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ABSTRACT

Enzym ological And F ine  S t r u c tu r a l  S tu d ie s  On M icrobodies And M ito­
c h o n d ria  Of Euglena G r a c i l i s  S t r a in  Z Grown Under V arious E n v iro n ­
m en ta l C o n d itio n s

The o b s e rv a tio n  th a t  growth o r  tre a tm e n t o f  v a r io u s  pho to - 

s y n th e t ic  organ ism s w ith  exogenous f a t t y  a c id s  b ro u g h t abou t s e v e ra l  

m o d if ic a tio n s  in  f in e  s t r u c tu r e ,  le d  to  enzym olog ica l and f u r th e r  f in e  

s t r u c tu r e  s tu d ie s  on th e  m ic ro b o d ies  and m ito ch o n d ria  o f  Euglena g r a c i l ­

i s  s t r a i n  Z„ A e ra te d , a c e ta te -su p p le m e n te d  dark-grow n and c o n tin u o u s ly  

l ig h t-g ro w n  Euglena g r a c i l i s  s t r a i n  Z p o sse s s  £  300 and 600 m icro - 

b o d H .es /ce ll, r e s p e c t iv e ly .  M icrobody c a ta la s e  i s  dem onstra ted  cytochem - 

i c a l l y  w ith  3 ,3*  d iam ln o b en z id in e  (DAB)/!^^^. Between 12 - 30 hou rs  o f  

g re e n in g , some m ic ro b o d ies  undergo a  unique type o f  "m u ltllo b e d ” d iv is io n .  

In  such  m ic ro b o d ie s , long  ( tt  0 .5  jm ) , th in  ( 30-50 A°) f i b r i l s  a r4  e v i ­

d e n t;  coup led  w ith  p h o to m e tr ic  f in d in g  o f  n u c le ic  a c id s  in  su c ro se  

g r a d ie n t  I s o la te d  m ic ro b o d ie s , DNA i s  s u s p e c t .

Euglena m ic ro b o d ie s  were compared w ith  h ig h e r  p la n t  m icro - 

b o d ie s , u s in g  endosperm , l e a f  m esophyll and guard  c e l l s ;  m o rp h o lo g ic a lly  

a l l  a r e  s im i la r  and g iv e  p o s i t i v e  DAB r e a c t i v i t y .

A e ra tio n  w ith  C O ^-depleted  a i r  r e s u l t s  in  u n d e te c ta b le  l e v e ls  

o f  c a ta la s e ;  s in c e  r e - a e r a t i o n  w ith  CO2 - c o n ta in in g  a i r  r e s u l t s  in  i t s  

r e s t o r a t i o n ,  i t  a p p ears  t h a t  t h i s  gas r e g u la te s  c a ta la s e  a c t i v i t y  in  

a c e ta te -su p p le m e n te d  E ug lena .

In  72 -hour g re e n in g  E uglena, compared to  dark-grow n c e l l s j

a )  c a ta l a s e  a c t i v i t y  in  c e l l - f r e e  f r a c t io n s  in c re a s e s  ~  2 - f o ld  on a  p e r  

mg p r o te in  b a s i s ,  and 3  2 - f o ld  on a  p e r  c e l l  b a s ls -w h e re a s  c a ta la s e  

a c t i v i t y  in  m ic ro b o d ies  I s o la te d  from d isc o n tin u o u s  su c ro se  g r a d ie n ts
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In c re a se  1 .4 - f o ld ,  b o th  on th e  b a se s  o f  s p e c i f i c  a c t i v i t y  and p e r  c e l l ;  

b )  s p e c i f ic  a c t i v i t i e s  o f  glyoxysom al m arker enzymes ( i s o c i t r a t e  ly a s e  

and m a la te  sy n th a se )  rem ain  c o n s ta n t  b o th  w ith  c e l l - f r e e  f r a c t i o n s  and 

m ic ro b o d ie s  i s o la te d  from  su c ro se  g r a d ie n ts ;  on a  p e r  c e l l  b a s i s ,  g ly ­

oxysomal m arker a c t i v i t y  d o u b le s ; c )  s p e c i f ic  a c t i v i t i e s  o f  perox isom al 

m arker enzymes (g ly co lia te  dehydrogenase and hydroxypyruvate  r e d u c ta s e )  

in c re a s e  & 6 - f o ld  in  b o th  c e l l - f r e e  f r a c t i o n s  and m ic ro b o d ies  I s o la te d  

on su c ro se  g r a d i e n t s ; a c t i v i t i e s  in c re a s e  X  1 2 -fo ld  on a  p e r  c e l l  b a s i s .

To c o r r e l a t e  m icrobody d a ta ,  in  re g a rd  to  number, f in e  

s t r u c tu r e ,  p r o te in  c o n te n t and enzyme a c t i v i t y ,  two m odels a re  o f f e r e d .  

The f i r s t  In v o lv e s  a b in a ry  f i s s io n  type o f  d iv is io n  o f  each  p re ­

e x is t in g  m icrobody in  dark-grow n c e l l s ;  th e  p re d ic te d  consequences o f 

such a d iv is io n  do n o t c o r r e la t e  w e ll  w ith  some o f  th e  enzyme and f in e  

s t r a e t o r e  d a ta .  The second model In v o lv e s  a  m u lt i- lo b e d  type o f  d iv is io n  

o f  perox isom al m ic ro b o d ie s  (assumed to  r e p r e s e n t  1/12 to  1 /1 0  th e  t o t a l  

number o f  m ic ro b o d ie s  in  dark-grow n c e l l s ) ;  th e  p re d ic te d  consequences 

o f  such a  d iv is io n  c o r r e la t e  w e ll  w ith  o b s e rv a t io n s .

An enzyme i s  dem onstra ted  c y to c h e m ic a lly  in  m ito c h o n d ria l 

m a tr ic e s  o f  a e r a te d ,  a c e ta te -su p p le m e n te d  Euglena g r a c i l i s  s t r a i n  Z, 

under c o n d it io n s  o f  DAB in c u b a tio n  o th e r  th an  th o se  c o n s id e red  o p tim al 

fo r  cytochrom e o x id a s e . A c t iv i ty  o f  t h i s  enzyme: i s  t r a n s i t o r y ,  l i g h t -  

induced , and p o s s ib ly  p h o to sy n th e s is -d e p e n d e n t.
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INTRODUCTION

1

I .  R a tio n a le  o f Work

In  a s h o r t  com m unication, Brody j i t  a l .  

(1969) r e p o r te d  th a t  a n a tu r a l ly -o c c u r r in g  f a c t o r ,  p r o te in - l ik e  in  n a tu r e ,  

found in  th e  le a v e s  o f  R ic in u s  communis, was c a p a b le  o f  m odify ing  many o f 

th e  p a ram ete rs  o f  p h o to s y n th e s is ,  b o th  in  i s o la te d  c h lo r o p la s ts  o f  

R ic in u s  and in  c r o s s - r e a c t io n  system s ( i . e .  c h lo r o p la s t s  from o th e r  p la n ts  

suspended in  aqueous e c t r a c t s  o f  R ic in u s  l e a v e s ) .  Among th e  e f f e c t s  o f  

t h i s  p r o te in  were an in c re a s e  in  low tem p e ra tu re  f lu o re sc e n c e  a t  698 nm 

and a  d e c re a se  a t  685 nm and 735 nm; a s s o c ia te d  w ith  th e se  em ission  

changes were changes in  low tem p era tu re  f lu o re sc e n c e  e x c i t a t i o n .  In  the  

afo rem en tioned  p a p e r, th e  fo llo w in g  s ta te m e n t was made: " P re lim in a ry  

s tu d ie s  w ith  th e  e le c tr o n  m icroscope ( in  c o n ju n c tio n  w ith  Mr. James

E. W h ite ), and experim ents w ith  oxygen e v o lu t io n  su g g e s t th a t  th e  

observed  s te a d y - s ta te  f lu o re sc e n c e  changes a r e  a s s o c ia te d  w ith  d i s ­

r u p tio n  o f  b o th  normal la m e lla r  s t r u c tu r e  and e le c t r o n  t r a n s p o r t"  .

In  1969 I  c o lla b o ra te d  in  a  c o n tin u a tio n

o f  t h i s  work (Cohen e t  a l . , 1969) in  which i t  was dem onstra ted  t h a t

c e r t a i n  lo n g -c h a in  (C -18) u n s a tu ra te d  f a t t y  a c id s  ( l i n o l e n i c ,  l l n o l e i c ,

o l e i c  o r  r l c o l e i c  ) had s im i la r  e f f e c t s  and co u ld  se rv e  as  good model
1 » 2

system s f o r  th e  a c tio n  o f R ic in u s  l e a f  e x t r a c t  on i s o la te d  c h lo ro -

* Benson (1964) r e p o r te d  th a t  th e  la m e lla e  o f  sp in ach  c h lo r o p la s ts  
w ere r i c h  in  g a la c to l ip id s ,  which may c o n ta in  96 % o f  t h e i r  l i p i d s  in  
th e  form  o f  C-18 u n s a tu ra te d  f a t t y  a c id s .

2
A proposed mode o f  a c t io n  o f  t h i s  R ic in u s  p r o te in  was th a t  i t  

p o sse sse d  l i p o l y t i c  a c t io n  and was th e r e fo r e  l i b e r a t in g  f a t t y  a c id s  from 
th e  c h lo r o p la s t  (Cohen e t  a l . , 1969 ; N athanson and Brody, 1970 ) .



2

p l a s t s  o f  h ig h e r  p l a n t s  and a lg a e .  Both th e  p r o te in  f a c to r  o f  th e  R ic in u s  

l e a f  e x t r a c t  ( a ls o  to  be r e f e r r e d  to  a s  "  RI£ "  ) and exogenous C
18

u n s a tu ra te d  f a t t y  a c id s  were observed  to  have p h o to s y n th e s is -a s s o c ia te d  

e f f e c t s  a d d i t io n a l  to  th o se  c i t e d  by  Brody e t  a l .  ( 1969) . Among th e s e  

were m o d if ic a tio n s  o f  : a )  f lu o re sc e n c e  In d u c tio n , b )  f lu o re sc e n c e  em iss io n  

and e x c i t a t i o n ,  c )  l ig h t- in d u c e d  a b s o rp tio n  by c h lo ro p h y lls  a ^  and a ^ , d ) 

H i l l  a c t i v i t y ,  and e )  system  I I  and system  I -  a s s o c ia te d  e le c t r o n  flo w .

In  a d d it io n , h ig h  c o n c e n tra t io n s  o f  exogenously -added  u n s a tu ra te d  f a t t y  

a c id s  b rough t ab o u t changes In  c h lo r o p la s t  u l t r a s t r u c t u r e ;  th e  l a t t e r  

f in d in g s  c o n s t i tu te d  my c o n tr ib u t io n  to  the  s tu d y . These c o n f ig u ra t io n a l  

changes ( I . e .  lo s s  o f  c h lo r o p la s t  en v e lo p e , sw e llin g  o f  s tro m al and then  

g ra n a l th y la k o id s )  were assumed by  us to  r e s u l t  from some co n fo rm atio n a l 

change In  c h lo r o p la s t  la m e lla r  p r o te in .

E a r l i e r  w orkers had a ls o  su sp ec ted  th a t  

c o n fo rm atio n a l changes were b ro u g h t abou t in  c h lo r o p la s t  lam e lla e  under 

the  in f lu e n c e  o f  exogenous f a t t y  a c id s .  L ig h t - s c a t te r in g  changes, r e s u l t ­

in g  from th e  a d d it io n  o f  f a t t y  a c id s ,  have been I n te r p re te d  a s  a r i s in g  

from  the  sw e llin g  o f c h lo r o p la s t s  ( S ie g e n th a le r  and Packer, 1965; Peder­

sen  e t  a l . ,  1966; M olotkovsky and Zheskova, 1966 ) .  Murarkami and Nobel

(1967) dem onstra ted  by packed c e l l  volumes and e le c tr o n  m icroscopy th a t  

exogenously-added  f a t t y  a c id s  cause  ( l ig h t-d e p e n d e n t ) sw e llin g  in  i s o ­

la t e d  sp in ach  c h lo r o p la s ts .

Brody and Brody had much e a r l i e r  (1961) 

p o s tu la te d  t h a t  monomers and d im ers o f c h lo ro p h y ll  were a tta c h e d  p e r io d ­

i c a l l y  to  p r o te in  h e l ic e s  in  c h lo r o p la s t  la m e lla e , and th a t  co n fo rm atio n a l 

changes in  p r o te in  cou ld  cau se  changes in  p ro p o r tio n s  o f  th ese  ty p es  o f  

c h lo ro p h y ll .  J u s t  r e c e n t ly ,  Brody and N athanson ( 1972), in  experim en ts
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u t i l i z i n g  c i r c u l a r  d ich ro iam , have dem onstra ted  th a t  th e  d e a g g re g a tio n  

o f  c h lo ro p h y ll- c o n ta in in g  system s by exogenous f a t t y  a c id s  r e s u l t s  n o t 

o n ly  from  d i r e c t  e f f e c t s  on chrom ophores, b u t  a ls o  by  in d i r e c t  e f f e c t s  

on th e  p r o te in s  to  which th e  c h lo ro p h y lls  a re  a t ta c h e d .

These e a r ly  o b se rv a tio n s  (Brody £ t  a l .  

1969; Cohen e t  a l . ! 1969) w ith  i s o la te d  c h lo r o p la s ts  le d  me to  in q u ire  

in to  th e  p o s s ib le  r o le  o f  f a t t y  a c id s  in  th e  developm ent and c o n tro l  o f 

form and fu n c t io n  o f  c h lo r o p la s ts  Jtn s i t u . To th i s  end , f in e  s t r u c tu r e  

s tu d ie s  w ere u n d e rtak en  to  determ ine  th e  in f lu e n c e  o f  exogenous f a t t y  

a c id s  on a b lu e -g re e n  a lg a ,  a  re d  a lg a ,  a  g reen  a lg a ,  and an e u g le n o id . 

These ex p erim en ts  soon in d ic a te d ,  t h a t  in  a d d it io n  to  c h lo r o p la s t s ,  

o th e r  o rg a n e l le s  in  s i t u  ( e .g .  m ito ch o n d ria  and m ic ro b o d ie s )  were a ls o  

b e in g  a f f e c te d .

The e f f e c t s  o f  exogenous f a t t y  a c id s  were 

m ost e x te n s iv e ly  in v e s t ig a te d  w ith  Euglena g r a c i l i s . S in ce , when grown 

h e te r o t r o p h ic a l ly  in  th e  d a rk , i t  la c k s  c h lo ro p h y ll  and c h lo r o p la s t s  - 

c o n v e r tin g  to  p h o to s y n th e tic  m etabolism  upon exposure  to  l i g h t  -  i t  

seemed an  id e a l  organism  f o r  such a  s tu d y .

M itochondria  a s  w e ll a s  c h lo r o p la s t s  

seemed to  be a f f e c te d  by exogenous f a t t y  a c id s .  I  w ished to  de te rm in e  

w hether y e t  a n o th e r  o rg a n e l le  -  th e  m icrobody - would be s im i la r ly  

a f f e c te d .  A lthough m ic ro b o d ies  a re  d i f f i c u l t  to  v i s u a l iz e  by  s ta n d ­

a rd  te c h n iq u e s  o f  e le c t r o n  m icroscopy , th e  p re se n c e  o f  c a ta la s e  in  

th e se  o rg a n e l le s  makes i t  p o s s ib le  to  u t i l i z e  th e  cy tochem ica l i d e n t i f i e r  

3 ,3* -  d lam inobenzld ine  (DAB) . U t i l i z a t io n  o f  DAB in  th e  c a s e s  o f  dark -
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grown, g ree n in g  and c o n tin u o u s ly  l ig h t-g ro w n  E uglena g r a c i l i s  ( c u l tu re d  

on m edia supplem ented w ith  g lu co se  p lu s  l in o le n ic  a c id  o r  j u s t  l in o le n ic  

a c id  as  s o le  carbon  and energy  s o u rc e )  gave p o s i t iv e  cy tochem ica l r e ­

s u l t s .  J u s t  a f t e r  o b ta in in g  th e s e  r e s u l t s ,  I  re a d  w ith  s u r p r i s e  th e  

p a p e rs  o f  Lord and M e rre tt (1971) and Graves je t a l .  (1971 a  ) s t a t in g  

th a t  m icrobod ies o f  Euglena do n o t c o n ta in  c a ta la s e .

E a r l i e r  work (Reeves j i t  a l . , 1962; Haigh 

and B eevers, 1964) had in d ic a te d  th a t  ace tsE e  (C2 ) su p p lem en ta tio n  o f 

Euglena induces enzymes o f th e  g ly o x y la te  c y c le .S in c e  £ -o x id a t io n  has 

been  re p o r te d  to  o ccu r in  m ic ro b o d ies  (Cooper and B eevers , 1969) and 

s in c e  th e  end p ro d u c ts  o f  such & - o x id a t io n  produce 2 -ca rb o n  fragm ents 

s im i la r  to  a c e t a te ,  I  perform ed f u r th e r  experim en ts  to  de term ine  w hether 

DAB-mediated p o ly m e riz a tio n  co u ld  be observed  w ith  c e l l s  grown on a c e ta te -  

supplem ented m edia, because th e re  e x i s t s  an e x te n s iv e  l i t e r a t u r e  on the  

p h y s io lo g y  o f  such a c e ta te -su p p le m e n te d  Euglena ( S m il l ie ,  1968), w h ile  

th e re  i s  an a b s o lu te  la c k  o f l i t e r a t u r e  on f a t t y  ac id -supp lem en ted  c e l l s .  

These e a r ly  in v e s t ig a t io n s  le d  to  work which became a  m ajor p a r t  o f  my 

d i s s e r t a t i o n  e f f o r t .  One o f  th e  f i r s t  q u e s tio n s  I  a ttem p ted  to  answer was 

why my r e s u l t s  w ere p o s i t iv e  in  re g a rd  to  c a ta la s e  in  E uglena,w hereas 

o th e r  w orkers were u n ab le  to  d e te c t  t h i s  enzyme.

D uring experim en ts  u t i l i z i n g  c a ta la s e -  

m ed ia ted  DAB p o ly m e riz a tio n  to  lo c a l i z e  m icrobod ies in  E uglena, a n o th e r 

DA B-reactive enzyme was n o te d ,b y  e le c t r o n  m icroscopy , in  some m ito ­

c h o n d ria  o f  20 -  72 hour g reen in g  c e l l s .  Experim ents were then  perform ed 

in  an e f f o r t  to  l e a r n  more abou t t h i s  m ito c h o n d ria l enzyme from the  

p o in ts  o f  view  o f  i t s  n a tu re  and f a c to r s  c o n tr o l l in g  i t s  developm ent.
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I I .  H is to ry  and Background to  Work

A. Euglena P l a s t l d s :  Changes W ith G reening

Dark-grown E uglena c o n ta in  abou t 10 e l l ip s o id a l- s h a p e d  

p r o p la s t id s ,  hav ing  a  mean le n g th  o f  1 . 6  pm, a  mean w id th  o f  0 . 6  jim and 

bounded by a  double  membrane (K le in  je t a l . , 1972), Upon exposure  to  

co n tin u o u s  l i g h t ,  th e  p r o p la a i id s  o f  E uglena develop  in to  »  10 d i s c ­

shaped c h lo r o p la s t s  a t  l e a s t  7 jum in  le n g th  (K le in  ^ t  a l , , 1972). More­

o v e r, th e  co n v e rs io n  from a p r o p la s t id  s t r u c tu r e  to  a m ature c h lo r o p la s t  

in  Euglena g r a c i l i s  v a r .  b a c i l l a r i s  commences a f t e r  th e  s ix th  hour o f 

g reen in g  ( S c h if f ,  1970, K le in  j j t  a l . , 1972).

A f te r  24 hou rs  o f developm ent, th e  mean p l a s t i d  

len g th  i s  2 .4  jura ( K le in  e t  a l . , 1972 ) ; how ever, th e  number and o r ie n ­

t a t io n  o f  th y la k o id s  show w ide v a r i a t io n  even in  th e  p l a s t ld s  o f  th e  

same c e l l .  By 24 hours o f  g re e n in g , the  mean number o f  th y la k o id s  p e r  

p l a s t i d  i s  7 -8  in  Euglena g r a c i l i s  v a r .  b a c i l l a r i s  (K le in  e t  a l . , 1972).

At t h i s  s ta g e  o f  developm ent, m ost p l a s t l d s  s t i l l  c o n ta in  b o th  g i r d l e  and 

s t r a i g h t  th y la k o id s .  As th e  p l a s t i d  develops d u rin g  th e  f i r s t  24 hou rs o f 

g re e n in g , p ro la m e lla r  b o d ie s  a re  l e s s  f r e q u e n tly  o b se rv ed ; th ey  a re  r a r e ly  

seen  a t  a l l  a f t e r  24 h o u rs  o f  g ree n in g  ( S c h i f f ,  1970; K le in  e t  a l« , 1972).

From 24 hou rs o f g ree n in g  to  th e  achievem ent o f 

th e  m ature c h lo r o p la s t  (72 - 96 h o u rs  o f  g re e n in g )  developm ent p roceeds 

e s s e n t i a l l y  a s  d e s c r ib e d  by B en-Shaul e t  a l .  (1964) -  t h a t  i s :  a )  th e  

number o f  la m e lla e  (each  c o n ta in in g  4-6 th y la k o id s )  in c re a s e s  to  about 13 

in  a fa s h io n  e s s e n t i a l l y  l i n e a r  w ith  r e s p e c t  to  tim e , b )  th e  number o f  

unfused  th y la k o id s  d e c re a s e s , so  t h a t  v e ry  few unfused  th y la k o id s  a re
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apparent; by 72 hours o f  g re e n in g , and c )  th e  le n g th  o f  th e  p l a s t i d  

rem ains un ifo rm  du ring  t h i s  p e r io d .

Accompanying m o rp h o lo g ica l developm ent o f  th e  c h lo r o p la s t  

and c h lo ro p h y ll  fo rm atio n  i s  th e  s y n th e s is  o f  c a ro te n e ,  p r o te in s  and 

enzymes a s s o c ia te d  w ith  p h o to sy n th e s is  ( S c h if f  and Z e ld in , 1968). Photo- 

s y n th e t ic  competence i s  accom panied by th e  appearance  o f  l i p i d s  c h a ra c ­

t e r i s t i c  o f  lig h t-g ro w n  c e l l*  (K rinsky  and G oldsm ith , 1960; Erwin and 

B loch, 1963 b ;  R osenberg and P e c k e r, 1964; K rin sky  e t  a l . , 1964).

Changes in  type  and co m position  o f  f a t t y  acidis occur w ith  

g re e n in g  in  Euglena (se e  T ab le  1 ) .  Euglena g r a c i l i s  s t r a i n  Z grown in  

th e  l i g h t  on o rg a n ic  medium h as  la r g e  amounts o f  o < - l in o le n ic  a c id  

(m ainly  in  th e  g ly c o l ip id e  o f  th e  c h lo r o p la s t s ) ,  w h ile  Euglena grown in  

th e  dark  has C2 0  , C^  , and p o ly en o ic  f a t t y  a c id s  o f  th e  l in o ­

le n ic  type  (m ain ly  in  th e  p h o sp h o lip id  p o r tio n s  o f  t h e i r  membranes)^* \  

Double la b e l in g  experim en ts have dem onstra ted  th e  e x is te n c e  o f  two 

pathways o f  p o ly en o ic  a c id  b io s y n th e s is  in  t h i s  o rganism  (H ulan lcka  e t  

a l .  ,  1964); and , th e r e f o r e ,  two c a te g o r ie s  o f  p o ly u n sa tu ra te d  f a t t y  

a c id s  may be  found (Erwin and B loch , 1962, 1963 b ;  R osenberg , 1963;

Korn, 1964; H u lan lcka  e t  a l . , 1964). These two c a te g o r ie s  a r i s e  because  

th e  d e s a t t i r a t lo n  o f  o le i c  a c id  in  Euglena can p ro ceed  in  two d i f f e r ­

e n t  d i r e c t io n s  (se e  F ig u re  1 ) .  In  th e  o(- l in o l e n a t e  pathway 

( o r  "  p la n t  "  pathway ) , o l e a te  i s  p ro g re s s iv e ly  d e s a tu ra te d  tow ard

O
<<-l in o l e n i c  a c id s  (9 ,1 2 ,1 5 -C ^ g ) o ccu r w id e ly  in  p h o to sy n th e tic  

m icroorganism s and h ig h e r  p l a n t s ,  w h i l e ^ - l i n o l e n i c  a c id s  (6 ,9 ,1 2 -C ^g ) 
a re  found in  p ro to z o a  and m etazoa (Erw in, 1968).

^ P o lyeno ic  f a t t y  a c id s  a re  th o se  which c o n ta in  more than  one dou­
b le  bond (West and Todd, 1971) . A few exam ples a re  g iv en  in  T ab le  3 .
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T able  1 . F a t ty  Acid C om position Of P l a s t i d  F ra c t io n s  From Green And 

Dark-Grown Euglena G r a c i l i s  S t r a in  Z.

(acco rd in g  to  R osenberg e t  a l . f 1965)

Carbon atom s
F a t ty  a c id  
Nunber o f  
double bonds

% by  w e ig h t o f  t o t a l  f a t t y  a c id

C h lo ro p la s t P ro p la s t ld

13 0 1 .5 3 .0
14 0 4 .0 3 .5
15 0 2 . 0 3 .0
16 0 8 . 0 6 . 0
16 1 5 .5 1 .5
16 2 7 .0 -
16 3 14 .5
17 0 2 . 0 1 .5
17 1 5 .5 2 .5
18 0 - 1 . 0
18 1 2 .5 2 .5
18 2 8 . 0 0 .5
18 3 12 .5 1 . 0
19 1 1 .5 «.
19 2 _ 1 .5
19 4 and more 5 .0
2 0 2 3 .5 3 .0
2 0 4 and more 1 4 .0 4 8 .0
2 1 4 and more • 2 . 0
2 2 4 and more “ 10.5



(^-Idnd^nio acid)
8,11,1^,17-C20  V 5,8,11,1^,17-020

(Eioosapentaenoic acid)

9-Ĉ . g  9,12-cj — »■ 11,14-C20--------►8,11,1^-020---------->  5»8,11,1A-(% o
/f (Arachidonio acid)

/C & )
6,9,12-023 

( (-Iinolenic acid )

Figure 1. Major patinmya of polyunsaturated Cjg and C20 fatty aoids in Eaglena. 
Arrows with dotted lines indicate major pathways in photoauxotrophle, and those in solid lines indicate major pathways in heterotrophic cells,

( according to Erwin, 1968 )
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th e  m ethyl end o f  th e  m olecule* form ing l i n o l e l c  and d l - l l n o l e n l c  a c id s .

In  th e  < f - l i n o le n a te  pathway ( o r  "an im al"  pathway ) a f t e r  th e  fo rm a tio n  

o f  l ln o l e n l c  a c id ,  double bonds a re  formed betw een th e  9*10 p o s i t io n  and 

th e  ca rb o x y l end o f  th e  m o lecu le ; c h a in  e lo n g a tio n  by t h i s  pathway r e s u l t s  

in  th e  s y n th e s is  o f  a ra c h ld o n lc  a c id  and o th e r  C-20 and C-22 p o ly u n sa tu ra te d  

f a t t y  a c id s  ( se e  rev iew  by Erwin and Bloch * 1964 ) .

S e v e ra l new p ro te in s  ap p ear d u rin g  c h lo r o p la s t  

developm ent * as  h as  been dem onstra ted  by c h lo r o p la s t  a n tig e n  s tu d ie s  

(Lewis e t  a l.» 1 9 6 5  ) and c h lo r o p la s t  enzyme s tu d ie s  ( S m illie *  1963*1968 ) .  

Among th e s e  newly s y n th e s iz e d  enzymes a re  th o se  o f  th e  carbon  d io x id e  

f ix a t io n  c y c le  £~ T P N -trio sedohep tu lose  phosphate  dehydrogenase ( F u l le r  

and Gibbs* 1959; Brawerman and Konigsberg* 1960; Hudock and F u lle r*  1965 ) 

and r ib u lo s e  d iph o sp h a te  c a rb o x y la se  ( F u l le r  and Gibbs* 1969 ) J J  * enzymes 

connected  w ith  p h o to 'sy n th e tic  e le c t r o n f c r a n s p o r t  £ t ! N -  tra n sh y d ro g en ase  

( L a z z a r in i  and San P ie tro *  1963; L a z z a r in i  and Woodruff* 1964 )  and 

cytochrom e 552 o x id ase  (N lsh lm ura * 1959; tfo lken  and Gross* 1963; P e r ln l  

e t  a l . , 1964 a* b )^J and enzymes in vo lved  in  p h o to re s p ir a t io n  £ t r a n s -  

k e to la s e  ( P e te rk o fsk y  and R acker, 1961; S m illie *  1963 ) J  .  F o r a  l i s t  

o f  c h lo r o p la s t - lo c a l l z e d  enzymes se e  S m il l ie  ( 1963, 1968) .

P h o to sy n th e tic  ca rb o n  d io x id e  f i x a t io n  i s  

co m p le te ly  in h ib i te d  i f  c h lo r o p la s t  developm ent p roceeds in  th e  p resen ce  

o f  DClfflJ £ 3  ( 3 * 4 -d ic h lo ro p h e n y l) - l* l-d im e th y l u r e a ^  a  s p e c i f i c  in h ib ­

i t o r  o f  p h o to sy n th es is*  w hich b lo ck s  the  flow  o f  e le c tr o n s  from  P hoto­

system  I I  ( S c h lf f  e t  a l .»  1967; S ch iff*  1970 )  .  However* E uglena allow ed  

to  g ree n  in  DCHU* develop  norm al s i z e  c h lo ro p la s ts *  w ith  more th an  the  

u s u a l  number o f  th y la k o id a  p e r  la m e lla ;  p y ren o id s  a re  seldom  observed  in  

DCMU-treated c e l l s  ( S c h lff*  1970). T herefore*  DCHU experim en ts  in d ic a te
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t h a t  th e  dev e lo p in g  c h lo r o p la s t  o f  E uglena I s  cap ab le  o f  form ing mem­

b ran e s  and pigm ents In  th e  absence o f  p h o to sy n th e s is .

B. E uglena M itochondria

Benda (1898 )  f i r s t  co ined  th e  term  

"m itochond rion”  ,  d e riv e d  from  two Greek words -  "m ito s"  ( a  th re a d )  and 

"chondros"  ( a g r a in  ) .  Causey (1926) e s tim a te d  by  l i g h t  m icroscopy  an 

average  o f  o n ly  16 s p h e r ic a l  m ito ch o n d ria  p e r  Euglena g r a c i l i s  K lebs c e l l  

and s p e c u la te d  t h a t  th e r e  was a  d e f i n i t e  r a t i o  betw een c e l l  volume and 

number o f  m ito c h o n d ria . Baker (1933) b e lie v e d  to  have obse rv ed  by  l i g h t  

m icro scopy , d iv is io n  o f  m ito ch o n d ria  in  E ug lena ; however, m ost w orkers 

a g ree  w ith  Buetow (1968) t h a t  d iv is io n  has n o t y e t  been d em o n stra ted . 

R ecent work h as  shown t h a t  th e  m ito ch o n d ria  in  Euglena can  v a ry  in  number, 

sh a p e , s i z e  and s t r u c tu r e  ( Wolken and P a la d e , 1953; G ibbs, 1960; S ieg es- 

mund e t  a l . ,  1962; B randes e t  a l . ,  1964; M alkoff and Buetow, 1964; L eedale 

e t  a l . ,  1965; Buetow, 1968).

Gibbs (1960) r e p o r te d  t h a t  numerous sp h e r­

i c a l  ro d -  shaped m ito c h o n d ria  a re  found th roughou t the  cy top lasm  o f  Euglena 

c e l l s ,  m ost ab u n d an tly  im m ediately  b e n e a th  th e  p e l l i c l e .  T h is  con fluence  

o f  m ito ch o n d ria  below  th e  p e l l i c l e  h as  been re p o r te d  in  dark-grow n Euglena 

g r a c i l i s  (Wolken and P a la d e , 1953; L eedale  e t  a l . ,  1965) and s tre p to m y c in - 

b lea c h e d  E uglena g r a c i l i s  (Brandes js t  a l . ,  1964; M alkoff and Buetow, 1964; 

L eedale e t  a l . ,  1965 ) .  M oreover, L eedale  e t  a l .  ( 1965) have proposed 

t h a t  an i r r e g u la r  s u r fa c e  i s  c h a r a c t e r i s t i c  o f  e u g len o ld  m ito c h o n d ria .

In  Euglena g r a c i l i s ,  th e  m ito ch o n d rio n  i s  

bounded by two 60 A° membranes s e p a ra te d  by  a  6 Q A° interm em brane space 

( G ibbs, 1960) .  The in n e r  m ito c h o n d ria l membrane in v a g in a te s , form ing 

s h o r t  c r i s t a e  which ex ten d  33-50 Z o f  th e  way a c ro s s  th e  m ito chond rion
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(Wolken and P a lad e , 1953; G ibbs, 1960; Brandes e t a l . ,  1964) . F u rtherm ore , 

th e  Euglena c r l s t a e  p o ssess  c h a r a c t e r i s t i c  c o n s t r ic t io n s  in  th e  b a s a l  

r e g io n  ( L eedale  js t  a l . ,  1965) .

O c c a s io n a lly  th e  m ito ch o n d ria  o f  Euglena 

g r a c i l i s  c o n ta in  r e l a t i v e l y  dense g ra n u le s  o f  unknown s ig n i f ic a n c e  (Buetow, 

1968 )~* ; a d d  p h o sp h a tase  has been c y to c h e m lc a lly  dem o n stra ted  in  th e  

m ito c h o n d r ia l m a tr ix  and c r i s t a e  ( Brandes ja t a l . ,  1964) .  Krawiec and 

E is e n s ta d t  ( 1970) and Lord and M e rre tt (1971) were u n ab le  to  d e te c t  

cytochrom e o x id ase  in  Euglena m ito ch o n d ria  by p h o to m e tric  a s sa y s .

The m ito c h o n d ria  o f  Euglena appear to  be 

r a t h e r  p l ia b le  and pleom orphic (  Buetow, 1968) . L eedale  e t  a l . (1965) 

r e p o r te d  by f in e  s t r u c tu r e  s tu d ie s  th a t  th e  m ito ch o n d ria  o f  dark-grow n 

E uglena a p lro g y ra  w ere m ost o f te n  o v a l o r  e lo n g a ted  ( 0 .5  /im wide and up 

to  1 0  jan lo n g ) and d is p e rs e d  th ro u g h o u t th e  cy to p lasm ic  m a tr ix ;  in  l i g h t -  

grown c e l l s ,  th e  m ito ch o n d ria  m ost f re q u e n tly  ware lo c a te d  betw een the  

c h lo r o p la s t  and th e  p e l l i c l e .  However, L eedale  e t  a l*  (1965) in d ic a te  t h a t  

a t  any s p e c i f i c  tim e in  g re e n in g , a l l  g ra d a tio n s  betw een th e  above types  

o f  m ito ch o n d ria  may be fcund in  any p a r t i c u l a r  c u l tu r e  o f  E uglena, w ith  

one s t a t e  p red o m in a tin g . T h e re fo re , in  l iv in g  Euglena th e  m ito ch o n d ria  a re  

in  a  s t a t e  o f  " f lu x ,  c o n t in u a l ly  move and change c o n f ig u r a t io n s ,  f u s e ,  

b ranch  and change t h e i r  sh ap es"  (Buetow, 1968) .

O ften  th e  number o f  m ito c h o n d ria  in  Euglena 

in c re a s e  under c o n d it io n s  which red u ce  th e  c h lo r o p la s t  c o n te n t ,  e .g .  ,  d a rk - 

grown E uglena g r a c i l i s  ( Wolken and P a la d e , 1953 ) ,  h e a t-p ro d u c e d  c o lo r ­

l e s s  Euglena a p iro g y ra  (  L eed a le , 1966 ) and numerous m u tan ts  ( S te rn  e t

P o s s ib ly  c a t io n  s to ra g e  g ra n u le s  ( Brown and B e rtk e , 1969) .
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a l .»  1964; S c h lf f  and E p s te in ,  1968 ) .  F u rth e rm o re , S c h lf f  and E p s te in

(1968) have su g g e s te d , on th e  b a ses  o f  f in e  s t r u c tu r e  and gas exchange, th a t  

an a c t iv e  c h lo r o p la s t  may c o n tr o l  th e  s t r u c t u r a l  developm ent and r e s p i r ­

a to ry  a c t i v i t y  o f  Euglena m ito c h o n d ria .

Under c o n d it io n s  o f  carbon ( a c e t a te )  s t a r ­

v a t io n  ,  many m ito ch o n d ria  o f  Euglena g r a c i l i s  v a r .  b a c i l l a r i a  ( s t r a i n  

SM-Ll ) become e n c a p su la te d  in  membrane-bound c a v i t i e s  (B randes e t  a l . ,

1964 ) s im i la r  to  th e  c y to ljso m e s  ( au to p h ag ic  v acu o les  ) d e s c r ib e d  in  

mammalian c e l l s  (deDuve and W a ttiau x , 1966 ) .  These e n c a p su la te d  m ito ­

c h o n d ria  a re  su b seq u e n tly  d ig e s te d  away ( Brandes e t  a l . ,  1964 ) and 

m ost o f  th e  rem ain ing  m ito ch o n d ria  appear norm al (Brandes e t  a l . ,  1964; 

Buetow; ,  1968 ) .  Brandes je t j* l. (1964) have r e p o r te d  a  few exam ples in  

which v e ry  long m ito ch o n d ria  a re  lo c a te d  in  th e  p e r ip h e ry  o f  E uglena a f t e r  

7 days o f  carbon s t a r v a t io n .

C. Euglena M icrobodies

1 . In tro d u c tio n  and D e f in i t io n  o f  Terms

The term  "m icrobody" was in to d u ced  by 

e le c t r o n  m lc ro sc o p ls ts  (R hodln, 1954; G & s le r  and E o u l l l e r ,  1956 ) fo r  

th e  m o rpho log ica l d e s c r ip t io n  o f  aingle-m em brane bound o rg a n e l le s  (approx­

im a te ly  1 fm  ) observed  in  k idney  and l i v e r  c e l l s .  S im ila r  o rg a n e l le s  

have a ls o  been d is c lo s e d  in  a  v a r i e ty  o f  p la n t  c e l l s .  Among th e s e  a re  

endosperm (B reidenbach  and B eevers , 1967; B reidenbach  e t  a l . ,  1968 ;

Cooper and B eevers, 1969; F re d e r ic k  and Newcomb, 1969 a ;  C hlng , 1970;

G ruber e t  a l . ,  1970; Longo and Longo, 1970; T re le a se  e t  a l . ,  1971 ) , 

s e e d l in g s  o f  o th e r  th an  f a t - s t o r in g  p l a n t s ( Cronshaw, 1964; F re d e r ic k  

and Newcomb, 1971 jF e ie rab e n d  and B eevers, 1972 a ,b  ) ,  m esophyll
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l e a f  c e l l s  o f  b o th  and C^ p la n ts  ® ( F re d e r ic k  e t  a l . ,  1968; F re d e r ic k  

and Newcomb, 1969 a ,b ;  G ruber ejt a l . ,  1970; F re d e r ic k  and Newcomb,1971; 

Bjorkman e t  a l . ,  1971 ) ,  tobacco  stem  and c a l lu s  t i s s u e  ( F re d e r ic k  e t  a l . ,  

1968 ) ,  o a t  c o le o p t i l e  (T horn ton  and Thlmann, 1964; F re d e r ic k  e t  a l . ,1 9 6 8 ;  

Rocha and T ing , 1970 ) .

M icrobodies have a ls o  been d e te c te d  in  

y e a a t ( Avers and Federman, 1958; Szabo and A vers, 1969 ) ,  m olds ( Kobr 

a t  a l . ,  1969), and re p o r te d  in  brown a lg a e  ( Bouck, 1965 )  .  F ine  s t r u c ­

tu re  s tu d ie s  have s u b s ta n t ia te d  th e  p resen ce  o f  m icrobod ies in  a v a r i e ty  

o f  m icroorganism s ( M u lle r, 1969; Graves e t  a l . ,  1971 a ,b ;  G erhard t and 

B erger, 1971; H anzely e t  a l .«  1971; G e rg ls , 1971; Brody and W hite , 1972,

1973 ; W hite and Brody, 1973 a»b )  .

DeDuve (1965) and deDuve and Baudhuin 

(1966) rec o g n ize d  th e  b io lo g ic a l  s ig n i f ic a n c e  o f  c a ta la s e  in  m ic ro b o d ie s . 

M lcrobodles a re  r e s p i r a to r y  o rg a n e l le s  c o n ta in in g  hydrogen p e ro x id e - 

g e n e ra tin g  o x id a se s  and la rg e  amounts o f  c a ta la s e .  C a ta la s e  red u ces  hydro­

gen p e ro x id e  to  w a te r  e i t h e r  p e ro x id a t lv e ly  ( r e q u i r in g  an e le c tr o n  donor 

o th e r  than  H2 O2  ) o r  c a t a l y t l c a l l y  ( in  which a  second m olecu le  o f 

s e rv e s  as  th e  e le c t r o n  donor) .  As shown in  F ig u re  2 , oxygen i s  reduced  

to  w a te r  in  m lc ro b o d les  by  a  tw o -s te p  mechanism in v o lv in g  hydrogen p e r­

ox ide  as  an in te rm e d ia te .  Depending on c e l l  ty p e , th e  e le c tr o n  donors 

( RjH ) in  th e  f i r s t  s te p  In c lu d e  u r i c  a c id ,  D-amino a c id s ,  L-amlno a c id s ,  

g ly c o l ic  a c id  and L-«<-hydroxy a c id s .  The e le c t r o n  donors in  th e  second 

_ _____
In  p la n ts  w hich f i x  carbon  d io x id e  by the  C a lv in  c y c le ,  the  CO2  

a c c e p to r  m olecu le  i s  5-C r lb u lo s e  d ip h o sp h a te ; p h o sp h o g ly ceric  a c id  
(3-C )  i s  th e  f i r s t  d e te c ta b le  p ro d u c t o f  such f ix a t io n .  In  p la n ts  which 
f i x  carbon  d io x id e  by th e  H a tch -S lack  mechanism, th e  CO* a c c e p to r  m olecu le  
i s  phosphoeno lpyruva te ; th e  f i r s t  d e te c ta b le  p ro d u cts  o f  such  f ix a t io n  a re  
4-C compounds such  as m ala te  and a s p a r t a t e .



s te p  o re  e i t h e r  a n o th e r  m o lecu le  o f  hydrogen p e ro x id e  o r  a  s u b s t r a te  

such  as  form aldehyde, m ethano l, e th a n o l ,  phenol o r  n i t r a t e  io n s .  ( For a 

com plete l i s t  o f  s u b s t r a t e s ,  se e  N lc h o lls  and Schonbaum, 1963 .)A ccording 

to  deDuve and Baudhuin ( 1966), p e ro x id a tiv e  d is p o s a l  o f  hydrogen p e ro x id e  

( p a th  X in  F i g . 2 ) i s  fav o red  by  h ig h  c o n c e n tra tio n s  o f  c a ta la s e  and 

R2 H o r  low c o n c e n tra t io n s  o f  con v erse  c o n d it io n s  fa v o r  th e  c a t a l y t i c

r e a c t io n  ( p a th  Y in  F i g . 2 ) .

O2  o x id ases  ^ H2 ° 2

~7*
R j H  R x

F ig u re  2> Enzymic r e a c t io n s  in  m ic ro b o d ie s .
(from  deDuve and Baudhuin, 1966)

2 . F in e  S tru c tu re

a )  Morphology

M lcrobodles a re  c h a ra c te r iz e d  m o rp h o lo g ic a lly  

as  b e in g  single-m em brane bound j^o rgane lles , w ith  d iam e te rs  ran g in g  from

0 .2  jam to  1 .5  jum, and p o ssess in g  g ra n u la r  m a tr ic e s  w hich o f te n  c o n ta in  

dense c o re s  o f  c r y s t a l l i n e  in c lu s io n s  ( Hruban and R e c h c ig l, 1969; T o lb e r t ,  

1971 ) .  M lcrobodles a re  he te rogeneous in  shape and f re q u e n tly  appear p l i ­

a b le  ( F re d e r ic k  and Newoomb, 1969 a ;  G ruber e t  a l . ,  1970), and t h e i r  mem­

b ra n e s  o f te n  seem to  be co n tin u o u s w ith  the  smooth endoplasm ic re t ic u lu m  

by means o f  co n to u red  s le e v e - l ik e  p ro je c t io n s  ( Haglwara  e t  a l . ,  1961;

G raves e t  a l . ,  1971 a  ) . D uring g re e n in g , c y to p la sm ic  in v a g in a tio n s  in to  

m icrobod ies o f  cucumber c o ty led o n s  have been n o ted  (T re le a s e  e t  jbI . ,  1971),
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su g g e s tin g  a  mechanism by which th e  o rg a n e l le  may change I t s  enzymic 

complement.

b )  C ytochem lcal S ta in

S ince  m lcrobod les  c o n ta in  c a ta la s e ,  

3 ,3 * -d lam ln o b en z id in e  (DAB) has been  used  f o r  I t s  cy to ch em lca l lo c a l i z a ­

t i o n .  DAB has been  employed to  lo c a l iz e  v a r io u s  h e a o p ro te la p , and I t s  

a c t io n  depends upon th e  o x id a t io n  o f  3 ,3*  d iam lnobenzid lne i to  a  polym er­

i c  form  th a t  can  i n t e r a c t  w ith  osmium te t r o x ld e  to  form  e le c tro n -o p a q u e  

osmium b la c k  ( Sellgm an e t  a l . ,  1968 ) . T h is  DAB o x id a t io n  may be  c a ta ­

ly zed  b y  s e v e ra l  hem oproteln  compounds, In c lu d in g  m yoglobin ( G o ld f is c h e r , 

1967 ) ,  cytochrom e o x id ase  ( Sellgm an e t  a l . ,  1 968 ), and p e ro x id a se  

( K am ovsky, 1965; Graham and K arnovaky, 1966; F r ie n d  and F a rq u a r , 1 967 ). 

The p e ro x ld a tlv e  a c t io n  o f  c a ta la s e  w ith  DAB was f i r s t  dem onstra ted  f o r  

b e e f  l i v e r  c a ta la s e  by K e l l ln  and H a r tre e  ( 1936) . DAB cy to ch em lca l 

te c h n iq u e s  used  In  th e  p r e s e n t  work fo llo w  N ovlkoff and G o ld f isc h e r* s  

( 1968) m o d if ic a tio n  o f  Graham and K arnovsky*s ( 1966) o r ig i n a l  DAB 

p ro ced u re  f o r  p e ro x id a s e . Sellgm an e t  a l .  ( 1968) have p roposed  a hypo­

t h e t i c a l  fo rm a tio n  o f  th e  o x id a t iv e  p o ly m e r is a tio n  o f  DAB to  an indam lne 

polym er ( F ig u re  3 ) .

C o n d itio n s  o f  DAB In c u b a tio n  may be  v a r ie d  

to  fa v o r  th e  r e a c t i v i t y  o f  c a ta la s e  ( pH 9 .0 ,  37° C ) o r  cytochrom e o x id ase  

( pH 7 .0 ,  25° C) w ith  d iam inobenzid lne  ( N ovlkoff and G o ld f is c h e r , 1969; 

G erh a rd t and B e rg e r, 1971 ) . E vidence th a t  accum ula tion  o f  th e  DAB r e a c ­

t i o n  p ro d u c t In  m lc ro b o d les  I s  m ed ia ted  p r im a r i ly  b y  c a ta la s e  r a t h e r  th an  

p e ro x id a se  has been  p ro v id ed  In  p a r t  by  ex p erim en ts  em ploying a m in o tr ia z o le , 

a  s p e c i f ic  I n h ib i to r  o f  c a ta la s e  ( Helm e t  a l . ,  1956; M argo llash  and Novo-
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Oxidative
Polymerization

NilNil,

Oxidative
Cyclization

OsO

osmium b la c k

F ig u re  3. H y p o th e tic a l fo rm u la tio n  
o f  the  o x id a t iv e  p o ly m e riz a tio n  o f 
DAB to  an indam ine polym er.

( from Sellgm an e t  a l . ,  1968 )
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g ro d sk y , 1958, 1960 ) . M oreover, d e te c t io n  o f  p e ro x id a se  h a s  u s u a l ly  

been accom plished a t  a  low er pH ( 7 .4  )  th an  th a t  u sed  to  d e te c t  c a ta la s e  

£*9.0 (Graham and K arnovsky, 1966, Sellgm an e t  a l . ,  1968 )J  . The In h ib ­

i t o r y  e f f e c t  o f  a m in o tr la z o le  on c a ta la s e  w ith o u t a ls o  I n h ib i t in g  p e ro x i­

d ase  h a s  n o t  been  w e ll  documented In  p l a n t s  ( F re d e r ic k  and Newcomb, 1969

b )  . However, t h i s  s e le c t i v e  s p e c i f i c i t y  h a s  been  shown In  an im al leu co ­

c y te  c e l l s ,  where c a ta la s e  a c t i v i t y  was I n h ib i te d  96 % by  a  c o n c e n tra t io n  

o f  a m in o tr ia s o le  t h a t  d id  n o t a f f e c t  p e ro x id a se  ( R echc lg l and Evans, 1963).

A d d itio n a l ev id en ce  th a t  DAB r e a c t i v i t y  o f  

l e a f  m lc ro b o d le s  I s  c a ta la s e -m e d la te d , r a t h e r  th an  p e ro x id a se -m e d ia te d , i s  

based  on enzyme s tu d ie s  o f  c e l l - f r e e  f r a c t i o n s  (  T o lb e r t  e t  a l . ,  1971 ) .

In  t h i s  s tu d y  i t  was found t h a t  m ost o f  th e  c a ta la s e  a c t i v i t y  was lo c a te d  

In  th e  p a r t i c u l a t e  f r a c t i o n  which c o n ta in e d  single-m em brane bound o rgan ­

e l l e s  ( m lc ro b o d le s )  ; p e ro x id a se  a c t i v i t y  was d e te c te d  m ain ly  in  th e  

s o lu b le  f r a c t i o n ,  w ith  a  sm all p ro p o r t io n  In  c h lo r o p la s t  and m ito c h o n d ria l 

f r a c t i o n s .

3 . I s o l a t i o n

V arious m ethods have been  u t i l i z e d  f o r  the  

I s o l a t i o n  o f  m lcrobod les  ( B re idenbach  e t  a l . ,  1968; T o lb e r t  e t  a l . ,  1968; 

B eev e rs , 1969; Szabo and A vers, 1969; T o lb e r t  e t  a l . ,  1970; Yamakazi and 

T o lb e r t ,  1970; T o lb e r t ,  1971; G raves e t  a l . ,  1972 ) .  E s s e n t i a l ly ,  th e se  

I s o l a t i o n  p ro c e d u re s  c o n s is t  o f  th re e  m ain s te p s  : 1 )  g r in d in g  th e  t i s s u e  

In  a  su c ro se  medium, 2 ) d i f f e r e n t i a l  c e n t r i f u g a t io n  f o r  p a r t i c u l a t e  en ­

r ic h m en t, 3 )  f i n a l  s e p a ra tio n  b y  d isc o n tin u o u s  o r  co n tin u o u s su c ro se  den­

s i t y  g r a d ie n ts .  S u c c e ss fu l s e p a r a t io n  o f  E uglena m lcrobod les  i s  accom­

p l is h e d  by  su c ro se  g ra d ie n t  c e n t r i f u g a t io n  b ecau se  m lcrobod les  In c re a se
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In  s p e c i f i c  d e n s i t i e s  In  c o n c e n tra te d  su c ro se  and u l t im a te ly  sedim ent 

to  a  s p e c i f ic  d e n s i ty  o f  A  1 . 2 0  gm/cnr* , m ito ch o n d ria  sed im ent to  a  

s p e c i f i c  d e n s i ty  o f  1 .17  gm/cm3  , and th e  two c h lo r o p la s t  bands 

sed im ent to  s p e c i f ic  d e n s i t i e s  o f  ^  1 .00  gm/cm3  (G raves e t  a l . , 1972).

4 . P hysio logy

a )  Enzymes

" C a ta la s e  i s  p ro b ab ly  th e  o n ly  enzyme found 

In  a l l  m lc ro b o d le s"  (Brown and C hatlopadhyay, 1971 ) ;  however, i t s  ac ­

t i v i t y  was u n t i l  r e c e n t ly  th o u g h t to  be a s s o c ia te d  w ith  m ito c h o n d ria . 

Thomson and K l lp f e l  ( 1957) f i r s t  observed  from  g ra d ie n t  c e n t r i f u g a ­

t io n s  t h a t  c a ta la s e  sed lm ented  In  n o n -m ito c h o n d rla l f r a c t i o n s .  Isosym es 

o f  e a ta la s e  have been  dem onstra ted  by  e le c tr o p h o r e s i s  ( King and Gutman, 

1964 )  .  The e x te n s iv e  l i t e r a t u r e  on c a ta la s e  h as  been  review ed ( H l- 

g a s h l and P e te r ,  1963 a ,b  ; S e c h c lg l  and P r ic e ,  1968 ) .

S u b d iv is io n  o f  m lc ro b o d le s  in to  glyoxysom es 

and peroxisom es h as  been  made on th e  b a s i s  o f  th e  fo rm er c o n ta in in g  th e  

enzymes Invo lved  in  th e  g ly o x y la te  p a th  o r  c y c le  ( B reidenbach  and 

B eevers , 1967 )  and th e  l a t t e r  c o n ta in in g  th e  enzymes o f  th e  g ly c o la te  

c y c le  ( F re d e r ic k  and Newconb, 1969 b ) ^  which in  th e  c a se  o f  l e a f  

perox isom es, fu n c t io n  In  p h o to re s p lr a t io n ^  ( T o lb e r t  e t  a l . ,  1968; 

K lsa k l and T o lb e r t ,  1969 )J[ . Not o n ly  h a s  I t  become e v id e n t t h a t  

m lc ro b o d les  a r e  h e te ro g en eo u s  in  t h e i r  s p e c i f ic  enzymic com position , 

b u t  a ls o  fu n c t io n s  a s c r ib e d  e x c lu s iv e ly  to  th e s e  o rg a n e l le s  may b s  

sh a red  by  o th e r s .  M ulle r ( 1969) and Hogg ( 1969 ) have shown th a t  in

7
For d is c u s s io n  o f  p h o to re s p lr a t lo n  see pages 23 and 7 4 .
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Tetrahym sna p y r lfo rm ls  th ra a  o f  th e  enzymes o f  th e  g ly o x y la te  c y c le  

(  c i t r a t e  s y n th a s e , a c o n ita s e ,  and m a la te  dehydrogenase ) a re  found In  

th e  m ito ch o n d ria  and two (m a la te  sy n th a se  and l s o c l t r a t e  ly a se  ) In  th e  

perox isom es.

The g ly o x y la te  c y c le  ( o r ig in a l ly )  e x p la in e d  

th e  growth o f  s e v e ra l  m icroorgan ism s on 2 -ca rb o n  u n i t s  a s  s o le  carbon  

so u rc e s  ( Korriberg and K rebs, 1957 )  . The energy  req u irem e n ts  f o r  th e se  

m icroorganism s c o u ld  be su p p lie d  by th e  o x id a t io n  o f  a c e ta te  th rough  th e  

Krebs c y c le ;  however , th e  K rebs c y c le  co u ld  n o t  p ro v id e  a  n e t  s y n th e s is  

o f  In te rm e d ia te s . The g ly o x y la te  c y c le  p la y s  a  p iv o ta l  r o le  in  th e  con­

v e rs io n  o f  f a t s  In to  su g a rs  an d , a s  shown In  F ig u re  4 ,  I s  a  m od ified  

Krebs c y c le . By t h i s  c y c le ,  f a t t y  a c id s  a re  broken  down by  ^ - o x i d a t i o n  

In to  acety l-C oA  , w hich l a  th en  co n v e rted  in to  c i t r i c  a c id  and I s o c l t r l c  

a d d .  l s o c l t r a t e  ly a s e  s p l i t s  i s o c l t r l c  a d d  I n to  s u c c in a te  and glyoxy­

l a t e ;  th e r e fo r e ,  l s o c l t r a t e  dehydrogenase and c < - k e to g lu ta r a te  dehydro­

genase ( enzymes o f  th e  Krebs c y c le  )  a re  b y -p a sse d . The s u c c in a te  I s  

co n v e rted  In to  fum arate  by  s u c c in ic  dehydrogenase. The fum arate  I s  th en  

co n v e rted  in to  m a la te  by  fum arase , and m ala te  I s  c o n v e rted  In to  o x a lo -  

a c e ta te  by m a lic  dehydrogenase ac co rd in g  to  th e  K rebs c y c le .  However, 

g ly o x y la te  com bines w ith  a  m o lecu le  o f  a c e ty l  Co-A In  th e  p resen ce  o f  

m a la te  sy n th a se  to  produce m a la te . The r e s u l t i n g  m a la te  may be co n v e rted  

to  o x a lo a c e ta te , w hich would s t a r t  th e  c y c le  o v e r a g a in  by  co nb ln lng  

w ith  a n o th e r  m olecu le  o f  a c e ty l  Co-A. However, much o f  th e  o x a lo a c e ta te  

l a  d e c a rb o x y la te d , p roducing  phosphoenolpyruv ic  a c id  which can be co n v erted  

In to  su g a rs  by  r e v e r s a l  o f  g ly c o ly s is  ( g lu co n e o g e n e s ls )  .

b )  P h y s io lo g ic a l  R oles
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F ig u re  4. The g ly o x y la te  c y c le .
( ac co rd in g  to  S a l is b u ry  and R oss, 1969 )
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The fu n c t io n s  o f  m lc ro b o d le s  in  c e l l u l a r  

m etabolism  a r e  n o t co m p le te ly  u n d e rs to o d . No one s in g le  fu n c t io n  i s  

adequate  to  acco u n t fo r  a l l  m lc ro b o d le s  (deDuve and Baudhuin, 1966; 

T o lb e r t ,  1971) , and a  s in g le  m icrobody may p e rfo rm  s e v e ra l  fu n c t io n s .

The fo llo w in g  fu n c t io n s  have been  a s c r ib e d  to  m lc ro b o d le s :

1 )  P re c u rs o rs  o f  O ther O rg a n e lle s

M lcrobodles have b een  proposed  to  be p r e ­

c u rs o r s  o f  m ito ch o n d ria  ( R o u l l le r  and B ernhard , 1956 ) ,  s e c r e t io n  

g ra n u le s  r e l a t e d  to  G olg i b o d ie s  ( R o u l l le r  and J e z e q u e l,  1963; Wood, 

1964; B run i and P o r te r ,  1965 ) o r  a  type  o f  lysosom e (N ovlkoff and 

EsBner, 1960; E ssn e r  and N o v lk o ff, 1961 ) . A ll  o f  th e se  fu n c tio n s  a re  

now c o n s id e re d  to  be u n l ik e ly  ( deDuve and B audhuin , 1966 ) .

The s p e c u la tio n  th a t  m lc ro b o d les  a re  m ito ­

c h o n d ria l  p r e c u r s o rs  h as  r e c e iv e d  no su p p o rt from  b io ch em ica l s tu d ie s  

which In d ic a te  t h a t  th e re  a re  c o m p le te ly  d i f f e r e n t  enzym atic  co m p o sitio n s  

f o r  th e  two o rg a n e l le s  ( deDuve, 1960; deDuve e t  a l . ,  1963; Baudhuin and 

B eaufy , 1963; Baudhuin e t  a l . ,  1964, 1965 )  . A d d it io n a l  s tu d ie s  I n d ic a te  

d i f f e r e n c e s  In  membrane p e rm e a b i l i ty  betw een m lc ro b o d le s  and m ito ch o n d ria  

(  Adams, 1959; Baudhuin, 1964; deDuve, 1965; Baudhuin e t  a l . ,  1965) -  a s  

a  m a tte r  o f  f a c t ,  i t  I s  j u s t  th e s e  d i f f e r e n c e s  w hich  a llo w  m lcrobod les  

to  b e  s e p a ra te d  from  m ito ch o n d ria  In  su c ro se  d e n s i ty  g r a d ie n ts .

The s p e c u la tio n  th a t  m lc ro b o d les  were 

ty p es  o f  lysosom es was due m ain ly  to  e a r l i e r  d i f f i c u l t i e s  w ith  d i f f e r ­

e n t i a l  c e n t r i f u g a t io n  e x p e rim en ts  In  which b o th  lysosom es and m lcro ­

b o d le s  sed im ented  to g e th e r ,  and work which r e p o r te d  a c id  p hosphatase  

a c t i v i t y  in  m lc ro b o d les  o f  l i v e r  c e l l s  o f  r a t s  in je c te d  w ith  b i l i r u b i n
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N ovlkoff and E a rn e r , I9 6 0 ; E san er and N ov lko ff, 1961 )  . However, p re s -  

e n t  s e p a r a t io n s ,  ach iev ed  by su c ro se  d e n s ity  c e n t r i f u g a t io n s ,  dem onstra te  

th a t  m lc ro b o d les  a re  e n z y m a tic a lly  d i f f e r e n t  th an  lysosom es ( T o lb e r t ,  

1971 )  and m lc ro b o d les  do n o t  s t a i n  c y to c h a m ic a lly  f o r  a c id  p hosphatase  

( H o lt and H ick s , 1961; N ov lkoff and S h in , 1964; Trump and E r ic s s o n ,

1964 ) . M oreover, I t  I s  v e ry  u n l ik e ly  t h a t  th e  enzymes o f  m lcrobod les  

(  which have an a lk a l in e  pH optimum ) co u ld  fu n c t io n  I n  c o n c e r t  w ith  

a c id  h y d ro la se  found In  lysosom es < deDuve and B audhuin, 1966) .

2 ) D isp o sa l o f  Hydrogen F e ro x id e

M lcrobodles may fu n c t io n  to  p r o te c t  th e  

c e l l  by I s o l a t i n g  harm ful hydrogen p e ro x id e -p ro d u c in g  o x id a se s  and 

c a ta la s e  ( to  d e s tro y  ) w i th in  a  s in g le  o rg a n e l le  ( deDuve and 

B audhuin, 1966 ) . However, t h i s  p r o te c t iv e  fu n c tio n  I s  n o t  com plete - 

l i v e r  x a n th in e  o x id ase  h a s  be  lo c a l iz e d  in  c e l l u l a r  s u p e rn a ta n t f r a c ­

t io n s  ( V i l l e l a  e t  a l . , 1955; S te in  and H eh l, 1955 ) , monamine ox idase  

o c c u rs  m ain ly  In  m ito c h o n d r ia l  f r a c t i o n s  ( C o tz ia a  and D ole , 1951; 

Hawkins, 1952 )  , and a  m ito c h o n d ria l cytochrom e c  p e ro x id a se  h as  been 

i d e n t i f i e d  in  y e a s t  ( A l ts c h u l  e t  a l . ,  1940; Abrams e t  a l . , 1942 )  . I t  

I s  c o n c e iv a b le  t h a t  e x tra -m lc ro b d d y  o x id a se s  u t i l i z e  e le c t r o n  a c c e p to rs  

o th e r  th an  oxygen, b u t  no ev id en ce  h a s  been  p re se n te d  f o r  t h i s  (deDuve 

and Baudhuin, 1966 ) . M il ls  ( 1960) has p o s tu la te d  t h a t  c a ta la s e  could  

d i f f u s e  from  th e  m ic ro b o d ie s  and decompose cy to p lasm ic  hydrogen p e ro x id e , 

o r  e l s e  cy to p la sm ic  hydrogen p e ro x id e  co u ld  be  decomposed by  cy top lasm ic  

enzym es, such a s  g lu ta th io n e  re d u c ta s e  o r  g lu c o s e - 6 -p h o sp h a te  dehydrogen­

a s e .  T h e re fo re , I t  i s  v e ry  u n l ik e ly  th a t  m lc ro b o d les  u n iq u e ly  I s o l a te  

and d e s tro y  hydrogen p e ro x id e .
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3 )  G luconeogenesls

Glyoxysomes c o n ta in  th e  enzymes o f  th e  

g ly o x y la te  c y c le ,  by  w hich c a rb o h y d ra te s  may be  sy n th e s iz e d  from  f a t s .  

Glyoxsomes and t h e i r  g ly o x y lic  c y c le  enzymes have been  documented In  

l i v e r  c e l l s  ( Baudhuin e t  a l . ,  1965; L e ig h to n  e t  a l . ,  1968 )  and k idney  

c e l l s  ( A lle n  and B eerd , 1965; Baudhuin e t  a l . ,  1965 )  , a  v a r i e ty  o f  

p la n t  c e l l s  ( B reidenbach  and B eev ers , 1967; C hlng, 1970; G ruber e t  a l . ,  

1970 ) , and m icroorgan ism s ( G raves e t  a l . ,  1972; V h lte  and Brody,

1973 a ,b  )  .

4 )  F h o to re s p lra t lo n

F h o to re s p l ra t lo n  ,  o r  l ig h t- In d u c e d  r e s p i r a ­

t io n  , I s  a  s p e c ia l  ty p e  o f  c e l l u l a r  r e s p i r a t i o n  which i s  v e ry  d i f f e r e n t  

from  d a rk  a e ro b ic  r e s p i r a t i o n .  These d i f f e r e n c e s  may b e  summarized a s  :

1 . F h o to re s p lra t lo n  o c c u rs  o n ly  d u rin g  pho to ­

s y n th e s is  and I s ,  t h e r e f o r e ,  l ig h t-d e p e n d e n t.  Dark a e ro b ic  r e s p i r a t io n  

I s  n o t  l ig h t-d e p e n d e n t.

U .  P r o te in s ,  f a t s  and c a rb o h y d ra te s  a re  th e  

m a jo r  s u b s t r a te s  o x id iz e d  In  d a rk  a e ro b ic  r e s p i r a t i o n .  In  p h o to re s p lra -  

t lo n  , g ly c o l ic  a c id  ( CH^OH-COOH ) ,  a  p ro d u c t o f  p h o to s y n th e tic  carbon  

d io x id e  a s s im i la t io n ,  I s  th e  s u b s t r a te  o x id iz e d .

111. In  e u c a ry o tlc  c e l l s ,  p h o to re s p lr a t lo n  

o ccu rs  in  perox isom es; d a rk  r e s p i r a t i o n  o c c u rs  In  m ito ch o n d ria .

l v .  B io lo g lc a l ly -u s e f u l  energy  r e s u l t s  from  

d a rk  r e s p i r a t i o n ;  en erg y  r e le a s e d  In  g ly c o l ic  a c id  o x id a t io n  I s  n o t  

r e ta in e d  In  a  u s e fu l  form .
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F h o to re s p lra t lo n  I s  found In  C a lv in  c y c le  p la n ts *  which seem to  be a t  

a  d isa d v a n tag e  b ecau se  n e t  p h o to sy n th e s is  I s  reduced  b y  th e  fo rm a tio n  o f  

g ly c o l ic  a c id  which I s  o x id iz e d  to  COj. G ibbs (  1970) ,  however* b e l ie v e s  

t h a t  I t  I s  u n l ik e ly  t h a t  p h o to re s p lr a t lo n  I s  an  Inborn  e r r o r  o f  metabo­

l is m , b u t  I s  s im ply  th e  r e s u l t  o f  th e  I n te r a c t io n  o f  a  g ly c o l ic  a c id  

p re c u rs o r  ( such a s  f r u c to s e  6 -p h o sp h a te , r lh u lo s e  1 ,5 -d lp h o sp h a te*  o r  

sed o h ep tu lo se  7 -p h o sp h a te  ) w ith  an o x id iz in g  env ironm ent; and i s ,  th e re ­

f o r e ,  a  mechanism f o r  rem oving a  harm fu l n a r c o t ic  su b s tan ce  from  th e  

c h lo r o p la s t .  A lso  g ly c o l ic  a c id ,  a s  shown In  F ig u re  5 , may b e  used by 

p la n t  c e l l s  f o r  th e  fo rm a tio n  o f  g ly c in e  and s e r in e ,  which a r e  p re ­

c u rs o r s  f o r  Ci b io s y n th e s is  and p o rp h y rin  s y n th e s is  ( T o lb e r t ,  1971 )  .

COOH
I
ch2oh

g ly c o l ic  a c id  
o x id ase COOH

CHO

g ly c o l ic
a c id

g ly o x y lic
a d d

s e r in e  hydroxy-
| m ethy l t r a n s fe r a s e
CHNH ------------------------------- COOH

COOH g ly c in e

s e r in e

F ig u re  5 . C onversion  o f  g ly c o l ic  a c id  In to  g ly c in e  
(ac c o rd in g  to  T o lb e r t  and Yamazaki, 1969)
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5 )  D e g ra d a tio n  o f  P u rin e s  and P yrim id ines

U ra te  o x id ase  and a l l a n to ln a s e  a re  Invo lved  

In  th e  d e g ra d a tio n  o f  p u r in e s  b y  th e  fo llo w in g  r e a c t io n :

P u rin e s  Jj

X  • ttrate ' • /

*■* C' y_a r « i
n

U ric  -Acid

NaJ  V% it a l l a n to ln a s e

i

u re a

I0//
u

Cco T* c # 0  "  rt
t a l l a n to i c

aJIJx  g ly o x y lic  a c id
a c id

F ig u re  6 * E nzym atic d e g ra d a tio n  o f  u r i c  a c id  to  u re a  and g ly o x y llc  a c id .
(D avies e t  a l . ,  1964)

U ra te  o x id ase  and a l la n to ln a s e  have been  lo c a l iz e d  In  perox isom al f r a c ­

t io n s  o f  r a t ,  mouse, a v ia n , am phib ian , and p ro to zo an  c e l l s  (T o lb e r t ,  1971), 

and c r y s t a l l i n e  c o re s  o f  some mammalian m lc ro b o d les  a re  thought to  be 

composed o f  u r a t e  o x id ase  (  Hruban and S w if t, 1964 ) .  These two enzymes
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have a ls o  been  lo c a l iz e d  In  glyoxysom es o f  c a s to r  b ean  endosperm ( S t .  

Angelo and Ory, 1970; Thelmer and Beevers* 1971) * b u t  cou ld  n o t  be 

found In  Rlcirvua l e a f  perox isom es (Tamazaki and T o lbert*  1970; 

Thelm er and Beevers* 1971 ) .  Thelm er and B eevers ( 1971) have a ls o  r e ­

p o r te d  th e  p re se n c e  o f  u r a te  o x id a se  and a l l a n to ln a s e  In  th e  endosperm  

o f  su n flo w er, s a f f lo w e r , c o rn  and P in u s* a s  w e ll  a s  in  l e a f  c e l l s  o f  

c o rn  and to b ac c o . However, th e  com plete  m e ta b o lic  sequences o f  p u r in e  

and p y rim id in e  c a ta b o lism  have n o t been  found in  m lcrobod les ( T o lb e r t ,  

1971).

