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S T U D I E S  IN  T H E  B I O L O G I C A L  F I X A T I O N  OF N I T R O G E N  

V. SOME OBSERVATIONS ON T H E  UPTAKE OF COMBINED NITROGEN 

BY AZOTOBACTER V I N E L A N D I I  

b y  

M. A. AZ1M AND g .  R.  R O B E R T S  

Deparlme~zt o[ Chemistry, Imperial College of Science a~d Technology, London (England) 

The addition of even small amounts of ammonium acetate or sodium nitrate 
to Azotobacter vinelandii, growing in a nitrogen-free medium 1, brings about a com- 
plete, albeit temporary, cessation of growth and respiration 2. The utilization of 
combined nitrogen by organisms capable of fixing molecular nitrogen has been ex- 
tensively studied 3-13, and it is generally agreed that  the uptake of certain nitrogenous 
compounds results in the suppression of fixation, although this view has assumed 
that  growth and respiration were largely unaffected. A few investigations have been 
inconclusive; thus poor growth has occurred (though this might be at tr ibuted to 
unsuspected deficiencies in the medium), and in some cases the analytical techniques 
employed to detect utilization have not been sufficiently sensitive; in still other cases, 
the data cover only very narrow ranges of concentration. 

I t  was thought desirable to obtain more information by the detailed study of 
the uptake of nitrite- and ammonium-nitrogen by A. vinelandii. The rates of dis- 
appearance of these forms of nitrogen from bacterial cultures, from sterile medium, 
and from medium containing only dead bacteria, were determined. The compounds 
used were ammonium acetate, ammonium sulphate, ammonium nitrite (i.e. equiva- 
lent amounts of ammonium sulphate and sodium nitrite) and sodium nitrite, each 
being supplied over a wide range of concentration. The stability of these compounds, 
under the conditions existing in the cultures, was re-examined, since most of the 
available data related to simple, fairly concentrated aqueous solutions exposed to 
air14-17; whereas in our systems the solutions were complex and the atmosphere 
usually had a relatively high partial pressure of oxygen. This re-examination showed 
that  : 

(I) No decomposition or oxidation of nitrite occurred in solutions between 
I0 -e M and 10 -1 M, at pH = 7-3 and at 3 °o C, in aqueous solution, in sterile medium, 
or in medium containing only dead bacteria, whether such solutions were exposed 
to air or to pure oxygen at I atmosphere pressure. This stability was observed over 
periods of many  days. 

(2) Ammonium was similarly stable, under the same sets of conditions, between 
Io  .4 M and IO -1 M. 

Re[erences p. 369 . 
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I~;XPI'2RI M E NT.\ 1. 

I. Ulilizatiorz data 

Nitrite. To 5-day-old  cul tures  conta in ing  about  zo "~ cells per  25 ml were added  
sui table  small  volumes of sodium ni t r i te  solut ion in steri le medium to provide  ini t ial  
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l ; ig.  [. R a t e s  of d i s a p p e a r a n c e  o17 n i t r i t e  f r o m  c u l t u r e s  
of A .  v ine land i i  ( ~  l o  TM cells) a t  3o'~C a n d  p H  7.2. 

concent ra t ions  (co) from Io  ~ M to 
Io 2 M (I 4 fig N:I to r4o mg N/l). 
The cul tures  were ma in t a ined  at 
3 °° C, and  ni t r i te  de te rmined  
color imetr ical lv  in a l iquots  with- 
drawn at  intervals ,  using the modi-  
fied me thod  of (;RIESS is, I. (Toncen- 
t ra t ions  above  I o 2 31 proved toxic. 
The da t a  are p lot ted ,  in lVig. r, as 
Ioo (I--c+/Co) agains t  t ime,  when c/ 

is concent ra t ion  at t ime l. 
l ) i sappearance  of n i t r i te  does 

not begin immedia te ly ,  but  only 
af ter  a lapse of t ime the dura t ion  
of which increases with increased 
in i t ia l  concentra t ion.  The ra te  of 
up take  also increases with increased 
ini t ia l  concentra t ion.  

