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will be required annually by the end of 
this quarter century. In 1974, 40 X 106 

tons of fertilizer nitrogen with an ap- 
proximate value of $8 billion were used, 
as opposed to the 3.5 X 106 tons that 
were used annually 25 years ago. 

The recent scarcity of nitrogen fer- 
tilizers, the high energy requirement 
for their manufacture, and, most sig- 
nificantly, their increased selling price 
have produced a tremendous interest in 
the search for alternative technologies. 
This interest has permeated even the 
popular literature, as documented by 
the following quotation from Harper's 
Magazine, by Horace Freeland Judson 
(1): 

. . . a biologist working in Brazil, said 
she has found several kinds of tropical 
grasses that grow in symbiosis with N2- 
fixing bacteria of a new kind in their 
roots. Could such bacteria be persuaded 
to live with one of the new high yield 
tropical climate grains by modifying the 
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genetic makeup of bacteria or the grains? 
Cereals that could provide their own 
fertilizer are beyond doubt the biggest 
prize of all in the gift of the new biology 
-far bigger in terms of lives to be saved 
than even the conquest of cancer or a 
cow that could digest sawdust. 

In this article (2) we assess the need 
for fixed nitrogen for crop production 
and summarize the advances in chem- 
ical and biological research on nitrogen 
fixation that may, in the long run, lead 
to the development of alternative tech- 
nologies for providing fixed nitrogen. 
There have been many significant re- 
search advances in the chemistry and 
biology of nitrogen fixation during the 
past 15 years (3-8). The breadth of the 
objectives of current research includes 
the enhancement of symbiotic nitrogen 
fixation by grain legumes; the domesti- 
cation of associative symbioses for 
cereals; the development of abiological 
nitrogen-fixing systems with high rates 
of nitrogen fixation under mild con- 
ditions; the extension of rhizobial in- 
fection or the development of man- 
made associative symbioses for cereals; 
and the transfer of the genetic infor- 
mation for nitrogen fixation to cereals. 
However, no advance has produced a 
new technology that is suitable for 
direct application to high-yield crop 
production. Until alternative technol- 

ogies are in hand, it is critical that the 

production of fertilizer nitrogen con- 
tinue to be increased throughout the 
world. 

Need for Fixed Nitrogen for Crops 

The need for increased nitrogen in- 

put and the desire, but not the neces- 

sity, to seek alternative technologies are 
based on a variety of factors, for ex- 

ample, population growth, the limited 

availability of additional arable land, 
changing dietary habits with economic 

growth, cereal-grain and grain-legume 
production trends, the current contribu- 
tion of biological and abiological nitro- 

gen fixation to crop production, and 
the limitations and potentials of these 

nitrogen input systems (2). 
We believe that efforts to seek al- 

ternative technologies for nitrogen fix- 
ation should emphasize the abiological 
or biological approaches that would be 

applicable to cereal grains and grain 
legumes. Cereal grains are the major 
source of food, with current annual 

production being about 1300 X 106 
tons worldwide (9). Of the nonbiolog- 
ical inputs responsible for the increased 
cereal yields, the increased use of fer- 
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Fig. 1. The relationship between the use 
of nitrogenous fertilizers and the yield of 
cereal grains during the last 15 years for 
both more developed (MDC's) and less 
developed countries (LDC's) (2). Note that 
the total nitrogen fertilizer use is divided 
by the area under cultivation with cereal 
grain; actual rates would be about one-half 
since about one-half of fertilizer nitrogen 
is used for cereal grain production. [From 
Hardy (2), courtesy of Washington State 
University Press] 

tilizer nitrogen is probably the most im- 

portant single factor. Cereal-grain yield 
is correlated directly to the consump- 
tion of fertilizer nitrogen divided by 
the area under cereal cultivation for 
both the more developed countries 
and the less developed countries dur- 

ing the last 20 years (Fig. 1), there 

being no major discontinuity between 
the data for the more developed and 
less developed countries. Current cereal- 

grain yield and total fertilizer nitrogen 
use divided by the area used for cereal 
cultivation in the less developed coun- 
tries is almost identical to that for the 
more developed countries about 20 years 
ago. These data document the key role 
of additional inputs of fixed nitrogen 
for increasing crop production. 

The grain legumes have failed to show 
a major yield increase in response to 
the application of fertilizer nitrogen. 
World production of grain legumes is 
about 115 X 106 tons, with soybeans 
accounting for almost one-half of this 

quantity, followed by peanuts, dry beans, 
and dry peas (9, 10). The grain legumes 
are important sources of protein both 
for direct consumption by humans in 

several of the less developed countries 
and for the feeding of animals in the 

more developed countries. The amount 

of protein in the seeds of these crops 
ranges from 20 to 45 percent, as op- 
posed to the cereal grains that contain 
8 to 20 percent of protein. However, 
world production of grain legumes is 
only 10 percent of cereal grains and 
production area is about 15 percent 
(Fig. 2). In several of the less de- 
veloped countries, the area allocated to 
the protein-rich, but less profitable, 
grain legumes has decreased with the 
extra area allocated to the low-protein, 
but more profitable, cereal grains. 
About one-third of the world produc- 
tion of grain legumes in recent years 
has come from soybeans grown in the 
United States. This crop has undergone 
a fivefold increase in total production 
in the United States in the last 25 years 
as a result of a fourfold increase in 

production area and a modest increase 
in yield. These data emphasize our fail- 
ure to develop technology for major 
improvements in the yields of grain 
legumes. Undoubtedly, the develop- 
ment of a technology for increasing 
the nitrogen input to these crops will 
be a key to increasing their yields, 
because they require up to four times 
as much nitrogen per unit of yield as 
do cereals. For c.ample, a corn crop 
yielding 100 bushels per acre consumes 
150 pounds of nitrogen while a soybean 
crop with the same yield would con- 
sume 600 pounds of nitrogen. The 

ability of legumes to fix at least part 
of their nitrogen requirements biolog- 
ically should not be ignored in seeking 
solutions to increased nitrogen input, 
and the higher protein content of nitro- 

gen-fixing as opposed to non-nitrogen- 
fixing legumes may be of significance 
(11). At the same time, solutions uti- 

lizing abiological inputs should not be 

ignored. Economics will be the major 
factor that dictates the successful solu- 
tion. 

