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INTRODUCTION

P l a n k t o n i c  members o f  th e  s a r c o d in e  o r d e r  F o r a m i n i f e r id a  

a r e  w i d e l y - d i s t r i b u t e d  a n d  abundan t i n  t h e  z o o p la n k to n .  They a r e  

m a jo r  c o n t r i b u t o r s  to  m a r in e  s e d im e n ts ,  e s p e c i a l l y  i n  th e  deep s e a ,  

w here  t h e  r a t e  o f  i n o r g a n i c  d e p o s i t i o n  i s  s low  ( P h le g e r ,  1960 ) .  They 

a r e  s i g n i f i c a n t  a s  i n d i c a t o r s  o f  w a te r  m asses  (Be/ , 1959 a; J o n e s ,  1 9 6 9 ) ,  

a n d  t h e i r  c o i l i n g  p a t t e r n s  p r o v id e  e v id e n c e  o f  e v e n ts  w h ich  to o k  p l a c e  

d u r in g  P l e i s t o c e n e  g l a c i a t i o n  (E r ic s o n ,  1959 ) .  In d e p e n d e n t  o f  c o i l i n g ,  

oxygen i s o t o p e  r a t i o s  h av e  a l s o  been  u s e d  to  d e te rm in e  t h e  age  and  

p a l e o t e m p e r a tu r e  ( a t  t im e  o f  CaC0 3  d e p o s i t i o n )  o f  d e e p - s e a  c o re s  c o n ­

t a i n i n g  f o r a m i n i f e r a  ( E m i l i a n i ,  1954).

U n t i l  r e c e n t l y ,  few  s t u d i e s  o f  l i v i n g  forms have b e e n  u n d e r ­

ta k e n  so  t h a t  o u r  know ledge o f  th e  b io lo g y  o f  t h i s  enormous p ro to z o a n  

g roup  h a s  been  n e g l e c t e d .  L i f e  c y c le s  o f  p l a n k t o n i c  f o r a m i n i f e r a  a r e  

unknown, and  l i t t l e  i s  known o f  t h e i r  c y t o lo g y  o r  p h y s io lo g y .

The c y t o l o g i c a l  s t u d i e s  o f  Rhumbler (1909) and L ee  e t  a l .

(1965) c o n s t i t u t e  a l l  t h a t  we know a t  t h e  l i g h t  m ic ro s c o p e  l e v e l .  I n  

b o th  s t u d i e s ,  two u n u s u a l  o r g a n e l l e s  w ere  found  w hich  w ere  p r e s e n t  i n  

no o th e r  p r o to z o a n  g ro u p .  L a rg e  u n d i f f e r e n t i a t e d  s t r u c t u r e s  c a l l e d  

c ry p to so m e s  (R h u m b le r1s K ern ) and  a f i b r i l l a r  sy s tem  ( c a l l e d  G a l l e r t s - 

s t r a n g e  by R hum bler) a r e  p e c u l i a r  to  p l a n k t o n i c  f o r a m i n i f e r a .  The 

l a t t e r  c o n s i s t s  o f  3-4pm t h i c k  tu b u le s  en d in g  i n  many lo o p s ,  and  may 

a i d  i n  f l o t a t i o n .  I n  a d d i t i o n  to  th e s e  o r g a n e l l e s ,  Lee e £  a l .  found
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" m u l t i n u c l e a r  i n c l u s i o n s , "  w hich p r o b a b ly  a r i s e  from n u c l e a r  d i v i s i o n  

b u t  do n o t  re s e m b le  th e  n u c le u s  o f  e i t h e r  t h e  h o s t  o r  i t s  z o o x a n th e l la e .

Two r e c e n t  s t u d i e s  o f  p l a n k t o n i c  f o r a m i n i f e r a n  u l t r a s t r u c t u r e  

c o n t r i b u t e  t o  o u r  know ledge  o f  t h e s e  o rg a n ism s .  F e b v r e - C h e v a l i e r  

(1971) s t u d i e d  th e  l a r g e  s o m a t ic  n u c l e u s ,  m ic ro b o d ie s ,  p o re  s t r u c t u r e ,  

and  r e t i c u l o p o d s . The f i b r i l l a r  sy s tem  and cryp tosom es were n o t  r e ­

p o r t e d .  Towe (1971) d e a l t  m a in ly  w i th  p o re  and t e s t  c o n s t r u c t i o n  and 

t h e i r  ta x o n o m ic  v a l u e .

T h e re  have b e e n  some c y t o l o g i c a l  and  u l t r a s t r u c t u r a l  s t u d i e s  

o f  s h a l lo w  w a t e r  fo rm s .  However, none o f  th e  o r g a n e l l e s  p e c u l i a r  to  

p l a n k t o n i c  f o r a m i n i f e r a  h a s  y e t  b een  found i n  th e  s m a l l  number o f  

l i t t o r a l  b e n t h i c  s p e c i e s  o b s e rv e d .  G e n e r a l l y ,  our knowledge o f  

f o r a m i n i f e r a n  c y t o lo g y  i s  in c o m p le te  a t  a l l  l e v e l s .

I n  t h i s  s t u d y ,  t h e  f i n e  s t r u c t u r e  o f  G lo b ig e r in o id e s  r u b e r  

w i l l  be  i n v e s t i g a t e d  to  f u r t h e r  o u r  u n d e r s ta n d in g  o f  t h e s e  p l a n k t o n i c s .  

The f i b r i l l a r  sy s te m  and  o th e r  u n iq u e  s t r u c t u r e s  w i l l  be  com pared w i th  

th o s e  fo u n d  i n  th e  r e c e n t  c y t o l o g i c a l  s tu d y  (Lee e t  a l . , 1965).

N o th in g  i s  known ab o u t  th e  p h y s io lo g y  o f  p la n k to n ic  f o r a m i n i f ­

e r a ,  p r i m a r i l y  b e c a u s e  th e y  a r e  d i f f i c u l t  t o  keep a l i v e  i n  th e  

l a b o r a t o r y  f o r  lo n g  p e r i o d s  o f  t im e .  No s p e c i e s  has been  k e p t  i n  

c o n t i n u o u s l y  r e p r o d u c i n g  c u l t u r e  f o r  o ver  a y e a r .  One o f  the  m os t 

im p o r ta n t  q u e s t i o n s  to  answ er  i s  th e  p rob lem  o f  f l o t a t i o n .  S p in e s  i n ­

c r e a s e  t h e  s u r f a c e  a r e a  b u t  a r e  n o t  p r e s e n t  i n  a l l  s p e c i e s .  Be and 

E r i c s o n  (1963) fo u n d  t h a t  spec im ens  from d e e p e r  w a te r  (below 500m) 

have t h i c k e r  t e s t s ,  due t o  t e r m i n a l  d e p o s i t i o n  o f  a c a lc iu m  c r u s t .

They s u g g e s t  t h a t  c r u s t  f o r m a t io n  o c c u r s  i n  re s p o n s e  to  some unknown 

p h y s i c a l  s t i m u l u s  a t  t h e s e  d e p th s .
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Bradshaw (1959) s t a t e s  t h a t  oxygen p roduced  by sy m b io t ic  a lg a e  

d u r in g  th e  day i n c r e a s e s  t h e  h o s t ' s  buoyancy . This th e o ry  has n o t  

been  e x p e r i m e n t a l l y  s u b s t a n t i a t e d ,  and b e s i d e s ,  n o t  a l l  p l a n k to n ic  

f o r a m i n i f e r a  h a v e  s y m b io n t s .  A t p r e s e n t ,  t h e r e  i s  no  s u b s t a n t i a t e d  

th e o ry  o f  f o r a m i n i f e r a n  f l o t a t i o n .

The c l o s e l y - r e l a t e d  R a d i o l a r i a  have a  f r o t h y ,  g e l a t i n o u s  ex -  

t r a c a p s u l a r  s t r u c t u r e  c a l l e d  t h e  calymma, w hich  i s  p r i m a r i l y  hy d ro ­

s t a t i c  in  f u n c t i o n .  B r a n d t  (1895) found  t h a t  th e  v e r t i c a l  movement o f  

T h a l a s s i c o l l a  was due to  b u i l d u p  and d e g e n e r a t i o n  o f  th e  numerous 

l i q u i d - f i l l e d  calymma v a c u o l e s .  He c la im e d  t h a t  in  o r d e r  to  r i s e ,  t h e  

l i q u i d  (p ro b a b ly  s e a  w a t e r )  w ou ld  have to  be s a t u r a t e d  w ith  c a rb o n ic  

a c i d .  This w o u ld  in s u r e  t h e  p r o p e r  s p e c i f i c  g r a v i t y  f o r  f l o t a t i o n .

Rough waves o r  ex tre m e  t e m p e r a t u r e s  c a u s e  ex ten d ed  r e t i c u l o p o d i a  to  

w ith d raw , and t h i s  s t i m u l u s  c a u s e s  th e  calymma to  c o l l a p s e .  V acuoles 

b u r s t  and the  o rg an ism  d e s c e n d s  t o  c a lm e r  d e p t h s ,  w here  a new ly- 

v a c u o la te d  calymma can b e  fo rm ed .

The c l o s e l y - r e l a t e d  A c a n th a r i a  a l s o  have  a g e l a t i n o u s  l a y e r ,  

b u t  i t  i s  more p e r i p h e r a l  th a n  i n  th e  R a d i o l a r i a ,  and  i s  n o t  in c lu d e d  

i n  t h e  e c to p la s m .  In  t h i s  g ro u p  t h e r e  i s  a u n iq u e  e c to p la s m ic  s t r u c ­

t u r e  in v o lv ed  i n  f l o t a t i o n .  I t  c o n s i s t s  o f  c o n e - l i k e  a r ran g em en ts  o f  

m y o f r i s k s ,  w h ich  a r e  s h o r t  c o n t r a c t i l e  bands l i n k i n g  th e  r e s t  o f  th e  

c y to p la sm  w i th  t h e  s p i c u l e s .  When c o n t r a c t e d ,  they  ca u se  ex p an s io n  

o f  t h e  e x t r a c a p s u l a r  l a y e r .  T h i s  p rom otes  buoyancy by i n c r e a s i n g  c e l l  

volume w h ile  m a i n t a i n i n g  a  c o n s t a n t  c e l l  w e ig h t .  S in k in g  r e s u l t s  from 

m y o f r i sk  r e l a x a t i o n  and t h e  r e s u l t i n g  c e l l  volume d e c r e a s e  (S c h e w ia k o f f , 

1926) . Pseudopods  and s p i n e s  a r e  a l s o  i n v o lv e d  in  f l o t a t i o n  in  t h e s e  

p l a n k t e r s ,  s i n c e  th e y  i n c r e a s e  s u r f a c e  a r e a .
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The f i b r i l l a r  s y s t e m  i s  a  good s t a r t i n g - p o i n t  f o r  th e  s tu d y  o f  

f l o t a t i o n  mechanisms o f  p l a n k t o n i c  f o r a m i n i f e r a .  These h e a v y - s h e l l e d  

o rg an ism s  have n e i t h e r  m y o f r i s k s  n o r  calymma, and some do n o t  have 

s p i n e s .  The e x i s t i n g  p o s s i b i l i t i e s  p o i n t  to  some i n t e r n a l  mechanism, 

p a r t i c u l a r l y  t h e  w e l l - d e v e lo p e d  f i b r i l l a r  sy s tem .

Many R a d i o l a r i a  a n d  A c a n t h a r i a ,  a s  w e l l  a s  some f o r a m i n i f e r a ,  

c o n t a i n  a l g a e .  T h is  u n iq u e  ty p e  o f  s y m b io s is  has  b e e n  s tu d i e d  i n  many 

i n v e r t e b r a t e s ,  b u t  l i t t l e  i s  known a b o u t  t h e  r e l a t i o n s h i p  i n  foram ­

i n i f e r a .  A lg a l  sy m b io n ts  a r e  in v o l v e d  i n  c o r a l l i n e  c a l c i f i c a t i o n  

(G oreau , 1960), and e v i d e n c e  f o r  n u t r i e n t  t r a n s f e r  be tw een  sym bion t 

and h o s t  has b e e n  d e m o n s t r a te d  i n  t r i d a c n i d  and o t h e r  i n v e r t e b r a t e  

sy m b io ses  (M u sc a t in e ,  1967 ; M u sc a t in e  e t  a l . , 1967; P r o v a s o l i  e t  a l . , 

1968; Trench  e t  a l . ,  1 9 7 0 ) .  Few f o r a m i n i f e r a  h a w  been  s t u d i e d .  They 

i n c l u d e  th e  l i t t o r a l  b e n t h i c s  P e n e r o p l i s  p e r tu s u s  (W in te r ,  1907),  

O r b i t o l i t e s  d u p le x  (D oy le  and D o y le ,  1 9 4 0 ) ,  and A rc h a is  a n g u la tu s  (Lee 

and Z ucke r ,  1 9 6 9 ) .  T hese  s t u d i e s  have  n e v e r t h e l e s s  p ro v id e d  us w i th  

v i t a l  d e t a i l s  o f  m arine  c a l c i f i c a t i o n .  I n  b o th  O r b i t o l i t e s  and A rc h a is  

s y m b io t ic  enhancem ent o f  h o s t  c a l c i f i c a t i o n  was d e m o n s t r a te d .

The A rc h a is  a l g a e  a l s o  p r o v i d e  a n  a u x i l i a r y  c a rb o n  s o u r c e .

The z o o x z n t h e l l a e  o f  G l o b i g e r i n o i d e s  r u b e r  may p l a y  s i m i l a r  r o l e s  i n  

t h e  h o s t ' s  n u t r i t i o n  and  c a l c i f i c a t i o n  p r o c e s s e s .  Some a s p e c t s  o f  t h e  

s y m b io n t -h o s t  r e l a t i o n s h i p  can  o n l y  be s e e n  a t  t h e  f i n e  s t r u c t u r a l  

l e v e l .  These i n c l u d e  t h e  s t a t e  o f  t h e  a l g a e  w i t h i n  t h e  h o s t ,  c o n d i t i o n  

o f  f o r a m i n i f e r a n  p r o to p l a s m ,  and s t r u c t u r e  o f  t h e  h o s t - s y m b io n t  i n t e r ­

f a c e .  They a r e  a l l  v i t a l  t o  o u r  u n d e r s t a n d i n g  o f  e n d o zo ic  a l g a l  

sy m b io s e s .



O nly  a few e n d o z o ic  a l g a e  have b een  i d e n t i f i e d ,  and  l i t t l e  i s  

known a b o u t  th e  G l o b i g e r i n o i d e s  a l g a e .  They a r e  b e l i e v e d  t o  be s i m i l a r  

b u t  not i d e n t i c a l  t o  Sym biodin ium  m i c r o a d r ia t i c u m  (Lee e t  a i l . ,  19 6 5 ) .  

O b s e rv a t io n s  o f  m o t i l e  s t a g e s  j u s t  r e l e a s e d  from a  c ru sh e d  h o s t  hav e  

confirm ed  t h i s  (Lee and  F r e u d e n t h a l ,  u n p u b l . ) .  The sym bion ts  have 

been t e n t a t i v e l y  a s s i g n e d  t o  th e  D in o p h y ta .

I t  i s  im p o r t a n t  t o  compare t h e s e  w i th  o t h e r  d i n o f l a g e l l a t e  

sym bionts s t u d i e d  a t  t h e  e l e c t r o n  m ic ro sc o p e  l e v e l ,  such a s  Sym biodin- 

ium m i c r o a d r i a t i c u m  (K evin  e t  a l .  , 1969) . A d e t a i l e d  f i n e  s t r u c t u r e  

s tu d y  o f  t h e  f o r a m i n i f e r a n  sy m b io n t w i l l  a l s o  h e l p  to  q u a l i f y  T a y l o r ' s  

(1968) t h e o r y  t h a t  one w id e s p r e a d  m a r in e  s p e c ie s  i s  in v o lv e d  in  a l l  

d i n o f l a g e l l a t e  s y m b io s e s .

I n  summary, th e  s t u d y  o f  p l a n k t o n i c  f o r a m i n i f e r a n  u l t r a ­

s t r u c t u r e  w i l l  a c c o m p l i s h  s e v e r a l  t h i n g s .  The s m a l l  endosym bion ts  

w i l l  be m ore th o r o u g h ly  i d e n t i f i e d  and th e  f i n e  s t r u c t u r e  o f  the  

cryp tosom es and f i b r i l l a r  sy s te m  w i l l  b e  c l a r i f i e d .  S y m b io n t-h o s t  

i n t e r a c t i o n  w i l l  a l s o  be  s t u d i e d  a t  th e  e l e c t r o n  m ic ro sco p e  l e v e l .



MATERIALS AND METHODS

P la n k to n ic  f o r a m i n i f e r a  w ere c o l l e c t e d  a t  3 2 °  10* N . ,

64° 3 0 '  W. i n  t h e  N o r th  A t l a n t i c ,  on  Bermuda B i o l o g i c a l  S t a t i o n  Re­

s e a r c h  V e s se l  P a n u l i r u s  c r u i s e  Pan 6 9 -3 0 1 ,  J u ly  16 , 1969. A one 

m e te r  d ia m e te r  20QMm m esh p l a n k t o n  n e t  was used i n  v e r t i c a l  0-200tn 

tows. The sam p le  from  e a c h  o f  n in e  tows was a l lo w e d  to  s t a n d  a b o u t  

t e n  m in u te s ,  p e r m i t t i n g  m o s t  f o r a m i n i f e r a  t o  s in k  t o  th e  bo ttom .

L a rg e r  c r u s t a c e a  and o t h e r  o rg a n ism s  w ere  th e n  p o u red  o f f .  The 

f o r a m i n i f e r a - r i c h  p l a n k t o n  sam p le  was a d d e d ,  w i th  a s  l i t t l e  w a te r  

as  p o s s i b l e ,  t o  a  c o ld  (4  C) 6% g lu t a r a l d e h y d e  s o l u t i o n .  The o r g a ­

nisms w ere  f i x e d  f o r  tw o h o u r s ,  fo l lo w e d  by p o s t - f i x a t i o n  i n  P a l a d e ' s  

f l u i d .  Both f i x a t i v e s  w e re  a t  pH 7 . 2 .  Cold  s o l u t i o n s  w ere  used 

th ro u g h  th e  95% e t h a n o l  t r e a t m e n t .  The sam ples  w e re  th e n  r in s e d  i n  

c a c o d y la t e  b u f f e r ,  w h ic h  was a l s o  u sed  i n  t h e  f i x a t i v e s  and u ra n y l  

s t a i n .  This b u f f e r  was found  t o  be s u c c e s s f u l  i n  p r e l i m i n a r y  s t u d i e s  

o f  p la n k to n ic  f o r a m i n i f e r a n  f i x a t i o n .

