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G E N E R A L  IN TR O D U C TIO N

M an is  dependent, e ith e r  d ir e c t ly  o r  in d ir e c t ly ,  upon p la n t p ro te in  

fo r  the m a in tenance  o f h is  l i f e  p ro ce sse s . The n itro g e n  n e ce ssa ry  fo r  

the syn th e s is  o f th is  p ro te in  is  d e r iv e d  m a in ly  f r o m  the s o i l  and m u s t be 

co n s ta n tly  re p le n is h e d . In  a d d itio n  to  lo sse s  of s o i l  n itro g e n  v ia  p la n t 

uptake the p rocesse s  of e ro s io n , le a ch ing , sewage lo s s  and b io lo g ic a l 

d e n it r i f ic a t io n  a n n u a lly  re m o ve  trem endous  q u a n tit ie s  o f com b ined  n i t r o ­

gen f ro m  the te r r e s t r ia l  c y c le . F e r t i l iz a t io n  has been em p loyed  fo r  m any 

ye a rs  f o r  re p le n is h m e n t p u rposes , bu t is  expens ive , e s p e c ia lly  the s y n ­

th e tic  n itro g e n o u s  f e r t i l iz e r s  w h ich  depend upon h ig h  te m p e ra tu re  and 

p re s s u re  fo r  th e ir  p ro d u c tio n . B y  fa r  the g re a te s t p o te n tia l so u rce  o f 

th is  e le m en t is  the a tm osp h e re  and an e co n o m ica l and e f f ic ie n t m eans o f 

c o n v e rtin g  th is  f re e  m o le c u la r  n itro g e n  in to  fo rm s  w h ich  p la n ts  can 

a s s im ila te  is  th ro u g h  b io lo g ic a l n itro g e n  f ix a t io n .  E v e r  s ince  the c la s s i­

ca l e x p e rim e n ts  of H e llr ie g e l and W ilfa r th  i t  has been re a liz e d  tha t a 

m a jo r  fa c to r  in  b io lo g ic a l n itro g e n  f ix a t io n  is  the s y m b io tic  re la t io n s h ip  

be tw een b a c te r ia  o f the genus R h izo b iu m  and c e r ta in  leg um ino us  p la n ts . 

These b a c te r ia  d w e ll w ith in  ro o t nodu les and, in  co m b in a tio n  w ith  the host 

p la n t, a re  capable o f f ix in g  la rg e  q u a n tit ie s  o f f re e  n itro g e n . N ot a l l  

s tra in s  o f R h izo b iu m  a re  capable , ho w eve r, of f ix in g  n itro g e n . S tra in s  

e x is t w h ich  v a ry  f r o m  a co n d itio n  o f e ffe c tive n e ss , th ro u g h  in e ffe c tiv e n e s s , 

to  p a ra s it is m . These tw o la t te r  s tra in s  a re  a m a tte r  o f som e co n c e rn  as 

the y  a re  p o te n tia lly  ab le  to  cause c ro p  fa i lu re s  in  f ie ld s  w h ic h  a re  lo w  in
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in o rg a n ic  n itro g e n .

In  s p ite  of in te n s iv e  in v e s tig a tio n , b e g in n ing  in  1888 when 

B e ije r in c k  f i r s t  is o la te d  the nodule o rg a n is m , th e re  is  s t i l l  m uch  to  be 

le a rn e d  about these m ic ro o rg a n is m s  f ro m  the s tan dpo in t o f m e ch a n ism  

o f n itro g e n  f ix a t io n , b io c h e m ic a l ba s is  of in e ffe c tiv e n e s s  and p a ra s it is m , 

and m e ta b o lis m  in  g e n e ra l. S ince the key  in te rm e d ia te  of f ix a t io n  is  

b e lie ve d  to  be am m on ia  and the f i r s t  p ro du c t e a s ily  de tected  is  g lu ta m ic  

a c id  the in t r a c e l lu la r  m e ch an ism s in v o lv in g  am m on ia  and am ino  a c id s  a re  

o f p a r t ic u la r  im p o rta n c e .

The p re se n t in v e s tig a tio n  was com m enced u n d e r the ausp ices  o f the 

D e p a rtm e n t o f B a c te r io lo g y , O n ta rio  A g r ic u ltu r a l  C o lle g e  and the Legum e 

R ese a rch  C o m m itte e  in  O n ta r io . I t s  purpose was to  m ake a som ew hat 

g e n e ra l s u rv e y  o f the a lfa lfa -s w e e t c lo v e r  o rg a n is m  (R h izo b iu m  m e l i lo t i ) 

f r o m  the s tandpo in t o f o rg a n ic  and in o rg a n ic  n itro g e n  m e ta b o lis m  and 

n u tr i t io n .  F ro m  a p ra c t ic a l v ie w p o in t i t  was hoped tha t in fo rm a tio n  w ou ld  

be ga ined w h ich  w ou ld :

(a) he lp  in  the deve lopm en t o f a ra p id  b io c h e m ic a l te s t f o r  e f fe c t iv e ­

ness, in e ffe c tiv e n e s s , and p a ra s it is m  am ong the legum e b a c te r ia ,

(b) a id  in  the fo rm u la t io n  o f a s u p e r io r  syn th e tic  m e d ium  fo r  the 

c u lt iv a t io n  and s tudy of these m ic ro o rg a n is m s , and

(c) c o n tr ib u te  to  an un d e rs ta n d in g  o f the e n zym ic  c a p a b ilit ie s  of 

rh iz o b ia  so tha t fu r th e r  s tud ies  on the m e ch a n ism  of n itro g e n  

f ix a t io n , in te rc o n v e rs io n  o f c e l lu la r  n itro g e n  o r  t ra n s fe r  of
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f ix e d  n itro g e n  to  the host p la n t cou ld  be c a r r ie d  out m o re  

in te l l ig e n t ly .

T h is  s tudy is  co m p lic a te d , as a re  a l l  in v e s tig a tio n s  on l iv in g  c e lls  

o r  c rude  c e l lu la r  p re p a ra tio n s , b y  the trem endous  in te rp la y  o f in t r a c e l lu ­

la r  enzym es. In  a d d itio n , l i t t le  is  know n of the ra te s  o f re a c tio n s  w h ich  

o c c u r in  the l iv in g  c e ll.  A n y  p a r t ic u la r  ra te  is  n e c e s s a r ily  d yn am ic  in  

tha t i t  is  a c c e le ra te d  o r  re ta rd e d  depending upon the n a tu re  o f the p h y s io - 

c h e m ic a l e n v iro n m e n t, and upon the o p e ra tio n  o f in te rc o n n e c te d  p ro ce sse s . 

A l l  tha t can be sa id  a f te r  such a s tudy is  tha t the o rg a n is m  is  p o te n tia lly  

capable o f c a r ry in g  out such and such a re a c tio n , bu t even th a t re p re s e n ts  

a g l i t t e r  o f l ig h t  in  the da rkn e ss  o f c e l lu la r  m e ta b o lis m .
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P A R T  I

N ITR O G E N  N U T R IT IO N  A N D  M E T A B O L IS M
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IN T R O D U C T IO N  A N D  L IT E R A T U R E  R E V IE W

The l i te r a tu r e  d e a ling  w ith  the legum e nodu le  b a c te r ia  is  f i l le d  

w ith  in n u m e ra b le  re p o r ts  on the n u tr i t io n  o f these unusua l m ic ro o rg a n ­

is m s . M any o f these re p o r ts  a re  c o n tra d ic to ry  and the re s u lt in g  co n ­

fu s io n  p ro b a b ly  s tem s f r o m  the v a r ie d  e x p e r im e n ta l co n d itio n s  w h ic h  the 

d if fe re n t in v e s tig a to rs  used . In  som e cases the m e d ia  used as a base 

con ta ined  s o i l  o r  p la n t e x tra c ts  whose exac t c o m p o s itio n  a re  unknown, 

even tod ay . M ost o f the o ld e r w o rk e rs  em p loyed  unw ashed c e lls  as 

in o c u la  and the p re syn th e s ize d  m a te r ia ls  a d h e rin g  to  these c e lls  w e re  

neg lec ted  in  the in te rp re ta t io n  of the e x p e r im e n ta l f in d in g s . N e v e rth e le s s  

m a ny  o f the re p o r ts  a re  va lu ab le  in  tha t they  do in d ic a te  w h e th e r o r  no t 

the rh iz o b ia l s tra in s  em p loyed  cou ld  u t i l iz e  the  v a r io u s  te s t substances, 

but the a b i l i t y  o f such substances to  in it ia te  the g ro w th  of w ashed c e lls  in  a 

c h e m ic a lly  d e fined  in o rg a n ic  b a s a l m e d iu m  co u ld  not be s ta ted  w ith  any 

degree  o f c e r ta in ty .  S tated in  a n o th e r fa s h io n  the com pounds u n d e r te s t 

cou ld  be c la s s if ie d  as s t im u la to ry  o r  n o n -s t im u la to ry  o n ly , and no t as 

e s s e n tia l o r  n o n -e s s e n tia l. A n o th e r im p o rta n t fe a tu re  th a t m u s t no t be 

d is re g a rd e d  in  re a d in g  the a v a ila b le  l i te ra tu r e  is  the in flu e n c e  o f phys io  

c h e m ic a l fa c to rs  on the n u tr i t io n  o f the b a c te r ia . Such fa c to rs  as pH, E h, 

te m p e ra tu re  e tc . a re  e x tre m e ly  im p o rta n t and i t  is  to  be la m e n te d  tha t 

m u ch  o f th is  in fo rm a tio n  has been o m itte d  f r o m  e a r l ie r  e x p e r im e n ta l 

r e p o r ts .  Species o r  s t ra in  d iffe re n c e s  a re , o f co u rs e , a d d it io n a l m a jo r
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fa c to rs  and in v e s tig a tio n s  w h ic h  a t f i r s t  appear c o n tra d ic to ry  a re  o ften  

a re s u lt  o f such in h e re n t d iffe re n c e s  am ong m ic ro o rg a n is m s .

The qu es tion  as to  w h e th e r o r  not rh iz o b ia  a re  capab le  o f in i t ia t ­

ing  g ro w th  in  c h e m ic a lly  pu re  in o rg a n ic  s y n th e tic  m e d ia  is  e x tre m e ly  

im p o rta n t, bu t in  a l l  p ro b a b il i ty  can n e ve r be answ ered  in  e ith e r  the 

a f f irm a t iv e  o r  the nega tive  fo r  a l l  s t ra in s  o f the o rg a n is m . E ach  s t ra in  

w ou ld  be expected to  behave in  i t s  own p e c u lia r  fa s h io n  in  th is  re s p e c t. 

W ils o n  and W ils o n  (101) found  tha t con tinuous t ra n s fe r  of Rh. m e l i lo t i  

and Rh. t r i f o l i i  was p o ss ib le  in  a m e d iu m  c o n ta in in g  p u r if ie d  s a lts  p lus  

a lc o h o l e x tra c te d  g lucose , su c ro se  o r  s y n th e tic  g ly c e ro l.  T h e y  conc luded , 

ho w eve r, tha t th e re  w e re  a t le a s t th re e  p r in c ip a l g roup s  o f o rg a n is m s : 

a) those tha t g rew  v e ry  p o o r ly  in  the absence of b io t in  and reached  a popu­

la t io n  o f about one ten th  the m a x im u m  b) those th a t a tta in e d  p ra c t ic a l ly  

m a x im u m  g ro w th  in  the absence o f b io t in  and c) those s tra in s  th a t w e re  

unable to g ro w  u n le ss  b io t in  w as su p p lie d . The n itro g e n  so u rce  in  th e ir  

m e d iu m  w as am m o n iu m  c h lo r id e . W est and W ils o n  (98) s ta ted  tha t 

“ s m a ll in o cu la , w ashed f re e  o f m e ta b o lic  p ro d u c ts  of the c u ltu re  f r o m  

w h ich  th e y  w e re  taken , p roduce  l i t t l e  o r  no g ro w th  in  the absence of the 

R h izo b iu m  fa c to r '* .  A lth o u g h  the “ fa c to r ”  in  th is  case w as a heat la b ile  

substance p roduced  by  a c t iv e ly  g ro w in g  c u ltu re s  o f the o rg a n is m  and 

thought to  co n ta in  th ia m in  and r ib o f la v in  the fa c t  is  em phas ized  in  a m o re  

re c e n t re p o r t  (48) th a t the “ fa c to r ”  m a y  a c tu a lly  be any one o f a n u m b e r 

o f am in o  ac ids  w h ich  supp ly  e s s e n tia l am in o  g roups to  the o rg a n is m .
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F o r  the pu rposes o f c la r i t y  th is  re v ie w  has been d iv id e d  in to  s e v e ra l 

se c tio n s , a l l  re la te d  to  the n itro g e n  n u tr i t io n  of the nodu le  b a c te r ia . The 

f i r s t  se c tio n  dea ls w ith  the u t i l iz a t io n  o f in o rg a n ic  n itro g e n  w h ile  the s e ­

cond has re fe re n c e  to o rg a n ic  n itro g e n o u s  com pounds. The f in a l  s e c tio n  

b r ie f ly  d iscu sse s  the e ffe c t o f pH and te m p e ra tu re  on rh iz o b ia .

I .  In o rg a n ic

A s  f a r  back as 1890 P ra z m o w s k i (73) recom m ended  the use o f a 

n itro g e n -p o o r  m e d iu m  fo r  the g ro w th  o f rh iz o b ia . T h is  re co m m e n d a tio n  

was suppo rted  b y  such m en as Z in s s e r  (107) and Daw son (23). H a r r is o n  

and B a r lo w  (39) and G re ig -S m ith  (36), am ong o th e rs , a c tu a lly  advocated 

the use o f m e d ia  devo id  of any added com b ined  n itro g e n  s o u rc e . O f 

co u rse  tra c e s  o f n itro g e n o u s  com pounds in  the m in e ra l s a lts  used in  the 

p re p a ra tio n  of such m e d ia  w ou ld  have en su red  the p resence  of a t le a s t 

som e com b ined  n itro g e n , o th e rw is e  the o rg a n is m s , w h ich  cannot f i x  f re e  

n itro g e n  in  the absence of the  host p la n t, w ou ld  have s u ffe re d  f r o m  n i t r o ­

gen s ta rv a tio n . F re d , B a ld w in , and M cC oy (26) re p o r te d  g ro w th  s t im u ­

la t io n  of nodule o rg a n is m s  b y  the a d d itio n  of n it ra te  to  a m e d iu m  such as 

A s h b y ’ s . B e ije r in c k  (8), M u lle r  and Stapp (63), L e o n a rd  (55), and 

P oh lm an  (72) a l l  g re w  rh iz o b ia  in  n it ra te  m e d ia . H o w e ve r, a l l  these 

w o rk e rs  used unwashed in o cu la  and in  som e cases (55), s o i l  and p la n t- 

e x tra c t b a s a l m e d ia  as w e ll.  M u lle r  and Stapp (63) found th a t a m m o n iu m  

s a lts  cou ld  be u t i l iz e d  by  unwashed c e lls  o f these b a c te r ia , bu t t r ie d
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u n s u c c e s s fu lly  to  g ro w  them  in  m e d ia  c o n ta in in g  n i t r i t e .  P o h lm a n ’ s 

w o rk  (72) em phas ized  spec ies  d iffe re n c e s  when he re p o r te d  th a t Rh. 

ja p o n icu m  u t i l iz e d  a m m o n iu m  su lpha te  in  a m a n n ito l m in e ra l-s a lts  

m e d iu m  to  b e t te r  advantage than Rh. m e li lo t i ,  p o s s ib ly  because the 

soybean o rg a n is m  is  capable o f n e u tra liz in g  the s u lp h u r ic  a c id  l ib e r a ­

ted , thus p ro lo n g in g  the p e r io d  o f fa v o ra b le  g ro w th .

A l l is o n  and H o o ve r (3), u s in g  a y e a s t-e x tra c t m in e ra l- s a lts  m e d iu m , 

pub lishe d  a re p o r t  s ta tin g  tha t po tass iu m  n it ra te  and a m m o n iu m  c h lo r id e  

w e re  u t i l iz e d ,  bu t la te r  (42) re p o r te d  th a t the g ro w th  o f c e r ta in  spec ies  

in  a s y n th e tic  m e d iu m  com posed o f sug a r, in o rg a n ic  s a lts  and n it ra te  

was n e g lig ib le  i f  pu re  in g re d ie n ts  w e re  used. A lth o u g h  T h o rn e  and 

W a lk e r (90) advocated the a d d itio n  of cys te in e  to the above m e d iu m  to 

ove rcom e  the h ig h  o x id a tio n -re d u c tio n  p o te n tia l, N ils s o n , B ja lfv e , and 

B u rs tro m  (66) obse rve d  tha t no g ro w th  took  p lace  in  th is  m e d iu m  even 

when re d u c in g  substances w e re  added o r  when a m m o n iu m  c h lo r id e  was 

su b s titu te d  fo r  the  n it ra te .  A l ly n  and B a ld w in  (5) in v e s tig a te d  the e ffe c t 

o f the re d o x  p o te n tia l on unwashed c e lls  of nodule  b a c te r ia  and found 

tha t they  g rew  in  a s o lid  m a n n ito l n it ra te  m e d iu m , bu t no t in  m a n n ito l 

n it ra te  b ro th  u n le ss  cys te in e  was added. T h o rn e  and W a lk e r (89) in  

fu r th e r  s tu d ie s  m a in ta in e d  tha t in  th e ir  w o rk  s e v e ra l R h izo b iu m  spe c ies  

w e re  unab le  to  m a in ta in  g ro w th  in  a c h e m ic a lly  pu re  m in e ra l- s a lts  

su c ro se  m e d iu m  w ith  p o ta ss iu m  n it ra te  as the n itro g e n  so u rc e . N e v e r ­

th e le ss , these s tra in s  cou ld  be c u lt iv a te d  in d e f in ite ly  i f  the p o ta s s iu m
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n it r a te  w as re p la c e d  b y  N H ^C l o r  a sp a ra g in e , Jo rd a n  (48) u s in g  w e l l  

washed rh iz o b ia l c e lls  s ta te d  tha t the s tra in s  o f a lfa lfa -s w e e t c lo v e r  

b a c te r ia  used in  h is  s tud ie s  w ou ld  not u t i l iz e  a m m o n iu m  c h lo r id e  as the 

so le  sou rce  o f n itro g e n  in  a c h e m ic a lly  de fined  m e d iu m  co n ta in in g  p u r i ­

f ie d  sucrose  and m in e ra l s a lts ,  R ic h a rd s o n  and Jo rd a n  (77) extended 

these re s u lts  to  in c lu d e  a m m on iu m  su lpha te , c a lc iu m  n it ra te ,  p o ta ss iu m  

n it ra te ,  po ta ss iu m  n i t r i t e ,  sod ium  n it ra te  and sod ium  n i t r i t e .  Ish iza w a  

(43) a ls o  re p o r te d  th a t c e r ta in  cowpea rh iz o b ia  w e re  unab le  to u t i l iz e  

am m on iu m  s a lts  o r  n it ra te .

A  n u m be r o f w o rk e rs  have s tud ied  the re d u c tio n  o f n it ra te  by

rh iz o b ia , P ru ch a  (75), H i l ls  (40), and W ils o n  (99) found no n it r a te  r e ­

du c tio n  fo r  the f ie ld  pea, a lfa lfa ,  and soybean o rg a n is m  re s p e c t iv e ly ,  

Ish iza w a  (43) re p o r te d  tha t a fe w  s tra in s  o f bean and cowpea rh iz o b ia  

w e re  unab le  to  re duce  n it ra te  in  n it ra te  y e a s t-w a te r  m a n n ito l m e d iu m . 

N e v e rth e le s s , m o re  re c e n t w o rk e rs  such as W ils o n  and C h in  (102) a re  

o f the o p in io n  tha t a l l  s tra in s  o f rh iz o b ia  m a y  reduce  n it ra te s  to  n i t r i t e s  

when a c e r ta in  co n c e n tra tio n  o f n it ra te  is  p ro v id e d . W ils o n  (100) c la im e d  

th a t the n i t r i t e  w i l l  re a c t in  a c id ic  m e d ia  w ith  a n u m b e r o f com pounds to 

l ib e ra te  gaseous n itro g e n . P oh lm an  (72) found tha t n i t r i t e s  tended to 

accu m u la te  in  c u ltu re s  o f Rh. m e l i lo t i  and Rh. ja p o n icu m  and th e re  was 

som e in d ic a tio n  o f a s lig h t n i t r i t e  u t i l iz a t io n  by  bo th  o rg a n is m s . Ish iza w a  

(43) showed tha t d is t in c t  d iffe re n c e s  a re  p re se n t am ongst d if fe re n t s tra in s  

o f rh iz o b ia  in  th e ir  a b i l i t y  to  u t i l iz e  a m m o n iu m  s a lts , n it r a te  and n i t r i t e .  

A lth o u g h  the a lfa lfa  o rg a n is m  w as unab le  to u t i l iz e  n i t r i t e  c e r ta in  spec ies
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w e re  capable  o f do ing so.

T h e re  is  l i t t le  e x p e r im e n ta l ev idence co n ce rn in g  the a b i l i t y  o f 

rh iz o b ia  to  fo rm  am m o n ia  f r o m  n it ra te s  a lth oug h  Z ip fe l (108) noted 

tha t the o rg a n is m s  w h ic h  nodu la te  pea, re d  c lo v e r , h o rse  bean and g a r ­

den bean a l l  re duce  n it ra te  to  n i t r i t e ,  bu t no t to  a m m o n ia . H ow eve r, 

these re s u lts  m a y  be due to  the ra p id  u t i l iz a t io n  b y  the o rg a n is m s  o f any 

am m on ia  fo rm e d .

S e ve ra l in v e s tig a to rs  have s tud ied  the s t im u la to ry  pow ers o f added 

in o rg a n ic  n itro g e n  so u rce s  upon the uptake o f oxygen by  c e lls  suspended 

in  ca rb o h yd ra te  m e d ia . W a lk e r, A n d e rso n , and B ro w n  (97) in  a s e r ie s  

o f m ic ro re s p iro m e te r  s tu d ie s  re p o r te d  tha t unwashed c e lls  o f Rh. le g u m - 

in o s a ru m  in  a g lucose  m in e ra l 's a lts  m e d iu m  w e re  not s t im u la te d  in  th e ir  

oxygen up take  b y  a m m on iu m  c h lo r id e  o r  sod ium  n it ra te  o v e r a p e r io d  o f 

th i r t y  h o u rs . N e a l and W a lk e r (64) in v e s tig a te d  the oxygen con sum p tion  

by tw ice -w ashed  a lfa lfa  rh iz o b ia  g ro w in g  f o r  tw e n ty - fo u r  h o u rs  in  W a rb u rg  

ve sse ls  c o n ta in in g  e ith e r  so d iu m  n it ra te  o r  a m m on ium  c h lo r id e  m in e ra l-  

s a lts  b a s a l m e d iu m  p lus  any one of s e v e ra l d if fe re n t ca rb o n  s o u rc e s . The 

up take of gaseous oxygen was g re a te r  in  the a m m o n iu m  c h lo r id e  m e d iu m  

than in  the n it ra te  base.

B u r r is  and W ils o n  (15) em p loyed  “ re s t in g  c e l l ”  techn iques in  a 

s e r ie s  o f m a n o m e tr ic  e x p e rim e n ts  des igned to  d e te rm in e  the m a nn e r o f 

u t i l iz a t io n  o f h e m o g lo b in - lik e  com pounds by  rh iz o b ia .  T h e ir  re s u lts
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showed th a t c e r ta in  in o rg a n ic  n itro g e n  s a lts  (as w e ll as m any am in o  

ac id s ) in c re a s e d  the re s p ira t io n  o f w ashed suspensions o f fo u r  s tra in s  

o f rh iz o b ia  fu rn is h e d  w ith  g lu co se . W ith  c e r ta in  s tra in s  C a(N 03)2 , 

(NH4)2H P 0 4, (NH4 )2S04> N a N 0 2 and N H 4N O s w e re , how ever, d e c id e d ly  

in h ib ito ry  to w a rd s  oxygen up take .

A s  a re su m e  i t  m ay be sa id  tha t c e r ta in  spec ies  o r  s tra in s  o f 

nodule b a c te r ia  a re  capab le  o f in i t ia t in g  g ro w th  in  a c h e m ic a lly  de fined  

m e d iu m  co n ta in in g  am m o n iu m  s a lts  o r  n it ra te  as the so le  so u rce  o f n i t ­

rogen , T o  the m a jo r i ty  o f s tra in s , how ever, these in o rg a n ic  n itro g e n  

sou rce s  a re  p u re ly  s t im u la to ry ,  no t on ly  to w a rd s  c e l l  p ro l i fe ra t io n ,  bu t a lso  

to w a rd s  c e l lu la r  re s p ira t io n  as ty p if ie d  b y  “ re s t in g  c e l l ”  e x p e r im e n ts .

In  m o s t cases the n it ra te  is  reduced  to n i t r i t e  and thence to  a m m on ia , 

w h ich , ho w e ve r, is  p ro b a b ly  ra p id ly  m e ta b o liz e d  and m a y  no t be d e te c t­

ab le  in  c u ltu re  m e d ia . A lth o u g h  n i t r i t e  m a y  be s t im u la to ry  to  som e spec ies  

in  m o s t cases i t  is  no t u t i l iz e d  to  any d e tec tab le  ex te n t.

2. O rg a n ic

D u rin g  a s tud y  o f the e ffe c ts  o f o rg a n ic  n itro g e n  com pounds on 

rh iz o b ia l g ro w th , M u lle r  and Stapp (63) found tha t asp a ra g in e , sod ium  

a sp a ra g in a te , and u r ic  a c id  w o u ld  s e rv e  as n itro g e n  so u rce s  f o r  unwashed 

c e lls  w h ile  g ly c in e  and h ip p u r ic  a c id  w e re  u n s u ita b le . A la n in e , le u c in e , 

and u re a  gave o n ly  w eak g ro w th . P oh lm an  (72) re p o r te d  tha t unwashed 

c e lls  o f Rh. m e l i lo t i  and Rh. ja p o n icu m  u t i l iz e d  g ly c in e , d l-a la n in e ,
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d l-a m in o -n -b u ty r ic  ac id , d l-v a lin e , d -g lu ta m ic  ac id , 1 -c y s tin e , 1- 

ty ro s in e , d l-p h e n y la la n in e , u re a , asp a ra g in e  and peptone, u s u a lly  w ith  

an a tta c k  upon the am ino  g roup  and w ith  the l ib e ra t io n  o f f re e  a m m o n ia  

in  the case o f g ly c in e  and d l-a la n in e . In  c e r ta in  c u ltu re s  a s low  o x id a ­

t io n  o f ty ro s in e  to  d ih yd ro xyp h e n y la la n in e  and f in a l ly  to  m e la n in  took  

p lace . W est and W ils o n  (98) m e n tion ed  tha t J3-a lan ine was e s s e n tia l f o r  

the g ro w th  o f Rh. t r i f o l i i ,  bu t N ie ls e n  and Johansen (65) d isa g re e d  s ince  

they found th a t th is  p a r t ic u la r  am in o  a c id  was n e ith e r  e s s e n tia l n o r 

s t im u la to ry  to  th e ir  s tra in s  o f Rh. m e li lo t i ,  Rh. t r i f o l i i  and R h. lu p in i.  

A l l is o n  and H o o ve r (3) used bo th  u re a  and asp a ra g ine  in  th e ir  b a s a l 

m e d ium  as the so le  sou rce  of n itro g e n  and d is c o v e re d  th a t u re a  was to x ic  

to  the c lo v e r  o rg a n is m  bu t not to  the a lfa lfa  R h izo b iu m . T h is  in h ib it io n  

was b e lie v e d  to  be due to  an exce ss ive  r is e  in  pH .

R ich a rd so n  and Jo rd a n  (77) in  a re c e n t s tudy found tha t w ashed 

rh iz o b ia  w e re  unable to  u t i l iz e  ace tam id e , a m y la m in e , b u ty la m in e , 

b u ty ra m id e , fo rm a m id e , guan id ine  h y d ro c h lo r id e , h e xy la m in e , oxam ide , 

p rop io n a m id e , p ro p y la m in e , s u c c in im id e , th io u re a , u re a , v a le ra m id e , 

h yd ra z in e  o r  h y d ro x y la m in e  as the so le  sou rce  o f n itro g e n  in  a c h e m ic a lly  

de fined  m e d iu m . G lu ta m in e  was u t i l iz e d  w ith  the p ro d u c tio n  o f c o n s id e r­

ab le  q u a n tit ie s  of f re e  a m m o n ia . H is ta m in e  was a lso  u t i l iz e d , bu t to a 

v e ry  s m a ll ex ten t and no am m on ia  w as found, a lthough  th is  cou ld  c o n c e iv ­

a b ly  be due to  a ra p id  a n a b o lism  o f the s m a ll am ount of am m o n ia  fo rm e d .

W a lk e r, A n d e rs o n  and B ro w n  (97) re p o r te d  tha t a la n ine  and u re a
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d id  not in c re a s e  the oxygen up take b y  unwashed c e lls  of Rh. t r i f o l i i ,

Rh. p h a se o li, and Rh. le g u m in o s a ru m  in  a g lucose  m in e ra l-s a lts  m e d ­

iu m  w he rea s  R h. m e l i lo t i  w as s tim u la te d  b y  these com pounds. T h is  

la t te r  s t im u la t io n  was o f the sam e o rd e r  as the s t im u la t io n  of a l l  fo u r  

s tra in s  b y  ye a s t e x tra c t,  w h ic h  gave in c re a s e d  am ounts o f oxygen co n ­

sum p tion  in  p ro p o r t io n  to  the am ount added. In  th is  re g a rd  A lle n  and 

A lle n  (2) suggest s e v e ra l p la u s ib le  e xp lan a tio ns  fo r  the g e n e ra l u t i l iz a ­

tio n  of yeast e x tra c t b y  rh iz o b ia  such as a) the a v a ila b i l i ty  o f v a r io u s  

e s s e n tia l p ro te in  d e g ra d a tio n  p ro d u c ts , b) the p resence o f c e r ta in  sub ­

s tra te s  capable of s t im u la t in g  re s p ira t io n ,  c) the s t im u la to ry  e ffe c t o f 

v a r io u s  v ita m in s  and a c c e s s o ry  g ro w th  fa c to rs , d) the p resence  o f c e r ta in  

tra c e  e le m e n ts , and e) the p o is in g  o f the E h  a t an o p tim u m  va lu e .

B u r r is  and W ils o n  (14) re p o r te d  tha t im p u re , bu t not pu re  fra c t io n s  

o f b io t in  p re p a ra tio n s  s tim u la te d  re s p ira t io n .  None o f a n u m b e r o f v i t a ­

m in s  and a c c e s s o ry  g ro w th  fa c to rs  cou ld  re p la c e  th is  im p u re  f ra c t io n .

O f a n u m b e r of am ino  ac id s  exam ined , a s p a r t ic  ac id , asp a ra g ine , h is t i ­

d ine , and a rg in in e  w e re  found to be v e ry  s t im u la to ry .  C ase in  h y d ro ly s a te  

c o m p le te ly  re p la c e d  the s t im u la to ry  a c t iv i ty  o f the im p u re  b io t in  f ra c t io n  

and h is t id in e  and a rg in in e  c lo s e ly  approached i t .  T h is  a c tio n  o f the n i t r o ­

genous com pounds a p p a re n tly  d id  not a r is e  v ia  a s t im u la t io n  o f c e l l  d iv is io n . 

These sam e w o rk e rs  (15) in  a fu r th e r  s tudy found tha t c e r ta in  am in o  ac id s  

in c re a s e d  the re s p ira t io n  o f w ashed suspensions of fo u r  s tra in s  o f rh iz o b ia  

fu rn is h e d  w ith  g lu cose . T h is  s t im u la t io n  w as im m e d ia te  and was not due
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to  c e l lu la r  p ro l i fe ra t io n .  The to ta l in c re a s e  in  oxygen uptake was depen­

dent upon the c o n c e n tra tio n  o f the n itro g e n  com pound sup p lied  and young 

c e lls  w e re  s tim u la te d  som ew hat m o re  than o ld e r c e l ls .  C ys te in e  was 

in h ib ito ry  to th re e  o f the fo u r  s tra in s  in  re s p e c t to  the uptake o f gaseous 

oxygen.