Potentials and Limitations of the 

Nitrogen Input Systems 

The industrial fixation of nitrogen 
by the Haber-Bosch process currently 
provides about 40 X 106 tons of nitro- 

gen, while the other abiological pro- 
cesses, lightning, combustion, and ozoni- 

zation, are estimated to fix about 10, 
20, and 15 X 106 tons of nitrogen, re- 

spectively, each year (3). The amount 
of nitrogen fixed biologically is difficult 
to estimate because of the hetero- 

geneity of nitrogen-fixing organisms, 
the heterogeneity of their distribution, 
the heterogeneity of the environment in 
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which they function, and our extremely 
limited but improving data base. A 
most recent estimate of 175 X 106 tons 
of nitrogen fixed per annum assigns 
90 X 106 tons to the amount fixed in 
agricultural soil (3). This estimate will 
require modification as the data base 
expands; it may well be too low since 
it was generated from a conservative 
approach, although it is about 75 per- 
cent greater than a previously widely 
quoted estimate made about a decade 
earlier. Regardless of the actual amount 
of nitrogen that is fixed biologically, 
the value has not changed substantially 
over the last 25 years and thus it is 
clear that biological nitrogen fixation 
has not contributed to the increase in 
crop productivity but has, at best, only 
maintained the unimproved base pro- 
duction. 

The Haber-Bosch process converts ni- 
trogen to ammonia under conditions of 
high temperature and pressure in high- 
ly engineered plants with capacities of 
1000 tons of nitrogen per day. Both the 
manufacturing process and the utiliza- 
tion of nitrogenous fertilizers have some 
inherent limitations. A major part of 
the cost of manufacture is capital cost; 
a plant with a capacity of 1000 tons 
per day together with its associated 
facilities requires an investment ap- 
proaching $100 million (12). Moreover 
in the less developed countries these 
plants operate at about one-half of their 
rated capacity. Transportation, storage, 
and application costs are high for ferti- 
lizer nitrogen in the more developed 
countries and there are additional prob- 
lems in the less developed countries 
where transportation systems are often 
inadequate. Prior to 1973, the cost of 
transportation, storage, and application 
approached that of manufacture. On the 
average, crops recover and utilize only 
about 50 percent of applied nitrogenous 
fertilizer. Of the large commercial en- 
ergy input used to produce a crop of 
corn in the United States, about one- 
third is required to manufacture, dis- 
tribute, and apply the fertilizer nitrogen 
(13). However, the ratio of additional 
food energy produced by the application 
of 50 to 200 kg of nitrogen per hectare 
of corn to the energy used to produce, 
transport, and apply the fertilizer nitro- 
gen is still a favorable 5 to 8 (14). 
Although it is clear that there is a need 
for improved alternative technologies, 
the need is not absolute because pre- 
sumably 500 to 600 large fertilizer ni- 
trogen plants operating at capacity 
could satisfy the nitrogen needs for 
crop production in A.D. 2000. 
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In contrast to the abiological process 
that occurs in a single type of chemical 
plant there is a diversity of biological 
nitrogen-fixing organisms and relation- 
ships (3). The relationships extend from 
asymbiotic to obligatory symbiotic, with 
various associative symbioses in be- 
tween (Fig. 3). Asymbiotic diazotrophs 
(nitrogen-fixing organisms), which in- 
clude some bacteria and the blue-green 
algae, fix nitrogen independently of 
other organisms. Both natural and syn- 
thetic diazotrophs are known, a strain 
of nitrogen-fixing Escherichia coli hav- 

ing recently been produced. 
The obligatory symbiotic diazotrophs 

are exemplified by bacteria of the genus 
Rhizobium that occur in the root no- 
dules of legumes and unidentified micro- 
organisms in the nodules of some non- 
leguminous angiosperms. In the case of 
the Rhizobium-legume symbiosis, each 
of the partners is ineffective in nitrogen 
fixation alone in its normal environ- 
ment but is effective in the symbiotic 
relationship. Two exceptions to this 
general statement were recently dem- 
onstrated: a Rhizobium strain was 
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found to produce a nitrogen-fixing 
nodule on a nonleguminous plant, 
Trema canabina (15); and simple factors 
derived from nonleguminous as well as 
leguminous plant cells appeared to en- 
able some free-living Rhizobium strains 
to express a low level of nitrogen-fixing 
activity (16). The Rhizobium-legume 
symbiosis is estimated to contribute 
40 X 106 tons of nitrogen annually to 
grain legumes as well as a major part 
of the 40 X 106 tons of nitrogen fixed 
in permanent meadows. In the other 
naturally occurring obligatory symbioses, 
various nonleguminous angiosperms 
and a microorganism presumed to be 
an actinomycete form a symbiotic asso- 
ciation that is important to forest crops 
but is not of major significance to 
agronomic crop production. 

In associative symbiotic relation- 
ships, one of the two partners is an 
asymbiotic diazotroph. The nondiazo- 
troph may provide an environment 
that is favorable for nitrogen fixation 
by the diazotroph. The importance of 
these associative symbioses is only 
currently being recognized and they 
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Fig. 2. Comparison of trends in world production of cereal grains and grain legumes, 
production area, yield, and production per capita (2, 9). [From Hardy (2), courtesy 
of Washington State University Press] 
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may well contribute a major amount 
of fixed nitrogen to crop production. 

Which types of nitrogen-fixing rela- 
tionships should we attempt to develop 
for increasing nitrogen input to crops? 
In general, those relationships in which 
the site of nitrogen fixation is located 
on or in the plant will permit direct 
and thereby efficient coupling of the 
fixed nitrogen to the plant in amounts 
that parallel the changing needs of the 
plant throughout its complete growth 
cycle. Any of the obligatory and asso- 
ciative symbioses in which the crop 
plant is one of the symbiotic partners 
would meet these requirements, as 
would crop plants containing the genetic 
information for nitrogen fixation. Abio- 
logical systems with improved coupling 
of nitrogen to the plant might also be 
suitable for development. Free-living 
bacteria and blue-green algae do not 
meet the requirements nor do symbi- 
oses of bacteria or algae with noncrop 
plants. 

