NITROGEN FIXATION

Kor conturies together It was a well-known fact that by growing l&gumi(um IO
the reduced fertllity of land can be increased again, The reason for m'{g INCreass
in fertility was not known for long. Later on, it was found that the fertiliny of te
soll increases due to some bacteria which are found in root nodules of leguminous
crops and soll and these bacteria are capable of fixing atmospheric nitrogen. Nirogen
fixation can be defined as the phenomenon of conversion of free nitrogen into nitr ogenous
salts 1o make Ut avallable for absorption by plants,

The fixation of nitrogen can be either a physical fixation or a biological nirogen
fixation. Biological nitrogen fixation is more common in nature,

About 200 million metric tonnes of nitrogen is fixed annually by natura) PrOCESSES.
Only 5 percent of this natural fixation occurs by physical process (physical nitrogen

fixation) and about 95 per cent occurs through certain micro-organisms (b iological
nitrogen fixation),

(/) Physical Nitrogen Fixation

It occurs in several steps and starts with combination of atmos

: pheric nitrogen with
oxygen under the influence of electric discharge and thunder 1o Produce nitric gxide:
Llecirtc discharge

Nltrogen (NZ) + Oxygen (O 2) und thunder

-» Nitric oxide (2M(y
The nitric oxide is then oxidised to nitrogen peroxide in the presence of oxygen
g
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Nitrogen oxide (2NO) 4 Oxygen (( y) et
v Nittogen peremide (20i€) )

puring rains, the nitrogen peroxide ¢

‘ omb
acid and nitric acld which come 1o groy bines with rain water 1o form nitrous

Ind along with rains

)+ Raln
! waler <» Nitrous nchl(llm;,, + Mitrie seid (HNO,)

On ground the alkali radicals of the soj) renct with nitric acid to produce nitrites

crates Which are soluble |
and nitrates W ¢ In water and which can
lhﬂ’“sh roots: be absorhed by the plants

witrogen peroxide (2NO

Cnoor K salts + HNO, <2, o or K-nitrates
9,
() giological Nitrogen Fixatlon

The biological nitrogen fixation may be categorised into fol t
(a) Symbiotic nitrogen fixation gorised into following two types

(b) Asymbiotic nitrogen fixation
This classification is maintained to refer to two different types of organisms
nvolved in N, fixation,

SYMBIOTIC NITROGEN FIXATION

This kind of nitrogen fixation is carried out by bacteria frequently found in the
root nodules of leguminous plants. The most common bacterium is Rhizoblum.
It has two types of strains, (a) fast growers that include R. leguminosarum or Bacillus
radicicola, R. faciolii, R. trifolii, R. molilotii and (b) slow growers that include
R japonicum and R. lupinii. Rhizobia are commonly found in the soil of crop
fields where bacteria and plant both specifically affect cach other’s growth.

Nodule formation. The development of nodule is rather a complicated process.
n the initial stage, host cells have to recognise the correct strain of symbiotic
bacteria. A critical specificity is involved in the association of various species of
root nodule bacteria and leguminous plants. This step is controlled by specific
proteins found in a host cell called lectin. Bauer (1981) proposed that these lectins
interact selectively with microbial cell carbohydrates (or glycoproteins) found in
the capsule of bacteria and serve as determinants of recognition or host specificity.
This interaction induces some responses in host plants and may result in exclusion
orinclusion of bacteria in the host cell. Thus, lectins are the key proteins involved
in the Rhizobjum-legume symbiotic association and in the process calcium plays
& critical role in modifying the ability of root to absorb rhizobia.

Nodule formation is initiated by the infection of root hair by free living rhizobia.
Since these bacteria cannot digest cellulose it enters the rool hair from the tip region
Where cellulose is nearly abgent. The process of nodule formation is very peculiar.
Leguminous plants release tryptophan in the soil which is absorbcq by _Rhizubtum
ind is metabolised to produce IAA (indole acetic acid). The Rhizobia produce
Wother characteristic substance called root hair curling factor that causes deformation
4d twisting of root hairs. The root hair gets penetrated by 3 large numt;cr pf rhizobia
Which collectively convert into an infection thread lined by cellulose which is provided

Y the host cell. The infection thread intrudes, settles and liberates its contents
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he rhizobia are liberated

in a cortical cell which is usually a polypoid (tetraploid). T
ne. The cells of bacteria

either individually or in small groups enclosed by amembra
enlarge, assume pleomorphic shape and are called bacteroids. These bacteroids

stimulate polyploid cell to undergo repeated divisions. These also induce the surrounding
cells (diploid cells ) to divide which ultimately form the cortex of a nodule. The
chemical nature of inducer has been found to be free and active IAA or a substance

secreted by rhizobia (Truchet et al. 1980).

