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ABSTRACT

Nitrogen is a major factor limiting the production of
cereals. The availability of this element depends on the
turnover rate of the nitrogen cycle and the return of the
nitrogen to the soil through biological nitrogen fixation
(BNF) or by fertilizer application. Estimates of nitrogen
fixation associated with cereals and grasses are not very

_ precise, but the results indicate that nitrogen fixation in
non-legumes . oceurs at levels which can be measured.
Reliable es(imates can be obtained from more difficult
nitrogen balance studies which need. to be continued for
several years in the field. This review covers the present
knowledge about the nature of the association between
plant and nitrogen-fixing bacteria, types of bacteria
involved and methods of isolation and screening.

The occurence of the association of nitrogen-fixing bacteria
with roots of cereals and grasses is well documented (1‘, 2, 5, 8,
12, 57). The tarms used for the study of nitrogen fixation in cere-
als and grasses are: diazotrophic, rhizocoencsis, associative sy-
mibipsis, and associative (di) nitrogen fixation. Associative dini-
frogen fixation describes the close bacteria-plant rhizosphere
associations which have been detected on grass roots (15). Asso-
alative symbiosis refers to an intracelludar relationship between
a dinitrogen-fixing bacterium and plant noofs (14). Thése systems
may involve any of several bacterial species and are best typi-
fied by the grass-Azospirillum nitrogen-fixing system first re-
ported by Dobereiner and Day (13). These systems have been
recently termed “Cryptic’” associations since, they are generally
macroscopically undetectable (25), For understanding these
cryplic Toot-bacterin agsociations, il is esgential to be aware of a
general concept of soil-plant-microbe relationships that has been
defined as the “rhizosphere” (48). Ity the rhizogphere zone, sub-
tle root-microbe interactions may occur frequently and perhaps

Submitted as Conference Paper No. 229 by ICRISAT, Patancheru.

227

n?



Qe

always. This paper attempts to discuss the impact of recent fin-
dings in the fleld of associative No fixation.

MICROBIOLOGY OF THE ASSOCIATION

The tist of nitrogen-fAxing bacteria associated with nitrogen
fixation in cereadls and grasses include species of Achromobac-
ter, Alcaligenes, ‘Arthrobacter, Azotobacter, Azospirillum, Azo-
monas, Bacillus, Beijerinckia, Clostridium, Campylobacter,
Corynebacterium, Derxia, Enterobacter, Erwinia, Klebsiella, Lig-
nobacter, Mycobacterium, Pseudomonas, and Xanthobacter (2)
and blue-green algae.

Enumeration and iseolation of nitrogen-fixing bacteria: Counts
of nitrogen-fixing bacteria are usually done following dilution
‘plating onto a supposedly N-free selective medium. Most pro-
bable number (MPN) techniques based on the presence of nitro-
genase in dilutioms of the initial sample in a selective medium
are also used.. It is difficult to devise selective mediia which can
support the growth of all nitrogen fixers as the nature of the
carbon source used in N-free medis in counting and isolating
procedures faviors the growth of different groups of bacteria. An
added complication is the variable response between organisin
types to different partial pressures of oxygen in their vicinity.
It has been proposed {o use axenically collected root exudates
media or media containing a mixture of carbon sources (45, 52)
or the “spermosphere miodel” uging a young sterile seedling grio-
wing on a mineral medium free of C and N (55).

In our laboratory, we have used three methods (i) dilution
and plating using N-free sucrose and mialate media (i) MPN
counts in semi-solid N-free media enriched with 50 mg yeast
extract/l and (iil) MPN using aseptically grown. plants. Genera-
1y higher counts are observed with dilution and plating method
as compared with MPN in semi~ solid media and MPN with
plants, The higher counts obtained with dilution and plating
miight be because of the growth of non-nitrogen fixers which
could scavenge the mineral N from the medium. Even though,
the MPN counts weire lower than those of direct plating methods,
the recovery of nitrogenase posifive isplates was higher from
MPN tubes than from dirvect plating. The MPN method using
plants carried on further- generations for enrichment of N, fixers
have shown increased number of positive N3 fixers with increa-
sing generations of envichment in general. In this method, seed-
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lings of millet or Sorghum are grown from surface sterilized
seeds in C and N free Fahreus medium containing 0.3% agar.
The aseplically grown seedlings ave inpculated wifh serial dilu-
tions of the test sample and incubated under 1% CsHjy in glass-
house. Nifrogenase activity is measured on 8 and 12 days and
plants with positive Nyase activity from the highest dilutions are
miacerated alongwith medium and serial dilutions are prepared
for inoculating aseptic seedlings. In this way subsequent enrich-
ments @re carried on upto 3 or 4 generations.

