
-1-

ON THE

EVOLUTION OF CHLOROPLASTS 

FROM EUKARYOTIC ENDOSYMBIONTS:

A STUDY OF 

GLENODINIUM FOLIACEUM (DINOPHYCEAE)

by

Geoffrey Charles Kite

T h e s i s

S u b m i t t e d  i n  f u l f i l l m e n t  o f  t h e  r e q u i r e m e n t s  f o r  t h e  
Degree o f  D oc tor  o f  P h i l o s o p h y  i n  t h e  Depar tm ent  of  B o ta ny ,  

Royal  Ho l loway  and  B e d f o rd  New C o l l e g e ,
U n i v e r s i t y  o f  London.

November,  1985



ProQuest Number: 10096269

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest.

ProQuest 10096269

Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.

Microform Edition © ProQuest LLC.

ProQuest LLC 
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346



—2—

To

My Mothe r  and  F a t h e r



—3-

ABSTRACT

A s t u d y  o f  t h e  m a r i n e  d i n o f l a g e l l a t e  G le n o d in iu m  f o l i a c e u m  

i s  p r e s e n t e d  which a t t e m p t s  to  p r o v i d e  i n f o r m a t i o n  on t h e  p r o c e s s  

o f  h o s t - e n d o s y m b i o n t  i n t e g r a t i o n  i n  a u n i c e l l u l a r  sy s tem  t h a t  may 

be o f  r e l e v a n c e  t o  c u r r e n t  h y p o t h e s e s  on c h l o r o p l a s t  e v o l u t i o n .

An e x p e r i m e n t a l  u l t r a s t r u c t u r a l  r e v i e w  o f  G_̂  f o l i a c e u m  

s u p p o r t s  t h e  p r o p o s a l  t h a t  t h e  c h l o r o p l a s t s  and  s u p e r n u m e r a r y  

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

m o p h y te .  DAPI s t a i n i n g  shows t h a t  t h e  endosym bion t  n u c l e u s  i s  

f r a g m e n t e d  i n  some c e l l s  a n d  a p p e a r s  to  be  randomly  d i v i d e d  by 

t h e  h o s t ' s  c l e a v a g e  f u r r o w  a t  c y t o k i n e s i s .  A q u a n t i f i c a t i o n  o f  

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

f low c y t o m e t r y  s u g g e s t s  t h a t  b o t h  n u c l e i  s y n t h e s i z e  t h e i r  DNA i n  

s y n c h r o n y .

P r o t o c o l s  a r e  o u t l i n e d  f o r  i s o l a t i n g  t h e  c h l o r o p l a s t s  a nd  

d i n o f l a g e l l a t e  n u c l e u s  from Gj_ f o l i a c e u m  and a method  i s  g i v e n  

f o r  f r a c t i o n a t i n g  w h o le  c e l l  l y s a t e s  t o  p r e p a r e  c h l o r o p l a s t ,  h o s t  

n u c l e a r ,  and  e n d o s y m b io n t  n u c l e a r  DNAs. I t  i s  e s t i m a t e d  t h a t  t h e  

sym b ion t  and  d i n o f l a g e l l a t e  n u c l e i  c o n t a i n  a b o u t  34 pg a n d  40 pg 

o f  ENA r e s p e c t i v e l y .  T h e r e  i s  no e v i d e n c e  o f  a m p l i f i e d  gene

s i z e d  ENA m o l e c u l e s  i n  t h e  symbion t  n u c l e u s .  The r e s u l t s  o f  

p r e l i m i n a r y  r e a s s o c i a t i o n  e x p e r i m e n t s  show on ly  t h e  p r e s e n c e  of  

h i g h l y  r e p e a t e d  ENA and  s e q u e n c e s  o f  i n t e r m e d i a t e  r e p e t i t i v e n e s s  

i n  t o t a l  c e l l  ENA, which  t o g e t h e r  c o m p r i se  a b o u t  h a l f  t h e  genome.  

The c h l o r o p l a s t  INA i s  shown t o  have  a m o l e c u l a r  w e i g h t  of

a p p r o x i m a t e l y  103 kb by r e s t r i c t i o n  e n d o n u c l e a s e  a n a l y s i s  b u t  an

a t t e m p t  to  l o c a l i z e  t h e  r b c  S gene i n  e i t h e r  t h e  c h l o r o p l a s t  or

n u c l e a r  ENAs u s i n g  a c l o n e d  pea ENA probe  p r o v e d  u n s u c c e s s f u l .
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Two o t h e r  a n o m a l o u s ly  p i g m e n te d  d i n o f l a g e l l a t e s , G yrod in ium  

a u re o lu m  and Gymnodinium g a l a t h e a n u m , a r e  d e m o n s t r a t e d  t o  l a c k  

e n d o s y m b io n t s  by e l e c t r o n  a n d  f l u o r e s c e n c e  m i c r o s c o p y ,  b u t  t h e  

a t y p i c a l  u l t r a s t r u c t u r a l  o r  c y t o l o g i c a l  c h a r a c t e r s  o f  t h e i r  

c h l o r o p l a s t s  a r e  c o n s i d e r e d  t o  i n d i c a t e  an e n d o s y m b i o t i c  o r i g i n .  

The p o s s i b i l i t y  t h a t  G le nod in ium  f o l i a c e u m  c o u l d  e v o l v e  i n t o  a 

s i m i l a r  u n i n u c l e a t e  s p e c i e s  i s  d i s c u s s e d  i n  r e l a t i o n  t o  t h e  

c o n s e r v a t i o n  o f  g e n e t i c  i n f o r m a t i o n  f o r  n u c l e a r - e n c o d e d ,  c h l o r o 

p l a s t  p r o t e i n s .
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CHAPTER 1

INTRODUCTION

1 . 1 .  THE SERIAL ENDOSYMBIOSIS THEORY.

I t  was j u s t  o v e r  100 y e a r s  ago  t h a t  Sch imper  (18 8 3 )  f i r s t  

s u g g e s t e d  t h a t  c h l o r o p l a s t s  may have  e v o l v e d  f rom  e n d o s y m b i o t i c  

c y a n o b a c t e r i a .  S u b s e q u e n t l y  a s y m b i o t i c  o r i g i n  f o r  m i t o c h o n d r i a  

was a l s o  p r o p o s e d  (Al tman 1890)  and  l a t e r  Mereschkowsky (1910)  

d e v e lo p e d  t h e s e  i d e a s  i n  h i s  "Theory  o f  S y m b i o g e n e s i s " .  However ,  

t h i s  h y p o t h e s i s  was g e n e r a l l y  r e j e c t e d  i n  f a v o u r  o f  t h e  more  

t r a d i t i o n a l  v iew  t h a t  e u k a r y o t i c  o r g a n e l l e s  h a d  e v o l v e d  a u t o -  

g e n e o u s l y  and g r a d u a l l y .  N e v e r t h e l e s s ,  by t h e  m i d - 1 9 6 0 ' s  enough 

s t r u c t u r a l  and b i o c h e m i c a l  i n f o r m a t i o n  h a d  a c c u m u l a t e d ,  such as  

t h e  d i s c o v e r y  o f  ENA i n  c h l o r o p l a s t s  a n d  m i t o c h o n d r i a  (R i s  a nd  

P l a u t ,  1962;  Nass  e_t £ l _ . , 1 9 6 5 ) ,  f o r  i t  t o  be  c o n s i d e r e d  u s e f u l  

to  r e f o r m u l a t e  a modern e n d o s y m b i o t i c  h y p o t h e s i s  ( E c h l i n ,  1966;  

S a g a n ,  1967;  M a r g u l i s ,  1 9 7 0 ) .  Dur ing  t h e  1 9 7 0 ' s t h e  h y p o t h e s i s  

began  t o  win  w ide  a c c e p t a n c e  so t h a t  by t h e  t im e  M a r g u l i s  p u b l i s 

hed h e r  s e c o n d  s y n t h e s i s  on t h e  p r o c e s s e s  a n d  m echan isms  o f  c e l l  

e v o l u t i o n  ( M a r g u l i s ,  1 9 8 1 ) ,  t h e  c o n c e p t  o f  e n d o s y m b i o s i s  had  

become t h e  new t r a d i t i o n  r a t h e r  t h a n  t h e  r a d i c a l  a l t e r n a t i v e .

The S e r i a l  E n d o s y m b io s i s  Theory ( T a y l o r ,  1974)  b a s i c a l l y  

p r o p o s e s  bHat some e u k a r y o t i c  c e l l  o r g a n e l l e s  p r i m a r i l y  o r i g i n a t e d  

t h ro u g h  s e q u e n t i a l  e n d o s y m b i o t i c  a s s o c i a t i o n s  w i t h  d i f f e r e n t  

p r o k a r y o t e s .  The s u p p o r t  f o r  t h i s  h y p o t h e s i s  h a s  come from two
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main s o u r c e s :  t h e  s tu d y  o f  modern  i n t r a c e l l u l a r  sym bioses  h a s

p r o v i d e d  model s  t h a t  i l l u s t r a t e  p o s s i b l e  e v o l u t i o n a r y  e v e n t s  

(Whatley e_t , 1979;  M a r g u l i s ,  198 1 ) ;  and t h e  d eve lopm en t  of  

r a p i d  p r o t e i n  a n d  n u c l e i c  a c i d  s e q u e n c i n g  t e c h n i q u e s  h a s  e n a b l e d  

m o l e c u l a r  p h y l o g e n i e s  to  be  g e n e r a t e d  a n d  t h e s e  have  em phas ized  

t h e  p r o k a r y o t i c  n a t u r e  o f  m i t o c h o n d r i a  and c h l o r o p l a s t s  (Buetow,  

1976; Dayhoff  and  S c h w a r t z ,  1981;  George ^  1983;  KUntze l  e_t

a l . ,  1983; S p e n c e r  £ £  £l.*> 1983;  W o l t e r s  a n d  Erdmann,  1 9 8 4 ) .  

However ,  none o f  t h i s  e v i d e n c e  i s  u n e q u i v o c a l  ( U z z e l l  and 

S p o l s k y ,  1981;  Gray and D o o l i t t l e ,  1982)  p a r t i c u l a r l y  i n  t h e  c a s e  

o f  m i t o c h o n d r i a  ( C a v a l i e r - S m i t h , 1 9 8 3 ) ,  and  i t  can be a r g u e d  t h a t  

t h e  m o l e c u l a r  d a t a  e q u a l l y  s u p p o r t s  a u t o g e n o u s  h y p o t h e s e s  ( e . g .  

R a f f  and  M a h le r ,  1972;  U z z e l l  and  S p o l s k y ,  1974;  C a v a l i e r - S m i t h ,  

1981a;  K e y n a n i ,  1 9 8 3 ) .  N e v e r t h e l e s s  t h e  e n d o s y m b i o t i c  h y p o t h e s i s  

p r o v i d e s  a f i r m  f o u n d a t i o n  on which to  b a s e  c u r r e n t  i d e a s  a b o u t  

t h e  o r g a n i z a t i o n  a n d  f u n c t i o n i n g  o f  t h e  e u k a r y o t i c  c e l l  ( S i t t e ,  

1983;  Whatley  and W h a t l e y ,  1 9 8 4 ) .

1 . 2 .  CHLOROPLAST ORIGINS AND EVOLUTION.

1 . 2 . 1 .  H y p o t h e s e s  on t h e  o r i g i n  and  e v o l u t i o n  o f  c h l o r o p l a s t s .

Amongst  t h e  o r g a n e l l e s  f o r  w h ich  an e n d o s y m b i o t i c  o r i g i n  h a s  

been  p r o p o s e d ,  t h e  e v i d e n c e  s u p p o r t i n g  such an o r i g i n  f o r  c h l o r o 

p l a s t s  i s  t h e  m os t  p e r s u a s i v e  ( C a v a l i e r - S m i t h ,  1 9 8 1 ) .  The 

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

some w e re  a c q u i r e d  e n d o s y m b i o t i c a l l y  (Gray and  D o o l i t t l e ,  1 9 8 2 ) ,  

a l t h o u g h  t h e r e  i s  l i t t l e  a g re e m e n t  on t h e  p r e c i s e  d e t a i l s  o f  t h e  

e n d o s y m b i o t i c  e v e n t s  wh ich  m ig h t  have g e n e r a t e d  t h i s  d i v e r s i t y  

and  numerous t h e o r i e s  have  been  p r o p o s e d  ( e . g .  Raven ,  1970;  Lee 

1972; 1977;  G i b b s ,  1978;  1981a;  Dodge, 1979;  Wha tley e t  a l . .
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1979;  W hatley  and  W h a t l e y ,  1981;  C a v a l i e r - S m i t h ,  1982b; McQuade, 

1 9 8 3 ) .

The double-m em brane  bound  c h l o r o p l a s t s  o f  g r e e n  a l g a e ,  

h i g h e r  p l a n t s  a n d  r e d  a l g a e  a r e  g e n e r a l l y  r e g a r d e d  a s  t h e  d i r e c t  

r e s u l t  o f  a p r im a r y  e n d o s y m b i o t i c  a s s o c i a t i o n  w i t h  a p h o t o s y n t h e 

t i c  p r o k a r y o t e :  t h e  i n n e r  c h l o r o p l a s t  membrane b e i n g  t h o u g h t  to

be d e r i v e d  from t h e  s y m b i o n t ' s  p lasma membrane,  and  t h e  o u t e r  

c h l o r o p l a s t  membrane i s  a s sum ed  t o  be homologous w i t h  a phagosome 

membrane.  However ,  C a v a l i e r - S m i t h  (1982b )  h a s  a r g u e d  t h a t  t h e  

u p t a k e  o f  a g r a m - n e g a t i v e  p r o k a r y o t e  w ou ld  p r o d u c e  a p l a s t i d  w i t h  

t h r e e  e n v e l o p i n g  m em branes ,  as  i n  d i n o f l a g e l l a t e s  a n d  e u g l e n o i d s ,  

and t h a t  t h e  t h i r d ,  m id d l e  membrane c o r r e s p o n d s  t o  t h e  ' o u t e r  

membrane '  of  t h e  s y m b i o n t ' s  w a l l .  To a c c o u n t  f o r  t h e  v a r i e t y  o f  

a c c e s s o r y  p i g m e n t s  p r e s e n t  i n  a l g a l  c h l o r o p l a s t s  i t  ha s  been  

assumed t h a t  t h e s e  e i t h e r  e v o l v e d  i n  t h e  a n c e s t r a l  f r e e - l i v i n g  

p r o k a r y o t e s  b e f o r e  e n d o s y m b i o s i s ,  and  t h e r e f o r e  a number of  

p r im a ry  e n d o s y m b i o t i c  e v e n t s  a r e  t h o u g h t  to  have  o c c u r r e d  (Raven ,  

1 9 7 0 ) ;  o r  d u r i n g  t h e  c o n v e r s i o n  o f  a c y a n o p h y t e - l i k e  p r o k a r y o t e  

i n t o  a c h l o r o p l a s t  a f t e r  a s i n g l e  e n d o s y m b i o s i s  ( C a v a l i e r -  

S m i th ,  1982b;  McQuade, 1 9 8 3 ) ;  o r  a c o m b i n a t i o n  o f  t h e s e  two 

a l t e r n a t i v e s  (Dodge,  1979;  Whatl ey  and W h a t l e y ,  1 9 8 1 ) .

At  t h e  t im e  Raven (1970 )  p r o p o s e d  h i s  scheme f o r  t h e  m u l t i p 

l e  o r i g i n  o f  c h l o r o p l a s t s ,  t h e  on ly  c h l o r o p h y l l  a c o n t a i n i n g  

p r o k a r y o t e s  known w e re  c y a n o b a c t e r i a ,  which  a r e  s i m i l a r  t o  r e d  

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

S u b s e q u e n t l y ,  t h e  d i s c o v e r y  o f  P r o c h l o r o n , a p r o k a r y o t e  p o s s e s s 

i n g  b o t h  t h e  " g r e e n  p l a n t "  c h l o r o p h y l l s  a and b (Lewin ,  1976;  

1 9 8 3 ) ,  l e n t  s u p p o r t  to  t h e  i d e a  of  m u l t i p l e  s y m b i o s e s ,  a l t h o u g h  

P r o c h l o r o n  c o u l d  w e l l  be more c l o s e l y  r e l a t e d  t o  c y a n o b a c t e r i a  

t h a n  t o  g r e e n  p l a n t  c h l o r o p l a s t s  (van V a l e n ,  1 9 8 2 ) .  The r e c e n t  

r e p o r t  ( M a r g u l i s ,  1985)  o f  a n o v e l  b a c t e r i a l  c h l o r o p h y l l  i n  

H e l i o b a c t e r i u m , which  i s  v e ry  s i m i l a r  to  c h l o r o p h y l l  c ,  t h e  

a c c e s s o r y  p igmen t  i n  a l l  o t h e r  a l g a e ,  c o u l d  f u r t h e r  s u g g e s t  t h a t
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t h e  p i g m e n t a t i o n  o f  p h o t o s y n t h e t i c  p r o k a r y o t e s  m i g h t  have  once 

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

l u t i o n  o f  t h e  m u l t i p l e  o r i g i n  v e r s u s  a s i n g l e  o r i g i n  c o n f l i c t  can 

on ly  come from more d e t a i l e d  a n d  e x t e n s i v e  m o l e c u l a r  c o m p a r i s o n s .

With t h e  e x c e p t i o n  o f  d i n o f l a g e l l a t e s , a l l  a l g a e  which

c o n t a i n  c h l o r o p h y l l  c p o s s e s s  c h l o r o p l a s t s  t h a t  a r e  s u r r o u n d e d  by 

f o u r  membranes:  two c h l o r o p l a s t  e n v e l o p e  membranes a n d  two

membranes o f  c h l o r o p l a s t  e n d o p la s m ic  r e t i c u l u m  (ER) ( G i b b s ,

1 9 8 1 b ) .  F o l l o w i n g  t h e  d i s c o v e r y  i n  c r y p t o p h y t e s  o f  a

s m a l l ,  n u c l e u s - l i k e  body  ( t h e  n u c le o m o rp h )  i n  t h e  c y to p l a s m  

be tw een  t h e s e  two s e t s  o f  membranes (Greenwood ,  1 9 7 4 ) ,  i t  was 

s u g g e s t e d  t h a t  t h e  c h l o r o p l a s t s  o f  b o t h  c r y p t o p h y t e s  a n d  chrom o-  

p h y t e s  ( s e n s u  C a v a l i e r - S m i t h ,  1981b)  were d e r i v e d  from r e d u c e d  

e u k a r y o t i c  e n d o s y m b i o n t s  (Greenwood e_t £ l_ . ,  1977;  Lee ,  1 9 7 7 ) .  

The i d e a  has  s u b s e q u e n t l y  been  e l a b o r a t e d  by o t h e r  a u t h o r s

(Dodge,  1979; Whatl ey  e_t 1979;  G i l l o t  and  G i b b s ,  1980;

G i b b s ,  1981a;  Whatl ey  and  W h a t l e y ,  1981;  C a v a l i e r - S m i t h ,  1982b;  

McQuade, 1983)  and  s t r e n g t h e n e d  by t h e  r e c e n t  d e m o n s t r a t i o n  o f  

ENA i n  t h e  c r y p t o p h y t e  nuc leomorph  (Ludwig a n d  G i b b s ,  1 9 8 5 ) .  

A l s o ,  a f r e e z e - f r a c t u r e  s t u d y  o f  c h l o r o p l a s t  ER h a s  shown t h a t  

t h e  membranes ha v e  t h e  p o l a r i t y  e x p e c t e d  i f  t h e  i n n e r  a n d  o u t e r  

c h l o r o p l a s t  ER membranes w e re  d e r i v e d ,  r e s p e c t i v e l y ,  f rom t h e  

plasmalemma of  t h e  e u k a r y o t i c  symbion t  and  t h e  phagosome membrane 

o f  t h e  h o s t ,  as  t h e  h y p o t h e s i s  p r e d i c t s  ( L e f o r t - T r a n , 1 9 8 3 ) .  

C l e a r l y  i f  t h e  c h l o r o p l a s t s  o f  c r y p t o p h y t e s  a n d  ch ro m o p h y tes  d i d  

o r i g i n a t e  from e n d o s y m b i o t i c  a s s o c i a t i o n s  w i t h  e u k a r y o t e s ,  t h e n  

t h e  symbion t  h a s  u n d e r g o n e  e x t e n s i v e  r e d u c t i o n a l  i n t e g r a t i o n  a t  

b o t h  t h e  m o r p h o l o g i c a l  and  g e n e t i c  l e v e l .

Gibbs  h a s  f u r t h e r  a r g u e d  t h a t  t h e  t h re e -m e m b ra n e  bound 

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

e v o l v e d  from e n d o s y m b i o t i c  e u k a r y o t e s  by t h e  l o s s  o f  t h e  o u t e r 

mos t  v a c u o l a r  membrane ( G i b b s ,  1978;  1 9 8 1 a ) .  However ,  Whatley  

f a v o u r s  a scheme i n  which  t h e s e  two g r oups  a c q u i r e d  t h e i r  c h l o r o -
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p l a s t s  v i a  t h e  c a p t u r e  o f  i s o l a t e d  o r g a n e l l e s  (Whatley  e ^  

a l . ,  1979,  Whatl ey  and W h a t l e y ,  1981)  a n d ,  as  e x p l a i n e d  e a r l i e r ,  

C a v a l i e r - S m i t h  (1982b)  c o n s i d e r s  t h a t  t h re e -m e m b ra n ed  

c h l o r o p l a s t s  w e re  p ro d u c e d  d i r e c t l y  from t h e  p r im a ry  endosym bio 

s i s  w i t h  a p r o k a r y o t e .

Th u s ,  w h i l s t  i t  may n e v e r  be p o s s i b l e  to  e x p e r i m e n t a l l y  

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

h o s t - s y r a b i o n t  i n t e g r a t i o n  i n  l i v i n g  a s s o c i a t i o n s  can be s t u d i e d  

to  g a i n  some i n f o r m a t i o n  on how, r a t h e r  t h a n  from w h a t ,  c h l o r o 

p l a s t s  e v o l v e d .  I t  i s  w i t h  t h i s  a s p e c t  o f  c h l o r o p l a s t  e v o l u t i o n  

t h a t  t h e  p r e s e n t  t h e s i s  i s  c o n c e r n e d .

1 . 2 . 2 .  Modern c r y p t i c  endos y m b io s es  and G le nod in ium  f o l i a c e u m .

T h e re  a r e  numerous examples  o f  i n t r a c e l l u l a r  sym bioses  ( s e e  

M a r g u l i s ,  1976;  1981 ;  J e o n ,  1 9 8 3 ) .  I n  a few o f  t h e s e  t h e  p r o c e s s  

of  h o s t - s y m b i o n t  i n t e g r a t i o n  h a s  p r o c e d e d  t o  t h e  e x t e n t  t h a t  t h e  

e x a c t  i d e n t i t y  o f  t h e  symbion t  i s  no l o n g e r  r e a d i l y  a p p a r e n t .  

These  can be l o o s e l y  t e rm ed  " c r y p t i c  e n d o s y m b i o s e s "  and f o r t u n a 

t e l y  some such a s s o c i a t i o n s  have  be e n  d i s c o v e r e d  which  p o s s i b l y  

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

from b o t h  p r o k a r y o t i c  a n d  e u k a r y o t i c  e n d o s y m b i o n t s .

The c r y p t i c  p r o k a r y o t i c  e n d o s y m b io n t s  t e rm ed  c y a n e l l e s  have  

been  e x t e n s i v e l y  i n v e s t i g a t e d  ( s e e  T r e n c h ,  1 9 8 2 ) .  They a r e  found  

i n  s e v e r a l  p r o t i s t s  o f  u n c e r t a i n  t axonom ic  a f f i n i t y  and  a r e  

r e g a r d e d  a s  b e i n g  e n d o s y m b i o t i c  c y a n o b a c t e r i a  on t h e  b a s i s  of  

u l t r a s t r u c t u r a l  and b i o c h e m i c a l  s i m i l a r i t i e s .  The c y a n e l l e s  o f  

Cyanophora  p a ra d o x a  p o s s e s s  a r e d u c e d  p e p t i d o g l y c a n  w a l l ,  

c o n f i r m i n g  t h e i r  c y a n o b a c t e r i a l  n a t u r e ,  b u t  no w a l l  h a s  been  

d e m o n s t r a t e d  i n  G l a u c o c y s t i s  n o s t o c h i n e a r u m  o r  Cyanidium  c a l d -  

a r iu m  and  t h e s e  c y a n e l l e s  c o u l d  be c o n s i d e r e d  a s  ^ e  f a c t o  r e d  

a l g a l  c h l o r o p l a s t s  (Seckbach  1 9 8 3 ) .  More s i g n i f i c a n t l y
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t h a n  t h i s  m o r p h o l o g i c a l  r e d u c t i o n  i s  t h e  g e n e t i c  i n t e g r a t i o n  o f  

t h e  c y a n e l l e s  w i t h  t h e i r  h o s t s .  The c y a n e l l e s  o f  C. p a r a d o x a , 

f o r  ex a m p le ,  have o n ly  10% of  t h e  g e n e t i c  c a p a c i t y  o f  cy a n o 

b a c t e r i a  ( J a y n e s  a nd  V ernon ,  1 9 8 2 ) .  T h e r e f o r e ,  c y a n e l l e s  a p p e a r  

to  d e m o n s t r a t e  t h a t  c h l o r o p l a s t - l i k e  o r g a n e l l e s  can  o r i g i n a t e  

f rom e n d o s y m b io s e s  w i t h  p r o k a r y o t e s .

C r y p t i c  e u k a r y o t i c  e n d o s y m b io n t s  h a v e  b e e n  s t u d i e d  i n  some

what  l e s s  d e t a i l .  They have on ly  b e e n  d e t e c t e d  i n  two g r oups  of  

p r o t i s t s ;  c i l i a t e s  a n d  d i n o f l a g e l l a t e s . The c i l i a t e  Mesodinium 

rubrum c o n t a i n s  numerous c r y p t o p h y t e - l i k e  c h l o r o p l a s t s ,  each 

a s s o c i a t e d  w i t h  a n u c le om orph  and m i t o c h o n d r i a ,  i n  r i b o s o m e - d e n s e  

c y t o p l a s m i c  c om par tm en ts  d e l i m i t e d  by a s i n g l e  membrane ( T a y l o r  

e£  £ l . ,  1969;  1971;  H i b b e r d ,  1977;  Oakley  and  T a y l o r ,  1 9 7 8 ) .  I n  

some p o p u l a t i o n s  o f  t h e  o r g a n i s m ,  t h e s e  " c h l o r o p l a s t - m i t o c h o n -  

d r i a l  c o m p l e x e s "  a r e  i n t e r c o n n e c t e d  and  j o i n e d  t o  a c y t o p l a s m i c  

u n i t  c o n t a i n i n g  a n u c l e u s  ( H i b b e r d ,  1 9 7 7 ) ,  b u t  i n  o t h e r  p o p u l a 

t i o n s ,  some o r  a l l  o f  t h e  c h l o r o p l a s t  complexes  e x i s t  a s  d i s c r e t e  

e n t i t i e s  s e p a r a t e  f rom t h e  s u p e r n u m e r a r y  n u c l e u s  (Oakley  and  

T a y l o r ,  1 9 7 8 ) .  The i n t e r p r e t a t i o n  o f  t h i s  u l t r a s t r u c t u r a l  d a t a  

i s  t h a t  rubrum once c a p t u r e d  a c r y p t o p h y t e  which  s u b s e q u e n t l y  

p r o l i f e r a t e d  a nd  became f r a g m e n t e d  i n  i t s  i n t r a c e l l u l a r  e n v i r o n 

m e n t .  The h o s t  phagosome membrane i s  a s sum ed  t o  have  b e e n  l o s t  

d u r i n g  t h i s  p r o c e s s  so t h a t  t h e  symbion t  now l i e s  f r e e  i n  t h e  

c y t o p l a s m .

A s i m i l a r  e n d o s y m b i o t i c  c r y p t o p h y t e  h a s  been  fo u n d  i n  t h e  

d i n o f l a g e l l a  t e  Gymnodinium a c id o t u m  (Wilcox and Wedemayer ,  1984)  

and  two o t h e r  d i n o f l a g e l l a t e , P e r i d i n i u m  b a l t i c u m  and Glenod in ium  

f o l i a c e u m , a r e  a l s o  t h o u g h t  to  p o s s e s s  c r y p t i c  e u k a r y o t i c  e ndo

sym b io n t s  b u t  w i t h  c h rom ophy te  a f f i n i t i e s  (Tomas a nd  Cox, 1973;  

J e f f r e y  and  Vesk,  1 9 7 6 ) .  D i n o f l a g e l l a t e s  a r e  a l a r g e  and  d i v e r s e  

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

p h o t o s y n t h e t i c  and  h e t e r o t r o p h i c  s p e c i e s  ( T a y l o r ,  1980;  L o e b l i c h ,  

1982; 1984;  Dodge, 1 9 8 3 b ) .  They seem p a r t i c u l a r l y  a d e p t  a t
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fo rm ing  s y m b i o t i c  a s s o c i a t i o n s  a n d  c a s u a l  r e p o r t s  o f  u n u s u a l l y  

p ig m e n te d  fo rm s  ( s e e  Dodge, 1983b)  may i n d i c a t e  t h a t  many more 

t h a n  t h e  t h r e e  s p e c i e s  m e n t i o n e d  above  h a r b o u r  a u t o t r o p h i c

e n d o s y m b i o n t s .  A s tu d y  o f  t h e s e  a n o m a lo u s ly  p i g m e n te d  d i n o f l a g e 

l l a t e s  c o u l d  t h e r e f o r e  o f f e r  i n s i g h t s  i n t o  v a r i o u s  a s p e c t s  o f

c h l o r o p l a s t  e v o l u t i o n ,  i n  p a r t i c u l a r  t h e  p r o c e s s  o f  p a r t n e r

i n t e g r a t i o n  i n  t h o s e  s p e c i e s ,  such a s  G. f o l i a c e u m , t h a t  a r e  

known t o  c o n t a i n  e u k a r y o t i c  e n d o s y m b i o n t s .

G le n o d in iu m  f o l i a c e u m  i s  a b r a c k i s h  w a t e r  d i n o f l a g e l l a  t e  

t h a t  f r e q u e n t l y  o c c u r s  i n  l a r g e  numbers  a r o u n d  t h e  B r i t i s h  I s l e s  

(Dodge,  1982; Pybus e_t £ l _ . , 1 9 8 4 ) .  U n l ik e  Gymnodinium a c id o tu m  

and t h e  c i l i a t e  Mesodinium r u b ru m , i t  can r e a d i l y  be c u l t u r e d  i n  

t h e  l a b o r a t o r y .  T h u s ,  a d e t a i l e d  s t u d y  o f  G. f o l i a c e u m  and  i t s  

c r y p t i c  e n d o sym bion t  was u n d e r t a k e n  i n  a n  a t t e m p t  to  o b t a i n  some 

e x p e r i m e n t a l  d a t a  r e l e v a n t  to  h y p o t h e s e s  on t h e  e v o l u t i o n  o f  

c h l o r o p l a s t s  f rom e u k a r y o t i c  e n d o s y m b i o n t s .
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CHAPTER 2

MATERIALS AND EXPERIMENTAL METHODS

2 . 1 .  ALGAE AND CULTURE CONDITIONS.

2 . 1 . 1 .  A l g a e .

G le n o d in iu m  f o l i a c e u m  S t e i n  (synonyms:  P e r i d i n i u m  f o l i a c e u m

B i e c h e l e r ,  K r y p t o p e r i d i n i u m  f o l i a c e u m  Lindemann)  was a g i f t  f rom 

Dr. David S i g e e  and  was a l s o  o b t a i n e d  from t h e  C u l t u r e  C o l l e c t i o n  

o f  A lgae  and  P r o t o z o a ,  C a m b r id g e .  S i g e e ' s  c u l t u r e  was s u b s e q u e n 

t l y  p u r i f i e d  f o r  b i o c h e m i c a l  work ( s e e  A ppend ix )  s i n c e  i t  

a p p e a r e d  more v i g o r o u s .  However ,  u l t r a s t r u c t u r a l  o b s e r v a t i o n s  

were  made on b o t h .  O t h e r  a l g a e  u s e d  d u r i n g  t h e  c o u r s e  o f  t h i s  

s t u d y  a r e  l i s t e d  t o g e t h e r  w i t h  t h e i r  s o u r c e  and  c u l t u r e  m e d ia  i n  

T a b l e  2 . 1 .

2 . 1 . 2 .  C u l t u r e  media  and c o n d i t i o n s .

The c o m p o s i t i o n  o f  t h e  c u l t u r e  m ed ia  u s e d  a r e  o u t l i n e d  i n  

F ab le  2 . 2 .  A t o t a l l y  s y n t h e t i c  m a r i n e  medium m o d i f i e d  from ASP^ 

( P r o v a s o l i ,  1964)  was cho s en  f o r  t h e  c u l t u r e  of  G le n o d in iu m

f o l i a c e u m  s i n c e ,  u n l i k e  m ed ia  b a s e d  on n a t u r a l  s e a w a t e r ,  i t  i s  

c o m p l e t e l y  s t a b l e  to  r e p e a t e d  a u t o c l a v i n g  a n d  does n o t  f a v o u r  

b a c t e r i a l  g r o w t h .  O th e r  m a r i n e  c u l t u r e s  w e r e  b e s t  m a i n t a i n e d  i n
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T a b l e  2 . 1 .  S o u r c e s  o f  a l g a e  and  c u l t u r e  m e d ia  u s e d .

Organi sm S ourc e  
& S t r a i n

C u l t u r e
medium

A s t e r i o n e l l a  fo rm osa FBA n o t
Hass . L.313 c u l t u r e d

E m i l i a n i a  h u x l e y i MBA E-S
(Lohm.) Hay & M ohle r 92 d + v i t s

G lenod in ium  f o l i a c e u m CCAP ASP
S t e i n 1116/3 o r  E-S

D. S i g e e ASP^

Gonyaulax p o l y e d r a n o t E-S
S t e i n known

G. t a m a r e n s i s MBA E-S
Lebour 173

Gymnodinium s p . UTEX E-S

Gymnodinium g a l a t h e a n u m K. Tangen E-S
Tangen KT76E +vi  t s

G. micrum MBA E-S
(Leadb .  & Dodge) L o e b . I I I 207

Gyrod in ium a u re o lu m MBA E-S
H u l b u r t T a n g e n ' s  s t r a i n +vi  t s

P r o r o c e n t r u m  m ic a n s MBA E-S
E h r e n b e r g 97 a

S c r i p p s i e l l a  t r o c h o i d e a MBA E-S
( S t e i n )  L o e b l i c h  I I I 104

S t e p h a n o d i s c u s  h a n t z c h i i FBA n o t
G r u n . L382/A-C c u l t u r e d

W o lo s z y n s k ia  c o r o n a t a CCAP B r i s t o l ' s
( W o l o s z y n s k i a ) Thompson 1117 /2 S o l n .

CCAP, C u l t u r e  C o l l e c t i o n  o f  A lgae  and P r o t o z o a ,  Cambridge ;  
MBA, Marine  B i o l o g i c a l  A s s o c i a t i o n  A l g a l  C u l t u r e  C o l l e c t i o n ,  
P lymouth ;  FBA, F r e s h w a t e r  B i o l o g i c a l  A s s o c i a t i o n  A l g a l  C u l t u r e  
C o l l e c t i o n ,  Windermere;  UTEX, U n i v e r s i t y  o f  Texas C u l t u r e  C o l l e 
c t i o n  o f  A lga e ;  E-S,  E r d - S c h r e i b e r ; + v i t s ,  s u p p le m e n te d  w i t h  
ASP^ v i t a m i n s .
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T a b l e  2 . 2 .  C o m p o s i t io n  o f  a l g a l  g row th  m e d i a .

Component ASP^*

Amounts p e r  l i t r e

E r d -  B r i s t o l ' s
• b c S c h r e i b e r  S o l n .

 ̂ d s e a w a t e r — 1 1 —

NaCl 25 g - 25 mg

MgSO^.THgO 9 g - 75 mg

KCl 700 mg - -

CaCl^® 300 mg - 25 mg

NaNO 50 mg 200 mg 250 mg

Na^HPO^.^H^O - 20 mg -

K^HPO^ - - 75 mg

KHzPO^ - - 175 mg

N a ^ - g l y c e r o p h o s p h a t e 20 mg - -

n i t r i l o t r i a c e t i c  a c i d 70 mg - -

Na^EDTA 30 mg - 30 mg

FeClg a n h y d ro u s 300 yg - 300 ug

H3BO3 6 mg - 6 mg

MnCl .4H 0 1400 yg - 1400 pg

ZnClg 110 pg - 110 pg

CoCl . 6H3O 40 pg - 40 pg

v i t a m i n 1 pg (1 pg ) 1 pg

th i a m in e -H C l 500 pg (500 pg) 500 pg

b i o t i n 1 pg (1 pg) 1 pg

s o i l  e x t r a c t ^ - 50 ml -

T r i s - H C l 1 g - -

pH 7 . 9 8 . 0 6 . 8

N o t e s :  a .  m o d i f i e d  from P r o v a s o l i  ( 1 9 6 4 ) .
b .  Füyn ( 1 9 3 5 ) .
c .  a d a p t e d  from T r e l e a s e  and  T r e l e a s e  ( 1 9 3 5 ) .

95 % ( v / v )  f i l t e r e d  s e a w a t e r .
added  by d i s o l v i n g  t h e  c o r r e c t  amount o f  CaCO_ 
i n  HCl.
500 g . l  s o i l  i n  t a p  w a t e r  a u t o c l a v e d  a t  
5 p . s . i .  f o r  1 h and c l e a r e d  by c e n t r i f u g a t i o n

d.
e .

f .
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a n a t u r a l  s e a w a t e r  medium, E r d - S c h r e i b e r ,  as  s t r i n g e n t  a s e p t i c  

p r e c a u t i o n s  w e re  no t  e s s e n t i a l .  A t t e m p t s  w e r e  made to  c u l t u r e  

G yrod in ium  a u re o lu m  and Gymnodinium g a l a t h e a n u m  i n  ASP^ b u t  

n e i t h e r  s p e c i e s  c o u l d  be m a i n t a i n e d  f o r  more  t h a n  one s u b c u l t u r e  

i n  t h i s  medium.

The c h e m i c a l s  u s e d  i n  mak ing  up t h e  c u l t u r e  m ed ia  were o f  

a n a l y t i c a l  g r a d e ,  h o w e v e r ,  f o r  c h e a p n e s s ,  l a b o r a t o r y  g r a d e  sodium 

c h l o r i d e  was s u b s t i t u t e d  i n  3 1 and  10 1 b a t c h  c u l t u r e s  o f  G leno

din ium f o l i a c e u m . ASP^ and  B r i s t o l ' s  S o l u t i o n  w ere  s t e r i l i z e d  by 

a u t o c l a v i n g  i n  t h e  c u l t u r e  v e s s e l  w h i l s t  E r d - S c h r e i b e r  was a u t o 

c l a v e d  i n  i t s  c o n s t i t u e n t  p a r t s  a n d  mixed when c o l d  so as  t o  

p r e v e n t  p r e c i p i t a t e s  f o r m i n g .  A u t o c l a v i n g  was p e r f o r m e d  a t  a 

p r e s s u r e  o f  15 p . s . i .  f o r  20 m i n ,  o r  15 min p e r  l i t r e  i f  t h e  

c u l t u r e  volume was g r e a t e r  t h a n  1 l i t r e .  The medium was a l l o w e d  

to  e q u i l i b r i a t e  a t  t h e  c u l t u r e  t e m p e r a t u r e  b e f o r e  s u b c u l t u r i n g  

was p e r f o r m e d ;  a t  l e a s t  15 h was a l l o w e d  f o r  t h i s  t o  o c c u r  i n  t h e  

c a s e  o f  10 1 c a r b o y s .

A l l  c u l t u r e s ,  e x c e p t  s t o c k  c u l t u r e s  o f  Gj_ f o l i a c e u m , were 

m a i n t a i n e d  a t  2 0 ^ 2 ^ 0  u n d e r  c o n t i n u o u s  f l u o r e s c e n t  l i g h t i n g  ( p r o 

v i d i n g  6 . 0  W.m ^ p h o t o s y n t h e t i c a l l y  a v a i l a b l e  r a d i a t i o n )  on open 

c u l t u r e  b e n c h e s .  G e n e r a l l y  t h e  a l g a e  were  grown i n  75-100  ml of 

medium i n  150 ml c o n i c a l  f l a s k s  s t o p p e r e d  w i t h  n o n - a b s o r b a n t  

c o t t o n  w o o l .  The c u l t u r e s  w e r e  s w i r l e d  p e r i o d i c a l l y  t o  keep  t h e  

a l g a e  i n  s u s p e n s i o n  a n d  s u b c u l t u r i n g  was p e r f o r m e d  once  a month ,  

o r  a s  n e c e s s a r y .

2 . 1 . 3 .  M a i n t a i n a n c e  and  b a t c h  c u l t u r i n g  o f  p u r i f i e d  G le nod in ium  

f o l i a c e u m .

S t o c k  c u l t u r e s  o f  p u r i f i e d  G lenod in ium  f o l i a c e u m  were s t o r e d  

i n  250 ml s c r e w - c a p p e d  E r le n m ey e r  f l a s k s  s i n c e  t h e  a l g a  c o u l d  n o t  

be c o n t i n u o u s l y  m a i n t a i n e d  i n  c u l t u r e  t u b e s .  These  w e re  k e p t  i n
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an e n c l o s e d  c a b i n e t  a t  1 8 1  2°C unde r  c o n t i n u o u s  f l u o r e s c e n t  

l i g h t i n g  ( l i g h t  i n t e n s i t y  5 . 5  W ra ^ ) .  The s t o c k  c u l t u r e  was 

d i v i d e d  amongs t  f i v e  s i m i l a r  f l a s k s ,  c o n t a i n i n g  100 ml o f  medium, 

e v e r y  2 . 5  -  3 w e e k s .  Four  o f  t h e s e  c u l t u r e s  w e re  u s e d  t o  i n i 

t i a t e  b a t c h  c u l t u r e s  f o r  e x p e r i m e n t a l  work w h i l s t  t h e  f i f t h  

p r e s e r v e d  t h e  s t o c k  l i n e .  The s t o c k  was t r e a t e d  w i t h  a n t i b i o t i c s  

24 h b e f o r e  e v e ry  o t h e r  s u b c u l t u r e  by a d d i n g  a f i l t e r  s t e r i l i z e d  

a n t i b i o t i c  s o l u t i o n  d i r e c t l y  t o  t h e  c u l t u r e .  T h i s  a n t i b i o t i c  

m i x t u r e  c o n t a i n e d  50 mg p e n i c i l l i n ,  20 mg a m p i c i l l i n ,  10 mg 

c e p h a l o s p o r i n e  C and  5 mg each  o f  s t r e p t o m y c i n  a n d  kanamyc in  

d i s s o l v e d  i n  a b o u t  10 ml o f  ASP^.

To o b t a i n  l a r g e  volume b a t c h  c u l t u r e s  a  f o u r  s t a g e  s u c c e s 

s i o n  was u s e d  i n  which  each c u l t u r e ,  h a v i n g  a t t a i n e d  a s u f f i c i e n t  

c e l l  d e n s i t y ,  was pou red  a s e p t i c a l l y  i n t o  f o u r  t o  f i v e  vo lumes  of  

f r e s h  medium t o  p roduce  t h e  n e x t  s t a g e  i n  t h e  s u c c e s s i o n .  

A c c o r d i n g l y ,  t h e  f o u r  s u b c u l t u r e s  of  t h e  s t o c k  w ere  each added  t o  

500 ml o f  medium i n  1 1 E r le n m ey e r  f l a s k s  w h ic h  w e re  t h e n  t r a n s 

f e r r e d  t o  2 o r  3 1 o f  ASPy i n  5 or  6 1 f l a s k s .  The s u c c e s s i o n  

was e i t h e r  h a r v e s t e d  a t  t h i s  s t a g e  o r  c o n t i n u e d  i n t o  10 1 

c a r b o y s .  A l l  t h e  f l a s k s  w e re  s w i r l e d  e v e r y  day t o  ke e p  t h e  a l g a e  

i n  s u s p e n s i o n  a n d  a m a g n e t i c  f o l l o w e r  was i n c l u d e d  i n  t h e  10 1 

c a rb o y s  so as  t o  e n a b l e  t h e s e  c u l t u r e s  t o  be  s t i r r e d  p e r i o d 

i c a l l y .  By u s i n g  t h i s  1 + 5  s u b c u l t u r i n g  r e g i m e ,  t h e  c u l t u r e s  

c o u l d  be m a i n t a i n e d  i n  e x p o n e n t i a l  g row th  t h r o u g h o u t  t h e  s u c c e s 

s i o n  a n d  g r e a t e r  f i n a l  c e l l  d e n s i t i e s  c o u l d  be o b t a i n e d  i n  t h e

l a r g e  volume c u l t u r e s  t h a n  w i t h  s m a l l e r  i n o c u lu m  s i z e s .  Even s o ,
4 -1

f i n a l  d e n s i t i e s  i n  t h e  10 1 c a r b o y s  r a r e l y  e x c e d e d  10 c e l l s  ml 

and  t h i s  c o u l d  n o t  be i n c r e a s e d  by a e r a t i n g  t h e  c u l t u r e s  w i t h  

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

l e s s  t h a n  i n  c u l t u r e s  l e f t  s t a n d i n g  w i t h  no a g i t a t i o n .
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2 . 2 .  CELL COUNTING AND ANALYSIS TECHNIQUES.

2 . 2 . 1 .  V i s u a l  m e t h o d s .

A Sedgewick R a f t e r  c o u n t i n g  chamber  was u s e d  t o  d e t e r m i n e  

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

a d h e r e d  t o  (M cA l ice ,  1 9 7 1 ) .

To o b t a i n  r e l a t i v e  c o u n t s  or  e s t i m a t i o n s  o f  c e l l  d e n s i t i e s ,  

t h e  c u l t u r e  was f i r s t  m ixe d  t o  hom ogene i ty  by t e n  i n v e r s i o n s  o f

th e  f l a s k  o r  by v i g o r o u s l y  s t i r r i n g  l a r g e  volume c u l t u r e s .  A

1 ml sam ple  was t h e n  q u i c k l y  w i th d ra w n  and  p i p e t t e d  i n t o  an 

E p p e n d o r f  t u b e  c o n t a i n i n g  a d ro p  o f  40% ( v / v )  f o r m a l d e h y d e .

Samples  c o u l d  be s t o r e d  i n  t h i s  c o n d i t i o n .  The Sedgewick  R a f t e r  

was f i l l e d  w i t h  t h e  c o v e r  g l a s s  i n  p o s i t i o n  b u t  s l i g h t l y  d i s 

p l a c e d  so t h a t  t h e  s a m p l e ,  which had been  w e l l  m ix e d ,  c o u l d  be 

q u i c k l y  b u t  s t e a d i l y  i n t r o d u c e d  from one c o r n e r  u s i n g  a  P a s t e u r  

p i p e t t e .  A f t e r  a l l o w i n g  t h e  c e l l s  t o  s e t t l e  f o r  a b o u t  2 m i n ,

e v e r y  o t h e r  row o f  t h e  chamber was c o u n te d  u s i n g  a c o n s t a n t  

boundary  c o n v e n t i o n .  The row c o u n t s  o b t a i n e d  by t h i s  p r o c e d u r e  

were a c c e p t a b l y  homogeneous ( g r e a t e r  t h a n  95% p r o b a b i l i t y  o f  t h e  

v a r i a t i o n  b e i n g  random) p r o v i d i n g  t h e  number o f  c e l l s  p e r  row was

be tw een  50 and  150 .  C o n s e q u e n t l y  i t  was e s s e n t i a l  t o  a d j u s t  t h e  

d e n s i t y  i 

c o u n t i n g .

d e n s i t y  o f  t h e  f i x e d  sample  to  a b o u t  2 x  10^ c e l l s  ml  ̂ b e f o r e

O t h e r  f a c t o r s  a f f e c t i n g  t h e  hom o g en e i ty  o f  t h e  c o u n t s  w e r e  

found  t o  i n c l u d e  t h e  n a t u r e  o f  t h e  f i x a t i v e  u s e d ,  t h e  m ethod  o f  

f i l l i n g  t h e  R a f t e r  and  t h e  c o u n t i n g  t e c h n i q u e .  I f  i o d i n e  was 

employed  a s  a f i x a t i v e / s t a i n ,  t h e n  t h e  c e l l s  became so d e n s e  t h a t  

i t  p ro v ed  i m p o s s i b l e  t o  f i l l  t h e  R a f t e r  e v e n l y .  S i m i l a r l y ,  i f  

1 ml o f  t h e  sample  was a c c u r a t e l y  p i p e t t e d  i n t o  t h e  chamber 

b e f o r e  p l a c i n g  t h e  c o v e r  g l a s s  i n  p o s i t i o n ,  t h e n  t h e  d i s t r i b u t i o n  

o f  t h e  c e l l s  t e n d e d  t o  become non - random .  However ,  even  w i t h  t h e
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f i x a t i v e  and  f i l l i n g  m ethod  e m p loye d ,  t h e  d i s t r i b u t i o n  o f  t h e  

c e l l s  was no t  e n t i r e l y  s a t i s f a c t o r y  s i n c e  column c o u n t s  w e r e  no t  

homogeneous due t o  t h e  c e l l s  s e t t l i n g  o u t  q u i c k l y .

The same p r o c e d u r e  was employed t o  d e t e r m i n e  a c c u r a t e  c e l l  

d e n s i t i e s  e x c e p t  t h a t  l a r g e r  volume samples  w e re  w i t h d r a w n  so as  

to  m in i m i z e  t h e  d e n s i t y  change  c a u s e d  by t h e  d rop  o f  f i x a t i v e  and  

more t h a n  one ( u s u a l l y  t h r e e )  s am ples  w ere  c o u n t e d .  Between 

sample  v a r i a t i o n  was g e n e r a l l y  i n s i g n i f i c a n t  (p  > 0 . 9 5 )  p r o v i d i n g  

t h e  c u l t u r e  ha d  been  m ixed  by i n v e r t i n g  t h e  f l a s k  s e v e r a l  t im e s  

r a t h e r  t h a n  by s w i r l i n g .

To e s t i m a t e  t h e  f r e q u e n c y  o f  d i v i d i n g  c e l l s  i n  a c u l t u r e ,  

t h e  number o f  such c e l l s  i n  t h e  f i r s t  1000 c e l l s  e n c o u n t e r e d  was 

u s e d .  A Sedgewick R a f t e r  was f i l l e d  i n  t h e  m anne r  d e s c r i b e d  

above i n  o r d e r  t o  do t h i s .

2 . 2 . 2 .  A u to m a t ic  f low  m e t h o d s .

( i )  E l e c t r i c a l  ( C o u l t e r )  impedance  m o n i t e r i n g :

Samples  o f  c u l t u r e  to  be  c o u n te d  w ere  a d j u s t e d  t o  a b o u t  

2 X 10 c e l l s  ml and  t h e  number o f  p a r t i c l e s  i n  a volume of  

0 . 5  ml was d e t e r m i n e d  w i t h  a C o u l t e r  C o u n te r  Model ZB ( C o u l t e r  

E l e c t r o n i c s  L t d . )  u s i n g  an  a p e r t u r e  d i a m e t e r  ( u p p e r  t h r e s h o l d )  of  

200 |im and a r a n g e  o f  low er  t h r e s h o l d  v a l u e s .  The sample  was 

c o u n te d  t h r e e  t im e s  a t  each t h r e s h o l d  v a l u e ,  d i s r e g a r d i n g  

anomalous  r e a d i n g s  due to  c l o g g i n g  o f  t h e  a p e r t u r e .

Us ing t h e  number o f  low er  t h r e s h o l d  c h a n n e l s  a v a i l a b l e ,  

G le nod in ium  f o l i a c e u m  c e l l s  d i d  n o t  c o n s t i t u t e  a s i z e  c l a s s  

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

d i s c a r d e d  t h e c a e )  i n  t h e  c u l t u r e  and  t h e r e f o r e  t h e  C o u l t e r  Coun-
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F i g u r e  2 . 1 .  D i s t r i b u t i o n  o f  c e l l  s i z e s  i n  a c u l t u r e  of  G leno

d in ium f o l i a c e u m .

a .  F re quenc y  d i s t r i b u t i o n  o f  p a r t i c l e s  r e c o r d e d  by 

t h e  C o u l t e r  C o u n t e r .  The peak  o f  l a r g e r  p a r t i c l e s  

( s m a l l e r  c h a n n e l  n u m b e r s )  i s  due to  a l g a l  c e l l s .

b .  D i s t r i b u t i o n  o f  mean c e l l  d i a m e t e r s  ( r a n k e d  

e q u a l l y )  m ea s u red  m i c r o s c o p i c a l l y  from t h e  same 

c u l t u r e  as  i n  ( a )
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t e r  c o u l d  n o t  be  u s e d  t o  p r o v i d e  a c c u r a t e ,  a b s o l u t e  v a l u e s  o f

c e l l  d e n s i t y .  However ,  t h e  number o f  c e l l s  o v e r  a g i v e n  s i z e

c o u l d  be e s t i m a t e d  by s e t t i n g  t h e  l o w e r  t h r e s h o l d  v a l u e  o f  t h e  

C o u l t e r  C o u n te r  to  t h e  peak  f r e q u e n c y  of  l a r g e  p a r t i c l e s  i n  t h e  

c u l t u r e ,  which were  due t o  a l g a l  c e l l s  ( F i g u r e  2 . 1 ) .  Thus t h e  

i n s t r u m e n t  c o u l d  be u s e d  t o  m o n i t o r  c e l l  d i v i s i o n  by d e t e c t i n g  

changes  i n  t h e  number o f  l a r g e  c e l l s  o v e r  a g i v e n  p e r i o d  o f  t i m e .

The C o u l t e r  C o u n te r  was c r u d e l y  c a l i b r a t e d  by co m p a r in g  t h i s  

l a r g e  p a r t i c l e  peak w i t h  t h e  f r e q u e n c y  d i s t r i b u t i o n  o f  mean c e l l  

d i a m e t e r s  o f  t h e  same c u l t u r e ,  a s  d e t e r m i n e d  from m i c r o s c o p i c  

m e a su rem e n ts  o f  200 c e l l s  sampled  a t  random ( F i g u r e  2 . 1 ) .  No

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

v o lu m e s ,  a s sum ing  t h e  c e l l s  t o  be  s p h e r i c a l .

( i i )  F l u o r e s c e n c e  m o n i t o r i n g :

A f low c y t o m e t e r  (B ec ton  D ic k in s o n  & Co . ,  FACS 4 2 0 )  was u s e d  

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

s t a i n e d  c e l l s .  The c e l l s  w ere  p r e p a r e d  a n d  s t a i n e d  a s  d e s c r i b e d  

i n  S e c t i o n  2 . 3 . 2 ( i )  and  a n a l y s e d  i n  t h e  s t a i n  s o l u t i o n  a t  a 

c o n c e n t r a t i o n  o f  a b o u t  10^ c e l l s  ml ^ . The f lo w  c y t o m e t e r  was 

f i t t e d  w i t h  a 80 pm f low  o r i f i c e  wh ich  p r o v i d e d  r e l i a b l e  d a t a  on 

c e l l s  up t o  40 jjm in  d i a m e t e r .  The mithramycin-DNA complex was 

e x c i t e d  u s i n g  t h e  458 nm band  o f  a 200 mW a rg o n  l a s e r  and  t h e  

f l u o r e s c e n c e  was d e t e c t e d  a t  90 °  t o  t h e  l a s e r  beam by a r e d  

s e n s i t i v e  p h o t o m u l t i p l y e r  t u b e  u s i n g  a 560 nm lo n g  p a s s  b a r r i e r  

f i l t e r .  Fo rw ard  s c a t t e r e d  l i g h t  was a l s o  m o n i t o r e d  t o  p r o v i d e  

i n f o r m a t i o n  on c e l l  s i z e .  The d a t a  were c o l l e c t e d  a n d  a u t o 

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

com pute r  f o r  s t o r a g e  on a f l o p p y  d i s c .  U n s t a i n e d  c e l l s  w e r e  a l s o  

a n a l y s e d  a n d  a c t e d  a s  c o n t r o l s .



-33-

2 . 3 .  LIGHT MICROSCOPY.

2 . 3 . 1 .  B r i g h t  f i e l d ,  phase  c o n t r a s t  and Nomarsk i  i n t e r f e r e n c e  

c o n t r a s t  m i c r o s c o p y .

An Olympus BH-2 m i c r o s c o p e  e q u ip p e d  w i t h  p h a s e  c o n t r a s t  and  

Nomarski  i n t e r f e r e n c e  c o n t r a s t  (NIC) o p t i c s  was u s e d  f o r  a l l  n o n -  

f l u o r e s c e n c e  p h o t o m i c r o g r a p h y .  P h o t o g r a p h s  w e r e  t a k e n  on I l f o r d  

FP 4 f i l m  u s i n g  e i t h e r  t h e  Olympus S - P l a n  0 . 4 6  N.A. x 2 0 ,  

0 .7 0  N.A. x40 o r  1 .25  N.A. xlOO ( o i l )  o b j e c t i v e s .

( i )  A c e t o c a r m i n e  s t a i n i n g  (Dodge,  1963 ) :

C e l l s  w e r e  c o l l e c t e d  by s low  s p e e d  c e n t r i f u g a t i o n  a n d  f i x e d  

i n  s e v e r a l  c h a n g e s  o f  i c e  c o l d  e t h a n o l  : a c e t i c  a c i d  ( 3 :1  v / v )  f o r  

2 -  4 h .  A f t e r  w a s h i n g  w i t h  d i s t i l l e d  w a t e r ,  t h e  c e l l s  w e r e  

p l a c e d  i n  a d ro p  o f  a c e t o c a r m i n e  and  warmed g e n t l y  o v e r  a s p i r i t  

lamp.  E x c e s s  s t a i n  was removed w i t h  45% ( v / v )  a c e t i c  a c i d  a n d  

t h e  p r e p a r a t i o n s  w e r e  p h o t o g r a p h e d  u n d e r  NIC u s i n g  a g r e e n  

f i l t e r .

( i i )  Methyl  g r e e n / p y r o n i n e  B s t a i n i n g  ( T a f t ,  1951 ) :

The m e t h y l  g r e e n / p y r o n i n e  B s t a i n  c o m b i n a t i o n  ( U n n a ' s  s t a i n )  

was u s e d  t o  examine n u c l e i  i n  c e l l  h o m o g e n a t e s .  I n  t h i s  s t a i n  

D N A-con ta in in g  s t r u c t u r e s  ( i . e .  n u c l e i )  a p p e a r  b l u e ,  w h i l s t  RNA- 

c o n t a i n i n g  ones  ( t h e  c y to p l a s m  in  g e n e r a l )  a r e  c o l o u r e d  r e d .

The hom ogenate  was s im p ly  mixed w i t h  a s m a l l  amount  o f  s t a i n  

s o l u t i o n  which  had been  p r e p a r e d  by d i s s o l v i n g  0 .5  g o f  m e t h y l  

g r e e n  a n d  0 . 2  g o f  p y r o n i n e  B i n  100 ml o f  0 . 1  M a c e t a t e  b u f f e r  

pH 4 . 4 .  B e f o r e  a d d i n g  t h e  p y r o n in e  B t h e  m e t h y l  g r e e n  s o l u t i o n  

was r e p e a t e d l y  e x t r a c t e d  w i t h  c h l o r o f o r m  t o  remove c o n t a m i n a t i n g  

m e th y l  v i o l e t .
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2 . 3 . 2 .  F l u o r e s c e n c e  m i c r o s c o p y .

O b s e r v a t i o n s  on p r e p a r a t i o n s  s t a i n e d  w i t h  I N A - s p e c i f i c  f l u o -  

roch rom es  w e re  made on a L e i t z  D ia lu x  20 EB m i c r o s c o p e  e q u ip p e d  

w i t h  a Ploemopak f l u o r e s c e n c e  i l l u m i n a t o r  wh ich  p r o v i d e d  i n c i d e n t  

l i g h t  e x c i t a t i o n  o f  t h e  s p e c i m e n .  The i l l u m i n a t o r  was f i t t e d  

w i t h  a 50 W h i g h  p r e s s u r e  m e r c u r y  v a p o u r  lamp and  t h e  L e i t z  

f i l t e r  b l o c k s  A or  H2 d e p e n d in g  on t h e  f l u o r o c h r o m e  u s e d  ( T a b le  

2 . 3 ) .  P h o t o g r a p h s  w e re  t a k e n  on I l f o r d  XPl or  Ek tachrome 160 

f i l m  u s i n g  e i t h e r  t h e  L e i t z  NPL F l u o t a r  0 . 7 0  N.A. x40 o r  

1 .3 2  N.A. xlOO ( o i l )  o b j e c t i v e s .  By means o f  an Eng land  F i n d e r  

( G r a t i c u l e s  L t d . ) ,  t h e  a r e a  of  t h e  spec im en  p h o t o g r a p h e d  under  

f l u o r e s c e n c e  c o u l d  be r e l o c a t e d  on t h e  Olympus BH-2 m i c r o s c o p e  to  

p r o v i d e  c o r r e l a t e d  f l u o r e s c e n c e  and  NIC m i c r o g r a p h s .

T a b l e  2 . 3 .  D e t a i l s  o f  I N A - s p e c i f i c  f l u o r o c h r o m e s  a n d  f i l t e r  

b l o c k s  u s e d  i n  f l u o r e s c e n c e  o b s e r v a t i o n s  (A hrbe rg  

and S c h w e i z e r ,  1 9 8 4 ) .

F l u r o c h r o m e : EAPI mi t h r a m y c i n

b a s e  s p e c i f i c i t y A-T G-C

a b s o r p t i o n  maximum 355 nm 430 nm

f l u o r e s c e n c e  maximum 450 nm 580 nm

L e i t z  f i l t e r  b l o c k : A H2

e x c i t a t i o n  f i l t e r 340-380 nm BP 390-490  nm BP

s u p p r e s s i o n  f i l t e r 430 nm LP 515 nm LP

BP, band  p a s s  f i l t e r ;  LP, long  p a s s  f i l t e r
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( i )  M i th ra m y c in  s t a i n i n g :

C e l l s  w e re  g i v e n  30 min w ashes  w i t h  i c e  c o l d  e t h a n o l : a c e t i c  

a c i d  ( 3 :1 v / v )  u n t i l  most  of  t h e  pigment  had  been  e x t r a c t e d  a n d  

t h e n  l e f t  i n  t h e  c o l d  f i x a t i v e  o v e r n i g h t .  The c e l l s  w e r e  t h e n  

r e s u s p e n d e d  i n  t h e  s t a i n  b u f f e r  (150 mM N aC l ,  15 mM MgCl^, 10 mM 

T r i s - H C l  pH 7 . 0 )  and e x p o s e d  t o  f l u o r e s c e n t  l i g h t i n g  a t  room 

t e m p e r a t u r e  f o r  a t  l e a s t  15 h to  b l e a c h  any r e s i d u a l  c h l o r o p h y l l  

by p h o t o - o x i d a t i o n  (Yentch  £ ^ £ l ^ . ,  1 9 8 3 ) .  The b l e a c h e d  c e l l s  

were  s t a i n e d  w i t h  m i t h r a m y c i n  (S igm a)  a t  a c o n c e n t r a t i o n  o f  

50 pg ml f o r  1 h i n  t h e  d a r k .

( i i )  DAPI s t a i n i n g :

4 ' , 6 - d i a m i d i n o - 2 - p h e n y 1 i n d o l e  (DAPI) was p u r c h a s e d  f rom  

B o e h r i n g e r  Mannheim and s t o r e d  a s  a 1 mg ml  ̂ s t o c k  a t  4 °C .

To o b s e r v e  n u c l e i ,  t h e  c e l l s  w ere  c o l l e c t e d  by s low  s p e e d  

c e n t r i f u g a t i o n  a n d  f i x e d  e i t h e r  w i t h  e t h a n o l  : a c e t i c  a c i d  a s  d e s 

c r i b e d  above  o r  w i t h  2% ( v / v )  g l u t a r a l d e h y d e , 0 .1 2 5  M S b r e n s e n ' s

p h o s p h a te  b u f f e r  pH 7 . 8  f o r  30 m i n .  The c e l l s  w e re  t h e n  s t a i n e d  

w i t h  0 . 5  pg ml  ̂ M P I  i n  M c l l v a i n e ' s  c i t r a t e - p h o s p h a t e  b u f f e r  

pH 4 . 0  f o r  1 h i n  t h e  d a r k ,  o r  l o n g e r  i f  n e c e s s a r y .  The c l a r i t y  

o f  s t a i n i n g  c o u l d  be g r e a t l y  im proved  by s l i g h t l y  s q u a s h i n g  t h e  

c e l l s  u n d e r  t h e  c o v e r s l i p .

To v i s u a l i z e  t h e  INA i n  c h l o r o p l a s t s , a s i m p l e  s q u a s h i n g  

t e c h n i q u e  was d e v i s e d .  C e l l s  w e re  r e s u s p e n d e d  i n  a s m a l l  volume 

o f  0 . 8  M s o r b i t o l ,  5 mM MgCl^, 0.1% (w /v )  b o v i n e  se rum a lbum in  

(BSA), 1 mM m e r c a p t o e t h a n o l , 1 mM EDIA, 10 mM T r i s - H C l  pH 7 . 5  and
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a d ro p  o f  t h e  c e l l  s u s p e n s i o n  was p l a c e d  on a s l i d e  a l o n g s i d e  a 

drop  o f  t h e  b u f f e r  wh ich  l a c k e d  BSA b u t  c o n t a i n e d  4% ( v / v )  g l u t a 

r a l d e h y d e  and  1 pg ml  ̂ EAPI, The d rops  w e r e  q u i c k l y  mixed  a n d  

t h e  c e l l s  w e re  i m m e d i a t e l y  s q u a s h e d  u n d e r  a c o v e r s l i p .  The 

c o v e r s l i p  was t h e n  s e a l e d  a n d  t h e  p r e p a r a t i o n  was l e f t  to  s t a i n  

f o r  30 min  i n  t h e  d a r k  a s  b e f o r e .  (Note:  f o r  p r e p a r a t i o n s  o f

f r e s h w a t e r  a l g a e ,  t h e  s o r b i t o l  c o n c e n t r a t i o n  was r e d u c e d  t o  

0 .3 3  M).

Some s q ua sh  p r e p a r a t i o n s  w e re  s u b s e q u e n t l y  d i g e s t e d  w i t h  

e i t h e r  ENase o r  RNase to  c o n f i r m  t h e  s p e c i f i c i t y  of  EAPI f o r  ENA. 

A l t e r n a t i v e l y ,  d i g e s t i o n s  w e re  p e r f o r m e d  on u n s t a i n e d  s q u a s h e s  

p r e p a r e d  a s  d e s c r i b e d  above  by o m i t t i n g  EAPI from t h e  d rop  of  

f i x a t i v e  s o l u t i o n .  E nz ym at ic  t r e a t m e n t s  w e r e  c a r r i e d  o u t  as  

f o l l o w s .

The c o v e r s l i p  was c a r e f u l l y  removed a n d  t h e  s l i d e  was g e n t l y  

f l o o d e d  w i t h  e t h a n o l  : a c e t i c  a c i d  (3 :1  v / v )  f o r  30 m in  a n d  t h e n  

a l l o w e d  t o  d r y .  The p r e p a r a t i o n s  w e re  t h e n  w ashed  w i t h  s e v e r a l  

changes  o f  b u f f e r  o v e r  a p e r i o d  o f  1 . 5  -  2 h to  remove a l l

t r a c e s  o f  t h e  f i x a t i v e s .  S l i d e s  t o  be d i g e s t e d  w i t h  ENase w e re

washed w i t h  5 mM MgClg, 20 mM sodium c i t r a t e  pH 6 . 0 ,  w h i l s t  RNase

t r e a t m e n t s  w e re  washed  w i t h  2 mM sodium a c e t a t e  pH 5 . 5 .  D i g e s -
o . . -1t i o n s  w e re  c a r r i e d  o u t  a t  35 C f o r  3 h u s i n g  350 u n i t s  ml

b o v in e  p a n c r e a t i c  ENase (S igm a,  Type I I I )  o r  45 u n i t s  ml  ̂ b o v i n e  

p a n c r e a t i c  RNase (S ig m a,  Type X I I -A )  d i s s o l v e d  i n  t h e  a p p r o p r i a t e

b u f f e r .  C o n t r o l s  l a c k i n g  enzyme w ere  run  i n  p a r a l l e l .  The 

p r e p a r a t i o n s  w e re  s t a i n e d  o r  r e s t a i n e d  i n  0 . 5  pg ml  ̂ EAPI i n  

M c l l v a i n e ' s  b u f f e r  pH 4 . 0  a f t e r  a b r i e f  r i n s e  i n  b u f f e r .
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2 . 4 .  TRANSMISSION ELECTRON MICROSCOPY.

2 . 4 . 1 .  G e n e r a l  m e thods  f o r  u l t r a s t r u c t u r a l  s t u d i e s .

C e l l s  to  be  p r e p a r e d  f o r  e l e c t r o n  m i c r o s c o p y  were  c o l l e c t e d  

from a b o u t  5 ml o f  e x p o n e n t i a l l y  g row ing  c u l t u r e  and  r e s u s p e n d e d  

i n  a s i m i l a r  volume of  f i x a t i v e .  D e t a i l s  o f  t h e  s p e c i f i c  

f i x a t i v e s  a nd  b u f f e r s  u s e d  a r e  g i v e n  i n  S e c t i o n  2 . 4 . 2 . ,  b u t  a l l  

f i x a t i o n s  w ere  p e r fo rm e d  a t  room t e m p e r a t u r e .  A f t e r  f i x a t i o n ,  

t h e  c e l l s  w e re  p e l l e t e d  by b r i e f ,  g e n t l e  c e n t r i f u g a t i o n  u s i n g  an  

MSE "Minor"  b e n c h - t o p  c e n t r i f u g e ,  and t r a n s f e r r e d  v i a  t h e  w a s h i n g  

s t a g e s  t o  1 . 5  ml E pp e n d o r f  t u b e s .  A l l  s u b s e q u e n t  p r o c e s s i n g  was 

p e r f o r m e d  i n  t h e s e  t u b e s  u s i n g  an  MSE " M ic ro  C e n t a u r "  m i c r o 

c e n t r i f u g e  s e t  to  " low "  ( u n s p e c i f i e d  RCF) .  F o l lo w in g  p o s t 

f i x a t i o n  t h e  c e l l s  w e re  w ashed  t w i c e  f o r  5 -10  min i n  d i s t i l l e d  

w a t e r  t h e n  d e h y d r a t e d  t h r o u g h  an a c e t o n e  s e r i e s :  15 min i n  each

of  20%, 50%, 75%, 90% and 100% ( v / v )  a c e t o n e ,  f o l l o w e d  by two

30 min changes  o f  100% a c e t o n e .  G e n e r a l l y  t h e  c e l l s  w e re  t hen  

p a s s e d  th r o u g h  two changes  o f  p r o p y l e n e  o x i d e  to  e n s u r e  t h a t  t h e  

m a t e r i a l  was c o m p l e t e l y  d e h y d r a t e d  b e f o r e  b e i n g  embedded i n  

r e s i n .

S p u r r ' s  r e s i n  ( S p u r r ,  1969)  was r o u t i n e l y  u s e d  f o r  embed

d i n g ,  h o w e ve r ,  f o r  G yrod in ium  a u r e o l u m , VCD/HXSA u l t r a - l o w  

v i s c o s i t y  r e s i n  ( O l i v e i r a  e ^  , 1983)  was employed .  I n f i l t r a 

t i o n  was a c h i e v e d  by s u s p e n d i n g  t h e  c e l l s  i n  a 1 :4  ( v / v )  r e s i n :  

p r o p y l e n e  o x i d e  m i x t u r e  and  a l l o w i n g  t h e  s o l v e n t  to  s lo w ly  

e v a p o r a t e  o f f  o v e r n i g h t .  The r e s i n  was t h e n  changed  e v e r y  10 -  

14 h f o r  t h e  n e x t  two d a y s .  With VCD/HXSA r e s i n ,  a c c e p t a b l e  and 

r a p i d  i n f i l t r a t i o n  c o u l d  a l s o  be  o b t a i n e d  v i a  a  r e s i n  s e r i e s  

u s i n g  t w o - h o u r l y  c h a n g e s  o f  1 : 3 ,  1 : 1 ,  3:1 ( v / v )  r e s i n / p r o p y l e n e  

ox id e  and  t h e n  t h r e e  changes  o f  r e s i n ,  i n c l u d i n g  one o v e r n i g h t  

c h a n g e .  The i n f i l t r a t e d  c e l l s  w e re  embedded i n  Beem c a p s u l e s  

(Agar A i d s ,  s i z e  3 )  such t h a t  t h e  c e l l s  fo rm ed  an  even  l a y e r  ove r
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t h e  s e c t i o n i n g  f a c e .  T h i s  was a c h i e v e d  by p i p e t t i n g  t h e  c e l l  

p e l l e t  i n t o  t h e  b a s e  of  t h e  c a p s u l e  a n d ,  i f  n e c e s s a r y ,  c e n t r i f u 

g in g  t h e  c a p s u l e  i n  a n  E pp e n d o r f  tube  a f t e r  f i l l i n g  w i t h  r e s i n .  

The r e s i n  was p o l y m e r i z e d  a t  70°C f o r  t h r e e  days ( f o r  S p u r r ' s )  or  

a t  60°C f o r  12 h ( f o r  VCD/HXSA).

U l t r a t h i n  s e c t i o n s  (60 -100  nm t h i c k )  were c u t  f rom t h e  

b l o c k s  w i t h  g l a s s  k n i v e s  on a LKB u l t r a m i c r o t o m e  ( " U l t r o t o m e  

I I I " )  by s t a n d a r d  m e t h o d s .  The s e c t i o n s  w e re  c o l l e c t e d  on un

c o a t e d  400 m esh ,  h e x a g o n a l  c o p p e r  g r i d s  ( G i l d e r  G r i d s ,  G400HH) 

and s t a i n e d  i n  2% ( w /v )  aqueous  u r a n y l  a c e t a t e  f o r  15 min a t  60°C 

and t h e n  R e y n o l d ' s  l e a d  c i t r a t e  ( R e y n o ld ,  1963)  f o r  5-15  min a t  

room t e m p e r a t u r e .  Some p r e p a r a t i o n s  w e re  s t a i n e d  en  b l o c  by 

i n c u b a t i n g  t h e  f i x e d  c e l l s  i n  0.5% (w /v )  aqueous  u r a n y l  a c e t a t e  

f o r  30 min b e f o r e  d e h y d r a t i o n ,  i n  which  c a s e  t h e  s e c t i o n s  w e r e  

on ly  c o n t r a s t e d  w i t h  l e a d  c i t r a t e

The s t a i n e d  s e c t i o n s  w ere  examined  u s i n g  e i t h e r  a Z e i s s  EM9a 

or  a Z e i s s  EM 109 e l e c t r o n  m i c r o s c o p e  a t  60kV or  80kv r e s p e c t i v e 

l y .

2 . 4 . 2 .  S p e c i f i c  f i x a t i o n  s c h e d u l e s .

Working s t r e n g t h  s o l u t i o n s  o f  g l u t a r a l d e h y d e  (Agar A i d s ,  EM 

g r a d e )  were a lw a ys  f r e s h l y  p r e p a r e d  from ampules  o f  25% ( v / v )  

s t o c k .  C r y s t a l s  o f  osmium t e t r o x i d e  (Agar  A i d s )  were  a l l o w e d  t o

d i s s o l v e  i n  b u f f e r  f o r  12 h b e f o r e  u s e  and  s o l u t i o n s  w e r e  k e p t  

f o r  up t o  one w eek .  The o s m o l a r i t i e s  o f  f i x a t i v e  s o l u t i o n s  w e re  

m ea su red  u s i n g  an  a u t o m a t i c  m ic r o -o s m o m e te r  ( R o e b l i n g ) .

( i )  G le n o d in iu m  f o l i a c e u m :

T h is  s p e c i e s  h a s  been  s u c c e s s f u l l y  f i x e d  by a d o u b l e  f i x a 

t i o n  s c h e d u l e  (Dodge and  C r a w f o rd ,  1 9 6 9 ) ,  h o w e ve r ,  h e r e  i t  was
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F i g u r e  2 . 2 .  R e l a t i v e  o s m o l a r i t y  of  s u c r o s e  d i s s o l v e d  i n  0 .1 2 5  M 

S O r e n s e n ' s  p h o s p h a te  b u f f e r .  The c u l t u r e  medium ASP^ 

i s  d e f i n e d  a s  h a v i n g  a r e l a t i v e  o s m o l a r i t y  o f  1 

(880 mOs).
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found  t h a t  a l t h o u g h  t h e  i n t e r n a l  s t r u c t u r e s  o f  t h e  c e l l  were w e l l  

p r e s e r v e d  by t h i s  m e t h o d ,  t h e  c e l l s  w e re  a lw ays  s p h e r i c a l  and  t h e  

t h e c a  and f l a g e l l a  were  g e n e r a l l y  a b s e n t .  S i n c e  c e l l s  r em a in  

o s m o t i c a l l y  a c t i v e  a f t e r  g l u t a r a l d e h y d e  f i x a t i o n  ( B u l l o c k ,  1984)  

i t  was d e c id e d  t o  s e e  i f  a b e t t e r  g e n e r a l  p r e s e r v a t i o n  c o u l d  be 

o b t a i n e d  by a l t e r i n g  t h e  f i x a t i v e  o s m o l a r i t y .  C e l l s  w e re  f i x e d  

w i t h  4% ( v / v )  g l u t a r a l d e h y d e  i n  0 .1 2 5  M S O r e n s e n ' s  p h o s p h a te

pH 7 . 8  c o n t a i n i n g  0 -  0 . 8  M s u c r o s e  f o r  1 h ,  and p o s t - f i x e d  i n  2% 

(w/v )  OsO^ i n  S O r e n s e n ' s  b u f f e r .  The b e s t  p r e s e r v a t i o n  was 

o b s e r v e d  w i t h  a 0 . 3  M s u c r o s e  t r e a t m e n t ,  which was t h a t  u s e d  by 

Dodge and  Crawford  ( 1 9 6 9 ) .  T h i s  s u p p o r t s  t h e  recom m enda t ion  o f  

Bone and  Denton (1971)  t h a t  o p t i m a l  f i x a t i o n  w i t h  a ld e h y d e  

s o l u t i o n s  i s  a c h i e v e d  u s i n g  a f i x a t i v e  v e h i c l e  whose  o s m o l a r i t y  

i s  60% t h a t  of  t h e  medium i n  which  t h e  c e l l s  a r e  i n  e q u i l i b r i u m  

w i t h  i n  l i f e  ( s e e  F i g u r e  2 . 2 ) .  However ,  i n  a l l  t r e a t m e n t s  

r o u n d in g  o f f  o f  t h e  c e l l s  was e v i d e n t .  C e l l s  f i x e d  i n  o n l y  OsO^ 

showed s i m i l a r  c h a r a c t e r i s t i c s  even though  t h i s  f i x a t i v e  d e s t r o y s  

t h e  s e r a i -p e r m e a b le  c h a r a c t e r  o f  l i v i n g  c e l l  membranes (Bone and  

Ryan,  1 9 7 2 ) .

A s o l u t i o n  t o  t h i s  prob lem was s u g g e s t e d  by c o n c u r r e n t  

e x p e r i m e n t s  to  p u r i f y  G le nod in ium  f o l i a c e u m  ( s e e  A p p e n d i x ) .  I t  

was n o t e d  t h a t  t h e  minimum c e n t r i f u g a t i o n  c o n d i t i o n s  n e c e s s a r y  to  

p e l l e t  t h e  c e l l s  a l s o  c a u s e d  them t o  become n o n - m o t i l e  even 

though  they  r e m a in e d  v i a b l e ,  w h e re as  c e l l s  s e d im e n te d  under  

g r a v i t y  on to  a membrane f i l t e r  ( N u c l e p o r e ,  p o re  s i z e  8 pm) 

a p p e a r e d  u n a l t e r e d .  Using t h e  l a t t e r  m e thod  t o  h a r v e s t  a  c u l t u r e  

and w a s h in g  t h e  c e l l s  o f f  t h e  f i l t e r  w i t h  " i s o s m o t i c "  f i x a t i v e ,  

t h e  m a j o r i t y  o f  t h e  c e l l s  w e r e  found  t o  r e t a i n  t h e i r  s h a p e ,  t h e c a  

and o f t e n  f l a g e l l a  as  w e l l .  Once f i x e d ,  t h e  c e l l s  c o u l d  be 

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

d e t a i l e d  b e lo w .



“41 —

F i x a t i o n  s c h e d u l e  f o r  G le nod in ium  f o l i a c e u m .

C e l l  c o l l e c t i o n :  S e d i m e n t a t i o n  o n t o  a 8 pm N u c l e p o r e

f i l t e r

F i x a t i o n :  4% ( v / v )  g l u t a r a l d e h y d e

0 . 3  M s u c r o s e

0 .1 2 5  M S t J r e n s e n ’ s p h o s p h a te  pH 7 .8  

980 mOs 

30 min

I n t e r m e d i a t e  w a s h e s :  0 . 3  M s u c r o s e

0 .1 2 5  M S b r e n s e n ' s  p h o s p h a te  pH 7 . 8  

520 mOs 

15 min

0 .1 2 5  M S b r e n s e n ' s  p h o s p h a te  pH 7 .8  

270 mOs 

15 min

P o s t  f i x a t i o n :  2% ( w /v )  OsO^

0 .125  M S b r e n s e n ' s  p h o s p h a te  pH 7 .8  

320 mOs 

1 h

( i i )  G yrod in ium  a u r e o l u m :

There had been  no p u b l i s h e d  u l t r a s t r u c t u r a l  o b s e r v a t i o n s  on 

Gyrod in ium  a u r e o l u m , even though t h i s  a l g a  was r e a d i l y  a v a i l a b l e  

i n  c u l t u r e ,  p r e su m a b ly  b e c a u s e  t h e  o r g a n i s m  i s  e x t r e m e l y  d i f f i 

c u l t  to  f i x .  T h i s  p r o v e d  t o  be t h e  c a s e  s i n c e  none o f  t h e  

f o l l o w i n g  f i x a t i o n  t e c h n i q u e s  gave any c y t o p l a s m i c  p r e s e r v a t i o n  

and o f t e n  t h e  c e l l s  s im p ly  d i s i n t e g r a t e d  d u r i n g  p r o c e s s i n g :
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a .  S t a n d a r d  doub le  f i x a t i o n  a s  d e s c r i b e d  f o r  

G le nod in ium  f o l i a c e u m .

b .  F i x a t i o n  a s  i n  ( a )  b u t  v a r y i n g  t h e  s u c r o s e  

c o n c e n t r a t i o n  i n  t h e  b u f f e r e d  g l u t a r a l d e h y d e .

c .  Double f i x a t i o n  u s i n g  ASP^ t o  b u f f e r  b o t h  t h e  

g l u t a r a l d e h y d e  and OsO^.

d.  s i t u " f i x a t i o n  by a d d in g  c o n c e n t r a t e d

g l u t a r a l d e h y d e  d i r e c t l y  t o  a  c u l t u r e  and  t h e n  

p o s t - f i x i n g  i n  OsO^.

e .  s i t u " f i x a t i o n  w i t h  OsO^ o n l y .

