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The nitrogen in our protein food- 
stuffs is derived from the vast reservoir 
of atmospheric nitrogen by nitrogen 
fixation. Nitrogen-fixing organisms, such 
as the familiar root nodule bacteria of 

leguminous plants (soybeans, for ex- 

ample) probably account for about 
one-half of the total amount of nitro- 

gen fixed annually. Large amounts of 
nitrogen are also fixed by chemical 
means, during the manufacture of 

nitrogenous fertilizers, for example. 
The great demand for these fertilizers 
is indicated by the more than 580 
chemical fertilizer plants now in oper- 
ation or under construction throughout 
the world, representing an investment 
of more than $10 billion (1). The 
manufacture of fertilizers, however, 
requires vast inputs of energy. Sweeney 
estimates that the total amount of en- 
ergy required for the production of 
ammonium fertilizers is equivalent to 
2 million (2 X 106) barrels of oil per 
day, worldwide (1). In North Amer- 
ica, the consumption of nitrogenous 
fertilizers exceeded 8 million tons 
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(metric) in 1973, more than 22 per- 
cent of the total world consumption 
(2). For corn production alone, U.S. 
farmers today apply nitrogenous fer- 
tilizers representing an energy input of 
nearly 900,000 kilocalories per acre 
(2,430 megacalories per hectare) (3). 
This energy input itself is almost as 
large as the total energy input for the 
1945 corn crop. 

The basic commercial process for 
manufacturing ammonia, which con- 
sists of catalytically reacting hydrogen 
with nitrogen under high pressure and 
temperature to form ammonia (3H2 + 
N2 2NH3), has not changed since it 
was inaugurated in 1913. The dramat- 
ically rising price of petroleum as a 
source of hydrogen, and the many 
ecological and economic limitations to 
the heavy use of chemical fertilizers, 
have stimulated much interest in nitro- 
gen fixation by microorganisms. A bet- 
ter understanding of the nature and 
manipulation of the biological system 
might lead to cheaper and more effi- 
cient means of producing high quality 
plant protein. 

The only organisms known to fix 
nitrogen are certain bacteria that har- 
bor the nitrogen fixation (nif) genes. 
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Nitrogenase genes code for nitrogenase 
proteins that catalyze biological nitro- 
gen fixation. One objective of particu- 
lar significance in the application of 
molecular biology to the study of nitro- 
gen fixation in bacteria is eventual "in- 
fection" of nonleguminous plants such 
as the cereals with nif genes. 

Discovery and Mapping of the 

Genes for Nitrogen Fixation 

At Berkeley in 1971 we identified 
several crucial genes for nitrogen fixa- 
tion which were clustered on a small 
segment of the chromosome of the 
nitrogen-fixing bacterium, Klebsiella 
pneumoniae (4). These genes were dis- 
covered at about the same time by 
Dixon and Postgate who were working 
in England (5, 6). Although the bio- 
chemistry of nitrogen fixation was not 
as well understood in K. pneumoniae 
as it was in other better known nitro- 
gen-fixing bacteria, such as Azotobacter 
and some of the clostridia, we chose 
to work with the Klebsiella species 
because of its close genetic (evolution- 
ary) relationship to Escherichia coli, 
which is generally acknowledged as the 
best understood of all living cells. We 
have been able to exploit the close 
genetic relationship between these two 
bacteria in a number of ways. 

The finding that the bacteriophage 
PI of E. coli would mediate the trans- 
duction of the nif genes (4) provided 
the foundation for studies of the molec- 
ular biology of nitrogen fixation. Trans- 
ductional analysis of K. pneumoniae 
with coliphage P1 yielded several im- 
portant facts; the most important was 
that the nif genes formed a cluster near 
the histidine operon on the K. pneu- 
moniae linkage map, as shown by co- 
transductional mapping (4, 7). Most 
chemically induced mutations of the 
nif genes, in which the ability to syn- 
thesize nitrogenase was lost (nif-), 
were found to be cotransduced with the 
his D gene (8) at a frequency between 
30 and 80 percent. As calculated from 
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the cotransduction frequencies, this 
quantity of DNA would be more than 
sufficient to code for nitrogenase as 
well as other ancillary nif genes (7). 