Large populations of bactenia capable of growing aerobi-
cally on N-free media exist in some Alfisol fields at ICRISAT
Centre. There is also a marked increase (10-fold) in number
in the rhizosphere compared to the surrounding soil. A selection
for particular types of bacteria also occurs in the riool zone, re-
sultingg in less than half the types found in the bulk soil. The
numbers of colony types and the populabion sizes wvaried with
the carbon source in the isolation medium and were increased by
adding a small amount of yeast extract (50 to 100 mg/1) to the
media. About 50% of the bacteria isolated becanse of their dif-
ferent colony characterictics, were nitrogen-fixing bacteria. There
were over a million Enferobacteriaceae/g soil, several species of
which are kmown to fix nifrogen anaerobically. The miacerate
from roots thoroughly washed and surface sterilized with 1%
chloramine T .for 1 h showed 10° presumptive N, fixers/g of
fresh root suggesting that some bacteria were very closely bound
to the root and perhaps even in the root tissues.

A survey of 200 sibes in traditional millet growing areas
in North-Western India, indicated 106-107/g soil total population
of organisms capable of growing on a N-free sucrose medium
supplemented with 50 mg/l yeast extract. The MPN counts
from these Soils nanged from 102 to 10%/g soil in malate and su-
crose semi-solid media. Nitrogen-fixing isolates from roots in~
cluded bacteria similiar to Azospirillum brasilense, A. lipoferum,
unidentified Azospirillum spp, Bacillus polymyxa, Derxija gum-
mosa, Erwinia herbicola and Enterobacter spp. Soil isolates in
the malate enmichment medium normally contained Enterobac-
teriaceae and pseudomonads. Enterobacter cloacae was the most
common igolate, while some Pseudomonas types showed nitrio~
genase activity, Sorme of the soils did not conbain Azospirillum.
There is often a confinuum of types overlapping in properties
between named genera and species. The dsolates could be clas-
sified on the basis of colony morphology into at leastt 22 diffe-
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rent groups (8, 27). It is also generially agreed (24) that growth
_on a nitrogen-free medium is niot a sufficient criterion for nitro-
genase activity as some Np-fixing bacteria can not grow on a me-
dium completely free of combined nitrogen (66). On a large
scale, use of SNy incorponation to measure N fixation (the de-
finitive test) is expensive amd mamy authors have used CoHa re-
duction as an indivect asgay technique. This technique poses some
difficudties due to the short exposure period for CoHy reduction
and also due to oxidafion of CsHs by some bacteria (35). Many
Ny-fixing bactenia express nitrogenase activity only when they
are in sufficient numbers (21). In enumernation experiments, the
threshhiold level for expression of nitrogenase activity is reached
only after a lag peniod that is dependent upon the initial popu-
latdon. of the inoculum (60).  With high dilutions this can take as
long as 3 weeks. Moreover, even after establishment, nitroge-
nase activity can be rapidly suppressed by carbon or oxygen
limitations so thiat the overall period of #ime during which nitro-
genase activity occurs can be very short, To over come this pro-
blem Balandreau (2) suggested imcubating the veplicate tubes of
ricé seedlings under 1% CoH» as soon ms they are imoculated.
However, we have observed that incubafion; of inoculated sor-
ghum seedlings under 1%, CoHp vesulted in stunted seedling
growth. Before using this technique for other crops it should be
checked for its applicability.

