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Summary

Estimates of nonsymbiotic and associative nitrogen fixation indicate that nitrogen fixation 

occurs at magnitudes that may be of agronomic significance. 

Long-term N balances for crop production, although difficult to measure, are necessary for 

estimating the amounts of N2 fixed. Techniques using 15N directly to measure nitrogen fixation 

and problems involved in employing these techniques are discussed. Acetylene-reduction assays 

(ARA) are very sensitive but there are limitations to their use in quantification of nitrogen 

fixation as well as infield studies. 

Current understanding about the source of energy for cereal nitrogen fixation and the effect of 

light, temperature, soil moisture, plant genotype, plant age, and combined nitrogen on nitrogen 

fixation is illustrated with examples. Possibilities of improving the ability of cereals to support 

nitrogen fixation through plant breeding are discussed. 

Types of bacteria involved and methods used to isolate, count, and test their nitrogenase 

activity influence the results of such studies. Problems associated with selecting bacteria for field 

studies, their performance, and mode of benefiting crops from inoculations are discussed. Future 

areas of work are highlighted. 

I n t r o d u c t i o n

N i t r o g e n i s the most l i m i t i n g nu t r ien t i n f ood p r o -

duc t i on . The b io log ica l n i t rogen cycle ( F i g . 1) is

responsible fo r a tu rnover of 108-109 t N a- 1 on ear th

in wh i ch b io log ica l l y f i xed N2 i s one o f the inputs .

Nonsymb io t i c and associative N2 f i x a t i o n i s consi-

dered to occur a t magni tudes that may be of agro-

nomic signif icance (Dobere iner 1978, Know les 1976,

M o o r e 1966, D a r t and W a n i 1982, W a n i e t a l . 1984).

The apparent po ten t ia l fo r b io log ica l n i t rogen f i xa -

t i o n ( B N F ) associated w i t h cereals exceeds its pre-

sent u t i l i za t i on , bu t knowledge in th is f ie ld is no t

enough to exp lo i t these associations fu l l y . There

appear to be many ways of increasing the c o n t r i b u -

t i o n f r o m cereal n i t rogen f i xa t i on . The a i m o f th is

review is to evaluate the prob lems and potent ia l i t ies

of cereal n i t rogen f ixat ion and to indicate the areas

needing fur ther invest igat ion.

M i c r o b i o l o g y o f t h e A s s o c i a t i o n

Since W inog radsky (1893) established that C los t r i -

dium pasteurianum cou ld f ix a tmospher ic N2 and

Bei jer inck (1901) described the first Azotobacter, 

the l ist o f n i t rogen- f i x ing bacter ia has gone on

increasing (Ba landreau 1983). M a n y di f ferent gen-

era and strains of N2 - f i x i n g bacter ia can be isolated

f r o m the so i l and the roots. The d i f f i cu l t y in s tudy ing

the ecology of N2 - f i x i n g bacter ia is in devis ing selec-

t ive media and new iso la t ion procedures to coun t the

popu la t ions o f par t i cu la r organisms. Each labora-
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Figure 1. The nitrogen cycle.

t o r y uses a pa r t i cu la r set o f techniques f o r g r o w i n g ,

i so la t ing , a n d c o u n t i n g N 2 - f i x i n g bacter ia . Conse-

quen t l y , each l a b o r a t o r y has a tendency to cons ider

t ha t i ts o w n bac te r i um has a d o m i n a n t ro le i n N 2

f i x a t i o n .

I s o l a t i o n a n d E n u m e r a t i o n

o f N 2 - f i x i n g B a c t e r i a

To overcome the p r o b l e m o f selective c a r b o n source

in the m e d i u m as f a r as rh izosphere bacter ia are

concerned, use o f c a r b o n sources s im i l a r to those

present in the rh izosphere , i.e, r o o t exudates, w o u l d

be better. Use o f the 'spermosphere m o d e l ' i s p r o m i s -

i n g f o r c o u n t i n g a n d i so la t i ng N 2 - f i x i n g bacter ia

( T h o m a s - B a u z o n et a l . 1982).

A n o t h e r d i f f i c u l t y i n c o m p a r i n g the results o f var -

ious g roups i s the w a y o f expressing the n u m b e r o f

bacter ia. These are genera l ly expressed per g of

rh izospher ic so i l . Howeve r , there is no c lear d e f i n i -

t i o n o f rh izospher ic so i l . Express ing the results per

u n i t mass o f r o o t does n o t solve the p r o b l e m e i ther ,

cons ide r ing the d i f fe ren t types o f roo ts f o u n d on the

same p l a n t , samp l i ng m e t h o d , age o f the p l a n t a t

samp l ing , d istance o f roo ts f r o m the c r o w n , and

d i f f i cu l t y i n recover ing a l l the roo ts f r o m the so i l .

Howeve r , expressing the n u m b e r o f bacter ia per un i t

mass o f above -g round p lan t par ts p roduced m a y

give a bet ter unders tand ing and u n i f o r m i t y in

express ion.

T e s t i n g f o r N 2 - f i x i n g E f f i c i e n c y

Somet imes repor ts o f new organisms capable o f f i x -

i ng a tmospher i c n i t r ogen are la ter p roved to be

u n t r u e because the cu l tu re under test m a y no t be

pure a n d even s l ight c o n t a m i n a t i o n by a N 2 - f i x i n g

o rgan i sm c o u l d be suf f ic ient to ind ica te f i xa t ion .

G r o w t h on a N-f ree m e d i u m is n o t a suf f ic ient c r i te r -

i o n f o r n i t rogenase ac t i v i t y ( H i l l a n d Postgate 1969)

as some o f the N-scavenging bacter ia can g r o w on

traces o f N present in the m e d i u m a n d some N 2 -

f i x ing bacter ia canno t g r o w on a m e d i u m comp le te l y

free o f c o m b i n e d N ( W a t a n a b e a n d B a r r a q u i o 1979).

T h e 1 5N2 i n c o r p o r a t i o n , even t h o u g h a de f in i t i ve test

t o measure N 2 f i x a t i o n i s t o o expensive a n d gener-

a l l y C 2 H 2 r educ t i on as an ind i rec t assay techn ique is

used. T h i s techn ique poses p rob lems due to the sho r t
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exposure pe r i od t o C 2 H 2 r educ t i on a n d also due t o

o x i d a t i o n o f C 2 H 4 b y some bacter ia ( K n o w l e s 1981).

M a n y N 2 - f i x i n g bacter ia express n i t rogenase ac t i v -

i t y o n l y w h e n they are i n suf f ic ient numbers ( H a u k e -

Pacewiczowa et a l . 1970, Brouzes et a l . 1971) a n d in

e n u m e r a t i o n exper iments w i t h h i g h d i l u t i ons th is

can take as l o n g as 3 weeks ( V i l l e m i n et a l . 1974). T h e

establ ished ni t rogenase ac t i v i t y can be suppressed

by c a r b o n o r oxygen l i m i t a t i o n so tha t the overa l l

pe r i od f o r express ion o f ac t i v i t y i s very shor t . T h i s

d i f f i cu l t y can be overcome by w a i t i n g l o n g enough

f o r each tube con ta i n i ng N 2 - f i x i n g bacter ia to

deve lop a su f f i c ien t ly large p o p u l a t i o n a n d then

a d d i n g f resh m e d i u m , and i ncuba t i ng unde r C 2 H 2

( V i l l e m i n e t a l . 1974). A n o t h e r poss ib i l i t y i s to i n c u -

bate the repl icate tubes under 1% C 2 H 2 as soon as

they are inocu la ted (Ba land reau 1983).