(Note :  s i n c e  S b r e n s e n ' s  p h o s p h a te  b u f f e r  p r e c i p i t a t e s  i n  E r d -

S c h r e i b e r  c u l t u r e  medium, t h e  a l g a  was e i t h e r  s u b - c u l t u r e d  i n t o  

ASPy a b o u t  a week b e f o r e  t h e  f i x a t i o n  a t t e m p t  so t h a t  t h e  c e l l s  

c o u l d  be c o l l e c t e d  by f i l t r a t i o n ,  o r  t h e  c e l l s  w e r e  p e l l e t e d  by 

c e n t r i f u g a t i o n  which  m i n i m i z e d  t h e  c a r r y - o v e r  of  medium. The 

fo rm er  p r o c e d u r e  was s u b s e q u e n t l y  abandoned  f o r  two r e a s o n s :  long  

term c u l t u r e  o f  G»_ a u re u lu m  i n  ASP^ p r o v e d  i m p o s s i b l e  and  t h e r e 

f o r e  s u b c u l t u r i n g  i n t o  t h i s  medium may have b e e n  a g g r a v a t i n g  t h e  

f i x a t i o n  d i f f i c u l t i e s ;  and  c u l t u r e s  o f  t h e  a l g a  q u i c k l y  c l o g g e d  

th e  N u c l e p o r e  f i l t e r s  r e n d e r i n g  t h i s  m e thod  o f  c e l l  c o l l e c t i o n  

u n s a t i s f a c t o r y )

Pr ob lem s  e n c o u n t e r e d  w i t h  f i x i n g  r e l a t e d  gymnod in o id  d i n o -  

f l a g e l l a t e s  have  b e e n  overcome by t r e a t i n g  t h e  c e l l s  s i m u l t a n e o u 

s l y  w i t h  g l u t a r a l d e h y d e  and  OsO^ (Wilcox  e_t , 1 9 8 2 ) .  T h i s  

method gave p r o m i s i n g  r e s u l t s  w i t h  Gyrod in ium  a u re o lu m  u s i n g  a 

f i x a t i v e  v e h i c l e  h a v i n g  a n  o s m o l a r i t y  of  540 mOs, b u t  s e v e r e  

o s m o t i c  d i s r u p t i o n  o f  t h e  c y to p l a s m  was s t i l l  e v i d e n t .  T h i s
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damage c o u l d  be r e d u c e d  by i n c r e a s i n g  t h e  f i x a t i v e  o s m o l a r i t y  and 

e v e n t u a l l y  t h e  b e s t  p r e s e r v a t i o n  was o b t a i n e d  by u s i n g  a f i x a t i v e  

v e h i c l e  whose  o s m o l a r i t y  e q u a l l e d  t h a t  of  t h e  c u l t u r e  medium 

( i . e .  a b o u t  960 mOs).  I n f i l t r a t i n g  t h e  f i x e d  c e l l s  w i t h  VCD/HXSA 

r e s i n  a l s o  h e l p e d  t o  m in i m i z e  p o l y m e r i z a t i o n  damage o f  the  

v e s i c u l a t e  c y to p l a s m  ( O l i v e i r a  ±1" * 1 9 8 3 ) .  D e t a i l s  o f  t h i s  

f i x a t i o n  a r e  g i v e n  below:

F i x a t i o n  s c h e d u l e  f o r  Gyrod in iu m  a u r e o l u m .

C e l l  c o l l e c t i o n :  Minimal  c e n t r i f u g a t i o n .

F i x a t i o n :  2% ( v / v )  g l u t a r a l d e h y d e

1% ( w /v )  OsO^

0 .38  M NaCl

0 .1 2 5  M S b r e n s e n ' s  p h o s p h a te  pH 7 . 8  

1170 mOs 

15 min

I n t e r m e d i a t e  w a s h e s :  0 . 3 8  M NaCl

0 . 1 2 5  M S b r e n s e n ' s  p h o s p h a te  pH 7 . 8  

960 mOs 

15 min ( x 2 )

P o s t  f i x a t i o n :  1% (w /v )  OsO^

0 .3 8  M NaCl

0 .1 2 5  M S b r e n s e n ' s  p h o s p h a te  pH 7 . 8  

970 mOs 

1 h
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( i i i )  Gymnodinium g a l a t h e a n u m :

This  s p e c i e s  was p r e p a r e d  by t h e  s t a n d a r d  d oub le  f i x a t i o n  

s c h e d u l e  d e s c r i b e d  f o r  G lenod in ium  f o l i a c e u m  and t h e  s i m u l t a n e o u s  

f i x a t i o n  m ethod  used  f o r  Gyrod in ium a u r e o l u m . The a l g a  was 

p r e s e r v e d  w e l l  by b o t h  m e t h o d s .  C e l l s  w e r e  c o l l e c t e d  by g e n t l e  

c e n t r i f u g a t i o n .

( i v )  C h l o r o p l a s t s :

C h l o r o p l a s t s  i s o l a t e d  from G le nod in ium  f o l i a c e u m  were f i x e d  

by a s t a n d a r d  doub le  f i x a t i o n  b u f f e r e d  t h r o u g h o u t  w i t h  0 .1 2 5  M 

S b r e n s e n ' s  p h o s p h a te  pH7.8 a d j u s t e d  t o  an o s m o l a r i t y  o f  1 ,2 0 0  mOs 

w i t h  sodium c h l o r i d e  ( i . e .  a b o u t  0 . 5  M). F i x a t i o n  i n  4% ( v / v )  

g l u t a r a l d e h y d e  (1 ,5 0 0  mOs) was f o r  20 min  f o l l o w e d  by a 1 h 

p o s t f i x a t i o n  i n  2% (w /v )  OsO^ ( 1 ,2 0 0  mOs) a f t e r  a b u f f e r  w a s h .  

P r e p a r a t i o n s  w e re  s t a i n e d  en  b l o c  w i t h  u r a n y l  a c e t a t e .

2 . 4 . 3 .  E l e c t r o n  m i c r o s c o p y  o f  c h l o r o p l a s t  ENA.

C h l o r o p l a s t  ENA f o r  e l e c t r o n  m i c r o s c o p y  was p r e c i p i t a t e d  

tw i c e  from a S a r k o s y l  l y s a t e  o f  p u r i f i e d  c h l o r o p l a s t s  a s  d e s 

c r i b e d  i n  S e c t i o n  2 . 8 . 2  and  d i s s o l v e d  i n  50 p i  o f  1 mM EETA, 

10 mM T r i s - H C l  pH 7 . 8 .  The ENA was s p r e a d  by t h e  b a s i c  p r o t e i n  

m o no la ye r  t e c h n i q u e  of  K l e i n s c h m i d t  (1968)  u s i n g  t h e  " d r o p l e t  

m e t h o d " .  T h i s  p r o c e d u r e  was v e ry  s e n s i t i v e  t o  c o n t a m i n a t i o n  a n d  

so a l l  g l a s s w a r e  was c l e a n e d  w i t h  chrom ic  a c i d  a n d  a l l  s o l u t i o n s  

were p r e p a r e d  i n  l a b o r a t o r y  d i s t i l l e d  w a t e r  t h a t  had been  f u r t h e r  

p u r i f i e d  i m m e d i a t e l y  b e f o r e  u s e  by p a s s i n g  i t  t h ro u g h  a 50 ml 

column o f  " A m b e r l i t e "  monobed r e s i n  MB-1 (BEH, AnalaR)  f o l l o w e d  

by g l a s s  d i s t i l l a t i o n .

1 p i  of  t h e  c h l o r o p l a s t  ENA p r e p a r a t i o n  (assum ed  t o  have a 

c o n c e n t r a t i o n  o f  10 pg ml ^ ) was m ix ed  w i t h  500 p i  o f  f r e s h l y  

p r e p a r e d  d r o p l e t  s o l u t i o n :
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2 . 7  ml HgO

0 . 3  ml 10 mM EDTA, 2 M ammonium a c e t a t e  pH 7 . 0

8 p i  1 mg ml  ̂ c y tochrom e  c (S igm a,  Type V

from b o v i n e  h e a r t )

50 p i  d rops  w e re  t h e n  p l a c e d  on t h e  s u r f a c e  o f  a s t e r i l e  p l a s t i c  

p e t r i  d i s h  and l e f t  c o v e re d  f o r  45 min t o  a l l o w  c y to c h ro m e  c 

d é n a t u r a t i o n  a n d  ENA a d s o r p t i o n  t o  o c c u r  a t  t h e  a i r  i n t e r f a c e .

P a r t s  o f  t h e  cy to chrom e  c f i l m  were p i c k e d  up by b r i e f l y

t o u c h i n g  t h e  s u r f a c e  o f  t h e  d rop  w i t h  a formv a r  c o a t e d  c o p p e r

g r i d .  The g r i d  was t h e n  i m m e d i a t e l y  d i p p e d  i n  a  s o l u t i o n  o f

u r a n y l  a c e t a t e  f o r  30 s ,  washed  i n  90% ( v / v )  e t h a n o l  f o r  10 s and  

a l l o w e d  t o  a i r  d r y .  The s t a i n i n g  s o l u t i o n  was p r e p a r e d  by d i l u 

t i n g  5 mM u r a n y l  a c e t a t e ,  50 mM HCl one h u n d r e d  t i m e s  w i t h

90% ( v / v )  e t h a n o l  and f i l t e r i n g  t h ro u g h  a 0 . 2 2  pm M i l i p o r e  f i l t e r  

p r i o r  to  u s e .

The g r i d s  w e r e  shadowed w i t h  15 mm o f  0 . 2  mm d i a m e t e r  8 0 : 2 0  

p l a t i n u m : p a l a d i u m  w i r e  (Agar  A i d s )  e v a p o r a t e d  a t  an a n g l e  o f  6 . 5 °  

and a d i s t a n c e  of  10 cm. Shadowing was t h e n  r e p e a t e d  a t  an a n g l e  

of  90 °  t o  o b t a i n  even c o n t r a s t  of  t h e  ENA. The g r i d s  w e r e  e xa 

mined  w i t h  a Z e i s s  EM 109 e l e c t r o n  m i c r o s c o p e  and  t h e  ENA m ole 

c u l e s  w e re  p h o t o g r a p h e d  r a n d o m l y .

To d e t e r m i n e  t h e  l e n g t h s  o f  t h e  ENA m o l e c u l e s ,  a com m erc ia l  

p r e p a r a t i o n  o f  t h e  b a c t e r i a l  p l a s m i d  pBR322 ( S ig m a ) ,  l e n g t h

4 .3 6  kb ,  was s p r e a d  i n  p a r a l l e l  t o  t h e  sample  ENA. Leng th  m easu 

r e m e n ts  w e re  made from 5 x e n l a r g e m e n t s  o f  t h e  n e g a t i v e s .



—46“

2 . 5 .  PURIFICATION OF ENA FROM GLENODINIUM FOLIACEUM.

2 . 5 . 1 .  P r e p a r a t i o n  o f  d e p r o t e i n i z a t i o n  m i x t u r e .

A m i x t u r e  b a s e d  on phenol  and  c h l o r o f o r m  was r o u t i n e l y  u s e d  

to  p r e c i p i t a t e  p r o t e i n s  f rom c e l l  o r  o r g a n e l l e  e x t r a c t s .  The 

s o l u t i o n  a l s o  c o n t a i n e d  8- h y d r o x y q u i n o l i n e  t o  s t a b i l i z e  t h e  phe

no l  a g a i n s t  o x i d a t i o n  a n d  i s o a m y l  a l c o h o l  t o  p r e v e n t  e x c e s s i v e  

foaming o f  t h e  c h l o r o f o r m  d u r i n g  d e p r o t e i n i z a t i o n .

To p r e p a r e  t h e  m i x t u r e ,  c r y s t a l l i n e  pheno l  (B .D .H . ,  AnalaR,  

w h i t e  c r y s t a l s )  was m e l t e d  by g e n t l e  w a rm in g ,  and  a f t e r  a d d i n g  

0 . 1% ( w /v )  8- h y d r o x y q u i n o l i n e ,  t h e  phenol  was s a t u r a t e d  w i t h

0 .1  M T r i s - H C l  pH 9 . 0 .  An e qua l  volume of  c h l o r o f o r m : i s o a m y l  

a l c o h o l  (24 :1  v / v )  was a dde d  t o  t h e  o r g a n i c  phase  wh ich  was t h e n  

l e f t  to  c l e a r  i n  a s e p a r a t i n g  f u n n e l  o v e r n i g h t .  A l t e r n a t i v e l y ,  

t h e  m i x t u r e  was c l e a r e d  by c e n t r i f u g a t i o n  i f  i t  was r e q u i r e d  

i m m e d i a t e l y .

2 . 5 . 2 .  P r e p a r a t i o n  o f  h y d r o x y l a p a t i t e .

C o m m erc ia l ly  p r e p a r e d  h y d r o x y l a p a t i t e  (HAP) (S igm a)  p ro v ed  

u n s a t i s f a c t o r y  f o r  p u r i f y i n g  ENA from G le nod in ium  f o l i a c e u m  be

c a u s e  i t  e x h i b i t e d  b o t h  a low b i n d i n g  c a p a c i t y  and  c l o g g e d  b a d ly  

u n d e r  t h e  c o n d i t i o n s  i t  was u s e d .  However a  s u p e r i o r  g r a d e  of  

HAP c o u l d  be p ro d u c e d  i n  t h e  l a b o r a t o r y  by s i m p l i f y i n g  t h e  m ethod  

d e s c r i b e d  by Sp e n c e r  (1978)  as  some o f  t h e  equ ip m en t  r e q u i r e d  f o r  

t h i s  m e thod  was n o t  a v a i l a b l e .
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( i )  P r e p a r a t i o n  o f  b r u s h i t e :

- 12 1 o f  0 . 5  M CaCl2 was s i p h o n e d  a t  a r a t e  o f  50 ml min 

i n t o  t h e  b o t to m  o f  a 9 1 b u c k e t  c o n t a i n i n g  2 1 o f  0 . 5  M sodium 

p h o s p h a te  b u f f e r  pH 6 . 7 .  Dur ing t h e  a d d i t i o n  o f  CaCl^ t h e  sodium 

p h o s p h a te  was b e i n g  r a p i d l y  s t i r r e d  by means o f  a m a g n e t i c  s t i r 

r e r  (SEA) s e t  a t  maximum s p e e d  u s i n g  a 5 cm lo n g  f o l l o w e r .  The 

c r y s t a l s  o f  b r u s h i t e  which  had  fo rm ed  d u r i n g  t h i s  p r o c e s s  w e re  

then  a l l o w e d  t o  s e t t l e  and  washed w i t h  5 1 o f  d i s t i l l e d  w a t e r .

( i i )  C o n v e r s io n  o f  b r u s h i t e  to  h y d r o x y l a p a t i t e :

The s l u r r y  of  b r u s h i t e  was t r a n s f e r r e d  t o  a w e l l  l a g g e d  5 1 

b e a k e r  and  2 . 5  1 o f  b o i l i n g  d i s t i l l e d  w a t e r  was r a p i d l y  added 

w h i l s t  s t i r r i n g  t h e  b r u s h i t e  w i t h  a g l a s s  r o d .  When a l l  t h e  

w a t e r  had been a d d e d  t h e  se d im e n t  was a l l o w e d  t o  s e t t l e  and  t h e  

s u p e r n a t a n t  was pou red  o f f  w i t h o u t  d e l a y .  5 ml of  0 . 5  M HCl was 

t h e n  a d d e d  f o l l o w e d  by a f u r t h e r  2 .5  1 o f  b o i l i n g  d i s t i l l e d  

w a t e r ,  w i t h  s t i r r i n g ,  and a b o u t  72 ml o f  20% (w /v )  NaOH. The

a l k a l i  was a d d e d  a t  34 ml min  ̂ f o r  t h e  t h e  f i r s t  30 s ,
- 1  .  • - 150 ml min f o r  t h e  n e x t  30 s a n d  f i n a l l y  a t  30 ml min f o r

a n o t h e r  m i n u t e .  These  r a t e s  o f  a d d i t i o n  a r e  r e p o r t e d  t o  keep  t h e  

pH o f  t h e  s u s p e n s i o n  n e a r  n e u t r a l i t y  ( S p e n c e r ,  1978)  which  i s  

e s s e n t i a l  f o r  t h e  c o n v e r s i o n  o f  b r u s h i t e  (CaHPO^.2H^0) to  HAP 

(Ca^QH2 (P0^ ) ^ ( 0H)2 ) r a t h e r  t h a n  t o  o t h e r  fo rms  o f  c a l c i u m  p h o s 

p h a t e  which  do n o t  e x h i b i t  t h e  h i g h  f low r a t e  c h a r a c t e r i s t i c s  o f  

HAP. A f t e r  f o r m a t i o n ,  t h e  HAP was a l l o w e d  t o  s e t t l e  and was 

washed w i t h  2 . 5  1 o f  b o i l i n g  d i s t i l l e d  w a t e r .  The HAP was f i n a l 

ly  r e s u s p e n d e d  i n  a f u r t h e r  2 . 5  1 o f  b o i l i n g  w a t e r  b e f o r e  b e i n g  

l e f t  to  coo l  s l o w l y  o v e r n i g h t  i n  a p r e - h e a t e d  d r y i n g  c a b i n e t .  

The s e t t l e d  volume o f  t h e  HAP was j u s t  u n d e r  1 1 which  i s  s l i g h t 

ly  g r e a t e r  t h a n  e x p e c t e d  (750 m l )  and  may i n d i c a t e  t h a t  more 

o c t a c a l c i u m  p h o s p h a t e  was p ro d u ce d  i n  t h i s  s i m p l i f i e d  v e r s i o n  

t h a n  i n  S p e n c e r ' s  o r i g i n a l  m e thod .  The HAP was s t o r e d  a t  4 °C .
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2 . 5 . 3 .  DNA p u r i f i c a t i o n

( i )  S o l u t i o n s :

( a )  L y s i s  b u f f e r :

5 % ( w /v )  sodium dode c y l  s a r c o s i n e

( S a r k o s y l )

2 mM a u r i n t r i c a r b o x y l i c  a c i d  (ATA)

100 mM NaCl 

100 mM EDTA 

50 mM T r i s - H C l  pH 8 . 0

(b )  P h e n o l / c h l o r o f o r m  m i x t u r e  ( s e e  S e c t i o n  2 . 5 . 1 ) :

25 vo l  pheno l  

24 vo l  c h l o r o f o r m  

1 vo l  i soa m y l  a l c o h o l

( c )  C h lo r o fo r m :

24 vo l  c h l o r o f o r m  

1 v o l  i so a m y l  a l c o h o l

( d )  U r e a / p h o s p h a t e  column wash:

8 M u r e a  

240 mM p h o s p h a t e  b u f f e r  pH 7 . 0

( e )  2 M p h o s p h a te  b u f f e r  pH 7 .0  s t o c k :

1 M Na^HPO^

1 M NaH^PO^

A l l  s o l u t i o n s  c o n t a i n i n g  p h o s p h a te  b u f f e r  w e re  f i l t e r e d  

th ro u g h  a 0 . 2 2  pm M i l i p o r e  f i l t e r  b e f o r e  u s e .  The u r e a / p h o s p h a t e  

was f i l t e r e d  w h i l s t  h o t  to  a v o i d  p r e c i p i t a t i o n .
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( i i  ) G l a s s w a r e :

Where p o s s i b l e ,  a l l  g l a s s w a r e  was c o a t e d  w i t h  s i l i c o n e  by 

im m ers in g  i t  i n  2% ( v / v )  s i l i c o n e  f l u i d  DC 1107 (Hopkin a n d  

W i l l i a m s )  d i s s o l v e d  i n  b u t a n o n e  and  t h e n  b a k in g  t h e  g l a s s w a r e  f o r  

2 h a t  180°C.

( i i i )  Method:

T o t a l  c e l l  INA was g e n e r a l l y  p r e p a r e d  from 20 to  40 1 of
3 -1

c u l t u r e  h a v i n g  a d e n s i t y  o f  a b o u t  5 x 10 c e l l s  ml . The c e l l s  

were c o l l e c t e d  by c e n t r i f u g a t i o n  a t  15°C and  7 ,6 0 0  g i n  a S o r v a l l  

SS-34 r o t o r  f i t t e d  w i t h  t h e  S o r v a l l  KSB-R c o n t i n u o u s  f lo w  head  

which  a l l o w e d  t h e  c o n t i n u a l  i n t r o d u c t i o n  o f  c u l t u r e  i n t o  t h e  

r o t o r  a t  a r a t e  o f  350 ml min ^ . The s p e c i f i c a t i o n s  o f  t h e  

sys te m  d i d  n o t  p e r m i t  a lower  r e l a t i v e  c e n t r i f u g a l  f o r c e  t o  be  

u s e d  a n d  t h e  f low r a t e  c o u l d  n o t  be  i n c r e a s e d  s i g n i f i c a n t l y .  I t  

i s  l i k e l y ,  t h e r e f o r e ,  t h a t  any c o n t a m i n a t i n g  b a c t e r i a  i n  t h e  

c u l t u r e  w e r e  p e l l e t e d  w i t h  t h e  a l g a e .  The c e l l s  w e r e  w ashed  i n  

s t e r i l e  ASP^ and  p e l l e t e d  i n  a s i n g l e  c e n t r i f u g e  tu b e  where  t hey  

were w ashed  w i t h  i c e  c o l d  l y s i s  b u f f e r .  The volume of  t h e  c e l l  

p e l l e t  was d e t e r m i n e d  a t  t h i s  s t a g e  ( t h i s  was a b o u t  2 ml p e r  10 1 

of  c u l t u r e )  and  a f t e r  r e - p e l l e t i n g ,  t h e  c e l l s  w e r e  s u s p e n d e d  i n  

two volumes  o f  l y s i s  b u f f e r  a n d  s t o r e d  f r o z e n  a t  - 2 0 ° C .

C e l l  b r e a k a g e  was a c c o m p l i s h e d  by means o f  a 5 ml " t i g h t  

f i t t i n g " ,  P o t t e r - E l v e h j e m  h o m o g e n i z e r .  The h o m o g e n i z a t i o n  cham

b e r  was h a l f  f i l l e d  w i t h  c e l l  s u s p e n s i o n  a n d  a f t e r  c a r e f u l l y

i n s e r t i n g  t h e  g round  g l a s s  p e s t l e ,  3 ml o f  l y s i s  b u f f e r  was

p i p e t t e d  i n t o  t h e  f u n n e l .  One downward s t r o k e  o f  t h e  p e s t l e  was 

a l l  t h a t  was r e q u i r e d  t o  d i s r u p t  90% of  t h e  c e l l s ,  h o w e v e r ,

b e c a u s e  o f  t h e  t i g h t - f i t t i n g  n a t u r e  o f  t h e  h o m o g e n i z e r ,  t h i s  took  

a b o u t  10 m i n .  W h i l s t  p r e s s u r e  was a p p l i e d  t o  t h e  p e s t l e ,  t h e  

hom ogen iz e r  chamber was r o t a t e d  a t  a b o u t  30 rpm so as  t o  c r e a t e  a 

g r e a t e r  s h e a r i n g  f o r c e .  The l y s a t e  was pou red  i n t o  a g l a s s -
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s t o p p e r e d  m e a s u r i n g  c y l i n d e r  a n d  m ixed  w i t h  an e q u a l  volume of  

p h e n o l / c h l o r o f o r m  m i x t u r e  w h i l s t  t h e  n e x t  a l i q u o t  o f  c e l l s  was 

b e i n g  h o m o g e n iz e d .  The f i n a l  volume of  t h e  p h e n o l i c  l y s a t e  was 

a d j u s t e d  t o  e i t h e r  80 ml o r  160 ml by a d d in g  e q u a l  p a r t s  o f  l y s i s  

b u f f e r  and  p h e n o l /  c h l o r o f o r m .  The m e a s u r i n g  c y l i n d e r  was t h e n  

g e n t l y  r o c k e d  f o r  10 min  t o  e n s u r e  c o m p le te  m i x i n g  o f  t h e  aqueous 

and o r g a n i c  p h a s e s  a n d  l e f t  to  s t a n d  f o r  20 m i n ,  w i t h  i n t e r m i t 

t e n t  s h a k i n g ,  to  p r e c i p i t a t e  t h e  p r o t e i n s .  H o m o g e n iz a t io n  and  

d e p r o t e i n i z a t i o n  w e re  p e r f o r m e d  a t  4 °C .

The p r e c i p i t a t e d  p r o t e i n s  w e r e  c o n c e n t r a t e d  a t  t h e  i n t e r 

pha se  o f  t h e  o r g a n i c  a n d  a q u e o u s  p h a s e s  by c e n t r i f u g a t i o n  o f  t h e  

m i x t u r e  i n  two or  f o u r  50 ml g l a s s  t u b e s  a t  2 , 0 0 0  g f o r  45 min i n  

an MSE 12 x 100 ml swing  o u t  r o t o r .  The a queous  phase  was 

removed from above t h e  l a r g e  p r o t e i n  pad w i t h  a  wide b o r e ,  d i s p o 

s a b l e ,  p l a s t i c  p i p e t t e  and  m ixed  a g a i n  w i t h  an e q u a l  volume of  

p h e n o l / c h l o r o f o r m ;  t h e  p r o t e i n  i n t e r f a c e  was r a r e l y  r e - e x t r a c t e d .  

A f t e r  g e n t l y  m ix i n g  t h e  s o l u t i o n  f o r  20 m i n ,  t h e  p h a s e s  w e re  

s e p a r a t e d  a g a i n  a s  b e f o r e .  Dur ing  t h e  s e cond  p h e no l  e x t r a c t i o n  

t h e  t e m p e r a t u r e  o f  t h e  aqueous  phase  was a l l o w e d  t o  r i s e  to  15 -  

20°C.  R e s i d u a l  p h e no l  was removed from t h e  p r e p a r a t i o n  by s e r i a l  

e x t r a c t i o n s  w i t h  e q u a l  vo lumes  o f  c h l o r o f o r m .  The m i x t u r e  was 

shaken  f o r  10 min a n d  c o o l e d  on i c e  b e f o r e  c e n t r i f u g i n g  o u t  the  

p h a s e s  a t  2 , 0 0 0  g f o r  15 m in .  T h i s  p r o c e s s  was r e p e a t e d  u n t i l  

t h e  aqueous  phase  was c o m p l e t e l y  c l e a r  and  i n t e r p h a s e  m a t e r i a l  

had  been e l i m i n a t e d  ( i . e .  t h r e e  o r  f o u r  t i m e s ) .

To p r e c i p i t a t e  t h e  n u c l e i c  a c i d s  f rom t h e  d e p r o t e i n i z e d  

e x t r a c t ,  t h e  a queous  p h a s e s  w ere  poured  i n t o  a 500 ml b e a k e r  p r e 

c o o l e d  t o  -20°C and c o n t a i n i n g  0 . 1  vo lumes  o f  3 M sodium a c e t a t e .

The s o l u t i o n  was t h e n  c a r e f u l l y  o v e r l a i n  w i t h  3 volumes o f  

e t h a n o l ,  a l s o  p r e - c o o l e d  t o  - 2 0 ° C ,  and t h e  n u c l e i c  a c i d s  w e r e  

wound o u t  from t h e  i n t e r p h a s e  o n to  a g l a s s  r o d .  (Note :  i f  t h e
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e t h a n o l  was m ixe d  w i t h  t h e  aqueous  phase  and  t h e  n u c l e i c  a c i d s  

were  c o l l e c t e d  by c e n t r i f u g a t i o n ,  t h e n  t h e  ENA p r e p a r a t i o n  was 

b a d ly  c o n t a m i n a t e d  w i t h  a g e l a t i n o u s ,  o r a n g e - b ro w n  s u b s t a n c e ,  

p a r t i c u l a r l y  i f  t h e  p r e c i p i t a t i o n  h a d  been p e r f o r m e d  o v e r n i g h t  a t  

- 2 0 ° C .  S p o o l i n g  t h e  n u c l e i c  a c i d s  f rom an e t h a n o l  i n t e r f a c e  

s u b s t a n t i a l l y  r e d u c e d  t h e  l e v e l  o f  t h i s  c o n t a m i n a t i o n ) .  The 

s p oo l  o f  ENA was washed  t w i c e  f o r  10 min  i n  i c e  c o l d  70% ( v / v )

e t h a n o l  and t h e n  l e f t  to  a i r  dry f o r  30 min b e f o r e  f i n a l l y  b e i n g  

d r i e d  v a c u o .

F u r t h e r  p u r i f i c a t i o n  o f  t h e  ENA was a c h i e v e d  by p a s s i n g  t h e

p r e p a r a t i o n  th ro u g h  a column o f  HAP unde r  t h e  b i n d i n g  c o n d i t i o n s

d e s c r i b e d  by B r i t t e n  e_t ( 1 9 7 0 ) .  The s p oo l  o f  ENA was a l l o w e d

to  d i s s o l v e  i n  50 ml o f  u r e a / p h o s p h a t e  column wash f o r  a t  l e a s t

5 h o r  p r e f e r a b l y  o v e r n i g h t .  The volume ( i n  m l )  o f  HAP r e q u i r e d

to  b i n d  t h e  ENA was e s t i m a t e d  t o  be  t e n  t im e s  t h e  A^^Q o f  t h i s

s o l u t i o n .  T h i s  c o n s e r v a t i v e l y  assumed t h a t  t h e  b i n d i n g  c a p a c i t y
-1

o f  t h e  HAP was 250 pgENA ml . G e n e r a l l y  t h e  column volume was 

a b o u t  40 ml f o r  a s t a r t i n g  c u l t u r e  volume of  20 1 .  The column 

was c o n v e n i e n t l y  run  i n  a 50 ml d i s p o s a b l e  s y r i n g e  c o n n e c t e d  t o  a 

1 m h e a d  o f  b u f f e r  by i n s e r t i n g  a d e l i v e r y  tube  t h ro u g h  t h e  

r u b b e r  p l u n g e r  s e a l .  Under t h i s  p r e s s u r e  t h e  f low r a t e  t h ro u g h
- I

t h e  column was a b o u t  90 ml h

The column was e q u i l i b r a t e d  w i t h  u r e a / p h o s p h a t e  b u f f e r  a t

room t e m p e r a t u r e  b e f o r e  l o a d i n g ,  and t o  e n s u r e  maximal  b i n d i n g  o f

t h e  ENA, t h e  sample was p a s s e d  t h r o u g h  t h e  column t h r e e  t i m e s .

The f i r s t  two p a s s a g e s  w e re  p e r fo rm e d  a t  a t m o s p h e r i c  p r e s s u r e ,

ho w e v e r ,  t h e  s e c o n d  p a s s a g e  o f  t h e  sample  was f a c i l i t a t e d  by 

s t i r r i n g  t h e  column g e n t l y  t o  i n c r e a s e  t h e  f low r a t e  a s  c o n t a m i 

n a n t s  i n  t h e  p r e p a r a t a i o n  c a u s e d  t h e  HAP to  c o a g u l a t e .  The 

e l u a t e  from t h e  s e cond  l o a d i n g  showed l i t t l e  r e d u c t i o n  i n  260 nm 

a b s o r b a n c e  compared t o  t h e  e l u a t e  o f  t h e  i n i t i a l  l o a d i n g ,  which



-52-

c o n t a i n e d  a b o u t  2 0% of  t h e  a b s o r b a n c e  o r i g i n a l l y  p r e s e n t  i n  t h e  

s a m p le .  The e l u a t e  was f i n a l l y  washed  t h r o u g h  t h e  column w i t h  

u r e a / p h o s p h a t e  u n d e r  p r e s s u r e  by c o n n e c t i n g  t h e  column t o  the  

b u f f e r  h e a d .  Washing w i t h  u r e a / p h o s p h a t e  was c o n t i n u e d  u n t i l  t h e  

^260 t:he e l u a t e  had f a l l e n  below 0 . 0 1 .  T h i s  t o o k  2 -  3 h .  To 

remove t h e  u r e a ,  t h e  column was t h e n  washed  w i t h  0 .0 1  M p h o s p h a te  

b u f f e r  pH 7 . 0  u n t i l  t h e  o f  t h e  e l u a t e  was a g a i n  l e s s  t han

0 . 0 1 .  D ur ing  t h e s e  w a s h i n g  s t a g e s  t h e  HAP r e g a i n e d  i t s  normal  

s t r u c t u r e  and t h e  f low r a t e  r o s e  to  i t s  p r e - l o a d i n g  v a l u e .

A f t e r  w a s h i n g ,  t h e  d e p th  of  l i q u i d  above  t h e  column was 

r e d u c e d  t o  a minimum by b l e e d i n g  a i r  i n t o  t h e  s y s t e m .  T h i s  

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

HAP. The ENA was e l u t e d  w i t h  0 . 5  M sodium p h o s p h a t e  pH 7 . 0  a t  

room t e m p e r a t u r e  ( G o l d b e r g ,  1 9 7 8 ) .  The dead  volume o f  t h e  column 

was a l l o w e d  t o  run t h r o u g h  and t h e n  t h e  260 nm a b s o r b a n c e  o f  t h e  

e l u a t e  was c o n t i n u o u s l y  m o n i t e r e d  ( F i g u r e  2 . 3 )  and  f r a c t i o n s  con

t a i n i n g  ENA were  c o l l e c t e d .

The ENA was d i a l y s e d  a g a i n s t  5 1 o f  1 mM EDIA, 10 mM T r i s -  

HCl pH 8 . 0  f o r  5 h a t  room t e m p e r a t u r e  w i t h  one change  o f  b u f f e r  

and t h e n  a t  4°C f o r  a f u r t h e r  24 h a g a i n  w i t h  one b u f f e r  change  

a f t e r  12 h .  The volume of  t h e  p r e p a r a t i o n  was t h e n  r e d u c e d  t o  a 

c o n v e n i e n t  amount  by r e p e a t e d  e x t r a c t i o n s  w i t h  b u t a n o l  and  a d j u s 

t e d  t o  0 . 3  M sodium a c e t a t e  b e f o r e  t h e  ENA was p r e c i p i t a t e d  i n  3 

volumes o f  e t h a n o l  o v e r n i g h t  a t  - 2 0 ° C .  The ENA was p e l l e t e d  a t

2 5 ,0 0 0  g f o r  15 min a t  0°C,  washed i n  c o l d  70% ( v / v )  e t h a n o l  and  

s t o r e d  unde r  a b s o l u t e  e t h a n o l  a t  -20°C u n t i l  r e q u i r e d .  E t h a n o l  

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

p r e f e r a b l e  to  o t h e r  m e thods  o f  c o n c e n t r a t i n g  t h e  ENA, such as  

p e l l e t i n g  i n  t h e  u l t r a c e n t r i f u g e ,  as  t h e  r e c o v e r y  was h i g h e r .
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F i g u r e  2 . 3 .  E l u t i o n  p r o f i l e  o f  C le n o d in iu m  f o l i a c e u m  ENA from 

l a b o r a t o r y  made h y d r o x y l a p a t i t e . The ENA was e l u t e d  

w i t h  0 . 5  M p h o s p h a t e  b u f f e r  from a 40 ml column o f  

h y d r o x y l a p a t i t e  and  t h e  260 nm a b s o r b a n c e  of  3 ml 

f r a c t i o n s  was r e c o r d e d  t o  d e t e r m i n e  t h e  amount of  ENA 

i n  each f r a c t i o n .
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2 . 6 .  FRACTIONATION OF WHOLE CELL CNA IN CAESIUM CHLORIDE DENSITY

GRADIENTS.

2 . 6 . 1 .  D e t e r m i n a t i o n  o f  c e n t r i f u g a t i o n  c o n d i t i o n s .

The s u c c e s s f u l  f r a c t i o n a t i o n  o f  01e nod in ium  f o l i a c e u m  ENA in  

c aes ium  c h l o r i d e  d e n s i t y  g r a d i e n t s  fo rmed i n  s i t u  r e q u i r e d  t h e  

p r o p e r  d e s ig n  o f  t h e  g r a d i e n t  e x p e r i m e n t s  r a t h e r  t h a n  t a k i n g  a 

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

t h e s e  e x p e r i m e n t s  was t o  f i r s t  ' g u e s s '  a s u i t a b l e  s e t  o f  g r a d i e n t  

p a r a m e t e r s  a n d  t h e n ,  f rom t h e  r e s u l t  o f  t h i s  f r a c t i o n a t i o n ,  to  

p r e d i c t  t h e  b e s t  s e t  o f  c o n d i t i o n s  which  wou ld  g iv e  t h e  type  of  

f r a c t i o n a t i o n  r e q u i r e d .  These  c o n d i t i o n s  w e r e  o b t a i n e d  by 

a p p l y i n g  t h e  few s i m p l e  e q u a t i o n s  o u t l i n e d  below ( f o r  a 

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

methods  o f  e q u i l i b r i u m  the rm odynam ics  see  Spragg  ( 1 9 7 8 ) ) .

A MSE 8 X 14 ml f i x e d  a n g l e  r o t o r  was u s e d  f o r  a l l  d e n s i t y  

g r a d i e n t  c e n t r i f u g a t i o n  e x p e r i m e n t s  and  t h e  volume of  t h e  g r a 

d i e n t  was a lw a y s  10 m l .  T h i s  volume s e t s  t h e  maximum ( Ty) and 

minimum ( T^) r o t a t i o n a l  r a d i i  o f  t h e  g r a d i e n t  a t  7 .8 0  cm and 

5 .1 5  cm r e s p e c t i v e l y ,  as  c a l c u l a t e d  from i n f o r m a t i o n  s u p l i e d  by 

t h e  m a n u f a c t u r e r  of  t h e  r o t o r .  Having d e t e r m i n e d  a n d  , t h e  

d i s t a n c e  from t h e  r o t a t i o n a l  a x i s  o f  t h e  i s o c o n c e n t r a t i o n  p o i n t  

( r ^ )  can t h e n  be e s t i m a t e d  from t h e  f o l l o w i n g  e q u a t i o n :

\

g i v e s  t h e  l o c a t i o n  i n  t h e  g r a d i e n t  o f  a p o i n t  o f  known 

d e n s i t y ;  t h a t  i s ,  t h e  s t a r t i n g  d e n s i t y  ( ^ ) . T h i s ,  t h e r e f o r e ,  

a l l o w s  t h e  d e n s i t y  a t  o t h e r  p o i n t s  i n  t h e  g r a d i e n t  to  be  

p r e d i c t e d :
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A T .

where ; and ar e  the d e n s i t i e s  a t  p o in t s  and T^,

Cl) i s  the angu lar  v e l o c i t y  in  rad s

i s  t h e  d e n s i t y - g r a d i e n t  p r o p o r t i o n a l i t y  

c o n s t a n t  ( s e e  Tab le  2 . 4 ) .

Of p a r t i c u l a r  i m p o r t a n c e  i s  t h e  d e n s i t y  a t  t h e  b o t to m  o f  t h e

g r a d i e n t  s i n c e  i f  t h i s  e x c ee d s  t h e  d e n s i t y  o f  a s a t u r a t e d  

s o l u t i o n  o f  CsCl (1 .92  g cm ^ a t  2 5 ° C ) ,  c r y s t a l s  o f  CsCl w i l l  

form and t h e  r o t o r  w i l l  be o v e r s t r e s s e d .

The t im e t a k e n  f o r  any c a e s i u m  c h l o r i d e  g r a d i e n t  to  form i n  

a g i v e n  r o t o r  i s  c o n s t a n t  and i s  s im p ly  c a l c u l a t e d .  However ,  

t h i s  v a lu e  i s  i r r e l e v a n t  i n  ENA f r a c t i o n a t i o n s  s i n c e  t h e  t im e  

r e q u i r e d  f o r  t h e  ENA m o l e c u l e s  to  r e a c h  t h e i r  e q u i l i b r i u m  d e n s i t y  

f a r  e x c ee d s  t h e  c e n t r i f u g a t i o n  t im e  n e c e s s a r y  to  form t h e  

g r a d i e n t .  Fo r  ENA m o l e c u l e s  h a v i n g  a minimum s i z e  o f  1 x 10^

T a b l e  2 . 4 .  D e n s i ty  g r a d i e n t  p r o p o r t i o n a l i t y  c o n s t a n t s  ( ^  v a l u e s )  

f o r  c a es iu m  c h l o r i d e  i n  a q ue ous  s o l u t i o n  (from B i r n i e ,  

1 9 7 8 ) .

D e n s i t y  a t  25°C 

(g cm ^ )
X 10 9

1 . 4 1 .33

1 .5 1 .22

1 .6 1.17

1 .7 1 .14

1 .8 1 .12
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d a l t o n s ,  t h i s  t i m e ,  b  ( i n  h o u r s ) ,  can be e s t i m a t e d  from t h e  

f o l l o w i n g  e q u a t i o n  a s s u m in g  t h e  INA bands a t  t h e  i s o c o n c e n t r a t i o n  

p o i n t  :

t  =  \ • \3) X \

where ;  N i s  t h e  s p e e d  o f  t h e  r o t o r  i n  r e v  min ^ .

( s e e  B i r n i e  (1978)  f o r  o t h e r  a s s u m p t i o n s  made i n  

d e r i v i n g  t h i s  e q u a t i o n ) .

- 3I t  can be s e e n  t h a t  f o r  n a t i v e  ENA, d e n s i t y  a b o u t  1 .7 0  g cm , 

b e i n g  c e n t r i f u g e d  a t  4 0 ,0 0 0  rpm, t  i s  a b o u t  83 h .

F i n a l l y ,  t h e  m a s s , im , o f  CsCl which s h o u l d  be d i s s o l v e d  t o  

p r e p a r e  t h e  r e q u i r e d  v o lum e ,  V , o f  a g i v e n  d e n s i t y ,  p  , i s  

c a l c u l a t e d  by:

C S C , =  V O  Fr
where F i s  t h e  w e i g h t  f r a c t i o n  o f  CsCl i n  a s o l u t i o n  o f  t h i s  

d e n s i t y  and :

P
-1  of o r  d e n s i t i e s  ( i n  g ml ) a t  25 C. S i m i l a r l y  t h e  mass  o f  s o l v e n t  

r e q u i r e d  t o  p r e p a r e  t h i s  s o l u t i o n  i s

m  ,
S o \v t r> t
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2 . 6 . 2 .  Caes ium c h l o r i d e  /  H oechs t  dye 33258 g r a d i e n t s .

DNA p r e p a r e d  a s  d e s c r i b e d  i n  S e c t i o n  2 . 5 . 3 ,  b u t  w i t h o u t  

f u r t h e r  p u r i f i c a t i o n  on HAP, was u s e d  i n  C s C l /H o e c h s t  dye 

g r a d i e n t  e x p e r i m e n t s .  As t h e s e  p r e p a r a t i o n s  w e r e  impure  the  

g r a d i e n t s  c o u ld  n o t  be run w i t h  a d e f i n e d  amount  of  ENA. 

However ,  e x p l o r a t o r y  e x p e r i m e n t s  r e v e a l e d  t h a t  t h e  d e s i r e d  

f r a c t i o n a t i o n  c o u l d  be a c h i e v e d  by l o a d i n g  t h e  ENA o b t a i n e d  from 

2 .5  1 o f  l a t e  e x p o n e n t i a l  p h a s e  c u l t u r e  ( i . e .  a b o u t  1 .25  x 10^ 

c e l l s )  i n t o  one 10 ml g r a d i e n t .  G e n e r a l l y  a b o u t  200 pg o f  IX̂ A 

was r e c o v e r e d  from such  a g r a d i e n t  a f t e r  f r a c t i o n a t i o n .

P r e c i p i t a t e d  04A was d i s s o l v e d  i n  0 . 5  g r a d i e n t  vo lumes  o f  

1 mM EDTA, 10 mM T r i s - H C l  pH8.0 (TE) o v e r n i g h t .  The r e q u i r e d  

amount  o f  s o l i d  CsCl (Sigma,  Grade  1 )  was t h e n  a d d e d  a n d  t h e  

s o l u t i o n  was g e n t l y  mixed  by s low  i n v e r s i o n s  u n t i l  t h e  CsCl had 

c o m p l e t e l y  d i s s o l v e d .  The g r a d i e n t  s o l u t i o n  was t h e n  made up to  

t h e  c o r r e c t  w e i g h t  and  volume w i t h  d i s t i l l e d  w a t e r  and  t h e  a p p r o 

p r i a t e  q u a n t i t i e s  o f  t h e  r e l e v a n t  s t o c k  s o l u t i o n s  to  g i v e  f i n a l  

c o n c e n t r a t i o n s  o f  200 pg ml H oechs t  dye N o .33258 (S igma)  and 2% 

(w/v )  S a r k o s y l . B e f o re  c e n t r i f u g i n g  t o  e q u i l i b r i u m ,  t h e  

g r a d i e n t s  w e re  p r e - s p u n  i n  a MSE 6 x 1 6 . 5  ml sw ing  o u t  r o t o r  a t

2 0 ,000  g f o r  15 min t o  remove a ' p e t a l l o i d '  H oe c hs t  p r e c i p i t a t e .  

T h i s  p r e c i p i t a t e  was no t  f l u o r e s c e n t  and fo rm ed  a compact  m a t  

above  th e  c aes ium  s o l u t i o n  a f t e r  c e n t r i f u g a t i o n .  The c l a r i f i e d  

10 ml g r a d i e n t s  w e re  l o a d e d  i n t o  75 mm x 16 mm d i a m e t e r  (14 m l)  

p o l y c a r b o n a t e  t u b e s  (MSE, c a t . n o .  3 4 4 1 1 - 1 2 8 ) ,  a c c u r a t e l y  b a l a n 

c e d ,  and  c a p p e d ,  w i t h  t h e  r e s i d u a l  volume c o m p l e t e l y  o c c u p i e d  by 

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

f u g a t i o n .  A l l  t h e  above o p e r a t i o n s  w e re  p e r fo rm e d  u n d e r  subdued  

l i g h t i n g  t o  m i n i m i z e  p o s s i b l e  dye p h o t o c a t a l y s e d  n i c k i n g  o f  t h e  

ENA.
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The e m p i r i c a l l y - d e t e r m i n e d ,  a b s o l u t e  c o m p o s i t i o n  o f  t h e  

C s C l / H o e c h s t  g r a d i e n t s  a n d  t h e  c e n t r i f u g a t i o n  c o n d i t i o n s  wh ich  

gave t h e  o p t i m a l  f r a c t i o n a t i o n  a r e  d e t a i l e d  b e low .  The 

p a r a m e t e r s  o f  t h e s e  g r a d i e n t s  a r e  d i s c u s s e d  i n  S e c t i o n  3 . 1 . 2 .

Q u a n t i t i e s  pe r  10 ml g r a d i e n t :

5 ml 40 pg ml  ̂ EWA i n  TE 

9.01  g CsCl

1 ml 20% (w /v )  S a r k o s y l

200 p i  10 mg ml  ̂ H o e c hs t  dye N o . 33258

a d j u s t  to  1 6 .6  g d i s t i l l e d  H^O

C e n t r i f u g a t i o n  c o n d i t i o n s :

18 h a t  4 0 ,0 0 0  rpm t h e n  70-75 h a t  3 0 ,0 0 0  rpm a t  

in  a MSE 8 x 14 ml f i x e d  

S u p e r s p e e d  65 u l t r a c e n t r i f u g e .

25°C in  a MSE 8 x 14 ml f i x e d  a n g l e  r o t o r  u s i n g  a MSE

A f t e r  c e n t r i f u g a t i o n ,  t h e  r o t o r  was a l l o w e d  t o  come to  r e s t  

un b r a k e d  a nd  t h e  f l u o r e s c e n t  ENA bands  w e r e  v i s u a l i z e d  u n d e r  l o n g  

w a v e l e n g t h  u l t r a v i o l e t  l i g h t  e m i t t e d  from a " B la c k - R a y "  lamp 

( U l t r a - v i o l e t  p r o d u c t s ,  c a t . n o . B - I O O A ) . G r a d i e n t s  w e re  p h o t o 

g r a p h e d  u s i n g  s i d e  i l l u m i n a t i o n .

2 . 6 . 3 .  Caes ium c h l o r i  de /  e t h i d i u m  b rom ide  g r a d i e n t s .

ENA r e c o v e r e d  from C s C l /H o e c h s t  dye g r a d i e n t s ,  o r  p r e p a r e d  

from i s o l a t e d  n u c l e i ,  was u s e d  i n  C s C l / e t h i d i u m  bromide  f r a c t i o n 

a t i o n s .  The g r a d i e n t s  w e r e  p r e p a r e d  e s s e n t i a l l y  as  d e s c r i b e d  

above  and l o a d e d  w i t h  400 pg o f  ENA. The o p t i m a l  c o m p o s i t i o n  o f  

t h e  g r a d i e n t s  i n  t h i s  c a s e  was :
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Q u a n t i t i e s  pe r  10 ml g r a d i e n t :

5 ml 80 pg.ml  ̂ DNA in  TE

7.36  g CsCl

1 ml 5 mg ml E tBr

a d j u s t  to  1 5 .4  g d i s t i l l e d  H^O

C e n t r i f u g a t i o n  c o n d i t i o n s :

40-48  h a t  40 ,0 0 0  rpm and 25°C i n  t h e  MSE 8 x 14 ml 

r o t o r .

Al l  ENA s o l u t i o n s  c o n t a i n i n g  e th i d i u m  bromide w e re  w rapped  i n  

a lu m in ium  f o i l  and any m a n i p u l a t i o n s  were  pe r fo rm ed  under  a r e d  

s a f e l i g h t .  The f l u o r e s c e n t  INA bands were  v i s u a l i z e d  by long  

w a v e l e n g t h  u l t r a v i o l e t  l i g h t ,  as b e f o r e ,  b u t  t h e  g r a d i e n t s  w ere  

p h o t o g ra p h e d  u s i n g  t r a n s m i t t e d  u l t r a v i o l e t  l i g h t  and a r e d  f i l t e r  

ove r  t h e  camera l e n s .  Exposure  of t h e  O^A to  t h e  u l t r a v i o l e t  

l i g h t  was k e p t  to  a minimum.

2 . 6 . 4 .  Recove ry  o f  ENA from caes ium c h l o r i d e  g r a d i e n t s .

( i )  F r a c t i o n a t i o n  o f  g r a d i e n t s :

I f  t h e  s e p a r a t i o n  o f  t h e  ENA bands was l a r g e ,  as  i n  t h e  ca se  

of t h e  C sC l /H oe c hs t  dye g r a d i e n t s ,  or  on ly  one band  was p r e s e n t ,  

t h e n  t h e  t u b e s  w e re  uncapped  and  t h e  ENA was w i th d ra w n  from above 

by means o f  a P a s t e u r  p i p e t t e .  The u p p e r  band  was a lw ays  removed 

f i r s t  to  a v o i d  c o n t a m i n a t i o n  o f  t h e  h e a v i e r  ENA s p e c i e s  w i t h  t h e  

l i g h t e r  one .  When t h e  ENA bands were  no t  s e p a r a t e d  by a 

s u f f i c i e n t l y  l a r g e  g r a d i e n t  volume to  a l l o w  f o r  t h e  com ple te  

removal  o f  t h e  u p p e r  b a n d ,  t hen  t h e  ENA was r e c o v e r e d  by 

p u n c t u r i n g  t h e  s i d e  o f  t h e  tube  s u b - a d j a c e n t  to  t h e  ba nd  w i t h  a 

s y r i n g e .  P a r a f i l m  "M" s t r e t c h e d  o v e r  t h e  tube  p r e v e n t e d  any
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l e a k a g e  of  the  g r a d i e n t  a round  t h e  n e e d le  and a 1 ml s y r i n g e  was

used  t o  draw o f f  t h e  INA so as  to  m in im iz e  t u r b u l e n c e  c r e a t e d  by

t h e  s u c t i o n .  The s y r i n g e  u s e d  t o  w i th d ra w  t h e  f i r s t  b a nd  was

l e f t  i n  p l a c e  w h i l s t  removing t h e  s e cond .

( i i )  Dye rem ova l :

I t  p roved  e a s i e r  to  e x t r a c t  the  f l u o r e s c e n t  dyes from t h e  

ENA when t h e  l a t t e r  was i n  a h igh  s a l t  ( i . e .  CsCl)  s o l u t i o n ,  

p r o v i d i n g  t h e  n e c e s s a r y  p r e c a u t i o n s  were  t a k e n  t o  p r e v e n t  the  

CsCl from p r e c i p i t a t i n g .  The Hoechst  dye was removed by s e r i a l  

e x t r a c t i o n s  w i t h  e q u a l  volumes of  C s C l - s a t u r a t e d  i s o p r o p a n o l .  To 

c a es ium  s a t u r a t e  t h e  i s o p r o p a n o l ,  f i r s t  i t  was m ixed  w i t h  s a t u 

r a t e d  CsCl s o l u t i o n  a n d  t h e n  s o l i d  CsCl was g r a d u a l l y  added t o  

t h e  o r g a n i c  phase  u n t i l  no more d i s s o l v e d .  Dye removal  from t h e  

ENA was m o n i t o r e d  unde r  u l t r a v i o l e t  l i g h t .  G e n e r a l l y  a t  l e a s t  

f i v e  e x t r a c t i o n s  were  r e q u i r e d .

E t h id i u m  bromide  was removed by t h r e e  e x t r a c t i o n s  w i t h  

b u t a n o l  s a t u r a t e d  w i t h  1 mM EDIA, 10 mM T r i s - H C l  pH 8 . 0 .  Dye 

removal  was m o n i t o r e d  v i s u a l l y .

( i i i )  Removal o f  c aes ium  c h l o r i d e :

The ENA was e i t h e r  s e l e c t i v e l y  p r e c i p i t a t e d  d i r e c t l y  from 

t h e  CsCl s o l u t i o n  u s i n g  i s o p r o p a n o l  o r  t h e  CsCl was removed by 

d i a l y s i s .  To p r e c i p i t a t e  t h e  HSIA, t h e  sample was d i l u t e d  w i t h  

t h r e e  volumes o f  0 . 6  M L i C l ,  1 mM EDIA, 10 mM T r i s - H C l  pH 8 . 0  

( w i th  c a r r i e r  tRNA i f  n e c e s s a r y  — see  S e c t i o n  2 . 8 . 2 . )  and t h e n  an 

equa l  volume of  i s o p r o p a n o l  (no t  s a t u r a t e d  w i t h  CsCl) was a d d e d .  

A f t e r  c h i l l i n g  f o r  1 -  2 h a t  -20°C ,  t h e  ENA was c o l l e c t e d  by 

c e n t r i f u g a t i o n .  The p e l l e t s  were  washed  f i v e  t im es  w i t h  

70% ( v / v )  e t h a n o l  to  remove r e s i d u a l  CsCl and r e d i s s o l v e d  i n  a 

s u i t a b l e  volume of  1 mM EDTA, 10 mM T r i s - H C l  pH 8 . 0  so t h a t  the  

ENA c o u l d  be r e - p r e c i p i t a t e d  a s  one b a t c h  w i t h  e t h a n o l .



-61-

D i a l y s i s  o f  t h e  sample was pe rfo rmed  a t  4°C a g a i n s t  a s e r i e s  

of  b u f f e r e d  s o l u t i o n s  c o n t a i n i n g  d e c r e a s i n g  l e v e l s  o f  s a l t  u s i n g  

d i a l y s i s  t u b i n g  which  had been b o i l e d  i n  10 mM EDTA and t h o r o u g h 

ly washed i n  d i s t i l l e d  w a t e r .  D i a l y s i s  a g a i n s t  t h e  h ig h  s a l t  

b u f f e r  (1 M N a C l , 1 mM EDTA, 10 mM T r i s - H C l  pH 8 . 0 )  f o r  6 h was

f o l l o w e d  by o v e r n i g h t  d i a l y s i s  i n  low s a l t  b u f f e r  ( 0 .1  M NaCl,  

1 mM EDTA, 10 mM T r i s - H C l  pH 8 . 0 )  and f i n a l l y  two 12 h changes  of  

1 mM EDTA, 10 mM T r i s - H C l  pH 8 . 0 .  The DNA was th e n  r e c o v e r e d  by 

an e t h a n o l  p r e c i p i t a t i o n  a f t e r  f i r s t  r e d u c i n g  t h e  volume of  t h e  

sample by s e r i a l  b u t a n o l  e x t r a c t i o n s .

2 . 7 .  ISOLATION OF NUCLEI AND NUCLEAR DNA.

2 . 7 . 1 .  I s o l a t i o n  o f  n u c l e i .

The f o l l o w i n g  method  f o r  o b t a i n i n g  an  a l m o s t  pu re  p r e p a r a 

t i o n  o f  d i n o f l a g e l l a t e  n u c l e i  from Glenodin ium f o l i a c e u m  i s  b a s e d  

l a r g e l y  on t h e  t e c h n i q u e s  d e s c r i b e d  by Rizzo  and Noodèn (1973)  

f o r  i s o l a t i n g  n u c l e i  f rom d i n o f l a g e l l a t e s  i n  g e n e r a l .  A d i s c u s 

s i o n  o f  t h e  m e t h o d ,  and o f  t h e  p o s s i b i l i t i e s  o f  m a n i p u l a t i n g  i t  

t o  p roduce  p r e p a r a t i o n s  o f  t h e  symbiont  n u c l e u s ,  i s  g iv e n  i n  

S e c t i o n  4 . 1 . 3 .

N u c l e i  were i s o l a t e d  from 10 1 o f  l a t e  e x p o n e n t i a l  pha se  

c u l t u r e  ( i . e .  a b o u t  5 x 10^ c e l l s )  which had been k e p t  i n  t h e  

da rk  f o r  a t  l e a s t  24 h to  r ed u c e  t h e i r  s t a r c h  c o n t e n t .  The c e l l s  

were c o l l e c t e d  u s i n g  t h e  S o r v a l l  KSB-R c o n t i n u o u s  f low  c e n t r i 

f u g a t i o n  sys tem  as  d e s c r i b e d  p r e v i o u s l y  ( S e c t i o n  2 . 5 . 3 )  and r e 

p e l l e t e d  i n t o  f o u r  SS-34 c e n t r i f u g e  t u b e s .  The c e l l  p e l l e t s  w ere
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th e n  r e s u s p e n d e d  i n  25 ml o f  i c e  c o ld  i s o l a t i o n  b u f f e r ;  0 . 2 5  M 

s u c r o s e ,  5% (w/v)  D e x t ra n  40 ,  2.5% (w/v)  F i c o l l  4 0 0 ,  0.5% ( v / v )

N o n id e t  P - 4 0 , 5 mM CaCl^,  10 mM T r i s - H C l  pH 7 . 3 .  A l l  s u b s e q u e n t

s t a g e s  w ere  pe r fo rm ed  a t  0 -  4°C.  The c e l l s  were  d i s r u p t e d  by 

s o n i c a t i o n  a t  20 kHz u s in g  a MSE U l t r a s o n i c  D i s i n t e g r a t o r  ( M k l l ) 

f i t t e d  w i t h  a 9 . 5  mm d i a m e te r  t i t a n i u m  probe  s e t  to  v i b r a t e  a t  

130 pm peak t o  peak .  S o n i c a t i o n  was g iv e n  i n  30 s b u r s t s  f o r  a 

t o t a l  o f  2 -  3 min t o  a c h i e v e  95% c e l l  b r e a k a g e .  The t u b e s  were  

c o o le d  on i c e  be tw een  p e r i o d s  of  s o n i c a t i o n .  When m os t  of  t h e  

c e l l s  had  b r o k e n ,  t h e  a m p l i t u d e  of  t h e  probe v i b r a t i o n  was r e d u c 

ed t o  80 pm so as  t o  m in im iz e  t h e  d i s r u p t i o n  o f  n u c l e i  a l r e a d y  

i s o l a t e d .  C e l l  b r e a k a g e  was m o n i t o r e d  m i c r o s c o p i c a l l y  u s i n g  

m ethy l  g r e e n / p y r o n i n e  B s t a i n i n g .

A f t e r  a d d in g  10 ml o f  2 . 4  M s u c r o s e ,  5 mM CaClg,  10 mM T r i s -  

HCl pH 7 .3  to  each t u b e ,  t h e  n u c l e i  were p e l l e t e d  a t  5 ,8 00  g f o r  

15 min i n  a S o r v a l l  SS-34 r o t o r .  The p e l l e t s  w ere  r e s u s p e n d e d  by 

g e n t l e  h o m o g e n i z a t i o n  i n  a t o t a l  of  15 ml o f  i s o l a t i o n  b u f f e r  and  

5 ml o f  homogenate  was l a y e r e d  o v e r  each of t h r e e  d i s c o n t i n u o u s  

s u c r o s e  g r a d i e n t s .  The g r a d i e n t s  were  composed o f  5 ml of  2 . 4  M 

s u c r o s e  + 10% (w/v)  D e x t ra n  10,  8 ml o f  2 . 4  M s u c r o s e  and  5 ml of 

2 . 2  M s u c r o s e  a l l  b u f f e r e d  w i t h  5 mM CaCl^j  10 mM T r i s - H C l  

pH 7 . 3 .  The i n t e r f a c e  be tw een  t h e  2 . 2  M s u c r o s e  and t h e  homo

g e n a t e  was removed by s t i r r i n g  t h e  u p p e r  h a l f  of  t h e  2 . 2  M 

s u c r o s e  l a y e r  w i t h  a P a s t e u r  p i p e t t e .  The n u c l e i  were p e l l e t e d  

th ro u g h  the  g r a d i e n t  by c e n t r i f u g a t i o n  f o r  30 min a t  22 ,000  g i n  

a MSE 3 x 23 ml s w i n g - o u t  r o t o r  u s i n g  a MSE S u p e r s p e e d  40 u l t r a 

c e n t r i f u g e .  F o l lo w in g  c e n t r i f u g a t i o n  a l l  o f  t h e  g r a d i e n t  above 

t h e  2 . 4  M s u c r o s e  + 10% Dext ran  pad was d i s c a r d e d  and  t h e  i n s i d e  

of  t h e  tube  was c a r e f u l l y  wiped  c l e a n  w i t h  t i s s u e .  The n u c l e i  

were t h e n  r e s u s p e n d e d  by d i l u t i n g  t h e  Dextran  pads w i t h  i s o l a t i o n  

b u f f e r  and  r e p e l l e t e d  i n t o  one tube  a t  12 ,000  g f o r  10 min i n  t h e  

S o r v a l l  SS-34 r o t o r .
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At t h i s  s t a g e  t h e  n u c l e a r  p e l l e t  was f r e e  of  unb roken  c e l l s  

bu t  was b a d l y  c o n t a m i n a t e d  w i t h  c e l l  w a l l  f r a g m en t s  and  s t a r c h  

g r a i n s ,  and a l s o  a c e r t a i n  amount  of  c y t o p l a s m i c  d e b r i s  t r a p p e d  

i n  t h e  c e l l  w a l l s .  The b u l k  o f  the  w a l l  f r a g m en t s  c o u ld  be 

removed by f i l t r a t i o n  t h ro u g h  two l a y e r s  o f  m o n o f i l a m e n t  ny lon  

b o l t i n g  c l o t h  (Henry Simon L t d . ,  20 pm p o re  s i z e ,  14% open 

s p a c e ) .  T h i s  was e s s e n t i a l  i f  t h e  p r e p a r a t i o n  was t o  be u s e d  f o r  

e s t i m a t i n g  t h e  amount of  ENA per  n u c l e u s  s i n c e  t h e  p r e s e n c e  of 

th e  c e l l  w a l l s  made i t  i m p o s s i b l e  to  d e t e r m i n e  t h e  number of 

n u c l e i  in  t h e  f i n a l  s u s p e n s i o n  by c o u n t i n g  samples  i n  a haemo- 

c y t o m e t e r .  However ,  b e c a u s e  f i l t r a t i o n  r e s u l t e d  i n  a s u b s t a n t i a l  

l o s s  i n  y i e l d ,  n o n - q u a n t i t a t i v e  ENA p r e p a r a t i o n s  w ere  made from 

th e  c rude  n u c l e a r  p e l l e t .

2 . 7 . 2 .  I s o l a t i o n  o f  d i n o f l a g e l l a t e  n u c l e a r  ENA.

D i n o f l a g e l l a t e  n u c l e i  were washed  i n  0 .25  M s u c r o s e ,  5 mM 

CaClg,  10 mM T r i s - H C l  pH 7 .3  to  remove t h e  h igh  m o l e c u l a r  w e i g h t  

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

an E ppendo r f  t u b e .  L y s i s  w i t h  1% (w/v)  SDS, 10 mM EDTA, 50 mM 

T r i s - H C l  pH 8 . 0  f o r  20 min a t  room t e m p e r a t u r e  was f o l l o w e d  by 

two phenol  e x t r a c t i o n s  and  t h e  ENA was c o l l e c t e d  by an e t h a n o l  

p r e c i p i t a t i o n .

2 . 8 .  ISOLATION OF CHLOROPLASTS AND CHLOROPLAST DNA.

A f u l l  a c c o u n t  of  t h e  deve lopm ent  of  t h e  f o l l o w i n g  p r o c e d u r e  

f o r  i s o l a t i n g  c h l o r o p l a s t s  from Glenodin ium f o l i a c e u m  i s  p r e s e n 

t e d  i n  S e c t i o n  4 . 2 . 1 .
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2 . 8 . 1 .  I s o l a t i o n  o f  c h l o r o p l a s t s .

C h l o r o p l a s t s  were  i s o l a t e d  from 6 1 o f  m i d - e x p o n e n t i a l  phase  

c u l t u r e  which  had been pu t  in  t h e  da rk  24 h b e f o r e  u s e .  The 

c e l l s  were  c o n c e n t r a t e d  by c e n t r i f u g a t i o n  i n  a MSE 12 x 100 ml 

swing o u t  r o t o r ,  u s in g  a MSE GF-8 c e n t r i f u g e ,  by a l l o w i n g  t h e  

r o t o r  to  a c c e l e r a t e  t o  2 ,0 0 0  g and  t h e n  i m m e d i a t e l y  b r i n g i n g  i t  

to  r e s t  u n d e r  maximum b r a k e .  The c o n c e n t r a t e d  c e l l  s u s p e n s i o n  

was t h e n  p e l l e t e d  and  c o o le d  t o  2°C in  a S o r v a l l  RC-5B c e n t r i f u g e  

a t  12 ,000  g f o r  3 min u s i n g  a SS-34 r o t o r .  All  s u b s e q u e n t  o p e r a 

t i o n s  w ere  pe r fo rm ed  a t  0 -  4°C.

The c e l l s  were  r e s u s p e n d e d  i n  20 ml o f  c h l o r o p l a s t  i s o l a t i o n  

b u f f e r  ( 1 . 3  M s o r b i t o l ,  2.5% (w/v)  F i c o l l  4 0 0 ,  50 mM EDIA, 2 mM

A TA, 10 mM T r i s - H C l  pH 7 . 8 )  and d i s r u p t e d  by p a s s a g e  th rough  a 

F rench  P r e s s u r e  C e l l  (Aminco) a t  3 ,500  -  4 ,0 0 0  p s i .  The n e e d le  

v a l v e  of  t h e  C e l l  was c o n t i n u a l l y  a d j u s t e d  so t h a t  t h e  homogenate  

j u s t  d r i p p e d  o u t  w h i l s t  the  p r e s s u r e  was m a i n t a i n e d  u s i n g  a 

manual h y d r a u l i c  p r e s s  (Apex C o n s t r u c t i o n  L t d . ) .  The s u s p e n s i o n  

of  b r o k e n  c e l l s  was t h e n  d i l u t e d  w i t h  60 ml o f  i s o l a t i o n  b u f f e r  

so as  t o  f i l l  two SS-34 c e n t r i f u g e  tu b es  and  f u r t h e r  hom ogenized ,  

i n  two l o t s ,  i n  a l a r g e  vo lume,  " l o o s e - f i t t i n g " .  P o t t e r - E l v e h j e m  

h o m o g e n i z e r .  T h i s  s t e p  r e l e a s e d  any c h l o r o p l a s t s  t h a t  r em ain ed  

t r a p p e d  i n s i d e  p a r t i a l l y  d i s r u p t e d  c e l l s  and  g r e a t l y  i n c r e a s e d  

th e  y i e l d .

Unbroken c e l l s ,  c e l l  w a l l s  and  n u c l e i  were t h e n  p e l l e t e d  a t  

2 ,400  g f o r  10 min i n  t h e  SS-34 r o t o r .  T h i s  b r i e f ,  low s p e e d  

c e n t r i f u g a t i o n  on ly  p roduce d  a v e r y  l o o s e  p e l l e t  which  ran  up the  

s i d e  of t h e  tube  a s  t h e  s u p e r n a t a n t  was d e c a n t e d  a n d  so t h e  

c e n t r i f u g a t i o n  h a d  t o  be r e p e a t e d  on t h e  s u p e r n a t a n t  to  r e d u c e  

whole c e l l  c o n t a m i n a t i o n .  The p e l l e t s  f rom t h e  f i r s t  c e n t r i f u g a 

t i o n  were  r e s u s p e n d e d ,  by h o m o g e n i z a t i o n ,  i n  i s o l a t i o n  b u f f e r  and 

a l s o  r e p e l l e t e d  t o  wash ou t  s ed im e n te d  c h l o r o p l a s t s .  The c e l l
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p e l l e t s  from t h e  second  c e n t r i f u g a t i o n  w ere  somewhat f i r m e r  and 

d i d  n o t  r u n .  The c h l o r o p l a s t s  were  p e l l e t e d  from t h e  s u p e r 

n a t a n t s  a t  12 ,000  g f o r  15 m in ,  a g a in  i n  t h e  SS-34 r o t o r .  These  

" c r u d e  c h l o r o p l a s t "  p e l l e t s ,  c o n ta m in a t e d  t o  a c e r t a i n  e x t e n t  by 

i n t a c t  c e l l s ,  a c c u m u la t io n  b o d ie s  and  m i t o c h o n d r i a ,  were e i t h e r  

u sed  d i r e c t l y  t o  o b t a i n  an  e n r i c h e d  c h l o r o p l a s t  ENA p r e p a r a t i o n  

or  f u r t h e r  p u r i f i e d  by r a t e  z o n a l  c e n t r i f u g a t i o n  th ro u g h  a d i s c o 

n t i n u o u s  s u c r o s e  g r a d i e n t  as  f o l l o w s .

The c ru d e  c h l o r o p l a s t s  p e l l e t s  w ere  r e s u s p e n d e d  i n  a t o t a l  

of  3 ml o f  i s o l a t i o n  b u f f e r  by one s low s t r o k e  of  t h e  p e s t l e  of  a 

sm al l  vo lume,  " l o o s e - f i t t i n g " .  P o t t e r - E l v e h j e m  h o m o g e n iz e r .  The 

c h l o r o p l a s t  s u s p e n s i o n  was t h e n  l a y e r e d  o v e r  t h r e e  d i s c o n t i n u o u s  

s u c r o s e  g r a d i e n t s ,  1 ml p e r  g r a d i e n t .  These  c o n s i s t e d  o f  a 5 ml 

42% (w/w) s u c r o s e  pad o v e r l a i n  by 9 ml of  16% (w/w) s u c r o s e  and 

6 ml o f  8% (w/w) s u c r o s e .  A l l  t h e  s u c r o s e  s o l u t i o n s  w ere  p r e 

p a r e d  i n  i s o l a t i o n  b u f f e r .  The g r a d i e n t s  w e re  c e n t r i f u g e d  a t  

14 ,0 00  g f o r  10 min ( i n c l u d i n g  run  up t ime b u t  e x c l u d i n g  run  down 

t ime u n d e r  b r a k e )  i n  a MSE 3 x 23 ml swing o u t  r o t o r  u s i n g  an  

MSE S u p e r s p e e d  40 c e n t r i f u g e .  The b u l k  o f  t h e  c h l o r o p l a s t s  w ere  

t r a p p e d  by t h e  u p p e r  s u c r o s e  i n t e r f a c e ,  w h i l s t  m os t  of  t h e  c o n t 

a m i n a t i n g  m a t e r i a l  p a s s e d  r e a d i l y  th rough  the  16% s u c r o s e  l a y e r  

to  band  a t  t h e  low e r  i n t e r f a c e ,  or even be p e l l e t e d  a t  t h e  bo t to m  

of  t h e  t u b e .  The c h l o r o p l a s t s  were removed by means o f  a 

s t e r i l e ,  p l a s t i c  p i p e t t e ,  d i l u t e d  i n t o  i s o l a t i o n  b u f f e r ,  and 

p e l l e t e d  i n  t h e  S o r v a l l  SS-34 r o t o r  a t  18 ,500  g f o r  10 m in .

The p e l l e t  o f  p u r i f i e d  c h l o r o p l a s t s ,  or  t h e  c rude  c h l o r o 

p l a s t  p e l l e t s ,  were washed  i n  a minimal  volume ( 1 . 5  -  3 m l )  of  

i s o l a t i o n  b u f f e r  so t h a t  they  c o u l d  be r e p e l l e t e d  i n  1 . 5  ml 

E p p e n d o r f  t u b e s  r ea d y  f o r  l y s i s .
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2 . 8 . 2 .  I s o l a t i o n  of  c h l o r o p l a s t  ENA.

Two m ethods  were  employed t o  i s o l a t e  and  p u r i f y  ENA from t h e  

c h l o r o p l a s t  p e l l e t s .

The c rude  c h l o r o p l a s t  p e l l e t s  were  r e s u s p e n d e d  i n  a b o u t  

500 jil o f  2% (w/v)  SDS, 8 M u r e a ,  0 .24  M sodium p h o s p h a te  pH 7 .0

and t h e  c h l o r o p l a s t s  w ere  l e f t  to  l y s e  f o r  30 min a t  room temp

e r a t u r e ,  w i t h  i n t e r m i t t e n t  r o c k i n g  o f  the  Eppendo r f  tube  t o  a i d  

l y s i s .  The l y s a t e  was shaken w i t h  an e qua l  volume of ph e n o l /  

c h l o r o f o r m / i s o a m y l  a l c o h o l  ( 2 5 :2 4 :1  v / v / v )  f o r  15 min a n d  c e n t r i 

fuged  f o r  10 min  i n  a m i c r o c e n t r i f u g e  f o r  10 min t o  s e p a r a t e  ou t  

t h e  p h a s e s .  The aqueous  phase was r e - e x t r a c t e d  w i t h  phenol  and 

t h e n  e x t r a c t e d  t w i c e  w i t h  c h l o r o f o r m / i s o a m y l  a l c o h o l  (24:1 v / v )  

b e f o r e  b e i n g  p a s s e d  t w i c e  th rough  a 2 ml HAP column e q u i l i b r a t e d  

w i t h  8 M u r e a ,  0 .2 4  M sodium p h o s p h a te  pH 7 . 0 .  Su b s e q u e n t

w ash ing  o f  the  HAP column and  e l u t i o n  o f  t h e  ENA was t h e n  p e r f o r 

med e s s e n t i a l l y  as  d e s c r i b e d  i n  S e c t i o n  2 . 5 . 3 ,  e x c e p t  \ t h a t  a 

s m a l l e r  head  o f  b u f f e r  was u s e d .  The e l u a t e  was d i a l y s e d  i n t o

t h r e e  1 1 cha nges  o f  1 mM EDTA, 10 mM T r i s - H C l  pH 8 . 0  and  t h e n

i t s  volume was r e d u c e d  t o  a b o u t  300 p i  by s e r i a l  e x t r a c t i o n s  w i t h  

b u t a n o l  b e f o r e  p r e c i p i t a t i n g  t h e  IWA i n  e t h a n o l .  The ENA was 

s t o r e d  i n  1 mM EDTA, 10 mM T r i s - H C l  pH 8 . 0  a t  -20°C .

The p e l l e t s  o f  p u r i f i e d  c h l o r o p l a s t s  w ere  washed  b r i e f l y ,  

w i t h o u t  r e s u s p e n s i o n ,  i n  i c e  c o ld  0 .1  M EETA, 0 .15  M NaCl,  2 mM

A TA, 50 mM T r i s - H C l  pH 8 . 0  and  t h e n  r e s u s p e n d e d  i n  400 p i  of  t h i s

b u f f e r .  The c h l o r o p l a s t s  w ere  l y s e d  by add in g  40 p i  o f  20% (w/v)  

S a r k o s y l  and i n c u b a t i n g  t h e  tube  on i c e  f o r  30 min w i t h  g e n t l e  

a g i t a t i o n .  The l y s a t e  was e x t r a c t e d  w i t h  phenol  and c h l o r o f o r m ,  

as f o r  t h e  c rude  c h l o r o p l a s t  ENA p r e p a r a t i o n ,  bu t  t h e n  t h e  ENA 

was p r e c i p i t a t e d  d i r e c t l y  from t h e  d e p r o t e i n i z e d  l y s a t e  by add ing

2 . 5  volumes o f  e t h a n o l .  10 pg o f  t r a n s f e r  ENA (S igm a,  Type XX 

from E s c h e r i c h i a  c o l i ) was i n c l u d e d  i n  t h e  l y s a t e  t o  a c t  as  a 

c a r r i e r  d u r i n g  t h i s  p r e c i p i t a t i o n  and  t h e  n u c l e i c  a c i d s  w ere
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c o l l e c t e d  a f t e r  1 h i n c u b a t i o n  a t  —20°C.  Obvious c o n t a m i n a t i o n  

i n  t h e  p e l l e t  was p a r t i a l l y  removed by r e p e a t e d  w a sh ing  w i t h  

70% ( v / v )  e t h a n o l  and was r educ e d  f u r t h e r  by a s econd  e t h a n o l  

p r e c i p i t a t i o n .  A f t e r  b e in g  d r i e d ,  t h e  ENA p e l l e t  was d i s s o l v e d  

i n  0 . 5  M NaCl,  1 mM EETA, 10 mM T r i s - H C l  pH 7 .2  and  l o a d e d  o n t o  a 

m ic r o -c o lu m n  o f  p r e - p a c k e d  NACS r e s i n  (BRL) in  e x a c t l y  t h e  manner  

d e s c r i b e d  by t h e  m a n u f a c t u r e r .  A f t e r  e x t e n s i v e  w a s h in g  o f  the  

column w i t h  l o a d i n g  b u f f e r ,  t h e  ENA was e l u t e d  w i t h  2 M NaCl,  

1 mM EETA, 10 mM T r i s - H C l  pH 7 .2  and p r e c i p i t a t e d  from t h e  e l u a t e  

w i t h  e t h a n o l  a f t e r  f i r s t  add ing  c a r r i e r  tRNA. A f t e r  w a sh ing  w i t h  

70% ( v / v )  e t h a n o l  to  remove p r e c i p i t a t e d  NaCl,  t h e  ENA was

d i s s o l v e d  i n  an  a p p r o p r i a t e  b u f f e r  ready  f o r  a n a l y s i s .

2 . 9 .  KINETIC ANALYSIS OF ENA.

2 . 9 . 1 .  P r e p a r a t i o n  of  ENA.

U n f r a c t i o n a t e d  ENA from Glenodin ium f o l i a c e u m  was p r e p a r e d  

by p a s s i n g  phenol  e x t r a c t e d  c e l l  l y s a t e s  th ro u g h  a column o f  HAP 

as d e s c r i b e d  i n  S e c t i o n  2 . 5 . 3 .  The DNA was t h e n  e x t e n s i v e l y  d i a 

l y s e d  a g a i n s t  t h e  a p p r o p r i a t e  phospha te  b u f f e r  b e f o r e  a n a l y s i s .  

The 260 :230  nm and 260:280 nm a b s o rb a n c e  r a t i o s  of  t h i s  m a t e r i a l  

were g e n e r a l l y  1 . 4  and  2 .0  r e s p e c t i v e l y .

DNA f o r  r e a s s o c i a t i o n  was f r a g m e n te d  by s o n i c a t i o n  a t  a 

f r e q u e n c y  of  20 kHz u s i n g  a MSE U l t r a s o n i c  D i s i n t e g r a t o r  (Mk I I )  

f i t t e d  w i t h  an e x p o n e n t i a l  p robe  (end  d i a m e te r  3 mm) s e t  to  

v i b r a t e  a t  125 m ic r o n s  peak t o  peak .  A p r e l i m i n a r y  e x p e r i m e n t  

r e v e a l e d  t h a t  2 min s o n i c a t i o n  g iv en  i n  30 s b u r s t s  w i t h  c o o l i n g  

i n  a n  e t h a n o l / i c e  b a t h ,  was s u f f i c i e n t  to  s h e a r  t h e  ENA to  a bou t  

500 bp ( P l a t e  2 . 1 ) .
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P l a t e  2 . 1 .  F r a g m e n t a t i o n  o f  GIenodin ium f o l i a c e u m  INA by s o n i c a 

t i o n .  G r a p h i c a l  p r e s e n t a t i o n  o f  t h e  e l e c t r o p h o r e t i c  

m i g r a t i o n  t h ro u g h  a 1% a g a r o s e  gel  of DNA sam ples  

s o n i c a t e d  f o r  v a r i o u s  t i m e s .  Fragment  s i z e s  g i v e n  a r e  

t h o s e  p roduced  by d i g e s t i o n  o f  \  DNA w i t h  r e s t r i c t i o n  

e n d o n u c l e a s e  Hind I I I .
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2 . 9 . 2 .  Mel t i n g  c u rv e s  :

Samples f o r  m e l t i n g  were degassed under  vacuum and c l a r i f i e d  

by c e n t r i f u g a t i o n .  M e l t i n g  was pe rfo rmed  i n  a Pye Unicam SP 1800 

s p e c t r o p h o m e t e r  e q u ippe d  w i t h  an i n - h o u s e  produced  e l e c t r i c a l l y  

h e a t e d  b l o c k  which ramped up t h e  t e m p e r a t u r e  of  the  c u v e t t e  a t  

42 C p e r  h o u r .  400 p i  o f  n a t i v e  ENA i n  120 mM sodium p h o s p h a te  

b u f f e r  pH 7 . 0  (PB) was m e l t e d  i n  a 1 cm p a t h  l e n g t h  m i c r o c e l l .  

The ENA was o v e r l a i n  w i t h  s i l i c o n e  o i l  to  p r e v e n t  e v a p o r a t i o n .  

The a b s o r b a n c e  a t  260 nm was r e c o r d e d  e v e r y  0 .25°C  by a m i c r o 

compute r  and t h e  d a t a  were c o l l e c t e d  on a f lo p p y  d i s c .  Th is  

equ ipment  was dev e lo p e d  and  b u i l t  by Graham King o f  B i r k b e c k  

C o l l e g e ,  London U n i v e r s i t y .