ESTIMATES OF N; FIXATION

There are several methiods for measiring nitrogen. fixafion
associated with field and pot gmwn pliants; these dan be broadly
grouped as follows :

1. Direct: a. Chemical N determination
b. "N based methods

2. Indirect: a. Acetylene (CsHo) reduction assay

‘N balance ‘experiments : Nitrogen balances can be measured by
shandard Kjeldehl analyses for field crops, but are more relia-
ble for plants grown in pots in a defined volume of rooting me-
dium, eniabling proper soil sampling, leaching losses to be esti-
miated, and inputs from Nofixation estimated. Under field con-
ditionls such experiments are difficult to conduct, as they need to
run for more than one season and require rigorous sampling of
‘the soil if they are to reliably mesasure soil N cdhanges of 20 to
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50 kg N/ha per anmum. Also it is difficult under field conditions
to estimate the losses due fo denitrification; although denitrifica-
tiony is believed to be smiall (19) based on few measurements ava-
ilable. Smiall amounts of nifrogen are added to the soil through
rainfiall, and- dust. Rainfiall away from the sea contributes 1 to
4.5 kg N/ha per annum (32).

Estimates of cereal nitrogen fixation based on N balance
studies viary from 11.2-148 kg/ha per annum with different crops
(4, 31, 36, 39, 41, 67). For details refer the reviews {8, 53). In
addition N balamnice studies with sorghum, millet and Napier ba-
jra (Pennisetum purpureum X P. americanum in pot culiure in
vermiculite media, with and without added N fertiliser, and in
soil low in nifrogen, have established that ) there is a small
but measurable Nofixation by bacteria assoclated with the roots
of these planits (it) fixed N ds taken: up by the plant during the
growing seasion and (m) some of it also vemains in the rooting
medium (8).

Long term field experiments with sorghum, millet and
forage grasses are confinuing at ICRISAT to measure the N
balance in fhese crops in an Alfisol. In the sorghum experi-
ment the same eight cultivars with either high nitrogenase acti-
vity or high N uptake under low fertility, are grown each year
on the same plots. Fertiliser N is added at the rate of 0, 20 and
40 kg N/ha. Mean initial N content of the top 0 to 15 cm of the
unfertilised soil was 0.040%, 0.056% in 15-30 cm zone, and
0.053% at 30-90 cm. All abowve ground plant miaterial is remo-
ved at harvest. Cumulative dry-miatter yields of the cultivars
varied from 17 to 30 toms/ha over 5 seasons without any nitro-
gen added. Highest dry matter production was observed with
cv IS 15165 which is a late maturing, phootosensitive African en-
try which does niof produce grains af Hyderabad during rainy
season. During seventh yesr of the experiment (rainy season
1984), a uniform criop of millet cv, ICMV 1 was grown. The fotal
dry matter yield of millet cv. ICMV 1 from the plots where pre-
viously cvs CSH 5 and IS 2333 were grown acrioss the nitro-
gen levels was at par with each other. The cumulative nitro-
gen uptake through above ground plant parts from 1978 to 1983
(except 1981) indicated that highest nitrogen uptake amongst the
sorghum cultivars across the applied nitrogen levels was in case
of ev. CSH 5 (230 kg/ha) and the lowest wag in case of cv IS
2333 (180 lg/ha) (29). These results suggest that s[orghmn cul-
tivvars dio- vary for their No-fixing ability.
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In a tmial with tropical gnasses, during 5.5 years one of the
entries (hybrid Napier bajra, NB 21) has produced 329 t/ha dry
matter containing 2320 kg N. The range among species for dry
maiatter production is wide, for instance as low as 32 t/ha inclu-
ding 240 kg N during 5.5 years. These results suggest that en-
tries like NB 21 are deriving some of their requirement of N
through BNF in addifion to soil N pool (28). '

5N based methods :

The stable, heavy isotope of nitrogen is used as a tracer in
hiological nitrogen fixation inwvestigations. There are two ways
viz., (i) ‘"N incorporation (i) '°N isotope dilution, to use the
heavy isotope to study dinitrogen fixation.