I d e n t i f i c a t i o n o f B a c t e r i a

A deta i led i den t i f i ca t i on of bacter ia iso lated is gen-

era l ly ove r l ooked by soi l m ic rob io log is ts . As i n d i -

c a t e d b y B a l a n d r e a u ( 1 9 8 3 ) " m a n y s o i l

m ic rob io log is ts are n o t very keen on t a x o n o m y " .

Somet imes organisms are ident i f ied up to the

generic level based on c o m m o n tests, e.g., o rgan isms

f o r m i n g a pel l ic le in ma la te semiso l id m e d i u m are

cal led Azospirillum, when there are o ther N 2 - f i x i n g

bacter ia such as some members of en terobacter ia -

ceae a n d species of Pseudomonas capable of f o r m -

i ng pel l ic le i n semiso l id mala te m e d i u m . E i the r way ,

worke rs shou ld no t o v e r l o o k deta i led t a x o n o m y and

shou ld avo id n a m i n g u n c o n f i r m e d cu l tures (Ba lan -

d reau 1983).

O c c u r r e n c e o f N 2 - f i x i n g B a c t e r i a

La rge popu la t i ons o f he te ro t roph ic bacter ia capable

o f g r o w i n g on N-f ree med ia exist i n soils o f the

semi -ar id t rop ics ( W a n i , i n press). I n genera l , m u l t i -

p l i ca t i on of such bacter ia as we l l as selective p ro l i f e r -

a t i o n o f pa r t i cu la r types occurs i n the rh izosphere.

N i t r o g e n - f i x i n g bacter ia have been observed to

adhere very closely to the roo ts and cons iderab le

numbers were ob ta ined f r o m r o o t pieces sur face-

ster i l ized in 1% c h l o r a m i n e T f o r 1 h ( D a r t a n d W a n i

1982). W h e t h e r the assoc ia t ion between bacter ia and

p lan t roo ts i s ex te rna l o r the bacter ia invade the r o o t

tissues is no t c lear ly k n o w n . U m a l i - G a r c i a e t a l .

(1980) f o u n d tha t a d s o r p t i o n o f three st ra ins o f A .

brasilense to m i l l e t r o o t hai rs was bet ter t h a n the

a d s o r p t i o n of Rhizobium trifolii a n d Pseudomonas 

fluorescens. E lec t ron m ic rog raphs of P. maximum 

a n d m i l l e t roo ts a n d op t i ca l m ic rog raphs o f

te t razo l i um- reduc ing bacter ia i n the roo ts o f maize ,

wheat , a n d s o r g h u m suggest tha t i n fec t i on o f the

co r tex a n d stale of these roo ts by Azospirillum is at

the p o i n t o f emergence o f la tera l roo ts ( P a t r i q u i n

a n d Dobe re ine r 1978; U m a l i - G a r c i a e t a l 1978,

1980; Maga lhase et a l . 1979). Bac ter ia have been

observed in t o r n o r d i s rup ted r o o t cells (Schank e t

a l . 1983) a n d also observed in te rce l lu la r l y b u t n o t

w i t h i n l i v i n g r o o t cells ( U m a l i - G a r c i a e t a l . 1980).

E s t i m a t e s o f N o n s y m b i o t i c a n d

A s s o c i a t i v e N 2 F i x a t i o n

Some o f the mos t - conv inc ing evidence tha t n o n s y m -

b io t i c n i t r o g e n f i xa t ion m a y be i m p o r t a n t under

f ie ld cond i t i ons has come f r o m n i t rogen-ba lance

studies. T h e l ong - te rm N-balance studies a t

R o t h a m s t e d , Eng land est imated n o n s y m b i o t i c n i t -

rogen f i x a t i o n up to 18-20 kg N h a - 1 a - 1 i n p lo ts

con t i nuous l y c ropped to wheat since 1943 a n d

receiv ing no n i t r ogen fer t i l i zer , a n d m o r e t h a n 39 kg

N ha - 1 in p lo ts lef t to develop na tu ra l vegeta t ion

(Jenk inson 1977, W i t t y et a l . 1977) (Tab le 1).

N i t rogen-ba lance studies are a lso ava i lab le in the

t rop ics . I n the o ld l o n g - t e r m , p e r m a n e n t - m a n u r i a l

exper imen t at C o i m b a t o r e , I n d i a , there was a net

ga in o f N in b o t h c o n t r o l ( n o fer t i l i zer ) p lo ts a n d

p lo ts w i t h N - a n d P - fer t i l i zer app l i ca t i on ( K r i s h n a -

m o o r t h y and R a v i k u m a r 1973). Several p o t expe r i -

ments w i t h s o r g h u m , pear l m i l l e t , f i nge r m i l l e t

Table 1 . Some estimates of nitrogen f ixed in association

wi th cereals and grasses based on N balance.

Table 1 . Some estimates of nitrogen f ixed in association

wi th cereals and grasses based on N balance.

N i t r o g e n f i x e d

C r o p ( k g N ha-1 a - 1 ) Reference

M a i z e 11.2 S m i t h e t a l . 1954

W h e a t 18-23 D a r t a n d D a y 1975

R ice 30-60 F i r t h e t a l . 1973

K o y a m a a n d A p p 1979

W a l c o t t e t a l 1977

Legume- f ree

grass sod 34 S m i t h e t a l . 1954

Grasses 45 W h i t e et a l . 1945

N o n c u l t i v a t e d

( legume- f ree) 49 D a r t a n d D a y 1975

R y e grass 63 P a r k e r 1957

F inge r m i l l e t 112-148 M o o r e 1963
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(Eleucine coracana), and Nap ie r ba j ra 21 (Pennise-

tum purpureum x P. americanum) have s h o w n sub-

s tant ia l pos i t i ve balances f o r N ( D a r t and W a n i

1982; W a n i , in press; U p a d h y a y a et a l . 1986). A 

pos i t ive N balance over a 4 - m o n t h pe r i od f o r the so i l

p l an t system i n p o t exper iments w i t h f inger m i l l e t

was f o u n d , w h i c h ex t rapo la ted to a ga in o f 112-148

kg N h a - 1 ( M o o r e 1963). S i m i l a r l y , pos i t i ve N ba l -

ance f o r f l o o d e d soils in po ts p lan ted to r ice have

been repor ted ( A p p e t a l . 1980). T h e subs tan t ia l

c o n t r i b u t i o n o f B N F to the N economy o f the r ice

c r o p is we l l documen ted . Azolla-Anabaena associa-

t i o n / b l u e - g r e e n algae, and pho tosyn the t i c bacter ia

accoun t f o r substant ia l con t r i bu t i ons to t o t a l N 

i n p u t f o r the r ice c r o p ( V e n k a t a r a m a n 1975, W a t a -

nabe 1981, S ingh 1981). A t the I n t e r n a t i o n a l R ice

Research Ins t i t u te ( I R R I ) , 23 r ice crops were g r o w n

over 11 years w i t h o u t a d d i t i o n o f N w i t h no appa r -

ent decl ine in so i l N fe r t i l i t y . A b o u t 4 5 - 6 0 kg N ha - 1

c r o p - 1 were removed t h r o u g h g r a i n a n d s t raw ( W a t -

anabe a n d Lee 1977). U s i n g 1 5 N 2 i n c o r p o r a t i o n by

rh izospher ic so i l , i t has been demons t ra ted t ha t r h i -

zospher ic so i l f i xed f o u r - f o l d h igher n i t r ogen t h a n

the nonrh izospher i c so i l . T h e 1 5 N 2 i n c o r p o r a t i o n i n

the rh izosphere also var ied s ign i f i can t l y depend ing

on the va r ie ty ( C h a r y u l u e t a l . 1981).