Although the majority of nif- lesions 
were located near the histidine operon, 
occasional non-nitrogen-fixing pheno- 
types were found in which the lesions 
did not map in this region (7). It is 

possible that the biochemical functions 
of these genes correlate with various 

regulatory as well as ancillary enzymes 
and proteins essential for nitrogen fix- 
ation. 

There is much indirect evidence that 
the cluster of nif genes that comprise 
the nif operon and map near the histi- 
dine operon on the genetic linkage map 
of K. pneumoniae, code for nitroge- 
nase. Most mutations of the nif genes 
in this cluster result in strains that are 
devoid of nitrogenase activity, although 
some mutants are still capable of syn- 
thesizing one or both of the two differ- 
ent subunit proteins comprising the 
nitrogenase complex (9). Proof of the 
importance of this cluster of nif genes 
has been provided recently by Dixon 
and Postgate (6) who constructed 
nitrogen-fixing recombinants of E. coli 
by transferring the nif segment of DNA 
from K. pneumoniae to E. coli. 

By studying deletion mutants (10) 
we have been able to define the loca- 
tion of some nif genes between the 
histidine operon and the shi A marker 
(Fig. 1) on the K. pneumoniae linkage 
map (8). We have isolated approxi- 
mately 100 mutants carrying deletions 
in this region. About 70 percent of 
such mutants have deletions extending 
through the histidine operon and into 
(through) the nif segment of the DNA. 
Of the remaining 30 percent, the ma- 

jority have deletions extending beyond 
the nif region into the shikimic acid 

region, while the rest terminate within 
the histidine operon. As shown in Fig. 
1, E. coli apparently lacks nif genes. 

It has been brought to our attention 

by Cannon et al. (11), that nif genes 
mapping near the histidine operon may, 
in fact, occur as two separate clusters 
(operons?), one on each side of the 
histidine operon. Our finding that one 
or more his genes may play a role in 
the regulation of the synthesis of nitro- 

genase has added increasing complexity 
to the nif map in this region (7). 
Clearly more experiments are neces- 
sary before we can be sure of the exact 
location of the nif genes near the histi- 
dine operon. 

It is of interest to compare the map 
position of the nif genes in K. pneu- 
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Fig. 1. Genetic map of the nif gene re- 
gion of K. pneumoniae, compared with a 
map of the same region in E. coli, which 
lacks nif genes. See text for details. Abbre- 
viations: gind, 6-phosphogluconate dehydro- 
genase; his, histidine enzymes responsible 
for biosyntheses; shi A, shikimate permease 
(this area is also involved in auxotrophy 
for shikimate utilization). [From (39); 
courtesy of Cambridge University Press] 

moniae with the location of the nif 
cluster on the genetic linkage map of 
a stable nitrogen-fixing hybrid of E. 
coli. A map of such a hybrid was con- 
structed by Dixon and Postgate (6). 
Genetic analysis indicated that the nif 
genes were integrated near the histidine 
operon on the E. coli genome, and that 
the gene order was probably: rfb, nif, 
gnd, his (8, 12), in contrast to the 
order rfb, gnd, his, nif in K. pneu- 
moniae (10). Such shuffling of gene 
order could be the result of a complex 
series of rearrangements of chromo- 
some segments being required for in- 
sertion of the heterologous K. pneu- 
moniae DNA carrying the nif genes 
into the E. coli chromosome. 

The locations of the nif genes on the 
chromosomes of other nitrogen-fixing 
bacteria are not yet known. It is pos- 
sible that in some bacteria extrachro- 
mosomal DNA, such as the DNA of 
plasmids, may be responsible for nitro- 
gen fixation. 

