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ABSTRACT

A l i q u i d  medium w hich  s u p p o r t s  th e  e n cy s tm e n t  o f  A z o to b a c te r  

v i n e l a n d i i  (A. a g i l i s )  was d e s c r i b e d .  C u l tu r e s  e x h i b i t i n g  g r e a t e r  

th a n  90% c y s t s  w ere  in d u c e d  by ad d in g  0.6% CaCO^ t o  th e  B u r k 's  b a s a l  

s a l t s  s o l u t i o n  w i th  1% g lu c o s e .  The c y s t s  grown i n  th e  medium s u p p le ­

m ented  w i th  CaCC^ w ere  r e s i s t a n t  to  d e s i c c a t i o n  and p o s s e s s e d  th e  

t y p i c a l  e x in e  and i n t i n e  c a p s u l a r  com ponents when o b se rv e d  by e l e c t r o n  

m ic ro sco p y  o f  u l t r a - t h i n  s e c t i o n s  and ca rb o n  r e p l i c a s .  C e l l s  grown 

i n  a  l i q u i d  medium i n  w hich t h e  CaCO^ was d e l e t e d  and t h e  pH was 

a d j u s t e d  p e r i o d i c a l l y  by th e  a d d i t i o n  o f  0 .1  M KOH w ere  n o t  r e s i s t a n t  

t o  d e s i c c a t i o n  and e x h i b i t e d  a  lo o s e  a g g r e g a t io n  o f  c a p s u l a r  m a t e r i a l  

w h ich  was n o t  o r g a n iz e d  i n t o  a  t y p i c a l  c o a t  s t r u c t u r e .  The c u l t u r e  

s u p e r n a t a n t  became v e ry  v i s c o u s  when th e  c e l l s  w ere  grown w i th o u t  th e  

c a r b o n a t e .  The v i s c o u s  s u p e r n a t a n t  m a t e r i a l  c o u ld  be p r e c i p i t a t e d  

w i th  CaCl2 » y i e l d i n g  a  t h i c k ,  p o l y s a c c h a r i d e - l i k e  g e l .  E ncystm ent 

was o b ta in e d  by r e p l a c i n g  th e  c a r b o n a te  u se d  t o  su p p lem en t th e  medium 

w i th  2 x 10“ ^ M CaCl2 « The CaCO^ i n  th e  l i q u i d  e n cy s tm e n t  medium 

a p p a r e n t l y  s e r v e s  t h e  d u a l  f u n c t i o n  o f  a c id  n e u t r a l i z a t i o n  and c a lc iu m  

io n  s o u r c e .  Ca i s  a  s t r u c t u r a l  io n  n e c e s s a r y  f o r  c o o r d i n a t i o n  o f  

th e  c o a t  com ponents i n t o  t h e  r i g i d  c y s t  c o a t ,

P o ly - B - h y d r o x y b u ty r i c  a c i d  (PHB) c o n te n t  o f  th e  c e l l s  re a c h e d  

a maximum d u r in g  t h e  e a r l y  s t a t i o n a r y  p h a se  o f  g row th  and s u b s e q u e n t ly  

d e c l i n e d .  D u rin g  po lym er d e g r a d a t io n  t h e r e  was a c o n c u r r e n t  i n c r e a s e  

i n  th e  e x t e n t  o f  e n c y s tm e n t  i n  t h e  c u l t u r e s  su p p lem en te d  w i th  CaCC> 3

ix



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

grown u t i l i z i n g  KOH f o r  pH c o n t r o l .  N i t r o g e n  f i x a t i o n  c e a s e d  d u r in g  

t h e  s t a t i o n a r y  p h a s e .  The e x t e n t  o f  e n cy s tm e n t  and t h e  amount o f  

PHB a cc u m u la te d  w ere  d i r e c t l y  p r o p o r t i o n a l  t o  and d ep en d en t on su b ­

s t r a t e  c o n c e n t r a t i o n .  The PHB was s e l e c t i v e l y  l a b e l e d  by t h e  a d d i t i o n  

o f  sodium  a c e t a t e - 2 - C ^  t o  l a t e  lo g - p h a s e  c e l l s .  D uring  po lym er 

u t i l i z a t i o n  and e i t h e r  c y s t  o r  v i s c o s i t y  d e v e lo p m en t ,  20% o f  th e  

a c t i v i t y  was e v o lv e d  as  CO2 . In  n o n - e n c y s t in g  c u l t u r e s ,  45% o f  th e  

a c t i v i t y  was d i s t r i b u t e d  be tw een  r e s i d u a l  PHB and o t h e r  c e l l u l a r  

com ponen ts ,  and 35% was in  t h e  s u p e r n a t a n t  p o l y s a c c h a r i d e - l i k e  m a t e r i a l .  

I n t a c t  c y s t s  r e t a i n e d  80% o f  t h e  l a b e l .  E x p e r im en ts  w i th  r u p tu r e d  

c y s t s  i n d i c a t e d  t h a t  ab o u t  35% o f  th e  a c t i v i t y  was p r e s e n t  i n  th e  

i n t i n e  m a t e r i a l .

I t  i s  p ro p o se d  t h a t  t h e  a c c u m u la t io n  o f  l a r g e  amounts o f  PHB by 

A. v i n e l a n d i i  r e f l e c t s  an u n b a la n c e d  grow th  c o n d i t i o n ,  w hich  i s  

e s s e n t i a l  t o  o r  en h an c e s  th e  e n cy s tm e n t  p r o c e s s .  F o l lo w in g  po lym er 

d e p o s i t i o n ,  th e  r e s e r v e  m a t e r i a l  i s  u t i l i z e d  e n d o g en o u s ly  as b o th  a 

s o u r c e  o f  e n e rg y  and a s  a  s o u rc e  o f  c a rb o n  s k e l e t o n s  f o r  th e  e n s u in g  

e n cy s tm e n t  p r o c e s s .  As th e  c o a t  m a t e r i a l  i s  p ro d u c e d ,  i t  i s  c o o r d i ­

n a t e d  a ro u n d  th e  d e v e lo p in g  c e n t r a l  body th ro u g h  th e  m e d ia t io n  o f  

c a lc iu m  i o n s .  I f  a d e q u a te  i o n s  a r e  n o t  a v a i l a b l e  f o r  t h e  fo r m a t io n  

o f  co m p le te  c o a t s ,  a b o r t i v e  e n cy s tm e n t  t a k e s  p l a c e  and th e  s t r u c t u r a l  

u n i t s  o f  t h e  c o a t  a r e  l i b e r a t e d  i n t o  th e  s u r r o u n d in g  medium w i th  a 

r e s u l t a n t  i n c r e a s e  i n  v i s c o s i t y .

x



INTRODUCTION

B i s s e t  (5) p o s t u l a t e s  t h a t  most b a c t e r i a l  s p e c i e s  p ro d u ce  

s p e c i a l i z e d  r e s t i n g  c e l l s .  They a r e  g e n e r a l l y  s m a l l e r  th a n  a c t i v e l y  

g row ing v e g e t a t i v e  c e l l s ,  l a c k  f l a g e l l a ,  and a r e  r e s i s t a n t  t o  v a r ­

io u s  d e l e t e r i o u s  a g e n t s .  The b a c t e r i a l  r e s t i n g  forms w hich  a r e  most 

commonly a c c e p te d  by m i c r o b i o l o g i s t s  a r e  t h e  e n d o sp o re s  p ro d u ced  by 

C l o s t r i d iu m  and B a c i l l u s  (90) , t h e  m ic r o c y s t s  p ro d u c e d  by Myxococcus 

( 2 1 ) ,  and t h e  c y s t s  p ro d u ced  by A z o to b a c te r  ( 8 8 ) .

A lth o u g h  th e y  a c h ie v e  s i m i l a r  g o a l s ,  t h e  c h a r a c t e r i s t i c s  o f  th e  

v a r i o u s  ty p e s  o f  r e s t i n g  c e l l s  d i f f e r  m a rk e d ly .  In  g e n e r a l ,  t h e  en d o - 

s p o re  i s  a  h i g h l y  s p e c i a l i z e d  s t r u c t u r e  form ed w i t h i n  a  v e g e t a t i v e  

c e l l .  F o l lo w in g  fo r m a t io n  o f  t h e  m a tu re  s p o r e ,  t h e  rem n an ts  o f  th e  

v e g e t a t i v e  c e l l  a r e  d i s c a r d e d  and th e  s p o re  i s  l i b e r a t e d  i n t o  th e  

s u r r o u n d in g  en v iro n m e n t  ( 9 0 ) .

On t h e  o t h e r  h a n d ,  d u r in g  c y s t  o r  m ic r o c y s t  fo r m a t io n  a  s m a l l  

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

in  a d e n s e ,  m u l t i l a y e r e d ,  e x t e r n a l  c o a t  (8 8 ,  1 1 5 ) .  The c o a t  o f  th e  

A z o to b a c te r  c y s t  i s  r e s p o n s i b l e  f o r  t h e  r e s i s t a n c e  e x h i b i t e d  by t h i s  

r e s t i n g  c e l l ,  s i n c e  w i th o u t  t h i s  s t r u c t u r e ,  t h e  c e n t r a l  body i s  as 

v u l n e r a b l e  as  th e  young v e g e t a t i v e  c e l l  t o  d e l e t e r i o u s  a g e n ts  (7 2 ) .

The r u p t u r e  o f  t h e  c o a t  w hich  o c c u r s  when A z o to b a c te r  c y s t s  a r e  

t r e a t e d  w i th  c h e l a t i n g  a g e n t s  i n d i c a t e s  t h a t  m e ta l  io n s  a r e  in v o lv e d  

i n  m a in t a i n i n g  t h e  i n t e g r i t y  o f  t h i s  s t r u c t u r e  (8 8 ) .  G o ldschm id t 

and Wyss (32) have  s p e c i f i c a l l y  i m p l i c a t e d  magnesium io n s  i n  t h i s  r o l e ,
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The developm ent o f  th e  c y s t  has  b een  e x t e n s i v e l y  s t u d i e d  u t i l i z ­

in g  s o l i d  m edia i n  c o n ju n c t io n  w i th  v a r io u s  carbon  s o u rc e s  (88 , 92 ,

9 8 ) .  S tev en so n  and S o c o lo fsk y  (92) o b se rv e d  t h a t  i t  was n o t  th e  

s p e c i f i c  ca rb o n  so u rc e  used  t o  grow th e  o rgan ism  b u t  i t s  c o n c e n t r a ­

t i o n  w hich d e te rm in e d  th e  amount o f  p o ly -B -h y d r o x y b u ty r ic  a c id  

accu m u la ted  by th e  o rgan ism  and th e  su b se q u e n t  in d u c t io n  o f  c y s t  

deve lopm en t.  They f u r t h e r  p ro p o se d  t h a t  th e  polym er accu m u la ted  by 

th e  o rgan ism  s e r v e d  as  a  c a rb o n  o r  en e rg y  s o u rc e  f o r  c y s t  fo r m a t io n .

A lthough  much p r o g r e s s  has  been  made i n  th e  s tu d y  o f  c y s t  d e v e lo p ­

m ent, t h e  e x a m in a t io n  o f  t h i s  m orphogenlc  p r o c e s s  has  been  h in d e r e d  

by th e  n e c e s s i t y  o f  c u l t i v a t i n g  c y s t s  on a  s o l i d  s u r f a c e .  An e n c y s t in g  

sy s tem  i n  a  l i q u i d  medium would p r e s e n t  a  more c o n v e n ie n t  sy s tem  f o r  

s tu d y in g  c y s t  dev e lo p m en t.  Layne and Johnson  (5 0 ,  51) d e s c r ib e d  

r e s i s t a n t  forms o f A z o to b a c te r  p ro d u ced  in  l i q u i d  c u l t u r e  by th e  

o m is s io n  o f  one o r  more o f  th e  m in e r a l s  from th e  medium used t o  grow 

th e  o rgan ism . However, t h e i r  r e s i s t a n t  forms la c k e d  th e  c h a r a c t e r i s ­

t i c  c o a t  s t r u c t u r e s  and a t t e m p ts  t o  d u p l i c a t e  t h e i r  r e s u l t s  have 

been  u n s u c c e s s f u l  ( 7 2 ) .  Romanow (77) r e p o r t e d  c y s t  fo rm a t io n  by 

A. chroococcum i n  a l i q u i d  medium, however he o f f e r e d  n e i t h e r  quan­

t i t a t i v e  n o r  c y t o l o g i c a l  e v id e n c e  o f  e n c y s tm e n t .

The p u rp o se  o f  t h e  r e s e a r c h  r e p o r t e d  i n  t h i s  d i s s e r t a t i o n  was 

t o  d ev e lo p  a l i q u i d  medium w hich would s u p p o r t  th e  en cy s tm en t o f  

A. v i n e l a n d i i  and t o  examine v a r io u s  e n v iro n m e n ta l  f a c t o r s  a s s o c i a t e d  

w i th  c y s t  deve lo p m en t.



REVIEW OF LITERATURE

The genus A z o to b a c te r

D e s c r ip t io n

Members o f  th e  genus A z o to b a c te r  w ere  f i r s t  i s o l a t e d ,  d e s c r i b e d ,  

and named by B e i j e r i n c k  in  1901 ( 4 ) ,  The genus h a s  been  found s u b s e ­

q u e n t ly  th ro u g h o u t  th e  w o rld  in  n e u t r a l  o r  a l k a l i n e  s o i l s  (10) and 

i n  b o th  f r e s h  and s a l t  w a te r  (4 7 ,  1 0 7 ) .  B e r g e y 's  Manual o f  D e te rm in a t iv e  

B a c te r io lo g y  (10) d e s c r ib e d  A z o to b a c te r  c e l l s  as  r e l a t i v e l y  l a r g e ,  

g ra m -n e g a t iv e ,  n o n - s p o re fo rm in g ,  and p e r i t r i c h o u s l y  f l a g e l l a t e d  rods  

o r  c o c c i .  The c e l l s  a r e  o b l i g a t e  a e ro b e s  and a r e  c a p a b le  o f  nonsym- 

b i o t i c  n i t r o g e n  f i x a t i o n .  The name o f  th e  g e n u s ,  A z o to b a c te r . i s  a 

modem L a t in  noun meaning n i t r o g e n  ro d .

G en era l  morphology

D uring  v e g e t a t i v e  m u l t i p l i c a t i o n  A z o to b a c te r  c e l l s  a r e  e l l i p s o i d a l  

o r  p e a n u t - s h a p e d ,  m easu r in g  2 t o  6 u i n  l e n g th  and 0 .5  t o  3 u i n  w id th  

(1 0 ) .  B ecause o f  t h e  ex trem e p leo m o rp h ic  n a t u r e  o f  t h e  o rg an ism , t h i s  

can h a r d ly  be c o n s id e re d  t o  be a com ple te  m o rp h o lo g ic a l  d e s c r i p t i o n .

Ltthnis and Sm ith (59) were th e  f i r s t  t o  r e c o g n iz e  t h a t  th e  a z o to b a c t e r  

a r e  c a p a b le  o f  p ro d u c in g  a v a r i e t y  o f  fo rm s. They d e s c r ib e d  a complex 

l i f e  c y c le  f o r  th e  o rgan ism  h a v in g  13 d i f f e r e n t  c e l l  t y p e s ,  some o f 

w hich w ere c a p a b le  o f  r e p r o d u c t io n .  Among th e  ty p e s  r e p o r t e d  were 

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

fu n g o id  fo rm s. However, many o f  t h e i r  o b s e r v a t i o n s  co u ld  n o t  be con firm ed  

by su b se q u e n t  i n v e s t i g a t i o n  and were a t t r i b u t e d  t o  impure c u l t u r e s  (4 0 ) .
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Y et th e  m orphology o f A z o to b a c te r  i n  p u re  c u l t u r e s  i s  rem ark ab ly  

v a r i a b l e ,  and b e c a u se  o f  t h i s  f e a t u r e ,  th e  genus h a s  b een  th e  o b j e c t  

o f  r e c e n t  s tu d y  by i n v e s t i g a t o r s  e q u ip p e d  w i th  more s o p h i s t i c a t e d  

equ ipm ent and t e c h n iq u e s  th a n  were p r e v i o u s l y  a v a i l a b l e .  T h is  work 

h a s  te n d e d  t o  c o n f i rm  some, b u t  n o t  a l l ,  o f  th e  e a r l i e r  r e p o r t s  (4 0 ) .

U t i l i z i n g  l i g h t ,  p h a s e ,  and e l e c t r o n  m ic ro s c o p y ,  E i s e n s t a r k ,  

McMahon, and E i s e n s t a r k  (24) o b se rv e d  f o u r  d i s t i n c t  m o rp h o lo g ic a l  

ty p e s  i n  A. a g i l i s  c u l t u r e s  grown on n i t r o g e n - f r e e  m ed ia .  The forms 

i n c lu d e d  l a r g e  and s m a l l  r o d s ,  e l o n g a t e d  and b ra n c h e d  fo rm s ,  and 

s m a l l  c o c c i .  E i s e n s t a r k ,  Ward, and K yle  (25) o b s e r v e d  b a l lo o n - s h a p e d  

c e l l s  i n  A. a g i l i s  c u l t u r e s  grown on s t a n d a r d  n u t r i e n t  a g a r  o r  s o i l  

e x t r a c t  a g a r .

The q u e s t i o n  o f  g o n i d i a  fo r m a t io n  by A z o to b a c te r  was r e v iv e d  by 

B i s s e t  and H ale  (7 ) i n  1953 when th e y  r e p o r t e d  th e  p r o d u c t io n  o f  

t h e s e  s m a l l  e le m e n ts  by A. chroococcum . The g o n id i a  w ere  o b se rv ed  

t o  be  c a p a b le  o f  in d e p e n d e n t  r e p r o d u c t io n  and g ro w th ,  and u n d e r  some 

c o n d i t i o n s ,  th e y  r e v e r t e d  t o  th e  no rm al A z o to b a c te r  c e l l .  Lawrence 

(49) s u p p o r te d  th e  q u e s t i o n  o f  g o n i d i a  fo r m a t io n  by d e m o n s t r a t in g  

t h a t  p a r t i c l e s  found  i n  f i l t r a t e s  from o ld  c u l t u r e s  d e v e lo p e d  i n t o  

n o rm a l c e l l s  upon i n c u b a t i o n .  U t i l i z i n g  th e  shadow c a s t i n g  t e c h ­

n iq u e  and e l e c t r o n  m ic ro s c o p y ,  Van S ch rev en  (103) d e m o n s t ra te d  

p a r t i c l e s  t h a t  w ere  r e l e a s e d  from s w o l l e n ,  p e n i c i l l i n  t r e a t e d .  

A z o to b a c te r  c e l l s .  He c o n s id e r e d  t h e  p a r t i c l e s  to  be g o n i d i a  and 

r e p r o d u c t i v e  dw arf c e l l s .
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By u t i l i z i n g  p h a se  m ic ro sco p y  t o  o b s e rv e  s e v e r a l  s t r a i n s  o f  

A. chroococcum  grown u n d e r  v a r i o u s  e n v i ro n m e n ta l  c o n d i t i o n s ,  Van 

S ch rev en  (102) c o n c l u s i v e l y  d e m o n s t ra te d  t h a t  t h e  m orphology o f  th e  

genus i s  g r e a t l y  i n f l u e n c e d  by th e  m edia u sed  f o r  c u l t i v a t i o n .  Many 

b i z a r r e  fo rm s ,  su ch  as  lo n g  f i l a m e n t s  and g i a n t  o v a l  c e l l s ,  c o u ld  

be  in d u c e d  by th e  a d d i t i o n  o f  s u p p le m e n ta l  m a t e r i a l  to  t h e  a g a r  

medium. P e p to n e ,  m i l k ,  p o t a t o  f l o u r ,  and n i t r a t e  w ere  p a r t i c u l a r l y  

e f f e c t i v e  in d u c in g  a g e n t s .

Carbon m e ta b o l ism

Carbon m e ta b o l ism  i n  A z o to b a c te r  h a s  b een  o f  i n t e r e s t  f o r  some 

t im e .  T h is  i n t e r e s t  h a s  b e en  s t i m u l a t e d  by t h e  a b i l i t y  o f  th e  genus 

to  a s s i m i l a t e  m o le c u la r  n i t r o g e n  and t o  o x id i z e  e x t e n s i v e l y  carbon  

s u b s t r a t e s  w i th  a  h ig h  r a t e  o f  oxygen consum ption  ( 9 4 ) .  The pathway 

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

t h e  l a s t  few y e a r s  and th e  e x c l u s i v e  o p e r a t i o n  o f  any o f  t h e  c u r r e n t l y  

known pa thw ays  has  n o t  been  d e c i s i v e l y  d e m o n s t r a te d  (9 4 ) .

The o p e r a t i o n  o f  th e  E m bden-M eyerhof-P am as  pathw ay h a s  been  

s u g g e s te d  s i n c e  a l l  o f  th e  enzymes o f  th e  p a th w ay , e x c e p t  ph o sp h o - 

h e x o k in a s e ,  have  b een  d e m o n s t r a te d  i n  c e l l - f r e e  e x t r a c t s  o f  

A. v i n e l a n d i i  ( 9 4 ) .  However, e x p e r im e n ts  u t i l i z i n g  i s o t o p e  l a b e l i n g  

o f  th e  v a r i o u s  c a rb o n  atoms o f  g lu c o s e  have  i n d i c a t e d  t h a t  t h i s  i s  

n o t  th e  p r im a ry  c a t a b o l i c  pa thw ay  u t i l i z e d  by th e  o rg a n ism  (8 7 ,  9 4 ) .

The o p e r a t i o n  o f  th e  p e n to s e  p h o s p h a te  (PP) pathw ay was s u g g e s te d  

by th e  d e m o n s t r a t io n  o f  6 -p h o s p h o g lu c o n ic  d e h y d ro g e n a s e ,  t r a n s a l d o l a s e ,  

and t r a n s k e t o l a s e  i n  c e l l - f r e e  e x t r a c t s  o f  A z o to b a c te r  (6 9 ,  7 0 ) .
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However, t h e  PP pathw ay  h a s  a l s o  b een  d e l e g a t e d  a  m ino r  c a t a b o l i c  r o l e  

b e c a u se  o f  t h e  r e s u l t s  o f  e x p e r im e n t s  u t i l i z i n g  i s o t o p i c  t r a c i n g  o f  

s e l e c t e d  ca rb o n  atoms o f  g lu c o s e  ( 9 4 ) .

R a d i o r e s p i r o m e t r i c  e x p e r im e n t s ,  as w e l l  as  e n z y m a t ic  e x p e r im e n ts  

w i th  c e l l - f r e e  s y s t e m s ,  s t r o n g l y  i n d i c a t e  t h a t  th e  E n tn e r -D o u d o ro f f  (ED) 

sy s te m  i s  t h e  p r im a ry  pathw ay o f  g lu c o s e  c a t a b o l i s m  i n  t h e  a z o t o b a c t e r  

( 9 4 ) .  The C ^ 0 2  p r o d u c t i o n  p a t t e r n s  from i n d i v i d u a l  c a rb o n  atoms o f 

g lu c o s e  by A z o to b a c te r  a r e  b a s i c a l l y  s i m i l a r  t o  th o s e  o b s e rv e d  w i th  

Pseudomonas f l u o r e s c e n s  w hich a p p e a r s  t o  u t i l i z e  t h e  c o n c u r r e n t  o p e r a ­

t i o n  o f  t h e  ED and PP p a th w ay s .  A co m p ar iso n  o f  th e  t h e o r e t i c a l  and 

o b se rv e d  i s o t o p e  d i s t r i b u t i o n  p a t t e r n  o f  c e l l u l a r  a l a n i n e  d e r iv e d  

from s p e c i f i c a l l y  l a b e l e d  g lu c o s e  i n d i c a t e s  t h a t  t h e  ED pathw ay a lo n e  

and n o t  t h e  PP pa thw ay  i s  o p e r a t i v e  (9 4 ) .  The e n z y m a t ic  e x a m in a t io n  

o f  A z o to b a c te r  f o r  enzymes im p o r ta n t  i n  t h e  ED pathw ay h a s  r e v e a l e d  

t h a t  c e l l - f r e e  e x t r a c t s  can  c o n v e r t  g lu c o s e  t o  6 -p h o s p h o g lu c o n a te  (69) 

and t h a t  t h e  6 -p h o s p h o g lu c o n a te  i n  t u r n  can  be c le a v e d  to  form g l y -  

c e r a ld e h y d e - 3 - p h o s p h a t e  and p y r u v a te  (6 8 ) .  However, t h e  two key 

enzymes a s s o c i a t e d  w i t h  th e  ED p a th w ay , i . e . ,  6 -p h o s p h o g lu c o n ic  

d e h y d ra se  and 2 -k e to -3 - d e o x y - 6 - p h o s p h o g lu c o n ic  a l d o l a s e ,  have  n o t  

been  d e m o n s t ra te d  i n  c e l l  e x t r a c t s  o f  A z o to b a c te r  (9 4 ) .