6 ) F orm ation  o f  Io n ic  G ra d ie n ts  and Io n ic  Pumps

There I s  no ev id en ce  to  s u b s ta n t ia te  th e  

h y p o th e s is  t h a t  m lcrobod les  f u n c t io n  f o r  th e  c r e a t io n  o f  io n ic  g r a d ie n ts  

and io n ic  pumps f o r  the  movement o f  c e l l u l a r  components ( T o lb ert*  1971). 

T o lb e r t  and Z l l l  ( 1956) and K earney and T o lb e r t  ( 1962) have su g g ested  

th a t  g ly c o la te  e x c re t io n  I s  a  mechanism f o r  c e l l u l a r  b ic a rb o n a te  ex­

change. F u rth e rm o re , T o lb e r t  ( 1971) has p o in te d  o u t t h a t  s in c e  th e  

c e l l u l a r  movement o f  g ly c o la te  i s  maximal d u rin g  p h o to sy n th e s is , I t  

cou ld  c o n c e iv a b ly  fu n c t io n  a s  an  io n ic  pump.

7 )  O x ida tion  o f  Reduced HAD

Many o f  th e  s u b s t r a te s  o f  m icrobody o x i­

d a tio n s  ( e . g . ,  e th a n o l and p4 -hyd roxy  a d d s ;  see  F ig .  2 ) can  be  r e ­

g e n e ra te d  by  c y to p la sm ic  NADH-dependent dehydrogenases (deDuve and 

Baudhuin 1966). T hus, m lc ro b o d les  co u ld  p a r t i c i p a t e  In  th e  o x id a t io n  o f 

cy to p la sm ic  NADH+ and th e re b y  fu n c t io n  In  th e  a e ro b ic  su p p o rt o f  c y to ­

p la sm ic  m etabolism  a s  In d ic a te d  in  F ig u re  7 .
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( from deDuve and B audhuin, 1966 )
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8 ) Growth R e g u la tio n

I t  h a s  been  h y p o th es ized  ( T o lb e r t ,  1971) 

t h a t  l i v e r  and l e a f  m lcrobod les  c o u ld  fu n c t io n  a s  grow th r e g u la to r s  by 

d isp o s in g  o f  e x c e s s  c e l l u l a r  en erg y  th rough  f l a v i n  o x id a s e s  r a th e r  th an  

co n se rv in g  en erg y  by  m ito c h o n d ria l ATP s y n th e s is .

9 )  F o s s i l  O rg a n e lle

H lc h o lla  and Schonbaum ( 1963 ) have term ed 

c a ta la s e  a s  a  " f o s s i l  enzyme" and view  m lcrobod les  a s  b e in g  f o s s i l  

o rg a n e l le s  w hich tore th e  l a t e  d e sce n d e n ts  o f  a  p r im it iv e  r e s p i r a to r y  

sy stem . 'H a lth e r  c a ta la s e  n o r m lc ro b o d le s  ap p ear to  b e  e s s e n t i a l  f o r  

th e  s u rv iv a l  o f  a l l  c e l l u l a r  ty p e s ;  m lc ro b o d le s  a re  found o n ly  in  c e r ­

t a i n  k in d s  o f  c e l l s  (deDuve and B audhuin, 1966; T o lb e r t ,  1 971 ). A 

g e n e t ic  d e fe c t  in  humans, c h a ra c te r iz e d  b y  la c k  o f  c e l l u l a r  c a ta la s e ,  

I n d ic a te s  t h a t  humans can  l iv e  w ith o u t  t h i s  enzyme (T akahara  and
g

M ljam oto, 1948) . F u rthe rm ore , u r a t e  o x id ase  i s  a  d isp e n s a b le  enzyme

( i t  i s  n o t  found in  human c e l l s )  and th e  p re se n c e  o f  D-amino a c id  

o x id a s e s  in  an im al m lc ro b o d les  h as  long  been  an  enigma to  b io ch e m is ts  

(deDuve and B audhuin , 1966).

I t  i s  g e n e ra l ly  b e lie v e d  t h a t  l i f e  a ro se  in  

an  an a e ro b ic  environm ent and r e s p i r a t o r y  mechanisms developed  w ith  th e  

appearance  o f  a tm o sp h eric  oxygen (m ain ly  from  p h o to s y n th e s is ) .  W ith 

th e  adven t o f  ox y g en ^  c e l lu la ?  hydrogen p e ro x id e  a p p e a re d ; and c a ta la s e  

and m lcrobod les  p e rh a p s  a ro s e  to  d isp o s e  o f  t h i s  hydrogen p e ro x id e

a
T h is i s  n o t  to  Imply t h a t  such  g e n e t i c a l ly - d e f l c l e n t  p eo p le  do 

n o t  p o sses  some o th e r  enzyme w hich may b e  ca p ab le  o f  p e rfo rm ing  th e  
fu n c t io n  o f  c a t a l a s e .
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(N lc h o lls  and Schonbaua, 1963) . However, a s  deDuve and Baudhuin (1966) 

have p o in te d  o u t ,  i f  th e  m icrobody w ere a f o s s i l  o rg a n e l le  i t  i s  d i f f i ­

c u l t  to  v i s u a l i z e ,  a )  how s e le c t i v e  p re s s u re  would have fav o red  i t s  

r e t e n t io n  , and b )  why n d c ro b o d le s  a r e  found in  a  v a r i e ty  o f  c e l l u l a r  

ty p e s , i f  th ey  d id  n o t  f u l f i l l  a  u s e fu l  fu fa e tld iu
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MATERIALS AND METHODS 

I .  S ources and Growth o f  Organism s

A. Sources o f  Organisms

R ic ln u s  communist L . , ( C a s to r - o i l  p l a n t )  v a r i e ty  

Baker 296 seeds w ere a c q u ire d  from D r. R. Ory, S ou thern  R eg ional R esearch  

L ab o ra to ry , New O rlea n s , L o u is ia n a . S p inacea  o le r a c e a  (sp in a c h )  was ob­

ta in e d  from a  lo c a l  m ark e t. Leaves o f  greenhouse-grow n Zea mays (c o rn )  

v a r i e ty  g o ld en  m id g e t, R h lp s a lis  c a s s y th a  (a  c a c tu s )  and E uphorbia 

paeudocac tus (sp u rg e )  were o b ta in e d  from Mr. R obert Dague and Mr. David 

M adison, D epartm ent o f  B io lo g ic a l  S c ien c e s , H unter C o lleg e , CUNY. Leaves 

o f  Bryophyllum  dalgrem ontianum  (Kalanchoe daigrem ontianum ) and R alan- 

choe b lo s s f e ld ia n a  were g r a c io u s ly  su p p lie d  by Mr. George Kalmbacker 

and Mr. F rank  Bowman, Brooklyn B o ta n ic a l G ardens, B rooklyn, New York.

Anabaena c y l ln d r lc a  (a  b lu e -g re e n  f ila m e n to u s  

a lg a )  was o b ta in e d  from Dr. W illiam  S legelm an, D epartm ent o f B io logy , 

Brookhaven N a tio n a l L a b o ro to r ie s . Upton, New York. The g reen  a lg a ,  

C h lo re l la  p y ren o ld o sa , E m erson 's s t r a i n  3 ( o r i g in a l ly  from th e  C u ltu re  

C o lle c t io n  o f  A lgae, In d ia n a  U n iv e rs i ty ,  B loom inton, In d ia n a )  was 

k in d ly  s u p p lie d  by D r. S . S . Brody, D epartm ent o f  B io logy , New York 

U n iv e rs i ty , New York C ity , New York. Euglena g r a c i l i s  K lebs s t r a i n  Z 

Pringaheim  was o b ta in e d  from D r. S , H. H utner o f  th e  H askins L a b o ra to ry , 

New York C i ty ,  New York.
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B. Growth o f  Organisms

1. Media

R ic in u s  oommunis and Zea mays were grown from 

se ed , and p la n t s  o f  R h ip s a lls  c a s s y th a  a n d E uphorb ia  pseudocactua  were 

m a in ta in ed  in  th e  greenhouse a t  H unter C o lle g e , CUNY.

Anabaena c y l in d r le a  wa s  c u l tu r e d  f o r  fo u r  days a t  

38 ®C in  250-ml Erlenm eyer f la s k s  c o n ta in in g  150 ml medium (Medium C) 

p rep a re d  a c co rd in g  to  K ra tz  and Myers (1955) and bubbled  w ith  0 .5  %

CO2  in  a i r .

C h lo r e l la  p y ren o id o sa  was c u l tu re d  f o r  th re e  

days a t  25 ^C in  500-ml E rlenm eyer f la s k s  c o n ta in in g  250 ml o f  m edia 

p rep a red  a c co rd in g  to  P irso n  and Ruppel (1962) and bubbled w ith  0 .5  % 

CO2  in  a i r .

E uglena g r a c i l i s  s t r a i n  Z was grown a t  25 ^C 

in  e i t h e r  250-ml E rlenm eyer f la s k s  (c o n ta in in g  100-ml a l iq u o ts  ) o r  

2000-ml E rlenm eyer f la s k s  ( c o n ta in in g  1500-ml a l i q u o ts )  o f  th e  b a s a l  

s a l t  medium d e sc r ib e d  by Cramer and Ifyers (1952) supplem ented w ith  

e i t h e r  0 .015  M sodium a c e t a te ,  0 .056  M g lu c o s e , 0 .2  M e th a n o l o r  v a r ­

io u s  c o n c e n tra t io n s  o f  u n s a tu ra te d  long c h a in  f a t t y  a c id s  (se e  below ) 

as s o le  carbon  and energy  s o u rc e s . L ln o le ic  a c id ,  ^ - l i n o l e n i c  a c id  

( th e  l a t t e r  h e r e a f te r  r e f e r r e d  £ 0  a s  " l l n o le n i c  a c id "  ) ,  and a ra c h l-
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donic a c id  (T able  3 )  were p rep a re d  and added to  th e  media* as  d e sc r ib e d  

below . Euglena c e l l s  were e i t h e r  bubbled  w ith  0.5 % CC  ̂ In  a i r  o r  

a e ra te d  by v ig o ro u s a g i t a t i o n  in  a i r  w ith  a B u r r e l l  w r i s t - a c t io n  sh ak er 

( B u r re l l  Corp.* P h ila d e lp h ia *  Pa. ) . For r e f e re n c e  and a c c e s s ib i l i ty *  

the  a c e ta te -su p p le m e n ted  medium o f  Cramer and Myers (1952) i s  g iv en  in  

Table 2 .

In  a l l  cases*  E rlenm eyer f la s k s  were c o tto n -  

s to p p e re d . A ir  c o n ta in in g  0 .5  % CC>2 was bubbled f i r s t  th rough  a  f la s k  

c o n ta in in g  w a te r ( to  s a tu r a te  i t  w ith  w a te r vapor ) * and th en  th rough  

a  g la s s  "cow" and in to  th e  grow th f l a s k s .

2 . L ig h t I n t e n s i t i e s

Anabaena c y l in d r ic a  and C h lo r e l la  p y ren o id o sa

w ere grown over a bank o f  e ig h t*  20-W att S y lv a n ia  c o o l-w h ite  f lu o r e s -

3 o 1c e n t lamps* y ie ld in g  an i n t e n s i t y  o f  5 .0  x  10 e rg  cm“^ sec"  ( i n c i ­

d en t on th e  bottom  o f th e  f la s k s )*  a s  m easured by a  Yellow S prings 

R adiom eter (P re c is io n  T herm istor*  Model # 65 ; Yellow S p rings i n s t r u ­

ment Company, Yellow S p rin g s , O hio) . T his ra d io m e te r  was k in d ly  p ro ­

v ided  by D r. S h ir le y  Raps* D epartm ent o f  B io lo g ic a l  Sciences* H unter 

C o lle g e , CUNY.

In  th e  ca se  o f  E ug lena* th re e  ty p es  o f  l i g h t  

reg im es w ere used f o r  g row th . "  L ight-grow n "  c e l l s  were those
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■fc
TABUS 2 . A c e ta te  Medium f o r  C u l t iv a t io n  o f  Euglena 

(acco rd in g  to  Cramer and M yers,1952 )

m g / l i t e r

(NV 2HP04 1 0 0 0 . 0 0

1 0 0 0 . 0 0

MgSO^.yHjO 2 0 0 . 0 0

CaCl2 2 0 . 0 0

Fe2(SV 3 * H20 3 .0 0

MnCl2 .4H20 1 .80

CoS04 .7H20 1 .50

ZnSO ,7H 0 
4 2

0 .4 0

Na2 MoO4 . 2 H2 0 0 . 2 0

CuS0,.5H 0 
4  2

0 . 0 2

Sodium c i t r a t e 800.00

Sodium a c e ta te 2 0 0 0 . 0 0

V itam in B 1 0 . 1 0

V itam in  B 12 0.0005

pH a d ju s te d  to  6 * 8  (w ith  0 .1  N HC1)

*  In  th e  above medium,sodium a c e ta te  I s  th e  s o le  
carbon  and energy  s o u rc e . Sodium c i t r a t e  I s  a  
c h e la t in g  a g e n t and I s  n o t  u t i l i s e d  b y  Euglena 
a s  a  carbon  so u rce  ( Cramer and Myers , T O T
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c o n tin u o u s ly  c u ltu re d .u n d e r  c o n d it io n s  in  which th e  av e rag e  In c id e n t  l i g h t  

( In c a n d e sc e n t)  f a l l i n g  on th e  c u l tu r e  f l a s k s  was a p p ro x im ate ly  1 .9  x  103  

e rg  cm" ̂  sec"*  (ab o u t 110 f t - c )  a s  d e te rm in ed  w ith  th e  Yellow  S p rin g s  

R ad iom eter. (Average l ig h t  I n t e n s i t i e s  w ere c a lc u la te d  from  m easure­

m ent o f  l i g h t  I n t e n s i t i e s  on 4 s id e s  o f  th e  f l a a k s ) .  "Dark-grown”

E uglena w ere s u b c u ltu re d  from  c e l l s  p r e v io u s ly  d e p le te d  o f  t h e i r  

c h lo ro p h y ll  and c h lo r o p la s t s  by  h av ing  been  grown In  aluminum f o i l -  

wrapped f l a s k s .  In  a  darkroom , f o r  mar e  th a n  30 g e n e ra t io n s .  D uring 

th e  d e p le t io n  p ro c e s s ,  f r e s h  c u l tu r e s  w ere  m a in ta in ed  b y  p e r io d ic  

t r a n s f e r s  in to  f r e s h  m edia under a  g re e n  s a fe  l i g h t  (Lyman e t  a l . ,

1961), w h ile  th e  c e l l s  w ere in  th e  lo g  phase  o f  grow th, I . e .  abou t 

e v e ry  4 d a y s . "G reen ing  c e l l s ”  r e f e r  to  dark-grow n c e l l s  p la c e d  In  

In ca n d e sc en t l i g h t  (a s  above) fo r  In d ic a te d  p e r io d s  o f  tim e .

3 . Growth In  CC^-Free A ir .

F o r th e se  e x p e rim e n ts , c u l tu r e s  o f  Euglena 

w ere a e ra te d  w ith  a i r  t h a t  had been p a sse d  f i r s t  th rough  a  s e r i e s  o f
Q

U -tubes  f i l l e d  w ith  e x c e s s  A s c a r i te ' and th en  th rough  a  f l a s k  con­

ta in in g  w a te r .  S in ce  p re l im in a ry  ex p e rim e n ts  had dem onstra ted  th a t  

c e l l  grow th in  C0 2 ~ fre e  a i r  was s e v e re ly  r e ta r d e d ,  la r g e  in o c u la  ( a  1 0 ® 

c e l l 8 , r a t h e r  th an  th e  u s u a l  1 0 ^  c e l l s )  In  th e  e x p o n e n tia l  phase 

o f  grow th were u se d .

4 . Growth In  th e  P reeence  o f  DCHJ

P h o to sy n th e s is  was In h ib i te d  by  add ing  DCMJ

q
A s c a r i te  I s  an  8 -20  mash, sdd lum -hydrated  a s b e s to s ,  u sed  f o r  th e  

r a p id  and q u a n t i ta t iv e  a b s o rp t io n  o f  CO2  (A rth u r H. Thomas C a ta lo g u e ,1972).
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[[^3 (3 ,4 -  d ic h lo ro p h e n y l) - 1 ,1 - dim®thy 1 t t r e a ^  in  e th a n o l  ( s to c k  s o lu t io n ,
-2 _5 

1 z  10 M )  to  g iv e  a  f i n a l  c o n c e n tra t io n  o f  1 x  10 H DCMJ i n  th e

c u l tu r e  f l a s k s .

The fo llo w in g  DCMJ reg im es were a p p lie d  to  

dark-grow n a c e ta te -su p p le m e n te d  E ug lena  a e ra te d  by  b e in g  shaken i n  a i r :  

i )  S ix  f la s k s  o f  dark-grow n c e l l s  w ere removed from  th e  d a rk  

and DCMJ added in sa e d ia te ly  to  f iv e  f l a s k s  (one se rv ed  a s  

c o n t r o l ) .  The s ix  f l a s k s  w ere  th en  p la c e d  in  th e  l i g h t .  C e l ls  

in  each  f l a s k  w ere allow ed  to  g reen  f o r  in c re a s in g  I n te r v a l s  

o f  tim e , i . e . ,  1 7 , 24 , 40 , 48 , 70 h o u rs . A liq u o ts  from  each  

f l a s k  w ere f r a c t io n a te d  f o r  e v a lu a tio n  o f  enzyme c o n te n t ,  o r  

p ro c e s se d  f o r  e le c t r o n  m icroscopy .

11) F iv e  f la s k s  o f  dark-grow n c e l l s  w ere removed from  th e  d a rk  

and a llow ed  to  g ree n  f o r  18 h o u rs , and th en  DCMJ was added 

to  4 o f  th e  f la s k s  ( one se rv ed  a s  c o n t r o l )  . The c e l l s  were 

th en  p e rm itte d  to  g ree n  f o r  an a d d i t io n a l  6 , 22, 30 o r  54 

h o u rs  ( to  y ie ld  t o t a l  tim es  in  th e  l i g h t  I d e n t ic a l  to  c e l l s  

in  s e c t io n  i ,  ab o v e ). A liq u o ts  from  each  f l a s k  were observed  

p h o to m e tr ic a l ly  f o r  enzyme c o n c e n tra t io n s ,  o r  p ro cessed  f o r  

e le c t r o n  m icroscopy , 

i l l )  Of fo u r  f la s k s  o f  dark-grow n E uglena w hich had undergone 

g re e n in g  f o r  24 h o u rs , DCMJ was added to  th re e .  The c e l l s  

w ere th en  a llow ed  to  g reen  f o r  an  a d d i t io n a l  16, 24 o r  48 

h o u rs  -  to  y ie ld  t o t a l  tim es  in  th e  l i g h t  o f  40, 48 and 72 

h o u rs , r e s p e c t iv e ly .  The rem ain ing  p ro ced u res  w ere a s  d es­

c r ib e d  above i n  s e c t io n s  i  and l i .
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l v )  Of th re e  f la s k s  o f  dark-grow n E ug lena  which had undergone 

g reen in g  f o r  40 h o u rs , DC MU was added to  two, and th e  c e l l s  

a llow ed  to  g reen  f o r  an  a d d i t io n a l  8  o r  32 h o u rs , to  y ie ld  

a  t o t a l  o f  48 o r  72 h o u rs  In  th e  l i g h t ,  r e s p e c t iv e ly .  The 

rem ain ing  p ro ce d u re s  w ere a s  d e s c r ib e d  above, In  s e c t io n s  

1  and 1 1 ) .

5 . Growth in  th e  P resen ce  o f  Exogenously-Added F a t ty  A c id s ,

L in o le ic  a c id ,  l in o l e n i c  a c id  and a ra c h ld o n lc  

a d d  w ere d is s o lv e d  In  a b s o lu te  e th a n o l to  g iv e  s ta c k  s o lu t io n s  6 .5  x  1 0

H. To d e te rm in e  th e  e f f e c t  o f  exogenous' f a t t y  a c id  on th e  grow th and de­

velopm ent o f  v a r io u s  m icroo rgan ism s, s to c k  s o lu t io n s  o f  l in o l e n i c  a c id  

w ere added to  th e  c u l tu r e  m edia to  y ie ld  f i n a l  c o n c e n tra t io n s  o f :  5 .0  

and 1 .0  £ x  10" 3  M, x  10' 4  M, x  10" 5  M, x  10’ 6  M, x  10~ 7  M, x  10~ 8  M, 

x  10"^ M, x 10"*® M, x  10 -U  M and x  1 0 ~ * 2  m, ( i . e .  20 d i f f e r e n t  con­

c e n t r a t i o n s ) ^  .  A ll s o lu t io n s  o f  f a t t y  a c id s  w ere p re p a re d  Im m ediately  

b e fo re  u s e .

In  some e x p e rim en ts , E uglena w ere grown In

Cramer and Myers b a s a l  s a l t  m edia (1952) supplem ented w ith  f i n a l  concen-

- 4  - 6t r a t l o n s  o f  1 .0  x  10 o r  1 .0  x  10 M l in o le n ic  a d d  a s  s o le  ca rb o n  and 

energy  so u rc e .

For r e f e re n c e ,  th e  s t r u c tu r a l  fo rm ulae  o f  l in o -  

141c a c id ,  l in o le n ic  a c id  and a ra c h ld o n lc  a c id  a re  g iv en  In  T ab le  3 .
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T able  3 . S t r u c tu r a l  Formulae o f  L in o le n ic  A cid , o< -L ino ­
l e n ic  Acid and A rach ld o n lc  A cid (ac c o rd in g  to  
W est and Todd, 1971) .

CH (CH ) CH«CH9CH=CH(CH ) COOH 
3 2 ^  Z Z 7 L ln o le ic  Acid 

(9 ,1 2 -C 18)

CH3 CH 2CH=CHCH 2CH=CHCH 2CH=CH(CHj )7COOH oC -L in o le n ic  Acid 
(9 ,1 2 ,1 5 -C 18)

CH3 (CH2 )4CH=CHCH2CH=CHCH2CH=CHCH2CH=CH(CH2 )3COOH A rach ld o n lc  Acid 
(5 ,8 ,1 1 ,1 4 -0 2 0 )

6 . Growth D e te rm in a tio n s

C e ll  coun t d e te rm in a tio n s  were made u s in g  a  

B r ig h t L ine Hemocytometer (American O p tic a l  C o ., B u ffa lo , New Y ork ). For 

c e l l  c o u n t d e te rm in a tio n s  of E uglena, th e  c e l l s  w ere im m obilized w ith  

1 % KI (w /v ). From such c e l l  c o u n ts , g e n e ra tio n  tim es w ere c a lc u la te d  

u s in g  th e  fo llo w in g  r e l a t i o n s h ip s :  grow th c o n s ta n t ,  k  = ( In  N - In  N g ) / t ;  

g e n e ra tio n  time,..-T ** In  2 /k .  In  th e s e  e q u a tio n s ,

k  = growth c o n s ta n t

In  = lo g a r ith m  to  th e  b a se  e

N = number o f  c e l l s  in o c u la te d  in to  medium a t  ze ro  

tim e

Nq = number o f  c e l l s  a t  th e  end o f  a  g iv en  tim e 

p e r io d

t  = th e  m easured tim e p e r io d

T = g e n e ra tio n  tim e
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I I .  P re p a ra tiv e  P rocedu res f o r  I s o la t in g  C h lo ro p la s ts

A. P re p a ra tio n  o f  C h lo ro p la s ts  W ith N o n -In ta c t O uter Membranes

C h lo ro p la s ts  were p rep a re d  w ith  n o n - In ta c t

o u te r  en v e lo p es  a c co rd in g  to  th e  method o f  Jag en d o rf  and Avron (1958 ).

F i f t y  grams o f  pre-w ashed  and d e - p e t lo la te d  lam ina o f  R ld n u s  communis o r

S p lnacea  o le r a c e a  had t h e i r  m ajor v e in s  removed, were c o a rs e ly  chopped, and

homogenized In  a  p r e - c h i l l e d  W aring b le n d e r  w ith  150 ml c o ld  0 .35  M NaCl,

0 .0 4  M T ris-H C l a t  pH 7 .8  f o r  th r e e ,  5-second b le n d in g s  ( t o t a l  15 seconds)

in  a  15° C co ldroom . The homogenate was f i l t e r e d  th rough  4 la y e r s  o f
o

c h e e s e c lo th  and th e  b r e l  c e n tr ifu g e d  a t  4 C f o r  90 seconds a t  500 g In  a  

S o rv a ll  RC-2 r e f r ig e r a t e d  c e n tr i f u g e  (Iv an  S o rv a l l  C o rp ., Newtown, C o n n .) . 

The s u p e rn a ta n t so  o b ta in e d  was c e n tr ifu g e d  a t  4° C f o r  seven m in u tes  a t

1 , 0 0 0  g , and th e  r e s u l t i n g  p e l l e t s  w ere f ix e d  f o r  e le c t r o n  m icroscopy .

B. P re p a ra tio n  o f  C h lo ro p la s ts  W ith I n ta c t  O uter Membranes

R ld n u s  communis and S p lnacea  o le ra c e a  c h lo r ­

o p la s t s  w ith  i n t a c t  o u te r  membranes ( S  80 % I n t a c t ,  a s  judged by e le c t r o n  

m icroscopy) were p rep a re d  acco rd in g  to  th e  method o f  Spencer (1967) . F iv e  

grams o f  p re-w ashed , d e - p e t io la te d  and d e -v e ln ed  lam ina w ere f i n e l y  chopped 

w ith  s e v e ra l  changes o f  r a z o r  b la d e s  in  a  g la s s  p e t r i  d is h  in  a  15° C c o ld ­

room f o r  te n  m in u tes  w ith  10 ml o f  pH 7 .8  medium c o n ta in in g  0 .4  M su c ro se ,

0 ,01  M KCl and 0 .05  M T ris-H C l b u f f e r .  The r e s u l t a n t  b r e l  was f i l t e r e d
10

th rough  4 la y e r s  o f  c h e e s e c lo th  and th e  f i l t r a t e  spun a t  500 g f o r  90

U nless o th e rw ise  s p e c i f ie d ,  s u b c e l lu la r  f r a c t io n s  w ere c e n t r i ­
fuged o u t o f  su sp en sio n  a t  4° C In  a  S o rv a ll  RC-2 r e f r ig e r a t e d  c e n t r i ­
fuge  ( Iv an  S o rv a l l  C o rp ., Newtown, Conn. )  a t  In d ic a te d  speeds and tim es .
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seconds. The s u p e rn a ta n t  so o b ta in e d  was c e n tr ifu g e d  a t  1 ,000 g f o r  th re e  

m in u te s , and th e  r e s u l t i n g  p e l l e t s  p ro c e sse d  f o r  e le c t r o n  m icroscopy .

111. C e ll-F re e  F r a c t io n s :  P re p a ra tio n  and Subsequent D i f f e r e n t i a l  C e n tr i ­

fu g a t io n  to  Y ie ld  S uspensions R ich in  S p e c if ic  O rg a n e lle s .

A. P re p a ra tio n  o f  C e ll-F re e  F r a c t io n s

C e l ls  o f  E uglena we re  h a rv e s te d  by c e n t r i ­

fu g a tio n  a t  500 g f o r  5 m in u tes  and th en  washed once w ith ,  and resuspended  

In , 0 .4  U su c ro se  in  50 mM p o tass iu m  phosphate  b u f f e r ,  pH 7 .0 , to  g iv e  a 

20 % ( v /v  ) c e l l  su sp en sio n  < Lord and U e r r e t t ,  1971) . The c e l l s ,  in  

su sp en sio n  ( In  a  t e s t  tube n e s t l e d  in  chopped I c e ) ,  w ere broken by a o n i-  

c a t io n  In  a  B io so n ik  S o n e ra to r  (B ro n w ill S c i e n t i f i c  C o ., R o c h e s te r , New 

York) fo r  15 seconds a t  a  freq u en cy  o f  20 k i lo c y c le s / s e c .  The so n e ra to r  

was made a v a i la b le  through th e  g e n e ro s i ty  o f  D r. S h i r le y  Raps, D ep art­

m ent o f  B io lo g ic a l  S c ie n c e s , H unter C o lle g e , CUNY. The su sp en sio n  o f  

co m p le te ly  b roken  c e l l s  ( a s  d e te rm in ed  by  l i g h t  m icroscopy) was cen ­

t r i fu g e d  a t  250 g fo r  5 m in u tes  a t  4° C to  remove la rg e  p ie c e s  o f  d e b r is  - 

th e  r e s u l t i n g  s u p e rn a ta n t c o n s t i tu t in g  th e  " c e l l - f r e e  f r a c t io n ”  .

B. D i f f e r e n t i a l  C e n tr i fu g a t io n  o f  C e ll-F re e  F ra c t io n s  to  Y ie ld  

Suspensions R ich In  S p e c if ic  O rg a n e lle s .

C e l l - f r e e  f r a c t i o n s  o f  Euglena were c e n t r i ­

fuged a t  300 g f o r  2 m in u tes  to  s p in  down i n t a c t  c h lo r o p la s ts  ( E l ly a r d  

and San P ie t r o ,  1969), th en  a t  10 ,000 g f o r  10 m inu tes to  s p in  down m ito ­

c h o n d ria  and c h lo r o p la s t  frag m en ts  ( Buetow and Buchanan, 1964), and f i n ­

a l l y  a t  1 0 0 0 , 0 0 0  g f o r  1  hour to  sed im ent th e  rem ain ing  p a r t i c u l a t e  m a tte r
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( Lord and M e rre tt ,  1 9 7 1 )^  . A liq u o ts  of th e  p e l l e t s  from  th e s e  3 s p in s  

were a )  resuspended  In  0 .4  M su c ro se  in  50 mM p o tass iu m  phosphate  b u f f e r  

(pH 7 .0 )  f o r  d e te rm in a tio n  o f  enzyme c o n te n t ,  and b )  f ix e d  f o r  e le c t r o n  

m ic ro sco p ic  o b se rv a tio n  o f  o rg a n e l le  complement.

IV Sucrose  D e n s ity  G ra d ie n ts :  T h e ir  P re p a ra tio n  and U t i l i z a t i o n  In  th e  

I s o la t io n  o f  S p e c if ic  O rg a n e lle s .

E uglena grown under th e  v a r io u s  l i g h t  reg im es 

were h a rv e s te d  d u rin g  th e  e a r ly  lo g a r i th m ic  phase  o f  growth by c e n tr i f u g a ­

t io n  a t  500 g f o r  5 m in u te s , washed once w ith ,  and resuspended  In ,  0 .4  M 

su c ro se  in  20 mM g ly c y lg ly c ln e  b u f f e r ,  pH 7 .5 .  The c e l l s  In  su sp en sio n  

( 1  x  1 0 ^ c e l l s /m l  ) ^  were b roken  (ac co rd in g  to  a  s l i g h t  m o d if ic a tio n

o f  th e  method o f  T o lb e r t ,  1971) by  c a r e f u l  manual g r in d in g  w ith  Ottawa 

Sand ( in  a  1 :3  volume o f  suspended c e l l s : s a n d  ) fo r  *3 30 seconds a t  4° C. 

To p re se rv e  m lcrobod ies i n t a c t ,  th e  g r in d in g  was h a l te d  when <3? 25 % o f  

the  c e l l s  w ere broken  ( a s  judged by  l i g h t  m icroscopy) ; T o lb e r t  ( 1971) 

d id  n o t make such v i s u a l  o b s e rv a tio n s  a s  a  gu ide to  deg ree  o f  b rea k a g e .

The su sp en sio n  was c e n tr ifu g e d  a t  250 g f o r  10 m in u tes  to  remove whdle 

c e l l s .

C o n sid e rab le  c o n tro v e rsy  e x i s t s  co n cern in g  a )  th e  speeds and 
tim es re q u ire d  f o r  d i f f e r e n t i a l  c e n t r i f u g a t io n  o f  c e l l - f r e e  f r a c t i o n s  to  
y ie ld  su sp en sio n s  r i c h  i n  s p e c i f i c  o r g a n e l le s ,  and b )  th e  p u r i t y  o f  
th e se  f r a c t i o n s .  For exam ple, T o lb e r t  (1971) s t a t e s  t h a t  100 g f o r  20-30 
m inu tes i s  needed to  I s o l a te  p a r t i c l e s  r i c h  in  whole c h lo r o p la s t s ;  
s h o r te r  p e r io d s  o f  c e n t r i f u g a t io n  n o t  p ack in g  th e  c e l l s  s u f f i c i e n t l y .
He th en  c e n tr i f u g e s  th e  s u p e rn a ta n t a t  6 ,000  g f o r  20 m inu tes to  o b ta in  
a  p e l l e t  c o n ta in in g  broken  c h lo r o p la s t s ,  peroxisom es and m ito ch o n d ria .
In  th e  p r e s e n t  work, th e  300 g , 10 ,000  g and 100,000 g p e l l e t s ,  a s  r e -  
v e i le d  by e le c t r o n  m icroscopy , were ex trem e ly  h e te ro g en eo u s  in  o rg a n e l le  
com position  ( page 13 3 ).

12 In  g e n e ra l ,  10 ml o f  c e l l  su sp en sio n  was u t i l i z e d .
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A. D isco n tin u o u s S ucrose  D e n sity  G ra d ie n t F r a c t io n s .

8  ml o f  b ro k e n -c e l l  su spension  o b ta in e d  a s  

above, was c a r e f u l ly  la y e re d  on to p  o f  a  d isc o n tin u o u s  su c ro se  g r a d ie n t  

column p re p a re d  a c co rd in g  to  th e  p ro ced u res  g iv e n  by T o lb e r t  ( 1971 ) .  

E s s e n t i a l l y ,  th e se  g r a d ie n ts  w ere made by d is s o lv in g  855 grams o f  su c ­

ro s e  in  20 mM g ly c y lg ly c ln e  b u f f e r  , pH 7 .5  , to  y ie ld  a  t o t a l  volume 

o f  1 ,000  ml o f  2 .5  M ( 8 5 .5  7. w /v  ) su c ro se  s o lu t io n .  S u c c ess iv e  d i l u ­

t io n s  w ere made w ith  t h i s  same b u f f e r  , and a l l  su c ro se  s o lu t io n s  w ere 

co o led  to  4° C b e fo re  u t i l i z a t i o n .  A t o t a l  o f  e ig h t  , 6 -ml la y e r s  o f  

the  fo llo w in g  coo led  su c ro se  s o lu t io n s  w ere c a r e f u l l y  p ip e t te d  , in  

su c c e s s io n  , i n to  60-ml p o ly c a rb o n a te  c e n tr i f u g e  tu b es  ( Beckman In ­

stru m en t C o ., M ountainside , New J e rs e y  ) : 2 .5  M su c ro se  ( 8 5 .5  % 

w /v ) , 2 .0  M su c ro se  ( 6 8 .4  % w /v )  , 1 .75  M su c ro se  ( 60 % w /v  ) ,

1 .50  M su c ro se  ( 5 1 .0  % w /v  ) , 1 .25  M su c ro se  (  43 % s /v  ) , 1 .0  M 

su c ro se  ( 34 % w /v ) , 0 .7 5  M su c ro se  ( 2 5 .5  7, w /v  ) and 0 .5  M su c ro se  

( 17 % w /v ) . A f te r  4 h o u rs  o f  c e n t r i f u g a t io n  ( 4° C )  a t  39 ,000  gav>

( 22 ,500  re v /m in . ) in  a  sw ing ing  b u ck e t r o to r  SW 25.2 o f  a  Beckman 

Model L-2 U l t r a c e n t r i f u g e  ( Spinco  D iv is io n  o f  Beckman In s tru m e n ts  ,

P alo  A lto  , C a l i f o r n ia  ) , th e  tu b es  were removed , t h e i r  low er ends 

p ie rc e d  , and f r a c t io n s  c o l l e c te d  dropw lse a t  4° C .

B* C ontinuous S ucrose  D e n s ity  G ra d ie n t F r a c t io n s .

C ontinuous su c ro se  d e n s i ty  g r a d ie n ts  w ere 

p rep a re d  in  a  g ra d ie n t  m ix ing  a p p a ra tu s  ( c o n s tru c te d  by Mr. James Woodley 

f o r  D r. C. C e c c la r ln l  , b o th  o f  the  D epartm ent o f  B io lo g ic a l  S c ie n c e s ,
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H unter C o lleg e  , CUNY ) . To p re p a re  th e se  g r a d ie n ts  , 20 ml o f  a  

34 % w /v ( 1 .0  M )  su c ro se  s o lu t io n  ( In  20-mM g ly c y lg ly c in e  b u f f e r  , 

pH 7 .5  ) was p la c e d  In  th e  In n e r  chaofcer o f  th e  a p p a ra tu s  and 20 ml 

o f  a  5 8 .4  % w /v ( 2 . 0  M ) su c ro se  s o lu t io n  was p lac e d  In  th e  o u te r  

cham ber. The form er chamber was con n ected  to  a  pump w hich e f f e c te d  

th e  t r a n s f e r  o f  d i l u t e  su c ro se  s o lu t io n  to  th e  o u te r  chamber . The 

o u te r  chamber a ls o  c o n ta in e d  a  m agnetic  s t i r r e r  and an o u t l e t  f o r  

f i l l i n g  c e n tr i f u g e  tu b e s  . To p re p a re  th e  c o n tin u o u s  g r a d ie n ts  , th e  

s t i r r e r  was s t a r t e d  , th e  pump was a c t iv a te d  ,  th e  c o n n e c tio n s  b e ­

tween th e  two cham bers made , and th e  o u t l e t  opened . The r e s u l t in g  

c o n tin u o u s  su c ro se  g r a d ie n t  was c o l l e c te d  In  a  60 ml p o ly ca rb o n a te  

c e n tr if u g e  tube  , over a  cu sh io n  o f  5 ml o f  6 8 .4  % su c ro se  ( In  20 

mM g ly c y lg ly c in e  b u f f e r  , pH 7 .5  ) . The b ro k e n -c e ll  su sp en sio n  ( 8  

ml ) was c a r e f u l ly  la y e re d  on to p  o f  th e  45 ml c o n tin u o u s  su c ro se  

g r a d ie n t  , and c e n tr i f u g e d  a t  4° C o v e rn ig h t ( 12-16 h o u rs  ) a t

39 ,000  g_„ In  a  sw ing ing  b u ck e t r o to r  SW 25.2 < 22 ,500  r e v ./m in  )flV •

o f  a  Beckman Model L-2 U l t ra c e n t r if u g e  . The ( 3 ) tu b e s  were r e ­

moved from th e  r o to r  , p ie rc e d  a t  t h e i r  low er ends , and 1  ml f r a c ­

t io n s  c o l le c te d  , a t  0 -  4° C.

The su c ro se  c o n c e n tra t io n  o f  th e se  

1-ml p o r t io n s  was m easured w ith  an  Abbe R efrac tooaeter ( Bausch and 

Lomb O p tic a l  C o ., R o ch es te r , New York ) , u s in g  a  s ta n d a rd  curve  

I  had p re v io u s ly  p l o t t e d  from s o lu t io n s  c o n ta in in g  known c o n c e n tra ­

t io n s  o f  su c ro se  .
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V. Methods o f  D eterm in ing  C o n c e n tra tio n s  o f  Enzymes, P ro te in s  » C h lo ro ­

p h y l l  and N u c le ic  A cid s  .

A. Enzyme A ssays

Enzyme a s sa y s  w ere perform ed a )  on c e l l -  

f r e e  f r a c t i o n s  , b )  on su sp en sio n s  r i c h  i n  s p e c i f ic  o rg a n e l le s  , d e r ­

iv ed  from d i f f e r e n t i a l  c e n t r i f u g a t io n  o f  th e  fo re g o in g  c e l l - f r e e  f r a c ­

t io n s  , and c )  on b o th  d isc o n tin u o u s  and co n tin u o u s  su c ro se  d e n s ity  

g ra d ie n t  f r a c t io n s  .  U nless o th e rw ise  s t a t e d  , s p e c tro sc o p ic  a ssa y s  

o f  enzymes w ere made w ith  P y ro c e ll  s i l i c a  c u v e t te s  ( 1 .5  ml volume ,

0 .5  cm l ig h t - p a th  ) in  a  Beckman DB-G G ra tin g  S p ec tropho tom eter (Beck­

man In stru m en ts  , S c i e n t i f i c  and P ro cess  D iv is io n  , F u l le r to n  , C a l­

i f o r n i a  ) w hich w ere made a v a i la b le  th ro u g h  th e  g e n e ro s i ty  o f  Dr. 

Edward B albon i ,  D epartm ent o f  B io lo g ic a l  S c ien c e s  ,  H unter C o lleg e  , ■ 

CUNY .

U nless s p e c i f ie d  o th e rw ise  , v a lu e s  

r e p o r te d  f o r  enzyme a c i t l v l t y  a r e  b a sed  on two s e t s  o f  d a ta  in  which 

sp e c tro p h o to m e tr ic  a s sa y s  were made in  t r i p l i c a t e  on 3 s e p a ra te  sam­

p l e s  o f  th e  same c e l l - f r e e  e x t r a c t  . The means ( 3 sam ples ) o f 

each  experim en t w ere averaged  ; d a ta  a r e  g iv e n  in  t h i s  averaged  

form  .



131 . C a ta la a e  o x ld o re d u c ta s e , EC 1 ,1 1 .1 .6 )  was assay ed
a#

e i t h e r  by  th e  m ethod o f  Luck (1963) ( th e  one m ost g e n e ra l ly  used In  th e  

p re s e n t  w ork) o r  b y  th e  method o f  Baudhuln e t  a l . (1 9 6 5 ). By L u ck 's(1 9 6 3 ) 

m ethod, c a ta la s e  i s  a ssay ed  by  th e  i n i t i a l  d isa p p e a ra n c e  o f  12 .5  mM H2 O2 , 

a s  m easu red (a t 25®C) by  a  d e c re a se  in  abso rbancy  a t  240 nm. The a s sa y  

m ix tu re  c o n ta in e d : 1 .0  ml H2 ®2 "P^osP̂ ia te  b u f f e r  s o lu t io n  ( 6 6 . 6  mM 

phosphate  b u f f e r  ; 12 .5  mM l^C ^ ) and 0 .0 1 -0 .0 4  ml o f  th e  saraple.R ead- 

Ings  o f  o p t i c a l  d e n s i ty  a t  240 nm w ere made a g a in s t  a  b lank , a t  25^C 

c o n ta in in g  a l l  th e  components e x c ep t C a ta la s e  c o n c e n tra t io n ,

when assay ed  by  t h i s  m ethod, i s  c i t e d  in  th e  p re s e n t  work a s  " u n i t s  p e r

13 1The I n te r n a t io n a l  Commission on Enzymes was e s ta b l i s h e d  in  1956 
to  s tu d y  th e  u n s a t i s f a c to r y  and c o n fu s in g  nom enclatu re  o f  enzymes. In  
1961, t h i s  comm ission p u b lish e d  a  n u m erica l scheme f o r  enzyme c l a s s i f i ­
c a t io n ,  by w hich each  enzyme i s  numbered by  fo u r  d i g i t s ,  s e p a ra te d  by 
p o in t s ,  and a rra n g e d  on th e s e  p r in c i p l e s :

(1 )  The f i r s t  d i g i t  shows to  which o f  th e  s ix  m ain c la s s e s  th e  
p a r t i c u l a r  enzyme b e lo n g s ,a s  fo llo w s : 1 . O x ld o red u c tases ;
2 . T ra n s fe ra s e s ;  3 . H y d ro lases ; 4 . L y ases; 5 . Isom erases
6 . L ig a se s . For exam ple, c a ta l a s e  b e lo n g s  to  th e  f i r s t  o f  
th e se  m ain c l a s s e s , i . e . ,  i t  i s  an  o x ld o re d u c ta se .

( l i )  The second d i g i t  in d ic a te s  th e  s u b - c l a s s ( e .g . ,  f o r  the  
o x ld o re d u c ta se s  i t  shows th e  ty p e  o f  group in  th e  donors 
which undergoes o x id a t io n ) .

( H i )  The t h i r d  d i g i t  in d ic a te s  th e  sub-sub  c l a s s ( e . g . ,  f o r  
th e  o x ld o re d u c ta se s  i t  sh o w s ,fo r  each type  o f  dono r, 
th e  type  o f  a c c e p to r  in v o lv e d ) .

( i v )  The fo u r th  d i g i t  i s  th e  s e r i a l  number o f  th e  enzyme in  
i t s  sub-sub  c l a s s .

For a  com plete  l i s t  o f  th e  n u m erica l c l a s s i f i c a t i o n  aas*R eport o f  th e  
Commission on Enzymes o f  th e  I n te r n a t io n a l  Union o f  B iochem istry "(O xfo rd , 
Pergamon P r e s s ,  1961).
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mg p ro te in "  -  a  " u n i t "  b e in g  th a t  amount o f  c a ta la s e  which decomposes 

h a l f  o f  th e  hydrogen p e ro x id e  p r e s e n t  in  100 seconds a t  25°C(Luck, 1963).

By th e  method o f  Baudhuln e t  a l . ( 1 9 6 5 )  c a t a l a s e ( in  

th e  p resen ce  o f  1 .5  mM ) i s  de te rm ined  by  th e  fo rm a tio n  o f  a  peroxy- 

tI ta n iu m  s u l f a t e  complex a s  m easured a t  410 nm and 0 ^ 2.  In  t h i s  method* 

p re p a ra t io n s  a r e  p r e t r e a te d  w ith  1 .0  % (v /v )  T r i to n  X-100 to  r e l e a s e  

th e  enzyme* and th en  a r e  in cu b a ted  a t  0 C f o r  10 m in u tes  in  a  t o t a l  

volume o f  5 .2  ml c o n ta in in g :  10 mM im ldazole-H C l b u ffe r*  pH 7 .2 ;

0 .1  7. bov ine  serum album in* and 1 .5  mM hydrogen p e ro x id e . The r e a c ­

t io n  was stopped  by th e  a d d it io n  o f  3 ml o f  a  th r e e - f o ld  d i l u t i o n  o f  

a  s a tu ra te d  s o lu t io n  o f  t ita n iu m  s u lp h a te  ^ I t a n iu m  (IV ) o x y su lp h a te ^  

in  2 N * and th e  rem ain ing  p e ro x id e  was de te rm ined  c o lo r lm e t-

r l c a l l y  in  t h i s  m ix tu re  a s  th e  y e llo w * p ero x y titan iu m  s u lp h a te .  The 

i n i t i a l  hydrogen p e ro x id e  c o n c e n tra t io n  was measured! s im i la r ly  on a  

n o n -in cu b a ted  m ix tu re  o f  the  same co m p o sitio n . One "Baudhuin1? u n i t  o f  

a c t i v i t y  de te rm ined  by th i s  method i s  d e fin e d  a s  th e  amount o f  enzyme 

ca u s in g  th e  d e s t r u c t io n  o f  90 % o f  th e  s u b s t r a te  in  1 m inu te  in  a  

volume o f  50 ml under the  above a s s a y  co n d itio n s(B au d h u ln  e t> a l .*

1965).

C a ta la se  U n its  ( Luck* 1963 ) * " K a ta la s e fa h ig -  

k e i t "  ( K at. f .  * E u le r  and B lix* 1919 )* I n te r n a t io n a l  u n i t s  (Berg- 

m eyer, 1955 )*and Baudhuln U n its  ( Baudhuln e t  a l . , 1965) have been 

used  to  e x p re s s  c a ta la s e  c o n c e n tra tio n ^  T ab le  4  f a c i l i t a t e s  th e  i n t e r -  

c o n v e rs io n  o f  th e s e  u n i t s .

In  th e  p r e s e n t  work* th e  s m a l le s t  amount o f  

d e te c ta b le  c a t& la se  was 3  0 .1  u n i t s  ( Luck u n i t s  ) by th e  method o f  

Luck ( 1963 ) and ~  10 u n i t s  ( Baudhuln u n i t s  ) by th e  method o f  Baud-



46

T able  C a ta la s e  U n it C onversion  Table 
(acco rd in g  to  Luck, 1963)

To c o n v e r t  from to m u lt ip ly  by

K at. f . U nits/m g p r o te in 0 .093
I n te r n a t io n a l  U nlts/m g p r o te in 1 . 2

U nlts/m g p r o te in K at. f . 1 0 . 8
I n te r n a t io n a l  U nits/m g p r o te in 13 .0

I n te r n a t io n a l  U n its  / K at. f . 0 .83
mg p r o te in U nlts/m g p r o te in 0 .077

K a t. F . and Baudhuln U n its  may be i n t e r ­

c o n v e rted  by u s in g  th e  fo llo w in g  e q u a tio n :

K a t. f .  ( s p e c i f ic  a c t i v i t y )  = Baudhuln U n its
grams p r o te in

( co n v e rs io n s  acco rd in g  to  Luck, 1963 )
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huln e t  a l . » 1 9 6 5 ) .^

2. I s o c l t r a t e  ly a s e  ( L - i s o c i t r a t e - l y a s e ,  EC 4 .1 .3 .1  ) was

assayed  by m easuring  th e  r a t e  o f  In c re a se  o f  O.D. a t  324 nm consequen t

upon th e  fo rm a tio n  o f  g ly o x y la te  phenylhydrazone (Dixon and K ornberg,
_2

1939) .  The a s sa y  m ix tu re  c o n ta in e d  in  a  volume o f  1 .2  m l: 8 .7  x  10 M

phosphate  b u f f e r  (pH 6 .9 ) ;  4 .6  mM d i t h i o t h r e i t o l ;  8 .7  mM MgClg; 1 .3

2 2 
X 10"* M p o tass iu m  L - i s o c l t r a t e ;  1 .0  x 10 M pheny l h y d raz in e  ( f r e s h ly

p re p a re d ) ;  and th e  sample ( c o n ta in in g  2 - 15 fig p r o t e i n ) .  The a s sa y  was 

i n i t i a t e d  by th e  a d d it io n  o f  I s o c l t r a t e  and a b s o rp t io n  changes were 

re a d  a t  324 nm and 25 ®C. A f te r  a  la g  o f  ap p ro x im ate ly  1 m in u te , E 3 2 4  

i s  l in e a r  f o r  4 - 5  m in u tes ; t h i s  r a t e  i s  p r o p o r t io n a l  to  the  enzyme 

c o n c e n tra t io n  (Dixon and K ornberg , 1959). C a lc u la tio n s  were made assum­

ing  a  m olar e x t in c t io n  c o e f f i c i e n t  o f  1 .7  x  10^ cm"* m ole"^ f o r  the  

g ly o x y la te  phenylhydrazone complex a t  324 nm (Dixon and K ornberg, 1959).

3 . M aiate sy n th a se  ( L -m alate  g ly o x y la te - ly a s e ,  EC 4 .1 .3 .2 )  was 

assayed  by  fo llo w in g  th e  o x id a t io n  o f  NADH - o bserved  a s  a  d e c re a se  in  

Ib tiorbancy  a t  232 nm. The r a t e  o f  d e c re a se  i s  a  consequence o f  th e  b rea k ­

age o f  th e  t h lo - e a t e r  bond o f  a c e ty l  coenzyme A in  th e  p re se n c e  o f  g ly ­

o x y la te  (Dixon and K ornberg , 1959). The enzyme was assay ed  in  a  t o t a l  

volume o f  1 .0  ml th a t  c o n ta in e d : 50 mM T ris-H C l b u f f e r  (a d ju s te d  to  pH 

7 .4 ) ;  10 mM M gC^; 0 .025  mM a c e ty l  CoA; and 10 j i l  o f  the  sam ple. The 

r e a c t io n  was m on ito red  fo r  3 m in u tes  to  d e te c t  th e  p o s s ib le  p re se n c e  o f 

an a c e ty l  coenzyme A d e a c y la se  (found to  be a b se n t in  th e  p r e s e n t  w ork).

14
A ccording  to  D r. M iklos M u lle r, The R o c k e r fe l le r  U n iv e rs i ty , New 

York, th e  m ethod o f  Baudhuln shou ld  be a t  l e a s t  an o rd e r  o f  m agnitude more 
s e n s i t iv e  in  d e te c t in g  c a ta la s e  th an  th e  method o f  Luck (p e rso n a l communi­
c a t io n ) .
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Sodium g ly o x y la te  (5 .0  mM ) was th en  a d d e d ;d u rin g  th e  subsequen t 3 min­

u te s  th e  r a t e  o f  r a p id  d e c re a se  In  O.D. i s  p r o p o r t io n a l  to  th e  amount o f  

m a la te  s y n th a s e . I  m easured O.D. f o r  the  f i r s t  m inute o f  t h i s  3 m inute 

i n t e r v a l .  The b lan k  c o n s is te d  o f a l l  th e  above chem icals  ex c ep t a c e ty l  

Co A. An E2 3 2  f ° r  Che c le a v a g e  o f  th e  th io  e s t e r  bond o f a c e ty l  coenzyme 

A o f  4 .5  x  10^ cm"* m ole"* (S tad tm an, 1959) was used  in  th e  c a lc u la t io n s .

4 . G ly c o la te  dehydrogenase ( g lyco latesD C PIP  o x ld o re d u c ta se ;

EC number h a s  n o t y e t  been  a ss ig n e d  *"*) was assayed  a n a e ro b ic a l ly  a t  25 

®C by fo llo w in g  th e  r e d u c t io n  o f  2 } 6 - d lch lo ro p h en o lln d o p h en o l (DCPIP)at 

600 nm (N elson and T o lb e r t ,  1970). The enzyme was assayed  by add ing  to  a 

3-m l Thunberg c u v e tte  (10 mm In  d ia m e te r)  in  th e  fo llo w in g  o r d e r :  200 

pm oles o f pyrophosphate  b u f f e r  (d ihydrogen  sodium pyrophosphate  and 

norm al sodium  p y rophospha te , pH 8 .7 ) ,  0 .3  p n o le s  o f  DCPIP, th e  sample 

( c o n ta in in g  2-15 pg p r o t e i n ) ,  and w a te r  -  so  t h a t  the  f i n a l  volume was 

2 .5  m l. In  th e  sidearm  o f  th e  Thunberg Beckman c u v e tte  was p la c e d  0 .1  

ml o f  20 pm oles sodium g ly c o la te .  The c u v e tte  was then  f lu s h e d  te n  tim es 

w ith  N2  (which had been p assed  th rough  F i e a e r ' s ^  s o lu t io n  to  remove 

t r a c e s  o f  oxygen ) .  The r e a c t io n  was i n i t i a t e d  by t i l t i n g  th e  c u v e tte

*5 The o x id a tio n  o f  g ly c o la te  to  g ly o x y la te  a f t e r  p h o to sy n th e tic  
carbon  d io x id e  f ix a t io n  o ccu rs  in  a l l  g reen  p l a n t s ,  b o th  h ig h e r  p la n ts  
and a lg a e  (N elson and T o lb e r t ,  1970). G ly c o la te  o x id ase  ( g l y c o l a t e ^  
o x ld o re d u c ta se , E .C . 1 .1 .3 .1 )  has been  found in  a l l  h ig h e r  p la n ts  ex­
amined (T o lb e r t  e t  a l . , 1969; N elson and T o lb e r t ,  1970). In  g reen  a lg a e  
( In c lu d in g  E uglena) th e  enzyme which o x id iz e s  g ly c o la te  to  g ly o x y la te  Is  
g ly c o la te  dehydrogenase -  oxygen i s  n o t th e  te rm in a l e le c t r o n  a c c e p to r  
(N elson and T o lb e r t ,  1970).

^  F l e s e r 's  s o lu t io n  i s  p rep a red  by  d is s o lv in g  20 grams o f  KOH in  
1 0 0  ml o f  w a te r ,  and th en  add ing  2 . 0  grams o f sodium a n th raq u in o n e - -  
s u lfo n a te  and 15.0  grams o f  sodium  h y d r o s u l f i t e  to  th e  warm s o lu t io n .  The 
m ix tu re  i s  s t i r r e d  u n t i l  a  c l e a r  b lo o d -re d  s o lu t io n  i s  o b ta in e d , and i s  
th en  co o led  to  room tem p era tu re  (R eagents f o r  O rgan ic  S y n th e s is ,  1964, 
F ie s e r  and F ie s e r  e d s . ,  John W iley and Sons, New York C i ty , New Y o rk .)
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so t h a t  th e  sodium g ly c o la te  ( In  th e  s id e  arm ) was mixed w ith  th e  o th e r

r e a g e n ts .  Changes In  O.D. w ere c o n v e rted  to  m oles o f  reduced  DCPIP by
, _1 -1

u s in g  an e x t in c t io n  c o e f f i c i e n t  o f  21 .9  x  lC r cm m oles (A rm strong ,1964).

5 . NADH- H ydroxypyruvate r e d u c ta s e , NADH-Glyoxylate re d u c ta s e  o r  

D-G ly c e ra te  dehydrogenase 17 (D -g ly c e ra te :  NAD o x ld o re d u c ta se , EC 1 .1 .1 .2 9 )  

was assayed  by  fo llo w in g  th e  d e c rease  In  O.D. by  th e  o x id a t io n  o f  NADH 

a f t e r  a d d it io n  o f  hydroxypyruvate  ( 1 mM f i n a l  c o n c e n t r a t io n ) ,  acco rd in g  

to  th e  method o f  T o lb e r t  e t  a l .  (1970) . The r e a c t io n  m ix tu re  c o n ta in e d  

In  a  t o t a l  volume o f  1 .0  m l: 200 p i  o f  0 .0 2  U phosphate  b u f f e r  ( pH 6 .2 ) ;

50 p i  o f  4 .0  x  10~3 M NADH; 30 p i  o f  0 .5  % T r ito n  X-100; and 620 p i  o f 

w a te r  and enzyme p r e p a r a t io n .  A f te r  a  f iv e  m inute p e r io d  f o r  measurement 

o f  endogenous r a t e ,  th e  r e a c t io n  was i n i t i a t e d  by th e  a d d i t io n  o f  100 

jul o f  10 mM h y d ro x y p y ru v a te I8 . An abaorbancy  change o f  1 .000  i s  e q u a l to  

32 nm oles (T o lb e r t e t  a l . ,  1970).

I-7 G lyoxy la te  re d u c ta s e  c a ta ly s e s  th e  re d u c tio n  o f  g ly o x y la te  to  
g ly c o la te  In  th e  p re se n c e  o f  NADH ac co rd in g  to  th e  fo llo w in g  r e a c t io n  
( Z e l i tc h ,  1953) :

CHO + NADH + H+  CHjOH + NADH+
| g ly o x y la te  |
COOH re d u c ta s e  COOH
g ly o x y la te  g ly c o la te

H ydroxypyruvate I s  a ls o  an e x c e l le n t  s u b s t r a te  f o r  g ly o x y la te  re d u c ta s e  
( S ta f fo rd  and M agaldl, 1954 ) and th e  fo llo w in g  r e a c t io n  i s  c a ta ly z e d :

COOH + NADH + H+  ^  COOH NAD

L g ly o x y la te  |
r e d u c ta s e  H-C-OH

I I
CHjOH CHgOH

hydroxypyruvate  D -g ly c e ra te
18

S ince  th e re  I s  a  NADH-glyoxylate re d u c ta s e  in  c h lo r o p la s t s ,  b e s t  
r e s u l t s  a r e  ach ieved  w ith  su c ro se  g raded  f r a c t i o n s  ( T o lb e r t ,  1971). However, 
in  th e  p re s e n t  work w ith  Euglena , o n ly  t r a c e  amounts o f  t h i s  enzyme were 
d e te c te d  In  c h lo r o j ia s t  f r a c t i o n s .
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6 . NAD- M alate dehydrogenase ( L -m ala te : NAD o x ld o re d u c ta se j

EC 1 .1 .1 .3 7  ) was assayed  by fo llo w in g  th e  d e c re a se  In  O.D. by th e  o x id a ­

t io n  o f  NADH a t  340 nm w ith  o x a lo a c e ta te  a c co rd in g  to  the  method o f  Yama­

s a k i and T o lb e r t  ( 1969 ) .  The a s sa y  m ix tu re  c o n ta in e d  in  a t o t a l  volume 

od 1 .0  m l: 0 .67  ml o f  0 .1  M HEPES b u f f e r ,  pH 7 .4 ;  0 .2  ml o f  2 .81  mM NADH;

1-5 j i l  o f  th e  enzyme p r e p a r a t io n ;  and w a te r  to  g iv e  a  t o t a l  volume o f  1 .0  

m l. The r e a c t io n  was I n i t i a t e d  by  th e  a d d it io n  o f  o x a lo a c e ta te  and re a d in g s  

o f  o p t ic a l  d e n s i ty  a t  340 nm a t  25° C were made a g a in s t  a  b la n k  c o n ta in ­

in g  a l l  th e  components ex cep t NADH. A u n i t  o f  a c t i v i t y  i s  d e fin e d  a s  th e  

o x id a tio n  o f  1 p nole o f  NADH p e r  m inute a t  25° C (Yamakazi and T o lb e r t ,

1969).

7 . Fum arase o r  fum arate  h y d ra ta s e  ( L -m alate h y d ro - ly a se , EC 4 .2 .1 .2 )

was determ ined  by th e  method o f  Cooper and B eevers (1969) w hich m easures

th e  r a t e  o f  co n v e rs io n  o f  m a la te  to  fu m a ra te . The r e a c t io n  m ix tu re  con-
_2

ta in e d  in  a  t o t a l  volume o f  1 .3  ml : 8 .0  x 10 M phosphate  b u f f e r  

(a d ju s te d  to  pH 7 .5 ) ;  4 .0  mM d i t h i o t h r e i t o l ;  8 .0  mM sodium m a la te ; 2 to  

10 jig  o f  th e  enzyme p r e p a r a t io n ;  and w a te r  to  g ive  a  t o t a l  volume o f  1 .3  

m l. The r e a c t io n  was i n i t i a t e d  w ith  m a la te  and changes in  o p t i c a l  d e n s ity  

a t  240 nm were fo llo w ed  a t  25° C. The m olar e x t in c t io n  c o e f f i c i e n t  o f
o _ i  _ i

fum arate  was found to  be 2 .6  x  10J cm mole , and t h i s  v a lu e  was 

used  in  a l l  subsequen t c a lc u la t io n s .

8 . A co n ita se  o r  a c o n i ta te  h y d ra ta s e  { c i t r a t e  ( i s o c i t r a t e )  hydro­

ly a s e ,  EC 4 . 2 . I . 3 J  was assay ed  by  th e  m ethod o f  Racker ( 1950 ) which i s  

b ased  on th e  d isap p e a ra n c e  o f  th e  double  bond o f  c l s - a c o n i t a t e ,  r e s u l t i n g  

in  a d e c re a se  o f  abso rbancy  a t  240 nm. The enzyme was assay ed  in  a t o t a l  

volume o f  1 .0  ml t h a t  c o n ta in e d : 100 mM T ris-H C l b u f f e r  (pH 7 .4 ) ;  50 mM
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t r is o d lu m  I s o c l t r a t e ;  and 100 j i l  o f  th e  enzyme p re p a ra t io n . The r e a c t io n  

was re c o rd e d  a t  240 nm and 25° C f o r  2 m in u te s , a g a in s t  a  b lan k  c o n ta in in g  

e v e ry th in g  b u t the  s u b s t r a te  ( I s o c l t r a t e ) .  The m olar e x t in c t io n  c o e f f ic i e n t  

was found to  be 4 x 10^ cm"*- m ole- *, and t h i s  v a lu e  was used  In  a l l  sub­

seq u en t c a lc u la t io n s .

9 . Cytochrome c o x id ase  (Cytochrome c :  H2 O2  o x ld o re d u c ta se ,

EC 1 .1 1 .1 .5 )  was assay ed  by th e  o x id a tio n  o f  cytochrom e c a t  550 nm,

a c co rd in g  to  th e  p ro ced u re  o f  T o lb e r t e t  a l .  (1968). The enzyme was 

a ssay ed  In  a t o t a l  volume o f  1 .0  ml t h a t  c o n ta in e d : 5-10 j i l  o f  the  

enzyme p re p a ra t io n ;  5 j i l  o f  4 .0  % d lg i to n in ;  200 ^ il o f  a  0 .1  H phos­

p h a te  b u f f e r  s o lu t io n  (pH 7 .0 ) ;  and 50 j i l  o f  1 .5  mM cytochrom e c (p re ­

reduced  w ith  d l t h i o n i t e .  Cytochrome c  was reduced  by d l th i o n i t e  

such tha t  th e  absorbance r a t i o  550 nm/565 nm was St 9 to  10 (T o lb e r t

e t  a l . ,  1968). A c t iv l ty (  nm ole m in"*) was c a lc u la te d  (a s  th e  i n i t i a l

r a t e  o f  th e  f i r s t  o rd e r  r e a c t io n )  from th e  fo llo w in g  e q u a tio n  (Sm ith,

1955) :

d A550 ** 6  re d  - 6  ox dAre(j550
£  re d  * _________

d t

In  t h i s  e q u a tio n , dA550 I s  th e  a b s o rp t io n  change caused  by b o th  the  

d e c re a se  o f  reduced  form  and th e  in c re a s e  o f  o x id iz e d  form  o f  c y to ­

chrome c ,  d4r e ^550 i s  th e  a b s o rp tio n  change due to  th e  d e c re a se  o f  

reduced  cytochrom e c ,  and d t  I s  th e  tim e p e rio d  m easured ( 1 m inute ) .

M olar e x t in c t io n  c o e f f i c i e n t s  o f  cytochrom e c a t  550 nm a re  fc re d  =

2 8 .4  x  10^ cm"* m ole"* and ^  ox = 8 .1  x 10^ cm"* m ole"* (Van G elder 

and S l a t e r ,  1962) .
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B. P ro te in  C o n c e n tra tio n

P ro te in  was m easured by th e  method o f Lowry 

e t  a l .  (1951) u s in g  a c a l i b r a t io n  cu rv e  I  o b ta in e d  w ith  c r y s t a l l i n e  

bov ine  serum album in . P ro te in  c o n c e n tra t io n  in  su c ro se  d e n s i ty  g r a d ie n ts  

was c o r re c te d  f o r  absorbancy  by th e  g ly c y l-g ly c ln e  b u f f e r  in  which th e  

su c ro se  i s  d is s o lv e d , by u s in g  th e  b u f f e r  a s  a  b lq n k .

U nless s p e c i f ie d  o th e rw is e , v a lu e s  r e p o r te d  

f o r  p r o te in  c o n c e n tra t io n s  a re  b ased  on two s e t s  o f  d a ta  in  which s p e c tro -  

p h o to m e trie  a s sa y s  w ere made in  t r i p l i c a t e  on 3 s e p a ra te  a l iq u o ts  o f  th e  

sam ple. The means ( 3 sam ples ) o f  each  experim ent w ere av e rag ed ; d a ta  

a re  g iven  in  t h i s  averaged  form .

C. C h lo ro p h y ll C o n c e n tra tio n

C o n c e n tra tio n s  o f  c h lo ro p h y ll  ( a  + b ) a s  

w e ll  a s  a  and b in  sp in ach  c h lo r o p la s t s  were determ ined  by the  method o f  

Arnon (1949). C o n c e n tra tio n s  o f  c h lo ro p h y ll  ( a  + b ) a s  w e ll  a s  a and b 

e x tr a c te d  from  a lg a l  c e l l s  were de te rm ined  by  th e  m ethanol method o f  Mac- 

Kinney ( 1941 ) .  In  a l l  c a s e s ,  v a lu e s  r e p o r te d  f o r  c h lo ro p h y ll  a re  the  

average  o f  th re e  (3 )  d e te rm in a tio n s .

D. C o n c e n tra tio n  o f  N ucle ic  A cids

1. DNA

M icrobody-con tain ing  f r a c t i o n s  from  d isc o n ­

t in u o u s  su c ro se  d e n s i ty  g ra d ie n ts  ( 2 m l) w ere homogenized in  8 ml o f 

c o ld  0 .25  M su c ro se  ( in  0 .006 N NaOH) w ith  a  P o tte r-E lv e h je m  hom ogenizer 

(A rth u r H. Thomas C o ., P h i la d e lp h ia , Pa. ) acco rd in g  to  th e  method o f
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Shibko e t  a l ,  (1967 ). C o n c e n tra tio n s  o f  DNA were e s tim a te d  on th e se  

hom ogenates by th e  dlphenylam lne m ethod o f  B urton (1 9 5 6 ). By t h i s  m ethod,

2 . 0  ml o f  the  homogenized m icrobody f r a c t i o n  and 4 .0  ml o f  the  d lp h en y l­

amlne re a g e n t (c o n ta in in g  a c e ta ld e h y d e )^  were p lac e d  In  a  1 0 -ral t e s t

tube  and m ixed. Tubes c o n ta in in g  th e  above re a g e n t p lu s  known amounts o f 

20s ta n d a rd  DNA u were a ls o  p rep a re d . A b lu e  c o lo r  I s  developed  by In cu b a tin g  

a t  30° C f o r  16-20 h o u rs , and th e  o p t i c a l  d e n s ity  a t  600 nm i s  m easured 

a g a in s t  the  b lan k  and compared w ith  s ta n d a rd  DNA v a lu e s . In  some p re p a ra ­

t io n s ,  DNase ( 40 jig /m l ) was added to  th e  sam ples which were th en  in cu ­

b a te d  a t  37° C f o r  30 m in u tes , p r io r  to  tre a tm e n t w ith  d lpheny lam lne , to  

v e r i f y  th e  a u th e n t ic i ty  o f DNA (G ibor and Izaw a, 1963). In  a l l  c a s e s ,  v a l ­

u es  r e p o r te d  f o r  DNA a r e  the  average  o f  th re e  (3 ) d e te rm in a tio n s .

2. RNA

M icrobodies in  su c ro se  d e n s i ty  g ra d ie n ts  were 

f r a c t io n a te d  by th e  p ro ced u re  o f  Shibko e t  a l .  (1967), g iv en  above, and 

c o n c e n tra t io n s  o f RNA w ere e s tim a te d  by  th e  spec tropho  tome t r i e  method o f 

L in  and S c h je ld e  (1 9 6 9 ). In  t h i s  m ethod, 2 .0  ml o f  th e  homogenized m icro­

body f r a c t io n  and 2 .0  ml o f o r c ln o l  r e a g e n t ^  a re  p ip e t te d  in to  a  5-ml 

te a r -b u lb  amouple (A rth u r H. Thomas C o ., P h ila d e lp h ia , P a. ) .  The ampoule

19 The d lpheny lam lne re a g e n t i s  p rep a re d  by d is s o lv in g  1 .5  grams o f 
d lphenylam lne In  100 ml a c e t ic  a c id  and th en  add ing  1 .5  ml c o n c e n tra te d  
H2 SO4 . The re a g e n t I s  s to re d  in  th e  d a rk . On th e  day o f  u s e , 0 .10  ml o f 
aqueous ace ta ld e h y d e  (16 mg/ml) i s  added p e r  each  2 0  ml o f  re a g e n t u se d .