Genera l l y , l o w rates o f d i n i t r ogen f i x a t i o n ( < 6 k g

N h a - 1 season - 1) have been repor ted f o r grasses, in

tempera te c l imates (Tab le 2) (Ne lson et a l . 1976,

T j e p k e m a a n d Bur r i s 1976, Pedersen et a l . 1978).

H i g h e r f i x a t i o n rates of up to 33 kg N ha - 1 in 100

days f o r Cynodon dactylon ( L . ) pers. were repor ted

f r o m Texas (Weaver e t a l . 1980). F r o m the O r e g o n

wet lands Juncus ballicus p lants were repor ted to f ix

up to 0.8 kg N h a - 1 d - 1 (T j epkema and Evans 1976).

I n the t rop ics , h i g h rates o f d i n i t r o g e n f i xa t i on

associated w i t h grasses have been repo r ted . F o r

examp le , 90 kg N ha -1 a -1 w i t h Paspalum notatum 

Flugge (Dobe re ine r e t a l . 1972), 2 kg N h a - 1 d - 1 w i t h

Zea mays L. ( v o n B u l o w a n d Dobere ine r 1975), 3 -63

kg N h a - 1 season -1 w i t h f looded r ice (Yosh ida a n d

Anca jas 1973), and 70 kg N ha - 1 a - 1 a lso w i t h r ice

(Ba land reau et a l . 1976). T h e highest rates (2 kg N 

ha - 1 d - 1 ) o f d i n i t r o g e n f i x a t i o n in the t rop ics were

ob ta ined by us ing p re incubated exc ised- root assays

( v o n B u l o w a n d Dobe re ine r 1975, Dobere ine r 1978).

T h e shor t fa l l s in th is assay m e t h o d are discussed

under A R A methods .

The re are few repor ts (Tab le 3 ) i nd i ca t i ng i nco r -

p o r a t i o n o f 1 5 N 2 i n t o cereal p lants tha t p rov ide a n

unequ ivoca l p r o o f o f b io log ica l n i t r ogen f i x a t i o n

(Rusche l et a l . 1975, D e - P o l l i e t a l . 1977, I t o et a l .

1980, G i l l e r et a l . 1984). There is a need to co l lect

m o r e da ta in the t rop ics to est imate the n i t r ogen

f ixa t ion w i t h d i f fe ren t cereals. Th i s can be achieved

by c o n d u c t i n g l o n g t e r m N-balance t r ia ls i n the f i e ld

a n d also by 1 5 N 2 i n c o r p o r a t i o n studies.

M e t h o d o l o g y for M e a s u r e m e n t o f

N 2 F i x a t i o n

Techn iques used f o r measurement o f n i t r ogen f i xa -

t i o n associated w i t h f i e l d - and p o t - g r o w n p lan ts can

be b r o a d l y classif ied as d i rec t and ind i rec t .

Direct Techniques

Tota l N by Kjeldahl analysis. T o t a l - N measure-

10

Table 2 . Some estimates of nitrogen f ixed, based on acetylene-reduction activity ( A R A ) .

P l a n t P e r i o d k g N ha-1 Reference

Grasses in C a l i f o r n i a Season < 6 Steyn a n d D e l w i c h e 1970

O k l a h o m a O r e g o n K a p u s t k a a n d R i ce 1978

W i s c o n s i n a n d N e w Z e a l a n d L i n e a n d L o u t i t 1973

W h e a t a n d s o r g h u m i n N e b r a s k a N e l s o n et a l . 1976

T j e p k e m a a n d B u r r i s 1976

Pedersen et a l . 1978

Sporobolis heterolepsis Year 9 T j e p k e m a a n d B u r r i s 1976

Cynodon dactylon 100 D a y s 33 W e a v e r et a l . 1980

Juncus balticus D a y 0.8 T j e p k e m a a n d Evans 1976

Paspalum n o t a t u m Season 90 D o b e r e i n e r e t a l . 1972

Zea mays D a y 2 v o n B u l o w a n d D o b e r e i n e r 1975

Oryza sativa Season 3.6 Y o s h i d a a n d A n c a j a s 1973

Y e a r 70 B a l a n d r e a u e t a l . 1976

Pas tu re soi ls Yea r 32 K o c h a n d O y a 1974



ments w i t h t h e K j e l d a h l m e t h o d w i t h s m a l l s u b s a m -

pies of a p a r t i c u l a r system enable N - a c c r e t i o n to be 

d e t e r m i n e d w i t h ease. H o w e v e r , as t h e K j e l d a h l 

analysis does n o t d i s t i n g u i s h N f r a c t i o n w i t h i n t h e 

t o t a l , i t is essential to c o n s t r u c t an N-balance sheet 

f o r e s t i m a t i n g N i n p u t f r o m N
2
 f i x a t i o n . U n d e r f i e l d 

c o n d i t i o n s such e x p e r i m e n t s are d i f f i c u l t t o c o n d u c t , 

a s they need t o r u n f o r m o r e t h a n one season a n d 

r e q u i r e a r i g o r o u s s a m p l i n g o f the so i l i f t h e y are t o 

r e l i a b l y measure s o i l - N changes of 2 0 - 5 0 kg N ha
- 1 

a
- 1

 ( V a l l i s 1973). A l s o , e s t i m a t i o n o f N
2
 loss b y 

d e n i t r i f i c a t i o n i s d i f f i c u l t u n d e r f i e l d c o n d i t i o n s , 

a l t h o u g h i t i s bel ieved t o b e s m a l l u n d e r n o r m a l f i e l d 

s i t u a t i o n s w i t h l o w doses of N f e r t i l i z e r a p p l i c a t i o n s 

( G r e e n l a n d 1962). T h e lys imeter, a l t h o u g h a dis-

t u r b e d system, enables measurements o f N-accre-

t i o n a n d loss w i t h m o r e p r e c i s i o n . H o w e v e r , i t i s 

d i f f i c u l t t o regulate t h e w a t e r c o n t e n t o f lys imeters, 

because the s o i l w i t h i n the lys imeter is d e t a c h e d 

f r o m the w a t e r tab le. 