Jo rd a n  (48), in  a s tud y  in v o lv in g  a la rg e  n tim b e r o f a lfa lfa -s w e e t 

c lo v e r  rh iz o b ia  and m u tan ts  d e r iv e d  f ro m  them  by  X - r a y  ir ra d ia t io n ,  

s ta ted  th a t w ashed c e lls  re q u ire d  am in o  a c id s  f o r  g ro w th  in  a s y n th e tic , 

p u r if ie d  m in e ra l- s a lts  su c ro se  m e d iu m  at pH 7 .0 . T h is  re q u ire m e n t 

cou ld  be s a tis f ie d  by any one o f a la rg e  n u m be r of a m in o  a c id s , w h ich  

v a r ie d  s l ig h t ly  f r o m  c u ltu re  to c u ltu re . These am ino  a c id s  w e re  no t 

con ce n tra te d  in t r a c e l lu la r ly  as in  the case o f c e r ta in , i f  not a l l ,  G ra m  

p o s it iv e  b a c te r ia  and cou ld  not be re p la ce d  b y  in o rg a n ic  n itro g e n o u s  c o m ­

pounds e ith e r  in  the p resence  o r  absence o f any one of a n u m be r o f v i ta ­

m in s , p u rin e s  o r  p y r im id in e s . T h e re fo re , the s t im u la t io n  o f these o r ­

gan ism s b y  yeast e x tra c t was thought to  be p r in c ip a lly  due to  the h ig h  

c o n c e n tra tio n  o f am in o  ac id s  con ta ined  in  th is  m a te r ia l,  a lthough  the b e ne ­

f ic ia l  in flu e n ce  of o th e r m a te r ia ls  cou ld  not be e n t ire ly  ne g lec te d .

These re p o r ts  m a y seem  c o n tra d ic to ry  in  m any cases bu t, as s ta ted  

b e fo re , m a y  not a c tu a lly  be so s ince  s tra in  d iffe re n c e s  and e n v iro n m e n ta l 

co n d itio n s  a re  a l l  capable  o f m o d ify in g  re s u lts .  C e r ta in ly  i t  is  appa ren t 

tha t m o s t am ino  a c id s  a re  capable o f in i t ia t in g  g ro w th  o f w ashed c e lls  in  

a s y n th e tic  m e d iu m  devo id  o f any o th e r n itro g e n  sou rce  and th a t in  a d d i-
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t io n  th e y  can, f o r  the m o s t p a rt, s t im u la te  the c e l lu la r  re s p ira t io n  o f 

*‘ re s t in g  c e lls *  * suspended in  a ca rb o h yd ra te  subs ta te .

T h e re  a re  a m a z in g ly  fe w  re p o r ts  d e a lin g  w ith  the m e ch a n ism s o f 

am ino  a c id  u t i l iz a t io n  b y  the nodule b a c te r ia . A s  m en tioned  p re v io u s ly  

P oh lm an  (72) b e lie ve d  th a t the  m ode of a tta c k  w as d ire c te d  ag a ins t the 

am ino  g roup  and, in  the case o f tw o am in o  a c id s , w ith  the fo rm a t io n  of 

f re e  a m m o n ia . W ils o n  (103) in  h is  “ re s t in g  c e l l ”  p ro ce d u re  found th a t 

am m on ia  was lib e ra te d  by  endogenous r e s p ira to r y  a c t iv it ie s ,  due p r o ­

b a b ly  to  d e a m in a tio n  o f c e l lu la r  am ino  a c id s . V ir ta n e n  et a l.  (95) dec ided 

tha t the m ode o f a tta c k  ag a ins t a s p a r t ic  and g lu ta m ic  a c id s  was one o f 

d e c a rb o x y la tio n , w ith  the re s u lt in g  fo rm a tio n , in  the fo rm e r  case, of 

b e ta -a la n in e . B il le n  and L ic h s te in  (11) fu r th e r  s tud ied  the a s p a r t ic  a c id  

de ca rb o xy la se  o f R h. t r i f o l i i  and e s tim a te d  the pH o p tim u m  a t 5. 7. 

Jo rda n  (49) em phas ized  the im p o rta n c e  of tra n s a m in a tio n  re a c tio n s  in  

R h izob ium  m e ta b o lis m  w hen he d e m o n s tra te d  the fo rm a tio n  o f g lu ta m ic  

a c id  f r o m  a lp h a -k e to g lu ta r ic  a c id  when a s p a r t ic  a c id , a la n ine , le u c in e , 

and va lin e  acted as am in o  d o n o rs .

In  re la t io n  to  the a c t iv i ty  o f rh iz o b ia  to w a rd s  syn th e tic  pep tides , 

B e rg e r , Johnson, and P e te rs o n  (9) com pared  the re la t iv e  pep tidase  co n ­

te n ts  o f a nu m be r o f m ic ro -o rg a n is m s . A n  e x tra c t f r o m  ten  g ra m s  o f 

w et R h. t r i f o l i i  c e lls  possessed a c t iv i ty  ag a ins t d l-a la n y lg ly c in e , d l -

le u c y lg ly c in e , d ig ly c in e , d l-a la n y ld ig ly c in e , d l- le u c y ld ig ly c in e  and t r i ­

g ly c in e . The re s u lt in g  ra te s  w e re  o f a lo w  o rd e r  co m pa red  to  m any o f

\/l)v
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the o th e r o rg a n is m s  te s te d . B u r r is  and W ils o n  (15) showed tha t g ly -  

c y lg ly c in e  w as capable o f s t im u la t in g  the uptake o f gaseous oxygen by  

fo u r  R h izo b iu m  s tra in s  sup p lied  w ith  g lu cose .

T h e re  have been no p u b lish e d  re p o r ts  to  the a u th o r ’ s know ledge 

w h ich  de a l p r im a r i ly  w ith  the u t i l iz a t io n  o f D -a m in o  a c id s  o r  p u re  D -a m in o  

ac id  pep tides  b y  m e m b e rs  o f the genus R h izo b iu m .

3. pH and T e m p e ra tu re

F re d , B a ld w in  and M cC oy (26) have s u m m a riz e d  the to p ic  c o n ­

c e rn in g  the  e ffe c t o f hyd ro g en  io n  co n c e n tra tio n  on the g ro w th  and lo n g e ­

v ity  o f rh iz o b ia  in  l iq u id  m e d ia  and in  the s o i l .  O p in ions  v a ry  bu t, in  

g e n e ra l, the v a r io u s  spe c ies  a re  a ffe c te d  d if fe re n t ly  b y  a c id ity  and p o s s ­

ess about the sam e to le ra n c e  to  a lk a lin i ty .  R h. m e l i lo t i  is  the m o s t a c id  

s e n s itiv e  and is  fa v o re d  by  s lig h t a lk a l in i ty  o r  n e u tra lity ,  Rh. ja p o n ­

ic u m  and Rh. lu p in i a re  the m o s t a c id  to le ra n t sp e c ie s . U s in g  the  W a r ­

b u rg  techn ique  T h o rn e  and W a lk e r (89) s tud ied  the g ro w th  and r e s p ir a ­

t io n  o f re p re s e n ta tiv e  s tra in s  o f Rh. m e l i lo t i  and R h. ja p o n ic u m  as a 

fu n c tio n  o f m e d iu m  pH. The g ro w th  of the fo r m e r  in  a g lucose y e a s t- 

e x tra c t m e d iu m  w as found to  decrease  f ro m  a m a x im u m  a t pH 7. 0 to  

ze ro  be tw een pH 4. 6 and 4. 9 on the a c id  s ide  o f n e u tra l i ty  and pH 9. 6 on 

the a lk a lin e  s id e . The g ro w th  o f Rh. ja p o n icu m  in  a ra b in o se  y e a s t - e x ­

t r a c t  m e d iu m  decrea sed  f r o m  a m a x im u m  a t pH 6. 7 - 6. 9 to  z e ro  a t 

pH 4. 2 and 9. 5. The in i t ia l  r e s p ira t io n  ra te  fo r  the tw o  spec ies  reached
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a m a x im u m  betw een pH 7, 2 and 8. 0 and decreased  to  a v e ry  s m a ll va lue  

a t the c r i t i c a l  pH . D ehydrogenase a c t iv i ty  o f the nodu le  b a c te r ia  o ccu rs  

be tw een pH 4 . 0 and 10. 0 w ith  an o p tim u m  in  the a lk a lin e  range  o f pH 

8 .0  to  8 .2  (86). Is h iz a w a  (44) dec ided tha t a n e u tra l o r  a lk a lin e  pH 

(7 -7 . 5) was b e tte r  f o r  a lfa lfa ,  soybean and cowpea b a c te r ia , w h ic h  w e re  

a l l  a c id  s e n s it iv e  hav ing  a c r i t i c a l  pH o f 5. 5 -  6. 0.

A l l is o n  and M in o r  (4) sum m ed up the s ta tus  o f the know ledge on 

the te m p e ra tu re  re q u ire m e n ts  o f the nodule b a c te r ia  in  the s ta te m e n t, 

“ The  l i te r a tu r e  is  s u r p r is in g ly  d e fic ie n t in  data show ing q u a n tita tiv e ly  

the e ffe c t of te m p e ra tu re  on the g ro w th  ra te s  o f rh iz o b ia ** . These 

w o rk e rs  used a ba sa l m in e ra l m e d iu m  co n ta in in g  su c ro se , yeast w a te r  

and asp a ra g ine  and c e l l  n u m b e rs  w e re  counted w ith  a L e v y -H a u s s e r 

ch a m b e r. U s ing  n ine R h izo b iu m  c u ltu re s , re p re s e n tin g  n ine spec ies  

th e y  showed tha t the  o p tim u m  g ro w th  ra te  fo r  m o s t o f these o rg a n is m s  

la y  between 29 and 31°C  a lthough  R h. m e l i lo t i  g re w  be s t at 35°C . No

g ro w th  o c c u rre d  w ith in  24-48  h r s .  w ith  m o s t spec ies  h e ld  a t 37°C , bu t 

a te m p e ra tu re  o f 41°C  w as re q u ire d  to  p reven t the g ro w th  o f Rh. m e li lo t i .

The  g ro w th  ra te  a t 15°C was o n ly  one q u a r te r  to one h a lf  as g re a t as at 

30 °C . Ish iza w a  (45) c o n firm e d  A l l is o n  and M in o r ’ s w o rk  w ith  the co n ­

c lu s io n  th a t the o p tim u m  te m p e ra tu re  fo r  Rh. m e li lo t i  was about 34 °C .

I t  m u s t be re a liz e d  tha t a g re a t dea l of w o rk  m u s t s t i l l  be done on 

R h izo b iu m  p h ys io lo g y , no t on ly  in  the p u rs u it  of new lin e s  o f in v e s tig a tio n , 

bu t a ls o  f o r  the pu rpose  o f a re a p p ra is a l o f fo r m e r  w o rk  in  the l ig h t  o f
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n e w e r d is c o v e r ie s  and te ch n iqu es . I t  is  on ly  th ro u g h  an exact u n d e r­

s tan d ing  o f the b io c h e m ic a l a c t iv it ie s  o f these m ic ro o rg a n is m s  th a t one 

can hope to  d is c e rn  d iffe re n c e s  betw een p a ra s it ic ,  in e ffe c t iv e  and 

e ffe c tiv e  rh iz o b ia  and to ga in  fu r th e r  in s ig h t in to  the a c tu a l m e ch a n ism  

o f the p rocess  o f s y m b io tic  f ix a t io n ,

A , The u t i l iz a t io n  o f L - ,  D - ,  and D L -a m in o  a c id s  and the e ffe c ts  

o f pH and te m p e ra tu re .

In  a lm o s t e v e ry  te x t-b o o k  o f b io c h e m is try  a m in o -a c id s  a re  spoken 

o f as the “ b u ild in g  b lo c k s * ' f o r  p ro te in  s y n th e s is . A lth o u g h  th is  s ta te ­

m ent has no t y e t been a b s o lu te ly  p ro ved ^ it is ,  n e v e rth e le s s , a lm o s t im ­

p o ss ib le  to  o ve rem p ha s ize  the va lue  o f these com pounds to  the l iv in g  c e ll .  

A m in o  ac id s  a re  u s u a lly  des igna ted  by the p re f ix  L .- o r  D - ,  deno ting  a 

p a r t ic u la r  o p tic a l is o m e r , s ince  a l l  of these ac id s  except g ly c in e  have an 

a s y m m e tr ic  a lp h a -c a rb o n  a to m . The c o n fig u ra tio n  o f the n a tu ra l ly  p re v a ­

le n t am in o  a c id s  is  s im i la r  to  th a t o f L - la c t ic  a c id  and hence these c o m ­

pounds a re  sa id  to  possess the L -  c o n fig u ra tio n . B y  f a r  the m a jo r i ty  

o f p ro b le m s  in  b a c te r ia l p h ys io lo g y  have de a lt w ith  L -a m in o  ac id s , bu t 

th e re  is  s u ff ic ie n t in fo rm a tio n  a v a ila b le  to  m ake a s tudy  o f the D - is o m e rs  

e x tre m e ly  fa s c in a tin g .

(a) S tra in  d e s c r ip t io n

The s tra in s  of R h izo b iu m  m e l i lo t i  used in  th is  and subsequent 

in v e s tig a tio n s  w e re  des igna ted  -^2 0  anc* ^ 2 0 -2 7 A * T h e ir  e f fe c t iv e -
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ness in  n itro g e n  f ix a t io n  and th e ir  c o lo n ia l d e s c r ip tio n s  a re  g iven  

in  T A B L E  I .

T A B L E  I

T A B L E  IN D IC A T IN G  T H E  SOURCE, E F F E C T IV E N E S S , A N D  C O LO N ­

IA L  D ESC R IPTIO N S OF E A C H  OF T H E  R H IZ O B IU M  TE S T  STRAINS

S tra in Source E ffe c tiv e n e s s  
on a lfa lfa

C o lo n ia l d e s c r ip t io n

R 21 O ttaw a e ffe c tiv e convex, tra n s lu c e n t 
w ith  w h it is h  c e n te r, 
e n t ire  m a rg in , e x ­
tre m e ly  m u co id  and 
g lis te n in g

R 20 O ttaw a p a ra s it ic  to 
in e ffe c tiv e

convex, tra n s lu c e n t 
w ith  w h it is h  c e n te r, 
e n t ire  m a rg in , s l ig h t ­
ly  m u co id  and 
g lis te n in g

R 20-27A X - r a y  
m u tan t 
o f R 20
(47 )

e ffe c tiv e p u lv in a te , t r a n s ­
lu c e n t w ith  w h it is h  
c e n te r, e n tire  m a rg in , 
m u co id  a p pe a rin g  bu t 
“ ro u g h ’ * o r  pebbled 
on the s u r fa c e . In ­
t e r io r  o f co lo ny  a p ­
pe a rs  m a rb le d  w ith  
l ig h t  and dense a re a s

On m o d if ie d  Lo chh e ad ’ s m e d ium  s t ra in  R 2 i  (the m o s t cop ious  gum

p ro d u c e r) and R20 -2 7 A  exh ib ite< i a m o re  p ro fu se  and ra p id  g ro w th  than 

■^20* R oth  R 2 1  «md R 2 0  w e re  found to have the sam e fe rm e n ta t iv e  a b i l i t y
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on a ra b in o se , ga lac tose , g lu cose , g ly c e ro l,  la c to s e , m annose, and 

xy lo s e , f ro m  w h ich  they  p roduced  a c id . T hey  w e re  ab le  to  u t i l iz e ,  

bu t p roduced  no a c id  f ro m , d e x tr in , d u lc ito l,  in u lin ,  le v u lo s e , m a l­

tose , m a n n ito l, su c ro se , fu m a ra te , succ ina te , o r  p y ru va te  when these 

com pounds w e re  used as the so le  ca rbo n  s o u rc e . T h ey  p roduced  a m m o n ­

ia  in  m i lk  and b ro u g h t about com p le te  d ig e s tio n  o f the ca se in . A l l  th re e  

s tra in s  w e re  unab le  to  g ro w  in  a l i v e r  in fu s io n  b ro th , bu t u t i l iz e d  a 

w ide  v a r ie ty  o f a m in o  ac ids  as the so le  sou rce  o f n itro g e n  in  a c h e m i­

c a lly  de fined  m e d iu m  (48).

(b) M ed ia

The fo rm u la e  f o r  a m o d if ie d  Lo chhead ’ s m e d ium , M o d ifie d  M e d iu m  

“ 79”  and a m o d if ie d  W ils o n  and W ils o n ’ s m e d iu m  a re  g ive n  in  the appen­

d ix .  The la t te r  m e d iu m  w as com posed o f s p e c ia lly  p u r if ie d  in g re d ie n ts  

and co n s titu te d  the n it ro g e n - fre e  base em p loyed  in  m uch o f the p re se n t 

w o rk . The c h e m ic a ls  used in  the fo rm u la t io n  of these m e d ia  w e re  of 

“ A n a la r ”  (C . P . ana lyzed) g rade  pu rchased  f r o m  B r i t is h  D ru g  H ouses, 

L td .

(c) P u r if ic a t io n  of b a c te r ia l s tra in s

The o rg a n is m s  w e re  g ro w n  at 30°C . fo r  4 8 h r. on s la n ts  o f L o c h ­

head’ s m e d iu m  and p o rtio n s  o f th is  g ro w th  e m u ls if ie d  in  M o d ifie d  M e d iu m  

“ 79” . These suspens ions w e re  each passed th ro u g h  a H anduroy  “ G e rm  

S e p a ra to r”  (38) and the a e ro s o l thus fo rm e d  a llo w e d  to  f a l l  on open p la tes
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o f L o ch h e a d 's  m e d iu m , w h ich  w e re  im m e d ia te ly  co ve re d  and incu ba ted  

a t 30°C . u n t i l  co lo n ie s  deve loped. R e p re se n ta tive  co lo n ie s  w e re  p icked , 

e m u ls if ie d  in  l iq u id  m e d iu m  and aga in  passed th ro u g h  the a e ro s o l d e v ice . 

S ing le  c e l l  is o la t io n s  w e re  m ade w ith  a de F onb rune  pneum atic  m ic ro  - 

m a n ip u la to r , u s in g  the g ro w th  w h ich  developed on these second p la te s .

The m o s t s u c c e s s fu l techn ique  was as fo llo w s : a s te r i le  c o v e r s l ip ,  

hav ing  a th in  la y e r  o f s o lid if ie d  c le a r  a g a r on one s ide was p laced, ag a r 

s ide  down, o v e r a s te r i le  m o is t ch a m b e r co n ta in in g  w a te r-s o a k e d  f i l t e r  

p a p e r. The co ve r s l ip  w as sea led  to  the ch a m be r w ith  va se lin e  and a 

c ir c le  d raw n  on the u p p e r s u r fa c e  w ith  a w ax p e n c il.  On the a g a r d i r e c t - 

beneath th is  c i r c le  a m in u te  am ount o f lo g  phase b a c te r ia l g ro w th  was 

p laced by  m eans o f a s le n d e r p la tin u m  needle and sp re a d  s l ig h t ly  so th a t 

some c e lls  w ou ld  be w e l l  sep ara ted  f r o m  the p a re n t m a s s . The m o is t 

ch a m b e r was then p laced on the m e c h a n ic a l stage o f a b in o c u la r  m ic r o ­

scope, f r o m  w h ich  the top condenser len s  was re m o ve d , and the b a c te r ­

ia l  c e lls  b ro u g h t in to  fo c u s . R ig h t-a n g le d  m ic ro p ip e tte s  w ith  a 4. 5 m ic ro n  

lum en  opening w e re  m a n u fa c tu re d  in  a de F onbrune  m ic ro fo rg e , s te r i l iz e d  

in  in d iv id u a l g lass  tubes, p a r t ia l ly  f i l le d  w ith  s te r i le  M o d ifie d  M e d ium  

“ 79**, and a ttached  to  a s y r in g e  by  m eans of a f le x ib le  ru b b e r  tube.

The t ip s  o f these in s tru m e n ts  w e re  m oved im m e d ia te ly  be low  in d iv id u a l 

b a c te r ia l c e lls  w h ich  w e re  then d ra w n  in  by  c a p i l la r i t y  o r  b y  the a p p lic a ­

t io n  o f v e ry  s lig h t s u c tio n . The c e lls  and the con ta ined  l iq u id  w e re  e x ­

p e lle d  onto p re d e te rm in e d  spo ts  on the su rfa c e  o f a p la te  o f s o lid if ie d
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Lochh e ad ’ s m e d iu m , w h ich  w as sub sequen tly  incuba ted  a t 30 °C . u n t i l  

co lo n ie s  deve loped. U s u a lly , ten  is o la t io n s  w e re  m ade f r o m  each b a c ­

te r ia l  s tra in ,  w ith  a pe rcen tage  o f success w h ich  v a r ie d  be tw een 70-80% .

(d) E f fe c t iv i ty  te s ts

The b a c te r ia l c u ltu re s  w e re  te s ted  on O n ta r io  V a rie g a te d  a lfa lfa  

u s in g  the s te r i le  g la ss  a sse m b lie s  o f L e o n a rd  (56) and the techn iques 

p re v io u s ly  d e s c rib e d  by  J o rd a n  and G a r ra rd  (50). The tre a tm e n ts  (un­

in o cu la te d  and in o cu la te d  w ith  R2 1 , R2 0  and R 20 -27A ) w e re  re p lic a te d  

and the v a r io u s  a s s e m b lie s  p laced  on the greenhouse bench in  a 4 x  4 

L a t in  S quare . S up p lem en ta ry  l ig h t in g  w as p ro v id e d  to en su re  a 14 h r .  

p h o to p e rio d . The p la n ts  w e re  h a rve s te d  a f te r  a g ro w in g  p e r io d  o f f iv e  

weeks and the a e r ia l  p o rt io n s  e xc ise d  and d r ie d  a t 115°C . to  constan t 

w e ig h t. The n itro g e n  con ten ts  of re p re s e n ta tiv e  p o rtio n s  o f d r ie d  m a te r ­

ia l  w e re  d e te rm in e d  u s in g  a m ic ro -K je ld a h l p ro ce d u re  w h ic h  w i l l  be 

d e sc rib e d  in  a la te r  se c tio n  o f the th e s is . The re s u lts  w e re  s ta t is t ic a l ly  

ana lyzed f o r  s ig n if ic a n c e  u s in g  the a n a ly s is  o f v a r ia n c e  (see append ix).

O n ly  the R 2 1  and R 20 -27 A  in o cu la te d  p la n ts  w e re  s ig n if ic a n t ly  b e tte r  than  

the u n in o cu la te d  c o n tro ls  and hence o n ly  these tw o b a c te r ia l s tra in s  can 

be re g a rd e d  as e ffe c tiv e .

(e) D e te rm in a tio n  o f m a x im u m  c u ltu re  g ro w th  u s in g  the P h o to n e p h e lo m e te r.

The te rm  “ n ephe los”  r e fe rs  to  the a b i l i t y  o f a suspended phase to  

s c a tte r  l ig h t  by  v ir tu e  o f o p t ic a l d is c o n tin u ity  and does no t r e fe r  to  a t ra n s -
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m is s io n  phenom enon. The l ig h t  s c a tte re d  b y  p a r t ic le s  (T y n d a ll l ig h t)  

is  p ro p o r t io n a l to  the n u m be r and s ize  o f these s m a ll bod ies and, in  

the case o f b a c te r ia l c e lls , to  the to ta l am ount o f p ro to p la s m . I t  is  thus 

an e x c e lle n t in d ic a to r  o f g ro w th , w h ic h  in  i t s  tru e  sense is  de fined  as 

an in c re a s e  in  p ro to p la s m  and no t m e re ly  an in c re a s e  in  c e l l  n u m b e rs .

The d e te rm in a tio n  of c u ltu re  nephe los was made w ith  a C o lem an M o d e l 

7 P ho tone p he lom e te r w h ich  was c a lib ra te d  w ith  a c o m m e rc ia lly  p re p a re d  

s tan da rd  each t im e  i t  w as used. The “ n u ll**  m e thod  w as em ployed , w h ich  

has an e s tim a te d  in s tru m e n t e r r o r  o r  0 .2% . The cuve ttes  used w e re  o r ig ­

in a lly  o p t ic a lly  m a tched , bu t m in u te  s c ra tc h e s  o c c u rre d  w ith  constan t 

h a nd lin g . T o  c o r re c t  fo r  such o p tic a l im p e rfe c tio n s  ten  cuve tte s  w e re  

chosen a t ra nd o m  and f i l le d  w ith  a b a c te r ia l suspens ion  o f lo w , m e d iu m , 

o r  h igh  nephe los. R eadings w e re  taken  on each cu ve tte  w ith  each s o lu tio n  

and the s ta n d a rd  d e v ia tio n s  ca lc u la te d  (see append ix). These va lues  w e re  

t 2 .  57, t  2 .9 8  and t  2. 52 f o r  the lo w , m id d le  and h ig h  ra ng e s  re s p e c t iv e ly  

and in d ic a te d  tha t d e v ia tio n s  in  nephe los f ro m  the tru e  va lue a re  no t r e ­

la te d  to the  nephe los m a gn itude . S ince s ig n if ic a n c e  at the 5% p o in t re q u ire s  

a d iffe re n c e  exceed ing  ^  1. 96 s ta n da rd  d e v ia tio n s , an a r b i t r a r y  d iffe re n c e  

o f fo u r  s ta n d a rd  d e v ia tio n s  betw een any tw o nephe los re a d in g s  has been 

re q u ire d  f o r  s ig n if ic a n c e . T h is  am ounts to  about 11 nephe los u n its  (4 x  the  

ave . S .D . o f 2 .6 9  = 10. 76) and any re a d in g s  d if fe r in g  by  le s s  than  th is  

am ount a re  to  be re g a rd e d  as n o n -s ig n if ic a n t.

The p h o to n e p h e lo m e tr ic  m ethod depends upon the a ssu m p tio n  th a t th e re
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is  a l in e a r  re la t io n s h ip  be tw een c o n c e n tra tio n  and in s tru m e n t re sp on se . 

The v a l id i ty  of th is  a ssu m p tio n  f o r  v ia b le  c e lls  w as shown by  a c tu a l 

te s t. D ilu t io n s  o f a b ro th  c u ltu re  o f R2 1  w e re  m ade and the nephe los 

d e te rm in e d . These  d ilu t io n s  w e re  then p la ted  out in  t r ip l ic a te  on L o c h -  

head’ s m e d iu m  u s in g  a con ve n tio n a l b a c te r io lo g ic a l tech n iq u e . The 

p la tes  w e re  incuba ted  a t 30°C . f o r  th re e  days and the co lo ny  counts 

w e re  p lo tte d  aga ins t the nephe los re a d in g s . F IG U R E  1 i l lu s t ra te s  the 

l in e a r  response  ob ta ined .

W hen b a c te r ia l g ro w th  cu rve s  w e re  p lo tte d  in  te rm s  o f nephe los i t  

w as found tha t the va lues  reached  a m a x im u m  and then de c rea sed . One 

to  tw o days a f te r  th is  in i t ia l  decrease  the nephelos re a d in g s  ro s e . The 

decrease  was a ttr ib u te d  to  a ce ssa tio n  of g ro w th  fo llo w e d  by  the s e tt lin g  

out o f the b a c te r ia l c e lls  w h ile  the second in c re a s e  appeared to  co in c id e  

w ith  the onset o f a u to ly s is . F o r  co m p a ra tiv e  pu rposes the p r im a ry  m a x i­

m a w e re  co n s id e re d .



5  i o

Viable bacterial count XlO^/ml.

Pig. 1 Correlation between viable bacterial counts and 
nephelos readings.



-  25 -

M ethods:

A  n u m b e r o f 6 -304 B  P ho tone phe lom e te r cuve ttes  w e re  c leaned 

b y  w a rm in g  in  33% n i t r ic  a c id  and th o ro u g h ly  r in s e d  10 t im e s  in  o rd in ­

a ry  d is t i l le d  w a te r and tw ic e  in  double g la s s -d is t i l le d  w a te r*  T h ey  

w e re  then p lugged w ith  c h e e se c lo th -co ve re d  co tton  and s te r i l iz e d  by 

a u to c la v in g . M o d ifie d  W ilso n  and W ils o n ’ s m e d iu m  was p re p a re d , a d ­

ju s te d  to  a pH o f 6* 0, 7. 0, o r  7. 5 and s te r i l iz e d  by S e itz  f i l t r a t io n ,  u s ­

ing  a s p e c ia l dev ice  in  w h ich  the s te r i l iz e d  f lu id  was a llow e d  to  c o lle c t 

in  a g radua ted  d isp e ns in g  co lum n* The f i r s t  2 0 m l. o f m e d iu m  pass ing  

th ro u g h  the f i l t e r  pad w e re  d isca rd e d  and 9. 5 m l.  a liq u o ts  o f the re m a in ­

in g  m e d iu m  w e re  a s e p t ic a lly  added to  the s te r i le  cu ve tte s . A  pH va lue 

g re a te r  than 7. 5 was no t used s ince  tu rb id ity  re s u lte d  in  the m e d ium *

S tock am in o  a c id  so lu tio n s  w e re  p re p a re d  w ith  double g la s s - d is t i l l ­

ed w a te r, the co n c e n tra tio n s  be ing  such tha t the a d d itio n  o f 0. 5 m l.  to 

9. 5 m l.  o f b a s a l m e d iu m  w ou ld  y ie ld  a s o lu tio n  co n ta in in g  the eq u iva le n t 

o f 0 ,0001 m o le s  o f a m in o  a c id  p e r l i t e r .  T h is  is  the o p tim u m  m o la r i ty  

o f s e v e ra l a m in o  a c id s  in  re g a rd  to  u t i l iz a t io n  by  R h izo b iu m  spec ies  (76). 

The pH o f the a c id ic  and b a s ic  am ino  ac id s  w e re  c a re fu l ly  ad jus ted  to

7 .0  w ith  a g la s s -e le c tro d e  p o te n tio m e te r b e fo re  be ing  b ro u g h t to  th e ir  

f in a l  vo lu m e . A f te r  s te r i l iz a t io n  in  an au toc lave  a t 15 lb .  p re s s u re  fo r  

6 m in . ,0 .  5 m l.  a liq u o ts  o f these so lu tio n s  w e re  added to  th e ir  re s p e c tiv e  

cu ve tte s .

The am in o  a c id s  used co n s is te d  of the n e u tra l a lip h a tic  a m in o  a c id s
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g ly c in e , le u c in e , and va lin e , the n e u tra l s u lp h u r co n ta in in g  a c id  m e th ­

io n in e , the a c id ic  am ino  a c id  g lu ta m ic  and the b a s ic  a m in o  a c id  h is t id in e . 

T h ey  w e re  a l l  ob ta ined  f r o m  N u tr it io n a l B io c h e m ic a ls  C o rp . (C leve land , 

O hio, U .S .A . )  and m e t the fo llo w in g  s p e c if ic a tio n s :

n itro g e n  100% *  1% o f th e o ry

m o is tu re  le s s  than 0. 30%

ash le s s  than 0.10%

c h lo r id e  le s s  than 0. 03%

am m on ia  le s s  than 0.03%

heavy m e ta ls  le s s  than 0.003%

iro n  le s s  than 0.005%

s p e c if ic  ro ta t io n  100% t  2% o f th e o ry  

The s to ck  s o lu tio n s  w e re  ana lyzed  b y  paper p a r t i t io n  c h ro m a to g ra p h y  

u s in g  w a te r -s a tu ra te d  pheno l (104), and w e re  found to be pu re , each g iv ­

in g  r is e  to  o n ly  one n in h y d r in  p o s it iv e  spot o f a p p ro p r ia te  R f (12).

T h ir ty  m i l l i l i t e r s  o f a 24 h r .  30°C . c u ltu re  o f the te s t o rg a n is m  

in  M o d ifie d  M e d ium  **79** w e re  c e n tr ifu g e d  and the sed im en ted  c e lls  

w ashed th re e  t im e s  in  0.85%  sa lin e  p re p a re d  f r o m  p u r if ie d  N a C l (101) 

and double g la s s -d is t i l le d  w a te r . The re s u lt in g  c e l l  m ass  w as b ro u g h t 

u p tto  a f in a l  vo lum e o f 30 m l.  w ith  the sam e f lu id  and the nephe los a se p - 

t ic a l ly  a d jus ted  to  55 .0  (ca. 0. 1 m g m . b a c te r ia l n itro g e n  / m l . )  u s in g  

s a lin e  as a b la n k . A liq u o ts  o f 0. 2 m l.  se rve d  as the in o cu la  f o r  the  a m in o  

a c id  c u v e tte s . The to ta l in i t ia l  vo lum e of each cuve tte  w as 10, 2 m l.  and
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was e x p e r im e n ta lly  d e te rm in e d  to  take  in to  c o n s id e ra tio n  the am ount 

o f e va p o ra tio n  d u r in g  the in cu b a tio n  p e r io d . W ith  a v e s s e l o f w a te r  in  

the in c u b a to r to  s e rv e  as a h u m id if ie r  0. 2 m l.  o f c u ltu re  eva po ra te d  in  

f iv e  to  s ix  days . T h is  co rre sp o n d e d  to the a p p ro x im a te  m a x im u m  in  the 

g ro w th  o f the te s t o rg a n is m s  and a t th is  p o in t the c o n c e n tra tio n  o f the 

am in o  a c id  was m o re  e x a c tly  0 .0001 M .

‘ In  each e x p e r im e n ta l s e r ie s  one s tra in  o f o rg a n is m  was tes te d  fo r  

the a b i l i t y  to  u t i l iz e ,  as the so le  sou rce  o f n itro g e n , g ly c in e  and the L .-, 

D - ,  and D L -  fo rm s  o f a l l  the o th e r a m in o  a c id s  at the th re e  d if fe re n t p H 's . 

