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ABSTRACT

Mitosis in the  m ar ine  red  alga L o m e n ta r i a  ba i leyana  (Rhodymenia l i es ,  
Rhodophyta )  was  stud ied  with the  e l e c t r o n  m ic roscope .  Nucleus a s soc ia ted  
o rgane l les  known as polar  r ings (PRs) m ig ra te  to  es tab l ish  the  division 
poles a t  p rophase .  At  p r o m e t a p h a s e ,  shal low invagina tions  in the  nuclear  
enve lope  (NE) form on tw o  sides of each  PR and soon ru p tu re .  The gaps 
t h a t  a re  consequen t ly  fo rm ed  con ta in  severa l  smal l  f r a g m e n t s  of NE. 
A la rge r  region of NE rem a ins  i n t a c t  be tw e e n  the  tw o  gaps. By m e t a 
phase  severa l  c i s t e r n a e  of p e r in u c lea r  endop lasm ic  r e t i cu lu m  (PER) have  
enc losed  most  of the  nucleus  but  rem a in  absen t  from the  po la r  regions.  
The nucleolus  d isperses  pa r t i a l ly  and a typ ica l  m e ta p h a s e  p la t e  of  c h ro m o 
somes  is fo rm ed .  Each PR has  disjoined into s e p a r a t e  p rox im al and distal  
por t ions .  MTs conve rge  widely on all regions  of  th e  po la r  a re a ,  but  
do not  e x t e n d  in to  t h e  cy to p la s m .  Some MTs end  near  or a t  th e  c h ro m o 
somes while o th e rs  e x t e n d  slightly f a r th e r  p a s t  the  ch rom osom es  or di
agonal ly  to  the  NE. As ch rom osom es  move  to  opposite  poles a t  a n a 
phase ,  the y  a re  a c c o m p a n ie d  by nucleo la r  m a te r i a l .  An in te rzona l  m id 
p ie ce  (IZM) is c r e a t e d  as the  pole to  pole d i s ta nce  in c re a ses  and the
NE rem a ins  i n t a c t  e x c e p t  for  the  po la r  gaps. Following d e t a c h m e n t  
f rom the  IZM, th e  d a u g h te r  nuclei  a re  s e p a r a t e d  by a la rge  c e n t r a l  vacuole 
as a  c l eavage  furrow deve lops  and even tua l ly  c o n s t r i c t s  to  fo rm two
cells .  It is sugges ted  t h a t  mi tos is  in L o m e n ta r i a  r e p re s e n t s  an evo lu
t io n a ry  i n t e r m e d i a t e  b e tw e e n  t h a t  seen in th e  h igher  and lower groups 
of  red  a lgae .  This conclusion is in a g r e e m e n t  wi th conven t iona l  m orpho 
logical  and l ight  m ic roscop ic  c r i t e r i a  used to  p la ce  L o m e n ta r i a  in the  
R hodym enia le s ,  which is cons idered  to  be the  second m os t  advanced
orde r  in the  Rhodophy ta .

vii



THE ULTRASTRUCTURE OF CELL DIVISION 

IN THE MARINE RED ALGA 

LOMENTARIA BAILEYANA



INTRODUCTION

Mitosis  is a fu n d a m e n ta l  p rocess  of all e u k a ry o t ic  cel ls  and has  been 

th e  sub jec t  of much in t e r e s t  s ince the  invent ion of the  l ight  m ic roscope .  

The in t roduc t ion  of the  e l e c t r o n  m ic roscope  (EM) and the  p e r f e c t io n  of 

EM te chn iques  have  opened  an en t i r e ly  new approach  to  r e s e a rc h  in this  

a r e a .  In addi t ion  to  b iochem ica l  and physiological  ana lyses ,  numerous  

EM s tud ie s  a re  now co n t r ib u t in g  to  knowledge  of the  s t r u c t u r e  and func t ion  

of th e  m o t i t i c  p rocess  ( to  c i t e  a few: Bajer  1973, Bajer  and Mole-Bajer

1972, Fuge 1974, H ea th  1981, Heple r  1980, Inoue and R i t t e r  1975, Jackson  

and Doyle 1982, Luykx 1970, McDonald et_ al_. 1977, P i c k e t t - H e a p s  1969, 

1975b, 1978, S t e w a r t  and M at tox  1975).

Although mi tos is  rem a ins  essen t i a l ly  uni form am ong  h ighe r  p lan ts  

and an imals ,  lower  e u k a ry o te s  show an abundance  of va r ia t ion  in th e  bas ic 

p rocess .  E l e c t ro n  m ic roscop ic  s tudie s  of mi tos is  have  a ided  in the  phy-  

logeny and s y s t e m a t i c s  of many lower e u k a ry o te s  ( sum m ary  a r t i c l e s :  H ea th  

1980a,  Fulle r  1976, Kubai  1975, 1978, Leeda le  1970, P i c k e t t - H e a p s  1974, 

1975a). Some of the se  s tud ie s  have  b rought about  changes  in the  s y s t e 

m a t i c s  of g reen  a lgae  and in the  i n t e r p r e t a t i o n  of the i r  re la t ionsh ip  to  

h ighe r  p lan ts  ( P i c k e t t -H e a p s  1975a,  S t e w a r t  and M attox  1975) and have  

also he lped  r e e v a lu a t e  fungal  ta xonom y  (Fuller  1976, H eath  1978).

Although th e  con t r ibu t ions  of e l e c t r o n  m ic roscope  s tud ie s  of cel l 

division to phylogeny and ta xonom y  a re  numerous ,  it  is n ecessa ry  to  r e c o g 

nize the  l im i ta t ions  of the se  stud ie s.  In spec i f ic ,  the  use of u l t r a s t r u c t u r a l
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de ta i l s  of mi tos is  as a phy logene t ic  ind ica to r  becom es  d i f f icu l t  when one 

m us t  dec ide  which equal ly  e f f i c i e n t  m i to t i c  a p p a ra tu s  is more  p r im i t ive .  

M oreover ,  it  is not  uncom m on for an ad v an c ed  organ ism to  have  w ha t  

is cons ide red  a p r im i t ive  m i to t i c  a p p a ra tu s  or a p r im i t iv e  organism to  

have  an advanced  a p p a ra tu s  (Oakley 1978). B e t t e r  appl ied  as a t a xonom ic  

c r i t e r io n ,  u l t r a s t r u c t u a l  s tudie s  of  mi tos is  a re  fu r th e r  l im i ted  by t e ch n ica l  

p rob lem s  inhe re n t  to  e l e c t r o n  microscopy .  It is a slow, laborious p rocedu re  

to  p r e p a re  and sec t ion  spec im ens  for the  e l e c t r o n  m ic roscope  and one 

has  to  i n t e r p r e t  t h r e e  d im ensional  s t r u c t u r e s  f rom thin ,  tw o dimensional  

t i ssue  sl ices.  The loss or re lo c a t io n  of m a t e r i a l  with in  a ce l l  and the  

addi t ion  of a r t i f a c t u a l  m a te r i a l  o f ten  i n t e r f e r e  with the  ab i l i ty  to draw 

conclus ive  resu l t s .  Morphological  id e n t i f i c a t io n  of  ce l lu la r  compounds  

with th e  e l e c t r o n  m ic roscope  m us t  o f t e n  be fo l lowed by ind i rec t  cy to -

logical  or b iochem ica l  ana lyses  for v e r i f i ca t io n  (Heath  1981). Desp i te  

th e s e  im p o r t a n t  l im i ta t ions ,  ca re fu l ly  i n t e r p r e t e d  u l t r a s t r u c t u r a l  s tudies  

of  mi tos is  will con t inue  to  provide  much needed  in fo rm a t io n  for  phy lo 

g e n e t i c  and t a x o n o m ic  purposes .