T h e use of N isotopes. T h e use of i s o t o p e
 l 3

N is 

restr ic ted because o f i ts s h o r t h a l f - l i f e o f 1 1 m i n . T h e 

stable i s o t o p e
 1 5

N i s p r e f e r r e d f o r m e a s u r i n g n i t r o -

gen f i x a t i o n . I t has been used w i t h sugarcane, t r o p i -

c a l grasses, a n d r ice, u s i n g c h a m b e r s t o enclose b o t h 

the p l a n t s a n d g r o w t h m e d i a ( R u s c h e l e t a l 1975, 

D e - P o l l i e t a l . 1977, I t o e t a l . 1980). M a j o r d i f f i c u l -

ties w i t h such e x p e r i m e n t s are the enclosure o f 

p l a n t s a n d changes i n e n v i r o n m e n t a l c o n d i t i o n s 

w i t h t h e necessary l o n g - t e r m i n c u b a t i o n s r e q u i r i n g 

c o m p l e x c o n t r o l e q u i p m e n t . I n c u b a t i o n c h a m b e r s 

have also been evacuated t o r e m o v e t he a i r b e f o r e 

i n t r o d u c t i o n o f gas m i x t u r e ( D e - P o l l i e t a l . 1977; 

R u s c h e l e t a l . 1975, 1981). T h i s c o u l d lead t o d i s t u r -

bance o f rh izospher ic i n t e g r i t y a n d unrepresentat ive 

n i t r o g e n u p t a k e by the p l a n t . These p r o b l e m s have 

been overcome recently w i t h a s imple, inexpensive 

apparatus developed a t I C R I S A T Center f o r expos-

i n g the p lants t o
 1 5

N
2
 ( G i l l e r e t a l . 1984). T h i s m e t h o d 

can b e used t o establish the r a t i o o f C
2

H
2
 r e d u c t i o n 

t o N
2
 f i x a t i o n b u t i s n o t relevant t o f ie ld e x p e r i -

ments. I t i s o b v i o u s l y d i f f i c u l t t o e x t r a p o l a t e 

a m o u n t s o f n i t r o g e n f i x e d f r o m
 1 5

N
2
 i n c o r p o r a t i o n 

studies over a short p e r i o d to a m o u n t s f ixed on a per 

p l a n t or per hectare basis. 

T h e above l i m i t a t i o n c a n be overcome us ing the 
1 5

N i s o t o p e - d i l u t i o n technique. U s i n g th i s technique 

lines o f s o r g h u m a n d m i l l e t g r o w n i n pots c o n t a i n i n g 

v e r m i c u l i t e were screened f o r t h e i r p o t e n t i a l t o f i x 

N
2
 ( G i l l e r e t a l . , 1986). I n such exper iments , e x t r a 

care has to be t a k e n to prevent the systems f r o m 

g e t t i n g c o n t a m i n a t e d w i t h
 I 4

N f r o m o t h e r sources, 

such as water or the g r o w t h m e d i u m . 

A n a l te rnat ive m e t h o d t o measure N
2
 f i x a t i o n 

w o u l d b e t o d e t e r m i n e differences i n n a t u r a l a b u n -

dance o f
 I 5

N ar i s ing f r o m mass d i s c r i m i n a t i o n 

effects r e s u l t i n g f r o m N
2
 f i x a t i o n , N H

4
 a s s i m i l a t i o n , 

a n d
 I 5

N t r a n s p o r t . B u t a s the δ
 I 5

N has been r e p o r t e d 

t o v a r y cons iderably w i t h so i l d e p t h ( K a r a m a n o s 

a n d R e n n i e 1980), its use t o de termine N
2
 f i x a t i o n 

m a y b e l i m i t e d . 

Indirect Techniques 

A c e t y l e n e - r e d u c t i o n assays ( A R A ) . Ni t rogenase 

reduces n u m e r o u s c h e m i c a l analoges o f n i t r o g e n , 

smal l molecules c o n t a i n i n g a t r i p l e b o n d ( T a b l e 4) . 

A l l b i o l o g i c a l d i n i t r o g e n - f i x i n g systems tested t o 
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T a b l e 3 . I n c o r p o r a t i o n o f
 I 5

N
2
 b y nonlegumes. 

I n c u b a t i o n 
% N d f a N f ixed (µg p l a n t

- 1
) 

C r o p t i m e S h o o t R o o t S o i l S h o o t R o o t S o i l Reference 

D.decumbens 78 h 0.01 0.12 . 1 7 - D e - P o l l i e t a l . 1977 

P. notatum 30 h 0.001 0.02 - 0 1 - D e - P o l l i e t a l . 1977 

S. officinarum 30 h 4.66 4.14 - 160 52 - R u s c h e l et a l . 1975 

24 h 0.001 0.03 - 0 3 - R u s c h e l et a l . 1978 

72 h 0.15 0.27 - 124 4 6 - R u s c h e l et a l . 1981 

0. sativa 7 d 3.26 1.43 - 961 1005 - I t o et a l . 1980 

7 d 0.08 0.37 0.07 65 44 510 Y o s h i d a a n d Y o n e y a m a 1980 

3 d 0.003 0.35 0.01 6 95 16 E s k e w et a l . 1981 

S. vulgare 3 d 0.406 0.242 - 33 13 - G i l l e r et a l . 1984 

P. a m e r i c a n u m 3 d 0.05 0.089 - 1.4 1.1 -

G r o w n f u r t h e r 

5 d 2.0 1.5 6.01 



date have also reduced acetylene to ethylene. T h e use
of f lame ion isa t ion detector gas ch roma tog raphy to
measure the ethylene p roduced was f i rs t p roposed
by H a r d y and K n i g h t (1967). T h e A R A i s a s imple
bu t ind i rec t me thod to test ni trogenase ac t i v i t y (Ber-
gersen 1970). T h e A R A is abou t 103 t imes m o r e
sensitive t hanI 5 N techniques and 106 t imes m o r e
sensitive t han the K je ldah l me thod . Ethy lene can be
separated comple te ly f r o m C2 H 2 , C H4 , and a l l o ther
gases and C2 H 2 and C2 H 4 are easily a n d rap i d l y
detected us ing gas ch romatog raphy . As the A R A
does no t measure transfer o f f i xed N2 f r o m the d ia -
z o t r o p h to the associated c rop p lan t , i t can o n l y
ident i fy whether or no t ni t rogenase ac t i v i t y is pre-
sent in a par t i cu la r system. Exper iments w i t h1 5N are
s t i l l necessary to demonst ra te tha t ag r i cu l t u ra l crops
der ive s ign i f icant benef i t f r o m N2 f i x a t i o n . Be ing a n
ind i rec t assay, the ma jo r d i f f i cu l t y w i t h the A R A i s
i n quan t i f y i ng the amoun ts o f N2 f i xed over t ime.
T h e ra t i o o f C2 H 2 : N 2 reduc ing ac t i v i t y cannot b e
assumed w i t h m u c h accuracy w i t h o u t ac tua l tests
a n d is se ldom exper imenta l l y de termined (Know les
1981). Theore t i ca l l y , three moles o f C2 H 2 are
reduced per mo le o f N2 reduced, however , C2 H 2 : N 2

rat ios v a r y i n g f r o m 1.5 to 6.9 f o r d i f ferent systems
have been repor ted (Bergersen 1970, K n o w l e s 1981).
The so lub i l i t ies o f C2 H 2 and N2 i n water are d i f ferent
w h i c h makes i t d i f f i cu l t t o in terpret the C2 H 2 data.
Prob lems w i t h the A R A can also be encountered
w h e n l o w N2 - f i x a t i o n rates are measured in soils.
E thy lene p roduced by anaerobic bacter ia can over-
est imate N2 f i x a t i o n , and bacter ia l o x i d a t i o n o f eth-
ylene can reduce estimates o f f i x a t i o n (de B o n t 1976,
Ha rvey a n d U n s c o t t 1978, Nohrs ted t 1975, W i t t y
1979). T h e p r o b l e m o f endogenous p r o d u c t i o n o f
ethylene in te r fe r ing i n A R A c o u l d b e overcome
using l 4 C 2 H 2 ( W i t t y 1979) o r the endogenous p r o -
d u c t i o n o f ethylene can be measured by suppressing

nitrogenase ac t i v i t y us ing C O , w h i c h stops n i t r o -
genase f u n c t i o n i n g w i t h o u t damag ing the p lants
(Nohrs ted t 1983).

