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Foreword
 
Among cereals, sorghum and millets together provide the highest calorie intake in 
African diets and rank third in Asia. These crops are grown largely on rainfed, 
marginal soils by resource-poor farmers who cannot bear the cost of nitrogenous 
fertilizers that can boost their yields. 

Although an inexhaustible store of nitrogen exists in the atmosphere, most plants 
are not able to use it directly. Legumes have been known to make use of this niirogen 
through association of nitrogen-fixing bacteria, which form nodules in the roots of 
these plants and have a symbiotic relationship with them. In recent years, research has 
indicated that certain bacteria living near the roots of sorghum and millet can also fix 
the atmosp~ieric nitrogen nonsymbiotically and partially meet the nitrogen require
ment of these crops. 

Consequently,. the complex process of nitrogen fixation in sorghum and millet has 
attracted the attention of many scientists in India and abroad. The studies are still in 
their preliminary stages and the methodology is still being perfected. With a view to 
share experiences, discuss methods and techniques, and arrive at an agreed basis for 
assessing results, a working group meeting was convened at ICRISAT Center during
9-12 October 1984. A total of 30 scientists took part in the deliberations, 19 from 
Indian institutions and II from ICRISAT. 

Meetings such as this play an important role, developing interpersonal and profes
sional relationships among the scientists involved, which can lead to more meaningful
research and development strategies. I am pleased that ICRISAT hosted this meeting 
on cereal nitrogen fixation, and I believe these proceedings will be a valuable source of 
information and inspiration to all concerned. 

L.D. Swindale 
Director General 
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Welcome Address 

C.R. Jackson 

Ladies and Gentlemen: 
We are pleased to have you here today. I want to welcome you on behalf of 

ICRISAT, its management, and our staff to this important working group meeting on 
cereal nitrogen fixation. 

Most of my concern as Director of International Cooperation in ICRISAT isaimed 
at places outside India, particularly in Africa. So this meeting is of particular impor
tance to me, because I believe it helps aid the development of technology that will 
mean a great deal to India, to Africa, and to all countries where the cultivation ofcrops 
is in some part marginal and of a subsistence nature. 

As you all know, nitrogen is one of the most important factors limiting cereal 
production in the world and biological nitrogen fixation needs to be fully exploited.
We need to understand it as we!l as possible, but not to the extent that we understand 
everything before we go to the field in attempting to use this phenomenon. 

There are many parts of the world that are in difficulty from lagging food supplies, 
growing populations, etc. Here I want to emphasize the problem of Africa, particu
larly West Africa, in attempting to feed itself. The Sahelian region, and the region a bit 
further South from the Sahel are in such great distress that we must contemplate the 
movement of i ople on a continental scale to places where conditions are better for 
growing food. 

I am going to make an appeal to you to give your very best thoughts to this 
particular subject of nitrogen fixation in cereal crops. We must make early progress in 
this subject. It isnot just an academic subject. I want to transmit to you the urgency of 
the problem of developing this technology, so that it can be applied on a broad scale 
and with dependability in India, in Africa, and in other parts of the world. You must 
give your best thought to it and see that it works in the field. You must expend every 
effort to see that something useful for humankind comes out of your research and out 
of the deliberations of conferences like this. 

We cannot continue to rely solely on plant breeding to give us bigger and better 
plants that will grow on less and less water. There are other factors in the equation. 
Soil fertility is one of them and a very important on. We certainly need to put to use 
every increment of knowledge that we have, such as the practical use of N2-fixing 
microorganisms, to give us an additional increment of growth in these very harsh 
environments where people are trying desperately to survive. 

With those few words of encouragement, and with the noting that your program is 
going to cover some very important topics and perhaps reveal things never before 
revealed to humankind, I wish you all luck in this conference. Welcome. Give us your 
best efforts. 



Inaugural Address 

J.S. Kanwar 

It gives me immense pleasurz to extend my warm welcome to the participants of this

meeting, who are actively engaged in research 
on N, fixation by cereals, specifically

sorghum and millets. I feel this meeting is timely and important. Sorghum and millet

together provide food to 700 million people of the semi-arid tropics. They are grown

on 70 million ha, mostly under rainfed conditions, often without nitrogenous fertiliz
ers, and by resource-poor farmers who cannot afford monetary inputs. Nearly 95% of

millet and 60% of sorghum grain is produced under environments where stress fromlack of moisture, nutrient stress, and other physical and biotic stresses seriously
 
constrain yields.


Nitrogen is a key element in increased crop production, and any technique that will

enhance nitrogen nutrition of the crop will go a long way in increasing crop yields. The

Green Revolution in wheat and rice is nothing but the conversion of chemical energy
supplied through fertilizers into biological products where high-yielding varieties act
 
as vehicles of this change. The greater the capacity of the variety to respond to heavier

doses of nitrogen, greater is the yield obtained. Thus, it is no exaggeration that the

problem of food deficit and malnutrition in the world is really the problem ofnitrogen

starvation of the cereal crops.


Despite the fact that an inexhaustible store of N, exists in the atmosphere, 
most

plants are not able to use it directly. Industrial plants are converting a small fraction of
available N, into nitrogenous fertilizers, but it is recognized that despite man's
ingenuity and resources, the world is 
 not able to meet more than a fraction of the
 
nitrogen requirement 
of the crops. Thus we have to look to other sources, of which
biological nitrogen fixation (BNF) is an important one. The dependance of fertilizer

nitrogen production on fossil energy resources 
 and the prospects of diminished
availability of this costly input for fertilizer in the years to come have added an urgency 
to the study of BNF.
 

We recognize that crops like sorghum and millets are very poor competitors for the

available fertilizers, and more so under dry-farming conditions, because of the greater
risks involved and lower payoff. Thus, for more than 60 million ha of sorghum and
millet grown in the SAT, any breakthrough in BNF could bring in a revolution in 
production. 

The finding by Dobereiner of nonsymbiotic N, fixation by associated bacteria incereals, stimulated research in this subject all over the world. With the establishment
of ICRISAT, a special emphasis was laid on N,-fixation studies ii sorghum and
millets. Considerable progress has been made in our understanding of this process, butthere are numerous aspects that need thorough investigation before we can take this
technology to farmers' fields. The standardization of techniques to measure N,fixation is the first problem needing attention. It is recognized that unless reliable ,
repeatable, and comparable results are obtained by different workers, no valid conclu
sions can be drawn. 
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After 10 years of painstaking research, ICRISAT microbiologists are now reasona
bly confident that the methodologies they have developed can give reproducible 
results for other scientists as well. Whether it is a measurement of nitrogenase activity 
with acetylene reduction method on seedlings grown in test tubes or pots, or iSN 

dilution techniques, similar results have been claimed. However, the question stil 
remains whether the results of the controlled environments correlate well with the field 
performance of different genotypes in different environments. 

Dr Wani will give you the details of our BNF work. I willjust make a mention of the 
broad objectives: 

" to standardize research techniques. 
* to study relative efficiency of N2 fixation by different genotypes of sorghum and 

millets. 
" to study environmental factors affecting N2 fixation. 
" to increase N2 fixation by genetic manipulation of the plant, by agronomic manipu

lation of the crop, or by inoculating with effective bacterial cultures. 

In short, we are interested in incorporating the desirable traits of N2 fixation in 
high-yielding varieties and developing techniques and practices for enhancing yields of 
sorghum and millets in farmers' fields. Our studies are not restricted to N, as we are 
also studying differences in activities of mycorrhizae associated with different geno
types for release of phosphates and its interactions with N2 fixation. 

An External Program Review panel that evaluated ICRISAT's work earlier this 
year, while appreciating our work to date on BNF, observed that it is innovative but 
speculative and needs to be intensified to test and select the most effective plant
microorganism associations. We realize that to accomplish this task, we need the 
support of many competent microbiologists working under different environments, 
using the same methodology. 

I consider this meeting very timely as you can share your experiences with ICRISAT 
scientists and develop a common approach for further studies on N2 fixation by 
sorghum and millets. We are now entering a second phase in the study of N2 fixation 
by cereals. Dr Wani and his colleagues have screened some germplasm lines and rated 
them for their N2-fixing efficiency. However, there is a large germplasm resource that 
still needs to be screened. Secondly, we are interested in transferring these useful traits 
to agronomically superior lines for achieving the yield advantage. There are some 
indications that this can be done, but we would like to have some critical studies made 
cooperatively so as to be sure about the findings. This Working Group Meeting should 
help us achieve the following objectives : 

" to share knowledge and experience of nonsymbiotic N2 fixation in sorghum and 
millet; 

" to accept standardized techniques for making measurements of N2 fixation; 
* to develop a coordinated approach for conducting research for transferring desir

able traits to agronomically superior genotypes; and 
" to study the effect of environments on nonsymbiotic N2 fixation in cereals. 

For achieving these objectives, it is essential that this meeting identifies teams of 
scientists working in different institutes to take up coordinated research, who agree to 



share experiences and materials. These should be interdisciplinary teams consisting of 
geneticists, microbiologists, and agronomists/soil scientists. I am convinced that the 
high hopes that have arisen-about improving the nitrogen nutrition of sorghum and 
millet and enhancing their production-can be realized only through interdisciplinary 
teamwork. 

I understand that all of you assembled here today are interested in such teamwork, 
but while studying N2 fixation you should not forget the interaction of the environ
ment and the effect of other nutrients involved in this process. The effect of vesicular 
arbuscular mycorrhiza in stimulating N2 fixation through enhanced availability of 
phosphates has been observed. Whether this synergism can be enhanced through 
management of environments or genetic engineering is a question that needs investiga
tion. There is a lot of basic work that needs to be done. I find in this group some 
scientists who are involved in such basic studies. 

Quite often the experiments are conducted under controlled environments without 
any moisture constraints. Whether the same results are possible under conditions of 
drought stress and high temperature needs investigation. The effect of physical soil 
environments and initial soil-fertility level on N2 fixation also needs to be studied. It is 
my impression that there are more unknown factors than the known ones influencing
nonsymbiotic N, fixation by crops like sorghum and millets and we need to investigate 
further. 

Judging from the program that my colleagues have drawn up for this meeting, I get
the feeling that you would be looking at all these problems. I realize that many of you 
are interested in N, fixation by cereals other than sorghum and millets There are some 
papers relating to rice. Since the environments in which rice is grown are very different 
from those of sorghum and millets, the transferability of the information from rice to 
sorghum and millets and vice versa needs investigation. It would be desirable for you 
to extend your discussions to N, fixation by sorghum and millets under conditions of 
drought stress as well. I understand that the best estimates show that about 20 kg N 
ha-' could be added through bacterial association with sorghum and millets. Even an 
increase of 20 kg N ha - 1 in all the sorghum- and millet-producing areas can mean a 
tremendous increase in the production of these cereals. We will be doinga great service 
to humanity if we can demonstrate this effect on farmers' fields, under the environ
ments where these crops are grown. 

It will be a real achievement if we succeed in transferring this trait to agronomically 
superior genotypes. I need hardly emphasize that Africa, more than India, is badly in 
need of this technology anu we are keenly interested in the outcome of your researches. 

I wish you all success in your deliberations. I have great pleasure in inaugurit ing this 
Working Group Meeting. 
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Cereal Nitrogen Fixation: Problems and Potentialities 

S.P. Wani' 

Summary 

Estimates of nonsl'mbiotic and associative nitrogen fixation indicate that nitrogen fixation 
occurs at magnitudes that niay be of agronomic significance. 

Long-term N balances f.r crop production, although difficult to measurt, are tnwcessarYefor 
estimating the amountsof N~fved. Techniques using 15N directly to measurenitrogenfi.xation
and problems intvolved in emploqing these techniquesare discussed. A cetYlene-reduction assays
(A RA) are ver.*y sensitive but there are limitations to their use in quantification of nitrogen 
fixation as well as in field studies. 

Current understanding about the source ofenergt' for cereal nitrogenfixation and the effect of 
light, temperature, soil moisture,plant genot."pe, plant age, and combined nitrogen on nitrogen 
fixation is illustrated with examples. Possibilities of improving the ability ofcereals to support 
nitrogen fixation through plant breeding are discussed. 

Tt'pes of bacteria involved amid methods used to isolate, count, and test their nitrogenase 
activity influence the results ofsuch studies. Problems associated with selecting bacteria forfield 
studies, their performance, and mnode ofbenefiting cropsfron inoculationsare discussed. Future 
areas of work are highlighted. 

Introduction of cereal nitrogen fixation and to indicate the areas 

needing further investigation.
Nitrogen is the most limiting nutrient in food pro
duction. The biological nitrogen cycle (Fig. I) is 
responsible fora turnover of 108-109 t N a-' on earth 
in which biologically fixed N, is one of the inputs. Microbiology of the Association 
Norsymbiotic and associative N2 fixation is consi
dered to occur at magnitudes that may be of agro- Since Winogradsky (1893) established that Clostri
nomic significance(Dobereiner 1978, Knowles 1976, dium pasteurianum could fix atmospheric N2 and 
Moore 1966, Dartand Wani 1982, Wanietal. 1984). Beijerinck (1901) described the first A:otobacter, 
The apparent potential for biological nitrogen fixa- the list of nitrogen-fixing bacteria has gone on 
tion (BNF) associated with cereals exceeds its pre- increasing (Balandreau 1983). Many different gen
sent utilization, but knowledge in this field is not era and strains of N,-fixing bacteria can be isolated 
enough to exploit these associations fully. There from the soil and the roots. The difficulty in studying 
appear to be many ways of increasing the contribu- the ecology of N,-fixing bacteria is in devising selec
tion from cereal nitrogen fixation. The aim of this tive media and new isolation procedures to count the 
review is to evaluate the problems and potentialities populations of particular organisms. Each labora-

I. Microbiologist, Pearl MilletImprovement Program, ICRISAT, Patancheru, A.P.502 324, India. 

ICRISAT (International Crops Research Institute for theSemi-Arid Tropics). 1986. Cereal nitrogen fixation. Proceedings of the Working
Group Meeting, 9-12 Oct 1984, ICRISAT Center, India. I'atancheru, A.P. 502324, India: ICRISAT. 
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Figure 1. The nitrogen cycle. 

tory uses a particular set of techniques for growing, sampling, distance of roots from the crown, and 
isolating, and counting N2-fixing bacteria. Conse- difficulty in recovering all the roots from the soil. 
quently, each laboratory has a tendency to consider However, expressing the number of bacteria per unit 
that its own bacterium has a dominant role in N2 mass of above-ground plant parts produced may
fixation, give a better understanding and uniformity in 

expression. 

Isolation and Enumeration 
of N2-fixing Bacteria Testing for N2-fixing Efficiency 

To overcome the problem of selective carbon source Sometimes reports of new organisms capable c: fix
in the medium as far as rhizosphere bacteria are ing atmospheric nitrogen are later proved to be 
concerned, use of carbon sources similar to those untrue because the culture under test may not be 
present in the rhizosphere, i.e, root exudates, would pure and even slight contamination by a N2-fixing
be better. Use of the'spermosphere model'is promis- organism could be sufficient to indicate fixation. 
ing for counting and isolating N2-fixing bacteria Growth on a N-free medium isnot a sufficient criter
(Thomas-Bauzon et al. 1982). ion for nitrogenase activity (Hill and Postgate 1969)

Another difficulty in comparing the results ofvar- as some of the N-scavenging bacteria can grow on 
ious groups is the way of exprssing the number of traces of N present in the medium and some N2
bacteria. These are generally expressed per g of fixingbacteriacannotgrowonamediumcompletely 
rhizospheric soil. However, there is no clear defini- free of cc-ibined N(Watanabe and Barraquio 1979).
tion of rhizospheric soil. Expressing the results per The 15N 2 incorporation, even though a definitive test 
unit mass of root does not solve the problem either, to measure N2 fixation is too expensive and gener
considering the different types of roots found on the ally C2H2 reduction as an indirect assay technique is 
same plant, sampling method, age of the plant at used. This technique poses problems due to the short 
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exposure period to C21-12 reduction and also due to 
oxidation of C2H4 by some bacteria (Knowles 1981). 
Many N2-fixing bacteria express nitrogenase activ-
ity only when they are in sufficient numbers (Hauke-
Pacewiczowa et al. 1970, Brouzes et al. 1971) and in 
enumeration experiments with high dilutions this 
can take as long as 3weeks (Villemin et al. 1974).The 
established nitrogenase activity can be suppressed 
by carbon or oxygen limitation so that the overall 
period for expression of activity is very short. This 
difficulty can be overcome by waiting long enough 
for each tube containing N2-fixing bacteria to 
develop a sufficiently large population and then 
adding fresh medium, and incubating under C2H2 
(Villemin et al. 1974). Another possibility is to incu-
bate the replicate tubes under 1% C2H2 as soon as 
they are inoculated (Balandreau 1983). 

Identification of Bacteria 

A detailed identification of bacteria isolated is gen-
erally overlooked by soil microbiologists. As indi-
cated by Balandreau (1983) "many soil 
microbiologists are not very keen on taxonomy". 
Sometimes organisms are identified up to the 
generic level based on common tests, e.g., organisms 
forming a pellicle in malate semisolid medium are 
called Azospirillum, when there are other N2-fixing 
bacteria such as some members of enterobacteria-
ceae and species of Pseudomonas capable of form-
ing pellicle in semisolid malate medium. Either way, 
workers should not overlook detailed taxonomy and 
should avoid naming unconfirmed cultures (Balan-
dreau 1983). 

Occurrence of N2-fixing Bacteria 

Large populations of heterotrophic bacteria capable 
of growing on N-free media exist in soils of the 
semi-arid tropics (Wani, in press). In general, multi
plication of such bacteria as well as selective prolifer-
ation of particular types occurs in the rhizosphere. 
Nitrogen-fixing bacteria have been observed to 
adhere very closely to the roots and considerable 
numbers were obtained from root pieces surface-
sterilized in 1%chloramine Tfor I h (Dart and Wani 
1982). Whether the association between bacteria and 
plant roots is external or tha bacteria invade the root 
tissues is not clearly known. Umali-Garcia et al. 
(1980) found that adsorption of three strains of A. 
brasilense to millet root hairs was better than the 

adsorption of Rhizobium rifoliiand Pseudomonas 
fluorescens. Electron micrographs of P. maximum 
and millet roots and optical micrographs of 
tetrazolium-reducing bacteria in the roots of maize, 
wheat, and sorghum suggest that infection of the 
cortex and stale of these roots by Azospirillum is at 
the point of emergence of lateral roots (Patriquin 
and Dobereiner 1978; Umali-Garcia et al. 1978, 
1980; Magalhase et al. 1979). Bacteria have been 
observed in torn or disrupted root cells (Schank et 
al. 1983) and also observed intercellularly but not 
within living root cells (Umali-Garcia et al. 1980). 

Estimates of Nonsymbiotic and 

Associative N2 Fixation 

Some of the most-convincing evidence that nonsym
biotic nitrogen fixation may be important under 

field conditions has come from nitrogen-balance 
studies. The long-term N-balance studies at 
Rothamsted, England estimated nonsymhiotic nit
rogen fixation up to 18-20 kg N ha-' a-' in plots 
continuously cropped to wheat since 1943 and 
receiving no nitrogen fertilizer, and more than 39 kg 
N ha-' in plots left to develop natural vegetation 
(Jenkinson 1977, Witty et al. 1977) (Table 1). 

Nitrogen-balance studies are also available in the 
tropics. In the old long-term, permanent-manurial 
experiment at Coimbatore, India, there was a net 
gain of N in both control (no fertilizer) plots and 
plots with N- and P- fertilizer application (Krishna
moorthy and Ravikumar 1973). Several pot experi
ments with sorghum, pearl millet, finger millet 

Table 1. Some estimates of nitrogen fixed in association 

with cereals and grasses based on N balance. 

Nitrogen fixed 
Crop (kg N ha-' a-') Reference 

Wheat 18-23 Dart and Day 1975 
Rice 30-60 Firth et al. 1973 

Koyama and App 1979 
Walcott etal. 1977 

Legume-free 
grass sod 34 Smith et al. 1954 

Grasses 45 White et al. 1945 
Noncultivated 
(legume-free) 49 Dart and Day 1975 

Rye grass 63 Parker 1957 
Finger millet 112-148 Moore 1963 
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(Eleucine coracana), and Napier bajra 21 (Pennise-
tt mpurpureuin x P. ainericanum) have shown sub-
stantial positive balances for N (Dart and Wani 
1982; Wani, in press; Upadhyaya et al. 1986). A 
positive N balance over a 4-mont , period for the soil 
plant system in pot experiments with finger millet 
was found, which extrapolated to a gain of 112-148 
kg N ha-' (Moore 1963). Similarly, positive N ba:-
ance for flooded soils in pots planted to rice have 
been reported (App et zl. 1980). The substantial 
contribution of BNF to the N economy of the rice 
crop is well documented. Azolla-Anahaena associa-
tion, blue-green algae, and photosynthetic bacteria 
account for substantial contributions to total N 
input for the rice crop (Venkataraman 1975, Wata-
nabe 1981, Singh 1981). At the International Rice 
Research Institute (IRRI), 23 rice crops were grown 
over II years without addition of N with no appar-
en decline in soil N fertility. About 45-60 kg N ha-1 
crop-' were removed throt'gh grain and straw (Wat-
anabe and Lee 1977). Using 15N, incorporation by 
rhizospheric soil, it has been demonstrated that rhi-
zospheric soil fixed four-fold higher nitrogen than 
the nonrhizospheric soil. The "5N, incorporation in 
the rhizosphere also vari2d significantly depending 
on the variety (Charyulu -t al. 1981). 

Generally, low rates ofdinitrogen fixation (<6 kg 
N ha-' season-') have been reported for grasses, in 
temperate climates (Table 2) (Nelson et al. 1976, 
Tjepkema and Burris 1976, Pedersen et al. 1978). 

-Higher fixation rates of up to 33 kg N ha ' in 100 
days for (C'nodondact'Ion (L.) pers. were reported 
from Texas (Weaver etal. 1980). From the Oregon 
wetlands Juncus hallius plants were reported to fix 
up to 0.8 kg N ha-' d I(Tjepkema and Evans 1976). 

In the tropics, high rates of dinitrogen fixation 
associated with grasses have been reported. For 
example, 90 kg N ha-' a-' with Paspahtn ,otatum 
Flugge (Dobereineret al. 1972), 2kg N ha-' d-1 with 
Zea mays L. (von Bulow and Dobereiner 1975), 3-63 
kg N ha-' season-' with flooded rice (Yoshida and 
Ancajas 1973), and 70 kg N ha-' a I also with rice 
(Balandreau et al. 1976). The highest rates (2 kg N 
ha-' d-') of dinitrogen fixation in !he tropics were 
obtained by using preincubated excised-root assays 
(von Bulow and Dobereiner 197!,, Dobereiner 1978). 
The shortfalls in this assay method are discussed 
under ARA methods. 

There are few reports (Table 3) indicating incor
poration of 'IN,into cereal plants that provide an 
ur,.-quivocal proof of biological nitrogen fixation 
(Ruschel et al. 1975, De-Polli et al. 1977, Ito et al. 
1980, Giller et al. 1984). There is a need to collect 
more r:tta in the tropics to estimate the nitrogen 
fixation with different cereals. This can be achieved 
by conducting long term N-lbalance trials in the field 
and also by "5N,incorporation studies. 

Methodology for Measurement of 
N 2 Fixation 

Techniques used for measurement of nitrogen fixa
tion associated with field- and pot-grown plant5 can 
be broadly classified as direct and indirect. 

Direct Techniques 

Total N by Kjeldahl analysis. Total-N measure-

Table 2. Some estimates of nitrogen fixed, based on acetylene-reduction activity (ARA). 

Plant 

Grasses in California 
Oklahoma Oregon 
Wisconsin and New Zealand 
Wheat ant sorghum in Nebraska 

Sporoholis hterolepsis 

C.'noldon daci 'INon 

Juncus balticu. 

Paspahm Piotatntt 

Zea niays 

Orza sativa 


Pasture soils 

Period 

Season 


Year 
100 Days 
Day 
Season 

Day 
Season 

Year 
Year 

kg N ha-' Reference 

<6 	 Steyn and Delwiche 1970
 
Kapustka and Rice 1078
 
Line and Loutit 1973
 
Nelson et al.1976
 
Tjepkema and Burris 1976
 
Pedersen et al. 1978
 

9 Tjepkema and Burris 1976
 
33 Weaver et al. 1980
 

0.8 Tjepkema and Evans 1976 
90 	 Dobereiner etal. 1972 
2 von Bulow and Dobereiner 1975 
3.6 Yoshida and Ancajas 1973
 

70 Balandreau et al.1976
 
32 Koch and Oya 1974
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Table 3. Incorporation of 15N2 by nonlegumes. 

Incubation %Ndfa 
Crop time Shoot Root Soil 

D.decumbens 78 h 0.01 0.12 
P. notaturn 30 h 0.001 0.02 
S. officinarum 30 h 4.66 4.14 

24 h 0.001 0.03 
72 h 0.15 0.27 

0. sativa 7 d 3.26 1.43 
7 d 0.08 0.37 0.07 
3 d 0.003 0.35 0.01 

S. vulgare 3 d 0.406 0.242 -

P. anericanurn 3 d 0.05 0.089 -

Grown further 
5 d 

ments with the Kjeldahl method with small subsam-
pies of a particular system enable N-accretion to be 
determined with ease. However, as the Kjeldahl 
analysis does not distinguish N fraction within the 
total, it is essential to construct an N-balance sheet 
for estimating N input from N2 fixaion. Under field 
conditions such experiments are difficult to conduct, 
as they need to run for more than one season and 
require a rigorous sampling of the soil if they are to 
reliably measure soil-N changes of 20-50 kg N ha-' 
a-' (Vallis 1973). Also, estimation of N, loss by 
denitrification is difficult under field conditions, 
although it is believed to be small under normal field 
situations with low doses of N fertilizer applications 
(Greenland 1962). The lysimeter, although a dis-
turbed system, enables measurements of N-accre-
tion and loss with more precision. However, it is 
difficult to regulate the water content of lysimeters, 
because the soil within the lysimeter is detached 
from the water table. 

The use of N isotopes. The use of isotope 13N is 
restricted because of its short half-life of II min. The 
stable isotope 13N is preferred for measuring nitro-
gen fixation. It has been used with sugarcane, tropi-
cal grasses, and rice, using chambers to enclose both 
the plants and growth media (Ruschel et al. 1975, 
De-Polli et al. 1977, Ito et al. 1980). Major difficul
ties with such experiments are the enclosure of 
plants and changes in environmental conditions 
with the necessary long-term incubations requiring 
complex control equipment. Incubation chambers 
have also been evacuated to remove the air before 
introduction of gas mixture (De-Polli et al. 1977; 
Ruschel et al. 1975, 1981). This could lead to distur-

N fixed (pg plant-') 

Shoot Root Soil Reference 

I 7 De-Polli Ct al. 1977 
0 I De-Polli et al. 1977
 

160 52 Ruschel et al. 1975
 
0 3 Ruschel et al. 1978
 

124 46 Ruschel et al.1981
 
961 1005 - Ito et al. 1980
 

65 44 510 Yoshida and Yoneyama 1980
 
6 95 16 Eskew et al. 1981
 

33 13 - Giller et al. 1984
 
1.4 1.1 

2.0 1.5 6.01 

bance of rhizospheric integrity and unrepresentative 
nitrogen uptake by the plant. These problems have 
been overcome recently with a simple, inexpensive 
apparatus developed at ICRISAT Center for expos
ing the plants to 15N2(Giiler et al. 1984). This method 
can he used to establish the ratio of CH, reduction 
to N, fixation but is not relevant to field experi
ments. It is obviously difficult to extrapolate 
amounts of nitrogen fixed from 15N, incorporation 
studies overa short period to amounts fixed on a per 
plant or per hectare basis. 

The above limitation can be overcome using the 
15N isotope-dilution technique. Using this technique 
lines ofsorghum and millet grown in pots containing 
vermiculite were screened for their potential to fix 
N, (Giller et al., 1986). In such experiments, extra 
care has to be taken to prevent the systems from 
getting contaminated with 14N from other sources, 
such as water or the growth medium. 

An alternative method to measure N2 fixation 
would be to determine differences in natural abun
dance of 15N arising from mass discrimination 
effects resulting from N2 fixation, NH 4 assimilation, 
and 15N transport. But as the 6 '5N has been reported 
to vary considerably with soil depth (Karamanos 
and Rennie 1980), its use to determine N2 fixation 
may be limited. 

Indirect Techniques 

Acetylene-reduction assays (ARA). Nitrogenase 
reduces numerous chemical analoges of nitrogen, 
small molecules containing a triple bond (Table 4). 
All biological dinitrogen-fixing systems tested to 
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Table 4. Some substrates reduced by nitrogenase. 

Substrate 

Dinitrogen N-N 
Acetylene HC-CH 
Hydrogen cyanide H-C-N 
Methyl isocyanide CH3-N-C 
Hydrogen azide H-N-N=N 
Nitrous oxide N-N-O 
Hydrogen ion H10+ 

1. Ethylene, ethane, and propylecle formed asmino products. 
All reductions require ATP. For more detailed discussion and references, 

Products 

NH3 
H,C:CH 2 
CH4+NH3 
CHINH,+CH 4 
NH1+N, 
N,+HO 
H,+H:O 

seePostgate (1972). 

Ammonia 
Ethylene 
Methane, ammonia 
Methylamine, methane' 
Ammonia, nitrogen 
Nitrogen, water 
Hydrogen, water 

date have also reduced acetylene to ethylene. The use 
of flame ionisation detector gas chromatography to 
measure the ethylene produced was first proposed 
by Hardy and Knight (1967). The ARA is a simple 
but indirect method to test nitrogenase activity (Ber-
gersen 1970). The ARA is about 103 times more 
sensitive than 1SN techniques and 106 times more 
sensitive than the Kjeldahl method. Ethylene can be 
separated completely from C2H,, CH 4, and all other 
gases and C2H2 and C2H4 are easily rnd rapidly 
detected using gas chromatography. As the ARA 
does not measure transfer of fixed N2 from the dia-
zotroph to the associated crop plant, it can only 
identify whether or not nitrogenase activity is pre-
sent in a particular system. Experiments with 15N are 
still necessary to demonstrate that agricultural crops 
derive significant benefit from N, fixation. Being an 
indirect assay, the major difficulty with the ARA is 
in quantifying the amounts of N2 fixed over time. 
The ratio of C2H2: N, reducing activity cannot be 
assumed with much accuracy without actual tests 
and is seldom experimentally determined (Knowles 
1981). Theoretically, three moles of C2H, are 
reduced per mole of N2 reduced, however, CH,: N2 
ratios varying from 1.5 to 6.9 for different systems 
have been reported (Bergersen 1970, Knowles 1981). 
The solubilities ofC 2H2 and N2 in waterare different 
which makes it difficult to interpret the C2H2 data. 
Problems with the ARA can also be encountered 
When low N2-fixation rates are measured in soils. 
Ethylene produced by anaerobic bacteria can over-
estimate N, fixation, and bacterial oxidation ofeth-
ylene can reduce estimates of fixation(de Bont 1976, 
Harvey and Linscott 1978, Nohrstedt 1975, Witty 
1979). The problem of endogenous production of 
ethylene interfering in ARA could be overcome 
using '4C2H2 (Witty 1979) or the endogenous pro-
duction of ethylene can be measured by suppressing 

nitrogenase activity using CO, which stops nitro
genase functioning without damaging the plants 
(Nohrstedt 1983). 

The excised root assay involves preincubation for 
8-18 h under reduced oxygen tension before expo
sure to C2H 2 (Dobereiner and Day 1975, Neyra and 
Dobereiner 1977). During preincubation of roots, 
considerabie fermentation and proliferation of bac
teria takes place resulting in overestimation of 
nitrogen, . e activity (Okon et al. 1977, van Berkum 
and Bohliol 1980, Barber et al. 1976). However, 
immediate reduction of acetylene by excised roots 
from several grasses (van Berkum and Sloger 1979) 
and sorghum and millets (Dart and Wani 1982) has 
been reported. The difficulties in complete recovery 
of the plant roots under field conditions complicates 
the interpretation and comparison ofdata collected 
by different groups. 

In-situ assays with intact plants are cumbersome 
and the measurements are difficult to interpret 
(Balandreau and Dommergues 1973, Lee etal. 1977, 
Tjepkema and van Berkum 1977). Soil-moot cores 
removed from the field at harvest have been used for 
meastuing nitrogenase activity of both grasses and 
grain crops (Day et al. 1975b; van Berkum and Day 
1980; Wani et al. 1983; Wani, in press). The initial 
lag period varies from I to 30 h with soil cores, 
depending on the time required fordiffusion of C2H2 
through different soil types (van Berkum and Day 
1980, Wani et al. 1984). However, large plant-to
plant variability has been reported using this tech
nique (Dart and Wani 1982, Wani et al. 1983, 
Upadhyaya 1984) and it is not clear whether this 
reflects the natural variation. However, such varia
bility has been reported with in-situ assays (Balan
dreau 1979) as wcll as intact plant assays in the 
greenhouse (Wani et al. 1984). The factors responsi
ble have been studied and as a result improvements 
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in the soil-core assay technique have been made 
(Wani et al. 1983). 

With the improved soil-core (planted core) assay, 
which involves growing the plant in cores in the field 
from 20 days after sowing (DAS) till assayed, signifi-
cantly higher activity has been recorded than for the 
plants grown and sampled in the normal (disturbed 
core) way (Wani et al. 1983). In some cases results of 
soil-core assays are extrapolated to hectare basis on 
the basis of core area (Nelson et al. 1976, Weaver et 
al. 1980) or plant population (Pedersen et al. 1978). 
However, such estimates can be correct only when 
factors like seasonal and diurnal variations in the 
activity, soil l oisture, soil temperature, and fertility 
status of the soil are taken into account. If it is 
essential to extrapolate the soil-core assay results to 
hectare basis, then several cores at each assay time 
should be taken and the plants should be assayed at 
regular intervals throughout the growth period. The 
activity at different crop-growth stages can be plot-
ted, and by considering the period under each activ
ity point, necessary corrections for diurnal variation 
and CH 2 : N, reduction ratio can be made. 

An intact-plant assay for pot-grown plants over-
comes the problems faced with soil-core assays, e.g., 
destruction of the plants, mechanical disturbance, 
tedious and time-consuming operations, etc. (Wani 
et al. 1984). Using this technique, genotypes can be 
screened for their potential to stimulate rhizosphei . 
nitrogenase activity and/or various environmental 
and biological factors affecting the activity can be 
studied. Similarly, for tube-grown seedlings, intact-
plant assays have been used 1,,i- screening lines of 
crops or bacterial strains in association with the 
plants for their nitrogenase activity (Wani, in press). 
These intact-plant assays being nondestructive are 
promising for screening plants with high activity. 
Selected plants can then be used in breeding 
programs. 

Current Understanding about 
Factors Affecting Nonsymbiotic 
and Associative N2 Fixation 

Energy Source 

The basic unsolved problem concerning associative 
nitrogen fixation is the supply ofan adequate energy 
source. The types and numbers of microorganisms 
present in the rhizosphere are largely determined by 
energy sources available through root exudates and 

plant debris (Rovira 1965). Root exudates play an 
important role for rhizospheric microflora of young 
seedlings. As roots age and iic, cell debris becomes 
the dominant energy source. Plant-root exudation is 
affected by plant species, cultivar, plant age, light, 
temperature, plant nutrition, soil moisture, microor
ganisms, and root damage (Rovira 1965, 1969). 
These are generally the same factors that affect asso
ciative nitrogen fixation (Dobereiner and Day 1975; 
Balandreau et al. 1978; Wani et al. 1983, 1984). The 
total loss of carbon from roots is much greater when 
compared to the organic carbon exuded (Rovira 
1969, Mai-tin 1977, Barberand Martin 1976). Using 
growth and nitrogenase activity of azospirilla as 
criteria, qualitative differences in the root exudates 
of sorghum (ICRISAT 1983) and millet genotypes 
(Rao and Venkateswarlu 1986) have been shown. 