Advances in the Chemistry of 

Nitrogen Fixation 

The molecular era of nitrogen-fixation 
research was initiated by three inde- 
pendent discoveries in three different 
countries, the United States, the Soviet 
Union, and Canada. One discovery 
concerned biological nitrogen fixation 
while the other two were purely abio- 
logical. 

Nitrogen fixation by nitrogenase. In 
1960 a functional nitrogen-fixing en- 
zyme, nitrogenase, was extracted from 
the anaerobic bacterium, Clostridium 
pasteurianum (17). The addition of 
an inordinately large amount of pyru- 
vate to the incubation medium was 
the key to this scientific achievement. 
Nitrogenase, which may constitute up 
to 5 percent of the cellular protein, has 
now been isolated from most other 

physiological classes of nitrogen-fixing 
organisms including aerobic bacteria, 
facultative anaerobic bacteria, photo- 
synthetic bacteria, blue-green algae, 
and legume symbionts, but not from 
nonleguminous angiosperm symbi- 
onts. Nitrogenases from three or four 
different sources representing different 
physiological types have been carefully 
characterized (18). The results sug- 
gest commonality among nitrogenases 
with only small differences, thereby 
justifying a unified description of a 

single nitrogenase (4). 
Nitrogenase can be fractionated into 

two components, one that contains 
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Fig. 3. Biological nitrogen-fixing relation- 
ships. [From Burns and Hardy (3), cour- 
tesy of Springer-Verlag, New York] 

molybdenum and iron and is desig- 
nated Mo-Fe protein, and another that 
contains iron and is designated Fe pro- 
tein (Fig. 4). The Mo-Fe protein has 
been crystallized (19), but the x-ray 
structure has not been reported. This 
protein is composed of four subunits 
arranged to form a parallelepiped as 
observed in electron micrographs; it 
contains two molybdenum and 24 to 
32 iron and sulfide atoms per 220,000 
daltons. A molybdenum-containing 
prosthetic group common to both ni- 
trate reductase and nitrogenase has 
been suggested (20) and there are 
some genetic and biochemical data in 
support of this concept. The Fe pro- 
tein is composed of two identical ellip- 
soidal subunits; it contains four iron 
and four sulfur atoms per 60,000 dal- 
tons. The chemical and physical char- 
acteristics of each protein have been 
determined. The electron spin reso- 
nance (ESR) spectrum of the Mo-Fe 
protein is unique with resonances at g 
values of 2.01, 3.67, and 4.3 attributed 
to some of the iron atoms. This spec- 
trum has proved useful for studies of 
mechanism and for physiological studies 
(21). The ESR spectrum of the Fe 
protein is not unique but is similar to 
that observed for ferredoxins. Both 
components are essential for nitro- 
genase activity with a ratio of one or 
two Fe proteins for each Mo-Fe pro- 
tein. In several but not all tested cases, 

the Mo-Fe protein isolated from one 
organism can be recombined with the 
Fe protein isolated from another or- 
ganism to produce a functional nitro- 
genase, further supporting the similarity 
of nitrogenases from different sources. 

Ammonia is the product of biologi- 
cal nitrogen fixation with there being 
no evidence for enzyme-free interme- 
diates; ammonia is not an inhibitor of 
the reaction. Both adenosine triphos- 
phate (ATP) and a suitable reductant 
(22) are essential for nitrogenase ac- 
tivity with the requirement of four 
ATP molecules for each two electrons 
transferred by nitrogenase (23). This 
unusually large energy requirement for 
nitrogen fixation is surprising because 
the overall reaction is energy yielding: 

3H2+ N2-> 2NH3; aF= -7.95 kcal/mole 

Unfortunately, the enzymatic nitrogen- 
fixing reaction is extremely inefficient 
and demonstrates that the evolutionary 
process has been no more conserving 
of energy than has man in his develop- 
ment of abiological nitrogen-fixing pro- 
cesses. Ferredoxins or flavodoxins that 
have redox potentials in the vicinity of 
the hydrogen electrode are the only 
known physiological electron-transfer- 
ring agents that couple to nitrogenase, 
while hydrosulfite has been useful for 
studies in vitro (24); natural electron 
donors have been identified in only a 
few organisms such as Clostridium 
which utilizes pyruvate, while the donor 
in the agronomically important legume 
microsymbionts can only be suggested 
to be reduced nicotinamide adenine di- 
nucleotide phosphate which supports a 
very low rate of nitrogen fixation by 
Rhizobium nitrogenase. Additional def- 
inition of this ancillary part of the nitro- 
gen-fixation system is needed. 

The nitrogen-fixing enzyme has an 
unusual versatility with respect to its 
ability to reduce a wide variety of sub- 
strates (25, 26). This versatility, which 
has proved quite useful with nitro- 
genase, is turning out to be common 
among enzymes that utilize small mole- 
cules and are involved in vital fixing 
reactions. Nitrogenase was the first ex- 
ample to be discovered and exhibits by 
far the greatest versatility. More re- 
cently, ribulose bisphosphate carboxyl- 
ase was found to react with oxygen as 
well as carbon dioxide (27), and in 
this case the versatility appears to be 
an evolutionary disaster for most agro- 
nomic crops. For both of these enzymes, 
the versatility was probably no disad- 
vantage at the time of their origin. For 
nitrogenase, the versatility may still be 
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of no consequence because none of the 
alternative substrates are present in 
sufficient quantities in the atmosphere 
to compete with nitrogen. On the other 
hand, the ratio of carbon dioxide to 

oxygen in the atmosphere has decreased 
over the years so that oxygen now effec- 
tively competes with CO2 for the CO2- 
fixing enzyme. 