The t e r m i n a l  o x i d a t i o n  o f  c a rb o n  compounds by A z o to b a c te r  h a s  

been  shown t o  p ro c e e d  th ro u g h  th e  t r i c a r b o x y l i c  a c i d  (TCA) c y c l e .  

P y r u v ic  a c i d ,  a c e t i c  a c i d ,  and t h e  member a c id s  o f  t h e  TCA c y c le  were 

found t o  be  r e a d i l y  o x id iz e d  (1 1 3 ) .
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E x t r a c e l l u l a r  p o l y s a c c h a r i d e s

The n a t u r e  o f  t h e  e x t r a c e l l u l a r  p o l y s a c c h a r i d e s  o f  A. v i n e l a n d i i  

and A. a g i l i s  h a s  b e en  exam ined (1 5 ,  1 6 ) .  Cohen and J o h n s to n e  (15) 

found t h a t  two f r a c t i o n s  o f  e x t r a c e l l u l a r  p o l y s a c c h a r i d e ,  a f r e e  

s l im e  m a t e r i a l  and t h e  t r u e  c a p s u l a r  m a t e r i a l ,  c o u ld  be i s o l a t e d  from 

A. v i n e l a n d i i ; h o w ev er ,  b o th  f r a c t i o n s  had  t h e  same b a s i c  ch em ica l  

c o m p o s i t io n .  Chem ical a n a l y s i s  i n d i c a t e d  t h a t ,  i n  g e n e r a l ,  t h e  

po ly m ers  c o n ta i n e d  g a l a c t u r o n i c  a c i d ,  g l u c o s e ,  and rhamnose a t  a 

r a t i o  o f  4 3 : 2 : 1 ,  as  w e l l  as  a  h e x u r o n ic  a c i d  l a c t o n e ,  p ro b a b ly  

m a n n u ro n o la c to n e . M inor d i f f e r e n c e s  d id  e x i s t  among t h e  v a r i o u s  

s t r a i n s  t e s t e d .  The c a p s u l a r  m a t e r i a l  i s o l a t e d  from  Â  a g i l i s  (16) 

a p p ea re d  t o  be  m ark ed ly  d i f f e r e n t  from  t h a t  o f  A. v i n e l a n d i i .

C hem ical t e s t s  i n d i c a t e d  t h a t  o n ly  g a l a c t o s e  and rham nose , a t  a 

r a t i o  o f  1 .0  t o  0 . 7 ,  w ere  p r e s e n t  i n  th e  A. a g i l i s  c a p s u l e .

C yst o f  A z o to b a c te r

E ncystm en t

The p r e s e n c e  o f  t h i c k - w a l l e d  c e l l s  i n  o ld  c u l t u r e s  o f  A z o to b a c te r  

was r e c o g n iz e d  e a r l y  i n  t h e  s tu d y  o f  t h e  g e n u s .  In  1920 J o n e s  (43) 

r e p o r t e d  o b s e r v in g  s p h e r i c a l ,  t h i c k - w a l l e d  c e l l s ,  w hich he c a l l e d  

r e s t i n g  c e l l s  o r  a r t h r o s p o r e s , i n  14 -day  o l d  c u l t u r e s .  B a tc h in s k a y a  

(3) r e p o r t e d  t h e  fo r m a t io n  o f  a  t w o - l a y e r e d  c a p s u le  a ro u n d  a g in g  

c e l l s  o f  A z o t o b a c t e r . The i n n e r  l a y e r  was th o u g h t  t o  be composed o f  

s o f t  s l i m e ,  w h i le  t h e  h a r d  o u t e r  l a y e r  s e r v e d  as  an e n v e lo p e .
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I n  1938 W inogradsky (114) p u b l i s h e d  th e  f i r s t  d e t a i l e d  d e s c r i p t i o n  

o f  t h e  e n cy s tm e n t  p r o c e s s  and th e  f i r s t  c o n c lu s iv e  c y t o l o g i c a l  c h a r ­

a c t e r i z a t i o n  o f  t h e  c y s t .  He r e p o r t e d  t h a t  e n cy s tm e n t  o c c u r r e d  when 

c e l l s  o f  A. v i n e l a n d i i  w ere  grown f o r  5 o r  6 days i n  th e  p r e s e n c e  of 

v a r i o u s  ca rb o n  s o u r c e s .  The f i r s t  ty p e  o f  c e l l  was o b s e rv e d  t o  be 

young m o t i l e  r o d s .  A f t e r  3 days o f  g ro w th ,  some o f  th e  ro d s  were 

s e e n  t o  change i n t o  rou n d ed  form s w hich became c o c c o id  and d im in is h e d  

i n  s i z e  a f t e r  4 t o  3 days o f  I n c u b a t i o n .  In  t h e  l a s t  p h a s e ,  th e  

c o c c o id  c e l l s  became m a tu re  c y s t s .

By th e  u se  o f  a  complex v io la m in e  s t a i n i n g  t e c h n i q u e ,  W inogradsky 

(114) was a b le  t o  o b s e r v e  and name 3 d i s t i n c t  c y t o l o g i c a l  f e a t u r e s  

o f  t h e  m a tu re  c y s t s .  A brown t o  b l a c k  s t a i n i n g  i n n e r  p o r t i o n  was 

c o n s id e r e d  t o  be th e  r e s i d u a l  v e g e t a t i v e  c e l l  and was named th e  cen ­

t r a l  body . I t  was s u r ro u n d e d  by a d e n s e ,  d o u b l e - l a y e r e d  c a p s u le .

The o u t e r  l a y e r  s t a i n e d  b l a c k  and was c a l l e d  t h e  e x in e  and th e  i n n e r  

y e l lo w  s t a i n i n g  a r e a  was c a l l e d  t h e  i n t l n e .

Wyss, Neumann, and S o c o lo f s k y  (115) em ployed e l e c t r o n  m ic ro sco p y  

o f  u l t r a - t h i n  s e c t i o n s  t o  s tu d y  th e  c y to lo g y  o f  c y s t  f o r m a t io n .  T h e i r  

r e s u l t s  i n d i c a t e d  t h a t  e n c y s tm e n t  o c c u r r e d  a f t e r  3 t o  5 days o f  grow th  

on a s o l i d ,  n i t r o g e n - f r e e  medium. E l e c t r o n  m ic ro g ra p h s  o f  1 -day  o ld  

v e g e t a t i v e  c e l l s  r e v e a l e d  them  t o  be l a r g e  ro d s  h a v in g  a homogeneous 

c y to p la sm  and a  n e tw o rk  o f  membraneous s t r u c t u r e s  ( p e r i p h e r a l  b o d ie s )  

a lo n g  t h e  p e r i p h e r y  o f  t h e  c e l l .  P o c k e ts  o f  m a t e r i a l  h a v in g  a  low 

e l e c t r o n  d e n s i t y ,  c h a r a c t e r i s t i c  o f  n u c l e a r  m a t e r i a l ,  w ere  s e e n  t o  be 

i n t e r s p e r s e d  i n  t h e  c y to p la s m .  A f t e r  2 t o  3 days t h e  v e g e t a t i v e  c e l l s  

assumed an o v a l  o r  s p h e r i c a l  sh ap e  and th e  p e r i p h e r a l  b o d ie s  d i s a p p e a r e d .
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The n e x t  s t a g e  o f  e n c y s tm e n t  o c c u r r e d  a f t e r  36 h r  o f  g row th  and 

in v o lv e d  t h e  d e p o s i t i o n  o f  a b a r k - l i k e  c o a t  ( e x in e )  a d j a c e n t  t o  t h e  

c e l l  w a l l .  A f t e r  48 h r ,  a lm o s t  a l l  t h e  c e l l s  were encom passed  by a 

l a y e r  o f  e x in e  m a t e r i a l  w hich  a p p e a re d  a s  a  l o o s e ,  f r a g i l e  e n v e lo p e  

s u r r o u n d in g  t h e  c e l l .  D uring  t h i s  p e r i o d  t h e  i n t i n e  b egan  t o  a p p e a r  

as a  homogeneous g r a n u l a r  m a t e r i a l  b e tw een  th e  e x in e  and c e n t r a l  

body . The c e n t r a l  body r e t a i n e d  t h e  c e l l  w a l l - c e l l  membrane complex 

t y p i c a l  o f  t h e  v e g e t a t i v e  c e l l .  A f t e r  3 t o  5 d a y s ,  t h e  m a tu r a t io n  

o f  t h e  c y s t  was c o m p le te .  The e x in e  became a  t h i c k ,  l a m in a te d  s t r u c ­

t u r e ;  th e  c e n t r a l  body became much s m a l l e r ;  and th e  i n t i n e  a p p e a re d  

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

I n  g e n e r a l ,  s i m i l a r  s t u d i e s  by T chan , B i r c h -A n d e r s e n ,  and J e n s e n  

(98) c o n f irm e d  t h e  o b s e r v a t i o n s  o f  Wyss a t  a l .  (1 1 5 ) .  Though th e  two 

g ro u p s  a r e  n o t  i n  ag reem en t r e g a r d i n g  th e  te rm in o lo g y  a s s ig n e d  by 

W inogradsky (114) , e l e c t r o n  m ic ro g ra p h s  c o n ta i n e d  i n  th e  two p a p e r s  

a r e  e s s e n t i a l l y  a l i k e .  H owever, Tchan et^ a l .  (98) o b se rv e d  some 

random ly  o r i e n t e d ,  t r i p l e - l a y e r e d ,  c y l i n d r i c a l  u n i t s  w i t h i n  t h e  i n n e r  

l a y e r  o r  i n t i n e .

F a c to r s  a f f e c t i n g  e n c y s tm e n t

The c u l t u r a l  c o n d i t i o n s  n e c e s s a r y  f o r  c y s t  fo r m a t io n  by th e  

a z o t o b a c t e r  have  b een  o f  i n t e r e s t  f o r  many y e a r s .  W inogradsky (114) 

r e p o r t e d  t h a t  e n c y s tm e n t  o c c u r r e d  when A. v i n e l a n d i i  was grown i n  

t h e  p r e s e n c e  o f  b u t a n o l ,  e t h a n o l ,  b u t y r a t e ,  a c e t a t e ,  and b e n z o a te  

w i th  b u t a n o l  p ro m o t in g  th e  m ost co m p le te  e n c y s tm e n t .  No c y s t s  w ere  

p ro d u c e d  i n  c u l t u r e s  when grown on m a n n i to l  o r  g lu c o s e .  S o c o lo fs k y
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and Wyss (88) c o n f irm ed  t h i s  o b s e r v a t io n  when th e y  r e p o r t e d  100% 

e n cy s tm e n t  o f  A. v i n e l a n d i i  when c u l t u r e d  on a  medium su p p lem en te d  

w i th  b u t a n o l  b u t  a lm o s t  no en cy s tm e n t  when c u l t i v a t e d  on a s u c r o s e  

medium.

Layne and Jo h n so n  (5 0 ,  51) c o n ten d e d  t h a t  e n cy s tm e n t  was de­

p e n d en t  upon a  low ca rb o n  and m in e r a l  c o n te n t  o f  t h e  g row th  medium.

However t h e i r  c o n c lu s io n s  were d i s p u t e d  by S t e w a r t ,  O lso n ,  and 

Wyss (9 3 ) .  The l a t t e r  w o rk e rs  r e p o r t e d  t h a t  b o th  g row th  and e n c y s t ­

ment a r e  dep en d en t upon s u f f i c i e n t  c o p p e r  and magnesium io n  c o n c e n t r a t i o n s  

i n  t h e  medium.

S te v e n so n  and S o c o lo f s k y  (92) r e p o r t e d  t h a t  c y s t  developm ent 

was dep en d en t upon th e  a c c u m u la t io n  o f  s i g n i f i c a n t  amounts o f  p o ly -  

B - h y d ro x y b u ty r ic  a c i d  p r i o r  t o  t h e  o n s e t  o f  e n c y s tm e n t .  The e x t e n t  

o f  po lym er a c c u m u la t io n  and th e  p e r c e n t a g e  o f  c y s t  deve lopm ent were 

shown t o  be d i r e c t l y  r e l a t e d  and t o  be d ep en d en t  on t h e  c o n c e n t r a t i o n  

o f  c a rb o n  s o u rc e  i n  t h e  g row th  medium.

E k lu n d , P ope , and Wyss (26) i n d i c a t e d  t h a t  th e  p r e s e n c e  o f  

c a p s u l a r  p o l y s a c c h a r i d e  i s  a p r e r e q u i s i t e  f o r  th e  fo r m a t io n  o f  m atu re  

c y s t s .  By grow ing A. v i n e l a n d i i  in  th e  p r e s e n c e  o f  e i t h e r  a  p h ag e -  

in d u c ed  d ep o ly m erase  enzyme s p e c i f i c  f o r  c a p s u l a r  p o l y s a c c h a r i d e  (27) 

o r  ammonium i o n s ,  th e y  w ere  a b le  to  i n h i b i t  c a p s u l a r  p o ly s a c c h a r id e  

fo r m a t io n  and c y s t  d e v e lo p m en t.  N o n e n c a p su la te d  m u ta n ts  o f  t h e  

o rg an ism  a l s o  f a i l e d  t o  form c y s t s .
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The deve lopm ent o f  t h e  c y s t ,  i n  t h e  m a in ,  has  been  s t u d i e d  

u t i l i z i n g  s o l i d  m ed ia  f o r  c u l t i v a t i o n  o f  t h e  o rg a n ism . However, 

e n c y s tm e n t  has  b een  o c c a s i o n a l l y  r e p o r t e d  i n  l i q u i d  c u l t u r e .  In  

h i s  o r i g i n a l  r e p o r t  on c y s t  d e v e lo p m e n t ,  W inogradsky  (114) r e p o r t e d  

p a r t i a l  e n cy s tm e n t  i n  14 -day  o ld  s t a n d i n g  c u l t u r e s .  Layne and 

Jo h n so n  (5 0 ,  51) d e s c r i b e d  r e s i s t a n t  form s o f  A z o to b a c te r  p ro d u ced  

i n  l i q u i d  medium d e p l e t e d  o f  one o r  more d i v a l e n t  m e ta l  i o n s .  How­

e v e r ,  t h e i r  r e s i s t a n t  forms l a c k e d  t h e  c h a r a c t e r i s t i c  c o a t  s t r u c t u r e s  

and a t t e m p t s  t o  d u p l i c a t e  t h e i r  r e s u l t s  hav e  b een  u n s u c c e s s f u l  ( 7 2 ) .  

Romanow (77) r e p o r t e d  c y s t  f o r m a t io n  by A. chroococcum  i n  a l i q u i d  

medium, however he o f f e r e d  no q u a n t i t a t i v e  d a t a  and no r e s i s t a n c e ,  

l y t i c  o r  c y t o l o g i c a l  e v id e n c e .

R e s i s t a n c e  p r o p e r t i e s

The r e s i s t a n c e  e x h i b i t e d  by members o f  t h e  a z o t o b a c t e r  g roup  t o  

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

Lb’h n i s  and Sm ith  (59) f i r s t  n o te d  t h e  r e s i s t a n c e  p r o p e r t i e s  o f  

A z o to b a c te r  d u r in g  t h e i r  s t u d i e s  on v a r i o u s  c e l l  t y p e s  p ro d u c e d  by 

th e  g e n u s .  Even th o u g h  much o f  h i s  w ork h a s  b een  d i s p u t e d  by o t h e r  

a u t h o r s ,  t h e  r e s i s t a n c e  p r o p e r t i e s  o f  th e  genus  a r e  g e n e r a l l y  r e c ­

o g n iz e d .

A lthough  m ost members o f  t h e  genus a r e  v e ry  s e n s i t i v e  t o  a c i d  

c o n d i t i o n s  below  a pH o f  6 . 0 ,  some s p e c i e s  f i x  n i t r o g e n  and grow 

w e l l  i n  an a c i d i c  medium ( 4 1 ) .  From I n d ia n  r i c e  s o i l ,  U ppa l,  P a t e l ,  

and D a j i  (101) i s o l a t e d  a v a r i a n t  o f  A. chroococcum  t h a t  f i x e d  

n i t r o g e n  a t  pH 5 . 4 .  Tchan (97) d e s c r i b e d  a  s t r a i n  o f  A. b e i j e r i n c k i i
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t h a t  grew v ig o r o u s ly  a t  a pH o f  4 .8  t o  5 .1 .  In  1955 J e n s e n  (Al) 

d e s c r ib e d  a  new s p e c i e s  named A. m acro cy to g en es  w hich grew and f ix e d  

n i t r o g e n  a t  a pH o f  A.6 t o  A .8. The r e a c t i o n  o f  m a tu re  c y s t s  t o  an 

a c i d i c  env iro n m en t has  n o t  been  r e p o r t e d .

Some members o f  th e  genus have b een  r e p o r t e d  t o  e x h i b i t  a marked 

th e rm a l  r e s i s t a n c e  (3 1 ) .  B i s s e t ,  B a i r d - P a r k e r , H a le ,  J e y n e s ,  and 

Lawrence (6 ) r e p o r t e d  t h a t  A in d e p e n d e n t ly  i s o l a t e d  g r a m - p o s i t i v e  

v a r i a n t s  o f  A. chroococcum w i th s to o d  80 C f o r  15 min and 2 o f  th e  

s t r a i n s  s u r v iv e d  100 C f o r  2 -3  m in. Garbosky and Giambiage (31) 

r e p o r t e d  e x t e n s i v e  h e a t  r e s i s t a n c e  among s e v e r a l  s p e c i e s  o f  A z o to b a c te r . 

Almost a l l  o f  th e  s p e c i e s  t e s t e d  w i th s to o d  90 C f o r  15 min and some 

s u r v iv e d  a f t e r  a  7 min e x p o su re  a t  100 C. They s t a t e d  th e  h e a t  

r e s i s t a n c e  was n o t  a s s o c i a t e d  w i th  th e  developm ent o f  t h e  e n c y s te d  

s t a t e  b u t  w i th  th e  p r e s e n c e  o f  a d i s t i n c t  type  o f  i n t e r n a l  s t r u c t u r e  

c a l l e d  a " c o r p u s c l e " .  S o c o lo fsk y  and Wyss (89) r e p o r t e d  t h e  c y s t s  

to  be on ly  s l i g h t l y  more r e s i s t a n t  th a n  v e g e t a t i v e  c e l l s  t o  th e rm a l  

d e s t r u c t i o n .

S o c o lo fsk y  and Wyss (89) d e m o n s t ra te d  t h a t  th e  e n c y s te d  c e l l  i s  

somewhat more r e s i s t a n t  th a n  th e  v e g e t a t i v e  c e l l  t o  a v a r i e t y  o f  ty p e s  

o f  r a d i a t i o n s .  In  o r d e r  t o  e f f e c t  90% i n a c t i v a t i o n  by u l t r a v i o l e t  

l i g h t ,  t h e  c y s t s  r e q u i r e d  a lm o s t  tw ic e  th e  dosage  r e q u i r e d  by th e  

v e g e t a t i v e  c e l l s .  The c y s t s  have  a l s o  been  shown t o  be 7 t im e s  more 

r e s i s t a n t  to  gamma ra y s  th a n  th e  n o n -e n c y s te d  c e l l s .  S o i l  p o p u la t i o n s  

o f  A z o to b a c te r  have  been  shown to  be  much more r e s i s t a n t  th a n  l a b o r a t o r y
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c u l t u r e s  o f  c y s t s  to  gamma r a d i a t i o n  (1 0 4 ) .  No a t t e m p t  was made to  

d e te rm in e  th e  p h y s i o l o g i c a l  s t a t e  o f  th e  o rg an ism s  i n  th e  s o i l .

The c y s t  has  a l s o  been shown t o  be r e s i s t a n t  to  s o n i c a t i o n  (8 9 ) .  

Only a 4 min t r e a tm e n t  o f  v e g e t a t i v e  c e l l s  by u l t r a s o n i c  sound i s  

n e c e s s a r y  t o  i n a c t i v a t e  90% o f  th e  p o p u l a t i o n ;  w h e re a s ,  60 min i s  

n e c e s s a r y  t o  i n a c t i v a t e  90% o f  an e n c y s te d  p o p u la t io n .

The most p ronounced  d i f f e r e n c e  i n  r e s i s t a n c e  p r o p e r t i e s  betw een 

c y s t s  and v e g e t a t i v e  c e l l s  i n v o lv e s  r e s i s t a n c e  to  d e s i c c a t i o n  (8 9 ) .  

W inogradsky (114) r e p o r t e d  o b t a i n i n g  v i a b l e  c y s t s  i n  c u l t u r e s  which 

had been  removed from th e  grow th  medium and s t o r e d  f o r  2 y e a r s .  

O m eliansky ( c i t e d  i n  105) found t h a t  A z o to b a c te r  c e l l s  s t o r e d  f o r  

10 y e a r s  on d r i e d  s i l i c a  g e l  s l a n t s  r e t a i n e d  t h e i r  v i a b i l i t y .  

Q u a n t i t a t i v e  e x p e r im e n ts  co n d u c ted  by S o c o lo fsk y  and Wyss (89) i n d i ­

c a te d  t h a t  c y s t s  r e t a i n e d  a lm o s t  100% v i a b i l i t y  a t  th e  end o f  12 

days o f  m ild  d e s i c c a t i o n ,  w hereas  v e g e t a t i v e  c e l l  v i a b i l i t y  dropped 

t o  l e s s  th a n  1% a t  th e  end o f  th e  f i r s t  day o f  t r e a t m e n t .  The 

d e s i c c a t i o n  r e s i s t a n c e  p r o p e r ty  of th e  c y s t s  was employed by S tev en so n  

and S o c o lo fsk y  (92) i n  s e t t i n g  f o r t h  a c r i t e r i o n  o f  e n c y s tm e n t .

The mechanism in v o lv e d  i n  th e  r e s i s t a n c e  p r o p e r t i e s  o f  th e  c y s t  

a p p a r e n t ly  l i e s  i n  th e  p r o t e c t i o n  o f th e  c e n t r a l  body p ro v id e d  by th e  

two c o a t  components (7 2 ,  8 9 ) .  A c q u i s i t i o n  o f  r a d i a t i o n  r e s i s t a n c e  

c o in c id e s  w i th  th e  t h i c k e n in g  o f  th e  c y s t  c o a t  d u r in g  e n c y s tm e n t ,  

and th e  c y s t  becomes r a d i a t i o n  s e n s i t i v e  as th e  c o a t  d i s i n t e g r a t e s  

d u r in g  g e rm in a t io n  (8 9 ) .  P a r k e r  and S o c o lo fsk y  (72) found t h a t  the  

c y s t  c o a t  co u ld  be removed from  th e  c e n t r a l  body w i th  no a p p a re n t
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i n j u r y  t o  th e  o rg an ism . When t h i s  was done and t h e  f r e e  c e n t r a l  b o d ie s  

p roduced  were exposed  t o  v a r io u s  d e l e t e r i o u s  a g e n t s ,  th e y  were as v u l ­

n e r a b l e  as th e  young v e g e t a t i v e  c e l l s .