In o cu la te d  and u n in o cu la te d  c o n tro l cuve ttes , co n ta in in g  no am in o  a c id s , 

w e re  in c lu d e d  in  each ru n , the la t te r  s e rv in g  as a b la n k  f o r  the nephe los 

re a d in g s  w h ich  w e re  taken  d a ily  in  the P h o to n e p h e lo m e te r. In cu b a tio n  

w as c a r r ie d  out a t 30°C . u n t i l  the re a d in g s  began to  de crease  in  m a g n i­

tud e . A f te r  in cu b a tio n  the pH o f each c u ltu re  was taken w ith  a p o te n tio ­

m e te r  and G ra m  s ta in s  w e re  m ade as an ind ex  o f p u r ity .

The “ o p tim u m ”  te m p e ra tu re  f o r  the g ro w th  of a l l  th re e  te s t o rg a n ­

is m s  in  a y e a s t-e x tra c t  m in e ra l- s a lts  m e d ium  was d e te rm in e d  by  in o c u ­

la t in g  th re e  s e r ie s  of cuve ttes , each co n ta in in g  10 m l.  o f M o d ifie d  M e d iu m

“ 79” , w ith  w ashed c e lls  o f I ^ l ’ ^20* anc  ̂ ^ 2 0 -2 7 A . s e r *es w e re

incuba ted  a t 3 5 ° C ., 30 °C . and 27°C . One cuve tte  in  each s e r ie s  se rve d

as an u n in o cu la te d  c o n tro l and d a ily  nephe los re a d in g s  w e re  m ade on

each c u ltu re .

The a c tio n  o f a te m p e ra tu re  lo w e r  than 30 °C . on the s p e c tru m  o f
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a m in o  a c id s  u t i l iz e d  b y  rh iz o b ia  was s tud ied  w ith  a t r ip l ic a te  s e r ie s  o f 

cuve tte s  c o n ta in in g  9, 5 m l.  o f b a sa l m ed ium , 0. 5 m l.  o f a s to ck  s o lu ­

t io n  o f g ly c in e  o r  the L -  o r  D -  is o m e rs  o f the o th e r am in o  ac id s , and 

0 .2  m l.  o f washed c e l l  in o c u lu m  (nephelos 5 5 .0 ). The pH o f the b a sa l 

m e d iu m  in  each cu ve tte  was the o p tim u m  fo r  the con ta ined  a m in o  ac id , 

as d e te rm in e d  in  the p re v io u s  e x p e rim e n t on pH. These va lues  a re  

g ive n  in  T A B L E  2. The in cu b a tio n  te m p e ra tu re  was 2 7 °C . and nephe los 

re a d in g s  w e re  taken each day u n t i l  the m a x im a  w e re  re ache d .

T A B L E  2

T A B L E  IN D IC A T IN G  TH E  IN IT IA L  pH V A LU E S  OF T H E  A M IN O  

A C ID  M E D IA  IN  T H E  “ T E M P E R A T U R E  E F F E C T ”  C U V E T TE S

C uvette  A m in o  A c id  O rg a n ism

R21 R20-27 A R 20

1 g ly c in e 7 .5 7 .5 7 .0

2 L - le u c in e 7 .5 7 .5 7 .0

3 D -le u c in e 7 .5 7 .5 7 .0

4 L -v a l in e 7 .5 7 .5 7 .0

5 D -v a lin e 7 .5 7 .0 7 .0

6 L -m e th io n in e 7 .5 7 .5 7 .0

7 D -m e th io n in e 7* 0 7 .0 7 .0

8 L -g lu ta m ic  a c id 7 ,5 7 .5 7 .0

9 D -g lu ta m ic  a c id 7 .5 7 .0 7 .0
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T a b le  2 

C uve tte

(co n t’d)

A m in o  A c id O rg a n ism

R 21 R 20-27A 5d to 0

10 L -h is t id in e 7 .5 7 .5 7 .5

11 D -h is t id in e 6 .0 7 .5 6 .0

12 in o cu la te d  c o n tro l 7 .0 7 .0 7 .0

13 un in o cu la te d  c o n tro l 7 .0 7 .0 7 .0

A  d u p lic a te  s e r ie s  of c h e m ic a lly  c lean  te s t- tu b e s  w e re  f i l le d  w ith

9 .5  m l.  o f s u c ro s e - fre e  m o d ifie d  W ilso n  and W ils o n ’ s base. One s e r ie s  

con ta ined  0. 5 m l.  o f L -h is t id in e  s to ck  s o lu tio n  and the o th e r con ta ined 

0. 5 m l.  o f L - g lu ta m ic  a c id  s to ck  so lu tio n . The tubes in  each lo t  w e re  

in o cu la te d  w ith  washed c e lls  o f R 2 0  R21» R 2 0 -27 A anc* a nurrih e r  o f o th e r 

s tra in s  o f rh iz o b ia  w h ich  a re  in d ic a te d  in  T A B L E  3. The p ro d u c tio n  by 

X - r a y  ir r a d ia t io n  o f the m u tan ts  l is te d  has been p re v io u s ly  d e s c rib e d  (47). 

In cu b a tio n  was at 27°C  fo r  e ig h t days and the p resence  o r  absence of v is ­

u a l g ro w th  re c o rd e d . T h is  e x p e rim e n t in d ic a te d  the a b i l i t y  o f the b a c te r ­

ia l  s tra in s  to  u t i l iz e  these tw o am ino  ac ids  as so le  so u rce s  of bo th  ca rb o n  

and n itro g e n .
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T A B L E  3

R H IZ O B IU M  STRAINS. O T H E R  T H A N  R 21, R 2 0 -2 7 A ' A N D  R 20, 

T E S T E D  FO R  T H E IR  A B IL IT Y  TO  U T IL IZ E  L -H IS T ID IN E  OR 

L -G L U T A M IC  A C ID  AS SOLE SOURCES OF BO TH  

CARBO N  A N D  N ITR O G EN

S tra in Source E ffe c tiv e n e s s  in  
n itro g e n  f ix a t io n *

R 23 O. A . C . s to ck  c u ltu re e ffe c tiv e

COCM1OCM
«

X - r a y  m u tan t o f R 2q e ffe c tiv e

R20-31 X - r a y  m u tan t of R2q e ffe c tiv e

R 20-16 X - r a y  m u tan t o f R2q in e ffe c tiv e

r 20-17 X - r a y  m u ta n t o f R2q in e ffe c tiv e

r 20-19 X - r a y  m u tan t o f R 2 0 in e ffe c tiv e

r 20-20 X - r a y  m u tan t o f R2 0 in e ffe c tiv e

*  tes te d  on G r im m  a lfa lfa .  Those s tra in s  designa ted  as “ in e ffe c t iv e ”  

m ay a lso  have p a ra s it ic  tendenc ies (50).

R e s u lts :* *

F IG U R ES 2, 3, and 4 g ra p h ic a lly  re p re s e n t the m a x im u m  g ro w th  

a tta in e d  b y  the th re e  R h izo b iu m  s tra in s  in  the am ino  a c id  m e d ia  a t the 

th re e  d if fe re n t pH ’ s. The f in a l  pH va lues  w e re  g e n e ra lly  found to be s e v e ra l





0*9 
H

d K K P. o.

ootr\
o
3-

oo OO
OJ

oo
H

o
P

© ©
p p
0*3P o© tH

•9H '9■p i -p » M ©-*o q  a m
b I H

-=** —© *o
JCJ
43 © w  O

p ©
20  p o

P - H iH« © P 
CuH O

1 «rlg p i3 +3
•H/-> ©-a cr\ e

* ~ A  *
«H P - ^ O J  «H 
O «H 0 0  rH 4>

po

■p©
«H
A
A
P

■P>0 P H  
pH  ̂
60 I © P P

o 
© P 
o © 
P H

,w  q 
<H

© 5 ^s•H |

1S!A
P

O P ©
OIA 
H H

©

5

I
© -P © 
P — P P 

H *H
O*—* M'd

s w . a s•h  tsoc ©
£  H  •-> »H
O'—H H ,P 
“I H © H I l P

■p p n  ©*-
a ° ~ s *.CjOvO p w
O O w  o O *rl *a
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ten ths  o f a u n it  lo w e r  than  the o r ig in a l (see append ix).

A l l  the s tra in s  o f the nodule b a c te r ia  w e re  re a d ily  capable o f us in g  

D -a m in o *a c id s  as the so le  n itro g e n  so u rce . In  s e v e ra l cases the o rg a n ­

is m s  m ade b e tte r  use o f these *‘u n n a tu ra l’ * is o m e rs  than they d id  o f the 

c o rre s p o n d in g  “ n a tu ra l**  ones.

W ith  H 2 1  a pH o f 7. 5 w as o p tim um  fo r  u t i l iz a t io n  o f a l l  the am ino  

a c id s  w ith  the  e xce p tion  of D -  and D L -  h is t id in e  (pH 6. 0 be s t) and D - 

m e th io n in e  (pH 7. 0 b e s t). A l l  th re e  fo rm s  o f h is t id in e  sup ported  e xce p ­

t io n a l g ro w th  a t a l l  pH ’ s, in c lu d in g  6. 0 at w h ich  pH g ro w th  d id  not o ccu r 

w ith  the m a jo r i ty  o f the ac id s  except to a v e ry  l im ite d  ex ten t w ith  L - v a lin e ,  

L -g lu ta m ic  a c id  and L , D - and D L -  m e th io n in e . The d if fe re n t is o m e rs  

of any one am in o  a c id  w e re  found to  v a ry  in  th e ir  a b i l i t y  to  be u t i l iz e d ,  

depending on the pH . The g ro w th  ob se rved  in  the ra c e m ic  m ix tu re s  

in d ic a te d  tha t bo th  in h ib it io n  and s t im u la t io n  cou ld  o c c u r. These la s t  

e ffe c ts , to g e th e r w ith  those found w ith  R2 0  and R20r27A* a re  s u m m a riz e d  

in  T A B L E  4 .

F o r  R 2 Q 2 7 A  a ^  ^ w as *-ounc* to  o p tim u m  fo r  the u t i l iz a ­

t io n  o f 10 o f the 16 d if fe re n t fo rm s  o f a m ino  ac ids  tes ted , w h ile  a pH o f 

7. 0 was be s t f o r  5 o f the re m a in d e r .

* *  N u m e r ic a l da ta p e rta in in g  to  m o s t o f the c h a rts  and graphs p resen ted  

in  th is  th e s is  a re  g ive n  in  the append ix.
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M a x im u m  g ro w th  in  D L -h is t id in e  was ob se rved  a t pH 6. 0.

T A B L E  4

IN H IB IT IO N  A N D  S T IM U L A T IO N  FO U N D  IN  TH E  R ACE M IC  M IX T U R E S  OF 

VARIO US A M IN O  AC ID S W HEN TE S TE D  A G A IN S T  T H R E E  STRAINS OF

R H IZ O B IU M

S tra in  pH  In h ib it io n  S tim u la tio n

R21 7 .0

7 .5

R20 -27A  6* °

7 .0

7 .5

R20 6* 0

7 .0

h is t id in e  (7 7 .0 % )*  

g lu ta m ic  (86. 5%) 

h is t id in e  (84. 9%) 

g lu ta m ic  (74. 3%)

m e th ion ine  (64. 5%) 

g lu ta m ic  (55.9% ) 

m e th io n in e  (58. 6%) 

g lu ta m ic  (85.6% ) 

m e th io n in e  (53. 3%) 

g lu ta m ic  (67.5% ) 

le u c in e  (72. 4%) 

va lin e  (46. 5%)

le u c in e  (285.4% ) 
va lin e  (272. 5%) 
h is t id in e  (127.7% )

h is t id in e  (121.5% ) 

h is t id in e  (111.2% )

^n u m b e rs  in  b ra c k e ts  r e fe r  to the pe rcen t o f the th e o re t ic a l g ro w th . T h is
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th e o re t ic a l g ro w th  is  equa l to  o n e -h a lf the g ro w th  on the L - is o m e r  + one- 

h a lf  the  g ro w th  on the D - is o m e r  a t the sam e pH, assu m in g  no in h ib it io n .  

O n ly  va lues  le s s  than 90% o r  m o re  than 110% of the th e o re t ic a l a re  l is te d .

H is t id in e  in  a l l  i t s  fo rm s  behaves in  a fa sh io n  s im i la r  to  tha t o b ­

s e rv e d  w ith  Rg j  in  tha t i t  p ro m o te s  e x c e lle n t g ro w th  at a l l  pH ’ s. R2 0 -27 A  

is  d e c id e d ly  m o re  a c id  to le ra n t than R 2 i> g ro w th  o c c u r r in g  a t 6 .0  w ith

e v e ry  am in o  a c id . T h is  o rg a n is m , how ever, does no t m ake as good use 

o f the am ino  a c id s  (at th e ir  o p tim u m  pH) as does R 2 i*  bu t due to  in e v ita b le

v a r ia t io n s  in  in o c u lu m  s ize  no c r i t i c a l  co m p a riso n s  w e re  a ttem p ted .

R 2 0  is  d e f in ite ly  fa s t id io u s  in  its  pH re q u ire m e n ts . W ith  13 out o f 

the 16 a m in o  a c id s  a g a ins t w h ich  i t  was tes ted  i t  g re w  o n ly  a t pH 7 .0 , a l ­

though w ith  h is t id in e  i t  g rew  w e ll a t a l l  th re e  pH ’ s.

The a p p ro x im a te  o p tim u m  te m p e ra tu re s  f o r  the g ro w th  o f R 2 D 

R 2 0 - 27A  and R 2 0  in  the y e a s t-e x tra c t m in e ra l- s a lts  m e d iu m  con ta in in g  

no added ca rb o h yd ra te  w e re  3 5 ° C ,, 3 0 -3 5 ° C, and 27°C , re s p e c tiv e ly .

The o p tim u m  fo r  R 2 0  is  som ew hat lo w e r  than tha t g ive n  in  v a r io u s  l i t e r a ­

tu re  re p o r ts  f o r  R h izo b iu m  m e li lo t i .  The e ffe c ts  of a 27°C . in cu b a tio n  

te m p e ra tu re  on am in o  ac id  u t i l iz a t io n  a re  shown in  F IG U R E  5. G e n e ra lly , 

w ith  the e xce p tion  o f L -g lu ta m ic  a c id  and R20-27A* the be s t g ro w th  was 

a tta in e d  a t 30 °C . ra th e r  than 2 7 ° C ., even w ith  R 2 0 . No s ig n if ic a n t 

d iffe re n c e  was no tice d , how ever, in  the u t i l iz a t io n  of g ly c in e  and L -

m e th io n in e  b y  R20,-27A and gLy c ine  and L -g lu ta m ic  a c id  by  R 2Q. A  

m o re  c a re fu l c o n s id e ra tio n  of the data in d ica te s  th a t w ith  c e r ta in  am ino
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a c id s  th e re  is  an “ is o m e r ic  e ffe c t ’ * w h ich  is  te m p e ra tu re  dependent

(see T A B L E  5). T h a t is ,  one is o m e r is  m o re  e ffe c tiv e  at 27 °C . w h ile  

the o th e r is  m o re  e ffe c tiv e  a t 30°C .

T A B L E  5

T H E  E F F E C T  O F T E M P E R A T U R E  ON TH E  U T IL IZ A T IO N  OF TH E  L -

A N D  D -  ISOMERS OF C E R T A IN  A M IN O  AC ID S  B Y  R H IZ O B IA

O rg a n is m A m in o  a c id T e m p e ra tu re A c t iv i ty

R 21 le u c in e 27°C . L *

30°C . D

va lin e 27°C . D

30°C . L

r 20 le u c in e 27°C . N . S .D .

30°C . D

va lin e 27°C . D

3 0 °C, L

g lu ta m ic  a c id 27°C . L

30°C . D

R2 0 -2 7 A le u c in e 27°C . N . S .D .

30°C . D

va lin e 27°C . N .S .D .

30°C . L

* L - L - is o m e r  y ie ld s  bes t g ro w th  D = D -is o m e r y ie ld s  b es t g ro w th  
N . S. D . =ho s ig n if ic a n t d iffe re n c e  betw een is o m e rs
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L - h is t id in e  was found to  be capable o f s e rv in g  as the so le  sou rce  

o f n itro g e n  and ca rb o n  f o r  a l l  the s tra in s  tes ted  w h ile  L -g lu ta m ic  was a c ­

t iv e  f o r  a l l  the s tra in s  except R 20-19 and R 20-20«

R e p e tit io n  o f the e x p e rim e n ts  in  th is  se c tio n  gave e s s e n tia lly

the sam e o v e ra l l  re s u lts  as those lis te d *

D is c u s s io n :

Rydon (80) in  a re v ie w  a r t ic le ,  l is t s  a nu m be r o f m ic ro o rg a n is m s  

w h ich  have been re p o r te d  as u t i l iz in g  D -a m in o  a c id s . N ega tive  re s u lts  

w ith  c e r ta in  b a c te r ia  cannot a lw ays be a tt r ib u te d  to  the la c k  o f a capable 

enzym e w ith in  the c e l l  s ince  c e r ta in  w o rk e rs  (10) have in d ica te d  th a t the 

fa i lu r e  o f re s t in g  suspensions to m e ta b o lize  D -a m in o  a c id s  is  o ften  due 

to  .an in a b i l i t y  o f these com pounds to  pe ne tra te  the c e l l  b a r r ie r .  T h is  

fe a tu re  m a y  a lso  e x p la in  the re la t iv e ly  s low  ra te  o f D - is o m e r  u t i l iz a t io n  

in  som e in s ta n c e s . In  c o n s id e ra tio n  o f the da ta  the R h izo b iu m  s tra in s  

te s ted  in  the p re se n t in v e s tig a tio n  cannot be re g a rd e d  as unusua l w ith  

re s p e c t to  th e ir  a b i l i t y  to  use the “ un na tu ra l** is o m e rs  o f am in o  a c id s .

In  c o n tra s t to  in te rn a l m a m m a lia n  c e lls ,  w h ich  fu n c tio n  u n d e r a 

c o n d itio n  o f ho m e o s ta s is , b a c te r ia l c e lls  a re  c o n tin u a lly  sub jec ted  to  the 

e ffe c ts  o f th e ir  e x te rn a l e n v iro n m e n t. A lth o u g h  som e m ic ro o rg a n is m s

m ay c o n tro l th e ir  in t r a c e l lu la r  pH to  som e extent by  d e a m in a tio n  of 

a m in o  a c id s  by h ig h  pH and d e ca rb o x y la tio n  at low  pH (30), i t  is  d i f f i ­

c u lt  to  b e lie v e  tha t no pH s h if t  a t aU o c c u rs . The pH o p tim a  o f enzym es 

a re  s c a tte re d  a round  the p h y s io lo g ic a l range , and s m a ll s h if ts  in  pH w i l l  

in c re a s e  the a c t iv i ty  of som e enzym es, decrease  tha t o f o th e rs  and leave  

th a t o f the re s t  unchanged. S m a ll changes in  pH w i l l ,  th e re fo re , m a rk e d ly
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in flu e n ce  m e ta b o lic  re a c tio n s  dependent on the fu n c tio n in g  o f s e r ie s  of 

enzym es. F is h e r  (25) s ta tes  an o th e r po ss ib le  e ffe c t o f pH on c e l lu la r  fu n c ­

tio n  in  these w o rd s , “ i t  is  to  be expected tha t i t  w i l l  m o d ify  the degree  

o f io n iz a tio n  o f co n s titu e n ts  of the b ounda ry  la y e r  o f the c e ll,  w h ic h  w i l l  

cause changes in  the p a tte rn  and the p ro p e r t ie s  o f th is  la y e r  as a w ho le , 

a p o ss ib le  consequence be ing  a lte ra t io n s  o f the p e rm e a b ility  o f the la y e r , 

w h ich , b y  m o d ify in g  exchange of m e ta b o lite s  betw een the ceU and the 

e n v iro n m e n t cou ld  m o d ify  the p a tte rn  o f m e ta b o lis m ’ *. The re s u lts  o f 

m e d iu m  pH on a m in o  a c id  u t i l iz a t io n  by  rh iz o b ia  cou ld , th e re fo re , be e x ­

p la in ed  b y  c o n s id e ra tio n  o f the e ffe c ts  o f the pH on e ith e r  the enzym es o r  

the c e l l  m e m b ra n e s .

I t  is  g e n e ra lly  concluded tha t b a c te r ia l c e lls  a re  unab le  to  m a in ta in  

th e m se lve s  a t te m p e ra tu re s  above o r  be low  tha t o f th e ir  e n v iro n m e n t. The 

heat p roduced  d u r in g  m e ta b o lis m , fo r  exam p le , is  lo s t by con ve c tion  and 

ra d ia t io n  and is  no t used f o r  te m p e ra tu re  m a in tenance . The “ op tim um ** 

te m p e ra tu re  fo r  a b a c te r ia l c e l l  is  o n ly  a re f le c t io n  o f the e ffe c t o f th is  

fa c to r  on e n z y m a tic  a c t iv i ty .  I f  a te m p e ra tu re  o f 30°C . p roduces m o re  

g ro w th  w ith  one p a r t ic u la r  a m in o  a c id  than a te m p e ra tu re  o f 27°C  i t  m ay 

be conc luded  tha t the enzym e(s) concerned  ac ts  a t an in c re a se d  ra te  at 

the h ig h e r te m p e ra tu re , tha t a seconda ry  “ in h ib it in g ”  re a c tio n  is  supp ­

re s s e d  a t the h ig h e r te m p e ra tu re  o r tha t the re a c tio n  n o rm a lly  o c c u rr in g  

a t the lo w e r  te m p e ra tu re  is  suppressed  and re p la c e d  by  a m o re  e f f ic ie n t 

pa thw ay o f u t i l iz a t io n .  I f  i t  is  assum ed th a t a t le a s t tw o d if fe re n t enzym es
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a re  im p lic a te d  in  the m e ta b o lis m  o f the L -  and D - is o m e rs  o f any one o f 

s e v e ra l am in o  a c id s  then the e ffe c ts  noted in  T A B L E  5 m ay be e xp la ine d  

b y  one o r  m o re  of the a fo re m e n tio n e d  m e ch a n ism s . A s  a g e n e ra l s ta te ­

m en t, the L - is o m e r  o f va lin e  is  p re fe re n t ia l ly  u t i l iz e d  a t 30 °C , and the 

D - fo rm  a t 2 7 °C #J w h ile  the con ve rse  is  tru e  fo r  L -  and D -  le u c in e . S ince 

i t  w ou ld  be expected  tha t a nu m be r o f d if fe re n t ro u te s  o f am in o  a c id  m e ta ­

b o lis m  w ou ld  e x is t in  in ta c t R h izo b iu m  c e lls  i t  w ou ld  be hazardous to 

m ake any s p e c if ic  s ta tem e n t w ith  re g a rd  to  a p a r t ic u la r  a c id .

The re p o r ts  o f a n u m be r o f p re v io u s  w o rk e rs , as m entioned  in  the 

l i te r a tu r e  re v ie w , have been c o n firm e d  in  tha t R h izo b iu m  m e l i lo t i  is  

a c id  s e n s it iv e , s t im u la te d  b y  a n e u tra l o r  s l ig h t ly  a lk a lin e  pH and has a 

te m p e ra tu re  o p tim u m  w h ich  l ie s  a p p ro x im a te ly  w ith in  the range 2 7 ° -3 5 °C .

The a b i l i t y  o f h is t id in e  to  se rve  as a n itro g e n  sou rce  fo r  the rh iz o b ia  

is  ou ts tand ing  and p o s s ib ly  re s u lts  f r o m  the fa c t tha t th is  am in o  a c id  is  

som ew hat co m p le x  and m ig h t th e re fo re  be c o m p a ra tiv e ly  d i f f ic u l t  to  

syn th es ize  b y  the o rg a n is m s . I t  w ou ld  then ac t as a l im i t in g  fa c to r  in  

g ro w th  u n le ss  su p p lie d  p re fo rm e d  in  the m e d iu m . T h is  im p lie s  th a t a l l  

the o th e r e s s e n tia l am in o  a c id s  can be re a d ily  fo rm e d  f ro m  h is t id in e , bu t 

tha t the co n ve rse  is  no t t ru e . T h is  concept is  reasonab le  s ince  h is t id in e  

is  know n to  be c o n v e rt ib le  th ro u g h  a s e r ie s  o f unknown in te rm e d ia te s  in to  

fo rm a te  and g lu ta m ic  a c id . T ra n s a m in a tio n  o f the la t te r  cou ld  then 

“ funne l** the h is t id in e  a m in o  n itro g e n  in to  o th e r am ino  a c id s . L i t t le  is  

know n o f the syn th e s is  o f h is t id in e  except tha t the p y r im id in e - l ik e  ca rbo n
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o f the im id a z o le  r in g  is  d e r iv e d  f ro m  fo rm a te .

The in h ib it io n  o f any enzym e by a s u b s tra te  analogue and the a c ­

t io n  o f an enzym e on a su b s tra te  a re  c lo s e ly  re la te d , as bo th  in v o lv e  the 

a tta ch m e n t o f the  s u b s tra te / in h ib ito r  to c e r ta in  re a c tiv e  g roups on the 

enzym e m o le c u le . A n  in h ib ito r  o f th is  type is  s im p ly  a p o te n tia l s u b s tra te  

w h ich , a lth ough  i t  can a tta ch  i t s e l f  to  the enzym e, is  s u ff ic ie n t ly  d is s im i la r  

to  the n o rm a l s u b s tra te  as to  be no t acted upon by the enzym e a f te r  the 

a ttachm e n t has o c c u rre d . W ith  com pounds as s im i la r  as the L -  and 

D - is o m e rs  o f a m in o  a c id s  i t  is  no t s u rp r is in g  tha t re p o r ts  o f D -a m in o  

a c id  in h ib it io n  o f b a c te r ia l g ro w th  a re  re la t iv e ly  p le n t ifu l.  Such in h ib i­

t io n  u s u a lly  s te m s f r o m  the fa c t tha t the m o le cu le s  o f the D -a m in o  a c id  

a re  no t u t i l iz e d  and “ c lo g ”  up re a c tiv e  s ite s  on the L -a m in o  a c id  enzym e. 

In  the rh iz o b ia  exam ined, how ever, the D - is o m e r  is  a lso  u t i l iz e d  fo r  

g ro w th  pu rpo ses  and in  som e cases b e tte r  than the co rre s p o n d in g  L - fo r m .  

T h e re fo re , in  o rd e r  to  account f o r  the d e v ia tio n s  in  g ro w th  as com pared  

w ith  the th e o re t ic a l - see T A B L E  4 -  a som ewhat h y p o th e tic a l exp la n a tio n  

m u s t be p o s tu la te d . A s s u m in g  tha t the enzym es f i r s t  a tta c k in g  the am ino  

ac id s  in  a ra c e m ic  m ix tu re  a re  s te re o s p e c if ic  and in  n o n - l im it in g  and 

a p p ro x im a te ly  equa l am ounts and ass ig n in g  an a r b i t r a r y  g ro w th  va lue 

o f 50 to  an L -a m in o  a c id  m o le c u le  and a va lue o f 25 to  a D -a m in o  a c id  

m o le c u le  a h y p o th e tic a l ra c e m ic  m ix tu re  o f tw o L -  and tw o D -  m o le c u le s  

w ou ld  invo ke  an o v e ra l l  g ro w th  response  o f 150. I f  a m u tu a l in h ib it io n  

o c c u rs  be tw een these m o le c u le s , tha t is ,  i f  one m o le cu le  o f the  D - is o m e r
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is  a ff ix e d  to  an L -a m in o  a c id  enzym e s ite  and is  not u t i l iz e d , and v ic e  

v e rs a , then the g ro w th  response  w ou ld  be 75 u n its  ( = 1 /2  = 50% o f the 

th e o re t ic a l,  w he re  a l l  the m o le cu le s  a re  u t i l iz e d ) .  D e v ia tio n s  in  the 

re la t iv e  am oun ts  o f the two enzym es, such as m ig h t o c c u r w ith  pH (o r 

te m p e ra tu re  f lu c tu a tio n s , w ou ld  n e c e s s a r ily  cause p ro p o rtio n a te  d e v ia ­

t io n s  in  the pe rcen tage  o f the th e o re t ic a l tha t w ou ld  be o bse rve d . I f  the 

L -a m in o  a c id  enzym e m o le cu le s  w e re  n u m e r ic a lly  reduced  le s s  D -a m in o  

a c id  m o le c u le s  w ou ld  be a ff ix e d  to  them  and i t  m ig h t appea r th a t m o re  

o f the la t te r  shou ld  be u t i l iz e d  as a re s u lt  o f D -a m in o  a c id  enzym e a c t i ­

v i ty .  A t  the sam e tim e , how eve r, m o re  L -a m in o  a c id  m o le cu le s  w ou ld  

be a v a ila b le  f o r  in h ib it io n  o f the D -e n z y m e . The net re s u lt  w ou ld  v a ry  

s ta t is t ic a l ly  depending on the p ro p o r t io n  o f com pe ting  m o le c u le s . T h is  

concept m a y  e x p la in  the v a r io u s  degrees o f in h ib it io n  found in  the ra c e m ic  

m ix tu re s  l is te d  in  T A B L E  4.

The s t im u la to ry  e ffe c ts  b rou g h t about b y  the ra c e m ic  m ix tu re s  o f 

c e r ta in  a m in o  a c id s  a t the lo w e r pH*s is  in e x p lic a b le  a t p re s e n t.

B , The U t i l iz a t io n  o f S yn the tic  D i-  and T r i -  peptides

In  1949 Dunn and M c C lu re  (24) found tha t p a r t ia l  h y d ro ly s a te s  o f 

p ro te in  w e re  m o re  e ffe c tiv e  sou rces  of e s s e n tia l am in o  ac id s  f o r  

L a c to b a c il lu s  c a s e i than com p le te  h y d ro ly s a te s . P e te rs  and S n e ll (70) 

o b se rve d  s im i la r  re s u lts  w ith  L a c to b a c illu s  d e lb ru e c k ii and a tt r ib u te d  

the fin d in g s  to  the p resence  of u n id e n tif ie d  pe p tide s . T h e re  a re  now a n u m -
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b e r o f re p o r ts  in  the l i te ra tu r e  dea ling  w ith  the g ro w th  s t im u la t in g  

e ffe c ts  o f pep tides as co m pared  to  the e ffe c ts  o f th e ir  co n s titu e n t am ino  

a c id s . I t  was fe l t  th a t the b e n e fic ia l re s u lts  o f am ino  a c id  pep tides 

m ig h t a ls o  be m a n ife s te d  in  rh iz o b ia  and the fo llo w in g  s e r ie s  o f e x p e r i­

m e n ts  w e re  d e v ised  to  a s c e rta in  the p resence and exten t o f such a c t iv i ty .

M ethods:

The pep tides  tes ted  w e re  ob ta ined f ro m  N u tr it io n a l B io c h e m ic a ls  

C o rp . ,  ( U .S .A . )  and co n s is te d  o f g ly c y lg ly c in e , g ly c y lg ly c y lg ly c in e ,

L -  and D -  le u c y lg ly c in e , L -  and D - le u c y lg ly c y lg ly c in e , and g ly c y l - L -  

tryp to p h a n e . S tock so lu tio n s  w e re  p re p a re d  w ith  double g la s s -d is t i l le d  

w a te r so th a t the a d d itio n  o f 0. 5 m l.  to  9. 5 m l.  of a f lu id  w ou ld  re s u lt  

in  a f in a l  pep tide  c o n c e n tra tio n  o f 0. 0001M . These s o lu tio n s  w e re  

s te r i l iz e d  a t 15 lb .  p re s s u re  f o r  8 m in . and 0 .03  m l.  a liq u o ts  spo tted  

on a W hatm an #1 f i l t e r  pape r sheet and ch rom a tog ra ph e d  in  w a te r - s a tu r ­

a ted  pheno l a t 2 7 ° C . , a c c o rd in g  to the m ethod o f W oiwod (104). A f te r  

d ry in g ,th e  sheet w as sp ra ye d  w ith  0 .1%  a lc o h o lic  n in h y d r in  s o lu tio n . I t  

was found th a t s tro n g  he a ting  o f the a re a  on the f i l t e r  p a pe r to  w h ic h  the 

peptide s o lu tio n  w as be ing  t ra n s fe r re d  d u rin g  the “ s p o tt in g ”  p ro ce d u re , 

re s u lte d  in  a s p li t t in g  o f the pep tide . T h e re fo re , he a tin g  was e lim in a te d  

in  th is  o p e ra tio n .

A t the sam e tim e  th a t an o rg a n is m  was tes ted  f o r  the e ffe c t o f pH on 

i ts  a m in o  a c id  u t i l iz a t io n  i t  was a ls o  exa m ine d  fo r  g ro w th  in  peptide  m e d ia . 