The excised r o o t assay involves p re incuba t ion fo r
8-18 h under reduced oxygen tension before expo -
sure to C2 H 2 (Dobere iner and D a y 1975, Ney ra a n d
Dobere iner 1977). D u r i n g p re incuba t ion o f roots ,
considerable fe rmen ta t ion and p ro l i f e ra t i on o f bac-
ter ia takes place resu l t ing in overes t imat ion o f
ni trogenase ac t i v i t y ( O k o n e t a l . 1977, van B e r k u m
and B o h l o o l 1980, Barber et a l . 1976). However ,
immed ia te reduc t ion o f acetylene by excised roots
f r o m several grasses (van B e r k u m and Sloger 1979)
and so rghum and mi l le ts ( D a r t and W a n i 1982) has
been repor ted. T h e d i f f icu l t ies in complete recovery
o f the p lan t roots under f ie ld cond i t ions compl icates
the in te rp re ta t ion and compar i son o f data col lected
by di f ferent groups.

In-situ assays w i t h in tact p lants are cumbersome
and the measurements are d i f f i cu l t to in terpre t
(Ba landreau and Dommergues 1973, Lee et a l . 1977,
T jepkema and van B e r k u m 1977). So i l - r oo t cores
removed f r o m the f ie ld at harvest have been used fo r
measur ing ni t rogenase ac t i v i t y o f b o t h grasses and
gra in crops ( D a y e t a l . 1975b; van B e r k u m and D a y
1980; W a n i e t a l . 1983; W a n i , in press). T h e i n i t i a l
lag pe r iod varies f r o m 1 to 30 h w i t h so i l cores,
depending o n the t ime requ i red f o r d i f fus ion o f C2 H 2

t h r o u g h di f ferent so i l types (van B e r k u m and D a y
1980, W a n i et a l . 1984). However , large p l an t - t o -
p lan t va r i ab i l i t y has been repor ted us ing th is tech-
n ique ( D a r t and W a n i 1982, W a n i e t a l . 1983,
Upadhyaya 1984) a n d i t is n o t clear whether th is
reflects the na tu ra l va r i a t i on . However , such va r ia -
b i l i t y has been repor ted w i t h in-situ assays (Ba lan -
dreau 1979) as w e l l as in tac t p lan t assays in the
greenhouse ( W a n i e t a l . 1984). T h e factors responsi-
ble have been studied and as a result imp rovemen ts
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Table 4. Some substrates reduced by nitrogenase.

Subst ra te P r o d u c t s

D i n i t r o g e n N = N N H 3 A m m o n i a

Ace ty lene H C = C H H 2 C = C H 2 Ethy lene

H y d r o g e n cyan ide H - C = N C H 4 + N H 3 M e t h a n e , a m m o n i a

M e t h y l i socyan ide C H 3 - N = C C H 3 N H 2 + C H 4 M e t h y l a m i n e , m e t h a n e 1

H y d r o g e n az ide H - N - N = N N H 3 + N 2 A m m o n i a , n i t r o g e n

N i t r o u s o x i d e N = N - O N 2 + H 2 0 N i t r o g e n , wa te r

H y d r o g e n i o n H 3 0 + H 2 + H 2 0 H y d r o g e n , wa te r

1. Ethylene, ethane, and propylene formed as minor products.

A l l reductions require ATP . For m ore detailed discussion and references, see Postgate (1972).



in the soi l -core assay technique have been made
( W a n i et a l . 1983).

W i t h the i m p r o v e d soi l -core (p lan ted core) assay,
w h i c h involves g r o w i n g the p lan t i n cores in the f i e ld
f r o m 20 days after sow ing ( D A S ) t i l l  assayed, s ign i f i -
cant ly h igher ac t i v i t y has been recorded t h a n fo r the
plants g r o w n and sampled i n the n o r m a l (d is tu rbed
core) way ( W a n i e t a l . 1983). In some cases results o f
soi l -core assays are ex t rapo la ted to hectare basis on
the basis of core area (Ne lson et a l . 1976, Weaver et
a l . 1980) or p lan t p o p u l a t i o n (Pedersen et a l . 1978).
However , such estimates can be correct o n l y when
factors l i ke seasonal and d i u r n a l var ia t ions in the
ac t i v i t y , so i l mo is tu re , so i l temperature, and f e r t i l i t y
status o f the soi l are taken i n t o account . I f i t i s
essential to ex t rapo la te the soi l -core assay results to
hectare basis, then several cores at each assay t ime
should be taken and the plants shou ld be assayed at
regular intervals t h r o u g h o u t the g r o w t h pe r iod . T h e
ac t i v i t y at d i f ferent c r o p - g r o w t h stages can be p lo t -
ted, and by cons ider ing the per iod under each act iv -
i t y po in t , necessary correct ions fo r d i u r n a l va r i a t i on
and C2 H 2 : N 2 reduc t ion ra t i o can be made.

An in tac t -p lan t assay f o r p o t - g r o w n plants over-
comes the prob lems faced w i t h soi l -core assays, e.g.,
des t ruc t ion o f the plants, mechanica l d is turbance,
tedious and t ime-consuming operat ions, etc. ( W a n i
et a l . 1984). Us ing th is technique, genotypes can be
screened fo r the i r po ten t ia l to s t imula te rh izospher ic
nitrogenase ac t i v i t y a n d / o r var ious env i r onmen ta l
and b io log ica l factors af fect ing the ac t i v i t y can be
studied. S im i l a r l y , f o r tube-g rown seedlings, in tac t -
p lan t assays have been used fo r screening l ines of
crops or bacter ia l strains in associat ion w i t h the
plants fo r the i r ni t rogenase ac t i v i t y ( W a n i , in press).
These in tac t -p lan t assays being nondest ruct ive are
p r o m i s i n g f o r screening plants w i t h h i gh ac t i v i t y .
Selected plants can then be used in breed ing
programs.