R e s e a rc h  of th is  n a tu re  on red a lgae  has  begun only r e c e n t ly .  The 

poor EM f ixa t ion  usually ob ta ined  with red  a lgae ,  the i r  inaccess ib i l i ty

as p r e d o m in an t ly  m a r ine  p lan ts  unable to  th r ive  eas i ly  in la b o ra to ry  con 

dit ions ,  and the  e x t r e m e  d i f f icu l ty  in iden t i fy ing  the  br ie f  dai ly t i m e  

per io ids  when cel ls  divide a re  the  main  reasons  for  thi s  delay.  While

p rog res s  is slow and "EM has  been  of less use in red  algal  s y s t e m a t i c s  

th a n  in simi la r  s tud ie s  of  any o th e r  algal  group" (D u c k e t t  and P ee l  1978), 

m ore  r e c e n t ly  the  w ea l th  of in fo rm a t io n  a c c u m u la t e d  from EM re sea rch  

is changing  this .

The division Rhodophy ta  has  tw o classes ,  The Bangiophyceae  and
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th e  F lo r ideophyceae .  The fo rm e r  is p red o m in an t ly  com posed  of un icel lu la r  

and simple m u l t ic e l lu la r  p lan ts  which lack  any type  of sexual  reproduc t ion ,  

w h e reas  the  p lan ts  in the  l a t t e r  class a r e  m u l t i c e l lu la r  with com plex  sexual 

l i fe h is to r i e s .  Trad i t iona l  ord inal  c l a ss i f i ca t io n  within the  F lo r ideophyceae  

has  been based on var ia t ions  of th e  morphologica l  ev e n t s  t h a t  occur  im m e 

d ia te ly  be fo re  and a f t e r  f e r t i l i z a t i o n  on the  fem a le  p lan t .  In cases  w here

f e m a le  p lan ts  a re  lacking,  or w here  an e n t i r e  o rder  shows excep t iona l

u n i fo rm i ty  in this c r i t e r io n ,  o the r  f a c to r s  such as d i f f e r e n c e s  in v e g e t a t i v e  

morphology,  spore p roduc t ion  and l ife h is to r ie s  have  been em ployed  (Bold 

and Wynne 1978, Dixon 1973). In r e c e n t  years  u l t r a s t r u c t u r a l  inves t iga t ions  

have  r ev ea led  seve ra l  possible  f e a t u r e s  t h a t  m ay  ass is t  in c la r i fy ing  th e  

s y s t e m a t i c s  of  th is  an c ien t  p la n t  group.  C o m p a ra t iv e  s tudie s  on ch lorop las t  

u l t r a s t r u c t u r e  ( sum m a ry  a r t i c l e :  Hara  and C h iha ra  1974), d ic tyosom e s t r u c 

tu r e  and assoc ia t ion  (D u c k e t t  and Pee l  1978, S co t t  1984), and pi t  plug 

morphology (Puesche l  1980, Puesche l  and Cole  1982) have  been  done.

The focus  in our l a b o ra to ry  has  been  on the  use of de ta i l s  of cel l  division 

as c r i t e r i a  to  be cons idered  in red  algal  t axonom y  (B roadw a te r  and Scott  

in p rep . ,  Phil l ips and S co t t  1981, Schorns te in  and S co t t  1982, Sco t t  1983, 

S co t t  et_ a h  1980).

Within the  F lo r ideophyceae ,  mi tos is  has  been  in v e s t ig a t e d  in a p lant  

of  the  s im ples t  o rder,  the  N em al ia les  (Scott  1983) and in p lan ts  of the  

m os t  advanced  o rder ,  the  C e ra m ia l e s  (C ha r le s ton  1984, Dave and Godward 

1982, MacDonald  1972, Phill ips and S co t t  1981, S c o t t  et_ aL 1980). The 

o b je c t  of this  s tudy,  L o m e n ta r i a  b a i ley an a , is in the  o rde r  Rhodymenia les ,  

which has  t h r e e  fam i l ies :  the  R h o d y m e n iace ae ,  th e  C h a m p ia c e a e  and

th e  L o m e n ta r i a c e a e .  C ham pia  parvu la  and L o m e n ta r i a  b a i l e y a n a , from 

th e  l a t t e r  tw o fam i l ies  r e spec t ive ly ,  a re  found in the  c o as ta l  w a te r s  off
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the Eastern Shore of Virginia and are easily accessible. Because the Rho- 

dymeniales is also considered an advanced order of the Floridiophyceae, 

it is desirable to see if mitosis within this order is similar to that already 

studied in the Ceramiales. Although both Champia parvula and Lomen

taria baileyana were studied, only Lomentaria fixed well enough to be 

studied in detail with the electron microscope.



MATERIALS AND METHODS

Ste r i le  spec im ens  of  L o m e n ta r i a  ba i leyana  w ere  c o l l e c t e d  in channe ls  

near  W achapreague  Inlet ,  VA by t raw l ing  f rom a boat  in the  shallow coas ta l  

w a t e r s  in ea r ly  au tu m n .  They w ere  im m e d ia te ly  t r a n s p o r t e d  to  the  la bo ra 

to ry  and cu l tu red  in equal  vo lumes  of von S to s ch ’s c u l tu re  m edium (von 

Stosch 1964) and f i l t e r e d  sea  w a te r .  Specimens  w ere  m a in ta in e d  in a 

c u l tu r e  room on a shaker  t a b le  under  a s e t  pho toper iod  (14L:10D) for 

t h r e e  days  a t  22° C. On the  four th  day,  2 hrs .  into the  l ight  period,  

th e  spec im ens  w ere  f ixed for 2 hrs .  in a solu t ion of 2% g lu ta ra ldehyde  

in 0.1M phospha te  bu f fe r  (pH 6.6) and 0.25M sucrose.  Specimens ,  a f t e r  

seve ra l  r inses  in 0.1M bu f fe r  with  0.25M sucrose ,  w e re  pos t f ixed  in 1% 

OsO^ in the  sam e  buf fe r  for  1-2 hrs .  A 5 min.  dehydra t ion  in 50% a c e to n e  

was  fo l lowed by an overn igh t  s tay  in a 2% uranyl  a c e t a t e - 7 0 %  a c e to n e  

so lu t ion  a t  4° C.  D ehydra t ion  was  the n  con t inued  in 70%, 90% and th ree  

100% a c e t o n e  r inses .  In f i l t r a t io n  with an inc reas ing  ra t io  of Embed 812 

resin to  100% a c e to n e  was  c a r r i e d  ou t  over  an hr .  The alga was  le f t  

in p u re  resin  for  24 hrs .  b e fo re  em bedd ing  the tip regions  of the  p lan t .

The spec im ens  w ere  kept  t h r e e  days in an oven a t  60° C for p o ly m e r i 

z a t io n  of t h e  resin.

Thin sec t ions  w ere  m ade  with a Dupont d iamond knife on a Sorvall 

MT 2-B u l t r a m i c r o to m e .  Sec t ions  w ere  c o l l e c t e d  on one-hole  grids, s ta ined  

in lead  c i t r a t e  and t r a n s f e r r e d  to  fo rm v ar  c o a t e d  one-hole  grids. They 

w e re  p ho tog raphe d  with a Zeiss  EM 9S-2 e l e c t r o n  m ic roscope .  Thick

6
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sec t ions  (0.5 um) w ere  also m ade  with a d iamond knife and s ta ined  with 

to lu id ine  blue for pho tography  with a Zeiss  P ho to m ic ro sco p e  II using br ight  

f ield op ti cs .  Whole live s pec im ens  w ere  p ho tog raphe d  with a Wild M400 

P h o to m ic ro s co p e .