(i) °N; incorporation: A plant enclosed in a confainer is ex-
posed to SNy, and after dncubation, plant tissues are examined
for above matural concentrations of the heavy isotope. This
technique has been used successfully to priove Ny fixation in as-
sociation with tropical grasses (11), sugarcane (38, 50, 1) rice
(16, 30, 69) and sorghum (17). An appanatus has recently been
developed (17) to infroduce gas mixture info the root growth
chamber by purging with CO» followed by absorption of the car-
bon dioxide with soda lime as suggested by Witty and Day (686).

(ii) SN isotope dilution: The first studies with non-legumes us-
ing SN iscliope dilution in the field indicated that no associated
N, fixation cccurred with mize or sorghum inoculated with Spi-
rillum lipoferum (43). Howewver, subsequently this technique
has been used Lo estimate N fixation due to inoculation and also
potential of different host cultivars (18, 23, 44, 47). A possible
approach is to use uniformly N labelled soil in pots for growing
the lines to screen for their potemtial fo fix afmospheric nitrio-
gen. The soil can be labelled by incorporating '*N fertilizer
with carbon source (10:1, C: N ratio) well in advance so that
15N js incorporated into the organic form and then slowly re-
feased by mineralisation.

Acetylene Reduction Assay (ARA): Acetyléne reduction is a fle-
xible, simple and an indirect method to test nitrogenase activity
(20). Detailed assay procedures for green house and field expe-
riments with nomnlegumes have been deseribed in debadl (57, 61).
An excived root asgay invalves overnight incubation under re=
duced Os tensiom (14) duning which Na-fixing bacteria proliferate
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substantially due to released organic materials from the roots
resulting in overestimation of Njase activity (57). A soil-root
core assasy developed by Day et al. (9) has been used by several
woirkers, however, large plant to plant variability has been. ob-
served with this assay (8, 61). The initial lag for C:H, produc-
tion depends on the fime required for diffusion of CoHs in the
system and it varies according to soil type (58, 64). Wani et al.
(63) thave identified the mechanical disturbance during sampling,
sampling time, time gap between cutting the plant top off and
injecting CoHs, incubation temperature and soil moisture as
some of the factors responsible for lavge plamt to plant variabi-
lity., ’

Soil-core assays are destructive, time consuming, some-
what viariable and many factors have to be controlled which are
difficult to mamipulate under field conditions. To overcome some
of thege problems we have developed alternative intect plant
assay systems—one where seedlings are grown in: tubes (61, 62),
and amiother where plants are grown in pots (64). These assay
techniques eniable severs]l assays on the same plant during its
growth peniod and also permit the experimenter to collect sel-
fed seed or use the plant in crogsing. In these methods same
plant is exposed to acetylene gas several times and it is necess-
ary to study its effect on plant growth and Ni-fixing bacterial
populiatior: dr: the rhizosphere. The relationship between field
and greenhouse assay technigues need to be studied.

. ARA is a short-term kinetic measurement, and the exis-
tenice of diurnal and seasonal variations in N fixation makes
quantification and extrapolation to total N fixed over a growing
season questionable. A further prioblem is that the relationship
beftween the rate of reduction of acetylene and that of Ng varies
with the system and is seldom experimentally determined (35).
Problems with the acetylene reduction assay can also be encoun-
tered, particularly when dinitrogen fixation rates measured in
soills are low. Bacterial oxidation of ethylene can reduce esti-
mates and anmerobic bacterial production of ethylene can inicre-
ase estimaftes of dimitrogen fixation (10). In case of anaeriobic
dinitrogen fixation endogenous production of ethylene might
lead to erroneous results. Despite these reslrictions ARA, be-
cause of its ease of use and high seneitivity, will remain the
technique of choice for the study of nitrogemese activity., Its
use should be restricted 1o qualitative and comparative evalua~
tions and the guidelines suggested by Lethbridge et al. (37) sho-
uld be followed.
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IMPROVING Ny FIXATION

Nitriogen fixation. is the result of intemaction amongst host
plant, bactenia and enviconmental factors. Nitrogen fixation as-
sociated with cereals can be improved by manipulating each of
the factors involved in the association. Genotypic variation for
stimulating mnitrogen fixation has been observed in lines of pear]
millet (6, 8, 61) wheat (45), sugarcane (49), sorghum @nd minor
millets (8, 34, 61), and nice (3, 65). It seems that we might en-
hamice associative Ny fixation through geniotype selection using
normal methods of plamt breeding; here the challenge is fo in-
troduce the capacily for Nj fixation to a wider and more useful
genetic bage. However, progress in breeding area depends lar-
gely on the awvailability of a rapid screening methiod and identi-
fication of traits meliated to the plant chamacter to be manipulated.