from IO -4  M t o  IO -2  M (2 .8  mg 
N/1 to 280 mg N/l), h igher  
concen t ra t ions  not  being tole- 
r a t e d  by  the  bac ter ia .  The same 
procedure  was fol lowed as for 
ni t r i te ,  a m m o n i u m  being de- 
t e rmined  by  Nessler ' s  method .  
The resul ts  are p lo t t ed  in Fig.  2. 
As with  ni t r i te ,  a t ime lag oc- 
curs before u p t a k e  begins, bu t  
th is  is much  shor te r  and  vir-  
tua l ly  d i sappears  a t  the  lowest  
concen t ra t ions  used. Again  the  
ra te  of up take ,  once the  process 
has  s ta r ted ,  increases roughly  
five-fold for ten- fo ld  increases 
in in i t ia l  concentra t ion ,  bu t  
the  p ic ture  is compl ica ted  by  
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Fig.  2. R a t e s  o¢ d i s a p p e a r a n c e  of a m m o n i m n  ( a c e t a t e  a n d  
s u l p h a t e )  f r o m  c u l t u r e s  of A .  v ine landi i  (~ .~Io  l° cells) ~t  

30" C a n d  p H  7 .z. 

the decrease in p H  of the  med ium resul t ing from remova l  of a m m o n i u m  ions. Thus 
at  the  higher  concentra t ions ,  there  is a re la t ive  fall ing off in ra te  of up t ake  with  
tim passage of t ime.  This  effect is a l r eady  appa ren t  in a m m o n i u m  su lpha te  at zo aM, 
but  is not  ve ry  m a r k e d  in a m m o n i u m  ace ta te  below IO 2 M. 
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A m m o n i u m  (acetate and sulphate). The ini t ia l  concent ra t ions  of an~monium 
ace ta te  var ied  from lO -4 M to 6. lO -2 31 (I. 4 mg N/1 to 84o mg N:'I) ' t tlose of su lpha te  
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Apart from this difference, the rate of uptake of nitrogen from ammonium salts 
is practically the same as from sodium nitrite. 

Ammonium (nitrite). Equivalent amounts of ammonium sulphate and sodium 
nitrite were added to cultures to provide concentrations 
of ammonium nitrite of IO -3 M (14 mg NH~-N and 
I4mg  NOI-N per 1) and lO .4 M. Nitrite and ammonium 
were determined in separate aliquots withdrawn simul- 
taneously. The data are presented in Fig. 3. At both 
concentrations ammonium begins to disappear first, 
but does so more slowly than nitrite once the uptake 
of the latter begins. This could be due to the pro- 
duction of ammonium from nitrite similar to its pro- 
duction from nitrate 19. The actual rate of disappearance 
of nitrite agrees closely with that observed in sodium 
nitrite of the same molar concentration, but ammonium 
disappears only at about one-third of this rate. On 
the basis of results shown in Figs. I and 2, the overall 
rate of total uptake of nitrogen should be about 1.5 
times the rate shown by the corresponding nitrite or 
ammonium concentration; when both forms are sup- 
plied, there is therefore a relative drop in the rate of 
utilization. There is practically no mutual effect on the 
time of adaptation. 

II. Effect o~ change in concentration o/combined nitrogen 
on trained bacteria 
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Fig. 3. Rates of disappearance 
of ammonium and nitrite from 
cultures of A. vinelandii (,-,., lO l° 

cells) at 3 °o C and pH 7.2. 

The dependence of the period of adaptation, and the rate of utilization, on the 
concentration of combined nitrogen suggested the following experiments. Cultures 
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Fig. 4- Effect, on rate  of uptake  of nitrite, of change in 

concentrat ion of combined nitrogen. 

of known population were 
made IO -s M (i4o/~g N/l) with 
respect to sodium nitrite, and 
the rate of uptake observed for 
two hours. After this time, the 
concentration was abruptly 
increased to lO -4 M, and the 
rate of uptake measured. This 
process was repeated until the 
nitrite concentration was 
5 " I ° - l M  (7 g N/l), beyond 
which concentration no uptake 
occurred. 

Similar experiments were 
made with ammonium acetate 
and ammonium sulphate, 
starting in each case with 

IO -~ N solutions. Again utilization was observed in concentrations of ammonium 
much greater than those tolerated by untrained bacteria. 

Re/erences p. 369. 