Specimens w ere  s t a i n e d  w i th  a  s a t u r a t e d  aqueous u r a n y l  a c e t a t e  

s o l u t i o n  a t  pH 4 . 9  f o r  one  h o u r .  Some d e c a l c i f i c a t i o n  p ro b a b ly  o c ­

c u r re d  d u r in g  e x p o s u r e  t o  t h i s  a c i d i c  s o l u t i o n ,  b u t  e l e c t r o n - t r a n s l u ­

c e n t  sp a c e s  i n  t h e  t e s t  r e g i o n  w ere  p r i m a r i l y  due to  rem oval o f  

n o n - d e c a l c i f i e d  m a t e r i a l  d u r i n g  u l t r a m ic r o to m y .  A f t e r  t h e  u ra n y l  

a c e t a t e  s t a i n i n g  s o l u t i o n ,  t h e y  w ere  p la c e d  i n  a  50% e t h a n o l  b a t h  f o r  

t e n  m in u te s ,  fo l lo w e d  b y  two te n - m in u te  changes  o f  75% e t h a n o l .  They



w ere  b r o u g h t  b a c k  t o  t h e  l a b o r a t o r y  i n  a  t h i r d  15% e t h a n o l  s o l u t i o n  i n  

s to p p e r e d  v i a l s .  The f o r a m i n i f e r a  w ere  p ic k ed  c l e a n  and i d e n t i f i e d  i n  

t h i s  s o l u t i o n ,  and f u r t h e r  d e h y d ra te d  i n  95% and 100% e t h a n o l .  They 

w ere  a l lo w e d  t o  come t o  room te m p e r a tu r e  i n  t h e  95% s o l u t i o n ,  and s u b ­

s e q u e n t  s t e p s  w e re  a t  a m b ie n t  t e m p e r a tu r e .  These  in c lu d e d  t h r e e  a b s o ­

l u t e  e t h a n o l  c h a n g e s ,  a  s h o r t  ( f i v e  m in u te s )  1 :1  a b s o l u t e  e t h a n o l /  

p r o p y le n e  o x id e  t r e a t m e n t ,  f i f t e e n  m in u te s  i n  p ro p y le n e  o x id e ,  and one 

h o u r  i n  a n o t h e r  c h an g e  o f  p ro p y le n e  o x id e .  They w ere  th e n  l e f t  o v e r ­

n i g h t  i n  1 :1  p r o p y le n e  o x id e /E p o n  812 w i th  2 ,  4 ,  6 -d im e th y la m in o m e th y l -  

p h e n o l  (DMP-30), fo l lo w e d  by one and one h a l f  h o u rs  i n  Epon 812 w i t h  

DMP-30, and c u r i n g  f o r  f o r t y - e i g h t  h o u rs  a t  60 C i n  BEEM c a p s u l e s .  One 

i n d i v i d u a l  was embedded i n  e a c h  c a p s u le .

The Epon A m i x tu r e  c o n s i s t e d  o f  94 gm d o d e c e n y l  s u c c i n i c  a n ­

h y d r id e  (DDSA) and  80 gm Epon 812, w h i l e  m ix tu r e  B c o n ta in e d  78 gm n a d i c  

m e th y l  a n h y d r id e  (NMA) p lu s  100 gm Epon 812 . Hard Epon b lo c k s  w ere  ob ­

t a i n e d  w i t h  a  r a t i o  o f  1A:2B. The f i n a l  m ix tu re  p lu s  1.4% DMP-30 was 

s t i r r e d  f o r  t e n  m in u te s  w i t h  a  m e c h a n ic a l  s t i r r e r .  The Epon 812 u sed  

had a  w e ig h t  p e r  e p o x id e  e q u i v a l e n t  o f  159.

B locks w ere  s e c t i o n e d  w i th  a  diamond k n i f e  on a  S o r v a l l  MT-2 

u l t r a m i c r o to m e ,  and  p ic k e d  up on c o l l o d i o n - c o a t e d  200 mesh c o p p e r  g r i d s  

h a v in g  a  t h i n  c a r b o n  l a y e r .  The s e c t i o n s  w ere  th e n  s t a i n e d  w i t h  le a d  

c i t r a t e  (R e y n o ld s ,  1963) and v iew ed i n  a  P h i l i p s  EM 200 e l e c t r o n  m ic r o ­

sc o p e  a t  60 k v .



OBSERVATIONS

I .  PLANKTONIC FORAMINIFERA

S e v e r a l  s p e c i e s  o f  p l a n k t o n i c  f o r a m i n i f e r a  w e re  c o l l e c t e d .  

T hese  i n c lu d e d  G lo b ig e r i n o id e s  r u b e r , G lo b ig e r i n a  b u l l o i d e s , G lo b i ­

g e r i n o i d e s  c o n g l o b a t u s , and G l o b i g e r i n i t a  g l u t i n a t a . E x ce p t  a s  i n ­

d i c a t e d  o t h e r w i s e ,  o b s e r v a t i o n s  r e f e r  t o  sp ec im en s  o f  G lo b ig e r i n o id e s  

r u b e r , t h e  most e x t e n s i v e l y  s t u d i e d  s p e c i e s .

T e s t  M i c r o s t r u c t u r e

I n  G lo b ig e r i n o id e s  r u b e r  t h e  t e s t  m easured  2 -  3ynm b e tw ee n  

cham bers and a t  l e a s t  12yum be tw een  t h e  endop lasm  and t h e  ex o th a lam o u s  

p r o to p l a s m  ( F i g s .  1 and 4 ) .  The in t e r c h a m b e r  s h e l l  c o n s i s t e d  o f  up to  

f o u r  c a l c i t e  l a y e r s  ( F i g .  2) o r i g i n a l l y  d e p o s i t e d  on  m e m b ra n e - l ik e  

s t r a n d s .  Up t o  s i x  l a y e r s  w ere  found b e tw een  t h e  en d o p la sm  and ex o ­

th a la m o u s  p r o to p la s m .  The most d i s t a l  l a y e r s  w e re  e l o n g a t e d  and 

co lum nar i n  sh a p e  ( F ig .  1 ) .  Fewer l a y e r s  (som etim es  one)  w ere  found 

n e x t  t o  fo ra m in a  ( F i g .  5 ) .  P ro to p la s m  was c o n t in u o u s  b e tw e e n  cham bers 

v i a  t h e s e  p a s sa g e w a y s .

C a l c i t e  t e s t  m a t e r i a l  had o r i g i n a l l y  o c c u p ie d  t h e  e l e c t r o n -  

t r a n s p a r e n t  a r e a s  o f  my sp ec im en s  ( F i g s .  1 and 2 ) .  D e c a l c i f i c a t i o n  

was a c c o m p lish e d  d u r i n g  u r a n y l  a c e t a t e  s t a i n i n g .  The d a r k ,  membrane­

l i k e  s t r a n d s  ( e . g . ,  i n  b e tw ee n  cham bers)  w ere  o r g a n i c  c e n t e r s  o f

8
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c a l c i f i c a t i o n  ( A n g e l l ,  1 9 6 7 a ) .  Membranes w ere  e a s i e s t  t o  s e e  d u r in g  e a r ­

l y  s t a g e s  o f  cham ber f o r m a t io n ,  when m in im al c a l c i f i c a t i o n  was e v i d e n t .

A l l  c a l c i f i c a t i o n  l a y e r s  w ere c o n t in u o u s ,  and showed s i m i l a r  

m orphology  and a r r a n g e m e n t  i n  b o th  G. ru b eg  and G. b u l l o i d e s . I n t e r ­

n a l l y ,  t h e  t e s t  was s e p a r a t e d  from th e  endop lasm  by a  d e e p l y - s t a i n i n g  

i n n e r  c a l c i f i c a t i o n  l a y e r  ( F ig s .  3 , 5, and 3 1 ) .  B e n e a th  t h i s  l a y e r  

t h e r e  o c c a s i o n a l l y  was a  l a y e r - l i k e  a r ra n g e m e n t  o f  g r a n u l a r  m a t e r i a l  ( F ig .  

3 1 ) .  I n t e r n a l  t o  t h i s  was t h e  c e l l  membrane b o r d e r i n g  t h e  endop lasm .

The more p e r i p h e r a l  en d o p la sm ic  o r g a n e l l e s  ( i . e . ,  t h o s e  c l o s e s t  to  th e  

t e s t )  in c lu d e d  f i b r o u s  b o d ie s  (F ig .  3 ) ,  s e a w a t e r  v a c u o l e s  ( F i g .  1 ) ,  

and m i to c h o n d r i a  ( F i g .  3 1 ) .  The l a t t e r  w ere  o f t e n  fo u n d  n e a r  p o r e s .  

E x t e r n a l l y ,  t h e  t e s t  was b o rd e re d  by a  s i m i l a r  o u t e r  c a l c i f i c a t i o n  

l a y e r  ( F ig .  3 1 ) ,  fo l lo w e d  by t h e  exo tha lam ous  p r o to p l a s m  ( e c to p la s m )

( F i g .  6 ) .  S m a l l  p o r t i o n s  o f  membrane-bound p r o to p l a s m  w e re  found  

n e a r  e i t h e r  s i d e  o f  t h i s  most e x t e r n a l  l a y e r  ( F i g .  6 ) .  T hese  p r o b a ­

b l y  o r i g i n a t e d  a s  f o l d s  o f  n e ig h b o r in g  a r e a s  o f  t h i s  l a y e r .

T h in  p o r t i o n s  o f  exo tha lam ous  p r o to p la s m  w e re  bounded on  e i t h e r  

s i d e  by u n i t  m em branes. The d i s t a l  and p ro x im a l  membranes e a c h  m easured  

a b o u t  7 nm w id e .  They w ere  o f t e n  o n ly  35 -  65nm a p a r t ,  s e p a r a t e d  by 

g r a n u l a r  g ro u n d p la sm . The d i s t a l  membrane had a  f r i n g e - l i k e  a n t e n n u l a r  

g ly c o c a ly x  ( e x t r a c e l l u l a r  c o a t ;  B e n n e t t ,  1 9 6 9 ) .  I t s  s t r a n d s  ( F ig ,  7) 

e x te n d e d  i n t o  t h e  s u r r o u n d in g  s e a  w a te r  e n v i ro n m e n t  and  ra n g e d  i n  l e n g t h  

from  25 -  50nm. The s t r a n d s  m easured  a b o u t  17nm w id e  and w ere  o f t e n  

s p a c e d  a b o u t  20nm a p a r t  a lo n g  th e  membrane.

The p o r t i o n s  o f  membranes w hich  bounded p r o t o p l a s m i c  i s l a n d s  

had few o r  no g ly c o c a ly x  a n t e n n u la e  ( F ig .  6 ) .  T h ese  m asses  o f  p r o t o ­

p la sm  w ere  b o r d e r e d  by t h e  same u n i t  membranes as  t h e  r e s t  o f  t h e
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ex o th a lam o u s  p r o to p la s m .  P ro to p la s m ic  i s l a n d s  w e re  fo u n d  in  a l l  p o re s  

(F ig .  1 , a r ro w s ;  F i g s .  4 and  31 ) ,  and c o n t a in e d  a v a r i e t y  o f  o r g a n e l l e s .  

T hese  i n c lu d e d  membrane-bound v e s i c l e s ,  f i b r o u s  b o d i e s ,  and  m i t o ­

c h o n d r i a ,  i n  a  g r a n u l a r  g roundplasm .

P o re s  w ere  c o n i c a l  d e p r e s s io n s  i n  th e  e x t e r i o r  s u r f a c e  o f  th e  

t e s t  (F ig s .  8 ,  9, 31 , and 6 0 ) .  G lo b ig e r i n o id e s  r u b e r  and  G l o b ig e r i n a  

b u l l o i d e s  had  s i m i l a r  p o re  m orphology. Toward t h e  p o r e  b a s e  t h e r e  was 

a  s e i v e - l i k e  d iaph ragm . A t th e  d iaphragm  l e v e l ,  p o r e s  w ere  c o n s t r i c t e d .  

The p o re  b a s e  was s h o r t e r  th a n  the  more d i s t a l  c o n i c a l  p o r t i o n ,  and th e  

s i d e s  o f  th e  b a s e  g r a d u a l l y  f l a r e d  o u t  to  a p p ro a c h  t h e  c e l l  membrane.

The p e r f o r a t e d  d iaphragm  was composed o f  d e e p l y - s t a i n i n g  o r g a n ic  

m a t e r i a l .  Between th e  c e l l  membrane and th e  p o re  d ia p h ra g m  w ere  p o r ­

t i o n s  o f  membrane-bound p ro to p la s m  w hich  c o n t a i n e d  o v a l  b o d ie s  (F ig .

3 1 ) .  Oval b o d ie s  a r e  d i s c u s s e d  l a t e r  i n  t h e  r e t i c u l o p o d  s e c t i o n  

(page  1 5 ) .  These and p e rh a p s  o th e r  p o r t i o n s  o f  t h e  b a s a l  p ro to p la s m  

i n  w hich  th e y  w ere  l o c a t e d  c o u ld  l a t e r  be e x t r u d e d  th r o u g h  th e  s i e v e ­

l i k e  d iaphragm  ( F ig s .  8 ,  9, a r ro w s ) .

P r o to p la s m ic  i s l a n d s  were l o c a t e d  e x t e r n a l  t o  t h e  p o re  d i a ­

phragm ( F ig .  1 , a r ro w s ;  F i g s .  4 and 3 1 ) ,  and  few w e re  fo u n d  i n  th e  

more e x t e r n a l  p o r t i o n s  o f  t h e  narrow  ex o th a lam o u s  p r o to p la s m .

The p o re s  i n  new ly-form ed  cham bers had fe w e r  m e m b ra n e - l ik e  

l a y e r s  a s s o c i a t e d  w i th  them th an  th o s e  i n  more m a tu re  ch am b ers .  I n  

t h e  b a s i c  p o re  form t h e r e  w ere  on ly  t h r e e  o f  t h e s e  50nm w id e ,  g r a n u l a r ,  

m e m b ra n e - l ik e  l a y e r s .  I n  b o th  G. r u b e r  and  G. b u l l o i d e s  th e s e  c o ­

a l e s c e d  to  form  th e  s i e v e - l i k e  d iaphragm  a t  th e  p o r e  c o n s t r i c t i o n  

(F ig .  3 1 ) .



11

The l o n g e r ,  more d i s t a l  c o n i c a l  p o r t i o n s  o f  t h e  p o r e  w ere  

b o r d e r e d  by  th e  o u t e r  c a l c i f i c a t i o n  l a y e r .  The i n n e r  c a l c i f i c a t i o n
i

l a y e r  b o rd e re d  t h e  more b a s a l  p a r t  o f  t h e  p o r e .  B oth  t h e s e  l a y e r s  

t h e n  c o n t in u e d  l a t e r a l l y ,  r o u g h ly  p a r a l l e l i n g  t h e  p r im a ry  c a l c i f i c a t i o n  

l a y e r .  The p r im a ry  c a l c i f i c a t i o n  l a y e r  e x te n d e d  l a t e r a l l y  from  th e  

p o re  c o n s t r i c t i o n  on  a l l  s i d e s .  A d d i t i o n a l  c a l c i f i c a t i o n  l a y e r s  w ere

added b e tw ee n  t h e  p r im a ry  and o u t e r  l a y e r s .

A l l  c a l c i f i c a t i o n  p re su m ab ly  t a k e s  p l a c e  b e tw e e n  t h e s e  l a y e r s  

(Be and E r i c s o n ,  1 9 6 3 ) .  The i n n e r  l a m e l l a r  u n i t  o f  t h e  s h e l l  would form

b e tw e e n  t h e  i n n e r  and p r im a ry  c a l c i f i c a t i o n  l a y e r s ,  w h i l e  t h e  o u t e r  l a ­

m e l l a r  u n i t  would form  be tw een  t h e  p r im a ry  and o u t e r  c a l c i f i c a t i o n  l a y e r s .

F i b r i l l a r  System

The m ost u n u s u a l  o r g a n e l l e  i n  a l l  s p e c i e s  o f  p l a n k t o n i c  f o r a ­

m i n i f e r a  s t u d i e d  was th e  f i b r i l l a r  s y s te m  ( L e e 's  v e s i c u l a r  s y s t e m ) .

I t  c o n s i s t e d  o f  a  r a d i a l l y - a r r a n g e d  n e tw o rk  o f  2 -  4/^m w id e  c h a n n e ls  

w h ich  w ere  found p r i m a r i l y  i n  t h e  m ost r e c e n t l y  formed cham bers .

T hese  w ere  u s u a l l y  found i n  p a i r s ,  e a c h  c h a n n e l  c o i l e d  a ro u n d  t h e  

o t h e r .  The f i b r i l l a r  c h a n n e ls  w e re  membrane-bound ( F i g .  10, a r r o w ) ,  

e x c e p t  i n  t h e  lo o s e  a p e r t u r a l  p r o to p l a s m ,  w here  unbound f i b r i l s  w ere  

o b s e rv e d  ( F ig .  1 4 ) .  The c h a n n e ls  w ere  b o r d e r e d  by m i to c h o n d r i a ,  f i ­

b ro u s  b o d i e s ,  and o v a l  b o d ie s  ( F i g .  1 3 ) .

The c h a n n e ls  c o n ta in e d  i n t e r t w i n e d  u n i f o r m ly  c y l i n d r i c a l  

t h r e a d - l i k e  f i b r i l s  i n  a  f a i n t l y  g r a n u l a r  m a t r i x  ( F i g .  5 9 ) .  F i b r i l s  

m easu red  30 -  150nm i n  d i a m e te r  and had a  r o u g h ,  w o o l ly  t e x t u r e  

( F ig .  1 1 ) .  They w ere  n o t  bounded by m em branes. T h ic k e r  form s some­

t im e s  had d a r k  bands  ( F ig s .  10 and 1 2 ) .
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T h in n e r ,  h a i r - l i k e  f i b r i l l a e  w ere  o f t e n  fo u n d  a t t a c h e d  to  

t h i c k e r  f i b r i l s  (F ig s .  10 and 1 1 ) .  They m e a su re d  up t o  200nm i n  

l e n g th .

The f i b r i l s  i n t e r t w i n e d  i n  an a p p a r e n t l y  h e l i c a l  p a t t e r n ,  and 

re se m b le d  a c y l i n d r i c a l  woven b a s k e t .  T h i s  was s u g g e s t e d  by c r o s s -  

s e c t i o n s  o f  th e  m ain , u n ta p e re d  p o r t i o n s  o f  c h a n n e ls  ( F ig .  1 5 ) .

F i b r i l s  w ere  c l o s e l y - a s s o c i a t e d  w i t h  th e  c h a n n e l  membrane (F ig .  13) . 

M ed ia l  l o n g i t u d i n a l  s e c t i o n s  showed a  c l e a r  c e n t r a l  c a v i t y ,  w h i le  th e  

more l a t e r a l  l o n g i t u d i n a l  s e c t i o n s  o f  a c h a n n e l  show many s t u b - l i k e  

f i b r i l  c r o s s - s e c t i o n s  (F ig .  13 ) .  L o n g i t u d i n a l  s e c t i o n s  show v a r i o u s  

v iew s due to  t h e  h e l i c a l  c u r v a t u r e  o f  t h e  c h a n n e l .

The ends o f  some o f  the  c h a n n e ls  t a p e r e d  a b r u p t l y  t o  become 

p r o to p l a s m ic  p o c k e ts  w i th  t h i n n e r  f i b r i l s  (F ig .  1 3 ) .  O th e r  c h a n n e ls  

b r a n c h e d  t o  end i n  r e t i c u l o i d  m asses  o f  f i b r i l s  ( F ig .  16) w i t h i n  end -  

p o c k e t s .  The m a j o r i t y ,  how ever, ended  i n  t h i c k e r  s eg m en ted  f i b r i l s  

(F ig .  1 2 ) ,  w hich ap p e a re d  to  be 1.3/mm c r e s c e n t - s h a p e d  s t r u c t u r e s  i n  

p e r i p h e r a l  o b l iq u e  s e c t i o n s  th ro u g h  th e  b a s k e t - l i k e  woven a r r a n g e m e n t  

o f  f i b r i l s .

Banded f i g u r e s  w i th  a p e r i o d i c i t y  o f  a b o u t  0.2/*m w ere  p r e s e n t  

i n  th e  p r o to p la s m  o f  l a r g e r  cham bers (F ig .  3 0 ) .  They w e re  n o t  a s s o ­

c i a t e d  w i t h  any p a r t i c u l a r  o r g a n e l l e  o r  w i t h  s y m b io n t s .  They w ere  

0.8/mm w ide  and w ere  c o n t in u o u s  w i t h i n  1 .3-2 .7 /um  w id e  s e r p e n t i n e  

v e s i c l e s .  B ecause  o f  t w i s t i n g ,  no more th a n  an 8ywm l e n g t h  o f  any 

v e s i c l e  was o b s e rv e d  in  a s e c t i o n .

Banded f i g u r e s  may be r e l a t e d  to  t h e  seg m en ted  form s o f  

f i b r i l l a r  s t r a n d s ,  b u t  t h e i r  c h a n n e ls  w e re  n o t  o b s e r v e d  to  be  c o n ­

n e c t e d  t o  th e  f i b r i l l a r  system .



