtubules under specific conditions: mutations in the 

N-terminal TOG1 (tubulin-binding) domain have temperature-conditional phenotypes, while the 

phenotype of a mutation in the C-terminal region is induced by treatment with the microtubule-

destabilizing drug propyzamide.  In this thesis, I used mor1 mutants with conditional phenotypes to 

characterize genetic interactions between different domains of the MOR1 protein, microtubules, and 

components of a microtubule-targeted environmental stress signalling pathway.  Analysis of 

microtubule organization and dynamics in mor1-tubulin double mutants demonstrated that the 

handedness of helical growth phenotypes does not always correlate with microtubule growth and 

shrinkage rates, and showed that a mutation in -tubulin promoted recovery of microtubule dynamics in 

the temperature-sensitive mor1-1 mutant.  I used live-cell imaging to observe interactions between 

fluorescently tagged MOR1 and microtubules, demonstrating that addition of a fluorescent tag to the 

MOR1 C-terminus alters MOR1 function and results in phosphorylation of α-tubulin, which is normally a 

response to environmental stress.  Despite this effect, differences in microtubule binding affinity were 

observed for MOR1 variants with mutations in the TOG1 and C-terminal regions.  I determined that 

mutation of the C-terminal region of MOR1 (mor1-11) results in activation of the tubulin kinase PHS1, 

though this did not appear to be mediated by MPK18, a previously characterized PHS1-interacting MAP 

kinase.  In order to identify other possible components of this signalling pathway, I carried out a 

modifier mutant screen in the mor1-11 genetic background, identifying one enhancer and six 

suppressors of mor1-11.   
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Preface 
 
Part of Chapter 1 (section 1.3, Microtubules and signalling) is in preparation for a review article that I co-

authored with Drs. Miki Fujita and Geoffrey Wasteneys.   

For Chapter 2, Dr. Geoffrey Wasteneys and I designed the research, with input from Dr. Bettina Lechner 

regarding tubulin purification.  The tubulin-mor1 double mutant experiments are a continuation of 

research by Yi Zhang, published in Zhang (2010).  Yi Zhang crossed plants expressing pro35S::GFP-TUB6 

to all of the mutants used in Chapter 2, and she and I both genotyped the progeny of these crosses, 

identifying tubulin/mor1 mutants that also expressed GFP-TUB6.  Dr. Katherine Celler and I acquired the 

videos used for analysis of microtubule organization and dynamics, and I measured microtubule 

dynamics and analysed the data.  I developed the anion exchange/polymerization cycling method for 

tubulin purification, and the MOR1TOG1234 affinity purification method.  The Stu2pTOG12 purification 

method described in this chapter was developed for use with plant tubulin by Dr. Takashi Hotta. 

For Chapter 3, Dr. Geoffrey Wasteneys and I designed the research.  The MOR1-YPet experiments are a 

continuation of research by Drs. Bettina Lechner and Ryan Eng, published in Eng (2015).  Dr. Bettina 

Lechner designed the recombineered MOR1 constructs, which were produced in the lab of Dr. José 

Alonso, and transformed into Arabidopsis by Dr. Ryan Eng.  Dr. Ryan Eng also identified plants that were 

homozygous for proMOR1::MOR1WT-3YPet and proMOR1::MOR11-1-YPet, in the wild-type and mor1-23 

backgrounds, and expressing p35S::mRFP-TUB6.  I identified plants that were homozygous for 

proMOR1::MOR11-11-YPet in the wild-type and mor1-23 backgrounds, and expressing 

proUBQ10::mCherry-TUA5.  I also identified plants that were homozygous for proMOR1::MOR1WT-3YPet 

in the mor1-11 background, and crossed plants expressing the MOR1X-YPet constructs into the mor1-6 

putative null background.  I carried out all of the experiments, and analyzed the data.   
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For Chapter 4, Dr. Geoffrey Wasteneys and I designed the research.  The mor1-11 double mutant 

experiments are a continuation of research by Yi Zhang (Zhang, 2010).  Yi Zhang crossed mor1-11 plants 

to mpk18-1, phs1-1, and phs1-5.  I genotyped and identified the double mutants, carried out all of the 

experiments, and analyzed the data.  I carried out the mutagenesis project, with the help of 

undergraduate assistants Krysta Wark, Heather Slinn, Guðrún Jónsdóttir, and Arman Brar.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



v 
 

Table of Contents 

 
Abstract ........................................................................................................................................................ ii 

Preface ......................................................................................................................................................... iii 

Table of Contents. .............................................................................................................................. v 

List of Tables ..................................................................................................................................... ix 

List of Figures ..................................................................................................................................... x 

List of Abbreviations ........................................................................................................................ xii 

Acknowledgments .......................................................................................................................... xiv 

Chapter 1: Introduction ...................................................................................................................... 1 

1.1 Introduction to microtubules .............................................................................................................. 1 

 1.1.1 Microtubule structure and dynamicity ................................................................................... 1 

 1.1.2 Organization and function of the plant cortical microtubule array ........................................ 3 

 1.1.3 Twisting growth and handedness ........................................................................................... 4 

 1.1.4 Tubulin point mutations and the effects on the microtubule array ....................................... 6 

1.2 Microtubule-associated proteins ........................................................................................................ 8 

1.3 Microtubule-MOR1 interactions ....................................................................................................... 10 

 1.3.1 The XMAP215 family and MOR1 protein structure .............................................................. 10 

 1.3.2 Functions of the TOG and C-terminal domains .................................................................... 10 

 1.3.3 Model for microtubule polymerization ................................................................................ 12 

 1.3.4 Distinct features of MOR1 and other plant members of the XMAP215 family .................... 13 

1.4 Microtubules and signalling .............................................................................................................. 14 

 1.4.1 Microtubule re-organization in response to environmental stimuli .................................... 14 

 1.4.2 Microtubules and salt stress ................................................................................................. 16 

1.5 Objectives .......................................................................................................................................... 18 

Chapter 2: Interactions between microtubules and the TOG1 domain of MOR1 ................................. 20 

2.1 Introduction ...................................................................................................................................... 20 

 2.1.1 Point mutations in the TOG1 domain of MOR1 have conditional phenotypes .................... 20 

 2.1.2 Tubulin point mutations and genetic interactions with mor1 point mutations ................... 22 

 2.1.3 Objectives ............................................................................................................................. 24 

2.2 Results ............................................................................................................................................... 24 

 2.2.1 Microtubule dynamics in wild type and mor1-1 are comparable to previously reported 
 values ............................................................................................................................................. 24 



vi 
 

 2.2.2 Microtubule plus-end dynamics are reduced to a similar extent in mor1-1 and rid5 .......... 26 

 2.2.3 Microtubule dynamics in tub4P220Smor1-1 double mutants are characteristic of tub4P220S at 
 31 oC ............................................................................................................................................... 27 

 2.2.4 Microtubule dynamics in tub4P220Srid5 are reduced compared to either single mutant ...... 28 

 2.2.5 The tub4G96Dmor1 double mutants have short, disorganized microtubules at 21 oC ........... 30 

 2.2.6 Microtubule dynamics in tub4G96Dmor1-1 and tub4G96Drid5 are reduced compared to the 
 single mutants ................................................................................................................................ 32 

 2.2.7 No tua5D251Nrid5 line expressing pro35S::GFP-TUB6 could be isolated ................................ 34 

2.3 Discussion .......................................................................................................................................... 35 

 2.3.1 Twisting growth does not correlate with microtubule growth or shrinkage velocity .......... 35 

 2.3.2 The effects of the rid5 mutation differ from those of the mor1-1 mutation ....................... 36 

 2.3.3 Microtubule dynamics can be uncoupled from radial swelling ............................................ 37 

 2.3.4 Different types of genetic interactions are observed between mor1 mutants and those 
 tubulin mutants affecting the interdimer interface ...................................................................... 38 

2.4 Methods ............................................................................................................................................ 39 

 2.4.1 Plant material and growth conditions for tubulin-mor1 mutant analysis ............................ 39 

 2.4.2 Genotyping tubulin-mor1 mutant plants expressing pro35S::GFP-TUB6 ............................. 39 

 2.4.3 Confocal microscopy ............................................................................................................. 40 

 2.4.4 Image processing, microtubule tracking, and statistical analysis ......................................... 41 

Chapter 3: Live-cell imaging demonstrates altered affinity of MOR1-YPet variants for microtubules .. 42 

3.1 Introduction ...................................................................................................................................... 42 

 3.1.1 The mor1-11 mutant has a propyzamide-conditional phenotype ........................................ 42 

 3.1.2 MOR1 recombineering .......................................................................................................... 43 

 3.1.3 MOR1WT-3YPet acts as a +TIP ................................................................................................ 45 

 3.1.4 Objectives ............................................................................................................................. 45 

3.2 Results ............................................................................................................................................... 46 

 3.2.1 MOR11-11-YPet does not phenocopy mor1-11, instead conferring propyzamide 
 hypersensitivity .............................................................................................................................. 46 

 3.2.2 MOR1WT-3YPet and MOR11-1-YPet also confer propyzamide hypersensitivity ..................... 47 

 3.2.3 Localization of MOR1X-YPet variants changes with mutations and with the level of 
 endogenous MOR1, but not with propyzamide treatment ........................................................... 48 

 3.2.4 MOR11-1-YPet localization is not disrupted with temperature ............................................. 51 

 3.2.5 Endogenous MOR11-11 competes for microtubule binding sites with MOR1WT-3YPet ......... 54 

 3.2.6 Expression of recombineered MOR1 results in the phosphorylation of α-tubulin .............. 55 



vii 
 

3.3 Discussion .......................................................................................................................................... 57 

 3.3.1 Recombineered MOR1 functions differently than endogenous MOR1 ............................... 57 

 3.3.2 MOR11-11-YPet has altered affinity for the microtubule ....................................................... 58 

 3.3.3 MOR11-1-YPet does not display temperature sensitivity ...................................................... 59 

 3.3.4 The addition of a C-terminal tag promotes phosphorylation of α-tubulin ........................... 60 

3.4 Methods ............................................................................................................................................ 61 

 3.4.1 Plant material and growth conditions .................................................................................. 61 

 3.4.2 Genotyping plants expressing MOR1X-YPet .......................................................................... 62 

 3.4.3 Confocal microscopy ............................................................................................................. 63 

 3.4.4 Image processing, microtubule tracking, and statistical analysis ......................................... 64 

 3.4.5 Phos-TagTM and Western blotting ......................................................................................... 64 

Chapter 4: Genetic interactions involving the mor1-11 mutation ....................................................... 66 

4.1 Introduction ...................................................................................................................................... 66 

 4.1.1 Genetic interactions between MOR1 and PHS1 ................................................................... 66 

 4.1.2 A mor1-11 modifier mutant screen ...................................................................................... 68 

 4.1.3 Objectives ............................................................................................................................. 69 

4.2 Results ............................................................................................................................................... 70 

 4.2.1 The mpk18-1 mutation does not modify the propyzamide-conditional phenotype of 
 mor1-11 .......................................................................................................................................... 70 

 4.2.2 The root growth phenotype of mor1-11phs1-1 is equivalent to that of phs1-1 .................. 72 

 4.2.3 Root elongation in mor1-11phs1-5 is reduced relative to either single mutant, with mild 
 radial swelling on propyzamide ..................................................................................................... 74 

 4.2.4 Microtubule dynamic instability is altered in the mor1-11 mutant ..................................... 76 

 4.2.5 A modifier mutant screen in the mor1-11 background ........................................................ 78 

 4.2.6 The eom1 enhancer mutant is phs1-1 .................................................................................. 79 

4.3 Discussion .......................................................................................................................................... 80 

 4.3.1 Genetic interactions between MOR1 and PHS1 ................................................................... 80 

 4.3.2 mor1-11 modifier mutants ................................................................................................... 83 

4.4 Methods ............................................................................................................................................ 83 

 4.4.1 Plant material and growth conditions for mor1-11mpk18-1 and mor1-11phs1 mutant 
 analysis ........................................................................................................................................... 83 

 4.4.2 Genotyping mor1-11mpk18-1 and mor1-11phs1 mutant plants.......................................... 84 

 4.4.3 Image processing and statistical analysis for root growth phenotypes ............................... 85 

 4.4.4 Confocal microscopy ............................................................................................................. 85 



viii 
 

 4.4.5 Image processing, microtubule tracking, and statistical analysis for microtubule dynamics 
  ....................................................................................................................................................... 85 

 4.4.6 mor1-11 modifier screen ...................................................................................................... 85 

 4.4.7 Identification of the causative mutation of eom1 ................................................................ 87 

 4.4.8 Map-based cloning of som mutants ..................................................................................... 88 

Chapter 5: Conclusions and future directions .................................................................................... 89 

5.1 Main findings of this thesis ............................................................................................................... 89 

 5.1.1 Analysis of mor1-tubulin double mutants provides insights into twisting growth ............... 89 

 5.1.2 The addition of a C-terminal tag to MOR1 increases propyzamide sensitivity, by promoting 
 phosphorylation of α-tubulin ......................................................................................................... 90 

 5.1.3 Genetic interactions involving the mor1-11 mutation ......................................................... 92 

5.2 Future directions ............................................................................................................................... 93 

 5.2.1 In vitro microtubule polymerization and binding assays ...................................................... 93 

 5.2.2 Analysis of mor1-11phs1 double mutants ............................................................................ 95 

 5.2.3 mor1-11 modifier mutants ................................................................................................... 96 

5.3 Methods ............................................................................................................................................ 97 

 5.3.1 Growth conditions for Arabidopsis T87 cell suspension cultures ......................................... 97 

 5.3.2 Purification of plant tubulin using the Stu2pTOG12 affinity column ....................................... 97 

 5.3.3 Assessment of tubulin purity and ability to polymerize ....................................................... 97 

Works cited ..................................................................................................................................... 99 

Appendix 1: Root skewing and microtubule organization ................................................................ 112 

Appendix 2: Tubulin purification..................................................................................................... 117 

A2.1 Purification of Arabidopsis tubulin using anion exchange chromatography and 
polymerization/depolymerization cycling ............................................................................................ 117 

A2.2 Purification of Arabidopsis tubulin using MOR1TOG1234 affinity purification ................................. 119 

A2.3 Considerations for the use of plant tubulin and MOR1 in in vitro work ...................................... 121 

A2.4 Methods ........................................................................................................................................ 122 

 A2.4.1 Growth conditions for Arabidopsis T87 cell suspension cultures .................................... 122 

 A2.4.2 Purification of plant tubulin using anion exchange chromatography followed by 
 polymerization and depolymerization cycling ............................................................................. 122 

 A2.4.3 In vitro tubulin polymerization assay with fluorescent animal tubulin ............................ 123 

 A2.4.4 Assessing tubulin binding using the MOR1TOG1234 affinity column ................................... 123 

 



ix 
 

List of Tables 

 
Table 2.1 Comparison of mean microtubule velocity measurements in the present study with previously 
published results ......................................................................................................................................... 25 

Table 2.2 Primers used to genotype mor1 and tubulin mutant plants ...................................................... 40 

Table 3.1 Primers used to genotype mor1 mutations. ............................................................................... 63 

Table 4.1 Analysis of eom and som modifier mutants ............................................................................... 78 

Table 4.2 Primers used to genotype mor1, phs1, and mpk18 mutations .................................................. 84 

Table 4.3 Primers used to genotype the mor1-11 and erecta mutations .................................................. 87 

Table 4.4 Primers used to genotype the eom1 (phs1-1) mutation ............................................................ 87 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



x 
 

List of Figures 

 
Figure 1.1 Microtubule structure and dynamics .......................................................................................... 2 

Figure 1.2 Structure of the tubulin dimer, with selected point mutations .................................................. 8 

Figure 1.3 MOR1 protein structure and association with the microtubule plus end ................................. 10 

Figure 2.1 Point mutations affecting the TOG1 domain of MOR1 ............................................................. 20 

Figure 2.2 Microtubule dynamics in mor1-1 and rid5 are reduced relative to wild type at 21 oC and 31 oC
 .................................................................................................................................................................... 26 

Figure 2.3 Microtubule dynamics in tub4P220S and the tub4P220Smor1-1 double mutant recover to wild 
type-like levels at 31 oC ............................................................................................................................... 28 

Figure 2.4 Microtubule dynamics in the tub4P220Srid5 double mutant are reduced compared to either 
single mutant .............................................................................................................................................. 29 

Figure 2.5 Microtubule organization phenotypes in the tub4G96Dmor1 double mutants ........................... 31 

Figure 2.6 Microtubule dynamics in the tub4G96Dmor1-1 double mutant are reduced compared to either 
single mutant .............................................................................................................................................. 32 

Figure 2.7 Microtubule dynamics in the tub4G96Drid5 double mutant are reduced compared to either 
single mutant .............................................................................................................................................. 34 

Figure 3.1 Constructs used for live-cell imaging of MOR1-microtubule interactions ................................ 44 

Figure 3.2 MOR11-11-YPet confers a more severe phenotype than is seen in mor1-11 .............................. 46 

Figure 3.3 MOR1WT-3YPet and MOR11-1-YPet confer propyzamide hypersensitivity ................................. 48 

Figure 3.4 MOR1WT-3YPet co-localization with microtubules varies with the level of endogenous MOR1, 
but not with propyzamide treatment ......................................................................................................... 49 

Figure 3.5 MOR11-1-YPet localizes primarily to the microtubule plus end, and localization does not vary 
with propyzamide treatment ...................................................................................................................... 50 

Figure 3.6 MOR11-11-YPet co-localization with microtubules varies with the level of endogenous MOR1, 
but not with propyzamide treatment ......................................................................................................... 51 

Figure 3.7 MOR11-1-YPet does not phenocopy the radial swelling of mor1-1 at 31 oC, and is able to track 
microtubule plus ends at both 21 oC and 31 oC .......................................................................................... 52 

Figure 3.8 MOR1WT-3YPet localization in the mor1-11 genetic background .............................................. 54 

Figure 3.9 Phosphorylation of α-tubulin with expression of recombineered MOR1 ................................. 56 

Figure 3.10 Localization of MOR1X-YPet to the microtubule ...................................................................... 61 

Figure 4.1 The root growth phenotype of the mor1-11mpk18-1 double mutant in response to treatment 
with DMSO or 3 μM PPM is equivalent to that of mor1-11 ....................................................................... 70 

Figure 4.2 The root growth phenotype of the mor1-11phs1-1 double mutant in response to treatment 
with DMSO or 3 μM PPM is equivalent to that of phs1-1 .......................................................................... 72 



xi 
 

Figure 4.3 Root length and skewing are reduced in the mor1-11phs1-5 double mutant on 3 μM PPM, 
relative to either single mutant .................................................................................................................. 74 

Figure 4.4 Microtubule plus-end dynamic instability is altered in DMSO-treated mor1-11 and wild-type 
plants........................................................................................................................................................... 77 

Figure 4.5 Root growth phenotypes of suppressor of mor1-11 mutants ................................................... 79 

Figure 4.6 The eom1 modifier mutant has a similar phenotype to mor1-11phs1-1 on PPM, but not on 
DMSO .......................................................................................................................................................... 80 

Figure 4.7 Model for MOR1 control of PHS1 tubulin kinase activity .......................................................... 82 

Figure 5.1 Plant tubulin purified using a Stu2pTOG12 affinity column was able to polymerize in vitro ........ 95 

Figure A1.1 Root growth phenotypes for tubulin and mor1 mutants (expressing pro35S::GFP-TUB6) 
studied in Chapter 2 .................................................................................................................................. 112 

Figure A1.2 Microtubule organization phenotypes in tub4P220S and tub4P220Smor1 double mutants ...... 113 

Figure A1.3 Sample time series used for tracking microtubule plus-end dynamics ................................ 115 

Figure A1.4 Microtubule organization in wild type and mor1-11 ............................................................ 116 

Figure A2.1 Plant tubulin purified using polymerization and depolymerization cycling was not able to 
polymerize in vitro .................................................................................................................................... 118 

Figure A2.2 A MOR1TOG1234 affinity column did not efficiently bind plant tubulin ................................... 120 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



xii 
 

List of Abbreviations  

ATP – adenosine triphosphate 

chTOG – human orthologue of MOR1 

CLASP – CLIP-ASSOCIATED PROTEIN (a +TIP) 

Col – Columbia ecotype of Arabidopsis 

DMSO – dimethyl sulfoxide 

EB1 – END BINDING 1 (a +TIP) 

EDTA - ethylenediaminetetraacetic acid, a chelating agent 

EMS – ethyl methanesulfonate 

EOM – ENHANCER OF MOR1 

F1, F2 – filial generation 1 or 2, describing progeny from a genetic cross (F1) and the next generation 

(F2), resulting from self-pollination of an F1 plant 

GFP – green fluorescent protein 

GST – glutathione S-transferase (used as a protein affinity tag) 

GTP – guanosine triphosphate 

HEAT repeat – Huntingtin, Elongation factor 3, pr65/A subunit of protein phosphatase 2A, and TOR 

(protein-binding domain) 

His – histidine (used as a protein affinity tag) 

IPTG – isopropyl -D-1 thiogalactopyranoside 

kb – kilobase pairs, or units of 1000 DNA base pairs 

kDa – kilodaltons, units used to describe the molecular mass of proteins 

Ler – Landsberg ecotype of Arabidopsis with the erecta mutation 

M1, M2 – mutagenized generation 1 or 2, describing plants that are mutagenized (M1) and their 

progeny (M2) 

MAP – microtubule-associated protein 

MAP (kinase) – mitogen-activated protein kinase 

mCherry – RFP variant 

MKKK – MAP kinase kinase kinase 

MKK – MAP kinase kinase 

MKP – MAP kinase phosphatase 

MOR1 – MICROTUBULE ORGANIZATION 1 



xiii 
 

MOR1X – denotes variants of the recombineered MOR1 construct (MOR1WT for wild type; MOR11-1 for 

mor1-1; MOR11-11 for mor1-11) 

MPK (or MAPK) – MAP kinase 

MPK18 – MAP KINASE 18 

MW – molecular weight 

pro35S – Cauliflower Mosaic Virus 35S promoter 

PCR – polymerase chain reaction 

PHS1 – PROPYZAMIDE HYPERSENSITIVE 1 

proMOR1 – MOR1 promoter 

PPM – propyzamide 

proUBQ10 – UBIQUITIN 10 promoter 

RFP – red fluorescent protein 

SDS-PAGE – sodium dodecyl sulphate polyacrylamide gel electrophoresis 

SNP – single nucleotide polymorphism 

SOM – SUPPRESSOR OF MOR1 

SPR1, SPR2 – SPIRAL 1 and SPIRAL 2 (+TIPs) 

Stu2p – Saccharomyces cerevisiae orthologue of MOR1 

T0, T1, T2, T3 – the T0 plant is transformed with a transgene, using Agrobacterium tumefaciens; the next 

generation (T1) results from self-pollination, and so on with T2 and T3  

TAC – transformation-competent bacterial artificial chromosome 

TAIR – The Arabidopsis Information Resource 

T-DNA – transfer DNA 

TILLING – Targeting Induced Local Lesions IN Genomes 

+TIP – plus end-binding microtubule-associated protein 

TOG – tubulin-binding domain containing multiple HEAT repeats (abbreviated from tumor-

overexpressed gene) 

TUA2/4/5/6 - -TUBULIN 2/4/5/6 

TUB4/6 - -TUBULIN 4/6

WT – wild type 

YFP – yellow fluorescent protein 

YPet – YFP variant  

XMAP215 – Xenopus laevis orthologue of MOR1  



xiv 
 

Acknowledgments 
 
I consider myself to have been lucky in my choice of co-supervisors, Drs. Geoffrey Wasteneys and Brian 

Ellis.  I am especially grateful for their patience and support, having come across various obstacles in my 

research projects that seemed insurmountable.  (They also throw fantastic dinner parties.)  I would also 

like to thank my committee members, Dr. Leonard Foster and the late Dr. Carl Douglas, for all of their 

help and advice.   

It has been a pleasure working with members of the Wasteneys and Ellis labs, past and present.  I would 

especially like to thank Dr. Bettina Lechner, who taught me about biochemistry and protein purification, 

and Dr. Miki Fujita, who taught me about spinning disc confocal microscopy.  Quite a few hard-working 

undergraduate assistants were also involved in this project, and it was a privilege to mentor them: 

Krysta Wark, Heather Slinn, Guðrún Jónsdóttir, and Arman Brar.  I would also like to acknowledge the 

support of the staff in the UBC Bioimaging Facility and Botany Department office (thanks for all the free 

coffee!).   

In addition to the Wasteneys and Ellis labs, I was also a member of the Working on Walls research 

group.  WoW has created a wonderful community in the Botany and Forestry Departments at UBC, and 

it has been a privilege to be a part of the group.  Through WoW, I participated in more professional 

development activities and conferences than is usually possible for a graduate student, including an 

exchange trip to the lab of Dr. Takashi Hashimoto at the Nara Institute of Science and Technology 

(NAIST) in Japan.   

I was financially supported in my work by NSERC CGSM and PGSD scholarships, as well as by WoW (itself 

funded by an NSERC CREATE grant), the UBC Department of Botany, and by the UBC Faculty of Graduate 

Studies.   

During my time in the UBC Botany Department, I became close friends with students and post-docs from 

various member labs.  I’m grateful to have met and worked with so many nice people over the course of 

my degree.  And on that note, I would like to thank my friends and family, for their constant support.   

 
 

 

 



1 
 

Chapter 1: Introduction 

1.1 Introduction to microtubules 

1.1.1 Microtubule structure and dynamicity 

The plant cytoskeleton is composed of arrays of actin filaments and of microtubules, both of which are 

polymers of individual protein subunits, and are the subject of precise regulation by networks of 

associated proteins.  Microtubules are dynamic cytoskeletal polymers composed of - and -tubulin 

heterodimers arranged in a hollow tube composed of 13 protofilaments, or rows of tubulin; they are 

involved in various aspects of plant cell function, including cell division, and the coordination of cellulose 

synthesis for cell wall formation, which in turn controls the direction of cellular expansion (Hashimoto, 

2015; Buschmann and Lloyd, 2008).  Their ability to direct these processes is partly a result of their 

ability to polymerize by the addition of new  heterodimers, and also to depolymerize.  One end of the 

microtubule, which is characterized by higher rates of both polymerization and depolymerization, is 

termed the plus end; at the minus end, these processes occur at lower rates (Ehrhardt and Shaw, 2006; 

Wasteneys and Ambrose, 2009).  The plus end terminates in a -tubulin subunit, which can bind to the 

-tubulin subunit of an incoming tubulin dimer (Sedbrook and Kaloriti, 2008).   