T h us , the g ro w th  va lues  ob ta ined on the v a r io u s  a m in o  a c id s  can be a c c u r ­
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a te ly  com p a red  w ith  the peptide  g ro w th  va lu e s . F o r  each o f the th re e  

te s t o rg a n is m s  (R21, R 20 -27 A * and R 20) 9* 5 ^  o f PH  7* °  m o d ifie d  

W ils o n  and W ils o n ’ s m e d iu m  and 0. 5 m l.  o f s te r i le  s to ck  peptide s o lu tio n  

w e re  added to  each o f seven s te r i le ,  c h e m ic a lly  c lean  cu ve tte s . One 

cuve tte , w ith o u t any pep tide  added, se rve d  as an in o cu la te d  c o n tro l,  and 

an o th e r, the un in o cu la te d  c o n tro l,  was used as a b la n k  f o r  the nephelos 

re a d in g s . W ashed c e l l  in o c u lu m  was p re p a re d , as p re v io u s ly  d e s c rib e d , 

and a 0 .2  m l.  a liq u o t was used to  in o cu la te  the v a r io u s  cu ve tte s . The 

tubes w e re  then incuba ted  a t 30 °C . and d a ily  nephelos re a d in g s  taken 

w ith  the P ho to ne phe lom e te r. F in a l pH va lues w e re  d e te rm in e d  w ith  a 

B eckm an g la s s -e le c tro d e  p o te n tio m e te r.

A  c e l l - f r e e  e x tra c t o f R2  ̂ was p re p a re d  f ro m  a th re e  l i t e r ,  24 h r .  

a e ra tio n  c u ltu re  (M o d ifie d  M ed ium  e*79” ) by c e n tr ifu g a tio n  in  a S charp les  

c e n tr ifu g e , w ash ing  the sed im en ted  c e lls  in  0. 85% sa lin e  and g r in d in g  

f o r  12 m in . w ith  a lu m in u m  oxide u s in g  a P o tte r  h o m o g e n ize r and an ic e -  

ba th . The c e l lu la r  e x tra c t was c e n tr ifu g e d  at 20, 000 x  g in  a S e rv a li 

va cu u m -typ e  c e n tr ifu g e  in  o rd e r  to  sed im en t the c e llu la r  d e b r is  and the 

tra n s lu c e n t s tra w -c o lo re d  superna tan t d ilu te d  w ith  sa lin e  to  a f in a l  v o l­

um e o f 5 m l.  (0 .412  m g m . b a c te r ia l n i t r o g e n /m l. ) . A liq u o ts  o f 0, 5 m l.  

w e re  added to  peptide  s o lu tio n s  co n ta in in g  5 m g m . o f pep tide  p e r 0. 5 m l.  

double g la s s -d is t i l le d  w a te r . The peptides used w e re  L - ,  and D -  le u c y l-  

g ly c in e , L -  and D - le u c y lg ly c y lg ly c in e , and g ly c y l-L - try p to p h a n e . In  

a d d it io n  L -  and D -  le u c y lg ly c in e  so lu tio n s  w e re  p re p a re d  co n ta in in g  a
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f in a l  c o n c e n tra tio n  o f sod ium  cyan ide am oun ting  to  0 .0 1M . A f te r  in ­

cuba tion  fo r  one h o u r a t 3 0 °C ., 0. 04 m l.  q u a n tit ie s  of each s o lu tio n  

w e re  spo tted  on f i l t e r  paper sheets and ch rom a tog ra ph e d  in  w a te r - s a tu r ­

ated pheno l. C o n tro ls  in c lud ed  c e l l- f r e e  e x tra c t a lone, known am in o  

ac id s  and pe p tide s , te s t s o lu tio n s  sam p led  at ze ro  t im e  and te s t s o lu tio n s  

co n ta in in g  know n a m in o  ac id s  (in  o rd e r  to  de m o n s tra te  u n ifo rm  m ovem ent 

o f these a c id s  in  the te s t m ix tu re )*  Spot te s ts  f o r  am m on ia  w e re  c a r r ie d  

out u s in g  N e s s le r ’ s re ag e n t.

R e su lts :

C h ro m a to g ra p h ic  a n a lys is  de m o n s tra te d  the p u r ity  o f the peptides 

used and en su red  tha t the s te r i l iz a t io n  m ethod d id  not re s u lt  in  any s p l i t ­

t in g  o f the peptide  bonds. The R f va lues found fo r  the v a r io u s  a m  inn  

ac id s  and peptides a re  g ive n  in  T A B L E  6.

T A B L E  6

T A B L E  SHOWING T H E  R f V A LU E S  OF A M IN O  AC ID S A N D  P E P T ID E S  

O B T A IN E D  D U R IN G  P A P E R  P A R T IO N  C H R O M ATO G R APH Y 

IN  W A T E R -S A T U R A T E D  P H EN O L A T  27°C .

C om pounds R f va lue

g ly c in e

le u c in e

tryp top h an e

0 .41

0 .8 2

0 .7 3
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Com pounds R f va lue

g ly c y lg ly c in e  

g ly  c y lg ly c y lg ly  c ine 0 .4 8

0 .42

g ly c y l-L . -tryp to p h a n e 0 .7 1

L -  and D -  le u c y lg ly c in e 0 .7 6

L -  and D= le u c y lg ly c y lg ly c in e 0. 79

The u t i l iz a t io n  o f the d i-  and t r i -  pep tides as so le  sou rce s  o f n i t r o ­

gen by R 2 P ■^20-27A* an<  ̂ ^2 0  p ic to r ia l ly  re p re se n te d  in  F IG U R E  6 . 

E xce p t f o r  an o v e ra l l  re d u c tio n  in  the m agn itude  of g ro w th  (and in  the 

u t i l iz a t io n  o f L - le u c y lg ly c y lg ly c in e  as com pared  to  L - le u c y lg ly c in e )  the 

response p a tte rn  o f ^ 2 0 -2 7 A  *s v e ry  s im i la r  to  tha t o f R 2 i« The R 2 0  

p a tte rn , how eve r, is  n o tic e a b ly  d if fe re n t.  W ith  th is  o rg a n is m  th e re  was 

a re m a rk a b le  g ro w th  response  b rou g h t about by g ly c y l-L - try p to p h a n e , 

b e tte r  g ro w th  on g ly c y lg ly c y lg ly c in e  as com pared  w ith  L - le u c y lg ly c in e  

and a g re a te r  g ro w th  a tta in e d  on D - le u c y lg ly c y lg ly c in e  than on L - le u c y lg ly ­

c y lg ly c in e . In  fa c t , th is  p a r t ic u la r  o rg a n is m  m ade b e tte r  use o f those pep­

tid e s  w h ic h  con ta ined  D -a m in o  a c ids  than the o th e r tw o s tra in s  of rh iz o b ia . 

W ith  a l l  th re e  s tra in s ,  h ow eve r, L - le u c y lg ly c in e  p ro m o te d  b e tte r  g ro w th  

than D - le u c y lg ly c in e . The f in a l  pH va lues ranged iro m  6 . 2 to 6 . 8 .

The  c h ro m a to g ra p h ic  re s u lts  in d ic a te d  tha t R 2 1  at le a s t p a r t ia l ly

h y d ro ly z e d  a l l  the pep tides ag a ins t w h ich  i t  was te s te d . In  a l l  cases g ly ­

c ine  w as found  as the fre e  a c id .
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S ince the R f va lue  o f le u c in e  was s im i la r  to  tha t o f the le u c in e  peptides 

no c r i t i c a l  a tte m p t w as m ade to  id e n t ify  th is  am ino  ac id , a lthough  s e v e r ­

a l d if fe re n t so lve n t sys te m s  w e re  t r ie d  in  an e f fo r t  to  ob ta in  b e tte r  re s o lu ­

t io n , E lu t io n  o f the  g ly c in e  spo ts in  10 m l,  o f 50% e thano l: w a te r and 

c o m p a ris o n  of the re s u lt in g  so lu tio n s  in  a C o lem an S pe c trop h o to m e te r 

at 570 m il l im ic r o n s  (12) re ve a le d  th a t the am ount o f g ly c in e  produced 

f r o m  D - le u c y lg ly c y lg ly c in e  was o n ly  about o n e -h a lf tha t p roduced  f ro m  

the o th e r pep tides , w h ic h  p roduced s im i la r  am ounts o f g ly c in e . A m m o ­

n ia  w as de tected  in  e v e ry  te s t s o lu tio n  except in  those con ta in in g  cyan ide , 

and im p lie d  th a t a cyan ide s e n s itiv e  d e am in a tio n  o f the lib e ra te d  am in o  

a c id s  o c c u rre d ,

T A B L E  7 in d ic a te s  the s t im u la t iv e  and in h ib ito ry  a c t iv ity  re s id e n t 

in  c e r ta in  o f the pep tides , as fa r  as rh iz o b ia l g ro w th  is  conce rned .

D is c u s s io n :

A lth o u g h  h y d ro ly s is  o f the peptides b y  the c e l l - f r e e  b a c te r ia l e x ­

t ra c ts  was d e m o n s tra te d  the e x p e r im e n ta l re s u lts  a re  no t co n s is te n t w ith  

the concept o f co m p le te  h y d ro ly s is .  The d i-  and t r i -  pep tides o f g ly c in e , 

and g ly c in e  p lus  L -  le u c in e , w ith  tw o excep tions, s t im u la te d  the g ro w th  

o f the th re e  R h izo b iu m  s tra in s  above the va lues tha t w ou ld  be expected 

i f  co m p le te  h y d ro ly s is  w e re  assum ed. The tw o excep tions  o c c u rre d  w ith  

R 20 -2 7 A  and the PePtid e s  g ly c y lg ly c y lg ly c in e  and L - le u c y lg ly c in e ,  bo th  

o f w h ic h  y ie ld e d  “ observed** g ro w th  va lues w h ich  w e re  not s ig n if ic a n t ly
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d if fe re n t  f ro m  va lu e s  c a lcu la te d  on the b a s is  o f co m p le te  pep tide  d e g ra d ­

a tio n , T h is  o rg a n is m , th e re fo re , a p p a re n tly  has the  e n zym ic  ca p a c ity  

to  h y d ro ly z e  these tw o pep tides  c o m p le te ly . W ith  g ly c y lg ly c y lg ly c in e  

the enzym e (o r  enzym es) concerned  m ay a tta c k  both ends o f the t r ip e t id e  

cha in  s im u lta n e o u s ly , th e re b y  le a v in g  no s t im u la t iv e  d ip e p tid e  f ra c t io n s .

I t  cannot be sa id  w ith  c e r ta in ty  th a t the  u t i l iz a t io n  o f a m in o  a c id s  

fo r  p ro te in  syn th e s is  by b a c te r ia  in v o lv e s  p r io r  in c o rp o ra tio n  in to  

s m a ll pep tides , bu t c o n s id e ra b le  evidence fo r  th is  concept has been ob- 

• ta ined  f ro m  o b s e rv a tio n s  on b a c te r ia  such as L a c to b a c il lus case i  w h ich  

re q u ire s , fo r  o p tim a l g row th , the p resence  o f p re fo rm e d  peptides (29). 

O th e r o rg a n is m s , as w e ll as rh iz o b ia , use pep tides  fo r  g ro w th  m o re  

e f f ic ie n t ly  than  th e y  do the  am ino  ac ids w h ich  com pose th e m . T h is  

approach to  the  s tudy o f p ro te in  syn th e s is  is  a t p re se n t be ing  e xp lo re d  by 

F ru to n  and S im m onds (2 8 ), I f  i t  is  assum ed th a t the  s t im u la t iv e  pep tides  

can be d ir e c t ly  u t i l iz e d  fo r  p ro te in  syn th e s is  by rh iz o b ia  the am ount o f 

obse rved  s t im u la t io n  is  p ro b a b ly  re p re s e n ta tiv e  o f a ba lance betw een 

the ra te  o f in c o rp o ra t io n  o f the  pep tides  in to  c e llu la r  p ro te in s  and the 

re la t iv e  pep tidase  a c t iv i ty  o f these m ic ro o rg a n is m s . I f  the pep tidase  

a c t iv ity  o f a p a r t ic u la r  s t ra in  is  g re a te r  than  the in c o rp o ra tio n  ra te  

then the am ount o f s t im u la t io n  by a pep tide  w ou ld  be m uch lo w e r than i f  

the  co n ve rse  w e re  t ru e .  T h is  p ro b a b ly  exp la ins  the d if fe re n t degrees' 

o f s t im u la t io n  o b se rve d  w ith  the b a c te r ia l s tra in s  used in  the p re s e n t 

w o rk .
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A n  in h ib ito ry  e ffe c t w as noted when R 2 1  and R 20 -27A  w e re  g row n  

in  the p resence  o f the D - le u c in e  pep tides . T h is  m ay p a r t ly  be the re s u lt  

o f an in a b i l i t y  to  c a r r y  out tra n s p e p tid a tio n  re a c tio n s  in v o lv in g  D -a m in o  

a c id s . I t  is  a ls o  n e ce ssa ry , how ever, to  pos tu la te  tha t an in h ib ito ry  

a c tio n  o c c u rre d  be tw een g lyc in e  and D - le u c in e . I f  in c o rp o ra tio n  d id  not 

o c c u r b y  re a so n  o f the con ta ined  D -a m in o  a c ids  i t  w ou ld  have been e x ­

pected tha t h y d ro ly s is  w ou ld  have proceeded to  c o m p le tio n , the am in o
r

a c id  p ro d u c ts  be in g  re m o ve d  f ro m  the s ite  b y  v a r io u s  types o f seco nda ry  

re a c tio n s , such as de a m in a tion . W ith  such h y d ro ly s is  the “ observed** 

g ro w th  o f the o rg a n is m  shou ld  have been equa l to  the “ ca lcu la ted ** g ro w th  

w ith  no ev idence o f in h ib it io n .  The m e re  fa c t th a t in h ib it io n  was p re se n t 

m akes i t  appear th a t one o f the lib e ra te d  a m in o  ac id s  b lo cked  the u t i l iz a ­

t io n  o f the o th e r as e lse  tha t a m u tu a l in h ib it io n  o c c u rre d . C o n firm a tio n  

o f such in h ib it io n  was ob ta ined by  c o m p a rin g  the g ro w th  o f washed R2 1 

c e lls  in  b a s a l m e d iu m  con ta in in g  g ly c in e , D - le u c in e , o r  g ly c in e  + D -  

le u c in e . A  d e fin ite  re d u c tio n  in  g ro w th  was found in  the s o lu tio n  c o n ta in ­

in g  bo th  a m in o  a c id s  when i ts  m a x im u m  nephelos was com pared  w ith  the 

th e o re t ic a l.  T h is  a c tio n  is  p ro b a b ly  s im i la r  to tha t obse rve d  b y  K ih a ra  

and S ne ll (51), who showed tha t h igh  le v e ls  o f g ly c in e  in h ib ite d  the u t i l i ­

za tio n  o f D -a la n in e  in  L a c to b a c illu s  ca se i, bu t d id  no t a ffe c t L -a la n in e .

O th e r re aso n s  fo r  the s t im u la t iv e  re s u lts  o f c e r ta in  pep tides, as 

suggested b y  o th e r w o rk e rs , m ay o r  m ay no t app ly  to  rh iz o b ia . These 

re a so n s  in c lu d e :
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(a) the p ro te c t io n  a ffo rd e d  aga ins t the d e s tru c tio n  o f the in d iv id u a l 

am in o  a c ids  by  o th e r en zym a tic  fo rc e s  (51),

(b) the p ro te c t io n  a ffo rd e d  aga ins t am ino  a c id  in h ib ito rs ,  as shown 

by  s e v e ra l g roups o f in v e s tig a to rs  (41), (74),

and (c) the a b i l i t y  o f the o rg a n is m  to  con ce n tra te  the peptide , bu t not 

the a m in o  a c id  (71).

One o f the m o re  in te re s t in g  e ffe c ts  no ticed  was the s t im u la t io n  o f 

R h izo b iu m  R 2q by  D - le u c y lg ly c in e . One m ig h t po s tu la te  in c o rp o ra tio n  

o f th is  peptide  in to  the p ro te in  o f the m ic ro o rg a n is m , bu t the p o s s ib lity  

o f o th e r unknow n m e chan ism s o c c u rr in g  m u s t f i r s t  be in v e s tig a te d . A t  

p re se n t the e ffe c t is  in e x p lic a b le  on the ba s is  o f fo r m e r  w o rk .

In  the absence o f fu r th e r  data l i t t le  can be sa id  about the n a tu re  of 

the in t r a c e l lu la r  p e p t id e -s p lit t in g  enzym es p resen t in  rh iz o b ia . These 

b a c te r ia  p ro b a b ly  co n ta in  a g ly c in e  d ip ep tid ase , w h ich  is  a ra th e r  s p e c i­

f ic  enzym e a c c o rd in g  to  S m ith  (81). In  v iew  o f the fa c t tha t D - le u c y lg ly -  

c ine  is  a tta cke d  as re a d ily  as L - le u c y lg ly c in e  by  these s tra in s  of nodule 

b a c te r ia  the re s p o n s ib le  enzym e (o r enzym es) m u s t be ra d ic a lly  d if fe re n t 

f ro m  m o s t o f the c la s s ic a l pep tidases, such as le u c in e  am inopep tidase , 

w h ich  e x h ib its  a s te re o c h e m ic a l s p e c if ic ty  fo r  L -a m in o  a c id  pep tides .

I t  m a y  be th a t the L - le u c in e  peptides a re  b ro ke n  down in  the rh iz o b ia  by  

le u c in e  am in op ep tid ase  and th a t a sep a ra te  enzym e is  re s p o n s ib le  fo r  the 

a tta c k  upon the D - fo rm s .  The pep tidase  a c t iv i ty  o f rh iz o b ia  appears  

som ew hat s im i la r  to  th a t o f Leuconos toc  m e se n te ro id e s  w h ich  S m ith  (8 ),
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in  h is  re v ie w  a r t ic le ,  s ta tes  as hav ing  tw o d ipep tidases  and a t le a s t tw o 

tr ip e p tid a s e s . In  a d d itio n , th is  o rg a n is m  a lso  e x e rts  a ra p id  a c t iv i ty  

on the D .-fo rm s  o f a v a r ie ty  of pep tides, a phenom enon w h ich  i t  now 

sha res  w ith  c e r ta in  s tra in s  of R h izo b iu m .

The enzym e re s p o n s ib le  fo r  the b reakdow n o f g ly c y l-L - try to p h a n e  

is  unknow n and re p re s e n ts  an in te re s tin g  p o s s ib il i ty  f o r  fu r th e r  re s e a rc h .

C. The U t i l iz a t io n  o f A m m o n iu m , N itra te  and N it r i te  S a lts  in  the 

P rese n ce  o f A m in o  and C a rb o x y lic  A c id s .

A lth o u g h  R 2 1 , R 20-27A* an<* ^2 0  w e re  no  ̂ caPa^ le  o f us in g  a m m o n­

iu m , n it ra te  o r  n i t r i t e  s a lts  “ p e rs e * *  as so le  sou rce  o f n itro g e n  (48) 

th e re  was a p o s s ib i l i ty  tha t u t i l iz a t io n  m ig h t o c c u r in  the p resence  o f 

c e r ta in  o th e r com pounds, p a r t ic u la r ly  am ino  a c id s . These e x p e rim e n ts  

w e re  dev ised  to  te s t th is  h yp o th e s is .

M ethods:

S te r i le ,  c h e m ic a lly  c le a n  o p tic a l cuve ttes  w e re  f i l le d  w ith  9. 0 m l.  

a liq u o ts  o f s te r i le  pH  7. 0 m o d ifie d  W ilso n  and W ils o n 's  m e d iu m  to g e th e r 

w ith  0 .  5  m l,  o f s te r i le  am m on iu m  c h lo r id e , sod ium  n it ra te ,  o r  sod ium  

n i t r i t e  s to ck  s o lu tio n s  so tha t the f in a l con ce n tra tio n s  w e re  eq u iva le n t to  

0 .0 1 , 0 .001  and 0 .0001  m o le s  o f s a l t / l i t e r .  These s to ck  s o lu tio n s  w e re  p r e ­

pa red  f ro m  C . P . g rade  com pounds (B r i t is h  D ru g  Houses L td .  -  “ A n a la r**  

g rade ) and w e re  s te r i l iz e d  by s in te re d  g la ss  f i l t r a t io n .  To  each cuve tte
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w as added 0. 5 m l.  o f s to ck  L - le u c in e  s o lu tio n  ( f in a l c o n c e n tra tio n  =

0 . 0001M ) and 0 .2  m l.  o f washed R20* -^21* o r  -^20-27A  ce^ s» In o c u la t­

ed and u n in o cu la te d  c o n tro ls  w e re  p re p a re d  w h ich  con ta ined le u c in e  b a sa l 

m e d iu m  and 0 . 5 m l.  o f s te r i le  d is t i l le d  w a te r  in  p lace  o f the s a lt s o lu ­

t io n . In cu b a tio n  w as c a r r ie d  out at 30°C . and d a ily  nephe los re ad in gs  

re c o rd e d  f o r  each cu ve tte . A m m o n ia  and n i t r i t e  te s ts  (60) w e re  m ade 

a f te r  s e v e ra l days and aga in  a t the p e r io d  of m a x im u m  g ro w th .

T o  a s e r ie s  o f n ine  s te r i le  cuve ttes  9 .0  m l.  o f s te r i le  pH 7 .0  

m o d if ie d  W ils o n  and W ils o n 's  m e d ium  w e re  added. To  cuve ttes  #1 to  

#4 0. 5 m l.  o f s to c k  a m m on iu m  c h lo r id e  s o lu tio n  was added (to g ive  a 

f in a l  c o n c e n tra tio n  o f 0. 01M) to g e th e r w ith  0. 5 m l.  of 0. 5M  a lpha - 

k e to g lu ta r ic  a c id  (N u tr it io n a l B io c h e m ic a ls  L t d . ) o r  sod ium  fu m a ra te  

(B r i t is h  D ru g  H ouses L t  d . ). C uve tte  #5 con ta ined  a m m o n iu m  c h lo r id e  

b a sa l m e d iu m  and 0. 5 m l.  o f s te r i le  d is t i l le d  w a te r, w h ile  the re m a in ­

in g  tubes h e ld  b a s a l m e d iu m  p lus the c a rb o x y lic  a c ids  and 0. 5 m l,  o f 

s te r i le  w a te r .  A f te r  in o c u la tio n  w ith  0 .2  m l.  o f washed R 2 1  c e lls  these 

cuve ttes , to g e th e r w ith  in o cu la te d  and un inocu la ted  b a sa l m e d iu m  co n ­

t r o ls  w e re  incuba te d  a t 30°C . and nephelos re a d in gs  m ade a t 24 h r .  

in te rv a ls .

A tte m p ts  w e re  m ade to  re p la c e  the c a rb o x y lic  a c id s  by  gaseous 

ca rb o n  d io x id e . B a s a l m e d iu m  co n ta in in g  0. 01M  am m on iu m  c h lo r id e  

was in o c u la te d  w ith  washed R 2 1  c e lls  and p laced in  a la rg e  d e s s ic a to r  

to g e th e r w ith  s u ita b le  c o n tro ls .  M e asu red  am ounts o f a i r  w e re  w ith d ra w n
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f r o m  the cha m b e r b y  m eans o f a s y rin g e  f i t te d  w ith  a tw o -w a y  va lve  

and re p la ce d  w ith  an eq u iva le n t vo lum e o f gaseous ca rbo n  d io x id e  (M a th - 

ison  Co. U .S .A . ) .  The d e s s ic a to r was p laced in  a 30°C . in c u b a to r fo r  

seven days, at w h ich  tim e  the tubes w e re  re m ove d  and exam ined . C a r ­

bon d io x id e  co n ce n tra tio n s  o f 5-10% w e re  em p loyed .

W ashed c e lls  o f R h izob ium  R 2 1  w e re  added to  cuve ttes  con ta in in g

9 .0  m l.  o f m o d if ie d  pH 7. 5 b a sa l m ed ium , 0. 5 m l.  o f s to ck  L -h is t id in e  

s o lu tio n  ( f in a l c o n c e n tra tio n  = 0. 0001M) and 0. 5 m l.  o f e ith e r  w a te r  o r  

an a m m o n iu m  c h lo r id e  s o lu tio n . U sing  am m on ium  c h lo r id e  so lu tio n s  

o f d if fe re n t co n ce n tra tio n s  f in a l  con ce n tra tio n s  ra n g in g  f ro m  O.to 0. 02M  

w e re  ob ta ined . A f te r  in cu b a tio n  at 30°C . the m a x im u m  nephelos re a d ­

ings  w e re  p lo tte d  ag a ins t the m o la r i ty  of am m on ium  c h lo r id e  to y ie ld  

a g ro w th  response  c u rv e . (F IG U R E 7)

R esu lts :

F IG U R E  8  i l lu s t r a te s  the m a x im u m  g ro w th  in  nephe los u n its  found 

d u rin g  the u t i l iz a t io n  o f am m on ium , n itra te , and n i t r i t e  s a lts  by  nodule 

b a c te r ia  g ro w in g  in  the p resence of am ino  a c id  n itro g e n . No fre e  a m m o n ­

ia  was lo ca te d  in  the n it ra te  o r  n i t r i t e  tubes and no n i t r i t e  was found in  

the n it ra te  tubes. T h e re  was d e fin ite  evidence tha t the in o rg a n ic  n i t r o ­

gen s a lts  ( in c lu d in g  n i t r i t e ,  w h ich  som e w o rk e rs  re g a rd  as be ing  non­

u t i l iz a b le  by a lfa lfa  rh iz o b ia )  w e re  u t i l iz e d  when am ino  ac id s  w e re  p r e ­

sent to  in i t ia te  g ro w th . The o p tim u m  m o la r i ty  o f a m m on ium  c h lo r id e  in



Pig. 7

o . 0 0 5  . 0 1 0  . 0 1 5  . 0 2 0

Concentration of ammonium chloride (moles/liter)

Growth response curve of Rhlzobium R21 in histidine 
basal medium containing various concentrations of 
ammonium chloride.
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h is t id in e  m e d iu m  w as 0. 0 1  (see F IG U R E  7). T a b le  8  g ive s  va lues ob ­

ta in ed  w ith  the c a rb o x y lic  a c id s  and in d ica te s  tha t the am in o  ac ids  can 

be re p la c e d  by c e r ta in  o rg a n ic  a c ids  p lus in o rg a n ic  n itro g e n o u s  s a lts . 

No g ro w th  w as e v id en t in  any o f the am m on ium  c h lo r id e  tubes incuba ted  

u n d e r in c re a s e d  ca rbo n  d io x id e  ten s ion s .

T A B L E  8

M A X IM U M  N E PH E LO S  READINGS A T T A IN E D  B Y  R2  \  IN  S Y N T H E T IC  

B A S A L  M E D IA  C O N TA IN IN G  A M M O N IU M  C H LO R ID E  A N D  C E R T A IN

C A R B O X Y L IC  AC ID S

C a rb o x y lic  A c id p lus  N H 4 C1 m inu s  N H 4 C I

a lpha - ke t o g lu ta ra te 204 .0 24, 0 *

p y ru va te 158.0 15. 0 *

fu m a ra te 32 .0 16. 0 *

none 0 . 0 0 . 0

*n o t s ig n if ic a n t ly  d if fe re n t f ro m  each o th e r

D is c u s s io n :

A lth o u g h  a m m o n iu m  ions  a re  not u t i l iz e d  by  the te s t R h izo b iu m  

s tra in s  as the  so le  so u rce  o f n itro g e n  in  suc ro se  b a s a l m e d iu m  they  a re  

re a d ily  u t i l iz e d ,  as a re  n it ra te  and n i t r i t e  ions , when e ith e r  a m in o  o r  

c e r ta in  c a rb o x y lic  a c id s  a re  p re s e n t. These re s u lts  m a y  be in te rp re te d
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b y  a ssu m ing  th a t in  “ re s t in g ”  rh iz o b ia  in t r a c e l lu la r  carbonaceous a c id s  

im p o rta n t in  the syn th e s is  o f am ino  ac ids  f ro m  am m on ia  do no t a ccu m u ­

la te  in  q u a n tit ie s  co m p a tib le  w ith  g ro w th . When c a rb o x y lic  o r  am ino  

a c id s  a re  sup p lie d  in  the e x te rn a l m e d ium  s u ff ic ie n t q u a n tit ie s  o f these 

e s s e n tia l “ a m m o n ia - f ix in g ”  ac ids  becom e a va ila b le  fo r  syn th e tic  p u r ­

poses. These  re s u lts  a re  not by  any m eans n o ve l s ince  V ir ta n e n  and 

Rautanen (96) have re p o r te d  tha t Das obse rved  g ro w th  o f A e ro b a c te r  a e ro - 

genes on a m m o n iu m  n itro g e n  in  the p resence o f fu m a r ic ,  p y ru v ic , a lp h a - 

k e to g lu ta r ic  and o x a la c e tic  a c id s . One of the m o s t p ro m in e n t ac id s  in  

am in o  a c id  syn th e s is  is  a lp h a -k e to g lu ta r ic  a c id  f ro m  w h ich  a m in o -a c id s  

can be fo rm e d  b y  a re v e rs a l o f L -g lu ta m ic  a c id  dehydrogenase a c t iv ity  

(94). T h is  re a c tio n , to g e th e r w ith  tha t of asp arta se , fo rm s  one o f the 

tw o known pa thw ays o f am ino  a c id  syn thes is  v ia  am m on ia  u t i l iz a t io n  (67). 

T h is  m ay e x p la in  the h ig h  a c t iv ity  o f a lp h a -k e to g lu ta r ic  a c id  in  the p r e ­

sent e x p e rim e n t. The  o th e r c a rb o x y lic  ac id s , in c lu d in g  those p roduced 

f ro m  any a m in o  a c id  p rese n t, m ay not be in  the m se lve s  re a c tiv e , bu t 

a re  capable o f fo rm in g  a lp h a -k e to g lu ta ra te  w ith in  the c e ll,  pe rhaps by  a , 

c y c lic  sys te m  of re a c tio n s  such as the K re b ’ s c y c le . The c o m p a ra tiv e ly  

s m a ll am ounts of g ro w th  ob se rved  in  the p resence o f the th re e  o rg a n ic  

ac id s , bu t in  the  absence o f any added am m on ium  s a lt p ro b a b ly  in d ic a te s  

tha t tra c e  am ounts o f in o rg a n ic  n itro g e n  p re se n t in  the m e d ium  c o n s t i­

tuen ts  w e re  u t i l iz e d .  A m m o n iu m  c h lo r id e  was found to be a b e tte r  so u rce  

o f n itro g e n  in  the o rg a n ic  a c id  m ed ia  than e ith e r  n it ra te  o r  n i t r i t e ,  w h ich



- 54 -

p ro b a b ly  em phas izes  i ts  p r im e  im p o rta n c e . The tw o la t te r  com pounds 

a re  no doubt co n ve rte d  to  am m on ia  p r io r  to u t i l iz a t io n ,  s ince  bo th  a re  

re a d ily  re d u c ib le  in  the sequence: n i t r a te  ^  n i t r i t e  ^a m m o n ia  (9 4 ).

The o p tim u m  co n ce n tra tio n  of am m on ium  c h lo r id e  and n it ra te  was 

a p p ro x im a te ly  0 .0 1M, w h ile  a t th is  c o n ce n tra tio n  n i t r i t e  w as m a rk e d ly  

in h ib ito ry .  I t  is  in te re s t in g  to  note tha t in  M e y e rh o f’ s w o rk , as re p o r te d  

by S tephenson (82), the ra te  o f n i t r i t e  o x id a tio n  by  N itro b a c te r  was g re a t­

est at a n i t r i t e  c o n c e n tra tio n  o f 0 . 1 % and f e l l  o ff ra p id ly  as the c o n c e n tra ­

tio n  in c re a s e d . Stephenson b e lie ve s  tha t th is  cou ld  be exp la ined  b y  the 

c o n s id e ra tio n  tha t n i t r i t e  ac ts  as a c e l l  po ison, p o s s ib ly  b y  re a c tin g  w ith  

the fre e  am ino  g roups  o f c e l lu la r  p ro te in s . The m a x im u m  g ro w th  on 

n i t r i t e  in  the p re se n t w o rk  was a t a f in a l  sod ium  n i t r i t e  c o n c e n tra tio n  o f 

0 .0 0 1 M  and the in h ib ito ry  a c t iv ity  o f g re a te r  am ounts than th is  m ay be a 

re s u lt  o f the above m entioned  to x ic  e ffe c ts .

C lifto n (1 9 ) m e n tion s  tha t the a s s im ila t io n  o f am m on ia  by b a c te r ia  

and yeast m a y  be dependent upon ene rgy  y ie ld in g  p ro ce sse s . I f  the a m in o  

and c a rb o x y lic  a c ids  a re  m o re  e ff ic ie n t energy p ro d u c e rs  f o r  th is  purpose 

than the su c ro se  p re s e n t in  the b a sa l m e d ium  th e ir  in flu en ce  on am m on ia  

a s s im ila t io n  m a y  be p a r t ia l ly  exp la ined  in  th is  m a nne r as w e ll.

Some h e te ro tro p h ic  b a c te r ia  a re  known to re q u ire  the p resence  of 

added ca rb o n  d io x id e  fo r  o p tim u m  g ro w th  and the s u b s titu tio n  o f s e v e ra l 

d ic a rb o x y lic  ac ids  fo r  th is  gas can s a t is fy  the re q u ire m e n t (1). The 

u t i l iz a t io n  o f c a rb o x y lic  ac ids  b y  rh iz o b ia  is  a p p a re n tly  no t due to  a CO 2



re q u ire m e n t, s ince  th is  gas cou ld  not re p la c e  the ac ids  in  a m m on ium  

io n  u t i l iz a t io n .