Bacteria Infection thread ‘

Bacterial
nodule

Root

Fig. 17.2. Stages in the formation of root nodule. A—Rhizobia bacteria growing in

the soil near the root; B—entrance of bacteria through sub-apical region of root hair

C-infection thread formed by bacteria, D-roots of a plant containing several nodules’
and E—bacteroids in membrane bounded sacs in the host cells.

The no.dule con-tains a pink coloured leghaemoglobin pigment which like true
}flaemoglobln -combm.es with oxygen and CO, and gets readily oxidised into brown
Cc;g:cvi:;tgr ae t(n)‘:;:(l::;l; gcfm. Tlll)c? ?gv.elopment of leghaemoglobin and nitrogen fixing

' symbio ic interaction, since individually neither le uminous
f:?;tiso;:lrsc;guc; nggaemo.globm nor bacteria carry out nitrogen ﬁ))(,ation. The %ymbiotic
relan legsminou :se?::tll tgat in the absence of Rhizobium and combined nitrogen
of loghacmoglobi Ph s do not grow. There are two views about the location

globin that it is either located in the space between bacteroids and

the membrane enclosin :
1g them or is : .
cytoplasm, present outside the membrane and in the host

Nitrogenase, It -

whether ings:,'mbiotich;lrs :s(;\;vnll:‘ie:t?cﬂtfcl)ll'}rlnac?epteld that the process of nitrogen fiuate’
i ' S, Involvesr . .

to ammonia (NH,) by the enzyme nitrogenase eduction of atmospheri nitesE

Nitrogenase is .
mo’)’bdenim knowrlln :sd ;'Il:)thewporolzn’)tem components, one containing iro? ard
’ . e or molybdo fe "
-ferredoxin (component 1) 2"
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othe! contuining only lron colled Ve-protein or amterredorin (component ).
""",( g protein c_mﬂﬂim I 10 30 iron stoms, a similar amount of sulphur and one
f,' "o ntoms of molybdenum for every 2,00,000 t 3,600,000 units of molecular
welght and I made up of four uu}v:uuhu grouped in two types and comtains two
Jy-contnining electron c:{rriers, he mol, v, of Pe-protein ranges from 55 000
o 04,000 and has about four iron and four sulphur atoms per 60,000 mol. wt.
y addition 10 nitrogen, nitrogenase can reduce a variety of multiple bonded substrates
ke Ny©O and those with general formulae RN, RNC, RCCH as well as acetylene.
1he acetylene reduction Js the quick procedure to determine nitrogenase wtivity.
NilPogenase in extremely sensitive 1o oxygen, It is for this reason that N fining
organisms have evolved variety of ways for protecting nitrogenase from O, mduced
iuctivation, The development of leghaemoglobin pigment in nodule cells md heterocysts
in blue green algac are few examples, In general, the protection mechanism has
been categorised into two types, (a) conformation protection (by change in the
shape of enzyme in the presence of O, to become insensitive to it) and (b) respiratory
protection (by utilizing excess of oxygen in oxidising various substrates). However,
a considerable amount of work has yet to be done to precisely understand the exact
nature, composition and function of nitrogenase.

The enzyme remains active under anaerobic conditions. The leghaemoglobin
regulates the course of O, and provides suitable atmosphere to the enzyme. The
pigment leghaecmoglobin combines rapidly with O, to avoid any inhibitory effect
of it on enzyme. At the same time it is able to make O, available to bacteroids
for ATP production, required for nitrogen fixation.

Mechanism of nitrogen fixation. It is believed that during the process of nitrogen
fixation, the free, atmospheric nitrogen first bound to the enzyme surface is not
released until it is completely reduced to ammonia. Nitrogen bound to the enzyme

‘surfacc is reduced in stepwise reactions before N-N bond is ruptured. The total
reduction of nitrogen occurs on an enzyme complex without release of intermediates
less reduced than ammonia.