Photosynthesis 

Several-fold higher nitrogenase activity has been 
recorded with intact sorghum plants, as compared to 
those whose tops were removed prior toassay kWani 
et al. 1984). However, it is not clear whether this 
effect is directly related to photosynthate supply. 

Diurnal variations in nitrogenase activity asso
ciated with grasses, sorghum, millet, finger millet, 
Panicum maximum, and Lolium perenne have been 
reported (Dobereiner and Day 1975: Balandreau 
1975; Wani et al. 1983; Wani, in press; Upadhyaya et 
al. 1986). However, these studies do not show any 
clear relationship between photosynthesis and root
associated N, fixation because fluctuations in sod 
temperature coincide with the cycle of nitrogenase 
activity during the day-night cycle (Dart and Wani 
1982, van Berkum and Bohlool 1980). Further 
experiments conducted at ICRISAT Center with 
controlled soil temperature did not show diurnal 
variation in nitrogenase activity of' intact sorghum 
and millet plants (Wani, unpublished results). Sig
nificant changes in the rate of root-associated CH, 

reduction within 15 ain of transferring plants from 
sunlight into the dark or vice versa have been 
reported (Van Berkum and Sloger 1981), which sug
gests a strong link between nitrogenase activity andlight incidence in rice. However, the nitregenase 

activity of the above-reported crops may be indi
rectly related to photosynthesis, as is evident from 
studies of Dobereiner et al. (1973) who found that 
even though no diurnal cycle of nitrogenase was 
observed in P. notatun, prolonged incubations of 
plants in the dark reduced the activity. 
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Seasonal Variation 

Seasonal variations in the nitrogenase activity of 
forage grasses, corn. sorghum, millet, Setaria ita/ica, 
and E'ucine coracana have been reported using 
excised-root or soil-core assays (Dobereiner and 
Day 1975, von Bulow and Dobereiner 1975, Balan-
dreau 1975, Kapulnik et al. 1981, Wani et al. 1983, 
Upadhyaya et al. 1986). With corn maximum activi-
ties were recorded at the 75% silking stage (von 
Bulow and Dobereiner 1975), and with sorghum and 
millet at the late flowering/early grain-filling stage. 
The activity was related to ontogenetic development 
of the plant (Wani et al. 1983). While studying sea-
sonal profiles of nitrogenase activity, fertilizer nitro
gen should be taken into consideration as it has been 
shown that higher rates of N application inhibit the 
nitrogenase activity associated with cereals. 

Temperature 

A linear response to temperature has been observed 
from 100C to 35°C for C-H, reduction activity of 
Clostridiumpasteurianum in culture and for Az-oto-
hatter cell-free nitrogenase (Hardy et al. 1968). 
Increased CH, reduction over time by grass cores 
was attributed to warming of the soil (Nelson e al. 
1976). With intact millet and sorghum plants grown 
in pots, significantly higher CH, reduction activities 
were recorded at 340 and 40.C than with the plants 
incubated at 29°C (Wani et al. 1984). 

Soil Moisture 

The rate of nitrogenase activity by the soil cores was 
posit.',ely correlated with soil moisture and the rate 
of acetylene reducti(,n increased exponentially with 
linear increases in soil moisture (Day et al. 1975a). 
Similar correlations have been reported in soil cores 
ofgrasslands(Vlassaketal. 1973) and sorghum and 
millet (Wani et al. 1983), zs also in pot-grown 
sorghum and millet plants (Wani et al. 1984). It is 
difficult to pinpoint how soil moisture affects 
nitrogenase activity as many plant processes that 
may influence this activity are also affected by soil-
moisture levels. Day et al. (1975a) hypothesized that 
as the level of anaerobiosis in soil crumbs and the 
rhizosphere increases with higher soil moisture, the 
pO2 affects nitrogenase activity, 

Combined Nitrogen and Phosphorus 

The presence of combined N affects the enzyme 
nitrogenase. Manipulating the times and methods of 
N -pplication and selection of the proper form of 
fertilizer N, like slow-release formulations, may help 
to harness maximum nitrogen fixation associated 
with these crops, without reducing yields. 

Phosphorus fertilizer application is required for 
optimum growth and nitrogen-fixing activity by 
azolla and blue-green algae (De and Mandal 1956, 
Watanabe et al. 1977). It is necessary to study the 
effect of levels and forms of P and K and other 
elements on nitrogenase activity of cereals. 

Plant Breeding 

The major thrust in N, fixation has been microbio
logical in orientation. Even though the role of plant 
genotype in N, fixation has been recognized, there is 
a paucity of information on the nature of the genetic 
involvement of the host. The use of nondestructive 
intact-plant assays for measuring C,H, reduction 
activity in the greenhouse coupled with 'N isotope 
dilution technique and further testing for yield 
poten',al under low-fertility field conditions seems a 
prospective proposal for such studies. 

Before breeding methods can produce cereal lines 
with increased potential for nitrogen fixation, it is 
essential to understand the associations governing 
N, fixation traits in particular crops. There are sev
eral reports indicating differences amongst geno
types of sorghum, millet, minor millets, rice and 
forage grasses, and wheat, (Bouton et al. 1979; 
Dobereiner 1966, 1970, 1977; von Bulow and Dobe
reiner 1975; Pederson et al. 1978; Watanabe et al. 
1979; Charyulu et al. 1981; Dart and Wani 1982; 
Upadhyaya et al. 1986; Wani, in press). At ICRI-
SAT Center, 18 out of 248 millet lines tested showed 
significantly high nitrogenase activity (>460 nmol 
CH 4 15 cm diam core-' h-1) and two lines, Gam 73 
and J 1407, were consistently active over several 
seasons. Similarly, 15 out of 334 lines offield-grown 
sorghum were consistently active in three or more 
seasons though not on each assay occasion. This 
may have been due to unfavorable soil moisture or 
other conditions during the season. 

In the Ex-Bornu population of millet, large plant
to-plant variability for stimulating nitrogenase 
activity ranging from0 to 1900 nmol C2H4 plant-' h-' 
has been observed using intact pot assay technique. 
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Work on stabilizing the character of high and low 
nitrogenase activity in this population is under way 
to study the irheritance of this trait (ICRISAT 
1983). There is an urgent need to pursue breeding 
research for producing lines with increased potential 
for nitrogen fixation. 

Crop Responses to Inoculation 

There are several reports about field- and pot-grown 
cereals inoculated with N2-fixing bacteria and these 
have been reviewed (Boddey and Dobereiner 1982). 
Many reports show statistically significant increases 
in cereal yields or otherwise and also negative 
responses. The mechanism by which the cereals 
inoculated with nitrogen-fixing bacteria derive the 
benefit is not clearly understood. However, knowl-
edge has accumulated to indicate the possible mech-
anisms involved. It has been shown that N2-fixing 
azospirilla and Azotobacter benefit the inoculated 
plants through biological nitrogen fixation (Cohen 
et al. 1980, Dart and Wani 1982, Hegazi et al. 1983, 
Nur et al. 1980, Okon 1982) and also by enhancing 
root-hair formation and therefore, increased root 
uptake capacity caused by the secretion of growth 
hormones (Tien et al. 1979, Vlassak and Reynders 
198 1). The extent to which each of the various pro-
cesses contributes to yield increase of inoculated 
cereal plants remains to be assessed, 

Areas of Future Research 

These associative N,-fixing systems need to be 
understood in detail, in order to fully harness their 
potential benefits. Work in several areas needs to be 
continued with vigor so as to put the systems to work 
and improve them further. More precise estimates of 
the quantity of nitrogen fixed are essential by con-
ducting experiments using careful nitrogen-balance 
studies and 15N -based techniques. 

Methodologies for studying associative nitrogen 
fixation with improved methods of measuring 
nitrogenase activity (acetylene reduction), e.g., 
planted-core assay3 for field-grown plants, intact-
plant assays for tube-grown seedlings and potted 
greenhouse plants, etc., and greater use of 1N-based 
techniques have been developed. However, this area 
needs more attention as it is important from the 
point of view of better screening and selection 
methods. 

There is a need to look at the bcterial systems 

involved in associative symbiosis systems. By 
manipulating the culture media and cultural condi
tions like 0, concentration, pH, temperature, and 
concentrations ofcarbon and other nutrient sources, 
it will be possible to identify many unknown orga
nisms involved in these associations. In particular, 
we need to give thought to the role of nonnitrogen 
fixers present in the rhizosphere, as reports have 
shown synergism amongst nitrogen fixers and non

nitrogen fixers. These organisms may play an impor
tant role in manipulating oxygen concentration in 
the rhizosphere, pH changes and moreover, may 
provide energy substances by metabolizing the com
pounds which N2-fixing bacteria cannot use directly. 

More critical methods of isolation and identifica
tion are required, as it is apparent that there are still 
little-known or new forms of rhizosphere bacteria. 
Greater support for taxonomic studies is essential. 
The role of bacteria in associative symbiotic systems 
needs to be better understood at the basic level so as 
to seek information on ( I) location of the bacteria on 
roots, (2) source of energy for N, fixation, (3) role of 
plant affinity beyond that of carbohydrate supplier, 
(4) ecological factors governing such associations, 
(5) types of bacteria involved, and (6) criteria to be 
used for selecting bacterial strains for ficld-inocula
tion studies. 

Although several reports have indicated signifi
cant positive responses to crop inoculations in fields, 
the data are highly variable. The reasons for the 
failure to obtain positive responses in some cases 
must be studied. Increased yields of field-grown 
crops inoculated with N2-fixing bacteria and the 
possibility of interaction between host cultivars and 
bacterial strains indicate the need to select the most
suitable combinations of host cultivars and bacterial 
strains. There is little agreement on several points. 
For example: (1) Is there a host specificity for bacte
ria? (2) Which bacteria should be used as inoculum 
and should it be a single species or a mixture of 
bacteria? (3) Which method cf inoculation should be 
used? (4) What should be the nature of a suitable 
carrier? (5) What criteria should be used for check
ing the quality of the inoculants produced? 

Information is also essential to put the system to 
work. More emphasis needs to be given to studies 
pertaining to establishment and survival of the 
added inoculum in the rhizosphere and also the 
factors that might affect the performance of the 
added inoculum. What is the exact role of inoculated 
bacteria in increasing crop yields? Are these solely 
due to N,-fixation or hormonal effects or because of 
protection against pla't pathogens? 
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Knowledge about the agronomic practices that 
could help increase N, fixation under normal situa-
tions, as well as with inoculation, will go a long way 
in improving N, fixation. 'Fhe information on the 
role of organic amendments, synergistic levels of 
combined N, appropriate form and method ofappli-
cation of combined N. effect of other andmacro-

microelements on N2 fixation, and interaction with 
other rhizospheric microorganisms like mycorrhiza, 
will help to derive maximum possible benefits from 
associative N, fixation. 

Based on the available literature, it seems possible 
to improve plant genotypes in a practical way for 

increased associati%- N, fixation by following rou
tine plant breeding methods. Not many efforts have 
been directed in this line, probably because of lack of 
routine assay methods to measure N, fixation, which 

can be used for selection, and also lack of informa-
tion on the inheritance of this particular trait in host 
plant. More information is required on basic 
aspects, such as mechanism of inheritance of the N, 
fixation trait in host plants, criteria to be used for 
selecting lines with high N, fixation potential, and 
breeding methods to be adopted. Through concerted 
efforts in this direction, it will be possible to select or 
breed host lines with increased associative N,-fixing 
ability, 
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Discussion 

H.L.S. Tandon: 

Why do you tag the inoculation with theavailability 

of a seed drill, which introduces another cost factor? 


Farmers not having a drill may still be interested in
 
the proven inoculum. 


S.P.Wani:
 
The seed drill is not a must, but if it is already in use 


we are suggesting the use of the slurry inoculator. 

Otherwise h,,id application of slurry is perfectly all 

right, 


H.L.S.Tandon: 

When do you expect the BNF technology to enter
 
on-farm research programs, before it is available for 


the SAT farmers? 


S.P.Wani: 

Inoculation technoogy should be at the on-farm test 

stage in 3-4 years, 


P.Tauro: 

When light has no effect, why should decapitation 


have an effect on ARA?
 

S.P.Wani: 

As I mentioned in the presentation, the mechanism 

of reduced activity soon after decapitation is not 

understood yet. Because of injury to the plant, the 

roots may be secreting some compounds that might 

be detrimental to the bacteria, resulting in reduced 

activity, 


G.S. Jadhav: 
As stated in the presentation, the moisture and N in 

the soil should be kept constant. However, they are 
dynamic with time. How can the response ofdiffer-
ent strains in the field be compared, when both 
moisture and N are changing within the season as 
well as between seasons? 

S.P.Wani: 
I referred to constant moisture and N only for the 
experiments involving germplasm screening or sea-
sonal measurement of nitrogenase activity, and not 
for the inoculation experiments. It will be impossible 
to obtain uniform moisture and N during the season 
in the field. This is suggested for controlled green
house experiments alone. 

G.S.Jadhav: 
Has the water-suspension method of inoculation 
application been compared with seed inoculation, 
soil application, and FYM-mixed furrow 
application? 

S.P.Wani: 
No. 

S.V.Hegde: 
Did you examine the roots/ rhizosphere of inocu
ated and noninoculated pearl millet regarding the 

establishment of inoculated Azospirillun or the 
counts of the bacterium, to prove that the beneficial 
effects are due to inoculated Azospirillum? 

S.P.Wani: 
No, it is not possible to study the establishment of 
the inoculated strains in the field unless we have 
specific marker strains as inoculants. Neither MPN 
nor ordinary plating can give the desired results. At 
present we are standardizing the ELISA technique, 
and if we can use this technique successfully we 
intend to study the establishment and survival of the 
inoculated strain in the field. 

B.K. Konde: 
It is reported by Egyptian scientists that liquid inoc
ulation is superior to seed inoculatior' ', coundnuts 
where the seeds are treated with fungicides. In order 
to avoid the direct contact of fungicides with rhizo
bia, liquid inoculation proved to be superior, but 
methods of azospirilla inoculation have not been 
tried and evaluated. They, therefore, need to be 
studied. 

S.P.Wani: 
I agree with your views that work on inoculation 
methods of azospirilla needs to be done. About 
slurry inoculation at ICRISAT Center, Dr Nambiar 
has observed that for groundnuts slurry inoculation 
gives better results than seed coating, and this is 
mainly because the groundnut seed cotyledons get 
separated because of wetting, resulting in reduced 
germination. In addition, fungicides can be used at 
sowing along with rhizobial culture application. 
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Cereal Nitrogen Fixation Research under the BNF
 
Coordinated Project of the ICAR
 

N.S. Subba Rao' 

Summary 

The paper hightights the results of./kid e.xperiments carried out under the Biological Nitrogen 
Fi.xation (BNF)project ofthe Indian Councilof AgriculturalResearch (ICA R) on inoculation 
effects of sorghun and nillets hy'Azospirillum. The review also encompasses the initialresults 
obtained onl the isolation and establishment (?fAzospirillum in roots, and it hrieflr indicatesthe 
lacunae existing in our knowledge and the future possibilities of research under the project. 

Introduction 

The BNF coordinated project has the following INDIA
 
mandate.
 

1.Intensification of research on biological nitrogen
 
fixation in a coordinated manner.
 

2. Survey and ecology of N,-fixing microorga- 3
 
nisms, evaluation of benefits of inoculation and , 'J'. 

interaction with host germplasm, pesticides, and 6 5 ... e 

inorganic fertilizers.
 

3. Genetic studies to enlarge host spectrum by muta- Be'7 


tion, conjugation, transduction, and transforma- - Centerstion.... t1. Delhi 
4. Somatic hybridization, tissue-culture techniques, , 2. Hisar 

and fusion of protoplasts using host plants and 9,10 3. Va;dnasi 
microbial cultures. 4. Kalyani

5. Physiological studies to transfer available knowl-"5. Jabal pur
 
edge at the fundamental level on nitrogen-fixing 6. Baroda
 
and related enzymes to the applied side. 7. Parbhani
r 

8. Cuttack
 
The project has II centers located all over India 9. Bangal ore (I IS) 

(Fig. 1). 10. Bangalore (UAS) 
The present report summarizes the fieldwork 11. Coimbatore 

done on cereal nitrogen fixation under the project, Figure 1.Locations of the centers of ICAR's coordi
with particular reference to sorghum and millets. nated project on biological nitrogen fixation. 

I. Project Director, Agro-Energy Center, Indian Agricultural Research Institute,New Delhi 110 012, India. 

ICRISAT (International Crops Research Institutefor the Semi-Arid Tropics). 1986. Cereal nitrogen fixation. Proceedings of theWorking 
Group Meeting, 9-12 Oct 1984, ICRISAT Center, India. Patanchcru, A.P. 502324, India: ICRISAT. 

23 



Ecology of Diazotrophic Bacteria In root colonization studies with known strains of 
Azospirillum in association with specially grown

Several centers under the BNF project initiated plants, the bacteria were found in the root hairs and 
work on the isolation and characterization of were found to traverse upwards in the stem, as 
nitrogen-fixing bacteria from rice, wheat, barley, observed under a light microscope (Lakshmi et al. 
sorghum, and millets. Greater attention was 1,'tid to 1977). In wheat, Azospirillum could be isolated from 
the isolation and characterization of Azospirii'uin surface-sterilized roots and stem segments (Kavi
into A. brasilense and A. lipoirum. Nitrogenase mandan et al. 1978). Transverse sections of stem 
activities of intact cultivated plants and weeds asso- showed the presence of bacteria prominently in prot
ciated with them were measured. Azospirillum iso- oxylem and often in metaxylem vessels (Lakshmi et 
lates were purified and acetylene-reduction assay al. 1977). In rice seedlings grown under aseptic
tARA) measurements in pure cultures were made. nitrogen-free conditions, Azospirillum inoculation 
The amount of nitrogen fixed per gram of carbon increased root biomass (Dewan and Subba Rao 
source was also quantified by the Kjeldahl method. 1979). 

4800 - A-Control 

B-AzospiriZlur brasiZense 
C-40 kg N ha- (Urea at sowing time)

4400 
 D-40 kg N ha-1 + A. brasilense
 

4000-	 1-Coimbatore
 
2-Dharwad
 
3-Hyderabad
 

3600 
 4-Akol a 
5-Parbhani 
6-Navasari 

3200-	 7-Indore
 

8-Udaipur
 
9-Pantnagar
 

2800-	 10-All India mean
 

2400 
w 

"12000
 

.. 

S1600

1200

800

400.
 

ABC D ABCD ABCD ABCD ABCD ABCD ABCD ABCD ABCD ABCD 
1 2 3 4 5 6 7 8 9 10 

Figure 2. Response of sorghum to inoculation with A. brasilense at different locations (average of 4 years' field 
trials), 1979-82. 
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Response of Crops to Azospirillum 
Inoculation 

Having isolated several strains of Azospirillui 
(Lakshmikumari et al. 1976), systematic trials in the 
pot-culture house were carried out to determine the 
efficiency of different straits in increasing crop 
yields (Subba Rao et al. 1979), particularly of 
sorghum, pearl millet, finger millet (Eleucine cora-
cana Gaertn.), and barley. Efficient strains of A. 
brasilense capable of enhancing yields of these crops 
were later tested under field conditions under the All 
India Coordinated Crop Improvement Projects of 
the ICAR for barley, sorghum, and millets. The 
results obtained so far have been summarized in 

Figure 2 for sorghum. Figure 3for pearl millet, and 
Figure 4 for finger millet. 

For most crops, the yield response to inoculation 
varied between locations. In pearl millet also, the 
yields were variable with location but inoculation 
proved to be beneficial even at a basal dose of40 kg 
N ha-' except at Jodhpdr, where fertilizer N did not 
provide additional benefits in conjunction with bac
terial inoculation. In soghum also, the yields varied 
with locations b;,t simp!e Azospirilluin inoculations 
increased yields insi,*: locations with or without 
addition of 40 kg N h,-..At four locations (Akola, 
Parbhani, Navsari, and Indore), addition of 40 kg N 
ha-' decreased the benefits due to inoculation. 
Attempts are under way to understand the factors 
responsible for the negative response to inoculation 

1-Durgapura 

2-Jodhpur 

3-Aurangabad 

4-Gwal ior 


5-Kanpur
 
6-Hyderabad
 
7-Hisar
 
8-Jamnagar
 

AnNoninoculated +-AzospiYrizzum inoculation
 
control
 

2800 B-1/2 N application +-

C1 /3 N +=,
 

2600 Dm Full N +E"3
 

2400

2200

2000
 

1800-

Z! 1600

1400 

= 1200
 
(0 

C1 1000 -F 

800

600

400 

200C1 
A B C D A B C D A B C D A B C D A B C D A B C D A B C D A B C D 

1 2 3 4 5 6 7 8 
Figure 3. Response of pearl millet to inoculation with A. brasilense at different locations (average of 3 years' 
field tria!), 1979-81. 
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flNoninoculated control 

1 

E340 kg N ha- (Urea) 
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>) 
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0 -
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Figure 4. Response of finger millet to inoculation 

with A. brasilense. 

in the presence of fertilizer N at certain locations. 
Experiments under field conditions by coopera-

tors at Coimbatore and Hisar centers of the project 
have also shown that Azosl)irilum inoculations 
increased pearl millet yield. 

Effect of A zotobacter and 
A zospirillum on Root 
and Shoot Measurements 

It is now recognized that nonsymbiotic nitrogen-

fixing bacteria produce growth-promoting substan-
ces (Tien et al. 1979) in addition to fixing 
atmospheric nitrogen. One question has often been 
posed: wi!l seed inoculation help in increasing the 
root biomass under field conditions? This question 

was answered by conducting a field experiment at 
the Parbhani center with sorghum and pearl millet 
during the 1983 rainy season. A summary ofthe data 
of the 1982/83 experiments is presented in Tables I
 

and 2. The following conclusions were drawn. 

Table 1. Root mass, shoot mass, root:shoot ratio, root 
volume, and yield of field-grown rainy-season sorghum 
(Sorghum bicolor), as influenced b) seed inoculation with 
.lzotobacter and A :ospirilluntat different stages of crop 
growth inafield expeiment, Parhhani, rainy season 1983.1 

Parametr,
Days of' 
samp ling 

mass 
plant "I) 

20 


35 

50 


65 

80 


Shoot mass 
(g plant-') 

20 

35 

50 

65 

80 


Root:shoot ratio 

20 

35 

50 

65 

80 


Root volume 
(mL plant') 

20 

35 

50 

65 

80 


Grain yield 
(kg ha-') 

Non
inoculated 

co ntrol 

3.40 

12.20 
16.05 

17.82 
15.20 

32.66 
111.80 
165.13 
167.66 
156.46 

9.60 
9.16 

10.28 
9.40 

10.29 

2.79 
9.05 

13.85 
14.50 
13.18 

3237 


Fodder yield 4581 

(kg ha-')
 

.- :,o- Azospi- CD) 
Iact,,r rilhtdi at 5 (' 

4.342 6.412 0.89 

16.412 18.532 2.03
20.772 21.772 2.70 

2t0.47 22.862 3.77 
15.90 15.26 NS' 

37.60 50.932 7.64 
139.332 156.262 15.84 
184.862 190492 12.76 
187.73 203.862 23.01 
167.862 182.402 10.09 

8.66 7.94 
8.49 8.43 
8.90 8.75 
9.16 8.91 

10.55 11.95 

3.40 4.762 0.89 
12.212 13.682 1.62 
17.09- 17.762 2.20 
16.36 19.262 2.11 
14.06 13.93 NS 

3632 3817 NS
 

59502 65152 802
 

t. Mean of five plants, each from three replicated plots. 
2. Significant increase over control. 
3.NS =Not significant. 
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Table 2. Shoot mass, root biomass, and yield of field-
grown pearl millet (Penniselum americanum), as influ-
enced 0, seed inoculation with .. :otohacter aiid 
,.*zos . h.rn -,different stages of crop growsth in a field 
experines.t. ;'::rbhani, rainy season 1983.1 

Parameter Non-
Days of inoculated Al:,- ..:2o.%i- (1) 
sampling control hu'ter rillut,at51tie 

Shoot Itlass 

Igplant 1ulated 

20 22.27 31.65: 32,38 6.62 
35 72.46 94.41: 88.102 9.1 
50 89.38 103.432 97.78 10.4l; 
65 
80 

67.58 
59.66 

86.83 
79.752 

78.98 
67.662 

NS' 
9.44 

Root mass 
( pant-') 

20 2.13 3.162 3.312 0.61 
35 5.56 7.902 6.66 0.83 
50 6.51 8.802 8.15 1.79 
65 5.08 8.532 7.83- 0.97 
80 4.61 8.012 6.182 0.92 

Root:shoot ratio 

2(0 10.45 10.01 9.78 
35 13.(A) 11.82 13.21 
50 13.72 11.75 11.99 
65 13.30 10.77 10.08 
80 12.96 9.95 10.94 

Root volume 
(mL. plant-') 

20 1.96 2.612 2.732 0.58 
35 4.38 6.582 6.03: 0.83 
50 5.08 7.082 6.352 1.56 
65 5.38 8.382 7.062 0.83 
80 5.23 9.75- 6.802 1.03 

(kgra 

Fodder yield 4497 74722 50262 732 
(kg 	 ha-') 

I. Mean of five plants, cach from three replicated plot%. 
2 Signilicant increase over noninoculated control. 
3.NS= Not significant. 

Sorghum 

biomass at different stages of crop growth. How
ever, Azospirillutn had a more pronounced effect 
on root biomass and shoot dry mass than 
A 	 otobacter. 

2. The grain yield incre,"ie due to seed inoculation 
over the noninoculated control was 12.2('i with 
Azotolacter and 17.9(i with ,.zospirillut, but 

results were not significant. However, both 
the organisms individually brought about a sig
nificant increase in fodder yield over the noninoccontrol. 

Pearl Millet 

. Seed inoculation with either Azotobacw'r or 
Azoslfirillunt increased shoot mass and root bio
mass significantly overt lie noninoculated control 
at allstages of crop growth. In pearl millet the 

response with Azotoacter was better than with 
Azo.V)iril/um inoculation. 

2. 	The grain yield increase due to seed inoculation 
over the noninoculated control was 41.8 with 
Azoiohacter, and 13.4i with A:onsirilhim inoc
ulation, but the results were not significant. 

3. 	Seed inoculation with Azwoobacter or Azo~spiril
ham significantly increased fodder yield over the 
noninoculated control. 

These results indicate that bacterial inoculation 
results in increased root biomass with the possible
consequent improved uptake of nutrients from the 
soil. Therefore, the observed enhanced yields due to 

inoculation may be attributable to factors such as 
growth-promoting substances elaborated by the 
bacteria, in addition to their ability to fix elemental 
nitrogen. 

The ability of A. brasilhnse to improve root bio

mass has also been shown in pot experiments withfinger millet, kodo millet (l'a.salum scrobicula
tum), and Italian millet (Setaria italica). 

Response of Pearl Millet 

to Inoculation with VAM Fungi

and A zospirillum brasilense 

In these pot experiments the vesicular arbuscular 
mycorrhiza (VAM)fungi used for soil inoculation 
were Acaulospora sp, Gigaspora margarifa, and 

1.Seed inoculation with Azotobacter or Azospiril- Glomusfasciculatuim, with A. hrasilensecombina
lum significantly increases shoot mass and root tions, over the noninoculated control. The dry
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matter content of shoots, root biomass, and grain and fodder yield increased significantly due to 
P-uptake of the crop were studied (Table 3). combined inoculation (Table 4). 

Table 3. Response of pearl millet to inoculation with A. Table 4. Influence of A. brasilense and VAM (Glomus
brasilense and VAM fungi in potted plants', 1ARI, New fasciculatum) inoculation on root and shoot mass, root 
Delhi. volume, and yield of sorghum CSH 8R in a field 

experiment.
Shoot Root Total P 

mass mass P uptake Root Shoot Root Grain Fodder 
(g (g content (nig mass, mass' volume yield yield 

Ureatttent plant -') plant-') (%) plant-') (g (g (in 1. (kg (kg 
Treatments plant') plant -') plant-') ha-1) ha )N oni nocuIa ted 

control (No VAM, Noninoculated 
no ..hra.sih,nse) 13.3 0.16 0.10 13.7 control 4.1 21.5 12.6 1990 4280 

A. hra.ilen,s. 14.4 0.352 0.142 20.1 A. brasilense 4.82 23.22 13.9 2150 4610 

Athauhmpora sp 16.4 0.282 0.142 21.1 VAM 
(G. fasciculatun) 4.3 22.32 13.1 2100 4480 

G. inargarita 16.4 0.25 0.142 21.2
 
A.brasilense +
 

G.ia.iciculatiia 16.8 0.28 0.11 20.2 (G. fasciculatum) 6.82 28.12 15.4 26602 56802 

Arauo.vpora sp + 17.4 0.382 0.09 16.6 CD (P<0.05) 0.5 0.9 NS3 390 630 
A. brasi/en.s I. Sampled at 80 days of plant growth. 

2. Significant increase over noninoculated control. 
G. margarita + 19.82 0.362 0.12 23.2 3. NS =Not significant. 

A. brasihense 

G..fa.oiculatgn + 20.62 0.381 0.13 25.92 
A. brasilen, Future Program 

L.S.D. (P --0.05) NSI 0.14 0.012 NS 
The areas of research that need attention with regard 

I. A:ospirillun NS 0.14 0.012 NS to BNF aspects of sorghum and millets are: (1)The 
mode of entry of the associated bacteria into plant

2.VAM fungi NS NS 0.012 NS roots has to be clearly understood. (2) The proce
dures for enumeration of bacteria in the rhizosphere,3.VAM Azo- 3.12 0.10 NS 5.2 on the root surface, and inside the roots have to be 

"pirilhmt standardized. (3) The best method of seed inocula-

I. Average of six replications. tion has to be standardized. (4) The relative benefits 
2. Significant increase over corresponding control, by growth factors and N2 fixation in plant growth
3. NS Not sigaificant. have to be quantitatively assessed. (5) What are the 

growth factors elaborated by the bacterita in the root 
system and in the rhizosphere, both qualitatively 
and quantitatively? (6) Are host-cultivar responses 

Effect of Dual Inoculation with to inoculants repeatable at different locations and, 
A.brasilense and VAM Fungi likewise, can the intrinsic ability of cultivars to show 

high ARA values in intact-plant systems be reproon Sorghum Growth and Yield duced under different conditions? Are these charac
teristics heritable? And, ifso, can they be transferred 

In a field experiment at Parbhani, it was observed genetically to other cultivars? 
that the mean root and shoot mass of sorghum In developing countries such as India, where 
plants increased significantly due to Azospirillum sorghum and millets are grown under low-input con
and VA M inoculation. The results also showed tjnat ditions, even marginal increases in crop yields to the 
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equivalents obtainable by the addition of20-30 kg N 
ha-', are indeed worthwhile. Hence, intensive future 
efforts on BNF research aspects of sorghum and 
millets, at both the fundamental and applied levels, 
would be rewarding. The fundamental work in 
future requires emphasis on the genetics and molec-
ular biology ofdiazotrophic bacteria associated with 
plant roots, on experiments designed to integrate 
engineered nit.rogen-fixing bacteria with plant pro-
toplasts and tissue cultures, so as to impart higher 
nitrogen-fixation potential to sorghum and millet 
cultivars. 
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Discussion 

O.P. Rupela: 
You report that at Parbhani, increase in root mass 
was noticed due to inoculation consistently for 3 
years. Was it a pot or field trial? If it was a field trial, 
how was the root mass recovered and measured? 

N.S. Subba Rao:
 
Yes, it was a field trial. The root system was carefully
 
dug out and washed, and lateral roots were reco
vered and measured by displacement of water in a
 
measuring cylinder for volume, and later dry mass
 
data were obtained.
 

G.S. Jadhav:
 
To realize the agronomic significance of N, fixation
 
by nonsymbiotic bacteria it is very essential to:
 

I. 	 Report all supplementary information, such as 
initial soil fertility, rainfall pattern, irrigation, 
soil type, and variety or cultivar used. 

2. 	In determining responses we should analyze yield 
data both in terms of statistical significance and 
economic benefits, in terms of N economy and 
yield gain. 

3. 	Adaptive trials on farmers' fields should be con
ducted to take N,-fixation technology to farmers 
quickly, it being low cost and economically and 
ecologically profitable. 

On the basis of present knowledge of inoculation 
methods of Azoslirillutn, which is thebestand most 
economical method of inoculation in pearl millet? 

N.S. Subba Rao: 
Seed inoculation as practiced for legume inoculation 
with rhizobia. 

J.V.D.K. Kumar Rao: 

You have reported significant responses to Azospi
rillum inoculation at six out of nine centers under 
the All India BNF project. What is the method of 
inoculation used in these trials? What is the form of 

inoculant and the nature of the carrier? What isthe 
viable-cell count in the inoculant and on the seed 
after inoculation? 

N.S. Subba Rao: 
Seed inoculation was done from afinely powdered 
farmyard manure and soil inoculant in the ratio of 
1:1, by making an aqueous slurry and also using 
carboxy methyl cellulose as an adhesive (same as 
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rhizobial seed inoculation). We did not make viable
cell counts on the seed, but we monitored inoculant 
survival in this carrier. It had l09 cells even after 9 
months of storage under room conditions. 

S.V. Hegde: 
You mentioned nitrogenase activity of some cucur
bits in tissue culture in the absence ofany N,-fixing 
microorganisms. 

1. 	How was the cucurbit plant made free of 
microorganisms? 

2. 	What was the level of activity in the axenic 
culture? 

N.S. Subba Rao:
 
The calli of cucurbits exhibited high nitrogenase
 
activity without any bacteria in the cells. The possi
bility of nif gene incorporation into the chromozome
 
of the plant cell has been postulated by Prof. Sen a.,d
 
his students at Kalyani University. West Bengal.
 

P. Tauro:
 
Regarding the Kalyani experiment, what was the
 
level of acetylene reduction in tissue culture?
 

N.S. Subba Rro:
 
Endogenous ethylene production is ruled out.
 

S.P. Wani:
 
Is there any coordinated trial on inoculation
 
response?
 

N.S. Subba Rao:
 
There are no coordinated trials. But weareconduct
ing experiments at Parbhani and Coimbatore. We
 
have no facilities for large-scale testing.
 

P.A. Shinde: 
During the VII Five Year Plan, positions of Micro
biologists should be proposed in Millet and 
Sorghum projects of the ICAR. 
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Associative Biological Nitrogen Fixation Research
 
at Haryana Agricultural University 

B.S. Kundu, K.R. Dadarwal, and P. Taurol 

Summary 

Several diffirent t.pes of bacteria with the ability to reduce acetylene have been fiound to be 
associated with sorghum, pearl nillet, and wheat grown at Hisar. The quantit' ofnitrogen fixed, 
as determined h ' their acetylene-reduction activity (A RA), and !he conditions for optimal A RA 
vary widely with the isolates. Among the several hundred isolates tested, one sorghum isolate, 
12S, has been fiund to have high A RA and has been identliled as a straitz of Azospirillum 
brasilense. It also possesses a strong hYdrogenase, reduces CO, aid carries out a nitrate
dependent nitrogen fixation. Its ARA is insensitive to tile levels of inorganicnitrogengeneralh 
used in the cultivation of the above crops. 

Introduction 

Our interest in nitrogen fixation at Haryana Agri-
cultural University (HAU) began in the late 1970s 
when we isolated a strain ofPseudomonasazotogen-
sis from the roots of pearl millet that could reduce 
nitrogen (Prabha et al. 1980). Since then this work 
has been strengthened as part of an ICAR coordi-
nated research project on Biological Nitrogen Fixa-
tion (BNF) in the Department of Microbiology. Our 
major interests are centered around the isolation and 
quantification of nitrogen fixation by the various 
bacteria from the roots of sorghum, pearl millet, and 
wheat, three major crops grown in or around 
Haryana. 