Nitrogen Fixation Plasmids 

Plasmids that code for the synthesis 
of nitrogenase have recently been re- 
ported from two laboratories. Cannon 
et al. (13) have found that heterolo- 
gous matings between K. pneumoniae 
nitrogen-fixing donors and E. coli C 
non-nitrogen-fixing (nif-) recipients 
often yield genetically unstable E. coli 
hybrids that fix nitrogen. The nif 
genes in two such hybrids are present 
as covalently closed circular molecules 
of DNA plasmids. A plasmid with nif 
genes, which also carries his genes of 
one of the parent strains and has a 
molecular weight of 9.5 X 106, does 
not promote its own transfer, presum- 

ably because it lacks genes for sex pili, 
the male specific appendages required 
for mating. However, the nif plasmids 
are readily transferred to another cell 
if that cell carries a drug-resistant (R) 
factor, or "helper," capable of produc- 
ing sex pili. The R-factor mediated 
transfer of nif plasmids occurs at a 
much higher frequency than the mobili- 
zation of the nif genes on the chro- 
mosome, a finding that can be utilized 
in the construction of new strains of 
E. coli K12 that fix nitrogen. The 
maintenance of the nif genes as plas- 
mids in most E. coli hybrids may indi- 
cate that the recombination enzymes of 
E. coli are not effective for promoting 
the recombination of the nif genes 
from K. pneumoniae with the recipient 
chromosome. 

Cannon et al. (11) have recently 
described the genetic construction of 
an E. coli hybrid with an infectious 
(transferrable) nif episome-that is, an 
F' factor that carries the his and nif 
genes from K. pneumoniae to recipi- 
ents lacking nif genes. This large 
episome, with an approximate size of 
108 daltons, also carries genetic mark- 
ers for met G, rfb, gnd, and shi A (8). 
Because it carries the genes of a com- 
plete sex factor (including sex pili), 
the nif genes can be transferred during 
cell to cell contact, from an F' nitro- 
gen-fixing donor to a nif- recipient. 
Such transfers occur at a high fre- 
quency; for example, in sexual crosses 
in which both the donors and recipients 
were E. coli strains, 20 percent of the 
donor cells were able to transfer the 
nif episome to nif- recipients. Epi- 
somes of this type represent interesting 
new tools for the genetic analysis of 
nitrogen-fixing organisms. For instance, 
the introduction of F' nif DNA into 
Gln C- strains of K. pneumoniae has 
suggested a new method for studying 
the regulation of nif genes. 

Recent studies in Ireland (14, 15) 
show that intrageneric transfer of nif 
genes occurs in matings between the 
root nodule bacterium, Rhizobium 
trifolii, and Klebsiella aerogenes. Be- 
cause K. aerogenes does not naturally 
fix nitrogen, it is evident that its ability 
to do so must depend on the transfer 
of the appropriate DNA from the root 
nodule bacterium. Whether root nodule 
bacteria routinely depend on nif plas- 
mids to fix nitrogen, or whether they 
also contain nif genes in their chro- 
mosomes, is not known. DNA ex- 
tracted from nitrogen-fixing hybrids of 
root nodule bacteria and K. aerogenes 
contains extrachromosomal DNA which 
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is absent in the K. aerogenes recipient 
and also in nif- segregants. Dunican 
and his co-workers have concluded that 
nif genes are carried on a plasmid in 
the hybrids. A plasmid of 9 X 106 
daltons was implicated as a carrier of 
nif DNA. 

Regulation of Nitrogen Fixation 

Klebsiella pneumoniae appears to 
have evolved an elaborate control sys- 
tem for modulating nitrogen fixation- 
a regulatory system which may be one 
of the most sophisticated yet encoun- 
tered in bacteria. It has long been 
known that the ammonium ion, NH4 +, 
the product of nitrogen fixation, shuts 
off or represses the genes that direct 
the synthesis of nitrogenase. A work- 
ing model of the regulation of nif genes 
by NH4+, based on current concepts, 
is illustrated in Fig. 2. The model is 
adapted from a proposed mechanism 
for genetic regulation of the hut (histi- 
dine utilization) genes of K. aerogenes 
(16) summarized in a recent review 
by Magasanik et al. (17). 

