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THEOREMS 

I 
Non-growing cells of Azotobacter chroococcum are able to maintain a highly 
active nitrogenase system for several hours if the formation of ammonia can be 
prevented. 

This thesis 

II 
The competition for reductants and/or ATP between nitrogenase activity and 
NH 4

+ assimilation is most possibly responsible for the immediate decline of 
nitrogenase activity of Azotobacter cells supplied with NH 4

+ . 

This thesis 

III 
The role of internal membranes in the protection of nitrogenase against 0 2 in 
Azotobacter cells as had been suggested by Oppenheim and Marcus is question­
able. 

J. OPPENHEIM and L. MARCUS (1970). J. Bacterid., 101, 286-291. 
J. W. DROZD et al. (1972). J. Gen. Microbiol., 73, 221-232. 
J. L. PATEet al. (1973). J. Bacteriol., 114,1346-1350. 

IV 
Long-term assays of nitrogenase activity by using the acetylene-reducing 
technique should be avoided. 

R. W. F. HARDY et al. (1973). Soil Biol. Biochem., 5,47-81. 

V 
The concept of nitrogen-fixing blue-green algae as a substitute for inorganic-
nitrogen fertilizers in tropical rice-fields should be changed into one of supple­
mentation. 

G. S. Venkataraman (1973). In: Nitrogen Fixation and the 
Biosphere. IBP Synthesis Meeting, Edinburgh. 

VI 
In most of the developing countries, malnutrition and diarrheal diseases in 
young children are inseparable and no control program should dissociate them. 

J. M. BENGOA (1969). Biotech. Bioeng. Symp., 1, 253-276. 
N. S. SCRIMSHAW et al. (1968). Interactions of Nutrition and 
Infection. WHO, Geneva. 



VII 
The recommendation given by a Working Group, convened by the Regional 
Office of WHO for Europe, that "only antibiotics other than those of thera­
peutic value should be used for growth promotion in animals" is too wide. 

Report of a Working Group, Regional Office for Europe, WHO, 
Copenhagen, 1974. 

VIII 
Where a rural industry still flourishes, it should be gradually mechanized, but 
be left in situ and in small units. 

BERTRAND RUSSEL (1949). Authority and the Individual. Unwin 
Books, London. 

IX 
Social policies which reduce the dependence on the family as the sole source of 
social security would lessen the need and desire for large families. 

Thesis of S. Brotonegoro 
Wageningen, 13th June, 1974 



'But all the time life, 
always one and the same, 
always incomprehensibly keeping its identity, 
fills the universe and is renewed at every moment 
in innumerable combinations 

and metamorphoses' 

Boris Pasternak 
in: 'Doctor Zhivago' 
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1. I N T R O D U C T I O N 

The biological fixation of atmospheric nitrogen is, next to the photosynthetic 
assimilation of C0 2 , one of the most fundamental processes in nature as it 
maintains the balance in the nitrogen economy of the biosphere. It is known 
since 1838 when Boussingault proved that legumes are able to utilize atmospher­
ic nitrogen (for historical notes on this subject see the reviews of WILSON, 1958; 
JENSEN, 1965; STEWART, 1966). 

Although the ability to fix nitrogen is restricted to few species of microorgan­
isms, all of them probably of the procaryotic type, these species are widely 
distributed in the kingdom of protists. The nitrogen-fixing microorganisms are 
broadly divided into two groups, the free-living ones and those living in sym­
biotic association with plants. However, as pointed out by several workers (cf. 
MULDER, 1966; DELWICHE, 1970), this distinction is not as sharp as it was once 
thought to be, because of the varying degrees of interdependence existing in the 
association between plants and microorganisms (root nodules, phyllosphere 
and rhizosphere associations). With the exception of nitrogen-fixing blue-green 
algae and photosynthetic bacteria, the free-living nitrogen fixers are indirectly 
dependent on plants for their carbon and energy supply. 

Most of the biological nitrogen fixation in nature is brought about by sym­
biotic systems and to a lesser extent by nitrogen-fixing algae. The contribution 
of the free-living bacteria (e.g. Azotobacter and Clostridium species) to the 
nitrogen economy of the biosphere is generally believed to be small. This belief 
is based on the following facts: 
(i) With very few exceptions, azotobacters and other free-living N2-fixing 

bacteria are present in relatively low numbers in soil and water, 
(ii) Under laboratory conditions (usually with a relatively high concentration 

of carbon compounds), the efficiency of nitrogen fixation (in terms of nitrogen 
fixed per unit weight of carbon compound consumed) is usually low. 

(iii) The amount of carbon compounds available as source of carbon and energy 
for these bacteria in soil is limited. 
However, some recent work (DALTON and POSTGATE, 1969; BECKING, 1971) 

suggests, that under certain conditions (low p 0 2 and relatively low concentra­
tion of carbon compounds) the efficiency of nitrogen fixation of azotobacters 
may be several times greater. Therefore, analysis of some factors which might 
lead to high efficiency of nitrogen fixation by azotobacters was thought to be 
worthwhile. 

1.1. REQUIREMENTS OF NITROGEN FIXATION 

Nitrogenase, the enzyme system responsible for N 2 fixation, is a complex of 
an Fe protein (azoferredoxin) and a Mo-Fe protein (molybdoferredoxin) which 
are functioning only when occurring in combination. Using cell-free nitrogen-
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fixing systems from different sources, it was found that in addition to nitrogen-
ase, nitrogen fixation requires an electron donor, one or more electron carriers 
to transfer the electron from the donor to nitrogenase, ATP, and a divalent 
metal ion (e.g. Mg2+) (cf. BURRIS, 1971). 

