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LIPIDS AM) MORPHOGENESIS OF 

ARTHROBACTER CRYSTALLOPOIETES

CHAPTER I  

INTRODUCTION

A r th ro b a c te r  c r y s t a l l o p o i e t e s  i s  a  s o i l  b a c te r iu m  o f  

th e  fa m ily  C o ry n e b a c te ra c e a e  and was f i r s t  i s o l a t e d  and d e ­

s c r ib e d  by E n sig n  (2 6 ) . T h is o rgan ism  e x h ib i t s  th e  phenomenon 

o f  m o rp h o g en e s is . Upon in o c u la t i o n  i n t o  a  com p le te  grow th 

medium, th e  s p h e r i c a l  c e l l s  g e rm in a te , e lo n g a te  and o f te n  

b ra n c h . These e lo n g a te d  c e l l s  form  m u l t ip le  c ro s s  w a l ls  and 

d iv id e  i n t o  many s m a l le r  ro d -sh a p e d  c e l l s  w hich  e v e n tu a l ly  

ro u n d  up to  form  s p h e r i c a l  c e l l s .  The p ro c e s s  h a s  been  r e ­

f e r r e d  to  a s  s p h e re - ro d  m o rp h o g en e s is . E a r ly  i n v e s t i g a t o r s  

o f  s p e c ie s  i n  th e  genus A r th ro b a c te r  u se d  th e  term s " p le o -  

m orphism " and " d ip h th e ro id "  (10) and f a i l e d  to  r e c o g n iz e  th e  

d e f in e d  l i f e  c y c le  e x h ib i te d  by t h i s  g e n u s .

D iv is io n  o f  h y p h a l c e l l s  h a s  been  r e f e r r e d  to  a s  f r a g ­

m e n ta t io n  i n  m ic ro o rg an ism s w ith  s i m i l a r  l i f e  c y c le s  ( 8 ) ,  and 

t h i s  term  a l s o  h as  been  u se d  to  d e s c r ib e  c e l l  d iv i s io n  o f  lo n g  

ro d s  o f  A. c r y s t a l l o p o i e t e s  to  s m a lle r  e n t i t i e s  (2 7 ) . L ife

1
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c y c le s  o f  o th e r  members o f  A r th ro b a c te r  have been  r e p o r te d  to  

be s i m i l a r  (13) as w e l l  a s  t h a t  o f  N ocard ia  c o r a l l i n a  (75)*

The sy n ch ro n y  o f  c e l l u l a r  m orphogenesis  makes t h i s  

o rgan ism  p a r t i c u l a r l y  s u i t a b l e  f o r  p h y s io lo g ic a l  s tu d i e s  o f 

r e g u la to r y  m echanism s w hich  a r e  a s s o c ia te d  w ith  m o rp h o g en e s is . 

The f a c t  t h a t  i t  i s  a  p r o c a r y o t ic  r a t h e r  th a n  a e u c a ry o t ic  

o rgan ism  makes i t  an  a p p e a lin g  e x p e r im e n ta l sy s te m . I n  our 

l a b o r a to r y  s e v e r a l  phenomena r e l a t e d  to  m orphogenesis  have 

b een  s tu d i e d .  F e rd in a n d u s  (29) s tu d ie d  changes i n  s p e c i f i c  

a c t i v i t y  o f  s e v e r a l  k ey  enzymes a s  a  f u n c t io n  o f th e  l i f e  

c y c le .  M assey (51) u se d  t h i s  o rgan ism  in  h y b r id iz a t io n  ex ­

p e r im e n ts  to  s tu d y  t r a n s c r i p t i o n  and found  e v id e n c e  f o r  d i f f e r ­

e n t  mENA i n  ro d s  and s p h e r e s .  W hile s tu d y in g  m é th y la t io n ,  

Dalbow (17) fo u n d  t h a t  th e  a c t i v i t y  o f  th e  t-RNA m e th y la se s  

changes d u r in g  th e  g row th  c y c le  and a ls o  fo u n d  m inor changes 

i n  th e  ty p e s  o f  p r o t e i n  s y n th e s iz e d .  G i l l e s p i e  (31 , 32) s t u d ­

i e d  c e l l  w a ll  d i f f e r e n c e s  i n  A. g lo b ifo rm is  a t  two d i f f e r e n t  

s ta g e s  o f  g ro w th .

E n sig n  and  W olfe (27) showed t h a t  m o rp h o g en esis  c o u ld  

be c o n t r o l le d  n u t r i t i o n a l l y .  In  a d e f in e d  medium, th e  m ic ro ­

o rg an ism  can  be r e s t r i c t e d  to  grow th  and d i v i s io n  e n t i r e l y  i n  

th e  c o c c o id a l  fo rm , and th e  a d d i t i o n  o f in d u c e rs  r e s u l t s  i n  

th e  fo rm a tio n  o f  th e  ro d  s t a g e .  T his f a c t  made i t  p o s s ib le  

t o  i n v e s t i g a t e  m o rp h o g en e tic  changes on a b io c h e m ic a l b a s i s  i n  

a  sy s tem  u n d e r  c o n t r o l l e d  c o n d i t io n s .

F e rd in a n d u s  (29) su g g e s te d  t h a t  A. c r y s t a l l o p o i e t e s  

s to r e d  f a t s  e a r l y  i n  th e  l i f e  c y c le  and l a t e r  u se d  th e s e  a s
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endogenous e n e rg y  f o r  c ro s s w a l l  fo rm a tio n  and d iv i s io n  o f 

e lo n g a te d  r o d s .  Endogenous m e ta b o l i te s  i n  b a c t e r i a  have been  

d is c u s s e d  i n  a  number o f  re v ie w  a r t i c l e s  (19> 2 0 , 6 0 ) .  En­

dogenous r e s p i r a t i o n  u s u a l ly  r e f e r s  to  th e  t o t a l  m e ta b o lic  

r e a c t io n s  t h a t  o c cu r w i th in  th e  l i v i n g  c e l l  when i t  i s  h e ld  

i n  th e  ab sen ce  o f  compounds o r  e le m e n ts  w hich  may s e rv e  as 

s p e c i f i c  exogenous s u b s t r a t e s .  However, endogenous m etab o lism  

may ta k e  p la c e  i n  th e  p re s e n c e  o f exogenous s u b s t r a t e s .  For 

exam ple, g lu c o se  perm ease i s  i n h i b i t e d  by s u c c in a te ,  making 

i t  im p o s s ib le  f o r  th e  m ic ro o rg an ism  to  u t i l i z e  exogenous g lu ­

co se  (4 o ) . Endogenous m etab o lism  w hich  i s  o c c u r r in g  a t  a  

tim e when a  h ig h  e n e rg y  demand m ust be m et ( f r a g m e n ta tio n , 

f o r  exam ple) i s  d i f f e r e n t  from  endogenous m e tab o lism  o c c u r­

r in g  i n  an  ag in g  c u l t u r e  w here c e l l u l a r  c o n s t i t u e n t s  a r e  me­

ta b o l iz e d  due to  a  s t a r v a t i o n  s i t u a t i o n .  E n sig n  (28) and 

B oylen  and E n sig n  (6) s tu d ie d  s t a r v in g  c e l l s  o f  A. c r y s t a l ­

lo p o ie t e s  i n  p h o sp h a te  b u f f e r  a t  30 C. C e l ls  w hich  w ere  h a r ­

v e s te d  b o th  a s  ro d s  and sp h e re s  w ere  100^ v i a b l e  a f t e r  30 

days s u g g e s t in g  t h a t  endogenous m etab o lism  was f u n c t io n in g .  

However, no m en tio n  was made o f  l i p i d  a s  an  endogenous r e ­

s e rv e  m a t e r i a l .

O 'L eary  (58) su g g e s te d  t h a t  th e r e  a re  f o u r  g e n e ra l  ways 

i n  w hich  b a c t e r i a l  l i p i d s  c o u ld  f u n c t io n :  e n e rg y  s to r a g e ,

s t r u c t u r a l  com ponents, a c t iv e  t r a n s p o r t ,  and in v o lv e m en t i n  

b io s y n th e t i c  a c t i v i t i e s .  S tu d ie s  on c e l l u l a r  com ponents o f  A. 

c r y s t a l l o p o i e t e s  su ch  a s  p r o t e i n ,  RNA, DM and a g ly c o g e n - l ik e



If

p o ly s a c c h a r id e  have been  co n d u c ted , b u t  l i p i d s  have n e v e r 

been  c h a r a c t e r i z e d .  B a c te r i a l  l i p i d s  a r e  v e ry  com plex and 

d i v e r s i f i e d ,  and  b a c t e r i a  c o n ta in  num erous l i p i d s  n o t  se en  i n  

h ig h e r  fo rm s . L ip id s  a re  known to  be s to r e d  i n  c e r t a i n  

y e a s t s  as shown by M ulder and c o -w o rk ers  (55)? and m ic ro ­

s c o p ic  s tu d ie s  have shown l i p i d  ( s u d a n o p h il ic )  d e p o s i ts  i n  

c e r t a i n  b a c t e r i a ,  many o f  w hich a re  composed o f  p o ly -  /3 -  

h y d ro x y b u ty ra te  (PHB).

In  b a c t e r i a  w hich  c o n ta in  c y to p la sm ic  g ra n u le s  o f 

PHB, t h i s  l i p i d  h a s  been  shown to  s e rv e  as a so u rc e  o f e n e rg y . 

PHB i s  a  s to r a g e  p ro d u c t u n iq u e  to  b a c t e r i a ,  and h as  been  

shown to  accu m u la te  i n  sp o re  fo rm ing  b a c t e r i a  w hich a ls o  u n ­

dergo  a  form  o f  m o rp h o g en esis . I n  S o h a e ro t i lu s  s p e c ie s ,  PHB 

a ccu m u la te s  d u rin g  a c t iv e  grow th  and d e c re a se s  r a p id ly  a t  th e  

end o f  e x p o n e n tia l  p h ase  o f  g row th  (61) and h a s  been  s tu d ie d  

i n  te rm s o f  i t s  e f f e c t  on s t a r v a t io n  s u r v iv a l  (6 8 ) .

M ulder and Z evenhuizen  (56) s tu d ie d  o rg a n ic  compounds 

w hich  accu m u la te  i n  th e  c e l l s  o f  c e r t a i n  b a c t e r i a .  They 

showed t h a t  A r th ro b a c te r  accum ula ted  l a r g e  am ounts o f  c a rb o ­

h y d r a te .  However, n o t  a l l  o f t h i s  c a rb o h y d ra te  c o u ld  be shown 

to  be a  s u b s t r a t e  f o r  endogenous r e s p i r a t i o n .  Z evenhuizen  

(77) found  a g ly c o g e n - l ik e  s t r u c t u r e  i n  A r th ro b a c te r  w hich was 

u se d  a s  a  s u b s t r a t e  f o r  endogenous r e s p i r a t i o n  and th e r e f o r e  

a  so u rc e  o f  e n e rg y . M ulder and Z evenhu izen  (56) f u r t h e r  e lu ­

c id a te d  t h i s  g ly co g en  compound; how ever, no m en tio n  was made 

o f  l i p i d  s to r a g e  p ro d u c ts .  S to re d  g ly co g en  h as been  shown to



5

se rv e  as a  r e s e r v e  fo o d  so u rc e  i n  A e ro b a c te r  a e ro g e n e s  (69) 

and a ls o  E s c h e r ic h ia  c o l i  (2 1 ) .

I n  m ost b a c t e r i a ,  l i p i d s  a r e  c o n c e n tr a te d  i n  th e  o u te r  

la y e r s  o f  th e  c e l l ,  e s p e c i a l l y  th e  c y to p la sm ic  membrane, 

r a t h e r  th a n  i n  th e  c y to p la sm . L ip id  in c lu s io n s  may be form ed 

i n  some g e n e ra , b u t  membrane l i p i d s  a r e  n o t  u s u a l ly  u se d  as 

energy  s to r a g e .  H un te r and T h i r k e l l  (34) s tu d ie d  th e  e f f e c t  

o f  age on th e  f a t t y  a c id  c o m p o s itio n  o f  membrane l i p i d  f r a c ­

t io n s  from  S a rc in a  f l a v a . They found  a  v a r i a t i o n  w hich  i n ­

d ic a te d  a  h ig h  tu rn o v e r  o f  f a t t y  a c i d s .  A gate and V is h in ia c  

(1) lo o k ed  a t  th e  e f f e c t  o f  th e  s ta g e  o f grow th  on th e  l i p i d s  

o f  T h io b a c i l lu s  n e a p o l i t a n u s . Changes i n  l i p i d  c o m p o s itio n  

d u rin g  g row th  i s  n o t  by any means l im i t e d  to  b a c t e r i a .  

M adariaga , e t  a l .  (48) s tu d ie d  f a t t y  a c id  d i s t r i b u t i o n  and 

c o m p o s itio n  a t  v a r io u s  s ta g e s  i n  th e  developm ent o f  th e  i n ­

s e c t ,  Dacus o l e a e .

The q u e s t io n  o f  th e  a b i l i t y  o f  a r t h r o b a c t e r s  to  m ain ­

t a i n  th e m se lv e s  i n  s o i l  w here o th e r  m ic r o f lo r a  c a n n o t su rv iv e  

h as  y e t  to  be s a t i s f a c t o r i l y  e x p la in e d .  P e rh ap s  th e  a r t h r o ­

b a c te r s  a r e  somewhat r e s i s t a n t  to  s t a r v a t i o n ,  a  c o n d i t io n  

w hich h as  been  s tu d ie d  by E n sig n  (2 8 ) .

I n  th e  p r e s e n t  w ork an  a t te m p t  was made to  d e te rm in e  

some a s p e c t s  o f  endogenous m etab o lism  and th e  r o l e  o f  c e r t a i n  

l i p i d s  a s  a  f u n c t io n  o f  th e  l i f e  c y c le  o f A. c r y s t a l l o p o i e t e s . 

L ip id s  w ere s tu d ie d  n o t  o n ly  from  th e  a s p e c t  o f  endogenous 

r e s p i r a t i o n ,  b u t a l s o  to  g a in  a  b ro a d e r  i n s i g h t  i n t o ,  o r le a d  

to  f u r t h e r  s tu d i e s  on th e  phenomenon o f  m o rp h o g en e s is .
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In  a d d i t io n  to  endogenous m e tab o lism  and l i p i d  com­

p o s i t i o n  s t u d i e s ,  a  m ic ro sc o p ic  s tu d y  o f  th e  o rgan ism  was 

done u s in g  b o th  l i g h t  and e l e c t r o n  m ic ro sc o p y . The f a c t  t h a t  

l i p i d s  a r e  im p o r ta n t  c o n s t i t u e n t s  o f  th e  c e l l  r e g a r d l e s s  o f 

w hat f u n c t io n  th ey  s e rv e  seemed to  j u s t i f y  th e  m ic ro sc o p ic  

e x a m in a tio n . T h in  s e c t io n s  o f  th e  v a r io u s  s ta g e s  o f  g row th  

w ere exam ined w ith  p a r t i c u l a r  em phasis on a re a s  w hich  c o u ld  

be a t t r i b u t e d  to  s to r e d  f a t .  Mesosomes and m esosom al d e v e l ­

opm ent w ere c a r e f u l l y  o b se rv e d , and  t h e i r  r o l e  i n  th e  l i f e  

c y c le ,  e s p e c i a l l y  f r a g m e n ta t io n ,  was s tu d i e d .  The o v e r a l l  

c y to lo g y  o f  A. c r y s t a l l o p o i e t e s  was a l s o  s tu d ie d  w ith  th e  

l i g h t  m ic ro sco p e  to  c o r r e l a t e  changes i n  m e tab o lism  (e s p e ­

c i a l l y  t h a t  r e l a t e d  to  l i p i d s )  to  m o rp h o lo g ic a l ch an g e .

A grow th  s tu d y  i s  r e p o r te d  f o r  c u l t u r a l  m ethods em­

p lo y e d  i n  t h i s  w ork . T h is  com plem ented th e  s tu d y  o f  endog­

enous m e tab o lism  and was n e c e s s a ry  t o  o b ta in  a  b ro a d e r  i n s i g h t  

i n t o  th e  m o rp h o lo g ic a l changes o c c u r r in g  i n  t h i s  m ic ro o rg a n ­

ism .

A r e p o r t  i s  g iv e n  i n  th e  t e x t  w h ich  d e s c r ib e s  th e  r e ­

sp o n se  o f  A. c r y s t a l l o p o i e t e s  to  x - r a y .  T h is  a p p ro a c h  r e ­

v e a le d  in fo rm a tio n  c o n c e rn in g  f r a g m e n ta t io n  and d i v i s io n  o f  

th e  ro d s  i n t o  s m a lle r  u n i t s .



CHAPTER I I  

MATERIALS AMD METHODS

Organism

A r th r o b a c te r  c r y s t a l l o p o i e t e s  ATCC 1$481 c u l tu r e s  

w ere m a in ta in e d  on BBL t r y p to n e  g lu c o s e  y e a s t  e x t r a c t  (TOY) 

a g a r  o r  on 8 .5  g /1  c o n c e n t r a t io n  o f  B acto  p l a t e  co u n t a g a r .

T r a n s f e r s  w ere  made to  s l a n t s  o f  th e s e  m edia a t  48 h r  i n t e r ­

v a l s  and  in c u b a te d  a t  30 C.

F o r a l l  e x p e rim e n ts  w here a com plete  medium was r e ­

q u i r e d ,  TOY o r p l a t e  co u n t b r o th  was u s e d . B ro th  (500 m l) 

was in o c u la te d  from  a  s to c k  c u l t u r e  and in c u b a te d  on a  New 

B runsw ick  m odel VS r o t a r y  s h a k e r  a t  150 rpm f o r  24 h r .  I n ­

o c u la t in g  c u l t u r e s  w ere t r a n s f e r r e d  i n t o  medium o f  th e  same

c o m p o s itio n  to  a  re a d in g  o f  0 .0 4  a b so rb a n c e  a t  485 nm on a  

B ausch and Lomb S p e c tro n ic  2 0 . I n o c u la t in g  c u l t u r e s  w ere a l ­

ways e n t i r e l y  c o c c o id a l  c e l l s .  I n o c u la t in g  c u l t u r e s  a r e  d e ­

f in e d  a s  24 h r  c o c c o id a l  c e l l s  w hich  have  co m p le ted  th e  l i f e  

c y c le  i n  b r o th  and w ere  p re p a re d  s p e c i f i c a l l y  a s  in o cu lu m . 