20 S tandard  DNA s o lu t io n s  a re  p re p a re d  by d is s o lv in g  0 .4  mg/ml 
c a lf-th y m u s  DNA in  5 mM NaOtt. From t h i s ,  w orking s ta n d a rd s  a re  p rep a red  
by d i lu t io n s  w ith  HCIO4  and h e a tin g  a t  70° C fo r  15 m inutes*  th ese  s ta n d ­
a rd s  may be s to re d  a t  4° C fo r  6  m onths (B urton , 1956).

21 The o rc ln o l  re a g e n t  i s  p re p a re d  by d is s o lv in g  1 .0  grama o f  r e ­
c r y s t a l l i z e d  o r c in o l  in  100 ml c u p r ic  io n  re a g e n t ( 0 .15  gm CuC^.THjO 
in  100 ml c o n c e n tra te d  HCL, sp . g r .  1 .1 9 )  .
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i s  th en  se a le d  w ith  an oxygen to rc h , th e  c o n te n ts  r a b id ly  homogenized

w ith  th e  a id  o f  a  V ortex  m ixer (F is h e r  S c i e n t i f i c  C o ., S p r in g f ie ld ,  New

J e r s e y ) ,  and th e  am poules p lac e d  in  b o i l in g  w a te r . A f te r  35 m inu tes o f

b o i l in g ,  th e  ampoules w ere removed and c h i l l e d  in  an io e  b a th  and th e

abaorbancy  o f  each  sample was m easured a t  666 nm. A re fe re n c e  c o n s is te d

o f  2 .0  ml o f  d i s t i l l e d  w a te r  and 2 .0  ml o r c ln o l  re a g e n t t r e a te d  in  th e

same m anner as  above. Tubes c o n ta in in g  s ta n d a rd  amounts o f  SNA were a ls o  

22p rep a re d  . In  some p r e p a r a t io n s ,  RNase ( 40 jig /m l) was added to: the  

sam ples w hich were th en  in cu b a ted  a t  37 ®C f o r  30 m in u te s , p r io r  to  t r e a t ­

ment w ith  th e  o r c ln o l  r e a g e n t,  to  v e r i f y  th e  a u th e n t ic i ty  o f  RNA. In  a l l  

c a s e s ,  v a lu e s  re p o r te d  f o r  RNA a re  th e  av e ra g e s  o f  th re e  (3 )  d e te rm in a tio n s .

VI S pec tro scopy

A. A b so rp tion  S pec tro scopy

A b so rp tio n  s p e c tr a  were de te rm ined  w ith  a  Cary 14 R abso rp ­

t io n  sp ec tro p h o to m ete r (Cary In stru m en t C o ., M onrovia, C a l i f o r n ia )  a t  

room tem p era tu re  ( 25 ®C).

B. F lu o rescen ce  S pec tro scopy

F luo rescence  em issio n  s p e c t r a  w ere determ ined  w ith  the  

a p p a ra tu s  shown in  b lo c k  diagram , F ig u re  8 ( m od ified  from  Brody e t  

a l .  , 1965 ) . L ig h t, p ro v id ed  by a  h ig h  p re s s u re ,  1800-w att Xenon a rc  

lamp (H anovia, Newark, New J e rs e y  ) was chopped a t  450 c . p . s .  ( by a  seg­

mented d i s c )  and f e l l  upon a Bausch and  Lomb g r a t in g  monochromator 

(b la z e d  a t  400 nm and hav ing  a d is p e r s io n  o f  16 A °/ nm). E x c itin g  l i g h t

22 S tandard  RNA s o lu t io n s  w ere p re p a re d  by  d is s o lv in g  y e a s t  RNA in  
0 .001  N NaOH. From t h i s ,  w orking s o lu t io n s  were p re p a re d  by  d i lu t in g  w ith
0 .001  N NaOH.
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R eg u la ted  Power 
Supply  and 
S t a r t e r

S
J= L

PUT

R ecorder

A m p lif ie r

F ig u re  8 . Block d iagram  o f  th e  a p p a ra tu s  u sed  to  m easure and re c o rd  f lu o re s c e n c e  em iss io n  s p e c t r a .

C, ch o p p er; D, f l a t  bo ttom  dew ar; L, le n s ;  and M^, e x c i t in g  and a n a ly z in g  m onochrom ators, 

r e s p e c t iv e ly ;  PMT, p h o to m u lt ip l ie r  tu b e ; P, p r ism s; S , sam ple; WD, w avelength  d r iv e ;

Xg , Xeon lam p. Redrawn and m o d ified  from  M. Brody e t  a l .  (1965 ).
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from  th e  m onochrom ator, hav ing  a  maximum o f  436 nm, was p a sse d  through  a  

b lu e  g la s s  f i l t e r  ( # C .S . 5 -60 ; C orning G lass  Works, C orn ing , New York ) 

to  ex c lu d e  second o rd e r  l i g h t .  At a  s l i t  w id th  o f  3 mm th e  in c id e n t  l i g h t

- 2  li n t e n s i t y  used fo r  e x c i t in g  f lu o re sc e n c e  was 504 e rg  cm se c -1, (N athanson, 1973) 

detem lned  w ith  an E ppley  th e rm o p ile  ( E ppley  C o rp o ra tio n , E ppley Labs 

I n c . ,  Newport Rhode I s l a n d ) ,c a l i b r a t e d  by th e  N a tio n a l Bureau o f  S tand­

a rd s ,  W ashington, D.C. . T h is  l i g h t ,  d i r e c te d  upwards by a  m irro re d  

p r ism  tow ards th e  o p t i c a l l y - c l e a r  bo ttom  s u rfa c e  o f  a  m irro re d  Dewar, 

f e l l  upon th e  2-ml sam ple, c o n ta in e d  in  a  5-ml b e a k e r  w i th in  th e  Dewar.

Samples were co o led  to  77° K (-196° C) by add ing  l iq u id  n i tro g e n  to  th e  

Dewar. F lu o re sc e n ce  e m itte d  from th e  sample was d e f le c te d  through an 

o p t i c a l  t r a i n ,  by means o f  a  second m irro re d  p rism , to  an a n a ly z in g  Bausch 

and Lomb monochromator (b lazed  a t  800 nm and hav ing  a  d is p e r s io n  o f  33 A °).

A re d  c u t - o f f  f i l t e r  ( #  C .S . 2 -6 3 ; Corning G lass  W orks) was p lac e d  on 

th e  second m irro re d  p rism  to  b lo ck  a l l  l i g h t  b u t  f lu o re sc e n c e . E m ission 

was d e te c te d  w ith  a  Dumont 6911 p h o to m u ltip lie r  tube  ( S - l  re sp o n se  ) - 

th e  o u tp u t o f  which was fed  in to  an a m p lif ie r  and p h a s e - s e n s i t iv e  d e te c ­

to r  , and re c o rd e d  on a  V arian  G - l l  r e c o r d e r .  The s l i t  w id th s  o f  th e  

e x c i t in g  and a n a ly z in g  m onochrom ators w ere s e t  a t  3 mm and 1 .5  mm, r e -  

s e p c t iv e ly ,  to  y ie ld  a  h a lfb a n d  w id th ! o f  4 .8  nm.

V II . M icroscopy

A. L ig h t M icroscopy

L ig h t m ic ro sc o p ic  and phase  m ic ro sco p ic  o b s e r­

v a t io n s  were perform ed w ith  a  Leitz-SM-LUX m icroscope ( E . L e i tz ,  I n c . ,

R o ck le lg h , New J e rs e y  ) .  C e l l  c o u n ts  w ere made u t i l i z i n g  th e  l i g h t  m icro­
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scope and a  B r ig h t L ine Hemocytometer to  a s c e r ta in  grow th r a t e s .  Thick 

s e c t io n s  ( abou t 1 jun) o f  epon-etnbedded l e a f  t i s s u e  w ere c u t  f o r  o r i e n t a ­

t io n  p r io r  to  th in  s e c t io n in g  ( 500 A° )  fo r  e le c t r o n  m icroscopy . For 

some s t a t i s t i c a l  a n a ly se s  o f  m icrobody p r o f i l e s ,  th ic k  s e c t io n s  o f  DAB- 

s ta ln e d ,  epon-embedded c e l l s  w ere u t i l i z e d .  These th ic k  s e c t io n s  were 

e i t h e r  view ed, u n s ta in e d , by phase m icroscopy , o r  s ta in e d ,  w ith  to lu id ln e  

b lu e  and p y ro n ln e  by  th e  method o f  I to  and W incheste r ( 1963) .

B. E le c tro n  M icroscopy

1. Specim ens fo r  E le c tro n  M icroscopy

A lg a l p e l l e t s (Anabaena c y l i n d r ic a l C h lo r e l la  p y ren - 

o ld o sa , and E uglena g r a c i l i s  ) w ere o b ta in e d  f o r  e le c t r o n  m icroscopy by 

d i lu t io n  w ith  20 mM g ly c y lg ly c in e  b u f f e r  (pH 7 .5 )  to  g iv e  a  f i n a l  concen­

t r a t i o n  o f  0 .8  M sucrose:, fo llow ed  by c e n t r i f u g a t io n  a t  39 ,000  g fo r  20 

m inu tes  in  a  S o rv a ll  RC-2 r e f r ig e r a t e d .c e n t r i f u g e  a t  4 ®C, acco rd in g  to  

th e  p ro ced u re  o f  T o lb e r t  (1971). L eaf t i s s u e  (R lc in u s  communis, Zea m ays, 

R h ip s a l is  c a s s y th a , E uphorb ia  p se u d o ca c tu a , Bryophyllum  dalgrem ontijnum  

and Kalanchoe b lo a s f e ld ia n a  ) was washed s e v e ra l  tim es  w ith  d i s t i l l e d
2

w a te r  and c u t  w ith  r a z o r  b la d e s  in to  sm all p ie c e s ,  ap p ro x im ate ly  1 .0  nm . 

Where s p e c i f ie d  in  th e  R e s u l ts ,  l e a f  e p id e rm is  (low er o r  u p p e r)  was 

s tr ip p e d  from  f r e s h ,  tu rg id  le a v e s  and f ix e d  d i r e c t l y  fo r  e le c t r o n  

m icroscopy.

M o n -In tac t c h lo r o p la s t s  and i n t a c t  c h lo r o p la s t s  

were c e n tr ifu g e d  a t  1 ,000 g f o r  10 m in u tes  in  a  S o rv a l l  RC-2 r e f r ig e r a t e d  

c e n tr if u g e  a t  4 ®C in  t h e i r  r e s p e c t iv e  i s o l a t i o n  m edia , and th e  p e l l e t s  

f ix e d  f o r  e le c t r o n  m icroscopy .
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2 . R ou tine  P re p a ra tiv e  P rocedures 

i )  F ix a t io n

The a b o v e -c ite d  specim ens w ere f ix e d  f o r  e l e c ­

t ro n  m icroscopy by e i t h e r  o f th e  fo llo w in g  p ro ce d u re s:

a )  M o d if ica tio n  o f  a  p rocedu re  g iv en  by V ig i l  (1970) th e  

p r *  cedu re  m ost f r e q u e n tly  used in  th e  p re s e n t  work .

The p e l l e t s  o r  t i s s u e s  w ere f ix e d  fo r  2 hou rs  

a t  4° C w ith  0 .1  M c a c o d y la te  b u f fe r  (pH 7 .4 )  and e i t h e r  used  f o r  c y to ­

c h e m is try  (se e  be low ) o r  im m ediately  p la c e d  in  2 .0  % osmium te t r o x id e  ( in

0 .0 5  M c a co d y la te  b u f f e r ,  pH 7 .4  ) fo r  2 hou rs  a t  4° C. T h is  p rocedu re  i s  

u s e fu l  f o r  s tu d y in g  enzyme c y to c h e m is try , s in c e  under th e s e  c o n d it io n s , 

g lu ta ra ld e h y d e  does n o t  I n te r f e r e  w ith  th e  enzymes ( c a ta la s e  and c y to ­

chrome o x id a se )  b e in g  In v e s t ig a te d  (F re d e r ic k  and Newcomb, 1969 b ;  V ig i l ,

1970) .

b )  M o d if ica tio n  o f  a  p rocedu re  g iv en  by Lang and F is h e r

(1969).

The specim ens were f ix e d  f o r  1 hour a t  4° C 

in  1 .0  % aqueous KMnO  ̂ (w /v ), washed th re e  tim es in  d i s t i l l e d  w a te r , and

p o s t- f ix e d  in  1 .0  % aqueous osmium te t r o x id e  (w /v ). T h is  p rocedu re  was 

u t i l i z e d  o n ly  in  th e  c a se  o f  Anabaena b ecau se , a s  was dem onstra ted  by 

Lang and F is h e r  (1969), b o th  th e  p h o to sy n th e tic  a p p a ra tu s  and p o ly g lu c o - 

s id e  g ran u le  a re  more c l e a r l y  d e fliie d  'th a n  w ith  o th e r  m ethods o f  f i x a t io n .

l i )  P o s t-F ix a tio n

A f te r  f i x a t io n ,  th e  specim ens were dehyd ra ted  

in  an e th a n o l s e r i e s ,  p assed  through  p ro p y len e  o x id e , and embedded in  Epon
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23
812 . Thin " S ilv e r -g re y ”  s e c t io n s  (ap p ro x im a te ly  500 A° ) were c u t  on 

a  S o rv a ll  P orter-B lum  MT-2 m icrotom e w ith  a g la s s  o r  diamond k n i f e ,  s ta in e d  

w ith  u ra n y l a c e ta te  ( W atson, 1958) fo llow ed by le a d  c i t r a t e  (R eynolds, 

1963), and viewed w ith  an RCA EMU 3-H o r  H ita c h i HS-8 e le c tro n  m icro scope .

3 . C y tochem istry  f o r  D e te c tio n  o f  O a ta la se  and Cytochrome

O xidase.

F or such s tu d ie s ,  g lu ta ra ld e h y d e - f ix e d  

specim ens w hich had been washed s e v e ra l  tim es in  0 .1  M c a c o d y la te  b u f f e r  

(page 58 ) were e q u i l ib r a te d  in  two ten -m in u te  w ash ings o f  0 .1  M AMP

b u f fe r  ( 2 -a m ln o -2 -m e th y l- l,3 -p ro p o a n d io l)  a d ju s te d  e i t h e r  w ith  0 .1  N NaOH 

to  pH 9 .0  o r  w ith  0 .1  N HCl to  pH 7 .0 , p r io r  to  In c u b a tio n  in  th e  cytochem- 

i c a l  m ix tu re  (V ig i l ,  1970) . The cy tochem ica l m ix tu re  u t i l i z e d  in  the  p r e s ­

e n t  work f o r  th e  d e te c t io n  o f  c a ta la s e  and cytochrom e ox idase  i s  th a t  o f  

N ovikoff and G o ld f is c h e r 's  (1968) m o d if ic a tio n  o f Graham and K arnovsky 's  

(1966) o r ig in a l  DAB ( 3 ,3 f-d iam in o b en z id in e  t e t r a c h lo r id e  ) p rocedu re  f o r  

th e  d e te c t io n  o f  p e ro x id a se . The DAB r e a c t io n  m ix tu re  was f r e s h ly  p re ­

p a red  b e fo re  u s e , and c o n ta in e d : 5 .0  ml o f  0 .05  M AMP b u f f e r ;  0 .1  ml o f

3 .0  % hydrogen p e ro x id e  ( d i lu te d  from 30 % su p ero x o l w ith  0 .05  M AMP 

b u f f e r ) ;  and 10 mg DAB. The f i n a l  pH and tem p era tu re  o f  the  r e a c t io n  

m ix tu re  was a d ju s te d  to  e i t h e r  pH 7 .0  and 25° C o r  pH 9 .0  and 37° C. 

Specimens w ere in tro d u c ed  and in cu b a ted  f o r  60 m in u te s . A f te r  in c u b a tio n , 

th e  specim ens w ere r in s e d  th re e  tim es in  0 .1  M c a c o d y la te  b u f f e r ,  pH 7 .4 .  

O sm icatlon , d e h y d ra tio n , and embedding in  Epon 812 fo llow ed  th e  p ro ced u res

23 i  found th a t  th e  u s u a l  m ix tu re  o f  1 p a r t  Epon A : 1 jkart Epon B 
r e s u l te d  in  c a p su le s  too  s o f t  f o r  s e c t io n in g  in  th e  ca se  o f  m a te r ia l  
t r e a te d  o r  grown in  f a t t y  a c id s  o f  c o n c e n t r a t io n s ^  1 x 10® M. A r a t i o  
o f  3 p a r t s  Epon A : 7 p a r t s  Epon B was found to  be  s a t i s f a c to r y .
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d e sc r ib e d  above. C o n d itio n s  o f  in c u b a tio n  (pH and tem p e ra tu re )  w ere con­

t r o l l e d  to  fa v o r  th e  r e a c t i v i t y  o f  s p e c i f ic  enzymes w ith  th e  DAB r e a c t io n  

m ix tu re . When th e  pH o f  th e  r e a c t io n  m ix tu re  i s  a d ju s te d  (w ith  d i l u t e  NaOH) 

to  9 .0  and in c u b a tio n  p ro ced es  a t  37° C, th e  DAB p ro d u ct o f  c a ta la s e  a c t i v ­

i t y  can  b e s t  be observed  ( V ig i l ,  1970); when th e  f i n a l  pH i s  a d ju s te d  

( w ith  d i l u t e  HCL) to  pH 7 .0  and in c u b a tio n  p ro ced es a t  25° C, th e  r e ­

a c t i v i t y  o f  cytochrom e o x id ase  i s  fav o re d  ( NovlRoff and G o ld f ls c h e r ,

1969; G e rh a rd t and B e rg e r, 1971) .

A d d itio n a l specim ens w ere t r e a te d  w ith  in ­

h i b i t o r s  o f  th e  DAB r e a c t io n  p ro d u ct a s  fo llo w s :

a )  P r io r  to  in c u b a tio n  in  th e  DAB r e a c t io n  m ix tu re , a l iq u o ts  

o f  specim ens which had been  f ix e d  in  g lu ta ra ld e h y d e  and washed in  AMP 

b u f fe r  were p re in c u b a te d  f o r  20 m inu tes  in  AMP b u f fe r  c o n ta in in g  0 .01  M 

KCN a t  pH 7 .0  and 25° C o r  pH 9 .0  and 37° C. T h is  tre a tm e n t was fo llow ed  

by  in c u b a tio n  in  th e  DAB m ix tu re  c o n ta in in g  0 .01  M KCN a t  e i t h e r  pH 7 .0  

and 25° C, o r  pH 9 .0  and 37° C. Under th e s e  c o n d it io n s , KCN in h ib i t s  

b o th  th e  r e a c t i v i t y  o f  cytochrom e o x id ase  and c a ta la s e  w ith  DAB ( V ig i l ,  

1970 ) .

b )  P r io r  to  in c u b a tio n  in  th e  DAB r e a c t io n  m ix tu re , a l iq u o ts

o f  specim ens, which had been  f ix e d  in  g lu ta ra ld e h y d e  and washed in  AMP

b u f f e r  were preljtfcubated fo r  20 m in u tes  in  AMP b u f fe r  c o n ta in in g  0 .02  M
o

a m in o tr ia z o le  ( 3 - a m in o - l ,2 ,4 - t r i a z o le ;  AT ) a t  pH 7 .0  and 25 C o r  pH

9 .0  and 37° C. The specim ens were th en  in cu b a ted  i n  th e  DAB m ix tu re , which 

c o n ta in e d  0 .02  M AT, and in cu b a ted  a t  pH 7 .0  and 25° C o r  pH 9 .0  and 37° C 

f o r  60 m in u tes . Under th e  l a t t e r  c o n d it io n s ,  AT s p e c i f i c a l l y  i n h ib i t s  

c a ta la s e  a c t i v i t y  ( V ig i l ,  1970 ) .

In  a l l  ex p e rim en ts , th e  cy tochem ica l r e a c -
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t i v i t y  o f  DAB was m on ito red  by  c o -p ro c e ss in g  g e rm in a tin g  c a s to r  bean  endo­

sperm ( a  t i s s u e  known to  e x h ib i t  c a ta la s e  a c t i v i t y  and in te n s e  DAB s t a i n ­

in g ) ,  by th e  above p ro ce d u re .

V I I I .  Sources o f  C hem icals

A ll  c h em ica ls  used  were r e a g e n t  g rade  and 

s o lu t io n s  w ere p re p a re d  u s in g  d e - io n iz e d , g l a s s - d i s t i l l e d  w a te r , u n le s s  

o th e rw ise  s p e c i f ie d .

The fo llo w in g  chem ica ls  w ere o b ta in e d  from  

S lgna Chemical Company, S t .  L o u is , Mb. : a c e ty l  Co-A (monosodium s a l t ) ,

AMP b u f fe r  ( 2 -a m in o -2 -m e th y l- l,3 -p ro p a n d lo l) , a ra c h id o n ic  a c id , bov ine  

serum album in , c a ta l a s e ,  cytochrom e c  ( ty p e  V I) , DAB ( 3 ,3 f-d iam in o b en z id in e  

t e t r a c h lo r id e ) ,  DCMH ^ 3 ( 3 , 4 -d ic h lo ro p h e n y l) -1 ,1 - d im ethy l u r e a j  , d ip h en y l-  

am ine, d i t h i o t h r e i t o l ,  DNA ( c a l f  thymus DNA), DNase, FMN ( f l a v in  mono­

n u c le o t id e , sodium s a l t ) ,  HEHES b u f f e r  ( N -2 -h y d ro x y e th y lp ip e ra z in e -N '-2 -  

e th a n s u lfo n ic  a c id  ) ,  hyd roxypyruva te , im idazole-H C l b u f f e r ,  l i n o l e i c  

a ic d ,  Q ( - l in o le n ic  a c id ,  L -m allc a c id  (monosodium s a l t ) ,  NADH C fi-d iphospho- 

p y r id in e  n u c le o t id e ,  reduced  form , d isodium  s a l t ) ,  SNA ( y e a s t ) ,  s u c c in ic  

a c id  ( disodium  s a l t ) ,  T ris-H C l b u f f e r  (T ria n a  H C l), V itam in  B - l  ( th ia m in e ) , 

V itam in B-12 (cyanocobalam ine).

The fo llo w in g  chem ica ls  w ere purchased  from  

Baker Chem ical Company, F h il l ip s b u rg h , New J e rs e y  : DCPIP ( 2 ,6 -d ic h lo ro -  

p h e o l- in d o p h e n o l) , g ly c o l ic  a c id  (sodium  s a l t ) ,  g ly o x y la te  ( sodium s a l t ) ,  

phenyl h y d raz in e  HCl, p ropy lene  o x id e , pyrophosphate  b u f f e r  ( d ihydrogen  

sodium pyrophosphate  and norm al sodium p y ro p h o sp h a te ), s u c ro se , T r ito n  

X-100 ( a lk y la r y l 'p o ly e th e r  a lc o h o l) .

The fo llo w in g  chem ica ls  w ere o b ta in e d  from
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F is h e r  S c i e n t i f i c  Company, F a i r  Lawn,,New J e rs e y :  Ottaw a sand (20-30 m esh), 

sodium a c e t a te ,  sodium c i t r a t e ,  to lu id in e  b lu e .

A rth u r  H. Thomas C o ., P h ilade lph ia^P enn .^w as 

th e  sou rce  o f  A s c a r i te .  C acody la te  b u f f e r  (sodium  c a c o d y la te )  and sodium 

a n tra q u ln o n e -& - s u l f o n a te  were o b ta in e d  from M atheson, Coleman and B e l l ,  

E a s t R utherford ,N ew  J e rs e y . T risod ium  i s o c l t r a t e  ( d , l  form ) and o x a lo a c e -  

t a t e  were p u rch ased  from  C a lb io ch em ica l Company, La J o l la ^ C a l i f o r n ia .

The epoxy r e s in s  used  in  f in e  s t r u c tu r e  

s tu d ie s  w ere o b ta in e d  from  R. P . C a r g i l le  L a b s ., Cedar Grove, New J e r s e y . 

Osmium te t r o x id e  (osm ic a c id )  was a c q u ire d  from  U nited  M ineral and Chem­

i c a l  C o rp o ra tio n , Ncfw York C i ty ,  New York. D ig l to n in  was purchased  from  

Amend Drug and Cham ical Company, In c . New York C i ty , New York. O rc in o l 

was a c q u ire d  from  A ld r ic h  Chem ical Company, Cedar K n o lls , New J e r s e y .

The sou rce  o f  p y ro n in e  was Eqstman O rganic C hem icals, R o ch e s te r , New 

York. RNase was o b ta in e d  from Schw artz-H ann, O rangeberg , Nfew York. The 

sou rce  o f  t ita n iu m  s u l f a t e  ( ti ta n iu m  IV o x y s u lfa te )  was Merck C o ., Rahway, 

New J e r s e y . COj was o b ta in e d  from  M atheson Gas P ro d u c ts  In c o rp o ra te d ,E a s t  

R utherford ,N ew  J e r s e y .  Y east e x t r a c t  was pu rchased  from  DIFCO, D e t r o i t ,  

M ichigan.
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RESULTS

I .  I n i t i a l  O b8erva tlone  on th e  E f f e c ts  o f  Exogenous F a t ty  A cids on 
Euglena and O ther O rganism s.

T reatm ent fo r  60 m in u tes  w ith  c o n c e n tra t io n s  ^  10"^ M

l ln o le n ic  a c id  p roduces m inim al d i s t o r t i o n s  o f th y la k o id  membranes o f

b o th  Euglena g r a c i l i s  s t r a i n  Z ( l i g h t  and dark-grow n ) and C h lo re l la

( lig h t-g ro w n ) . W ith in c re a s in g  c o n c e n tra t io n s  o f  l ln o le n ic  a c id  in

the  growth media th e re  occur : 1) p ro g re s s iv e  d e c re a se s  in  c h lo ro p h y ll

c o n te n t ^ fro m  12 .6  ^ig c h lo ro p h y ll  ( a  + b ) / c e l l  in  c o n tro l  C h lo re l la

to  4 .8  yg c h lo ro p h y ll  ( a + b ) / c e l l  in  C h lo re l la  c u l t iv a te d  in  the

p resen ce  o f 10"^ M l ln o le n ic  a c id  and from 4.7 js.% c h lo ro p h y ll  (a+ b )/co n -

t r o l  2 4 -hour g reen in g  Euglena c e l l  to  1 .9  jig c h lo ro p h y ll  (a  + b ) / c e l l

in  2 4 -hour g reen in g  Euglena c u l t iv a te d  in  th e  p resen ce  o f 10“ ^ M l in o -

le n ic  a c i d j  , 2) p ro g re s s iv e  len g th e n in g  o f  g e n e ra tio n  tim es £  from

8 .1  hou rs  in  c o n tro l  C h lo r e l la  to  20 .3  hours in  C h lo re l la  c u l t iv a te d  in

the  p re se n c e  o f  10“ ^ M l ln o l e n i c  a c id ;  from 3 9 .8  hours in  c o n tr o l  dark -

grown Euglena to  97 .5  hours in  dark-grow n E uglena c u l t iv a te d  in  the  
_ 2

p resen ce  o f  10" M l ln o le n ic  a c id ;  from 2 3 .4  hou rs in  c o n tro l  c o n tin u ­

o u s ly  l ig h t-g ro w n  Euglena to  70 .1  hours in  c o n tin u o u s ly  lig h t-g ro w n

-3 TEuglena c u l t iv a te d  in  the  p resen ce  o f  10 M l ln o le n ic  a c id  J  , and

3 )  p ro g re s s iv e  la m e lla r  d i s t o r t i o n s .

A nother e f f e c t  o f  exogenously-added  l ln o le n ic  a c id  on

g reen in g  Euglena i s  an i n i t i a l  r e t a r d a t io n  in  la m e lla e  fo rm ation  ( e . g . ,

a  p l a s t i d  from a  15-hour c e l l  c u l t iv a te d  in  m edia supplem ented w ith
_4

10 M l ln o l e n i c  a c id  a p p e a rs  m o rp h o lo g ic a lly  s im i la r  to  a  p l a s t i d  from



64

a 9 -hour g ree n in g  c o n tro l  c e l l  ) .  The i n te n s i t y  o f  em ission  o f  the

monomeric s p e c ie s  o f  c h lo ro p h y ll  ( F 685 ) and the  ag g reg a ted  s p e c ie s

( F 720 was m easured a t  th e  tem p era tu re  o f  l iq u id  n i tro g e n  (77^ K)

a s  a fu n c t io n  o f  g re e n in g . In  F ig . 9 may be seen  r a t i o s  o f  th e se

em iss io n s  ( F 72Q/P 685 ) p lo t t e d  a s  a fu n c t io n  o f  g reen in g  fo r  b o th

c o n tro l  and f a t t y  ac id -su p p lem en ted  c e l l s .  C e l ls  grown in  the  p re se n c e  
-4o f 10 M l ln o l e n i c  a c id  d is p la y  an i n i t i a l  r e t a r d a t io n ,  fo llow ed  by a 

" c a tc h in g  up" in  F 720/F 685 a t  abou t 44 hou rs  o f  g re e n in g .

Growth ex p erim en ts  dem onstra ted  t h a t  10"^ M l ln o le n ic  a c id

may se rv e  a s  so le  carbon  and energy  so u rces  f o r  Euglena g r a c i l i s  s t r a i n

Z c e l l s  grown in  i t s  p re se n c e  fo r  over 30 g e n e ra tio n s .

S ince i t  i s  known ( Matsuka and H ase, 1970) th a t  C h lo r e l la

grown in  n i t r o g e n - d e f i c ie n t  m edia a re  l a r g e ly  u nab le  to  c o n v e rt t h e i r

p ro d u c ts  o f  p h o to sy n th e s is  in to  p r o te in ,a  means o f  in c re a s in g  le v e l s  o f 

endogenous c e l l u l a r  f a t t y  a c id s  i s  a v a i la b le  - and may be a b a s is  f o r  

com parison w ith  exogenously-added  f a t t y  a c id s .

C e l ls  o f C h lo re l la  p y reno idosa  grown in  the  l i g h t  and in  

media c o n ta in in g  op tim al c o n c e n tra t io n s  o f  n itro g e n o u s  s a l t s  a re  g ree n  

in  c o lo r  and c o n ta in  a  s in g le  cup-shaped  c h lo r o p la s t .  T his c h lo r o p la s t  

c o n ta in s  thy l& koids ( r e g u la r ly  a rran g ed  in  b u n d les  o f  3 o r  4 la m e lla e ) ,  

and r ib o so m e - lik e  p a r t i c l e s .  C h lo r e l la  grown in  th e  l i g h t  fo r  over 30 

g e n e ra tio n s  in  media c o n ta in in g  e i t h e r  1 /5  o r 1 /10  th e  op tim al amount o f

24 720  nm i s  taken  as th e  average  w aveleng th  o f  the  maximum o f  
ag g reg a ted  c h lo ro p h y l l ;  t h i s  w aveleng th  a c tu a l ly  s h i f t s  from 717 nm in  
dark-grow n Euglena c e l l s  to  732 nm in  c e l l s  a llow ed  to  g reen  fo r  80 
hours Brody e t  a l . ,  1965).
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© ao bo
Hours o f  G reening

Figure 9, F?20/p685 of Euglena graollls strain Z as funotion of hours
greening. A, control cells 1 B. cells grown in the presence of lO"̂  M 
linolenie acid dissolved in 10”°M ethanolj Ct cells grown in the presence 
of 10“° M ethanol.
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n itro g e n  a r e  y e llo w ish -g re en  in  c o lo r ,  w ith  c h lo r o p la s t s  having  s l i g h t l y  

d i s to r te d  la m e lla e , l e s s  w e ll-d e f in e d  than  th o se  o f  th e  c o n t r o l .  These 

n i t r o g e n - d e f i c ie n t  c e l l s  appear m o rp h o lo g ica lly  v e ry  s im i la r  to  C h lo r e l la  

grown in  the  p resence  o f  low c o n c e n tra t io n s  ( i . e . ,  10"® to  10"^-® M) 

l ln o le n ic  a c id .

C h lo re l la  grown f o r  over 30 g e n e ra tio n s  in  media c o n ta in in g

1/20 o r  1 /50  th e  op tim al amount o f  n itro g e n  a re  y e llo w  in  c o lo r  - t h e i r

c h lo r o p la s ts  a re  i l l - d e f in e d  and d i s t o r t e d ,  a p p earin g  somewhat m yelin -

l i k e .  M o rp h o lo g ica lly , th ese  n i t r o g e n - d e f i c ie n t  c e l l s  resem ble th o se

- 4  f \grown a t  c o n c e n tra tio n s  o f 10 to  10“° M l ln o le n ic  a c id .  C h lo re l la  

c u ltu re d  in  m edia c o n ta in in g  1 /100 , 1 /200 , o r 1 /500 th e  op tim al amount 

o f  n i tro g e n  a re  w h itish -y e llo w  in  c o lo r  and seem to  p o ssess  n e i th e r  

c h lo r o p la s t s  no r la m e lla e . No in te r n a l  s t r u c tu r e  can be observed  in  

th ese  c e l l s ,  which appear " s p o r e - l ik e "  and p o sse s s  th ic k  w a l ls .

C h lo re l la  c u ltu re d  in  the  l i g h t  in  m edia c o n ta in in g  d e c re a s in g  

amounts o f  n i tro g e n  p o ssess  d e c re a s in g  amounts o f  c h lo ro p h y ll a + b .  For 

exam ple, c u l tu r e s  which were grown in  op tim al c o n c e n tra t io n s  o f n i t r o ­

gen c o n ta in  12 .6  jjg c h lo ro p h y ll p e r  c e l l ,  w h ile  c u l tu r e s  grown in  1 /50 

the  o p tim al amount o f n i tro g e n  have 0.7 ytig c h lo ro p h y ll  pe r c e l l .  C h lo ro ­

p h y ll i s  n o t  d e te c ta b le  by th e  method of MacKinney (1941) in  c e l l s  c u l t i ­

v a ted  in  m edia c o n ta in in g  l e s s  th an  1/50 th e  o p tim al amount o f n i tro g e n  

in  the  grow th medium.

C h lo re l la  ggown in  m edia c o n ta in in g  th e  op tim al amount o f 

n i tro g e n  have a  g e n e ra tio n  tim e o f  7 .7  h o u rs ; n i t ro g e n  d e p r iv a tio n  p ro ­

g r e s s iv e ly  r e t a r d s  growth r a t e s .  A lthough g e n e ra tio n  tim es cou ld  n o t be
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a s c e r ta in e d  f o r  c e l l s  c u l t iv a te d  In  media c o n ta in in g  l e s s  than  1/200

the o p tim al amount o f n i t ro g e n , C h lo re l la  grown in  1 /50  the  o p tim al

amount o f  n i t r o g e n  had g e n e ra tio n  tim es o f  25 .3  h o u rs .

A l te r a t io n s  in  f in e  s t r u c tu r e ,  c h lo ro p h y ll  c o n te n t and

g e n e ra tio n  tim e which r e s u l t  from growth in  n i t r o g e n - d e f ic ie n t  m edia

may be re v e rs e d  upon 48 hours re -e x p o su re  to  o p tim al n itro g e n  m edia

( th e  fo re g o in g  even a p p lie d  to  the  c e l l s  which appeared  to  have l o s t

in te r n a l  s t r u c tu r e )  .

In  th e  ca se  o f  Anabaena c y l in d r ic a , the  m ajor f in e  s t r u c tu r e
-3  -6e f f e c t  o f  e i t h e r  tre a tm e n t w ith  (1 0 ' to  10“ M ) ,  o r  growth in  exogen­

ous l in o le n ic  a c id  ( 10"^ to  10- ^^ M ; c o n c e n tra t io n s  } 10“ ^ M in h ib ­

i te d  c e l l  d iv is io n  ) , was on the  p o ly g lu c o s id e  g ra n u le s  . These g ra n ­

u le s  were no lo n g e r  e le c tro n -d e n s e  , a s  in  c o n t r o l s ,  b u t  were In s te a d  

e le c tr o n - lu c e n t  -  ap p earin g  as  "g h o s ts  o f g ra n u le s"  . Anabaena c e l l s  

c u ltu re d  f o r  4 days in  media c o n ta in in g  l in o le n ic  a c id  in  the  1 0 '^  to  

10“*® M ran g e  p o sse ss  a c h lo ro p h y ll  a c o n c e n tra t io n  s im ila r  to  con­

t r o l s  , e .g .  , 3 .8  yug c h lo ro p h y ll  a / c e l l .  Growth a t  f i n a l  c o n c e n tra ­

t io n s  y 10"^ M l in o le n ic  a c id  s l i g h t ly  len g h th en s  g e n e ra tio n  tim es

o f Anabaena c y l in d r ic a  ( from 23 .3  hours in  c o n tro l  c e l l s  to  29 .1

-4hours in  c e l l s  c u l t iv a te d  in  10 M f a t t y  a c id  ) . I t  was found th a t

2 - 410 M e th a n o l ( t h a t  c o n c e n tra t io n  used to  d is s o lv e  10 M l in o le n ic

ac id  ) had n e g l ig ib le  e f f e c t s  upon th e  g e n e ra tio n  tim e o r  c h lo ro p h y ll

a c o n te n t o f  Anabaena . T h e re fo re , m ost o f  the  observed  changes may be

a t t r ib u t e d  to  th e  p resen ce  o f  l in o le n ic  a c id .

A pproxim ately  80 7. o f  sp inach  c h lo r o p la s t s  i s o la te d  by the
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method o f  Spencer (1967), a re  whole and i n t a c t ,  a s  judged by e le c tr o n

m icroscopy . T reatm ent o f  such c h lo r o p la s ts  w ith  exogenous l in o le n ic  
25

a c id  in  a  FA/Chl range o f  0 .001 to  0 .5  r e s u l t s  in  p ro g re s s iv e  

d i s in t e g r a t i o n  o f  c h lo r o p la s t  enve lopes to  produce naked la m e lla e , 

u n t i l  a t  FA/Chl 3; o f  1 .0  , i n t a c t  c h lo r o p la s ts  a re  no lo n g e r o b se rv ed . 

Concom itant w ith  th e se  changes in  c h lo r o p la s t  o u te r  membrane, changes 

occur in  i n te r n a l  o r  la m e lla r  membranes. At low c o n c e n tra t io n s  o f  

l in o le n ic  a c id  ( F A /C h l^  0 .001  to  0 .01  ) ,  a s  in  F ig .  10 A, the  i n t e r - 

g ra n a l( s t ro m a l)  membranes sw e ll and b eg in  to  s e p a r a te ;  a t  h ig h e r  

c o n c e n tra t io n s  (FA /C hl5  0 .1 )  th e  g ra n a l d i s c s  become very  sw ollen  

and th e  th y la k o id  fu s io n  la y e r s  b e g in  to  s e p a ra te  (F ig . 10 C ). In ­

c re a s e  in  FA/Chl ^  1 .0  p roduces pronounced la m e lla r  d is r u p t io n  and 

the  appearance  o f  m y e lin - l ik e  f ig u r e s  ; th e se  m y e lin - l ik e  f ig u r e s  

a re  sometim es accompanied by  p e c u l ia r  and a b e r r a n t  " o r g a n e l l e - l ik e ” 

membrane s t r u c tu r e .  S im ila r  changes in  c h lo r o p la s t  f in e  s t r u c tu r e  a re  

observed  w ith  exogenous r i c i n o l e i c  and a ra c h id o n ic  a c id s  , b u t  a t  

FA/Chl an o rd e r  o f  m agnitude h ig h e r .

I I .  Euglena M icrobodies

A lthough m icrobod ies a re  d i f f i c u l t  to  v i s u a l iz e  by s ta n d a rd  tec h n iq u es  

o f  e le c t r o n  m icroscopy , th e  p resen ce  o f  c a ta la s e  in  th ese  o rg a n e l le s  makes 

i t  p o s s ib le  to  u t i l i z e  th e  cytochem icA l I d e n t i f i e r  DAB. In  p re lim in a ry  

e x p e rim en ts , a p p l ic a t io n  o f  DAB in c u b a tio n  to  dark-grow n, g reen in g  and 

c o n tin u o u s ly  lig h t-g ro w n  E uglena g r a c i l i s  (grown on media supplem ented

25 M olar r a t i o s  o f  f a t t y  a c id /c h lo ro p h y ll  w i l l  be a b b re v ia te d  
FA/Chl.
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F ig u re  1 0 . R e s u lts  o f  In c u b a tin g  I n ta c t  S p ln acea  c h lo r o p la s ts  
(p re p a re d  ac co rd in g  to  th e  m ethod o f  Spencer* 1967) 
in  l ln o le n ic  a c id  f o r  30 m in u tes  a t  25 °C . E .M .:
A* s e p a ra t io n  o f  ( e )  s tro m a l th y la k o id s  (FA/CHL^O.Ol);
B, sw e llin g  o f  (g t ) g ra n a l  th y la k o id s  (FA/CHL -> 0 .1 ) ;
C, s e p a ra t io n  o f  ( g t )  g ra n a l  th y la k o id s  (FA/CHDfl.O). 
X 72 ,0 0 0 .

from  Cohen e t  a l .  (1969)
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w ith  g lu co se  p lu s  l ln o le n ic  a c id  o r  j u s t  l ln o le n ic  a c id  a s  s o le  carbon  

and energy  so u rc e )  gave p o s i t iv e  cy tochem ica l r e s u l t s .  J u s t  a f t e r  ob­

ta in in g  th e s e  r e s u l t s ,  1 re a d  w ith  s u r p r i s e  th e  p a p e rs  o f  Lord add Mar- 

r e t t  (1971) and G raves e t  a l .  (1971 a )  s t a t in g  t h a t  m lc ro b o d les  o f  

Euglena do n o t c o n ta in  c a ta la s e .

E a r l i e r  work (Reeves e t  a l . , 1962; Haigh and 

B eevers , 1964) had In d ic a te d  t h a t  a c e ta te  (C j)  su p p lem en ta tio n  o f  Euglena 

Induces enzymes o f  th e  g ly o x y la te  $ y c le .  S ince  $ - o x id a t io n  has been r e ­

p o r te d  to  o ccu r In  m lc ro b o d les  ( Cooper and B eev ers , 1969) and th e  end 

p ro d u c ts  o f  such 3  - o x id a t io n  produce 2 -carbon  fragm en ts  s im i la r  to  ac e ­

t a t e ,  I  perform ed f u r th e r  ex p e rim en ts  to  de te rm ine  w hether DAB-medlated 

p o ly m e riz a tio n  co u ld  be observed  In  a c e ta te -su p p le m e n ted  c e l l s .  Cytochem­

i c a l  r e s u l t s  w ith  t h i s  medium were a ls o  p o s i t i v e .  1 th en  c o n tin u ed  my 

in v e s t ig a t io n s  on m lc ro b o d les  o f  E uglena c u l t iv a te d  on a c e ta te - s u p p le ­

m ented m ed ia ,b ecau se  th e re  i s  an e x te n s iv e  l i t e r a t u r e  on th e  p h y s io lo g y  

o f  such a c e ta te -su p p le m e n te d  c e l l s  (S m il l ie ,  1968; D a n fo rth , 1 9 6 8 ) ,com­

p ared  to  th e  a b s o lu te  la c k  o f  l i t e r a t u r e  on f a t t y  a c id  su p p le m e n ta tio n . 

These in v e s t ig a t io n s  le d  to  a  m ajor p a r t  o f  my d i s s e r t a t i o n  r e s e a rc h  

e f f o r t .

One o f  th e  f i r s t  q u e s tio n s  I  a ttem p ted  to  

answer was why my r e s u l t s  w ere p o s i t iv e  in  re g a rd  to  c a ta la s e  In  Euglena , 

w h ile  o th e r  w orkers  w ere u n ab le  to  d e te c t  t h i s  enzyme. P e ru sa l o f  the  

l i t e r a t u r e  ih d ic a te d  th a t  one v a r ia b le  - the  g a s  phase  -  was f re q u e n tly  

u n s p e c if ie d  In  p u b l ic a t io n s .  T h e re fo re , i t  was deemed w orthw hile  to  

de te rm ine  th e  In flu e n c e  o f  COg In  th e  gas phase on th e  d i s p o s i t io n  o f  

c a ta la s e .
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A. F in e  S t ru c tu re  S tu d ie s

1 . Dark-Grown C e lle

M lcrobodles e re  p r e s e n t  In  dark-grpw n E uglena g r a c i l i s  

s t r a i n  Z w hether carbon  and en erg y  so u rc e s  In  th e  m edia a re  g lu c o se , 

g lu co se  supplem ented w ith  l ln o le n ic  a c id ,  l ln o le n ic  a c id ,  o r  a c e t a te .

S in c e , a s  w i l l  be  d e ta i le d  below , i t  was observed  t h a t  a c e ta te - s u p p le ­

m ented c e l l s  c o n ta in  many more m lc ro b o d le s  th an  g lucose-supp lem en ted  

c e l l s ,  a l l  d a ta  on m lcrobod les  ( and m ito ch o n d ria  ) , u n le s s  o th e rw ise  

s p e c i f ie d  , were o b ta in e d  w ith  a c e ta te  supplem ented c e l l s . ^6 A lthough 

one may d e s c r ib e  th e  shape o f m lcrobod les  a s  b e in g  g e n e ra l ly  s p h e r ic a l  

to  e l l i p t i c a l  In  n a tu re ,  th e  s in g le  l im it in g  membrane o f te n  seems to  

u n d u la te  ( F ig s .  11, 12 ) . From o b s e rv a tio n s  o f  200 se c tio n e d  d a rk - 

grown c e l l s ,  th e  m easured m icrobody long dim ension ran g e  was 0 .5 0  -  1 .40  

pm, w ith  a  m edian o f  0 .8 0  pm, a  mode o f  0 .8 0  pm and a  mean o f  0 .85  pm 

( T ab le  5 ) . The m easured m icrobody s h o r t  dim ension range  o f  dark-grow n 

c e l l s  was 0 .4 0  - 0 .90  pm , w ith  a  median o f  0 .6 0  p a ,  a  mode o f  0 .6 5  pm  , 

and a  mean o f  0 .65  pm . In  some c a se s  where s e c t io n s  were s p h e r i c a l ,  long  

and s h o r t  d im ensions w ere I d e n t i c a l .

The f in e  g r a in s  o f  th e  m icrobody m a tr ix  ten d  to  

f lo c c u la te  w i th in  th e  60 - 70 A° l im i t in g  membrane ( F ig s .  11, 12 ) .  T h is

membrane s t a i n s  o n ly  f a i n t l y  -  th e re b y , making m lc ro b o d les  d i f f i c u l t  to

° Too few experim en ts  w ere done to  detem lne a c c u ra te ly  th e  number 
o f  m lc ro b o d le s  In  c e l l s  grown in  m edia c o n ta in in g  g lu co se  p lu s  l ln o l e n i c  
a c id  o r  j u s t  l ln o le n ic  a c id  a s  s o le  carbon  and energy  s o u rc e s . However, the  
number o f  m lc ro b o d les  p e r  c e l l  i n  Euglena grown in  e i t h e r  o f  th e s e  m edia 
I s  in te rm e d ia te  betw een c e l l s  c u l tu r e d  In  g lucose -supp lem en ted  m edia and 
c e l l s  grown In  l in o le n ic  ac id -su p p lem en ted  m ed ia .
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F ig u re  11* E.M. o f  two (non-DAB t r e a te d )  m lc ro b o d le s  (Mb) surrounded  by 
m ito ch o n d ria  (M) in  lo g -p h a se , dark-grow n, a e ra te d ,  a c e ta te -  
supplem ented Euglena g r a c i l i s  s t r a i n  Z . Arrows In d ic a te  mul­
t i -  lam in a te  e x te n s io n s  o f  l im i t in g  m icrobody membranes. Note 
th e  f lo e c u le n t  m a te r ia l  in  m icrobody m a tr ic e s .  A lso  seen  a re  
m ic ro tu b u le s  (Mt) and th e  p e l l i c l e  ( p e l ) .  x  7 0 ,0 0 0 .

F ig u re  12 . E.M. o f  two (non-DAB In cu b a ted )  m lc ro b o d les  (M>) surrounded  
by  m ito ch o n d ria  (M) In  lo g -p h a se , dark-grow n, a c e ta te - s u p p le ­
m ented Euglena g r a c i l i s  s t r a i n  Z . x  70 ,000 .

F ig u re  14 . E.M. o f  m u ltila m in a te  c o re  s t r u c tu r e  (lysosom e) In  (non-DAB
In cu b a ted )  lo g -p h a se , dark-grow n, a e ra te d ,  a c e ta te -su p p le m e n ted  
E uglena g r a c i l i s  s t r a i n  Z. x  7 0 ,0 0 0 .
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Table 5* Microbody Diameters of Dark-Grown, Greening and Continuously 
Light-Grown E uglena Graoilis strain Z.
Data based on measurements of eleetromdorographs of 200 randomly 
selected EAB-treated mierobodies in each category. flie + values 
given after the mean are standard deviations.

Light Regime
Measured Long Dimension

Range 
(in pm)

Median 
(in pm)

Mode 
(in pm)

Mean
(in pm)

Dark-Grown 0.50-1.40 0.80 0.80 0.80 ± 0.20
12-hr Greening 0.55-1.35 0.85 0.80 0.87 + 0.19
24-hr Greening 0.40-1.45 0.60 0.85 0.79 + 0:23

36-hr Greening 0.35-1.55 0.90 0.90 0.75 + 0,25
48-hr Greening 0.55-1.40 0.85 0.80 0.85 + 0:15

72-hr Greening 0.45-1̂ 50 o:so 0i85 0.81 + 0.25

Continuously
Light-Grown 0.60-1.35 0.80 0i90 0.80 + 0il3

Measured Short Dimension
Dark-Grown 0i40̂ 0.90 0.60 O.65 0.65 + 0,16

12-hr Greening 0.45-i:t)0 0.65 O.65 0.63 + 0.23
24-hr Greening 0.45-li00 0:60 0:60 0.61 + 0:15

36-ir Greening 0&5-0&5 0i'55 0:50 0i51 + 0il3
48-hr Greening 0.40-0i«5 0:65 0:60 0.63 + 0:17
72-hr Greening o;50-i:i0 0:70 O.65 0.68 + 2:0

Continuouslylight-grown 0.45-0.95 0:65 0:65 0.66 + li8

Only organelles giving D4B positive reactivity were measured.
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l o c a l iz e  by  s ta n d a rd  te c h n iq u e s .27 O ccasiona lly*  th e re  a re  observed  m u lt i -  

lam in a te  In v a g in a tio n s  o f  th e  l im i t in g  m icrobody membrane in to  th e  m a tr ix  

(se e  a rro w s, F ig .  11). A lte rn a te ly *  p e rh ap s w hat i s  observed  in  t h i s  

f ig u r e  may be an in t r u s io n  o f  th e  endoplasm ic r e t ic u lu m  in to  th e  m icro ­

body .

1 found th e  fav o red  lo c a t io n s  o f  m lc ro b o d le s  

a r e  th e  c e l l  p e r ip h e ry  and r e g io n s  n e a r e s t  th e  g u l l e t .  Dark-grown a c e ta te -  

supplem ented c e l l s  m ost f r e q u e n tly  c o n ta in  3 o r  4 (3 .1 0  a v e ra g e )  m icro - 

b o d le s  in  any p a r t i c u l a r  random ly o r ie n te d  th in  ( ££ 500 A° ) s e c t io n  

( Table 6 ) ,  w ith  a s  many a s  10 observed  in  some c e l l s  o f  a  s e c t io n (p a r ­

t i c u l a r l y  in  r e g io n s -n e a r  th e  g u l l e t ) .  I f  in s te a d  o f  c u t t in g  th in  s e c t io n s  

to  y ie ld  m icrobody c o u n ts  a s  above, th ic k  s e c t io n s  o f  epon-embedded c e l l s  

a r e  c u t  ( J2? 1-2 fm  ) ,  and a t t e n t i o n  i s  focused  on lo n g itu d in a l  s e c t io n s  in  

re g io n s  n e a r  th e  g u l le t*  an av erag e  o f  5 .2  m lc ro b o d le s  p e r lo n g i tu d in a l  

th ic k  s e c t io n  i s  found ( F ig . 13 A and T able  7 ) .  The s i t u a t i o n  in  re g a rd  

to  number o f m lc ro b o d le s  in  g lu cose -supp lem en ted  dark-grow n c e l l s  in  q u i te  

d i f f e r e n t  - many s e c t io n s  m ust be observed  to  d e te c t  even a  s in g le  m icro - 

body.

In  o rd e r  to  make m icrobody p r o f i l e s  ( i . e . ,  to  

de te rm ine  th e  number o f  m lc ro b o d le s  p e r  c e l l )  s e r i a l  th ic k  s e c t io n s  ( 1 

-  2 jm  ) o f  lo n g i tu d in a l ly - o r ie n te d  D A B -treated epon-embedded E uglena 

w ere made, and observed  under a  l i g h t  m icroscope ( F ig .  13 A ). From the  

l i t e r a t u r e  ( Johnson , 1968 ) and b ased  on my m easurem ent o f  50 c e l l s ,  th e  

average  d im ensions o f  E uglena g r a c i l i s  s t r a i n  Z a r e  3 0 .2  pm a c ro s s  th e  

h o r iz o n ta l  a x is  and 155 .8  jjm a c ro s s  th e  lo n g i tu d in a l  a x is .  A pproxim ately

27 P o s i t iv e  i d e n t i f i c a t i o n  o f  m lc ro b o d les  i s  a s c e r ta in e d  by  enzym atic  
com position  (F re d e r ic k  and Newcomb, 1969 b ) .  However, t e n t a t i v e  i d e n t i f i ­
c a t io n  may be made on th e  b a s e s  o f  o rg a n e l le  g r a n u la r i ty ,  shape and s i z e .
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Table 6. Average Number Of MLorobodies* In Thin Sections Of
DAB-Treated Dark-Grown, Greening, and Continuously Light-
Grown Aerated, Ac etate-Supplemented Euglena Gaaeilia strain Z.
Data based on electron ndoroseopie random ooonts of 200 DAB-treated, 
epon-embedded cells in eaoh category* The ± values given after the 
mean represent standard deviations.

Light Regime Mean Number 
of Mlcrobodles

Dark-Grown 3il0 + Oi53
124ir Greening ^.63 i 0.76
2Mir Greening 6731 * 0.73
36-hr Greening 6.26 ± O.87

h8-hr Greening 6.73 * 0783
72-hr Greening 6.53 i 0.78
Continuous

light
6 . W *  0.81

*
Only organelles giving a positive DAB reaction were counted
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F ig u re  1 3 , L ig h t m ic rog raphs o f  th ic k  s e c t io n s  (1 -2  jim) o f  D A B -treated , 
epon-em bedded, a e r a te d ,  a c e ta te -su p p le m e n te d  E uglena g r a c i l i s  
s t r a i n  Z . A, dark-grow n c e l l s .  B, 24-hour g ree n in g  c e l l s .  

Arrows I n d ic a te  da rk  brow n, D A B -reactive m lc ro b o d le s .

X 1 ,5 0 0 .
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4liable 7. Average Number Of Mierobodies la Thick Longitudinal 
Seetiona , In Regions Near the Gullet , In Dark-Grown, Greening 
and Continuously Light-Grown Aerated, Acetate-Supplemented 
Euglena Graoills strain Z,
Data based on light nderoseope aeunts of 200 DAB-treated, epon- 
embedded oells in each category; Die 1 values given after the 
mean represent standard deviations.

Light Regime Mean Number of 
Mierobodies

Dark-Grown 5.2 i0.72
12-hr Greening 7.3 * 0.89
24-hr Greening 9.4 + 0,78
36-hr Greening 8i9 ± 0,85
48-hr Greening 9.3 i 0.98
72-hr Greening 9.1 ± 0.87
Continuous

light
9.4- + 0.88

Only organelles giving a positive DAB reaetion were counted.
Counts were made on longitudinal sections in regions near the 
gullet to standardise the data and also because observations 
had indieated that mierobodies ore numerous here.



81

30 s e r i a l  s e c t io n s  o f  10 d i f f e r e n t  lo n g i tu d in a l ly - o r ie n te d  c e l l s  were

view ed under a  l i g h t  m icro sco p e , and dark  brow n, D A B-reactive m lcrobod les

w ere coun ted  In  c e l l s  In  th e  s e c t io n s  ( F ig . 13 a ) .  Based on s e r i a l  co u n ts
Sedffh

o f  10 such c e l l '} ,  th e re  I s  an average  o f  3 .6  m lc ro b o d les  per/jdark-grow n,

a c e ta te -su p p le m e n ted  E ug lena; th e  range  b e in g  287 -  346 m lcrobod les p e r

28c e l l .
o

T hin  s e r i a l  s e c t io n s  500 A ) o f  lo n g i­

tu d in a l ly - o r ie n te d  DAB-stained E uglena c e l l s  w ere a ls o  made f o r  v iew ing  by 

e le c tr o n  m icroscopy . S ince  i t  would have re q u ire d  more than  600 th in  se c ­

t io n s  to  go th rough  one c e l l ,  I  a tte m p te d  (w ith in  the  l im i t s  o f ex p e rim e n ta l 

te c h n iq u e s )  to  o bserve  e v e ry  te n th  s e c t io n  and coun t th e  number 4jff e le c t r o n  

dense m lc ro b o d les  . T h is  tech n iq u e  was u t i l i z e d  w ith  10 d i f f e r e n t  c e l l s  

( a l l  In  th e  same s e c t io n )  -  c o r r e c t io n s  b e in g  made fo r  s e c t io n s  o f  c e l l s  

which co u ld  n o t  be observed  b ecau se  o f  t h e i r  p o s i t io n  ov er th e  b a r s  o f  the  

copper g r id .  By f in e  s t r u c tu r e  o b s e rv a t io n s , I  found an average o f  276 

m lc ro b o d les  p e r  dark-grow n E uglena c e l l ,  w ith  a  range  o f  243 - 316 .

Based on random c o u n ts  o f  200 th in  s e c t io n s  

o f  c e l l s ,  th e re  a r e  300 m ito ch o n d ria  to  each  m icrobody in  dark-grow n 

g lucose-supp lem en ted  E ug lena , w h ile  th e  r a t i o  i s  25:1 In a c e ta te - s u p p le ­

mented c e l l s .  The number o f  m ito ch o n d ria  p e r  c e l l  s e c t io n ,  however, a re  

abou t e q u a l in  b o th  o f  th e  a fo rem en tio n ed  ty p es  o f  c e l l s .  There a re  £%

90,000 m ito c h o n d r ia / dark  grown, g lucose-supp lem en ted  Euglena and *£> 75,000 

m ito ch o n d ria  /  dark-grow n, a c e ta te -su p p le m e n te d  c e l l .

28
However, a s  p o in te d  o u t  by  Konlngsmark (1970 ), a l l  t o t a l  coun t 

m ethods o f  s e c tio n e d  m a te r ia l  a re  s u b je c t  to  c o u n tin g  e r r o r s  ( in  which 
u n i ts  may be m issed  o r  counted tw ice  by th e  m ic ro s c o p ls t)  and s p l i t  c e l l  
e r r o r s  ( in  which th e  u n i t  coun ted  i s  c u t  and i s  coun ted  in  two a d ja c e n t  
a e c t io n s )  .
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I  have found an o c c a s io n a l m u ltila m in a te

co re  s t r u c tu r e  s t r u c tu r e  in  Euglena (F ig . 1 4 ). A lthough Graves e t  a l .

(1971 a )  c o n s id e red  th e s e  to  be  form s o f  m ie ro b o d ie s , I  b e lie v e  th a t
29

they  a re  r e s id u a l  lysosom es b ecause  o f  t h e i r  m orpho log ica l ap p earan ce ,

and th e  f a c t  th a t  th ey  a re  e le c tro n -o p a q u e  even w ith o u t cy tochem ica l

s ta in in g .  In  F ig . 15 o th e r  s ta g e s  o f  lysosome a c t i v i t y  may be o bserved
30, 31

(no te  th e  arrow s to  au to p h ag ic  v a c u o le s )  .

In c u b a tio n  o f  dark-grow n a e ra te d  g lu c o se -  o r

ace ta te -su p p le m e n ted  E uglena in  the  s ta n d a rd  DAB r e a c t io n  m ix tu re , a t  pH 
o

9 .0  and 37 C, r e s u l t s  in  pronounced d e p o s it io n  o f  e le c tro n -d e n s e  m a te r ia l  

in  m ierobod ies - t h e i r  m a tr ic e s  b e in g  e le c tro n -o p a q u e , c o a rs e ly  g r a n u la r ,  

and f lo c c u le n t  ( F ig s . 15 ,16  ) .  The l im it in g  m icrobody membrane a ls o  b e ­

comes more opaque in  appearance  due to  accum ulation  o f  the  DAB r e a c t io n  

p ro d u c t (F ig s . 15 ,16  ) .  I t  i s  th u s  Rewarding th a t  th e  DAB r e a c t i v i t y  used

29 The i d e n t i f i c a t i o n  o f lysosom es on A p u re ly  m o rpho log ica l b a s i s  
i s  d i f f i c u l t  because  o f  t h e i r  polym orphism , which i s  In flu e n ce d  by  d ig e s ­
t iv e  a c t i v i t i e s  and th e  a r ra y  o f  c o n ta in e d  su b stan ces  in  v a rio u s  t i s s u e s  
(de Duve, 1963). For conven ience , th e  v a r io u s  s ta g e s  o f  lysosom es have 
been c l a s s i f i e d  (de Duve, 1963) as  s to ra g e  v a c u o le s , d ig e s t iv e  v a c u o le s , 
r e s id u a l  b o d ie s , o r  au to p h a g ic  v acu o les  (cy to ly so m es). The s to ra g e  vacuo le  
r e p r e s e n ts  th e  o r i g i n a l ,  o r  v i r g i n a l ,  lysosom es. The d ig e s t iv e  v acu o le  r e ­
s u l t s  p a r t l y  from p h a g o c y to tlc  and p in o c y to t lc  p ro c e s s e s  cf the  c e l l ; . b y  
th e se  p ro c e sse s  f o re ig n  p r o te in s  a s  w e ll  a s  la rg e  p a r t i c l e s  can be en­
g u lfe d  b y  th e  c e l l .  F o llow ing  enzym atic  d ig e s t io n  w ith in  the  d ig e s t iv e  
v a c u o le , the  r e s u l t i n g  p ro d u c ts  d i f f u s e  th rough  th e  membrane in to  th e  
cy to p lasm . However, some o f th e  m a te r ia l  canno t be d ig e s te d  and remd. ns 
w ith in  th e  vacuo le  as  u n d ig e s te d  m a te r ia l ;  t h i s  vacuo le  i s  now r e f e r r e d  
to  a s  th e  " r e s id u a l  body" and c o n ta in s  m u ltila m in a te  co re  s t r u c tu r e s .  
Cytolysom es ( o r  au to p h ag ic  v acu o les  ) a re  membrane-bound I n t r a c e l l u l a r  
b o d ie s  t h a t  c o n ta in  m ito c h o n d ria  and o th e r  c e l l u l a r  m a te r ia l  in  v a ry in g  
d e g rees  o f  d e g e n e ra tio n .

OA
S im ila r  s t r u c tu r e s  have been r e p o r te d (  B randes e t  a l . , 1964 ) in  a 

s trep to m y c in -b leach ed  s t r a i n  o f  Euglena g r a c i l i s  s ta rv e d  o f  i t s  ca rbon  source  
( a c e ta t e ) .

Ol
J I t  i s  a ls o  p o s s ib le  t h a t  th ese  s t r u c tu r e s  a re  a c id  p h o sp h a tase  

b o d ie s  ( S c h i f f ,  p e rs o n a l comm unication ) .
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F ig u re  i 5 a E.M. o f  DAB/HjO. In cu b a ted  (pH 9 .0 ,  37 °C ), a e ra te d ,  lo g -
p h a se , dark-grow n, a c e ta te -su p p le m e n te d  Euglena g r a c i l i s  s t r a i n  
Z , n e a r  th e  g u l l e t  r e g io n . BB, b a s a l  body; F , f la g e llu m ;
GB, G olg i body ; L, lysosom e; H, m ito ch o n d ria ; M>, m icro ­
body; N, n u c le u s ;  RES, r e s e r v o i r ;  RM, r e s e r v o i r  m ic ro tu b u le s . 
Arrows I n d ic a te  lysosom es w hich appear to  b e  In  th e  c y to ly -  
some s ta g e .  The c y to ly so m lc  a c t io n  in d ic a te d  by  th e  upperm ost 
arrow  seems to  be  o c c u rr in g  w ith in  a  m ito chond rion , 
z  20,000.
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F ig u re  16. E.M. o f  two DAB/H2P 2  in cu b a ted  (pH 9 .0 ,  37 °C ) m lc ro b o d le s  
(M>) surrounded  by  m ito ch o n d ria  (M) in  a e ra te d ,  dark-grow n, 
a c e ta te -su p p le m e n te d  E uglena g r a c i l i s  s t r a i n  Z. 
x  7 0 ,0 0 0 .

F ig u re  17 . E.M. o f  DAB/H2 O2  in cu b a ted  (pH 9 .0 ,  37 °C ) a e ra te d ,  d a rk - 
grown, a c e ta te -su p p le m e n te d  E uglena g r a c i l i s  s t r a i n  Z th a t  
was n o t  s ta in e d  w ith  le a d  c i t r a t e  a n d /o r  u ra n y l a c e t a te .  
Note th e  e le c tro n -d e n s e  m icrobody (M>), e le c t r o n - lu c e n t  
m ito ch o n d ria  (M) and m ic ro tu b u le s  (M t). x  7 0 ,0 0 0 .



f t

• >
f A » mft *3 d '- ' * '
F ^ r yf -i 
h - t1

A
1 ’* *\'^r <n> t

' j i  *
*-•

V '  ^  i  • /  ■>

V ' - 5 - - , ^ V i  -V-'

■ . >'•>•■ ■ Trr* 4* ; • ** V  ” •«; v '-r-'/•:• - •>
■.</ , - x . f ?. >• v : • j r o  .. ■•*** - *  • ■' *>. • > -*. *V • ; v s . \  '  ■

r .> .  W* * * 1

* •* • ■*'£"> « -i-v*; ‘ \ —- ■ ■*.._• t *—V * 'Je*! O-* ;.- •'. " **' „ *

; ■' . *1



87

to  i d e n t i f y  c a ta la s e  may be u t i l i z e d  f o r  th e  l o c a l iz a t i o n  o f  m ic ro b o d ie s . 

Om ission o f  p o s t - s ta in in g  w ith  u ra n y l a c e ta te  a n d /o r  lead  c i t r a t e  empha­

s iz e s  th e  d i f f e r e n c e  in  e le c t r o n  o p a c ity  betw een DAB-polymerized m icro ­

b o d ie s  and o th e r  o rg a n e l le s  (F ig , 1 7 ) . DAB p o ly m e riz a tio n  i s  s t i l l  e v i ­

den t in  m ic ro b o d ies  when hydrogen p e ro x id e  i s  o m itted  from th e  r e a c t io n  

m ix tu re . D e p o s itio n  o f  DAB p ro d u c t in  m ic ro b o d ies  i s  co m p le te ly  i n h ib i ­

te d  when 0 .02  M a m in o tr la z o le  ( F ig .18 ) o r  0 .0 1  M KCN a re  added to  the

r e a c t io n  m ix tu re . C ata lase-m edl& ted  DAB d e p o s it io n  i s  n o t o bserved  in

m icrpbodie8  o f  dark-grow n ace ta te -su p p le m e n ted  Euglena grown in  CO2 - 

f r e e  a i r  f o r  24 o r  48 h o u rs ; r e a e r a t io n  in  a i r  c o n ta in in g  carbon  d io x id e

f o r  more than  2 h o u rs  r e s to r e s  DAB r e a c t i v i t y .

2 . G reening C e l ls

Euglena c e l l s  grown on a c e ta te  (o r g lu c o se )-  

supplem ented m edia undergo an in c re a s e  in  number o f m ic ro b o d ies  w ith  

g re e n in g . The la c r e a s e  b eg in s  a f t e r  10 hours o f i l lu m in a t io n  ( a t  an 

i n te n s i t y  of 1 .9  x  10^ e rg /cm ^ /sec  ) when th e  p l a s t i d  h as  2 s t r a ig h t  

th y la k o id s . Based on random e le c t r o n  m ic ro sco p ic  co u n ts  o f  t h in  s e c t io n s  

o f  a c e ta te -su p p le m e n ted  c e l l s ,  th e  av erag e  number o f  m ic ro b o d ies  p e r  c e l l  

s e c t io n  has a p p ro x im a te ly  doubled by 24 hours o f  g reen in g  (so  th a t  th e  

r a t i o  o f  m ito ch o n d ria  to  m icrobod ies h as  d ec reased  from  £5 25:1  to  1 5 :1 ) , 

a f t e r  t h i s  tim e rem ain in g  f a i r l y  c o n s ta n t .  From Table 6 i t  may be seen  th a t  

dark-grow n, 1 2 - , 2 4 - , 3 6 - , 48 -, and 72 -hour g reen in g  c e l l s  have an average  

o f  3 .1 0 , 4 .6 3 , 6 .3 1 , 6 .2 6 , 6 .7 3 , and 6 .53  m icrobod ies  p e r  c e l l  s e c t io n , r e ­

s p e c t iv e ly ,  b ased  on e le c t r o n  m ic ro sco p ic  random counts o f  200 D A B-treated 

a c e ta te -su p p le m e n te d  c e l l  s e c t io n s  o f  each  one o f  th e se  s ta g e s  o f g re e n in g . 

A d d i t io n a lly , l i g h t  m ic ro sco p ic  c o u n ts  o f  th ic k  lo n g itu d in a l  s e c t io n s  ( in
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F ig u re  18. E.M. o f  DAB p lu s  a m in o tr ia z o le  Incubated  (pH 9 .0 ,
37 °C) a e ra te d ,  dark-grow n, a c e ta te -su p p le m e n ted  
E uglena g r a c i l i s  s t r a i n  Z, showing s e v e ra l  e le c t r o n -  
lu c e n t  m icrobod ies  (Mb). Arrows In d ic a te  In c lu s io n s  
in  th e s e  m ic ro b o d ie s . X 40 ,000 .