Experiments conducted at the labo- 
ratories of Stadtman (see 18) and 
Holzer (see 19) revealed the existence 
of an enzyme system known as the 
"adenylylation enzyme cascade" (Fig. 
2). In essence, the addition of NH4+ 
(or one of a variety of other nitrog- 
enous compounds that repress nitro- 
genase synthesis) is thought to trigger 
the enzyme cascade system that cata- 
lyzes the covalent modification of glu- 
tamine synthetase by attachment (or 
removal) of adenyl moieties on specific 
tyrosine residues of the protein; such 
modification has a marked effect on 
the catalytic properties of glutamine 
synthetase. The cascade might be re- 
garded as the "biochemical" part of 
the model in contrast to the "genetic" 
part dealing with the activation of ex- 
pression of the nif genes. The simplest 
notion is that adenylylation blocks the 
binding of glutamine synthetase to the 
nil promoter or, conversely, deadenylyl- 
ation leads to the binding of glutamine 
synthetase and the subsequent activa- 
tion of nif transcription. Interplay be- 
tween glutamine synthetase and DNA- 
RNA polymerase bound to the nif 
promoter region is envisioned. 

There is some experimental evidence 
that implicates glutamine synthetase as 
a direct participant in the genetic con- 
trol of nitrogen fixation (20, 21). We 
have found that glutamine-requiring 
auxotrophs (gln A-) that lack catalyt- 
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Fig. 2. Working model for 
genetic regulation of nitro- 
gen fixation (21). Tyr-O- 
AMP refers to adenosine 
monophosphate moieties co- 
valently lattached to tyrosine 
residues of glutamine syn- 
thetase. Growing chains of 
nif messenger RNA 
(mRNA) are shown as 
wavy lines attached to 
polymerase molecules. See 
text for further details. 
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ically active glutamine synthetase (20, 
21) cannot synthesize nitrogenase. These 
gln A- mutants fail to synthesize nitro- 
genase under a variety of growth con- 
ditions tested, all of which indicates 
that the wild-type K. pneumoniae is 
able to synthesize nitrogenase. One may 
speculate that the mutation that blocks 
the catalytic activity of glutamine syn- 
thetase simultaneously destroys the reg- 
ulatory properties of the (glutamine 
synthetase) protein. 

When gln A- mutants reacquire the 
glutamine synthetase genes as a result 
of conjugation with a strain of E. coli 
carrying the episome F'133, they can 
again make nitrogenase. Klebsiella 
pneumoniae gln A--F'133 hybrids are 
characterized by their genetic instabil- 
ity: as many as 85 percent of the 
clones lose the episome when they are 
cultured in glutamine-supplemented 
broth. It thus seems probable that F'133 
functions as an episome in the K. 
pneumoniae mutant, coding for E. coli 
glutamine synthetase which activates 
expression of nif genes. 

Mutants of K. pneumoniae in which 
glutamine synthetase is constitutive 
(Gin C-), continue to synthesize glu- 
tamine synthetase under conditions in 
which such synthesis would normally 
be repressed. These regulatory Gln C- 
mutants are characterized by their high 
specific activities of glutamine synthe- 
tase (about 600 to 1000 nanomoles of 
glutamyl hydroxymate produced per 
minute per milligram of protein) in 
the presence of NH4+ in the growth 
medium, in contrast to wild-type strains 
which produce about 300 to 400 units 
of glutamine synthetase under similar 
conditions. One of these strains has 
been found to continue to synthesize 
nitrogenase, in the presence of NH4+, 
in amounts up to 30 percent of those 
produced in the absence of NH4 + (20, 
21). 

Cannon et al. (11) have provided 
additional evidence for the role of glu- 
tamine synthetase as the activator of 

nif 

Operon(s) 

J 

nif gene expression. These workers in- 
troduced the F' nif DNA into a Gln C- 
(constitutive) mutant of K. aerogenes 
and observed that nitrogenase activity 
was partially derepressed on a medium 
containing NH4 + (10 to 20 percent of 
derepressed activity). 

