
The Diversity of Division 

From Inoue 2008, Reproduced From Belar K 1926 



My Motivation: 

1) What Aspects of Spindle Self-Organizatio
Biologically Important? 

2) How to Explain Existing Diversity of Spin
Organization and Dynamics? 

3) How to Think about the Evolution of 
Self-Organizing Structures? 



 
       

  

 
  
 

  

 

   
 

 

 

 
 

  
 

 

 

 

   
 

 

 

Prometaphase 
Forming Spindle 

Metaphase 
Assembled Spindle 

Anaphase 
Segregation 
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Textbook Mitosis 

Cytokinesis 
Cell Cleavage 



Textbook Mitosis 
Prometaphase

Metaphase

Anaphase

Patricia Wadsworth 
UMass Ahmerest 

LLC-PK1 Cells (Pig epithelial tissue culture) 
GFP-tubulin 



By John Daum (Gorbsky Lab) 
Xenopus Tissue Culture 

Textbook Mitosis 
Prometaphase

Metaphase

Anaphase



Textbook Mitosis 

Chromosome 

Astral 
Microtubules 

    

  

  

The Metaphase Spindle 

~10 μm 

Kinetochore 
Microtubules 

Nonkinetochore 
Microtubules 

  

Centrosome 



The Metaphase Spindle Can Exist 
at Steady-State for Hours but. . . 
 
1) Constant Motion (flux)  
of Tubulin from Chromosomes  
to Poles 
 
2) Rapid Turnover of Microtubules 
Half-life ~20 seconds 

Mitchison, JCB, 1989, 109, 637 

Tubulin: 

Textbook Mitosis 
The Metaphase Spindle is Highly Dynamic 



Motors 

  

  

Slide Anti-Parallel Microtubules 

  

Slide Parallel Microtubules 

Cross-Linkers 

Chromosome 

Microtubules 

    

  

 
 

    
  

  

  

  
  

  

  

  

  

  
Motors 

A Wide Variety Proteins Organize 
Microtubules in the Spindle 

Textbook Mitosis 

Nucleators, Stabilizers, Destabilizers 



Variation in Nuclear Envelope Break

    

  

  

   



Variation in Nuclear Envelope Break

Heath 1980 

Open 
Complete Nuclear Envelope Breakd
Textbook Metazoan 

Closed 
Spindle Inside Nucleus 
S. cerivisia, S. pombe 

Other 
Many, many varieties 

In myxomycetes, both closed and  
open division occur, depending on 
the stage of the life cycle  



From DF Kubai 1975

Dinoflagellates 
Microtubules Outside Nucleus 
Chromosomes Inside Nucleus 

No Traditional Spindle 

Hypermastigotes 
Spindle Outside Nucleus  

Chromosomes Inside Nucleus 



Barbulanympha: a hypermastigote 
an anaerobic symbiont in cockroach gu
From Ritter, Inoue, Kubai, JCB, 1978 



    

  

  ~10 μm 

  

Pole 

Variation in Spindle Poles 



Variation in Spindle Poles 

Microtubule Organizing Cente

1) Centrioles 

2) Acentriolar 

3) Self-Organized 



Tirnauer et al, MBC, 2004, 15 1776 10 μm 

Self-Organized Spindle Poles
Xenopus laveis (Meiotic Extract) 



Variation in Spindle Poles 
Variation In Importance of Centrioles in Spindle Fu

1) Not Present - Not Important 
 meiosis in most metozan females 

2) Present - Not (Very) Important 
 mammalian tissue culture cells 
 drosophila  

3) Present - Crucial 
 C. elegans 1st mitosis 



    

  

  ~10 μm 

  

Variation in Spindle Structure 
And Microtubule Behaviors 



 

 

 

Drosophila 
Tissue Culture 

Human 
Tissue Culture 

Xenopus 
Egg Extract 

~10 μm 

Sauer, et al, M
ol. Cel. Prot. 4.1,35, 2005 

G
oshim

a, et al, Curr. Bio. 15:1979, 2005  

Yeast 

Pearson, et al, M
ol. Bio. Cell. 17:4069, 2006 

  

 

Spindles Have Different Shapes a



Victoria Foe 
Center for Cell Dynam

S. droebachiensis 
“green urchin” 

S. purpuratus 
“purprle urchin” 

sely Related Organisms Can Have Different Spin

20 μm 



Xenopus laevis Eggs 

  
 

  

Egg Extracts 

  

 

  
 

  

Add DNA 
Microtubules 

Grow 
Spindles 
Assemble 

Adopted from Ryoma Ohi 

ely Related Organisms Can Have Different Spind
Cell Extracts 



Closely Related Organisms 
Can Have Different Spindles 

Xenopus tropicals 
Eggs ~0.6 mm diameter 
Genome ~1.7 x 109 bp 
Meioses II Spindle Length  ~ 20 micro
 
Xenopus laevis 
Eggs ~1.2 mm diameter 
Genome ~3 x 109 bp 
Meioses II Spindle Length ~ 35 micron



fferent Spindles Within the Same Organism Are Differe

Xenopus laveis 

500 μm 

20 μm 

C. elegans 

10 μm 

Meiosis 

Mitosis 1 



fferent Spindles Within the Same Organism Are Differe

500 μm 

20 μm 

Xenopus laveis 



fferent Spindles Within the Same Organism Are Differe

Xenopus laveis 

Cell “Diameter” 

S
pi

nd
le

 L
en

gt
h 

Cell “Diameter” 

Mechanism Unclear:  Confinement?  
    Altered Biochemistry? 