A lth o u g h  no ev idence was found f o r  the co n ve rs io n  of n it ra te  to 

n i t r i t e ,  o r  o f n i t r i t e  to  am m on ia  these re a c tio n s  m ay a c tu a lly  e x is t, 

the end p ro d u c ts  be ing  e ith e r  v e ry  t ra n s ito r y  in  n a tu re  o r  ra p id ly  

u t i l iz e d .

The u t i l iz a t io n  o f in o rg a n ic  n itro g e n  so u rces  does not appear 

p ro m is in g  as an in d ic a tio n  o f e ffe c tive n e ss  o r  in e ffe c tiv e n e s s  in  the 

nodule b a c te r ia , h o w eve r the data have re s u lte d  in  the fo rm u la t io n  o f 

a s y n th e tic  m e d iu m  fo r  fu r th e r  g ro w th  s tud ies  on washed c e lls  of 

R h izo b iu m  m e l i lo t i .  I t  is  com posed o f sucrose , 2. 50 g m . ; am m on ium  

c h lo r id e , 0. 53 g m * ; d ip o ta ss iu m  hyd rogen  phosphate, 0. 50 g m . ; sod ium  

c h lo r id e , 0 . 1 0  g m . ; m agnes ium  su lphate , 0 . 2 0  g m . ; c a lc iu m  su lphate ,

0 .2 0  g m . ; f e r r i c  c h lo r id e , 0. 10 m g m .; h is t id in e , 7 .50  m g m .; g la s s -  

d is t i l le d  w a te r, 1000 m l.  The pH is  ad jus ted  to  7. 5 and s te r i l iz a t io n  

a cco m p lish e d  b y  S e itz  f i l t r a t io n .  The p u r if ic a t io n  o f the suc rose  and 

m in e ra l s a lts  is  c a r r ie d  out u s in g  the m ethods of W ils o n  and W ils o n  (101).

D . The g e n e ra l m e ta b o lis m  o f c e r ta in  am ino  ac ids

r

The R h izo b iu m  s tra in s  h e re in  in ve s tig a te d  a re  a p p a re n tly  depen­

dent upon the p resen ce  o f p re fo rm e d  a m in o  ac ids  (o r  a m m o n iu m  ions 

p lus  c e r ta in  o rg a n ic  ac id s ) f o r  g ro w th  in  a chem icaH y de fined  m e d iu m  - 

a t le a s t so f a r  as s m a ll in o cu la  a re  concerned . The a c tu a l e n zym a tic
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m e ch a n ism s  by  w h ich  these o rg a n ism s  m e ta b o lize  am in o  ac id s  is  so m e ­

w hat obscu re  and fu r th e r  in fo rm a tio n  is  needed* F o r  th is  re aso n  the 

p re se n t s e c tio n  o f the w o rk  was com m enced.

A n y  l iv in g  c e l l  possesses an am az ing  a r ra y  o f e n zym ic  p o te n tia l­

i t ie s ,  som e o f w h ich  a re  exce ed ing ly  co m p le x  and, in  m any cases, not 

as ye t v is u a liz e d  b y  the c e llu la r  p h ys io lo g is t*  The p rocesses w h ich  

o c c u r a re  even m o re  co m p lica te d  in  tha t they m ay be e a s ily  m o d ifie d  

by  changes in  the  p h y s io c h e m ic a l e n v iro n m e n t. In  a d d itio n , a n u m be r 

o f m e ta b o lic  pathw ays m a y e x is t fo r  any one com pound and the im p o r t ­

ance o f any p a r t ic u la r  ro u te  m ay be e a s ily  unde r - o r  o v e rra te d . In  

the w o rd s  o f Cohen and M c G ilv e ry  (21): “ I t  is  p la in  th a t no d e ta ile d  

p ic tu re  o f n itro g e n  m e ta b o lis m  in  te rm s  o f s p e c if ic  e n zym a tic  re a c tio n s  

can be d ra w n . In  the tis s u e  s lic e , tis s u e  b re i,  and c rude  tis s u e  e x tra c t, 

the b reakdow n o f a p a r t ic u la r  am in o  a c id  m ay invoke  tra n s a m in a tio n , 

tra n s im in a t io n , d e c a rb o x y la tio n , and p o s s ib ly  o th e r ye t unknown n o n -o x id - 

a tive  re a c tio n s  y ie ld in g  d if fe re n t n itro g e n  com pounds m o re  su sce p tib le  

to  a tta ck , so th a t a d ire c t  in te rp re ta t io n  o f the re s u lts  obta ined w ith  such 

sys te m s is  u s u a lly  d i f f ic u l t  and sub jec t to  m any doub ts” . In  sp ite  of 

th is  a u ra  o f p e s s im is m  i t  w as fe l t  tha t the la b y r in th  o f in t r a c e l lu la r  r e ­

a c tio n s  cou ld  a t le a s t be p a r t ia l ly  re s o lv e d  by a n u m b e r o f b io c h e m ic a l 

p ro c e d u re s . U t i l iz in g  som e o f these p roce d u re s  a g e n e ra l s u rv e y  o f the 

am ino  a c id  m e ta b o lis m  o f the e ffe c tiv e  R h izo b iu m  s t ra in  R2 i  was m ade.

I t  was hoped, th e re b y , to  ga in  an un de rs tan d ing  o f the “ n o rm a l”  g e n e ra l
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m e ta b o lic  pa ths in h e re n t in  rh iz o b ia  so tha t an approach  to subsequent 

s tu d ie s  o f “ a b n o rm a l”  m e ta b o lis m , as m a n ifes te d  in  the in e ffe c tiv e  o r  

p a ra s it ic  s tra in s ,  cou ld  be m ade w ith  m o re  a ssu ran ce . No a tte m p t was 

m ade to  e lu c id a te  the tra n s fo rm a tio n s  s p e c if ic  f o r  in d iv id u a l am ino  a c id s .

In  o rd e r  to  e lim in a te  needless re p e t it io n  s e v e ra l o f the e x p e r im e n ­

ta l  m ethods used re p e a te d ly  in  th is  se c tio n  w i l l  be g ive n  be low :

(a) P re p a ra tio n  o f c e l l  suspensions and c e l l- f r e e  e x tra c ts .

T h re e  l i t e r s  o f M o d ifie d  M ed ium  “ 79”  w e re  in o cu la te d  w ith  a 10 m l.  

lo g a r ith m ic  phase c u ltu re  o f  ̂ and incuba ted  u n d e r con tinuous a e ra tio n  

f ro m  a s in te re d  g la ss  s p a rg e r fo r  48 h r .  A f te r  th is  p e rio d  the c e lls  

w e re  checked f o r  p u r ity  by the G ra m  s ta in , sed im ented  in  a S harp ies 

c e n tr ifu g e , w ashed tw ic e  w ith  0.85%  s te r i le  sa lin e  and b rou g h t to  the 

d e s ire d  vo lum e w ith  b u ffe r  of a p p ro p ria te  pH. T h is  p re p a ra tio n  co n ­

s titu te d  a “ w ashed ceU suspens ion” . F o r  the p re p a ra tio n  o f c e l l- f r e e  

e x tra c ts  the w ashed c e lls  w e re  sed im ented, m ixe d  w ith  f in e ly  pow dered 

a lu m in u m  ox ide  and g round  fo r  12 m in . in  a P o tte r  ho m og en ize r, u s in g  

an ice  ba th  to  re duce  f r ic t io n a l  hea t. The re s u lt in g  m ix tu re  w as c e n t r i ­

fuged in  a S e rv a ll vacuum  c e n tr ifu g e  fo r  15 m in . a t 18, 000 x  g in  o rd e r  

to  sed im en t, the c e l lu la r  d e b r is . The re s u lt in g  tra n s lu c e n t supe rna ta n t 

com posed the “ c e U -fre e  e x tra c t” .



- 58 -

(b) D e te rm in a tio n  o f “ to ta l c e l l  n itroge n**

A liq u o ts  o f the c e l lu la r  p re p a ra tio n s  w e re  hea t-d igested  w ith  the 

m ix tu re  o f C a m p b e ll and Hanna (17), w h ich  em ploys a c o p p e r-s e le n iu m  

c a ta ly s t and b o th  p h o sp h o ric  and s u lp h u r ic  a c id s . A f te r  d ig e s tio n  the 

m ix tu re s  w e re  t ra n s fe r re d  q u a n tita tiv e ly  to  a M a rkh a m  m ic ro -K je ld a h l 

appara tus  and a f te r  the a d d itio n  o f 48% sod ium  h yd ro x id e  the am m on ia  was 

s team  d is t i l le d  in to  4% b o r ic  a c id  con ta in in g  a m ixe d  in d ic a to r  (22). The 

am m on iu m  b o ra te  thus fo rm e d  was t it ra te d  w ith  s tanda rd  a c id . A  re agen t 

b la n k  w as ru n  w ith  each d u p lica te  d e te rm in a tio n  and the am ount o f s tan da rd  

a c id  used s u b s tra c te d  f ro m  the t i t r a t io n  va lues obta ined fo r  the te s t m ix ­

tu re s , U s in g  a s ta n da rd  so lu tio n  o f am m on ium  su lphate  the re c o v e ry  by 

th is  m ethod w as ca lc u la te d  at 99. 6 %.

(c) P a p e r -p a r t it io n  ch ro m a to g ra p h y

The techn ique  used was essen tiaU y tha t o f W oiwod (104). A liq u o ts  

o f the m ix tu re s  to be ana lyzed w e re  spo tted on W hatm an #1 f i l t e r  paper 

sheets w ith  gentle  w a rm in g  and the sheets p laced in  an e q u ilib ra te d  

c h ro m a to g ra p h y  tank  fo r  s e v e ra l h o u rs . The so lven t was then added and 

descend ing pape r c h ro m a to g ra p h y  c a r r ie d  out fo r  24-28 h r .  a t 27 °C . The 

sheets w e re  d r ie d  in  a w a rm  oven, sp rayed  w ith  a 0 . 1 % a lc o h o lic  s o lu ­

t io n  o f n in h y d r in  and heated. W a te r-s a tu ra te d  pheno l w as one o f the b e tte r  

so lve n t sys te m s  found fo r  the de tec tio n  o f am ino  ac ids  in  v a r io u s  te s t m ix ­

tu re s . B u ta n o l*a c e tic  tended to  produce a “ ta ilin g **  e ffe c t.
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(d) M a n o m e tr ic  techn iques

A  W a rb u rg  co n s ta n t-vo lu m e  m ic ro re s p iro m e te r  was used in  a l l  

cases. A f te r  p re p a r in g  the f la s k s  and m a no m e te rs  they w e re  p laced on 

the w a te r  ba th  and shaken co n tinu o us ly  a t 96 o s c il la t io n s /m in .  A  10 m in . 

p e rio d  w as a llo w e d  fo r  te m p e ra tu re  e q u ilib ra t io n , a fte r  w h ich  t im e  the 

m a no m e te rs  w e re  set a t 150 m m .,  the s topcocks c losed , and re a d in g s  

taken e v e ry  f iv e  m in u te s  u n t i l  the change in  each f la s k  was a p p ro x im a te ly  

the sam e. The con ten ts o f f la s k s  and s id e a rm s  w e re  then m ixe d  and 

read in gs  m ade p e r io d ic a lly  u n t i l  the end o f the ru n .

The o rg a n ic  c h e m ic a ls  used w e re  a l l  ob ta ined f ro m  N u tr it io n a l 

B io c h e m ic a ls  L td .  (O hio, U .S .A . ) .

1. D e ca rb o xy la tio n

C e rta in  am ino  a c ids  (a rg in in e , ly s in e , h is tid in e , o rn ith in e , t y r o ­

s ine , g lu ta m ic  a c id , b e ta -h y d ro x y g lu ta m ic  ac id , and a s p a r t ic  ac id ) a re  

d e ca rb oxy la te d  b y  som e b a c te r ia  to  fo rm  ca rbon  d io x id e  and the c o r re s ­

ponding am in e , a c c o rd in g  to the re a c tio n :

r . c h ( n h 2 )C O O h — » r .  c h 2 n h 2  + c o 2

The coenzym e in  m o s t cases is  p y r id o x a l phosphate. G a le  (32) found 

tha t the enzym es concerned  w e re  s p e c if ic  f o r  one am ino  a c id  and tha t the 

am ino  a c id  s u b s tra te s  m u s t be o f the L -c o n f ig u ra t io n  and possess m o re
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than tw o u n s u b s titu te d  p o la r  g ro up s . These enzym es, w ith  the poss ib le  

exce p tio n  o f g lu ta m ic  a c id  de ca rb oxy la se , a re  s t r ic t ly  adap tive , ac t o n ly  

a t an a c id ic  pH and a re  fo rm e d  to  a m a x im u m  exten t a t about the t im e  

a c tive  c e l l  d iv is io n  ceases.

A lth o u g h  d e c a rb o x y la tio n  o ccu rs  th e re  is  som e doubt as to  the a c ­

tu a l m e ta b o lic  s ig n if ic a n c e  o f the re a c tio n . I t  is  a p p a re n tly  no t a ro u te  

fo r  am ino  a c id  syn th e s is  because the e q u ilib r iu m  l ie s  fa r  to  the r ig h t ,  

bu t i t  m a y  s e rv e  to  l ib e ra te  ca rbon  d io x id e  fo r  the syn th es is  o f o rg a n ic  

ac ids  v ia  a W ood -W erkm an  type re a c tio n . The am ines produced a re  

p ro b a b ly  fu r th e r  m e ta b o lize d  w ith  the l ib e ra t io n  o f am m on ia .

A n  a s p a rt ic  d eca rb oxy lase  has been s tud ied  in  som e R h izo b ium  

spec ies ( 1 1 ), bu t c o m p a ra tiv e ly  l i t t le  w o rk  has been done on the d e c a r-  

b o x y la tio n  of h is t id in e  and g lu ta m ic  a c id . In  a s e r ie s  o f unpub lished  

e x p e rim e n ts  the a u th o r found tha t ca rbon  d io x id e  i s  a e ro b ic a lly  lib e ra te d  

f ro m  these p a r t ic u la r  am ino  ac ids  by  the a c t iv ity  o f c e l l- f r e e  e x tra c ts  

o f the nodule b a c te r ia . These re s u lts  w e re  not in  them se lve s  too s ig n i­

f ic a n t,  h o w e ve r, s ince  ca rb o n  d io x id e  e vo lu tio n  was a lso  obse rved  f ro m  

o th e r am ino  ac ids  such  as va lin e  and m e th io n in e . T h is  fa c t, coupled 

w ith  the f in d in g  th a t bo th  the L -  and D - is o m e rs  w e re  a ttacked  cas t some 

doubt as to  w h e th e r o r  no t a g lu ta m ic  o r  h is t id in e  de ca rb oxy la se  e x is te d . 

I t  was m o re  l ik e ly  tha t the gas was d e r iv e d  f ro m  the ke to  ac ids  produced 

f r o m  these am ino  ac id s  by  p r io r  e n zym a tic  a c t iv ity ,  bu t fu r th e r  w o rk  was 

re q u ire d  fo r  s u b s ta n tia tio n .
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M ethods:

C e l l - f r e e  e x tra c ts  and washed R 2 1  c e lls  w e re  p re p a re d  as p r e ­

v io u s ly  d e s c rib e d  and d ilu te d  w ith  M /2 0  pH 6 . 0 phosphate b u ffe r . D up­

lic a te  W a rb u rg  f la s k s , w ith  s id e a rm  gas ven ts, con ta ined 0. 2  m l.  of 

w a te r in  the  c e n te r w e lls ,  0. 5 m l.  of c e l l  p re p a ra tio n  in  the s id e a rm s  

and 0 .8  m l.  o f M /2 0  pH 6 .0  b u ffe r  p lus 0 .5  m l.  0 . 125M n e u tra liz e d  L -  

o r  D -g lu ta m ic  a c id  (o r  h is tid in e ) in  the m a in  co m p a rtm e n ts . The a v e r ­

age m ic ro -K je ld a h l n itro g e n  content o f the c e l l- f r e e  e x tra c t was 0. 54 

m g m . /m l.  The vesse ls  w e re  seated on the m anom ete rs  and jo in e d  in  

s e r ie s  w ith  s h o rt p ie ces  o f ru b b e r tub ing  ru n n in g  f ro m  the s id e a rm  vent 

of one f la s k  to  the  open s topcock a rm  of the m a no m e te r be long ing  to  the 

ad jacen t f la s k .  P re p u r if ie d  n itro g e n  gas (M atheson Co. U .S .A . )  was then 

s lo w ly  passed th ro u g h  a l l  the f la s k s  so tha t the con ta ined a i r  was flu sh e d  

ou t. A f te r  the passage o f s e v e ra l l i t e r s  of gas the p re s s u re  w ith in  the 

f la s k s  was ra is e d  s l ig h t ly  by p a r t ia l ly  co m p re ss in g  the n itro g e n  ou tle t 

tube ru n n in g  f r o m  the end f la s k  of the s e r ie s . The m a n o m e te r s topcocks 

and s id e a rm  ven ts  w e re  im m e d ia te ly  c losed  and the m a n om e te rs  p laced on 

the w a te r ba th . A s  the f la s k s  w a rm e d  up the s topcocks w e re  opened 

m o m e n ta r ily  to  re le a s e  gas. The ba th  te m p e ra tu re  was 30°C . and the 

f la s k s  w e re  c o n tin u o u s ly  ag ita te d .

A  tw o -m a n o m e te r techn ique fo r  the s im u lta neous  d e te rm in a tio n  o f 

oxygen uptake and ca rb o n  d io x id e  e v o lu tio n  was c a r r ie d  out w ith  washed c e lls  

and L -g lu ta m ic  a c id , w ith o u t u s in g  any n itro g e n  f lu s h . The b u ffe r  pH was
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7. 0 and the c a rb o n  d io x id e  fla s k -c o n s ta n ts  w e re  ca lcu la te d  us in g  the 

a lpha p r im e  c o r re c t io n  fa c to r  fo r  re te n tio n  of ca rbon  d io x id e  in  the b u ffe r  

(93). The con ten ts  o f the f la s k s  w e re  the sam e as p re v io u s ly  d e sc rib e d  

except th a t the oxygen f la s k s  con ta ined 0. 2 m l.  of 10% KOH in  the c e n te r 

w e lls  w h ile  the ca rbo n  d io x id e  f la s k s  con ta ined  0 . 2  m l,  of w a te r .

The a e ro b ic  e v o lu tio n  o f ca rbon  d io x id e  f ro m  R h izob iu m  c e lls  g ro w ­

in g  in  the p resence  o f g lyc in e  was s tud ied  by m eans o f ra d io a c tiv e  t ra c e r  

techn iques. Tw o hundred  m i l l i l i t e r s  o f m o d ifie d  W ilso n  and W ils o n 's  

m ed ium  co n ta in in g  15 m g m . o f n o n -la b e lle d  g lyc in e  and 5 m g m . o f g lyc in e  

-  1 -  (s p e c ific  a c t iv ity  -  0 .025  m ic ro c u r ie s /m g m . *  925 d ,p .  s . / m g m . ) 

was ad jus ted  to  pH 7. % s te r i l iz e d  by S e itz  f i l t r a t io n ,  and p laced in  a spec­

ia l ly  des igned f la s k  hav ing  a te s t- tu b e  sea led in to  the b o tto m . R g j c e lls  

w e re  washed and added to th is  m ed ium  as the in o c u lu m . The appara tus 

em ployed is  shown in  F IG U R E  9. A i r  was bubbled th ro ug h  at a ra te  o f 

a p p ro x im a te ly  64 b u b b le s /m in . and d a ily  nephelos re ad ings  w e re  m ade 

w ith  the P ho to ne p he lo m e te r by c u ttin g  o ff the a e ra tio n  and u s in g  the 

a ttached te s t-tub e  as a cu ve tte . The b a r iu m  carbonate  tha t accum u la ted  

in  the tra p p in g  ve sse ls  was f i l te r e d  o ff  e v e ry  24 h r . ,  c a re fu lly  d r ie d  and

95 .0  m g m . a c c u ra te ly  w eighed ou t. T h is  am ount was eve n ly  sp read  o ve r 

the bo tto m  o f a s p e c ia l, sh a llo w  a lu m in u m  pan whose a re a  o f 4. 7 cm . was 

the sam e as tha t o f the end w indow  o f the G e ig e r -M u lle r  co u n te r used.

T h is  pan was in s e r te d  in  a p la s tic  sam p le  h o ld e r w h ich  he ld  i t  im m e d ia te ly  

be low  the th in -m ic a  end w indow  o f the coun ting  tube . A  lead  c a s tle  p ro -



s E E )

•o to 
© © c  ©
O rH *H «© 
3 *H £  *H
TJ Fh W X 
O <D CO O 
fc -P *  U 0, 01 Tl 

TO >sc\r- eo ,c
O ffl  bO^

O w P  *H 
Fn— Fh 

<M <D CO 
0+5 M j Q  

H W 
>s*H a} +
F* <H H 
© <m 01 
> C ©
O O fi .O
0 +5 o 3
© -p tH -P 

O -P 
O CO-P 

© f-t oi 
© ©

-p <; © -P

C W  C'-'
•H *H pt}

•© H©
© CVjfn © XOK p'C  
3 -P *H 

hH X,
01 &  3 o 
3 O Fh 
44d" TJ 
GH t>s
& 7 S *  .
& H  £ fi* 
a  i o  3 Cd
« © C\M UC W ^ P
<H *H ©
O O Xi ,JQ U 

{>»© © 
S H  *H + +5 
© hD*H ©

© O *H »H' ' 
•H F) O C fe
Q f i  © 3 ^

o

fcO
•H
fe



- 63 -

v ide d  adequate s h ie ld in g . The coun ting  tube was opera ted  at one k i lo v o lt ,  

w h ich  re p re s e n te d  the m id -p o in t o f the p la teau on a counting  ra te -v o lta g e  

c u rv e . The decade s c a le r  (E le c tro n ic  A s s o c ia te s  L td ,  E A -S C 3 T ) was 

opera ted  f o r  ten  m in u te s  and the counts averaged as “ counts p e r m inu te  

(c. p. m . ) ” .  No re s o lv in g  tim e  c o r re c tio n s  w e re  m ade s ince  the counts 

w e re  not tha t n u m e ro u s .

A f te r  the f i r s t  day s m a ll a liq u o ts  o f the c u ltu re  w e re  re m ove d  

d a ily , c e n tr ifu g e d  and 0. 1 m l.  o f the superna tan ts  spo tted  on a W hatm an 

# 1  f i l t e r  pape r sheet and ch rom a tog raphed  in  w a te r-s a tu ra te d  pheno l.

A f te r  deve lopm en t the c o lo re d  n in h y d r in -p o s it iv e  a reas  w e re  cu t ou t,
i

e x tra c te d  fo r  30 m in . by  sh redd ing  in  3 m l.  o f 50% (v /v )  aqueous e th y l 

a lco h o l and the o p tic a l d e n s ity  of the e x tra c ts  d e te rm in e d  in  a C o lem an 

J u n io r S p e c tro p h o to m e te r a t 570 m i l l im ic ro n s  (12),

Upon the c o m p le tio n  o f the e x p e rim e n t the c e lls  w e re  c e n tr ifu g -  

a liz e d  f ro m  the m e d ium , g round  w ith  a lu m in u m  oxide, c e n tr ifu g e d  at 

2 0 ,  0 0 0  x  g, and an a liq u o t o f the re s u lt in g  c le a r  e x tra c t d r ie d  and e xa m ­

ined fo r  ra d io a c t iv ity .  The p ro te in  p resen t in  the d r ie d  a liq u o t and r e ­

m a in in g  f lu id  e x tra c t was p re c ip ita te d  w ith  heat and t r ic h lo ro a c e t ic  a c id  

and a f te r  h ig h  speed c e n tr ifu g a tio n  and tho rough  w ash ing  of the s o lid  r e s i ­

due the re s id u a l ra d io a c t iv ity  o f the “ p ro te in ”  and evapora ted  “ n o n -p ro ­

te in ”  f ra c t io n s  w e re  d e te rm in e d . V a lues w e re  c o rre c te d  to a d ry  w e igh t 

b a s is .

T he  a c t iv i ty  o f w ashed in ta c t K 2 1 c e lls  on tw o of the ke to  a c id s  of
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im p o rta n c e  in  in te rm e d ia ry  m e ta b o lis m  was in ve s tig a te d  us in g  a double - 

m a n o m e te r techn ique  s im i la r  to tha t em ployed fo r  L -g lu ta m ic  a c id . B o th  

a e ro b ic  and an a e ro b ic  (n itro g e n  flu s h ) con d itio n s  w e re  used w ith  0. 5M 

a lp h a -k e to g lu ta r ic  a c id  and 0, 5M sod ium  py ruva te  as s u b s tra te s . U nder 

an ae rob ic  co n d itio n s  the b u ffe r  pH was 6 .0  (35), w h ile  unde r a e ro b ic  con ­

d it io n s  the b u ffe r  was o f pH 7 .0 . The op tim u m  pH fo r  the a e ro b ic  d e ­

c a rb o x y la tio n  o f these ke to  ac ids  is  8. 0 (84), bu t a pH o f 7. 0 was chosen 

s ince  the a lpha p r im e  c o r re c t io n  fa c to r  f o r  ca rbon  d io x id e  re te n tio n  in  the 

b u ffe r  is  sub jec t to  co n s id e ra b le  e r r o r  at pH va lues above 7 .0 . The n i t r o ­

gen conten t of the c e l l  suspension am ounted to  4 .61  m g m . N /m l.  A f te r  

the re a c tio n  w as com p le ted  the con ten ts of the a e ro b ic  W a rb u rg  ve sse ls  

w e re  checked fo r  the p resence o f a ldehydes by the S ch iff reagen t, w ith  the 

re a liz a t io n  tha t a nega tive  re s u lt  w ou ld  be o f l i t t le  va lue s ince  any a ld e ­

hyde fo rm e d  m ig h t be im m e d ia te ly  reduced o r  d ism u ta te d .

R e su lts  and D is c u s s io n :

The c e llu la r  p re p a ra tio n s  o f R h izob ium  R ^  d id  not fo rm  any d e ­

tec tab le  am oun ts  o f ca rb o n  d io x id e  a n a e ro b ic a lly  f ro m  h is t id in e , g lu ta m ic  

ac id , sod ium  p y ru va te  o r  a lp h a -k e to g lu ta r ic  a c id . I t  m ay be concluded, 

th e re fo re , tha t am in o  ac id  deca rb oxy lase s  fo r  h is t id in e  and g lu ta m ic  a c id  

w e re  absent u n de r the e x p e r im e n ta l con d ition s  des igna ted . U nde r a e ro b ic  

c o n d itio n s , how eve r, ca rb on  d iox ide  was ra p id ly  evo lved  f ro m  at le a s t 

th re e  o f the fo u r  com pounds. T A B L E  9 l is ts  e x p e r im e n ta lly  d e te rm in e d  

va lues fo r  p y ru va te , a lp h a -k e to g lu ta r ic  a c id  and L -g lu ta m ic  ac id .
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T A B L E  9

Q c o 2 (N )  V A LU E S , Q o 2 (N )  V A LU E S  A N D  CO2  RATIO S

W

FO R  T H E  O X ID A T IV E  PRO D UC TIO N  OF CARBON D IO X ID E  

F R O M  S E V E R A L SUBSTRATES B Y  R 2 1

S ubstra te Q co2 (N )* Q o2 (N )** c o 2
02

sod ium  p y ru va te 196.4 190.8 1 . 16

a lp h a -k e to g lu ta r ic  ac id 161. 7 150.8 1. 13

L -g lu ta m ic  a c id 173. 6 170.3 0 • CD 00

endogenous 6 0 .4 79. 3 0. 77

*  m ic ro U te rs  o f C 0 2  evo lved  p e r h o u r p e r m g m , c e l l  n itro g e n  - 
endogenous not su b tra c te d .

* *  m ic r o l i te r s  o f 0 2  taken up p e r ho u r pe r m g m , c e l l  n itro g e n  - 
endogenous not su b tra c te d .

The va lues  g ive n  a re  ave rages obta ined f ro m  d u p lica te  f la s k s .

The endogenous C 0 2  r a t io  p ro b a b ly  re p re s e n ts  a re s p ira to ry  quo-

W
t ie n t in d ic a tiv e  of p ro te in  o x id a tio n , a con c lu s io n  fu r th e r  s treng thened  

by  the f in d in g  o f endogenously produced am m on ia  (see “ O x id a tio n  and 

D eam ina tio n ** s e c tio n ). The ra t io  f o r  L - g  l u t a m i c  a c id  was 

a p p ro x im a te ly  one and was s im i la r  to  tha t found fo r  b o t h  k e t o  a c id s . 

T h is  r a t io  is  u s u a lly  re p re s e n ta tiv e  of ca rb o h yd ra te  o x id a tio n  (7).
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The re m o v a l o f the am in o  g roups f ro m  m ost of the g lu ta m ic  ac id  m o le ­

cu le s  by  tra n s a m in a tio n  w ou ld  y ie ld  ke to  ac id s  w h ic h  cou ld  be m e ta b o l­

ized  to  g ive  such a va lu e .

F IG U R E  10 g ra p h ic a lly  i l lu s t ra te s  the re la tio n s h ip s  betw een the 

d isappearance  o f g ly c in e , the p ro d u c tio n  o f C ^ 2  sind the g ro w th  cu rve  

o f the te s t o rg a n is m . The re le a s e  o f ra d io a c tiv e  ca rbon  d iox ide  is  

d ir e c t ly  c o r re la te d  w ith  the d isappearance o f g lyc in e  and the g ro w th  o f 

» 2 1 . The ca rb o n  d io x id e  produced by  R 2 1 h i g lyc in e  m e d iu m  is ,  th e re ­

fo re , p a r t ia l ly  d e r iv e d  f ro m  the c a rb o x y l g roup o f th is  am ino  a c id . T h is  

fa c t, to g e th e r w ith  the o th e r re s u lts ,  in d ica te s  tha t ke to  ac id s  a re  p ro ­

ba b ly  p roduced  f ro m  a t le a s t som e am ino  ac ids by p rocesses such as 

de am in a tion  and tra n s a m in a tio n  and tha t these ke to  ac ids  can be o x id a ­

t iv e ly  d e ca rb o xy la te d . I t  is  e x tre m e ly  u n lik e ly  tha t g lyc in e  d e c a rb o x y la ­

tio n  can o c c u r s in ce  no such d eca rboxy lase  is  known. In  a d d itio n  g lyc in e  

has on ly  tw o p o la r  g roups and the pH of the m e d iu m  used was not con ­

duc ive  to  p o te n tia l de ca rb oxy lase  a c t iv ity .

N ot a l l  o f the ra d io a c tiv e  ca rbon  escaped in to  the a tm osphere  as c a r ­

bon d io x id e . P a r t  of i t  w as in c o rp o ra te d  in to  c e llu la r  m a te r ia l,  p a r t i ­

c u la r ly  p ro te in  (see T A B L E  10). The m echan ism  of in c o rp o ra t io n  is  unknown 

bu t m ay have in v o lv e d  a n u m be r o f p rocesse s  such as d ire c t  a s s im ila t io n , 

o f g ly c in e  a n d /o r  a s s im ila t io n  o f p a rt o f the evo lved  ca rbo n  d iox ide  b y  

re ason  o f a W ood - W e rkm a n  type re a c tio n  w h ich  cou ld  re s u lt  in  the  p r i ­

m a ry  syn th e s is  o f a ke to  a c id . T h is  la t te r  m e chan ism  cou ld  account f o r  the
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ra d io a c t iv ity  found in  the “ no n -p ro te in ** c e l l  f ra c t io n .  I t  is  u n lik e ly  

tha t th is  ra d io a c t iv ity  is  d e r iv e d  f ro m  u n a s s im ila te d  in t r a c e l lu la r  g ly ­

c ine  s ince  a m in o  a c id s  a re  a p p a re n tly  not accum u la ted  in t r a c e l lu la r ly  

to  any de tec ta b le  ex ten t by  th is  o rg a n is m  (48).

T A B L E  10

R A D IO A C T IV IT Y  PR ESEN T IN  TH E  “ PR O TEIN ** A N D  “ N O N -P R O T E IN ”

FR A C TIO N S  OF R H IZ O B IU M  R2 i  A F T E R  GROW TH IN  G L Y C IN E -1 -C 1 4

M E D IU M

“ P ro te in ** “ N o n -p ro te in **
f ra c t io n  f ra c t io n

T o ta l count (c. p .m . /m g m .  d ry  w t) 89. 3 59. 7

B ackground  count (c. p. m . ) 15. 5 15. 5

Count above backg round  (c. p .m . /m g m . 
d ry  w t . )

73 .8 44 .2

% o f o r ig in a l co u n t* 62. 5 37. 5

*  to ta l o r ig in a l count (m inus background  and b e fo re  fra c t io n a t io n  
= 119.0 c . p .m . /m g m ,  d ry  w t.