V acu o le s

Many d i f f e r e n t  ty p e s  o f  v a c u o le s  w e re  p r e s e n t  i n  t h e  f o r a m i n i f ­

e r a n  p r o to p la s m .  One ty p e  o f  v a c u o le  m easu red  1/um i n  d ia m e te r  and 

p ro b a b ly  c o n t a in e d  s e a  w a te r  s i n c e  i t  was o n ly  m o d e r a te ly  e l e c t r o n  

d e n s e  (F ig .  1 ) .  These  w ere  more p r e v a l e n t  i n  y o u n g e r  ch am b ers .  D eeply  

s t a i n e d  g r a n u l a r  i n c l u s i o n s  w ere  sometimes found  i n  t h e s e  v a c u o le s  

( F ig .  2 ,  a r r o w s ) .

Many fo o d  v a c u o le s  w ere  a l s o  p r e s e n t .  They w ere  bounded by a 

s i n g l e  u n i t  membrane (F ig .  17 , a r ro w ) ,  a s  w ere  t h e  sy m b io n t v a c u o l e s .  

U n l ik e  sy m b io n t v a c u o l e s ,  th e y  c o n ta in e d  d e e p l y - s t a i n e d  d i g e s t e d  food  

o rg a n is m s .  D iatom f r u s t u l e s  w ere  o b se rv e d  i n  some d i g e s t i v e  v a c u o le s  

( F ig .  1 8 ) .

N u c le i

The p l a n k t o n i c  f o r a m in f e r a  w ere h e t e r o k a r y o t i c ,  and  a  v a r i e t y  

o f  n u c l e a r  ty p e s  w ere  found . As i n  th e  i n d i v i d u a l s  exam ined  by Lee 

e t  a l . (1 9 6 5 ) ,  up to  s i x  s m a l l  g e n e r a t i v e  n u c l e i  w ere  fo u n d  i n  t h e  

l a r g e s t  cham bers .  These w ere  s p h e r i c a l  an d  m e asu re d  2-4/*m i n  d ia m e te r  

( F ig .  2 0 ) .  Some had c h ro m a t in  d i s p e r s e d  i n  a  f a i n t l y  g r a n u l a r  m a t r i x .

A few had  co ndensed  c h ro m a t in  i n  th e  e q u a t o r i a l  r e g i o n  ( F ig .  2 1 ) .

They w ere  n o t  s u r ro u n d e d  by l a r g e  amounts o f  G o lg i  o r  e n d o p la sm ic  

r e t i c u l u m .

S o m at ic  n u c l e i  w ere  s p h e r i c a l  o r  e l l i p s o i d a l  and  r a n g e d  i n  

s e c t i o n  from  10 -  50/Am. These w ere  found i n  th e  l a r g e r  cham bers  and  

w ere  much l e s s  numerous th a n  g e n e r a t i v e  n u c l e i .  B oth  i n t a c t  form s 

w i th  t i g h t l y - c o i l e d  chromosomes (F ig .  2) and  p y c n o t i c  ty p e s  ( F ig .  19) 

w ere  o b s e rv e d .  I n  th e  l a t t e r ,  t h e  c h ro m a t in  fo rm ed  a  s h ru n k e n ,  

d e e p l y - s t a i n e d  m ass .
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L a rg e  (45^m) o v a l  s o m a t ic  n u c l e i  w ere  a l s o  found i n  G l o b ig e r i n a  

b u l l o i d e s  ( F i g s .  22 -24 )  and G lo b ig e r i n o id e s  c o n g l o b a t u s . I n  a l l  c a s e s  

t h e  n u c le u s  o c c u p ie d  a lm o s t  a n  e n t i r e  cham ber.  O b l iq u e  s e c t i o n s  

th ro u g h  some n u c l e i  showed n u c l e a r  f o l d s ,  w h ich  e n c lo s e d  p o r t i o n s  o f  

p ro to p la s m  ( F ig .  2 3 ) .

T h ere  a r e  a t  l e a s t  150 chromosome s e c t i o n s  i n  t h e  n u c le u s  o f  

F i g .  2 2 .  I n  t h e  same f i g u r e ,  m ost chromosomes a r e  s e g r e g a t e d  i n  one- 

h a l f  o f  t h e  n u c l e a r  s e c t i o n .  M i t o t i c  s p i n d l e  f i b e r s  ( F ig .  24) c o n n e c t  

t h e  d e n s e r  c h ro m o s o m e -c o n ta in in g  h a l f  w i th  t h e  l i g h t e r  p a r t ,  w h ich  has 

fe w e r  chromosomes and p r o j e c t i n g  n u c l e a r  f o l d s .

The e n v e lo p e s  o f  s e v e r a l  s o m a t ic  n u c l e i  w ere  e a c h  s u r ro u n d e d  

by  a n  e x t e r n a l  r ib o s o m a l  b o r d e r  ( F ig .  2 3 ) .  B etw een t h e  b a s e s  o f  

n u c l e a r  f o l d s ,  v e rm ifo rm  p e r i n u c l e a r  a g g r e g a t e s  ( F ig .  23) w e re  o b s e r v e d .

S e v e r a l  o t h e r  l a r g e  s o m a t i c  n u c l e i  w ere  o b s e rv e d  w i th  p o ly -  

e n e r g i d  chromosome a g g r e g a t e s  ( F i g .  2 5 ) .  A n n u la te d  h o n ey c o m b - l ik e  

m asses  w ere  a l s o  p r e s e n t  ( F ig .  2 5 ) .  T hese  p r o b a b ly  r e p r e s e n t e d  

n u c l e o l a r  m a t e r i a l  w h ich  w ould  l a t e r  be  e x t r u d e d .  No m i t o t i c  s p i n d l e  

f i b e r s  w ere  o b s e r v e d .  T hese  s o m a t ic  n u c l e i  had few d i s p e r s e d  chromo­

somes and t h e i r  n u c le o p la s m  was hom ogeneously  g r a n u l a r .  T hese  l a r g e  

n u c l e i  had a  sm ooth e n v e lo p e ,  w i t h  n e i t h e r  a  r ib o s o m a l  l a y e r  n o r  

p e r i n u c l e a r  a g g r e g a t e s  n e a r b y .  They d id  n o t  have  n u c l e a r  f o l d s  e x ­

t e n d i n g  i n t o  t h e  s u r r o u n d in g  p r o to p la s m .

Cryptosom es w ere  o b s e rv e d  i n  G lo b ig e r i n o id e s  r u b e r  and 

G l o b ig e r i n o id e s  c o n g lo b a tu s  ( F i g s .  27 and 2 8 ) .  They had a  b ro ad  s i z e  

r a n g e  from  6jum to  g r e a t e r  t h a n  5(fym (Lee a t  a l . , 1 9 6 5 ) .  C ryptosom es 

w ere  b o r d e r e d  by  many m i to c h o n d r i a .  They d i f f e r e d  from  n u c l e i  i n  b e i n g  

u n d i f f e r e n t i a t e d  and hom ogeneously  g r a n u l a r  i n t e r n a l l y .  I n  a d d i t i o n ,
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some had a n n u la te d  v e s i c u l a r  b o r d e r s  ( F i g .  2 9 ) .  T hese  c o n s i s t e d  o f  i n ­

t e r n a l  and e x t e r n a l  v e s i c l e s  m e a s u r in g  0 .1  -  0.3ynm w id e ,  and s e p a r a t e d  

by  g r a n u l a r  l a y e r s .  The v e s i c l e s  c o n t a i n e d  g r a n u l a r  m a t e r i a l .

R e t i c u l o p o d i a

E xtended  r e t i c u l o p o d s  w e re  o b s e rv e d  i n  o n ly  one G lo b ig e r i n a  

b u l l o i d e s  sp ec im en .  Most p r o b a b ly  r e t r a c t e d  due  t o  f i x a t i o n  o r  

h a n d l in g  d u r in g  c o l l e c t i o n  a b o a rd  s h i p .  The e x te n d e d  r e t i c u l o p o d s  

( F i g s .  32 -  3 5 ) ,  a s  w e l l  a s  u n e x te n d e d  ones  ( F i g .  3 1 ) ,  c o n t a in e d  

0 .8  -  1.3^m o v a l  b o d ie s  w h ich  had v e r y  d e n s e  b o r d e r s .  T hese  o v a l  

b o d ie s  o f t e n  c o n t a in e d  d e n s e  o r  membranous m a t e r i a l  ( F ig .  3 5 ) .  A l l  

o v a l  b o d ie s  had a  s i m i l a r  s i z e ,  sh a p e  and b o r d e r .  M ic r o tu b u le s  w ere 

o n ly  p r e s e n t  i n  e x te n d e d  r e t i c u l o p o d s  and had th e  t y p i c a l  p a r a l l e l  a r ­

ran g em en t (M a rs z a le k ,  1 9 6 9 ) .

S m a l le r  s p h e r i c a l  v e s i c l e s ,  f i b r o u s  b o d i e s ,  and t u b u l a r  endo­

p la s m ic  r e t i c u l u m  w ere  a l s o  p r e s e n t  i n  t h e  g r a n u l a r  p r o to p la s m  o f  

r e t i c u l o p o d s  ( F ig .  3 5 ) .  F i g u r e  32 i s  a n  o b l i q u e  s e c t i o n  o f  a  s p i n e  

and i t s  c l o s e l y - a s s o c i a t e d  r e t i c u l o p o d .  The c e n t r a l  c l e a r  s p a c e  p r o ­

b a b ly  r e s u l t e d  from l o s s  o f  c a l c i t e  d u r i n g  s e c t i o n i n g .

A g g reg a te d  r e t i c u l o p o d i a l  m a t e r i a l ,  c h a r a c t e r i z e d  by th e  

p r e s e n c e  o f  o v a l  b o d i e s ,  was found  i n  a p e r t u r e s  ( F i g .  3 6 ) .  R e t i c u l o ­

pod com ponents w ere  r a r e  i n  t h e  d e n s e r  p r o to p la s m .

M i to c h o n d r ia

M i to c h o n d r ia l  c h r i s t a e  a r o s e  a s  m i c r o v i l l i - l i k e  i n v a g i n a t i o n s  

i n t o  a  l e s s  d e n se  m a t r i x .  Few r e a c h e d  t h e  c e n t e r  ( F ig .  3 7 ) .  M itochon­

d r i a  w ere  a lw ays  p r e s e n t  b o r d e r in g ,  f i b r i l l a r  c h a n n e ls  a s  w e l l  a s  

s y m b io n t  and food v a c u o l e s .  Many w ere  found  b e n e a th  t h e  c e l l  membrane
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n e a r  p o re s  and around  c r y p to s o m e s . O th e r  a r e a s  o f  h ig h  c o n c e n t r a t i o n  

w ere  w i t h i n  r e t i c u l o p o d s  and t h e  e x o th a lam o u s  p r o to p la s m .  M ito c h o n d r ia  

i n  t h e  r e s t  o f  th e  p r o to p la s m  w e re  random ly  d i s t r i b u t e d .

V a c u o la r  System

Smooth en d o p la sm ic  r e t i c u l u m  c o n s i s t e d  o f  s h o r t  (0.2y«m) t u ­

b u l a r  v e s i c l e s  ( F ig s .  35 and 3 8 ) .  T hese  w ere  found p r i m a r i l y  i n  r e ­

t i c u l o p o d s  and a p e r t u r a l  p r o to p l a s m .  L i t t l e  ro u g h  e n d o p la sm ic  r e t i c u ­

lum was p r e s e n t  i n  t h e  p r o to p la s m ,  b u t  t h e r e  w ere  numerous 22.5nm r i b o ­

somes i n  t h e  g roundp lasm  o f  e v e r y  cham ber ( F i g s .  37 and 3 8 ; .

The t y p i c a l  G o lg i  com plex ( F i g .  39) was o b se rv e d  i n  a l l  

sp e c im e n s .  I t  was m os t o f t e n  found  n e a r  h o s t  v a c u o l e s ,  and a t  l e a s t  

one was a s s o c i a t e d  w i t h  e a c h  n u c l e u s .

F ib ro u s  B od ies

F ib r o u s  b o d ie s  w ere  0.5/<m o v o id  membrane-bound v e s i c l e s  

c o n t a i n i n g  f i b r o u s  m a t e r i a l .  They w e re  found i n  h i g h e s t  c o n c e n t r a ­

t i o n s  n e a r  t h e  s h e l l  ( F i g s .  3 and 6 ) ,  i n  r e t i c u l o p o d s  ( F ig .  3 5 ) ,  and 

som etim es b o r d e r in g  f i b r i l l a r  c h a n n e l s  ( F ig .  1 3 ) .

I I .  SYMBIOTIC ALGAE 

G e n e ra l  D e s c r i p t i o n

The s y m b io t ic  d i n o f l a g e l l a t e s  o f  G l o b ig e r i n o id e s  r u b e r  w ere  

found e i t h e r  i n  h o s t  v a c u o l e s  o r  i n  t h e  n o n -d e n s e  p r o to p l a s m  n e a r  

a p e r t u r e s  ( F ig .  4 0 ) .  Only n o n - m o t i l e  form s w e re  p r e s e n t .  T h in -  

w a l l e d  " P se u d o e n c y s te d "  i n d i v i d u a l s  w e re  found o u t s i d e  t h e  f o r a m i n i f ­

e r a n  t e s t  ( F ig .  4 2 ) .  The n o n - m o t i l e  i n t r a c e l l u l a r  fo rm s w ere  u n i ­

c e l l u l a r  o b l a t e  s p h e r o id s  ( F i g .  4 3 ) .  Some t a p e r e d  a n t a p i c a l l y
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(F ig .  4 4 ) .  The e p ic o n e  was tw ic e  th e  hypocone l e n g t h  ( F ig s .  61 and 

6 2 ) .  Based on f i f t y  m easu red  i n d i v i d u a l s ,  th e  n o n - m o t i l e  v e g e t a t i v e  

form had  a mean l e n g t h  o f  10.2^m ( s . d . = 2 . 3 )  and was 6.1^m ( s . d . = 0 . 9 )  

w ide a t  i t s  w id e s t  p o i n t .  One e x t r e m e ly  t a p e r e d  a l g a  m e a su r in g  9/*m 

by 6/*m was a l s o  p b s e rv e d  ( F ig .  45) .

N ucleus

The sym bion t n u c l e u s  was t y p i c a l l y  d i n o f l a g e l l a t e  and 

o c c u p ie d  a b o u t  o n e - t h i r d  o f  t h e  t o t a l  c e l l  volum e. The n u c l e a r  

e n v e lo p e  was i n t e r r u p t e d  by p o r e s  ( F ig .  4 6 ) .  N u c le i  a r e  o v o id ,  w i th  

o c c a s i o n a l  b u lg e s  r e s u l t i n g  from  th e  c l o s e  a p p o s i t i o n  o f  p e r i p h e r a l  

chromosomes to  th e  n u c l e a r  e n v e lo p e  ( F ig .  4 7 ) .  N u c le i  m easu red  3/jm 

in  c r o s s - s e c t i o n .  The chromosomes w ere  co ndensed  i n  a l l  n u c l e i  

o b s e rv e d .  O b liq u e  s e c t i o n s  w ere  d e n s e r  th a n  l o n g i t u d i n a l  o r  t r a n s ­

v e r s e  o n es .  A l l  chromosomes i n  any one i n d i v i d u a l  w ere  i n  th e  same 

condensed  s t a t e .

T h e i r  f i n e  s t r u c t u r e  c o n s i s t e d  o f  f i b r i l s  o r  f i b r i l  b u n d le s  

a r r a n g e d  in  a h ig h  a m p lu tu d e  s i n e  c u r v e ,  w i th  5-6nm d ia m e te r  g r a n u le s  

s c a t t e r e d  a lo n g  i t .  T hese  g r a n u le s  may be  chromosomal r ib o so m e s  o r  

p r e c u r s o r s  o f  n u c l e o p la s m ic  and  c y to p la s m ic  r ib o s o m e s ,  b o th  o f  w hich 

a r e  a b o u t  tw ic e  t h e i r  s i z e  ( lO nm ). The DNA f i b r i l s  w i th  w hich  th e  

g r a n u le s  w ere  a s s o c i a t e d  w ere  e i t h e r  s i n g l e  (2nm d ia m e te r )  o r  d o u b le  

(4-5nm d ia m e te r )  ( F ig .  4 7 ) .

The g r a n u l a r  n u c le o p la s m  c o n t a i n e d  r ib o so m es  and  a s i n g l e  

n u c l e o lu s  (F ig .  4 3 ) .  The n u c l e o l u s  was d e n s e r  p e r i p h e r a l l y ,  and  

s t a i n e d  more d e e p ly  th a n  th e  r e s t  o f  th e  n u c le o p la sm .
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C h l o r o p l a s t s  and  A s s o c i a t e d  S t r u c t u r e s

The two l a r g e  c h l o r o p l a s t s  w ere  m u l t i - l o b e d  and p e r i p h e r a l .

Each was bounded  by a u n i t  membrane (F ig .  4 8 ,  a r r o w ) .  The c h l o r o p l a s t  

m a t r i x  was g r a n u l a r  and  c o n t a i n e d  r ib o s o m e s ,  p o s s i b l e  DNA f i b r i l s  

( F ig .  4 9 ,  a r r o w s ) ,  and  p a r a l l e l  l a m e l l a e .  L am e llae  c o n s i s t e d  of t h r e e  

c l o s e l y - a p p o s e d  t h y l a k o i d s . D i s c r e t e  o s m i o p h i l i c  g lo b u le s  w ere  a l s o  

fo u n d  w i t h i n  th e  c h l o r o p l a s t  s t ro m a  ( F ig .  4 5 ,  a r r o w s ) .

A p y r e n o id  p r o j e c t e d  from th e  i n n e r  s u r f a c e  o f  each  o f  t h e  

c h l o r o p l a s t s  an d  was c a p p e d  by a d e e p l y - s t a i n i n g  s t a r c h  s h e a th  i n  th e  

G lo b ig e r i n o id e s  r u b e r  sy m b io n ts  (F ig .  4 3 ) .  P y re n o id s  were p e n e t r a t e d  

by c h l o r o p l a s t  l a m e l l a e  (F ig .  4 1 ) .  D e e p l y - s t a i n i n g  and u n s t a i n e d  

s t a r c h  g r a n u le s  w e re  a l s o  p r e s e n t .  I n  some i n d i v i d u a l s  ( F ig .  13) 

th e y  o c c u p ie d  a s  much a s  407o o f  th e  a l g a l  c e l l  vo lum e. The g r a in s  

ra n g e d  i n  d ia m e te r  from 0 .5  -  1.5)Um.

O th e r  R e s e rv e  B o d ie s

L i g h t l y - s t a i n e d  l i p i d  v a c u o le s  w ere  found  i n  most i n d i v i d u a l s  

( F ig .  4 3 ) ,  and w e re  o v a l  o r  ro u n d  i n  s h a p e .  They s t a i n e d  more homo­

g e n e o u s ly  th a n  s t a r c h  g r a i n s ,  b u t  w ere  som etim es  d e n s e r  p e r i p h e r a l l y .  

C alc ium  o x a l a t e  c r y s t a l s  ( F ig .  50) and  a c c u m u la t io n  b o d ie s  (F ig .  45) 

w ere  r a r e  i n  t h e  p l a n k t o n i c  s y m b io n t s .  The s t r u c t u r e  i n  Symbiodinium 

m i c r o a d r i a t i c u m  w hich  was f o r m e r ly  c a l l e d  an  a s s i m i l a t i o n  body (D oyle 

and  D o y le ,  1940; F r e u d e n t h a l ,  1 9 6 2 ) ,  i s  now known as  an a c c u m u la t io n  

body (M cLaughlin  and Z a h l ,  1 9 6 6 ) .  T h is  new name i s  more a p p r o p r i a t e  

i n  v iew  o f  i t s  p r o b a b l e  w a s te  s t o r a g e  f u n c t i o n  (T a y lo r ,  1 9 6 8 ) .  A c­

c u m u la t io n  b o d ie s  w ere  ro u n d  i n  c r o s s - s e c t i o n  and had a d ia m e te r  o f
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ab o u t  lyUm. They c o n t a i n e d  many d e n s e  p e r i p h e r a l  O.l^m c o n c r e t io n s  

(F ig .  45 , i n s e t ) .