Inoculum  f o r  d e f in e d  m edia  was h a n d le d  i n  th e  same way.

L if e  c y c le

The l i f e  c y c le  o f  A. c r y s t a l l o p o i e t e s  h as  been

7
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docum ented i n  b o th  com plete  and  d e f in e d  m edia  (2 7 ) ,  h u t  v a r io u s  

w o rk e rs  have m a n ip u la te d  th e  l i f e  c y c le  depend ing  upon  t h e i r  

p a r t i c u l a r  p h ase  o f  w ork . F o r our s tu d y  f i v e  m o rp h o lo g ic a l 

s ta g e s  w ere ch o sen  and d e s ig n a te d  S tag e  I ,  I I ,  I I I ,  IV and V. 

S tag e  I  r e p r e s e n ts  c e l l s  w hich  a re  i n  th e  p ro c e s s  o f  g e rm in a ­

t i o n  and a re  2 -3  h r  o ld  and S ta g e  I I  (5 -6  h r )  a r e  s h o r t  

h y p h a l c e l l s .  S tage  I I I  (11 -12  h r )  a r e  lo n g  h y p h a l c e l l s  

show ing p rim a ry  b ra n c h in g  and th e  b e g in n in g  o f  c e l l  d i v i s i o n .  

Secondary  b ra n c h in g  h as  n o t  b een  o b se rv ed  i n  th e s e  m ic ro o r ­

g an ism s . S tag e  IV (15-16  h r )  i s  th e  p o in t  a t  w hich  frag m en ­

t a t i o n  ( c e l l  d iv i s io n )  i s  a c t i v e l y  ta k in g  p la c e ,  and a t  S tage  

V (2^ h r )  th e  c e l l s  a r e  once a g a in  c o c c o id a l .  The l i f e  c y c le  

i s  d e p ic te d  i n  F ig u re  1 . T hroughout th e  g row th  c y c le  th e  

c u l tu r e  h a s  an  e a r th y  o d o r , and  a lth o u g h  a c a p su le  i s  p r e s e n t  

th ro u g h o u t th e  l i f e  c y c le ,  a f t e r  2k  h r  th e  c a p su le  d e v e lo p s  

to  th e  p o in t  w here i t  p ro d u ce s  a  v e ry  s t i c k y  c o n s is te n c y  in  

th e  c u l t u r e .  T here  i s  a l s o  a  s t ro n g  odor o f  ammonia i n  2k h r  

c u l t u r e s .

Dry w e ig h t v e r s u s  a b so rb a n c e  d e te rm in a t io n s  w ere done 

w ith  c e l l s  w ashed 3 tim e s  i n  b u f f e r  made up to  a  known a b ­

so rb a n c e , and known d i l u t i o n s  made o f  t h i s .  D e te rm in a tio n s  

w ere made e i t h e r  o f  two w ays: (1) by e v a p o ra t io n  o f  a  d i ­

l u t e d  c e l l  su s p e n s io n  o f  known a b so rb an c e  to  d ry n e s s  i n  a l u ­

minum w eigh ing  d is h e s  o r ,  (2) c e l l  s u s p e n s io n s  o f  known a b ­

so rb a n c e  w ere f i l t e r e d  th ro u g h  M il l ip o re  f i l t e r s  (HAWP 02500 

HA 0 J+ 5 p  25  mm) w hich  was th e n  ta k e n  to  d ry n e s s .  I n  b o th



F ig u re  1 . —L ife  c y c le  o f  A. c r y s t a l l o p o i e t e s . 
S ta g es  I-V  r e p r e s e n t  p h a se s  o f grow th  u se d  to  e lu c id a te  
th e  l i f e  c y c le .
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cases evaporation of the water was accomplished by drying 
overnight at 100 C in v a c u o . The cell dry weight was then 
determined.

Microscopic studies
To observe a growing culture, simple stains were made 

using crystal violet and observed with a light microscope. 
Particular stages of growth were determined in this way. 
Throughout the life cycle, photomicrographs were taken to 
record characteristics of the microorganism and also to docu­
ment the various stages of growth. All photomicrographs were 
taken with a Leitz Orthomat camera attached to a Leitz 
Ortholux microscope.

For electron microscope s t u d i e s ,  cells were fixed and 
stained by the method of Lancaster and Skvarla (44). Cells 
at various stages of the life cycle were washed twice in 
pH 7*6 phosphate buffer and then collected on Millipore fil­
ters (0.45w 47 mm) and placed immediately in 2.5^ glutaralde-
hyde diluted with Sorenson's phosphate buffer, pH 7*6. This 
fixation step took 24 hr. The cells were then placed in 
osmium tetroxide (1.0^ in Sorenson's phosphate buffer with 
4.5̂  dextrose) for 3 hr. Dehydration was accomplished in a 
graded series of e th y l  alcohol dilutions and then acetone.
The acetone dehydration was done in test tubes since the fil­
ter was soluble in acetone.

The cells were embedded in Epon Araldite and sectioned 
with a Porter-Blum MT-2 Ultramicrotome with a diamond knife
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and p ic k e d  up on 200-m esh co p p er g r i d s .  The s e c t io n s  w ere 

s t a in e d  w ith  0 .5 ^  u r a n y l  a c e t a t e  f o r  20 m in and th e n  V e n a b le 's  

l e a d  c i t r a t e  f o r  3 -5  m in . The s t a in e d  s e c t io n s  w ere o b se rv ed  

i n  a  P h i l i p 's  EM 200 e l e c t r o n  m ic ro sc o p e .

Media

F o r c e r t a i n  e x p e rim e n ts  c e l l s  w ere n eed ed  i n  l a r g e  

q u a n t i t i e s .  S in ce  th e  l i f e  c y c le  c o u ld  be b e t t e r  c o n t r o l le d  

i n  b r o th ,  inocu lum  was p re p a re d  a s  p r e v io u s ly  d e s c r ib e d ,  and 

th e  b a c t e r i a  grown i n  b r o th  i n  500 ml E rlenm eyer c u l tu r e  

f l a s k s  to  v a r io u s  s ta g e s  on a  r o t a r y  sh a k e r  and th e n  c e n t r i ­

fu g ed  a t  6 ,0 0 0  X g on a S o rv a l l  model GLC-1 c e n t r i f u g e .

These w ere  w ashed tw ic e  i n  0 .2  M p h o sp h a te  b u f f e r ,  pH 7 . 6 , or

0 .2  M t r i s  (hydroxym ethy l-am ino -m ethane  ( T r i s ) - c h lo r id e )  b u f­

f e r ,  pH 7 . 6 . C e l ls  w ere th e n  f r o z e n  i n  10 ml o f  b u f f e r  u n t i l  

n eeded  e x c e p t f o r  en zy m atic  s tu d i e s  w here c e l l s  w ere u sed  

d i r e c t l y .

The c o m p o s itio n  o f  d e f in e d  m edia u se d  i n  g row th  and 

m anom etric  s tu d i e s  i s  g iv e n  i n  T ab le  I .  E i th e r  g lu c o s e  w ith  

m in im al s a l t s  (GMS) o r s u c c in a te  w ith  m in im al s a l t s  (SMS) was 

u se d  w ith  g lu c o s e  and s u c c in a te  s e rv in g  as  c a rb o n  s o u rc e s .  

S u c c in a te  a l s o  s e rv e d  a s  an  in d u c e r  o f m o rp h o g e n e s is . Am­

monium s u l f a t e ,  m agnesium  s u l f a t e  and b u f f e r  w ere  m ixed and 

s to r e d  i n  15 1 c a rb o y s . C arbon so u rc e  and t r a c e  s a l t s  w ere 

added as m edia w ere  n e ed e d , and  i n  t h i s  m anner p r e c i p i t a t i o n  

o f  m agnesium  as th e  in s o lu b le  p h o sp h a te  was m in im ized . The 

co m p le te  medium was th e n  f i l t e r  s t e r i l i z e d  th ro u g h  M il l ip o re
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TABLE I

COMPOSITION OF DEFINED MEDIUM (v /v )

1. T race  s a l t s  s o lu t io n  

CaCl2*2H20—0.2 ^

MhS0^.H20 —0 .1 ^

F e80^ '7H 20--0 .0$#

2 . G lucose (20^ s o lu t io n )  0 .5 ^

S u c c in a te  (10^ s o lu t io n )  0 .5 ^

3- (N%)280|+ 0 . 1 #

k.  MgSO  ̂ 0 . 05#

5. KPO^ b u f f e r  (pH 7 .0 ,  0.03M)



1»+

membrane f i l t e r s  (0.^-5» ^7 nm ). F iv e  hundred  ml o f t h i s  

medium was d isp e n se d  i n to  2 1 E rlenm eyer c u l tu r e  f l a s k s  and 

in o c u la te d  i n  th e  same m anner a s  TGY.

The s u c c in a te  was p re p a re d  i n  th e  fo llo w in g  m anner.

A 10^ s o l u t io n  o f  s u c c in ic  a c id  i n  w a te r  was p re p a re d  and 

s in c e  c r y s t a l l i n e  s u c c in ic  a c id  i s  o n ly  s l i g h t l y  s o lu b le  i n  

w a te r ,  c o n c e n tra te d  ammonium h y d ro x id e  was added d ropw ise  u n ­

t i l  th e  pH o f  th e  s o l u t io n  re a c h e d  7*0* At t h i s  p o in t  a l l  

th e  s u c c in ic  a c id  was i n  s o l u t io n .  The a d d i t i o n a l  n i t r o g e n  

from  ammonia had  no d e te c ta b le  e f f e c t  on th e  l i f e  c y c le .

C e ll  en u m era tio n

D uring  c e r t a i n  p h a ses  o f  t h i s  w ork, i t  was n e c e s s a ry  

to  d e te rm in e  num bers o f  b a c t e r i a  p r e s e n t  i n  a s u s p e n s io n . 

D i lu t io n  p l a t i n g  on sp re a d  p l a t e s  was th e  m ethod chosen  f o r  

th e  e n u m e ra tio n  o f c e l l s .  C e lls  w ere d i l u t e d  u s in g  b u f f e r  as 

b la n k s  and p la t e d  on TGY a g a r  and w ere c o u n ted  a t  th e  end o f 

2 .5  days in c u b a t io n .  T r i p l i c a t e  p l a t e s  showed good agreem ent 

a t  each  s ta g e  o f th e  l i f e  c y c le .  F or co m p ariso n , d i r e c t  m i­

c ro s c o p ic  c o u n ts  w ere made u s in g  a P e t r o f f -H a u sse r c o u n tin g  

cham ber w hich  showed v e ry  good ag reem en t w ith  th e  p l a t e  

c o u n ts .  M ic ro sco p ic  c o u n ts  showed m inim al c lum ping ; t h e r e f o r e ,  

i t  was n o t  c o n s id e re d  a  f a c t o r  i n  p l a t e  c o u n t r e s u l t s .

X -ray  s tu d i e s

S tu d ie s  u s in g  x - r a y  w ere co n d u c ted  u s in g  a 250 m ax i­

mum KV u n i t  w ith  up to  15 MA. C e lls  to  be i r r a d i a t e d  w ere
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p la c e d  i n  a g l a s s  v e s s e l  w i th  a g i t a t i o n ,  and d e p th  o f  th e  c e l l  

s u s p e n s io n  k e p t  a t  a minimum so t h a t  a l l  c e l l s  had an  e q u a l  

chance to  r e c e i v e  an i d e n t i c a l  d o se .  For m ost s t u d i e s  th e  

c e l l s  were p la c e d  a t  a  d i s t a n c e  o f  5*5 to  6 .0  cm from th e  

window o f  th e  x - r a y  u n i t  i n  o rd e r  t o  o b t a i n  th e  s p e c i f i e d  

d o se .  D osim etry  was m easured  w i th  a V ic to re e n  ro e n tg e n  r a t e  

m e te r .

Enzyme s t u d i e s

G lu c o se -6 -p h o sp h a te  dehydrogenase  (EC 1 .1 .1 .4 9 )  was d e ­

te rm in e d  by m easuring  th e  r e d u c t i o n  o f  NADP by g lu c o s e - 6 -  

p h o sp h a te  a t  3^0 nm (42) and th e  m a l ic  enzyme (EC 1 .1 .1 .4 0 )  

a c t i v i t y  was d e te rm in e d  by m easu ring  th e  r e d u c t i o n  o f  NADP by 

m a la te  a t  340 nm ( 57 )* Enzyme a ssa y s  were m easured  on a 

G i l f o r d  model 2000 r e c o r d in g  s p e c t ro p h o to m e te r  a t  25 C.

C e l l  l y s i s

C e l l s  were grown to  th e  a p p r o p r i a t e  s t a g e ,  c o l l e c t e d ,  

and d i l u t e d  w i th  0 .1  M T r i s  b u f f e r ,  pH 7*6. C e l l  w a l l s  were 

d i g e s t e d  w i th  lysozyme (EC 3 .2 . 1 .1 7 )  a t  a  c o n c e n t r a t i o n  of 

200 At g p e r  ml f o r  su s p e n s io n s  c o n ta in in g  30 mg w et w e ig h t  

b a c t e r i a  p e r  m l. T h is  was in c u b a te d  i n  a  37 0 w a te r  b a th  f o r  

45  min t o  e f f e c t  com plete  l y s i s .  At t h i s  p o i n t ,  th e  m ix tu re  

was v e ry  v i s c o u s ,  and m ic ro s c o p ic  e x a m in a t io n  r e v e a l e d  g r e a t e r  

th a n  98^  l y s i s  o f  c e l l s .  The l y s a t e  was c e n t r i f u g e d  i n  a 

S o r v a l l  RC2-B Superspeed  r e f r i g e r a t e d  c e n t r i f u g e  a t  2 ,0 0 0  x g 

f o r  5 min to  remove c e l l s  t h a t  had  n o t  been  ly s e d .
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D e o x y r ib o n u c lea se  (EC 3.1  A . 5) was added to  th e  t h i c k ,  

g e l - l i k e  l y s a t e  (30 wg/ml) to  re d u c e  th e  v i s c o s i t y .  T r e a t ­

ment was e f f e c t e d  f o r  30 min a t  37 0 and r e s u l t e d  i n  a marked 

r e d u c t io n  i n  v i s c o s i t y .  The membranes were th e n  d e p o s i t e d  by 

c e n t r i f u g a t i o n  a t  20 ,000  x  g i n  a r e f r i g e r a t e d  c e n t r i f u g e  a t  

4- 0 ,  s e p a r a t e d  from th e  l y s a t e ,  and b o th  u se d  f o r  l i p i d  d e ­

t e r m in a t io n .  L ip id s  w ere ta k e n  from  c e l l  sap by e x t r a c t i o n  

w i th  p e tro le u m  e t h e r  i n  a  s e p a r a t o r y  f u n n e l  and th e n  t r e a t e d  

as  d e s c r ib e d  p r e v i o u s l y .

T h in - l a y e r  and gas ch rom atography

S e p a ra t io n  o f  l i p i d  c l a s s e s  on p l a t e s  co v ered  w i th  

s i l i c i c  a c i d  was acco m p lish ed  by v i r t u e  o f  t h e i r  d i f f e r e n c e s  

i n  p o l a r i t y  w hich  depends p r i m a r i l y  on t h e  ty p e  and number of 

f u n c t i o n a l  g roups i n  th e  m o le c u le s .  S e p a ra t io n  o f  th e  su b ­

s t a n c e s  and th e  r e p r o d u c i b i l i t y  o f  th e  r e s u l t s  depended upon 

th e  d e g re e  o f  s a t u r a t i o n  o f  th e  cham ber. B e s t  r e s u l t s  were 

o b ta in e d  when po rous  p a p e r  b oa rd  was p la c e d  i n  th e  chamber and 

th e  b o a rd  and chamber s u p e r s a t u r a t e d .  TLC p l a t e s  were s p o t t e d  

i n  d i f f e r e n t  c o n c e n t r a t i o n s  (10-60 a *1) u s in g  n l  p i p e t t e s  and a 

R e se a rc h  S p e c i a l t i e s  model 1260 sam ple a p p l i c a t o r .  F o r p r e ­

p a r a t i v e  p l a t e s  as much as  2 .0  mg o f  c ru d e  l i p i d  were s p o t t e d .  

T h in - l a y e r  chromatograms w ere d ev e lo p ed  i n  s o l v e n t ,  removed 

from th e  ch ro m a to g ra p h ic  ta n k s  and a i r  d r i e d  f o r  30 min a t  

room te m p e r a tu re .

F a t t y  a c id s  w ere a n a ly z e d  i n  a gas ch rom atograph  as  

m eth y l e s t e r s  w i th  m eth y l e s t e r s  o f  s t a n d a r d s  and unknown
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f a t t y  a c id s  p r e p a r e d  by t h e  method o f  M e tc a lfe  and Schm itz 

(5 2 ) .  The f r e e  f a t t y  a c id  i s  n o t  r e q u i r e d  f o r  e s t é r i f i c a t i o n  

t o  t a k e  p l a c e  s in c e  th e  m e th y la t in g  a g e n t  w i l l  r e a c t  d i r e c t l y  

w i th  m ost complex l i p i d s ,  b u t  l i p i d s  w ere s u b j e c t e d  t o  p r e ­

l im i n a r y  s a p o n i f i c a t i o n  i n  some c a s e s  to  f r e e  a l l  f a t t y  a c i d s .  

E s t é r i f i c a t i o n  was a cc o m p lish e d  by h e a t in g  th e  a c i d s  i n  a 

bo ro n  t r i f l u o r i d e - m e t h a n o l  r e a g e n t  on a s team  b a th  fo l lo w e d  

by e x t r a c t i o n  w i th  p e t ro le u m  e t h e r .  The e x t r a c t  was concen ­

t r a t e d  by e v a p o r a t io n  a t  60 C i n  a r o t a r y  f i l m  e v a p o r a t o r .