The S c h iff te s t was negative  and no s ta tem en t can be m ade as to the 

in te rm e d ia te  fo rm a tio n  of a ldehydes d u rin g  d e ca rb o xy la tio n  of the keto  

ac id s , a lthough  i t  w ou ld  be assum ed tha t aldehyde w ou ld  o n ly  be p roduced 

by  a n a e rob ic  d e c a rb o x y la tio n .
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2 . O x id a tio n  and de am in a tion

In  a d d itio n  to  the p o s s ib il i ty  o f hav ing  its  c a rb o x y l g roup  rem ove d  

v ia  d e c a rb o x y la tio n  an am ino  ac id  m ay lose  its  am ino  g roup  by  the p ro ­

cess o f o x id a tio n . A lth o u g h  the sam e o rgan ism  m a y  c a r r y  out bo th  p r o ­

cesses at one t im e  o r  an o th e r they  do not o ccu r s im u lta n e o u s ly . D e a m in a ­

tio n  o c c u rs  a t an a lk a lin e  pH when the am ino  ac id  c a rb o x y l g roup  is  

io n ize d  (R. C H (N H 2) .  C O O -), w h ile  d e ca rb o xy la tio n  takes p lace a t an 

a c id ic  pH w he re  the am ino  group is  io n ize d  (R. CH(NHg+ ). COOH). The 

g e n e ra l a m in o  a c id  ox idases (deam inases) a re  o f two m a jo r  types - 

those w h ic h  a tta ck  L -a m in o  ac ids  and those w h ich  act on the D - is o m e rs . 

These enzym es e x h ib it d iffe re n c e s  depending upon th e ir  sou rce , bu t they 

a re  e s s e n tia lly  s te re o s p e c if ic . G lyc in e , g lu ta m ic  a c id , se r in e , th re o ­

n ine , cys te in e  and cys tin e  a re  not a ttacked . A  s p e c if ic  g lyc in e  oxidase e x ­

is ts ,  how eve r, and L -g lu ta m ic  a c id  m ay be deam inated v ia  a s te re o - 

s p e c if ic  L -g lu ta m ic  ac id  dehydrogenase. L -a s p a r t ic  a c id  m ay have its  

am ino  group  re m o ve d  as a re s u lt  o f aspartase  a c t iv ity ,  a re a c tio n  o ften

re fe r re d  to  as d e s a tu ra tio n  de am in a tion  s ince one o f the end p rodu c ts  is

\

an u n sa tu ra te d  a c id  ( fu m a r ic ) . T h is  la t te r  re a c tio n  can on ly  be dem on­

s tra te d  b y  in h ib it in g  s u c c in ic  dehydrogenase by  cyc loh exan o l and fu m a rd se  

a c t iv ity  by  to lu e n e . S e rin e , th re o n in e , and cys te in e  m a y  undergo  dehy-
\

d ra tio n  d e a m in a tio n  to  y ie ld  p y ru v ic  a c id  and am m on ia , the re a c tio n  o c c u r r ­

ing  in  s e v e ra l s teps .
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W hereas the D~ and L -  am ino  a c id  ox idases and g lyc in e  oxidase 

appear to  be f la v o p ro te in  enzym es capable o f us in g  m o le c u la r  oxygen as 

th e ir  a c c e p to r (a s lig h t an ae rob ic  a c t iv ity  is  known to  o ccu r) L -g lu ta m ic  

dehydrogenase re q u ire s  D . P .N . o r  T . P .N .  and can be te rm e d  an anae­

ro b ic  dehydrogenase . R ega rd less  o f w h ich  o f these enzym es b r in g s  about 

de a m in a tion  the p ro ce ss  i t s e l f  is  a lw ays o x id a tive  in  n a tu re  and o ccu rs  

in  tw o s teps (7).

1. R . C H (N H 2). COOH — * R .  C * NH . COOH + 2H

2. R . C *  N H . COOH + H 20  — * R. C *  O. COOH + N H 3

I t  is  p rob a b le  th a t the im in o  ac id  in te rm e d ia te  is  a lso  produced in  the 

de a m in a tio n  o f the h y d ro x y  ac id s , s e r in e  and th re o n in e . The hydrogen 

pe rox id e  fo rm e d  when the hyd rogen  o f re a c tio n  # 1  is  t ra n s fe r re d  to  

oxygen b r in g s  about a de co m p o s ition  of the ke to  ac id  fo rm e d  in  the second 

re a c tio n . The o v e ra l l  re a c tio n , th e re fo re , is :

R. C H (N H 2). COOH + 0 2 ---- > R . COOH + C 0 2  + N H 3

Since the d e a m in a tio n  o f am ino  ac id s  p lays a v e ry  im p o rta n t m e ta b o lic  

ro le  i ts  p resence  was in v e s tig a te d  in  R h izob ium  R ^ .

M ethods:

W ashed R 2 1  c e lls  w e re  d ilu te d  to  14 m l.  w ith  pH 8 .0  M /4 0  phos­

phate b u ffe r  and a e ra te d  a s e p tic a lly  f o r  2 h r .  Tw o 1, 2 m l.  lo ts  w e re  

re c e n tr ifu g e d , the superna tan t d isca rd e d  and the c e lls  resuspended w ith
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1.2  m l,  o f pH  6 ,0  and pH 7 ,0  b u ffe r .  These suspensions con ta ined 

1, 74 m g m , b a c te r ia l n it ro g e n /m l.  D up lica te  W a rb u rg  vesse ls  w e re  p re ­

pa red  co n ta in in g  0, 2 m l.  10% KOH in  the c e n te r w e lls , 0 . 5 m l.  o f 

washed c e lls  in  the s ide  a rm s  and 0, 8  m l.  pH 8 , 0 M /4 0  phosphate b u f­

fe r  p lus  0, 5 m l.  0. 12 5M  L -a m in o  a c id  so lu tio n  in  the m a in  co m p a rtm e n ts . 

The g lu ta m ic  a c id  and h is t id in e  so lu tio n s  w e re  p re v io u s ly  n e u tra liz e d  to 

pH 7. 0. W ith  g ly c in e  d u p lica te  f la s k s  w e re  p re p a re d  u s in g  b u ffe rs  o f pH 

6 , 0, 7, 0 and 8 , 0 and co n ta in in g  washed c e lls  resuspended in  b u ffe rs  of 

co rre sp o n d in g  pH . Endogenpus re s p ira t io n  f la s k s  con ta ined d o u b le -d is ­

t i l le d  w a te r in  p la ce  o f the am ino a c id  s o lu tio n . The ba th  te m p e ra tu re  

was 30°C , A f te r  tw o ho u rs  the contents of the f la s k s  w e re  ce n tr ifu g e d  

and the su p e rn a ta n ts  q u a n t ita tiv e ly  ana lyzed fo r  am m on ia  by  N e s s le r i-  

za tio n , as c a r r ie d  out by  Peech (69), The m ethod was as fo llo w s :

1 m l.  of the te s t s o lu tio n  was p ipe tte d  in to  a 125 m l.  E r le n m e y e r f la s k  

to w h ich  was added 45 m l.  double g la s s -d is t i l le d  w a te r, 1 m l.  10% sod ium  

ta r t ra te  and 2, 5 m l.  o f N e s s le r 's  re age n t, w ith  shaking a fte r  each a d d i­

t io n . A f te r  25 m in . the tra n s m itta n c e  was m easured  in  a C o lem an 

J u n io r  S p e c tro p h o to m e te r us in g  a 6 -304B  cuve tte  and a w ave leng th  o f 450 

m i l l im ic r o n s .  The p e rcen t tra n s m itta n c e  was re fe r re d  to  a p re v io u s ly  

p re p a re d  c o n c e n tra tio n  -  tra n s m itta n c e  (c a lib ra tio n )  g raph  and the 

am m on ia  co n c e n tra tio n  d e te rm in e d  as a m m on ium . F ro m  th is  c o n c e n tra ­

tio n  the  endogenous am m on ia  va lue was su b trac te d  and the re s u lt in g  

f ig u re  was used to  c a lc u la te  the m il l im o le s  o f am m on ia  found / f la s k / 2  h r ,  /
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ih g m . c e l l  n itro g e n .

Q o2 (N) va lues  w e re  ca lcu la te d  f ro m  the slopes o f the l in e a r  p o rtio n s  

o f the oxygen up take  cu rv e s  (0-30 m in . ) The endogenous re s p ira t io n  was 

s u b tra c te d  f r o m  the to ta l oxygen uptake in  these c a lc u la tio n s , a lthough 

B u r r is  and W ilso n  (15) obse rved  tha t g lyc in e  s tim u la te d  the endogenous 

re s p ira t io n  o f c e r ta in  rh iz o b ia .

The endogenous oxygen uptake o f the te s t o rg a n is m  was q u ite  h igh  

and was not a p p re c ia b ly  reduced b y  doub ling  the a e ra tio n  p e rio d  a fte r  

w ash ing. L a te r  w o rk  in d ic a te d  tha t i t  cou ld  be reduced by s to r in g  the 

washed c e lls  f o r  th re e  days at 5°C . in  a s m a ll am ount o f p h y s io lo g ic a l 

s a lin e .

The above m a n o m e tr ic  p ro ced u re  was du p lica te d  us ing  D -a m in o  

ac ids  and a w ashed and ae ra te d  c e ll  suspension con ta in in g  0 . 6 8 6  m gm . 

o f b a c te r ia l n itro g e n  p e r m l.  In  a d d itio n , the a c tio n  o f c e r ta in  in h ib ito rs  

on g lyc in e  o x id a tio n  was s tu d ie d . These com pounds (sod ium  benzoate, 

sod ium  az ide  and sod ium  cyan ide) w e re  added so as to  g ive  an in i t ia l  con - 

cen tra tio n . in  the f la s k s  o f 0 . 0 1  m o le s / l i te r .

A n  a tte m p t w as made to is o la te  the ke to  a c id  (g ly o x y lic )  p roduced 

by the o x id a tiv e  de a m in a tion  o f g ly c in e . The p roced u re  used was a c o m ­

b in a tio n  o f the m ethods o f Janke and T a yen th a l (46) and C a v a llin i and 

F r o n ta l i  (18) and was as fo llo w s : 20 m l.  o f a g lyc in e  s o lu tio n  co n ta in in g  

5  m gm , o f a m in o  a c id /m l . ,  2 0  m l.  o f a heavy suspension o f washed R 2 1  

c e lls  suspended in  pH 8 .0  M /4 0  phosphate b u ffe r  (o r 5 m l.  o f g round
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c e lls ,  in c lu d in g  c e l l - w a l l  fra g m e n ts ) and 5  m l.  o f a 5 % a lc o h o lic  su s ­

pension o f 2 , 4 -d in itro p h e n y lh y d ra z in e  w e re  added to g e th e r and in c u b a t­

ed o ve rn ig h t at 30°C . In  s e v e ra l ins tances ca ta lase , p re p a re d  f ro m  beef 

l iv e r  b y  the p ro c e d u re  o f S um ner and S om ers (85) was used in  p lace  o f 

the d in itro p h e n y lh y d ra z in e . (In  th is  case the reagent o f F r ie d e m a n n  and 

Haugen (27) was added a f te r  the in cu b a tio n  p e rio d  and b e fo re  e th e r e x tra c ­

tio n . ) The suspensions w e re  d e p ro te in ize d  w ith  a 10% so lu tio n  o f t r ic h lo r ­

a ce tic  a c id , c e n tr ifu g e d , and the superna tan ts  e x tra c te d  s e v e ra l t im e s  

w ith  e th y l e th e r . The e th e r so lu tio n s  w e re  then b rough t to  d ryness  in  a 

vacuum  d e s s ic a to r  o ve r ^ 'D r ie r ite * *  and KOH, one m i l l i l i t e r  of IN  am m on ium  

h yd ro x id e  and an equa l am ount o f c h lo ro fo rm  added, and the m ix tu re s  

shaken g e n tly . A f te r  c e n tr ifu g a tio n  the superna tan t am m on ia  so lu tio n s  w e re  

spo tted  on a W hatm an #1 f i l t e r  paper sheet and ch ro m a tog raphed  in  a so lu ­

tio n  o f n -b u ta n o l, e thano l, and w a te r (4 0 /1 0 /5 0  by v o lu m e .)  C o n tro ls  

in c lu d e d  the d in itro p h e n y lh yd ra zo n e s  of known ke to  ac ids  and a p rocessed  

re a c tio n  m ix tu re  w h ich  con ta ined no added g lyc in e .

The m e thy le n e  b lu e  re d u c tio n  technique was em ployed fo r  the de tec­

tio n  o f an L -g lu ta m ic  a c id  dehydrogenase in  R21. Thunberg  tubes o f con­

v e n tio n a l des ign  con ta ined  3 m l.  o f pH 8 . 0, M /4 0  phosphate b u ffe r , 3 m l.  

o f M /5 0  n e u tra liz e d  L -g lu ta m ic  a c id , 1 m l.  o f 1 :10,000 aqueous m e thy len e  

b lue  and, in  the cap, 1 m l.  o f c e l l  suspens ion . The c e lls  w e re  p re p a re d  

by  c e n tr ifu g in g  a 100 m l.  M o d ifie d  M e d ium  **79*'* c u ltu re  o f w h ich  had

been incuba ted  72 h r .  a t 27°C . The c e lls  w e re  then washed tw ic e  in  0. 85%
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sa lin e , resuspended  in  0 . 2  m l.  o f sa lin e  and s to re d  fo r  th re e  days at 

5°C . Ju s t p r io r  to  use they  w e re  d ilu te d  w ith  1 m l.  of pH 8 . 0 b u ffe r  

and s ta n d a rd ize d  in  the sp e c tro p h o to m e te r to 18% T  at 420 m i l l im ic ro n s ,  

us in g  the sam e b u ffe r  as a d ilu e n t. Endogenous tubes con ta ined w a te r 

in  p lace  o f the s u b s tra te  and c o n tro l tubes con ta ined c e lls  k i l le d  by b o i l ­

ing  and the a d d itio n  o f c h lo ro b u ta n o l. The tubes w e re  evacuated fo r  3 

m in . w ith  a vacuum  pum p, e q u ilib ra te d  in  a 42 °C . w a te r ba th  fo r  1 0  

m in . and the c e lls  added f ro m  the caps. The ra te  o f dye re d u c tio n  was 

fo llo w e d  in  a s p e c tro p h o to m e te r a t a w ave leng th  o f 540 m il l im ic ro n s  (8 6 ).

R esu lts  and D is c u s s io n :

R h izo b iu m  R 2 1  was found to  consum e oxygen d u rin g  am ino  ac id  

m e ta b o lis m . The uptake cu rve s  a re  shown in  FIG URES 11 and 12. The 

g ra d u a l in c re a s e  in  ra te  a f te r  the in i t ia l  30 m in . p e rio d , w h ich  was a lso  

no ticed  b y  B u r r is  and W ils o n  (15), is  a ttr ib u te d  to  c e l lu la r  g ro w th  and 

is  not to  be confused w ith  the ra p id  in c re a se  in  ra te  found im m e d ia te ly  

upon the a d d itio n  o f su b s tra te . The z e ro  tim e  po in t on these cu rve s  r e ­

p resen ts  the po in t of su b s tra te  a d d itio n . T A B L E  11 in d ica te s  the Qog(N) 

va lues ob ta ined w ith  the v a r io u s  am ino  ac ids , to g e th e r w ith  the m il l im o le s  

o f am m on ia  (as N H ^+) re c o v e re d .
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Pig. 11 Oxygen uptake of Rhizobium R21 on glycine and L-amino 
acid substrates. (A) L-glutamic acid (B) glycine (c) 
L-histidine (D) L-valine (E) L-methionine (F) L-leucine 
(G) endogenous
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D-histidine (D) D-valine (E) endogenous
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T A B L E  11

Q ° 2 (N) v a l u e s  a n d  m i l l i m o l e s  o f  a m m o n ia  r e c o v e r e d  d u r i n g

TH E  A C T IV IT Y  OF R H IZ O B IU M  R2 l  ON L -  AN D  D -  A M IN O  ACIDS

A m in o  a c id  * A ve rage  num be r o f m M  
am m on ia  re c o v e re d /f la s k /
2  h r .  J m gm . ceH n itro g e n  * *

Qo2 (N) * *

L -g lu ta m ic  a c id 1 .4 168. 1

g lyc ine 4 .8 128, 1

L -h is t id in e 3 .0 113.1

L -v a lin e 2 . 1 81 .9

L -m e th io n in e 1 . 8 68.3

L - le u c in e 1 .4 33.6
\

D -le u c in e 10.5 78.2

D -g lu ta m ic  a c id 3 .8 77 .0

D -m e th io n in e 15.2 72, 9

D -h is t id in e 14.3 70 .8

D -v a lin e 8 .4 6 8 . 8

*  35 m M /f la s k

* *  endogenous s u b tra c te d
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I t  m u s t be em phas ized  tha t these sets o f va lues a re  on ly  o f a re la t iv e  

n a tu re . The s m a ll am ounts o f am m on ia  re co ve re d  w ith  the L -a m in o  

ac ids  m a y  im p ly  th a t tra n s a m in a tio n  o c c u rre d  and tha t the oxygen uptake 

re s u lte d  f r o m  the m e ta b o lis m  of the ke to  ac ids  fo rm e d . The la rg e r  

am ounts o f am m o n ia  found w ith  the D -a m in o  ac ids  m ay in fe r  a s lo w e r 

ra te  o f tra n s a m in a tio n  and a co rre s p o n d in g ly  h ig h e r ra te  of o x id a tive  

de am in a tion . These ra te s  w ou ld  be expected to v a ry , depending on the 

am ino  a c id  s u b s tra te . The h igh  oxygen consum p tion  and low  am m on ia  

re c o v e ry  f r o m  L -  and D -g lu ta m ic  a c id  p ro ba b ly  re f le c ts  the h igh  a c t iv ity  

o f th is  am ino  a c id  in  tra n s a m in a tio n  (see se c tio n  on *<;T ra n s a m in a tio n , , ). 

The a m m on ia  p roduced  endogenously (average o f 0 .7  m M /f la s k /2 h r .  /m g m , 

c e l l  n itro g e n ) m a y  have re s u lte d  f ro m  deam in a tion  o f in t r a c e l lu la r  am ino  

-acids, as suggested b y  W ilso n  (15). The se e m in g ly  lo w  o v e ra ll am m on ia  

va lues cou ld  be a re s u lt  o f p a r t ia l  a s s im ila t io n  o f the evo lved  gas, o r  

i t s  escape in to  the a tm osph ere  due to  the ba s ic  n a tu re  o f the b u ffe r  used.

In  the absence o f any co n c re te  know ledge o f the ra te s  o f m e ta b o lic  

re a c tio n s  w ith in  l iv in g  R h izob ium  c e lls  any d e fin ite  s ta tem en ts  co n ce rn ­

ing  the am ounts o f am m on ia  found o r  the q u a n tit ie s  o f oxygen consum ed 

w ould be p resum p tuo u s .

F IG U R E  13 shows the e ffe c t o f pH on the oxygen up take in  the p re ­

sence o f g ly c in e . A  pH of 8 . 0 was d is t in c t ly  s u p e r io r  to  m o re  a c id ic  pH*s 

and th is  is  to  be expected i f  the p rocess  in vo lve d  is  one o f de am in a tio n ,



Fig.
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The effect of pH on the oxygen uptake of Rhizobium 
on glycine substrate. (A) pH 8.0 (B) pH V.u (C) pH o.O 
(D) endogenous
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s ince  the pH o p tim u m  fo r  th is  p a r t ic u la r  re a c tio n  lie s  in  the range 8  - 

9 (31).

The e ffe c ts  o f added in h ib ito rs  a re  in d ica te d  in  F IG U R E  14. C yan ­

ide is  u s u a lly  co n s id e re d  to  be an in h ib ito r  o f m e ta llo p ro te in  enzym es 

such as c y to ch ro m e  ox idase , a lthough i t  is  known to  in h ib it  tra n s a m in a ­

tio n  (20) and c e r ta in  o th e r re a c tio n s  as w e ll.  O f a l l  the enzym es de a m in - 

a tin g  am ino  ac id s  on ly  the L -a m in o  ac id  oxidase of P ro te u s  v u lg a r is  and 

a s im i la r  enzym e found by  K re b s  in  l iv e r  and k idn ey  b re is  a re  sa id  to 

be in h ib ite d  by cyan ide (54), N e ve rth e le ss , g lyc in e  o x id a tio n  was c o m ­

p le te ly  in h ib ite d  b y  th is  agent, a lthough th e re  is  a p o s s ib lity  tha t the 

in h ib it io n  is  not p r im a ry ,  but tha t i t  is  d ire c te d  aga inst a secondary  

re a c tio n  such  as th a t in vo lve d  in  the tra n s p o rta tio n  o f g lyc in e  ac ro ss  the 

c e l l  w a l l  (34, 6 8 , 79), i f  th is  occu rs  by m ethods o th e r than s im p le  d i f fu ­

s io n . The cyan ide  caused an 85% re d u c tio n  in  am m on ia  fo rm a tio n  f ro m  

g ly c in e , co m pared  w ith  63. 2% and 11. 3% re d u c tio n  by azide and benzoate 

re s p e c tiv e ly .

A z id e  appeared  to  in h ib it  the oxygen uptake on g ly c in e  c o m p le te ly  

and to p a r t ia l ly  decrease  the endogenous re s p ira t io n . A  su p p lem e n ta ry  

e x p e rim e n t w as c a r r ie d  out to study the e ffe c t of az ide  on the endogenous 

re s p ira t io n  a lone and it  d e f in ite ly  in d ica te d  tha t the oxygen uptake in  the 

absence o f s u b s tra te  is  on ly  s l ig h t ly  a ffec ted  by  th is  in h ib ito r .  The 

endogenous re s p ira t io n  o f R 2 1  th e re fo re , som ew hat s im i la r  to tha t of 

A e ro b a c te r  ae rogenes, w h ich  T is s ie re s  (91) re p o r ts  to  be a z id e -re s is ta n t.



15 30 45 6o
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Pig. 14 The effect of inhibitors on the oxygen uptake of 
Rhizobium Ron on glycine substrate (A) glycine (b) 
glycine + ,0X1/1 benzoate (C) endogenous (D) glycine + 
,01M azide. Complete inhibition observed with ,01M 
cyanide
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W ith  benzoate^an in h ib it io n  was apparen t d u rin g  the in i t ia l  30 m in . 

p e r io d , bu t a f te r  th is  t im e  th e re  was a s t im u la t io n  o f the oxygen up take . 

T h is  phenom enon m a y  be a ttr ib u te d  to  an adaptive m e ch an ism ; the ben­

zoate a c tin g  as an in h ib ito r  u n t i l  such tim e  as adaptive enzym es a re  

produced w h ich  can o x id ize  i t .  On the o th e r hand i t  m ay be the re s u lt  

o f s low  en tran ce  o f th is  com pound in to  the c e ll.

G ly o x y lic  a c id , re s u lt in g  f ro m  the ox id a tive  de am in a tion  o f g ly ­

c ine , was id e n t if ie d  as the 2 , 4 -d in itro p h e n y lh y d ra z o n e , but o n ly  in  the 

m ix tu re s  w h ich  o r ig in a lly  con ta ined d in itro p h e n y lh y d ra z in e . No a c id  was 

is o la te d  f ro m  those m ix tu re s  to  w h ich  ca ta lase had been added and the 

im p lic a t io n  is  tha t th is  ac id  is  m e tabo lized  by a m echan ism  o th e r than 

m e re  hyd rogen  p e ro x id e  d e ca rb o xy la tio n .

The a n a e ro b ic  re d u c tio n  of m ethy lene  b lue in  the presence o f in ­

ta c t R 2 1  c e lls  and L -g lu ta m ic  a c id  is  shown in  F IG U R E  15. The in i t ia l  

lag  m ay be due to  the t im e  re q u ire d  fo r  the a c id  to  pe rm ea te  the c e l l  

b a r r ie r .  A n  L -g lu ta m ic  a c id  dehydrogenase is  th e re fo re  p re sen t and p o t­

e n t ia lly  enab les th is  o rg a n is m  to 4‘f i x ’ '  am m on ia  by a re v e rs a l of i ts  a c t i ­

v ity .

A l l  a v a ila b le  ev idence in d ica te s  the presence o f an L -  and D -a m in o  

ac id  ox idase , a g ly c in e  ox idase and an L -g lu ta m ic  a c id  dehydrogenase in  

R h izo b iu m  R 2 1 .  The d e am in a tion  o f D -a m in o  ac ids  w ou ld  p ro v id e  a re a d y  

m eans f o r  the u t i l iz a t io n  o f these is o m e rs  s ince  the re s u lt in g  am m on ia  

cou ld  be used to  am in a te  c e r ta in  o rga n ic  ac ids  w ith  the re s u lt in g  p ro d u c -
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Pig. 15 The anaerobic reduction of methylene blue by R2 1  in 
the absence (A) and presence (B) of L-glutamic acid.
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t io n  o f L -a m in o  a c id s  w h ich  cou ld  be m e ta bo lize d  in  the n o rm a l w ay, 

L ym a n  and K u ik e n  (59) re p o r t  tha t lactobacilLL can u t i l iz e  D -a m in o  ac ids  

i f  the m e d iu m  con ta in s  p y r id o x a m in e , the suggested m echan ism  be ing  

d e am in a tion  of the D - is o m e rs  to the co rre sp o n d in g  ke to  ac id s  w h ich  a re  

then re a m in a te d  and u t i l iz e d  as such, A  som ewhat s im i la r  m echan ism  

m ay ope ra te  in  rh iz o b ia .

3, T ra n s a m in a tio n

T ra n s a m in a tio n , w h ich  invo lve s  the tra n s fe r  o f the am ino  group 

of an a lp h a -a m in o  a c id  to  the alpha p o s itio n  o f an a lp h a -ke to  ac id  was 

f i r s t  d e s c rib e d  by B ra u n s te in  and K r itz m a n  (13), Since tha t tim e  a 

num ber o f such re a c tio n s  have been found in  v a r io u s  tis su e s  and b a c te r ia , 

p y r id o x a l phosphate be ing  the coenzym e in vo lve d . In  a l l  except a r e la ­

t iv e ly  few  cases g lu ta m ic  ac id  is  one of the re a c ta n ts . Studies on the 

u t i l iz a t io n  o f L -  and D L -a m in o  ac ids  by p a ra s it ic  and e ffe c tiv e  s tra in s  

of R h izob ium  suggested tha t som e of these com pounds m ig h t be lin k e d  

by tra n s a m in a tio n  m echan ism s (48), and th is  sup pos itio n  was supported  

by the a u th o r ’ s f in d in g  o f a nu m b e r o f such re a c tio n s  in  c e l l- f r e e  e x tra c ts  

o f these m ic ro o rg a n is m s  (49), The fa c t tha t rh iz o b ia  a re  a lso  capable 

o f u t i l iz in g  D -a m in o  ac ids  suggested tha t tra n s a m in a tio n  m ig h t be 

in vo lve d  in  these cases as w e ll,  a lthough m ost o f the p re v io u s  re p o r ts  

have in d ic a te d  tha t in  these re a c tio n s  the o r ig in a l and syn thes ized  am ino  

ac id s  a re  of the L -c o n f ig u ra t io n .
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M ethods:

C e l l- f r e e  e x tra c ts  o f R h izob ium  R 0 1  w e re  p re p a re d  in  the u su a l

m a n ne r and d ilu te d  w ith  pH 8 ,0  M /2 0  phosphate b u ffe r  to a f in a l vo lum e

of 9 m l.  ( 1 . 23 m g m . b a c te r ia l n it ro g e n /m l.) .  A c e to n e -d r ie d  c e lls  w ere

pbta ined b y  m ix in g  1 0  vo lum es o f ic e -c o ld  acetone w ith  washed c e lls  and

ra p id ly  e va p o ra tin g  o ff the so lven t in  a vacuum  d e s s ic a to r o ve r “ D r ie r -

i t e ”  and g ly c e ro l.  A f te r  d ilu t io n  to 9 m l.  w ith  pH 8 .0  b u ffe r  a m ic ro -

K je ld a h l n itro g e n  d e te rm in a tio n  re ve a le d  an average o f 5 .27 m g m . N /m l.

R eaction  m ix tu re s  w e re  then p re p a re d  having the co m p o s itio n  g iven  in  

T A B L E  12.

T A B L E  12

C O M PO SITIO N  OF TR A N S A M IN A T IO N  R E A C T IO N -M IX T U R E S

M ix tu re s

1 2 3 4 5

0 .3  m l.  M /2 0  pH 8 ,0  phosphate 
b u ffe r

HTn f ■ t "fc +

0 , 1  m l.  0. 5M  a lp h a -k e to  ac id P KG - KG KG

0 .2  m l,  0 . 125M D -a m in o  ac id DA DA D A D V DA

0 . 1 m l.  ( 1 . 0  m g m .) adenosine 
tr ip h o s p h a te **

+ + + + +

0 .1  m l.  (3 m ic ro g ra m s )  
p y r id o x a l HC1

+ + + + +

0 . 8  m l,  c e l l  p re p a ra tio n + + + + + *
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P * sod ium  p ryuva te  

KG » n e u tra liz e d  a lp h a -k e to g lu ta r ic  ac id  

D A  *  n e u tra liz e d  D -a s p a r t ic  ac id  

D V  ss D -v a lin e  

*  b o ile d

d is o d iu m  s a lt -  95% pure

These m ix tu re s  w e re  p laced in  Thunberg  tubes w ith  the c e llu la r  p re p a ra ­

tio n s  in  the caps. The c o n tro l m ix tu re *  num ber fiv e *  was heated fo r  

5 m in . in  a b o ilin g  w a te r bath and i ts  c e ll m a te r ia l s im i la r ly  h e a t- 

tre a te d . A f te r  evacua tion  w ith  a vacuum  pump fo r  3 m in . the tubes w ere  

sealed* the enzym e p re p a ra tio n s  added and anaerob ic  in cu ba tio n  c a r r ie d  

out fo r  1 h r .  at 30°C . The re a c tio n  was then im m e d ia te ly  stopped by 

p la c in g  the  unsea led  tubes in  a b o ilin g  w a te r ba th  fo r  f iv e  m in u te s  and* 

a f te r  c e n tr ifu g a tio n *  0. 03 m l.  a liq u o ts  o f the v a r io u s  superna tan ts  w e re  

spo tted on W hatm an #1 f i l t e r  paper and ch rom a tog raphed  in  w a te r -s a tu r ­

ated pheno l. C o n tro ls  in c lud e d  known am ino  acids* c e l lu la r  p re p a ra tio n s  

a lone, re a c tio n  m ix tu re s  sam pled  at ze ro  tim e  and the com p le te  m ix tu re  

p lus e ith e r  L -g lu ta m ic  ac id  o rL a la n in e . The la t te r  was inc lud ed  to 

de m o n s tra te  u n ifo rm  m ovem ent o f the g lu ta m ic  ac id  and a lan ine  spo ts .

In  o rd e r  to  de tec t any asp a rtase  a c t iv ity  o r  poss ib le  anae rob ic  a m in a tio n  

o f a lp h a -k e to g lu ta ra te  the e n tire  p ro ce d u re  was repea ted  w ith  re a c tio n  

m ix tu re s  c o n ta in in g  am m on iu m  c h lo r id e  and e ith e r  sod ium  fu m a ra te  

(0. 5M) o r  n e u tra liz e d  a lp h a -k e to g lu ta r ic  ac id  (0. 5M ).
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M ix tu re s  co n ta in in g  D « a sp a rtic  ac id  w e re  incubated  fo r  3  h r .  and 

ana lyzed m a n o m e tr ic a lly  u s in g  a d o ub le -m a n om e te r technique and an 

L -g lu ta m ic  a c id  de ca rb oxy lase  p re p a re d  f ro m  C lo s tr id iu m  p e rfr in g e n s  

(w e lc h ii)  (33). (The exact technique w i l l  be g iven  in  the fo llo w in g  sec­

tio n  on “ R acem ase A c t iv ity * * ) .  W a rb u rg  vesse ls  con ta ined 1 m l.  of 

te s t m ix tu re *  0 .2  m l.  o f 10% KOH o r w a te r in  the ce n te r w e lls *  and 

0 .  8  m l.  o f de ca rb o xy la se  p re p a ra tio n  in  the s ide  a rm s .

S ince a l l  o f the L -a m in o  ac ids  used in  th is  thes is* w ith  the excep­

tio n  o f g lyc in e  and L - h is t id in e a had been shown to  ac t as am ino  donors  

in  the syn th e s is  o f g lu ta m ic  a c id  by the tes t o rg a n ism  (49), i t  was fe l t  

tha t these tw o am in o  ac id s  should a lso  be tes ted  fo r  a c t iv ity .  Conse­

quen tly  0, 125M g ly c in e  and L -h is t id in e  w e re  incubated in  re a c tio n  m ix ­

tu re s  co n ta in in g  a lp h a -k e to g lu ta r ic  ac id  and a fte r  the re a c tio n  p e rio d  

these m ix tu re s  w e re  h e a t-tre a te d , ce n tr ifu g e d  and ana lyzed ch ro m a  - 

to g ra p h ic a lly  f o r  g lu ta m ic  a c id .