F ig u re  19. E.M. o f  DAB p lu s  a m in o tr ia z o le  Incubated  (pH 9 .0 ,
37 °C) a e r a te d ,  a c e ta te -su p p le m e n te d  Euglena g ra c ­
i l i s  s t r a i n  Z a f t e r  24 h o u rs  o f  g re e n in g . Note 

s e v e ra l  m icrobod ies  (Mb), m ito ch o n d ria  (M), a  c h lo re  
p l a s t  (C ), and a  n u c le u s  (N) c o n ta in in g  ch ro m atin  
m a te r ia l  . X 3 0 ,0 0 0 .
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r e g io n s  n e a r  th e  g u l l e t )  o f  D A B -treated Euglena confirm  th e  approxim ate 

dou b lin g  in  number o f  m ic ro b o d ies  p e r  s e c t io n  which o c c u rs  by 24 

by 24 hours o f  g ree n in g  (F ig . 13 B ); such co u n ts  y ie ld  5 .2 ,  7 .3 ,  9 .4 ,  8 .9 ,  

9 .3  andl 9 .1  m ic ro b o d ies  p e r  s e c t io n  in  dark-grow n, 1 2 -, 2 4 - , 3 6 - , 4 8 -, 

and 72-hour g ree n in g  c e l l s ,  r e s p e c t iv e ly  (T a b le 7 ) .

Thick ( 1 - 2  ^um) and th in  ( 5 0 0  A° ) 

lo n g itu d in a l  s e c t io n s  w ere made on 10 d i f f e r e n t  D A B -treated epon-em- 

bedded 24-hour g ree n in g  c e l l s  f o r  p u rp o ses  o f  o b ta in in g  m icrobody p ro ­

f i l e s .  On th e  b a s is  o f  th ic k  s e c t io n s  ( l i g h t  m icroscopy  ) ,  by 24 hours 

o f g re e n in g , a  E uglena c e l l  c o n ta in s  an average  o f  589 m icrobod ies  -  the  

range b e in g  betw een 556 and 623 m icrobod ies p e r  c e l l .  Thin e le c tr o n  m icro ­

sc o p ic  p r o f i l i a  re v e a le d  an average  o f  546 m ic ro b o d ie s  p e r  c e l l , r a n g in g  

from 520 - 589 m icrobod ies  p e r  c e l l .

As g reen ing  p ro c e d e s , m icrobod ies  a re  some­

tim es found to  be lo c a te d  a p p re sse d  to  deve lop ing  p l a s t i d  (F ig . 19 ) .  

However, t h i s  type  o f  a p p re s s io n  i s  n o t th e  u s u a l  s i t u a t i o n ;  more f re q u e n tly  

th e  lo c a t io n  o f  th e s e  two o r g a n e l le s  seems to  b e  random in  r e l a t i o n  to  

each o th e r .  Note in  F ig . 19 th e  f la t t e n in g  o f  two m icrobod ies which a re  

sandwiched betw een th e  d e v e lo p in g  24-hour c h lo r o p la s t  and n u c le u s .

From T able  5 i t  may be observed  th a t  th e  

ran g e , m edian, mode and mean o f  b o th  long and s h o r t  m icrobody m easured 

dim ensions o f g ree n in g  c e l l s  a r e  app rox im ate ly  th e  same as  dark-grow n 

c e l l s .  Aa in  th e  c a se  o f  dark-grow n c e l l s ,  th e  d e p o s it io n  o f  DAB r e a c t io n  

p ro d u ct in  m ic ro b o d ies  o f  g re e n in g  c e l l s  i s  c o m p le te ly  I n h ib i te d  when 

e i t h e r  0 .02  M a m in o tr ia z o le  (F ig . 1 9 ) o r  0 .01  M KCN i s  p re s e n t  in  the ' DAB 

re a c t io n  m ix tu re .



The a c t i v i t y  o f  c a ta la s e  in  a c e ta te - s u p p le  - 

mented g ree n in g  c e l l s  was examined as  a  f u n c t io n  o f  gas phase in  th e  fo llo w ­

in g  m anner. C ataL ase-m ediated  DAB r e a c t i v i t y  (pH 9 .0 , 37° C) was i n v e s t i ­

g a ted  in  th e  c a se  o f  dark-grow n c e l l s  w hich had been  a e ra te d  in  th e  absence 

o f  ( $ 2  f o r  48 hours and th en  allow ed  to  g reen  f o r  1 , 2 , 4 , 6 , 12, 18 o r  24 

h o u rs , in  (A) th e  absence o f  CO2  and (B) th e  p re se n c e  o f  CC^. A ll  c e l l s  in  

c a te g o ry  (A) f a i l e d  to  e x h ib i t  c a ta la s e -m e d ia te d  DAB r e a c t i v i t y .  In  c a te ­

gory  ( B ) ,c e l l s  which had been g ree n in g  f o r  l e s s  than  2 hours ( in  th e  p resence  

o f  CO2 ) f a i l e d  to  e x h ib i t  DAB r e a c t i v i t y ;  a f t e r  2 hours in  CO2  , m ic ro ­

b o d ie s  w ere found to  be  e le c tro n -d e n s e .  By <3 12 hours o f g re e n in g , m lcro- 

b o d y - lik e  o rg a n e l le s  ( :£  0 .8 5  jm  in  long  d im ension , £? 0 .65  /m  in  s h o r t  

d im ension , w ith  a  g r a n u la r ,  f lo c c u le n t  m a tr ix ,  and bound by a  s in g le  mem­

b ran e  ) which appear to  be undergoing  d iv i s io n ,  a re  observed  in  a c e ta te -  

supplem ented Euglena .  In  F ig . 20 s e v e r a l  arrow s in d ic a te  re g io n s  in  which 

d iv is io n s  o f  m icrobod ies seems to  be o c c u rln g  . At arrow s "A" and "B" 

a  type o f  b in a ry  f i s s io n  a p p ears  to  be in  p ro g re s s ,  w hereas a t  arrow  "C" 

a  type o f  "budding" seems t o  be  o c c u r r in g , Note a ls o  in  F ig . 2 0  th e  a s t e r ­

is k s  in d ic a t in g  membranous In c lu s io n  in  m ic ro b o d ie s .

A c lu s t e r  o f  m ic ro b o d ies  in  a  24-hour g ree n in g  

c e l l  ap p ears  a t  th e  top  o f  F ig . 21 A. Upon g r e a te r  m a g n if ic a tio n  (F ig . 21 

B) i t  i s  n o ted  th a t  many o f  th e s e  m ic ro b o d ies  a re  n o t in dependen t, b u t  

a r e  p a r t  o f  a  m u ltilo b e d  m icrobody com plex, such  as  one m ight ex p e c t to  

r e s u l t  from  an (a s  y e t )  incom ple te  s e r i a s  o f  s u c c e s s iv e  d iv is io n s  o f  a  

s in g le  m icrobody. The p o in ts  o f  a ttach m en t a re  n o ted  by a rrow s. S e v e ra l 

types  o f  in c lu s io n s  a re  found in  th e  lo b e s  o f  t h i s  complex: 1 ) th in ,  film y  

membranes, such  a s  th o se  obse rv ed  in  a r e a s  "A" , 2 )  e le c tro n -d e n s e  a re a s

which a re  membrane-bound ("Bn ) , 3 )  e le c tro n -d e n s e  w horls such as th o se
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F ig u re  20 . E.M. o f  (non-DAB t r e a t e d )  a e ra te d ,  a c e ta te -su p p le m e n te d  
E uglena g r a c i l i s  s t r a i n  Z a f t e r  12 hourfs o f  g re e n in g , 
showing s e v e ra l  m ic ro b o d ie s  (Mb) a p p a re n tly  undergoing  
d lv is lo n C s ) .  Arrows HAM and HBN I n d ic a te  a  p o s s ib le  
b i n a r y  f i s s io n "  type  o f  d iv i s io n .  Arrow "C" I n d ic a te s  
a  p o s s ib le  budding** type  o f  d iv i s io n .  A s te r i s k s  In d ic a te  
membranous In c lu s io n s  In s id e  m ic ro b o d ie s . A lso  seen  a re  
m ito c h o n d ria  (M). x  7 0 ,0 0 0 .
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F ig u re  21 A. E.M. o f  non-DAB t r e a t e d ,  a e ra te d ,  a c e t a te -  su p p le ­
m ented Euglena g r a c l l l a  s t r a i n  Z a f t e r  24 hou rs o f  
g re e n in g , showing a  " c lu s te r* 1 o f  m ic ro b o d ie s  (Mb), 
n u c le u s  (N ), f la g e llu m  (F ) , m ito ch o n d ria  (M), and 
p e l l i c l e  ( p e l ) .  Arrows I n d ic a te  s i t e s  o f  p o s s ib le  
d iv is io n s  in  the  m u ltilo b e d  m icrobody com plex.

X 3 0 ,0 0 0 .
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F ig u re  21 B. E nlargem ent o f  p o r t io n  o f  F ig . 21 A, showing In  g r e a te r  
d e t a i l  th e  m u ltilo b e d  m icrobody undergo ing  d iv is io n s  
(a r ro w s ) . S e v e ra l ty p e s  o f  In c lu s io n s  a re  seen  In  th e  
lo b e s  o f  t h i s  m icrobody. A rea "A" c o n ta in s  th in ,  f ilm y  
membranes; a re a  "B" c o n ta in s  membrane-bound, e le c t r o n -  
d ense  m a te r i a l ;  a re a  "CM c o n ta in s  e le c tro n -d e n s e  w horls  
o f  membranes; a re a  "D" c o n ta in s  com pactly  g ra n u la r  in -  
in c lu s lo n s ;  and a re a  "E" c o n ta in s  amorphous e le c tr o n -  
dense  m a te r i a l .  x  60 ,0 0 0 .
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observed  in  a re a  "C", 4 ) com pactly  g ra n u la r  a re a s  such as  th o se  marked 

"D" , and 5 ) amorphous e le c tro n -d e n s e  m a te r ia l  such a s  t h a t  seen  in  a re a  

"E" .  Note t h a t  in  th e  l a t t e r  c a s e ,  ex te n d in g  from  th e  amorphous s t r u c tu r e  

a re  s ta c k s  o f  membranes ( F ig .21 C ). S e v e ra l arrow s in  F ig . 21 C In d ic a te  

long ( u p  to  as 0 .5  jm )t 30-50 A° w ide f i b r i l s  In s id e  th e  m u ltilo b e d  

m icrobody which a re  p o s s ib le  s t r a n d s  o f  DNA. T hat t h i s  c l u s t e r  o f  

"m icrobody-like '*  o rg a n e l le s  i s  indeed  composed o f m icrobod ies  i s  s tro n g ­

ly  su g g e ste d  by  DAB tre a tm e n t (pH 9 .0 ,  37 ®C) o f  s e p a ra te  a l iq u o ts  o f 

24-hour g re e n in g  c e l l s  which y i e ld  c a ta la s e -m e d ia te d  DAB r e a c t i v i t y  in  

s im i la r  c l u s t e r s  o f  o rg a n e l le s  (F ig . 2 2 ) . I t  i s  obse rv ed , h e re  to o , th a t  

the  " c lu s te r "  o f  m icrobod ies co rre sp o n d s  to  a m u ltilo b e d  cofaplex.

O c c a s io n a lly , in v a g in a tio n s  o f  membrane-bound cy to p lasm , 

c o n ta in in g  r ib o s o m a l- l ik e  p a r t i c l e s ,  may be observed in  m icrobod ies 

o f 12 -  30-hour g re e n in g  Euglena (F ig . 2 3 ) . F ig . 24 d e m o n stra tes  a 

raicrobody in  an 18-hour g ree n in g  c e l l  in  which p r o l i f e r a t i o n  o f the  

l im i t in g  membrane ap p ears  to  be in  p ro g re s s  -  perhaps r e p r e s e n t in g  an 

e a r ly  s ta g e  o f  th e  type o f  c y to p la sm ic  in t r u s io n  seen  in  F ig . 23.

D iv is io n  o f  m ic ro b o d ies  ( and in t r u s io n  o f cy top lasm  in to  m ic ro b o d ie s) 

was n o ted  a t  no tim e o th e r  th an  th e  12 -  30- hour g ree n in g  p e r io d .

3 . C e l l s  C u ltu re d  C o n tin u o u sly  in  th e  L ig h t

E uglena c u l tu r e d  in  c o n tin u o u s  l i g h t  p o ssess  

m icrobod ies w hich a re  s im i la r  m o rp h o lo g ic a lly  ( in  appearance  and s l z e ) to  

th o se  o f  dark-grow n and g reen in g  c e l l s  (T ab le  5 ) .  Based on random e le c tr o n



99

F ig u re  2 1  C. G re a te r  en la rgem en t o f  a  p o r t io n  o f  F ig .  2 1 A showing In  
d e t a i l  th e  In c lu s io n s  In s id e  th e  m u ltilo b e d  m icrobody. 
S e v e ra l arrow s In d ic a te  long (up to  0 .5  um), 30 -  50 A° 
w ide f i b r i l s  In s id e  th e  m u ltilo b e d  m icrobody which a re  
p o s s ib le  s tr a n d s  o f  DHA. A rea "A" c o n ta in s  t h in ,  f ilm y  
membranes; a re a  "B" c o n ta in s  membrane-bound e le c tr o n -  
dense m a te r i a l ;  a re a  MC" c o n ta in s  e le c tro n -d e n s e  w horls  
o f  membranes; a re a  "D" c o n ta in s  com pactly  g ra n u la r  in ­
c lu s io n s ;  and a re a  "E" c o n a tln s  am orphous, e le c tro n -d e n s e  
m a te r ia l  and "m em brane-like”  In c lu s io n s .  x  1 2 0 , 0 0 0 .
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F ig u re  2 2 . E.M. o f  DAB/HjOj In cu b a ted  ( pH 9.0, 37 oc) a e ra te d ,  lo g -  
p h ase , a c e ta te -su p p le m e n te d  E uglena g r a c i l i s  s t r a i n  Z a f t e r  
24 h o u rs  g re e n in g , showing a  m u ltilo b e d  m icrobody (M>) th a t  
I s  p o s s ib ly  In  th e  p ro c e s s  o f  d iv is io n  (a rro w s). A lso  seen 
a re  m ito ch o n d ria  (M), a  f la g e llu m  (F ) ,  a  b a s a l  body (BB) 
and th e  p e l l i c l e  ( p e l ) .  x  15 ,000 .

I n s e r t :  D e ta i l  o f  m u ltilo b e d  m icrobody 
x 3 0 ,0 0 0 .
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F ig u re  23. E.M, o f  (non-DAB t r e a t e d )  a e ra te d ,  a c e ta te -su p p le m e n te d  
E uglena g r a c i l i s  s t r a i n  Z a f t e r  24 h o u rs  o f  g re e n in g . The 
arrow  d e n o te s  a  p o s s ib le  in t r u s io n  o f  membrane-bound c y to ­
plasm  in to  a m icrobody (Mb). x  70 ,0 0 0 .

F ig u re  24. E.M. o f  (non-DAB t r e a te d )  a e ra te d ,  a c e ta te -su p p le m e n te d
E uglena g r a c i l i s  s t r a i n  Z a f t e r  18 h o u rs  o f  g reen ing ,show ing  
p o s s ib le  a c t i v i t y  o f  l im i t in g  membrane (a r ro w s )-o f  m icro- 
body (M>). Note th e  c lo s e  a s s o c ia t io n  o f  t h i s  m lcrobody 
w ith  m ito ch o n d ria  (M). x  70 ,000 .
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m icro sco p ic  co u n ts  o f  200 s e c t io n s  o f  c o n tin u o u s ly  lig h t-g ro w n  c e l l s  (DAB- 

t r e a t e d ) ,  a c e ta te -su p p le m e n ted  E uglena have on th e  average  6 .4 4  m ic ro b o d ie s  

p e r s e c t io n  o f  c e l l  (T able  6 ) .  From l ig h t  m icroscopy  s tu d ie s  w ith  th ic k  

lo n g itu d in a l  s e c t io n s  i t  was a ls o  observed  t h a t  th e  m ost f re q u e n t lo c a ­

t io n s  o f  m icrobod ies in  c o n tin u o u s ly  lig h t-g ro w n  c e l l s  a re  a ls o  in  th e  c e l l  

-pealphQ ry and reg io n s  n e a r  th e  g u l l e t  ( 9 .4  p e r  s e c t io n  o f  c e l l ;  Table 

7 ) ,  M icrobody p r o f i l e s  w ere perform ed on lo n g i tu d in a l ly  o r ie n te d  c o n tin u ­

o u s ly  l ig h t-g ro w n  a c e ta te -su p p le m e n te d  c e l l s .  On th e  b a s i s  o f  10 such  

c e l l s  in  s e r i a l  th ic k  s e c t io n s ,  E ug lena c o n ta in  an av erag e  o f  607 m ic ro ­

b o d ie s  p e r  c e l l ,  the  ran g e  b e in g  567 -  634 m ic ro b o d ie s  p e r  c e l l .  E le c tro n  

m ic ro sc o p ic  p r o f i l e s  o f  1 0  c o n tin u o u s ly  lig h t-g ro w n  c e l l s  in  s e r i a l  th in  

s e c t io n s  r e v e a l  an average  o f 576 m ic ro b o d ies  p e r  c e l l ,  ran g in g  from  550 

-  620 m ic ro b o d ie s  pe r c e l l .

N e ith e r  m u lt i- lo b e d  m icrobod ies n o r  c y to p la s ­

mic in v a g in a tio n s  in to  m ic ro b o d ie s  w ere observed  in  c o n tin u o u s ly  l i g h t -  

grown c e l l s .

DAB r e a c t i v i t y  c o u ld  n o t be d e te c te d  i n  m icro­

b o d ies  o f  a c e ta te -su p p le m e n ted  c o n tin u o u s ly  lig h t-g ro w n  Euglena wh ic h  had 

been a e ra te d  in  C ^ - f r e e  a i r  f o r  24 h o u rs ; r e s t o r a t i o n  o f  DAB r e a c t i v i t y  

was ach ie v e d  w ith in  2  h o u rs  o f  a e r a t io n  in  a i r  c o n ta in in g  CO2 .

4 . Comparison W ith M icrobodies o f  H igher P la n ts

In  a l l  experim en ts  em ploying DAB, g e rm in a tin g  

C a s to r  beam endosperm was c o -p ro c e sse d  to  m o n ito r  the  e f f i c i e n c y  o f  th e  

c a ta la s e -m e d ia te d  DAB p o ly m e r iz a tio n  p ro c e d u re . V ig i l  (1970) had e a r l i e r  

r e p o r te d  c a ta la s e -m e d ia te d  DAB p o ly m e r isa tio n  in  t h i s  t i s s u e .  In  F ig .  25 

may be seen  e le c tro n -d e n s e  m ic ro b o d ies  in  D A B-incubated, g e rm in a tin g  ( 4*
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F ig u re  25 . E.M. o f  DAB/H Oj In cuba ted  (pH 9 .0 ,  37 °C ) R lc ln u a  communis 
endosperm  a f t e r  4 d a y s ' g e rm in a tio n , showing e le c tro n -d e n s e  
m ic ro b o d ie s  (M>), m ito ch o n d ria  (M), f a t  v a c u o le s  (V ), c y to ­
p lasm ic  membrane (CM), and c e l l  w a ll  (CW) betw een two a d ja ­
c e n t  e e l l 8 . x  1 0 , 0 0 0 .
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day o ld )  R lc ln u s  endosperm .

In  a  t a n g e n t ia l  s tu d y  r e s u l t in g  fxvn th e s e  o b se rv a ­

t io n s  w ith  c a s to r  bean endosperm , I  a ls o  looked fo r  m ic ro b o d ie s  in  guard  

and l e a f  m esophyll c e l l s  o f  s e v e r a l  h ig h e r  p la n ts ;  p o s i t i v e  DAB re a c ­

t io n s  were o b ta in e d .
o

A lthough c a ta la s e -m e d ia te d  (pH 9 .0 ,  37 C) DAB 

r e a c t i v i t y  has been  re p o r te d  in  m ic ro b o d ies  o f m esophyll c e l l s  o f  o th e r  

p la n ts  £ " e .g . ,  Avena a a t lv a , Zea m ays, G h lo ris  gayana (F re d e r ic k  and 

Newcomb, 1971)^J i t  has n o t been r e p o r te d  f o r  p a lis a d e  o r  spongy mes­

o p h y ll c e l l s  o f  R ic in u s . N e ith e r  h as  th e  f in e  s t r u c tu r e  o f  m icrobod ies 

in  such c e l l s  been  d e s c r ib e d . O rg a n e lle s , "m ic ro b o d y -lik e"  in  appear­

ance ( lyjm in  d ia m e te r , single-m em brane l im ite d ,  g r a n u la r  in  n a tu re )^  

w ere observed  in  spongy m esophyll c e l l s  ( F ig . 26 ) and p a l is a d e  meso­

p h y l l  c e l l s  (F ig . 27 ) o f  the  l e a f  o f  the  C asto r o i l  p l a n t .  Because o f  

th e  e x te n s iv e  n a tu re  o f  th e  c e n t r a l  v a c u o le , the  m ic ro b o d ies  o f  R ic inus 

m esophyll c e l l s  a re  in  c lo s e  ju x ta p o s i t io n  to  the m ito ch o n d ria  and 

c h lo r o p la s ts  -  in  c o n t r a s t  to  th e  s i t u a t i o n  found in  E ug lena . The un­

u su a l s t r u c tu r e  o f  the  c h lo r o p la s t  la m e lla e  j^ s e e  F ig s . 26 ,27 ; sim­

i l a r  to  those  o f  th e  b u n d le -sh e a th  c h lo r o p la s ts  in  c o m  as d e sc rib e d  by 

F re d e r ic k  and Newconb (1971 , p o ses  an in te r e s t in g  a re a  o f  p o t e n t i a l

s tu d y .

C r y s ta l l in e  in c lu s io n s  were observed  in  about 

20 % o f  non-DAB t r e a te d  m icrobod ies  o f  C a s to r o i l  p l a n t  l e a f  m esophyll 

c e l l s  (F ig . 28 ) ;  th e  l a t t i c e  o f  th e s e  m icrobod ies i s  obscu red  by  DAB 

in c u b a tio n . S im ila r  c r y s t a l l i n e  in c lu s io n s  have been re p o r te d  in  m icro- 

b o d ie s  o f  tobacco  l e a f  t i s s u e  (F re d e r ic k  and Newcomb, 1969 b )  -  b u t ,  a s  

n o ted  above, a re  n o t u s u a l ly  found i n  th e  m icrobodies o f  E ug lena . Upon 

in c u b a tio n  in  th e  DAB r e a c t io n  m ix tu re , under c o n d itio n s  which fav o r



F ig u re  26 . E.M. o f  (non-DAB in c u b a te d )  spongy m esophy ll c e l l s  o f  l e a f  
o f  R ic in u s  communis, showing a m icrobody (Mb), s e v e ra l  m ito ­
c h o n d ria  (M), c h lo r o p la s t s  (C) c o n ta in in g  o sm lo p h lllc  g ran ­
u le s  (o g ) , a  c e n t r a l  v acu o le  (V) su rrounded  by to n o p la s t  
(T p), c y to p la sm ic  membrane (CH) and c e l l  w a ll (Cff). 
x  1 0 , 0 0 0 .
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F ig u re  27 . E.M. o f  (non-DAB In c u b a te d )  p a l i s a d e  m esophyll c e l l s  o f  l e a f  
o f  R ic in u s  communis, showing a  m icrobody (Mb), m ito ch o n d ria  
(M), c h lo r o p la s t s  (C ), G o lg i b o d ie s  (GB), c e n t r a l  vacuo le  
(V) su rrounded  by  i t s  to n o p la s t  (T p ), i n t r a c e l l u l a r  space 
( I S ) ,  and c e l l  w a ll  (CW). x  3 0 ,0 0 0 .
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F igu re  28. E.M. o f  (non-DAB In c u b a te d )  spongy m esophyll c e l l s  o f  l e a f  
o f  R ic in u s  communis showing c r y s t a l l i n e  in c lu s io n s  In s id e  
a  m icrobody (Mb). A lso  seen  a re  c h lo r o p la s t s  (C ), m ito ­
c h o n d ria  (M), v a c u o le s  (V ), c e l l  w a l l  (CW) and I n t r a c e l l u l a r  
s p a c e s ( IS ) .  x 10 ,000 .

I n s e r t :  E n larged  m a g n if ic a tio n  o f  m icrobody 
c r y s t a l l i n e  I n c lu s io n .  x 45 ,000 .
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c a ta la s e  a c t i v i t y ,  e le c tro n -d e n s e ,  g r a n u la r  m icrobod ies a r e  seen  in  

b a s to r  o i l  l e a f  p a l i s a d e  o r  spongy m esophy ll c e l l s  (F ig . 29 )> incuba­

t i o n  in  0 .0 2  M a m ln o tr ia z o le  o r 0 .0 1  M KCN co m p le te ly  i n h i b i t s  DAB 

p o ly m e r iz a tio n .

A lthough Z e l i t c h  (1963) p roposed  th a t  s to m a ta l 

opening  i s  r e l a te d  to  g ly c o l ic  a c id  m etabo lism , th e  e x is te n c e  o f m icro ­

b o d ie s  in  guard  c e l l s  has n o t baen  p r e v io u s ly  dem onstra ted  in  th e  guard  

c e l l s  o f any p la n t  (on th e  b ases  o f  b o th  a  l i t e r a t u r e  s e a rc h  and p e rso n a l 

coom unicatlon  w ith  Z e l i t c h  as o f  May, 1972). T h e re fo re , in  th e  p re s e n t  

s tu d y , c a ta la s e -m e d ia te d  DAB r e a c t i v i t y  i s  re p o r te d  f o r  th e  f i r s t  tim e 

in  guard c e l l s .  In  F ig .30 may be observed  D A B -positive (c a ta la se -m ed ­

i a t e d ,  a m ln o tr ia z o le  o r  K C N -in h ib itab le ) m ic ro b o d ies  in  two guard  c e l l s  

o f  R ic in u s . From a  com parison o f  m icrobody p r o f i l e  coun ts  w hich 1 made 

on b o th  R ic in u s  l e a f  m esophyll and guard  c e l l s ,  th e r e  i s  ap p rox im ate ly  

an o rd e r  o f  m agnitude more m icrobod ies  in  g uard  c e l l s .  F urtherm ore, th e  

ju x ta p o s i t io n  o f m icrobod ies  w ith  c h lo r o p la s ts  and m ito ch o n d ria  i s  n o t  

as  in tim a te  in  guard  c e l l s  as in  l e a f  m esophyll c e l l s  - no doubt a  fu n c ­

t io n  o f th e  s m a lle r  vacu o le  in  th e  ca se  o f  guard  c e l l s .

For pu rposes o f com parison w ith  th e  c a s to r  o i l  

p la n t  ( a d lc o t  o f  th e  fam ily  E u p h o rb iacaae) ,  f in e  s t r u c tu r e  and 

cy tochem ica l s tu d ie s  were a ls o  perform ed on th e  guard  c e l l s  o f  a 

C alv in  c y c le  p lan t?  ( th e  d ic o t  S p inacea  o le r a c e a ) ,  a  H atch -S lack  

p la n t?  ( th e  monocot Zea m ays) , and two members o f  th e  fam ily  

C ra s su la c e a e , whose s to m a ta  a re  open d u rin g  th e  n ig h t  and c lo s e d  

du rin g  th e  day ( th e  d ic o ts  K alanchoe b lo s s f e ld ia n a  and Kalanchoe* 

daigrem ontlanum ) . The guard  c e l l s  in  a l l  th e  a fo rem en tioned  types  o f 

p la n ts  p o sse s s  m icrobod ies  which in  f in e  s t r u c tu r e ,  DAB r e a c t i v i t y ,
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F ig u re  2 9 . E.U . o f  DAB/H^Og In cu b a ted  (pH 9 .0 ,  37 °C ) spongy m esophyll 
c e l l s  o f  l e a s  o r  R ic in u s  communis d em o n stra tin g  an e le c tr o n -  
dense a le re b o d y  ( ti» ). A lso  seen  a re  m ito c h o n d ria  (H ), c h lo r ­
o p la s t s  (C ), to n o p la s t  (T p), v acuo le  (V ), cy to p la sm ic  mem­
b ran e  (CM), c e l l  w a ll (CW), and i n t e r c e l l u l a r  space  ( I S ) ,  
x  3 0 ,0 0 0 .
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F ig u re  30 . E.M. o f  DAB/HgO* In cu b a ted  (pH 9 .0 ,  37 °C ) low er ep id e rm is
l e a f  t i s s u e  o f R ic in u s  com aunis showing e le c tro n -d e n s e  m lcro - 
b o d le s  (Mb) In  two guard  c e l l s .  N ote th e  th ic k e n e d  in n e r  c e l l  
w a lls  (CW) in  th e se  g uard  c e l l s  su rro u n d in g  th e  s to m a ta  and 
th in n e r  o u te r  c e l l  w a l ls  (CW). A lso  seen  i n  th e  guard  c e l l s  
a r e  m ito ch o n d ria  (M), c h lo r o p la s t s  (C ), and n u c le i  (N ). 
x  5 ,0 0 0 .

I n s e r t :  L ig h t m icrograph  o f  two guard  c e l l s  from 
low er e p id e rm is  l e a f  t i s s u e  o f  R ic in u s  
communis. T is su e  was p rep a re d  by  s t r i p ­
p ing  f r e s h  l e a f  t i s s u e .  x  900.
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number and ju x ta p o s i t io n  in  r e l a t i o n  to  o th e r  o rg a n e l le s  were s im i la r  

to  th o se  found in  R ic in u s .

F ine s t r u c tu r e  and cy to ch em ica l s tu d ie s  were 

a d d i t io n a l ly  perform ed on g ree n  p h o to sy n th e tic  t i s s u e  o f  th e  ( d ic o t )  

c a c tu s ,  R h ip s a lis  c a s s y th a , to  de te rm ine  th e  p re se n c e  o f m lc ro b o d ie s .

In  t h i s  c a s e ,  o f  c o u rse , th e  g ree n  t i s s u e  examined i s  m od ified  stem , 

r a th e r  than  l e a f  ( th e  form er b e in g  r e f e r r e d  to  as  " sp in e "  ) .  L ocated  

betw een th e  la m e lla e  w ith in  th e  c h lo r o p la s ts  o f R h ip s a lis  c a s s y th a  a re  

la rg e  ( u s u a l ly  1 . 0  -  2 . 8  in  long  dim ension) o sm io p h ilic  s t r u c tu r e s .  

DAB r e a c t i v i t y  i s  observed  in  th e s e  s t r u c tu r e s  i f  in c u b a tio n  p ro ceed s 

a t  pH 9 .0  and 37° C (F ig . 3 1 ) ,  b u t  i s  n o t observed  a t  pH 7 .0  and 25° C. 

This DAB p o ly m e riz a tio n  i s  in h ib i te d  by a m ln o tr ia z o le  o r  KCN and, th e r e ­

f o re ,  may be c a ta la s e -m e d ia te d . A m osaic p a t t e r n  o f  e le c tr o n  o p a c ity  

and l u c i d i t y  i s  a p p a ren t on th e  s u rfa c e  o f  th e s e  c h lo r o p la s t  s t r u c tu r e s  

in  non-DAB t r e a te d  c e l l s  which have n o t been s ta in e d  w ith  u ra n y l a c e ta te  

and le a d  c i t r a t e  (F ig . 32 ). E x t r a - c h lo r o p la s t  m icrobod ies  o f th e  s i z e  

and type  observed  in  E uglena and a l l  o th e r  p la n ts  in  t h i s  s tu d y  w ere n o t  

observed  in  R h ip s a l i s . The n a tu r e  o f th e se  D A B -reactive o sm io p h ilic  

s t r u c tu r e s  in  R h ip s a lis  w i l l  have to  w a it  f o r  f u r t h e r  s tu d y .

B. I s o l a t i o n  o f  M icrobodies

The g r e a t e s t  y ie ld  o f  i n t a c t  m icrobod ies  in  Euglena 

was ach ieved  by m echan ical g r in d in g  in  sand u n t i l  *  25 % o f  th e  c e l l s  

were broken open, a s  judged by l i g h t  m icroscopy . I f  g r in d in g  was c o n t in ­

ued so  1 0 0  % o f  th e  c e l l s  w ere d is ru p te d , bands on d isc o n tin u o u s  o r .c o n ­

tin u o u s  su c ro se  d e n s ity  g r a d ie n ts  merged and were n o t  d i s c r e te .  E x p e ri­

m en ta l p ro ced u res  u t i l i z i n g  a  W aring b le n d e r  f o r  c e l l  b reakage a ls o  gave
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F ig u re  3 1 . E .H . o f  s e c t io n  o f  DAB/H2 O2  in cu b a ted  (pH 9 .0 t 37 °C ) meso­
p h y ll  c e l l  o f  th e  p h o to sy n th e tic  o rgan  ( f l a t t e n e d  s tem ) o f  
th e  c a c tu s  R h ip s a lis  c a s s y th a . S e c tio n s  w ere s ta in e d  w ith  
u ra n y l a c e ta te  a n d /o r  le a d  c i t r a t e .  Note th e  la rg e  g ra n a l  
s ta c k s  (B) and v a cu o le  (V ). x  3 0 ,0 0 0 .
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F ig u re  32 . E.M. o f  s e c t io n  o f  (non-DAB t r e a te d )  m esophyll c e l l  o f  th e
p h o to sy n th e tic  o rgan  ( f l a t t e n e d  s tem ) o f  th e  c a c tu s  R h ip s a lis  
c a s s y th a . S e c tio n s  v e re  n o t s ta in e d  w ith  u ra n y l a c e ta te  and / 
o r  le a d  c i t r a t e .  R ote th e  la r g e  g ra n a l  s ta c k s  (Q), v a c u o le s  
(V ), and c e l l  w a ll  (CW). x 8 ,0 0 0 .
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u n s a t i s f a c to r y  m icrobody i s o l a t i o n .  A pho tograph  o f  two o f  th e  d is c o n t in ­

uous s u c ro s e  g r a d ie n ts  u t i l i s e d  in  th e  p re s e n t  work i s  p re se n te d  in  F ig . 

3 3 .

c o n ta in in g  f r a c t i o n s ,  lo c a te d  a t  th e  i n te r f a c e  hetw een th e  2 .0  and 1.75 

M su c ro se  bands on d isc o n tin u o u s  g r a d ie n ts ,  c o n ta in  few er th a n  1 % in ­

t a c t  m ito c h o n d ria  (F ig . 34 A ). C a ta la s e  a c t i v i t y  (pH 9 .0 , 37° C) i s  

shown c y to c h e m ic a lly  in  th e s e  m icrobod ies by th e  o x id a t iv e  polym er- 

o z a tio n  o f  DAB (F ig . 34 B ); a m ln o tr ia z o le  (F ig . 34 C); KCN, o r  grow th 

in  C 0 £ -fre e  a i r  i n h ib i t  t h i s  DAB r e a c t i v i t y .

co n tin u o u s  su c ro se  bands d i s c lo s e  t h a t  (m ain ly  i n t a c t )  m ito ch o n d ria  a re  

lo c a te d  a t  the  in te r f a c e  betw een th e  1 .75  and 1 .50  M su c ro se  bands (F ig . 

35 A ), w h ile  c h lo r o p la s t  (naked) - c o n ta in in g  bands appear a t  a )  th e

o r  c la s s  I  p l a s t id s -  s e e  K arlstam  and A lb e r ts s o n  (1969) f o r  d e s c r ip t io n

l i g h t  o r  c la s s  I I  p l a s t id s  -  aga in  se e  K arlstam  and Albei 

S m alle r fragm en ts (p o s s ib ly  d e riv e d  from c h lo r o p la s t s ,  as judged  by 

t h e i r  p a le  g reen  c o lo r )  a re  found th ro u g h o u t th e  1 .25 H su c ro se  la y e r  

(F ig . 35 D).

m ic ro b o d ies  i s o la te d  on d isc o n tin u o u s  su c ro se  d e n s ity  g r a d ie n ts ,  in  

c o n t r a s t  to  th e  co n tin u o u s su c ro se  g r a d ie n ts  used  by T re le a s e  e t  a l .  

(1971) and G raves a l .  (1972) . W hereas, I  worked w ith  g ree n in g  and 

c o n tin u o u s ly  lig h t-g ro w n  » a s  w e ll  a s  dark-grow n Euglena , th e  a fo re ­

m entioned  w orkers d e a l t  o n ly  w ith  a  perm anen tly  s tre p to m y c in -b le a c h ed  

s t r a i n  -  w hich , o f  c o u rse , had no c h lo r o p la s t s .  O c c a s io n a lly , I  made

F in e  s t r u c tu r e  o b s e rv a tio n s  re v e a l  t h a t  m lcrobody-

E le c tro n  m ic ro sco p ic  o b se rv a tio n s  o f  o th e r  d l s -

in te r f a c e  betw een the  1 .50  and 1 .25  M su c ro se  zones f  F ig . 35 B; heavy

o f  such  p la s t id S 'J  and b )  1 .25  and 1 .00  M su c ro se  zones

In  th e  p re s e n t  w ork, p r in c ip a l  u se  was made o f
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F ig u re  33. Photograph  o f  two d isc o n tin u o u s  su c ro se  d e n s i ty  g rad ­
i e n t s  o f  a e ra te d ,  a c e ta te -su p p le m e n te d  E ug lena  g r a c i l i s  
s t r a i n  Z . A, g ra d ie n t  from  dark-grow n c e l l s  showing 
m icrobody (Mb) and m ito c h o n d r ia l (M) b a n d s . B, g rad ­
i e n t  from  c o n tin u o u s ly  lig h t-g ro w n  c e l l s  showing m icro - 
body (Mb), m ito c h o n d ria l (M), and c h lo r o p la s t  (C) b an d s .

%
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F ig u re  34 . E.M. o f  su c ro se  f r a c t i o n s  lo c a te d  a t  th e  in te r f a c e  betw een 
th e  2 .0  and 1.75 M bands o f  d isc o n tin u o u s  su c ro se  d e n s i ty  
g r a d ie n ts  o f  lo g -p h a se , dark-grow n, a e ra te d ,  a c e ta te - s u p p le ­
m ented Euglena g r a c i l i s  s t r a i n  Z . A, non-DAB in c u b a te d ;
B ,  DAB in cu b a ted  (pH 9 .0 ,  37 °C ); C, DAB in cu b a ted  (pH 
9 .0 ,  37 °C ) in  th e  p re se n c e  o f  a m ln o tr ia z o le . x  8 ,0 0 0 .





F ig u re  35 . E.M. o f  (non-DAB In c u b a te d )  f r a c t io n s  from  d isc o n tin u o u s  
su c ro se  d e n s ity  g r a d ie n ts  o f ( 4 -day  o ld )  c o n tin u o u s ly  
l ig h t-g ro w n , a e ra te d ,  a c e ta te -su p p le m e n te d  Euglena g r a c i l i s  
s t r a i n  Z. A, band a t  in te r f a c e  betw een 1 .75  and 1 .50  M 
su c ro se  showing m aifily  i n ta c t  m ito c h o n d ria  (M) and p o s s ib ly  
lysosom es; B, band a t  in te r f a c e  betw een 1 .50  and 1 .25  M 
su c ro se  showing th y la k o id s  ( t ) ;  C, band a t  in te r f a c e  b e ­
tween 1 .25  and 1 .0 0  M su c ro se  showing th y la k o id s  ( t ) ;  D, 
p a le  g reen  m a te r ia l  ( p o s s ib ly  c h lo r o p la s t  frag m en ts)  ob­
s e rv e d  th roughou t th e  1 .25  M su c ro se  l a y e r .  x  8 ,0 0 0 .
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c o n tin u o u s  su c ro se  g r a d ie n ts  o f  dark-grow n c e l l s  a )  fo r  pu rposes o f  

com parison w ith  my d a ta  on d isc o n tin u o u s  su c ro se  g r a d ie n ts ,  b )  fo r  

p u rp o se s  o f  com parison w ith  th e  d a ta  o f  o th e r  w orkers  who used c o n tin ­

uous su c ro se  g ra d ie n ts  (o f  s tre p to m y c in -b le a c h ed  E u g len a) ,  and c )  f o r  

pu rp o ses  o f  c o n c e n tra tin g  th e  m icrobody f r a c t i o n s  which 1  have i s o la te d  

from  discontinuous-, s u c ro se  g r a d ie n ts .  S in ce  I  found a g r e a t  d e a l  o f  

c h lo r o p la s t  co n tam in a tio n  in  m icrobody and m ito c h o n d r ia -c o n ta ln in g  bands 

when c o n tin u o u s  su c ro se  d e n s i ty  g ra d ie n ts  w ere used  w ith  g reen in g  o r  

c o n tin u o u s ly  lig h t-g ro w n  c e l l s ,  t h i s  tech n iq u e  was s e t  a s id e  in  f a v o r  of 

th e  d isc o n tin u o u s  su c ro se  g r a d ie n ts .  S im ila r  c h lo r o p la s t  co n ta m in a tio n  

was n o ted  by T o lb e r t  (1970) in  h is  u se  o f  c o n tin u o u s  su c ro se  d e n s i ty  

g ra d ie n ts  o f  l e a f  t i s s u e .

E le c tro n  m ic ro sco p ic  and enzym atic  s t i d i e s  in  th e

p re s e n t  work re v e a l  t h a t  on con tinuous su c ro se  g r a d ie n ts ,  m icrobody-
3

c o n ta in in g  f r a c t io n s  o ccu r a t  d e n s i t ie s  betw een 1.18 -  1 . 2 2  g/cm ,
3

m ito c h o n d r ia l  f r a c t io n s  o ccu r a t  d e n s i t i e s  betw een 1 .16  - 1 .18  g/cm , 

and c h lo ro p la s t .  fragm en ts o ccu r ov er th e  w ide d e n s ity  range  o f  < 3  1 . 0

O
g/cm . D iscon tinuous s u c ro s e  g ra d ie n t  d e n s i t i e s  were m easured by an 

Abbe r e f r a c to m e te r ;  i t  was found th a t  m icrobody, m ito c h o n d r ia l and 

c h lo r o p la s t  f r a c t io n s  o ccu r on such g r a d ie n ts  a t  d e n s i t i e s  s im i la r  to  

th o se  where they  reach ed  e q u il ib r iu m  on co n tin u o u s  g r a d ie n ts .

Enzyme a c t i v i t y  showed good s t a b i l i t y  i f  th e  

i s o l a te d  m icrobody bands w ere s to re d  a t  4° C, even f o r  p e r io d s  as long 

as 4 w eeks. Becau se  o f t h i s  s t a b i l i t y ,  s to r a g e  a t  -1 8 °  C ( u t i l i z e d  by 

T o lb e r t ,  1970) was n o t  deemed n e c e s s a ry . In  a l l  c a ses ,h o w ev er, in  th e  

p r e s e n t  w ork, bands w ere p ro cessed  f o r  e le c t r o n  m icroscopy  im m ediately  

a f t e r  i s o l a t i o n ,  and enzyme assay s  were perfo rm ed  w ith in  5 days o f
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I s o l a t i o n .

An a tte m p t was a ls o  made to  I s o l a te  Euglena 

c e l l u l a r  com ponents by d i f f e r e n t i a l  c e n t r i f u g a t io n .  Incom pleteness 

o f  I s o la t io n  by t h i s  tech n iq u e  was reco g n ized  in  f in e  s t r u c tu r e  s tu d ie s  

which re v e a le d  th a t  p e l l e t s  o f  dark-grow n, g re e n in g , and c o n tin u o u s ly  

lig h t-g ro w n  a c e ta te -su p p le m e n te d  c e l l s ,  o b ta in e d  by c e n t r i f u g a t io n :  

a )  a t  300 g f o r  2 m in u tes , c o n ta in  ( in  th e  c a se  o f  g reen in g  and 

c o n tin u o u s ly  lig h t-g ro w n  c e l l s  ) b o th  naked c h lo r o p la s t s  and m ain ly  

la rg e  c h lo r o p la s t  fragm en ts (F ig . 36A), b )  a t  10 ,000 g f o r  10 min­

u t e s ,  c o n ta in  m ain ly  m ito ch o n d ria  and some c h lo r o p la s t  fragm ents 

(F ig . 36B), c )  a t  100,000 g f o r  1 hour c o n ta in  m ic ro b o d ie s , ly sosom al- 

l ik e  o r g a n e l le s ,  and m ito ch o n d ria  (F ig . 36C). A lso , enzyme s tu d ie s  

w ith  th e se  th re e  p e l l e t s  re v e a le d  a  h e te ro g e n e ity  o f  c o n te n t (T ab le  8 ) .

C. Enzyme A ssays On C e ll-F re e  F ra c t io n s

1. C e lls  A era ted  V ith  A ir

A liq u o ts  o f  log p h ase , a e r a te d ,  a c e ta te -su p p le m e n ted  

Euglena (dark -g row n , g re e n in g , and c o n tin u o u s ly  lig h t-g ro w n )  were 

co m p le te ly  broken  by s o n ic a t io n .  I t  may be n o ted  in  F ig . 37 th a t  by 

48 hours o f  g ree n in g  a  2 - f o ld  in c re a s e  occu rs  in  amount o f  p r o te in  in  

c e l l - f r e e  f r a c t i o n s  compared to  c e l l - f r e e  f r a c t i o n s  o f dark-grow n c e l l s .

P h o to m e tric  a ssay s  f o r  c a ta la s e  by th e  m ethod of 

Luck (1963) w ith  c e l l - f r e e  f r a c t i o n s  r e v e a l  0 .6 8 , 0 .7 1 , 0 .8 5 , 0 .9 0 , 0 .9 8 , 

1 .1 5 , 1 .23  and 1 .25  u n i t s  o f  c a ta la s e  p e r  mg p r o te in  f o r  dark-grow n, 12 

h o u r - ,  24 h o u r - ,  36 h o u r - ,  48 h o u r - ,  60 h o u r - ,  and 72-hour g re e n in g , and
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F ig u re  36 . e.M . o f  f r a c t i o n s ,  I s o la te d  by g r in d in g  fo llow ed  by  d i f f e r ­
e n t i a l  c e n t r i f u g a t io n ,  o f  c o n tin u o u s ly  l ig h t-g ro w n , a e ra te d ,  
a c e ta te -su p p le m e n te d  Euglena g r a c i l i s  s t r a i n  Z -  n o t  t r e a te d  
w ith  DAB. A, p e l l e t  i s o la te d  by c e n t r i f u g a t io n  a t  300 g 
f o r  2  m inu tes showing a  m itochondrion  (M), th y la k o id s  ( t ) ,  
and o sm lo p h ilic  g ra n u le s  (o g ); B, p e l l e t  o b ta in e d  by cen ­
t r i f u g a t io n  a t  1 0 , 0 0 0  g f o r  1 0  m inu tes  showing m ito ch o n d ria  
(M) and numerous o th e r  o rg a n e l le s  (p o ss ib ly ,ly so so m e s  a n d /o r  
m lc ro b o d le s ) ;  C, p e l l e t s  o b ta in e d  by c e n t r i f u g a t io n  a t
1 0 0 , 0 0 0  g f o r  1  h o u r showing m ain ly  m ic ro b o d y -lik e  o r g a n e l le s ,  
x  8 , 0 0 0 .
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'Doble 8. Catalase Activity in 300g, 10,000g, and 100t000g
Pellets and Supernatants From Differential Centrifugates Of
Dork-Grown, 24-flour G reen ing , and Continuously Light-G row n

Aerated, Acetate-Supplemonted Euglena Graoilis strain Z.
Catalase values are based on 3 determinations and reported 
in units per mg protein. The numbers in brackets represent 
the ranges of 3 determinations. indicates faint traces 
of catalase.

light Regime Fraction Catalase Activity in 
liuek Units/mg protein

Dark
Grown

300g pellet +
10,000g pellet 2il ( 1.9-2i7 )
100,000g pellet 5.3 ( 4.5-6 .4 )
supernatant +

24-hr
Greening

300g pellet +
10,000g pellet 4.5 ( 3.9-5.1 )
100,000g pellet 11.3 ( 9 .8 - 12.6 )
supernatant +

Continuously
light
Grown

300g pellet +
10,000g pellet 4il ( 3.8-4i7 )
100;000g pellet 12.7 ( 10.8 - 13.8 )
supernatant +
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n .

Honrs in light

Fig* 37. Protein content of oell-free fractions (•— • ) and
rdcrobody-containing fraetions from discontinuous snorose density
gradients (a — a ) of dark-grown, greening and continuously light-
grown aerated, acetate-supplemented Euglena graelHs strain Z,
Values reported are based on two sets of data in which assays 
were made in triplicate on 3 separate samples of the same exper­
iment; The weans (3 samples) of each experiment were averagedf 
data are given in this averaged form* Ranges of data are given 
by vertical bars through the averaged values* "X" represents 
cells grown continuously in the light.
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c o n tin u o u s ly  lig h t-g ro w n  c a l l s ,  r e s p e c t iv e ly  (T ab le  9  and F ig .  3 8  B ). 

T h e re fo re , c e l l - f r e e  f r a c t i o n s  o f  72 hour g re e n in g  c e l l s  d is p la y  a  spe­

c i f i c  a c t i v i t y  f o r  c a ta la s e  t h a t  i s  com parable to  c o n tin u o u s ly  lig h t-g ro w n  

c e l l s ,  and a 2 - f o ld  in c re a s e  in  s p e c i f i c  a c t i v i t y  o f  t h i s  enzyme compared 

to  dark-grow n c e l l s .  S im ila r  s p e c i f ic  a c t i v i t i e s  f o r  c a ta la s e  w ere ob­

ta in e d  by th e  m ethod o f  Baudhuin £ t  a l .  (1965 ).
o f f m i t .

Anv>doubling in  c a ta la s e  a c t i v i t y  by  72 hou rs  o f  g ree n in g  i s  

a ls o  n o ted  in  c e l l - f r e e  f r a c t i o n s  when c a lc u la t io n s  a re  made on a  p e r  c e l l  

b a s i s .  D ark-grow n, 1 2 -h o u r, 24 h o u r - ,  36 h o u r - ,  48 h o u r - ,  60 h o u r - ,  72 

h o u r-g re e n in g , and c o n tin u o u s ly  lig h t-g ro w n  E ug lena  c o n ta in  3 .1  x 10"^,

4 .0  x 10"7 , 5 .7  x  10-7, 6 .1  x 10 -7 , 6 .0  x 10"7 , 6 .1  x 10- 7 , 6 .1  x  10- 7  

and 6 . 0  x  1 0 “ 7  u n i t s  o f  c a ta la s e  p e r  c e l l ,  r e s p e c t iv e ly .

S p e c if ic  a c t i v i t i e s  o f  th e  glyoxysom al m arker enzym es, i s o ­

c i t r a t e  ly a s e  and m a la te  sy n th a se  a re  r e l a t i v e l y  c o n s ta n t  in  c e l l - f r e e  

f r a c t i o n s  o f  dark-grow n, g ree n in g  and c o n tin u o u s ly  lig h t-g ro w n  a e ra te d ,  

a c e ta te -su p p le m e n te d  E u g len a . P ho tom etric  a s sa y s  f o r  i s o c i t r a t e  ly a se  r e ­

v e a l  s p e c i f i c  a c t i v i t i e s  o f  1 .6 5 , 1 .7 3 , 1 .9 2 , 1 .9 2 , 1 .7 8 , 1 .8 0 , 1 .90  and

1 .8 0  in  c e l l - f r e e  f r a c t io n s  o f  dark-grow n, 12 h r - ,  24 h r - ,  36 h r - ,  48 h r - ,

60 h r - ,  72 h r -g re e n in g , and c o n tin u o u s ly  lig h t-g ro w n  c e l l s ,  r e s p e c t iv e ly  

(T a b le  9 and F ig . 38 A ). S p e c if ic  a c t i v i t i e s  o f  3 .2 1 , 3 .2 3 , 3 .2 3 , 3 .3 0 ,

3 .6 0 , 3 .4 0 , 3 .70  and 3 .4 7  f o r  m a la te  sy n th a se  w ere found in  c e l l - f r e e  f r a c ­

t io n s  o f  dark-grow n, 12 h r - ,  24 h r - ,  36 h r - ,  48 h r - ,  60 h r - ,  72 h r -g re e n -  

i n g ,  and c o n tin u o u s ly  lig h t-g ro w n  c e l l s ,  r e s p e c t iv e ly  (T ab le  9 and F ig . 38A ).

The a c t i v i t i e s  o f  i s o c i t r a t e  ly a s e  and m ala te  sy n th a se  approx­

im a te ly  double  by  24 h o u rs  o f  g reen in g  in  c e l l - f r e e  f r a c t io n s  o f  a e ra te d ,  

a c e ta te -su p p le m e n te d  E ug lena  g r a c i l i s  s t r a i n  Z when com parisons a re  made 

on a  p e r  c e l l  b a s i s .  D ark-grow n, 12 h r - ,  24 h r - ,  36 h r - ,  48 h r - ,  60 h r - ,



T able 9 ,  Enryiae A c t lv l t l e e  In  C e ll-F re e  F ra c tlo n a  o f  A era ted , A cetate-Supplem ented , Dark­
e r  own, G reening, and C ontlnuoualy  Light-Grown Euglena C r a c l l la  a t r a ln  Z .

A ll  a c t l v l t l e a  a re  g iv en  In  taxma o f syi/mln/mg p ro te in  ( a p e c l f lc  a c t i v i t y ) ,  excep t 
c a ta la s e  w hich l e  re p o r te d  In  Luck u n i t s .  Numbera g iv en  In  p a ren th eeea  a ra  the  oeaaured 
ran g ea .

Enzyme A c t iv i ty  aa  a  F unc tion  o f  Houra o f  G reening

^ m
Dark-
Grown 12 24 36 48 60 72

C ontlnuoua
L igh t

C ata laae
0 .68

(0 .5 0 -0 .9 8 )
0 .71

(0 .5 5 -0 .9 6 )
0 .85

(0 .6 2 -1 .1 0 )
0 .90

(0 .7 1 -1 .3 0 )
0 .98

(0 .7 5 -1 .2 7 )
1.15

(0 .9 5 -1 .3 0 )
1.23

(1 .0 0 -1 .4 3 )
1.25

(1 .0 0 -1 .5 0 )

Ig o c l t r a te
Lyaae

1.65
(1 .3 0 -1 .9 0 )

1.73
(1 .4 5 -1 .8 6 )

1.92
(1 .5 6 -2 .2 0 )

1 .92
(1 .7 4 -2 .4 0 )

1.78
(1 .5 2 -2 .2 2 )

l.'BO
(1 .5 4 -2 .2 3 )

1 .90
(1 .6 7 -2 .2 3 )

1 .80
(1 .5 4 -2 .2 2 )

M alate
Synthaae

3 .21
(2 .7 8 -3 .8 5 )

3 .23
(2 .6 5 -3 .7 8 )

3.23
(2 .6 7 -3 .8 6 )

3 .30
(3 .0 0 -4 .1 3 )

3 .60
(2 .9 6 -4 .0 0 )

3 .40
(3 .1 2 -3 .9 8 )

3 .70
(3 .5 6 -4 .0 0 )

3 .47
(3 .2 0 -3 .8 9 )

C ly co la te
Dehydrogenaae

0 .14
(0 .1 0 -0 .2 0 )

0 .18
(0 .1 3 -0 .2 7 )

0.47
(0 .3 3 -0 .6 1 )

0 .70
(0 .5 5 -0 .8 6 )

0 .76
(0 .6 8 -0 .9 8 )

0.82
(0 .6 5 -0 .9 8 )

0 .87
(0 .8 2 -0 .9 6 )

0 .86
(0 .7 0 -0 .9 8 )

Hydroxypyruvate
R eductaae

0 .16
(0 .1 0 -0 .2 0 )

0.43
(0 .2 6 -0 .5 7 )

0 .75
(0 .6 3 -0 .9 0 )

0 .80
(0 .6 8 -1 .0 5 )

0.87
(0 .6 0 -1 .1 2 )

0 .93
(0 .7 6 -1 .2 3 )

1.00
(0 .8 7 -1 .2 5 )

0 .98
(0 .7 7 -1 .3 2 )

M alate
Dehydrogenaae

2 .3
(1 .6 0 -3 .0 1 )

2.7
(1 .2 1 -4 .1 1 )

3 .0
(2 .5 1 -3 .5 7 )

2 .7
(2 .1 0 -3 .4 3 )

2 .8
(1 .6 3 -3 .5 9 )

2 .6
(2 .0 0 -3 .3 3 )

2 .9
(1 .8 1 -3 .7 1 )

2 .9
(1 .6 7 -3 .3 3 )

Furaaraae 0 .18
(0 .1 2 -0 .2 5 )

0 .23
(0 .1 0 -0 .3 0 )

0.17
(0 .1 0 -0 .2 6 )

0 .15
(0 .1 0 -0 .2 4 )

0 .20
(0 .1 4 -0 .3 4 )

0.28
(0 .2 3 -0 .3 5 )

0 .29
(0 .1 6 -0 .4 5 )

0 .29
(0 .2 0 -0 .3 7 )

A conltaae 0 .3 2
(0 .2 5 -0 .4 1 )

0 .3 4
(0 .2 1 -0 .3 8 )

0 .32
(0 .2 6 -0 .4 0 )

0 .38
(0 .3 0 -0 .5 3 )

0 .39
(0 .3 5 -0 .4 6 )

T
0.37

(0 .3 2 -0 .4 5 )
0 .3 2

(0 .2 6 -0 .4 5 )
0 .3 0

(0 .1 8 -0 .4 1 )

Cytochrome
O xldaae

- - - - - - -



GLTOXXSCME MARKER ENZIMES4*0' 10PEROXISOME MARKER ENZIMES

A catalase
* hydrcaypyrovate reductase- 
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Figure 38. Glyaxyaomal and peroxisomal marker enzyme activity in cell-free fraotiona 
of dark-gpown, greening, and continuously light-grown aerated, aoetate^upplenented 
Euglena gracilis strain Z. Data given by Q  correspond to values measured with 
oontinuously light-grown cells, A H  values represent the wan of 6 determinations, 
Catalase is, of course, present in both types of nderobodies.
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72 h r -g re e n in g , and c o n tin u o u s ly  lig h t-g ro w n  E uglena c o n ta in  4 .8  X 10"**,

4 .7  X 10"6 , 9 .4  X 10“ 6 , 9 .6  X 10“ 6, 9 .4  X 10“ 6, 9 .5  X 10“ 6, 9 .8  X 10- 6 ,

9 .7  X 10“ ® nm oles o f  I s o c i t r a t e  ly a s e  p e r  c e l l  and 1 .4 6  X 10” '’, 1 .53  X 

10"5, 2 .1 3  X 10"5 , 2 .2 1  X 10“ 5 , 2 .2 0  X 10"5 , 2 .15  X 10- 5 , 2 .22  X 10“ 5 ,

2 .19  X 10” nm oles o f  m a la te  sy n th a se  p e r  c e l l ,  r e s p e c t iv e ly .

By 72 h o u rs  o f  g ree n in g  s p e c i f i c  a c t i v i t i e s  in  c e l l - f r e e  f r a c t i o n s  

o f  th e  two pero x iso m al m arker enzym es, g ly e o la te  dehydrogenase and hydroxy- 

p y ru v a te  r e d u c ta s e ,  in c re a s e  6 - f o l d ;  an % 1 2 - f o l d  In c re a se  i s  n o ted  

when d a ta  a re  e x p re sse d  on a  p e r  c e l l  b a s i s .  P h o to m etric  a ssa y s  f o r  

g ly e o la te  dehydrogenase d i s c lo s e  s p e c i f i c  a c t i v i t i e s  o f  0 .1 4 , 0 .1 8 , 0 .4 7 , 

0 .7 0 , 0 .7 6 , 0 .8 2 , 0 .8 7  and 0 .8 6  in  c e l l - f r e e  f r a c t i o n s  o f  dark-grow n, 12 

h r - ,  24 h r - ,  36 h r - ,  48 h r - ,  60 h r - ,  72 h r -g re e n in g , and c o n tin u o u s ly

lig h t-g ro w n  c e l l s ,  r e s p e c t iv e ly  ( T able  9  and F ig . 38B ) .  S p e c if ic

a c t i v i t i e s  o f  0 .1 6 , 0 .4 3 , 0 .7 5 , 0 .8 0 , 0 .8 7 , 0 .9 3 , 1 .0 0  and 0 .98  f o r  

hydroxypyruvate  re d u c ta s e  w ere found i n  c e l l - f r e e  f r a c t i o n s  o f  dark-grow n, 

12 h r - ,  24 h r - ,  36 h r - ,  48 h r - ,  60 h r - ,  72 h r -g re e n in g , and c o n tin u o u s ly

lig h t-g ro w n  c e l l s ,  r e s p e c t iv e ly  ( T ab le  9 and F ig . 38B ) .

When d a ta  a re  e x p ressed  on a p e r  c e l l  b a s i s ,  th e  a c t i v i t i e s  o f  

th e  two perox isom al m arker enzymes ( g ly e o la te  dehydrogenase and hydroxy­

p y ru v a te  r e d u c ta s e  ) in  c e l l - f r e e  f r a c t i o n s  in c re a s e  app rox im ate ly  1 2 - 

fo ld  by 72 hou rs o f  g re e n in g . D ark-grow n, 12 h r - ,  24 h r - ,  36 h r - ,  48 h r - ,  

60 h r - ,  72 h r -g re e n in g , and c o n tin u o u s ly  lig h t-g ro w n  Euglena c o n ta in  

0 .76  X 10-7 , 4 .4  X 10"7, 8 .3  X 10“7 , 9 .1  X 10- 7 , 9 .2  X 10"? , 9 .1  X 10"7,

9 .3  X 10 7 , and 9 .1  X 10“ 7  nm oles o f  g ly e o la te  dehydrogenase p e r  c e l l  and 

0 .98  X 10“6 , 4 .2  X 10- 6 , 9 .3  X 10- 6 , 1 1 .8  X lo " 6 , 1 1 .9  X 10’ 6 , 1 1 .8  X 10“ 6 ,

1 1 .9  X 10“ ®, and 11 .8  X 10"^ nm oles o f  hydroxypyruvate  re d u c ta se  p e r  c e l l ,
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r e s p e c t iv e ly .

2 . C e l ls  A era ted  V lth  A ir D ep le ted  o f  CO2

Enzyme a ssa y s  were a ls o  perform ed f o r  c a ta la s e ,  

l s o c i t r a t e  ly a s e ,  m a la te  sy n th a se , g ly e o la te  dehydrogenase and hydroxy­

p y ru v a te  re d u c ta s e  in  c e l l - f r e e  f r a c t io n s  o f  dark-grow n, g reen in g  and 

c o n tin u o u s ly  lig h t-g ro w n  a c e ta te -su p p le m e n te d  Euglena which had been  

grown in  th e  p re se n c e  o f  a i r  d e p le te d  o f  carbon  d io x id e  -  th e  a i r  hav ing  

been p assed  th rough  a  t r a i n  o f  U tu b es  c o n ta in in g  excess A s c a r i te .

C a ta la s e  cou ld  n e i th e r  be  d e te c te d  in  such c e l l -  

f r e e  f r a c t io n s  by th e  method o f  Luck (1963) n o r  by th e  method o f  Baudhuin 

e t  a l«  (1 9 6 5 ), in  agreem ent w ith  th e  n e g a tiv e  r e s u l t s  o b ta in e d  cytochem - 

i c a l l y  w ith  DAB. When carbon  d io x id e -d e p riv e d  c e l l s  were r e a e r a te d  fo r  

24 hours w ith  a i r  c o n ta in in g  CO2 , c a ta la s e  le v e l s  w ere r e s to re d  back  to

0 .5 0 , 0 .4 6 , 0 .7 9 , 0 .8 8 , 0 .9 5 , 1 .0 0 , 1 .0 0 , and 1 .05  u n i ts  p e r  mg p r o te in  

f o r  dark-grow n, 12 h r - ,  24 h r - ,  36 h r - ,  48 h r - ,  60 h r - ,  72 h r -g re e n in g , 

and c o n tin u o u s ly  lig h t-g ro w n  c e l l s ,  r e s p e c t iv e ly .  These v a lu e s  a re  ve ry  

s im i la r  to  th o se  found in  c e l l - f r e e  e x t r a c t s  o f  Euglena c o n tin u o u s ly  

grown in  th e  p rese n c e  o f  CO  ̂ (compare w ith  T ab le  9 and F ig . 38 b ) .

The r e s t o r a t io n  o f  c a ta la s e  a c t i v i t y  to  d e te c ta b le

le v e ls  i s  r a p id ;  t r a c e s  o f  th e  enzyme were found , by th e  method o f  Luck 

(1963) and by th e  method o f  Baudhuin e t  a l .  (1 9 6 5 ), in  c e l l - f r e e  f r a c t io n s  

o f  ca rb o n  d io x id e -d e p riv e d  dark-grow n, g ree n in g  and c o n tin u o u s ly  l i g h t -  

grown c e l l s ,  i f  such c e l l s  w ere r e a e ra te d  in  a i r  c o n ta in in g  CO2  f o r  a

p e r io d  o f  tim e as  s h o r t  a s  2 h o u rs . At l e s s  th a n  2 hours o f  r e a e r a t lo n



in  a i r  c o n ta in in g  COj, n e i th e r  p h o to m etric  tec h n iq u es  ( n o r th e  

cy to ch em ica l method ) r e v e a l  c a ta la s e  a c t i v i t y .

Carbon d io x id e  d e p r iv a t io n  was found to  have no 

e f f e c t  upon th e  le v e ls  o f i s o c i t r a t e  ly a s e ,  m a la te  sy n th a se , g ly e o la te  

dehydrogenase o r  hydroxypyruvate  re d u c ta s e  in  c e l l - f r e e  f r a c t i o n s  o f 

dark-grow n, g re e n in g , o r  c o n tin u o u s ly  lig h t-g ro w n  c e l l s  (T able  10 ).

In  a l l  c a s e s ,  s p e c i f ic  a c t i v i t i e s  o f  th e s e  enzymes in  c e l l r f r e e  f r a c t io n s  

were s im i la r  to  c e l l s  grown in  th e  p resen ce  o f a i r  c o n ta in in g  CO2  

(T able 9 and F ig . 3 8 ).

D. Enzyme Assays on F ra c t io n s  From D iscon tinuous Sucrose D ensity  

G ra d ie n ts .

1. C e lls  A era ted  W ith A ir

A liq u o ts  o f lo g -p h a s e , a e ra te d ,  a c e ta te -  

supplem ented dark-grow n, g re e n in g  and c o n tin u o u s ly  lig h t-g ro w n  Euglena 

were m ec h a n ic a lly  d is ru p te d  in  sand , and la y e re d  on d isc o n tin u o u s  su c ­

ro se  d e n s i ty  g r a d ie n ts .  Enzyme assay s  w ere perform ed on th e  band lo c a te d  

a t  th e  in te r f a c e  betw een th e  2 .0  and 1 .75  M su c ro se  zones (F ig . 3 3 ) . As 

m entioned e a r l i e r ,  t h i s  f r a c t i o n  c o n ta in s  m ain ly  i n ta c t  m lcrobod les (F ig . 

38 A ). A ssays f o r  c a ta la s e ,  i s o c i t r a t e  ly a s e ,  m a la te  s y n th a s e , g ly e o la te  

dehydrogenase and hydroxypyruvate  r e d u c ta s e ,  w ere made on t h i s  su c ro se  

f r a c t i o n .
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Table 10. Enzyme Activity In Cell-Free Fractions of COg-
Deprived. Acetate-Supplemented Dark-Grown. Greening, and
Continuously Idght-Grown Englena Gracilis strain Z.
All enzyme aetirities are given in tens of specific activity, 
except catalase which la reported in Lack Units/mg protein* 
All values are the mean of three separate determinations.

ENZME ACTIVTTT AS A FUNCTION OF GREENING
Enzyme Dark 24 hr 72 hr Contln.

light
Catalase - a* - -

Isooitrate
lyase

1.70 1.83 1.86 1.98

Malate
Synthase 3.35 3i46 3i29 3.33

Glyeolate
Dehydrogenase

0.18 0.35 0.90 0.88

Hydroxypyruvate
Reductase 0.17 0.68 0.95 0.87

Malate
Dehydrogenase 0.27 0:20 0.34 0.21

Fomarase 0.14 0.16 0.21 0.22

Aoonitase 0.38 0.32 0.30 0.28
Cytochrome
Oxidase

— - - mm
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P ho tom etric  a ssa y s  f o r  c a ta la s e  by th e  method o f  

Luck (1963) r e v e a l  1 0 .0 , 1 0 .6 , 1 1 .6 , 1 2 .8 , 1 3 .8 , 1 4 .2 , 1 4 .2  and 14.3 

u n i t s  o f c a ta la s e  p e r  mg p r o te in  In  m lc ro b o d y -co n ta ln in g  f r a c t i o n s  from  

d isc o n tin u o u s  su c ro se  g r a d ie n ts  I s o la te d  from  dark  grown, 12 h r . ,  24 h r - ,

36 h r - , 48 h r - ,  60 h r - ,  72 h r -g re e n in g , and c o n tin u o u s ly  l i g h t  grown c e l l s ,  

r e s p e c t iv e ly  (T able  11 and F ig .  39 B ) .  T h e re fo re , m ic ro b o d y -co n ta ln ln g  

su c ro se  bands from 7 2 -h r  g ree n in g  c e l l s  show a  1 .4 - f o ld  In c re a se  In  sp e ­

c i f i c  a c t i v i t y  o f  c a ta la s e ,  r e l a t i v e  to  m lc ro b o d y -co n ta ln in g  f r a c t i o n s  

from dark  grown c e l l s .  T h is  in c re a s e  should  be compared to  th e  2 - fo ld  

in c re a s e  o b ta in e d  w ith  c e l l  f r e e  f r a c t i o n s .

An in c re a s e  in  c a ta la s e  a c t i v i t y  by 72 hours o f  

g reen in g  i s  a ls o  n o ted  in  m lc ro b o d y -co n ta ln in g  f r a c t i o n s  from  d i s c o n t in ­

uous su c ro se  d e n s i ty  g ra d ie n ts  when c a lc u la t ld n s  a re  made on a p e r  c e l l  

b a s i s .  Dark grown, 12 h r - ,  24 h r - ,  36 h r - , 48 h r - ,  60 h r - ,  72 h r -g re e n in g , 

and c o n tin u o u s ly  lig h t-g ro w n  E uglena c o n ta in  3 .1  x 10 7 , 3 .3  x  10"7 , 3 .9  

x 10” 7 , 4 .3  x  10“7 , 4 .2  x 10 -7 , 4 .3  x  10*7 , 4 .6  x 10“ 7 , and 4 .5  x 10"7 

u n l ta  o f  c a ta la s e  p e r  c e l l ,  r e s p e c t iv e ly .