RESULTS

Light  Microscope Obse rva t ions

L o m e n ta r i a  ba i leyana  is a hollow, tubu la r  alga  t h a t  can  grow to  10 

cm in length .  It has  an ir regu la r  branching  p a t t e r n  and exhib it s  m ul t iax ia l  

g row th .  Ligh t  m ic roscope  observa t ions  of longitud inal ly  sec t ioned  tip 

reg ions  (Fig.  1) revea l  chains  of g rea t ly  e lo n g a te d  cel ls  t h a t  border  a 

c e n t r a l  c av i ty .  These  f i l a m e n t s  o r ig ina te  f rom apica l  cel ls  of  un limited  

g rowth  a t  th e  tip region.  Border ing the  outs ide of th e se  cha ins  a re  o th e r  

f i l a m e n t s  of l im i ted  growth  t h a t  fo rm the  c o r t i c a l  region.  E longa ted  

axia l  cel ls  and older  c o r t i c a l  cel ls  a re  m u l t in u c le a t e  and con ta in  large 

c e n t r a l  vacuo les .  Apical  cel ls  and a d j a c e n t  young c o r t i c a l  cel ls  lack  la rge  

vacuoles ,  and have  a s ingle c e n t r a l  nucleus  3-5 um in d i a m e te r  (Fig.  2). 

Division was  observed  in th e se  tw o  types  of small  e l ip t ica l ly  shaped  cel ls .  

Cel ls  in var ious s tag es  of  mi tos is  w ere  found in L o m e n ta r i a  a t  a g r e a t e r  

f req u en cy  re l a t iv e  to  th e  a m oun t  of t im e  spent  sea rch ing  than  in any 

red  alga  prev ious ly  studied  in this  l a bo ra to ry .

E l ec t ro n  Microscope O bse rva t ions  

In te rphase  and P rophase

This is the  f i r s t  u l t r a s t r u c t u r a l  s tudy  done on the  genus L o m e n ta r i a  

using m ode rn  f ixa t ion  techn iques ,  (see Bouck,  1962, for a genera l  u l t r a -  

s t r u c t u r a l  s tudy which u t i l iz ed  p e r m a n g a n a te  f ixat ion) .  M i to t ica l ly  quie s 

c e n t  axial  f i l a m e n t  cel ls  have  a la rge c e n t r a l  vacuole and a re  from tw o
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to  four t im e s  longer  than  the  ap ica l  cel ls .  Two or th r e e  small  nuclei  

and ch lorop las ts  a re  p ro m in e n t  within the  band of cy top lasm  a t  the  cel l 

p e r i m e t e r .  In po te n t i a l ly  m i to t i c  ap ica l  and young c o r t i c a l  cel ls ,  the  

nucleus cons is ts  of a  d ispersed  c h ro m a t in  n e tw o rk  with a la rge  nucleolus.  

Two nucleus a s s o c ia t e d  o rgane l les  (NAOs), s im i la r  in morphology  to the  

po la r  r ings (PRs) desc r ibed  in Apoglossum (Dave and Godward  (1982), 

M e m b ra n o p te r a  (McDonald 1972), Polys iphonia (Sco t t  et_ aT, 1980), and 

Dasya  (Phil l ips and S co t t  1981), a r e  p r e s e n t  in both qu ie scen t  and m i t o t i 

cal ly  ac t iv e  cel ls .  Although a pai r  of po la r  r ings was  never  seen in p o t e n 

t i a l ly  m i to t i c  in t e rp h as e  ce l l s  as  r e p o r te d  by S co t t  et_ al_. (1980), th ey  

w e re  found in var ious  s t a g e s  of m ig ra t ion  a t  th e  onse t  of p rophase  (Figs.  

3, 4, 7). PRs  a re  shor t ,  hollow e l e c t r o n  dense cy l inders ,  120-140 nm in 

d i a m e t e r  and 40-60 nm in he igh t .  They a re  com posed  of close ly  a s so c ia ted  

p rox im a l  and dis ta l  por t ions ,  and are  a lways  found with the i r  longi tudina l  

axes  o r i e n t e d  pe rp en d icu la r  to  th e  nuc lear  enve lope  (NE), (Fig.  3). A 

smal l  r ib o s o m e - f r e e  zone  of exclusion  surrounds th e  PRs  as th e y  m ig ra te  

t o  es tab l i sh  the  division poles.  Micro tubules  (MTs) can  be seen  ex tend ing  

f rom the  zone  into the  cy top lasm  and along the  NE. D i rec t ly  benea th  

each  PR is a nuc lear  enve lope  p ro t rus ion  (NEP), which may con ta in  a 

smal l  am o u n t  of h e t e r o c h r o m a t i n  (Figs.  3, 7). The regions  of NE to  e i th e r  

s ide of th e  PR a re  dense  with nuc lear  pores ,  w h e re a s  the  NEP rem a ins  

p o r e - f r e e .  Transve rse  sec t ions  of  the  PR rev ea l  a c i r c u la r  m em b ran o u s  

s t r u c t u r e  inside (Fig.  6). When viewed in long itud ina l  sec t ions ,  the  p ro 

j e c t io n  th rough  the  PRs appea rs  to be an ex tens ion  of the  o u te r  NE m e m 

brane  (Figs.  3, 7). In some sec t ions ,  a  narrow tubu la r  ex tens ion  of smooth  

e ndop la sm ic  r e t i cu lu m  ap p ea r s  c o n n e c te d  to  thi s  p ro je c t io n .  Once  the  

p o la r  r ings have  c o m p le t e d  th e i r  m ig ra t io n  es tab l i sh ing  the  division axis,
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the  zones  of exc lus ion en l a rg e .  C h ro m a t in  begins to  condense  m ore  n o t i c e 

ably,  while th e  nucleolus  r em a ins  d is t inc t .

P ro m e t a p h a s e

During la te  p ro p h a s e -e a r ly  p r o m e ta p h a s e ,  the  nucleus changes  from 

a spher ica l  to  a m ore  oval shape.  The NE becom es  f l a t t e n e d  a t  the  poles 

and the  zones  of exc lusion  en la rge  to  encom pass  th is  region (Fig.  8).

N uc lea r  pores  inc re ase  in dens i ty  a t  the  sides of the  NEP t h a t  subtends  

eac h  PR.  C h ro m a t in  con t inues  to  condense  as the  nuc leolus  s t a r t s  to 

d isperse .  One or tw o c i s t e r n a e  of  p e r in u c lea r  rough endop lasm ic  re t i cu lum  

(PER)  have  g a th e re d  near  the  nucleus  but  do not  sur round  the  po la r  regions .  

As p ro m e t a p h a s e  p rocee ds ,  invag ina t ions  or p o c k e t s  of  th e  NE t h a t  a re  

la rge ly  p o r e - f r e e ,  fo rm on oppos i te  s ides of each  po la r  r ing. F igures  9-12 

show se r ia l  sec t ions  of th e  only nuc leus  found a t  this  s t a g e  of p r o m e t a 

phase .  A d jacen t  sec t ions  of one p o c k e t  region  in an o th e r  nucleus  (Figs.  

13, 14) i l lu s t r a t e  t h a t  p o ck e t s ,  in which MTs w ere  never  observed ,  do

not  p e n e t r a t e  deep ly  b e fo re  rup tu r ing .  The tw o  nuclei  in F igures  15 and 

16 show one of the  tw o  gaps,  with  the  a s s o c ia t e d  PR now s e p a r a t e d  sl ightly 

in to  p rox im al and dis ta l  por t ions .  At  this  t im e  the  ch rom osom es ,  a p p a r e n t 

ly fully condensed ,  a re  random ly  d i s t r ib u ted  th roughou t  th e  nucleus .  