Nitrogen Fixation in Pearl Millet 

and Wheat 

We carried out some initial studies to determine the 
time of day when maximum nitrogen fixation occurs 
and also the stage of crop growth during which 

fixation ismaximum. In all studies reported herein, 
nitrogen fixation was determined by measuring the 
acetylene-reduction activity (ARA). 

In pearl millet, the itsitu nitrogenase activity was 
estimated at 50 days after sowing (flowering stage) 
by the core assay method. For this, soil cores of 15 
cm diameter and 22 cm depth were removed along 
with the plant and transferred to 5 1.airtight plastic 
buckets with the provision for injecting and sam
pling acetylene. The cores were then incubated in 
10% acetylene atmosphere for 18 h at 30-32°C, after 
which gas samples were withdrawn and analyzed for 
the extent of acetylene reduction. In wheat, similar 
soil cores around the plants were taken and the 
adhering soil was removed by gentle shaking. The 
top was cut, and the roots were transferred to 500 
mL assay jars and assayed as before for ARA. 

In experiments to determine the diurnal variation 
in nitrogen fixation, we found that more than 25 
jumoles of acetylene was reduced per plant soil core 
in 24 It when the plants were assayed around noon, 
and fixation was less either before or after. It was 
found that N, fixation was maximum during the 

I. 	 Associate Professor, National Fellow, and Professor of Eminence, Department of Microbiology, College of Basic Sciences and 
Humanities, Haryana Agricultural University, Hisar. Haryana 125 004, India. 

ICRISAT (International Crops Research Institute for the Semi-Arid Tropics). 1986, Cereal nitrogen fixation. Proceedings of the Working 
Group Meeting, 9-12 Oct 1984, ICRISAT Center, India. Patancheru, A.P. 502324, India: ICRISAT 
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preflowering stage and less thereafter. I'hese time when the temperatures are moderate. In both 
parameters were found to be similar in wheat. It was crops, however, there is a relationship between the 
also found that the extent of ARA varied signifi- number of bacteria found, the extent of nitrogen 
cantly with the wheat variety; the high-yielding var- fixation, and the yield potential ofthe variety. These 
ieties were generally (but not always) found to results allowed us to conclude that a large number of 
display a higher level of ARA. bacteria associate witn the roots of cereals grown in 

this area. 
From the tubes that showed ARA from theabove

Determination of Most Probable experiment, isolations were made on N-free agar 
Number (MPN) of Nitrogen-fixing medium, and 216 isolates from pearl millet were 

Bacteria Associated with Pearl Millet selected based on colony morphology, out of which 
183 were selected for further study. Similarly, fromand Wheat v.hea, .i"u' ohiur, a tota of '16 cultures were 

isolated for further study. The isolates included both 
For the estimation of M PN, 10 varieties of wheat Gram-positive and Gram-negative bacteria but sur
and 3 varieties of pearl millet were selected. Plant prisingly, except for one or two cultures, azospirilla 
samples were collected from the nonfertilized area of were conspicuously absent. These cultures were 
the university farm during the prellowering stage found to vary widely in their ARA, and the media 
and MPN estimated both from the root washings conditions required for their optimal ARA expres
and from the root maccrates. Details of the proce- sion also varied (B1.S.Kundu, unpublished data). 
dures followed are available from the authors. The Table I shows the ARA of some of the bacterial 
sterilized l)obereiner's semisolid medium was used isolates from the roots of the above three crops. 
(Dobereiner et al. 1976) and the MI'N was calcu- Isolate 12S from sorghum showed the highest ARA 
lated from the reference table of' Harrigan and under the assay conditions; but the value was much 
McCance (1956). The roots were washed gently for less than the values reported for other bacteria iso
removing the adhering soil, cut into 2-3 cm long lated from the roots of cereals. To check the poten
pieces, and 5-g root pieces were transferred to45 ml. tial of this organism with the other cultures, 
sterile saline and shaken at room temperature (28- standard cultures were obtained from other labora
30°C) for I h. The washed root pieces were then tories and cultured similarly along with the two best 
macerated in sterilized mortar and pestle and the cultures from each of three crops. It was found that 
volume was made up to 50 ml.. Ten-fold serial dilu- the level of ARA was highest when cultured in semi
tions from root washing and root macerate were solid medium and on the 3rd or 4th day of incuba
prepared and used for MPN using Dobereiner's tion (Table 2). Among all the cultures tested, isolate 
semisolid medium (Dobereiner et al. 1976). Five 12S had the highest activity and was considered to be 
replicated tubes from each dilution were incubated 
for 48 h at 30'C and then 10'i of the gas phase was 
replaced with acetylene. Table 1.The ARA (nmoles C2H4 tube-' d-1) of some Iso-

In wheat, the MPN in root washings varied from lates from sorghum, pearl millet, and wheat. 
-
1.7 10 g of fresh roots to 13 -10 g-l, while in the 

root macerates, the number varied between 0.6-5.5 x Pearl millet Wheat Sorghum 
101 g-I of fresh root weight. The high-yielding culti- Isolate ARA Isolate ARA Isolate ARA 
vars WH 147, WH 157, fiD 2009, and P 1030 had a PM lB 31 W I 12 S2 192 
higher number of nitrogen-fixing bacteria asso- 2B 84 2 168 3 ND' 
ciated with their roots. In contrast to this, in pearl 3B 906 3 12 4 480 
millet (a rainy-season crop), the number of bacteria 41 996 4 24 5 384 
found in the root washings were less than in the root 511 756 5 19 6 384 
macerates suggesting a possible relationship 68 276 6 29 7 612 
between the number of bacteria in the root zone and 7B 252 7 17 8 552 
the environmental temperature during the growth 8B ND 8 190 9 156 
period of pearl millet. It is likely that because of the 91 4 9 20 10 300l0B ND 10 12 II 720
high temperature, a greater number of bacteria are 118 N I 1 12 2160 

found inside the roots than outside. In wheat it is the 

reverse, since the growth period corresponds to a I. ND = not detected. 
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Table 2. ARA (nmoles C2H4 tube-' d-1)level of various 

nitrogen-fixing bacteria.' 

ARA, days after inoculation 

Bacteria 2 3 4 5 6 7 

S. itersonih 125 140 140 135 - 95 

A. brasihnse, 
strain S11 7 1373 2420 2005 1595 861 602 

A. brasilense, 
strain 12S 1889 2595 2715 2990 1610 1365 

Isolate 8S 
from sorghum 9 30 72 82 72 24 

Isolate 4B 
from pearl millet 6 II 14 6 3 2 

Isolate 22B 
from pearl millet - 3 6 5 2 -

Isolate 2Wrom hat 8 2underfrom wheat 8 12 74 58 42 4 
Isolate 8W 
from wheat 50 141 161 168 - 68 

I. Aziothact'r and Rhitobia showed no ARA in this medium, 

a superior culture. It has been subsequently tested 
for its ARA, compared with A. hrasih'nseSP7, and 
found superior under all conditions, 

It has been found that ARA expression of this 
organism is highest when it is cultured in asemisolid 
medium. Further, for maximal expression the media 
should contain malate as the carbon source and 
either vitamins or yeast extract. Optimum pH 
should be 6-7 and the optimum temperature 
30'±2'C under semisolid conditions. Highest ARA 
is detected within 4-5 days. 

To estimate the nitrogen-fixing potential of iso-
late 12S, we have tried to grow it in liquid medium 
for 24 h and then transfer the cells to semisolid 
medium. By this it was possible to use a larger cell 
mass and induct ARA earlier. Under these condi-
tions, it was possible to record higher ARA values, 
for both SP7 and 12S strains. We believe that this 
strain has capacities higher than 103 ym of ARA per 
OD, which is considerably higher than any other 
culture tested so far. 

Physiological Studies with Isolate 12S 

Isolate 12S was subjected to various tests, and it has 
been found similar to A. brasilense except in its 
antibiotic resistance pattern. While strain SP7 is 

resistant to streptomycin, strain 12S is resistant to 
chloramphenicol. 

Table 3. Growth rates of A. brasilnse isolates 12S and 

SP7. 

O.D. 	600 nm after 
6 days at 30'C 

rreatment 	 12S SP7 

Control (-Malate) 0.02 0.09 
+Malate 0.04 0.27 
+Malate +Urea 0.05 0.38 
+Malate +KNO3 0.09 0.45 
*Malate +NH4CI 0.09 0.48 

Malate concentration: Sgm t-' N source: 5 . 

Unlike SP7, the isolate 12S displays poor growth 

all cultural conditions (Table 3). Until 
recently, we had no medium in which this could 
grow uniformly, but now we have developed one 
containing galactose, in which this organism grows
uniformly as well as possesses ARA activity 
(B.S.Kundu, unpublished data). This strain, like 
other strains of azospirilla, also possesses a strong 
hydrogen-oxidizing system that appears to be asso
ciated with nitrogen fixation, since ARA activity is 
enhanced by 31% in the presence of 10% hydrogen 
(Table 4).This culture has also been found to show 
autotrophic growth and the ability to reduce carbon 
dioxide. The ability to fix atmospheric nitrogen, 
oxidi7e hydrogen, as well as reduce carbon dioxide, 
makes this organism an ideal choice for future stu
dies in associalive symbiosis. The only problem isits 
extremely slow rate of growth. 

Associative symbionts perhaps have a role in soils 
with low nitrogen levels or under subsistence agri
culture. Although NO-dependent N, reduction is 
known in this organism, the nitrogen metabolism of 
these organisms under conditions of low soil N levels 
becomes important. We have examined its ability to 
utilize different inorganic forms of nitrogen and its 
relation to nitrogen fixation. When cultured in 

Table 4. Enhancement of ARA in strain 12S Pnd SP7 of 
A. brasilense by hydrogen. 

ARA' %increase 

Strain C2 H2 C2H,H, H, ase 2 in ARA 
12S 4220 5570 34 31I
S 2 280 I4 1 

I. ARA: nm C2H4 tube-' d-. 
2.lH1ase: Am H 2 consumed d-1. 
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media containing 300 ppm nitrate-N, this organism Future Research Priorities 
carries out denitrification. However, when cultured 
under lower levels of nitrate N (60 ppm), it not only Future studies will include evaluation of strain 12S 
utilizes nitrate but also fixes nitrogen. As compared under field conditions in sorghum, pearl millet, and 
to this, ARA is not detected at concentrations of wheat. At present we find that its survival following 
ammonium-N as low as 24 ppm. In view of the fact seed application is poor, and we have had difficulties 
that soils rarely contain such levels of either nitrate in establishing its association with any part of the 
or ammonical nitrogen, we can safely conclude that roots. We also have plans to continue our biochemi
under low-nitrogen regimes, nitrogen-fixing ability cal studies with this organism and to understand this 
of this organism is not affected, organism genetically, with a view to explore its use

fulness in the cultivation of cereals. 

Pot-house and Field Studies 

Since isolate 12S was found to be very similar to SP7 
but had higher ARA, it was decided to test whether it Acknowledgements 
could associate with the roots of some of the crops 
and fix nitrogen. In pot-house experiments with two This research was financed by the Indian Council of 
varieties of pearl millet, a significant response was Agricultural Research (ICAR), New Delhi, and the 
seen both in root and shoot weight to the seed appli- authors gratefully acknowledge the financial 
cation of these bacteria (Table 5). These observa- assistance. 
tions led uIsto test the usefulness of this bacterium 
under field conditions. 

Our studies have not shown conclusively whether 
these bacteria excrete any growth-promoting sub- References 
stances. Our estimates of malate in the roots of 
sorghum and pearl millet suggest a greater accumu- Dobreiner, J., Marrel I.E., and Nery, M. 1976. Ecological 
lation of malate during later stages of growth when distribution of Spirillum lip ofrum Beijerinck. Canadian 
nitrogen fixation is minimum. Journal of Microbiology 22:1464-1476. 

Table 5. Effect of seed inoculation in pearl millet cultivkrs. 

Treatment 	 Strain Strain Strain CD 
Parameter 	 Cultivars Control 12S 4 B 4B+22B (P<0.05) 

N,-fixers x 101 g-1 HS 1 8 27 129 43 
(Rhi7osphere) HS 4 54 246 129 183 

N,-fixers x 101 g-1 HS I 2 16 154 12 

(Rhizosplane) HS 4 134 134 162 222 -

Root ARA HS I ND 6.0 1.2 1.8 
(C2H4 g-1 root mass) HS 4 8.2 24.1 28.6 15.9 -

Dry matter 	 HS I(R) I 203 305 353 348 80.7 
(mg/3 plants) 	 HS I(S)2 580 726 883 773 130 

HS 4(R) 435 643 570 630 72 
HS 4(S) 683 900 883 953 240 

12S: A. brasilense.
 
411and 22B: Bacterial isolates from pearl millet.
 

= I. R Root weight. 
2. S = Shoot weight. 
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Harrigan, W.F., and McCance, M.E. 1956. Probability 
tables for the estimation of bacterial numbers by the dilu
tion tube technique. In Laboratory methods in mcrobiol
ogy. London, UK: Academic Press. 

Prabha, S., Nair, S.K., Dadarwal, K.R., and Tauro, P. 
1980. Pseutilonnasazotogensis: an associate symbiont of 
Pennisettn: amnericanum. Plant and Soil 49:657-659. 

Discussion 

C.P. Ghonsikar:
 
Which carbohydrate compounds were identified
 
besides malate at a time of high ARA activity?
 

P. Tauro: 
We estimated malate enzymatically, and we were 
interested only in rralate since this carbon source has 
been found to support optimum N, fixation by 
A.o irilhum.
 

N.S. Subba Rao:
 
Other Kreb's cycle intermediates also need to be
 
studied.
 

P. Tauro:
 
Other carbon sources will be tested. But malate can
 
be easily assayed enzymatically.
 

N.N. Prasad:
 
When malate is less in root extract, it increases with
 
age while nitrogenase activity decreases with age.
 
What may be the possible source of carbon for A zos
pirilhm to fix atmospheric nitrogen? In rice crop,
 
without C4 pathway also, Azos~irillwn is effective
 
as reported by TNAU. So, I feel there is a need to
 
ascertain the nature of carbon compounds used by
 
AzospVirilhtun to fix atmospheric nitrogen.
 

P. Tauro: 
We didn't study these aspects. 

O.P. Rupela: 
In your presentation you mentioned that there was a 
log 2 decrease in population of inoculant strain, in 
pots, within a week. Could you please give us some 
figures? How did you estimate these populations? 

P. Tauro 
There was a decrease of log 2 (from 106 to 104) during 
the Ist week, which further decreased. At the end of 
2 weeks, the surviva! was only about 102. The bacte
ria introduced had a chloramphenicol marker. 

35 



Studies on the Interactions Between A zospirillum 
and Pearl Millet 

A.V. Rao and B. Venkateswarlu' 

Summary 

Biologically'active com'pounds-such as sugars, amineo acids, and organic acids-are present in 
seed and root e.xudates o/'pearl millet. 77e grotwt/i anl nitrogenaseacit. it' of A. brasilense, 
stimulated hi ' seed and root emudates, was gene'ralli relatedl to the quantit I'oforganic conlpoutnds 
present ini the e.vudates. Itd/tll stlI/icalth entalhe mlile'('Xudation ofi arious cofll/)ounds 
b' the roots ofa.venicallY gtrown pearlmillet plants, and te f/i'ct vts more pronoutnced in the 
ohler planits. ,,Amarked anid cotsi.stent itcrea.se in cell perneahilit'r of roots nas observed tupon 
iotlatioe/ injpreglnation with A. brasi lense. .- grown pearl tile't plants, upon ilocu1.w'vnic'a// 
lationi, e'xiihite mitrogcla.se activitr thtt variel 1ith c ltivars. The activit r was relatel to the 
anlounts of 'arhol onnpol s. lowever, tile carbol eool/)eotuls pre'sent in tihe' root exu.ldate's 
were.'found inale'quate/or the' optimunl growth e./'tile orgattisl in the root :one, 'as tilere was a 
markel increasein the populatiotland nitrogelnaseactivity tpol atlitiol of sticrose. a.tliniuu 
ilcrease ill Azospirillum popidation has observed ini the rhiizoane.I'olloilgiUloculation ill a 
sandr le)am soil. 

Introduction Materials and Methods 

Pearl millet, an important crop of the semi-arid The bacterial strain used in these experimeits was 
tropics (SAT). has been reported to derive agronom- isolated from the roots of pearl millet and identified 
ically significant amounts of nitrogen from the as ,,fzospirilhun brasilense, following the method 
Azoslirilhln association (Smith et al. 1976). How- used by Tarrand et al. (1978). The moculum used in 
ever, results of the inoculation experimcrts have not these studies is a pure-cell suspension of 4-day-old
always been consistent (larber ct al. 1979, Nur ctal. Al. hrasile'nse (O) =0.4 grown in nutrient broth) sus
1980, Vlassak and Reynders 1981, Venkateswarlu pended in phosphate buffer. 
and Rao 1983). The causes for the plant-growth Seed exudates were collected by soaking surface
response following inocutlation are not clearly sterilized seeds in distiled water for 24 h and tho
known. There is also a lack of inlormatit.:, on the roughly rinsed with distilled water. The exudates 
physiological interactions between the host plant were sterilized by filtration and stored at 4'C. For 
and the microsynbiont. In the present study, an collection of root exudates, 12-day-old plants. 
attempt has been made to investigate the interac- grown axenicallv in test tubes (25 x 200 mam) con
tions between the seed and root exudates of pearl taining acid-washed quartz sand and watered with 
millet with A:o.i'irilluol and its implications in tile Hoagland's nutrient solution containing 50 ppm
formation of the associativ, symbiosis, ammonium nitrate, were used. The exudates were 

I,Microbiologists. Central Arid Zone Research Institute, .1odhpur. Rajasthan 342003. India. 

ICRISA I (international Crops Research Institute for the Semi-Arid t ropics). 1986. Cereal nitrogen fixation. Proceedings of the Working
Group Meeting, 9-12 Oct 1984, ICRISAI Center. India. Patancheru, A.P. 502324., India: ICRISAT. 
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collected by rinsing the rootsand theassociated sand 
in distilled water, pooled, purified, and concentrated 
to represent I ml. for every 10 seedlings, 

The effet of inoculation with . brasilhnseonthe 
pattern of root exudation was studied on 3-day-old 
plants by adding I mL pure-cell suspension to each 
tube. The control plants received the same amount 
of autoclaved cells. Root exudates were periodically 
collected and analyzed for organic carbon by Walk-
Icy and Black rapid titration method, total nitrogen 
by micro-Kjeldahl method, reducing sugLrs by Nel-
son's arseno-molybdate method, and amino nitro-
gen by the ninhydin method. 

To study the effect of seed and root exudates on 
the growlh and litrocnase activity ofA. brasilense, 
the exudates were incorporated in the culture media 
in different concentrations. For seed exudates, 
Dobereiner's semisolid malate medium (Dobereiner 
and Day 1976) with 0.08C'j agar was used for growth, 
and with 0.175%7 agar for nitrogenase activity. The 
tubes after inoculation were incubated at 30'C for 
72 h, an" the growth was measured as OD at 520 im. 
For nitrogenase activity 2 days after incubation, the 
cotton plugs were replaced by Subaseals and 10% of 
the air was replaced with Cil,. FEthylene produced 
24 h after incubation was estimated by an AIMIL-
Nucon gas chromatograph, employing a Poropak-T 
column (2 in 0.003 m) with N, as carrier gas. For 
root exudates, a malate liquid medium, containing 
only 50% ofthe malic acid recommended but supple-
mented with 50 ppm ammonium sulfate, was used, 
while for nitrogenase activity a semisolid malate 
medium containing 50% of the recommended level 
of malic acid was utilized, 

To study the permeability of pearl millet roots, 
one set of tubes was inoculated with I mL cell sus
pension of A. hrasilense on the 3rd day, while the 
control received the same amount of autoclaved 
cells. At 15 days after sowing (DAS), samples of 
fresh roots were wrapped in a cheese cloth and kept 

in distilled water. The contents were shaken for 5 
min and the conductivity of the bathing solution was 
measured at I h intervals. Further the root material 
from control plants was impregnated with pure cell 
suspension of A. brasilense under vacuum, and the 
permeability was tested as described above, 

To measure nitrogenase activity of pearl millet 
plants, I mL of inoculum and 4 mL of 1%sucrose in 
nutrient solution were added to one set of 3-day-old 
seedlings in a sterilized sand and vermiculite growth 

medium, while the second set received the inoculum 
and 4 mL of nutrient solution. Nitrogenase activity 
(C2H2 reduction) of 21-day-old plants was measured 

after incubation for 24 h with 10% C2H2. Appro
priate controls were maintained to get absolute 
activity. 

To estimate Azospirilhwm populations, the 3-day
old plants were inoculated with I mL of cell suspen
sion (10m cells mL-1). The populations of 
Azospirillum in both the rhizosphereand nonrhizos
phere (tubes containing the growth medium but 
without plants) were determined at 3-day intervals 
by dilution plate technique, using a malate-agar 
medium supplemented with 500 ppm ammonium 
sulfate. To assess the establishment of this bacteria 
following inoculation, the numbers of Azospirillun 
in different root zones, i.e., rhizosphere, rhizoplane, 
washed and crushed roots, and surface-sterilized 
and crushed roots were estimated by the MPN 
method from 30-day-old plants growing in a sandy 
loam snil. 

Results 

Pearl millet seed exudates contained variable 
amounts of sugars and amino acids, and the differ
ences among cultivars were not significant (Table 1). 
Reducingsugars weremuchhigherthanaminoacids 
in all the cultivars. 

Seed exudates stimulated the growth of A. brasi
lnse (Table 2). The increase in growth was not 
directly proportional to the concentration of the 
exudates. The growth stimulation appeared to be 
due to the C and N compounds present in the exu
dates. The nitrogenase activity also increased with 
the addition of exudates upto 9% (Table 2). There 
was a profuse growth in the semisolid medium, pos-

Table 1. Biochemical composition of seed exudates of 
three pearl millet cultivars. 

Compound 
(mg!2.5 ml. Pearl millet cultivars 
of seed 
exudates) BJ 104 M 78 V.No. 2 

Organic 
carbon 3.10 ±0.851 3.60 ± 1.12 3.50 ± 1.09 

Reducing 
sugars 0.62 ±0.028 0.66 ± 0.024 0.52 ±0.037 

Amino
nitrogen 0.32 ±0.018 0.26 ±0.017 0.31 ± 0.021'total 

nitrogen 0.53 ±0.031 0.47 ±0.024 0.54 ± 0.027 

1. Mean ±Standard deviation. 
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Table 2. Effect of seed exudates from pearl millet cultivars on groib and nitrogenase activit) of A. brailense. 

Concentrat ionmiltC1ka 
of earlPararmeter ex udates (.C,) 

Growth (OD) 3 
6 
9 

12 
Mean 

Nitrogenae

activity 
 3 

(nrnol C21t 4 
 6 
tube-' h- 9 

12 

Mean 

CD (I'- 0.05) 	 Cultivar 

Concentration 

Interaction 

Control vs Rest 


I. NS = Not significant. 

sibly due to the presence of considerable nitrogenous 
compounds in the exudates. Similar effects wereobserved on the growth of A. brasilense with indi-
vidual amino acids (Rao and Venkateswarhl (982). 
At concentrations exceeding 9W'j. the activity was 
reduced but growth was unaffected, indicating the 
repression of the activity by the amino nitrogen. This 
ts evident from (the fact that the activitv was not 
repressed even at higher concentrations with cultivar 
M 78, whose exudates contained relatively less of 
total and amino nitrogen. 

The data indicated that pearl millet seed exudates 
have a favorable effect on the growth of A. brasi-
le'nse and might help in the multiplication of the 
inoculated bacteria on the seed. Hence, soaking
seeds before inoculation, as recommended for rhi-
zobial inoculation, may not be necessary for pearl 
m illet. " 

The data on exudation of' various organic con-
pounds by pearl millet roots indicated that marked
quantitative differences exist among cultivars in the 
exudation pattern (Fig. 1). The exudates ofcultivar 
BJ 104 contained the highest amounts of organiccarbon and reducing sugars, followed by cultivar 
MBH 10. Qualitative analysis of the exudates by 
thin-layer chromatography showed the presence ofamino acids like glutamic acid, tryptophane, cys-
teine, and asparagine, and sugars like glucose, fruc-

illet csdar 
Control 104 M.N 78 V No.2 Me.'an 

0.22 0.28 0.28 0.33 0.296 
- 0.29 0.35 0.37 0.337 
- 0.30 0.35 0.41 0.353 
- 0.31 0.36 0.41 0.360 
- 0.295 0.355 0.380 0.349 

76 139 142 140 140.4 
- 160 186 198 181.3 
- 141 212 170 174.3 
- 110 245 168 174.5 
- 137.5 196.) 169.0 167.6 

Growth N, ase 
0.016 12.0 
0.018 13.8 
NS' 23.9 

0.023 17.6 

104w 3 	 MMBH 110 

MP 15 I MBH 118 
600 60 

M 0
 
400 -40
 

a)W
 

,
 
2200  2 20

01 

0 
0 	 0 
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) 

C: 
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0 0 
Total nitrogen Amino nitrogen 

Figure 1. Chemical composition of root exudates 
from four pearl millet varieties. 
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tose, and sucrose. Organic acids like citrate, malate, 
and succinate were also detected, but in very small 
quantities. 

The growth and nitrogenase activity of A. brasi-
lense were stimulated by the incorporation of root 

exudates in a medium containing a suboptimal level 

of carbon source. The growth enhancement varied 

with the variety and was generally related to the 

amount of carbon compounds present in the exu-
dates (Table 3).

ate (Tlex 3. onitrogen' 
Theexudationoforganiccompoundsbytheroots 

of axenically grown pearl millet was greatly 
increased in the presence of A. brasilense (Table 4). 
Inoculated plants exuded markedly higher amounts 
of organic carbon, reducing sugars, and total and 
amino nitrogen. Increased root exudation in the 
presence of N2-fixing bacteria has also been found in 

sorghum (Lee and Gaskins 1982) and in wheat (Beck 
and Gilmour 1983). Changes in the permeabilityand 
alteration io root metabolism might be some of the 

reasons for the enhanced root exudation upon inoc

ulation (Rovira 1965). The enhancement in the root 

exudation of various compounds in the present 
study was essentially due to the increased permeabil-
ity of the root cells, which increased by 8.5% over the 
control, while with the direct impregnation with 
pure cells of A. brasileIse, the increase was about 

40%, indicating some physiological interaction 
between roots and the bacterium at the cellular level 

and/or injury to the roots caused due to vacuum 
impregnation, 

The population of Azospirillum increased 
markedly and remained much higher in the rhizos-
phere as compared to the nonrhizosphere, indicating 
that the organic compounds in the root exudates 
aided the multiplication of Azospiriliwn. The 

nitrogenase activity of pearl millet cultivars was gen-
erally related to the organic carbon and reducing 

Table 3. Growth of A. brasilense as influenced by root 
exudates of pearl millet cultivars. 

Concentration Growth (OD) with cultivar 

of root BJ MP MBH M13H 
exudates (%) 104 15 110 118 

0 (Control) 0.202 - - -

5 0.218 0.209 0.215 0.210 
10 0.236 0.221 0.231 0.225 
15 0.259 0.235 0.250 0.242 
20 0.281 0,262 0.273 0.269 

SE± 0.033 

Table 4. Changes in root exudation pattern in pearl 
millet, as influenced by Inoculation with A. brasilense. 

Compound Age of the plant (DAS) 
(Pgl 10 

15 Mean SDseedlings) Treatment 8 12 

Organic 
carbon Control 412 466 492 456.7 36.64 

Inoculated 481 548 590 539.7 49.40 
Ictal 

Control 59 67 75 67.0 9.91 
Inoculated 68 79 88 78.3 9.99 

Reducing 
sugars' Control 41 52 66 53 12.07 

Inoculated 58 56 75 63 10.08 
Amino 
nitrogen' Control 3.9 4.8 5.6 4.77 0.97 

Inoculated 4.6 5.9 6.8 5.77 1.12 

1. Significant at 5%level using Kruskal Wallis test. 

sugars released in the root exudates. However, these 

results are from two different sets of experiments. 
The close relationship observed between the organic 
carbon in the exudates and the growth of Azospiril
lurn in vitro and nitrogenase activity of the intact 
plants emphasized the role of root exudates in the 

genetic variation in nitrogenase activity. The carbon 
compounds present in the exudates were, however, 
found to be inadequate foroptimum activityas there 

was a spurt in the activity in all the 4 cultivars when 
an extraneous carbon source (sucrose) was supplied 
in the root zone (Table 5). Similar results have been 
reported with wheat (Lethbridge and Davidson 
1983). 

Studies under field conditions in a sandy loam soil 
have also indicated that Azospirillum establishes in 
the roots of pearl millet upon inoculation, and maxi

mum MPN counts were found in the rhizosphere 

Table 5. Nitrogenase activity of pearl millet cultivars, as 

influenced by sucrose. 

N2ase activity 
(nmoles C2H4 h-' tube-') 

Without With 

Cultivar sucrose sucrose 
Bi 104 21 49 
MP I5 13 33 
MBH 110 14 45 

MBH 118 13 46 
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Table 6. Localization of Azospirillum in different root 
zones of pearl millet, as influenced by inoculation. 

MPN of Azospirillum (x 101) 

Root zone g-' dry soil Plant-' g- dry root 

Rhizosphere 
Control 3.46 t 0.47' 5.50 t 0.93 42.20 +4.57 
Inoculated 9.17 t 1.41 I11.00 ± 2.10 72.60 t 8.78 

Rhizoplane 
Control 0.39 ± 0.07 3.03 ± 0.58 
Inoculated 4.25 ± 0.96 28.30 ± 3.89 

Washed and 
crushed roots 
Control 1.02 ± 0.13 7.90 t 1.03 
Inoculated - 6.00 ± 1.13 40.10 ± 5.79 

Surface-sterilized 
crushed roots 
Control - 0.33 ± 0.05 2.46 ± 0.39 
Inoculated - 0.45 ± 0.09 3.01 ± 0.47 

t.± standard deviation, 

(Table 6). The population was much higher in 

washed roots than in surface-sterilized roots, indi-
eating a greater concentration of the organisms on 
the root surface. Similar observations were recorded 
in maize (Okon et al. 19 77). Inoculation significantly 
increased the numbers in all the root zones, but the 
highest response was noted i he rhizoplane. There 
was a nine-fold increase in the population in the 
rhizoplane on unit root dry weight basis. This again 

indicates that the population buildup largely takes 
place on the root surface, 

From these results, it may be concluded that the 
root exudates of pearl millet play an important role 
in the establishment of A. brasilense in the root zone, 
resulting in the successful formation of the associa-
tive symbiosis. 
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Discussion 

N.S. Subba Rao: 

What will be the story in root exudates ofany other 

plant? 


A.V.Rao: 
We have not studied the root exudates of other 
plants. However, there are differences in exudation 
among plants because of the variation in photosyn-
thetic pathways among these plants. 

P.V. Rai: 
While the concentration of seed exudate islinear to 
Azospirilln population increase, why does it 
inhibit the nitrogenase activity at 6% concentration 
of exudate? 

A.V.Rao: 
Probably the nitrogen content of seed exudate at 
proportions higher than 6% is inhibitory to 
nitrogenase activity. Because of the N concentra
tion, the population of AzospirilhMu is more but the 
nitrogenase is inhibited. 

P.V.Rai:
 
What is the difference between seed exudate and
 
root exudate?
 

A.V.Rao:
 
Washed seeds were soaked in water and the chemi
cals that leaked from seeds were called seed 
exu
dates. Root exudates were collected after 
germination. 

P.V.Rai:
 
When the Azospirillum population is so well main
tained by the root exudate, why does it enter into the
 
root?
 

A.V.Rao:
 
It is the character of Azospirillun to enter and col
onize the endc-rhizosphere (Histosphere). 
 Unlike 
Azotobacter, it is an associative symbiotic bacte
rium. This organism is observed under the epidermal 
layers and within the cortex. 

B.S.Kundu: 
N2-fixation efficiency is not correlated to dry weight
but growth-promoting substance. So we should look 
for organisms secreting more of growth-promoting 
substance, and not for N2 fixation. 

A.V.Rao: 
In case of Azosl)irillum, growth regulators in addi
tion to N, fixation are responsible for enhanced drymatter and grain yield. Even in legumes, there isno 
correlation between the nitrogenase activity at any 
stage and the yield increase upon inoculation. 

B.K. Konde: 
At what stage of plant growth do you estimate Azo
s)irillun population to determine its localization? 

A.V.Rao:
 
At 30 days of plant growth.
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Response of Pearl Millet to Inoculation with Azospirillum
 
brasilense at Varying Levels of Nitrogen 

G.S. Jadhav, A.N. Girl, and N.B. Pawarl 

Summary 

Investigationscarried out during 1979 to 1983 on black soils at A urangabad and mixed red and 
black soils at Vaiapur reveal'd that Azospirillum inoculation ofseed alone increased theyield of 
pearl millet by 14-20% over the control. A synergistic effect of Azospirillum inoculation wvith 
nitrogen on increased yield was also observed, though it was not significant. On both soil t*ypes, 
the highest yield increase was due to A. brasilense inoculation ofseed at sowing + 40 kg N ha
applied in two splits. The effect ofrainfallon response is discussed.Thefuturestrategyof research 
for realizing the agronomic significance of AzospiriIlum inoculation in pearl millet-basedcrop
ping systems is presented. 

Introduction 

In experiments conducted under the All India Co-
ordinated Millets Improvement Project (AICMIP) 
with Azospirillum brasilense, the yields of pearl 
millet increased significantly due to inoculation at 
Durgapura, were nonsignificant at Hisar, and did 
not increase at Kanpur and Jamnagar (AICMIP 
1982). Thus, the results of field experiments have 
been extremely variable. The information on pearl 
millet response to Azospirillun inoculation is 
meager, especially with and without N applicatirn in 
Maharashtra state. In this paper, research on pearl 
millet response to incculation with A. brasilense 
conducted at the AICM IP Center, Aurangabad, and 
at Vaijapur in Maharashtra state is presented. 

Materials and Methods 

Field experiments were laid out during 1979-81 on 
black soils at Aurangabad and during 1982-83 on 

mixed red and black soils at Vaijapur, to study the 

effect ofA. brasilense and fertilizer nitrogen on grain 
yield of pearl millet hybrid BJ 104 and its economics. 

The initial soil-fertility status of experimental 
soils is given in Table I. 

All the experiments reported here were conducted 
during the rainy season. Eight treatments (Table 2) 
were replicated four times in a randomized-block 

Table I. initial fertility st.atu, of experimental soils in 
Aurangabad and Vaijapur, Maharashtra. 

Aurangabad Vaijapur 

Parameter 1979 1980 1981 1983 

Organic carbon (%) 0.18 0.38 0.49 0.27 
pH
Available phosphorus 8.2 8.31 8.3 8.2 

(kg ha-i) 11.6 14.4 32.4 35.0 
Available potassium 

(kg ha-') 448 448 347 350 

I. 	 Agronomist, Seed Production Specialist, and Plant Pathologist, Bajra Research Station, Marathwada Agricultural University, Paithan 
Road, Aurangabad, Maharashtra, India. 

ICRISAT (International Crops Research Institute for the Semi-Arid Tropics). 1986. Cereal nitrogen fixation. Proceedings ofthe Working 
Group Meeting, 9-12 Oct 1984, ICRISAT Center, India. Patancheru, A.P. 502324, India: ICRISAT. 
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Table 2. Effect ofetzospirillumhrasilense and nitrogen on grain yiel (kg ia) (ifpearl millet at Aurangabad and Vaijapur, 

Maharashtra. 