The r e s i d u e  was t a k e n  up i n  n -h ex a n e  and 1 p i  o f  t h i s  

i n j e c t e d  i n t o  a P ack a rd  model 4-09 g as  ch ro m a to g rap h . A 

H am ilto n  10 m i c r o l i t e r  s y r in g e  was u s e d  f o r  i n j e c t i o n .  The 

gas  ch rom atog raph  was eq u ipped  w i th  f lam e  i o n i z a t i o n  d e t e c t o r s  

and e i t h e r  g l a s s  (0 .2  mm i n s i d e  d ia m e te r  by 6 f t  l e n g t h )  o r 

s t a i n l e s s  s t e e l  (0 .1 5  mm i n s i d e  d ia m e te r  by 6 f t  l e n g t h )  

columns w ere u s e d .  G la ss  columns w ere packed  w i th  Chromosorb 

W 80 /1 00  mesh (AW-DMCS) c o a te d  w i th  10^ DEGS (S u p e lc o ,  I n c . ) ,  

and s t a i n l e s s  s t e e l  columns w ere  packed  w i t h  Chromosorb W 

100/120 mesh (AW-DMCS) c o a te d  w i th  10^ SP-1000 (S u p e lc o ,  I n c . )

The in s t r u m e n t  was o p e r a te d  i s o t h e r m a l l y  a t  190 C i n  

m ost i n s t a n c e s ,  b u t  t o  s e p a r a t e  low m o le c u la r  w e ig h t  f a t t y  

a c i d s ,  150 C was o c c a s i o n a l l y  u s e d .  V o l a t i l i z a t i o n  l o s s  o f  

s h o r t  c h a in  f a t t y  a c id s  m eth y l e s t e r s  may have  o c c u r r e d .  The 

t e m p e ra tu re  was programmed i n  some c a s e s  f o r  a  l i n e a r  i n c r e a s e  

o f  20 C p e r  m in u te  from  100 to  190 C. The d e t e c t o r  te m p e ra ­

t u r e  was 260 C; th e  i n j e c t o r  te m p e ra tu re  was 2 /0  C; th e
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e l e c t r o m e t e r  a t t e n u a t i o n  v a r i e d  depend ing  upon th e  c o n c e n t r a ­

t i o n  o f  l i p i d s  i n  th e  sam p le s .  N i t ro g e n  was u se d  as  th e  c a r ­

r i e r  gas  a t  a  f lo w  r a t e  o f  50 cc p e r  m in u te .  A r e c o r d e r  i n p u t  

s i g n a l  o f  1 mV was u se d  w i th  a c h a r t  speed  o f  1 in c h  p e r  m in . 

T e n ta t i v e  i d e n t i f i c a t i o n  was made by comparing r e t e n t i o n  t im es  

o f  unknown compounds w i th  th o se  o f  known s t a n d a r d s .  -

T echn iques

P r o t e i n  was d e te rm in e d  by th e  method o f  Lowry e t  a l .  

(46) u s in g  bo v ine  serum a lbum in  a s  s t a n d a r d ,  and m anom etric  

s t u d i e s  w ere d e te rm in e d  u s in g  th e  m anom etric  t e c h n iq u e s  o f  

U m breit e t  a l .  (7 0 ) .  B u f f e r s  were p re p a re d  a c c o rd in g  to  need  

u s in g  d i f f e r e n t  fo rm u la e  ( 18 , 3 3 ) «

P r o t e i n  was d e t e c t e d  on t h i n - l a y e r  chrom atogram s w i th

0 .2 #  n i n h y d r in  i n  n - b u t a n o l  and by th e  method o f  S te in -M oore  

(5 4 ) .  P h o s p h o l ip id s  were d e t e c t e d  on t h i n - l a y e r  ch rom ato ­

grams w i th  molybdenum s p ra y  by th e  method o f  D i t tm e r  and 

L e s te r  (2 2 ) ,  and a lp h a  g ly c o l s  w ere  d e t e c t e d  by th e  p e r i o d a t e -  

S c h i f f  r e a g e n t s  o f  Shaw (6 4 ) .

C hem icals  and enzymes

S ta n d a ry  m e th y l  e s t e r  f a t t y  a c id s  were o b ta in e d  from 

A p p lied  S c ien ce  L abs, I n c .  DPNH u se d  f o r  enzyme s t u d i e s  and 

lysozym e f o r  membrane e x t r a c t i o n s  w ere o b ta in e d  from  Sigma. 

DNase was o b ta in e d  from  W o rth in g to n  B iochem ica l  Corp.



CHAPTER I I I  

RESULTS

Since  a c e t a t e  i s  a  p r e c u r s o r  o f  l i p i d s ,  v a r io u s  con­

c e n t r a t i o n s  o f  a c e t a t e  were added to  complex grow th  m edia to  

d e te rm in e  i f  th e  p re s e n c e  o f  a c e t a t e  would prom ote fo rm a t io n  

o f  f a t  b o d ie s .  No d i f f e r e n c e  was n o te d ,  n o r  d id  i t  a f f e c t  th e  

l i f e  c y c le  to  any s i g n i f i c a n t  d e g re e .  E xcess g lu c o se  was 

added to  TOY m edia  f o r  th e  same p u rp o s e ,  b u t  no in c r e a s e  i n  

s u d a n o p h i l i c  i n c l u s i o n s  was n o te d  i n  e i t h e r  medium. However, 

w i th  e x c e ss  g lu c o s e ,  h y p h a l  grow th  was d e la y e d  w i th  a c o n c u r­

r e n t  i n c r e a s e  i n  a b so rb an ce  w hich i n d i c a t e d  i n c r e a s e  i n  num­

b e rs  o f  c o c c o id a l  c e l l s .  E n s ig n  and Wolfe ( 2 / )  have shown 

t h a t  a  d e f in e d  medium w i th  g lu c o s e  as  th e  o n ly  ca rbon  sou rce  

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

c i n a t e  w i l l  t r i g g e r  th e  m orpho gene tic  c y c le  i n  A r t h r o b a c t e r . 

R e c e n t ly ,  Luscombe and Gray (4?) d e c l a r e d  t h a t  morphology of 

an  A r th r o b a c t e r  i s o l a t e  i s  r e l a t e d  t o  s p e c i f i c  grow th r a t e ,  

and t h a t  th e  change from  c o c c i  to  ro d s  does n o t  r e q u i r e  a s p e ­

c i f i c  in d u c e r .  However, m orphogenesis  can  be t r i g g e r e d  i n  

o th e r  m ic ro o rg an ism s  s im ply  by t h e  a d d i t i o n  o f  one o r  more

19
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s u b s t r a t e s .  For exam ple, D iv o rd in  and S a d le r  (25) showed t h a t  

m orphogenesis  i n  Myxococcus x a n th u s  c o u ld  be in d u ced  by th e  

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

I . C y to lo g ic a l  S tudy

The problem  o f  s u b s t r a t e s  f o r  endogenous m e tab o lism  i n  

A. c r y s t a l l o D o i e t e s  was s tu d i e d  f i r s t  by c o n s id e r in g  m orph o l­

ogy o f  th e  m ic ro o rg an ism  by means o f  d i f f e r e n t i a l  s t a i n i n g  

t e c h n iq u e s .  P ho tom icrog raphs  were ta k e n  o f  c e l l s  s t a i n e d  w i th  

B u rd e n 's  f a t  s t a i n  (16) i n  o rd e r  to  show f a t  b o d ie s ,  i f  p r e s ­

e n t .  F ig u re  2 shows f a t  s t a i n s  o f  t h i s  m ic ro o rg an ism  p r i o r  

to  c r o s s - w a l l  f o rm a t io n .  F e rd in an d u s  (29) r e p o r t e d  i n c r e a s e s  

i n  s t a i n a b l e  f a t  m a t e r i a l  p r i o r  t o  f r a g m e n ta t io n  i n  A. 

c r y s t a l l o p o i e t e s  and e v i d e n t l y  th e  d a rk e r  a r e a s  i n  F ig u re  2 

a re  th e  a r e a s  he c o n s id e r e d .  E x c e ss iy e  b ra n c h in g  i s  s e e n  a t  

t h i s  s t a g e ,  and t h e r e f o r e  t h i s  i s  th e  p o i n t  a t  w hich  c o n s i d e r ­

a b le  energy  i s  needed  by th e  m ic ro o rg an ism  f o r  f r a g m e n ta t i o n .  

C la rk  and A ld r id g e  (14J r e p o r t e d  th e  a p p ea ra n c e  o f  f a t  

i n c l u s i o n s  i n  N. c o r a l l i n a . a  m ic ro o rg an ism  t h a t  u n d e rg o e s  

m orphogenesis  much l i k e  t h a t  o f  A r t h r o b a c t e r . I t  m ust be k e p t  

i n  mind, how ever, t h a t  m ic ro s c o p ic  o b s e r v a t io n s  l i k e  th o s e  r e ­

p o r t e d  h e re  a r e  n o t  based  on p r e c i s e  c y to c h e m is t r y .

I n  o r d e r  t o  e l u c i d a t e  f u r t h e r  th e  m orphology o f  th e  

m ic ro o rg an ism , c a p s u le  s t a i n s  w ere  p r e p a re d  by th e  method of 

Anthony (1 6 ) .  A r th r o b a c t e r  h a s  a  c a p s u le  th ro u g h o u t  th e  l i f e  

c y c l e ,  b u t  a f t e r  2k h r  i n c u b a t i o n  a  v e ry  p ro m in e n t  c a p s u le  i s  

form ed around  th e  c o c c o id a l  c e l l s ,  and th e  e n t i r e  c u l t u r e



F ig u re  2 . —L ip id  s t a i n s  o f  A. c r y s t a l l o p o i e t e s . 
L ip o p h i l i c  a r e a s  a r e  d a r k l y  s t a i n e d .  Note e x c e s s iv e  b ra n c h in g  
( a r ro w s ) ,  x  5 ,0 0 0 .
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t a k e s  on a  s l im y  c o n s i s t e n c y .  P ho tom icrog raph s  o f c a p su le  

s t a i n s  o f  S tage  I I I  c e l l s  a r e  shown i n  F ig u re  4-. A m e ta c h ro -  

m a t ic  g r a n u le  s t a i n  was p r e p a r e d  by th e  method o f  L ju b in sk y  

and a l s o  w i th  m eth y len e  b lu e  (1 6 ) ,  and i t  was d e te rm in e d  t h a t  

th e  i n c l u s i o n s  w ere  n o t  m e tac h ro m a tic  g r a n u l e s .

N u c lea r  s t a i n s  o f  A. c r v s t a l l o p o i e t e s  were p r e p a re d  

by th e  m ethod o f  Chance (1 1 ) ,  and were done t o  w a tch  th e  d e ­

ve lopm en t o f  n u c l e i  p r i o r  t o  c r o s s - w a l l  f o rm a t io n  and fragm en­

t a t i o n .  F ig u re  3 shows n u c l e a r  s t a i n s  o f  th e  f i r s t  3 s t a g e s  

i n  th e  l i f e  c y c l e .  The c e l l s  go from  a coccus w i th  a  s i n g l e  

n u c le u s  t o  a ro d -s h a p e d  m ic ro o rg an ism  w i th  from 2-8  n u c l e i  

p e r  c e l l  j u s t  p r i o r  t o  f r a g m e n ta t io n .

I I .  U l t r a s t r u e t u r e  S tudy

C e l l s  r e p r e s e n t i n g  th e  v a r io u s  s t a g e s  o f  th e  grow th 

c y c le  w ere  f i x e d  and s t a i n e d ,  s e c t i o n e d  and examined by e l e c ­

t r o n  m ic ro sc o p y .  There  h as  been  no r e p o r t  on th e  i n t e r n a l  

o r g a n i z a t i o n  o f  A. c r v s t a l l o p o i e t e s . b u t  S tevenson  (6 7 ) s t u d ­

i e d  th e  f i n e  s t r u c t u r e  o f  A. p a s c e n s . Few a t te m p ts  have  been  

made t o  s tu d y  m o rp hogenesis  by s tu d y in g  developm ent o f  t h i s  

m ic ro o rg an ism  w i th  t h i n  s e c t i o n s .  T h is  was done to  show f i n e  

s t r u c t u r e s  w hich m ig h t be i m p l i c a te d  i n  th e  m orpho gene tic  

p r o c e s s .

S tage  I  c e l l s  d e m o n s tra te  c o c c o id a l  e n la rg em en t  as 

s e e n  i n  F ig u re s  ^  and 5* I n t e r n a l  s t r u c t u r e s  a r e  se e n  i n  th e  

form  o f  d e v e lo p in g  mesosomes. F ig u r e s  6 and 7 show S tag e  I I  

c e l l s  w hich  a r e  e lo n g a te d  w i th  th e  ro d  s t a g e  e v id e n t .  T h is  i s



F ig u re  3 . —N u c lea r  s t a i n s  and a l s o  a  c a p s u le  s t a i n  o f 
A. c r v s t a l l o p o i e t e s . D arker  a r e a s  a r e  th e  n u c l e a r  r e g io n s  
TN). (C) c a p s u le  i s  l a b e l l e d ,  x  5 ,0 0 0 .
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th e  o n ly  s t a g e  w here a r e a s  were se e n  on th e  p h o to m ic ro g rap h s  

o f  t h i n  s e c t i o n s  t h a t  co u ld  a c t u a l l y  be a t t r i b u t e d  to  l i p i d s .  

S tage  I I I  and S tage  IV c e l l s  a r e  shown i n  F ig u r e s  8 -1 9 .  At 

th e s e  s t a g e s  b ra n c h in g  i s  s e e n  and i s  s p e c i f i c a l l y  shown i n  

F ig u re s  16 and 17. There i s  c o n s id e r a b le  v a r i a t i o n  i n  th e  

morphology o f  ro d s  w hich  i s  a l s o  se e n  i n  th e  f a t  s t a i n s  o f  

F ig u re  2 .  F ig u re s  18 and 19 show S tage  V c e l l s  t o  be c o c ­

c o id a l  once a g a in .

Mesosomes ap p ea r  as  e a r l y  as  S tage  I  and a r e  c o n v o lu te d  

and t u b u la r  i n  n a t u r e .  The c e l l  w a l l  i s  a l s o  a  d i s c r e t e  en ­

t i t y  w i th  a  p lasm a membrane i n  c lo s e  p r o x im i ty .  The cy to p lasm  

a p p ea rs  as  a dense  p a r t i c u l a t e  r e g i o n .

The mesosomes c o n t in u e  to  o ccu r  more f r e q u e n t l y  as  th e  

c e l l s  b e g in  e lo n g a t i o n ,  and a t  S tage  I I I  th e y  a r e  p ro m in en t 

s t r u c t u r e s .  At S tage  I I I  and IV th e  b e g in n in g  o f  c ro s s  s e p t a  

a r e  se e n  i n d i c a t i n g  t h a t  A. c r v s t a l l o p o i e t e s  d i v id e s  th ro u g h  

c e n t r i p e t a l  g row th  o f  c r o s s - w a l l s .  These can  be s e e n  i n  v a r io u s  

s t a g e s  o f  c o m p le t io n  i n  F ig u re s  10 and 11. The a c t i v e l y  d i v i d ­

in g  c e l l s  o c c a s i o n a l l y  show a  second  o r  t h i r d  s e p t a  b e fo r e  th e  

f i r s t  d i v i s i o n  i s  co m p le te .

I n  s t a t i o n a r y  c e l l s  (F ig u re s  l 8 and 1 9 ) ,  t h e r e  a r e  few 

mesosomes p r e s e n t ,  and when s e e n ,  a r e  o n ly  ru d im e n ta ry  mem­

branous s t r u c t u r e s .  Upon i n o c u l a t i o n  i n t o  f r e s h  m edia  th e y  

become more numerous and d i f f e r e n t i a t e  i n t o  w e l l - d e f i n e d ,  o r ­

g a n iz e d  s t r u c t u r e s .  During S ta g e s  I I I  and IV th e s e  mesosomes 

seem to  be c l o s e l y  a s s o c i a t e d  w i th  a r e a s  o f  new c e l l  w a l l



F ig u re  k . — S tage  I  c e l l .  D evelop ing  mesosomes (M) 
a r e  s e e n .  The c y to p la sm  a p p e a rs  a s  a  d e n s e ly  s t a i n e d  a re a .  
X 9 5 ,5 0 0 .

F ig u re  5*— S tage  I  c e l l .  D eve lop ing  mesosomes (M) 
a r e  e v i d e n t ,  x  8 7 , 0 0 0 .
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F ig u re  6 . — Stage  I I  c e l l .  L ip id  (L) makes up a l a r g e  
p e rc e n ta g e  o f  th e  i n c l u s i o n s  a t  t h i s  s t a g e ,  x  9 5 , 500 .

F ig u re  7*— Stage  I I  c e l l .  The c e l l  w a l l  (CW) and 
p lasm a membrane (PM) a r e  shown i n  t h i s  f i g u r e .  L ip id  (L) i s  
a l s o  p r e s e n t ,  x  8 8 , 2 0 0 .
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F ig u re  8 . — Stage I I I  c e l l .  E lo n g a t io n  and d i v i s i o n  o f  
th e  c e l l  have  begun, x ^1 , 0 0 0 .

F ig u re  9*— Stage  111 c e l l .  Numerous mesosomes (M) 
a r e  seen  a s  th e  e lo n g a te d  c e l l  b e g in s  to  d i v i d e .  As many as  
5 c e l l s  may r e s u l t  from th e  d i v i s i o n  o f  t h i s  c e l l  a s  d e te rm in e d  
by th e  s e p t a  (S) b e ing  fo rm ed , x  50,H-00.





F ig u re  1 0 . — S tage  IV c e l l .  These a re  long  h y p h a l  
c e l l s  t h a t  have begun to  f r a g m e n t .  Numerous mesosomes (M) 
a r e  s e e n ,  and i n v a g i n a t i o n s  have  begun a t  s e v e r a l  p o i n t s  as 
e v id e n c e d  by s e p t a  (S ) .  x  1 2 9 ,0 0 0 .