In extracts of Clostridium pasteurianum, reductant and high energy phosphate 
for N2 fixation can be furnished by the phosphoroclastic reaction of pyruvate. 
In normal cells of this bacterium, ferredoxin functions as an electron carrier 
between pyruvate and nitrogenase; in iron-deficient cells, however, flavodoxin 
substitutes for ferredoxin as an electron-transfer protein. 

In extracts of Azotobacter vinelandii, reduced nicotinamide adenine dinucleo-
tide phosphate (NADPH2), but not reduced nicotinamide adenine dinucleotide 
(NADH2), can serve as the source of electrons for N2 fixation in the presence 
of four compounds: azotobacter ferredoxin, azotoflavine and two heat-labile 
unidentified components (BENEMANN et al., 1971). These compounds may func­
tion as electron-transport chain from NADPH2 to nitrogenase. 

BULEN et al. (1965) discovered that Na2S204 functions effectively as a non-
biological electron donor for nitrogenase in cell-free systems. This compound 
is apparently a universal reductant for the nitrogenase reaction and circumvents 
the usual electron carriers; it interacts directly with nitrogenase. The application 
of Na2S204 simplifies the spectrum of components required to achieve the 
nitrogenase reaction in cell-free systems. 

In spite of an early suggestion to the contrary (BAYLISS, 1956),it is now estab­
lished that nitrogen fixation requires ATP. In the assay system for estimation of 
nitrogenase activity in cell-free extracts (see 2.4.1.), ATP is supplied by an 
ATP-generating system such as acetokinase and acetylphosphate or phospho-
creatine kinase and creatine phosphate. ATP is hydrolysed to ADP and inor­
ganic phosphate in the nitrogenase reaction. When the ATP-precursor is ex­
hausted and the ATP/ADP ratio reaches a value of 0.5, further ATP utilization 
by nitrogenase and hence nitrogenase activity is completely inhibited (DAL-
TON and MORTENSON, 1972). The number of molecules of ATP, hydrolysed per 
pair of electrons transferred to nitrogen, is not exactly known, although a 
number around 4 is reasonable (HARDY and KNIGHT, 1966). Thus, about 12 
molecules of ATP are required to reduce 1 molecule of nitrogen to 2 molecules 
of ammonia. The stoichiometry of the reaction seems to be a sensitive function 
of a number of variables (KELLY, 1969). 

Magnesmm ions satisfy the divalent-metal-ion requirements of nitrogenase. 

• rir i' F C 2 + ' C ° 2 + ' a n d N i 2 + a r e IeSS e f f e c t i v e b u t d o support the reaction. It 
is likely that the metal ions function as complexing agent for ATP. MORTENSON 
et al. (1973) published data which suggest that the reduction of N2 (or other 
substrates) by nitrogenase requires the formation of the Mg-ATP-azoferredoxin 
complex which subsequently reacts with molybdoferredoxin to allow electron 
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1.2. THE RELATION BETWEEN NITROGEN FIXATION AND OTHER 

METABOLIC REACTIONS OF AZOTOBACTER SPP. 

In whole cells nitrogen fixation is integrated with the energy-yielding metab­
olism, electron-transport system and ammonia-assimilation pathways of the 
cells. Therefore, it would be useful to discuss this related metabolism of azoto-
bacters briefly (see Fig. 1.1.). 

1.2.1. Energy-yielding metabolism »/Azotobacter spp. 
Glucose catabolism in Azotobacter spp. has been investigated both by assay­

ing for key enzymes of the major energy-producing pathways (MORTENSON and 
WILSON, 1954,1955; JOHNSON and JOHNSON, 1961; SENIOR and DAWES, 1971) and 
by aradiorespirometricmethod(JoHNSONetal., 1958; STiLLand WANG, 1964). The 
results obtained suggest that glucose is metabolized mainly according to the 
Entner-Doudoroff pathway and to a minor degree according to the oxidative 
pentose-phosphate pathway. Both pathways are subjected to feed-back inhibi­
tion by the products of glucose oxidation (SENIOR and DAWES, 1971). 

The functioning of the tricarboxylic-acid (TCA) cycle in Azotobacter spp. 
was doubted at first, because when Azotobacter cells were grown in the presence 
of lower TCA-cycle compounds (e.g. acetate), they did not promote the oxidation 
of higher TCA-cycle compounds (e.g. a-ketoglutarate) (KARLSON and BARKER, 

1948). However, subsequent investigations with cell-free extracts indicated the 
presence of TCA-cycle enzymes in this organism (STONE and WILSON, 1952a, b ; 
ALEXANDER and WILSON, 1956). 

Much of the reduced pyridine nucleotide, formed by the oxidation of organic 
acids in the TCA-cycle, is used to generate ATP via oxidative phophorylation. 
ACKRELL and JONES (1971a, b) reported the presence of three phosphorylating 
sites in respiratory membranes prepared from cells of A. vinelandii. Phosphory­
lation efficiencies, particularly at site I, are very low at high ambient oxygen 
concentrations but increase as the dissolved oxygen concentrations become 
small. The low efficiency of energy coupling at high dissolved oxygen concen­
trations might be expected to produce a greatly decreased [ATP]/[ADP] [Pi] 
ratio, and thus to cause a loss of respiratory control in whole cells of this or­
ganism incubated at a high p 0 2 tension. This finding supports the hypothesis 
proposed by Postgate and his associates (see 4.1.) that respiration in azotobac-
ters, in addition to functioning in generating ATP, protects nitrogenase from 
the inhibition by oxygen. 

BRESTERS et al. (1972) reported the presence of transacetylase activity and 
acetate kinase in the crude extract of A. vinelandii. This system permitted 
anaerobic ATP synthesis from pyruvate (HAAKER et al., 1972). 