2 . 9 . 3 .  R e a s s o c i a t i o n  k i n e t i c s :

S o n i c a l l y  s h e a r e d  ENA was d e n a t u r e d  by h e a t i n g  t o  100°C f o r  

5 min a n d  r e n a t u r e d  a t  60°C. R e a s s o c i a t i o n  was f o l l o w e d  by two 

methods  :

( i )  O p t i c a l  m o n i t o r i n g :

S inc e  d o u b l e - s t r a n d e d  ENA a b s o r b s  l e s s  l i g h t  a t  260 nm t h a n  

s i n g l e - s t r a n d e d  ENA, r e a s s o c i a t i o n  can be f o l l o w e d  d i r e c t l y  i n  a 

s p e c t r o p h o m e t e r .

Samples  h a v i n g  an  o p t i c a l  d e n s i t y  of  a bou t  1 . 0  w ere  p r e p a r e d  

i n  30 mM, 120 mM, 400 mM and 1 M PB so as to  g i v e  d i f f e r i n g  

r e l a t i v e  r a t e s  o f  r e a s s o c i a t i o n :  0 . 0 1 3 ,  1 . 0 0 0 ,  4 .9 0 5  and  8 .411

r e s p e c t i v e l y  ( B r i t t e n  £ t  a l . ,  1 9 74 ) .  A f t e r  h e a t  d é n a t u r a t i o n ,

th e  ENA was i n j e c t e d  d i r e c t l y  i n t o  a 500 p i ,  1 cm p a t h  l e n g t h  

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

t e r  ( C e c i l  CE272) by means of  a c i r c u l a t i n g  w a t e r  b a t h  (Braun 

Thermomix 1 4 4 1 ) .  T h i s  t e c h n i q u e  q u i c k l y  s h i f t e d  t h e  t e m p e r a t u r e
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of  t h e  sample to  60 C so d a t a  c o u l d  be c o l l e c t e d  w i t h i n  30 s of  

t h e  s t a r t  t i m e .  The a b s o rb a n c e  a t  260 nm was th e n  m o n i t o r e d  

c o n t i n u o u s l y  f o r  up to  2 h and t h e n  a t  s u i t a b l e  p e r i o d s  f o r  up to  

150 h f o r  t h e  r e a s s o c i a t i o n s  pe r fo rmed  i n  120 mM and 1 M PB. 

A f t e r  t h e  i n i t i a l  r e a d i n g s  were  r e c o r d e d ,  t h e  sample was o v e r l a i n  

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

The d e c r e a s e  i n  a b s o r b a n c e  was c a l c u l a t e d  r e l a t i v e  to  t h a t  

of  t h e  d e n a t u r e d  ENA ( i . e .  as a h y p o c h r o m i c i t y ) as  t h i s  i s  d i r e c 

t l y  p r o p o r t i o n a l  t o  the  d e g re e  of  r e a s s o c i a t i o n .  From d a t a  

o b t a i n e d  from t h e  m e l t i n g  c u r v e s ,  f u l l y  r e n a t u r e d  ENA was assumed 

to  have  a h y p o c h r o m i c i t y  of  25%.

( i i )  H y d r o x y l a p a t i t e  chrom ato graphy :

I f  ENA r e a s s o c i a t i o n  i s  pe r fo rm ed  a t  t h e  c r i t e r i o n  t e m p e ra 

t u r e  and PB c o n c e n t r a t i o n  unde r  which  d o u b l e - s t r a n d e d  b u t  no t  

s i n g l e - s t r a n d e d  ENA b in d s  to  HAP (60°C, 120 mM PB),  t h e n  t h e

d e g re e  of  r e a s s o c i a t i o n  can be d e t e r m i n e d  d i r e c t l y  by HAP chroma

t o g r a p h y  .

Samples  c o n t a i n i n g  ENA a t  10 -  100 pg ml  ̂ i n  120 mM PB were 

h e a t  d e n a t u r e d  and  r e a s s o c i a t e d  a t  60°C f o r  v a r i o u s  t i m e s .  Once 

t h e  d e s i r e d  deg re e  o f  r e a s s o c i a t i o n  ha d  been  a c h i e v e d ,  t h e  sample 

was p a s s e d  th r o u g h  a 2 ml w a t e r - j a c k e t e d  HAP column e q u i l i b r a t e d  

a t  t h e  c r i t e r i o n  c o n d i t i o n s .  So as t o  i n c r e a s e  t h e  r e p r o d u c i b i 

l i t y  o f  t h e  r e s u l t s ,  t h e  s am ple ,  when f e a s i b l e ,  a lways c o n t a i n e d  

a b o u t  250 pg o f  ENA and was a d j u s t e d ,  when n e c e s s a r y ,  to  a volume 

of  5 ml i m m e d ia te ly  b e f o r e  b e i n g  l o a d e d  o n t o  t h e  co lumn.  The 

column was washed  w i t h  5 ml of  120 mM PB, p r e h e a t e d  t o  60 C, and 

t h e  e l u a t e s  f rom t h e  l o a d i n g  a nd  t h e  w a s h i n g ,  which c o n t a i n e d  

t h e  s i n g l e - s t r a n d e d  ENA, were p o o l e d .  The d o u b l e - s t r a n d e d  DNA 

was t h e n  e l u t e d  w i t h  5 ml of  400 mM PB a t  60°C.  The column was 

s t i r r e d  t h r o u g h o u t  a l l  t he  s t a g e s  to  p r e v e n t  c h a n n e l i n g  o f  the  

HAP.
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The a b s o r b a n c e  o f  t h e  f r a c t i o n s  a t  260 nm was m e a s u r e d  and  

c o r r e c t e d  f o r  l i g h t  s c a t t e r  a t  260 nm, due to  HAP p a r t i c l e s ,  by 

s u b t r a c t i n g  o u t  the  a b s o rb a n c e  a t  320 nm. The a b s o r b a n c e  d a t a  

f o r  t h e  120 mM PB f r a c t i o n  was t hen  m u l t i p l i e d  by a f a c t o r  of 

0 .8 8  to  a l l o w  f o r  the  d i f f e r e n t  e x t i n c t i o n  c o e f f i c i e n t s  of  

s i n g l e -  and d o u b l e - s t r a n d e d  ENA b e f o r e  c a l c u l a t i n g  th e  p e r c e n t a g e  

of  ENA b i n d i n g  to  the  HAP. T h i s  f i g u r e  was c o r r e c t e d  f o r  a p p a r 

e n t l y  a r t i f a c t u a l  ' z e r o  t im e '  b i n d i n g  o f  ENA to  HAP as s u g g e s t e d  

by A l l e n  e_t (1975)  to  g iv e  t h e  p e r c e n t  r e n a t u r e d  ENA (R) :

_ % b i n d i n g  to  HAP — % z e r o  t ime b i n d i n g

100 — % z e r o  t ime b i n d i n g

The p e r c e n t  z e r o  t ime b i n d i n g  was d e te r m in e d  by p a s s i n g  a low 

c o n c e n t r a t i o n  o f  d e n a t u r e d  ENA as q u i c k l y  as p o s s i b l e  t h rough  a 

column o f  HAP a f t e r  c o o l i n g  to  60°C. A sample h a v in g  a 260 nm 

a b s o r b a n c e  of 0 .2 2 5  was t h e  l o w e s t  t h a t  c o u ld  be r e l i a b l y  r e c o 

v e r e d  and  t h i s  took  a b o u t  1 min to  p r o c e s s  i n  t h e  above m a n n e r .  

The o b s e r v e d  z e r o  t ime b i n d i n g  f o r  Glenodinium  f o l i a c e u m  INA was 

16.8%.

2 . 1 0 .  RESTRICTION ENDONUCLEASE ANALYSIS OF ENA.

2 . 1 0 . 1 .  R e s t r i c t i o n  e n d o n u c le a s e  d i g e s t i o n s .

R e s t r i c t i o n  e n d o n u c l e a s e s  Hind I I I  and Bam HI were p u r c h a s e d  

from Sigma w h i l s t  Eco RI and P s t  I  were o b t a i n e d  from B e thesda  

R e s e a rc h  L a b o r a t o r i e s .  Excep t  where  o t h e r w i s e  s p e c i f i e d ,  1 pg o f  

ENA was d i g e s t e d  i n  an  E ppendor f  tube  w i t h  1 p i  o f  enzyme (5 -  

10 u n i t s )  a t  37°C f o r  2 -  4 h in  25 p i  of  the  b u f f e r  recommended 

by t h e  m a n u f a c t u r e r s .  D i g e s t i o n  b u f f e r s  (minus BSA) and Eppen—
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d o r f  t u b e s  w ere  s t e r i l i z e d  by a u t o c l a v i n g  b e f o r e  u s e .  R e a c t i o n s  

were t e r m i n a t e d  by r a p i d l y  c o o l i n g  t h e  t u b e s  on i c e  and a d d in g  

5 p i  o f  g e l  l o a d i n g  b u f f e r ;  40% (w/v)  s u c r o s e ,  5x e l e c t r o p h o r e s i s  

b u f f e r ,  p lu s  j u s t  enough bromophenol  b l u e  to  g iv e  a d e q u a t e  

c o l o u r a t i o n .  D i g e s t s  were s t o r e d  a t  —20°C i f  they  were not  to  be 

a n a l y s e d  i m m e d i a t e l y .  A f t e r  s t o r a g e .  Hind I I I  d i g e s t s  of  X  DNA 

were h e a t e d  t o  65 C f o r  5 min and  q u i c k l y  c o o l e d  im m e d i a t e l y  

b e f o r e  l o a d i n g  o n to  t h e  gel  so as  to  d i s s o c i a t e  t h e  s t i c k y  ends 

and t h e r e f o r e  o b t a i n  t h e  c o r r e c t  f ragm ent  p a t t e r n .

2 . 1 0 . 2 .  A garose  g e l  e l e c t r o p h o r e s i s .

DNA was s i z e  f r a c t i o n a t e d  by e l e c t r o p h o r e s i s  t h rough  h o r i 

z o n t a l  1% (w/v )  a g a r o s e  s l a b s  submerged i n  t h e  r u n n in g  b u f f e r .

A g a ro s e  (Sigma,  Type I :  Low EEO) was d i s s o l v e d  i n  d i s t i l l e d  

w a t e r  i n  a b o i l i n g  w a t e r  b a t h  f o r  30 m in .  C o n c e n t r a t e d  r u n n in g  

b u f f e r  was t h e n  ad d e d  and  t h e  a g a r o s e  was a l l o w e d  t o  coo l  homo

g e n e o u s l y  t o  60°C b e f o r e  b e i n g  poured  i n t o  t h e  gel  m ould ,  which 

c o n s t i t u t e d  p a r t  of  t h e  e l e c t r o p h o r e s i s  box .  Two s i z e s  of  ge l  

were u s e d ,  each h a v in g  7 x 4 x 1  mm sample s l o t s .  Large  g e l s  

(20 X 20 X 0 . 5  cm) were run i n  T r i s - b o r a t e  b u f f e r  (90 mM H^BO^,

2 .5  mM EDIA, 90 mM T r i s - H C l  pH 8 . 0 )  a t  30 V (20 mA) f o r  12 -

14 h .  Small  g e l s  (8 x 8 x 0 . 5  cm) were run i n  e i t h e r  T r i s - b o r a t e

o r ,  more u s u a l l y ,  T r i s - a c e t a t e  b u f f e r  (10 mM sodium a c e t a t e ,  1 mM 

EDTA, 40 mM T r i s - H C l  pH 7 . 8 )  a t  40 V (50 mA) f o r  3 . 5  h ,  a f t e r

f i r s t  r u n n in g  t h e  samples  i n t o  the  gel  a t  5 mA f o r  30 m in .

The g e l s  w e re  s t a i n e d  i n  0 .5  pg ml  ̂ e t h i d i u m  bromide  i n  t h e  

r u n n in g  b u f f e r  f o r  1 h and t h e n  p h o to g ra p h e d  on a h ig h  i n t e n s i t y  

u l t r a v i o l e t  l i g h t  box (UVP i n c . ,  TM-36) th rough  a r e d  f i l t e r .  To 

d e t e r m i n e  t h e  r e l a t i v e  i n t e n s i t i e s  o f  t h e  f l u o r e s c e n t  ENA b a n d s ,  

t h e  p h o t o g r a p h i c  n e g a t i v e  was scanned  by a d e n s i t o m e t e r  

( V i t a t r o n  )
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2 . 1 1 .  GENETIC ANALYSIS OF ENA.

2.11 . 1 .  B in d in g  o f  ENA t o  n i t r o c e l l u l o s e  p a p e r  — dot  b l o t s .

ENA d i s s o l v e d  i n  d i s t i l l e d  w a t e r  was h e a t e d  t o  100°C f o r  

5 min a nd  c o o l e d  on i c e .  NaOH was t h e n  added  t o  a c o n c e n t r a t i o n  

o f  0 .3 3  M and t h e  a l k a l i  d é n a t u r a t i o n  was a l l o w e d  t o  c o n t i n u e  f o r  

10 min a t  room t e m p e r a t u r e .  The s o l u t i o n  was n e u t r a l i z e d  by 

a d d in g  HCl to  0 .3 3  M and T r i s -H C l  pH 8 . 0  t o  0 . 1  M and t h e n  imme

d i a t e l y  c h i l l e d  on i c e .  The ENA was s p o t t e d  d i r e c t l y  on to  n i t r o 

c e l l u l o s e  pa pe r  (Micro F i l t r a t i o n  Sys tem s ,  0 .45  pm p o r e  s i z e )  in  

5 p i  p o r t i o n s  u s i n g  an  a u t o m a t i c  p i p e t t e .  The pape r  was s u p p o r 

t e d  on c r e a s e d  a lum in ium  f o i l  w h i l s t  t h i s  was done and t h e  h e a t  

g e n e r a t e d  by an a n g l e  p o i s e  lamp p o s i t i o n e d  o v e r h e a d  sp e e d e d  t h e  

d r y in g  o f  t h e  s p o t s  be tween  a p p l i c a t i o n s .  When a l l  t h e  ENA had 

been l o a d e d  o n t o  the  n i t r o c e l l u l o s e ,  i t  was l e f t  to  dry f o r  

30 min t h e n  r i n s e d  b r i e f l y  in  2x SSC b e f o r e  b e i n g  baked  i n  a p r e 

h e a t e d  vacuum oven a t  80°C f o r  2 h .  S t a n d a r d  s a l i n e  c i t r a t e  

( I x  SSC) i s  0 .1 5  M N a C l , 0 .15  M t r i s o d i u m  c i t r a t e  pH 7 . 0 .

2 . 1 1 . 2 .  T r a n s f e r  o f  ENA from a g a r o s e  g e l s  t o  n i t r o c e l l u l o s e  

p a p e r  — S o u t h e r n  b l o t s .

nSfA was t r a n s f e r r e d  from a g a r o s e  g e l s  t o  n i t r o c e l l u l o s e  

pa p e r  e s s e n t i a l l y  as  d e s c r i b e d  by S o u th e rn  ( 1 9 7 5 ) .  A f t e r  s t a i n 

in g  a nd  p h o t o g r a p h i n g  t h e  g e l ,  any unused  a r e a s  w e re  t r immed away 

and t h e  ENA was d e n a t u r e d  by s o a k in g  th e  gel  in  two changes  of

1 .5  M NaCl,  0 . 5  M NaOH f o r  1 h a t  room t e m p e r a t u r e  w i t h  c o n s t a n t  

a g i t a t i o n .  The ge l  was then  n e u t r a l i z e d  w i t h  1 . 5  M NaCl,  1 M

T r i s - H C l  pH 8 . 0  f o r  30 min and  t h e n  e q u i l i b r a t e d  w i t h  s e v e r a l  

changes  of  20x SSC over  a p e r i o d  o f  2 -  3 h ,  a g a i n  w i t h  c o n s t a n t  

a g i t a t i o n .
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The ge l  was t h e n  i n v e r t e d  ( i . e .  u n d e r s i d e  u p p e r m o s t )  on to  

i t s  g l a s s  ge l  p l a t e  cove red  by two s h e e t s  o f  Whatman 17MM chroma

to g r a p h y  p a p e r  t h a t  had been soaked i n  20x SSC. The gel  p l a t e  

was on a s u i t a b l e  s u p p o r t  so t h a t  t h e  17MM pape r  formed w ic k s  

i n t o  a r e s e r v o i r  of  20x SSC. A n i t r o c e l l u l o s e  f i l t e r  was cu t  to  

s i z e  and f l o a t e d  o n t o  t h e  s u r f a c e  of  d i s t i l l e d  w a t e r .  When i t  

had  c o m p l e t e l y  w e t t e d  from b e n e a t h  i t  was immersed i n  20x SSC f o r  

2 — 3 m in .  The wet  n i t r o c e l l u l o s e  paper  was th e n  p l a c e d  o v e r  the  

a r e a  of g e l  to  be t r a n s f e r r e d  b e in g  c a r e f u l  to  e x c lu d e  any a i r  

b u b b l e s .  Exposed r e g i o n s  of  the  gel  were masked w i t h  " C l i n g f i l m "  

as  was t h e  a r e a  of  17MM pape r  im m ed ia te ly  s u r r o u n d i n g  t h e  g e l .  

T h i s  e n s u r e d  t h a t  no f l u i d  b y - p a s s e d  t h e  n i t r o c e l l u l o s e  d u r in g  

b l o t t i n g .  Two p i e c e s  o f  17MM p a p e r ,  w e t t e d  i n  20x SSC and c u t  to  

t h e  same s i z e  as  t h e  g e l ,  were t h e n  p l a c e d  o v e r  t h e  n i t r o c e l l u 

l o s e ,  a g a i n  removing a l l  a i r  b u b b l e s .  F i n a l l y ,  a 4 -  6 cm s t a c k  

o f  dry p a p e r  to w e l s  was p l a c e d  o v e r  t h e  17MM pape r  and  w e i g h t e d  

down w i t h  a g l a s s  p l a t e  u n d e r  a 500 g w e i g h t .  The o b j e c t  of t h e  

sys tem was to  s e t  up a un i fo rm  f low of  20x SSC th ro u g h  th e  ge l  so  

t h a t  the  d e n a t u r e d  ENA f ra g m e n t s  were e l u t e d  from i t  and depo

s i t e d  o n t o  t h e  n i t r o c e l l u l o s e  w i t h  a minimal  l o s s  of  r e s o l u t i o n .

T r a n s f e r  of  ENA was a l l o w e d  t o  p roce e d  f o r  16 -  18 h ,  a f t e r  

which t ime t h e  pa pe r  tow e ls  and  p i e c e s  of  17MM p a p e r  above  th e  

ge l  were removed.  The ge l  and a t t a c h e d  n i t r o c e l l u l o s e  was then  

l a y e d  ge l  s i d e  up on a p i e c e  of  f i l t e r  pape r  and  t h e  p o s i t i o n s  o f  

t h e  ge l  s l o t s  were  marked  u s in g  a s o f t  p e n c i l .  A f t e r  removing 

t h e  g e l ,  t h e  n i t r o c e l l u l o s e  was soaked  b r i e f l y  i n  2x SSC and l e f t  

to  dry  on f i l t e r  p a p e r .  The ENA was baked  o n t o  t h e  n i t r o c e l l u 

l o s e  a t  80°C f o r  2 h in  a vacuum oven .

2 . 1 1 . 3 .  P r e p a r a t i o n  o f  p l a s m id  ENA from t r a n s f o r m e d  E.  c o l i  f o r  

u se  as  p r o b e s .

S t a b  c u l t u r e s  o f  E s c h e r i c h i a  c o l i  s t r a i n  HBlOl c o n t a i n i n g
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t h e  p l a s m id s  pSSU60 or  pSSU160 were o b t a i n e d  from P r o f e s s o r  R. 

John E l l i s .  These  p lasm id s  c o n t a i n  cENA f ra g m e n t s  o f  t h e  gene 

f o r  t h e  sm al l  s u b u n i t  of r i b u l o s e - 1 , 5 - b i s p h o s p h a t e  c a rb o x y -  

l a s e - o x y g e n a s e  of  Pi sum s a t iv u m  i n s e r t e d  i n t o  t h e  u n iq u e  Hind I I I  

r e s t r i c t i o n  s i t e  of  t h e  v e c t o r  pBR322 (Bedbrook e t  a l . ,  1980 ) .  

The b a c t e r i a l  c u l t u r e s  were  m a i n t a i n e d  a t  4°C on s l o p e s  of  L— 

b r o t h  s o l i d i f i e d  w i t h  1.5% (w/v)  a g a r .  S t a n d a r d  a s e p t i c  p r e c a u 

t i o n s  w e re  o b s e r v e d  f o r  a l l  m a n i p u l a t i o n s .

P l a s m i d s  w ere  p r e p a r e d  from t h e  c lo n e s  by a m o d i f i c a t i o n  o f  

th e  r a p i d ,  s m a l l - s c a l e  i s o l a t i o n  method de ve lope d  by Birnboim and 

Doly ( 1 9 7 9 ) .  5 ml o f  L - b r o t h  (1% (w/v)  t r y p t o n e ,  0.5% (w/v)

y e a s t  e x t r a c t ,  1% (w/v)  N a C l ) ,  c o n t a i n i n g  25 |ig ml  ̂ a m p i c i l l i n  

f o r  a n t i b i o t i c  s e l e c t i o n ,  was i n o c u l a t e d  w i t h  a s i n g l e  co lony  of 

E . c o l i  and v i g o r o u s l y  shaken  o v e r n i g h t  a t  37°C.  The a n t i b i o t i c  

was i n t r o d u c e d  from a f r e s h l y  p r e p a r e d  s t o c k  which  had been 

s t e r i l i z e d  by p a s s a g e  th rough  a 0 .2 2  pm M i l l i p o r e  f i l t e r .  3 ml 

o f  t h e  o v e r n i g h t  c u l t u r e  was p e l l e t e d  i n t o  a s i n g l e  1 . 5  ml Eppen-  

d o r f  tube  i n  two s t a g e s ,  c e n t r i f u g i n g  f o r  15 s each t ime i n  a 

m i c r o c e n t r i f u g e .  All  t h e  medium was removed a nd  t h e  p e l l e t  was 

s u s p en d e d  i n  100 p i  o f  f r e s h  4 mg ml  ̂ lysozyme (Sigma,  Grade I  

from c h i c k e n  egg w h i t e )  d i s s o l v e d  i n  50 mM g l u c o s e ,  10 mM EETA, 

25 mM T r i s - H C l  pH 8 . 0  by immedia te  v o r t e x i n g .  The s u s p e n s i o n  was 

l e f t  to  s t a n d  f o r  5 min a t  room t e m p e r a t u r e  t o  a l l o w  l y s i s  to  

o c c u r ,  a f t e r  which  t ime 200 p i  o f  f r e s h l y  p r e p a r e d  0 . 2  M NaOH, 

1% (w/v )  SDS was added  and  mixed by two or  t h r e e  s h a rp  i n v e r s i o n s  

of  t h e  tube  so as  no t  to  s h e a r  t h e  chromosomal  ENA. The m i x t u r e  

was i n c u b a t e d  on i c e  f o r  5 min to  d e n a t u r e  t h e  ENA and t h e n  

150 p i  o f  an i c e  c o l d  s o l u t i o n  o f  p o t a s s iu m  a c e t a t e  (pH 4 . 8 )  was 

a d d e d .  100 ml o f  p o t a s s iu m  a c e t a t e  s o l u t i o n  c o n t a i n e d  60 ml of 

5 M p o t a s s i u m  a c e t a t e  and 11 .5  ml of  g l a c i a l  a c e t i c  a c i d .  The 

tube  was g e n t l y ,  and b r i e f l y ,  v o r t e x e d  on i t s  cap and  once  a g a in  

s t o r e d  on i c e  f o r  5 min t o  a l l o w  t h e  ENA to  r e n a t u r e .  The l a r g e  

a g g r e g a t e  of chromosomal  ENA which formed was t h e n  p e l l e t e d  by 

c e n t r i f u g a t i o n  f o r  1 min i n  t h e  m i c r o c e n t r i f u g e  and t h e  s u p e r -
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n a t a n t ,  c o n t a i n i n g  t h e  p la sm id  was c a r e f u l l y  t r a n s f e r r e d  t o

a new E ppendor f  tube  u s i n g  a P a s t e u r  p i p e t t e .  The p lasm ids  w ere  

t h e n  p r e f e r e n t i a l l y  p r e c i p i t a t e d  from t h e  m i x t u r e  by add in g  

0 .5 4  volumes of  p r o p a n - 2 - o l  a t  room t e m p e r a t u r e  f o r  2 m in .  The 

ENA was c o l l e c t e d  by 1 min c e n t r i f u g a t i o n  a nd  t h e  p e l l e t  was 

washed w i t h  500 p i  o f  70% ( v / v )  e t h a n o l  b e f o r e  b e i n g  d r i e d  under  

vacuum.

At t h i s  s t a g e  t h e  p l a s m id s  w ere  s u b s t a n t i a l l y  c o n t a m i n a t e d  

w i t h  RNA and o t h e r  m a t e r i a l  and r e q u i r e d  f u r t h e r  p u r i f i c a t i o n  

b e f o r e  they  c o u l d  be u s e d  a s  h y b r i d i z a t i o n  p r o b e s .  P l a s m i d s  

p r e p a r e d  from 12 ml of  c u l t u r e  were  f i r s t  d i s s o l v e d  i n  500 p i  of 

1 mM EDTA, 10 mM T r i s - H C l  pH 8 .0  c o n t a i n i n g  50 pg ml  ̂ RNase 

(Sigma Type XI I -A  from b o v ine  p a n c r e a s )  and i n c u b a t e d  a t  37°C f o r  

30 min t o  d i g e s t  t h e  RNA. The RNase was added  from a 10 mg ml  ̂

s t o c k  s o l u t i o n  i n  15 mM NaCl,  10 mM T r i s - H C l  pH7.5 which had 

p r e v i o u s l y  been  h e a t e d  t o  100°C f o r  15 min t o  d e n a t u r e  c o n ta m in a 

t i n g  DNases. The d i g e s t i o n  was t e r m i n a t e d  by two phenol  e x t r a c 

t i o n s  and  t h e  ENA was c o l l e c t e d  by an e t h a n o l  p r e c i p i t a t i o n .

Fo r  f u r t h e r  p u r i f i c a t i o n ,  t h e  p e l l e t  was d i s s o l v e d  i n  100 p i  

of  0 . 5  M NaCl,  1 mM EETA, 10 mM T r i s - H C l  pH 7 .2  and  l o a d e d  o n t o  a 

m ic roco lumn o f  p r e - p a c k e d  NACS r e s i n  (BRL). A f t e r  e x t e n s i v e  

wash ing  o f  t h e  column w i t h  t h e  b i n d i n g  b u f f e r ,  t h e  p l a s m id  ENA 

was s e l e c t i v e l y  e l u t e d  t w i c e  w i t h  250 p i  o f  0 . 7  M NaCl,  1 mM 

EETA, 10 mM T r i s - H C l  pH7 .2 .  Under t h e s e  s a l t  c o n d i t i o n s  any 

chromosomal ENA p r e s e n t  i n  t h e  p r e p a r a t i o n  rem ains  bound t o  the  

r e s i n  (BRL NACS A p p l i c a t i o n s  Manual ,  see  a l s o  P l a t e  4 . 8 . 1 ) .

A f t e r  p u r i f i c a t i o n  t h e  y i e l d  o f  ENA from 12 ml o f  b a c t e r i a l  

c u l t u r e  was l e s s  th a n  1 pg a nd  c o u ld  n o t  be q u a n t i f i e d  a c c u r a t e l y  

a t  t h i s  s t a g e .  Al l  p l a s m id  m i n i - p r e p s  w ere  a n a l y s e d  by a g a r o s e  

ge l  e l e c t r o p h o r e s i s  b e f o r e  u s e .
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2 . 1 1 . 4 .  L a b e l l i n g  o f  p ro b es  w i th  b i o t i n  by n i c k  t r a n s l a t i o n .

B io t in - 1 1 -d U T P ,  an a n a lo g u e  of  dTTP, was i n c o r p o r a t e d  i n t o  

p l a s m id  ENA in  t h e  p r e s e n c e  of  t h e  d e o x y n u c l e o t i d e  t r i p h o s p h a t e s  

dATP, dCTP and dCTP by n i c k  t r a n s l a t i o n  (Langer  £ t  a l . ,  1981 ) .

Up to  1 pg o f  p lasm id  ENA was d i s s o l v e d  i n  20 p i  of 120 mM 

NaCl, 1 mM EETA, 10 mM T r i s - H C l  pH 7 .5  and c o o le d  on i c e .  To 

t h i s  was ad d e d  2 .5  p i  of  0 . 4  mM b i o t i n - l l - d U T P  (BRL) and 5 p i  of 

a s t o c k  s o l u t i o n  c o n t a i n i n g  0 . 2  mM each of  dATP, dCTP and  dCTP in  

50 mM MgClg, 100 mM 2 - m e r c a p t o e t h a n o l , 100 pg ml  ̂ BSA, 500 mM

T r i s - H C l  pH 7 .8  (BRL Nick  T r a n s l a t i o n  Reagent  A4) .  A f t e r  

a d j u s t i n g  t h e  volume of  the  m i x t u r e  t o  45 p i  w i t h  d i s t i l l e d  

w a t e r ,  5 p i  o f  a s o l u t i o n  c o n t a i n i n g  0 . 4  u n i t s  p i   ̂ ENA po lymer

a s e  I  and 40 pg . p i   ̂ ENase I  (BRL Nick  T r a n s l a t i o n  Reagent  C) was 

a d d e d .  The s o l u t i o n  was t h e n  g e n t l y  mixed and  c e n t r i f u g e d  t o  the  

bo t tom  o f  t h e  tube  b e f o r e  b e i n g  i n c u b a t e d  a t  15°C f o r  90 m in .

The r e a c t i o n  was s to p p e d  by add ing  5 p i  of  0 . 3  M EETA pH 8 . 0  

and 1 p i  of  5% (w/v )  SDS. B i o t i n - l a b e l l e d  ENA was s e p a r a t e d  from 

u n i n c o r p o r a t e d  n u c l e o t i d e s  by two e t h a n o l  p r e c i p i t a t i o n s  and  

r e p e a t e d  70% ( v / v )  e t h a n o l  washes a f t e r  f i r s t  add ing  50 p g  o f  

s o n i c a t e d ,  s i n g l e - s t r a n d e d ,  salmon sperm ENA to  a c t  as  a c a r r i e r .  

The f i n a l  p e l l e t  was d i s s o l v e d  i n  100 p i  o f  0.1% (w/v)  SDS,

O . l x  SSC, 10 mM EETA pH 7 . 0  and s t o r e d  a t  -20°C .

The q u a n t i t y  of  b i o t i n - l a b e l l e d  p robe  was a s s a y e d  by s p o t 

t i n g  a t e n - f o l d  d i l u t i o n  s e r i e s  d i r e c t l y  on to  a s t r i p  of  n i t r o 

c e l l u l o s e  p a p e r  and v i s u a l i z i n g  th e  b i o t i n y l a t e d  ENA by means of  

th e  BRL DNA d e t e c t i o n  sys tem ( s e e  S e c t i o n  2 . 1 1 . 6 ) .  The c o lo u r  

i n t e n s i t y  of  t h e  s p o t s  was compared w i t h  t h a t  of known amounts  of  

l a b e l l e d  X ENA (BRL) a l s o  s p o t t e d  o n t o  n i t r o c e l l u l o s e  and 

d e v e lo p e d  a l o n g s i d e  t h e  unknowns ( s e e  P l a t e  4 . 8 . 2 ) .
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2 . 1 1 . 5 .  H y b r i d i z a t i o n  o f  b i o t i n y l a t e d  probe  ENA to  dot  b l o t s  and 

S o u th e rn  b l o t s .

H y b r i d i z a t i o n  o f  l a b e l l e d  probe  ENA to t a r g e t  ENA bound t o  

n i t r o c e l l u l o s e  pa per  was pe r fo rmed  i n  h e a t - s e a l a b l e  p o l y th e n e  

bags so as  to  m in im iz e  t h e  volume of  the  h y b r i d i z a t i o n  s o l u t i o n s  

c o n t a i n i n g  t h e  p r o b e s .  P r e h y b r i d i z a t i o n  and  h y b r i d i z a t i o n  b u f 

f e r s  w e re  s l i g h t l y  m o d i f i e d  from t h o s e  of Wahl e t  a l . ,  ( 1 9 7 9 ) :

P r e - h y b r i d . H y b r i d .

b u f f e r b u f f e r

formamide^ ( v / v ) 50 % 45 %
SSC 5 X 5 X

BSA ( w /v ) 0 .1  % 0 .1  %

p o l y v i n y l p y r r o l i d o n e ^  (w/v) 0 .1  % 0 .1  %

F i c o l l  400 (w/v) 0 .1  % 0 .1  %

sodium p h o s p h a te  pH 6 .5 25 mM 20 mM

d e n a t u r e d  salmon sperm ENÂ 250 pg ml ^ 250 pg ml

sodium d e t r a n  s u l p h a t e ^  (w/v) - 8 %

-1

(N o tes :  a .  commercial  formamide (Sigma) was f u r t h e r  p u r i f i e d  a s

f o l l o w s .  The formamide was c r u d e l y  r e c r y s t a l l i z e d  by i n i t i a t i n g  

c r y s t a l l i z a t i o n  on t h e  s i d e  of  t h e  b o t t l e  a t  -20°C f o r  1 h and 

th e n  l e a v i n g  t h e  b o t t l e  u n d e r  i c e  o v e r n i g h t .  The l i q u i d  f r a c t i o n  

was th e n  s t i r r e d  w i t h  A m b e r l i t e  MBl ion  exchange  r e s i n  (4 g o f  

d r i e d  r e s i n  pe r  100 ml o f  fo rmamide)  f o r  4 h .  The r e s i n  ha d  been 

washed i n  e t h a n o l  t h e n  e t h a n o l  : e t h e r  (1 :1  v / v )  b e f o r e  b e i n g  d r i e d  

under  vacuum, and was removed from t h e  formamide by f i l t r a t i o n ,  

b .  Average  m o l e c u l a r  w e i g h t  4 0 , 0 0 0 .  c .  Salmon sperm ENA (Sigma,  

Type I I I )  was d i s s o l v e d  i n  w a t e r  a t  10 mg.ml  ̂ and s o n i c a t e d  t o  

r e d u c e  i t s  m o l e c u l a r  w e i g h t  as d e s c r i b e d  i n  S e c t i o n  2 . 9 . 1 .  The 

ENA was d e n a t u r e d  by h e a t i n g  to  100°C f o r  10 min a nd  was then  

q u i c k l y  c h i l l e d ) .
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The n i t r o c e l l u l o s e  was i n c u b a t e d  w i t h  p r e h y b r i d i z a t i o n  b u f -  
2

f e r  (1 ml p e r  10 cm of  p a p e r )  i n  a p o l y th e n e  bag submerged i n  a 

w a t e r  b a t h  a t  42°C f o r  3 h . During t h i s  t ime th e  n i t r o c e l l u l o s e  

pa pe r  was f r e q u e n t l y  a g i t a t e d  t o  remove a i r  b u b b l e s  and  so e n s u re  

t h a t  t h e  b i n d i n g  s i t e s  on t h e  f i l t e r  paper  were  c o m p le te ly  s a t u 

r a t e d  w i t h  s i n g l e - s t r a n d e d  salmon sperm ENA. A f t e r  p r e h y b r i d i z a 

t i o n ,  t h e  b u f f e r  was removed from t h e  bag  and  r e p l a c e d  w i t h  t h e  

same volume of  p r e - h e a t e d  h y b r i d i z a t i o n  b u f f e r .  The d e n a t u r e d  

probe  was t hen  m ixed  w i t h  a s m a l l  volume of t h e  h y b r i d i z a t i o n  

b u f f e r  and  p i p e t t e d  i n t o  the  bag which was r e s e a l e d ,  b e in g  c a r e 

f u l  to  remove as  much a i r  as  p o s s i b l e ,  and r e t u r n e d  t o  t h e  42°C 

w a t e r  b a t h .  The probe  had  been d e n a t u r e d  by h e a t i n g  to  100°C f o r  

5 min a n d  c o o l e d  q u i c k l y  in  an  e t h a n o l / i c e  b a t h  to  p r e v e n t  r e 

n a t u r a t i o n  .

H y b r i d i z a t i o n  a t  42°C was done to  1-4 x C t ,  by i n c u b a t i n go
t h e  probe  w i t h  t h e  n i t r o c e l l u l a s e  f i l t e r  f o r  t h e  number of hours  

e s t i m a t e d  from t h e  f o l l o w i n g  e q u a t i o n  ( M a n i a t i s  e t  a l . ,  1982) :

VX
n o .  h ou r s  t o  a c h i e v e  1 C! t ,  = T r —O Vx I j  .w

where ;  V = volume of  h y b r i d i z a t i o n  b u f f e r  ( i n  m l ) ,

X = c o m p l e x i t y  of probe ENA ( a b o u t  5 kb f o r  pBR322),

w = w e i g h t  of probe added ( i n  p g ) .

C o n s e q u e n t ly  h y b r i d i z a t i o n  t im es  v a r i e d  from 2 -  25 h de pe nd ing

on t h e  c o n c e n t r a t i o n  o f  t h e  probe  u s e d .  D e t a i l s  o f  probe  concen

t r a t i o n s  and  h y b r i d i z a t i o n  t im es  a r e  g iven  i n  t h e  r e s u l t s .



—81 —

A f t e r  h y b r i d i z a t i o n ,  t h e  f i l t e r  was removed from t h e  bag  and  

washed w i t h  2x SSC, 0.1% (w/v)  SDS then  0 .2 x  SSC, 0.1% (w/v)  SDS 

a t  room t e m p e r a t u r e .  Both washes were  r e p e a t e d  o n c e .  The f i l t e r  

was t h e n  washed a t  a h igh  s t r i n g e n c y  w i th  0 .1 6 x  SSC, 0.1% (w/v)  

SDS a t  50 C f o r  15 m in ,  a g a i n  r e p e a t i n g  o n c e .  These  washes  were  

t h o s e  recommended by Leary £ t  a l . (1983)  f o r  h y b r i d i z a t i o n s  p e r 

formed i n  45% fo rmamide.  F i n a l l y ,  t h e  n i t r o c e l l u l o s e  paper  was 

b r i e f l y  r i n s e d  i n  2x SSC, 0.1% (w/v)  SDS a t  room t e m p e r a t u r e  

b e f o r e  p r o c e e d i n g  w i t h  t h e  a s s a y  f o r  b i o t i n  a s  d e s c r i b e d  be low.

2 . 1 1 . 6 .  D e t e c t i o n  o f  b i o t i n y l a t e d  ENA on n i t r o c e l l u l o s e  p a p e r .

B i o t i n - l a b e l l e d  p robe  ENA t h a t  had h y b r i d i z e d  t o  DNA bound 

to  t h e  n i t r o c e l l u l o s e  was v i s u a l i z e d  by th e  c o l o u r i m e t r i c  method  

d e v e lo p e d  by Leary  a_l. (1983)  and m a r k e t e d  by B e thesda  Re

s e a r c h  L a b o r a t o r i e s  (BRL DNA D e t e c t i o n  Sys tem ) .  Al l  b u f f e r s  w ere  

f i l t e r e d  th r o u g h  a 0 . 2 2  pm M i l l i p o r e  f i l t e r  b e f o r e  u s e ,  and

u n l e s s  o t h e r w i s e  s t a t e d ,  a l l  s t a g e s  were  pe r fo rm ed  a t  room

t e m p e r a t u r e  i n  s u i t a b l e  p l a s t i c  t r a y s .

The n i t r o c e l l u l o s e  pa per  was washed b r i e f l y  i n  ' 7 . 5  b u f f e r '  

( 0 . 1  M NaCl,  2 mM MgClg, 0.05% ( v / v )  T r i t o n  X-100,  0 .1  M T r i s - H C l  

pH 7 . 5 )  and b l o c k e d  by i n c u b a t i n g  i t  i n  3% (w/v)  BSA i n  7 . 5  

b u f f e r  f o r  20 min a t  42°C.  The b l o c k e d  f i l t e r  was a i r  d r i e d  and

baked i j i  vacuo  a t  80°C f o r  10 -  20 min and  c o u ld  be s t o r e d  i n

t h i s  c o n d i t i o n .

A f t e r  r e h y d r a t i n g  t h e  n i t r o c e l l u l o s e  in  t h e  b u f f e r e d  BSA f o r

10 m in ,  t h e  pape r  was exposed  t o  2 pg ml  ̂ s t r e p t a v i d i n  (BRL) in
2

7 . 5  b u f f e r  f o r  10 m in .  3 ml of  s t r e p t a v i d i n  was u s e d  p e r  100 cm

of n i t r o c e l l u l o s e  and t h e  s o l u t i o n  was g e n t l y  p i p e t t e d  o v e r  t h e
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s u r f a c e  of  t h e  f i l t e r  t h r o u g h o u t  t h e  i n c u b a t i o n  p e r i o d .  S t r e p t a 

v i d i n  which  had no t  bound t o  t h e  b i o t i n —l a b e l l e d  probe  was

removed by t h r e e  3 min washes  w i t h  7 . 5  b u f f e r  u s i n g  a t  l e a s t  
3 2100 cm of  b u f f e r  pe r  100 cm o f  n i t r o c e l l u l o s e  f o r  each wash.  

The n i t r o c e l l u l o s e  was then  i n c u b a t e d  w i t h  1 pg.ml  ̂ b i o t i n y l a t e d  

c a l f  i n t e s t i n a l  a l k a l i n e  p h o s p h a ta s e  polymer (po ly (BAP))  (BRL) in

7 .5  b u f f e r  f o r  10 min i n  e x a c t l y  t h e  manner  as  d e s c r i b e d  f o r  t h e  

s t r e p t a v i d i n  a nd  washed t w i c e  w i t h  a t  l e a s t  a 3 0 - f o l d  e x c e s s  of

7 .5  b u f f e r  a s  b e f o r e ,  and t h e n  w i t h  a s i m i l a r  volume of  ' 9 . 5  

b u f f e r '  ( 0 .1  M NaCl,  50 mM MgCl^, 0 .1  M T r i s -H C l  pH 9 . 5 ) .

To d e t e c t  t h e  poly(BAP) complexed t o  t h e  s t r e p t a v i d i n  

l i n k e r ,  the  f i l t e r  was i n c u b a t e d  w i t h  a m i x t u r e  of  5 -b ro m o -4 -  

c h l o r o - 3 - i n d o l y l  p h o s p h a te  (BCIP) and n i t r o - b l u e  t é t r a z o l i u m  

(NBT) i n  a s e a l e d  p l a s t i c  b a g .  S u f f i c i e n t  dye s o l u t i o n  to  

de v e lo p  a 100 cm f i l t e r  was f r e s h l y  p r e p a r e d  by m ix ing  33 p i  o f  

75 mg,ml  ̂ NBT s o l u t i o n  (BRL) w i t h  7 . 5  ml of  9 . 5  b u f f e r  and t h e n  

a d d in g  25 p i  o f  50 mg.ml  ̂ BCIP s o l u t i o n  (BRL) f o l l o w e d  by g e n t l e  

m ix i n g .  Both dye s t o c k  s o l u t i o n s  were  d i s s o l v e d  i n  70% ( v / v )  

d i m e th y l f o rm a m id e . The bags  i n  which  S t e r i l i n  p e t r i  d i s h e s  w ere

packed were u s e d  f o r  i n c u b a t i n g  t h e  n i t r o c e l l u l o s e  pape r  as  t h e s e  

d id  n o t  a p p e a r  to  i n t e r f e r e  w i t h  p ro p e r  c o lo u r  deve lopment  s i n c e  

5 pg o f  b i o t i n y l a t e d  X ENA c o u ld  r e a d i l y  be v i s u a l i z e d .

Co lou r  deve lopment  was a l l o w e d  t o  p roceed  i n  t h e  da rk  f o r  

4 h ,  or  l o n g e r  i f  no s p e c i f i c  h y b r i d i z a t i o n  was d e t e c t a b l e  a f t e r  

t h i s  t i m e .  However l o n g  i n c u b a t i o n s  r e s u l t e d  i n  a h i g h ,  and 

g e n e r a l l y  u n e v e n ,  n o n - s p e c i f i c  background  c o l o u r  d e ve lopm en t ,  

which was c o n s i d e r a b l y  worse  i f  t h e  7 .5  and 9 . 5  b u f f e r s  had  no t  

been f i l t e r e d .  Development  was t e r m i n a t e d  by wash ing  t h e  f i l t e r  

i n  5 mM EDIA, 20 mM T r i s - H C l  pH 7 . 5 .  The f i l t e r  was p h o to g ra p h e d  

and s t o r e d  dry i n  t h e  d a r k .
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2 . 1 2 .  QUANTITATIVE EXTRACTION AND ESTIMATION OF ENA.

2 . 1 2 . 1 .  E x t r a c t i o n  o f  ENA from whole c e l l s  and n u c l e i .

ENA was q u a n t i t a t i v e l y  e x t r a c t e d  from Glenodin ium f o l i a c e u m  

by com bin ing  t h e  p r e l i m i n a r y  e x t r a c t i o n s  of  Ogur and Rosen (1950)  

w i t h  a m o d i f i c a t i o n  o f  S c h n e i d e r ' s  method o f  e x t r a c t i n g  t o t a l  

n u c l e i c  a c i d s  u s i n g  h o t  5% p e r c h l o r i c  a c i d  ( S c h n e i d e r ,  1 9 45 ) .

About  10^ c e l l s  w ere  c o l l e c t e d  from a m i d - e x p o n e n t i a l  pha se  

c u l t u r e  by s lo w  s p e e d  c e n t r i f u g a t i o n :  2 min a t  1 ,300  g u s i n g  a

MSE 12 X 100 ml swing  o u t  r o t o r .  The c e l l  p e l l e t s  were  washed  

t h r e e  t im es  by r e s u s p e n d i n g  them i n  100 ml of  s t e r i l e  ASP^ and 

th e n  r e p e l l e t i n g  t h e  c e l l s  a g a i n  a s  a b o v e .  A f t e r  t h e  f i n a l  wash 

t h e  p e l l e t s  were  homogeneous ly  r e s u s p e n d e d  i n  a combined volume 

of  e x a c t l y  50 m l .  Three  1 ml samples  w e re  t h e n  w i t h d ra w n  a nd  

f i x e d  by add in g  one drop of  40% ( v / v )  fo rm a ldehyde  f o r  l a t e r  

c o u n t i n g  a s  d e s c r i b e d  i n  S e c t i o n  2 . 2 . 1 .  (Note:  s i n c e  t h e  samples  

were d i l u t e d  b e f o r e  c o u n t i n g  t h e  volume of  f i x a t i v e  added was 

i n c o n s e q u e n t i a l ) .  A l l  t h e  c e l l s  i n  t h e  s u s p e n s i o n  w ere  t hen  

c o l l e c t e d  by c e n t r i f u g a t i o n  a t  12 ,000  g f o r  5 min i n  a S o r v a l l  

SS-34 r o t o r .

The p e l l e t  was homogen ized  i n  80% ( v / v )  e t h a n o l  a t  4°C u s i n g  

a t i g h t - f i t t i n g .  P o t t e r - E l v e h j e m  homogen izer  a s  d e s c r i b e d  i n  

S e c t i o n  2 . 5 . 3 .  Hom ogen iza t ion  was c o n t i n u e d  u n t i l  m i c r o s c o p i c  

e x a m i n a t i o n  r e v e a l e d  t h a t  v e r y  few unbroken  c e l l s  r e m a in e d .  The 

homogenate  was washed  i n t o  a s c r e w - c a p p e d  t e s t  tube  and  p e l l e t e d  

a t  4°C i n  an  MSE 'M in o r '  c e n t r i f u g e  s e t  a t  maximum s p e e d .  The 

r e s i d u e  was t h e n  s e q u e n t i a l l y  e x t r a c t e d  a s  f o l l o w s :
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1 s t  e x t r a c t i o n :  70% ( v / v )  e t h a n o l ;  5 min;  4°C .

2nd e x t r a c t i o n :  70% ( v / v )  e t h a n o l ,  0.1% ( v / v )  p e r c h l o r i c  

a c i d ;  5 min;  4 °C .

3 r d  e x t r a c t i o n :  3 :1  ( v / v )  e t h a n o l : d i e t h y l  e t h e r ;  3 min ;

65°C ( i . e .  g e n t l y  b o i l i n g  i n  a w a t e r

b a t h  ) .

4 t h  e x t r a c t i o n :  2% ( v / v )  p e r c h l o r i c  a c i d ;  1 min ;  4°C .

A l l  e x t r a c t i o n  were  pe r fo rm ed  t w i c e ,  u s i n g  5 ml of s o l v e n t  f o r  

each e x t r a c t i o n .  R e s id u es  were  t h o r o u g h l y  r e s u s p e n d e d  by v o r t e — 

x i n g  and  c o l l e c t e d  by c e n t r i f u g a t i o n  i n  t h e  MSE Minor  c e n t r i f u g e .  

A f t e r  t h e  c o l d  a c i d  t r e a t m e n t ,  t h e  r e s i d u e  was r e s u s p e n d e d  i n  

2 ml o f  5% ( v / v )  p e r c h l o r i c  a c i d  (AR g r a d e )  and i n c u b a t e d  a t  70°C 

f o r  40 min t o  e x t r a c t  t h e  n u c l e i c  a c i d s .

INA was s im ply  e x t r a c t e d  from i s o l a t e d  n u c l e i  w i t h  t h e  ho t  

5% p e r c h l o r i c  a c i d .  No p r e l i m i n a r y  e x t r a c t i o n s  w ere  n e c e s s a r y .

2 . 1 2 . 2 .  E s t i m a t i o n  o f  ENA i n  e x t r a c t s .

B u r t o n ’ s m o d i f i c a t i o n  o f  t h e  d iphen y la m in e  r e a c t i o n  was u s e d  

to  e s t i m a t e  d e o x y r i b o s e  in  t h e  p e r c h l o r i c  a c i d  e x t r a c t s  ( B u r t o n ,  

1 9 5 6 ) .  Diphenylamine  (S igma,  w h i t e  c r y s t a l s )  was f u r t h e r  

p u r i f i e d  by r e c r y s t a l i z a t i o n  from a l c o h o l .  The d ip h e n y la m in e  was 

d i s s o l v e d  i n  a min imal  volume of  e t h a n o l  and c o o l e d  t o  -2 0 °C .  

The s l u r r y  of  c r y s t a l s  was th e n  c o l l e c t e d  on Whatman N o . l  f i l t e r  

p a p e r  and d r i e d  under  vacuum.

To a s s a y  f o r  DNA, 2 ml o f  d i p h e n y la m in e  r e a g e n t  was ad d e d  t o  

1 ml o f  t h e  p e r c h l o r i c  a c i d  e x t r a c t  which  had  been c l e a r e d  by 

c e n t r i f u g a t i o n .  The d ip h en y la m in e  r e a g e n t  was p r e p a r e d  immedia 

t e l y  b e f o r e  u s e  by d i s s o l v i n g  0 .75  g o f  d i p h e n y la m in e  in  50 ml of 

g l a c i a l  a c e t i c  a c i d  and  t h e n  a d d in g  0 .75  ml of c o n c e n t r a t e d  

s u l p h u r i c  a c i d  and  0 .25  ml o f  aqueous a c e t a l d e h y d e  s o l u t i o n
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p e r c h l o r i c  a c i d  and  d ipheny la m ine  r e a g e n t  was i n c u b a t e d  a t  30 C 

f o r  18 h to  d e v e lo p  t h e  b l u e  c o lo u r  r e a c t i o n  which was q u a n t i f i e d  

by m e a s u r in g  t h e  a b s o rb a n c e  a t  600 nm.

A s e r i e s  o f  s t a n d a r d  ENA s o l u t i o n s  ( 0 . 5  -  500 jag-ml”  ̂ i n  

5% ( v / v )  p e r c h l o r i c  a c i d )  were a s s a y e d  i n  t h e  same manner  as  

d e s c r i b e d  above  so as  to  c a l i b r a t e  t h e  r e a c t i o n .  These  DNA 

s t a n d a r d s  w ere  p r e p a r e d  by d i l u t i n g  a 1 mg ml  ̂ s t o c k  s o l u t i o n  o f  

h i g h l y  p o l y m e r i z e d  c a l f  thymus ENA (S igma) which had been 

d i s s o l v e d  i n  5% ( v / v )  p e r c h l o r i c  a c i d  a t  70°C f o r  40 m in .  The 

a b s o r b a n c e  a t  600 nm was found  t o  be d i r e c t l y  p r o p o r t i o n a l  t o  the  

ENA c o n t e n t  i n  t h e  r ange  of  5 -  100 jag.ml  ̂ ENA ( F i g u r e  2 . 4 ) .  

The re  was no a d v a n ta g e  i n  s u b t r a c t i n g  t h e  a b s o r b a n c e  a t  540 nm 

( J e n s e n ,  1 9 6 2 ) .  The number of  c e l l s  o r  n u c l e i  from which th e  

sample ENA was e x t r a c t e d  was c a r e f u l l y  chosen  so t h a t  t h e  concen

t r a t i o n  o f  ENA i n  t h e  e x t r a c t  f e l l  w i t h i n  t h e  u p p e r  p a r t  of  t h i s  
- 1

r a n g e .  A 10 d i l u t i o n  o f  t h e  sample co u ld  t h e n  be u s e d  t o  

p r o v i d e  c o n f i r m a t i o n  o f  the  ENA a s s a y .
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CHAPTER 3

GENERAL OBSERVATIONS ON GLENODINIUM FOLIACEUM

3 . 1 .  CELL MORPHOLOGY, GROWTH AND DIVISION

3 . 1 . 1 .  C e l l  m o rp h o lo g y .

Viewed under  t h e  l i g h t  m i c r o s c o p e ,  Glenod in ium  f o l i a c e u m  

e x h i b i t s  t h e  e x t e r n a l  f e a t u r e s  c h a r a c t e r i s t i c  o f  d i n o f l a g e l l a t e s  

i n  g e n e r a l  ( P l a t e  3 . 1 . 1 ) .  I n  c u l t u r e  t h e  c e l l s  va ry  g r e a t l y  i n  

s i z e ,  r a n g i n g  from 9 -  40 pm wide and 11 -  45 pm l o n g .  The c e l l  

c o v e r i n g  ( t h e c a  o r  amphiesma) i s  d i v i d e d  i n t o  an e p ic o n e  and a 

hypocone by a t r a n s v e r s e  groove ( t h e  g i r d l e )  i n  which  i s  a p p r e s -  

s ed  t h e  h e l i c a l ,  t r a n s v e r s e  f l a g e l l u m .  The f r e e ,  l o n g i t u d i n a l  

f l a g e l l u m  emerges  n e a r  t o  t h e  t r a n s v e r s e  one where  a l o n g i t u d i n a l  

c ha nne l  i n  t h e  hypocone ( t h e  s u l c u s )  j o i n s  t h e  g i r d l e .  The 

d e t a i l e d  e x t e r n a l  s t r u c t u r e  of  the  c e l l  has  been  d e s c r i b e d  by 

s e v e r a l  a u t h o r s  ( B i e c h e l e r ,  1952; P r a g e r ,  1963; S i l v a ,  1962)  bu t  

i t s  m os t  s t r i k i n g  f e a t u r e  i s  i t s  marked  d o r s o - v e n t r a l  f l a t t e n i n g  

( f o l i a c e u m  = " l e a f - l i k e " ) ,  which i s  u n u s u a l  f o r  a p l a n k t o n i c  

s p e c i e s .

Using Nomarski  i n t e r f e r e n c e  c o n t r a s t  enhancem ent ,  a few of  

t h e  m a j o r  c e l l  o r g a n e l l e s  can be d i s c e r n e d .  The numerous c h l o r o -  

p l a s t s  a r e  p e r i p h e r a l l y  l o c a t e d  and  a r e  more o r  l e s s  d i s c o i d  i n  

shape  i n  some i n d i v i d u a l s  b u t  i n  o t h e r s  they  may be f a i r l y  

e l o n g a t e d .  Tenuous c o n n e c t i o n s  a r e  sometimes p r e s e n t  b e tw e en  two



P l a t e  3 . 1 .  Morpholo gy  and  c e l l  d i v i s i o n  i n  G l e n o d i n i u m  f o l i a c e u m .

Nomarsk i  i n t e r f e r e n c e  c o n t r a s t  m i c r o g r a p h s  o f  l i v e  

c e l l s .

1 .  Two p l a n e s  o f  f o c u s  t h r o u g h  a m o t i l e  c e l l :

a .  s u r f a c e  v iew sh ow in g  t h e  t h e c a  d i v i d e d  i n t o  t h e

e p i c o n e  (E ) ,  hypoc on e  (H) by t h e  g i r d l e  ( G ) .

b .  s u b - m e d i a l  o p t i c a l  s e c t i o n  showing  t h e  e y e s p o t  

(ES) .

X 1 , 3 0 0

2 .  C e l l  i n  v a r i o u s  s t a g e s  of  d i v i s i o n  removed f rom t h e

b o t to m  o f  a c u l t u r e  f l a s k :  ( 1 ) ,  p r e d i v i s i o n  c e l l ;  ( 2 ) ,

c e l l  u n d e r g o i n g  c y t o k i n e s i s ;  ( 3 ) ,  d i v i d e d  c e l l .  N o t e  

t h e  d i n o f l a g e l l a t e  n u c l e u s  i n  c e l l  2 (Nd) an d  t h e  

a c c u m u l a t i o n  body i n  c e l l  3 (A ) ,  and  a l s o  t h e  r e m a i n s  

of  d i s c a r d e d  t h e c a e  ( T ) .  x 1 , 1 5 0 .

3 .  Fo ur  d a u g h t e r  c e l l s  s t i l l  e n c l o s e d  w i t h i n  t h e  w a l l  of  

t h e  m o t h e r  c e l l ,  x 1 , 2 0 0 .

4 .  D o u b le t  o f  no rm a l  m o t i l e  c e l l s  p o s s i b l y  r e p r e s e n t i n g  

f u s i n g  g a m e t e s .  N o te  t h e  two l o n g i t u d i n a l  f l a g e l l a e  

( L F ) .  X 1 , 2 0 0 .
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or  more  of  t h e  c h l o r o p l a s t s  p a r t i c u l a r l y  in  t h e  l a r g e r  c e l l s .  

These c o n n e c t i o n s  a r e  m os t  r e a d i l y  s e en  i f  t h e  a u t o f l u o r e s c e n c e  

of  t h e  c h l o r o p h y l l  i s  viewed under  i n c i d e n t  u l t r a v i o l e t  e x c i t a 

t i o n .  The o v e r a l l  o range-brown c o lo u r  of  G. f o l i a c e u m  c u l t u r e s  

i s  i n  p a r t  due to  t h e  c h l o r o p l a s t  p i g m e n ta t i o n  bu t  a l s o  due to  

t h e  p r e s e n c e  of  one or  more s i m i l a r l y  c o l o u r e d  " a c c u m u l a t i o n  

b o d i e s " .  These  may become q u i t e  l a r g e  i n  r e l a t i o n  to  t h e  s i z e  of  

t h e  c e l l ,  p a r t i c u l a r l y  i n  o l d  c u l t u r e s .  The on ly  o t h e r  pigmented  

s t r u c t u r e  i s  t h e  p rominen t  r ed  e y e s p o t  which l i e s  b e n e a t h  t h e  

s u l c a l  r e g i o n .  A n u c le u s  c o n t a i n i n g  a d i s o r d e r e d  a r r a y  of conde

nsed  chromosomes i s  a l s o  u s u a l l y  d i s c e r n i b l e  towards  t h e  c e n t r a l  

r e g i o n  o f  t h e  c e l l  and t h e  s u r r o u n d i n g  c y top la sm  i s  g e n e r a l l y  

packed w i t h  s t a r c h  g r a i n s .  I n  n o n - a x e n i c  c u l t u r e s  b a c t e r i a  a r e  

f r e q u e n t l y  s e e n  i n  s e n e s c e n t  c e l l s  bu t  a p p e a r  to  be a b s e n t  from 

h e a l t h y  i n d i v i d u a l s .

3 . 1 . 2 .  G ro w th .

The growth  o f  an e s s e n t i a l l y  b a c t e r i a - f r e e  c u l t u r e  of  Gleno

din ium f o l i a c e u m  i n  500 ml o f  the  s y n t h e t i c  medium ASP^ i s  shown 

i n  F i g u r e  3 . 1 .  T h i s  c u l t u r e  volume seemed t o  p ro v id e  t h e  most  

f a v o u r a b l e  c o n d i t i o n s  f o r  g row th ,  bu t  even s o ,  t h e  d o u b l in g  t im e 

d u r in g  t h e  e x p o n e n t i a l  g rowth  phase  was on ly  4 . 4  d a y s .  S i n c e  a l l  

t h e  c e l l s  do n o t  d i v i d e  by b i n a r y  f i s s i o n ,  t hen  t h e  a c t u a l  

g e n e r a t i o n  t im e  i s  even g r e a t e r .  The d o u b l in g  t im e  of  G. f o l i a -  

ceum i s  compared w i t h  t h o s e  of  some o t h e r  d i n o f l a g e l l a t e s  i n  

T a b le  3 . 1 .  I n m o s t  s p e c i e s  t h e  d o u b l in g  t im e c o r r e s p o n d s  more 

c l o s e l y  t o  t h e  g e n e r a t i o n  t im e  so i t  i s  e v i d e n t  t h a t  u n d e r  f av o u 

r a b l e  c o n d i t i o n s ,  Gj_ f o l i a c e u m  has a s u b s t a n t i a l l y  l o n g e r  c e l l  

c y c l e  t h a n  o t h e r  d i n o f l a g e l l a t e s , w i th  the  e x c e p t i o n  o f  P e r i d i -  

nium b a l t i c u m . I t  i s  i n t e r e s t i n g  to  n o t e  t h a t  a s low g rowth  r a t e  

i s  o f t e n  c h a r a c t e r i s t i c  o f  s y m b i o t i c  r e l a t i o n s h i p s  ( M a r g u l i s ,  

1 9 8 1 ) .  From a p r a c t i c a l  p o i n t  of  v i e w ,  however ,  t h e  growth 

c h a r a c t e r i s t i c s  o f  G. f o l i a c e u m  makes i t  an u n f a v o u r a b l e  s p e c i e s
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F i g u r e  3 . 1 .  Growth c h a r a c t e r i s t i c s  o f  Glenod in ium  f o l i a c e u m .

500 ml of  ASP^ was i n o c u l a t e d  w i t h  5 ml of  l a t e  

e x p o n e n t i a l  phase  c u l t u r e  o f  low b a c t e r i a l  d e n s i t y  on 

day 0 and i n c u b a t e d  unde r  c o n t i n u o u s  l i g h t  a t  18°C.

, c e l l  d e n s i t y ;  O O ,  f r e q u e n c y  of  d i v i d i n g

c e l l s .  P o i n t s  a r e  the  means o f  10 Sedgewick R a f t e r  

row c o u n t s  and  t h e  b a r s  i n d i c a t e  s t a n d a r d  e r r o r s  

g r e a t e r  than  t h e  symbol s i z e .
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T a b le  3 . 1 .  Doubl ing t im es  ( i n  days)  o f  p h o t o s y n t h e t i c  d i n o f l a g e l 
l a t e s  .

S p e c i e s Doubling t im e Notes

Amphidinium c a r t e r i 0 . 8 , 0 . 7 a , b
C e r a t iu m  dens 3 .3 c
C. f u r c a 4 . 6 c
D inophys is  f o r t i i 1 .4 c
Glenod in ium  f o l i a c e u m 5 . 6 , 4 . 4 , 6 . 2 b , d , e

Gonyaulax t a m a r e n s i s 2 . 4 a
Gymnodinium n e l s o n i i 3 . 0 a

H e t e r o c a p s a  n i e i 1 .4 f

H. pygmaea 1 .7 a

P e r i d i n i u m  b a l t i c u m 5 . 0 b

P r o r o c e n t r u m  t r i e s t i n u m 1 .4 a

S c r i p p s i e l l a  t r o c h o i d e a 2 .6 a

W o lo s z y n s k ia  c o r o n a t a 3 . 0 g

N otes  :

a .  2 . 8  1 n o n - a x e n i c  c u l t u r e s  i n  a n a t u r a l  s e a w a t e r  
medium on a 12L:12D p h o t o p e r i o d  ( K a r e n t z ,  1983 ) .

b .  Axenic  c u l t u r e s  i n  a s y n t h e t i c  m a r in e  medium under  
c o n t i n u o u s  l i g h t  ( M o r r i l l  and L o e b l i c h ,  1 9 7 9 ) .

c .  N a t u r a l  a l g a l  p o p u l a t i o n s  (W ei le r  and Chisho lm,  
1 9 7 6 ) .

d .  P r e s e n t  s t u d y ,  c o n t i n u o u s  l i g h t .
e .  P r e s e n t  s t u d y ,  12L:12D p h o t o p e r i o d .
f .  N o n - a x e n ic  c u l t u r e s  i n  a n a t u r a l  s e a w a t e r  medium 

on a 12L:12D p h o t o p e r i o d  ( M o r r i l l  and L o e b l i c h ,  
1 9 8 4 ) .

g .  100 ml n o n - a x e n i c  c u l t u r e s  i n  an  a r t i f i c i a l  f r e s h 
w a t e r  medium unde r  c o n t i n u o u s  l i g h t  (P .D .  B u r t o n ,  
p e r s o n a l  c o m m u n ic a t io n ) .
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f o r  b i o c h e m i c a l  s t u d y .

3 . 1 . 3 .  C e l l  d i v i s i o n .

D i v i d in g  and  p r e —d i v i s i o n  c e l l s  o f  G. f o l i a c e u m  a r e  e a s i l y  

d i s t i n g u i s h a b l e  i n  l i v e  p r e p a r a t i o n s  a s  they  a r e  s p h e r i c a l  and 

n o n - m o t i l e .  B e fo re  d i v i s i o n  t h e  c e l l  d i s c a r d s  i t s  t h e c a  and 

s e c r e t e s  a new t h i c k e n e d  w a l l .  W i th in  t h i s  w a l l  t h e  p r o to p la s m  

i s  s e en  t o  d i v i d e  i n t o  two ( P l a t e  3 . 1 . 2 )  o r ,  more r a r e l y ,  t h r e e  

or  f o u r  ( P l a t e  3 . 1 . 3 ) .  On a few o c c a s i o n s  a c e l l  was seen  t o  

have d i v i d e d  t o  produce  e i g h t  d a u g h t e r  c e l l s  ( P l a t e  3 . 3 . 6 ) .  

S i m i l a r  m u l t i p l e  d i v i s i o n s  have been  r e p o r t e d  by S i l v a  (1962)  and 

B l a n c h a r d - B a b i l l o t  ( 1 9 7 2 ) .  Although some of  t h e  two or  t h r e e  

c e l l  t y p e s  may r e p r e s e n t  i n t e r m e d i a t e  d i v i s i o n  s t a g e s ,  t h e  m a j o r 

i t y  of  c e l l s  p r o b a b ly  d i v i d e  t o  produce  only  two d a u g h t e r s ,  

c o n s i d e r i n g  t h e  low f re que nc y  of  m u l t i p l e  d i v i s i o n  c e l l s  i n  a 

c u l t u r e  ( s e e  Tab le  3 . 2 ) .  A l so ,  many d i v i d i n g  c e l l s  a r e  of  an 

i n t e r m e d i a t e  s i z e  and  a r e  s e en  t o  c o n t a i n  two d a u g h t e r  c e l l s  of  

a p p r o x i m a t e l y  t h e  same s i z e  a s  t h o s e  i n  a t e t r a d .  T h e r e f o r e ,  i f  

a l l  d i v i s i o n s  r e s u l t e d  i n  f o u r  d a u g h t e r s ,  t h e  c u l t u r e  as  a whole 

would  show an e i g h t - f o l d ,  r a t h e r  t han  t h e  o b s e rv e d  f o u r - f o l d ,  

r a n g e  o f  c e l l  s i z e s .

A no the r  p o s s i b i l i t y  i s  t h a t  t e t r a d s  a r e  p a r t  of  t h e  s e x u a l  

c y c l e  o f  G. f o l i a c e u m . O c c a s i o n a l l y  d o u b l e t s  o f  normal  m o t i l e  

c e l l s  a r e  s e en  ( P l a t e  3 . 1 . 4 ) .  These  p robab ly  r e p r e s e n t  gametes  

f u s i n g  r a t h e r  t h a n  abnorm al  a s e x u a l  d i v i s i o n s  a s  s u g g e s t e d  by 

S i l v a  ( 1 9 6 2 ) .  However ,  i t  does  no t  n e c e s s a r i l y  f o l l o w  t h a t  t h e  

r e s u l t i n g  z y g o te  w i l l  d i v i d e  to  produce a t e t r a d  o f  m e i o c y t e s  

s i n c e  t h e  two m e i o t i c  d i v i s i o n s  may be t e m p o r a l l y  s e p a r a t e d ,  as 

i n  Gyrodin ium uncatenum (Coa ts  ^  , 1984) .

When m a i n t a i n e d  under  c o n t in u o u s  l i g h t ,  on ly  a bou t  1% o f  t h e  

c e l l s  a r e  seen  t o  be  u n d e r g o i n g  c e l l  d i v i s i o n  du r in g  t h e  exponen
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t i a l  g rowth  phase  ( F i g u r e  3 . 1 ) .  As the  c u l t u r e  drops  ou t  of  t r u e  

e x p o n e n t i a l  g rowth  a f t e r  a b o u t  20 d a ys ,  t h e  f r e q u e n c y  of d i v i d i n g  

c e l l s  i n c r e a s e s  t o  2 -  3% b u t  f a l l s  once a g a i n  t o  l e s s  t han  1% on 

t h e  a p p ro a c h  o f  s t a t i o n a r y  p h a s e .  For r e a s o n s  which  w i l l  become 

a p p a r e n t  l a t e r ,  i t  would  be i n t e r e s t i n g  to  s tu d y  t h e  c e l l  c y c l e  

of  G. f o l i a c e u m , p a r t i c u l a r l y  t h e  p r o c e s s  of  ENA s y n t h e s i s  and  

t h e  u l t r a s t r u c t u r a l  a s p e c t s  of  c e l l  and n u c l e a r  d i v i s i o n .  Such 

s t u d i e s  i d e a l l y  r e q u i r e  t h e  p r o d u c t i o n  o f  c u l t u r e s  i n  which  c e l l  

d i v i s i o n  o c c u r s  more o r  l e s s  s i m u l t a n e o u s l y  in  a l l  members o f  t h e  

p o p u l a t i o n  ( sync h ronous  d i v i s i o n ) ,  or  a t  l e a s t  i n  a l a r g e  p r o p o r 

t i o n  o f  t h e  c e l l s  (phased  d i v i s i o n ) .

The p r e s e n c e  of  phased  c e l l  d i v i s i o n  i s  w e l l  documented i n  

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

( s e e  W e i l e r  and  Ch isho lm ,  1976) ,  where c e l l  d i v i s i o n  g e n e r a l l y  

o c c u r s  n e a r  dawn. The n a t u r a l  s i t u a t i o n  can be mimicked by 

growing  c u l t u r e s  u n d e r  l i g h t / d a r k  c y c l e s .  C o n s e q u e n t l y  t h e  

phased  d i v i s i o n  o f  a number of  d i n o f l a g e l l a t e s  h a s  been  s t u d i e d  

i n  t h e  l a b o r a t o r y  ( H a s t i n g s  and  Sweeney, 1 9 64 ) .  Again most  

s p e c i e s  d i v i d e  n e a r  to  t h e  o n s e t  of  the  l i g h t  p e r i o d ,  b u t  excep

t i o n s  have  b e e n  fo u n d .  For  example ,  Gymnodinium s p l e n d e n s  

d i v i d e s  a t  t h e  b e g i n n i n g  o f  t h e  d a rk  p e r i o d ,  w h i l s t  t h e  peak o f  

c e l l  d i v i s i o n  o c c u r s  a t  the  end o f  t h e  l i g h t  p e r i o d  i n  P r o r o c e n 

trum m i c a n s .

To a s s e s s  t h e  d e g re e  of  phased  c e l l  d i v i s i o n  t h a t  can be 

a c h i e v e d  w i t h  Glenod in ium  f o l i a c e u m , 100 ml c u l t u r e s  w e r e  grown 

under  a l t e r n a t i n g  12 h l i g h t / d a r k  c y c l e s  a t  a c o n s t a n t  t em p e ra 

t u r e  ( 1 8 ° C ) .  A f t e r  one month of  ph a s in g  c o n d i t i o n s ,  one 24 h 

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

p e r c e n t a g e  of  c e l l s  i n  d i v i s i o n  a t  75 min i n t e r v a l s  d u r in g  t h e  

c y c l e .  The number of  d a u g h t e r  c e l l s  p roduced  by each d i v i s i o n  

was a l s o  r e c o r d e d .  A p r e v i o u s l y  u n d i s t u r b e d  r e p l i c a t e  c u l t u r e  

was u s e d  f o r  each d e t e r m i n a t i o n  t o  a v o id  any a d v e r s e  e f f e c t s  

caused  by t h e  r e p e a t e d  m ix in g  o f  a s i n g l e  c u l t u r e  ( K a r e n t z ,
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1 9 8 3 ) .  The f l a s k s  were  wrapped  i n  f o i l  a t  t h e  b e g i n n i n g  o f  the  

da rk  c y c l e  to  p r e v e n t  e x p o s u re  o f  the  c u l t u r e s  t o  t h e  l a b o r a t o r y  

l i g h t s  w h i l s t  s a m p l in g .  At v a r i o u s  t im es  du r ing  t h e  24 h c y c l e  a 

c u l t u r e  was a l s o  c o u n te d  e l e c t r o n i c a l l y  u s in g  a C o u l t e r  Counter  

and r e - c o u n t e d  3 .5  to  3 .7 5  h l a t e r  to  r e c o r d  changes  t h a t  may 

have o c c u r r e d  i n  t h e  c e l l  s i z e  d i s t r i b u t i o n  o f  t h e  p o p u l a t i o n .

Under t h i s  c o n s t a n t  t e m p e r a t u r e ,  12:12 L: D c y c l e ,  t h e  m a j o r 

i t y  o f  c e l l  d i v i s i o n s  took  p l a c e  d u r in g  t h e  da rk  p e r i o d  ( F ig u r e  

3 . 2 ) .  The maximum d i v i s i o n  f r e q u e n c y ,  f ^ ^ ^ , was 7.5% and o c c u r 

r e d  5 -  6 h i n t o  t h e  n i g h t .  Under c o n t in u o u s  l i g h t  on ly  1 - 2 %  

of  t h e  c e l l s  were  seen  t o  be d i v i d i n g  a t  any one t i m e .  With the  

C o u l t e r  C o u n t e r ,  s h i f t s  i n  t h e  f r e q u e n c y  d i s t r i b u t i o n  o f  c e l l  

s i z e s  c o u l d  be d e t e c t e d .  During t h e  da rk  p e r i o d  t h e  number of  

l a r g e  c e l l s  ( d i a m e t e r  g r e a t e r  t h a n  26 ym) d e c r e a s e d  a n d  t h e  

number o f  sm a l l  c e l l s  ( d i a m e t e r  l e s s  than  21 |jm) i n c r e a s e d  c o r r e 

s p o n d in g l y  ( F i g u r e  3 . 3 ) .  The r e v e r s e  s i z e  s h i f t  o c c u r r e d  d u r in g  

t h e  l i g h t  p e r i o d  a s  more c e l l s  e n t e r e d  t h e  l a r g e  c e l l  p o p u l a t i o n  

t h a n  w e re  e l i m i n a t e d  by c e l l  d i v i s i o n .  I t  i s  d i f f i c u l t  to  

q u a n t i f y  t h e  p h a s in g  o f  c e l l  d i v i s i o n  from t h e  C o u l t e r  Counte r  

r e s u l t s  f o r  t h e  r e a s o n s  o u t l i n e d  p r e v i o u s l y  ( s e e  S e c t i o n  2 . 2 . 2 )  

b u t  a s i m p l e  a n a l y s i s  can be pe rfo rmed  on t h e  d i v i s i o n  f r e q u e n c y  

d a t a .

Tak ing  t h e  w i d t h  o f  t h e  d i v i s i o n  peak a t  i n  F i g u r e

3 . 2  to  a p p r o x i m a t e  to  t h e  t im e  i n t e r v a l  (T) be tween  t h e  i n i t i a 

t i o n  o f  c y t o k i n e s i s  and  t h e  r e l e a s e  of  t h e  d a u g h t e r  c e l l s ,  t h en  

t h e  p e r c e n t a g e  o f  c e l l s  d i v i d i n g  du r in g  one 24 h c y c l e  ( f ^ ^ ^ )  i s :

f . d t  55
f  = =   = 12.2%

I  4 .5



Time ( h )

F i g u r e  3 . 2 .  Phased  c e l l  d i v i s i o n  o f  Glenod in ium  fo l i a c e u m  a t  

c o n s t a n t  t e m p e r a t u r e .  C u l t u r e s  w ere  grown under  

a l t e r n a t i n g  12 h l i g h t / d a r k  c y c l e s  a t  a c o n s t a n t  18°C 

and th e  f r e q u e n c y  o f  d i v i d i n g  c e l l s  was de te rm ine d  a t  

i n t e r v a l s  d u r in g  one 24 h c y c l e .  P o i n t s  a r e  the  

means o f  two d e t e r m i n a t i o n s  (1 ,0 0 0  c e l l s  c oun te d  p e r  

d e t e r m i n a t i o n )  and  t h e  b a r s  i n d i c a t e  t h e  s t a n d a r d  

e r r o r s .  The b e g i n n i n g  o f  t h e  d a rk  p e r i o d  i s  d e f i n e d  

as  t ime 0 .
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F i g u r e  3 . 3 .  C e l l  s i z e  changes  d u r in g  t h e  phased  growth of  Gleno

dinium f o l i a c e u m . Average r a t e  of  change in  t h e  

number of  c e l l s  g r e a t e r  than  26 pm in  d i am e te r

( ' l a r g e  c e l l s ' )  and l e s s  t han  21 pm in  d i am e te r

( ' s m a l l  c e l l s ' )  d u r in g  p e r i o d s  t h r o u g h o u t  t h e  phased  

d i v i s i o n  c y c l e  i l l u s t r a t e d  i n  F i g u r e  3 . 2 .  Changes i n

c e l l  number  a r e  e x p r e s s e d  r e l a t i v e  to  the  i n i t i a l

c u l t u r e  d e n s i t y .
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T a b le  3 . 2 .  Average  f re q u e n c y  of  d i v i s i o n  ty p e s  i n  a phased  c u l 

t u r e  of Glenodin ium fo l i a c e u m  d u r in g  a 24 h p e r i o d  

(1 ,967  c e l l s  w ere  c o u n t e d ) .

No. o f  d a u g h t e r f r e q u e n c y

c e l l s (%)

2 78 .0

3 11 .5

4 10 .5

T h i s  s u g g e s t s  a g e n e r a t i o n  t ime of  a bou t  8 days and  s i n c e  G. 

f o l i a c e u m  p r o d u c e s ,  on a v e r a g e ,  2 .33  d a u g h te r  c e l l s  pe r  d i v i s i o n  

(Tab le  3 . 2 ) ,  t h e n  f ^^ ^  r e p r e s e n t s  a 16.2% i n c r e a s e  i n  t h e  p o p u la 

t i o n ,  i . e .  a d o u b l i n g  t im e  of  6 . 2  d a ys .  The d i s c r e p a n c y  be tw een

f  and f  g i v e s  an i n d i c a t i o n  o f  t h e  d e g re e  of  p h a s in g  i n  t h e  max t o t
c u l t u r e .  D e f i n i n g  t h e  p h a s in g  c o e f f i c i e n t ,  P,  a s :

P = max

t o t

t h e n  f o r  a c u l t u r e  of  G. f o l i a c e u m  m a i n t a i n e d  a t  18°C under  a 

12:12  L:D c y c l e ,  P = 0 . 6 1 .  T h i s  means t h a t  on ly  61% o f  t h e  c e l l s  

which d i v i d e  d u r i n g  a s i n g l e  c y c l e  a c t u a l l y  b e g i n  t o  do so d u r i n g  

th e  t im e  e q u i v a l e n t  to  T/2 b e f o r e  fmax

In  an  a t t e m p t  to  i n c r e a s e  P, c u l t u r e s  w ere  s u b j e c t e d  t o  a 

synchronous  l i g h t  and  t e m p e r a t u r e  c y c l e :  12 h l i g h t ,  24 C /  12 h

d a r k ,  16°C. Under t h e s e  c o n d i t i o n s  t h e  d i v i s i o n  peak o c c u r r e d
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F i g u r e  3 . 4 .  Phased  c e l l  d i v i s i o n  o f  Glenodinium f o l i a c e u m  unde r  

v a r y i n g  t e m p e r a t u r e s .  D e t a i l s  a s  f o r  F ig u re  3 . 2

e x c e p t  t h a t  t h e  c u l t u r e s  were  s u b j e c t e d  t o  ho t  days 

(24°C) and c o l d  n i g h t s  (16°C ) .  Only one d e t e r m i n a 

t i o n  o f  d i v i s i o n  f r e q u e n c y  was made .



-100-

l a t e r  i n  t h e  da rk  p e r i o d  ( F ig u r e  3 . 4 )  and P was 0 . 9 2 .  However ,

a l t h o u g h  t h e  d e g r e e  of  p ha s ing  was g r e a t l y  improved ,  t h e  growth

of  G. f o l i a c e u m  was e x t r e m e l y  poor  and c o n s e q u e n t l y  f  was on ly
max ^

2.75%.

I t  seems u n l i k e l y  t h a t  t h e  v a lu e  of  f  f o r  G. f o l i a c e u mm a x ----------------------
can be i n c r e a s e d  s i g n i f i c a n t l y  by m a n i p u l a t i n g  t h e  l e n g t h  of  t h e  

l i g h t  and da rk  p e r i o d s .  Such t r i a l  and e r r o r  e x p e r im e n t s  a r e  

on ly  w o r t h w h i l e  f o r  s p e c i e s  i n  which th e  g e n e r a t i o n  t im e  i s  n e a r  

to  24 h ( H a s t i n g s  and Sweeney,  1964 ) .  For example ,  w i t h  P r o r o -  

cen trum  m icans  a phased  i n c r e a s e  of  45% c o u ld  be o b t a i n e d  by 

a d j u s t i n g  t h e  l e n g t h  of  t h e  da rk  a nd  l i g h t  c y c l e s  ( F i l f i l a n  a nd  

S i g e e ,  1 9 7 7 ) ,  w h i l s t  w i t h  Amphidinium c a r t e r i , one of  t h e  few 

d i n o f l a g e l l a t e s  which  d i v i d e s  eve ry  24 h ,  a synchronous  c u l t u r e  

c o u ld  be p roduce d  by s i m i l a r  means ( G a l l e r o n ,  1 9 76 ) .  Synchrony 

i n  C r y p th e c o d in iu m  c o h n i i  can be o b t a i n e d  by i n d u c i n g  swarmer 

c e l l s  t o  e x c y s t  i n  u n i s o n  (F ra n k e r  ^  , 1 9 73 ) .  T h i s  m ethod  o f

i n i t i a t i n g  s y n c h ro n y ,  r a t h e r  th a n  im pos ing  i t ,  c o u ld  be of u s e  

w i t h  ^ 2. f o l i a c e u m . P r e l i m i n a r y  e x p e r im e n t s  s u g g e s t e d  t h a t  i t  may 

be p o s s i b l e  to  i n i t i a t e  c u l t u r e s  w i t h  d i v i d i n g  c e l l s  i s o l a t e d  on 

t h e  b a s i s  o f  t h e i r  g r e a t e r  d e n s i t y .  However,  such c u l t u r e s  would  

have an i n h e r e n t  t endency  to  become a s ynchronous  b e c a u s e  of  t h e  

i n c o n s i s t e n t  number of  d a u g h t e r  c e l l s  p roduced  a t  each d i v i s i o n .  