Ireatiments 1979 1980 

I. ('ontrol' 1431 1861 
2. A. hra.tlen.w 1789 2128 
3. 13.3 kg N ha 2053 1899 
4. 13.3 kg N ha I + A. hrasilen 
5. 20 kg N ha1 

2151 
2173 

2083 
2081 

0. 20 kg N ha i A.. ,ro.ihnrx, 2464 2185 
7. 40 kg N ha I 2339 2250 
8. 40 kg N ha I + A,. hra.,ihoe 2421 2513 

SI ±77 ±193 

( ' ('7) 6.4 15.8 

1 No nlllO.t ed and no nitrogen. 

design. The crop was sown at a 45 cm x 10 cm 
spacing. Nitrogen was applied as urea in two equal 
splits. Half the dose of N as per the treatment and 30 
kg 1 ,05 ha-I was applied at sowing. The remaining 
half N was applied at tillering. Pearl millet seeds 
were inoculated with carrier-based inoculant of A. 
hra.silenw prior to sowing (as per the procedure of 
Subba Rao 1981 ). Cultural operations were carried 
out as and when required. 

Results 

Aurangabad
 

In 1979, inoculation with Azuosirilhon without N 
application enhanced grain yield significantly over 
the noninoculated control with no nitrogen. The 
application of 40 kg N ha- .Izo.Virilln produced 
the highest grain yield, which was on par with 40 kg 
N hat I and 20 kg N ha I + Azo.Vhirillu inoculation,n 
Inoculation with A. hrasilensw produced signifi-
cantly higher grain yield over the respective non-
inoculated controls only in combination with 20 kg 
N ha . 

With few exceptions, similar but nonsignificant 
increases in yield were observed due to various treat-
ments during 1980 and 1981 (Table 2). Pooled data 
analysis for three years revealed that the Azo.Vpiril-
hwo inoculation alone increased the grain yield by 

Aurangahad V\ijapar 

SIncaease Increase 
over over 

Pooled control Pooled control 
1981 average (17) 1982 1983 average ('7) 

1834 1702 726 630 678 
1882 1933 14 904 732 818 20.0 
1998 1983 17 867 940 903 33.0 
1825 202(0 19 859 897 878 30.0 
2254 2084 22 770 980 F75 30.0 
2102 2184 28 844 1147 996 47.0 
2254 2284 34 807 1170 955 41.0 
2085 2340 38 659 1250 955 41.0 

±163 ±166 ±33 ±88 

16.31 8.2 18.3 

14% over the control. The interaction of Azoslpiril
him with nitrogen was not statistically significant. 

Seasonal rainfall at Aurangabad during the three 
years ranged between 605 and 690 urna. However, 
the response to A :o.vpirilhw inoculation along with 
N application was significant only during 1979. This 
may he due to the low organic carbon and general 
low fertility of the field selected in 1979 (Table I), as 
A. brasih'n.w is active in low-fertility soil (1Dobe
reiner and l)ay 1976). 

Vaijapur
 

The treatment differences were significant during 
both the years (Table 2). In 1982 A:ospirilhw inoc
ulation of seed at the time of sowing recorded the 
highest grain yield, but the results were rather 
inconsistent. 

l)uring 1983 the grain yields due to 20 and 40 kg N 
ha -' with Ifzo.virilltn, as well as 40 kg N ha-' 
without A/zo.Virillun, were comparable and signifi
cantly higher than all other treatments. Though 
there is inconsistency in the results, data for two 
years indicated that Azo.Vpirillum inoculation of 
seed at the time of sowing produced 20% increase in 
grain yield over the control; the response to Azo.i
rillum inoculation with the application of 20 and 40 
kg N ha-' was positive. The percent yield increase 
due to Azoslfirilhn inoculation with or without N 
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application was more marked in the low-fertility, 
mixed red and black soil at Vaijapur than on the 
relatively fertile black soil at Aurangabad. 

Economics of A zospirillum 
Inoculation 

Data from Aurangabad on A/zosiWilinu inocula-
tion reveal that, under prevailing prices of different 
inputs, application of 40 kg N ha-' in two equal splits 
+ /lzospirillun inoculation of seed is economical; 
the highest gross returns per ha (Rs957) and net 
profit (Rs752) were obtained from this treatment. 

Thus inoculation with A. hrasilensesignificantly 
increased pearl millet yield in some y'ears but not in 
others. With few exceptions, the synergistic effect of 
A:ospirilhan and nitrogen was observed at 20 and 
40 kg N ha-'. The initial soil-fertility status, rainfall, 
soil moisture, and possibly the nitrogen-transforma-
tion processes in the soil are responsible for varying 
degrees of responses observed in this study. The 
increases in crop yields when inoculated with Azos-
pirillum species and further increases when this is 
supplemented with 20 and 40 kg N ha-' finds support 
from the studies by Smith et al. (1978), Subba Rao 
(1981), and Dart and Wani (1982). The synergistic 
effect of Azospirillum and fertilizer N may be attrib-
uted to additional N2 fixation and possible produc-
tion of plant harmones by A. brasilense at small 
doses of nitrogen application (Tien et al. 1979). 

Problems and Future Research 

Needs 

Most of the farmers in the SAT practice different 
forms of intercropping with pearl millet. Pigeonpea 
and groundnut are established intercrops with pearl 
millet. The possibility of using Azospirillum and 
Rhizobium inoculants, along with a basal starter 
dose of fertilizer nitrogen, needs to be studied in 
millet-legume intercropping systems. The main 
agronomic problem with the use of Azospirillun or 
any other inoculant is the competition it will face 
from physical, chemical, and biological factors in 
field situation,. Thus, there is a need to conduct a 
large number uf fatin trials to study the effects of 
environmental factors on the efficiency of nitrogen 
fixation by Azospirillum, so that a viable agrotech-

nology for better manipulation of these novel plant

bacteria associations for increased yields can be 
developed. 
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Rhizosphere Ecology and Nitrogen Fixation 
of Azospirillum in Pearl Millet 

D. Purushothaman and K. Govindarajan' 

Summary 

This paper describes the qualitative and quantitative occurrence of nitrogen-fixing bacteria, 
particularly Azospirillum, in the root environments ofpearlmillet. In the rhizosphere, organisms
like Azotobacter, Beijerinckia, and Derxia were present in low density; however, the population
ofAzospirillum was considerably high in the rhizoplane and rhizosphere. Azospirillum colonized 
to the extent of 1-8% of the total heterotrophic bacteria. An analysis of400 isolates ofAzospiril
lum revealed that both A. lipoferum (79%) and A. brasilense (21%) were present in the root 
environments. 

The nitrogen-fixing ability'of these isolates rangedfrom 3 to 24.8 mg N g-Imalic acid, which 
corresponded to 50-450 n moles ofA RA. The data on thepopulation cynamics ofAzospirillum in 
the roots ofpearl millet revealed that certain drug-resistant mutants were more competitive than 
the native strain of Azospirillum in colonizing the rhizoplane and rhizosphere. In general, the 
density of Azospirillum was maximum at the tilleringandflowering stages ofthe crop. The root 
exudates of pearl millet contained fairly high concentrations of soluble sugars and amino 
nitrogen. 

Introduction 

Divergent views have been expressed on the use of 
Azospirillum as an inoculant in agriculture (Brown 
1982). However, it is generally believed that Azospi-
rillum, living in rhizocoenotic association with 
several graminaceous crops, has a considerable 
potential for improving yields in extensive low-cost 
farming systems in the tropics. In this paper, the 
rhizosphere ecology of Azo.spirilhlm spp and the 
nitrogen-fixing potential of its isolates are described 
with relevance to pearl millet, 

Materials and Methods 

The drug-resistant mtants, strr and CAM' were 
developed in our laboratory by exposure to the 

chemical mutagen, ethyl methane sulfonate (EMS). 
They were resistant to 500 jg ml-t of streptomycin 
and chloramphenicol. The nonnitrogen-fixing 
mutant, S3, was developed from the parent culture, 
CD (ATCC: 29729, a pink isolate) at the Microbiol
ogy and Cell Science Laboratory, University of 
Florida, USA. 

A large number of Azospirillum cultures were 
isolated from the root tissues of pearl millet grl"w at 
the Millet Breeding Station of the TNAU following 
the enrichment technique detailed by Dobereiner 
and Day (1976). 

Young !;,a fcsh root bits, surface-sterilized with 
80% ethanol and vashed with sterile distilled water, 
were plunged into malate semisolid medium (Bal
dani and Dobereir,er 1980) and supplemented with 
50 mg L-'of yeast extract (NFb). A loopful of the 
characteristic subsurface pellicle was streaked on 

I. Associate Prolessor and Assistant Professor, Center of Advanced Studies in Agricultural Microbiology, Tamil Nadu Agricultural 
University, Coimbatore, tamil Nadu 641 003. India. 

ICRISAT (International Crops Research Institute for the Serni-Arid tropics). 1986. Cereal nitrogen fixation. Proceedings of the Working 
Group Meeting, 9-12 Oct 1984, ICRISA ICenter. India. Patancheru. A.P.502324, India: ICRISAT. 
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NFb agar plates. The single colonies were purified 
further by streaking on potato agar (BMS) and the 
typical pink, wrinkled colonies were examined 
microscopically and transferred to trypticase soy-
agar slants. [ie species of A.:o.piri/lutn isolates 
were identified as per larrand ct al. (1978). 

E:numeration of the total heterotrophic bacteria in 
the root environments of pearl millet was done fol
lowing tiletechnique of 'ramer and Schmidt (1966). 
-numcration of .l :oobac'er was done by using

Waksmn.n iedimin no.77, of Ih'iierinckia by using 
Jensen's medium, and of I)'rxia sp by using Coin-
pelo and l)obereiner's medium. The total dia/o-
trophs were enumerated by using the medium of' 
Watana be and ltarraquio (1979). The most probable 
number (M PN) technique was used for determining 
the populations of .Izo.Pirilhn(liegaiet al. 1979).

Earthen pots (30 cm dia) containing red soil:con-
post 1:1 v v) at 14 kg pot I %ere used for pot culture 
studies (organic carbon 0.580('1. total nitrogen 
1.12('i. pi1 7.0 and .C.0.46 in mhos cmi-). lhe soil 
received a basal dose of 20 kg ha Iof N.30 kg ha I of 
P3O0. and 31 kg hir-'of K,O. 

he seeds of the pearl millet cultivar, X3, were 
surface sterili/ed with 0.I ' sodium hypochlorite 
and treated with the peat-based inoculIrti of.4I:oAi-
ril/un (containing ca. 10 ,10 cells g-),using jaggery 
solution as an adhesive. Air-dried seeds were sown ii 
the pots. Each pot also received a soil inoculum of 
2gof ,z :.spirillni at the time of sowing. Standard 
agronomic and cultivation practices were lollowed, 
At desired intervals, the plants were uprooted and 
rhi,,osphere and rhiioplane samples were collected 
(Pramer and Schmidt 1966). 
The drug-resistant mutants used inthe study were 

enumerated on Okon's medium containing 500 mg 
ml.I of'the respective antibiotic (Okon et al. 1977). 
As S3 was a naturally pink pigmented mutant, it was 
easy to count them on trypticase soy agar medium. 

For the estimation of N. fixation, the isolates were 
grown in the NFb semisolid medium (supplemented

-
with 100 mg olglutamic acid I.')for 7days at 30'C. 
Total nitrogen was determined by the micro-
Kjeldahl method (Humphries 1956).

Acetylene reduction activitv (ARA) of 3-day-old 
cultures, grown in 30 nil of N free-semisolid malate 
medium, was estimated by incubating the cultures 
under V,7 acetylene for 6 h. In the case of the root-
associated ARA, freshly collected roots free from 
soil particles were taken in the flasks and the assay 
conducted similarly (Purushothaman et al. 1979). 

Root exudates were collected by the method des-
cribed by Dazzo and Hrabak(1981). After 7, 14, and 

21 days of seed germination, the solution wasasepti
cally collected. clarified by centrifugation, and the 
volume was suitably reduced. Total sugars and 
amnino nitrogen in the root exudate were determined 
following the methods of Nelson (1944) and Moore 
and Stein (1948). 

Results 

A number of organisms like ,.l:oiohacier,Beije
riuckia, Derxia, and .-f:oslirilhtn were observed in 
the rhi/osphere of pearl millet. Excepting A:os/piri
him, the populations of A:oiohacr, Beierinc'kh, 
and Derxiawere very poor in the rhizosphere and in 
the rhizoplane (Table I). ,.:o.Virilhn was found to 
occupy tie roots in tilerhizosphere and tle rhito
plane to the extent of 8(j (Table 2). The rhi/oplane 
had higher coloni/ation by .- f:o.pirilhwn than the 
rhiiospierc. Perhaps the abundant mucigel oi tile 
root surface is helpful in tileattachment of niicroor
ganisms on to tilerhiioplane. One of the reasons for 
the intense microbial activity in tie root /one is the 
exudation of energy-rich and growth-promoting 
organic compounds (Newnan 1978. Brown 1982). It 
has been estimated that 2-18('( of the photosynthet
ically fixed carbon is released as organic compounds 
in the root exudation (Beck and (ilmour 1983). In 
our study, tileamount of total soluble sugars in the 
root exudates ranged from 0.6 to 2.25('i and the 
amino nitrogen varied froni 0.21 to 0.437. It is 
evident from the study that the rhizosphere and 
rhizoplane are potential sites for tlie colonization of 
Azospirilhtn. The populations of diazotrophs in 
general and Azo.Virilum inparticular, were high at 
the tillering and flowering stages of the crop. 

The species distribution of' AZosirilhm in the 

Table I. Distribution of nitrogen-fixing organisms in 
pearl millet at flowering. 

Noof bacteria g- dr' wt. 
Rhiosphere Rhizoplane 

Organisms (soil) (roots) 
,i:rotohacter sp 7.27 - 10' 2.8 , 10' 
AIzo.yirilhm sp 6.30 , 10 12.8 - 105 
lh'iierinckia sp 14.2 - 10' 26.4 , 10' 
Der.xia sp 2.6 , 102 1.3 "102 
Others (unidentified) 15.25 ,105 6.8 , 105 
Total heterorophs 28.6 - 101 42.0 , 101 
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Table 2. Percentage distribution of Azospirillumand other diazotrophs to total bacteria in the roots of pearl millet. 

Root 
environment Seedling 

Rhi/osphere 
AI:o.%/)rillho 1.6 
Other diaotrophs 22.7 

Rti/opl ne 
"tzumpirilhit 0.8 
Other dia/otrophs 3.8 

roots of pearl millet revealed that A. lipqferum con-
stituted 79% and A. hra.ih'nse21 Cm. Both nir+ and 
nir- strains were present and the nir+ isolates pre-
dominated (Fig. l). 

About 80% of the isolates had very poor N,-fixing 
capacity (3-10 tug N g-i malic acid)); while for 0.8% 
isolates N, fixed was in the range of 21-25 mg N g-I of 
malic acid (Table 3). Te ARA, whiLh also varied-considera bly from 50) to 450" nrnoles C,.H. isolatef4 
lii. was low in 79"(' of the isolates and high in only
9('i isolates. 

The drug-resistant mlutants in general exhibited a 
much higher colonizing ability both in the rhizo-
sphere and in the rhioplane (Table 4). The native 
population was poor in competitive colonization in 
tie rhizosphere; however, on the rhizoplane their 
number was fairly high. It is o.^ *iterest to observe 
that the nonnitrogen-fixing mutant, S3, also pos-
sessed a much better colonizing ability than the 

Growth phase of crop 

rillering Flowering Harvest Mean 

2.39 6.14 0.69 2.70 
39.8 24.9 24.6 28.0 

4.2 8.62 0.22 3.46 
12.6 18.12 10.8 11.33 

native isolates. The root-associated ARA of pearl 
millet inoculated with CAMr is also found to be 
significantly higher (Table 5). 

Recently, increased colonization of Rhizobium 
phaseoli in the rhizosphere of bean has been 
achieved by the use of fungicide-resistant strains and 

Table 3. Nitrogen fixation and ARA by 400 isolates ofAzospirillum spp from the roots of pearl millet. 

N, fixation Distri- ARA Distri
range (mg N bution (n niol CH4 butrion 

Group g-1 malic acid) (,) tube-' h') (%) 
I 1-5 56.8 10-50 46.5 
II 6-10 21.6 51-100 33.0 
Ill 11-15 12.5 101-200 12.5 
IV 16-20 8.3 201-400 6.8 
V 21-25 0.8 401-500 2.2 

Azospiriilum Isolates (400)
 

A. lipoferum 


(79%) 

nir+ nir-

(58%) (21%) 


nir + Converts NO3 to NO2 and beyond NO2
 

nir - Converts NO3 to NO2 and not beyond
 

I4 
A. brasilense
 

(21%) 

nir+ nir
(10%) (11%)
 

Figure 1. Distribution of Azospirillumspp in the rhizosphere of pearl millet. 
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also by applying fungicides to the soil (Mendez-
Castro and Alexander 1983). 

The striking increase in the root-associated ARA 
of pearl millet, inoculated with the mutant strains, is 
no doubt due to the increased colonization of the 
root environment with efficient nitrogen-fixing 
strains. This opens up newer hopes for exploiting the 
potentials of /zos)iri11um in nitrogen fixation. 
Though we could not trace the nutrient release in therooghexudaes ovr aong paer the datnta llesecnte 
roo t ex ud a tes o ver a lo ng perio d , th e d ata collected 

over 21 days clearly illustrate the availability of an 
abundant energy source in the vicinity of roots. 
Recent studies on the surface colonization of root by
microorganisms have indicated that only 4-10% of 
thicrootraisms haveloniated tha 4miooanis % o 
the root area is colonized hy microorganisms (Rus-
sel 1977). 

Table 4. Percent colonization of rhizosphere and rhizo-
plane of pearl millet by drug-resistant mitants and native 
Azospirillum. 

Locus and Native lDrug-resistanx mutants 

Rhizosphere 
seedling 0.20 14.24 13.26 3.7 7.85 
tillering 3.60 14.92 29.09 5.5 13.27 
flowering 3.60 14.92 27.12 43.1 22.18 
harvest 0.31 12.19 14.30 25.0 12.95 

Mean 1.92 14.06 20.94 19.32 

Rhi.-oplane 
seedling 2.7 24.2 3.7 4.3 17.05 
tillering 14.8 61.4 58.9 20.5 19.85 
flowering 17.8 44.7 40.2 10.0 23.72 
harvest 6.9 25.0 24.6 3.7 15.05 

Mean 10.55 28.82 31.85 9.62 

Table 5. The ARA of pearl millet root as influenced by 
inoculation with different Azospirillum strains. 

ARA 
(n moles CH, 

Strain g-1 root h-) 

CAMr 168.76' 

Strr 185.801 
S3 22.60 
Noninoculated control 23.35 

I. Significantly different from the control (P.<O.05). 
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Response of Sorghum and Pearl Millet Genotypes 
to A zospirillum and A zotobacter Inoculations 

C.P. Ghonsikar, R.S. Raut, and G.B. Rudrakshal 

Summary 

Sorghum and pearl millet genotypes were tested in afield trialfor their response to Azospirillum 
and Azotobacter inoculations. Azospirillum inoculationincrtasedgrainyield ofsorghum by 18% 
over the control as compared to 12% yield increase with Azotobacter. Fodder yields in sorghum 
and pearl millet reflected a significant influence of Azotobacter and Azospirillum inoculations. 
Sorghum h'brid CSH 9and pearl milletgenot.*pes MP 21 and Bangaon showed relatively better 
response to Azotobacter and Azospirillum inoculation than other genotypes. The results imply 
that nitrogen-fixing organisms like Azotobacter and Azospirillum showed an ability to enhance 
biomnass production in sorghum and pearl millet. However, it is necessary to locate specificit' of 
interaction between an isolate and host-plant species. 

Introduction 

Nitrogen supply to sorghum and pearl millet is gen-
erally a limiting tactor, particularly when they are 
grown on low-fertility soils, and the exploitation of 
rhizospheric nitrogen fixation may prove beneficial 
for crop improvement. Field experiments have 
provided limited information and there is a great 
variability in the responses to inoculations. Inocula-
tion resulted in increased yields, although such 
responses were variable depending on the N status of 
the soil and variety of the crop planted. This paper 
reports the effect of .4--otohacter and Alzospirillm 
inoculation on growth (root and shoot mass) and 
yield of sorghum and pearl millet tinder field 
conditions. 

Materials and Methods 

Sorghum cultivars CSI I, CSH 5, CSH 6, CSH 9, 
and SPV 297 were sown on a typic Vertisol field with 
pH 8.2, O.C. 0.62%, C.E.C. 42 meq 100 g-' soil and 
high moisture-retention capacity. The seeds were 

I. 	 Associate Dean, PG School, and Microbiologists, Department 
Maharashtra 431 402, India. 

inoculated either with Azotobacter chroococcumn or 
Azospirillum brasilense, and noninoculated plants 
served as acheck treatment. The crop received 40 kg 
N ha-' and 60 kg P,05 ha-' at the time of sowing. In 
another field trial, pearl millet cultivars Bangaon, BJ 
104, BK 560, and MlP 21 were planted with similar 
treatments. The crop received 25 kg N ha - 1and 50 kg 
POs ha-'. These two trials were conducted during 
the rainy season (Jun-Oct) in 6.0 m - 4.5 in plots 
organized in a factorial R1I) with three replicates. 
Root and shoot masses were measured periodically 
to assess biomass production. Root volume was 
determined by displacement of water volume in a 
measuring cylinder. Finally, grain and fodder yields 
were recorded at harvest. 

Results 
Sorghum 

Inoculation of sorghum plants with Azospirillum 
increased root mass by 29%, shoot mass by 30%, and 
root volume by 39% over the respective noninocu
lated controls. The Azotobacter inoculation in

of Microbiology, Marathwada Agricultural University, Parbhani, 

ICRISAT (International Crops Research Institute for the Semi-Arid rropics). 1986. Cereal nitrogen fixation. Proceedings of the Working 
Group Meeting, 9-12 Oct 1984, ICRISAT Center, India. Patancheru, A.P. 502324, India: ICRISAT. 
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Table I. Effect of inocI fat ion %sith..lzotobacter aittd .. o-
spirillum on the gro,th of sorghum (huring tie rains 
season. 

Days alter sowing 

Treatment 20 35 50 65 80 


.....Mean root Iass (gptant )-----
No inoculation 3.4 12.2 16.0 17.8 15.2 
A : o/ailer 
chro'co 'um 4.3 16.4 20.7 20.5 Ij.9 
.l:olitrilht 

bra.h'nse 6.4 18.5 21.7 22.9 15.3 

t
CI) ('. 0.05) 0.89 2.0 2.7 3.7 NS 

--- Ncan shoot m.ss (g plant - )----
No inoculation 32.6 111.8 165.1 167.6 156.0 

zOIoI.t oticr 
(hroccoctt 37.6 184.8 187.3i 139.3 167.8 

-I	:.tprilht 
,rasih'ntw 50.9 156.2 190.5 203.8 182.5 

C) (/I' 0.05) 7.6 15.8 12.7 23.1)10.1 

I 	 NS Not signficant. 

creased the root mass by 18(%. shoot mass by 15%, 
and root volume by 14*, over the control (Table 1). 
The observed enhancement in root and shoot mass 

of sorghum, particularly in early growth stages as a 

result of Azotohacter and -Lzosirilhim inoculation, 

may be ascribed to growth-promoting substances 

(Lakshmikumari et al. 1976, Shende et al. 1977). The 

12.2%, increase in grain yield of sorghum by Azoto-

bacter and 18.0'i increase with .4-loapirilhm inocu-

lation was, however, statistically nonsignificant. The 

mean increases infodder yield of sorghum genotypes 

due to A-otohacter (32,'j) and Azos7iriltwn (43%) 

inoculations were significantly greater than non-

inoculated sorghum plots. Apparently Azotobacter 

and Azospirilim inoculations influence biomass
 
production greatly, but it is not significantly
 
reflected in the grain yield. 

Pearl Millet 

Both the bacteria stimulated root growth signifi-
cantly and the effect of A:otobacter on root mass 
was more ttar that of Azospirillum (Table 2). The 
inoculated plants also reflected higher root volume 
than noninoculated plants. The inoculated plants 
produced nearly 14% higher shoot mass than non-
inoculated checks. The benefits from such microor-
ganisms may be viewed as effects of plant growth 
substances (Mishustin and Shilinikova 1969), in 
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Table 2. Effect of inoculation ",ith Azotohacter and Azo
spirillum on the grovvth of pearl millet, Parbhani, rains 
season.
 

)ays after sowing 

Treatment 20 35 50 65 80 

------ mass (g plant 1) -..Wan root 
No inoculation 
A :oobac 'er 
chroccoccum 

A :ospirilhm 

hrasih,n.w 

2.1 5.5 

3.2 7.9 

3.3 6.6 

6.5 

8.8 

8.1 

5.1 4.6 

8.5 8.01 

7.8 6.18 

CD (P.i'0.05) 0.6 0.83 1.72 0.99 0.91 

----	 ....
Mean shoot mass (g plant-'
No inoculation 22.3 72.7 89.4 67.6 59.6 
A oiohia 'ir 
chroccoccutm 31.6 94.4 103.4 86.8 79.7 

A :ospirilhln 
brasilense 32.4 88.0 97.8 78.9 67.6 

C) (P<0.05) 8.6 9.0 10.4 NS' 9.4 

I. NS z Not significant. 

addition to their known nitrogen-fixing ability. Azo
tohacter inoculation in general produced 0.23 tha-' 
additional grain over its noninoculated check, while 
Azospirilhn gave 0.14 tha-1additional grain. This 
advantage however, was not statistically significant. 
Azoto/weter inoculation increased fodder yield of 
pearl millet significantly and its effect was better 
than that of Atzo.Virilltm1. 

This report has shown positive effects of -I:oto
bacter and A-zos/irilhm inoculations to sorghum 
and pearl millet. It may be necessary to identify 
specificity between an isolate and host-plant species 
to realize the potential of rhizospheric nitrogen fix
ers for increasing crop yields. 
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Research on Cereal Nitrogen Fixation at ICRISAT 

S.P. Wanil 

Summary 

The acetylene-reduction assay'for nitrogenase activit, has shown that the roots ofsorghum and 
pearl millet stimulate N2fixation. A soil-core assay usedfor measuring nitrogenase activity of 
field-grown plants sho wed large plant-to-plant variability. An improved coreassay (plantedcore 
assay) developed at ICRISA T Center showed higher activity than that recorded by regular core 
assay. In greenhouse assay methods plants with shoots sustained higher activity than the ones 
whose tops were cut bfore the assai. Nitrogenase activity varied throughout the daY, as well as 
over the season. Activity itasmaximum at the lateflowering or earls' grain-filling stage and it was 
related to the ontogenetic development of the plant. Activit, was favored in moist, warmn (ca 
350 C) soil and decreased with high levels offertilizer N. 

Genot'ypic variation in sorghum and pearl millet linesfor stimulating rhizospheric nitrogenase 
activity was observed. Out of 284 pearl millet lines tested, 18 lines stimulated high nitrogenase
activit' (> 460 nmol Ct 4 h-I 15 cm diam core-i) in the rhizosphere. Two lines, Gain 73 and J 
1407, iwere consistently active over several seasons. Sinilarlv, 28 of 334 sorghum Iknes tested had 
high nitrogenase activitY (>460 nmnol C2H4 h-1 15 cm diam core-]).

At ICRISA T Center, pot-culture expe.-iments with sorghutn and pearl millet grown in a 
low-fertility Alfisol, or in unsterilized waslied vermiculite, showed substantial positive balances 
for N. Long-tetm N balance 3tudies in the field vith sorghum and pearl millet cultivars are 
continuing. 

Using I3N 2 it has been shown that 20-da vs-old sorghuin seedlingsfix N2 in the rhizosphere, and 
part of it is take; up b, the plant within 3 daysafter exposure. The 1N isotope dilution technique 
has been evaluated for studying genotypic variation in sorghum and pearl millet cultivarsfor N2 
fixation. 

Manj, different kinds ofbacteria closely associated with the roots ofsorghum and pearl millet 
plants show nitrogenase activity. Responses to inoculation in terms of int eased dry-matter
production and N uptake have been observed inpot experiments vith sorghum and pearl millet 
grown in Alfisols and vermiculite. In five out of nine field trials with pearl millet cultivars, 
inoculations with N2-fixingbacteria significantly increased the erainand plant dry-matter yields 
in all the cultivars. 

Introduction Both cereals respond to inputs of N, yet almost all 
the production is without the use of fertilizer. The 

The semi-arid tropics (SAT) produce 60% of the soil fertility with respect to N depends on the rate of 
world's sorghum, and 95% of the world's millets, biological turnover of nitrogen and the amounts of 
from a total cropped area of about 70 million ha. nitrogen added to soil through fertilizer, manure, 

I. Microbiologist, Pearl Millet Improvement Program, ICRISAT. Patancheru, A.P. 502 324, India. 

ICRISAT (International Crops Research Institute for the Semi-Arid Tropics). 1986. Cereal nitrogen fixation. Proceedings of the Working
Group Meeting, 9-12 Oct 1984, ICRISAT Center, India. Patancheru, A.P. 502324, India: ICRISAT. 
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and biological nitrogen fixation, contained between 13 and 50% of the total activity of 
The overall objectives of the ICRISAT research the plant depending on its age (Rao and Dart 1981). 

program that concentrates on biological N, fixation 
associated with sorghum and millet are Time of sampling. This significantly affected 

nitrogenase activity of field-grown pearl millethybrid NH B 3. Nitrogenase activity increased fromgauge its importance in relation to other N inputs 0915 to 1815 h during the photoperiod and then
that sustain cereal crop production in the SAT. 01 o11 uigtepooeidadtedeclined during the night until 0715 h the next morn

2. 	To ek ways of enhancing this activity by ing. The activity changed little between 0915 and 
genetic, agronomic, or microbiological methods. 1500 h. However, significantly higher nitrogenase 

activity was recorded for the plants sampled between
Development of Acetylene Reduction 1715 and 2115 h than at 1115 h.
Assay (ARA) for MeasuringAssa A MeasurinSoil moisture. The effect of soil moisture onNitrogenase Activity 	 nitrogenase activity was studied in two ways: (I) by 

Central to our research is the development of suit- using tht: line-source irrigation system and (2) by
able assay techniques to measure nitrogenase adding water to cores just before assay. Both 
activ ity, methods gave significa nt correlations between soil 

A soil-core assay method has been standardized moisture and nitrogenase activity. 
for mcasuring acetylene-reduction activity (ARA) Obviously. it is necessary to control as many of the 
itssociatcd withIificld-grown plants. Soil cores con- above variables as possible ifan assay of field-grown 
tainig plant roots are taken in metal cylinders (15 plants is to work. 
cm diameter. 22 cm length) with its little soil distur- The activity recorded with the improved soil-core 
bance as possible, and incubated in sealed 6 I. plastic assay technique was significantly higher than that 
.cssels under an atmosphere of ca 151,' acetylene in recorded with the regular soil-core assay technique. 
air (Vig. I ). (ias samples are taken after I and 6 h atld Nitrogenase activity of field-grown pearl millet 
later analyied for ethylene production by gas chro- hybrid NH1B 3 estimated by both the assay methods 
mat ography. T lie activity of suLCh cores is usually indicated that activities of most of the plants esti
linear with little or no lag period prior to tle onset of mated by the regular core assay ranged from 0 to 20 
nitrogenase activity. With this assay technique, we nnmol CJ-14 plant-' h compared with 100-250 nmol -

encountered large plant-to-plant variability in C.-14 plant - ' I-', for the improved planted-core 
nitrogenase activity. We have studied the factors assay. Mean activity recorded for planted cores was 
responsible for such plant-to-plant variability and 167 nmol C,H 4 plant-' h-, significantly higher than 
modified our techniques accordingly. the regular core activity of 18 nmol CH 4 plant-' h-1. 

As plants aged, activity of the regular cores declined 
Mechanical disturbance. The cores sampled and more than that of planted cores (Wani et al. 1983). 
transported with precautions had three-fold greater Similar results were obtained with sorghum lines as
 
activity than tile cores sampled and transported shown in Table I (ICRISAT 1983).
 
normally. 
 Because soil-core assays are time consuming and 

somewhat variable, we have developed alternative 
'rime lag between severing the plant tops and inject- assay systems -- one where seedlings are grown in 
ing C2 1 2 . The highest activity was recorded when test tubes, and another where plants are grown in 
the time lag was least, i.e., at 0.5 Ti.An increase in the pots. 
time taken to inject the C2H, significantly reduced The test tube culture technique has been devel
thle activity recorded, with a significant negative oped mainly to test the effect of host genotype and 
correlation (r = --0.421, PK0.01). bacterial culture on nitrogenase activity. Plants are 

grown in 25 mm x 200 mm tubes, with a small tube 
Temperature. Most activity was recorded when attached to the side near the bottom. The tubes are 
the soil cores were incubated at 35'C (Wani et al. filled with 20-25 mL of growth medium, soil, sand, 
1983). sand: FYM, vermiculite, or nitrogen-free agar, 

ccvered and painted to keep light from the root 
Core size. The activity varied from field to field medium. Plants are grown inside the tube, which is 
and the cores taken over the crown of the plant plugged with cotton wool until the assay, then with a 
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Table 1. Nitrogenase activity (nmoles C2H4 plant-' h-1)of 

sorghum cultivars as estimated by regular-core and plant-
ed-core assay methods at ICRISAT Center.' 

Regular-core Planted-core
Cultivar assay assay 
IS 1057 24 2101 

IS 2207 
 41 253 

IS 9180 
 33 295
IS 2638 	 33 316IS 2391 38 682
IS 3951 37 448
IS 3949 30 267 
CSV 5 61 335 
Soil 20 119 

Mean 35 b 535 c 
I. 	 Average of 4 replicated cores. Log transformation (of nmoles 

CJt-) used to analyie data. Figures appended with letters 
vary significantly (P<0.05) from each other, 

rubber Suba seal; the side tube is also closed with a 
Suba seal. Acetylene gas, equivalent to 15% of the 
free volume in the tube, is injected through the bot-
tom Suba seal. 

Eleven lines of pearl millet were sown and one 
control tube without seed inoculated with a rhizo
spheric extract of field-grown millet to provide a 
mixed inoculum. Differences between cultivars in 
stimulating nitrogenase activity were apparent by 20 
days after sowing (DAS) and rankings were similar 
in different growth media. The nitrogenase activity
associated with pearl millet seedlings grown in ver-
miculite test tubes varies with the culture of orga
nisms used. At 14 DAS a maximum activity of 21nmoles CH 4 plant-t d-1 was obtained with a culture 
of Derxia sp. The variability among plants in this 
system was much less than for field-grown plants. It 
may be possible to screen pearl millet lines more 
reliably for differences in their ability to stimulate 
nitrogenase activity in such a system.

Similarly, the activity of sorghum CSH 6 seed-
lings inoculated with Azospirillum lipoferuni. A. 
brasilense, Azotobacter chroococcum, and Derxia 
spp at 8 DAS was examined. The highest activity of 
364 nmol C2H4 plant-' d-1 was obtained with plants 
inoculated with Azoiobacter chroococcum. The 
activity in the noninoculated control plants was 1.2 
nmol C2 H 4 plant-' d-1 (ICRISAT 1980). 

The above technique was further improved by 
allowing the shoots to grow outside the test tube. At 
assay time, Suba seal and silicone rubber were used 

to seal the gas phase around the root medium, with 

the shoot remaining free in the air. This method 
again permitted differences to be detected between 
pearl millet lines by 20 DAS. Likewise, maximumfield activity of nine pearl millet lines recorded withregular soil-core assays over three to six seasons and 
the activity recorded with seedlings grown in tubes 
filled with sand:farmyard manure (97:3 w/w) and 
vermiculite were positively correlated (r=0.65, 

r=0.67, P<0.05) (ICRISAT 1984).
We have also developed a nitrogenase assay

method for intact plants in pots, where only the root 
system in the pot is exposed to acetylene. Quicker
and better diffusion of C2H and several times 
greater nitrogenase activity was observed when ace
tylene was injected at the bottom of the pot than at 
the top. Intact-plant assays with sorghum and millet
showed linear rates of C2H4 production up to 16 h 
with a small lag in the beginning (Fig. 2). The time
course assays indicated the feasibility of measuring 
C2H reduction by intact sorghum and millet plants 
grown in pots. After 16 h C2H4 production increased 
slightly, suggesting that the incubation period for 
estimating ARA by intact-plant assays should be 
less than 16 h. In our assays we use 6-h incubation 
for estimating ARA. The initial lag period for C2H4production was possibly because of the time 
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required for C.H, diffusion throughout the root 
medium in the pot. 