C u r r e n t U n d e r s t a n d i n g a b o u t

F a c t o r s A f f e c t i n g N o n s y m b i o t i c

a n d A s s o c i a t i v e N2 F i x a t i o n

Energy Source

T h e basic unsolved p r o b l e m concern ing associat ive
n i t rogen f i x a t i o n i s the supp ly o f an adequate energy
source. The types and numbers o f m ic roorgan isms
present in the rh izosphere are largely de te rmined by
energy sources avai lab le t h r o u g h r o o t exudates a n d

p lan t debr is ( R o v i r a 1965). R o o t exudates p lay an
i m p o r t a n t ro le f o r rh izospher ic m i c ro f l o ra o f y o u n g
seedlings. As roo ts age and die, ce l l debr is becomes
the d o m i n a n t energy source. P lan t - roo t e x u d a t i o n is
affected by p lan t species, cu l t i va r , p lan t age, l i gh t ,
temperature, p lan t n u t r i t i o n , so i l mo is ture , m i c r o o r-
ganisms, and r o o t damage ( R o v i r a 1965, 1969).
These are general ly the same factors tha t affect asso-
c iat ive n i t rogen f i x a t i o n (Dobere iner a n d D a y 1975;
Ba landreau et a l . 1978; W a n i et a l . 1983, 1984). The
to ta l loss o f ca rbon f r o m roots i s m u c h greater when
compared to the organic ca rbon exuded ( R o v i r a
1969, M a r t i n 1977, Barber and M a r t i n 1976). Us ing
g r o w t h and ni trogenase ac t i v i t y o f azospi r i l la as
cr i te r ia , qua l i ta t i ve differences in the roo t exudates
o f so rghum ( I C R I S A T 1983) and m i l l e t genotypes
( R a o and Venka teswar lu 1986) have been shown .

Photosynthesis

Several- fo ld h igher nitrogenase ac t i v i t y has been
recorded w i t h intact so rghum plants, as compared to
those whose tops were removed p r i o r to assay ( W a n i
et a l . 1984). However , i t is no t clear whether th is
effect is d i rec t l y related to photosynthate supply .

D i u r n a l var ia t ions in nitrogenase ac t i v i t y asso-
ciated w i t h grasses, so rghum, mi l le t , f inger m i l l e t ,
Panicum maximum, and Lolium perenne have been
repor ted (Dobere iner and D a y 1975; Ba landreau
1975; W a n i et a l . 1983; W a n i , in press; Upadhyayae t
a l . 1986). However , these studies do no t show any
clear re la t ionsh ip between photosynthesis and roo t -
associated N2 f i x a t i o n because f l uc tua t i ons i n so i l
temperature co inc ide w i t h the cycle o f ni trogenase
ac t i v i t y d u r i n g the day-n igh t cycle ( D a r t and W a n i
1982, van B e r k u m and B o h l o o l 1980). Fu r the r
exper iments conducted a t I C R I S A T Center w i t h
con t ro l l ed soi l temperature d i d no t show d i u r n a l
va r i a t i on i n nitrogenase ac t i v i t y o f in tact so rghum
and m i l l e t p lants ( W a n i , unpub l i shed results). S ig-
n i f i cant changes in the rate o f root-associated C2 H 2

reduc t ion w i t h i n 15 m i n o f t ransfer r ing plants f r o m
sunl ight i n t o the d a r k or vice versa have been
repor ted ( V a n B e r k u m a n d Sloger 1981), w h i c h s u g -
gests a s t rong l i n k between nitrogenase ac t i v i t y and
l igh t incidence in r ice. However , the ni trogenase
ac t i v i t y o f the above-repor ted crops m a y be i n d i -
rect ly related to photosynthesis, as is evident f r o m
studies o f Dobere iner e t a l . (1973) w h o f o u n d tha t
even t h o u g h no d i u r n a l cycle o f ni t rogenase was
observed in P. notatum, p ro longed incubat ions of
p lants in the d a r k reduced the ac t i v i t y .
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Seasonal Var iat ion Combined Nitrogen and Phosphorus

Seasonal var ia t ions in the nitrogenase ac t i v i t y o f
forage grasses, co rn , so rghum, m i l l e t , Setaria italica, 

and Eleucine coracana have been repor ted us ing
excised-root or soi l -core assays (Dobere ine r and
D a y 1975, v o n B u l o w and Dobere iner 1975, Ba lan -
dreau 1975, K a p u l n i k et a l . 1981, W a n i et a l . 1983,
Upadhyaya e t a l . 1986). W i t h c o r n m a x i m u m ac t i v i -
ties were recorded at the 75% s i l k i ng stage ( v o n
B u l o w and Dobere iner 1975), and w i t h so rghum and
mi l l e t a t the late f l ower ing /ea r l y g ra in - f i l l i ng stage.
T h e ac t i v i t y was related to ontogenet ic deve lopment
of the p lan t ( W a n i e t a l . 1983). W h i l e s tudy ing sea-
sonal prof i les o f ni trogenase ac t iv i t y , fer t i l i zer n i t r o-
gen shou ld be taken i n t o cons iderat ion as i t has been
shown that h igher rates of N app l i ca t i on i n h i b i t the
nitrogenase ac t i v i t y associated w i t h cereals.

Temperature

A l inear response to temperature has been observed
f r o m 10°C t o 3 5 ° C f o r C2 H 2 reduc t ion ac t i v i t y o f
Clostridium pasteurianum in cu l tu re and f o r Azoto-

bacter cell-free ni trogenase ( H a r d y et a l . 1968).
Increased C2 H 2 r educ t ion over t ime by grass cores
was a t t r i bu ted to w a r m i n g o f the so i l (Ne lson e t a l .
1976). W i t h in tact m i l l e t and so rghum plants g r o w n
in pots, s ign i f icant ly h igher C2 H 2 r educ t ion act iv i t ies
were recorded a t 34° and 4 0 ° C than w i t h the p lants
incubated at 2 9 ° C ( W a n i e t a l . 1984).

Soil Moisture

The rate o f ni trogenase ac t i v i t y by the so i l cores was
pos i t i ve ly corre lated w i t h so i l mo is ture and the rate
o f acetylene reduc t ion increased exponent ia l l y w i t h
l inear increases in so i l mo is ture ( D a y et a l . 1975a).
S im i l a r corre la t ions have been repor ted in so i l cores
of grasslands (Vlassak et a l . 1973) and so rghum and
mi l l e t ( W a n i e t a l . 1983), as also in p o t - g r o w n
sorghum and m i l l e t p lants ( W a n i e t a l . 1984). I t i s
d i f f i cu l t t o p i n p o i n t h o w so i l mo is tu re affects
nitrogenase ac t i v i t y as m a n y p lan t processes tha t
m a y inf luence th is ac t i v i t y are also affected by so i l -
mo is ture levels. D a y et a l . (1975a) hypothesized tha t
as the level o f anaerobiosis in so i l c rumbs and the
rhizosphere increases w i t h h igher so i l mo is ture , the
pO2 affects ni trogenase ac t i v i t y .

The presence of c o m b i n e d N affects the enzyme
nitrogenase. M a n i p u l a t i n g the t imes and methods o f
N app l i ca t i on and select ion o f the proper f o r m o f
fer t i l izer N , l i ke slow-release fo rmu la t i ons , may he lp
to harness m a x i m u m n i t rogen f i x a t i o n associated
w i t h these crops, w i t h o u t reduc ing yields.

Phosphorus fer t i l izer app l i ca t ion is requ i red fo r
o p t i m u m g r o w t h and n i t r ogen - f i x i ng ac t i v i t y b y
azol la and blue-green algae ( D e and M a n d a l 1956,
Watanabe et a l . 1977). I t is necessary to s tudy the
effect of levels and fo rms of P and K and other
elements on nitrogenase ac t i v i t y o f cereals.

