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Chapter 13
4
Biological Dinitrogen Fixation:

Introduction and Nonsymbiotic

David A. Zuberer

¢
[ matwre there is an enormous rescrve of organic matrer poor in nitrogen. One
should ask how all this organic carbon could be circulated in nature without the
existence of organisms capable of fixing fiee nutrogen, These organisms . . . could
be nothing else but microbes.
Sergei Winogradsky

Alter photosynthesis, biological dinitrogen fixation, the reduction of atmospheric
dinitrogen (N3) to two molecules of ammonia, is the second most important biolog-
ical process on earth. In the absence of modern fertilizers or animal wastes, natural
ecosystems rely on the hiological conversion of atmospheric dinitrogen to forms
available for plant and microbial growth by u variety of prokaryotic_microbes.
Dinitrogen fixation is mediated exclusively by prokaryotes, including many genera
of bacteria, cyanobacteria, and the actinomycete Frankia. The N,-fixing microbes
can exist as independent, free-living organisms or in associations of differing degrees
of complexity with other microbes. plants, and animals. These range from loose 1s-
sociations, such as associative symbioses, to complex symbiotic associations
(Fig. 13-1) in which the bacterium and hogt plant communicate on an exquisite mol-
ecular level and share physiological functions (Chapter 14 details information on
symbiotic N,-fixing plant/microbe ussociations). Central to all of these systems is an
N,-fixing prokaryote containing the enzyme complex nitrogenase, which is re-
sponsible for the conversion of dinitrogen to ammonia. Only certain prokaryotes fix
dinitrogen. Thus, when one sees statements about “N,-fixing? plants, keep in mind
that they do so by virtue of their prokaryotic partner, not on their owri’ Organisms

3

that can use atmospheric dinitrogen as their sole source of nitrogen for growth are

called diazotrophs (“diazo” for dinitrogen).
. o——

295



GENETIC HOST
SYMBIONT INVOLVEMENT HOSL
—— LEGUMES

AHIZOBIA — LEGUME AROOT NOOULES

NON-LEGUME
ANGIOSPERM
ROOT NODULES

NON-LEGUME
ANGIOSPERMS
o

( Alnw  ba be 9‘,)

FRANKIA —~

(ACTINOMVCETE)
; ctit
; . ) Cen /zw ( ".'//"\1(4’? '/"}a' %))
ASSOCIATIVE SYMBIOSES '
B6n  cssocealed widh— ] .

C‘; 77 nodfes 1/ (; ' ] MORPHOLOGICAL - ]
| / / s (G 4fed) -~ INVOLVEMENT L (LLW )
i 7 > LEAF NODULES ~ - 214 ¢ / ot
| ')Zcﬂ’uf“‘/”f e W/S —> ROOT NODULES P ﬁécéﬂ  Fu ”f" L"J'

.' s — LICHENS & ##] B&A k
’}W/Mo . VARIOUS !
' CYANOBACTERIAL INTER/INTRA LIGHER :
) AND BACTERIAL MICROBE PLANTS 1
DIAZOTROPHS
i NO MORPHOLOGICAL
7
! / o et INVOLVEMENT
; Mbﬁ& ﬁ —-wf( —_— PHYLLOSPHERE -
e din € ) AGA > RHIZOSPHERE - |
/
AT DH) Z.ye m B _ |
Veaved 9 wilin [ T ASYMBIOSES i
A 7' ” - 47.[’7»}/7/"‘/{/" // \
‘ H v ls o f’/ / '

J NATURAL DIAZOTROPHS /. t ,
| ' W/IL% |
! CYANOBACTERIAL —> TRULY F‘ \LY / ) J :

AND BACTERIAL  —~ b b ?Z e .
DIAZOTROPHS FREE-LIVING [t N y
v 3 /,' o€ £2 :
*SYNTHETIC® — > DIAZOTROPHS B ”;0/0 e
DIAZOTROPHS T A 2ospt jollar
e.g., E. coll J \
[‘difj(q_(lt 2ém ) !

ively by free-living diazotrophs
rying complexiues. The most elab-
umes and be-

Figure 13-1 Biological N, fixation is medlated exclus
and  wide vanety of plant-microbe associations of va
orate of these are the root-nodule symbloses between rhizobia and leg
tween the actinomycete Frankia and a variety of nonleguminous trees and shrubs.
Between the free-living diazotrophs and the root-nodule symbioses lie a broad array of
associations between plants and diazotrophs. These are the so-called “associative sym-
bioses” characterized by a loase assoclation between the plant and diazotroph. Modfied

from Burns and Hardy (1 075) Used with permission
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Historical Background
The agricultural importance of legumes was recognized very early in the history of

humans, reaching a milestone in 1888 with the 1solation and description of the first

organism, the root-nodule bacterium Rhizobiiom, determined (though much later)

to have the abihty to fix dinitrogen. Rhizobium and its relatives fix only small

amounts of dinitrogefi in pure culture, and significant rates of N, fixation only oc-

cur when the bacteria are in root nodules. In 1893, Winogradsky isolated the first
free-living bacterium, an anaerobe, capable of significant N, fixation. He named this
organism Clostridium pasteurianum in recognition of Louis Pasteur, Winogradsky,
though a Russian, did much of his later scientific work at the Pasteur Institute in
Panis. A few years later, in 1901, the Dutch microbiologist Martinus Beijerinck iso-
lated an aerobic free-living, N,-fixing bacterium, which he named Azotobacter
chroococcum (derived from the French word “azote,” meaning “lifeless” in recog-
nition of the inertness of nitrogen). }