P resum ab ly  a d a u g h t e r  c e l l  r e s u l t i n g  from a c e l l  d i v i d i n g  i n t o  

f o u r  w o u ld  t a k e  tw ic e  as  lo n g  to  r each  the  c r i t i c a l  d i v i s i o n  

volume t h a n  one o f  two d a u g h t e r s .

Thus ,  u n t i l  a h i g h e r  d e g re e  of  synchrony i s  o b t a i n e d  i t  

would p rove  d i f f i c u l t  to  s tu d y  th e  u l t r a s t r u c t u r e  of  c e l l  and 

n u c l e a r  d i v i s i o n  i n  G. f o l i a c e u m  and i m p o s s i b l e  to  f o l l o w  ENA 

s y n t h e s i s  by c l a s s i c a l  m e th o d s ,  such as t h e  i n c o r p o r a t i o n  o f  

l a b e l l e d  n u c l e o t i d e s  i n t o  the  ENA. However,  t e c h n i q u e s  a r e  now 

a v a i l a b l e  to  a n a l y s e  a synch ronous  p o p u l a t i o n s  to  o b t a i n  some 

i n f o r m a t i o n  on c e l l  c y c l e  e v e n t s  and  t h e s e  a r e  d i s c u s s e d  i n  t h e  

n e x t  s e c t i o n .
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3 . 2 .  NUCLEAR MORPHOLOGY, DIVISION AND ENA SYNTHESIS.

C l a s s i c a l  chromosonne. s t a i n s  such as  a c e t o c a r t n in e  have f r e q u e 

n t l y  been  employed t o  s tu d y  the  n u c l e i  of  d i n o f l a g e l l a t e s  ( e . g .  

Dodge, 1963)  s i n c e  t h e  n u c l e a r  ENA i s  pe rm anen t ly  condensed  i n t o  

chromosomes.  Using t h i s  t e c h n i q u e .  Dodge f i r s t  n o t i c e d  t h e  p r e 

s ence  of  an a d d i t i o n a l  a c e t o c a r m i n e - s t a i n i n g  body in  Glenodin ium 

f o l i a c e u m  (Dodge, 1 9 71 ) .  Th is  p e r i p h e r a l  m u l t i l o b e d  s t r u c t u r e  

was q u i t e  d i s t i n c t  from t h e  normal  d i n o f l a g e l l a t e  n u c le u s  not  

on ly  i n  i t s  amorphous shape b u t  a l s o  in  i t s  l a c k  o f  chromosomal  

c o n d e n s a t i o n  ( P l a t e  3 . 2 . 1 ) .  Dodge c a l l e d  t h i s  n u c l e u s - l i k e  body 

t h e  " e u k a r y o t i c "  n u c l e u s  to  draw a t t e n t i o n  t o  i t s  c y t o l o g i c a l  

f e a t u r e s  which  d i f f e r e d  from t h o s e  of t y p i c a l ,  " m e s o k a r y o t i c "  

n u c l e i  of  d i n o f l a g e l l a t e s . The i n t e r m e d i a t e  n a t u r e  of  d i n o f l a g e -  

l l a t e  n u c l e a r  o r g a n i z a t i o n  (hence m e s o k a r y o t i c ) i s  q u e s t i o n a b l e ,  

so h e r e  t h e  te rm s  supernum era ry  n u c l e u s  and  d i n o f l a g e l l a t e  

n u c l e u s  a r e  p r e f e r r e d  s i n c e  th e y  do no t  c o n fe r  any e v o l u t i o n a r y  

s u g g e s t i o n s  .

W h i l s t  a c e t o c a r m i n e  s t a i n i n g  does give  e x t r e m e ly  e f f e c t i v e  

r e s u l t s  t h e r e  a r e  l i m i t a t i o n s  a s s o c i a t e d  w i t h  i t s  u se  i n  s t u d y i n g  

t h e  s u p e rn u m e ra ry  n u c l e u s  of  G. f o l i a c e u m . F i r s t l y ,  s i n c e  a 

m i x t u r e  of  e t h a n o l  and a c e t i c  a c i d  h a s  to  be employed a s  t h e  

f i x a t i v e ,  l i p i d s  a r e  a lm o s t  c o m p le te ly  e x t r a c t e d  a nd  so l i t t l e  

i n f o r m a t i o n  can be o b t a i n e d  on th e  v i a b i l i t y  of  i n d i v i d u a l  c e l l s  

b e f o r e  t hey  were p r e s e r v e d .  Th is  i s  i m p o r t a n t  b e c a u s e  one o c c a -  

s i o n a l y  d i s c o v e r s  c e l l s  which  a p p a r e n t l y  l a c k  supe rnum era ry  

n u c l e i  ( P l a t e  3 . 2 . 2 ) .  Also e t h a n o l / a c e t i c  a c i d  f i x a t i o n  r e s u l t s  

i n  ve ry  poor  c y to p l a s m i c  p r e s e r v a t i o n  which  makes i t  d i f f i c u l t  to  

c o n f i d e n t l y  d e s c r i b e  t h e  d e t a i l e d  morphology of  the  supe rnum era ry  

n u c l e u s  even though a c e t i c  a c i d  i s  s a i d  t o  p r e s e r v e  n u c l e a r  

s t r u c t u r e  ( J e n s e n ,  1 9 6 2 ) .  S e c o n d ly ,  and more i m p o r t a n t l y ,  

ca rm ine  i s  m e r e l y  a b a s i c  cfye and  i s  no t  s p e c i f i c  f o r  ENA. 

Var ious  s t r u c t u r e s  may s t a i n  f a i n t l y  w i t h  a c e t o c a r m in e  and t h i s
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f a c t  c o u l d  be r e s p o n s i b l e  f o r  t h e  r e p o r t  of  supernum era ry  n u c l e i  

i n  a number o f  d i n o f l a g e l l a t e  s p e c i e s  ( G a v r i l a ,  1977) ,  which 

a p p e a r s  t o  be e r r o n e o u s  ( L o e b l i c h  and L o e b l i c h ,  1973) .

The c l a s s i c a l  F e u lg e n  p r o c e d u r e  i s  g e n e r a l l y  c o n s i d e r e d  a 

r e l i a b l e  method  f o r  t h e  c y to c h e m i c a l  d e t e r m i n a t i o n  o f  ENA. 

A l though  t h e  supe rnum e ra ry  n u c l e u s  o f  Ĝ_ f o l i a c e u m  has  been  shown 

to  s t a i n  p o s i t i v e l y  w i th  Fe u lgen  (Dodge, 1971 ) ,  s u g g e s t i n g  t h a t  

i t  does  c o n t a i n  a s u b s t a n t i a l  amount o f  ENA, t h e  p ro ce d u re  s t i l l  

s u f f e r s  f rom q u e s t i o n a b l e  f i d e l i t y  o f  m o r p h o l o g i c a l  p r e s e r v a t i o n .  

However i n  r e a l i t y ,  G_̂  f o l i a c e u m  i s  such an opaque c e l l  t h a t  any 

p igmen ted  s t a i n  which  i n t e r a c t s  d i r e c t l y  w i t h  ENA, such as  m e th y l  

g re e n  (Gahan,  1 9 8 4 ) ,  would be d i f f i c u l t  to  o b s e rv e  i f  t h e  c e l l  

were w e l l  p r e s e r v e d .

T h i s  problem c o u l d  be p a r t i a l l y  c i r c u m v e n t e d  by u s i n g  a 

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

t h e  on ly  a u t o f l u o r e s c e n t  pigment  i n  t h e  c e l l  i s  c h l o r o p h y l l  which 

f l u o r e s c e s  r e l a t i v e l y  w e a k ly .  F o r t u n a t e l y  a number of  f l u o r o -  

chromes which e x h i b i t  v a r y i n g  de g re e s  o f  s p e c i f i c i t y  f o r  ENA have 

r e c e n t l y  become a v a i l a b l e  c o m m e r c i a l l y .  These i n c l u d e  t h e  

f l u o r e s c e n t  a n t i b i o t i c s  m i t h r a m y c i n ,  chromomycin and  o l iv o m y c i n  

(Ward jet. a l . ,  1 9 6 5 ) ,  t h e  b i s b e n z i m i d a z o l  Hoechs t  d y e s ,  most  

n o t a b l y  H oechs t  33258 (Weisblum and H a n n e s s l e r ,  1974) ,  and t h e  

t r y p a n o c i d e ,  4 ’ , 6 —d i a m i d i n o - 2 - p h e n y l i n d o l e  (DAPl) (Manzin i  

a l . ,  1 9 8 3 ) .  Of t h e s e ,  DAPl a p p e a r s  to  be becoming t h e  mos t

p o p u l a r  c y t o c h e m i c a l  s t a i n  f o r  ENA. The f l u o r e s c e n c e  of  EA.P1 i s  

enhanced  20 t im es  when bound t o  ENA and i s  r e l a t i v e l y  s t a b l e  

u nde r  p r o lo n g e d  u l t r a v i o l e t  e x c i t a t i o n .  However,  DAPl can b in d  

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

a d i f f e r e n t  c o l o u r  ( g o ld e n  y e l l o w ) ,  when bound t o  p o l y p h o s p h a t e  

m a t e r i a l  (Coleman,  1 9 7 8 ) .  At h i g h  s t a i n  c o n c e n t r a t i o n s  b i n d i n g  

to  RNA may a l s o  be a problem (Coleman je^ a_l. ,  1 9 8 1 ) .  In  

c o n t r a s t ,  m i t h r a m y c i n  s u f f e r s  l e s s  w i t h  i n t e r f e r e n c e  from i n t r a 

c e l l u l a r  compounds, a l t h o u g h  i t  may b i n d  t o  c e l l  w a l l s ,  and
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a p p e a r s  to  be  s p e c i f i c  f o r  t h e  guan ine  i n  ENA even a t  h igh  s t a i n  

c o n c e n t r a t i o n s  (Ward e t  a l^ . , 1965 ) .  The u s e f u l n e s s  o f  m i t h r a 

mycin i n  s im p l e  o b s e r v a t i o n s  i s  l i m i t e d ,  though ,  by i t s  lower  

s e n s i t i v i t y  ( 4 - 8  t im es  l e s s  s e n s i t i v e  than  DAPl) and i t s  r a p i d  

q u e nc h ing  u n d e r  t h e  e x c i t i n g  l i g h t .

3 . 2 . 1 .  N u c l e a r  m o rp h o lo g y .

A f t e r  m i t h r a m y c i n  s t a i n i n g ,  the  supe rnum era ry  n u c l e u s  of  

G. f o l i a c e u m  was found  t o  emi t  a s t r o n g  y e l l o w  f l u o r e s c e n c e  con

f i r m i n g  t h a t  i t  does  c o n t a i n  ENA. M ithramyc in  f l u o r e s c e n c e  was 

d i f f i c u l t  to  o b s e rv e  i n  c e l l s  f i x e d  w i t h  g l u t a r a l d e h y d e  b e c a u s e  

o f  t h e  c h l o r o p h y l l  a u t o f l u o r e s c e n c e .  However,  t h e r e  was no prob

lem i n  v i s u a l i z i n g  t h e  i n t e n s e  b l u e - w h i t e  f l u o r e s c e n c e  o f  EA.P1, 

and u s i n g  t h i s  s t a i n  t h e  supe rnum era ry  n u c l e u s  a p p e a r e d  t o  assume 

a v a r i e t y  o f  m o r p h o l o g i e s  i n  d i f f e r e n t  c e l l s .  For  e a se  of  

d e s c r i p t i o n  t h e s e  can be a r r a n g e d  i n t o  an a r t i f i c i a l  s e r i e s  of  

i n c r e a s i n g  c o m p l e x i t y .

I n  i t s  s i m p l e s t  form,  t h e  n u c l e u s  i s  a s l i g h t l y  l o b e d ,  ovo id  

body s i m i l a r  i n  s i z e  t o  t h e  d i n o f l a g e l l a t e  n u c l e u s  ( P l a t e  3 . 2 . 3 ) ,

i . e .  a b o u t  8 -  12 pm i n  d i a m e t e r .  U s u a l ly  though ,  t h e  l o b e s  a r e  

more e l a b o r a t e  and become c o n s t r i c t e d  i n  p l a c e s  a l o n g  t h e i r  

l e n g t h .  B i l o b e d  n u c l e i  assume a f i l i f o r m  a p p e a ra n ce  

( P l a t e  3 . 2 . 3 ) .  The c o n s t r i c t i o n s  i n  t h e  n u c l e a r  l o b e s  can become 

so e x a g g e r a t e d  t h a t  t h e  n u c l e u s  b e g in s  to  l o o k  d i s j o i n t e d ,  w i t h  

s e c t i o n s  o f  t h e  n u c l e u s  a p p e a r i n g  u n c o n n e c t e d  ( P l a t e  3 . 2 . 4 ) .  

Whether  o r  n o t  t h e  supe rnum era ry  n u c l e u s  i s  f r a g m e n te d  i n  some 

c e l l s  i s  n o t  c l e a r .  One wou ld  e x p e c t  DAPl s t a i n i n g  t o  r e v e a l  a l l  

b u t  t h e  m os t  t enuous  ENA l i n k s  between  n u c l e a r  " f r a g m e n t s "  b u t ,  

of  c o u r s e ,  t h e s e  may on ly  be c o n n e c t e d  by n u c l e a r  e n v e l o p e .  

However ,  i n  ex t r e m e  e x a m p le s ,  s e c t i o n s  o f  t h e  n u c l e u s  o c c u r  on 

e i t h e r  s i d e  o f  t h e  d i n o f l a g e l l a t e  n u c l e u s  ( P l a t e  3 . 2 . 5 )  and  t h e n  

even t h i s  p o s s i b i l i t y  seems i m p r o b a b l e .  With DAPl s t a i n i n g ,  as
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P l a t e  3 . 2 .  N u c l e a r  morp ho logy  i n  G lenodin ium  f o l i a c e u m . 1 & 2 ,

Nomarski  i n t e r f e r e n c e  c o n t r a s t  m i c r o g r a p h s ;  3 - 6 ,  

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

1 .  C e l l  f i x e d  i n  e t h a n o l / a c e t i c  a c i d  a n d  s t a i n e d  w i t h  

a c e t o c a r m i n e  showing t h e  d i n o f l a g e l l a t e  n u c l e u s  (Nd) 

w i t h  i t s  condensed  chromosomes and  t h e  s u p e rn u m e ra r y  

n u c l e u s  (N e ) ,  x 1 , 7 0 0 .

2 .  A c e t o c a r m i n e - s t a i n e d  c e l l  which l a c k s  a s u p e rn u m e ra r y  

n u c l e u s .  Note t h a t  t h e  chromosomes o f  t h e  d i n o f l a g e l 

l a t e  n u c l e u s  a p p e a r  a b n o r m a l ,  x 2 , 0 0 0 .

3 - 5 .  G l u t a r a l d e h y d e  f i x e d  c e l l  s t a i n e d  w i t h  DAPl i l l u s t r a 

t i n g  t h e  r ange  of  m o r p h o l o g i e s  shown by t h e  s u p e r 

numerary n u c l e u s  ( a r r o w e d ) .  Al l  x 1 , 3 0 0 .

6 .  C e l l  p r e p a r e d  a s  above  b u t  sq u a sh e d  a n d  p h o t o g r a p h e d  

so as  t o  r e v e a l  t h e  d e t a i l  o f  f l u o r e s c e n c e  i n  t h e  two 

n u c l e i .  No te  t h e  n o n - f l u o r e s c e n t  n u c l e o l a r  r e g i o n  i n  

t h e  d i n o f l a g e l l a t e  n u c l e u s ,  x 1 , 6 0 0 .
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w i th  a c e t o c a r m i n e  s t a i n i n g ,  some c e l l s  a r e  seen  t o  l a c k  a s u p e r 

numerary  n u c l e u s .  These  c e l l s  g e n e r a l l y  show r e d u c e d  c h l o r o p h y l l  

a u t o f l u o r e s c e n c e  and p r o b a b l y  r e s u l t  from a b e r r a n t  c e l l  d i v i 

s i o n s ,  as  d e s c r i b e d  be low .  I t  i s  u n l i k e l y  t h a t  t h e s e  u n i n u c l e a t e  

c e l l s  a r e  v i a b l e .

O t h e r  th a n  s l i g h t  v a r i a t i o n s  i n  t h e  i n t e n s i t y  of EAPI f l u o 

r e s c e n c e ,  no d e t e c t a b l e  s u b s t r u c t u r e  can be o b s e rv e d  i n  t h e  

s u p e rn u m e ra r y  n u c l e u s .  T h i s  i s  i n  c o n t r a s t  to  the  d i n o f l a g e l l a t e  

n u c l e u s  w here  t h e  condensed  chromosomes a r e  c l e a r l y  v i s i b l e  

( P l a t e  3 . 2 . 6 ) .  Most of  t h e  d i n o f l a g e l l a t e  n u c l e i  a l s o  c o n t a i n  a 

s p h e r i c a l ,  n o n - f l u o r e s c e n t  r e g i o n  which  c o r r e s p o n d s  to  the  

n u c l e o l u s  .

3 . 2 . 2 .  N u c l e a r  d i v i s i o n .

S t u d y i n g  n u c l e a r  d i v i s i o n  i n  G. f o l i a c e u m  i s  p r o b l e m a t i c a l ;  

t h e  t h i c k  w a l l s  o f  t h e  d i v i d i n g  c e l l s  a r e  p o o r ly  p e n e t r a t e d  by 

bo th  f i x a t i v e  and s t a i n ,  and t h e y  a l s o  i n t e r f e r e  w i t h  su b s e q u e n t  

o b s e r v a t i o n s .  E x t e n d e d  f i x a t i o n  w i t h  i c e  c o ld  3:1 e t h a n o l / a c e t i c  

a c i d  h a d  t o  be employed h e r e  i n  o r d e r  to  enhance t h e  M P I  f l u o r e 

s c e n c e  and  make o b s e r v a t i o n s  p o s s i b l e .  Even s o ,  i n  unsquashed  

c e l l s ,  t h e  n u c l e i  c o u l d  o n l y  be d i s t i n g u i s h e d  on t h e  b a s i s  of  

t h e i r  g r o s s  m o r p h o l o g i e s  s i n c e  i t  was d i f f i c u l t  to  r e s o l v e  the  

chromosomes o f  t h e  d i n o f l a g e l l a t e  n u c l e u s .

The d i n o f l a g e l l a t e  n u c l e u s  d i v i d e s  f i r s t  ( P l a t e  3 . 3 . 1 )  and 

t h e  two d a u g h t e r  n u c l e i  move to  o p p o s i t e  ends of  t h e  c e l l  w h i l s t  

r e m a in i n g  e q u i d i s t a n t  from t h e  supernum era ry  n u c l e u s  

( P l a t e  3 . 3 . 2 ) .  The m orphology  of  the  supe rnum era ry  n u c l e u s  r e 

mains  unc ha nged  d u r i n g  t h i s  p e r i o d  bu t  as  c y t o k i n e s i s  p roce e ds  i t  

becomes c o n s t r i c t e d  by t h e  c l e a v a g e  fu r row ( P l a t e  3 . 3 . 3 ) .  

U l t i m a t e l y ,  when c e l l  d i v i s i o n  i s  c o m p le te d ,  i t  i s  s p l i t  i n t o  two 

( P l a t e  3 . 3 . 4 ) .  No chromosomal c o n d e n s a t i o n  was eve r  o b s e r v e d  i n
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P l a t e  3 . 3 .  N u c l e a r  d i v i s i o n  i n  Glenodin ium f o l i a c e u m . E p i f l u o r e -  

s c e n t  m i c r o g r a p h s  of  e t h a n o l / a c e t i c  a c i d  f i x e d  c e l l s  

s t a i n e d  w i t h  DAPl. Nd, d i n o f l a g e l l a t e  n u c l e u s ;  Ne, 

s u pe rnum e ra ry  n u c l e u s .

1.  C e l l  j u s t  a f t e r  d i v i s i o n  o f  t h e  d i n o f l a g e l l a t e  

n u c l e u s .

2 .  C e l l  i n  an  e a r l y  s t a g e  o f  c y t o k i n e s i s  c o n t a i n i n g  two 

d i n o f l a g e l l a t e  n u c l e i .  Note  a d e t a c h e d  l o b e  of  t h e  

s upe rnum era ry  n u c l e u s  ( a r r o w e d )  n e a r  to  t h e  u p p e r  

d i n o f l a g e l l a t e  n u c l e u s .

3 .  C e l l  in  a l a t e  s t a g e  of  c y t o k i n e s i s  showing t h e  

s upe rnum era ry  n u c l e u s  b e i n g  s p l i t  i n  two by t h e  

c l e a v a g e  f u r r o w .

4 .  D iv ided  c e l l  w i t h  each d a u g h t e r  c o n t a i n i n g  a p o r t i o n  

of  t h e  s u p e rn u m e ra ry  n u c l e u s .

5 .  N u c l e i  o f  f o u r  d a u g h t e r  c e l l s  s t i l l  u n s e p a r a t e d .

6 .  A complex o f  e i g h t  d a u g h t e r  c e l l s  w i t h i n  t h e  w a l l  of  

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

c i a t e d  w i t h  a f r a gm en t  of  t h e  s u p e rn u m e ra r y  n u c l e u s .

A l l  X 1 , 3 0 0 .
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squash  p r e p a r a t i o n s .  One g a in s  t h e  i m p r e s s i o n  t h a t  the  d i v i s i o n  

of  t h e  s u p e rn u m e ra ry  n u c l e u s  i s  no t  o r g a n i z e d  i n  any way and i t  

i s  m e r e l y  f o r t u i t o u s  t h a t  b o th  d a u g h t e r  c e l l s  a c q u i r e  p a r t s  of  i t  

d u r in g  c e l l  d i v i s i o n .  Examples  were found i n  which  t h e  s u p e r 

numerary  n u c l e u s  was a p p a r e n t l y  m i s s i n g  from one o f  t h e  d a u g h te r  

c e l l s .  P re su m a b ly  such a b e r r a n t  d i v i s i o n s  a r i s e  from t h e  asym

m e t r i c  l o c a t i o n  o f  the  n u c le u s  b e f o r e  c y t o k i n e s i s .

A f t e r  r e a c h i n g  t h e  two c e l l  s t a g e ,  n u c l e a r  and c e l l  d i v i s i o n  

may t h e n  o c c u r  a g a i n  ( P l a t e  3 . 3 . 5 )  bu t  t h e  manner  i n  which  t h i s  

p r o c e e d s  was no t  o b s e r v e d .  A f u r t h e r  d i v i s i o n  o f  t h e  n u c l e i  can 

then  t a k e  p l a c e  to  p roduce  a complex o f  e i g h t  d a u g h t e r  c e l l s  each 

c o n t a i n i n g  a s m a l l  f ragment  of the  supe rnum era ry  n u c l e u s  

( P l a t e  3 . 3 . 6 ) .  T h re e  s u c c e s s i v e  n u c l e a r  d i v i s i o n s  m us t  be  v e ry  

r a r e  s i n c e  i t  was on ly  o b s e rv e d  on a few o c c a s i o n s .  These  o b s e r 

v a t i o n s  c o n f i r m  t h o s e  of  B l a n c h a r d - B a b i l l o t  (1972)  who s t u d i e d  

n u c l e a r  d i v i s i o n  i n  G. f o l i a c e u m  u s i n g  a c e t o c a r m i n e  s t a i n i n g .

3 . 2 . 3 .  DNA s y n t h e s i s .

The i n t e n s i t y  of  DAPl or  m i th ra m y c in  f l u o r e s c e n c e  i s  p r o p o r 

t i o n a l  to  t h e  amount  of  ENA, p r o v i d i n g  th e  b a s e  c o m p o s i t i o n  of  

t h e  ENA rem a in s  c o n s t a n t  (Ahrberg and  S c h w e iz e r ,  1 9 84 ) .  So by 

q u a n t i f y i n g  t h e  s t a i n  f l u o r e s c e n c e ,  t h e  r e l a t i v e  amounts of  E3NA 

i n  i n d i v i d u a l  c e l l s  o f  t h e  same organ ism can  be d e t e r m i n e d .  Th i s  

can be done e i t h e r  m a n u a l ly  u s in g  a m i c r o f l u o r o m e t e r  a t t a c h e d  t o  

t h e  m i c r o s c o p e  (Coleman e t  a l . ,  1981) or  a u t o m a t i c a l l y  by means 

of  a f low c y t o m e t e r  (Cr is sman  e^  ^1^., 1979) .  The l a t t e r  method  i s  

t h e  more p r e f e r a b l e  s i n c e  t h e s e  i n s t r u m e n t s  can a n a l y s e  l a r g e  

numbers of  c e l l s  and  so p roduce  r e s u l t s  of  g r e a t e r  s t a t i s t i c a l  

s i g n i f i c a n c e .  A l s o ,  s i n c e  w i t h  a f low c y t o m e t e r  t h e  s t a i n  i s  

on ly  e x c i t e d  f o r  a b o u t  10 m i l l i s e c o n d s ,  f l u o r e s c e n c e  q u e n c h in g  

d u r in g  a n a l y s i s  i s  no t  a p rob lem .
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F i g u r e  3 . 5 .  D iag ram m at ic  r e p r e s e n t a t i o n  o f  the  FACS 420 f low 

c y t o m e t e r .  The f low chamber i s  shown i n  s e c t i o n  

above  and a p l a n  o f  the s i n g l e  c e l l  a n a l y s i s  sys tem 

i s  i l l u s t r a t e d  be low .  See t e x t  f o r  e x p l a n a t i o n .



-111-

The b a s i c  o p e r a t i o n  o f  t h e  f low c y to m e te r  i s  i l l u s t r a t e d  i n  

F i g u r e  3 .5*  The c e l l s  to  be a n a l y s e d  a r e  mixed  w i t h  an a c c e l e r a 

t i n g  f l o w  o f  s h e a t h  f l u i d  ( b u f f e r e d  s a l i n e )  i n  t h e  f low chamber 

such t h a t  they  emerge in  s i n g l e  f i l e  in  a j e t  of  l i q u i d  from t h e  

n o z z le *  The c e l l s  then  p a s s ,  one a t  a t im e ,  th rough  an a c c u r a t e 

ly  c e n t e r e d  l a s e r  beam. T h i s  e x c i t e s  the  s t a i n  and  t h e  f l u o r e 

s c en c e  i s  r e c o r d e d  by p h o t o d e t e c t o r s  p o s i t i o n e d  a t  r i g h t  a n g le s  

to  t h e  beam. A l i g h t  d e t e c t o r  p l a c e d  o p p o s i t e  t h e  l a s e r ,  bu t  

which i s  p r e v e n t e d  from s e e i n g  i t  d i r e c t l y  by an o b s c u r a t i o n  b a r ,  

c o l l e c t s  f o r w a r d  s c a t t e r e d  l i g h t  and p r o v i d e s  i n f o r m a t i o n  on c e l l  

s i z e .  The i n d i v i d u a l  o p t i c a l  p r o p e r t i e s  of  up to  5 ,000  c e l l s  per  

second  can be r e c o r d e d  i n  t h i s  manner  and s u b j e c t e d  t o  s i m u l t a 

neous compute r  a n a l y s i s .  Most p r e s e n t  day f low c y t o m e t e r s  a l s o  

p o s s e s s  t h e  c a p a b i l i t y  of  s o r t i n g  ou t  c e l l s  which  conform t o  

p r e s e t  o p e r a t i o n a l  p a r a m e t e r s  and  a r e  hence termed f l u o r e s c e n c e  

a c t i v a t e d  c e l l  s o r t e r s  (FACS) ( H e rz e n b e rg  ^  ^ . ,  1976;

Sw ee t ,  1 9 7 9 ) .

When G1enodinium f o l i a c e u m  c e l l s ,  s t a i n e d  w i t h  m i t h r a m y c i n ,  

were s u b j e c t e d  t o  a p r e l i m i n a r y  f low c y t o m e t r i c  a n a l y s i s ,  t h e  

f r e q u e n c y  d i s t r i b u t i o n  o f  r e d  f l u o r e s c e n c e  showed t h r e e  peaks 

( F i g u r e  3 . 6 c ) .  The w e a k e s t  f l u o r e s c e n c e  peak c o r r e s p o n d e d  t o  the  

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

( F i g u r e  3 . 6 b ) .  Mithramycin-DNA f l u o r e s c e n c e  was r e s p o n s i b l e  f o r  

t h e  o t h e r  two peaks and  was a t  l e a s t  e i g h t  t imes  more i n t e n s e  

than  t h e  c h l o r o p h y l l  a u t o f l u o r e s c e n c e .  T h i s  s u g g e s t s  t h a t  i n  an  

a s y n c h r o n o u s l y  d i v i d i n g  c u l t u r e  of  G. f o l i a c e u m  t h e r e  a r e  two 

s u b - p o p u l a t i o n s  o f  c e l l s ,  one s u b - p o p u l a t i o n  c o n t a i n i n g  r e l a t i v e 

ly  more ENA t h a n  t h e  o t h e r .  I n  t h i s  r e s p e c t  Gj_ f o l i a c e u m  i s  

t y p i c a l  o f  m os t  o t h e r  e u k a r y o t e s .  C e l l s  i n  G2 phase  of t h e  c e l l  

c y c l e ,  which a r e  r e a d y  t o  undergo  m i t o s i s  (M), c o n t a i n  t w i c e  as  

much ENA as  t h o s e  i n  G1 p h a s e ,  and t h o s e  c e l l s  i n  S phase  t h a t  

a r e  c u r r e n t l y  s y n t h e s i z i n g  I^A have i n t e r m e d i a t e  q u a n t i t i e s  

(L loyd  e t  £ l . ,  1 9 8 2 ) .  However ,  i n  G. f o l i a c e u m  t h e  c e l l s  t h a t  

a r e  a p p a r e n t l y  i n  G2 e x h i b i t  only 1 .5  t im es  t h e  i n t e n s i t y  of
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F i g u r e  3 . 6 .  Flow c y t o m e t r i c  a n a l y s i s  o f  G lenod in ium  f o l i a c e u m .

Graphs a r e  computer  g e n e r a t e d  p l o t s  o f  t h e  r e l a t i v e

number of  e v e n t s  r e c o r d e d  f o r  each s i g n a l  c h a n n e l

(250 c h a n n e l s  i n  a l l ) .

a .  D i s t r i b u t i o n  o f  c e l l  vo lumes i n  an  u n s t a i n e d  

p r e p a r a t i o n  a s  d e t e r m i n e d  from f o r w a r d  s c a t t e r e d  

l i g h t  m e a s u r e m e n t s .

b .  Red a u t o f l u o r e s c e n c e  from t h e  same p r e p a r a t i o n  a s  

i n  ( a )  and r e c o r d e d  s i m u l t a n e o u s l y .

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

m i t h r a m y c i n  s t a i n e d  p r e p a r a t i o n .  F i g u r e s  on t h e  

graph  r e f e r  t o  t h e  r e l a t i v e  a r e a s  u n d e r  t h e  t h r e e  

peaks  whose  r e l a t i v e  p o s i t i o n s  a r e  i n d i c a t e d  on 

t h e  X a x i s .
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f l u o r e s c e n c e  as  t h o s e  in  G1, no t  tw ice  t h e  f l u o r e s c e n c e  as  expec

ted* Also  t h e  DNA d i s t r i b u t i o n  cannot  be u n i q u e l y  p a r t i t i o n e d  

i n t o  t h r e e  phases  s i n c e  no S phase  p l a t e a u  s e p a r a t e s  t h e  G1 and 

G2 peaks  .

These  f e a t u r e s  c o u ld  r e s u l t  from a long S phase i n  G. f o l i a -  

ceum. As t h e  d u r a t i o n  o f  S phase  i n c r e a s e s  r e l a t i v e  to  G1 and 

G2M, i t  becomes more d i f f i c u l t  to  r e s o l v e  t h e  two peaks and  t h e  

G2M peak s h i f t s  t o  low e r  v a lu e s  (Gray jet £ l . ,  1979) .  Long S 

phases  have  be e n  found  i n  some d i n o f l a g e l l a t e s  u s i n g  t h e  s t a n d a r d  

t e c h n i q u e  of  m o n i t e r i n g  l a b e l l e d  t h y m id in e  i n c o r p o r a t i o n  i n t o  

ENA. I n  Amphidinium c a r t e r a e  t h e  S phase  i s  l o n g e r  than  G2M (G1 

b e in g  e x t r e m e l y  s h o r t )  and r e s i d u a l  ENA s y n t h e s i s  a l s o  occurs  

d u r in g  t h e  G2M pha se  ( G a l l e r o n  and  Durrand,  1 9 77 ) .  In  P r o r o c e n -  

trum m i c a n s , i t  has  been  shown t h a t  ENA i s  s y n t h e s i z e d  c o n t i n u o u 

s l y  t h r o u g h o u t  t h e  c e l l  c y c l e  ( F i l f i l a n  and  S i g e e ,  1 9 77 ) .  

However ,  i n  o t h e r  d i n o f l a g e l l a t e s  more d i s c r e t e  S phases  a r e  

found ( F r a n k e r  J j l . ,  1974; L o e b l i c h ,  1976; S p e c to r  je^ a l . ,  

1 9 81 ) ,  and  a r e c e n t  s tu d y  of s i x  m ar ine  d i n o f l a g e l l a t e s  from 

d i f f e r e n t  g e n e r a  c o n f i r m e d  t h a t  a v a r i e t y  of  p a t t e r n s  of  ENA 

s y n t h e s i s  can o c c u r  i n  t h i s  group ( K a r e n t z ,  1983 ) .  There  i s  one 

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

Gonyaulax p o l y e d r a  by Yentsch  ^  ( 1 9 8 3 ) .  They found d i s t i n c t

G1 and G2 peaks s e p a r a t e d  by a v e r y  s h a l l o w  p l a t e a u  o f  S phase 

c e l l s .  The p a u c i t y  of  c e l l s  s y n t h e s i z i n g  ENA was p r o b a l y  b e c a u s e  

a p ha sed  c u l t u r e  was a n a l y s e d ,  which was c o l l e c t e d  a f t e r  c e l l  

d i v i s i o n  h a d  o c c u r r e d .

I t  i s  u n l i k e l y  t h a t  a p r o lo n g e d  S phase i n  one or  b o t h  of 

t h e  two n u c l e i  i n  G. f o l i a c e u m  can c o m p le te ly  a c co u n t  f o r  the  

o b s e r v e d  ENA c o n t e n t  d i s t r i b u t i o n .  More p r o b a b l y ,  c y to c h e m ic a l  

or i n s t r u m e n t a l  v a r i a b i l i t y  a r e  confounding  the  a n a l y s i s .  For 

example ,  n o n - s p e c i f i c  c e l l  w a l l  s t a i n i n g  c o u ld  skew t h e  G1 peak 

to  h i g h e r  f l u o r e s c e n c e  v a l u e s ,  c e l l  c lumping  may c a u s e  an a p p a r -



- l i s 

e n t  i n c r e a s e  i n  t h e  G2 peak ,  and t h e  r e s o l u t i o n  o f  the  i n s t r u m e n t  

c o u ld  be a f f e c t e d  by t h e  l a r g e  s i z e  of some of the  c e l l s  (Gray e t  

a l . ,  1 9 7 9 ) .  However ,  t h e  m os t  s e r i o u s  c o m p l i c a t i o n  i s  t h e  p r e s e 

nce of  a s u b s t a n t i a l  number  o f  u n s t a i n e d  c e l l s  i n  t h e  sample ,  

t h a t  i s  c e l l s  showing on ly  c h l o r o p h y l l  a u t o f l u o r e s c e n c e .  Micro

s c o p ic  o b s e r v a t i o n  s u g g e s t e d  t h a t  t h e s e  c o r r e s p o n d e d  t o  c e l l s  

u n d e rg o i n g  d i v i s i o n ,  as  i n  t h e s e  c e l l s  t h e  pigments  had  been 

p o o r ly  e x t r a c t e d  a nd  t h e  s t a i n  had  no t  p e n e t r a t e d  c o m p le te ly  due 

to  t h e  p r e s e n c e  of  t h e  t h i c k e n e d  w a l l .  S t a i n  p e n e t r a t i o n  a p p e a r 

ed n o t  to  be  a p rob lem  i n  n o n - d i v i d i n g ,  m o t i l e  c e l l s ,  so the  

b r o a d n e s s  of  t h e  m i t h r a m y c i n  f l u o r e s c e n c e  peaks i n  F i g u r e  3 .6 c  

p r o b a b ly  r e f l e c t s  b i o l o g i c a l  v a r i a b i l i t y  i n  DNA c o n t e n t  r a t h e r  

t han  v a r i a b i l i t y  i n  s t a i n i n g .

The p r e s e n c e  of  on ly  two peaks i n f e r s  t h a t  e i t h e r  b o t h  

n u c l e i  i n  G. f o l i a c e u m  s y n t h e s i z e  t h e i r  ENA i n  synch rony ,  or  

c o n t i n u o u s  s y n t h e s i s  t a k e s  p l a c e  in  one n u c l e u s ,  and a d i s c o n t i 

nuous s y n t h e s i s  i n  t h e  o t h e r .  I f  a s y n c h r o n o u s ,  bu t  d i s c r e t e ,  DNA 

s y n t h e s i s  h a d  o c c u r r e d  i n  bo th  then one would  e x p e c t  to  see t h r e e  

peaks i n  t h e  d i s t r i b u t i o n  o f  ENA c o n t e n t .  I t  i s  r e c o g n i z e d ,  

however ,  t h a t  ENA s y n t h e s i s  i n  one of t h e  n u c l e i  c o u ld  o c c u r  

im m e d i a t e l y  b e f o r e  d i v i s i o n  and so t h i s  peak would  no t  be d e t e c t 

ed due t o  t h e  s t a i n i n g  d i f f i c u l t i e s .  W h i l s t  t h i s  would  e x p l a i n  

t h e  i n t e r m e d i a t e  p o s i t i o n  o f  t h e  proposed  G2 pe a k ,  i t  seems 

u n l i k e l y  t h a t  DNA s y n t h e s i s  wou ld o c c u r  a t  such a l a t e  s t a g e  in  

t h e  c e l l  c y c l e .  A l though  some c e l l  ty p es  b e g in  s y n t h e s i z i n g  ENA 

d i r e c t l y  a f t e r  m i t o s i s ,  a G2 phase  i s  r a r e l y  a b s e n t .  I n t e r p r e 

t i n g  th e  d a t a  in  t e rm s  of  synchronous  ENA s y n t h e s i s  would  a l s o  

conform w i t h  t h e  f i n d i n g  t h a t  a n o n - s p e c i e s  s p e c i f i c ,  c y t o p l a s m i c  

f a c t o r  seems t o  t r i g g e r  DNA s y n t h e s i s  i n  mammalian c e l l  l i n e s  

(L loyd  e_t a ^ . , 1 9 8 2 ) .  I f  such a f a c t o r  occurs  i n  G. f o l i a c e u m , 

t hen  i t  m i g h t  be e x p e c t e d  t o  s i m u l t a n e o u s l y  i n i t i a t e  t h e  s y n t h e 

s i s  of  ENA i n  b o th  n u c l e i .
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3 . 3 .  ULTRASTRUCTURE OF GLENODINIUM FOLIACEUM.

V ar ious  f i n e - s t r u c t u r a l  f e a t u r e s  o f  Glenodinium f o l i a c e u m  

have be e n  d e s c r i b e d  p r e v i o u s l y ,  namely t h e  e y e spo t  (Dodge and 

Craw ford ,  1 9 6 9 ) ,  t h e  t h e c a  (Dodge and Crawford ,  1970) ,  the  s u p e r 

numerary n u c l e u s  (Dodge, 1971 ) ,  the  c h l o r o p l a s t s  (Dodge, 1975; 

J e f f r e y  and Vesk ,  1976)  and t h e  " l i m i t i n g  membrane" ( J e f f r e y  and 

Vesk, 1 9 7 6 ) .  These  have been rev iew ed  by Dodge (1983a)  bu t  a r e  

n e c e s s a r i l y  r e - e x a m i n e d  a g a i n  h e r e  so as  to  p ro v id e  a comple te  

d e s c r i p t i o n  o f  t h e  o r g a n i s m .  In  a d d i t i o n ,  o b s e r v a t i o n s  a r e  made 

on some o r g a n e l l e s  whose p r e s e n c e  had no t  been n o t e d  p r e v i o u s l y .

3 . 3 . 1 .  G e n e r a l  u l t r a s t r u e t u r a l  o r g a n i z a t i o n .

The g e n e r a l  o r g a n i z a t i o n  o f  the  c e l l  as  deduced from l i g h t  

m ic ro sc o p y  i s  c o n f i r m e d  under  t h e  e l e c t r o n  m ic r o s c o p e  

( P l a t e  3 . 4 . 1 ) .  The l a r g e  d i n o f l a g e l l a t e  n u c l e u s  i s  s i t u a t e d  

b e n e a t h  t h e  g i r d l e  r e g i o n  and  s l i g h t l y  i n t o  the  hypocone .  

S e c t i o n s  t h ro u g h  t h e  s upe rnum era ry  n u c l e u s  a r e  g e n e r a l l y ,  bu t  no t  

a lw a y s ,  l o c a t e d  to w a rd s  t h e  a n t e r i o r  of  t h e  c e l l  i n  t h e  e p i c o n e .  

The numerous e l o n g a t e  c h l o r o p l a s t s  a r e  a r r a n g e d  more o r  l e s s  

t a n g e n t i a l l y  a ro u n d  t h e  p e r i p h e r y  and e n c l o s e  a r e g i o n  o f  c y t o 

plasm which i s  packed  w i t h  s t a r c h  g r a i n s  and  l i p i d .  The theca

(or  amph iesma) i s  u s u a l l y  q u i t e  w e l l  p r e s e r v e d  and i s  composed o f  

a s e r i e s  o f  v e s i c l e s  c o n t a i n i n g  t h i n  c e l l u l o s i c  t h e c a l  p l a t e s .  

The v e s i c l e s  l i e  b e tw e en  two membranes ,  the  " o u t e r  membrane" and 

t h e  i n n e r ,  c y t o p l a s m i c  membrane, which a r e  c o n t in u o u s  a ro u n d  t h e  

c e l l  ( P l a t e  3 . 4 . 2 ) .  No non-membranous m a t e r i a l  e x t e r i o r  to  the

c y t o p l a s m i c  membrane ,  which c o u ld  c o n s t i t u t e  a p e l l i c l e ,  c o u ld

be s e e n ,  a l t h o u g h  a p e l l i c l e  r e s i s t a n t  to  a c e t o l y s i s  i n  G. 

f o l i a c e u m  h a s  been  d e t e c t e d  by c h l o r a l  h y d r a t e - h y d r i o d i c  a c i d -  

i o d i n e  s t a i n i n g  ( M o r r i l l  and L o e b l i c h ,  1 9 81 ) .  Imm edia te ly  

b e n e a t h  t h e  c y t o p l a s m i c  membrane i s  an i n t e r r u p t e d  row o f  m i c r o -
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P l a t e  3 . 4 .  G e n e r a l  u l t r a s t r u c t u r e  of  G lenod in ium  f o l i a c e u m .

T r a n s m i s s i o n  e l e c t r o n  m i c r o g r a p h s .

1 .  Whole c e l l  showing t h e  c e n t r a l l y  l o c a t e d  d i n o f l a g e l 

l a t e  n u c l e u s  (Nd) and s e c t i o n s  t h ro u g h  two l o b e s  o f  

t h e  s u p e rn u m e ra r y  n u c l e u s  (Ne) tow ards  t h e  a n t e r i o r  o f  

t h e  c e l l .  The c y to p la s m  i s  packed  w i t h  s t a r c h  g r a i n s  

( S ) and l i p i d  ( L ) . V a r io u s  p r o f i l e s  t h ro u g h  t h e  c h l o 

r o p l a s t s  can be se en  a r o u n d  t h e  p e r i p h e r y  of t h e  c e l l .  

X 6 , 4 0 0 .

2 .  D e t a i l  o f  t h e  t h e c a  and s u b - a d j a c e n t  c y t o p l a s m .  The 

t h i n  t h e c a l  p l a t e s  ( ? )  a r e  l o c a t e d  i n  v e s i c l e s  bound 

by a s i n g l e  membrane (PM) be tw een  t h e  c y t o p l a s m i c  

membrane (CM) and an  o u t e r  membrane (CM). Note  t h e  

m i c r o t u b u l e s  b e n e a t h  t h e  c y t o p l a s m i c  membrane 

( a r r o w e d ) ,  t h e  s u b - t h e c a l  v e s i c l e s  (V) and t h e  t r i c h o -  

c y s t s  ( T ) . X 2 3 , 0 0 0 .
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t u b u l e s  and  i n  t h e  s u b a d j a c e n t  cy to p la s m  a r e  normal  d i n o f l a g e l 

l a t e  t r i c h o c y s t s .  Membrane bound v e s i c l e s ,  0 . 7  - 1 . 5  pm in  

d i a m e t e r ,  a r e  a l s o  c h a r a c t e r i s t i c  o f  t h e  p e r i p h e r a l  c y t o p l a s m .  

These  v e s i c l e s  a r e  u s u a l l y  t o t a l l y  e x t r a c t e d  d u r in g  f i x a t i o n  bu t  

when t h e i r  c o n t e n t s  have  been  p a r t i a l l y  p r e s e r v e d  t h e y  a p p e a r  to 

be l i p i d  i n  c h a r a c t e r  ( s e e  P l a t e  3 . 8 . 2 ) .

3 . 3 . 2 .  The d i n o f l a g e l l a t e  n u c l e u s .

At t h e  f i n e - s t r u c t u r a l  l e v e l ,  t h e  d i n o f l a g e l l a t e  n u c le u s  

a g a i n  shows t h e  c h a r a c t e r i s t i c s  t y p i c a l  o f  t h o s e  of  normal  u n i 

n u c l e a t e  s p e c i e s  ( P l a t e  3 . 5 . 1 ) .  The m os t  s t r i k i n g  f e a t u r e  of 

t h i s  n u c l e u s  i s ,  of  c o u r s e ,  t h e  c ondensed  chromosomes.  These  can 

assume v a r i o u s  a p p e a r a n c e s  depend ing  on t h e  f i x a t i o n  a n d  s t a i n i n g  

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

m o t i l e  c e l l s  w h ich  have b e e n  f i x e d  i n  an  i s o t o n i c  s o l u t i o n ,  t h e  

chromosomes a r e  g e n e r a l l y  500 nm -  700 nm i n  d i a m e te r  and  a r e  

composed o f  f i b r i l s  c o m p a c t ly  a r r a n g e d  i n  such a manner  t h a t  t h e  

chromosome assum es  a ba nde d  a p p e a r a n c e  i n  l o n g i t u d i n a l  s e c t i o n .  

The u l t r a s t r u c t u r e  of  d i n o f l a g e l l a t e  chromosomes has  been  s t u d i e d  

i n  some d e t a i l  (Herzog  a n d  S o y e r ,  1983;  Dodge, 1 9 8 5 ) .  The chromo

somes a r e  s e t  i n  a g r a n u l a r  m a t r i x  which i s  e n c l o s e d  by a d o u b le  

membrane e n v e l o p e  p e r f o r a t e d  by p o r e s .  Some chromosomes a r e  seen  

to  be i n  c l o s e  a s s o c i a t i o n  w i t h ,  and a r e  p o s s i b l y  a t t a c h e d  t o  t h e  

n u c l e a r  e n v e l o p e .  No c o n n e c t i o n s  be tween  t h e  n u c l e a r  membrane 

and  e n d o p l a s m i c  r e t i c u l u m  c a n  be o b s e r v e d .  The p rom inen t  n u c l e o 

lu s  o f  t h e  d i n o f l a g e l l a t e  n u c l e u s ,  which  was r e a d i l y  o b s e r v e d  by 

l i g h t  m ic r o s c o p y  ( P l a t e  3 . 2 . 6 ) ,  a p p e a r s  to  be composed e n t i r e l y  

o f  g r a n u l a r  m a t e r i a l ,  i . e .  r i b o s o m a l  r i b o n u c l e o p r o t e i n  p a r t i c l e s .  

W h i l s t  t h i s  i s  f r e q u e n t l y  i n v a d e d  by t h e  n u c l e a r  ground  m a t r i x ,  a 

d i s t i n c t  f i b r i l l a r  component ,  which i s  g e n e r a l l y  c h a r a c t e r i s t i c  

of n u c l e o l i ,  i s  no t  o b v i o u s .  However ,  Dodge (1971)  h a s  n o t e d  

s m a l l  f i b r i l l a r  p a t c h e s  i n  h i s  s e c t i o n s .  L o c a te d  n e a r  to  t h e  

d i n o f l a g e l l a t e  n u c l e u s  a r e  one or  more d i c ty o s o m e s  ( P l a t e  3 . 5 . 1 ) .



~ 120-

P l a t e  3 . 5 .  U l t r a s t r u c t u r e  of  t h e  d i n o f l a g e l l a t e  n u c l e u s  of  

G lenod in ium  f o l i a c e u m . T r a n s m i s s i o n  e l e c t r o n  m i c r o 

g rap h s

1 .  A non -m ed ian  s e c t i o n  t h r o u g h  th e  d i n o f l a g e l l a t e  nuc

l e u s  showing t h e  c ondensed  chromosomes c u t  i n  v a r i o u s  

p l a n e s .  The chromosome s e c t i o n e d  l o n g i t u d i n a l l y  a t  

t h e  b o t to m  o f  t h e  n u c l e u s  a p p e a r s  t o  be i n  c l o s e  

a s s o c i a t i o n  w i t h  t h e  n u c l e a r  e n v e lo p e  ( a r r o w ) .  D, 

d i c t y o s o m e .  x 1 9 , 5 0 0 .

2 .  The n u c l e o l u s  o f  t h e  d i n o f l a g e l l a t e  n u c l e u s  composed 

of  g r a n u l a r  component d i s s e c t e d  w i t h  n u c l e a r  m a t r i x .

X 3 2 , 3 0 0 .



Plate 3.5'"‘mWmka s .» ’

a # #

m



-122-

The p o s i t i o n  o f  t h e  d i c t y o s o m e s  a p p e a r s  no t  to  be r e l a t e d  t o  t h a t  

of t h e  s u p e rn u m e ra r y  n u c l e u s ,  as  h a s  been  s u g g e s t e d  i n  P e r i d i n i u m  

b a l t i c u m , a n o t h e r  b i n u c l e a t e  s p e c i e s  (Tomas and Cox. 1973)

3 . 3 . 3 .  The s u p e r n u m e r a r y  n u c l e u s .

The s u p e rn u m e ra r y  n u c l e u s  h a s  e n t i r e l y  d i f f e r e n t  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  ( P l a t e  3 . 6 . 1 ) .  As i n  t y p i c a l  i n t e r p h a s e  

n u c l e i  of  t h e  v a s t  m a j o r i t y  o f ’ e u k a r y o t e s ,  t h e  chromosomes a r e  

d i s p e r s e d  i n t o  f i b r e s  of  c h r o m a t i n  bu t  t h e  s u p e rn u m e ra ry  n u c l e u s  

l a c k s  t h e  l a r g e  r e g i o n s  o f  d e n s e l y  s t a i n i n g  h e t e r o c h r o m a t i n  which  

o c c u r  i n  t h e  n u c l e i  of  an im a l  and p l a n t  c e l l s .  I n s t e a d ,  t h e  

c h r o m a t i n  f i b r e s  a r e  randomly  a g g r e g a t e d  i n t o  sm a l l  a r e a s  of  

h e t e r o c h r o m a t i n  s c a t t e r e d  t h r o u g h o u t  t h e  n u c l e o p l a s m .  However ,  

such an a r r a n g e m e n t  of  c h r o m a t i n  i s  no t  u n u s u a l  amongst p r o t i s t  

n u c l e i  (Dodge,  1973)  and i s ,  m o r e o v e r ,  found i n  t h r e e  d i n o f l a g e l 

l a t e  g e n e r a .  Dur ing t h e  v e g e t a t i v e  c y c l e  of  N o c t i l u c a  (Z in gm ark ,  

1 9 7 0 ) ,  t h e  f e e d i n g  c y c l e s  of  Oodinium (Cachon a n d  Cachon,  1977)  

and S t y l o d i n i u m  (Timpano and P f i e s t e r ,  1985)  t h e  chromosomes a r e  

c o m p l e t e l y  d i s p e r s e d  a n d  t h e  c h ro m a t in  i s  randomly a r r a n g e d .  

T h i s  t y p e  of  d i n o f l a g e l l a t e  n u c l e u s  was d e s c r i b e d  a s  " n o c t i c a r y o -  

t i c "  by Zingmark  ( 1 9 7 0 ) .  The supernum ary  n u c l e u s  of  G. f o l i a c e u m  

d i f f e r s  f rom t h e s e  n u c l e i  i n  t h a t  t h e  chromosomes do n o t  condense  

d u r i n g  d i v i s i o n .  F u r t h e r m o r e ,  t h e  n o c t i c a r y o t i c  n u c l e i  of 

N o c t i l u c a  and Oodinium become t r a n s f o r m e d  i n t o  t y p i c a l  " d i n o -  

c a r y o t i c "  n u c l e i  ( i . e .  h a v i n g  p e rm e n a n t ly  c o n d e n se d  chromosomes)  

d u r i n g  s p o r o g e n e s i s  ( S o y e r ,  1972;  Cachon a n d  Cachon, 1 9 7 7 ) .

The l o b e s  of  t h e  su p e rn u m e ra r y  n u c l e u s  i n  f o l i a c e u m  a r e  

t h e m s e l v e s  f r e q u e n t l y  d i s s e c t e d  by f i n e r  i n v a g i n a t i o n s  o f  t h e  

c y to p l a s m  ( P l a t e  3 . 6 . 1 ) .  Such i s  t h e  c o n t o r t e d  n a t u r e  of  t h e  two 

membrane n u c l e a r  e n v e lo p e  t h a t  g l a n c i n g  s e c t i o n s  t h ro u g h  th e  

e n v e lo p e  a r e  o f t e n  o b t a i n e d  a n d  r e v e a l  a de nse  a r r a y  of po res  

( P l a t e  3 . 6 . 3 ,  s e e  a l s o  P l a t e  3 . 8 . 2 ) .  The o u t e r  n u c l e a r  membrane
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Plate 3.6. Ultrastructure of the supernumerary nucleus of Gleno
dinium foliaceum. Transmission electron micrographs.

1.  L o n g i t u d i n a l  s e c t i o n  th ro u g h  a lobe  of  t h e  s u p e r 

num era ry  n u c l e u s  showing t h e  i n v a g i n a t i o n s  o f  t h e  

c y to p l a s m  and a s s o c i a t e d  m i t o c h o n d r i a .  N o te  t h e  

random a g g r e g a t i o n  o f  c h r o m a t i n  f i b r e s  i n t o  sm a l l  

a r e a s  o f  h e t e r o c h r o m a t i n  d i s t r i b u t e d  t h r o u g h o u t  t h e  

n u c l e u s ,  x 1 8 , 5 0 0 .

2 .  N u c l e o l i  i n  t h e  s u p e rn u m e ra r y  n u c l e u s .  T h i s  m a t e r i a l

was f i x e d  f o r  1 h w i t h  2% (w /v )  OsO, i n  0 .1 2 5  M
4

S O r e n s e n ' s  p h o s p h a te  b u f f e r  pH 7 .8  a n d  s u b s e q u e n t l y  

p r o c e s s e d  a s  d e s c r i b e d  i n  S e c t i o n  2 . 4 . 1 .  The a r r a n g e 

ment  o f  c h r o m a t i n  i n  t h e  n u c l e u s  i s  s i m i l a r  to  t h a t  i n  

m a t e r i a l  p r e p a r e d  by t h e  s t a n d a r d  double  f i x a t i o n  so 

i s  p r o b a b l y  n o t  a r t i f a c t u a l .  x 1 7 , 6 0 0 .

3 .  T r a n s v e r s e  s e c t i o n  t h r o u g h  a l o b e  o f  t h e  su p e rn u m e ra r y  

n u c l e u s  showing t h e  n u c l e a r  po res  i n  g l a n c i n g  s e c t i o n  

( a r r o w e d )  and t h e  p o s i t i o n  o f  an a s s o c i a t e d  d ic ty o s o m e  

(D) .  X 1 6 , 5 0 0 .

4 .  D e t a i l  o f  a d i c t y o s o m e  c l o s e l y  a d j a c e n t  to  t h e  s u p e r 

num era ry  n u c l e u s  (Ne) and  a c h l o r o p l a s t .  x 4 3 , 4 0 0 .
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i s  c o n t i n u o u s  i n  p l a c e s  w i t h  end o p la s m ic  r e t i c u l u m  ( s e e  P l a t e  

3 . 8 . 2 ) .  N u c l e o l i  a r e  p r e s e n t  in  t h e  s u p e rn u m e ra ry  n u c l e u s  and  i n  

t h i s  s t u d y  th e y  were b e s t  observed a f t e r  u s i n g  OsO^ as  t h e  p r im a ry  

f i x a t i v e  ( P l a t e  3 . 6 . 2 ) .  Like t h e  n u c l e o l u s  of  t h e  d i n o f l a g e l l a t e  

n u c l e u s ,  t h e s e  n u c l e o l i  seemed t o  be on ly  composed o f  g r a n u l a r  

m a t e r i a l ,  bu t  a g a i n ,  n u c l e o l i  w i t h  l e s s  de nse  c e n t r e s  have  b e e n  

se en  by Dodge ( 1 9 7 1 ) .  Dic tyosomes  a s s o c i a t e d  w i t h  t h e  s u p e r 

num era ry  n u c l e u s  h a d  no t  be e n  n o t e d  p r e v i o u s l y ,  b u t  i n  t h i s  r e 

e x a m i n a t i o n  t h e y  were o b s e r v e d  on two s e p e r a t e  o c c a s i o n s  

( P l a t e s  3 . 6 . 3  & 4 ) .  Both d i c t y o s o m e s  w e re  com pres sed  i n  t h e  

n a r ro w  r e g i o n  o f  c y to p l a s m  be tw een  a lobe  o f  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  a nd  so c o u ld  e a s i l y  be o v e r l o o k e d  ( P l a t e  3 . 6 . 3 )

3 . 3 . 4 .  C h l o r o p l a s t s .

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

d i n a l  s e c t i o n  a nd  c o n t a i n  a n  o r d e r l y  a r r a y  of  l a m e l l a e  which  run 

a l o n g s i d e  and a r o u n d  t h e  c e n t r a l  p y r e n o i d  ( P l a t e  3 . 7 . 1 ) .  A 

g i r d l e  l a m e l l a  i s  p r e s e n t  wh ich  l i e s  j u s t  i n s i d e  t h e  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 s  t h e  i n t e r n a l  l a m e l l a e .  The l a m e l l a e  a r e  

composed o f  t h r e e  l o o s e l y  s t a c k e d  t h y l a k o i d s  wh ich  o c c a s i o n a l l y  

s e p a r a t e  b u t  i n v a r i a b l y  r e j o i n  i n t o  t h e  same s t a c k ,  t h y l a k o i d  

c o n n e c t i o n s  be tw een  l a m e l l a e  b e i n g  r a r e  ( P l a t e  3 . 7 . 2 ) .  Benea th  

t h e  g i r d l e  l a m e l l a  a t  the  ends of  t h e  c h l o r o p l a s t ,  and s c a t t e r e d  

e l s e w h e r e  i n  t h e  o r g a n e l l e ,  a r e  s m a l l  e l e c t r o n  t r a n s l u c e n t  

r e g i o n s  o f  s t r o m a  p r o b a b l y  c o r r e s p o n d i n g  t o  a r e a s  of  ENA 

( P l a t e  3 . 7 . 1 ) .  L i p i d  g l o b u l e s  a r e  a l s o  common i n  t h e  c h l o r o 

p l a s t s  .

The c h l o r o p l a s t  e n v e l o p e  c o n s i s t s  o f  two membranes s u r r o u n d 

ed by a s a c  o f  e n d o p la s m ic  r e t i c u l u m  ( c h l o r o p l a s t  ER) ( P l a t e s

3 . 7 . 2  & 3 ) .  C o n n e c t i o n s  b e tw een  t h e  o u t e r  membrane of  t h e  

c h l o r o p a s t  ER and t h e  e n v e l o p e  of  t h e  s u pe rnum e ra ry  n u c l e u s  have  

been d e m o n s t r a t e d  (Dodge,  1 9 8 3 b ) .  Whether  o r  no t  a l l  t h e  c h l o r o -
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Plate 3.7. Ultrastructure of the chloroplasts of Glenodinium
foliaceum. Transmission electron micrographs.

1.  L o n g i t u d i n a l  s e c t i o n  th ro u g h  a c h l o r o p l a s t  showing an  

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

t h e  i n t e r n a l ,  s p i n d l e - s h a p e d  p y r e n o i d  ( P ) .  S c a t t e r e d  

amongst  t h e  l a m e l l a e  a r e  l i p i d  g l o b u l e s  a nd  l i g h t l y  

s t a i n i n g  r e g i o n s  of  s t rom a  p r o b a b l y  c o r r e s p o n d i n g  to  

a r e a s  o f  c h l o r o p l a s t  ENA ( s i n g l e  a r r o w s ) .  Areas  of  

ENA a l s o  o c c u r  b e n e a t h  t h e  g i r d l e  l a m e l l a  a t  each end 

o f  t h e  c h l o r o p l a s t  ( d o u b le  a r r o w s ) ,  x 2 3 , 1 0 0 .

2 .  D e t a i l  of  t h e  c h l o r o p l a s t  m em branes .  The c h l o r o p l a s t  

i s  s u r r o u n d e d  by f o u r  membranes;  two membranes o f  t h e  

c h l o r o p l a s t  e n v e lo p e  (CE) and  two membranes o f  t h e  

c h l o r o p l a s t  e n d o p la s m ic  r e t i c u l u m  (CER). The c h l o r o 

p l a s t  l a m e l l a e  a r e  composed o f  t h r e e  t h y l a k o i d s  which  

a r e  c l e a r l y  s e e n  w here  th e y  s e p a r a t e ,  x 6 4 , 7 0 0 .

3 .  D e t a i l  o f  t h e  " l i m i t i n g  membrane" (LM) e n c l o s i n g  a 

r e g i o n  o f  c y t o p l a s m ,  c o n t a i n i n g  m i t o c h o n d r i a  (Me),  

be tw een  i t  and  t h e  c h l o r o p l a s t  membranes ( a b b r e v i a 

t i o n s  a s  i n  2 ) .  x 7 6 , 0 0 0 .
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p l a s t s  a r e  l i n k e d  t o  t h e  s u p e rn u m e ra ry  n u c l e u s  i n  t h i s  manner  i s  

n o t  known; no obv ious  c o n n e c t i o n  were  o b s e r v e d  i n  t h i s  s t u d y  ( bu t  

see  P l a t e  3 . 8 . 2 ) .  C h l o r o p l a s t  ER i s  a c h a r a c t e r i s t i c  o f  chromo- 

p h y te  a l g a e  ( G i b b s ,  1970)  bu t  no t  d i n o f l a g e l l a t e s  w he re  the  

c h l o r o p l a s t  e n v e lo p e  c o n s i s t s  o f  t h r e e  o f t e n  c l o s e l y  a p p r e s e d  

membranes (Dodge,  1 9 7 5 ) .  Although  i n d i v i d u a l  anomalous c h l o r o 

p l a s t  f e a t u r e s  have  be e n  r e p o r t e d  i n  some d i n o f l a g e l l a t e s ; such  

as  a two membrane e n v e lo p e  i n  some s e c t i o n s  of  P r o r o c e n t r u m  

tn icans  (Dodge, 1 9 8 3 ) ,  f a l s e  g i r d l e  l a m e l l a e  ( s e e  Dodge, 1 9 7 5 ) ,  

and c o n n e c t i o n s  be tw een  c h l o r o p l a s t  and n u c l e a r  membranes i n  

Gymnodinium m i c r o a d r i a t i c u m  ( T a y l o r ,  1969 ) ;  t h e  c o m b i n a t i o n  of  

c h l o r o p l a s t  c h a r a c t e r i s t i c s  shown by Glenod in ium  f o l i a c e u m  i s  

a b s e n t  f rom a l l  o t h e r  d i n o f l a g e l l a t e s  w i t h  t h e  e x c e p t i o n  o f  

P e r i d i n i u m  b a l t i c u m  (Tomas and  Cox, 1 9 7 3 ) .

3 . 3 . 5 .  The " l i m i t i n g  membrane" and t h e  c o n c e p t  o f  an e ndo-  

s y m b i o n t .

In  a d d i t i o n  t o  t h e  two membranes of  t h e  c h l o r o p l a s t  e n v e lo p e  

and  t h e  two membranes of  t h e  c h l o r o p l a s t  ER, a  f i f t h  membrane i s  

o f t e n  se en  l y i n g  o u t s i d e  t h e  o t h e r  f o u r  c h l o r o p l a s t  membranes i n  

G. f o l i a c e u m  ( P l a t e  3 . 7 . 3 ) .  T h i s  " l i m i t i n g  membrane" s e p a r a t e s  

o f f  an a r e a  of  c y to p l a s m  be tw een  i t  and t h e  c h l o r o p l a s t  ER bu t  

u n l i k e  t h e s e  membranes i t  does  n o t  n o r m a l ly  c o m p l e t e l y  s u r r o u n d  

t h e  c h l o r o p l a s t .  M i t o c h o n d r i a  a r e  f r e q u e n t l y  p o s i t i o n e d  c l o s e  to 

t h e  c h l o r o p l a s t  i n  t h i s  a r e a  of c y to p la s m  ( P l a t e  3 . 7 . 3 ) .  A 

s i m i l a r  l i m i t i n g  membrane can be se en  where  t h e  d i n o f l a g e l l a t e  

n u c l e u s  and  s u p e r n u m e r a r y  n u c l e u s  a r e  c l o s e l y  a d j a c e n t  to  one 

a n o t h e r .  Here i t  r u n s  p a r a l l e l  to  t h e  n u c l e a r  e n v e lo p e  o f  t h e  

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

( P l a t e  3 . 8 . 1 ) .  I n  a f a v o u r a b l e  s e c t i o n  t h i s  membrane can be 

t r a c e d  o u t  i n t o  t h e  c y to p l a s m  and can be shown t o  be  c o n t i n u o u s  

w i t h  t h e  l i m i t i n g  membrane of  t h e  c h l o r o p l a s t s .  C o n s e q u e n t l y  

t h i s  membrane e n c l o s e s  a n  a r e a  of  r i b o s o m e - r i c h  c y to p l a s m  which
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Plate 3.8. General ultrastructural features of the endosymbiont
in Glenodinium foliaceum. Transmission electron
m i c r o g r a p h s ,

1 .  D e t a i l  o f  t h e  l i m i t i n g  membrane (LM) s e p a r a t i n g  t h e  

d i n o f l a g e l l a t e  n u c l e u s  (Nd) from t h e  s u p e rn u m e ra r y  

n u c l e u s  (N e ) ,  x 7 1 , 3 0 0 .

2 .  G e n e r a l  f e a t u r e s  of  t h e  c y t o p l a s m i c  compar tment  

e n c l o s e d  by t h e  l i m i t i n g  membrane ( s m a l l  a r r o w s ) .  

T h i s  compartm ent  c o n t a i n s  t h e  c h l o r o p l a s t s  (C ) ,  some 

m i t o c h o n d r i a  (Me) and t h e  s u p e rn u m e ra r y  n u c l e u s  (Ne)  

and  i s  a l m o s t  c e r t a i n l y  d e r i v e d  from an e n d o s y m b i o t i c  

a l g a .  Note  t h e  d i f f e r e n c e  i n  s i z e  b e tw e en  t h e  endo

symbion t  m i t o c h o n d r i a  (Me) and  t h e  m i t o c h o n d r i a  i n  t h e  

d i n o f l a g e l l a t e  c y to p l a s m  (Md), and a l s o  t h e  c o n t i n u i t y  

of  t h e  o u t e r  membrane s u r r o u n d i n g  t h e  e ndosym bion t  

n u c l e u s  w i t h  t h e  e n d o p la s m ic  r e t i c u l u m  and p o s s i b l y  

c h l o r o p l a s t  ER ( l a r g e  a r r o w s ) .  P o r e s  i n  t h e  n u c l e a r  

e n v e lo p e  a r e  a l s o  obv ious  i n  g l a n c i n g  s e c t i o n .  S t a r c h  

g r a i n s  ( S ) and l i p i d  (L)  b o t h  l i e  o u t s i d e  t h e  l i m i t i n g  

membrane i n  t h e  h o s t  c y t o p l a s m ,  x 2 5 , 0 0 0 .
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c o n t a i n s  t h e  s u p e rn u m e ra ry  n u c l e u s  and  i t s  a s s o c i a t e d  d i c t y o s o m e ,  

a l l  t h e  c h l o r o p l a s t s  and  numerous m i t o c h o n d r i a  ( P l a t e  3 . 8 . 2 ) .

I n  e v o l u t i o n a r y  t e r m s ,  t h e  m os t  c o n s e r v a t i v e  h y p o t h e s i s  f o r  

t h i s  o r i g i n  o f  t h e  s u b c e l l u l a r  compar tment  i s  t h a t  i t  was d e r i v e d  

from an e n d o s y m b i o t i c  a l g a  which has  now l o s t  i t s  m o r p h o l o g i c a l  

i d e n t i t y .  I f  one assumes  t h a t  t h e  endosymbion t  was a chromophy- 

t i c  a l g a ,  th e n  t h i s  s i m u l t a n e o u s l y  a c c o u n t s  f o r  t h e  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  o f  t h e  c h l o r o p l a s t s  a n d  s u p e rn u m e ra ry  

n u c l e u s  which  a r e  t y p i c a l  of  some members o f  t h a t  g r o u p .  Such a 

h y p o t h e s i s  was f i r s t  f o r w a r d e d  by Tomas ^  a ^ -  ( 1 9 7 3 ) ,  and l a t e r

e l a b o r a t e d  on by Tomas a n d  Cox (1973)  to  e x p l a i n  t h e  f i n e  s t r u c 

t u r a l  f e a t u r e s  o f  P e r i d i n i u m  b a l t i c u m , which a r e  a l m o s t  i d e n t i c a l  

to  t h o s e  o f  ^ 2. f o l i a c e u m . The i d e a  was s u b s e q u e n t l y  a p p l i e d  t o  

G. f o l i a c e u m  ( J e f f r e y  and Vesk,  1976;  Dodge, 1983a)  and i t  i s  on 

t h i s  i n t e r p r e t a t i o n  t h e  t h i s  t h e s i s  i s  b a s e d .  H e n c e f o r t h ,  t h e r e 

f o r e ,  t h e  membrane bound c y t o p l a s m i c  compartment  i n  G. f o l i a c e u m  

w i l l  be  t e rm ed  " t h e  e n d o s y m b io n t"  and t h e  s u p e rn u m e ra r y  n u c l e u s  

w i l l  be r e f e r r e d  t o  as  t h e  endosymbion t  n u c l e u s  o r  more s im ply  

t h e  sym bion t  n u c l e u s .  S i m i l a r l y ,  t h e  r e m a in d e r  o f  t h e  c e l l  w i l l  

sometim es  be c a l l e d  " t h e  h o s t " .  These  t e rm s  a r e  by no means 

s a t i s f a c t o r y  as  t h e y  do n o t  convey t h e  h i g h  d e g r e e  o f  m o r p h o l o g i 

c a l ,  p r e s u m a b ly  f u n c t i o n a l  and  p o s s i b l y  g e n e t i c  i n t e g r a t i o n  t h a t  

e x i s t s  b e tw een  t h e  two p a r t n e r s .  Hcwever ,  i n t r o d u c i n g  a more 

s u i t a b l e  t e r m i n o l o g y  a t  t h i s  s t a g e  seems a n  u n n e c e s s a r y  c o m p l i c a 

t i o n .

3 . 3 . 6 .  M i t o c h o n d r i a .

The p r e s e n c e  o f  m i t o c h o n d r i a  i n  t h e  endosymbion t  has  a l r e a d y  

been  n o t e d .  These  have  t u b u l a r  c r i s t a e  and  from t h e i r  g e n e r a l  

s t r u c t u r e  w o u ld  a p p e a r  to  be  m e t a b o l i c a l l y  a c t i v e .  M i t o c h o n d r i a  

a l s o  o c c u r  i n  t h e  h o s t  c y to p l a s m  b u t  have r e l a t i v e l y  few t u b u l a r
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c r i s t a e  and  somewhat  d e n s e  c o n t e n t s .  They a r e  a l s o  s m a l l e r  t h a n  

t h e  endosym bion t  m i t o c h o n d r i a  b e i n g  o n l y  h a l f  t h e  d i a m e t e r  and 

much s h o r t e r .  C o n s e q u e n t l y  t h e  h o s t  m i t o c h o n d r i a  have a s l i g h t l y  

r e d u n d a n t  a p p e a r a n c e  ( exam ple s  can be seen  i n  P l a t e s  3 . 4 . 2 ,  3 . 5 . 1  

and  3 . 8 . 2 ) .  However ,  o c c a s i o n a l l y  g i a n t  m i t o c h o n d r i a  a r e  

e n c o u n t e r e d  which  can m e a s u r e  up to  10 ym a c r o s s  ( P l a t e s

3 . 9 . 1  & 2 ) .  The t u b u l a r  c r i s t a e  o f  t h e s e  g i a n t  m i t o c h o n d r i a  s tem 

r e l a t i v e l y  i n f r e q u e n t l y  from t h e  i n n e r  membrane b u t  r a m i fy  t h r o u 

ghout  t h e  m a t r i x ,  b r a n c h i n g  r e p e a t e d l y .  By v i r t u e  o f  t h e i r  s i z e ,  

t hey  have be e n  o b s e r v e d  c l o s e  t o  t h e  d i n o f l a g e l l a t e  n u c l e u s  and  

no membrane s e p a r a t e s  t h e  two o r g a n e l l e s ,  so p resum ably  they  

b e lo n g  t o  t h e  h o s t .  A ch ro m o s o m e - l ik e  s t r u c t u r e  can be se en  i n  

some o f  t h e  g i a n t  m i t o c h o n d r i a  ( P l a t e  3 . 9 . 1 ) .  T h i s  c o n s i s t s  of  

t i g h t l y  c o n d e n s e d  f i b r i l s  s u r r o u n d e d  by a c l e a r  r e g i o n  a n d  i s  

p r e sum a b ly  t h e  l o c a t i o n  o f  t h e  m i t o c h o n d r i a l  ENA.

G i a n t  m i t o c h o n d r i a  v e r y  s i m i l a r  t o  t h o s e  o f  G»_ f o l i a c e u m , 

and c o n t a i n i n g  ’* m i t o c h o n d r i a l  chromosomes" ,  have  b e e n  found  i n  

t h e  d i n o f l a g e l l a t e  Gonyaulax p o l y e d r a  (Herman a n d  Sweeney, 1 9 7 9 ) .  

I n t e r e s t i n g l y ,  g i a n t  m i t o c h o n d r i a  have  a l s o  b e e n  r e p o r t e d  i n  t h e  

h o s t  c y to p l a s m  o f  P e r i  d in iu m  b a l t i c u m  (Tomas a n d  Cox, 1973)  bu t  

ha d  n o t  u n t i l  now been  s e e n  i n  Gj_ f o l i a c e u m . G i a n t  m i t o c h o n d r i a  

a r e  fo rm ed  t e m p o r a r i l y  d u r i n g  t h e  c e l l  c y c l e  o f  E ug lena  g r a c i l i s  

and  Chlamydomonas r e i n h a r d i i , p r o b a b l y  by t h e  f u s i o n  o f  s m a l l e r  

m i t o c h o n d r i a  ( O s a f u n e ,  1 9 7 3 ) .  These  m i t o c h o n d r i a  d i f f e r  f rom 

t h o s e  se en  i n  G^ f o l i a c e u m  i n  t h a t  t h e  c r i s t a e  do n o t  e x t e n d  i n t o  

t h e  m i d d l e  o f  t h e  m a t r i x .  I f  t h e  g i a n t  m i t o c h o n d r i a  of  G. 

f o l i a c e u m  a r e  formed i n  a s i m i l a r  m anner  t h e n  f u r t h e r  deve lopment  

o f  t h e  c r i s t a e  m us t  o c c u r .  The s i g n i f i c a n c e  o f  g i a n t  m i t o c h o n 

d r i a  i n  b o t h  G1enodinium f o l i a c e u m  and P e r i d i n i u m  b a l t i c u m  i s  

u n c l e a r .
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P l a t e  3 . 9 .  Some u l t r a s t r u c t u r a l  f e a t u r e s  o f  t h e  h o s t  in  

G le nod in ium  f o l i a c e u m . T r a n s m i s s i o n  e l e c t r o n  m i c r o 

g rap h s  .

1 .  G i a n t  m i t o c h o n d r i o n  w i t h  a p r o m in e n t  m i t o c h o n d r i a l  

"chromosome" .  The m i t o c h o n d r i o n  i s  c l e a r l y  i n  t h e  

h o s t  c y to p la s m  s i n c e  t h e  l i m i t i n g  membrane ( a r r o w e d )  

s e p a r a t e s  i t  f rom t h e  c h l o r o p l a s t s  a nd  no t  f rom t h e  

d i n o f l a g e l l a t e  n u c l e u s ,  x 2 3 , 0 0 0 .

2 .  S e c t i o n  t h r o u g h  p a r t  of  a g i a n t  m i t o c h o n d r i o n  l y i n g  

n e a r  to  t h e  e y e s p o t  ( E ) .  Note  t h a t  t h e  t u b u l a r  m i t o 

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

X 2 0 , 8 0 0 .

3 .  P a r t  o f  t h e  p u s u l e  o f  G. f o l i a c e u m .  x 6 2 , 4 0 0 .
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3 . 3 . 7 .  O t h e r  o r g a n e l l e s .

To c o m p le te  t h e  g e n e r a l  d e s c r i p t i o n  o f  Glenod in ium  f o l i a c e u m  

t h e  p r e s e n c e  o f  two o t h e r  o r g a n e l l e s  i n  t h e  h o s t  c y to p la s m  ne e ds  

to  be  n o t e d .  The e y e s p o t  ( P l a t e  3 . 9 . 2 )  b a s i c a l l y  c o n s i s t s  o f  a 

number of  c a r o t e n o i d - c o n t a i n i n g  l i p i d  g l o b u l e s  bound by a t h r e e  

membrane e n v e lo p e  and  i s  t h e r e f o r e  a n a l a g o u s  t o ,  and p e rh a p s  

homologous w i t h ,  a t y p i c a l  d i n o f l a g e l l a t e  p l a s t i d .  I t s  s t r u c t u r e  

has  been  d e s c r i b e d  i n  some d e t a i l  by Dodge and Crawford  (1969)  so 

w i l l  n o t  be  e l a b o r a t e d  on h e r e .  The p u s u l e  i n  ^  f o l i a c e u m  i s  a 

complex o f  e l o n g a t e d  v e s i c l e s  a nd  smooth end o p la s m ic  r e t i c u l u m  

( P l a t e  3 . 9 . 3 ) .  The v e s i c l e s  a p p e a r  t o  be bound by two mem branes .  

The p u s u l e  i s  a c h a r a c t e r i s t i c  o r g a n e l l e  i n  d i n o f l a g e l l a t e s  whose  

p r e c i s e  f u n c t i o n  i s  u n c e r t a i n  bu t  i s  p r o b a b l y  a s s o c i a t e d  w i t h  

e i t h e r  o s m o r e g u l a t i o n  o r  e x c r e t i o n  (Dodge,  1 9 7 2 ) .  F i n a l l y ,  i t  i s  

w o r t h  e m p h a s i z i n g  t h a t  t h e  h o s t  c y to p la s m  l a c k s  c h l o r o p l a s t s  

w h i l s t  t h e  e ndosym bion t  i s  devo id  o f  food  s t o r a g e  p r o d u c t s  so 

t h e r e  i s  a n  o b v i o u s  n u t r i t i o n a l  r e l a t i o n s h i p  b e tw e en  t h e  two 

(Dodge,  1 9 8 3 a ) .
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CHAPTER 4

ANALYSIS OF THE DNA OF GLENODINIUM FOLIACEUM

4 . 1 .  ISOLATION AND CHARACTERIZATION OF NUCLEAR ENA.

4 . 1 . 1 .  P rob le m s  a s s o c i a t e d  w i t h  t h e  p u r i f i c a t i o n  o f  ENA from 

G le n o d in iu m  f o l i a c e u m .

