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ABSTRACT

Transmission e lec t ron  microscopy was u t i l i z e d  to examine the 
m i t o t i c  sequence in  veg e ta t ive ly  d iv id in g  nuclei o f  Cladophora 
f lexu osa . M i tos is  i s  p r im a r i l y  r e s t r i c t e d  to nucle i  o f  ap ica l  
c e l l s  which undergo numerous concurrent asynchronous d i v i s io n s .
The nuclear envelope remains i n t a c t  throughout the cyc le .  The 
sp ind le  is  exc lu s ive ly  in t r a n u c le a r .  Paired nucleus associated 
organel les o f  unknown fu n c t io n ,  described as "abbreviated c e n t r i -  
o les"  are absent dur ing interphase but appear to a r ise  de novo 
during prometaphase. The nucleolus p e rs is ts  in  a d i f f u s e ,  f r a g 
mentary form from middle prophase u n t i l  regain ing i t s  compact 
s t ru c tu re  a t  telophase. Spindle e longat ion plays a major ro le  
in the separation o f  daughter n u c le i ,  shortening o f  the chromo- 
some-to-pole distance being secondary. Separation o f  daughter 
nuc le i  from the in te rzona l  sp ind le  may be e f fec ted  by nuclear 
r o ta t i o n .  Aside from minor v a r ia t i o n s ,  the sequence described 
f o r  vegeta t ive  m i tos is  in  C_. f lexuosa compares favorab ly  w i th  
accounts o f  m i tos is  in o ther  members o f  t h is  genus as well  as in  
o ther  l i f e  h i s to r y  forms of  t h i s  species. Current evo lu t ionary  
schemes f o r  the green algae are reviewed; however, placement o f  
the Cladophorales among any p a r t i c u l a r  l i n e  remains premature. 
Major u l t r a s t r u c t u r a l  features are discussed w i th  respect  to t h e i r  
use as phylogenetic  i n d ic a to rs .



VEGETATIVE MITOSIS IN THE MULTINUCLEATE GREEN ALGA, 

CLADOPHORA FLEXUOSA: AN ULTRASTRUCTURAL STUDY



INTRODUCTION

M itos is  has been a sub jec t  o f  s c i e n t i f i c  endeavor f o r  over a 

century (Paweletz, 1964). I t s  continued lon g ev i ty  as a to p ic  o f  

research i n t e r e s t  can be a t t r i b u t e d  to the i n t r i n s i c  importance o f  

m i tos is  as a process fundamental to  c e l l  reproduct ion ,  the complex 

nature o f  m i t o t i c  behavior manifested by numerous v a r ia t io n s  both 

among and w i th in  c e l l  types,  i t s  value as a sub jec t  f o r  the study 

o f  non-muscle m o t i l i t y ,  and i t s  value in  c o n t r ib u t in g  to the d e te r 

mination o f  phylogenetic  a f f i n i t i e s .

The present paper is  a repo r t  on the f in d in gs  o f  an u l t r a s t r u c -  

tu r a l  study o f  vegeta t ive  m i tos is  in the green a lga,  Cladophora 

f lexu osa . The study was undertaken to provide a de ta i led  u l t r a -  

s t r u c tu ra l  account o f  the m i t o t i c  sequence in  veg e ta t ive ly  d iv id in g  

nucle i o f  th is  species, to note p e r t in e n t  i n t e r s p e c i f i c  and i n t r a 

s p e c i f i c  m i t o t i c  v a r ia t i o n s ,  and to discuss the s ig n i f ic a n c e  o f  the 

observat ions w i th  respect to phylogenetic  cons idera t ions .

Cladophora f lexuosa D i l lw .  Harv. is  a marine green alga charac

te r iz e d  by abundantly branched, u n ise r ia te  f i lam ents  composed of  

large m u l t inuc lea te  c e l l s  (F igs.  1, 2) . Growth in  t h i s  species is  

p r im a r i l y  a p ic a l ,  c y to k in e t i c  d iv is io n s  occuring sometime a f t e r  com

p le t io n  o f  numerous asynchronous m i t o t i c  d i v i s io n s .  Cy tok ine t ic  

d iv is io n s  perpendicu la r  to the axis o f  the f i la m e n t  concomitant w i th  

c e l l  growth increase f i lam e n t  leng th ,  wh i le  those occuring at
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approximately 45° angles to the f i la m e n t  axis i n i t i a t e  branch forma- 

t ion  ( F ig s . 1, 2) .

C_. f lexuosa is  assumed to e x h ib i t  an isomorphic a l t e rn a t io n  o f  

generations ( F r i t s c h ,  1935; Scot t  & Bu l lock ,  1976), a l i f e  h is to ry  

which is  ideal f o r  s tudying i n t r a s p e c i f i c  c y to lo g ic a l  d i f fe ren ces .  

This type o f  l i f e  h i s to r y  is  uncommon in  green algae. Although 

there are a small number o f  f reshwater  green algae, inc lud ing  Clado

phora , th a t  have isomorphic a l te rn a t io n  o f  generat ions,  most green 

algae e x h ib i t i n g  t h i s  l i f e  h is to r y  are marine. D ip lo id  in d iv id u a ls  

undergo reduction d i v i s io n  to  produce q u a d r i f l a g e l l a te  zoospores 

which w i l l  develop in to  gametophyte generations. Haploid i n d iv i d u 

als can subsequently undergo m i t o t i c  d iv is io n s  producing b i f l a g e l -  

l a te  gametes which fuse to form d ip lo id  zygotes th a t  w i l l  mature to 

re c o n s t i tu te  the d ip lo id  sporophyte generation. Purely vegeta t ive  

mitoses are p r im a r i l y  r e s t r i c t e d  to young p lants  o f  both haploid 

and d ip lo id  organisms.

Previous in v e s t ig a t io n s  o f  c e l l  d i v i s io n  in th is  genus inc lude 

examinations o f  vegeta t ive  m i tos is  in  (̂ . f r a c ta  (Mughal & Godward,

1973), o f  m i tos is  during zoosporogenesis and vegeta t ive  cy tok ines is  

in  £. glomerata (McDonald & P icket t -Heaps, 1976), and o f  pregametan- 

g ia l  m i tos is  and cy tok in es is  in  C_. f lexuosa (Scot t  & Bu l lock ,  1976). 

Some p re l im ina ry  observat ions on meiosis preceeding zoosporogenesis 

in  C. f lexuosa have also been made (S co t t ,  unpublished data).



MATERIALS AND METHODS

Four who le -p lant  specimens o f  C_. f lexuosa were co l le c te d  

during A p r i l  a t  Sandy Po in t ,  Gloucester County, V i r g in ia .  Fixa

t ions  were c a r r ie d  out immediately on por t ions  o f  whole p lants  

a t  f i e l d  temperature f o r  2 hours in  4% glu tara ldehyde in  0.1M 

phosphate b u f fe r  (pH 6.6) con ta in ing  0.15M sucrose. A f t e r  seve

ra l  r inses in  phosphate b u f fe r  (as above), the mater ia l  was post

f i x e d  in  1% osmium te t ro x id e  (buf fe red as above) f o r  2 hours a t  

4° C. A f te r  5 minutes in  50% acetone, specimens were s ta ined en 

bloc in  70% acetone con ta in ing  2% uranyl acetate  f o r  24 hours a t  

4° C. Dehydration was continued in  an ascending acetone ser ies  

the next day w i th  three f i n a l  changes in  absolute acetone. Mate

r i a l  was i n f i l t r a t e d  w i th  and embedded in  Epon 812 ( L u f t ,  1961). 

P r io r  to embedding, some selected apical  regions were excised and 

f l a t  embedded in  inve r ted  Beem.-capsules. The remaining f i laments  

were f l a t  embedded in disposable Petr i  p la tes from which selected 

areas were chosen and removed using a jewelers  saw. S i l v e r  to  s i l  

ve r -go ld  sections were cu t  w i th  a diamond k n i fe  on e i t h e r  a Porter  

Blum MT-2B u l tramicro tome or an LKB I I I  Ultrotome, from appoxi- 

mately 30 selected areas. Twelve m i t o t i c  nuc le i  were s e r i a l l y  sec 

t ioned throughout t h e i r  e n t i r e t y .  Approximately 25 ad d i t ion a l  

nuc le i  were p a r t i a l l y  s e r i a l l y  sectioned. Numerous other m i t o t i c  

nuc le i  were sampled w i th o u t  the advantages o f  s e r ia l  sec t ion ing .
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Sections were sta ined w i th  lead c i t r a t e  (Sato, 1967), mounted on 

s ing le  s l o t  formvar-coated copper g r id s ,  and examined using a Zeiss 

EM 9S-2 transmission e lec t ron  microscope.



RESULTS

The in terphase nucleus (F ig .  3) i s  e s s e n t ia l l y  spher ica l  and 

e x h ib i t s  clumps o f  heterochromat in appressed to the inner  membrane 

o f  the nuclear envelope and scat tered throughout the nucleoplasm.

The nucleolus is  compact in  s t ru c tu re  and is  character ized by an 

inner  f i b r i l l a r  area surrounded by a less dense granu lar  region. 

Centr io les  or  any nucleus associated organel les (NAOs) are absent. 

Occasional ly a few ex tranuc lear  microtubules (MTs) may be present 

in  the surrounding cytoplasm.

During prophase, the chromatin condenses in to  chromosomes 

(F igs .  4, 5 ) ,  MTs begin to  appear in  the nucleoplasm and are assoc i

ated w i th  both chromosomal and nuc leo la r  components (Fig 5) . Simul

taneously the nucleolus begins to  disperse (F igs.  4, 5) . Dense 

granules o f  var ious sizes can be seen in the nucleoplasm and are 

present during a l l  m i t o t i c  stages.  The nuclear envelope is  i n t a c t  

and remains so throughout the e n t i r e  m i t o t i c  cyc le .

By prometaphase the axis o f  the sp ind le  is  defined (F ig .  6) .

The nucleolus continues to d isperse and migrate .  Eventual ly  i t  w i l l  

usua l ly  occupy a po s i t io n  adjacent to the nuclear envelope, s l i g h t l y  

poleward o f  the chromosomes, and become crescent in shape (F igs .  9, 

16, 18). Chromosomes begin a congression to  form a metaphase p la te  

(F ig .  7) .