,3()0 M . A .  AZIM, E. R. R(JlH.;RIS \{H, .  1 8  (i() ,~5) 

"['he results are plotted in Fig. 4 and Fig. 5, in which the data of Figs. I and 2, 
are shown, for comparison, by broken lines. In addition to being able to utilize nmch 
higher concentrations of combined nitrogen, the trained cells utilise lower concen- 
trations at slightly greater rates 700 
than untrained cells in similar 
solutions. Moreover, the abrupt  
increase in concentration of the 
nitrogenous compound is not 
followed by any cessation in 
uptake, even though the total 
time elapsed may be less than 
that  required by untrained cells 
for direct adaptation to the 
higher concentration. 

i i i .  Test/or/ixation o/ nitrogen 
in the presence o/ a supply o/ 
combined nitrogen 

The vigour with which cul- 
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Fig .  5. E f f e c t ,  o n  r a t e  of u p t a k e  of  an l t l lo i ] iun ] ,  of  c h a n g e  of  

c o n c e n t r a t i o n  of COlllbille(t n i t r o g e n .  

tures took up combined nitrogen, even after a long period of adaptation, suggested 
that  they had suffered little damage or reduction during this period. The possibility 
that  they might fix molecular nitrogen during this period was investigated. An 
atmosphere of oxygen (o. 4 atm) and nitrogen (o.4 atm) containing a known weight 
of nitrogen ( ~  ioo mg) was circulated through cultures to which sufficient nitrite or 
ammonium had been added to require an adaptation time of 24 11. In each experiment 
about 6o ml of culture, containing ~-.Io 1° cells, were used. The tension of carbon 
dioxide was kept low by a filter part ly immersed in 2o % potassium hydroxide solution. 
After a suitable time the cells were killed with acid, and uptake of nitrogen measured 
by analysis of the residual atmosphere ; the method was sufficiently sensitive to detect 
the removal of less than z % of the nitrogen available. 

T,k  BI.F- l 

S h o w i n g  m g  N f ixed  p e r  i oo  m g  N a v a i l a b l e  p e r  l o  TM cells .  

Time  ql m<, N li~,'d 
M e d i u m  circulativtt 

N-free - 4 h 9-5 
N - f r e e  -'4 h 9 .3  
N - f r e e  + l o  '~ M N a N O  2 2 4  h o . ;  

N - f r e e  a l o  2 111 N a N O ~  05 h o .0  
N - f r e e  -L 6" IO 2 M N H 4 O A c  "4  h nil.  
N - f r e e  ~ 6 . 1 o  2 M  N H 4 O A c  05 h nil.  

The results shown in Table I indicate that  no significant amounts of molecular 
nitrogen were taken up either during or after the period during which adaptation 
was occurring. 

SUMMARY OF R E S U L T S  

I. At concentrations from Io -6 M upwards, nitrite is utilized by A. vinelandii 
after a period of adaptation, the duration of which depends on the initial concen- 

t ? _ e / e r e m : e s  p .  3 6 9  . 
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tration of nitrite. Up to lO -3 M nitrite, the period is roughly doubled for each ten-fold 
increase in concentration, but increases more rapidly at higher concentrations. 

Ammonium behaves similarly, though the period is shorter, and disappears at 
a concentration of IO -4 M. 

2. When uptake begins, three facts are observed: 
(a) The rate of uptake depends on initial concentration ; log10 rate varies linearly 

with loglo concentration, the rate increasing roughly five times for each ten-fold 
increase in concentration. 

(b) The characteristic rate of uptake for a given concentration is reached almost 
instantaneously. 

(c) For a given concentration of combined nitrogen, the rate is practically the 
same, whether the source be nitrite or ammonium. If both nitrite and ammonium 
be supplied, the nitrite disappears at its characteristic rate, but ammonium dis- 
appears more slowly and at a less constant rate. 

3. Cultures trained to grow in low concentrations of combined nitrogen continue 
to take up the source when its concentration is abruptly increased. No further 
adaptation is necessary. Moreover, the trained cells continue to utilize sources some 
fifty times more concentrated than untrained cells can be adapted to use, and trained 
cells take up the source at a given concentration slightly more rapidly than untrained 
cells. 

4. Both nitrite and ammonium bring about virtually complete cessation of 
fixation, even during the period before uptake of the combined nitrogen begins. 

The following additional information, details of which will be presented at a 
later date, has recently been obtained by one of us (M.A.A.). During the utilization 
of nitrite, ammonium appears in the medium; during the utilization of nitrate, both 
nitrite and ammonium appear in the medium. In each case, the ammonium dis- 
appears only after the complete removal of the oxidised forms of nitrogen. These 
observations are in accordance with those of BURRIS AND WILSON TM, though they 
are not easy to correlate with the results of VIRTANEN AND LUNDBOM 2° which show 
that  the ammonium-assimilating system is differently affected by nitrous oxide than 
the systems concerned in nitrate-assimilation and nitrogen fixation. 