Nitrogenase can be considered as a 
reductase for H30+ and for triple or 

potential triple bonds formed by NN, 
NO, NC, and CC functions represented 
by N2, N3-, N20, RCN, RNC, and 
RCCH to give products representing 
2, 4, 6, 8, 10, 12, and 14 electron-ad- 
dition products (Fig. 5). Several of the 
substrate reductions catalyzed by nitro- 

genase were novel reactions at the time 
of their discovery, but subsequent work 
with abiological systems has duplicated 
in a qualitative way all of the reactions. 
Reduction of nitrogen is competitively 
inhibited by hydrogen and reduction 
of all substrates except that H30+ is in- 
hibited by carbon monoxide while the 
interaction between substrates may be 
more complex. Formation of HD from 
deuterium and water occurs during the 
reduction of nitrogen but not of other 
substrates. 

Physical, metal-substitution, binding, 
and product studies are being used to 
unravel the dynamics of the nitrogen- 
ase reaction. A complex of Mg and 
ATP binds to the Fe protein but not the 
Mo-Fe protein. Changes in the ESR 

spectrum of the Fe and Mo-Fe protein 
have led to the conclusion that the 
Mo-Fe protein is reduced by the Fe 

protein with involvement of Mg* ATP 
(21). The products formed by nitro- 
genase reconstituted from Fe and Mo- 
Fe proteins from different sources are 
dictated by the Mo-Fe protein. Al- 
though physical methods have not been 
useful for following molybdenum dur- 
ing nitrogenase reactions, the kinetics 
of nitrogenase isolated from cells 
grown on vanadium in place of molyb- 
denum implicate molybdenum at the 
active site; differences and similarities 
between substrates and products are 
used to interpret the role of molyb- 
denum in complexation and reduction 
(28). Investigations of this type cou- 
pled with comparisons of substrate ana- 
logs and inhibitors have led to the pro- 
posal of a bimetal site of molybdenum 
and iron bridged by sulfur. Initial com- 
plex formation of nitrogen is suggested 
to occur with iron, followed by sub- 
sequent reduction involving both the 
molybdenum and iron to form, in se- 
quence, metal-bound diazene, hydra- 
zine, and ammonia, with release of 
the ammonia (5, 6). Additional studies 
of the nitrogenase reaction are needed 
to define further the active site and 
mkght include nuclear magnetic reso- 
'nance studies with 13C-, 15N-, or 31P- 
labeled substrates as well as infrared 
studies with carbon monoxide. 

Although structures of nitrogenase or 

its component proteins based on x-ray 
analysis have not been obtained, x-ray 
structures have been reported for the 

electron-transferring proteins, ferre- 
doxin, and flavodoxin (29). Moreover, 
synthetic analogs of Fe4S4 clusters of 
ferredoxin have been made (30) and 
they show remarkable chemical and 
physical similarity to ferredoxin, al- 
though their relative insolubility in 
water precluded the use of the original 
models in biological systems. Most of 
the iron and sulfur of nitrogenase is 
probably of the ferredoxin type but, in 
addition, other types of iron as well as 
molybdenum are present. Obviously 
much more nitrogenase biochemistry 
will have to be uncovered before we will 
be able to describe the enzyme and its 
reaction at a molecular level. Such in- 
formation may be useful to the chemist 
and biologist as well as satisfying one's 
curiosity about the detailed mechanism 
of this vital enzyme. 

The inefficiency of nitrogenase and 
our inability to circumvent its ATP re- 

quirement essentially eliminates any 
possibility of direct utilization of the 
unmodified enzyme as a catalyst. Never- 
theless, the fundamental biochemical 
studies have been justified already by a 
nonpredictable outcome that is making 
a most significant impact on all investi- 
gations of nitrogen fixation. The sub- 
strate versatility of nitrogenase and, 
specifically, the reduction of acetylene 
to ethylene coupled with gas chroma- 

Fig. 4. Nitrogenase and 
the characteristics of its 
component proteins, Mo- 
Fe and Fe protein. (a) 
Light micrograph of 
crystalline Azotobacter 
Mo-Fe protein; (b and 
c) electron micrographs 
of negatively stained Azo- 
tobacter Mo-Fe and Fe 
proteins and models of 
each protein; (d and e) 
ultraviolet visible spectra 
of Azotobacter Mo-Fe 
protein and Clostridium 
Fe protein; and (f and 
g) ESR spectra of Az- 
otobacter Mo-Fe protein 
and Clostridium Fe pro- 
tein. [From Hardy and 
Burns (4), courtesy of 
Academic Press, New 
York] 
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tographic analysis was proposed (26), 
and has been broadly implemented, as 
a facile assay for nitrogen-fixing activity 
(31). The present thrust in genetic, 
physiological, and agronomic studies of 
nitrogen fixation would have been al- 
most impossible without this assay. 

Developments in Abiological 

Nitrogen Fixation 

The modern abiological studies of 
nitrogen fixation are based on two de- 
velopments in the early 1960's, each of 
which has led to the reduction of nitro- 
gen to ammonia under mild conditions. 
One development was the serendipitous 
discovery of a ruthenium-nitrogen com- 
plex (32). This finding was expanded to 
include most other transition metals 
with the types of complexes represented 
by M-N2, M(N2)2, and M N M. 
The initial hopes for reactivity of nitro- 
gen in the isolated complexes were not 
fulfilled, with little or no reactivity ob- 
served, other than loss of nitrogen. 
Enthusiasm increased with the demon- 
stration of the reaction of a rhenium- 
nitrogen complex with molybdenum to 
produce a ReN2Mo species that was 
suggested as a model for the initial step 
in the nitrogenase reaction (33). Un- 
fortunately, no further reaction was 
obtained. Finally, treatment of the bis- 
dinitrogen complex of either molybden- 
um or tungsten with hydrochloric acid 

n ACETATE 

n ATP nADP + 

r\- -- -- 
1I\ 

produced diazene and hydrazine and, 
within recent months, treatments with 
aqueous acids such as sulfuric acid 
have produced ammonia (34). These 
reactions are noncatalytic and some- 
what less than stoichiometric at this 
time. 