Thus by the late nineteenth century, the foundation was laid for the extensive
studies of N fixation that would follow. These eurly discoveries began what has be-
come more than 100 years of research on the fascinating and important subject of
biological N, fixation. .

v

The Significance of Biologi;:al Dinitrogen Fixation

A fundamental principle of agriculture and plant physiology is that plants require rel-
aively high levels of nitrogen to produce abundant biomass, or yield. All forms of
life require nitrogen to synthesize proteins and other important biochemicals, and
nitrogen is often the limiting nutrient for plant and microbial growth in soils. [n nat-
ural systems, nitrogen for plant growth comes from the soil, from rainfall or other at-
mospheric deposition, or through biological N, fixation.

Industrial N, fixation amounts to about 85 million metric tons per vear (Hauck,
1985; Waggoner, 1994) and requires substantial inputs of energy, usually in the
form of natural gas (Box 13-1). However, this output is less than the contribution
of fixed nitrogen acquired through biological N, fixation. Accurate estimates of
the magnitude of biological N, fixation are hard to derive, but reported values
range from 100 to 180 million metric tons per yeur. Biological processes contribute
65% of the nitrogen used in agriculture (Burris and Roberts, 1993). While much of
this is through symbiotic N, fixation, nonsymbiotic and associative fixation are of
some significance in crops, such as ugar cane and sorghum, which have a C,
photosynthetic pathway, and in specific ecosystems where nitrogen for plant
growth is a limiting factor. Because of its culture in flooded solls, rice derives sig-
nificant benefit from the activities of free-living  diazotrophic bacteria and
Cyanobacteria, : T T )

Biological N, fixation offers an altern
based fertilizer nitrogen. However, the
United States and elsewhere are difficult
Keeping up with an expanding populatio
use of fertilizers. Yer, legumes and perha
Anabaena symbiosis) have an important
Dinitrogen-fixing plants are also of high

ative to the use of expensive ammonium-
high-yielding agricultural systems of the
to sustain solely on biological N, fixation.
n will probably always require the judicious
ps other N,-fixing systems (e.g., the Azollg-
place in sustainable agriculrura] production,
value in restoring disturbed or impoverished




miolecule knowe The twe atoms of nittoges in the diateomie molecule are joiped by a very
atable tiple bond, Ths tiple bond equites a ot of enegy A5 k), or 226 kesl, per mole)
ey ek and therein lies one of the sajor challenges of lizing dintroges ¢hemcally or bi
o ologically. Dimtrogen lixation s “enerygy e cpensive” hecayse it equires qinch cnergy 16
breake the tiple boand of dinitrogen and also 1o pravide the Liydrogen necessary 1o reduce
dinttrogen o two ammonia molecules, The <hermcal fixation of dintrogen s accomplished
most widely through the high pressure catslytic method called the Halwer Bosch process,
namned after the German scientists who developed the process in 1914 The process served
a8 2 source of ammonium and nittates for manulacture of explosives during World War |
The reaction for chemical txation of dinitrogen can be written as follows,

N, + 3, vy 2 HH, (aq.) AG= =53k] (12 7kcal)
K,0, Al,O,

To obtain high yields from this reaction in reasonable time, high pressures (approxi-
mately 200 atm, or 20 MPa) are applied to the reaction vessel and the temperature is raised
1o 400-500°C. Natural gas (methane) is usually employed as the feedstock for the hydro-
gen needed o reduce the dinitrogen and 15 also required 1o heat the reaction vessel. To
put these energy rcqhiremcnw in terms more eusily understood, it takes about 875 cubic
meters (31,000 cubic feet) of natural gas, 5.5 barrels of oil, or 2 metric tons of coal to fix
| metric ton (2,200 Ib) of ammoma (Dixon and Wheeler, 1980). About 40% of this fuel is
used to provide the necessary heat, and the remainder provides the hydrogen needed for
the reaction, Because we rely on fossil fuel (e.g., natural gas) in the production of ammo-
nium-hased fertilizers, costs are high; at present, those costs are somewhat inextricably
linked 10 fossil fuel prices and the whimns of that market. For example, an oil embargo
against the United States in the early 1970s brought about long lines at gas pumps and
quadrupled fertilizer prices. The hugh ferulizer prices also were due, in part, to short sup-
plies at a time of peak demand.

Just as the chemical fixauon of dinitrogen is energy intensive, 50 too is its fixation in bi-
ological systems. The principal differences lie in the sources of reductant and energy and
the fact that biological N, fixation takes place at ambient pressures and temperatures. That

l i quite a feat when we consider the rigors of the industrial process. Energy for biological
' N, fixation comes from the oxidation of organic carbon sources, such as glucose, 6r from

light in the case of photosynthetic diazotrophs. | J

soils. They serve as excellent cover crops, green manures, and forage crops for live-
stock production. Use of N,-fixing crops also has the potential to reduce the conta-
tpmation of groundwater with nitrate. Further aspects of the utility of symbiotic N
fixation in agriculture and other ecosystems are discussed in Chapter 14, )