1.2.2. Electron-donor and electron-transport systems 
As has been mentioned briefly in 1.1, NADPH2 but not NADH2 , has been 

found by BENEMANN et al. (1971) to function as the electron donor for nitrogen 
fixation in cell-free extracts of A. vinelandii. At first observation it is difficult to 
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understand how NADPH2 could function in the reduction of ferredoxin, be­
cause the reaction from NADPH2 to ferredoxin is thermodynamically uphill. 
According to BENEMANN and VALENTINE (1971) this energy barrier could be 
overcome by the cells in two ways. First, the NADPH2-ferredoxin reaction is 
coupled with the ATP-driven nitrogenase reaction which is highly irreversible, 
thus pulling the NADPH2-ferredoxin reaction to completion. Secondly, by 
coupling the NADPH2-ferredoxin reaction with the extremely active isocitrate-
dehydrogenase system, thus maintaining a high NADPH 2 concentration in the 
eels and thereby helping to push the reaction. 

The isocitrate dehydrogenase of A. vinelandii has been purified by CHUNG 

and FRANZEN (1969), who found that Azotobacter spp. are a rich source of 
NADP-linked isocitrate dehydrogenase, which makes up about 1 % of the total 
soluble protein of the organism. KURZ and LA RUE (1973) recently provided 
indirect evidence that isocitrate dehydrogenase is the source of reductant for 
nitrogen fixation by azotobacters. When A. chroococcum was grown on glycolic 
acid as the sole source of carbon, the organism was unable to utilize N 2 and 
must be provided with reduced nitrogen. Glycolic acid is metabolized via 
Romberg's dicarboxylic-acid cycle. In such cells the TCA-cycle enzymes are 
low in activity, and isocitrate dehydrogenase is practically absent. When glucose 
was the carbon source, N 2 fixation proceeded normally. 

Other cellular NADP-specific dehydrogenases such as glucose-6-phosphate 
dehydrogenase and malate dehydrogenase, can, of course, also provide 
NADPH2 for the electron-transport system connected to nitrogenase. 

Azotobacters possess an electron-transport system which brings electrons 
from electron donors to nitrogenase, and which is different from the respiratory 
electron-transport system which transfers electrons to oxygen. BENEMANN et al. 
(1969) and YOCH et al. (1970) have isolated four compounds from A. vinelandii 
which could function as an electron-transport chain from NADPH2 to nitrogen­
ase. These four compounds are azotobacter ferredoxin, azotoflavin and two 
unidentified heat-labile components. 

1.2.3. The assimilation of ammonia 
Ammonia assimilation is the enzymatic conversion of ammonium ions to 

organic compounds of the cell. In many species of bacteria, the formation of 
glutamate, catalysed by glutamate dehydrogenase, is assumed to be the primary, 
if not the sole, route for the incorporation of ammonia into amino acids. But 
in most bacilli, glutamate dehydrogenase is absent and in this group of bacteria 
alanine dehydrogenase has been isolated from all the species studied (WIAME 

and PIERARD, 1955). According to SHEN et al. (1959) this enzyme is responsible 
for the assimilation of ammonia in most bacilli. 

At least four different routes for the incorporation of ammonium ions into 
amino acids of microbial cells can be distinguished (ELMERICH, 1972). These 
include the formation of: (1) L-glutamate from 2-oxoglutarate and N H 4

+ , 
catalysed by glutamate dehydrogenase (GDH); (2) L-glutamine from L-gluta­
mate and NH4+, catalysed by glutamine synthetase (GS); (3) L-alanine from 
4 
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pyruvate and NH4
+ , catalysed by alanine dehydrogenase; (4) L-aspartate from 

fumarate and NH4
+ , catalysed by aspartase. 

TEMPEST et al. (1970) have recently discovered a new pathway for the assimila­
tion of ammonia to glutamate in ammonia-limited Aerobacter aerogenes. This 
organism synthesizes glutamate by a two-step process that involves the amida-
tion of endogenous glutamate to glutamine and subsequently the reductive 
transfer of the glutamine-amide nitrogen to the 2-position of 2-oxoglutarate, 
producing a net synthesis of two molecules of glutamate (reaction 1). The latter 
step involves a novel enzyme, glutamate synthetase (Glutamine (amide): 2-
oxoglutarate amino transferase oxido-reductase (NADP), which for conve­
nience is designated as GOGAT). 

ATP NADPH2 

NH4
+ 2-oxoglutarate 

L-Glutamate > L-glutamine > 2 L-glutamate (1) 
GS GOGAT 

It is now evident that GOGAT is not peculiar to ammonia-limited A. aero­
genes. The presence of GOGAT and functioning of reaction (1) have been 
reported in Erwinia carotovora, Pseudomonas fluorescens, Bacillus subtilis (MEERS 
et al, 1970), B. megaterium (MEERS et al., 1970; ELMERICH and AUBERT, 1971) 
and in several nitrogen-fixing bacteria (NAGATANI et al., 1971). The finding of 
NAGATANI et al. (1971), that mutants of nitrogen-fixing Klebsiella pneumoniae, 
missing the new ammonia assimilatory route, are unable to fix nitrogen, suggests 
the possibility that the new pathway plays an important role in nitrogen-fixing 
microorganisms. However, data recently reported by DHARMAWARDENE et al. 
(1973) concerning the assimilation of ammonia, formed during nitrogen fixation 
by Anabaena cylindrica, do not support the suggestions of NAGATANI et al. 
(1971). Although the alga was found to have a very high concentration of glu­
tamine synthetase, especially in the heterocysts, its GOGAT activity was very 
low. 