Higher ARA was associated with the intact plants 
than with decapitated plants. Mean nitrogenase 
activity of 49-day-old plants across the 15 sorghum 
cultivars with intact shoots was 625 nmoles ClIt. 
plant - ' h-' significantly higher (P.0.05) than the 
activity with decapitated plants (247 nmoles ('.H, 
plant I h-'). There was no significant interaction 
het"ecen the assay methods and the sorghum culti-
vars. lhere was a 26-times reduction in the activity 
of these cultivars duc to decapitation of their shoots 
with 76-day-old plants as compared with 2.5 times 
reduction with 49-day-old plants. This higher acti, 
it'might he duc to a continuous supply of photosyn-
thate to the roots from the intact shoot, or the 
physiological processes of the roots might have heen 
disturbed because of decapitation. IFurther studies 
will he required (Wani ctal. 1984). 

With plants grown in sand. higher nirogenase 
acitit\ was observed \with increasing IFYM concen-
trations. Ihe increased acti\ ity may be due to better 
plant growth, with increased I-YM concentrations 
proiding more root-surface area and more root 
exudates (derived from an increased root mass) for 
coloni/ation by N,-fixing bacteria. Further experi-

lentation is required to understand the role of FYNI 
in stimulating nitrogenase activit\ associated wsith 
plants. Increased activity was recorded with the 
temperature increasing from 27C''to 33'T. Soil 
moisture had a large effect on nitrogcnase activity of 
sorghum and millet in the intact-plant assaN. 

[he intact-plant assay was tested for estimating 
nitrogenase acti\ity associated with 15 sorghum cul-
tivars, and ,,c could dilferentiate cultivars with high 
and lo\ associated activity. lhc variabilil between 
plants grown and assa.ed in pots \asi much less than 
betiscen field-grown plants IWani ctal. 1984). This 
suggested the promise of using this technique for 
screening sorghum and rriillct cultixars lor their 
potential to fixatmospheric nitrogen biologically. 
after studVing the relationship between intact-plant 
assay and field assay methods. It permits a study of 
tle activity at different growth stages of tile plant,. 
collection of selfed seed from the plants. and cross-
ing between plants that could be used for producing 
test hybrids. Maximum expressions of tile activity 
could he obtained by growin nlants in 3,'iFYM 
mixed with sand or Alfisol st by watering the 
plants to 60-70,' water-holding capacity (WHC), by 
maintaining the temperature of the plant growth 
medium at around 33°C. and by not decapitating tie 
shoot, 

Host Genetic Differences 

in Promoting N2-fixation 

)iflerent genotypes of both sorgli and pearl 
millet show differences in stimulating nitrogcnase 
activity. At ICRISAT ('enter, 135 out of the 284 
millet lines tested stimulated nitrogenase activity 
that %%as more than twice that of soil without plant 
roots. Eighteen lines stimulated high nitrogenase 
activity (-.460 nmnol (.-4 15 cm diam core-' h-1). 
lso lines, (iam 73 and .114t7. were consistently 
acti%c over several seasons {ICR ISA I 1978. 1980. 
1981; Dart and Wani 1982). large plant-to-plant 
variability in nitrogenase acliitv %as observed in 
the Ex-Bornu population, ranging from 0 to 1900 
nmol C,11, plant-' h . Work on stabiliing the char

acter of high an]d lo\ nitrogcnase activity in this 
population is under way to study the inheritance of 
this trait (ICRISAT 1984). 

In sorghum. 28 out of 334 ficld-gro\\n lines tested 
had high nitrogcnase actikity ( .460 umol ('114 15 
cm diam core-' I -') associated \with their roots. The 
active lines came Iron India (12 out of 104 tested), 
West Africa (6 of 36). Last and Central Africa (5 of 
63), South Africa (6of 29), USA (2 of 39), Ilhailand 
(I of 2), and Japan (I of 3). However, 167 lines 
stimulated nitrogcnase activity of at least 100 nmol 
(Ct1. core-I h, \hich \was more than twice the mean 
activity of soil cores \ithout plant roots (range 0-40 
umnol C,114 core' I i-). Ilteen lines have been con
sistently active in three or more seasons, though they 
arc not consistently active on each assay occasion 
during the season (ICR ISAF 1978, Dart and Wan+ 
1982). 

Several lines of minor millets including E:'l.sin'e 
coru lan. Paniutm sp. .mia ',cm,ant i Siarw 
italia have been screened tor nitrogenase activity. 
[lie proportion of active lines inminor millets was 
more than that with pearl millet lines (ICRISAF 
1979, 1980). Several tropical grasses belonging to the 
genera Brachiaria. ('1cnhul, ('n/ho('hlori.,. 
pogn, IicaI/hitum, l:ii'hlen'a.PIaicurm, lenni.ec
tn, Sctar:a, ind .Yotrhwnh hiavc beeni gro\n 
without addition of any nitrogen fcrtili/cr over 7 
years in an obsersation plot. Ihirt\-four out of 48 
entries were very active instimulating N .-fixation, as 
observed from the data obtained Ironi soil-core 
assays with these grasses. Somc of the entries, e.g., 
Plrfniselntf ftur/turetln and a cross het,,cen A. aIyr-
Iturewm and P. anericatum (Napier bajra), had 
remarkably high nitrogenase actj ity., reaching as 

-much as 300 g N hia' d-i (ICRISAT 1978). 
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Measurement 	of N2-fixation 

Use of '5N techniques 

15N 2 Incorporation. In the "5N, incorporation tech-
nique a plant enclosed in a container is exposed to 
"5N2, and after incubation, plant tissues are exam-
ined for above-normal concentrations of the heavy 
isotope. Sorghum CSH 5 seedlingsgrown in tubes in 
sand: FYM (97:3 w/w) mixture usingan intact-tube 
assay system were exposed to O-N2, by exchanging 
the gas in the root medium in the test tubes by water 
displacement (ICRISAT 1983). The oxygen content 
of the root zone was monitored and maintained at 
20%. After exposing 20-day-old seedlings to labelled 
"5N, in this fashion for 3 da , "N1 was detected in the 
growth medium (0.005 "5N atom %excess). Seven 
days after the labelled gas was removed, the "5N 
atom %excess in the plants had increased considera-
bly with 0.029 "IN atom % excess in the roots and 
0.019 "5N atom % excess in shoots (ICRISAT 1983). 
Variation in "IN due to differences in both natural 
abundance and analytical errors can account for at 
the most ± 0.010 atom % "5N excess (Bergersen 
1970). 

An apparatus has been developed to introd uce gas 
mixture into the root-growth chamber by purging 
with CO, followed by absorption of the CO, with 
soda lime (Giller et al. 1984) as suggested by Witty 
and Day (1978), thus avoiding flooding the root 
zone with water to transfer the gas used in the pre-
vious experiment. Using this device 24-day-old 
sorghum seedlings were exposed to "5N,. The results 
clearly demonstrated that (I) detectable amounts of 
"5N2 were fixed in the rhizosphere of sorghum seed-

lings and that (2)fixed "IN was incorporated into the 
plant roots and shoots within 3 days of initial expo
sure to the gas (Table 2). After a further week of 
growth the incorporation of "5N in the roots and in 
the shoots had almost doubled. The actual amount 
of "5N, fixed during the exposure period and the 
amount which was incorporated into the plant roots 
and shoots can be estimated by converting the 
results into ug N fixed, using the following formula: 

N fixed (jug) 

Total plant N (,ig) 	 x 'N atom % excess in plant 
"N atom % excess in gas phase 

'IN dilution. The isotope dilution principle has 
been used in pot experiments for differentiating lines 
of sorghum and millet for their potential to fix 
atmospheric nitrogen. Six lines each ofsorghum and 
millet were grown in pots in a washed vermiculite
:sand mixture (1:1 w/w) and watered with 10 ppm N 
solution with 10 15N atom %excess daily as required. 
The percentage of N. fixed by an individual line was 
calculated by comparing it to the line showing the 
highest "5N atom % content as control (ICRISAT 
1984, Giller et al. 1986). Sorghum line IS 801 derived 
27%, and millet line D 180 17%, oftotal plant N from 
BNF, in comparison with low nitrogenase stimulat
ing sorghum line IS 3003 and pearl millet ICH 107. 
However, in these experiments considerable dilution 
of added "5N was observed in all the lines in compari
son with the "5N content of the solution added, 
suggesting that a source of '4 N other than fixation 
may be present in the system (seed or vermiculite). It 
was noted that 1

4N released from vermiculite diluted 

Table 2. 15N incorporated into 21-day-old sorghum CSH 5 plants after exposure of root systems to 1sN2 ' for 72 h. 
Plant age 
at harvest Dry mass 
(days) (mg plant-') 

24 
Shoot 264 ± 7.2' 
Root 246 ± 17.4 
Total 510 ± 19.1 

33 
Shoot 400 ± 13.4 
Root 673 ±56.5 
Total 1073 ±62.7 

I. Mean enrichment 40.3 atom % "N excess. 

Fixed N2 

Total N 
(mg plant-') 

Atom% "N 
excess 

incorporated 
(pg plant-') 

7.0 ±0.28 0.056 ±0.006 10 ± 1.2 
4.2 ± 0.26 0.056 ±0.003 6 ± 0.5 

11.2 ± 0.33 16 ± 1.5 

5.9 ±0.54 0.102 ±0.022 16 ± 4.7 
5.8 ±0.52 0.073 ±0.016 II ± 3.2 

11.7 ±0.96 27 ± 7.9 

2. Calculated as total N atom % 15Nexcess in the plant divided by atom % "5N excess in gas.
3. Values are means of five and four replicat-s for the 24- and 33-day harvests, respectively, ± S.E. 
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15N added. Therefore, the comparison was made to 
the line with the highest 15N content. In such experi-
ments extra care has to be taken to prevent the 
systems getting contaminated with 14N from other 
sources such as water or the growth medium. An 
alternative approach is to use uniformly 1"N labelled 
soil in pots for growing lines to screen for their 
potential to fix atmospheric nitrogen (ICRISAT 
1983). 

Nitrogen-balance Studies 

Another aspect of our work deals with measurement 
of N, fixation associated with sorghum, millet, and 
related species, and transferred to the crop. We are 
approaching this by experiments using "N enrich-
ment, by nitrogen-balance experiments in pot cul-
ture, and by the much more difficult, long-term field 
experiments. 

Pot Experiments 

We have concentrated so far on establishing nitro-
gen balances associated with sorghum, millet, and 
Napier bajra (Penni.wtum purluretin p. america-
,tum) grown in pot culture in vermiculite media with 
and without added N fertilizer, and in soil low in 
nitrogen. These experiments have established that 
there is asmall but measurable N- ixation by bacte-
ria associated with the roots of these plants, which is 
taken up bythe plant during the growing season, and 
some of which also remains in the rooting medium. 

In one experiment sorghum was grown to matur-
ity without fertilizer N in washed vermiculite. The 

plants were ratooned twice and grain harx ests taken, 
with total dry-matter production of 195 g pot - ' of 10 
plants originally sown. In another experiment with 
sorghum grown in vermiculite ior 49 days, the N 
balance showed a considerable increase in N in 
planted but not in unplanted pots (Dart and Wani 
1982, ICRISA[ 1980). The positive N balance 
across all inoculation treatments was 269 mg pot-' of 
five plants when no fertilizer N was applied, and 124 
mg pot-' when 53 mg N pot-' was applied. A sub
stantial proportion of this N was gained by the rootmedium (33% of' the total N balance for zero-N 
treatment), although this may result from fine roots 
missed from the root sample. 

In another pot experiment with sorghum CSH 5 
grown in an unsterilized Alfisol with three different 
levels of added nitrogen, a considerable balance for 
N due to inoculation over the control was observed 
(Table 3). A meanmaximum balance across the 
nitrogen levels for N over unplanted treatment of 
331 mg pot - ' was observed in case of inoculation 
with A. li)ol'ii, (ICM 1001). Addition of 20 kg N
ha-1 equivalent resulted in higher balance for N 
across the inoculation treatments compared to no N

addition and 
 addition of 40 kg N ha-' equivalent 
(ICRISAT 1984). 

Pearl millet grown in vermiculite in pots also 
attained a positive N balance of 109 mg pot - ' con
taining five plants without added N fertilizer. There 
was apositive N balance of"96 mg pot-' with nitrogen 
added equivalent to 20 kg N ha-' (Dart and Wani 
1982). Similarly, in a pot trial with millet BJ 104 
grown in an unsterilized Alfisol there was a signifi
cantly higher positive nitrogen balance (over 
unplanted treatments) due to inoculation with N2-
fixing bacteria over the noninoculated control. A 

Table 3. Nitrogen balance with sorghum CSI! 5 inoculated with nitrogen-fixing bacteria, 

Culture 


Azospirillum lipoferurn 

Azotobacter chroococcur, 

Napier bajra root extract (NBRE) 

Control
 
(noninoculated) 


SE t 


CV % 


Nitrogen in Net 
Total dry total dry nitrogenGrain mass matter matter balance(gpot') (g pot-') (mg pot-) (mg pot-) 

13.9 79.9 307 331
12.1 75.4 259 226
14.9 79.9 270 150 

11.6 66.9 223 113 
0.64 2.52 8.7 56.5 

16.8 11.6 11.8 95 
t. Plants were grown in the greenhouse in pots containing nonsterili.ed Alfisol. Along with inoculation with bacteria, three nitrogen levels

(0, 20. and 40 kg N ha-') were used and each treatment was replicated four times. 
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positive ni:rogen balance of 322 mg pot- I over an 
unplanted control was recorded in a treatment inoc-
ulated with Azospirillum Iipnohf'rumn across the nitro-
gen levels. A maximum N balance of 240 mg pot-' 
was observed across the inoculation treatments that 
received 20 kg N ha-' equivalent. Addition of"40 kg 
N ha-' reduced the balance significantly (ICRISAT 
1984). These findings indicated that addition of nit-
rogen at lower rates enhanced N, fixation that 
resulted in higher positive balance, and higher rates 
of N application inhibited N, fixation. 

Cuttings of the Napier bajra hybrid NB 21 were 
grown in vermiculite and an Alfisol. The cuttings 
grew without added N fertilizer to about 150 cm in 
72 days before being ratooned. At final harvest at 
194 days, the extra N accumulated in the soil 
amounted to 216 mig N pot-' for asingle plant with-
out added N with total positive balance of539 mg N, 
and 368 mg N plant-' with 20 kg ha-' added N with 
the total positive balance of 657 mg N. For the 
vermiculite rooting medium, N accumulation with 
zero N treatment was 167 mg N in the medium and 
361 mg N positive overall balance (Dart and Wani 
1982). 

Field Experiments 

A long-term field experiment was started in 1978 in 
collaboration with the Soil Chemistry and Fertility 
subprogram to measure the N balance in sorghum 
production in an Alfisol under rainfed conditions. 
The same eight cultivars with either high nitrogenase 
activity or high N uptake under low fertility, are 
grown each year on the same plots. Fertilizer N is 
added at the rate of 0,20, and 40 kg ha-'. Mean 
initial N content of the top 0-15 cm of the soil 
without fertilizer N was 0.040' N, 0.056% in the 
15-30 cm zone, and 0.053(:( at 30-90 cm. All above-
ground plant material is removed at harvest. There 
were significant differences between the cultivars in 
grain yield and N uptake from the second season 
onwards. During the 6th year of this experiment 
(rainy season 1983), cultivars also varied signifi-
cantly across the N levels in total dry-matter produc-
tion. During the 7th year of the experiment (rainy 
season 1984), a uniform crop of pearl millet was 
grown. The total dry-matter yield of pearl millet on 
plots where cultivars CSH 5and IS2333 were grown 
previously was at par across the nitrogen levels, 

The cumulative nitrogen uptake through above-
ground plant parts from 1978 to 1983 (except 1981) 
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indicated that highest nitrogen uptake amongst the 
sorghum cultivars across the applied nitrogen levels 
was in the case of CS H 5 (230 kg ha-') and the lowest 
was in the case of IS 2333 (180 kg ha-') (ICRISAT 
1985). These results suggest that sorghum cultivars 
do vary for their N2-fixing ability. However, we will 
have a clearer picture of this when soil-N changes 
over the first years of the experiment are measured. 
Samples are currently being processed. Leaching 
losses and inputs of N through rainfall are likely to 
be small. 

In another long-term N-balance trial at ICRISAT 
Center, several tropical grasses are grown for 7years 
without adding any fertilizer N. The crop receives40 
kg P205 ha-' a-' and is irrigated during the dry 
season. The maximum dry-matter production has 
been obtained with the Napier bajra hybrid NB 21 
where an equivalent of 370 t ha-' dry matter, con
taining an equivalent of 2752 kg N have been har
vested in 7 years (Table 4). A preliminary soil 
sampling up to a depth of 90 cm after 5.5 years 
showed no difference in N content of the soil from 
the plots where NB 21 was grown and where the low 
dry-matter-producing entry was grown. These 
results suggest that entries like NB 21 are deriving 
some of their requirement of N through BNF in 
addition to the soil-N pool. Thorough soil sampling
in these plots will allow computation of the exact 
amounts of N fixed by these entries over the years. 

Contribution to N Balance 

by Blue-green Algae 

Crusts of blue-green algae develop on the soil sur
face of many cropped fields during the rainy season 
and after irrigation (Dart and Wani 1982, ICRISAT 
1983). The predominant heterocystous algae, seen 
forming mats on fields at ICRISAT Center, were 
two Anabaena species and Nosiocnuscorutn. Other 
Nostoc species as well as algae belonging to the 
genera Calothrix,Aphanothece,Micros'rstis,Lnrng
hra,and Oscillatoria were also observed (ICRISAT 
1983). On Alfisols, the growth and N,-fixing activity 
of those algae under sorghum and millet was gener
ally low, but under tropical grasses such as Pennise
turn purpuretum, the mats may be very active, 
depending on the wetness of the soil surface, and the 
extent of the plant canopy. Activity decreases 
rapidly as the soil surface dries out, virtually ceasing 
3daysafterwettingofthesoilsurfaceiftheradiation 
levels are high. Nitrogenase activity of these algal 



Table 4. Dry-matter production and nitrogen uptake by forage grass spp in long-term nitrogen-balance trial.' 

Grass 

Penntimwtw ainriam,, 

A. pIrrn JVM-2 
P. squainlattm 
Cenchr% ciliaris 
Panicum mia.xionnm 
S'wara actpel 
Penni.se'tnn me:initsni 
Chloris gavana 
Panicum antirtah, 
Pennisezuo ruel'lii 

Age 
(years) 

)ry matter 
cumulative 

(t ha-'t 

Production 
per day 
(kg ha-') 

Nitrogen 
cumulative 
(kg ha-') 

Uptake 
per day 

(kg ha-') 
P Irlur,wn NB 21 6.94 370.7 146.3 2752 1.09 

6.94 
6.94 

211.0 
165.5 

83.3 
65.3 

1760 
1189 

0.69 
0.47 

6.94 164.3 64.9 1235 0.49 
6.00 152.0 69.0 1080 0.49 
6.94 119.0 47.0 836 0.33 
6.94 98.9 39.0 617 0.24 
6.31 96.3 41.8 706.6 0.31 
6.5 43.0 18.1 318 0.13 
6.5 41.7 17.6 312 0.13 

I. Estimated from 6m: net harvest area. hareted 19 times. crop isirrigated during the dry season and 40 kg PO, ha-' isadded every year. 

mats when extrapolated to a surface-area basis 
-ranged from 24 to 119 mg N fixed m-d '. compared 

with only 0.5 to 1.6 mg N m-2 d-' for surface soil 
without visible algal growth. The algal mat covered 
up to 29% of the soil surface (Dart and Wani 1982), 
at which level this extrapolates to an upper estimate 
of fixation of 28 kg N ha-' a-', assuming 80 days at 
the above level of activity for an irrigated perennial 
grass crop. 

Factors Affecting Associative 

N2 Fixation 


Nitrogen fixation associated with sorghum and 
millet is affected by plant genotype, root exudates, 
seasonal and diurnal variation, soil type, soil mois-
ture, temperature, levels of combined nitrogen, and 
organic carbon in the soil. Some of these factors 
have been discussed under various assay techniques 
and only those not discussed earlier are described 
below, 

Root Exudates 

Qualitative differences in the soluble exudates of 
seedlings of different sorghum genotypes were dem-
onstrated by variation in growth and nitrogenase 
activity of agiven bacterial culture in semisolid syn
thetic media containing root exudates as the sole 
carbon source. Only the azospirilla cultures grew
well; the other organisms tested grew poorly, with 
little nitrogenase activity. No correlation was 

observed between the amount of exudate and root 
and/or shoot growth of seedlings grown in axenic 
liquid culture, and the ranking of the cultivars inocu
lated with A. iPo.?ferum for nitrogenase activity did 
not correlate with the amounts of soluble exudate 
measured. Similarly, this ranking also differed from 
that for growth and activity of .4. li~oferwm in syn
thetic media (ICRISAT 1984). 

Combined Nitrogen 

The presence of combined N affects the enzyme 

nitrogenase. With sorghum plants grown in tubes 

filled with washed sand, nitrogenase activity was 
drastically reduced when the plants were fed with 
above 15 ppm N in solution (ICRISAT 1984). 
Nitrogenase activity of sorghum plants in the field 
was stimulated due to addition of 20 kg N ha-i over 
the no-N addition treatment, but 40 kg N ha-' 
reduced the activity. With millet BJ 104 plants 
grown in pots filled with Alfisol, mean nitrogenase 
activity throughout the growth period was signifi
cantly higher when the plants were watered with 10 
and 25 ppm N in solution daily, than with the plants
which received no nitrogen and also at 100 ppm N 
solution daily. Application of a basal dose of 20, 40.
and 80kgN ha-I equivalentdid not affect the activity 
significantly. 

Nitrogen-fixing Bacteria 

The marked differences in nitrogenase activity of 
sorghum and millet between fields may be partly due 
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to differences in their microbial populations, sug-
gesting that it may be possible to obtain responses to 
inoculation with bacteria. We compared different 
methods ofestimating bacterial populations and iso-
lating N,-fixing bacteria from root or soil samples. 
The N-free media that contained sucrose and malate 
as the carbon source were used to compare three 
methods of isolating and quantifying the bacteria. 
Counts of presumptive nitrogen fixers (4.5 x 108 in 
sucrose and 2.5 x0,, in malate media g-1 of root) 
were higher under the dilution plate count method 
than counts estimated by most probable number 
(MPN) method in semisolid media (5 x 10 in sucrose 
and 5 ,, 10 g-1 root in malate medium), and higher 
than axenic plant tubes (5 101 g-1 root). Recovery 
of nitrogenase-positive bacterial isolates was 43(i 

-higher with sucrose and 30%' higher with malate by 
the M PN method. Recovery of nitrogenase-positivc 
bacterial isolates from M PN with axenic plants was 
37'%using malate medium (Table 5; ICR ISAT 
1984). 

In the plant enrichment culture technique for iso-
lating N, fixers, sterile seedlings of sorghum or millet 
are grown on a carbon and N-free medium in test 
tubes, and inoculated with adilution series of the soil 
or culture under test. Most probable number esti-
mates of N,-fixing bacteria are made from the ARA 

Table 5. Estimation and isolation of nitrogen-fixing bac-
teria from root samples by different methods.) 

Number of 

Method 
Total 
counts 

isolates 
Total Active 

Dilution and plating 
Sucrose medium 4.5 10 0 
Malate medium 

MPN in semisolid medium 
2.5 l,10 10 0 

Sucrose 
Malate 

MPN with plants 
Isolations on 
Sucrose medium 

5  105 
5 " 10, 
5 103 

7 
10 

4 

3 
3 

0 

Malate medium 
5 
8 
6 

0 
3 
I 

1. 	 Roots of active Ex-Bornu plants were macerated and serial 
dilutions were used for plating or inoculating semisolid medir,. 
in bottles containing 6 mL medium or Ex-Bornu plants grown 
on Fahraeu's medium. The plants were grown in 6 mi. Fah-
raeu's medium in 25 200 mm plant tubes. 

of these tubes, and from direct plating of the highest 
positive dilutions. A second or third selection from 
this population can be made by again going through 
the process of dilution and reinoculation of sterile 
seedlings. With this technique, with the increasing 
enrichment during each generation, the number of 
colony types decreased and the proportion of 
nitrogenase-positive bacteria increased. 

Largc populations of bacteria capable of growing 
in 	 air on N-free media exist in soil. Use of' the 
acetylene-reduction assay indicated nitrogenase 
activity for about 60('( of these presumptive N, fix
ers. Ihc number of colony types and the population 
sizes depcndcd on the selection oftnedia and varied 
with the carbon source. About four times its many 
bacteria grew oin a sucrose-based medium than on a 
malate-based mcdium. Adding a small amount of 
yeast extract (100 tug I. ) doubled their number on 
both the media. [he number in the top 40 cm of soil 
was about 10 times greater than that in the 40-to-60 
cm zone. There were over a million Enterobacteria
ceac g-1 soil, several species of which are known to 
fix nitrogen anaerobically. 

Stimulation of presumptive, aerobic N, fixers 
occurs in the rhizosphere of several plants. The 
number of easily recognizable types ,f bacteria from 
the root surface that grew on N-free media was 10 
times greater than the population growing in the soil 
away from the roots. A selection for particular types 
of bacteria also occurred in the root zone, resulting 
in less than half the types found in the bulk soil.
Some bacteria were found very closely bound to the 
root and perhaps even in the root tissues. After 
shaking the root with glass beads to remove surface

attached bacteria and then thoroughly sterilizing the 
root surface with I%chloromine T for I h, we recov
ered more than 400000 bacteria g-1 of fresh root 
from the root macerate (Dart and Wani 1982). 

A survey of 200 sites in the traditional pearl millet
growing areas in northwestern India indicated that 
total population of organisms capable of growing on 
a N-free sucrose medium supplemented with 50 mg 
L-1 yeast extract (YE), ranged from 101 to 108 g-1 soil 
(Dart and Wani 1982). Nitrogenase activity was 
detected in 42% of the 3760 isolates made from the 
highest-dilution plates. Every soil contained orga
nisms which produced pellicles and reduced C2Hon 
a malate medium, with a MPN of N2 fixers varying 
from 103 to 105 g-' soil. Some of these soils did not 
contain Azospirilluni, and Enterobacteriaceae and 
Pseudomnonas were commonly isolated from the 
malate enrichment cultures. The isolates from the 
sucrose-based medium could be classified into at 
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least seven different genera of N,-fixing bacteria, 
including types which are still to be identified. Lnie-
robacter cloacae was the mast-common isolate, 
Some Pveutononas types were also nitrogenase 
positive. There were at least 10", actimonycete-like 
organisms g-' soil in every sample and of the 229 
isolates, 70 had nitrogenase activity on sucrose +YE 
medium but on subsequent purification they lost the 
activity. The isolates obtained from this study could 
be classified on colony morphology into at least 22 
different groups. However, they represent only the 
most-numerous organisms able to grow on two 
media (Dart and Wani 1982, ICRISAT 1982). 

Some of these cultures lose activity during purifi-
cation and subculturing. In laboratory studies asyn-
ergistic :flect on nitrogenase activity was found 
when two low-fixing pure cultures were mixed 
together. Cultures of lrwinia herbicolaand Entero-
bacter c'oacaeeach grew on N-free media, but were 
inactive when assayed for C,H, reduction activity.
When both cultures werc grown together, a high 
activity was measured ny CH, reduction (101 
nmoles CH 4 bijou bottle- I) (ICRISAT 1982). 
Similarly, Azotobacter chrooco'ctm in pure culture 
alone had nitrogenase activity of 50 nmoles CH 4 
bijou-i h-1, but when it was grown with Lrisinia 
herbicola the activity increased to 121 nmoles C,H 4 
bijou-' h-1 (ICRISAT 1982). 

Responses to Inoculation 

In pot-culture studies, the response of sorghum and 
millet to inoculation with N2-fixing bacteria varied 
with the growth medium and amount of N fertilizer 
added. The responses of sorghum grown in pots in 
nonsterile Alfisol, to inoculation with Azosjirillum 
lpoferum and NBRE, a mixed culture, were agrain 

yield increase of 22% and total dry matter increase of 
29%. The yield increase occurred even when the 
equivalent of 40 kg N ha-' wis added (ICRISAT 
1982). Nitrogen-balance studies indicated a positive 
N balance over the control due to inoculations 
(Table 3). In a field trial on an Alfisol with the three 
sorghum hybrids CSH I, CSH 5, and CSH 9 inocu-
lated with liquid peat culture suspension of N,-fixing
bacteria, we observed increased dry-matter produc-
tion (P<O.1) of all three hybrids inoculated with A. 
lipoferum (ICM 1001) and a NBRE culture (ICRI-
SAT 1983). 

Another field trial with three sorghum cultivars 
CSH 5, CSH 9, and SPV 351 and 10 inoculation 
treatments was conducted during the 1984 rainy 

season. Inoculation of sorghum cultivars with 
nitrogen-fixing bacteria resulted in 2-10% increase 
in grain yields across the cultivars over the noninoc
ulated control. However the increases were not sta
tistically significant. A similar trend was observed 
for total dry-matter production (ICRISAT 1985). 

During 1982-1984, nine field trials were con
ducted at ICRISAT Center and different locations 
in India to study the response of millet cultivars to 
inoculation with nitrogen-fixing bacteria. In all the 
trials inoculation increased the grain and total dry
matter yields of millet. However significant yield 
increases due to inoculation were observed in five 
trials (Table 6). The summary table indicates that up 
to 30% increase in mean yield over the control was 
observed in the test cultivars due to inoculation with 
N2-fixing bacteria. 

In all the experiments, plant dry-matter yields also 
followed trends similar to that of grain yield. Inocu
lations increased plant N uptake in all the experi
ments except where A. brasih'nse(SP 7)was used. In 
a few cases grain N content was increased due to 
inoculations. In all the trials, trends for host cultivar 
and bacterial strain interactions for grain and plant 
dry-matter yields were observed; however, signifi
cant interaction for grain and plant dry-matter 
yields was observed in one trial each only. 
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Table 6. A summary of pearl millet inoculation experiments conducted at different locations during 1982-84. 
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3. In cooperation with G.S. Jadhav, Marathwada Agricultural University, Parbhani. 
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5. In cooperation with S.D. Ugale, Mahatma Phule Agricultural University, Rahuri. 
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increase' Remarks 

6.05 For plant dry matter 
-6.5 	 significant interaction 

(P= 0.05) between cultivar 
and culture was noted. 

14.5 	 For grain Nb content, 
21.02 	 significant 

6.0 interaction between 
14.0 cultivars and 

-11.8 cultures was observed. 

5.0 
6.0 
6.0 

12.4 

5.5 
-

10.72 	 Significant 
0.7 interaction for grain 
7.6 yield between cultivars 
4.8 	 and inoculants was 

11.62 	 noted. 

25.62 
6.1 
6.1 

17.4 

18.72 
16.52 
6.1 

24.5' 
19,32 
29.52 
10.5 
30.62 
27.82 

9.4 
7.1 

13.9 
6.7 
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Discussion 

P.Tauro:
 
Cona r it
 

Considering that millets
agronomic are grown with minimumpractices, what inoculation technique
would you recommend? 

S.P.Wani: 

Seed inoculation is the best, but if we find that slurry
inoculation is superior we will have to opt for it. At 
present we are comparing various methods of 
inoculation. 

P.Tauro: 
Is anything known about the N-scavenging ability of 

different grasses? 

S.P.Wani: 

No. But with thorough soil sampling we should be in 
a position to find out the status of N source in the 
soil. 

P.Tauro:
 
Could N recovery up to 2000 kg/5yr be moredueto
 
CoudN rcr yu to 25o
scavengit~g than due to BNF? 

S.P.Wani:
 
No. As the initial soil sampling and sampling after 5
 

years have not shown N differences tothis extent, wecan infer that soil N was not the source. Removal of2000 kg N from the soil will be easily detected by
Kjeldahl analysis. 

P.Tauro: 
P T u o
Have you noticed any negative response to 

inoculation? 

a sl:Yes, in the case of inoculation with Anzospir:ilum
brasilense. 
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B.K. Konde: 
What added advantages did you observe from slurry 
inoculum over seed inoculation? 

S.P.Wani: 
By using slurry inoculation (peat culture suspended 
in water), more bacterial inoculum can be added in 
the field as compared to seed inoculation. Another 
advantage is that in drought-prone areas, this addi-
tional moisture helps in the establishment of the 
plants in the early stage. Such an effect has been 
observed at Vaijapur where there were no rains at all 
after sowing, and on the entire station only the inoc
ulation trial where liquid suspension was applied has 
come up well, whereas all other tials sown in the 
normal way resulted in patchy plant establishment, 

B.K.Konde: 
When do you inoculate the plants? 

S.P.Wani: 
Generally at the time of sowing if the trial is hand 
sown, otherwise soon after emergence, i.e., 5-6 days 
after sowing, if the trial is tractor sown. 

G. Oblisami: 

What is the cost of liquid inoculation of Azospiril-

lum to sorghum when compared to seed 

inoculation? 


S.P.Wani: 
We have not worked out the exact costs of slurry 
inoculation, but if sowing is done by a bullock
drawn implement, the cost will be about Rs. 30-40. A 
simple, inexpensive device has been developed by 
our Farm Power and Equipment scientists for this 
purpose in groundnut, and it can be used for other 
crops also. 

O.P. Rupela: 
In continuation of Dr. Tauro's questions, was the 
negative effect statistically significant? 

S.P.Wani: 
The negative effects with A. brasilense (SP 7) inocu-
lation were consistent in two trials where 4 cultivars 
were tried, and in one trial the reduction was statisti-
cally significant. 

G.S. Murthy: 
When there isno increase in the grain yield but there 
is an increase in total biomass yield, perhaps other 
nutrients such as phosphorus and zinc are becoming 
limiting factors. 

S.P.Wani: 
I don't think so. as generally basal dressings with
 
1,O.s are done in all the trials.
 

Joseph Thomas:
 
I am impressed by the painstaking experiments with
 
improved field techniques. The quantity of nitrogen
 
recovered by Napier grass works out to 465 kg ha-'.
 
Do you have any 15N data to substantiate this?
 

S.P.Wani: 
No. 

S.V. Hegde:
 
Did you have an unplanted soil system for N
balance study? What was the N gain due to planting
 
per se?
 

S.P.Wani: 
Yes, we do maintain an unplanted control in all 
N-balance trials. The N gain due to p!anting alone 
was 113 mg N pot-' sown with sorghum, and 27 mg 
N pot' sown with millet. Thes, gains are across the 3 
N levels used. 

S.V.Hegde: 
Is it appropriate scientifically to use Napier bajra 
root extract (NBRE), which is a mixture of several 
microorganisms and which could also change every 
time the culture is obtained from bajra root? Instead 
can we not isolate the organism or organisms 
responsible in pure culture and use them? 

S.P.Waii: 
I agree with you that N BRE is a complex culture and 
there will be problems in producing and maintaining 
the quality of such a complex inoculum. I don't 
think NBRE can be recommended for general use. 
We started using NBRE as a test mixture and as it 
gave positive responses we continued with it. It can
not be used unless known bacteria from NBRE 
mixed together perform equally well. We are study
ing the composition of NBRE in terms of microbial 
components and there are at least 14-15 different 
bacteria involved which should be equally good in 
performance. This will take more time and I am not 
sure whether in the near future it will be possible or 
not. Coming to the question ofmaintaining the same 
composition, we always use the starting material for 
preparing NBRE from our long-term N-balance 
trial and till now we have observed positive 
responses with NBRE prepared at different times. 
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Yield and Nitrogen Gains of Sorghum as Influenced 
by A zospirillum brasilense 

N.S. Subba Rao, K.V.B.R. Tilak, C.S. Singh, and P.V. Nair, 

Sunimarl, 

Initial f)ot ex\?riin'itson see'd inoculationof/sorlg/im (Sorghum hicolor) i'it/h A/ospirillunl 
brasilense ie/monrated with the ctiltivar CSI 5 re.Vondingicrea,.ee (hir-niatter/rodtuctin, 

better than ('Si 6. In fielh e.\pwrinmentts contthicted at nine entersin Incia 
 /r r .'ce.ssiVe 
Years, the, itean im-rease in graii .iehl (de to ilotctidaiolt overIthe nolli'oculated oiltie (no
nitrogen) was equivahnt to that obtainatble, i thet licationof/15-20 kg ,V ha 1. hi. trenl was 
also niotice i/i treatnei.s with iirea.ing e've/ f .\ al)/)/ication. 