In the other development, nitrogen 
was fixed to ammonia under mild con- 
ditions with the use of a soluble com- 
plex of a transition metal such as titani- 
um, molybdenum, or iron and 
strong reducing agents such as alkyl 
metal halides, lithium aluminum hy- 
dride, or sodium naphthalide in apro- 
tic media (35). Subsequently, such 
reactions have been demonstrated in 
protic media with molybdenum, vana- 
dium, or iron complexes reduced by 
borohydride, hydrosulfite, or V2+ (36). 
One of these systems composed of 
molybdenum, thiol agent, and reductant 
duplicates all of the substrate reactions 
catalyzed by nitrogenase with a remark- 
able qualitative similarity. However, 
the rate of nitrogen fixation by this 
system is only 10-6 of that of nitro- 
genase, with the comparisons based on 
molybdenum content; the low turnover 
rate of 100 to 200 moles of nitrogen 
fixed per mole of nitrogenase per minute 
for nitrogenase emphasizes further the 
extremely low activity of these abiologi- 
cal systems. This same system has been 
employed in a laboratory experiment 
to demonstrate a method of improving 
the coupling of nitrogen to a crop utiliz- 

e.g. 
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Fig. 5. Schematic diagram of the nitrogenase reaction (enclosed with dashed line) 
indicating substrates, products, inhibitors, natural electron donors (Fd, ferredoxin; 
Fld, flavodoxin), and energy source. The nitrogenase enzyme is represented as a com- 
plex of the Fe protein and Mo-Fe protein with Mg ATP involved in electron transfer 
from the Fe protein to the Mo-Fe protein. [From Hardy and Burns (4), courtesy of 
Academic Press, New York] 
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ing an abiological system (37). Mem- 
brane fractionation of air was used to 
produce nitrogen-enriched air which 
was reduced by a membrane-enclosed 
catalyst, with subsequent permeation to 
remove the ammonia but retain the 
catalyst. Such a system in an irrigation 
stream could represent a feasible meth- 
od for utilizing nitrogen-fixing catalysts 
that function in an aqueous environ- 
ment. 

A homogeneous or heterogeneous 
catalyst that converted molecular ni- 
trogen to fixed nitrogen at high rates 
under mild conditions and in protic 
media might have use in the production 
of fixed nitrogen for agricultural crops. 
Such a system might improve the cou- 
pling of nitrogen to the crop; it might 
also help to decrease capital costs. The 
extremely low rates of current systems 
eliminate their utility until improve- 
ments of several orders of magnitude 
are achieved.. 

Advances in the Biology of 

Nitrogen Fixation 

Studies of biological nitrogen fixation 
prior to 1960 were restricted to the 
organismic level. These investigations, 
which provided a variety of useful in- 
formation, included the identification 
of organisms that fix nitrogen; mor- 
phological description of infection and 
development of rhizobial-legume sym- 
biosis; specificity in rhizobial-legume 
interactions; the discovery of leghemo- 
globin and the direct relationship be- 
tween leghemoglobin content in the 
nodule and nitrogen-fixing activity; a 
few measurements of nitrogen-fixing 
activity in situ; the high ratio (about 
40: 1) of carbohydrate consumed to 
the amount of nitrogen fixed by free- 
living organisms; the indirect identifi- 
cation of ammonia as the first product 
of nitrogen fixation; the inhibition of 
nitrogen-fixing activity by ammonia 
and hydrogen; the co-occurrence of 
nitrogenase and hydrogenase; the low 
Michaelis constant (Kin) of nitro- 
genase for nitrogen; and the re- 
quirement for additional molybdenum 
and iron for nitrogen fixation as op- 
posed to the utilization of fixed nitro- 
gen. Investigations at the cellular level 
subsided in the early 1960's as attention 
was focused on the molecular studies. 
Development of the acetylene-ethylene 
assay reinitiated a much expanded 
exploration of the biological area in 
a more definitive manner with physi- 
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ological, agronomic, and genetic ap- 
proaches. 

Physiological research advances that 
are relevant to the problem of nitrogen 
input to crops include definition of 
nitrogen-fixing organisms, elucidation 
of systems for the protection of nitro- 
genase from oxygen, determination of 
the energy cost of biological nitrogen 
fixation, information on the incorpor- 
ation of ammonia into organic com- 
pounds, and the promiscuity of cowpea 
Rhizobium including their expression of 
nitrogen fixation outside of a plant cell. 

The list of organisms that fix ni- 
trogen has been redefined with deletion 
of some previous examples and addi- 
tion of new ones. The following corre- 
lation has emerged. Nitrogenase has 
only been found in prokaryotic cells 
including the Rhizobium form in 
root nodules of legumes (38); the 
significance, if any, of the prokaryotic 
restriction remains to be discovered. 
The genetic information for nitrogenase 
also appears to be contained in the 
rhizobial component and not the le- 
ume. 

Nitrogenase is an extremely oxygen- 
sensitive enzyme and this limitation 
may be one of the major barriers to 
the development of new nitrogen input 
systems utilizing a biological approach. 
For example, a purified Fe protein 
loses one-half of its activity after less 
than a 1-minute exposure to air. 
Facultative nitrogen-fixing organisms 
such as Klebsiella or Bacillus do not 
produce nitrogenase until the environ- 
ment is almost anaerobic, and nitrogen- 
fixing photosynthetic organisms only 
produce nitrogenase under anaerobic 
conditions. Special cellular architecture 
or reactions occur when nitrogenase is 
in aerobic organisms. Azotobacter is 
proposed to utilize elevated respiratory 
rates to decrease its internal oxygen 
pressure (PO2) and, in addition, at 
elevated P02 nitrogenase may undergo 
a reversible conformational change to 
an inactive form for protection against 
oxygen (39). It has been speculated 
that hydrogen produced from H30+ 
by nitrogenase may be coupled to 
hydrogenase as another oxygen-protec- 
tive system. Most but not all nitrogen- 
fixing algae contain specialized cells 
called heterocysts where nitrogenase 
is localized; heterocysts provide a more 
reduced environment in which the oxy- 
gen-evolving reaction of photosynthesis 
does not occur (40). The nitrogen- 
fixing activity of aerobic algae and bac- 
teria is increased under subatmospheric 
9 MAY 1975 