There are still many questions to 
answer regarding the mechanism of 
activation of nif expression by gluta- 
mine synthetase. One of the most in- 
teresting questions concerns the make- 
up of the postulated operator-promoter 
region of the nif DNA. Gordon and 
Brill (22) have described mutant strains 
of Azotobacter vinelandii that synthe- 
size nitrogenase in the presence of 
NH4+. These mutants were isolated 
as revertants of nif- strains and they 
may contain operator-promoter muta- 
tions. In line with current concepts of 
bacterial operons (23) the nil operon 
would be expected to be composed 
of structural genes and a regulatory 
element (operator), or elements, pre- 
sumably located adjacent to structural 
genes. The nif operator-promoter re- 
gion would presumably provide bind- 
ing sites along its length for DNA-RNA 
polymerase to initiate transcription of 
the nif message, as well as other sites 
for attaching various regulatory pro- 
teins such as glutamine synthetase. 
This completes the hypothesized regu- 
latory circuit (Fig. 2) which might 
allow K. pneunmoniae to turn on or off 
the expression of nif genes, depending 
on the availability of exogenous sup- 
plies of nitrogen. This picture of the 
nif operator may be overly simplified. 
Additional binding sites on the opera- 
tor may be necessary for other un- 
identified regulatory proteins. For in- 
stance, expression of nif genes by K. 
pneumoniae in an aerobic environment 
would, in all likelihood, represent a 
futile cycle of synthesis and degrada- 
tion of nitrogenase since the enzyme 
is extremely oxygen-labile. A mecha- 
nism for repression of nif genes in the 
presence of oxygen (such as a regula- 
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Fig. 3. Time course of NH4+ excretion by a K. pneumoniae mutant in which the nif 
genes are derepressed and NH4 assimilation is blocked (asm-). The concentration of 
NHI+ was determined colorimetrically by the Conway-diffusion procedure, with Ness- 
ler's reagent (40). Klebsiella pneumoniae M5A1 (laboratory strain SK-24) was grown 
anaerobically, with constant sparging with nitrogen (left) or argon (right), in a glucose- 
salts medium (10) supplemented with 100 micrograms of glutamate per milliliter. 
Incubation was at room temperature (about 22?C). Nitrogenase activity (measured as 
micromoles of ethylene formed per hour per milligram of protein) of whole cells was 
determined by means of the acetylene procedure (10). 

tory protein capable of responding to 
the redox state of the cell?) might be 
of considerable survival value (24). 

As already mentioned, Dunican and 

Tierney (15) have constructed hybrid 
strains of K. aerogenes harboring nif 
genes donated by a root nodule bac- 
terium, R. trifolii. Nitrogenase synthe- 
sis in these hybrids is repressed by 
NH4+-, raising the possibility that the 
two parent organisms have a common 
system of nif gene regulation. Further 
studies of the mechanism of regulation 
of nitrogen fixation in K. pneumoniae 
may contribute to the construction of 
root nodule bacteria that catalyze more 
efficiently the symbiotic fixation of 
nitrogen. 

Further Applications 

As a result of our increasing knowl- 

edge of the molecular biology of nitro- 

gen fixation it might eventually be 

possible to increase the biological pro- 
duction of nitrogenous fertilizer from 

atmospheric nitrogen. We have recently 
isolated a strain of Klebsiella (K. pneu- 
moniae M5A1, laboratory strain SK-24) 
in which the nif genes are constitutive 
or derepressed (Nif C-) (25). This 
strain excretes large amounts of fixed 

nitrogen as NH4+: up to 20.2 micro- 
moles of NH4+ are produced per mil- 
ligram of cell protein during an in- 
cubation period of 24 hours at room 
temperature, when nitrogen gas is sup- 
plied by sparging (see Fig. 3). The 
biosynthesis of NH4+ proceeds at the 
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expense of a variety of fermentable 
sugars, glucose being used as the en- 
ergy source in this particular experi- 
ment. It seems possible to account for 
the pattern of NH4+ excretion in strain 
SK-24 on the basis of the following 
perturbations in crucial enzyme levels. 
Biochemical analysis reveals that the 
strain SK-24 continues to synthesize 
nitrogenase, in the presence of NH4+, 
in amounts up to 65 percent of those 
produced in the absence of NH4+. 
Glutamine synthetase is produced con- 
stitutively (Gln C-), whereas glutamic 
dehydrogenase activity is missing. As 

expected, the Nif C- strain does not 
produce glutamate synthase, a property 
shared with its parents (lacking gluta- 
mate synthase asm-) (8, 26). 