I afi/hl e.periment, inocidationof .%orihuimre.st/ted ill increaed ,V t/ake, which ia.inore 
)ronounece/ at low e'vel/.s o'l a/ie'e/ nitrogen. In geeral,the increa.se/ , uptake hi/antseihie to 

seel inoculation with A. brasilense varive/eom 14.6 to 2i.7 kg N ha - 1. 

Growth anld P uttAk' ef sorghiii onf i non. terie, pho.Vhoru.-th/iietisoil wereimrove'db' 
soil inoculationr with the te.*i/ar-arbroeu/r l) f ,ngini'corrhi:al (I0 A (Acaulospora, Giga
spora margarita. atl Glomus fascicula' era). il combination with seed inoculation tvill A/ospi
rillum brasilense. 1/e re.Vonse. ven iJgni(tnltl iwith A. brasilense + G. margarita a1(t A. 
brasilense + G. fasciculaturn. 

Introduction 	 Dobereiner (1975) and Subba Rao et al. (1979a). 
The strains were identified as A. lerasiense accord-

The present study was conducted to (I) evaluate the ing to Tarrand et al. (1978). The nitrogen-fixing 
response of sorghum to , :oslfiril!! hrasilense abilitv of different strains wrs estimated by the. 
inoculation, alone and in combination with graded rilicro-Kjeldahl method (.Jackson 1967).
levels of fertili.,er nitrogen in pots and in field condi- Seeds of sorghum hybrids CSII 5 and CSH 6 were 
tions and (2) to find out the combined effects ofseed inoculated with a carrier-based (soil + FYM I: I)
inoculation with ,A. brasihnme and soil inoculation culture of A. bra. i/.se containing efficicnt strains,
with VAM fungi on the growth and P uptake of following the method outlined by Subba Rao et al. 
sorghum. (1979a,b). Noninoculated seeds were coated with 

sterilized (heat-killed) carrier-based culture. 
Two pot culture experiments were conductedMaterials and Methods ising 12 kg nonsterili/ed alluvial soil of pfi 7.3. 
In the first experiment, an interaction of two 

A:o.epirilluin was isolated from the roots of 18 culti- sorghum cultivars (CSH 5 and CSII 6) with three 
vated sorghum varieties grown in breeders' plots by strains of/I. hrasi/ense(Sj.S2, and Sen) singly and in
following the methods described by von Biulow and combination was studied. A basal dose of' 20 kg N 

I. 	 Project Director, Agro-.Energy (enter, Senior Microbiologist, Scientist, and PhD Student, t)ivision of Microbiology, Indian Agricultu
ral Research Institute, New Delhi 110 012, India. 

ICRISA "(International Crops Research Institute for the Semi-Arid Tropics). 1986. Cereal nitrogen fixation. I'rceedings of the Working
Group Meeting, 9-12 Oct 1984, ICRISAT Center, India. Patancheru, A.P. 502324, India: ICRISAT. 
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ha -' was applied to all the treatments. Phosphorus 
(P,0 5 ) and potassium (KO) was applied at the rate 
of 40 kg ha-1. In the second experiment, the effect of 
inoculation on CSH 6 was studied with five levels of 
fertilizer N (0, 20, 40, 60, and 80 kg ha-') applied at 
seeding. In the third experiment, the combined 
effects of seed inoculation with A. brasilenseand soil 
inoculation with different VAM fungi(Acaulospora 
sp, Gigaspora margarita,and Glomusfasciculaumn) 
were studied on sorghum cultivar CSH 5. Nitrogen 
was applied at the rate of 20 kg ha-', and potash 
(K 20) at 60 kg ha-1, at the time of seeding. In all pot 
experiments, dry matter produced by 75-day-old 
plants (preflowering stage) was determined. In all 
experiments, N was applied as urea, P,0 5 as single
superphosphate (SSP), and K20 as potassium 
chloride, 

Field experiments were conducted at different 
locations in India on a simple randomized-block 
design. The effect of seed inoculation of sorghum 
cultivar CS H 5with acarrier-based (soil: FY M-I : 1) 
culture of A. brasilense was tested at all locations. 
The inoculation effects were studied in the presence 
and absence of graded levels of N at the time of 
sowing. Phosphorus (P,0 5) and potassium (K20) 
were applied as single superphosphate and potas-
sium chloride at the rate of 40 kg ha-' each at the 
time ofsowing. Grain and straw yields at the time of 
crop maturity (120 days after sowing) were deter-
mined. At the Delhi center also, a field experiment 
was laid out on asandy-loam soil of pH 7.3. The plot 
size was 10 m2 (42.5m) and the treatments were 
replicated four times. 

Enumeration of the Azospirillum was done 20 
days after sowing in the rhizosphere-soil samples 
and roots separately, following the most-probable 
number (M PN) method as per the tables reproduced 
by Alexander (1965). 

The nitrogen content in root, shoot, and grain 
samples was determined by the modified Kjeldahl

method (Jackson 1967) and expressed as a perc .t-

tage on oven-dry basis, 


Results 

A total of 18 strains (S,-SI,) were isolated from the 
roots of different sorghum cultivars using semisolid 
malate medium. The efficiency of N2fixation among
the isolates ranged from 8 to 17 mg N g-' calcium 
malate. Maximum N2 fixation rate of 16.8 mg N g-i 
calcium malate was estimated in three cultures S3, 
Si2, and SIR grown for 72 h. 

The maximum mean yield increase was recorded 
by the culture S12, closely follov'1ed by S3+S,2, even 
though there was no significant difference between 
these two treatments. Similarly, no significant dif
ference could be noted amongthe treatmentsS 3,SIR, 
S3+SIH, Si2 +S,, and S.I+S,2+S,8, indicating that there 
was no added effect on the growth of sorghum plants 
by lising a mixed inoculum containing more than 
one isolate ofAzospirillum. The response of cultivar 
CSH 5 to Azospirillum inoculation was better than 
that of CSH 6. This type of genotypic differences 
have already been reported with lines of mai7e (von 
Bulow and Dobereiner 1975) and Digitaria 
decumbens and Panicum maximum (Smith et al. 
1978). 

The response of sorghum to N was linear up to 80 
kg N ha-' under no-inoculation treatments while 
with inoculation, yield increases were noticed only 
up to the 60 kg N ha-' level (Table 1). No differences 
could be noticed between the inoculated and non
inoculated treatments under the highest level of N 
(80 kg ha-'), suggesting the possibility of an interfer
ence with functioning of nitrogenase in the presence 
of combined N (Day et al. 1975, Weier 1980). The 
data in Table I indicate that the increased dry
matter yield obtained by the application of 20 kg N 
ha-' could also be achieved by inexpensive 
inoculation. 

Inoculations with azospirilla brought about an 
8-fold increase in its rhizospheric population (Table 
2). Similarly plant roots of inoculated plants contain 

Table 1. Dry matter (g pot-') of sorghum as affected by 
Inoculation with Azospirillum strains in combination with 
fertilizer nitrogen.' 

)Nitrogen (kg ha-

Nierogen ( ha-') 

Without
 
inoculation 135 147 158 166 173 156
 

With
 
inoculation 146 
 152 172 178 170 164' 

Mean levels 
of nitrogen 140.5 149.5 165.0 172.0 171.5 

CD (P<0.05) 12.60 

CV(%) 7.3 
I. 	 Average of four replications. 
2. 	Significantly (P<0.05) different from corresponding noninoc

ulated controls. 

5.68 
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Table 2. Numbers of Azospirillum associated with the 
rhizosphere and roots of sorghum as affected by inocula-
tion with Azospirillum strain S12. 

Rhizosphere 

N,, 1I, 
 2.8 x 103 
N, 1, 2 2.2 , 101 

Root 

N1 ,, (nonsterilized) 
 1 , 10-
N1, I, (nonsterilized) 3.5 x 102
N,, 11(sterilized) 3.5 , 105 

. N , ,,:Noninoculated control vithout fertilizrnitrogen. 

2 . N t1,: Wittout rtii er N ut inoculated with .41 lirillw l. 

17-fold higher bacterial population than the roots of 
noninoculated plants. Sterilization of the roots with 
chloramine-T for 30 min sharply decreased th, 
number of AzosIirilla, indicating that many of the 
bacteria were associated with the root tissue. That 
this decrease was of the order of a 1000-fold in 
treated plants as against a 100-fold in nontreated 
ones showed that the roots of inoculated plants har-
bored a substantial number of bacterial cells on the 
outer root tissue. 

The evidence from this study indicated that Azo-
spirillum may be favored in the rhizoplane of an 

inoculated sorghum crop. Itisadmitted that the
 
criteria for identifying the organism was not perfect
in the absence of acetylene-reduction assay (ARA) 
or fluorescence antibody (FA) techniques. But theoverall analysis of data points to the possibility of 
increasing the populations of nitrogen-fixing Azo
sIirillum in the rhizosphere as well as in the roots of 
a sorghum crop by population of selected strains. 

In multilocational trials under different agroclimatic conditions of India, the increase in yield due to 

inoculation was significant at 4 outduring the years 1979-1982 (Table 3).ofThe9 centersmean 

increase in grain yield due to seed inoculation overthe control, averaged over all trials over 4 years, 
amounted to 18.7% , alm ost equivalent to the appli

cation of 15-20 kg N ha-' as urea. Inoculation in the 
presence of'40 kg N ha-' significantly increased grain 
yield over the corresponding control at two out of 
nine centers (Coimbatore and Pantnagar). 

In a field trial at Delhi. 60 kg N ha-' + inoculition 
was found superior to all other treatments (Table4). 
Inoculation could not bring significant benefits if no 
N was applied. Stover yield in sorghum obtained 
with 20kg N ha-' application could also he achieved 
by Azospirilhwn inoculation. It was also observed 
that inoculation along with graded icvels of N 
resulted in 7.6-13.5% increase in stover yields. The 
effect was more significant (15.6%) in combination 
with 20 kg N ha- t . 

Several workers reported N gains by free-living 

Table 3. Grain yield (kg ha-') of sorghum CSH 5as affected by inoculation with Azospirillumbrasilenseand fertilizerNat 
nine locations in India. 

Location 
Noninoculated 

control 
Azospirillum 

bra.ilense 40 kg N ha -' 

40 kg N ha-' + 
A.:ospirilluin 

brasilew 
CD 

(P.0.05) 
Udaipur 
Coimbatore 
Dharwad 
Hyderabad 
Akola 

2640 
31901 
1650 
3410 
690 

3190' 
3410' 
20701 
4010 
770 

4480 
4170 
3020 
4340 
2070 

4580 
4780' 
3160 
4390 
1990 

3250 
475 
405 
875 
250 

Parbhani 
Navsari 
Indore 
Pantnagar 

880 
1670 
1470 
1950 

1150 
1830 
1660 
2400 

2510 
1960 
2450 
2430 

2180 
1860 
2180 
2810 

285 
350 
450 
375 

Mean 1920 2280 3050 3110 -

CV (%) 9.5 
I. Significant increase over corresponding noninoculated control. 
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-Tabhk 4. Grain and stover yields (kg ha 1)of sorghum, as affected by Inoculation withAzospirillumlncombination with 
fertilizer nitrogen, IARI, New Delhi. 

Paramete: Treatment 

Grain yield Without inoculation 
With inoculation 

Mean 

CD (P<0.05) 

CV (%) 

Stover yield Without inoculation 

With inoculation 

Mean 

CD (P<0.05) 

CV (%) 

Nitrogen (kg ha-') 

0 20 40 60 Mean 

3260 3920 4460 5119 410 
3400 47901 5380' 58201 4850' 

3330 4360 4920 5469 

325 1.62 

14.5 

7120 9110 10240 11460 9480 

7990 105301 113701 12340 10550' 

7550 9810 10810 11890 

961 481 

11.5 

I.Significantly different from corresponding noninoculatea treatments. 

bacteria ranging from 34-165 kg N ha-' a-' (Balten-
sperger et al. 1978). The basic questions with regard 
to the contribution of Azospirillun to the increased 
N status of inoculated plants still remain to be satis-
factorily answered. The data do indicate that N 
uptake was more in inoculated sorghum than in the 
corresponding noninoculated ones, and this effect 
was more pronounced in combination with 20 kg N 
ha-' (Table 5). 

A maximum gain of 21.7 kg N ha-1 by the plant 
was obtained by inoculation with 20 kg N ha-' over 
the corresponding noninoculated treatment. lnocu-

lation also resulted in a gain of about 15 kg N ha-' 
both under the the zero N and 60 kg N levels. 
Though the above figures repres-rnt only approxi
mate values, these rates of N2 fixation could very 
well be correlated with the N savngs noted from 
increased grain yields due to inocula:ion. 

Soil inoculation with mycorrhizal fungi increased 
the dry matter of roots, shoots, phosphorus concen
tration in plants, and phosphorus uptake by 
sorghum. Seed inoculation with A. brasilense in 
conjunction with Gigasporamargaritaor Glomus 
fasciculatum produced significantly more dry-

Table 5. Total nitrogen uptake in sorghum under different combinations ofAzosplri'lum brasilenseand fertilizer nitrogen, 
IARI, New Delhi. 

Increase in 

Treatment Nitrogen uptake (kg ha- 1) N uptake by
inoculation 

kg N ha-' A.brasilense Root Stover Grain Total (kg ha-1) 

0 N' 3.0 31.9 41.6 76.5 
0 12 3.7 40.2 47.2 91.1 14.6
 

20 N 3.8 48.5 53.3 105.6 
20 I 4.1 57.5 65.7 127.3 21.7
 
40 N 4.0 55.9 61.8 121.7 
40 i 3.8 63.1 73.8 141.7 20.0
 
60 N 4.5 69.00 73.7 147.i 
60 1 5.2 70.75 86.3 162.3 15.2
 

t. N Noninoculated. 
2. I Inoculated. 
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Table 6. Response o sorghum CSH 5 to inoculation with Azospirillum brasilense and VAM fungi. 

Total 
phosphorus Phosphorus

Shoot mass Root mass content uptakeTreatment (g plant-') (g plant-')' 

Noninoculated control (no VAM and 
no A. brasilense) 

A. brasilense 

Acaulospora sp 

Gigaspornmargarita 

Glomus lasciculatuni 

Acaulospora + A. brasilense 

G. margarita + A. brasilense 

G.fasciculatumn + A. brasiense 


A zospirillurn brasilense 
VAM fungi 
A.brasilense - VAM fungi interaction 

I. Average ol six replicated pots; each Pot had four plants. 
2. Significant increase over corresponding control. 
3. NS = Not significant. 

matter content of roots, shoots, P content ofshoots, 
and P uptake of sorghum than the nonmycorrhizal 
treatments (Table 6). 

Azospirillum inoculation has been shown to 
increase the root biomass (Dewan and Subba Rao 
1979) and therefore, the significant increase in dry-
matter production and root biomass by a combina-
tion of seed inoculation with A. brasilense and soil 
inoculation with Gigaspora margarila and/or Glo-
mus fasciculotum could be attributed to an increased 
P trarnsport by the inycorrhizal fungus aided by an 
increased root biomass (Table 6). 
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Discussion 

G. Oblisami: 

What isthe load of VAM-fungal inoculant to the soil 

inoculation for sorghum? 


K.V.B.R. Tilak: 

50 g of inoculum 


Joseph Thomas: 
The data of Dr Tilak showing consistent increase in 
root mass on Azospirillum inoculation are signifi
cant. This is similar to a mycorrhyzal effect leading 
to enhanced uptake ofnutrients. That this isreally so 
can be demonstrated by appropriate work at centers 
like IARI and ICRISAT. 

K.V.B.R. Tilak:
 
VAM is known to increase other nutrients like Zn,
 
Fe, Cu, etc., apart from Phosphorus. So it needs to
 
be examined.
 

S.P. Wani: 
In your data you refer to N balance, which is not 
correct. It isincreased N uptake and not the N gain 
or N balance. 

K.V.B.R. TilAk: 
Yes, this may be considered as N uptake. 

P.V. Rai: 
What was the inoculation method followed in the 
dual inoculum of Azospirillum brasilense and 
VAM? 

K.V.B.R. Tilak: 
Seed inoculation of A. brasilense and VAM was 
mixed with soil prior to sowing. 

B.K. Konde:
 
Did you inoculate Azospirillui and VAM at the
 
same time? 

K.V.B.R. Tilak:
 
Yes, at the time of sowing.
 

H.L.S. Tandon: 

Why is there so much emphasis on studying N bal
ance or N gain by total N analysis of the soil when 
the N changes are extremely small as compared to 
total N present in soil, and it would be very difficult 
to separate real gains from analytical errors or 
variability? 

K.V.B.R. TEiak: 

We have not given much emphasis on soil N. But soil 
N content is to be taken into consideration whilecalculating the benefits of total N status due to inoc

ulation with the N2 fixer. 
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Azotobacter Inoculation: Nitrogen Economy 
and Response of Sorghum CSH 1 

S.T. Shende', G.B. Rudraksha2, Rajani Aptel, and R.S. Raut2 

Summary 

Field trials conducted during the 1979, 1980, ard 1981 rainv seasons with sorghum CSH I 
revealedthat inoculationwith Azotobacter chroococcum (M4), increasedgrainandfodderyields 
substantiallyand consistently. The inoculationeffect was more at lower N-fertilizer levels and 
decreasedgraduall with increaseddoses ofN-fertilizer. But atall levels ofnitrogenapplication, 
e.g., 30, 60, and 90 kg N ha-i, inoculationwith Azotobacter showed acomplementary effect and 
appearedto reveal a saving of 30 kg N ha-'. 

Introduction 

Inconsistent results with Azotobacterchroococcum, 
particularly in agronomical experiments, have been 
attributed to the low population of the organism 
both in soil and crop rhizosphere (Mishustin and 
Shilnikova 1969, Brown 1974). However, there ae 
reports that inoculation with free-living nitrogen-
fixing bacteria enhanced crop yields, including that 
of cereals (Meshram and Shende 1982, Shende and 
Apte 1982, Subba Rao et al. 1982, Wani et al. 1985). 

This paper reports the results of field trials con-
ducted with sorghum under agroclimatic conditions 
for three consecutive rainy seasons at Parbhani in 
Maharashtra. 

Materials and Methods 

9ield trials were conducted at Parbhani during the 
1979, 1980, and 1981 rainy seasons. The experimonts 
were laid out in randomized-block designs inciuding 
four levels of nitrogen, i.e., 0, 30, 60, and 90 kg N 
ha-'. In all these experiments, sorghum hybrid var-
iety CSH I was used. A uniform basal dose of 40 kg 
P20 5 and 40 kg K20 ha-' was applied. Nitrogen was 
given as urea in two split applications, 

The strain of Azotobacter chroococcum (M 4) 
used was isolated from the rhizosphere of maize 
plant. This strain is chromogenic and was found to 
fix 1.76 mg N g-' sucrose and synthesize indole acetic 
acid (IAA) and GLS compounds. 

Results 

During 1979, the fodder yield of 8830 kg ha-', 
obtained by a combined treatment of 60 kg N ha-' 
and inoculation with Azotobacter, was significantly 
higher than the 8020 kg ha-' obtained with applica
tion of 60 kg N ha-' alone, and was at par with the 
fodder yield obtained with the application of90 kg N 
ha-' (Table 1).

Inoculation with Azotobacter alone increased 
grain yield from 3180 to 3680 kg ha-1 (15.7%), which 
was statisticallyat par with the 3890 kg ha-' obtained 
with the application of30 kg N ha-'. Thus, there is an 
indication of nitrogen saving up to 30 kg N ha-'. At 
higher levels of applied N, the yield increases due to 
Azotobacter were not statistically significant. The 
combined treatment appeared to be advantageous 
even at the 90 kg N ha-' application. 

A similar trend was seen during 1980. Application 
of Azotobacter significantly raised the grain yield 

1. Senior Microbiologist and Scientist, Division of Microbiology, Indian Agricultural Research Institute, New Delhi 110 012, India,
2. Microbiologists, Department of Microbiology, Merathwada Agricultural University, Parbhani, Maharashtra 431 402, India. 

ICRISAT (International Crops Research Institute for the Semi-Arid Tropics). 1986. Cereal nitrogen fixation. Proceedings of the Working
Group Meeting, 9-12 Oct 1984, ICRISAT Center, India. Patancheru, A.P. 502324, India: ICRISAT. 
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Table 1. Effect of A.-:otobacter (,I 4) inoculation and lei- of nitrogen application, hut increases were high with 

els of nitrogen on grain and fodder yields of sorghum (SIi 30-60 kg N ha - '. Grain yield increased significantly 
1, Parbhani, rainy seasons 1979-81. with inoculation, giving 390 kg ha-' or 23.2% more 

than the control. I noculation alone was comparable 
Increase to application of 30 or 60 kg N ha-1. As in the 

yield yield yield previous 2 years, a combined treatment of inocula-

Treatment (kg ha-1) (kg ha-') ("j) 	 tion together with application of 30 and 60 N kgha-' 
was the best treatment both for fodder and grain 

Rainy season 1979yields. 

Control 3180 5980 - Thus, the combined application of Azoiobacter 
Azotobacter 3680 6540 15.7 with 60 kg N ha-' in the form of urea was the best 
30 kg N ha-' 3890 6970 -	 treatment, to harness the effect of Azotobacter in 

-30 kg N ha 1 + Azotobacier 4220 7600 8.6 order to increase grain and fodder yields and at the 
60 kg N ha-' 4100 8020 - nie time to save about 30 kg ha-' of fertilizer N. 
60 kg N ha -' + A:otobaci'r 4280 8830 4.53
 
90 kg N ha-' 4670 8760 

90 kg N ha- + Azotobacter 4960 9070 6.4 Acknowledgements
 
SE 	 +137 ±201 

The authors wish to thank Dr N.S. Subba Rao,Rainy season 1980 	 Head, Division of Microbiology, IARI, and 
Control 1960 5510 -	 Marathwada Agricultural University for providing 
Azotobacier 2620 7200 33.6 the facilities for these experiments.
 
30 kg N ha-' 2830 8400 
30 kg N ha-' + Azotobacter 3170 9080 12.1
 
60 kg N ha-' 3510 9600
 
60 kg N ha-' + Azotobacter 3620 10460 3.0 References
 
90 kg N ha-' 4170 10710 
90 kg N ha-' + Azotohacter 	 4320 12680 3.6 Brown, M.E. 1974. Seed bacterization. Annual Review of

SE ±170 ±406 Phytopathology 12:181-197. 

Rainy season 1981 	 Mesiram, S.U,, and Shende, S.T. 1982. Response of 
maize to Azoiohacterchroooccuo:. Plant find Soil 69:265-

Control 1660 4890 - 273.
 
Azotobacter 2050 5740 23.2
 
30 kg N ha-' 1980 5740 - Mishustin, E.N., and Shilnikova, V.K. 1969. The biologi
30 kg N ha-' +Azotobacter 2930 7370 47.7 cal fixation of atmospheric nitrogen by free-living bacteria.
 
60 kg N ha-' 2100 7370 - Pages 82-109 in Soil biology: reviews of research Paris,
 
60 kg N ha-' +A.otohacier 3390 8660 61.3 France: UNESCO.
 
90 kg N ha-' 3460 8490 - Shende, S.T., and Apte, R.G. 1982. A:otohucier
 
90 kg N ha-' + Azotobacter 3810 9600 3.5 inoculation--a remunerative input for agricultural crops.
 

SE ± 150 ±400 	 Pages 532-543 in Proceedings of the National Symposium 
on Biological Nitrogen Fixation, 25-27 Feb 1982, New 
Delhi, India. Bombay, India: Bhabha Atomic Research 
Centre. 
Subba Rao, N.S., Tilak, K.V.B.R., Singh, C.S., and Gau

from 1960 to 2620 kg ha-' (33.6% increase), when tam, R.C. 1982. Crop yield and nitrogen content of pearl 
fertilizer N was not added. In combinations with N, millet (Penniseiurn americanmo) in response to Azopiril-
Azotobacter increased the yield but differences were him hrasilene. Pages 507-516 in Proceedings of the 
again not significant. But it could be seen very National Symposium on Biological Nitrogen Fixation, 25

-clearly that 30 kg N ha could be saved at each level 27 Feb 1982, New Delhi, India. Bombay, India: Bhabha
 
of nitrogen application if seed inoculation with Ao- Atomic Research Centre.
 
tohacter was practiced. Wani, S.P., Chandrapalaiah, S., and Dart, P.J. 1985.
 

During 1981, grain as well as fodder yields Response of pearl millet cultivars to inoculation with 
increased markedly with ,!zotobacter inoculation, nitrogen-fixing bacteria. Experimental Agriculture 21:175-
Fodder yield increased with inoculation at all levels 182. 
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Response of Sorghum Cultivars to Inoculation 
with A zospirillum 

D. Purushothaman and G. Oblisami l 

Summary 

This study presents evidence ofwide variations among sorghum genot.ipes in supporting nitrogen
fixation. Quantitatively and qualitatively, the isolates of Azospirillum differ in their interaction 
with cultivars. Based on the root-associated acetYlene-redtuction activityr (A RA), 19 sorghum
cultivars were classified into high A RA and low A RA genotypes. hioculationwith an efficient 
strain (CSH 24) of Azospirillum enhanced the A RA of only certain cultivars. Some cultivars 
when inoculated exhibited negative response in A RA. In root-hit preincubation test also. the 
cultivars CSH 5 and Co.24 recorded high A RA while K.tall and USH I showed negligible
increase, in afield study, Azospiri IIurn inoculation significantly'increased the grain yield (13. 1%) 
of cultivar Co. 24. 

Introduction medium. The enumeration of Azospirillum was 
done following the most-probable number (MPN)Of the many cereals grown in India, sorghum has technique using N-free malic acid medium (Hegazi

been consistently found to respond to Azospirilluni et al. 1979).
inoculation (AICRPBNF 1980). The response has Mud pots of 36cm diameter were filled with 5kg pot -' 
been much greater at low levels of nitrogen than at redloam soil:sand:farmyard manure (FYM)
higher levels. Perhaps one of the most significant (5:5: lv/v) mixture (pH 7.2; total nitrogen 0.085%,
and encouraging findings in relation to associative organic carbon 0.48%). Before raising the crop, 20 
N, fixation is that there appear to be varietal differ- kg N ha-' as urea, 40 kg P,0 5ha-' as superphosphate, 
ences in responses to inoculation. In this paper, the and 40 kg K20 ha-' as potassium chloride were 
responses of different genotypes of sorghum applied.
[Sorghum bicolor L. (Moench)] to inoculation with Soil samples from the rhizosphere and rhizoplpne
Azospirillun are presented. were collected following standard procedures (Wra

mer and Schmidt 1966, Lynch 1982). 
Azospirillum isolates grown in 30 mL malic acid 

semisolid medium for 72 h in special 100 mLMaterials and Methods restricted-neck Erlenmeyer flasks were assayed for 
ARA by incubating under 1% acetylene for 6 h at

The isolates of A:ospirillum were cultured following 280 C. 
the root-tissue enrichment technique. The isolates In the case of root-associated ARA, freshly col
were purified by streaking over potato-malic acid lected root samples were placed in 100 mL Erlen-

I. 	 Associate Professor and Head, Center of Advanced Studies in Agricultural Microbiology, 'Tamil Nadu Agricultural University, 
Coimbatore, Tamil Nadu 641 003. India. 

ICRISAT (International Crops Research Institute for the Semi-Arid Tropics). 1986. Cereal nitrogen fixation. Proceedings of the Working
Group Meeting, 9-12 Oct 1984, ICRISAT Center, India. Patancheru, A.P. 502324, India: ICRISAT. 
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n.ever flask (roots to occupy 20-25(' of the volume) 
and similarly incubated under I% acetylene for 6 h 
(Purushothaman et al. 1979). 

The promising isolate CSH 24 was grown under 
static conditions in malic acid broth medium, supple- 
mented with 100 mg glutamic acid I.-.After 5 days 
of growth the broth was mixed with sterilized peat 
soil neutraliied with calcium carbonate. The peat-
based inoculum contained 12x 10 cells g- on dry 
mass basis. Surlace-sterili/ed seeds of the sorghum 

genotypes were treated with the inoculum, using 
.jaggerv solution as the sticker. Each seed after treat-
ment carried 32" 10 cells. 

The field experiment was conducted at the Millet 
Breeding Station, lamil Nadu Agricultural Univer-
sitv ([NAI;). Coinbatore. on asandy loam soil with 
a pll of 6.9. 0.026"i total nitrogen, and 0.64% 
organic carbon. The plot size of 6 m x 5 m was 
replicated thrice in a randomized-block design. Ten 

packets (2.5 kg) of the inoculum ha-' were used for 
the field study. At the time of thinning the crop 
(1 5-20 days alter sowing). the biofertili/er was side
dressed. The crop received two life-saving ir
rigations, 

Results 

Ten out of 19 sorghum genotypes differed signifi-
cantly in total A:ospirillin counts in the rhizo-
sphere at the flowering stage. Cultivars Co.24 and 
Co. 19 registered a higher count of'Afo.slirillum in 
the rhizoplane (Table I). These differences may arise 
from the qualitative and quantitative changes in the 
root exudates upon which the energy-demanding 
dia/otrophs are dependant (Hubbell 1977). The 
mean ARA of isolates from genotypes ranged from 
16 to 360 rnoles of l'.11, h- , showing over 20-fold 
variation. Ingeneral, isolates from CSH 5, Co. 19, 
Co. 24, USH I, and Co. 18 recorded substantially 

Table I. Most-probable number (MPN)ofAzospirillum 
sp in the roots of some sorghum cultivars. 

RhiiplnCultivar hiiusphr ( 10g-I 

Co.19 22.6 42.6 
Co.20 56.2 7.2 
Co.24 84.6 24.6CSH 4 84.8 24.6 

CD (P<0.05) 11.84 6.16 

Table 2. The ARA of/xospirillumisolatesfromdifferent 
sorghum cultivars. 

No.olf Mean ARA 

Cultivar 
isolates
tested 

(nmole C,11,
h'- flask:) 

CStI 5 10 360 ± 26 
Co.19 20 312 ± 18 
Co.24 25 280 ± 21 

15 220 ± 26 

Co.18 16 211 ± 23 
Co.20 12 190 ± 16 
Co.21 15 105 ± 12 
CSII 6 10 99 ± 12 

Co.22 15 87 ± 16 
CSV 3 20 65 ± I I 
CSV 4 15 65 ± 18 
CSH 4 10 18 ±4 
Ktall l0 16 ± 8 

higher ARA than the others (Table 2). Though the 
isolates were maintained on N-rich medium for sev
eral generations, the variation in ARA could only be 
traceable to the host genotypes. Although in vitro 
determinations of ARA do not reflect the field per
formance of these isolates. these data suggest the 
variation among the isolates. The genotypes differed 
significantly in respect of the root-associated ARA 
determined under noninoculated conditions at the 
flowering stage (Table 3). Genotypes that supported 
high ARA were Co. 18, Co. 24, Co. 20, CSH 5, Co. 
19, and USH I. The reason for low ARA observed 
with some varieties might be the presence of ineffi
cient strains. It should be pointed out that cultivars 
Co.24, CSH 5, Co.20, Co. 18, and Co. 19 possessed 
high ARA and also a reasonably large number of 
Azospirilla. 

All the 10 cultivars tested responded to A:o.spiril
iwn inoculation. However, inoculation did not 
increase the ARA significantly, except in genotypes 

Co.24, CSH 5, Co.18, and Co.20. Cultivars Co.21, 
CSH 4, and USH I registered negative responses in 
ARA with inoculation (Table 4). In general, prein
cubation of roots with energy source for 6 h greatly 
increased ARA. The maximum ARA was observed 
with Co.24 and CSH 5 while K.tall and USH I had 
low ARA. Without preincubation the cultivars 

recorded poor ARA (Table 5). As the tissues were 
not surface-sterilized but were uniformly washed to 
remove the adhering soil particles, Azospirillun 
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found entrapped in the mucigel would not have heen Table 5. Effect of preincubation of washed sorghum rootlost; also, those dwelling within tile cortical cells 	 bits with malic acid on ARA. 
would respond to tile energy-source supply and the
 
cell number would have considerably increased. It ARA (nrnole C114 g-1 dry root h-1)
 

Cultivar Preincubhation No preincubation 

Co.24 288 !1 19 143 ± 8
CSHi5 320 ± 16 76 ± 7
 

Table 3. Root-associated nitrogenase activity of sorghum K tall 60 ± 8 
 43 ± 12
 
cultivars at the flowering stage. LIt 1 75 t 10 68 ± 8
 

Nitrogenase activity 1. t Standard deviation ol the miean. 

(nmole Ct 4 g-'
 
Cultivar dry root hl1)
 

Co. 18 327
 
Co.24 
 318 
Co.20 268 Table 6. Grain yield (I ha - 1) of sorghum Co. 24 as influ-
CSIt 3 241 enced by Azospirillum inoculation and fertilizer N. 

Co. 19 216 Grain yield(t ha - I)
 

USIt I 212 Nitrogen r
 
Co.21 120 applied Non

-
CSFI 6 112 kg ha ' inoculated Inoculated Mean increase 

USV 3 	 105 0 1.7 1.9 1.8 + 12.7
 
CSV 3 
 92 10 2.0 2.1 2.04 + 7.0
 
Co.22 
 68 20 2.0 2.3 2.15 + 13.7
 
296 
 68 30 2.3 2.5 2.44 + 11.5 

40 2.4 2.7 2.55 + 15.2K.tall 	 48 50 2.4 2.8 2.6 + 16.3 
CSH 4 42
 
USV I 38 
 Mean 2.1 2.4 + 13.1
 
CSV 5 36
 

CSV 4 35 
269 
 34
 
AS 3280 30 	 cou! be argued that the cultivars Co.24 and CSH 5 

permitted a higher rate of multiplication of the dia-CD)(I' 0.05) 12.72 zotroph during the incubation period than the other 

genotypes. Alternatively, as indicated earlier, the 
presence of more efficient strains with Co.24 and
CSH 5 would have reflected in the increased ARA. 

Table 4. The ARA of sorghum cultivars as influenced by Though preincubation leads to overestimation of 
Azospirilluminoculation, nitrogen fixation, it does give us an idea of the 

Root associated ARA behavior of varieties. 

(nmolc C2 H4 g-1 root 10') In a field experiment, the grain yield increased 
significantly due to Azoslfirillunt inoculation. On an

Cultivar Noninoculated Inoculated Change (%) 	 average, the increase in grain yield was 13.1%. Grain 

Co.18 217 268 + 23.7 yield with 20 or 30 kg N ha-' + A zo.sirillum inocula
Co.19 126 176 + 39.0 tion ha - I was 2.4 t , which was equivalent to that 
Co.20 168 *186 10.7 obtained with 50 kg N ha-' without inoculation 
Co.21 146 123 - 5.8 (Table 6). 
Co.22 62 84 + 34.8 In conclusion, it may be said that sorghum geno

Co.24 308 426 + 38.0 types differ markedly in harboring diazotrophs both 
Ktall 65 68 + 4.9 in quantity and in quality. In a combination of 
CSH 4 44 38 - 13.6 potential genotypes with appropriate, efficient 
CSH 5 198 268 + 35.2 strains of Azospirillum , one can definitely get good 
USH I 142 112 - 21.1 responses. 
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Nitrogen Transformations by A. brasilense Strain 12S
 
from Sorghum Roots 

Bela Shukla and B.S. Kundul 

Summary 

One of the isolates of A. brasilense (12S).from sorghun roots showed enhanced nitrogenase
activir atid cell growth with NNO (<160 Mg NO.nL-I) and NO; (<30 pg NO- mLI-) under 
microaerophilicconditions. Both denitri/fcation and aminonfi/cation were observed simultane
ousi/i' in this organism. At lows levels of anmmoniun (<20 Mg NH1+,nL-'t) and urea (60 jug mL-I),
grotwi/h atnl nitrogenaseactivitr were improved. These compounds were also transformed to 
gaseous forns of nitrogen. 