Plant Breeding

The ma jo r th rus t i n N2 f i xa t i on has been m i c r o b i o -
log ica l i n o r ien ta t ion . Even t hough the ro le o f p lan t
genotype in N2 f ixat ion has been recognized, there is
a pauc i ty o f i n f o r m a t i o n on the nature o f the genetic
invo lvement o f the host. The use o f nondest ruct ive
in tac t -p lan t assays fo r measur ing C2 H 2 reduc t ion
ac t i v i t y in the greenhouse coup led w i t h1 5N isotope
d i l u t i o n technique and fur ther test ing fo r y ie ld
po ten t ia l under l ow - fe r t i l i t y f ield cond i t ions seems a 
prospect ive p roposa l fo r such studies.

Before breeding methods can produce cereal l ines
w i t h increased po ten t ia l fo r n i t rogen f ixa t ion , i t i s
essential to unders tand the associations govern ing
N 2 f i x a t i o n t ra i ts i n par t i cu la r crops. There are sev-
era l reports i nd i ca t i ng differences amongst geno-
types o f so rghum, m i l l e t , m i n o r mi l le ts , r ice and
forage grasses, and wheat, ( B o u t o n et a l . 1979;
Dobere iner 1966, 1970,1977; v o n B u l o w and D o b e -
reiner 1975; Pederson et a l . 1978; Watanabe et a l .
1979; C h a r y u l u e t a l . 1981; D a r t and W a n i 1982;
Upadhyaya e t a l . 1986; W a n i , i n press). A t I C R I -
S A T Center, 18 ou t o f 248 m i l l e t l ines tested showed
sign i f icant ly h igh ni trogenase ac t i v i t y ( > 4 6 0 n m o l
C 2 H 4 15 cm d i a m core- 1 h- 1) and t w o l ines, G a m 73
and J 1407, were consistent ly act ive over several
seasons. S im i l a r l y , 15 ou t o f 334 l ines o f f i e l d -g rown
so rghum were consistent ly act ive in three or m o r e
seasons t h o u g h no t on each assay occasion. Th i s
m a y have been due to unfavorab le so i l mo is tu re or
o ther cond i t ions d u r i n g the season.

I n the E x - B o r n u p o p u l a t i o n o f m i l l e t , large p lan t -
to -p lan t va r i ab i l i t y f o r s t imu la t i ng ni t rogenase
ac t i v i t y rang ing f r o m 0 to 1900 n m o l C2 H 4 p lan t- 1 h- 1

has been observed us ing in tac t po t assay technique.
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W o r k on s tab i l iz ing the character o f h igh and l o w
nitrogenase ac t i v i t y in this p o p u l a t i o n is under way
to study the inher i tance o f th is t r a i t ( I C R I S A T
1983). There is an urgent need to pursue breed ing
research fo r p roduc ing l ines w i t h increased po ten t ia l
f o r n i t rogen f i x a t i o n .

C r o p R e s p o n s e s t o I n o c u l a t i o n

There are several reports abou t f ie ld- and p o t - g r o w n
cereals inocu la ted w i t h N2 - f i x i n g bacter ia and these
have been reviewed (Boddey and Dobere iner 1982).
M a n y reports show stat ist ical ly s igni f icant increases
in cereal yields or otherwise and also negat ive
responses. The mechanism by w h i c h the cereals
inocu la ted w i t h n i t r ogen - f i x i ng bacter ia der ive the
benefit is no t c lear ly unders tood. However , k n o w l -
edge has accumulated to indicate the possible mech-
anisms invo lved . I t has been shown that N2 - f i x i n g
azospi r i l la and Azotobacter benefi t the inocu la ted
plants t h r o u g h b io log ica l n i t rogen f i x a t i o n (Cohen
et a l . 1980, D a r t and W a n i 1982, Hegazi et a l . 1983,
N u r et a l . 1980, O k o n 1982) and also by enhanc ing
roo t -ha i r f o r m a t i o n and therefore, increased roo t
uptake capaci ty caused by the secret ion o f g r o w t h
hormones (T ien et a l . 1979, Vlassak and Reynders
1981). The extent to w h i c h each o f the var ious p r o -
cesses cont r ibutes to y ie ld increase of inocu la ted
cereal p lants remains to be assessed.

A r e a s o f F u t u r e R e s e a r c h

These associative N2 - f i x i n g systems need to be
unders tood in deta i l , in order to fu l l y harness the i r
po ten t ia l benefits. W o r k in several areas needs to be
con t inued w i t h v igo r so as to pu t the systems to w o r k
and imp rove t hem fur ther . M o r e precise estimates o f
the quan t i t y o f n i t rogen f i xed are essential by con -
duc t i ng exper iments using careful n i t rogen-balance
studies andl 5 N -based techniques.

Methodo log ies fo r s tudy ing associative n i t rogen
f i x a t i o n w i t h i m p r o v e d methods o f measur ing
nitrogenase ac t i v i t y (acetylene reduct ion) , e.g.,
p lanted-core assays fo r f ie ld-grown plants, in tac t -
p lan t assays fo r t ube -g rown seedlings and po t ted
greenhouse plants, etc., and greater use of1 5N-based
techniques have been developed. However , th is area
needs more a t ten t i on as i t is i m p o r t a n t f r o m the
p o i n t o f v iew o f better screening and select ion
methods.

There is a need to l o o k at the bacter ia l systems

invo l ved in associative symbiosis systems. By
man ipu la t i ng the cu l tu re media and cu l t u ra l c o n d i -
t ions l i ke O2 concent ra t ion , p H , temperature, a n d
concentrat ions o f ca rbon and other nu t r ien t sources,
i t w i l l be possible to ident i fy many u n k n o w n orga-
nisms i nvo l ved in these associations. In par t i cu la r ,
we need to g ive though t to the ro le o f nonn i t r ogen
f ixers present in the rhizosphere, as repor ts have
shown synergism amongst n i t rogen f i xe rs a n d n o n -
n i t rogen f ixers. These organisms may p lay an i m p o r -
tant ro le i n man ipu la t i ng oxygen concen t ra t ion i n
the rhizosphere, pH changes and moreover , may
prov ide energy substances by metabo l i z ing the c o m -
pounds w h i c h N2 - f i x i n g bacter ia cannot use d i rec t l y .

M o r e c r i t i ca l methods o f i so la t i on and ident i f ica-
t i o n are requ i red, as i t is apparent that there are s t i l l
l i t t l e - k n o w n o r new fo rms o f rh izosphere bacter ia.
Greater suppor t fo r t a x o n o m i c studies is essential.
The ro le o f bacter ia in associative symbio t i c systems
needs to be better unders tood at the basic level so as
to seek i n f o r m a t i o n on (1) l oca t ion o f the bacter ia on
roots, (2) source o f energy f o r N2 f i xa t i on , (3) ro le o f
p lan t a f f i n i t y beyond that o f carbohydra te suppl ier ,
(4) ecological factors govern ing such associat ions,
(5) types of bacter ia i nvo lved , and (6) c r i te r ia to be
used fo r selecting bacter ia l strains f o r f ie ld - inocu la-
t i o n studies.