Both α- and β-tubulin bind GTP, although this interaction serves a different purpose for each subunit: 

the GTP-binding site for α-tubulin is located at the intradimer interface, where the GTP is thought to 

function in maintaining tubulin structure or stability (Menéndez et al., 1998).  β-tubulin, however, has a 

GTP-binding site at the interdimer interface, and the GTP at this site is hydrolysed to GDP after 

polymerization, affecting the conformation and weakening the bonds between tubulin dimers.  As 

shown in Figure 1.1, below, tubulin is incorporated into microtubules in a GTP-bound form, which allows 

tubulins to join into a relatively stable, straight orientation (Alushin et al., 2014).  When the GTP bound 

to β-tubulin is hydrolyzed after polymerization, a conformational change results in curving of the 
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protofilaments, which increases the probability of microtubule disassembly (Hyman et al., 1992).  

Assembly or disassembly is made more probable based on the concentration of unbound tubulin 

dimers: at or above the so-called critical concentration, microtubule growth can occur (Mitchison and 

Kirschner, 1984).  Individual microtubules frequently transition between phases of growth, shrinkage, 

and pause, a property referred to as dynamic instability (Dixit and Cyr, 2004).  It is through this dynamic 

polymerization and depolymerization that microtubules are able to change their organization or to 

move and associate with other cellular components.  

 

Figure 1.1 Microtubule structure and dynamics 
 
Adapted from Al-Bassam and Chang (2011), with permission from the publisher (© Elsevier/Trends in 
Cell Biology). 

α-tubulin 

β-tubulin 

Plus end 

Minus end 
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1.1.2 Organization and function of the plant cortical microtubule array 

Of particular interest in plant research are the cortical microtubules, which form an array just inside the 

plasma membrane during interphase.  These microtubules associate with cellulose synthase complexes, 

determining where they insert into the membrane, and guide their motion as they synthesize cellulose 

microfibrils, allowing for controlled expansion of the cell (Gutierrez et al., 2009; Li et al., 2012). 

Specifically, cortical microtubules have been shown to influence the crystallinity of cellulose microfibrils 

in the cell wall, and thus the ability of the wall to expand and accommodate cellular growth.  Disruption 

of microtubules can result in changes to the velocity of cellulose synthase complex movement, and 

perhaps consequently, to the crystallinity of their cellulose output (Fujita et al., 2011; Fujita et al., 2012).  

The association between microtubules and cellulose synthase complexes is mediated by essential linker 

proteins such as CELLULOSE SYNTHASE INTERACTIVE 1 and associated proteins that act as part of a 

linker complex (Li et al., 2012; Lei et al., 2013; Endler et al., 2016).  

To study the effect of the cortical microtubules on growth, it is useful to focus on cells that undergo 

unidirectional elongation (e.g. hypocotyl or root epidermal cells), in which cortical microtubules are 

organized into parallel arrays whose orientation changes at different stages of growth.  During rapid cell 

expansion, cortical microtubules are oriented perpendicular to the main axis of growth: this is a 

requirement for expansion along the main growth axis, which can be prevented by disruption of 

microtubules (Wasteneys, 2004; Ehrhardt and Shaw, 2006).  In axially expanding cells, severe disruptions 

to microtubule organization (and thus to wall extensibility) manifest as the inability of cells to expand in 

a controlled direction: cells instead become swollen and spherical (Whittington et al., 2001).   

Mild disruption of microtubule organization, on the other hand, can lead to slight alterations in 

directional expansion, e.g. as seen in so-called twisting mutants, characterized by coordinated helical 

rotation of cell files along the long axis of the organ (Ishida et al., 2007a and 2007b; Weizbauer et al., 
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2011).  Similarly, disruption of the association between microtubules and cellulose synthase complexes 

can also lead to twisting (Landrein et al., 2013).  Twisting is also seen in natural phenomena where 

plants bend in response to environmental stimuli such as light or moisture (Bisgrove, 2008), and 

interestingly, can be induced by exposing plants to stressful conditions: for example, exposure to 

pathogens, salt, and cold temperatures has been shown to induce microtubule reorganization and, in 

some cases, twisting (Hardham, 2013; Ban et al., 2013; Abdrakhamanova et al., 2003).   

These observations of microtubule reorganization in response to environmental stress support the 

hypothesis that microtubules may also function as a plant sensory mechanism.  Microtubules have 

various properties that suit them to such a role: for instance, the ability to direct plant cell expansion 

and thus growth of a plant toward or away from a stimulus, as well as their dynamicity (Wasteneys, 

2003).  Their association with the plasma membrane is potentially of use in sensing mechanical stress, as 

well as effects of cold or osmotic stress on membrane rigidity (Nick, 2013).  Moreover, recent studies are 

uncovering an ever-expanding list of microtubule-associated proteins, including proteins with known 

signalling functions (e.g. kinases, phosphatases, and calmodulin-binding proteins) as well as proteins of 

as-yet unknown function (Chuong et al., 2004, Hamada et al., 2013).  Plasma membrane-associated 

formins and phospholipase D-δ have also been shown to interact with the microtubule cytoskeleton, 

suggesting the possibility of mechanical or membrane receptor-initiated signal transduction between 

the plasma membrane and microtubules (Dhonukshe et al., 2003; Krtková et al., 2016). 

1.1.3 Twisting growth and handedness 

Twisting has been studied primarily in the root, hypocotyl, and petiole, due to the relative ease of 

measurement of twisting of these cylindrical organs, which have only one axis of cell expansion.  Cortical 

microtubule arrays in these cell types are organized perpendicular to the axis of expansion, with 

microtubule bundles in parallel to each other.  In twisting mutants, this parallel arrangement of the 
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cortical array remains largely intact, but slight changes to dynamics and/or organization cause the array 

to tilt so that it forms a helix; cell expansion still proceeds in a direction that is perpendicular to the 

orientation of the array, but this direction is now helical, resulting in twisting (Ishida et al., 2007a).  Cells 

of all tissue layers twist in phase around the axis of expansion, though the pitch of cell rotation increases 

with increasing distance from the centre of the organ: thus, twisting is most noticeable in the epidermal 

layer (Weizbauer et al., 2011).  Twisting may occur in a right- or left-handed helical pattern, and is in 

many cases a convenient indicator of disruptions to the microtubule array, as twisting of plant 

organelles is more easily assessed than microtubule dynamics.  For instance, the roots of twisting 

mutant plants grown on a hard agar surface will skew to the left in left-handed twisting mutants, and to 

the right in right-handed twisting mutants (Oliva and Dunand, 2007).  

In some cases, the handedness of the cortical array has been reported to be the opposite of that of the 

handedness of cell and organ twisting (Ishida et al., 2007b).  Left- or right-handedness of twisting is fixed 

for most twisting mutants, but no explanation for genetic determination of handedness has yet been 

conclusively proven.  Initial observations suggested that mutants with left-handed microtubule arrays 

(causing right-handed twisting) had increased microtubule stability or reduced microtubule dynamics 

and vice-versa for right-handed arrays (causing left-handed twisting).  For instance, Abe and Hashimoto 

(2005) demonstrated that blocking GTP hydrolysis by GFP-tagging the N-terminus of α-tubulins results in 

stable, left-handed microtubule arrays.  This seems to apply as a general rule, but is not consistent with 

observations of less dynamic, disorganized non-helical microtubule arrays causing left-handed twisting 

in the mor1-1 mutant (Whittington et al., 2001; Sugimoto et al., 2003; Kawamura and Wasteneys, 2008).  

It has also been proposed that twisting may be caused by variable numbers of protofilaments in 

microtubules, although this does not explain directional twisting and has not been confirmed (Ishida et 

al., 2007b; Sui and Downing, 2010; Hashimoto, 2013).  
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In cell types that do not expand by simple elongation, organization of the cortical microtubule array is 

rather more complex: for instance, leaf epidermal pavement cells have a mesh-like array, with 

microtubules oriented parallel to the multiple axes of cellular expansion that are necessary to form the 

lobed cell shape (Akita et al., 2015).  Microtubule dynamics and organization are still disrupted in these 

cell types, and indeed, microtubule arrays in twisting mutants may be more easily characterized in 

pavement cells because of better expression of GFP-tagged tubulin (Zhang, 2010); however, since 

expansion proceeds along multiple axes, the cells cannot grow in a helix.   

Cell division in some twisting mutants may be affected, although the microtubule defects are not severe 

enough to prevent cell division altogether.  For instance, in seedlings with the temperature-sensitive 

mor1-1 mutation grown at 30 oC, defects in mitotic microtubule arrays and in cell plate formation were 

frequently observed in dividing cells (Eleftheriou et al., 2005; Kawamura et al., 2006).  

1.1.4 Tubulin point mutations and their effects on the microtubule array 

A large number of tubulin point mutations causing twisting phenotypes were identified by the 

Hashimoto lab at NAIST (Thitamadee et al., 2002; Ishida and Hashimoto, 2007; Ishida et al., 2007a).  

These point mutations are mostly semi-dominant, and affect different domains of - and -tubulin, 

including the intradimer interface, the longitudinal or interdimer interface, and lateral domains, which 

affect association between protofilaments (Figure 1.2).  As tubulins are encoded by multiple, partially 

redundant genes, recessive or null mutations have not been identified as causing obvious microtubule 

defective phenotypes (Hashimoto, 2013).  Most tubulin point mutants have been characterized only by 

their twisting phenotypes, although some have been linked to specific effects on microtubule dynamics 

and organization (Xiong et al., 2013).  For example, the tua5D251N mutation, which affects GTP hydrolysis 

in β-tubulin, exhibits highly-stabilized arrays of microtubules with reduced dynamicity, confirming that 
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dynamic instability is dependent on conformational changes related to GTP hydrolysis (Ishida et al., 

2007a).   

Tubulin point mutants are often hypersensitive to disruptions to the microtubule array caused by 

microtubule-destabilizing or -stabilizing drugs, changes in temperature, etc. (Hashimoto, 2013).   

Interestingly, some such mutants have cryptic phenotypes: for instance, tua6C213Y exhibits right-handed 

root twisting on low doses of propyzamide (PPM), but not in its absence (Ishida and Hashimoto, 2007).  

PPM is a microtubule-destabilizing drug that binds to plant tubulin, but not animal tubulin, and causes 

left-handed twisting in roots of wild-type plants (Akashi et al., 1988; Nakamura et al., 2004).  The 

differential response of the tua6C213Y mutant to PPM treatment thus indicates the importance of the 

cysteine 213 residue for either control of microtubule dynamics or, perhaps, in the putative binding site 

for PPM in α-tubulin.  In addition, the conditional response of tua6C213Y and other mutants (discussed 

subsequently) highlights the usefulness of PPM in chemical genetic approaches to microtubule research 

(McCourt and Desveaux, 2009).   

Studies of other twisting mutants have yielded information about the importance of the affected 

residue in interactions with particular microtubule-associated proteins, and even linked microtubules to 

growth responses to environmental stimuli.  For instance, studies of the tua2T349I and tua4T349I mutants 

have revealed that phosphorylation of the threonine 349 residue by the dual-function tubulin 

kinase/MAP kinase phosphatase PROPYZAMIDE-HYPERSENSITIVE 1 (PHS1)  promotes microtubule 

depolymerization in response to multiple stressors, including salt and osmotic stress, cold, and heat (Ban 

et al., 2013; Fujita et al., 2013).  Additionally, Yu et al. identified tub4P287L as shade avoidance 2 (2015) 

and tub6L246F as a suppressor of shade avoidance 2 (2016), suggesting a role for these residues in 

coordinating microtubule reorientation as a response to light-regulated hormone signalling.  

Interestingly, tub6L246F exhibited hypersensitivity to microtubule-depolymerizing drugs, whereas 

tub4P287L showed reduced sensitivity (Yu et al., 2017).   
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Figure 1.2 Structure of the tubulin dimer, with selected point mutations 
 
Red boxes indicate point mutations under study in this project; blue boxes indicate point mutations 
mentioned in this chapter.  Modified from Ishida et al. (2007a), with permission from the publisher. © 
2007 National Academy of Sciences, USA.  

 

1.2 Microtubule-associated proteins  

The dynamic instability of microtubules is a function not only of tubulin concentration and GTP 

hydrolysis, but also of microtubule-associated proteins (MAPs).  MAPs perform a variety of functions, 

including catalysis of polymerization and depolymerization, regulation of bundling, severing, and 

transport of cargo along microtubules (Gardiner, 2013; Hamada, 2014).  Sedbrook (2004) notes that the 

term “MAP” has traditionally been used to describe proteins that can be co-purified with microtubules, 

and that the term may not include the many proteins that likely interact indirectly or transiently with 
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microtubules.  Even using this conservative definition, hundreds of MAPs have been discovered in 

Arabidopsis thaliana alone, and recent proteomics studies have identified Arabidopsis MAPs in a variety 

of functional classes (Chuong et al., 2004; Korolev et al., 2005; Hamada et al., 2013; Derbyshire et al., 

2015).  Some MAPs identified in these studies have been previously characterised as involved in DNA 

replication, transcription, translation, RNA-binding, and signalling, while others are metabolic enzymes.   

Many (though not all) proteins that regulate microtubule dynamics are plus end-binding proteins, also 

known as +TIPs.  Since the minus end is often stabilized by a microtubule-nucleating complex, and as 

microtubule stability is dependent upon the presence of GTP-bound -tubulin at the plus end, the 

dynamicity of the microtubule is generally a function of plus-end dynamics, and that process is regulated 

at that end (Hyman et al., 1992; Bisgrove et al., 2004).  +TIPs accumulate at, or “track to”, the plus end 

by various means: transport by motor proteins; binding to other +TIPs; or self-directed movement called 

treadmilling, which relies on preferential affinity for the conformation of plus-end tubulins (Bisgrove et 

al., 2004; Akhmanova and Steinmetz, 2008; Wong and Hashimoto, 2017).  One such group of +TIPs, the 

EB1 (END-BINDING 1) proteins are frequently expressed ectopically as GFP fusion proteins and used in 

studies of microtubule dynamics to mark the plus end of the microtubule.  Another +TIP is CLASP (CLIP-

ASSOCIATED PROTEIN), a protein which can stabilize growing microtubules that encounter cell edges, 

and which contains helical HEAT (huntingtin, elongation factor 3, pr65/A subunit of protein phosphatase 

2A, and TOR) repeat-containing protein-binding domains similar to the TOG (tumor over-expressed 

gene) domains found in MOR1 (MICROTUBULE ORGANIZATION 1) (Ambrose et al., 2011; Akhmanova 

and Steinmetz, 2008).  Several +TIPs have been identified as affecting the orientation of the cortical 

array, as a result of twisting phenotypes seen in plants with mutated or absent MAPs.  For example, 

mutation of the SPIRAL1 and SPIRAL2 genes, which encode proteins that regulate microtubule plus-end 

dynamics, gives rise to right-handed twisting (Nakajima et al., 2006; Galva et al., 2014; Yao et al., 2008). 
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1.3 Microtubule-MOR1 interactions 

1.3.1 The XMAP215 family and MOR1 protein structure 

MOR1 is a member of the XMAP215 family of microtubule polymerase/depolymerase proteins, which 

are +TIPs that are required for microtubule organization in eukaryotes (Gard et al., 2004).  Members of 

this protein family have between 2 and 5 tubulin-binding TOG domains joined by flexible linker domains: 

each TOG domain contains 6 protein-binding HEAT (-helix-loop--helix) repeats (Cassimeris et al., 

2001; Al-Bassam et al., 2007).  MOR1, shown in Figure 1.3, has 5 TOG domains, as do the MOR1 

orthologues that have been characterized in humans, Drosophila melanogaster, and Xenopus laevis (ch-

TOG, Msps, and XMAP215, respectively) (Al-Bassam and Chang, 2011).  It is less closely related to fungal 

orthologues Stu2p (Saccharomyces cerevisiae), Dis1 and Alp14 (Schizosaccharomyces pombe), which 

have 2 TOG domains; and to Zyg-9 (Caenorhabditis elegans), which has 3 TOG domains.   

 

Figure 1.3 MOR1 protein structure and association with the microtubule plus end 
 
MOR1 is a +TIP and microtubule polymerase/depolymerase, shown here interacting with a single 
protofilament.  Adapted from Kawamura and Wasteneys (2008) to update domain nomenclature.  Used 
with permission from the publisher (© Company of Biologists Ltd./Journal of Cell Science). 

 

1.3.2 Functions of the TOG and C-terminal domains 

The study of MOR1 described in this thesis uses mor1 mutants with single nucleotide polymorphisms 

(SNPs) in TOG domain 1 and at the TOG5/C-terminal domain boundary; characterizing these mutants is 

of interest for better understanding the role of these domains in the mechanism by which MOR1 

TOG1 TOG2 TOG3 TOG4 TOG5 R4 C N 

Protofilament 

MOR1 

8 nm 
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functions.  The mor1 point mutant phenotypes will be discussed in greater detail in the introductory 

sections for Chapters 2, 3, and 4, since the experiments described in those chapters make use of these 

mutants. 

The TOG and C-terminal R4 domains were identified based on sequence homology among XMAP215 

orthologues, rather than based on homology to known protein domains (Rashbrooke, 2005).  Analysis of 

XMAP215 constructs with non-functional TOG domains demonstrated that each of the 5 TOG domains 

has tubulin affinity and contributes to polymerase activity, but that TOG1 and TOG2 make the greatest 

contribution to polymerization (Widlund et al., 2011).  Interestingly, the TOG1 and TOG2 domains of 

XMAP215/MOR1 are homologous to the two TOG domains of S. cerevisiae Stu2p, while the other 3 TOG 

domains in XMAP215/MOR1 may have diverged in function (Al-Bassam and Chang, 2011; Fox et al., 

2014).  TOG domains 3 and 4 of Drosophila Msps are structurally divergent from TOG domains 1 and 2, 

and have only weak affinity for free tubulin, but both still contribute to microtubule binding and 

polymerization, and TOG3 has conserved tubulin-binding residues that permit binding to curved (free) 

tubulin dimers in a TOG1/2-like manner (Widlund et al., 2011; Fox et al., 2014; Howard et al., 2015).  In 

XMAP215, microtubule lattice-binding domains are found between TOG domains 3 and 4, and 4 and 5; 

these linker domains are basic, and similar to lattice-binding domains in Stu2p and Dis1 (Currie et al., 

2011; Widlund et al., 2011).   

In MOR1, a fragment spanning from the beginning of the TOG5 domain to the C-terminus is sufficient for 

binding to the microtubule lattice in vitro, and antibodies raised against the C-terminal 855 amino acids 

have been shown to label microtubule lattices in fixed Arabidopsis protoplasts at various stages of the 

cell cycle (Twell et al., 2002).  The TOG5 domain does not appear to be directly involved in polymerase 

activity, since Widlund et al. (2011) found that mutating tubulin-binding residues in TOG5 caused only a 

slight reduction in polymerase activity.  The C-terminal region also contains the R4 domain, which is not 

homologous to the TOG domains, but does contain HEAT repeats, implying that it may play a role in 
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microtubule binding.  The R4 domain is conserved among all MOR1 orthologues with 5 TOG domains, 

although this domain is extended in plant orthologues relative to other taxa (Rashbrooke, 2005).   

The C-terminal region of MOR1 may also be involved in interactions with other MAPs: in humans, the C-

terminal region of ch-TOG binds to SLAIN2, a linker protein that binds to various +TIPs, including human 

homologues of EB1 and CLASP (van der Vaart et al., 2011).  Moreover, human EB1 proteins promote 

accumulation of ch-TOG at the microtubule plus end, and EB1 and XMAP215 have been observed to 

promote plus end growth in a synergistic manner (Currie et al., 2011; van der Vaart et al., 2011; Zanic et 

al., 2013).  To date, however, no plant homologue of SLAIN2 has been identified; nor has any physical 

interaction of the C-terminal domain of MOR1 with other MAPs been confirmed.   

1.3.3 Model for microtubule polymerization 

The mechanism by which XMAP215 promotes microtubule polymerization has not yet been conclusively 

determined, but various models have been proposed.  While XMAP215 can bind to the length of the 

microtubule lattice, it targets preferentially to the plus end, which is likely due to two factors: 

interactions with other +TIPs, and the fact that simultaneous binding of N-terminal TOG domains to 

curved tubulin dimers and binding of the C-terminal region to the lattice is only possible at the plus end 

(Ayaz et al., 2012, Akhmanova and Steinmetz, 2015).  An individual XMAP215 molecule resides at the 

plus end for long enough to catalyse the addition of multiple tubulin dimers, with approximately 10 

XMAP215 molecules binding at once (Kerssemakers et al., 2006; Brouhard et al., 2008), and preliminary 

experiments with FRAP (fluorescence recovery after photobleaching) indicate high turnover (A. Walia, 

personal communication).  Brouhard et al. (2008) hypothesize that free tubulin dimers may transiently 

or weakly associate with the microtubule plus end, and that XMAP215 family proteins catalyze 

microtubule polymerization by stabilizing this association.  Conversely, the ability of XMAP215 proteins 
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to lower the activation energy of the intermediate state between bound and unbound tubulin, may also 

enable them to catalyse depolymerization of the microtubule at lower concentrations of free tubulin.   

As a tubulin dimer is incorporated into the microtubule, its conformation changes from curved to 

straight; this conformational change weakens the affinity of TOG domains for the dimer, and allows 

XMAP215 to bind to the next free tubulin dimer, thereby promoting further polymerization (Kawamura 

and Wasteneys, 2008; Ayaz et al., 2012).  EB1 proteins are thought to promote the transition of tubulin 

dimers from a curved orientation to a straight one, thus increasing polymerase activity by XMAP215 

(Zanic et al., 2013).  Processive rounds of binding and detaching are likely facilitated by the flexible inter-

TOG linker domains, which allow bending of XMAP215 (Cassimeris et al., 2001; Howard et al., 2015).   

Brouhard et al. (2008) used size-exclusion chromatography and electron microscopy to show that 

XMAP215 binds a single tubulin dimer, and concluded that TOG domains 1 through 4 may be wrapped 

around the dimer, while TOG5 and the C-terminal end of the protein are associated with the lattice.  

They did not, however, image XMAP215 in association with the microtubule lattice, so the “wrapped” 

conformation of XMAP215 may not be the actual conformation of the protein at the plus end.  

Stoichiometric analysis of tubulin binding by the TOG1 and TOG2 domains of S. cerevisiae Stu2p has 

indicated that in this orthologue, each TOG domain also binds one tubulin dimer (Slep and Vale, 2007; 

Ayaz et al., 2012; Ayaz et al., 2014).   

1.3.4 Distinct features of MOR1 and other plant members of the XMAP215 family 

Because of the homologous domain structure, it is expected that MOR1 functions by a mechanism 

similar to that of XMAP215.  However, some differences in both sequence and function have been 

noted, which likely reflect the distinct and specialized functions of microtubules in plants.  For instance, 

MOR1 and other plant homologues contain both a putative N-terminal microtubule-binding domain and 

a conserved region of unknown function between the TOG5 and R4 domains, neither of which is found 
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in non-plant XMAP215 family members (Lechner et al., 2012; Rashbrooke, 2005).  Additionally, tobacco 

MAP200 increases the frequency of both catastrophe and rescue (transition from growth to shrinkage 

and vice versa, respectively) at concentrations of GTP where XMAP215 increases catastrophe frequency 

while suppressing rescue (Hamada et al., 2009).  MOR1 also suppresses the pausing of microtubule 

growth (Kawamura and Wasteneys, 2008).  Because of difficulties with cloning and purifying the full-

length protein, work with MOR1 has so far been limited to characterization of defects in microtubule 

arrays, cell division, and cell walls in mor1 mutants, and to biochemical assays and transient expression 

using truncated MOR1 fragments (Kawamura and Wasteneys, 2008; Oh et al., 2010; Fujita et al., 2011; 

Lechner et al., 2012).  More recently, full-length MOR1 has been cloned via recombineering (Zhou et al., 

2011; Alonso and Stepanova, 2014), allowing more in-depth studies of MOR1 via fluorescence 

microscopy and biochemical assays (Eng, 2015).    

1.4 Microtubules and signalling  

1.4.1 Microtubule reorganization in response to environmental stimuli 

Certain MOR1 point mutants, described in further detail in the experimental chapters, have conditional 

phenotypes: the mor1-1 and rid5 mutants appear similar to wild type at 21 oC (the permissive 

temperature), but exhibit radial swelling and left-handed twisting growth (respectively) at 28 – 31 oC 

(the restrictive temperature) (Whittington et al., 2001; Konishi and Sugiyama, 2003).  The mor1-11 

mutant, on the other hand, has right-handed root twisting when treated with the microtubule-

destabilizing drug propyzamide (Zhang, 2010).  Characterizing the effects of these mutations on MOR1-

microtubule interactions is thus of interest for understanding the role of MOR1, and of the microtubule 

array, in responses to changes in temperature and in signalling events that cause microtubule 

depolymerization.   
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Depolymerization and subsequent reorganization and stabilization of the cortical microtubule array is a 

common response to a variety of abiotic signals, including cold, salt and osmotic stress, and blue light 

(Abdrakhamanova et al., 2003; C. Wang et al., 2007; Sambade et al., 2012; Lindeboom et al., 2013; 

Endler et al., 2015; Oda, 2015).  Multiple stress-induced signalling pathways converge to promote 

remodelling of the cortical array, including pathways mediated by ABA, Ca2+, protein degradation, MAP 

kinase cascades, and activation of phospholipase D (PLD) (Teige et al., 2004; C. Wang et al., 2011; Nick, 

2013; Zhu, 2016).  Some of these pathways appear to function in general stress responses, whereas 

others function only in response to specific stressors.  