G erm ina tion

A z o to b a c te r  c y s t s  p la c e d  i n  an a p p r o p r i a t e  medium undergo  a 

r e v e r s i o n  to  th e  v e g e t a t i v e  s t a t e .  T h is  r e v e r s i o n  i s  r e f e r r e d  t o  as 

g e rm in a t io n .  Cyst g e rm in a t io n  was p ro b a b ly  f i r s t  r e f e r r e d  t o  by 

Jo n es  (43) i n  1920. He n o te d  t h a t  14-day o ld  A z o to b a c te r  " a r t h r o s p o r e s "  

g e rm in a te d  when p la c e d  on f r e s h  medium and th e  " c e l l  p lasm a" emerged 

from th e  " s p o r e "  as  a ro d - sh a p e d  c e l l .  W inogradsky (114) d e s c r ib e d  

g e rm in a t io n  as in v o lv in g  th e  e n la rg em e n t  o f  t h e  c e n t r a l  body u n t i l  

i t  b re a k s  o u t  o f  t h e  s u r ro u n d in g  c a p s u le .  I t  th e n  b e g in s  to  e lo n g a t e  

i n t o  an o v a l  s h a p e ,  and f i n a l l y ,  i n t o  t h e  t y p i c a l  ro d -sh a p ed  v e g e t a t i v e  

c e l l .

Wyss e t,  a l .  (115) and Tchan et_ a l . (98) u t i l i z e d  e l e c t r o n  m ic ro s ­

copy o f  u l t r a - t h i n  s e c t i o n s  t o  fo l lo w  th e  c y to lo g y  o f g e r m in a t io n .

Wyss a t  ad . (115) r e p o r t e d  t h a t  th e  f i r s t  n o t i c e a b l e  change o f  th e  

c y s t  d u r in g  g e rm in a t io n  was an e n l a r g in g  o f t h e  c e n t r a l  body and a 

c o r re sp o n d in g  d e c r e a s e  i n  i n t i n e  m a t e r i a l .  The p e r i p h e r a l  b o d ie s ,  

c h a r a c t e r i s t i c  o f  th e  v e g e t a t i v e  c e l l ,  g r a d u a l l y  became d i s c e m a b l e .

Even though th e  e x in e  became much more f r a g i l e  d u r in g  g e r m in a t io n ,  

i t  m a in ta in e d  i t s  shape  a f t e r  r e l e a s e  o f  th e  ro d -sh a p e d  v e g e t a t i v e  

c e l l .

Tchan ejt a l .  (98) i n d i c a t e d  t h a t  th e  c e n t r a l  body i s  d i s p l a c e d  

to  an e c c e n t r i c  p o s i t i o n  w i t h i n  th e  c y s t  c o a t  d u r in g  th e  e a r l y  s t a g e s
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o f g e rm in a t io n .  The c e n t r a l  body th e n  becomes s l i g h t l y  p o in t e d  and 

in  some c a s e s  a p p ea rs  t o  have  membraneous i n c l u s i o n s  in  t h e  p o in te d  

r e g io n .  They s u g g e s te d  t h a t  th e  i n c l u s i o n s  s e r v e  as  a s i t e  f o r  th e  

p ro d u c t io n  o f  enzymes used  f o r  r u p t u r i n g  th e  c y s t  c o a t .

Kramer (46) and L in  (58) have i n v e s t i g a t e d  v a r io u s  p h y s i o l o g i c a l  

f a c t o r s  a s s o c i a t e d  w i th  g e r m in a t io n .  Kramer (46) r e p o r t e d  t h a t  c y s t  

g e rm in a t io n  was n o t  i n h i b i t e d  by c h lo ra m p h e n ic o l  and was t h e r e f o r e  

n o t  dependen t on p r o t e i n  s y n t h e s i s .  Lin (58) o b se rv ed  t h a t  n o t  a l l  

o f  th e  carbon  compounds which s u p p o r t  v e g e t a t i v e  g row th  o f  A z o to b a c te r . 

such  as m a n n i to l ,  p rom ote e f f i c i e n t  c y s t  g e r m in a t io n .  Of th e  carbon  

compounds t e s t e d ,  g lu c o s e ,  f r u c t o s e ,  and n - p r o p a n o l  were found t o  be 

th e  most a c t i v e  g e rm in a t io n  p ro m o tin g  a g e n t s .  When used  i n  c o n ju n c t io n  

w i th  g lu c o s e ,  c a s e in  h y d r o ly s a t e  i n c r e a s e d  th e  r a t e  of g e rm in a t io n  

abou t 2 0 - f o l d .

S e v e r a l  ch em ica l  changes  a s s o c i a t e d  w i th  g e rm in a t io n  w ere a l s o  

examined by L in  (5 8 ) .  When c y s t s  were p la c e d  i n  a g e rm in a t io n  medium, 

g lu c o se  u t i l i z a t i o n  and oxygen consum ption  began im m e d ia te ly ,  and 

c a lc iu m  and magnesium io n s  were r e l e a s e d  i n t o  th e  medium. However, 

n i t r o g e n  f i x a t i o n  and RNA s y n t h e s i s  e x h i b i t e d  ab o u t  a 4 - h r  la g  p e r i o d ,  

w h i le  DNA and p r o t e i n  s y n t h e s i s  d i s p l a y e d  an 8 - h r  l a g .  C e l l  m u l t i ­

p l i c a t i o n  began abou t 1 0  h r  a f t e r  t h e  b e g in n in g  o f  g e rm in a t io n .  

P o ly -B -h v d ro x y b u ty r ic  a c id

S in ce  th e  v e ry  e a r l y  s t u d i e s  o f  b a c t e r i a ,  numerous i n v e s t i g a t o r s  

have been  i n t e r e s t e d  i n  th e  i n t r a c e l l u l a r  g r a n u le s  w hich were commonly 

o b se rv ed  by l i g h t  m ic ro sco p y . F r e q u e n t ly ,  th e  g ra n u le s  would no t
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s t a i n  w i th  th e  common b a c t e r i a l  dyes b u t  would s t a i n  w i th  f a t  s o lu b l e  

dyes such  as Sudan b l a c k .  Because  o f  t h i s  p r o p e r t y ,  many o f  th e  

r e p o r t e d  g r a n u le s  w ere  c a l l e d  " f a t  b o d ie s " .

I n  r e c e n t  y e a r s  th e  " f a t  b o d ie s "  o f  many b a c t e r i a  have been 

shown t o  be composed o f  a  common b a c t e r i a l  s t o r a g e  compound, p o ly -  

B -h y d ro x y b u ty r ic  a c id  (9 0 ) .  P o ly - B - h y d ro x y b u ty r ic  a c id  (PHB) i s  

composed o f  s u c c e s s i v e  m o le c u le s  of B -h y d ro x y b u ty r ic  a c id  j o i n e d  by 

e s t e r  l in k a g e s  be tw een  th e  carboxy  group o f  one m o lecu le  and th e  

hydroxy group o f  t h e  a d ja c e n t  m o le c u le .

P o ly - B - h y d ro x y b u ty r i c  a c id  i n  b a c t e r i a

I n  1927, Lemoigne (53) e x t r a c t e d  c e l l s  o f  B a c i l l u s  "M" w i th  

ch lo ro fo rm  and r e c o v e re d  a  s u b s ta n c e  h a v in g  th e  e m p i r i c a l  fo rm u la  

(C^H^0 2 ) n » and a d d i t i o n a l  work i n d i c a t e d  t h a t  th e  m a t e r i a l  was a 

polym er o f  B -h y d ro x y b u ty r ic  a c i d .  S in ce  t h i s  o r i g i n a l  e x t r a c t i o n ,  

th e  po lym er h a s  b een  found t o  o c c u r  i n  many b a c t e r i a  o f  v a ry in g  gram- 

r e a c t i o n ,  m orpho logy , and p h y s io lo g y  (T ab le  1 ) .  C a rr  (11) has  

r e c e n t l y  r e p o r t e d  th e  o c c u r re n c e  of PHB i n  th e  b lu e - g r e e n  a l g a ,  

C h lo ro y lo e a  f r i t s c h i i .

P r o p e r t i e s  o f  p o ly -B -h y d r o x y b u ty r ic  a c id

D e p o s i t s  o f  PHB i n  b a c t e r i a  a p p e a r  as  d i s c r e t e  g r a n u le s  and in  

e l e c t r o n  m ic ro g ra p h s  o f  u l t r a - t h i n  s e c t i o n s ,  t h e  g r a n u le s  a p p e a r  as 

v e ry  e l e c t r o n - t r a n s p a r e n t  a r e a s  each  s u r ro u n d e d  by a l i m i t i n g  

membrane ( 8 ) .  PHB can be e x t r a c t e d  by f i r s t  d i g e s t i n g  th e  c e l l s  

w i th  a l k a l i n e  h y p o c h l o r i t e  and d i s s o l v i n g  th e  r e s u l t i n g  e x t r a c t  in  

b o i l i n g  c h lo ro fo rm  (1 1 0 ) .  E v a p o ra t io n  o f  th e  c h lo ro fo rm  e x t r a c t
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Table 1

O ccu rren ce  o f  p o ly -B -h y d r o x y b u ty r lc  a c id  in  b a c t e r i a

Organism R efe ren c e

A z o to b a c te r  a g i l i s ............................. . . .  29
A z o to b a c te r  chroococcum . . . . . . . 55, 60
A z o to b a c te r  v i n e l a n d i i ................... . . . 29 , 92
B a c i l l u s  a n t h r a c i s .............................
B a c i l l u s  c e r e u s  .................................. . . . 54 , 6 1 , 106, 1 1 0

B a c i l l u s  m egater ium  ........................ . . . 54 , 60 , 61 ,  62 , 64 , 85 , 108
B a c i l l u s  m ycoides ............................. . . .  54
Carvophanon la tu m  .............................
Chromatium o k a n i i  ............................. . . . 60 , 80
Chrom obacterium  s p .............................
Chrom obacterium  v io laceu m  . . . . . .  29
F e r r o b a c i l l u s  f e r r o o x i d a n s . . .
Hydrogenomonas s p ............................... . . . 33, 60 , 81
Lam propedia h y a l i n a  ........................ . . .  60
M icrococcus  d e n i t r i f l e a n s  . . . . . .  60
M icrococcus  h a l o d e n i t r i f l e a n s  . . . . 60 , 82, 83
Pseudomonas s p ...................................... . . . 13, 29 , 67 , 73
Pseudomonas a n t i m y c e t i c a .  . . . . . .  29 , 36
Pseudomonas le m o ig n e i  ................... . . .  19
Pseudomonas m e th a n ic a  . . . . . . . .  44
Pseudomonas p s e u d o m a l le i .  . . . . . .  57
Pseudomonas s a c c h a r o p h i l a  . . . . . . 2 0 , 60
Pseudomonas so la n a c e a ru m . . . . . . .  36
Rhizobium s p ................... .... . . .  29, 60
Rhizobium - ja p o n ic u m ........................ . . .  36
Rhizobium t r i f o l i i .  . ................... . . .  105
Rhodopseudomonas s p h e r o ld e s  . . . . .  1 2

R h o d o sp lr i l lu m  rubrum ................... . . .  8 , 2 0 , 60 , 64 , 91
S p h a e r o t i l u s  n a ta n s  ........................ . . .  71, 78
S p i r i l l u m  a n u l u s .................................
S p i r i l l u m  i t e r s o n i i  ........................ 63
S p i r i l l u m  no rm aa l . ........................
S p i r i l l u m  s e r p e n s  ............................. . . .  36, 60 , 63
V ib r io  s p .................................................. . . .  35, 36
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y i e l d s  a t h i n  f i l m  o f  w h i te  to  g r a y i s h  m a t e r i a l  somewhat r e m in is c e n t  

o f  t h i n  p l a s t i c  s h e e t i n g  (1 1 0 ) .  The e x t r a c t e d  polym er i s  s o l u b l e  in  

a v a r i e t y  o f  s o l v e n t s  i n c l u d i n g  c h lo ro fo rm , g l a c i a l  a c e t i c  a c i d ,  

p y r i d i n e ,  o c t y l  a l c o h o l ,  aqueous p h e n o l ,  1  M sodium h y d r o x id e ,  and 

t r i o l e i n .  I t  i s  i n s o l u b l e  in  a l k a l i n e  h y p o c h l o r i t e ,  w a te r ,  e t h e r ,  

a c e to n e ,  e t h a n o l ,  and carbon  t e t r a c h l o r i d e .  On s t r o n g  h e a t i n g ,  th e  

po lym er m e l t s ,  c h a r s ,  and g iv e s  o f f  odorous w h i te  fumes. Upon con­

d e n s a t io n  o f  t h e  fumes on th e  c o o le r  p a r t s  o f  t h e  tu b e ,  n e e d le - s h a p e d  

c r y s t a l s  o f  c r o t o n i c  a c i d  a r e  formed ( 1 1 0 ) .

The m e l t in g  p o in t  and m o le c u la r  w e ig h t  o f  t h e  e x t r a c t e d  polym er 

v a ry  c o n s id e r a b ly  dep en d in g  on th e  method o f  e x t r a c t i o n .  M e lt in g  

p o i n t s  r a n g in g  from 114 C t o  188 C and m o le c u la r  w e ig h ts  r a n g in g  from 

1 ,000  t o  256 ,000  have b een  r e p o r t e d  (6 0 ) .

The po lym er from v a r io u s  b a c t e r i a  h a s  been  found t o  be c r y s t a l l i n e  

i n  v iv o  ( 1 ) and t o  e x h i b i t  a c o n s i s t e n t  m o rp h o lo g ic a l  form when viewed 

i n  th e  e l e c t r o n  m ic ro sco p e  a f t e r  p r e c i p i t a t i o n  from a c h lo ro fo rm  

s o l u t i o n  (1 ,  6 0 ) .  X -ray  d i f f r a c t i o n  s t u d i e s  made on e x t r a c t e d  p o ly ­

mer i n d i c a t e  t h a t  i t  i s  i n  a h e l i c a l  co n fo rm a tio n  in  t h e  s o l i d  s t a t e  

( 1 , 6 0 ) .

P o ly - B - h y d ro x y b u ty r i c  a c id  m e tab o lism

The e n z y m a tic  s y n t h e s i s  and d e g r a d a t io n  o f  PHB h as  been s t u d i e d  

by a  number o f  i n v e s t i g a t o r s  d u r in g  th e  l a s t  s e v e r a l  y e a r s .  M errick  

and D oudoroff  (64) d e s c r ib e d  po lym er s y n t h e s i s  i n  c e l l - f r e e  e x t r a c t s  

d e r iv e d  from B a c i l l u s  m ega te r iu m  and R h o d o sp ir i l lu m  rubrum . PHB 

s y n t h e t a s e  a c t i v i t y  from b o th  o rgan ism s  was a s s o c i a t e d  w i th  a
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p a r t i c u l a t e  f r a c t i o n  c o n s i s t i n g  m a in ly  o f " n a t i v e "  polym er g r a n u le s .  

The coen 2 yme A d e r i v a t i v e  o f  B -h y d ro x y b u ty r ic  a c id  was r e a d i l y  i n c o r ­

p o r a te d  i n t o  th e  p o ly m er ,  however no u p ta k e  o f  th e  f r e e  a c id  was 

d e m o n s t ra te d .  Very l i t t l e  a c id  a c t i v a t i o n  was d e t e c t e d  when th e  

s y n t h e t a s e  f r a c t i o n  was sup p lem en ted  w i th  th e  f r e e  a c i d ,  coen 2 yme A, 

and ATP.

Two d i f f e r e n t  ty p e s  o f  PHB depo lym erase  system s have  been  s t u d i e d  

(13 , 19, 6 5 ) .  M err ick  and D oudoroff (65) d e s c r ib e d  a  complex i n t r a ­

c e l l u l a r  depo lym erase  s y s te m , c o n s i s t i n g  o f  t h r e e  s e p a r a t e  f a c t o r s ,  

d e r iv e d  from R. rubrum . One f a c t o r  was a h ig h  m o le c u la r ,  th e rm o s ta b le  

" a c t i v a t o r "  p r o t e i n .  The " a c t i v a t o r "  a lo n e  d id  n o t  c a r r y  ou t h y d ro ­

l y s i s ,  however i t  was n e c e s s a r y  f o r  depo lym erase  a c t i v i t y .  In  some 

c a s e s ,  t r y p s i n  c o u ld  be s u b s t i t u t e d  f o r  th e  " a c t i v a t o r " .  The 

depo lym erase  enzyme was an e x tre m e ly  u n s t a b l e ,  t h e r m o l a b i l e , h ig h  

m o le c u la r  w e ig h t  p r o t e i n .  A t h i r d  component o f  th e  depo lym erase  

sy s tem  was a l a b i l e  f a c t o r  a s s o c i a t e d  w i th  the  PHB g r a n u le s  used  as 

s u b s t r a t e .  These g r a n u le s  were p re p a re d  from B a c i l l u s  m egaterium  

and g r e a t  c a re  had t o  be ta k e n  d u r in g  p r e p a r a t i o n  t o  p r e s e r v e  the  

g ra n u le s  in  t h e i r  " n a t i v e "  s t a t e .  Exposure  o f  th e  g r a n u le s  to  v a r io u s  

c h em ica l  and e n zy m a tic  t r e a t m e n t s ,  f r e e z i n g ,  h e a t i n g ,  o r  r e p e a te d  

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

M e rr ic k ,  L undgren , and P f i s t e r  ( 6 6 ) have s u b s e q u e n t ly  d e m o n s tra te d  

t h a t  any t r e a tm e n t  o f  th e  " n a t i v e "  g r a n u le s  which d i s r u p t s  t h e i r  

membrane c o v e r in g  r e s u l t s  i n  th e  l o s s  o f  th e  s u b s t r a t e  a s s o c i a t e d
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f a c t o r .  The p r i n c i p a l  p ro d u c t  o f  t h e  depo lym erase  sy s tem  was o b se rv ed  

t o  be D (- )B -h y d ro x y b u ty r ic  a c i d ,  however a s m a l l  amount o f  e s t e r i f i e d  

p ro d u c ts  was r e l e a s e d .  The e s t e r  d im ers  were h y d ro ly z e d  by a s p e c i f i c  

e s t e r a s e .

D uring  s t u d i e s  o f  o rgan ism s  w hich co u ld  u t i l i z e  PHB as a s o l e  

carbon  s o u r c e ,  Chowdhury (13) and D e l a f i e l d ,  D o u d o ro ff ,  P a l l e r o n i ,  

L u s ty ,  and C on topou los  (19) d e t e c t e d  and d e s c r ib e d  e x t r a c e l l u l a r  PHB 

depo lym erase  sy s te m s .  Chowdhury (13) s t u d i e d  a depo lym erase  p roduced  

by an u n i d e n t i f i e d  Pseudomonas s p e c i e s .  In  marked c o n t r a s t  to  th e  

i n t r a c e l l u l a r  sy s tem  o f  M err ick  and D oudoroff  ( 6 4 ) ,  th e  e x t r a c e l l u l a r  

depo lym erase  from Pseudomonas c o n s i s t e d  o f  on ly  one component and th e  

PHB u t i l i z e d  a s  th e  carbon  s o u rc e  co u ld  be s e v e r e ly  t r e a t e d  ( i s o l a t e d  

by h y p o c h l o r i t e  d i g e s t i o n )  and s t i l l  s e r v e  as a u t i l i z a b l e  s u b s t r a t e .  

The depo lym erase  was i n d u c i b l e  on ly  w i th  PHB; how ever, i t  had no p ro ­

nounced s u b s t r a t e  s p e c i f i c i t y .  I t  h y d ro ly z e d  PHB, B -h y d ro x y b u ty r ic  

a c id  p ro p y l  e s t e r ,  e t h y l  a c e t a t e ,  p - n i t r o p h e n y l  a c e t a t e ,  and o t h e r  

e s t e r  compounds.

From a number o f  a e r o b ic  pseudomonads c a p a b le  o f  u t i l i z i n g  PHB 

as a s o l e  carbon  s o u r c e ,  D e l a f i e l d  et_ a l . (19) s e l e c t e d  le m o ig n e i  

f o r  s tu d y  o f  e x t r a c e l l u l a r  d e p o ly m e r iz a t io n .  le m o ig n e i  e x t r a ­

c e l l u l a r  depo lym erase  co u ld  a l s o  u t i l i z e  as s u b s t r a t e  PHB which had 

been  e x t e n s i v e l y  d e n a tu r e d  by c h em ica l  p u r i f i c a t i o n .  The e x t r a c t  

p u r i f i e d  from th e  o rgan ism  by D e l a f i e l d  a t  a l .  (19) a p p a r e n t ly  con­

s i s t e d  o f  a m ix tu re  o f  two v e ry  s i m i l a r  enzymes. Both enzymes were 

shown t o  be b a s i c  p r o t e i n s  w hich d i g e s t e d  th e  polym er a t  s l i g h t l y
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d i f f e r e n t  r a t e s .  The enzymes were r e p o r t e d  t o  be  c o n s t i t u t i v e  and 

were p ro d u ced  d u r in g  c e l l  g ro w th , B -h y d ro x y b u ty r ic  a c id  s u p p re s s e d  

enzyme e x c r e t i o n .

The p r i n c i p a l  end p r o d u c t  o f  e x t r a c e l l u l a r  PHB d e p o ly m e r iz a t io n  

was th e  d im e r ic  e s t e r  o f  B - h y d r o x y b u ty r a te , b u t  some monomer was a l s o  

p ro d u ced  (1 9 ) .  The d im er was r a p i d l y  a b so rb ed  by th e  c e l l s  where i t  

was h y d ro ly z e d  by a s p e c i f i c  d im er h y d r o l a s e  (1 8 ,  1 9 ) ,

P h y s i o l o g i c a l  r o l e  o f  p o ly - B - h y d r o x y b u ty r ic  a c id  

A lthough  PHB was o r i g i n a l l y  d i s c o v e r e d  i n  1927 (53) , a p h y s io lo g ­

i c a l  r o l e  f o r  i t  was n o t  c o n v in c in g ly  d e m o n s t ra te d  u n t i l  abou t 30 

y e a r s  l a t e r .  Today, th e  po lym er i s  g e n e r a l l y  c o n s id e r e d  t o  be one 

o f  th e  p r im ary  s t o r a g e  compounds i n  b a c t e r i a  ( 1 7 ) .

The im p o r tan c e  o f  t h e  po lym er was f i r s t  i n d i c a t e d  i n  1935 by

G a ff ro n  ( c i t e d  i n  20) d u r in g  h i s  s t u d i e s  o f  th e  p h o t o s y n t h e t i c  

a s s i m i l a t i o n  o f  o r g a n ic  compounds by th e  p u r p l e  b a c t e r i a .  He 

su cc e ed e d  in  i s o l a t i n g  an a s s i m i l a t o r y  p ro d u c t  w i th  th e  e m p i r i c a l  

fo rm u la  (C^H^0 2 ) n , however th e  s i g n i f i c a n c e  o f  t h e  f in d i n g  was n o t  

im m ed ia te ly  r e c o g n iz e d .

In  1950, Lemoigne, G r e l e t ,  and Croson (56) drew a t t e n t i o n  t o  

t h e  d i f f e r e n t  amounts o f  PHB o b ta in e d  by grow ing  B a c i l l u s  m egaterium  

on v a r io u s  m ed ia . Macrae and W ilk in so n  (6 1 ,  62) s u g g e s te d  a s t o r a g e  

f u n c t io n  f o r  t h e  po lym er i n  1958. They n o te d  t h a t  as th e  r a t i o  o f

ca rb o n  s o u rc e  t o  th e  n i t r o g e n  s o u rc e  i n  th e  grow th medium of

_B. m egaterium  i n c r e a s e d ,  and as  th e  medium became n i t r o g e n - d e f i c i e n t
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i n s t e a d  o f  c a r b o n - d e f i c i e n t ,  t h e r e  was an i n c r e a s e  in  th e  amount o f  

PHB p e r  c e l l .