R esu lts  and D is c u s s io n :

The c e l l - f r e e  e x tra c t was found to  have syn thes ized  g lu ta m ic  

ac id  in  those m ix tu re s  w h ich  con ta ined a lp h a -k e to g lu ta r ic  a c id  and 

e ith e r D -a s p a r t ic  a c id  o r  D -v a lin e . No a lan ine  was de tected in  the D -  

a s p a r t ic  a c id  - py ru va te  m ix tu re  and no new am ino ac ids  w e re  n o ticed  

in  the z e ro  t im e  c o n tro ls . In  add ition* no n in h y d r in  p o s itiv e  spots 

re p re s e n tin g  syn th e s ize d  am ino  ac ids  w e re  found w ith  c o n tro l m ix tu re s
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th re e  and f iv e  o r  w ith  the c e ll p re p a ra tio n s  alone.

W hen a c e to n e -d r ie d  c e lls  w e re  used m inu te  am ounts o f g lu ta m ic  

ac id  and a lan ine  w e re  found in  a l l  the m ix tu re s  in c lu d in g  the hea t- 

tre a te d  c o n tro l and w e re  not e n z y m a tic a lly  produced d u rin g  the in c u b a ­

tio n  p e r io d . Subsequent e xp e rim e n ta tio n  ind ica te d  tha t these am ino  

ac ids  d id  not a r is e  as a re s u lt  o f the heat tre a tm e n t, bu t tha t they m ay 

have been abso rbed  onto the c e l l  w a lls  p r io r  to d ry in g  and lib e ra te d  

upon the a d d itio n  o f b u ffe r .  In  a d d ition , tra c e  am ounts o f an unknown 

am ino  a c id  w ith  an R f s im i la r  to se rin e  was found in  a l l  the m ix tu re s  

except the c o n tro l and appeared to have been e n z y m a tic a lly  fo rm e d . 

L a rg e  am ounts of g lu ta m ic  ac id  w e re  found in  those m ix tu re s  c o n ta in ­

ing  a lp h a -k e to g lu ta r ic  a c id  and e ith e r D -a s p a r t ic  ac id  o r  D -v a lin e , 

w h ile  c o n s id e ra b le  am ounts of a lan ine  w e re  observed  in  the D -a s p a r t ic  

a c id -p y ru v a te  m ix tu re .  The am ount of a lan ine  fo rm e d  in  the la t te r  case 

was c o n s id e ra b ly  in  excess of tha t w h ich  cou ld  have been produced by 

a tra n s a m in a tio n  re a c tio n  in v o lv in g  py ruva te  and the tra c e  am ount of 

co n ta m in a tin g  g lu ta m ic  ac id  w h ich  was p re sen t. S ince D -a s p a r t ic - 

a lan ine  tra n s a m in a tio n  a c t iv ity  was on ly  found to be assoc ia ted  w ith  a ce ­

to n e -d r ie d  c e lls  i t  was p o ss ib le  tha t the m ethod used in  p re p a r in g  the 

c e l l- f r e e  e x tra c ts  had b rough t about in a c tiv a tio n  o f the enzym e (s) 

co n ce rn ed . H ow eve r, the am ount of such a c t iv ity  m ig h t have been s m a ll 

enough so tha t i t  cou ld  on ly  be de tected in  v e ry  la rg e  am ounts o f c e l lu la r  

m a te r ia l and in  the p re se n t case m uch m o re  m a te r ia l was added as
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a c e to n e -d r ie d  c e lls  than as c e l l- f r e e  e x tra c t.  B o th  c e l l  p re p a ra tio n s  

syn thes ized  g lu ta m ic  a c id  f ro m  g lyc in e  and L -h is t id in e .

The m a n o m e tr ic  p roce d u re  re vea led  tha t at le a s t a s m a ll p a rt 

o f the g lu ta m ic  a c id  syn th es ized  fro m  D -a s p a rt ic  ac id  was o f the L -  

c o n fig u ra tio n . D u r in g  the 3 h r .  incuba tion  p e rio d  the am ount o f L -  

g lu ta m ic  a c id  p roduced  was ca lcu la te d  at 0, 14 m gm .

A lth o u g h  i t  is  te m p tin g  to  assum e tha t a tru e  D -a s p a r t ic  

L -g lu ta m ic  a c id  tra n s a m in a tio n  had taken place (thus po s tu la tin g  a 

new enzym e) c e r ta in  o th e r p o s s ib il it ie s  m ust be exam ined. O x ida tive  

deam ina tion , w h ich  cou ld  p o ss ib ly  re s u lt  in  the syn thes is  of L -g lu ta m ic  

ac id  v ia  a m in a tio n  o f a lp h a -k e to g lu ta r ic  a c id  by the lib e ra te d  am m on ia , 

can be e lim in a te d  as a fa c to r  in  the p resen t w o rk . N e ve rth e le ss , i t  is  

po ss ib le  tha t the syn thes ized  g lu ta m ic  ac id  was o r ig in a lly  o f the D -c o n ­

f ig u ra t io n  and was subsequently  ra ce m ize d . T h e re  is  a lso  a p o s s ib il i ty  

o f the o ccu rre n ce  o f a s e r ie s  o f re a c tio n s  som ewhat s im i la r  to those 

postu la ted  by  T h o rn e  (8 8 ). F o r  exam ple , the fo llo w in g  sequence cou ld  

have taken p lace :

(a) D -a s p a r t ic  a c id  + pyruva te  -— ^ D -a la n in e  + o xa la ce tic  a c id

racem ase
(b) D -a la n in e  A D r a lan ine  + L -a la n in e

(c) L -a la n in e  + a lp h a -k e to g lu ta r ic  a c id „ ------ 1 L -g lu ta m ic  a c id  +
p y ru v ic  a c id .

R eaction  (c) is  known to o ccu r in  R 2 1  (49) and the p rocess  w ould , th e re -
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fo re , depend upon the p resence  of D -a s p a r t ic — D -a la n in e  tra n s a m in ­

ase and an a la n ine  ra ce m a se , A la n in e  has been found to be syn thes ized  

f ro m  D -a s p a r t ic  a c id  and pyruva te  in  the a ce to n e -d rie d  c e lls , bu t the 

presence o f an a la n ine  racem ase  is  debatable w ith o u t fu r th e r  w ork* 

T h o rn e  (89) in  a m o re  re c e n t re p o r t s ta ted  tha t son ic  e x tra c ts  of 

B a c illu s  s u b t i l is  con ta ined tra nsam inase s  w h ich  re s u lte d  in  the syn thes is  

of D -g lu ta m ic  a c id  f ro m  e ith e r  D -a s p a r t ic  a c id  o r  D -a la n in e , and le ss  

a c t iv e ly  f r o m  D -m e th io n in e  and D -s e r in e , Such re a c tio n s , in  the p re s ­

ence o f c e r ta in  ra cem ases  w ou ld  p rov ide  a m echan ism  fo r  the con ve rs io n  

of D -a m in o  ac id s  in to  L -a m in o  ac ids  p r io r  to fu r th e r  m e ta b o lis m .

4, Racem ase a c t iv ity

The nam e “ ra cem a se*’  has been proposed fo r  an enzym e c a ta ly z ­

ing  the in te r  c o n v e rs io n  o f D -  and L -a m in o  a c id s . Tw o such enzym es 

have been re p o r te d . A la n in e  racem ase  is  p resen t in  m any m ic ro o rg a n ­

is m s  and has been p a r t ia l ly  p u r if ie d  by Wood and G unsalus (105) f ro m  

S trep tococcus fa e c a lis  e x tra c ts . I t  a p p a re n tly  has a re q u ire m e n t fo r  

p y r id o x a l phosphate as a coenzym e. A yen g a r and R oberts  (6 ) have 

d e m on s tra ted  a g lu ta m ic  ac id  racem ase  w ith  an o p tim u m  pH of 8 . 0 in  

acetone pow ders  o f L a c to b a c illu s  a ra b in o su s . The m echan ism  by w h ich  

these enzym es ope ra te  is  as ye t unknown.

In  o rd e r  to  e lu c id a te  as fu l ly  as p o ss ib le  the m echan ism  of D —am ino 

a c id  u t i l iz a t io n  by rh iz o b ia  i t  was co n s id e re d  ne cessa ry  to in ve s tig a te  the
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o ccu rre n ce  o f a ra ce m a se  w ith in  these m ic ro o rg a n is m s . The re s u lts  

obse rved  in  the p re v io u s  sec tio n  on D -a m in o  ac id  tra n s a m in a tio n  m ig h t, 

fo r  exam p le , be e x p lic a b le  on the b a s is  o f ra c e m iz a tio n .

M ethods:

P re l im in a ry  w o rk  on an “ a s p a rtic  ra ce m a se ”  in vo lve d  a e ro b ic  

in cu b a tio n  o f in ta c t R 2 1  c e lls  o r  c e l l- f r e e  e x tra c ts  in  pH 8 .0  b u ffe r  

con ta in in g  e ith e r  L -  o r  D -a s p a r t ic  a c id . A f te r  in h ib it io n  of the a c t iv ity  

by heat the m ix tu re s  w e re  ce n tr ifu g e d  and the superna tan ts  ana lyzed 

m a n o m e tr ic a lly  f o r  L -  and D -a s p a r t ic  ac id  us in g  fre s h ly  p repa red  

P ro te u s  v u lg a r is  L -a m in o  ac id  oxidase (83) and hog k idn ey  D -a m in o  

ac id  ox id ase . A lth o u g h  the data appeared to in d ica te  the absence of any 

a s p a rt ic  ra c e m iz a t io n  th e re  was the in h e re n t p o s s ib lity  tha t ox id a tive  

de am in a tion  w ou ld  in te r fe re  in  the in te rp re ta t io n  o f the re s u lts .  C on­

sequen tly  the p ro ce d u re  was m o d ifie d  to e lim in a te  deam ina tion .

C e ll- f r e e  R h izob ium  Rg^ e x tra c ts  (0. 50 - 1. 30 m g m . b a c te r ia l 

n i t r o g e n /m l. )  and a c e to n e -d rie d  c e lls  (1. 57 - 1 .85 m g m . N / m l . ) w e re  

p re p a re d . (In  som e cases, d u rin g  the g row th  of the c e lls  the p a r t ic u la r  

am ino  a c id  u n d e r te s t was added s e v e ra l hou rs  p r io r  to  h a rv e s tin g , but 

th is  p ro ce d u re  was la te r  d is c a rd e d .) The re a c tio n  m ix tu re s  used had 

the fo llo w in g  c o m p o s itio n :

2 .0  m l.  M /2 0  pH 8 .0  phosphate b u ffe r
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0. 8 m l.  0 . 125M n e u tra liz e d  L -a s p a r t ic  a c id  o r  L -a la n in e

0 ,4  m l,  (12 m ic ro g ra m s ) p y r id o x a l h y d ro c h lo r id e

0 ,4  m l,  (4 m g m ,) adenosine trip ho sp ha te  (d iso d ium  s a lt)

L a s p a r t ic  a c id  and L -a la n in e  c o n tro l so lu tions  and th e ir  enzym e p re ­

p a ra tio n s  w e re  h e a t- tre a te d  and the va rio u s  m ix tu re s  p laced in  T h un - 

b e rg  tubes w ith  1, 5 m l,  o f c e l lu la r  m a te r ia l and processed  in  the 

sam e fa s h io n  as in  the tra n s a m in a tio n  e xp e rim e n ts . A f te r  in cu b a tio n  

a t 30 °C . fo r  1 h r ,  the re a c tio n  was stopped by im m e rs in g  the unsea led 

tubes in  b o ilin g  w a te r fo r  5 m in . The va rio u s  m ix tu re s  w e re  then cen ­

tr ifu g e d  and 0 ,0 3  m l,  a liq u o ts  of the superna tan ts  ana lyzed by p a p e r- 

p a r t it io n  c h ro m a to g ra p h y  in  w a te r-s a tu ra te d  phenol. T e s ts  fo r  a m m ­

onia w e re  c a r r ie d  out w ith  N e s s le r ’ s reagent and p roved  nega tive .

The m ix tu re s  w e re  exam ined m a n o m e tr ic a lly  fo r  the presence 

o f D -a m in o  a c id s . D u p lica te  W arb u rg  fla s k s  con ta ined 0 .2  m l.  10%

KO H in  the c e n te r w e lls , 1 m l.  of te s t m ix tu re  in  the m a in  cham bers  

and 0 .8  m l.  of D -a m in o  ac id  oxidase in  the side a rm s . The bath te m ­

p e ra tu re  was 3 7 °C . In  s e v e ra l e xp e rim e n ts  the oxidase was p rep a re d  

fro m  guinea p ig  k id n e y  c o r te x  by the m ethod of K re b s  (52) but in  la te r  

w o rk  a c o m m e rc ia lly  a v a ila b le  hog k idney D -a m in o  a c id  oxidase was 

em ployed . (N u tr it io n a l B io c h e m ic a ls  C o rp ., O hio . 1 gm , = 150, 000 

u n its ) . A  s o lu tio n  o f th is  was p re pa re d  w h ich  con ta ined 1500 u n its /0 .  8 m l.

T e s t m ix tu re s  w e re  p re p a re d  con ta in ing  D -g lu ta m ic  a c id  in  p lace 

o f L - a s p a r t ic  a c id  o r  D -a la n in e . M a n o m e tric  ana lyses w e re  m ade on
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these m ix tu re s , a f te r  re a c tio n , us in g  a s tanda rd  d o u b le -m a no m e te r 

techn ique f o r  ca rb o n  d io x id e  (93), and an L -g lu ta m ic  a c id  d e ca rb o xy ­

la se  p re p a ra tio n  ob ta ined  f ro m  C lo s tr id iu m  per fr in g e n s  (33). The 

p re p a ra tio n  o f the enzym e suspension was as fo llo w s : a f la s k  co n ­

ta in in g  200 m l,  o f Cooked M eat M ed ium  (D ifco ) was in o cu la te d  w ith  a 

log  phase c u ltu re  o f C l. p e r fr in g e n s *  and incubated at 37°C . fo r  24 h r .  

T h is  c u ltu re  w as f i l te r e d  th roug h  a B uchner funne l, ce n tr ifu g e d , and 

the c e lls  w ashed in  0.85%  sa lin e  and d ilu te d  w ith  sa line  to a f in a l v o l­

um e o f 6 .2  m l.  (1 .83  m gm . c e llu la r  N / m l . ). T h is  suspension was 

im m e d ia te ly  used to  obv ia te  any d e te r io ra tio n . The dup lica te  W a rb u rg  

f la s k s  con ta ined  1. 0 m l.  o f te s t m ix tu re  in  the m a in  cham ber, 0. 2 m l.  

10% KO H o r  w a te r in  the ce n te r w e lls  and 0. 8 m l.  of deca rboxy lase  

p re p a ra tio n  in  the s ide  a rm s . The bath te m p e ra tu re  was 37°C . In  

a d d itio n  to  a b o ile d  c o n tro l m ix tu re  th is  m ethod re q u ire d  an endogen-* 

ous re s p ira t io n  f la s k  con ta in in g  pH 8 .0  b u ffe r , KOH, and C l. p e rfr in g e n s  

suspension.

R esu lts  and D is c u s s io n :

No s ig n if ic a n t d iffe re n c e  in  oxygen uptake was found betw een the 

re a c tio n  m ix tu re  o r ig in a lly  con ta in ing  L -a s p a r t ic  ac id  and its  re s p e c -

*  T h is  c u ltu re  had been c a re fu lly  checked fo r  a c t iv ity  on bo th  L -  and 
D -g lu ta m ic  a c id  and was found to act on ly  on the L - is o m e r .
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t iv e  c o n tro l,  when exam ined by D -a m in o  ac id  ox idase. The L - g lu ta m ­

ic  a c id  d e ca rb o xy la se  y ie ld e d  no s ig n if ic a n t am ounts of ca rbon  d iox ide  

in  excess o f the c o n tro l when added to f la s k s  con ta in ing  D -g lu ta m ic  

ac id  te s t m ix tu re .  I t  m ay, th e re fo re , be concluded tha t no a s p a rtic  

o r  g lu ta m ic  a c id  ra c  e m iz a tio n  o c c u rre d  under the e x p e rim e n ta l c o n d i­

tion s  used.

The oxygen uptake cu rve , p lo tted  fro m  date obtained f ro m  the 

ac tio n  of D -a m in o  a c id  oxidase on an L -a la n in e  m ix tu re  is  g iven  in  

F IG U R E  16 and is  in d ic a tiv e  of the fo rm a tio n  o f a D -a m in o  a c id  by  R h iz  ■ 

ob ium  H21* P a p e r -p a r t it io n  ch rom a tog raph y  fa ile d  to  re v e a l the p r e ­

sence of any am ino  a c id  not p resen t in  the c o n tro l and, th e re fo re , the 

D - is o m e r  is  concluded to  be tha t of a lan ine . In  th is  p a r t ic u la r  case 

the a c e to n e -d rie d  c e lls  (1 .57  m gm . N / m l . ) produced 0 .3 5  m g m . D - 

a lan ine  f r o m  1. 7 m g m . L -a la n in e  (in  1 m l.  a liq u o t o f te s t m ix tu re )  in  

1 h r .  a t 30°C . - a 20, 5% co n ve rs io n . No oxygen uptake was found 

upon m a n o m e tr ic  a n a ly s is  o f the heated L -a la n in e  c o n tro l m ix tu re .

The syn th e s is  of s m a ll q u a n titie s  of L -g lu ta m ic  a c id  f ro m  D - 

a s p a rtic  a c id , as obse rved  w ith  R2 1 , cou ld  be exp la ined  by a s e r ie s  of 

re a c tio n s  in v o lv in g  D -a la n in e  racem ase , as p re v io u s ly  suggested. I f  

D -a m in o  a c id s  o th e r than D -a s p a r t ic  cou ld  be co nve rte d  to D -a la n in e  

then ra c e m iz a t io n  o f th is  am ino  ac id  w ou ld  p rov ide  a pathway fo r  the 

u t i l iz a t io n  o f D - is o m e rs .  N e ve rth e le ss , s ince  no th ing is  known of the 

re la t iv e  r a tes  o f D -a m in o  a c id  co n ve rs io n  v ia  D -a m in o  ac id  tra n sam in a *
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t io n  and ra c e m iz a t io n  ca re  m u st be taken not to ass ign  to these p ro c e s s ­

es any m a jo r  p o s itio n  in  D -a m in o  a c id  m e ta b o lism  w ith o u t con s ide rab le  

re s e rv a t io n . T h ey  m ay on ly  be o f m in o r  im p o rta n ce , w ith  the m a jo r  

ro u te  be ing  d e a m in a tio n  and subsequent a m in a tio n  o f one o r  m o re  ke to  

ac ids  w ith  the re s u lta n t p ro d u c tio n  o f L -a m in o  a c id s .

A lth o u g h  the re s u lts  presen ted  in  sec tion  D a re  not in  them se lves  

a b so lu te ly  co n c lu s ive  they  do suggest a poss ib le  in te g ra te d  schem e of 

n o n -s p e c if ic  re a c tio n s  fo r  the u t i l iz a t io n  and co n ve rs io n  of L -  and D - 

am ino a c ids  by R h izo b ium  R21. F IG U R E 17 i l lu s t ra te s  the poss ib le  

re a c tio n s  of such a schem e, w ith  the em phasis be ing upon the p ro d u c ­

tio n  o f L -g lu ta m ic  a c id . The im p o rta n ce  of th is  p a r t ic u la r  am ino  ac id  

is  c o n tin u a lly  b e ing  b roug h t to the fo re g ro u n d  in  re ce n t s c ie n t if ic  l i t e r a ­

tu re  as i t  p ro v id e s  a com m on m ee ting  place fo r  n itro g e n  sou rces  p r io r  

to th e ir  in c o rp o ra t io n  in to  p ro te in  o r  th e ir  tra n s fo rm a tio n  in to  am ino 

ac ids by  tra n s a m in a tio n .
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In tro d u c tio n  and L ite ra tu re  R eview

A s  in  the case o f in ve s tig a tio n s  on the n itro g e n  n u tr it io n , the 

l i te ra tu r e  d e a lin g  w ith  the g ro w th  fa c to r  re q u ire m e n ts  of rh iz o b ia  m ust 

be c a re fu lly  in te rp re te d  (in  the p resen t study the te rm  "g ro w th  fa c to rs **  

w i l l  im p ly  v ita m in s  and nu c le ic  ac id  f ra c t io n s . In  some cases am ino 

ac ids m a y  be c la s s if ie d  as g row th  fa c to rs , but they w i l l  be om itte d  

f ro m  th is  d is c u s s io n ). The same re s tr ic t io n s  app ly  to these re p o r ts  

as to  the n itro g e n  data in  tha t, in  m any ins tances, unwashed c e lls  and 

co m p le x  m e d ia  w e re  used. The syn thes is , e s s e n tia lity , o r  non­

e s s e n tia lity  o f b io t in , th ia m in e , r ib o fla v in , p y r id o x in e , n ic o tin ic  ac id , 

p -a m in o b e n zo ic  a c id , b e ta -a la n in e , and panto then ic a c id  in  re g a rd  to 

the nodule b a c te r ia  have been adequate ly re v ie w ed  in  ta b u la r fo rm  by 

A lle n  and A lle n  (2). C o m p a ra tiv e ly  few  fac ts  can be uncovered  con ­

ce rn in g  the  a lfa lfa -s w e e t c lo v e r  o rga n ism  (Rh. m e li lo t i ). Some s tra in s  

o f th is  o rg a n is m  r e q u ir e .b io t in  w h ile  o the rs  syn thes ize  i t  (101), T h ia ­

m ine  (65), pan to then ic  ac id  (62), and be ta -a lan in e  (65) a re  re g a rd e d  as 

n o n -e s s e n tia l, as a re  p y r im id in e , th ia zo le , b e ta -o x y p ro p io n ic  ac id  

and p im e lic  a c id  (67). B u rto p  and Lochhead (16) tes ted  seventy s tra in s  

o f rh iz o b ia  re p re s e n tin g  s ix  species and found tha t Rh. m e li lo t i  was 

s h a rp ly  d is tin g u is h e d  f ro m  the o th e r species by its  a b i l i ty  to produce 

s ig n if ic a n t ly  h ig h e r q u a n titie s  of v ita m in  L i l l y  and Le on ia n  (57)

s tre sse d  the im po rtan ce  of te m p e ra tu re  and a e ra tio n  upon the s t im u la -
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to r y  a c t iv i ty  o f seven v ita m in s  on the g ro w th  o f Rh. t r i f o l i i .  A n in ­

crease  in  te m p e ra tu re  f ro m  25°C  to 30°C g re a tly  in c re a se d  the need o f 

th is  o rg a n is m  fo r  v ita m in s ,

Jo rd a n  (48) re p o r te d  tha t under the e x p e rim e n ta l con d itions  he e m ­

ployed none o f f i f te e n  v ita m in s , p u rin e s , and p y r im id in e s  was ab le to  in i ­

tia te  the g ro w th  o f washed c e lls  o f the a lfa lfa -s w e e t c lo v e r  o rg a n ism  in  a 

c h e m ic a lly  de fined  am m on iu m  c h lo r id e  m ed ium  and hence these c e lls  

w e re  ab le  to  syn th es ize  these com pounds when a u t i l iz a b le  n itro g e n  

sou rce  was p re s e n t. I t  was in  an a ttem p t to  extend th is  p a r t ic u la r  in v e s ­

t ig a tio n  to am ino  ac id  u t i l iz a t io n  tha t the p resen t se c tio n  o f the w o rk  was 

com m enced. A lth o u g h  the g ro w th  fa c to rs  p re v io u s ly  exam ined w e re  app­

a re n t ly  not u t i l iz e d  fo r  the in it ia t io n  o f c e llu la r  p ro life ra t io n  the fa c t r e ­

m a in s  tha t they m a y be concerned in  g row th  s tim u la tio n . Since absolu te  

d iffe re n c e s  in  g ro w th  s t im u la t io n  m ay re s u lt  in  de tectab le  d iffe re n ce s  

am ong p a ra s it ic ,  e ffe c tiv e , and in e ffe c tiv e  rh iz o b ia  th is  p o rtio n  o f the r e ­

se a rch  is  fu r th e r  em phasized . A ls o , the know ledge of those com pounds 

w h ich  a re  capable o f b r in g in g  about la rg e  in c re a se s  in  g ro w th  w h ile  p re ­

sent in  m in u te  q u a n tit ie s  w ou ld  be in va lu ab le  in  the fo rm u la tio n  o f new

m ed ia  f o r  the p ro pa g a tio n  o f la rg e  num bers of e ffe c tiv e , v ia b le  b a c te r ia  

fo r  the p ro d u c tio n  o f h igh  grade legum e in o cu la n ts .

M ethods:

A  nu m b e r o f s to ck  v ita m in  so lu tion s  w ere  p re p a re d  (TA B LE  13) 

us in g  double g la s s -d is t i l le d  w a te r. The v a rio u s  co n cen tra tio ns  w ere  

those des igna ted  by Roepke, L ib b y  and S m a ll (78) w ith  the excep tion  o f 

p y r id o x a l h y d ro c h lo r id e , a s c o rb ic  ac id , and v ita m in  B -^ ,
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T A B L E  13

T A B L E  SHOWING T H E  V IT A M IN S  TESTED , T H E IR  SOURCE A N D  

STOCK SO LU TIO N  C O N C EN TR ATIO N

V ita m in Source C on cen tra tion  
(m gm . /2  5 m l.  w a te r)

a s c o rb ic  ac id B r i t is h  D rug  House 1 . 0

B 1 2 M e rc k  and Co. 0 .0005

b io t in N u tr it io n a l B io ch e m ica ls 0 .005

c a lc iu m  pan to ­
thenate

B r i t is h  D ru g  House 1 . 0

fo l ic  a c id N u tr it io n a l B io ch e m ica ls 0 .0005

in o s ito l B r i t is h  D ru g  House 1 0 . 0

n ic o tin a m id e N u tr it io n a l B io ch e m ica ls 2 . 0

p a ra -a m in o  - 
benzo ic  ac id

N u tr it io n a l B ioch e m ica ls 0 . 2

p y r id o x a l H C I N u tr it io n a l B io ch e m ica ls 1 . 0

p y r id o x in e  H C I N u tr it io n a l B io ch e m ica ls 1 . 0

r ib o f la v in E a s tm a n -K o d a k  Co. 1 . 0

th ia m in E as tm a n -K o d a k  Co. 0 . 8

T en m i l l i l i t e r s  of s te r i le  m o d ifie d  W ilso n  and W ils o n ’ s b a sa l 

m e d ium , 0 ,2  m l.  o f a s te r i le  cys te ine  so lu tio n  (10 m g m . c y s te in e /2 5  m L  

w a te r) , 0 . 5  m l.  o f v ita m in  so lu tio n , and 0 , 2  m l.  o f washed c e lls  o f R 2 1 5  

r 20-27A* and R 20 w e re  added a s e p tic a lly  to a s e r ie s  o f s te r i l iz e d  o p tic a l
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cu ve tte s . These tubes, toge the r w ith  inocu la ted  and un inocu la ted  con ­

t ro ls ,  w e re  incubated  at 27°C . and d a ily  read ings  taken w ith  a Photoneph- 

e lo m e te r . A  s p e c ia l un inocu la ted  c o n tro l con ta in ing  cys te in e  ba sa l m e d ­

iu m , 0, 2 m l.  o f w a te r  and r ib o f la v in  so lu tio n  was p re p a re d  to se rve  as 

a b la n k  f o r  the ino cu la te d  r ib o f la v in  tube w h ich  had a s lig h t y e llo w is h  

c o lo ra t io n . T h is  e xp e rim e n t was repea ted  us ing  0. 0001M h is tid in e  

basa l m e d iu m .

T h re e  s e r ie s  o f cuve ttes  con ta in ing  9. 5 m l.  o f m o d ifie d  W ilso n  and 

W ils o n ’ s m ed ium , 0. 5 m l.  o f leu c ine  s o lu tio n  ( f in a l co n ce n tra tio n  =

0 .0005M ) and 0 .5  m l.  o f a pu rine  o r  p y r im id in e  so lu tio n  ( f in a l c o n c e n tra ­

tio n  0. 0001M ) w e re  ino cu la te d  w ith  0 .2  m l. o f washed c e lls  of 

R20 -27A  and R 20* ^ h e  te s t com pounds w e re  a l l  obtained fro m  N u tr it io n a l 

B io c h e m ic a ls  C o rp . (U .S .A .)  and cons is ted  of adenine su lphate , guanine 

H C I, xan th ine , th ym ine , u ra c il,  and cy to s in e . The ba sa l m ed ium  pH 

in  the s e r ie s  in o cu la te d  w ith  and ^ 2 0 -2 7 A was w h ile  f ° r  the R 2 0

ino cu la te d  s e r ie s  i t  was 7 .0 . Incuba tion  was at 30°C . and nephelos re a d ­

ing s  w e re  taken  a t d e fin ite  in te rv a ls .

In  a b r ie f  s tudy o f in h ib it io n  by s t ru c tu ra l analogues of p u rin e s  and 

p y r im id in e s  tw o a d d itio n a l s e r ie s  of cuve ttes con ta in in g  9. 0 m l.  of pH 

7. 5 m o d ifie d  W ils o n  and W ils o n ’ s m ed ium , and 0. 5 m l.  of s to ck  leu c in e  

s o lu tio n  ( f in a l co n ce n tra tio n  * 0 .0001M ) w ere  set up as shown in  T A B L E

14. The in h ib ito r ,  p u rin e  and p y r im id in e  so lu tions  con ta ined 10 m gm . 

o f each com pound / 10 m l.  double g la s s -d is t i l le d  w a te r. T h e re fo re , the
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0. 5 m l.  a liq u o ts  added to each cuve tte  conta ined 500 m ic ro g ra m s  of 

in g re d ie n t (106). The tubes w ere  inocu la ted  w ith  0 .2  m l.  o f washed R21 

c e lls  and incuba ted , w ith  su ita b le  c o n tro ls  at 30®C.

T A B L E  14

S U P P LE M E N T S  A D D E D  TO  LE U C IN E  B A S A L M E D IU M  FO R  

D E T E R M IN A T IO N  OF S TR U C TU R A L AN ALO G U E IN H IB IT IO N  OF R21

S eries  A

C uvette  # B e n z im id a z o le *  S o lu tion  A denine S o lu tion W ater

1 0 m l.  0 m l. 1. 0 m l.

2 0 m l.  0. 5 m l. 0. 5 m L

3 0. 5 m l.  0 m l. 0. 5 m L

4 0. 5 m l.  0. 5 m l. 0 m L

S eries  B

C uvette # 2 -a m in o - 4 -m e th y l T h ym ine  S o lu tion  
p y r im id in e ^ 's o lu t io n

W ate r

1 0 m l.  0 m l. 1. 0 m l.

2 0 m l.  0. 5 m l. 0. 5 m l.

3 0. 5 m l,  0 m l. 0. 5 m l.

4 0. 5 m l.  0. 5 m l. 0 m l.
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*  H -** N  = CH
I I

H 2N - C CH

H
HC - C

II II H
HC

I
C - 
I

N
1

HC =
1
c  - N

\  II II
,CH N — C - CH,■v

R esu lts  and D iscu ss io n :

O f the 12 v ita m in s  tested o n ly  n ico tin a m id e  y ie ld e d  m a x im u m  

g ro w th  responses above tha t o f the inocu la ted  cyste ine  o r h is tid in e  

basa l m a d ia  a lone . The g ro w th  cu rve s  on cys te ine  m ed ium  a re  shown 

in  F IG U R E  18, Those obta ined on the h is tid in e  m edia  a re  a lm o s t id e n t i­

ca l except in  the o v e ra ll m agnitude o f g row th . The types of cu rve s  

found w ith  R2  ̂ and ^ 2 0 -2 7 A  Pro ^ a -̂*-y ind ica te  tha t the n ico tin a m id e  

m e re ly  se rve d  as an a d d itio n a l n itro g e n  source  fo r  these o rg a n ism s . 