M ito c h o n d r ia

Symbiont m i to c h o n d r i a  w e r e  s a u s a g e - s h a p e d .  S m all t u b u l a r  

c r i s t a e  w ere  d i s t r i b u t e d  t h r o u g h o u t  th e  dense  m a t r i x  (F ig .  5 1 ) ,  and 

n o t  as p e r i p h e r a l  a s  i n  m o s t  o t h e r  d i n o f l a g e l l a t e s . M ito c h o n d r ia  were 

l o c a t e d  betw een t h e  n u c l e u s  and t h e  c h l o r o p l a s t s  (F ig .  4 3 ) .

F l a g e l l a r  A p p a ra tu s

The o rg an ism s  w e re  b i f l a g e l l a t e , b u t  o n ly  f l a g e l l a r  r u d i ­

ments w ere  found  i n  th e  n o n - m o t i l e  fo rm s .  Each f l a g e l l a r  b a s e  co n ­

s i s t e d  o f  two d iaphragm s and  two b a s a l  d i s c s ,  i n  a d d i t i o n  to  th e  0.4/im 

long  r o o t l e t  (F ig .  5 2 ) .  The two b a s a l  b o d ie s  o r i g i n a t e d  a t  r i g h t  

a n g le s  to  each  o t h e r .  T he p o s t e r i o r  g i r d l e  was d i s p l a c e d  >  2 /10  o f  

th e  body l e n g th .  I t  e x te n d e d  a b o u t  t h r e e - q u a r t e r s  o f  th e  way around  

th e  a l g a ,  t e r m i n a t i n g  a b o u t  0.5yum c l o s e r  to  t h e  a n ta p e x  (F ig .  4 4 ) .

A p u s u le  was a l s o  p r e s e n t .  I t  c o n s i s t e d  o f  a s e r i e s  o f  ovo id  

v e s i c l e s  s u r ro u n d in g  th e  f l a g e l l a r  p o re  (F ig .  5 2 ) .  S e v e r a l  v e s i c l e s  

c o n ta in e d  dense  m a t e r i a l .

O th e r  O rg a n e l l e s

O ther  sym bion t o r g a n e l l e s  in c lu d e d  v a c u o l e s , en d o p lasm ic  

r e t i c u l u m ,  and d i c ty o s o m e s .  The l a t t e r  w ere  r a r e .  T h e re  w ere  few 

exam ples o f  t u b u l a r  and ro u g h  ( F i g .  53) e n d o p la sm ic  r e t i c u l u m .  They 

w ere a lw ays found  m e d ia l  t o  the  c h l o r o p l a s t .  T hese  w ere  n o t  as  common 

as f r e e  r ib r o s o m e s ,  w h ich  w ere o f t e n  g ro u p ed  i n  s t a r - l i k e  polysome 

c l u s t e r s  (F ig .  5 3 ) .
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H ost-Sym bion t I n t e r f a c e

The a l g a l  sy m b io n ts  o f  G l o b i g e r i n o i d e s  r u b e r  w ere  bounded by 

a t h r e e - l a y e r e d  p e r i p l a s t .  The f i r s t  l a y e r  c o n s i s t e d  o f  t h r e e  c l o s e l y -  

apposed  u n i t  membranes (F ig .  5 4 ) .  The in n e rm o s t  o f  th e s e  ( c l o s e s t  to  

t h e  c h l o r o p l a s t )  was th e  p lasm a membrane. V e s i c l e s  w ere  som etim es 

formed by i n f o l d i n g s  o f  one o r  m ore o f  t h e s e  membranes (F ig .  5 5 ) .

E x t e r i o r  t o  t h i s  l a y e r  was t h e  f r a g i l e  r u d im e n ta r y  t h e c a l  o r  

p e l l i c l e  l a y e r ,  w h ich  was u s u a l l y  b ro k e n .  I t  c o n s i s t e d  o f  a s i n g l e  

membrane, o f t e n  u n d u la te d  (F ig .  5 4 ) .

The m ost e x t e r n a l  l a y e r  was th e  c e l l  w a l l ,  w h ich  was made up 

o f  two membranes, w hich s t a i n e d  more d e e p ly  th a n  th e  t h i n n e r  t h e c a l  

l a y e r .  T h is  was o f t e n  c l o s e l y - a p p o s e d  to  a n e a rb y  h o s t  membrane i n  

lo o s e  p ro to p la s m  (F ig .  5 6 ,  a r r o w s ) ,  o r  i n  d en se  p r o to p la s m  sym bion t 

v a c u o le s .  Sym biont v a c u o le s  w ere  s t r u c t u r a l l y  s i m i l a r  to  h o s t  

d i g e s t i v e  v a c u o l e s .  Both  w ere  bounded  by a s i n g l e  u n i t  membrane 

i n t e r r u p t e d  by p o re s  (F ig .  5 7 ) .

The o u t e r  two p e r i p l a s t  l a y e r s  w ere  o f t e n  r u p t u r e d ,  p r o b a b ly  

d u r in g  f i x a t i o n .  T hus , o n ly  p o r t i o n s  o f  t h e s e  l a y e r s  w ere  u s u a l l y  

p r e s e n t .

M ic r o tu b u le s  w ere  o b s e rv e d  b e n e a th  th e  p e r i p l a s t s  o f  some 

a l g a e  (F ig .  4 8 ) .  A d i v i d i n g  form was o b s e rv e d  w i t h i n  G l o b i g e r i n i t a  

g l u t i n a t a  (F ig .  5 8 ) .

The a l g a e  i n  o t h e r  p l a n k t o n i c s  s t u d i e d  (G lo b ig e r in a  b u l l o i d e s , 

G lo b ig e r i n o id e s  c o n g l o b a t u s , and  G l o b i g e r i n i t a  g l u t i n a t a ) w ere  th e  

same s p e c i e s ,  b a s e d  on s i m i l a r  s t r u c t u r e  o f  th e  f o l l o w i n g :  l a m e l l a e



and p y re n o id  p e n e t r a t i o n ,  p u s u l e ,  m i to c h o n d r i a ,  g i r d l e ,  a s  w e l l  as  th e  

number o f  p e r i p l a s t  l a y e r s  and  n u c l e a r  s i z e .  Sym biont c o n c e n t r a t i o n  

and d i s t r i b u t i o n  w ere  s i m i l a r  i n  a l l  th e  s p e c i e s  s t u d i e d .



DISCUSSION

I . PLANKTONIC FORAMINIFERA

Many a s p e c t s  o f  th e  f i n e  s t r u c t u r e  o f  G lo b ig e r i n o id e s  ru b e r  

a r e  s i m i l a r  to  th o s e  found  i n  G l o b i g e r i n a  b u l l o i d e s  ( F e b v r e - C h e v a l i e r , 

19 7 1 ) .  T h is  i s  o b v io u s  i n  t h e i r  n u c l e a r  u l t r a s t r u c t u r e .  I n  a d d i t i o n ,  

th e y  have co m parab le  p o r e ,  e c t o p l a s m ,  and  r e t i c u l o p o d  m orphology .

N u c le i

The l a r g e  s o m a t ic  n u c l e i  o b s e r v e d  i n  my G lo b ig e r i n o id e s  ru b e r  

and  G lo b ig e r in a  b u l l o i d e s  sp ec im en s  w ere  s i m i l a r  t o  th o s e  F e b v re -  

C h e v a l ie r  (1971) fo u n d . B oth  had  n u c l e a r  f o l d s ,  and  a s i m i l a r  

g l y c o c a l y x - l i k e  l a y e r  o f  r ib o s o m e s .  The l a t t e r  was s i t u a t e d  70nm e x ­

t e r n a l  to  th e  n u c l e a r  e n v e lo p e .

T h e re  w ere  a l s o  some d i f f e r e n c e s  among t h e s e  n u c l e i .  I n  one 

o f  my G lo b ig e r in a  b u l l o i d e s  s p e c im e n s ,  chromosomes w ere  s e g r e g a t e d  i n  

o n e - h a l f  o f  th e  l a r g e  n u c l e u s .  T h e re  w ere  more n u c l e a r  f o l d s  a s s o ­

c i a t e d  w i th  t h i s  h a l f  o f  th e  n u c l e u s .  I n  a d d i t i o n  to  t h i s  d i f f e r e n c e ,  

th e  p e r i n u c l e a r  r ib o so m e s  i n  b o th  my s p e c i e s  had  a s m a l l e r  s i z e  ra n g e  

(10 - 30nm) th a n  F e b v r e - C h e v a l i e r ' s  G. b u l l o i d e s  spec im ens  (10 - 60nm). 

She d id  n o t  o b s e rv e  any  p e r i n u c l e a r  a g g r e g a t e s  i n  t h i s  r ib o so m e  l a y e r .  

L a s t l y ,  s h e  d id  n o t  o b s e rv e  any  s p i n d l e  f i b e r s  i n  th e  n u c le o p la s m .

Some s t r u c t u r e s  a s s o c i a t e d  w i t h  th e  n u c l e a r  e n v e lo p e  w ere 

found  o n ly  i n  F e b v r e - C h e v a l i e r 1s i n d i v i d u a l s .  T hese  i n c lu d e d  b o th

22
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i n t e r n a l  and  e x t e r n a l  m i c r o f i b r i l l a r  l a y e r s ,  w h ich  a r e  com p arab le  to  

th e  f i b r o u s  lam ina  (D a h lg re n ,  1967 a and  b ) . She a l s o  n o te d  n u c l e a r  

p o r e s ,  a n n u l a t e d  v e s i c l e s ,  and  a z o n u la  nucleum  l i m i t a n s  ( P a t r i z i  and 

P o g e r ,  1967).

P l a n k t o n ic  n u c l e a r  s t r u c t u r e  was s im p l e r  th a n  i n  b e n t h i c  

f o r a m i n i f e r a , such  a s  A l lo g ro m ia  l a t i c o l l a r i s  (A rn o ld ,  1955; Lee and  

McEnery, 1970) and th o s e  s t u d i e d  by D a h lg re n  (1967 a ,  b ) . I n  th e  

l a r g e  forms o f  p l a n k t o n i c  n u c l e i ,  t h e r e  w ere  few er  p r o j e c t i n g  n u c l e a r  

f o l d s ,  compared w i th  t h e  g am o n tic  n u c l e u s  o f  Ovammina opaca  (D a h lg re n ,  

1967, a ) .  P la n k t o n ic  f o r a m i n i f e r a n  n u c l e i  showed l i t t l e  deve lopm ent 

o f  t h e  e x o n u c le a r  vacuome.

N ucleosom ic  a g g r e g a t e s  a b o u t  th e  same s i z e  (4.5yum) a s  i n  

0 .  o paca  w ere  a l s o  fo u n d  i n  G l o b i g e r i n o i d e s  r u b e r . T hese  w ere  h e t e r o ­

geneous  l i k e  th o s e  o f  G lo b e rg e n ia  b u l l o i d e s , b u t  had  a more d e f in e d  

s t r u c t u r e  th a n  th e  b e n t h i c  form  (D a h lg re n ,  1967 a)  o r  G. b u l l o i d e s .

They c o n s i s t e d  o f  ljum w id e  p o ly g o n a l  u n i t s  w i th  d e e p l y - s t a i n i n g  

b o r d e r s .

The p l a n k t o n i c  f o r a m i n i f e r a n  n u c l e i  had  a u n iq u e  e x t r a -  

n u c l e a r  r ib o s o m a l  l a y e r  w i th  p e r i n u c l e a r  a g g r e g a t e s .  The in n e r  

f i b r o u s  la m in a  c a n a l s  ( i f  th e y  w ere  p r e s e n t  i n  p r e c u r s o r  n u c l e a r  

fo rm s)  p r o b a b ly  f i l l e d  w i th  r ib o s o m a l  m a t e r i a l  w hich  th e n  budded o f f  

from  th e  n u c l e a r  membrane to  form t h e s e  e x t r a n u c l e a r  s t r u c t u r e s ,  s i n c e  

no p o r e s  w ere  e v i d e n t  i n  e i t h e r  my p l a n k t o n i c  n u c l e i  o r  i n  th e  g am o n tic  

form  i n  Ovammina o p a c a . D a h lg re n  (1967 a)  and F e b v r e - C h e v a l i e r  (1971) 

s u g g e s te d  t h a t  th e  n u c le o so m ic  a g g r e g a t e s  w ere  a p o s s i b l e  s o u r c e  o f  

mRNA. T hese  a g g r e g a te s  p r o b a b ly  g av e  r i s e  to  t h e  e x t r a n u c l e a r
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r ib o s o m a l  l a y e r  and p e r i n u c l e a r  a g g r e g a t e s ,  i n d i c a t i n g  in c r e a s e d  

n u c l e o c y to p la s m ic  i n t e r a c t i o n ,  w hich w ould  i n v o l v e  mRNA.

D ah lg ren  s u g g e s t e d  t h a t  t h e s e  a g g r e g a t e s  o f  n u c l e o l a r  m a t e r i a l  

w ould  s e r v e  to  m a i n t a i n  th e  h ig h  l e v e l  o f  p r o t e i n  p r o d u c t io n  n e c e s ­

s a r y  f o r  r e t i c u l o p o d  r e f o r m a t i o n .  R ibosom al m a t e r i a l ,  r e p r e s e n t e d  by 

th e  g ly c o c a ly x  and p e r i n u c l e a r  a g g r e g a t e s  c o u ld  d i r e c t  th e  s y n e t h e s i s  

o f  th e  s p e c i f i c  p r o t e i n s  n e c e s s a r y  f o r  r e f o r m a t i o n  o f  t h e s e  im p o r ta n t  

s t r u c t u r e s .  He f e l t  t h a t  r e t i c u l o p o d s  would  be  c o n t i n u a l l y  worn o u t  

o r  d i s r u p t e d  by fo o d  c a p t u r e  a n d / o r  t h e  e f f e c t s  o f  s t r o n g  w a te r  c u r ­

r e n t s  .

B ecause  o f  t h e s e  f a c t o r s ,  i n  a d d i t i o n  t o  t e a r i n g  o r  j u s t  r e ­

t r a c t i o n  due to  t u r b u l e n t  w a t e r s ,  t h e  s u r f a c e  t o  volume r a t i o  w ould  

be  lo w ered .  F o r a m i n i f e r a  w ou ld  th e n  s i n k  to  low er l e v e l s .  B ra n d t  

(1895) d e s c r i b e d  an  a n a lo g o u s  phenomenon i n  t h e  r a d i o l a r i a n ,  

T h a l a s s i c o l l a . W ate r  t u r b u l e n c e  c a u s e d  th e  o rg an ism  to  d escen d  due 

to  calymma c o l l a p s e .

R a p id  p r o t e i n  f o r m a t io n  w ou ld  a l s o  a i d  i n  m a in te n a n c e  o f  th e  

a c t i v e  f i b r i l l a r  s y s te m ,  w hich  c o n s i s t s  p r i m a r i l y  o f  c o n t r a c t i l e  p r o ­

t e i n .  P r e c i p i t a t e d  f i b r i l s  and  t h o s e  p a s s e d  o u t  from  lo o s e  p r o t o ­

p la sm  c o u ld  th e n  be  r e a d i l y  r e p l a c e d .

M o rp h o lo g ic a l  d i f f e r e n c e s  be tw een  th e  l a r g e  s o m a t ic  n u c l e i  

o f  G lo b ig e r i n a  b u l l o i d e s  w ere  m in im a l .  The s t r u c t u r e  o f  th e  n u c l e a r  

e n v e lo p e  and  o t h e r  a s p e c t s  p r o b a b ly  v a r i e d  w i t h  p h y s i o l o g i c a l  s t a t e  

and  l i f e  c y c l e  s t a g e .  A n o th e r  f a c t o r  w h ich  m ig h t  be in v o lv e d  i s  

s e a s o n  o f  c o l l e c t i o n ,  s i n c e  F e b v r e - C h e v a l i e r ' s  o rg an ism s  w ere  c o l ­

l e c t e d  d u r in g  th e  w i n t e r ,  w h i le  mine w ere  c o l l e c t e d  i n  warmer summer 

w a t e r s .  T hese  o rg a n ism s  a p p a r e n t l y  u n d e rg o  a g r e a t  d e a l  o f  l a r g e -



25

s c a l e  n u c l e a r  t r a n s f o r m a t i o n ,  su c h  as  i n  th e  p r o c e s s  o f  n u c l e a r  RNA 

e x t r u s i o n  i n  t h e  form  o f  r ib o s o m e s .  The l a c k  o f  th e  e x t e r n a l  r ibosom e 

l a y e r  i n  some o f  th e  G l o b i g e r i n o i d e s  r u b e r  n u c l e i  (F ig .  2 6 ) ,  and  i t s  

p r e s e n c e  i n  o t h e r s  c o l l e c t e d  a t  th e  same t im e  i n d i c a t e s  n u c l e a r  

a c t i v i t y .  The p r e s e n c e  o f  a  l a r g e  c o n c e n t r a t i o n  o f  chromosomes in  

o n e - h a l f  o f  t h e  l a r g e  n u c l e u s  o f  G l o b ig e r i n a  b u l l o i d e s , a lo n g  w i th  

s p in d l e  f i b e r s  r e p r e s e n t s  p a r t  o f  a m a ss iv e  n u c l e a r  t r a n s f o r m a t i o n .

I t  i s  t h e r e f o r e  u n d e r s t a n d a b l e  t h a t  more n u c l e a r  f o l d s  w ould  be  p r e s e n t  

on t h i s  s i d e  o f  th e  n u c l e u s . Thus t h e r e  w ould  be  i n c r e a s e d  s u r f a c e  

a r e a ,  and g r e a t e r  n u c l e o p r o t o p l a s m i c  i n t e r a c t i o n  would be  f a c i l i t a t e d  

in  t h i s  r e g i o n  o f  h i g h  m e t a b o l i c  a c t i v i t y .

My o b s e r v a t i o n s  r e a f f i r m  th e  h e t e r o k a r y o t i c  n u c l e a r  s t r u c t u r e  

d e s c r ib e d  by Lee £ t  ail. (1 9 6 5 ) .  T h e i r  s tu d y  s u g g e s te d  t h a t  th e  

v a r i a b l e  number o f  s o m a t ic  n u c l e i  i n d i c a t e d  a f f i n i t y  w i th  h e t e r o ­

k a r y o t i c  forms su ch  a s  G l a b r a t e l l a  s u l c a t a  ( G r e l l ,  19 5 8 ) .  The d i f ­

f e r e n t  s i z e s  o f  n u c l e i  may c o n s t i t u t e  a s e r i e s ,  en d in g  w i th  th e  l a rg e  

so m a t ic  n u c l e u s .  T h i s  s e r i e s ,  r a n g in g  up t o  th e  s i z e  o f  c ry p to so m es ,  

s u g g e s t s  an  a f f i n i t y  w i th  t h e s e  l a r g e  s t r u c t u r e s .  Cryptosom es w ere 

n o t  o b s e rv e d  by F e b v r e - C h e v a l i e r  (1971) , b u t  w ere  n o te d  by Lee £ t  a l .  

(1965) i n  b o th  G l o b i g e r i n o i d e s  r u b e r  and  G lo b ig e r i n a  b u l l o i d e s . In  

th e  p r e s e n t  s t u d y ,  t h e y  w ere  o b s e rv e d  i n  G l o b ig e r i n o id e s  r u b e r  and the  

r e l a t e d  G lo b i g e r i n o i d e s  c o n g l o b a t u s . Lee c la im e d  t h a t  c ryp tosom es  

were h y p e r t r o p h i e d  s o m a t ic  n u c l e i .  T h is  c o n c l u s i o n  i s  f u r t h e r  s u p ­

p o r te d  by t h e i r  s i m i l a r l y  l a r g e  s i z e .

