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SUMMARY 

Recent advances in understanding the genetics of nitrogen 
fixation have provided ideas for novel appiicationa of nitro 
genase and nitrogen - fixing organisms . Mutant straini have been 
useful for identifying the active site of nitrogenase and fo r 
identifying other factors, besides nitrogenase, that are 
specifically required for an organism to fix nitrogen . These 
strains have been important tools for assaying such factors 
during their purification . 

A fine - structure map of Klebsiella pneumoniae was obtain 
ed by deletion mapping of many nif (nitrogen fixat"on) muta 
tions . Transformation between Nif - mutant strains of Azoto 
bacter vinelandii has shown that the nif genes are scattered 
around the chromosome , unlike the situat"on in K. pneumoniae in 
which nif genes are clustered . 

Regulato r y mutations have been useful for constructing 
derepressed ammonium - excreting stra"ns in A. vinelandii . Such 
strains can fertilize the roots of cereal plants. The regula 
tion of nitrogen fixation seems to be quite complex since 
ammonium , oxygen , and molybdenum all play a role in nitrogenase 
synthesis in K. pneumoniae. 

The Rhizobium - legume symbiosis has been studied with 
mutant strains of Rhizobium that are unable to form root nod
ules and mutant strains which form root nodules unable to fix 
nitrogen . Several strains that do not infect the host plant 
lack a surface polysaccharide that is present in wild- type 
cells. Some mutant strains of Rhizobium cause leghemoglob"n 
deficient nodules to be formed . Another mutant phenotype 
causes the plant to fix more nitrogen than the wild type. 
Such strains might have potential use in agr"culture . 
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INTRODUCTION 
Nitrogen fixation is the conversion of atmospheric N2 to 

a compound that has N bonded to another eiement that is no~ N. 
Examples of fixed N compounds are nitrate, urea, and ammonia . 
This reaction is an essential part of the N cycle,and it off
sets the loss of fixed N to N2 by denitrifying bacteria. Most 
of the N2 fixation is accomplished by a few species of bacteria. 
No eukaryote will fix N2 by itself. Nitrogen-fixing bacteria 
are quite diverse in habitat and properties; some fix N2 by 
themselves,and others require a eukaryote host in order to fix 
N2. 

Catalysis of N2 fixation occurs by the enzyme nitrogen
ase, which is composed of two proteins, components I and II. 
The biochemistry of nitrogenase has been reviewed by WINTER and 
BURRIS (1976) and EADY and POSTGATE (1974). Component I con
tains approximately 24 iron atoms and two molybdenum atoms. It 
has a molecular weight close to 250,000 daltons. Component II 
has a molecular weight ot about 60,000 daltons and contains 
four iron atoms. Nitrogenases from all sources studied have 
quite similar properties (EADY and POSTGATE 1974). The reac
tion has a tremendous energy demand because 12-24 ATPs are re
quired for each N that is fixed (BURRIS and ORME-JOHNSON 1974) . 
This energy demanJ probably is the main reason that Nz fixation 
is limited in nature . 

An important property of nitrogenase is that both compo
nents are extremely labile to oxygen; therefore all biochemi
cal studies with an active enzyme must be performed under 
strictly anaerobic conditions (BURRIS and ORME-JOHNSON 1974) . 
Bacteria that fix N2 also must keep oxygen away from nitrogen
ase. Azotobacter v~nelandii is one of the few bacteria that 
fix N2 aerobically. Presumably, this organism keeps oxygen 
from inactivating nitrogenase because of a very high respira
tory activity by which oxygen is quickly reduced to water 
(PHILLIPS and JOHNSON 1961, DALTON and POSTGATE 1969). Kleb 
siella pneumoniae, on the other hand, will grow on fixed N ei
ther anaerobically or aerobically, but it will only grow on N2 
under anaerobic conditions (PENGRA and WILSON 1958) . This or
ganism is unable to protect its nitrogenase from being oxygen
inactivated (ST . JOHN et al. 1974). Hhizobium Japonicum, the 
bacterium that forms root nodules on soybean, somehow causes the 
plant to synthesize a hemoglobin-type protein called leghemo
globin which seems to keep free oxygen from inactivating nitro
genase in the bacteria but allows oxygen to be used for ATP 
synthesis by respiration (BERGERSEN et al. 1973). These three 
organisms are the ones that will be discussed in this paper . 