Ear ly  metaphase nucle i  demonstrate e longat ion in the region o f  

the forming metaphase p la te  and also in  po la r  d i re c t io n s  (F igs.  7,
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8, 9) .  K inetochores, wh i le  not w e l l -d e f in e d ,  are apparent (F igs .

8, 9) .  Paired NAOs at each pole are or ien ted  a t  r i g h t  angles to one 

another (F igs .  9, 10, 11). Chromosomes are unevenly d i s t r ib u te d  at  

the metaphase p la te  (F igs.  8, 16).

The pa ired NAOs appear to be "abbreviated c e n t r i o le s "  (ACs). 

L o ng i tu d in a l ly  sect ioned, they reveal tub u la r  elements surrounded 

by a r ibosome-free halo (F ig .  12). Transversely sectioned, an 

in te rn a l  s t ru c tu re  con s is t ing  o f  a cen tra l  hub surrounded by nine 

blades, a t  lea s t  some o f  which are composed o f  doublet tubu les ,  is  

revealed (F ig .  13). The organel les measure approximately 140-170 nm 

in  diameter and 140-150 nm in  leng th .  They appear to a r ise  de novo 

dur ing prometaphase in  the absence o f  any s t r u c tu r a l  precursor.  

Nuclear pores adjacent to  ACs s ta in  densely (F igs .  12, 13, 14).

Other planes o f  sec t ion ing  through ACs show them to be s i tu a ted  in  

p i t - l i k e  depressions o f  the nuclear envelope (F ig .  14) s im i l a r  to 

nuc lear pockets in  fungi (Markey & Wi lce, 1975). Numerous MTs r a d i 

ate from them both toward the nuclear envelope and tangen t ia l  to i t  

(Figs 14, 15). MTs have never been observed to penetrate  the 

nuclear envelope or to  become channeled through nuclear pores.

Kinetochores become w e l l -d e f in e d  as metaphase proceeds (F igs .  

16, 17). S t r u c t u r a l l y  t r i l a m i n a r ,  they cons is t  o f  an outer  k in e to 

chore p la te  d i s ta l  to the chromat id,  attached to approximately 4 to 

6 MTs, separated from an inner  dense band attached to the chromat id,  

by an e lec t ron  lucent  zone.

Anaphase nucle i  are d is t ingu ished  by a progressive f l a t t e n in g  

o f  the former metaphase p la te  region accompanied by a shortening o f  

the chromosome-to-pole d is tance and nuclear e longat ion as chromatids



migrate poleward in  a staggered c o n f ig u ra t io n .  The r e s u l t  is  a 

dumbbel1-shaped nucleus w i th  two bulbous ends separated by a micro- 

tu b u la r  sp ind le  in terzone ( IZ )  (F ig .  18). Extensive go lg i  a c t i v i t y  

polyribosomal aggregates, and networks o f  rough endoplasmic r e t i 

culum are found associated w i th  anaphase nucle i  (F ig .  18).

Telophase culminates in  the separation o f  daughter nucle i from 

the sp ind le  IZ (F igs .  19, 23). By te lophase, n u c le o l i  have reac

qu ired a compact appearance ( F ig s . 21, 22). Depolymerizat ion o f  MTs 

w i th in  daughter nucle i occurs from the poles toward the sp ind le  IZ 

as nuclei g radua l ly  take on a spher ica l  shape (F ig .  20).

The po s i t io n  and angle o f  the sp ind le  IZ r e l a t i v e  to daughter 

nuc le i  suggests nuclear r o ta t i o n  may play a ro le  in  the separation 

process (F ig .  22). Other observations on re cen t ly  separated daugh

t e r  nucle i  reveal a few ex t ranuc lear  MTs which appear to cradle the 

nucleus by means o f  an obtuse "V" formation (F ig .  23). Newly sepa

rated daughter nucle i  are f u r t h e r  iso la te d  from each o ther  by vacu

o la r  in t r u s io n  in to  the surrounding cytoplasm (F ig .  24).



DISCUSSION

ABBREVIATED CENTRIOLES

The presence o f  c e n t r io le s  or cen t r io le -1  ike s t ru c tu re s  a t  the 

poles in vegeta t ive m i t o t i c  nuc le i  o f  C_. f lexuosa was unexpected. 

Because the sma l l ,  paired ACs escaped de tec t ion  f o r  a considerable 

time during t h i s  s tudy,  the argument t h a t  because a f l a g e l l a t e d  

form, i . e .  zoospore o r  gamete, was not being produced, ce n t r io le s  

were unnecessary and the re fo re  understandably absent was i n i t i a l l y  

convinc ing. This pos tu la te  was re in fo rced  by previous repor ts  o f  

a c e n t r ic  spindles in  vegeta t ive  m i t o t i c  nuc le i  in  Ĉ. f r a c ta  (Mughal 

& Godward, 1973), Chara (P icke t t -Heaps , 1967), Oedoqonium ( P i c k e t t -  

Heaps & Fowke, 1969a, 1969b), and N i te l  1 a (Turner, 1968), green 

algae which are charac te r ized by c e n t r i c  sp indles dur ing spermato

genesis ( N i t e l l a , Turner,  1968; Chara, P ickett -Heaps, 1968), zoo- 

sporogenesis (C^ g lomerata, McDonald & P ickett -Heaps, 1968; Oedo- 

gonium, P ickett -Heaps, 1971a), and gametogenesis ( C_. f le x u o s a , Scot t  

& Bu l lock ,  1976). Other s tudies documenting both c e n t r i c  and acen

t r i c  d iv is io n s  during d i f f e r e n t  stages o f  t h e i r  l i f e  h i s to r y  or 

development inc lude repor ts  on diatoms ( Lithodesmium, Manton e t  a ! . ,  

1970), protozoa ( Naeg le r ia , Fulton & D ingle , 1971), sl ime molds 

( Physarum, A ld r i c h ,  1969), bryophytes (Anthoceros, Marchantia, Moser 

& K re i tn e r ,  1970), and mouse embryos (S zo l los i  e t  a l . ,  1972).

The i n i t i a l  assumption th a t  vegeta t ive  sp ind les  o f  C_. f lexuosa
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were a cen t r ic  was proven to be both premature and erroneous by one 

f o r t u i t o u s  s l i c e  th a t  revealed a l o n g i t u d in a l l y  sectioned c e n t r i o l e -  

l i k e  p a i r  a t  the d i v i s io n  pole o f  a metaphase c e l l .

Examination o f  s e r ia l  sect ions showed these organel les to occur 

in  p a i r s ,  one o r ien ted  a t  r i g h t  angles to the o th e r ,  each cons is t ing  

o f  an in te rn a l  "ca r twhee l11 s t ru c tu re  measuring 140-170 nm in  d ia 

meter, comprised o f  a cen t ra l  hub surrounded by a wal l  o f  nine tubu

l a r  blades. The number o f  MTs per blade appeared to vary between 

one and two; however, numbers o f  MTs in  o ther  blades could not 

always be d is t ingu ished .  Contrary to mature or  complete c e n t r i o le s ,  

t r i p l e t s  were never observed.

In a d d i t ion  to d i f fe rences  in in te rn a l  s t r u c tu re ,  an unmistak

able s ize discrepancy in both diameter and length between these NAOs 

and c la s s ic  c e n t r io le s  was noted. These s t ruc tu re s  measured approx i 

mately 140-170 nm in  diameter and 140-150 nm in  length as compared to 

the 200-250 nm diameter and 300-350 nm length o f  c la s s ic  c e n t r io le s .  

Although s im i l a r  in s ize to the p ro to c e n t r io le s  in the sl ime mold 

Labyr in thu la  described by Perkins (1970), Perkins & Amon (1959), and 

Por te r  (1971), the NAOs in  C. f lexuosa were charac te r ized by d e f i 

n i t e  tubu la r  elements. The in te rn a l  s t ru c tu re  o f  J3. f le x u o s a 1 s 

po la r  organel les  compared favo rab ly  w i th  th a t  o f  p ro ce n t r io le s  

described by Fulton (1971), Gall (1961), Mizukami & Gall  (1966), and 

S tu b b le f ie ld  & B r ink ley  (1967), However, un l ike  p r o c e n t r io le s ,  which 

are normally  found a t  r i g h t  angles to and in  assoc ia t ion  w i th  the 

proximal end o f  p re e x is t in g  mature c e n t r i o le s ,  both members o f  the 

p a i r  in  C_. f lexuosa were arres ted in  development and d id not mature 

in to  c la ss ic  c e n t r i o le s .  The d i f fe rences  between c la s s ic  c e n t r io le s ,
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p r o to c e n t r io le s , p ro c e n t r io le s ,  and the NAOs observed in  t h i s  study 

are s u f f i c i e n t  to  warrant the use o f  the q u a l i f y i n g  ad je c t ive  "abbre

v ia ted "  in con junct ion w i th  the term c e n t r io le  to d is t in g u is h  them 

from other  c e n t r i o l a r  types.

S t ru c tu ra l  analogs o f  ACs have been reported in the green a lga,  

K i r c h n e r ie l l a  (P icket t -Heaps,  1970b) and the mold A1lomyces (Renaud 

& S w i f t ,  1964). However, the ACs o f  vegeta t ive  C_. f lexuosa are d i s 

t ingu ished from them by t h e i r  seemingly permanent ra th e r  than tem

porary a r re s t  in development, the t o t a l  absence o f  any mature c e n t r i 

o le  in assoc ia t ion  w i th  them, and t h e i r  absence during in te rphase.

Unfo rna te ly ,  evidence o f  the o r i g i n ,  morphogenesis, or fu n c t io n  

o f  the ACs was not a product o f  t h i s  study. Fa i lu re  to  de tec t  ACs in 

approximately twelve s e r ia l l y - s e c t io n e d  interphase nucle i  in fe rs  

rap id  assembly o f  ACs from s t r u c t u r a l l y  unrecognizable precursors or 

de novo synthes is .

A hypothesis f o r  AC behavior based on ex t rapo la t ion s  from pa t 

terns o f  normal c e n t r io le  behavior (G a l l ,  1961; Murray e t  a l . ,  1965; 

Robbins & Gonatas, 1964; Turner,  1968) suggests synthesis  o f  ACs
I

e a r ly  in  prophase fo l lowed by the re lo c a t io n  o f  each AC p a i r  to i t s  

respect ive  pole by la te  prophase. The e a r l i e s t  observations o f  ACs 

were found in  prometaphase n u c le i .