Blue light, heat, cold, salt, osmotic stress, and ABA treatment all cause an increase in free cytosolic 

Ca2+ concentration (Baum et al., 1999; Zhu et al., 2016), which promotes dissociation of microtubule-

depolymerizing proteins MAP18 and MDP25 from the plasma membrane (X. Wang et al., 2007; Kato et 

al., 2010; Li et al., 2011).  Various other proteins have been shown to control reorientation of the 

cortical array in response to blue light, and it is possible that these proteins are also involved in stress-

induced array reorientation.  For instance, TON2/FASS and AUG8, which promote nucleation and 

polymerization (respectively) of branching microtubules, allow new microtubules to form at different 

angles from the dark-formed transverse array (Kirik et al., 2012; Cao et al., 2013).  Katanin severs 

microtubules at crossover sites, allowing new microtubules to grow from the severed ends, contributing 

to reorientation in response to blue light and mechanical stress (Uyttewaal et al., 2012; Lindeboom et al. 

2013).  WDL3, a microtubule stabilizing/bundling protein, is also degraded via the 26S proteasome upon 

exposure to light (Liu et al., 2013).   

Reorganization and stabilization of the microtubule array is mediated by microtubule-stabilizing 

proteins, some of which have been shown to be involved in the response to multiple stresses.  

Reorganization in response to chilling stress is mediated by MAP65-1, MAP65-2, and WDL5 (Mao et al., 

2005; Li et al., 2009; Sun et al., 2015).  MAP65-1 is also involved in the response to salt stress, and both 
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MAP65-1 and MAP65-2 promote axial expansion in etiolated hypocotyls, independent of their 

microtubule-bundling function (Zhang et al., 2012; Lucas et al., 2011). 

Post-translational modifications of tubulin may also contribute to changes in microtubule organization 

and dynamicity during stress responses, likely by modulating interactions with MAPs (Breviario et al., 

2013; Parrotta et al., 2014).  For example, treatment of maize suspension culture cells with gibberellic 

acid caused increased -tubulin acetylation, which improved microtubule stability during subsequent 

cold stress treatments (Huang and Lloyd, 1999).  Nitration of -tubulin tyrosine residues also regulates 

microtubule dynamics and organization (Blume et al., 2013).  MAPs can also undergo post-translational 

modifications: e.g. phosphorylation of +TIPs is thought to reduce the affinity of the +TIP for negatively-

charged regions of tubulins (Akhmanova and Steinmetz, 2008). 

1.4.2 Microtubules and salt stress 

As in other stress responses, exposure to NaCl causes the cortical microtubule array to initially 

depolymerize and then re-organize (C. Wang et al., 2007).  The initial depolymerization is achieved 

through 26S proteasome-mediated degradation of SPIRAL1, a +TIP that promotes plus-end stability and 

that interacts with EB1b (S. Wang et al., 2011, Galva et al., 2014).  This loss of SPR1 is specific to ionic 

stress rather than osmotic stress; it can be induced by NaCl, but not by mannitol (S. Wang et al., 2011).  

spr1 null mutants have right-handed twisting phenotypes, and are hypersensitive to microtubule-

depolymerizing drugs such as PPM, but less sensitive to NaCl treatment, compared to wild-type plants 

(Shoji et al., 2006; S. Wang et al., 2011).   

It is thus of interest to screen PPM-sensitive mutants for altered sensitivity to NaCl, as the results may 

highlight roles for the mutated tubulin residues or MAPs in the response to salt stress.  For example, 

various alleles of sos1 and sos2 (SALT OVERLY SENSITIVE 1 and 2) were identified in separate forward-

genetics screens looking for modifiers of the root twisting response of the spiral1 mutant and to 
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treatment with PPM (Shoji et al., 2006; Ishida and Hashimoto, 2007).  SOS1 and SOS2 encode a plasma 

membrane Na+/H+ antiporter that removes Na+ from the cell and a kinase that activates the antiporter, 

respectively, and have been reported to affect microtubule organization and root twisting (Qiu et al., 

2002).   

The link between PPM- and salt sensitivity is underscored by the function of the tubulin kinase/MAP 

kinase phosphatase PHS1 (PROPYZAMIDE HYPERSENSITIVE 1), which phosphorylates the T349 residue 

common to all Arabidopsis α-tubulins (Fujita et al., 2013; Stecker et al., 2014).  With its position at the 

interface between tubulin dimers, phosphorylation of free tubulin dimers at this residue leads to their 

inability to bind to the -tubulin exposed at the plus end of the microtubule, and microtubule 

depolymerization ensues (Ishida et al., 2007a; Ban et al., 2013).  This phosphorylation event was 

identified as a general response to a variety of stressors, including salt and osmotic stress, heat and cold 

stress, and treatment with microtubule-depolymerizing drugs (Ban et al., 2013; Fujita et al., 2013).  PHS1 

was previously characterized as binding to and dephosphorylating MPK18 (MAP KINASE 18), resulting in 

destabilization of cortical microtubules (Naoi and Hashimoto, 2004; Walia et al., 2009; Pytela et al., 

2010).  It has also been demonstrated that MPK18 transcription was induced with 200 mM NaCl 

treatment, implying a role for the protein in the response to salt and osmotic stress (Moustafa et al., 

2008).  However, activation of MPK18 via phosphorylation in a MAP kinase signalling pathway has not 

yet been demonstrated in response to environmental stimuli, though it is known that MPK18 can 

activate itself through auto-phosphorylation (Walia et al., 2009).

As microtubules are associated with cellulose synthase complexes and thus the plant cell wall, 

regulation of the cortical microtubule array is an important mechanism for regulating changes in plant 

growth and cell expansion.  Indeed, mutants of various genes involved in the formation of the primary 

cell wall are hypersensitive to salt: for instance, alleles of a cell wall arabinogalactan protein and of 

CELLULOSE SYNTHASE-LIKE D5 were identified as SALT OVERLY SENSITIVE 5 and 6, respectively (Wang et 
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al, 2016).  During microtubule depolymerization in salt- or osmotically stressed plants, cellulose 

synthase complexes (CSCs) are internalized into intracellular compartments called SmaCCs/MASCs 

(Small CesA Compartments/Microtubule-Associated CesA compartments) (Crowell et al., 2009; 

Gutierrez et al., 2009; Endler et al., 2015).  Re-establishment of the cortical microtubule array is 

promoted by the CC1 and CC2 (COMPANION OF CELLULOSE SYNTHASE 1 and 2) proteins, which link 

microtubules and CSCs and promote microtubule polymerization (Endler et al., 2015).  It is possible that 

CC proteins may promote recovery of the array by also facilitating nucleation of microtubules (Endler et 

al., 2015).  Whether internalization of CSCs is a response to other stressors remains to be determined, 

though it may also be induced by treatment with cellulose synthesis inhibitors (Crowell et al., 2009; 

Gutierrez et al., 2009).   

1.5 Objectives 

My primary objective in this study is to characterize domain-specific interactions between MOR1 and 

microtubules, using chemical genetics, biochemical, and microscopy-based approaches.  While focusing 

on protein-protein interactions, this research raises additional questions about the role of MOR1 and 

microtubules in responses to environmental stress. 

In Chapter 2, I characterize genetic interactions between tubulin and the first TOG domain of MOR1, 

measuring microtubule dynamics and organization in mor1-tubulin double mutants.  I also demonstrate 

that changes in microtubule plus-end dynamics are not the sole determinant of the handedness of 

twisting growth phenotypes.   

In Chapter 3, I use live-cell imaging to observe the effects of mor1 mutations in the TOG1 domain and C-

terminal region on MOR1-microtubule interactions.  Using temperature and drug sensitivity assays, I 

demonstrate that the addition of a fluorescent tag to the C-terminus of MOR1 results in phosphorylation 

of α-tubulin. 
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In Chapter 4, I characterize genetic interactions between the C-terminal region of MOR1 and various 

mutants that are involved in phosphorylation of α-tubulin, using the mor1-11 allele and a chemical 

genetics approach.  I also measure microtubule dynamics in mor1-11, and carry out a modifier mutant 

screen in the mor1-11 background. 

In Chapter 5, I summarize the main findings of this thesis, and discuss future directions.  I also introduce 

a project to purify tubulin from plant sources, with the aim of using plant tubulin to reconstitute MOR1-

microtubule interactions in vitro. 
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Chapter 2: Interactions between microtubules and the TOG1 domain of MOR1 

2.1 Introduction 

2.1.1 Point mutations in the TOG1 domain of MOR1 have conditional phenotypes 

Three point mutations in the N-terminal TOG1 domain of MOR1 have been shown to cause left-handed 

twisting: mor1-1 (L174F), mor1-2 (E195K), and rid5 (C96Y) (Figure 2.1; see Appendix 1 for images of root 

skewing phenotypes).  Interestingly, the microtubule organization and growth phenotypes of each 

mutant are conditional: all have mild microtubule defects at 21 oC (the permissive temperature), and 

more severe microtubule defects when grown at 28 oC or above (the restrictive temperature).  These are 

all partial loss-of-function alleles, altering but not abolishing the ability of MOR1 to interact with 

microtubules; putative null alleles of MOR1, containing a T-DNA insertion or causing truncation of 

MOR1, are homozygous-lethal (Twell et al., 2002).    

 

Figure 2.1. Point mutations affecting the TOG1 domain of MOR1 
 
Three mutations causing left-handed twisting are located in the TOG1 domain of MOR1, which 
associates with the plus end of the microtubule (Kawamura and Wasteneys, 2008).  The TOG1 and TOG2 
domains make the greatest contribution to polymerase activity (Widlund et al., 2011). 
 
(A) MOR1 gene structure, with 5’ and 3’ untranslated regions indicated in yellow, exons in green, and 
introns as lines. 

rid5 mor1-1 

mor1-2 

5’ 3’ 

A 

TOG1 TOG2 TOG3 TOG4 TOG5 R4 C N 

rid5 mor1-1 mor1-2 

B 



21 
 

(B) MOR1 protein structure, adapted from Kawamura and Wasteneys (2008) to update domain 
nomenclature and to indicate point mutations.  Used with permission from the publisher (© Company 
of Biologists Ltd./Journal of Cell Science).  
 

The mor1-1 and mor1-2 mutations were discovered in a screen for temperature-sensitive disruption of 

microtubule organization (Whittington et al., 2001), while rid5 (ROOT INITIATION DEFECTIVE 5) was 

isolated in a screen for temperature-sensitive mutants with defects in the formation of adventitious 

roots, a process which is mediated by the hormone auxin (Konishi and Sugiyama, 2003).  The rid5 

mutation affects a residue in the first -helix of the 3rd HEAT repeat of TOG1, while both mor1-1 and 

mor1-2 affect conserved residues in the 5th HEAT repeat of the TOG1 domain, located in the first and 

second -helices, respectively (Whittington et al., 2001; Rashbrooke, 2005; Zhang, 2010).  As the intra-

HEAT repeat turns mediate tubulin binding (Al-Bassam et al., 2007), mutation of nearby residues is likely 

to alter tubulin binding capacity.  

The phenotypes of mor1-1 and mor1-2 at restrictive temperature are more severe than that of rid5: 

while mor1-1 and mor1-2 seedlings germinated and grown at 31 oC are extremely stunted and have 

severe radial swelling (Whittington et al., 2001), rid5 seedlings germinated and grown at 28 oC exhibit 

strong left-handed root twisting and a reduction in root length relative to wild type (Konishi and 

Sugiyama, 2003).  Disruption of cortical microtubules in mor1-1 at restrictive temperature causes radial 

swelling through changes to the crystallinity of cellulose microfibrils, rather than changes to their 

orientation (Sugimoto et al., 2003; Fujita et al., 2011).  

Moderately high temperatures (28 – 31 oC) appear to have little effect on microtubule organization in 

Arabidopsis (Smertenko et al., 1997), although microtubule dynamics are increased at 31oC relative to 

21 oC (Kawamura and Wasteneys, 2008).  It is possible that this increase in microtubule dynamicity 

further disrupts already altered interactions between the mutated HEAT repeats of MOR1 and 

microtubules/tubulin.  Indeed, mor1-1 seedlings exhibit hypersensitivity to the microtubule-destabilizing 
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drugs oryzalin and propyzamide at both 21 oC and 29 oC, and to the microtubule-stabilizing drug taxol at 

29 oC (Collings et al., 2006).  Temperature-conditional microtubule defects are also observed in other 

MAP mutants, such as the +TIP mutant spiral1, which has a more pronounced twisting phenotype at low 

temperatures (Furutani et al., 2000).   

Although mor1-1 plants grown at 21 oC appear almost phenotypically equivalent to the wild type, 

microtubule growth and shrinkage both occur more slowly than in wild-type cells; the differences in 

dynamics appear to be too slight to cause twisting or radial swelling (Kawamura and Wasteneys, 2008).  

At 31 oC, however, microtubule growth and shrinkage velocities were much lower in mor1-1 than in wild 

type (Kawamura and Wasteneys, 2008).  Preliminary, non-quantitative analysis of microtubule dynamics 

in rid5 suggested that, at 31 oC, microtubules were less dynamic in rid5 than in mor1-1 (Zhang, 2010).   

Lechner et al. (2012) hypothesized that the changes to microtubule organization and dynamics seen in 

mor1-1 may reflect altered binding affinity of MOR1 for the microtubule, as MOR1 contains a plant-

specific N-terminal motif (KLLK) which may be involved in microtubule binding.  Attempts at tagging a 

MOR1 construct consisting of the first two TOG domains (hereafter, TOG12) with YFP at the N-terminus 

interfered with microtubule binding, possibly due to the proximity of the tag to the KLLK motif.  TOG12 

with a C-terminal GFP tag, however, was able to bind to microtubules in vivo (Lechner et al., 2012).  This 

hypothesis was supported by the finding that TOG12mor1-1 bound more strongly to microtubules in vitro 

than did wild-type TOG12: thus, the reduced dynamicity seen in mor1-1 may be the result of impairing 

continuous diffusion of MOR1 toward the plus end (Lechner et al., 2012).   

2.1.2 Tubulin point mutations and genetic interactions with mor1 point mutations 

A large number of tubulin point mutations causing twisting phenotypes were identified by Ishida et al. 

(2007a) (Fig. 1.3).  In order to characterize tubulin-MOR1 interactions, and to better understand the 

genetic basis for twisting handedness, 16 tubulin mutants with right-handed twisting were crossed to 3 
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mor1 mutants with left-handed twisting (mor1-1, mor1-2, and rid5) by Zhang (2010).  The tubulin point 

mutations affect different domains of  and  tubulin, including the intradimer interface; the 

longitudinal or interdimer interface; and lateral domains, which affect association between 

protofilaments (Nogales et al., 1999).   

Although the exact binding site of MOR1 on tubulin has not been identified, it is known that conserved 

lysine and tryptophan residues on intra-HEAT repeat turns in the TOG1 domain of Stu2p are required for 

binding free tubulin dimers (Al-Bassam et al., 2007).  Basic domains of other MAPs are known to bind to 

the acidic C-terminal “tail” region of tubulin, which is exposed on the outer surface of the microtubule 

(Paschal et al., 1989; Nogales et al., 1999).   These (basic) lysine residues in MOR1, as well as the basic 

putative N-terminal microtubule-binding motif (KLLK) could interact with the C-terminal tails.  

Additionally, binding of MOR1 to the microtubule may be influenced by other +TIPs, as studies of chTOG 

have indicated interactions with EB1 and SLAIN2 (Currie et al., 2011; van der Vaart et al., 2011).  The 

mutated tubulin residues discussed above may therefore not be directly involved in MOR1 binding, but 

are of interest, nonetheless, for understanding how changes to intradimer, interdimer, and inter-

protofilament interactions can ultimately affect microtubule-MOR1 interactions.  These mutations may 

result in changes to microtubule polymerization and depolymerization rates, GTPase activity, and/or 

interactions between protofilaments, all of which affect curvature of the microtubule plus end, and may 

thus affect binding of MOR1 and/or MOR1-interacting MAPs.   

Zhang (2010) observed that the tub4G96D, tub4P220S, and tua5D251N mutants (of 16 tubulin mutants tested) 

in combination with mor1 mutants displayed non-additive phenotypes, with respect to handedness of 

twisting.  Each of the other tubulin-mor1 combinations resulted in right-handed twisting when grown at 

21 oC, and left-handed twisting with radial swelling at 31 oC.  These three mutations all affect the 

interdimer interface; in addition, the tua5D251N mutation disrupts GTPase activity, as the D251 residue 
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contacts the GTP-binding site of -tubulin upon polymerization (Ishida et al., 2007a).  tub4G96D in 

combination with mor1-1 or mor1-2 did not exhibit hypocotyl twisting, tua5D251Nmor1-1 was seedling-

lethal, and tub4P220S in combination with the mor1 mutants showed both radial swelling and right-

handed (rid5) or no twisting (mor1-1, mor1-2) when grown at 31 oC.  The right-handed twisting 

phenotype of tub4P220S is thus epistatic to the left-handed twisting phenotypes of the mor1 mutants, 

which provides some insight into the genetic basis of handedness.  Preliminary, non-quantitative 

analysis of microtubule dynamics in the tub4P220S, mor1-1, rid5, and tub4P220Smor1-1 and tub4P220Srid5 

double mutants indicated that dynamicity was reduced at both 21 oC and 31 oC; additionally, 

disorganized microtubule arrays with short microtubules were observed in the mor1-1, rid5, 

tub4P220Smor1-1, and tub4P220Srid5 lines at 31 oC  (Zhang, 2010).   

2.1.3 Objectives 

In this chapter, I continued the tubulin-mor1 double mutant analysis begun by Zhang (2010), 

characterizing genetic interactions between mutants affecting the interdimer interface of β-tubulin and 

the TOG1 domain of MOR1.  By measuring microtubule dynamics in tubulin mutants (tub4P220S, tub4G96D), 

mor1 mutants (mor1-1, rid5) and in tubulin-mor1 double mutants, I aimed to advance the understanding 

of the functional importance of the affected residues and domains.  Additionally, I sought to test 

previous models of twisting growth, by determining whether twisting handedness is correlated to 

specific changes in microtubule dynamicity. 

2.2 Results 

2.2.1 Microtubule dynamics in wild type and mor1-1 are comparable to previously reported values  

Because measurements of microtubule dynamics in the present study used microtubule tracking via 

ImageJ, rather than the kymograph technique used in previous studies (see section 2.4.4), I first 

confirmed that this method yielded comparable results.  Microtubule dynamics were measured in 
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tubulin, mor1, and tubulin-mor1 double mutants expressing pro35S::GFP-TUB6 (-tubulin 6), at both 21 

oC and 31 oC.  Average microtubule plus-end growth and shrinkage rates were calculated for each 

genotype at both temperatures.  Mean wild-type and mor1-1 growth and shrinkage velocities at both 

temperatures fell within the margins of error of previously-published values (Table 2.1).  One exception 

is that the mean mor1-1 shrinkage rate was higher at 31 oC than previously reported, although it was 

decreased relative to the mean mor1-1 shrinkage rate at 21 oC, as reported by Kawamura and 

Wasteneys (2008).  Because the measurements of microtubule dynamics in wild type and mor1-1 were 

similar to previously published values, measurements of dynamics in the tubulin, rid5, and tubulin-mor1 

double mutants can be interpreted with reference to these previous studies.   

While mean velocities were within previously reported margins of error, I did not observe an increase in 

wild type plus-end growth rate from 21 oC to 31 oC, though shrinkage velocity did increase from 21 oC to 

31 oC, as previously reported (Kawamura and Wasteneys, 2008).   

Table 2.1 Comparison of mean microtubule velocity measurements in the present study with 
previously published results 
 
Standard deviation and number of microtubules measured are indicated, where information is available.  
Abe and Hashimoto (2005) measured microtubule dynamics in epidermal cells of the upper hypocotyl, 
whereas Kawamura and Wasteneys (2008) and the present study measured microtubule dynamics in 
cotyledon epidermal cells. 
 

Genotype  Rates published by 
Abe and 

Hashimoto (2005) 
(m/min)

Rates published by 
Kawamura and 

Wasteneys (2008) 
(m/min)

Rates measured in the 
present study 

(m/min)

Wild type 
(Col) 

Growth (21 oC) 4.72 ± 3.02 3.5 ± 1.9 (n = 115) 5.13 ± 1.24 (n = 150) 
Growth (31 oC)  6.5 ± 3.5 (n = 28) 4.77 ± 1.69 (n = 150) 

Shrinkage (21 oC) 9.43 ± 9.12 9.0 ± 5.8 (n = 115) 14.38 ± 5.61 (n = 75) 
Shrinkage (31 oC)  12.4 ± 9.3 (n = 28) 17.35 ± 8.74 (n = 75) 

mor1-1 Growth (21 oC)  2.5 ± 1.5 (n = 98) 3.00 ± 0.80 (n = 150) 
Growth (31 oC)  2.0 ± 1.5 (n = 26) 2.67 ± 0.81 (n = 150) 

Shrinkage (21 oC)  6.2 ± 4.3 (n = 98) 11.34 ± 4.34 (n = 75) 
Shrinkage (31 oC)  3.8 ± 3.1 (n = 26) 10.64 ± 4.90 (n = 75) 
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2.2.2 Microtubule plus-end dynamics are reduced to a similar extent in mor1-1 and rid5 

Though microtubule dynamics in mor1-1 had previously been measured (Kawamura and Wasteneys, 

2008), microtubule dynamics in rid5 and the tubulin mutants had not.  At both 21 and 31 oC, plus-end 

growth and shrinkage velocities of mor1-1 and rid5 were significantly lower than wild type (Fig. 2.2 A, B).  

Plus-end growth velocities of mor1-1 and rid5 were statistically equivalent at 21 oC, though growth 

velocity in rid5 was significantly lower than in mor1-1 at 31 oC (Fig. 2.2 A).  Plus-end shrinkage velocities 

of mor1-1 and rid5 were statistically equivalent at both temperatures (Fig. 2.2 B).  These measurements 

provide a basis for comparison to the tubulin-mor1 double mutant dynamics measurements presented 

in subsequent sections. 
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Figure 2.2 Microtubule dynamics in mor1-1 and rid5 are reduced relative to wild type at 21 oC and 31 
oC 
 
(A) Plus end growth velocity at 21 and 31 oC, n = 150 for each genotype at each temperature.  
(B) Plus end shrinkage velocity at 21 and 31 oC, n = 75 for each genotype at each temperature.   
Error bars indicate the standard error of the mean. Letters indicate statistically equivalent mean 
velocities at a given temperature, based on ANOVA with post hoc analysis (Tukey’s HSD, p < 0.01). 

 

2.2.3 Microtubule dynamics in tub4P220Smor1-1 double mutants are characteristic of tub4P220S at 31 oC  

Measurements of microtubule dynamics in the tub4P220S and tub4P220Smor1 double mutants were 

acquired next, and compared to wild type and the mor1 single mutants.  At 21 oC, plus-end growth and 

shrinkage velocities of both mor1-1 and tub4P220S were reduced relative to wild type (Col) (Fig. 2.3 A, B).  

Growth velocity was restored to wild type-like levels in tub4P220Smor1-1 (Fig. 2.3 A), though shrinkage 

velocity in tub4P220Smor1-1 is statistically equivalent to that of the two single mutants (Fig. 2.3 B).  At 31 

oC, plus-end growth and shrinkage velocities of mor1-1, but not tub4P220S, are reduced relative to wild 

type (Fig. 2.3 A, B).  Both the growth and shrinkage velocities in tub4P220Smor1-1 are statistically 

equivalent to those of wild type and tub4P220S (Fig. 2.3 A, B), indicating a recovery from the reduced 

velocities seen in mor1-1.  The recovery of microtubule dynamics to wild-type levels in tub4P220S and in 

the tub4P220Smor1-1 double mutant at 31 oC was unexpected, because of the root twisting and radial 

swelling phenotypes of these mutants, as well as the disorganized microtubule phenotype of 

tub4P220Smor1-1 at 31 oC (Zhang, 2010; Appendix 1).  Previous models of anisotropic cell expansion 

predicted that twisting growth correlated to changes in microtubule dynamicity relative to wild type 

(Abe and Hashimoto, 2005), though this does not appear to be the case. 
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Figure 2.3 Microtubule dynamics in tub4P220S and the tub4P220Smor1-1 double mutant recover to wild 
type-like levels at 31 oC recover to wild type-like levels at 31 oC 
 
(A) Plus end growth velocity at 21 and 31 oC, n = 150 for each genotype at each temperature.  
(B) Plus end shrinkage velocity at 21 and 31 oC, n = 75 for each genotype at each temperature.  
Error bars indicate the standard error of the mean. Letters indicate statistically equivalent mean 
velocities at a given temperature, based on ANOVA with post hoc analysis (Tukey’s HSD, p < 0.05). 
 

2.2.4 Microtubule dynamics in tub4P220Srid5 are reduced compared to either single mutant 

At 21 oC, plus-end growth and shrinkage velocities of both rid5 and tub4P220S are reduced relative to wild 

type (Col) (Fig. 2.4 A, B).  Growth and shrinkage velocity are further reduced in tub4P220Srid5.  At 31 oC, 

plus-end growth and shrinkage velocity are significantly lower in rid5 than in wild type and tub4P220S (Fig. 
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2.4 A, B).  Plus-end growth velocity in tub4P220Srid5 is statistically equivalent to that of rid5 (Fig. 2.4 A), 

though shrinkage velocity is further reduced (Fig. 2.4 B).  The twisting phenotype of tub4P220S is epistatic 

to that of rid5 (Zhang, 2010; Appendix 1), though the microtubule dynamics in the double mutant are 

not equivalent to those of tub4P220S.  As before, there is no clear correlation between microtubule plus-

end dynamics and the root twisting phenotype.  Interestingly, though tub4P220Srid5 has wild type-like 

microtubule organization at 21 oC and short, disorganized microtubules at 31 oC, microtubule dynamics 

in the double mutant are similar at both temperatures.  

 

Figure 2.4 Microtubule dynamics in the tub4P220Srid5 double mutant are reduced compared to either 
single mutant 
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(A) Plus end growth velocity at 21 and 31 oC, n = 150 for each genotype at each temperature.  
(B) Plus end shrinkage velocity at 21 and 31 oC, n = 75 for each genotype at each temperature.   
Error bars indicate the standard error of the mean. Letters indicate statistically equivalent mean 
velocities at a given temperature, based on ANOVA with post hoc analysis (Tukey’s HSD, p < 0.05). 
 