I n  1959 D oudoroff  and S t a n i e r  (20) r e p o r t e d  t h a t  60 t o  90% o f  

th e  carbon  a s s i m i l a t e d  by Pseudomonas s a c c h a r o p h i l a  and R h o d o s p i r i l lu m  

rubrum i n i t i a l l y  was d e p o s i t e d  i n  th e  PHB f r a c t i o n  o f  t h e  c e l l s .  

S t a n i e r ,  D o u d o ro ff ,  K unisaw a, and C on topou los  (91) s u b s e q u e n t ly  

r e p o r t e d  t h a t  PHB was th e  m a jo r  p ro d u c t  formed d u r in g  p h o t o s y n t h e t i c  

a s s i m i l a t i o n  o f  ca rb o n  compounds w hich were c o n v e r t i b l e  t o  C2  u n i t s  

by R. rubrum . PHB has  a l s o  been  shown t o  be th e  p r im ary  - a s s im i la -  

t o r y  p ro d u c t  when th e  a u t o t r o p h i c ,  h y d ro g e n - o x id iz in g  b a c te r iu m ,  

Hydrogenomonas, i s  grown in  an a tm osphere  o f  CC>2 , H2 , and C>2 (3 3 ,  8 1 ) .  

These o b s e r v a t io n s  i n d i c a t e  t h a t  PHB h a s  a g e n e r a l  p h y s i o l o g i c a l  

f u n c t io n  i n  b a c t e r i a  as th e  p r im ary  p ro d u c t  o f  carbon  a s s i m i l a t i o n ;  

i t s  r o l e  i n  b a c t e r i a l  m e tab o lism  b e in g  a n a lo g o u s  t o  t h a t  o f  s t a r c h  

and g ly co g en  i n  th e  m e ta b o l ism  o f  o t h e r  o rg an ism s  (9 1 ) .

The endogenous u t i l i z a t i o n  o f  PHB by b a c t e r i a  and th e  im p o r tan ce  

o f  th e  po lym er i n  m a in ta in in g  c e l l  v i a b i l i t y  d u r in g  s t a r v a t i o n  i s  

w e l l  r e c o g n iz e d  (1 7 ) .  Macrae and W ilk in so n  (61) n o te d  t h a t  PHB was 

d eg raded  d u r in g  s t a r v a t i o n  o f  B a c i l l u s  m egaterium  and t h a t  th e  r a t e  

of a u t o l y s i s  was tw ic e  as h ig h  f o r  th o s e  c e l l s  low i n  PHB c o n te n t  as 

compared t o  c e l l s  r i c h  i n  t h e  po lym er. S i e r r a  and Gibbons (8 2 ,  83) 

made a c a r e f u l  s tu d y  o f  t h e  endogenous r e s p i r a t i o n  and s u r v i v a l  

c h a r a c t e r i s t i c s  o f  M icrococcus  h a l o d e n i t r i f i c a n s . They r e p o r t e d  

t h a t  th e  amount o f  po lym er in  r e s t i n g  c e l l s  d e c r e a s e d  w i th  t im e ,  and 

t h a t  PHB was th e  on ly  m a jo r  c e l l u l a r  component u t i l i z e d  d u r in g
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endogenous r e s p i r a t i o n .  C e l l  v i a b i l i t y  c o u ld  be  c o r r e l a t e d  w i th  

po lym er c o n te n t .  PH B -rich  c e l l s  m a in ta in e d  t h e i r  v i a b i l i t y  f o r  

lo n g e r  p e r io d s  th a n  d id  PHB-poor c e l l s .  They f u r t h e r  n o te d  t h a t  

as th e  PH B-rich c e l l s  u t i l i z e d  t h e i r  polym er e n d o g e n o u s ly ,  v i a b i ­

l i t y  was re d u ced . Sobek, C harba , and F o u s t  ( 8 6 ) o b ta in e d  a lm o s t  

i d e n t i c a l  r e s u l t s  d u r in g  s t u d i e s  w i th  A z o to b a c t e r .

S e v e r a l  a u th o r s  have s u g g e s te d  a r e l a t i o n s h i p  betw een PHB 

a c c u m u la t io n  and s p o r u l a t i o n  by B a c i l l u s . T i n e l l i  (9 9 ,  100) found 

t h a t  PHB was o x id iz e d  t o  CO2  and H2 O d u r in g  th e  e n d o t r o p h ic  s p o ru ­

l a t i o n  o f  _B. m eg a te r iu m . She a l s o  showed t h a t  n o n - s p o r u l a t i n g  s t r a i n s  

w ere  u n a b le  t o  o x id i z e  th e  po lym er f u l l y ,  and she  c o n c lu d ed  t h a t  

t h e r e  was an i n t i m a t e  c o n n e c t io n  betw een  s p o r u l a t i o n  and polym er 

m e tab o lism . F u r th e r  e v id e n c e  f o r  th e  i n t e r r e l a t i o n  betw een  th e s e  

two f a c t o r s  was p r e s e n te d  by S lepecky  and Law ( 8 3 ) .  These  i n v e s t i ­

g a t o r s  n o te d  t h a t  po lym er u t i l i z a t i o n  im m ed ia te ly  p re c e d e d  s p o r u l a t i o n  

i n  B_. m eg a te r iu m .

S t r u c t u r a l  r o l e  o f  m e ta l  io n s  i n  b a c t e r i a

The p r a c t i c e  o f  i n c o r p o r a t i n g  m in e r a l  s a l t s  i n t o  b a c t e r i a l  grow th 

m edia  i s  u b iq u i to u s  and th e  im p o r tan c e  o f  d i v a l e n t  m e ta l  io n s  as co­

f a c t o r s  in  en zy m a tic  r e a c t i o n s  i s  w e l l  known. E v idence  i s  a c c u m u la t in g  

w hich i n d i c a t e s  t h a t  t h e s e  io n s  a l s o  have an im p o r ta n t  r o l e  i n  th e  

s t r u c t u r e  of b a c t e r i a l  c e l l  w a l l s .  K e e le r  and Gray (45) found t h a t
I I

up t o  70% o f  t h e  r a d i o a c t i v e  Ca added t o  th e  g row th  medium was 

i n c o r p o r a t e d  i n t o  th e  c e l l  w a l l  f r a c t i o n  o f  L i s t e r i a  m onocy togenes . 

P r im o s ig h ,  P e l z e r ,  M aass, and W eidel (74) made th e  i n t e r e s t i n g
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a s s e r t i o n  t h a t  th e  p o ly p e p t id e  s i d e  c h a in s  o f  th e  "R" l a y e r  (79) 

c o n ta in  d ia m in o p im e l ic  a c id  and would c a r r y  an e x c e s s  n e g a t i v e  charge  

w hich must be n e u t r a l i z e d  b e f o r e  th e y  c o u ld  be packed  i n t o  a r i g i d  

s t r u c t u r e ;  Humphrey and V incen t (38) s u g g e s te d  t h a t  Ca"*"*" s p e c i f i c a l l y  

pe rfo rm s  t h i s  f u n c t io n  i n  Rhizobium t r i f o l i i . Eagon and Carson (22)

++ i +and Eagon, Simmons, and C arson (23) r e p o r t e d  t h a t  Ca , Mg , and
| I

Zn w ere  components o f  th e  c e l l  w a l l  o f  Pseudomonas a e r u g i n o s a .

L eive  (52) and A s b e l l  and Eagon (2) have  r e p o r t e d  t h a t  th e s e  io n s  

were s p e c i f i c a l l y  in v o lv e d  i n  bonding  w i th  th e  l ip o p o ly s a c c h a r id e  

component o f  th e  c e l l  w a l l .

The p re s e n c e  o f  d i v a l e n t  m e ta l  i o n s ,  p a r t i c u l a r l y  Ca'*'*', in  

b a c t e r i a l  s p o re s  i s  w e l l  known (9 6 ) .  Calcium io n  d e f i c i e n c y  le a d s  

t o  red u ced  s p o re  fo rm a t io n  and t o  a low ered  h e a t  r e s i s t a n c e  o f  th o s e  

s p o re s  which a r e  formed (3 4 , 9 5 ) .  A h ig h  c a lc iu m  io n  c o n t e n t ,  how ever, 

does n o t  a p p e a r  t o  be u n iq u e ly  a s s o c i a t e d  w i th  s p o re  c y to lo g y ,  r e t r a c t ­

i l i t y ,  o r  r e s i s t a n c e  to  d e s i c c a t i o n ,  p h e n o l ,  o r  u l t r a v i o l e t  i r r a d i a t i o n
L l

(8 4 ) .  S pores  accu m u la te  m e ta l  io n s  o t h e r  th a n  Ca when th e y  a re  

added t o  th e  c u l t u r e  medium, however t h e s e  io n s  c an n o t co m p le te ly  

s u b s t i t u t e  f o r  Ca++ i n  r e s p e c t  to  th e  th e rm a l  r e s i s t a n c e  and ge rm in a ­

t i o n  p r o p e r t i e s  of th e  s p o re s  (2 8 ) .

The im p o r tan ce  o f  m e ta l  io n s  i n  m a in ta in in g  th e  s t r u c t u r e  o f  th e  

c y s t  c o a t  was f i r s t  r e f e r r e d  t o  by S o c o lo fsk y  and Wyss ( 8 8 ) .  They 

n o te d  t h a t  th e  c o a t  r u p tu r e d  when i t  was t r e a t e d  w i th  EDTA and p ro ­

p osed  t h a t  d i v a l e n t  m e ta l  io n s  were in v o lv e d  i n  c o o r d in a t io n  o f  th e  

e x in e  c o a t  m a t e r i a l s .  G oldschm idt and Wyss (32) h a v e  im p l ic a te d  

magnesium io n s  in  t h i s  r o l e .



MATERIALS AND METHODS

Organism  and c u l t u r e  m edia

A z o to b a c te r  v i n e l a n d ! i  (A. a g l l i s ) . ATCC 12837, was t h e  t e s t  

o rg an ism  i n  t h e s e  s t u d i e s .  The c e l l s  were grown i n  30 ml o f  a 

m o d i f i e d - B u r k 's  n i t r o g e n - f r e e  s a l t s  s o l u t i o n  (112) in  250 ml E r l e n -  

meyer f l a s k s  a t  33 C w i th  s h a k in g .  The s a l t s  s o l u t i o n  was p re p a re d  

a c c o rd in g  t o  th e  f o r m u la t io n  i n  T ab le  2.

T ab le  2

C om position  o f  a m o d i f ie d - B u r k 's  n i t r o g e n - f r e e  s a l t s  s o l u t i o n

Component Grams p e r  l i t e r  o f  
d i s t i l l e d  w a te r

KH2 p ° 4 0 . 2

k 2 hp ° 4 0 . 8

MgS04 ”7H20 0 . 2

CaCl2 -2H20 0 .085

FeS04 -7H20 0.005

Na2 Mo04 *2H20 0.0003

B ecause o f  i t s  g r e a t e r  s o l u b i l i t y ,  CaCl2  was s u b s t i t u t e d  f o r  

CaSO^ which i s  n o rm a lly  em ployed. U n less  o th e rw is e  i n d i c a t e d ,  1% 

g lu c o s e  was u t i l i z e d  as  th e  carbon  s o u r c e .  Aqueous s o l u t i o n s  o f  

CaCl2  and g lu c o s e  were a u to c la v e d  s e p a r a t e l y  and th e  FeSO^ s o l u t i o n  

was s t e r i l i z e d  by f i l t r a t i o n  ( M i l l i p o r e ,  Grade HA). A l l  o f  t h e s e  

s o l u t i o n s  were added t o  th e  s t e r i l e  medium j u s t  p r i o r  t o  i n o c u l a t i o n .
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When CaCO3  was added to  th e  growth medium, m easured  amounts were 

s t e r i l i z e d  i n  a h o t  a i r  oven and added t o  t h e  b a s a l  s a l t s  s o l u t i o n  

b e f o r e  i n o c u l a t i o n .  The c u l t u r e s  were sup p lem en ted  w i th  a d d i t i o n a l  

d i v a l e n t  m e ta l  io n s  i n  c e r t a i n  i n s t a n c e s  by t h e  a d d i t i o n  o f  1  ml o f  

th e  a p p r o p r i a t e  d i l u t i o n  o f  th e  io n  t o  th e  c u l t u r e  a t  th e  b e g in n in g  

o f  th e  s t a t i o n a r y  p h a s e .  C y s ts  grown on a s o l i d  s u r f a c e ,  needed  f o r  

com parison  p u r p o s e s ,  were  c u l t i v a t e d  on th e  s u r f a c e  o f  an a g a r  medium 

p r e p a r e d  by su p p lem en tin g  t h e  b a s a l  s a l t s  s o l u t i o n  w i th  0 . 2 % n - b u ta n o l  

and 2 % a g a r .

O p t i c a l  d e n s i t y  m easurement

The o p t i c a l  d e n s i t y  (OD) o f  th e  c u l t u r e  was m easured  a t  600 nyj 

w i th  a Bausch and Lomb S p e c t r o n ic  20 c o l o r i m e t e r - s p e c t r o p h o t o m e t e r . 

V ia b le  c e l l  co u n ts

V ia b le  c e l l  c o u n ts  were made by th e  smear p l a t e  t e c h n i q u e .  D i lu ­

t i o n  b la n k s  c o n ta in e d  0.85% NaCl. P l a t e s  used  f o r  en u m era t io n  o f  th e  

o rgan ism s  were p r e p a r e d  by s u p p le m e n tin g  th e  grow th medium w i th  2 % 

a g a r .  T r i p l i c a t e  sam ples  w ere  made o f  each  d i l u t i o n  and in c u b a te d  

a t  33 C f o r  2 days b e f o r e  e x a m in a t io n .

D e te rm in a t io n  o f  encys tm en t

The e x t e n t  of e n cy s tm en t was d e te rm in e d  by th e  d e s i c c a t i o n  

te c h n iq u e  o f  S o c o lo fsk y  and Wyss ( 8 9 ) .  A c y s t  was c o n s id e re d  t o  be 

t h a t  form o f  th e  o rgan ism  w hich  co u ld  s u r v iv e  e x p o su re  t o  p r e d e t e r ­

mined d e s i c c a t i o n  c o n d i t i o n s  f o r  a p e r i o d  of 4 d ay s .  To a ssa y  

d e s i c c a t i o n  r e s i s t a n c e ,  c e l l  s u s p e n s io n s  were im pinged on th e  s u r f a c e  

o f  membrane f i l t e r s  w i th  a p o re  s i z e  o f  0 .4 5  m ic ro n s  ( M i l l i p o r e ,  HA).
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The membranes w ere t r a n s f e r r e d  t o  d ry  a b s o r b e n t  pads  i n  p e t r i  d i s h e s  

and p la c e d  in  an i n c u b a t o r  a t  33 C. At v a r io u s  i n t e r v a l s  th e  c e l l s  

were washed from th e  membranes by v ig o ro u s  a g i t a t i o n  i n  1 0 0  ml o f  

0.85% NaCI, and th e  number o f  v i a b l e  c e l l s  d e te rm in e d .  E x p erim en ts  

i n d i c a t e d  t h a t  t h e  c e l l s  co u ld  be removed q u a n t i t a t i v e l y  by th e  wash­

in g  a c t i o n .

Measurement of pH and pH c o n t r o l

The pH o f  th e  medium was m easured  d i r e c t l y  i n  th e  c u l t u r e  f l a s k s  

w i th  a C om ing  c o m b in a tio n  e l e c t r o d e  i n  c o n ju n c t io n  w i th  a Beckman 

Z e ro m a tic  pH m e te r .  C o n tro l  o f  pH in  th e  grow th  v e s s e l  was e f f e c t e d  

by ad d in g  0 .1  M KOH t o  th e  c u l t u r e  a t  n e c e s s a r y  i n t e r v a l s .

V i s c o s i t y  m easurement

For m easurem ent o f  th e  c u l t u r e  f l u i d  v i s c o s i t y ,  s u p e r n a t a n t s  

were c l a r i f i e d  by c e n t r i f u g a t i o n  a t  70 ,000 x g f o r  2 h r  w i th  a 

Sp inco  Model L u l t r a c e n t r i f u g e .  The v i s c o s i t y  o f th e  r e s u l t i n g  

s u p e r n a t a n t  m a t e r i a l  was m easured  w i th  a Cannon-Fenske number 200 

V isco m e te r  i n  a 33 C w a te r b a th .  These m easurem ents  were r e c o rd e d  

as e f f l u x  t im e s .  The e f f l u x  t im e  o f  d i s t i l l e d  w a te r  u n d e r  th e s e  

c o n d i t i o n s  was 1 0  s e c .

L y t i c  e x p e r im e n ts

The s u s c e p t i b i l i t y  o f  th e  c e l l s  to  th e  l y t i c  a c t i v i t i e s  o f  

e th y le n e  d i a m i n e t e t r a a c e t i c  a c id  (EDTA) and lysozyme was d e te rm in e d  

a c c o rd in g  t o  t h e  method o f  S o c o lo fsk y  and Wyss ( 8 8 ) .  Two ml sam ples  

o f  a c e l l  s u s p e n s io n  a t  an o p t i c a l  d e n s i t y  o f  0 .7  w ere  t r e a t e d  w i th  

a 1 ml q u a n t i t y  o f  th e  a p p r o p r i a t e  a g e n t s .  Changes i n  OD were
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d e te rm in e d  a t  600 nyi i n  a  Bausch and Lomb S p e c t r o n lc  20 c o l o r i m e t e r -  

s p e c t r o p h o to m e te r .  The t o t a l  sy s tem  in c lu d e d  c e l l s ,  100 yimoles 

tr i s (h y d ro x y m e th y l)a m in o m e th a n e  ( T r i s )  b u f f e r ,  pH 8 . 0 ,  100 ^ig c r y s t a l ­

l i n e  lysozym e, and 400 ^ig o f  t r i s o d iu m  EDTA, pH 8 .0  i n  a t o t a l  volume 

o f  3 ml.

G lucose  d e t e r m in a t io n

The changes  in  t h e  g lu c o s e  c o n c e n t r a t i o n  i n  t h e  medium were 

d e te rm in e d  u t i l i z i n g  t h e  " G lu c o s t a t "  r e a g e n t  (W o rth in g to n  B io ch em ica l  

C o r p o r a t i o n ) , a c o u p led  enzyme sy s tem  composed o f  g lu c o s e  o x id a se  

and p e r o x id a s e .  The r e a g e n t  was p r e p a r e d  by d i s s o l v i n g  th e  c o n te n t s  

o f  t h e  "Chromogen" and " G lu c o s t a t "  v i a l s  i n  90 ml d i s t i l l e d  w a te r .

The t e s t  was p e rfo rm ed  u t i l i z i n g  a s e r i e s  o f  tu b e s  c o n ta i n in g  th e  

unknown sam ples  and a g lu c o s e  s t a n d a r d .  To 9 .0  ml o f  r e a g e n t ,  1 ml 

o f  t h e  sam ple (0 .0 5  t o  0 .3  mg o f  g lu c o s e )  was added and th e  m ix tu re  

was a l lo w ed  t o  r e a c t  5 min a t  room t e m p e r a tu r e .  At t h e  end o f  t h i s  

p e r i o d ,  1 drop o f  4 M HC1 was u sed  t o  s to p  t h e  r e a c t i o n .  The a b so rb -  

ancy was d e te rm in e d  w i th  a K le tt-S um m erson  c o l o r i m e t e r  e q u ip p ed  w i th  

a number 42 f i l t e r .

D e te rm in a t io n  of c e l l  n i t r o g e n

N i t ro g e n  was m easured  by th e  K je ld a h l  method as recommended by 

H i l l e r ,  P l a z i n ,  and Van S ly k e  ( 3 7 ) .  F ive  ml o f  c u l t u r e  were p la c e d  

i n  a  30 ml m ic r o - K je ld a h l  d i g e s t i o n - d i s t i l l a t l o n  f l a s k  a lo n g  w i th  

0 .5  ml o f  a HgSO^ s o l u t i o n ,  o f  0 .5  g K^SO^, 1 ml conc . H2 SO4 , and 

s e v e r a l  N orton  14X b o i l i n g  c h i p s .  The HgSO^ s o l u t i o n  was p re p a re d  

by d i s s o l v i n g  1 0  g o f  re d  m e rc u r ic  ox ide  in  1 0 0  ml o f  1 2 % ^ S O ^ .
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The w a te r  was e v a p o r a te d  and th e  s u sp e n s io n  d ig e s t e d  f o r  30 min a f t e r  

c l e a r i n g .  The s u s p e n s io n  was c o o le d ,  w a te r  add ed , and th e  f l a s k  

p la c e d  on a s team  d i s t i l l a t i o n  a p p a r a tu s .  Z inc powder and 10 ml o f  

10 M NaOH were added t o  l i b e r a t e  th e  ammonia. The m ix tu re  was d i s ­

t i l l e d  i n t o  1 % b o r i c  a c id  s o l u t i o n  and b a c k - t i t r a t e d  t o  th e  o r i g i n a l  

pH u s in g  s t a n d a r d  HC1.

P o ly - B -h y d ro x y b u ty r ic  a c id  e x t r a c t i o n  and q u a n t i t a t i o n

PHB was e x t r a c t e d  from th e  c e l l s  and m easured  by th e  method o f  

Law and S lep eck y  (4 8 ) .  A f t e r  th e  d e s i r e d  p e r io d  o f  g ro w th , 5 ml o f  

th e  c u l t u r e  w ere removed from th e  f l a s k  and p la c e d  in  50 ml p o ly p ro ­

p y le n e  t e s t  tu b e s .  A q u a n t i t y  o f  5 ml o f  com m ercial sodium 

h y p o c h l o r i t e  (C lo ro x )  was added t o  th e  tu b e s  and th e  m ix tu re  d i g e s t e d  

f o r  24 h r  a t  35 C.

F o llo w in g  d i g e s t i o n ,  th e  tu b e s  were c e n t r i f u g e d ,  th e  s u p e r n a t a n t  

f l u i d  d i s c a r d e d ,  and th e  p r e c i p i t a t e  washed s e q u e n t i a l l y  i n  5 ml each  

o f w a te r ,  95% a l c o h o l ,  and a c e to n e .  Fo llow ing  th e  a c e to n e  w ash in g , 

th e  r e s u l t i n g  p r e c i p i t a t e  was a l lo w ed  to  d ry  o v e r n ig h t .  The PHB was 

th e n  e x t r a c t e d  from th e  r e s id u e  w i th  b o i l i n g  c h lo ro fo rm , and th e  

c h lo ro fo rm  f i l t e r e d  th ro u g h  a c o a r s e  s i n t e r e d  g l a s s  f i l t e r .  A f t e r  

each  f i l t r a t i o n  th e  f i l t e r  was washed w i th  a s m a l l  p o r t i o n  o f  h o t  

c h lo ro fo rm  t o  remove any r e s i d u a l  po lym er. The c h lo ro fo rm  was d i s ­

p ensed  i n t o  a ssa y  tu b e s  and a l lo w ed  t o  e v a p o r a te  o v e r n ig h t .  A f t e r  

e v a p o r a t i o n ,  1 0  ml of r e a g e n t  g rad e  conc. were added t o  each

a ss a y  tu b e .  The tu b e s  were capped w i th  aluminum f o i l  and h e a te d  

a t  100 C f o r  10 m in. The h e a t i n g  o f  th e  po lym er i n  conc. H2 SO4
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has been  shown t o  c o n v e r t  th e  po lym er t o  c r o t o n l c  a c id  q u a n t i t a t i v e l y  

(4 8 ) .  A f t e r  c o o l in g ,  t h e  abso rbancy  o f  th e  a c id  s o l u t i o n  was d e t e r ­

mined a t  235 mji u s in g  s i l i c a  c e l l s  o f  1 cm l i g h t  p a th  in  a Beckman 

model DB s p e c t r o p h o to m e te r .