A l though  G len o d in iu m  f o l i a c e u m  i s  no t  a h e a v i l y  armoured  

s p e c i e s ,  t h e  t h e c a ,  n e v e r t h e l e s s ,  makes i t  r e s i s t a n t  to  g e n t l e  

l y s i s  t e c h n i q u e s  such as  o s m o t i c  s h o c k ,  r e p e a t e d  f r e e z i n g  a n d  

thaw in g  a n d  t r e a t m e n t  w i t h  d e t e r g e n t s ,  E c d y s i s  can be i n d u c e d  by 

r e s u s p e n d i n g  c e l l s  i n  25% F i c o l l  as  d e s c r i b e d  by Rizzo  ^  

a l . ( 1984)  f o r  C r y p t h e c o d i n iu m  c o h n i i . However ,  t h i s  p r o c e d u r e  

was n o t  v e r y  r e l i a b l e  when a p p l i e d  t o  G lenod in ium  f o l i a c e u m  and 

o f t e n  f a i l e d  t o  have any e f f e c t .  O th e r  f a c t o r s  such as  t h e  age 

of  t h e  c u l t u r e  and  t h e  c e n t r i f u g a l  f o r c e  w i t h  which t h e  c e l l s  

were  c o l l e c t e d  p r o b a b l y  i n f l u e n c e  th e  s u c c e s s  o f  t h e  F i c o l l  

t r e a t m e n t .  Even i f  s p h a e r o p l a s t s  a r e  p roduced  t h e y  a r e  s t i l l  

r e s i s t a n t  t o  d i g e s t i o n  w i t h  1 mg.ml  ̂ p r o n a s e ,  1% SDS a t  50°C f o r  

4 h .  P r o n a s e  d i g e s t i o n  s o l u b i l i z e s  a c e l l  w a l l  d e f i c i e n t  m u t a n t  

of  Chlamydomonas r e i n h a r d i i  ( R o c h a i x , 1 9 8 2 ) ,  so t h i s  w o u ld  

s u g g e s t  t h a t  G lenod in ium  s p h a e r o p l a s t s  a r e  no t  s im ply  s u r r o u n d e d  

by a p f o t e i n / l i p i d  membrane .  The r e p o r t e d  p r e s e n c e  o f  a p e l l i c l e  

i n  G. f o l i a c e u m  ( M o r r i l l  and L o e b l i c h ,  1981)  c o u l d  e x p l a i n  t h e  

c e l l ' s  r e s i s t a n c e  t o  d i g e s t i o n ,  b u t  a p e l l i c l e  was no t  d e t e c t e d  

i n  t h e  u l t r a s t r u c t u r a l  o b s e r v a t i o n s  ( S e c t i o n  3 . 3 . 1 ) .
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F o r t u n a t e l y ,  G. f o l i a c e u m  i s  q u i t e  a l a r g e  c e l l  which makes 

i t  r e a s o n a b l y  s u s c e p t i b l e  to  m e c h a n i c a l  b r e a k a g e .  Here i t  was 

found  t h a t  t h e  u s e  o f  a f i n e l y  g r o u n d .  P o t t e r - E l v e h j e m  homogen-  

i z e r  p roduce d  h i g h e r  y i e l d s  o f  ENA of  g r e a t e r  a v e r a g e  f ragm en t  

s i z e  t h a n  e i t h e r  g r i n d i n g  t h e  c e l l s  to  a powder i n  l i q u i d  n i t r o 

g e n ,  p a s s a g e  t h ro u g h  a F rench  P r e s s u r e  C e l l  a t  12 ,000  p s i  or  

s h e a r i n g  w i t h  a Wareing B l e n d e r .

A n o th e r  prob lem a s s o c i a t e d  w i t h  o b t a i n i n g  t o t a l  ENA p r e p a r a 

t i o n s  from G le nod in ium  f o l i a c e u m  i s  t h e  c o - p r e c i p i t a t i o n  i n  

e t h a n o l  o f  l a r g e  amounts o f  an o r a n g e  g e l a t i n o u s  s u b s t a n c e ,  

f o l l o w i n g  phenol  e x t r a c t i o n  o f  t h e  hom ogena te .  T h i s  c o n ta m in a 

t i n g  s u b s t a n c e  c o u ld  be removed by p a s s i n g  t h e  p r e p a r a t i o n  

th ro u g h  a column o f  l a b o r a t o r y  made h y d r o x y l a p a t i t e  e q u i l i b r i a t e d  

w i t h  8 M u r e a ,  0 .2 4  M sodium p h o s p h a te  b u f f e r  ( F i g u r e  4 . 1 ) .  

Under t h e s e  c o n d i t i o n ,  d o u b l e - s t r a n d e d  WA b i n d s  t o  t h e  h y d r o x y l -  

a p a t i t e  w h i l s t  RNA, mos t  d e n a t u r e d  p r o t e i n s ,  p o l y s a c c h a r i d e s  and  

o t h e r  p o s s i b l e  c o n t a m i n a n t s  do no t  ( B r i t t e n  , 1 9 7 0 ) .  The

on ly  m in o r  drawback w i t h  t h i s  t e c h n i q u e  was t h a t  t h e  c o n t a m i n a t e d  

ENA p r e p a r a t i o n  c a u s e d  t h e  h y d r o x y l a p a t i t e  to  c l o g  b a d ly  which 

h i n d e r e d  t h e  l o a d i n g  a n d  w a s h in g  o f  t h e  column.  The one s t e p  

p u r i f i c a t i o n  o f  ENA u s i n g  h y d r o x y l a p a t i t e , d e s c r i b e d  by B r i t t e n  

( 1 9 7 0 ) ,  c o u l d  n o t  be  a p p l i e d  t o  G. f o l i a c e u m  b e c a u s e  t h e  

c e l l s  c o l l a p s e  i n  8 M u r e a  and t h e n  become e x t r e m e l y  d i f f i c u l t  to  

d i s r u p t  m e c h a n i c a l l y .

A t h i r d  p rob lem  i s  t h a t  of  y i e l d  w i t h  r e s p e c t  to  c u l t u r e

vo lum e .  Between 3 - 4  mg o f  ENA was r o u t i n e l y  o b t a i n e d  from 20 1
3of  f o l i a c e u m  c u l t u r e  ( c e l l  d e n s i t y  a p p r o x i m a t e l y  5 x 1 0

c e l l s . m l  ^ ) .  From e s t i m a t e s  o f  t h e  a v e r a g e  ENA c o n t e n t  o f  a c e l l  

( s e e  S e c t i o n  4 . 1 . 4 )  t h i s  r e p r e s e n t s  30 -  40% of  t h e  t o t a l  r e c o v e 

r a b l e  ENA. However ,  m i l l i g r a m  q u a n t i t i e s  a r e  r e q u i r e d  t o  s tu d y  

t h e  r e a s s o c i a t i o n  k i n e t i c s  o f  ENA u s i n g  h y d r o x y l a p a t i t e  ch ro m a to 

g r a p h y ,  so such y i e l d s  w e re  b a r e l y  a d e q u a t e  f o r  t h i s  type  of  

w o r k .
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F i g u r e  4 . 1 .  P u r i f i c a t i o n  o f  G le nod in ium  f o l i a c e u m  IKA by b y d r o x y -  

l a p a t i t e  c h r o m a t o g r a p h y .  A b s o r p t i o n  s p e c t r a  of  whole  

c e l l  LNA e x t r a c t s  b e f o r e  and a f t e r  p a s s i n g  th ro u g h  a 

column o f  h y d r o x y l a p a t i t e  (HAP).
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4 . 1 . 2 .  F r a c t i o n a t i o n  o f  ENA i n  caes ium  c h l o r i d e  d e n s i t y  

g r a d i e n t s .

T o t a l  c e l l  ENA e x t r a c t  o f  G lenod in ium  f o l i a c e u m  a r e ,  of  

c o u r s e ,  composed l a r g e l y  of  n u c l e a r  ENA. S i n c e  t h e  c e l l  ha s  two 

n u c l e i  and t h e  d i n o f l a g e l l a t e  n u c l e u s  i s  l i k e l y  t o  c o n t a i n  a 

s u b s t a n t i a l  amount  o f  ENA, t h e  l e v e l  o f  c y t o p l a s m i c  ENA c o n ta m i 

n a t i o n  i s  e x p e c t e d  t o  be low .  Even s o ,  s m a l l  amounts o f  c h l o r o 

p l a s t  ENA would have  c o n f u s e d  any r e s u l t s  o b t a i n e d  from t h e  

p r o p o s e d  g e n e t i c  a n a l y s i s  a nd  so had t o  be  removed from t h e  

p r e p a r a t i o n s  .

The c h l o r o p l a s t  ENA from many,  b u t  n o t  a l l ,  o f  t h e  u n i 

c e l l u l a r  a l g a e  s t u d i e d  t o  d a t e  i s  s e p a r a b l e  f rom t h e  n u c l e a r  ENA 

on t h e  b a s i s  o f  i t s  d i f f e r i n g  p h y s i c a l  c h a r a c t e r i s t i c s .  Un l ike  

i n  h i g h e r  p l a n t s  (K o lo d n e r  and  T e w a r i , 1975;  Herrmann ^  a l . ,  

1 9 7 5 ) ,  t h e  c h l o r o p l a s t  RiA of  a l g a e  i s  r e l a t i v e l y  r i c h  i n  A-T

b a s e  p a i r s  so i t  r uns  a s  a low d e n s i t y  s a t e l l i t e  i n  caes ium

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

Chlamydomonas r e i n h a r d i i  and C h l o r e l l a  e l l i p s o i d e a  (Howell  and 

W a lk e r ,  1976;  Yamada, 1982 ) ;  Eug lena  g r a c i l i s  (Manning £ t  

a l . ,  1 9 7 1 ) ;  two s p e c i e s  o f  t h e  r e d  a l g a  P o r p h y r id iu m  ( C h a r l e s ,  

1977;  C r a g i e ,  198 2 ) ;  t h e  ch rom ophy tes  Ochromonas d a n i c a , P o l y e d r -  

i e l l a  h e l v e t i c a  and O l i s t h o d i s c u s  l u t e u s  ( C h a r l e s ,  1977;  A l d r i c h  

and  C a t t o l i c o ,  1981) ;  and p o s s i b l y  a l s o  t h e  d i n o f l a g e l l a t e  

Amphidinium c a r t e r a e  ( G a l l e r o n  a n d  D ur rand ,  1 9 7 8 ) .  The b o u y a n t  

d e n s i t i e s  o f  c h l o r o p l a s t  ENA from D u n a l i e l l a  b i o c u l a t a  and  C y a n i -  

dium c a l d a r i u m  a r e  no t  d i s t i n c t l y  d i f f e r e n t  from t h o s e  of  t h e

n u c l e a r  ENA (Marano ,  1979;  C r a g i e ,  1 9 8 2 ) .  However ,  i f  t h e

f l u o r e s c e n t  dye Hoechs t  33258 i s  i n c l u d e d  i n  t h e  CsCl g r a d i e n t s ,  

t h e  c h l o r o p l a s t  ENA of  Cyanid ium can be r e s o l v e d  a s  a s a t e l l i t e  

band  ( K i t e ,  u n p u b l i s h e d  o b s e r v a t i o n ) .  T h i s  cfye has  a l s o  been  

u s e d  t o  a c c e n t u a t e  t h e  s e p a r a t i o n  o f  t h e  s a t e l l i t e  ENAs of  

O l i s t h o d i s c u s  l u t e u s  ( A l d r i c h  and C a t t o l i c o ,  1 9 8 1 ) .
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Glenod in ium  f o l i a c e u m  ENA was no t  s u b j e c t e d  t o  a n a l y t i c a l  

u l t r a c e n t r i f u g a t i o n  i n  CsCl so i t  i s  no t  known w h e t h e r  any of  t h e  

ENA i s  n a t u r a l l y  s a t e l l i t i c ,  b u t  a f t e r  f r a c t i o n a t i o n  o f  t o t a l  IXÎA 

i n  p r e p a r a t i v e  CsCl g r a d i e n t s  c o n t a i n i n g  Hoechs t  d y e ,  a s i n g l e  

s a t e l l i t e  s p e c i e s  was p r e s e n t  ( P l a t e  4 . 1 . 1 ) .  The re  was no 

e v i d e n c e  of  a s e c o n d  s a t e l l i t e  a s  i n  O l i s t o d i s c u s  l u t e u s  ( A l d r i c h  

and  C a t t o l i c o ,  1981)  and t h e  m ain  band seemed t o  be composed o f  

two m a j o r  s u b -b a n d s  which  were  no t  r e s o l v e d  by t h e s e  g r a d i e n t s .  

By m a n i p u l a t i n g  t h e  g r a d i e n t  p a r a m e t e r s ,  t h e  s a t e l l i t e  c o u ld  be 

drawn w e l l  away from t h e  m a in  band ENA a l l o w i n g  i t  t o  be  

r e c o v e r e d  w i t h o u t  t h e  need  f o r  r e - c e n t r i f u g a t i o n .

O p t im a l  f r a c t i o n a t i o n  was o b t a i n e d  i n  a s h a l l o w  CsCl 

g r a d i e n t  p ro d u ce d  from a s t a r t i n g  d e n s i t y  o f  1 .66  g cm ^ by 

c e n t r i f u g a t i o n  a t  8 0 ,0 0 0  g .  The d e n s i t i e s  a t  e q u i l i b r i u m  i n  a 

10 ml g r a d i e n t  r a n g e d  from 1 .5 9  t o  1 .7 4  g cm So as  to  r e d u c e

t h e  t ime  t a k e n  f o r  t h e  DNA m o l e c u l e s  t o  r e a c h  t h e i r  e q u i l i b r i u m  

d e n s i t y  u n d e r  t h e s e  c o n d i t i o n s ,  t h e  g r a d i e n t s  t h e y  were f i r s t  

c e n t r i f u g e d  a t  a h i g h e r  r e l a t i v e  c e n t r i f u g a l  f o r c e  and t h e n  t h e  

s t e e p  g r a d i e n t  so formed was a l l o w e d  t o  " r e l a x "  a t  t h e  e q u i l i b 

r ium s p e e d  ( B i r n i e ,  1 9 7 8 ) .  To o b t a i n  a one s t e p  f r a c t i o n a t i o n  i t  

was i m p o r t a n t  no t  to  o v e r l o a d  t h e  g r a d i e n t s  w i t h  ENA. The 

maximum amount o f  ENA t h a t  c o u l d  be run i n  one 10 ml g r a d i e n t  was 

200 pg w i t h  a dye to  ENA r a t i o  of  10 :1  (w /w) .  The s a t e l l i t e  DNA 

c o n s t i t u t e d  a b o u t  1% o f  t h e  c e l l u l a r  ENA and was i d e n t i f i e d  a s  

p u r e  c h l o r o p l a s t  ENA on t h e  b a s i s  o f  a r e s t r i c t i o n  e n d o n u c l e a s e  

a n a l y s i s  ( s e e  S e c t i o n  4 . 2 . 3 ) .  Any m i t o c h o n d r i a l  ENA p resum ab ly  

banded i n  t h e  b r o a d  main  b a n d ,  t h a t  i s ,  w i t h  t h e  n u c l e a r  ENA. 

However t h e  l e v e l  o f  c o n t a m i n a t i o n  o f  t h e  n u c l e a r  ENA w i t h  

m i t o c h o n d r i a l  ENA i s  l i k e l y  t o  be e x t r e m e l y  low and s h o u l d  no t  

i n t e r f e r e  w i t h  s u b s e q u e n t  e x p e r i m e n t s .
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P l a t e  4 . 1 .  F r a c t i o n a t i o n  o f  G lenod in ium  f o l i a c e u m  ENA i n  c a es ium  

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

t a k e n  u n d e r  u l t r a v i o l e t  l i g h t  to  v i s u a l i z e  t h e  ENA 

b a n d s .

1 .  S e p a r a t i o n  o f  s a t e l l i t e  ENA in  a CsCl g r a d i e n t

c o n t a i n i n g  Hoechs t  33258 .

2 .  C e n t r i f u g a t i o n  o f  ENA i n  C s C l / e t h i d i u m  bromide

g r a d i e n t s  :

a .  f r a c t i o n a t i o n  o f  t h e  m ain  band DNA from ( 1 )  i n t o

i t s  two component  s u b - b a n d s .

b .  a n a l y s i s  o f  DNA e x t r a c t e d  from a p r e p a r a t i o n  o f

t h e  d i n o f l a g e l l a t e . n u c l e u s .
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t h a t  t h e  d e n s e r  o f  t h e  two n u c l e a r  ENA s u b -b a n d s  o f  Ĝ _ f o l i a c e u m  

c o r r e s p o n d s  to  ENA from t h e  d i n o f l a g e l l a t e  n u c l e u s ,  and  t h e  u p p e r  

band ENA i s  symbion t  n u c l e a r  ENA.

T h i s  a s s e r t i o n  was p a r t i a l l y  c o n f i r m e d  by s u b j e c t i n g  ENA

e x t r a c t e d  from an e n r i c h e d  p r e p a r a t i o n  o f  d i n o f l a g e l l a t e  n u c l e i

to  a d e n s i t y  g r a d i e n t  a n a l y s i s .  T h i s  ENA formed two b a n d s  a s  

w i t h  t o t a l  n u c l e a r  ENA, b u t  m os t  of  the  ENA was p r e s e n t  i n  t h e  

low er  b a n d  a s  e s t i m a t e d  from t h e  r e l a t i v e  i n t e n s i t i e s  of  e th i d iu r a  

bromide  f l u o r e s c e n c e  ( P l a t e  4 . 1 . 2 b ) .  T h u s ,  a l t h o u g h  t h e  lower  

band  ENA w i l l  be r e f e r r e d  t o  as  d i n o f l a g e l l a t e  n u c l e a r  ENA and

t h e  u p p e r  ba nd  a s  endosym bion t  n u c l e a r  ENA, t h i s  a s s i g n m e n t  i s

n o t  d e f i n i t i v e .

4 . 1 . 3 .  I s o l a t i o n  o f  n u c l e i  f rom Glenod in ium  f o l i a c e u m .

N u c l e i  have on ly  been  i s o l a t e d  from a few s p e c i e s  of  

u n i c e l l u l a r  a l g a e  wh ich  p o s s e s s  r i g i d  c e l l  w a l l s .  F o r t u n a t e l y ,  

t h o u g h ,  and l a r g e l y  t h ro u g h  th e  work  o f  R i z z o ,  n u c l e i  i s o l a t i o n  

p r o t o c o l s  have  b e e n  d e v e lo p e d  f o r  seven  s p e c i e s  o f  d i n o f l a g e l -  

l a t e s ;  Gymnodinium n e l s o n i i  (Mendol ia  ^  aj^ .,  1966;  R iz z o  and 

Noodén,  1 9 7 3 ) ,  C r y p t h e c o d i n iu m  c o h n i i , P e r i d i n i u m  c i n c t u m , S c r i p -  

p s i e l l a  t r o c h o i d e a  (R izz o  and Noodén,  1 9 7 3 ) ,  P e r i  d in ium b a l t i c u m  

(R izz o  and Cox, 1 9 7 7 ) ,  P r o r o c e n t r u m  m ic a ns  (Herzog a n d  S o y e r ,  

1981 ) and  Gymnodinium b r e v e  (R izzo  e_t £ l^ . ,  1 9 8 2 ) .  A r e a s o n a b l y  

pu re  p r e p a r a t i o n  o f  symbion t  n u c l e i  has  been  o b t a i n e d  from P e r i d 

in iu m  b a l t i c u m  (R izz o  and B u r g h a r d t ,  1980;  R i z z o ,  1982)  b u t  even 

though  t h e  d i n o f l a g e l l a t e  n u c l e i  ou tnumbered  t h e  e u k a r y o t i c  

n u c l e i  i n  c e r t a i n  hom ogena tes  ( R i z z o ,  1 9 8 2 ) ,  t h e  fo rm er  n u c l e u s  

h a s  n o t  b e e n  p u r i f i e d .  L i t t l e  s u c c e s s  h a s  been  h a d  w i t h  i s o l a 

t i n g  e i t h e r  n u c l e i  f rom G le nod in ium  f o l i a c e u m  ( R i z z o ,  p e r s o n a l  

c o m m u n ic a t io n ) .
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The symbion t  n u c l e u s  o f  f o l i a c e u m  i s  p o s s i b l y  n a t u r a l l y  

f r a g m e n t e d  and  i n  any c a s e  wou ld  be l i k e l y  to  become so d u r i n g  

i s o l a t i o n .  As one o f  t h e  r e a s o n s  f o r  w a n t i n g  t o  i s o l a t e  n u c l e i  

f rom Gj_ f o l i a c e u m  was to  e s t i m a t e  t h e  amount  of  DNA i n  t h e  

symbion t  n u c l e u s  , i t  w o u ld  be f u t i l e  t r y i n g  t o  o b t a i n  a pure  

p r e p a r a t i o n  o f  f r a g m e n t s  o f  t h i s  n u c l e u s .  A l s o ,  e x p l o r a t o r y  

e x p e r i m e n t s  s u g g e s t e d  t h a t  more  s u c c e s s  w o u ld  be had w i t h  i s o l a 

t i n g  t h e  d i n o f l a g e l l a t e  n u c l e u s .  As w i t h  P.  b a l t i c u m , t h e  d i n o -  

f l a g e l l a t e  n u c l e u s  o f  f o l i a c e u m  was more  f r e q u e n t  i n  m os t  c e l l  

h o m o g e n a t e s ,  so i f  t h i s  f a c t  c o u ld  be m a n i p u l a t e d  f u r t h e r  to  

p r o d u c e  hom ogena tes  wh ich  on ly  c o n t a i n e d  t h i s  n u c l e u s ,  t h e n  t h e  

s u b s e q u e n t  p u r i f i c a t i o n  would  be g r e a t l y  s i m p l i f i e d .

Two f a c t o r s  which  c o u l d  c o n c e i v a b l y  a f f e c t  n u c l e a r  s t a b i l i t y  

were  i n v e s t i g a t e d .  These  w ere  t h e  c o m p o s i t i o n  o f  t h e  i s o l a t i o n  

b u f f e r  and  t h e  m ethod  o f  c e l l  d i s r u p t i o n .  C e l l s  w e re  b r o k e n  i n  a 

s t a n d a r d  osmot icum  (0 .2 5  M s u c r o s e ,  5 mM CaCl2 , 10 mM T r i s - H C l  

pH 7 . 3 )  c o n t a i n i n g  e i t h e r  50% ( v / v )  g l y c e r o l  o r  7.5% (w /v )  h ig h  

m o l e c u l a r  w e i g h t  p o l y s a c c h a r i d e s  (5% F i c o l l  4 0 0 ,  2.5% D ex t ran  40;

i . e .  a  m o d i f i e d  Honda medium) as  n u c l e u s  s t a b i l i z i n g  a g e n t s .  

C e l l  d i s r u p t i o n  was a c c o m p l i s h e d  by h o m o g e n i z a t i o n  i n  a P o t t e r -  

E lveh jem  hand  h o m o g e n i z e r  o r  by s o n i c a t i o n  ( s e e  l e g e n d  t o  F i g u r e

4 . 2  f o r  f u r t h e r  d e t a i l s ) .

The r e s u l t s  showed t h a t  t h e  symbion t  n u c l e u s  was more 

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

( F i g u r e  4 . 2 ) .  The s t a b i l i t y  of t h e  symbion t  n u c l e u s ,  and  t o  a 

l e s s e r  e x t e n t  t h e  d i n o f l a g e l l a t e  n u c l e u s ,  was enhanced  i n  50% 

g l y c e r o l ,  as  w i t h  P e r i d i n i u m  b a l t i c u m  ( R i z z o ,  1 9 8 2 ) .  However ,  

a l t h o u g h  t h e  symbion t  n u c l e u s  was q u i t e  f r e q u e n t  i n  t h e  m o d i f i e d  

Honda medium a f t e r  h o m o g e n i z a t i o n ,  i t  seemed t o  be  c o m p l e t e l y  

a b s e n t  a f t e r  s o n i c a t i o n .  C o n v e r s e l y  t h e  symbion t  n u c l e u s ,  or  

n u c l e a r  f r a g m e n t s ,  ou tnum bered  t h e  h o s t  n u c l e i  a f t e r  hom ogen iza 

t i o n  i n  t h e  g l y c e r o l  medium.
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F i g u r e  4 . 2 .  S t a b i l i t y  of  G lenod in ium  f o l i a c e u m  n u c l e i  d u r i n g  

i s o l a t i o n .  A known c o n c e n t r a t i o n  o f  c e l l s  was 

d i s r u p t e d  by s o n i c a t i o n  o r  h o m o g e n i z a t i o n  i n  0 .2 5  M 

s u c r o s e ,  5 mM CaCl^ ,  10 mM T r i s - H C l  pH 7 . 3  c o n t a i n i n g  

e i t h e r  50% ( v / v )  g l y c e r o l  o r  5% ( w /v )  D e x t r a n  40 p lu s  

2.5% ( w /v )  F i c o l l  4 0 0 .  S o n i c a t i o n  was c a r r i e d  o u t  as  

d e s c r i b e d  i n  S e c t i o n  2 . 7 . 1  b u t  a t  a c o n s t a n t  probe  

v i b r a t i o n  o f  150 pa peak  t o  pe a k .  H o m o g e n iz a t io n  was 

p e r f o r m e d  i n  a 1 ml " t i g h t - f i t t i n g " .  P o t t e r - E l v e h j e m  

hand h o m o g e n i z e r .  A f t e r  v a r i o u s  t im e s  o f  s o n i c a t i o n  

or  number of s t r o k e s  i n  t h e  h o m o g e n i z e r ,  20 p i  

samples  w e re  w i t h d ra w n  and  m ixed  w i t h  5 p i  of  m e t h y l  

g r e e n / p y r o n i n e  B s t a i n  s o l u t i o n  t o  d e t e r m i n e  t h e  

y i e l d  o f  i s o l a t e d  n u c l e i  by c o u n t i n g  i n  a h a e m o c y to -  

m e t e r .  P o i n t s  r e p r e s e n t  t h e  means o f  two d e t e r m i n a 

t i o n s .  •  ' #  , d i n o f  l a g e l l a t e  n u c l e i ;  O--------- O ,

symbion t  n u c l e i  o r  n u c l e a r  f r a g m e n t s .
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A l th o u g h  t h e  y i e l d  o f  d i n o f l a g e l l a t e  n u c l e i  was p o o r e s t  i n  

t h e  Honda s o n i c a t e s ,  t h e  ' q u a l i t y '  of  t h e s e  n u c l e i  was t h e  

h i g h e s t .  H o m oge n iz a t ion  p roduced  many d i n o f l a g e l l a t e  n u c l e i  

which had  a r a g g e d  a p p e a r a n c e ,  w h i l s t  in  g l y c e r o l ,  t h e s e  n u c l e i  

were  s w o l l e n  a nd  s t a i n e d  f a i n t l y  w i t h  m e th y l  g r e e n / p y r o n i n e  B. 

The y i e l d  o f  d i n o f l a g e l l a t e  n u c l e i  i n  Honda s o n i c a t e s  c o u ld  be 

improved  by r e d u c i n g  t h e  a m p l i t u d e  of  t h e  probe v i b r a t i o n .  

However ,  l o n g e r  s o n i c a t i o n  t im e s  had  t o  be employed t o  d i s r u p t  

95% o f  t h e  c e l l s  a nd  some symbion t  n u c l e i  were a l s o  p r e s e n t  in  

t h e  p r e p a r a t i o n s .  The s o n i c a t i o n  c o n d i t i o n s  d e t a i l e d  i n  S e c t i o n

2 . 7 . 1  were  found  t o  be  t h e  b e s t  compromise b e tw e e n  y i e l d  a nd  

p u r i t y .  The y i e l d s  o f  C r y p th e c o d in iu m  c o h n i i  n u c l e i  have been  

g r e a t l y  im proved  by i n c l u d i n g  h e x y l e n e  g l y c o l  in  t h e  i s o l a t i o n  

b u f f e r  (R izz o  1984)  b u t  s i n c e  t h i s  compound a l s o  p r e f e r e 

n t i a l l y  s t a b i l i z e s  t h e  symbion t  n u c l e u s  o f  JPi. b a l t i c u m  ( R i z z o ,  

1982)  i t s  e f f e c t  was n o t  t e s t e d  h e r e .

The m a j o r  prob lem e n c o u n t e r e d  w i t h  t h e  s u b s e q u e n t  c o n c e n t r a 

t i o n  a n d  p u r i f i c a t i o n  o f  d i n o f l a g e l l a t e  n u c l e i  f rom t h e  Honda 

s o n i c a t e s  was t h e  rem oval  of  t h e  c e l l  w a l l  f r a g m e n t s .  These  

r e a d i l y  p e l l e t e d  w i t h  t h e  n u c l e i  t h rough  t h e  2 . 4  M s u c r o s e  + 10%

D e x t ra n  10 pad o f  t h e  d i s c o n t i n u o u s  s u c r o s e  g r a d i e n t s  u s e d  by 

R iz z o  and  B u r g h a r d t  (1980 )  f o r  P e r i d i n i u m  b a l t i c u m . The c e l l  

w a l l  c o n t a m i n a t i o n  c o u l d  n o t  be c o m p l e t e l y  removed by r e p e a t i n g  

t h e  c e n t r i f u g a t i o n  th ro u g h  th e  2 . 4  M suc ro s e /1 0 %  D e x t ra n  10 from 

an o v e r l a y  o f  t h e  i s o l a t i o n  b u f f e r  a t  low e r  spe ed  ( 1 8 ,0 0 0  g)  

(R iz z o  and Nooden,  1 9 7 3 ) .  A l though  most  of  t h e  n u c l e i  were t r a p 

ped a t  t h e  i n t e r f a c e ,  w h i l s t  t h e  p e l l e t  was e n r i c h e d  i n  c e l l  w a l l  

f r a g m e n t s ,  t h e  l o s s  i n  y i e l d  would have  been  t o o  s e v e r e  i f  t h i s  

p r o c e s s  w ere  to  be r e p e a t e d  t o  o b t a i n  a pu re  p r e p a r a t i o n .  A 

v i s c o s i t y  g r a d i e n t  of  20 -  40% (w/v )  F i c o l l  400  i n  i s o l a t i o n  

b u f f e r  a l s o  f a i l e d  t o  f r a c t i o n a t e  t h e  s o n i c a t e .
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The s i m p l e s t  and mos t  e f f e c t i v e  means o f  rem oving  t h e  c e l l  

w a l l s  was by f i l t r a t i o n .  The d i n o f l a g e l l a t e  n u c l e i  of  G. f o l i a 

ceum were r a r e l y  g r e a t e r  t h a n  12 pm i n  d i a m e t e r  w h i l s t  t h e  c e l l  

w a l l  f r a g m e n t s  w e re  o f  s i m i l a r  s i z e  to  t h e  c e l l s  ( P l a t e  4 . 2 . 1 ) .  

T h e r e f o r e  two c r o s s e d  l a y e r s  o f  a 20 pm p o r e  s i z e  ny lon  mesh 

removed a l l  b u t  t h e  s m a l l e s t  w a l l  f r a g m e n t s  f rom t h e  p r e p a r a t i o n .  

F i l t r a t i o n  was m o s t  e f f e c t i v e  when p e r f o r m e d  on  t h e  p e l l e t e d  

n u c l e i  a f t e r  t h e  s u c r o s e / d e x t r a n  d e n s i t y  g r a d i e n t  r a t h e r  t h a n  on 

t h e  u n f r a c t i o n a t e d  s o n i c a t e .  Even s o ,  t h i s  f i l t r a t i o n  s t e p  

r e s u l t e d  i n  a s u b s t a n t i a l  l o s s  o f  n u c l e i  b e c a u s e  t h e  ny lo n  mesh 

soon became c lo g g e d  w i t h  w a l l  f r a g m e n t s .

A f low c h a r t  of  t h e  f i n a l  i s o l a t i o n  p r o c e d u r e  i s  p r e s e n t e d  

i n  F i g u r e  4 . 3  and  a l i g h t  m i c r o g r a p h  o f  t h e  n u c l e a r  p e l l e t  a f t e r  

f i l t r a t i o n  a n d  s t a i n e d  w i t h  m e th y l  g r e e n / p y r o n i n e  B i s  shown i n  

P l a t e  4 . 2 . 2 .  The n u c l e i  seem t o  be  i n t a c t  and  r e a s o n a b l y  f r e e  of  

c y t o p l a s m i c  ' t a b s ' .  A n u c l e o l u s ,  which s t a i n s  p i n k ,  was v i s i b l e  

i n  m os t  n u c l e i .  A l though  t h e  n u c l e i  a p p e a r  c lum ped ,  t h e s e  c o u ld  

be d i s p e r s e d  by g e n t l e  h o m o g e n i z a t i o n  t o  a l l o w  t h e  n u c l e i  to  be  

c o u n t e d  i n  a h a e m o c y t o m e t e r . The f i n a l  y i e l d  o f  n u c l e i  was a b o u t  

5%.

I t  may be p o s s i b l e  t o  o b t a i n  a p r e p a r a t i o n  o f  symbion t  

n u c l e a r  f r a g m e n t s  by f r a c t i o n a t i n g  hom ogena tes  o b t a i n e d  i n  50% 

g l y c e r o l ,  i n  wh ich  t h e s e  n u c l e i  p r e d o m i n a t e .  The sym bion t  n u c l e i  

seem t o  p a s s  more f r e e l y  t h a n  t h e  d i n o f l a g e l l a t e  n u c l e i  t h ro u g h  

t h e  i n t e r f a c e  b e tw e e n  t h e  0 .2 4  M s u c r o s e  l a y e r  and  t h e  0 . 2 4  M 

s u c r o s e /1 0 %  D e x t ra n  10 pad i n  t h e  s t a n d a r d  s u c r o s e  g r a d i e n t .  

T h i s  f a c t  has  been  e x p l o i t e d  by R izzo  and B u r g h a r d t  ( 1 9 8 0 )  to  

o b t a i n  e n r i c h e d  p r e p a r a t i o n s  o f  t h e  symbion t  n u c l e u s  o f  P e r i d i n 

ium b a l t i c u m . P r o b a b l y  by m a n i p u l a t i n g  t h e  d e n s i t y  g r a d i e n t  

f u r t h e r  t h e  c o m p le te  s e p a r a t i o n  o f  symbion t  n u c l e i  f rom c o n t a m i 

n a t i n g  d i n o f l a g e l l a t e  n u c l e i  i n  f o l i a c e u m  c o u l d  be a c h i e v e d .  

The u s e  of  h e x y l e n e  g l y c o l  to  enhance  t h e  s t a b i l i t y  o f  t h e  

sym b ion t  n u c l e u s  c o u l d  a l s o  be  i n v e s t i g a t e d  ( R i z z o ,  1 9 8 2 ) .
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2 . 5  1 o f  d e s t a r c h e d  G. f o l i a c e u m  ( a b o u t  l O ^ c e l l s )
I

c e n t r i  fuge
I

C e l l  p e l l e t  
I a

s o n i c a t e  i n  i s o l a t i o n  b u f f e r  t o  95% c e l l  b r e a k a g e
I

S o n i c a t e
I

a d j u s t  to  0 . 8 6  M s u c r o s e  
c e n t r i f u g e  5 ,8 0 0  g ,  15 min

I
Crude  n u c l e a r  p e l l e t

I
g e n t l y  hom ogenize  i n  5 ml of  i s o l a t i o n  b u f f e r

» b
l a y e r  o v e r  3 s t e p  d i s c o n t i n u o u s  s u c r o s e  g r a d i e n t  ,
s t i r  u p p e r  i n t e r f a c e ,  c e n t r i f u g e  2 2 ,0 0 0  g ,  30 min

\
N u c l e a r  p e l l e t

r e s u s p e n d  p e l l e t  i n  i s o l a t i o n  b u f f e r  
c e n t r i f u g e  12 ,000  g ,  10 m in

I
Washed n u c l e i  

\
f i l t e r  t h r o u g h  2 l a y e r  o f  20 pm p o r e  s i z e  ny lo n  

b o l t i n g  c l o t h  
\

F i l t e r e d  n u c l e i

a .  0 .2 5  M s u c r o s e  b .  5 ml 2 . 2  M s u c r o s e
5 % Dex t ran  40 8 ml 2 . 4  M s u c r o s e

2 . 5  % F i c o l l  400  5 ml 2 . 4  M s u c r o s e  +
0 . 5  % N o n i d e t  P-40 10 % D ext ran  10

5 mM CaCl
10 mM T r i s - H C l  pH 7 . 3  a l l  i n  i s o l a t i o n  b u f f e r

F i g u r e  4 . 3 .  Flow c h a r t  f o r  t h e  i s o l a t i o n  o f  t h e  d i n o f l a g e l l a t e  

n u c l e u s  from G le nod in ium  f o l i a c e u m .
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P l a t e  4 . 2 .  I s o l a t e d  d i n o f l a g e l l a t e  n u c l e i .  L i g h t  m i c r o g r a p h s  of  

m e th y l  g r e e n / p y r o n i n e  B s t a i n e d  p r e p a r a t i o n s .

1.  U n f i l t e r e d  n u c l e a r  p e l l e t  f rom a s u c r o s e  d e n s i t y  

g r a d i e n t  showing t h e  c o n t a m i n a t i o n  w i t h  c e l l  w a l l  

f r a g m e n t s . x 400

2 .  P r e p a r a t i o n  a f t e r  f i l t r a t i o n  to  remove t h e  w a l l  

f r a g m e n t s . x 450
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4 . 1 . 4 .  DNA c o n t e n t  o f  n u c l e i

The d i n o f l a g e l l a t e  n u c l e u s  of  Glenod in ium  f o l i a c e u m  was 

e s t i m a t e d  t o  c o n t a i n ,  on a v e r a g e ,  40 ± 8 pg (p = 0 . 9 5 )  of  ENA, as 

d e t e r m i n e d  by t h e  d i p h e n y lam in e  a s s a y  of DNA q u a n t i t a t i v e l y  

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

r e p r e s e n t s  a s l i g h t  o v e r e s t i m a t e  due to  p o s s i b l e  c o n t a m i n a t i o n  o f  

t h e  p r e p a r a t i o n s  w i t h  symbion t  n u c l e a r  f r a g m e n t s ,  a l t h o u g h  t h i s  

c o n t a m i n a t i o n  was no t  d e t e c t a b l e  m i c r o s c o p i c a l l y .

D i n o f l a g e l l a t e s  c o n t a i n  a l a r g e  amount  of  H^A ( T a b le  4 . 1 )  

b u t  i t  i s  n o t  d e f i n i t e l y  known w h e t h e r  t h e s e  v a l u e s  r e p r e s e n t  

t r u e  h a p l o i d  genome s i z e s  o r  t h a t  d i n o f l a g e l l a t e  n u c l e i  show 

v a r i o u s  d e g r e e s  o f  p o l y p l o i d y  o r  p o l y t e n y .  P o l y p l o i d y  has  been

r e p o r t e d  i n  some d i n o f l a g e l l a t e s  such as  C r y p th e c o d in iu m  c o h n i i  

and s p e c i e s  o f  H e t e r o c a p s a  ( s e e  Beam and Himes,  1984)  b u t  i n  C. 

c o h n i i  d a t a  on t h e  c h r o m a t i d  s i z e  s u g g e s t s  t h e  chromosomes a r e  

h i g h l y  p o l y t e n e  ( H aapa la  and S o y e r ,  1974)  w h i l s t  d a t a  on t h e  

m u t a t i o n  f r e q u e n c y  of  t h i s  s p e c i e s  ( R o b e r t s  ^  , 1974)  and t h e

r e a s s o c i a t i o n  k i n e t i c s  o f  i t s  ENA ( A l l e n  ^  a ^ . ,  1975)  a r e  c o n s i 

s t e n t  w i t h  a h a p l o i d  c o n d i t i o n .  C ry p t h e c o d i n iu m  c o h n i i  c o n t a i n s  

r e l a t i v e l y  l i t t l e  ENA compared  t o  o t h e r  d i n o f l a g e l l a t e s  b u t  i t  i s  

u n l i k e l y  t h a t  h i g h e r  v a l u e s  can s im ply  be  a c c o u n t e d  f o r  by 

e x t r e m e  p o l y p l o i d y  or  p o l y t e n y .  P re sum a b ly  d i n o f l a g e l l a t e s

c o n t a i n  a l a r g e  p r o p o r t i o n  o f  g e n e t i c a l l y  i n a c t i v e  ENA which  may

p e r f o r m  some s t r u c t u r a l  o r  s k e l e t a l  f u n c t i o n  ( C a v a l i e r - S m i t h ,

1982a;  S i g e e ,  1 9 8 4 ) .

Whole c e l l s  o f  G lenod in ium  f o l i a c e u m  were  found t o  c o n t a i n  

75 ± 4 pg (p = 0 . 9 5 )  of  ENA by t h e  d i p h e n y l a m in e  m e t h o d .  S i n c e  

a b o u t  1% o f  t h i s  i s  due to  c h l o r o p l a s t  and m i t o c h o n d r i a l  ENA ( s e e

S e c t i o n  4 . 1 . 2 )  t h e n ,  by s u b t r a c t i o n ,  t h e  endosym bion t  n u c l e u s

must  c o n t a i n  a b o u t  34 ± 12 pg (p = 0 . 9 5 )  of  ENA. T h i s  s u p p o r t s
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T a b l e  4 . 1 .  ENA c o n t e n t s  ( i n  pg)  of  d i n o f l a g e l l a t e  n u c l e i  f rom log  

p h a s e  c e l l s .

S p e c i e s ENA R e f e r e n c e N otes

Amphidinium
c a r t e r a e

3 . 2 Holm-Hansen (1969) b , c

C r y p t h e c o d i n iu m
c o h n i i

6 .9
7 .3

Rizzo  & Nooden (1973)  
A l l e n  e t  a l .  (1975)

a , c
b , d

Cachon ina
n i e i

10
10

Holm-Hansen (1969)  
L o e b l i c h  (1976)

b , c
b , d

Gymnodinium 
s p .

15 A l l e n  £ t  (1975) b , d

W o lo s z y n s k ia
c o r o n a t a

20 B l i k s t a d  & Nordby 
( u n p u b l i s h e d )

e

S c r i p p s i e l l a
t r o c h o i d e a

34 Rizzo  & Nooden (1973) a , c

G le nod in ium
f o l i a c e u m

40 p r e s e n t  s tu d y a , c

P r o r o c e n t r u m
m ic a ns

42 H aa pa la  & Soyer  (1974) b , c

P o l y k r i k o s
k o f o i d i i

60 Gaines  (1985) b , f

Gyrod in ium
r e s p l e n d e n s

66 A l l e n  jet £ l .  (1975) b , d

Gymnodinium
b r e v e

113 Rizzo  £ £  a l .  (1982) a , c

P e r i  d in ium  
v o l z i i

142 Hayhome e t  a l . ( 1 9 8 5 ) a , 8

Gymnodinium
n e l s o n i i

143 Rizzo  & Nooden (1973 ) a , c

Gonyaulax
p o l y e d r a

200 Holm-Hansen (1969) b , c

N o t e s :  a ,  i s o l a t e d  n u c l e i  a n a l y s e d ;  b ,  whole  c e l l s  a n a l y s e d ;
c ,  d i p h e n y lam in e  m e thod ;  d ,  d i a m in o b e n z o ic  a c i d  m ethod ;  
e ,  q u o t e d  i n  S p e c t o r  ( 1 9 8 4 ) ;  f ,  from r e l a t i v e  DAPI f l u o 
r e s c e n c e ;  g ,  from r e l a t i v e  m i t h r a m y c i n  f l u o r e s c e n c e .



-155-

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

eq u a l  amounts  o f  d i n o f l a g e l l a t e  and  symbion t  ENA. I t  s h o u ld  be 

s t r e s s e d  t h a t  e s t i m a t e s  o f  who le  c e l l  and d i n o f l a g e l l a t e  n u c l e a r  

ENA were  b o t h  made from lo g  phase  c u l t u r e s  s i n c e  t h e s e  v a l u e s  may 

a l t e r  a s  t h e  c u l t u r e  a p p r o a c h e s  s t a t i o n a r y  p h a s e  ( A l l e n  e t  a l . ,

1 9 7 5 ) .

T a b l e  4 . 2  l i s t s  t h e  h a p l o i d  ENA c o n t e n t s  o f  v a r i o u s  a l g a e  

and h i g h e r  p l a n t s .  For  c o m p a r i s o n ,  f u n g i  c o n t a i n  0 .0 0 5  -  0 .1 9  pg 

of  ENA p e r  h a p l o i d  n u c l e u s  a nd  a l l  m u l t i c e l l u l a r  a n im a l s  

( e x c l u d i n g  a m p h i b i a n s )  have  be tw e en  0 .1  and  23 pg w i t h  t h e  lower  

v a l u e s  b e i n g  more t y p i c a l  ( C a v a l i e r - S m i t h , 1 9 7 8 ) .  The p l o i d y  of 

t h e  sym bion t  n u c l e u s  o f  G. f o l i a c e u m  i s  n o t  known,  so d i r e c t  

c o m p a r i s o n s  c a n n o t  be m ade .  However ,  i t  wou ld  a p p e a r  to  c o n t a i n  

s u b s t a n t i a l l y  more ENA t h a n  t h e  n u c l e i  o f  i t s  n e a r e s t  p r o b a b l e  

f r e e - l i v i n g  r e l a t i v e s ;  namely t h e  ch romophytes  i n  g e n e r a l  and 

d i a to m s  i n  p a r t i c u l a r .  The h i g h e s t  f i g u r e  q u o t e d  f o r  a chromo-  

p h y te  i s  t h a t  f o r  t h e  d i a to m  P i ty lum  b r i g h t w e l l i i  which c o n t a i n s  

a b o u t  14 pg o f  ENA p e r  c e l l  (Holm-Hansen,  1969)  G r e a t e r  q u a n t i 

t i e s  o f  ENA have  b e e n  r e p o r t e d  i n  o t h e r  u n i c e l l u l a r  a l g a e  ( e . g .  

E u d o r i n a  e l e g a n s  and d i n o f l a g e l l a t e s ) and l a r g e r  genome s i z e s  

a l s o  a p p e a r  t o  be  common amongs t  m u l t i c e l l u l a r  p l a n t s .  The amoeba 

Chaos c ha os  i s  r e p o r t e d  t o  c o n t a i n  1 ,4 00  pg o f  ENA pe r  c e l l  

( F r i z ,  1968) !

C o n s e q u e n t l y ,  f rom t h e  d a t a  on ENA c o n t e n t  a l o n e ,  no 

d e f i n i t e  c o n c l u s i o n s  can  be made a b o u t  w h e t h e r  o r  n o t  t h e  endo

sym bion t  n u c l e u s  shows any  a m p l i f i c a t i o n  o f  i t s  g e n e t i c  m a t e r i a l  

or  m e r e l y  a l a r g e  h a p l o i d  genome s i z e .
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T a b l e  4 . 2 .  H a p l o i d  ENA c o n t e n t s  ( i n  pg)  o f  p h o t o s y n t h e t i c  c e l l s

Organism ENA c o n t e n t

C y a n o b a c t e r i a 0 .0 0 2 6  -  0 .013

Rhodophyceae:
P o r p h y r i d i u m  c ruen tum 0 . 1

C h ry s o p h y c e a e :
M o noc h rys i s  l u t h e r i 0 .1
Ochromonas d a n i c a 0 . 2
O l i s t h o d i s e n s  l u t e u s 1 .7

H a p to p h y c e a e :
S y r a c o s p h a e r a  e l o n g a t a 4 . 0

E u s t i g m a t o p h y c e a e :
P o l y d r i e l l a  h e l v e t i c a 0 .1

B a c i l l a r i o p h y c e a e :
N a v i c u l a  p e l l i u l o s a 0 .0 5
S k e le to n e m a  c o s t a t u m 1 .3
T h a l a s s i o s i r a  f l u v i a t i l i s 2 . 8
Dity lum b r i g h t w e l l i i 7 . 0

D i n o f l a g e l l a t e s 3 . 2  -  200

E u g l e n o p h y c e a e :
Eug lena  g r a c i l i s 3 . 0

C h l o r o p h y c e a e :
C h l o r e l l a  s p . 0 .0 6 6
Scenedesmus  o b l i q u u s 0 . 4
D u n a l i e l l a  t e r t i o l e c t a 2 . 5
Chlamydomonas r e i n h a r d i i 1 2 .4
Volvox c a r t e r i 1 1 . 4 ,  26
P a n d o r i n a  morum 2 0 ,  25
E u d o r in a  e l e g a n s 17 ,  50

Bryophyt e s 0 . 6  -  4 . 3

P t e r i  dophyt e s 6 . 0  -  310

Gymnosperms 4 . 2  -  50

A ng iospe rm s 1 . 0  -  89

Data from Holm-Hansen ( 1 9 6 9 ) ,  C h a r l e s  ( 1 9 7 7 ) ,  C a v a l i e r - S m i t h  
( 1 9 7 8 ) ,  Coleman ( 1 9 7 9 a ) ,  R iz z o  and B u r g h a rd t  ( 1 9 8 3 ) .
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4.1.5. Thermal dénaturation of Glenodinium foliaceum ENA.

H e a t i n g  a s o l u t i o n  o f  ENA d i s r u p t s  t h e  h y d ro g en  bonds which  

h o l d  t h e  two s t r a n d s  o f  t h e  d o u b le  h e l i x  t o g e t h e r .  As t h e  

s t r a n d s  s e p a r a t e  t h e  b a s e s  a r e  r e l e a s e d  from t h e  e l e c t r o s t a t i c  

a t t r a c t i o n s  t h a t  had m a i n t a i n e d  t h e i r  s t a c k e d  a r r a n g e m e n t  i n  t h e  

doub le  h e l i x  and t h i s  can be d e t e c t e d  a s  an i n c r e a s e  i n  

a b s o r b a n c e  ( h y p e r c h r o m i c i t y ) i n  t h e  u l t r a v i o l e t .  The t h e rm a l  

d é n a t u r a t i o n  o r  " m e l t i n g "  of  ENA, can t h e r e f o r e  be  f o l l o w e d  by 

m o n i t e r i n g  i t s  260 nm a b s o r p t i o n  peak i n  t h e  s p e c t r o p h o t o m e t e r .

The t r a n s i t i o n  from from s i n g l e -  to  d o u b l e - s t r a n d e d  DNA

u s u a l l y  o c c u r s  o v e r  a r e l a t i v e l y  s m a l l  t e m p e r a t u r e  r a n g e  and  t h e

t e m p e r a t u r e  a t  wh ich  h a l f  t h e  maximum h y p e r c h r o m i c i t y  i s  r e a c h e d

i s  known a s  t h e  m e l t i n g  t e m p e r a t u r e  (T ) ,  The v a l u e  o f  T showsm m
a d i r e c t  r e l a t i o n s h i p  w i t h  t h e  b a s e  c o m p o s i t i o n  o f  t h e  ENA s i n c e

G-C b a s e  p a i r s  a r e  more  s t a b l e  t h a n  A-T ones a s  t h e y  a r e  h e l d

t o g e t h e r  by t h r e e  hyd ro g en  bonds r a t h e r  th a n  two .  T h u s ,  t h e

G + C c o n t e n t  of  ENA can be c a l c u l a t e d  from i t s  T v a l u e  by u s i n gm
t h e  f o l l o w i n g  e q u a t i o n :

% G + C = 2 .4 4  (T -  8 1 . 5  -  16 .6  l o g  M) m

where  M i s  t h e  m o l a r i t y  of  t h e  c o u n t e r i o n  ( u s u a l l y  sod ium)  

(Mandel and Marmur,  1 9 6 8 ) .
f

In  r e c e n t  y e a r s  m e l t i n g  c u r v e s  o f  ENA have be e n  d e t e r m i n e d  

more p r e c i s e l y  by u s i n g  e qu ipm en t  which s i m u l t a n e o u s l y  r e c o r d s  

sample  t e m p e r a t u r e  and  o p t i c a l  d e n s i t y  w i t h  g r e a t  a c c u r a c y  ( e . g .  

Guttmann e ^  , 1977;  Blake  and  L e f o l e y ,  1978; S z é c s i  and Dobro-  

v o l s z k y ,  1 9 8 0 ) .  T h i s  h a s  p e r m i t t e d  t h e  c o n s t r u c t i o n  o f  h ig h  

r e s o l u t i o n  d i f f e r e n t i a l  m e l t i n g  c u r v e s  w i t h  r e s p e c t  to  t e m p e ra 

t u r e .  These  d e r i v a t i v e  c u r v e s  u s u a l l y  r e v e a l  some h e t e r o g e n e i t y  

i n  t h e  m e l t i n g  o f  t h e  ENA, w i t h  r e g i o n s  which  d e n a t u r e  above and
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below t h e  T . On t h e  d i f f e r e n t i a l  p l o t ,  T i s  t a k e n  t o  be t h e  m m
t e m p e r a t u r e  c o r r e s p o n d i n g  t o  the  p r i n c i p l e  p o i n t  of i n f l e c t i o n  

( P iv e c  e_t £l_. ,  1970)  and so i s  n o t  n e c e s s a r i l y  e q u i v a l e n t  to  t h e  

t e m p e r a t u r e  of  h a l f  h y p e r c h r o m i c i t y .

The h ig h  r e s o l u t i o n  d e r i v a t i v e  m e l t i n g  c u rv e  of  n a t i v e ,  

u n f r a c t i o n a t e d  G le nod in ium  f o l i a c e u m  DNA i n  120 mM p h o s p h a te  

b u f f e r  i s  shown i n  F i g u r e  4 . 4 .  I t s  g e n e r a l  fo rm ,  b e i n g  composed 

o f  a m a j o r  and a m ino r  pe a k ,  i s  a l m o s t  i d e n t i c a l  to  t h a t  of  t h e

ENA from a n o t h e r  d i n o f l a g e l l a t e  P r o r o c e n t r u m  m ic a ns  (Herzog a n d

S o y e r ,  1 9 8 2 ) .  The m a j o r  component  of  G. f o l i a c e u m  ENA d e n a t u r e s  

f a i r l y  hom ogeneous ly  and  h a s  a T^ o f  8 5 .9 ° C ,  which c o r r e s p o n d s  t o  

a G + C c o n t e n t  o f  40 .9%. The m in o r  component  d e n a t u r e s  more 

h e te r o g e n e o u s ly  b e tw een  66 and 68°C,  which i s  be low t h a t  e x p e c t e d  

f o r  ENA a t  t h i s  s a l t  c o n c e n t r a t i o n !  Herzog a n d  Soyer  (1982)  

c o u l d  n o t  e l i m i n a t e  t h i s  component  f rom ni icans ENA by c a es iu m  

c h l o r i d e  d e n s i t y  g r a d i e n t  f r a c t i o n a t i o n  o r  4 B - s e p h a r o s e  ch rom a to 

g r a p h y ,  b u t  t h e s e  a u t h o r s  d i d  no t  comment on i t s  i d e n t i t y .

D i n o f l a g e l l a t e  ENA h a s  a low th e r m a l  s t a b i l i t y  due to  t h e  

p r e s e n c e  of  h y d r o x y m e t h y l u r a c i l  and so t h e  G + C v a l u e  o b t a i n e d

from t h e  m e l t i n g  t e m p e r a t u r e  i s  an  u n d e r e s t i m a t e  of  t h e  a c t u a l

b a s e  c o m p o s i t i o n  (Rae and  S t e e l e ,  1 9 7 8 ) .  I t  has  been  d e m o n s t r a t 

ed t h a t  h y d r o x y m e t h y l u r a c i l  i s  n o t  d i s t r i b u t e d  e v e n l y  t h r o u g h o u t  

d i n o f l a g e l l a t e  ENA ( S t e e l e  and  Rae,  1 9 8 0 ) .  T h e r e f o r e ,  t h e  anoma

l o u s  m e l t i n g  component  c o u l d  a c t u a l l y  r e p r e s e n t  r e g i o n s  of  ENA 

w i t h  a low G + C c o n t e n t  and p o s s i b l y  a h i g h  r e p l a c e m e n t  of  

thymine  w i t h  h y d r o x y m e t h l y u r a c i 1 .  More s u p p o r t  f o r  t h i s  a rgum en t  

wou ld come from t h e  s t u d y  of  t h e  de na tu rab ion  o f  f r a c t i o n a t e d  

G. f o l i a c e u m  ENA, s i n c e  t h e  t h e r m a l  l a b i l e  component  s h o u l d  be 

a b s e n t  from t h e  symbion t  n u c l e a r  ENA i f  i t  i s  riot an a r t i f a c t  due 

to  a c o n t a m i n a n t .
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F i g u r e  4 . 4 .  M e l t i n g  c u r v e s  o f  n a t i v e  Glenod in ium  f o l i a c e u m  ENA i n  

120 mM p h o s p h a t e  b u f f e r .  Thermal  d é n a t u r a t i o n  

p r o f i l e  o f  t h e  ENA m e a s u r e d  a t  260 nm and i t s  unsmoo

t h e d ,  c o m p u t e r - g e n e r a t e d ,  d i f f e r e n t i a l  p l o t .  T^, 

t e m p e r a t u r e  a t  wh ich  the  maximum r a t e  o f  s t r a n d  

d i s s o c i a t i o n  o c c u r s .
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4.1.6. Reassociation kinetics of Glenodinium foliaceum INA.

When i n c u b a t e d  a t  a t e m p e r a t u r e  be low i t s  T^, t h e  complemen

t a r y  s t r a n d s  o f  d e n a t u r e d  DNA w i l l  r e a s s o c i a t e .  The maximum r a t e

o f  r e a s s o c i a t i o n  o c c u r s  a t  a b o u t  T^ -  25°C. By f o l l o w i n g  t h e

r e n a t u r a t i o n  k i n e t i c s  of  ENA t h a t  has  been  s h e a r e d  i n t o  sm al l  

f r a g m e n t s ,  i n f o r m a t i o n  can be g a i n e d  a b o u t  t h e  o r g a n i z a t i o n  o f  

s e q u e n c e s  i n  t h e  INA. However ,  t h e  i n t e r p r e t a t i o n  o f  ENA r e a s s o 

c i a t i o n  k i n e t i c s  can become complex i f  one t a k e s  i n t o  c o n s i d e r a 

t i o n  a l l  o f  t h e  f a c t o r s ,  b o th  e x p e r i m e n t a l  and t h e o r e t i c a l ,  t h a t

a f f e c t  t h e  a n a l y s i s  o f  t h e  d a t a  ( s e e  B r i t t e n  e t  1 9 7 4 ) .

C o n s e q u e n t l y ,  on ly  a s i m p l e  a n a l y s i s  o f  some p r e l i m i n a r y  r e s u l t s  

o b t a i n e d  f o r  G lenod in ium  f o l i a c e u m  ENA i s  a t t e m p t e d  h e r e ,  and t h e  

f o l l o w i n g  a c c o u n t  i s  no t  i n t e n d e d  t o  be  an e x h a u s t i v e  o r  d e f i n i 

t i v e  d e s c r i p t i o n  o f  t h e  s e q u e n c e  o r g a n i z a t i o n  i n  t h i s  s p e c i e s .

ENA r e a s s o c i a t e s  a s  a b i m o l e c u l a r  s e c o n d - o r d e r  r e a c t i o n ,  so 

t h e  f r a c t i o n  ( F ) o f  s i n g l e - s t r a n d e d  IWA r e m a i n i n g  a f t e r  t ime ( t )  

i s  g i v e n  by:

F =  Î  ( 1 )
1 + k.C  . t  o

where  i s  t h e  i n i t i a l  c o n c e n t r a t i o n  o f  s i n g l e - s t r a n d e d  D^A and 

k ( i n  l i t r e s  (moles  o f  n u c l e o t i d e )  ^ . s e c o n d  ^ ) i s  t h e  s e c o n d -  

o r d e r  r a t e  c o n s t a n t ,  k i s  r e l a t e d  t o  t h e  c o m p l e x i t y  o f  a s h e a r e d  

ENA p r e p a r a t i o n .  The c o m p l e x i t y  (X) i s  t h e  l e n g t h  ( i n  n u c l e o 

t i d e s )  of  t h e  l o n g e s t ,  n o n - r e p e a t i n g  s e q u en c e  t h a t  c o u ld  be 

p r o d u c e d  by s p l i c i n g  t o g e t h e r  f r a g m e n t s  i n  t h e  p o p u l a t i o n .  For  

o r g a n i s m s  whose  ENA c o n t a i n s  no r e p e a t e d  s e q u e n c e s ,  X i s  s imply  

t h e  genome s i z e .  P r o v i d i n g  t h a t  t h e  c o n c e n t r a t i o n  o f  ENA r e m a in s  

t h e  same,  t h e  l a r g e r  t h e  genome th e  s lo w e r  i t s  r a t e  of  r e a s s o 

c i a t i o n ,  b e c a u s e  t h e  i n d i v i d u a l  com plem en tary  s e q u e n c e s  a r e  

p r e s e n t  a t  a lower c o n c e n t r a t i o n .  I m p l i c i t  i n  t h i s  i s  t h a t  i f  

any s e q u e n c e s  a r e  r e p e a t e d  i n  a g i v e n  genome, t h e n  i n  a s h e a r e d
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p r e p a r a t i o n  o f  t h e  ENA t h e s e  s e q u e n c e s  w i l l  r e a s s o c i a t e  f a s t e r .

From t h e  v a l u e  of  k o b t a i n e d  f o r  E s c h e r i c h i a  c o l i  ENA, t h e  

r e l a t i o n s h i p  b e tw e en  X and k unde r  s t a n d a r d  r e a s s o c i a t i o n  

c o n d i t i o n s  (60°C,  180 mM Na ) can be a p p r o x i m a t e l y  s t a t e d  a s

X = —  ( 2 )

a s s u m i n g  t h a t  t h e  c o m p l e x i t y  of  ^  c o l i  i s  e q u i v a l e n t  to  t h e

genome s i z e  (Lewin ,  1 9 8 0 ) .  I t  can be seen  from e q u a t i o n  ( 1 )  t h a t

k i s  t h e  r e c i p r o c a l  o f  t h e  f u n c t i o n  C t  when F = 0 . 5 .  T h i s  C t
o o

v a l u e  i s  d e f i n e d  a s  t h e  C^ty  and  can be s im ply  o b t a i n e d  from a

p l o t  o f  F a g a i n s t  C^t  (a s o - c a l l e d  " C o t " c u r v e ) .

The r e a s s o c i a t i o n  o f  s h e a r e d  G lenod in ium  f o l i a c e u m  ENA i s  

p r e s e n t e d  a s  a Cot cu rv e  i n  F i g u r e  4 . 5 .  The ENA i s  c l e a r l y

composed o f  more t h a n  one k i n e t i c  component  s i n c e  i t  r e a s s o c i a t e s

o v e r  a t  l e a s t  s i x  o r d e r s  o f  m ag n i tu d e  of  C^t  v a l u e s .  From e q u a 

t i o n  ( 1 )  a s i n g l e  k i n e t i c  component would  p r o c e e d  f rom 10 -  90%

r e n a t u r a t i o n  i n  no more  t h a n  two o r d e r s  o f  m a g n i tu d e  of  C ^ t .  I n

t h i s  a n a l y s i s ,  t h r e e  k i n e t i c  components  (A,B and C) were assumed 

to  be  p r e s e n t  i n  Gj_ f o l i a c e u m  ENA which c o m p r i se  32%, 12% and 56%

r e s p e c t i v e l y  of  t h e  t o t a l  genome.  I n  o r d e r  to  f i t  a c u r v e  to  t h e

d a t a  p o i n t s ,  t h e  C t % v a l u e s  of  t h e s e  t h r e e  components  i n  t h e
° - 3  -1m i x t u r e  w e re  e s t i m a t e d  t o  be  4 . 5  x 10 , 5  and 2 ,5 0 0  m o le  1 s ,

f rom which t h e i r  c o m p l e x i t i e s  can  be c a l c u l a t e d  a s :  A, 1 .4 4  kb;

B, 600 kb ;  and C, 1 . 4  x 10^ kb (Note:  t o  c a l c u l a t e  X i t  i s

n e c e s s a r y  t o  know t h e  C^ ty  t h a t  each component  wou ld  e x h i b i t

a l o n e .  T h i s  i s  o b t a i n e d  by m u l t i p l y i n g  t h e  o b s e r v e d  C^ty^^ v a l u e

by t h e  f r a c t i o n a l  c o n t r i b u t i o n  o f  t h e  component  to  t h e  genome).

As t h e  C t .  of  B i s  500 t im es  t h e  C t ,  of C, t h e n  t h e  fo rm er  
o ^  o

s e q u e n c e s  m us t  be  500 t im e s  more numerous i n  t h e  genome th a n  t h e  

l a t t e r  o n e s .  S i m i l a r l y ,  component  A i s  a t  l e a s t  5 0 0 ,000  t im es  

more f r e q u e n t  t h a n  t h e  m o s t  s lo w ly  r e a s s o c i a t i n g  component .
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F i g u r e  4 . 5 .  R e a s s o c i a t i o n  k i n e t i c s  o f  s h e a r e d  G len o d in iu m  f o l i a -  

ceum ENA. The d e g r e e  of  r e a s s o c i a t i o n  was d e t e r m i n e d  

e i t h e r  o p t i c a l l y  (open  sym b o l s )  o r  w i t h  h y d r o x y l -  

a p a t i t e  ( c l o s e d  s y m b o l s ) .  For  o p t i c a l  m o n i t o r i n g  o f  

r e a s s o c i a t i o n  t h e  ENA c o n c e n t r a t i o n  was a b o u t  

50 pg ml  ̂ and  t h e  sodium p h o s p h a t e  b u f f e r  c o n c e n t r a 

t i o n s  w e r e  ( i n  mM); 30 (A) ,  120 (O ) ,  400 ( v ) ,  and

1000 ( a ) .  For  h y d r o x y l a p a t i t e  d e t e r m i n a t i o n s  r e a s s o 

c i a t i o n  was a lw a ys  p e r f o r m e d  i n  120 mM sodium 

p h o s p h a te  b u f f e r  and  t h e  ENA c o n c e n t r a t i o n s  w e r e  ( i n  

pg m l " l ) ;  11 ( ■ ) ,  170 ( # ) ,  207 (▼) and  710 ( i ) .  All

r e a s s o c i a t i o n s  w e re  c a r r i e d  o u t  a t  60°C and  t h e  C to
v a l u e s  have  be e n  c o r r e c t e d  where  n e c e s s a r y  t o  be 

r e l a t i v e  to  r e a s s o c i a t i o n s  p e r f o r m e d  i n  180 mM Na* 

(120 mM PB) ( B r i t t e n  £ £  al^ . ,  1 9 7 4 ) .  The c u rv e  was 

f i t t e d  by a t r i a l  and e r r o r  m e t h o d .  T h r e e  components  

were assumed t o  be p r e s e n t  (A,B, and C) and t h e  

s e c o n d - o r d e r  r a t e  c o n s t a n t s  ( k )  f o r  each  of  t h e s e  

were p r e d i c t e d  ( s e e  t e x t )  so t h a t  t h e i r  Cot c u rv e s  

c o u l d  be g e n e r a t e d  m a t h e m a t i c a l l y  ( d a s h e d  l i n e s ) .  

The k v a l u e s  w e re  t h e n  a d j u s t e d  a p p r o p r i a t e l y  so  t h a t  

t h e  summed Cot c u r v e s  f i t t e d  t h e  d a t a  p o i n t s ,  as  

j u d g e d  by e y e .



- 163-

i n
•si

Q)i_
Dcn

Li.

8 ovO

oo

/

s i

?

U)

Q)
O
E

o
o

f t
o
CM

VNQ p e p u D J j s - e i S u i s  %



“164-

I n  c o n t a i n i n g  two f a m i l i e s  o f  r e p e t i t i v e  ENA, Gj_ f o l i a c e u m  

i s  r e m a rk a b l y  s i m i l a r  t o  m os t  o t h e r  e u k a r y o t e s  ( B r i t t e n  and  

Kohne , 1968;  S t r a u s ,  1976)  i n  which  b o t h  s h o r t  tandem r e p e a t s  and

h i g h e r  c o m p l e x i t y  d i s p e r s e d  r e p e a t s  o c c u r  ( S o u t h e r n ,  1 9 8 4 ) .  For

e x a m p le ,  human ENA c o n t a i n s  a 770 kb component  r e p e a t e d  500 t im es  

and a 4 . 5  kb component  r e p e a t e d  50 ,000  t i m e s .  The p r o p o r t i o n  o f  

t h e  genome o c c u p i e d  by t h e s e  r e p e a t e d  s e q u e n c e s  v a r i e s  w i d e l y ,  i n  

p l a n t s  th e y  may c o n s t i t u t e  up to  80% of  t h e  genome ( F l a v e l l ,

1 9 8 2 ) .  G le n o d in iu m  f o l i a c e u m  a p p e a r s  to  c o n t a i n  r a t h e r  more 

r e p e t i t i v e  ENA t h a n  o t h e r  low e r  e u k a r y o t e s  b u t  t h i s  p r o b a b ly  

r e f l e c t s  i t s  l a r g e  genome s i z e .

The r e a s s o c i a t i o n  k i n e t i c s  of  two s p e c i e s  o f  d i n o f l a g e l l a t e s  

have  b e e n  e x a m in ed .  About  h a l f  of  t h e  ENA of  P r o r o c e n t r u m  

c a s s u b i c u m  ( S t e e l e ,  1981)  and C r y p th e c o d in iu m  c o h n i i  ( R o b e r t s  e t  

a l . ,  1974)  i s  composed o f  h i g h l y  r e p e a t e d  s e q u e n c e s .  I n  C. 

c o h n i i  t h i s  r e p e a t e d  c l a s s  h a s  a c o m p l e x i t y  of  500 kb and  a

r e p i t i t i o n  f r e q u e n c y  of 3 , 6 0 0  ( A l l e n  _et a i l . ,  1975;  H innebusch  ^  

a l . ,  1 9 8 0 ) .  The r e m a i n i n g  40 -  45% of  C. c o h n i i  ENA i s  composed 

o f  a h i g h l y  complex c l a s s  ( 1 . 5  x 10^ kb )  which has  been shown t o  

be u n i q u e .  The m o s t  s lo w ly  r e a s s o c i a t i n g  component  of  G. f o l i a 

ceum ENA (component  C) h a s  a s i m i l a r  c o m p l e x i t y  b u t  i t  i s  no t  

c l e a r  w h e t h e r  i t  r e p r e s e n t s  u n i q u e  s e q u e n c e s .  From t h e  k i n e t i c  

d a t a  t h e  h a p l o i d  genome s i z e  of  G. f o l i a c e u m  would  a p p e a r  to  be 

a b o u t  2 . 4  X 10^ kb ( t h e  sum o f  t h e  c o m p l e x i t i e s  of  t h e  components 

m u l t i p l i e d  by t h e i r  r e l a t i v e  r e p e t i t i o n  f r e q u e n c i e s ) .  Tak ing  

1 pg t o  e q u a l  0 . 9 6 5  x 10^ kb (Lewin ,  1 9 8 0 ) ,  t h i s  r e p r e s e n t s  a ENA 

c o n t e n t  o f  2 . 3  pg which i s  more t h a n  30 t im e s  l e s s  t h a n  t h e  ENA 

c o n t e n t  o f  t h e  c e l l  (74 pg)  as  d e t e r m i n e d  c h e m i c a l l y  ( s e e  S e c t i o n  

4 . 1 . 4 ) .

I t  i s  p o s i b l e  t h a t  G^ f o l i a c e u m  i s  h i g h l y  p o l y p l o i d  b u t  i t

s h o u l d  be s t r e s s e d  t h a t  t h e  C t  v a l u e  of  component  C was on ly
o

p r e d i c t e d  on t h e  b a s i s  o f  a few d a t a  p o i n t s  and  a more s lo w ly  

r e a s s o c i a t i n g  c l a s s  o f  ENA c o u l d  be p r e s e n t .  Due to  t h e  l i m i t e d
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amount  of  ENA t h a t  was a v a i l a b l e ,  t h e  d e g re e  of  r e a s s o c i a t i o n  a t  

C^t  v a l u e s  g r e a t e r  t h a n  100 c o u l d  no t  be  m e a s u r e d  u s i n g  h y d r o x y l — 

a p a t i t e .  A t  of  700 c o u l d  be a c h i e v e d  by p e r f o r m i n g  t h e

r e a s s o c i a t i o n  i n  1 M p h o s p h a te  b u f f e r  and m o n i t o r i n g  h y p o c h ro m i—

c i t y .  However t h e s e  c o n d i t i o n s  p r o b a b l y  r e s u l t  in  a g r e a t e r  

number of  m is m a tc h e d  d u p le x e s  fo rm ing  which  l e a d s  to  an under  

e s t i m a t i o n  o f  t h e  t r u e  C ^ t y ^ v a l u e  ( F l a v e l l ,  1 9 8 2 ) .

As i n d i c a t e d  a t  t h e  b e g i n n i n g  o f  t h i s  S e c t i o n ,  numerous 

f a c t o r s  can c o m p l i c a t e  t h e  a n a l y s i s  o f  r e a s s o c i a t i o n  d a t a .  For  

e x a m p le ,  t h e  d e g r e e  o f  r e n a t u r a t i o n  r e c o r d e d  by h y d r o x y l a p a t i t e

c h ro m a to g r a p h y  and by ^pecbroplnotometr^ a r e  no t  e q u i v a l e n t ,  as  h a s

been  a ssum ed  h e r e .  H y p o c h r o m ic i ty  m easu rem en ts  g i v e  an a c c u r a t e  

e s t i m a t e  o f  t h e  p r o p o r t i o n  o f  r e n a t u r e d  DNA w h i l s t  h y d r o x y l a p a 

t i t e  w i l l  r e t a i n  ENA f r a g m e n t s  i n  which  on ly  10% of  t h e  f r a gm en t  

h a s  r e n a t u r e d  ( F l a v e l l ,  1 9 8 2 ) .  H y d r o x y l a p a t i t e  c h rom a tog ra phy  

t h e r e f o r e  l e a d s  to  an o v e r e s t i m a t e  of  the  d e g re e  of  r e n a t u r a t i o n .  

A l s o  t h e  r e l a t i o n s h i p  be tw e en  c o m p l e x i t y  and k i s  h i g h l y  depen 

den t  on t h e  r e a s s o c i a t i o n  c o n d i t i o n s  and  i d e a l l y  r a d i o a c t i v e l y -  

l a b e l l e d  c o l i  ENA s h o u l d  be i n c l u d e d  i n  a l l  r e a s s o c i a t i o n s  t o  

d e t e r m i n e  t h i s  t h e  u n d e r  t h e  a c t u a l  e x p e r i m e n t a l  c o n d i t i o n s .  I t  

was no t  p o s s i b l e  to  u s e  a r a d i o a c t i v e  c o n t r o l  i n  t h i s  s t u d y .

B e a r in g  t h e s e  l i m i t a t i o n s  i n  m ind ,  i t  can o n ly  r e a s o n a b l y  be 

c o n c l u d e d  from t h e  r e s u l t s  o f  t h i s  p r e l i m i n a r y  s t u d y  t h a t  t h e  ENA 

se q u e n c e  o r g a n i z a t i o n  i n  Glenod in ium  f o l i a c e u m  i s  s i m i l a r  to  t h a t  

of  o t h e r  e u k a r y o t e s .  Two r e p e a t e d  components  a r e  p r e s e n t  wh ich  

do n o t  show any f e a t u r e s  wh ich  m ig h t  be  s u g g e s t i v e  of  an u n u s u a l  

o r g a n i z a t i o n  o f  ENA s e q u e n c e s  i n  t h e  symbiont  n u c l e u s . However , 

as m i g h t  be  e x p e c t e d ,  t h e  r e a s s o c i a t i o n  k i n e t i c s  o f  G. f o l i a c e u m  

ENA a p p e a r  to  d i f f e r  s l i g h t l y  from t h o s e  of  P r o r o c e n t r u m  

c a s s u b i c u m  and C r y p t h e c o d i n iu m  c o h n i i , n e i t h e r  of  which c o n t a i n  

en d o s y m b io n t s  .
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4 . 1 . 7 .  R e s t r i c t i o n  e n d o n u c l e a s e  a n a l y s i s  o f  n u c l e a r  ENA.

R e p e a t e d  ENA s e q u e n c e s  have  a low c o m p l e x i t y  and so c o n t a i n  

r e l a t i v e l y  few s p e c i f i c  e n d o n u c l e a s e  r e c o g n i t i o n  s i t e s .  The 

r e s t r i c t i o n  f r a g m e n t s  o f  r e p e a t e d  ENA w i l l  t h e r e f o r e  b e  of  a 

l i m i t e d  number o f  s i z e s ,  w h i l s t  t h e  f r a g m e n t s  of  u n i q u e  INA w i l l  

show a random a r r a y  of  l e n g t h s .  I f  a genome c o n t a i n s  a h igh  

p r o p o r t i o n  o f  r e p e t i t i v e  ENA, as  i n  h i g h e r  p l a n t s ,  t h e n  t h e  

r e s t r i c t i o n  f r a g m e n t s  o f  t h e  r e p e a t e d  s e q u e n c e s  w i l l  be d e t e c t 

a b l e ,  a f t e r  a g a r o s e  g e l  e l e c t r o p h o r e s i s ,  as  more i n t e n s e  bands  

a g a i n s t  a b a c k g r o u n d  smear  o f  u n i q u e  f r a g m e n t s  ( F l a v e l l ,  1 9 8 2 ) .

The i s o l a t e d  n u c l e a r  ENAs of  Glenod in ium  f o l i a c e u m  c o n t a i n e d  

on ly  h ig h  m o l e c u l a r  w e i g h t  m o l e c u l e s  $nd n e i t h e r  showed any 

o b v i o u s  b a n d i n g  p a t t e r n  a f t e r  d i g e s t i o n  w i t h  Eco RI ( P l a t e  4 . 3 ) .  

Only a v e r y  f a i n t  and  complex l a d d e r  of  bands  c o u l d  be seen  i n  

t h e  d i g e s t e d  d i n o f l a g e l l a t e  n u c l e a r  ENA b u t  n o t  i n  t h e  symbion t  

n u c l e a r  ENA. However ,  t h e  symbion t  ENA d i d  show two p r o m i n e n t ,  

r a p i d l y  m i g r a t i n g  bands  c o r r e s p o n d i n g  t o  Eco RI f r a g m e n t s  h a v i n g  

l e n g t h s  o f  a b o u t  0 . 9  a n d  1 . 0  kb .  The t o t a l  c o m p l e x i t y  of  t h e s e  

two f r a g m e n t s  i s  i n  a p p r o x i m a t e  ag re e m e n t  w i t h  t h e  c o m p l e x i t y  of  

t h e  h i g h l y  r e p e a t e d  s e q u e n c e s  d e t e c t e d  i n  t h e  k i n e t i c  a n a l y s i s  o f  

t o t a l  G. f o l i a c e u m  ENA ( s e e  p r e v i o u s  S e c t i o n ) .  F a i l u r e  to  o b s e r 

ve o t h e r  r e p e a t e d  r e s t r i c t i o n  f r a g m e n t s  i s  p r o b a b l y  b e c a u s e  any 

s e q u e n c e s  o f  i n t e r m e d i a t e  r e p e t i t i v e n e s s  t h a t  m i g h t  be  p r e s e n t  i n  

t h e  genome, d i d  n o t  c o n s t i t u t e  a l a r g e  enough p r o p o r t i o n  o f  t h e  

ENA t o  be  c l e a r ly  v i s i b l e .

T h u s ,  h i g h l y  r e p e a t e d  ENA s e q u e n c e s  c o u ld  be a f e a t u r e  of  

t h e  e n d o s y m b i o n t ,  which  wou ld  e x p l a i n  why t h e y  were n o t  d e t e c t e d  

i n  t h e  k i n e t i c  a n a l y s i s  o f  C. c o h n i i  INA ( A l l e n  _et £!.•» 1 9 7 5 ) .
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P l a t e  4 . 3 .  R e s t r i c t i o n  e n d o n u c l e a s e  a n a l y s i s  o f  t h e  n u c l e a r  DNA 

o f  G1e nod i n i um f o l i a c e u m . E l e c t r o p h o r e s i s  o f  u n d i g e 

s t e d  a n d  Eco RI d i g e s t e d  e n d o s y m b i o n t  ( Symb . )  and 

d i n o f l a g e l l a t e  ( D i n o . )  n u c l e a r  DNA. Hi nd  I I I  c l e a v e d  

\  ENA a nd  n a t i v e  X ENA ( 4 8 . 5  kb)  a c t  as  m o l e c u l a r  

s i z e  m a r k e r s .  N e i t h e r  of  t h e  n u c l e a r  ENAs show any 

o b v i o u s  h i g h l y  r e p e a t e d  Eco RI f r a g m e n t s  w i t h  t h e  

p o s s i b l e  e x c e p t i o n  of  two low m o l e c u l a r  w e i g h t  f r a g 

me n t s  i n  t h e  s y mb i o n t  n u c l e a r  ENA d i g e s t  ( p o s i t i o n s  

a r r o w e d  a t  t h e  s i d e ) .
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4 . 2 .  ISOLATION AND CHARACTERIZATION OF CHLOROPLAST ENA.

4 . 2 . 1 .  I s o l a t i o n  of  c h l o r o p l a s t s .

P u r i f y i n g  c h l o r o p l a s t  ENA from G lenod in ium  f o l i a c e u m  

p r e s e n t e d  two m a j o r  p r o b le m s .  F i r s t l y ,  t h e r e  w e r e  no p u b l i s h e d  

p r o c e d u r e s  f o r  t h e  i s o l a t i o n  o f  c h l o r o p l a s t s  f rom d i n o f l a g e l -  

l a t e s ,  and s e c o n d l y ,  t h e  growth c h a r a c t e r i s t i c s  o f  t h e  a lg a  

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

T h e r e  a r e  now w e l l  e s t a b l i s h e d  p r o t o c o l s  f o r  o b t a i n i n g  b u l k  

p r e p a r a t i o n s  o f  c h l o r o p l a s t  ENA from Chlamydomonas r e i n h a r d i i  

( R o c h a ix ,  1982)  and  Eug lena  g r a c i l i s  ( H a l l i c k  ejt a ^ . ,  1 9 8 2 ) .  

These  i l l u s t r a t e  t h e  two a l t e r n a t i v e  s t r a t e g i e s  t h a t  can be 

a d o p t e d  f o r  d e a l i n g  w i t h  u n i c e l l u l a r  a l g a e .  I n  Chlamydomonas, 

t o t a l  ENA i s  e x t r a c t e d  and  f r a c t i o n a t e d  by c e n t r i f u g a t i o n  i n  

c a e s iu m  c h l o r i d e  w h e re  t h e  c h l o r o p l a s t  ENA s e p a r a t e s  o u t  a s  a low 

d e n s i t y  s a t e l l i t e .  T h i s  m ethod  d o e s ,  of  c o u r s e ,  r e q u i r e  p r i o r  

knowledge  a b o u t  t h e  s a t e l l i t i c  n a t u r e  of  t h e  c h l o r o p l a s t  ENA and 

can s u f f e r  f rom c o n t a m i n a t i o n  w i t h  o t h e r  s a t e l l i t e  ENA s p e c i e s .  

F o r  e x a m p le ,  n u c l e a r  r i b o s o m a l  ENA and m i t o c h o n d r i a l  ENA have 

been found  t o  be  p r e s e n t  i n  Chlamydomonas c h l o r o p l a s t  ENA f r a c 

t i o n a t e d  from t o t a l  ENA e x t r a c t s  i n  CsCl ( R o c h a ix ,  1 9 7 8 ) .