2.2.5 The tub4G96Dmor1 double mutants have short, disorganized microtubules at 21 oC 

Microtubule organization in the tub4P220Smor1 double mutants was previously characterized (Zhang, 

2010; Appendix 1).  Here, I characterize microtubule organization in the tub4G96Dmor1 double mutants, 

for the purpose of comparison.  At 21 oC, microtubule organization appears similar to wild type in mor1-

1, rid5, and tub4G96D (Fig. 2.5 A, C, E, and G).  At 31 oC, no microtubule organization defects are seen in 

wild type or tub4G96D (Fig. 2.5 B, H), but mor1-1 and rid5 have short, disorganized microtubules, as 

reported previously (Fig. 2.5 D, F; Whittington et al., 2001; Zhang, 2010).  Interestingly, the 

tub4G96Dmor1-1 double mutant has short, disorganized microtubules at both 21 oC and 31 oC (Fig. 2.5 I, 

J); whereas mor1-1 and tub4P220Smor1-1 only have short, disorganized microtubules at 31 oC 

(Whittington et al., 2001; Zhang, 2010; Appendix 1).  The tub4G96Drid5 double mutant also has short, 

disorganized microtubules at 21 oC, though microtubules are relatively longer at 31 oC (Fig. 2.5 K, L).  This 

recovery of microtubule length is unexpected, as the double mutant has a radial swelling phenotype at 

31 oC (Zhang, 2010; Appendix 1).  
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Figure 2.5 Microtubule organization phenotypes in tub4G96Dmor1 double mutants 
 
Confocal micrographs of pro35S::GFP-TUB6 labelling cortical microtubule arrays in cotyledon epidermal 
cells of 7 day-old seedlings grown and imaged at 21 oC (left column) or 31 oC (right column).  
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Representative images are shown from a selection of 15-20 images acquired for each genotype at each 
temperature. 
(A, B) Microtubule organization in wild type (Col) is similar at 21 oC and 31 oC.  
(C-F) Microtubule organization in mor1-1 and rid5 is similar to wild type at 21 oC, but microtubules are 
short and disorganized at 31 oC.  
(G, H) Microtubule organization in tub4G96D is similar to wild type at 21 oC and 31 oC. 
(I, J) Short, disorganized microtubules are seen in tub4G96Dmor1-1 at 21 oC and 31 oC.  
(K, L) Short, disorganized microtubules are seen in tub4G96Drid5 at 21 oC, but microtubules are longer at 
31 oC.   
Scale bars = 5 m. 



2.2.6 Microtubule dynamics in tub4G96Dmor1-1 and tub4G96Drid5 are reduced compared to the single 

mutants  

I next measured microtubule dynamics in the tub4G96Dmor1 double mutants.  At both 21 oC and 31 oC, 

plus-end growth and shrinkage rates are reduced in tub4G96D relative to wild type (Col) (Fig. 2.6 A, B).  At 

both temperatures, both growth and shrinkage velocities of the tub4G96Dmor1-1 double mutant are 

reduced relative to velocities observed in the mor1-1 and tub4G96D single mutants.    
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Figure 2.6 Microtubule dynamics in the tub4G96Dmor1-1 double mutant are reduced compared to 
either single mutant 
 
(A) Plus end growth velocity at 21 and 31 oC, n = 150 for each genotype at each temperature.  
(B) Plus end shrinkage velocity at 21 and 31 oC, n = 75 for each genotype at each temperature.   
Error bars indicate the standard error of the mean. Letters indicate statistically equivalent mean 
velocities at a given temperature, based on ANOVA with post hoc analysis (Tukey’s HSD, p < 0.05). 
 

A similar trend was observed in the tub4G96Drid5 double mutant: at both temperatures, growth and 

shrinkage velocities are reduced relative to velocities observed in the rid5 and tub4G96D single mutants 

(Fig. 2.7 A, B).  One exception is that growth velocity in the double mutant at 31 oC is equivalent to that 

of rid5.  
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Figure 2.7 Microtubule dynamics in the tub4G96Drid5 double mutant are reduced compared to either 
single mutant 
 
(A) Plus end growth velocity at 21 and 31 oC, n = 150 for each genotype at each temperature.  
(B) Plus end shrinkage velocity at 21 and 31 oC, n = 75 for each genotype at each temperature.   
Error bars indicate the standard error of the mean. Letters indicate statistically equivalent mean 
velocities at a given temperature, based on ANOVA with post hoc analysis (Tukey’s HSD, p < 0.05). 
 

2.2.7 No tua5D251Nrid5 line expressing pro35S::GFP-TUB6 could be isolated 

The tua5D251Nmor1-1 double mutant was previously found to be seedling-lethal, though the tua5D251Nrid5 

double mutant grew to maturity (Zhang, 2010).  Despite genotyping more than 40 plants displaying the 
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characteristic root twisting phenotype of tua5D251Nrid5, I was unable to isolate any plants that were 

homozygous for both mutations and that also expressed pro35S::GFP-TUB6.  Attempts to isolate a 

tua5D251Nrid5 line expressing proEB1b::EB1b were also unsuccessful. 

2.3 Discussion 

2.3.1 Twisting growth does not correlate with microtubule growth or shrinkage velocity 

The tub4P220S mutant exhibits right-handed twisting at both 21 oC and 31 oC (Ishida et al., 2007a; Zhang, 

2010; Appendix 1).  It has previously been proposed that right-handed twisting was an indication of 

increased microtubule stability or reduced depolymerization (Abe and Hashimoto, 2005; Ishida et al., 

2007a).  This hypothesis is not supported by the present study: though microtubule dynamics in 

tub4P220S are reduced at 21 oC, they are restored to wild type-like levels at 31 oC (Fig 2.3).  TUB4 gene 

expression is relatively constant with increased temperature (Kilian et al., 2007; Winter et al., 2007; 

Arabidopsis eFP browser), so the recovery of microtubule dynamics is unlikely to result from 

replacement of TUB4P220S with another, wild-type -tubulin isoform.  Unlike tub4P220S, wild-type seedling 

roots do not exhibit any twisting phenotype at 31 oC (Zhang, 2010).  This suggests that twisting growth 

may be determined by some factor(s) other than array stability or dynamicity, or dependent on subtle 

changes thereto.  This finding agrees with a modelling study of microtubule organization, which 

demonstrated that the dynamic instability parameters of the tua5D251N twisting mutant were not 

sufficient to generate oblique cortical microtubule arrays in a computer simulation, though modelling 

altered nucleation of microtubules did generate oblique arrays (Eren et al., 2010).   

Another possibility is that microtubule dynamics may differ in root and cotyledon pavement cells; if so, 

microtubule dynamics in root cells may differ in wild type and tub4P220S.  The pro35S::GFP-TUB6 marker 

used in this study does not label microtubules in root cells, but observations of petiole twisting in mor1 

and tubulin mutants indicated that microtubules in pavement cells were likely to be affected similarly 
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(Zhang, 2010).  This marker was selected on the basis that it is not known to cause changes in 

microtubule organization or dynamics, and does not generate a twisting phenotype, as do other 

fluorescent microtubule markers.  Indeed, a previous study of microtubule dynamics in wild type and 

mor1-1 yielded significantly different measurements of growth and shrinkage rates using either 

pro35S::GFP-TUA6 or pro35S::GFP-EB1b as microtubule markers, possibly as the result of an interaction 

between EB1b and MOR1 (Kawamura and Wasteneys, 2008).  Possible promotion of microtubule 

bundling has also been observed in seedlings expressing pro35S::GFP-MBD (Kawamura, 2007), and over-

expression of EB1b was shown to alter microtubule dynamics in the tub4P287L mutant (Yu et al., 2015).   

2.3.2 The effects of the rid5 mutation differ from those of the mor1-1 mutation 

Microtubule plus-end growth and shrinkage rates in rid5 were seen to be similar to those in mor1-1 

(Figure 2.2), and both mutations affect HEAT repeats in the TOG1 domain.  Why, then, does the 

phenotype of rid5 seedlings differ from that of mor1-1 (and mor1-2)?  rid5 undergoes left-handed 

twisting at both the permissive and restrictive temperatures, with mild radial swelling at the restrictive 

temperature (Konishi and Sugiyama, 2003; Zhang, 2010; Appendix 1).  On the other hand, mor1-1 and 

mor1-2 roots appear phenotypically similar to wild type at the permissive temperature, with left-handed 

twisting and more severe radial swelling when grown at the restrictive temperature (Whittington et al., 

2001; Appendix 1).   Tubulin-mor1-1 and tubulin-rid5 double mutants also have different phenotypes 

with respect to microtubule organization and dynamics (discussed subsequently), and with the twisting 

phenotypes in combination with certain tubulin mutants (Zhang, 2010; Appendix 1).     

The location of the rid5 mutation in the 3rd HEAT repeat and mor1-1 and mor1-2 in the 5th HEAT repeat 

means that the affected residues interact with different regions of tubulin dimers (free tubulin or the 

microtubule lattice), with one TOG domain spanning just under the length of a single tubulin dimer (Al-

Bassam et al., 2007; Kawamura and Wasteneys, 2008).  In addition, the location and type of amino acid 
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substitution may differentially affect protein conformation at other sites that influence interactions with 

tubulin or the microtubule lattice.  MOR1 protein stability and turnover may also differ depending on 

the site of the mutation, since TOG12mor1-1 was found to be more prone to degradation and aggregation 

than wild-type TOG12 (Lechner et al., 2012).  It may be that the phenotypic differences between mor1-1 

and rid5 reflect altered protein stability.   

2.3.3 Microtubule dynamics can be uncoupled from radial swelling 

The tub4P220Smor1-1 double mutant exhibits radial swelling and no twisting at 31 oC, and has short, 

disorganized microtubules (Zhang, 2010; Appendix 1).  The lack of twisting likely reflects reduced cell 

elongation due to radial swelling, as elongation is required for twisting growth (Ishida et al., 2007b; 

Weizbauer et al., 2011). Modelling of microtubule dynamics in mor1-1 showed that reduced dynamicity 

led to fewer encounters between microtubules, accounting for the disorganization of the cortical array 

(Allard et al., 2010; Eren et al., 2010).  The short microtubules in mor1-1 result in higher cellulose 

crystallinity, and consequently, loss of growth anisotropy (Fujita et al., 2011).  While the radial swelling 

phenotype of tub4P220Smor1-1 at 31 oC is accounted for by the short and disorganized microtubules, it is 

not clear why the microtubules are short and disorganized, when growth and shrinkage velocities 

recover to wild type-like (tub4P220S-like) levels at 31 oC (Fig. 2.3). 

The mor1-1 mutation increases the affinity of MOR1 for the microtubule lattice, and is thought to 

reduce microtubule dynamicity by impairing diffusion to the plus-end (Lechner et al., 2012).  The 

tub4P220S mutation is located at the intradimer interface, and results in reduced microtubule dynamicity 

at 21 oC (Fig. 2.3).  This would suggest that the mutation impairs addition of incoming tubulin dimers.  

However, at 31 oC, this effect is no longer seen in either tub4P220S or tub4P220Smor1-1.  This could be 

attributed to microtubule dynamics changing with temperature, but a recovery in plus-end growth 

velocity is also observed at 21 oC with the tub4P220Smor1-1 double mutant, so that explanation isn’t 
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satisfactory.  It is possible that the tub4P220S mutation allows MOR11-1 to track the growing plus end more 

easily, e.g. due to a change in conformation that reduces the affinity of MOR11-1 for the microtubule 

lattice.  This, in turn, could affect the localization of other +TIPs, such as EB1b, which has reduced plus-

end binding in mor1-1 at 31 oC (Kawamura and Wasteneys, 2008).  The tub4P220Smutant also has 

hyperparallel microtubules and increased microtubule bundling at 31 oC (Zhang, 2010; Appendix 1).  

Though this organization is lost in the tub4P220Smor1-1 mutant, it suggests that the tub4P220S mutation 

may affect various MAP-microtubule interactions, including MAPs that promote bundling, such as 

MAP65-1 (Jiang and Sonobe, 1993; van Damme et al., 2004, Lucas et al., 2011).   

The right-handed twisting characteristic of tub4P220S masks the left-handed twisting of rid5, and the 

tub4P220Srid5 double mutant also has the mild radial swelling characteristic of rid5 (Zhang, 2010; 

Appendix 1).  Unlike the tub4P220Smor1-1 double mutant, the tub4P220Srid5 double mutant has reduced 

microtubule dynamicity relative to either single mutant, at both temperatures (Fig. 2.4), highlighting the 

differences between mor1-1 and rid5, and possibly the functional differences between the different 

HEAT repeats of TOG1.  Although the twisting phenotype of tub4P220S is epistatic to that of rid5, this is 

not correlated with the effects of each defect on microtubule dynamicity.   

2.3.4 Different types of genetic interactions are observed between mor1 mutants and those tubulin 

mutants affecting the interdimer interface 

The reduction of microtubule dynamics in tub4G96D and in the mor1-1 and rid5 mutants has a synergistic 

effect: at both temperatures, the growth and shrinkage rates of the double mutants are significantly 

lower than those of the corresponding single mutants (Fig. 2.6, 2.7).  In both double mutants at 31 oC, 

however, the roots exhibit the radial swelling and left-handed twisting characteristic of the mor1 

mutants (Zhang, 2010; Appendix 1).  Consistent with this, microtubule organization in the tub4G96Dmor1 

double mutants is mor1-like, with short, disorganized microtubules even at 21 oC (Fig. 2.5 I-L).  
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Interestingly, although microtubule length recovers at 31 oC in the tub4G96Drid5 double mutant, radial 

swelling is still observed.   

2.4 Methods 

2.4.1 Plant material and growth conditions for tubulin-mor1 mutant analysis 

To remove fungal spores, Arabidopsis thaliana (Col ecotype) seeds were treated with a sterilization 

solution (50% v/v ethanol, 3% v/v hydrogen peroxide) for 60 seconds, then washed twice with 

autoclaved distilled water.  Seeds were grown on plates containing modified Hoagland’s growth medium 

with 1.2% w/v agar (Baskin and Wilson, 1997).   Plates were sealed with surgical tape and stored in the 

dark at 4 oC to promote germination, then placed vertically in a growth chamber (21 oC, continuous light 

at 80-100 mol/m2/second).  For imaging experiments, plants grown at the permissive temperature 

were kept in the 21 oC growth chamber for a further 2 days, whereas plants grown at the restrictive 

temperature were transferred to a 31 oC growth chamber for 2 days.  Plants grown for the purpose of 

cross-pollinating or genotyping were maintained at the permissive temperature.

2.4.2 Genotyping tubulin-mor1 mutant plants expressing pro35S::GFP-TUB6 

Yi Zhang cross-pollinated plants expressing pro35S::GFP-TUB6 with all of the mutants used in this 

chapter, and identified F2 plants that were homozygous for tub4P220S, mor1-1, rid5, tub4P220Smor1-1, 

tub4P220Srid5, which also expressed the GFP-TUB6 microtubule marker (Zhang, 2010).  I genotyped and 

identified F2 plants that were homozygous for tub4G96D, tub4G96Dmor1-1, tub4G96Drid5, which also 

expressed the GFP-TUB6 marker, and attempted to do the same for tua5D251N and tua5D251Nrid5.   

Candidate plants for genotyping were identified based on their root twisting/skewing phenotypes when 

grown on agar plates (at 21 oC and 31 oC) (see Appendix 1).  The mor1-1 mutation was genotyped using 

PCR primers that detect the presence or absence of the mor1-1 single nucleotide polymorphism (SNP).  

Two forward primers were used in conjunction with a single reverse primer: the forward primers differ 
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at the 3’ end, such that the mor1WT primer binds only to the wild-type sequence, whereas the mor1-1 

primer binds only to the mor1-1 sequence (Zhang, 2010).  The rid5 and tubulin mutations were 

genotyped using PCR primers that amplify the region around the mutation; the purified PCR products 

were sequenced at the NAPS DNA Sequencing Laboratory (UBC), and sequences were assessed using 

chromatograms posted to the NAPS website.   

Table 2.2 Primers used to genotype mor1 and tubulin mutant plants 

Mutation Forward primer (5’3’) Reverse primer (5’ 3’) 

mor1WT CCTAAAAGGATTTTAAAGATGC GAGAATAAATAAAAATTCAAGTGT 

mor1-1 AAGGATTTTAAAGATGT As above 

rid5 GGGTTCCATTTTGCTTTACTTTT GCACTTTCATTTCTATGTCAGCTC 

tub4P220S CGTGGAACGAGAATGATTACAA TGTTCTTTGCATCCCACATC 

tub4G96D TCATATCCAAGGCGGTCAAT GAGTTCCCATTCCAGATCCA 

tua5D251N CCCTTCTCCTCAGGTACTCTTTC CTGAACAGTCCTCTTTGTCTTGA 

 

2.4.3 Confocal microscopy 

GFP-TUB6 was visualized in epidermal cells of the abaxial side of cotyledons of 7-day-old seedlings, at 

630x magnification (using a 63x glycerol lens).  Cotyledons were mounted in 

perfluoroperhydrophenanthrene (Sigma-Aldrich) to improve image quality and gas exchange, as detailed 

in Littlejohn et al. (2014).  Videos were taken using VolocityTM software version 6.3, using a PerkinElmer 

UltraVIEW VoX spinning disc confocal system on a Leica DMI6000B inverted microscope, with a 

Hamamatsu 9100-02 electron multiplier CCD camera.  GFP was excited using a 488 nm laser, and 

detected through a 525/36 nm emission filter.  Z-stacks were acquired using five 0.35 m slices, so as to 

follow microtubule plus ends that moved slightly out of the z-plane.  Image stacks were acquired every 8 

seconds.  For each genotype at both 21 oC and 31 oC, three videos were generated for each of five 

seedlings.  A temperature-controlled stage was used (Bionomic Controller BC-110 with a Heat Exchanger 
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HEC-40; 20-20 Technology Inc.) to maintain the cotyledons at 21 oC or 31 oC during imaging, and a 

temperature probe (Thermocouple FLUKE 52; John Fluke Manufacturing Co.) was used to measure the 

temperature of the glycerol on the slide after imaging, confirming that the temperature controls were 

consistent.  Some videos were taken by Dr. Kasia Celler.  A sample image of a time series is shown in 

Appendix 1. 

2.4.4 Image processing, microtubule tracking, and statistical analysis 

Images were exported to ImageJ (Abràmoff et al., 2004), and compressed into a single Z-projection.  

Representative still images were selected to show microtubule organization in wild type and in each 

mutant.  Microtubule plus-end dynamics were measured using the MTrackJ plugin (Meijering et al., 

2012).  For each video, 10 growing microtubule plus ends and 5 shrinking microtubule plus ends were 

tracked for at least 16 seconds of continuous growth/shrinkage, yielding 150 measurements of plus-end 

growth and 75 of plus-end shrinkage velocity for each genotype at both temperatures.  Data were 

exported to Microsoft Excel, and average microtubule growth/shrinkage velocity were calculated, along 

with the standard error of the mean.  Statistical significance was determined using Analysis of Variance 

(ANOVA; Microsoft Excel) followed by Tukey’s Honestly Significant Difference post-hoc test (using a free 

statistical calculator on astatsa.com, © Navendu Vasavada). 
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Chapter 3: Live-cell imaging demonstrates altered affinity of MOR1-YPet variants for microtubules 

3.1 Introduction 

3.1.1 The mor1-11 mutant has a propyzamide-conditional phenotype 

Initial studies of MOR1 used point mutations in the TOG1 domain, generated by EMS mutagenesis 

(Whittington et al., 2001; Konishi and Sugiyama, 2003), as well as the gem1-1 and gem1-2 mutants, 

which both result in truncation of the MOR1 protein such that the TOG5 and C-terminal domains are not 

translated (Twell et al., 2002).  In order to study the function of other domains in MOR1, a collection of 

novel mor1 point mutants was generated using TILLING (Targeted Induced Local Lesions IN Genomes; T. 

Shoji, unpublished results; Henikoff et al., 2004).  One TILLING allele, mor1-11 (G1399R), was discovered 

to exhibit strong right-handed root twisting when treated with the microtubule-destabilizing drug 

propyzamide (PPM) (Zhang, 2010) (Fig. 3.2 B).  This phenotype is similar to that of a null mutant (phs1-5) 

of the tubulin kinase/MAP kinase phosphatase PHS1 (Pytela et al., 2010).  However, microtubule 

stability is increased in phs1-5 when challenged with osmotic stress (Fujita et al., 2013), whereas 

stability appears to decrease in mor1-11: when treated with PPM, microtubules in mor1-11 are shorter, 

and growth rates decrease more than in wild-type plants treated with PPM (Zhang, 2010).  

The extent of the TOG5 domain has been defined differently in different bioinformatic studies, so the 

G1399 residue is described as being either at the end of the TOG5 domain (Rashbrooke, 2005), or at the 

beginning of the C-terminal domain (Al-Bassam and Chang, 2011) (Fig. 3.1).  The TOG5 domain is part of 

the C-terminal region defined by Twell et al. (2002) as being required for binding to the microtubule 

lattice, though Widlund et al. (2011) demonstrated that lattice binding in XMAP215 is mediated by a 

separate, basic region between TOG4 and TOG5.  Interestingly, the R4 domain of the C-terminal region 

of MOR1 is extended in plant orthologues, and is highly conserved (Rashbrooke, 2005), suggesting 

specialization of the C-terminal region in plants.  The C-terminal region may be involved in interactions 
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with other MAPs, or with kinases and phosphatases: one phospho-serine site has been identified in the 

C-terminal domain (Roitinger et al., 2015), and Twell et al. (2002) report five additional putative 

phosphorylation sites, though it is not known which kinases or phosphatases might control 

phosphorylation at these sites, or the functional significance of MOR1 phosphorylation.  Interactions 

between the C-terminal region of ch-TOG and the +TIP-linking protein SLAIN2 have been reported (van 

der Vaart et al., 2011), though no such interactions have been identified for MOR1.  

3.1.2 MOR1 recombineering 

The MOR1 gene is exceptionally large, and contains 53 exons (Fig. 3.1 A), which preclude the possibility 

of cloning MOR1 using traditional methods.  Previous biochemical and microscopy-based studies of 

MOR1 have therefore relied on the use of partial MOR1 constructs (Rashbrooke, 2005; Kawamura, 2007; 

Lechner et al., 2012), and immunofluorescence (Twell et al., 2002; Kawamura et al., 2006).  Attempts at 

visualizing MOR1-microtubule interactions using fluorescently-tagged fragments of MOR1 yielded 

unsatisfactory results: for instance, no microtubule binding was observed when a C-terminal half-fusion 

protein of YFP-MOR1 was expressed in plant cells (Rashbrooke, 2005), although an equivalent 

experiment using XMAP215, as well as immunolocalization and microtubule binding assays with MOR1, 

had demonstrated binding of the C-terminal region to microtubules (Popov et al., 2001; Twell et al., 

2002).  Additionally, the expected plus-end localization of MOR1 was not observed using 

immunofluorescence (Kawamura et al., 2006; Walia, 2009): this was later demonstrated to be a 

consequence of the fixation procedure (Eng, 2015). 

In order to clone full-length MOR1 and to add tags for affinity purification and fluorescence microscopy, 

it was necessary to use a process called recombineering.  Briefly, MOR1 was cloned along with a 6x 

histidine (His) tag and 1x or 3x YPet (YFP variant) tag at the C-terminus (Fig. 3.1B).  10 kb of upstream 

sequence and 5 kb of downstream sequence were included, to allow expression under the native 
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promoter and with any associated regulatory sequences.  Along with wild-type MOR1 (denoted here as 

MOR1WT), variants with the mor1-1 and mor1-11 point mutations were also cloned (denoted as MOR11-1 

and MOR11-11; all three constructs will be denoted as MOR1X-YPet).  This sequence was integrated into a 

transformation-competent bacterial artificial chromosome (TAC) binary vector, and transformed into 

Arabidopsis using Agrobacterium tumefaciens (Zhou et al., 2011; Alonso and Stepanova, 2014).   

MOR1WT-3YPet, MOR1-1-YPet, and MOR1-11-YPet were transformed into wild-type plants (Columbia 

ecotype), and two MOR1 putative null mutant backgrounds: mor1-23, and mor1-6 (Fig. 3.1), so that the 

functionality of the constructs and their associated phenotypes could be assessed in the absence of 

wild-type MOR1 (Eng, 2015).  Preliminary analysis of plants expressing MOR1X-YPet in the mor1-6 

background suggests that phenotypes are similar to those in the mor1-23 background; as efforts to 

isolate MOR1X-YPet; mor1-6 plants expressing microtubule markers are ongoing, this chapter will focus 

on the wild type and mor1-23 backgrounds.   

Figure 3.1 Constructs used for live-cell imaging of MOR1-microtubule interactions 
 
(A) MOR1 gene structure, indicating point mutations (mor1-1 and mor1-11) under study in this chapter, 
as well as the mor1-6 (early stop codon) and mor1-23 (T-DNA; SALK_032056) putative null alleles.   
(B) MOR1WT-3YPet-6His (top), MOR11-1-YPet-6His (middle), and MOR11-11-YPet-6His (bottom) constructs. 
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3.1.3 MOR1WT-3YPet acts as a +TIP 

MOR1WT-3YPet rescued the lethal phenotype of mor1-23, and localized to microtubule plus ends in 

mitotic and cytokinetic arrays (Eng, 2015).  Localization was observed at both polymerizing and 

depolymerizing plus ends, including depolymerizing plus ends of recently severed microtubules.  

MOR1WT-3YPet was not observed at microtubule minus ends, confirming its role as a +TIP.  When 

expressed in the wild-type background, MOR1WT-3YPet was observed to bind to microtubule side-walls, 

indicating a saturation of plus-end binding sites, and possible competition for binding sites with 

endogenous MOR1 (Eng, 2015).  Competition between wild-type and mutant MOR1 for binding sites 

was also observed with TOG12 constructs: TOG12 WT-GFP did not localize to microtubules when 

expressed in wild-type plants, but did so when expressed in mor1-1 plants, rescuing microtubule defects 

(Lechner et al., 2012).  Determining the relative microtubule binding capacities of recombineered and 

endogenous MOR1 (with the various mutations) could be useful for understanding the activity of 

endogenous MOR1, in case the function of recombineered MOR1X is altered by addition of the C-

terminal tags.   