Regarding fu n c t io n ,  the r e l a t i v e l y  few MTs found emanating from 

and/or adjacent to ACs may in d ic a te  t h e i r  r o le ,  i f  any, as MT orga

n iz ing  centers (MTOCs) is  l im i t e d .  Aside from t h i s ,  inferences per

t a in in g  to AC fun c t ion  cannot be made.

In genera l ,  c e n t r i o l a r  func t ion  during m i tos is  remains obscure. 

At one t ime, sp ind le  formation was ascr ibed to c e n t r io le s  (B r ink le y
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& S tu b b le f ie ld ,  1970); however, t h i s  view, based on animal ce l l  s tu 

d ies ,  f a i l e d  to exp la in  the normal sp indle formation displayed by 

a ce n t r ic  c e l l s ,  most no tab ly  those o f  h igher p la n ts .  A number o f  

repor ts  (D ie tz ,  1959, 1966; Hepler & Jackson, 1969; Mole -Bajer ,  1967; 

Pickett -Heaps, 1969, 1971 b; S z o l l o s i , 1972) provided evidence r e f u t 

ing the sp ind le  organ iz ing ro le .  A dd i t iona l  repor ts  (D ie tz ,  1966; 

Fr ied lander  & Wahrman, 1970; P ickett -Heaps, 1969, 1971b) have 

assigned the c e n t r i o le  the ro le  o f  a passenger merely d i s t r i b u t e d  by 

the sp ind le  ra th e r  than e f f e c t i n g  i t s  fo rmat ion.

Laser i r r a d i a t i o n  o f  the p e r i c e n t r i o l a r  mater ia l  in  prophase 

nuc le i  o f  r a t  kangaroo c e l l s ,  al though f a i l i n g  to i n t e r f e r e  w i th  

sp ind le  fo rm a t ion ,  metak ines is ,  or  c y to k in e s is ,  e f f e c t i v e l y  blocked 

anaphase chromosome movements (Berns e t  a l . ,  1977), i n d ic a t in g  th a t  

the region adjacent to c e n t r io le s  most l i k e l y  i s  respons ib le  f o r  

sp ind le  morphogenesis. In a l a t e r  study employing r a t  kangaroo 

c e l l s ,  laserbeam i r r a d i a t i o n  o f  c e n t r io le s  in  prophase nucle i  d id 

not a f f e c t  sp ind le  fo rm at ion ,  metak ines is ,  anaphase separation o f  

chromosomes, or  cy tok ines is  (Berns & Richardson, 1977). While 

Berns and Richardson (1977) could not dismiss the p o s s i b i l i t y  o f  a 

passive ro le  f o r  c e n t r io le s  during m i to s is ,  t h e i r  evidence s t ro ng ly  

argued aga ins t  any ac t iv e  r o l e .

Cen tr io les  are present during interphase and throughout m i tos is  

is  pregametangial and prezoosporangial C_. f lexuosa (S co t t ,  unpub

l ished  data; Scot t  & Bu l lock ,  1976). The f a c t  th a t  c e n t r i o l a r  

development is  a r rested in veg e ta t iv e ly  d iv id in g  nucle i  as opposed 

to being t o t a l l y  absent may imply some fu n c t io n ,  unknown to date,  o r ,  

ACs could be in te rp re te d  as remnants in the process o f  being l o s t
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over evo lu t ion a ry  t ime.

SPINDLE DYNAMICS

Despite the large number o f  c e l l  types in which m i to s is  has 

been s tud ied ,  a number o f  re le van t  quest ions remain unanswered, most 

o f  which concern sp ind le  dynamics. Broadly speaking, sp indle dyna

mics can be categorized in to  three phenomena: sp ind le  fo rmat ion ,  

chromosome movement and sp ind le  e longa t ion ,  and sp ind le  d is s o lu t io n  

and separation o f  daughter nuc le i  from the sp ind le  in te rzone.  The 

d iscussion which fo l low s  i s  a summary o f  cu r ren t  ideas regarding 

these, accompanied by p e r t in e n t  remarks concerning C_. f le x u o s a .

Spindle Formation

McIntosh (1977) f u n c t i o n a l l y  defined the sp ind le  as "the f ib rou s  

c e l l u l a r  machinery th a t  segregates eukaryo t ic  chromosomes at c e l l  

d i v i s i o n . "  S t r u c t u r a l l y  th a t  " f ib ro u s  c e l l u l a r  machinery" is  com

posed p r im a r i l y  o f  MTs w i th  an associated m a tr ix  o f  r ibosome- l ike  

p a r t i c l e s ,  small v e s ic le s ,  and i l l - d e f i n e d  f i lamentous m a te r ia l .

MTs, as major con s t i tue n ts  o f  the sp in d le ,  and whose appearance and 

disappearance v i s u a l l y  cha rac te r ize  the m i t o t i c  sequence, are the 

lo g ic a l  focal p o in t  f o r  the study o f  sp indle fo rmat ion .

MTs are polymers o f  t u b u l in  subunits which under phys io log ica l  

cond i t ions  e x is t  as 6s dimers th a t  vary from 110,000 to 120,000 MW 

(Bor isy  & Tay lo r ,  1967; Snyder & McIntosh, 1976). Alpha and beta 

subunits o f  the tu b u l in  dimers are thought to be the morphological 

un i ts  th a t  make up p ro to f i la m e n ts ,  12 to 15 o f  which,  arranged in  a 

le f t -handed h e l i x ,  c o n s t i t u te  a MT wal l  (Behnke & Zelander, 1967; 

Burton e t  a l . ,  1975; Erickson, 1974a, 1974b; Ledbetter  & Por te r ,



14

1964; Nagano & Suzuki,  1975; Por te r ,  1966; T i lney  e t  a l . ,  1973). In 

v i t r o  ad d i t ion  o f  tu b u l in  to p re -e x is t in g  tubules reveals th a t  MTs 

d isp lay  a s t r u c tu ra l  p o l a r i t y ,  w i th  tu b u l in  p r e f e r e n t i a l l y  adding 

more ra p id ly  to one end o f  the tubule than to the o ther  (A l len  & 

Bor isy ,  1974; Bergen & Bor isy ,  1980; Binder e t  a l . ,  1975; Dent ler  

e t  a l . ,  1974; Rosenbaum e t  a l . ,  1975; Summers & K irschner ,  1979).

In v i t r o  po lymer iza t ion  o f  t u b u l i n ,  although e x h ib i t i n g  po la r  add i 

t i o n ,  s p a t i a l l y  re su l ts  in  a random d i s t r i b u t i o n  o f  MTs (Bor isy & 

Gould, 1977).

Although mechanisms o f  assembly/disassembly o f  m i t o t i c  MTs are 

not y e t  c le a r l y  understood, fac to rs  which have been shown to con tro l  

MT assembly in  v i t r o  inc lude pH and io n ic  s t rength  (Olmsted & Bor isy ,  

1973, 1975; Lee e t  a l . ,  1974; Kuriyama, 1977), t u b u l in  s u l fh yd ry l  

groups (Kuriyama & Sakai, 1974; Mellon & Rebhun, 1976; Wal l in  e t  

a l . ,  1977), guanosine t r iphosphate  (Weisenberg, 1972; Olmsted &

Bor isy ,  1973; Lee e t  a l . ,  1974), cyste ine residues (Kuriyama & Sakai,
+2 +2 —3

1974), io n ic  leve ls  o f  calcium (Ca ) and magnesium (Mg ) (10 M
+2 a + o

Ca provokes MT d is s o c ia t io n ,  10" M Ca s t imu la tes  MT polymeriza

t i o n ,  10"3M Mg+^ s t imu la tes  MT po lymer iza t ion)  (Bor isy e t  a l . ,  1975; 

Hepler & P a le v i t z ,  1974; H a r r i s ,  1975; Timourian e t  a l . ,  1974), Ca+3- 

ATPase (P e tz e l t  & vonLedebur-Vi 11 age r , 1973; H a r r is ,  1975), and o ther 

MT associated prote ins  (MAPs) (Weingarten e t  a l . ,  1975; Burns & Pol

l a r d ,  1974; Gaskin e t  al . ,  1974).
+2 +2Ion ic  leve ls  o f  the d iv a le n t  cat ions Ca and Mg are cons i 

dered l i k e l y  candidates f o r  the regu la t ion  o f  some aspects o f  tubule

po lymer iza t ion /depo lymer iza t ion  in v ivo as wel l  (Hepler , 1977).

+2Recent immunofluorescence stud ies lo c a l i z i n g  a Ca -dependent
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re g u la to r  fa c to r  (CDR), ca lmodulin , a t  the sp ind le  poles (Welsh et

a l . ,  1978) and subsequent work evidencing i t s  in  v i t r o  a b i l i t y  to 
+2modulate MT Ca s e n s i t i v i t y  a t  phys io log ica l  concentrat ions (Mar

cum e t  a l . ,  1978), im p l ic a te  CDR as a p la us ib le  re g u la to r  o f  MT 

po lym er iza t ion /depo lymer iza t ion  i_n v i v o .

Membranes, s p e c i f i c a l l y  endoplasmic re t icu lum and nuclear enve

lope, have been suggested as poss ib le  s i te s  o f  con t ro l  capable o f  

s h i f t i n g  ion leve ls  a t  the appropr ia te  time so as to permit sp ind le  

MT assembly o r  disassembly (Hepler,  1977). Observations o f  w e l l -  

developed endoplasmic re t icu lum  commonly seen from middle anaphase 

through ea r ly  telophase near v e g e ta t ive ly  d iv id in g  nucle i  o f  C_. 

f lexuosa may be s i g n i f i c a n t  in  t h i s  regard.
+2A f te r  Mazia e t  a l . (1972) reported the d iscovery  o f  a Ca -ATP-

ase s e le c t i v e l y  present in  the m i t o t i c  apparatus o f  sea urchin eggs,

P e tze l t  and vonLedebur-Vi11ager (1973) observed a c lose c o r re la t io n
+2between the a c t i v i t y  o f  a Ca -ATPase and sp ind le  formation in par-

thenogene t ica l ly  a c t iva ted  sea urch in  eggs. This c o r re la t io n  led

the authors to pos tu la te  th a t  the enzyme was a c o n t r ib u t in g  f a c t o r
+2in  c o n t r o l l i n g  MT assembly v ia  the re gu la t ion  o f  Ca ions.  Later

stud ies (Hepler & P a le v i t z ,  1974; H a r r is ,  1975) drew analogies

between the endoplasmic re t icu lum -nuc le a r  envelope o f  m i t o t i c  nucle i

and the sarcoplasmic re t icu lum  o f  muscle c e l l s  w i th  respect  to regu-

+2l a t i o n  o f  the io n ic  m i l ie u  by means o f  a Ca -ATPase.