Since N2 fixation has such a great energy demand, cells 
use fixed Nin preference to fixing their own N2 . No nitrogen
ase is found in free-living bacteria when they are grown with 
excess arnrnonium,and no nodules form on soybean grown with suffi
cient fertilizer N. Therefore, regulation of nitrogenase syn
thesis in free-living bacteria and regulation of the infection 
process by Rhizobium are important mechanisms to understand. 
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It is much simpler to study bacteria that f i x N2 by them
selves than to deal with the more complex Rhizobium-legume sym
biosis. For this reason, results with R. japon~cum will be 
discussed in a separate section. 

PHENOTYPES 
In order to make maximum use of genetic information, bio

chemical characteristics have to be monitored in mutant strains 
(Table 1) . Component I and II activity were quantitated by 
titrating a crude extract of a mutant strain with purified com
ponents prepared from the wild type (SHAH and BRILL 1973). In
active components were detected either by cross reaction with 
antisera prepared against native component or on polyacry l amide 
gels after electrophoresis. A specific staining procedure de
tects both components on gels by reacting with iron in the pro
teins to form pink bands on the gels (BRILL et al . 1974) . 
Othe r iron proteins are present in much smaller amounts in the 
extracts so that they do not show up by this procedure . 

Strains 

TABLE 1. Phenotypes of Nif mutant strains of 
Azotobacter vinelandii 

Activity 
I II 

Antigenic 
cross-reacting 

material 
I II 

g=3.65 
EPR signal 

Fe stain on 
polyacrylamide 

gel 
I II 

Activatable 
in vitro by 

FeMoCo 

Wild type + + + + + + + 

UW1 

UW3 

UW6 + 

UW10 + 

UW38 ++ 

UW45 

UW91 + 

+ 

+ 

+ + 

++ 

+ + + 

+ 

+ + 

++ 

+ 

+ + 

After BRILL et al. (1974), NAGATANI et al. (1974), SHAH et al. 
(1973), and SHAH et al. (1974). 

A technique that has been very usetul tor understanding 
the mechanism of nitrogenase a~tivity is electron paramagnetic 
resonance (EPR) spectroscopy . EPR spectroscopy of whole cells 
shows a unique signal having a spectroscopic splitting value 
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(gJ of 3.65 that is present only in cells that fix N2 (DAVIS et 
al . 1972). This signal is caused by component I . When var
ious mutant strains were examined for the g=3.65 signal, only 
those with active component I produced the signQl (SHAH et al. 
1973) . Many mutant strains produce inactive component I with 
normal levels of iron and normal properties on acrylamide gels. 
None of these strains had this unique EPR signal. The tight 
correlation between the EPR signal and activity of component I 
was good evidence that the g=3.65 signal is caused by an active 
site on component I. The signal is induced by a transition 
metal, but it still is not known whether iron, molybdenum, or 
both are responsible for the signal. 

Nitrate reductase, like component I of nitrogenase, is a 
molybdoprotein. A mutant strain of Neurospora crassa with a 
defective nitrate reductase could be reactivated in vitro when 
acid-treated nitrate reductase was added to the extract (KETCHUM 
et al. 1970, NASON et al. 1971) . The exciting discovery was 
made that addition of any acid-treated molybdoprotein could re
constitute nitrate reductase activity in vitro when added to 
the extract of the mutant strain. This was strong evidence 
that all molybdoproteins contain a common cofactor. We there
fore assumed that some mutant strains defective in nitrogenase 
might be activated in vitro when acid-treated component I is 
added. Such strains have been found in A. vinelandii and K. 
pneumoniae (NAGATANI et al. 1974, ST. JOHN et al. 1975) and 
have been very useful for assaying the molybdenum cofactor dur
ing purification. We have recently purified the cofactor (FeMo
Co) and demonstrated that it is a small peptide containing both 
iron and molybdenum (SHAH, unpublished results) . It is stable 
at room temperature but is inactivated immediately in the pres
ence of small amounts of oxygen. A~l of the FeMoCo can be re
moved from component I by treatment with M-methylformamide, a 
solvent with a very high dielectric constant. All of the molyb
denum is bound in FeMoCo . An interesting problem that has yet 
to be solved is the mechanism by which FeMoCo is synthesized . 
Many nif genes might be involved . 