Rhumbler c o n s i d e r e d  t h e  c ry p to so m e  to  be  n u c l e a r  i n  o r i g i n  

when he c a l l e d  i t  " K e r n ,"  w h ic h  means n u c l e u s .  The c ryp tosom es  

o b se rv ed  i n  my sp ec im en s  w e re  e l o n g a t e d  e l l i p s o i d s .  E lo n g a te d  n u c le a r
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forms su c h  as t h e  ones I  o b s e rv e d  w ere  a l s o  n o te d  by Lee jet ja l .  (1965) 

and  Rhumbler (1 9 0 9 ) .

The g i a n t  s o m a t ic  n u c l e u s  o f  F ig .  22 may be n e a r i n g  t r a n s ­

fo rm a t io n  i n t o  a  c ry p to so m e .  E v e n l y - d i s t r i b u t e d  chromosomes would 

assume t h i s  e c c e n t r i c  p o s i t i o n  p r i o r  to  e x t r u s i o n .  At t h i s  t im e , 

n u c l e o p r o to p la s m ic  i n t e r a c t i o n  th ro u g h  th e  p o r t i o n  o f  n u c l e a r  en v e lo p e  

n e a r e s t  t h i s  h ig h  c o n c e n t r a t i o n  o f  c h ro m a t in  w ould  i n c r e a s e .  T h is  i s  

m a n i f e s te d  in  an  i n c r e a s e d  number o f  n u c l e a r  f o l d s .  The a n n u la te d  

v e s i c u l a r  b o rd e r  i n  c ry p to s o m e s  a l s o  s u g g e s t s  enhanced  n u c l e o p r o t o ­

p la sm ic  i n t e r a c t i o n ,  a s  i n  th e  c a s e  o f  N o c t i l u c a  s c i n t i l l a n s  

( A f z e l i u s ,  1962).  I t  may be  a f u r t h e r  m o rp h o lo g ic a l  deve lopm en t o f  

th e  s o m a t ic  n u c l e a r  e n v e lo p e  a n d  may be r e l a t e d  to  th e  a n n u la te d  

l a m e l l a e  o b s e rv e d  by F e b v r e - C h e v a l i e r  (1 9 7 1 ) .  The c ryp to som e  may 

th u s  r e p r e s e n t  an  h y p e r t r o p h i e d  s o m a t ic  n u c le u s  d e v o id  o f  c h ro m a tin  

and  n u c l e o l a r  m a t e r i a l .  The a n n u l a t e d  v e s i c l e s  w ere  p r o b a b ly  formed 

s h o r t l y  a f t e r  e x t r u s i o n  o f  n u c l e a r  m a t e r i a l  by p o r t i o n s  o f  t h e  

so m a t ic  n u c l e a r  e n v e lo p e .

These  c o n c l u s i o n s  a r e  f u r t h e r  s u p p o r te d  by th e  s i m i l a r i t y  o f  

p l a n k t o n i c  c ryp tosom es  t o  a s t a g e  i n  n u c l e a r  t r a n s f o r m a t i o n  o c c u r r i n g  

i n  b e n t h i c  f o r a m i n i f e r a .

The c ryp tosom e  was s i m i l a r  b o th  u l t r a s t r u c t u r a l l y  and  c y to -  

c h e m ic a l ly  (Lee e t  a l .  , 1965) t o  th e  gam on tic  n u c le u s  o f  th e  

s a c c a m in id ,  0 . o paca  (D a h lg re n ,  1967 a ) .  "'The c o m p l ic a te d  v e s i c u l a r  

b o rd e r  r e s e m b le d  th e  i n n e r  f i b r o u s  la m in a  v e s i c l e s  o f  th e  b e n t h i c  

s a c c a m in id .  Lee e t  a l .  (1965) fo u n d  s i m i l a r  s t a i n i n g  p r o p e r t i e s  in  

th e  c ryp tosom e and  th e  n u c l e u s  o f  0 .  o p a c a . I t s  l a r g e  s i z e  a l s o  

s u g g e s te d  d e r i v a t i o n  from  a s o m a t i c  n u c l e u s ,  w hich  was o f  com parab le
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s i z e  and  th e  l a r g e s t  s t r u c t u r e  i n  th e  p l a n k t o n i c  f o r a m i n i f e r a .  The 

c ryp tosom e i s  p r o b a b ly  th e  r e s u l t  o f  a Z e r f a l l - l i k e  p u r g a t i o n  (A rn o ld ,  

1955) o f  n u c l e a r  m a t e r i a l .  N u c le a r  t r a n s f o r m a t i o n ,  e v e n t u a l l y  r e ­

s u l t i n g  i n  a c ry p to s o m e ,  may a i d  i n  f l o t a t i o n  by f a c i l i t a t i n g  s y n t h e s i s  

o f  p r o t e i n s  f o r  r e t i c u l o p o d s  and  th e  f i b r i l l a r  sy s tem .

P o res  and  A s s o c i a t e d  S t r u c t u r e s

The p o r e  s t r u c t u r e  o f  th e  G lo b ig e r i n a  b u l l o i d e s  specim ens 

d e s c r ib e d  by F e b v r e - C h e v a l i e r  (1971) i s  s i m i l a r  to  t h a t  o b se rv e d  i n  

my G. b u l l o i d e s  and  G l o b i g e r i n o i d e s  r u b e r  sp ec im en s .  I n  a l l  c a se s  

t h e r e  was a  p o r e  d ia p h ra g m , s e p a r a t i n g  membrane bound e c t o -  and endo- 

p la sm . The d iaph ragm  was s i t u a t e d  a t  t h e  p o re  c o n s t r i c t i o n .  I n  a d d i ­

t i o n ,  c a l c i f i c a t i o n  l a y e r s  w ere  o b s e rv e d  i n  b o th  s t u d i e s ,  and  in  

b o th ,  r e t i c u l o p o d s  w ere  a s s o c i a t e d  w i th  th e  e c to p la sm .

The b a s i c  p o r e  s t r u c t u r e ,  w h ich  s e r v e d  as  a fram ework f o r  

f u t u r e  c a l c i t e  d e p o s i t i o n ,  in v o l v e d  g r a n u l a r  m e m b ra n e - l ik e  l a y e r s  

a s s o c i a t e d  w i t h  t h e  t e s t .  I  fo u n d  t h a t  th e  s i m p l e s t  form o f  po re  

c o n s t r u c t i o n  c o n s i s t e d  o f  t h r e e  c a l c i f i c a t i o n  l a y e r s .  Each l a m e l l a r  

u n i t  o f  t e s t  was d e p o s i t e d  b e tw ee n  two c a l c i f i c a t i o n  l a y e r s ,  r e s u l t i n g  

i n  two l a m e l l a r  u n i t s  o f  d e p o s i t e d  c a l c i t e  t e s t .

F e b v r e - C h e v a l i e r ' s p o r e  d ia p h ra g m s  w ere  t r a n s v e r s e l y  s t r i a t e d ,  

and some c o n t a in e d  m i c r o t u b u l e s ,  b u t  n e i t h e r  w ere  found  i n  any of 

Towe's (1971) o r  my sp e c im e n s .  Her p o r e s  d id  show a c o n s t r i c t i o n  a t  

th e  l e v e l  o f  t h e  p o r e  d ia p h ra g m , b u t  sh e  d id  n o t  m e n tio n  t h i s .  T h is  

c o n s t r i c t i o n  was a l s o  o b s e rv e d  i n  my s p e c im e n s .  Her p r im a ry  c a l c i f i c a ­

t i o n  l a y e r  d id  n o t  e x t e n d  s t r a i g h t  l a t e r a l  t o  th e  p o re  as  i t  d id  i n  

my sp e c im e n s ,  b u t  p a r a l l e l e d  th e  p o r e  b a s e .  No e a r l y  s h e l l  forms w ere
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o b s e rv e d  by h e r ,  so  t h e  b e a d - l i k e  c a l c i f i c a t i o n  l o c i  o f  my F ig .  3 were 

n o t  o b se rv e d .  Her sp ec im en s  a l s o  la c k e d  f i b r o u s  b o d ie s  i n  a s s o c i a t i o n  

w i th  n e a rb y  endop lasm . T h is  may have  been  due to  t h e  ag e  o f  h e r  

sp ec im en s .  The a b s e n c e  o f  f i b r o u s  b o d ie s  i n d i c a t e s  a  l e s s  a c t i v e  

s t a g e  o f  t e s t  c a l c i f i c a t i o n  ( A n g e l l ,  1967 a ) .

The p o re  and  t e s t  p a t t e r n  i n  t h e s e  p l a n k t o n i c  f o r a m i n i f e r a  

was b a s i c a l l y  s i m i l a r  t o  t h a t  o f  R o s a l i n a  l e e i  (A n g e l l ,  1967 a ) .  T h is  

c o n s i s t e d  o f  an o r g a n ic  c a l c i f i c a t i o n  l a y e r  l y i n g  j u s t  e x t e r n a l  to  th e  

c e l l  membrane. E x t e r n a l  t o  t h i s  was th e  p r im a ry  c a l c i f i c a t i o n  l a y e r ,  

fo l lo w e d  by o u t e r  c a l c i f i c a t i o n  l a y e r s .  T hese  l a y e r s  m erged to  form 

th e  p o re  d ia p h ra g m s .  The p r e s e n c e  o f  m i c r o tu b u l e s  may be  a c c o u n te d  f o r  

by d i f f e r e n t  e n v i ro n m e n ta l  v a r i a b l e s  i n  th e  M e d i t e r r a n e a n  Sea compared 

t o  Bermuda w a t e r s .  B ut th e  p r e s e n c e  o f  t r a n s v e r s e  s t r i a t i o n s  may have 

a  g e n e t i c  b a s i s  and  r e p r e s e n t  one o f  th e  c h a r a c t e r i s t i c s  w hich has 

ev o lv e d  d u r in g  g e o g ra p h ic  i s o l a t i o n  from N o rth  A t l a n t i c  fo rm s .  O ther

d i f f e r e n c e s  may a l s o  be a c c o u n te d  f o r  by g e o g r a p h ic  i s o l a t i o n .  Minor

d i f f e r e n c e s  i n  p o re  s t r u c t u r e  w e re  fo u n d  when F e b v r e - C h e v a l i e r ' s  

spec im ens w ere  com pared  w i th  m ine .  The d i f f e r e n c e  i n  number o f  l a y e r s  

i n  th e  b a s i c  p o re  form was p r o b a b ly  due to  a d i f f e r e n c e  i n  specim en 

ag e .  The b i l a m e l l a r  p a t t e r n  w i th  o n ly  two t e s t  l a m e l l a e  form ed i s

th e  b a s i c  p a t t e r n ,  a s  p o i n t e d  o u t  by Be and  Hemleben (1 9 7 0 ) .

The p r o to p la s m  w hich  p e n e t r a t e d  G l o b i g e r i n o i d e s  r u b e r  and 

G lo b ig e r in a  b u l l o i d e s  p o re  d ia p h ra g m s  i n c lu d e d  p o r t i o n s  o f  g ro und-  

p lasm  and n o t  j u s t  f i b r i l s .  The p o r e s  w ere  p a r t i a l l y  c l o s e d  o f f  by 

s i e v e - l i k e  d iaph ragm s (one  t o  a  p o r e ) , w h ich  i n c lu d e d  o r g a n ic  m a t e r i a l  

i n  a d d i t i o n  to  some c a l c i t e .  The t e a r i n g  o b s e rv e d  i n  p o r e s  (Hemleben, 

1969) may have been  due t o  t h e  p r e s e n c e  o f  t h i s  o r g a n ic  d iaphragm
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c l o s e l y - a s s o c i a t e d  w i th  c a l c i t e  and  p e rh a p s  some membranes. I t  was 

p ro b a b ly  d e s t r o y e d  d u r in g  h i s  s c a n n in g  e l e c t r o n  m ic ro s c o p e  p r e p a r a t i o n ,  

w hich i n c lu d e d  d ry in g  and f o r m a l in  f i x a t i o n .  The p o re s  s e r v e d  as  

s t r e n g t h e n i n g  s t r u c t u r e s  f o r  t e s t  l a y e r  d e p o s i t i o n ,  s i m i l a r  t o  p y lo n s  

on a b r i d g e .  The p a t t e r n  o f  p o re  f o r m a t io n  i n  p l a n k t o n i c  f o r a m i n i f ­

e r a  may have taxonom ic v a l u e .  Be and  Hemleben (1970) s u g g e s te d  t h a t  

p o re  c o n s t r i c t i o n  and th e  p r e s e n c e  o f  an  a s s o c i a t e d  b i l a m e l l a r  s t r u c ­

t u r e  would d i s t i n g u i s h  t h e s e  from  o t h e r  f o r a m i n i f e r a .  A c c o rd in g  to  th e  

th e o ry  o f  b i l a m e l l a r  s t r u c t u r e ,  e a c h  l a m e l l a r  u n i t  o f  c a l c i t e  t e s t  

would be  d e p o s i t e d  be tw een  two c a l c i f i c a t i o n  l a y e r s .  The i n i t i a l  p r o c ­

e s s  in v o lv e s  fo rm a t io n  o f  one i n n e r  and  one o u t e r  l a m e l l a r  u n i t  w i t h ­

i n  th e  l i m i t s  d e f in e d  by th e  s u r r o u n d in g  m e m b ra n e - l ik e  c a l c i f i c a t i o n  

l a y e r s .  A f t e r  t h i s  b a s i c  fo rm , th e  n e x t  o u t e r  l a m e l l a r  u n i t  w ould  be 

added  be tw een  th e  f i r s t  o u t e r  c a l c i f i c a t i o n  l a y e r  and a s e c o n d ,  more 

d i s t a l  one. The n e x t  w ould  th e n  b e  d e p o s i t e d  b e tw ee n  th e  seco n d  and 

t h i r d ,  and  so  on. The m ost d i s t a l  o u t e r  c a l c i f i c a t i o n  l a y e r  would l i e  

n e x t  t o  t h e  exo tha lam ous  p r o to p l a s m .  C a l c i f i c a t i o n  l a y e r s  a p p a r e n t l y  

merged t o  become th e  p o re  d ia p h ra g m  i n  th e  p o r e  a r e a .

Towe (1971) d o u b ts  th e  v a l u e  o f  p l a c i n g  a l l  p l a n k t o n i c  

f o r a m i n i f e r a  i n  th e  same g ro u p ,  b a s e d  on b i la i .  2l l a r  s h e l l  s t r u c t u r e .

He c la im s  t h a t  t h e r e  i s  c l e a r  e v id e n c e  o f  t h i s  c h a r a c t e r i s t i c  i n  some, 

b u t  n o t  a l l  p l a n k t o n i c s .  Towe s t a t e s  t h a t  w id e s p r e a d  mass c a l c i f i c a ­

t i o n  i s  a more p r o b a b le  a l t e r n a t i v e  t o  th e  g r a d u a l  c a l c i f i c a t i o n  

scheme s u g g e s te d  by t h e  b i l a m e l l a r  t h e o r y .  T h is  mass c a l c i f i c a t i o n  

would p resu m ab ly  ta k e  p l a c e  w i t h i n  a s h o r t  p e r i o d  o f  t im e .

T h e re  i s  e v id e n c e ,  how ever ,  i n  s u p p o r t  o f  th e  b i l a m e l l a r  

th e o r y .  I t  i s  found i n  t e s t s  o f  f o s s i l  p l a n k t o n i c  f o r a m i n i f e r a
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(Be, p e r s .  comm). T h is  th e o ry  i s  f u r t h e r  s u p p o r te d  by t h e  a d d i t i o n  

o f  a c a l c i t e  c r u s t  i n  G l o b o r o t a l i a  t r u n c a t u l i n o i d e s  (Be and E r i c s o n ,  

1 9 6 3 ) ,  w hich s u g g e s t s  l a y e r e d  t e s t  f o r m a t io n .  The b i l a m e l l a r  p a t t e r n  

was o b s e rv e d  i n  b o th  my G l o b i g e r i n o i d e s  r u b e r  and G lo b ig e r in a  b u l l o i d e s  

s p e c im e n s ,  i n  a d d i t i o n  to  t h e  G. b u l l o i d e s  sp ec im en s  o f  F e b v re -C h e v a l ie r  

(1 9 7 1 ) .  Tow e's  G. r u b e r  spec im ens  d id  n o t  show t h i s  p a t t e r n  f o r  a 

number o f  r e a s o n s .  Towe may have o b s e rv e d  a d i f f e r e n t  s t a g e  o f  p o re  

d ev e lo p m en t .  T h is  i s  p l a u s i b l e  i n  v ie w  o f  th e  c o m p l ic a te d  l i f e  c y c l e  

s u g g e s te d  f o r  t h e s e  o rg a n is m s .  F o r  i n s t a n c e ,  th e  r e p l i c a  i n  h i s  F ig .  1, 

P l a t e  6 r e p r e s e n t s  t h e  o b l i t e r a t i o n  o f  th e  b a s i c  b i l a m e l l a r  fo rm  by a 

l a r g e  amount o f  d e p o s i t e d  c a l c i t e .  A t an  e a r l i e r  s t a g e ,  th e  c a l c i f i ­

c a t i o n  l a y e r s  may have  been  v i s i b l e .

Specim en t r e a t m e n t  may a l s o  hav e  been  a f a c t o r .  H is w ere  

d e c a l c i f i e d  w i th  EDTA and  t r e a t e d  w i t h  sodium  h y p o c h l o r i t e ,  w hich  may 

have removed t h e  p r im a ry  c a l c i f i c a t i o n  l a y e r ,  i n  a d d i t i o n  to  t e s t  

c a l c i t e .  The c a l c i f i c a t i o n  l a y e r s  c o n s i s t e d  o f  some o r g a n ic  (and  p o s ­

s i b l y  membranous) m a t e r i a l ,  w hich  p r o b a b ly  d i s i n t e g r a t e d  d u r in g  th e  

l a t t e r  t r e a t m e n t .  A n g e l l  (1967 a) u s e d  sodium  h y p o c h l o r i t e  t o  remove 

a l l  o r g a n ic  m a t e r i a l  i n  th e  p o re s  o f  h i s  sp ec im en .

I  f e e l  t h a t  i f  t h e  b i l a m e l l a r  form i s  p r e s e n t  t o  any e x t e n t  i n  

c e r t a i n  f o r a m i n i f e r a ,  i t  h a s  tax o n o m ic  v a l u e .  T h e r e f o r e ,  th e  s i m i l a r  

p o re  s t r u c t u r e  i n  G l o b i g e r i n o i d e s  r u b e r  and G lo b ig e r i n a  b u l l o i d e s  r e ­

i n f o r c e s  taxonom ic a f f i n i t y  o f  t h e s e  o rg a n is m s .

E xotha lam ous P r o to p la s m  (E c to p lasm )

The ex o th a lam o u s  p r o to p la s m  o f  my sp ec im en s  was s i m i l a r  to  

t h a t  o b s e rv e d  by F e b v r e - C h e v a l i e r  (1971) i n  many r e s p e c t s . I n  b o th
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studies this layer was associated with pores. Reticulopods arose from 

this layer in all specimens. In addition, this layer contained few 

organelles. Both studies showed oval bodies in oral ectoplasm.

The t h i n  (35 - 65nm) p o r t i o n s  o f  ex o th a lam o u s  p ro to p la s m  on 

w hich  th e  g ly c o c a ly x  was l o c a t e d  w ere  o n ly  found  i n  my sp ec im en s .  My 

sp ec im en s  la c k e d  m ic ro b o d ie s  and  m i c r o tu b u l e s  i n  t h i s  l a y e r .  However,

I did observe microtubules in reticulopods. The presence of the 

exothalamous protoplasm demonstrates that planktonic (and perhaps all) 

foraminifera have an internal shell. This external protoplasm is shown 

in Fig. 1, Tafel 11 of Hemleben's article. A mass of fine filaments 

(Gorycki, 1971) was not observed in this protoplasm or in nearby cal­

cification layers. Perhaps these filaments are only found in benthic 

foraminifera.

The ex o tha lam ous  p r o to p la s m  o f  f o r a m i n i f e r a  may have a v a r i e t y  

o f  f u n c t i o n s ,  i n c l u d i n g  c a lc iu m  t r a n s p o r t  and  r e t i c u l o p o d  fo rm a t io n .  