Although these mutations have not 
been mapped, it appears that at least 
two genetic lesions are responsible for 
the NH4+-excreting phenotype: (i) a 
constitutive mutation (probably Gln 
C-) which releases nitrogenase from 
repression by NH4+ (also glutamic 
dehydrogenase is somehow repressed 
in such strains, accounting for the 
absence of this enzyme); and (ii) an 
asm- mutation blocking glutamate 
synthase activity (26). In the absence 
of both of the glutamate-forming en- 
zymes the strain must be supplemented 
with glutamate for growth; and this 
provides a convenient way for con- 
trolling cell densities during the experi- 
ment. It is interesting to note from Fig. 
3 that once growth has ceased, produc- 
tion of NH4+ continues for several 
days. Exhaustion of glutamate needed 

for maintaining protein synthesis may 
account for the gradual decrease in 
nitrogenase activity which leads to ces- 
sation of NH4+ production. Ways to 
prolong the duration or increase the 
efficiency of the reaction, or both, are 
being explored. In essence it appears 
relatively easy, by genetic manipulation, 
to disrupt the nif gene regulatory sys- 
tem that integrates nitrogen fixation 
with cell growth, thereby channeling 
fixed nitrogen as NH4+ into the en- 
vironment. These findings might well 
be applied to other nitrogen-fixing bac- 
teria. For example, mutants of the 
versatile blue-green algae, if they had 
derepressed nif genes, might be ideal 
organisms for producing ammonium 
fertilizer because these microbes uti- 
lize an unlimited energy source-solar 
energy-directly for nitrogen fixation. 
Microbial production of NH4+ at the 
expense of other cheaply available en- 
ergy sources, such as cellulose or mo- 
lasses, might also prove feasible. 

There is currently considerable in- 
terest in creating new nitrogen-fixing 
species. In choosing new strains of bac- 
teria or higher organisms as potential 
recipients for the nif genes it is im- 
portant to keep in mind the basic bio- 
chemical requirements for fixation (27). 
These requirements, as summarized in 
Table 1, are: (i) nitrogenase; (ii) a 
supply of strong reductant, usually as 
reduced ferredoxin or flavodoxin; (iii) 
adenosine triphosphate (ATP) as an 
energy source, which can be provided 
by fermentation, substrate level phos- 
phorylation, oxidative phosphorylation, 
or photophosphorylation; (iv) a spe- 
cialized NH4+ assimilation pathway; 
(v) a regulatory system for the nif 
genes; and (vi) a method of protection 
of the nitrogen-fixation system from 
oxygen denaturation and competition 
for reductant (in aerobic bacteria only). 
There may also be a need for enzymes 
that catalyze the transformation of the 
trace element molybdenum to a form 
suitable for insertion into nitrogenase 
(28), and that catalyze various mem- 
brane-associated reactions, such as ac- 
tive transport systems (permeases), 
that effect the entry of substrates and 
the exit of products of nitrogen fixa- 
tion. The role of the membrane seems 
especially pertinent in the case of root 
nodule symbiosis where, for example, 
nitrogenous products must be trans- 
ported from the root nodules. In turn, 
photosynthetic products must be moved 
to the nodule and across the bacteroid 
membrane for consumption as the car- 
bon and energy source for nitrogen 
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fixation. The part played by the cell 
membrane in nitrogen fixation is still 
virtually unknown. 

An organism that fixes nitrogen has 
a high energy demand, and this needs 
to be remembered in the search for 
new recipients of nif genes. Nitrogen- 
ase ranks as one of the most unusual 
enzymes ever encountered, with the 

purified enzyme consuming as much as 
15 moles of ATP per mole of nitrog- 
enous substrate reduced to NH4 + 

(29): there are no other examples of 
an enzyme requiring such a high con- 
centration of ATP. In addition to the 

high-energy phosphate from ATP nitro- 

genase also requires as substrate power- 
ful reducing agents, such as reduced 

ferredoxin, an energy form which is 

equivalent to large numbers of addi- 
tional high-energy phosphates. This is 

by no means a complete energy balance 
for fixation; one must add to this list 
the high-energy phosphate equivalents 
for the synthesis of the nitrogenase. 