Another interesting phenotype (ST . JOHN et al. 1975) that 
was found in K. pneumoniae prevents the cell from growing on N2, 
but the mutant strain has high levels of active nitrogenase 
when tested for activity in vitro (ST . JOHN et al. 1975) . The 
mutation is not located in a structural gene for nitrogenase. 
A possible explanation for this phenotype is that the mutation 
is in a gene that specifies an electron transport factor that is 
required for N fixation in vivo. The electron donor for in 
vitro assays i~ sodium ctithionite, which directly reduces nitro
genase (BOLEN et al . 1975). The in vitro assay, therefore, 
bypasses this factor. 

REGULATION 
Regulation of nitrogenase synthesis is under very tight 

control; however, there does not seem to be any type of feed
back inhibition in these organisms (see BRILL 1975). When A. 
vinelandii is grown in the presence of excess ammonium, no de-
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tectable nitrogenase activity was observed and no component I 
or II cross-reacting material was detected (DAVIS et al. 1972). 
Glutamine synthetase plays a role in the regulation of nitro
genase synthesis in K. pneumoniae since glutamine auxotrophs 
are unable to synthesize nitrogenase (TUBB 1974). The mechan
ism of regulation probably is similar to that found with histi
dase synthesis in K. aerogenes . In that system a particular 
form (unadenylylated) of glutamine synthetase is required for 
transcription of the gene specifying histidase (TYLE~ et al . 
1974). 

It is not certain how nitrogenase synthesis is regulated in 
A. vinelandii , but an analog of glutamate, methionine sulfoxi
mine, will alter the regulation of nitrogenas e synthe sis in A. 
vinelandii as it does in K. pneumoniae (GORDON and BRILL 1974). 
When this analog is added to ammonium-grown cells, nitrogenase 
synthesis is derepressed. In the presence of methionine sul
foximine, N2-growing cells form very high levels of nitrogenase 
and excrete into the medium additional ammonium that is formed. 
This proves that ammonium itself is not the effector of nitro
genas e synthesis . The same results have been found for nitro
genase synthesis in a blue-green alga (STEWARD and ROWELL 1975). 

Mutant strains were found that have altered r e gulatory pro
perties. Strains lacking both components as well as FeMoCo are 
commonly found (SHAH et al . 1973, ST. JOHN et al . 19 75). When 
some of these strains are reverted to the Nif+ phenotype, dere
pressed levels of nitrogenase are observed in several (but not 
all) of the revertants (GORDON and B~ILL 1972, GORDON et al . 
1975). Such strains have a possibility of being agronomically 
important (GORDON and BRILL 1972, SHANMUGAM and VALENTINE 1975) 
since they continue to fix N2 , even in the presence of nitro
genous fertilizer. Perhaps N2-fixing bacteria that normally gro1 
on roots of a cereal plant can be isolated and mutated to the 
derepressed phenotype. Some of these strains should be able to 
excrete ammonium and therefore fertilize the plant. Obviously, 
the plant has to supply the carbon source f or the bacterium. 

One Nif- mutant strain of A. vinelandii (UWJ8) had no d e 
tectable component I, but had five-fold greater levels of com
ponent II than normally is seen in the wild type (SHAH et al. 
1974). This phenotype was caused by a single mutation since all 
revertants of this strain produced equivalent but low levels 
of both compone nts. A model was proposed which invokes an a c ti
vator that exists in two forms--a different form is required to 
activate the synthesis of each component. 

In K. pne umoniae excess ammonium is not the only way to 
specifically prevent nitrogenase synthesis. As stated previous
ly, this organism is unable to fix N2 aerobically. It is possi
ble that oxygen-de natured components are made whe n the cell is 
starved for Nin the presence of air. However, neither compon
ent is s ynthesized, even in an inactive form, in the presence of 
air (ST. JOHN et al . 1974). Nothing is known about the nature 
of this regulation by oxygen. 