fferent Spindles Within the Same Organism Are Differe

C. elegans 



Microtubule Behaviors Are Different 
In Different Spindles: Turnover 

Xenopus laveis (Meiotic Extract) 
FRAP 

Fluorescence Recovery 
After Photobleaching 

1) Photobleach Fluoresc
Tubulin 

2) Measure Time Scale o
Recovery 

(many problems and caveat



Microtubule Behaviors Are Different 
In Different Spindles: Turnover 

Xenopus lavies (meiotic extract)    ~20 seconds 
FRAP, Photoactivation, Single Molecule Dynamics 

Sea Urchin Embryo    ~20 seconds 
FRAP (Salmon, 1984) 

PTK2 (kangaroo rat kidney tissue culture)  ~10 seconds 
FRAP (Rizik, 2009) 

Yeast, S. pombe      40-100 seconds 
FRAP (Gardner, 2006) 

Drosophila melanogaster (embryo)   ~7 seconds 
FRAP (Cheerambathur, 2007) 

Drosophila melanogaster (tissue culture)  ~20 seconds  
FRAP (Buster, 2007) 

Yeast, S. cerevisiae      ~50 seconds 
FRAP (Maddox, 2000) 



Microtubule Behaviors Are Different 
In Different Spindles: Flux 

Mitchison, JCB, 1989, 109, 637 

Photoconvertible Tubulin 
(PTK2, Marsupial Tissue Culture) 

Single Molecule Tubulin 
(Xenopus laveis, meiotic extract) 



Microtubule Behaviors Are Different 
In Different Spindles: Flux 

PTK2 (kangaroo rat kidney tissue culture)  ~0.5 μm/min 
Photoconversion (Mitchison, 1989) 

Xenopus lavies (meiotic extract)    ~ 2 μm/min 
FRAP, Photoactivation, Single Molecule Dynamics, Speckle 

Arabidopsis (plant)    ~ 2 μm/min 
FRAP (Dhonukshe, 2006) 
Drosophila melanogaster (embryo)   ~ 1.5 μm/min 
Speckle (Brust-Mascher, 2002) 

U2OS (human tissue culture)    ~0.5 μm/min 
Photoconversion (Ganem, 2005) 

Yeast, S. pombe      Not Measurable 
FRAP (Gardner, 2006) 

Yeast, S. cerevisiae      Not Measurable
FRAP, Speckle (Maddox, 2000) 

C. Elegans (1st mitotic)    Not Measurable
FRAP 



Peg Coughlin (Mitchison Lab) 

X 

Y 

X 

Z 

Microtubule Behaviors Are Differ
In Different Spindles: Number 

Xenopus laveis (Meiotic Extract)

Yeast 
S. cerevisia 

Winey, 1995 

Diato
m 

McDonald, 1979 



Microtubule Behaviors Are Different 
In Different Spindles: Number 

Yeast, S. cerevisiae      ~40 
Winey, 1995 

Yeast, S. pombe      ~40 
Ding, 1993 

Xenopus lavies (meiotic extract)    ~ 100,000 ? 

PTK2 (kangaroo rat kidney tissue culture)  ~5,000 ? 
Mastronarde, 1995 

HeLa (human tissue culture)    ~10,000 ? 
McIntosh, 1971 

Diatoma vulgare    ~1,000  
McIntosh, 1979 



Microtubule Behaviors Are Different 
n Different Spindles: Lengths and Location

Yeast, S. cerevisiae  
Gardner, 2008 

C. Elegans mitotic (partial) 
O’Toole, 2003 

500 nm 



Microtubule Behaviors Are Different 
n Different Spindles: Lengths and Location

500 nm 

10 μm 

C. elegans 
meiosis 

C. elegans 
1st mitotic 

Meiosis 
- Short Microtubules 
-Plus and Minus Ends 
Spread Throughout 

1st Mitotic 
- Long Microtubules 
-Minus Ends Located 
Near Centrosome 



Microtubule Behaviors Are Different 
n Different Spindles: Lengths and Location

C. Elegans (1st mitotic)   All Minus Ends At Poles
     “Long” Microtubules 

C. Elegans (meiotic)    Minus Ends Thro
      “Short” Microtubules 

Yeast, S. pombe     All Minus Ends At Poles 
     “Long” Microtubules 
Yeast, S. cerevisiae     All Minus Ends At Pole
     “Long” Microtubules 

Xenopus laveis (meiotic extract)  Minus Ends Throughou
(indirect data)     “Short” Microtubules 

PTK2 (kangaroo rat kidney tissue culture)  Minus Ends Thro
      “Short” Microtubules 



Microtubule Behaviors Are Differen
In Different Spindles: Kinetochores

Microtubules per Kinetochore 
Yeast, S. cerevisiae      ~1 
Winey, 1995 

Yeast, S. pombe      ~3 
Ding, 1993 

Human Tissue Culture     ~20 

PTK2 (kangaroo rat kidney tissue culture)  ~20 
Mastronarde, 1995 

Xenopus lavies (meiotic extract)    ~ 20 

C. elegans (1st mitotic)    100s ? (holocen



Variation in Molecular Processes 
No Mitotic Kinesisn Are Universally Conserved 

But inhibiting specific kinesins can lead to similar phenot



Variation in Molecular Processes 
Dynein is Absent in Flowering Plants 

Ran-pathway Crucial for Microtubule Nucleation 
In Many Spindles 



Checkpoint 
No checkpoint in early development 

Importance of checkpoint different for different organisms 
Null mice die 
Null flies are okay 
Null C elegans are pretty good, but cannot survive dauer 



No metaphase in many organisms: yeast, protists 

Time of mitosis (from Heath 1980), strongly temperature dependent 
Chilomonas and Fusarium = 5 minutes 
Tradescantia (plant) = 340 minutes 
Human Tissue Culture ~ 30 minutes 

How accurate is chromosome segregation? 