Another p la us ib le  ro le  f o r  the endoplasmic re t icu lum  o f  d i v i 

ding nucle i was suggested by Burgess and Northcote (1968). They 

proposed tha t  the c i s te rn a l  spaces o f  endoplasmic re t icu lum  could 

tenably serve as a s h u t t l e  network f o r  the t ra n sp o r t  o f  tu b u l in  to
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s p e c i f i c  l o c i .

MAPs, s p e c i f i c a l l y  high molecular weight MAPS (HMW-MAPs) may 

govern sp ind le  dynamics (Burns & P o l la rd ,  1974; Gaskin e t  a l . ,  1974; 

Sheri ine & Schiavone, 1978). Using i n d i r e c t  immunoflourescence on 

p u r i f i e d  r a t  b ra in  MT p r o te in ,  Sher i ine and Schiavone (1978) were 

able to show th a t  the d i s t r i b u t i o n  pa t te rn  o f  HMW-MAPs " i s  s im i l a r  

to th a t  described f o r  t u b u l in  and corresponds to the known phases 

o f  mi t o s i s ."

Although assembly o f  MTs and cond i t ions  re gu la t ing  t h e i r  assem

b ly  are in te g ra l  parts  o f  sp ind le  fo rm at ion ,  mere assembly o f  MTs 

does not c o n s t i t u te  a sp ind le .  As noted p re v io u s ly ,  in v i t r o  po ly -  

mer iza t ion  o f  t u b u l in  re s u l ts  in  a random d i s t r i b u t i o n  o f  MTs 

(Bor isy  & Gould, 1977). Conversely, a sp ind le  r e f l e c t s  a s p a t i a l l y  

ordered array o f  MTs.

Spindle MTs commonly o r ig in a te  a t  the po les.  These lo c i  serve 

as both nuc leat ing  s i te s  and as "micro tubule organ iz ing centers"  

(MTOCs) (P ickett -Heaps, 1969) which govern the s p a t ia l  r e l a t i o n 

ships o f  MTs. Studies employing lysed,  d iv id in g  c e l l s  incubated 

w i th  p u r i f i e d  MT p ro te in  demonstrated centrosomes ( i . e .  c e n t r io le s  

plus associated p e r i c e n t r i o l a r  m a te r ia l )  were capable o f  MT nuc le-  

a t ion  in  v i t r o  (Weisenberg & Rosenfeld, 1975; McGil l and B r in k le y ,  

1975; Snyder & McIntosh, 1975). From t h e i r  work w i th  lysed Chinese 

hamster ovarian c e l l s ,  Gould and Borisy (1977) were able to de te r 

mine th a t  p e r i c e n t r i o l a r  mater ia l  is  the centrosomal component 

responsib le f o r  MT nuc lea t ion .

Amorphous osm ioph i l ic  masses associated w i th  o r  in  the absence 

o f  d is c re te  NAOs may fu n c t io n  as MTOCs (P icket t -Heaps,  1969). In
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the case o f  h igher p la n ts ,  often no e a s i ly  recognizable e lec t ron  

dense masses are apparent. Judging from the s c a rc i t y  o f  associated 

MTs, the ex t ranuc lear  centrosome o f  vegeta t ive  C. f lexuosa appears 

to have a very l im i te d  ro le  as an MTOC. Spindle MTs o r ig in a te  ins ide  

the nucleus in close p rox im i ty  to the nuclear envelope. Contrary to 

repor ts  from stud ies on other members o f  t h i s  genus (McDonald & 

Pickett -Heaps, 1976; Scot t  & Bu l lock ,  1976), no masses o f  amorphous 

e lec t ron  dense mater ia l  are found at  the poles o f  vegeta t ive  C_. f l e x 

uosa. Despite the absence o f  any i d e n t i f i a b l e  s t r u c tu r e ,  c l e a r l y  

some MTOC is  opera t ing .  Considering th a t  the sp ind le  is  t o t a l l y  

i n t r a n u c le a r , the concept o f  modi f ied po la r  regions o f  the nuc lear 

envelope ac t ing  as MTOCs would seen v ia b le .  The e lec t ron  dense 

s ta in in g  o f  nuc lear pores in  po la r  regions may be in d ic a t i v e  o f  MTOC 

materi  a l .

Kinetochores have also been ascr ibed MT nuc leat ing  and o rgan i 

zing fu n c t ion s .  In v i t r o  experiments on d iv id in g  nucle i subjected 

to sp ind le  f i b e r  depolymerizat ion from high hyd ro s ta t ic  pressure 

treatment (Pease, 1946) or  u l t r a v i o l e t  microbeam i r r a d i a t i o n  (Inoue, 

1964) revealed regeneration o f  chromosomal f i b e rs  a t  k inetochores. 

Incubation o f  lysed m i t o t i c  c e l l s  or i s o la te d  chromosomes w i th  p u r i 

f i e d  MT p ro te in  produced MTs s p e c i f i c a l l y  a t  k inetochore regions 

(Gould & Bor isy ,  1979; McGil l & B r in k le y ,  1975; Summers & K irschner ,  

1979; Te lzer e t  a l . ,  1975). While these re s u l t s  persuas ive ly  i n d i 

cate nuc leat ion  a t  k inetochores,  d iscrepancies among the aforemen

t ioned re s u l ts  and those from o ther  stud ies (Snyder & McIntosh, 1975; 

Weisenberg & Rosenfeld, 1975) have prompted the argument tha t  MT
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b ind ing ,  e i t h e r  as an a l t e r n a t i v e  to or in  con junct ion w i th  nuclea- 

t i o n ,  must be considered (Picket t-Heaps & T i p p i t ,  1978). P ic k e t t -  

Heaps and T ip p i t  (.1978) have reported th a t  kinetochores may "capture" 

e longat ing MTs in  a developing sp in d le .

Spind le format ion in Ĉ. f lexuosa appears to e x h ib i t  a combina

t io n  o f  MT nuc leat ion  occuring f i r s t  a t  the po la r  regions ad jacent to 

the inne r  membrane o f  the nuclear envelope and subsequently a t  k ine 

tochores.  Kinetochores and po la r  regions o f  nuc lear envelope appear 

to demonstrate organ iz ing in f lu en ce .  In a d d i t io n ,  i t  is  the au tho r 's  

op in ion th a t  se l f-assembly o f  f re e  MTs in  the nucleoplasm occurs con

com itan t ly  w i th  s i t e - i n i t i a t e d  nuc lea t ion  a t  poles and k inetochores.  

Eventual ly  these f ree  or  self-assembled MTs seem to  become assoc i

ated w i th  and governed by MTOCs. Crossbridging between f ree and 

organized MTs or  k inetochore capture may be p la u s ib le  assoc ia t ion  

mechanisms by which f ree  MTs are brought under the in f luence  o f  an 

o rgan iz ing cen ter .  The e labo ra t ion  o f  MTs a t  nuc leat ing  s i te s  o ther  

than organ iz ing  centers could a l low  f o r  rap id  bu i ld -up  o f  MT machin

ery capable o f  becoming e f f i c i e n t l y  incorpora ted in to  the forming 

sp ind le .  Although th is  idea con tras ts  the assumption tha t  MT i n i 

t i a t i o n  in  the m i t o t i c  apparatus (MA) probably occurs only at  orga

n iz ing  centers (Luykx, 1970; Margol is e t  a l . ,  1978, McIntosh e t  a l , 

1975; P icket t -Heaps, 1969), i t  would exp la in  the presence and hap

hazard arrangement o f  MT fragments th a t  do not appear to be associa

ted w i th  poles or  kinetochores in  the prometaphase nucleus. The 

p o s s i b i l i t y  t h a t  MT fragments could have o r ig in a te d  a t  an MTOC but 

were subsequently removed from th a t  s i t e  by depolymer izat ion should 

also be considered. The shortcomings o f  using s t a t i c  micrographs
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c e l l s  are once again manifested.

Chromosome Movement and Spind le Elongation

Movement o f  chromosomes dur ing m i tos is  leads to an eventual 

equal d i s t r i b u t i o n  o f  the genome between daughter nuc le i  a t  t e l o 

phase. The random d i s t r i b u t i o n  o f  chromatin c h a r a c te r i s t i c  o f  i n t e r 

phase nucle i  wanes as prophase chromatin condenses in to  chromosomes 

th a t  begin a "congress ion" to the metaphase p la te  during prometa

phase. Sometime fo l lo w in g  metak ines is ,  anaphase movements o f  chro

matids toward the poles ensue.

Chromosomes o f  Ĉ  f lexuosa nucle i  undergoing vege ta t ive  m i tos is  

apparent ly  lack p rec is ion  choreography during t h e i r  r e d i s t r i b u t i o n .  

Rarely, i f  indeed ever,  does one f i n d  a c la s s ic  metaphase p la te  

arrangement o f  chromosomes. Anaphase movements are asynchronous as 

wel 1.

More important  th a t  the r e d i s t r i b u t i o n  o f  chromosomes is  the 

question o f  the motive fo rc e (s )  responsible f o r  such movement. Pro

posed models f o r  anaphase e longa t ion  and chromosome movement inc lude :  

the MT assembly/disassembly model, the s l i d i n g  tubule  model, move

ment by i n t r i n s i c  MT behav ior ,  the z ipper hypothes is ,  and the con

t r a c t i l e  model.

Based on the dynamic e q u i l i b r iu m  th a t  e x is ts  between so lub le  

tu b u l in  dimers and assembled MTs, Inoue and col leagues 0964 ,  1967,

1975) have suggested chromosome movement can be a t t r i b u t e d  to the 

disassembly o f  MTs a t  the poles causing a shorten ing o f  kinetochore 

MTs and subsequent chromosome-to-pole movement. A d d i t i o n a l l y  they
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contend th a t  sp ind le  e longat ion i s  achieved by the a d d i t ion  o f  tubu

l i n  dimers to i n te r p o la r  MTs, thus increasing the distance between 

poles. Although stud ies have confirmed chromosome-to-pole movement 

in  response to MT depolymerizat ion v ia sp ind le  treatment w i th  known 

MT poisons or  as a r e s u l t  o f  exper imenta l ly  induced sp ind le  elonga

t i o n  (Inoue & R i t t e r ,  1975; Salmon, 1975), evidence th a t  MT assembly/ 

disassembly per se provides the motive fo rce  f o r  such movement is  

lack ing (N ick las ,  1975; Pickett-Heaps & Ba je r ,  1977).