Although  d i s t in c t  k in e to ch o re s  a re  not  observed  rou t ine ly  h e r e  or  a t  any 

subsequen t  s tag e  of mi tos is  (see how ever  Fig. 20), they  a re  a ssum ed  p r e 

sen t ,  but  not well p re s e rv e d  by this f ixa t ion  process .

Four cel ls  w ere  seen in l a te  p ro m e t a p h a s e .  The nucleus  has  becom e 

much e l o n g a te d  and the  gaps have  w idened  as numerous  MTs a re  seen 

with in  th e  nucleus .  At the  gap edges ,  some por t ions  of the  NE f rom the  

ru p tu r e d  p o ck e t s  a re  stil l seen inside the  nucleop lasm,  while a t  le as t
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one p ro m in e n t  NE f r a g m e n t  rem a ins  in the  gap midregion.  The n a tu re  

of  th e  PRs a t  this  t im e  is u n d e t e rm in e d .  Chrom osom es  begin to  congress  

to w a rd  the  nuclear  midregion ,  and th e  nucleolus,  which appea rs  pushed 

ag a in s t  the  NE, has  d ispersed  f u r th e r  but  rem a ins  d iscernab le .  M i tochon

dr ia  begin to  c o l l e c t  close to  th e  poles  while small  vacuoles  g a th e r  in 

th e  cy top la sm  a shor t  d is tance  f rom the  nucleus  (Figs. 17, 18).

M e tapha se

Figure  19 shows the  c h ro m o s o m es  assem bled  on a typ ica l  eq u a to r i a l  

p l a t e .  What had  been  an e l o n g a te d  nucleus  during la te  p r o m e t a p h a s e  

has  now deve loped  a p ronounced  bulge in the  middle which a c c o m m o d a te s  

th e  c h rom osom es ,  so t h a t  the  pole to pole d i s t a n c e  has  b e co m e  s h o r te r  

th a n  the  d i s ta n ce  ac ross  the  m e ta p h a s e  p la t e .  The pa r t ly  d ispersed  nuc le 

olus is o f t e n  seen pushed aga ins t  the  NE in the  p la te  region.  A t o t a l  

of  22 m e ta p h a s e  nuclei  w e re  observed ,  abou t  h a l f  of  which were  a t  l e a s t  

p a r t i a l l y  se r ia l ly  s ec t io n ed .  However ,  only tw o  m e ta p h a s e  nuclei  with 

PRs  w ere  found (not  shown b ecause  of  lead  con tam ina t ion ) .  One was  

cu t  t a n g e n t i a l ly  in such a way to  rev ea l  the  p rox im al  and dis ta l  por t ions  

of the  PR pos i t ioned  above a c e n t r a l  f r a g m e n t  of NE. The d i s ta n ce  b e 

t w e e n  the  por t ions  was  g r e a t e r  th a n  t h a t  seen in p r o m e t a p h a s e  (Figs.  

15, 16) and appea rs  s im i la r  to  t h a t  r e p o r t e d  in Polysiphonia and Dasya  

(Phill ips and S co t t  1981, S co t t  et^ al .  1980). One or tw o  f r a g m e n t s  of 

NE c an  be seen  a t  the  pola r  reg ions in some p lanes  of sec t ions ,  w he reas  

in a d j a c e n t  sec t ions  of the  s am e  cel l ,  the  poles  ap p ea r  as a la rge  gap 

devoid of any obvious NE f r a g m e n t s .  The NE f r a g m e n t s  in the  nucleop lasm 

a t  p r o m e t a p h a s e  a re  no longer p r e s e n t .  MTs converge  widely on all regions  

of th e  po la r  a re a ,  but  do not  e x t e n d  in to  the  cy top lasm .  Some MTs end
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near  or a t  the  ch rom osom es  while o th e rs  e x t e n d  sl ightly f a r th e r  pas t  

the  c h rom osom es  or digaonally  to  the  NE. Mitochondr ia ,  appea r ing  to 

provide  a boundary  be tw e e n  nucleoplasm and cy top lasm ,  closely line the  

poles.  Vacuole fo rm a t io n  con t inues  and tw o  to t h r e e  c i s t e rn a e  of PER 

envelop  the  NE a t  m e ta p h a s e ,  al though a t  the  poles this  close jux tapos i t ion  

is lost and the  PER e x te n d s  into the  cy top lasm .

A naphase -T e lophase -C y tok ines i s

As the  c h rom osom es  begin moving to  opposite  poles a t  the  onset  

of  anaphase ,  f r a g m e n t s  of th e  nucleolus  a re  seen  accom pany ing  th e m  

(Fig.  20). The c h ro m o s o m e  to pole m o v e m e n t  appea rs  to occur  sl ightly 

be fo re  mos t  of th e  pole to  pole s epa ra t ion .  A conspicuous in te rzona l

m idp iece  (IZM) con ta in ing  MTs is a t  f i r s t  wide and bulges sl ightly a t  the  

m e ta p h a s e  p l a t e  reg ion.  As the  polar  regions move f a r th e r  ap a r t ,  the  

IZM leng thens  and d e c re a s e s  in d i a m e te r  (Fig.  20). Although six anaphase  

nuclei  f rom ea r ly -m id  anaphase  to  l a t e  an a p h a se -e a r ly  te lophase  were  

observed ,  no PRs w ere  found. It is a s sum ed  th a t ,  as  in Polysiphonia and

D a s y a , the y  rem a in  spli t  into the i r  p rox im al  and dista l  port ions,  which

a re  d i f f icu l t  to  observe .  As the  poles con t inue  to  move a p a r t ,  the  a sso

c i a t e d  m i to ch o n d r ia  beco m e  pushed  aga ins t  opposing regions  of the  cel l 

m e m b r a n e .  The vacuoles  repos i t ion  near  the  IZM and most  l ikely coa lesce  

(Fig.  21).

Te lophase  begins as th e  poles have  f inished moving a p a r t .  C h ro m o 

somes  ap p ea r  so m e w h a t  d ispersed  with in  a g ranu lo - f ib r i l l a r  (nuc leolar?)  

m a t e r i a l  which is g rea t ly  r e s t r i c t e d  to each  pole (Fig. 22). The vacuole(s) 

have  moved be tw e e n  the  tw o fo rming  daugh te r  nuclei  and the  NE e v e n 

tua l ly  grows in, c u t t in g  off  each  new nucleus  f rom the  IZM. The NE
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a t  the  po la r  a r e a s  also begins to  re fo rm  a t  this  t im e .  C le av ag e  furrows,  

not  seen unti l  th is  l a te  po in t  in te lophase ,  appea r  a t  th e  cel l  pe r iphe ry .  