A n g e l l  (1967 b) s u g g e s t e d  c a lc iu m  t r a n s p o r t  f o r  s h e l l - b u i l d i n g  as a 

f u n c t i o n  o f  th e  m i to c h r o n d r i a  fo u n d  i n  t h i s  l a y e r .  S t u d i e s  o f  k id n e y  

m i to c h o n d r i a  (De Luca e t  a l . , 1962) s u p p o r te d  t h i s  h y p o t h e s i s .  I n  

a d d i t i o n ,  th e  ex o th a lam o u s  p r o to p la s m  o f  t h e  p l a n k t o n i c  was c o a t e d  w i th  

s m a l l  k n o b - l i k e  s t r u c t u r e s  i n  a g ly c o c a ly x  a r r a n g e m e n t .  T hese  i n ­

c r e a s e d  t h e  s u r f a c e  a r e a  and  w ould  th e r e b y  f a c i l i t a t e  c a lc iu m  io n  

i n c o r p o r a t i o n  from  th e  s u r r o u n d in g  s e a  w a te r .

B e n n e t t  (1969) c l a im s  t h a t  g ly c o c a ly c e s  behave  l i k e  a n i o n ic  

p o ly m e rs .  S t r o n g l y  a c i d i c  c a r b o h y d r a t e  g ro u p s  on m ost g ly c o c a ly c e s  

a r e  im m e d ia te ly  a d j a c e n t  t o  t h e  c e l l  membrane, w h ich  h as  a  d i f f e r e n t  

c h a r g e  d i s t r i b u t i o n .  The c l o s e  p r o x im i ty  o f  d i f f e r e n t l y - c h a r g e d  l a y e r s  

r e s u l t s  i n  e l e c t r i c a l  r e c t i f y i n g  p r o p e r t i e s  w h ich  f a c i l i t a t e  th e
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b in d i n g  o f  n u t r i e n t s ,  a s  w e l l  a s  i o n s .  B ra n d t  and Pappas (1960) 

d e s c r i b e d  the  im p o r ta n c e  o f  b in d i n g  p r o p e r t i e s  o f  th e  am oeba 's  

g ly c o c a ly x  in  u p ta k e  o f  p r e y  and n u t r i e n t s .

Glycocalyces usually contain sulfated mucopolysaccharides.

M oss' (1963) c y to c h e m ic a l  d e m o n s t r a t io n  o f  t h e s e  i n  th e  o u t e r  "mem­

b r a n e "  o f  G l o b i g e r i n e l l a  a e q u i l a t e r a l i s , G l o b ig e r i n o id e s  r u b e r ,  and 

G lo b ig e r in o id e s  s a c c u l i f e r  p r o v id e s  f u r t h e r  e v id e n c e  o f  t h e  c l a s s i c a l  

g ly c o c a ly x .  The w e l l -d e v e lo p e d  g l y c o c a l y x ,  i n  a d d i t i o n  to  a l a c k  o f  

m ic ro b o d ie s  may i n d i c a t e  a d i f f e r e n t  p h y s i o l o g i c a l  s t a t e .  My spec im ens  

w ere  p ro b a b ly  i n  a more a c t i v e  s t a t e  o f  c a l c i f i c a t i o n  th a n  F e b v re -  

C h e v a l i e r  ' s .  T h is  i s  f u r t h e r  s u p p o r t e d  by t h e  g r e a t e r  t e s t  m ic r o ­

s t r u c t u r e  developm ent i n  t h e  o rg a n is m s  i n  th e  p r e s e n t  s tu d y .

Reticulopodia

The r e t i c u l o p o d s  o f  my s p e c im e n s  w ere  s i m i l a r  to  th o s e  o b s e rv e d  

by F e b v r e - C h e v a l i e r  (1 9 7 1 ) .  I n  b o t h ,  m i c r o t u b u l e s  formed a s t r e n g t h e n ­

in g  a x i s  ( s te re o p la sm )  f o r  e x te n d e d  r e t i c u l o p o d s .  The o v a l  b o d ie s  

o b s e rv e d  in  p ro to p la s m ic  i s l a n d s  and  e x te n d e d  r e t i c u l o p o d s  c o r re s p o n d e d  

to  h e r  o s m io p h i l i c  f o r m a t io n s .  She fo u n d  no c e n t r a l  c a v i t y .  However, 

t h i s  may c o r re s p o n d  to  v a c u o le s  o b s e r v e d  by h e r .

Reticulopods and protoplasmic islands contained similar groups 

of organelles. These included mitochondria, groundplasm, fibrous 

bodies, oval bodies, and membrane-bound vesicles. The latter originate 

as infoldings of the plasma membrane (Marszalek, 1969).  These vesicles 

probably contain sea water, which increase pseudopod volume and greatly 

enlarge the food-gathering surface area. As Figs. 1 and 31 indicate, 

exothalamous protoplasm in the distal portions of pores had an
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o r g a n e l l e  p o p u l a t i o n  s i m i l a r  to  more e x t e r n a l l y  l o c a t e d  ex o th a lam o u s  

p ro to p la s m .  The p ro x im a l  p o r t i o n s  o f  p o r e s  f r e q u e n t l y  c o n t a i n e d  a 

r e s e r v o i r  o f  o v a l  b o d ie s .  T hese  e v e n t u a l l y  p a s s  th ro u g h  p o r e  d i a ­

phragm h o le s  t o  become i n c o r p o r a t e d  i n t o  p r o to p l a s m ic  i s l a n d s  v i a  

p h a g o c y to s i s .  Towe (1971) s u g g e s te d  an  e x c r e t o r y  f u n c t i o n  f o r  p o r e s .  

T hus , th e  p r o x im i ty  o f  p o r t i o n s  o f  e x o th a lam o u s  p ro to p la s m  e n a b le s  

w a s t e - c o n t a i n i n g  o v a l  b o d ie s  t o  be e x t ru d e d  e f f i c i e n t l y .  T h e i r  

c o n t e n t  would e v e n t u a l l y  be  r e l e a s e d  i n t o  t h e  s u r r o u n d in g  s e a  w a te r  

when r e t i c u l o p o d s  a r e  fo rm ed , a s  i n  F i g .  35.

A l a r g e  number o f  o v a l  b o d ie s  w ere  fo u n d  i n  a p e r t u r a l  p r o t o ­

p la sm . Some o f  t h e s e  may a l s o  be  e v e n t u a l l y  e x t r u d e d  v i a  p o re  d i a ­

phragm h o le s  an d  p h a g o c y to s i s  a s  d e s c r i b e d  above .  Oval b o d ie s  may 

a l s o  p a s s  from  endoplasm  i n t o  t h e  p ro x im a l  p o re  chamber v i a  t h e  c e l l  

membrane, p r o b a b ly  by p h a g o c y t o s i s .  Few o v a l  b o d ie s  w ere  o b s e rv e d  in  

dense  p r o to p la s m ,  so  th e y  may b e  b u n d le s  o f  w a s te  m a t e r i a l  w hich  a r e  

pack ag ed  as  th e y  a r e  b e in g  p a s s e d  o u t  o f  th e  f o r a m i n i f e r a n .  Oval 

b o d ie s  may a l s o  c o n t a i n  c h ro m a t in  r e s i d u a  r e s u l t i n g  from a Z e r f a l l -  

l i k e  n u c l e a r  " p u r g a t i o n "  (A rn o ld ,  1955) w hich  e v e n t u a l l y  r e s u l t s  i n  

c ryp tosom e fo r m a t io n .  L a rg e  numbers o f  o v a l  b o d ie s  w ould  be n e c e s s a r y  

to  accommodate th e  amounts o f  d e t e r i o r a t e d  n u c l e a r  m a t e r i a l  p ro d u c e d  

d u r in g  n u c l e a r  t r a n s f o r m a t i o n .  I t  i s  t h e r e f o r e  s i g n i f i c a n t  t h a t  t h e s e  

o v a l  b o d ie s  a r e  found i n  f o r a m i n i f e r a ,  w h ere  su ch  n u c l e a r  t r a n s f o r m a ­

t i o n  o c c u r s .

R e t i c u lo p o d  e x t e n s i o n  c o u ld  a l s o  a i d  i n  f l o t a t i o n .  V acu o le s  

o f  e x te n d e d  r e t i c u l o p o d s  w ere  p r o b a b ly  f i l l e d  w i th  s e a  w a te r  w hich 

c o n t r i b u t e d  to  t h e  t u r g i d i t y  o f  t h e s e  s t r u c t u r e s .  R e le a s e  o f  ca rb o n  

d io x i d e  from s u r r o u n d in g  pseudopod  p r o to p la s m  r e s p i r a t i o n  i n t o  t h e s e
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v a c u o le s  w ould  i n c r e a s e  th e  o r g a n is m s '  buoyancy  by lo w e r in g  i t s  

s p e c i f i c  g r a v i t y .  A s i m i l a r  s i t u a t i o n  was found  in  p l a n k t o n i c  

R a d i o l a r i a ,  w hich  had  ca rb o n  d i o x i d e - s u p e r s a t u r a t e d  s e a  w a te r  i n  

calymmal v a c u o le s  (B ra n d t ,  1895 ) .  E x te n s io n  o f  p se u d o p o d ia  a lo n e  

would a l s o  i n c r e a s e  th e  s u r f a c e  a r e a :v o lu m e  r a t i o  o f  t h e  o rg an ism .

F e b v r e - C h e v a l i e r  (1971) c l a im s  t h a t  r e t i c u l o p o d s  a r e  form ed 

from ex o th a lam o u s  p ro to p la s m .  My o b s e r v a t i o n s  s u p p o r t  t h i s  th e o r y ,  

s i n c e  s i m i l a r  o r g a n e l l e  p o p u la t i o n s  w ere  found  i n  b o th  r e t i c u l o p o d s  

and  t h e i r  p r e c u r s o r  p r o to p l a s m ic  i s l a n d s .  The p r e s e n c e  o f  o v a l  

b o d ie s  i n  th e  p ro x im a l  p o r t i o n s  o f  p o r e s ,  i n  a d d i t i o n  to  r e t i c u l o p o d s ,  

f u r t h e r  s u p p o r t s  t h i s  th e o r y .  A p p a r e n t l y ,  t h e  membrane-bound i s l a n d s  

o f  p ro to p la s m  i n  th e  e c to p la s m  c o u ld  be  s u d d e n ly  e x te n d e d  fo rw a rd .  

R e t i c u lo p o d  m ic r o tu b u le s  a r e  p r o b a b ly  fo rm ed a t  t h e  t im e  o f  e x ­

t e n s i o n .  The s i t e s  f o r  r e t i c u l o p o d  m i c r o tu b u l e  fo r m a t io n  a r e  p r e ­

sumably l o c a t e d  i n  th e  p r o to p l a s m ic  i s l a n d s .

P la n k t o n ic  and  b e n t h i c  pseudopods  w ere  d i f f e r e n t  i n  s e v e r a l  

r e s p e c t s .  Opaque p a r t i c l e s  o b s e rv e d  i n  A l lo g ro m ia  l a t i c o l l a r i s  

( L e n g s f e ld ,  1969 b) and  I r i d i a  d ia p h a n a  (M a rs z a le k ,  1969) w ere  n o t  

found  i n  th e  p l a n k t o n i c ' s  p se u d o p o d s ,  u s in g  s i m i l a r  f i x a t i o n  re g im e s .  

A n o th e r  d i f f e r e n c e  be tw een  them was th e  p r e s e n c e  o f  la c u n a e  i n  t h e  

b e n t h i c s  A l lo g ro m ia  and  I r i d i a ,  and  t h e i r  a b s e n c e  i n  th e  p l a n k t o n i c  

p se u d o p o d ia .  Lacunae a r e  s e a  w a t e r - f i l l e d  v a c u o l a r  s p a c e s  w hich  

e x te n d  th ro u g h o u t  th e  f o r a m i n i f e r a n  p r o to p la s m ,  e v e n t u a l l y  c o n ­

n e c t i n g  w i th  th e  s u r r o u n d in g  medium ( L e n g s f e ld ,  1969 a ) .

G lo b ig e r in a  b u l l o i d e s  was s i m i l a r  i n  s e v e r a l  r e s p e c t s  to  each  

o f  th e  b e n t h i c  s p e c i e s .  Oval b o d ie s  a r e  found  i n  th e  p l a n k t o n i c  

pseudopods and  i n  th o s e  o f  A l lo g ro m ia  l a t i c o l l a r i s . They w ere  a b o u t
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the same size as those of the planktonic, but lacked extensive opaque 

borders. These were not present in Iridia.

Parallel bundles of microtubules were observed in exothalamous 

planktonic pseudopods, and those of Shepheardella taeniformis (Hedley 

et al., 1967) and Iridia. None was observed in Allogromia laticollaris.

T i ln e y  and P o r t e r  (1965) d e m o n s t r a te d  t h a t  d i f f e r e n t  f i x a t i o n  

re g im e s  w ere  n e c e s s a r y  f o r  good p r e s e r v a t i o n  o f  h e l i o z o a n  axopod 

m i c r o tu b u l e s  and  p ro to p la s m .  I t  was t h e r e f o r e  n o t  u n u s u a l  t o  e n ­

c o u n t e r  s i m i l a r  p rob lem s i n  f o r a m i n i f e r a n  f i x a t i o n .  However, t h i s  d id  

n o t  e l i m i n a t e  t h e  p o s s i b i l i t y  t h a t  m i c r o tu b u l e s  w ere  a b s e n t  from  some 

p se u d o p o d s .  S i m i l a r  f i x a t i o n  p ro d u c e d  good p s e u d o p o d ia l  and p r o t o ­

p la s m ic  f i n e  s t r u c t u r e  i n  G lo b ig e r in a  b u l l o i d e s . L e n g s f e l d  u s e d  

v a r i o u s  f i x a t i v e s  and no m ic r o tu b u le s  w ere  p r e s e n t .  S in c e  t h e  p se u d o ­

pods w ere  n o t  w ithd raw n  i n  h i s  e l e c t r o n  m i c r o g r a p h s ,  a sh o ck  to  th e  

o rg a n ism  r e s u l t i n g  from f i x a t i o n  c o u ld  b e  e l i m i n a t e d  a s  th e  c a u s e  o f  

m i c r o tu b u l e  a b s e n c e .  Thus, e x i s t i n g  m i c r o t u b u l e s  w ere  n o t  d i s i n t e ­

g r a t e d  due to  th e  f i x a t i v e ,  s i n c e  th e y  a r e  s t r e n g t h e n i n g  s t r u c t u r e s  

and  th e  pseudopods  would have th e n  c o l l a p s e d .  T h e r e f o r e  t h e s e  s t r u c ­

t u r e s  w ere  n o t  p r e s e n t  i n  A. l a t i c o l l a r i s . The la c u n e s  w ere  a n o t h e r  

means o f  s u p p o r t  f o r  A l lo g ro m ia  p seu d o p o d s .

F e b v r e - C h e v a l i e r  (1971) d id  n o t  o b s e r v e  s e v e r a l  im p o r ta n t  

s t r u c t u r e s .  T hese  i n c lu d e  th e  f i b r i l l a r  s y s te m ,  n u c l e a r  v a r i e t y ,  and 

th e  c ry p to so m e .



Fibrillar System

The most unusual structure in these planktonics is the 

fibrillar system (Rhumbler's Gallertsstrange), characterized by Lee 

et al. (1965) as a network of serpentine channels. On the basis of 

staining reactions with hematoxylin, iron hematin, acetocarmine, and 

azure A-Schiff, and lack of ability to stain with naphthol yellow S, 

they deduced that it consists of strands of protein with few available 

dibaso amino acid residues (Lee et al., 1 9 6 5 ) .  In light microscopy, 

strands appeared helical in cross-section, with 1 - 2̂ im periodicity, 

and they suggested that it had contractile properties. Fine struc­

tural details give more insight into their possible function, in ad­

dition to substantiating Lee's results. Reticuloid masses in 

fibrillar channel end-pockets suggest a transformation due to protein 

precipitation. This could result from a lowered pH in the channel 

liquid due to lack of channel water mixing in the remote end-pockets. 

Fibril ultrastructure provides further evidence of protein composi­

tion. At higher magnifications, a fibrous protein is suggested by 

the fibrils' wooly texture, with radiating smaller strands (fibrillae).

F i b r i l l a r  bands  w ere  p r o b a b ly  a r e a s  o f  maximum c o n t r a c t i o n  

a lo n g  th e  f i b r i l s .  T h is  i s  f u r t h e r  s u p p o r te d  by t h e  g r e a t e r  t h i c k ­

n e s s  o f  f i b r i l s  w i th  b a n d s ,  as  i n  F ig .  12. A l t e r n a t i v e l y ,  t h e s e  

b a n d in g s  may r e p r e s e n t  c e n t e r s  o f  f i b r i l  p r o t e i n  s y n t h e s i s ,  be tw een  

w hich  th e  w o o l l y - t e x t u r e d  s t r a n d s  a r e  fo rm ed . T hese  a r e  found  p r i ­

m a r i l y  n e a r  th e  ends o f  c h a n n e l s ,  w here  c h a n n e l  t u r b u l e n c e  and  l o s s  

o f  f i b r i l s  v i a  a p e r t u r a l  s ea  w a te r  e x p o s u re  w ould  b e  m in im ized .

Fibrils may lengthen to eventually extend the entire length of the 

channel. The conidia-like structures observed by Lee et al. (1965)
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i n  c r o s s - s e c t i o n s  o f  c h a n n e l  e n d in g s  w ere  t h e s e  com pact banded  e a r l y  

f i b r i l  s t a g e s .  The f i b r i l l a r  sy s te m  i s  o n ly  found  i n  p l a n k t o n i c  

f o r a m i n i f e r a ,  and  p r o b a b ly  f u n c t i o n s  i n  f l o t a t i o n  i n  t h e s e  p e l a g i c  

o rg a n is m s .  F l o t a t i o n  i s  a m a jo r  p rob lem  i n  p l a n k t o n i c  o rg an ism s  such  

as  t h e s e ,  w h ich  have  heavy  t e s t s .  Be (1959 b) m e asu re d  a s p e c i f i c  

g r a v i t y  o f  1 .40  f o r  t h e s e  and  th e  r e l a t e d  R a d i o l a r i a .  S in c e  th e  

s p e c i f i c  g r a v i t y  o f  s e a  w a te r  i s  1 .0 3 ,  th e y  w ould  b e  e x p e c te d  to  

s in k .

R a d i o l a r i a  and  A c a n t h a r i a ,  w hich  a r e  p r i m a r i l y  e p i p e l a g i c  

and  h av e  a b o u t  th e  same s p e c i f i c  g r a v i t y  a s  p l a n k t o n i c  f o r a m i n i f e r a ,  

have  u n iq u e  f l o t a t i o n  m echan ism s. R a d i o l a r i a  a r e  b e l i e v e d  to  r i s e  i n  

th e  w a te r  column due to  b u i ld u p  o f  num erous l i q u i d - f i l l e d  calymma 

v a c u o le s  (B ra n d t ,  18 9 5 ) .  The w a te r  i n  t h e s e  v a c u o l e s  i s  more s a t u ­

r a t e d  w i th  CO2  th a n  i n  s u r r o u n d in g  s e a  w a t e r ,  th u s  d e c r e a s i n g  th e  

s p e c i f i c  g r a v i t y  o f  th e  p ro to z o a n .  B ra n d t  m e asu re d  a  s p e c i f i c  

g r a v i t y  o f  1 .026  f o r  v a c u o le  l i q u i d .  S in k in g  o c c u r r e d  when rough  

waves c a u s e d  r e t i c u l o p o d  w i th d ra w a l  and  s u b s e q u e n t  calymma VScuole 

c o l l a p s e .  The numerous sea  w a te r  v a c u o le s  o f  p l a n k t o n i c  f o r a m i n i f e r a ,  

p a r t i c u l a r l y  i n  t h e  l a r g e s t  cham ber, may a i d  i n  f l o t a t i o n ,  b u t  t h e s e  

v a c u o l e s  a r e  i n t e r n a l  and  c o l l a p s e  w ould  n o t  o c c u r .