McIntosh e t  a l . (1969) focused on MT crossbr idges or  arms as 

mechanochemical fo rce  producers f o r  m i t o t i c  movement. According to 

t h e i r  theory ,  simple la te r a l  b inding between sp ind le  tubules is  s u f 

f i c i e n t  to exer t  a net fo rce  on chromosomes in  the d i r e c t io n  o f  the 

equator re s u l t i n g  in congression o f  chromosomes to the metaphase 

p la te .  Anaphase separation requires an ac t ive  fo rce derived from 

the shearing o f  mechanochemical coupl ings ( i . e .  crossl inkages between 

MTs) which presumably conta in an enzyme capable o f  re leas ing energy 

from high energy compounds (ATP) and transducing a p o r t ion  o f  tha t  

energy in to  mechanical work to move MTs and t h e i r  associated mate

r i a l  toward t h e i r  respect ive  i n i t i a t i n g  s i t e s .  Thus, ant i  p a ra l le l  

MTs ( i . e .  those o f  opposite p o la r i t y )  s l i d e  over one another as a 

r e s u l t  o f  parax ia l  fo rce product ion ,  whereas net fo rce  product ion 

from br idges between p a r a l l e l  tubules is  zero. Tubule s l i d i n g  

accompanied by tubule disassembly o f  kinetochore MTs a t  the poles 

e f fe c ts  genome separa t ion.

Tubule s l i d i n g  is  responsib le f o r  anaphase separation o f  the 

poles in diatom nucle i  (McDonald e t  a l . ,  1977; Pickett-Heaps &

Bajer ,  1977). MT-MT in te ra c t io n s  responsible f o r  powering anaphase
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e longa t ion ,  are assumed to  occur in  the overlap between i n t e r d i g i t a -  

t i n g  h a l f  sp ind les .  Some chromosome movement may r e s u l t  from the 

s l i d i n g  apart o f  the h a l f  sp ind les .

Margol is e t  a l . (1978) have proposed a model f o r  chromosome

32movement based on i n t r i n s i c  MT behavior. Using P - lab e l led  guano- 

sine t r iphospha te ,  Margol is and Wilson (1978) demonstrated th a t  the 

rate o f  ad d i t io n  o f  subunits  to  the MT in v i t r o  is  equal to  the ra te  

o f  sub t rac t io n  a t  the opposite end o f  the tubule e f f e c t i n g  a slow 

d i r e c t io n a l  f l u x  o f  subunits along the tubu le .  Ex t rapo la t ing  from 

in v i t r o  data, Margol is e t  a l . (1978) have postu la ted MT growth 

occuring from the poles and a t  k inetochores during prometaphase u n t i l  

an e q u i l i b r iu m  between subunits and tubules is  achieved a t  metaphase. 

A constant poleward f low  o f  MTs and mater ia l  re s u l t s  from depolymeri

za t ion  o f  tubules at  the po la r  ends accompanied by assembly a t  the 

midplane o r  a t  kinetochores to preserve the steady s ta te .  During 

anaphase, MT assembly a t  the kinetochores ( i . e .  MT heads or  "+" ends 

o f  MTs, Bergen & Bor isy ,  1980) i s  blocked. Net disassembly occurs 

at  the poles ( i . e .  MT t a i l s  or  ends o f  MTs, Bergen & Bor isy ,  

1980), pa ired chromatids are f reed from one another, and ATP-depen- 

dent s l i d i n g  between i n t e r p o la r  MTs powers the separa t ion o f  the 

poles. Disassembly during telophase occurs from the sp ind le  pole 

region to the in te rzone .

The opposite end assembly-disassembly model o f  Margol is e t  a l .  

(1978) in fe r s  mutua l ly  exc lus ive  s i te s  f o r  po lymer iza t ion and depo

lym er iza t ion  o f  MT subun i ts .  In v i t r o  studies by Summers and K irsch- 

ner (1979) and by Bergen and Bor isy (1980) have demonstrated th a t
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assembly and disassembly occur a t  both ends o f  MTs. Using f l a g e l l a r  

axonemes as seeds and porcine bra in  MT p ro te in  as subun i ts ,  Bergen 

and Borisy (1980) found th a t  the end o f  the tubule w i th  the la rg e r  

po lymer iza t ion  (assoc ia t ion )  constan t ,  i . e .  the "+" end or  head, 

was also the end possessing the la rg e r  d is s o c ia t io n  constan t ,  the 

converse being t rue  f o r  the end or  t a i l  o f  the MT. A head-to-  

t a i l  po lymer iza t ion  parameter, s , was ca lcu la ted  to measure the 

e f f i c i e n c y  o f  the f l u x  o f  subunits  along the tubules under a given 

set o f  cond i t ions .  They reported a value o f  s=0.07 which is  f a r  

below the value s=l .0 which would r e f l e c t  the impl ied  opposi te end 

assembly-disassembly theory  pos tu la ted by Margol is e t  a l . (1978).

The very low e f f i c i e n c y  o f  f l u x in g  reported by Bergen and Bor isy 

(1980) ra ises quest ions as to the f e a s i b i l i t y  o f  t h i s  model f o r  

chromosome movement. They also s ta te  th a t  "our r e s u l t  t h a t  both 

ends o f  a microtubule can add and lose subunits does not f i t  wel l  

w i th  the idea o f  Margol is e t  a l . (1978) th a t  in  anaphase the head 

is  blocked a l low ing  the t a i l  end to  disassemble."

Summers and Kirschner (1979) have reported d i f f e r i n g  rates o f  

in v i t r o  assembly and disassembly depending on the p o la r i t y  o f  the 

MT and i t s  nuc lea t ing  center .  They conclude th a t  "by ad jus t ing  

depolymerizat ion cond i t ions to s e le c t i v e l y  a t tack e i t h e r  the plus or 

minus end, the c e l l  could also e l im in a te  o r  preserve a s p e c i f i c  set 

o f  m icro tubu les.  I t  i s  also conceivable th a t  the c e l l  could apply 

a block to e x i s t i n g  m ic ro tubu les ,  again being s e le c t i v e ,  f o r  which 

end i s  f ree .  Thus, microtubules o f  two d i f f e r e n t  s t a b i l i t i e s  can 

be created from the same set  o f  subunits  based e n t i r e l y  on the p o la r 

i t y  o f  the nuc lea t ion  ce n te r . "
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Bajer  (1973, 1977) contends th a t  the motive fo rce  f o r  chromo

some movement i s  suppl ied by m u l t ip le  z ipp ings between MTs, each 

z ipp ing being responsib le f o r  a minute displacement o f  the k ine to -  

chore. He defines z ipp ing  as "the coming together  o f  two MTs which 

bond l a t e r a l l y  and p rogress ive ly  along t h e i r  length in  such a way 

th a t  the two ends come c lose r  to g e th e r . "  I n te ra c t io n  by z ipp ing 

causes MT bending and a subsequent bu i ld -up  o f  tens ion in the s p in 

d le .  The tendency o f  the bent MTs to s t ra ig h te n  re s u l ts  in  t h r u s t .

MT breakage or  breakage o f  the l inkages between 2 MTs fo l lows  z i p 

ping. MT p o la r i t y  is  o f  no regard to  the z ipper  hypothesis . Z ip 

ping is  assumed to be capable o f  occurr ing  both toward the poles and 

toward the equator.  The incidence o f  z ipp ing i s  assumed to  be a 

fun c t ion  o f  the g rad ien t  o f  MT d i s t r i b u t i o n ;  ra te  o f  z ipp ing is  

determined by the ra te  o f  MT disassembly.

M i to s is ,  w i th  respect to  the z ipper  hypothesis, can be expla ined 

in  terms o f  changes in  sp ind le  tens ion.  Prophase-prometaphase is  

charac te r ized  by m u l t ip le  z ipp ings which tend to a l ig n  MTs in  a more 

p a r a l l e l  fash ion.  At metaphase, a s tab le  p a r a l l e l  arrangement o f  MTs 

is  achieved. Zipping in  the d i r e c t io n  o f  the equator ( i . e .  toward a 

h igher  dens i ty  o f  MTs) predominates. The increased in te rn a l  tension 

d i rec ted  toward the metaphase p la te  manifests i t s e l f  by a decrease in  

sp ind le  length and an increase in  sp ind le  diameter. Anaphase reveals 

an increase in  chromosome v e lo c i t y  and the p a r a l l e l  arrangement o f  

MTs is  l o s t  as sp ind le  tension is  released. Zipping occurs predomi

nan t ly  poleward. During te lophase, MT fragments, the products o f  

z ip p in g ,  z ip  together,  elongate by assembly, and a l ig n  in p a ra l l e l
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fash ion,  thus c o n t r ib u t in g  to phragmoplast o r  stem body format ion.

L o ca l iz a t io n  o f  a c t in  and myosin in  chromosomal f i b e rs  o f  the 

MA has prompted specu la t ion  th a t  they may fun c t ion  as a c o n t r a c t i l e  

u n i t  to  power chromosome movement. U 1 t ras t ru c tu ra l  l o c a l i z a t i o n  

using heavy meromyosin (HMM.) which decorates a c t in  w i th  "arrowheads" 

(Huxley, 1963) has i d e n t i f i e d  a c t in  in m e io t ic  sp indles o f  crane 

f l y  tes tes (Behnke e t  a l . ,  1971; Forer & Behnke, 1972), and in  

m i t o t i c  sp ind les o f  locus t  spermatogonia (Gawadi, 1971, 1974), 

neuroblastoma c e l l s  (H inkley & Te lse r ,  1974), and Haemanthus endo- 

sperm (Forer & Jackson, 1976). The f a c t  th a t  few papers have repor

ted a c t in - s i z e  f i laments  in  the MA o f  r o u t i n e l y - f i x e d  c e l l s  ( i . e .  

glutaraldehyde-osmium) (Bajer  & Mole-Bajer , 1969; McIntosh e t  a l . ,  

1975; M u l le r ,  1972; Sanger & Sanger, 1975) suggests c la s s ic a l  EM 

f i x a t i o n  methods may not adequately preserve a c t in .  Szamier e t  a l . 

