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F o r e w o r d

A m o n g cereals, s o r g h u m a n d m i l l e t s t o g e t h e r p r o v i d e t he hi ghes t c a l o r i e i n t a k e i n

A f r i c a n d ie ts a n d r a n k t h i r d i n A s i a . These c r o p s a re g r o wn l a r g e l y o n r a i n f e d ,

m a r g i n a l so i ls b y r e s o u r c e - p o o r f a r m e r s w h o c a n n o t bea r t he cos t o f n i t r o g e n o u s

fe r t i l i ze r s t h a t c a n b o o s t t h e i r y i e l d s .

A l t h o u g h a n i n e x h a u s t i b l e s to re o f n i t r o g e n ex is ts i n t he a t m o s p h e r e , m o s t p l a n t s

are n o t ab le t o use i t d i r e c t l y . L e g u m e s have been k n o w n t o ma k e use o f t h i s n i t r o g e n

t h r o u g h a s s o c i a t i o n o f n i t r o g e n - f i x i n g b a c t e r i a , w h i c h f or m n o d u l e s i n t he r o o t s o f

these p l a n t s a n d have a s y m b i o t i c r e l a t i o n s h i p w i t h t h e m . I n recen t years , research has

i n d i c a t e d t h a t c e r t a i n b a c t e r i a l i v i n g nea r t he r o o t s o f s or g h u m a n d m i l l e t c a n a l so f i x

the a t m o s p h e r i c n i t r o g e n n o n s y m b i o t i c a l l y a n d p a r t i a l l y mee t t he n i t r o g e n r e q u i r e -

m e n t o f these c r o p s .

C o n s e q u e n t l y , t he c o m p l e x process o f n i t r o g e n f i x a t i o n i n s o r g h u m a n d m i l l e t has

a t t r a c t e d the a t t e n t i o n o f m a n y sc ient is ts i n I n d i a a n d a b ro a d . T h e s tud ies a re s t i l l i n

t h e i r p r e l i m i n a r y stages a n d the m e t h o d o l o g y i s s t i l l b ei n g pe r f ec ted . W i t h a v i e w t o

share expe r iences , d iscuss m e t h o d s a n d t e c h n i q u e s , a n d a rr i v e a t a n ag reed basis f o r

assessing resu l ts , a w o r k i n g g r o u p m e e t i n g w a s c o n v e n e d a t I C R I S A T C e n t e r d u r i n g

9-12 O c t o b e r 1984. A t o t a l o f 3 0 sc ient is ts t o o k p a r t i n t he d e l i b e r a t i o n s , 1 9 f r o m

I n d i a n i n s t i t u t i o n s a n d 1 1 f r o m I C R I S A T .

M e e t i n g s such a s t h i s p l a y a n i m p o r t a n t r o l e , d e v e l o p i n g i nt e r p e r s o n a l a n d p ro fes -

s i o n a l r e l a t i o n s h i p s a m o n g the sc ient is ts i n v o l v e d , w hi c h c a n l ead t o m o r e m e a n i n g f u l

research a n d d e v e l o p m e n t s t ra teg ies . I a m p leased t h a t I C R IS A T h o s t e d t h i s m e e t i n g

o n cerea l n i t r o g e n fixation, a n d I be l ieve these p r o c e e d i n g s w i l l  be a v a l u a b l e sou rce o f

i n f o r m a t i o n a n d i n s p i r a t i o n t o a l l c o n c e r n e d .

L . D . Swindale
D i r e c t o r G e n e r a l

vii
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I C R I S A T , i t s m a n a g e m e n t , a n d o u r s t a f f t o t h i s i m p o r t a n t wo r k i n g g r o u p m e e t i n g o n

cerea l n i t r o g e n f i x a t i o n .