The pathway of electron transport in nitrogen fixation in nodule bacteroids
may be summarised as follows:

The fixation of atmospheric free nitrogen is carried out by enzyme nilrogenase.
The reduction of nitrogen into ammonia by nitrogenase in bacteroids depend upon
the availability of ATP and reduced substrate capable of donating hydrogen atoms
to nitrogen, ATP is generated in bacteroid respiratory chal’n system and reduced
substrate is obtained from host cells. Glucose-6-phosphate is considered to be the
reduced substrate for the process and reduced NADP together with ferredoxin function
a5 clectron carriers. ,

The ATP interacts with non-heme iron (NHI) protein component Ofmlrogenas.e
and brings wkont & onformational change Lo conver} it to a powerful reducmnf. Thu
Powerfu) reductant becomes capable of transferring electrons to reduce N, into
NH,. The summary of the process is given in Fig 173
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- ath ‘N, fixation. (Vd = ferredoyin,
T ’ oposed pathway of N, ,
Nl:lig' ;7;13‘hc’r::f ipr:)np | = gn?ymc glucoare-ﬁ-/)hosphal(/ dehydrogenas,
= non- v ’ < : i ’ ‘ o
2 = enzyme NADPH-ferredoxin oxldo-reductase, 3 = ENZyme iron. contaipip,
ro't};in component of nitrogendase and 4 = enzyme iron-molybdenum
P protein component of nltrogenase)
The in vitro studies on the process revealed that at least four moleci, o
' sferred to nitrogen, Thys s,
ATP are hydrolysed for each pair of clgctrons translfc itk 2 n. Thus, g,
reduction of one molecule of nitrogen into two mo gcu . monna_rgqu;r%
twelve molecules of ATP because six electrons are required per molecule of nitrgy,

reduced.
N, + 6H" + 6e” + 12ATP
Several other substrates in a
complex, e.g. proton is also a substrate for it.

— 2NH; + 12ADP + 12Pi
ddition to nitrogen can be reduced by nitrogenas,

Nitrogenase H
7 112

2H" +2¢”

Due to this nature of nitrogenase, there may be evolution of additional H,
by bacteroids during nitrogen fixation. Such hydrogen evolution causes a wasle
of ATP and reducing power. However, some strains of Rhizobium do not evolve
hydrogen and are thus more efficient in nitrogen fixation. Scientists are effortful
to develop such strains.

Nitrogen fixing symbionts with non-leguminous plants. Nodule formation
is not only found in leguminous plants but also in quite a few other plants. Symbiotic
bacteria have been found to occur in the root nodules of Casuarina, Ceanothts
Cycas, Podocarpus, Dioscoria, Coriaria, Camptonia, Alnus, Myria, Hippophe
c‘tc. and in leaf nodules of different species of Pavetta, Psychotria, Dioscored elc.
Some members of Rubiaceae also develop root nodules, the bacterium bein
Z)t/z'Otl)c:lc{erium rubiacearum. Species of Klebsiella and E;ﬂerobacler have be¢?
An’a/face m:’; :2;;55;(\)’:; :; n/]’g:::trta a.nd. whit.e fir. Similarly, blue green a‘lga:e'
i i o association with a water fern (Azolla), A eyed

yeas (gymnosperm) and Nostoc with G iosperm)

Bacteria Azotobacter paspali fi il macrophylla (20 ¢
of Paspalum notatum S]Jifil}zll)ml s cqlonles below mucilaginous T,

- notatum is found associated with Digitar’®

mays, Sorghum elc,
ASYMBIOTIC NITROGEN FIXATION

Many free living bacteri jo
’ g bacteria an : o per)
nitrogen. d blue green algae are capable of fixing atmos
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Azospirlllum brassilense, Klebsiellq pheumoni
niae;

(i) Aerobic forms, e.g, Azotobacter o
Jijerinckia; caroococcum, A. gilis, A. agile, Azomonas

g Baci
illus polymyxa, of Clostridium pasteurianum,

ghodopseudomonas, Rhodomicrobium Cpy ' el um,
Blue green algae (i) Unicellular forms

(i) Filamentous non-heterocystou

| : stous forms, e.g. Oscillatoria eryth

Tr:ch?d{;ff;“um te"}”/;l" aeum), Lyngbya-Phormidium-Plectonema ggupr'aea o
(m')' 1lamentous .eterocystous forms e.g. Nostoc, Anabaena Cylindro’spermum

Calothrix, Tolypothrix, Aulosira, Scytonema, Gloeotrichia et,c |

e.g. Gloeothece, Synechococcus;

Process of Nitrogen Fixation (Studies on Cell Free Nitrogen Fixation)

The process remains baswal_ly the same in non-symbiotic nitrogen fixation, which
has be.en SUpporte(.i by studies on cell free extracts of free living nitrogen fixing
bacteria. Some points are considered here.