DISCUSSION 

Theories suggested to account for the occurrence of adaptation lead in all cases 
to a common consequence, namely that  the onset of utilization of the new substrate 
must be a relatively gradual process. This is true if the individual cells initially contain 
the appropriate system to assimilate the substrate, but only in sufficient amount to 
deal with very low concentrations of an intermediate product in the normal assimi- 
lation process, since time must be taken to build up the system to the capacity needed 
to handle relatively high concentrations. I t  seems reasonable to expect that  in such 
a case, the existing system would utilize s o m e  of the new substrate, and that  during 
the period of adaptation a very slow uptake would occur. Similarly, if a system of 
sufficient capacity pre-existed in the cells, but required activation (presumably under 
the stimulus of the new substrate), one would expect such activation to occur rapidly 
at least to a fraction of the total  capacity; so that  again the onset of uptake would 
be gradual, and accelerate as activation proceeded. The consequence is even more 
Re[erences p. 360. 
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o b v i o u s l y  t r u e  if a d a p t a t i o n  ref lec ts  t he  p r e f e r e n t i a l  prolifer;~ti()n ()f a tyt)(, of cell 

n o r m a l l y  p r e s e n t  in o n h '  neg l ig ib l e  p r o p o r t i o n s .  

In  all  t h e  e x p e r i m e n t s  r e p o r t e d  here,  w i t h  t h e  poss ih le  exce l ) l ion  of t h e  ut) tak( ,  

of a m m o n i u m  in one  or t w o  cases,  t h e  u p t a k e  r a t e s  h a v e  v e r y  r a p i d l y  a t t a i n e d  a 

c o n s t a n t  v a h l e  c h a r a c t e r i s t i c  of t he  c o n c e n t r a t i o n  ()f t he  s u l ) s t r a t e  ( c o m b i n e d  

n i t r o g e n ) .  T h e  fac t  t h a t  p a r t  of t h e  n i t r i t e - n i t r o g e n  m a y  r e a p p e a r  in t h e  m e d i u m  

as a m m o n i u m - n i t r o g e n  does  n o t  affect  t he  a r g u m e n t ,  s ince  t h e  deve lo lm~en t  of a 

s y s t e m  to  r e d u c e  n i t r i t e  to  a m m o n i u m  wou ld  st i l l  1)e ( 'xp( ' c ted  to c o m e  i n t o  o p e r a t i ( m  

g r a d u a l l y  a n d  n o t  a l m o s t  i n s t a n t a n e o u s h ' .  

T h u s  t h e r e  is a n  i m m e d i a t e  q m d i t a t i v e  d i f f i cu l ty  in c o r r e l a t i n g  t h e s e  o b s e r v a t i o n s  

w i t h  t h e  u s u a l  h y p o t h e s e s  r e g a r d i n g  a d a p t a t i o n .  A t t e m p t s  to  a t )p ly  a ( l u a n t i t a t i v e  

t r e a t m e n t  r e v e a l  a f u r t h e r  difficult3' ,  n a m e l y  t h e  d i f f e ren t  r a t e s  of u p t a k e  ( )hserved  

for  d i f f e r e n t  c o n c e n t r a t i o n s  of s u b s t r a t e .  T h e  d a t a  r e c o r d e d  in Fig. I m a y  1)e q u o t e d  ; 

w h e n  t h e  i n i t i a l  c o n c e n t r a t i o n  of n i t r i t e - n i t r o g e n  is r 4 bLg/l ( to  " 3I ) ,  t h e  o b s e r v e d  

r a t e  of d i s a p p e a r a n c e  is a b o u t  r e - I 5  btg/1/h ; a t  i o  .5 , l l ,  i t  is 5 o - 6 o / t g / 1 / h  a n d  so on. 

E x p r e s s e d  a l t e r n a t i v e l y ,  a c u l t u r e  t a k i n g  u t) n i t r i t e  f rom ro  a 31 s o l u t i o n  ( I4  m g  N/I) 

does  so a b o u t  t z o  t i m e s  as  r a p i d l y  as one  g r o w i n g  in ro  " M n i t r i t e .  T h i s  d i f f e rence  

in r a t e  is g r e a t e r  t h a n  w o u l d  be  e x p e c t e d  if i t  d e t ) e n d e d  s o M v  on t h e  i m m e d i a t e  

a v a i l a b i l i t y  of n i t r i t e  to  t h e  ceils.  M o r e o v e r ,  i t  is d i f f icul t  to  u n d e r s t a n d  t h e  s u d d e n  