F ig u re  1 1 . — S tage  IV c e l l  showing th e  e x t e n t  o f  e lo n ­
g a t i o n .  F ra g m e n ta t io n  i s  e v i d e n t .  A n u c l e a r  r e g io n  (N) i s  
l a b e l l e d ,  x 2 7 , 0 0 0 .





F ig u re  1 2 .— Stage IV c e l l .  The œesosome (M) i s  
c l o s e l y  a s s o c i a t e d  w i th  th e  septum (S ) .  x 9 7 ,0 0 0 .

F ig u re  13 . — s ta g e  IV c e l l .  The c e l l  w a l l  (CW) and 
p lasm a membrane (PM) a re  c l e a r l y  d e f in e d .  A mesosome (M) 
a p p e a rs  n e a r  th e  a r e a  o f  septum f o rm a t io n .
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F ig u r e  14-.— S tag e  IV c e l l .  C e l l  d i v i s i o n  i n  th e  f i n a l  
s t a g e s .  The " b u r r "  (B) i s  s e e n  a s  sn ap p in g  d i v i s i o n  p r o ­
g r e s s e s .  X 7 7 ,9 1 0 .

F ig u r e  15*— S tag e  IV c e l l .  I n v a g i n a t i o n  and f o r m a t io n  
o f  th e  c r o s s - w a l l  i n  c e l l  d i v i s i o n ,  x  7 3 , 500 .
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F ig u re  1 6 . — S tag e  IV c e l l  showing p r im a ry  b ran c h in g  
(arrow ) a s  w e l l  as  f r a g m e n ta t io n ,  x  19 , 0 0 0 .

(a rrow ) ^ ^ x ^ î l  500— c e l l  showing p r im a ry  b ran c h in g
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F ig u re  1 8 .— S tag e  V c e l l .  At t h i s  s t a g e  th e  m ic ro ­
o rgan ism  h as  com pleted  th e  l i f e  c y c le  and i s  once a g a in  co c -  
c o i d a l .  X 73?500.

F ig u re  1 9 - — S tage  V c e l l .  No mesomal s t r u c t u r e s  a r e  
obv ious a t  t h i s  s t a g e ,  b u t  a  w e l l  d e f in e d  n u c l e a r  r e g io n  (N) 
i s  se en  a s  w e l l  as a  d i f f e r e n t i a l  betw een th e  c e l l  w a l l  (CW) 
and p lasm a membrane (PM), x  7 3 ,5 0 0 .
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s y n t h e s i s .  I t  h a s  been  s u g g e s te d  t h a t  i n  some m icroo rgan ism s 

th e  m atu re  mesosomes have  a r o l e  i n  c r o s s - w a l l  fo rm a t io n  as 

w e l l  a s  r e g u l a t o r y  f u n c t i o n s  i n  th e  c e l l .  The a c t u a l  r o l e s  

th e  mesosome p l a y s  i s  s t i l l  u n r e s o lv e d ,  b u t  due to  i t s  a s s o ­

c i a t i o n  w i th  a r e a s  o f  c r o s s - w a l l  f o r m a t io n ,  i t  seems p l a u s i b l e  

t o  a s s i g n  t o  i t  a  r o l e  i n  c r o s s - w a l l  f o r m a t io n .

Mesosomes have  been  the" t o p ic  o f  s tu d y  i n  o t h e r  m ic ro ­

o rg an ism s  such  a s  Chondrococcus co lum nar i s  (59)* Here th e  

mesosomes a p p e a re d  a s  h i g h ly  o rg a n iz e d  s t r u c t u r e s  p rod uced  by 

th e  i n v a g i n a t i o n  and p r o l i f e r a t i o n  o f  th e  p lasm a membrane. 

T here  i s  no r e a s o n  to  b e l i e v e  t h a t  A r th r o b a c t e r  v a r i e s  from 

t h i s  m odel.

Snapping d i v i s i o n  i s  s e e n  a t  S tage  IV and a p p e a rs  as 

a  V -shaped a p p o s i t i o n  t h a t  o c c u rs  when d iv id in g  c e l l s  rem a in  

a t t a c h e d  on ly  by th e  newly form ed sep tum . T h is  p ro c e s s  i s  

s e e n  i n  F ig u re  14. A " b u r r "  i s  s e e n  w hich  r e p r e s e n t s  a r e a s  

where th e  o u te r  c e l l  w a l l  h a s  b ro k en  a p a r t .  K u rlw ich  and P a te  

( 4 l )  have  i n v e s t i g a t e d  th e  u l t r a s t r u c t u r e  o f  d iv id in g  ro d s  and 

t h e i r  s tu d y  r e v e a l e d  two l a y e r s  w i th  s e p a r a t i o n  o f  th e  o u te r  

l a y e r  b e in g  r e s p o n s i b l e  f o r  th e  b u r r .

I t  can  be se e n  from  a s tu d y  o f  p h o to m ic ro g ra p h s  t h a t  

a t  o n ly  one s t a g e  o f  th e  l i f e  c y c le  (S ta g e  I I )  d id  a r e a s  a p ­

p e a r  t h a t  c o u ld  d e f i n i t e l y  be c a l l e d  l i p i d  d e p o s i t s .  They 

a p p e a r  a s  l i g h t  a r e a s  i n  a  d e n s e ly  s t a i n e d  c y to p la sm , and a t  

s u b s e q u e n t  s t a g e s  no l i p i d  d e p o s i t s  p e r  se  w ere d e t e c t e d .  

Mesosomes a r e  so num erous a t  c e r t a i n  s t a g e s  o f  th e  g row th
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c y c le  t h a t  th e y  m igh t p o s s i b l y  a p p ea r  t o  be i n c l u s i o n s  und er  

th e  l i g h t  m ic ro sco p e  when th e  c e l l s  have  been  t r e a t e d  w i th  

l i p o p h i l i c  dyes s in c e  membranes have lon g  b een  known to  be 

p a r t i a l l y  composed o f  l i p i d s .  I n  many c a s e s  w ha t a p p ea r  to  

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

s t a n c e s  co v ered  w i th  a  t h i n  v e n e e r  o f  l i p i d ,  and i t  i s  t h i s  

l i p i d  v e n e e r  t h a t  i s  s t a i n e d  w i t h  l i p o p h i l i c  dyes (4 3 ) .  P e r ­

haps  t h e  l i p i d  s t a i n s  w hich have  been  done on A. c r v s t a l -  

l o p o i e t e s . p a r t i c u l a r l y  S ta g es  I I I  and IV, s t a i n  th e  l i p i d -  

r i c h  mesosomes and cau se  th e s e  to  a p p e a r  a s  l a r g e  f a t  accumu­

l a t i o n s  .

I I I .  R a d ia t io n  S tu d ie s

R a d ia t io n  s t u d i e s  w ere  done on A. c r y s t a l l o p o i e t e s  to  

d e te rm in e  v i a b i l i t y  o f  th e  m ic ro o rg an ism  when exposed  to  

x - r a y .  F ig u re  20 shows th e  r e s u l t  o f  i n c r e a s i n g  dose upon 

c e l l s  w hich  had  j u s t  begun e lo n g a t i o n .  A 99^ i n a c t i v a t i o n  was 

o b ta in e d  by a  dose  o f  27 ,5 00  r ,  and th e  c u rv e  i s  n o t  a  t y p i c a l  

i n a c t i v a t i o n  cu rv e  e x p e c te d  f o r  s i n g l e  c e l l  m ic ro o rg an ism s  or 

m ic ro o rg an ism s  w i th  a  s i n g l e  n u c l e u s ,  b u t  on th e  c o n t r a r y ,  i t  

i s  th e  ty p e  c u rv e  e x p e c te d  o f  c e l l s  w i th  more th a n  one n u c le u s .  

Webb (74) found  t h i s  a l s o  to  be th e  c a se  f o r  W. c o r a l l i n a .

C e l l s  a t  v a r i o u s  s t a g e s  w ere  exposed  t o  x - r a y  a t  

200 KV, 15 MA and  a  dose  r a t e  o f  500 r  p e r  m in . Each s t a g e  

was exposed  f o r  30 min f o r  a  t o t a l  o f  15 ,000  r  and were com­

p a re d  t o  an  u n i r r a d i a t e d  c o n t r o l .  These r e s u l t s  e x p re s s e d  as 

p e r c e n t  s u r v iv o r s  a r e  g iv e n  i n  F ig u re  21 . S tag e  I  c e l l s  were



F ig u re  2 0 . —The e f f e c t  o f  an i n c r e a s in g  dose o f x - r a y  
t o  S tage  I I  c e l l s  o f  A. c r v s t a l l o p o i e t e s .
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F ig u re  2 1 . — The e f f e c t  o f  15,000 r  o f  x - r a y  to  c e l l s  
o f  A* c r y s t a l l o p o l e t e s  a t  d i f f e r e n t  s t a g e s  o f  g ro w th .
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v e ry  s u s c e p t i b l e  t o  x - r a y  w i th  a  v e ry  sm a ll  p e r c e n t  o f  th e  

p o p u la t i o n  s u r v iv in g  I5 j0 0 0  r .  As th e  c e l l s  p r o g r e s s e d  

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

f r a g m e n ta t io n ,  and th e n  d e c r e a s e d .

By ex posing  v a r io u s  s t a g e s  o f  th e  l i f e  c y c le  to  x - r a y ,  

we w ere a b le  to  d e te rm in e  an  a c c u r a t e  tim e  a t  w hich  n u c l e a r  

d i v i s i o n  s u p p l i e s  th e  h y p h a l  c e l l s  w i th  more th a n  one f u n c ­

t i o n a l  n u c le u s .  T h is  was th e  p o i n t  a t  w hich  th e  f r a g m e n ta ­

t i o n  s t a g e  was n e a r in g  c o m p le t io n  and t h e r e f o r e  e x t e r n a l  

e n e rg y  s o u rc e s  d e p le t e d .  An i n c r e a s e  i n  s u r v i v a l  r a t e  was 

s e e n .  As d a u g h te r  c e l l s  became v i a b l e  a s  in d e p e n d e n t  u n i t s ,  

t h i s  was e v id e n t  on th e  g row th  c u rv e  by a  r i s e  i n  num bers, 

b u t  a t  th e  same t im e ,  p e r c e n t  i n a c t i v a t i o n  i n c r e a s e d .  Ex­

p e r im e n ts  w i th  x - r a y  w ere  u se d  to  mark s p e c i f i c  s t a g e s  i n  th e  

l i f e  c y c l e .

IV. E nzym atic  and Growth S tudy

A. c r y s t a l l o D o i e t e s  was a s sa y e d  by two d i f f e r e n t  

m ethods to  d e te rm in e  i f  th e  s u d a n o p h i l i c  i n c l u s i o n s  w ere  p o s ­

s i b l y  PHB. R ead ing s  o b ta in e d  w ere compared to  d ry  w e ig h t  d e ­

t e r m in a t io n s  w hich  were made a t  v a r io u s  s t a g e s  o f  g row th  and 

an  a t t e m p t  was made to  c o r r e l a t e  th e  amount o f  PHB, i f  p r e s ­

e n t ,  to  th e  d ry  w e ig h t  o f  c e l l s .  Dry w e ig h t  v e r s u s  a b so rb a n c e  

d e te r m in a t io n s  a r e  g iv e n  i n  F ig u r e  22 . These r e s u l t s  a r e  im­

p o r t a n t  f o r  s e v e r a l  e x p e r im e n ts  ru n  on A. c r v s t a l l o p o i e t e s . 

b e ca u se  c e l l  mass changes d r a s t i c a l l y  p e r  u n i t  c e l l  b ecau se  o f



F ig u re  2 2 . —Dry w e ig h t  v e rs u s  a b so rb an ce  (^85 nm) 
c u rv e s  f o r  A. c r v s t a l l o p o i e t e s  a t  v a r io u s  s t a g e s  of th e  l i f e  
c y c l e .
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c e l l  d i f f e r e n t i a t i o n  d u r in g  m o rp h o g en e s is ,  and d ry  w e ig h t  

g iv e s  a  p a ra m e te r  to  w hich  a  com parison  c an  be made.

No PHB was d e t e c t a b l e  i n  c e l l s  o f  any age o f  A. 

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

th e  i n c l u s i o n s  i n  t h i s  m ic ro o rg an ism  w hich  have been  a t t r i b u t e d  

to  f a t .  B oylen and E n s ig n  (6) a l s o  r e c e n t l y  r e p o r t e d  t h a t  PHB 

was n o t  fo u n d . Sobek e t  a l .  (66) showed t h a t  A z o to b a c te r  

a g i l i s  had  low er  PHB l e v e l s  i n  c e l l s  from  s u c c in a te -g ro w n  

c u l t u r e s  a s  opposed to  c e l l s  from  g lu co se -g ro w n  c u l t u r e s .

S p e c i f i c  a c t i v i t y  o f  two k ey  enzymes t h a t  have  been  

im p l i c a te d  i n  th e  m e tab o lism  o f  f a t s  was s t u d i e d .  The m a l ic  

enzyme and g lu c o s e -6 -p h o s p h a te  dehyd rogenase  have  been a s s o ­

c i a t e d  w i th  l i p o g e n e s i s ,  and F e rd in a n d u s  (29) h a s  s u g g e s te d  

t h a t  r o d - f o r m a t io n  i s  c l o s e l y  a s s o c i a t e d  w i th  i n c r e a s e d  l i p o ­

g e n e s i s .  The a c t i v i t i e s  o f  th e s e  enzymes have been  r e p o r t e d  

f o r  A. c r v s t a l l o p o i e t e s  by F e rd in a n d u s ,  and a r e  d i s c u s s e d  h e re  

as  a  f u n c t i o n  o f  th e  l i f e  c y c le  a s  se en  u s in g  g row th  c o n d i ­

t i o n s  a s  d e s c r ib e d  p r e v i o u s ly .

S p e c i f i c  a c t i v i t i e s  o f  th e  enzymes i n  q u e s t i o n  a re  

g iv e n  i n  F ig u re s  23 and 2^ fo p  c e l l s  grown i n  SMS, th e  medium 

w hich  a l lo w s  A. c r v s t a l l o p o i e t e s  t o  go th ro u g h  th e  l i f e  c y c l e .  

T here  was an  i n c r e a s e  o f  b o th  enzymes t o  h y p h a l  g row th  and 

t h e r e a f t e r  a  d e c r e a s e .  T his d e c re a s e  began  lo n g  b e fo r e  S tage  

IV, t h e  t im e  a t  w hich  l i p o g e n e s i s  sh o u ld  r e a c h  a  p eak  i f ,  i n  

f a c t ,  l i p i d s  a r e  s t o r e d  f o r  u se  d u r in g  f r a g m e n ta t io n .  I f  

l i p o g e n e s i s  i s  o c c u r r in g  f o r  th e  p u rp o se  o f  f a t  s t o r a g e ,  th e n



F ig u re  2 3 . — S p e c i f i c  a c t i v i t y  o f  th e  m a l ic  enzyme a t  
v a r io u s  s t a g e s  o f  g row th .
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F ig u re  2^-.— S p e c i f i c  a c t i v i t y  o f  g lu c o s e -6 -p h o s p h a te  
dehyd rog enase  a t  v a r io u s  s t a g e s  o f  g row th .
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t h i s  s to r a g e  i s  com p le te  lo n g  b e fo re  f a t s  sh o u ld  be u se d  f o r  

e n e rg y .  The peak  enzyme a c t i v i t y  c o in c id e d  w i th  th e  d i s a p ­

p e a ra n c e  o f  f a t  a f t e r  S tage  I I  a s  s e e n  i n  p h o to m ic ro g ra p h s .

I n  QMS, w hich  k e p t  grow th  i n  th e  c o c c o id a l  s t a t e ,  th e  

m a l ic  enzyme was n o t  p r e s e n t ,  and th e  age o f  th e  c u l t u r e  had 

no e f f e c t  on s p e c i f i c  a c t i v i t y  o f  g lu c o s e -6 -p h o s p h a te  dehy­

d ro g e n a se .  T h is  s u p p o r t s  th e  r e s u l t s  rep o r te d ,  by F e rd in a n d u s .  

B land e t  a l .  (5) r e c e n t l y  showed t h a t  Myxococcus x a n th u s  sy n ­

t h e s i z e d  m a la te  s y n th a s e  ^  novo as th e  organ ism  c o n v e r t s  to  

m ic r o c y s t s .  T h is  c o n v e rs io n  a l s o  i s  c o n s id e re d  to  be c e l l u l a r  

m o rp h o g e n e s is .

A s tu d y  o f  endogenous r e s p i r a t i o n  was i n i t i a t e d  i n  

o rd e r  t o  g iv e  some id e a  o f  s u b s t r a t e s  u t i l i z e d .  Warburg con­

s t a n t  volume r e s p i r o m e te r s  were u se d  to  d e te rm in e  oxygen u p ­

ta k e  and ca rb o n  d io x id e  p r o d u c t io n .  A r e s p i r a t o r y  q u o t i e n t  

(RQ) was d e te rm in e d  and s e rv e d  to  i n d i c a t e  th e  n a tu r e  o f  th e  

m e tab o lism  s i n c e  t h e  HQ i s  an  in d e x  o f  th e  p r o c e s s e s  o c c u r r in g  

i n  endogenous r e s p i r a t i o n .