Glutamine synthetase, as the first enzyme in the new pathway of ammonia 
assimilation, has some characters which make its presence in the nitrogen-fixing 
microorganisms highly significant. The low Km (the high affinity) of this enzyme 
for ammonium ions is not only providing an efficient assimilatory mechanism 
for concentrations of NH4+ which are too low for other assimilation pathways, 
but it is also preventing repression of nitrogenase synthesis by NH4+. Further­
more, the low energy requirement of the ammonia-assimilation reaction catal­
ysed by glutamine synthetase, as compared to the reductive amination of 
2-oxoglutarate, may provide a means whereby more energy can be directed into 
the highly endergonic process of nitrogen fixation. 
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1.3. SCOPE OF THIS STUDY 

In the present investigation, the effect of some chemical, physical and biolog­
ical factors on nitrogenase activity and growth of A. chroococcum has been 
studied. These factors are: (1) source of carbon and energy, (2) oxygen supply, 
(3) non-growing or slow-growing existence, (4) removal of nitrogenous com­
pounds excreted by this organism, and (5) combined nitrogen supplied to the 
medium. 
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2. MATERIALS AND METHODS 

2.1. MICROORGANISMS AND MEDIA 

The Azotobacter species and strains used in this study, A. chroococcum, strains 
A39 and A40, A. agile, strain A27, and A. vinelandii, strain A66, were obtained 
from the culture collection of the Laboratory of Microbiology at Wageningen. 
In the earlier stage of this study, A. chroococcum, strains R25 and R35, isolated 
by Dr. J. Ruinen from the phyllosphere of cacao were included. 

All of the strains grew readily in modified Burk's medium which contains: 
K2HP04, 0.64, KH2P04, 0.16, MgS04.7H20, 0.2, NaCI, 0.2, CaCl2.2H20, 
0.09, FeS04.7H20, 0.01, and Na2Mo04.2H20, 0.005 g per liter. The mixture 
was sterilized by autoclaving at 120 °C for 20 min at least one day before being 
used; this measure was suggested by DALTON and POSTGATE (1969) to disperse 
the colloidal precipitate formed during sterilization. Just prior to utilization, 
glucose or some other carbon compound was added aseptically as a sterile 
solution. The pH of the complete medium was adjusted aseptically to 7.2. 

Solid medium was prepared by supplying 1 1 of the above-mentioned liquid 
medium, including the carbon compound, with 12 g of agar and sterilizing at 
120°Cfor20min. 

2.2. MEASUREMENT OF BACTERIAL GROWTH 

One or more of the following methods have been used for measuring bacterial 
growth. 

2.2.1. Total viable count 
Several dilutions of the sample were made to obtain a suspension containing 

approximately 2000 bacteria per ml. Modified Burk's medium (see 2.1) without 
carbon compound was used as the diluent, which was prepared and sterilized 
m bulk and distributed in 9-ml lots aseptically into test tubes. Ten 0.02 ml spots 
were pipetted on an agar plate with the aid of a microscrew attachment. The 
agar plates had been dried by storage at 25 °C for 3 days prior to use. The spots' 
were allowed to be absorbed by the agar before the plates were placed in the 
incubator. Counts were made under a Wild-M5 stereomicroscope on those 
spots which had populations of 20-100 viable organisms. The total viable 
count of the sample was deduced from these data and from the number of 
dilutions. 

2.2_2 Determination of the density of cell suspensions by optical measurement 
Ihe cultures were acidified to an approximate pH of 3 with 0.1 N acetic acid 

Ito dissolve the precipitated salts) and suitably diluted before measurement, in 
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order to fall within the range of 0.02-0.4 optical density units. Turbidity was 
measured at 420 nm by using a Kipp nephelometer. Alternatively, turbidity 
was measured in an EEL nephelometer, using a perspex tube (supplied by the 
manufacturer) as a standard. 

2.2.3. Determination of cell yields by measuring total dry weight 
The cultures were acidified to a pH of approximately 3 with 0.1N acetic acid and 

the cells harvested by centrifugation. The cells were washed by resuspending in 
distilled water and re-centrifuging. After one to three washings, depending on 
the relative volume of the cell suspension, the whole cell suspension was trans­
ferred to small weighing bottles and dried at 85 °C overnight. 

2.2.4. Determination of cell yields by measuring protein contents 
Portions of 0.5 ml of washed cell suspensions prepared as described in 2.2.3 

(adjusted to contain ca. 200 fxg dry weight of cells per ml) were transferred to 
test tubes. After being supplied with 0.5 ml of 0.1 N NaOH each, these tubes 
were placed in a boiling water bath for 5 min and subsequently cooled in cold 
tap water. Each tube was then provided with 2.5 ml of Na2C03-CuS04.-tartrate 
reagent (freshly prepared by mixing 50 ml of a 5 % Na 2 C0 3 solution with 2 ml 
of 0.5% CuS04 .5H20 in a 1% aqueous solution of potassium tartrate). The 
mixture was allowed to stand for 10 min and rapidly supplied with 0.5 ml of 
diluted Folin-Ciocalteu reagent. After standing for 30 min to allow full colour 
development, the optical density was measured against a reagent blank in a 
spectrophotometer, using a wavelength of 750 nm. 

A calibration curve, prepared with bovine serum albumin as standard (25-
200 [xg protein per ml), was used to convert the spectrophotometer reading into 
[xg protein per sample. 