Many l a t e  t e lophases  w ere  observed ,  and,  depending  on the  p lane  of s e c 

t ioning,  a  la rge c e n t r a l  vacuole  and /o r  re m n a n t s  of th e  IZM with a s soc ia ted  

PER a r e  a lways  found b e tw e e n  th e  daugh te r  nuclei  (Figs.  23-25). In ap ical  

ce l ls  lo c a te d  sl ight ly p e r ip h e ra l  to  a  b ranch ' s  long i tudina l  axis,  th e  nuclei  

a r e  not  pos i t ioned  a t  the  cel l  ends .  Ins tead  the  nuclei  a re  s i tu a te d  diago

nally in re la t io n  t o  th e  longitudina l  ce l l  axis (Figs.  23, 25). Likewise,  

c l e a v a g e  furrows  in the se  cel ls  do not  fo rm p e rpend icu la r  to  the  lo ng i tu 

dinal axis but  a re  angled r e l a t iv e  to  the  nuclei .  In c o n t r a s t ,  F igure 2 

shows a ce n t r a l l y  lo c a t e d  ap ica l  cel l  with nuclei  lo c a te d  a t  the  oppos ite  

ends  of th e  cel l ,  with a c l e a v a g e  furrow just s t a r t i n g  to form pe rpend icu la r  

to  th e  ce l l ' s  longi tudinal  axis.  When ap ica l  ce l l s  on e i t h e r  side of the  

c e n t r a l - m o s t  cel ls  a re  c l eav ed  a t  an angle ,  the  chain  of new daugh te r  

ce l l s  fo rm s  an a rc  t h a t  e v en tu a l ly  s t r a igh tens ,  and th e  f i l a m e n t  becom es  

a l igned  with the  overal l  longitudina l  p la n t  axis.  (Bouck,  1962, no ted  this  

phenom enon . )

N uclea r  zones  of exc lus ion  a re  g re a t ly  dimin ished  in the  daugh te r  

ce l ls .  U n fo r tu n a te ly ,  the  behavior  of the  PRs  a t  th is  po in t  was  not  d e 

t e rm in e d ;  only one por t ion  of a  PR was  found near  a s ingle daugh te r  

nucleus.  The nucle i  a s sum e a m ore  spher ica l  shape and nucleoli  r eap p e a r  

as th e  c l eav ag e  furrow deepens  (Fig.  26). The la rge  vacuole s e p a ra t in g  

t h e  d a u g h te r  nuclei is b i sec ted  by the  c l eav ag e  furrows  and por t ions  rem a in  

with in  each  dau g h te r  cel l .  Before  to t a l  p a r t i t io n in g  occurs ,  a p i t  plug 

is fo rm e d  in the  nar row  sep tum  t h a t  co n n ec ts  the  tw o  cel ls .  F igure 27 

shows the  beginning of plug fo rm a t io n  as pa ra l le l  ER c i s t e r n a e  as soc ia ted  

with  e l e c t r o n  dense  m a t e r i a l  t r a n s e c t  the  s ep tum  (see Aghajanian  and
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H o m m e rs a n d  1978, and R am u s  1969 for  more  de ta i l s  of p i t  plug fo rm at ion ) .



Discussion

In com par ison  to  o th e r  e l e c t r o n  m ic roscop ic  s tudie s  of mi tos is  done

in this  l a bo ra to ry ,  the  p r e s e n t  s tudy  on L o m e n ta r i a  ba i leyana  has  been

much m ore  success fu l  a t  yielding dividing cel ls  in a shor t  am o u n t  of 

t i m e .  About six months  w ere  ac tu a l ly  spen t  sec t ion ing  branch t ips,  and 

over  h a l f  of all ap ica l  and young c o r t i c a l  ce l l s  observed  per  tip w ere  

in some s tag e  of  division. While th e  m a jo r i ty  w ere  seen  in p rophase  and 

l a t e  t e lo p h a s e - e a r ly  in te rphase ,  6 ce l ls  in p r o m e t a p h a s e ,  22 in m e ta p h a s e ,  

and 7 in anaphase  w ere  found.

The R hodophy ta  is c h a r a c t e r i z e d  to  d a t e  by t h r e e  bas ic types  of 

mi tos is :  t h e  Polysiphonia ,  B a t r a c h o s p e rm u m  and Porphyr id ium type s  (Sco t t  

1983). The Rhodym en ia les  is only the  th i rd  f lo r ideophycean  order  in which 

a co m p re h en s iv e  u l t r a s t r u c t u r a l  s tudy  of  cel l  division has  been  done.  

The Polysiphonia  type  of m i to s is  is c o n s e rv a t iv e  th roughou t  the  m os t

ad v a n c e d  order ,  the  C e ra m ia l e s ,  w h e re a s  B a t r a c h o s p e rm u m ,  the  only f lo r i

deophyce an  genus in v e s t ig a t e d  ou ts ide  of the  C e ra m ia l e s ,  shows a fa ir ly  

d i f f e r e n t  ty pe  of mi tos is .  L o m e n t a r i a , a l though most  closely resem bl ing  

th e  Polys iphonia  type ,  shows seve ra l  unique f e a t u r e s  and displays some

s im i la r i t i e s  to  th e  B a t r a c h o s p e rm u m  and Porphyr id ium types  of mi tos is .

In L o m e n t a r i a , the  PRs  a re  s im i la r  in s t r u c t u r e  and behav ior  to those  

o bse rved  in Apoglossum (Dave and Godward  1982), M em b ra n o p te r a  (Mc

Donald 1972), Dasya  (Phill ips and S co t t  1981) and Polys iphonia  (S co t t  

e t  al .  1980). The PRs  of  L o m e n ta r i a  a re  s im i la r  in d i a m e t e r  (120-140

13
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nm) to  PRs  found in Dasya  and have a he igh t  (40-60 nm) quite  s imilar  

to  Polys iphonia  PRs  (50-60 nm). The p r o m e t a p h a s e  PRs  of L o m en ta r i a  

spl i t  into the i r  p rox im al  and  d is ta l  ha lves  as d o c u m e n te d  in the  C e ra m ia l e s  

spec ies ,  and by m e ta p h a s e ,  PR ha lves  appea r  s e p a r a t e d  by a d is tance  

s im i la r  to  t h a t  in D a s y a . Although po la r  r ings w e re  not  seen in anaphase  

or  te lophase ,  it  is p robab le  t h a t  the i r  p rox im al  and  d is ta l  por t ions  rem a in  

spl i t  th rough  te lophase  as d o c u m e n te d  in Dasya (Phil l ips and Sco t t  1981) 

and Polysiphonia  (S co t t  e t  al .  1980).

The NEPs and a s s o c ia t e d  h e t e r o c h r o m a t i n  benea th  each  PR in p ro 

phase  L o m e n ta r i a  ce l l s  a re  also found in Apoglossum, D a s y a , Polys iphonia , 

and M e m b r a n o p t e r a . Unlike th e  p ronounced  NEP in Apoglossum, Polys i

p h o n ia , and M e m b r a n o p t e r a , only a s l ight  e l ev a t io n ,  s im i la r  to  t h a t  in 

Dasya ,  is f o rm ed  in L o m e n t a r i a . In all c e r a m i a l e a n  g en e ra  studied ,  the 

NEPs do not  fo rm unti l  l a t e  p rophase .  S co t t  et_ al .  (1980) proposed  a 

possible  m e chan ism  for NEP fo rm a t io n .  The PRs,  which a re  a t t a c h e d  

to  the  NE by f ine e l e c t r o n  dense  s t ru t s ,  c r e a t e  a  local  te ns ion  on the  

NE as it begins to  f l a t t e n  a t  th e  polar  reg ions.  This local  te ns ion  draws 

th e  NE, which in i t ia l ly  provides  l i t t l e  r e s i s t a n c e ,  into a p ro t rus ion  under  

e ac h  PR.  In L o m e n t a r i a , how eve r ,  the  above  m e chan ism  m os t  likely does 

not  apply since NEPs can  be found a s so c ia ted  with th e  PRs  during m i g r a 

t ion  and even  dur ing  in t e rp h a s e .  Although f ine e l e c t r o n  dense s t ru t s  

a r e  not seen  in L o m e n ta r i a  as in Polys iphonia  and D a s y a , som e ty pe  of 

adhes ive  s ubs tance  most  probab ly  ex is t s  to anchor  the  PRs to the  NE. 