Additionally, expression of MOR1WT-3YPet in the mor1-1 background was observed to rescue the 

temperature-sensitive radial swelling phenotype of mor1-1 (R. Eng, unpublished results).  It is of interest 

to see whether a similar effect is observed with MOR1WT-3Ypet in the mor1-11 background.   

3.1.4 Objectives 

In this chapter, I investigated whether the various MOR1X-YPet constructs phenocopied wild type, mor1-

1, and mor1-11 when expressed in the mor1-23 background.  I also determined whether localization to 

the microtubule plus end and lattice varies between MOR1WT-3Ypet and the MOR11-1 and MOR11-11 

variants, thereby comparing the microtubule binding properties of the TOG1 domain and C-terminal 

region, which are affected in these mutants (Fig. 3.1 B).  These constructs were expressed in the mor1-
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23 putative null background so as to approximate interactions between endogenous MOR1 and 

microtubules in wild type, mor1-1, and mor1-11.  I also determined whether localization to the 

microtubule plus end and lattice varies between MOR1X-YPet and endogenous MOR1, by expressing 

these constructs in the wild-type and mor1-11 backgrounds; and whether expression of MOR1WT-3YPet 

can rescue the propyzamide (PPM)-conditional phenotype of mor1-11.  The effects of the mor1-11 

mutation and addition of a C-terminal tag were examined, through analysis of -tubulin 

phosphorylation. 

3.2 Results 

3.2.1 MOR11-11-YPet does not phenocopy mor1-11, instead conferring propyzamide hypersensitivity  

mor1-11 has a semi-dominant PPM-conditional right-handed root twisting/skewing phenotype (Zhang, 

2010; Fig. 3.2A, B).  If MOR11-11-YPet functions in the same way as endogenous MOR1-11, expression of 

MOR11-11-YPet in the putative null mor1-23 background would be expected to phenocopy mor1-11.  

Instead, expression of MOR11-11-YPet in the mor1-23 background resulted in swelling of the root when 

grown on PPM (Fig. 3.2 C, D), indicative of propyzamide hypersensitivity.  A similar effect was seen in 

plants expressing MOR11-11-YPet in the wild-type background (Fig. 3.2 E, F).  Plants expressing MOR11-11-

YPet had significantly shorter roots than mor1-11 when grown on either DMSO or PPM (Fig. 3.2 G). 

 

A B C D E F 
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Figure 3.2 MOR11-11-YPet confers a more severe phenotype than is seen in mor1-11 
 
Root growth phenotypes of 7-day-old seedlings treated with DMSO or 3 M PPM.  Images were 
adjusted to enhance brightness and contrast, for greater visibility of roots.  Scale bars = 5 mm 
(A, B) Root growth response of mor1-11 to DMSO (A) and PPM (B) 
(C, D) Root growth response of MOR11-11-YPet in the mor1-23 background to DMSO (C) and PPM (D) 
(E, F) Root growth response of MOR11-11-YPet in the wild-type background to DMSO (E) and PPM (F) 
(G) Root length is significantly reduced in plants expressing MOR11-11-YPet in the mor1-23 background.  
Error bars indicate standard error of the mean.  n = 48 (mor1-11) or 100 (MOR11-11-YPet) for each 
treatment. ** indicates a statistically significant difference in pairwise comparisons; t-test, p < 0.01.   
 

3.2.2 MOR1WT-3YPet and MOR11-1-YPet also confer propyzamide hypersensitivity 

In order to investigate whether the PPM-hypersensitive phenotype was unique to plants expressing 

MOR11-11-YPet, I conducted a similar experiment with plants expressing the MOR1WT and MOR11-1 

variants (Fig. 3.3).  Although seedlings appeared wild type-like when grown on DMSO (Fig. 3.3 C, E), 

expressing MOR1WT-3YPet in the mor1-23 background resulted in strong, right-handed root skewing 

when grown on PPM, which generates mild left-handed skewing in wild-type seedlings (Fig. 3.3 D).  

Expressing MOR1WT-3YPet in the wild-type background resulted in a more severe phenotype in PPM-

treated seedlings, with short, radially swollen roots (Fig. 3.3 F). 

A similar effect was seen with the MOR11-1 variant, again with a more severe phenotype in the wild-type 

background than in the mor1-23 background.  mor1-1 exhibits left-handed root skewing on PPM (Fig. 3.3 
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H), whereas expressing MOR11-1-YPet in the mor1-23 background resulted in short, radially swollen roots 

with slight left-handed skewing (Fig. 3.3 J).  Expressing MOR11-1-YPet in the wild-type background 

resulted in a strong, left-handed root skewing phenotype in combination with radial swelling (Fig. 3.3 L).   

 

 

Figure 3.3 MOR1WT-3YPet and MOR11-1-YPet confer propyzamide hypersensitivity 
 
Root growth phenotypes of 7-day-old seedlings treated with DMSO or 3 M PPM.  Images were 
adjusted to enhance contrast and brightness, for greater visibility of roots.  Scale bars = 5 mm. 
(A, B) Root growth response of wild type to DMSO (A) and PPM (B) 
(C, D) Root growth response of MOR1WT-3YPet in the mor1-23 background to DMSO (C) and PPM (D) 
(E, F) Root growth response of MOR1WT-3YPet in the wild-type background to DMSO (E) and PPM (F) 
(G, H) Root growth response of mor1-1 to DMSO (G) and PPM (H) 
(I, J) Root growth response of MOR11-1-YPet in the mor1-23 background to DMSO (I) and PPM (J) 
(K, L) Root growth response of MOR11-1-YPet in the wild-type background to DMSO (K) and PPM (L)  
 

3.2.3 Localization of MOR1X-YPet variants changes with mutations and with the level of endogenous 

MOR1, but not with propyzamide treatment 

As it was previously demonstrated that TOG12mor1-1 had greater affinity for the microtubule lattice than 

TOG12WT (Lechner et al., 2012), I was interested in determining whether MOR1WT-3YPet, MOR11-1-YPet, 

A B C D E F 
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and MOR11-11-YPet differed in their affinity for the microtubule plus end and/or lattice.  Furthermore, as 

the mor1-1 and mor1-11 mutants both have PPM-conditional phenotypes (Collings et al., 2006; Zhang, 

2010), I hypothesized that PPM treatment might affect the affinity of MOR1 for the microtubule.  Plants 

expressing each MOR1X-YPet variant (in the wild-type and mor1-23 backgrounds) were crossed to either 

pro35S::mRFP-TUB6 (by Ryan Eng), or proUBQ10::mCherry-TUA5 (by me; chosen as an alternative 

microtubule marker for improved resolution of microtubules).   

When treated with DMSO, MOR1WT-3YPet co-localized with microtubules in the same manner as in 

untreated seedlings, previously analyzed by Eng (2015): in the mor1-23 background, MOR1WT-3YPet 

localized primarily to the microtubule plus end, whereas it bound to both the plus end and lattice in the 

wild-type background (Fig. 3.4).  MOR11-1-YPet had predominantly plus-end localization (with some 

lattice binding) in both backgrounds (Fig. 3.5).  MOR11-11-YPet localized to the plus end and lattice in the 

mor1-23 background, and to the plus end in the wild-type background (Fig. 3.6).  Treatment with PPM 

did not alter the localization of any of the MOR1X-YPet constructs  

 

Figure 3.4 MOR1WT-3YPet co-localization with microtubules varies with the level of endogenous 
MOR1, but not with propyzamide treatment 
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Confocal micrographs of MOR1WT-3YPet labelling cortical microtubule arrays in cotyledon epidermal 
cells of 7-day-old seedlings treated with DMSO or 3 M PPM.  Representative still images are shown for 
each genotype and each treatment, from a selection of 10-25 videos acquired.  Microtubule plus ends 
were identified in each video as the more dynamic microtubule end.  Scale bars = 5 m.

 

 
 
Figure 3.5 MOR11-1-YPet localizes primarily to the microtubule plus end, and localization does not vary 
with propyzamide treatment 
 
Confocal micrographs of MOR11-1-YPet labelling cortical microtubule arrays in cotyledon epidermal cells 
of 7-day-old seedlings treated with DMSO or 3 M PPM.  Representative still images are shown for each 
genotype and each treatment, from a selection of 10-25 videos acquired.  Microtubule plus ends were 
identified in each video as the more dynamic microtubule end.  Scale bars = 5 m. 
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Figure 3.6 MOR11-11-YPet co-localization with microtubules varies with the level of endogenous MOR1, 
but not with propyzamide treatment 
 
Confocal micrographs of MOR11-1-YPet labelling cortical microtubule arrays in cotyledon epidermal cells 
of 7-day-old seedlings treated with DMSO or 3 M PPM.  Representative still images are shown for each 
genotype and each treatment, from a selection of 10-25 videos acquired.  Microtubule plus ends were 
identified in each video as the more dynamic microtubule end.  Scale bars = 5 m. 


3.2.4 MOR11-1-YPet localization is not disrupted with temperature 

As expressing the various MOR1X-YPet constructs in the mor1-23 background resulted in greater 

sensitivity to PPM than the wild-type, mor1-1, and mor1-11 genotypes that they were intended to 

phenocopy, it was of interest to determine whether they might also confer enhanced temperature 

sensitivity.  As mor1-1 has a temperature-conditional radial swelling phenotype (Whittington et al., 

2001), lines expressing MOR11-1-YPet in the wild-type and mor1-23 backgrounds were assessed for radial 

swelling at 31 oC, but no radial swelling was observed (R. Eng, unpublished results; similar images given 

for reference in Fig. 3.7 A).  Fig. 3.7 A shows roots that were grown for 5 days at 21 oC, followed by 2 

days at 31 oC, as these correspond to the conditions for microtubule imaging.  Even in mor1-1, radial 



52 
 

swelling is mild under these conditions; but no radial swelling was observed for the lines expressing 

MOR11-1-YPet when grown for longer times at 31 oC (data not shown).   

MOR11-1-YPet localization was not disrupted at the restrictive temperature, with predominantly 

microtubule plus-end localization and weak lattice binding observed at both 21 oC and 31 oC (Fig. 3.7 B).  

MOR11-1-YPet was able to track polymerizing and depolymerizing microtubule plus ends at both the 

permissive and restrictive temperature (Fig. 3.7 C), as is MOR1WT-3YPet (Eng, 2015).  Microtubules in 

plants expressing MOR11-1-YPet in the mor1-23 background are of a wild type-like length and 

organization, unlike the characteristic short, disorganized microtubules found in the mor1-1 mutant (Fig. 

3.7 B). 
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Figure 3.7 MOR11-1-YPet does not phenocopy the radial swelling of mor1-1 at 31 oC, and is able to 
track microtubule plus ends at both 21 oC and 31 oC 
 
(A) Root growth phenotypes of seedlings grown for 7 days at 21 oC, or for 5 days at 21 oC followed by 2 
days at 31 oC.  Black dots indicate the extent of root growth before seedlings were moved to 31 oC.  
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Images were adjusted to enhance contrast and brightness, for greater visibility of roots.  Scale bars = 5 
mm.  Mild radial swelling in mor1-1 at 31 oC is indicated with an arrow. 
(B) MOR11-1-YPet localizes predominantly to the microtubule plus end in the wild-type and mor1-23 
backgrounds.  Localization is unaffected by temperature.  Representative still images are shown for each 
genotype and each treatment, from a selection of 10-25 videos acquired.  Microtubule plus ends were 
identified in each video as the more dynamic microtubule end.  Scale bars = 5 m.
(C) MOR11-1-YPet (circled) is able to track to the plus end of polymerizing microtubules in the mor1-23 
background.  Images represent a time series, and were acquired 3 seconds apart.  Scale bar = 5 m.
 

3.2.5 Endogenous MOR11-11 competes for microtubule binding sites with MOR1WT-3YPet 

As the localization pattern of MOR11-11-YPet in the wild-type and mor1-23 backgrounds was the opposite 

of that of MOR1WT-3YPet (Fig. 3.4, 3.6), it appears that the mor1-11 mutation confers altered affinity for 

the microtubule.  Keeping in mind that recombineered MOR1X-YPet constructs might have altered 

localization relative to endogenous MOR1, I decided to compare the results from expressing MOR11-11-

YPet in the wild-type background with the opposite combination: MOR1WT-3YPet in the mor1-11 

background.  As with plants expressing MOR1WT-3YPet in the wild-type background, these plants were 

hypersensitive to PPM: roots were very short, and radially swollen (Fig. 3.8 A).  Due to time limitations, I 

was unable to cross a microtubule marker to this line, but localization of MOR1WT-3YPet is suggestive of 

binding to both the microtubule plus end and lattice (Fig. 3.8 B), as in plants expressing MOR1WT-3YPet 

in the wild-type background.  Thus, endogenous MOR11-11 appears to compete for binding sites at the 

microtubule plus end, in a similar manner to endogenous MOR1WT.  As before, treatment with PPM did 

not alter localization. 
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Figure 3.8 MOR1WT-3YPet localization in the mor1-11 genetic background 
 
(A) Root growth phenotypes of 7-day-old seedlings treated with DMSO or 3 M PPM.  Images were 
adjusted to enhance contrast and brightness, for greater visibility of roots.  Scale bars = 5 mm. 
(B) Confocal micrographs of MOR1WT-YPet in cotyledon epidermal cells of 7-day-old seedlings treated 
with DMSO or 3 M PPM.  Representative still images are shown from a selection of 20 videos (4 videos 
each of 5 seedlings) acquired per treatment.  Scale bars = 5 m.


3.2.6 Expression of recombineered MOR1 results in the phosphorylation of -tubulin

In order to determine whether the root skewing and swelling phenotypes of MOR1X-YPet seedlings 

resulted from increased phosphorylation of -tubulin, MOR1WT-3YPet;WT, MOR1-11-YPet;WT, mpk18-1 

(null), and phs1-1 (phs1R64C) seedlings were germinated and grown on Hoagland’s growth medium 

containing either 3 M PPM (in DMSO), or an equivalent volume of DMSO.  The mpk18-1 and phs1-1 

alleles were chosen as controls, because PHS1R64C promotes phosphorylation of -tubulin, and MPK18 is 

thought to activate PHS1 (Fujita et al., 2013).  Plants expressing MOR1X-YPet in the wild-type 

background were chosen because the root skewing and radial swelling phenotypes were more severe 

than in the mor1-23 background (Fig. 3.2, 3.3); I hypothesized that these more severe phenotypes would 

correspond to a higher degree of phosphorylation of -tubulin, and therefore easier detection of 

phosphorylation.    
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Protein extracts from 7-day-old whole seedlings were run on an SDS-PAGE gel containing 50 M Phos-

tagTM, and a Western blot for -tubulin was carried out.  Phos-tagTM is a molecule that binds to 

phosphate groups on Ser, Thr, and Tyr residues, slowing the progress of proteins as they migrate 

through an SDS-PAGE gel (Kinoshita et al., 2006).  Therefore, a band on a gel or Western blot that 

contains phosphorylated proteins will appear to have a larger molecular weight than the protein would 

in a non-phosphorylated state.   

Bands representing both non-phosphorylated -tubulin and phosphorylated -tubulin were detected 

for most genotypes and treatment groups.  A faint band representing phosphorylated -tubulin was 

detected for MOR1WT-3YPet;WT (DMSO) (Fig. 3.9), though most of the -tubulin in this sample was non-

phosphorylated.  Phosphorylation of -tubulin was also detected for MOR1WT-3YPet;WT (PPM), and was 

increased for MOR1-11-YPet;WT (DMSO and PPM).  The level of phosphorylation appears to roughly 

correspond to the severity of the root growth phenotypes seen in Fig. 3.2 and 3.3.   

Extracts from DMSO- and PPM-treated mpk18-1 (null allele of the PHS1-activating MAP kinase 18) and 

phs1-1 (increased activity of PHS1) were included as controls.  A mix of non-phosphorylated and 

phosphorylated -tubulin was detected in both of the mpk18-1 samples, and in phs1-1 (DMSO).  The 

PPM-treated phs1-1 sample had a strong band for phosphorylated tubulin, similar to a previous 

experiment using the kinase domain of PHS1 (Fujita et al., 2013).

 

Figure 3.9 Phosphorylation of -tubulin with expression of recombineered MOR1 
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Western blot analysis following separation of proteins from whole 7-day-old seedlings on a Phos-tagTM 
SDS-PAGE gel.  Seedlings were grown on agarose containing DMSO or 3 M PPM, and 20 L of total 
protein extract was loaded for each sample.  (*) indicates phosphorylated -tubulin, which migrates 
more slowly than non-phosphorylated -tubulin on a Phos-tagTM gel.  MW, molecular weight standards 
(in kDa).  Phosphorylation of -tubulin is observed in extracts of MOR1WT-YPet and MOR11-11-YPet, and 
more so in extracts of plants treated with PPM.   



3.3 Discussion 

3.3.1 Recombineered MOR1 functions differently than endogenous MOR1 

Plants expressing the various MOR1X-YPet constructs exhibit PPM-conditional root growth phenotypes 

that do not correspond to the phenotypes of wild type, mor1-1, or mor1-11 when grown on PPM (Fig. 

3.2, 3.3).  Plants expressing MOR1WT-3YPet in the mor1-23 putative null background have a strong right-

handed skewing phenotype, similar to that of mor1-11 (Fig. 3.2 B, 3.3 D).  Plants expressing MOR11-1-

YPet and MOR11-11-YPet in the mor1-23 background have more severe PPM hypersensitivity, with short, 

radially swollen roots (Fig. 3.2 D, 3.3 J).  Root elongation is also inhibited in plants grown on DMSO (Fig. 

3.2 G).   

Although the recombineered MOR1 constructs were expressed under the MOR1 promoter, it is possible 

that the expression levels of recombineered MOR1 are different from that of endogenous MOR1, as 

these constructs were inserted randomly in the genome via transformation with Agrobacterium 

tumefaciens (see section 3.4.2).  However, expression of all three constructs conferred propyzamide 

hypersensitivity, and phosphorylated tubulin was detected in plants expressing both the MOR1WT and 

MOR11-11 constructs.  This suggests that the addition of the C-terminal YPet-6His tag, which is common 

to all three constructs (whereas the site of insertion is not), interferes with MOR1 function.  Unlike N-

terminal tagging, however, the addition of a C-terminal tag does not prevent MOR1 from localizing to 

microtubules (Lechner et al., 2012).  As the fixation procedure for immunolocalization abolishes plus-
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end binding of MOR1 (Eng, 2015), live-cell imaging of MOR1X-YPet is currently the best method for 

visualizing MOR1-microtubule interactions. 

Sensitivity to PPM is greater in plants expressing MOR1X-YPet in the wild-type background than in the 

mor1-23 background, with increased radial swelling and shorter roots (Fig. 3.2, 3.3).  Interestingly, 

microtubule length and organization do not appear to be affected as in other PPM-sensitive radial 

swelling mutants, such as mor1-1 and phs1-1, which have short, disorganized microtubules (Whittington 

et al., 2001; Naoi and Hashimoto, 2004).  Although the images of MOR1-microtubule co-localization 

included in this chapter were acquired in cotyledon pavement cells and not in the radially swollen root 

cells, short microtubules are normally seen in pavement cells of radial swelling mutants, including mor1-

1 at restrictive temperature (Zhang, 2010; Fig. 2.5 D).   

Previous studies of the tubulin kinase PHS1, which phosphorylates tubulin dimers and thus promotes 

microtubule depolymerization, suggested that radial swelling resulted from microtubule destabilization 

(as in the hyper-active phs1-1 mutant) and right-handed twisting/skewing from increased microtubule 

stability (as in the phs1-5 null mutant) (Naoi and Hashimoto, 2004; Pytela et al., 2010).  However, right-

handed skewing is observed in plants expressing MOR1WT-3YPet in the mor1-23 (putative null) 

background, with radial swelling in the wild-type background, which has endogenous MOR1 (Fig. 3.3 D, 

F): in this case, the root growth phenotypes correspond to different gene dosage of MOR1, and are likely 

not a reliable marker of microtubule stability.   

3.3.2 MOR11-11-YPet has altered affinity for the microtubule 

Although the finding that the C-terminal tag can interfere with MOR1 function makes it evident that 

caution is needed in interpreting the results of this project, it is possible to compare the effects of the 

different mutations.  For instance, radial swelling of PPM-treated plants is more severe in plants 

expressing MOR11-1-YPet and MOR11-11-YPet than in plants expressing MOR1WT-3YPet (Fig. 3.2, 3.3).   
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MOR11-11-YPet differs from the other constructs in its affinity for the microtubule plus end and lattice: in 

the mor1-23 background, MOR1WT-3YPet and MOR11-1-YPet localize mainly to the plus end (Fig. 3.4, 3.5), 

whereas MOR11-11-YPet localizes to both the plus end and lattice.  Microtubule lattice localization was 

previously observed with MOR1WT-YPet in the wild-type background (Eng, 2015; Fig. 3.4), though this 

was thought to result from saturation of plus-end binding sites due to binding of both endogenous and 

recombineered MOR1WT-3YPet.  As little or no endogenous MOR1 is present in the mor1-23 background, 

this observation would suggest that the mor1-11 mutation confers increased affinity for the microtubule 

lattice, suggesting impaired plus-end tracking.  However, this localization pattern is observed in both 

DMSO- and PPM-treated plants (Fig. 3.6), and microtubule growth and shrinkage rates in DMSO-treated 

mor1-11 are equivalent to those of wild type (Zhang, 2010).  Moreover, expression of MOR11-11-YPet in 

the wild-type background resulted in increased plus end localization, and reduced lattice binding (Fig. 

3.6), which suggests that MOR11-11 is able to out-compete endogenous MOR1 for binding sites at the 

plus end.  The opposite combination, with MOR1WT-3YPet expressed in the mor1-11 background, 

resulted in MOR1WT-3YPet localizing to both the plus end and lattice (Fig. 3.8), similar to MOR1WT-3YPet 

expressed in the wild-type background (Eng, 2015; Fig. 3.4).  This suggests that endogenous MOR11-11 is 

able to compete with MOR1WT-3YPet for binding sites at the plus end, and that plus-end tracking of 

endogenous MOR11-11 is not impaired. 

3.3.3 MOR11-1-YPet does not display temperature sensitivity 

MOR11-1-YPet did not phenocopy the temperature-sensitive radial swelling or microtubule organization 

phenotype of mor1-1 (Fig. 3.7 A, B), indicating that the addition of a C-terminal tag offsets the effect of 

the mor1-1 mutation.  Whether this results from the physical bulk of the YPet tag, from phosphorylation 

of -tubulin (Fig. 3.9), or from processes downstream of altered interactions with proteins that may 

bind the C-terminal region of MOR1, is not clear. 
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Localization of MOR11-1-YPet was similar at both 21 oC and 31 oC (Fig. 3.8 B), with mainly plus-end 

localization and some lattice binding (see also Fig. 3.5).  While TOG12mor1-1-His bound more strongly to 

microtubule polymers than did TOG12WT-His (Lechner et al., 2012), suggesting that MOR11-1 might have 

impaired plus-end tracking, it is likely that this effect is reduced in the full-length protein with a C-

terminal tag.  Indeed, MOR11-1-YPet was able to track microtubule plus ends (Fig. 3.7 C).  Interactions 

with other +TIPs, including the EB1 proteins, may be mediated by the C-terminal domain (van der Vaart 

et al., 2011); additionally, inclusion of the TOG345 domains (and the lattice-binding domain between 

TOG4 and TOG5) is likely to contribute to plus-end tracking (Widlund et al., 2011).    

Lechner et al. (2012) demonstrated competition for microtubule binding sites between TOG12 and 

endogenous MOR1 or MOR11-1: TOG12-GFP had greater binding affinity in the mor1-1 background.  The 

results of the present study show that in the wild-type background, MOR11-1-YPet is not entirely 

excluded from microtubule binding, likely due to the inclusion of the lattice-binding domain (Widlund et 

al., 2011), and possibly due to association with other +TIPs via the C-terminal domain.   

3.3.4 The addition of a C-terminal tag promotes phosphorylation of -tubulin

Phosphorylation of -tubulin was observed in DMSO-treated MOR1WT-3YPet and MOR11-11-YPet (both in 

the wild-type background), with increased phosphorylation in PPM-treated samples (Fig. 3.9).  Since 

phosphorylation of -tubulin is not observed in extracts of non-stressed wild-type seedlings, (Fujita et 

al., 2013), this suggests that the addition of a C-terminal tag to MOR1 promotes phosphorylation of -

tubulin.  Phosphorylation was increased in MOR11-11-YPet relative to MOR1WT-3YPet, corresponding to 

increased severity of radial swelling (Fig. 3.2, 3.3), and suggesting that the mor1-11 mutation may cause 

increased phosphorylation of -tubulin.  

PHS1 is known to phosphorylate -tubulin at the T349 residue in response to PPM treatment (Fujita et 

al., 2013).  While other -tubulin residues are known to undergo phosphorylation (Durek et al., 2010; 
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Roitinger et al., 2015), it is assumed that the -tubulin phosphorylation detected in this experiment 

occurs at the T349 residue and is mediated by PHS1.  Phos-tagTM analysis of seedlings exposed to 

osmotic or salt stress previously demonstrated that -tubulin phosphorylation is not detectable in the 

phs1-5 (null) mutant (Fujita et al., 2013).     

 

Figure 3.10 Localization of MOR1X-YPet to the microtubule  
 
Localization of MOR1X-YPet (represented in yellow) varies depending on the genetic background in 
which it is expressed, and on mutations in the MOR1 gene.  Putative localization of endogenous MOR1 
(represented in white) is based on analysis of MOR1X-YPet localization in mor1 putative null and wild-
type backgrounds.  Microtubule image adapted from Al-Bassam and Chang (2011), with permission from 
the publisher (© Elsevier/Trends in Cell Biology). 