W ith  R h izob iu m  R 2 0  the cu rve  was m o re  re p re s e n ta tiv e  of an a cce sso ry  

g ro w th  fa c to r  response , the m a in  e ffec t, in  a d d itio n  to  p ro v id in g  m o re  

g row th , be ing  to  reduce  the long in i t ia l  la g  p e rio d . The g ro w th  lag , as 

ca lcu la te d  a c c o rd in g  to  Monod (61), was decreased f ro m  43 ,0  nephelos 

u n its  to 22. 5. The cause of th is  leng thy  lag  p e rio d  in  R2q is  unknown, 

but m ay be the re s u lt  of an adaptive response. The n ic o tin a m id e  m ay 

m e re ly  s e rv e  as a m o re  re a d ily  a va ila b le  n itro g e n  sou rce  fo r  R2q than 

the am ino  a c id  p re se n t and th e re fo re  is  u t i l iz e d  f i r s t .  When the am ino  

a c id  beg ins  to  be u t i l iz e d  the g e n e ra l e ffe c t w ou ld  be a re d u c tio n  in  the 

la g .
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F IG U R E  19 re p re s e n ts  the m a x im um  g ro w th  observed on the 

p u r in e -  and p y r im id in e -c o n ta in in g  m e d ia . R 2 0  was in h ib ite d  by these 

com pounds fo r  som e unknown reason , but the o th e r two s tra in s  re a d ily  

u t i l iz e d  th e m . The g ro w th  cu rves  w e re  v e ry  s im ila r  to  those g iven in  

F IG U R E  14 fo r  R 2 2  and a re  in d ic a tiv e  of u t i l iz a t io n  as a d d itio n a l n i t ­

rogen  so u rce s . The au tho r has p re v io u s ly  shown that these compounds 

cannot be used as so le  sou rces  of n itro g e n  (48), how ever, f ro m  the 

p rese n t w o rk  i t  appears tha t u t i l iz a t io n  can o ccu r when am ino  ac ids  a re  

p resen t in  the m e d iu m . One o f the degrada tion  p roducts  o f bo th p u rin e s  

and p y r im id in e s  is  am m on ia  (92) and th is  compound cou ld  be u t i l iz e d  by 

rh iz o b ia  in  the same m anne r as tha t d e sc rib e d  in  the sec tio n  dea ling  

w ith  g ro w th  in  the p resence of am m on ium  c h lo r id e  and e ith e r  k e to - o r  

am ino a c id s . T ra n sa m in a se s  e x is ts  in  some o rg a n ism s  w h ich  ca ta lyze  

g lu tam a te  fo rm a tio n  f ro m  a lp h a -ke to g lu ta ra te  when p y rid o xa m in e , 

adenine, guanine o r  cys to s in e  act as am ino  donors (37) and these enzym es 

m ay fu n c tio n  in  rh iz o b ia  once a supp ly  of acce p to r keto ac ids  (o r subs tan ­

ces g iv in g  r is e  to such a c id s ) a re  added.

The a c tio n  o f the s t ru c tu ra l analogues is  shown in  T A B L E  15. The 

re s u lts  o f s e r ie s  B  a re  com p lica te d  ow ing to  the fa c t tha t the “ in h ib ito r ”  

used was a c tu a lly  u t i l iz e d  by the te s t o rg a n ism . A  ca lcu la te d  in h ib it io n  

was obse rved  in  bo th  s e r ie s  o f cuve ttes , but in  s e r ie s  B  the added 

thym ine  appeared to in te r fe re  w ith  the u t i l iz a t io n  of the 2 -a m in o -4 -  

m e th y l p y r im id in e  ra th e r  than v ice  ve rsa . The a c tio n  o f be nz im ida zo le
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m ay have re s u lte d  f ro m  an in te rfe re n c e  w ith  p u rin e  u t i l iz a t io n  o r /a n d  

to an in h ib it io n  o f u n re la te d  enzym es (53). I t  was hoped tha t these 

m e ta b o lic  analogues w ou ld  se rve  as sp e c ific  in h ib ito rs  o f those enzym es 

concerned in  the im m e d ia te  u t i l iz a t io n  o f adenine and thym ine  and w ou ld  

hence be in va lu a b le  as an a id  in  e lu c id a tin g  the types o f re a c tio n s  tha t 

o ccu r. I t  is  ev ident, how ever, that u n t i l  the in h ib ito ry  a c t iv ity  of 

b e n z im id a zo le  in  leu c in e  base is  exp la ined the use o f th is  compound 

as a s p e c if ic  in h ib ito r  o f “ p u r in e -a tta c k in g  enzym es”  is  co n tra in d ica te d . 

The u t i l iz a t io n  o f 2 -a m in o -4 -m e th y l p y r im id in e  by the tes t o rg a n ism  

in d ic a te s  tha t a tte m p ts  to  use th is  com pound as a “ b lo ck in g  agent”  

w ou ld  be u se le ss .

T A B L E  15

A C T IO N  OF “ IN H IB IT O R S ”  ON THE U T IL IZ A T IO N  OF A D E N IN E  AN D  

A N D  T H Y M IN E  IN  LE U C IN E  B ASAL M E D IU M

S eries  C uvette  Supplem ent M axim um  nephelos

A  1

2

3

4

C a lcu la te d  in h ib it io n  
in  cuve tte  #4

none 54.0

be n z im ida zo le  38 .0

adenine 304.0

both 178.0

= 100 ~ ^ 8 .80+(30 4 .0 -5 4 .0 )  x  100\  = 61- 8%
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T a b le  15 (co n t’ d)

S e rie s  C uve tte  Supplem ent M a x im u m  nephelos

B 1 none 59 .0

2 2 -a m in o -4 -  34 0 .4
m e th y l p y r im id in e

3 th ym in e  279 .0

4 bo th  30 2 .4

C a lcu la te d  in h ib it io n  /  302 .4
in  cuve tte  #4 = 100 — ( 3 4 0 .4  + (2 7 9 .0 -5 9 .0 ) ° )

x  100) = 46.0%

In  co n c lu s io n  i t  m ay be sa id  tha t, w ith  the excep tion  of n ic o t in a ­

m ide  and none com pounds tes ted  show p ro m is e  as g ro w th

s tim u la n ts . The in c re a s e s  b ro ug h t about by  the p u rin e s  and p y r im id in e s  

can be m o re  e c o n o m ic a lly  a tta in e d  b y  the use o f in o rg a n ic  am m on iu m  

s a lts  and l i t t le ,  i f  any, b e n e fit w ou ld  be ob ta ined by  th e ir  in c lu s io n  in  

a s y n th e tic  m e d iu m . I t  is  debatable w he th e r o r  not the a c tio n  o f R 2 0  on 

added n ic o tin a m id e  is  re la te d  to  in e ffe c tiv e  o r  p a ra s it ic  tendencies on 

the p a rt o f th is  nodu le  o rg a n is m , bu t i t  does p ro v id e  a lead  fo r  fu r th e r  

re s e a rc h .
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S U M M AR Y

One e ffe c t iv e  and tw o in e ffe c tiv e  s tra in s  of R h izo b iu m  m e l i lo t i  

w e re  exam ined  in  re g a rd  to th e ir  a b i l i ty  to  u t i l iz e  o rg a n ic  and in o r ­

gan ic  so u rce s  of n itro g e n . P re v io u s  w o rk  had shown tha t washed c e lls  

o f these o rg a n is m s  w ou ld  g row  in  a p u r if ie d  syn th e tic  m e d iu m  con ­

ta in in g  a m in o  a c id s , bu t tha t these a c id s  cou ld  no t be re p la c e d  by o th e r 

o rg a n ic  o r  in o rg a n ic  n itrog e nou s  com pounds.

In  the p re se n t in v e s tig a tio n  a l l  th re e  s tra in s  w e re  found- to  u t i l iz e  

bo th  the L -  and D - is o m e rs  o f g lyc in e , le u c in e , va lin e , m e th ion ine , 

g lu ta m ic  ac id , and h is t id in e  when these com pounds se rve d  as the so le  

so u rce s  o f n itro g e n  in  a p u r if ie d  s u c ro s e -m in e ra l s a lts -m e d iu m . The 

m a x im u m  g ro w th  on any one is o m e r was a fu n c tio n  o f pH and te m p e ra ­

tu re , bu t g e n e ra lly  a pH of about 7. 5 and a te m p e ra tu re  above 27°C . 

w e re  b e s t. In h ib ito ry  e ffe c ts  w e re  found in  c e r ta in  ra c e m ic  m ix tu re s  

and exp la in e d  b y  m u tu a l s te re o c h e m ic a l in te r fe re n c e  o f the enzym es 

a tta c k in g  the L -  and D - is o m e rs .  H is t id in e  was re m a rk a b le  in  tha t bo th  

i ts  fo rm s  y ie ld e d  the g re a te s t am ount o f g ro w th  a t a l l  pH va lues  (6 ,0 ,

7. 0, 7. 5) w ith  a l l  th re e  o rg a n ism s , in c lu d in g  the in e ffe c t iv e  s t ra in  

w h ich  d id  not g ro w  at pH 6. 0 on any o th e r am ino  a c id . T h is  a b i l i t y  o f 

h is t id in e  is  p ro b a b ly  a re s u lt  o f i t s  re la t iv e  c o m p le x ity  w h ich  m akes i t  

d i f f ic u l t  to  syn th e s iz e . The th re e  s tra in s  w e re  found to be a c id  s e n s itiv e , 

in h ib it io n  of g ro w th  o c c u rr in g  at pH 6. 0.
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In  a d d itio n  to  a m in o  a c id s  the o rg a n is m s  w e re  found to  be ca p ­

ab le  o f u s in g  a v a r ie ty  o f d i-  and t r i-p e p t id e s  of g lyc in e  and L -  and D -  

le u c in e  as so le  n itro g e n  so u rce s . P a r t ia l  h y d ro ly s is  o c c u rre d , bu t 

s t im u la to ry  e ffe c ts  w e re  a lso  obse rved  and exp la ined  on the b a s is  o f 

d ire c t  in c o rp o ra t io n  o f the peptides in to  p ro te in s .

These rh iz o b ia  u t i l iz e d  am m on ium , n it ra te ,  and n i t r i t e  s a lts  p r o ­

v id in g  th a t am in o  o r  c e r ta in  c a rb o x y lic  ac id s  w e re  a lso  p re s e n t. The 

la t te r  cou ld  not be re p la ce d  by excess C 0 2. The suggested m e cha n ism  

is  the a c c u m u la tio n  o f o rg a n ic  a c ids  w h ich  can be am ina ted  by  am m on ia  

to  fo r m  a m in o  a c id s . Com pounds such as p u rin e s  and p y r im id in e s , 

w h ich  can be degraded  to  am m on ia  su b s titu te d  fo r  the in o rg a n ic  n i t r o ­

genous s a lts  w ith  tw o o f the b a c te r ia l s tra in s .

No g lu ta m ic  o r  h is t id in e  de ca rboxy lase  a c t iv ity  was loca ted , bu t 

a m a n o m e tr ic  e xa m in a tio n  o f one of the e ffe c tiv e  s tra in s  d e m o n s tra te d  

an uptake of gaseous oxygen on bo th  L -  and D -a m in o  a c id s . A m m o n ia  was 

fo rm e d  o x id a tiv e ly , bu t the am ounts v a r ie d  w ith  in d iv id u a l a c id s , be ing  

p a r t ic u la r ly  low  w ith  g lu ta m ic  a c id  w h ich  is  a good am ino  g roup  d o n a to r. 

The ke to  analogue of g lyc in e , fo rm e d  as a re s u lt  o f o x id a tio n , was is o la ­

ted . The re s p ira to ry  quo tien t on g lu ta m ic  ac id  w as a p p ro x im a te ly  one, 

the sam e as th a t o b se rve d  w ith  s e v e ra l ke to  ac id s , and is  in d ic a tiv e  o f 

c a rb o h y d ra te  m e ta b o lis m  such as m ig h t o ccu r th ro u g h  d e g ra d a tio n  o f 

ke to  a c id s . The endogenous qu o tie n t was suggestive  o f p ro te in  m e ta b o lis m .
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S tud ies on g ly c in e  o x id a tio n  re ve a le d  tha t a pH o f 8 .0  was b e tte r  than 

lo w e r pH va lues  in  re g a rd  to  oxygen uptake and tha t cyan ide and az ide  

in h ib ite d  the re a c tio n  in  in ta c t c e lls .

T ra n s a m in a s e  e xp e rim e n ts  d e m on stra ted  tha t c e U -fre e  e x tra c ts  

o f a t le a s t one o f the K h izo b iu m  s tra in s  w e re  capable o f s yn th e s iz in g  

g lu ta m ic  a c id  f r o m  a lp h a -k e to g lu ta r ic  a c id  when g ly c in e , L -h is t id in e ,  

D ~ a s p a rtic  a c id , o r  D -v a lin e  acted  as am ino  g roup  d o n a to rs . A  s m a ll 

am ount o f L -g lu ta m ic  a c id  was loca ted  in  the case o f D -a s p a r t ic  a c id , 

and cou ld  have been fo rm e d  as a consequence o f a s e r ie s  o f re a c tio n s  

s im i la r  to  those po s tu la ted  by  T h o rn e* In  a d d itio n , a c e to n e -d rie d  c e lls  

syn th es ize d  a la n ine  f ro m  p y ru va te  and D -a s p a r t ic  a c id . A la n in e  ra c e -  

m ase a c t iv i ty  was loca ted , bu t ra c e m iz a tio n  o f added a s p a r t ic  o r  g lu ta m ic  

ac id s  d id  not o c c u r u n d e r the con d ition s  used.

A n  L -g lu ta m ic  a c id  dehydrogenase was found us in g  the T hunbe rg  

techn ique  and p ro v id e s  a p o te n tia l m e chan ism  fo r  “ am m on ia  f ix a t io n * * 

by  a re v e rs a l p f i t s  a c t iv ity .

None o f 12 v ita m in s  w e re  found to be s t im u la to ry  to  the g ro w th  

o f the th re e  s tra in s  in  cys te in e  o r  h is t id in e  m e d ia , w ith  the e xcep tion  of 

n ic o tin a m id e . T h is  com pound appeared to  se rve  m e re ly  as an a d d i­

t io n a l so u rce  o f n itro g e n , a lthough  i t  re s u lte d  in  a re d u c tio n  of a long  

in i t ia l  la g  p e r io d  w ith  the in e ffe c t iv e  s tra in .

The  in e ffe c t iv e  s t ra in  v a r ie d  f ro m  the e ffe c tiv e  s tra in s  in  its  

e x tre m e  a c id  s e n s it iv ity ,  i ts ,b e t te r  u t i l iz a t io n  o f D -a m in o  a c id  pep tides
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p a r t ic u la r ly  D - le u c y lg ly c in e , i ts  lo w e r o p tim u m  te m p e ra tu re , i t s  lag  

phase re d u c tio n  by n ic o tin a m id e , and i ts  in a b i l i ty  to u t i l iz e  p u rin e s  and 

p y r im id in e s . I t  is  unknown w h e th e r o r  no t any of these fe a tu re s  a re  

c o r re la te d  w ith  in e ffe c tiv e n e s s  in  n itro g e n  f ix a t io n . Such d iffe re n c e s  

m a y o n ly  be due to  the in h e re n t d iffe re n c e s  n o rm a lly  found among 

d if fe re n t s tra in s  o f th is  o rg a n is m  and m o re  w o rk  is  re q u ire d  a long th is  

l in e  o f endeavour,

A  s y n th e tic  m in e ra l s a lts  - h is t id in e -s u c ro s e  m e d iu m  has been 

fo rm u la te d  fo r  g ro w th  s tud ie s  on washed R h izob ium  m e l i lo t i  c e lls .

The e x p e r im e n ta l re s u lts  suggest tha t in  rh iz o b ia  m o s t am ino  

ac ids  a re  p r im a r i ly  deam ina ted  o r  tra n s a m in a te d  and tha t the k e to - 

ac id s  p roduced  a re  o x id ize d  o r  e ith e r  d ire c t ly  o r  in d ir e c t ly  am ina ted  to 

re fo rm  a m in o  a c id s , R a ce m iza tio n , coup led w ith  tra n s a m in a tio n  appears 

to p la y  a ro le  in  the u t i l iz a t io n  o f D -a m in o  a c id s , bu t d e a m in a tio n  and 

subsequent a m in a tio n  o f one o r  m o re  k e to -a c id s  is  p ro b a b ly  o f g re a te r  

s ig n if ic a n c e .
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A P P E N D IX

P A R T  I

M edia

(1) W ils o n  and W ils o n 1 s M ed ium  m o d ifie d  by the o m is s io n  o f a m m o n iu m  

c h lo r id e .

Ref.: 101

k 2 h p o 4

N aC l 

su c ro se  

M gS 04 . 7 H2 O 

Ca S 04 

F e C l3

0. 5 gm .

0 .1  gm .

2 .5  gm .

0. 2 gm .

0. 2 gm .

. 001 gm .

e x tra c te d  w ith  abso lu te  e th y l 
a lc h o l fo r  24 h r .

ig n ite d  in  oven fo r  2 h r .

- su b lim e d

S pec ia l w a te r  to  1000 m l.  -  d is t i l le d ,  tre a te d  w ith  K M n 0 4 and AgNC>3

and r e d is t i l le d  in  an a l l-g la s s  app a ra tu s .

pH  ad jus ted  w ith  C. P. K O H  s o lu tio n .
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(2) M o d ifie d  M e d iu m  "7 9 M 

R e f: 103

R e m o d ifie d  by the o m is s io n  o f CaCC>3 

K 2 HPO 4  0. 5 gm .

M gS0 4 . 7 H2 0  0 , 2  gm .

N aC l 0 . 1  gm .

Y east E x tra c t  (D ifc o ) 5 .0  gm .

D is t i l le d  w a te r to  1000 m l.  

pH  shou ld  be 7. 0

\(3) M o d ifie d  L o chea d 's  M e d ium  

R e f: 58

(a) aga r

tap w a te r

1 5 .0  gm . 

600 m l.

(b) k h 2 p o 4

M gS 04 . 7H20  

N aC l 

CaS04  

tap  w a te r

0 .4  gm . 

0 . 1 gm . 

0 . 1  gm . 

0. 05 gm . 

2 0 0  m l.

(c ) su c ro se  lO .O g m .

yeas t e x tra c t (D ifc o ) 1 .0  gm .

tap w a te r 2 0 0  m l.

The th re e  s o lu tio n s  a re  made up s e p a ra te ly , d is s o lv e d  in  the s te a m e r and 
m ix e d  to g e th e r.
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T A B L E  1

S TA N D AR D  D E V IA T IO N S  OF N EPH ELO S READING S

Nephelos re ad in g s

S e rie s  A  ( lo w ) S e ries  B  (m ed iu m ) S e rie s  C (h igh )

36 .5 63. 0 107. 5

40. 2 66 .7 103.4

4 0 .2 69. 0 1 0 1 . 0

4Q.G 62. 5 106.9

40. 0 63 .5 108. 5

4 4 .0 70. 0 108.5

4 1 .5 67. 2 107. 5

4 1 .5 6 9 .0 104.2

4 5 .0 6 4 .0 1 0 0 . 0

4 5 .0 69. 0 106. 0

413 .9 663. 9 1053.5

M ean = 4 1 .4 M ean = 6 6 . 4 M ean = 105. 3

Z d x 2  = 6 3 .8 Z d x 2  = 66 .3 Z d x 2  = 8 8 . 8

S .D . = 2 .52 S .D . = 2 .57 S. D. = 2 .98

T A B L E  2

V IA B L E  B A C T E R IA L  COUNT VS. N EPH ELO S R EAD IN G S -  RESPONSE CURVE

N ephelos V ia b le  count X  1 0 6

4 .0  1. 52
50 .3  6 .8 5
7 8 .4  9 .6 2

112 .2  1 2 .7 3
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T A B L E  3

D R Y  W E IG H T  A N D  N ITR O G E N  C O N TE N T OF O N TA R IO  V A R IE G A T E D  

A L F A L F A  IN O C U L A T E D  W IT H  T H R E E  R H IZ O B IU M  STR AIN S.

F E B . - M A R C H . 1955

D ry  w t. /  N itro g e n
p la n t ( g m .) content

(m gm . /g m . 
d ry  w t . )

R 2 1
1 4 . 0 1 0 0 30 .35

2 1 . 0070 33. 16

3 3 . 0 1 1 0 25. 36

4 2 . 0 1 1 1 29. 44

R 2 0 -2 7 A 1 1 . 0 1 0 2 27. 27

2 2 . 0125 25. 34

3 4 . 0107 23 .95

4 3 . 0135 24. 28

R 2 0 1 3 . 0059 13.07

2 4 . 0059 21. 99

3 2 . 0043 23. 36

4 1 . 0061\ 19 .25

C o n tro l 1 2 . 0065 18. 60
(not in o c . )

2 3 . 0059 18 .40

3 1 . 0059 18. 39

4 1 . 0059 19.33

B a c te r ia l P o s it io n  in  la t in  square
s t ra in  R ow C o lum n
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T A B L E  4

A N A LY S IS  O F V A R IA N C E  FO R M G M , N /G M , D R Y  W T , O F P L A N T  

TISSUE -  L A T IN  SQUARE -  A L F A L F A  IN O C U LA T E D  

W IT H  R 2 1 '  R 20-27A» AN D  R 2 0

Sum o f squ a re s  fo r  to ta l = 8999.46

c o r re c t io n  = (Z x ) 2  = 8580. 32
~ W r

8999.46 -  8580.32 = 419 .14  

Sum o f squ a re s  fo r  tre a tm e n ts  = 8903. 63

8903.63 - 8580.32 = 323.31 

Sum o f sq ua res  fo r  ro w s  = 8594. 60

8594 .60  - 8580.32 = 14.28 

Sum o f squ a re s  fo r  co lum ns = 8625. 51

8625.51 - 8580.32 = 45 .19  

Sum o f squa res  fo r  ra n d o m  e r r o r  = 36 .36

D iffe re n c e  D egrees o f Sum o f F  fo r
betw een F re e d o m  Squares V a ria n c e  s ig n if ic a n c e

5% 1%
T re a tm e n ts  3 323.31 107.77 6 .87  9 .78

Rows 3 14.28 4 .7 6

C olum ns 3 45 .19  15.06

E r r o r  6  36 .36  12.12

T o ta l 15 _ 419.14
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A N A LY S IS  OF V A R IA N C E  (C O N T .)

S ig n ifica n ce  be tw een tre a tm e n ts

E r r o r  (ra n d o m  v a r ia n c e ) fo r  each tre a tm e n ts  = 12.12

E r r o r  (ra n d o m  v a r ia n c e ) fo r  each m ean = 12.12 = 3 .3
4

R andom  v a r ia n c e  between means = 3 . 3 x 2  = 6 . 6  

S tandard  d e v ia tio n  o f d iffe re n c e  between m eans due to 

ra n d o m  e r r o r  = ^ 6 . 6  = 2 . 6

t  = 2 . 45  n e cessa ry  m ean d iffe re n c e  = 2 . 45 x  2 . 6  = 
6.37

T a b le  o f m eans o f tre a tm e n ts  in  o rd e r  o f m agnitude 

T re a tm e n t Means

R 2 2  29.57

R 2 0 -2 7 A  25 . 20

R20 19' 17

C o n tro l 18.68

R ^  and R 2 Q 21A  a re  s iSn^ can t^  b e tte r  than the c o n tro l, 

but R 2o is  n o t*
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T A B L E  7

IN F L U E N C E  OF 27°C . IN C U B A T IO N  T E M P E R A T U R E  ON TH E  

U T IL IZ A T IO N  OF L -  A N D  D -  A M IN O  ACIDS B Y  T H R E E  R H IZ O B IU M

STRAINS

A m in o  a c id M a x im u m  g row th  in  nephelos un its

R 2 1 R 2 0 R 20-27A

g lyc in e 134.0 36. 0 49. 0

L - le u c in e 165.2 40. 0 84. 0

D -le u c in e 146. 0 40. 0 80. 0

L - v a lin e 1 0 0 . 0 8 . 0 44. 0

D - v a lin e 125. 0 25. 0 36. 0

L -m e th io n in e 8 6 . 0 144. 0 71. 0

D -m e th io n in e 69. 0 54. 0 46. 0

L -g lu ta m ic  a c id 191 .4 141.0 151. 0

D -g lu ta m ic  ac id 1 2 2 . 0 6 6 . 0 33. 0

L - h is t id in e 321. 6 226. 0 195. 0

D -h is t id in e 337. 0 241. 0 173. 0
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T A B L E  8

O P T IM U M  T E M P E R A T U R E  FO R GROW TH IN  M O D IF IE D  M E D IU M  "7 9 "

T e m p e ra tu re O rg a n ism M a x im u m  nephelos va lues

27°C . ^ 2 0 73. 4
R 2 1 139.0
r 20 -27A 8 6 . 0

30°C . ^ 2 0 71 .0
^ 2 1 438. 0
R 20-27A 1 1 0 . 0

35°C . ^ 2 0 55. 0
^ 2 1 494. 0
R 20 -27A 116.0
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T A B L E  10

G R O W TH RESPONSE O F R 2 1  ON H IS T ID IN E  M E D IU M  C O N TA IN IN G
i

VARIO US C O N C EN TR ATIO N S OF N H 4 C I.

M o la r i ty  o f N H 4 C I M a x im u m  g row th  (nephelos un its )

400. 2 

500.4  

563.0 

540. 3 

463. 1

T A B L E  11

R E S P IR A T IO N  OF R 2 i  ON G LU T A M IC  A C ID , P YR U V IC  A C ID

A N D  A L P H A -K E T O G L U T A R IC  A C ID

T im e
(m in . ) G lu ta m ic  ac id p y ru v ic  ac id

0 * 2 C0 2 T"' C 0 2

0 2

O 2 * CO 2 ?* _ C ° 2

° 2

5 42. 9 50. 3 1 . 2 0 28. 6 31. 0 1 . 08
1 0 87. 4 83. 6 0. 96 73. 1 83. 0 1. 13
15 - 133.6 121. 5 0. 91 119. 2 137. 5 1. 15
2 0 176. 5 158. 9 0. 90 167.0 203. 0 1 . 2 1
25 209. 9 193. 0 0. 92 206. 7 252. 6 1 . 2 2

0

0. 005 

0. 010 

0. 015 

0. 020

ave. = 0. 98 ave. = 1 . 16
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T A B L E  1 1  (C O N T .)

T im e  
( m in . ) a lp h a -k e to g lu ta r ic  ac id endogenous

o 2* c o 2* * c o 2
^2

O2* c o 2* * c ° 2
o 2

5 2 9 .0 38. 9 1. 34 34. 1 24. 7 0. 79
10 65. 8 75. 0 1. 12 62. 0 45. 0 0. 73
15 105. 6 113.2 1. 07 91. 4 69. 7 0. 76
20 145.3 155. 7 1. 07 122. 4 94. 5 0. 77
25 179.0 192.0 1. 07 141.0 114. 7 0. 81

ave. = 1. 13 ave. = 0. 77

*  m ic r o l i t e r s  O 2  taken  up

* *  m ic r o l i t e r s  COg evo lved

C>2 and CO 2  va lues  a re  averages o f du p lica te  f la s k s .
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T A B L E  12

D A T A  R E G AR D IN G  T H E  GROW TH OF R 2 1  ON G L Y C IN E -1 - C 1 4

In cu b a tio n  
t im e  (days)

Back-: 
g round  
( c . p . m . )

Sam ple
count
( c .p .m . )

c. p .m . 
above 
back­
g round

N ephe los* O. D . * *

1 19.1 71 .0 51. 9 60. 8 -

2 14.3 158. 9 144. 6 297. 5 . 076

3 14 .4 204. 0 189. 6 487. 0 . 052

4 16. 6 282. 5 265. 9 999. 0 . 039

5 18. 2 310. 7 292. 5 1415.0 . 018

6 17. 2 159. 6 142.4 1730.0 . 0 1 2

7 17.2 29. 9 12. 7 1690.0 . 0 0 0

*  c o r re c te d  fo r  im p e rfe c tio n s  in  the re a d in g  tube

* *  O. D. = o p tic a l d e n s ity  o f so lu tion s  ob ta ined  by e x tra c tin g  ch ro m a to g ra m  
a reas .
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i TABLE 13

O X ID A T IO N  O F L -  AN D  D -A M IN O  ACIDS B Y  R H IZ O B IU M  R 2 1

A m in o  a c id  Oxygen uptake in  m ic r o l i te r s  *

T im e  ( m in . )

15 30 45 60

L -v a l in e  62 . 0  123.2 187. 5 278. 5

L - h is t id in e  70. 5 136. 8  209. 0 291 .7

L -m e th io n in e  55. 8  117.3 172.3 239.0

L - le u c in e  50.0 102. 2 159. 7 220. 4

L -g lu ta m ic  a c id  84. 2 160, 7  230 . 4  326.1

g ly c in e  pH 8 . 0 72.0 143. 3 212. 3 285.0

g ly c in e  pH 7. 0 56.3 110.3 150. 8  2 0 2 . 1

g ly c in e  pH 6 .0  45 . 0  93.0 134.2 182.9

endogenous 40. 0 87. 0 127. 0 179.4

D -v a lin e  10 .0  2 1 . 6  33. 9 46.2

D -h is t id in e  7 .2  14 .0  22 . 4  32. 2

D -m e th io n in e  12. 7 22.3 38. 2  57.2

D - le u c in e  12 .5  23.2 41. 8  60 . 4

D -g lu ta m ic  a c id  12.7 23.0  4 1 .8  59 . 0

endogenous 5 .7  9 .9  18. 5 28 . 0

g ly c in e  13.5 19.5 34 . 5  v-«62. 5

g ly c in e  + azide 4 .7  6 .3  12.6 22.1
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TABLE 13 (CONT.)

A m in o  a c id O xygen uptake in  m ic r o l i t e r s *

T im e  ( m in . )

15 30 45 60

g ly c in e  + benzoate 1 .4  5 .8  14 .5 31. 9

g ly c in e  + NaCN 0 . 0  0 . 0  0 . 0 0 . 0

*  ave rages o f d u p lica te  f la s k s

T A B L E  14

A N A E R O B IC  R E D U C TIO N  OF M E T H Y L E N E  B L U E  B Y  R 2 1 IN  TH E

PRESENCE O F L -G L U T A M IC  A C ID

T im e  ( m in . ) O p tic a l d e n s ity *

L -g lu ta m ic  ac id endogenous

0 0. 690 0. 710

3 0. 690 0. 710

5 0. 590 0. 720

7 0 .485 0. 710

9 0.390 0. 690

1 1 0. 325 0. 670

13 0.285 0. 650

14 0. 275 0. 640

15 0. 275 0. 630

*  ave rage  o f t r ip l ic a te  d e te rm in a tio n s
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T A B L E  15I I
A C T IO N  O F L -G L U T A M IC  A C ID  D E C A R B O X Y LA S E  ON T R A N S A M IN A T IO N  

T E S T  M IX T U R E S  O R G IN A L L Y  C O N TA IN IN G  A L P H A -K E T O G L U T A R IC

A C ID  AN D  D -A S P A R T IC  A C ID

M ic r o l i te r s  C02 e vo lu tio n

1 0

T im e  (m inu tes) 

20 30 40 50

S ta n d a rd ** 36. 0 70. 1 85.0 93. 0 101. 5
T e s t m ix tu re 1 0 . 0 21. 0 30.1 37.6 46. 0

*  ave rages o f d u p lica te  f la s k s  -  endogenous su b tra c te d  

* *  co n ta in in g  0 . 5 m g m . L -g lu ta m ic  a c id / f la s k

T A B L E  16

A N A LY S IS  O F L -A L A N IN E  R E A C T IO N  M IX T U R E  BY  

D -A M IN O  A C ID  O XIDASE -( 'A L A N IN E  R AC EM AS e )

F la s k  con ten ts O xygen uptake in  m ic r o l i t e r s *

1 0 2 0

T im e  ( m in . ) 

30 40 50 60 70

L -  a lan ine  
m ix tu re

29. 3 56.2 84. 0 95.8 110. 9 1 2 2 . 2 132. 9

c o n tro l o -o o • o 0 . 0 1 . 0

o
•

o

0 . 0 1 . 0

*  ave rages o f d u p lica te  f la s k s .
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A P P E N D IX  

P A R T  I I

T A B L E  17

D A T A  P E R T A IN IN G  TO  TH E  GROW TH O F TH R E E  R H IZ O B IU M  STRAINS 

IN  C Y S T E IN E  M E D IU M  W IT H  OR W ITH O U T A D D E D  N IC O T IN A M ID E

T im e  (days) Nephelos read ings

R 2 1 R 20-27A R 2 0

A B A B A B

1 8 . 7 7 .9 16. 0 1 0 . 0 3. 6 14. 0

2 3 0 . 4 41 .0 37. 0 44.  0 4 . 0 54.3

3 47 . 2 54.7 39. 5 54.3 25.2 63. 5

4 47.  1 61. 2 35. 7 55. 2 49. 0 65. 5

5 42. 1 58.7 33. 0 51 .0 53. 1 58. 1

6 4 0 .2 47. 0 30 . 0 4 7 .0 53. 9 54.8

7 32 . 0 38. 0 29.5 4 7 .0 51 .4 51.3

A  = w ith o u t added n ic o tin a m id e B = w ith  added n ic o tin a m id e
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T A B L E  18

U T IL IZ A T IO N  OF PURINES AN D  P Y R IM ID IN E S  (0. 0001M) BY  TH R E E

R H IZ O B IU M  STRAINS GROWING IN  L E U C IN E  B A S A L M E D IU M

C om pound M a x im u m  g ro w th  in  nephelos u n its

r 2 0 R 2 1 R 20-27A

adenine su lphate 53. 0 438. 0 377. 0
guanine HC1 36. 0 296. 6 275. 0
xan th ine 71. 0 375. 2 242. 0
th ym in e 51. 0 276. 6 239. 0
u r a c i l 74. 0 354. 0 224. 0
cy tos ine 96. 0 358. 0 271. 0
le u c in e  o n ly 113. 0 2 2 2 . 0 182.0