c h a n g e  f r o m  a s y s t e m  i n c a p a b l e  of t a k i n g  u t) a n y  n i t r i t e  to  one  t h a t  v e r y  ra l ) id ly  

does  so. B e c a u s e  of t h i s  d i f f icu l ty ,  one  of us  (M.A.A.)  h a s  r e c e n t l y  r e - e x a m i n e d  t h e  

p r o b l e m  to  see w h e t h e r  v e r y  s m a l l  a m o u n t s  of n i t r i t e  m i g h t  be  t a k e n  u t) d u r i n g  t h e  

p e r i o d  of a d a p t a t i o n ,  a n d  h a s  s h o w n  u n e ( l u i v o c a l l y  t h a t  n o n e  occurs .  

A l t h o u g h  t h e  d a t a  p r e s e n t e d  h e r e  a re  c l ea r ly  insu f f i c i en t  to  w a r r a n t  t h e  f o r m u -  

l a t i o n  of a n  a l t e r n a t i v e  h y p o t h e s i s  to  a c c o u n t  for  a d a p t a t i o n ,  i t  was  t h o u g h t  d e s i r a b l e  

t h a t  t h e y  s h o u l d  b e  p u b l i s h e d  in t h e  h o p e  t h a t  f i l r t h e r  work  mi~zht he  s t i m u l a t e d .  

SI "MM,\ 1", Y 

The rates of disappearance of ni t ra te  and amnnmiunl from cultures of .4. vi~zela*Mii have 
been measured for wide ranges of initial concentration and for both trained and untrained cells. 
In  all cases, when uptake begins (after a period of adaptat ion during which fixation is practically 
completely suppressed) the rate very rapidly reaches a constant  vahle characteristic of the initial 
concentration of tire source of e o n l b i n e d  nitr()gen. 

Trained cells are able to continue t(, grow i l l  c o n c e n t r a t i o n s  ()f con lb i l l e ( [  nitrogen solne 
fifty times greater than the maximunl c(mcentration to which untrained ceils can l)e directly 
adapted.  

The difficulties of correlating these observati(ms with current explanati,ms (ff adaptat ion 
are pointed out. 

RI;;SUMI~ 

l.es vitesses de disparitiou des nitr i tes et de l 'ammoniaque dans des cultures dLt.  vi~ela~dii 
ont 6t6 mesur6es pour un domaine 6temtu de concentrations initiales et avec des cellules adapt6es 
ou non. Dans tous l e s  cas, quand la consommation commence (aprbs une p6riode d 'adaptat ion 
p e n d a n t  laquelle la fixation est pra t iquement  compl6tement supprimde) la vitesse a t te int  tr6s 
rapidement  une valeur constante caract6ristique de la concentrat ion initiale de la source d'azote 
eombin6. 

L e s  cellules entraindes peuvent  continuer 5 croitre en prdsence de concentrations en azote 
combin6 environ cinquante fois plus 61ev6es que la concentration maxinmm i~ laquelle des cellules 
n o n  entra in6es  p e u v e n t  £'tre directement adaptdes. 

Les  difficult6s qu'i l  y a i~ relier ces observations aux thdories courantes sur l 'adaptation 
s o n t  raises  en  6v idence .  

lge/ere~zces p. 369 . 
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ZUSAMMENFASSUNG 

Die Geschwindigkeiten des Verschwindens von Nitr i t  und A m m o n i u m  aus A.  vinelandii- 
Kul turen  wurden im Falle von vorher  adapt ier ten und unadapt ie r ten  Zellen mi t  den verschieden- 
sten Anfangskonzentra t ionen gemessen. Nach einer Adaptat ionsperiode,  w~khrend der prakt isch 
keine Aufnahme stattfindet,  erreicht die Geschwindigkeit  in allen FAllen einen, ffir die Anfangs- 
konzentra t ion der Stickstoffverbindung der Quelle charakterist ischen, best~indigen Wert .  

Pr~iadaptierte Zellen sind imstande, in St ickstoffmedienkonzentrat ionen for tzuwachsen,  
welche 5 ° real h6her sind als die H6chstkonzentrat ion,  welcher vorher  unadap t ie r te  Zellen un- 
mit te lbar  angeglichen werden k6nnen.  

Es werden die Schwierigkeiten hervorgehoben welche entstehen,  wenn man  diese Beobach- 
tungen mit  den gew6hnlichen Erkl~rungen der Adapta t ion  in ~be re ins t in lmung  br ingen will. 
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