Envirommental factors like femperatimre, radiation, soil
moisture, oxygen partial pressure (pOs), combined N and orga-
ric carbon levels in soil and ofher soil properties like pH, ave
known: to affect nifrogen. fixafion, Acetylene reduction in sandy
loam soil amended with glucose and incubated anerobically, wias
optimum at 37°C and maximum at 45°C (40). Similarly, higher
nitrogenase activity was observed with sorghum and millet plants
at 33° and 40°C tham at 27°C (63). There are several reports
suggesting considerably higher rates of N fixation in tr!opncs
than. in the temperriaf&e region (8, 12, 57).

_ There is a close relationship between soil moisture and
di-mitrogen fixation, mainly because of pO: requirements of the
nitrogen-fixing bacteria. With thie increasing soil mioisture arnd
due o soil voot and microbial respiration the oxygen: partial pre-
ssure decreases resulting in high nitrogenase activity, The pO:2
in the soil can be mamnipulated by irrigation or by inereasing the
respiration by organic miafter amendmenits, which in addition can
supply energy source (carbon) to the No-fixing bacteria. Another
possibility is by selecting mutants of the bacteria which could
tolerate higher oxygen concenfration in the soil. The role of

carotenolid in profecting Niase system im bacteria from oxygen

nieed to be studied further.

The photosynthate tramslocated to the roots is utilized by
bacteria in the soil as the carbon source. Several workers have
observed diurnal veniations for Nyase activity associated with
rice, pearl millet, sorghum and forage grasses (1, 8, 13, 59, 65).
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However, these studies do not show clear relafionship between
plant photosynthesis and root associated Ni fixation because flu-
ctuation of soil temperature coincides with the cycle of Noase
activity during the day-night cycle (8, 57). Significant changes
in the rate of root-associated CsH, reduction within 15 min. of
transfeming plants from sundight into the dark, or vice verse,
which suggests a strong link between Niase activity and nadia-
tion incidence in nice have been reported (59). However, the
Naase activity of the above reported criops may be indirecily re-
lated to photosynthesis as is evident from studies of Dobereiner
et al. (15) that eventhough no ditmmal cyele of nitrogenase was
observed in P. notatum, but prolonged incubations of plants in
* the dark reduced the activity.

Seasonal variafions in the nifrogenase achivities of forage
grasses, miaize, sorghum, pear] millet, Setaria italica and Eleucine
coracana have been reporfied uging excised root or soil core as-
says (13, 33, 63). With maize maximum activities were recor-
ded at the 75% silking stage (13) and with pearl millet and sor-
ghum at late flowering—early grain filling stage. The activity
was greatly reliated with ontogenetic development of plant (63).

The presence of combined N affects nitrogenase . activity.
It has been observed under field conditions that application of
N fertilizér at lower levels (20 kg N/ha) did not affect Naase (9)
on the other hand application of N in smaller doses such as 20
kg/ha had stimulatory effect on Ngase activity (61). By mani-
pullating the method of application and by applying in split doses
and selecting proper form of fertilizer N like slow release for-
mulations miay help to harness maximum nifrogen fixation asso-
ciated with these crops without reducing the yields.

Organic matter amendments in soil vesult in increased
nitrogenase activity (22, 64) and thiy aspect need to be exploited
fully wherein enough crop residues are available for incorpora-
ting in the soil.