2.3. PREPARATION OF CELL-FREE EXTRACTS 

The cultures were harvested at 5-10°C in an MSE high speed centrifuge at 
23,000 X g for 15 min. The cells were washed twice with cold 0.025 M phos­
phate buffer, pH 7.0, and again centrifuged. After being weighed, the pellets 
were resuspended in the same buffer solution at a ratio of 3 ml per g of cell 
paste. The cells in this suspension were broken in a precooled (0-5°C) French 
pressure cell (American Instrument Co., Inc.) at ca. 16,000 psi. The resulting 
extracts were centrifuged at 38,000 X g for 30 min and the supernatant stored 
under Argon at -20 °C until just before being used for assay. In later experiments 
these extracts were further purified by anaerobic heating at 60 °C for 10 min. 
Centrifugation at 38,000 X g for 15 min sedimented the inactive protein frac­
tion (HWANG and BURRIS, 1972). 
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2.4. THE ASSAY OF NITROGENASE ACTIVITY 

2.4.1. Nitrogenase activity in vitro 
Assays were carried out in 7.4-ml bottles fitted with metal caps and silicone-

rubber septa. Each cap was provided with two small holes, one for injecting a 
gas and the other for releasing overpressure. 

One ml reaction mixture was used containing 10.5 mg creatine phosphate 
(ca. 30 (i. moles), 0.2 mg phosphocreatine kinase, 5 jx moles ATP, 5 [i moles 
MgCl2.6H20, and 20 JX moles sodium hydrosulfite (dithionite). The creatine 
phosphate, phosphocreatine kinase, and ATP were prepared in 44 mM sodium 
cacodylate buffer, pH 7.0. Three tenths of a milliliter of this solution was added 
to each flask, along with 0.05 ml of a MgCl2.6H20 (100 [i moles/ml) solution 
and 0.25 ml sodium cacodylate buffer (0.2 M, pH 7.0). The contents of the 
flasks were flushed with Argon gas for 3 min. Two tenths of a milliliter of a 
dithionite solution containing 100 fj. moles/ml (prepared anaerobically with 
0.2 M sodium cacodylate buffer), was added to the reaction mixture with a 
syringe. 

The enzyme activity was assayed by the acetylene-reduction technique. To 
start the reaction, 0.2 ml of the extract was added to the flask. At the same time 
acetylene was injected into the flask to make a final concentration of 10% (v/v) 
of acetylene in the gas phase. The rate of acetylene reduction was measured by 
periodically taking a gas sample (100 \il) from the flask and estimating the 
ethylene formed by a Unigraph-F-analytical gas chromatograph, type 407 
(Becker, Delft, The Netherlands), equipped with a flame-ionization detector and 
a matched column of Porapak R, at 45 °C. The ethylene content was calibrated 
with a standard mixture consisting of 100 ppm C2H4 in nitrogen gas. Under 
constant conditions the height of the peak was linearly related to the concentra­
tion ofC2H4 (HARDY et al., 1968). 

2.4.2. Nitrogenase activity in vivo 
The nitrogenase activity of living cells was assayed either by measuring the 

increase in total nitrogen of the whole culture or by employing the acetylene-
reduction technique. 

The determination of total nitrogen was carried out by acid digestion of an 
aliquot of the whole culture, followed by colorimetric measurement of the 
ammonia after the addition of Nessler's reagent (see 2.8.1). 

The rate of acetylene reduction was estimated by incubating 10 ml of a culture 
in air containing 10% C2H2. The affinity of nitrogenase for C2H2 is much high­
er than that for N2 so that in such a gas mixture N2 reduction is effectively 
inhibited and reduction of C2H2 is virtually the same as in the absence of N2 
(AKKERMANS, 1971). The ethylene formed was measured gas-chromatographic-
ally as described in 2.4.1. 
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2.5. MEASUREMENT OF HYDROGEN 

The hydrogen content of a gas mixture was measured with a Multigraph, type 
409, gas chromatograph (Becker, Delft, The Netherlands), equipped with a ther­
mal conductivity detector and a 2-m length, 4-mm I.D. column packed with 
60-80 mesh of molecular sieve 13X, operating at 45CC with argon as carrier 
gas at a flow rate of 40 ml/min. 

c} 

2.6. DETERMINATION OF GLUCOSE IN THE CULTURE MEDIUM 

After separating the cells from the culture by centrifugation, glucose in the 
culture filtrate was estimated by the method of Somogyi-Nelson (SOMOGYI, 

1952). 
Two ml of copper reagent and 2 ml of culture filtrate (if necessary diluted), 

containing 5-50 ^g of glucose per ml, were mixed in a tube and heated for 
15 min in a boiling water bath. After cooling, 2 ml of Nelson's reagent was 
added. The absorbancy of the blue colour was measured against a reagent blank 
in a Vitatron colorimeter supplied with a filter to give light with a wavelength 
of 520 nm. A standard solution containing 50 y.g of glucose per ml was used for 
calibration. 

The copper reagent of Somogyi was prepared by dissolving copper sulphate 
(4 g), anhydric sodium carbonate (24 g), sodium bicarbonate (16 g), potassium, 
sodium tartrate (12 g), and anhydric sodium sulphate (180 g) in water and 
making up this solution to 11. 

The reagent of Nelson was prepared by dissolving ammonium molybdate 
(25 g) in 450 ml of water; this solution was supplied with 21 ml of concentrated 
sulphuric acid and subsequently a solution of 3 g sodium arsenate (Na2HAs04 . 
7H20) dissolved in 25 ml of water. This reagent must be incubated at 37 °C for 
48 h prior to use. 