An a l t e r n a t i v e  idea rega rd ing  NEP fo rm a t io n  has  been  p r e s e n te d  by Dave 

and Godward  (1982) for m i tos is  in Apoglossum, but  appea rs  unfeas ib le  

in l ight  of m os t  o th e r  EM s tudie s  of NAO-NE in te r r e l a t io n s h ip s  in lower 

p la n ts  and animals .
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The m e m b ran o u s  s t r u c t u r e  p ro je c t in g  th rough  the  in te rphase ,  prophase  

and p r o m e t a p h a s e  polar  r ings is unique to  L o m e n t a r i a . Seen in all t r a n s 

ve rse  sec t ions  and in some longitudina l  p lanes  of sec t ion ,  it  ap p ea r s  to 

be an ex tens ion  of the  ou te r  nuc lear  m e m b ra n e  and a con t inua t ion  of 

a smooth  ER tubule .  A s o m e w h a t  s im i la r  jux tapos i t ion  of  smooth  ER 

to  the  PRs  is seen in mid-  to l a t e  in te rp h as e  cel ls  of D a s y a . The smooth  

ER in D a s y a , how ever ,  r e s t s  d i r e c t ly  above the  d is ta l  po r t ion  of  the  PR 

and no m e m b ra n e  was  ev e r  seen ex tend ing  through i t .  The func t iona l  

s ign i f i cance  of thi s  o rgane l le  a s soc ia t ion  in both Dasya  and L o m e n ta r i a  

r em a in s  u n ce r t a in .

PER is p r e s e n t  a round the  e n t i r e  nucleus  and over  the  po la r  regions 

f rom  m e ta p h a s e  through te lophase  in all the f lo r ideophycean  spec ie s  s tu d 

ied,  but  is ab sen t  in the  tw o in v e s t ig a t e d  unicel ls  Porphyr id ium (Schorns te in  

and S co t t  1980), and F l in t ie l la  (S co t t  in prep .) .  In L o m e n t a r i a , t h e r e  

is a  well developed ,  ex ten s iv e  n e tw o rk  of  PER s im i la r  in a m o u n t  to  t h a t  

found  in D a s y a . However ,  in c o n t r a s t  to  the se  o the r  f lo r ide iphycean  spe 

cies,  PER in L o m e n ta r i a  is a lways  a b s e n t  from the  pola r  regions.  Ins tead ,  

m i to c h o n d r i a  a re  seen a t  the  m e ta p h a s e  and anaphase  poles.  It is possible 

t h a t  the  po la r  m i tochondr ia l  ag g re g a t io n  could serve in p lace  of  a "capp ing” 

PER to  func t ion  as a n u c l e a r - c y to p la s m ic  ba r r ie r .  The iso la t ion  of dividing 

nuclei  by m e m b ran o u s  o rgane l les  would be e x p e c te d  of a m u l t in u c le a t e d  

spec ies ,  such as L o m e n t a r i a , w h e re  it  may  be nece ssa ry  to  s e p a r a t e  division 

r e l a t e d  a c t iv i t i e s  f rom cy to p la s m ic ,  g r o w th - r e l a t e d  a c t i v i t i e s  (H ea th  1980, 

Phil l ips and Sco t t  1981). This spec ia l i zed  m i tochondr ia l  ag g re g a t io n  a t  

th e  c y to p la s m -n u c leo p la s m  border  has  also been  observed  during mi tos is  

in th e  un ice l lu la r  red  alga F l in t i e l l a , which,  how ever ,  lacks  PER (Scott  

in prep .) .
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A f te r  the  loss of  the  IZM a t  l a te  te lophase ,  a  la rge s t e l l a t e  ch lorop las t  

func t ions  to  keep  a p a r t  the  newly fo rm ed  nuclei  in the  bangiophycean  

a lgae  Porphyr id ium and F l in t i e l l a . In L o m e n t a r i a , as  in all the f lo r ideo-  

ph y cea n  spec ie s  s tud ied ,  a  la rge  c e n t r a l  vacuole helps to ensure  t h a t  

each  d au g h te r  ce l l  r e c e iv e s  a s ingle nucleus  fol lowing cytokines is .  In 

M e m b ra n o p te ra ,  Polysiphonia and Dasya,  vacuole  fo rm a t io n  begins a t  

abou t  the  sam e  t im e  as in te rzo n a l  spindle e longa t ion ,  w he reas  in B a t r a c h o - 

s p e rm u m ,  a la rge  vacuole  is a lm o s t  ful ly fo rm ed  befo re  mitos is .  Vacuole 

fo rm a t io n  in L o m e n ta r i a  begins slightly e a r l i e r  ( l a t e  p ro m e t a p h a s e  to 

m e ta p h a s e )  than  in the  C e r a m ia l e s  spec ies  but  vacuoles  a re  not  fully 

fo rm e d  unti l  in t e rzona l  spindle e longa t ion .

The p r o m e t a p h a s e  e v e n t s  in L o m e n ta r i a  have  not  been  observed  b e fo re

in a red  alga.  In Apoglossum, M e m b r a n o p t e r a , Polysiphonia  and D a s y a ,

th e  NE b eco m es  f e n e s t r a t e d  a t  the  poles  in l a t e  p ro m e t a p h a s e  as MTs 

b e c o m e  ev iden t  in the  nucleus .  In Porphyr id ium ,  a s ingle invaginat ion,  

devoid  of MTs, ru p tu re s  and leaves  a wide gap in th e  NE under  each  NAO. 

Both B a t r a c h o s p e rm u m  and F l in t ie l la  form invag ina tions  on the  sides 

of  th e i r  NAOs which develop  into channe ls  con ta in ing  NE-bound MTs. 

The channe ls  t r a n s e c t  the  nucleus befo re  b reak ing  down, again leaving  

a single gap a t  each  pole.  The p o ck e t s  t h a t  appea r  to  the  sides of a 

PR in F igures  9-12 sugges t  t h a t  L o m e n t a r i a , like B a t ra c h o s p e rm u m ,  fo rm s

an invag ina tion  to  tw o  sides of each  P R .  The loca l ized  growth of NE

th a t  fo rm s  the  p o c k e t s  in L o m e n ta r i a  ap p ea r s  la rge ly  p o r e - f r e e  in c o n t r a s t  

to  the  surrounding  NE with  an abundance  of  nuc lea r  pores .  The NE p o c k e t  

s tops  a t  a depth  s im i la r  to t h a t  seen  in Porphyr id ium and subsequently  

ru p tu re s .  Por t ions  of the  NE seen  both r e f l e x e d  aga ins t  the  inner nuclear  

m e m b r a n e  and f r e e  in the  nucleop lasm dur ing  p r o m e t a p h a s e  a re  not  ev iden t
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by m e ta p h a s e ,  but one f r a g m e n t  of NE usually rem a ins  b e tw e e n  the  tw o 

gaps. This f r a g m e n t  was seen in a t  le as t  a few p lanes  of s ec t ion  in all 

m e ta p h a s e  and anaphase  nuclei ,  and pos i t ioned  d i r ec t ly  above it ,  when 

observed ,  w ere  the  disjoined PRs .  Unlike B a t ra c h o s p e rm u m  w here  all 

t h e  NE b e tw e e n  the  tw o  channe ls  breaks  down leav ing  one wide gap, 

thi s  c e n t r a l  NE f r a g m e n t  b e tw e e n  the  tw o invagina tions  appea rs  p e r s i s t e n t  

in L o m e n t a r i a . The tw o  in i t ia l ly  small  gaps mos t  likely en la rge  i r regu la r ly  

t o  cover  a  la rge por t ion  of t h e  pola r  region.  This is r ev ea led  in a ser ies  

of  thin sec t ions  as a po la r  reg ion with one gap,  two gaps s e p a r a t e d  by 

a c e n t r a l  NE f r a g m e n t ,  or less  f r eq u en t ly  as one or tw o  gaps wi th o the r  

smal l  NE p ieces .