At th e  v a r io u s  s t a g e s  o f  c e l l  d i f f e r e n t i a t i o n ,  c e l l s  

w ere c e n t r i f u g e d  o u t  o f  s u s p e n s io n ,  washed 3 t im e s  i n  p o t a s ­

sium p h o sp h a te  o r  t r i s  b u f f e r  (pH 7 . 6 ) ,  and th e  amount o f  

c e l l s  added to  th e  r e s p i r o m e te r  d e te rm in e d  by a b so rb an c e  r e a d ­

in g s  on a  Bausch and Lomb E le c t r o n ic  20 . S ta n d a rd  c u rv e s  

based  on d ry  w e ig h t  had  p r e v i o u s ly  been  p r e p a r e d .  A 10^ s o l u ­

t i o n  o f  KOH was u se d  t o  s a t u r a t e  f l u t e d  f i l t e r  p a p e r  i n  th e  

c e n t e r  w e l l .  Washed c e l l s  (0 .2  m l) and 0 .2  M p h o sp h a te  b u f f e r
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(0 .3  ml) were added  to  th e  v e s s e l .  RQ and QO2 v a lu e s  f o r  th e  

f i v e  s t a g e s  a r e  g iv e n  i n  T ab le  I I .  M i c r o l i t e r s  o f  oxygen 

t a k e n  up p e r  mg d ry  w e ig h t  p e r  h r  a t  30 C i s  g iv e n  i n  F ig u re

2 5 . T h is  r e p r e s e n t s  endogenous r e s p i r a t i o n .

From T ab le  I I  i t  can  be s e e n  t h a t  th e  RQ v a lu e s  f o r  

S ta g e s  I I j  I I I  and IV s u g g e s t  t h a t  t h e s e  c e l l s  u t i l i z e d  c a rb o ­

h y d r a t e s  f o r  endogenous r e s p i r a t i o n  r a t h e r  th a n  l i p i d s ,  and 

S ta g es  I  and V, w hich a r e  e n t i r e l y  c o c c o id a l  c e l l s ,  more 

l i k e l y  u t i l i z e  l i p i d s .  When 72 h r  o ld  c e l l s  w ere  t e s t e d  f o r  

endogenous QO2 v a l u e s ,  i t  rem a in ed  a p p ro x im a te ly  u n a l t e r e d  

from  t h e  S tage  V v a lu e .  P e rh ap s  t h i s  h a s  some r e l a t i o n s h i p  

t o  s e c o n d a ry  g row th  t h a t  i s  s e e n  i n  o ld  c u l t u r e s  o f  

A r t h r o b a c t e r  w hich  w i l l  be d i s c u s s e d  l a t e r .  F ig u re  25 shows 

t h a t  endogenous r e s p i r a t i o n  was h i g h e s t  a t  S tage  V. D uring 

th e  t im e  o f  m ost a c t i v e  m e ta b o l ism  (S tag e  I I - I V ) ,  t h e  endoge­

nous r e s p i r a t i o n  was a lm o s t  c o n s t a n t .  C e l l  s u s p e n s io n s  of N. 

c o r a l l i n a  have  been  s t u d i e d  m a n o m e t r ic a l ly  t o  d e te rm in e  en ­

dogenous r e s p i r a t i o n  ( 5 3 ) »

D i f f e r e n t  c o n c e n t r a t i o n s  o f  s u c c i n a t e  w ere  p u t  i n t o  

SMS to  d e te rm in e  what e f f e c t ,  i f  an y , th e  c o n c e n t r a t i o n  o f  

s u c c i n a t e  had  on th e  l i f e  c y c le  and l i p i d  i n c l u s i o n s .  A l l  

g row th  f l a s k s  w ere  i n o c u l a t e d  w i t h  S tage  V c e l l s  grown on SMS 

medium, and r e s u l t s  showed c o n c e n t r a t i o n s  o f  from  0 . 005^  s u c ­

c i n a t e  to  0 . 5^  s u c c i n a t e  made l i t t l e  d i f f e r e n c e  on t h e  amount 

o f  l i p i d  over a  p e r i o d  o f  -̂8 h r .

Growth c u rv e s  o f  c e l l s  grown i n  SMS and p y ru v a te  

m in im al s a l t s  (PMS) f o r  e x te n d e d  p e r i o d s  o f  t im e  were
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TABLE I I

RQ AND QOp VALUES FOR VARIOUS STAGES OF GROWTH 
OF ARTHROBACTER CRYSTALLOPOIETES

I

S tag es

I I

o f  Growth 

I I I IV V

RQ 0 .9 3  

QOp 7 .2 4

1 .0 4  

2 0 .8

1 .03  

19 .4

1 .02 

2 3 .4

0 .8 2 5

3 4 .0



F ig u re  25*—Bar g rap h  o f  th e  amount o f  oxygen u t i ­
l i z e d  p e r  u n i t  o f  d ry  w e ig h t  p e r  h ou r  f o r  th e  f i v e  s t a g e s  o f  
g row th  o f  A. c r v s t a l l o p o i e t e s . T h is  r e p r e s e n t s  endogenous 
r e s p i r a t i o n .
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d e te rm in e d  from a b so rb an c e  r e a d in g s  and a r e  g iv e n  i n  F ig u re

26 . A maximum s t a t i o n a r y  phase  was re a c h e d  i n  b o th  m edia a t  

a p p ro x im a te ly  3^ h r .  E x p o n e n t ia l  g row th  began so o n e r  i n  SMS 

and a  g r e a t e r  number o f  c e l l s  were p r e s e n t  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 ase  i n  SMS. At 72 h r  a  se co n d a ry  grow th  

o c c u r re d  i n  b o th  SMS and PMS w hich  co u ld  n o t  be e x p la in e d  due 

to  n u t r i e n t s  r e l e a s e d  from  ly s e d  c e l l s  s in c e  m ic ro s c o p ic  e x ­

a m in a t io n  ex c lu d ed  t h i s  p o s s i b i l i t y .  E n s ig n  (2 8 ) s u g g e s te d  

t h a t  c r y p t i c  g row th  was n o t  r e s p o n s i b l e  f o r  lo n g - te rm  s u r v i v a l  

o f  A. c r v s t a l l o p o i e t e s  i n  b u f f e r .  However, t h e  m e ta b o l ic  

f u n c t i o n s  o f  b a c t e r i a  i n  a  n u t r i e n t  medium and i n  a  b u f f e r  

m igh t be e n t i r e l y  d i f f e r e n t .

V. L ip id  Study

1 . L ip id  E x t r a c t i o n  

A s e r i e s  o f  l i p i d  e x t r a c t i o n s  were done on th e  v a r io u s  

s t a g e s  o f  g row th  o f  A. c r v s t a l l o p o i e t e s  t o  d e te rm in e  w hat 

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

m ost b a c t e r i a  th e  l i p i d  c o m p o s i t io n  i s  m ark ed ly  d e p en d e n t  on 

th e  g row th  c o n d i t i o n s ,  and t h e r e f o r e  g row th  c o n d i t i o n s  were 

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

e x t r a c t e d  would be an  i n d i c a t i o n  o f  l i p i d s  w hich  c o u ld  make 

up o r  a t  l e a s t  be a  p a r t  o f  i n c l u s i o n s  t h a t  a r e  in v o lv e d  i n  

th e  l i f e  c y c le  o f  A. c r v s t a l l o p o i e t e s . p e rh a p s  from  an  en ­

dogenous r e s p i r a t i o n  s t a n d p o i n t .  F a t t y  a c i d  s t u d i e s  have been  

done on many b a c t e r i a  w i th  su ch  p r e c i s i o n  t h a t  th e  f a t t y  a c id  

c o m p o s i t io n  o f  b a c t e r i a  h a s  b een  u se d  to  d e te rm in e  th e



F ig u re  2 6 . — Growth c u rv e  o f .A .  c r v s t a l l o p o i e t e s  over 
a  96 h r  p e r io d  when grown i n  a p y ru v a te  m in im al s a l t s  TpMS) 
and a s u c c i n a t e  m inim al s a l t s  (SMS) medium.
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taxonom ic p o s i t i o n  o f  some s p e c i e s  as  h a s  been  done w ith  

N e i s s e r i a  (7 ) .

I n  th e  f i r s t  a t t e m p t  to  o b t a i n  c ru d e  l i p i d s  from A. 

c r y s t a l l o p o i e t e s , l i p i d s  w ere e x t r a c t e d  i n  a S o x h le t  appa­

r a t u s ,  b u t  th e  y i e l d  o f  l i p i d s  was found  n o t  to  be a c c e p ta b l e .  

T h e r e fo r e ,  a  c h lo ro fo rm -m e th a n o l  l i p i d  e x t r a c t i o n  (2:1 v /v )  

o f  w et whole c e l l s  was perfo rm ed  (65)• A m agn e tic  s t i r r e r  

was u se d  f o r  a g i t a t i o n  o f  c e l l s  and s o l v e n t  f o r  p e r io d s  up to  

2h h r  a t  room te m p e ra tu re .  The c e l l s  were e a s i l y  ly s e d  i n  

th e  s o lv e n t  and t h i s  method removed a lm o s t  a l l  th e  l i p i d .

Some l i p i d  rem ained  as  d e te rm in e d  by e t h e r  e x t r a c t i o n .  The 

l i p i d s  were th e n  e x t r a c t e d  from th e  s o l v e n t s  f o r  chrom ato­

g r a p h ic  a n a l y s i s  and d ry  w e ig h t  d e te r m in a t io n s  as  w e l l  as  f o r  

gas  ch rom atography  (5 0 ) .  T ig h t l y  bound l i p i d s  were p ro b a b ly  

n o t  e x t r a c t e d  by t h i s  p ro c e d u re .  During a l l  p h a ses  o f  th e  

l i p i d  w ork, n i t r o g e n  was u se d  as  a gas p h a se  when p o s s i b l e ,  

and a l l  l i p i d s  and l i p i d  c l a s s e s  w ere s t o r e d  u n d e r  n i t r o g e n  

a t  ^  C.

2 .  T h in -L ay e r  Chrom atography

I n  o rd e r  t o  s e p a r a t e  th e  i n d i v i d u a l  c l a s s e s  o f  l i p i d s  

f o r  i n d e n t i f i c a t i o n ,  t h i n - l a y e r  ch ro m a to g ra p h ic  s e p a r a t io n  

(TLC) and c o l o r i m e t r i c  a n a l y s i s  w ere p e rfo rm ed . The s e p a r a ­

t i o n  was a cc o m p lish e d  by a sc e n d in g  chrom atography  on g l a s s  

f i b e r  p a p e r  (Type SG, Gelman In s t ru m e n t  C o .)  u s in g  a p p r o p r i a t e  

s t a n d a r d s  and  d e t e c t i o n  m ethods. Complete s t r u c t u r a l  a n a l y s i s  

o f  f a t t y  a c id s  has  been  acco m p lish ed  u s in g  o n ly  t h i n - l a y e r
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chrom atography  ( 3 ) .  The s o l v e n t  system  f o r  TLC f i n a l l y  

chosen  was t h a t  o f  M alkins and Mangold (4-9) w hich  was com­

posed  o f  90 volumes o f  p e tro le u m  e t h e r  (B .P . 38-54- C ), 10 

volumes of d i e t h y l  e t h e r  and 1 volume o f  a c e t i c  a c i d .

Using th e  p e tro le u m  e t h e r ,  d i e t h y l  e t h e r ,  a c e t i c  a c id  

s o lv e n t  sys tem , th e  c ru d e  l i p i d  was s e p a r a t e d  i n t o  4- b road  

f r a c t i o n s  o f  compounds, and th e  l o c a t i o n  of t h e s e  was d e ­

te rm in e d  by s h o r t  wave u l t r a v i o l e t  l i g h t .  No i n d i c a t o r  was 

n e c e s s a r y ,  because  each  l i p i d  c l a s s  showed a  sm a ll  amount o f 

f l u o r e s c e n c e .  The 4- f r a c t i o n s  w ere ; (1) p h o s p h o l ip id s ,  (2) 

mono- and d i -  g l y c e r i d e s ,  (3) t r i g l y c e r i d e s  ( i f  p r e s e n t ) ,  and 

(4-) h yd ro ca rb o n s  (7 2 ) .  P h o s p h o l ip id s  d id  n o t  m ig ra te  i n  th e  

s o l v e n t  system  m en tio n ed , and th e  Rf o f  th e  o th e r  c l a s s e s  i n ­

c re a s e d  r e s p e c t i v e l y  a s  shown i n  F ig u re  2 7 . Known s ta n d a r d s  

w ere ru n  and compared f o r  v e r i f i c a t i o n .  T r i g l y c e r i d e s  were 

n o t  d e te c t e d  i n  t h i s  m ic ro o rgan ism  and were n o t  c o n s id e re d  

f u r t h e r .  However, t r i g l y c e r i d e s  w hich have accu m u la ted  i n  

B lastom yces d e r m a t i t id u s  have been  r e p o r t e d  to  be r e a d i l y  me­

t a b o l i z e d  i n  th e  dy ing  phase  o f  th e  g row th  c u rv e  (2 3 ) .

P h o s p h o l ip id s  a r e  a m ajo r  component and an  im p o r ta n t  

c o n s t i t u e n t  i n  b a c t e r i a  (24) and y e a s t  (4-5), and th e  b a c t e r i a l  

membrane i s  e s p e c i a l l y  r i c h  i n  p h o s p h o l ip id s .  P h o s p h o l ip id s  

w ere t h e r e f o r e  c o n s id e re d  i n  A. c r y s t a l l o p o i e t e s . and an a t ­

tem pt was made to  s e p a r a t e  th e  p h o s p h o l ip id  com ponents. They 

w ere e lu t e d  w i th  ch lo ro fo rm -m e th a n o l  (2:1 v /y )  from th e  c h ro ­

matogram and r e s p o t t e d  on TLC p l a t e s  o f  th e  same c o m p o s it io n .



F ig u r e  2 7 . —T h in - l a y e r  chromatogram o f  th e  n e u t r a l  
l i p i d  f r a c t i o n  o f  r e a d i l y  e x t r a c t e d  l i p i d s  o f  A. c r y s t a l ­
l o p o i e t e s »
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The s o l v e n t  system  u s e d  was c h lo r o f o r m -m e th a n o l - a c e t ic  a c i d -  

w a te r  (1 2 5 :3 7 :1 0 :2  v / v ) .  No d i f f e r e n c e s  i n  t h e  co m p o s it io n  

o r  c o n c e n t r a t i o n  o f  p h o s p h o l ip id s  w ere se en  f o r  any p a r t i c u l a r  

s t a g e  w i th  th e  p r e p a r a t i v e  te c h n iq u e s  u s e d .  However, B e r ts c h  

e t  a l . (k-) s t u d i e d  th e  abundance o f  p h o s p h o l ip id s  i n  B. 

m ega te rium  a s  th e y  r e l a t e d  to  th e  s e v e r a l  s t a g e s  o f  s p o r u l a ­

t i o n  w hich  th e y  term ed m o rp h o g en es is .  No a t t e m p t  was made to  

i d e n t i f y  any o f  th e  p h o s p h o l ip id  components i n  A. c r y s t a l ­

l o p o i e t e s .

There was l i t t l e  d i f f e r e n c e  betw een  th e  t o t a l  r e a d i l y  

e x t r a c t e d  l i p i d s  a t  any s t a g e ;  how ever, t h e r e  was a  d i f f e r ­

ence  i n  n e u t r a l  l i p i d s *  a t  S tage  I I I  and IV. The d i g l y c e r i d e  

i n  F ig u r e  28 i s  th e  n e u t r a l  l i p i d  f r a c t i o n  t h a t  was in v o lv e d .  

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

t h i s  l a r g e  c l a s s  o f  n e u t r a l  l i p i d s  m ig h t be one in v o lv e d  i n  

m o rp h o g e n e s is .  B ecause o f  t h i s ,  f u r t h e r  work on phospho­

l i p i d s  was d i s c o n t i n u e d ,  and a  c o n c e n t r a te d  e f f o r t  was made 

to  c h a r a c t e r i z e  and i d e n t i f y  th e  n e u t r a l  l i p i d  component.

The p a r t i c u l a r  l i p i d  i n  q u e s t io n  a p p ea red  to  b u i l d  up to  a 

maximum c o n c e n t r a t i o n  b e fo r e  and th e n  d i s a p p e a r  a f t e r  f r a g ­

m e n ta t io n .  T h is  c o u ld  be th e  accum u la ted  f a t  t h a t  F e rd in an d u s  

(29) s u g g e s te d  c o u ld  be u t i l i z e d  a s  an  i n t e r n a l  e n e rg y  s o u r c e .

* N e u tra l  ( s im p le )  l i p i d s  a r e  d e f in e d  a s  th o se  t h a t  c o n ta in  
o n ly  c a rb o n ,  h y d rogen  and oxygen and no h y d ro ly z a b le  c o v a le n t  
bonds e x c e p t  f a t t y  a c y l  e s t e r  l i n k a g e s .  P o la r  (complex) l i p i d s  
in c lu d e  a l l  l i p i d s  t h a t  have  e le m e n ts  o th e r  th a n  c a rb o n ,  h y ­
d ro g en  and oxygen and h y d ro ly z a b le  bonds o th e r  th a n  f a t t y  a c y l  
e s t e r s .
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T his  compound m ig h t  a l s o  be th e  p r e c u r s o r  needed  f o r  c r o s s ­

septum  and c o c c o id a l  w a l l  f o rm a t io n ,  and would n o t  n e c e s ­

s a r i l y  have to  be s t o r e d  a s  a  l i p i d  d e p o s i t  to  s e rv e  i n  t h i s  

c a p a c i t y .

I n  o r d e r  t o  a v o id  c o n ta m in a t io n  o f  l i p i d  e x t r a c t s  

w i th  n o n l i p i d  m a t e r i a l ,  th e  c ru d e  l i p i d  i n  a  c h lo ro fo rm -  

m e th a n o l-w a te r  (6 0 :3 0 : ^ .5  v /v )  system  was p a s s e d  th ro u g h  a 

column of G-25 Sephadex (7 6 ) .  The column u se d  was 0 .6  cm 

i . d .  X 4-0 cm lo n g  w i th  a  t e f l o n  s to p c o c k  p lu g g ed  w i th  g l a s s  

w oo l. T his  p u r i f i c a t i o n  p ro c e d u re  was u se d  i n  s e v e r a l  e x p e r i ­

m en ts ,  b u t  i t  was l a t e r  d e te rm in e d  t h a t  th e  c o n ta m in a n ts  

(which a p p ea re d  to  be p r o t e i n  o r  p r o t e i n  com plexes) d id  n o t  

i n t e r f e r e  w i th  su b s e q u e n t  a n a l y t i c a l  methods em ployed, and th e  

p ro c e d u re  was d i s c o n t i n u e d .