2.7. DETERMINATION OF TOTAL VOLATILE FATTY ACIDS 

IN THE CULTURE MEDIUM 

The cells of a culture were separated by centrifugation and 5 ml of the super­
natant was placed in the Markham distilling-apparatus, supplied with 5 ml of a 
1 M solution of KH 2 P0 4 which had been brought to pH 3.5 by the addition of 
60 % (w/v) aqueous H 3 P0 4 . The volume was made up to 100 ml by the addition 
of distilled water. During the distillation this volume was approximately kept 
constant by adding distilled water. A portion of 150 ml of distillate was collected 
and an aliquot titrated with a 0.01 N NaOH solution, using phenol red as the 
indicator. 
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2.8. DETERMINATION OF NITROGEN COMPOUNDS IN THE CULTURE 

2.8.1. Total nitrogen 
A portion of 10-20 ml of culture was brought into a 100-ml Kjeldahl flask 

and digested with 2.5 ml of concentrated H2S04 and 2.5 ml of digestion solu­
tion. The composition of the digestion solution was: 2 g Se02, 1 g CaS04, 
500 g KHS04 and 1000 ml of distilled water. In the presence of a high concen­
tration of glucose (or another carbon compound), a few drops of a 30 % H2Oz 

solution were added when the digest began foaming. The digestion was carried 
out until the content turned clear green and was continued for a further 30 min. 
When the digestion was complete, the contents of the flask were provided with 
distilled water, cooled, and further diluted to obtain ca. 10-15 jxg of ammonia 
nitrogen per ml. A portion of 2 ml of the diluted digest was mixed with 2 ml of 
Nessler's reagent (containing per 1: 4 g HgJ2, 4 g KJ, and 1.75 g of gum 
ghatti) and 3 ml of 2 N NaOH. After standing for 15 min at room temperature, 
the optical density was measured aginst a reagent blank in a Vitatron colori­
meter supplied with a filter to give light with a wavelength of 540 nm. 

Alternatively, the ammonium present in the digest was distilled with a Mark-
ham distilling-apparatus into a 4% H3B03 solution containing methyl-red 
bromocresol-green indicator, and titrated with 0.01 N HC1. 

When chloramphenicol was present in the culture, the digestion was modified 
according to the method described by STEYERMARK et al. (1958). 

2.8.2. Estimation of free amino acids of bacterial cells 
The total free amino acid content of bacterial cells was estimated by extract­

ion with hot water, followed by analysis of the extract with ninhydrin reagent 
according to the method described by ROSEN (1957). Leucine was used as 
reference standard. Ammonia and amines give also a colour with ninhydrin 
reagent. Therefore, when these compounds were supposed to be present in a 
relatively high concentration, the results were reported as the ninhydrin-positive 
compounds (n.p.c.) of the pool (see 7.4). 

19 
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3. G R O W T H A N D E F F I C I E N C Y OF N I T R O G E N 
F I X A T I O N BY AZOTOBACTER CHROOCOCCUM 

S U P P L I E D W I T H D I F F E R E N T S O U R C E S OF 
C A R B O N A N D E N E R G Y 

3.1. INTRODUCTION 

As mentioned in 1.1, the fixation of atmospheric nitrogen by nitrogen-fixing 
bacteria can occur only when these bacteria have an accessible source of energy 
at their disposal. The determination of the assimilability of different carbon 
compounds by Azotobacter spp. and the efficiency of nitrogen fixation by these 
bacteria when these compounds are utilized is of great interest. The results 
obtained in such investigations permit a more precise evaluation of the role of 
nitrogen fixation by Azotobacter spp. under natural conditions. 

WINOGRADSKY (1935) pointed out that the use of glucose or mannitol as 
nutrients for Azotobacter spp. is not appropriate from an ecological point of 
view. There is no doubt that in their natural habitat these organisms never have 
the opportunity to feed on glucose or mannitol; most certainly they derive 
their energy from the decomposition products of glucose (or other sugars), such 
as ethanol, acetic acid, propanol, butanol, butyric acid etc. JENSEN (1965), 
however, raised the question whether such decomposition products of sugars 
could always be used as sources of energy by Azotobacter. 

In the present study, some Azotobacter strains, especially those of A. chroo-
coccum, have been grown in liquid media supplied with hexoses, hexitols, fatty 
acids (as the sodium and calcium salts) and primary alcohols, to see whether the 
degree of oxidation and the molecular size (chain length) of the carbon com­
pound have any effect on the efficiency of nitrogen fixation, defined as the 
amount of nitrogen fixed per gram of carbon compound consumed by these 
organisms. 

3.2. HEXOSES AND HEXITOLS 

Table 3.1 shows the observations on the growth of two strains of A. chroo-
coccum and one strain of A. vinelandii in media supplied with three different 
hexoses and their corresponding heixtols. From these semi-quantitative data it 
can be seen that one strain of A. chroococcum (A40) and one of A. vinelandii 
(A66) grew with galactose, mannitol and sorbitol but failed to grow with galac-
titol (dulcitol), mannose and sorbose. The second strain of A. chroococcum 
(R25) used in this experiment grew poorly with galactose and sorbose, and 
failed to grow with the rest of the hexoses and hexitols mentioned above. 
JENSEN (1954) inserted sorbose into the list of carbon compounds assimilable 
for azotobacters. But only one strain of the organisms tested here was able to 
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TABLE 3.1. Growth of A. chroococcum, strains R25 and A40, and A. vinelandii, strain A66, 
after being cultivated for 48 hr at 30 °C in a medium supplied with hexoses and hexitols(a) 

Organism Hexoses Hexitols 

Galac- Mannose Sorbose Galac- Manni- Sorbi­
tose titol tol tol 

A. chroococcum, strain R25 + ( b ) — + — — — 
A. chroococcum,strainA40 + + + — — — + + + + 4 + 
A. vinelandii, strain A66 + + + — — — + + + +-)• — 
(a) 0.01 M concentrations of hexoses or hexitols have been used. (b) — indicates no detectable 
growth, + poor growth, + + + good growth. 

grow, be it very poorly, with sorbose. For the purpose of this study, hexoses 
and hexitols listed above could not be further used. 