N uc lea r  enve lope  p o c k e t  f o rm a t io n  and rup tu re  is seen in some fungi 

(H ea th  et_ a_L 1979, M cN it t  1973, Powell  1980, Whisler and Travland  1973) 

and in a brown alga (Markey  and Wilce 1975). Three  chy t r id  fungi,  Harpo-  

ch y t r iu m  (Whisler  and Trav land  1973), P h y lc to ch y t r iu m  i r r e g u la re  (M cNit t  

1973), Rhizophydium s p h e ro th e c a  (Powell  1980) and the  brown a lga  Pyla ie l l a  

l i t t o r a l i s  (Markey  and Wilce 1975) s imilarly  display spindle incursions 

w h e re  a s ingle p o c k e t  with MTs fo rm s  d i r ec t ly  below the  NAOs (cen t r io le s )  

a t  l a t e  p rophase .  It s eem s  p robab le  t h a t  growing MTs e x e r t  a  fo rce  on 

th e  NE re su l t ing  in the  in i t ia l  f o rm a t io n  of pocke t s .  Subsequent  rup tu re  

c r e a t e s  po la r  gaps through which  MTs e n t e r  the  nucleus  (Fulle r  1976, 

H ea th  1978). This m e chan ism  of p o c k e t  fo rm a t io n  does  not  occur  in the  

h e m i a s c o m y c e t e  Taphr ina  (H ea th  et_ aL 1979), nor in the  red  a lgae  Po rphy 

rid ium and L o m e n ta r i a .  Only a f t e r  the  rup tu re  of the  single po la r  invagi

na t ion  of Taphrina  and Porphyr id ium w ere  MTs seen in this  region,  a p p a r e n t 

ly e n t e r in g  the  nucleus .  The pa i re d  p o c k e t s  a t  th e  poles of L o m e n ta r i a  

also ini t ia l ly  lack  MTs, al though it should be no ted  t h a t  the  p re sence
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of MTs could have  been  missed since only one cel l  was  observed  a t  this  

s t a g e  of mi tos is .  Unlike Taphr ina and Porphyr id ium ,  MTs do not  sharply 

converge  a t  the  poles.  Ins tead ,  they  t e r m i n a t e  broadly a t  the  junction 

of cy top lasm  and nuc leop lasm.  Most l ikely,  spindle MTs in L o m e n ta r i a  

a r e  der ived  f rom th e  inner region of  th is  boundary  as in o th e r  h igher 

red  a lgae ,  and t h e r e f o r e  a re  not  of e x t r a n u c l e a r  origin.  The function  

of the  la rge  gaps in this  genus and the  sm al le r ,  m ore  numerous  f e n e s t r a 

t ions  in th e  C e r a m ia l e s  spec ies  is not  conc lus ive ly  known. However ,  

i t  is qu it e  feas ib le  t h a t  th e se  tw o  types  of r e la t iv e ly  la rge  polar  i n t e r 

rup t ions  of the  NE migh t  al low spindle p recu r s o r  m a te r i a l  to  e n t e r  the  

p r o m e t a p h a s e  nucleus a t  a f a s t e r  r a t e  than  e n t r a n c e  th rough the  much 

sm al le r  nuc lear  po res  would p e rm i t .

This inves t iga t ion  of a spec ies  with in  an advanc ed  order  outside the  

C e r a m ia l e s  shows some n o te w o r th y  va r ia t ions  on the  bas ic Polysiphonia 

ty p e  of mi tos is ,  the  m os t  s ign if ican t  of which a re  the  polar  e v e n t s  a t  

p r o m e t a p h a s e .  The ini t ia l  fo rm a t io n  of NE p o c k e t s  on tw o sides of the  

PRs  is s im i la r  to  t h a t  seen in B a t r a c h o s p e rm u m ,  but  the  invagina tions  

ru p tu re  a t  a  shal low depth  in s tead  of p e n e t r a t i n g  from pole to pole.

N e i th e r  one la rge gap as seen in B a t ra c h o s p e rm u m  nor small  f e n e s t r a t io n s  

of th e  NE as in th e  C e r a m ia l e s  ex is t s .  In s tead ,  a  r e l a t iv e ly  la rge  f r a g m e n t  

of NE b e tw e e n ,  and smal l  f r a g m e n t s  with in ,  tw o  m o d e ra t e  s ized gaps 

c h a r a c t e r i z e  the  p ro m e t a p h a s e  poles of L o m e n t a r i a . Based on the se  obse r 

va t ions ,  mi tos is  in L o m e n ta r i a  may r e p re s e n t  an evo lu t iona ry  i n t e r m e d i a t e  

b e t w e e n  t h a t  seen  in the  spec ie s  of  th ;e  mos t  advanc ed  f lo r ideophycean  

o rder ,  the  C e ra m ia l e s ,  and the  genus B a t r a c h o s p e rm u m  from th e  m ore  

p r im i t i v e  f lo r ideophycean  order ,  the  N em al ia les .  This would be cons i s ten t  

with  the  t a x o n o m ic  p l a c e m e n t  of L o m e n ta r i a  with in  the  Rhodymenia les ,
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th e  second  m os t  advanced  orde r  of  t h e  F lo r ideophyceae .

It would be bene f i c ia l  now to  ex a m in e  mi tos is  with in  t h e  o th e r  f a m i 

lies  of the  R hodym enia les ,  as  was  original ly a t t e m p t e d  in th e  study ,  to

see  if shal low p r o m e t a p h a s e  NE invagina tions ,  subsequen t  f o rm a t io n  of

tw o  gaps a t  each  pole ,  and th e  a b s en ce  of  pola r  PER a r e  ubiquitous  c h a r a c 

t e r i s t i c s  of th is  o rde r .  As m ore  m i to t i c  s tudies  of  red  a lgae  a re  c o m p le te d ,  

i t  is hoped t h a t  the  minor  va r ia t ions  such as found h e r e  b e t w e e n  closely 

r e l a t e d  o rders ,  in add i t ion  to  th e  m ore  obvious d i f f e r e n c e s  seen  be tw e e n

m e m b e r s  of  m ore  d i s t a n t ly  r e l a t e d  groups ,  m a y  prove  to  be t a x o n o m ica l ly

usefu l  c r i t e r i a  in red a lga l  c l a ss i f i c a t io n .
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F igure  1 

F igure  2

F igure  3

F igure  k 

F igure  5

Figure  6

Plate I

Longitudina l  th ick  sec t io n  th rough tip of v e g e t a t i v e  branch .  
Br ight  f ie ld  opti cs .  x360

Thin sec t ion  of the  c e n t r a l  m os t  tip region.  One apica l  
cel l  (a rrow) is in l a t e  te lophase .  P i t  connec t ions  a re  seen
b e t w e e n  many  of the  cel ls  com pri s ing  the  v e g e t a t i v e  axis
(a r row heads) .  x28 00

Ear ly  p rophase  nuc leus  with m ig ra t in g  po la r  r ings (PRs).  
One PR is visible in this  s ec t io n  (a r row head)  and the  loca t ion  
of  th e  o th e r  is m a rk e d  by an a s t e r i sk ,  x l 3,000

D i f f e r e n t  s ec t ion  of s am e  nuc leus  as f igure  3 showing o th e r  
PR (ar row) and the  pos i t ion  of the  f i r s t  PR (as te r i sk ) ,  x l 3,000