P02, and an advantage of associative 
symbioses for these aerobic organisms 
may be the provision by the higher 
plant symbiont of an environment with 
a reduced P02. The nitrogen-fixing sym- 
bionts of legumes function in an aerobic 
environment, but the pO2 within the 
nodule where they are located is very 
low; leghemoglobin which is located 
outside the microsymbionts can facili- 
tate the rate of diffusion of oxygen at a 
low pO2, thereby providing oxygen for 
respiration to form the ATP necessary 
for the activities of nitrogenase and 
other enzymes (41). Related to the 
oxygen problem is the surprising in- 
volvement of both Rhizobium and the 
legume in the production of leghemo- 
globin; the plant contains the genetic 
information for the globin while the 
rhizobia make the heme portion (42). 
This distribution may be a deterrent 
to the extension of the Rhizobium 
symbiosis to cereals, and the protection 
of nitrogenase from oxygen must be 
one of the major considerations in 
the extension of biological nitrogen 
fixation to crops where it does not 
occur naturally. 

What is the biological cost to the 
organism of nitrogen fixation in view 
of the molecular studies that have re- 
vealed the system's inefficiency in en- 
ergy use? Would it be advantageous to 
provide fertilizer nitrogen and enable 
the plant to divert the energy utilized 
for nitrogen fixation to the production 
of additional dry matter? A limited 
number of experiments with legumes 
have compared the cost of utilizing 
fixed nitrogen as nitrate with the cost 
of fixing nitrogen (43). In all cases, 
no difference was found; in the most 
recent measurements, 5.9 milligrams 
of carbon was used in the nodule per 
milligram of nitrogen fixed as opposed 
to 6.2 mg of carbon used in the root 
per milligram of nitrogen (applied as 
nitrate) reduced. 

Our biochemical knowledge of the 
energy requirements for reduction, in- 
corporation into an organic acid, and 
transportation does not enable a rigor- 
ous theoretical comparison of the costs. 
However, one can calculate the theor- 
etical costs for the reduction of nitro- 
gen to ammonia and NO3- to NH3. 
In the case of reducing N2 to 2NH3, 
the calculated energy equivalent is 
about 24 ATP molecules (9 ATP mol- 
ecules being equivalent for three pairs 
of electrons used for reduction and 15 
ATP molecules for the nitrogenase re- 
action based on 4 ATP molecules for 

two electrons and an 80 percent effi- 
ciency in coupling electrons to nitro- 
gen); in the case of reducing 2N03- 
to 2NH3, the total energy equivalent 
is about 24 ATP molecules (24 ATP 
molecules being equivalent for eight 
pairs of electrons). These calculations 
also suggest that there is no difference 
in energy costs. A corollary of these 
theoretical calculations is the ratio of 
4: 1 for the minimum amount of 
carbohydrate consumed to the amount 
of nitrogen fixed. 

The incorporation of ammonia to pro- 
duce an organonitrogen compound is 
not a part of the nitrogen-fixing system 
but is important to the operation of 
nitrogenase because failure to remove 
ammonia would lead to repression. In 
free-living, nitrogen-fixing bacteria and 
the Rhizobium form in soybean nod- 
ules (44), glutamine synthetase forms 
glutamine from ammonia, ATP, 
and glutamate, while glutamate synthe- 
tase forms two molecules of glutamate 
from glutamine, a-ketoglutarate, and re- 
duced nicotinamide adenine dinucleo- 
tide. The advantage of this sequence of 
reactions is the relatively low K, of glu- 
tamine synthetase for ammonia, which 
thereby facilitates the maintenance of a 
low concentration of ammonia. The oc- 
currence of this system in other nitrogen- 
fixing legumes has not been established. 
Further transformations are necessary 
in legumes since asparagine (45) is the 
major form of nitrogen transported 
from the nodule to the aerial part of the 
plant. These transformations have not 
been described. 

Laboratory and field studies are pro- 
ducing new understanding of the Rhi- 
zobium-legume symbiosis. The estab- 
lishment in vitro of a nitrogen-fixing 
Rhizobium-legume symbiosis by means 
of cell culture techniques provided a 
new approach for the study of factors 
that control the infection and develop- 
ment of the symbiosis (46). Nitrogen- 
fixing activity in vitro was about 1 per- 
cent of that in the natural nodule based 
on measurements of both C2H2 reduc- 
tion and 15N-enrichment following incu- 
bation with 15N2. Electron micrographs 
revealed rhizobia within the nonperiph- 
eral cells of the callus in an arrange- 
ment similar to that in the natural sys- 
tem. Subsequent studies with cowpea 
Rhizobium utilizing a solid rather than 
a liquid medium revealed less specificity 
in the system in vitro than in the nodule 
of the whole plant: this Rhizobium 
strain, when cultured with soybean 
plant cells, produced a nitrogen-fixing 
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soybean callus but does not, however, 
infect intact soybean plants (47). 

Evidence for an even greater promis- 
cuity of cowpea Rhizobium has come 
from studies of nitrogen-fixing nodules 
on a nonleguminous plant, Trema cana- 
bina, observed in the field. A cowpea 
Rhizobium was obtained from the nod- 
ules of this plant and was used to estab- 
lish nitrogen-fixing nodules on both the 
normal leguminous host and the ab- 
normal nonleguminous host (15). One 

may ask what other unusual naturally 
occurring nitrogen-fixing systems are 
waiting to be discovered. Most recently, 
nitrogen fixation has been expressed by 
cowpea Rhizobium externally associated 
with either leguminous or nonlegumi- 
nous plant cells in culture (16). The 
activity is low but appears to be real 
and lasts for about 24 hours after re- 
moval of the plant cells. These observa- 
tions suggest that a diffusible factor 
common to both legumes and nonle- 

gumes will cause rhizobia to become 

free-living diazotrophs and improve the 

possibility of our extending the rhizobia 
symbiosis to nonleguminous crop plants 
such as the cereal grains. Understanding 
the molecular nature of specificity be- 
tween plant and bacterium may be fun- 
damental to such an extension. Lectins 
have been proposed as a possible basis 
for specificity in the Rhizobium-legume 
root nodule infection based on the 
observed specificity in the binding of 

soybean Rhizobium (48). Successful 
extension of the rhizobial symbiosis to 
cereals would be one of the most at- 
tractive alternative technologies. 