A more a n a lo g o u s  f l o t a t i o n  a d a p t a t i o n  i s  fo u n d  i n  A c a n t h a r i a ,  

w here  m y o f r i s k s  can  i n c r e a s e  o r  d e c r e a s e  c e l l  vo lum e. A t t h e  same 

t im e  c e l l  w e ig h t  i s  c o n s t a n t ,  so  t h a t  th e  o rg a n ism  can  s i n k  o r  f l o a t  

d e p e n d in g  on th e  d e g re e  o f  c o n t r a c t i o n  o f  t h e s e  s t r u c t u r e s .  F e b v re  

(1971) fo u n d  t h a t  t h e s e  s t r u c t u r e s  w ere  c y l i n d r i c a l  o r g a n e l l e s  w i th  a 

d o u b le  m i c r o f i b r i l l a r  u l t r a s t r u c t u r e  c o n s i s t i n g  o f  l o n g i t u d i n a l  and 

t r a n s v e r s e  com ponents  c a l l e d  L zones  and  T b a n d s .  They a r e  a p p a r e n t l y
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h e l i c a l ,  a s  i n  th e  f o r a m i n i f e r a n  f i b r i l l a r  sy s te m ,  b u t  no  o r g a n e l l e s  

su c h  a s  m i to c h o n d r i a  a r e  a s s o c i a t e d  w i th  them. F e b v re  s u g g e s t s  t h a t  

t h e  l a c k  o f  a s s o c i a t e d  o r g a n e l l e s  i n d i c a t e s  t h a t  m y o f r i s k s  may be  

p a s s i v e  s t r u c t u r e s .  Thus th e y  may be e l a s t i c  s t r u c t u r e s  c o n t r o l l e d  

e x t e r n a l l y .

M y o f r is k  c o n t r a c t i o n  i s  l i m i t e d  t o  th e  e x t r a c a p s u l a r  p o r t i o n  

o f  A c a n t h a r i a .  I n  c o n t r a s t ,  c o n t r a c t i l e  p r o t e i n  s t r a n d s  e x t e n d in g  

th r o u g h o u t  th e  f o r a m i n i f e r a n  make w id e s p re a d  e n d o p la s m ic  c o n t r a c t i o n s  

p o s s i b l e .  The m e d ia l  c h a n n e l  sp a c e  i n  some s e c t i o n s  ( e . g . ,  F ig .  15) 

s u g g e s t s  c o n t r a c t i o n  o f  t h e  h e l i c a l l y - a r r a n g e d  f i b r i l s .  The mass o f  

c h a n n e l  f l u i d  m ig h t  th u s  b e  com pressed  by c o n t r a c t i o n  o f  t h e s e  i n t e r ­

woven c o n t r a c t i l e  s t r a n d s  and f o r c e d  o u t  o f  th e  o rg a n is m  v i a  c h a n n e l  

o p e n in g s  i n  t h e  lo o s e  a p e r t u r a l  p ro to p la s m .  W ater  t h u s  c o u ld  p r o p e l  

th e  o rg a n is m  i n  th e  d i r e c t i o n  o p p o s i t e  t h a t  a p e r t u r e .  The m o tio n  

p ro d u c e d  w ould  b e  s i m i l a r  to  j e t  p r o p u l s i o n ,  and  more d i s t a n c e  w ould  

b e  t r a v e l l e d  w i th  r e p e a t e d  c o n t r a c t i o n s .  T here  may b e  a n  e n v i ro n m e n ta l  

f a c t o r  i n v o lv e d  i n  s t i m u l a t i o n  o f  c o n t r a c t i o n ,  such  a s  i n c r e a s e d  

h y d r o s t a t i c  p r e s s u r e  o r  g r a v i t y .  T h is  w ould  make o r i e n t e d  movement 

to w ard  th e  s u r f a c e  p o s s i b l e  d u r in g  day o r  n i g h t .  N e a rb y  m i to c h o n d r i a  

w ould  p r o v id e  ATP f o r  f i b r i l  c o n t r a c t i o n .  T h e re  w ould  a l s o  have to  be 

some s o u r c e  o f  oxygen f o r  p r o d u c t i o n  o f  t h e  l a r g e  num bers  o f  ATP 

m o le c u le s  n e e d e d .  S y m b io t ic  a l g a e  would s u p p ly  t h i s  a s  a  p r o d u c t  o f  

p h o t o s y n t h e s i s .  P h o t o s y n t h e t i c  oxygen p r o d u c t i o n  w ou ld  i n c r e a s e  as  

t h e  s y m b io n t - c o n ta i n in g  f o r a m i n i f e r a n  g o t  n e a r e r  t h e  o c e a n  s u r f a c e ,  

e s p e c i a l l y  d u r in g  p e r i o d s  o f  i n t e n s e  i n s o l a t i o n .  More A TP 's  w ould  b e  

p ro d u c e d  a s  th e  sun  r e a c h e d  i t s  h i g h e s t  i n t e n s i t y ,  and  t h e  r a t e  o f  

p u l s a t i n g  c o n t r a c t i o n s  would  i n c r e a s e .  Thus, a  p o s i t i v e  p h o t o t a x i s ,
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which continually increased as the organism rose in the water column, 

would result.

Harmful rays would be shielded out by the symbiont pigments. 

Both would benefit. The foraminiferan would be able to stay afloat 

longer, while its symbiotic algae would be exposed to high levels of 

solar radiation, thus aiding photosynthesis. Symbiont-containing 

planktonics are usually found near the surface, while foraminifera 

without symbionts predominate in deeper waters (Be, 19 6 0 ) .

Reticulopodia can be extended out in all directions. Then 

interconnections or anastomoses, which are characteristic of this 

type of pseudopod, would further increase surface area. The resulting 

snowshoe-like effect would be enhanced by the many spines present. It 

is significant that Be (1966) found spinose species of foraminifera to 

be generally epipelagic.

Morphological adaptations also aided flotation in these 

organisms. Sinking rate is determined by the ratio of surplus weight

to friction (Sverdrup et al., 1 9 4 2 ) ,  while friction is determined to a

great extent by the surface area. The elaborate foraminiferan test 

ornamentation, including spines, increases the surface area to volume 

ratio. These factors alone would result in a slower sinking rate. 

Bradshaw (1959) states that the presence of empty tests in upper water 

tows proves that they do not sink immediately.

Protoplasmic oil droplets and sea water vacuoles also in­

creased buoyancy. The lipid reduces specific weight, and may also 

serve as a food source. The foraminifera probably reached their level 

in the water column via fibrillar system activity. The "snowshoe"
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effect of reticulopods would then be the primary factor in maintaining 

this optimum position.

I I .  SYMBIOTIC ALGAE

The algal symbionts of Globigerinoides ruber, as well as 

Globigerinoides conglobatus, Globigerinita glutinata and Globigerina 

bulloides, were dinoflagellates. Nuclear and chloroplast structure, 

in addition to the presence of a girdle, support this conclusion.

The foraminiferan algae were, however, different from the mutuals of 

Anemonia sulcata, Condylactis sp., and other benthic invertebrate 

hosts.

They were distinguished from other endozoic dinoflagellates 

by lamellar penetration of the pyrenoid. Similar flask-shaped 

pyrenoids were observed in some chrysophytes and euglenids (Taylor, 

1 9 6 8 ). They were also found in some symbiotic and free-living dino­

flagellates (Taylor, 1 9 6 8 ) ,  such as the free-living Aureodinium 

pigmentosum (Dodge, 1 9 6 7 ) .  The latter may be symbiotic. Two chloro- 

plasts were present in the foraminiferan symbionts, while only one was 

found in Symbiodinium microadriaticum (Kevin et: al. , 1969) . They were 

further distinguished from the other endozoic dinoflagellates by the 

absence of girdle lamellae.

Few o f  t h e  f o r a m i n i f e r a n  a lg a e  had  a c c u m u la t io n  b o d i e s . When 

th e y  w ere  p r e s e n t ,  t h e  c e l l  u s u a l l y  had a  h ig h  s t a r c h  c o n t e n t  and few 

c a lc iu m  o x a l a t e  c r y s t a l s .  T a y lo r  (1968) r e p o r t e d  a s i m i l a r  s i t u a t i o n  

i n  t h e  Anemonia s u l c a t a  sy m b io n t .  However, th e  a c c u m u la t io n  b o d ie s  in  

a l l  f o r a m i n i f e r a n  sy m b io n ts  w ere  l a r g e r .  Lee e t  a l .  (1965) d id  n o t  

f i n d  a c c u m u la t io n  b o d ie s  i n  t h e i r  G. r u b e r  a l g a e .  T h i s  may have been
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due to differences in physiological state. PAS-positive halos were 

observed in association with the zooxanthella chloroplasts. These 

were sections of the dome-shaped starch sheaths capping each pyrenoid 

(See Figs. 43 and 4 5 ) .

Unlike the other endozoic dinoflagellates, the foraminiferan 

algae did not contain fibrous bodies or striated patches (Taylor,

19 6 8 ) .

The foraminiferan symbiont nucleus was also different than 

those of other endozoic dinoflagellates. It was up to twice as large 

as the one found in Symbiodinium microadriaticum (Freudenthal, 1 9 6 2 ) .  

The planktonic symbiont's nucleus was centrally located, while the 

Symbiodinium nucleus was found in the hypocone. The nucleolus was not 

found next to the nuclear envelope as in the other symbionts, and no 

fibrillar bridges connected the nucleoplasm matrix with chromosome 

fibrils. As reported by Lee et jal. (1 9 6 5 ) ,  the planktonic foraminif­

eran symbiont nuclei were always observed in prophase. The algae had 

a six-membraned periplast, as in the other endozoic forms. They also 

formed vesicles by periplast membrane-infolding, as in the Anemonia 

sulcata symbionts. The outer two periplast layers were often ruptured. 

This may have been due to fixation, as in Woloszynskia micra 

(Leadbeater and Dodge, 1 9 6 6 ) .  No thecal vesicles were found, so the 

thecal layer was rudimentary. The periplast was thick enough to pro­

vide an effective barrier to host enzyme penetration, even with dis­

ruption of the two outer layers. Those with disrupted outer layers 

showed good internal organelle integrity. The rarity of digested 

symbionts also bore this out. The host foraminiferan may use some of 

the algae for food when external food organisms are scarce. This
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would a lw ays  be p o s s i b l e  s i n c e  t h e  a l g a e  w ere  found i n  h o s t  v a c u o l e s  

(p re s u m a b ly  d i g e s t i v e ) .

O t h e r  a d a p t a t i o n s  t o  s y m b i o t i c  l i f e  i n c l u d e d  l o s s  o f  f l a g e l l a  

( o n l y  b a s e s  l e f t ) ,  and l o s s  o f  t h e  c e l l  w a l l  and r u d i m e n t a r y  t h e c a l  

l a y e r .  The l a t t e r  may h ave  b e e n  due  t o  f i x a t i o n ,  a s  p o i n t e d  o u t  b e ­

f o r e .  I n  a d d i t i o n ,  no t r i c h o c y s t s  w e re  p r e s e n t  i n  t h e  i n  s i t u  

f o r a m i n i f e r a n  a l g a e .  T h e s e  f a c t o r s  would  n e c e s s a r i l y  be  i n v o l v e d  i n  

m u t u a l i s m  as  w e l l  a s  p a r a s i t i s m .

S i n c e  t h e  p l a n k t o n i c  f o r a m i n i f e r a n  a l g a  was e n d o z o i c ,  i t  

s h o u ld  be  p l a c e d  i n  t h e  B l a s t o d i n i a l e s , a l o n g  w i t h  s u c h  m u t u a l s  as  

Symbiodin ium m i c r o a d r i a t i c u m . T h i s  was f u r t h e r  s u p p o r t e d  by t h e  o c ­

c u r r e n c e  o f  b i n a r y  f i s s i o n .  They b o t h  had f l a s k - s h a p e d  p y r e n o i d s  and 

s i m i l a r  p e r i p l a s t  s t r u c t u r e ,  i n  a d d i t i o n  t o  l a c k i n g  c h l o r o p l a s t  s t a r c h  

g r a i n s .  These  u l t r a s t r u c t u r a l  c h a r a c t e r i s t i c s  may b e  common t o  a l l  

B l a s t o d i n i a l e s .  They w e re  a l s o  e v i d e n t  i n  t h e  f r e e - l i v i n g  A u reo d in iu m  

p igm en tosum , w h ich  Dodge (1967)  s u g g e s t e d  a s  a  p o s s i b l e  e n d o z o i c  form. 

Lee a t  a l . (1965) s u g g e s t e d  ta x o n o m ic  a f f i n i t y  o f  t h e  p l a n k t o n i c  

f o r a m i n i f e r a n  s y m b io n t s  w i t h  p a r a s i t i c  r a t h e r  t h a n  m u t u a l i s t i c  d i n o ­

f l a g e l l a t e s .  The f o r a m i n i f e r a n  sy m b io n t  was q u i t e  d i f f e r e n t  f rom t h e  

m u t u a l s  i n  many r e s p e c t s ,  i n c l u d i n g  t h e  p r e s e n c e  o f  many d e n s e  s t a r c h  

g r a n u l e s ,  w h ich  i s  c o n s i d e r e d  d i a g n o s t i c  o f  t h e  p a r a s i t i c  S y n d i n i a c e a e  

( C h a t t o n ,  1 952 ) .

The l i v i n g  z o o x a n t h e l l a e  j u s t  r e l e a s e d  from a  c ru s h e d  

G l o b i g e r i n o i d e s  r u b e r  o b s e r v e d  by  Lee (M cLaughl in  and Z a h l ,  1966) w ere  

m o r p h o l o g i c a l l y  s i m i l a r  t o  many o f  t h e  forms  i n  my e l e c t r o n  m i c r o ­

g r a p h s .  The a l g a e  w e re  d e s c r i b e d  a s  f o l l o w s :
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They have t h e  t y p i c a l  g o ld e n -b ro w n  c o l o r  and  a d i n o f l a g e l l a t e -  
type  n u c l e u s  w hich  a p p e a r s  t o  r em a in  i n  a ' c o n t i n u o u s  p r o p h a s e 1 
i n s t e a d  o f  g o in g  t o  a r e s t i n g  i n t e r p h a s e .  The z o o x a n t h e l l a e  o f  
t h e  p e l a g i c  f o r a m i n i f e r a  G l o b i g e r i n o i d e s  r u b e r  a r e  g e n e r a l l y  
s p h e r i c a l  to  o v a l ,  6 . 1  - 9 . 9 / < i n  d i a m e t e r .  The n u c l e u s  a p p e a r s  
t o  be  d i s c o i d a l  and  i s  g e n e r a l l y  r e g u l a r  i n  s h a p e ,  a l t h o u g h  i t  
may be s t e l l a t e  when th e  c e l l  i s  h i g h l y  v a c u o l a t e d .  The mean 
d i a m e t e r  o f  t h e  n u c l e u s  i s  3 . 5 ^ .  Because  o f  t h e i r  s i z e ,  c o u n t i n g  
t h e  chromosomes i s  d i f f i c u l t ,  b u t  t h e r e  would  a p p e a r  t o  be b e ­
tween 20 and 30 ( r o u g h ly  t w i c e  t h e  number a s  i n  Symbiodinium 
m i c r o a d r i a t i c u m ) , e i t h e r  c o n d e n s e d  o r  i n t e r t w i n e d ,  o r  r e l a t i v e l y  
s p r e a d  a p a r t ,  o r i e n t e d  so  t h a t  one end  i s  i n  t h e  d i r e c t i o n  o f  t h e  
d i s c ' s  c e n t e r .

Based  on t h e  i n f o r m a t i o n  from L e e ' s  r e c e n t  s t u d y ,  a s  w e l l  a s  u n ­

p u b l i s h e d  l i g h t  m i c r o g r a p h s ,  a p r e c i s e  taxonom ic  a s s e s s m e n t  i s  p o s ­

s i b l e .

One o f  t h e  most  i m p o r t a n t  c r i t e r i a  f o r  d i n o f l a g e l l a t e  c l a s s i ­

f i c a t i o n  i s  t h e  e x t e r n a l  morpho logy  o f  m o t i l e  fo rm s .  Many o f  t h e  

n o n - m o t i l e  forms i n  my e l e c t r o n  m i c r o g r a p h s  w ere  m o r p h o l o g i c a l l y  

s i m i l a r  to  m o t i l e  z o o s p o r e s  j u s t  r e l e a s e d  from a c r u s h e d  h o s t  (Lee ,  

u n p u b l .  o b s . ) .  They c o u l d  h ave  p r o b a b l y  d e v e l o p e d  f l a g e l l a  q u i c k l y  

s i n c e  they  w ere  n o t  e n c y s t e d  and  a l r e a d y  had  some m o t i l e  c h a r a c t e r i s ­

t i c s ,  such  as  f l a g e l l a r  b a s e s  and  a g i r d l e .  P s e u d o e n c y s t e d  forms 

w ere  r a r e  and d i d  n o t  r e s e m b l e  d i n o s p o r e s .  The m a j o r i t y  o f  t h e  forms 

i n  my specim ens  wou ld  b e  b e t t e r  d e s c r i b e d  a s  " p r e - m o t i l e "  r a t h e r  th a n  

n o n - m o t i l e  v e g e t a t i v e  fo rm s .  O b l a t e  s p h e r o i d a l  forms were  n o n - m o t i l e  

v e g e t a t i v e  s t a g e s  and l a c k e d  f l a g e l l a r  b a s e s .

The m o t i l e  and  " p r e - m o t i l e "  forms o b s e r v e d  by  Lee and  m y s e l f  

were  c l e a r l y  d i f f e r e n t  from S ym biod in ium , b a s e d  on e x t e r n a l  morphology .  

The s m a l l  z o o s p o r e s  o f  Symbiodin ium m i c r o a d r i a t i c u m  and t h o s e  from the  

f o r a m i n i f e r a n  w ere  a b o u t  th e  same s i z e  (IQ/Urn) , b u t  d i f f e r e d  i n  sh ap e .  

The e p i c o n e  and hypocone  w ere  n o t  s u b e q u a l  a s  i n  S ym biod in ium , and t h e  

hypocone was n o t  domed. The domed e p i c o n e  was a b o u t  tw ic e  t h e  l e n g t h
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of  t h e  a n t a p i c a l l y - t a p e r e d  hypocone .  The g i r d l e  was n o t  e q u a t o r i a l ,  

b u t  a r o s e  p o s t e r i o r l y .  I t  had a t o r s i o n  o f  < 1 . 0  t u r n  and was d i s ­

p l a c e d  < 2 / 1 0  o f  body l e n g t h .  The s u l c u s  was v e r y  s h a l l o w  and n o t  a s  

w e l l - d e v e l o p e d  a s  i n  Sym biod in ium .

These m a jo r  d i f f e r e n c e s  i n  z o o s p o r e  m orphology  r e i n f o r c e d  c o n ­

c l u s i o n s  b a s e d  on p r o t o p l a s m i c  f i n e  s t r u c t u r e .  The p l a n k t o n i c  fo r a m i n -  

i f e r a n  sym bion t s  b e l o n g e d  i n  t h e  genus  M erod in ium o f  t h e  p a r a s i t i c  

S y n d i n i a c e a e .  C h a t to n  p r o p o s e d  t h i s  genus  i n  1923.  The ty p e  s p e c i e s ,  

M. b r a n d t i ,  was o r i g i n a l l y  c a l l e d  Syndin ium b r a n d t i  (H ovasse ,  1 9 2 3 ) ,  

and i s  an  e n d o p a r a s i t e  o f  Collozoum i n e r m e .