Longi tudina l  view of a  p rophase  PR.  Note  the  sl ight ,  pore 
f r e e  nuc lear  enve lope  p ro t ru s ion  (NEP) and small  c y to p la s m ic  
zone  of exclusion  with a s s o c ia t e d  m ic ro tubu les  (MTs). The 
o u te r  m e m b ra n e  of th e  nuc lear  enve lope  (NE) appea rs  to 
e x t e n d  through the  PR. A smal l  am o u n t  of h e t e r o c h r o m a t i n  
is p r e s e n t  benea th  the  NE e l e v a t io n .  Nucleus (N). x32,300

Transverse  sec t ion  of a  p rophase  PR (a r row head)  with e n 
c losed  tubu la r  ex tens ion  f rom  the  NE. N uc lea r  po res  a re  
visible to  one side of t h e  PR.  x32,300
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Figure  7

Figure  8

Plate II

Prophase  nucleus  with PRs (a r row heads)  in a  l a t e r  s tage  
of m ig ra t i o n  t h a n  shown in Figs. 3 and 4. Note  the  smooth  
su r f a c e d  NE reg ion  b enea th  and the  tubu la r  ex tens ion  of 
NE o u te r  m e m b r a n e  th rough the  c e n t e r  of  each  PR.  N uc le 
olus (No). x27,000

Ear ly  p r o m e t a p h a s e  oval  nucleus  with f l a t t e n e d  po la r  regions.  
One PR wi th a s s o c i a t e d  NEP is p r e s e n t  (a r row head)  while 
an a s t e r i s k  m arks  the  loca t ion  of the  o th e r  PR seen  in a d 
j a c e n t  s ec t ions .  The nucleolus  has  b e c o m e  less c o m p a c t  
and p e r in u c le a r  endop lasm ic  re t i c u lu m  (PER) has  begun a c c u 
m u la t ing .  x22,500





29

Figures  9- 

F igure 9

Figure  10 

F igure 11

Figure 12

Figure 13

F igure  14

Plate III

12 C o n s ecu t iv e  sec t ions  of  a p r o m e t a p h a s e  division pole with 
NE invag ina t ions .

Note  the  invag ina t ion  of th e  NE. The loca t ion  of the  PR, 
seen  in a d j a c e n t  sec t ions  (Figs.  11, 12), is m a rk e d  by an
a r ro w .  An a r ro w h e a d  in d ica te s  the  loca t ion  of  a second 
invag ina t ion  seen  in Figs.  11 and 12. x25,000

A so m e w h a t  t a n g e n t i a l  p lane  of s ec t io n  th rough the  sam e  
invag ina t ion .  x25,000

The P R  is p r e s e n t  (ar row) with a second invagina tion  of 
th e  NE ev id e n t .  The lo ca t ion  of th e  f i r s t  invagina tion  seen 
in Figs.  9 and 10 is m ark e d  by an a r ro w h ead .  x25,000

A no the r  p lane  of s ec t ion  th rough the  invag ina t ion  in Fig. 
11. L o ca t io n  of f i r s t  invag ina tion  m a rk e d  by a r ro w h ead .  
x2 5,000

Ear ly  p r o m e t a p h a s e  nucleus  s ec t ioned  th rough po la r  regions 
with an  a p p a re n t ly  i n t a c t  NE invag ina t ion .  C o m p a re  with 
Fig.  14. x l6 ,3 0 0

A djace n t  s ec t ion  to  Fig. 13 showing t h a t  the  invagina tion  
has  a c tu a l ly  ru p tu r e d  a t  a shallow dep th ,  x l 6,300
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Figure  13

Figure  16

Figure  17

Figure  18

Plate IV

A m i d - p r o m e ta p h a s e  pole with a ru p tu r e d  invagina tion  to 
one side of th e  PR.  The PR has  s e p a r a t e d  sl ightly  into 
i ts  p rox im al  and dis ta l  port ions  (a r row heads  ind ica te  the  
p rox im a l  and d is ta l  por t ions  as seen  on jus t  one side of 
th e  long i tud ina lly  sec t ioned  PR). Note  th e  ex tens ion  of 
th e  NE o u te r  m e m b r a n e  through the  PR and  the  small  b reak  
in the  NE to  th e  o th e r  side of the  PR.  x33,000

A no the r  m i d - p r o m e ta p h a s e  nucleus with a r u p tu re d  invagi
na t ion .  A s l ightly  t a n g e n t i a l  view of th e  PR  (ar rowhead)  
which has  spl i t  in to  p rox im al  and dis ta l  por t ions  is p re s e n t .  
x28,000

Elonga ted  l a t e  p r o m e t a p h a s e  nucleus.  Note m i tochondr ia  
which  have  begun to g a th e r  a t  the  poles and th e  p r e s e n c e  
of PER.  x l8 ,0 0 0

A nothe r  l a te  p r o m e t a p h a s e  nucleus.  R e m n a n t s  of  the  nuc le 
olus a re  seen aga in s t  the  NE. Note  the  NE f r a g m e n t s  a t  
gap reg ions  of t h e  po les,  x 13,000
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Figure

Figure

Plate V

19 Longi tudina l  s e c t i o n  th rough m e ta p h a s e  nucleus.  A p e r s i s t e n t  
c e n t r a l l y  lo c a t e d  reg ion  of  NE (a r row heads)  is p r e s e n t  a t  
both poles.  MTs conve rge  broadly  a t  the  po les;  k in e to ch o re s  
a re  not  c l ea r ly  seen .  x28,000

20 Mid anaphase  nucleus  with an e lo n g a ted  in t e rz o n a l  m idp iece  
(IZM). The c h ro m o s o m e s  wi th a s s o c ia t e d  nuc leo la r  m a te r i a l  
( a r row heads)  hav e  a l re ad y  r e a c h e d  th e  poles .  Two k in e to 
cho re s  a re  seen  (a rrows) .  x 2 1,200
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Figure

Figure

Figure

Plate VI

21 L a te  anaphase .  The poles  have  moved  f a r t h e r  a p a r t  and 
th e  nucleus  s t r e t c h e s  f rom one side of  th e  cel l  to  th e  o th e r .  
A vacuole  (V) is p r e s e n t  a t  th e  IZM region,  x l 3,000

22 L a t e  an aphase .  N o te  the  p e r s i s t e n t  region of NE (a r row head) .  
The c h ro m o s o m es  have  begun to  d isperse  (ar rows).  x28 ,300

23 L a te  t e lo p h ase .  D a u g h te r  nuclei  a re  s e p a r a t e d  by a vacuole ,  
PER,  and r e m n a n t s  of t h e  IZM (as te r ick ) .  A c l e a v a g e  fu r row 
(a r row head)  is beg inning to  form on one side of  th e  cel l .  
x ! 6 , 300
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Plate VII

Figure  2k L a t e  t e lo p h ase .  Nuclei  a re  s e p a r a t e d  by a vacuole .  C le av ag e
fur row  (a r row head)  is e v id e n t  on one side of  the  cel l ,  x l  1,800

Figure  25 L a t e  te lophase .  Nuc le i  a re  s i t u a t e d  d iagonal ly  in r e la t io n
to  the  longitudina l  cel l  axis .  The c e n t r a l  vacuole is not  
e v id e n t  in th is  p lane  of s ec t ion ing ,  x l 6,500

Figure  26 Cyto k ines is .  The c l e a v a g e  fu r row has  a lm o s t  s e p a r a t e d
th e  cel l .  R e m n a n t s  of t h e  vacuole  can  be seen  in one cel l .  
x l 6 , 500

F igure  27 Ear ly  s t a g e s  of  p i t  plug fo rm a t io n .  E l ec t ro n  dense m a t e r i a l
and a s s o c ia t e d  ER t r a v e r s e  the  s ep tu m .  x26 ,000
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