Studies made on cell-free preparations to understand biological nitrogen fixation
have opened a new aspect on the subject. McNary and Burris (1962) extended
the first experimental evidence that ATP was involved in nitrogen fixation and
Mortenson (1964) while studying cell-free extracts of Clostridium pasteurianum
showed clearly the necessity of ATP in the process. Similarly, Dilworth (1965)
found that the addition of 5 mM ATP to an extract of C. pasteurianum supported
nitrogen fixation for 5 minutes at a rate of 3.8 my molecule N,/mg protein/minute.

Hardy and his coworkers (1965) explained the sequence of nitrogen fixation

as follows:
In this scheme ferredoxin plays an
X compound. This X-reduced compoun

in presence of the enzyme nitrogenase. _ , ) .
Burris (1966) proposed working hypothesis for nitrogen fixation suggesting

the function of ATP and ferredoxin at each step in the reduction of nitrogen. The
pretty function of ATP donor is furnished by pyruvate which also acts as an electron

donor for N, reduction.
Pyruvate on one hand acts as @
hydrogen ions and electrons for n

The enzyme requires 15 or even more
to reduce one molecule of nitrogen t0 two NH,

blace step by step as shown in Fig. 17:4.

important role which is helpful in reducing
d utilising energy from ATP forms ammonia

n ATP donor while on the other hand it supplies
itrogen reduction via NADH, and ferredoxin.

ATP molecules, 6 hydrogen ions and 6 electrons
molecules. The reduction takes

ivity, it isnow believed that electrons
agents (Ferredoxin, Flavoprotein or Dithionite)

'0a complex of Mg-ATP and Fe-protein'(COmponent I1). From here el.ectr'ons flow
0 Mo-Fe protein (component I) and then to substrate (nitrogen) which is finally

reduced (to NH3) )
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Pyruvate » Acetylphosphate + CO,
 J
2H* + 20 ==H,
/ ‘,
Hedu‘c’:ed Acetate + ATP
Ferredoxin
\ N=N
Enzyme
HN= NH

Enzy‘rV
H,N — NH,
Enzyme

NH; + enzyme

Fig. 17.4. Scheme suggesting the role of ATP and ferredoxin at each step
in the reduction of nitrogen. Enzyme is Nitrogenase (Burris, 1966).

In most diazotrophs (N,-fixing organisms), ferredoxin and flavodoxin are proBably
the natural electron carriers for the reduction of Fe-protein. The reduced Fe-protein
binds to Mg-ATP (Mg?*ATP), creating a complex with Mo-Fe protein. Dissociation
of two proteins occur between electron transfer events. The oxidised Fe-protein
dissociates and becomes reduced again which recombines randomly with another
nitrogenase until all electrons needed for the reduction of substrate (e.g. 6 forN,)
are accumulated.

‘ (.}'ene'tical studies. The genetical approach to study the mechanism of nitrogenase
activities in recent and successful studies have been made on Klebsiella pneumoniac.
The gene responsible for the synthesis of nitrogenase is called nif gene. Streicher
and his coworkers (1972) successfully mapped nif regions in this bacteria. Th¢
genetic map of nifregions indicated closeness of four nif genes to his D (the regi”
oZ DNA).' Merri.ck (1979) has been successful in identifying 14 nif genes in ’
fn deiz;;nég:?; \:/hnf:h were organised into eight transcriptional units. Recent studies

o wpic - region has been found flanked by two sets of nverted rePe

O A N e B bt
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different N,~fixing species. Bacteriophages have been successfully used in studyin

. :1arities of nif genes and in theij : 4 yIng
S,mlla.rl 1€ ye nd In their transferring (transferring of nif genes) to other
pacteria. No fixing genes of K. pneumoniae have been successfully transferred to

Escherichia coli (a non-nitrogen fixing bacterium) through transduction using Phage
424, and this. hybrid produced nitrogenase similar to that of K pneumoniae. This
achievement 1s now considered as a great success of genetic engineers (biotechnologists)
that offers prospects for a bright future. If somehow nif genes can be manipulated
and successfully introduced in crop plants, e.g. paddy plants, the latter would develop
an enormous capacity for high yield without any external supply of nitrogen fertilisers.
In this way, biotechnologists would offer double benefits to the future world, i.e.
high yield of rice and economy of nitrogen fertilisers.
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