When th e  above m entioned m icrobody c o n ta in in g  bands 

were assayed  f o r  c a ta la s e  by th e  m ethod o f Baudhuin e t  a l . (1965), s im i la r  

r e s u l t s  were o b ta in e d  on th e  b a s e s  o f  bo th  s p e c i f ic  a c t i v i t y  and p e r  c e l l .

S p e c if ic  a c t i v i t i e s  o f  th e  glyoxyaom al m arker en ­

zymes- i s o c i t r a t e  ly ase  and m ala te  sy n th a se -re m a ln  r e l a t i v e l y  c o n s ta n t  in  

m lc ro b o d y -co n ta ln in g  su c ro se  bands o f  dark  grown, g re e n in g , and c o n tin u o u s ly  

l i g h t  grown c e l l s .  (These f in d in g s  a re  in  agreem ent w ith  th e  c o n s ta n c y  o f 

s p e c i f ic  a c t i v i t y  in  c e l l  f r e e  f r a c t io n s # )

P ho tom etric  a s sa y s  f o r  i s o c i t r a t e  ly a se  r e v e a l  sp e ­

c i f i c  a c t i v i t i e s  o f 29.JL, 3 0 .3 , 3 1 .4 , 3 2 .0 , 3 4 .1 , 3 2 .9 , 3 4 .1 , 34 .8
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T ab le  11. Enzyme A e t lv l t l a a  In  F ra c tio n s  I s o la te d  F roa D iscon tinuous Sucrose 
D ensity  G ra d ie n ts  o f Dark-Grown, C reenlng and C on tinuously  L lght- 
Grown, A a ra tad , A cetate-Supplem ented Euglena G re c H ts  s t r a in  Z.

A ll a c t i v i t i e s  a re  g iven  In  term s o f  m p/a ln /ag  p ro te in  ( s p e c if ic  
a c t i v i t y ) ,  ex cep t c a ta la s e  which la  re p o r te d  In  Luck u n i t s .  Nuabera 
g iven  In  p a re n th e se s  a re  th e  measured ran g es .

Enzyme A c tiv i ty  a s  a F unction  o f  Hours o f  C rsenlng

- ^ • " 'T i m e
Dark
Grown 12 24 36 48 60 72

Continuous
L igh t

C a ta la se 10.0
(9 .0 -1 1 .1 )

10.6
(8 .7 -1 2 .0 )

11.6
(1 0 .1 -1 2 .7 ) (1 2 .0 -1 4 .0 )

13.8
(1 2 .5 -1 4 .9 )

14.2
(1 3 .6 -1 4 .9

14.5
(1 3 .0 -1 6 .0 )

14.3
(1 3 .1 -1 4 .9 )

I s o c l t r a te
Lyase

29.1
(2 7 .9 -3 0 .2 )

3 1 .4
(2 9 .1 -3 3 .0 )

34.1
(3 1 .2 -3 6 .1 )

32.9
(3 1 .4 -3 5 .0 )

34.1
(3 2 .0 -3 5 .2 )

34.0
(3 3 .7 -3 5 .6 )

34.8
(3 3 .8 -3 5 .3 )

33 .6
(3 2 .7 -3 5 .1 )

H alate
Synthase

93.3
(9 0 .1 -9 5 .7 )

95.0
(9 1 .7 -9 7 .3 )

98.0
(9 2 .3 -1 0 0 .1 )

99.2
(9 7 .2 -1 0 1 .1 )

OA 7
(9 7 .1 -1 0 1 .2 )

98.2 
(9 6 .7 -1 0 2 .J )

99 .0
(9 6 .1 -1 0 2 .7 )

99.3
(9 7 .8 -1 0 2 .7 )

G ly eo la te
Dehydrogenase

5 .3  
(4 .2 - 5 .9 )

21.4
(2 0 .1 -2 2 .7 )

27 .3  
( 1 5 .3 -2 9 .1 )

3 1 .8
(3 0 .1 -3 2 .7 )

32.7
(3 0 .1 -3 4 .7 )

33.0
(3 1 .8 -3 5 .7 )

33.5
(3 1 .9 -3 5 .7 )

3 3 .4
(3 1 .9 -3 5 .7 )

Hydroxypyruvate
Reductase

7.1 
( 6 .7 - 7 .9 )

16.8
(1 5 .2 -1 8 .1 )

34.9
(3 2 .1 -3 6 .1 )

35.5
(3 3 .2 -3 6 .8 )

37 .0
(3 5 .8 -3 8 .1 )

40. 2 
(3 9 .1 .4 2 .7 )

41 .0
(3 9 .8 .4 2 .7 )

41.7
(4 0 .7 .4 3 .5 )

H ala te
Dehydrogenase

9.7
(9 .0 -1 0 .2 )

10.3
(9 .1 -1 1 .0 )

9 .5
(9 .0 -9 .9 )

9 .4
(8 .7 -1 0 .1 ) ( 8 ? 3 - l l .7 )

10.0
(9 .1 -1 0 .9 )

9 .3
(8 .9 -1 0 .3 )

9 .9
(9 .0 -1 0 .5 )

Fumarase 1.3 
( 1 .0 -2 .0 )

1.7 
(1 .0 - 2 .7 )

1 .6
(1 .1 -2 .3 )

1 .5
(1 .1 -2 .3 )

1.8 
(1 .2 - 2 .7 )

1.9 
( I . 3 -2 .7 )

1.8 
(1 .2 -2 .9 )

1.8 
( I . 2 -2 .6 )

A conltasa 2.5 
(1 .9 - 3 .1 )

2 .9
( I . 8 -3 .7 )

2 .2
(1 .6 -3 .5 )

2 .8
(1 .7 - 3 .5 )

2 .7  
(1 .9 - 3 .4 )

2 .5  
(1 .8 - 3 .3 )

2 .9
( I . 7 -3 .9 ) ( l ! 9 - 3 .5 )

Cytochrome
Oxidase - - - - — — —

O '
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Figure 39. Glyaxysoraa.1 and peroxisomal marker enzyme activity in ndcrobody-containing fractions 
isolated from discontinuous sucrose gradients of dark-grown, greening and continuously light- 
grown aerated, acetate-supplemented Euglena gracilis strain Z. Data given by □  correspond to 
values measured with continuously light-grown cells," A H  values represent the mean of 6 deter­
minations. Catalase is, of course, present in both types of ndorobodies,.
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and 3 3 .6  In  m lc ro b o d y -co n ta ln in g  su c ro se  f r a c t io n s  o f  dark-grow n, 6 h r - ,

12 h r - ,  15 h r - ,  24 h r - ,  36 h r - ,  48 h r - ,  72 h r -g re e n in g , and c o n tin u o u s ly  

l ig h t-g ro w n  c e l l s ,  r e s p e c t iv e ly  (T ab le  11 and F ig .  39A). S p e c if ic  a c t i v ­

i t i e s  o f  9 3 .3 , 9 4 .5  9 5 .0 , 9 7 .3 , 9 8 .0 , 9 9 .2 , 9 8 .7 , 9 9 .0  and 99 .3  f o r  m a la te  

sy n th a se  w ere found in  m lc ro b o d y -co n ta ln in g  su c ro se  f r a c t i o n s  i s o la te d  

from  d isc o n tin u o u s  su c ro se  d e n s i ty  g r a d ie n ts  o f  dark-grow n, 6 h r - ,  12 h r - ,  

15 h r - ,  24 h r - ,  36 h r - ,  48 h r - ,  72 h r -g re e n in g , and c o n tin u o u s ly  l i g h t -  

grown c e l l s ,  r e s p e c t iv e ly  (Table 11 and F ig .  39A).

The a c t i v i t i e s  o f  i s o c l t r a t e  ly a s e  and m ala te  

sy n th a se  on a  p e r  c e l l  b a s i s  a p p ro x im ate ly  double by 24 h o u rs  o f g reen in g  

in  m ic ro b o d y -co n ta in in g  su c ro se  bands o f  a e ra te d ,  a c e ta te -su p p le m e n ted  

E uglena g r a c i l i s  s t r a i n  Z. Dark-grow n, 12 h r - ,  24 h r - ,  36 h r - ,  48 h r - ,

60 h r - ,  72 h r -g re e n in g , and c o n tin u o u s ly  lig h t-g ro w n  E uglena c o n ta in

3 .0  X 10"6, 2 .9  X 1 0 '6 , 5 .7  X 10” 6 ,  5 .9  X 1 0 '6 , 5 .7  X l ( f 6 , 6 .0  X 10“ 6,

5 .8  X 10 **, 5 .9  X 1 0 '6 nmoles o f  i s o c i t r a t e  ly a s e  p e r  c e l l  and 2 .0  X

1 0 '5 , 1 .9  X 10” 5 , 3 .7  X 10-5 , 3 .9  X 1 0 '5 , 3 .9  X 10“ 5 , 4 .1  X l o ' 5 ,  3 .9

X 10"^, and 3 .8  X 10” ^ nm oles o f  m a la te  sy n th ase  p e r  c e l l ,  r e s p e c t iv e ly .

When enzyme a ssa y s  w ere perform ed on m lcrobody- 

c o n ta ln in g  f r a c t i o n s  from  d isc o n tin u o u s  su c ro se  d e n s i ty  g r a d ie n ts  o f  

a e r a te d ,  a c e ta te -su p p le m e n te d  E uglena , i t  was found - in  agreem ent w ith  

d a ta  on c e l l - f r e e  f r a c t i o n s  - t h a t  even dark»»grown c e l l s  had low le v e ls  

o f  perox isom al m arker enzymes. A lthough s p e c i f ic  a c t i v i t i e s  o f c a ta la s e  

rem ain  f a i r l y  c o n s ta n t  f o r  m lc ro b o d y -co n ta ln in g  d isc o n tin u o u s  su c ro se  

g r a d ie n t  f r a c t i o n s  d e r iv e d  from a e r a te d ,  a c e ta te -su p p le m e n ted  c e l l s  grown 

u nder th e  th re e  l i g h t  reg im es , by 72 hours o f  i l lu m in a t io n ,  le v e ls  o f 

g ly e o la te  dehydrogenase and hydroxypyruvate  re d u c ta s e  w ere found to  in ­

c re a s e  a p p ro x im ate ly  6 - f o ld .
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P h o to m e tric  a ssa y s  f o r  g ly e o la te  dehydrogenase 

r e v e a l  s p e c i f ic  a c t i v i t i e s  o f  5 .3 ,  9 .5 , 2 1 .4 , 2 3 .6 , 2 7 .3 , 3 1 .8 , 3 2 .7 ,

3 3 .5 , and 3 3 .4  In  m lc ro b o d y -co n ta ln in g  bands from  d isc o n tin u o u s  su c ro se  

g r a d ie n ts  o f  dark-grow n, 6 h r - ,  12 h r - ,  15 h r - ,  24 h r - ,  36 h r - ,  48 h r - ,

72 h r -g re e n ln g , and c o n tin u o u s ly  l ig h t-g ro w n , a e ra te d  a c e ta te -su p p le m e n ted  

c e l l s ,  r e s p e c t iv e ly  (T ab le  11 and F ig . 39B ) .  S p e c if ic  a c t i v i t i e s  o f  7 .1 ,  

9 .6 , 1 6 .8 , 2 6 .8 , 3 4 .9 , 3 5 .5 , 3 7 .0 , 4 1 .0 , and 41 .7  were o b ta in e d  fo r  

hydroxypyruvate  re d u c ta s e  in  m icrobody bands I s o la te d  from d isc o n tin u o u s  

su c ro se  g r a d ie n ts  o f dark-grow n, 6 h r - ,  12 h r - ,  15 h r - ,  24 h r - ,  36 h r - ,

48 h r - ,  72 h r -g re e n in g , and c o n tin u o u s ly  l i g h t  grown , a e r a te d ,  a c e ta te -  

supplem ented c e l l s ,  r e s p e c t iv e ly  (Table 11 and F ig .  39 B ).

When d a ta  a re  ex p re sse d  on a p e r  c e l l  b a s i s ,  th e  

a c t i v i t i e s  o f  th e s e  two perox isom al m arker enzymes in  m lc ro b o d y -co n ta ln in g  

bands from  d isc o n tin u o u s  su c ro se  g ra d ie n ts  in c re a s e  ap p ro x im ate ly  12 -fo ld  

by 72 h o u rs  o f  g re e n in g . D ark-grown, 12 h r - ,  24 h r - ,  36 h r - ,  48 h r - ,  60 

h r - ,  72 h r -g re e n in g , and c o n tin u o u s ly  lig h t-g ro w n  Euglena c o n ta in  0 .5  x
7 7  7

10" , 1 .0  X  10" , 4 .4  X  10" , 5 .3  x 10" 7, 6 .0  x  10" 7, 6 .9  x 10" 7, 7 .2  x

10“7 , 7 .3  x 10”7 moles o f  g ly e o la te  dehydrogenase p e r  c e l l  and 0 .7  x 10"^ ,

1 .4  x 10" 6, 4 .9  x  1 0 "6, 6 .0  x  lo" * 6 .7  x 10" 6, 7 .8  x 10- 6 , 8 .0  x  10"6 ,

8 .1  x 1 0 "6 m oles o f  hydroxypyruvate  re d u c ta s e  p e r  c e l l ,  r e s p e c t iv e ly .

The degree  o f  c o n ta m in a tio n  o f th e  m icrobody- 

c o n ta in in g  band by a c o n ita s e  and fum arase were below l im i t s  o f  e x p e r i­

m enta l d e te c t io n .  S p e c if ic  a c t i v i t i e s  o f  0 .8 7 , 0 .7 5 , 0 .8 8 , 0 .9 4 , 0 .7 3 , 

0 .7 6 , 0 .7 7 , 0 .9 3 , and 0 .9 3  were o b ta in e d  f o r  m a la te  dehydrogenase in  th e  

m ic ro b o d y -co n ta in in g  bands from d isc o n tin u o u s  su c ro se  g r a d ie n ts  o f  d a rk - 

grown, 6 h r - ,  12 h r - ,  15 h r - ,  24 h r - ,  36 h r - ,  48 h r - ,  and 72 h r -g re e n in g , 

and c o n tin u o u s ly  l ig h t-g ro w n , a e ra te d ,  a c e ta te -su p p le m e n ted  c e l l s ,  re sp e c ­
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t i v e l y .  Cytochrome o x id ase  co u ld  n o t be  d e te c te d  p h o to m e tr ic a l ly  in  any 

o f th e  a fo rem en tioned  m lc ro b o d y -c o n ta ln in g 'b a n d s . C h lo ro p la s t contam in­

a t io n  In  th e  m lc ro b o d y -co n ta ln in g  bands from  d isc o n tin u o u s  su c ro a e  d e n s ity  

g ra d ie n ts  was n o t a p p a re n t by v i s u a l  in s p e c t io n  o r  by th e  p h o to m e tric  

method o f  MacKinney (1941).

2 . C e lls  A era ted  W ith A ir  D ep le ted  o f CO2

A d d itio n a l  a l iq u o ts  o f  dark-grow n, g re e n in g  and 

c o n tin u o u s ly  lig h t-g ro w n  a c e ta te -su p p le m e n te d  E uglena were c o n c u rre n tly  

grown in  th e  p resence  o f  a i r  from which carbon  d io x id e  had been removed. 

D iscon tinuous su c ro se  d e n s i ty  g ra d ie n ts  were p rep a re d  and enzyme assa y s  

perform ed f o r  c a ta la s e ,  i s o c i t r a t e  ly a s e ,  m a la te  sy n th a se , g ly e o la te  

dehydrogenase and hydroxypyruvate  re d u c ta s e  on m ic ro b o d y -co n ta in in g  

f r a c t io n s  found a t  the  i n te r f a c e  betw een th e  2 .0  and 1.75 M su c ro se  

bands.

In agreem ent w ith  the  n e g a tiv e  r e s u l t s  o b ta in e d  

upon DAB in c u b a tio n , c a ta la s e  co u ld  n o t be d e te c te d  in  th e se  f r a c t i o n s  

by e i t h e r  th e  m ethod o f Luck (1965) o r th e  m ethod o f  Baudhuin e t  a l .

(1965). When carbon  d io x id e -d e p r iv e d  c e l l s  w ere r e a e r a te d  f o r  24 h o u rs , 

in  a i r  c o n ta in in g  C0^, c a ta la s e  l e v e l s  were p a r t i a l l y  r e s to r e d ,  i . e .  to  

9 .3 , 9 .7 , 1 0 .9 , and 13.8 u n i t s  o f  c a ta la se /m g  p r o te in  in  m lcrobody -con ta in - 

ing  su c ro se  bands from dark-grow n, 12 h r - , 24 h r - ,  and 72 h r-g re e n in g  

c e l l s ,  r e s p e c t iv e ly .  These v a lu e s ,  i t  should  b e  n o te d , a re  o n ly  s l i g h t l y  

low er than  th o se  found in  m icrobody f r a c t io n s  from  E uglena c o n tin u o u s ly  

grown in  th e  p rese n c e  o f ca rb o n  d io x id e  (T able  11 and F ig . 40B ) .  As 

found w ith  c e l l - f r e e  f r a c t i o n s ,  t h i s  r e s t o r a t io n  o f  c a ta la s e  a c t i v i t y  to  

d e te c ta b le  l e v e l s  i s  r a th e r  r a p id ;  t r a c e s  o f  t h i s  enzyme w are re v e a le d  by
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th e  method o f  Luck (1963) and by th e  method o f  Baudhuin e t  a l .  (1965) by  

2 hours o f  r e a e r a t lo n  in  a i r  c o n ta in in g  carbon  d io x id e , In  the  c a se s  o f  

c e l l s  grown under a l l  th re e  l i g h t  reg im es . C a ta la s e  cou ld  n o t be d e te c te d  

e i t h e r  by th e  m ethod o f Luck (1 9 6 3 )nor by th e  m ethod o f  Baudhuin e t  a l .  

(1965) i f  ca rbon  d io x id e -d e p riv e d  c e l l s  were r e a e r a te d  w ith  a i r  c o n ta in in g  

COg fo r  l e s s  th an  2 h o u rs .

Carbon d io x id e  d e p r iv a tio n  had no e f f e c t  upon l e v e l s  

o f  i s o c l t r a t e  ly a s e ,  m a la te  s y n th a s e , g ly e o la te  dehydrogenase o r  hydroxy­

p y ru v a te  r e d u c ta s e  in  m lc ro b o d y -co n ta ln in g  f r a c t i o n s  from d isc o n tin u o u s  

su c ro se  d e n s i ty  g r a d ie n ts  f o r  dark-grow n, g re e n in g , o r c o n tin u o u s ly  

lig h t-g ro w n  c e l l s  (Table 12 )• V alues fo r  the  a c t i v i t i e s  o f  th e se  en­

zymes a re  s im i la r  (w ith in  10 %) to  those  re p o r te d  in  T able  11 f o r  m icro - 

b o d y -c o n ta in in g  f r a c t io n s  from d isc o n tin u o u s  su c ro se  g ra d ie n ts  o f c e l l s  

c o n tin u o u s ly  a e ra te d  in  a i r  c o n ta in in g  CO^.

E . N u c le ic  A cid D e te rm ina tions  on M icrobody-C ontaining F ra c t io n s  

D erived From D isco n tin u o u s Sucrose D e n s ity  G ra d ie n ts .

M icrobody -con ta in ing  f r a c t i o n s  from d isc o n tin u o u s  

su c ro se  d e n s i ty  g ra d ie n ts  ( in t e r f a c e  betw een 2 .0  and 1 .75 M sucro se  

b an d s)  o f  dark-grow n, g re e n in g , and continuous ly  lig h t-g ro w n  a e ra te d ,  

a c e ta te -su p p le m e n te d  Euglena g r a c i l i s  s t r a i n  Z were assayed  f o r  the  

p resen ce r o f  DNA and RNA.

In th e  ca se  o f  DNA, m icrobody hom ogenates o f d a rk - 

grown, 12 h r - ,  24 h r - ,  48 h r - ,  72 h r -g re e n in g , and c o n tin u o u s ly  l i g h t -  

grown a e ra te d ,  a c e ta te -su p p le m e n ted  Euglena were found to  c o n ta in  1 .0  • 

0 .2 ,  1 .2  - 0 .2 ,  1 .3  - 0 .3 ,  1 .3  -  0 .4 ,  1 .3  -  0 .3 , 1 .3  - 0 .4 /a g  o f  D!tt/mg 

p r o te in .  DNA co u ld  n o t be  d e te c te d  in  a l iq u o ts  o f  th e  afo rem entioned
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T able  12* Enzyme A c t iv i ty  In  F ra c t io n s  I s o la te d  From D iscon tinuous 

S ucrose  D en sity  G ra d ie n ts  o f  Dark-Grown, G reening and C on tin u o u sly  

L ight-G row n CC^-D eprived, A cetate-S upp lem en ted  E uglena G r a c i l i s  

S t r a in  Z.

A ll  enzyme a c t i v i t i e s  a re  g iv e n  in  term s o f s p e c i f ic  a c t i v i t y ,  
e x c ep t c a ta la s e  w hich i s  re p o r te d  in  Luck U nlts/m g p r o te in .
A ll  v a lu e s  a re  the  mean of th re e  s e p a r a te  d e te rm in a tio n s .

ENZYME ACT [VITY AS A FUNC2TI0N OF GREENING

Band Enzyme Dark 24 h r 72 h r C ontinuous
L ig h t

M
ic

ro
bo

dy

C a ta la se - -

I s o c i t r a t e
Lyase

29 .4 33.8 3 3 .9 34 .8

M alate
Synthase

92.9 97 .8 98.9 9 9 .0

G ly e o la te
Dehydrogenase

5 .4 27 .8 3 4 .0 3 3 .9

H ydroxypyruvate
R eductase

7 .4 35 .2 40 .6 4 0 .9

M
it

oc
ho

nd
ri

a

M alate
Dehydrogenase

10.1 '9.9 9 .6 10.3

Fumarase 1.1 1 .7 1 .5 1 .8

A co n ita se 2 .3 2 .4 2 .3 2 .5

Cytochrome
O xidase
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sam ples when th ey  were p r e - t r e a te d  f o r  30 m inu tes a t  37° C w ith  DNase.

In th e  c a se  o f RNA, m icrobody hom ogenates o f d a rk - 

grown, 12 h r - ,  24 h r - ,  48 h r - ,  72 h r -g re e n in g , and c o n tin u o u s ly  l i g h t -  

grown a e ra te d ,  a c e ta te -su p p le m e n te d  Euglena g r a c i l i s  s t r a i n  Z were found 

to  c o n ta in  14 .8  t  0 .9 ,  15 .7  t  0 .9 ,  14 .9  ± 1 .0 , 14 .7  ± 1 .0 , 15 .7  t  1 .0 ,

15 .3  *  1 .0  ^ig RNA/mg p r o te in .  RNA co u ld  n o t be d e te c te d  in  a l iq u o ts  o f  

th e  above-m entioned sam ples when th ey  w ere p r e - t r e a te d  f o r  30 m inu tes 

a t  37° C w ith  RNase.

The s ig n i f ic a n c e  o f  th e se  r e s u l t s  a re  c o n s id e red  

in  th e  D isc u ss io n , page 217 .

F . Enzyme A ssays on F ra c tio n s  From Continous S ucrose  D ensity  

G ra d ie n ts

A liq u o ts  o f lo g -p h a se , a e ra te d ,  a c e ta te - s u p p le ­

mented dark-grow n Euglena were m ec h a n ic a lly  d is ru p te d  in  sand and la y e re d  

on co n tin u o u s su c ro se  d e n s ity  g r a d ie n ts .  Enzyme a ssa y s  on con tinuous 

s u c ro se  d e n s i ty  g ra d ie n ts  w ere o f  n e c e s s i ty ,  l im ite d  to  dark-grow n c e l l s -

s in c e  w ith  g re e n in g , co n ta m in a tio n  by c h lo r o p la s t  m a te r ia l  (which le a d s
18to  e r r o r s  in  enzym atic  d e te rm in a tio n s  ) was n o ted  in  th e  m ito c h o n d ria l 

and m icrobody b an d s . The g r e a t e s t  a c t i v i t y  o f  th e  m icrobody m arker en ­

zymes ( c a t a l a s e ,  i s o c i t r a t e  ly a s e ,  m a la te  sy n th a se , g ly e o la te  dehydrogen­

a se  and hydroxypyruvate  r e d u c ta s e )  was found in  th e  bands a t  buoyant
O

d e n s i t i e s  o f 1 .18  - 1 .22 gm /cm ; m inor peaks o f  each enzyme were a ls o  

n o ted  in  th e  bands a t  1 .16  - 1 .18  gm/cm^ buoyant d e n s i ty  ranges (F ig . 40 

and Table 13);m ic ro b o d ie s  and m ito c h o n d ria , r e s p e c t iv e ly ,  a re  the  main 

o rg an A lles  found a t  th e se  d e n s i ty  ra n g e s .
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Table 13. Enzyme Distribution of Dark-Grown, Aerated, Aoetate- 
Supplemented Euglena Graeilis strain Z Isolated On A Contin­
uous Sucrose Density Gradient.
AIT enzyme activities are expressed in specific activity 
(up moles/ndn/mg protein), except catalase which is reported 
in Luck units.

ENZYME
MAXIMUM ACTIVITY

Buoyant Density ( g/om? )
1.16-1.19 1.19-1.21

Catalase 2.1 5.5

Iso c itra te  lyase 8.2 20.1

Malate Synthase 75.1 88.1

Glyeolate Dehydrogenase 3.2 4.2

Hydroxypyruvate
Reductase

0.7 4 .5
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During ex p erim en ts  u t i l i z i n g  c a ta la s e -m e d ia te d  

DAB p o ly m e riz a tio n  to  lo c a l iz e  m ic robod iea  in  E uglena g r a c i l i s  s t r a i n  Z, 

a n o th e r  D A B -reactive enzyme was n o ted  by e le c tr o n  m icroscopy in  some m ito ­

c h o n d ria  o f  20 -  72 hour g ree n in g  c e l l s .  Experim ents were th en  perform ed 

i n  an a ttem p t to  l e a r n  more abou t t h i s  m ito c h o n d r ia l enzyme from the  

p o in ts  o f  view  o f  i t s  n a tu re  and f a c to r s  c o n t r o l l in g  i t s  developm ent.

A. F ine S tru c tu re  S tu d ie s

D ark-grow n, a e ra te d ,  a c e ta te  (o r  g lu c o s e ) -s u p p le -  

m ented Euglena g r a c i l i s  s t r a i n  Z exposed to  l i g h t  f o r  20 -  24 hours and 

cy to c h e m ic a lly  t r e a te d  w ith  DAB a t  pH 9 .0 ,  37° C , n o t o n ly  e x h ib i t  c a t -  

a la8 e -m ed ia ted  DAB p o ly m e riz a tio n  in  m ic ro b o d iea , b u t  a d d i t io n a l ly ,  demon­

s t r a t e  f a i n t  DAB r e a c t i v i t y  in  some s e c t io n s  o f  m ito ch o n d ria  ( F ig .41 ) ;  

t h i s  m ito c h o n d ria l r e a c t i v i t y  can  n o t be observed  in  c e l l s  which have 

undergone g re e n in g  f o r  a s h o r te r  p e r io d  o f  tim e . At th is  s ta g e  o f  g reen ­

in g  ( 20 - 24 h o u rs )  th e  c h lo r o p la s t  i s  n o t  f u l l y  developed  ( i . e .  has 

o n ly  7 - 8  la m e lla e  compared to  i t s  f u l l  complement o f 13-14 lam e lla e  

w hich appear by  72 hours o f g r e e n in g ) ,  b u t  i s  p h o to s y n th e t lc a l ly  compe­

t e n t  (S c h if f ,  1963; Brody e t  a l . , 1965). M ito ch o n d ria l DAB r e a c t i v i t y  

re a c h e s  a maximum i n te n s i t y  a t  <8 48 hou rs  o f  g ree n in g  (F ig . 4 2 ) ;  n o te  

from  th i s  f ig u r e  t h a t  th e  a c t i v i t y  o f  th e  m ito c h o n d ria l enzyme i s  un­

a f f e c te d  by in c u b a tio n  in  th e  p re se n c e  o f  a m ln o tr la z o le . In  c o n t r a s t ,  

c a ta la s e -m e d ia te d  DAB p o ly m e r isa tio n  in h ib i te d  by a m ln o tr la z o le , as  

may be seen  from  th e  m icrobody in  t h i s  same f ig u r e .  In cu b a tio n  in  DAB 

r e a c t io n  m ix tu re  c o n ta in in g  KCN i n h ib i t s  the  p o ly m e riz a tio n  o f  DAB in  

b o th  o r g a n e l le s .  There i s  a  g ra d u a l d im inu tion  in  th e  m ito c h o n d ria l DAB
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F ig u re  4 1 . E.M. o f  DAB/lUC^ in c u b a te d  (pH 9.0* 37 °C ) aera ted *  a c e ta te -  
supplem ented E uglena g r a c i l i s  s t r a i n  Z a f t e r  24 h o u rs  o f  
g reen ing*  showing an e le c tro n -d e n s e  m icrobody (Mb) and s e v e r ­
a l  m ito ch o n d ria  (M). Arrow p o in ts  to  DAB r e a c t io n  p ro d u c t in  
th e  m a tr ix  o f  a  m ito ch o n d rio n . x 70*000.

F ig u re  42 . E.M, o f  DAB/H2 O2  in c u b a te d  (pH 9.0* 37 C ) in  a m ln o tr laz o le *  
ae ra te d *  a c e ta te -su p p le m e n te d  Euglena g r a c i l i s  s t r a i n  Z a f t e r  
48 hou rs  o f  g reen ing*  showing m ito ch o n d ria  (M), an e le c t r o n -  
lu c e n t  m icrobody (Mb)* a  p o r t io n  o f  a  c h lo r o p la s t  (C)* and 
th e  c e l l  p e l l i c l e  ( p e l ) .  Arrows in d ic a te  DAB r e a c t io n  p rod­
u c t  in  m a tr ic e s  o f  s e v e r a l  m ito c h o n d ria . x  50*000.
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aCain d u rin g  Che InC erva l from 4 8 - 7 2  hours o f  g re e n in g ; by 96 h o u rs  o f 

g reen in g  a lm ost none o f  Che m iC ochondria e x h ib i t  DAB p o ly m e rix a tio n .

S ince Che locaC ion  o f Che a c c iv ic y  o f Che un­

known enzyme In  Che m iC ochondria appeared  d i f f u s e  , an atCempC was 

made Co a c h ie v e  more s p e c i f i c  lo c a l iz a C io n . ConcencraCions o f  hydrogen 

p e ro x id e  and DAB were reduced  Co 50 % o f  C helr aCandard amounts i n  Che 

reacC ion  m ix tu re . However, Che elecC ron-opaque appearance o f  Che miCo- 

c h o n d r ia l  m a tr ic e s  was unchanged in  boCh 24 and 48 hour g re e n in g  c e l l s .  

The same r e s u l t  was ob ta in ed , even when th e  DAB r e a c t io n  m ix tu re  c o n ta in e d  

no added ^ 0 2 * and o n ly  h a l f  Che s ta n d a rd  amount o f  DAB.

I t  shou ld  be n o te d  a t  t h i s  p o in t ,  Chat th e  m ito ­

c h o n d ria l  DAB r e a c t i v i t y  r e p o r te d  h e re  d i f f e r s  from  cytochrom e o x id a se -  

m ed ia ted  DAB r e a c t i v i t y .  F i r s t l y ,  o p tim al c o n d it io n s  fo r  cytochrom e o x i­

dase a c t i v i t y  a re  a£ pH 7 .0 ,  25° C (N ovikoff and G o ld f is c h e r , 1969; Ger- 

h a rd t  and B erg er, 1971); th e  m ito c h o n d ria l enzyme in  the  p r e s e n t  work 

i s  a b s e n t a t  t h i s  pH and tem p era tu re  - ap p e a rin g  in s te a d  a t  pH 9 .0 ,  37° C 

(se e  T ab le  1 4 ). S e c o n d a r ily , th e  p o ly m e riz a tio n  o f  DAB by  cytochrom e ox­

id a s e  m a n ife s ts  i t s e l f  on th e  o u te r  s u r f a c e  o f  th e  in n e r  (o r  c r i s t a e )  

membranes (G erhard t and B erg e r, 1971); th e  m ito c h o n d ria l enzyme in  th e  

p r e s e n t  work was n ever n o te d  a t  t h i s  l o c a t io n ,  b u t  alw ays appeared  in  

th e  m a tr ix .  T hat th e  p a r t i c u l a r  e x p e rim e n ta l tec h n iq u es  employed were 

n o t  th e  rea so n s  f o r  my f a i l u r e  to  d em o n stra te  ( "no rm al" ) cytochrom e 

o x id ase  i s  shown by th e  p re se n c e  o f  t h i s  enzyme in  c o -p ro c e sse d  R ic inua  

l e a f  and endosperm c e l l s .  In  F ig* 43 may be  seen  a  s e c t io n  o f  R ic in u s  

l e a f  m esophyll c e l l  in c u b a te d  in  th e  DAB r e a c t io n  m ix tu re  a t  pH 7 .0  and 

25° C; n o te  th a t  DAB d e p o s it io n  i s  n o t se en  in  th e  m lcrobody, b u t appears 

on th e  m ito c h o n d ria l c r i s t a e  membranes (compare w ith  F ig s .  27 and 29
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TABLE 1 4 . Relative In ten s itie s  •  of MB Stain in  Kierobodies (Mb) and 
Mitochondria (M) of Groaning Eaglena Cells As Functions of 
Conditions of Znoabatlon and Time of Addition of DO®.

Time of addition 
of DCKU

pH 9 .0 , 37 °C pH 7.0 , 25 °C

hours
in

lig h t

DAB ! AT . CN ’ DAB AT CN

M Kb i  M 11 ' K Kb ! M Kb M I n M Mb

Not added 

Control

18 - + 1 "
1
1

24 + +  I  +
i

40 ++ + i! + I

48 ++4 + 1 + - -

72 - «■ 1 -
ii -

i )  Zero Time

18 - i\
+ i -

24 + 9 -

40 + '

48 .+  i

72 , i - i

11) After
18 Hours of 
Greening

24 - +  i - _ !

40 - +  f • • • .

48 - +
72

40

- + 1 -
jj

i l l )  After
24 Hours of 
Greening

• + .  II - _ P

48 e» + - 1 -
72 - + II

i v )  After
40 Hours of 
Greening

48 - +

72 - + - t - - 1 - -

* I t  i s  not intended to  compare the re la tiv e  in ten s itie s  of 
MB s ta in  in  mitochondria and micro bodies. In ten sitie s  are 
re la tiv e  only w ithin the mitochondrial categoryi the + or -  
in  the ease of miorobodles re fe rs  only to  presence or absence.
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F ig u re  4 3 .  E.M. o f  DAB In cu b a ted  (pH 7 .0 ,  25 °C ) R lc in u s  communis l e a f  
mesophy1 1  c e l l s  showing m itochond rion  (M) w ith  e le c tr o n -  
dense  d e p o s it io n  on in n e r  ( c r i s t a e )  membranes. The arrow  
in d ic a te s  a  c r y s t a l l i n e  in c lu s io n  in s id e  th e  m icrobody (Mb). 
N ote t h a t  th e  m icrobody m a tr ix  i s  r a t h e r  e le c t r o n - lu c e n t  
u nder th e se  c o n d it io n s  o f  DAB in c u b a tio n . x  100 ,000 .
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which w ere n o t DAB in cuba ted  a t  pH 7 .0 ,  25° C ) . I t  i s  o f  i n t e r e s t  to  

n o te  t h a t  n e i th e r  w ith  R ic in u s  endosperm qpr l e a f  m esophyll c e l l s  d id  I  

ever o b se rv e  m ito c h o n d ria l enzyme a c t i v i t y  a t  pH 9 .0  and 37° C.

When dark-grow n c e l l s  (grown e i t h e r  in  th e  p re se n c e  

o r  absence  o f  C0^) a re  a llow ed to  g reen  in  th e  absence o f  COj, DAB r e a c ­

t i v i t y  i s  n o t v is u a l iz e d  in  th e  m ito c h o n d ria . I f ,  however, c e l l s  w hich  

have grown in  the  dark  in  th e  absence  o f  carbon  d io x id e , a re  p la c e d  in  

th e  l i g h t  and a e ra te d  (w ith  a i r  c o n ta in in g  CO2 ) ,  th e  DAB m ito c h o n d r ia l  

a c t i v i t y  J o  observed  by  22 - 24 h o u rs  o f  g re e n in g . C e l ls  grown in  th e  

dark  i n  th e  absence o f  CO2  and allow ed  to  g ree n  f o r  24 o r  48 hou rs i n  th e  

absence o f  CO^, a ls o  d is p la y  in te n s e  m ito c h o n d ria l DAB r e a c t i v i t y  b y  2 

a d d i t io n a l  h o u rs  o f  g reen in g  in  th e  p resen ce  o f  a i r  c o n ta in in g  COj.

In  th e  p re se n c e  o f  C0^, DAB d e p o s it io n  a t  pH 

9 .0  and 37° C i s  a p p a re n t in  b o th  m ito ch o n d ria  and m icrobod les  o f  E u g len a ; 

in  the  absence o f  t h i s  gas th e  s t a i n  f a l l s  to  m a n ife s t  i t s e l f  in  e i t h e r  

o r g a n e l l e . .

A liq u o ts  o f  a e ra te d ,  a c e ta te -su p p le m e n te d  d a rk - 

grown and c o n tin u o u s ly  lig h t-g ro w n  E uglena w ere c u l t iv a t e d  in  th e  p re se n c e  

o f  the  (sy stem  I I )  p h o to sy n th e s is  I n h ib i to r  DC MU. As S c h l f f  e t  a l .  (1967) 

have shown, c h lo r o p la s t  developm ent i s  o th e rw ise  norm al in  th e  p re se n c e  

o f  DCMU. From T able  14 ( p a r t  1 a t  pH 9 .0 ,  37° C) i t  may b e  seen  t h a t  

DCMU tre a tm e n t a t  ze ro  tim e ( i . e . ,  b e fo re  th e  c e l l s  a re  p la c e d  in  th e  

l i g h t )  p re v e n ts  DAB d e p o s it io n  from  o c c u rr in g  in  m ito c h o n d r ia l m a tr ic e s .  

C a ta la se -m e d la te d  DAB r e a c t i v i t y  in  m icrobod ies  i s  unchanged in  th e  p r e s ­

ence o f  DCMU (T able 1 4 ) .

A lthough DAB r e a c t i v i t y  i s  no rm ally  a p p a re n t 

i n  the  m ito ch o n d ria  o f  c o n tr o l  c e l l s  which have been  allow ed to  g re e n  fo r
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24 hours (se e  C o n tro l In  Table 1 4 ) ,  no DAB r e a c t i v i t y  ap p ears  i f  DCMU i s  

added a t  18 h o u rs  o f  g re e n in g , even i f  c e l l s  a r e  th en  allow ed to  g reen  

f o r  p e r io d s  up to  72 h o u rs  (se e  T able  14 p a r t  i l ) .  DCMU was a ls o  added 

to  24 hour g re e n in g  c e l l s  (T able  14 p a r t  i l l )  o r  40 hour g ree n in g  c e l l s  

(T able  1 4 , p a r t  l v )  - th e  m ito ch o n d ria  o f  such c e l l s  e x h ib i t  in te n s e  DAB 

r e a c t i v i t y .  I f ,  a f t e r  two hours o f  tre a tm e n t w ith  DCMU, th e se  c e l l s  a re  

in c u b a te d  w ith  DAB and f ix e d ,  p o ly m e riz a tio n  i s  no lo n g e r a p p a re n t in  

th e  m ito c h o n d r ia l  m a tr ic e s .

As d e s c r ib e d  in  th e  In tr o d u c tio n , page 6  ,

changes in  type  and com position  o f  f a t t y  a c id s  occur w ith  g ree n in g  in  

E ug lena ; dark-grow n c e l l s  c o n ta in  la rg e  amounts o f  p o ly an o lc  a c id s  ( e . g . ,  

a ra c h id o n ic  a c id ) ,  lig h t-g ro w n  c e l l s  c o n ta in  h ig h  c o n c e n tra t io n s  o f  

l ln o le n ic  a c id  and sm a lle r  amounts o f  p o ly en o lc  a c id s .  T h e re fo re , i t  

seemed i n t e r e s t i n g  to  in v e s t ig a te  t h e  p o s s i b i l i t y  t h a t  t h i s  u n id e n t i f ie d  

m ito c h o n d ria l D A B -reac tlv i enzyme was in vo lved  in  th e  change-over in  

f a t t y  a c id  m etabo lism . To t h i s  en d , dark-grow n c e l l s  which had p re v io u s ly

been  grown in  a c e ta te  w ere a llow ed  to  g reen  in  m edia supplem ented n o t
-4

w ith  a c e t a te ,  b u t  w ith  f i n a l  c o n c e n tra t io n s  o f  1 x  10 M l ln o l e n i c  a c id

o r  a ra c h id o n ic  a c id  as  s o le  carbon  and energy  so u rc e s . The c e l l s  were th en

h a rv e s te d  a t  12, 2 4 , 48 , 60, 72, 96, 108, 120 and 132 hou rs  o f  g ree n in g ,
o

and t r e a te d  w ith  th e  DAB in c u b a tio n  m ix tu re , pH 9 .0 , 37 C. In  that case  

o f  l ln o le n ic  ac id -su p p lem en ted  c e l l s ,  th e  DAB r e a c t io n  p ro d u c t appeared 

in  some s e c t io n s  o f  m ito ch o n d ria  o f  c e l l s  allow ed  to  g reen  f o r  24, 48,

60, 72, 96, 108 and 120 h o u r s '( F ig .  44 ) ;  th e  s t a i n  was n o t a p p a re n t 

p r io r  to  24 h o u rs  o f  g reen ing  n o r  a t  132 h o u rs  o f  g re e n in g . C u ltu re  grown 

in  the  p resen ce  o f  a ra c h id o n ic  a c id  dem onstra ted  DAB r e a c t i v i t y  in  m ito ­

c h o n d ria  o f  24, 4 8 , 60, 72 , 96 and 108 hour g reen in g  c e l l s  (F ig . 45 ) ;
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F ig u re  44 . E.M. o f  DAB/H2 O2  in c u b a te d  (pH 9 .0 ,  37 °C ) a e ra te d ,  l l n o ­
l e n ic  ac id -su p p lem en ted  Euglena g r a c i l i s  s t r a i n  Z a f t e r  120 
h o u rs  o f  g re e n in g . N ote  th e  d e p o s it io n  o f  DAB r e a c t io n  p rod­
u c t  in  b o th  th e  m icrobody (Mb) and some a re a s  o f  m ito c h o n d ria  
( a r ro w s ) . x  7 0 ,0 0 0 .

F ig u re  45. E.M. o f  DAB/^O* in c u b a te d  (pH 9 .0 , 37 °C) a e ra te d ,  a r a c h i ­
d on ic  a c id -su p p lem en ted  Euglena g r a c i l i s  s t r a i n  Z a f t e r  108 
h o u rs  o f  g re e n in g . N ote  th e  d e p o s it io n  o f  DAB r e a c t io n  p rod­
u c t  in  th e  m a tr ix  o f  a  m itochondrion  (a r ro w ) . x 70 ,0 0 0 .

\
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th e  s t a i n  I s  n o t  a p p a re n t p r i o r  to  24  hours o f  g re e n in g  o r  a t  120 o r  132 

h o u rs  o f  g re e n in g . T h e re fo re , grow th in  e i t h e r  l ln o l e n i c  a c id  o r a r a c h i ­

d o n ic  ac id -su p p lem en ted  m edia p ro longed  th e  r e a c t i v i t y  o f  th e  m ito c h o n d r ia l 

enzyme.

B. Enzyme A ssays o f  C e ll-F re e  F ra c t io n s

C e l l - f r e e  f r a c t i o n s  o f  dark -g row n , g re e n in g , 

and c o n tin u o u s ly  lig h t-g ro w n  a e r a te d ,  a c e ta te -su p p le m e n te d  Euglena 

g r a c i l i s  s t r a i n  Z were assayed  f o r  th e  m ito c h o n d r ia l m arker enzymes 

m a la te  dehydrogenase , fum arase , a c o n ita s e  and cytochrom e o x id a se .

S p e c if ic  a c l t i v i t l e s  o f  th e  f i r s t  th re e  enzymes w ere found to  rem ain  r e l ­

a t i v e ly  c o n s ta n t  w ith  g ree n in g  in  such  c e l l - f r e e  f r a c t i o n s ;  cytochrom e 

o x id a s e , however, tiould  n o t  be d e te c te d  (T ab le  9 ) .

S p e c if ic  a c t i v i t i e s  o f  m a la te  dehydrogenase , 

fum arase and a c o n ita s e  in  c e l l - f r e e  f r a c t i o n s  o f  c e l l s  grown under th e  

th r e e  l i g h t  reg im es , in  a i r  d e p le te d  o f  CO2 , were s im i la r  to  c e l l s  grown 

in  th e  p re se n c e  o f  CO2  (T ab le  1 0 ;compare w ith  Table 9 ) ;  a g a in ,  c y to ­

chrome o x id ase  co u ld  n o t  be  d e te c te d  p h o to m e tr ic a l ly .

C. Enzyme A ssays on F ra c t io n s  From D isco n tin u o u s  S u c ro se  D en sity  

G ra d ie n ts

S p e c if ic  a c t i v i t i e s  o f  th e  m ito c h o n d r ia l m arker 

enzym es, m a la te  dehydrogenase , fum arase and a c o n ita s e  w ere found to  r e ­

m ain r e l a t i v e l y  c o n s ta n t  w ith  g ree n in g  in  th e  m ito c h o n d r la -c o n ta in ln g  

d isc o n tin u o u s  su c ro se  g r a d ie n t  f r a c t io n s  (T ab le  1 1 ) .  Note t h a t  th e  a c t i v ­

i t i e s  o f  th e s e  enzymes a r e  ap p ro x im ate ly  an  o rd e r  o f  m agnitude g r e a te r  

i n  t h i s  band th an  th ey  a re  in  th e  m ic ro b o d y -co n ta in in g  b an d s . Cytochrome
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o x id ase  cou ld  n o t  be d e te c te d  by th e  method o f  T obbert e t  a l .  (1968)

In  th e  m lto c h o n d r ia -c o n ta in ln g  su c ro se  bands ( T ab le  11 ) .

A d d itio n a l a l iq u o ts  o f  dark-grow n, g re e n in g , 

and c o n tin u o u s ly  lig h t-g ro w n  a c e ta te -su p p le m e n te d  c e l l s  were c o n c u rre n tly  

grown in  th e  p re se n c e  o f  a i r  from  which carbon  d io x id e  had been rem oved. 

D iscon tinuous su c ro se  d e n s i ty  g ra d ie n ts  were p rep a re d  and assay ed  f o r  

m ala te  dehydrogenase , fum arase , a c o n ita s e  and cytochrom e o x id a se . From 

Table 12 i t  may be seen th a t  carbon  d io x id e -d e p r iv a t io n  had no e f f e c t  

upon th e  l e v e ls  o f  m a la te  dehydrogenase , fum arase o r  a c o n ita s e ,  i . e . ,  

a ssa y s  w ere s im i la r  to  th o se  p re s e n te d  in  Table 11 f o r  c e l l s  grown in  

the  p re se n c e  o f  a i r  c o n ta in in g  CO^. Cytochrome o x id ase  cou ld  n o t  be 

d e te c te d  In  m lto c h o n d r ia -c o n ta in ln g  bands o f  such c e l l s  grown under th e  

th re e  l i g h t  reg im es .

D. Enzyme A ssays on F r a c t io n s  From C ontinuous Sucrose D e n sity  

G ra d ie n ts .

The m ito c h o n d ria l m arker enzymes m ala te  de­

hydrogenase , fum arase , and a c o n ita s e  were found to  band m ain ly  a t  buoyan t
3

d e n s i t i e s  betw een 1.16 -  1 .18  g/cm ; m inor p eak s  o f  each  enzyme w ere a ls o
3

noted  in  th e  1 .18  -  1 .20  g/cm buoyan t d e n s i ty  range  (m icrobody). P ro­

f i l e s  o f  th e se  enzymes a r e  p re s e n te d  in  F ig . 46 . Cytochrome o x id ase  cou ld  

n o t be  d e te c te d  a t  any buoyan t d e n s i ty  on th e se  c o n tin u o u s  su c ro se  d e n s ity  

g r a d ie n ts .



to
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/ . / f
Buoyant D ensity  ( g/ort? )

F igu re  46 . M itochondria l m arker enzyme p r o f i le s  o f  dark-grow n, a e ra te d , a c e ta te -  
supplem ented Euglena g r a c i l i s  s t r a i n  Z i s o la te d  from continuous su cro se  d e n s i ty  g ra d ie n ts .  
A ll  enzyme a c t i v i t i e s  a re  expressed  i n  s p e c i f ic  a c t i v i t y  ( mu moles/ndn/mg p ro te in  ) ,  
Enzyme a c t i v i t i e s i  m alate  dehydrogenase X 1» fum arase X 10j a c o n ita se  X 5 ,
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DISCUSSION

I .  E f f e c ts  o f  Exogenous F a t ty  A cid s  on Euglena and O ther Organisms

An e x te n s iv e  l i t e r a t u r e  e x i s t s  co n cern in g  e n v iro n ­

m en ta l e f f e c t s  ( e . g . ,  tem p e ra tu re , l i g h t  in te n s i t y  and carbon  so u rc e )  

on th e  g e n e ra tio n  tim e o f  Euglena (Cramer and Myers, 1952; W ilson e t  a l . , 

1959; Cook, 1 9 6 8 ) .For exam ple, W ilson e t  a l .  (1959) dem onstra ted  th a t  

Euglena g r a c i l i s  v a r i e ty  b a c i l l a r i s  grew tw ice  a s  f a s t  ( a t  o p tim al pH )in 

m edia supplem ented w ith  ace to n e  o r s u c c in a te  th an  m edia supplem ented 

w ith  m ala te  o r fu m a ra te . In  g e n e ra l ,  grow th r a t e s  o f  Euglena g r a c i l i s  

s t r a i n  Z have been  re p o r te d  to  be p r o p o r t io n a l  to  th e  i n i t i a l  c o n c e n tra ­

t io n  ran g e s  o f  1 .0  to  5 .0  raM fo r  s u c c in a te ,  e th a n o l ,  o r  a c e ta te  (Leve- 

d a h l and W ilson , 1965).

The a d d i t io n  o f exogenous l ln o l e n i c  a c id  ( in  f in a l  concen­

t r a t i o n s  g r e a te r  than  5 .0  x 10” ^ M) to  g lu co se -su p p lem en ted , g reen ing  

E uglena g r a c i l i s  s t r a i n  Z c e l l s ,  le d  n o t  on ly  to  a len g th e n in g  o f  gen­

e r a t io n  tim e, b u t  a ls o  to  a r e t a r d a t io n  in  c h lo ro p h y ll  s y n th e s is  and 

r e t a r d a t io n  in  c h lo r o p la s t  developm ent. T h is r e t a r d a t io n  in  c h lo ro p la s t  

developm ent was observed  d i r e c t l y  in  f in e  s t r u c tu r e  s tu d ie s  and in ­

d i r e c t l y  in  s tu d ie s  o f  low tem p era tu re  f lu o re sc e n c e  sp e c tro sc o p y .

S ince the  l a t e  1 9 5 0 's  a  g r e a t  d e a l o f  ev id en ce  has accum­

u la te d  f o r  th e  e x is te n c e  o f b o th  a g g reg a ted  and monomeric forms o f  c h lo r ­

o p h y ll  in  v iv o . £ s e e ,  f o r  exam ple, rev iew  by M. Brody, 1968 .^  Some of 

t h i s  ev idence  comes from  low tem p era tu re  f lu o re sc e n c e  s tu d ie s .  At l e a s t  

th re e  em issio n  bands a re  observed  from c h lo r o p la s t s .  The s h o r t  w avelength
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e m itt in g  form (Fggg o r  FM> has been  I n te r p re te d  a s  a r i s in g  from  Photo- 

system  I I  b u lk  monomeric c h lo ro p h y l l ;  an  in te rm e d ia te  w aveleng th  e m itt in g  

form (F ggg) b as  been  a s s ig n e d  to  s p e c ia l  Photosystem  I I  r e a c t io n  c e n te r  

monomers; the  (com plex) long  w avelength  form  (F72o~F735 o r  FA^ ^ a s  been 

a s c r ib e d  to  em issio n  from  Photosystem  I .

Brody £ t  a l .  (1965) w orking w ith  E uglena g r a c i l i s  s t r a i n  Z 

(c u l tu re d  on th e  o rg a n ic  medium o f  G re e n b la tt  and S c h i f f ,  1959) n o ted  a 

pronounced r i s e  in  th e  r a t i o  o f  f ^ / f m a t  abou t 1 0  hours o f g re e n in g , which 

h e ra ld e d  the  b e g in n in g  o f  p h o to s y n th e tic  e f f i c i e n c y .  They p o s tu la te d  t h a t  

s e n s i t i z a t i o n  o f ag g reg a ted  c h lo ro p h y l l ,  a s  w e ll  a s  monomeric c h lo ro p h y ll  

i s  n e c essa ry  fo r  p h o to sy n th e s is , and th a t  perhaps t h i s  s te e p  r i s e  in  f ^ / f m 

s ig n a ls  th e  fo rm a tio n  o f the  f i r s t  e f f e c t i v e  p h o to sy n th e tic  lam ellum . In  

the  p re s e n t  w ork, s im i la r  r e s u l t s  were o b ta in e d  w ith  g lucose-supp lem en ted  

g reen in g  c e l l s  ( i . e . ,  a s te e p  r i s e  in  f a / f m o ccu rred  a t  abou t 1 1  hours 

o f g re e n in g ) . In  the  ca se  o f  dark-grow n g lucose -supp lem en ted  c e l l s  to  

which 1 0 "^ M l ln o le n ic  a c id  ( f i n a l  c o n c e n tra t io n )  was added, t h i s  s te e p  

r i s e  in  F ./F  d id  n o t b e g in  u n t i l  a f t e r  i f  42-44 h o u rs  o f  g re e n in g .A M

App and Jag en d o rf (1963) have dem onstra ted  th a t  r e p r e s s io n  

o f c h lo r o p la s t  developm ent o ccu rs  in  g reen in g  Euglena g r a c i l i s  s t r a i n  Z 

by s e v e ra l  m e ta b i l iz a b le  carbon  s o u rc e s . The deg ree  o f  t h i s  r e p re s s io n  

i s  a fu n c t io n  o f  the  r a t e  o f  u t i l i z a t i o n  o f  th e  carbon  sou rce  ( e .g . ,  

e th a n o l r e p re s s e s  more than  a c e ta te  o r  m a la te ) .  In  the  afo rem en tioned  

work i t  was a ls o  shown th a t  p r e - a d a p ta t io n  o f E uglena to  a s p e c i f ic  

carbon  source  ( e . g . ,  e th a n o l ,  g lu c o s e )  in c re a se d  th e  r e p r e s s io n  o f 

c h lo r o p la s t  s y n th e s is  in  th e  l i g h t  by th a t  carbon  so u rc e .
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In  th e  p re s e n t  work, th e  I n i t i a l  r e t a r d a t io n  and then  " c a tc h in g  

up" in  F ./F  , c h lo ro p h y ll  c o n c e n tra t io n  and c h lo r o p la s t  developm ent o f
A  M

E uglena c e l l s  grown in  th e  p re sen ce  o f  1 x 10“ ^ M l ln o l e n i c  a c id  ( f i n a l  

c o n c e n tra t io n )  su g g e s ts  th a t  a f t e r  an i n i t i a l  la g  p e r io d , th e  f a t t y  a c id  

was b e in g  m etab o lized  by th e  c e l ls .W h ile  i t  h as  been shown t h a t  numerous 

a lg a e  £ e . g . ,  P ro to th e c a  z o p f i i  (B a rk e r , 1935)^J may u t i l i z e  f a t t y  a c id s  

a s  s o le  carbon  and energy  s o u rc e s , a  se a rc h  o f the  l i t e r a t u r e  f a i l e d  to  

r e v e a l  a  r e p o r t  th a t  Euglena g r a c i l i s  s t r a i n  Z cou ld  be grown on media 

c o n ta in in g  lo n g -c h a ln  u n s a tu ra te d  f a t t y  a c id s  a s  s o le  carbon  and energy  

s o u rc e s . Support fo r  my c o n te n tio n  th a t  E uglena g r a c i l i s  s t r a i n  Z i s  

capjable o f  m e ta b o liz in g  t h i s  f a t t y  a c id ,  was shown in  ex p erim en ts  in  

which l ln o le n ic  a c id  ( 1  x 1 0 " ^  M, f i n a l  c o n c e n tra t io n )s e rv e d  a s  s o le  c a r ­

bon and energy  so u rc e s  f o r  d!ark-grown, g re e n in g , and c o n tin u o u s ly  l i g h t -  

grown c e l l s .  R e c a ll  t h a t  grow th under such c o n d it io n s  was com parable to  

th a t  ach ieved  when a c e ta te  was the  s o le  carbon  and en erg y  so u rce  ( i . e . ,  

g e n e ra tio n  tim es and pigm ent s y n th e s is  k i n e t i c s  were s im i l a r ) .

Erw in and Bloch (1963 b )  dem onstra ted  t h a t  th e  f a t t y  a c id  

co m position  o f  p h o to s y n th e t ic a l ly - a c t iv e  c e l l  f r a c t i o n s  from b lu e -g re e n  

a lg a e  i s  ve ry  s im i la r  to  th a t  o f  c h lo r o p la s ta  o f  h ig h e r  p l a n t s .  Levin 

e t  a l .  (1964) have shown th a t  in  Anabaena v a r i a b i l i s  th e se  f r a c t io n s  

c o n ta in  la rg e  amounts o f  e ^ - l in o le n ic  a c id  which o c c u rs  in  th e  form o f 

g a la c to l ip id s  (K irk  and T i ln e y -B a s s e t t ,  1 967 ). T h e re fo re , th e s e  chem­

i c a l  s i m i l a r i t i e s  o f  th e  p h o to s y n th e tic  a p p a ra tu s  o f g reen  p la n ts  and 

b lu e rg re e n  a lg a e  su g g est t h a t  a lth o u g h  th e  c y to lo g ic a l  o rg a n iz a t io n  o f
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b lu e -g re e n  a lg a e  and h ig h e r  p la n t s  d i f f e r ,  th e  m o lecu la r s t r u c tu r e  

o f  t h e i r  p h o to s y n th e tic  la m e lla e  a re  p ro b ab ly  v e ry  s im i la r .

R is  and Singh (1961) f i r s t  documented p o ly g lu c o s id e  g ra n ­

u le s  in  s e v e r a l  s p e c ie s  o f  b lu e -g re e n  a lg a e  and su g g ested  t h e i r  r o le  

a s  s to ra g e  in c lu s io n s  fo r  th e  p ro d u c ts  o f p h o to s y n th e s is .  E lec& ron- 

dense g ra n u le s  o f ap p ro x im ate ly  the  same s iz e  have been shown to  be 

p re s e n t  in  O s c i l l a to r i a  amoena (Fuhs, 1 963 ), Symploca muscorum (Pan- 

k r a t z  and Bowen, 1963), A n a c y s tis  montana f .  m inor (E c h lia ,. 1964) and 

Anabaena a z o l la e  (Lang, 1 9 6 5 ). Experim ents u t i l i z i n g  s e le c t iv e  d ig e s ­

t io n  o f p o ly g lu c o s id e  g ra n u le s  w ith  d ia s t a s e  (F uhs, 1963; G iesy , 1964) 

o r  oC-amylase (Lang, 1968) in d ic a te  t h e i r  p o ly g lu c o s id e  n a tu r e .  Pan- 

k r a tz  and Bowen (1963) named th ese  s t r u c tu r e s  " ^ - g r a n u l e s "  because  

th ey  were no lo n g e r  a p p a re n t a f t e r  in c u b a tio n  in  ^ -a m y la s e .

However , Lang (1968) b e l ie v e s  th e  term  "p o ly g lu co - 

s id e  g ra n u le "  i s  more a p p ro p r ia te ,  c o n s id e r in g  t h e i r  chem ical co m p o sitio n . 

The number and s iz e  o f  th e se  g ra n u le s  depends upon le v e l s  o f  a v a i la b le  

n i t r o g e n ,  l i g h t  i n t e n s i t i e s  and c u l tu r e  age (G iesy , 1964) and a re  n o t 

found in  d ev e lo p in g  h e te r o c y s ts  o f Anabaena a z o l la e  (Lang, 1965) o r  in  

h e te r o c y s ts  and sen esc in g  c e l l s  o f G lo e tr ic h a  (Madsen, 1966). However, 

th e s e  g ra n u le s  were observed  in  g e rm in a tin g  a k in e te s  o f  Cylindrosperm um  

(M ille r  and Lang, 1 9 6 8 ) ,in d ic a t in g  an i n t e r r e l a t i o n s h i p  w ith  a c t iv e  

p h o to s y n th e s is .

As may be seen  from  the  p re s e n t  w ork, th e  m ajor f in e  

s t r u c tu r e  e f f e c t  o f  e i t h e r  tre a tm e n t w ith , o r  grow th in  exogenous f a t t y  

a c id ,  i s  on th e  p o ly g lu c o s id e  g ra n u le s  o f Anabaena - th e re  b e in g  l i t t l e
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o b se rv a b le  e f f e c t  on lam e lla e  _in s i t u .  A f te r  such tre a tm e n t, th e  p o ly ­

g lu c o s id e  g ra n u le s  a re  no lo n g e r e le c tro n -d e n s e  ( as in  c o n t r o l s ) ,  b u t 

a re  e le c t r o n - lu c e n t  and appear as " g h o s ts  o f  g ra n u le s "  . One p o s s ib le  

e x p la n a tio n  f o r  t h i s  e le c t r o n - lu c e n t  appearance  i s  t h a t  l ln o l e n i c  a c id  

i s  a c t in g  as a  l i p i d  s o lv e n t .  A nother p o s s i b i l i t y  i s  the  m asking e f f e c t  

o f  l ln o le n ic  a c id  on th e  p o ly g lu c o s id e  g ra n u le s .

B arker (1935) r e p o r te d  th a t  th e  g reen  a lg a  P ro to th e c a  

z o p f i l  grew on a )  a l l  s a tu r a te d  C2  to  C^o s t r a ig h t - c h a in  f a t t y  a c id s ,  

b )  even-num bered C^q to  s a tu r a te d  f a t t y  a c id s ,  and c )  i s o b u ty r ic ,  

i 8 o c a p ro lc ,d ( - c a r o to n lc  and o l e i c  a c id s .  In  c o n t r a s t ,  C h lo r e l la  pyren- 

o id o sa  and C h lo r e l la  e l l ip s o id e a  were found to  be l im ite d  in  t h e i r  u t i l ­

i s a t i o n  o f f a t t y  a c id s  -  grow ing on a c e t a te ,b u t  n o t fo rm a te , p ro p r lo n a te  

o r  b u ty r a te  ( Samejima and M yers, 1958). P edersen  e t  a l .  (1966) showed 

th a t  f i n a l  c o n c e n tra t io n s  o f  10~4 M l ip o ic  a c id ,  o c ta n o ic  a c id  o r  m ethyl 

o c ta n o a te  when exogenously  added to  C h lo r e l la  p y ren o id o sa  had in h ib i to r y  

e f f e c t s  upon p h o to s y n th e tic  a c t i v i t i e s ,  a s  m easured by oxygen e v o lu t io n  

and COg u t i l i z a t i o n .

Under my grow th c o n d it io n s ,  c o n t r o l  C h lo re l la  p y ren o id o sa  

had a g e n e ra tio n  tim e o f  8 .1  h o u rs . This compares fa v o ra b ly  to  th e  gen­

e r a t io n  tim e o f  10 .4  hours f o r  C h lo r e l la  p y ren o id o sa  re p o r te d  by Sorok in  

and K rauss (1958) and Hoogenhout and Amesz (1965 ), c o n s id e r in g  th a t  

bo th  groups o f w orkers u t i l i s e d  l i g h t  i n t e n s i t i e s  o f  500 f t .  c .

N athanson (p e r s o n a l  com m unication), w orking u nder a lm ost th e  same grow th 

c o n d it io n s  as I ,  r e p o r t s  a  ( c o n t r o l )  g e n e ra tio n  tim e o f  8 .5  h o u rs .

Under th e  c o n d it io n s  o f  growth used  in  th e  p re s e n t  w ork,
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c o n tro l  C h lo r e l la  py rno ldoaa  were found to  c o n ta in  12 .6  pg c h lo ro p h y ll  

( a + b ) p e r  c e l l .  Oh-Hama <5t  a l .  (1965) and M atsuka _et a l .  (1969) 

r e p o r t  t o t a l  c h lo ro p h y ll  ( a  + ]> ) c o n c e n tra t io n s  in  c o n tr o l  C h lo r e l la  

p ro to th e c o id e s  o f 10.6  and 10 .0  j ig / c e l l ,  r e s p e c t iv e ly .  Both groups of 

w o rk e rs , how ever, u t i l i z e d  a  d i f f e r e n t  s p e c ie s  o f  C h lo r e l la  th an  I  and, 

fu r th e rm o re , grew t h e i r  c e l l s  a t  h ig h e r  l i g h t  i n t e n s i t i e s  ( 500 f t .  c . ) .  

N athanson (p e rso n a l com m unication) a ls o  reports a  t o t a l  c h lo ro p h y ll  con­

c e n t r a t io n  o f  1 2 . 6  j j g / c e l l  w orking w ith  th e  same s t r a i n  and under th e  

same grow th c o n d it io n s  as  I .

c o n c e n tra t io n s  o f f a t t y  a c id s  in  th e  grow th m edia o f  C h lo r e l la  , 

p ro g re s s iv e  d e c re a ses  in  c h lo ro p h y ll  c o n te n t  and p ro g re s s iv e  len g th e n ­

in g  in  th e  g e n e ra tio n  tim es o c c u r. F u rth e rm o re , th e  c o n c e n tra t io n s  o f 

e th a n o l u sed  to  s o lu b i l i z e  l ln o le n ic  a c id  have v e ry  l i t t l e  e f f e c t  on 

e i t h e r  amount o f  c h lo ro p h y ll  o r  g e n e ra tio n  tim e .

o r  grown in  exogenous f a t t y  a c id ,  to  c e l l s  grown in  n i t r o g e n - d e f i c ie n t  

m edia . In  th e  l a t t e r  c a s e ,  i t  was assumed t h a t  enhanced le v e ls  o f  

c e l l u l a r  f a t t y  a c id s  w ould r e s u l t .  I t  was found w ith  c e l l s  grown in  pro. 

g r e s s iv e ly  n i t r o g e n - d e f i c ie n t  m edia th a t  a )  membranes p r o g re s s iv e ly  

became d i s t o r t e d ,  a b e r r a n t ,  and f i n a l l y  a b s e n t ,  b )  t o t a l  c h lo ro p h y ll  

( a + b ) c o n c e n tra t io n s  p ro g re s s iv e ly  d e c re a se d  u n t i l  pigm ent was no 

lo n g e r d e te c ta b le ,  and c )  g e n e ra tio n  tim es p r o g re s s iv e ly  len g thened  

u n t i l  c e l l s  no lo n g er underw ent d iv is io n .

From my r e s u l t s ,  i t  i s  e v id e n t t h a t  w ith  in c re a s in g

C h lo r e l la  t r e a te d  w ith

The above changes which a re  a s s o c ia te d  w ith  d e c re a sed
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very  s im i la r  to  th o se  obse rv ed  when C h lo r e l la  was t r e a te d  w ith  o r  grown 

in  f a t t y  a c id .  I t  was n o t u n t i l  c e l l s  were grown in  n itro g e n  c o n c e n tra ­

t io n s  l e s s  th an  1 / 2 0 0  th e  o p tim al amount t h a t  f in e  s t r u c tu r e  o b se rv a ­

t io n s  w ere made which w ere n o t in  ev idence  as a  r e s u l t  o f  a d d it io n  o f  ex  

ogenous f a t t y  a c id ,  i . e . ,  d isa p p e a ra n c e  o f a l l  i n te r n a l  s t r u c tu r e s  and 

m a n if e s ta t io n  o f  a  " s p o r e - l ik e "  c e l l .  W hile many o f  th e  symptoms o f 

n i t ro g e n  d e f ic ie n c y  can be a t t r i b u t e d  to  a  b u i ld -u p  o f  (ab n o rm ally ) h ig h  

c o n c e n tra t io n s  o f f a t t y  a c id s ,  a  p o in t  i s  reach ed  where symptoms appear 

th a t  a re  a t t r i b u t a b l e  to  th e  u n a v a i l a b i l i t y  o f  n i tro g e n  f o r  th e  m anufac­

tu re  o f  c e r t a i n  n i t r o g e n - r e q u i r in g  m o lecu le s  - in c lu d in g  s t r u c tu r a l  and 

f u n c t io n a l  p r o te in s .  At t h i s  s ta g e ,  th e r e  c e a se s  to  be a  p a r a l l e l  w ith  

c e l l s  in  which n i tro g e n  i s  a v a i la b le  b u t f a t t y  a c id  c o n te n t i s  In c re a se d

A lthough my r e s u l t s  on th e  r e s t o r a t i o n  o f  norm al f in e  

s t r u c t u r e ,  c h lo ro p h y ll  c o n c e n tra t io n  and g e n e ra tio n  tim e when n i tro g e n -  

d e f i c i e n t  c e l l s  w ere r e tu rn e d  to  more o p tim a l n i tro g e n  m edia m igh t have 

been a n t i c ip a te d ,  th e  r e s t o r a t io n  o f  th e se  norm al p a ram ete rs  to  c e l l s
M t

la c k in g  a l l  I n te r n a l  s t r u c tu r e  ( i . e .  , th e  s p o re - l ik e  ones ) was 

i nde e d1 and dem onstra ted  th e  a s to n is h in g  " r e c u p e ra t iv e  

pow ers" o f  C h lo r e l la .