When K. pneumon iae is grown in a medium de ficient in molyb-
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denum, it obviously is unable to fix N2 since molybdenum is an 
essential part of component I of nitrogenase . Several molybde
num-deficient environments have been shown to limit N2 fixation 
in nature (ANDERSON 1946, EVANS et al . 1951) . When the cell 
finds itself N-starved, but without molybdenum , the possible 
outcome is that active component II and inactive component I 
are synthesized . This would be a waste of energy because the 
organism will be unable to fix N2 . However, molybdenum seems to 
play a regulatory role because molybdenum starvation prevents 
either component from being synthesi zed (BRILL et al. 1974) . A 
different obs e rvation was made for molybdenum-starved A. vine 
landii . In that organism, active component II was present, but 
component I could not b e detected serologically or on polyacryl
amide gels (NAGATANI and BRILL 1974) . 

GENETICS 
Klebsiella pneumoniae is closely related to Esche r ichia 

coli ,and therefore the sophisticated genetic tools available for 
studies on E. c oli can be used with K. pneumoni a e. For in
stance, Pl has been used for transduction (STREICHER et al. 
1971) . Fine-structure mapping by deletion analysis has ordered 
(see Figure 1) several hundred nif mutations and has confirmed 
a previously published map (ST . JOHN et al. 1975) . The exact 
number of nif genes is not yet known since detailed complemen
tation analyses have not been completed , but two- dimensional 
polyacrylamide gel electrophoresis has shown that at least six 
polypeptides are coded for by the nif region of the chromosome 
(ROBERTS, unpublished results) . 

hi s D nifB nifE ni f D X n i fK n ifH 

I I I f I I f I I t I I t I t I 
FeMoCo Electron I I II 

transport 
factor 

FIGURE 1 . Genetic map of the nif region in Klebsiella pneumon 
iae. After ST . JOHN et al . (i975) . The iocation, speci
fied by X, is the region where phage Mu can integrate 
without preventing the strain from becoming Nif- (MALA
VICH, unpublishe d results) . 

Mutations that specifically eliminate component I, but not 
component II, activity cluster in three regions . A region clos
est to his is ni f B , which codes for the synthesis of FeMoCo . 
The other t wo regions , nifD and nifK,are required for component 
I synthesis . A region on the chromosome tha t seems to have 
nothing to do with N2 fi xation separates nifu from nifK. Evi
dence for this comes from the finding that the phage Mu can 
be inserted in this region . The cell still is able to grow as 
well as the wild type on N2 . It is possible that each of these 
clusters codes for one of the two subunits of component I (KEN
NEDY et al. i976) . However, the fact that the Mu insertion 
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does not alter component I synthesis is evidence that the two 
clusters are coded by different operons . 
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Mutations in A . v i nelandii have been mapped by transforma
tion (PAGE and SADOFF 1976). This is a rather crude mapping 
system since large pieces of DNA seem to be required and linkage 
can be demonstrated between a variety of different markers. Un
like the situation in K. pneumon i ae where all of the nif muta
tions are closely clustered, the nif mutations in A. vinelandii 
are scattered on the chromosome (BISHOP and BRILL 1977, Figure 
2). Mutations that are involved in the regulation of nitrogen
ase synthesis and synthesis of the molybdenum cofactor are not 
close to the structural genes specifying components I and II . 
Transformation will be useful for constructing strains with the 
desired properties for ammonium excretion. 

t t t t t 
Regulation FeMoCo Regulation I II 

FIGURE 2 . Genetic map of nif genes in Azotobacte r vinelandii. 
After BISHOP and BRILL (1977) . 

RHIZOBIUM 

Unlike free-living N2-fixing bacteria, Rhizobium normally 
fixes N2 when it is packed in plant cells within the root nodule 
of its legume host (Figure 3). The plant supplies photosynthate 
to the Rhizobium , and nitrogenase within Rhizobium supplies 
fixed N to the legume. The plant codes for leghemoglobin (DIL
WORTH 1969), which is synthesized only in legume root nodules . 