M o s t o f m y c o n c e r n a s D i r e c t o r o f I n t e r n a t i o n a l C o o p e r a t i on i n I C R I S A T i s a i m e d

a t p laces o u t s i d e I n d i a , p a r t i c u l a r l y i n A f r i c a . S o t h i s m e et i n g i s o f p a r t i c u l a r i m p o r -

tance t o m e , because I be l ieve i t he lps a i d t he d e v e l o p m e n t o f t e c h n o l o g y t h a t w i l l

m e a n a g r e a t d e a l t o I n d i a , t o A f r i c a , a n d t o a l l c o u n t r i e s w h er e the c u l t i v a t i o n o f c r o p s

i s i n s o m e p a r t m a r g i n a l a n d o f a subs is tence n a t u r e .

A s y o u a l l k n o w , n i t r o g e n i s one o f t he m o s t i m p o r t a n t f a ct o r s l i m i t i n g cerea l

p r o d u c t i o n i n t he w o r l d a n d b i o l o g i c a l n i t r o g e n f i x a t i o n needs t o b e f u l l y e x p l o i t e d .

W e need t o u n d e r s t a n d i t a s w e l l a s poss ib l e , b u t n o t t o t he ex t e n t t h a t w e u n d e r s t a n d

e v e r y t h i n g be fo re w e g o t o the f i e l d i n a t t e m p t i n g t o use t h i s p h e n o m e n o n .

T h e r e a re m a n y p a r t s o f the w o r l d t h a t a re i n d i f f i c u l t y f r om l a g g i n g f o o d supp l i es ,

g r o w i n g p o p u l a t i o n s , etc. H e r e I w a n t t o e m p h a s i z e t he pr o b l e m o f A f r i c a , p a r t i c u -

l a r l y W e s t A f r i c a , i n a t t e m p t i n g t o feed i tse l f . T h e S a h e l ia n r e g i o n , a n d the r e g i o n a b i t

f u r t h e r S o u t h f r o m the S a h e l a re i n s u c h g rea t d is t ress t ha t w e m u s t c o n t e m p l a t e the

m o v e m e n t o f p e o p l e o n a c o n t i n e n t a l scale t o p laces w h e r e co n d i t i o n s a re b e t t e r f o r

g r o w i n g f o o d .

I a m g o i n g t o m a k e a n a p p e a l t o y o u t o g i v e y o u r v e r y best t h ou g h t s t o t h i s

p a r t i c u l a r sub jec t o f n i t r o g e n f i x a t i o n i n ce rea l c r o p s . W e m u s t m a k e e a r l y p rog ress i n

th i s sub jec t . I t i s n o t j u s t a n a c a d e m i c sub jec t . I w a n t t o t ra n s m i t t o y o u t he u r g e n c y o f

the p r o b l e m o f d e v e l o p i n g t h i s t e c h n o l o g y , s o t h a t i t c a n b e a p p l i e d o n a b r o a d scale

a n d w i t h d e p e n d a b i l i t y i n I n d i a , i n A f r i c a , a n d i n o t h e r p a rt s o f the w o r l d . Y o u m u s t

g i v e y o u r best t h o u g h t t o i t a n d see t h a t i t w o r k s i n t h e f i el d . Y o u m u s t e x p e n d eve ry

e f f o r t t o see t h a t s o m e t h i n g use fu l f o r h u m a n k i n d comes o ut o f y o u r research a n d o u t

o f t he d e l i b e r a t i o n s o f con fe rences l i k e t h i s .

W e c a n n o t c o n t i n u e t o r e l y so le l y o n p l a n t b r e e d i n g t o g i v e u s b i g g e r a n d b e t t e r

p l a n t s t h a t w i l l  g r o w o n less a n d less w a t e r . T h e r e a re o t h e r f a c t o r s i n t he e q u a t i o n .