S h ih ira -Ish lk a w a  and Hase (1964) observed  th a t  when 

C h lo r e l la  p ro to th e c o ld e a  was grown in  a medium r ic h  in  g lu c o se  and 

poor in  n i tro g e n  ( in  th e s e  e x p e rim e n ts , u re a  was u sed  as th e  n i tro g e n  

s o u rc e ) ,  y e llo w is h , c h lo r o p h y l l - le s s  c e l l s  w ith  d eg en era ted  p l a s t ld s  

were produced e i t h e r  in  th e  l i g h t  o r  d a rk . S im ila r  r e s u l t s  were o b ta in e d
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In  th e  p re s e n t  s tu d y  w ith  l ig h t-g ro w n , n i t r o g e n - d e f i c ie n t  C h lo re l la  

p y ren o id o sa . M oreover, g ree n  C h lo re l la  p ro to th e c o ld e s  c e l l s  ( c o n t r o ls )  

t r a n s f e r r e d  in to  a  medium vo id  o f  n i t r o g e n  (b o th  in  th e  l i g h t  as w e ll 

as in  th e  d a rk )  r a p id ly  become b le a c h e d , w ith  c y to lo g ic a l  d e g ra d a tio n  

o f  c h lo r o p la s t  s t r u c tu r e  o c c u rr in g  (Aokl e t  a l . ,  1965; H ^tsuka and H ase, 

1965; M itsuda e t  a l . , 1970). I t  has been  f u r th e r  shown (Aokl and Hase, 

1964; Oh-Hama e t  a l . , 1965) th a t  n i t r o g e n - d e f i c ie n t  C h lo r e l la  re g a in  

t h e i r  norm al complement o f  c h lo ro p h y ll  and c h lo r o p la s ts  when Incubated  

in  m edia e n ric h ed  w ith  n i t ro g e n .

D uring th e  developm ent o f  n i t r o g e n  d e f ic ie n c y , th e  c e l l u l a r  

n i t r o g e n  c o n te n t o f  C h lo r e l la  py ren o id o sa  f a l l s  from OS 10 Z o f  d ry  w eigh t 

to  *  2 % (Fogg, 1959). Accompanying n i tro g e n  d e f ic ie n c y , th e  m ain prod­

u c ts  o f  p h o to sy n th e s is  change f i r s t  to  c a rb o h y d ra te s , and th en  to  l ip id s  

(M atsuka e t  a l . , 1 9 6 6 ). M oreover, w ith  c o n tin u e d  n i tro g e n  d e p r iv a tio n  

th e  chem ica l com position  o f  C h lo re l la  p ro to th e c o ld e s  may c o n tin u o u s ly  

change f o r  s e v e ra l  weeks (Matsuka e t  a l . , 1966). In  C h lo r e l la  pyren­

o id o sa  an accum ula tion  o f  l i p i d  cosmences 4 days a f t e r  th e  o n se t o f 

n i t r o g e n  d e p r iv a t io n , w h ile  in  C h lo r e l la  v u lg a r i s ,  f a t  accum ula tion  

does n o t b e g in  u n t i l  &  10 days o f n i t r o g e n  d e p r iv a tio n  (Fogg, 1959).

As n i tro g e n  d e f ic ie n c y  d e v e lo p e s , th e  amount o f  c e l l u l a r  c h lo ro p h y ll  

d e c re a se s  ( Fogg, 1 9 5 9 ).

M atruka and Hase (1965, 1970) s tu d ie d  th e  r e s p i r a to r y  

m etabo lism  o f  C h lo r e l la  p ro to th e c o ld e s  and concluded  th a t  d u rin g  

th e  p ro ce ss  o f  c h lo r o p la s t  d e g e n e ra tio n  which o ccu rred  in  n i tro g e n -  

d e f i c i e n t  m edia, added g lu co se  i s  r a p id ly  a s s im ila te d  in to  c a rb o h y d ra te s  

and l i p i d s .  O tsuka and Morimura (1966) r e p o r te d  t h a t :  a )  o l e i c  a c id  i s



178

th e  m ajor f a t t y  a c id  formed d u rin g  n itro g e n -d e p r iv e d  b le a c h in g  in

C h lo r e l la  p r o to th e c o ld e s , b )  o th e r  f a tp y  a c id s  d e te c te d  In  th e  b le a c h in g

d e l l a  w ere l i n o l e i c  (C :2 ) ,  p a lm it ic  (C, :0 ) ,  l l n o l e n i c  (C, :3 )  and
Xo lo  18

m y r ls t i c ( C j^ :0 ) ,  c )  l ln o l e n i c  a c id  c o n c e n tra t io n  in c re a s e d  d u rin g  th e  

f i r s t  15 h o u rs  o f  b le a c h in g , b u t  d e c re a se d  a p p re c ia b ly  In  term s o f  b o th  

m g -p e r-c u ltu re  and m g -p e r -c e ll  volume d u rin g  th e  l a t e r  p e r io d  In  which 

th e  b le a c h in g  o f  c e l l s  was m ost p ronounced , d )  th e  c e l l u l a r  In c re a se  o f  

l ln o le n ic  a c id  c lo s e ly  fo llow ed  th e  tim e co u rse  o f  In c re a se d  c h lo ro p h y ll  

fo rm a tio n  upon r e s t o r a t i o n  o f  n i t r o g e n  to  o p tim al l e v e l s .  O ther w orkers 

have a ls o  r e p o r te d  th a t  l ln o l e n i c  a c id  d isa p p e a rs  In  p a r a l l e l  w ith  c h lo r ­

o p h y ll d i s in t e g r a t i o n  d u r in g  b le a c h in g  (Cromble, 1958; Erw in and B loch , 

1963 b ;  Benson, 1964).

M atsuka _et a l .  (1969) s tu d ie d  th e  m etabo lism  o f  g lu c o s e , d u r in g  

th e  p ro c e s s  o f  b le a c h in g  In  C h lo r e l la  p ro to th e c o ld e s  Induced by n i tro g e n  

d e p r iv a t io n , by  fo llo w in g  *^C0 2  e v o lu t io n  and In c o rp o ra t io n  in to

v a r io u s  c e l l u l a r  su b s ta n c e s . In  t h i s  s tu d y  th e  m ost d ram a tic  In c re a s e s  

in  c e l l u l a r  compounds (from  g lu c o s e )  w ere found to  b e  l i p i d s  ( f a t t y  a c id s )  

and g lu co se  p o ly m ers; when u re a  was added to  th e  grow th medium, th e  in c o r ­

p o ra t io n  o f  In to  f a t t y  a c id s  was g r e a t ly  re d u c e d , w h ile  th e  assim ­

i l a t i o n  o f  i n to  g lu co se  polym ers was in c re a se d .A lth o u g h  I t  was sugges­

te d  by  M atsuka e t  a l . (1969) t h a t  th e  fo rm a tio n  o f  l a r g e  amounts o f  l i p i d s

( f a t t y  a c id s )  p ro b ab ly  I s  c a u s a l ly  r e l a t e d  to  th e  in d u c tio n  o f  a lg a l  c e l l
also

b le a c h in g , I  b e l ie v e  I t  I s  l o g ic a l  to ^ c c n s ld e r  t h a t  s y n th e s is  o f  c h lo r ­

o p h y ll (  a  n i t ro g e n -c o n ta in in g  compound)becomes in c r e a s in g ly  d i f f i c u l t  

u nder c o n d it io n s  o f  n i tro g e n  d e p r iv a t io n .

Numerous s tu d ie s  have shown th a t  th e  f in e  s t r u c tu r e  o f  i s o l a te d  

c h lo r o p la s t s  I s  s tr o n g ly  In flu e n c e d  by Io n ic  env ironm en t. P e rn er  (1965)
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and Vernon (1967) observed  g ra n a l  d is o r g a n iz a t io n  o f  sp in ach  c h lo ro -

p l a s t s  in to  s in g le  th y la k o ld s  when the  c a t i o n ic  c o n c e n tra t io n  o f  th e

32i s o l a t i o n  m edia  was in c re a s e d  .

I io h  e t  a l .  (1963) , on the  b a s i s  o f  l i g h t  m ic ro sco p y , n o ted  

t h a t  dodecylbenzene s u lf o n a te  ( a  m onovalent s a l t  o f  l a u r l c  a c id  ) induced 

c h lo r o p la s t  sw e llin g  in  th e  d a rk , b u t i n h ib i te d  i t  in  th e  l i g h t .  L igh t 

s c a t t e r in g  changes (d e c re a s e ) ,  r e s u l t i n g  from  th e  a d d i t io n  o f  f a t t y  

a d d s  to  i s o la te d  c h lo r o p la s t s ,  have been  in te r p r e te d  a s  a r i s i n g  from 

sw e llin g  o f  c h lo r o p la s t s  (S le g e n th a le r  and P ac k e r, 1965; P ed ersen  £ t  a l . , 

1966, M olotkovaky and Zheskova, 1 9 6 6 ). P ed e rsen  e t  a l .  (1966) showed th a t  

th e  r e a c t io n s  c a ta ly z e d  by enzymes o f  th e  r e d u c t iv e  p e n to se  phosphate  

c y c le ,  as w e ll  a s  p h o to p h o sp h o ry la tio n , a re  in h ib i te d  by exogenously - 

added f a t t y  a c id s  (o r  m ethy l o c ta n o a te )  d u r in g  carbon  d io x id e  f ix a t io n ,  

and concluded  " th e  f r e e  f a t t y  a c id s  a l t e r e d  th e  p ro p o r tio n s  o f  th e  lam­

e l l a e  in  such  a way th a t  p h o to p h o sp h o ry la tio n  i s  b locked  and a  l ig h t -  

induced co n fo rm a tio n a l change o c c u rs ,"  As e a r ly  as 1961, Brody and 

Brody had’ su g g ested  th a t  p h o to p h o sp h o ry la tio n  m ight produce m o d if ic a ­

t io n s  in  lo c a l  hydrogen io n  c o n c e n tra t io n , which in  tu rn  co u ld  b r in g  

abou t confo rm ation  .changes, r e s u l t i n g  in  a l t e r a t i o n s  in  th e  s t a t e s  o f

^  Hongladarora e t  a l .  (1968) n o ted  th a t  a ldehydes and KMnO in  
c o n c e n tra t io n s  used  f o r  e le c t r o n  m icroscopy  induce by them selves la rg e  
am plitude  sw e llin g  o f  sp in ach  c h lo r o p la s t s .  In  t h i s  w ork, q u a n t i t a t iv e  
m easurem ents by phase m icroscopy e s ta b l i s h e d  th a t  a  7 - f o ld  in c re a s e  in  
volume and 3 .6 - f o ld  in c re a s e  in  c h lo r o p la s t  fa c e  a re a  (modal v a lu e s )  
r e s u l te d  from  in c u b a tio n  in  KHnO. w ith in  5-10 m in u te s . These w orkers 
p o in te d  o u t t h a t  "volum es o f sp in a c h  c h lo r o p la s t s  i s o l a te d  in  NaCl 
a s  re p o r te d  in  th e  l i t e r a t u r e  approach  th e  volumes o f  c h lo r o p la s ts  
sw o llen  by HCHO and KMnO^" .
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a g g re g a tio n  o f  a t ta c h e d  c h lo ro p h y ll  chroraophores.

Izaw a and Good (1966) n o ted  o n ly  a  sw e llin g  e f f e c t  by f a t t y  

a c id  ( In  th e  FA/Chl & 0.001 ra n g e )  on I s o la te d  sp in a c h  c h lo r o p la s t s  - 

th e  o u te r  c h lo r o p la s t  en v e lo p es  rem ain  I n t a c t .  However, Murakami and 

N obel (1967) u t i l i z i n g  packed w e ig h t and e le c tr o n  m icro scopy , found 

t h a t  120 -  130 pM exogenously -added  l a u r i c ,  s t e a r i c  o r  o l e i c  a c id s  

(FA/Chl £  0 .0 0 1 , ray c a lc u la t io n s )  caused  pronounced h ig h -a m p litu d e  

c h lo r o p la s t  s w e llin g  in  the  d a rk , low -am plitude  sw e llin g  In  th e  l i g h t ,  

and rem oval o f  th e  c h lo r o p la s t  e n v e lo p e .

There seems to  be a  c lo s e  r e l a t i o n s h ip  betw een th e  deg ree  

o f  f r e e  v e rsu s  bound f a t t y  a c id  on c o n f ig u r a t io n a l  a s p e c ts  o f  o rgan­

e l l e s  such a s  c h lo r o p la s t s  and m ito c h o n d ria . Benson (1963, 1964) p o s­

tu la te d  th e  l ik e l ih o o d  th a t  c h lo r o p la s t  g a la c to l lp id s  and f a t t y  a c id s  ex­

i s t  In  dynamic e q u il ib r iu m  betw een bound and f r e e  s t a t e s .  L ln o le n ic  a c id  

was found to  o ccu r In  h ig h  c o n c e n tra t io n s  in  sp in ach  c h lo r o p la s ts  by 

Crombie (1958 ); l a t e r  t h i s  f a t t y  a c id  was shown to  be  m ain ly  in c o rp o r­

a te d  in to  m o n o g alac to sy l d i l i n o le n in  and d ig a la c to s y l  d i l i n o le n in  

(Benson, 1964), w ith  some in c o rp o ra t io n  in to  t r l g a l a c t o s y l  d i l in o le n in  

(W ebster and Chang, 1969). Spinach  c h lo r o p la s t  g a la c to l lp id s  may p o sse ss  

l ln o le n ic  e s t e r  c o n te n ts  as h ig h  as  94 -  96 p e rc e n t (Benson, 1963;

S a s try  and K a te s , 1963).

M olotkovsky and Zheskova (1965) n o ted  th a t  h e a t- in d u c e d  

s w e llin g  o f  i s o l a te d  sp in ach  c h lo r o p la s t s  was a s s o c ia te d  w ith  a  p a r t i a l  

d e s t r u c t io n  o f  membrane l ip id s  and th a t  th e se  f a t t y  a c id s  accum ulated 

in  th e  in c u b a tio n  medium.
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S ince  i t  was my in te n t io n  to  s tu d y  th e  e f f e c t  o f  exogenous 

f a t t y  a c id s  on c h lo r o p la s t  u l t r a s t r u c t u r e ,  1  w ished to  work u n d e r con­

d i t i o n s  in  w hich th e  e f f e c t s  o f endogenous f a t t y  a c id s  would be m inim al. 

T h e re fo re , w hole sp in a c h  c h lo r o p la s t s  w ere i s o la te d  a c co rd in g  to  the  

m ethod o f  S pencer (1 9 6 7 ), in  which th e  medium c o n s is t s  o f  0 .4  M 

s u c ro s e , 0 .0 5  H T ris-H C l and 0 .1  M KC1, a d ju s te d  to  pH 7 .8 . As d es­

c r ib e d  in  th e  R e s u lts  s e c t io n ,  h ig h  c o n c e n tra t io n  o f  exogenous f a t t y  

a c id  ( o r  long  p e r io d s  o f  In c u b a tio n  in  RLE) r e s u l t  in  a s e q u e n t ia l  

sw e llin g  o f s tro m a l and th en  g ra n a l  th y la k o id s , accom panied by  th e  lo s s  

o f  c h lo r o p la s t  enve lo p es  and e v e n tu a l  s e p a ra t io n  o f  th y la k o id  fu s io n  

l a y e r s ,  to  form  d i s t o r t e d ,  m y e lin - l ik e  f ig u r e s .

In  an e x te n s io n  o f  th e  work (Brody e t  a l . , 1969; Cohen 

e t  a l . , 1969) in  w hich my c o n tr ib u t io n  was th e  o b s e rv a tio n  that-RLE 

o r  f a t t y  a c id s  b r in g  about changes in  i s o la te d  c h lo r o p la s t s ,  two o f 

th e  c o -a u th o rs  p u rsued  th e  p o s s i b i l i t y  o f e x p e r im e n ta lly  d em o n stra tin g  

th a t  th e se  c o n f ig u r a t io n a l  changes have t h e i r  o r ig in s  in  co n fo rm atio n a l 

o n e s . C i r c u la r  d ich ro ism  s tu d ie s  w ith  c h lo ro p h y ll  system s o f  v a rio u s  

l e v e l s  o f  s t r u c t u r a l  com plex ity  have shown (Brody and N athanson, 1972; 

N athanson , 1973) t h a t  d e a g g re g a tio n  o f  c h lo ro p h y ll  by exogenous f a t t y  

a c id  o ccu rs  by two m echanism s: a )  in  th e  ca se  o f c h lo ro p h y ll  in  s o lu ­

t i o n ,  th e  a c t io n  o f  th e  f a t t y  a c id  i s  a  d i r e c t  one on the  chroraophores, 

b )  in  th e  c a se  o f c h lo ro p h y ll  a t ta c h e d  to  p r o te in ,  d e a g g re g a tio n  i s  in -  

d r i e c t l y  b ro u g h t ab o u t th rough  a  p re l im in a ry  e f f e c t  on th e  p r o te in  ( in  

membranous sy s te m s, th e  i n d i r e c t  m echanisn  seems to  be th e  predom inent 

o n e ) . The in d i r e c t  mechanlms was re c o g n iz e d , when i t  was observed  th a t
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c o n v e rs io n  o f  a g g reg a ted  to  monomeric bands in  th e  u l t r a v i o l e t  reg io n  

o f  th e  C.D. s p e c t r a  was p receeded  by a  ( p a r t i a l l y  r e v e r s ib l e )  co n v e rs io n  

o f  ( p r im a r i ly )  #( - h e l i c a l  p r o te in  to  random c o l l  - d e a g g re g a tio n  b e in g  

a  secondary  r e s u l t  o f  t h i s  c o n fo rm a tio n a l change.

The above-m entioned c i r c u l a r  d ich ro ism  work was done w ith  

c h lo r o p la s t  f r a c t i o n s  from S p lnacea  in  which th e  m oletm ole r a t i o  o f  

l ln o le n ic  a c id t c h lo ro p h y ll  was in  th e  range o f  1 : 1  to  1 0 : 1  ( i . e . ,  th a t  

range  in  which I  observed  d is r u p t io n  o f  c h lo r o p la s t  envelopes and 

s w e llin g  o f  s tro m a l and g ra n a l  th y la k o id s ) .  I  f e e l  t h a t  i t  i s  v e ry  

l i k e ly ,  th e r e f o r e ,  th a t  the  c o n f ig u r a t io n a l  changes I  observed  have 

t h e i r  o r ig in s  in  co n fo rm a tio n a l changes.

Spinach c h lo r o p la s t s  t r e a te d  w ith  BLE o r  h ig h  c o n c e n tra t io n s  

o f  f a t t y  a c id s  (FA/Chl ^  1 .0 )  r e s u l t  in  th e  fo rm a tio n  o f  m y e lin - l ik e  

f ig u r e s  s im i la r  to  th o se  re p o r te d  by Murakami and N obel (1967) f o r  

c h lo r o p la s t s  in cu b a ted  in  th e  d a rk  f o r  30 m inu tes in  medium c o n ta in in g  

10 -  20 % a c e to n e . "M yelin f ig u r e s "  have been  so named becuase  o f 

m o rp h o lo g ica l s i m i l a r i t i e s  to  n e rv e  m yelin  ( S te in ,  1967). S u r fa c ta n t  

l i p i d s ,  which p o sse s s  s o l u b i l i t y  c h a r a c t e r i s t i c s  s im i la r  to  t h a t  o f  

n e rv e  m y elin , form  s ta b le  tu b u la r  e x tru s io n s  when h y d ra te d  in  w a te r  

(Benson, 1963). M yelin forms o f membranes have been made in  th e  la b ­

o ra to ry  by m ixing l e c i t h i n  w ith  w a te r  (G oedheer, 1957; Fernandez-M oran, 

1962) o r  ammonium o le a te  w ith  w a te r (G oedheer, 1957). Such m y e lin - l ik e  

form s ( l i p i d  m ic e l le s )  have been  proposed (Fernandez-M oran, 1962; S te in ,  

1967) to  r e s u l t  from th e  im b ib it io n  o f w a te r  -  the  s t r u c t u r a l  p o s i t io n  

tak e n  by th e  l i p i d s  b e in g  determ ined  by t h e i r  s o l u b i l i t y  p r o p e r t ie s  

( p o la r  groups o r ie n te d  tow ards th e  i n te r c a l a t e d  w a te r and th e  n o n -p o la r
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groups d i re c te d  aw ay). These m o lecu la r movements which r e s u l t  from  l lp l d  

s w e l l in g , sometimes produce lo n g , t h in ,  m yelin  f ig u r e s  (G lick h o rn , 1932) 

and a t  o th e r  tim es p roduce co nvo lu ted  form s (Fernandez-M oran, 1962).

M yelin forms c o n s is t in g  o f  w a te r ,  l i p i d  and p r o te in  have been  made, 

f ix e d ,  s ta in e d  and obse rv ed  by e le c t r o n  m icroscopy (S to e k e n lu s , 1962); 

th e s e  a r t i f i c i a l  membranes m o rp h o lo g ic a lly  resem ble membrane s t r c u tu r e s  

o f  c e l l s .  The p redom lnent l i p i d  o f  th e  c h lo r o p la s t ,  d lg a la c to s y l  d i l i n -  

o l e n in ,  forms s ta b le  m yelin  f ig u r e s  when h y d ra te d  (Benson, 1963). T here­

f o r e ,  i t  shou ld  n o t be s u r p r i s in g  th a t  m echan ica l o r  s o lv o ly t lc  d i s ­

tu rb a n c e s  o f  la m e lla r  s t r u c tu r e s  ( and th e  " r e c o n s t i tu t io n "  o f s o lu ­

b i l i z e d  p r o te in  endogenous l i p i d ,  exogenous f a t t y  a c id ,  e tc .)  would 

r e s u l t  in  th e  fo rm a tio n  o f  m y e lin - l ik e  f ig u r e s ,  such as th o se  observed  

in  th e  p re s e n t  work.

I I .  Euglena Mic ro b o d ie s

A. F ine  S tru c tu re  S tu d ie s  

1. Dark-Grown C e l ls

I t  i s  ex tre m e ly  d i f f i c u l t  to  lo c a te  m icrobod ies in  Euglena 

s o l e l y  on th e  b a s is  o f  f in e  s t r u c tu r e  -  t h e i r  l im it in g  membranes s t a i n  

v e ry  f a i n t l y  and t h e i r  m a tr ic e s  a re  r a t h e r  e le c t r o n - lu c e n t .  H ow ever,the 

p re se n c e  o f  c a ta la s e  in  th e se  o rg a n e l le s  makes i t  p o s s ib le  to  u t i l i z e  the 

cy to ch em ica l i d e n t i f i e r  BAB. D e sp ite  th e s e  d i f f i c u l t i e s ,  H anzely e t  a l .  

(1971) and Graves g t  j j l  (1971 a )  v e ry  n ic e ly  d em o n stra ted , in  f in e  s t r u c ­

tu re  s tu d i e s ,  th e  p resen ce  o f  m icrobod ies in  a  s tre p to m y c in -b le a c h ed  (non­

p h o to s y n th e tic  s t r a i n )  o f  E uglena g r a c i l i s  v a r .  b a c i l l a r i s  (SM-L1),grown 

in  in o rg a n ic  medium supplem ented w ith  g lu c o s e , a c e ta te  o r  e th a n o l .  Both
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th e se  g roups o f  w o rk ers , how ever, were u n ab le  to  d e te c t  c a ta la B e , e i t h e r  

c y to c h e m lc a lly  (under c o n d it io n s  o f  DAB In c u b a tio n  s im i la r  to  th o se  used 

In  th e  p re s e n t  work) o r  p h o to m e tr ic a l ly  (w ith  c e l l - f r e e  f r a c t i o n s ,  u s in g  

th e  method o f  L uck).

In  th e  p re s e n t  s tu d y  w ith  a e ra te d ,  a c e ta te - s u p p le ­

mented (dark-grow n, g re e n in g , and c o n tin u o u s ly  lig h t-g ro w n ) E uglena g r a c i l ­

i s  s t r a i n  Z, th e  m easured m icrobody long dim ension ran g e  was found to  be 

0 .5 0  -  1 .40  jim, w ith  a  mean o f  ST 0 .8 0  j n n ;  m easured m icrobody s h o r t  dimen­

s io n  range  was 0 .4 0  -  0 .9 0  yum, w ith  a  mean o f  55 0 .6 5  jm . Graves ej: a l .

(1971 a )  r e f e r  to  m icrobod ies o f  E uglena g r a c i l i s  v a r .  b a c i l l a r l s  (SH -Ll) 

as "rounded to  i r r e g u la r ly - s h a p e d "  and re p o r te d  m easured dim ensions in  

term s o f  " d ia m e te rs "  • A lthough in  th e  p re s e n t  w o rk ,th e  m easured m icro­

body s h o r t  dim ension range  c o in c id e s  a lm ost p e r f e c t ly  w ith  th e  d iam e te rs  

o f  s t r a i n  SH-Ll (0 .4  to  0 .8  yum) g iv e n  by T re le a s#  ej: a l .  (1971) and Graves 

e t  a l .  (1971 a ) ,  th e se  two groups o f  w orkers do n o t r e p o r t  d a ta  com parable 

to  my m easured m icrobody long  dim ension  ra n g e . I  do n o t know w hether th e  

d if f e re n c e s  in  t h e i r  d a ta  and mine r e p re s e n t  t ru e  v a r ia n c e s  in  th e  shapes 

o f  m icrobod ies o f  th e  two organism s ( i . e . ,  th e  shape o f  m lcrobod les in  

s t r a i n  SH-Ll b e in g  rounded to  i r r e g u la r  and th a t  o f  s t r a i n  Z b e in g  sp h e r­

i c a l  to  e l l i p s o i d a l ) ,  o r  w hether th e  d i f f e re n c e s  r e s u l t  from d i s s im i la r ­

i t i e s  in  numbers o f  co u n ts  made by th e se  w orkers and m yse lf -  no in d ic a ­

t io n  made by th e  form er w orkers c o n cern in g  the  number o f  m easured m icro- 

b o d ie s .

In  th e  p r e s e n t  s tu d y , i t  i s  se en  th a t  w ith  g ree n in g  

( and a s s o c ia te d  in c re a s e  in  perox isom al enzyme a c t i v i t y )  the  s iz e  o f  th e  

m lcrobod les in  E uglena g r a c i l i s  s t r a i n  Z rem ains r e l a t i v e l y  c o n s ta n t(  ~  

0 .8 5  Jim long d im ension , O: 0 .6 5  yim s h o r t  d im en sio n ). These f in d in g s  con-
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t r a a t  w ith  th o se  o f  Gruber e t  a l«  (1973) who n o te d  th a t  m lcrobod les  o f

prim ary  l e a f  c e l l s  o f  e t i o l a t e d  P haseo lus v u lg a r i s  (bean) w ere s m a lle r

(4?  0 .3  pm In  d ia m e te r)  th an  th o se  o f  g ree n  c e l l s  1 .5 yum In  d iam e te r)

and su g g e ste d  th a t  t h i s  In c re a s e  In  s iz e  was p e rh ap s a  c o r r e la r y  o f  th e

in c re a s e  In  perox isom al enzyme a c t i v i t y  t h a t  accom panies g re e n in g .
o

My m easurem ents o f  60 -  70 A f o r  th e  th ic k n e s s  

o f  th e  m ic ro b o d y -lim itin g  membrane o f  E uglena g r a c i l i s  s t r a i n  Z compares 

w e ll  w ith  th e  f in d in g s  o f  65 -  70 A° r e p o r te d  by Graves e t  a l .  (1971 a )  

f o r  s t r a i n  SM-Ll.

Graves e t  a l .  (1971 a )  found th a t  th e  p e r ip h e ra l  

c e l l u l a r  re g io n s  w ere fav o re d  lo c a t io n s  f o r  m lcrobod les in  s t r a i n  SM-Ll. 

My f in d in g s  a re  in  agreem ent w ith  t h i s ,  b u t  I  have n o ted  in  a d d it io n  

th a t  re g io n s  around th e  g u l l e t  a re  even more enhanced in  m lcrobod les  p e r  

u n i t  volume than  in  th e  c e l l  p e r ip h e ry . Graves e t  a l .  (1971 a  ) observed  

in  f in e  s t r u c tu r e  s tu d i e s ,  an average o f  2 o r  3 m lcrobodles p e r  c e l l  s e c ­

tio n *  w ith  as many as 8  i n  a  few s e c t io n s  ( lo c a t io n  n o t s p e c i f ie d )  in  

SM-Ll grown in  e th an o l-su p p lem en ted  m ed ia . I  coun ted  s im i la r  numbers in  

dark-grow n, a e ra te d ,  a c e ta te -su p p le m e n ted  s t r a i n  Z -  an average  o f  3 .1 0  

m lc ro b o d les  p e r c e l l  s e c t io n ,  w ith  as many as 1 0  in  some c e l l s  s e c tio n e d  

n e a r  th e  g u l l e t .  In  good agreem ent w ith  Graves jet a l .  (1971 a )  I  found 

th a t  E uglena grown on g lu co se -su p p lem en ted  m edia had f a r  few er ( a t  l e a s t  

an o rd e r  o f  m agnitude l e s s )  m lcrobod les th an  a c e ta te -su p p le m e n ted  c e l l s .

I  can  make no com parisons re g a rd in g  th e  number o f  

m lcrobod les  p e r dark-grow n E u g le n a-th e r e  a re  no o th e r  a v a i la b le  d a ta .  

Even in  re g a rd  to  s t r a i n  SM-Ll used by H anzeley e t  a l .  (1971) and Graves 

e t  a l .  (1971 a ) ,  no e s t im a te  on t o t a l  number o f  m lcrobodles was g iv e n , 

n o r  can  I  make e s tim a te s  from  t h e i r  d a ta .
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In  th e  p re s e n t  work I  have b ased  e s t im a te s  o f  numbers 

o f  m lc ro b o d les  p e r c e l l  on b o th  th ic k  and th in  s e c t io n s .  In  g e n e ra l ,  l i g h t  

m ic ro sc o p ic  co u n ts  o f  m lc ro b o d le s  a re  a t  l e a s t  10 Z h ig h e r  th an  e le c tr o n  

m ic ro sco p ic  c o u n ts . As p o in te d  o u t by K o n in g s m a rk  (1970 ), a l l  t o t a l  count 

m ethods o f  s e c tio n e d  m a te r i a l  a re  s u b je c t  to  b o th  co u n tin g  e r r o r s  and s p l i t  

c e l l  e r r o r s  . A lso , I  f e e l  t h a t  because  o f  th e  l im i ta t io n s  o f  experim en­

t a l  te c h n iq u e s , more e r r o r s  w ere In tro d u c ed  by a tte m p tin g  s e r i a l  s e c t io n s  

o f  e v e ry  te n th  th in  s e c t io n ,  th an  o b se rv in g  e v e ry  th ic k  s e r i a l  s e c t io n .  

T h e re fo re , I  f e e l  t h a t  my d a ta  b ased  on l i g h t  m ic ro sco p ic  countB o f  

m icrobod ies  i s  more a c c u r a te .

In  th e  p re s e n t  work i t  was found th a t  th e  number o f  

m lcrobod les  p e r  c e l l  s e c t io n  doub les by 24 hou rs  o f  g ree n in g  -  based 

on random co u n ts  o f  ( t h in  o r  th ic k )  s e c t io n s  p rep a re d  f o r  e le c t r o n  mi­

c roscopy  o r  l i g h t  m icro scopy . T hick o r  th in  s e r i a l  s e c t io n s  exam ined by 

l i g h t  o r  e le c t r o n  m icro scopy , r e s p e c t iv e ly ,  a ls o  in d ic a te  an approxim ate 

doub ling  in  th e  number o f  m lc ro b o d les  p e r  c e l l  by 24 hou rs  o f  g re e n in g .

A lthough T lrelease e t  a l .  (1971) re p o r te d  t h a t  the  

average  number o f  m icrobody p r o f i l e s  p e r  c e l l  s e c t io n  o f  dark-grow n cucum­

b e r  c o ty le d o n s  d e c reased  by 25 Z in  p a l is a d e  c e l l s  and 35 Z in  spongy c e l l s  

betw een days 4 and 10 o f  g re e n in g , perhaps t h i s  " d e c re a se "  co u ld  be 

a t t r i b u t e d  to  an In c re a se  in  c e l l  s i z e .  G e rh a rd t and B eevers (1970) on 

th e  o tb e r  hand , r e p o r te d  t h a t  in  th e  ca se  o f  C a s to r  bean endosperm , an 

in c re a s e  in  numbers o f  m lc ro b o d les  .p a r a l l e l s  th e  in c re a s e  in . spe­

c i f i c  a c t i v i t i e s  o f  l s o c l t r a t e  ly a s e  and m a la te  sy n th a se  in  glyoxysom es 

d u rin g  th e  f i r s t  f iv e  days o f  g e rm in a tio n ; a f t e r  day 5 (when presum ably 

s to ra g e  l i p i d s  a re  d w in d lin g )  a  d e c re a se  was d e te c te d  in  b o th  numbers o f  

m lcrobod les  and glyoxysom al e n z y m e s .V ig il(1970) a ls o  worked w ith  endo-
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sperm  o f  c a s to r  bean  and n o ted  th a t  by day 5 o f  g e rm in a tio n  some m lcro­

b o d le s  (g lyoxyuonau) d isa p p e a r  In  t o to ,  by  s e q u e s t r a t io n  In to  au tophag ic  

v a c u o le s .

Very few f in e  s t r u c tu r e  d a ta  a re  a v a i la b le  concern­

in g  r e l a t i v e  numbers o f  o rg a n e l le s  p e r  c e l l  as  fu n c tio n s  o f  developm ent. 

G ruber e t  a l .  (1973) have shown th a t  c h lo r o p la s t s ,  m ito ch o n d ria  and m lcro­

b o d le s  o c cu r In  a  r a t i o  o f  6> 3:1 , and occupy much o f  th e  narrow  p a r i e t a l  

band o f  cy top lasm  su rro u n d in g  th e  c e n t r a l  v acu o le  in  m ature p h o to sy n th e tic  

m esophyll l e a f  c e l l s  o f  Phaseo lua v u lg a r i s  (b e a n ) . F re d e r ic k  and Newcomb 

(1971) r e p o r te d  by f in e  s t r u c tu r e  s tu d ie s  t h a t  in  T r itic u m  sa tiv u m  and 

Avena s a t l v a  (bo th  o f  which have h ig h  COj p h o to re s p ir a t io n )  th e r e  w ere . 

2 .65  and 2 .4 0  m lcrobod les p e r  c e l l  s e c t io n ,  r e s p e c t iv e ly ,  and th a t  89 X 

and 92 X, r e s p e c t iv e ly ,  o f  a l l  s e c t io n s  th rough  m esophyll c e l l s  o f  th e se  

two s p e c ie s  c o n ta in e d  a t  l e a s t  one m icrobody p r o f i l e .  On th e  o th e r  hand , 

in  Zea mays, Sorghum sudanense and C h lo r is  gayana (s p e c ie s  w ith  low C0^ 

p h o to re s p ir a t io n )  th e  average  number o f  m icrobody p r o f i l e s  ran g e  from

0 .6 8  -  1 .09  in  bund le  sh e a th  c e l l s  and from  0 .0 8  to  0 .4 2  in  m esophyll 

c e l l s ;  o n ly  44 -  64 X o f  th e  s e c t io n s  th ro u g h  bundle  sh e a th  c e l l s  and 8  

-  33 X o f  th e  s e c t io n s  th ro u g h  m esophyll c e l l s  c o n ta in e d  m icrobody p ro ­

f i l e s  in  th e se  s p e c ie s .  Hie number o f  m lc ro b o d les  p e r  c e l l  r e l a t i v e  to  

th e  number o f  m ito ch o n d ria  and c h lo r o p la s t s  i s  g e n e ra l ly  h ig h e r  in  sp e ­

c ie s  w ith  h ig h  CO2  p h o to re s p lr a t lo n  th an  in  th o se  w ith  low CO2  p h o to re s ­

p i r a t i o n  (F re d e r ic k  and Newcomb, 1971). In  th e  a fo rem en tioned  work i t  was 

a ls o  r e p o r te d  th a t  bund le  s h e a th  c e l l s  and m esophyll l e a f  c e l l s  o f  Zea 

mays had p r o f i l e s  o f  5 .9  c h lo r o p la s t s :7 .7 m ito ch o n d ria> 1 .0 9  m lc ro b o d le s , 

and 4 .9  c h lo r o p la s t s *2.8 m ito c h o n d r ia >0.29 m lc ro b o d le s , r e s p e c t iv e ly .

In  th e  p re s e n t  work i t  was found th a t  th e r e  a re
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a p p ro x im ate ly  300 m ito c h o n d ria  to  each m lcrobody in  dark-grow n g lu c o se -  

supplem ented E uglena g r a c i l i s  s t r a i n  Z; t h i s  r a t i o  i s  «  25:1 in  a c e ta te -  

supplem ented c e l l s .  However, i t  shou ld  once a g a in  be p o in te d  o u t t h a t  th e  

number o f  m ito ch o n d ria  p e r  c e l l  s e c t io n  a re  s im i la r  in  e i t h e r  a c e ta te  o r  

g luco se -su p p lem en ted  c e l l s .  There a re  a b o u t 90 ,000  m ito ch o n d ria  p e r  d a rk - 

grown g lu co se -su p p lem en ted  Euglena and abou t 75 ,000  m ito ch o n d ria  p e r  d a rk - 

grown a c e ta te -su p p le m e n te d  c e l l s .

G raves e t  a l .  (1971a) n o ted  c lo s e  s p a t i a l  a s s o c ia ­

t io n s  among m lc ro b o d le s , m ito ch o n d ria  and endoplasm ic re t ic u lu m  in  s t r e p t o ­

m ycin -b leached  E ug lena . In d eed , e a r l i e r  w orkers £ e . g .  F re d e r ic k  e t  a l .  

(1968) w ith  ro o t  m ic ro b o d ie s , Hruban and R ech c lg l (1969) w ith  l i v e r  p e r­

oxisom es, and V ig i l  (1970) w ith  C a s to r  bean  endosperm  g ly o x y so a a s j  had 

o bserved  such  n e a r  p ro x im ity  o f  endoplasm ic re t ic u lu m  and m lcrobod les as 

to  s u g g e s t th a t  m lc ro b o d les  may o r ig in a te  from endoplasm ic r e t ic u lu m . I  

have r a r e l y  found , how ever, such d o s e  m o rp h o lo g ica l a s s o c ia t io n s  e i t h e r  

betw een m lcrobod les and endoplasm ic r e t ic u lu m  o r  m lc ro b o d les  and m ito ­

c h o n d ria  -  t h e i r  j u x ta p o s i t io n  has m ost o f te n  been  o f  a  random n a tu r e .

The o n ly  tim e I  have seen  an y th in g  o th e r  than  a  random ju x ta p o s i t io n  i s  

d u rin g  g re e n in g .

The w h o r l- l ik e  c o n f ig u ra t io n s  in  Euglena g r a c i l i s  

s t r a i n  SM-Ll w hich Graves j s t  a l .  (1971 a )  and H anzely e t  a l .  (1971) i n t e r ­

p re te d  as m lc ro b o d le s , have a ls o  been observed  in  th e  p re s e n t  work. How­

e v e r ,  I  b e l ie v e  th e s e  o rg a n e l le s  a re  n o t  m lc ro b o d le s , b u t  a re  r e s id u a l  

ly sosom es. X b a se  t h i s  c o n c lu s io n  on th e  o b se rv a tio n s  t h a t  th ese  s ta e -  

tu r e s  m o rp h o lo g ic a lly  resem ble  " r e s id u a l  lysosom es" a s  d e c rib ed  by de 

Duve (1963) and a re  e le c tro n -d e n s e  even w ith o u t DAB cy tochem ica l te c h ­

n iq u e s . Of c o u rs e , to  p rove  w ith  c e r t a i n t y  t h a t  th ey  a re  r e s id u a l  ly so -



189

aomea, one would have to  t e s t  f o r  a c id  p h o sp h a tase  a c t i v i t y  (B ra n d e s  e t  a l .  

1964): I  have n o t  made such  t e s t s .

When s tre p to m y c in -b le a c h e d  Euglena g r a c i l i s  (SM-Ll) 

i s  s ta rv e d  o f  i t s  carbon  so u rc e  ( a c e ta te )  many m ito ch o n d ria  become encap­

s u la te d  in  au tophag ic  v acu o le s  (Brandes e t  a l . t 1964). O c cas io n a lly *  I  

a ls o  observed  such au to p h ag ic  v acu o les  (o r  c y to ly so m e s) . T h e ir  p resen ce  

in  n o n -s ta rv e d  organism s* th e re fo re *  perhaps d em o n stra tes  t h a t  autophagy 

i s  a  p a r t  o f  normal c a ta b o lis m .

H anzely e t  a l .  (1971) and Graves e t  a l .  (1971 a )  

r e p o r t  t h a t  non-DAB t r e a te d  m lcrobodles o f  E uglena g r a c i l i s  var*  b a c l l l a r -  

1s p o sse ss  e le c tro n -d e n se *  g ra n u la r  m a tr ic e s .  In  c o n tra s t*  I  have found 

t h a t  non-DAB t r e a te d  m lcrobod les o f  E uglena g r a c i l i s  s t r a i n  Z a re  e le c tr o n -  

lu c e n t  and th a t  the  g ra n u la r  m a tr ic e s  a re  c h a r a c t e r i s t i c a l l y  f lo c c u le n t  

in  t e x tu r e .  E le c tro n  o p a c ity  o f  b o th  l im i t in g  membrane and m a tr ix  a re  

r e a l i s e d  o n ly  a f t e r  tre a tm e n t in  th e  DAB in c u b a tio n  m lxtuxe a t  pH 9 .0  

and 37° C; under th e s e  c o n d it io n s  the  f lo c c u le n t  n a tu re  o f  th e  g ra n u la r  

m a tr ix  i s  even e a s i e r  to  d i s t in g u is h .

A lthough G raves e t  a l .  (1971 a*b) and T re le a se  e t  

a l .  (1971) a re  th e  o n ly  o th e r  w orkers to  have e lu c id a te d  th e  f in e  s t r u c tu r e  

o f  Euglena m lcrobodles*  i t  i s  w orthy  to  n o te  t h a t  d e s c r ip t iv e  term s such  

a s  " e le c tro n - lu c e n t*  f lo c c u le n t  m a tr ix "  (G ruber e t  a l . * 1973)* " f in e ly  

g ra n u la r  m a tr ix "  (F re d e r ic k  e t  a l . » 1968)* and " m a tr ic e s  o f  low to  mod­

e r a t e  e le c t r o n  o p a c ity "  (F re d e r ic k  and Newcomb* 1971) have been a p p lie d  

to  non-DAB t r e a te d  m lcrobod les o f  h ig h e r  p la n t s .

F re d e r ic k  and Newcomb (1969 b )  found th a t  incuba­

t io n  a t  37° C and pH 9 .0  f o r  50 -  60 m inu tes  w ere o p tim a l c o n d it io n s  f o r  

DAB d e p o s it io n  in  m lcrobod les o f  l e a f  m esophyll c e l l s ;  l i t t l e  o r  no DAB 

d e p o s it io n  was o bserved  in  m lcrobod les  in cu b a ted  a t  room te m p e ra tu re . I
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o
a ls o  have found in  th e  p re s e n t work th a t  pH 9 .0 ,  37 C fo r  60 m inu tes w ere 

th e  m ost o p tim al c o n d it io n s  f o r  DAB d e p o s it io n  In  m lcrobod les o f  E ug lena*

A lthough G erh ard t and B erger (1971) were a b le  to  

d e te c t  c a ta la s e  p h o to m e tr ic a l ly  In  c e l l - f r e e  f r a c t io n s  o f  two a c e ta te  

f l a g e l l a t e s  P o ly to m e lla  caeca  and Chlorogonium  elongatum , th ey  were un­

a b le  to  d em o n stra te  DAB r e a c t i v i t y  In  th e  m lcrobodles u s in g  v a r io u s  com­

b in a t io n s  o f  pH (6 .0  -  9 .5 )  and tem p e ra tu re  (20° C -  37° C ). T h e ir  la c k  

o f  su c c e ss  may have been  due to  DAB In c u b a tio n  f o r  on ly  30 m in u tes ; u n d e r 

s im i la r  c o n d it io n s  I  observed  le s s  e le c t r o n  d e n s ity  In  th e  m lcrobod les o f  

E ug lena . A l te r n a t iv e ly ,  o f  c o u rse , th ey  may have been w orking w ith  c e l l s  

p a r t i a l l y  d e p riv e d  o f  carbon d io x id e .

I  observed  th a t  DAB p o ly m e riz a tio n  i s  s t i l l  e v id e n t  

in  m lc ro b o d les  when hydrogen p e ro x id e  i s  t o t a l l y  o m itte d  from  th e  r e a c ­

t io n  m ix tu re . Such d a ta  su g g e s t t h a t  th e r e  I s  an endogenous pool o f  H2 O2  

w ith in  E ug lena  m lc ro b o d le s . Cooper and Be e v e rs  (1969 ), w orking w ith  c a s t o r  

bean  endosperm , have shown th a t  glyoxysomes (o b ta in ed  by  su c ro se  d e n s ity  

c e n t r i f u g a t io n )  a re  th e  o rg a n e l le s  in  w hich - o x id a t io n  o c c u rs . They 

found th a t  f b r  each  p a i r  o f e le c tr o n s  t ra p p e d .a s  NADH, an a d d it io n a l ,  p a i r  

was p assed  to  oxygen d u rin g  & - o x id a t io n .  These w orkers a ls o  p re s e n te d  

ev id en ce  tha t  a  d i r e c t  o x id a tio n  o c c u rs  w ith in  th e  glyoxysome y ie ld in g

H_0 . S ince  1969 when Cooper and Beevers w ro te  " th e  d e t a i l s  o f  t h i s  r e -  
2 2

a c t io n  ( 6 - o x id a t io n )  a re  n o t c l e a r ,  b u t  a p p a re n tly  * ^ 2  i s  produced and 

b roken  down by th e  v e ry  a c t iv e  c a ta la s e  p re s e n t  In  th e  glyoxyaom e", no 

new in fo rm a tio n  h a s  become a v a i l a b le .  An a d d i t io n a l  endogenous so u rce  o f  

hydrogen p e ro x id e  would be made a v a i la b le  in  m lcrobod les when th ey  b e g in  

to  fu n c t io n  as perox isom es. However, peroxisom es o f h ig h e r  p la n ts  c o n ta in  

g ly c o l ic  a c id  o x id ase  and Euglena peroxisom es p o ssess  ^g ly co ia te  dehydrog-
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eneae  In  which oxygen does n o t  a c t  a s  th e  te rm in a l e le c t r o n  a c c e p to r .

O ther (a s  y e t  u n id e n t i f i e d )  f la v in  o x id ase  may* o f  course*  be p r e s e n t  In  

peroxisom es o f  E u g len a .

As p o in te d  o u t  by  deDuve and Baudhuln (1966)* th e  

a c t i v i t y  o f  c a ta la s e  In  m lc ro b o d les  I s  p e ro x id a t lv e  In  n a tu r e .  T herefore*  

I t  I s  Im p o rtan t to  b e  c e r t a i n  th a t  th e  obse rv ed  m icrobody DAB r e a c t io n  I s  

due to  c a ta la s e *  and n o t  p e ro x id a s e . In  th e  p r e s e n t  work* ev id en ce  th a t  

c a ta la s e  i s  th e  m ed ia to r  o f  DAB r e a c t i v i t y  In  m lc ro b o d les  comes from  ex­

perim en ts  in  which a m in o tr la z o le *  a  s p e c i f ic  I n h ib i to r  o f  c a ta la s e *  was 

u t i l i z e d  (Helm e t  a l . » 1956; M argollsh  and Novogrodsky* 1958* 1 960 ). 

R ech c ig l and Evans (1963) have shown in  g u in ea  p ig  le u c o c y te  c e l l s  th a t  

a m ln o tr ia z o le  I n h ib i t s  c a ta la s e  a c t i v i t y  96 Z w ith o u t a f f e c t in g  p e ro x i­

dase a c t i v i t y .  U n fo r tu n a te ly  * no such s im i la r  experim en ts  have been  

made w ith  p l a n t  c e l l s *  b u t  th e  p rec e d e n t f o r  a c c e p tin g  th e  s p e c i f i c  In ­

h i b i t i o n  o f  c a ta la s e  by  a m ln o tr ia z o le  I s  w e ll  e s ta b l is h e d  (F re d e r ic k  and 

Newcomb* 1969 b ;  V ig il*  1970).

A lthough 0 .01  M ECU a ls o  co m p le te ly  i n h i b i t s  DAB 

d e p o s it io n  In  th e  p r e s e n t  work* th i s  p o iso n  i s  a  g e n e ra l one -  i n h ib i t in g  

c a ta la s e *  p e ro x id ase*  cytochrom e oxidase* enzymes o f  th e  c i t r i c  a d d  cycle* 

e t c .  ( V ig i l ,  1970).

F u r th e r  su p p o rt f o r  th e  r o l e  o f  c a ta la s e  comes from 

th e  o b s e rv a t io n  t h a t  p e ro x id ase -m ed ia ted  DAB p o ly m e riz a tio n  o c c u rs  a t  a  

low er pH ( 7 .4 )  th an  c a ta la s e -m e d la te d  DAB p o ly m e riz a tio n  (pH 9 .0 )  ^ ( G r a ­

ham and K arnovsky(1966); Seligm an e t  a l .  ( 1 9 6 8 .  In  th e  p re s e n t  work*

DAB p o ly m e r iz a tio n  i n  m lc ro b o d les  o p tim a lly  o c c u rre d  a t  pH 9 .0  and was 

a b se n t in  m lc ro b o d le s  i f  DAB In cu b a tio n  p roceeded  At pH 7 .0  (T ab le  1 3 ) .

In  th e  c a se  o f  l e a f  m lc ro b o d le s , i t  has been  w e ll
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documented t h a t  DAB r e a c t i v i t y  la  c a ta la s e -m e d ia te d  r a t h e r  th an  p e ro x l-  

dase-m ed la ted . T o lb e r t  e t  a l .  (1968) in  enzyme s tu d ie s  w ith  d i f f e r e n t i a l l y -  

c e n tr ifu g e d  c e l l - f r e e  f r a c t i o n s  o f  l e a f  t i s s u e ,  found th a t  a lm ost a l l  c a t ­

a la s e  a c t i v i t y  was lo c a te d  i n  t h a t  p a r t i c u l a t e  f r a c t i o n  which c o n ta in e d  

*ingle-m em brane bound o r g a n e l le s ;  p e ro x id a s e , how ever, was d e te c te d  m ain ly  

in  th e  s o lu b le  f r a c t i o n ,  w ith  a  sm a ll p ro p o rtio n  In  c h lo r o p la s t  and m ito ­

c h o n d ria l  f r a c t i o n s .

2 . G reen ing  C e lls

Counts on  a e ra te d ,  a c e ta te -su p p le m e n ted  (o r  g lu c o se -  

supplem ented )  E ug lena g r a c l l l a  s t r a i n  Z u s in g  b o th  l i g h t  and e le c t r o n  

m icroscopy r e v e a l  t h a t  th e  number o f  m lcrobodles p e r  c e l l  ap p ro x im ate ly  

doubles by 24 hours o f  g re e n in g . O ther than  du ring  p e r io d s  o f  g e rm in a tio n  

£ v i g i l  (1970) w ith  c a s to r  b ean  endosperm ; Gruber je t  a l .  (1973) w ith  Phas- 

eo lua  v u l g a r i s ,  drug in d u c tio n  o r  r e g e n e ra t io n  (Svoboda e t  a l«  (1967) 

w ith  e th y l  c h lo ro p h e n o x y lso b u ty ra te  on r a t  l i v e r  m lc ro b o d le s ^  th e r e  have 

been no r e p o r ts  o f  in c re a s e  i n  numbers o f  m lc ro b o d le s , such  as th e se  ob­

se rv e d  in  th e  p r e s e n t  work.

M lcrobodles o f  E uglena a re  f r e q u e n t ly  observed  d u r­

in g  th e  12 -  30 hour g ree n in g  p e r io d  to  be In  a  " d u s t e r "  ,  which upon 

c lo s e r  a c r u t ln l s a t i o n  I s  found to  be composed o f  a  m u lt i- lo b e d  system .

In  which a  s in g le  m icrobody a p p e a rs  to  be  s im u lta n e o u sly  undergoing  a  

s e r i e s  o f  d iv i s io n s .  Such d iv id in g  m lcrobod les  a re  n o t  observed  in  d a rk -  

grown c e l l s ,  n o t  In  c e l l s  a llo w ed  to  g reen  f o r  more th an  30 h o u rs , and 

n o t in  c o n tin u o u s ly  lig h t-g ro w n  c e l l s ;  In  th e s e  c a s e s ,  m lcrobod les a r e  

s o l i t a r y  in  n a tu r e .

A lthough some o f  th e  m lcrobod les  o f  12 -  30 hour
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g ree n in g  E uglena ap p ear to  be b u d d in g , t h i s  type  o f  d iv is io n  I s  l e s s  

f re q u e n tly  observed  th an  the  b in a r y  f i s s i o n  ty p e . ( I t  shou ld  be  k e p t In  

mind th a t  th e  l a t t e r  may r e s u l t  from th e  k n ife  s e c t io n  going th rough  a  

more c e n t r a l  r e g io n  o f  a  d au g h te r m icrobody , and the  form er go ing  th rough  

pronouncedly  p e r ip h e ra l  r e g io n s .  )

G ruber e t  a l .  (1973 ) in  t h e i r  work w ith  th e  p rim ary  

le a v e s  o f bean s e e d l in g s  (P haseo lus v u l g a r i s ) re p o r te d  th a t  when le a v e s  

a r e  s t i l l  w ith in  se ed s  and below ground ( up to  3 days a f t e r  g e rm in a tio n ) , 

sm a ll m lcrobod les £  0 .2  in  d iam e te r  a re  p r e s e n t ;  m lc ro b o d les  in  5 day 

o ld  lea v e s  ( s iz e  n o t  s p e c i f ie d )  a re  th e  f i r s t  to  y ie ld  D A B-positive c a t a ­

la s e  r e a c t io n .  By day 9 , when p rim ary  le a v e s  a re  above g ro u n d (freed  from  

c o ty le d o n s  which p re v io u s ly  en c lo se d  them ), and have developed  In to  d eep ly  

g ree n  p h o to sy n th e tic  o rg a n s , m lc ro b o d les  a re  l a r g e r  th an  1  yum In  d ia m e te r .

In  the  p re s e n t  w ork , n e i th e r  f in e  s t r u c tu r e  s tu d ie s  

n o r  cy tochem lca l t e s t a  re v e a le d  the  e x is te n c e  o f  e n t i t i e s  w ith  dim ensions 

l e s s  than  0 . 4 yum which cou ld  be p o s i t i v e l y  I d e n t i f ie d  as m lc ro b o d le s . Of 

c o u rs e , I t  I s  p o s s ib le  t h a t  s m a lle r  m lc ro b o d le s  e x i s t  In  E uglena bu t  th ey  

have a  f in e  s t r u c tu r e  a n d /o r  c a ta la s e  a c t i v i t y  which d i f f e r s  from  the  ma­

tu r e  form .

A phenomenon o b se rv e d  o n ly  in f r e q u e n t ly  d u rin g  th e  

tim e p e rio d  in  w hich m lcrobod les a re  d o u b lin g  in  number ( 1 2 - 3 0  hours 

o f  g re e n in g ) , i s  th e  In tr u s io n  o f  membrane-bound cy top lasm . The p resen ce  

o f  such cy top lasm  i n  m lcrobod les  has b een  documented i n  g reen in g  c o ty le ­

dons o f sun flow er (G ruber js t  a l . , 1970) and g reen  beans (G ruber e t  a l . , 

1973). As in  th e  p re s e n t  s tu d y , G ruber e_t a l .  (1970) n o ted  th e  fo llo w in g  

in  g reen in g  c o ty le d o n s :  a )  m icrobody c y to p la sm ic  in v a g in a tio n s  were tim e-

d e p e n d e n t  in  h ig h e r  p la n ts  u s u a l ly  s e e n  a t  day 4 o r  g ren in g  -  n ever b e fo re
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day 2 o r  a f t e r  day 7 ) and o c c u rre d  _in tandem w ith  th e  developm ent o f  p e r ­

oxisom al enzymes, b )  c o n t in u u ity  e x i s t s  betw een th e  ex tra -m icrobody  c y to ­

plasm and th e  m ic ro b o d y -in co rp o ra te d  cy top lasm  th ro u g h  a  narrow  i n l e t  

and c )  c y to p la sm ic  in c lu s io n s  c o n ta in e d  rib o so m es, membranes and even 

m ito ch o n d ria  ( I  d id  n o t o b se rv e  in c o rp o ra te d  m ito c h o n d ria  ) .  T re le a se  

e t  a l .  (1971) n o ted  th a t  c y to p la sm ic  in v a g in a tio n s  in to  m lcrobod les were 

s t i l l  seen  by day 1 0  o f  g re e n in g  (even though t h e i r  p resen ce  was o p tim al 

a t  day 4 o f  g re e n in g  ) ,  and su g g e ste d  th a t  c y to p la sm ic  in t r u s io n  i s  a 

mechanism by which in fo rm a tio n  g e ts  in to  m ic ro b o d ie s .

A nother f in e  s t r u c tu r e  o b s e rv a t io n  made d u rin g  th e  

12 -  30 hour g ree n in g  p e rio d  was th e  p resen ce  o f  lo n g  ( 0 .5  /im ) ,  th in  

( 30 -  50 A° ) f i b r i l s  in s id e  th e  m u lt i- lo b e d  m icrobody complex o f  E ug lena . 

The extrem e le n g th  o f th e se  f i b r i l s ,  coup led  w ith  p h o to m e tric  f in d in g s  o f  

the  p o s s i b i l i t y  o f  n u c le ic  a c id s  in  m ic ro b o d ie s , makes th e se  s tr a n d s  s u s ­

p e c t  o f  b e in g  DNA. The im p lic a tio n s  o f  th e  f in d in g s  m entioned in  t h i s  

s e c t io n  and c o n s id e ra t io n s  w hether m lcrobod les in  E uglena d u p l ic a te  by a  

de novo mechanism o r  in c re a s e  in  number from e x i s t i n g  m icrobodies w i l l  be  

d isc u sse d  in  S e c tio n  I I  E.

3 . Light-G row n C e lls

The m ic ro b o d ie s  o f  E uglena c u l tu r e d  c o n tin u o u s ly  

in  the  l i g h t  m o rp h o lo g ic a lly  resem b le  th o se  o f dark-grow n o r  g reen in g  

c e l l s .  Ab h a s  been  n o ted  e a r l i e r ,  th e  number o f  m lc ro b o d les  p e r  c e l l  i n  

a  c o n tin u o u s ly  lig h t-g ro w n  E ug lena  i s  s im i la r  to  c e l l s  allow ed to  g reen  

fo r  more th an  24 h o u rs . M oreover, b in a ry  f i s s i o n ,  budding  and cy to p la sm ic  

in v a g in a tio n s  w ere n ev e r o b se rv ed  in  th e  m lc ro b o d le s  o f  c o n tin u o u s ly  l i g h t -  

grown c e l l s .
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4. Com parisons W ith M lcrobodles o f  H igher P la n ts

N e ith e r  T re le a se  £ t  a l .  (1971) n o r  G raves je t a l .  

(1971a) obse rv ed  dense , amorphous, c r y s t a l l i n e  re g io n s  o f  m lc ro b o d le s  o f  

E uglena g r a c i l i s  v a r .  ba c l l l a r l a  ( SM -Ll). O c c a s io n a lly , such  c r y s t a l l i n e  

In c lu s io n s  were se e n , In  th e  p re s e n t  w ork, In  th e  m lc ro b o d le s  o f a e ra te d ,  

a c e ta te -su p p le m e n te d  Euglena g r a c i l i s  s t r a i n  Z. However, th e y  were ob­

se rv e d  o n ly  d u r in g  th e  12 -  30 hour g ree n in g  p e r io d .

Dense c r y s t a l l i n e  In c lu s io n s  have been  f re q u e n tly  

r e p o r te d  In  m lc ro b o d les  o f  h ig h e r  p la n t  c e l l s  - In  to b acco  l e a f

m esophy ll ( F re d e r ic k  and Newcomb, 1969 b ) ,  o a t  c o le o p t i l e ^  °1967)

and R lc in u s  endosperm ( V ig i l ,  1970). The e le c tro n -o p a q u e  u n i t s  o f  co leo p - 

t i l e  c r y s t a l l o id s  a re  ap p ro x im ate ly  60 by 85 A° in  d ia m e te r , w ith  l a t t i c e  

s p a c in g  av erag in g  130 and 100 A°, r e s p e c t iv e ly  ( O 'B rien  and Thlmann,

1967; V ig i l ,  1969). In  R lc in u s  endosperm , m icrobody c r y s t a l l o id s  have a 

un ifo rm  dim ension o f  4  60 A° and a  c o n s is t e n t  l a t t i c e  sp a c in g  o f a  110 A° 

( V ig i l ,  1970). These s t r u c t u r a l  d i f f e re n c e s  in  s iz e  and l a t t i c e  sp ac in g  

le d  V ig i l  (1970) to  su g g e s t t h a t  c r y s t a l l o id s  in  v a r io u s  p la n t  m lc ro ­

bo d les  may c o n ta in  d i s s lm l la n .p r o te in s  o r  be com plexes o f  s e v e r a l  d i f f e r ­

e n t  p r o te in s .  Rven though c r y s t a l l o id s  o f  v a r io u s  t i s s u e s  d i f f e r  in  

s iz e  and s u b s tr u c tu r e ,  t h e i r  in te n s e  DAB r e a c t i v i t y  d em o n stra tes  t h a t  

th ey  a re  th e  p r in c ip le  s i t e  o f  c a ta la s e  w ith in  th e  m icrobody ( V ig i l ,

1970). F re d e r ic k  and Newcomb (1969 b )  observed  w ith  tobacco  m esophyll 

c e l l s ,  t h a t  th e  l a r g e r  the  c r y s t a l ,  th e  le s s  I n te n s e ly - s ta in e d  was th e  

amorphous m a tr ix  in  the  rem ainder o f  th e  m icrobody. These f in d in g  were 

i n te r p r e te d  as  su g g e s tin g  t h a t  th e  in c lu s io n s  r e p r e s e n t  p ro g re s s iv e  

c r y s t a l l i z a t i o n  o f  c a ta la s e  from  th e  m icrobody m a tr ix .

S e v e ra l a u th o rs  have em phasized th a t  i n  l e a f  c e l l s ,
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m lcro b o d le s  a re  f re q u e n tly  found ap p reased  tp  c h lo r o p la s t s  (, e . g . ,  In  

tobacco  (F re d e r ic k  and Newcomb, 1969 b )  and cucumber (T re le a s e  e t  a l . ,

1971)3  • S ince  such  c e l l s  a re  parenchym atous In  n a tu re  and have la rg e

c e n t r a l  v a c u o le s , I  v e n tu re  to  p o in t  o u t t h a t  i t  I s  n o t s u r p r i s in g  th a t

a l l  th e  o rg a n e l le s  a re  in  ve ry  c lo s e  s p a t i a l  p ro x im ity  w ith in  th e  sm a ll 

volume o f  p e r ip h e r a l  cy top lasm . I ,  to p ,  have n o ted  a  s im i la r  o rg a n e l le  

r e l a t i o n s h ip  in  l e a f  m esophyll c d l l s  o f  R lc in u s  communis, S p inacea  o l e r -  

a c e a , Zea mays, K a la n c h o e * b lo ss fe ld la n a  and K alanchoe dalgreroontianum .

In  th e  c a se  o f  E uglena, however, and to  a l e s s e r  e x te n t  In  th e  guard  c e l l s  

o f  R lc in u s  communis, S p inacea  o le r a c e a ,  Zea mays, Kalanchoe b lo s s f e ld la n a  

and K alanchoe dalgrem ontlanum  (which have s m a lle r  v acu o les  th an  m esophyll 

c e l l s ) ,  m lc ro b o d les  a re  much le s s  f re q u e n tly  seen  ap p ressed  to  c h lo r o p la s t s .

S ince m lcrobod les  In  gu ard  c e l l s  have n o t been  p re ­

v io u s ly  r e p o r te d ,  I  have no b a s i s  f o r  com parison in  th e  p re s e n t  w ork . As

f a r  a s  f in e  s t r u c tu r e  i s  concern ed , th ese  m lc ro b o d les  a re  s im i la r  to  

th o se  o f  b o th  l e a f  m esophyll c e l l s  and Euglena g r a c i l i s  s t r a i n  Z.

B. I s o l a t i o n  o f  M lcrobodles

In  th e  p re s e n t  work, i t  was found th a t  th e  g r e a t ­

e s t  y ie ld  o f  i n t a c t  m lcrobod les from  dark-grow n, g re e n in g , and c o n tin u ­

o u s ly  l ig h t-g ro w n  Euglena was ach iev ed  by m echan ica l g r in d in g  in  sand  a t  

4° C to  th e  p o in t  where v i s u a l  o b s e rv a tio n  ( l i g h t  m icroscopy) re v e a le d  

® 25 % c e l l  b rea k a g e . T o lb e r t  £1971) i s o l a te d  i n t a c t  m lcrobod les from  

su g a r  c a n e , co rn  and w heat l e a f  c e l l s  by g r in d in g  in  a W aring B le n d e r, 

f i r s t  a t  s e v e r a l  1- to  2 -second low speed  b u r s t s ,  fo llow ed  by a  10 -  30 

second b u r s t  a t  a  h ig h e r  sp e ed . When I  used  t h i s  p rocedure  w ith  E ug lena , 

m lc ro b o d y -c o n ta ln ln g  bands w ere a lm ost u n d e te c ta b le  on e i t h e r  d ls c o n t ln u -
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ous o r  co n tin u o u s  g r a d ie n ts .  When E uglena w ere d is ru p te d  by  p assage  th rough  

an  Iced  French p r e s s  (c o u r te s y  o f  D r. R uth S ager, D epartm ent o f  B io lo g ic a l  

S c ie n c e s , H unter C o lle g e , CUNY) a t  600 -  800 l b s /  in  p re s s u re  - a  p ro ­

c e d u re  d e sc r ib e d  by Lord and M e rre tt  (1971) fo r  Euglena g r a c i l i s  s t r a i n  Z- 

I  co u ld  d e te c t ,  o n ly  f a i n t l y ,  m ic ro b o d y -co n ta in in g  bands on su c ro se  den­

s i t y  g r a d ie n ts .  G raves £ t  a l .  (1971 b )  f i r s t  Issu ed  c a u tio n  ab o u t a llo w ­

in g  g r in d in g  p a s t  th e  p o in t  a t  which more th an  33 % o f  E uglena c e l l s  w ere 

d is r u p te d ,  s in c e  long  p e r io d s  o f  g r in d in g  r e s u l te d  in  lo s s  o f  m icrobody

i n t e g r i t y .  These w orkers  (G raves e t  a ^ ,  1971 b ,  1972) d is ru p te d  Euglena

g r a c i l i s  v a r .  b a c l l l a r i s  (SM-Ll) by hand g r in d in g  w ith  g la s s  b eads in  a

m o rta r  and p e s t l e  f o r  30 seconds In  the  c o ld ,  and th en  la y e re d  th e  r e ­

s u l t i n g  (no n -g reen ) c e l l - f r e e  f ra c tio n s  on co n tin u o u s  su c ro se  g r a d ie n ts .

In  th e  p re s e n t  w ork, m ic ro b o d y -co n ta in in g  f r a c t io n s  

o f  dark-grow n, g ree n in g  and c o n tin u o u s ly  lig h t-g ro w n  Euglena g r a c i l i s  were 

lo c a te d  a t  th e  i n te r f a c e  betw een th e  2 .0  and 1.75 M su c ro se  bands on d i s ­

co n tin u o u s  su c ro se  d e n s i ty  g r a d ie n ts ;  m lto c h o n d r ia -c o n ta in in g  bands were 

lo c a te d  a t  th e  I n te r f a c e  betw een th e  1 .75  and 1 .50  M su c ro se  bands. These 

p o s i t io n s  a re  i d e n t i c a l  to  th o se  r e p o r te d  by  T o lb e r t  (1971) f o r  m icrobody- 

and m ito c h o n d r ia -c o n ta in in g  f r a c t io n s  on d isc o n tin u o u s  su c ro se  g ra d ie n ts  

o f  l e a f  c e l l s  o f  su g a r  can e , w heat and c o m . I t  shou ld  a ls o  be  r e c a l l e d ,  

t h a t  in  th e  p re s e n t  work I s o la te d  m lc ro b o d le s  gave ca ta la se -m ed ia ted (A T  

in h ib i te d )  DAB r e a c t i v i t y .

In  th e  p r e s e n t  s tu d y , (p red o m in an tly ) m icrobody- 

con ta in ln g  f r a c t i o n s  from  co n tin u o u s  su c ro se  d e n s ity  g r a d ie n ts  o f  dark- 

grown, a c e ta te -su p p le m e n te d  Euglena g r a c i l i s  s t r a i n  Z w ere found to  band 

a t  buoyan t d e n s i t i e s  o f  1 .18  - 1 . 2 2  g/cm ; (p red o m in an tly ) m ito ch o n d ria -
q

c o n ta in in g  bands w ere found a t  d e n s i t i e s  o f  1 .16  - 1 .1 8  g/cm . These r e -
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s u i t s  a re  In  agreem ent w ith  th o se  o f  Graves j i t  a l .  who r e p o r te d ,  t h a t  in

th e  c a se  o f  SH-Ll E uglena, t h a t  g lyoxysom al enzymes banded to g e th e r  on

co n tin u o u s su c ro se  g ra d ie n ts  a t  a  h ig h ez  e q u il ib r iu m  d e n s i ty ,  I . e . ,  1 . 2 0  

3
to  1 .22  g/cm (1971 b and 1972) th an  m ito c h o n d ria l m arker e n z y m e s ,i .e . ,

1.17 g/cm3  (1 9 7 2 ).

P re lim in a ry  experim en ts  in d ic a te d  a  g r e a t  d e a l  o f  

c h lo r o p la s t  co n ta m in a tio n  in  m icrobody- and m lto c h o n d r ia -c o n ta in in g  bands 

o f  g ree n in g  and c o n tin u o u s ly  lig h t-g ro w n  E uglena g r a c i l i s  s t r a i n  Z when 

i s o l a t i o n  was perform ed on c o n tin u o u s  su c ro se  g r a d ie n ts ;  t h i s  con tam ina­

t io n  was m inim al on d isc o n tin u o u s  su c ro se  g r a d ie n ts .  S ince  HADPH-glycolate 

r e d u c ta s e  would i n t e r f e r  w ith  enzym atic  d e te c t io n  o f  hydroxypyruvate  r e ­

d u c ta se  ( T o lb e r t ,  1970), 1 m ain ly  u t i l i z e d  d isc o n tin u o u s  su c ro se  g r a d ie n ts .  

In  g e n e ra l ,  co n tin u o u s  g ra d ie n ts  w ere made o n ly  on dark-grow n c e l l s  and 

fo r  pu rposes o f  com parison to  v a lu e s  re p o r te d  on C ontinuous su c ro se  den­

s i t y  g ra d ie n ts  o f  th e  s tre p to m y c in -b le a c h e d , n o n -p h o to sy n th e tic  s t r a i n  

SH-Ll o f  E uglena g r a c i l i s  v a r .  b a c l l l a r l s  (T re le a s e  e t  a l . ,  1971; Graves 

e t  a l . ,  1971 b , 1972).