I n  E u g l e n a , c h l o r o p l a s t s  a r e  f i r s t  i s o l a t e d  a n d  t h e n  t h e  ENA 

i s  e x t r a c t e d  from t h e  o r g a n e l l e  p r e p a r a t i o n .  T h i s  s t r a t e g y  i s  

p r e f e r a b l e  b e c a u s e  t h e r e  i s  no doub t  a s  t o  t h e  i d e n t i t y  of  t h e

ENA and t h e  p u r i t y  of  t h e  c h l o r o p l a s t  p r e p a r a t i o n  d e t e r m i n e s  t h e

e x t e n t  of  any c o n t a m i n a t i o n  w i t h  o t h e r  ENA s p e c i e s .  A l s o ,  s i n c e  

c h l o r o p l a s t s  can be l y s e d  g e n t l y  by c h e m i c a l  m eans ,  u n l i k e  m os t  

a l g a l  c e l l s  w i t h  c e l l  w a l l s ,  t h e r e  i s  t h e  p o s s i b i l i t y  o f  i s o l a 

t i n g  h i g h  m o l e c u l a r  w e i g h t ,  o r  even i n t a c t ,  c h l o r o p l a s t  ENA

m o l e c u l e s  ( e . g .  Manning eit £ l . ,  1 9 7 1 ) .  C o n s e q u e n t l y  t h i s  i s  t h e  

m ethod o f  c h o i c e  i n  h i g h e r  p l a n t s  w here  i s o l a t i n g  c h l o r o p l a s t s
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p r e s e n t s  few d i f f i c u l t i e s  (Ko lodner  and  T e w a r i ,  1 9 7 5 ) .  However ,  

i n  many u n i c e l l u l a r  a l g a e  t h e  o f t e n  s i n g l e  c h l o r o p l a s t  may have

an e l a b o r a t e  shape  and be o f  a s i m i l a r  s i z e  to  t h e  c e l l ,  and  so

i s o l a t i n g  i t  may be i m p r a c t i c a b l e  i f  n o t  i m p o s s i b l e .  F o r t u n a t e l y  

G le nod in ium  f o l i a c e u m  h a s  d i s c o i d  c h l o r o p l a s t s  which  a r e  s u f f i 

c i e n t l y  s m a l l e r  t h a n  t h e  c e l l  f o r  i t  t o  be  f e a s i b l e  to  b r e a k  open 

t h e  c e l l  w a l l  w i t h o u t  damaging  t h e  c h l o r o p l a s t s  to o  s e v e r e l y .

For  a r o u t i n e  p r e p a r a t i o n  o f  a b o u t  100 pg o f  c h l o r o p l a s t  ENA

from Eug lena  g r a c i l i s , c h l o r o p l a s t s  a r e  i s o l a t e d  from 2 x 10^^ 

c e l l s  which  c o r r e s p o n d s  to  c u l t u r e  volume o f  14 1 ( H a l l i c k  e t

a l . ,  1 9 8 2 ) .  As t h e  d e n s i t y  o f  G lenod in ium  f o l i a c e u m  r a r e l y  
4 - 1  .e x c e e d s  1 x 10 c e l l s  ml i n  l a r g e  volume c u l t u r e s ,  i t  wou ld  

c l e a r l y  be d i f f i c u l t  to  grow a s i m i l a r  number of  G lenod in ium  

c e l l s  ( t h i s  w o u ld  r e q u i r e  2 , 0 0 0  1 o f  c u l t u r e ! ) .  However ,  on ly  a 

few m ic rog ram s  o f  ENA a r e  r e q u i r e d  t o  pe r fo rm  a r e s t r i c t i o n

e n d o n u c l e a s e  o r  g e n e t i c  a n a l y s i s ,  so i t  was p r e d i c t e d  t h a t  enough 

c h l o r o p l a s t  ENA s h o u l d  be o b t a i n e d  from a h a r v e s t a b l e  c u l t u r e  

volume p r o v i d i n g  a s u i t a b l e  c h l o r o p l a s t  i s o l a t i o n  p r o t o c o l  c o u l d  

be d e v e l o p e d .  Such a p r o t o c o l  wou ld have  t o  be  r e a s o n a b l y  s i m p l e  

and f a i r l y  r a p i d  t o  p e r m i t  t h e  r e p e a t e d  r e - i s o l a t i o n  o f  t h e  ENA.

T h e re  i s  a  d e a r t h  o f  i n f o r m a t i o n  on t e c h n i q u e s  f o r  i s o l a t i n g  

i n t a c t  c h l o r o p l a s t s  i n  b u l k  from m a r in e  a l g a e  f o r  t h e  p u r p o s e s  of  

ENA i s o l a t i o n .  A p p a r e n t l y  methods  have  on ly  b e e n  d e v e lo p e d  f o r

two u n i c e l l u l a r  s p e c i e s ,  t h e  c h r y s o p h y t e  O l i s t h o d i s c u s  l u t e u s  

( A l d r i c h  and  C a t t o l i c o ,  1981)  and t h e  d ia tom  O d o n t e l l a  s i n e n s i s  

(L inne  von Berg e £ £ l ^ . ,  1982) ;  t h r e e  f i l a m e n t o u s  s p e c i e s ,  t h e  

brown a l g a e  P i l a y e l l a  l i t t o r a l i s  and a S p h a c e l a r i a  s p e c i e s

(Dalmon a n d  L o i s e a u x ,  1 9 8 1 ) ,  and  t h e  g ree n  a l g a  D e r b e s i a  m a r i n a  

(L in ne  von Berg e ^  a l^ . , 198 2 ) ;  and one t h a l l o i d  brown a l g a .  

P i c t y o t a  d i cho tom a  (Kuhse l  and K o w a l l i k ,  1 9 8 5 ) .  D e t a i l s  o f  t h e  

m ethods  u s e d  by L inne  von Berg * (1982)  have no t  been

p u b l i s h e d  a n d  t h e  c h l o r o p l a s t s  o f  G lenod in ium  f o l i a c e u m  were 

u n s t a b l e  i n  t h e  i s o l a t i o n  b u f f e r s  employed by A l d r i c h  and  C a t t o -
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l i c o  (1981 )  and Dalmon a n d  L o i s e a u x  ( 1 9 8 1 ) .  S u g a r  a l c o h o l s  such 

as  s o r b i t o l  a r e  g e n e r a l l y  u s e d  t o  p r o v id e  t h e  c o r r e c t  o sm o t i c  

e n v i r o n m e n t  f o r  i s o l a t e d  c h l o r o p l a s t s .  I n  p l a n t s  a nd  f r e s h w a t e r  

a l g a e  t h e s e  a r e  added  t o  0 .3 3  M w h i l s t  f o r  two of  t h e  m a r i n e  

brown a l g a e  m e n t i o n e d  a b o v e ,  0 . 8  M s o r b i t o l  has been  s u g g e s t e d  

(Dalmon a n d  L o i s e a u x ,  1 9 8 1 ) .  By g e n t l y  s q u a s h i n g  c e l l s  i n  v a r i 

ous c o n c e n t r a t i o n s  o f  b u f f e r e d  s o r b i t o l ,  i t  was d i s c o v e r e d  t h a t  

a t  l e a s t  1 . 2  M s o r b i t o l  was r e q u i r e d  t o  p r e v e n t  t h e  c h l o r o p l a s t s  

o f  f o l i a c e u m  from s w e l l i n g  a nd  e v e n t u a l l y  b u r s t i n g .  Thus

1 . 3  M s o r b i t o l  p l u s  2.5% F i c o l l  was employed a s  t h e  osmoticum in  

t h e  i s o l a t i o n  b u f f e r .  At h i g h e r  s o r b i t o l  c o n c e n t r a t i o n s  the  

c e l l s  c o l l a p s e d  making  them d i f f i c u l t  to  d i s r u p t .  F i c o l l  was 

i n c l u d e d  a s  i t  i s  r e p o r t e d  t o  improve c h l o r o p l a s t  s t a b i l i t y  ( s e e  

Dunham and B r y a n t ,  1983)

The h ig h  d e n s i t y  o f  t h e  i s o l a t i o n  b u f f e r  a l l o w e d  c e l l  homo- 

g e n a t e s  t o  be s im p ly  f r a c t i o n a t e d  by d i f f e r e n t i a l  s e d i m e n t a t i o n .  

The e f f i c i e n c y  w i t h  which a b r i e f  low s p e e d  c e n t r i f u g a t i o n  r e 

moved i n t a c t  c e l l s ,  c e l l  w a l l s  and  n u c l e i  from t h e  homogenates  

meant  t h a t  c e l l  b r e a k a g e  c o u ld  be pe r fo rm e d  r e a s o n a b l y  g e n t l y ,  

and c o n s e q u e n t l y  i n c o m p l e t e l y ,  which i n c r e a s e d  t h e  p o s s i b i l i t y  of  

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

s e d i m e n t e d  w i t h  t h e  c h l o r o p l a s t s  a t  t h i s  d e n s i t y  and a lw a ys  

c o n t a m i n a t e d  t h e  c h l o r o p l a s t  p e l l e t .  However t h e  m o s t  obv ious  

c o n t a m i n a t i o n  o f  t h e  c h l o r o p l a s t s  a t  t h i s  s t a g e  was w i t h  accumu

l a t i o n  b o d i e s .  W h i l s t  t h e s e  do n o t  c o n t a i n  ENA, t h e i r  p r e s e n c e  

d i d  i n t e r f e r e  w i t h  t h e  s u b s e q u e n t  p u r i f i c a t i o n  o f  t h e  c h l o r o p l a s t  

ENA and so th e y  had  t o  be  removed.

E q u i l i b r i u m  c e n t r i f u g a t i o n  i n  c o n t i n u o u s  or  d i s c o n t i n u o u s  

P e r c o l l  d e n s i t y  g r a d i e n t s  i s  p ro b a b l y  t h e  m os t  e f f e c t i v e  method  

f o r  f u r t h e r  p u r i f y i n g  c h l o r o p l a s t  p r e p a r a t i o n s  (Hüinghaus  a nd  

F e i e r a b e n d ,  1 9 8 3 ) .  The c o s t  of  P e r c o l l  p r o h i b i t e d  i t s  u s e  h e r e  

b u t  i t  can be s u b s t i t u t e d  w i t h  s u c r o s e .  The c h l o r o p l a s t s  o f  

G. f o l i a c e u m  a p p e a r e d  t o  be u n s t a b l e  a t  t h e i r  e q u i l i b r i u m  d e n s i t y
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i n  t h e  d i s c o n t i n u o u s  s u c r o s e  g r a d i e n t s  u s e d  by Sage r  and  I s h i d a  

(1963)  f o r  p u r i f y i n g  Chlamydomonas c h l o r o p l a s t s .  Osmotic  l y s i s  

o f  t h e  c h l o r o p l a s t s  a l s o  o c c u r r e d  d u r i n g  r a t e  z o n a l  c e n t r i f u g a 

t i o n  th ro u g h  t h e  d i s c o n t i n u o u s  s u c r o s e  g r a d i e n t s  p r o p o s e d  by 

M i l f i n  a nd  B eeve rs  (1974)  t o  s e p a r a t e  i n t a c t  h i g h e r  p l a n t  c h l o r o 

p l a s t s  f rom b r o k e n  c h l o r o p l a s t s  a nd  m i t o c h o n d r i a .  C o n s e q u e n t l y  

t h e s e  g r a d i e n t s  h a d  t o  be  r e d e s i g n e d  f o r  Gj_ f o l i a c e u m  u s i n g  t h e

c h l o r o p l a s t  i s o l a t i o n  b u f f e r  a s  t h e  ' g r o u n d  b u f f e r '  o f  t h e

g r a d i e n t  so as  t o  e n s u r e  c h l o r o p l a s t  s t a b i l i t y ,  r a t h e r  than  

s im p ly  b u f f e r i n g  t h e  s u c r o s e  s o l u t i o n s  w i t h  Tris /EDTA.

I t  was d e c id e d  t o  u s e  r a t e  z o n a l  c e n t r i f u g a t i o n  t o  i n c r e a s e  

t h e  s p e ed  o f  t h e  p r e p a r a t i o n  a n d  e v e n t u a l l y  t h e  g r a d i e n t  i l l u s 

t r a t e d  i n  P l a t e  4 . 4  was found  t o  g i v e  a r e a s o n a b l e  s e p a r a t i o n  o f  

s e e m in g ly  i n t a c t  c h l o r o p l a s t s  f rom o b v i o u s l y  b r o k e n  ones  and

a c c u m u l a t i o n  b o d i e s .  I n  c o n t r a s t  to  t h e  s e p a r a t i o n  a c h i e v e d  w i t h

Chlamydomonas and  h i g h e r  p l a n t  c h l o r o p l a s t s  i n  s u c r o s e  d e n s i t y  

g r a d i e n t s ,  t h e  ' i n t a c t '  c h l o r o p l a s t s  o f  G lenod in ium  p a s s e d  l e s s  

r e a d i l y  t h ro u g h  t h e  d e n s e r  s u c r o s e  s o l u t i o n s  t h a n  t h e  b r o k e n  

o n e s ,  and so  ba nde d  above  r a t h e r  t h a n  below them. The r e a s o n  

f o r  t h i s  i s  n o t  c l e a r .  I t  i s  no t  s u g g e s t e d  t h a t  t h e s e  g r a d i e n t  

and  c e n t r i f u g a t i o n  c o n d i t i o n s  ( d e t a i l e d  i n  S e c t i o n  2 . 8 . 1 )  r e p r e 

s e n t  t h e  b e s t  f r a c t i o n a t i o n  t h a t  can be o b t a i n e d .  P r o b a b l y  m inor  

a d j u s t m e n t s  i n  t h e  s u c r o s e  c o n c e n t r a t i o n s ,  c e n t r i f u g a t i o n  s pe ed  

and d u r a t i o n  w o u ld  r e s u l t  i n  some improvement  b u t  such e x p e r i 

ments  wou ld  be t im e  consum ing .  The m a j o r  f a c t o r  a f f e c t i n g  t h e  

d e g r e e  o f  t h e  c o n t a m i n a t i o n  w i t h  a c c u m u l a t i o n  b o d i e s  was t h e  age 

o f  t h e  c u l t u r e .  S i n c e  a c c u m u l a t i o n  b o d i e s  became l a r g e r  and  more 

f r e q u e n t  i n  c e l l s  f rom l a t e  e x p o n e n t i a l  p h a s e  and s t a t i o n a r y  

p h a s e  c u l t u r e s ,  i t  was i m p o r t a n t  to  h a r v e s t  c u l t u r e s  b e f o r e  m id 

e x p o n e n t i a l  p h a s e .  T h i s  o f  c o u r s e  f u r t h e r  a g g r a v a t e d  y i e l d  

p ro b le m s  .

The n o n - r e f r a c t i l e  a p p e a r a n c e  o f  m os t  of  t h e  p u r i f i e d  c h l o 

r o p l a s t s  ( s e e  P l a t e  4 . 4 )  s u g g e s t e d  t h a t  they  had l o s t  t h e i r
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P l a t e  4 . 4 .  P u r i f i c a t i o n  o f  G l e n o d i n i u m  f o l i a c e u m  c h l o r o p l a s t s  by 

s u c r o s e  d e n s i t y  g r a d i e n t  c e n t r i f u g a t i o n .  Nomar s k i  

i n t e r f e r e n c e  c o n t r a s t  ( m i d d l e )  and p h a s e  c o n t r a s t  

( r i g h t )  l i g h t  m i c r o g r a p h s  o f  t h e  u p p e r  a n d  l o w e r  

bands  f o r me d  a t  t h e  i n t e r f a c e s  o f  a d i s c o n t i n u o u s  

s u c r o s e  g r a d i e n t  ( l e f t )  a f t e r  r a t e  z o n a l  c e n t r i f u g a 

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

i n t e r f a c e  t r a p s  t h e  i n t a c t  ( a r r o w )  and  r e a s o n a b l y  

r e t r a c t i l e  ( d o u b l e  a r r o w )  c h l o r o p l a s t s ,  w h i l s t  t he  

b r o k e n  c h l o r o p l a s t s ,  mos t  of  t h e  a c c u m u l a t i o n  b o d i e s  

(A) and  a ny  r e m a i n i n g  w h o l e  c e l l  d e b r i s  band  a t  t h e  

l ower  i n t e r f a c e .  M i c r o g r a p h s  x 1 0 0 0 .
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P l a t e  4 . 5 .  U l t r a s t r u c t u r e  of  i s o l a t e d  c h l o r o p l a s t s  f rom Gleno

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

1.  S e c t i o n  th ro u g h  p e l l e t e d  upper  band  m a t e r i a l  ( s e e  

P l a t e  4 . 4 )  showing i t  to  be  composed o f  c h l o r o p l a s t s  

w i t h  an i n t a c t  ( s i n g l e  a r r o w )  o r  b r o k e n  ( d o u b le  

a r r o w )  e n v e l o p e s ,  a few a c c u m u l a t i o n  b o d i e s  (A) and 

p o s s i b l y  some m i t o c h o n d r i a  (M). x 6 , 2 5 0 .

2 .  S e c t i o n  t h r o u g h  p e l l e t e d  l o w e r  b a n d  m a t e r i a l  composed 

m a i n ly  o f  e l e c t r o n  dense  a c c u m u l a t i o n  b o d i e s  and  

c h l o r o p l a s t s  s t r i p p e d  o f  e n v e l o p i n g  m em branes .  

X 6 ,5 0 0 .
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s t r u c t u r a l  i n t e g r i t y  e i t h e r  th rough  osm ot ic  d e h y d r a t i o n  o r  

m e c h a n i c a l  b r e a k a g e .  Two l i n e s  o f  e v id e n c e  s u p p o r t  t h e  l a t t e r  

c a u s e .  F i r s t l y ,  e l e c t r o n  m i c r o s c o p i c  e x a m i n a t i o n  o f  t h e  c h l o r o -  

p l a s t s  r e v e a l e d  t h a t  t h e  o u t e r  e n v e lo p e  was o f t e n  b roken  

( P l a t e  4 . 5 . 1 ) ,  and s e c o n d l y ,  t h e  ENA in  t h e  c h l o r o p l a s t s  was 

s e n s i t i v e  to  e n z y m a t i c  d i g e s t i o n .  I f  t h e  c h l o r o p l a s t s  w e re

d i g e s t e d  w i t h  50 pg ml  ̂ DNase I  f o r  1 h a t  0°C b e f o r e  b e i n g

f r a c t i o n a t e d  i n  t h e  s u c r o s e  g r a d i e n t ,  t h e  ENA i s o l a t e d  from them 

was found  t o  be d e g r a d e d  ( s e e  P l a t e  4 . 7 .  l a n e  c ) .  E^ase  i s  

u n a b l e  to  e n t e r  c h l o r o p l a s t s  w i t h  an i n t a c t  membrane o t h e r w i s e  i t  

would  no t  be  a s t a n d a r d  p r o c e d u r e ,  when p r e p a r i n g  h i g h e r  p l a n t  

c h l o r o p l a s t  ENA, to  t r e a t  t h e  c h l o r o p l a s t s  w i t h  ENase so as  to  

remove a d h e r i n g  s t r a n d s  o f  c h r o m a t i n  (K o lodner  and  T e w a r i , 1 9 7 5 ) .  

T h u s ,  to  p r o t e c t  t h e  c h l o r o p l a s t  ENA a g a i n s t  e n z y m a t i c  d e g r a d a 

t i o n ,  t h e  g e n e r a l  n u c l e a s e  i n h i b i t o r  a u r i n t r i c a r b o x y l i c  a c i d  

(ATA) ( B l u m e n th a l  and L a n d e r s ,  1973;  B i n a - S t e i n  a n d  T r i t t o n ,

1976)  was i n c l u d e d  i n  t h e  i s o l a t i o n  b u f f e r s .  The p r e s e n c e  of  

t h i s  compound h a s  been  found  t o  i n c r e a s e  t h e  number o f  i n t a c t  

m o l e c u l e s  i n  i s o l a t e s  o f  c h l o r o p l a s t  ENA from O l i s t h o d i s c u s

l u t e u s  ( A l d r i c h  and C a t t o l i c o ,  1981)

A s i m p l i f i e d  f l o w  c h a r t  of  t h e  p r o c e d u r e  d e v e lo p e d  f o r  t h e  

i s o l a t i o n  o f  c h l o r o p l a s t s  f rom Glenod in ium  f o l i a c e u m  i s  p r e s e n t e d  

i n  F i g u r e  4 . 6 .  T h i s  s m a l l  s c a l e  method  ( "m in i  p r e p . " )  y i e l d s  

a b o u t  50 p i  o f  p u r i f i e d  c h l o r o p l a s t s  f rom 6 1 o f  m i d - e x p o n e n t i a l  

pha se  c u l t u r e  (1 -  3 x 10^ c e l l s ) .  The p r e p a r a t i o n  can r e a d i l y  

be c o m p l e t e d  i n  t h r e e  h o u r s .

4 . 2 . 2 .  E l e c t r o n  m i c r o s c o p y  o f  c h l o r o p l a s t  ENA.

The c i r c u l a r i t y  o f  c h l o r o p l a s t  ENA has  r e a d i l y  be e n  demon

s t r a t e d  by e l e c t r o n  m i c r o s c o p i c  v i s u a l i z a t i o n  o f  i s o l a t e d  

m o l e c u l e s  s p r e a d  on a  p r o t e i n  m o n o l a y e r .  I n  h i g h e r  p l a n t s  t h e  

c h l o r o p l a s t  ENA m o l e c u l e  h a s  a c o n t o u r  l e n g t h  o f  37 -  46 pm.
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6 1 o f  d e s t a r c h e d  Gj_ f o l i a c e u m  (1 -  3 x l O ^ c e l l s )

c e n t r i f u g e  2 ,0 0 0  g ,  a b o u t  1 min
I

C e l l  p e l l e t

d i s r u p t  i n  i s o l a t i o n  b u f f e r ^ ,
F re nch  P r e s s  3 ,5 0 0  -  4 , 0 0 0  p s i

I
homogen ize

Homogenate
i

c e n t r i f u g e  2 ,4 0 0  g ,  lOmin 
}

C h l o r o p l a s t  e n r i c h e d  s u p e r n a t a n t
I

c e n t r i f u g e  12 ,000  g ,  15 min
I

Crude c h l o r o p l a s t  p e l l e t  

}g e n t l y  hom ogenize  p e l l e t  i n  3 ml of  i s o l a t i o n  b u f f e r

l a y e r  o v e r  t h r e e  d i s c o n t i n u o u s  s u c r o s e  g r a d i e n t s ^  
c e n t r i f u g e  14 ,000  g ,  10 min

I
d i l u t e  u p p e r  c h l o r o p l a s t  bands  i n t o  i s o l a t i o n  b u f f e r  

c e n t r i f u g e  18 ,500  g ,  10 min
I

C h l o r o p l a s t  p e l l e t  
\

wash c h l o r o p l a s t s  i n  i s o l a t i o n  b u f f e r  
% p e l l e t  i n  m i c r o c e n t r i f u g e

Washed c h l o r o p l a s t s

a .  1 . 3 M s o r b i t o l b . 6 ml 8% (w/w) s u c r o s e
2 . 5 % F i c o l l  400 9 ml 16% (w/w) s u c r o s e

50 mM EDI A 5 ml 42% (w/w) s u c r o s e
2 mM ATA

10 mM T r i s - H C l  pH 7 .8 a l l i n  i s o l a t i o n  b u f f e r

F i g u r e  4 . 6 .  Flow c h a r t  f o r  t h e  i s o l a t i o n  o f  t h e  c h l o r o p l a s t s  f rom 

G len o d in iu m  f o l i a c e u m .
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d e p e n d in g  on t h e  s p e c i e s ,  and h i g h  y i e l d s  o f  i n t a c t  m o l e c u l e s  (up 

to  80% of  t h e  t o t a l  c h l o r o p l a s t  ENA i s o l a t e d )  have  b e e n  o b t a i n e d  

(K o lodner  and  T e w a r i ,  1975;  Herrmann 1 9 7 5 ) .  E x t r a c t i n g

unb roken  c h l o r o p l a s t  ENA m o l e c u l e s  f rom a l g a e  has  g e n e r a l l y  been  

l e s s  s u c c e s s f u l  b u t  c i r c u l a r  m o l e c u l e s  have  b e e n  i s o l a t e d ,  i f  

o n ly  i n  s m a l l  y i e l d s ,  f rom a number of  s p e c i e s .  These  r a n g e  i n  

l e n g t h  from 18 pm t o  62 pm (T a b le  4 . 3 ) .  I n  A c e t a b u l a r i a  

c l i f t o n i i  on ly  l i n e a r  m o l e c u l e s  up to  200 pm long  a nd  m i n i c i r c l e s  

have b e e n  o b s e r v e d  ( G r e e n ,  1 9 7 6 ) .  However i t  i s  d o u b t f u l  w h e t h e r  

even t h e s e  l o n g  l i n e a r  m o l e c u l e s  r e p r e s e n t  t h e  e n t i r e  genome and 

i t  i s  l i k e l y  t h a t  a l l  c h l o r o p l a s t  ENA i s  c i r c u l a r .

T a b l e  4 . 3 .  C o n to u r  l e n g t h s  o f  c i r c u l a r  a l g a l  c h l o r o p l a s t  ENA 

m o l e c u l e s .

Organ ism l e n g t h
(pm) R e f e r e n c e

P i l a y e l l a  l i t t o r a l i s 18 Dalmon e t  a l .  (1983)

Codium f r a g i l e 27 Hedberg e t  a l .  (1981 )

S p h a c e l a r i a  s p . 36 Dalmon e t  a l .  (1983)

V a u c h e r i a  s e s s i l i s 37 Hennig a n d  K ow a l l ik^

E u g le n a  g r a c i l i s 40 Manning e t  a l .  ( 1971)

D i c t y o t a  d icho toma 40 Kuhsel  and K o w a l l ik  (1985)

Cyanophora  p a ra d o x a 42^ B o h n e r t  e t  a l .  (1983)

O l i s t h o d i s c u s  l u t e u s 46 A l d r i c h  and C a t t o l i c o  (1981 )

C h l o r e l l a  e l l i p s o i d e a 56 Yamada (1982)

Chlamydomonas r e i n h a r d i i 62 Behn and  Herrmann (1977)

N o t e s :  a .  u n p u b l i s h e d  o b s e r v a t i o n ,  c i t e d  i n  Behn a n d  Herrmann 

( 1 9 7 7 ) ,

b .  p e r s o n a l  a n a l y s i s  o f  d a t a .
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T h u s ,  t h e  c o n t o u r  l e n g t h  of  c h l o r o p l a s t  ENA m o l e c u l e s  demon

s t r a t e d  t o  be c i r c u l a r  by e l e c t r o n  m ic r o s c o p y  p r o v i d e s  a d i r e c t  

m ea s u re  of  t h e  c h l o r o p l a s t  genome s i z e .  The t e c h n i q u e  on ly  

r e q u i r e s  nanogram q u a n t i t i e s  of  ENA so i s  u s e f u l  in  s i t u a t i o n s  

where  i s o l a t i n g  m ic rog ra m  q u a n t i t i e s  o f  ENA f o r  r e s t r i c t i o n  endo

n u c l e a s e  a n a l y s i s  i s  a p r o b le m .  U n f o r t u n a t e l y  no c i r c u l a r  IMA 

m o l e c u l e s  c o u l d  be found  i n  l y s a t e s  of  G lenod in ium  f o l i a c e u m  

c h l o r o p l a s t s  when s p r e a d  f o r  e l e c t r o n  m i c r o s c o p y .  Only l i n e a r  

m o l e c u l e s  w i t h  c o n t o u r  l e n g t h s  o f  up t o  37 pm were o b s e r v e d  

( P l a t e  4 . 6 ) .  The a v e r a g e  l e n g t h  of  t h e  f r a g m e n t s  was 17 .1  pm 

which c o r r e s p o n d s  t o  a m o l e c u l a r  s i z e  of  55 kb by c o m p a r i s o n  w i t h  

t h e  l e n g t h  o f  t h e  p l a s m id  pBR322 s p r e a d  i n  t h e  same m a n n e r ,  

a s su m in g  t h e  same mass  pe r  u n i t  l e n g t h .  I f  t h e  l a r g e s t  f r a g m e n t s  

o b s e r v e d  r e p r e s e n t  e n t i r e  m o l e c u l e s  ( i . e .  a c i r c u l a r  m o l e c u l e  

b ro k e n  o n c e )  t h e n  t h i s  s e t s  an a p p r o x i m a t e  l o w e r  l i m i t  to  t h e  

c h l o r o p l a s t  genome s i z e  o f  G. f o l i a c e u m  a t  114 .5  k b .

4 . 2 . 3 .  R e s t r i c t i o n  e n d o n u c l e a s e  a n a l y s i s  o f  c h l o r o p l a s t  ENA.

The m o l e c u l a r  w e i g h t  o f  a r e a s o n a b l y  s m a l l  ENA m o l e c u l e  t h a t  

h a s  be e n  randomly  f r a g m e n t e d  d u r in g  i s o l a t i o n  can be d e t e r m i n e d  

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

T hese  enzymes c l e a v e  d o u b l e - s t r a n d e d  ENA where s p e c i f i c  s eq u en c e s  

o f  b a s e s  o c c u r .  T h u s ,  p r o v i d i n g  t h a t  the  i s o l a t e d  f r a g m e n t s  a r e ,  

on a v e r a g e ,  l a r g e r  t h a n  t h e  g r e a t e s t  d i s t a n c e  b e tw een  two of  t h e  

e n z y m e ' s  r e c o g n i t i o n  s e q u e n c e s ,  t h e  r e s t r i c t i o n  e n d o n u c l e a s e  

d i g e s t  o f  t h e  f r a g m e n t e d  m o l e c u l e  w i l l  be t h e  same a s  t h a t  of  t h e  

i n t a c t  o n e ,  e x c e p t  t h a t  a p o p u l a t i o n  o f  sm a l l  randomly  s i z e d  end  

f r a g m e n t s  w i l l  be p r e s e n t  in  t h e  f o r m e r .  The m o l e c u l a r  w e i g h t s  

o f  t h e  r e s t r i c t i o n  f r a g m e n t s  can be d e t e r m i n e d  from t h e i r  r e l a 

t i v e  m i g r a t i o n  th r o u g h  an a g a r o s e  gel  unde r  t h e  i n f l u e n c e  of  an 

e l e c t r i c  f i e l d  ( S o u t h e r n ,  1 9 7 9 ) ,  and by summing t h e s e ,  t h e  

m o l e c u l a r  w e i g h t  of  t h e  i n t a c t  m o l e c u l e  can be p r e d i c t e d .
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P l a t e  4 . 6 .  E l e c t r o n  m i c r o s c o p i c  v i s u a l i z a t i o n  o f  i s o l a t e d  c h l o 

r o p l a s t  ENA m o l e c u l e s .

1 .  Two f r a g m e n t s  of  c h l o r o p l a s t  ENA m o l e c u l e s  m e a s u r i n g  

a p p r o x i m a t e l y  96 kb a n d  64 kb .  x 2 1 , 1 5 0 .

2 .  The c i r c u l a r  4 . 3 6  kb p l a s m i d  pBR322 u s e d  a s  t h e  s i z e  

s t a n d a r d ,  x 1 4 5 , 8 0 0 .
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ENA e x t r a c t e d  from i s o l a t e d  G1enodinium c h l o r o p l a s t s  r a n  a s  

a s h a r p  band  a l o n g s i d e  X ENA ( m o l e c u l a r  s i z e  4 8 . 5  kb)  d u r in g  

a g a r o s e  ge l  e l e c t r o p h o r e s i s  ( P l a t e  4 . 7 ,  l a n e s  a & b ) .  The a v e r 

age s i z e  of  t h e  i s o l a t e d  f r a g m e n t s  was t h e r e f o r e  a t  l e a s t  50 kb

which i s  i n  a g r e e m e n t  w i t h  t h e  e l e c t r o n  m i c r o s c o p i c  o b s e r v a t i o n s .  

These  f r a g m e n t s  a r e  l a r g e  enough to  pe r fo rm  a r e s t r i c t i o n  endo

n u c l e a s e  a n a l y s i s ,  how ever ,  t h e  y i e l d  o f  INA from 6 1 of  c u l t u r e  

was e s t i m a t e d  t o  be on ly  0 .2 5  pg from t h e  i n t e n s i t y  o f  t h e  band  

f l u o r e s c e n c e .  I d e a l l y  a t  l e a s t  a mic rogram i s  r e q u i r e d  t o  

v i s u a l i z e  low m o l e c u l a r  w e i g h t  r e s t r i c t i o n  f r a g m e n t s .

G1enodinium c h l o r o p l a s t  ENA which had been  c r u d e l y  p u r i f i e d  

by p h e no l  d e p r o t e i n i z a t i o n  a n d  e t h a n o l  p r e c i p i t a t i o n  was r e s i s 

t a n t  to  d i g e s t i o n  w i t h  t h e  r e s t r i c t i o n  e n d o n u c l e a s e s  Eco R I , 

Bam HI and Hind I I I .  As X ENA c o - i n c u b a t e d  w i t h  t h e  c h l o r o p l a s t

ENA a l s o  f a i l e d  t o  show any s i t e  s p e c i f i c  c l e a v a g e ,  t h i s

r e s i s t a n c e  to  d i g e s t i o n  was p r o b a b l y  n o t  due to  any i n h e r e n t  

f e a t u r e s  o f  t h e  c h l o r o p l a s t  ENA (su c h  as  b a s e  m o d i f i c a t i o n  o r  

a b s e n c e  of  r e s t r i c t i o n  s i t e s )  b u t  r a t h e r  due t o  t h e  p r e s e n c e  of  

an i n h i b i t o r  (Lambert  and  C a r r ,  1 9 8 4 ) .  S i n c e  t h i s  i n h i b i t o r  

p r o t e c t e d  t h e  X ENA i t  seemed u n l i k e l y  t h a t  i t  was t i g h t l y  bound 

to  t h e  c h l o r o p l a s t  ENA, n e v e r t h e l e s s  i t  was n o t  removed by 

h y d r o x y l a p a t i t e  c h r o m a to g r a p h y .  However i t  was d i s c o v e r e d  t h a t  

t h e  c h l o r o p l a s t  ENA became s u s c e p t i b l e  t o  P s t  I  d i g e s t i o n  a f t e r  

p u r i f i c a t i o n  t h r o u g h  NAGS r e s i n ,  b u t ,  as  p r e d i c t e d ,  t h e  y i e l d  o f  

p u r i f i e d  ENA from a s i n g l e  p r e p a r a t i o n  was n o t  s u f f i c i e n t  to  

v i s u a l i z e  t h e  e n t i r e  r e s t r i c t i o n  f r a g m e n t  p a t t e r n  ( P l a t e  4 . 7 ,  

l a n e  f ) .

Crude G len o d in iu m  c h l o r o p l a s t  ENA, t h a t  i s  ENA e x t r a c t e d  

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

can be o b t a i n e d  i n  h i g h e r  y i e l d s ,  however i t  i s  c o n t a m i n a t e d  w i t h  

n u c l e a r  and  m i t o c h o n d r i a l  ENA. P s t  I  c l e a v e s  n u c l e a r  ENA much 

l e s s  f r e q u e n t l y  t h a n  e x p e c t e d  bu t  t h i s  i s  n o t  b e c a u s e  i t  i s  

s u s c e p t i b l e  t o  t h e  m é t h y l a t i o n  o f  c y t o s i n e  i n  i t s  r e c o g n i t i o n
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P l a t e  4 . 7 .  R e s t r i c t i o n  e n d o n u c l e a s e  a n a l y s i s  o f  t h e  c h l o r o p l a s t  

DSIA of  G le nod in ium  f o l i a c e u m . Samples  s u b j e c t e d  t o  

e l e c t r o p h o r e s i s  t h ro u g h  1% a g a r o s e  g e l s .

l a n e  a .  0 .2 5  pg o f  X ENA ( m o l e c u l a r  w e i g h t  m a r k e r ) .

l a n e  b .  A l l  t h e  ENA o b t a i n e d  from a s i n g l e  c h l o r o p l a s t  m in i  

p r e p . ,  u n d i g e s t e d .

l a n e  c .  DNA e x t r a c t e d  from c h l o r o p l a s t s  t h a t  had  been  d i g e s t 

ed w i t h  ENase I  p r i o r  to  i s o l a t i n g  t h e  ENA.

l a n e  d .  T o t a l  c e l l  ENA d i g e s t e d  w i t h  P s t  I .

l a n e  e .  ENA from c r u d e l y  p u r i f i e d  c h l o r o p l a s t s  d i g e s t e d  w i t h  

P s t  I .

l a n e  f .  A l l  t h e  IMA from a s i n g l e  c h l o r o p l a s t  m i n i  p r e p . ,  

s u b s e q u e n t l y  p u r i f i e d  w i t h  NAGS r e s i n ,  and  d i g e s t e d  

w i t h  P s t  I .

l a n e  g.  S a t e l l i t e  ENA d i g e s t e d  w i t h  P s t  I .

l a n e  h .  S a t e l l i t e  ENA d i g e s t e d  w i t h  Eco RI.

l a n e  i .  S a t e l l i t e  ENA d i g e s t e d  w i t h  Bam HI.

l a n e  j .  Hind  I I I  d i g e s t  o f  X ENA ( m o l e c u l a r  w e i g h t  m a r k e r ) .

Note :  The sam ples  w e r e  n o t  a l l  a n a l y s e d  t o g e t h e r .  Lanes
fo rm ing  p a r t  o f  t h e  same g e l s  w e r e :  a & b;  d ,  e ,  f  & j ;  and h 
& i .  Lanes c a n d  g w e re  run s e p a r a t e l y .  C om par i sons  o f  
a c t u a l  m i g r a t i o n  d i s t a n c e s  be tw e en  t h e s e  g roups  i s  t h e r e f o r e  
n o t  s t r i c t l y  v a l i d ,  however  a l l  t h e  l a n e s  a r e  r e p r o d u c e d  a t  
a p p r o x i m a t e l y  t h e  same s c a l e  a s  j u d g e d  from Hind I I I  d i g e s t e d  
X ENA i n c l u d e d  i n  a l l  t h e  g e l s .

See t e x t  f o r  f u r t h e r  d e t a i l s .
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s e q u en c e  ( F l a v e l l ,  1 9 8 2 ) .  C o n s e q u e n t l y  P s t  I  d i g e s t s  o f  t o t a l  

c e l l  ENA e x t r a c t s  f rom p l a n t s  o f t e n  r e v e a l s  t h e  P s t  I  r e s t r i c t i o n  

f r a g m e n t  p a t t e r n  o f  t h e  c h l o r o p l a s t  ENA. S i m i l a r l y ,  c ru d e  

c h l o r o p l a s t  ENA from f o l i a c e u m  c o u l d  be d i g e s t e d  w i t h  P s t  I  to  

v i s u a l i z e  some of  t h e  low e r  m o l e c u l a r  w e i g h t  c h l o r o p l a s t  r e s t r i c 

t i o n  f r a g m e n t s  ( P l a t e  4 . 7 ,  l a n e  e ) .  Note  t h a t  a P s t  I  f r agm en t  

r u n n i n g  p a r a l l e l  w i t h  t h e  4 . 3 6  kb Hind I I I  f r a g m en t  of  X DNA i s  

p r e s e n t  i n  t h e  c ru d e  c h l o r o p l a s t  ENA d i g e s t  b u t  no t  i n  t h e  d i g e s t  

of  pu re  c h l o r o p l a s t  ENA. T h i s  i s  p r o b a b l y  m i t o c h o n d r i a l  ENA and 

p r o v i d e s  a u s e f u l  m arke r  f o r  c h l o r o p l a s t  ENA p u r i t y .  Due to  t h e  

l a r g e  amount  of  n u c l e a r  ENA i n  Gj_ f o l i a c e u m , d i g e s t i o n  o f  t o t a l  

c e l l  ENA w i t h  P s t  I  d i d  no t  s a t i s f a c t o r i l y  r e v e a l  t h e  c h l o r o p l a s t  

ENA r e s t r i c t i o n  f r a g m e n t s  ( P l a t e  4 . 7 ,  l a n e  d ) .

The ENA from Ĝ _ f o l i a c e u m  which  formed a s a t e l l i t e  i n  

c a e s iu m  c h l o r i d e  d e n s i t y  g r a d i e n t s  c o n t a i n i n g  H oechs t  dye ( s e e  

S e c t i o n  4 . 1 . 2 )  was a l s o  found  t o  be  r e s i s t a n t  to  r e s t r i c t i o n  

e n d o n u c l e a s e  d i g e s t i o n  b e f o r e  NACS r e s i n  p u r i f i c a t i o n .  A s i m i l a r  

p rob lem  h a s  be e n  fo u n d  w i t h  s a t e l l i t e  ENAs from Cyanid ium 

c a l d a r i u m  ( K i t e ,  u n p u b l i s h e d  o b s e r v a t i o n )  and o t h e r  a l g a e

( C a t t o l i c o ,  p e r s o n a l  c o m m u n i c a t i o n ) .  All  t h e s e  ENA e x t r a c t i o n s  

had  been  p e r f o r m e d  w i t h  ATA i n  t h e  i s o l a t i o n  b u f f e r s  a n d  i t  c o u l d  

be t h a t  c a r r y  ove r  o f  t h i s  compound i s  r e s p o n s i b l e  f o r  t h e  enzyme 

i n h i b i t i o n .  ATA c o m p l e t e l y  i n h i b i t s  r e s t r i c t i o n  e n d o n u c l e a s e s  a t  

c o n c e n t r a t i o n s  a s  low as  100 pM ( H a l l i c k  a l^ . , 1977)  and  so the

r e l a t i v e  m e r i t  o f  u s i n g  ATA when i s o l a t i n g  ENA f o r  r e s t r i c t i o n

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

When d i g e s t e d  w i t h  P s t  I  t h e  s a t e l l i t e  IMA of  f o l i a c e u m

p ro d u c e d  a r e s t r i c t i o n  e n d o n u c l e a s e  f r a gm en t  p a t t e r n  wh ich  was 

i d e n t i c a l  to  t h a t  of  t h e  ENA e x t r a c t e d  from i s o l a t e d  c h l o r o p l a s t s  

( P l a t e  4 . 7 ,  l a n e  g ) .  Note  t h e  a b s e n c e  of  t h e  4 . 3 6  kb P s t  I  

f r a g m e n t  which shows t h a t  t h e  s a t e l l i t e  IMA c o n s i s t s  on ly  of  

c h l o r o p l a s t  ENA. Y i e l d s  o f  c h l o r o p l a s t  ENA o b t a i n e d  by f r a c t i o n 

a t i n g  w ho le  c e l l  l y s a t e s  w e re  much h i g h e r  t h a n  from i s o l a t e d
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T a b l e  4 . 4 .  S i z e s  o f  r e s t r i c t i o n  e n d o n u c l e a s e  f r a g m e n t s  of  

G len o d in iu m  f o l i a c e u m  c h l o r o p l a s t  ENA. S a t e l l i t e  ENA 

was c l e a v e d  w i t h  Eco RI, P s t  I  and Bam HI and f r a c t i o 

n a t e d  on a 1% a g a r o s e  g e l .  Fragment  s i z e s  ( i n  kb)  

w ere  e s t i m a t e d  r e l a t i v e  t o  t h o s e  of  X ENA c u t  w i t h  

Hind  I I I .

Fragment

R e s t r i c t i o n  e n d o n u c l e a s e  

Eco RI P s t  I  Bam HI

1 8.61 17.78 15 .1 4
2 7 .94 12 .30 10 .00
3 7 .41 11.22 6.31
4 6 .76 7 .59 3 .43
5 + 5 .6 2 + 6.92 1.82
6 + 5 .0 0 + 6.53
7 4 .07 5 .50
8 4 .0 0 + 4 .1 7
9 3.55 3.31

10 3.47 2 .6 3
11 2 .95 + 2.19
12 2 .79 + 2 .0 9
13 2 .66 1.95
14 2 .2 4
15 + 2 .1 4
16 + 2 .0 0
17 1 .70
18 + 1.62
19 + 1.41
20 1.33
21 1 .29
22 1.15
23 1.07
24 0.98

T o t a l  (kb ) 99 .55 106 .08 -

+ S t o c h i o m e t r i c  v a l u e  o f  2 a s s i g n e d  ( s e e  F i g u r e  4 . 7 )
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F i g u r e  4 . 7 .  R e l a t i v e  s t o c h i o m e t r i e s  o f  Glenodin ium f o l i a c e u m  

c h l o r o p l a s t  ENA r e s t r i c t i o n  f r a g m e n t s .  S c a n n in g  

d e n s i t o m e t e r  t r a c e s  o f  t h e  P s t  I  and Eco RI r e s t r i c 

t i o n  f r a g m e n t  p a t t e r n s  o f  c h l o r o p l a s t  IKA shown i n  

P l a t e  4 . 7  ( l a n e s  g and  h ) .  Fragment  numbers c o r r e s 

pond t o  t h o s e  g iv e n  i n  Table  4 . 4 .
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c h l o r o p l a s t s  (up to  10 pg from 20 1 o f  c u l t u r e )  and were  p r o b a b l y  

n e a r e r  t o  t h e  t h e o r e t i c a l  maximum. T h e r e f o r e ,  f o r  work  on G le no -  

d in ium c h l o r o p l a s t  ENA, t h i s  method  o f f e r s  a g r e a t  a d v a n t a g e .

The s i z e  of  t h e  r e s t r i c t i o n  f r a g m e n t s  p roduce d  by t h e  com

p l e t e  d i g e s t i o n  o f  c h l o r o p l a s t  ( s a t e l l i t e )  DNA w i t h  Eco R I , P s t  I  

and Bam HI a r e  l i s t e d  i n  Tab le  4 . 4 .  Some of  t h e s e  f r a g m e n t s  w ere  

o b v i o u s l y  more f r e q u e n t  i n  t h e  d i g e s t s  t han  o t h e r s  

( P l a t e  4 . 7 ,  l a n e s  g -  i )  and so t h e s e  w e re  a s s i g n e d  a s t o c h i o 

m e t r i c  v a l u e  o f  two from a n a l y s i s  o f  d e n s i t o m e t e r  s c an s  of  t h e  

g e l s  ( F i g u r e  4 . 7 ) .  A c c u r a t e  s t o c h i o m e t r i c  a s s i g n m e n t  was made 

d i f f i c u l t  by t h e  d e c r e a s i n g  f r e q u e n c y  of  h ig h  m o l e c u l a r  w e i g h t  

f r a g m e n t s  due to  t h e  i n c r e a s i n g  p r o b a b i l i t y  of  t h e  i s o l a t e d  IRIA 

m o l e c u l e s  n o t  c o n t a i n i n g  b o th  r e s t r i c t i o n  s i t e s .  T h i s  problem 

c o n fo u n d e d  t h e  a n a l y s i s  o f  t h e  c h l o r o p l a s t  ENA w i t h  Bam HI as  t h e  

m o l e c u l e  c l e a r l y  on ly  c o n t a i n s  a few Bam HI r e s t r i c t i o n  s i t e s .

S i n c e  some of  t h e  Bam HI f r a g m e n t s  a r e  l i k e l y  t o  be  l a r g e r  t han  

t h e  m a j o r i t y  of  t h e  ENA f r a g m e n t s  b e in g  i s o l a t e d ,  t h e  Bam HI 

d i g e s t  c a n n o t  be  u s e d  t o  d e t e r m i n e  t h e  t o t a l  s i z e  of  t h e  c h l o r o 

p l a s t  ENA.

Summing t h e  l e n g t h s  of  t h e  Eco RI and P s t  I  r e s t r i c t i o n

f r a g m e n t s  y i e l d s  two e s t i m a t e s  o f  t h e  c h l o r o p l a s t  genome s i z e

which a r e  100 kb a nd  106 kb r e s p e c t i v e l y .  T hese  e s t i m a t e s  a g r e e  

r e a s o n a b l y  w e l l  w i t h  t h e  minimum genome s i z e  p r e d i c t e d  from t h e  

e l e c t r o n  m i c r o s c o p i c  e x a m i n a t i o n  o f  i s o l a t e d  c h l o r o p l a s t  ENA 

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

l e n g t h s  due t o  v a r i a t i o n s  i n  t h e  d e g r e e  o f  s p r e a d i n g ,  and  i n s t r u 

m e n t a l  m a g n i f i c a t i o n  i n a c c u r a c i e s  be tw een  t h e  sample  and  s t a n d a r d  

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

A l l  p u b l i s h e d  e s t i m a t e s  o f  t h e  m o l e c u l a r  w e i g h t s  o f  a l g a l  

c h l o r o p l a s t  ENAs a r e  l i s t e d  i n  Tab le  4 . 5 .  These  have e i t h e r  be e n  

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

m ea s u rem e n ts  o r  k i n e t i c  a n a l y s i s .  I n  c o m p i l i n g  t h i s  t a b l e  i t  has
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T a b l e  4 . 5 .  Genome s i z e s  ( i n  kb )  of  a l g a l  c h l o r o p l a s t  ENAs.

Organism Genome
s i z e R e f e r e n c e

G la u c o p h y ce a e :
Cyanophora  p a ra d o x a  

P r i n g s h e i m  s t r a i n  
Kies  s t r a i n

127
138

L B f f e l h a r d t  e t  a l .  (1983)  
L B f f e l h a r d t  e t  a l .  (1983)

C hrysophyc ea e :
O l i s t h o d i s c u s  l u t e u s 148 A l d r i c h  e t  a l . (1982)

X a n thophyc ea e :
V a u c h e r i a  (8 s p e c i e s )  
Botryd ium g r a n u la tu r a  
Tr ibonema v i r i d e

108-116
120
129

Linné  von Berg e_t a l .  
Linné  von Berg £ £  a l .  
Linné  von Berg e t  a l .

(1982)
(1982)
(1982)

P h aeophyceae :
P i l a y e l l a  l i t t o r a l i s  
S p h a c e l a r i a  s p .  
D i c t y o t a  d icho toma

56
112
123

Dalmon e t  a l .  (1983)
Dalmon e t  a l .  (1983)
Kuhse l  and K ow a l l ik  (1985)

B a c i l l a r i o p h y c e a e :
O d o n t e l l a  s i n e n s i s 110 Linné von Berg e ^  a l . (1982)

E u g le n o p h y c e a e :
Eug lena  g r a c i l i s 130 Gray & H a l l i c k  (1978)

C h lo r o p h y c e a e :
Codium f r a g i l e  
D e r b e s i a  m a r i n a  
E rem osphaera  v i r i d i s  
C h l o r e l l a  e l l i p s o i d e a  
Chlamydomonas r e i n h a r d i i  
C. eugameto s  
A c e t a b u l a r i a  c l i f t o n i i

84
97

144
174
189
243

22 ,800

Hedberg e t  (1981)
L inné  von Berg e t  a l .  (1982)  
L inné  von Berg e t  a l .  (1982)  
Yamada (1982)
Rochaix (1978)
Lemieux e t  a l .  (1985)  
Padmanabhan & Green (1978 )

Cha rophyc ea e :
Chara  h i s p i d a 168 Linné  von Berg e t  a l . (1982)
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been  assumed  t h a t  1 Md i s  e q u i v a l e n t  to  1 . 5  kb and  t h a t  1 pm o f  

s p r e a d  ENA h a s  a m o l e c u l a r  w e i g h t  of  3 . 1  kb .  Al l  h i g h e r  p l a n t s  

have c h l o r o p l a s t  genomes which  f a l l  w i t h i n  t h e  r a n g e  of  121 -  

182 kb w i t h  most  d i c o t y l e d o n o u s  a n g io s p e r m s  h a v i n g  a c h l o r o p l a s t  

ENA m o l e c u l e  of  a b o u t  150 -  155 kb ( G r o o t , 1984;  C u r t i s  and 

C l e g g ,  1 9 8 4 ) .  T he re  a p p e a r s  t o  be  l i t t l e  r e l a t i o n s h i p  be tw een  

th e  s i z e  o f  t h e  c h l o r o p l a s t  genome and  t h e  p h y l o g e n e t i c  p o s i t i o n  

of  t h e  a l g a ,  a l t h o u g h  a c h l o r o p l a s t  ENA phylogeny  b a s e d  on s i z e  

has  been  c o n s t r u c t e d  on t h e  h y p o t h e s i s  t h a t  t h e  m a j o r  e v o l u t i o 

n a r y  t r e n d  i s  t h ro u g h  genome r e d u c t i o n  ( W a l l a c e ,  1982;  1 9 8 3 ) .

The v a r i a t i o n  i n  genome s i z e  p r o b a b l y  r e f l e c t s  t h e  g r e a t  e v o l u 

t i o n a r y  d i v e r s i f i c a t i o n  o f  the  a l g a e .  A more d e t a i l e d  a n a l y s i s  

of  t h e  a r r a n g e m e n t  o f  s e q u e n c e s  i n  t h e  c h l o r o p l a s t  ENA m o l e c u l e  

i s  r e q u i r e d  t o  f o l l o w  any e v o l u t i o n a r y  t r e n d s  b u t  on ly  t h e  

c h l o r o p l a s t  genomes o f  Chlamydomonas r e i n h a r d i i  and Eug lena  

g r a c i l i s  have  b e e n  s t u d i e d  i n  d e t a i l  ( S t u t z  e_t £l_j 1 9 8 4 ) .  Such a 

s e q u e n c e  a n a l y s i s  o f  h i g h e r  p l a n t  c h l o r o p l a s t  ENA h a s  e n a b l e d  t h e  

e v o l u t i o n  o f  t h e  m o l e c u l e  to  be t r a c e d  a n d  a c c o u n t e d  f o r  i n  t e rm s

of  a s e r i e s  o f  s e q u e n c e  i n v e r s i o n s  and  d e l e t i o n s  (Pa lm e r  and

Thompson,  1 9 8 2 ) .  B e a r i n g  t h i s  i n  m in d ,  t h e  s i m i l a r i t y  i n  s i z e  

be tw een  t h e  c h l o r o p l a s t  genomes of  Glenod in ium  f o l i a c e u m  and t h e  

d ia tom  O d o n t e l l a  s i n e n s i s  i s  i n t e r e s t i n g ,  b u t  no t  p a r t i c u l a r l y  

s i g n i f i c a n t .

With t h e  e x c e p t i o n  o f  Eug lena  g r a c i l i s , a l l  c h l o r o p l a s t  ENA 

m o l e c u l e s  t h a t  have  b e e n  examined  c o n t a i n  two i n v e r t e d  r e p e a t  

r e g i o n s  ( P a l m e r ,  1 9 8 3 ) .  T o g e t h e r  t h e s e  c o n s t i t u t e  17% o f  t h e  

c h l o r o p l a s t  genome of  Cyanophora p a ra d o x a  ( L B f f e l h a r d t  ^  

a l . ,  1 9 8 3 ) ,  20% i n  Chlamydomonas r e i n h a r d i i  ( R o c h a ix ,  1 9 7 8 ) ,  26%

i n  C h l o r e l l a  e l l i p s o i d e a  (Yamada, 1983)  and  a b o u t  32% o f  t h e

c h l o r o p l a s t  ENA m o l e c u l e  i n  h i g h e r  p l a n t s  (K o lodner  and  T e w a r i ,

1 9 7 9 ) .  Depending on t h e  s t r a i n ,  t h e  E ug lena  c h l o r o p l a s t  DNA 

m o l e c u l e  has  two,  t h r e e  o r  f i v e  tandemly  r e p e a t e d  s e q u e n c e s  (Gray 

and  H a l l i c k ,  1978;  F lamant  e t  a j^ . , 1984;  R a v e l - C h a p u i s  e t  a l . ,  

1 9 8 4 ) .
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G1enodinium f o l i a c e u m  c h l o r o p l a s t  ENA a l s o  a p p e a r s  to  show

r e p e a t e d  s e q u e n c e s .  The r e p e a t e d  Eco RI r e s t r i c t i o n  f r a g m e n t s

have  a t o t a l  l e n g t h  of  1 7 .8  kb and  t h o s e  i n  t h e  P s t  I  d i g e s t  have 

a t o t a l  l e n g t h  o f  2 1 . 9  kb .  The r e p e a t e d  s e q u e n c e s  may t h e r e f o r e  

a c c o u n t  f o r  b e tw e en  37% and 42% of  t h e  c h l o r o p l a s t  ENA m o l e c u l e ,  

a c c e p t i n g  t h a t  some of  t h e  r e s t r i c t i o n  f r a g m e n t s  t h a t  have a 

s t o c h i o r a e t r y  of  two may be two u n i q u e  s e q u e n c e s  which  a r e

f o r t u i t o u s l y  t h e  same s i z e .  N o t h i n g  can be s t a t e d  a b o u t  t h e

o r i e n t a t i o n  o f  t h e s e  r e p e a t e d  r e g i o n s .

4 . 3 .  GENETIC ANALYSIS OF GLENODINIUM FOLIACEUM ENA:

The enzyme r i b u l o s e - 1 , 5 - b i s p h o s p h a t e  c a r b o x y l a s e - o x y g e n a s e  

(RuBisCO) i s  t h e  m os t  a b u n d a n t  p r o t e i n  i n  n a t u r e  and  i s  i n v o l v e d  

i n  t h e  p r im a ry  r e a c t i o n s  o f  b o t h  p h o t o s y n t h e t i c  c a rb o n  d i o x id e  

f i x a t i o n  a n d  p h o t o r e s p i r a t i o n  w i t h i n  t h e  c h l o r o p l a s t  ( L o r i m e r ,  

1 9 8 1 ) .  RuBisCO i s  commonly composed o f  e i g h t  c a t a l y t i c  l a r g e

s u b u n i t s  a n d  e i g h t  sm a l l  s u b u n i t s  o f  unknown f u n c t i o n  (M iz io rko  

and  L o r i m e r ,  1 9 8 3 ) .

The l a r g e  s u b u n i t  a p p e a r s  t o  be  c o d e d ,  t r a n s c r i b e d  a n d  

t r a n s l a t e d  i n  t h e  c h l o r o p l a s t  ( W h i t f e l d  a n d  B o t to ra le y ,  1983)  and 

t h e  e x a c t  l o c a t i o n  o f  t h e  gene ( rb c  L) on t h e  c h l o r o p l a s t  ENA 

m o l e c u l e  has  been  d e t e r m i n e d  f o r  many h i g h e r  p l a n t s  ( s e e  G a l l a g 

h e r  £ £  aj^, 1 9 8 4 ) ,  Chlamydomonas r e i n h a r d i i  (Dron et. ; 1 9 8 2 ) ,  

E u g le n a  g r a c i l i s  ( S t i e g l e r  et. f l *  * 1982)  and  a l s o  Cyanophora

p a ra d o x a  ( H e i n h o r s t  and S h i v e l y ,  1 9 8 3 ) .  I n  p l a n t s  t h e  gene f o r

t h e  sm a l l  s u b u n i t  ( rb c  S) i s  encoded  i n  t h e  n u c l e a r  DNA (K a w a s h i -  

ma and Wildman, 1972;  Tobin  a n d  S i l v e r t h o r n e , 1985)  where  i t  i s

p r e s e n t  as  a s m a l l  m u l t i g e n e  f a m i ly  (Cashmore ,  1979;  Ber ry-Lowe

e t  a l , 1982;  B r o g l i e  a l , 1 9 8 3 ) .  S i n c e  t h e  rbc  S gene of
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Chlamydomonas r e i n h a r d i i  had  a l s o  b e e n  l o c a l i z e d  i n  t h e  n u c l e u s  

( D o b b e r s t e i n  ^  1 9 7 7 ) ,  i t  d i d  seem t h a t  t h e  s e g r e g a t i o n  o f

t h e  l a r g e  and  s m a l l  s u b u n i t  genes  i n t o  t h e  c h l o r o p l a s t  and 

n u c l e a r  genomes was go ing  t o  be  a u n i v e r s a l  f e a t u r e  of  ph o to 

s y n t h e t i c  e u k a r y o t e s .  However t h e  c h l o r o p l a s t  ( c y a n e l l e )  genome 

of  Cyanophora  p a ra d o x a  has  s i n c e  be e n  shown t o  encode  t h e  sm a l l  

s u b u n i t  of  RuBisCO as  w e l l  as  t h e  l a r g e  s u b u n i t  ( H e i n h o r s t  and 

S h i v e l y ,  1 9 8 3 ) .  A l though  C. p a ra d o x a  m ig h t  be  e x p e c t e d  t o  be  

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

p l a s t s  ( T r e n c h ,  1 9 8 2 ) ,  t h e r e  i s  i n d i r e c t  e v id e n c e  t h a t  rb c  S i s  

a l s o  c h l o r o p l a s t  l o c a t e d  i n  two r e d  a l g a e ,  Cyan id ium c a l d a r i u m  

and P o r p h y r i d i u m  a e ru g in e u m  ( S t e i n m U l l e r  e_t , 1893;  Z e t s c h e  ^  

a l . ,  1983)  and t h e  ch ro m o p h y te ,  O l i s t h o d i s c u s  l u t e u s  ( R e i t h  and 

C a t t o l i c o ,  1 9 8 5 ) .  Thus i t  was o f  i n t e r e s t  to  l o c a l i z e  t h e  rb c  S 

gene i n  G le nod in ium  f o l i a c e u m .

4 . 3 . 1 .  A t t e m p t e d  l o c a l i z a t i o n  o f  t h e  r b c  S gene i n  G le nod in ium  

f o l i a c e u m .

S p e c i f i c  genes  i n  s i n g l e - s t r a n d e d  t a r g e t  ENA i m m o b i l i z e d  on 

n i t r o c e l l u l o s e ,  can be l o c a l i z e d  by i n c u b a t i n g  i t  w i t h  s i n g l e 

s t r a n d e d  p robe  ENA which  i s  known t o  encode  t h e  gene u n d e r  i n v e s 

t i g a t i o n .  The probe  DNA h y b r i d i z e s  to  complementary  s e q u e n c e s  i n  

t h e  t a r g e t  ENA and t h i s  can be d e t e c t e d  p r o v i d i n g  t h a t  t h e  probe 

ha s  been  l a b e l l e d  i n  some w ay .  L o c a l i z a t i o n  s t u d i e s  can be 

p e r f o r m e d  c r u d e l y  by s p o t t i n g  t h e  t a r g e t  ENA d i r e c t l y  o n to  a 

n i t r o c e l l u l o s e  f i l t e r .  More u s u a l l y ,  t h o u g h ,  a r e s t r i c t i o n  endo

n u c l e a s e  d i g e s t  o f  t h e  t a r g e t  ENA i s  f i r s t  f r a c t i o n a t e d  by 

a g a r o s e  g e l  e l e c t r o p h o r e s i s  a nd  t h e n  t h e  r e s t r i c t i o n  f r a g m e n t s  

a r e  t r a n s f e r r e d  o n t o  n i t r o c e l l u l o s e  by t h e  m ethod  d e v e lo p e d  by 

S o u t h e r n  ( 1 9 7 6 ) .  The probe  s h o u l d  t h e n  on ly  h y b r i d i z e  to  a few 

of  t h e  r e s t r i c t i o n  f r a g m e n t s  whose p o s i t i o n s  on t h e  genome may,  

o r  may n o t ,  be known.
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Probe ENAs a r e  i n v a r i a b l y  s e c t i o n s  of  genes  t h a t  have been

c l o n e d  i n t o  b a c t e r i a l  p l a s m i d  v e c t o r s  so as  to  a m p l i f y  t h e  ENA. 

The on ly  p r o b e s  f o r  t h e  rbc  S gene t h a t  were  a v a i l a b l e  w e re  t h e  

p l a s m id s  pSSU60 and  pSSU160. These  c o n t a i n  f r a g m e n t s  o f  t h e  

n u c l e a r  rbc  S gene from Pi sum s a t i v u m  i n s e r t e d  i n t o  t h e  u n i q u e  

Hind  I I I  r e s t r i c t i o n  s i t e  of  t h e  pBR322 v e c t o r  (Bedbrook  e_t 

a l . ;  1 9 8 0 ) .  pSSU160 c o n t a i n s  a 330 bp f r a g m e n t  e n c o d in g  a b o u t  

290 bp i n t o  t h e  5 '  t e r m in u s  of  t h e  g e n e ,  w h i l s t  pSSU60 c o n t a i n s  a 

380 bp f r a g m e n t  e n c o d in g  a b o u t  80 bp o f  t h e  3* t e r m in u s  a nd  t h e  

t r a n s c r i b e d  f l a n k i n g  s e q u e n c e .  T o g e t h e r  b o t h  f r a g m e n t s  c ove r  t h e

e n t i r e  368 bp c o d in g  s e quenc e  of  t h e  rbc  S g e n e .

These  p l a s m id s  w e re  p u r i f i e d  from t h e  h o s t  b a c t e r i u m  by

c o u p l i n g  t h e  s m a l l  s c a l e  p l a s m id  i s o l a t i o n  p r o c e d u r e  of  B i rnbo im  

and Doly (1979)  w i t h  NACS r e s i n  ch rom a tog ra phy  t o  remove c o n ta m i 

n a t i n g  chromosomal  ENA ( P l a t e  4 . 8 . 1 ) .  However ,  t h e  p robes  f a i l e d  

to  h y b r i d i z e  s t r o n g l y  t o  e i t h e r  S o u t h e r n  t r a n s f e r s  o r  do t  b l o t s  

o f  G le nod in ium  f o l i a c e u m  ENA. A f t e r  i n c u b a t i n g  a S o u t h e r n  

t r a n s f e r  o f  10 pg ea ch  of Eco RI r e s t r i c t e d  d i n o f l a g e l l a t e  and  

e ndosym bion t  n u c l e a r  ENA w i t h  10 ng ml  ̂ o f  l a b e l l e d  p robe  I23A 

( e q u a l  q u a n t i t i e s  of  pSSU60 and  pSSU160) f o r  25 h ,  no s p e c i f i c  

h y b r i d i z a t i o n  c o u l d  be d e t e c t e d .  T h i s  t im e  c o r r e s p o n d s  to  a t

l e a s t  a h y b r i d i z a t i o n  to  1 x C t .  u n d e r  t h e  i n c u b a t i o n  c o n d i -o /g.
t i o n s  u s e d  ( s e e  S e c t i o n  2 . 1 1 . 5 )  w i t h o u t  a c c o u n t i n g  f o r  t h e  

a c c e l e r a t i n g  e f f e c t  of  t h e  d e x t r a n  s u l p h a t e  i n  t h e  h y b r i d i z a t i o n  

b u f f e r  (Wahl e_t , 1 9 7 9 ) .  T h e r e f o r e  t h e  amount of  probe 

a v a i l a b l e  f o r  h y b r i d i z a t i o n  to  t h e  f i l t e r  a t  t h e  end o f  t h e  

e x p e r i m e n t  was n e g l i g i b l e  ( s e e  M a n i a t i s  ^ t  j l . ,  1 9 8 2 ) .  F a i l u r e  

t o  o b s e r v e  any h y b r i d i z a t i o n  was n o t  due t o  i n a d e q u a c i e s  i n  t h e  

sy s tem  us e d  t o  d e t e c t  t h e  b i o t i n  l a b e l  o f  t h e  p r o b e .  Using t h e  

BRL DNA D e t e c t i o n  Sys tem , 5 pg o f  b i o t i n y l a t e d  X DNA c o u l d  r e a d i 

ly  be v i s u a l i z e d ,  a s  c o u l d  t h e  l a b e l l e d  p robe  ENA showing t h a t  

b i o t i n - l l - d U T P  had  been  e f f i c i e n t l y  i n c o r p o r a t e d  i n t o  t h e  p l a s m id  

by n i c k  t r a n s l a t i o n  ( P l a t e  4 . 8 . 2 a  & 2 b ) .
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Plate 4.8. Genetic analysis of Glenodinium foliaceum ENA.

1 .  NACS r e s i n  p u r i f i c a t i o n  o f  c h i m a e r i c  p l a s m id  ENA 

i s o l a t e d  from E s c h e r i c h i a  c o l i . E l e c t r o p h o r e s i s  o f  

column e l u a t e s  t h ro u g h  a 1% a g a r o s e  ge l  showing t h e  

s e p a r a t i o n  o f  p l a s m id  ENA ( e l u t e d  i n  0 . 7  M NaCl)  f rom 

c o n t a m i n a t i n g  h i g h  m o l e c u l a r  w e i g h t  chromosomal  DNA 

( e l u t e d  i n  2 M N a C l ) .  P l a s m i d s  w e r e  l i n e a r i z e d  by 

d i g e s t i o n  w i t h  Hind I I I .

l a n e  a .  0 .2 5  pg o f  p l a s m id  pBR322.

l a n e  b .  0 . 7  M e l u a t e  o f  a pSSU60 p l a s m id  m in i  p r e p ,  

l a n e  c .  0 . 7  M e l u a t e  of  a pSSU160 p l a s m i d  m in i  p r e p ,  

l a n e  d .  2 M e l u a t e  o f  t h e  pSSU160 p l a s m i d  m in i  p r e p ,  

l a n e  e .  Hind I I I  d i g e s t  o f  X ENA ( s i z e  m a r k e r ) .

2 .  H y b r i d i z a t i o n  o f  ^  f o l i a c e u m  ENA w i t h  b i o t i n -  

l a b e l l e d  p r o b e  ENA (pSSU60 a nd  pSSU160) e n c o d in g  t h e  

sm a l l  s u b u n i t  o f  RuBisCO from p e a .

a .  Example o f  an a s s a y  o f  l a b e l l e d  p ro b e  c o n c e n t r a 

t i o n  a f t e r  n i c k  t r a n s l a t i o n .  5 p i  a l i q u o t s  o f  a 

t e n  t im e s  d i l u t i o n  s e r i e s  w e r e  s p o t t e d  o n t o  n i t r o 

c e l l u l o s e  p a p e r  and  t h e  b i o t i n y l a t e d  ENA was 

v i s u a l i z e d  by t h e  BRL DNA D e t e c t i o n  Sys tem .

b .  Known amounts  o f  c o m m e r c i a l l y  p r e p a r e d  b i o t i n y 

l a t e d  X ENA s p o t t e d  o n t o  n i t r o c e l l u l o s e  a n d  p r o c e 

s s e d  w i t h  t h e  sample  b e i n g  a n a l y s e d  t o  a c t  as  a 

c o l o u r  i n t e n s i t y  s t a n d a r d .  I n  t h e  example i n  ( a )  

t h e  l a b e l l e d  p r o b e  c o n c e n t r a t i o n  was e s t i m a t e d  t o  

be b e tw e e n  10 a nd  20 pg ml

c .  V i s u a l i z a t i o n  o f  b i o t i n - l a b e l l e d  p r o b e  ENA which  

h y b r i d i z e d  t o  a n i t r o c e l l u l o s e  s t r i p  l o a d e d  w i t h  

t h e  s t a t e d  q u a n t i t i e s  o f  t o t a l  c e l l  ENA from G. 

f o l i a c e u m , DNA from t h e  sym bion t  n u c l e u s , DNA 

e x t r a c t e d  from a c r u d e  p r e p a r a t i o n  o f  c h l o r o p l a s t s  

( c h l o r o p l a s t  e n r i c h e d  ENA), and  d i n o f l a g e l l a t e  

n u c l e a r  ENA.

See t e x t  f o r  f u r t h e r  d e t a i l s .
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At th e  t ime  t h e s e  e x p e r i m e n t s  w e re  pe r fo rm e d  t h e  i d e n t i t y  of  

G. f o l i aceum s a t e l l i t e  ENA had n o t  been  e s t a b l i s h e d .  Consequen

t l y  S o u t h e r n  b l o t s  of  r e s t r i c t e d  c h l o r o p l a s t  ENA were no t  probed  

w i t h  t h e  pea r b c  S gene as  n o t  enough ENA c o u ld  be o b t a i n e d  from 

i s o l a t e d  c h l o r o p l a s t s  to  d r i v e  t h e  h y b r i d i z a t i o n  r e a c t i o n .  

However a do t  b l o t  of  e n r i c h e d  c h l o r o p l a s t  ENA ( i . e .  mA e x t r a c t 

ed from a c r u d e  c h l o r o p l a s t  p r e p a r a t i o n )  was examined .  T h i s  

h y b r i d i z a t i o n  was p e r fo rm e d  f o r  4 . 5  h u s i n g  100 ng ml~^ o f  t h e  

l a b e l l e d  p ro b e  p l a s m id  m i x t u r e  which  c o r r e s p o n d e d  t o  a t  l e a s t  a 

4 X C^ty^ The n u c l e a r  ENAs w e re  a l s o  r e - e x a m i n e d  a t  t h e  same 

t i m e .  Using t h i s  h i g h e r  probe c o n c e n t r a t i o n ,  some h y b r i d i z a t i o n  

was d e t e c t e d  b u t  t h e  p r o b #  a p p e a r e d  t o  c r o s s  r e a c t  a t  a  low l e v e l  

w i t h  a l l  t h e  ENAs ( P l a t e  4 . 8 . 2 c ) .  T he re  d i d  a p p e a r  to  be 

s l i g h t l y  more h y b r i d i z a t i o n  to  the  c h l o r o p l a s t  e n r i c h e d  IMA 

compared t o  t h e  pu re  n u c l e a r  ENAs even though  on ly  h a l f  as  much 

ENA was i n i t i a l l y  l o a d e d  i n t o  the  n i t r o c e l l u l o s e .  T h i s  d i f f e r e n 

ce i s  n o t  s i g n i f i c a n t  enough to  s u g g e s t  t h a t  t h e  rbc  S gene i s  

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

The pSSU160 probe  has  been  s u c c e s s fu l ly  u s e d  t o  l o c a l i z e  t h e  

r b c  S gene i n  Cyanophora p a ra d o x a  ( H e i n h o r s t  and  S h i v e l y ,  1 9 8 3 ) .  

However  i n  o r d e r  t o  d e t e c t  any c r o s s  r e a c t i o n ,  t h e  n i t r o c e l l u l o s e  

f i l t e r  was on ly  washed t o  a low s t r i n g e n c y  a f t e r  h y b r i d i z a t i o n  o f  

t h e  p r o b e .  T h i s  was to  compensa te  f o r  the  e v o l u t i o n a r y  d i s t a n c e  

be tw een  Cyanophora  and P i s u m , In  t h e  p r e s e n t  s tu d y  h i g h  s t r i n g e 

ncy washes  w e r e  employed  which  would  have  removed any  p robe  ENA 

t h a t  had  h y b r i d i z e d  o n l y  weakly  as  a r e s u l t  of  f r e q u e n t  b a s e  p a i r  

m i s m a t c h e s .  N e v e r t h e l e s s  i t  s h o u ld  be n o t e d  t h a t  a p p a r e n t l y  n o n 

s p e c i f i c  p robe  h y b r i d i z a t i o n  was s t i l l  e v i d e n t  even a f t e r  t h e s e  

h i g h  s t r i n g e n c y  w a s h e s ,  so d e c r e a s i n g  t h e  h y b r i d i z a t i o n  s t r i n g e n 

cy w ou ld  p o s s i b l y  only have  r e s u l t e d  i n  a h i g h e r  b a c k g ro u n d  

s i g n a l .

High s t r i n g e n c y  washes  w e re  u s e d  h e r e  b e c a u s e  b i o t i n  a n d  no t  

^^P was u s e d  t o  l a b e l  t h e  probe ENA. B i o t i n - l a b e l l i n g  i s  a



-198-

r e l a t i v e l y  new and unused  t e c h n i q u e  which  was d e v e lo p e d  f o r  

l a b o r a t o r i e s  t h a t  w ere  no t  e q u ip p e d  t o  work  w i t h  r a d i o a c t i v e l y  

l a b e l l e d  ENA (L e ary  ^_t a j^ . , 1 9 8 3 ) .  C o n s e q u e n t l y  a c o m p l e t e  s e t  

o f  s t r i n g e n c y  washes h a s  no t  be e n  f o r m u l a t e d ,  o t h e r  th a n  t h o s e  

o r i g i n a l l y  p r o p o s e d  by Leary e t  a l .  ( 1983)  which were s p e c i f i e d  

to  g i v e  a f a i r l y  h ig h  s t r i n g e n c y .  U n f o r t u n a t e l y  t h e  m ethod  o f  

d e t e c t i n g  b i o t i n - l a b e l l e d  ENA s u f f e r s  f rom a m a jo r  d i s a d v a n t a g e  

i n  t h a t  t h e  c o l o u r i m e t r i c  v i s u a l i z a t i o n  o f  t h e  b i o t i n  can on ly  be 

p e r fo rm e d  o n c e .  In  c o n t r a s t ,  u s in g  a r a d i o a c t i v e  l a b e l  t h e  

d e g re e  of  probe  h y b r i d i z a t i o n  can be a s s a y e d  a f t e r  each wash of  

i n c r e a s i n g  s t r i n g e n c y  by s im p ly  e x p o s in g  t h e  f i l t e r  to  an X ray  

p l a t e .

D e s p i t e  t h e  p rob lem s  c r e a t e d  by u s i n g  b i o t i n - l a b e l l e d  ENA, 

t h e  p r o b a b l e  d i v e r g e n c e  i n  t h e  n u c l e o t i d e  s e q u en c e s  b e tw e en  t h e  

pea rb c  S gene and t h a t  of  ch romophy te  a l g a e  may r e n d e r  i t  

i n a d e q u a t e  f o r  gene l o c a l i z a t i o n  s t u d i e s  i n  t h i s  g r o u p .  Using  

more s t a n d a r d  t e c h n i q u e s ,  t h i s  probe  a l s o  showed no d e t e c t i b l e  

h y b r i d i z a t i o n  t o  t h e  n u c l e a r  o r  c h l o r o p l a s t  ENAs of  O l i s t h o d i s c u s  

l u t e u s  ( C a t t o l i c o ,  p e r s o n a l  c o m m u n ic a t io n ) .  An O l i s t h o d i s c u s  

r b c  S p r o b e ,  which i s  c u r r e n t l y  b e i n g  d e v e lo p e d ,  s h o u l d  be of  

more u s e  i n  t h e  f u t u r e .
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CHAPTER 5

GENERAL OBSERVATIONS ON ANOMALOUSLY PIGMENTED 

DINOFLAGELLATES.

5 . 1 .  INTRODUCTION.

The m a j o r  c a r o t e n o i d  i n  most  p h o t o s y n t h e t i c  d i n o f l a g e l l a t e s  

i s  t h o u g h t  to  be  p e r i d i n i n  ( S t r a i n  e t  1 9 7 1 ) .  However ,  a few 

s p e c i e s  c o n t a i n  an  a t y p i c a l  complement  of  c a r o t e n o i d s  f rom which 

p e r i d i n i n  i s  a b s e n t  ( J e f f r e y  aj^, 1 9 7 5 ) .  These  d i n o f l a g e l l a t e s  

p o s s e s s  m a j o r  c a r o t e n o i d s ,  such as  f u c o x a n t h i n ,  which a r e  more 

t y p i c a l  of  o t h e r  g roups  of  a l g a e  (Tab le  5 . 1 ) .

The c h l o r o p l a s t  c a r o t e n o i d s  of  Glenod in ium  f o l i a c e u m  c l e a r l y  

b e lo n g  t o  t h e  c h r o m o p h y t e - l i k e  endosymbion t  and t h e  anomalous 

p i g m e n t a t i o n  o f  P e r i d i n i u m  b a l t i c u m  and Gymnodinium eucyaneum can 

a l s o  b e  a s c r i b e d  t o  t h e  p r e s e n c e  of  endosym bion ts  ( L o e b l i c h ,  

1 9 8 4 ) .  The u l t r a s t r u c t u r e  of  P. b a l t i c u m  h a s  been  d e s c r i b e d  i n  

some d e t a i l  and t h e  f i n e  s t r u c t u r a l  f e a t u r e s  of  t h e  endosymbion t  

a r e  a l m o s t  i d e n t i c a l  t o  t h o s e  o f  t h e  symbion t  i n  Gj_ f o l i a c e u m  

e nd o sy m b io n t  (Tomas _et 1973;  Tomas a n d  Cox, 1 9 7 3 ) .  Gymno

d in ium  eucyaneum a l s o  c o n t a i n s  a s u p e rn u m e ra r y  n u c l e u s  ( L i  ^  

a l , 1979)  b u t  t h i s  s p e c i e s  h a s  c r y p t o p h y t e - l i k e  c h l o r o p l a s t s  

which a r e  p o s s i b l y  a s s o c i a t e d  w i t h  nuc leom orphs  (Hu and  West ,  

u n p u b l i s h e d  o b s e r v a t i o n s ) .  T h i s  s u g g e s t s  t h a t  i t  c o n t a i n s  an  

e n d o s y m b i o t i c  c r y p t o p h y t e  r a t h e r  t h a n  a c h r o m o p h y t e .  An
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T a b l e  5 . 1  Anomalous ly  p ig m e n te d  d i n o f l a g e l l a t e s . S p e c i e s  i n

which pigment  a n a l y s i s  h a s  shown t h a t  t h e  m a j o r  c h l o r o 

p l a s t  c a r o t e n o i d  i s  no t  p e r i d i n i n .

S p e c i e s m a j o r  c a r o t e n o i d R e f e r e n c e

G1enodinium 

f o l i a c e u m

f u c o x a n t h i n M a n d e l l i  (1968)  

W i t h e r s  & Haxo (1975)

Gymnodinium

b r e v e

u n i d e n t i f i e d Haxo (1975)  ( c i t e d  by 

J e f f r e y  e_t a l .  (1975 )

Gymnodinium

eucyaneum

ph y c o c y an in Hu e t  a l .  ( 1980)  

Zhang e_t a l .  (1982 )

Gymnodinium

g a la th e a n u m

uni  d e n t i f i e d  

( c a r o t e n o i d  3)

B jO rn land  & Tangen (1979)

Gymnodinium 

micrum

f u c o x a n t h i n W h i t t l e  & C a s s l e t o n  (1968)

Gymnodinium 

ve ne f icu ra

f u c o x a n t h i n R i l e y  & W il s o n  (1967)

Gyrod in ium

au re o lu m

19 *- h e x a n o y l o x y -  

f u c o x a n t h i n

Tangen & B jO rn lan d  (1981 )

P e r i d i n i u m

b a l t i c u m

f u c o x a n t h i n W i t h e r s  e t  a l . (1977)



—201 —

u l t r a s t r u c t u r a l  s t u d y  has  c o n c l u s i v e l y  d e m o n s t r a t e d  t h e  p r e s e n c e  

of  an e n d o s y m b i o t i c  c r y p t o p h y t e  i n  a s i m i l a r  b l u e - g r e e n  d i n o -  

f l a g e l l a t e ,  Gymnodinium a c id o tu m  (Wilcox and Wedemayer,  1 9 8 4 ) ,  

b u t  t h e r e  i s  no pigment  a n a l y s i s  d a t a  f o r  t h i s  s p e c i e s .

However ,  no t  a l l  t h e  s p e c i e s  l i s t e d  i n  Tab le  5 .1  c o n t a i n  

r e c o g n i z a b l e  e n d o s y m b i o n t s . No s u p e rn u m e ra ry  n u c l e i ,  or  o t h e r  

o b v i o u s l y  f o r e i g n  o r g a n e l l e s ,  were o b s e r v e d  i n  f i n e  s t r u c t u r a l  

s t u d i e s  o f  Gymnodinium micrum ( L e a d b e a t e r  and  Dodge, 1 9 6 6 ) ,  G. 

v e n e f i c u m  (Dodge,  1975)  o r  G_̂  b r e v e  ( S t e i d i n g e r  £ £  , 1978)  and

a c e t o c a r m i n e  s t a i n i n g  showed t h a t  a s u p e rn u m e ra r y  n u c l e u s  was 

a l s o  l a c k i n g  i n  Gyrod in ium au re o lum  (Tangen a n d  B j O r n l a n d ,  1 9 8 1 ) .  