A l t h o u g h several reports have ind icated s ign i f i -
cant posi t ive responses to c rop inocu la t ions in f ie lds ,
the data are h igh ly var iable. The reasons f o r the
fa i lure to ob ta in posi t ive responses in some cases
must be studied. Increased yields of f ie ld-grown
crops inocu la ted w i t h N2 - f i x i n g bacter ia a n d the
poss ib i l i t y o f in te rac t ion between host cu l t i vars and
bacterial strains indicate the need to select the most-
suitable combina t ions o f host cu l t ivars and bacter ia l
strains. There is l i t t le agreement on several po in ts .
F o r example: (1) Is there a host specif ic i ty f o r bacte-
ria? (2) W h i c h bacteria shou ld be used as i n o c u l u m
and shou ld i t be a single species or a m i x t u r e of
bacteria? (3) W h i c h me thod o f i nocu la t i on shou ld be
used? (4) W h a t shou ld be the nature of a sui table
carr ier? (5) W h a t cr i ter ia shou ld be used fo r check-
i ng the qua l i t y o f the inoculants produced?

I n f o r m a t i o n is also essential to pu t the system to
w o r k . M o r e emphasis needs to be g iven to studies
per ta in ing to establ ishment and surv iva l o f the
added i n o c u l u m in the rhizosphere and also the
factors tha t m i g h t affect the per formance of the
added i n o c u l u m . W h a t i s the exact ro le o f inocu la ted
bacter ia in increasing c rop yields? A r e these solely
due to N2 - f i x a t i o n o r h o r m o n a l effects o r because o f
p ro tec t i on against p lan t pathogens?
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Know ledge abou t the ag ronomic practices tha t

c o u l d help increase N2 f i x a t i o n under n o r m a l s i tua-

t ions, as we l l as w i t h i nocu la t i on , w i l l go a l o n g way

i n i m p r o v i n g N2 f i x a t i o n . The i n f o r m a t i o n o n the

ro le o f o rgan ic amendments , synergist ic levels o f

comb ined N , appropr ia te f o r m a n d m e t h o d o f a p p l i -

ca t i on o f comb ined N , effect o f o ther mac ro - a n d

microelements o n N2 f i x a t i o n , and in te rac t ion w i t h

other rh izospher ic mic roorgan isms l i ke myco r rh i za ,

w i l l help t o der ive m a x i m u m possible benefits f r o m

associative N2 f i x a t i o n .

Based on the avai lable l i te ra ture, i t seems possible

to i m p r o v e p lan t genotypes in a prac t ica l w a y f o r

increased associative N2 f i x a t i o n b y f o l l o w i n g r o u -

t ine p lan t breeding methods. N o t m a n y efforts have

been d i rected in th is l ine , p r o b a b l y because o f lack o f

rou t ine assay methods t o measure N2 f i x a t i o n , w h i c h

can be used fo r select ion, and also lack o f i n f o r m a -

t i o n on the inher i tance o f this pa r t i cu la r t ra i t i n host

p lan t . M o r e i n f o r m a t i o n i s requ i red on basic

aspects, such as mechanism o f inher i tance o f the N2

f i xa t ion t ra i t in host p lants, c r i te r ia to be used f o r

selecting l ines w i t h h i gh N2 f i x a t i o n po ten t ia l , a n d

breeding methods to be adopted. T h r o u g h concerted

efforts in th is d i rec t ion , i t w i l l be possible to select o r

breed host l ines w i t h increased associative N2 - f i x i n g

ab i l i t y .
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Discussion

H . L . S . Tandon:

W h y do y o u tag the i nocu la t i on w i t h the ava i lab i l i t y
of a seed d r i l l , w h i c h introduces another cost factor?
Farmers no t hav ing a d r i l l may s t i l l be interested in
the p roven i nocu lum.

S.P.Wani :

The seed d r i l l is no t a must , bu t i f i t is a l ready in use
we are suggesting the use of the s lur ry inocu la to r .
Otherwise hand app l i ca t ion o f s lur ry is perfect ly a l l
r igh t .

H.L .S .Tandon :

W h e n do y o u expect the B N F technology to enter

on- fa rm research programs, before i t is avai lable for

the S A T farmers?

S.P.Wani :
I nocu la t i on technology shou ld be at the on- fa rm test

stage in 3-4 years.

P.Tauro :
W h e n l igh t has no effect, w h y should decap i ta t ion

have an effect on A R A ?

S.P.Wani :

As I ment ioned in the presentat ion, the mechanism

of reduced ac t iv i t y soon after decapi ta t ion is no t

understood yet. Because of in ju ry to the p lant , the

roots may be secreting some compounds that m igh t

be det r imenta l to the bacteria, resul t ing in reduced

act iv i ty .

G.S. Jadhav:

As stated in the presentat ion, the mois ture and N in
the soi l should be kept constant. However , they are
dynamic w i t h t ime. H o w can the response o f d i f fer-
ent strains in the f ie ld be compared, when b o t h
mois ture and N are changing w i t h i n the season as
we l l as between seasons?

S.P.Wani :

I referred to constant mois ture and N on ly fo r the
exper iments i n v o l v i n g germplasm screening or sea-
sonal measurement o f nitrogenase ac t i v i t y , and no t
fo r the i nocu la t i on exper iments. I t w i l l be impossib le
to ob ta i n u n i f o r m mois ture and N d u r i n g the season
in the f ie ld. Th is is suggested fo r con t ro l led green-
house exper iments alone.

G.S.Jadhav:

Has the water-suspension me thod o f i nocu la t i on
app l i ca t ion been compared w i t h seed inocu la t ion ,
s o i l a p p l i c a t i o n , a n d F Y M - m i x e d f u r r o w
appl icat ion?

S.P.Wani :
N o .

S.V.Hegde:
D i d y o u examine the roots / rh izosphere o f i nocu-
lated and noninocu la ted pear l m i l le t regard ing the
establ ishment of inoculated Azospirillum or the
counts of the bacter ium, to prove that the beneficial
effects are due to inoculated Azosp i r i l l um?

S.P. Wan i :

N o , i t is no t possible to study the establ ishment of
the inoculated strains in the f ie ld unless we have
specific marker strains as inoculants. Nei ther M P N
nor o rd inary p la t ing can give the desired results. At
present we are standardiz ing the E L I S A technique,
and i f we can use this technique successfully we
in tend to study the establishment and surv iva l o f the
inoculated s t ra in in the f ie ld .

B . K . Konde:

I t is reported by Egyp t i an scientists that l i q u i d inoc-
u l a t i on is superior to seed inocu la t ion in g roundnuts
where the seeds are treated w i t h fungicides. In order
to avo id the direct contact o f fungicides w i t h rh i zo -
bia, l i q u i d i nocu la t i on proved to be super ior , but
methods of azospir i l la i nocu la t ion have no t been
t r ied and evaluated. They, therefore, need to be
studied.

S.P.Wani :
I agree w i t h you r views that w o r k on i nocu la t i on
methods of azospir i l la needs to be done. A b o u t
s lur ry i nocu la t ion a t I C R I S A T Center, D r N a m b i a r
has observed that fo r g roundnuts s lur ry i nocu la t i on
gives better results than seed coat ing, and this is
ma in l y because the g roundnu t seed coty ledons get
separated because of wet t ing , resul t ing in reduced
germina t ion . In add i t i on , fungicides can be used at
sowing a long w i t h rh izob ia l cu l ture app l i ca t ion .
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