Photosynthesis and Nitrogen Fixation 

Rhizobium-based symbiosis and the 
associative symbiosis in tropical grasses 
appear to offer the greatest opportunity 
for increased input of nitrogen to grain 
legumes and cereal grains. Additional 
measurements continue to show that 

free-living heterotrophic organisms have 
a minor role in nitrogen fixation in the 

soil; however, a plant-algal association, 
Azollo-Anabaena, is reported to fix 60 

to 140 kg of nitrogen per hectare an- 

nually (49). 
The acetylene-ethylene assay, with its 

capacity for up to 200 measurements 

per day in the field, has enabled investi- 

gators to determine the time course of 

nitrogen fixation in field-grown soybeans 
from seedling to senescence (Fig. 6) 

(50). About 10 percent of the nitrogen 
fixed by field-grown soybeans occurs 
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during vegetative growth, while about 
90 percent occurs during reproductive 
growth-apparently an ideal timing of 
input to need. The nitrate utilization 
system in the aerial part of the plant 
complements nitrogen fixation in the 
root nodules since maximum nitrate re- 
ductase activity precedes that of nitro- 
genase activity. Nitrate reductase activ- 
ity also is found in the nodule in high 
amounts and it has recently been sug- 
gested that this system may provide an 
important input of reduced nitrogen; 
however, further measurements are 
needed to evaluate this proposal (51). 
The nitrogen-fixation time courses re- 
vealed two major limitations of the ni- 

trogen-fixation system. Only about 75 

kg of nitrogen per hectare are biologi- 
cally fixed during the complete growth 
cycle, and this accounts for only 25 per- 
cent of the nitrogen in the mature plant, 
forcing the surprising conclusion that 
the majority of the nitrogen required for 
the U.S. soybean crop comes from fixed 

nitrogen in the soil. The time course of 

nitrogen fixation also shows a loss of 
the exponential phase of development 
of the nitrogen-fixation system during 
the period of rapid reproductive growth, 
suggesting a further limitation in bio- 

logical nitrogen fixation. 
Both of these limitations appear to be 

of plant origin and to be specifically re- 
lated to a less than optimum supply of 

photosynthate to the nodule. The prod- 
ucts of photosynthesis support the 

growth of the nodules and provide ATP, 
reductant, and the carbon skeleton for 
the removal of fixed nitrogen. The large 
flux of carbon through the nodule has 
been measured in nitrogen-fixing pea 
plants during vegetative growth in the 

laboratory. For every 100 units of car- 
bon that were fixed by photosynthesis, 
32 units moved to the nodule where 12 
units were lost as CO2, 6 units were 
utilized for nodule growth, and 15 units 
were transported back to the aerial por- 
tion of the plant (43). Several factors 
that decrease the amount of photosyn- 
thate available to the nodule have been 
demonstrated to decrease nitrogen fixa- 

tion, for example, decreased light in- 

tensity from night and shading; de- 
creased source size by partial defoliation, 

high planting density, and lodging; in- 

creased demand of competitive sinks 

during late seed development; and ces- 

sation of translocation to nodule by 
girdling. Other factolrs that increase the 

amount of photosynthate available to 

the nodule have been demonstrated to 

increase nitrogen fixation, for example, 

increased light intensity from day and 
supplemental light; increased source size 
by grafting additional foliage and low 
planting density; decreased demand of 
competitive sinks by pod removal; and 
increased rate of photosynthesis by 
CO2-enrichment of the foliar canopy 
(52, 53). 

The most dramatic demonstration 
that photosynthate is a major limiting 
factor for nitrogen fixation in field- 
grown soybeans was obtained from a 
threefold CO2 enrichment of the soy- 
bean canopy during the period of re- 
productive growth (Fig. 6). The amount 
of nitrogen fixed was increased from 
75 to 425 kg per hectare as a result of 
CO2 enrichment, while the amount of 
nitrogen obtained from the soil was de- 
creased from 220 to 85 kg per hectare, 
showing that the CO2-enriched soybeans 
fixed 85 percent of their nitrogen re- 

quirement, whereas the unenriched 
plants fixed only 25 percent. In addi- 
tion, the total nitrogen input was in- 
creased from 295 to 510 kg per hectare, 
representing the first example of a ma- 
jor increase in input of nitrogen to a 

grain legume. This major effect of CO2 
enrichment has been attributed to an 
increased net production of photosyn- 
thate made possible by the decrease in 

photorespiration brought about by the 
elevated CO2 to 02 ratio. 

The increase in nitrogen fixation by 
the CO2-enriched plants is a product of 
three effects. There is an almost im- 
mediate doubling in the nitrogen-fixing 
activity per mass of nodules, suggesting 
that there is excess nitrogenase in the 
nodule but that its activity is limited 
because of an inadequate supply of 

photosynthate. As a result of CO2 en- 
richment the number of nodules approx- 
imately doubles. In addition, there is a 

delay in the loss of the exponential 
phase of nitrogen fixation, which there- 

by extends the period of nitrogen fixa- 
tion to meet the needs of the later 

stages of seed development. 
A limited amount of similar informa- 

tion has been obtained for peanuts and 

peas, and there is a need for more in- 
formation of this type on the other 

grain legumes so that we can establish 
the limiting factors of biological nitro- 

gen fixation in these different crops. For 
the results to be relevant to the field pro- 
duction of crops, the measurements 
must be made on plants grown under 
natural field conditions. It is clear in the 
case of the soybean that, in order to 
achieve a major increase in nitrogen 
fixation, attention must be focused on 
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practical approaches that will lead to 
improvement in the amounts of photo- 
synthate available to the nodule. The 
same approach may also be found to be 
the key to other grain legumes since 
they are also photosynthetically ineffi- 
cient. The distribution of associative 
symbioses described in the next section 
suggests that the availability of photo- 
synthate may also be a key factor in 
these systems. It may be suggested that 
improved photosynthate production by 
cereals such as wheat and rice may be 
a prerequisite for the useful extension 
of any biological nitrogen-fixing system 
to these crops. 