Introduction 

Azospirilwon spp are capable of several nitrogen 
transformations: (]) nitrate can be utilized by assim-
ilatory nitrate and nitrite reductases; (2) dissimila-
tory nitrate reduction is carried out under anaerobic 
conditions, with NOf as an electron acceptor, and is 
reduced to nitrite, nitrous oxide, nitrogen, orammo-
nium; and (3) nitrate-dependent nitrogen fixation 
occurs under severe oxygen limitations. In the light 
of these observations, the present investigation was 
undertaken to study the nitrogen transformations by 
A. brasilense (12S), effect of nitrogen sources on cell 
growth, total nitrogen under microaerophilic condi-
tions, and levels which are critical for expression of 
nitrogenase activity, 

Materials and Methods 

The sorghum root isolate A. hrasilense(12S) was a 
local isolate maintained by regular transfers on 
modified (0.2 g yeast extract replaced vitamins) mal-
ate medium agar slants (Dobereiner and Day 1976). 

The culture was multiplied in broth medium incu
bated at 300 ± 2°C and 0.1 mL culture having 108 
cells mL -i was used as inoculum for the studies. 

The nitrogen transformations studies were con
ducted using variable concentrations of NO, NO-, 
NH4*, and NH* (urea) in malate semisolid medium. 
The tubes containing 5mL medium were inoculated 
with 0.1 mL inoculum and incubated at 30 0 ± 21C. 
The presence of NOT, NO-, NH4 urea, NO, total 
nitrogen, and cell protein were determined at 0, 3, 
and 6 days after incubation. 

For the estimation of various forms of nitrogen, 
the culture medium after ARA and N2O assay was 
centrifuged at 10000 rpm, and the supernatent was 
used for various estimations. Nitrate concentrations 
were measured by using salicylic acid (Cataldo et al. 
1975) and NO, by developing color with sulfanilic 
acid and a-N-naphthyl ethylene diaminehydrochlo
ride (Nicholas and Nason 1957). The ammonium 
estimations were made by Nesselerization (Jackson
1967) and urea by the procedure of Douglas and 
Bremner (1970). Total nitrogen was determined by 
the conventional micro-Kjeldhal method (Jackson 
1967). Total cell protein was measured by further 
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digesting the cell mass in IN NaOH and later deter-
mining the amount of solubili/ed protein hy the 
procedure of Lowry et al. (1951). 

The nitrogenase activity was measured by reduc-
tion of acetylene to ethylene using a dual-column 
Nucon 5500 gas chromatograph. The tubes were 
incubated under I()'. C,H. for 24 I and the samples 
were analyzed for (IIl4 produced. 

Nitrous oxide was analyed from the tubes that 
were subjected to ARA assay using gas TC) chro-
matograph (fitted with porapak N column), using 
II as carrier gas (30 ml. min-I), at a oven tempera-
ture of 100' ±5°C. Nitrous oxide for reference was 
prepared by reacting inc with dilute HNO, (1:1 ) in 
an airtight container. The NO peaks were detected 
by comparing with reported results and retention 
time was recorded. 

Results 

A. hrasi,ntse isolate 12S showed higher ARA than 
A. brasilense (Sp7a) and differed physiologically 
from it. The added nitrate nitrogen was denitrified to 
nitrite at all levels (60-1200 pg NO, ml.- ') and 
further reduction was noticed only at lower levels on 
longer incubation (Table I). Similar observations 
have been reported earlier using azospirilla strains 
(Scott et at. 1979, Neyra and Van Berkum 1977, 
Nelson and Knowles 1978). Nitrogenase activity was 
slightly increased by nitrate additions (<60 jg NO., 
ml.-1). The inhibition of nitrogenase at higher levels 
of NO, maybe due to NO, accumulation :;at subse-
quently blocks NO;-dependent ARA. A slight gain 
in total cell protein was noticed only at lower levels 
of NO, (. :60 pg ml.-'. Table 2). Nitrate did not 
increase the total cell protein appreciably, which 
indicates the nonutilization of this compound under 
microaerophilic conditions for cell growth, but is 
used as an electron acceptor. Total nitrogen showed 
a marginal gain at low levels and a small loss at 
higher levels. A small increase in cell mass and total 
nitrogen at the end of the experiment maybe due to 
nitrogen fixation. At higher corcentrations of 
nitrate, the los. in total nitrogen was due to further 
degradation of NO, to NO and N,. 

It was found that NO2 was reduced to N,) at 60 
pg NO, ml --' and ARA was improved, but at higher 
levels the nitrogenase was repressed. At lower levels, 
slight increase in total cell protein was also noticed. 
The increase in cell mass was less after 3days than at 
the earlier stage. Total nitrogen showed a marginal 
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Table 1. Efic of nitrate, nitrite, ammonium, and urea on 
nitrogenase activity (n moles C2i4 d-1ml.'). 

l.evels Days of incubation 
(jug ml.-') 3 6 

Nitrate 0 698 282 
(NO') 60 710 380 

300 ND' ND 
600 ND ND 

1200 ND ND 
Nitrite 0 792 334 
(,"O-) 30 870 351 

60 910 380 
90 ND ND 

120 ND ND 
150 ND ND 

Ammonium 0 647 430 
(NHI) 10 699 499 

20 676 460 
40 ND 395 

100 ND ND 
Amide 0 726 423(NH") 30 759 480 

60 752 468 
120 ND 256 
300 ND ND 

1. NI) = Not detected. 

gain up to 6days of incubation only at low levels; at 
higher (oncentrations a slight loss was observed. 

Precie quantitative determinations of N,O could 
not be made because of nonavailability of a standard 
nitrous oxide. Ammonium was also found at the end 
of the experiment, suggesting conversion of NO.- to 

+NH4. In view of the fact that nitogen fixation does 
not occur under these conditions, the presence of 
ammonium is most likely due to ammonification. 
Similar observations have also been reported by 
Scott et al. (1979). Nitrogen-fixing bacteria with the 
ability to assimilate NO.j will not use this compound 
for nitrogen fixation. However under oxygen levels 
too low to allow respiration, nitrate-dependent ace
tylene reduction can occur. In the experiments 
where nitrite was used as a substrate, similar results 
were found and nitrite was used as electron acceptor. 
It therefore appears that both nitrate and nitrite 
respiration in this organism are coupled to ARA. 

The added ammonical nitrogen was utilized by A. 
brasilense 12S rapidly, and on the 3rd day ofincuba
tion no residual ammonium was found in the 



Table 2. Effect of nitrate, nitrite, animoniton, and aitice-	 AmniLm formed further showed transforma-
N on cell growth, protein, and total ndrogen. 	 tlions similar to those reported above. ARA was 

enhanced over the control with added urea upto 60Total cell 
 pg on the 3rd day, and was detected at 120 pgon the 
protein Iotal nitrogen 6th day. At all concentrations, In appreciable 

(pg ml. ) (Mg 1l.-)Levels __increase incell protein was noticed. The total nitro
(Pg Days Days gen content inc-cased nm.rginally at low levels, but at 
tl+-i) 0 3 , 0 3 0 higher concentrations a small loss w'as found. 

Nitrate 0 100 282 325 36 46 53 All tile nitrogenous compounds tested showed an 
(NOT) 60 100 310 340 50 60 69 increase in ARA at lower levels, which is an ,dldi

300 98 108 113 96 93 91 tional benelit of using this organism in the presence 
600 98 115 120 170 160 154 of added nitrogen. The inhibitory ievels arc above 

1200 110 100 120 312 312 296 the reconmtinded field dnses, therelore, a loss ill 
Nitrite 0 100 318 355 32 46 55 added nitrogen will not occur. Rather, antincrease in
(NO') 31) 120 357 423 39 55 62 populations will help in more nitrogen fixation. Use 

60 It0 350 370 48 60 65 of' A. brasilen.w 12S can therefore enrich nitrogen
90 110 116 120 57 55 50 content by dinitrogen lixatin. c'cn when the levels 

120 13(1 147 147 66 59 54 ofcombined nitrogen are loss and theoxygen level is 
10 100 104 95 75 66 54 optimal in the soil. Alternatively, this may contrib-

Ammonium 0 I100 286 352 36 48 53 ltie to losses of nitrogen by denitrification when the 
(Ntt:) 10 90 378 396 48 66 68 concentration of cornbined nitrogen is high and oxy

20 90 437 468 67 76 80 gen is limiting. 
40 100 450 494 74 81 83 

100 110 512 520 IlI 115 110 
Amide 0 100 27e 310 42 44 50 References 
(NH!) 	 30 110 407 47(0 58 68 78
 

60 90 475 535 73 77 89
 
120 90 568 600 103 104 98 (ataldo, ).A., Ilaroon, M., Schrader, .. V., and Youngs, 
300 100) 619 660 193 191 182 V.L. 1975. Rapid colorinietric determination of nitrate in 

plant tissue by nitration ol salicylic acid. Communications 
in Soil Science and Plant Analysis 6:'71-80. 

Dobereiner, J.,and D)ay, J.M. 1976. Associatike s'ymbi
oses in tropical grasses: cdirracteri/ation ol nlicroorga
nisnis and dinitrogen-fixing sites. Pages 518-538 inmedium at lower concentrations. An appreciable Proceedings of the lirst International Synposiurn ol Nitincrease in ARA was noticed upto 20 pg NH* fit.- rogen Fixation, 3-7 Jun 1974. P'ullman, Washington. USA
 

over the control. This may be because of more cell (Newton. W.E., attd Nynan. C.-., eds.). Vol.2. PUllman,
 
mass available for acetylene reduction. The ammo- Washington. USA: Washington State Uniersity Press.
 
nium added at higher levels showed a loss in total 
 Douglas, L.A., and Breniner, J.NI. 197. Extraction and 
nitrogen, indicating oxidation of atmmoniutm !) colorinetric determination ofurea insoils, Pr oceedings. 
gaseous nitrogen which was confirmed by gas chro- Soil Science Society ol America 34:859-862.
 
matography. At the 40 pg NH4'mil- level, nitroge- Jackson, NI.. 
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nase was depressed on the 6th day and no activity India: Prentice Hall. 
was detected on the 3rd day. Marked increase in 
total cell protein was noticed at all levels of amnio- Lowry, P.1i., Rosenbrough, N.J., Farr, A.l..,and Randall, 
nium compared to the control. Ilowever, the effect R.J. 1951. Protein nieasurement with the lolin plenol rea
was less at higher levels. A small gain in total nitro- gent. Journal of Iiological Chemistry 193:265-275. 

-gen was found at less than 20 pg NHI- mL.i with a Nelson, t.M.,and Knowles, R. 1978. Elfectol oxygenand
loss at 100 pg NH4 ml-.. nitrate on nitrogen fixation and denitrification by .l:osp i-

Urea was converted to ammonium and no resid- rillum bra.sih,ti, in cofintious culture. Canadiangro%%n 
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Effect of A zotobacter chroococcum and A zospirillum

brasilense Inoculations and Nitrogen on Yields
 
of Sorghum, Maize, Pearl Millet, and Wheat
 

B.K. Konde and P.A. Sbindel 

Suinma-y 

Field e.xperinents were conducted during the 1979-82 rainy,andpostrain), seasons on Vertisols. 
In general, inoculation with Azotobacter chroococcum or Azospirillum brasilense, along with 
intermediate levels of fertilizer N, significantlt, increased grain and stover )ields of sorghun,
nalt.- pearl millet, and wheat over thefull' fertilized noninoculated treatments. Either culture,

along with one-third or two-third level of recommended N, generall, resulted in increased crop
'ields. thus saving a third oft ecoini ndedfertilizer N. Inoculation with either ofthe cultures was 

.significantl,superior to the noninoculated control. In some cases, A. brasilense was superior to 
A. chroococcum, and in others both cultures were at par with each other. 

Introduction 

Several workers ha ereported that fild inoculation 
with Azospirillum under diverse soil and environ-
mental conditions resulted in 10-81% increase in 
cereal crop yields. Yiel-%obtained with inoculation, 
along with intermediate levels of fertilizer N, were 
reported to be higher than in fully fertilized noninoc-
ulated plots (Desale 1980, Kapulnik et al. 1982,
Subba Rao et al. 1982, Patil 1983, Desaleand Konde 
1984, Zambre et al. 1984). These results suggest that 
it ispossible to save a part of valuable fertilizer Nby
Azospirillum inoculation. 

The present paper reports the results of field 
experiments conducted at Mahatma Phule Agricul-
tural University (MPAU), Rahuri, India, on the 
effects of Azotohacter chroococcum and Azospiril-
lumn brasilense inoculation with graded levels offer-
tilizer N on grain and stover yields of sorghum, 
maize, pearl millet, and wheat. 

Materials and Methods 

The carrier-based inoculant of Azospirillum brasi
lense (Ab) was obtained from the Department of 
Microbiology, Indian Agricultural Research Insti
tute (IARI), New Delhi. The lignite-based inocu
lants of Azospirillunt brasilense (AMP 5) isolated 
from the rhizosphere of pearl millet and A. brasi
lense (C2) (109 cells g-1) isolated from the roots of 
Cynodon dactylon were prepared in this depart
ment. The carrier-based inoculant of Azotobacter 
chroococcum (108 cells g-1) was obtained from the 
Agricultural Bacteriologist, College of Agriculture, 
Oune, Maharashtra, India. 

The seeds were treated with the inoculants of 
respective organisms at the rate of 250 g (10 kg 
seed)-' as per the method described by Subba Rao 
(1981). 

The experiments wereconducted on Vcrtisols(pH 
7.0-7.5, total N 0.0 3-0.05%, organic C 0.60%) during 

I. Associate Professor and Head, Department ofAgricultural Microbiology and Plant Pathology, Mahatma Phule Agricultural University,
Rahuri, Mahdrashtra 413 722, India. 

ICRISAT (International Crops Research Institute for the Semi-Arid Tropics). 1986. Cereal nitrogen fixation. Proceedings of the Working
Group Meeting. 9-12 Oct 1984. ICRISAT Center, India. Patancheru, A.P. 502324. India: ICRISAT. 

85 



---------- 

the 1979-82 rainy and postrainy seasons, using fac-
torial randomized-block designs (RBD) with three 
to four replications. The plot size varied from 9.2 m2 

to 20.26 M 2, depending upon the crop. For sorghum 
and maize, 62 kg ha-' each of P20 and KO were 
applied at sowing to all plots. The nitrogen levels 0. 
33, 66, and 100 kg N ha-' were applied in two split 
doses, i.e., two-third at sowing and the remaining 
one-third one month after sowing. 

In the pearl millet experiment, a basal dose of 30 
kg P20 5 ha-' was applied, while the nitrogen at 20, 
40, 60, 80, and I00(;i of recon- mended dose (i.e., 12, 
24, 36, 48, and 60 kg N ha-) wasapplied in twoequal 
doses, one at sowing and the other one month later, 

-In the wheat experiment, P,0 (60 kg ha 1) and 
K O (50 kg ha-') were applied at sowing, while N was 
applied in two split doses, i.e., half at sowing and the 
rest 25 days after sowing (DAS). 

In all cases, N was applied as urea, PO, as single 
superphosphate, and K,O as muriate of potash. All 
crops received a light irrigation soon after sowing. 
Weeding, interculturing, and plant-protection oper-
ations were carried out as and when require lie 

stover and grain yields were recorded from each plot 
at harvest. 

Results 

Sorghum 

Increases in grain yields along with bacterization 
obtained at the 66 and 100 kg N ha-' levels were not 
statistically significant. Maximum percentage 
increase in grain yield was observed at the 33 kg N 
ha-' level along with bacterization than at higher N 
levels (Table I). This showed that higher level of N 
fertilizer app!;cation was detrimental to nitrogen
fixing bacteria. However, higher grain yield was 
obtained at 66 kg N ha-' along with bacterization 
than with 100 kg N ha-' alone. This indicated that 66 
kg N ha-' could be compatible with either cultures, 
and there appeared to bea possibility of saving 33 kg 
N ha-'. Across the nitrogen levels, inoculations with 
both the cultures significantly increased grain yield 
over the control and no significant difference could 

Table I. Grain and stover yields of sorghum as influenced by inoculation with nitrogen-fixing bacteria and fertilizer N. 

N level (kg ha-') 
Culture 0 33 66 100 Mean 

Control 
A chrooicoccutm (Ac) 

----------------------------------- Grain yield (t ha- ) ---............................ 
4.00 4.19 4.67 5.20 
5.04 5.65 5.94 6.01 

4.52 
5.66 

A. brafilense (Ab) 
(26.00)' 

5.14 
(34.84) 

5.76 
(27.19) 

6.09 
(15.58) 

6.17 
(25.22) 

5.79 
(28.50) (37.47) (30.41) (18.65) (28.09) 

CD NSI 0.52 
Mean 4.72 5.20 5.57 5.80 
CD (P<0.05) 0.52 

---------.-.-.-- .... . Stover yield (t ha') -------------------....... ....

Control 5.50 6.00 8.00 8.01 6.88
A. chroccoccurn (AC) 6.67 8.59 8.81 9.02 8.27 

(21.12) (43.16) (10.12) (12.60) (20.20)
A. brasilense (Ac) 7.51 9.76 11.01 12.01 10.07 

(36.54) (62.66) (36.62) (49.93) (46.36) 
CD (P<0.05) 1.43 0.72 
Mean 6.56 8.12 9.27 9.68 
CD (P<0.05) 0.72 

t. Q, increase over control. 
2. NS = Not significant. 
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be noticed between the two bacteria. The results for trol, and no significant difference could be noticed 
the interaction between cultures and N levels were between them. The results of interaction for cultures 
also not statistically significant. In general, trends and N levels were statistically significant. The results 
similar to grain yields were also observed in the case for stover yield also showed a similar trend to those 
of stover yields. The AzospirillIo inoculation was for grain yields. 
found to be significantly superior to Azotobacter, 
since it produced two tonnes more stover yield than 
Azotobacter. The re,.ults for interaction between Pearl Millet 
cultures and N levels were significant. 

Bacterization under intermediate levels (36, 48, and 
60 kg ha-') of N fertilizer application significantly

Maize increased grain yield (Table 3). Highest percentage 
increase in grain yield was obtained at the 48 kg N

A significant increase in grain yield could be level, along with bacterization, with either of the 
obtained with 66 and 100 kg N ha-I along with Azospirillum strains. The yields obtained at 48 kg N 
inoculation, but not with 33 kg N ha-' application along with bacterization were higher than with 60 kg
along with inoculation (Table 2). Differences N ha-' alone. Thus both strains had better compati
between 66 kg and 100 kg N along with bacterization bility with the 48 kg N level and showed the possibil
were not significant. This showed that both the cul- ity of saving 12 kg N ha-'. Differences between the 
tures were compatible at the 66 kg N level and indi- tv; o strains as also for the inteiaction between the 
cated the possibility of saving 33 kg N ha-. strains and N levels were statistically insignificant.
Azootac'ter and ,Izosirillum produced 49% and The results for stover yields showed a similar trend 
55% higher grain yields over the noninoculated con- to those obtained for grain yields. 

Table 2. (;rain and stover yields of maize as influenced by inoculation with nitrogen-fixing bacteria and fertilizer N. 

N level (kg ha-') 
Culture 0 33 66 100 Mean 

---------- Grain yield (tha- ) -.........------Control 3.43 3.95 3.98 4.15 3.88 
,,A.hromioc(hcutnl (Ac) 3.60 5.60 6.98 7.07 5.81 

A. brasilene (Ab) 
(4.95)1 
3.90 

(41.86) 
5.81 

(75.38) 
7.20 

(70.36) 
7.27 

(49.74) 
6.40 

(13.70) (47.18) (80.90) (75.18) (55.67) 
C1) (IP 0.05) 2.65 1.33 
Mean 3.64 5.12 6.05 6.16 
CI) ('. :0.05) 1.33 

Control 
A. c'hroocoCcunm (Ac) 

3.90 
4.71 

-- - - - - Stover yields (t h -). 
5.12 6.08 
6.22 7.47 

. . .. 
7.22 
7.94 

5.58 
6.58 

A. hra.sih'nse(Ab) 
(5.36) 
4.80 

(21.48) 
6.53 

(22.86) 
7.94 

(9.97) 
8.55 

(17.92) 
6.95 

(7.38) (27.53) (30.60) (18.42) (24.55) 
CD (P<0.05) 1.04 0.52 
Mean 4.47 5.96 7.16 7.90 

CD (P<0.05) NS3 

1.% increase over control. 
2. NS = Not significant. 
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Table 3. Grain and stover yields of pearl millet as Influenced by Inoculation with nitrogen-fixing bacteria and fertilizer N 

N level (kg ha-') 
Culture 12 24 36 48 60 Mean 

Control 
A. brasilense (AMP 5) 

1.70 
1.80 

1.82 
1.94 

Grain yield (t ha-') 
2.19 
2.32 

2.30 
2.65 

2.48 
2.60 

2.10 
2.26 

A. brasilense (Ab) 
(5.88)' 
1.78 

(6.59) 
1.92 

(5.94) 
2.30 

(15.22) 
2.72 

(4.84) 
2.63 

'/.6 2) 
2.27 

(4.77) (5.49) (5.02) (18.26) (6.05) (8.09) 
CD (P<0.05) NS 2 0.16 
Mean 1.76 1.89 2.27 2.56 2.57 -

CD(P<0.05) 0.26 

Control 2.53 2.55 
Stover yield (t ha-') 

2.60 3.07 3.22 2.79 
A. brasilense (AMP 5) 2.60 2.64 2.73 3.36 3.42 2.95 

A. brasilense (Ab) 
(2.77) 
2.59 

(3.53) 
2.63 

(5.00) 
2.75 

(9.44) 
3.50 

(6.21) 
3.50 

(5.74) 
2.99 

(2.37) (3.14) (5.76) (14.01) (6.69) (7.17) 

CD NS NS 
Mean 2.57 2.61 2.69 3.31 3.38 

CD (P<0.05) 0.16 

I.% increase over control. 
2. NS = Not significant. 

Wheat (Table 4). The interaction effects were found to bi 
statistically significant. The interaction effect of thl

The Azospirillum inoculation recorded ameangri.in 120 kg N ha-', level with Azospirillum (4.19 t ha-' 
yield of 3.04 t ha-' over different levels of N fertili;.er and Azotobacter(4.01 t ha-) was at parand superio 
application, followed by Azotobacter, 2.90 t ha-', as to all other remaining treatment combinations. Thi 
compared to 2.50 t ha-I in the noninoculated c',ntrol highest grain yield was obtained at 120 kg N ha-', bu 

Table 4. Grain yield of wheat as influenced by Inoculation with nitrogen-fixing bacteria and fertilizer N. 

N level (kg ha') 

Culture 12 24 36 48 60 Mean 

Grain yield (t ha-1)
Control 1.58 2.07 2.53 2.91 3.41 2.54 
A. chroococcum (Ac) 1.66 2.40 2.97 3.47 4.01 2.90 

(5.06)1 (15.94) (17.39) (19.24) (17.59) (16.00)
A. brasilense (Ab) 1.76 2.49 3.12 3.66 4.19 3.04 

(11.39) (20.28) (23.32) (25.77) (22.87) (21.60) 
CD (P<0.05) 0.18 0.093 

Mean 1.67 2.32 2.87 3.35 3.87 

CD (P<0.05) 0.093 

I. %increase over control. 
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highest increase over noninoculated control due to 
Azotobacter was 19.24% and due to Azospirillum 
25.77%, in combination with 90 kg N ha-1. This is 
obvious, since increase in fertilizer doses at a certain 
level decreases a crop's response. Inoculation with 
Azotobacter and Azospirillum over N levels pro-
duced 16 and 21% higher grain yields on an average 
over the noninoculated control, 

Conclusions 

The results indicate that about one-third of the 
recommended level of fertilizer N could be saved if 
seed bacterization with either cultures is done before 
sowing. This is of particular significance to thbSL 
farmers who are not in a position to invest in fertili'-
ers. In addition to the known benefits from associa-

y:e nitrogen fixation (Wani 1986), the increase in 
crop yields have also been attributed to the produc-
tion of growth-promoti~g substances by either of 
these organisms (Tien et al. 1979, Vlassal" and 
Reynders 1981) and also due to the positive effects of 
Azospirillum root development and root uptake of 
minerals and water (Kapulnik et al. 1982). In the 
present investigation Azospirillum brasilense was 
found to be either superior to A. chroococcum or at 
par with it. The irter.,ction effects on grain yields 
between N fertilizer levels and seed bacterization 
with either cultures were observed to be insignificant 
in sorghum and pearl millet, but significant in maize 
and wheat. 

Priorities for Future Research 

Based on results of the present experiments the fol-
lowing lines of work are suggested: 

I. 	Response of crop genotypes to Azospirillum 
should be tested under field conditions. This 
information would be useful for breeding geno-
types having enhanced nitrogen-fixing abili'v. 

2. 	 Isolation and screening of diazotrophic azospi-
rilla strains having high nitrogenase activity fromf hsts 
a wide range of hosts including cereals, vegeta-
bles, grasses, sugarcane, potato, ginger, turmeric, 
etc., should be undertaken. 

a wie rngencldingceralsvegta-

3. 	Compatibility of Azospirillum with seed-dress-
ing fungicides, insecticides, and fertilizer nitro
gen should be studied. 
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Discussion 

G.S.Murty: 
At what level of N-application was the saving of 
one-third to two-third of the recommended nitrogen 
dose observed, 20 kg ha-', 40 kg ha-', or more? The 
recommended dose for sorghum and maize is 100 kg 
N ha-'. 

B.K. Konde: 
Saving of one-third N (33 kg N ha-') has been 
observed in sorghum and maize and asaving of 20% 
N (12 kg N ha-1) in pearl millet and one-third N (30 
kg N ha-') in wheat. 


P.V. Rai: 

We need to look for the quality of protein in the 

grains from the inoculated treatment, although it
 
always gives higher protein. 


B.K. Konde: 
This may be included in our research projects. Yes, 
we have also already estimated the protein content 
of grains in all crops, but the data presented are 
confined to lodder and grain yields and N content in 

plant tissues, owing to limitation of time. 


G.S. Jadhav: 

Small plot size may be the reason for very high yield. 


B.K. Konde: 
The net plot size ranged from 9 to 20 m 2. 

N.S. Subba Rao: 
At the higher level of fertilizer nitrogen application, 
the amount of fertilizer N left behind unutilized is 
not known. Simple arithmetic calculation ofsavings 
isconvenient to present, but deductions for residual 
nitrogen may have to be done. 

B.K. Konde: 
Well, we have not estimated the quantum of fertil
izer nitrogen left behind; however, this suggestion 

will be taken into consideration while planning 
further experiments. 

S.P. Wani: 
Higher N percentage in plant tissues and increased 
biomass will result in very high N uptake. The data 
b o be result i o -ery high a e.need to be rechecked for ,"usually high values. 

B.K. Konde: 
Yes, I agree with your comments but can't deny the 
facts that we observed. However, in future experi
ments, we shall take due care to ensure the proper N 
estimation of plant tissues. 

V.R. Rao:
 
In your studies on sorghum, the percentage N in
 
plant tissues due to inoculation increased from 0.3%
 
in the control to 0.8%. Could you throw some light
 
on this?
 

B.K. Konde:
 
This increase is attributed to biologically fixed N,
 
besides the fertilizer nitrogen supplied through the
 
soil in the form of urea. These data, as suggested by
 
other members, will be checked.
 

S.T. Shende: 
Why was the inoculation effect at par with high 
nitrogen application? Was it due to low efficiency of 
N application during that season? 

B.K. Konde: 
It is attributed to the reason that higher level of N 
fertilizer application might have depressed the 

itrogenase activity of the organisms, although 
increased levels of N fertilizer alone also increased 
yields and their parameters. 
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G. Oblisami: 
In your data on inoculation of maize with A. chrooc
occum and Azospirillum brasilense, the zero level of 
fertilizer nitrogen gave highergrain yields than 100% 
fertilizer nitrogen alone. How do you explain this 
phenomenon? 

B.K. Konde: 
I think the reasons might be(l) high organic matter 
(organic C 0.6%) content of the soil, (2) high rates of 
fertilizer nitrogen depressing nitrogenase activity, 
and (3) more growth-promoting substances being 
produced in the absence of higher levels of fertilizer 
N. 
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Root-Associated Nitrogen Fixation in Finger Millet 

M.N. Upadhyayal, S.V. Hegde2, P.V. Rai2, and S.P. Wani3 

Summary 

This paperpresents the results of investigations carried out on some aspects of root-associated 
nitrogen fixation in finger millet (Eleucine coracana Gaertn). Soil-root nitrogenase assay of53 
finger millet cultivars belonging to four inaturi., groups indicated (I) low levels ofnitrogenase 
activity, (2) high plant-to-plant variability, (3) high variability between cultivars, (4) higher 
activity in hybrids over pure lines, (5) higher activity in medium-maturity.group over earlv- or 
late-maturity groups, and (6) no apparent relationship between nitrogenase activity and dry
matter production. Nitrogenase activity offinger millet soil-root systemn wasfurtheraffected by
plant age, soil moisture, and diurnal changes. A ll cultivars had highest diazotroph counts during 
the reproductive stage in root-adhering soil, root wash, and unsterilized root macerate. The 
root-associated nitrogen fixers were species of Pseudomonas and Enterobacter. Inoculation of 
finger millet cultivar Indaf7. with NBRE and SRI diazotroph cultures, increased above-ground 
yields and N uptake over the control in the greenhouse, but not in the field. Nitrogen-balance 
study with inoculation and three levels ofapplied nitrogen sho wed a net gain equivalent to 6.3-9.4 
kg N ha' from inoculation. 

Introduction 

Finger millet (Eleusine coracana Gaertn) is an 
important food crop in the semi-arid tropics (SAT), 
particularly in India and Eastern Africa. The crop 
ranks fourth in area (5 million ha) and production
(4.5 million ) among millets in the world. India 
accounts for 45% of the world production. 

Contributions of nonsymbiotic nitrogen fixation 
associated with finger millet and other millets, 
though felt to be substantial, have been wide ranging 
(20-148 kg N ha-') due to different methodologies 
used by iifferent workers (Moore 1963, Jenkinson 
1977, )art and Wani 1982). Studies were conoucted 
at the University of Agricultural Sciences, Banga-
lore, on (I) root-associated nitrogenase activity of 53 
finger millet cultivars, (2)occurrence ofdiazotrophs, 

(3)inoculation response, (4) factors affecting nitro
gen fixation, and (5) nitrogen balance. 

Screening Germplasm 

Fifty-three cultivars representing both pure-line 
selections and hybrids in four maturity groups were 
screened for their ability to stimulate nitrogenase 
activity (C2H2 reduction) in the rhizosphere at the 
flowering and postflowering growth stages (Table 
I). Unplanted soil and finger millet cultivars Indaf 5 
were included as checks in each group. The plants 
were grown in polythene bags filled with 3.3 kg soil. 
The soil surface in each bag was covered with a 5-cm 
thick gravel, and the bags were kept immersed in a 
sand bed to avoid algal growth at the soil surface and 
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2. 	 Senior Microbiologist, and Professor and Head. Department of Agricultural Microbiology, University ofAgricultural Sciences, Gandhi 

Krishi Vignana Kendra (GKVK), Bangalore, Karnataka 560 065. India. 
3. 	 Microbiologist, Pearl Millet Improvement Program, ICRISAT,Patancheru, A.P. 502 324, India. 

ICRISAI (International Crops Research Institute for the Semi-Arid Tropics). 1986. Cereal nitrogen fixation. Proceedings of the Working
Group Meeting, 9-12 Oct 1984, ICRISAT Center, India. Patancheru, A.P. 502324, India: ICRISAT. 
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at the interface of soil and bag. A basal dose of 50kg nitrogenase activity by the plant. Increased nitroge
each of N, P,O, and K20 ha-' equivalent was app- nase activity in Assay II over Assay I in maturity 
lied through ammonium sulfate, superphosphate, groups Iand il indicated higher activity during post
and potassium chloride respectively. Plants were flowering growth stages. The maximum nitrogenase 
watered as required with tap water and one day activity of individual plants in this study was 488 
before assay the moisture content of the bags was nmoles C2 H 4 hI hag '. This is much lower than the 
adjusted to 70-80% water-holding capacity (WHC). activity of 1064 nmoles C H4 h I core-' recorded for 
For nitrogenase assay, themethod followed by Wani finger millet cultivar PR 202 at ICRISAT Center 
et al. (1983) was used. (ICRISAT 1978) and 374 nmoles CdH 1 g-' dry4 h

'.e general level of nitrogenase activity asso- mass by Dommergues et al. (1973). 
ciated with 53 finger millet cultivars was low, and the Within a cultivar, plant-to-plant variation in 
group means ranged from 2 to 267 nmoles C 2H4 h-' nitrogenaise activity from 10 to488 nmoles CH 4 h-' 
bag-' or I to 59 nmoles h-' g-' root mass (Table I). bag-' in cultivar TNAU 169 and 5-359 nmoles C,H, 
Ranking of cultivars based on root activity differed h-' bag-' in cultivar Indaf 5 was ohserved. Such 
when expressed as g-' root than on bag-' basis. The variations have also been recorded in sorghum and 
mean nitrogenase activity of 0.2-13 nmoles h- I bag-' pearl millet (Wani et al. 1983). 
in the unplanted soil suggested stimulation of Of the 53 cultivars tested, the activity was more 

]able 1. Nitrogenase activity (nmoles C1H4 h'-)' of soil-root system of finger millet cultivars during two assays. 

Maturity Assay I Assay I1 
(Days to Range; Cultivarl Range Cultivar2 

flowering) Cultivar DAS - bag-' g-' root DAS bat - g-I root 

I VI. 114,VL 115,VL 116 55 12-70 2-30' 62 10-138 4-46 
(56-62) VI. 118,VL 110. REC 13-1 REC 13-1 REC 45-1 REC 45-1 

PES 83-2,PES 400 REC 45-1 VI. 115 PES 83-2 PES 83-2 
RAU 3,RAU 7,RAU 5,RAU 2, (38) (68) 
REC 45-1,REC 13-1 

II Vt- 117,lndaf 9.HR 374, 70 2-30 I-lI 92 56-267 8-59 
(63-70) PR 177,PR I ', TNAU 160 TNAU 160 VL 117 PR 1103 

PR 1091,PES i76 TNAU 169 TNAU 169 TNAU 169 PR 1091 
TNAU 169,TNAU .67, (13) (131) 
TNAU 193,TNAU 256, 
rNAU 160,TNAU 294 

III HR 919,HR 154,HR 2823 ND4 ND 94 21-166 3-24 
(71-78) ROH 2,HR 1541, PR 230 PR 230 

Purna,PR 230,PR 202, B7-7-43 B 7-7-43 
B 7-7-43,PES I10,JNR 981-1 (85) 
JNR 852,JNR 1008 

IV Indaf IIndaf 3,VR 550, ND ND 99 19-12 4-32 
(79-89) Indaf 7,Indaf 8, Indaf 8 Indaf 8 

Indaf 10,lndaf Il,VR 530 IE1012 Indaf 10 
KM 13,IE 1012,U 6,U 10 
(51) A 104 

I.Mean of4 replications. Indaf 5 and unplanied soil were used as checks. Nitrogenase activity ofunphantd control ranged from 0.2Io 13 nm 
C211, bag'. 