C h a t to n  i d e n t i f i e d  b i f l a g e l l a t e  t a p e r e d  u n i c e l l s  w i t h i n  t h e  

same h o s t  as  r a d i o l a r i a n  i s o s p o r e s .  T h e i r  n u c l e a r  s t r u c t u r e  was 

p r o b a b l y  h a r d  to  o b s e r v e  w i t h  t h e  l i g h t  m i c r o s c o p e  b e c a u s e  o f  t h e i r  

s m a l l  s i z e .  They a r e  p r o b a b l y  d i n o f l a g e l l a t e s . The n u c l e u s  i s  

t y p i c a l l y  d i n o f l a g e l l a t e ,  and t h e  r e s t  o f  t h e  o r g a n i s m ' s  i n t e r n a l  

f i n e  s t r u c t u r e  c l o s e l y  r e s e m b l e s  t h e  o t h e r  s y m b i o t i c  a l g a e  p r e s e n t  i n  

t h e s e  p l a n k t o n i c  f o r a m i n i f e r a . S t a r c h  g r a i n s ,  w h ich  a r e  c h a r a c t e r i s t i c  

o f  t h e  S y n d i n i a c e a e ,  may have b een  i n d i c a t e d  i n  C h a t t o n ' s  (1923) F ig .  A. 

He may have  h e s i t a t e d  to  p l a c e  them i n  t h e  D in o p h y ta  b e c a u s e  t h i s  s t a g e  

l a c k e d  a g i r d l e  and s u l c u s .  They w ere  a l s o  o b s e r v e d  i n  m o t i l e  s t a g e s  

j u s t  r e l e a s e d  from G. r u b e r  i n t o  s e a  w a t e r  (Lee ,  u n p u b l .  o b s . ) .  They 

p r o b a b l y  were  t r a n s i t i o n a l  s t a g e s ,  w hich  would  e x p l a i n  t h e  l a c k  o f  a 

g i r d l e .

The e p i c o n e  and hypocone  o f  M. b r a n d t i  z o o s p o r e s  w ere  a p p r o x i ­

m a t e l y  e q u a l  i n  l e n g t h .  The f o r a m i n i f e r a n  d i n o f l a g e l l a t e  had  a more 

p o s t e r i o r  g i r d l e  and  a s l i g h t  g i r d l e  n o t c h .  T h e r e f o r e  a new s p e c i e s  

i s  s u g g e s t e d .
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D i a g n o s i s

M erodin ium r h u m b l e r i .

S y m b io t i c  S t a g e . S i n g l e  c e l l s ,  o b l a t e l y  s p h e r o i d .

7 - 15^m long  (mean = 10.2)nm), 5 - ^ m  wide  (mean = 6 . 1 / A m ) .  S u r ­

r o u n d e d  by p e r i p l a s t  c o n s i s t i n g  o f  6 l a y e r s .  Two g o ld e n -b ro w n  

c h l o r o p l a s t s , l o b u l a t e ,  p e r i p h e r a l ,  l a m e l l a e  a r r a n g e d  i n  p a r a l l e l  

rows composed o f  3 c l o s e l y - a p p o s e d  t h y l a k o i d s ,  g i r d l e  l a m e l l a e  

a b s e n t .  S t a l k e d  p y r e n o i d ,  p r o j e c t i n g  from i n n e r  c h l o r o p l a s t  

s u r f a c e ,  p e n e t r a t e d  by  l a m e l l a e ,  e n c l o s e d  by c h l o r o p l a s t  

e n v e l o p e  and s u r r o u n d e d  by s t a r c h  s h e a t h .  N uc leus  c e n t r a l l y  

l o c a t e d ,  3 - 4/Am i n  d i a m e t e r ,  w i t h  t y p i c a l  d i n o f l a g e l l a t e  chromo­

somes .  A c c u m u la t io n  b o d i e s  and c a l c iu m  o x a l a t e  c r y s t a l s  r a r e ,  

l i p i d  g l o b u l e s  and many s t a r c h  g r a i n s  d i s t r i b u t e d  i n  p r o t o p l a s m .  

" P s e u d o e n c y s t e d "  forms r a r e ,  d i v i d i n g  forms r a r e .  Found p r i m a r i l y  

a s  z o o x a n t h e l l a  i n  t h e  p l a n k t o n i c  f o r a m i n i f e r a n ,  G l o b i g e r i o n i d e s  

r u b e r . A ls o  found  i n  t h e  f o l l o w i n g  s p e c i e s  of  p l a n k t o n i c  

f o r a m i n i f e r a :  G l o b i g e r i n a  b u l l o i d e s , G l o b i g e r i n o i d e s  c o n g l o b a t u s ,

and  G l o b i g e r i n i t a  g l u t i n a t a .

M o t i l e  S t a g e . Body s t o u t ,  o b l a t e l y  s p h e r o i d ,  i t s  

l e n g t h  1 .7  t r a n s d i a m e t e r ,  w i d e s t  a t  h e m i s p h e r i c a l  e p i c o n e ,  h y p o ­

cone  somet imes  t a p e r e d .  E p ico n e  and hypocone s u b e q u a l .  G i r d l e  

p o s t e r i o r ,  s h a l l o w ,  r a r e l y  n o tc h e d ,  d i s p l a c e d  ^ 2 / 1 0  body 

l e n g t h ,  e x t e n d i n g  3 / 4  a ro u n d  t e r m i n a t i n g  0.5/Am c l o s e r  t o  a n t a p e x .

B i f l a g e l l a t e .
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I n  a l l  t h e s e  s y m b io s e s ,  s u f f i c i e n t  l i g h t  i n t e n s i t y  i s  

n e c e s s a r y  f o r  p h o t o s y n t h e s i s  t o  t a k e  p l a c e .  The p l a n k t o n i c  f o r a m i n i f -  

e r a n  h o s t ' s  p e l a g i c  h a b i t a t  i s  i d e a l l y  s u i t e d  t o  t h i s  n e e d ,  s i n c e  i t  

i s  found  i n  t h e  u p p e r  200m o f  t h e  N o r th  A t l a n t i c  (Be,  1 9 6 0 ) ,  where  

i n s o l a t i o n  i s  i n t e n s e .  Most  e n d o z o i c  sym bioses  i n v o l v e  a h o s t  

o rg a n i s m  w hich  l i v e s  n e a r  a h ig h  i n t e n s i t y  l i g h t  s o u r c e ,  which  i s  t h e

c a s e  w i t h  c o r a l s  and t r i d a c n i d s ,  a s  w e l l  a s  Anemonia s u l c a t a  and  t h e

Symbiod in ium h o s t s .  C o r r a l i n e  l a r v a e  a c t i v e l y  s e e k  p r o m i n e n t  r e e f  

p o s i t i o n s .  P l a n k t o n i c  f o r a m i n i f e r a  rem a in  w i t h i n  t h e  u p p e r  100m 

d u r i n g  t h e  day  (Rhumbler ,  1909;  Bradshaw, 1959; Be,  1 960 ) .  The 

e n d o z o i c  a l g a e  o f  p l a n k t o n i c  f o r a m i n i f e r a  may p r o v i d e  an  e x p l a n a t i o n  

o f  t h i s  phenomenon.  P l a n k t o n i c  f o r a m i n i f e r a  a r e  l i m i t e d  t o  t h e  

e u p h o t i c  zone  (0 - 200m), i m p l i c a t i n g  a p o s s i b l e  a l g a - h o s t  i n t e r ­

a c t i o n .  Food a l g a  p igm en ts  may a l s o  be i n v o l v e d ,  s i n c e  d i g e s t i v e  

v a c u o l e s  d i d  c o n t a i n  o t h e r  a l g a e .

The p r e s e n c e  o f  t h e  same a l g a l  s p e c i e s  i n  p l a n k t o n i c

f o r a m i n i f e r a  o t h e r  t h a n  G. r u b e r  i n d i c a t e s  t h a t  t h e y  may be  more

w i d e s p r e a d  th a n  p r e v i o u s l y  t h o u g h t .  However,  t h e i r  o c c u r r e n c e  i n  

t h e s e  o t h e r  f o r a m i n i f e r a  i s  r a r e .  I t  i s  t h e r e f o r e  u n d e r s t a n d a b l e  

t h a t  F e b v r e - C h e v a l i e r  d i d  n o t  f i n d  any i n  h e r  M e d i t e r r a n e a n  

G l o b i g e r i n a  b u l l o i d e s  s p e c i m e n s .

The p r o t o p l a s m  o r  t e s t  o f  some s p e c i e s  o f  p l a n k t o n i c s  w i t h ­

o u t  s y m b io n t s  i s  c o l o r e d  w i t h  i n o r g a n i c  compounds su ch  a s  F e 2 0 3  

(L ip p s  and  R i b b e ,  1967) ,  w hich  c o u ld  s e r v e  a s  p r o t e c t i v e  f i l t e r s  

from t h e  h i g h  l i g h t  i n t e n s i t i e s .  Non-p igm ented  and  z o o x a n t h e l l a -  

d e f i c i e n t  o rg a n i s m s  were more  p r e v a l e n t  i n  d e e p e r  w a t e r s  (Be,  1960) .
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I n  t h e  a b s e n c e  o f  o t h e r  p r o t e c t i o n  from i n s o l a t i o n ,  t h i s  s y m b io n t -  

h o s t  r e l a t i o n s h i p  may have e v o l v e d .  P e rhaps  o r i g i n a l l y  a l l  p l a n k ­

t o n i c  f o r a m i n i f e r a  l a c k e d  p i g m e n t a t i o n .  Those w i t h  a d i e t  i n c l u d i n g  

a l g a e  w i t h  t h e  e s s e n t i a l  p igm en t  s u r v i v e d  t h e  h ig h  l i g h t  i n t e n s i t i e s  

o f  t h e  e u p h o t i c  zone.
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A n n u la t e d  v e s i c u l a r  b o r d e r  o f  c ry p to s o m e  i n  F i g .  28 .  Note  
v ie w  o f  homogeneously  g r a n u l a r  i n t e r n a l  p o r t i o n  o f  c ry p to s o m e  
i n  u p p e r  p a r t  o f  p h o t o m i c r o g r a p h .  X 25 ,000 .

Banded f i g u r e  ( b f )  i n  v e s i c l e  n e x t  t o  f i b r i l l a r  c h a n n e l .  Note 
p e r i p h e r a l  a r r a n g e m e n t  o f  f i b r i l s  i n  c h a n n e l .  X6,700 .

U nex tended  r e t i c u l o p o d  i n  p o r e .  Note p o re  d ia p h ra g m  ( p d ) ,
p r o t o p l a s m i c  i s l a n d  ( p i )  and i t s  c o n t i n u a t i o n  a s  e xo tha lam ous  
p r o t o p l a s m  ( e p ) ,  i n n e r  c a l c i f i c a t i o n  l a y e r  ( i c l ) ,  p r im a r y  
c a l c i f i c a t i o n  l a y e r  ( p c i ) ,  o u t e r  c a l c i f i c a t i o n  l a y e r  ( o c l ) , 
o v a l  b o d i e s .  Note many m i t o c h o n d r i a  n e a r  c e l l  membrane (cm).  
X 73 ,700 .

R e t i c u l o p o d  c l o s e l y - a s s o c i a t e d  w i t h  s p i n e .  Note c e n t r a l  c l e a r
s p a c e  ( c c ) , f o r m e r l y  o c c u p i e d  by s p i n e .  O b l iq u e  s e c t i o n .  X 2 ,530 .

Base  o f  e x t e n d e d  r e t i c u l o p o d  w i t h  r u p t u r e d  o u t e r  c a l c i f i c a t i o n  
l a y e r .  X l 2 , 6 0 0 .

T i p  o f  r e t i c u l o p o d .  M i c r o t u b u l e s  (mt) a r e  a r r a n g e d  i n  p a r a l l e l  
b u n d l e s .  X 22 ,100 .

R e t i c u l o p o d  b a s e  w i t h  o v a l  b o d i e s ,  t u b u l a r  e n d o p la sm ic  r e ­
t i c u l u m  ( t e r ) ,  f i b r o u s  body ,  m i t o c h o n d r i a ,  v e s i c l e ,  and 
c e n t r a l  c l e a r  s p a c e  ( c c ) . X 14 ,200 .

A nas tom osed  a p e r t u r a l  r e t i c u l o p o d  m a t e r i a l .  Note t e s t  ( t )  
and o v a l  b o d i e s .  X 6 ,500 .

M i t o c h o n d r i o n  w i t h  v i l l i - l i k e  c r i s t a e  ( a r r o w ) .  X 57 ,500 .

F i b r o u s  b o d y ,  r i b o s o m e s  ( r ) ,  and t u b u l a r  e n d o p la sm ic  r e t i c u l u m .
X 4 3 ,750 .

G o lg i  a p p a r a t u s .  X 6 ,455 .

Symbion ts  i n  l o o s e  and d e n s e  p r o t o p l a s m .  X3,750.

L a m e l l a e  (1 )  p e n e t r a t i n g  p y r e n o i d .  Note s t a r c h  s h e a t h  ( s s ) .
X 17 ,000 .

P s e u d o e n c y s t e d  s y m b io n t .  X7,850 .
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43.  Symbiont  i n  l o o s e  a p e r t u r a l  p r o t o p l a s m .  Note c h l o r o p l a s t

l a m e l l a e  p e n e t r a t i n g  p y r e n o i d  (py) which  i s  s u r r o u n d e d  by 
den se  s t a r c h  s h e a t h .  N u c l e o l u s  (nu) i s  d e n s e r  p e r i p h e r a l l y .  
Note  a l s o  s t a r c h  g r a n u l e s  ( s g ) , l i p i d  v a c u o l e  ( l v ) , and 
m i t o c h o n d r i a  (m) l o c a t e d  be tween  n u c l e u s  and c h l o r o p l a s t s .
X 9 , 500.

44 .  " P r e - m o t i l e "  s y m bion t  w i t h  g i r d l e .  X8,675 .

45 .  Symbiont  w i t h  one end s h a r p l y - t a p e r e d .  Note  a c c u m u l a t i o n
body (ab)  and o s m i o p h i l i c  g l o b u l e s  ( a r r o w s ) .  X10,000.
I n s e t .  D e t a i l  o f  a c c u m u l a t i o n  body.  X18 ,250 .

46 .  P o r e  i n  n u c l e a r  e n v e l o p e  o f  sy m b io n t  ( a r r o w ) .  X69 ,600 .

47 .  Symbiont  chromosomes.  N o te  l a r g e  g r a n u l e s  and  f i b r i l s  a r r a n g e d
i n  s ig m o i d  f a s h i o n .  X 69 ,300 .

48 .  M i c r o t u b u l e s  i n  c e l l  w a l l .  N o te  c h l o r o p l a s t  membrane ( a r r o w ) .
X 34 ,000 .

49 .  C h l o r o p l a s t  w i t h  p o s s i b l e  DNA h e l i c e s  ( a r r o w s ) ,  r i b i s o m e s  ( r ) ,
two- and  t h r e e - t h y l a k o i d  l a m e l l a e .  X 94 ,000 .

50.  Calc ium o x a l a t e  c r y s t a l s  ( C a ) . X86,600.

51.  Symbiont  m i t o c h o n d r i o n .  X25 ,800 .

52. C loseup  o f  F i g .  44 .  Two f l a g e l l a r  b a s e s  w i t h  r o o t l e t  ( r t )  and
p u s u l e  ( p u ) . One i s  em erg in g  i n t o  t h e  f l a g e l l a r  p o re  ( a r r o w ) .  
X40, 700 .

53.  N u c l e a r  membrane (nm), rough  e n d o p la sm ic  r e t i c u l u m  ( r e r ) , and
p o lysom e s .  X 21 ,700 .

54.  P e r i p l a s t  membranes making up i n n e r  l a y e r  ( i l ) , r u d i m e n t a r y
t h e c a  ( t h ) , and  c e l l  w a l l  ( c w ) . X86,600.

55.  V e s i c l e s  formed by  p e r i p l a s t  i n f o l d i n g  ( a r r o w s ) .  X21,500 .

56.  C e l l  w a l l  a d h e r i n g  t o  h o s t  p r o t o p l a s m i c  i s l a n d  ( h ) . X25,800.

57.  Symbion t  v a c u o l e  membrane w i t h  p o r e s  ( a r r o w s ) .  X25,000.

58. D i v i d i n g  s y m b io n t .  Note  new ly - fo rm e d  c e l l  w a l l .  X88 ,700 .

59. P r o t o p l a s m  o f  G l o b i g e r i n o i d e s  r u b e r . Note  f i b r i l l a r  c h a n n e l s
( f c ) , c o n t a i n i n g  ban d ed  and  unbanded  f i b r i l s . Banded 
f i b r i l s ,  w h ich  a r e  m os t  numerous i n  c h a n n e l  e n d - p o c k e t ,  
have  numerous f i b r i l l a e  ( f i ) . N o te  a l s o  c ry p to so m e  w i th  
i t s  g r a n u l a r  m a t r i x  and  v e s i c u l a r  b o r d e r .  A l s o  shown i s  
t h e  l a r g e  s o m a t i c  n u c l e u s ,  w i t h  n u c l e a r  f o l d s ,  p e r i n u c l e a r
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a g g r e g a t e s  ( p a ) , r ib o s o m e s  ( r ) , chromosomes ( c h ) , and 
n u c l e a r  en v e lo p e  ( n e ) . T h i s  s e c t i o n  a l s o  i n c l u d e s  p o r t i o n s  
o f  p ro to p l a s m  ( p r ) . O th e r  s t r u c t u r e s  p r e s e n t  i n  th e  
f o r a m i n i f e r a n  p r o t o p l a s m  i n c l u d e  s m a l l  s o m a t i c  n u c l e i  ( s n ) , 
sym bion ts  ( s ) , food  v a c u o l e s  ( f v ) , G o lg i  a p p a r a t u s  ( G ) , and 
s ea  w a t e r  v a c u o l e s  ( v ) .

60.  M atu re  p o r e .  L o n g i t u d i n a l  s e c t i o n  showing  p o r e  d iaphragm  (pd)
w i th  two p r o t o p l a s m i c  e x t r u s i o n s .  I n n e r  c a l c i f i c a t i o n  
l a y e r  ( i c l ) , p r i m a r y  c a l c i f i c a t i o n  l a y e r  ( p c i ) , and o u t e r  
c a l c i f i c a t i o n  l a y e r  ( o c l )  merge  t o  fo rm p o r e  d iaph ragm  (pd) 
a t  c o n s t r i c t e d  p o i n t  a l o n g  l e n g t h  o f  p o r e .  Between t h e  i n n e r  
and p r im a ry  c a l c i f i c a t i o n  l a y e r s  i s  t h e  i n n e r  l a m e l l a r  u n i t  
( i l u )  of  t h e  t e s t .  The o u t e r  l a m e l l a r  u n i t s  ( o l u )  a r e  more 
d i s t a l l y  l o c a t e d .  N o te  ex o th a la m o u s  p r o t o p l a s m  (ep)  w i t h  
g l y c o c a l y x  ( g l y ) , and t h e  c o n t i n u a t i o n  o f  t h i s  l a y e r  a s  a 
p r o t o p l a s m i c  i s l a n d  ( p i )  i n  t h e  d i s t a l  p o r t i o n  o f  t h e  p o r e .

61.  Symbiont .  V e n t r a l  v iew  o f  " p r e - m o t i l e "  form.  Note  t y p i c a l
d i n o f l a g e l l a t e  chromosomes (ch ) and  g i r d l e  ( g ) . C h l o r o p l a s t  
l a m e l l a e  (1)  p e n e t r a t e  p y r e n o i d  ( p y r ) , which  i s  s u r r o u n d e d  
by a d e e p l y - s t a i n i n g  s t a r c h  s h e a t h  ( s s ) . C h l o r o p l a s t s  ( c h i )  
a r e  p e r i p h e r a l .  M i t o c h o n d r i a ,  s t a r c h  g r a n u l e s  ( s g ) , t h e  
n u c l e o l u s  (nu) and l i p i d  v a c u o l e s  ( l v )  a r e  a l s o  shown.

62.  Symbiont .  D o r s a l  v ie w  o f  " p r e - m o t i l e "  form.
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v e s i c u l a r
b o r d e r

s o m a t i c * N u c t t i r s
FIGURE 5 9 .  G l o b i g e r i n o i d e s  r o b e r
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F I G U R E  6 0 .  M A T U R E  P O R E
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F I G U R E  6 1 .  S Y M B I O N T  
V E N T R A L  V I E W .

FIGURE 62. SYMBIONT. 
DORSAL VIEW.