Associate Symbioses in Tropical Grasses 

In the early 1960's a nitrogen-fixing 
associative symbiosis was observed in 
the rhizosphere (the root zone) between 
a tropical grass, Paspalum notatum, and 
a free-living, nitrogen-fixing bacterium, 
Azotobacter paspalum (54). The bac- 

teria were located underneath a muci- 
lagenous sheath on root surfaces of the 
plant. This observation has been ex- 
tended to several additional photosyn- 
thetically efficient tropical grasses in- 
cluding sugarcane and maize (55). Asso- 
ciations of nitrogen-fixing bacteria with 
rice roots are also suggested. Most re- 
cently an associative symbiosis between 
Digitaria decumbens and Spirillum lipo- 
ferrum has been identified (56). In this 
association the bacteria infect the root 
cortex cells beneath the epidermis. The 
amount of nitrogen fixed by these asso- 
ciations is suggested to be as much as 
100 kg per hectare per year, but data 
obtained from measurements in situ 
over a substantial period of time are not 
yet available. Most of the measurements 
on these systems have been made after 
the roots of plants have been incubated 
under reduced pO2 for extended periods 
of time so that the reported measure- 
ments may have little relationship to the 
nitrogen-fixing activity in situ. Attempts 
to reconstitute a nitrogen-fixing associa- 

tive symbiosis have in general not been 
successful, although a recent preliminary 
report suggests successful use of cul- 
tures of Spirillum as an inoculum for 
forage grasses (57). 

These new discoveries of naturally 
occurring nitrogen-fixing associations 
are receiving increased attention. At- 
tempts must be made to measure in 
situ the amounts of nitrogen fixed as a 
result of these associations, to search 
for additional associations, and to do- 
mesticate these associations to our 
major cereal grains. Another approach 
is the development of forced associa- 
tive symbioses involving a diazotroph 
mutant with desirable nitrogen-fixing 
properties and a dependency on the 
cereal grain for a vital factor (58). 
Success of these systems depends on the 
intimacy of the partners. The energy 
contribution of the higher plant must be 
readily available without loss to the 
microsymbiont, while the fixed nitrogen 
must also be taken up effectively by the 
higher plant. 
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The Application of Genetics to 

Nitrogen Fixation 

At present, many investigators are 
focusing on the control, transfer, and 
mapping of the genetic information for 
nitrogenase. Ammonia is well established 
as a repressor of nitrogenase synthesis, 
while no evidence has been obtained to 
suggest that nitrogen is required as an 
inducer (59). Recently, glutamine syn- 
thetase acting as a positive control agent 
has been proposed as the more immedi- 
ate regulator of nitrogenase synthesis 
(60). Evidence to support this proposal 
includes mutants with constitutive gluta- 
mine synthetase that synthesize nitro- 
genase in the presence of NH4+; mu- 
tants that are unable to produce gluta- 
mine synthetase and that are also unable 
to synthesize nitrogenase; simultaneous 
restoration of glutamine synthetase and 
nitrogenase activities; and nitrogenase 
synthesis in the presence of excess NH4 + 

and methionine sulfone and sulfoxime 
(glutamate analogs and inhibitors of 
glutamine and glutamate synthetase). 
The studies providing this evidence were 
conducted with Klebsiella pneumoniae, 
and empirical approaches have yielded 
Azotobacter mutants that produce nitro- 
genase in the presence of ammonia. A 
rhizobial mutant that is constitutive in 
nitrogenase is being sought and could 
be useful in eliminating the inhibitory 
effect of fixed nitrogen on legume sym- 
bionts; however, nitrate, which is not a 
repressor of nitrogenase synthesis, is 
usually a more potent inhibitor of nitro- 
gen fixation than NH4+, suggesting ad- 
ditional complexities in this system. Mu- 
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tants constitutive for nitrogen fixation 
may find more utility in the associative 
symbioses such as those with tropical 
grasses or in animal rumens. Mutants 
that excrete ammonia and are consti- 
tutive for nitrogenase have been pre- 
pared but the high ratio of the amount 
of carbohydrate consumed to the amount 
of nitrogen fixed probably eliminates the 
utility of these organisms as microbio- 
logical fertilizer nitrogen factories (61). 

Another area that might have a ma- 
jor impact on nitrogen input to crops 
concerns the possibility of moving the 
genetic information for the control and 
structure of nitrogenase, that is, the 
nitrogen operon, from plant species that 
fix nitrogen to others that do not. Al- 
ready this operon has been transferred 
by transduction or conjugation in heter- 
otrophic bacteria and blue-green algae, 
and in one case a new strain of E. coli 
that can fix nitrogen has been produced 
(62). The possible transfer of a plasmid 
containing nif, or nitrogen-fixing, genes 
from Rhizobium to Klebsiella aero- 
genes, which does not naturally fix 
nitrogen, has been reported. These ex- 
periments have been used to locate 
the nif gene near the his and shi genes. 
Transfer of the nitrogen operon to 
legume or cereal plants is another pos- 
sible approach for increasing nitrogen 
input to crops. There are reports of the 
transfer of the lactose and galactose 
operons from E. coli to higher plants. 
Plasmids containing the nitrogen operon 
could be introduced into protoplasts of 
the desired crop. These protoplasts 
would be grown in culture and rediffer- 
entiated to produce mature plants with 
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Fig. 7. Hypothetical steps in the production and transfer of plasmids containing nif 
genes to higher plants. [From Shanmugam and Valentine (7)] 
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the genetic information carried with the 
seed (Fig. 7). Several laboratories are 
working on this possibility. This ap. 
proach might provide the most ideal 
solution with respect to the production 
of alternative technologies for nitrogen 
fixation but is perhaps the most specu- 
lative. 
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