I  found , in  th e  c a se  o f  o rg a n e l le s  i s o l a te d  from  

Euglena g r a c i l i s  s t r a i n  Z i s o l a te d  on d isc o n tin u o u s  su c ro se  d e n s i ty  g rad -  

lw n ts , v a lu e s  w hich compared w e ll  w ith  th o se  I  m easured f o r  co n tin u o u s  

su c ro se  d e n s ity  g ra d ie n ts  and th o se  re p o r te d  by Graves e t  a l .  (1972) f o r  

co n tin u o u s  su c ro se  d e n s ity  g r a d ie n ts  o f  SH-Ll.

C. Enzyme S tu d ie s

S ince  two types  o f  p re p a ra tio n s  f o r  enzym e s tu d ie s  

a re  a t l l l z e d  in  th e  p re s e n t  work ( i . e . ,  c e l l - f r e e  f r a c t io n s  and i s o la te d  

m lc ro b o d le s )  and b ecause  m easured enzyme a c t i v i t i e s  a re  e x p ressed  on th e
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b a se s  o f  "p e r  mg p r o te in "  and "p e r  c e l l "  ,  fo u r  c a te g o r ie s  o f  d a ta  p re se n ­

t a t i o n  a re  a v a i la b le  f o r  c o n s id e r a t io n . B efore d is c u s s in g  th e  r e s u l t s  o f  

my enzyme s tu d i e s ,  I  f e e l  th a t  th e  fo llo w in g  comments a re  in  o rd e r  con­

c e rn in g  the  r e l a t i v e  m e r i ts  o f  each o f  th e  fo u r  c a te g o r ie s .

O bv iously , th e  method o f  p re p a ra tio n  u t i l i z e d  in  

o b ta in in g  c e l l - f r e e  f r a c t io n s  ( i . e . ,  t o t a l  c e l l u l a r  d i s r u p t io n )  has th e  

m e r i t  o f  ex c lu d in g  e r r o r s  p e r ta in in g  to  d eg ree  o f  c e l l  b rea k a g e ; the  

m ethod used in  i s o l a t i n g  m lcrobodles In v o lv e s  on ly  p a r t i a l  d is r u p t io n  o f  

c e l l  p o p u la t io n s , and th e r e fo r e  embodies th e se  e r r o r s .  I  am aware o f  th e  

r e p o r t s  th a t  p ro longed  s o n lc a t io n  d e s tro y s  p r o te in  ( in c lu d in g  enzymes) -  

se e  f o r  example Hogeboom (1955) -  b u t  f o r tu n a te ly  th e  le n g th  o f  t te a .  r e ­

q u ire d  to  s o n ic a te  Euglena to  th e  p o in t  o f  com plete c e l l  b reakage i s  Si 20 

seco n d s. I  have found th a t  enzyme a c t i v i t y ,  when e x p ressed  on a  p e r  c e l l  

b a s i s ,  i s  s im i la r  w hether a l l  c e l l s  a re  b roken  o r  w hether o n ly  25 % o f  

th e  c e l l s  a re  b ro k en .

The problem  in h e re n t  in  p la c in g  too  much em phasis 

on c e l l - f r e e  f r a c t i o n  d a ta  (ex p ressed  on th e  b a s is  o f  p e r  c e l l  o r  p e r mg 

p r o te in )  i s  th a t  a  m u lt i tu d e  o f  non-m icrobody r e l a t e d  p ro te in s  a re  p re s e n t 

in  such p r e p a r a t io n s .  In  a d d it io n  to  t h i s  s i t u a t i o n ,  which e x i s t s  even in  

re g a rd  to  dark-grow n E ug lena , th e re  o ccu rs  upon g re e n in g , numerous changes 

in  s t r u c t u r a l  and f u n c t io n a l  p ro te in s  r e l a t e d  to  th e  m e ta b o lic  sw itc h -o v e r  

from  h e te r o tr o p h ic  to  p h o to a u to tro p h ic  g row th . For one exam ple, in  th e  

c a se  o f  c h lo r o p la s t  developm ent, th e re  i s  Invo lved  th e  s y n th e s is  o f  : a )

f u n c t io n a l  p r o te in  o f  p h o to sy n th e s is  ̂ e . g . , r ib u lo s e - l ,5 -d lp h o s p h a te  c a r ­

b o x y lase  and s e d o h e p tu lo s e - l ,7 -d ip h o s p h a ta s e  (S m il l le ,  1968)J ^ b )  d iv e rs e  

e l e c t r o n - t r a n s f e r  c a r r i e r s ^ e . g . ,  f e r re d o x in  (San P ie t r o  and Lang, 1958) 

and cytochrom e C5 5 2  ( P e r in l  e t  a l , , 1964 « . b j |  c )  s t r u c t u r a l  components
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o f  c h l o r o p l a s t s ^ e . g . , p ro te ln -p h o s p h o llp id  com plexes, etcT],Among o th e r  

w o rk e rs , Lewis js t  a l .  (1965) have d em o n stra ted , by double d i f f u s io n  a n a l­

y s i s  (O u c h te rlo n y ), t h a t  un ique  c h lo r o p la s t - a s s o c ia te d  a n tig e n s  a re  formed 

d u rin g  c h lo r o p la s t  developm ent In  E uglena g r a c i l i s  v a r .  b a c i l l a r i s .  A lso , 

w ith  g re e n in g , changes o ccu r In  cy to p la sm ic  enzymes o f  E uglena, e . g . ,  th e  

s p e c i f i c  a c t i v i t y  o f  a c e ta te  th io k ln a s e  in  a u to tro p h ic  c e l l s  i s  4R one- 

f i f t h  t h a t  o f  dark-grow n c e l l s  (Ohmann, 1964) and le v e ls  o f  param ylon 

sy n th a se  a re  low er In lig h t-g ro w n  c e l l s  th an  dark-grow n c e l l s  (M arechal 

and Goldemberg, 1964).

in g  in  E uglena see  S m il l le  (1968)^ j , and p ro b ab ly  a c co u n ts , o n ly  in  p a r t ,  

f o r  th e  o b s e rv a tio n  made by S m illie  (1968) t h a t ,  by 24 hou rs  o f  g re e n in g , 

a  d o u b ling  in  amount o f  c e l l u l a r  p r o te in  o c c u rs  in  Euglena g r a c i l i s  v a r .

(Brawerraan, 1968) th a t  th e  c h lo r o p la s ts  com prise about o n e -h a lf  o f  the  

t o t a l  p r o te in  c o n te n t o f  g ree n  Euglena c e l l s .  A s im i la r  doub ling  in  c e l l ­

u l a r  p r o te in  was observed  in  th e  p re s e n t work to  occur by 24 h o u rs  o f 

g ree n in g  in  s t r a i n  Z.

S ince  c e l l - f r e e  f r a c t i o n s  c o n ta in  such a  w e a lth  o f  

(v a ry in g )  non-m lcrobody p r o te in ,  1  f e e l  t h a t  daita o b ta in e d  w ith  I s o la te d  

m lc ro b o d les  a re  more r e l i a b l e  in d ic a to r s  o f  m icrobody enzyme a c t i v i t y  

(much o f  th e  ex tra -m ic ro b o d y  p ro te in  h av ing  been removed in  the  m icrobody

33 R e s tin g  medium as o r ig i n a l l y  d e v ise d  by S te rn  <jt a l .  (1964) con­
t a in s  0 .0 5 4  M m a n n ito l, 0 .0 1  M MgC^ and 0 .0 1  M IQUPO^. In  t h i s  medium, 
m an n ito l i s  th e  s o le  ca rb o n  and energy  so u rc e  b u t i s  n o t u t i l i z e d  fo r  
grow th by E ug lena; c e l l s  w h ile  in  the  r e s t i n g  medium do n o t  d iv id e  and 
r e t a i n  t h e i r  v i a b i l i t y  f o r  more than  a  month (S te rn  e t  a l . , 1964).

The above changes by no means c o n s t i tu t e  an ex­

h a u s tiv e changes which accompany g reen -

b a c l l l a r i s  grown on r e s t i n g  medium 33 M oreover, i t  has been  p o in te d  o u t
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i s o l a t i o n  p r o c e s s ) .  This i s  n o t  to  im ply th a t  th e re  a r e  no so u rc e s  o f  

e r r o r  in  enzyme d e te rm in a tio n s  u t i l i z i n g  m icrobod ies I s o la te d  from  suc­

ro se  g r a d ie n ts .  S ince  i t  i s  im p o ss ib le  to  b reak  open* by g r in d in g  in  

san d , e x a c t ly  th e  same number o f  c e l l s  in  each experim en t -  even when 

l i g h t  m ic ro sc o p ic  co u n ts  a re  made -  some e r r o r  i s  In tro d u c e d  when d a ta  

a re  r e p o r te d  on a  p e r  c e l l  b a s i s .

Of th e  fo u r  c a te g o r ie s  o f  d a ta  e x p re s s io n  th e  one 

rem ain ing  i s  enzyme a c t i v i t y  in  i s o la te d  m icrobod ies r e l a t e d  to  a  p e r mg 

p r o te in  b a s i s .  In  t h i s  c a te g o ry  most e x tra -m lc ro b o d y  p r o te in  has been r e ­

moved and a c t i v i t y  i s  n o t  e x p ressed  as a  fu n c t io n  o f  c e l l  num ber. There­

f o r e ,  o f  th e  fo u r  c a te g o r ie s  o f  d a ta  p r e s e n ta t io n  a v a i la b le  f o r  co n sid ­

e r a t io n ,  i t  i s  t h i s  fo u r th  c a te g o ry  in  w hich I  have g r e a t e s t  c o n fid e n ce .

1 . C a ta la s e

Q u ite  e a r ly  in  my re s e a rc h  e f f o r t s  I  was a b le  to  

I d e n t i f y  m lcrobod les  in  dark-grow n, g re e n in g  and c o n tin u o u s ly  lig h t-g ro w n  

Euglena g r a c i l i s  s t r a i n  Z, b o th  in  f in e  s t r u c tu r e  s tu d i e s ,  and by v i r tu e  

o f  p o s i t iv e  c a ta la s e  r e a c t i v i t y  -  u t i l i z i n g  DAB/l^O^ c y to c h e m ic a lly  in  

whole c e l l s  o r  u t i l i z i n g  th e  p h o to m e tric  method o f  Luck (1963) in  c e l l -  

f r e e  f r a c t i o n s .  I t  was th e r e f o r e ,  w ith  g r e a t  s u r p r i s e  t h a t  I  re a d  the  

p ap ers  o f  H anzely e t  a l .  (1971) and Graves je t a l .  (1971 a ) .  D e sp ite  the 

f a c t  t h a t  th ese  w orkers dem onstra ted  th e  p re sen ce  o f  m ic ro b o d ie s , by 

f in e  s t r u c tu r e  s tu d i e s ,  in  a  s tre p to m y c in -b le a c h e d  s t r a i n  o f  Euglena 

g r a c i l i s  v a r .  b a c i l l a r l s  (SM-Ll) grown on m edia supplem ented  w ith  g lu ­

c o se , a c e ta te  o r  e th a n o l ,  th ey  were u n a b le  to  d e te c t  th e  p re se n c e  o f 

c a ta la s e  in  e th a n o l-su p p lem en ted  c e l l s ,  e i t h e r  by DAB cy to ch em lca l pro­

ced u res  o r  by L u c k 's  (1963) p h o to m etric  a s s a y . In  f a c t ,  i t  was even
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s u g g e s te d  by Graves e t  a l .  (1971 a )  th a t  "m lcrobod les can  e x i s t  no rm ally  

w ith o u t th e  p resen ce  o f  c a t a l a s e ..............  and an o rg a n e l le  sh o u ld  be con­

s id e r e d  to  be a  m icrobody I f  i t  s a t i s f i e s  th e  m orpho log ica l c r i t e r i a  e s ­

t a b l i s h e d  f o r  m lc ro b o d le s ."

G raves £ t  a l .  (1971 a )  and H anzely e t  a l .  (1971) 

had made t h e i r  f in e  s t r u c tu r e  o b s e rv a tio n s  on a  n o n -p h o to s y n th e t ic ,  s t r e p ­

tom ycin -b leached  s t r a i n  o f  v a r i e ty  b a c i l l a r i s  (grown on m edia supplem ented 

w ith  e th a n o l ,  g lu co se  o r  a c e t a t e ) ,  and t h e i r  c a ta la s e - n e g a t iv e  experim en ts  

on t h i s  same organism  grown on m edia supplem ented w ith  e th a n o l .  At f i r s t ,

I  a t t r i b u t e d  t h e i r  n e g a tiv e  r e s u l t s  and my c o n tr a s t in g  p o s i t i v e  r e s u l t s  

( in  re g a rd  to  c a ta la s e )  to  t h e i r  hav ing  worked w ith  a  s tre p to m y c in -b le a c h e d  

s t r a i n .  Levedahl (1968) had e a r l i e r  s p e c u la te d  t h a t  s e v e r a l  d i f f e r e n c e s  

in  c e l l u l a r  m etabolism  p ro b ab ly  r e s u l t  from  perm anent b le a c h in g  o f  E uglena 

w ith  s tre p to m y c in ; fo llo w in g  h i s  le a d , I  assumed th a t  one o r  more o f  th e  

enzymes in v o lv ed  in  c a ta la s e  s y n th e s is  (o r  c a ta la s e  a c t i v i t y , i t s e l f )  were 

in h ib i te d  o r  re p re s s e d  by s tre p to m y c in  (Brody and W hite , 1972).

Lord and M e rre tt  (1971) w ere unab le  to  d e te c t  c a t ­

a la s e  p h o to m e tr ic a lly  in  E uglena g r a c i l i s  s t r a i n  Z ( th e  same s t r a i n  th a t  

I  u se d )  when t h i s  organism  was grown e i t h e r  p h o to a u to tro p h ic a l ly  in  a i r  on 

in o rg a n ic  medium, o r  h e te r o t r o p h ic a l ly  in  th e  d a rk  on th e  same medium 

supplem ented  w ith  g lu c o se . S ince  th e  gas p h ase , u nder c o n d it io n s  o f  h e t -  

e ro t r o p h ic  grow th,w as n o t  s p e c i f ie d  in  th e  work o f  Lord and M e rre tt  (1 9 7 1 ), 

and no m ention  o f  gas phase was made in  th e  papers  o f  H anzely  e t  a l .  (1971) 

o r  G raves e t  a l .  (1971 a ) ,  a  h y p o th e s is  was t e n t a t i v e ly  assumed th a t  CO2  

in  th e  gas phase was n e c e s s a ry  f o r  d e te c ta b le  l e v e ls  o f  c a ta la s e  (  in  

n o n -p h o to a u to tro p h ic  E uglena ) .  When dark-grow n, g re e n in g , o r  c o n tin u o u s ly  

lig h t-g ro w n  Euglena g r a c i l i s  s t r a i n  Z w ere a e ra te d  w ith  a i r  w hich had i t s
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carbon  d io x id e  removed by p assag e  th rough  ex cess  A s c a r i te ,  c a ta la s e  

cou ld  n o t  be d e te c te d  e i t h e r  p h o to m e tr ic a lly  ^  o r  c y to c h e m ic a lly . 

F u rth e rm o re , a d d it io n  o f  CO2  to  th e  gas phase o f  ca rbon  d io x id e -d e p r iv e d  

c e l l s  r e s u l t e d  in  r e s to r a t io n  o f  c a ta la s e  a c t i v i t y .  T h e re fo re , i t  

appears  t h a t  carbon  d io x id e  r e g u la te s  th e  a c t i v i t y  (o r  p o s s ib ly , th e  

p re se n c e )  o f  c a ta la s e  in  E uglena g r a c i l i s  s t r a i n  Z.

These r e s u l t s  ( w h ile  in  p r e s s ,  Brody and W hite , 1972 ) were 

communicated to  G raves, who su b se q u e n tly  re p o r te d  (p e rso n a l commun­

i c a t io n )  b e in g  a b le  to  d e te c t  by pho to m etric  m ethods ''low  le v e ls "  o f  

c a ta la s e  in  c e l l - f r e e  f r a c t io n s  o f  Euglena g r a c i l i s  v a r .  b a c i l l a r i s  

(SM-Ll) when such  c e l l s  were bubb led  w ith  a i r  c o n ta in in g  1 .0  % CO2 .

In  r e g a rd  to  th e  work o f  Lord and M e rre tt (1971 ), i t  shou ld  be 

r e c a l l e d ,  t h a t  I  had observed  ( as had Graves j i t  j i l . ,  1971a ) t h a t  

very  few m ic ro b o d ies  a re  p re s e n t  in  Euglena grown in  g lu c o s e -su p p le ­

mented m ed ia . T h e re fo re , the  p a u c ity  o f  m lcrobod les in  such c e l l s  may 

be what le d  to  Lord and M e r r e t t 's  (1971) r e p o r t  o f p h o to m e tr ic a lly -  un­

d e te c ta b le  l e v e l s  o f  c a ta la s e  in  g lucose-supp lem en ted  c e l l s .  A l t e r n a t iv e ly ,  

s in c e  gas phase was n o t m entioned in  t h e i r  w ork, perhaps Lord and 

M e rre tt (1971) grew c e l l s  on C O j-deprived  a i r .

G e rh a rd t and B erger (1971) a ls o  looked f o r  c a ta la s e  in  m ic ro b o d ies  

(gas phase in  experim en ts  u n s p e c i f ie d )  by cy to ch em ica l (DAB) and 

p h o to m e tric  p ro ced u res  (Luck, 1963) in  P o ly to m e lla  c a e c a  and C hloro-  

gonium elongatum  (two a c e ta te  f l a g e l l a t e s ) .  They co u ld  n o t d e te c t

34A t th e  tim e o f w r i t in g  th i s  d i s s e r t a t i o n  D r. M. M u lle r, The 
R o c k e fe l le r  U n iv e r s i ty ,  New Y ork, was a ls o  u n ab le  to  d e te c t  c a ta la s e  in  
c e l l - f r e e  f r a c t i o n s  o f  carbon  d io x id e  - d e p riv e d , c o n tin u o u s ly  l i g h t -  
grown E ug lena  by th e  method o f  Baudhuln £ t  a l .  (1 9 6 5 ).
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c a ta la s e  c y to c h e m ic a lly ; how ever, th ey  were a b le  to  d e te c t  I t  

p h o to m e tr ic a l ly  in  f r a c t i o n s  from  l in e a r  su c ro se  g ra d ie n ts  which 

c o n ta in e d  s t r u c tu r e s  m o rp h o lo g ic a lly  s im i la r  to  m lc ro b o d le s . I t  i s  

p o s s ib le  t h a t  t h e i r  c o n d it io n s  o f  DAB in c u b a tio n  (pH and te m p e ra tu re )  

were n o t  o p tim a l fo r  d e te c t io n  o f  c a ta la s e ,  o r  perhaps t h e i r  30 m inu te  

in c u b a tio n  p e r io d  was too  b r i e f  to  o b ta in  a c a ta la s e - n e d ia te d  DAB 

r e a c t io n .  R e c a ll  t h a t ,  in  th e  p re s e n t  w ork, and th a t  o f  F re d e r ic k  and 

Newcomb (1969 b ) ,  i t  was found th a t  60 ip inu tes  o f  in c u b a tio n  a t  pH 9 .0 , 

37 was o p tim a l f o r  d e te c t io n  o f  c a ta la s e -m e d ia te d  DAB a c t i v i t y .

In  th e  p re s e n t  w ork, c a ta la s e  a c t i v i t y  in  c e l l - f r e e  f r a c ­

t io n s  in c re a s e d  2 - fo ld  by 72 hours o f  g re e n in g  on e i t h e r  th e  b a s is  

o f  s p e c i f i c  a c t i v i t y  o r  p e r  c e l l .  C a ta la s e  a c t i v i t y  in  i s o la te d  m lcro ­

b o d le s  a ls o  in c re a se d  w ith  g re e n in g . In  t h i s  c a s e , th e  in c re a s e  by 72

hours o f  g ree n in g  was 1 .4 - f o ld ,  w hether p re se n te d  on th e  b a s i s  o f

35s p e c i f i c  a c t i v i t y  o r  p e r  c e l l .  Ihe  p o s s i b i l i t y  o f  ex tra -m lc ro b d d y  

c a ta la s e  has a lre a d y  been m entioned on pages 133 and 136.
s

Graves e t  a l . (1972) were unab le  to  d e te c t  c a ta la s e

The d isc re p an c y  betw een th e  2 - fo ld  in c re a s e  in  c a ta la s e  
le v e ls  as de term ined  w ith  c e l l - f r e e  f r a c t io n s  and th e  1 .4 - fo ld  in c re a s e  
as de term ined  w ith  i s o la te d  m lc ro b o d les  may have i t s  o r ig in  in  d i f f i ­
c u l t i e s  in h e re n t  in  a c c u ra te ly  m easuring  low le v e ls  o f  c a ta la s e  in  d a rk - 
grown c e l l s .  W hile th e  f i n a l  d r a f t  o f  t h i s  th e s i s  was b e ing  w r i t t e n ,  D r. 
M. M u lle r, The R o c k e r fe lle r  U n iv e r s i ty ,  New York, k in d ly  agreed  to  de­
term ine  c a ta la s e  le v e ls  in  c e l l - f r e e  f r a c t io n s  o f  E ug lena .W hile h i s  
m easurem ents o f  c a ta la s e  l e v e l s  in  c e l l - f r e e  f r a c t i o n s  o f a e ra te d ,  a ce ­
ta te -su p p le m e n te d , c o n tin u o u s ly  lig h t-g ro w n  c e l l s  w ere s im i la r  to  m ine, 
h is  c a ta la s e  l e v e l s  in  dark-grow n c e l l s  were so l i t t l e  above background 
th a t  d e te rm in a tio n s  cou ld  n o t  be made w ith  c e r t a i n t y .
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p h o to m e tr ic a lly  in  su c ro se  f r a c t i o n s  (o f  presum ably m ic ro b o d y -co n ta in ­

in g  bands) from  co n tin u o u s su c ro se  d e n s i ty  g r a d ie n ts  o f  Euglena g r a c i l i s  

v a r .  b a c i l l a r i 8 . In  re g a rd  to  o th e r  m icroorgan ism s, M ulle r je t a l .  (1969) 

re p o r te d  c a ta la s e  le v e ls  o f  33 Baudhuin U n i ts /  mg p r o te in  o r  3 .06  Lfick 

u n i t s /  mg p r o te in  (my c a lc u la t io n s  based  on c o n v e rs io n s  g iv en  in  Table 4 ) 

f o r  c e l l - f r e e  hom ogenates o f  Tetrahym ena p y r ifo rm is  (a  c o lo r le s s  c l l i a t e )  

grown in  a c e ta te -su p p le m e n ted  m ed ia . L u l e t  a l .  (1968) r e p o r te d  1 .7  

Baudhuin U n its  p e r  mg p r o te in  o r  0 .1 6  Luck u n i t s  p e r  mg p r o te ln (  my 

c a lc u la t io n s  based  on c o n v e rs io n s  g iv en  in  T ab le  4 ) fo r  c e l l u l a r  hom­

o g en a tes  o f  Ochromonas m alham ensis (g reen  f l a g e l l a t e ) .  Ify r e s u l t s  f o r  

c a ta la s e  a c t i v i t y  in  c e l l - f r e e  f r a c t io n s  o f  dark-grow n, g ree n in g  o r  l i g h t -  

grown E uglena g r a c i l i s  s t r a i n  Z a re  in te rm e d ia te  betw een th o se  re p o r te d  

in  th e  two aforem en tioned  p a p e rs .

The a c t i v i t y  o f  c a ta la s e  as a  fu n c t io n  o f  g reen in g  

has n o t been re p o r te d  f o r  o th e r  m ic roorgan ism s. T h e re fo re , com parisons 

o f  c a ta la s e  a c t i v i t y  as a  f u n c t io n  o f  g ree n in g  w i l l  have to  be made w ith  

h ig h e r  p l a n t s .  D if fe r e n t  p a t t e r n s  o f  c a ta la s e  a c t i v i t y  have been re p o r te d  

f o r  g ree n in g  co ty led o n s  o f  cucum ber(T release e t  a l . ,  1971), w heat (F e ie r -  

abend and B eevers , 1972 a ) ,  sun flo w er (S c h n arren b e rg er e t  a l . , 1971) and 

bean (G ruber _et a l . , 1973). Most l i k e ly ,  th e s e  d i f f e r e n t  p a t te r n s  c o r r e ­

l a t e  w ith  th e  o n se t a n d /o r  d e c lin e  o f  glyoxysom al and perox isom al a c t i v i ­

t i e s .  For pu rposes o f  com parison , p a t t e r n s  o f  c a ta la s e  a c t i v i t y  f o r  Eu­

g le n a  (as  de term ined  in  th e  p re s e n t  w ork) a re  compared w ith  those  o f 

g reen in g  h ig h e r  p la n ts  (F ig . 4 7 ) .

T re le a s e e t  a l .  (1971) r e p o r te d  maximum le v e l s  o f  

c a ta la s e  in  b o th  homogenates (18 u n its /m g  p r o te in )  and p a r t i c u l a te  f r a c ­

t io n s )  (76 u n its /m g  p r o te in ;  F ig .  47B ) o f cucumber c o ty led o n s  ( in  which
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Figure 47 Comparisons of glyoxysomal and peroxisomal enzyme a c tiv ity  as a function of 
greening In  aerated ,acetate—supplemented Euglena g ra c ilis  s tra in  Z and several higher 
p lan ts. Speoifie enzyme a c t iv itie s  are  presented on a re la tiv e  b asis . Catalase (A ■ a)I 
glyoxysomal enzymes (e ■ ■■ < )l peroxisomal enzymes ( - --------) .
A. miarobody-containing sucrose gradients of Euglena g ra c ilis  s tra in  Z ( White, present 
thesis  ) .  B. particu la te  fractions of cucumber cotyledons { Treleaae e t  a l , ,  1971 ) .  •
C. rdcrobody-containing sucrose gradients o f sunflower cotyledons ( Gruber e t  a l . , 1973 )•
D, a e ll- f re e  fractions of wheat leaves ( Feirabend and Beevers, 1971 ) .
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l i p i d s  a re  Che m ajor s to r a g e  form o f  food Co be used  f o r  g ro w th ) by day 

3 o f  g re e n in g ; le v e ls  w ere reduced  Co o n e -s ix th  by day 7 o f  g re e n in g , 

p ro b ab ly  as  a r e s u l t  o f  s to r e d  l ip i d s  h av in g  undergone a lm ost com plete 

c a ta b o lis m . F e lrab en d  and B eevers (1971) w ere a b le  to  f i r s t  d e te c t  t r a c e  

amounts o f c a ta la s e  in  c e l l - f r e e  f r a c t i o n s  o f  wheat le a v e s  ( in  which 

l i p i d s  a re  n o t th e  m ajor s to ra g e  form  o f  fo o d ) by day 2 o f  g re e n in g ; 

d u rin g  th e  n e x t 5 days o f  g re e n in g , a  r a p id  and c o n s ta n t  r a t e  o f  in c re a s e  

o c c u rre d  -  to  3 5 .6  u n lts /m g  p ro te in  (F ig . 47 0 ) .

S ch n a rren b e rg e r e t  a l .  (1971) n o ted  th a t  c a ta la s e  

had a  peak a c t i v i t y  in  m ic ro b o d y -c o n ta ln ln g  su c ro se  g r a d ie n ts  o f  sun­

f lo w er c o ty led o n s  (which s to r e  l i p i d s )  by day 3 o f  g e rm in a tio n ; le v e ls  

d e c lin e d  by day 9 to  o n ly  28 % o f  i t s  maximal a c t i v i t y .  G ruber j i t  a l .  

(1970) d e te c te d  low le v e ls  o f  c a ta la s e  a c t i v i t y  in  c e l l - f r e e  f r a c t i o n s  o f  

su n flo w er co ty le d o n s  a t  day 1 o f  g e rm in a tio n . In  t h i s  s tu d y , th e  g r e a te s t  

a c t i v i t y  o f  c a ta la s e  p e r  co ty le d o n  o c c u rre d  a t  day 4 o f  g e rm in a tio n ; by 

day 7 , c a ta la s e  a c t i v i t y  d e c lin e d  to  o n e - th i r d  th a t  o f  day 4 (F ig . 47 C ). 

In  a l a t e r  s tu d y , G ruber e t  a l .  (1973) obse rv ed  th a t  l e v e ls  o f  c a ta la s e  

in c re a s e d  6 - f o ld  (6 .2  u n i t s /  mg p r o te in )  in  homogenates o f  bean  (Phas-  

e o lu s  v u lg a r i s ) le a v e s  by  day 9 o f g re e n in g ; a c t i v i t i e s  d e c reased  

33 % by day 11.

In  summary, o rg an s  o f  h ig h e r  p la n ts  which u t i l i z e  

s to r e d  l ip id s  d is p la y  i n i t i a l l y  an in c re a s e  in  c a ta la s e  a c t i v i t y  p a r a l l e l ­

ing  th e  In c re a se  in  glyoxsom al enzyme a c t i v i t y ;  c a ta la s e  a c t i v i t y  then  

d im in ish es  in  c o n c e r t  w ith  d im in ish in g  glyoxysom al enzyme a c t i v i t y  even 

though perox isom al enzyme a c t i v i t y  in c re a s e s  (F ig . 47 B ,C ). A lthough one 

m ight a n t i c ip a t e  an in c re a s e  in  c a ta la s e  a c t i v i t y  to  be a s s o c ia te d  w ith  

in c re a s e d  perox isom al enzyme a c t i v i t y ,  such  an in c re a s e  in  c a ta la s e  a c t iv -
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I t y  I s  n o t  d e te c ta b le  In  h ig h e r  p l a n t s .  P erhaps th e r e  jta  an  In c re a s e  in  

p e ro x d so m e-asso c ia ted  c a ta la s e  a c t i v i t y ,b u t  to  a  d eg ree  I n s u f f i c i e n t  to  

m a n ife s t I t s e l f  a t  a tim e when g ly o x y so m e-asso c la ted  c a ta la s e  a c t i v i t y  I s  

d ropp ing  a t  such a  r a p id  r a t e .  In  o rgans o f  h ig h e r  p la n ts  w hich do n o t 

s to r e  l i p i d ,  e . g . ,  w heat le a v e s ,  c a ta la s e  a c t i v i t y  fo llo w s  (p ro b a b ly  m ain­

ly  )glyoxysom al a c t i v i t y  and perox isom al a c t i v i t y  and does n o t  d im in ish  

d u rin g  th e  g re e n in g  p e r io d .( F ig .  47 D).

Perhap8 I t  I s  r e a l l y  n o t  a p p ro p r ia te  to  compare 

p a t t e r n s  o f  c a ta la s e  a c t i v i t y  in  g ree n in g  h ig h e r  p la n t s  w ith  c a ta la s e  

a c t i v i t y  In  g ree n in g  Euglena - e s p e c ia l ly  under c u l tu r e  c o n d it io n s  sp ec ­

i f i e d  in  th e  p re s e n t  work. R e c a ll  t h a t  Buglena w ere grown in  a c e ta te -  

supplem ented m edia , and th en  a llo w ed  to  g reen  in  t h i s  medium w ith  the  

r e s u l t  th a t  s p e c i f ic  a c t i v i t i e s  o f  glyoxysom al m arker enzymes rem ained 

f a i r l y  c o n s ta n t  w ith  g ree n in g  - t h i s  s i t u a t i o n  h as  no p a r a l l e l  in  h ig h e r  

p l a n t s .  To make th e  s i t u a t i o n  in  Euglena com parable to  th a t  o f  h ig h e r  p la n t, 

o rgans I n  w hich l i p i d  i s  th e  m ajor s to ra g e  form o f  food , E uglena would 

f i r s t  have to  be grown in  th e  p re sen ce  o f  a c e ta te  and th en  allow ed  to  

g reen  in  i t s  a b se n c e . I t  i s ,  how ever, j u s t  b ecau se  o f  th e  f a c t  th a t  

a c e ta te  i s  p r e s e n t  d u rin g  th e  g ree n in g  o f  E ug lena , t h a t  s p e c i f ic  a c t i v ­

i t i e s  o f  glyoxysom al enzymes rem ain  c o n s ta n t .  Thus, in  th e  c a se  o f Eu­

g le n a , p e ro x is o m a l-a s s o c ia te d  c a ta la s e  a c t i v i t y  can  be  c l e a r l y  n o ted  (see  

F ig . 47 A ); such a c t i v i t y  i s  n o t  c l e a r l y  n o ted  in  h ig h e r  p l a n t s .

2 . Glyoxysomal M arker Enzymes

S p e c if ic  a c t i v i t i e s  o f  the  glyoxysom al m arker enzymes - 

i s o c i t r a t e  ly a s e  and m ala te  sy n th a se  - a re  f a i r l y  c o n s ta n t  in  a e ra te d ,  

a c e ta te -su p p le m e n te d , dark-grow n, g reen in g  and c o n tin u o u s ly  l ig h t-g ro w n
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E uglena g r a c i l i s  s t r a i n  Z, as  judged  from  d a ta  o b ta in e d  b o th  from c e l l -  

f r e e  f r a c t io n s  and m ic ro b o d y -co n ta ln in g  su c ro se  f r a c t i o n s  from  d isc o n ­

tin u o u s  su c ro se  d e n s i ty  g r a d ie n ts .

I  canno t compare my c e l l - f r e e  f r a c t i o n  d a ta  on i s o ­

c i t r a t e  ly a se  and m a la te  sy n th a se  e x p re sse d  on a  p e r  c e l l  b a s is  w ith  t h a t  

o f  o th e r  w o rk e rs , s in c e  no o th e r  w orkers have e x p re sse d  t h e i r  d a ta  In  t h i s  

fo rm . However, s e v e r a l  groups have r e p o r te d  s p e c i f i c  a c t i v i t i e s  f o r  th e s e  

two enzymes in  c e l l - f r e e  f r a c t i o n s .  Reeves _et a l .  (1962) documented th e  

p resen ce  o f  l s o c i t r a t e  ly a se  (1 .7 2  njp m oles/m ln/m g p r o te in )  and m ala te  

sy n th a se  ( 2 4 .0  up m oles/m ln/m g p r o te in )  in  c e l l - f r e e  f r a c t io n s  o f  l i g h t -  

grown a c e ta te -su p p le m e n te d  E uglena g r a c i l i s  s t r a i n  Z. Haigh and B eevers 

(1964) r e p o r te d  s p e c i f ic  a c t i v i t i e s  o f  1 .7  and 2 .6  f o r  i s o c i t r a t e  ly a se  

in  c e l l - f r e e  f r a c t i o n s  o f  a c e ta te -su p p le m e n te d  dark-grow n and c o n tin u ­

o u s ly  l ig h t-g ro w n  Euglena g r a c i l i s  s t r a i n  Z, r e s p e c t iv e ly ;  th ey  gave no 

d a ta  f o r  m a la te  s y n th a s e . In  th e  p re s e n t  w ork, l e v e ls  o f  i s o c i t r a t e  ly ­

ase  in  c e l l - f r e e  f r a c t io n s  (1 .6 5  -  1 .92  mp m oles/m ln/m g p r o te in )  ag ree  

w ith  th o se  r e p o r te d  by th e  two afo rem en tioned  w o rk e rs , b u t  d i f f e r s  con­

s id e r a b ly  from  th a t  o f  Reeves £ t  a l .  (1962) in  r e g a rd  to  m ala te  sy n th a se  . 

I  found le v e ls  o f  m ala te  sy n th a se  in  c e l l - f r e e  f r a c t i o n s  to  be 3 .2 1  -  3 .7 0  

mp m oles/m ln/m g p r o te in ;  Reeves e t  a l .  (1962) r e p o r te d  le v e ls  o f  24 .0  mp 

m oles/m ln/m g p r o te in .  Perhaps th e s e  d i f f e re n c e s  may be p a r t i a l l y  e x p la in ed  

{jas th ey  w ere by Hogg (1962 ), w orking w ith  c e l l - f r e e  f r a c t io n s  o f  T e tra - 

hymena p y r i f o r m is j  , by th e  f in d in g  th a t  c e l l u l a r  le v e ls  o f  enzymes a re  

fu n c tio n s  o f  v a r ia b le s  such as medium, growth c o n d it io n s ,  and growth
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p h ase . 36 Reeves e t  a l .  (1962) used  a  medium e n r ic h e d  n o t o n ly  w ith  sodium 

a c e t a te ,  b u t  w ith  b e e f  e x t r a c t ,  t ry p to n e  and y e a s t  e x t r a c t ;  I  used  a  med­

ium In  which a c e ta te  was th e  s o le  carbon  and en e rg y  so u rc e . M oreoever, 

Reeve8 e t  a l .  (1962) g rew E uglena g r a c i l i s  s t r a i n  Z a t  l i g h t  I n t e n s i t i e s  

o f  200 f t .  c . ;  In  th e  p re s e n t  w ork, c e l l s  were grown a t  110 f t .  c . . I  b e ­

l ie v e  t h a t  my s p e c i f i c  a c t i v i t y ,  d a te  fo r  m a la te  sy n th a se  in  c e l l - f r e e  

f r a c t i o n s  o f  E uglena g r a c i l i s  s t r a i n  Z a re  re a s o n a b le , b ased  on my f in d ­

in g s  o f  s p e c i f i c  a c t i v i t i e s  o f  93 .3  -  98 .7  f o r  t h i s  same enzyme in  m ic ro ­

b o d y -co n ta in in g  bands o f  d isc o n tin u o u s  su c ro se  g r a d ie n ts  and b ecause  th e  

l a t t e r  m icrobody d a ta  a re  In  good agreem ent w ith  th o se  re p o r te d  by  G raves 

e t  a l .  (1972) f o r  m ic ro b o d y -co n ta ln in g  bands from  c o n tin u o u s  su c ro se  

d e n s i ty  g r a d ie n ts  o f  Euglena g r a c i l i s  s t r a i n  SM-L1.

A gain , In  re g a rd  to  d a ta  on m ic ro b o d ies  I s o la te d  on 

su c ro se  d e n s i ty  g r a d ie n ts ,  I  can  make no com parisons fo r  l e v e l s  o f  m a la te  

sy n th ase  and l s o c i t r a t e  ly a s e  when d a ta  a r e  e x p re sse d  on a  p e r  c e l l  b a s i s ,  

because  o th e r  w orkers  have n o t  re p o r te d  t h e i r  d a ta  in  t h i s  f a s h io n . D ata  , 

however, e x p re sse d  In  term s o f  " s p e c i f i c  ac tiv ity * *  a re  a v a i la b le  In  th e  

l i t e r a t u r e .

Graves e t  a l .  (1972) n o ted  th e  p rese n c e  o f  l s o c i t r a t e  

ly a s e  (31 nm oles/m in/m g p r o te in )  and m ala te  sy n th a se  (95 nm oles/m ln/m g 

p r o te in )  in  m icrobody f r a c t i o n s  from  co n tin u o u s su c ro se  d e n s i ty  g r a d ie n ts  

o f  s tre p to m y c in -b le a c h e d , e th an o l-su p p lem en ted  E uglena g r a c i l i s  v a r .  

b a c l l l a r l a  (SM-L1). A lthough I  worked w ith  s t r a i n  Z , my glyoxysom al en-

3 6 F o r exam ple, Hogg (1969) re p o r te d  s p e c i f i c  a c t i v i t i e s  o f  0 .9  and 
4 .7  f o r  m a la te  sy n th a se  In  c e l l - f r e e  f r a c t i o n s  o f  lo g  phase and s ta t io n a r y  
phase Tatrahym ens p y r lfo rm ls ,  r e s p e c t iv e ly ,  grown in  a  medium c o n ta in in g  
p ro ta o s e -p e p to n e , g lu co se  and  a c e t a te .  C e l l - f r e e  f r a c t io n s  o f  lo g  phase 
Tetrahym ena p y r lfo rm ls  w ere a ls o  found to  c o n ta in  m ala te  sy n th a se  a c t i v ­
i t i e s  o f  3 .5 ,  0 , 3 .0 ,  and 5 .0 ,  In  c e l l s  grown in  p ro te o se -p e p to n e  medium, 
p ro te o s e  pep tone  + g lu co se  m ed iu p ,p ro teo se  p ep tone  + sodium a c e t a te  medium 
and s y n th e t ic  medium supplem ented w ith  sodium  a c e t a te ,  r e s p e c t iv e ly .
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zyme d a ta  f o r  l s o c i t r a t e  ly a s e  (2 5 .5  -  3 2 .9  mp m oles/m ln/m g p r o te in )  

and m ala te  sy n th a se  (9 3 .3  -  99 .2  mp m oles/m ln/m g p r o te in )  from d is ­

co n tin u o u s  su c ro se  g r a d ie n t  m icrobody f r a c t i o n s  a g re e s  w e ll  w ith  th a t  

r e p o r te d  by G raves e t  a l .  (1972).

W hile I  would l i k e  to  make com parisons o f  my d a ta  

on th e  s p e c i f ic  a c t i v i t i e s  o f  l s o c i t r a t e  ly a se  and m a la te  sy n th a se  a s  a  

f u n c t io n  o f  g ree n in g  in  Euglena w ith  t h a t  o f  o th e r  w o rk e rs , such cctnpar- 

is o n s  a re  n o t  p o s s ib le  s in c e  th e  o n ly  d a ta  o f  I s o la te d  E uglena m icro- 

b o d le s  a r e  from a  p e rm an en tly -b leach ed  s t r a i n  o f  t h i s  o rgan ism . D ata on 

th e s e  enzymes I s ,  how ever, a v a i la b le  from  the  l i t e r a t u r e  in  th e  c a se s  o f  

g ree n in g  c o ty le d o n s  o f  h ig h e r  p l a n t s .  G ruber at  a l .  (1970) observed  o p t i ­

mal l e v e l s  o f  l s o c i t r a t e  ly a s e  (120 nm oles/m in/m g p r o te in )  a t  day 4 o f  

g ree n in g  In  10,800 g p a r t i c u l a t e  p e l l e t s  o f  sun flow ar c o ty le d o n s ;  by day 

7 o f  g ree n in g , t h i s  a c t i v i t y  d e c lin e d  to  40 nm oles/m ln/m g p r o te in .

S ch n arren b erg er e t  a l .  (1971) a ls o  n o ted  maximal 

s p e c i f i c  a c t i v i t i e s  o f  b o th  l s o c i t r a t e  ly a s e  (820 nm oles/m ln/m g p r o te in )  

and m ala te  sy n th a se  (1560 nm oles/m ln/m g p r o te in )  by th e  f o u r th  day o f 

g ree n in g  in  m ic ro b o d y -co n ta ln in g  bands from  d isc o n tin u o u s  su c ro se  g rad ­

i e n t s  o f  sun flow er c o ty le d o n s . These v a lu e s  d ec reased  a f t e r  th e  fo u r th  

day o f  g ree n in g ; by  day 11 , t h e i r  a c t i v i t i e s  had d ec reased  by 89 % fo r  

l s o c i t r a t e  ly a s e  and 78 % fo r  m a la te  sy n th a se .

T re le a se  e t  a l .  (1971) found maximal l e v e ls  fo r  i s o ­

c i t r a t e  ly a se  by day 3 -4  o f  g ree n in g  in  b o th  c e l l - f r e e  f r a c t l o n s (  40 

nm oles/m in/m g p r o te in )  and m ic ro b o d y -co n ta ln in g  f r a c t i o n s  from  c o n tin u ­

ous su c ro se  g r a d ie n ts  (165 nm oles/m in/m g p r o te in )  o f  sun flow er c o ty le d o n s . 

S im ila r  maximal s p e c i f i c  a c t i v i t i e s  w ere n o ted  by  day 3 -4  o f  g reen in g  f o r  

m a la te  sy n th ase  In  c e l l - f r e e  f r a c t i o n s  ( 60 nm oles/m ln/m g p r o te in )  and
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m ic ro b o d y -co n ta ln in g  f r a c t i o n s  from  c o n tin u o u s  su c ro se  g r a d ie n ts  ( 230 

nmoles/mn/mg p r o te in )  o f  cucumber c o ty le d o n s . F u rth e rm o re , T re le a s e  e t . 

a l .  (1971) n o ted  th a t  a f t e r  day 4 o f  g re e n in g , l e v e l s  o f  l s o c i t r a t e  l y ­

a se  and m a la te  sy n th a se  d e c re a se d  in  b o th  c e l l - f r e e  f r a c t i o n s  and m ic ro ­

b o d y -c o n ta ln in g  f r a c t i o n s  from  c o n tin u o u s s u c r o s e  d e n s i ty  g r a d ie n ts ;  b e ­

yond day 7 th e s e  enzymes w ere u n d e te c ta b le .

F e le ra b en d  and B gevers (1972 a )  have shown t h a t  in  

w heat le a v e s  glyoxysom al m arker enzymes ln c r e s s e  In  p a r a l l e l  w ith  p e ro x i­

somal -m arker enzymes ( and c a ta la s e )  up to  day 6  o f  g e rm in a tio n  (when 

th e  experim en t was te r m in a te d .)

R e c a ll  t h a t  b o th  cucumber and sun flow er co ty le d o n s  

a r e  o rg an s  In  which th e  m ain s to ra g e  form  o f  food  i s  l i p i d ;  in  w heat 

le a v e s  t h i s  i s  n o t  th e  c a se  -  glyoxysom al enzymes c o n tin u e  to  in c re a s e  in  

th e  6  days o f  g re e n in g . In  r e g a rd  to  th e  p a t t e r n  o f  glyoxysome a c t i v i t y  

a s  a  f u n c t io n  o f  g re e n in g , E uglena d i f f e r s  from  a l l  o f  th e s e  h ig h e r  

p l s n t s ;  c a ta l a s e  a c t i v i t y  m ain ly  fo llo w s  glyoxysom al enzyme a c t i v i t y  

w ith  g re e n in g .

3 . P erox isom al M arker Enzymes

A 6 - f o ld  In c re a s e  was ob se rv ed  in  th e  a c t i v i t i e s  

o f  th e  pe ro x iso m al m arker enzymes (hydroxypyruvate  r e d u c ta s e  and g ly -  

e o la te  dehydrogenase) In  c e l l - f r e e  f r a c t i o n s  o f  a e r a te d ,  a c e ta te - s u p p le ­

m ented E uglena g r a c i l i s  s t r a i n  Z by  72 hours o f  g re e n in g , a s  compared to  

dark-grow n c e l l s ,  when d a ta  a r e  e x p re sse d  on th e  b a s i s  o f  s p e c i f ic  a c t i v ­

i t y  (p e r mg p r o t e i n ) ;  a  1 2 - f o ld  in c re a s e  was n o ted  when d a ta  a r e  e x p re sse d  

on a  p e r  c e l l  b a s i s .  S in ce  no o th e r  w orkers have e x p re sse d  t h e i r  p e ro x i­

somal m arker enzyme d a ta  on a  p e r  c e l l  b a s i s ,  i t  i s  n o t  p o s s ib le  to  make
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com parisons w ith  t h i s  type o f  d a ta  on Euglena g r a c l l l a  s t r a i n  Z .

CoddI and M e rre tt  (1970) no ted  a  1 0 -fo ld  in c re a s e

in  th e  s p e c i f ic  a c t i v i t y  o f  g ly co lla te :D C E Ip  o x id o re d u c ta se  (g ly c o la te

dehydrogenase) in  c e l l - f r e e  f r a c t i o n s  o f  a c e ta te -su p p le m e n te d  Euglena

g r a c i l i s  s t r a i n  Z by  72 hou rs o f  g re e n in g . However, th e s e  w orkers  grew

3 2c e l l s  under c o n d it io n s  o f  1 . 0  x  1 0  e rg /cm  / s e c  i l lu m in a t io n  and in  the  

p r e s e n t  s tu d y , c e l l s  were grown under 1 .9  x  10^ e rg /c m ^ /sec  o f  i l lu m in a ­

t i o n .  1 w ish  to  su g g e s t in  acco rdance  w ith  Hogg (1962) t h a t  l e v e ls  

o f  g ly c o la te  dehydrogenase in  Euglena a r e  fu n c tio n s  o f  grow th c o n d it io n s  

( e . g . ,  l i g h t  i n t e n s i t y ) .

C e l l - f r e e  f r a c t i o n  d a ta  a re  a v a i l a b le  in  th e  l i t e r ­

a tu r e  p e r ta in in g  to  a c t i v i t i e s  o f  p erox isom al m arker enzymes in  h ig h e r  

p l a n t s  a s  fu n c t io n s  o f  g re e n in g . S ch n a rren b e rg e r e t  a l .  (1971) n o ted  in  

c e l l - f r e e  f r a c t i o n s  o f  sun flow er c o ty le d o n s  t h a t  a c t i v i t i e s  o f  hydroxy- 

p y ru v a te  re d u c ta s e  and g ly c o la te  o x id a se  In c reased  d u r in g  th e  f i r s t  fo u r  

days o f  g e rm in a tio n , and t h e r e a f t e r  rem ained r e l a t i v e l y  c o n s ta n t  (bo th  

enzymes had a c t i v i t i e s  o f  «  1 0 0  nmoles/m in/m g p r o te in  / p a i r  o f  c o ty le ­

dons a f t e r  day 4 ) .  T re le a se  e t  a l .  (1971) observed  a  sh a rp  in c re a s e  in  

s p e c i f i c  a c t i v i t i e s  o f  hydroxypyruvate  re d u c ta s e  and g ly c o la te  ox id ase  

in  c e l l - f r e e  f r a c t i o n s  o f  cucmber c o ty le d o n s  betw een days 2  and 5 o f  

g re e n in g ; a f t e r  day 5 , r e l a t i v e l y  c o n s ta n t  l e v e ls  o f  th e s e  two enzymes 

were n o ted  ( i . e . ,  4 -5  nm oles/min/mg p r o t e i n ) .

W ith s u c r o s e - i s o la te d  m icrobody f r a c t io n s  in  the  

p re s e n t  work i t  was n o ted  th a t  by 72 h o u rs  o f  g reen in g  ( by which tim e 

enzyme a c t i v i t i e s  re a c h  th e  l e v e ls  o f  c o n tin u o u s ly  l ig h t-g ro w n  c e l l s ) ,  

a )  th e  s p e c i f ic  a c t i v i t i e s  o f  b o th  g ly c o la te  dehydrogenase and hydroxy­

p y ru v a te  re d u c ta s e  In c re a se  f t 6 - f o ld  w h ile  b )  th e  a c t i v i t i e s  o f  b o th
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th e s e  enzymes In c re a se  m  1 2 -fo ld  on a  p e r  c e l l  b a s i s .  A gain , i t  i s  n o t 

p o s s ib le  to  make com parisons o f  my d a ta  ex p re sse d  on a  p e r  c e l l  b a s is  

w i th  t h a t  o f  o th e r  w o rk e rs .

Lord and M e rre tt  (1971) showed by d isc o n tin u o u s  

su c ro se  g r a d ie n ts  o f  p h o to a u to tro p h ic a lly -g ro w n  E uglena g r a c i l i s  s t r a i n  

Z th a t  g ly co lla te :D C P !P  p x ld o re d u c ta se  (g ly c o la te  dehydrogenase) i s  a  

p a r t i c u l a t e  enzyme. G raves e t  a l .  (1972) p rep a re d  c o n tin u o u s  su c ro se  

g r a d ie n ts  o f  a  s tre p to m y c in -b le a c h e d ,n o n -p h o to sy n th e tic  s t r a i n  o f  Euglena 

g r a c i l i s  v a r .  b a c i l l a r i s  SM-L1), grown on e th an o l-su p p lem en ted  m edia and 

r e p o r te d  t h a t ,  co -b an d in g  w ith  (p resum ab ly ) m icrobody p a r t i c l e s  t h a t  

showed pronounced glyoxysom al type  enzyme a c t iv i ty ,w e r e  low le v e ls  o f  

p e ro x iso m a l-ty p e  enzymes -  g ly c o la te  dehydrogenase and hydroxypyruvate  

r e d u c ta s e  ( th e y  u sed  g ly c o la te  a s  s u b s t r a te  and th e r e f o r e  r e f e r  to  t h i s  

l a t t e r  enzyme a s  g ly c o la te  r e d u c ta s e ) .  G raves e t  a l . (1972) r e p o r t  t h a t  th e  

a c t i v i t i e s  o f  th e s e  two perox isom al enzymes in c re a s e  upon exposure  to  

l i g h t , '  in  b o th  a  s tre p to m y c in -b le a c h ed  and norm al v a r i e ty  b a c i l l a r i s  

( d e s p i te  the  f a c t  t h a t  th e  form er o rgan ism  does n o t  g ree n  upon i l lu m in a ­

t i o n ) .

In  h ig h e r  p l a n t s ,  th e  o x id a t io n  o f  g ly c o la te  to  

g ly o x y la te  -  t h a t  fo llo w s  p h o to s y n th e tic  carbon  d io x id e  f ix a t io n  -  i s  

m e d ia te d  by g ly c o la te  o x id ase  ( EC 1 .1 .3 .1  ) w hich u se s  oxygen a s  th e  

te rm in a l  a c c e p to r  (N elson and T o lb e r t ,  1 9 7 0 ) . T h e re fo re , g ly c o la te  o x id ase  

i s  a  perox isom al m arker enzyme in  h ig h e r  p l a n t s .  In  g ree n  a lg a e  ( in c lu d ­

in g  E ug lena) th e  enzyme w hich  o x id iz e s  g ly c o la te  to  g ly o x y la te  i s  g ly co ­

l a t e  dehydrogenase (Enzyme Commission number n o t y e t  a s s ig n e d )  -  oxygen 

i s  n o t  Invo lved  a s  th e  te rm in a l a c c e p to r  (N elson and T o lb e r t ,  1 970 ).

S c h n a rren b e rg e r e t  a l .  (1971) no ted  low s p e c i f i c
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a c t i v i t i e s  o f  hydroxypyruvate  re d u c ta s e  and g ly c o la te  o x id ase  a f t e r  one 

day o f  g ree n in g  in  m ic ro b o d y -co n ta ln in g  f r a c t i o n s  from d isc o n tin u o u s  

su c ro se  g r a d ie n ts  o f  su n flo w er c o ty le d o n s . These a c t i v i t i e s  in c re a se d  

r a p id ly  by day 4 o f  g re e n in g  (539 nm oles/m in/m g p r o te in  f o r  hydroxypy- 

ru v a te  re d u c ta s e  and 327 nm oles/m ln/m g p r o te in  f o r  g ly c o la te  o x id a s e ) ,  

and in c re a s e d  s l i g h t l y  more by day 9 o f g re e n in g  (when th e  experim en t 

was te rm in a te d ) .

T re le a s e  e t  a l .  (1971) found low le v e l s  o f  p e r ­

oxisom al m arker enzymes by day 1  o f  g ree n in g  in  m ic ro b o d y -co n ta ln in g  

f r a c t i o n s  from c o n tin u o u s  su c ro se  d e n s i ty  g r a d ie n ts  o f  cucmber c o ty le d o n s ; 

maximum le v e l s  w ere n o ted  by day 5 o f  g ree n in g  (.55 11 nm oles/m in/m g p ro ­

t e i n  f o r  b o th  g ly c o la te  o x id ase  and hydroxypyruvate  r e d u c ta s e ) ;  by  day 7 

(when th e  experim en t was te rm in a te d )  a  60 7. d e c re a s e  was observed  in  th e  

a c t i v i t i e s  o f  th e se  enzymes (F ig . 4 7  B ).

G ruber n t  a l .  (1970) r e p o r te d  low le v e l s  o f  g lyco ­

l a t e  o x id a se  and g ly o x y la te  re d u c ta s e  (hydroxypyruvate  r e d u c ta s e )  by th e  

th i r d  day o f  g ree n in g  in  10,8000 g p a r t i c u l a t e  p e l l e t s  o f  su n flo w e r(F ig .

4 7  C ), cucmber and tom ato c o ty le d o n s ;  l e v e l s  o f  b o th  th e s e  enzymes in ­

c re a se d  st 9 - fo ld  by day 11 o f  g ree n in g  (when th e  experim en t was term in ­

a te d ) .

Thus, perox isom al enzyme a c t i v i t y  i s  in c re a s in g  w h ile  

glyoxysom al a c t i v i t y  and c a ta la s e  a r e  d e c re a s in g  in  o rg an s  o f  g e rm in a tin g  

h ig h e r  p la n t s  t h a t  c o n ta in  l i p i d s  a s  t h e i r  m ain s to ra g e  form  o f  food  ( e . g . ,  

cucumber and sun flow er c o ty le d o n s ;  F ig . 47 B ,C ). In  c o n t r a s t ,  in  o rgans o f  

p la n t s  t h a t  do n o t c o n ta in  l i p i d s  a s  t h e i r  m ain s to ra g e  form s o f  food 

( e . g . ,  w heat le a v e s ;  F ig .  4 7  D ), perox isom al enzym es, glyoxysom al enzymes 

and c a ta la s e  enzymes In c re a se  in  p a r a l l e l  w ith  g e rm in a tio n . In  t h e i r  p a t ­
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t e r n  o f  In c re a se  In  a c t i v i t y ,  th e  perox isom al m arker enzymes In  g re e n in g  

E uglena g r a c i l i s  s t r a i n  Z resem ble  th o se  o f  w heat le a v e s  more th an  cucum­

b e r  o r  sun flow er c o ty le d o n s ; in  th e  r e l a t io n s h ip  betw een th e  p a t t e r n s  o f  

p e rox isom al and glyoxysom al a c t i v i t i e s  a s  a  fu n c t io n  o f  g ree n in g ,E u g le n a  

g r a c i l i s  re se m b le s  none o f  th e  h ig h e r  p l a n t s .

D. N u c le ic  A cid D e te rm in a tio n s  On M lcrobody-C ontain lng  F ra c t io n s  From 

D isc o n tin u o u s  S ucrose  D e n s ity  G ra d ie n ts .

Cesium c h lo r id e  d e n s i ty  g r a d ie n ts  o f  DNA from  con­

t in u o u s ly  lig h t-g ro w n  Euglena g r a c i l i s  s t r a i n  Z y ie ld  a  m ajor n u c le d r
O

band a t  a  d e n s i ty  o f  1 .708 gm/cm w ith  a  G + C c o n te n t  o f  49 m oles Z ;
Q

and m inor c h lo r o p la s t  DNA bands o c c u r a t  d e n s i t i e s  o f  1 .684  gm/cm w ith  

a  G + C c o n te n t  o f  25 m oles Z ; and m inor m ito c h o n d r ia l  DNA bands a r e
3

found a t  a  buoyan t d e n s i ty  o f  1 .692  gm/cm w ith  a  G + C c o n te n t o f  33 

m oles Z (Brawerman, 1968). M ito c h o n d ria l DNA may ap p e ar  a s  20 - 50 A° 

th ic k  f i la m e n ts  w hich a r e  s e v e r a l  mp lo n g , o r  clumped a s  r o d - l ik e  s t r u c ­

tu r e s  w ith  a  th ic k n e s s  o f  up to  250 A° (Brown and B e r tk e , 1969 ). More­

o v e r ,  i t  h a s  been  observed  t h a t  m ito c h o n d r ia l DNA from  Didymium n lg r lp e s  

(a  s lim e  m old) c e l l s  in  a  r a p id  s t a t e  o f  p r o l i f e r a t i o n  c o n ta in  th ic k e r  

f i b e r s  th an  th o se  m ito ch o n d ria  o f  c e l l s  w ith  low er m e ta b o lic  r a t e s  (Schus­

t e r ,  1965).

Euglena c e l l s  v a ry  in  t h e i r  RNA c o n te n t  dependent 

upon many v a r i a b le s  in c lu d in g  phase o f  grow th c y c le  and i l lu m in a t io n .  F o r 

exam ple, when grown on a  complex medium, dark-grow n Euglena g r a c i l i s  

s t r a i n  Z have been  re p o r te d  to  c o n ta in  20 m icrogram s o f  RNA p e r  10^ c e l l s  

(Braw erm an-et a l . , 1 9 6 2 ). Much o f  th e  e x t r a  RNA in  lig h t-g ro w n  c e l l s  h as  

been  shown to  be a s s o c ia te d  w ith  c h lo r o p la s t s ;  th e  rem ainder b e ing  m ic ro -
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aomal (Brawerman, 1 9 6 8 ). The f a i l u r e  to  I s o l a t e  I n ta c t  n u c le i  from  Euglena 

g r a c i l i s  h a s  p re v e n te d  s tu d ie s  o f  n u c le a r  RNA (Brawerman, 1968).

The f a c t  t h a t  I  have d e te c te d  b o th  DNA (by th e  

m ethod o f  B urton , 1956) and RNA (by th e  m ethod o f  L in  and S c h je ld e , 1969) 

In  m ic ro b o d y -c o n ta ln in g  f r a c t io n s  from  d isc o n tin u o u s  su c ro se  d e n s ity  g rad ­

i e n t s ,  i s  by  I t s e l f  n o t  c o n c lu s iv e  ev id en ce  f o r  th e  e x is te n c e  o f n u c le ic  

a c id s  In  m ic ro b o d ie s . C ontam ination  o f  DNA and RNA from  o th e r  o rg a n e l le s  

( n u c le i ,  m ito ch o n d ria  amd c h lo r o p la s t s ) ,  i s  o f  c o u rs e , v e ry  p o s s ib le .

Even th e  f in e  s t r u c tu r e  o b s e rv a tio n s  o f  lo n g  ( ^ 0 . 5  jxm), th in  (30 -  50 

A° ) f i b r i l s  In  m ic ro b o d ie s  o f  Euglena in  s i t u  a r e  o n ly  su g g e s tiv e  o f  

th e  p re se n c e  o f  n u c le i  a c id s .  O bv iously , much more work ( In c lu d in g  ex­

p e rim en ts  u t i l i z i n g  cesium  c h lo r id e  d e n s i ty  g r a d ie n ts )  would have to  be 

perform ed b e fo re  th e  p re se n c e  o r  absence  o f  n u c le ic  a c id s  in  Euglena 

m lc ro b o d lea  -  indeed  any  m icrobody -  would be p roven  c o n c lu s iv e ly .

Ching (1970) r e p o r te d  s im i la r ly  th e  p resen ce  o f  

DNA (by th e  method o f  B urton , 1956) and RNA ( by th e  m ethod o f  L in and 

S c h je ld e , 1969) in  m ic ro b o d y -c o n ta ln in g  bands o f  d isc o n tin u o u s  su c ro se  

d e n s i ty  g r a d ie n ts  o f  g e rm in a tin g  ponderosa  p in e  (P lnus ponderosa Laws) 

s e e d s ;  washed m icrobody p re p a ra t io n s  w ere found to  c o n ta in  16 — 0 .9  jig  

o f  RNA and 1 .36  *  0 .23  DNA/mg o rg a n e l le  p r o te in .  In  good agreem ent 

w ith  t h i s  d a ta ,  I  found m icrobody hom ogenates o f  dark-grow n, 12 h r - ,  24 

h r - ,  48 h r - ,  72 h r -  g re e n in g , and c o n tin u o u s ly  l ig h t-g ro w n  a e ra te d ,  a c e ­

ta te -su p p le m e n te d  E uglena c o n ta in  1 .0  *  0 .2 ,  1 .2  *  0 .2 ,  1 .3  + 0 .3 ,  1 .3  *  

0 .4 ,  1 .3  -  0 .3 ,  1 .3  -  0 .4  jig o f  DNA/mg p r o te in ,  r e s p e c t iv e ly .  In  th e  c a se  

o f  RNA in  th e  p re s e n t  w ork, m icrobody hom ogenates o f  dark-grow n, 12 h r - ,

24 h r - ,  48 h r - , 72 h r -g re e n ln g , and c o n tin u o u s ly  l ig h t-g ro w n  a a ra te d ,  a c e ­

ta te -su p p lem e n te d  E uglena were found to  c o n ta in  14 .8  -  0 .9 ,  15.7 -  0 .9 ,
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1 4 .9  + 1 .0 , 14.'7 *  1 .0 ,  15 .7  + 1 .1  and 15 .3  *  1 .0  ^ig RNA/mg p roC eln , 

r e s p e c t iv e ly .  The a u th e n t ic i ty  o f  DNA and SNA in  th e  p re s e n t  work was 

v e r i f i e d  by ex p erim en ts  u t i l i z i n g  DNAse and RNase. G erh a rd t and Bee v e rs

(1969) have re p o r te d  s im i la r  m agn itudes o f  RNA in  m icrobody f r a c t i o n s  

from  c a s to r  bean  endosperm .

To dem onstra te  c o n c lu s iv e ly  th e  p rese n c e  o f  n u c le ic  a c id s  

in  m ic ro b o d ie s , many experim en ts  would have to  be perform ed in c lu d in g  

th e  fo llo w in g : ( i )  e le c t r o n  m ic ro sc o p ic  ex am ination  o f  DNA in  u l t r a t h l n  

s e c t io n s  o f  m ic ro b o d ies  jLn s i t u  and tre a tm e n t w ith  DNase, ( i i )  chem ical 

a n a ly s i s  o f  DNA e x tr a c te d  from m icrobod ies  by  h y d ro ly s is  p ro ce d u re s  o r 

i s o l a t i o n  on th e  b a s is  o f  s p e c i f ic  buoyan t d e n s i ty  in  cesium  c h lo r id e  

g r a d ie n ts ,  ( i i i )  i s o l a t i o n  o f  m icrobody DNA in  cesium  c h lo r ld e -e th y d lu m  

brom ide g r a d ie n ts ,  w hich s e p a ra te  DNA m olceu les  on th e  b a s i s  o f  t h e i r  

m o le c u la r  to p o lo g y . I  should  l ik e  to  o d n tin u e  work on f in e  s t r u c tu r e  

o b s e rv a tio n s  o f  p o s s ib le  m icrobody DNA ^ . . e . ,  ( i )  aboveJ .

E. B io g e n e s is , Development and R eproduction  o f  M icrobodies

A t th e  p re s e n t  tim e , th e  n a tu re  o f  m icrobody b io g e n e s is  i s  

u n c e r ta in .  Many w orkers b e lie v e  t h a t  m ic ro b o d ies  o r ig in a te  from  d i la te d  

re g io n s  o f  th e  endoplasm ic r e t ic u lu m  [^ F re d e ric k  e t  a l .  (1968) w orking 

w ith  c e l l s  o f  s e v e ra l  h ig h e r  p l a n t s ,  e . g . ,  tobacco  l e a f  m esophy ll; Hruban 

and R echcig l (1969) w orking w ith  r a t  l i v e r  c e l l s ;  V ig i l  (1970) w orking 

w ith  c a s to r  bean  endosperm J. P u b lish e d  e le c t r o n  m ic rog raphs u s u a l ly  

f a i l  to  dem onstra te  a  d i r e c t  c o n t in u i ty  betw een th e  l im i t in g  membrane 

o f  n a sc e n t m ic ro b o d ies  and th e  membranes o f  endoplasm ic c is t e r n a e  (G ruber 

e t  # 1 . , 1 973 ). Such a  d i r e c t  c o n t in u i ty  i s  a  p r e r e q u is i te  in  p ro v in g  

t h a t  m ic ro b o d ies  a r i s e  by  v e s ic l e  fo rm a tio n  from  th e  endoplasm ic
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re t ic u lu m . Jensen  and V aldovlnos (1967) , however, have demonstja ted  

c o n t in u i ty  o f  m lcrobod les w ith  endoplasm ic re t ic u lu m  In  p e d ic e l  t i s s u e  

o f  L ycoperslcon  escu len tum . In  th e  p re s e n t  s tu d y  w ith  dark-grow n, 

g re e n in g , and c o n tin u o u s ly  l ig h t-g ro w n  Euglena g r a c i l i s  s t r a i n  Z , a t  

no tim e d id  I  observe  d i r e c t  c o n t in u i ty  betw een m icrobody membranes and 

th e  endoplasm ic re t ic u lu m .

W ith th e  a v a i la b le  d a ta ,  I  am u nab le  to  de te rm ine  

the  o r ig in  o f  m lcrobod les In  dark-grow n E ug lena . However, I  am a b le  to  

comment on th e  doubling  In  number o f  m lc ro b o d les  which o ccu rs  betw een 1 2  

- 30 h o u rs  o f  g re e n in g . I t  shou ld  be  p o in te d  o u t t h a t  t h i s  dou b lin g  h as  

no e x a c t p a r a l l e l  w ith  any o f  th e  s i t u a t io n s  r e p o r te d  In  th e  l i t e r a t u r e .  

For exam ple, in  th e  case  o f  e x tra -c o ty le d o n a ry  endosperm  o f  th e  c a s to r  

bean th e re  i s  a  slow in c re a s e  in  number o f  m lc ro b o d les  (glyoxysom es) 

which ra a c h e s  a  maximum a t  day 4 o f  g e rm in a tio n  - when s to r e s  o f  l i p i d s  

a re  b e in g  d e p le te d . A f te r  day 4 , m lcrobod les  s lo w ly  d ec rease  In  number, 

r e p o r te d ly  by autophagy ( V ig i l ,  1970).

In  th e  c a se  o f  p la n ts  c o n ta in in g  l l p i d - r i c h  endo­

sperm w i th in  the  c o ty le d o n s , and In  which th e  c o ty le d o n s  become g reen  

and fu n c t io n  p h o to s y n th e t lc a l ly ,  e . g . ,  cucum ber, g ly o x y so m a lly -a c tiv e  

m lc ro b o d les  f i r s t  a p p e a r; th e s e  a re  g ra d u a lly  re p la c e d  by p e rox isom al- 

type  m lc ro b o d le s . However, even t h i s  l a t t e r  c a se  has no p a r a l l e l  w ith  the  

s i t u a t i o n  w hich o c c u rs  In  E uglena (under growth c o n d it io n s  u t i l i z e d  In  

th e  p re s e n t  work) where glyoxysom al a c t i v i t y  rem ains r a th e r 1 c o n s ta n t ,  

even a s  perox isom al a c t i v i t y  in c r e a s e s .  T h is  may be th e  re a so n  why a 

r a p id  in c re a s e  (d o u b lin g ) In  number o f  m lc ro b o d le s  i s  observed  o n ly  In  

E uglena, i n  which th e re  i s  no accompanying d e c re a se  in  g lyoxysom al-type  

m lc ro b o d le s . T h is  r a p id  In c re a s e  In  number o f  m lc ro b o d les  in  E u g len a ,
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s t im u la te d  by a  "no rm al" en v iro n m en ta l t r i g g e r  ( l i g h t ) ,  may have i t s  

p a r a l l e l  ( ? )  o n ly  in  c e r t a i n  "abnorm al" s i t u a t i o n s .  Two such abnorm al 

s i t u a t i o n s  have been  re p o r te d  in  th e  l i t e r a t u r e .  The f i r s t  i s  th e  r a p id  

in c r e a s e ,  by budd ing , in  th e  number o f  m lc ro b o d les  in  k idney  c e l l s  o f  

r a t s  t r e a te d  w ith  e th y l  c h lo ro p h e n o x y iso b u ty ra te  (Svoboda e t  a l . ,  1 967 ). 