S o i l f e r t i l i t y i s one o f t h e m a n d a v e r y i m p o r t a n t one . W e c e r t a i n l y need t o p u t t o use

e v e r y i n c r e m e n t o f k n o w l e d g e t h a t w e have , s u c h a s t he p ra c t i c a l use o f N2 - f i x i n g

m i c r o o r g a n i s m s , t o g i v e u s a n a d d i t i o n a l i n c r e m e n t o f g ro w t h i n these v e r y h a r s h

e n v i r o n m e n t s w h e r e p e o p l e a re t r y i n g despe ra te l y t o s u r vi v e .
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best efforts. 
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I n a u g u r a l Address

J . S . K a n w a r

I t g i ves m e i m m e n s e p leasu re t o e x t e n d m y w a r m w e l c o m e t o t he p a r t i c i p a n t s o f t h i s

m e e t i n g , w h o a re a c t i v e l y engaged i n resea rch o n N2 f i x a t i o n b y cerea ls , s p e c i f i c a l l y

s o r g h u m a n d m i l l e t s . I f ee l t h i s m e e t i n g i s t i m e l y a n d i m p o rt a n t . S o r g h u m a n d m i l l e t

t o g e t h e r p r o v i d e f o o d t o 700 m i l l i o n p e o p l e o f t he s e m i - a r id t r o p i c s . T h e y a re g r o w n

o n 7 0 m i l l i o n h a , m o s t l y u n d e r r a i n f e d c o n d i t i o n s , o f t e n w i th o u t n i t r o g e n o u s f e r t i l i z -

ers, a n d b y r e s o u r c e - p o o r f a r m e r s w h o c a n n o t a f f o r d m o n e t ar y i n p u t s . N e a r l y 9 5 % o f

m i l l e t a n d 6 0 % o f s o r g h u m g r a i n i s p r o d u c e d u n d e r e n v i r o n m en t s w h e r e stress f r o m

l a c k o f m o i s t u r e , n u t r i e n t stress, a n d o t h e r p h y s i c a l a n d b i o t i c stresses s e r i o u s l y

c o n s t r a i n y i e l d s .

N i t r o g e n i s a k e y e l e m e n t i n i nc reased c r o p p r o d u c t i o n , a n d an y t e c h n i q u e t h a t w i l l

e n h a n c e n i t r o g e n n u t r i t i o n o f t h e c r o p w i l l  g o a l o n g w a y i n i n c r e a s i n g c r o p y i e l d s . T h e

G r e e n R e v o l u t i o n i n w h e a t a n d r i ce i s n o t h i n g b u t t h e c o n v er s i o n o f c h e m i c a l e n e r g y

s u p p l i e d t h r o u g h f e r t i l i z e r s i n t o b i o l o g i c a l p r o d u c t s w h er e h i g h - y i e l d i n g v a r i e t i e s ac t

a s veh i c l es o f t h i s c h a n g e . T h e g rea te r t h e c a p a c i t y o f t he v a r i e t y t o r e s p o n d t o h e a v i e r

doses o f n i t r o g e n , g r e a t e r i s t he y i e l d o b t a i n e d . T h u s , i t i s n o e x a g g e r a t i o n t h a t t he

p r o b l e m o f f o o d d e f i c i t a n d m a l n u t r i t i o n i n t he w o r l d i s r e al l y t he p r o b l e m o f n i t r o g e n

s t a r v a t i o n o f t h e ce rea l c r o p s .

D e s p i t e t h e f a c t t h a t a n i n e x h a u s t i b l e s to re o f N2 ex is ts i n t he a t m o s p h e r e , m o s t

p l a n t s a re n o t a b l e t o use i t d i r e c t l y . I n d u s t r i a l p l a n t s are c o n v e r t i n g a s m a l l f r a c t i o n o f

a v a i l a b l e N2 i n t o n i t r o g e n o u s f e r t i l i z e r s , b u t i t i s r e c o g n i z e d t h a t desp i t e m a n ' s

i n g e n u i t y a n d resources , t h e w o r l d i s n o t ab l e t o m e e t m o r e t h a n a f r a c t i o n o f t he

n i t r o g e n r e q u i r e m e n t o f t h e c r o p s . T h u s w e h a v e t o l o o k t o o t h e r sources , o f w h i c h

b i o l o g i c a l n i t r o g e n f i x a t i o n ( B N F ) i s a n i m p o r t a n t o n e . T he d e p e n d a n c e o f f e r t i l i z e r

n i t r o g e n p r o d u c t i o n o n f o s s i l e n e r g y resources a n d t h e p rospec t s o f d i m i n i s h e d

a v a i l a b i l i t y o f t h i s c o s t l y i n p u t f o r f e r t i l i z e r i n t h e years t o c o m e h a v e a d d e d a n u r g e n c y

t o t h e s t u d y o f B N F .