(1975) have reported the de s t ruc t io n  o f  a c t in  f i laments  by osmium 

when f i lam en ts  are not s t a b i l i z e d  w i th  HMM or  tropomyosin.

Experiments employing f l u o r e s c e in - la b e l le d  HMM o r  myosin S-l 

fragments to s ta in  r a t  kangaroo c e l l s  prepared by a v a r ie t y  o f  meth

ods f o r  the presence o f  a c t in  have revealed s p e c i f i c  s ta in in g  o f  

k inetochore f i b e r s  (Sanger, 1975, 1977; Sanger & Sanger, 1976).

Cande e t  a l . (1977) used the f luo rescen t  antibody technique to iden

t i f y  sp ind le  a c t in  in  r a t  kangaroo c e l l s .  The ir  f i n d in g s ,  concur

r ing  w i th  those o f  Sanger & Sanger (1976), reported s ta in in g  exc lu 

s iv e ly  along k inetochore f i b e r s .  Furthermore, no a c t in  was found in  

c e l l s  subjected to colcemid treatment p r i o r  to  s ta in in g  f o r  a c t in  

(Cande e t  a l . ,  1977; Sanger & Sanger, 1976), in d ic a t in g  a r e l a t i o n 

ship between MTs and sp ind le  a c t in .  Fujiwara & Po l la rd  (1976) used
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f lu o re s c e n t l y  la b e l le d  antibody to myosin to demonstrate s ta in in g  

along k inetochore f ib e rs  i n d ic a t i v e  o f  myosin in  chromosomal f i b e rs  

o f  HeLa cel I s .

The agreement among f ind ings  from the v a r ie t y  o f  methods used 

to lo c a l i z e  a c t in  and myosin in  spindles o f  c e l l  models argues 

aga inst  pos t -v ivo  t ra n s lo c a t io n  and i s ,  in  the words o f  Sanger (1977) 

"compell ing enough to  a f f i r m  th a t  a c t in  and myosin are to be found 

in  the area o f  the chromosomal sp ind le  f i b e r s . "  Whether they func

t io n  as an actomyosin system in  chromosome movement is  undetermined. 

K iehart  e t  a l . (1976) have found th a t  myosin an t ibod ies  in je c te d  in to  

marine oocytes f a i l  to  i n t e r f e r e  w i th  anaphase chromosome movement. 

Nevertheless,  the presence o f  a c t in  and myosin in  chromosomal f i b e r s ,  

coupled w i th  th a t  o f  CDR a t  sp ind le  poles (Welsh e t  a l . ,  1978), and 

the presence o f  a v e s ic u la r  system con jectured to  be a sarcoplasmic 

re t icu lum equ iva len t  noted among MTs and a t  po la r  regions in  several 

c e l l  types (Bajer  & Mole-Bajer , 1969; Fr ied lander & Wahrman, 1970; 

H a r r is ,  1962; Hepler, 1977; Robbins & Jentzsch,  1970) make the idea 

o f  a func t ion a l  actomyosin system f o r  chromosome movement a t t r a c 

t i v e .  Involvement o f  these c o n t r a c t i l e  p ro te ins  in  o ther  types o f  

sp ind le  associated movements might also exp la in  t h e i r  presence 

(Ba je r ,  1967; Rebhun, 1963; Sanger, 1977).

I f  accomplishment o f  chromosome movement is  a t t r i b u t a b le  to  a 

s in g le  mechanism, tha t  mechanism should be able to  account f o r  a l l  

observations on chromosome movement in a l l  c e l l  types. To date, 

no s ing le  model has been proven to do so, due to e i t h e r  c o n f l i c t i n g  

observations and/or the absence o f  d i r e c t  tes ts  on l i v i n g  c e l l s .  

Arguing aga ins t  the concept o f  a s ing le  u n i f i e d  theory  tha t
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"accommodates a l l  observations on m i t o t i c  behav io r , "  Pickett-Heaps 

and Bajer  (1977) caution th a t  the search f o r  a un iversa l  mechanism 

may be " i n h i b i t o r y  in  cu r ren t  e f f o r t s  to understand m i t o s i s . "  Rather 

than regarding d i v e r s i t y  as a group o f  nonconforming f laws th a t  serve 

to undermine whatever theor ies  may be c u r re n t l y  in  vogue, the authors 

have promoted the idea o f  m u l t ip le  mechanisms, the combination o f  

which and the degree to which each operates being va r iab les  d e te r 

mined by e v o lu t io n .  The approach does not c la im to s im p l i f y  the task 

o f  mechanism de term ina t ion .  I t  merely precludes equat ing d i v e r s i t y  

w i th  abnormal i ty .

An answer to the ques t ion ,  "Which model o r  combination o f  models 

on chromosome behavior best f i t s  th a t  observed in  _C. f le x u o s a , 11 is  

not w i th in  the scope o f  t h i s  pure ly  d e sc r ip t i v e  u l t r a s t r u c t u r a l  

study.  The degree o f  sp ind le  complex ity found in  C_. f lexuosa tends 

to de ter  one from even addressing the quest ion .  However, observa

t ion s  th a t  appear to be compatible w i th  several o f  the models d i s 

cussed are noteworthy.

1. Po lymer iza t ion /depo lymer iza t ion  o f  MTs charac

te r i z e s  the m i t o t i c  sequence in  C_. f le x u o s a . Ev i 

dence th a t  chromosome movement is  powered by the 

re v e rs ib le  tu b u l in  reac t ion  is  not a v a i la b le .

2. M i t o t i c  sp indles o f  C_. f lexuosa e x h ib i t  a 

decrease in  the chromosome-to-pole d is tance ( i . e .  

kinetochore-MT length)  and an increase in  p o le - to -  

pole dis tance during anaphase. An i n t e r p r e t a t i o n  

o f  MT disassembly a t  the poles accompanied by 

tu b u l in  a d d i t io n  to i n te r p o la r  MTs appears v a l i d .
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3. S u f f i c i e n t  numbers o f  MTs and adequate p r o x i 

m i ty  o f  MTs to each o ther  would permit l a te r a l

in te ra c t io n s  o f  the types discussed in  the s l i 

ding and z ipp ing theo r ie s .

4. What appear to be MT fragments have been 

observed. Establ ishment th a t  they are o r  are 

not products o f  z ipp ing  is  v i r t u a l l y  impossible 

consider ing sp ind le  complexi ty  in  Ĉ. f le xu o sa .

Thus, observations made during the study appear to agree w i th  some 

aspects o f  the po lymer iza t ion /depo lym er iza t ion  theory ,  o f  the MT 

s l i d i n g  and z ipp ing th e o r ie s ,  and o f  the i n t r i n s i c  MT behavior 

theory.

Spindle P isso lu t ion  and Separation o f  Daughter Nuclei from the 

Spi ndle Interzone

The number o f  MTs comprising the sp ind le  wanes as m i tos is  p ro

ceeds through anaphase. By ea r ly  to  mid- te lophase, most o f  the 

remaining MTs are located near the nuc leus-sp ind le  IZ in te r fa c e .  

Depolymerizat ion appears to occur from the poles to  the sp ind le  IZ.

Nuclear r o ta t io n  has been postu la ted as a p la us ib le  mechanism 

f o r  separation o f  daughter nuc le i  from the sp ind le  IZ in  pregame- 

tang ia l  Ĉ. f lexuosa (Sco t t  & B u l lock ,  1976), in  VaIonia (Hori & 

Enomoto,1978a), and in  U1va (Braten & Nordby, 1973). The p o s i t io n  

and angle o f  the sp ind le  IZ r e la t i v e  to daughter nucle i observed in 

the present study may also in d ic a te  nuclear r o ta t i o n .  Assuming r o ta 

t i o n  as a separation mechanism and r e c a l l i n g  observations from the 

present study o f  obtuse "V" formations o f  ex t ranuc lear  MTs which
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appear to  c rad le  daughter nuc le i  (F ig .  23),  one could i n f e r  th a t  

these MTs were once associated w i th  po la r  regions and th a t  nuclear  

r o ta t i o n  has brought them to l i e  proximal ra the r  than d i s ta l  to the 

sp ind le  IZ. A l t e r n a t i v e l y ,  they may represent a separate extranu- 

c le a r  MT system which con t r ibu tes  to separation o f  daughter nucle i  

from the sp ind le  IZ by impinging on the nuclear envelope and sp ind le  

IZ complex a t  s t r a te g ic  lo ca t io ns .

EVOLUTIONARY CONSIDERATIONS

U 1tras t ru c tu ra l  fea tures  o f  c e l l  d i v i s io n  are considered to  be 

v a l i d  c r i t e r i a  f o r  deducing phy logenet ic  a f f i n i t i e s  ( F u l l e r ,  1976; 

Heath, 1974, 1975; Kubai, 1975; P ickett -Heaps, 1969, 1972, 1975a, 

1975b; Pickett-Heaps & Marchant, 1972; Stewart & Mattox, 1975; Stew

a r t  e t  a l . ,  1974). This premise, based on the assumption th a t  a num

ber o f  c e l l  a t t r i b u t e s  are e v o lu t i o n a r i l y  conservative and a l low l i t 

t l e  op po r tun i ty  f o r  s t r u c tu ra l  or  phys io log ica l  change, has provided 

the foundation f o r  recent r e c la s s i f i c a t i o n  schemes proposed f o r  the 

green algae (Mattox & Stewart,  1977; Pickett-Heaps & Marchant, 1972; 

Stewart & Mattox, 1975a, 1975b, 1978).

The advantages and disadvantages o f  using m i to s is  as a phy lo

genet ic  i n d ic a to r  have been enumerated by Oakley (1978) and Heath 

(1980). B r i e f l y  summarizing, the pr imary advantages o f  using m i tos is  

as a phy logenet ic  i n d ic a to r  are th a t  i t  enables comparisons among a l l  

eukaryo t ic  c e l l s ,  and due to the many parts which comprise the MA, 

convergent evo lu t ion  o f  the e n t i r e  MA is  u n l i k e l y .  Disadvantages 

inc lude :  convergent evo lu t ion  o f  any s ing le  component, stemming from 

se le c t ion  pressures both recognized and unrecognized, is  probable,
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the lack o f  observations comparable in  q u a l i t y  and q u a n t i t y  make c o l 

l a t i o n  among organisms d i f f i c u l t ,  data c o l l e c t i o n  f o r  re levan t  fea

tures is  often fo rm idab le ,  and i n te r p r e ta t io n  o f  many observations 

is  r a r e l y  c le a r - c u t .