3.3. SODIUM SALTS OF FATTY ACIDS AND CORRESPONDING ALCOHOLS 

A. chroococcum, strain A40, was precultivated in modified Burk's mineral 
salts medium, containing 0.1 % (w/v) of glucose, at 30 °C for 20 hr. The cells 
were harvested by centrifugation, washed twice with saline phosphate buffer, 
and resuspended in mineral salts medium without carbon compound. The 
nitrogen content of this suspension, was 17 (xg/ml. Portions of 2 ml of this sus­
pension were inoculated into 18 ml of modified Burk's mineral salts medium 
containing the sodium salt of different fatty acids and the corresponding alcohol, 
in 100-ml flasks. The final concentration of carbon compounds in the cultures 
was 6.10-2M. These cultures were then incubated on a shaker at 30°C. At dif­
ferent periods of incubation (50, 70 and 90 hr) two cultures of each carbon-
compound series were analysed for total nitrogen. In calculating the efficiency 
values of nitrogen fixation it was assumed that the carbon compound supplied 
to the media had been entirely consumed when no further increase of the total 
nitrogen content occurred (for comparison see 5.2). 

The results obtained (Table 3.2) show that ethanol gave the highest efficiency 
of nitrogen fixation and glucose the lowest. Acetate gave much lower values 
than did ethanol. The results suggests that the more reduced carbon compound 
is a more favourable source of energy and reducing power for nitrogen fixation. 
This assumption could not be confirmed for the couples propanol-propionate 
and butanol-butyrate as in both instances the alcohol did not support growth 
of A. chroococcum. No much difference was observed between the nitrogen-
fixing efficiencies of A. chroococcum supplied with the sodium salts of different 
fatty acids. There was a slight tendency that fatty acids with longer carbon 
chains gave a somewhat higher efficiency value. 

To see whether the harmful effect of propanol and butanol on growth and 
nitrogen fixation of A. chroococcum could be alleviated by lowering their con-
14 
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TABLE 3.2. Efficiency of nitrogen fixation by A. chroococcum, strain A40, grown with the 
sodium salts of fatty acids and the corresponding alcohols"0. 

C compound'10 Nitrogen fixed 
(jig N/10 ml) 

Efficiency of 
nitrogen fixation 

(mg N/g substrate) 

Ethanol 
Propanol 
Butanol 
Na-acetate 
Na-propionate 
Na-butyrate 
Glucose 

383 

235 
322 
392 
529 

13.9 

6.6 
7.3 
7.4 
4.9 

"° Values are averages of 2 replicates.(b) Final concentration 6.10 2M. 

centration, an experiment was carried out in which the concentration of the 
carbon compounds was reduced to 10_2M. The inoculum used in this experi­
ment contained 79 [xg N/ml. 

The results of this experiment (Table 3.3) show that even at a concentration 
of 10~2M, propanol and butanol did not support growth and nitrogen fixation 
of A. chroococcum, strain A40, as effectively as it was the case with propionate 
and butyrate. The other carbon compounds tested gave similar results as in the 
previous experiment, except that the efficiency values of nitrogen fixation were 
generally higher. It is undecided, whether these differences were caused by the 
decreased concentration of the carbon compounds or were due to the increased 
size of the inoculum used in this experiment. In both experiments the cultures 
had been aerated at a low rate of shaking. BECKING (1971) reported an increased 
efficiency of nitrogen fixation by Azotobacter and Beijerinckia spp. by lowering 
the carbon-compound concentration of the medium. 

TABLE 3.3. Efficiency of nitrogen fixation by A. chroococcum, strain A40, grown with the 
sodium salts of fatty acids and the corresponding alcohols"". 

C compound*"' Nitrogen fixed 
(fig N/10 ml) 

Nitrogen-fixing 
efficiency 

(mg N/g substrate) 

Ethanol 
Propanol 
Butanol 
Na-acetate 
Na-propionate 
Na-butyrate 
Glucose 

73 
14 
31 
66 
92 

110 
183 

15.9 
2.3 
4.2 

11.0 
12.4 
12.5 
10.2 

°" Values are averages of 3 replicates. (b)Final concentration 10~2M. 
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3.4. CALCIUM SALTS OF FATTY ACIDS 

The medium used in the present experiments was somewhat different from 
that described in 2.1, and consisted of K2HPO4,2.50 g; MgS04.7H20, 0.25 g; 
NaCl, 0.25 g; CaCl2.2H20, 0.25 g; FeS04.7H20, 10 mg; Na2Mo04.2H20, 
5 mg, dissolved in 900 ml of distilled water. Portions of 22.5 ml of this medium 
were transferred to 100-ml flasks and supplied with 2.5 ml of solutions of cal­
cium salts of different fatty acids to make a final concentration of 0.1 % (w/v). 
These media were inoculated with 0.5 ml of an Azotobacter culture, precultiva-
ted for 48 hr in a similar medium with 0.5 % glucose. After being incubated at 
30 °C for 96 hr, the total nitrogen of the cultures was determined according to 
the method described in 2.8.1 (ammonia was estimated by distillation and 
titration). 

Table 3.4 shows the composite results of 4 of such experiments carried out at 
different times and using different Azotobacter strains as test organisms. These 
results show that up to four carbon atoms, with calcium propionate as the 
exception, the amount of nitrogen fixed increased with increased length of the 
carbon chain. The low values obtained with calcium valerate and calcium cap-
roate were presumably caused by the poor solubility of these compounds in 
water. The amount of nitrogen fixed with calcium butyrate as the carbon com­
pound was higher than that obtained with glucose. In these experiments the 
amount of substrate consumed was not determined so that the efficiency of 
nitrogen fixation could not be computed. 

In a subsequent experiment with different fatty acids, the amounts of carbon 
compounds consumed during the experimental period were estimated according 
to the methods described in 2.6 and 2.7. Ca-valerate and Ca-caproate, because 
of their poor solubility in water, and Ca-formate, because of the poor growth 
of azotobacters obtained with this compound, were omitted from the experi-

TABLE 3.4. Nitrogen fixation by Azotobacter spp. grown with the calcium salts of different 
fatty acids and glucose, respectively, for 96 hr at 30°C(a). 