R e c e n t l y  a n o t h e r  b l u e - g r e e n  d i n o f l a g e l l a t e , Amphidinium w i g r e n s e , 

has  be e n  t h e  s u b j e c t  of  an u l t r a s t r u c t u r a l  e x a m i n a t i o n  (Wilcox 

and  Wedemayer , 1 9 8 5 ) .  Once a g a i n  no e v i d e n c e  c o u ld  be found  o f  a 

n u c l e u s  w h ich  m ig h t  b e l o n g  t o  an e n d o s y m b i o n t , b u t  t h e  s t r u c t u r a l  

d a t a  s t r o n g l y  s u g g e s t e d  t h a t  t h e  c h l o r o p l a s t s  w e r e  c r y p t o p h y c e a n  

i n  o r i g i n ,  a l t h o u g h  t h i s  m o r p h o l o g i c a l  i n t e r p r e t a t i o n  was no t  

s u p p o r t e d  by a p igment  a n a l y s i s .

E l e c t r o n  m i c r o s c o p i c  o b s e r v a t i o n s  on Gyrodin ium a u re o lu m  and 

Gymnodinium g a la th e a n u m  have no t  been  r e p o r t e d  a n d  so t h e s e  

s p e c i e s  w e re  s t u d i e d  h e r e  i n  o r d e r  to  c om p le te  t h e  u l t r a s t r u c t u r 

a l  d a t a  on d i n o f l a g e l l a t e  s p e c i e s  c u r r e n t l y  known t o  p o s s e s s  

anomalous  p i g m e n t a t i o n .  The o r g a n i z a t i o n  o f  t h e  c h l o r o p l a s t  

i n  t h e s e  two s p e c i e s ,  G le n o d in iu m  f o l i a c e u m  and Gymnodinium 

micrum was a l s o  examined  by lAPI s t a i n i n g  t o  p r o v id e  an a d d i t i o n 

a l  m o r p h o l o g i c a l  c h a r a c t e r  which  m ig h t  be  of  p h y l o g e n e t i c  

s i g n i f i c a n c e .
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5 . 2 .  ULTRASTRUCTURE OF GYRODINIUM AUREOLUM AND GYMNODINIUM 

GALATHEANUM.

5 . 2 . 1 .  Gyrod in iu m  a u re o l u m .

The g e n e r a l  morphology  of  T a n g e n ' s  i s o l a t e  of  Gyrodin ium 

a u re o lu m  h a s  been  d e s c r i b e d  p r e v i o u s l y  (Tangen a n d  B j O r n l a n d ,  

1 9 8 1 ) .  The c e l l  i s  r e l a t i v e l y  b r o a d  and  f l a t t e n e d  (24 -40  pn 

long  a n d  17 -  32 pn w id e )  and f a i r l y  t r a n s l u c e n t  so t h a t  the  

l a r g e  d i n o f l a g e l l a t e  n u c l e u s  can c l e a r l y  be s e en  p o s i t i o n e d  

tow ards  one s i d e  ( s e e  P l a t e  5 . 8 . 1 ) .  The few e l o n g a t e d  c h l o r o 

p l a s t s  a r e  a l s o  obv ious  u n d e r  t h e  l i g h t  m i c r o s c o p e .  The s p e c i e s  

can be r e s p o n s i b l e  f o r  t h e  m o r t a l i t y  o f  m a r i n e  fa rmed  f i s h e s  when 

i t  o c c u r s  i n  r e d  t i d e s  ( Jone s  e^  £ l* »  1982; R o b e r t s  £ t  

a l . ,  1 9 8 3 ) .

A b r i e f  d i s c u s s i o n  o f  t h e  prob lems e n c o u n t e r e d  w i t h  

p r e p a r i n g  t h i s  o r g a n i s m  f o r  e l e c t r o n  m ic r o s c o p y  was g i v e n  i n  

S e c t i o n  2 . 4 . 2 ( i i ) .  The u l t r a s t r u c t u r a l  p r e s e r v a t i o n  t h a t  was 

f i n a l l y  a c h i e v e d  was s t i l l  f a r  from s a t i s f a c t o r y .  The n u c l e u s ,  

f o r  e x a m p le ,  f r e q u e n t l y  showed symptoms a s s o c i a t e d  w i t h  o s m o t i c  

s h r i n k a g e ,  b u t  f i x a t i o n s  pe r fo rm ed  i n  low e r  o s m o l a r i t y  b u f f e r s  

c o m p l e t e l y  f a i l e d  t o  p r e s e r v e  c y t o p l a s m i c  d e t a i l .  C o n s e q u e n t l y  

t h i s  makes a d e t a i l e d  d e s c r i p t i o n  o f  t h i s  s p e c i e s  no t  on ly  

d i f f i c u l t  b u t  a l s o  s u b j e c t  to  m i s i n t e r p r e t a t i o n  due to  f i x a t i o n  

a r t i f a c t s

The m os t  obv io u s  f i n e  s t r u c t u r a l  f e a t u r e  of  t h e  c e l l  i s  t h e  

r e t i c u l u m  o f  v e s i c l e s  which e x t e n d s  t h r o u g h o u t  t h e  c y to p la s m  

( P l a t e  5 . 1 ) .  The d i a m e t e r  of  t h e s e  v e s i c l e s  i s  p r o b a b l y  n o t  

t r u e l y  r e p r e s e n t a t i v e  of  t h e i r  r e a l  s i z e  i n  a l i v e  c e l l .  W i th in  

t h e  d i s s e c t e d  c h a n n e l s  of  c y to p l a s m  a r e  to  be found  m i t o c h o n d r i a  

w i t h  t u b u l a r  c r i s t a e ,  numerous d i c ty o s o m e s  and  o t h e r  c h a r a c t e r i s 

t i c  d i n o f l a g e l l a t e  o r g a n e l l e s  such as  a p u s u le  and t r i c h o c y s t s
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P l a t e  5 . 1 .  G e n e r a l  u l t r a s t r u c t u r e  of  Gyrod in ium  a u r e o l u m .

L o n g i t u d i n a l  s e c t i o n  th ro u g h  a whole  c e l l  showing  t h e  

v e s i c u l a r  r e t i c u l u m  (V) and t h e  l a r g e  d i n o f l a g e l l a t e  

n u c l e u s  (N) .  C, c h l o r o p l a s t ;  D, d i c t y o s o m e .  Note  

t h a t  t h e  t r a n s v e r s e  f l a g e l l u m  (TF) h a s  been  r e t a i n e d  

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

X 6 , 9 0 0 .



Plate 5.1

P
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P l a t e  5 . 2 .  U l t r a s t r u c t u r a l  f e a t u r e s  o f  t h e  v e s i c u l a t e d  c y to p l a s m  

of  Gyrodin ium a u r e o l u m . T r a n s m i s s i o n  e l e c t r o n  m i c r o 

g r a p h s  .

1 .  M i t o c h o n d r i a  and rough  e n d o p la s m ic  r e t i c u l u m .

X 2 7 , 0 0 0 .

2 .  Dic tyosomes  l o c a t e d  n e a r  to  t h e  n u c l e u s ,  x 2 7 ,7 0 0

3 .  P u s u l e .  X 2 3 , 1 0 0 .



Plate 5.2
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P l a t e  5 . 3 .  U l t r a s t r u c t u r e  of  t h e  c h l o r o p l a s t  and p y r e n o i d  o f  

G yrod in ium  a u r e o l u m . T r a n s m i s s i o n  e l e c t r o n  m i c r o 

g r a p h s  .

1 .  T r a n s v e r s e  s e c t i o n  th ro u g h  a c h l o r o p l a s t  showing t h e  

s t a l k e d  p y r e n o i d  ( P ) and  t h e  t h y l a k o i d - f r e e  a r e a  in  

t h e  s u b a d j a c e n t  c h l o r o p l a s t  s t r o m a . x 1 8 , 0 0 0 .

2 .  C h l o r o p l a s t  w i t h  t h r e e  p y r e n o i d s ,  x 2 8 , 0 0 0 .

3 .  D e t a i l  o f  t h e  p y r e n o i d  where  i t  c o n n e c t s  w i t h  t h e  

main body of  t h e  c h l o r o p l a s t .  N o te  t h e  membrane 

which s u r r o u n d s  t h e  p y r e n o i d  ( a r r o w e d )  which r em a in s  

d i s t i n c t  f rom t h e  c h l o r o p l a s t  e n v e l o p e  and  which  

merges  w i t h  t h e  membrane d e l i m i t i n g  t h e  s u r r o u n d i n g  

v e s i c l e s ,  x  4 0 , 0 0 0 .

4 .  D e t a i l  o f  t h e  c h l o r o p l a s t  l a m e l l a e  composed o f  t h r e e  

t h y l a k o i d s .  x 1 4 7 , 2 0 0 .



Plate 5.3

mm.
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( P l a t e  5 . 2 ) .  No s t r u c t u r e  e x i s t s  which  m ig h t  p o s s i b l y  be a 

s u p e rn u m e ra r y  n u c l e u s ,  t h e  o n ly  n u c l e u s  i n  t h e  c e l l  b e i n g  t h e  

l a r g e  d i n o f l a g e l l a t e  one c o n t a i n i n g  t y p i c a l l y  c o n d e n s e d  chromo

somes ( P l a t e  5 . 1 ) .

The c h l o r o p l a s t s  o f  G_̂  a u re o lum  p o s s e s s  one o r  more

p ro m in e n t  s t a l k e d  p y r e n o i d s  whose  p o s i t i o n  i s  a s s o c i a t e d  w i t h  a

t h y l a k o i d  f r e e  a r e a  of  t h e  c h l o r o p l a s t  s t rom a  ( P l a t e  5 . 3 . 1  & 2 ) .  

The e x t e r n a l  n a t u r e  of  t h e  p y r e n o i d  c o n f l i c t s  w i t h  Tangen a n d  

B j d r n l a n d ' s  t e n t a t i v e  i n t e r p r e t a t i o n  o f  t h e i r  l i g h t  m i c r o s c o p i c  

 ̂ o b s e r v a t i o n s ,  in  which  they  s u g g e s t  t h a t  t h e  p y r e n o i d  o f  G. 

a u re o lu m  i s  i n t e r n a l  (Tangen a n d  B j ü r n l a n d ,  1 9 8 1 ) .  No s t a r c h  

s h e a t h  o r  cap s u r r o u n d s  t h e  p y r e n o i d  a s  i n  o t h e r  d i n o f l a g e l l a t e s  

t h a t  p o s s e s s  s t a l k e d  p y r e n o i d s  (Dodge and  C r a w f o rd ,  1 9 7 1 ) ,  

h o w e v e r ,  a s i n g l e  m em b ran e •does l i e  e x t e r i o r  to  i t  ( P l a t e  5 . 3 . 3 ) .  

T h i s  membrane may be one of  t h e  c h l o r o p l a s t  e n v e l o p e  membranes 

b u t  i t  does  no t  c l o s e l y  f o l l o w  t h e  c o n to u r  of  t h e  c h l o r o p l a s t  i n  

t h e  r e g i o n  o f  t h e  p y r e n o i d  s t a l k  and  i n v a r i a b l y  a p p e a r s  to  " f u s e "

w i t h  the  membrane which d e l i m i t s  the  s u r r o u n d i n g  v e s i c u l a r

r e t i c u l u m .  The c h l o r o p l a s t  e n v e lo p e  p r o p e r  a lw ays  rem a ins  

s e p a r a t e  f rom t h e  v e s i c l e  membrane and  i t s  s t r u c t u r e  has  no t  be e n  

r e s o l v e d .  W i t h in  t h e  c h l o r o p l a s t  t h e  l a m e l l a e  a r e  a r r a n g e d  i n  

p a r a l l e l  r a n k s  and  a r e  composed o f  t h r e e  a p p r e s s e d  t h y l a k o i d s  a s  

i s  t y p i c a l  o f  m os t  d i n o f l a g e l l a t e s . No g i r d l e  l a m e l l a e  i s  

p r e s e n t .

The u l t r a s t r u c t u r a l  f e a t u r e s  o f  Gyrodin ium a u re o lu m  show 

c e r t a i n  s i m i l a r i t i e s  w i t h  t h o s e  of  Gymnodinium b r e v e , a n o t h e r  

s p e c i e s  w i t h  anomalous  p i g m e n t a t i o n .  Like G. a u re o lu m  i t  a l s o  

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

s i m i l a r  f i x a t i o n  d i f f i c u l t i e s  ( S t e i d i n g e r  e t  £l_. ,  1 9 7 8 ) .  More 

s i g n i f i c a n t l y  i t s  c h l o r o p l a s t s  p o s s e s s  s t a l k e d  p y r e n o i d s  wh ich  

a r e  no t  a s s o c i a t e d  w i t h  a s t a r c h  c a p .  The m i c r o g r a p h s  of  

S t e i d i n g e r  e t  (19 8 1 )  a l s o  s u g g e s t  t h a t ,  as i n  G. a u r e o l u m , a

t h y l a k o i d - f r e e  r e g i o n  o f  t h e  c h l o r o p l a s t  s t rom a  l i e s  b e n e a t h  t h e
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p y r e n o i d  and  t h a t  t h e  a r r a n g e m e n t  of  membranes a r o u n d  t h e  p y r e — 

n o i d  i s  s i m i l a r .

T h u s ,  t h e r e  i s  no d i r e c t  m o r p h o l o g i c a l  e v i d e n c e  t h a t  the  

c h l o r o p l a s t s  of  Gyrod in ium a u re o lum  b e lo n g  t o  an e n d o s y m b i o n t .  

The c h l o r o p l a s t s  do no t  p o s s e s s  any m a jo r  and u n i q u e l y  d i f f e r e n t  

u l t r a s t r u c t u r a l  f e a t u r e s  t h a t  d i s t i n g u i s h e s  them from o t h e r  d i n o -  

f l a g e l l a t e  c h l o r o p l a s t s  a nd  which  m ig h t  s u g g e s t  t h a t  they  had a 

s e c o n d a r y  e n d o s y m b i o t i c  o r i g i n .  Many a l g a l  g r o u p s ,  i n c l u d i n g  

d i n o f l a g e l l a t e s  , have  s t a l k e d  p y r e n o i d s  a nd  l a c k  a g i r d l e  l a m e l l a  

(Dodge ,  1 9 7 3 ) .  Of t h e s e ,  on ly  h a p t o p h y t e s  and  e u s t i g m a t o p h y t e s  

c h a r a c t e r i s t i c a l l y  c o n t a i n  t h e  c a r o t e n o i d  f u c o x a n t h i n  o r  a 

f u c o x a n t h i n  d e r i v a t i v e .  I f ,  t h e r e f o r e ,  one makes t h e  a p r i o r i  

a s s u m p t i o n  t h a t  f u c o x a n t h i n  was a c q u i r e d  i n  d i n o f l a g e l l a t e s  v i a  

e n d o s y m b i o s i s ,  t h e n  t h e  c h l o r o p l a s t s  o f  G. a u re o lu m  would  a p p e a r  

t o  be  r e l a t e d  t o  t h e  c h l o r o p l a s t s  o f  one of  t h e s e  two g r o u p s .  

I n t e r e s t i n g l y ,  t h e  f u c o x a n t h i n  d e r i v a t i v e ,  1 9 ' - h e x a n o y l o x y f u c o -  

x a n t h i n ,  which  i s  t h e  m a j o r  c a r o t e n o i d  i n  G. a u re o lu m  (Tangen a n d  

B j d r n l a n d ,  1981)  h a s  on ly  b e e n  r e p o r t e d  i n  one o t h e r  a l g a ,  

E m i l i a n i a  h u x l e y i  (A rp in  e ^  , 1 9 7 6 ) ,  which i s  a h a p t o p h y t e .

5 . 2 . 2 .  Gymnodinium g a l a t h e a n u m .

The m orpho logy  and p i g m e n t a t i o n  o f  T a n g e n ' s  i s o l a t e  KT76D of  

Gymnodinium g a l a t h e a n u m  h a s  been  d e s c r i b e d  under  t h e  name of 

Gyrod in iu m  s p . - A  ( B j ü r n l a n d  a nd  Tangen,  1 9 7 9 ) .  The c u l t u r e  u s e d  

h e r e ,  KT76E, was i s o l a t e d  two weeks a f t e r  KT76D b u t  f rom t h e  same 

l o c a l i t y  and  i s  a ssumed  t o  be  t h e  same s p e c i e s  (Tangen ,  p e r s o n a l  

com m un ica t ion  ) .

The c e l l s  a r e  a b o u t  11 -  14 long  a n d  s l i g h t l y  l e s s  w i d e .  

T h e i r  g e n e r a l  u l t r a s t r u c t u r a l  o r g a n i z a t i o n  i s  shown i n  

P l a t e  5 . 4 . 1 .  Once a g a i n  one of t h e  m os t  p ro m in e n t  f e a t u r e s  i s  

t h e  l a r g e  d i n o f l a g e l l a t e  n u c l e u s  a n d ,  as  w i t h  Gyrod in ium a u r e o -
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lum , t h e r e  i s  no e v i d e n c e  of  a s u p e rn u m e ra r y  n u c l e u s .  As the  

g e n e r a l  u l t r a s t r u c t u r e  o f  t h e  c y to p la s m  i s  t y p i c a l  o f  m os t  gymno- 

d i n o i d  d i n o f l a g e l l a t e s , i t  w i l l  n o t  be d e s c r i b e d  h e r e .  However ,  

one f e a t u r e  w o r t h  m e n t i o n i n g  i s  t h e  a r r a y  o f  p l u g - l i k e  s t r u c t u r e s  

b e n e a t h  t h e  t h e c a l  membranes ( P l a t e  5 . 4 . 2 )  s i n c e  t h e s e  have a l s o  

been d e s c r i b e d  i n  Gymnodinium micrum ( L e a d b e a t e r  and  Dodge, 

1 9 6 6 ) .

The c h l o r o p l a s t s  o f  Gymnodinium g a la th e a n u m  c o n t a i n  a 

s i m p l e ,  i n t e r n a l  p y r e n o i d  a n d  l a m e l l a e  wh ich  a r e  more  o r  l e s s  

a r r a n g e d  p a r a l l e l  t o  one a n o t h e r  ( P l a t e  5 . 5 . 1 ) .  T h e re  i s  no 

g i r d l e  l a m e l l a  and a l t h o u g h  t h e  o u t e r m o s t  l a m e l l a  may f r e q u e n t l y  

f o l l o w  t h e  c h l o r o p l a s t  e n v e l o p e ,  i t  i s  i n t e r r u p t e d  a t  v a r i o u s  

p o i n t s  w h e re  t h e  i n t e r n a l  l a m e l l a e  c onve rge  on t h e  c h l o r o p l a s t  

e n v e lo p e  and  a p p a r e n t l y  a t t a c h  t o  i t .  The l a m e l l a e  t h e m s e lv e s  

a r e  composed o f  t h r e e  t h y l a k o i d s  and  a r e  o c c a s i o n a l l y  i n t e r c o n n e 

c t e d  by t h y l a k o i d  b r i d g e s  ( P l a t e  5 . 5 . 2 ) .  The c h l o r o p l a s t  

e n v e l o p e  c o n s i s t s  of  t h r e e  membranes which  a r e  u s u a l l y  c l o s e l y  

a p p r e s s e d  t o  one a n o t h e r  a f t e r  f i x a t i o n  a n d  so a r e  d i f f i c u l t  to  

d i s c e r n  ( P l a t e  5 . 5 . 3 ) .

The a r r a n g e m e n t  of  c h l o r o p l a s t  l a m e l l a e  i n  G^ g a l a t h e a n u m  i s  

s i m i l a r  to  t h a t  s e en  i n  Gymnodinium m ic rum , G. v e n e f i c u m  and 

G. v i t i l i g o , a l l  of  which a l s o  c o n t a i n  s i m p l e ,  i n t e r n a l  p y r e n o i d s  

t h a t  a r e  u s u a l l y  l e n t i c u l a r  i n  shape  (Dodge, 1 9 7 5 ) .  The on ly  

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

have  b e e n  f o u n d  a r e  G le nod in ium  f o l i a c e u m  and P e r i d i n i u m  

b a l t i c u m , w h e r e ,  o f  c o u r s e ,  t hey  b e l o n g  t o  t h e  e n d o s y m b io n t .  

Gymnodinium micrum and G^ v e n e f i c u m  a r e  r e p o r t e d  t o  p o s s e s s  

f u c o x a n t h i n  r a t h e r  t h a n  a n  u n i d e n t i f i e d  m a j o r  c a r o t e n o i d  a s  i n  G. 

g a l a t h e a n u m  ( s e e  T a b le  5 . 1 ) .  However ,  B j b r n l a n d  a n d  Tangen 

(1979 )  have  p o i n t e d  o u t  t h a t  t h e  m ethod  o f  pigment  i d e n t i f i c a t i o n  

a p p l i e d  i n  t h e s e  s p e c i e s  i s  n o t  a d e q u a t e  t o  d i s t i n g u i s h  fu c o x a n 

t h i n  from t h e  m a j o r  c a r o t e n o i d  i n  G_̂  g a l a t h e a n u m . The p igm en ts  

o f  Ĝ _ v i t i l i g o  have  no t  b e e n  e xam ined .
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P l a t e  5 . 4 .  G e n e r a l  u l t r a s t r u c t u r e  of  Gymnodinium g a l a t h e a n u m . 

T r a n s m i s s i o n  e l e c t r o n  m i c r o g r a p h s .

1.  L o n g i t u d i n a l  s e c t i o n  th ro u g h  a whole  c e l l .  C, c h l o r 

o p l a s t ;  N, n u c l e u s ;  M, m i t o c h o n d r i o n .

X 1 0 , 5 0 0 .

2 .  D e t a i l  o f  t h e  p l u g - l i k e  s t r u c t u r e s  ( a r r o w e d )  b e n e a t h  

t h e  t h e c a l  membranes ,  x 3 3 , 0 0 0 .
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P l a t e  5 . 5 .  U l t r a s t r u c t u r e  of  t h e  c h l o r o p l a s t s  of  Gymnodinium 

g a l a t h e a n u m .  T r a n s m i s s i o n  e l e c t r o n  m i c r o g r a p h s .

1.  L o n g i t u d i n a l  s e c t i o n  t h r o u g h  a c h l o r o p l a s t  showing 

t h e  s i m p l e  i n t e r n a l  p y r e n o i d  (P)  s e c t i o n e d  i n  p l a c e s  

a l o n g  i t s  l e n g t h  and t h e  l a m e l l a e  c o n v e r g i n g  o n t o  t h e  

c h l o r o p l a s t  e n v e l o p e ,  x 1 8 , 8 0 0 .

2 .  D e t a i l  of  t h e  l a m e l l a e  wh ich  a r e  composed o f  t h r e e  

t h y l a k o i d s .  x 1 0 0 , 0 0 0 .

3 .  D e t a i l  of  t h e  t r i p l e  membrane c h l o r o p l a s t  e n v e l o p e .  

The i n d i v i d u a l  membranes a r e  c l o s e l y  a p p r e s s e d  bu t  

a r e  j u s t  d i s c e r n i b l e  i n  t h e  a r r o w e d  s e c t i o n .

X 9 9 ,2 0 0 .
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These  gymnodino ids  c o u ld  t h e r e f o r e  c o n s t i t u t e  a g ro u p  of  

d i n o f l a g e l l a t e s  i n  which  anomalous p i g m e n t a t i o n  i s  c o r r e l a t e d  

w i t h  an anomalous  c h l o r o p l a s t  s t r u c t u r e .  T h i s  w o u ld  s t r o n g l y  

f a v o u r  an  e n d o s y m b i o t i c  o r i g i n  f o r  t h e  c h l o r o p l a s t s .  Only 

members o f  t h e  Hap tophyceae  p o s s e s s  c h l o r o p l a s t s  w i t h  s i m p l e ,  

i n t e r n a l  p y r e n o i d s  b u t  no t  g i r d l e  l a m e l l a e .

5 . 3 .  CHLOROPLAST ENA ORGANIZATION IN ANOMALOUSLY PIGMENTED DINO- 

FLAGELLATES.

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

by EAPI when complexed w i t h  ENA i s  i n t e n s e  enough t o  v i s u a l i z e  as  

l i t t l e  a s  0 .00015  pg o f  ENA (Coleman £ t  £ l^ . ,  1 9 8 1 ) ,  which i s  

a b o u t  t h e  mass  o f  a s i n g l e  c h l o r o p l a s t  ENA m o l e c u l e .  Consequen

t l y ,  t h i s  f l u o r o c h r o m e  has  been  u s e d  t o  s tu d y  t h e  s u p e r m o l e c u l a r  

o r g a n i z a t i o n  o f  t h e  ENA i n  c h l o r o p l a s t s .

Two b a s i c  p a t t e r n s  o f  c h l o r o p l a s t  ENA o r g a n i z a t i o n  h a v e  be e n  

found  which a p p e a r  to  be c o r r e l a t e d  w i t h  t h e  p r e s e n c e  o r  a b s e n c e  

i n  t h e  c h l o r o p l a s t  of  a g i r d l e  l a m e l l a .  When a g i r d l e  l a m e l l a  i s  

p r e s e n t  t h e  ENA i s  o r g a n i z e d  i n t o  a p e r i p h e r a l  r i n g ,  as  i n  brown 

a l g a e ,  d i a to m s  a nd  x a n t h o p h y t e s  (Coleman 1979b;  Kuroiwa ^  

a l . ,  1981;  Kuroiwa and S u z u k i ,  1 9 8 1 ) .  I n  g ree n  a l g a e ,  r e d  a l g a e ,  

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

h i g h e r  p l a n t s  (James and  J o p e , 1978; Kuroiwa ^ t  a ^ . , 1981;  

Kuroiwa e ^  , 1982;  Coleman a n d  Lewin ,  1983;  Poss ingham

a l . ,  1 9 8 3 ) ,  a l l  of  wh ich l a c k  a g i r d l e  l a m e l l a ,  t h e  c h l o r o p l a s t  

ENA i s  l o c a l i z e d  a s  s c a t t e r e d  n u c l e o i d s .  The d i v e r s i t y  of  a l g a l  

c h l o r o p l a s t  ENA o r g a n i z a t i o n  h a s  r e c e n t l y  be e n  r e v i e w e d  e x p e r i m e 

n t a l l y  (Coleman,  1 9 8 5 ) .  A l though  t h i s  s tu d y  c o n f i r m e d  t h a t  r i n g  

and  p o i n t  n u c l e o i d s  w e re  t h e  two m a j o r  t y p e s  of  a r r a n g e m e n t .
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e x c e p t i o n s  w e re  f o u n d .  The c h l o r o p l a s t s  o f  e u g le n o p h y t e s , 

c o l o n i a l  f r e s h w a t e r  c h r y s o p h y t e s ,  x a n t h o p h y t e s  wh ich  l a c k  g i r d l e  

l a m e l l a e  and P s e u d o c h a r i o p s i s  (Eus t i g m a t o p h y c e a e ) a l l  had an  

i n t e r c o n n e c t e d  n e tw o rk  o f  INA. Al though m in o r  v a r i a t i o n s  oc c u r

be tw een  each of  t h e s e  e x c e p t i o n a l  t y p e s ,  t h e y  can  a l l  be c o n s i 

d e r e d  a s  e l a b o r a t i o n s  on t h e  s c a t t e r e d  n u c l e o i d  a r r a n g e m e n t ,  

where  c o n n e c t i o n s  b e tw een  i n d i v i d u a l  n u c l e o i d s  p r o b a b l y  occur  

(Poss ingham  e_t a l . , 1983;  Coleman,  1 9 8 5 ) .

Coleman (1985)  comments on t h e  d i f f i c u l t y  i n  p r e p a r i n g  d i n o -  

f l a g e l l a t e s  f o r  f l u o r e s c e n c e  c y t o l o g y  b e c a u s e  o f  t h e  l a r g e  amount 

o f  n u c l e a r  ENA and t h e  h i g h l y  r e f r a c t i l e  w a l l  o f  n o n - n a k e d  f o r m s .  

I n  t h e  p r e s e n t  s tu d y  t h e s e  prob lems w ere  l a r g e l y  overcome by 

s q u a s h i n g  t h e  c e l l s  i_n f i x a t i v e  r a t h e r  t h a n  s q u a s h i n g  f i x e d  c e l l s  

(Kuriowa and S u z u k i ,  1980)  or  s q u a s h i n g  c e l l s  a n d  t h e n  f i x i n g

them (Coleman,  1 9 7 9 b ) .  The l a t t e r  t e c h n i q u e  i n v a r i a b l y  s p r e a d s  

t h e  d i n o f l a g e l l a t e  n u c l e a r  WA which t h e n  i n t e r f e r e s  w i t h  s u b s e 

q u e n t  o b s e r v a t i o n s  on t h e  EAPI f l u o r e s c e n c e  from t h e  c h l o r o 

p l a s t s .  The s im p l e  s q u a s h i n g  t e c h n i q u e  d e s c r i b e d  i n  S e c t i o n

2 . 3 . 2  e n a b l e d  t h e  c h l o r o p l a s t  ENA o r g a n i z a t i o n  i n  f o u r  s p e c i e s  of  

a n o m a l o u s ly  p ig m e n te d  d i n o f l a g e l l a t e s  to  be  d e t e r m i n e d .

5 . 3 . 1 .  G le n o d in iu m  f o l i a c e u m .

The m a j o r i t y  o f  G lenod in ium  f o l i a c e u m  c e l l s  c o n t a i n  c h l o r o 

p l a s t s  i n  wh ich  t h e  ENA i s  a r r a n g e d  a s  a b e a d e d ,  p e r i p h e r a l  r i n g  

e n c l o s i n g  s c a t t e r e d  p o i n t  n u c l e o i d s  ( P l a t e  5 . 6 . 1  -  3 ) .  The 

number of  t h e s e  p o i n t  n u c l e o i d s  i s  v a r i a b l e ,  g e n e r a l l y  b e i n g  l e s s  

t h a n  10 p e r  c h l o r o p l a s t  b u t  sometimes a s  many as  20 o r  more may 

be p r e s e n t  ( P l a t e  5 . 6 . 2 ) .  Some c h l o r o p l a s t s  a p p e a r  t o  l a c k  p o i n t  

n u c l e o i d s  a l t o g e t h e r  ( P l a t e  5 . 6 . 4 )  and c o n v e r s e l y ,  i n  a few c e l l s  

t h e  r i n g  n u c l e o i d  i s  a b s e n t  f rom a l l  t h e  c h l o r o p l a s t s  

( P l a t e  5 . 6 . 5 ) .  The b e a d e d  ENA r i n g  o f  t y p i c a l  c h l o r o p l a s t s  i s  

sometim es  f r a g m e n t e d  a n d  f o l l o w s  a random p a t h  a ro u n d  t h e
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P l a t e  5 . 6 .  O r g a n i z a t i o n  o f  c h l o r o p l a s t  ENA i n  G le nod in ium  f o l i a 

ceum. E p i f l u o r e s c e n c e  m i c r o g r a p h s  o f  EAPI s t a i n e d  

p r e p a r a t i o n s  c o r r e l a t e d  where  a p p r o p r i a t e  w i t h  NIC 

m i c r o g r a p h s  .

1 .  Squashed  b u t  s t i l l  i n t a c t  c e l l  i n  wh ich  t h e  f a i n t  

r i n g s  o f  c h l o r o p l a s t  ENA f l u o r e s c e n c e  ( a r r o w )  can be 

se en  a r o u n d  t h e  p e r i p h e r y  compared  t o  t h e  t h e  i n t e n s e  

n u c l e a r  f l u o r e s c e n c e ,  x 2 , 5 0 0 .

2 .  C h l o r o p l a s t  s q u a s h e d  o u t  of  a c e l l  showing  t h a t  t h e  

ENA i s  o r g a n i z e d  i n t o  a b e a d e d  p e r i p h e r a l  r i n g  a n d  

numerous i n t e r n a l  and  a p p a r e n t l y  i s o l a t e d  p o i n t  

n u c l e o i d s ,  x 6 , 0 0 0 .

3 .  T h re e  p l a n e s  o f  f o c u s  ( a  -  c )  t h ro u g h  a t y p i c a l  c h l o 

r o p l a s t  h a v in g  r a t h e r  f ew e r  i n t e r n a l  ENA n u c l e o i d s  

t h a n  i n  ( 2 ) .  Note  how t h e  p e r i p h e r a l  ENA r i n g  a nd  

th e  p o i n t  n u c l e o i d s  a r e  n o t  v i s i b l e  when o u t  of  t h e  

p l a n e  of  f o c u s .  The same p l a s t i d  i s  shown u n d e r  NIC 

i n  ( d ) .  A l l  X 4 , 4 0 0 .

4 .  C o r r e l a t e d  f l u o r e s c e n c e  and  NIC m i c r o g r a p h s  of  a

c h l o r o p l a s t  l a c k i n g  i n t e r n a l  ENA n u c l e o i d s ,  x 4 , 4 0 0 .

5 .  S i m i l a r  c o r r e l a t e d  m i c r o g r a p h s  o f  a c h l o r o p l a s t  

l a c k i n g  a p e r i p h e r a l  r i n g  o f  ENA. x 3 , 3 0 0 .

6 .  I s o l a t e d  c h l o r o p l a s t s  d i g e s t e d  w i t h  RNase. The c h l o 

r o p l a s t s  have  become d i s t o r t e d  d u r in g  p r o c e s s i n g  bu t  

t h e  p a t t e r n  o f  EAPI f l u o r e s c e n c e  a p p e a r s  t o  be  u n a f 

f e c t e d  by t h i s  enzyme (compare w i t h  P l a t e  5 . 7 ) .

X 4 , 2 0 0 .
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P l a t e  5 . 7 .  S e n s i t i v i t y  of  EAPI f l u o r e s c e n c e  i n  G le nod in ium  

f o l i a c e u m  c h l o r o p l a s t s  t o  ENase.  E p i f l u o r e s c e n c e  and 

NIC m ic r o g r a p h s  of  s q u a s h e d  c e l l s .

1 .  C o n t r o l  p r e p a r a t i o n  i n c u b a t e d  under  t h e  c o n d i t i o n s  

us e d  f o r  e n z y m a t i c  d i g e s t i o n  bu t  w i t h o u t  t h e  enzyme 

showing t h e  M P I  f l u o r e s c e n c e  from t h e  s p r e a d  d i n o -  

f l a g e l l a t e  (Nd) and sym b ion t  (Ne)  n u c l e i ,  and from 

t h e  c h l o r o p l a s t s  b o th  r e m a in i n g  i n s i d e  t h e  t h e c a  and 

i s o l a t e d  from i t  ( a r r o w ) ,  x 2 , 3 0 0 .

2 .  P r e p a r a t i o n  d i g e s t e d  w i t h  ENase showing t h a t  t h e  EAPI 

f l u o r e s c e n c e  i s  much r e d u c e d  from t h e  d i n o f l a g e l l a t e  

n u c l e u s  and  h a s  been  e l i m i n a t e d  from t h e  symbion t  

n u c l e u s  a nd  c h l o r o p l a s t s  ( sym bols  a s  i n  ( 1 ) ) .  The 

c o r r e l a t e d  NIC m i c r o g r a p h  r e v e a l s  t h a t  t h e r e  a r e  

numerous c h l o r o p l a s t s  i n s i d e  t h e  t h e c a l  r e m a i n s .  

Note t h a t  t h e  n o n - s p e c i f i c  EAPI f l u o r e s c e n c e  from t h e  

t h e c a  i s  more i n t e n s e  a f t e r  DNase t r e a t m e n t  p r o b a b l y  

b e c a u s e  of  t h e  a b s e n c e  of  c o m p e t i t i v e  b i n d i n g  s i t e s .

X 2 , 5 0 0 .
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p e r i p h e r y  o f  t h e  o r g a n e l l e .  DAPI f l u o r e s c e n c e  from t h e  p l a s t i d s  

was u n a f f e c t e d  by d i g e s t i o n  w i t h  RNase ( P l a t e  5 . 6 . 6 )  b u t  was 

e l i m i n a t e d  by ENAse t r e a t m e n t  ( P l a t e  5 . 7 )  showing t h a t  i t  i s  

e n t i r e l y  due t o  t h e  i n t e r a c t i o n  o f  t h e  s t a i n  w i t h  ENA.

5 . 3 . 2 .  Gyrod in iu m  a u re o lu m .

Gyrod in iu m  au re o lum  c o n t a i n s  a r e l a t i v e l y  l a r g e  amount  of  

c h l o r o p l a s t  ENA as  e s t i m a t e d  from t h e  i n t e n s i t y  o f  t h e  EAPI 

f l u o r e s c e n c e .  T h i s  ENA i s  c o n s i s t e n t l y  o r g a n i z e d  i n t o  one o r  two 

beaded  bands  l o c a t e d  t o  one s i d e  o f  t h e  c h l o r o p l a s t  ( P l a t e  5 . 8 . 1  

& 2 ) .  The c o a l e s c e n c e  o f  two bands  o c c a s i o n a l l y  g i v e s  t h e  ENA 

a r e a  a p l a t e - l i k e  a p p e a r a n c e  i n  s u r f a c e  v i e w .  As w i t h  G leno

d in ium f o l i a c e u m , t h e  EAPI f l u o r e s c e n c e  from Gyrod in ium  aureo lum  

c h l o r o p l a s t s  was s e n s i t i v e  to  ENase t r e a t m e n t  ( P l a t e  5 . 8 . 3  & 4 ) .

5 . 3 . 3 .  Gymnodinium g a l a t h e a n u m ,  G. micrum and o t h e r  d i n o f l a g e l 

l a t e s  .

The o r g a n i z a t i o n  o f  c h l o r o p l a s t  ENA i n  Gymnodinium g a l a t h e a 

num and  micrum i s  s i m i l a r .  I n  b o t h  s p e c i e s  on ly  i s o l a t e d  

p o i n t s  o f  EAPI f l u o r e s c e n c e  can  be se en  ( P l a t e  5 . 9 . 4  & 5 ) .  A l l  

p e r i d i n i n  c o n t a i n i n g  d i n o f l a g e l l a t e s  examined  so f a r  a l s o  c o n t a i n  

o n l y  p o i n t  c h l o r o p l a s t  n u c l e o i d s  which  v a r y  i n  s i z e ,  sha pe  and 

number ( s i x  s p e c i e s  f rom f i v e  g e n e r a ,  l i s t e d  i n  T a b le  2 . 1 ,  were 

l o o k e d  a t  h e r e  and  Coleman (1985)  h a s  s t u d i e d  a f u r t h e r  two 

s p e c i e s ) .  S c r i p p s i e l l a  t r o c h o i d e a  w i t h  on ly  a few r e l a t i v e l y  

l a r g e  and  s p h e r i c a l  n u c l e o i d s  ( P l a t e  5 . 9 . 1 )  and an  u n i d e n t i f i e d  

Gymnodinium s p e c i e s  w i t h  numerous s m a l l  and i r r e g u l a r l y  s h a p e d  

n u c l e o i d s  ( P l a t e  5 . 9 . 3 )  p r o b a b l y  r e p r e s e n t  t h e  e x t r e m e s  o f  t h e  

v a r i a t i o n  t h a t  can o c c u r .  Gonyaulax  p o l y e d r a  i s  p e rh a p s  a 

t y p i c a l  example  o f  how d i n o f l a g e l l a t e  c h l o r o p l a s t  ENA i s  a r r a n g e d  

( P l a t e  5 . 9 . 2 ) .
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P l a t e  5 . 8 .  O r g a n i z a t i o n  o f  c h l o r o p l a s t  ENA i n  Gyrod in ium  a u r e o 

lum . E p i f l u o r e s c e n c e  m i c r o g r a p h s  o f  EAPI s t a i n e d  

p r e p a r a t i o n s  c o r r e l a t e d  where  a p p r o p r i a t e  w i t h  NIC 

m i c r o g r a p h s .

1 .  S quashed  c e l l  showing numerous b e a d e d  bands  o f  EAPI 

f l u o r e s c e n c e  i n  t h e  c y to p l a s m  c o r r e l a t e d  w i t h  t h e  

p o s i t i o n s  o f  t h e  c h l o r o p l a s t s .  x 1 , 7 0 0 .

2 .  I s o l a t e d  c h l o r o p l a s t  c o n t a i n i n g  a s i n g l e  b e a d e d  band  

o f  ENA. X 5 , 000 .

3 .  C o n t r o l  p r e p a r a t i o n  o f  a whole  c e l l  i n c u b a t e d  under  

ENase d i g e s t i o n  c o n d i t i o n s  b u t  w i t h o u t  any enzyme 

showing bands o f  EAPI f l u o r e s c e n c e  i n  t h e  c y t o p l a s m .  

X 1 ,7 0 0 .

4 .  Whole c e l l  d i g e s t e d  w i t h  ENase showing o n l y  f a i n t  

EAPI f l u o r e s c e n c e  from t h e  c y to p la s m  which a p p e a r s  

no t  to  be  c o r r e l a t e d  w i t h  t h e  p o s i t i o n s  o f  t h e  c h l o 

r o p l a s t s .  The EAPI f l u o r e s c e n c e  from t h e  n u c l e u s  h a s  

been  r e d u c e d  b u t  n o t  e l i m i n a t e d ,  x  2 , 0 0 0 .
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P l a t e  5 . 9 .  P a t t e r n s  of  e x t r a n u c l e a r  EAPI f l u o r e s c e n c e  i n  v a r i o u s  

a l g a e .  E p i f l u o r e s c e n c e  m i c r o g r a p h s  o f  s q u a s h e d  

c e l l s  .

1 .  S c r i p p s i e l l a  t r o c h o i d e a  (Dinophyceae  ) .  x 2 , 3 0 0 .

2 .  Gonyaulax  p o l y e d r a  ( D i n o p h y c e a e ) .  x  1 , 7 0 0 .

3 .  Gymnodinium s p .  ( D i n o p h y c e a e ) .  x 1 , 6 0 0 .

4 .  Gymnodinium g a l a t h e a n u m  ( D i n o p h y c e a e ) .  x 3 , 4 0 0 .

5 .  Gymnodinium micrum ( D i n o p h y c e a e ) .  x 2 , 1 0 0 .

6 .  E m i l l i a n i a  h u x l e y i  ( H a p t o p h y c e a e ) .  x 5 , 0 0 0 .

7 .  S t e p h a n o d i s c u s  h a n t z c h i i  ( B a c i l l a r i o p h y c e a e  ) .

X 3 , 2 0 0 .

8 .  A s t e r i o n e l l a  fo rm osa  ( B a c i l l a r i o p h y c e a e ) .  x 2 , 5 0 0  

See t e x t  f o r  i n t e r p r e t a t i o n .
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5.3.4. Chloroplast ENA organization as â phylogenetic marker.

The f o u r  a n o m a l o u s ly  p ig m e n te d  d i n o f l a g e l l a t e s  e x h i b i t  t h r e e  

d i f f e r e n t  t y p e s  o f  c h l o r o p l a s t  ENA o r g a n i z a t i o n .  The two 

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

t o g e t h e r  w i t h  o t h e r  d i n o f l a g e l l a t e s , w he re as  G lenod in ium  f o l i a -  

ceum c o u l d  e q u a l l y  be c l a s s i f i e d  a s  h a v i n g  r i n g  n u c l e o i d s  o r  

p o i n t  n u c l e o i d s .  Gyrod in iu m  a u re o lum  a p p e a r s  t o  be  e n t i r e l y  

d i f f e r e n t  f rom a l l  o t h e r  a l g a e  and  t h e  b e a d e d  band  o f  ENA i n  i t s  

c h l o r o p l a s t s  m os t  c l o s e l y  r e s e m b l e s  t h e  c e n t r a l  ENA n u c l e o i d  o f  

c y a n o b a c t e r i a  (Tschermak-Woess a nd  S c h b l l e r ,  1982;  Coleman a n d  

Lewin ,  1 9 8 3 ) .

The EAPI f l u o r e s c e n c e  d a t a  s u p p o r t s  a c l a s s i f i c a t i o n  o f  

a n o m a l o u s ly  p i g m e n te d  d i n o f l a g e l l a t e s  ( e x c l u d i n g  t h o s e  c o n t a i n i n g  

p h y c o b i l i n s )  i n t o  t h r e e  t y p e s  b a s e d  on t h e  u l t r a s t r u c t u r a l  

f e a t u r e s  shown by t h e i r  c h l o r o p l a s t s .  Namely t h o s e  p o s s e s s i n g  

c h l o r o p l a s t s  w i t h  an i n t e r n a l  p y r e n o i d  a n d  a  g i r d l e  l a m e l l a  ( e . g .  

G le n o d in iu m  f o l i a c e u m ) , t h o s e  h a v in g  an  i n t e r n a l  p y r e n o i d  b u t  no 

g i r d l e  l a m e l l a  ( e . g .  Gymnodinium g a l a t h e a n u m ) and t h o s e  whose  

c h l o r o p l a s t  l a c k  bo th  an i n t e r n a l  p y r e n o i d  a n d  a g i r d l e  l a m e l l a  

( e . g .  G yrod in ium  a u r e o l u m ) .  F u r t h e r  s u p p o r t  f o r  t h i s  c l a s s i f i c a 

t i o n  w o u ld  come from a s t u d y  of  t h e  a r r a n g e m e n t  of  c h l o r o p l a s t  

ENA i n  Gymnodinium b r e v e . The u n u s u a l  c h l o r o p l a s t  n u c l e o i d  o f  

Gyrod in iu m  a u re o lu m  p r o b a b l y  r e s i d e s  i n  t h e  t h y l a k o i d - f r e e  a r e a  

of  s t r o m a  o b s e r v e d  unde r  t h e  e l e c t r o n  m i c r o s c o p e  ( s e e  

P l a t e  5 . 3 . 1 )  and t h i s  a l s o  seems to  be an u l t r a s t r u c t u r a l  f e a t u r e  

of  t h e  G. b r e v e  c h l o r o p l a s t  ( S t e i d i n g e r  e ^  , 1 9 7 8 ) .

Does t h e  c o n f i g u r a t i o n  of  t h e  c h l o r o p l a s t  ENA i n  t h e s e  

anomalous  s p e c i e s  p r o v i d e  any i n d e p e n d e n t  e v i d e n c e  f a v o u r i n g  an  

e n d o s y m b i o t i c  o r i g i n  o f  t h e i r  c h l o r o p l a s t s ?  C l e a r l y  n o t  i n  t h e  

c a s e  of  Gymnodinium g a l a t h e a n u m  and Ĝ _ micrum s i n c e  t h e  c h l o r o 

p l a s t  INA o r g a n i z a t i o n  e x h i b i t e d  by t h e s e  two s p e c i e s  does no t
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p r o v i d e  an u n u s u a l  c h a r a c t e r  on which  to b a s e  a j u d g e m e n t .  The 

c h l o r o p l a s t  INA a r r a n g e m e n t  i n  Gyrod inium  a u re o lu m  i s ,  how ever ,  

d i f f e r e n t  from t h a t  of  t y p i c a l  d i n o f l a g e l l a t e s , b u t  i t  i s  e q u a l l y  

d i s s i m i l a r  f rom t h a t  of  o t h e r  a l g a e  and i n  p a r t i c u l a r  t h e  h a p t o -  

p h y t e  E m i l l i a n i a  h u x l e y i  ( P l a t e  5 . 9 . 6 ;  K i t e  and Dodge, 1985)  

which p o s s e s s e s  t h e  same m a j o r  c a r o t e n o i d  (Tangen a n d  B j d r n l a n d ,  

1 9 8 1 ) .  T h i s  e i t h e r  means t h a t  t h e  c h l o r o p l a s t s  o f  G. au re o lu m  

and h u x l e y i  a r e  u n r e l a t e d ,  or  t h a t  t h e  o r g a n i z a t i o n  o f  c h l o r o 

p l a s t  DNA has  become a l t e r e d  a s  a c o n s e q u e n c e  of  e n d o s y m b i o s i s . 

The a r r a n g e m e n t  o f  c h l o r o p l a s t  ENA i n  G len o d in iu m  f o l i a c e u m  

p r o v i d e s  some i n f o r m a t i o n  on t h i s  l a t t e r  p o s s i b i l i t y .

On t h e  b a s i s  o f  u l t r a s t r u c t u r a l  o b s e r v a t i o n s  a n d  p igment  

a n a l y s i s  d a t a .  Dodge (1 9 8 3 a )  p r o p o s e d  t h a t  t h e  e ndosym bion t  of  G. 

f o l i a c e u m  i s  a d i a t o m .  Only d i a t o m s  have  c h l o r o p l a s t s  wh ich  

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

l a m e l l a e .  The o r g a n i z a t i o n  o f  c h l o r o p l a s t  ENA i n  G. f o l i a c e u m  

and d ia tom s  s h o u l d  t h e r e f o r e  be  s i m i l a r .  A lthough  i t  ha s  been  

r e p o r t e d  t h a t  t h e  c h l o r o p l a s t  ENA of  d i a t o m s  i s  l o c a l i z e d  e x c l u 

s i v e l y  i n t o  a c i r c u l a r  n u c l e o i d  (Kuriowa £ t  1981;  Coleman,

1 9 8 5 ) ,  t h e  c h l o r o p l a s t s  o f  t h e  p e n n a te  d i a to m  A s t e r i o n e l l a  

fo rm osa  do a p p e a r  to  c o n t a i n  b o th  r i n g  a n d  p o i n t  n u c l e o i d s  

( P l a t e  5 . 9 . 8 ) .  F a i n t  p o i n t s  of  EAPI f l u o r e s c e n c e  can a l s o  be  

s e e n  w i t h i n  t h e  c i r c u l a r  c h l o r o p l a s t  g e n o p h o re s  o f  t h e  c e n t r i c  

d ia tom  S t e p h a n o d i s c u s  h a n t z c h i i  ( P l a t e  5 . 9 . 7 ) .  Coleman h a s  

s u g g e s t e d  t h a t  t h e  p o i n t  n u c l e o i d s  which  were o b s e r v e d  i n  a n o t h e r  

c e n t r i c  d i a t o m ,  D i ty lu m  b r i g h t w e l l i i , (Coleman,  1 9 7 9 ) ,  o r i g i n a t e d  

from m i t o c h o n d r i a l  ENA. T h i s  p o s s i b i l i t y  c a n n o t  be  e x c l u d e d  h e r e  

b e c a u s e  t h e  d i a to m  c h l o r o p l a s t s  w e re  no t  v i ew e d  i n  i s o l a t i o n  from 

t h e  c y to p l a s m  s i n c e  t h e y  c o u l d  no t  be s u c c e s s f u l l y  s q u a s h e d  o u t  

o f  t h e  f r u s t u l e .  T h e r e f o r e  t h e  e x i s t e n c e  of  p o i n t  n u c l e o i d s  i n  

d ia tom  c h l o r o p l a s t s  r em a ins  u n c o n f i r m e d ,  b u t  i t  s h o u l d  be n o t e d  

t h a t  m i t o c h o n d r i a l  DNA f l u o r e s c e n c e  has  r a r e l y  been  o b s e r v e d  i n  

a l g a e  and  t h e  e l e c t r o n  m i c r o g r a p h s  o f  Manton a n d  von  S t o s c h  

(1966)  a p p e a r  t o  show s c a t t e r e d ,  f a i n t l y  s t a i n i n g  r e g i o n s  of
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s t rom a  ( u s u a l l y  r e g a r d e d  a s  a r e a s  of  ENA) be tw een  t h e  c h l o r o p l a s t  

l a m e l l a e  o f  t h e  d ia tom  Lithodesmium u n d u l a t u m .

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

G le nod in ium  f o l i a c e u m  shows t h a t  t h e  c h l o r o p l a s t s  have  r e t a i n e d  

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

does n o t  n e c e s s a r i l y  imply t h a t  c h l o r o p l a s t  ENA o r g a n i z a t i o n  i s  

an au tonomous c h l o r o p l a s t  c h a r a c t e r  s i n c e  i t  m i g h t  b e  u n d e r  t h e  

c o n t r o l  o f  genes  i n  t h e  endosym bion t  n u c l e u s .  W i thou t  f u r t h e r  

i n f o r m a t i o n  on t h e  l i m i t a t i o n s  i n v o l v e d  w i t h  u s i n g  t h e  o r g a n i z a 

t i o n  o f  c h l o r o p l a s t  ENA as an  i n d i c a t o r  o f  p h y l o g e n e t i c  r e l a t i o n 

s h i p s ,  i s  d i f f i c u l t  to  comment on t h e  s i g n i f i c a n c e  o f  t h e  u n i q u e  

c h l o r o p l a s t  ENA n u c l e o i d  f o u n d  i n  Gyrod in ium a u r e o l u m .

I n  c o n c l u s i o n  t h e n ,  t h e  c h l o r o p l a s t s  o f  Gyrod in ium  au re o lum  

show anomalous  c y t o l o g i c a l  c h a r a c t e r i s t i c s  w h i l s t  t h o s e  o f  Gymno

din ium g a l a t h e a n u m  p o s s e s s  anomalous  u l t r a s t r u c t u r a l  f e a t u r e s .  

T h u s ,  t h e r e  i s  some e v id e n c e  t h a t  b o t h  may have h a d  a d i f f e r e n t  

a n c e s t r y  from t h e  c h l o r o p l a s t s  o f  t y p i c a l  d i n o f l a g e l l a t e s .
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CHAPTER 6

SUMMARY AND CONCLUSIONS

The 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  f e a t u r e s  o f  G le nod in ium  

f o l i a c e u m  a r e  c o n s i s t e n t  w i t h  t h e  p r o p o s a l  t h a t  t h e  o rg an i s m  

r e p r e s e n t s  an  e n d o s y m b i o t i c  a s s o c i a t i o n  be tw een  two p h y l o g e n e t -  

i c a l l y  u n r e l a t e d ,  u n i c e l l u l a r  p r o t i s t s  ( J e f f r e y  and  Vesk,  1 9 7 6 ) .  

The h o s t  has  r e t a i n e d  i t s  e x t e r n a l  m o r p h o l o g i c a l  c h a r a c t e r i s t i c s  

and i s  c l e a r l y  a d i n o f l a g e l l a t e . I n  c o n t r a s t ,  t h e  sym bion t  has

e v o lv e d  i n  i t s  i n t r a c e l l u l a r  e n v i ro n m en t  i n t o  an amorphous 

c y t o p l a s m i c  compartm ent  d e l i m i t e d  by a s i n g l e  membrane .  N e v e r 

t h e l e s s ,  i t s  c h l o r o p l a s t s  e x h i b i t  a c a r o t e n o i d  complement 

( W i t h e r s  a n d  Haxo,  1975)  and  a  f i n e  s t r u c t u r e  wh ich  one n o r m a l ly  

a s s o c i a t e s  w i t h  f r e e - l i v i n g  members o f  t h e  B a c i l l a r i o p h y c e a e  

(Dodge,  1 9 8 3 a ) ,  a l t h o u g h  t h e  im m uno log ic a l  c r o s s - r e a c t i v i t y  o f  

RuBisCO from Gj_ f o l i a c e u m  a p p e a r s  to  be  d i f f e r e n t  from t h a t  of  

d ia tom s  ( R o t h s c h i l d ,  1 9 8 5 ) .

6 . 1 .  FUNCTIONAL ASPECTS OF GLENODINIUM FOLIACEUM.

The symbion t  n u c l e u s  shows a h ig h  d e g r e e  of  m o r p h o l o g i c a l  

and p h y s i o l o g i c a l  i n t e g r a t i o n  w i t h  t h e  h o s t .  F u n c t i o n a l l y  i t  

e x i s t s  a s  a " s u r r o g a t e "  c h l o r o p l a s t ,  and a s  t h e  h o s t  on ly  shows
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l i m i t e d  h e t e r o t r o p h i c  c a p a b i l i t i e s  ( M o r r i l l  and  L o e b l i c h ,  1 9 7 9 ) ,  

an exchange  of  n u t r i e n t s  m us t  o c c u r  b e tw e en  t h e  two (Dodge, 

1 9 8 3 a ) .  T he re  a l s o  a p p e a r s  to  be a c o - o r d i n a t i o n  o f  c e l l  c y c l e  

e v e n t s ,  w i t h  INA s y n t h e s i s  p r o b a b l y  o c c u r r i n g  i n  synch rony  and 

t h e  symbion t  n u c l e u s  d i v i d i n g  j u s t  p r i o r  to  c y t o k i n e s i s .  

However ,  t h i s  d i v i s i o n  i s  n o t  o r g a n i z e d  i n  any way,  t h e  n u c l e u s  

i s  s im p ly  s p l i t  i n  two by t h e  c l e a v a g e  f u r ro w  in  t h e  h o s t  c y t o 

plasm and i t  n e v e r  shows any obv ious  chromosomal  c o n d e n s a t i o n .  

T h i s  s u g g e s t s  t h a t  t h e  symbiont  n u c l e u s  d i v i d e s  a m i t o t i c a l l y  

which c o u l d  h a v e  s e r i o u s  i m p l i c a t i o n s  on t h e  f u n c t i o n i n g  o f  t h e  

endosym bion t  a s  i t s  g e n e t i c  m a t e r i a l  would  be p a r t i t i o n e d  random

ly  b e tw e en  t h e  d a u g h t e r  c e l l s .

A m i t o s i s  i n  t h e  endosymbion t  n u c l e u s  o f  P e r i d i n i u m  b a l t i c u m  

has  been  d e m o n s t r a t e d  more c o n c l u s i v e l y  by e l e c t r o n  m ic r o s c o p y  

( T i p p i t  and P i c k e t t - H e a p s , 1976)  and  t h e  nuc leom orph  of  c r y p t o -  

phy t e s  a l s o  d i v i d e s  i n  t h i s  manner  (M cKerracher  and  G i b b s ,  1 9 8 2 ) .  

I n  b a l t i c u m  t h e  c h r o m a t i n  o f  t h e  n u c l e u s  does n o t  c o n d e n se  nor  

a r e  t h e r e  any m i c r o t u b u l e s  a s s o c i a t e d  w i t h  i t s  d i v i s i o n :  m i c r o 

t u b u l e s  b e i n g  a u n i v e r s a l  f e a t u r e  of  m i t o t i c  mechan ism s  

( M a r g u l i s ,  1 9 8 1 ) .  T h u s ,  a m i t o s i s  i n  t h e  e ndosym bion t  n u c l e u s  o f  

G1enodin ium f o l i a c e u m  a l s o  seems l i k e l y ,  p a r t i c u l a r l y  as  t h e  

n u c l e u s  f a i l s  to  even  round  o f f  b e f o r e  d i v i s i o n ,  as  i t  does  i n  

P.  b a l t i c u m . In  a d d i t i o n ,  t h e  symbion t  n u c l e u s  o f  G. f o l i a c e u m  

l o o k s  f r a g m e n t e d  i n  some i n t e r p h a s e  c e l l s ,  so i t  i s  i m p o r t a n t  to  

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

f u n c t i o n a l  r e d u n d a n c y .  Some i n f o r m a t i o n  on t h i s  p o i n t  can be 

g a i n e d  from a c o m p a r i s o n  o f  t h e  symbion t  n u c l e u s  w i t h  t h e  m a c r o 

n u c l e u s  o f  c i l i a t e s  i n  which  a m i t o s i s  o c c u r s  r e g u l a r l y  ( C o r l i s s ,  

1 9 7 5 ) .
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6 * 1 . 1 .  DNA o r g a n i z a t i o n  i n  t h e  symbion t  n u c l e u s  o f  G le nod in ium  

f o l i a c e u m  and t h e  m a c r o n u c l e u s  o f  c i l i a t e s .

The m a c r o n u c l e a r  genes  o f  c i l i a t e s  a r e  a m p l i f i e d  so t h a t  

each d a u g h t e r  n u c l e u s  i s  r e a s o n a b l y  a s s u r e d  o f  a copy of  ev e ry  

gene ( P r e s c o t t  a l . ,  1 9 7 3 ) .  Due t o  t h i s  g e n e t i c  a m p l i f i c a t i o n ,  

t h e  m a c r o n u c l e u s  o f  O x y t r i c h a  nova c o n t a i n s  58 pg o f  ENA, w h i l s t  

t h e  h a p l o i d  ENA c o n t e n t  of  t h e  m i c r o n u c l e u s ,  from which th e  

m a c r o n u c l e u s  i s  g e n e r a t e d ,  i s  on ly  0 . 6 6  pg (L a u th  1 9 7 6 ) .

The symbion t  n u c l e u s  o f  G1enodinium f o l i a c e u m  c o n t a i n s  a b o u t  

34 pg o f  ENA, which i s  be tw een  2 a nd  340 t im e s  t h e  amount  of  INA 

t h a t  i s  found  i n  t h e  n u c l e i  of  i t s  p r o b a b l e  f r e e —l i v i n g  

r e l a t i v e s ,  i . e .  ch romophyte  a l g a e  ( s e e  T a b le  4 . 2 ) .  I f  t h i s  

' e x t r a '  ENA i n  t h e  symbiont  n u c l e u s  i s  due to  a m p l i f i e d  ENA 

a n a l a g o u s  to  t h a t  found  i n  t h e  c i l i a t e  m a c r o n u c l e u s ,  t h e n  i t  

s h o u l d  be d e t e c t a b l e  by o t h e r  m e a n s .

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

ment  f rom t h e  m i c r o n u c l e u s  f i r s t  i n v o l v e s  a number of  rounds  of  

ENA r e p l i c a t i o n  wh ich  o c c u r  i n  t h e  a b s e n c e  o f  c e l l  d i v i s i o n  so 

t h a t  p o l y t e n e  chromosomes a r e  formed ( S p e a r  and  L a u t h ,  1 9 7 6 ) .  

M ass ive  ENA d e g r a d a t i o n  t h e n  f o l l o w s  due to  t h e  e l i m i n a t i o n  o f  

a l l  t h e  r e p e t i t i v e  ENA and a p p r o x i m a t e l y  95% o f  t h e  u n i q u e  

s e q u e n c e s  t h a t  w e re  o r i g i n a l l y  p r e s e n t  i n  t h e  genome of  t h e  

m i c r o n u c l e u s  (Lau th  1 9 7 6 ) .  I n t e r n a l  s e q u e n c e s  may a l s o

be s p l i c e d  o u t  of  some of  t h e  c o n s e r v e d  genes  ( K l o b u t c h e r  ^  

a l . ,  1 9 8 4 ) .  T h i s  removal  of  t h e  s p a c e r  s e q u e n c e s  b e tw e en  t h e  

chromosomal  g e n e s  r e s u l t s  i n  t h e  p r o d u c t i o n  o f  numerous gene

s i z e d  ENA m o l e c u l e s  ( P r e s c o t t ,  1 9 8 4 ) .  These  " m a c r o n u c l e a r  g e n e s "  

r a n g e  i n  s i z e  f rom 0 . 4  t o  20 kb w i t h  an a v e r a g e  s i z e  of  2 . 2  kb 

(Swanton 1980)  and  c o n s t i t u t e  i n d i v i d u a l  r e p l i c o n s  w i t h

r e p l i c a t i o n  o c c u r i n g  a t  one o r  b o t h  ends o f  t h e  m o l e c u l e  (M u r t i  

and  P r e s c o t t ,  1 9 8 4 ) .  The re  a r e  a p p r o x i m a t l e y  2 4 , 0 0 0  d i f f e r e n t  

m a c r o n u c l e a r  genes  each r e p e a t e d  on a v e r a g e  1 ,000  t im e s  p e r  

n u c l e u s ,  and  c o n s e q u e n t l y  t h e  m a c r o n u c l e a r  ENA r e a s s o c i a t e s  a s  a
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s i n g l e  k i n e t i c  component  o f  c o m p l e x i t y  5 . 4  x 10^ kb (L a u th  ^  

a l . ,  1 9 7 6 ) .

I t  was n o t  p o s s i b l e  t o  f r a c t i o n a t e  enough G lenod in ium  

f o l i a c e u m  ENA to  s tu d y  t o  r e n a t u r a t i o n  k i n e t i c s  o f  t h e  symbion t  

n u c l e a r  ENA i n  i s o l a t i o n .  However ,  t o t a l  G. f o l i a c e u m  ENA does 

n o t  seem t o  c o n t a i n  a k i n e t i c  component  w i t h  a c o m p l e x i t y  and 

r e p e t i t i o n  f r e q u e n c y  e q u i v a l e n t  to  t h a t  of  t h e  c i l i a t e  m a c r o 

n u c l e a r  g e n e s .  The on ly  h i g h l y  r e p e a t e d  s e q u e n c e s  i n  t h e  genome 

have  a low c o m p l e x i t y ,  as  i s  t y p i c a l  f o r  e u k a r y o t e s  i n  g e n e r a l .  

F u r t h e r m o r e ,  no a m p l i f i e d  g e n e - s i z e d  ( i . e .  1 - 3  kb)  f r a g m e n t s  

were  d e t e c t e d  by a g a r o s e  ge l  e l e c t r o p h o r e s i s  o f  u n r e s t r i c t e d ,  

symbion t  n u c l e a r  ENA. C i l i a t e  m a c r o n u c l e a r  ENA p r o d u c e s  a 

d i s t i n c t  b a n d i n g  p a t t e r n  a f t e r  such an a n a l y s i s  (Swanton ejt 

a l . ,  1 9 8 0 ) .

T h u s ,  t h e  symbion t  n u c l e u s  o f  G. f o l i a c e u m  does n o t  c o n t a i n  

i n d i v i d u a l  a m p l i f i e d  g e n e s ,  b u t  t h e  p o s s i b i l i t y  t h a t  i t  may be 

h i g h l y  p o l y p l o i d  c a n n o t  be  e x c l u d e d .  I f  we su p p o se  t h a t  t h e  

a v e r a g e  chromosome c o n t a i n s  0 .1 5  pg o f  ENA (Lewin ,  1980)  and  t h a t  

d i a to m s  have  an  a v e r a g e  h a p l o i d  ENA c o n t e n t  o f  2 . 8  pg ( s e e  Tab le  

4 . 2 ) ,  t h e n ,  a s sum ing  t h a t  t h e  G. f o l i a c e u m  endosym bion t  i s  a 

d i a t o m ,  i t  c o u l d  be a r g u e d  t h a t  i t s  h a p l o i d  genome w o u ld  be 

e x p e c t e d  t o  be  d i v i d e d  amongs t  a b o u t  20 chromosomes ( s e e  f o r  

example  Manton £l^, 1 9 7 0 ) ,  and  t h a t  t h e  n u c l e u s  c o n t a i n s  enough 

ENA f o r  t h e s e  to  be  r e p e a t e d  23 t i m e s .  A c c o rd in g  t o  t h e  e qua 

t i o n s  p r o p o se d  by G a b r i e l  ( 1 9 6 0 ) ,  t h i s  d e g re e  o f  p o l y p l o i d y  would 

e n s u r e  t h a t  each d a u g h t e r  c e l l  r e c e i v e s  a t  l e a s t  one copy of  

e v e ry  chromosome i n  o v e r  99% of  a m i t o t i c  d i v i s i o n s .  T h e r e f o r e ,  

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

y e t  be  f o r w a r d e d  a s  an  a rgum en t  f o r  i t s  f u n c t i o n a l  r e d u n d a n c y .
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6 . 2 .  GLENODINIUM FOLIACEUM AND THE ORIGIN OF CHLOROPLASTS FROM 

EUKARYOTIC ENDOSYMBIONTS.

I t  has  been  s u g g e s t e d  t h a t  G lenod in ium  f o l i a c e u m , t o g e t h e r  

w i t h  P e r i  din ium b a l t i c u m  and Mesodinium ru b ru m , i l l u s t r a t e  

p o s s i b l e  i n t e r m e d i a t e  s t a g e s  i n  t h e  e v o l u t i o n  o f  c e r t a i n  c h l o r o 

p l a s t s  f rom e u k a r y o t i c  e n d o s y m b io n t s  (Tomas and Cox, 1973; 

L o e b l i c h ,  1976;  G i b b s ,  1978;  1981a ;  T a y l o r ,  1979;  Dodge, 1979 ,

1983b;  Wha tley and W h a t l e y ,  1 9 8 1 ) .  However ,  w h e t h e r  o r  no t  t h e s e  

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

i s  t h e  p o t e n t i a l  f o r  t h e  e n d o sym bion ts  to  d e v e lo p  i n t o  de f a c t o  

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

( K i t e  and  Dodge, 1 9 8 4 ) .  I n  p a r t i c u l a r ,  one m u s t  examine the  

g e n e t i c  a s p e c t s  o f  t h e s e  a s s o c i a t i o n s  s i n c e  any f u r t h e r  s t r u c t 

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

mus t  be  p r e c e d e d  by i n t e g r a t i o n  a t  t h e  g e n e t i c  l e v e l .

6 . 2 . 1 .  Cod ing  c a p a c i t y  o f  t h e  c h l o r o p l a s t  genome i n  G le nod in ium  

f o l i a c e u m .

The c h l o r o p l a s t  genome of  G1enodinium f o l i a c e u m  a p p e a r s  to  

have  a s i z e  o f  a p p r o x i m a t e l y  100 -  106 k b .  T h i s  r e p r e s e n t s  

enough ENA t o  code f o r  a b o u t  130 p o l y p e p t i d e s  w i t h  an a v e r a g e  

m o l e c u l a r  w e i g h t  of  3 0 ,0 0 0  da l  t o n s , as sum ing  a s y m m e t r i c  t r a n s c r i 

p t i o n  o f  t h e  ENA and no o v e r l a p p i n g  g e n e s .  At l e a s t  200 p o l y 

p e p t i d e s  can be r e v e a l e d  by t w o - d i m e n s i o n a l  g e l  a n a l y s i s  o f  

h i g h e r  p l a n t  c h l o r o p l a s t  p r o t e i n  ( E l l i s ,  1983a)  and p r o b a b l y  many 

more a r e  a c t u a l l y  p r e s e n t .  Thus ,  t h e  c h l o r o p l a s t  genome of  

G. f o l i a c e u m  c a n n o t  encode  a l l  o f  t h e  p r o t e i n s  t h a t  o c c u r  i n  t h e  

o r g a n e l l e .

I n  p l a n t s  t h e  m a j o r i t y  o f  c h l o r o p l a s t  p r o t e i n s  a r e  coded  f o r  

by t h e  n u c l e u s  a nd  a r e  s y n t h e s i z e d  on c y t o p l a s m i c  r ib o s o m e s
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( E l l i s ,  1 9 8 4 ) .  Amongst t h e s e  a r e  t h e  enzymes w h ich  c a t a l y s e  

c h l o r o p h y l l  s y n t h e s i s ,  s e v e r a l  k i n d s  o f  p h o t o s y n t h e t i c  membrane 

p r o t e i n s ,  numerous c h l o r o p l a s t  i soenzym es  a nd  t h e  s m a l l  s u b u n i t  

of  RuBisCO (Weeden,  1981; I s h i d a ,  1983;  Hooper ,  1984;  K l o p p s t e c h  

e_t a ^ . , 1 9 8 5 ) .  C o n s e q u e n t l y  c h l o r o p l a s t s  a r e  u n a b l e  to  s u r v i v e  

i n d e f i n i t e l y  i n  a f o r e i g n  c e l l u l a r  e n v i r o n m e n t  ( G i l e s  and  S a r a -  

f i s ,  1 9 7 1 ) ,  and o r g a n i s m s  which  r e t a i n  c h l o r o p l a s t s  a s  t em pora ry  

' e n d o s y m b i o n t s ' ,  such as  c e r t a i n  m a r i n e  m o l l u s c s  (Hinde  and 

S m i t h ,  1972;  T r e n c h ,  1 9 7 9 ) ,  c i l i a t e s  ( B l a c k b o u r n  e t  a j^ . ,  1973)  

and f o r a m i n i f e r a  ( b a n n e r s ,  1 9 8 3 ) ,  have  t o  a c q u i r e  f r e s h  o r g a n e l 

l e s  to  m a i n t a i n  a f u n c t i o n a l  p o p u l a t i o n .

The e v id e n c e  t h a t  many c h l o r o p l a s t  genes  a r e  n u c l e a r  enc oded  

h a s  come from t h e  s tu d y  of  t h e  i n h e r i t a n c e  of  t h e s e  genes  ( K i r k  

and  T i l n e y - B a s s e t , 197 8 ) ;  f rom t h e  u s e  o f  i n h i b i t o r s  s p e c i f i c  f o r  

c h l o r o p l a s t  o r  c y t o p l a s m i c  r ib o s o m e s  ( E l l i s ,  1 9 8 1 ) ;  a n d ,  more 

r e c e n t l y ,  by e m p loy ing  c l o n e d  DNA p ro b es  to  d i r e c t l y  l o c a t e  t h e  

gene i n  q u e s t i o n  ( G r o o t , 1 9 8 4 ) .  U n f o r t u n a t e l y  i n  t h e  p r e s e n t  

s t u d y ,  such a m o l e c u l a r  a n a l y s i s  o f  ENA f a i l e d  t o  s a t i s f a c t o r i l y  

l o c a t e  t h e  r b c  S gene i n  G le nod in ium  f o l i a c e u m . T h e r e f o r e ,  

a l t h o u g h  i t  i s  c l e a r  f rom t h e  s i z e  of  t h e i r  genome t h a t  t h e  

c h l o r o p l a s t s  of  Gj_ f o l i a c e u m  a r e  r e l i a n t  on genes  l o c a t e d  

e l s e w h e r e  i n  t h e  c e l l ,  no i n f o r m a t i o n  i s  a v a i l a b l e  on t h e  i d e n t i 

ty  of  t h e s e  genes  o r ,  more i m p o r t a n t l y ,  i n  wh ich  of  t h e  two 

n u c l e i  t h e y  a r e  to  be f o u n d .  One w o u ld  assume t h a t  t h e  symbion t  

n u c l e u s  enc o d es  t h e  genes t h a t  a r e  e s s e n t i a l  f o r  t h e  m a i n t a i n a n c e  

of  t h e  c h l o r o p l a s t s ,  s i n c e  t h e s e  o r g a n e l l e s  a r e ,  a f t e r  a l l ,  a 

p a r t  of  t h e  e n d o s y m b i o n t .

6 . 2 . 2 .  G le n o d in i u m  f o l i a c e u m  ^  £n  i n t e r m e d i a t e  i n  t h e  e v o l u t i o n  

o f  c h l o r o p l a s t s  f rom e u k a r y o t i c  e n d o s y m b i o n t s .

What t h e n  a r e  t h e  p o s s i b i l i t i e s  t h a t  G lenod in ium  f o l i a c e u m  

c o u l d  e v o l v e  i n t o  a u n i n u c l e a t e ,  p h o t o s y n t h e t i c  c e l l ?  O th e r
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a n o m a l o u s ly  p ig m e n te d  d i n o f l a g e l l a t e s  suchos Gyrod in ium a u re o lum  

and Gymnodinium g a la th e a n u m  show on ly  a t y p i c a l  c y t o l o g i c a l  or 

u l t r a s t r u c t u r a l  c h l o r o p l a s t  f e a t u r e s ,  and i n  f a c t  t h e r e  a r e  

r e p o r t s  o f  u n i n u c l e a t e  p o p u l a t i o n s  o f  b o t h  G lenod in ium  f o l i a c e u m  

and P e r i d i n i u m  b a l t i c u m  ( B i e c h l e r ,  1952;  T a y l o r ,  1979)  b u t  t h e s e  

r em a in  u n c o n f i r m e d  a n d  u n i n v e s t i g a t e d .  D i v e r g e n t  o r g a n e l l e  

c h a r a c t e r i s t i c s  i n  h o s t  c e l l s  which  can be shown to  be  r e l a t e d  i s  

c l a s s e d  a s  " e v i d e n c e  which  i s  p r o o f "  o f  an e n d o s y m b i o t i c  o r i g i n  

o f  the  o r g a n e l l e  (Gray and D o o l i t t l e ,  1 9 8 2 ) .  C e r t a i n l y  i t  would  

seem i m p r o b a b l e  t h a t  Amphidinium w i g r e n s e  c o u l d  ha v e  e v o lv e d  

c r y p t o p h y t e - l i k e  c h l o r o p l a s t s  a u t o g e n e o u s l y . So i t  i s  t e m p t i n g  

to  draw an e v o l u t i o n a r y  s e r i e s  l e a d i n g  from b i n u c l e a t e  to  u n i n u c 

l e a t e  a n o m a l o u s ly  p ig m e n te d  d i n o f l a g e l l a t e s  v i a  t h e  g r a d u a l  

r e d u c t i o n  a n d  e v e n t u a l  l o s s  o f  t h e  endosymbion t  c y to p l a s m  and 

n u c l e u s  (Tomas a n d  Cox, 1973;  Dodge, 1983b;  W i l c o x ,  1984;  Wilcox 

and Wedemayer , 1 9 8 5 ) .  However ,  t h e s e  u n i n u c l e a t e  t y p e s  c o u l d  

have  a c q u i r e d  t h e i r  c h l o r o p l a s t s  d i r e c t l y  from t h e  same s o u r c e  as  

t h e  e n d o s y m b i o n t s  i n  t h e i r  b i n u c l e a t e  c o u n t e r p a r t s  a nd  so t hey  

c a n n o t  be f o rw a r d e d  a s  u n e q u i v o c a l  e v id e n c e  t h a t  p r e s e n t  day 

e n d o s y m b io n t s  can u n d e rg o  a s i m i l a r  m o r p h o l o g i c a l  r e d u c t i o n .  

I n d e e d ,  s i n c e  nuc leom orphs  a r e  a b s e n t  f rom A_̂  w i g r e n s e  (Wilcox 

and  Wedemayer ,  1 9 8 5 ) ,  t h e r e  i s  t h e  p o s s i b l e  s e n a r i o  t h a t  t h i s  

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

"My t h e o r y  on t h e  o r i g i n  o f  d in o z o a n  a n d  c r y p t o p h y t e  p l a s t i d s  

p r e d i c t s  t h a t  a d i n o z o a n  w i t h  p h y c o b i l i n s  and  c h l o r o p h y l l  c^ once 

e x i s t e d .  P e r h a p s  some s t i l l  do"  ( C a v a l i e r - S m i t h , 1 9 8 2 b ) .

I f  e s s e n t i a l  c h l o r o p l a s t  genes  a r e  l o c a t e d  i n  t h e  symbion t  

n u c l e u s  o f  G le n o d in iu m  f o l i a c e u m , t h e n  c l e a r l y  t h e y  must  be 

t r a n s f e r r e d  e l s e w h e r e  b e f o r e  t h i s  n u c l e u s  c o u l d  be made r e d u n 

d a n t .  The e ndosym bion t  h y p o t h e s i s  f o r  t h e  o r i g i n  o f  o r g a n e l l e s  

n e c e s s a r i l y  i n v o k e s  a model  t o  e x p l a i n  t h e  s u b c e l l u l a r  d i s t r i b u 

t i o n  o f  o r g a n e l l a r  genes  (Weeden, 1 9 8 1 ) ,  b u t  u n t i l  r e c e n t l y  t h e  

g e n e t i c  i n t e g r a t i o n  o f  sym b io n t s  was no t  w i d e l y  d i s c u s s e d  ( b u t  

s e e  M a r g u l i s ,  1 9 7 6 ) ,  e x c e p t  by o p p o n e n t s  o f  t h e  h y p o t h e s i s
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( U z z e l l  and S p o l s k y ,  1 9 7 4 ) .  P e r h a p s  t h i s  was b e c a u s e  t h a t ,  in  

t h e  a b s e n c e  of  c o n c l u s i v e  e v i d e n c e  t h a t  genes  c o u l d  be t r a n s f e r 

r e d  be tw een  o r g a n e l l e  (o r  p r o - o r g a n e l l e )  and n u c l e a r  genomes,  a 

r a t i o n a l  a n a l y s i s  of  t h e  g e n e t i c  d a t a  f a v o u r e d  a l t e r n a t i v e  hypo

t h e s e s  f o r  t h e i r  o r i g i n  (B ogo rad ,  1 9 8 2 ) .  However ,  due to  t h e  

d i s c o v e r y  of  p romiscuous  ENA (L ew in ,  1984)  and t h e  A g r o b a c t e r iu m  

t r a n s f o r m a t i o n  sys tem  ( N e s t e r  £ t  £ l . ,  1 9 8 4 ) ,  t h e  e x i s t a n c e  of  

gene t r a n s f e r  c a n n o t  be d o u b te d  any  l o n g e r .

The term " p ro m is c u o u s  ENA" was o r i g i n a l l y  p r o p o s e d  by E l l i s  

(1982 )  t o  d e s c r i b e  n u c l e o t i d e  s e q u e n c e s  t h a t  o c c u r r e d  i n  bo th  

c h l o r o p l a s t s  and  m i t o c h o n d r i a l  genomes o f  m a iz e  ( S t e r n  a n d  

L o n s d a l e ,  1 9 8 2 ) .  S i n c e  t h e n ,  o t h e r  examples  of  p rom iscuous  ENA 

have  b e e n  fo u n d  ( E l l i s ,  198 3 b ) ,  such as  homologous  s e q u e n c e s  i n  

t h e  m i t o c h o n d r i a l  and n u c l e a r  ENAs of  y e a s t  ( F a r r e l l y  and  Butow, 

1 9 8 3 ) ,  l o c u s t s  ( G i l l i s e n  ^  a l . ,  1983)  and t h e  fungus  Pod o s p o ra  

a n s e r i n a  (W r igh t  and Cummings, 1983)  and i n  t h e  c h l o r o p l a s t  and  

n u c l e a r  ENAs of  s p i n a c h  (Timmis a nd  S c o t t ,  1 9 8 3 ) .  F u r t h e r m o r e ,  

e v e r y  c l o n e d  c h l o r o p l a s t  ENA s e q u en c e  from s p i n a c h  has  shown 

h o m o lo g i e s  w i t h  d i s c r e t e  r e s t r i c t i o n  f r a g m e n t s  o f  b o t h  t h e  m i t o 

c h o n d r i a l  and n u c l e a r  ENAs ( S t e r n  and  P a lm e r ,  1984;  S c o t t  and  

Timmis ,  1 9 8 4 ) .  Some of  t h e s e  homologous s e q u e n c e s  a r e  known to  

encode  c h l o r o p l a s t  p r o t e i n s  such as  t h e  l a r g e  s u b u n i t  of  RuBisCO, 

s o ,  c l e a r l y ,  t h e  d i r e c t i o n  o f  gene t r a n s f e r  has  been  from c h l o r o 

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

e i t h e r  d i r e c t i o n  t o  p roduce  c h l o r o p l a s t  and n u c l e a r  ENA homolo

g i e s  .