Very little information is available on the mechanism by 
wh~ch Rhizobium ·infects the plant or the basis for specificity 
of one Rhi z obium species for its legume host . Since both bac
teria and plant are required for normal expression of genes that 
code for N2 fixation as well as genes specifically involved with 
the infection process, it is not very easy to obtain mutant 
strains with lesions in these genes. 

No positive selection or enriching techniques are avail
able for obtaining the desired mutant strains. A screening 
technique was used to detect mutant strains after mutagenesis. 
This screening method, called the effectiveness assay (WACEK and 
BRILL 1976), involved surface-sterilizing soybean seeds and plac
ing the seeds in vials containing vermiculite with a N-free med
ium. A portion of a colony from a mutagenized culture was plac
ed on a seed,and then a sterile plastic bag was placed over the 
vial. After the vial was incubated for two weeks in a plant
growth chamber, the root system was assayed for N2-fixing abil
ity by the acetylene-reduction technique (BURRIS 1975). Mutant 
strains of R. japonicum (see Table 2) that grew as well as the 
wild type on minimal and rich media but were unable to form N2-
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fixing root nodules on soybean were further analyzed (MAIER and 
BRILL 1976) . 

FIGURE 3 . Scanning electron micrograph of Hhizobium japonicum 
cells inside a plant cell that is within a soybean root 
nodule. Magnification x 2,900. 

One mutant strain (SMl) did not form any nodules and seem
ed to be missing a surface antigen that was found in the wild 
type (MAIER , unpublished results) . Another strain (SM3) produc
ed nodules that did not reduce acetylene. No leghemoglobin was 
found in those nodules. A third type of mutant strain (SMSJ 
formed nodules containing leghemoglobin. These nodules had no 
component II activity,but component I still was active. Compon
ent II protein was detected serologically; therefore the lesion 
in this strain seemed to be in the structural gene for component 
II. This was the first example of a Nif- mutant strain in Rh~
zobium. No gene-transfer experiments have yet been performed 
with these strains. 

The effectiveness assay also has been useful for detecting 
mutant strains of R. japonicum that reduce more acetylene than 
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TABLE 2. Mutant Strains of Hhi zob i um japonicum 

Strain 

Wild type 

SMl 

SM3 

SMS 

Ability to 
nodulate 

+ 

+ 

+ 

After MAIER and BRILL (.1976). 

Leghemoglobin 
in nodu.les 

+ 

+ 

Active 
nitrogenase 

+ 

+ 

+ 

155 

the wild type (MAIER and BRILL 19 77). Such "super" strains are 
currently being tested for their ability to improve yie.lds of 
soybean. Another use of the effectiveness assay has been to 
screen different cultivars of soybean (WACEK and BRILL 1976) . 
Table 3 shows the relationship between selected cultivars when 
tested by the effectiveness assay and when whole plants are dug 
up from the field and tested for acetylene reduction. Plants 
were tested from the field at three and eight weeks after plant
ing . The most active cultivar (Ogemaw) determined by the effec
tiveness assay is the most active in .the field trial as well . 
The least active cultivar , Hokkaido, does not have any activity 
at three weeks but is very active at eight weeks. This probab.ly 
is an indication that this cultivar nodulates late . The remain
ing cultivars do not bear any simi.larity in field trials to 
results obtained by the effectiveness assay . .lt is possible 
that the effectiveness assay is useful for detecting N2-fixing 
potential in plants and that this potential might not always be 
realized because of other .limiting factors . This information 
could be of considerable value to crop breeders who are inter
ested in developing plants with greater N input but with no de
pendence on nitrogenous ferti.lizer . 

TABLE 3. Comparison between soybean cu.ltivars tested by the 
effectiveness assay and field-grown plants 

Specific activity* 
Cul ti var Effectiveness 

Ogemaw 
Osaya 
Norman 
Corsoy 
Wilson 
Hokkaido 

* 

assay 

202 
177 
124 

80 
1 7 
10 

3-week field 

3,272 
L,230 

422 
2,930 
1,280 

0 

8-week field 

88,488 
28,530 
23,646 
58, '.>84 
L6,850 
65,298 

Specific activity equals the amount of acetylene reduced per 
hour per plant . After WACEK and BRILL (1976) . 
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