E l e c t r o n  m icroscopy

For th e  p r e p a r a t i o n  o f  u l t r a - t h i n  s e c t i o n s ,  30 ml o f  c u l t u r e  

were c e n t r i f u g e d  and th e  r e s u l t i n g  c e l l  p e l l e t  was mixed w i th  1  ml 

o f  2% warm a g a r .  The s u s p e n s io n  was s p re a d  on th e  s u r f a c e  o f  g l a s s  

s l i d e s  and a l lo w ed  t o  s o l i d i f y .  A f t e r  h a r d e n in g ,  th e  a g a r  was c u t  

i n t o  s m a l l  b lo c k s  and p la c e d  in  screw  cap tu b e s  and f i x e d  w i th  2 % 

u n b u f f e r e d  KMnO  ̂ f o r  1 h r .  The d ic e d  a g a r  b lo c k s  were washed tw ic e  

w ith  d i s t i l l e d  w a te r  and d e h y d ra te d  by p a s sa g e  th ro u g h  a  g ra d e d  a l c o ­

h o l  s e r i e s .  A lco h o l was removed by w ash ing  tw ic e  w i th  p ro p y le n e  

o x id e .  The b lo c k s  w ere  suspended  i n  a 1 :1  p ro p y le n e  o x id e  and M arag las  

epoxy r e s i n  m ix tu re  (30) f o r  30 m in. The b lo c k s  were removed from 

th e  1 :1  m ix tu re  and p la c e d  in  a M arag las  p l a s t i c  m ix tu re  f o r  1 h r  

a t  room te m p e ra tu re  and th e n  a t  4 C o v e r n ig h t .  The a g a r  b lo c k s  were 

th e n  removed from th e  p l a s t i c  s o l u t i o n  and t r a n s f e r r e d  t o  "BEEM" 

c a p s u le s  ( B e t t e r  Equipment f o r  E l e c t r o n  M icro sco p y , I n c . ,  P . 0 .  Box 132, 

Jerome Av. S t a t i o n ,  B ronx, N. Y. 10468). F resh  M arag las  p l a s t i c  mix­

t u r e  was added and th e  c a p s u le s  were h e ld  in  a  vacuum oven a t  60 C 

f o r  72 h r  t o  remove any b u b b le s  and t o  p o ly m e r iz e  th e  embedding 

m a t e r i a l .  The b lo c k s  were s e c t i o n e d  w i th  a DuPont diamond k n i f e  u s in g  

an LKB U ltro to m e . The s e c t i o n s  were p la c e d  on u n s u p p o r te d  400 mesh copper  

g r id s  and p o s t - s t a i n e d  w i th  e i t h e r  2 % u n b u f f e re d  KMnO  ̂ o r  le a d  h y d ro x id e .
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Carbon r e p l i c a s  w ere  p r e p a r e d  a c c o rd in g  t o  th e  method o f  B rad ley  

and W ill iam s  ( 9 ) .  The c e l l s  were h a r v e s t e d  from th e  c u l t u r e  by cen­

t r i f u g a t i o n  and a t u r b i d  s u s p e n s io n  was p r e p a r e d  by r e s u s p e n d in g  th e  

c e l l  p e l l e t  i n  d i s t i l l e d  w a te r .  One drop o f  th e  su sp e n s io n  was p la c e d  

on th e  s u r f a c e  of a p a r l o d i o n  c o a te d  copper g r i d  (300 o r  400 mesh) 

and b l o t t e d  d ry .  T h is  p r o c e s s  was r e p e a te d  s e v e r a l  t im e s  to  i n s u r e  

an a d e q u a te  sam ple on each  o f  th e  g r i d s .  The ca rb o n  r e p l i c a s  were 

p r e p a r e d  by p l a c i n g  th e  g r i d s  i n  a Kinney h ig h  vacuum e v a p o r a to r  

and e v a p o r a t i n g  th e  t i p  o f  one carbon  rod  p la c e d  d i r e c t l y  o v e r  th e  

g r i d s  a t  a d i s t a n c e  of a p p ro x im a te ly  14 cm.

A f t e r  c o a t i n g  th e  specim en  w i th  c a rb o n ,  th e  g r i d s  were removed 

from th e  in s t r u m e n t  and th e  p a r lo d io n  f i l m  on each  g r i d  d i s s o lv e d  

w i th  a few d rops  o f  amyl a c e t a t e .  The c e l l  m a t e r i a l  was th e n  removed 

from th e  g r i d s  by t r e a tm e n t  w i th  an a c id  m ix tu re  fo rm u la te d  by d i s ­

s o lv in g  1 .5  g KMnO  ̂ and 1 .5  g i n  15 ml conc . H2 SO4 . A few

drops  o f  th e  m ix tu re  were p la c e d  on th e  i n n e r  s u r f a c e  o f  a s m a l l  

c r u c i b l e  c o v e r ,  and th e  g r i d s  were p la c e d  on th e  s u r f a c e  o f  th e  

a c id  w i th  t h e  carbon  f i lm  up. The a c id  s o l u t i o n  d i s s o lv e d  th e  c e l l  

m a t e r i a l ;  how ever, i t  d id  n o t  harm th e  copper g r i d s  o r  th e  carbon  

f i lm .  A f t e r  a l l  th e  c e l l s  had been  d i s s o l v e d ,  th e  g r i d s  san k  b e n e a th  

th e  s u r f a c e  o f  th e  a c id  s o l u t i o n  and were removed w i th  a p a i r  o f  f o r ­

c ep s .  The e x c e s s  f l u i d  was b l o t t e d  o f f  and th e  g r i d s  were th e n  d ip p ed  

i n t o  d i s t i l l e d  w a te r  t o  wash o f f  any rem a in in g  a c i d .  The MnC^ formed 

by th e  d e co m p o s i t io n  o f  th e  a c id  s o l u t i o n  was removed by d ip p in g
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t h e  g r i d s  i n  conc. HC1. A f t e r  th e  HC1 t r e a t m e n t ,  th e  g r i d s  were 

rew ashed  w i th  d i s t i l l e d  w a te r  and a l lo w ed  t o  a i r  d ry .

To enhance  th e  c o n t r a s t  o f  th e  r e p l i c a s ,  th e  g r i d s  were shadowed 

w i th  25-30 mg o f  germanium m e ta l  a t  an a n g le  o f  18 d e g r e e s .  A l l  

p r e p a r a t i o n s  were view ed w i th  an RCA-EMU-3G e l e c t r o n  m ic ro s co p e .  

R a d io is o to p e  e x p e r im e n ts

R a d i o a c t i v i t y  was m easured  w i th  a Beckman l i q u i d  s c i n t i l l a t i o n  

sy s te m . The s c i n t i l l a t i o n  f l u i d  employed c o n s i s t e d  o f  6  g 2 ,5 -  

d ip h e n y lo x a z o le  (PPO) and 0 .2 5  g 1 , 4 - b i s - 2 - ( 5 - p h e n y lo x a z o ly l ) - b e n z e n e  

(P0P0P) p e r  l i t e r  of d io x an e  o r  t o l u e n e .  Each sam ple v i a l  c o n ta in e d  

15 ml o f  th e  s o l u t i o n .  Each grow th  f l a s k  was sup p lem en ted  w i th  abou t 

0 .5  ^ic o f  sodium  a c e t a t e - 2 - C ^  (Volk R ad io ch em ica l  Co. , 803 N orth  

Lake S t r e e t ,  B urbank , C a l . ) .  Whole c e l l s  were  sam pled  by c o l l e c t i n g ,  

w a sh in g ,  and d ry in g  th e  c e l l s  from 0 .1  ml o f  c u l t u r e  on M i l l i p o r e  

(Grade HA) membrane f i l t e r s .  The e x t r a c e l l u l a r  p o l y s a c c h a r i d e - l i k e  

m a t e r i a l  was sam pled by p r e c i p i t a t i n g  i t  from 0 . 1  ml o f  c u l t u r e  

s u p e r n a t a n t  w i th  0 .1  ml o f  1 M C a C ^ .  The m a t e r i a l  was washed and 

d r i e d  b e f o r e  th e  a d d i t i o n  of s c i n t i l l a t i o n  f l u i d .  The p re su m p tiv e  

i n t i n e  m a t e r i a l  was p re p a re d  by l y s i n g  th e  c y s t s  w i th  EDTA ( 8 8 ) ,  

fo l lo w e d  by c e n t r i f u g a t i o n  and p r e c i p i t a t i o n  o f th e  r e l e a s e d  m a te r ­

i a l  w i th  1 M CaCl2 * PHB was e x t r a c t e d  by th e  method o f  Law and 

S lepecky  (48) and th e  a c t i v i t y  was m easured  by i n c o r p o r a t i n g  0 .1  ml 

o f  th e  c h lo ro fo rm  e x t r a c t  i n t o  th e  s c i n t i l l a t i o n  f l u i d  p re p a re d  

w i th  t o l u e n e .  Carbon d io x id e  a c t i v i t y  was m easured  by th e  method 

o f  J e f f r e y  and A lv a rez  (3 9 ) .



RESULTS

T h is  i n v e s t i g a t i o n  i s  d iv id e d  i n t o  t h r e e  m ajo r  p h a s e s .  The 

f i r s t  p hase  co n ce rn s  t h e  developm ent of a l i q u i d  medium which s u p p o r ts  

th e  en cy s tm en t o f  th e  o rgan ism  and th e  c h a r a c t e r i z a t i o n  o f  th e  c e l l s  

p roduced  i n  l i q u i d  c u l t u r e .  The second  d e a l s  w i th  an e x a m in a t io n  o f 

th e  r o l e  o f  d i v a l e n t  m e ta l  io n s  i n  c y s t  c o a t  d e v e lo p m en t,  and th e  

t h i r d  p h ase  in v o lv e s  a s tu d y  of th e  r e l a t i o n s h i p  betw een PHB m etab o lism  

and e n cy s tm e n t .

The en cy s tm en t medium

When A z o to b a c te r  v i n e l a n d i i  was c u l t u r e d  in  a l i q u i d  medium 

su p p lem en ted  w i th  I X  g l u c o s e ,  th e  pH o f  th e  c u l t u r e  d e c re a se d  t o  below 

5 (14) and th e  m a j o r i t y  o f  th e  c e l l s  in  th e  c u l t u r e  l o s t  v i a b i l i t y  

( F ig .  1 ) .  The d e a th  o f  th e  c e l l  p o p u la t i o n  was n o t  e v id e n t  from th e  

o b s e r v a t io n  o f  th e  OD o f  t h e  c u l t u r e .  In  o r d e r  to  s tu d y  encys tm en t 

i n  t h i s  ty p e  o f  medium, c a r e  had t o  be ta k e n  to  m a in ta in  a  n e u t r a l  

o r  s l i g h t l y  a l k a l i n e  pH. Three  methods were a t te m p te d  to  acco m p lish  

t h i s .  One in v o lv e d  r a i s i n g  th e  p h o sp h a te  c o n c e n t r a t i o n  t o  i n c r e a s e  

th e  b u f f e r i n g  c a p a c i ty  o f  t h e  B u rk 's  s a l t s  s o l u t i o n .  At th e  h ig h  

p h o sp h a te  c o n c e n t r a t i o n s ,  how ever, th e  e x t e n t  o f  growth was reduced  

and th e  c e l l s  d e v e lo p ed  abnorm al sh ap es  i n c lu d in g  g i a n t  c e l l s ,  c h a in s ,  

and f i l a m e n t s .  A seco n d  method used  was c o n t r o l  o f  pH by p e r i o d i c  

a d ju s tm e n t .  The pH o f  th e  medium was c a r e f u l l y  m o n ito red  and s u f f i ­

c i e n t  0 .1  M KOH was added a t  a p p r o p r i a t e  i n t e r v a l s  to  m a in ta in  i t  a t  

6 . 8  t o  7 .5  (F ig .  2 ) .  The c e l l s  c u l t i v a t e d  i n  t h i s  manner m a in ta in e d

33



F ig .  1. The r e l a t i o n s h i p s  o b se rv ed  betw een v i a b l e  c e l l  c o u n t ,  
o p t i c a l  d e n s i t y ,  and pH o f  th e  c u l t u r e  when c e l l s  o f  A z o to b a c te r  
v i n e l a n d i i  12837 were grown i n  a  l i q u i d  medium supp lem en ted  w ith  
1 % g lu c o s e .
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F ig .  2. The r e l a t i o n s h i p s  o b se rv ed  betw een v i a b l e  c e l l  c o u n t ,  
o p t i c a l  d e n s i t y ,  and pH o f  t h e  c u l t u r e  when c e l l s  o f  A z o to b a c te r  
v i n e l a n d i i  12837 were grown i n  a l i q u i d  medium sup p lem en ted  w i th  
1% g lu c o s e .  The pH was a d j u s t e d  p e r i o d i c a l l y  by t h e  a d d i t i o n  o f  
0 .1  M KOH. The a b ru p t  i n c r e a s e s  in  th e  pH of th e  c u l t u r e  f l u i d  
n o te d  in  th e  g raph  c o r re sp o n d  t o  th e  p e r io d s  o f  KOH a d d i t i o n .
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t h e i r  v i a b i l i t y ;  how ever, th e y  d id  n o t  a p p ea r  t o  e n c y s t  and th e  medium 

became v e ry  v i s c o u s  d u r in g  th e  s t a t i o n a r y  phase  (1 4 ) .  A t h i r d  method 

in v o lv e d  th e  a d d i t i o n  o f  0.6% s o l i d  CaCO^ t o  th e  b a s a l  medium (1 1 4 ) .  

When t h i s  was done , t h e  c e l l s  m a in ta in e d  t h e i r  v i a b i l i t y  and th e  c u l ­

t u r e  f l u i d  rem ained  a t  a s l i g h t l y  a l k a l i n e  pH ( F ig ,  3 ) .  Phase  c o n t r a s t  

m ic ro sco p y  i n d i c a t e d  t h a t  th e  c e l l s  grown i n  th e  medium supp lem en ted  

w i th  CaCO^ e n c y s te d .  S in c e  th e  c e l l s  rem ained  v i a b l e  th ro u g h o u t  th e  

e x p e r im e n ta l  p e r io d  when th e  pH was c o n t r o l l e d  (F ig .  2 and 3 ) ,  t h e  0D 

o f  th e  c u l t u r e  was c o n s id e r e d  t o  be an a d e q u a te  m easure  o f  growth and 

was used  f o r  t h a t  p u rp o se  d u r in g  th e  rem a in d e r  o f  th e  i n v e s t i g a t i o n .  

C h a r a c t e r i z a t i o n  o f  th e  c e l l s  grown i n  l i q u i d  c u l t u r e

The c e l l s  grown i n  l i q u i d  c u l t u r e  w ere compared t o  t y p i c a l  c y s t s  

p roduced  on a s o l i d  medium in  r e s p e c t  to  t h e i r  c y t o l o g i c a l ,  l y t i c ,  

and r e s i s t a n c e  p r o p e r t i e s .

The c y t o l o g i c a l  e x a m in a t io n  was done by e l e c t r o n  m ic ro sco p y  o f  

u l t r a - t h i n  s e c t i o n s  and carbon  r e p l i c a s .  F ig u re  4 i s  a com posite  

p h o to g ra p h  showing 4 e l e c t r o n  m ic ro g rap h s  o f  u l t r a - t h i n  s e c t i o n s  o f  

4-day  o ld  c e l l s  grown u n d er  c o n d i t io n s  o f  pH a d ju s tm e n t  w i th  KOH.

The c e l l s  have s h o r t e n e d ,  rounded u p ,  and resem ble  th e  c e n t r a l  body 

o f th e  c y s t ;  how ever, no o r g a n iz e d  c o a t  was o b s e rv e d .  Some lo o s e  

m a t e r i a l ,  p resum ab ly  u n o rg a n iz e d  e x in e  c o a t  com ponents , i s  s ee n  in  

th e  s u r ro u n d in g  medium. F ig u r e s  4A and 4B w ere  p o s t - s t a i n e d  w i th  

le a d  h y d ro x id e  and F ig .  4C was p o s t - s t a i n e d  w i th  p o ta s s iu m  perman­

g a n a te .  F ig u re  4D, p o s t - s t a i n e d  w i th  l e a d  h y d ro x id e ,  c l e a r l y  

i l l u s t r a t e s  t h a t  th e  e x in e  f rag m e n ts  a r e  t r i p l e  l a y e r e d .  The



F ig .  3. The r e l a t i o n s h i p s  o b se rv ed  betw een  v i a b l e  c e l l  c o u n t ,  
o p t i c a l  d e n s i t y ,  and pH o f  th e  c u l t u r e  when c e l l s  of A z o to b a c te r  
v i n e l a n d i i  12837 were grown in  a l i q u i d  medium supp lem en ted  w i th  
1% g lu c o se  and 0.6% CaCO^.
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F ig .  4. E l e c t r o n  m ic ro g ra p h s  o f  u l t r a - t h i n  s e c t i o n s  o f  
4-day o ld  A z o to b a c te r  v i n e l a n d i i  12837 c e l l s  grown i n  a l i q u i d  
c u l t u r e  i n  w hich  th e  pH was a d j u s t e d  p e r i o d i c a l l y  by th e  a d d i ­
t i o n  o f  0 .1  M KOH. A c e l l  r e s e m b lin g  a c e n t r a l  body (cb ) and 
f r e e  e x in e  (ex) f rag m en ts  a r e  e v i d e n t .  (A) The c e l l s  were 
p o s t - s t a i n e d  w i th  l e a d  h y d r o x id e .  (B) The c e l l s  were p o s t ­
s t a i n e d  w i th  le a d  h y d r o x id e ,  (ex) e x in e  (cb) c e n t r a l  body.
(C) The c e l l s  w ere  p o s t - s t a i n e d  w i th  KMnO^. (D) The c e l l s  
were p o s t - s t a i n e d  w i th  le a d  h y d ro x id e .  A s m a l l  e x in e  (ex) 
fragm ent i s  i n d i c a t e d  by th e  a rro w . U nless  o th e rw is e  i n d i ­
c a t e d ,  t h e  l i n e  on each  o f  th e  m ic ro g rap h s  in  t h i s  and th e  
rem a in in g  f i g u r e s  r e p r e s e n t s  1 m ic ro n .
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i n d i v i d u a l  u n i t s  a r e  composed o f  two e l e c t r o n  dense  o u t e r  l a y e r s  and 

a l e s s  e l e c t r o n  dense  i n n e r  l a y e r .  A v e ry  s m a l l ,  t r i p l e - l a y e r e d  

e x in e  fragm ent can  be s e e n  n e x t  t o  a  c e l l  which re sem b le s  a c e n t r a l  

body (a r ro w ) .

An e l e c t r o n  m ic ro s c o p ic  e x a m in a t io n  o f  u l t r a - t h i n  s e c t i o n s  o f  

4-day  o ld  c e l l s  grown i n  l i q u i d  c u l t u r e  w i th  th e  a d d i t i o n  o f  CaCO-j 

r e v e a le d  t h a t  th e y  e x h i b i t  th e  t y p i c a l  c y s t  s t r u c t u r e s ,  e x in e ,  i n t i n e ,  

and c e n t r a l  body ( F ig .  5 ) .  The e x in e  l a y e r  o f  th e  c y s t  does n o t  

a p p ea r  as  compact a s  t h a t  o b se rv ed  in  s o l id -g ro w n  c y s t s  (8 8 ,  98 , 115). 

F ig u re  5 i s  a co m p o s i te  o f  4 r e p r e s e n t a t i v e  m ic ro g ra p h s  showing th e  

v a ry in g  amounts o f  PHB g r a n u le s  commonly o b s e rv e d  i n  m a tu re  c y s t s .

A c y s t  w i th  e x t e n s i v e  i n t r a c e l l u l a r  d e p o s i t s  o f  PHB, s e e n  as th e  

l i g h t ,  e l e c t r o n - t r a n s p a r e n t  a r e a s  w i th in  t h e  c e n t r a l  body , i s  shown 

i n  F ig .  5A. F ig u re  5B shows a c y s t  w i th  no PHB g r a n u le s .  F ig u re s  

5C and 5D a re  e l e c t r o n  m ic ro g ra p h s  o f  c y s t s  w i th  i n t e r m e d ia t e  amounts 

o f  PHB g r a n u l e s .  Each o f  th e  m ic ro g ra p h s  shows th e  tw o - la y e re d  

a p p ea ra n ce  of t h e  i n t i n e  o b se rv ed  by Wyss et_ a l .  (1 1 5 ) .

The c e l l s  p roduced  in  l i q u i d  c u l t u r e  were a l s o  exam ined by th e  

carbon  r e p l i c a  t e c h n i q u e .  S in ce  no in f o r m a t io n  was a v a i l a b l e  con­

c e r n in g  th e  s u r f a c e  ap p ea ra n ce  o f A z o to b a c te r  v e g e t a t i v e  c e l l s  o r  

c y s t s  grown on s o l i d  s u b s t r a t e s ,  r e p l i c a s  were  p re p a re d  from th e s e  

ty p e s  o f  c e l l s  i n  o r d e r  to  form a b a s i s  f o r  th e  e v a l u a t i o n  o f  th e

r e p l i c a s  o f  c e l l s  grown i n  l i q u i d  c u l t u r e .

The s u r f a c e  c o n f i g u r a t i o n  o f  v e g e t a t i v e  c e l l s  i s  s ee n  in  F ig .  6

which c o n s i s t s  o f  2 m ic ro g ra p h s  a t  s l i g h t l y  d i f f e r e n t  m a g n i f i c a t i o n s .



F ig .  5 .  E l e c t r o n  m ic ro g ra p h s  o f  u l t r a - t h i n  s e c t i o n s  o f  
A z o to b a c te r  v l n e l a n d i i  12837 c e l l s  grown i n  a  l i q u i d  c u l t u r e  
su p p lem en te d  w i th  0.6% CaCO^. (A) M ature  c y s t s  w hich  e x h i b i t  
e x t e n s i v e  i n t r a c e l l u l a r  d e p o s i t s  o f  PHB. (B) M ature  c y s t  
w hich  e x h i b i t s  no  i n t r a c e l l u l a r  d e p o s i t s  o f  PHB. (C) M ature  
c y s t  w hich e x h i b i t s  an i n t e r m e d i a t e  amount o f  PHB d e p o s i t s .
(D) M ature  c y s t  w hich  e x h i b i t s  an i n t e r m e d i a t e  amount o f  PHB 
d e p o s i t s .  The t y p i c a l  c y s t  s t r u c t u r e s  o f  e x in e  ( e x ) ,  i n t i n e  
( i n ) ,  and c e n t r a l  body (c b )  a r e  l a b e l e d .





F ig .  6. E lec tro n ,  m ic ro g ra p h s  o f  carbon  r e p l i c a s  o f  a c t i v e l y  
g row ing A z o to b a c te r  v i n e l a n d i i  12837 c e l l s .
(A) 15 ,500 x .  (B) 14 ,000  x .
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The c e l l s  a r e  p e a n u t - s h a p e d ,  w hich I s  t y p i c a l  o f  a c t i v e l y  growing 

A z o to b a c te r . and m easure  abou t 3 .5  by 1 .5  j i .  T h e i r  s u r f a c e  i s  

smooth w i th  no i n d i c a t i o n  o f  e x t r a c e l l u l a r  m a t e r i a l .

F ig u re  7 i s  an e l e c t r o n  m ic ro g rap h  o f a  c a rb o n  r e p l i c a  showing 

th e  s u r f a c e  a p p ea ra n ce  o f  t y p i c a l  c y s t s  grown on a  s o l i d  medium. In  

marked c o n t r a s t  t o  th e  v e g e t a t i v e  c e l l s ,  th e  s u r f a c e  o f  th e  c y s t  i s  

v e ry  i r r e g u l a r  and a p p e a rs  t o  be composed o f  s e v e r a l  l a y e r s  o f  m a t e r i a l .  

T h is  i s  i n  ag reem ent w i th  th e  e x in e  c o a t  o b se rv ed  w i th  KMnO  ̂ f ix e d  

c y s t s  when s ee n  i n  t h i n  s e c t i o n s  (1 1 5 ) .