N. c o r a l l i n a . a n o th e r  m ic ro o rg an ism  t h a t  a l s o  u n d e r ­

goes c e l l  d i f f e r e n t i a t i o n ,  was s t u d i e d  i n  c o n ju n c t io n  w i th  A. 

c r y s t a l l o p o i e t e s  t o  d e te rm in e  i f  t h e r e  was some s i m i l a r i t y  b e ­

tw een th e  l i p i d s ,  and p a r t i c u l a r l y  th e  n e u t r a l  l i p i d s ,  o f  N. 

c o r a l l i n a  and A. c r y s t a l l o p o i e t e s . N. c o r a l l i n a  was grown on 

TOY a g a r  w hich  had  been  e n r ic h e d  w i th  f r u c t o s e  (7 ^ ) ,  and 

l i p i d s  were e x t r a c t e d  a s  had  b een  done f o r  A. c r y s t a l l o p o i e t e s . 

The p igm ent o f  N. c o r a l l i n a  was e x t r a c t e d  w i th  a l l  s o l v e n t s  

and was u se d  a s  a  m arke r  i n  TLC a n a l y s i s .  The same g e n e r a l  

p a t t e r n  emerged f o r  N. c o r a l l i n a  a s  had  been se e n  w i th  A. 

c r y s t a l l o p o i e t e s  e x c e p t  t h a t  th e  n e u t r a l  l i p i d  component i n  

q u e s t io n  was n e v e r  s e e n  i n  N. c o r a l l i n a .
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There was a v a r i a t i o n  i n  th e  t o t a l  e x t r a c t a h l e  l i p i d s  

a t  v a r io u s  s t a g e s  o f grow th o f  A. c r y s t a l l o p o i e t e s . T h is  was 

d e te rm in ed  by a  c h lo ro fo rm -m e th an o l  e x t r a c t i o n  (2:1 v /v )  f o r  

2k h r  a t  room te m p e ra tu re  fo l lo w e d  by e t h e r  e x t r a c t i o n  f o r  1 

h r .  The e x t r a c t i o n s  were combined and d r i e d  i n  v a c u o . P e rc e n t  

l i p i d  was d e te rm in ed  and b ased  on d ry  w e ig h t  o f  th e  c e l l s .  The 

r e s u l t s  a re  g iv e n  i n  T able  I I I  w hich show t h a t  th e  amount o f 

l i p i d  in c r e a s e d  t o  a h ig h  p o i n t  a t  S tage  I I  and a t  f ra g m e n ta ­

t i o n  rea ch e d  a low . T his low c o rre sp o n d s  to  th e  tim e when th e  

unknown n e u t r a l  l i p i d  had d i s a p p e a re d ,  and th e  h ig h  a t  a tim e 

when th e  enzymes l in k e d  to  l i p o g e n e s i s  show g r e a t e s t  a c t i v i t y .  

The h ig h  i s  a l s o  th e  p o i n t  a t  w hich  f a t  b o d ie s  a r e  se en  i n  

p h o to m ic ro g ra p h s .  N. c o r a l l i n a  c e l l s  e q u iv a le n t  to  S tage  I I I  

i n  A. c r y s t a l l o p o i e t e s  had  ^k,k% l i p i d ,  a  f i g u r e  t h a t  i s  con­

s i d e r a b l y  h ig h e r  th a n  t h a t  o f  A r t h r o b a c t e r . I n  th e  s p o r u l a ­

t i o n  p r o c e s s ,  B. s u b t i l i s  s y n th e s iz e s  f a t t y  a c id s  and phospho­

l i p i d s  w e l l  beyond th e  end o f  lo g  p h a se ,  and t h i s  s y n th e s i s  

r e a c h e s  a maximum j u s t  b e fo re  th e  ap p ea ra n c e  o f  r e f r a c t i l e  

s p o ra n g ia .  There i s  a  s h i f t  i n  th e  f a t t y  a c id  r a t i o s  d u r in g  

s p o r u l a t i o n  (6 3 ) .

Using a 20 X 20 cm t h i n - l a y e r  p l a t e  f o r  TLC, th e  d i s ­

ta n c e  from o r i g i n  to  s o lv e n t  f r o n t  i n  a l l  ru n s  was 13*5 cm and 

th e  Rf f o r  th e  unknown component was O .7O. T h is  s p o t  c o u ld  be 

d e te c t e d  w i th  2 ,7  d i c h l o r o f l u o r e s c e i n ,  rhodam ine B and a l s o  

6G, bromthymol b lu e ,  1^ io d in e  i n  m e th a n o l ,  s u l f u r i c  a c id  and 

s h o r t  wave u l t r a v i o l e t  l i g h t .
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TABLE I I I

PERCENT LIPID IN ARTHROBACTER CRYSTALLOPOIETES 
AT VARIOUS STAGES OF GROWTH

Stage P e rc e n t  L ip id

I 7 .0

I I 10 .8

I I I 8.M-5

IV k . 2

V 7 .3
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3 .  S i l i c i c  Acid Chrom atography 

I t  became n e c e s s a r y  to  s e p a r a t e  s im p le  and complex 

l i p i d s  on a  l a r g e r  s c a l e  th a n  c o u ld  be done u s in g  TLC and t h i s  

was acco m p lish ed  w i th  s i l i c i c  a c i d  column ch rom ato g raphy . 

S i l i c i c  a c id  (100 mesh, M a l l in c k r o d t ,  AR) was d r i e d  o v e rn ig h t  

a t  110 C, p re p a re d  i n  c h lo ro fo rm , and th e  column (0 .8  cm i . d . )  

made so t h a t  20 -25  mg o f  t o t a l  l i p i d s  i n  c h lo ro fo rm  was added 

p e r  g column w e ig h t .  Simple l i p i d s  were c o l l e c t e d  by p a s s in g  

anhydrous c h lo ro fo rm  th ro u g h  th e  column u n t i l  TLC m o n ito r in g  

showed no o th e r  n e u t r a l  l i p i d s  on th e  colum n. T h is  f r a c t i o n  

c o n ta in e d  th e  unknown l i p i d  compound. Complex l i p i d s  were 

e l u t e d  by p a s s in g  m ethano l th ro u g h  th e  column as  shown i n  

F ig u re  28 .

From th e  n e u t r a l  l i p i d  f r a c t i o n ,  f r e e  f a t t y  a c i d s  were 

s e p a r a t e d  by s o lv e n t  e x t r a c t i o n  a c c o rd in g  to  F ig u r e  2 8 . These 

w ere  chrom atographed  by TLC and none h ad  an  Rf c o r re sp o n d in g  

t o  th e  unknown. At t h i s  p o i n t  i t  had  been  d e te rm in e d  t h a t  th e  

unknown l i p i d  was a  n e u t r a l  l i p i d ,  p o s s i b l y  a  mono o r  d i ­

g l y c e r i d e .  The unknown was ch ro m atographed  w i th  known s t a n d ­

a rd s  u s in g  th e  s o l v e n t  system  a s  b e f o r e ,  and i t  was s e e n  t h a t  

th e  unknown m ig ra te d  w i th  th e  d i g l y c e r i d e s .  The Rf o f  th e  u n ­

known was e x a c t l y  t h a t  o f  a  d i p a l m i t i n  s t a n d a r d .

4-. Gas Chrom atography 

Much p r o g r e s s  h a s  been  made i n  th e  f i e l d  o f  a n a l y s i s  

o f  f r e e  f a t t y  a c id s  (FFA) s in c e  James and M a r t in  (3 5 ) f i r s t  

d e s c r ib e d  th e  gas  ch ro m a to g ra p h ic  s e p a r a t i o n  o f  f a t t y  a c i d s .



F ig u r e  2 8 . —E x t r a c t i o n  p ro c e d u re  f o r  l i p i d  f r a c t i o n s  
e x t r a c t e d  from  A. c r y s t a l l o p o i e t e s .
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The f a t t y  a c id s  o f  A. c r y s t a l l o p o i e t e s  have n e v e r  been  e l u c i ­

d a te d  and were t h e r e f o r e  a n a ly z e d  by gas ch rom atography . 

F e rd in an d u s  and C lark  (30) have shown the  f a t t y  a c id s  o f  

A r th r o b a c te r  t o  be im p o r ta n t  i n  t h a t  they  have a fee d b ac k  

r e g u l a t o r y  e f f e c t  on s e l e c t e d  enzyme system s i n  t h i s  m ic ro ­

o rgan ism . Methyl e s t e r  f a t t y  a c i d  s ta n d a rd s  and r e f e r e n c e  

f a t t y  a c id s  were made up to  known c o n c e n t r a t i o n s  and r e t e n t i o n  

t im es  on a Packard  model 4-09 gas chrom atograph  d e te rm in e d .  

Chromatography on a 10^ DEGS column gave s i n g l e  sym m etr ica l  

peaks a s  an i n d i c a t i o n  o f  p u r i t y  o f th e  f a t t y  a c i d  s t a n d a r d s .

A. c r y s t a l l o p o i e t e s  c e l l s  were h a rv e s te d  j u s t  p r i o r  

t o  f r a g m e n ta t io n  (S tage  IV ) ,  th e  p o i n t  a t  w hich  th e  unknown 

l i p i d  was found  to  be m ost p ro m in e n t .  S p e c ia l  c a r e  was u se d  

i n  th e  w ashing p ro c e d u re  t o  make c e r t a i n  t h a t  no ch em ica l  con­

ta m in a t io n  was in t r o d u c e d .

The c rude  l i p i d  e x t r a c t  was m e th y la te d  to  p re p a re  

v o l a t i l e  e s t e r s  and to  re d u c e  th e  p o l a r i t y  o f  th e  compounds, 

and 1 Ml o f  th e  m e th y la te d  l i p i d s  i n  n -hexan e  was i n j e c t e d  

i n t o  th e  gas ch rom atograph . The d i s t i n g u i s h a b l e  peaks  ob­

t a i n e d  from m e th y la te d  c rude  l i p i d  a r e  shown i n  F ig u re  29» 

These a r e  numbered i n  o rd e r  o f  i n c r e a s in g  r e t e n t i o n  t im es  a s  

peak  1, 2 ,  e t c . ,  and r e p r e s e n t  FFA found  p r i o r  to  f ra g m e n ta ­

t i o n .  At t h i s  p o i n t  sev en  i n d i v i d u a l  f a t t y  a c id s  were se e n ,  

th e  most p redom inan t o f  th e s e  b e in g  12-m ethyl t e t r a d e c a n o i c  

a c i d  ( a -C l5 ) j  peak  3 ,  w i th  14—m eth y l h e x ad e ca n c ic  a c id  

( a - C l7 ) ,  peak  7 , b e in g  n e x t .  Both o f  th e s e  m ajo r a c id s  a re



F ig u re  29*—Gas chrom atogram  o f  c ru d e  l i p i d s  e x t r a c t e d  
from  S tage  IV o f  A. c r y s t a l l o p o i e t e s .
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b ra n c h e d  c h a in  f a t t y  a c id s  and a re  n o t  -uncommon to  b a c t e r i a .  

Both i s o *  and a n t e i s o  f a t t y  a c id s  have been r e p o r t e d  f o r  A. 

g lo b i f o r m is  (70) and B. s u b t i l i s  (3 6 ) .  The o th e r  a c id s  found  

i n  o r d e r  o f  abundance  w ere :  i s o p a l m i t i c  a c id  ( i - C l 6 ) ,  peak

4 ,  p a l m i t i c  a c i d  ( n -C l6 ) ,  peak  i s o m y r i s t i c  a c i d  ( i - C l 4 ) ,  

p e ak  1 , m y r i s t i c  a c id  (n-ClU-), peak  2 ,  and p a l m i t o l e i c  a c id  

(C16), peak  6 .  P a l m i t o l e i c  a c i d  h as  n e v e r  been  r e p o r t e d  f o r  

A r t h r o b a c t e r . P a l m i t o l e i c  a c i d  was th e  on ly  u n s a t u r a t e d  

f a t t y  a c i d  fou nd  a t  t h i s  p o i n t  i n  th e  f a t t y  a c i d  a s s a y .

The same c ru d e  l i p i d  sam ple was a l k a l i n e  h y d ro ly z e d  

t o  b r e a k  down th e  complex l i p i d s  i n t o  i n d i v i d u a l  f a t t y  a c id s  

t o  d e te rm in e  w ha t f a t t y  a c id s  o f  A. c r y s t a l l o p o i e t e s  had  n o t  

been  d e t e c t e d .  P e rh ap s  th e  d i g l y c e r i d e  unknown would be hy ­

d ro ly z e d  and a n o th e r  f a t t y  a c i d  p e ak  would be s e e n .  For th e  

a l k a l i n e  h y d r o l y s i s ,  l i p i d  was p la c e d  i n  a screw  cap tu b e  

w i th  2 ml o f  2 N KOH i n  e th a n o l : w a t e r  ( 2 : 1 ) .  T h is  was h e a te d  

i n  a b o i l i n g  w a te r  b a th  f o r  2 h r ,  c o o le d ,  and 1 ml o f  w a te r  

added . The n o n - s a p o n i f i a b l e  l i p i d  was removed by e x t r a c t i n g  

2 t im e s  w i th  3 ml o f  p e tro le u m  e t h e r .  The h y d r o l y s a te  was 

a c i d i f i e d  w i th  s u l f u r i c  a c i d ,  and th e  f a t t y  a c id s  w ere e x ­

t r a c t e d  w i th  t h r e e ,  3 ml p o r t i o n s  o f  p e tro le u m  e t h e r .  The 

p e t ro le u m  e t h e r  e x t r a c t s  w ere combined and washed 3 t im es  w i th  

2 ml p o r t i o n s  o f  w a te r .  The f a t t y  a c i d s  th u s  o b ta in e d  were

*Terms u se d  a r e  i s o  ( i - )  f o r  a  m eth y l s i d e  c h a in  i n  th e  
p e n u l t im a te  p o s i t i o n ,  and a n t e i s o  ( a - )  f o r  a m eth y l s id e  
c h a in  i n  th e  a n te p e n u l t im a te  p o s i t i o n .
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m e th y la te d  and i n j e c t e d  i n t o  th e  gas ch rom atograph , and the  

r e s u l t s  a re  g iv e n  i n  F ig u r e  30 .

A g r e a t  d e a l  o f  d i f f e r e n c e  was n o te d  i n  th e  h y d ro ly z e d  

sam ple a s  opposed to  th e  n o n -h y d ro ly z e d  sam ple . There were 

many low m o le c u la r  w e ig h t  f a t t y  a c id s  t h a t  ap p ea re d  w hich were 

i d e n t i f i e d  a s  f a t t y  a c id s  w i th  l e s s  th a n  13 c a rb o n s .  These 

w ere p r e s e n t  i n  th e  n o n -h y d ro ly z e d  sample b u t  i n  v e ry  sm a ll  

q u a n t i t i e s .  Much more m y r i s t i c  a c id  was p r e s e n t  i n  th e  hy ­

d ro ly z e d  sam ple as w e l l  a s  p a l m i t i c  a c i d .  T here  app ea red  to  

be l e s s  i s o p a l m i t i c  a c i d .  A peak  a p p e a re d  be tw een  a - C I 5 and 

i - C l 6  which had  n o t  been  p r e s e n t  b e fo re  h y d r o l y s i s .  This 

u n iq u e  f a t t y  a c i d  was n o t  foun d  i n  su b s e q u e n t  a n a l y s i s  o f 

l i p i d s  from c e l l s  grown i n  any o th e r  medium e x c e p t  TOY and 

was n o t  found  a t  any s t a g e  o th e r  th a n  S tage  IV . The re a s o n  

t h a t  i t  was n o t  found  i n  l i p i d  e x t r a c t s  from  SMS grown c e l l s  

c an  be e x p la in e d  by th e  f a c t  t h a t  th e  l i f e  c y c le  was much 

s h o r t e r  i n  t im e  and n o t  a s  p ronounced  i n  SMS; t h e r e f o r e ,  th e  

c o n c e n t r a t i o n  was below d e t e c t a b l e  l i m i t s .  T h is  peak  which 

i s  shown i n  F ig u r e  30 was i d e n t i f i e d  a s  p e n ta d e c a n o ic  a c id  

(C l5)* The p eak  i s  i n d i c a t e d  by an  a rro w .

The oven te m p e ra tu re  was low ered  to  150 C to  o b t a in  

s e p a r a t i o n  o f  low m o le c u la r  w e ig h t  f a t t y  a c id s  w hich were 

p r e s e n t  b e fo r e  and w hich  had  been  f r e e d  upon h y d r o l y s i s .  Ex­

c e l l e n t  s e p a r a t io n  was o b ta in e d ,  and a g a in  th e  a c id s  were 

i d e n t i f i e d  a s  th o s e  w i th  c a rb o n  numbers l e s s  th a n  13 b u t  s in c e  

su b se q u e n t  f i n d i n g s  d i d  n o t  show v a r i a t i o n s  i n  them, th e y  were 

n o t  c o n s id e r e d  im p o r ta n t  i n  m o rp h o g en e tic  c o n t r o l .



F ig u re  30*—Gas chromatogram o f  b ase  h y d ro ly ze d  crude  
l i p i d s  e x t r a c t e d  from S tage  IV o f  A. c r y s t a l l o p o i e t e s . Arrow 
r e f e r s  to  p e n ta d e c a n o ic  a c id  (Cl 5)*
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The h y d ro ly z e d  c rude  l i p i d  was p u r i f i e d  u s in g  a s i ­

l i c i c  a c id  column. The n e u t r a l  l i p i d s  were c o l l e c t e d ,  m eth ­

y l a t e d ,  and ru n  on th e  gas ch ro m ato g raph  i n  o r d e r  t o  compare 

th e  c rude  l i p i d  w i th  p a r t i a l l y  p u r i f i e d  l i p i d .  A lso ,  f a t t y  

a c id s  o b ta in e d  by s o l v e n t  e x t r a c t i o n  p ro c e d u re  shown i n  F i g ­

u r e  28 were m e th y la te d  and r u n .