 
3.4 Methods 

3.4.1 Plant material and growth conditions  

To remove fungal spores, Arabidopsis thaliana (Col ecotype) seeds were treated with a sterilization 

solution (50% v/v ethanol, 3% v/v hydrogen peroxide) for 60 seconds, then washed twice with 

autoclaved distilled water.  Seeds were grown on plates containing modified Hoagland’s growth medium 
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with 1.2% w/v agar (Baskin and Wilson, 1997).   Plates were sealed with surgical tape and stored in the 

dark at 4 oC to promote germination, then placed vertically in a growth chamber for 7 days (21 oC, 

continuous light at 80-100 mol/m2/second).   

For drug treatments, plants were grown on plates containing 3 M PPM (300 L of a 10 mM stock 

solution in DMSO was added per L of medium) (Supelco Analytical), or DMSO (300 L per L of medium).  

For temperature treatments, plants were grown at 21 oC for 7 days, or at 21 oC for 5 days followed by 

transfer to a 31 oC growth chamber for 2 days.  

3.4.2 Genotyping plants expressing MOR1X-YPet 

Ryan Eng used Agrobacterium tumefaciens to transform Arabidopsis thaliana with the various MOR1X-

YPet constructs, and isolated plants homozygous for proMOR1:MOR1WT-3YPet or proMOR1:MOR11-1-

YPet in the mor1-23 (SALK_032056) and wild-type backgrounds, with pro35S:mRFP-TUB6 (provided by 

Dr. Richard Cyr, Pennsylvania State University).  I crossed plants expressing pMOR1:MOR11-11-YPet to a 

mor1-23 heterozygote, and to plants expressing proUBQ10:mCherry-TUA5 (provided by Dr. David 

Ehrhardt, Stanford University), and isolated plants homozygous for proMOR1:MOR11-11-YPet in the 

mor1-23 and wild-type backgrounds, with proUBQ10:mCherry-TUA5.  I isolated T3 plants expressing 

proMOR1:MOR1WT-3YPet in the mor1-11 background, which were initially transformed by Ryan Eng.  I 

also crossed plants expressing the various proMOR1:MOR1X-YPet constructs to mor1-6 heterozygotes.   

Plants were screened for resistance to BASTA (glufosinate), indicating expression of proMOR1:MOR1X-

YPet, and to kanamycin, indicating presence of the mor1-23 T-DNA insertion (SALK_032056).  Presence 

of the mor1-23 T-DNA insertion, or of the mor1-1, mor1-11, and mor1-6 point mutations was confirmed 

by PCR (Table 3.1).  Plants were screened for pro35S:mRFP-TUB6 or proUBQ10:mCherry-TUA5 by 

checking for microtubule labelling using confocal microscopy (see section 4.4.3).  As each plant had four 

copies of the MOR1 gene (two transgenic and two endogenous), homozygosity was confirmed by 
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assessing the segregation ratio of a plant’s progeny: e.g. 100% of the progeny of a plant that was 

homozygous for mor1-23 would be resistant to kanamycin, and test positive for the T-DNA insertion 

using PCR.  The mor1-6 mutation was genotyped using PCR primers that amplify the region around the 

mutation; purified PCR product was sequenced at the NAPS DNA Sequencing Laboratory (UBC), and 

sequences were assessed using chromatograms posted to the NAPS website.   

Table 3.1 Primers used to genotype mor1 mutations 

Mutation Forward primer (5’3’) Reverse primer (5’ 3’) 

mor1WT (for mor1-1 SNP) CCTAAAAGGATTTTAAAGATGC GAGAATAAATAAAAATTCAAGTGT 

mor1-1 AAGGATTTTAAAGATGT As above 

mor1WT (for mor1-11 SNP) AGGATATGGAGAAAAGAAGAGAAG TTCCAGTCTGTAGGGCCATT 

mor1-11 AAGGATATGGAGAAAAGAAGAGAGA As above 

mor1-23 (T-DNA) TTCAACAGCCAACAATCCTTC GAATCTGGCACACTCACCATC 

LBa1 primer for T-DNA TGGTTCACGTAGTGGGCCATCG For use with mor1-23 primers 

mor1-6 AACATCTTCTGGAGGGTTGG GCAACACCTCCAATAGTAGTCA 

 

3.4.3 Confocal microscopy 

MOR1X-YPet and mRFP-TUB6 (or mCherry-TUA5) were visualized in epidermal cells of the abaxial side of 

cotyledons of 7-day-old seedlings, at 1000x magnification (using a 100x oil lens).  Cotyledons were 

mounted in perfluoroperhydrophenanthrene (Sigma-Aldrich) to improve image quality and gas 

exchange, as detailed in Littlejohn et al. (2014).  Videos were taken using VolocityTM software version 

6.3, using a PerkinElmer UltraVIEW VoX spinning disc confocal system on a Leica DMI6000B inverted 

microscope, with a Hamamatsu 9100-02 electron multiplier CCD camera.  YPet was excited using a 516 

nm laser, and detected through a 540/30 nm emission filter.  mRFP and mCherry were excited using a 

561 nm laser, and detected through a 595/50 nm emission filter.  For each genotype and each 

treatment, 3 time-lapse series were generated for each of 5 seedlings, using images acquired every 3 
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seconds in a single z-plane.  A temperature-controlled stage was used (Bionomic Controller BC-110 with 

a Heat Exchanger HEC-40; 20-20 Technology Inc.) to maintain the cotyledons at 21 oC or 31 oC during 

imaging, and a temperature probe (Thermocouple FLUKE 52; John Fluke Manufacturing Co.) was used to 

measure the temperature of the oil on the slide after imaging, confirming that the temperature controls 

were consistent.  Because the different recombineered MOR1X constructs used different numbers of 

YPet tags, microscope settings were kept consistent when imaging all three constructs, so as not to 

misrepresent fluorescence intensity.  Laser intensity was set at 57% for RFP and mCherry, and 79% for 

YPet, with an exposure time of 1 sec, and sensitivity set at 200. 

3.4.4 Image processing, microtubule tracking, and statistical analysis 

Images were exported to ImageJ (Abràmoff et al., 2004).  Representative still images were selected from 

each time series, to show microtubule organization in each genotype and with each treatment.   

3.4.5 Phos-TagTM and Western blotting 

For each genotype and treatment, approximately 50 whole 7-day-old seedlings were homogenized in 

300 L protein extraction buffer, using a micropestle in a 1.5 mL Eppendorf tube (buffer recipe from Ban 

et al., 2013: 15 mM Na2HPO4, 5 mM NaH2PO4, pH 7.4; 1% Tween-20; 50 mM -glycerophosphate; 100 

M Na3VO4; 0.5 mM phenylmethylsulfonyl fluoride; with 1 CompleteTM EDTA-free protease inhibitor 

tablet (Roche) added per 25 mL aliquot of buffer).  Protein extract was centrifuged at 14,000 RPM, and 

the protein-containing supernatant transferred to a fresh tube.  Protein concentration was determined 

using a spectrophotometer, by measuring absorbance at  = 280 nm.   

In order to remove impurities that might interfere with the Phos-tagTM gel, approximately 50 g of total 

protein was precipitated from each sample by mixing with cold acetone (1 part protein extract: 4 parts 

acetone), and incubating at -20 oC for 1 hour.  Samples were then centrifuged at 14,000 RPM, yielding a 

pellet containing purified protein.  Pellets were then washed 3 times in a cold solution of 80% acetone, 
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centrifuging 2 minutes for each wash.  The precipitates were then dissolved in 20 L SDS-PAGE sample 

buffer (125 mM Tris-HCl, pH 6.8; 12% w/v SDS; 10% v/v glycerol; 22% v/v -mercaptoethanol; 0.001% 

w/v bromophenol blue), and boiled for 10 minutes.   

Proteins were separated on a pre-cast SuperSep Phos-tagTM gel containing 50 M Phos-tagTM and 12.5% 

acrylamide (Wako Pure Chemical Industries, Ltd.), according to the method described by Kinoshita et al. 

(2006).  After electrophoresis, the gel was incubated for 10 minutes with Towbin buffer with added 

EDTA (192 mM Tris-HCl, pH 8.3; 25 mM glycine; 10% v/v methanol; 10 mM EDTA), then for a further 15 

minutes with regular Towbin buffer.  The proteins were transferred to a PVDF membrane (Bio-Rad) 

using the Trans-Blot® SD Semi-Dry Transfer Cell (Bio-Rad), running at 15 V for 35 minutes.  -tubulin was 

detected using a mouse anti-tubulin primary antibody (1:1000) (B-5-1-2, Sigma-Aldrich) and an anti-

mouse horseradish peroxidase-conjugated secondary antibody (1:5000).  -tubulin bands were detected 

using the colourimetric 3,3’,5,5’-tetramethylbenzidine liquid substrate for horseradish peroxidase 

(Sigma-Aldrich).  This experiment was repeated once.   
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Chapter 4: Genetic interactions involving the mor1-11 mutation 

4.1 Introduction 

4.1.1 Genetic interactions between MOR1 and PHS1 

The mor1 mutants show interesting parallels with mutants of the tubulin kinase/MAP kinase 

phosphatase PHS1 (PROPYZAMIDE HYPERSENSITIVE 1).  PHS1 phosphorylates -tubulin at the T349 

residue in response to various environmental stressors, preventing incorporation of phosphorylated 

tubulin dimers into microtubules, and resulting in microtubule depolymerization (Ban et al., 2013; Fujita 

et al., 2013).  The phs1-1 (R64C) mutant, which affects a putative MAP kinase docking motif and in which 

PHS1 has increased activity (Fujita et al., 2013), exhibits radial swelling of root cells when grown on PPM, 

similar to mor1-1 grown at the restrictive temperature (Naoi and Hashimoto, 2004).  Furthermore, 

mor1-1phs1-1 double mutant roots had radial swelling and reduced cell elongation, even when grown at 

the permissive temperature and without PPM (Naoi and Hashimoto, 2004).  And like mor1-11, the null 

phs1-5 mutant exhibits strong right-handed root skewing when grown on PPM (Pytela et al., 2010).  The 

handedness of skewing does not appear to reflect microtubule stability, as microtubules in phs1-5 are 

reported to be hyper-stable (Fujita et al., 2013), whereas those in mor1-11 are less stable (Zhang, 2010).  

Nonetheless, the similarity of these PPM-conditional phenotypes suggests a connection between MOR1 

and PHS1.  

No direct interaction between MOR1 and PHS1 has been demonstrated, and no phosphorylation of 

MOR1 was observed in the phs1-1 mutant background; nor is MOR1 co-localization with microtubules 

disrupted in phs1-1 (Walia, 2009).  However, PHS1 transcript is up-regulated in mor1-1 at 30 oC, and not 

in wild type at 30 oC or in oryzalin-treated plants (Walia, 2009).  In addition, modification of the C-

terminal region of MOR1 may result in activation of PHS1, as -tubulin phosphorylation was increased 

with C-terminal tagging of MOR1, and more so with tagged MOR11-11 (Chapter 3).  It is possible that the 
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PPM-conditional phenotype of mor1-11 results from increased PHS1 activity, either due to 

destabilization of microtubules through -tubulin phosphorylation, or perhaps through the activity of 

another substrate of PHS1.  For instance, PHS1 dephosphorylates MPK18 (Walia et al., 2009), and is also 

a negative regulator of ABA signalling (Quettier et al., 2006) and a positive regulator of flowering (Tang 

et al., 2016) though the pathways by which these processes occur have not yet been elucidated.  

While the C-terminal domain of human ch-TOG is known to interact with other +TIPs (van der Vaart et 

al., 2011), no such interactions have been demonstrated for MOR1.  If modification of the C-terminal 

domain of MOR1 (through tagging or the mor1-11 mutation) results in activation of PHS1, it is possible 

that the C-terminal region interacts with a component of the PHS1-activating MAP kinase cascade.  

Alternatively, MOR1 may affect the activity of another +TIP that interacts with components of this 

signalling cascade.  MAP kinase cascades include a MAP kinase kinase kinase (MAPKKK), which 

phosphorylates and activates a MAP kinase kinase, (MAPKK), which in turn phosphorylates and activates 

a MAP kinase (MAPK or MPK), which phosphorylates and regulates the activity of effector proteins 

(Hamel et al., 2006; Fiil et al., 2009; Suarez Rodriguez et al., 2010).  In the case of PHS1, these 

components may include MAPKK proteins MKK3 and MKK6, which activate MPK18 in vitro (Hua et al., 

2006).  MPK18 is thought to activate PHS1, which in turn inactivates MPK18 by dephosphorylation 

(Walia et al., 2009).  If the C-terminal domain of MOR1 negatively regulates activity of MPK18, loss of 

this negative regulation in the mor1-11 mutant could result in increased activity of PHS1.   

Association of components of MAP kinase signalling cascades with microtubules or MAPs has previously 

been demonstrated for the MAPKKK NPK1, which binds the NACK1/HINKEL kinesin (Soyano et al., 2003), 

for MPK6, which associates with -tubulin and phosphorylates EB1c (Müller et al., 2010; Kohoutová et 

al., 2015), and for MPK4, which co-localizes with mitotic microtubule arrays (Beck et al., 2011).  MAP 

kinases also phosphorylate and regulate multiple members of the MAP65 family (Sasabe et al., 2006; 
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Beck et al., 2010; Sasabe et al., 2011).  Association of MAP kinases with microtubules and MAPs is also 

seen in animal cells: for instance, MAP kinases ERK1 and ERK2 bind to and phosphorylate MAP2 (Ahn et 

al., 1990; Boulton et al., 1990; Morishima-Kawashima and Kosik, 1996).  It has been suggested that the 

polymerization/depolymerization status of microtubules may regulate the activity of MAP kinase 

cascades, as depolymerization of phragmoplast microtubules resulted in deactivation of Medicago 

sativa MAP kinase 3 (Bögre et al., 1999), and of components of the MAP kinase cascade downstream of 

NACK1/HINKEL (Soyano et al., 2003; Sasabe and Machida, 2012).  Thus, MAP kinase signalling and 

microtubule organization and dynamics may be regulated in a reciprocal manner, perhaps allowing fine-

tuning of the microtubule array in response to environmental stimuli.  

4.1.2 A mor1-11 modifier mutant screen  

A modifier mutant screen in the mor1-11 background is an ideal approach for identifying potential 

components of a MOR1-associated signalling pathway, as genetic interactions between mor1-11 and 

other mutants may indicate that the proteins encoded by the affected genes interact physically with 

MOR1, or act in the same pathway (Page and Grossniklaus, 2002).  Therefore, MOR1-interacting 

proteins that interact indirectly or transiently with MOR1 may be identified through forward genetic 

screening more successfully than by co-precipitation.  Recently, a biotin ligase-based method for 

identifying transient interactions between proteins has been developed (Roux et al., 2012), though 

optimization of this method for use with Arabidopsis thaliana is ongoing (A. Walia, personal 

communication).   

A modifier screen may yield suppressor mutants, which alleviate or reverse the phenotype of the 

primary mutant, or enhancer mutants, which worsen the phenotype (Page and Grossniklaus, 2002).  In 

the case of mor1-11, which has strong right-handed root skewing when grown on PPM (Zhang, 2010), a 

suppressor mutant would have left-handed or no root skewing, whereas an enhancer mutant would 
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have stronger disruptions to microtubules than mor1-11, likely resulting in constitutive right-handed 

skewing or radial swelling.  The root skewing phenotype of mor1-11, and of modifier mutants, may be 

used as a proxy for disruption of microtubule organization and dynamics, e.g. with suppressor mutants 

counteracting the mild microtubule destabilization seen in mor1-11 (Zhang, 2010).  Use of PPM in a 

mor1-11 modifier screen increases the likelihood that modifier mutants are not simply MOR1-

interactors (e.g. tubulins), but that they may have some role in the signalling pathway involved in 

responses to PPM; thus, such an approach is a combination of forward genetics and genotypic chemical 

screening (McCourt and Desveaux, 2009). 

4.1.3 Objectives  

In this chapter, I characterized genetic interactions between mor1-11 and alleles of MPK18 and PHS1, in 

order to determine whether MPK18 is involved in signalling events downstream of modification of the C-

terminal region of MOR1.  I also aimed to build upon previous studies of genetic interactions between 

the mor1-1 (L174F) allele and mpk18/phs1 mutants, in order to better understand whether genetic 

interactions between MOR1 and PHS1 were domain-specific with respect to MOR1.   

In order to complete analysis of mor1-11 microtubule dynamics begun by Zhang (2010), I analyzed 

properties of the dynamic instability of wild-type and mor1-11 microtubules in response to PPM 

treatment. 

I also conducted a modifier mutant screen in the mor1-11 background, with the aim of identifying 

proteins that might interact with the C-terminal region of MOR1, or that are part of signalling pathways 

affected by the mor1-11 mutation.   
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4.2 Results 

4.2.1 The mpk18-1 mutation does not modify the propyzamide-conditional phenotype of mor1-11 

MPK18 is thought to activate PHS1, since microtubule stability is increased in the mpk18-1 null mutant 

compared to the wild type, and since absence of MPK18 partially rescues the phs1-1 phenotype in the 

mpk18-1phs1-1 double mutant (Walia et al., 2009).  Root growth, skewing, and radial swelling 

phenotypes of a mor1-1mpk18-1 double mutant were neither enhanced nor suppressed relative to 

mor1-1, suggesting no genetic interaction between MOR1 and MPK18 (Walia, 2009).  However, as the 

mor1-11 mutant has a distinct, PPM-conditional phenotype similar to that of phs1-5 (Zhang, 2010; 

Pytela et al., 2010), and as modification of the C-terminal region of MOR1 leads to increased 

phosphorylation of -tubulin (Chapter 3), I hypothesized that a genetic interaction might be detected 

using the mor1-11 allele and in response to treatment with PPM.  However, root length and skewing of 

mor1-11 and of the mor1-11mpk18-1 double mutant were statistically equivalent (Fig. 4.1), indicating 

that the mor1-11 phenotype does not depend on functional MPK18.   

 

A B C D 

E F G H 
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Figure 4.1 The root growth phenotype of the mor1-11mpk18-1 double mutant in response to 
treatment with DMSO or 3 M PPM is equivalent to that of mor1-11  
 
Root growth phenotypes of wild type (Col-0) grown on (A) DMSO and (B) PPM, mor1-11 on (C) DMSO 
and (D) PPM, mpk18-1 on (E) DMSO and (F) PPM, and mor1-11mpk18-1 on (G) DMSO and (H) PPM.  
Scale bars = 5 mm.   
(I) Root length and (J) root skewing for each genotype and treatment (n = 40 – 60).  Error bars indicate 
the standard error of the mean.  Letters indicate statistically equivalent mean root skewing for a given 
treatment, based on ANOVA with post hoc analysis (Scheffé’s test, p < 0.01).   
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4.2.2 The root growth phenotype of mor1-11phs1-1 is equivalent to that of phs1-1 

It was previously demonstrated that root elongation defects and radial swelling were enhanced in the 

mor1-1phs1-1 double mutant, relative to either single mutant (Naoi and Hashimoto, 2004).  This 

suggests that the radial swelling of mor1-1 and phs1-1 may originate from distinct effects on 

microtubule disorganization.  As MOR11-1-YPet did not phenocopy mor1-1 (Chapter 3), it is difficult to 

say exactly what the effect of the mor1-1 mutation is on the activity of full-length MOR1, though 

analysis of MOR1 fragments suggests that the mutation interferes with plus-end targeting (Lechner et 

al., 2012).  The enhanced double mutant phenotype is consistent with the separate activity of PHS1 as a 

tubulin kinase (Fujita et al., 2013).   

However, no synergistic phenotype was observed in the mor1-11phs1-1 double mutant (Fig. 4.2).  

Instead, root length of both DMSO- and PPM-treated plants was statistically equivalent to that of phs1-1 

(Fig. 4.2 I).  The root skewing phenotype on DMSO was also equivalent to that of phs1-1; and root 

skewing was abolished on PPM, since severe radial swelling inhibited cell elongation to the extent 

necessary for skewing (Fig. 4.2 J).   



A B C D 
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Figure 4.2 The root growth phenotype of the mor1-11phs1-1 double mutant in response to treatment 
with DMSO or 3 M PPM is equivalent to that of phs1-1 
 
Root growth phenotypes of wild type (Col-0) grown on (A) DMSO and (B) PPM, mor1-11 on (C) DMSO 
and (D) PPM, phs1-1 on (E) DMSO and (F) PPM, and mor1-11phs1-1 on (G) DMSO and (H) PPM.  Scale 
bars = 5 mm.  
(I) Root length and (J) root skewing for each genotype and treatment (n = 40 – 60).  Error bars indicate 
the standard error of the mean.  Letters indicate statistically equivalent mean root skewing for a given 
treatment, based on ANOVA with post hoc analysis (Scheffé’s test, p < 0.01).   
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4.2.3 Root elongation in mor1-11phs1-5 is reduced relative to either single mutant, with mild radial 

swelling on propyzamide 

Although mor1-11 and phs1-5 have similar PPM-conditional root skewing phenotypes (Fig. 4.3 D, F), the 

mor1-11phs1-5 double mutant has an additive phenotype, with shorter roots than either single mutant 

when treated with either DMSO or PPM (Fig. 4.3 I).  Root skewing in response to PPM is reduced in the 

double mutant, presumably as a result of reduced cell elongation (Fig. 4.3 J).  Because phs1-5 is a null 

mutant (Pytela et al., 2010), this suggests that PPM-treated mor1-11 seedlings have microtubule defects 

besides those caused by -tubulin phosphorylation by PHS1.  

 

A B C D 
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Figure 4.3 Root length and skewing are reduced in the mor1-11phs1-5 double mutant on 3 M PPM, 
relative to either single mutant 
 
Root growth phenotypes of wild type (Col-0) grown on (A) DMSO and (B) PPM, mor1-11 on (C) DMSO 
and (D) PPM, phs1-5 on (E) DMSO and (F) PPM, and mor1-11phs1-5 on (G) DMSO and (H) PPM.  Scale 
bars = 5 mm. 
(I) Root length and (J) root skewing for each genotype and treatment (n = 40 – 60).  Error bars indicate 
the standard error of the mean.  Letters indicate statistically equivalent mean root skewing for a given 
treatment, based on ANOVA with post hoc analysis (Scheffé’s test, p < 0.01).   
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4.2.4 Microtubule dynamic instability is altered in the mor1-11 mutant 

Because analysis of the mor1-11phs1-5 double mutant indicates that the mor1-11 mutation does not 

only cause altered PHS1 activity, I analyzed mor1-11 microtubule dynamics, with the aim of determining 

what other effects the mutation might cause.  Analysis of MOR1X-YPet co-localization with microtubules 

suggests that MOR11-11 has increased affinity for the microtubule lattice relative to MOR1WT, and that 

treatment with PPM does not alter localization of MOR1 (Chapter 3).  However, since addition of a C-

terminal fluorescent tag appears to alter MOR1 activity, analysis of mor1-11 microtubule dynamics 

might give a more realistic indication of the effect of the mutation on endogenous MOR1.   

Microtubule plus-end dynamics in the mor1-11 mutant are similar to those of wild-type plants, with 

equivalent growth and shrinkage rates.  However, treatment with PPM reduces the plus-end growth 

rate in mor1-11 more than in wild type (Zhang, 2010).  For reference, images showing microtubule 

organization in mor1-11 are provided in Appendix 1.  

Microtubules in DMSO-treated mor1-11 seedlings spend less time in pause phase than wild type, 

indicating that they are more dynamic than those in wild type (Fig. 4.4 A).  Differences in these 

parameters were not detected between microtubules in PPM-treated mor1-11 and wild-type seedlings 

(Fig. 4.4 B), likely due to overall suppression of microtubule dynamicity by PPM (Zhang, 2010).  As 

indicated by the previous analysis of plus-end growth and shrinkage rates in mor1-11 (Zhang, 2010), 

microtubules in PPM-treated mor1-11 seedlings spent less time growing than wild type, though the 

difference was not statistically significant. 



77 
 

 

 

Figure 4.4 Microtubule plus-end dynamic instability is altered in DMSO-treated mor1-11 and wild-type 
plants 
 
Time spent in different phases of dynamicity by microtubules in cotyledon epidermal cells of 7-day-old 
seedlings treated with (A) DMSO or (B) 3 M PPM.  n = 46-50 for each genotype and treatment.  Error 
bars indicate the standard error of the mean.  (*) Significantly different from wild type (t-test, p < 0.05).   
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4.2.5 A modifier mutant screen in the mor1-11 background  

In order to identify mutants that have a genetic interaction with mor1-11, possibly indicating a physical 

interaction with the MOR1 C-terminal region, I used EMS (ethyl methanesulfonate) to generate point 

mutations in the mor1-11 genetic background.  One enhancer mutant and six suppressor mutants were 

identified in this screen (Table 4.1): these were designated eom (enhancer of mor1-11) or som 

(suppressor of mor1-11).  As mor1-11 root skewing is right-handed at 21 oC, but left-handed at 31 oC 

(Zhang, 2010), M2 seedlings were screened at both temperatures.  However, all identified modifier 

mutants modified the mor1-11 phenotype at 21 oC, and no modifier mutants that only suppressed the 

left-handed skewing at 31 oC were identified.  Therefore, subsequent analysis of putative modifier 

mutants did not take temperature into account, and the results presented in the present study focus on 

phenotypes at 21 oC.   

The som1 and som2 mutants are semi-dominant, whereas the other four som mutants are recessive.  

Complementation testing of the recessive som mutants demonstrated that two additional som mutants 

were allelic to som5 and som6, respectively; so only one allele for each (som5 58-3 and som6 61-3) was 

chosen for map-based cloning.  Analysis of two other som alleles was abandoned, due to a lack of 

germination of progeny from mor1-11 back-crossing, which was attempted repeatedly without success.   

Table 4.1 Analysis of eom and som modifier mutants 

Allele Screening name Root phenotype (with PPM) Dominant/recessive Progress 
eom1 36-1 Short, swollen roots Semi-dominant Identified 
som1 6-2 Left-handed skewing Semi-dominant Rough mapping 
som2 8-1 Left-handed skewing Semi-dominant Rough mapping 
som3 36-2 Left-handed skewing Recessive Ready to map 
som4 56-2 No skewing Recessive Ready to map 
som5 58-3 No skewing Recessive Ready to map 
som6 61-3 No skewing Recessive Ready to map 

 
Screening names were assigned based on the M2 screening pool from which the modifier mutant was 
identified, and the number of mutants identified in each pool.  E.g. som1 is 6-2, as it was the 2nd putative 
mutant identified in the 6th pool of M2 seedlings that were screened. 
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F2 mapping populations were established for each of the remaining som mutants.  Map-based cloning of 

the semi-dominant som1 and som2 mutations is in progress; these mutants were prioritized, as they 

have stronger left-handed skewing phenotypes than the other som mutants (Fig. 4.5).   