A carbon  r e p l i c a  o f  a c e l l  t a k e n  from a 4-day  o ld  l i q u i d  c u l t u r e  

in  which th e  pH was a d j u s t e d  by th e  p e r i o d i c  a d d i t i o n  o f  0 .1  M KOH 

i s  s e e n  i n  F ig .  8A. The c e l l  i s  s m a l l  and smooth w i th  no i n d i c a t i o n  

o f  e x t r a c e l l u l a r  c o a t  m a t e r i a l .  The s u r f a c e  i s  s i m i l a r  t o  t h a t  o f  

young v e g e t a t i v e  c e l l s .

The re sem b lan ce  o f  th e  KOH grown c e l l s  and t h e  c e n t r a l  body o f  

th e  m atu re  c y s t  which was n o te d  i n  F ig .  4 i s  a l s o  d e m o n s t ra te d  i n  

F ig .  8B, T h is  e l e c t r o n  m ic ro g ra p h  was made from a ca rb o n  r e p l i c a  

o f  an EDTA-ruptured A z o to b a c te r  c y s t .  The c o l l a p s e d  e x in e  c o a t  and 

th e  e j e c t e d  c e n t r a l  body a r e  a p p a r e n t .  The c e n t r a l  body i s  s i m i l a r

t o  th e  c e l l  seen  i n  F ig .  8A.

F ig u re  9 i s  composed o f 2 e l e c t r o n  m ic ro g ra p h s  showing r e p l i c a s

o f  4-day  o ld  c e l l s  grown i n  l i q u i d  c u l t u r e  sup p lem en ted  w i th  CaCO^.

They a p p e a r  t o  be i d e n t i c a l  t o  t h e  c y s t s  grown on a s o l i d  s u b s t r a t e ,  

showing an i r r e g u l a r ,  l a y e r e d  s u r f a c e .  A t h i n  c o v e r in g  which i s



F ig .  7. E l e c t r o n  m ic ro g ra p h  o f  a ca rb o n  r e p l i c a  o f  A z o to b a c te r  
v i n e l a n d i i  12837 c y s t s  grown on B u rk ’ s n i t r o g e n - f r e e  a g a r  u t i l i z i n g  
0.2% n - b u t a n o l  as  c a rb o n  s o u r c e .  F l a g e l l a r  rem n an ts  ( o r  d e b r i s )  a r e  
a p p a r e n t .





F ig .  8. E l e c t r o n  m ic ro g ra p h s  o f  carbon  r e p l i c a s  o f  A z o to b a c te r  
v i n e l a n d i i  12837 c e l l s  grown under  v a r io u s  e n v i ro n m e n ta l  c o n d i t i o n s .  
(A) N o n -e n cy s te d  c e l l  w hich was ta k e n  from a c u l t u r e  i n  w hich th e  pH 
was c o n t r o l l e d  by th e  p e r i o d i c  a d d i t i o n  o f  0 .1  M KOH. (B) An EDTA- 
r u p tu r e d  c y s t  w hich e x h i b i t s  a c o l l a p s e d  e x in e  c o a t  (ex ) and an 
e j e c t e d  c e n t r a l  body ( c b ) .
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F ig .  9 . E l e c t r o n  m ic ro g ra p h s  o f  c a rb o n  r e p l i c a s  o f  4 -day  
o ld  c e l l s  o f  A z o to b a c te r  v i n e l a n d i i  12837 grown i n  a l i q u i d  
c u l t u r e  su p p lem en ted  w i th  0.6% CaCO.,. A t h i n  c o v e r in g  which 
i s  som etim es n o te d  around  th e  e x t e r i o r  o f  t h e  c y s t  c o a t  in  
carbon  r e p l i c a s  i s  i n d i c a t e d  by th e  arrow  i n  B.
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som etim es n o te d  a round  t h e  e x t e r i o r  o f  t h e  c y s t  c o a t  i n  ca rb o n  r e p l i c a s  

i s  c l e a r l y  s e e n  i n  F ig .  9B ( a r r o w ) .

The r e a c t i o n  o f  c e l l s  grown u n d e r  d i f f e r e n t  c u l t u r a l  c o n d i t io n s  

t o  th e  l y t i c  a c t i v i t i e s  o f  EDTA and lysozyme i s  shown i n  F ig .  10.

The f i r s t  g raph  i l l u s t r a t e s  t h e  r e s u l t s  o b ta in e d  w i th  c y s t s  p roduced  

on a s o l i d  medium. The d rop  i n  OD w i th  th e  a d d i t i o n  o f  EDTA a lo n e  

c o r re sp o n d s  t o  r u p t u r e  o f  t h e  c y s t  c o a t . The in c r e a s e d  drop in  OD 

w i th  b o th  EDTA and lysozym e r e s u l t s  from l y s i s  o f  th e  c e n t r a l  body 

by lysozyme a f t e r  c o a t  r u p t u r e  by EDTA. The c e l l s  grown i n  a l i q u i d  

medium su p p lem en ted  w i th  CaCO-j e x h i b i t e d  th e  same p a t t e r n .  The c e l l s  

grown w i th  e x t e r n a l  a d ju s tm e n t  o f  pH e x h i b i t e d  d i f f e r e n t  c h a r a c t e r i s t i c s .  

Very l i t t l e  change i n  OD was n o te d  w i th  EDTA ex p o su re  a l o n e ,  i n d i c a t i n g  

l i t t l e  c y s t  c o a t  dev e lo p m en t.  The drop  i n  OD w i th  EDTA and lysozyme 

t r e a tm e n t  i s  a p p a r e n t ly  due t o  l y s i s  o f  th e  c e l l s .

The p a t t e r n  o f  d e s i c c a t i o n  r e s i s t a n c e  o f  4 -d ay  o ld  c e l l s  grown 

u n d e r  th e  d i f f e r e n t  c u l t u r a l  c o n d i t io n s  i s  shown i n  F ig .  11. The 

c y s t s  c u l t i v a t e d  on b u t a n o l - a g a r  p l a t e s  and th e  c e l l s  grown in  a 

l i q u i d  medium su p p lem en ted  w i th  CaCO^ show a lm o st  com ple te  r e s i s t a n c e  

t o  th e  t r e a t m e n t .  The c u l t u r e  i n  w hich th e  pH was c o n t r o l l e d  by th e  

p e r i o d i c  a d d i t i o n  o f  KOH p roduced  l e s s  th a n  10% c y s t s  as  d e te rm in e d  

by d e s i c c a t i o n  r e s i s t a n c e .  E x am in a tio n  o f  th e  s o n i c a t i o n  r e s i s t a n c e  

o f  th e  3 ty p e s  o f  c e l l s  showed s i m i l a r  r e s u l t s .  The c y s t s  p roduced  

on a s o l i d  s u r f a c e  and th e  c e l l s  grown i n  l i q u i d  medium su p p lem en ted  

w i th  CaCO^ were r e s i s t a n t  to  s o n i c a t i o n ,  w h e re a s ,  t h e  c e l l s  grown w i th  

KOH c o n t r o l  o f  pH w ere no more r e s i s t a n t  th a n  young v e g e t a t i v e  c e l l s .



F ig .  10. L y s is  o f  c e l l s  o f  A z o to b a c te r  v i n e l a n d i i  12837 
grown u n d e r  d i f f e r e n t  c u l t u r a l  c o n d i t i o n s .  The d e g re e  o f  
l y s i s  was m easured  a s  a  r e d u c t i o n  i n  th e  o p t i c a l  d e n s i t y  a t  
600 mji and p l o t t e d  a g a i n s t  th e  m in u te s  o f  e x p o su re  t o  th e  
l y t i c  a g e n t s .
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F ig .  11. E f f e c t  o f  d e s i c c a t i o n  on 4 -day  o l d  c e l l s  of 
A z o to b a c te r  v l n e l a n d i i  12837 grown u n d e r  d i f f e r e n t  c u l t u r a l  
c o n d i t i o n s .
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R ole  o f  d i v a l e n t  m e ta l  Io n s  i n  encys tm en t

S in c e  t h e  CaCO^ In  th e  e n cy s tm en t medium a p p a r e n t ly  f u n c t io n e d  

i n  a r o l e  g r e a t e r  th a n  t h a t  o f  a c id  n e u t r a l i z a t i o n ,  s e v e r a l  e x p e r i ­

m ents were  com ple ted  In  o r d e r  t o  I n v e s t i g a t e  i t s  f u n c t i o n .  One 

ap p roach  In v o lv e d  c u l t i v a t i n g  th e  o rgan ism s under  v a ry in g  c o n c e n t r a t i o n s  

of CaCO^. The r e s u l t s  a r e  i l l u s t r a t e d  i n  F ig .  12. T here  was a  sh a rp  

i n c r e a s e  i n  th e  p e r c e n ta g e  o f  c y s t s  i n  c u l t u r e s  w i th  up t o  0.2% CaCO^.

At h i g h e r  CaCO^ c o n c e n t r a t i o n s ,  on ly  a  g r a d u a l  i n c r e a s e  in  e n cy s tm en t 

was n o te d .  I t  i s  a p p a re n t  t h a t  th e  CaCO^ f u n c t io n s  i n  a r o l e  i n  

a d d i t i o n  t o  pH c o n t r o l  from th e  o b s e r v a t io n  t h a t  a c o n c e n t r a t i o n  o f  

0.1% CaCO^ was s u f f i c i e n t  t o  m a in ta in  t h e  c u l t u r e  pH a t  7 .5 ;  how ever, 

i t  s u p p o r te d  on ly  35% e n c y s tm e n t .

S e v e r a l  e x p e r im e n ts  were c o n d u c ted  t o  s p e c i f i c a l l y  i n v e s t i g a t e  

th e  f u n c t io n  o f  th e  ca lc iu m  i o n s .  B ecause o f  i t s  h ig h  s o l u b i l i t y ,  

c a lc iu m  c h l o r i d e  was used  as a c a lc iu m  io n  s o u r c e .  The e f f e c t  o f  

c a lc iu m  io n s  on th e  v i s c o u s  m a t e r i a l  rem a in in g  a f t e r  grow th i n  a 

l i q u i d  medium w i th o u t  CaCOj was i n v e s t i g a t e d  by th e  a d d i t i o n  o f  1 ml 

o f  a 1 M CaCl2  s o l u t i o n  to  20 ml o f  c l a r i f i e d  s u p e r n a t a n t .  A t h i c k  

p o l y s a c c h a r i d e - l i k e  m a t e r i a l  s e p a r a t e d  from a w a te ry  r e s id u e  (F ig .  1 3 ) .  

A f t e r  d e h y d r a t io n  o f  th e  g e l  w i th  a b s o lu t e  a l c o h o l ,  a f i b r o u s  w h i te  

m a t e r i a l  was re c o v e re d  (F ig .  1 3 ) .  The g e l  c o u ld  be  d i s s o l v e d  by 

t r e a t i n g  i t  w i th  5% EDTA. P r e l i m in a r y  ch em ica l  a n a l y s i s  h a s  i n d i ­

c a te d  t h a t  th e  p o l y s a c c h a r i d e - l i k e  m a t e r i a l  i s  a h ig h  m o le c u la r  w e ig h t  

s u b s ta n c e  c o n s i s t i n g  o f  b o th  c a r b o h y d ra te  and p r o t e i n  com ponents.



F ig .  12. The r e l a t i o n s h i p  o b s e rv e d  be tw een  t h e  c o n c e n t r e  
t i o n  o f  CaC0 3  u s e d  t o  su p p lem en t  t h e  g row th  medium and th e  
e x t e n t  o f  e n cy s tm e n t  by A z o to b a c te r  v i n e l a n d i i  12837. The 
e x t e n t  o f  e n cy s tm e n t  was m easu red  a f t e r  4 days  o f  g ro w th .  The 
v e r t i c a l  l i n e s  i n d i c a t e  t h e  ra n g e  o f  r e s u l t s  o b t a i n e d  from 
s e v e r a l  e x p e r im e n t s .
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F ig .  13. P o l y s a c c h a r i d e - l i k e  m a t e r i a l  p roduced  by c e l l s  o f  
A z o to b a c te r  v i n e l a n d i i  12837 grown i n  a l i q u i d  c u l t u r e  in  which 
th e  pH was a d j u s t e d  p e r i o d i c a l l y  by th e  a d d i t i o n  o f  0 .1  M KOH. 
The m a t e r i a l  was p r e c i p i t a t e d  by ad d in g  1 ml o f 1 M CaCl2  t o  
20 ml o f  c u l t u r e  s u p e r n a t a n t .  Each mark on th e  s c a l e  r e p r e s e n t s  
1 mm. The sam ple a t  th e  r i g h t  h a s  been  d e h y d ra te d  w i th  e t h y l  
a l c o h o l .
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S in c e  c a lc iu m  io n s  w ere  in v o lv e d  i n  t h e  a g g r e g a t io n  o f  t h e  

p o l y s a c c h a r i d e - l i k e  m a t e r i a l ,  e x p e r im e n t s  w ere  p e r fo rm e d  t o  d e te rm in e  

t h e  e f f e c t  o f  c a lc iu m  io n  c o n c e n t r a t i o n  on c y s t  c o a t  f o r m a t io n .  In  

t h e s e  e x p e r im e n t s  1  ml o f  t h e  a p p r o p r i a t e  d i l u t i o n  o f  C a C ^  was added 

t o  t h e  g row th  medium a t  t h e  b e g in n in g  o f  t h e  s t a t i o n a r y  p h a s e ,  a t im e  

a t  w hich  t h e r e  w ere  l e s s  th a n  0.1% c y s t s .  One m l o f  d i s t i l l e d  w a te r  

was added t o  th e  c o n t r o l  c u l t u r e .  The pH o f  t h e  c u l t u r e s  was a d j u s t e d  

p e r i o d i c a l l y  by t h e  a d d i t i o n  o f  0 . 1  M KOH. The r e s u l t s  a r e  i l l u s t r a t e d  

i n  F ig .  14 . As t h e  c o n c e n t r a t i o n  o f s u p p le m e n ta l  C a C ^  was i n c r e a s e d ,  

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

4 -day  o ld  c u l t u r e s  and an i n c r e a s e  i n  t h e  p e r c e n ta g e  o f  c y s t s  p ro d u c e d .  

Maximum e n cy s tm e n t  was o b s e rv e d  a t  a s u p p le m e n ta t io n  o f  2 x 10- ^ M 

CaCl2  w i th  a  s h a r p  d rop  i n  th e  p e r c e n t  e n c y s tm e n t  a t  h i g h e r  c o n c e n t r a ­

t i o n s .  The h i g h e r  c o n c e n t r a t i o n s  cau sed  s e v e r e  p r e c i p i t a t i o n  and 

a l t e r e d  t h e  medium t o  su ch  an e x t e n t  t h a t  f u r t h e r  c y s t  developm ent 

was h i n d e r e d .  F ig u r e  15 i l l u s t r a t e s  th e  s u r f a c e  a p p e a ra n c e  o f  c y s t s  

p ro d u c e d  by su p p le m e n t in g  th e  b a s a l  medium w i t h  2 x 10“ ^ M C a C ^ .

The c o n t r a s t  b e tw een  th e  e n c y s te d  c e l l  and th e  c e n t r a l  body ty p e  c e l l  

i s  m ark ed ly  d e m o n s t r a te d  i n  F ig .  15B.

S e v e r a l  o t h e r  m e ta l  io n s  w ere  t e s t e d  f o r  t h e i r  a b i l i t y  t o  r e p l a c e  

Ca"^ (T a b le  3 ) .  Of th e  io n s  t e s t e d ,  Ni+ + , Mn+ + , Cu+ + , and Zn"*-*" 

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

No p r e c i p i t a t i o n  was o b se rv e d  w i th  Na+ , L i+ , Mg+ + . However, Cu**,
i l | |

Ni , and Zn p ro v e d  t o  be  to o  t o x i c  f o r  u se  a s  a  s u b s t i t u t e  f o r  

Ca'*"+' i n  t h e  e n c y s t i n g  sy s te m .  At c o n c e n t r a t i o n s  o f  10“ ^ M and ab o v e ,



F ig .  14. R e l a t i o n s h i p  betw een th e  e f f l u x  t im e  o f  c u l t u r e  
s u p e r n a t a n t  f l u i d s  and t h e  e x t e n t  o f  encys tm en t when c e l l s  o f  
A z o to b a c te r  v i n e l a n d i i  12837 w ere c u l t i v a t e d  i n  a  l i q u i d  medium 
su p p lem en ted  w i th  v a r y in g  c o n c e n t r a t i o n s  o f  C a C ^ .  The p e r c e n t  
e n cy s tm en t was d e te rm in e d  by d e s i c c a t i o n  r e s i s t a n c e  and th e  
e f f l u x  t im e s  o f  t h e  c u l t u r e  s u p e r n a t a n t  f l u i d s  w ere m easured  
w i th  a  Cannon-Fenske number 200 V isco m ete r  a t  33 C. Both 
p a ra m e te r s  were  m easured  a f t e r  4 days of g row th .
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F ig .  15. E l e c t r o n  m ic ro g ra p h s  o f  c a rb o n  r e p l i c a s  o f  c e l l s  
o f  A z o to b a c te r  v i n e l a n d ! i  12837 grown i n  a  l i q u i d  medium w i th  
2 x 10~d M s u p p le m e n ta l  CaCl2 . (A) e n c y s te d  c e l l .  (B) e n c y s te d  
c e l l  (u p p e r  r i g h t )  and n o n - e n c y s te d  c e l l  ( lo w e r  l e f t ) .



m m m im
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Table 3

E f f e c t  o f  c a t i o n s  on c y s t  f o r m a t io n  and on th e  s u p e r n a t a n t  p o l y s a c c h a r i d e ­
l i k e  m a t e r i a l  p ro d u c e d  by A z o to b a c te r  v i n e l a n d i i  12837

E f f e c t  when added t o
C a t io n S a l t C o n c e n t r a t io n p o l y s a c c h a r i d e ­ l i q u i d

u t i l i z e d ran g e employed l i k e  m a t e r i a l c u l t u r e

c a lc iu m CaCl2 1 0 " 1 t o 1 0 - 7 M p r e c i p i t a t i o n c y s t  developm ent 
and l o s s  o f  c u l ­
t u r e  v i s c o s i t y

sodium NaCl 1 0 ' 1 t o 1 0 “ 3 M no e f f e c t no e f f e c t

l i t h i u m L iC l 2 1 0 " 1 to 1 0 “ 3 M no e f f e c t no e f f e c t

magnesium MgSO^ 1 0 " 1 t o 1 0 - 7 M no e f f e c t l o s s  o f  c u l t u r e  
v i s c o s i t y ,  no 
e n cy s tm e n t

m anganese MnCl2 i o " x to 1 0 "  7 M p r e c i p i t a t i o n l o s s  o f  c u l t u r e  
v i s c o s i t y ,  no 
en cy s tm e n t

n i c k e l N iS0 4 1 0 "'1 t o 1 0 - 9 M p r e c i p i t a t i o n t o x i c

N iC l 2 1 0 - 1 t o 1 0 "  9 M p r e c i p i t a t i o n t o x i c

c u p r i c CuSO,H 1 0 - 1 t o 1 0 " 9 M p r e c i p i t a t i o n t o x i c

z i n c ZnSO.H 1 0 “ 1 to 1 0 - 9 M p r e c i p i t a t i o n t o x i c
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t h e s e  io n s  caused  d e a th  and l y s i s  o f  th e  c e l l s .  C o n c e n t r a t io n s  o f  

10"® M and below had no e f f e c t  on e i t h e r  th e  v i s c o s i t y  o r  e n cy s tm e n t .
t_ l  I i —2

Mg and Mn c o n c e n t r a t i o n s  o f  10 caused  a d rop  in  th e  v i s c o s i t y

o f t h e  c u l t u r e  medium, how ever, t h e r e  was no I n c r e a s e  i n  t h e  e x t e n t

of c y s t  fo r m a t io n .

R ole of p o ly -B -h y d r o x y b u ty r ic  a c id  m e tab o lism  in  en cy s tm en t

S tev en so n  and S o c o lo fsk y  (92) have p ro p o se d  a  d i r e c t  r e l a t i o n ­

s h ip  betw een  th e  PHB a c c u m u la t io n  by c e l l s  o f  A. v i n e l a n d i i  and 

su b se q u e n t  c y s t  d eve lopm en t.  An a t te m p t  was made t o  u t i l i z e  th e  

e n c y s t in g  sy s tem  i n  l i q u i d  c u l t u r e  t o  s tu d y  th e  p o s s i b l e  r e l a t i o n s h i p  

betw een th e s e  two f a c t o r s .  To f a c i l i t a t e  t h i s  s t u d y ,  v a r io u s  p a r a ­

m e te rs  a s s o c i a t e d  w i th  th e  c u l t i v a t i o n  o f  th e  o rgan ism  i n  l i q u i d  

c u l t u r e ,  b o th  w i th  and w i th o u t  CaCO^, were  m easu red .

G lucose u t i l i z a t i o n ,  g ro w th ,  and n i t r o g e n  f i x a t i o n  by th e  o rgan ism  

a re  i l l u s t r a t e d  i n  F ig .  16. E s s e n t i a l l y  i d e n t i c a l  d a t a  were o b ta in e d  

when th e  o rgan ism  was grown i n  a medium su p p lem en ted  w i th  CaCO^ and 

i n  a medium in  w hich th e  pH was c o n t r o l l e d  by th e  p e r i o d i c  a d d i t i o n

o f  0 .1  M KOH. The m easurem ents  i n d i c a t e  t h a t  b o th  th e  lo g -p h a s e  o f

growth and n i t r o g e n  f i x a t i o n  s t a r t e d  ab o u t 8  h r  a f t e r  i n o c u l a t i o n  

and rea ch e d  a maximum a f t e r  ab o u t  24 h r  o f  g ro w th . N i t ro g e n  f i x a t i o n  

a p p a r e n t ly  c ea se d  s im u l ta n e o u s ly  w i th  th e  t e r m i n a t i o n  of c e l l  d i v i s i o n .  

The g lu c o s e  u sed  a s  c arbon  s o u rc e  by th e  o rg an ism  was r a p i d l y  u t i l i z e d  

and a f t e r  24 h r  o f  grow th  none co u ld  be d e t e c t e d  i n  t h e  medium.

F ig u re  17 i l l u s t r a t e s  th e  r e l a t i o n s h i p s  o b se rv e d  be tw een  g ro w th ,  

PHB a c c u m u la t io n ,  e n c y s tm e n t ,  and v i s c o s i t y  developm ent when th e  c e l l s



F ig .  16. The r e l a t i o n s h i p s  o b se rv ed  betw een  g lu c o s e  u t i l i z a ­
t i o n ,  g ro w th ,  and n i t r o g e n  f i x a t i o n  by th e  c e l l s  o f  A z o to b a c te r  
v i n e l a n d i i  12837. E s s e n t i a l l y  i d e n t i c a l  d a t a  were o b ta in e d  when 
th e  o rg an ism  was grown i n  a  medium sup p lem en ted  w i th  CaCOo and i n  
a medium i n  w hich th e  pH was c o n t r o l l e d  by th e  p e r i o d i c  a d d i t i o n  
o f  0 .1  M KOH.
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F ig .  17. R e l a t i o n s h i p s  o b s e r v e d  b e tw een  g ro w th ,  PHB accumu­
l a t i o n ,  e n c y s tm e n t ,  and v i s c o s i t y  when c e l l s  o f  A z o to b a c te r  
v i n e l a n d i i  12837 w ere  c u l t i v a t e d  i n  a  l i q u i d  medium i n  w hich  th e  
pH was a d j u s t e d  by t h e  p e r i o d i c  a d d i t i o n  o f  0 .1  M KOH. Growth 
i s  r e f l e c t e d  i n  th e  i n c r e a s e  i n  t h e  OD o f  t h e  medium; po lym er i s  
r e c o r d e d  as  t h e  mg PHB/5 ml o f  c u l t u r e ;  e n cy s tm e n t  i s  p r e s e n t e d  
as t h e  p e r c e n t  c y s t s ;  and t h e  v i s c o s i t y  m easu rem en ts  r e p r e s e n t  
t h e  e f f l u x  t im e  o f  t h e  c u l t u r e  s u p e r n a t a n t  u s i n g  a number 2 0 0  

C annon-Fenske v i s c o m e te r .
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were c u l t i v a t e d  i n  a  medium i n  w hich th e  pH was a d j u s t e d  p e r i o d i c a l l y  

by KOH a d d i t i o n .  The OD m easurem ents  I n d i c a t e  th e  lo g -p h a s e  s t a r t e d  

ab o u t 8  h r  a f t e r  I n o c u l a t i o n  and re a c h e d  a maximum a f t e r  abou t 24 h r  

o f  g row th . PHB a cc u m u la t io n  c o n t in u e d  d u r in g  th e  e a r l y  s t a t i o n a r y  

p h a se ,  r e a c h e d  a maximum a f t e r  30 h r  o f  g ro w th , and s u b s e q u e n t ly  

d e c l i n e d .  The p e r c e n ta g e  o f  en cy s tm en t rem ained  below 10% th ro u g h o u t  

th e  e x p e r im e n ta l  p e r i o d  and th e  v i s c o s i t y  o f  th e  medium in c r e a s e d  

c o n c o m i ta n t ly  w i th  d e g r a d a t io n  o f t h e  po lym er r e s e r v e .