Three o f  th e  lo w er  m o le c u la r  w e ig h t  f a t t y  a c i d  p eaks  

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

E i t h e r  th e y  were r e t a i n e d  on th e  s i l i c i c  a c id  column o r  th e y  

were i n  su c h  sm a ll  amounts t h a t  a f t e r  p u r i f i c a t i o n  th e y  w ere 

n o t  d e t e c t a b l e .  I t  i s  p o s s i b l e  a l s o  t h a t  t h e s e  low m o le c u la r  

w e ig h t  f a t t y  a c id s  w ere l o s t  by v o l a t i l i z a t i o n .  A l l  o th e r  

peaks  were p r e s e n t .  There  w as, how ever, an i n c r e a s e  i n  

p a l m i t i c  a c id  and a d e c re a s e  i n  m y r i s t i c  a c id  i n  th e  p u r i f i e d  

l i p i d  sam ple .

S tage  IV h y d ro ly z e d  and n o n -h y d ro ly z e d  l i p i d s  were 

compared to  S tage  V h y d ro ly z e d  and n o n -h y d ro ly z e d  l i p i d s .  The 

r e s u l t s  o f  t h i s  a s s a y  can  be se e n  i n  F ig u r e s  29 , 30 , 31? and 

32 . I t  was a t  t h i s  p o i n t  i n  th e  l i p i d  a n a l y s i s  t h a t  s t e a r i c  

a c id  and an  o c ta d e c e n o ic  a c id  w ere d e t e c t e d .  S tage  V c e l l s  

had  th e s e  f a t t y  a c id s  p r e s e n t  i n  l a r g e  amounts and when S tage  

IV c e l l s  were checked  a g a in ,  i t  was d i s c o v e r e d  t h a t  th e y  too  

had  th e s e  f a t t y  a c i d s .  S t e a r i c  and o c ta d e c e n o ic  a c id s  were 

s e e n  i n  b o th  h y d ro ly z e d  and n o n -h y d ro ly z e d  sa m p le s .  These 

f a t t y  a c i d s  have n o t  been  r e p o r t e d  f o r  th e  genus A r t h r o b a c t e r . 

I t  was n o t  d e te rm in e d  w h e th e r  th e  u n s a t u r a t e d  f a t t y  a c id  was



F ig u r e  3 1 . — Gas chrom atogram  o f  c ru d e  l i p i d s  e x t r a c t e d  
from  S tag e  V c e l l s  o f  A. c r y s t a l l o p o i e t e s . S t e a r i c  a c id  and 
an  o c ta d e c e n o ic  a c i d  a re  p eaks  8 and 9j r e s p e c t i v e l y .
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F ig u re  3 2 . —Gas chromatogram o f  base  h y d ro ly z e d  c rude  
l i p i d s  e x t r a c t e d  from S tage  V o f  A. c r y s t a l l o p o i e t e s .
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o l e i c  o r  c l s - v a c c e n i c  ac id . They a r e  i n d i c a t e d  i n  F ig u re  31 

by peaks 8 and

The f a t t y  a c id s  o f  S tage  IV h y d ro ly z e d  and non -  

h y d ro ly z e d  l i p i d s  have  been  d i s c u s s e d .  I t  has  been  s e e n  t h a t  

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

a c id s  b u t  n o t  to  a  s i g n i f i c a n t  d e g re e .  The same i s  t r u e  f o r  

S tage  V l i p i d s .  A m ajo r  d i f f e r e n c e  betw een  th e  S tage  IV and V 

l i p i d s  i s  t h a t  th e y  a r e  low m o le c u la r  w e ig h t  f a t t y  a c i d s  p r e s ­

e n t  i n  th e  n o n -h y d ro ly z e d  sample i n  c o n c e n t r a t i o n s  a s  l a r g e  as  

th e  h y d ro ly z e d .  S ix  low m o le c u la r  w e ig h t  f a t t y  a c i d  peaks  

showed up w hich were a l s o  p r e s e n t  i n  S tage  V h y d ro ly z e d  c e l l s .  

T h is  may be e x p la in e d  by th e  f a c t  t h a t  complex l i p i d s  have 

been  b rok en  down a t  S tage  IV and V c e l l s ,  and f a t t y  a c id s  t h a t  

were l i b e r a t e d  a r e  d e t e c t e d .  However, S tag e  V l i p i d s ,  e i t h e r  

n o n -h y d ro ly z e d  o r  h y d ro ly z e d ,  d id  n o t  c o n ta in  p e n ta d e c a n o ic  

a c i d  a s  se e n  i n  th e  h y d ro ly z e d  sam ple o f  S tage  IV l i p i d s .

I n  o r d e r  t o  d e te rm in e  i f  t h e r e  was any d i f f e r e n c e  i n  

th e  l i p i d s  o f  c e l l s  grown i n  TGY as  compared to  c e l l s  grown i n  

SMS, l i p i d s  were e x t r a c t e d  from S tage  IV c e l l s  grown i n  SMS 

and ch rom atog rap hed . The r e s u l t s  o f  SMS grown c e l l s  a r e  shown 

i n  F ig u r e s  33 and 3^ and a r e  compared t o  F ig u r e s  29 and 30 .

A ga in , when th e  l i p i d  was h y d ro ly z e d ,  many low m o lec ­

u l a r  w e ig h t  f a t t y  a c i d s  w ere  s e e n .  The common f a t t y  a c id s  

w ere  i n  th e  same p r o p o r t i o n s  i n  b o th  TGY and SMS. From t h i s ,  

i t  was conc luded  t h a t  s u c c i n a t e  as  th e  o n ly  c a rb o n  so u rc e  o r  

a s  an  in d u c e r  o f  m orpho genes is  does n o t  cau se  a c o n s id e r a b le



F ig u re  3 3 . —Gas chrom atogram  o f  c rude  l i p i d s  e x t r a c t e d  
from  S tag e  IV c e l l s  w hich  were grown i n  SMS. Peak 10 i n d i c a t e s  
b e h e n ic  a c id  (0 2 2 ) .
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F ig u re  3^*—Gas chrom atogram  o f  hase  h y d ro ly z e d  crude  
l i p i d s  e x t r a c t e d  from S tage  IV c e l l s  w hich  were grown i n  SMS.
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change i n  f a t t y  a c id  c o n te n t  o f  S tage  IV l i p i d s .  However, 

th e  Cl 5 f a t t y  a c id  se e n  i n  TGY grown c e l l s  was n o t  d e te c t e d  

i n  SMS grown c e l l s .  One o th e r  f a t t y  a c id  a p p ea re d  a t  t h i s  

p o i n t  o f  our work when th e  sample was a llo w ed  to  r u n  f o r  an 

ex te n d ed  p e r io d  of t im e .  T his f a t t y  a c i d  i s  shown i n  b o th  

F ig u r e s  33 and 3>+ and i s  numbered peak  10. The p eak  c o r ­

re sp o n d ed  to  b e h en ic  a c i d ,  a  22 ca rb o n  f a t t y  a c i d .  This a c id  

h as  n e v e r  been  r e p o r t e d  f o r  A r t h r o b a c t e r . I t  was a l s o  se e n  

i n  l i p i d s  from  c e l l s  grown i n  TGY and was n o t  dependen t on 

s u b s t r a t e .

S tage  IV c e l l s  grown i n  SMS w ere compared to  s p h e re s  

w hich  w ere i n  th e  e x p o n e n t ia l  phase  o f  grow th i n  GMS. Both 

h y d ro ly z e d  and n o n -h y d ro ly z e d  l i p i d s  w ere r u n .  The r e s u l t s  

a r e  shown i n  F ig u re s  35 and 3 6 . A gain , t h e r e  a p p e a re d  t o  be 

no d i f f e r e n c e  i n  f a t t y  a c id s  p r e s e n t  o r  i n  q u a n t i t a t i o n  o f  

e i t h e r  h y d ro ly z e d  o r  n o n -h y d ro ly z e d  f a t t y  a c id s  i n  t h e  l i p i d s  

e x t r a c t e d  from  c e l l s  grown i n  SMS w i th  th e  e x c e p t io n  t h a t  

t h e s e  l i p i d s  a p p ea re d  to  have more o l e i c  and s t e a r i c  a c id  

th a n  l i p i d s  from c e l l s  grown i n  TGY o r  GMS.

C e l l s  grown i n  GMS showed l i t t l e  d i f f e r e n c e  betw een  

h y d ro ly z e d  and n o n -h y d ro ly z e d  c e l l s .  However, two f a t t y  a c id s  

a p p e a re d  i n  v e ry  sm a ll  amounts t h a t  had  n o t  been  se e n  e i t h e r  

i n  SMS o r  i n  TGY. These w ere i d e n t i f i e d  a s  l i n o l e l a i d a t e  

(CI8 ) and a r a c h i d a t e  (C20) o r  c i s - 5 - e i c o s e n o a t e  (C20). 

L i n o l e l a i d a t e  and c i s - 5 - e i c o s e n o a t e  a r e  u n s a t u r a t e d  f a t t y  

a c i d s .  These a r e  n o t  shown i n  F ig u r e s  35 o r  3 6 . T ab le  IV



F ig u re  35»— Gas chrom atogram  o f  c ru d e  l i p i d s  e x t r a c t e d  
from  S tage  IV c e l l s  w hich w ere  grown i n  GMS.
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F ig u re  3 6 . — Gas chromatogram o f  base  h y d ro ly z e d  c rude  
l i p i d s  o f S tage  IV c e l l s  which were grown i n  GMS.
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shows th e  m a jo r  f a t t y  a c id s  found  u n d e r  a l l  g row th  s i t u a t i o n s  

and a r e  l i s t e d  i n  o rd e r  o f  r e l a t i v e  abundance .

V I. Membrane I s o l a t i o n  

The q u e s t io n  a ro s e  a s  to  th e  l o c a t i o n  o f  th e  f a t t y  

a c id s  c o n s i s t e n t l y  se en  i n  whole c e l l  c rud e  l i p i d  e x t r a c t s .

I f  i n  t h e  c y to p la sm , th e n  p e rh a p s  th e y  w ere s to r a g e  f o r  en ­

dogenous en e rg y  f o r  th e  f r a g m e n ta t io n  p r o c e s s .  P e rhaps  th e s e  

a c id s  c o n s t i t u t e  p a r t  o f  th e  l i p i d  i n c l u s i o n s  se e n  i n  F ig u re s  

9; 10 and 11. I f  i n  th e  membrane f r a c t i o n ,  p e rh a p s  th e y  a re  

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

i t y  a l s o  m igh t e x i s t  t h a t  th e y  a r e  s im p ly  i n  c lo s e  p ro x im i ty  

to  o r  l o o s e l y  a s s o c i a t e d  w i th  th e  membrane. P e rhaps  th e y  a re  

th e  r e s u l t s  o f  v a r io u s  s y n th e s e s  o c c u r r in g  i n  th e s e  a r e a s .

To answ er th e s e  q u e s t io n s  c rude  l i p i d s  t h a t  were ex ­

t r a c t e d  from i s o l a t e d  membranes and c e l l  sap were ru n  on TLC 

i n  o rd e r  to  d e te rm in e  l i p i d  c l a s s e s  p r e s e n t .  The membrane 

f r a c t i o n  gave a s p o t  i n d i c a t i v e  o f  th e  d i g l y c e r i d e  f r a c t i o n .

Gas chrom atogram s showed t h a t  a l l  f a t t y  a c id s  r e p o r t e d  

p r e v i o u s ly  w ere  p r e s e n t  i n  b o th  f r a c t i o n s .  However, t h e r e  was 

a d i f f e r e n c e  i n  q u a n t i t a t i o n  o f  th e s e  f a t t y  a c i d s .  More C1*+ 

was p r e s e n t  i n  membrane l i p i d s  and c o n s id e r a b ly  l e s s  a n t e i s o  

Cl 5 was se e n  i n  c e l l  s a p .  Low m o le c u la r  w e ig h t  f a t t y  a c id s  

w ere i n  e q u a l  p r o p o r t i o n s  i n  each  f r a c t i o n .

These r e s u l t s  i n d i c a t e  f r e e  f a t t y  a c i d s  i n  t h e  c e l l  

sap  w hich  a re  p r o b a b ly  l o o s e l y  a s s o c i a t e d  w i th  th e  c y to p la s m ic  

membrane. T h is  would n o t  ap p ea r  t o  be an  u n u s u a l  s i t u a t i o n  i n
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TABLE IV

FATTY ACIDS FOUWD IN LIPID EXTRACTS 
OF A. CRYSTALLOPOIETES

( In  o rd e r  o f  r e l a t i v e  abundance)

Name Peak Number

1. 12 -m ethy l t e t r a d e c a n o i c  a c i d .  . 3
2 .  m eth y l h e x a d e c a n o ic  a c id  . . 7
3 . o c ta d e c e n o ic  a c i d ..............................  9
k .  i s o p a l m i t i c  a c i d .............................. 4
5. p a l m i t i c  a c i d .......................................  5
6 . i s o m y r i s t i c  a c i d ..................................  1
7 . p a l m i t o l e i c  a c i d ..................................  6
8 . m y r i s t i c  a c i d ....................................... 2
9 . p e n ta d e c a n o ic  a c i d ...........................  (arrow )

10. s t e a r i c  a c i d ............................................  8
11. b e h e n ic  a c i d ............................................  10
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v iew  o f  th e  f a c t  t h a t  b a c t e r i a l  l i p i d s  a r e  u s u a l l y  concen ­

t r a t e d  i n  th e  o u te r  l a y e r s  o f  th e  c e l l ,  e s p e c i a l l y  th e  c y to ­

p la s m ic  membrane.



CHAPTER IV 

DISCUSSION

The i n v e s t i g a t i o n s  o f  th e  l i p i d s  o f  A. c r y s t a l -  

l o n o i e t e s  r e v e a l e d  th ro u g h  p h o to m ic ro g rap h s  t h a t  t h e r e  a r e  

l i p i d s  p r e s e n t  a t  S tage  I I  i n  th e  form o f  l i p i d  i n c l u s i o n s  

t h a t  d is a p p e a r  e a r l y  i n  th e  ro d  s t a g e .  T o ta l  l i p i d  d e te rm in a ­

t i o n s  as w e l l  as g lu c o s e -6 -p h o s p h a te  dehydrogenase  and m a lic  

enzyme a ssa y s  showed l i p i d  to  be h i g h e s t  and l i p o g e n e s i s  to  

be more pronounced  a t  S tage  I I .  The s u d a n o p h i l i c  a r e a s  seen  

i n  l a t e r  s t a g e s  u n d e r  th e  l i g h t  m ic ro scop e  and r e p o r t e d  to  be 

l i p i d  i n c l u s i o n s  a r e  p ro b a b ly  mesosomes o r  membranous a r e a s  

t h a t  a r e  r i c h  i n  a d h e r in g  l i p i d  and on ly  ap p ea r  a s  f a t  b o d ie s .  

T o ta l  e x t r a c t a b l e  l i p i d s  d e c l in e d  i n  amount a f t e r  S tage I I  and 

f i n a l l y  re a c h e d  a low a t  th e  c o m p le t io n  o f  f r a g m e n ta t io n .  The 

p r e s e n t  work s u g g e s t s  t h a t  l i p i d s  a re  n o t  s u b s t r a t e  f o r  en­

dogenous r e s p i r a t i o n  a t  S tag es  I I - I V  b u t  r a t h e r  a  p o ly s a c ­

c h a r id e  i s  f u n c t io n in g  i n  t h i s  r e g a r d .

I n  th e  m a j o r i t y  o f  b a c t e r i a ,  l i p i d s  do n o t  s e rv e  as  

an  energy  so u rc e  and when p r e s e n t  a s  s t o r e d  l i p i d s  a r e  o f t e n  

composed o f  f a t t y  a c i d  po lym ers (5 8 ) .  R e s p i r a t o r y  q u o t i e n t

101
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v a lu e s  a t  v a r io u s  s t a g e s  a l s o  i n d i c a t e d  t h a t  A. c r y s t a l - 

lo D o ie te s  d id  n o t  u t i l i s e  f a t s  f o r  e n e rg y .  I t  was a t  t h i s  

p o in t  i n  our w ork, t h e r e f o r e ,  t h a t  i t  seemed p l a u s i b l e  to  

a s s ig n  th e  r o l e  o f  l i p i d s  i n  A r th r o b a c te r  t o  f u n c t io n s  o th e r  

th a n  t h a t  o f  an  endogenous energy  s o u rc e .

L ip id s  d id  f l u c t u a t e  i n  t o t a l  amount ov e r  th e  l i f e  

c y c le  b u t  d id  n o t  ap p ea r  t o  be a r e s u l t  o f  ag in g  o f  th e  c u l ­

t u r e .  T his was shown by h o ld in g  th e  m ic ro o rg an ism  i n d e f i ­

n i t e l y  i n  th e  ro d  s t a g e  by c o n tin u o u s  a d d i t i o n  o f  s u c c i n a t e .  

I n  m ic roo rgan ism s t h a t  do s t o r e  l i p i d s ,  s u b s t r a t e  i s  im­

p o r t a n t  to  th e  amount o f  p ro d u c t  s t o r e d .  For exam ple, Sobek, 

e t  a l .  (66) found  t h a t  A z o to b a c te r  a g i l i s  c e l l s  grown on s u c ­

c in a t e  had low er PHB l e v e l s  th a n  c e l l s  grown on g lu c o s e .  

However, s u c c in a te  grown c e l l s  were more e f f e c t i v e  i n  t h e i r  

u se  o f  PHB r e s e r v e s .  We have shown t h a t  PHB i s  n o t  a  r e s e r v e  

m a t e r i a l  i n  A. c r v s t a l l o p o i e t e s . and a l s o  t h a t  s u b s t r a t e  such 

as  a c e t a t e ,  a p r e c u r s o r  o f  l i p i d s ,  h a s  no e f f e c t  on t o t a l  

amount o f  l i p i d .