The w i d e s p r e a d  o c c u r r e n c e  of  p romiscuous  ENA i n d i c a t e s  t h a t  

i n t e r o r g a n e l l a r  ENA t r a n s f e r  i s  an  ongo ing  p r o c e s s  a n d  t h e r e f o r e  

c o u l d  a l s o  t a k e  p l a c e  i n  G lenod in ium  f o l i a c e u m . However ,  t h e  

i n a d e q u a t e  s i z e  of  t h e  G le nod in ium  c h l o r o p l a s t  genome s u g g e s t s  

t h a t  mass  t r a n s l o c a t i o n  o f  c h l o r o p l a s t  genes  back  t o  t h e  c h l o r o 

p l a s t  has  no t  y e t  o c c u r r e d ,  and p e rh a p s  c o u l d  no t  o c c u r .  I n  

g e n e r a l ,  c h l o r o p l a s t  genomes show l i t t l e  s i z e  o r  s e q u e n c e  . v a r i a -
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t i o n  compared w i t h  t h o s e  of  m i t o c h o n d r i a  where  t h e r e  i s  o f t e n  a 

g r e a t  d i f f e r e n c e  i n  s i z e  even be tw een  q u i t e  c l o s e l y  r e l a t e d  

s p e c i e s  ( W a l l a c e ,  1 9 8 2 ) .  The v a r i a b i l i t y  o f  t h e  m i t o c h o n d r i a l  

genome c o u ld  be p a r t l y  due to  t h e  p r e s e n c e  o f  c h l o r o p l a s t  ENA 

s e q u e n c e s ,  which i n f e r s  t h a t  t h e  c h l o r o p l a s t  genome i s  much more 

s u s c e p i b l e  to  s t r u c t u r a l  m o d i f i c a t i o n s ,  such as  t h e  i n c o r p o r a t i o n  

o f  f o r e i g n  ENA (Lew in ,  1 9 8 4 ) .  F u r t h e r m o r e ,  t h e  mechanism o f  gene 

t r a n s f e r  f rom t h e  e ndosym bion t  n u c l e u s  t o  t h e  c h l o r o p l a s t  wou ld  

have  t o  show some s p e c i f i c i t y  f o r  t h e  c h l o r o p l a s t  genes  o t h e r w i s e  

t h e  p r o c e s s  w ou ld  a p p e a r  to  be s t a t i s t i c a l l y  u n l i k e l y .

S t e r n  a n d  Pa lmer  (1984)  s u g g e s t  t h r e e  p o s s i b l e  mechan isms  

f o r  t h e  i n t e r o r g a n e l l a r  t r a n s f e r  o f  g e n e t i c  i n f o r m a t i o n ;  v i a  

d i r e c t  p h y s i c a l  c o n t a c t  and membrane c o n t i n u i t y  be tw e en  o r g a n e l 

l e s ;  by t h e  t r a n s f o r m a t i o n  o f  one o r g a n e l l e  w i t h  ENA from a n o t h e r  

t h a t  had b r o k e n  o r  l y s e d ;  o r  t h ro u g h  t h e  a c t i o n  o f  a v e c t o r  such 

as  a t r a n s d u c i n g  phage or  t r a n s p o s a b l e  e l e m e n t .  Only t h e  l a s t  

mechanism would  h a v e  t h e  r e q u i r e d  s p e c i f i c i t y ,  and  a t  p r e s e n t ,  

t h e r e  i s  no e v i d e n c e  f o r  t h e  o p e r a t i o n  o f  a s p e c i a l i z e d  v e c t o r  

s y s t e m ,  w h i l s t  t h e r e  a r e  numerous o b s e r v a t i o n s  o f  membrane 

c o n t i n u i t i e s  b e tw e en  d i f f e r e n t  o r g a n e l l e s  ( e . g .  O sa fune  e ^  a l . ,  

1 9 8 5 ) .

I f  t h e  mass  t r a n s f e r  of  genes  back  t o  t h e  c h l o r o p l a s t  of  

G le nod in ium  f o l i a c e u m  seems u n l i k e l y ,  t h e n  t h e r e  r e m a in s  t h e  

a l t e r n a t i v e  p o s s i b i l i t y  t h a t  g e n e t i c  exchange  c o u l d  o c c u r  b e tw e en  

t h e  endosym bion t  and  h o s t  n u c l e i .  T h i s  seems more  p r o b a b l e  s i n c e  

t h e  d i n o f l a g e l l a t e  n u c l e a r  DNA would  be more  a c c o m o d a t in g  t o  

f o r e i g n  n u c l e a r  e ncoded  g e n e s .  An i n t e r e s t i n g  c o r o l l a r y  t o  t h i s  

p o s s i b i l i t y  i s  t h a t  gene t r a n s f e r  need  no t  o c c u r  a t  a l l !  G leno 

d in ium f o l i a c e u m  p o s s e s s e s  an e y e s p o t  i n  t h e  h o s t  c y to p l a s m  which  

i s  p e r h a p s  a n a l a g o u s  t o  a d i n o f l a g e l l a t e  p l a s t i d  (Dodge,  1 9 8 4 ) .  

T h e r e f o r e  t h e  vi ew  has been  e x p r e s s e d  t h a t  t h e  h o s t  c e l l  was 

i t s e l f  once p h o t o s y n t h e t i c  (Dodge, 1979;  T a y l o r ,  1 9 8 3 ) ;  t h e  

s u g g e s t i o n  b e in g  t h a t  t h e  endosymbion t  c h l o r o p l a s t s  o u tc o m p e te d
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t h o s e  o f  t h e  h o s t .  I f  t h i s  i s  t r u e ,  t h e n  t h e  h o s t  n u c l e a r  ENA 

c o u l d  a l r e a d y  encode  f o r  c h l o r o p l a s t  p r o t e i n s .  T hese  p r o t e i n s  

m igh t  no t  be f u n c t i o n a l  in  t h e  endosymbion t  c h l o r o p l a s t s ,  no r  

m igh t  t h e y  have t h e  c o r r e c t  t r a n s i t  p e p t i d e  wh ich  would  e n a b l e  

them t o  pass  t h ro u g h  th e  c h l o r o p l a s t  membranes (van den Broeck  e_t 

a l . ,  1985) b u t  t hey  wou ld c o n s t i t u t e  p h e no type s  on wh ich  n a t u r a l  

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

I n  c o n c l u s i o n ,  r a t h e r  t h a n  r e p r e s e n t i n g  a p o s s i b l e  e v o l u t i o 

n a r y  i n t e r m e d i a t e ,  G le n o d in iu m  f o l i a c e u m  t e n d s  to  i l l u s t r a t e  t h e  

p rob le m s  i n v o l v e d  i n  t h e  s e c o n d a r y  a c q u i s i t i o n  o f  c h l o r o p l a s t s  

f rom e u k a r y o t i c  e n d o s y m b i o n t s .  I f  c e r t a i n  c h l o r o p l a s t s  h a d  such 

an o r i g i n ,  t h e n  t h e  p r o c e s s  of  symbion t  d e g e n e r a t i o n  w o u l d  h a v e  

been  a l t o g e t h e r  more  s t r a i g h t - f o r w a r d  i f  t h e  e u k a r y o t i c  endosym

b i o n t  had i t s e l f  on ly  r e c e n t l y  a c q u i r e d  i t s  p r o - c h l o r o p l a s t s  v i a  

a p r i m a r y  e n d o s y m b i o s i s  w i t h  a p r o k a r y o t e  and  gene t r a n s f e r  had  

n o t  y e t  o c c u r r e d .  T h e r e f o r e ,  t h e  o r i g i n  o f  c h l o r o p l a s t s  f rom 

e u k a r y o t i c  e n d o s y m b io n t s  may w e l l  have b e e n  a u n i q u e  e v e n t  i n  t h e  

e v o l u t i o n  o f  p h o t o s y n t h e t i c  c e l l s .
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APPENDIX

PURIFICATION OF GLENODINIUM FOLIACEUM 

CULTURES

A . I .  INTRODUCTION.

The r e l a t i v e  d e a r t h  of  i n f o r m a t i o n  on t h e  d i v e r s i t y  of  a l g a l  

c h l o r o p l a s t  INA and t h e  s c a r c i t y  o f  s u i t a b l e  a x e n i c  a l g a l  c u l t u r 

es a r e  no t  u n r e l a t e d  f a c t o r s .  Although  b a c t e r i a l  c o n t a m i n a t i o n  

i s  t o l e r a t e d  i n  work on h i g h e r  p l a n t  ENA, t h e  l e v e l  of  c o n ta m in a 

t i o n  i s  o r d e r s  o f  m a g n i tu d e  h i g h e r  i n  a l g a l  c u l t u r e s  w h e re  t h e  

b a c t e r i a  f r e q u e n t l y  outnumber t h e  a l g a e .  S t a r t e r  c u l t u r e s  o f  

G le nod in ium  f o l i a c e u m  were  n e i t h e r  u n i a l g a l  o r  a x e n i c ,  t h e r e f o r e  

a r e a s o n a b l y  p u r e  c u l t u r e  had t o  be  p ro d u ce d  b e f o r e  work  on  ENA 

c h a r a c t e r i z a t i o n  c o u l d  b e g i n .

P r o v a s o l i  (1951)  and S pence r  (1952)  were amongst  t h e

f i r s t  w o r k e r s  to  u s e  a n t i b i o t i c s  to  p u r i f y  a l g a l  c u l t u r e s .  S i n c e  

t h e n ,  t h e  t e c h n i q u e  seems to  have  become t h e  m e thod  o f  c h o i c e  i n  

many l a b o r a t o r i e s  l a r g e l y  as  a r e s u l t  of  t h e  e a s e  w i t h  which  i t  

can be a p p l i e d .  However ,  a n t i b i o t i c  t r e a t m e n t  s h o u ld  r e a l l y  be 

c o n s i d e r e d  t h e  m ethod  o f  l a s t  r e s o r t  b e c a u s e  one ca n n o t  be  s u r e  

t h a t  t h e  a l g a e  a r e  no t  a d v e r s l y  a f f e c t e d  by p r o k a r y o t i c - s p e c i f i c  

growth  i n h i b i t o r s .  I n  t h i s  s tu d y  t h e  d e c i s i o n  t o  employ a n t i b i o 

t i c s  was o n ly  t a k e n  a f t e r  i t  had become c l e a r  t h a t  " c e l l  w a s h i n g "  

p r o c e d u r e s  w e re  no t  go in g  t o  be s u c c e s s f u l .

These  m a n i p u l a t i v e  p r o c e d u r e s  a r e  no t  d e s c r i b e d  h e r e  i n
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d e t a i l ,  a l t h o u g h  much t im e  was s p e n t  i n  i n v e s t i g a t i n g  t h e i r  

p o t e n t i a l  . They p r o v e d  t o  be m o s t l y  i n e f f e c t i v e  and a r e  d e s 

c r i b e d  a d e q u a t e l y  e l s e w h e r e  ( S t e i n ,  1 9 7 3 ) .  However ,  p r o t o c o l s  

f o r  a n t i b i o t i c  t r e a t m e n t s  a r e  r a r e l y  e l a b o r a t e d  on a n d  so i t  

seems p e r t i n e n t  to  i n c l u d e  a d i s c u s s i o n  o f  t h e  t e c h n i q u e s  

employed a l t h o u g h  they  a r e  not  d i r e c t l y  of  r e l e v a n c e  to  t h e  

p r e s e n t  t h e s i s .

A. 2 .  GENERAL METHODS.

S t a n d a r d  a s e p t i c  t e c h n i q u e s  w e re  o b s e r v e d  d u r i n g  a l l  p u r i f i 

c a t i o n  a t t e m p t s  wh ich  were pe r fo rm ed  i n  an  i n o c u l a t i n g  room 

s t e r i l i z e d  by u l t r a v i o l e t  i r r a d i a t i o n .  A n t i b i o t i c  s o l u t i o n s  w e r e  

p r e p a r e d  i n  s t e r i l e  d i s t i l l e d  w a t e r ,  o r  medium, as  a p p r o p r i a t e  

and  t h e n  p a s s e d  t h r o u g h  a 0 . 2 2  pn M i l l i p o r e  f i l t e r  u s i n g  a 

s y r i n g e  f i l t e r  a p p a r a t u s .  A l l  o t h e r  m ed ia  and g l a s s w a r e  were  

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

A. 2 . 1 .  B a c t e r i a l  growth media  and  c o n t a m i n a t i o n  t e s t s .

The f o l l o w i n g  b a c t e r i a l  g row th  m ed ia  and i n c u b a t i o n  c o n d i 

t i o n s  w e re  u s e d :

a .  L i q u i d  m edia :

( i )  M arine  N u t r i e n t  B r o t h .

N u t r i e n t  B ro th  ( l a b  m N o . 2)  a d j u s t e d  

to  25 g 1  ̂ w i t h  r e s p e c t  to  sodium 

c h l o r i d e .

35°C /  1-2 d a y s .
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( i i )  Z o B e l l ' s  Medium (ZoBell  1 9 4 1 ) .

p r o t e o s e  pe p tone  5 g

f e r r i c  s u l p h a t e  0 . 1  g

s e a w a t e r  1 1

20°C /  1 month in  t h e  d a rk

b .  S o l i d  m edia :

( i )  S e a w a t e r  A gar .

g l u c o s e  1 g

p r o t e o s e  pe p to n e  1 g

E r d - S c h r e i b e r  1 1

Agar  15 g

20°C / . I  week

( i i )  M arine  N u t r i e n t  A gar .

N u t r i e n t  Agar ( l a b  m) a d j u s t e d  
- 1to  25 g 1 sodium c h l o r i d e .  

20°C /  1 day .

( i i i )  Z o B e l l ' s  A ga r .

Z o B e l l ' s  Medium s o l i d i f i e d  w i t h  
-1

12 g 1 a g a r .

20°C /  2 w e e k s .

S o l i d  media  were u s e d  f o r  c o n t a m i n a t i o n  t e s t s  a s  f o l l o w s .  

90 mm d i a m e t e r  p l a t e s  w e re  s p r e a d  w i t h  0 . 1  ml o f  t h e  c u l t u r e

u n d e r  e x a m i n a t i o n  a n d  i n c u b a t e d  t o g e t h e r  w i t h  c o n t r o l  p l a t e s

s p r e a d  w i t h  s t e r i l e  ASP^ o r  u n t r e a t e d  c u l t u r e .  I f ,  a f t e r  i n c u b a 

t i o n ,  c o n t a m i n a t i o n  was no t  v i s i b l e  w i t h  t h e  naked  e y e ,  t h e n  t h e

s u r f a c e  of  t h e  p l a t e  was examined  m i c r o s c o p i c a l l y  f o r  sm a l l  

b a c t e r i a l  c o l o n i e s .  S e a w a t e r  a g a r  was u s e d  a s  a r e l a t i v e l y  q u i c k  

g e n e r a l  p u r p o s e  medium f o r  t e s t i n g  t h e  e f f e c t i v e n e s s  o f  c e l l  

w ash ing  p r o c e d u r e s .  A f t e r  a n t i b i o t i c  t r e a t m e n t s ,  h o w e v e r ,  m a r i n e
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n u t r i e n t  a g a r  was employed a s  a r a p i d  t e s t  so t h a t  c o n t a m i n a t e d  

c u l t u r e s  c o u l d  q u i c k l y  be d i s c a r d e d .  Remain ing  c u l t u r e s  w e re  

s u b s e q u e n t l y  p l a t e d  o n t o  Z o B e l l ' s  a g a r  to  d e t e c t  c o n t a m i n a t i o n  

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

R o u t i n e  c o n t a m i n a t i o n  checks  on p u r i f i e d  s t o c k  c u l t u r e s  w e re  

made by d i r e c t  e p i f l u o r e s c e n t  m i c r o s c o p i c  o b s e r v a t i o n s  on sam ples  

s t a i n e d  w i t h  0 . 5  yg ml  ̂ o f  t h e  ENA s p e c i f i c  f l u o r o c h r o m e  D^PI as  

d e s c r i b e d  i n  S e c t i o n  2 . 3 . 2 .  T h i s  t e c h n i q u e  has  d e t e c t e d  b a c t e 

r i a l  c o n t a m i n a t i o n  i n  c u l t u r e s  deemed a x e n i c  by o t h e r  means 

(Coleman,  1 9 8 0 ) .

A .2 . 2 .  D e t e r m i n a t i o n  o f  t h e  minimum i n h i b i t o r y  c o n c e n t r a t i o n  o f  

v a r i o u s  a n t i b i o t i c s  on s e l e c t e d  c u l t u r e  b a c t e r i a .

I n  o r d e r  t o  a s s e s s  t h e  r e l a t i v e  e f f e c t i v e n e s s  o f  s e v e r a l  

common a n t i b i o t i c s  a g a i n s t  t h o s e  b a c t e r i a  which were  a b l e  to  grow 

i n  n u t r i e n t  b r o t h ,  t h e  minimum i n h i b i t o r y  c o n c e n t r a t i o n  o f  each 

a n t i b i o t i c  was f i r s t  d e t e r m i n e d .

10 ml o f  m a r i n e  n u t r i e n t  b r o t h  was i n o c u l a t e d  w i t h  400  p i  of  

a m i d - e x p o n e n t i a l  p h a s e  c u l t u r e  of  G lenod in ium  f o l i a c e u m  and 

s ha ken  o v e r n i g h t  a t  35°C.  The a p p r o x i m a t e  c o n c e n t r a t i o n  o f  b a c 

t e r i a  was t h e n  d e t e r m i n e d  by o p t i c a l  c o u n t i n g  a n d  a d j u s t e d  t o  

a b o u t  5 X 10^ b a c t e r i a  ml ^ . G e n e r a l l y  on ly  one xlO d i l u t i o n  was 

r e q u i r e d  t o  a c h i e v e  t h i s .  0 . 1  ml of  t h i s  d i l u t i o n  was u s e d  t o  

i n o c u l a t e  2 ml a l i q u o t s  o f  m a r i n e  n u t r i e n t  b r o t h  i n  capped  t e s t  

t u b e s  c o n t a i n i n g  v a r i o u s  l e v e l s  o f  t h e  a n t i b i o t i c  u n d e r  examina

t i o n .  The a n t i b i o t i c  h a d  been  ad d e d  from 1 0 ^ ,  10 ^ , 10 ^ , 10 

o r  10 ^ d i l u t i o n s  o f  a 2 mg ml s t o c k  d i s s o l v e d  i n  d i s t i l l e d  

w a t e r  and  s u b s e q u e n t l y  f i l t e r  s t e r i l i z e d .  E i t h e r  5 0 ,  100 o r

200 u l  of  each d i l u t i o n  was d i s p e n s e d  i n t o  t h e  t u b e s  t o  g i v e  a
. . - 1f i n a l  a p p r o x i m a t e  x2 d i l u t i o n  s e r i e s  r a n g i n g  f rom 200 pg ml t o

5 ng ml” ^ .  A p p r o p r i a t e  c o n t r o l s  l a c k i n g  a n t i b i o t i c s  w e re  a l s o
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p r e p a r e d .

A f t e r  7 days i n c u b a t i o n  a t  35°C t h e  t u b e s  w e re  s c o r e d  f o r  

b a c t e r i a l  g row th  by co m p a r in g  t h e i r  t u r b i d i t y  w i t h  a c o n t r o l  tube  

t h a t  had  been  h e l d  a t  4°C .  T h i s  was done e i t h e r  v i s u a l l y  o r  by 

m o n i t o r i n g  t h e  d e g r e e  of  l i g h t  s c a t t e r  a t  520 nm where  t h e  t u r b i 

d i t y  seemed s i m i l a r  to  t h e  c o n t r o l .  The minimum i n h i b i t o r y  

c o n c e n t r a t i o n  (MIC) was d e f i n e d  a s  t h e  l o w e s t  l e v e l  o f  t h e  a n t i 

b i o t i c  which  a l l o w e d  no i n c r e a s e  i n  c u l t u r e  t u r b i d i t y .  The 

f o l l o w i n g  a n t i b i o t i c s  w e re  t e s t e d :  p e n i c i l l i n  G ( p o t a s s i u m  s a l t ) ,  

a m p i c i l l i n ,  c e p h a l o s p o r i n  C ( p o t a s s i u m  s a l t ) ,  b a c i t r a c i n ,  s t r e p 

tom yc in  s u l p h a t e ,  neomycin  s u l p h a t e  and  kanamycin  s u l p h a t e  ( a l l  

were p u r c h a s e d  from Sigma e x c e p t  p e n i c i l l i n  G which was o b t a i n e d  

from BDH).

A .2 . 3 .  T r e a t m e n t  o f  G lenod in ium  f o l i a c e u m  w i t h  s i n g l e  

a n t i b i o t i c s .

S t o c k  s o l u t i o n s  o f  each a n t i b i o t i c  w e r e  made up a t  xlOOO
0 —1t h e i r  d e t e r m i n e d  MIC i n  s t e r i l e  ASP^ from which 10 , 10 , and

10 ^ d i l u t i o n s  w e r e  p r e p a r e d .  The a n t i b i o t i c s  w e r e  n o t  f i l t e r  

s t e r i l i z e d .  0 . 5  ml o f  each d i l u t i o n  was a dde d  t o  4 . 5  ml of  

G len o d in iu m  f o l i a c e u m  c u l t u r e  i n  a s c r e w - c a p p e d  c u l t u r e  t u b e  to  

g iv e  f i n a l  c o n c e n t r a t i o n s  o f  x l ,  xlO and  xlOO t h e  a n t i b i o t i c s  MIC 

( b a c i t r a c i n  was n o t  t e s t e d  a t  t h e  xlOO l e v e l ) .  A f t e r  5 days t h e  

c u l t u r e s  w e re  examined  m i c r o s c o p i c a l l y .

A . 2 . 4 .  T r e a t m e n t  o f  c u l t u r e s  w i t h  m i x t u r e s  o f  a n t i b i o t i c s .

S t o c k  s o l u t i o n s  o f  a n t i b i o t i c  m i x t u r e s ,  which  were  fo rmu

l a t e d  from t h e  r e s u l t s  o f  t h e  above e x p e r i m e n t s ,  were  p r e p a r e d  i n

ASP^ and f i l t e r  s t e r i l i z e d .  G e n e r a l l y  each  m i x t u r e  was t e s t e d  a t
. 0 - 1t h r e e  c o n c e n t r a t i o n  l e v e l s  wh ich  c o r r e s p o n d e d  t o  10 , 10 and
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-210 d i l u t i o n s  o f  t h e  s t o c k .  5 ml a l i q u o t s  o f  each l e v e l  of  

a n t i b i o t i c  m i x t u r e  w e re  t h e n  p i p e t t e d  i n t o  sc re w —c a pped  c u l t u r e  

t u b e s  a nd  i n o c u l a t e d  w i t h  250 jil o f  c o n c e n t r a t e d  c e l l  s u s p e n s i o n .  

The a l g a l  c o n c e n t r a t e s  w ere  p roduce d  by p o u r i n g  a l a t e  exponen

t i a l  p h a s e  c u l t u r e  i n t o  t a p e r e d - e n d e d  g l a s s  c e n t r i f u g e  t u b e s  and  

th e n  p i p e t t i n g  up t h e  a g g r e g a t e  o f  c e l l s  wh ich  formed a t  t h e  

bo t tom  o f  t h e  t u b e s  a f t e r  a b o u t  5 m in .  To s t i m u l a t e  b a c t e r i a l  

g r o w t h ,  100 p i  of  e i t h e r  m a r i n e  n u t r i e n t  b r o t h  o r  Z o B e l l ' s  

medium, or  50 p i  o f  2 mg ml  ̂ g l u c o s e ,  2 mg ml  ̂ p r o t e o s e  

p e p t o n e ,  were  t h e n  a d d e d  t o  t h e  c u l t u r e  t u b e s .  A l l  t r e a t m e n t s  

were  p r e p a r e d  i n  d u p l i c a t e  t o g e t h e r  w i t h  c o n t r o l s  l a c k i n g  a n t i 

b i o t i c s  o r  i n o c u l a t e d  w i t h  s t e r i l e  ASP^ i n s t e a d  o f  a l g a e .  The 

c u l t u r e  t u b e s  w e r e  p l a c e d  unde r  c u l t u r e  c o n d i t i o n s  f o r  1 ,  2 ,  6 or  

16 days a f t e r  wh ich  t ime  t h e  a l g a l  c e l l s ,  i f  s t i l l  a l i v e ,  were  

c o l e c t e d  by a g g r e g a t i o n  a nd  t r a n s f e r r e d  t o  5 ml of  f r e s h  ASP^. 

For  t r e a t m e n t s  i n  which  no m o t i l e  c e l l s  w e r e  v i s i b l e ,  250 p i  of 

" c u l t u r e "  was i n o c u l a t e d  i n t o  f r e s h  medium f o r  t h e  p u r p o s e s  of  

c o m p a r a t i v e  c o n t a m i n a t i o n  a s s a y s .  Two weeks a f t e r  t h e  l a s t  

t r a n s f e r s  w e re  made t h e  c u l t u r e s  w ere  t e s t e d  f o r  t h e  p r e s e n c e  of  

b a c t e r i a  by p l a t i n g  o n t o  m a r i n e  n u t r i e n t  a g a r  and  t h e n  Z o B e l l ' s  

a g a r .

A . 3 .  PURIFICATION OF GLENODINIUM FOLIACEUM.

A . 3 . 1 .  P r o d u c t i o n  o f  u n i a l g a l  c u l t u r e s .

To e l i m i n a t e  a s m a l l ,  u n i d e n t i f i e d ,  g r e e n  f l a g e l l a t e  t h a t  

was p r e s e n t  a t  low l e v e l s  i n  t h e  c u l t u r e s ,  u se  was made o f  t h e  

c hance  o b s e r v a t i o n  t h a t  G lenod in ium  f o l i a c e u m  c o l l e c t s  a t  t h e  

b o t tom  o f  t a p e r e d - e n d e d  g l a s s  t u b e s .  W i t h in  a b o u t  2 min  o f  a 

c u l t u r e  b e i n g  p ou red  i n t o  such t u b e s  a  d e n s e  a g g r e g a t e  o f  c e l l s
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forms which  does no t  d i s p e r s e  even a f t e r  a p e r i o d  o f  24 h ,  d e s 

p i t e  t h e  c e l l s  i n  t h e  a g g r e g a t e  b e i n g  m o t i l e .  S i n c e  m o s t  of  t h e  

a g g r e g a t e  c o u l d  be w i t h d ra w n  by means o f  a P a s t e u r  p i p e t t e  i n  a 

volume of  a b o u t  250 p i ,  i t  was p o s s i b l e  to  i n o c u l a t e  s u b c u l t u r e s  

to  a h i g h  i n i t i a l  c e l l  d e n s i t y  w h i l s t  m i n i m i z i n g  t h e  t r a n s f e r  of 

t h e  o l d  medium. The c o n t a m i n a t i n g  f l a g e l l a t e  d i d  n o t  a p p e a r  to  

behave  i n  t h i s  manner  s i n c e  a f t e r  r e p e a t e d l y  i n i t i a t i n g  s m a l l  

volume c u l t u r e s  w i t h  c e l l  a g g r e g a t e s ,  i t  was e v e n t u a l l y  d i l u t e d  

o u t  of  e x i s t e n c e .  T h i s  m e thod  o f  c o l l e c t i n g  c e l l s  by 

" a g g r e g a t i o n "  was a l s o  employed i n  t r e a t i n g  c u l t u r e s  w i t h  a n t i 

b i o t i c s .

A. 3 . 2 .  P r o d u c t i o n  o f  b a c t e r i a - f r e e  c u l t u r e s .

i

A l l  a t t e m p t s  t o  remove b a c t e r i a  f rom c u l t u r e s  c o n c e n t r a t e d  

by s lo w  s p e e d  c e n t r i f u g a t i o n ,  a g g r e g a t i o n  o r  f i l t r a t i o n ,  by r e 

p e a t e d  w a s h in g  o f  t h e  c o n c e n t r a t e  i n  s t e r i l e  medium, f a i l e d .  

G len o d in iu m  f o l i a c e u m  d i d  no t  g e n e r a l l y  s u r v i v e  more  t h a n  f o u r  

ro u n d s  o f  c e n t r i f u g a t i o n  a n d  wàshed  c u l t u r e s  s t i l l  showed a h ig h  

l e v e l  o f  c o n t a m i n a t i o n  on s e a w a t e r  a g a r ,  s u g g e s t i n g  t h a t  t h e  

b a c t e r i a  were b e i n g  c o - s e d i m e n t e d  w i t h  t h e  a l g a e  s i n c e  f o u r  

w a s h in g s  s h o u l d  h a v e  e l i m i n a t e d  them from t h e  p e l l e t .  The v i a b i 

l i t y  o f  washed  a g g r e g a t e s  was b e t t e r ,  however  i t  was e s t i m a t e d  

t h a t  t h e  c a r r y - o v e r  of  o l d  medium was a t  l e a s t  50 t im e s  g r e a t e r  

th a n  w i t h  c e l l  p e l l e t s  a n d  t h e  number o f  w a s h in g s  w o u ld  h a v e  had 

to  have b e e n  i n c r e a s e d  a c c o r d i n g l y .  A s i m i l a r  problem was en

c o u n t e r e d  when a t t e m p t s  w e re  made t o  r e p e a t e d l y  wash c e l l s  s e d i -  

m en ted  o n t o  an 8 pm N u c l e p o r e  f i l t e r ,  a l s o  t h e  b a c t e r i a  d i d  no t  

a p p e a r  t o  pa s s  f r e e l y  t h r o u g h  t h e  f i l t e r .  G le n o d in iu m  f o l i a c e u m  

d i d  n o t  e x h i b i t  any p h o t o t a c t i c  r e s p o n s e  when p l a c e d  i n  a p h o t o 

t a c t i c  chamber s i m i l a r  to  t h a t  d e s c r i b e d  by S t e i n  ( 1 9 7 3 ) ,  so t h e  

a l g a e  c o u l d  n o t  be i n d u c e d  t o  m i g r a t e  i n t o  s t e r i l e  medium by t h i s  

m ea n s .  A s i m i l a r  o b s e r v a t i o n  was made by W i t h e r s  and  Haxo

( 1 9 7 8 ) .
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Washing s i n g l e  c e l l s  by m i c r o p i p e t  t i n g  them t h r o u g h  a s e r i e s  

o f  c a v i t y  s l i d e s  c o n t a i n i n g  s t e r i l e  medium removed c u l t u r e  

b a c t e r i a  more e f f e c t i v e l y  t h a n  t h e  b u l k  w a s h i n g  p r o c e d u r e s .  

However t h e  t e c h n i q u e  p roved  v e r y  t e d i o u s  a s  t h e  s u c c e s s  r a t e  of  

m a i n t a i n i n g  a v i a b l e  c e l l  t h ro u g h  f o u r  a s e p t i c  t r a n s f e r s  ( t h e  

minimum number r e q u i r e d  t o  r e l i a b l y  d i l u t e  ou t  t h e  b a c t e r i a )  was 

l e s s  t h a n  20%. The q u a l i t y  of  t h e  m i c r o p i p e t t e  was c r i t i c a l  i n  

t h i s  r e s p e c t ,  and a l t h o u g h  52 c e l l s  w e re  s u c c e s s f u l l y  washed i n  

t h i s  m a n n e r ,  none e v e r  s u r v i v e d  t o  p roduce  c l o n a l  c u l t u r e s .  I n  

an a t t e m p t  to  r e d u c e  t h e  number o f  w a s h i n g s  r e q u i r e d  t o  e l i m i n a t e  

t h e  b a c t e r i a ,  t h e  c u l t u r e  f rom which t h e  c e l l s  w e r e  b e i n g  i s o 

l a t e d  was f i r s t  t r e a t e d  w i t h  a n t i b i o t i c s .  An a n t i b i o t i c  m i x t u r e  

s u g g e s t e d  by S t e i n  (1973)  was u s e d  which c o n t a i n e d  10 mg ml  ̂

p e n i c i l l i n ,  5 mg ml  ̂ s t r e p t o m y c i n  a n d  1 mg ml  ̂ c h l o r a m p h e n i c o l  

and was i n c l u d e d  i n  t h e  c u l t u r e  a t  t h r e e  l e v e l s  such t h a t  t h e  

f i n a l  c o n c e n t r a t i o n  o f  p e n i c i l l i n  was e i t h e r  3 0 ,  200 o r

600 pg ml ^ . G le n o d in iu m  f o l i a c e u m  seemed p a r t i c u l a r l y  s u s c e p t i 

b l e  t o  a l l  c o n c e n t r a t i o n s  o f  t h i s  a n t i b i o t i c  a n d  c e l l s  t h a t  w ere  

s t i l l  m o t i l e  a f t e r  2 days i n c u b a t i o n  d i d  n o t  r e s p o n d  w e l l  to  

m i c r o p i p e t t i n g . Once a g a i n ,  no c l o n a l  c u l t u r e s  w e r e  o b t a i n e d  bu t  

t h e  c e l l s  w e re  g e n e r a l l y  b a c t e r i a  f r e e  a f t e r  j u s t  t h r e e  w a s h i n g s .

A l th o u g h  a m i x t u r e  of  p e n i c i l l i n ,  s t r e p t o m y c i n  a n d  c h l o r 

a m phe n ico l  h a s  o f t e n  been  recommended a s  a  s t a n d a r d  a n t i b i o t i c  

t r e a t m e n t  ( e g .  Droop,  1967;  S t e i n ,  1 9 7 3 ) ,  t h e  l o g i c  o f  combin in g  

two b a c t e r i o c i d a l  d r u g s  ( p e n i c i l l i n  a n d  s t r e p t o m y c i n )  w i t h  a 

b a c t e r i o s t a t i c  one ( c h l o r a m p h e n i c o l )  h a s  r i g h t l y  b e e n  q u e s t i o n e d  

( T u t t l e  and  L o e b l i c h ,  1 9 7 4 ) .  C h l o r a m p h e n ic o l  has  a l s o  b e e n  shown 

to  i n h i b i t  t h e  growth  o f  f o u r  s p e c i e s  o f  Gonyaulax  (Divan  a n d  

S c h n o e s , 1982)  and h a s  w e l l  documented  e f f e c t s  on c h l o r o p l a s t  

u l t r a s t r u c t u r e  and  f u n c t i o n  ( e . g .  M a r g u l i e s  and  B r u b a k e r ,  1970;  

Goodenough,  1971;  S m i t h - J o h a n n s e n  a n d  G i b b s ,  1972;  G i b b s ,  1 9 7 9 ) .  

F o r  t h e s e  r e a s o n s ,  and  b e c a u s e  o f  t h e  a p p a r e n t  s u s c e p t i b i l i t y  of

G. f o l i a c e u m  t o  t h e  s t a n d a r d  a n t i b i o t i c  m i x t u r e ,  c h l o r a m p h e n i c o l  

was n o t  u s e d  i n  s u b s e q u e n t  a n t i b i o t i c  t e s t s .
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I t  i s  h e l p f u l ,  p e r h a p s ,  to  c o n s i d e r  t h a t  t h e r e  a r e  two 

p o p u l a t i o n s  o f  b a c t e r i a  i n  an  a l g a l  c u l t u r e :  one p o p u l a t i o n

h a v i n g  been  d e r i v e d  from c e l l s  p r e s e n t  in  t h e  o r i g i n a l  i s o l a t e ,  

and t h e  o t h e r  o r i g i n a t i n g  from b a c t e r i a  t h a t  have  s u b s e q u e n t l y  

found  t h e r e  way i n t o  t h e  c u l t u r e  a s  a r e s u l t  of  a s t e r i l e  c u l 

t u r i n g  t e c h n i q u e s . The fo rm er  s u b - p o p u l a t i o n  r e p r e s e n t  t h e  t r u e  

" m a r in e  b a c t e r i a " ,  w h i l s t  t h e  l a t t e r  a r e  c o n v e n i e n t l y  r e f e r r e d  t o  

as  " c u l t u r e  b a c t e r i a " .  For  p r a c t i c a l  p u r p o s e s ,  h o w e ve r ,  t h e  c u l 

t u r e  b a c t e r i a  a r e  b e t t e r  d e f i n e d  a s  t h o s e  m i c r o - o r g a n i s m s  c a p a b l e  

of  r a p i d  g rowth  on n u t r i e n t  a g a r  a t  e l e v a t e d  t e m p e r a t u r e s  ( 3 5 ° C ) ,  

and t h e  m a r i n e  b a c t e r i a  a s  t h o s e  s low g row ing  t y p e s  r e q u i r i n g  

more e x a c t i n g  c o n d i t i o n s  ( Z o B e l l ,  1 9 4 1 ) .  The p l a n n e d  s t r a t e g y  

f o r  p u r i f y i n g  Gj_ f o l i a c e u m  was to  d e t e r m i n e  t h e  r e l a t i v e  e f f e c t 

i v e n e s s  o f  v a r i o u s  a n t i b i o t i c s  a g a i n s t  t h e  c u l t u r e  b a c t e r i a  and 

t h e n  t o  d e s i g n  a s u i t a b l e  m i x t u r e  which  would  h o p e f u l l y  be 

e f f e c t i v e  a g a i n s t  t h e  m a r i n e  b a c t e r i a  as  w e l l .

The d e t e r m i n e d  minimum i n h i b i t o r y  c o n c e n t r a t i o n s  (MIC’ s )  of  

s e v e n  a n t i b i o t i c s  t e s t e d  on c u l t u r e  b a c t e r i a  g row ing  i n  m a r i n e  

n u t r i e n t  b r o t h  a r e  l i s t e d  i n  Ta b le  A . I .  Those  a n t i b i o t i c s  cau 

s i n g  m i s t r a n s l a t i o n  o f  mRNA on 70S r ib o s o m e s  ( s t r e p t o m y c i n ,  k a n a 

mycin a n d  n e om yc in )  a l l  a p p e a r e d  e q u a l l y  e f f e c t i v e  w h i l s t  a r a n g e  

o f  MICs w e r e  shown by t h e  i n h i b i t o r s  o f  p e p t i d o g l y c a n  s y n t h e s i s .  

Of t h e s e ,  b a c i t r a c i n  was s u b s t a n t i a l l y  l e s s  e f f e c t i v e  t h a n  t h e  

t h r e e  ^ - l a c t a m s ,  o f  wh ich c e p h a l o s p o r i n e  C was n o t i c e a b l y  t h e  

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

t h e  c u l t u r e ,  a t  i t s  MIC. G e n e r a l l y  l y s i s  o n ly  o c c u r r e d  a t  h i g h e r  

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

None of  t h e  a n t i b i o t i c s  h a d  any obv ious  d e l e t e r i o u s  s h o r t  

te rm  e f f e c t s  on f o l i a c e u m  when i n c l u d e d  i n  t h e  c u l t u r e  medium 

a t  c o n c e n t r a t i o n s  up t o  one h u n d r e d  t i m e s  t h e i r  MIC. I n  f a c t  t h e  

c u l t u r e s  t r e a t e d  w i t h  t h e  j S - l a c ta m  a n t i b i o t i c s  a p p e a r e d  t o  show 

an i n c r e a s e d  d i v i s i o n  r a t e  compared t o  t h e  c o n t r o l s  l a c k i n g  

a n t i b i o t i c s .  T h i s  may have  b e e n  due to  b a c t e r i a l  l y s i s  p r o v i d i n g
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T a b l e  A . l ,  E f f e c t i v e n e s s  o f  i n d i v i d u a l  a n t i b i o t i c s  a g a i n s t  c u l 

t u r e  b a c t e r i a .  Minimum i n h i b i t o r y  c o n c e n t r a t i o n  

(MIC) and mode of  a c t i o n  o f  v a r i o u s  a n t i b i o t i c s  on 

b a c t e r i a  p r e s e n t  in  G le nod in ium  f o l i a c e u m  c u l t u r e s  

which were  a b l e  to  grow i n  m a r i n e  n u t r i e n t  b r o t h .

A n t i b i o t i c MIC 

(pg ml ^ )

mode o f  a c t i o n

p e n i c i l l i n  G 5 CW

a m p i c i l l i n 2 CW

c e p h a l o s p o r i n e  C 1 CW

b a c i t r a c i n 50 R

s t r e p t o m y c i n 5 R

neomycin 5 R

kanamycin 5 R

(CW, i n h i b i t s  c e l l  w a l l  s y n t h e s i s ;  R, i n h i b i t s  r ib o s o m e

f u n c t i o n )

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

t i c s  t h e m s e l v e s  (U ke le s  a nd  B i s h o p ,  1 9 7 5 ) .  However b a c t e r i a l  

c o n t a m i n a t i o n  was s t i l l  d e t e c t e d  by p l a t i n g  o n t o  n u t r i e n t  a g a r  i n  

a l l  t h e  c u l t u r e s  e x c e p t  t h e  xlOO p e n i c i l l i n  t r e a t m e n t .  The 

d i f f e r e n c e  i n  e f f e c t i v e n e s s  ( a t  l e a s t  two o r d e r s  o f  m a g n i t u d e )  of  

t h e  a n t i b i o t i c s  a g a i n s t  b a c t e r i a  i n  c u l t u r e  m e d ia  and t h e  same 

b a c t e r i a  in  n u t r i e n t  b r o t h ,  amply d e m o n s t r a t e s  t h e  need  t o  

i n c l u d e  a b a c t e r i a l  g row th  s t i m u l a n t  a l o n g  w i t h  t h e  a n t i b i o t i c s  

when a t t e m p t i n g  t o  p u r i f y  c u l t u r e s .  B a c t e r i o c i d a l  c o n c e n t r a t i o n s  

o f  a n t i b i o t i c s  w i l l  n o t  k i l l  b a c t e r i a  which do n o t  ha ppen  t o  be  

g rowing  d u r i n g  t h e  a c t i v e  l i f e  of  t h e  a n t i b i o t i c  i n  s o l u t i o n .  

C o n s e q u e n t l y  t h e  n a t u r e  o f  t h e  growth  s t i m u l a n t  c o u l d  w e l l  be  as
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i m p o r t a n t  a s  t h e  l e v e l  and t y p e s  o f  a n t i b i o t i c s  u s e d  when a t t e m 

p t i n g  t o  p u r i f y  c u l t u r e s .

On t h e  b a s i s  o f  t h e  above r e s u l t s ,  a b a s i c  a n t i b i o t i c  m ix 

t u r e  (BAM) was f o r m u l a t e d .  I n  t h e  x l  BAM, p e n i c i l l i n ,  a m p i c i l l i n  

and c e p h a l o s p o r i n e  C were i n c l u d e d  a t  t e n  t im e s  t h e i r  MIC w h i l s t  

s t r e p t o m y c i n  a n d  kanamycin  w e re  p r e s e n t  a t  t h e i r  MIC. Em phasi s  

was p l a c e d  on t h e  p e p t i d o g l y c a n  s y n t h e s i s  i n h i b i t o r s  a s  t h e s e  

would  be l e a s t  l i k e l y  t o  a f f e c t  t h e  a l g a e .  B a c i t r a c i n  a n d  neo

mycin w ere  O m i t t e d  from t h i s  b a s i c  m i x t u r e  b e c a u s e  t h e  fo rm er  

was r e l a t i v e l y  i n e f f e c t i v e  a g a i n s t  c u l t u r e  b a c t e r i a  and  t h e  

l a t t e r  i s  r e p o r t e d  t o  a f f e c t  e u k a r y o t i c  r ib o s o m e s  (G a le  ^  a l . ,  

1 9 8 1 ) .  The c o m p o s i t i o n  o f  t h e  x l  BAM was t h e r e f o r e :

p e n i c i l l i n  50 pg m

a m p i c i l l i n  20 pg m

c e p h a l o s p o r i n e  C 10 pg m

s t r e p t o m y c i n  5 pg m

kanamycin  5 pg m

The e f f e c t i v e n e s s  o f  t h i s  m i x t u r e  was i n v e s t i g a t e d  a t  t h r e e  

l e v e l s  u s i n g  v a r i o u s  p e r i o d s  of  i n c u b a t i o n  a n d  two b a c t e r i a l  

g rowth  s t i m u l a n t s ,  m a r i n e  n u t r i e n t  b r o t h  and Z o B e l l ' s  medium. 

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

n u t r i e n t  a g a r  a r e  summarized  i n  T a b le  A .2 .  The x lO  BAM p ro v e d  

s u f f i c i e n t  to  e l i m i n a t e  t h e  c u l t u r e  b a c t e r i a  when n u t r i e n t  b r o t h  

was i n c l u d e d  a s  t h e  growth  s t i m u l a n t .  T h i s  l e v e l  o f  a n t i b i o t i c s  

was l e s s  e f f e c t i v e  when c o - i n c u b a t e d  w i t h  Z o B e l l ' s  medium, which  

p r o b a b l y  r e f l e c t e d  t h e  l o w e r  b a c t e r i a l  g row th  r a t e  i n  t h e s e  

t r e a t m e n t s .  At t h e  xlOO c o n c e n t r a t i o n ,  t h e  a n t i b i o t i c  m i x t u r e  

was a lw a y s  l e t h a l  t o  b o t h  b a c t e r i a  and  a l g a e .  G e n e r a l l y  t h e  

c o n c e n t r a t i o n  o f  a n t i b i o t i c s  a p p e a r e d  t o  be more  i m p o r t a n t  t h a n  

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

t i c s  became i n a c t i v e  a f t e r  a b o u t  two days i n  s o l u t i o n .  P l a t i n g  

o n to  Z o B e l l ' s  a g a r  r e v e a l e d  t h a t  a l l  t h e  v i a b l e  c u l t u r e s  which
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T a b l e  A . 2 .  E f f e c t i v e n e s s  o f  m i x t u r e s  of  a n t i b i o t i c s  a g a i n s t  

c u l t u r e  b a c t e r i a .  E f f e c t  of  v a r i o u s  l e v e l s  o f  t h e  

b a s i c  a n t i b i o t i c  m i x t u r e  (BAM) on c u l t u r e  b a c t e r i a  

and Glenodin iu ra  f o l i a c e u m .

growth

s t i m u l a n t

l e v e l  o f  

BAM

n o .

1
o f  days i n c u b a t i o n  

2 6 16

n u t r i e n t x l + + + +x
b r o t h xlO (+)

(NB) xlOO X X X X

ZoBel1 ' s x l + + + +

me di urn xlO + (+) X

(z) xlOO X X X X

E x p l a n a t i o n  o f  sym bols :  +,  h ig h  l e v e l  o f  b a c t e r i a l  c o n t a 

m i n a t i o n  on m a r i n e  n u t r i e n t  a g a r ;  ( + ) ,  low l e v e l  o f  b a c t e 

r i a l  c o n t a m i n a t i o n  ( l e s s  t h a n  50 c o l o n i e s  p e r  p l a t e ) ;  X, 

t r e a t m e n t s  wh ich  were  a l g i c i d a l  o r  f rom which no v i a b l e  

c u l t u r e s  w e r e  p r o d u c e d  ( n o t e :  t h e  a l g a e  i n  t h e  x l . N B . 1 6

t r e a t m e n t  were  k i l l e d  by e x c e s s i v e  b a c t e r i a l  g r o w t h ) .  

Absence  of  a symbol i n d i c a t e s  t r e a t m e n t s  wh ich  p roduced  

v i a b l e  c u l t u r e s  t h a t  w e re  f r e e  from b a c t e r i a  d e t e c t a b l e  on 

n u t r i e n t  a g a r .
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showed n e g a t i v e  on m a r i n e  n u t r i e n t  a g a r  w e r e  c o n t a m i n a t e d  w i t h  

m a r i n e  b a c t e r i a ,  a l t h o u g h  t h e  l e v e l  o f  c o n t a m i n a t i o n  was q u i t e  

low and  was o f t e n  o n l y  d e t e c t a b l e  a f t e r  m i c r o s c o p i c  e x a m i n a t i o n  

of  t h e  p l a t e s .  R e p e a t i n g  t h e  a n t i b i o t i c  t r e a t m e n t  on t h e s e  

c u l t u r e s  u s i n g  t h e  xlO BAM, bu t  t h i s  t im e  s u b s t i t u t i n g  g l u c o s e  

p l u s  p r o t e o s e  p e p to n e  as  t h e  b a c t e r i a l  g rowth  s t i m u l a n t ,  f u r t h e r  

r e d u c e d  t h e  l e v e l  of  m a r i n e  b a c t e r i a l  c o n t a m i n a t i o n  t o  l e s s  t han  

500 b a c t e r i a  ml ^ .

I n  an  e f f o r t  to  i n c r e a s e  t h e  growth  r a t e  of  t h e  m a r i n e

b a c t e r i a  d u r i n g  a n t i b i o t i c  t r e a t m e n t s ,  an a t t e m p t  was made to  

e l e v a t e  t h e  c u l t u r e  t e m p e r a t u r e  d u r i n g  i n c u b a t i o n .  G le n o d in iu m  

f o l i a c e u m  c o u l d  s u r v i v e ,  i n  t h e  d a r k ,  f o r  two days  a t  30°C b u t  

h i g h e r  t e m p e r a t u r e s  w ere  l e t h a l .  However ,  a f t e r  one of  t h e  

p u r i f i e d  c u l t u r e s  was t r e a t e d  w i t h  t h e  xlO BAM a t  30°C,  u s i n g  

n u t r i e n t  b r o t h  g row th  s t i m u l a t i o n ,  t h e  l e v e l  o f  c o n t a m i n a t i o n  on 

Z o B e l l ' s  a g a r  was found  t o  have  i n c r e a s e d  s u b s t a n t i a l l y .  T h i s  

s u g g e s t e d  t h a t  t h e  m a r i n e  b a c t e r i a  r e m a i n i n g  i n  t h e  p u r i f i e d  

c u l t u r e s  w e r e  l a r g e l y  r e s i s t a n t  to  t h e  b a s i c  a n t i b i o t i c  m i x t u r e  

and t h a t  a more complex m i x t u r e  wou ld  h a v e  t o  be  em ployed .

A c c o r d i n g l y ,  b a c i t r a c i n  a nd  neomycin  w e re  i n c l u d e d  i n  t h e  

xlO BAM a t  once and  f i v e  t im e s  t h e i r  MIC 's  r e s p e c t i v e l y .  The se

l e v e l s  w e re  cho s en  so as  t o  make t h e  a n t i b i o t i c  c o n c e n t r a t i o n s

s i m i l a r  t o  t h o s e  of  a m i x t u r e  u s e d  by M o r r i l l  and  L o e b l i c h

( 1 9 7 9 ) .  T hese  w o r k e r s  w e re  a p p a r e n t l y  s u c c e s s f u l  i n  p u r i f y i n g  

G len o d in iu m  f o l i a c e u m  b u t  t h e i r  m e thod  o f  t e s t i n g  f o r  b a c t e r i a l  

c o n t a m i n a t i o n  was q u e s t i o n a b l e .  The c o m p o s i t i o n  o f  t h e  M o r r i l l  

and L o e b l i c h  m i x t u r e  i s  compared w i t h  t h e  m o d i f i e d  xlO BAM i n  

T a b l e  A .3 .  When a p p l i e d  t o  a  c u l t u r e  i n  t h e  u s u a l  m a n n e r , u s i n g  

g l u c o s e  and  p r o t e o s e  pe p to n e  to  s t i m u l a t e  b a c t e r i a l  g r o w t h ,  t h i s  

m i x t u r e  r e d u c e d  t h e  number of  b a c t e r i a  p r e s e n t  to  a b o u t  

350 c e l l s  ml  ̂ a f t e r  2 days i n c u b a t i o n ,  as  e s t i m a t e d  from t h e  

number of  m i c r o s c o p i c  c o l o n i e s  d e t e c t e d  on Z o B e l l ' s  a g a r .  T h i s  

c o r r e s p o n d e d  t o  a b a c t e r i a  : a l g a e  r a t i o  of  a p p r o x i m a t e l y  1 : 1 0 0 .
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T a b l e  A . 3 .  C o m p o s i t io n  o f  a n t i b i o t i c  m i x t u r e s .  C o n c e n t r a t i o n s  of  

a n t i b i o t i c s  u s e d  by M o r r i l l  and L o e b l i c h  (1979 )  and 

i n  t h e  p r e s e n t  s tu d y  t o  p u r i f y  G1enodin ium f o l i a c e u m  

c u l t u r e s .

c o n c e n t r a t i o n  (pg ml ^ )

a n t i b i o t i c
M o r r i l l  & m o d i f i e d
L o e b l i c h xlO BAM

p e n i c i l l i n  G 125 500

a m p i c i l l i n 73 200

c e p h a l o s p o r i n e  C 50 100

s t r e p t o m y c i n 25 50

kanamycin 25 50

b a c i t r a c i n 40 50

neomycin 25 25

The a p p e a r a n c e  of  t h i s  c u l t u r e  when s t a i n e d  w i t h  M P I ,  

b e f o r e  and  a f t e r  t r e a t m e n t  w i t h  t h e  a n t i b i o t i c s ,  i s  i l l u s t r a t e d  

i n  P l a t e  A . I .  Most of  t h e  c o n t a m i n a t i o n  i n  t h e  o r i g i n a l  c u l t u r e  

was due to  a l a r g e  r o d - s h a p e d  b a c t e r i u m  b u t  t h i s  was c o m p l e t e l y  

e l i m i n a t e d  by t h e  a n t i b i o t i c  t r e a t m e n t .  The on ly  n o n - a l g a l  M P I -  

ENA f l u o r e s c e n c e  o b s e r v a b l e  i n  t h e  p u r i f i e d  c u l t u r e  w e re  s m a l l  

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

d e b r i s ,  which  p re sum a b ly  c o r r e s p o n d e d  t o  s m a l l  c o c c o i d  b a c t e r i a .  

T h i s  c u l t u r e  was u s e d  i n  a l l  b i o c h e m i c a l  work .
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P l a t e  A . I .  Com pari son  o f  t h e  d e g r e e  of  b a c t e r i a l  c o n t a m i n a t i o n  i n  

p u r i f i e d  and  u n p u r i f i e d  G le nod in ium  f o l i a c e u m

c u l t u r e s .  E p i f l u o r e s c e n c e  m i c r o g r a p h s  of  c u l t u r e s

s t a i n e d  d i r e c t l y  w i t h  0 . 5  pg ml - 1 M P I .

1.  Numerous l a r g e  r o d - s h a p e d  b a c t e r i a  a s s o c i a t e d  w i t h  

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

X 3 , 0 0 0 .

2 .  T h e c a l  d e b r i s  f rom a c u l t u r e  t r e a t e d  w i t h  t h e  m o d i f i e d  

xlO BAM showing o n ly  a few p o i n t s  o f  MPI-DNA f l u o r e s 

cence  ( a r r o w e d )  p r o b a b l y  c o r r e s p o n d i n g  t o  c o c c o i d

t h e  n o n - s p e c i f i c  M P I  f l u o r e s c e n c e  

X 3 , 0 0 0 .

b a c t e r i a .  No te  

f rom t h e  t h e c a e .



Plate A.1
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A . 3 . 3 .  F u r t h e r  c o n s i d e r a t i o n s  on t h e  p r o d u c t i o n  o f  p u re  c u l t u r e s  

o f  G len o d in iu m  f o l i a c e u m

The s h o r t  t erm v i a b i l i t y  of  Gj_ f o l i a c e u m  c u l t u r e s  t h a t  

showed v e ry  low l e v e l s  o f  b a c t e r i a l  c o n t a m i n a t i o n  a f t e r  a n t i 

b i o t i c  t r e a t m e n t  was c o n s i s t e n t l y  n o t e d  d u r i n g  t h e  c o u r s e  of 

numerous p u r i f i c a t i o n  a t t e m p t s .  T h i s  t e n d s  t o  s u g g e s t  t h a t  t h e r e  

a r e  d e f i c i e n c i e s  i n  t h e  c u l t u r e  m ed ia  employed a n d  t h a t  t h e  a l g a e  

m ig h t  be  d e p e n d e n t  on e s s e n t i a l  g row th  s u b s t a n c e s  p r o d u c e d  by t h e  

b a c t e r i a .  C o n s e q u e n t l y  i t  wou ld  be i m p o s s i b l e  to  p roduce  a x e n i c  

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

The o c c u r r e n c e  of  i n t r a c e l l u l a r  b a c t e r i a  i n  G l e n o d i n i um

f o l i a c e u m  and o t h e r  d i n o f l a g e l l a t e s  h a s  been  r e p o r t e d  (Gold  a n d  

P o l l i n g e r ,  1971;  S i l v a ,  1978;  S i l v a ,  u n p u b l i s h e d  o b s e r v a t i o n s ) .  

One m i g h t  p o s t u l a t e ,  t h e r e f o r e ,  t h a t  t h e r e  c o u l d  be some i n t e r d e 

pendence  b e tw e e n  t h e  two s y m b i o n t s ,  so e x p l a i n i n g  t h e  c o r r e l a t e d  

d e a th  of  a l g a e  and  b a c t e r i a .  However t h e  s t r a i n  o f  G. f o l i a c e u m  

u s e d  i n  t h i s  s t u d y  seemed t o  l a c k  any  o b s e r v a b l e  b a c t e r i a l  

s y m b i o n t s ,  as  e v i d e n c e d  by M P I  s t a i n i n g  a n d  e l e c t r o n  m i c r o s c o p y ,  

so t h i s  p o s s i b i l i t y  must  be d i s r e g a r d e d .

C o n s i d e r i n g  o u r  c u r r e n t  i g n o r a n c e  on d i n o f l a g e l l a t e  n u t r i 

t i o n ,  i t  c o u l d  p r o v e  as  d i f f i c u l t  to  g e t  m o s t  a u t o t r o p h i c  s p e c i e s  

i n t o  a x e n i c  c u l t u r e  as  i t  i s  t o  grow h e t e r o t r o p h i c  t y p e s  i n  

l a b o r a t o r y  c u l t u r e  m e d i a .

A .3 . 4 .  I s o l a t i o n  o f  ENA from n o n - a x e n i c  c u l t u r e s .

I n  o r d e r  t o  m i n i m i z e  c o n t a m i n a t i o n  o f  G le nod in ium  f o l i a c e u m  

ENA p r e p a r a t i o n s  w i t h  b a c t e r i a l  ENA, t h e  f o l l o w i n g  p r e c a u t i o n s  

were  o b s e r v e d :
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a . S to c k  c u l t u r e s  w e re  t r e a t e d  w i t h  t h e  xlO BAM 

e v e r y  o t h e r  s u b c u l t u r e .

b .  When p o s s i b l e ,  c u l t u r e s  w e re  h a r v e s t e d  by a 

v e r y  b r i e f ,  s low s p e e d  c e n t r i f u g a t i o n .  Well 

o v e r  h a l f  t h e  b a c t e r i a  p r e s e n t  c o u ld  be 

removed i n  t h i s  m a n n e r .

c .  I f  a p p r o p r i a t e ,  c e l l  b r e a k a g e  t e c h n i q u e s  w e r e  

employed  which were  u n l i k e l y  t o  l y s e  t h e  

b a c t e r i a .

d .  DNA p r e p a r a t i o n s  f o r  g e n e t i c  a n a l y s i s  w e re  

e i t h e r  o b t a i n e d  from i s o l a t e d  o r g a n e l l e s  o r  

f rom ENA f r a c t i o n a t e d  on CsCl g r a d i e n t s .

I t  i s  n o t  known w h e t h e r  t h e  r e p e a t e d  a n t i b i o t i c  t r e a t m e n t s  

had  any long  te rm e f f e c t s  on t h e  a l g a ,  bu t  f o r  t h e  p u r p o s e s  o f  

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

o r g a n i s m  r e m a in e d  a v i a b l e  b i o l o g i c a l  e n t i t y  and s o ,  even  i f  

s t r u c t u r a l  a l t e r a t i o n  t o  t h e  c h l o r o p l a s t  ENA ha d  o c c u r r e d  ( H e i z -  

mann e t  a l . ,  1 9 8 2 ) ,  i t s  a b i l i t y  t o  f u n c t i o n  was u n i m p a r e d .
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STRUCTURAL ORGANIZATION OF PLASTID DNA IN TWO ANOMALOUSLY
PIGMENTED DINOFLAGELLATES'

Geoffrey C. K ite and  John  D. Dodge^

Department o f Botany, Royal Holloway College, University of London, Egham, Surrey TW20 OEX, England

A B ST R A C T

The structural organization o f DNA in the plastids o f 
two anomalously pigmented dinoflagellates, G lenodi
nium  foliaceum  Stei7i and  G yrodinium  aureolum  
Hulburt, was determined using the DNA-specific Jluoro- 
chrome DAPI and correlated with TEM  observations. The 
plastids o f G. foliaceum  were foutid to possess both a 
peripheral DNA ring and isolated point nucleoids. This 
arrangement was shown to be similar to that o f the diatom 
A sterionella form osa Hass, and may be characteristic 
of the Bacillariophyceae. G. aureolum  exhibited a novel 
distribution o f plastid DNA as one or two beaded bands, 
whereas the plastids o f the similarly pigmented haptophyte, 
Emiliania huxleyi (Lohm.) Hay âf Mohler, possessed 
scattered point nucleoids. These findings support the idea

' Accepted: 16  A u gu st 1 9 84 .
* Address for reprints.

that G. foliaceum harbours an endosymbiotic diatoiu, but 
suggest that the plastids o f G. aureolum  and  E. huxleyi 
are unrelated. The use o f plastid DNA configuration as 
a phylogeyxetic mat'ker is considered.

Key index words: G lenodinium  foliaceum ; G yrodi
nium  aureolum ; plastids; DNA organization; DAPI; 
TEM

A new generation  o f DNA-specific fluorochrom es 
has enabled plastid D NA (piDNA) to  be visualized 
with the  light m icroscope (Colem an 1978, Jam es and 
Jo p e  1978). H ith erto  the three-dim ensional config
ura tion  o f DNA in this organelle could only be re 
constructed  from  serial e lectron m icrographs (Ko- 
wallik and  H aberkorn  1971, Gibbs et al. 1974). 
Studies using one o f these fluorochrom es, 4'-6-diam - 
idino-2-phenylindole (DAPI), have revealed two ba
sic patterns o f organization. A peripheral rin g  o f
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DNA is p resen t in the  plastids o f phaeophytes, dia
toms (Colem an 1979, Kuroiwa et al. 1981) and xan- 
thophytes (see Kuroiwa and Suzuki 1981) whilst in 
chlorophytes (Kuroiwa et al. 1982), haptophytes, 
eu stig m ato p h y tes , d in o flag e lla tes  (C olem an and  
Lewin 1983) and higher plants (James and Jope 1978, 
Kuroiwa et al. 1981, Possingham  et al. 1983) the 
plDN A is localized as scattered  nucleoids. A lthough 
the fo rm er organizational strategy may have arisen 
from  the fusion o f  isolated nucleoids situated around  
the plastid periphery , an a rran g em en t rep o rted  to 
occur in red  algae (Kuroiwa et al. 1981), an in ter
m ediate organization  o f plD N A , in which both  ring  
and point nucleoids a re  presen t, has no t been ob
served.

T h e  characteristic plastid caro tenoid  o f m ost di
noflagellates is perid inin; how ever, in a few species 
this is replaced by fucoxanthin  (Jeffrey et al. 1975). 
It is possible th a t the plastids o f these species may 
have had a d ifferen t evolutionary ancestry (Dodge 
1983a) and are  probably m ore closely re la ted  to the 
plastids o f chrysophytes than  to those o f  o th e r di
noflagellates. T h e  observation th a t am ongst the  al
gae contain ing fucoxanthin  is to be found each o f 
the two m ajor pa tte rns o f  plD N A  organization sug
gested th a t it would be in teresting  to  study similarly 
p igm ented dinoflagellates. H ere  we exam ine the use 
o f  plD NA configuration as a crite rion  for assessing 
plastid relationships in anom alously p igm ented d i
noflagellates by determ in ing  the  DA PI-plD N A  flu
orescence pa tte rns in Glenodinium foliaceum and  Gy
rodinium aureolum. T hese  two species were selected 
for study because the  plastids o f the  fo rm er are  
known to belong to a chrysophyte-like endocyto- 
biont (Jeffrey and Vesk 1976) whilst the p igm enta
tion o f G. aureolum closely resem bles the haptophyte 
EmiliaJiia huxleyi (T angen  and BJornland 1981). T his 
knowledge allows suitable com parisons o f  plDN A 
configurations to be m ade.

M A T E R IA L S A N D  M E T H O D S

A lgae  a n d  cu ltu re  conditions. G yrodin ium  aureolum  and E m ilian ia  
huxleyi were obtained from the Marine Biological Association, 
Plymouth, and grown in a natural seawater medium (Erd-Schrei- 
ber). G lenodin ium  fo liaceu m  was a gift from Dr. David Si gee and 
was cultured in modified ASP, (Morrill and Loeblich 1979). All 
cultures were maintained under continuous fluorescent light at 
20“ C. A sample of the diatom A sterion ella  form osa  was provided 
by the Freshwater Biological Association, Windermere, and ex
amined directly.

D A P I  sta in ing. Cells were collected by gentle centrifugation and 
resuspended in a small volume of Buffer S which contained 0.8 
M sorbitol, 5 mM MgCl%, 0.1% (w/v) bovine serum albumin (BSA), 
1 mM mercaptoethanol, 1 mM EDTA, 10 mM Tris pH 7.3 (for 
A sterionella  preparations the sorbitol concentration was reduced 
to 0.33 M). A small drop o f the cell suspension was placed on a 
slide, mixed with a drop of Buffer S lacking BSA but containing 
4% (v/v) glutaraldehyde and 1 ^g-ml"' DAPI (Boehringer Mann
heim) and immediately squashed under a coverslip. The coverslip 
was ringed with clear nail varnish and the preparation left to stain 
in the dark for 30 min.

Fluorescence microscopy. Observations were made on a Leitz Di-

alux 20EB fluorescence microscope equipped with a 50 W high 
pressure mercury vapour lamp which provided incident light ex
citation via a Ploemopak fluorescence illuminator. The illumi
nator was fitted with a Leitz filter block A consisting of a 340- 
380 nm band pass excitation filter, a 400 nm short pass reflection 
filter (beam splitting mirror) and a 430 nm long pass suppression 
filter. With this filter combination, the red autofluorescence of 
chlorophyll could be observed as well as the blue-white DAPI 
fluorescence, which permitted the rapid location o f isolated plas
tids and allowed an assessment o f their intactness to be made. 
Damaged plastids were ignored. A supplementary suppression 
filter was not employed to eliminate autofluorescence in detailed 
observations because this would have reduced the overall light 
transmission and would not have resulted in a significant increase 
in resolution (E. Leitz Ltd., personal communication). By means 
o f an England Finder (Graticules Ltd.), specimens were relocated 
under an Olympus BH-2 Nomarski Interference Contrast (NIC) 
microscope to provide correlated fluorescence and NIC micro
graphs. Photographs of fluorescence were taken on Ilford X Pl 
film.

N uclease digestion. Some preparations of G lenodin ium  fo liaceu m  
and G yrodin ium  aureolum  were subsequently digested with either 
DNase or RNase. Alternatively, digestions were performed on 
unstained squashes prepared exactly as described above by omit
ting DAPI from the fixative solution. After carefully removing 
the coverslip the slides were flooded with ethanol/acetic acid (3; 1 
v/v) for 30 min and allowed to dry. The slides were then washed 
extensively over a period o f 1.5-2 h in 5 mM NgCl,, 20 mM 
sodium citrate pH 6 or 2 mM sodium acetate pH 5.5 respectively, 
depending on whether DNase or RNase digestions were to follow. 
Digestions were carried out for 3 h using 350 units ml"' bovine 
pancreatic DNase (Sigma, Type 111) or 45 units ml"' bovine pan
creatic RNase (Sigma, Type Xll-A) dissolved in the appropriate 
buffer. Controls lacking enzyme were run in parallel. Prepara
tions were restained for 15 min with 0.5 /zg ml"* DAPI in 
Mcllvaine’s buffer pH 4 after a brief rinse in buffer.

T ransm ission electron microscopy (T E M ). For ultrastructural ob
servations on G lenodin ium  fo liaceu m , cells were collected by sedi
mentation onto a Nuclepore Filter (pore size 8 f/m) and fixed for 
1 h with 4% (v/v) glutaraldehyde in 0.125 M Sorensen’s phos
phate buffer pH 7.7 made to an osmolarity o f 1000 mOs with 
sucrose, and post fixed for 1 h with 2% (w/v) OsO^ in Sorensen’s 
buffer. After dehydrating through an acetone series, the cells 
were embedded in Spurr’s low viscosity resin. G yrodin ium  aureo
lum  was collected by slow speed centrifugation and fixed for 15 
min with a mixture o f 2% glutaraldehyde and 1 % OsO^ buffered 
at pH 7.5 with 0.125 M Sorensen’s phosphate which had been 
made isosmotic with the culture medium (i.e. 960 mOs) by the 
addition of sodium chloride. The final osmolarity o f the fixative 
mixture was 1200 mOs. Post fixation was for 1 h with 1% OsO, 
in the high osmolarity buffer. Dehydrated cells were embedded 
in VCD/H XSA ultra-low viscosity resin (Oliveira et al. 1983) to 
give better preservation o f the vacuolate cytoplasm. Ultrathin 
sections of both preparations were stained for various periods 
with 0.5% (w/v) aqueous uranyl acetate at 65“ C and then Rey
nold’s lead citrate before examination with a Zeiss EM9A electron 
microscope.

R E SU LT S

U n d er incident ultra-violet illum ination, areas o f 
intense blue-w hite D A PI fluorescence could be ob
served within all the  plastids o f  squashed cells o f  
Glenodinium foliaceum. T h e  simple squashing tech
nique described h ere  was found  to be the  m ost ac
ceptable m ethod  for observing plD N A  in this alga. 
W ith m ore e laborate  m eans o f p rep ara tio n  in which 
fresh squashes w ere frozen in liquid n itrogen  and 
then  fixed in e th an o l/ace tic  acid (3:1) a fte r rem oval
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o f the  coverslip (Colem an 1979), problem s were en
coun tered  with spread strands o f nuclear DNA ad
hering  to the plastids. By m ixing cells with g lu tar
a ld eh y d e  im m ed ia te ly  b e fo re  sq u ash in g , a fa r  
superior degree o f subcellular in tegrity  and  pres
ervation was obtained. W hilst, as a result, the emis
sion o f chlorophyll autofluorescence from  the  plas
tids was high and may have obscured finer detail in 
the  D A PI fluorescence (e.g. in ternucleo id  connec
tions), the m ajor p a tte rn  o f plD N A  organization 
was readily apparen t.

T h e  m ajority o f Glenodinium foliaceum  cells pos
sessed plastids in which the  DN A was arranged  as a 
beaded peripheral ring  enclosing scattered uncon
nected nucleoids (Fig. 1). T h e  num ber o f these po int 
nucleoids was variable, generally being less than  10 
p er plastid, b u t frequently  as m any as 20 o r m ore 
were p resen t (Fig. 2). In  som e plastids point nu
cleoids w ere lacking and ju s t the  DNA ring  was pres
en t (Fig. 3). Conversely, a few cells w ere observed 
in which all the  plastids contained only po in t nu
cleoids (Fig. 4). T h e  beaded  DNA ring  o f typical 
plastids, a lthough som etim es fragm ented , was ob
served in all o rientations and often  had one m ore 
intense poin t o f fluorescence along its length. DAPI 
fluorescence from  the plastids was sensitive to DNase 
b u t rem ained  afte r trea tm en t with RNase and in the 
buffer controls.

W ith the electron m icroscope, possible DNA -con
tain ing regions o f the  plastid strom a could be dis
tinguished as electron  translucent areas scattered  
am ongst the lamellae particularly w here these looped 
back upon them selves (Fig. 5). Despite searching 
th ro u g h  a num ber o f plastid profiles a com plete pe
ripheral ring  o f DNA was never seen, although DNA 
areas beneath  the  girdle lam ella at each end o f the 
plastid were frequently  observed. T h e  plastids o f G. 
foliaceum were found  to be in close association with 
num erous m itochondria (Fig. 6).

T h e  plastids o f  Asterionella formosa could no t be 
released from  the  frustu le by squashing w ithout 
causing severe dam age to  them . However, in slightly 
flattened colonies rings o f  D API fluorescence cor
responding to the  positions o f  the  plastids w ere vis
ible w ithin the  cells (Fig. 7). Points o f  fluorescence 
could also be resolved a lthough the  exact location 
o f these was no t clear. W hilst they generally oc
cu rred  inside th e  bounds o f the  DNA rings, a few 
were seen in o th e r parts o f  the  cell.

Gyrodinium aureolum contained  a relatively large 
am ount o f plD N A  as estim ated from  the intensity 
o f D API fluorescence. T his was reduced  by subse
quen t DNase digestion o f  the  preparations and  no 
DAPI fluorescence was em itted  from  the  plastids 
afte r digestion o f previously unstained squashes, al
though it was p resen t in controls, showing it to  be 
entirely due to  DNA. T h e  DNA was consistently 
organized as one o r m ore beaded  bands confined to 
one side o f the  plastid (Figs. 8, 9). T h e  coalescence 
o f  two bands occasionally gave the  DNA area a p late

like appearance in surface view. T h is asym m etrical 
distribution was partly  confirm ed by u ltrastruc tu ral 
observations w here a thylakoid-free region o f the 
plastid was always found  to  be situated adjacent to 
the ex ternal stalked pyrenoid  (Fig. 10) and was p ro b 
ably the location o f the  plastid nucleoid. T h e  a r
rangem ent o f plD N A  in G. aureolum con trasted  with 
that o f Emiliania huxleyi w here DAPI staining re 
vealed scattered  point nucleoids in the  plastid lobes 
surround ing  the  nucleus (Figs. 11, 12). T h e  small 
size o f this species m ade detailed record ing  o f the 
plD N A  configuration difficult.

D ISCU SSIO N

T h e  presence o f  peripheral rings o f  DNA within 
the plastids o f Glenodinium foliaceum provides fu rth e r 
evidence th a t they belong to an endocytobiont o f 
chrysophyte affinities (Jeffrey and Vesk 1976) since 
such an arrangem en t is lacking from  typical d ino
flagellates whose plastids contain only scattered  nu
cleoids (Kowallik and H aberkorn  1971, Coleman and 
Lewin 1983, and personal observations on eight 
species covering six genera). H ow ever, with the  pos
sible exception o f the  diatom  Ditylum (Colem an 
1979), in ternal po int nucleoids have not previously 
been detected  by DAPI staining in algae which show 
circular plastid genophores (Colem an 1979, K uroi
wa et al. 1981, Kuroiwa and  Suzuki 1981). T h e  plas
tids o f G. foliaceum a re  in close association with mi
to c h o n d ria  (Fig. 6) w ith in  a m em b ra n e -b o u n d  
cytoplasm ic co m p artm e n t— th e  en d o cy to b io n t—  
also containing the “eukaryotic nucleus” and dic
tyosomes (Kite and Dodge 1984). T h ere fo re  it m ight 
be argued  th a t the  poin t nucleoids observed orig i
nated  from  m itochondrial DNA as suggested for 
Ditylum (Coleman 1979), bu t since some nucleoids 
were observed in the  same plane o f focus as the 
peripheral DNA ring  and  w ere also detectable in 
electron m icrographs o f sectioned plastids (Fig. 5), 
this seems unlikely.

O n the  basis o f  u ltrastruc tu ra l observations (Jef
frey and Vesk 1976) and p igm ent analysis (M andelli 
1968, W ithers and  H axo 1975), D odge proposed 
that the symbiont o f G. foliaceum was a diatom  (Dodge 
1983b). I t  th e re fo re  seem ed app ro p ria te  to  re-ex
am ine the plD NA  configuration o f diatom s. Plastids 
o f the pennate  diatom  Asterionella formosa appeared  
to exhibit a sim ilar p a tte rn  o f  D A PI fluorescence to 
those o f G. foliaceum, a lthough  the  possibility o f  mi
tochondrial DNA in terference cannot be elim inated 
here  because o f  the  failure to  isolate in tact plastids 
from  the cells. T h e  cen tric diatom  Stephanodiscus 
may also possess po int plD N A  nucleoids as well as 
the DNA ring  (Kite, personal observations) and  in 
the  electron m icrographs o f M anton and Von Stosch 
(1966) scattered  areas o f  DN A can clearly be seen 
within the  plastids o f the  m ale gam etes o f  Lithodes- 
mium. A w ider range o f  species would have to  be 
exam ined before any definite conclusions can be 
draw n, bu t it does seem th a t the  endocytobiont o f
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F i g s .  1-6 . Glenodinium foliaceum. F i g s .  1-4 . E pifluorescent and N om arski In te rfe ren ce  C ontrast (NIC) pho tom icrog raphs o f isolated 
plastids stained in DAPI. F i g .  1. a -c , Three planes o f  focus th rough  the  DAPI fluorescence o f  a typical plastid show ing both  a p eriphera l 
ring  o f DNA and isolated poin t nucleoids; d, the  same plastid viewed u n d er N IC. F i g .  2. E pifluorescent m icrograph  o f  a plastid with 
num erous in ternal point nucleoids; no te  the  beaded ring  o f  DNA shows one m ore intense po in t o f  fluorescence (arrow ed). F i g .  3. 
Epifluorescent (a) and N IC (b) m icrographs o f a plastid lacking point nucleoids. F i g .  4a, b. Sim ilar co rre la ted  m icrographs o f a plastid 
lacking a DNA ring. All scale bars =  2 m ui. C orre la ted  m icrographs are  rep ro d u ced  at approxim ately  th e  sam e m agnification. F i g .  5. 
TEM  o f a plastid with lightly sta ining regions characteristic  o f  DNA scattered  am ongst the  lam ellae (single arrow ) and situated  beneath  
the girdle lamella at each end o f the  plastid (double arrow ). Scale bar =  I jum . F i g .  6. U ltrastru c tu re  o f p a rt o f the  endocytobiont 
show ing the  “eukaryo tic” nucleus (N) and plastids (P) closely associated with m itochondria  (M). Scale b ar =  1 ^m.
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F i g s . 7 - 1 2 .  F i g . 7 . T w o cells o f  Asterionella formosa sta ined with DAPI and viewed under epillum ination show ing the  fluorescent 
rings o f plD N A  e ith er side o f  th e  nuclei (N). N ote also th e  isolated points o f fluorescence (arrow ed). Scale bar =  5  ^ m .  F i g s . 8 - 1 0 .  
Gyrodinium aureolum. F i g . 8 . W hole cell slightly squashed and stained in DAPI show ing num erous bands o f  fluorescence in the  cytoplasm 
(a) corre la ted  with the  location o f  the  plastids (P) in th e  N IC  m icrograph (b). Nucleus (N). Scale bar =  5 ^m (the m agnification is the 
same for bo th  m icrographs). F i g . 9 . T w o planes o f  focus (a & b) th rough  the  single beaded-band o f  D A PI-D N A  fluorescence in an 
isolated plastid, also show n at the  sam e m agnification u n d er N IC (c). Scale bar =  2 ^m. F i g . 10. TEM  o f  a plastid sectioned transversely 
show ing the  unusual stalked pyrenoid  (Py) ad jacent to  an area o f plastid strom a which lacks thylakoids. N ote the  vesiculate cytoplasm. 
Scale b ar =  1 ^m. F i g s . 11 & 12. E pifluorescent m icrographs o f  w hole cells o f  Emiliania huxleyi stained in DAPI show ing sca ttered  poin t 
nucleoids o f plD N A  su rro u n d in g  th e  nucleus. Scale b ar =  2 Mm-
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G. [oliaceum and diatom s show  a similar organization  
o f  p lD N A  which is distinct from that o f  o th er  algal  
groups. U sing the term in o logy  o f  Kuroiwa et al. 
(1981) ,  their plastids show a com bination  o f  both  
SN - and CL-type distributional patterns o f  D N A ,  
having both small scattered nucleoids (SN) and a 
circular nucleo id  associated with a girdle lamella 
(CL^

T h e  major caroten o id  o f  Gyrodinium aureolum  is 
1 9 '-h exan oy loxyfu coxan th in  (T a n g en  and Bjorn- 
land 1981); a fucoxanth in-re lated  p igm en t which  
has only been  rep orted  in o n e  o th er  alga, the  h ap
tophyte  Emiliaxiia huxleyi (Arpin et al. 1976).  O th er  
haptophytes possess fucoxanth in  as their major ca
roteno id  (B erger  et al. 1977). In acetocarm ine  
stained G. aureolum  only o n e  nucleus was detectab le  
(T a n gen  and Bjornland 1981) whereas two nuclei 
are seen in Glenodinium foliaceum  (D o d g e  1971). T h e  
presence  o f  only a single  nucleus in Gyrodixiium a u 
reolum is confirm ed  here  with D A P I staining (Fig. 
8) thereby ex c lu d in g  the  possibility o f  the cell har
b ou rin g  a recognizable  end ocy tob io n t .  N everthe less  
it has b een  proposed  that the plastids o f  G. aureolum  
and E. huxleyi may be related (T a n g en  and Bjornland  
1981), presumably by som e past endosym biotic  event  
(D o d g e  1979 , W hatley  and W hatley  1981). H o w ever  
the present work shows that the  pi D N A  co nfig u 
ration o f  these two organism s is entirely  different.  
Emiliania huxleyi  resem bles o th e r  haptophytes in 
having scattered point nucleo ids o f  D N A  whilst G. 
aureolum,  with its bead ed  bands o f  p lD N A , exhibits  
an arran gem en t which is possibly unique.

It is debatab le  w h eth er  the  organization  o f  D N A  
in plastids would  rem ain unaltered  d uring  their ev o 
lution. In Glenodmium foliaceum  o n e  observes a vari
ation in the a rrangem en t o f  p lD N A  b etw een  plas
tids, such as the fragm entation  or the co m p le te  
absence o f  the  D N A  ring. T h is  may reflect ultra- 
structural ch an ges  d uring  the  cell cycle, or a drift 
in the organization  o f  p lD N A  from  that found  in 
the  plastids o f  free-living d iatom s as a con seq u en ce  
o f  endosym biosis .  T h e  latter possibility makes it d if
ficult to draw any firm phylogenet ic  conclusions from  
the different p lD N A  configurations show n by Gy
rodinium a ureo l im  and Emiliaxiia huxleyi. M ore in
form ation  about the factors con tro l l in g  p ID N A  o r
ganization is required  in ord er  to d o  this. It is 
p ertinent th o ug h  to n o te  that the  distribution o f  
D N A  in the cyanelles o f  Cyanophora paradoxa  (Boh- 
nert et al. 1983) resem bles the  central n ucleo id  o f  
cyanobacteria (Tscherm ak-W oess and Scholler 1982, 
C olem an and Lewin 1983) in b e in g  restricted to a 
similar reg ion  in the organelle .  Cyanelles and cy
anobacteria  are th o u g h t  to be  related (T ren ch  1979)  
and the  organization  o f  cyanelle  D N A  does  not seem  
to have ch an g ed  d uring  its in tegration  with the  host  
cell (Jaynes and V ern o n  1982).

F urther in form ation  on  the  usefulness o f  p lD N A  
organization  as a p h y log en et ic  marker should  c om e  
from the study o f  o th e r  anom alously  p ig m e n ted  di

noflagellates (Jeffrey et al. 1975 ,  Bjornland and T a n 
gen  1979). S om e o f  these  are m orphologica l ly  re
lated to species possessing peridinin as their main  
carotenoid  (T a n gen  and Bjornland 1981) and so 
com parisons o f  D A P l- p lD N A  fluorescence  patterns  
could  be  m ade both  with algae having the  sam e p ig
m entation  as the anom alous  species and a closely  
related, but typical, dinoflagellate .

T his work was su p p o n e d  by a S tuden tsh ip  from  the  Science and 
E ngineering  Research Council.
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