The r e l a t i o n s h i p s  o b se rv ed  betw een  t h e s e  same p a ra m e te r s  when 

th e  c e l l s  w ere  c u l t i v a t e d  i n  a CaCOg sup p lem en ted  medium a re  i l l u s ­

t r a t e d  i n  F ig .  18. The p a t t e r n s  o f  grow th  and PHB m e ta b o l ism  a re  

ab o u t th e  same as  shown p r e v i o u s l y .  The v i s c o s i t y  o f  th e  medium d id  

n o t  i n c r e a s e  d u r in g  th e  grow th  c y c l e .  The p e r c e n ta g e  o f  c y s t s  in  th e  

c u l t u r e  rem ained  v e ry  low d u r in g  th e  f i r s t  2 0  h r  o f  g row th ; how ever, 

a f t e r  35 h r ,  t h e r e  was an i n c r e a s e  i n  th e  p e r c e n ta g e  o f  c y s t s  to  abou t 

18. A f t e r  60 h r  o f  g ro w th ,  t h e  p e r c e n t  en cy s tm e n t  had  i n c r e a s e d  t o  

p r a c t i c a l l y  100. I t  sh o u ld  be  n o te d  t h a t  th e  r i s e  i n  t h e  p e r c e n ta g e  

of c y s t s  o c cu rs  c o n c u r r e n t ly  w i th  th e  d e g r a d a t io n  o f  th e  polym er 

r e s e r v e .

The e f f e c t  o f  v a ry in g  g lu c o s e  c o n c e n t r a t i o n s  on t h e  e x t e n t  o f  

polym er a cc u m u la t io n  and en cy s tm en t o f  A, v i n e l a n d i i  i s  i l l u s t r a t e d  

i n  F ig .  19. The r a t i o  o f  mg c e l l u l a r  PHB t o  mg c e l l u l a r  n i t r o g e n  

was m easured  a t  th e  t im e  o f  maximum polym er a cc u m u la t io n  and th e  

e x t e n t  o f  e n cy s tm en t was d e te rm in e d  a f t e r  4 days of c u l t i v a t i o n .  

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



F ig .  18. R e l a t i o n s h i p s  o b s e rv e d  be tw een  g ro w th ,  PHB accumu­
l a t i o n ,  e n c y s tm e n t ,  and v i s c o s i t y  when c e l l s  o f  A z o to b a c te r  
v i n e l a n d i i  12837 w ere  c u l t i v a t e d  i n  a l i q u i d  medium su p p lem en ted  
w i th  CaCOj. Growth i s  shown as th e  OD o f  t h e  medium; po lym er i s  
r e c o rd e d  a s  th e  mg PHB/5 ml c u l t u r e ;  e n cy s tm en t i s  p r e s e n te d  as 
th e  p e r c e n t  c y s t s ;  and th e  v i s c o s i t y  m easurem ents  r e p r e s e n t  th e  
e f f l u x  tim e  o f  th e  medium u s in g  a  number 200 Cannon-Fenske 
v i s c o m e te r .
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F ig .  19. E f f e c t  o f  v a r y in g  g lu c o s e  c o n c e n t r a t i o n s  on PHB 
a c c u m u la t io n  and t h e  e x t e n t  o f  e n c y s tm e n t  by c e l l s  o f  A z o to b a c te r  
v i n e l a n d i i  12837 grown i n  a l i q u i d  medium su p p lem en te d  w i th  0.6% 
CaCOj. The po lym er i s  r e p o r t e d  as  t h e  P H B :n i t ro g en  r a t i o  a t  th e  
t im e  o f  maximum a c c u m u la t io n .  The e x t e n t  o f  e n c y s tm e n t  i s  r e ­
p o r t e d  a s  th e  p e r c e n t  c y s t s  d e te rm in e d  a f t e r  4 days o f  g ro w th .
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com paring  t h e  po lym er m easu rem en ts  from  th e  d i f f e r e n t  c u l t u r e s .  An 

i n c r e a s e  was o b s e r v e d  i n  b o th  th e  maximum P H B :n i t ro g en  r a t i o  i n  t h e  

c e l l s  and th e  e x t e n t  o f  e n cy s tm e n t  as  th e  g lu c o s e  c o n c e n t r a t i o n  was 

v a r i e d  from 0 .3  t o  1.0%. At a  c o n c e n t r a t i o n  o f  1% g l u c o s e ,  t h e  e x t e n t  

o f  e n c y s tm e n t  re a c h e d  a  maximum. A maximum PHB: n i t r o g e n  r a t i o  o f  

ab o u t  14 :1  was o b t a i n e d  when t h e  c e l l s  w ere  c u l t i v a t e d  u t i l i z i n g  a 

g lu c o s e  c o n c e n t r a t i o n  o f  1.5%.

S in c e  A z o to b a c te r  w i l l  u t i l i z e  f i x e d  n i t r o g e n  i n  p r e f e r e n c e  t o  

a tm o s p h e r i c  n i t r o g e n  ( 1 1 1 ) , t h e  e f f e c t  o f  an exogenous  re d u c ed  n i t r o ­

gen  s o u rc e  on PHB a c c u m u la t io n  and e n c y s tm e n t  may be d e te r m in e d .

F ig u r e  20 i l l u s t r a t e s  t h e  a l t e r a t i o n s  o b s e rv e d  i n  t h e  e x t e n t  o f  c y s t  

fo r m a t io n  and maximum PHB a c c u m u la t io n  i n  c e l l s  o f  A z o to b a c te r  when

0.1% NH^Cl was added  to  t h e  medium. I t  i s  a p p a r e n t  t h a t  th e  c e l l s  

grown i n  a medium su p p le m e n te d  w i th  th e  ammonium io n  accu m u la te d  

s i g n i f i c a n t l y  l e s s  po ly m er and e n c y s te d  to  a  l e s s e r  d e g r e e .  The 

c u l t u r e s  grown w i th  e x t e r n a l  c o n t r o l  o f  pH by th e  p e r i o d i c  a d d i t i o n s  

o f  0 .1  M KOH d id  n o t  p ro d u c e  t h e  v i s c o u s  p o l y s a c c h a r i d e - l i k e  m a t e r i a l  

when th e  medium was su p p lem en te d  w i th  ammonium c h l o r i d e ;  how ever , 

t h e r e  was an i n c r e a s e  i n  t h e  number o f  c e l l s  i n  t h e  c u l t u r e  and an 

i n c r e a s e  in  c e l l  s i z e .

S in c e  th e  d e g re e  o f  e n c y s tm e n t  a p p e a re d  t o  be d ep en d e n t  on th e  

e x t e n t  o f  PHB a c c u m u la t io n  ( F ig .  1 9 ,  20) and s i n c e  t h e  p e r c e n t a g e  

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

t h e  po lym er ( F ig .  1 8 ) ,  PHB m e ta b o l ism  a p p e a re d  t o  be r e l a t e d  t o  c y s t  

fo r m a t io n  i n  some m anner. I n  o r d e r  t o  f u r t h e r  exam ine t h i s  a p p a r e n t



F ig .  20. A ccu m u la tio n  o f  PHB and c y s t  fo r m a t io n  by c e l l s  o f  
A z o to b a c te r  v i n e l a n d i i  12837 grown in  a g lu c o s e  and CaCO^ s u p p le ­
m ented l i q u i d  medium b o th  w i th  and w i th o u t  0 . 1 % ammonium c h l o r i d e .  
The po lym er i s  r e p o r t e d  as  t h e  P H B :n i t ro g e n  r a t i o  a t  th e  t im e  o f  
maximum a c c u m u la t io n .  The e x t e n t  o f  e n c y s tm e n t  i s  r e p o r t e d  a s  
t h e  p e r c e n t  c y s t s  d e te rm in e d  a f t e r  4 days o f  g ro w th .
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r e l a t i o n s h ip ,  experiments were undertaken to  s e l e c t i v e ly  l a b e l  the 

PHB during the  p e r io d  of polymer accumulation and to  examine d i r e c t ly  

th e  p a t t e r n  of iso to p e  d i s t r i b u t i o n  fo llow ing cy s t  development. The 

iso to p e  used as sodium a c e t a t e - 2 - C ^ .

An i n i t i a l  s e t  of experim ents was conducted to  determine i f  the 

a c e ta te  would be taken  up by log-phase  c e l l s  and to  examine the  r a t e  

of up take , i f  any. The r e s u l t s ,  i l l u s t r a t e d  in  Fig. 21, in d ic a te  

th a t  the  r a d io a c t iv e  a c e ta te  was ra p id ly  in co rp o ra ted  in to  the  c e l l s .  

About 80% of the  t o t a l  a c t i v i t y  added to  the  c u l tu re  was lo c a l iz e d  

w ith in  the  c e l l s  2 min a f t e r  the  a d d it io n  of the iso to p e  to  the c u l tu r e .  

A f te r  10 min of exposure , g r e a te r  than 95% of the  t o t a l  a c t i v i t y  was 

p re se n t  in  the  c e l l s .  S im ila r  r e s u l t s  were ob ta ined  w ith  c u l tu re s  

grown w ith  o r  w ithout CaCO^.

Another s e t  of experim ents was undertaken to  determ ine the  time 

of iso to p e  a d d it io n  to  the  c u l tu re  which would y ie ld  maximum a c e ta te  

uptake in to  the  polymer f r a c t io n  of the  c e l l s .  The r e s u l t s  are 

i l l u s t r a t e d  in  Fig. 22. The growth o f the  organism i s  recorded as 

the  OD of the c u l tu re  and i s  shown by the  l in e  p o r t io n  of the  graph.

The v e r t i c a l  b a rs  in d ic a te  the pe rcen tage  of iso to p e  uptake in to  the  

whole c e l l s  and in to  the  PHB f r a c t io n s  when the  iso to p e  was added to  

the c u l tu re  a f t e r  6 , 13, and 18 h r  of in c u b a tio n .  The a c t i v i t i e s  

were measured 20 min a f t e r  a d d it io n  of the  iso to p e  to  each c u l tu r e .

The sodium a c e ta t e - 2 - C ^  was taken up by the  c e l l s  re g a rd le s s  of the  

p re - in c u b a t io n  tim e. However, th e  l a b e l  was s e l e c t i v e ly  in co rp o ra ted  

in to  the  PHB f r a c t io n  only i f  th e  a c e ta te  were added during the  l a t e



F ig .  21 . U ptake o f  sodium  a c e t a t e - 2 - C ^  by lo g - p h a s e  c e l l s  
o f  A z o to b a c te r  v i n e l a n d i i  12837.
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F ig .  22 . P e r c e n ta g e  o f  i n c o r p o r a t i o n  o f  sod ium  a c e t a t e - 2 - C 1  

i n t o  c e l l s  o f  A z o to b a c te r  v i n e l a n d i i  12837 c u l t u r e d  f o r  6 , 13 , and 
18 h r .  The g row th  o f  t h e  c e l l s  i s  r e c o r d e d  as  t h e  o p t i c a l  d e n s i t y  
o f  t h e  c u l t u r e  and i s  shown by th e  l i n e  p o r t i o n  o f  t h e  g ra p h .  The 
v e r t i c a l  b a r s  i n d i c a t e  th e  p e r c e n t a g e  o f  i s o t o p e  u p ta k e  i n t o  w hole  
c e l l s  and i n t o  t h e  PHB f r a c t i o n s .
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l o g - p h a s e .  When th e  C ^ - a c e t a t e  was added t o  a  6 - h r  c u l t u r e ,  abou t 

9 5 % o f  th e  t o t a l  a c t i v i t y  was i n c o r p o r a t e d  i n  t h e  w hole  c e l l s ;  how­

e v e r ,  on ly  a  s m a l l  p o r t i o n  o f  th e  c e l l  a c t i v i t y  was p r e s e n t  i n  th e  

PHB f r a c t i o n .  On t h e  o t h e r  h a n d ,  when th e  C ^ - a c e t a t e  was added t o  

an 1 8 -h r  c u l t u r e ,  ab o u t 95% o f  th e  t o t a l  a c t i v i t y  was p r e s e n t  i n  th e  

w hole  c e l l s ,  and a lm o s t  a l l  o f  t h e  a c t i v i t y  was l o c a l i z e d  w i t h i n  t h e  

PHB f r a c t i o n .  S i m i l a r  r e s u l t s  w ere  o b ta in e d  when th e  a c t i v i t i e s  o f  

v a r i o u s  f r a c t i o n s  were m easu red  a t  t h e  t im e  o f  maximum PHB accum ula­

t i o n  ( a f t e r  30 h r  o f  g row th )  o r  in  c u l t u r e s  grown w i th  o r  w i th o u t  

CaC03 .

F o l lo w in g  th e  d e g r a d a t io n  o f  t h e  PHB w hich  had  been  s e l e c t i v e l y  

l a b e l e d  by th e  a d d i t i o n  o f  C ^ - a c e t a t e  t o  an 1 8 -h r  c u l t u r e ,  th e  

a c t i v i t i e s  o f  v a r i o u s  f r a c t i o n s  were d e te r m in e d .  The r e s u l t s  o f  a 

r e p r e s e n t a t i v e  e x p e r im e n t  a r e  shown i n  T a b le  4 . The a c t i v i t i e s  a r e  

r e p r e s e n t e d  as  t h e  c o u n ts  p e r  min b a se d  on 1 ml o f  c u l t u r e .  Twenty 

min a f t e r  a d d i t i o n  o f  th e  sodium  a c e t a t e - 2 - C ^ ^  t o  an 1 8 -h r  c u l t u r e  

ab o u t  95% o f  th e  w hole  c e l l  a c t i v i t y  was l o c a l i z e d  i n  th e  PHB f r a c t i o n s  

i n  c u l t u r e s  grown w i th  o r  w i th o u t  CaCO^. F o l lo w in g  po lym er d e g ra d a ­

t i o n ,  t h e  e n c y s te d  c e l l s  grown i n  a CaCO^ su p p lem en te d  medium r e t a i n e d  

th e  m a jo r  p a r t  o f  t h e  r a d i o a c t i v i t y .  However, i n  t h e  c u l t u r e s  grown 

w i th  e x t e r n a l  pH a d ju s t m e n t ,  a s i g n i f i c a n t  amount o f  t h e  r a d i o a c t i v i t y  

o r i g i n a l l y  p r e s e n t  i n  th e  PHB f r a c t i o n  was l o c a t e d  i n  th e  e x t r a c e l l u l a r  

p o l y s a c c h a r i d e - l i k e  s l im e  m a t e r i a l  p ro d u c e d  by th e  c e l l s .

Some o f  t h e  t o t a l  c y s t  a c t i v i t y  c o u ld  be r e l e a s e d  by t r e a t i n g  

th e  c y s t s  w i th  EDTA. The c y s t s  w ere  ex p o sed  t o  t h e  EDTA fo l lo w in g
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T able 4

D i s t r i b u t i o n  o f  sodium  a c e t a t e - 2 - C 3 4  i n  c e l l s  o f  A z o to b a c te r  v i n e l a n d i i  12837

Time o f  Sam pling Sample
cpm/ml c u l t u r e  

w i th o u t  CaCX)3 ^* w i th  CaC0 3

2 0  min a f t e r  a d d i t i o n w hole  c e l l s 3 .6 1 6 2 - 4 ,2 7 2 3 *
o f  i s o t o p e  t o  1 8 - h r PHB 3 ,493 3 ,980
c u l t u r e

A f t e r  4 days o f w hole  c e l l s 1 ,520 3 ,340
grow th PHB 878 962

p o l y s a c c h a r i d e ­
l i k e  m a t e r i a l 1 ,2 6 0 0

C02 4864 * 6024 *

1. The pH was a d j u s t e d  by th e  p e r i o d i c  a d d i t i o n  o f  0 .1  M KOH.

2. F ig u r e  r e p r e s e n t s  95% o f  t o t a l  cpm/ml added t o  c u l t u r e .

3. F ig u r e  r e p r e s e n t s  97% o f  t o t a l  cpm/ml added  t o  c u l t u r e .

4 . F ig u r e s  r e p r e s e n t  t o t a l  cpm/ml c u l t u r e  o b ta in e d  o v e r  t h e  e n t i r e
e x p e r im e n t a l  p e r i o d  by f r e q u e n t l y  r e c h a r g i n g  CO2  t r a p  w i th  f r e s h  
r e a g e n t .

T a b le  5

R e le a s e  o f  C ^  from c y s t s  a f t e r  r u p t u r e  w i th  EDTA

Sample cpm/ml

U n t r e a te d  c y s t s  521

A c t i v i t y  r e l e a s e d  from  c y s t s  
a f t e r  r u p t u r e  w i th  EDTA 227
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th e  m ethod o f  S o c o lo fs k y  and Wyss ( 8 8 ) .  F o l lo w in g  c y s t  r u p t u r e  th e  

l y s a t e  was c e n t r i f u g e d  a t  70 ,000  x g f o r  2 h r .  The c e n t r a l  b o d ie s  

and e x in e  c o a t s  w ere  removed from  th e  s u s p e n s io n  and th e  m a t e r i a l  

r e m a in in g  i n  s o l u t i o n  can be  p r e c i p i t a t e d  by th e  a d d i t i o n  o f  C aC ^  

and i s  th o u g h t  t o  be composed p r i m a r i l y  o f  i n t i n e  com ponen ts . The 

r e s u l t s  o f  one su ch  e x p e r im e n t  a r e  s e e n  i n  T a b le  5 . About 45% of 

th e  t o t a l  c y s t  a c t i v i t y  was r e l e a s e d  i n t o  th e  s u p e r n a t a n t  when th e  

c y s t s  w ere  r u p t u r e d .

The f a t e  o f  t h e  f o l l o w i n g  i t s  a d d i t i o n  t o  l a t e  lo g -p h a s e  

c e l l s  i s  i l l u s t r a t e d  s c h e m a t i c a l l y  i n  F ig .  23. The p e r c e n t a g e s  

g iv e n  a r e  t h e  a v e ra g e  v a lu e s  o b t a i n e d  from many e x p e r im e n t s  u t i l i z i n g  

v a r y in g  amounts o f  t h e  i s o t o p e .  S h o r t l y  a f t e r  th e  a d d i t i o n  o f  th e  

sodium  a c e t a t e - 2 - C ^  t o  th e  l a t e  lo g - p h a s e  c e l l s ,  g r e a t e r  th a n  90% 

o f  t h e  a c t i v i t y  was l o c a l i z e d  i n  th e  PHB f r a c t i o n .  F o l lo w in g  polym er 

d e g r a d a t io n  i n  a medium in  w hich  th e  pH was a d j u s t e d  by th e  p e r i o d i c  

a d d i t i o n  o f  0 .1  M KOH, 20% o f  th e  a c t i v i t y  was l o s t  as  ca rb o n  d i o x i d e ,  

35% was r e c o v e r e d  in  t h e  p o l y s a c c h a r i d e - l i k e  m a t e r i a l  from th e  v i s ­

cous s u p e r n a t a n t s ,  and 45% rem ain ed  as  n o n - u t i l i z e d  PHB and o t h e r  

c e l l u l a r  com ponen ts . When po ly m er d e g r a d a t io n  was a l lo w e d  t o  p ro c e e d  

i n  an e n cy s tm e n t  medium su p p lem en te d  w i th  CaCO^, 20% o f  th e  a c t i v i t y  

was l o s t  as  CO2  and t h e  r e m a in d e r  was a s s o c i a t e d  w i th  th e  i n t a c t  c y s t .  

Of th e  t o t a l  c y s t  a c t i v i t y ,  20% was p r e s e n t  i n  r e s i d u a l  PHB and ab o u t 

35% was p r e s e n t  in  t h e  i n t i n e  com ponents w hich  w ere r e l e a s e d  when th e  

c y s t s  were  s u b j e c t e d  t o  EDTA r u p t u r e .



F ig .  23 . S c h e m a t ic  d iag ram  i l l u s t r a t i n g  th e  u p ta k e  o f  sodium  
a c e t a t e - 2 - C ^  i n t o  t h e  c e l l u l a r  PHB f r a c t i o n  and th e  s u b se q u e n t  
d i s t r i b u t i o n  o f  t h e  r a d i o a c t i v i t y  f o l l o w in g  po lym er d e g r a d a t io n  i n  
an e n c y s tm e n t  and n o n -e n c y s tm e n t  medium. The sodium  a c e ta te -2 -C ^ -^  
was added t o  th e  c u l t u r e s  a t  th e  end  o f  t h e  lo g - p h a s e  o f  g row th  
and th e  d i s t r i b u t i o n  o f  th e  l a b e l  was d e te rm in e d  a f t e r  4 days o f  
c u l t i v a t i o n .



ATE

  KOH

® — < CaCO,
> 9 0 %  W 

PHB

2 0 %  CO*
4 5 %  PH B-CELL 
3 5 %  POLYSACCHARIDE

2 0 %  CO* 
8 0 %  CYSTS

6 5 %  CENTRAL BODY AND 
EXINE COAT

3 5 %  RELEASED INTINE



DISCUSSION

T y p i c a l  A2 o t o b a c t e r  c y s t s  can be  p ro d u ced  i n  l i q u i d  c u l t u r e  by 

th e  i n c o r p o r a t i o n  o f  s u f f i c i e n t  c a lc iu m  io n s  i n t o  th e  medium. The 

c y s t s  h a r v e s t e d  from  a l i q u i d  medium a r e  i d e n t i c a l  t o  c y s t s  grown on 

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

p r o p e r t i e s .  The r e s u l t s  r e p o r t e d  h e r e  a r e  n o t  i n  ag reem ent w i th  th o s e  

o f  Layne and Jo h n so n  (5 0 ,  5 1 ) .  The l a t t e r  i n v e s t i g a t o r s  d e s c r ib e d  

t h e  fo r m a t io n  o f  r e s i s t a n t  c e l l s  w hich  were in d u c e d  by d e l e t i o n  o f
» I

c e r t a i n  i o n s ,  i n c l u d i n g  Ca , n o rm a l ly  found i n  B u r k 's  medium. In  

t h e  p r e s e n t  s tu d y  i t  was o b s e rv e d  t h a t  th e  medium m ust be s u p p le ­

mented w i th  a d d i t i o n a l  c a lc iu m  io n s  f o r  e n c y s tm e n t  t o  o c c u r .