C compound00 

Ca-formate 
Ca-acetate 
Ca-propionate 
Ca-butyrate 
Ca-valerate 
Ca-caproate 
Glucose 

A. chroococcum 
strain R25 

T50 
241 
241 
421 
43 
52 

328 

Nitrogen fixed (pgi 

A. chroococcum 
strain R35 

76 
392 
384 
610 
74 
49 

475 

25 ml of culture) 

A. agile 
strain A27 

53 
258 
60 
473 
43 
71 

332 

A. vinelandii 
strain A66 

60 
270 
386 
470 
50 
62 

340 
a,All the values reported are averages of 3 replicates. ""The concentration of the carbon 
compounds was 0.1 % (w/v). 
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TABLE 3.5. Growth and nitrogen fixation of A. chroococcum, strain R35, cultivated in media 
with the calcium salts of different fatty acids and glucose for 96 hr at 26 °C(a). 

C compound(b) 

Ca-acetate 
Ca-propionate 
Ca-butyrate 
Glucose 

PH 

8.6 
8.4 
8.6 
6.8 

O.D. 

0.056 
0.086 
0.142 
0.113 

Dry weight 
(mg/25 ml) 

1.2 
1.7 
2.4 
2.4 

Substrate 
consumed 
(mg/25 ml) 

17.80 
17.55 
16.78 
25.00 

Nitrogen 
fixed 

(fj.g N/25 ml) 

280 
302 
412 
389 

Efficiency of 
nitrogen 
fixation 
(mg N/g 

C compound) 

16.39 
17.21 
24.55 
15.56 

'"'Values reported are averages of 3 replicates. <b)The final concentration of the carbon com­
pounds was 0.1 % (w/v). 

ment. From the results of this experiment, with A. chroococcum, strain R35, as 
test organism (Table 3.5), it can be seen that at the end of the experimental 
period, the pH of the cultures supplied with the calcium salts of fatty acids had 
become alkaline. This was caused by the assimilation of the fatty acids, thus 
leaving free Ca2 + in the medium. It is possible that the high pH of the medium 
has adversely affected the rate of consumption of the added fatty acids. At the 
end of the experimental period residual fatty acids were found in the cultures 
supplied with these compounds, whereas no residual substrate was found in the 
culture supplied with glucose. In the cultures provided with the calcium salts of 
fatty acids, the efficiency of nitrogen fixation by A. chroococcum, strain R35, 
increased with the increase of the molecular weight of the acid. The efficiency of 
nitrogen fixation with butyrate was approximately 60 % higher than that with 
glucose. This higher efficiency could be due to one or more of the reasons 
discussed in 3.5. 

3.5. OXYGEN UPTAKE BY A. CHROOCOCCUM SUPPLIED 

WITH CALCIUM BUTYRATE OR GLUCOSE 

A. chroococcum, strain R35, was cultivated in modified Burk's medium with 
calcium butyrate as the source of carbon and energy at 30 °C for 20 hr. The 
cells were harvested by centrifugation, washed twice with distilled water, and 
resuspended in a phosphate-buffer solution (0.1 M, pH 7.0). Portions of 1 ml 
were transferred to Warburg vessels and after being supplied with 10 y. moles 
of calcium butyrate, 10 \i moles of glucose, and distilled water (endogenous 
substrate), respectively, the oxygen-uptake values were measured. The results 
of this experiment (Fig. 3.1) show that ca. 725 \d of 0 2 was taken up by the 
cells for the consumption of 10 [i moles of butyrate and ca. 930 [xl for the con­
sumption of 10 jx moles of glucose. From these values it can be calculated that 
ca. 65% of the butyrate and ca. 70% of the glucose given as substrate had been 
respired. From the same data it can be calculated that for the consumption of 
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FIG. 3.1. Oxygen uptake of 
a washed suspension of A. 
chroococcum, strain R35, 
previously grown on buty-
rate, after the addition of 
10 \L moles of butyrate (A), 
and glucose (•). 

120 180 
Minutes 

1 g of butyrate the cells took up 824 ml of 0 2 and for the consumption of 1 g 
glucose, 517 ml. Using a theoretical P/O (ATP formed/O consumed) ratio of 3, 
these values would correspond with a production of 220 m moles of ATP per g 
of butyrate consumed and of 138 m moles per g of glucose consumed. 

From these calculations it might be concluded that the higher efficiency of 
nitrogen fixation by A. chroococcum supplied with butyrate as compared to that 
with glucose is due either to the greater reducing capacity (higher equivalent of 
'available electrons' according to MAYBERRY, PROCHAZKA and PAYNE, 1967) of 
the former compound (as shown by a greater 0 2 uptake) or by the production 
of more ATP per weight unit of butyrate. Since azotobacters have very high 
Qo2-values (oxygen uptake, JJLI 02/mg dry cells/hr), it may be expected that 
these organisms consistently overproduce ATP and suffer from insufficient 
reducing capacity and carbon skeletons for cell synthesis (cf. GUNSALUS and 
SHUSTER, 1961; MULDER and BROTONEGORO, 1974). Therefore, of the two pos­
sible explanations given above, the greater reducing capacity per weight unit of 
butyrate is obviously the cause of the higher efficiency of N2 fixation by azoto­
bacters supplied with this compound. In chapter 4 it will be shown that excess 
oxygen is harmful to nitrogenase. Thus it seems logical to expect that substrates 
possessing greater reducing capacities would be more efficient in protecting 
nitrogenase against oxygen toxicity. 
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