 

Figure 4.5 Root growth phenotypes of suppressor of mor1-11 mutants 
 
Seedlings were grown for 7 days at 21 oC on DMSO (top) or 3 M PPM (bottom).  Images were adjusted 
to enhance contrast and brightness, for greater visibility of roots.  Scale bar = 5 mm. 

 

4.2.6 The eom1 enhancer mutant is phs1-1 

The eom enhancer mutant was identified as a phs1 allele, based on the similarity of its phenotype to 

that of mor1-11phs1-1 (Fig. 4.6).  Treatment with 3 M PPM results in short, radially swollen roots in 

both eom1 and mor1-11phs1-1.  However, treatment with DMSO produces different phenotypes: eom1 

roots do not skew, whereas those of mor1-11phs1-1 do (Fig. 4.6).  Analysis of the PHS1 sequence 

determined that there was only one mutation in the PHS1 gene (CGT  TGT, causing the R64C amino 

acid substitution); this is identical to the mutation in the original phs1-1 mutant, which was also 

discovered using EMS mutagenesis (Naoi and Hashimoto, 2004).  
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Figure 4.6 The eom1 modifier mutant has a similar phenotype to mor1-11phs1-1 on PPM, but not on 
DMSO 
 
Seedlings were grown for 7 days at 21 oC on DMSO (top) or 3 M PPM (bottom).  Images were adjusted 
to enhance contrast and brightness, for greater visibility of roots.  Scale bar = 5 mm. 

 

4.3 Discussion 

4.3.1 Genetic interactions between MOR1 and PHS1 

No genetic interaction between MOR1 and MPK18 was detected in mor1-1mpk18-1 (Walia, 2009), nor in 

mor1-11mpk18-1, in the current study.  As the mpk18-1 (null) mutation neither enhanced nor 

suppressed the PPM-conditional phenotype of mor1-11 (Fig. 4.1), this suggests that signalling with 

MPK18 does not contribute to the microtubule defects seen in mor1-11.  Phosphorylation of -tubulin 

was seen in the mpk18-1 mutant (Chapter 3), and mpk18-1 has only moderately stabilized MTs relative 

to wild type (Walia et al., 2009).  If modifications of the C-terminus of MOR1 result in activation of PHS1, 

this may be mediated by another MAP kinase or by some other PHS1-interacting protein.  MPK12 is a 
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potential PHS1-interacting MAP kinase, and was shown to interact with PHS1 in a yeast two-hybrid 

assay, although the interaction could not be confirmed with bimolecular fluorescence complementation 

(Walia et al., 2009).  Expression of MPK12 is tissue-specific, with highest expression in guard cells; lower 

expression is observed in other tissues, including the root and hypocotyl (Winter et al., 2007; 

Arabidopsis eFP browser).  It might be informative to test for a genetic interaction between MOR1 and 

MPK12, though efforts to identify other potential MOR1-interacting proteins (e.g. through the mor1-11 

modifier screen described in this chapter) are likely to be more fruitful.  

The similarity of the mor1-11phs1-1 mutant phenotype to that of phs1-1 (Fig. 4.2) is consistent with the 

hypothesis that modification of the MOR1 C-terminal region in mor1-11 results in activation of PHS1 and 

phosphorylation of -tubulin (Chapter 3).  Because -tubulin in PPM-treated phs1-1 seedlings is highly 

phosphorylated (Chapter 3), any further cell elongation or radial swelling defects would result from 

microtubule organization defects unrelated to -tubulin phosphorylation, as in mor1-1phs1-1 (Naoi and 

Hashimoto, 2004).  No additional defects were observed in the mor1-11phs1-1 double mutant, 

suggesting that the effect of the mor1-11 mutation is primarily mediated through increased activity of 

PHS1.   

The PPM-treated mor1-11phs1-5 double mutant, on the other hand, has reduced cell elongation relative 

to either single mutant, as well as slight radial swelling (Fig. 4.3).  phs1-5 is a null allele (Pytela et al., 

2010), which means that the PPM-conditional phenotype of mor1-11 is enhanced in the absence of 

PHS1.  It is possible that moderate PHS1 activity (i.e. phosphorylation of some -tubulin) might offset 

the effect of the mor1-11 mutation.  Whether the effect of mor1-11 in the absence of PHS1 is the result 

of altered microtubule polymerase/depolymerase activity by MOR1, or perhaps by changes to signalling 

pathways affecting microtubules, is not clear.  A model of the relationship between MOR1 and PHS1 is 

proposed below (Fig. 4.7).   
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Figure 4.7 Model for MOR1 control of PHS1 tubulin kinase activity 
 
The C-terminal region of MOR1 is a negative regulator of PHS1 -tubulin kinase activity.  MOR1 and 
PHS1 are unlikely to interact directly (Walia, 2009), and regulation of PHS1 activity may therefore be 
mediated by MOR1-interacting +TIPs or signalling proteins (e.g. components of a MAP kinase signalling 
cascade).  Phosphorylation is represented by a yellow circle, e.g. on the MPK18-PHS1 module and on -
tubulin.  MPK18 is thought to phosphorylate and activate PHS1 (dotted arrow), which dephosphorylates 
and deactivates MPK18 (Walia et al., 2009).  Activated PHS1 phosphorylates -tubulin, blocking 
incorporation of tubulin dimers at the microtubule plus-end (Fujita et al., 2013).  Modification of the C-
terminal region of MOR1 (e.g. in the mor1-11 mutant, or with the addition of a C-terminal tag) interferes 
with the ability of MOR1 to inhibit PHS1 activity.  

 

Analysis of microtubule dynamics in the mor1-11 mutant demonstrated that microtubules in PPM-

treated mor1-11 seedlings grow more slowly than in wild type (Zhang, 2010), and that mor1-11 

dynamicity is altered relative to wild type (Fig. 4.4).  A similar analysis of microtubule dynamics in mor1-

11phs1-1 and mor1-11phs1-5 could determine whether MOR1 polymerase/depolymerase activity is 

changed in the absence of PHS1, and mor1-11phs1-1 and mor1-11phs1-5 double mutants expressing 

pro35S::GFP-TUB6 have been generated, in order to address this question.   
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4.3.2 mor1-11 modifier mutants 

I initially considered that eom1 might be a phs1-1 or mor1-11phs1-1 double mutant seed that was 

accidentally introduced into the M2 screening pool, but the mutagenesis project was carried out a year 

after completing the mor1-11 phs1/mpk18 double mutant analysis project (section 4.2.2), seeds for each 

project were stored in separate boxes, and the laboratory bench was thoroughly cleaned with ethanol 

before and after harvesting each pool of M2 seeds.  The probability of contamination was therefore 

judged to be low.  In addition, unlike mor1-11phs1-1, eom1 does not display constitutive left-handed 

skewing (Fig. 4.5).  This is likely because the eom1 M3 seedlings were not back-crossed to mor1-11 in 

order to segregate the eom1 mutation from background mutations.  A similar effect was seen in the 

original mor1-11 TILLING allele, which had constitutive right-handed skewing in the M3 generation; this 

constitutive phenotype disappeared after back-crossing to wild-type (Col) plants, leaving only the PPM-

conditional skewing phenotype (Zhang, 2010).  Because no other mutations were detected in the PHS1 

gene in eom1, any background mutations that affect the constitutive skewing phenotype of mor1-

11phs1-1 would affect other genes.   

Map-based cloning of the som mutants is ongoing, and will be discussed in greater detail in Chapter 5.  

4.4 Methods 

4.4.1 Plant material and growth conditions for mor1-11-mpk18-1 and mor1-11-phs1 mutant analysis 

The mor1-11 mutant was identified through a TILLING forward genetics screen (T. Shoji, unpublished 

results; Zhang, 2010).  phs1-1 mutant seeds were a kind gift from Dr. Takashi Hashimoto (NAIST), and 

phs1-5 (SALK_070121) and mpk18-1 (SALK_069399) mutant seeds were acquired from the Arabidopsis 

Biological Resource Center (Ohio State University).   
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To remove fungal spores, Arabidopsis thaliana seeds were treated with a sterilization solution (50% v/v 

ethanol, 3% v/v hydrogen peroxide) for 60 seconds, then washed twice with autoclaved distilled water.  

Seeds were grown on plates containing modified Hoagland’s growth medium with 1.2% w/v agar (Baskin 

and Wilson, 1997).   Plates were sealed with surgical tape and stored in the dark at 4 oC to promote 

germination, then placed vertically in a growth chamber (21 oC, continuous light at 80-100 

mol/m2/second).  

For drug treatments, plants were grown on plates containing 3 M PPM (300 L of a 10 mM stock 

solution in DMSO was added per L of medium) (Supelco Analytical), or DMSO (300 L per L of medium).  

For temperature treatments, plants were grown at 21 oC for 7 days, or at 21 oC for 5 days followed by 

transfer to a 31 oC growth chamber for 2 days.  

4.4.2 Genotyping mor1-11mpk18-1 and mor1-11phs1 mutant plants 

Candidate plants for genotyping were identified based on their root skewing phenotypes when grown 

on agar plates containing 3 M PPM.  All primers used for genotyping are listed in Table 4.2.  

Table 4.2 Primers used to genotype mor1, phs1, and mpk18 mutations 
 

Mutation Forward primer (5’3’) Reverse primer (5’ 3’) 

mor1WT (for mor1-11 SNP) AGGATATGGAGAAAAGAAGAGAAG TTCCAGTCTGTAGGGCCATT 

mor1-11 AAGGATATGGAGAAAAGAAGAGAGA As above 

phs1WT (for phs1-1 SNP) TTTACTCAATGGTTGGATTTAGGTC TTAATAACTGCTGCTTCTTCCTTAC 

phs1-1 TTTACTCAATGGTTGGATTTAGGTT As above 

phs1-5 (T-DNA) CTCCACCTTTACCGGATCTTC AGAGAGCTGCTGCAGCTCTAG 

mpk18-1 (T-DNA) TTTTGGTGTGCCAAGAAGATC GATCAAAAGCATTATGCTGCC 

LBa1 primer for T-DNA TGGTTCACGTAGTGGGCCATCG For use with phs1-5 and mpk18-

1 primers 
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4.4.3 Image processing and statistical analysis for root growth phenotypes 

Images were exported to ImageJ (Abràmoff et al., 2004).  Root length and skewing were quantified by 

measuring roots using the NeuronJ plugin for ImageJ (Meijering et al., 2004; Abràmoff et al., 2004). 

4.4.4 Confocal microscopy  

Yi Zhang crossed the mor1-11 mutant to a microtubule marker line (pro35S::GFP-TUB6), and measured 

microtubule growth and shrinkage rates.  For analysis of microtubule dynamicity (phase duration), GFP-

TUB6 was visualized in epidermal cells of the abaxial side of cotyledons of 7-day-old seedlings mounted 

in water, at 630x magnification (using a 63x glycerol lens).  Videos were taken using VolocityTM software 

version 6.3, using a PerkinElmer UltraVIEW VoX spinning disc confocal system on a Leica DMI6000B 

inverted microscope, with a Hamamatsu 9100-02 electron multiplier CCD camera.  GFP was excited 

using a 488 nm laser, and detected through a 525/36 nm emission filter.  Images were acquired every 5 

seconds.  Sample images of microtubule organization in mor1-11 are shown in Appendix 1. 

4.4.5 Image processing, microtubule tracking, and statistical analysis for microtubule dynamics 

Images were exported to ImageJ (Abràmoff et al., 2004).  Microtubule plus-end dynamics were 

measured using the MTrackJ plugin (Meijering et al., 2012).  For each genotype and each drug 

treatment, between 46 and 50 microtubules were tracked, for 35-65 seconds.  Data were exported to 

Microsoft Excel, and the mean duration of each dynamic phase was calculated, based on recorded 

observations of growth/shrinkage/pausing between time points.  Statistical significance was determined 

using a student’s t-test.  

4.4.6 mor1-11 modifier screen 

Approximately 15,000 mor1-11 seeds were mutagenized with EMS (ethyl methanesulfonate), according 

to the protocol described by Kim et al. (2006).  These M1 seeds were grown in large pots of soil 
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(Sunshine Mix #4), with approximately 200 seeds per pot.  M2 seeds were harvested from mature M1 

plants, and pooled according to the pot in which the M1 plant was grown.  M2 seeds were screened for 

enhancer or suppressor phenotypes, by growing them for 5 days on modified Hoagland’s growth 

medium containing 1.2% w/v agar (Baskin and Wilson, 1997) and 3 M propyzamide.  Plates were 

sealed with surgical tape and stored in the dark at 4 oC to promote germination, then placed vertically in 

a growth chamber (21 oC, continuous light at 80-100 mol/m2/second).  After 5 days, plates were 

transferred to a 31 oC growth chamber for 2 days. 

Putative mutants were allowed to self-fertilize, producing M3 plants.  If plants with the mutant 

phenotype were observed in the M3 generation, these were allowed to self-fertilize, producing M4 

plants.  M4 plants were again checked for heritability of the mutant phenotype, and these were used for 

back-crossing to mor1-11.  The segregation ratio of root skewing phenotypes from each mor1-11 back-

cross (in response to PPM treatment) was used to determine whether a modifier mutation was 

dominant, recessive, or semi-dominant.  som mutants with recessive mutations were crossed to each 

other, to test for complementation (recovery of the mor1-11 phenotype in the progeny), which indicates 

whether two mutations are allelic.   

Images of root skewing were obtained from M4 plants grown for 7 days on plates containing 3 M PPM 

(300 L of a 10 mM stock solution in DMSO was added per L of medium), or DMSO (300 L per L of 

medium).

Because EMS mutagenesis results in a high frequency of mutations (Page and Grossniklaus, 2002), som 

mutants were back-crossed twice to mor1-11, selecting for the homozygous som root skewing 

phenotype, in order to segregate the som mutations from additional background mutations.  Map-based 

cloning in Arabidopsis thaliana relies on the use of genetic markers that vary between ecotypes (usually 

Columbia and Landsberg), so mor1-11 was introgressed into the Landsberg erecta (Ler) genetic 
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background by crossing mor1-11 (originally in the Col background) to Ler eight times.  Primers used in 

genotyping the progeny of these successive crosses are shown in Table 4.3.  Each back-crossed mutant 

was then back-crossed twice to mor1-11Ler.  The progeny of the second cross to mor1-11Ler were 

allowed to self-fertilize, establishing an F2 mapping population for each of the som mutants.   

Table 4.3 Primers used to genotype the mor1-11 and erecta mutations 

Mutation Forward primer (5’3’) Reverse primer (5’ 3’) 

mor1WT (for mor1-11 SNP) AGGATATGGAGAAAAGAAGAGAAG TTCCAGTCTGTAGGGCCATT 

mor1-11 AAGGATATGGAGAAAAGAAGAGAGA As above 

erecta GATTGGGACACACGGCTTAATAA GATCTGCCATTTCCATCACTTC 

 
4.4.7 Identification of the causative mutation of eom1 

The PHS1 gene was amplified in overlapping fragments of 500-550 base pairs, using the primer sets 

listed in Table 4.4.  The purified PCR products were sequenced at the NAPS DNA Sequencing Laboratory 

(UBC), and sequences were assessed using chromatograms posted to the NAPS website.  The causative 

mutation was identified as CGT  TGT, causing the same R64C mutation as in phs1-1 (Naoi and 

Hashimoto, 2004).  Plants were genotyped for mor1-11 (Table 4.3), to confirm that eom1 had the mor1-

11 mutation and was not a phs1-1 single mutant accidentally introduced into the M2 screening pool.   

Table 4.4 Primers used to genotype the eom1 (phs1-1) mutation 

Primer set Forward primer (5’3’) Reverse primer (5’ 3’) 

1 TGAGATTTCGCTATACAAGTTGG AAGAGGAAAGTCTCAAGGTATC 

2 AAATATCCGTCTTCTTTCTTCGTC TCCAACCATTGAGTAAACCTATAAG 

3 ATCTATACCTTGTTCACGACGAG TCAGTGCTACTACTATGTTCAG 

4 TGTGGATATTGATTCGAGCTG ATGTCATTTCACCAACCTCG 

5 ACAGGCTAGAGTAATTCACAG TTGAAAGTGCCTACATGATCC 

6 AATAGGATCATGTAGGCACTTTC TCAGACATTGGACTCATTAAACC 

7 AGTCACCTTCACATACTCATGG TGGTTTCTCTGTATTAGCAGC 

8 GCAACTGAACTCAAACATTGTC AACCAGGATGAGATTGGAAAG 
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4.4.8 Map-based cloning of som mutants  

Map-based cloning of the som mutants is currently underway, using the protocol and SSLP (simple 

sequence length polymorphism) PCR markers developed by Lukowitz et al. (2000).  
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Chapter 5: Conclusions and future directions 

5.1 Main findings of this thesis 

In this thesis, I studied the role of the MOR1 microtubule polymerase/depolymerase in the control of 

microtubule organization and dynamics, using mor1 point mutants with conditional phenotypes to 

characterize domain-specific interactions with microtubules and with components of a stress-signalling 

pathway that promotes the phosphorylation of -tubulin.   

5.1.1 Analysis of mor1-tubulin double mutants provides insights into twisting growth 

Helical (twisting) growth and radial swelling phenotypes are indicative of disruption to cortical 

microtubule arrays, and the severity and handedness of twisting are fixed for most tubulin and MAP 

mutants (Ishida et al., 2007b).  It was previously suggested that twisting in a left-handed helix resulted 

from destabilization of microtubules, whereas twisting in a right-handed helix resulted from hyper-

stabilization of microtubules (Ishida et al., 2007a).  In an effort to characterize MOR1-microtubule 

interactions, and to understand the genetic basis of twisting, Zhang (2010) crossed tubulin mutants 

displaying right-handed twisting phenotypes to mor1 mutants with left-handed twisting phenotypes.  

Genetic interactions were detected between the tub4P220S or tub4G96D mutations, lesions which affect the 

interdimer interface of -tubulin, and the mor1-1 and rid5 mutations, which both affect the TOG1 

domain of MOR1 (Zhang, 2010).   

In the present study, analysis of microtubule organization and dynamics in these mutants and in mor1-

tubulin double mutants indicated that the handedness of twisting does not always correlate with 

microtubule growth or shrinkage velocity.  For example, microtubule growth and shrinkage velocity are 

statistically equivalent in tub4P220S and wild type at 31 oC, but tub4P220S roots grow with right-handed 

twisting, whereas those of wild type do not (Zhang, 2010; Appendix 1).  Similarly, the mor1-1 and rid5 



90 
 

mutants have similar parameters of dynamic instability, though rid5 roots grow with left-handed 

twisting at 21 oC, whereas those of mor1-1 do not.   

A model for the handedness of twisting must therefore account for factors other than microtubule 

dynamicity or stability, perhaps including the angle of microtubule nucleation (Eren et al., 2010), as well 

as changes to microtubule-MAP interactions.  Possible future experiments for directly characterizing 

microtubule-MOR1 interactions, through use of the tubulin purification method described in Chapter 2, 

are discussed in section 5.2.   

5.1.2 The addition of a C-terminal tag to MOR1 increases propyzamide sensitivity, by promoting 

phosphorylation of -tubulin

Because MOR1 could not be cloned using traditional methods, MOR1WT, MOR11-1, and MOR11-11 

constructs were generated using recombineering (Zhou et al., 2011; Alonso and Stepanova, 2014), with 

the addition of a C-terminal YPet-6xHis tag to facilitate microscopy and affinity purification.  Expression 

of MOR1WT-3YPet in the mor1-23 background was earlier demonstrated to rescue the lethal phenotype 

of mor1-23, and was thought to function in a manner similar to endogenous MOR1 (Eng, 2015).   

In order to determine whether expressing MOR11-11-YPet in the mor1-23 background phenocopied 

mor1-11, I tested the response of these plants to treatment with PPM.  All of the MOR1X-YPet variants 

were hypersensitive to PPM, in both the mor1-23 and wild-type genetic backgrounds.  Analysis of 

seedlings expressing MOR1WT-3YPet or MOR11-11-YPet in the wild-type background indicated that 

addition of a C-terminal tag resulted in phosphorylation of -tubulin, likely mediated by the tubulin 

kinase PHS1.

Affinity of MOR1WT-3YPet for the microtubule plus end and lattice is dependent on the genetic 

background in which the recombineered construct is expressed: it localized primarily to the plus end in 

the mor1-23 background, and to the plus end and lattice in the wild-type background, likely due to 
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competition for binding sites with endogenous MOR1 (Eng, 2015).  MOR11-1-YPet localized primarily to 

the plus end in both genetic backgrounds, whereas MOR11-11-YPet localized to the plus end and lattice in 

the mor1-23 background, and to the plus end in the wild-type background.  Localization of MOR1X-YPet 

did not vary with PPM treatment, or (in the case of MOR11-1-YPet) with temperature.   

Microtubule disorganization was not observed in seedlings expressing MOR11-1-YPet at the restrictive 

temperature, in contrast to microtubules in the mor1-1 mutant (Whittington et al., 2001).  Lechner et al. 

(2012) had previously noted that the mor1-1 mutation increased the binding affinity of a TOG12 

construct (TOG12mor1-1) for the microtubule lattice, and proposed that the mutation might impair plus-

end tracking of MOR1.  However, plus-end tracking of MOR11-1-YPet was not inhibited, potentially 

indicating that either the TOG345 domains contribute to plus-end tracking, or that addition of a C-

terminal tag could counteract any increase in affinity for the microtubule lattice.   

Because the addition of a C-terminal tag altered tubulin phosphorylation, microtubule organization, and 

sensitivity to PPM and temperature, caution is needed in interpreting the MOR1X-YPet-microtubule co-

localization results.  However, the different microtubule-binding affinities of the MOR1WT-3YPet and 

MOR11-11-YPet constructs suggests that localization of endogenous MOR1 is likely altered in the mor1-11 

mutant.  N-terminal fluorescent tagging of a MOR1 TOG12 fragment inhibited microtubule localization 

(Lechner et al., 2012), so the use of a C-terminal tag is currently the best approach for live-cell imaging 

of MOR1.  The finding that addition of a C-terminal tag to MOR1 results in increased phosphorylation of 

α-tubulin suggests that MOR1 may be involved in a signalling pathway for regulation of the tubulin 

kinase PHS1 in response to environmental stimuli.  Phosphorylation of -tubulin by PHS1 is promoted by 

various abiotic stressors, including cold, heat, salt, and osmotic stress, as well as by treatment with 

microtubule depolymerizing drugs such as PPM (Ban et al., 2013; Fujita et al., 2013). 
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5.1.3 Genetic interactions involving the mor1-11 mutation  

The finding that modification of the C-terminal region of MOR1 leads to phosphorylation of -tubulin 

tied in with a project for analyzing genetic interactions involving the mor1-11 mutation.  mor1-11 has a 

PPM-conditional phenotype similar to that of the phs1-5 null mutant (Pytela et al., 2010), and because 

genetic interactions were previously detected between mor1-1 and the phs1-1 mutant, which has 

increased PHS1 activity (Naoi and Hashimoto, 2004; Walia, 2009).  PHS1 binds to and dephosphorylates 

MPK18 (Walia et al., 2009), so I analyzed genetic interactions between mor1-11 and phs1-1, phs1-5, or 

mpk18-1 (null).   

No genetic interaction was detected between mor1-11 and mpk18-1, indicating that MPK18 is not 

involved in signalling events downstream of modification of the C-terminal region of MOR1.  However, 

the mor1-11phs1-1 mutant phenotype was equivalent to that of phs1-1, suggesting that PHS1 is 

activated downstream of modification of the C-terminal region of MOR1.  The phenotype of the mor1-

11phs1-5 double mutant was additive, indicating that the mor1-11 mutation might cause defects in 

microtubules by means other than by activation of PHS1.  It is possible that moderate PHS1 activity 

offsets other effects of the mor1-11 mutation.  Analysis of microtubule dynamics in DMSO-treated 

seedlings showed that microtubules in mor1-11 were more dynamic than those of wild type, spending 

less time in pause phase.  In PPM-treated seedlings, this effect was lost. 

In order to identify proteins that might interact with MOR1, or that might be involved in signalling 

pathways relating to MOR1, I also conducted a modifier mutant screen, using EMS mutagenesis in the 

mor1-11 genetic background.  I identified one enhancer of mor1-11 (eom1), which was caused by the 

same mutation as in the phs1-1 mutant, though the presence of background mutations abolished the 

constitutive left-handed skewing phenotype typical of phs1-1.  I also isolated six suppressors of mor1-11 

(som), and have yet to identify the causative mutations via map-based cloning.   
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5.2 Future directions 

5.2.1 In vitro microtubule polymerization and binding assays  

The recovery of microtubule dynamics to wild type-like levels in the tub4P220Smor1-1 mutant at 31 oC, 

despite disruption of microtubule organization, raises questions about the effect of these mutations on 

MOR1-microtubule binding and of MOR1 polymerase/depolymerase activity.  In addition, differences in 

microtubule dynamics and organization were observed with the tubulin-mor1-1 and tubulin-rid5 double 

mutants, likely indicating that the affected residues interact with different regions of the tubulin dimer, 

or may cause different changes to the conformation and binding affinity of MOR1 for the microtubule. 

Through in vitro reconstitution of MOR1-microtubule interactions, binding affinity and (de)polymerase 

activity in mor1 and tubulin mutants could be directly measured.  Purification of MOR1X-YPet-His, and of 

tubulin from wild-type and tub4P220S and tub4G96D mutant plants, is thus of interest.  While purification of 

plant tubulin would yield a mix of different isoforms of - and -tubulin, these mutant tubulins have a 

dominant-negative effect on microtubule dynamics and organization in vivo, and potentially also in vitro 

(Breviario et al., 2013; Hashimoto, 2013).  Purified tubulin could be used in in vitro polymerization 

assays, in order to determine the effects of mutated tubulin in the presence and absence of MOR1-YPet-

His (or the MOR11-1 variant).  Relative microtubule binding affinities of MOR1WT and MOR11-1 could also 

be compared using co-sedimentation assays with taxol-stabilized microtubules (including mutant 

tubulins) and purified MOR1X-YPet-His.   