Even the higher plants, such as soy- 
beans, which utilize solar energy indi- 

rectly for supporting nitrogen fixation 
in their root nodules (30), probably 
must invest a large proportion of their 
net energy to produce NH4+. For ex- 

ample, an energy balance calculated 
for pea plants by Minchin and Pate 

(31) shows that 32 percent of the total 
carbon fixed by the plant is translocated 
to the nodules, and the nodules in turn 
return 45 percent of this carbon as 
amino compounds for the plant growth 
while using the remaining 55 percent for 
their own growth and to supply energy 
for the fixation of nitrogen. The high 
energy cost of this process may explain 
why most higher plants have not evolved 

symbiotic relationships with nitrogen- 
fixing bacteria-they simply may not 
be able to afford the energy. Bacteria 
in association with plants may have a 

great advantage over most free-living 
bacteria with respect to the vast and 
constant supply of energy needed for 

supporting nitrogen fixation (the blue- 

green algae are an exception to this 
rule since they can photosyntheti- 
cally convert solar energy to energy 
available for biosynthetic processes). 
Certain species of plants, such as sugar 
cane, which are relatively efficient be- 
cause of their low rates of photo- 
respiration, may transfer enough photo- 
synthate to nitrogen-fixing bacteria in 
or surrounding the root system to sus- 
tain annual rates of nitrogen fixation 
(32) as high as 100 kilograms per 
hectare. 

In spite of the relatively stringent 
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Table 1. Biochemical requirements for nitrogen fixation in different potential recipients of 
nif genes (-+, observed; -, not observed). 

Potential recipient 
Requirements E. coli Chloroplast Mitochondrion 

(microbe) (plant) (animal) 

Nitrogenase - - 
Reduced ferredoxin or equivalent + + - 
ATP + + + 
Glutamate synthase pathway of + 

NH4+ assimilation 
Genetic activator + - - 
Oxygen protection (anaerobic only) - 
Molybdenum + + + 

requirements for biological nitrogen 
fixation it would seem that a large 
number of free-living bacteria possess 
the basic biochemistry needed to sup- 
port nitrogen fixation. A point by point 
check of the biochemical requirements 
for nitrogen fixation by the wild-type 
E. coli, which does not naturally fix 

nitrogen, reveals that most, if not all, 
ancillary reactions are present and 
functional in this organism (Table 1). 
(This suggests that such ancillary re- 
actions may have other functions be- 
sides nitrogen fixation.) For instance, 
it is well known that during the fer- 
mentation of carbohydrates, E. coli 

produces a powerful reductant-equiv- 
alent in reducing power to hydrogen 
gas. This reductant could be utilized 
for nitrogen fixation. It is also known 
that the synthesis of at least one cru- 

nif 

Conjugation 
,, ---- 

re Recipient 
rec- Recipient 

Restriction 

enzyme, ligase 

0 X fO- ' 

0 

cial enzyme in E. coli, glutamine syn- 
thetase, is repressed by NH4+ (33), 
suggesting that a system of NH + re- 
pression is operative. The NH4+ as- 
similatory system involving glutamate 
synthase is also functional in wild-type 
E. coli (34). In addition, the presence 
of nitrate reductase, a molybdenum- 
containing enzyme (35), indicates that 
E. coli possesses the necessary meta- 
bolic machinery for interconversion of 

molybdenum into a catalytically active 
form. Thus, in retrospect, E. coli was 
a good choice as recipient for the nif 
genes since it already possessed the 

necessary supporting enzymes. 
The successful construction of E. coli 

strains capable of nitrogen fixation has 
stimulated many workers to think about 
similar experiments with plant and ani- 
mal systems. Perhaps more attention 

n^~L nif 
\ L-J v aPlasmid 

Hybrid 
plasmid 

Transformation 

replication 

? ? ? 
x 

(1) 

(2) 

(3) 

(4) 