W e r e c o g n i z e t h a t c r o p s l i k e s o r g h u m a n d m i l l e t s a re v e ry p o o r c o m p e t i t o r s f o r t h e

a v a i l a b l e f e r t i l i z e r s , a n d m o r e s o u n d e r d r y - f a r m i n g c o nd i t i o n s , because o f t he g r e a t e r

r i s k s i n v o l v e d a n d l o w e r p a y o f f . T h u s , f o r m o r e t h a n 6 0 m il l i o n h a 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 t h e S A T , a n y b r e a k t h r o u g h i n B N F c o u l d b r i n g i n a r e v o l u t i o n i n

p r o d u c t i o n .

T h e f i n d i n g b y D o b e r e i n e r o f n o n s y m b i o t i c N2 f i x a t i o n b y assoc ia ted b a c t e r i a i n

cerea ls , s t i m u l a t e d resea rch i n t h i s sub jec t a l l o v e r t he w o r l d . W i t h the e s t a b l i s h m e n t

o f I C R I S A T , a spec ia l e m p h a s i s w a s l a i d o n N2 - f i x a t i o n s tud ies i n s o r g h u m a n d

m i l l e t s . C o n s i d e r a b l e p rog ress has b e e n m a d e i n o u r u n d er s t a n d i n g o f t h i s p rocess , b u t

t h e r e a re n u m e r o u s aspects t h a t need t h o r o u g h i n v e s t i g a ti o n b e f o r e w e c a n t a k e t h i s

t e c h n o l o g y t o f a r m e r s ' f i e l d s . T h e s t a n d a r d i z a t i o n o f t e ch n i q u e s t o m e a s u r e N2
f i x a t i o n i s t h e f i r s t p r o b l e m n e e d i n g a t t e n t i o n . I t i s r e co g n i z e d t h a t un less r e l i a b l e ,

r e p e a t a b l e , a n d c o m p a r a b l e resu l t s a r e o b t a i n e d b y d i f f e r en t w o r k e r s , n o v a l i d c o n c l u -

s ions c a n b e d r a w n .
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A f t e r 1 0 yea rs o f p a i n s t a k i n g r e s e a r c h , I C R I S A T m i c r o b i o l o g i s t s a r e n o w r e a s o n a -

b l y c o n f i d e n t t h a t t h e m e t h o d o l o g i e s t h e y h a v e d e v e l o p e d c a n g i v e r e p r o d u c i b l e

resu l t s f o r o t h e r sc ien t i s t s a s w e l l . W h e t h e r i t i s a m e a s u r e m e n t o f n i t r o g e n a s e a c t i v i t y

w i t h a c e t y l e n e r e d u c t i o n m e t h o d o n seed l i ngs g r o w n i n tes t t u b e s o r p o t s , o r 1 5 N

d i l u t i o n t e c h n i q u e s , s i m i l a r resu l t s h a v e b e e n c l a i m e d . H o w e v e r , t h e q u e s t i o n s t i l l

r e m a i n s w h e t h e r t h e resu l t s o f t h e c o n t r o l l e d e n v i r o n m e n t s c o r r e l a t e w e l l w i t h t h e f i e l d

p e r f o r m a n c e o f d i f f e r e n t g e n o t y p e s i n d i f f e r e n t e n v i r o n m e n t s .

D r W a n i w i l l g i v e y o u t h e d e t a i l s o f o u r B N F w o r k . I w i l l j u s t m a k e a m e n t i o n o f t h e

b r o a d o b j e c t i v e s :

• t o s t a n d a r d i z e r e s e a r c h t e c h n i q u e s .

• t o s t u d y r e l a t i v e e f f i c i e n c y o f N 2 f i x a t i o n b y d i f f e r e n t g e n o t y p e s o f s o r g h u m a n d

m i l l e t s .