RESPONSE TO. INOCULATION

There is increasing interest in attempts to enhance Ny fix-
‘ation by associative systems through artificial inoculation. A
majority of recent inoculation experiments have been with Azo-
spirillum spp; a large number of such experiments have heen
summarised by Boddey and Debereiner (5) and Wani
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(61). Several experiments in Egypt, Israel, India have shown
" posititve benefits of inoculations under field situations, In India,
multilocationial trials with pear]l millet, sorghum and finger millet
conducted over 3 years have shown significantly inereased yields
due to inoculation with Azospirillum brasilense and the effects
of inoculation were more pronounced under low levels of added
nitrogen (2, 53, 54, 62).

The possible contribution of nitrogen fixation to the yield
of inpculated crop plants have been shown by several workers
(7, 8, 23, 42, 61). Rennie (44) using "N dilution principle have
shown that when sufficient cambon substriafe was available to
the bactenila, upto 38% of the maize plant N was derived from
associated N, fixation by A. brasilense. Similarly, in glasshouse
studies, it wias shown that wheat cultivars grown in soil and
inoculated with Bacillus polymyxa and A. brasilense derived
0-32 and 0-29% of total plant N from BNF (46). Using '°N iso-
tope dilution technique in. sand culture expenimenits, Hegazi (22)
suggested that as much as 45% of total I content of plant was
derived from Nj fixation. Tien et al. (56) demonstrated produc-
tioh of auxin, cytokinims and substances tenbatively identified as
gibberelling by an Azospirillum strain. This finding emphasizes
the need to exercige caution in the interpretation of yield incre-
ases in response to bacterial inoculation. The possible role of
such substances in increasing crop yields in jnoculation frials
has been discussed in detail by Hubbell and Gaskins ‘in their
recent review (26).

Many reports exist indicating the possible mechanisms by
which the crop plants inoculated with No-fixing bacteria derive
the benefit firom such associations (7, 22, 23, 42, 46, 56). More -
expeniments using N studies will ensure the question that to
wihat extent each of the various processes mentioned above con-
tributes to increase in yield.

AREAS OF FUTURE RESEARCH

These associative nitrogen-fixing systems need to be un-
derstood in detail in order to fully harness their potential bene- .
fits. More precise estimates of the quantity of nitrogen fixed are
essential; using careful nitrogen balance studies and '’N-based
technigues. There is a need to look at the whole bacterial sys-
tems involved in associative nitrogen-fixing system. By mani-
pulating the culture media and culbural conditions like Oz con-
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centration, pH, temperature and concentrations of carbon and
other nutrient sources, identity of many unknown orgamnisms in-
volved in these associations will be revealed. In particular, we
need to give thought to the role of non-nifrogen fixers present in
the rhizosphere as reports have shown Synergism amongst ni~
trogen fixers and non-nitrogen fixers.

The role of bacteria in associative nitrogen-fixing systems
needs to be understood mote at the basic level: (i) location of the
bacteria (i) source of energy for N fixation ({ii) role of plant
affinity beyond that as carbohydrate supplier @v) ecological fac-
tors governing such associaions (v) types of bacteria involved
and (vi) criterid fo be used for selecting bacterial types for field
inoculation studies,

Several reports have indicated good positive responses to
crop inoculations under field conditions, however, the position in
this area is highly vamiable. There is little agreement on. seve-
ral points e.g. (i) is there a host gpecificity for bacteria? (i) which
bacteria to use as inoculum and whetherr it should be single spe-
cies of bacteria or nather a mixture of bacteria ? (iii) which me-
thod of imoculation to be used ? (iv) what is suitable carrier ? and
(v) which critexiia to he used for checking the. quality of the in-
oculantis produced 7 More emiphasis need to be given on studies
pertaining to establishment and survival of the added inoculum
in the rhizosphere amd also the flactors which might affect the
performance of the added inoculum. What is the exact role of
inoculated bacteria in increasing the crop yields 7 Are these so-
lely due to Nj fixation or hormonial effects or so ?

The knowledge of the agronomic pnactices which could
help to increase N» fixation under normial situations and’ also with
inoculation should go a long way to improve Ny fixation.

It seems possible to improve plant genotypes for increased
associative N fixation by following routine plant breeding me-
thods. The progress of our genetic understandimg will likely
move more slowly because of inadequacies in methodology under
field conditions. The progress in this area will be panallel with
our ability to characterise the physiology and microbiology of
these assodiations.
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