U 1 t ras t ru c tu ra l  accounts d e t a i l i n g  the morphology o f  f l a g e l l a t e d  

forms and the events o f  m i tos is  and cy tok ines is  have de l ineated a t  

le a s t  two and t e n t a t i v e l y  three d i s t i n c t  evo lu t ion a ry  l ine s  among mul

t i c e l l u l a r  and advanced u n i c e l l u l a r  green algae: the Chiorophyceae, 

the Charophyceae, and the Ulvaceae. A l l  three l in e s  are be l ieved to 

be the products o f  ea r ly  evo lu t iona ry  divergence from a common ances

t r a l  sca ly  f l a g e l l a t e  (Mattox & Stewart,  1977; Pickett -Heaps, 1975b; 

Stewart & Mattox, 1975a, 1978; Stewart e t  a l , 1974).

The Chlorophyceae are d is t ingu ished  by a "c ru c ia te "  r o o t l e t  

system comprised o f  fo u r  or more m ic ro tubu la r  r o o t le t s  extending 

downward from the region o f  the basal bodies. Col lapse o f  the s p in 

dle IZ during telophase preceeds the formation o f  a phycoplast,  a 

p a r a l l e l  ar ray o f  MTs in  the plane o f  cy tok in es is  unique to th i s  

group. Mattox and Stewart (4977) have theor ized th a t  the co l laps ing  

IZ region and phycoplast have evolved in c e l l s  whose c e l l u l a r  and, 

consequent ly,  nuc lear e longat ion during anaphase-telophase is  spa

t i a l l y  confined by r i g i d  c e l l  w a l ls .  Precise lo c a t io n  o f  the c lea 

vage furrow between the c lo se ly  separated nucle i  o f  such c e l l s  is  

thought to  be determined by the phycoplast .

The Charophyceae possess r o o t l e t  systems termed "m u l t i laye red  

s t ru c tu re s "  (M LS ) ,  and d isp lay  p e rs is te n t  telophase spindles and 

phragmoplasts. The MLS cons is ts  o f  a broad m ic ro tubu la r  band in 

con junc t ion  w i th  a complex lam e l la r  s t ru c tu re .  The phragmoplast is
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a p a r a l l e l  ar ray o f  MTs perpendicu lar  to the plane o f  cy tok ines is  

between daughter nu c le i .

A biochemical d i s t i n c t i o n  between the Chlorophyceae and the 

Charophyceae based on the type o f  g lyco l  ate o x id iz in g  enzymes present 

has been reported (Freder ick  e t  a l . ,  1973). From l im i t e d  observa

t ions  i t  was in fe r re d  th a t  those species evidencing co l laps ing  t e l o 

phase spindles ( i . e .  Chlorophyceae) possessed g ly c o la te  dehydrogenase, 

whereas those w i th  p e rs is te n t  telophase spindles ( i . e .  Charophyceae) 

were said to possess g lyc o la te  oxidase. Floyd and Sa l isbury  (1977) 

examined g lyco la te  enzymes in  nine species o f  prasinophycean algae, 

some o f  which possessed co l laps ing  telophase sp in d les ,  the remainder 

o f  which did not .  G lyco la te  dehydrogenase was found in  a l l  nine spe

c ie s ,  suggesting th a t  "the evo lu t iona ry  divergence o f  the g lyco la te  

enzyme came a f t e r  the evo lu t ion a ry  divergence o f  the sp ind le  features 

in the green a lgae ."

The te n ta t i v e  t h i r d  l i n e  proposed f o r  the green algae is  the 

Ulvaceae, a "prob lemat ica l  group" whose members possess n e i th e r  MLSs, 

phycoplasts , o r  phragmoplasts (Mattox & Stewart,  1977; Stewart & 

Mattox, 1975a, 1975b, 1978).

Phycoplasts have never been observed in  Cladophora. Observa

t ion s  o f  cy tok ines is  in  prezoosporangial Ĉ. glomerata revealed seve

ra l  MTs in  the v i c i n i t y  o f  the cleavage furrow but none in  the d i v i 

sion plane (McDonald & Pickett -Heaps, 1976). Cytokinesis in  pregame- 

tang ia l  C_. f lexuosa was reported to occur by means o f  "progressive 

vacuo la t ion"  (Scot t  & Bu l lock ,  1976). S im i l a r l y ,  no phycoplasts 

were found during p re l im ina ry  s tud ies  on cy tok in es is  in  vegeta t ive
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nucle i  o f  C. f lexuosa (Lewis, unpublished) and in  pos t -m e io t ic  nuc le i  

o f  C. f lexuosa (S co t t ,  unpublished).

Although presumed to be c ru c ia te ,  no documentation e x is ts  rega r 

ding the type o f  r o o t l e t  system th a t  m o t i le  forms o f  Cladophora pos

sess. This assumption, i n f e r r i n g  the absence o f  a MLS, coupled w i th  

the absence o f  both a co l lap s in g  telophase sp ind le  and o f  a phyco

p la s t  during c y to k in e s is ,  ind ica tes  te n ta t i v e  placement o f  Cladophora 

w i th in  the Ulvaceae. ( In  view o f  such scanty evidence, the term 

" t e n ta t i v e "  cannot be emphasized enough).

A l t e r n a t i v e l y ,  the p o s s i b i l i t y  th a t  the Cladophorales represent 

a branch o f f  o f  the Chlorophyceae, i . e .  imply ing th a t  the phycoplast 

in  t h i s  group has been l o s t  over evo lu t iona ry  t ime, might also be 

considered. The m u l t inuc lea te  con d i t ion  i t s e l f  would appear u n l i k e l y  

to requ ire  a prec ise mechanism, l i k e  the phycoplast ,  f o r  determining 

the loca t io n  o f  the cleavage fu rrow. As in  Cladophora, cytop lasmic 

cleavage in  another m u l t in uc lea te  green a lga,  P ictyosphaeria caver

nosa , does not employ the phycoplast (Hori & Enomoto, 1978b). The 

Chlorococcales, on the o ther  hand, are coenocyt ic ,  form phycoplasts 

during cy to k in e s is ,  and are f u r t h e r  characte r ized by a pe r inu c lea r  

envelope o f  endoplasmic re t icu lum  (P icket t -Heaps,  1975b), a d i s t i n c 

t io n  Cladophora lacks. The quest ion a r is e s ,  " Is  the m u l t inuc lea te  

c ond i t ion  a product o f  convergent e v o lu t io n ,  o r ,  does the cond i t ion  

in Cladophora represent an evo lu t ion a ry  advancement whereby the phy

co p la s t ,  appearing to be unnecessary, has been lo s t? "

In more general terms, i . e .  w i thou t  s p e c i f i c  regard to green 

a lga l  evo lu t ion  per se, several o ther  m i t o t i c  fes tures  may be o f  

evo lu t iona ry  s ig n i f i c a n c e ,  in c lud ing  the nuclear envelope, nuc leo lus ,
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and NAOs. M i tos is  in  Cladophora occurs w i t h in  the confines o f  a 

t o t a l l y  closed nuclear envelope, a cond i t ion  considered p r im i t i v e  

from an evo lu t iona ry  s tandpo in t .  The t o t a l l y  closed sp ind le  is  

uncommon in  green algae. More o f te n ,  fen e s t ra t ion s  o r  gaps in  the 

nuclear envelope are present a t  the poles.  In a d d i t ion  to Cladophora 

(McDonald & P ickett -Heaps, 1976; Mughal & Godward, 1973; Scott  & Bu l

lock ,  1976), the t o t a l l y  closed sp ind le  has been reported in  the 

green algae Bryopsis (Burr  & West, 1970), P ictyosphaeria (Hori & Eno- 

moto, 1978c), Euglena ( G i l l o t  & Tr iemer,  1978), Valonia (Hori & Eno- 

moto, 1978a), Pedimonas (Picket t-Heaps & O t t ,  1974), and Trentepohl ia  

(Graham & McBride, 1978). An i n t a c t  nuc lear envelope throughout 

m i tos is  has also been reported f o r  the golden green alga Vaucheria 

(O t t  & Brown, 1972); protozoans Tetrahymena ( E l l i o t ,  1963) and B1 e- 

pharisma (Jenk ins,  1967); and numerous fungi (see Heath, 1980, f o r  

revi ew).

Although the nuclear envelope is  devoid o f  po la r  fen es t ra t ions  

throughout karyok ines is  in  C_. f le x u o s a , an apparent increase in  the 

number o f  nuc lear pores ex is ts  a t  the po les. Spindle MT biogenesis 

appears to be e x c lu s iv e ly  in t r a n u c le a r .

Pat terns o f  nuc leo la r  behavior during m i tos is  have been d i s 

cussed by Pickett-Heaps (1970a) and more re cen t ly  by Heath (1980), 

who has constructed a hypo the t ica l  scheme f o r  the evo lu t ion  o f  such 

behavior. Heath (1980) has i d e n t i f i e d  f i v e  behavioral classes o f  

nuc leo l i  in c lud ing  the p e rs is te n t  (P icket t -Heaps,  1970b), d is c a rd ive ,  

fragmentary, a sso c ia t ive ,  and d ispers ive  types. The p e rs is te n t  

nucleolus re ta ins  i t s  in terphase form during m i tos is  u n t i l  c o n s t r i c 

ted and d iv ided  a t  telophase in to  two comparable halves. Discard ive
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nuc leo l i  are expel led in  t h e i r  i n t a c t  form in to  the cytoplasm a t  pro

phase or telophase. The type o f  nucleolus found in  Cladophora has 

been termed fragmentary, imply ing the breaking up o f  the nucleolus 

in to  fragments loose ly  strewn or scat te red about the nucleus u n t i l  

telophase during which i n t a c t  nu c le o l i  reform. Assoc ia t ive  behavior 

involves the coat ing  o f  chromosomes w i th  d i f fu s e  fragments o f  nuc le

o la r  m a te r ia l .  The d ispers ive  type o f  nucleolus completely d is s o c i 

ates in to  unrecognizable elements during prophase.

The t e n ta t i v e  evo lu t iona ry  scheme proposed by Heath (1980) based 

on the f i v e  behaviors discussed above recognizes the p e rs is te n t  

nuc leolus, func t iona l  throughout m i to s is ,  as the most p r im i t i v e  type. 