2, Mean nitrogenasc actiVity. 
3. DAS = Days after sowing. 
4. ND = Not determined. 
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-than 300 nnoh: CM 4 h bag -' in 12 cultixars, 
between 200 to 300 in 8cultivars, between 100 to 200 
nniol in 20 cultivars, and less than 100 in 13 cultivars. 
Such variability for nitrogenase activity anlolgst 
linger millet cultivars has also been observed earlier 
(ICRISATI 1978). The top five culivars, based on 
maximum activity, were 'I NAU 169, [NAUI 256, 
Purna. If: 1012. and Indaf 9, in that order, least 
activity was found in RAU' 7. Generallv. hybrid 
selecions showed higher nitrogenase act ivitv than 
pure-line selections ([able 2). 

The meditt ni-mrturit v culikars (groups II and 
III) had higher nitrogetmseactivity than citherearly-
(group 1) or late-mattirity cuhisars (group IV). 
Mishra et al. ( 1980) had also found that medium-
maturits cultivars were more productise than earl\ 
or late types, hased on their screenig ol 400 finger 
millet cultikars. 

Seasonal Variation in Diazolroph Counts 
and Nitrogenase Acivity 

Plants of cultivar Indal 5 sere similarly grown in 
polythcne bags. except that 2.75 kg soil was used in 
this experiment. The plants were inoculated with 50 
ml. rhizosphere-soil extract. [his extract was pre-
pared hy mixing I kg rhizospheric soil collected 
from tie field with 4 I N-free sucrose medium. 
incubated for 42 h at room temperature, filtered 
through acheese cloth. and finally niade up to 10 1. 
using water. An unplanted treatment Was also 

included. Six randomly selected plants were assayed 
for nitrogenase at 22, .32.44.59, 68.81, 105, and 129 
days after sowing (l)AS). following the method 
Mentioned earlier. 

Ntrogenase activity increased from 22 I)AS (9 
nmol (,'.,!11- bag-') to peak at 68 l)AS (106 nmol 
C',H.1lv bag -') and then decreased to 36 nmoles 
( 1t4 h- I bag' I at 105 I)AS (Fig. I). 

For estimating the counts of diazotrophs, two 
randomly selected bags each, i.e.. planted and 
inplanted, were selected each time after assay. 
Increase in nitrogenase activity of the soil-root sys
temn closely follo%,ed increase of dia/otroph counts 
upto 68 days. particularl tile diazotroph count of, 
nonsterilied and sterilized root samples. Uolike the 
nitrogenase activity that decreased 68 I)AS. tie dia
,otroph count remained largely unchanged. Assay 
at 68 I)AS gave both maximum nitrogenase activity 
(129 nnol C214, I i bag-') as well as maximum dia
zolroph count of sterilized (4 x 109 g- root) and 
nonsterilied (2 ,II)0l g-' root) macerate. 

In studies \with cultivar Indaf 5, tile diazotroph 
counts were in general higher during tie reproduc
tive stage than during the vegetative stage. Root
adhering soil gave the maximum diazotroph count 
(8.5 , 10') g-1 dry root, followed by nonsterilized 
root macerate (3.4 x 109). and root wash (3. I 101). 
Surface-sterili/ation of root reduced tile count from 
3.4 x 109 to 1.6 x 101 (g root mass) -' for 5 min 
sterilization, and 1.3 x 106(g root mass)- for60 min 
sterilization. The number of colony types of diazo
trophs did not increase from the vegetative to repro-

Table 2. Screening of pure-line and hybrid selections of different origin for the root-associated nitrogenase activity. 

No. ot No, of cultiars havingcult - nitrogenase activity Highest nitro-CLarsi (nmiol C,}If plant - ' h-l Most genase activity
"nmol active (nmol C'fi 4I 

Origin Pedigree tested .311)0 2()-300 :00-20 <100 cultivar plant-' h') 

Karnataka Hybrid 15 5 4 2 4 Indaf 9 361
lamil Nadu Hybrid 6 3 0 3 0 TNAU 169 488
Andhra P~radesh Pure line 7 0 I 3 3 PR 1091 250
Madhya Pradesh Pure line 5 I 1 2 I JNR 852 354
Uttar Pradesh Pure line II I 2 6 2 PES 83-2 324
Bihar Pure line 4 0 0 2 2 RAU 5 183
Orissa Pure line 2 I 0 I B 7-7-43 314
Exotic collection Pure line 3 I 0 I I IE 1012 403
 

Total 53 12 8 20 13
 
(23)' (15) (37) (25)
 

1.Figures in parentheses arepercentages. 
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ductive growth stage. A maximum of 15 colony 
types were observed in nonrhizospheric soil, and 
surface-sterilized root macerate showed 5 to 6 col-
ony types. A total of 40 isolates that grew consist-

ently on N-free medium were finally obtained in 
pure cultures. 

When the 40 diazotroph isolates from cultivar 
Indaf 5 were screened for ARA, all but 3 isolates 
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Figure 1. Seasonal pattern of nitrogenase activity and shoot and root mass of inger millet cultivar indaf 5. 
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produced !ess than 2 nmoles CH 4 h-' tube-'. Of 
these three isolates, No. 38 and 45 were identified as 
Enterobacter cloacae and Isolate No. 23 was 
Azospirillum-like. The rest of the isolates were spe-
cies of Pseudomnonas or Enterobacter cloacae. Iso
lates from finger millet were compared with three 
reference cultures, i.e., NBRE (napier bajra root 
extract), A. lipofirruin (4ABL), and Azosiirilian 
lipoferum (ICM 1001) for in-vitro activity. The cul-
tures NBRE and 4ABL showed four-fold more 
activity than the isolates from finger millet. How-
ever, L. cloacae showed higher activity than A. 
lipqifruni. Highest activity (115 nmoles CH 4 h-1 

tube-') was recorded in the NBRE culture. 

Effect of Soil Moisture 

Effect of moisture on nitrogenase activity of finger 
millet Indaf 5was studied by manipulating the mois
ture regime in the soil and by using an intact-plant 
assay method (Wani et al. 1984). The plants were 
grown in soil in plastic bags, and a basal dose of 25 
kg N and 50 kg each of P2OA and K,O ha-I through 
urea, superphosphate, and potassium chloride was 
applied. Till the moisture-level treatments were 
imposed, all the plants were watered uniformly. 
Nitrogenase activity of the soil-root system as 
affected by six moisture levels (20; WHC to 90(.7 
WHC) increased with incleasing soil moisture. 
There was no significant change in nitro) ,ase activ
ity between moisture levels varying from 19('ito 47 ' 
WHC. Linear regression of average nitrogenase 
activity against soil-moisture content indicated a 
significant correlation (r=0.788). 

Diurnal Variation 

Ten plants of cultivar Indaf 5 were grown in 6-1. 
plastic pots containing 6 kg alluvial soil. A basal 
(lose of 25 kg N and 50 kg each of P1() and K O was 
applied. [he conditions for growing plants were 
similar to those described by Wani et al. (1984). 
Nitrogenase activity was estimated using intact-
plant assay technique (Wani et al. 1984). Acetylene 
gas was injected at 1200 and gas samples were col-
lected at 2h intervals up to 2400. Soil temperature in 
the pot at each assay time was recorded. The diurnal 
pattern of nitrogcnase activity is shown in Figure 2. 

-
Maximum activity of 104 nmol C.H 4 h'plant- I was 
recorded between 10 am and 12 noon. 
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Figure 2. Diurnal pattern ofnitrogenase activity ofan 
intact-plant system of finger millet cultivar Indef 5. 

Response to Inoculation with Nitrogen-
Fixing Bacteria 

Response of finger millet cultivar Indaf 7 to seed 
inoculation with diazotroph cultures (obtained from 
ICRISAT Center) was studied at 25 and 50 kg ha-' 
levels of applied nitrogen, under greenhouse and 
field situations. In the greenhouse, plants were 
raised in 25 cm 15 cm iron cores filled with 3.75 kg 
alluvial soil. The basal dose consisted of apart of the 
N along with 50 kg each of P2 O and K,O. The 
remaining N was applied as a top dressing. In each 
case, a single plant was grown. The seeds were 
soaked for 18 h in brothculture ofbacteria as perthe 
treatment and dried. At sowing, each core was inoc
ulated with 8 mL broth culture. The noninoculated 
broth served as the control. Sarface soil in the cores 
was covered with gravel and the moisture content in 
the cores was maintained at around 70% WHC. 

The grain and straw yields increased significantly 
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over the control due to inoculation with NBRE 
(37%) and SRI (35%) (Fig. 3). Inoculation with A. 
lipoferum (4 ABL) increased leaf number but not 
plant height over the control. Nitrogen alone or 
interaction of N x inoculation had no significant 
effect on yield parameters. Nitrogen content of grain 
increased 50% from inoculation with NBRE and 
47% with SRI; total uptake of nitrogen by the plant 
increased 72% with NBRE and 66% with SRI. Inoc-
ulation had no effect on nitrogen content of straw, 
Interaction of N x inoculation (NBRE) increased N 
content of grain by II,while N alone had no effect. 

In the field experiment, all the cultures used in the 
pot trial except thz SRI isolate were used. The exper-
iment was conducted following randomized-block 
design and 2 m x 2 m plots for each treatment, 
replicated four times. The N, P, and K treatments 
were as in the case of the pot experiment. Seeds were 
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soaked in peat-inoculant suspension for 18 h, air 
dried and sown in rows 22.5 cm apart. Each plot was 
inoculated at sowing with peat-inoculant St. 'ension 
(I g peat inoculant suspended in 500 mL water) 
uniformly. Inoculation of finger millet with all the 
cultures of N,-fixing bacteria increased grain or 
straw yields by 8-10%, over the control plants, but the 
increase was not significant (Fig. 4). Application of 
N also gave nonsignificant yield increases over the 
control plants. Highest above-ground yield (5552 kg 
ha-') was obtained with A. lipofrunt (ICM 1001) 
inoculation + 50 kg N hl,-', y NBRE culfollowed 
ture + 25 kg N ha-' (5168 kg ha-'). Nitrogen content 
of finger millet straw increased by 0.3% due to inocu
lation with NBRE and N uptake increased by 12 kg 
ha-' (Fig. 5). Application of"50 kg N ha-' increased 
grain nitrogen uptake by 25 kg ha-', but had no 
effect on straw nitrogen content. 
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Figure 3. Response of finger millet cultivar Indaf 7 to inoculation with ditizctrophs in a pot trial. 
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Figure 4. Response of field-grown finger millet cul-
tivar Ihidaf 7 with nitrogen levels to inoculation with 
diazotrophs. 

Nitrogen Balance 

Nitrogen balances (postharvest N-pre owiag N in 
soil) due to the growth of finger millet Indaf 5 as 
affected by planting, ;noculation, and three levels of 
nitrogen (0, 25, and 50 kg ha ') were stdied in pot 
culture in the greenhouse (Fig. 6). Maximum posi
tive nitrogen (-ihince (200 mg pot-') was found in 
inoculated finger millet at the 0 level applied-N, 
which also showed the least loss of soil nitrogen (5 
mg pot-'). Maximum lots of soil nitrogen was found 
in the unplanted pot with 50 kg ha-' applied N. Final 
N-balatces in inoculaed and planted systems we-e 
200, 168, and 198 mg pot-'. In the implanted system, 
there were negative balances of 11!,58, and 93 mg 
pot" respectively at the 0, 25, and 50 kg applied-N 
levels. Even though inoculated pots showed a higher 
balance (188 mg pot-') than the noninoculated pot 

N ha "1H] at 25 kg lGrain 
E at 50 kg N a-1 '-traw 
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Figure 5. Nitrogen uptake by field-grown finger 
millet cultivar Indaf 7 as influenced by nitrogen 
levels and inoculations with diazotrophs. 

t161 mg pot-'), the difference was not significant. 
Planting Indaf 5 resulted in an N gain of 175 mg 
pot-', whereas in the unplanted systen there was a 
loss of 49 mg N pot-'. The system gains of N in pots 
due to ino-.ulation extrapolated to a net gain of6.3, 
7.6, and 9.4 kg N la -', respectively, at the 0, 25, and 
50 kg ha-' applied-N levels. 
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Heterotrophic Nitrogen Fixation as Influenced 
by Fertilizers in Rice-Soil Systems 

V. Rajaramamohan Rao, J.L.N. Rao, and T.K. Adhya l 

Summary 

The rice rhizosphere-soil nitrogenase is affected by several environmental and culturalfactors. 
We inve.-tigated the effects ofmineralfertilizers on soil nitrogenase under laboratory andfield 
conditions, employinggas chromatographic acetylene-reduction assay. Studies indicate that the 
level,fori, and nethod offertilizer nitrogen application influenced the nitrogenase associated 
with the rhizosphere. The application of urea briquettes significantly enhanced nitrogenase 
activit'. the extent ofstimulation varying wvith the method ofapplication and thegro wth phase of 
the rice plant. Amnong the phosphate sources tested, superphosphate exerted stimtlatorY influ
ence on nitrogenase,while rock phosphate was less effective. Based on this and earlier research 
front this laboratory, there is an urgent need to evaluate the overall contribution of Nfixation to 
the nitrogen economy under the impact of improved rice technology. 

Introduction 

Fertilizer is one ofthe key inputs in crop production, 
but the information on its influence on nitrogen 
fixation in the rice rhizosphere soil is rather limited, 
It has been well established that nitrogenase is 
depressed by fertilizer nitrogen. However, under 
field conditions, the effects of nitrogen fertilizer 
either singly or in combination with other nutrients 
could be complicated owing to plant absorption and 
other field factors. Information on the effect of 
phosphorus application on soil nitrogenase in 
lowland-rice soils is also not available. We have 
examined the potential nitrogen-fixing activity in 
rhizosphere soil as influenced by different sources of 
fertilizer nitrogen, phosphorus, and certain manage-
ment practices under field and laboratory 
conditions, 

Materials and Methods 

A field experiment was conducted to evaluate the 
influence of forms and methods of application of 

urea nitrogen on the nitrogenase activity of the 
rhizospheric soil. Nitrogen was applied as urea prills 
and urea briquettes at a rate of 40 kg N ha-1, in 
addition to 20 kg ha-1 each of P205 and K20, to all 
treatments. Urea briquettes were applied behind the 
plow or to shallow water between the rows a month 
after sowing. The treatments with prilled urea 
included broadcast and incorporation, urea applied 
behind the plow and between seed rows. Water was 
allowed to accumulate in the field a fortnight after 
germination, and the level reached about 50 cm by 
60 days after sowing (DAS). The water level varied 
between 40 cm and 50 cm up to 120 DAS and 
gradually declined thereafter. 

In all treatments, rhizospheric soil (2 g fresh wt.) 
was collected periodically from three plants from 
each plot and transferred to 125 x 16 mm B-D Vacu
tainer (New Jersey) tubes for acetylene (C2H2) 
reduction analysis. The incubation and analysis 
were conducted as per the procedures described by 
Nayak et al. (1980), Mahapatra and Rao (1981), and 
Rao et al. (1983). High-purity nitrogen served as a 
carrier gas at a flow rate of 30 mL min-'. 

The effect of different levels and sources of phos-

I. Microbiologist, UGC Teacher Fellow, and Microbiologist, Central Rice Research Institute, Cuttack, Orissa 753 006, India. 
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phorus on soil nitrogenase activity was evaluated in 
a laboratory incubation study. Alluvial and P-
deficient alkaline soils were air dried, screened 
through <2 mm sieve, and 5 g placed in B-D vac
tainer tubes. One set of soils was flooded (1.5 cm 
standing water) and the other was kept at 50% water-
holding capacity (WHC). All treatments were repli-
cated three times. Phosphorus was applied as 
K2HPO4 to provide 0, 10, 20, 40,80, and 100 ppm P 
levels. In another experiment rock phosphate, dical-
cium phosphate, and superphosphate were applied 
to yield final concentrations of 0, 20, 40, and 60 ppm 
P. Nitrogenase activity was d,-termined at different 
intervals. The remaining available P was estimated 
as Olsen's P. 

The populations of different groups of nitrogen-
fixing microorganisms in the soils under different 
treatments were counted by convcntional serial-
dilution techniques on N-free media. Azospirillun 
sp was counted following the method suggested by 
Okon et al. (1977), and anaerobic nitrogen fixersand 
Azoiobacter by the procedure of Rao et al. (1973). 
Results presented are the means of five replicates for 
Azospirillum and anaerobic N, fixers, and three 
replicates for Azotobacter. 

Results 

Nitrogenase was, in general, stimulated by the appli-
cation of40 kg N ha -', particularly during the initial 
54 DAS (Table 1). Nitrogenase activity was signifi-
cantly (P<0.05) reduced when the urea briquettes 
were applied to standing shallow water, whereas it 
was high when the briquettes were applied either 
behind the plow or between the rows. Perhaps the 
increased N concentration in the rhizosphere solu-
tion could have reduced the nitrogen availability, 
resulting in a reduction in activity when the urea was 
applied to standing shallow water. In fact, applica-
tion of urea briquettes to the root zone prevents 
nitrogen loss and results in the slower release of 
nitrogen. Thus, the slower supply of low levels of 
nitrogen might have favored nitrogenase activity. 
Added-N is known to stimulate soil nitrogenase 
(Knowles and Denike 1974, Trolledenier 1977, Cha-
ryulu et al. 1981). 

Urea briquettes resulted in a significant (P<0.05) 
increase in grain yield, compared with the control, in 
all methods of application. The nitrogenase was, 
however, affected by the method of N application, 
Thus, no apparent correlation existed between the 

Table . Nitrogenase ctivity (n mol CA g- soil d) In 
the rhizosphere as influenced by form and method of nitro
gen application. 

Treatment Days after sowing 
(40 kg N ha-') 30 47 54 76 88 102 
Without N 
fertilizer 580 420 390 250 150 210 

Urea prills
 
seed rows 640 510 450 320 230 170
 

Broadcast and
 
incorporated 760 450 430 310 480 170
 

Applied behind
 
the plough 740 430 400 140 150 190
 

Urea briquettes
 
Applied in
 
shall ,w water 570 130 200 180 170 190
 

Appli,-d behind
 
the plough 620 620 540 360 310 370
 

SE ±38 ±25 ±33 ±27 ±27 ±20
 

nitrogenase and the crop yield under these 
situations. 

Our results indicate that phosphorus addition 
stimulated nitrogenase activity in the two soils 

(Table 2), and the stimulation was more pronounced 
under nonflooded conditions. The stimulation by 
phosphorus was more apparent in the alluvial soil. 
Thus the effect of phosphorus on nitrogenase 
depended on the water regime and soil type. These 
differences could be attributed to the alterations in 
the available P under two water regimes in the soils. 
In fact, the available P disappeared faster in the 
P-deficient soil than in aliuvial soil. 

Addition of superphosphate and dicalcium phos
phate stimulated nitrogenase activity almost 
throughout incubation, while the rock phosphate 
had an innocuous effect (Table 3). Superphosphate 
was superior over other P-sources in enhancing soil 
nitrogenase and crop yields on this alluviai soil. 

Addition of phosphorus in alluvial soil had little 
effect on the populations of Azospirilum, anaerobic 
N2-fixers, and Azotobacter (Table 4). In contrast, in 
a P-deficient soil, the addition of phosphate stimu
lated the population of Azospirillum and Azotobac
ter. The stimulation was more apparent at the 10 
ppm P level. The P-deficient soil, however, had 
higher numbers of Azotobacter than the alluvial 
soil. Changes in the microbial populations and levels 
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of available P might be responsible for changes in merged conditions also exhibited profound influ
nitrogenase activity in the soils. ence on nitrogenase activity a-id the population of 

Our results suggest that rhizosphere soil nitrogen- nitrogen fixers. This study opens up a further need to 
ase is influenced by the mode of application offertil- manipulate fertilizer-management practices to 
izer nitrogen. The level and source of phosphorus exploit the benefit of biological nitrogen fixation for 
applied to rice soils under nonflooded and sub- rice under these situations. 
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Table 2. Influence of phosphate on soil nitrogenaseactiv
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P-level II 16 25 30
 

NF 2
ppm F1 F NF F NF F NF 

Alluvial soil 
0 30 80 30 100 40 80 ND Table 3. Effect of P-sources on soil nitrogenase (nmol 

10 40 100 50 90 40 90 C2 H4 g' soil d) in a submerged alluvial soil. 
20 70 590 40 200 50 70 
40 80 310 40 160 40 30 P-level Days of incubation 
80 90 290 50 170 ho 20 P-source ppm 8 14 19 22 25 29 

100 70 430 70 60 130 20 Control 0 40 150 90 40 40 30 
LSD(P<0.05) 18 97 10 34 10 II 

(P<0.01) 25 136 15 48 15 15 Rock 20 20 150 110 50 50 40 
phosphate 40 80 90 40 10 10 30

1P-deficient alkaline soil 60 70 130 60 50 30 30 
0 80 120 100 40 60 60 70 30
 

10 80 490 100 250 120 120 90 130 Dicalcium 20 100 157 130 50 50 40
 
20 80 130 140 70 110 100 120 90 phosphate 40 90 160 130 40 40 30
 
40 150 150 120 140 100 70 100 50 60 100 160 150 80 50 50
 
80 250 170 iSO 180 90 110 70 50 Super 20 100 110 150 50 40 40
 

100 170 200 200 60 140 10 100 20 phosphate 40 120 180 210 50 40 30 
LSD(P<0.05) 48 105 30 37 33 21 17 24 60 150 160 140 40 40 40 

(P<0.0I) 67 147 43 52 46 30 24 34 
LSD(P<0.05) 34 31 29 21 19 14 

I. Fz Flooded. (P<0.01) 47 42 40 29 NS' 19 
2. NF = Nonflooded. 
3. ND Not determined. I. NS = Not significant. 

Table 4. Population of N2-fixing microorganisms as influenced by the phosphate level in flooded soils (12 days
 
incubation).
 

Nitrogen-fixing population g-1 dry soil
 
1P-level Azospirilluni Anaerobic N Azotohacter
 

Soil (ppm) (,,106) fixers (xI 05) (.104)
 

NF 2F1 F NF F NF 

Alluvial 0 16 0.14 2.4 1.4 5 7.5 
10 2.8 0.60 2.8 1.7 2 1.8 
80 16 0.12 2.8 2.4 3 6.5 

P-deficient 0 0.5 0.45 1.4 0.24 47 9
 
alkaline 10 13.0 13.5 0.17 0.24 
 122 21 

80 2.8 0.18 1.7 0.17 98 14 

I. F = Flooded. 
2. NF = Nonflooded. 
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Discussion 

N.S. Subba Rao: 
How do you estimate Rhizosphere in the rice plant 
in wet land? 

V.R.Rao: 
The rhizosphere collection and sampling from wet-
land soils often pose several problems. We consider 
the soil fraction attached to the rice roots as the 
rhizosphere. 

G.S.Murthy: 
Did you study the individual effects of N and P on 
nitrogenase activity, or their combined effect? 

V.R.Rao: 
We have information on the independent and com
bined effects of N and P on rice rhizosphere N2 

fixation. The deleterious effect of higher levels of N 

on nitrogenase is alleviated by the application of 
higher levels of P to the system. 

D. Purushothaman: 
Could you tell us the responce nf rice genotypes to 

inoculation with Azosrtrilluni? 

V.R.Rao: 

We have limited i.formation on the genotype 
response to Azospirillum inoculation with regard to 
yield. 

B.S. Kundu:
 
What is the percentage of azospirilla in the rice
 

V.R.Rao: 
Azospirillum is one of the N2 fixers associated with 
rice. Convincing quantitative data on the percentage
of azospirilla in rice rhizosphere are not available. 

C.P. Ghonsikar: 
What is the reliability of ARA methodology in wet
land conditions of rice cultures? Any difficulties in
 

assay techniques? If there are, what special tech
niques are adopted?
 

V.R.Rao:
 
ARA method in wetland conditions could at best be
 
qualitative and is often employed for screening and
 
evaluating the N2-fixing potential under such condi
tions. There are several difficulties associated with
 
this assay system like gas diffusion, initial lag, solu
bility, etc. This technique still needs perfection and
 
improvements are in progress.
 

P. Tauro:
 
What is the number of azospirilla in the rice soil?
 

V.R.Rao: 
t106 g- soil. 
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Effect of Certain Organic Amendments
 
and Potassium on the Bacterization
 

of Rice with A zotobacter chroococcum
 

N.N. Prasad' 

Summary 

The effect of Sesbania, gh'ricidia and sunhemp (green manures), and paddy' straw on the 
bacterization of Oryza sativa L. with Azotobacter chroococcum was studied. Among the treat
ments, Sesbania + Azotobacter gave a 31.7% increase in grain yield and Glyricidia +Azotobacter 
gave 31. 1%increase over the nonamended control. The results also showed the beneficial effects 
of neem cake application in combination with Azotobacter inoculation on rice yield. Neem cake 
application markedly augmented the Azotobacter population in the rhizosphere. Potasium 
application with Azotobacter indicated an increase in grain and straw yields of rice with an 
increase in K levels. The Azotobacter population in the rhizosphere of rice increased with an 
increase in K levels. 

Introduction bacter gave a 23.1% increase in grain yields (Prakash 

and Prasad 1980), 
Nitrogen fixation is an energy-consuming process Organic amendments along with Azotobacter 
and the availability of carbohydrate in soil assumes have also increased the straw yield and 1000 grain 
much significance for the fixation of atmospheric mass. Interestingly, the addition of organic amend
nitrogen. Under field conditions, application of ment combinations with Azotobacter inoculation 
organic amendments, therefore, becomes essential have markedly augmented shoot nitrogen content, 
for the exploitation of the nitrogen-fixing potential when compared to either Azotobacter inoculation 
of Azotobacter. Some of the data obtained on the or organic amendments alone (Prakash 1977). 
bacterization of rice (Or lvza sativa L.) with A. Work done at Annamalai University revealed that 
chroococcum are summarized below, with Azotobacter inoculation the optimum level of 

fertilizer N could be reduced from 120 to 90 kg ha- I 

for the rice crop (Prakash 1977). The organic-matter
Results application was also found to be beneficial to the 

Azotobacter inoculation. To investigate this aspect 
In studies on the effect of green manures and paddy further, Azotobacter was inoculated at three levels 
straw on the bacterization of rice with Azotobacter of glyricidia application at two levels of nitrogen 
at Annamalai University, Sesbania + Azotobacter (Nagarajan 1978). The results revealed the possibil
gave the maximum increase in grain yield (31.7%) ity of reducing the rate of fertilizer N to 60 kg N ha- I 

over the control (Table 1), while glyricidia + Azoto- from 90 kg N ha-', if supplemented with glyricida 
bacter gave a 31.1% increase and sunhemp + Azoto- application at 7.5 t ha-' and inoculated with Azoto-

I. Professor and Head, Department of Microbiology, Annamalai University, Annamalai Nagar, ramil Nadu 608 002, India. 
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Table 1.Effect of organic amendments (6 tha) andAzo- Table 3. ' "ect ofneem cake andA :otobacterinoculation
tobacter inoculation on grain yield of rice. on grair .ieldof rice. 

Increase TreatmentInceae oerGrain ChangeIncrease over Neem cake Nitrogen Azoto- yield over 
Grain over respective (t ha-') (kg ha-') bacierl (kg ha-') control' 
yield control control 

Treatment (kg ha-') (%) (%) 0 90 1 4650 +9.4 
Control 3136 6 90 I 4764 +12.1 
A:otobacter 3526 12.5 12.5 8.5 90 1 4816 +13.3 
Sesbania 3835 22.3 -12.5 90 1 4848 +14.1 
Sesbania + ,1:otohacter 4124 31.7 9.4 25.0 90 1 4895 +15.2 
Glyricidia 3526 12.5 - 0 90 3884 -8.6NI
0 120 NI 4250Glyricidia + Azotobacter 4109 31.1 18.6 
Sunhemp 3467 10.6 I. I =- Inoculated. NI =Not inoculated. 
Sunhemp + Azotobacter 3860 23.1 12.5 2. Control = 120 kg N ha-1 only.
Paddy straw 3089 -1.4 -
Paddy straw+Azotobacter 3610 15.1 16.8 

CD (P<0.05) 0.48 

The neem cake application markedly augmented 
the Azotobacier population in the rhizosphere at 75hatter(Table 2). At the 90 kg N ha -' level, addition DAS. The increase in population of this organism

of 7.5 t ha-' glyricidia gave a 32.1% increase in grain was up to 41.8 x 103 at 25 t ha-' neem cake, as
yield, while with 60 kg N ha-' + 7.5 t ha-' glyricidia, compared to 22.3 x 103 with no neem cake applica
grain yield increased by 27.8%. tion (Table 4).

The effect of neem cake on bacterization of rice We studied the effect oi'graded levels of potassium
(var. white ponni) with Azotobacter during the application on the azotobacterization of rice (var.
samba (northeast monsoon) season (Oct 1979-Feb white ponni). Potassium application increased grain
1980) was studied (Sahul Hameed 1980). Neem cake and straw yields of rice as also the 1000-grain mass. 
was applied at 0, 6. 8.5, 12.5, and 25 tha-' with The application of K with Azotobacter inoculation 
Azotohacter inoculation. Nitrogen application at augmented the Azotobacter population in the rhizo
120 kg N ha-', without Azotobacter inoculation or sphere of rice. The populations increased to 20.46 
neem cake, served as the control. 

x 
103 at 200 kg K2O ha-' as compared to 12.1 x 103 

The results have shown that neem cake applica- without K application (Table 5). 
tion in combination with Azotobacter inoculation 
on rice can give grain yield increases of 12.1-15.2% 
and straw yield increases of 15.9-18.7% (Table 3). 

Table 4. Effect ofneem cake and A zotobacterInoculation 
on rhizosphere population ofAzotobacter (x10g-l oven-Table 2. Effect of glyricidia and N with Azolobacter dry soil).chroococcum inoculation on grain and straw yields ofrice. 

I= Inoculated, NI Not inoculated. 

Treatnent 
Glyricidia Nitrogen Grain yield Straw yield 

Treatments 
Neem cake Nitrogenitha-) (kgha-') Azoto-batter' 

Days after 
transplantation15 35 55 75 

(tha - ) (kg ha-) (kg ha-') (kg ha-) 

0 
0 
2.5 
2.5 
5.0 
5.0 

90 
60 
90 
60 
90 
60 

5029 
4611 
5325 
4942 
6019 
5710 

14275 
13618 
15702 
13672 
16197 
15043 

0
6 
8.5 

12.5 
25.0 

0 
0 

90 
90 
90 
90 
90 
90 

120 

I
1 
i 
I 
1 

NI 
NI 

.3.8
16.3 
14.0 

20.1 
26.4 
12.6 
11.2 

17.7
19.5 

21.9 
23.9 
29.9 
15.1 
13.2 

19.6 
23.2 
26.5 
28.5 
34.8 
17.2 
15.7 

22.3
26.1 
29.3 

31.9 
41.8 
18.5 
17.8 

7.5 90 6642 17460 
7.5 60 6425 16583 I. = 
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Table 5. Effect of potassium application with Azotobac
ter chroococcum inoculation on the rhizosphere popula
tion of Azotobacter (x 103 g-' oven-dry soil). 

Days after transplantationPotassium 
(kg K20 ha-') 15 30 45 

0 8.48 10.28 12.12 
50 10.68 12.84 14.86 

100 12.82 14.28 16.24 
150 13.14 16.14 18.45 
200 15.25 19.28 20.46 
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Studies on Vesicular Arbuscular Mycorrhiza 
in Cereals at ICRISAT Center 

K.R. Krishna' 

A bstract 

The vesicular arbuscular mycorrhizal symbiosis iswidespread on both sorghum andpearl millet 
grown in SA T regions. Pearl millet genotvpes tested across three ield locations showed alarge 
variation in mean mycorrhizal colonization, which ranged between 25 and56%. Root coloniza
tion percentage varied significantil (P<O.05) between male-sterile lines, restorer lines, and their 
derived crosses, indicating further that mycorrhizal colonization is plant-genotype dependent 
and that it could be heritable. 

Fungal isolates differed in their ability to stimulate growth and phosphorus uptake on both 
sorghum and pearl millet, indicating a need to screen and select fungifor improved response. A 
technique based on phosphorus estimation in bleeding sap, which could be used to select fungi 
with improved performance on sorghum, is described. 
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The use of ELISA (Enzyme-Linked Immunosorbent
 
Assay) for Quality Assessment of Bacterial Inoculants
 

P.T.C. Nambiar' 

A bstract 

One of the major reasonsfor thefailure ofBNF technology infarmers'fields is the poor quality of 
inoculants. The conventional plant-infection technique is often used to enumerate rhizobia in 
carrier-based inoculants. At ICRISA T Center, we have standardized ELISA for the quality
control ofRhizobium inoculants. Theplant-infection technique is time consuming and laborious. 
The test plant has to be grown for 25-30 daysfor the plant-infection technique assessment, while 
ELISA results can be obtained within 2 days. One hundred and sixty-eight siratro plants are 
necessary to test the quality ofeight inocuhm packets by theplant-infection technique, while only 
a single ELISA plate is needed for the same number ofpeat packets. This technique can be 
modifiedfor the quality assessment of other bacterial inoculants. 

I. Microbiologist, Groundnut Improvement Program, ICRISAT, Patancheru, A.P. 502 324, India. 
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Recommendations
 

The need to have fairly uniform procedures for measuring the amount of nitrogen
fixed by sorghum and millets under in situ conditions was recognized as a prerequisite

for embarking on more intensive research on the BNF technology of these crops. The
 
acetylene-reduction method (ARA), employing whole plants either by axenic plant

cultures inoculated with N,-fixing bacteria or by nondisturbed soil cores or intact
 
plant assay, was considered to be appropriate for qualitatively estimating the nitroge
nase activity and, hence, the Ni-fixing ability of these plants. The planted soil core
 
method, standardized by ICRISAT scientists, was endorsed to meet the assay require
ments for this purpose.
 

Since the time of incubation with acetylene gas can be a variable factor in such
 
assays, it is recommended that the time course assay be terminated when the linearity

of the reaction begins to cease. Whenever quantitative measurements are needed, the
 
'-N dilution technique has to be resorted to, choosing 
a suitable nonfixing control
 
plant.
 

Insofar as pot culture or field experiments are concerned, the total biomass of the
 
plant (root, shoot, and grain), individually or collectively, may be taken as the
 
yardstick to measure the overall benefits from inoculation with bacterial cultures.
 
Such a measurement would take into account the benefits derived by N, fixation as
 
well as by other factors, such as growth-promoting substances or ,nlanced nutrient
 
uptake concommitant with improved root growth. The design and conduct of the field
 
experiments should be left to the agronomists, but microbiologists have to supervise
inoculation procedures and watch the progress of experiments to record outbreak of 
pests and diseases, which may limit or mask benefits from BNF. In these experiments, 
fertilizer nitrogen should be kept within 30-40 kg N ha - 1. 

There can be both long-term and short-term approaches to future research on BNF 
technology for sorghum and millets. 

The long-term approaches may include the following: 

I. To search extensively for cultivars that exhibit consistently high nitrogenase
activity and plant biomass output under diverse stress conditions in the semi
arid tropics, with a view to eventually transfer the beneficial traits to cultivated 
varieties through intensive plant-breeding methods. This line of work may also 
include designing of breeding procedures to find out if the high production 
attribute of plants are inheritable. 

2. To explore varietal interaction with specific bacterial species or strains. 
3. To exchange bacterial germplasm and maintain them at different centers. 

The short-term strategies may include the following: 

1. To test the efficiency of superior bacterial cultures in enhancing the yield

potential of sorghum and millets under field conditions in the semi-arid tropics.
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2. To test various methods of inoculation under field conditions to evolve a 
suitable method. 

3. To qualitatively and quantitatively define the extent of growth-promoting sub
stances produced by efficient strains of bacteria in pure cultures and in the 
rhizosphere of crops. 

4. 	 To intensify work on identification of hitherto undefined N2-fixing bacteria in 
sorghum and millets. 

5. To quantitatively estimate the preponderance of several types of N2-fixing 
bacteria in the root region, by standardizing the enumeration procedures. 
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