S te w a r t  et_ aT. (93) have  a l s o  d i s p u t e d  th e  r e s u l t s  o f  Layne and 

Jo h n so n .  They r e p o r t e d  t h a t  b o th  g row th  and e n cy s tm e n t  were  de­

p e n d e n t  upon s u f f i c i e n t  c o p p e r  and magnesium io n  c o n c e n t r a t i o n s  i n  

th e  medium. The c e l l s  p ro d u c e d  i n  t h i s  i n v e s t i g a t i o n  by c u l t i v a t i o n  

i n  a l i q u i d  medium w i th  e x t e r n a l  pH a d ju s tm e n t  w ere  s i m i l a r  t o  th o s e  

d e s c r i b e d  by Layne and Jo h n so n  i n  t h a t  th e y  l a c k e d  any c o a t  com ponen ts ,  

however th e y  w ere  n o t  r e s i s t a n t  t o  s e v e r a l  d e l e t e r i o u s  c o n d i t i o n s .

They a r e  c o n s id e r e d  t o  be  c y t o l o g i c a l l y  and p h y s i c a l l y  a n a lo g o u s  to  

t h e  c e n t r a l  b o d ie s  i s o l a t e d  and d e s c r i b e d  by P a r k e r  and S o c o lo f s k y  ( 7 2 ) .  

T h is  f u r t h e r  s t r e n g t h e n s  th e  b e l i e f  t h a t  th e  c o a t  m a t e r i a l  i s  p r i m a r i l y  

r e s p o n s i b l e  f o r  th e  r e s i s t a n c e  e x h i b i t e d  by t h e  e n c y s te d  c e l l s  (7 2 ) .

The n a t u r e  o f  th e  a c i d i c  m a t e r i a l  p ro d u c e d  by t h e  c e l l s  i s  n o t  

known; how ever , b a s e d  on p r e v io u s  r e p o r t s ,  t h e r e  a r e  s e v e r a l  p o s s i b i l i t i e s .
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J e n s e n  (42) r e p o r t e d  t h a t  s e v e r a l  s t r a i n s  of A z o to b a c te r  p roduce  

a c i d i c  i n t e r m e d i a t e s  by th e  in c o m p le te  o x id a t io n  o f  c a r b o h y d r a t e s .

Cohen and Jo h n s to n e  (14) found t h a t  a c id  p r o d u c t io n  was a s s o c i a t e d  

w i th  s l im e  fo rm a t io n  and s u g g e s te d  t h a t  s l im e - fo rm in g  s t r a i n s  o f  

A. v l n e l a n d i i  p o s s e s s e d  a  s p e c i f i c  p o ly m erase  which combined th e  

p a r t i a l l y  o x id iz e d  i n t e r m e d i a t e s  i n t o  an a c i d i c  e x t r a c e l l u l a r  p o ly ­

s a c c h a r i d e .  Cohen and J o h n s to n e  (15) have s u b s e q u e n t ly  r e p o r t e d  

t h a t  th e  e x t r a c e l l u l a r  p o ly s a c c h a r id e  o f  A. v i n e l a n d i i  c o n ta in s  

l a r g e  amounts o f  g a l a c t u r o n l c  a c id  and has  an o v e r a l l  n e g a t i v e  

c h a rg e .  Romanow (77) r e p o r t e d  t h a t  c y s t - f o r m in g  s t r a i n s  o f  

A. chroococcum p ro d u ced  s m a l l  amounts o f  i n d o l e a c e t i c  a c id .

Cohen and J o h n s to n e  (14) s u g g e s te d  t h a t  CaCC^ in  a z o to b a c t e r  

c u l t u r e  medium s e r v e d  t o  e i t h e r  n e u t r a l i z e  th e  a c i d i c  p ro d u c ts  

formed o r  i n h i b i t  th e  a b i l i t y  o f  th e  c e l l  t o  s y n th e s i z e  th e  a c i d i c  

s l im e .  The work r e p o r t e d  i n  t h i s  d i s s e r t a t i o n  i n d i c a t e s  t h a t  th e  

CaC0 3  u sed  to  supp lem en t th e  e n cy s tm en t medium s e r v e s  th e  d u a l  f u n c t io n  

o f  a c id  n e u t r a l i z a t i o n  and c a lc iu m  io n  s o u r c e .  The n e u t r a l i z a t i o n  

f u n c t io n  i s  im p o r ta n t  b e ca u se  th e  a c id  c o n d i t io n s  p ro d u ced  a re  v e ry  

d e t r i m e n t a l  t o  th e  c e l l s .  The ca lc iu m  io n s  f u l f i l l  an im p o r ta n t  

s t r u c t u r a l  r o l e  i n  th e  o r g a n i z a t i o n  o f  th e  p o l y s a c c h a r i d e - l i k e  m a t e r i a l  

i n t o  a  r i g i d  c y s t  c o a t  around  t h e  c e n t r a l  body. S e v e ra l  a u th o r s  have 

i n d i c a t e d  t h a t  d i v a l e n t  m e ta l  io n s  have an im p o r ta n t  s t r u c t u r a l  r o l e  

i n  b a c t e r i a l  c e l l  w a l l s  (2 ,  38, 5 2 ) .  Rogers (76) has  p ro p o se d  t h a t
I I  |  i

d i v a l e n t  c a t i o n s  such  as Ca and Mg a re  in v o lv e d  in  th e  o r g a n i z a t i o n
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of th e  o u t e r  l a y e r s  o f  b a c t e r i a  th ro u g h  th e  fo rm a t io n  o f  i o n i c  bonds 

betw een  n e g a t i v e l y  c h a rg ed  m acro m o lecu le s .  S in c e  th e  e x t r a c e l l u l a r  

p o ly s a c c h a r id e  o f  A. v i n e l a n d i i  h a s  been  r e p o r t e d  t o  c o n ta i n  l a r g e  

amounts o f  g a l a c t u r o n i c  a c i d ,  i t  i s  c o n c e iv a b le  t h a t  th e  c y s t  c o a t  

components a l s o  have  an a p p r e c i a b l e  amount o f  g a l a c t u r o n i c  a c i d  which 

would undergo i o n i c  bond ing  w i th  c a lc iu m  i o n s .  I f  a d eq u a te  io n s  a r e  

n o t  a v a i l a b l e ,  a b o r t i v e  en cy s tm en t t a k e s  p l a c e .  The c y s t  c o a t  compo­

n e n ts  a r e  p ro d u ced  by th e  o rg an ism ; how ever, th e y  a re  n o t  h e l d  a d ja c e n t  

t o  th e  c e l l  and a re  l o s t  i n t o  t h e  s u r ro u n d in g  medium. T h is  r e s u l t s  in  

an i n c r e a s e  in  c u l t u r e  v i s c o s i t y .

Calcium  c a r b o n a te  i s  c o n s id e r e d  to  be t h e  b e s t  c a lc iu m  io n  s o u rc e  

f o r  th e  en cy s tm en t medium b e c a u se  i t  a p p a r e n t ly  s u p p l i e s  s u f f i c i e n t  

io n s  i n  a c o n t in u in g  s u p p ly .  M oreover, t h e  c o n c e n t r a t i o n  o f  ca lc iu m  

io n s  i n  t h e  medium i s  n e v e r  h ig h  enough t o  cau se  s e v e re  a l t e r a t i o n s  

i n  th e  co m p o s i t io n  o f  th e  s a l t s  s o l u t i o n  as o c c u rs  w i th  CaCl2  co n cen -  

t r a t i o n s  above 2 x 10 M. The s m a l l  amounts o f  o t h e r  d i v a l e n t  m e ta l  

io n  s a l t s  found as i m p u r i t i e s  i n  com m ercial p r e p a r a t i o n s  o f  CaC0 3  may 

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

S in c e  th e  a d d i t i o n  o f  magnesium and manganese io n s  to  th e  medium 

r e s u l t s  i n  a lo w e r in g  o f  th e  v i s c o s i t y  o f  t h e  s u p e m a t e s  a f t e r  g ro w th , 

t h e s e  io n s  may a l s o  be o f  im p o r tan c e  in  c y s t  c o a t  fo r m a t io n ;  how ever, 

th ey  canno t c o m p le te ly  s u b s t i t u t e  f o r  c a lc iu m  i o n s .  G oldschm idt and 

Wyss (32) have  im p l i c a t e d  Mg++ i n  c o a t  f o r m a t io n .  In  view o f  t h e  

marked a b i l i t y  t o  c o a g u la te  th e  v i s c o u s  s u p e r n a t a n t  f l u i d s ,  c u p r i c ,  

" n ic k e l ,  and z in c  io n s  may a l s o  be o f  im p o r tan c e  in  t r a c e  amounts
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found  as  i m p u r i t i e s  i n  t h e  c h e m ic a ls  u sed  i n  B u r k 's  medium o r  i n  t h e  

a g a r  when s o l i d  m edia  a r e  em ployed . However, b e c a u s e  o f  t h e i r  t o x i ­

c i t y  a t  c o n c e n t r a t i o n s  above 10“ M, th e y  c a n n o t  be  u sed  as s u b s t i t u t e s  

f o r  c a lc iu m  i o n s .  S te w a r t  et^ a l . (93) have  a l s o  r e p o r t e d  t h a t  c u p r i c  

io n s  a r e  t o x i c  t o  A z o to b a c te r  a t  h i g h e r  c o n c e n t r a t i o n s .

The d i s c r e p a n c y  be tw een  t h e  amount o f  s u p p le m e n ta l  c a lc iu m  io n s  

n eed ed  f o r  e n c y s tm e n t  to  o c c u r  when th e  o rg a n ism  i s  grown u t i l i z i n g  

s o l i d  and l i q u i d  m edia  c a n n o t  be  f u l l y  e x p l a i n e d  a t  th e  p r e s e n t  t im e .  

However, i t  i s  s u g g e s te d  t h a t  c e l l s  g row ing  on a s o l i d  s u r f a c e  do n o t  

need  as  much Ca f o r  t h e  i n i t i a l  s t a b i l i z a t i o n  o f  t h e  c o a t  as  i s  

n e ed e d  i n  l i q u i d  c u l t u r e .  A d d i t i o n a l l y ,  t h e  p o s s i b l e  p r e s e n c e  o f  

t h e s e  io n s  as  i m p u r i t i e s  in  t h e  a g a r  may com pensa te  f o r  t h e  l a c k  o f  

c a lc iu m  io n s  i n  t h e  s a l t s  s o l u t i o n .

The a c c u m u la t io n  o f  l a r g e  amounts o f  PHB by A. v i n e l a n d i i  

a p p a r e n t l y  r e f l e c t s  an u n b a la n c e d  grow th  c o n d i t i o n .  Macrae and 

W ilk in s o n  (62) have  d e m o n s t r a t e d  t h a t  th e  a c c u m u la t io n  o f  th e  po ly m er 

by .B. m eg a te r iu m  i s  d ep en d en t on th e  c o m p o s i t io n  o f  t h e  g row th  medium. 

They found  t h a t  a s  t h e  r a t i o  o f  c a rb o n  s o u r c e  to  th e  n i t r o g e n  s o u rc e  

i n  th e  medium i n c r e a s e d ,  and as  t h e  medium became n i t r o g e n - d e f i c i e n t  

i n s t e a d  o f  c a r b o n - d e f i c i e n t ,  t h e r e  was an i n c r e a s e  i n  t h e  amount o f  

PHB p e r  c e l l .  U n lik e  n o n - n i t r o g e n - f i x i n g  s p e c i e s  o f  b a c t e r i a ,  w hich  

depend on a  s o u r c e  o f  combined n i t r o g e n ,  t h e  amount o f  n i t r o g e n  

a v a i l a b l e  f o r  t h e  g row th  o f  A z o to b a c te r  i s  d ep en d e n t  on t h e  r a t e  o f  

n i t r o g e n  f i x a t i o n .  Growth o f  t h i s  o rg a n ism  u n d e r  c o n d i t i o n s  i n  w hich 

a tm o s p h e r ic  n i t r o g e n  i s  u t i l i z e d  a p p a r e n t l y  r e s u l t e d  in  a  g e n e r a l
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n i t r o g e n  d e f i c i e n c y .  T h is  was i n d i c a t e d  by th e  a c c u m u la t io n  o f  PHB 

w hich  i s  a  n o n - n i t r o g e n o u s  m a t e r i a l .  C u l t i v a t i o n  o f  t h e  o rg an ism  

u t i l i z i n g  i n c r e a s i n g  amounts o f  g lu c o s e  s e r v e d  t o  a c c e n t u a t e  th e  

n i t r o g e n  d e f i c i e n c y  and i n c r e a s e d  amounts o f  PHB w ere  d e p o s i t e d .

When a re d u c ed  n i t r o g e n  s o u rc e  was added t o  t h e  medium, th e  o rg an ism  

r a p i d l y  c o n v e r te d  t h e  a s s i m i l a t e d  ca rb o n  i n t o  n i t r o g e n o u s  c e l l  compo­

n e n t s  and d id  n o t  a cc u m u la te  a  s i g n i f i c a n t  amount o f  t h e  p o ly m er .  

S u p p le m e n tin g  th e  g row th  medium w i th  i n c r e a s i n g  amounts o f  g lu c o s e  

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

c e l l  y i e l d  i n  e ach  o f  t h e  c u l t u r e s .

P o lym er d e p o s i t i o n  w i t h i n  t h e  c e l l s  was fo l lo w e d  by endogenous 

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

c o n t in u e d  g row th  o f  th e  o rg a n ism  s i n c e  no i n c r e a s e  i n  c e l l u l a r  n i t r o g e n  

was n o te d  d u r in g  th e  d e g r a d a t io n  p h a s e .  The im p o r ta n c e  o f  PHB in  th e  

endogenous r e s p i r a t i o n  o f  b a c t e r i a  i s  w e l l  r e c o g n iz e d  ( 1 7 ) ,  and 

Sobek e £  _al. ( 8 6 ) r e p o r t e d  t h a t  th e  po ly m er was th e  o n ly  m a jo r  c e l l u ­

l a r  m a t e r i a l  u t i l i z e d  d u r in g  th e  endogenous r e s p i r a t i o n  o f  A z o t o b a c t e r .

The a c c u m u la t io n  o f  l a r g e  amounts o f  PHB i s  a p p a r e n t l y  e s s e n t i a l  

t o  th e  e n c y s tm e n t  p r o c e s s .  The e x t e n t  o f  po lym er a c c u m u la t io n  and 

th e  p e r c e n t  e n cy s tm e n t  i n  t h e  l i q u i d  medium su p p lem en te d  w i th  CaCO^ 

w ere  o b s e rv e d  t o  be d i r e c t l y  p r o p o r t i o n a l .  When e i t h e r  th e  g lu c o s e  

c o n c e n t r a t i o n  o f  t h e  medium was re d u c ed  o r  ammonium c h l o r i d e  was 

ad d ed , t h e  c e l l s  f a i l e d  t o  a cc u m u la te  s i g n i f i c a n t  amounts o f  th e  

po lym er and l i k e w i s e  f a i l e d  t o  e n c y s t .
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The a p p a r e n t  a s s o c i a t i o n  be tw een  th e  two p a r a m e te r s  i s  a l s o  

i n d i c a t e d  by th e  c o r r e l a t i o n  n o te d  be tw een  d e g r a d a t io n  o f  t h e  PHB 

and th e  developm ent o f  t h e  c y s t s  o r  an i n c r e a s e  i n  v i s c o s i t y .  D uring  

t h e  endogenous u t i l i z a t i o n  o f  t h e  PHB r e s e r v e  t h e r e  was a  co n co m itan t  

i n c r e a s e  i n  t h e  number o f  c y s t s  when th e  medium was su p p lem en ted  w i th  

CaCO-j and a s i m i l a r  r i s e  i n  t h e  v i s c o s i t y  o f  t h e  c u l t u r e  medium when 

a n e u t r a l  pH was m a in ta in e d  by th e  p e r i o d i c  a d d i t i o n  o f  0 .1  M KOH.

The d i r e c t  in v o lv e m e n t  o f  th e  po lym er i n  c y s t  developm ent i s  

shown by th e  e x p e r im e n t s  u t i l i z i n g  C-^ t o  d e te rm in e  th e  f a t e  o f  th e  

r e s e r v e  m a t e r i a l  f o l l o w in g  th e  d e g r a d a t io n  p h a s e .  A f t e r  u t i l i z a t i o n  

o f  PHB w hich  had  been  ta g g e d  w i th  sodium  a c e t a t e - 2 - C ^ ,  a s u b s t a n t i a l  

p o r t i o n  o f  t h e  r a d i o a c t i v i t y  was r e c o v e r e d  in  t h e  c y s t  c o a t  com ponents 

w hich  w ere  r e l e a s e d  by EDTA r u p t u r e .  C o n s id e r a b le  a c t i v i t y  was a l s o  

o b s e r v e d  in  th e  p o l y s a c c h a r i d e - l i k e  m a t e r i a l  p ro d u c e d  in  c u l t u r e s  

w hich la c k e d  s u f f i c i e n t  c a lc iu m  io n s  f o r  e x t e n s i v e  c o a t  d e v e lo p m en t.

The f a i l u r e  o f  6 - h r  o l d  c e l l s  t o  i n c o r p o r a t e  t h e  r a d i o a c t i v e  

a c e t a t e  i n t o  t h e  PHB f r a c t i o n  and th e  s e l e c t i v e  i n c o r p o r a t i o n  o f  th e  

a c e t a t e  i n t o  t h e  po lym er r e s e r v e  by 1 8 -h r  o l d  c e l l s ,  w hich  i s  i l l u s ­

t r a t e d  i n  F ig .  22 , i s  th o u g h t  t o  r e f l e c t  d i f f e r e n c e s  i n  th e  l e v e l  o f  

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

v a t i o n .  The po ly m er s y n t h e s i z i n g  sy s te m  i s  n o t  v e ry  a c t i v e  i n  th e  

6 - h r  o ld  c e l l s  and th e  a c e t a t e  i s  i n c o r p o r a t e d  i n t o  o t h e r  c e l l u l a r  

com ponen ts . A f t e r  13 h r  o f  g ro w th ,  PHB s y n t h e t a s e  a c t i v i t y  has  

i n c r e a s e d  and th e  c e l l s  a r e  g row ing  a t  a maximum r a t e ,  and th e  a c e t a t e  

added t o  t h e  c u l t u r e  i s  i n c o r p o r a t e d  i n t o  b o th  th e  PHB and o t h e r
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c e l l u l a r  m a t e r i a l .  Po lym er a c c u m u la t io n  i s  p ro c e e d in g  a t  a  maximum 

r a t e  w h i le  c e l l  g row th  h a s  s t a r t e d  t o  s low  down a f t e r  18 h r  o f  c u l t i ­

v a t i o n .  At t h i s  t im e  a lm o s t  a l l  o f  th e  a c e t a t e  added t o  t h e  c u l t u r e  

i s  r a p i d l y  t a k e n  up by th e  PHB s y n t h e t a s e  sy s te m  and c o n v e r te d  t o  

po lym er w h i l e  l i t t l e  o f  t h e  a c e t a t e  i s  i n c o r p o r a t e d  i n t o  o t h e r  c e l l u ­

l a r  com ponents .

Cohen and J o h n s to n e  (14) r e p o r t e d  t h a t  c e r t a i n  s t r a i n s  o f  

A. v i n e l a n d i i  f a i l e d  t o  p ro d u c e  t h e  a c i d i c  s l im e  m a t e r i a l  in  l i q u i d  

c u l t u r e  and s u g g e s t e d  t h a t  t h e s e  s t r a i n s  had no p o ly m e ra se  f o r  sy n ­

t h e s i z i n g  t h e  e x t r a c e l l u l a r  s l i m e .  E klund  a t  a l .  (26) n o te d  t h a t  

n o n e n c a p s u la te d  m u ta n ts  o f  A. v i n e l a n d i i  f a i l e d  t o  form c y s t s  and 

p ro p o s e d  t h a t  c a p s u le  fo r m a t io n  was r e l a t e d  t o  e n c y s tm e n t .  D uring  

th e  c o u rs e  o f  t h i s  i n v e s t i g a t i o n  t h e s e  two phenomena were a l s o  n o te d .  

When ro u g h ,  n o n e n c a p s u la te d  s t r a i n s  o f  t h e  e x p e r im e n t a l  o rg a n ism  w ere 

c u l t i v a t e d  i n  t h e  l i q u i d  medium su p p lem en te d  w i th  CaC0 3  no c y s t s  

d e v e lo p e d .  M oreover,  when e x t e r n a l  c o n t r o l  o f  pH was e f f e c t e d  by 

th e  p e r i o d i c  a d d i t i o n  o f  KOH, t h e  c u l t u r e  d id  n o t  become v i s c o u s .  

However, one a d d i t i o n a l  f a c t o r  h a s  been  n o te d .  The rough s t r a i n s  

f a i l e d  t o  a c c u m u la te  s i g n i f i c a n t  amounts o f  PHB. T h is  s u g g e s t s  th e  

p o s s i b i l i t y  t h a t  t h e  rough  s t r a i n s  may have  th e  e n z y m a t ic  c a p a c i ty  

f o r  c a p s u le  f o r m a t i o n ,  b u t  b e c a u s e  o f  th e  a p p a r e n t  l a c k  o f  an a c t i v e  

PHB p o ly m e ra se  s y s te m ,  t h e  c e l l s  do n o t  have  an i n t r a c e l l u l a r  r e s e r v e  

c a p a b le  o f  s e r v i n g  a s  a  c a rb o n  and e n e rg y  s o u r c e  f o r  c a p s u le  d e v e lo p ­

ment .



78

I n  c o n c lu s io n  a  d iag ram m atic  s k e tc h  o f  t h e  fo rm a t io n  and germ ina­

t i o n  o f  th e  A z o to b a c te r  c y s t  i s  shown i n  F ig .  24 . The i n i t i a l  s t e p  

i n  c y s t  developm ent i n v o lv e s  t h e  a c c u m u la t io n  of i n t r a c e l l u l a r  d e p o s i t s  

o f  p o ly -B -h y d r o x y b u ty r ic  a c i d .  T h is  i s  fo l lo w e d  by an endogenous 

u t i l i z a t i o n  o f  t h e  po lym er r e s e r v e  as a  ca rb o n  and e n e rg y  s o u rc e  f o r  

th e  en cy s tm en t p r o c e s s .  D uring  th e  po lym er d e g r a d a t io n  p h ase  t h e r e  

i s  a c o n c u r re n t  p r o d u c t io n  o f  c y s t  c o a t  com ponents. I f  s u f f i c i e n t  

ca lc iu m  io n s  a re  n o t  a v a i l a b l e  i n  th e  en v iro n m en t f o r  th e  c o o r d in a t io n  

o f  th e  c o a t  m a t e r i a l  i n t o  a r i g i d  c y s t  c o a t ,  a b o r t i v e  en cy s tm e n t  ta k e s  

p l a c e  and th e  c o a t  m a t e r i a l  i s  l o s t  i n t o  th e  s u r ro u n d in g  medium.

T h is  r e s u l t s  i n  an i n c r e a s e  i n  th e  v i s c o s i t y  o f  th e  c u l t u r e  s u p e r n a t a n t  

and th e  p r o d u c t io n  o f  s m a l l  v e g e t a t i v e  c e l l s  which a r e  b e l i e v e d  t o  be 

an a lo g o u s  t o  th e  c e n t r a l  b o d ie s  i s o l a t e d  by P a r k e r  and S o c o lo fsk y  (7 2 ) .  

On th e  o t h e r  h an d , i f  s u f f i c i e n t  c a lc iu m  io n s  a r e  a v a i l a b l e ,  t h e  c o a t  

m a t e r i a l s  a r e  c o o r d in a te d  a round  th e  p e r ip h e r y  o f  th e  d e v e lo p in g  

c e n t r a l  body. T h is  r e s u l t s  i n  th e  fo rm a t io n  o f  m a tu re  c y s t s  which 

d i s p l a y  th e  c y t o l o g i c a l ,  l y t i c ,  and r e s i s t a n c e  p r o p e r t i e s  r e p o r t e d  

t o  be c h a r a c t e r i s t i c  of A z o to b a c te r  c y s t s .



F ig .  24. D iagram m atic  s k e tc h  o f  t h e  fo rm a t io n  and g e rm in a t io n  
o f A z o to b a c te r  c y s t s .
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