The p e rs is te n t  cond i t ion  could have evolved in  two d i r e c t io n s ,  one 

g iv ing  r i s e  to the d isca rd ive  nuc leo lus ,  a type e i t h e r  incapable o f  

d i v i s io n  or unable to export ribosomes; the o the r  g iv ing  r i s e  to  the 

fragmentary c o n d i t io n ,  in a c t iv e  during m i to s is ,  re q u i r in g  fragments 

f o r  re format ion o f  fu n c t ion a l  n u c le o l i .  Stemming from the fragmen

ta ry  behavior , the assoc ia t ive  pa t te rn  is  viewed as a precursor o f  

the d ispers ive  con d i t ion  which is  charac te r ized  by the presence o f  

nuc lear organ iz ing  regions on chromosomes, capable o f  re forming 

n u c l e o l i .

I t  is  d i f f i c u l t  to discuss the evo lu t iona ry  s ig n i f ic a n c e  o f  an 

o rgane l le  whose fun c t ion  is  unknown, e.g. C_. f le xu o sa 1 s AC. Excep

t in g  one study (presumable vegeta t ive  £. f r a c t a , Mughal & Godward, 

1973) in  which the presence o f  NAOs may have been overlooked, o ther  

reports on Cladophora c i t e  the presence o f  cen t r io le s  associated 

w i th  in terphase nucle i  as well  as m i t o t i c  nucle i (prezoosporangial
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C_. g lomerata , McDonald & Pickett -Heaps, 1976; pregametangial C_. 

f le xu osa , Scot t  & Bu l lock ,  1976). The absence o f  c e n t r io le s  in  

in terphase vegeta t ive  nucle i  and the presumably de novo synthesis o f  

s t r u c t u r a l l y  abbreviated c e n t r io le s  during m i tos is  in  vegeta t ive C_. 

f lexuosa pose i n t r i g u i n g  quest ions.  Do the abbreviated c e n t r io le s  

and t h e i r  t r a n s ie n t  nature represent evo lu t iona ry  advancement a l lo w 

ing energy conservation in  a phase o f  l i f e  h is to r y  th a t  does not 

produce m o t i le  forms ( i . e .  are these organel les remnants), or are 

they v a r ia n t  products o f  genet ic  d r i f t ?

As p rev ious ly  discussed, the fun c t ion  o f  the ACs is  obscure. 

Micrographs from the present study reveal ex t ranuc lea r  MT organ iza

t i o n ,  in  the v i c i n i t y  o f  the ACs, which appears to con t r ibu te  s t r u c 

tu ra l  support to d iv id in g  n u c le i .  Based on conclusions from o ther  

stud ies (Berns & Richardson, 1977; Berns e t  a l . ,  1977), most l i k e l y  

the p e r i c e n t r i o l a r  m a te r ia l ,  ra the r  than the ACs, is  responsib le f o r  

t h i s  MT o rg a n iz a t io n . The large number o f  nuc lear pores in  the 

v i c i n i t y  o f  the ACs persuas ive ly  suggests some re la t io n s h ip  between 

in t ra n u c le a r  events and the po la r  organel les or  t h e i r  surrounding 

m a te r ia l .  ACs may, in  some fash ion ,  prov ide depolymerized MT sub

un i ts  which can be shunted through nuclear pores to con t r ibu te  to 

sp ind le  fo rmat ion .

Obviously, the answers to many questions must be found before 

any d e f i n i t i v e  conclusions can be made w i th  respect to  Cladophora1s 

phylogenetic  a f f i n i t i e s .  Elements o ther  than those presented, 

inc lud ing  k inetochores,  sp ind le  c h a r a c te r i s t i c s ,  chromatin, mem

branes, and Biochemical a t t r i b u t e s  should also be considered from 

the evo lu t ion a ry  s tandpo in t .  Broadly speak ing,Cladophora possesses
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" p r im i t i v e "  a t t r i b u t e s  and several unusual v a r ia t io n s  o f  unknown 

s ig n i f ic a n c e .  Add i t iona l  work, both w i th in  the species and on o the r  

Siphonaceous groups, w i l l  be necessary to advance the c u r ren t  under

stand!' ng.

CONCLUDING REMARKS

U 1tras t ru c tu ra l  events o f  m i tos is  in v e g e ta t iv e ly  d iv id in g  

nucle i o f  C. f lexuosa c lose ly  p a ra l le l  the m i t o t i c  behavior repor

ted f o r  o ther  members o f  t h i s  genus and o ther  l i f e  h i s to r y  forms 

o f  t h i s  species. One s a l i e n t  d i s t i n c t i o n ,  pa ired ACs, warrant  f u r 

th e r  in v e s t ig a t io n  to probe the o r i g i n ,  morphogenesis, and fu n c t io n  

o f  these unique NAOs. Continued work to complete the u l t r a s t r u c 

tu r a l  examination o f  a l l  l i f e  h i s t o r y  forms o f  C_. f le x u o s a , p a r t i 

c u la r l y  m o t i le  stages, w i l l  f u r t h e r  c on t r ibu te  to the determina

t i o n  o f  the phy logenetic  a f f i n i t i e s  o f  the Cladophora les.
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PLATE 1

L igh t  micrograph o f  vege ta t ive  Cladophora f lexuosa 

ap ica l  reg ion ,  X 110.

L ig h t  micrograph o f  vegeta t ive  f lexuosa apical  

reg ion .  Modif ied feulgen preparat ion reveals numer

ous densely s ta in in g  n u c le i .  X 344.

Interphase nucleus. Nucleolus, n; chromatin, c, 

vacuoles, v. X 15,340.
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Figure 4.

Figure 5.

PLATE 2

Interphase-prophase t r a n s i t i o n  in  vegeta t ive  nucleus o f  

f lexuosa is  marked by condensation o f  chromatin i n t o  

chromosomes and i n i t i a l  nu c leo la r  d ispers ion .  X 14,300.

Late prophase nucleus. Note continued nuc leo la r  d i s 

pers ion.  Microtubules (arrowheads) are present ,  assoc i 

ated w i th  nuc leo la r  and chrosomal components. X 1 8 ,2 0 0 .
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PLATE 3

Figure 6. Prometaphase nucleus. The sp ind le  axis is  defined 

(between arrows). A k inetochore is  v i s i b l e  (arrow

head). Cytoplasmic components inc lude go lg i  appa

ra tu s ,  g; pyrenoid, p; mitochondrion, m; c h lo ro p la s t ,  

c l . X 21,700.
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PLATE 4

Figure 7. Prometaphase congress ion o f  chromosomes to the forming 

metaphase p la te .  Spindle is  w e l l -d e f in e d  from pole to 

po le. X 12,700.

Figure 8. Metaphase nucleus. Chromosomes are a l igned a t  a broad 

metaphase p la te .  X 18,330.



riSSH
b J »

WmSS&SHKBi



56

Figure 9

Figure 10

Figure 11

PLATE 5

. Metaphase nucleus w i th  associated "abbreviated c e n t r i -  

o les"  a t  the poles. Nucleolus is  very d i f f u s e .

X 26,125.

Higher m agn i f ica t ion  o f  l e f t  "abbreviated c e n t r i o le "  

p a i r  shown in Figure 9. X 48,750.

Higher m a gn i f ica t ion  o f  r i g h t  "abbreviated c e n t r i o le "  

p a i r  shown in  Figure 9. X 48,750.
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Figure 12

Figure 13

Figure 14

Figure 15

PLATE 6

. S l i g h t l y  ob l ique plane o f  sec t ion ing  through an "abbre

v ia ted  c e n t r i o le "  p a i r .  Note the abundance o f  nuc lear 

pores and t h e i r  densely s ta in in g  contents . X 65,700.

Cross-section through one member o f  an "abbreviated 

c e n t r i o le "  p a i r .  Some blades are composed o f  doublet  

m ic ro tubu les .  X 61,300.

One member o f  an "abbrev iated c e n t r i o le "  p a i r  l o n g i t u 

d i n a l l y  sect ioned,  seen s i tua te d  in  a depression cup 

ou t l ine d  by densely s ta in in g  nuclear pores. X 50,000.

Tangentia l sec t ion  through an "abbreviated c e n t r i o le "  

p a i r  and i t s  associated m ic ro tubu les .  Nuclear pores 

are seen in  c ross -sec t ion .  X 41,150.
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PLATE 7

Figure 16. Late metaphase nucleus. Note maximally dispersed 

nucleolus and t r i l a m in a r  kinetochores (arrowheads). 

X 17,900.

Figure 17. Enlarged view o f  a kinetochore and i t s  k inetochore 

m icro tubules.  X 73,200.
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PLATE 8

Figure 18. Anaphase nucleus w i th  e longat ing sp ind le  in te rzone.

Note the very a c t iv e  go lg i  complexes! and a preponderance 

o f  rough endoplasmic re t icu lum ,  e r ,  in  the surrounding 

cytoplasm. X 13,200.
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PLATE 9

Figure 19. Telophase nucleus. Although not apparent due to the 

plane o f  s e c t io n in g ,  the nucleus a t  the upper l e f t  in  

t h i s  micrograph is  s t i l l  attached to the sp ind le  i n t e r 

zone. X 6,750.

Figure 20. Enlarged view o f  the m ic ro tubu la r  sp ind le  in te rzone 

shown in  Figure 19. Some nu c leo la r  fragments are 

v i s i b l e .  X 16,600.
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Figure 21.

Figure 22.

PLATE 10

Telophase daughter nucleus s t i l l  at tached to i t s  sp ind le  

in te rzone.  Nucleolus has regained i t s  compact appear

ance. Micro tubules have depolymerized in to  subunits  

except in  the v i c i n i t y  o f  the sp ind le  in te rzone .

X 26,700.

Telophase daughter nucleus. Pos i t ion  o f  the sp ind le  

in te rzone r e l a t i v e  to the daughter nucleus may suggest 

nuc lear r o t a t i o n .  X 19,000.
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PLATE 11

Figure 23. Telophase daughter nucleus separated from i t s  sp ind le

in te rzone .  Note converging micro tubules (arrows) on the 

s ide o f  the nucleus proximal to  the sp ind le  in te rzone.

X 16,250.

Figure 24. Vacuolar i n t r u s io n  between two re c e n t ly  separated daugh

t e r  n u c le i .  Spindle in te rzone remnant (arrow) s t i l l  

present in  cytoplasm. X 8,100.
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