Previous attempts to reconstitute MOR1-microtubule interactions in vitro have used tubulin purified 

from animal brains, and TOG domain constructs rather than full-length MOR1 (Lechner et al., 2012).  

Although some aspects of microtubule function are similar in plants and neurons (Gardiner and Marc, 

2011), plant tubulin has various properties that differ from animal tubulin.  These include dynamicity 

(Moore et al., 1997), binding affinity for MAPs, sensitivity to temperature (Hugdahl et al., 1993), and 
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sensitivity to microtubule-targeted drugs, some of which are used commercially as herbicides due to 

their ability to bind to plant tubulin, but not animal tubulin (Morejohn et al., 1987; Akashi et al., 1988).  

Purification of tubulin from plant sources is thus a priority for in vitro analysis of microtubule 

interactions with MOR1 and/or other MAPs, particularly when studying plant MAP mutants.  

For future in vitro studies of MOR1-microtubule interactions, I have begun to purify tubulin from 

Arabidopsis, using an affinity purification method, designed by Widlund et al., (2012).  In this method, a 

column containing beads linked to a TOG12 construct from S. cerevisiae Stu2p (hereafter, Stu2pTOG12), is 

used to purify tubulin dimers from an extract of Arabidopsis suspension cell cultures.  I had previously 

attempted to purify Arabidopsis tubulin by other means, which are described in Appendix 2; however, it 

was reported by the Hashimoto lab at NAIST that the Stu2pTOG12 column could be used to purify tubulin 

from Arabidopsis seedlings (Fujita et al., 2013; Hotta et al., 2016), and they kindly taught me their 

method.  I used this method to isolate highly pure tubulin from Arabidopsis T87 suspension cell cultures 

(Fig. 5.1 A).  Multiple tubulin isoforms were purified, and appear on the SDS-PAGE gels and Western blot 

as distinct bands with slightly different molecular weights (Fig. 5.1).  A tubulin polymerization and 

sedimentation assay was carried out, demonstrating that the purified tubulin was capable of assembling 

into microtubules, which form a pellet following ultracentrifugation (Fig. 5.1 B).   
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Figure 5.1 Plant tubulin purified using a Stu2pTOG12 affinity column was able to polymerize in vitro 
 
(A) SDS-PAGE gel and corresponding Western blot, showing protein and tubulin content at different 
stages of the tubulin purification procedure.   
(B) SDS-PAGE gel, showing that the purified tubulin is able to polymerize into microtubules.  Tubulin (at 
two different concentrations) was allowed to polymerize, then samples were centrifuged, and protein 
content of the supernatant (S) and pellet (P) was analyzed separately.  At both concentrations, tubulin is 
present as free dimers (S) and as microtubules (P).   

 

5.2.2 Analysis of mor1-11phs1 double mutants 

Analysis of microtubule dynamics and organization determined that the plus-end growth rate of 

microtubules in PPM-treated mor1-11 seedlings is lower than in wild type, and microtubules are shorter, 

though no major differences were observed in DMSO-treated seedlings (Zhang, 2010).  Because the 

additive phenotype of the mor1-11phs1-5 double mutant suggests that some PHS1 activity might offset 
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microtubule defects in mor1-11, I have generated mor1-11phs1-1 and mor1-11phs1-5 lines expressing 

pro35S::GFP-TUB6, for future analysis of how changes in PHS1 activity might affect microtubule 

dynamics and organization in mor1-11.  Further experiments using Phos-tagTM and Western blotting 

could determine whether -tubulin is phosphorylated in mor1-11, as my analysis of -tubulin 

phosphorylation was limited to plants expressing MOR11-11-YPet.  As MPK12 potentially interacts with 

PHS1 (Walia et al., 2009), analysis of a mor1-11mpk12 mutant could be informative. 

Purified MOR11-11-YPet-His could also be used to analyze MOR1-microtubule interactions in vitro, as 

discussed in section 5.2.1.  Analysis of MOR1-microtubule co-localization suggests that the mor1-11 

mutation may alter the binding affinity of MOR1 for the microtubule plus end and lattice.  Because the 

addition of a C-terminal YPet tag may alter the localization of MOR1, and because no full-length MOR1 

construct without such a tag is currently available, it would also be useful to test the binding of C-

terminal fragments of MOR1.  For this purpose, I have introduced the mor1-11 mutation into a TOG5-R4 

construct via site-directed mutagenesis.   

5.2.3 mor1-11 modifier mutants 

Map-based cloning of the som mutants is ongoing, using the approach detailed in Lukowitz et al. (2000).  

Currently, I plan to identify the causative mutations using a combination of PCR marker-based rough and 

fine mapping, next-generation sequencing, and informed guesses regarding gene products that are likely 

to affect microtubules.  Next-generation mapping is becoming a more accessible approach (Austin et al., 

2011), and the identification of the modifier mutation in eom1 as phs1-1 demonstrates that modifier 

mutations may be mapped to genes that are known to be involved in regulation of microtubules.  Some 

suppressor mutations are likely to map to genes encoding tubulins: for instance, tua6C213Y was previously 

identified as a suppressor of root skewing in mor1-11 at 31 oC (Zhang, 2010).  Other possible suppressor 
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mutations may include intragenic mutations in MOR1, and perhaps proteins that interact with MOR1 

and/or PHS1.   

5.3 Methods 

5.3.1 Growth conditions for Arabidopsis T87 cell suspension cultures 

Suspension-cultured T87 cells (Arabidopsis Biological Resource Center, Ohio State University) were 

grown in Murashige and Skoog liquid medium containing 18 M 2,4-D and 1 M kinetin, using a 

gyratory shaker at 110 rpm, and at 21 oC with a 16 hour light/8 hour dark cycle.  Cells were sub-cultured 

every 7 days by adding 7.5 mL of cells to 42.5 mL of fresh medium in a 250 mL Erlenmeyer flask.   

5.3.2 Purification of plant tubulin using the Stu2pTOG12 affinity column 

This method has been published in Hotta et al. (2016).  I performed the experiment under the direction 

of Drs. Takashi Hotta and Satoshi Fujita, who adapted the protocol for use in the purification of plant 

tubulin.  I later made my own Stu2pTOG12 column, using the pGEX-6P-1 Stu2 1-590 plasmid, and following 

the protocol described by Widlund et al. (2012).  The plasmid was kindly made available by Dr. Anthony 

Hyman (Addgene plasmid #38314).   

5.3.3 Assessment of tubulin purity and ability to polymerize 

For Western blot analysis, proteins were blotted onto a PVDF membrane, and -tubulin was detected 

using a mouse anti-tubulin primary antibody (1: 4,000) and an anti-mouse horseradish peroxidase-

conjugated secondary antibody (1: 10,000).  Bands were visualized using Immobilon Western 

Chemiluminescent HRP Substrate (Merck Millipore; WBKLS0100).

The concentration of purified tubulin was measured using a Bradford assay (Bradford, 1976).  To assess 

polymerization of tubulin, a solution of free tubulin dimers with no microtubules or tubulin aggregates 

was first obtained by ultracentrifugation of purified tubulin at 40,000 rpm and 4 oC, for 10 minutes.  The 
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supernatant, containing tubulin dimers, was added to a solution of 1x BRB80 (80 mM PIPES-KOH, pH 6.8; 

1 mM MgCl2; 1 mM EGTA), 1 mM GTP, and 10% v/v glycerol, such that the concentration of tubulin was 

0.88 g/L, or 1.1 g/L.  These concentrations of tubulin were chosen as being sufficient for tubulin 

polymerization.  Samples were incubated at 30 oC for 30 minutes, then the supernatant (containing 

tubulin dimers) and pellet (containing microtubules) were separated via ultracentrifugation, at 40,000 

rpm and 30 oC, for 30 minutes.  Samples were subsequently analyzed via SDS-PAGE. 
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Appendix 1: Root skewing and microtubule organization phenotypes 

 

Figure A1.1 Root growth phenotypes for tubulin and mor1 mutants (expressing pro35S::GFP-TUB6) 
studied in Chapter 2 
 
Root growth phenotypes for these mutants were previously published in Zhang (2010).  I acquired these 
images to confirm that root growth phenotypes are not altered with expression of pro35S::GFP-TUB6.  
These are shown here for reference.  Images were adjusted to enhance contrast and brightness. Scale 
bars = 5 mm. 
(A, B) Wild type at 21 oC (A) and 31 oC (B) 
(C, D) mor1-1 at 21 oC (C) and 31 oC (D) 
(E, F) rid5 at 21 oC (E) and 31 oC (F)  
(G, H) tub4P220S 
(I, J) tub4P220Smor1-1 
(K, L) tub4P220Srid5.  These plants are stunted.  This was not the case for tub4P220Srid5 without 
pro35S::GFP-TUB6, which have mild right-handed twisting, with radial swelling at 31 oC (Zhang, 2010). 
(M, N) tub4G96D 
(O, P) tub4G96Dmor1-1 
(Q, R) tub4G96Drid5 
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Figure A1.2 Microtubule organization phenotypes in tub4P220S and tub4P220Smor1 double mutants 
 
Confocal micrographs of 35S::GFP-TUB6 labelling cortical microtubule arrays in cotyledon epidermal 
cells of 7-day-old seedlings grown and imaged at 21 oC (left column) or 31 oC (right column).  
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Microtubule organization phenotypes in these mutants were previously published in Zhang (2010).  I 
acquired these images, which are shown here for reference.  Representative images are shown from a 
selection of 15-20 images acquired for each genotype and at each temperature. 
(A,B) Microtubule organization in wild type (Col) is similar at 21 oC and 31 oC.  
(C-F) Microtubule organization in mor1-1 and rid5 is similar to wild type at 21 oC, but microtubules are 
short and disorganized at 31 oC.  
(G, H) Microtubule organization in tub4P220S is similar to wild type at 21 oC, but microtubules are hyper-
parallel at 31 oC, with increased bundling. 
(I-L) Microtubule organization in tub4P220Smor1-1 and tub4P220Srid5 is similar to wild type at 21 oC, but 
microtubules are short and disorganized at 31 oC.  
Scale bars = 5 m. 
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Figure A1.3 Sample time series used for tracking microtubule plus-end dynamics 
 
Confocal micrographs of 35S::GFP-TUB6 labelling cortical microtubule arrays in cotyledon epidermal 
cells of 7 day-old wild-type seedlings at 31 oC.  The white dot marks the plus end of a growing 
microtubule, and the blue dot marks the plus end of a shrinking microtubule.  Scale bar = 5 m.   
 

8 sec 0 sec 

16 sec 24 sec 

56 sec 48 sec 

40 sec 32 sec 
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Figure A1.4 Microtubule organization in wild type and mor1-11 
 
Confocal micrographs of 35S::GFP-TUB6 labelling cortical microtubule arrays in cotyledon epidermal 
cells of 7 day-old wild-type seedlings at 21 oC.  Wild type (WT) and mor1-11 seedlings were grown on 
solid Hoagland’s medium containing DMSO (300 L/L) or 3 M PPM (300 L of a 10 mM stock).  Scale 
bar = 5 m.   
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Appendix 2: Tubulin purification  

In this appendix, I describe alternative approaches to purifying plant tubulin, which I attempted before 

purifying tubulin by the method described in Chapter 5.   

A2.1 Purification of Arabidopsis tubulin using anion exchange chromatography and 

polymerization/depolymerization cycling 

Purification of taxol-stabilized microtubules from plant cell suspension cultures and protoplasts has 

been achieved with various species, including rose, carrot, maize, and Arabidopsis (Morejohn and 

Fosket, 1982; Moore et al., 1987; Bokros et al., 1996; Hamada et al., 2013).  While taxol-stabilized 

microtubules are of use in microtubule-MAP binding (co-sedimentation) assays, MOR1 is a microtubule 

polymerase/depolymerase, and the study of microtubule-MOR1 interactions in vitro necessitates the 

purification of tubulin dimers (rather than microtubules) for use in polymerization assays.  Tubulin 

dimers are commonly purified from animal brains, using temperature-dependent polymerization and 

depolymerization cycling in combination with ultracentrifugation (Borisy et al., 1975).   

I designed a polymerization/depolymerization cycling-based protocol for purification of tubulin from 

Arabidopsis cell suspension cultures, with modifications to account for the properties of plant tubulin 

(Fig. A2.1 A).  Because tubulin in plant suspension cell cultures is less abundant than in animal brains 

(Hotta et al., 2016), and since the C-terminal tail regions of tubulin are negatively charged, tubulin from 

plant cell lysate was first concentrated using anion exchange chromatography.  One cycle of 

polymerization and depolymerization was used, with polymerization at 25 oC rather than the usual 32-37 

oC, since plant tubulin can polymerize more efficiently than animal tubulin at lower temperatures 

(Hugdahl et al., 1993). 

This method yielded relatively pure tubulin (Fig. A2.1 B); however, this tubulin was unable to re-

polymerize in vitro, even when treated with the microtubule-stabilizing drug taxol (Fig. A2.1 C).  
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Figure A2.1 Plant tubulin purified using polymerization and depolymerization cycling was not able to 
polymerize in vitro 
 
A. Experimental flow chart, indicating steps at which samples were taken for the gel in Fig. A2.1 B. 
B. SDS-PAGE gel, showing protein content at different stages of the tubulin purification procedure.  MW, 
molecular weight standards.  20 L were loaded for each sample.  Eluate from the anion exchange 
column (sample 1) had a prominent band corresponding to the molecular weight of a tubulin monomer 
(55 kDa).  Concentration of tubulin and other proteins via centrifugal filtration was efficient, as only a 
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small amount of lost protein was detected in the centrifugal filtrate (sample 2).  Polymerization and 
pelleting of microtubules at 25 oC was also efficient, as various proteins are seen in the supernatant 
from the pelleting step (sample 3), but not in the final sample of purified tubulin (sample 4). 
C. When mixed with rhodamine-labelled sheep brain tubulin (5 M plant tubulin: 0.24 M labelled 
tubulin) and 0.2 mM taxol, only very short microtubules were able to form.   

 
A2.2 Purification of Arabidopsis tubulin using MOR1TOG1234 affinity purification 

A method for purifying tubulin dimers without the use of temperature-driven polymerization and 

depolymerization cycling was published by Widlund et al. (2012).  This method uses a construct with the 

TOG1 and TOG2 domains from S. cerevisiae Stu2p, fused to a glutathione S-transferase (GST) tag; the 

GST-TOG12 construct is coupled to N-hydroxysuccinimide ester-activated Sepharose beads, creating an 

affinity column.  This affinity purification method was shown to yield highly pure tubulin from animal 

and fungal sources (Widlund et al., 2012).    

As plant tubulin has various characteristics that are distinct from animal tubulin (discussed in Chapter 5), 

I hypothesized that plant tubulin might be more easily purified using a MOR1-based affinity column, and 

instead used a TOG1234-His construct to create an affinity column.  This column was not effective when 

used to purify tubulin from Arabidopsis T87 cells: no protein was detected in the eluate, even when 

filter-centrifuged to concentrate any eluted protein (Figure A2.2 A).  In order to determine whether the 

MOR1TOG1234 column could bind tubulin at all, I loaded purified sheep brain tubulin onto the column.  

Interestingly, the column was able to bind sheep tubulin: no tubulin was detected in the column flow-

through, though some was washed out, and enough remained bound to the column during the multiple 

wash stages (which used a total of 22 column volumes of two different wash buffers) that some tubulin 

was detected in the eluate (Figure A2.2 B).   
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Figure A2.2 A MOR1TOG1234 affinity column did not efficiently bind plant tubulin 
 
(A) SDS-PAGE gel, showing protein content at different stages of the Arabidopsis tubulin purification 
procedure.  20 L were loaded for each sample, except the last (10 L).  No protein bands were 
observed in the filter-centrifuged (concentrated) eluate, indicating that any tubulin present in the cell 
extract failed to bind to the MOR1TOG1234 column. 
(B) SDS-PAGE gel, showing protein content at different stages of an experiment designed to determine 
whether sheep brain tubulin could bind to the MOR1TOG1234 column.  20 L were loaded for each sample.  
Sample 1 shows the purified sheep brain tubulin that was loaded onto the column (approx. 100 M); 
sample 2 shows that none of the tubulin was lost in the column flow-through; sample 3 was taken from 
the first wash step (which used 4 column volumes of wash buffer), showing some loss of tubulin; sample 
4 shows the presence of tubulin in the eluate, indicating that some of the tubulin did bind to the 
MOR1TOG1234 column.
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A2.3 Considerations for the use of plant tubulin and MOR1 in in vitro work 

Although I was able to purify plant tubulin using a combination of anion exchange chromatography and 

polymerization/depolymerization cycling, the purified tubulin was unable to re-polymerize (Fig. A2.1).  I 

hypothesize that plant tubulin is more temperature-sensitive than animal tubulin; this effect may be 

especially pronounced due to the lower abundance of plant tubulin (Morejohn and Fosket, 1982). 

Microtubule reassembly following cold-induced depolymerization was shown to be impaired in vivo 

following inhibition of the Hsp90 chaperone by geldanamycin (Krtková et al., 2012); removal of Hsp90 or 

other chaperones during the purification process may therefore prevent microtubule re-assembly, 

perhaps more so in plants than in animals.   

I created a MOR1TOG1234 affinity column, using the longest MOR1 construct available at the time, and 

hypothesized that TOG domains from MOR1 would be able to bind plant tubulin more efficiently than 

the Stu2pTOG12 construct used by Widlund et al. (2012).  MOR1TOG12 had been previously shown to bind 

weakly to sheep brain tubulin (Lechner et al., 2012), and the MOR1TOG1234 column was indeed able to 

bind concentrated sheep brain tubulin (Fig. A2.2 B).  Binding of plant tubulin, however, was ineffective 

(Fig. A2.2 A), and a similar attempt to make a MOR1TOG12 affinity column also failed (Hotta et al., 2016).   

On the other hand, the Stu2pTOG12 column described in Chapter 5 proved to be effective for purifying 

plant tubulin (Fig. 5.1).  In addition to its usefulness for future experiments using plant tubulin, this 

result demonstrates the importance of studying the mechanism of action of MOR1.  As MOR1 TOG 

domains bind tubulin with lower affinity than the TOG domains of other orthologues, and as plant and 

animal tubulin differ in their ability to bind to TOG domains, caution should be used when extrapolating 

from information derived from studies of MOR1 orthologues or animal tubulin. 
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A2.4 Methods 

A2.4.1 Growth conditions for Arabidopsis T87 cell suspension cultures 

Suspension-cultured T87 cells (Arabidopsis Biological Resource Center, Ohio State University) were 

grown in Murashige and Skoog liquid medium containing 18 M 2,4-D and 1 M kinetin, using a 

gyratory shaker at 110 rpm, and at 21 oC with a 16 hour light/8 hour dark cycle.  Cells were sub-cultured 

every 7 days by adding 7.5 mL of cells to 42.5 mL of fresh medium in a 250 mL Erlenmeyer flask.   

A2.4.2 Purification of plant tubulin using anion exchange chromatography followed by polymerization 

and depolymerization cycling 

Filtered T87 cells (about 40 g) were resuspended in 200 mL PME buffer (100 mM PIPES, pH 6.9; 2 mM 

EGTA; 1 mM MgSO4; 1 mM DTT; 100 M GTP) containing plant protease inhibitor cocktail (Sigma-

Aldrich).  This suspension was divided into 25 mL aliquots, which were kept on ice.  Each aliquot of cells 

was homogenized using a glass tissue homogenizer, then by a probe sonicator (each aliquot was 

subjected to 1 minute of sonication, followed by 6 minutes of incubation on ice, repeated 7 times).  Cell 

intactness was assessed using a light microscope at 100x magnification, with the goal of disrupting the 

cell walls in approx. 90% of cells.  The cell lysate was cooled on ice for 30 minutes, then centrifuged at 

40,000xg and 4 oC for 40 minutes.  The supernatant was decanted into a new tube, and GTP was added 

to 100 M.    

An anion exchange column was prepared, using 5 mL DEAE Sepharose bead suspension (Sigma-Aldrich).  

All steps relating to anion exchange chromatography were carried out at 4 oC, and all solutions were pre-

cooled.  The column was pre-equilibrated using 10 mL PME buffer, then the supernatant from the 

centrifuged lysate was run through the column.  The column was washed with 35 mL wash buffer (100 

mM PIPES, pH 6.9; 1 mM MgCl2; 1 mM EGTA; 250 mM KCl; 1 mM DTT; 100 M GTP; plant protease 

inhibitor cocktail).  The concentrated tubulin was eluted with two column volumes of elution buffer (100 
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mM PIPES, pH 6.9; 1 mM MgCl2; 1 mM EGTA; 300 mM KCl; 750 mM glutamate; pH adjusted to 6.6; 1 

mM DTT; 100 M GTP; plant protease inhibitor cocktail).  Proteins in the eluate were concentrated via 

filter centrifugation (Amicon Ultra-15 centrifugal filter units, Millipore) at 4,000xg for 15 minutes, at 4 

oC.  The concentrated protein sample was then washed by adding 15 mL PME buffer, and centrifuged 

again at 4,000xg for 15 minutes, at 4 oC.   

Microtubule assembly was induced by adding 2 mM GTP, 8% v/v DMSO, and 10 mM MgCl2 to the 

concentrated protein sample, and incubating for 30 minutes at 25 oC.  Polymerized microtubules were 

recovered by centrifugation at 70,000xg for 30 minutes, at 25 oC.  The microtubule pellet was 

resuspended with careful pipetting in chilled PME buffer containing 100 M GTP, to a concentration of 

approximately 10 mg tubulin/mL, based on the estimated mass of the pellet.  Microtubule disassembly 

was then induced by incubating the solution on ice for 30 minutes.  The depolymerized tubulin sample 

was centrifuged at 70,000xg for 30 minutes, at 4 oC, to remove insoluble contaminants.  Protein 

concentration in the resulting supernatant was determined using a Bradford assay (Bradford, 1976), and 

50 L aliquots of tubulin were frozen in liquid nitrogen and stored at -80 oC.   

A2.4.3 In vitro tubulin polymerization assay with fluorescent animal tubulin 

50 L 7 M Arabidopsis tubulin was mixed with 0.2 L 85 M rhodamine-labelled sheep brain tubulin, 

19 L glycerol, 1 L 100 M GTP, and 0.35 L 4 mM taxol.  The sheep brain tubulin was labelled with 

rhodamine by Dr. Bettina Lechner.  This solution was incubated at 37 oC for 20 minutes, then pipetted 

onto a microscope slide and covered with a coverslip.  Microtubules were visualized using a Zeiss 

Observer Z1 microscope. 

A2.4.4 Assessing tubulin binding using the MOR1TOG1234 affinity column 

Dr. Bettina Lechner created a TOG1234-His construct, by amplifying MOR1 cDNA and cloning the 

sequence into the pET21b vector (Novagen, Merck KGaA, Germany), which added a C-terminal 6xHis 
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fusion tag.  I carried out all of the procedures described subsequently.  Terrific Broth (1.2% w/v tryptone, 

2.4% w/v yeast extract, 0.4% v/v glycerol, 17 mM KH2PO4, 72 mM K2HPO4) containing 50 g/mL 

ampicillin was inoculated with E. coli BL21 cells expressing TOG1234-His, and this batch culture was 

grown on a temperature-controlled gyratory shaker at 37 oC and 225 rpm.  Optical density at  = 600 nm 

(OD600) was measured using a spectrophotometer.  When OD600 reached 0.5, the temperature was 

shifted to 18 oC for 1 hour.  Protein expression was induced by adding isopropyl -D-1-

thiogalactopyranoside (IPTG) to a concentration of 0.2 mM, and the culture was grown at 18 oC for a 

further 18 hours.  Cells were harvested via centrifugation at 3,500xg and 4 oC.   

To purify TOG1234-His, cells were lysed in lysis buffer (3.4 mM NaH2PO4, 46.6 mM Na2HPO4, 250 mM 

NaCl, 2 mM MgCl2, 40 mM imidazole, pH 8.0; with 1 mM DTT and plant protease inhibitor cocktail 

(Sigma-Aldrich); 5 mL of buffer per 1 g of cells) using a probe sonicator for 5 minutes, and cell lysate was 

cleared via centrifugation for 30-40 minutes at 14,000 rpm and at 4 oC.  Cleared cell lysate was mixed 

with Ni-NTA agarose (Qiagen) and gently shaken at 4 oC for 1 hour.  The beads were loaded onto a 

column, washed with 10 column volumes lysis buffer, and eluted with 2 column volumes elution buffer 

(15.8 mM NaH2PO4, 34.2 mM Na2HPO4, 250 mM NaCl, 2 mM MgCl2, 250 mM imidazole, pH 7.2).   The 

eluate was desalted using PD MidiTrap columns (GE Healthcare) that had been pre-equilibrated with 

BRB80+ buffer (80 mM PIPES-KOH, pH 6.8; 5 mM MgCl2; 1 mM EGTA).  Protein concentration was 

measured using a Bradford assay (Bradford, 1976).  Purified TOG1234-His was then conjugated to NHS-

activated Sepharose 4 Fast Flow resin (GE Healthcare), as described in the protocol published by 

Widlund et al. (2012).   

When attempting to purify plant tubulin, I prepared plant cell extracts using the same protocol I had 

used when purifying tubulin via anion exchange chromatography and polymerization/depolymerization 

cycling, substituting a bead homogenizer (Glen Mills Inc.) for the glass homogenizer.  Subsequent wash, 
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elution, and desalting steps followed the protocol published by Widlund et al. (2012).  When assessing 

binding of purified sheep brain tubulin, I pre-equilibrated the MOR1TOG1234 column with BRB80+ buffer, 

then loaded 240 L tubulin (approx. 100 M) that I had previously helped Dr. Bettina Lechner to purify.  

Subsequent steps followed the protocol published by Widlund et al. (2012). 