The second i s  th e  budding o r  fra g m e n ta tio n  o f  m lc ro b o d le s  o f  l i v e r  c e l l s  

o f  c l o f l b r a t e - t r e a t e d  r a t s  (Legg and Hood, 1970).

b o d ie s  double  by 24 hours o f  g re e n in g . Does t h i s  new p o p u la tio n  a r i s e  de 

novo , e . g . ,  from  endoplasm ic re t ic u lu m , o r  from  d iv i s io n  o f  p r e - e x is t in g  

m icrobod ies?  Germane to  t h i s  q u e s tio n  i s  th e  work o f  G ruber £ t  a l . (1973) 

who re p o r te d  t h a t  when p rim ary  bean  le a v e s  a re  w i th in  se e d s , and below  

ground ( up to  3 days a f t e r  g e rm in a tio n ) , s t r u c tu r e s  m o rp h o lo g ic a lly

which a re  3 : 0 . 2  jjm in  d ia m e te r ;  by day 9 , when th e s e  le a v e s  a re  above 

ground, and have developed  i n to  g reen  p h o to sy n th e tic  o rg an s , c a ta la s e -  

p o s l t iv e  m lc ro b o d le s  a re  found w hich a re  l a r g e r  th an  1  /im in  d ia m e te r . 

G ruber e t  a l .  (1973) assumed th a t  th e se  la rg e  m lc ro b o d le s  a ro s e , by  bud­

d in g  , from  smooth endoplasm ic r e t ic u lu m  -  e x is t in g  a t  th e  tim e o f  t h e i r  

r e l e a s e  a s  sm all e le c t r o n - lu c e n t  v e s i c l e s .  F e ie rab en d  and B eavers 

(1972), on th e  b a s i s  o f  f in e  s t r u c tu r e  s tu d ie s ,  b e l ie v e  th a t  peroxisom es 

o f  g reen in g  le a v e s  develop  from  " p re c u rs o r  p a r t i c l e s  o f  lower buoyan t 

d e n s i ty " .

p o s i t iv e  m lc ro b o d les  o f  a e r a te d ,  a c e ta te -su p p le m e n te d  dark-grow n, g reen ­

in g  and c o n tin u o u s ly  l ig h t-g ro w n  Euglena g r a c i l i s  s t r a i n  Z were found to  

have a  mean m easured long  d im ension  o f  as 0 .8 0  j m  and a  mean m easured

The q u e s tio n  then  a r i s e s  a s  to  how Euglena m icro -

resem b ling  m ic ro b o d ies  I b u t  c a ta la s e  (DAB/H2 O2 ) found

In  th e  p r e s e n t  s tu d y , c a ta la s e  ( i . e . ,  DAB/H2 O2 )
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s h o r t  dim ension o f  % 0 .65  jrn.  I ,  to o , observed  a  few "m icrobody- 

ap p earin g "  o r g a n e l le s  having  m easured s h o r t  d lm snslnns l e s s  th an  0 . 4  

pm, b u t  a g a in  th e s e  d id  n o t g iv e  D A B -positlve r e a c t i v i t y .  W hether such 

s t r u c tu r e s  j and th e  c a ta la s e - n e g a t iv e  ones observed  by  G ruber e t  a l .

( 1 9 7 3 /J  a re  Indeed  m lc ro b o d le s  I s  open to  c o n je c tu r e .  I t  may b e , a f t e r  

a l l ,  t h a t  m lc ro b o d le s  below  a  c e r t a i n  s iz e  do n o t  p o s s e s s  a c t iv e  c a t a l a s e .  

However, I  hav* no r e a l  ev idence  th a t  th e  dou b lin g  In  number o f  m lcro ­

b o d le s  In  Euglena has a  de novo o r ig i n .  In  s p i t e  o f  th e  f a c t  t h a t  I  have 

c a r e f u l ly  s c r u t in iz e d  many hundreds o f  s e c t io n s  o f  c e l l s  from  1 2  - 30 

-h o u r g reen in g  c u l t u r e s ,  I  saw n e i th e r  d i r e c t  c o n t in u i ty  o f  endoplasm ic 

re t ic u lu m  w ith  n a s c e n t m lc ro b o d le s , n o r  have I  seen  sm all D A B-reactlve 

m lc ro b o d le s .

What I  have observed  to  o c c u r, e x c lu s iv e ly  d u rin g

th a t  p e rio d  o f  tim e when th e  number o f  m lc ro b o d les  i s  In c re a s in g , i s  a

k in d  o f  m u ltilo b e d  m icrobody s t r u c tu r e  w hich le n d s  I t s e l f  r e a d i ly  to  th e  
37

I n te r p r e ta t io n  o f  In c re a se  in  number o f  m lcrobod les  h av ing  I t s  b a s is  

in  th e  d iv is io n  o f  p r e - e x is t in g  m lc ro b o d le s . Indeed , such  a  d iv is io n  c o u ld  

r e s u l t  In  c a ta la s e  (DAB/H2 O2 ) p o s i t i v e  o rg a n e l le s  hav ing  minimum dimen­

s io n s  o f  a p p ro x im ate ly  0 .4  jnn. I  w i l l  th e r e f o r e ,  u se  th e  w orking hypothe­

s i s  (se e  below ) th a t  th e  d o u b ling  In  number o f  m lc ro b o d le s  r e s u l t s  from  

d iv is io n  o f  p r e - e x is t in g  m lc ro b o d le s .

A f u r th e r  q u e s tio n  I  would l ik e  to  c o n s id e r  a t  t h i s  

p o in t  I s  the  enzymic complement o f  th e  m lc ro b o d les  o f  a e r a te d ,  a c e ta te -

37 I t  I s  a l s o  p o s s ib le ,  o f  c o u rs e , t h a t  s t r u c tu r e s  s im i la r  to  th o se  
observed  in  F ig s .  21 ,22  a re  th e  r e s u l t  o f  a  c o n flu e n ce  o r  fu s io n  o f  m lc ro ­
b o d le s . However, th e  In c re a se  In  numbers o f  m lc ro b o d les  w hich o c c u rs  a t  
t h i s  tim e makes i t  more l ik e ly  t h a t  th e  m lc ro b o d les  a r e  d iv id in g  In s te a d  
o f  fu s in g .
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supplem ented E uglena g r a c i l i s  s t r a i n  Z d u r in g  th e  p h a ses  In  w hich I t  I s  

dark-grow n, g reen in g  and c o n tin u o u s ly  l ig h t-g ro w n . In  t h i s  r e g a r d ,  i t  I s  

i n t e r e s t i n g  to  n o te  t h a t  G ruber e t  a l .  (1970) and T re le a se  e t  a l .  (1971) 

In v e s t ig a te d  th e  r e l a t i o n s h ip s  betw een f u n c t io n a l ly  glyoxysom al m lcrobod les  

found d u r in g  e a r ly  l lp ld -d e g ra d in g  s ta g e s  In  f a t - s t o r i n g  c o ty le d o n s  ( e . g . ,  

cucum ber) and f u n c t io n a l ly  perox isom al m lc ro b o d les  p re s e n t  l a t e r  d u rin g  

g ree n in g  o f  th e s e  c o ty le d o n s . Both g roups o f  w orkers c o n s id e re d  th a t  th e  

m ost l i k e l y  e x p la n a tio n  f o r  th e  ch ange-over in  type o f  m icrobody enzyme 

com plem ent, was th a t  glyoxysom es w ere degraded  and perox isom es a ro se  by 

de novo s y n th e s is .  A lthough th e  a tte m p t was made, n e i th e r  d e g ra d a tio n  o f  

glyoxysom es n o r de novo s y n th e s is  o f  perox isom es was d em onstra ted  by  e i t h e r  

o f  th e s e  g roups.

L y so so m al-lik e  a c t i v i t y  1s t  one p o s s ib le  mechanism 

to  e x p la in  a  n e t  d e g ra d a tio n  o f  glyoxysom es. In  g ree n in g  c a s to r  bean  endo­

sperm , V ig i l  (1970) r e p o r te d  t h a t  some m lc ro b o d les  d isa p p e a r  In  to to  in to  

a u to p h ag ic  v a c u o le s . However, n e i th e r  G ruber e t  a l .  (1970) w orking w ith  

su n flo w er c o ty le c b n s , n o r  T re le a se  e t  a l .  (1971 ), w orking w ith  cucumber 

c o ty le d o n s , found any ev id e n c e  f o r  such  a u to p h ag ic  v a c u o le s . In  p a s s in g , 

i t  I s  w orthw hile  to  n o te  t h a t  in  th e  p r e s e n t  s tu d y  o f  E uglena ( in  which 

glyoxysom al en&ymi a c t i v i t y  rem ains c o n s ta n t  and, th e r e f o r e ,  d e g ra d a tio n  

o f  glyoxysom es shou ld  n o t  n e c e s s a r i ly  b e  e x p e c te d ) , I  a ls o  found no ev idence  

f o r  such  au to p h ag ic  v a c u o le s . (The o n ly  au to p h ag ic  v a c u o le s  I  found w ere 

th o se  d e s tro y in g  m ito c h o n d r ia .)

A nother p o s s ib le  mechanism by w hich glyoxysom es 

c o u ld  d isa p p e a r  would b e  b y  a u to ly s l s .  However, th e re  a r e  no r e p o r t s  in  

th e  l i t e r a t u r e  (o r  f in d in g s  in  th e  p r e s e n t  w ork) o f  t h i s  phenomenon 

o c c u r r in g .
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C ytop lasm ic  in v a g in a tio n s  in to  m lc ro b o d le s  have 

been o b se rv ed  (G ruber e t  a l . , 1970; T re le a s e  e t  a l . , 1971) d u r in g  th e  

p e r io d  when th e  m icrobody enzyme complement i s  chang ing  from  glyoxysom al 

to  p e ro x iso m a l. S ince  th e s e  c y to p la sm ic  In v a g in a tio n s  c o n ta in  r ibosom es, 

T re le a se  e t  a l .  (1971) have p o in te d  o u t  t h a t  th ey  m igh t fu n c t io n  to  syn­

th e s iz e  l y t i c  enzymes needed to  degrade glyoxysom es; how ever, th ey  p r e ­

se n te d  no ev idence  f o r  a  p r o g re s s iv e  d e s t r u c t io n  o f  ln v a g ln a te d  m lcro ­

b o d le s .  M oreover, T re le a s e  e t  a l .  (1971) w ere u nab le  to  d e te c t  a c id  

ph o sp h a ta se  a c t i v i t y  ( u s u a l ly  a s s o c ia te d  w ith  lysosom es) in  m icrobody 

g r a d ie n t  f r a c t io n s  o f  cucumber c o ty le d o n s  a t  a n y -s ta g e  o f  g re e n in g .

A lthough s e v e ra l  g roups o f  w orkers  (G ruber e t  a l . , 

1970; T re le a se  e t  a l . , 1971) have e x p la in e d  th e  s u p p la n ta tlo n  o f  glyoxy­

somal enzymes by  p e ro x iso m al enzymes on th e  b a s i s  o f  d e g ra d a tio n  o f  g ly ­

oxysom al- l ik e  m lc ro b o d le s  and de novo s y n th e s is  o f  p e ro x is o m a l- l ik e  m lc ro ­

b o d le s ,  a n o th e r  mechanism h as  been p o s tu la te d  f o r  t h i s  re p la c e m e n t. The 

second mechanism In v o lv e s  a  change o f  enzyme complement w i th in  a  s in g le  

c o n tin u o u s  p o p u la tio n  o f  m lc ro b o d le s . (T re le a s e  e t  a l . ,  1 971 ). M oreoever, 

T re le a s e  e t  a l .  (1971) p o s tu la te d  t h a t  c y to p la sm ic  In v a g in a tio n s  observed  

in  m lc ro b o d le s  o f  g re e n in g  cucumber c o ty le d o n s  (d u rin g  th e  m icrobody 

t r a n s i t io n . ,  p e r io d )  m igh t be  th e  mechanism by which t h i s  o rg a n e l le  changes 

i t s  enzym ic c o n t i n t .  R e c a l l ,  t h a t  w h ile  I ,  to o , saw p o s s ib le  in v a g in a tio n s  

o f  ribosom es c o n ta in in g  cy top lasm  In to  m lc ro b o d le s  o f  12 - 30 -hour g reen ­

ing  c e l l s ,  th e se  o c c u rre n c e s  w ere o b se rv ed  o n ly  I n f r e q u e n t ly .  The r a r i t y  

o f  th e s e  o c c u rre n c e s  p lu s  th e  f a c t  t h a t  low le v e l s  o f  p e ro x iso m a l enzymes 

a re  p r e s e n t  in  dark-grow n c e l l s ,  makes th e  s ig n i f ic a n c e  o f  cy to p lasm ic  

in v a g in a tio n s  n o n - in te r p r e ta b le  a t  th e  p r e s e n t  tim e .
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W hether in  Euglena th e  t r a n s i t i o n  from glyoxysom al to  p e r ­

oxisom al fu n c t io n  in v o lv e s  a  s in g le  p o p u la tio n  o f  m lc ro b o d le s , ca p ab le  o f  

changing  t h e i r  enzyme complement, o r  two ty p es  o f  o rg a n e l le s  w ith  d i f f e r ­

e n t  and n o n -o v erlap p in g  m e ta b o lic  r o l e s ,  some s o r t  o f  mechanism m ust ex­

i s t  to  f u r th e r  s y n th e s iz e  o r  a d d i t io n a l ly  a c t iv a te  perox isom al enzymes. In  

t h i s  re g a rd , a ls o ,  th e  p o s s ib le  e x is te n c e  o f  RNA and DNA in  m lcrobod les  

shou ld  be f u r th e r  e x p lo re d .

I  would now l ik e  to  a tte m p t to  c o r r e la t e  m icrobody d a ta  

g a th e re d  in  t h i s  d i s s e r t a t i o n  re g a rd in g  number, f in e  s t r u c tu r e ,  p r o te in  

c o n te n t ,  and enzyme a c t i v i t y  in  a e r a te d ,  a c e ta te -su p p le m e n ted  Euglena 

g r a c i l i s  s t r a i n  Z. T h is w i l l  be done in  the  form o f  two m odels in  which 

o b se rv a tio n s  and assum ptions a re  c l e a r l y  d is t in g u is h e d .

Model J .  Z observed  th a t  th e re  e x i s t s  in  each dark-grow n, 

a e ra te d ,  a c e ta te -su p p le m e n te d  E uglena g r a c i l i s  s t r a i n  Z ap p ro x im ate ly  300 

m icrobod ies  c o n ta in in g  c a ta la s e ,  glyoxysom al enzymes, and low le v e ls  o f  

perox isom al enzym es. I t  s h a l l  be assumed in  t h i s  m odel t h a t  each  m icro- 

body c o n ta in s  th e s e  enzymes. By 24 h o u rs  o f  g re e n in g , th e  number o f 

m lcrobod les  was obse rv ed  (by m icro scopy ) to  d o u b le . I  w i l l  assume th a t  

t h i s  doub ling  has i t s  o r ig in  in  a  s in g le  d iv is io n  o f  each  p r e - e x is t in g  

m icrobody (F ig . 48 ) and th a t  p r e p a ra to ry  to  (o r  concom itan t w i th )  t h i s  

d iv i s io n ,  th e re  o c c u rs  a dou b lin g  o f  a l l  chem ical c o n s t i tu e n ts  o f  each 

m icrobody. The r e s u l t s  o f  such a  d iv is io n  in  each m icrobody would b e :

a )  An In c re a se  in  number o f  m icrobod ies  from  33 300 to  % 600 

p e r  c e l l .  T h is  i s  in  agreem ent w ith  my o b s e rv a t io n s .

b )  A d o u b lin g  in  m icrobody p r o te in  c o n te n t .  H ere, a g a in  th e r e  

i s  no c o n f l i c t  w ith  th e  d a ta .  A d o u b lin g  in  p r o te in  c o n te n t was observed  

in  th e  p re s e n t  w ork, by  x  24 h o u rs  o f  g re e n in g , on b o th  th e  b a s e s  o f  c e l l -  

f r e e  f r a c t io n s  ( i . e . ,  t o t a l  c e l l  p r o te in )  and i s o la te d  m icrobod ies  ( i . e . ,
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Figure 48* Model of nderobody replication by a type of binary
fission. A. plane of sectioning depicting two attached 
lobes. B» plane of sectioning depicting two non-
attached lobes*



*14

+r

A B

00 oo



227

mlcxobody p r o te in ) .

c )  A d o u b lin g  in  c a ta la s e  a c t i v i t y  on a  p e r  c e l l  b a s i s .  In  

c e l l - f r e e  f r a c t io n s  such a d o u b lin g  in  c a ta la s e  a c t i v i t y  on a  p e r  c e l l  

b a s is  was observed  by *2 24 h o u rs  o f  g ree n in g  (compared to  dark-grow n c e l l s ) .  

However, c a ta la s e  a c t i v i t y  on a  p e r  c e l l  b a s is  in  m icrobod ies  i s o l a te d  on 

d isc o n tin u o u s  su c ro se  d e n s i ty  g ra d ie n ts  in c re a s e d  1 .4 - fo ld  by  24 hours

o f g re e n in g . These r e s u l t s  c o u ld  be o b ta in e d  i f  th e re  w e re ,fo r  exam ple, 

e x tra -m lc ro b o d y  c a ta la s e  o r  le a c h in g  o f  c a ta la s e  from  such m ic ro b o d ies  

i s o la te d  on su c ro se  g r a d ie n ts .

By t h i s  model s p e c i f ic  a c t i v i t i e s  o f  c a ta la s e  (p e r  mg p ro ­

t e i n )  should  be ex p ec ted  to  rem ain  r e l a t i v e l y  c o n s ta n t  w ith  g re e n in g .

(R e c a ll  th a t  p r o te in  c o n te n t doub les by 24 hours o f  g r e e n in g .)  I t  was 

observed  th a t  th e  s p e c i f ic  a c t i v i t y  o f  c a ta la s e  in c re a s e d  ts  1 .4 - fo ld  by 

24 hou rs  o f g ree n in g  in  c e l l - f r e e  f r a c t i o n s  ( In c re a s in g  to  2 - f o ld  by 72 

hou rs o f  g re e n in g )  and in c re a se d  ~  1 .4 - f o ld  in  i s o l a te d  m lc ro b o d le s . 

T h e re fo r* , model I  i s  in  good agreem ent w ith  c a ta la s e  d a ta  ex p ressed  on a 

p e r  c e l l  b a s i s ,  b u t  in  c o n f l i c t  w ith  c a ta la s e  d a ta  when ex p ressed  on th e  

b a s is  o f  s p e c i f ic  a c t i v i t y .

d )  A d o u b lin g  in  glyoxysom al enzymes. Here a l l  th e  d a ta  a r e  

in  good agreem ent w ith  the  m odel. D a ta , ex p ressed  on a  p e r  c e l l  b a s is  in  

e i t h e r  c e l l - f r e e  f r a c t io n s  o r  I s o la te d  m ic ro b o d ie s , r e v e a l  a dou b lin g  in  

glyoxysom al m arker enzyme a c t i v i t i e s  by ^  24 hours o f  g re e n in g . Coupled 

w ith  th e  observed  d o u b lin g  in  t o t a l  p r o te in  and m icrobody p r o te in ,  g ly ­

oxysomal enzyme a c t i v i t i e s  would be p r e d ic te d  to  rem ain  c o n s ta n t  on the  

b a s is  6 f  s p e c i f ic  a c t i v i t y ;  such  o b s e rv a tio n s  were o b ta in e d .

e )  A d o u b lin g  in  pe ro x iso m al enzyme a c t i v i t y .  Such a  doub ling  

would be i n s u f f i c i e n t  to  e x p la in  th e  o bserved  r e s u l t s .  P eroxisom al enzyme
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a c t i v i t i e s  In  c e l l - f r e e  f r a c t io n s  and In  I s o la te d  m lc ro b o d le s , when ex­

p re s s e d  on a  p e r  c e l l  b a s i s ,  were found to  In c re a se  1 2 -fo ld  by  24 hours 

o f  g re e n in g  (compared to  dark-grow n c e l l s ) .  Perox isom al enzyme a c t i v i t i e s  

In  c e l l - f r e e  f r a c t io n s  and in  I s o la te d  m lc ro b o d le s , when e x p re sse d  on a  

p e r  mg p r o te in  b a s i s ,  w ere found to  in c re a s e  ~  6 - f o ld  by 24 hou rs o f 

g re e n in g  (compared to  dark-grow n c e l l s ) .  In  o th e r  w ords, superim posed 

upon th e  doub ling  in  p erox isom al enzyme a c t i v i t y  p r e d ic te d  by model I ,  

th e re  would have to  be an a d d i t io n a l  In c re a se  in  p e rox isom al enzyme a c ­

t i v i t y  in  each  d au g h te r m icrobody . T h e re fo re , th e  model i s  n o t in  good 

agreem ent w ith  observed  p e ro x iso m al enzyme d a ta .

Model I I . There e x i s t s  in  each dark-grow n, a e ra te d ,  a c e ­

ta te -su p p le m e n te d  Euglena g r a c i l i s  s t r a i n  Z a p p ro x im ate ly  300 m lc ro b o d le s . 

In  t h i s  second m odel i t  w i l l  be assumed th a t  1 /10  to  1/12 o f  th e s e  m lc ro ­

b o d les  c o n ta in  low le v e ls  o f  p e ro x iso m a l-ty p e  enzymes accom panied by c a t ­

a l a s e .  I t  w i l l  f u r th e r  be assumed th a t  th e  rem ain d er o f  th e  m lc ro b o d le s  

c o n ta in  g lyoxysom al-type  enzymes and c a ta la s e .  I  have observed  a  d o u b lin g  

in  th e  number o f  m lc ro b o d les  by »  24 hours o f  g re e n in g . In  t h i s  second 

model i t  w i l l  be assumed th a t  th e  observed  d o u b lin g  in  numbers o f  m lcro ­

b o d le s  r e s u l t  b ecau se  o f  a  m u ltllo b e d  ( 1 2  to  1 0  lo b e s  ) type  o f  d iv is io n  

in  p e rox isom al ty p e  o f  m lc ro b o d le s  (F ig s . 49 ,50  ) .  I  w i l l  f u r th e r  assume 

t h a t  p r e l im in a ry  to  (o r co n com itan t w ith )  t h i s  m u ltllo b e d  type  o f  d iv is io n  

th e re  i s  a  p a r a l l e l  ( i . e . ,  1 2 -  to  1 0 - f o ld )  in c re a s e  in  th e  l e v e l s  o f 

c a ta la s e  and p e ro x iso m a l-ty p e  enzymes in  th e s e  p e ro x iso m a l-ty p e  m ic ro ­

b o d ie s  w hich c o n s t i tu t e  th e  1 / 1 0  to  1 / 1 2  o f  th e  t o t a l  m icrobody p opu la­

t io n  in  each  dark-grow n c e l l .  The consequences o f  t h i s  type  o f  m u ltllo b e d  

d iv is io n  would b e :

a )  An in c re a s e  in  number o f  m lc ro b o d le s  from C  300 to  X  600



229

Figure 49. Model of ndcrobody replication by a type of multllobed 
division in which all lobes are approximately the same 
size. At plane of sectioning depioting a linear con­
figuration of lobes. B, plane of sectioning depioting 
lobes in a spherical cluster.
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Figure 50. Model of mierobody replication by a type of mnltilobed 
division in which a large "mother" miorobody is pre­
sent. Af plane of seotioning depioting a profile which 
would fail to reveal the long axis of the central "mother” 
miorobody. B, plane of seotioning depioting a profile 
which demonstrates the long dimension of the "mother" 
mierobody.
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p e r  c e l l .  T h is I s  in  agreem ent w ith  m icroscopy o b s e rv a t io n s .

b )  A 12 to  1 0 -f o ld  in c re a s e  in  th e  (1 /1 0  to  1 /12  o r ig i n a l )  

m icrobody p o p u la tio n  c o n ta in in g  p e ro x iso m a l-ty p e  enzymes. This would 

lea d  to  th e  observed  dou b lin g  o f  i s o la te d  m icrobody c o n te n t .

c )  E i th e r  a  2 - fo ld  in c re a s e  o r  l e s s  th an  a  2 - fo ld  in c re a s e  

in  c a ta la s e  a c t i v i t y  by 24 hours o f  g re e n in g . The d o u b ling  in  c a ta la s e  

a c t i v i t y  would a r i s e  from th e  model i f  i t  i s  assumed th a t  le v e ls  o f  

c a ta la s e  a c t i v i t y  a re  th e  same in  p e ro x iso m a l-ty p e  m ic ro b o d ies  as in

g lyoxysom al-type  m ic ro b o d ie s . Then, f o r  exam ple, assume a  d e s ig n a te d
** 38v a lu e  o f  1 0  liuck u n i ts  o f  c a ta la s e  in  m icrobod ies o f  one c e l l  o f  d a rk - 

grown E ug lena . M oreover, assume th a t  9 /1 0  to  11/12 o f  th e s e  m ic ro b o d ies  

( i . e . , t h e  glyoxysom al o n es) do n o t  change t h e i r  complement o f  c a ta la s e  

w ith  g reen in g  ( t h i s  co rresp o n d s to  a  c o n s ta n t  9 .0  to  9 .2  u n i t s  o f  th e  

t o t a l  d e s ig n a ted  10 Luck u n i ts  p e r  c e l l ) .  A lso , assume th a t  the  rem ain ing  

1 / 1 0  to  1 / 1 2  o f  th e  (p ero x iso m al) m icrobod ies  In c re a se  t h e i r  complement 

o f  c a ta la s e  by 12 to  1 0 - fo ld , r e s p e c t iv e ly ,  y ie ld in g  by 24 hours o f  

g re e n in g , 1 2 .0  to  8*0 u n i ts  o f c a t a l a s e ,  r e s p e c t iv e ly ,  ^ e n ce , by 24 

hou rs  o f  g ree n in g  th e re  would be p r e s e n t  21 .0  to  1 7 .2  u n i te s  o f c a ta la s e  

p e r  c e l l  (o r  a 2 .1  to  1 .7 2 - fo ld  in c r e a s e )  in  r e l a t i o n  to  th e  d e s ig n a te d  

number ( 1 0  u n i t s ) .T h is  would be in  agreem ent w ith  th e  observed  2 - f o ld  

in c re a s e  in  c a ta la s e  l e v e ls  by 24 hou rs  o f  g reen ing  in  c e l l - f r e e  f r a c t io n s  

when d a ta  a re  ex p re sse d  on a  p e r  c e l l  b a s i s .

I f  on th e  o th e r  hand one assum es, in  a p p l ic a t io n  o f t h i s  

m odel, th a t  th e re  a re  low er le v e ls  o f  c a ta la s e  in  th o se  m icrobod ies which 

c o n ta in  t r a c e  amounts o f  perox isom al enzymes than  in  dark-grow n c e l l s ,

38 F or pu rposes o f  c l a r i t y ,  a  d e s ig n a te d  v a lu e  o f  10 Luck u n i t s  p e r 
dark-grow n c e l l  i s  s e le c te d .  A c tu a lly , each dark-grow n, a e ra te d , a c e ta te -  
supplem ented Euglena g r a c i l i s  s t r a i n  Z c e l l  was found to  c o n ta in  2 .7  x 
10*7 Luck u n i ts  o f  c a ta la s e .
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l e s s  th an  a  2 - f o ld  In c re a se  In  c a ta la s e  a c t i v i t y  would be  o b ta in e d  by 

24 hours o f  g re e n in g . F o r exam ple, i f  i t  i s  assumed t h a t  th e re  i s  o n ly  

h a l f  th e  amount o f  c a ta la s e  in  p e ro x iso m a l-ty p e  m ic ro b o d ie s  ( i . e . ,  0 .5  

to  0 .4  u n i t s  o f  th e  t o t a l  d e s ig n a te d  10 Luck u n i t s )  compared to  the  

amount o f  c a ta la s e  in  g lyoxysom al-type  m ic ro b o d ies  ( 9 .5  to  9 .6  u n i ts  

o f  th e  t o t a l  o f  10 d e s ig n a te d  Luck u n i t s ) ,  then by  24 h o u rs  o f  g reen in g  

w ith  model I I ,  a  1 0  to  1 2 - f o ld  in c re a s e  o ccu rs  in  p e ro x iso m al type 

m ic ro b o d ies  ( c a ta la s e  a c t i v i t y  in  th e s e  m ic ro b o d ies  would in c re a s e  to  

5 .0  to  4 .8  Luck u n i t s ) .  In  r e l a t i o n  to  th e  10 Luck u n i t s  o r ig in a l ly  

d e s ig n a te d  to  a  dark-grow n c e l l ,  th e re  would be a  1 .5 0  to  1 .4 8 - fo ld  

in c re a s e  in  l e v e ls  o f  c a ta la s e  by 24 h o u rs  o f  g re e n in g . T his assum ption  

i s  in  good agreem ent w ith  my d a ta  o f  a  1 .4 - fo ld  in c re a s e  in  c a ta la s e  

a c t i v i t y  by 24 h o u rs  o f  g reen in g  in  i s o l a te d  m icrobody f r a c t io n s  

( e x p ressed  on th e  b a s is  o f p e r mg p r o te in  o r  p e r  c e l l  ) .

Thus, a p p lic a t io n  o f  model I I  can e i t h e r  g iv e  th e  c a ta la s e  

a c t i v i t y  r e s u l t s  ob se rv ed  w ith  c e l l - f r e e  f r a c t io n s  ( 2 - f o ld  in c re a s e  ) o r  

i s o l a te d  m ic ro b o d ies  ( 1 .4 - fo ld  in c re a s e  ) by assum ing e q u a l c a ta la s e  

a c t i v i t y  o r  low er c a ta la s e  a c t i v i t y  in  p e ro x iso m a l-ty p e  m icrobod ies 

th an  g lyoxysom al-type  m ic ro b o d ie s , r e s p e c t iv e ly .  A gain , I  s h a l l  assume 

t h a t  perhaps d i f f e r e n c e s  in  increm en ts  o f  c a ta la s e  a s  a  fu n c t io n  o f 

g re e n in g  a re  caused  by ex tra -m ic ro b o d y  c a ta la s e  o r  le a c h in g  o f  c a ta la s e  

from  m icrobod ies i s o l a te d  on su c ro se  g r a d ie n ts .

d ) A c o n s ta n t  amount o f  glyoxysom al enzyme a c t i v i t i e s  on a 

p e r  c e l l  b a s is  ( e i t h e r  in  th e  c a se  o f  c e l l - f r e e  f r a c t i o n s  o r  i s o la te d  

m ic ro b o d ie s ) , b u t  a  h a lv in g  o f  s p e c i f i c  a c t i v i t i e s  o f  th e  glyoxysom al 

enzymes w ith  g re e n in g . In  a c tu a l i t y  I  observed  th a t  th e r e  I s  a  doub ling  

in  glyoxysom al enzyme a c t i v i t i e s  on a p e r  c e l l  b a s is  and a constancy  in
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specific activities of glysoxysoraal marker enzymes (in both cell-free
f r a c t i o n s  and  I s o l a t e d  m ic ro b o d ie s ) . These o b s e rv a tio n s  c o u ld  r e s u l t

from a doubling in enzyme activity per cell, uhleh when coupled to the
observed doubling in protein content, would yield the observed constancy
o f  s p e c i f i c  g lyoxysom al enzyme a c t i v i t y .  Model H ,  p e r  s e ,  does n o t

39p ro v id e  f o r  t h i s  d o u b lin g 0

e )  A 1 2 -  t o  1 0 - fo ld  in c r e a s e ,  w ith  g re e n in g , i n  a c t i v i t i e s  

o f  p e ro x iso m al enzym es, on a  p e r  c e l l  b a s i s ,  and a  6 -  to  5 - fo ld  i n ­

c re a s e  on a  s p e c i f io  a c t i v i t y  b a s i s .  These p r e d ic t io n s  a r e  i n  a g re e ­

ment w ith  th e  f in d in g s .

I n  F ig u re s  4 8 , 49 and 50 a r e  p re s e n te d  pho tographs o f  o la y  

r e p r e s e n ta t io n s  o f  m ierobod ies undergo ing  d i v i s i o n  -  th e  f i r s t  a s  

d e s c r ib e d  i n  Model I ,  th e  second and t h i r d  a s  d e s o r ib e d  i n  Model U ,

I n  F ig , 48 a  b in a r y  f i s s i o n  ty p e  o f  d iv i s io n  i s  o c c u r r in g . R eg a rd le ss  

o f  how such a  s t r u c tu r e  i s  s e c t io n e d , a  maximum o f  two a t ta c h e d  lo b e s  

can  be  o b ta in e d  (p la n e  A, F ig ,  48A ), O ther p la n e s  ( e , g , ,  p la n e  B,

F ig , 48B) o f  s e c t io n in g  r e s u l t  i n  two n o n -a tta c h e d  lo b e s ,  The m ost 

l i k e l y  s i t u a t i o n ,  a r i s i n g  from  random s e c t io n in g ,  would be a  s in g le  

lo b e  ( i . e . ,  an y  s e c t io n  p e rp e n d ic u la r  to  p la n e s  A o r  B ), Such a  m icro­

body (F ig , 4 8 ) ,  when s e c t io n e d , i s  n o t  c a p ab le  o f  y ie ld in g  m u ltilo b e a  

dem o n stra ted  i n  F ig s ,  21 A ,B ,C, 22 , and  23 .

39 lynch and Calvin (1953) working with acetate-supplemented, 
continuously light-grown and dark-grown Euglena (gracilis var. baollLarls 
and Cook (1965) working with aeetate-supplementea, continuously, light- 
grown and dark-grown Euglena gracilis strain Z found that there was 
greater utilization of acetate in the light than in the dark. Both of 
these groups of workers also observed that under the influence of light 
there is increased incorporation of acetate into lipids which result in 
further activation of glyoxysomal enzymes needed for conversion of acetate into sugars.
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B oth F i g s . 49 and 50 d e p ic t  m u ltilo b e d  ( I . e . ,  10 - 12 lo b e s )  

m ie ro b o d ie s . F ig .  49 d e p ic ts  a  s t r u c tu r e  In  which th e r e  I s  no "m other" 

m icrobody - a l l  th e  lo b e s  b e in g  ap p ro x im ate ly  th e  same s i z e .  A s e c t io n  

th rough  t h i s  o r g a n e l le  ( e . g . , p lan e  A F ig .  49 A ) would r e s u l t  e s s e n t i a l l y  

In  a  l in e a r  c o n f ig u ra t io n  o f  lo b e s . A nother s e c t io n  ( e . g . ,  ]>lane B, F ig .  

4 9  B) would r e s u l t  in  a  c o n f ig u ra t io n  in  which lo b e s  a re  in  a  s p h e r ic a l  

c l u s t e r .

F ig* 50 shows a  s t r u c tu r e  In  which th e r e  e x i s t s  a  "m other" 

m icrobody which i s  l a r g e r  th an  th e  d e r iv e d  "daughterwm lc ro b o d ie s . A s e c ­

t io n  through  t h i s  o rg a n e l le  ( e . g . ,  p la n e  A F ig . 50 A) would r e s u l t  in  a  

p r o f i l e  which would f a i l  to  r e v e a l  th e  long  a x is  o f  th e  c e n t r a l  "m other" 

m icrobody. O ther s e c t io n s  ( e . g . ,  p lan e  B, F i g . 50 B) would y ie ld  a  p ro ­

f i l e  i n  which th e  long dim ension o f th e  "m other" m icrobody would be m ani­

f e s t e d ;  s t r u c tu r e s  showing such long axes  have n o t  been  observed  in  th e  

p r e s e n t  work.

I t  sh o u ld  be re c o g n iz e d , however, th a t  o n ly  th o se  s e c t io n s  

p a r a l l e l  to  th e  long  a x is  o f  th e  "m other"  m icrobody would r e v e a l  i t s  

e n t i r e  le n g th  - o b liq u e  c u ts  y ie ld in g  somewhat o v a l and s l i g h t l y  l a r g e r  

"mother*' m ie ro b o d ies  th an  "d a u g h te r"  m ie ro b o d ie s .

Both F ig s .  49 and 50 (m ie ro b o d ies  undergo ing  m u lttlo b e d  

d iv is io n )  a re  c a p a b le  o f  g iv in g  ty p es  o f  s t r u c tu r e s  o bserved  by e le c t r o n  

m icroscopy (F ig s . 20 , 21 A, 21 B, 21 C, and 2 2 ) . More f in e  s t r u c tu r e  

s tu d ie s  w i l l  have to  b e  u n d e rtak en  to  de te rm ine  w hich ( i f  any) o f  the  

above d a y  r e p r e s e n ta t io n s  o f  d iv id in g  m ie ro b o d ies  a re  c lo s e r  to  th e  

s i t u a t i o n  tfh lch  a c tu a l ly  o b ta in s  in  a e r a te d ,  a c e ta te -su p p le m e n te d , 1 2  - 

30 hour g reen in g  E uglena g r a c i l i s  s t r a i n  Z.
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T t t ,  E uglena M itochondria

A. F in e  S tru c tu re

G erhard t and B erger (1971) n o ted  DAB r e a c t i v i t y  In  the  

c r l s t a e  membranes o f  two a c e ta te  f l a g e l l a t e s  (P o ly to m e lla  c a e c a  and 

Chlorogonlum  elongatum ) ,  e s p e c ia l ly  a t  n e u t r a l  pH and room te m p e ra tu re , 

and a s c r ib e d  t h i s  r e a c t i v i t y  to  e i t h e r  p e ro x id a se  o r  cytochrom e o x id a se .

I  was u n a b le  to  d e te c t  a s im i la r  p a t t e r n  o f  d e p o s it io n  in  E uglena m ito ­

c h o n d ria , a lth o u g h  o b se rv in g  i t  on th e  o u te r  s u r fa c e  o f  th e  c r l s t a e  mem­

b ra n e s  o f  m ito c h o n d ria  o f  c o -p ro c e sse d  R lc in u s  endosperm  and l e a f  meso- 

p h y ll  c e l l s .

The tim e dependence o f  th e  m ito c h o n d ria l m a tr ix  DAB r e a c ­

t i v i t y  In  E uglena - i t s  v i s u a l i z a t i o n  a t  «  20 h o u rs  o f  g re e n in g , i t s  

m ax im a liza tio n  a t  ^  48 hours o f  g re e n in g , and i t s  d isa p p e a ra n c e  by 72 

hou rs o f g ree n in g  - approx im ates th e  f i r s t  d e r iv a t iv e  o f  th e  g reen in g  

cu rve  (S te rn  e t  a l . , 1964; Brody j i t  a l . , 1965), and seems to  c lo s e ly  r e ­

l a t e  i t  e i t h e r  to  a  l i g h t  req u irem en t p e r  se  o r  to  th e  r a t e  o f  s y n th e s is  

o f  p l a s t i d  c o n s t i tu e n t s .  S c h if f  e t  a l  (1967) n o ted  t h a t  dark-grow n E uglena 

can  be l ig h t- in d u c e d  to  form c h lo r o p la s t s  in  th e  p re se n c e  o f  th e  p h o to ­

s y n th e s is  i n h ib i to r  DCMU, and su g g ested  th a t  th e  d eve lop ing  p l a s t i d  u t i l ­

i z e s  energy  , n o t from p h o to s y n th e s is ,  b u t  from  th e  cy top lasm  (see  a ls o  

S c h l f f ,1 9 7 0 ).S ince d e te c ta b le  l e v e ls  o f  th e  m ito c h o n d ria l enzym e(s) a re  

in h ib i te d  by DCMU, and s in c e  the  a c t i v i t y  i s  n o t observed  in  C O f r e e  a i r ,  

i t s  fu n c tio n in g  may be p h o to sy n th e s is -d e p e n d e n t. However, i t  should  be 

no ted  th a t  DCMU makes b o th  Photosystem s 1 and I I  in o p e ra tiv e  in  the  ab­

sence  o f  an  added e le c t r o n  donor. T h e re fo re , f u r th e r  e x p e rim en ts  w i l l  

have to  be  u n d e rtak en  to  de te rm ine  w hether th e  m ito c h o n d ria l enzyme a c t lv -
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l t y  la  a  p ro d u c t o f  one o r  b o th  o f  th e se  pho to sya tem s.

The t r a n s i t o r y  n a tu re  o f  th e  D A B -reactive m ito c h o n d ria l en ­

zyme seems to  l i n k  i t  w ith  th e  c o n v e rs io n  o f a  s u b s t r a te  produced in  th e  

d a rk  in to  (o r  th e  s y n th e s is  o f  ) a compound needed f o r  new m etabolism  in  

th e  l i g h t .  S m il l le  (1963) observed  t r a n s ie n t  in c re a s e d  a c t i v i t y  o f  b o th  

s e v e ra l  enzymes o f  g lucan  m etabo lism  and r e s p i r a t i o n ,  when d a rk -a d a p te d  

Euglena g r a c i l i s  w ere exposed to  l i g h t .  In  t h i s  r e g a rd ,  i t  should  a ls o  

be r e c a l l e d  th a t  Erwin and Bloch (1962) dem onstra ted  th a t  Euglena g r a c i l i s  

grown in  th e  l i g h t  on o rg an ic  medium p o sse s s  la rg e  q u a n t i t i e s  o f e C - l i n o -  

l e n ic  a c id (m a in ly  in  c h lo r o p la s t  g ly c o l lp id s ) ,  w h ile  Euglena grown in  the  

d a rk  have la rg e  amounts o f  C -20 , C-22 and C-24 p o ly en eo ic  f a t t y  a c id s  o f 

the  - l l n o l e n i c  type (m ain ly  in  th e  p h o sp h o lip id  p o r tio n  o f  t h e i r  mem- 

b ra n e s ) .  Delo £ t  a l .  (1971) have dem onstra ted  t h a t  h e te r o tr o p h ic ,  dark - 

grown E uglena g r a c i l i s  s t r a i n  Z e la b o ra te  a s in g le  f a t t y  a c id  s y n th e ta se  

which i s  a  m ulti-enzym e complex s im i la r  to  th a t  found in  y e a s t  c e l l s  and 

anim al t i s s u e s ;  f a t t y  a c id  s y n th e s is  in  lig h t-g ro w n  (p h o to a u to tro p h ic )  

Euglena i s  perform ed by two Independent f a t t y  a c id  s y n th e ta s e s .

The afo rem en tioned  works su g g ested  t h a t  th e  a c t i v i t y  o f  the  

D A B -reactive m ito c h o n d ria l enzym e(s) m ight be r e l a t e d  to  f a t t y  a c id  m etab­

o lism . In  o rd e r  to  a s c e r ta in  w hether t h i s  DAB r e a c t i v i t y  was th e  r e s u l t  

o f  an enzyme ( s )  invo lved  in  th e  c o n v e rs io n  o f  " d a rk -a s s o c ia te d "  f a t t y  

a c id  m etabo lism  in to  " l ig h t - a s s o c ia te d "  m etabo lism , experim en ts  w ere p e r ­

formed in  which Euglena were a llow ed  to  g ree n  in  Cramer and Myers medium 

(1952) supplem ented w ith  e i t h e r  a ra c h ld o n ic  o r  l in o le n ic  a c id  a s  s o le  

carbon  and energy  so u rc e s . Assuming th a t  th e  a c t i v i t y  o f th e  D A B -reactive 

m ito c h o n d r ia l enzyme d isa p p e a re d  a f t e r  72 h o u rs  o f  g reen in g  b ecause  

th e  c e l l u l a r  po o l o f  p o ly en o lc  f a t t y  a c id s  had been  used up , I  so u g h t to
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determ ine  th e  e f f e c t s  o f  an exogenous pool o f  p o ly en o ic  f a t t y  a c id  (a ra c h - 

id o n lc  a c id )  on th e  k i n e t i c s  o f  th e  d isap p e a ra n c e  o f  DAB r e a c t i v i t y .  To 

t h i s  end , a ra c h id o n ic  a c id  was in tro d u c ed  in to  th e  growth medium, which 

a s  Rosenberg e t  a l .  (1965) have re p o r te d , accoun t f o r  48 % o f  th e  t o t a l  

p r o p la s t id  f a t t y  a c id s  o f  dark-grow n and 14 % o f  th e  t o t a l  c h lo r o p la s t  

f a t t y  a c id s  in  lig h t-g ro w n  E uglena g r a c i l i s . W ith Euglena in  the  p rese n c e  

o f  a ra c h id o n ic  a c id  an e x te n s io n  o f  DAB r e a c t i v i t y  in  the  m ito c h o n d ria l 

m a tr ic e s  was observed  u n t i l  108 hours o f  g ree n in g  ( i . e . ,  36 hou rs  p a s t  

th a t  o b s e rv e d 'in  a c e ta te -su p p le m e n ted  c e l l s ) .  A lthough t h i s  e x te n s io n  

seemed encou rag ing  fo r  my h y p o th e s is ,  I  was n e v e r th e le s s  p uzz led  a s  to  

why DAB r e a c t i v i t y  ceased  a t  &  108 hours o f  g re e n in g , a t  a tim e when 

c o n s id e ra b le  q u a n t i t i e s  o f  a ra c h id o n ic  a c id  were s t i l l  a v a i la b le  in  the  

growth medium. (A p o s s ib le  e x p la n a tio n  fo r  the  lo s s  o f a c t i v i t y  became 

ap p aren t o n ly  l a t e r ) .  As a  c o n t r o l ,  to  t e s t  th e  h y p o th e s is  th a t  th e  DAB 

r e a c t i v i t y  o f  the  m ito c h o n d ria l enzyme was inv o lv ed  in  the  c o n v e rs io n  o f 

"d ark "  f a t t y  a c id  m etabolism  in to  " l i g h t "  f a t t y  a c id  m etabo lism , Euglena 

were grown in  Cramer and Myers medium (1952) supplem ented w ith  l in o l e n i c  

a c id , which Rosenberg e t  a l .  (1965) have shown acco u n ts  fo r  1 .0  % o f  

t o t a l  p r o p la s t id  f a t t y  a c id s  in  dark-grow n Euglena g r a c i l i s  s t r a i n  Z and 

12.5  % o f  t o t a l  c h lo r o p la s t  f a t t y  a c id s  in  l ig h t-g ro w n  c e l l s .  In  th e  

p resen ce  o f  l in o le n ic  a c id ,  DAB m ito c h o n d ria l a c t i v i t y  was a ls o  ex tended  

f o r  a lo n g e r  p e r io d  o f tim e that a c e ta te -su p p le m e n ted  c e l l s  - tto 1 2 0  h o u rs  

o f  g reen in g  ( o r  48 hou rs  p a s t  th a t  o b ta in e d  in  ac e ta te -su p p le m e n ted  

medium).

Thus, i t  would seem th a t  s in c e  DAB r e a c t i v i t y  i s  ex tended  

bo th  in  th e  p re sen ce  o f  a  f a t t y  a c id  c h a r a c t e r i s t i c  o f  dark  m etabolism  

(a ra c h id o n ic )  and a  f a t t y  a c id  c h a r a c t e r i s t i c  o f  l i g h t  m etabolism  ( l in o -
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l e n ic  ) ,  th e  observed  DAB r e a c t i v i t y  i s  p ro b ab ly  n o t a  fu n c tio n  o f  the  

co n v ers io n  o f  " d a rk "  to  " l i g h t "  m etabo lism . The e x te n s io n  o f  th e  p e r ­

iod  o f  tim e d u rin g  which DAB m ito c h o n d ria l r e a c t i v i t y  i s  osberved  in  c e l l s  

supplem ented w ith  e i t h e r  o f  th e se  f a t t y  a c id s  may have i t s  b a s i s  in  th e  

in c re a se d  g e n e ra tio n  tim e w hich o ccu rs  when e i t h e r  a ra c h id o n ic  o r  l in o le n ­

ic  a c id s  a re  used  as carbon  and energy  so u rc e s  (compared to  a c e t a te ) .

At th e  p re s e n t  tim e th e  o n ly  c o n c lu s io n s  which may be made 

concern ing  th e  D A B -reactive m ito c h o n d ria l enzym e(s) a r e : ( l )  I t  i s  n o t 

c a ta la s e  because  a m ln o tr ia z o le  (a  s p e c i f ic  i n h ib i to r ,  o f  c a ta la s e )  does 

n o t  i n h i b i t  DAB d e p o s it io n  in  m ito c h o n d ria l m a tr ic e s .  (2 )  I t  i s  n o t  c y to ­

chrome o x id ase  b ecause  i t  i s  observed  a t  pH 9 .0 ,  37 °C and n o t  pH 7 .0 ,

25 °C. The l a t t e r  a re  o p tim al c o n d it io n s  f o r  d em o n stra tin g  cytochrome 

o x id ase -m ed ia ted  DAB p o ly m e riz a tio n . A lso , cytochrome o x id ase  cou ld  n o t  

be d e te c te d  by p h o to m e tric  te c h n iq u e s . (3 )  I t  i s  p h o to sy n th e s is -d e p e n d e n t 

s in c e  DAB d e p o s it io n  i s  n o t  observed  in  m ito ch o n d ria  o f  c e l l s  grown in  th e  

p re se n c e  o f  DCMU. (4 )  I t s  n a tu re  i s  t r a n s i e n t ,  b e in g  f i r s t  observed  a t  25 

20 h o u rs  o f  g re e n in g , re a c h in g  a  maximal i n te n s i t y  a t  48 hours o f 

g ree n in g  and d is a p p e a rs  by 72 hours o f  g re e n in g . (5 ) I t  i s  c y a n id e -se n ­

s i t i v e .  ( 6 ) I t s  a c t i v i t y  depends upon th e  p resen ce  o f  carbon  d io x id e  in  

th e  g as  phase .

That th e  m ito c h o n d ria l D A B -reactive enzym e(s) i s  observed

n e i th e r  in  the  p re se n c e  o f  DCMU nor in  th e  absence o f  COj in  the  gas p h ase ,

su g g e s ts  th a t  some p ro d u c t o f  p h o to sy n th e s is  ( e i t h e r  a  r e a l  endproduct o r

" re d u c in g  power" ) i s  needed fo r  i t s  a c t i v i t y .  In  t h i s  r e g a rd ,  Palmer and
14

T ogasakl (1971) have s tu d ie d  C -a c e ta te  m etabolism  in  P ando rina  and 

observed  th a t  l ig h t - s t im u la te d  a c e ta te  u p tak e  i s  d e c reased  by a e ra t io n  

w ith  C0 2 ~ fre e  a i r .  They a ls o  have dem onstra ted  t h a t  l i p i d  s y n th e s is  i s
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dependent upon b o th  l i g h t  and p h o to sy n th e s is  - in  th e  d a rk , o r  in  the

14p resen ce  o f  DCMU, th e re  i s  se v e re  i n h ib i t i o n  o f  C in c o rp o ra t io n  in to  

l i p i d .

Among th e  p o s s ib le  m ito c h o n d r ia l enzymes which g e n e ra te  

and co u ld  be r e s p o n s ib le  f o r  th e  o bserved  DAB d e p o s i t io n  in  the  p re s e n t  

work a r e :  (1 )  The deam lnating  enzyme monamlne o x id a se  (monarnlne O j-o x id o ­

re d u c ta s e ;  EC 1 .4 .3 .4 ) .  (2 )  T h ed ecarb o x y la tln g  enzyme D - la c ta te  o x id ase  

(D - la c t^ : 0 2  o x id o re d u c ta s e ; EC 1 . 1 . 3 . 2 . ) .  (3 ) F a t ty  a c id  p e ro x id a se s  

( e .g . ,  p a lm ite :H 2 0 2  o x id o re d u c ta se ; EC 1 .1 1 .1 .3 ) ,  (4 )  L ip o x id ases  £ e n -  

zymes which a c t  on lo n g -c h a in  u n s a tu ra te d  f a t t y  a c id s  ( e . g . ,  l i n o l e i c ,  

l i n o l e n i c ,  a ra c h id o n ic  a c id s )  in  th e  p rese n c e  o f oxygen to  form s h o r t -  

ch a in  f a t t y  ac id s^ J  . (5 ) T ransam inases Invo lved  in  th e  c o n v e rs io n  o f 

g ly o x y la te  to  g ly c in e  (see  F ig . 5  ) .  ( 6 ) Enzymes in v o lv e d  in  the  back  r e ­

a c t io n  o f  £ - o x id a t io n  in  th e  m ito c h o n d ria .

B. Enzymes

Cytochrome o x id a s e , m ala te  dehydrogenase , fum arase and acon- 

i t a s e  w ere th e  "m ito c h o n d ria  m arker" enzymes u t i l i z e d  in  th e  p re s e n t  s tu d y . 

Two o f  th e  enzymes - m a la te  dehydrogenase and a c o n lta s e  - f u n c t io n  b o th  in  

the  t r i c a r b o x y l i c  a c id  and g ly o x y la te  c y c le s ,  and were s e le c te d  to  a s c e r ­

ta in  t h e i r  r e l a t i v e  a c t i v i t i e s  in  I s o la te d  m ito ch o n d ria  and m ie ro b o d ie s . 

R e c a ll  t h a t  tf f il le r  (1969) and Hogg (1969) had shown th a t  in  Tetrahym ena 

p y r ifo rm is  th re e  enzymes o f  th e  g ly o x y la te  c y c le  ( c i t r a t e  s y n th a s e , 

a c o n lta s e  and m a la te  dehydrogenase) a re  found in  m ito ch o n d ria  and two 

(m ala te  sy n th a se  and l a o c l t r a t e  ly a s e )  a r e  lo c a te d  in  m ie ro b o d ie s .

A ttem pts to  p h o to m e tr ic a l ly  d e te c t  cytochrom e o x id ase  in  

c e l l - f r e e  f r a c t i o n s ,  d isc o n tin u o u s  su c ro se  d e n s ity  g ra d ie n ts  o r  c o n tin -
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uous su c ro se  d e n s i ty  g r a d ie n ts  o f  a e ra te d ,  a c e ta te -su p p le m e n ted  Euglena 

g r a c i l i s  s t r a i n  Z w ere u n s u c c e s s fu l .  Thus, con firm ing  p re v io u s  o b se rv a ­

t io n s  made on c e l l - f r e e  f r a c t i o n s  o f  t h i s  same organism  ( Krawiec and 

E is e n s ta d t ,  1970; Lord and M e r r e t t ,  1971). Lord and M e rre tt  (1971) 

concluded  t h a t  " e u g le n o id s  la c k  a c o n v e n tio n a l cytochrom e c  o x id a se " .

P e r in i  e t  a l .  (1964 a  and b )  found an " a "  type cytochrom e (605) in  

dark-grow n E ug lena , b u t conc luded  t h a t  t h e i r  ev id en ce  was i n s u f f i c i e n t  to  

to  c h a r a c te r iz e  th e  enzyme a s  " a^ "  . In  c o n t r a s t ,  S h a rp le s s  and Butow

(1970), w orking w ith  a  p e rm anen tly  b lea c h e d  s t r a i n  o f  E uglena g r a c i l i s , 

e s tim a te d  from  low tem p era tu re  (77° K) d if f e re n c e  s p e c t r a  th a t  an av erag e  

c o n c e n tra t io n  o f  cytochrom e o x id a se  o f  0 .25  nmoles/mg o f  m ito c h o n d ria l 

p r o te in  was p r e s e n t .  A d d i t io n a l ly ,  i t  shou ld  be p o in te d  o u t th a t  c y to ­

chrome o x id ase  co u ld  n o t be d e te c te d  c y to ch em ica lly  in  a e ra te d ,  a c e ta te -  

supplem ented E uglena under c o n d it io n s  o f  DAB in c u b a tio n  (pH 7 .0 , 25 °C ), 

co n s id e red  o p tim al f o r  cytochrom e o x id ase -m ed ia ted  DAB p o ly m e riz a tio n  

(N ovikoff and G o ld f is c h e r , 1969; G erh a rd t and B erg e r, 1971).

S p e c if ic  a c t i v i t i e s  o f  m a la te  dehydrogenase in  c e l l - f r e e  

f r a c t i o n s  were found in  the  ran g e  from  2 .3  - 3 .0  Eju/min/mg p r o te in  and 

ag ree  w e ll w ith  th o se  o f  2 .07  and 3 .2 9  njp/min/mg p r o te in  re p o r te d  by 

S m il l le  (1968) fo r  c e l l - f r e e  f r a c t i o n s  o f  Euglena g r a c i l i s  s t r a i n  Z and 

and a  s tre p to m y c in -b le a c h ed  v a r i e ty  , r e s p e c t iv e ly ,  grown h e te r o t r o p h lc a l ly  

a t  23 °C under 700 f t - c  i l lu m in a t io n  on complex o rg an ic  medium. G raves 

e t  a l .  (1972) w orking w ith  v a r i e ty  b a c l l l a r i s  (SM-Ll) re p o r te d  a c t iv ­

i t i e s  o f  m a la te  dehydrogenase in  b o th  m ito c h o n d ria -c o n ta in ln g  and m icro ­

b o d y -co n ta in in g  bands I s o la te d  on continuous su c ro se  d e n s ity  g r a d ie n ts ;  

the  m ajor p o r t io n  b e in g  found lit th e  m icrobody band . In  the  p re s e n t  work, 

a p p ro x im ate ly  e q u a l amounts o f  t h i s  enzyme were found in  m itc h o n d r ia l  and
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m icrobody bands I s o la te d  from  co n tin u o u s  su c ro se  d e n s i ty  g r a d ie n ts .  T h is  

f in d in g  shonlfl n o t  be s u rp r is in g  s in c e  m a la te  dehydrogenase fu n c t io n s  b o th  

In  th e  t r i c a r b o x y l ic  a c id  and g ly o x y la te  c y c le s .

S p e c if ic  a c t i v i t i e s  o f  a c o n lta s e  in  c e l l - f r e e  f r a c t i o n s  o f 

a e r a te d ,  a c e ta te -su p p le m e n te d  dark-grow n, g re e n in g , and c o n tin u o u s ly  l i g h t -  

grown Euglena g r a c i l i s  s t r a i n  2  were found in  th e  range from  0 .30  - 0 .39  

n^i/min/mg p r o te in .  In  c o n t r a s t ,  S a i l l i e  r e p o r t s  a  s p e c i f ic  a c t i v i t y  o f  

0 . 0 1 1  In  c e l l - f r e e  f r a c t i o n s  o f  t h i s  same organism  grown a u to t r o p h lc a l ly  

in  In o rg a n ic  medium ( a t  23 °C in  5 7. COj under 700 f t - c  i l lu m in a t io n ) .  

P erhaps th e se  d i f f e r e n c e s  may be p a r t i a l l y  e x p la in ed  £ ^ a s  th ey  were by 

Hogg (1969) working w ith  c e l l - f r e e  f r a c t i o n s  o f  Tetrahym ena p y r lfo rm is j , 

by  th e  f in d in g  t h a t  c e l l u l a r  l e v e ls  o f  enzymes a re  fu n c tio n s  o f  v a r i a b le s  

such a s  medium, grow th c o n d it io n s  and grow th p h ase . G raves e t  a l .  (1972) 

w orking w ith  v a r .  b a c l l l a r i s  (SM-Ll) r e p o r te d  a c t i v i t i e s  o f  a c o n lta s e  in  

b o th  m lto c h o n d r la -c o n ta in ln g  and m ic ro b o d y -co n ta in in g  bands I s o la te d  on 

c o n tin u o u s  su c ro se  d e n s i ty  g r a d ie n ts .  In  th e  p re s e n t  work w ith  s t r a i n  Z ,th e  

a c t i v i t i e s  o f a c o n lta s e  and fum arase w ere lo c a l iz e d  m ain ly  in  m icrobody- 

c o n ta in ln g  bands, i s o la te d  e i t h e r  from  c o n tin u o u s  o r  d isc o n tin u o u s  su c ro se  

d e n s i ty  g r a d ie n ts .

Carbon d io x id e  d e p r iv a t io n  i n  the  g as  phase d u rin g  g reen in g  

o f  a e ra te d ,  a c e ta te -su p p le m e n ted  E ug lena  g r a c i l i s  s t r a i n  Z was found to  

have n e g l ig ib le  e f f e c t s  upon the  a c t i v i t i e s  o f  m ala te  dehydrogenase, 

fum arase , o r  a c o n lta s e  in  e i t h e r  c e l l - f r e e  f r a c t io n s  o r  bands i s o la te d  

from  d isc o n tin u o u s  su c ro se  d e n s i ty  g r a d ie n ts .
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SUMMARY

Enzym ological And F in e  S tru c tu re  S tu d ie s  On M ierobodies And M ito­
c h o n d ria  Of Euglena G r a c i l i s  S t r a in  Z Grown Under V ario u s E nviron­
m en ta l C o n d itio n s .

O b se rv a tio n s  t h a t  growth in ,  o r  tre a tm e n t w i th ,  s e v e ra l  

p h o to sy n th e tic  organ ism s w ith  exogenous f a t t y  a c id s  b ro u g h t abou t mod­

i f i c a t i o n s  in  f in e  s t r u c tu r e ,  le d  to  enzym ological and f u r t h e r  f in e  

s t r u c tu r e  s tu d ie s  on the  m ie ro b o d ies  and m itochond ria  o f  E uglena 

g r a c i l i s  s t r a i n  Z. In  a e r a te d ,  a c e ta te -su p p le m e n ted  E uglena g r a c i l i s  

s t r a i n  Z, m ierobod ies were found to  be m ost numerous in  r e g io n s  around 

th e  g u l l e t  and c e l l  p e r ip h e ry .  These m ie ro b o d ies  had m easured  mean 

long  dim ensions o f  & 0 .85  mp and m easured mean s h o r t  d im ensions o f

0 .6 5  mp. At l e a s t  an  o rd e r  o f  m agnitude more m ie ro b o d ie s  o ccu r in  

c e l l s  grown on a c e ta te -su p p le m e n ted  m edia th an  g lu cose -supp lem en ted  

m edia . M ierobodies w ere coun ted  ^ n  s i t u  u s in g  b o th  th ic k  and th in  s e r i a l  

s e c t io n s ;  C3  300 and 600 m ierobod ies  p e r  c e l l  were found in  dark-grow n 

and c o n tin u o u s ly  lig h t-g ro w n  c u l tu r e s ,  r e s p e c t iv e ly .  C a ta la s e  in  m icro­

b o d ie s  was dem onstrated  by th e  use  o f  th e  cy tochem lca l s t a i n  3 ,3 * - 

d lam lnobenzid ine  (DAB); in c u b a tio n  a t  37 ®C and pH 9 .0  f o r  60 m inu tes 

g iv e s  s tro n g  e le c tr o n  o p a c i ty ,  which does n o t  m a n ife s t i t s e l f  in  the  

p rese n c e  o f  the  s p e c i f ic  c a ta la s e  i n h ib i to r  a m in o tr ia z o le .

Between 12 -  30 hours o f  g ree n in g  in  Euglena (when th e  

number o f  m ierobod ies p e r  c e l l  d o u b les , compared to  dark-grow n c e l l s )  

some m ierobod ies ( c a t a l a s e - p o s i t l v e )  appear to  be undergo ing  " m u lti-  

lobed" d iv is io n —a  type o f  d iv is io n  n o t p re v io u s ly  r e p o r te d  in  the  

l i t e r a t u r e  fo r  any o r g a n e l le .  A lso , observed  du ring  t h i s  p e r io d  a re  

long (v? 0 . 5 yum), th ic k  ( 30 -  50 A°) f i b r i l s  in s id e  th e  m u ltilo b e d



m icrobody com plex. The extrem e le n g th  o f  th e s e  f i b r i l s f coup led  w ith  

p h o to m e tr ic  f in d in g  o f  n u c le ic  a c id s  in  su c ro se  g ra d ie n t  m ierobod ies  

makes th e s e  s tr a n d s  p o s s ib le  su sp e c t o f  b e in g  DNA.

A com parison o f  m ierobod ies  o f  Euglena g r a c i l i s  s t r a i n  Z 

was made w ith  those  o f  h ig h e r  p l a n t s ,  u t i l i z i n g  endosperm  c e l l s  o f 

R ic ln u s  communis . l e a f  mesophy1 1  and guard  c e l l s  o f  R ic in u s  communis, 

S p lnacea  o le r a c e a , Zea m ays, K alanchoe b lo s s f e ld ia n a  and K alanchoe 

daigrem ontlanum . The p re s e n t  work c o n ta in s  th e  f i r s t  r e p o r t  o f  c a ta la s e -  

m ed ia ted  DAB r e a c t i v i t y  in  m ierobod ies o f  guard  c e l l s .  As f a r  a s  f in e  

s t r u c tu r e  i s  concerned , a l l  th e  m ic ro b d d les  observed  a re  s im i la r  to  

th o se  e n c o u n te red  in  E ug lena .

When c e l l s  a re  a e ra te d  w ith  a i r  w hich had i t s  carbon  

d io x id e  removed by passag e  through  ex c ess  A s c a r i te ,  c a ta la s e  cou ld  n o t 

be d e te c te d  e i t h e r  p h o to m e tr ic a l ly  o r  c y to c h e m ic a lly . S ince  r e - a e r a t i o n  

w ith  a i r  c o n ta in in g  CO2  r e s u l t s  in  r e s t o r a t i o n  o f  c a ta la s e  (a s  observed  

b o th  w ith  c e l l - f r e e  f r a c t io n s  and m ic ro b o d y -co n ta in in g  f r a c t i o n s  i s o ­

l a te d  from  d isco n tin u o u s su c ro se  g r a d i e n ts ) ,  i t  a p p e a rs  t h a t  carbon  

d io x id e  r e g u la te s  th e  a c t i v i t y  (o r  p o s s ib ly ,  th e  p re se n c e )  o f  c a ta la s e  

in  E uglena g r a c i l i s  s t r a i n  Z.

By 72 hours o f  g re e n in g , in  com parison to  dark-grow n c e l l s  

in  c e l l - f r e e  f r a c t i o n s ,  c a ta la s e  a c t i v i t y  h as  in c re a se d  2  2 - f o ld  on a 

p e r  mg p r o te in  b a s is  ( s p e c i f i c  a c t i v i t y )  and q  2 - f o ld  on a  p e r  c e l l  

b a s i s ;  a  1 .4 - fo ld  in c re a s e  i s  n o ted  (b o th  on th e  b a s e s  o f  s p e c i f ic  

a c t i v i t y  and p e r  c e l l )  in  m ic ro b o d y -co n ta in ln g  f r a c t io n s  from d i s ­

c o n tin u o u s  su c ro se  d e n s i ty  g r a d ie n ts .

ly a s e  and m ala te  sy n th a se )  a r e  f a i r l y  c o n s ta n t  in  a e ra te d ,  a c e ta te - s u p p le  

m ented, dark-grow n, g reen in g  and c o n tin u o u s ly  l ig h t-g ro w n  Euglena

enzymes ( i s o c i t r a t e
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g r a c i l i s  s t r a i n  Z, a s  judged from d a ta  o b ta in e d  b o th  w ith  c e l l - f r e e  

f r a c t io n s ^  and m ic ro b o d y -co n ta in ln g  su c ro se  f r a c t io n s  from  d isc o n tin u o u s  

su c ro se  d e n s i ty  g r a d ie n ts .  When such d a ta  a r e  e x p ressed  on a  p e r  c e l l  

b a s i s ,  glyoxysom al enzyme a c t i v i t i e s  d oub le  by 72 hou rs  o f  g re e n in g .

An 3  6 - f o ld  In c re a se  in  th e  s p e c i f i c  a c t i v i t i e s  o f  th e  

p e ro x iso m al m arker enzymes ( g ly c o la te  dehydrogenase and hydroxy- 

p y ru v a te  r e d u c ta s e )  i s  observed  in  c e l l - f r e e  f r a c t io n s  and su c ro se -  

i s o l a te d  m icrobody f r a c t i o n s  by 72 hou rs  o f  g re e n in g , a s  compared to  

dark-grow n c e l l s j  an 3  1 2 - f o ld  In c re a se  i s  n o ted  when d a ta  a re  ex ­

p re s s e d  on a p e r  c e l l  b a s i s .

The o bserved  doub ling  o f  m ie ro b o d ie s  which o c c u rs  betw een 

12 - 30 hou rs  o f  g ree n in g  ( a s s o c ia te d  w ith  th e  c o n v e rs io n  o f  "d a rk  

m etabo lism " to  "  l i g h t  metabolism?* ) h a s  no e x a c t p a r a l l e l  w ith  any 

s i t u a t i o n  re p o r te d  in  th e  l i t e r a t u r e  and a p p e a rs  to  a r i s e  from the  

m u ltllo b e d  d iv is io n  ( 1 0 - 1 2  lo b e s  ) o f  a  sm all f r a c t i o n  o f  p r e ­

e x is t in g  m ie ro b o d ie s . Two m odels a re  o f f e r e d  to  c o r r e la t e  m icrobody 

d a ta  in  re g a rd  to  num ber, f in e  s t r u c tu r e ,  p r o te in  c o n te n t and enzyme 

a c t i v i t y .  The f i r s t  model in v o lv e s  a  b in a ry  f i s s io n  type o f  d iv is io n  o f  

each  p r e - e x is t in g  m icrobody in  dark-grow n c e l l s ;  th e  p re d ic te d  conse­

quences o f  such a d iv is io n  do n o t c o r r e la t e  w e ll  w ith  some o f  th e  en­

zyme and f in e  s t r u c tu r e  d a ta .T h e  second model in v o lv e s  a  m u ltllo b e d  

ty p e  o f  d iv is io n  o f p e ro x iso m a l-ty p e  m ie ro b o d ie s  (assumed to  r e p re s e n t  

1 / 1 2  to  1 / 1 0  th e  t o t a l  number o f  m ie ro b o d ie s  in  dark-grow n c e l l s ) ;  the 

p re d ic te d  consequences o f  such a  d iv is io n  do c o r r e la t e  w e ll  w ith  the  

o b s e rv a t io n s .

An u n id e n t i f ie d  enzyme h a s  been  dem onstra ted  cy to c h e m ic a lly  

in  th e  m ito c h o n d ria l m a tr ic e s  o f  a e ra te d ,  a c e ta te -su p p le m e n te d  Euglena
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g r a c l l i a  s t r a i n  Z, under c o n d it io n s  o f  DAB In c u b a tio n  o th e r  th an  those  

c o n s id e re d  o p tim a l f o r  cytochrom e o x id a s e . The a c t i v i t y  o f  t h i s  enzyme 

I s  t r a n s i t o r y ,  l ig h t - I n d u c e d ,  and p o s s ib ly  p h o to sy n th e s is -d e p e n d e n t.
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