In d u c e r s  o f  m orphogenesis  a r e  im p o r ta n t ,  b u t  a c t u a l  

mechanisms o f  th e s e  compounds h as  n o t  been  d e te rm in e d .  For 

exam ple, s u c c in i c  a c id  m igh t be an  im p o r ta n t  p r e c u r s o r  o f  

l i p i d s  o f  A. c r v s t a l l o p o i e t e s . The a d d i t i o n  o f  r e l a t e d  com­

pounds such  as  p r o p io n a te  o r  v a l e r a t e  to  th e  c u l t u r e  medium 

o f  B. s u b t i l i s  caused  th e  fo rm a t io n  o f  two new odd numbered 

f a t t y  a c id s  (37) w hich  a re  found  i n  A r th r o b a c te r  as  w e l l .

In d u c e r s  a r e  im p o r ta n t  i n  o t h e r  m ic ro o rg a n ism s .  I t  

has  been su g g e s te d  t h a t  th e  in d u c e r s  o f  m ic ro c y s t  f o rm a t io n
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(a form  o f  m o rp hog en es is )  i n  Mvxococcus x a n th u s  may a l t e r  a 

membrane-DM r e l a t i o n s h i p ,  i n i t i a t i n g  th e  r e a d - o f f  o f  t h a t  

p a r t  o f  th e  genome a s s o c i a t e d  w i th  m ic ro c y s t  f o r m a t io n  (6 2 ) .  

DNA i s  a s s o c i a t e d  w i th  c e l l  membrane e i t h e r  s t r u c t u r a l l y  o r 

m e t a b o l i c a l l y .

A. c r v s t a l l o p o i e t e s  h a s  a v e ry  d e t a i l e d  membrane 

s t r u c t u r e  a s  se e n  i n  e l e c t r o n  p h o to m ic ro g ra p h s .  Mesosomes 

become more p ro m in en t a t  th e  tim e o f  f r a g m e n ta t io n  and a r e  i n  

c lo s e  p ro x im i ty  t o  a r e a s  o f  c r o s s - w a l l  f o r m a t io n ,  and due to  

t h i s  f a c t ,  i t  a p p e a rs  t h a t  th ey  c o n t r i b u t e  s i g n i f i c a n t l y  to  

c r o s s - s e p t a t i o n  and c e l l  w a l l  f o r m a t io n .  Membranous s t r u c ­

t u r e s  a r e  n o t o r io u s  f o r  t h e i r  l i p i d  c o n te n t  a s  e i t h e r  l i p i d  

l o o s e l y  a s s o c i a t e d  w i th  th e  membrane or s t r u c t u r a l l y  r e l a t e d .  

The m a j o r i t y  o f  th e  t o t a l  l i p i d s  o f  m ost b a c t e r i a  a r e  l o c a t e d  

i n  th e  p lasm a  membrane (5 8 ) ,  and t h i s  r e l a t i o n s h i p  co u ld  have 

a r o l e  i n  c ro s s  w a l l  f o rm a t io n  i n  A r th r o b a c te r  a s  h a s  been 

shown f o r  c e r t a i n  b a c t e r i a  by A nderson , e t  a l .  ( 2 ) .  They 

showed t h a t  l i p i d  a c t s  c a t a l y t i c a l l y  as a c a r r i e r  o f  phospho- 

d i s a c c h a r i d e  p e n ta p e p t id e  u n i t s  f o r  polym er s y n t h e s i s  i n  c e l l  

w a l l  o f  S tap h y lo co ccu s  a u re u s  and M icrococcus I v s o d e i k t i c u s .

The r o l e  o f  l i p i d s  can n o t  be s t r i c t l y  a s s ig n e d  to  

membrane l i p i d s .  T o ta l  c o n te n t  o f  th e  c e l l  i s  h i g h e s t  a t  

S tage  I I  w hereas membranous s t r u c t u r e s  a r e  more p ro m in en t a t  

S tage  IV. L ip id  i n c l u s i o n s  se e n  i n  p h o to m ic ro g ra p h s  a r e  on ly  

p r e s e n t  a t  S tage  I I  and t h e r e f o r e ,  may have o t h e r  f u n c t io n s  

i n  th e  c e l l  w hich co u ld  p o s s ib l y  be k i n e t i c .  L ip id  i n c l u s i o n s
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o f  S tag e  I I  co u ld  be p r e c u r s o r s  o f  more complex membrane 

l i p i d s .

E x t r a c t i o n  and i d e n t i f i c a t i o n  o f  l i p i d s  o f  

A r t h r o b a c t e r  has  r e v e a l e d  t h a t  s i g n i f i c a n t  d i f f e r e n c e s  o ccu r  

as th e  m ic ro o rg an ism  u n d e rg o e s  m o rp h o g e n e s is .  The m ajor d i f ­

f e r e n c e  was s e e n  j u s t  p r i o r  t o  f r a g m e n ta t i o n  and was shown by 

TLC t o  be a b u i ld - u p  o f  a n e u t r a l  l i p i d  f r a c t i o n  w hich  c h r o ­

m ato g rap hed  w i th  a  d i g l y c e r i d e  s t a n d a r d .  D ig ly c e r id e  

m o ie t i e s  have been  i s o l a t e d  from  o th e r  b a c t e r i a l  l i p i d s  w i th  

g ly c o s y l  d i g l y c e r i d e s  i s o l a t e d  from  A. g lo b i f o r m i s  by W alker 

and B a s t l  (7 2 ) .  These g l y c o l i p i d s  a r e  im p o r ta n t  i n  th e  r e ­

s p e c t  t h a t  th e y  c o u ld  be r e l a t e d  to  th e  d i g l y c e r i d e  found  i n  

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

I n  th e  s y n t h e s i s  o f  g ly c o s y l  d i g l y c e r i d e s ,  b io s y n ­

t h e s i s  a p p e a rs  to  p ro c e e d  i n  a  s te p w is e  manner in v o lv in g  th e  

t r a n s f e r  o f  a  g ly c o s y l  r e s i d u e  from  th e  a p p r o p r i a t e  su g a r  

n u c l e o t i d e  to  th e  h y d ro x y l  group  o f  a  d i g l y c e r i d e .  This may 

be fo l lo w e d  by a d d i t i o n  o f  a  second  hexose  r e s i d u e .  C e r t a in l y  

more o f  th e  d i g l y c e r i d e  m o ie ty  would  be needed  a t  f r a g m e n ta ­

t i o n  i f  t h i s  i s  t h e  c a se  i n  A. c r v s t a l l o p o i e t e s . Cohen and 

Panes (15) found  t h a t  l e v e l s  o f  d i g l u c o s y l d i g l y c e r i d e  i n ­

c r e a s e d  i n  membrane l i p i d s  o f  an  L form o f  S t r e p to c o c c u s  

pvogenes a s  compared to  a  much lo w er  l e v e l  f o r  th e  p a r e n t  

s t r a i n .  These w o rk e rs  p o s t u l a t e d  t h a t  t h i s  compound c o u ld  be 

in v o lv e d  i n  c e l l  w a l l  s y n t h e s i s .  The i n a b i l i t y  o f  th e  L form  

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

compound.
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In  A. c r y s t a l l o p o i e t e s  i t  c o u ld  n o t  be d e te rm in e d  i f  

th e  d i g l y c e r i d e  e x t r a c t e d  was e x c l u s i v e l y  a s s o c i a t e d  w i th  th e  

p lasm a  membrane o r  found  i n  th e  c e l l  s a p .  The f a c t  rem ained  

how ever, t h a t  th e  d i g l y c e r i d e  c o u ld  be one o f  th e  p r e c u r s o r s  

f o r  a  g l y c o l i p i d  component. D ig ly c e r id e s  m ig h t a l s o  s e rv e  as  

p r e c u r s o r s  o f  p h o s p h a t id ic  a c i d  w hich  c o u ld  i n  t u r n  be a p r e ­

c u r s o r  o f  o th e r  p h o s p h o l ip id s  (5 8 ) .  E i t h e r  o f  th e  above 

w ould r e q u i r e  a  p o o l  o f  m e t a b o l i c a l l y  a c t i v e  d i g l y c e r i d e  t h a t  

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

t i o n .  S ince  p h o s p h o l ip id s  a r e  a m ajo r  component o f  membranes, 

i t  fo l lo w s  t h a t  th e  h i g h e s t  c o n c e n t r a t i o n  o f  d i g l y c e r i d e  would 

be a t  f r a g m e n ta t io n  when membrane s y n t h e s i s  i s  th e  h i g h e s t .

The i d e a  o f  a d i g l y c e r i d e  h a s  b een  c o n s id e re d  i n  o th e r  m ic ro ­

o rg an ism s , b u t  Chang and Kennedy (12) found  no p o o l  o f  d i ­

g l y c e r id e s  i n  E s c h e r i c h i a  c o l i . The enzyme d i g l y c e r i d e  k in a s e  

m ig h t g iv e  an  i n d i c a t i o n  o f  a d i g l y c e r i d e  p o o l  s i n c e  d i g l y c e r ­

i d e  would be s u b s t r a t e  f o r  t h i s  enzyme.

F a t t y  a c id s  i n  b a c t e r i a  have been c h a r a c t e r i z e d  and 

a c id s  ra n g in g  from  8 to  32 c a rb o n  atoms i n  l e n g t h  have been 

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

b a c t e r i a  a r e  p a l m i t i c ,  m y r i s t i c  and s t e a r i c  a c id  i n  o rd e r  o f  

abundance and th e  c o r n y n e b a c t e r i a  and m y c o b a c te r ia  c o n ta in  

v e ry  long  c h a in  a c id s  w i th  32 o r  more c a rb o n s .  The f a t t y  a c id  

c o m p o s it io n  o f  A. c r v s t a l l o p o i e t e s  p ro v ed  to  be q u i t e  d i f f e r ­

e n t  from  m ost b a c t e r i a  i n  t h a t  h ig h  c o n c e n t r a t i o n s  o f b ranched  

c h a in  f a t t y  a c id s  w ere fou nd  to  be th e  p redom inan t a c i d s .



106

P en tad eca jio ic  a c id  (Cl 5) i s  th e  on ly  f a t t y  a c id  which c o u ld  he 

•uniquely  a s s o c i a t e d  w i th  th e  d i g ly c e r i d e  i n  q u e s t io n .  This 

f a t t y  a c id  was p r e s e n t  o n ly  a f t e r  h y d r o ly s i s  o f  a l i p i d  m ix­

t u r e  w hich c o n ta in e d  th e  d i g l y c e r i d e .

The f a t t y  a c id s  and f a t t y  a c i d  changes found  i n  A. 

c r v s t a l l o p o i e t e s  co u ld  be p a r t  o f  a f a t t y  a c id  p o o l .  Changes 

i n  a  f a t t y  a c i d  p o o l  m igh t d i r e c t l y  a f f e c t  th e  d ig ly c e r i d e  

c o n c e n t r a t i o n  making i t  e a sy  to  s p e c u la te  t h a t  th e  l i p i d  d e ­

p o s i t s  s e e n  a t  S tage  I I  a r e  f a t t y  a c id  p r e c u r s o r s  o f  th e  d i ­

g l y c e r id e  found  a t  th e  l a t e r  s t a g e s .  T h is  would e x p la in  th e  

d is a p p e a ra n c e  o f  th e  l i p i d  i n c l u s i o n s  and a l s o  th e  a p p ea ran ce  

o f  th e  d i g l y c e r i d e .  T h is  would a l s o  a cc o u n t  f o r  RQ v a lu e s  

o b ta in e d  i n  t h a t  th e  l i p i d s  were n o t  u se d  f o r  endogenous r e s ­

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

th a n  e n e rg y .  The i d e a  o f  a  f a t t y  a c id  p o o l h a s  been d i s c u s s e d  

i n  r e l a t i o n  to  f a t t y  a c id s  u se d  i n  s p o r u l a t i o n  of B. 

m egaterium  (6 3 ) .  F a t t y  a c id s  o f  A. c r v s t a l l o p o i e t e s  m igh t be 

th o s e  r e s p o n s i b l e  f o r  enzyme i n h i b i t i o n  w hich  was r e p o r t e d  by 

F e rd in a n d u s  and C la rk  (3 0 ) .

The d i f f e r e n c e s  i n  c e l l  w a l l  o f  th e  two m o rp h o lo g ica l  

ty p e s  o f  A. c r v s t a l l o p o i e t e s  a r i s e  from th e  a l t e r a t i o n  o f  c e l l  

w a l l  s y n t h e s i s  d u r in g  m o rp h o g en es is .  K ru lw ich  and E n s ig n  (3 8 ) 

s t u d i e d  c o m p o s it io n  o f  th e  c e l l  w a l l .  I f  endogenous r e s p i r a ­

t i o n  p la y s  some r o l e  i n  m orphogenesis  ( a l th o u g h  th e  s u b s t r a t e  

i s  n o t  l i p i d ) ,  th e  c e l l  w a l l  and i t s  ch em ica l  n a tu r e  a re  d e ­

te rm in e d  f o r  th e  m ost p a r t  by th e  p ro d u c t  s t o r e d  f o r
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endogenous r e s p i r a t i o n .  P ro d u c ts  which can  he e a s i l y  con­

v e r t e d  to  a c e t a t e  would he im p o r ta n t  i n  t h i s  r e s p e c t .  Brown 

and Reda (9) showed t h a t  th e  i n a b i l i t y  o f  N. c o r a l l i n a  to  

u t i l i z e  g lu c o se  was due to  a l o s s  o f  p e r m e a b i l i t y  r a t h e r  th a n  

a  l a c k  o f  a s p e c i f i c  enzyme. F e rd in an d u s  (29) and K ru lw ich  

and E n sig n  (4o) d em o n s tra te d  by means o f  p u l s in g  ex p er im en ts  

w i th  r a d i o a c t i v e  g lu c o se  t h a t  A. c r v s t a l l o p o i e t e s  was r e l a ­

t i v e l y  impermeable to  exogenous g lu c o s e  d u r in g  b o th  ro d  fo rm a­

t i o n  and ro d  f r a g m e n ta t io n .  T h is  s u g g e s ts  t h a t  p e r m e a b i l i t y  

to  g lu c o se  may be a s s o c i a t e d  i n  some way to  m orphogenesis  and 

o f  c o u rs e ,  th e  c e l l  membrane would be in v o lv e d .  I n c r e a s e d  

l i p i d  would be im p o r ta n t  e i t h e r  a s  a p r e c u r s o r  o r  as  a con­

s t i t u e n t  o f  th e  c e l l  membrane.



CHâPTER V 

SUMMARY

A r th r o b a c t e r  c r v s t a l l o p o i e t e s  i s  a  b a c te r iu m  which 

u n d e rg o e s  s p h e r e - r o d  m orp h o g en es is ,  a  p ro c e s s  which h as  g a in e d  

c o n s id e r a b le  i n t e r e s t  i n  th e  p a s t  few y e a r s .  T h is  m ic ro o rg a n ­

ism h a s  a  w e l l  d e f in e d  l i f e  c y c le  i n  a  com plete  and m inim al 

s a l t s  medium and i s  e a s i l y  s u i t e d  to  s t u d i e s  co n ce rn in g  b o th  

m o rp h o lo g ic a l  and p h y s i o l o g ic a l  changes w hich  o ccu r  d u r in g  th e  

m o rp h o g en e tic  c y c l e .

A c y t o l o g i c a l  s tu d y  r e v e a l e d  l i p i d  d e p o s i t s  i n  th e  

e a r l y  ro d  s t a g e  o f  g ro w th , w hich  w ere n o t  se en  t h e r e a f t e r .  

S p e c i f i c  a c t i v i t i e s  o f  th e  m a l ic  enzyme and o f  g lu c o s e - 6 -  

p h o sp h a te  d ehy d ro genase  (enzymes in v o lv e d  i n  l i p o g e n e s i s )  

w ere  h i g h e s t  a t  t h i s  p o i n t  and p e r c e n t  t o t a l  e x t r a c t a b l e  l i p i d  

was a l s o  h i g h e s t  a t  t h e  e a r l y  ro d  s t a g e .

A QO2 d e te r m in a t io n  i n d i c a t e d  t h a t  endogenous r e s p i r a ­

t i o n  i s  n o t  th e  c r i t i c a l  m e ta b o l ic  p r o c e s s  a t  f r a g m e n ta t io n  

s in c e  QO2 v a lu e s  do n o t  change s i g n i f i c a n t l y .  R e s p i r a to r y  

q u o t i e n t  v a lu e s  show t h a t  a p o ly s a c c h a r id e  i s  f u n c t i o n in g  as 

s u b s t r a t e  f o r  t h e  endogenous r e s p i r a t i o n  t h a t  i s  o c c u r r in g .  

L ip id  i s  l i k e l y  endogenous s u b s t r a t e  i n  ag in g  c e l l s .
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L ip id  s t u d i e s  showed a  d i g l y c e r i d e  f r a c t i o n  t o  be 

p r e s e n t  j u s t  p r i o r  to  f r a g m e n ta t io n  and  a f a t t y  a c id  a n a l y s i s  

i n d i c a t e d  t h a t  th e  d i g l y c e r i d e  co u ld  be composed o f  p e n t a ­

d e c a n o ic  a c i d .  F a t t y  a c id s  a r e  r e p o r t e d  f o r  A. c r y s t a l ­

l o p o i e t e s  t h a t  have  n o t  been  r e p o r t e d  f o r  t h i s  genus p r e v i ­

o u s ly .

P h o to m icro g rap h s  r e v e a l e d  changes i n  t h e  e x t e n t  o f  

membranous s t r u c t u r e s  over th e  l i f e  c y c l e .  As t h e  m ic ro ­

o rgan ism  p ro g r e s s e d  th ro u g h  th e  l i f e  c y c l e ,  mesosomes became 

more p ro m in e n t  b u t  became o n ly  ru d im e n ta ry  s t r u c t u r e s  a f t e r  

f r a g m e n ta t io n .  L ip id  d i f f e r e n c e s  a r e  p ro b a b ly  a s s o c i a t e d  

w i th  changes i n  membranous s t r u c t u r e s  th ro u g h o u t  th e  l i f e  

c y c l e .
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