Plant cell 
protoplast 

Fig. 4. Hypothetical scheme for the production of bulk quantities of nif plasmids, 
based on recent studies of the molecular biology of plasmid replication (37, 38). In 
step 2, a nif plasmid (a circular DNA molecule) is specifically cleaved with a restric- 
tion enzyme and nonenzymatically hybridized in vitro with Col El (a fast-replicating 
plasmid), yielding a new circular hybrid molecule (nif-Col El). This hybrid molecule 
is treated with the enzyme DNA ligase to obtain a covalently closed circular DNA 
molecule. Step 3 represents the transformation and replication of the hybrid plasmid 
in E. coli yielding a large number of copies of the nif genes per cell as was recently 
achieved for trp genes (37). Step 4 represents one of several ways molecular biol- 
ogists may utilize nif plasmids, in this instance for "infecting" higher plant cells 
directly with nif DNA. 
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has been given to plants because they 
seem to possess more of the required 
biochemical (genetic) capacity for fixa- 
tion (Table 1). For example, during 
photosynthesis plants produce reduced 
ferredoxin, a powerful reductant re- 
quired for fixation. However, there is 
the severe handicap of oxygen protec- 
tion of nitrogenase to be dealt with in 
plants that evolve oxygen. Finally, 
permanent "storage" and replication of 
the nif genes in the plant cell poses an 
enormous problem. 

Plasmids may play (or be genetical- 
ly engineered to play) an important 
role in the synthesis of the large quanti- 
ties of nitrogenase needed for nitrogen 
fixation. The rapidly increasing num- 
bers of plasmids being encountered in 
bacteria may be separated into two 
categories, those such as the drug- 
resistant plasmids (carrying the R-fac- 
tors) (36) which are "infectious" in 
the sense that they are able to promote 
their own spread from cell to cell, and 
those which apparently have no sex 
pili for infecting a new host. Bacteria 
with infectious plasmids carrying nif 
DNA can readily donate the nitrogen- 
fixing ability to other bacteria permit- 
ting construction of new hybrid strains. 

There also may be advantages in 
selecting bacteria with noninfectious nil 
plasmids. One possibility is that many 
copies of small nif plasmids, for exam- 
ple, in a single root nodule bacterium, 
might function as multiple templates 
for the synthesis of the large quantities 
of nitrogenase required for nitrogen 
fixation. 

Recent advances by several investi- 
gators (37, 38) concerned with the 
"amplification" of genes fused with 
bacterial plasmids have led us (in col- 
laboration with Helinski, Meyer, and 
co-workers) to consider the possibility 
of enzymatically inserting nif DNA into 
a fast-replicating plasmid from E. coli 
(Col El) (Fig. 4). One object of this 
experiment is to increase or prolong 
the synthesis of nitrogenase and thus 
to enhance the production of NH4+. 
Helinski and co-workers (37) have pre- 
viously shown that insertion of the 
tryptophan operon (8) into a fast- 
replicating bacterial plasmid (Col El) 
(see step 2 of Fig. 4), followed by 
transformation of the hybrid plasmid 
into E. coli, led to a great amplification 

of tryptophan biosynthetic enzymes 
(step 3 of Fig. 4). Under conditions 
of maximum plasmid replication about 
560 copies of the plasmid associated 
tryptophan operon were present per 
cell, corresponding to about 50 percent 
of the total cellular DNA. Large quan- 
tities of tryptophan messenger RNA 
were transcribed from the plasmids 
carrying the trp genes, and this led to 
the production of enormous quantities 
of tryptophan enzymes-about 50 per- 
cent of the total protein of the cell. 
These findings provide a theoretical 
basis for the amplification and isola- 
tion of bulk quantities of nif plasmids 
suitable for a variety of experiments 
including the transcription of nif genes 
in vitro and the transfer of nif genes to 
higher plants (Fig. 4). 

We hope that by applying molecular 
biology to problems in agriculture, 
mankind will ultimately benefit. Al- 
though sustained and expensive experi- 
mentation will be required before it 
will be possible to improve the pro- 
ductivity of biological nitrogen fixation, 
the goals fully warrant long-range co- 
operative efforts by scientists from a 
wide spectrum of the biological and 
chemical disciplines. 
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