• t o s t u d y e n v i r o n m e n t a l f a c t o r s a f f e c t i n g N 2 f i x a t i o n .

• t o i n c r e a s e N 2 f i x a t i o n b y g e n e t i c m a n i p u l a t i o n o f t h e p l a n t , b y a g r o n o m i c m a n i p u -

l a t i o n o f t h e c r o p , o r b y i n o c u l a t i n g w i t h e f f e c t i v e b a c t e r i a l c u l t u r e s .

I n s h o r t , w e a r e i n t e r e s t e d i n i n c o r p o r a t i n g t h e d e s i r a b l e t r a i t s o f N 2 f i x a t i o n i n

h i g h - y i e l d i n g v a r i e t i e s a n d d e v e l o p i n g t e c h n i q u e s a n d p r a c t i c e s f o r e n h a n c i n g y i e l d s o f

s o r g h u m a n d m i l l e t s i n f a r m e r s ' f i e l d s . O u r s t u d i e s a r e n o t r e s t r i c t e d t o N , a s w e a r e

a l s o s t u d y i n g d i f f e r e n c e s i n a c t i v i t i e s o f m y c o r r h i z a e a s s o c i a t e d w i t h d i f f e r e n t g e n o -

t y p e s f o r re lease o f p h o s p h a t e s a n d i t s i n t e r a c t i o n s w i t h N 2 f i x a t i o n .

A n E x t e r n a l P r o g r a m R e v i e w p a n e l t h a t e v a l u a t e d I C R I S A T ' s w o r k e a r l i e r t h i s

y e a r , w h i l e a p p r e c i a t i n g o u r w o r k t o d a t e o n B N F , o b s e r v e d t h a t i t i s i n n o v a t i v e b u t

s p e c u l a t i v e a n d needs t o b e i n t e n s i f i e d t o tes t a n d se lect t h e m o s t e f f e c t i v e p l a n t -

m i c r o o r g a n i s m a s s o c i a t i o n s . W e rea l i ze t h a t t o a c c o m p l i s h t h i s t a s k , w e n e e d t h e

s u p p o r t o f m a n y c o m p e t e n t m i c r o b i o l o g i s t s w o r k i n g u n d e r d i f f e r e n t e n v i r o n m e n t s ,

u s i n g t h e s a m e m e t h o d o l o g y .

I c o n s i d e r t h i s m e e t i n g v e r y t i m e l y a s y o u c a n s h a r e y o u r e x p e r i e n c e s w i t h I C R I S A T

sc ien t i s t s a n d d e v e l o p a c o m m o n a p p r o a c h f o r f u r t h e r s t u d i e s o n N 2 f i x a t i o n b y

s o r g h u m a n d m i l l e t s . W e a r e n o w e n t e r i n g a s e c o n d p h a s e i n t h e s t u d y o f N 2 f i x a t i o n

b y ce rea ls . D r W a n i a n d h i s c o l l e a g u e s h a v e sc reened s o m e g e r m p l a s m l i n e s a n d r a t e d

t h e m f o r t h e i r N 2 - f i x i n g e f f i c i e n c y . H o w e v e r , t h e r e i s a l a r g e g e r m p l a s m r e s o u r c e t h a t

s t i l l n e e d s t o b e s c r e e n e d . S e c o n d l y , w e a r e i n t e r e s t e d i n t r a n s f e r r i n g these u s e f u l t r a i t s

t o a g r o n o m i c a l l y s u p e r i o r l i nes f o r a c h i e v i n g t h e y i e l d a d v a n t a g e . T h e r e a r e s o m e

i n d i c a t i o n s t h a t t h i s c a n b e d o n e , b u t w e w o u l d l i k e t o h a v e s o m e c r i t i c a l s t u d i e s m a d e

c o o p e r a t i v e l y s o a s t o b e su re a b o u t t h e f i n d i n g s . T h i s W o r k i n g G r o u p M e e t i n g s h o u l d

h e l p u s a c h i e v e t h e f o l l o w i n g o b j e c t i v e s : 

• t o s h a r e k n o w l e d g e a n d e x p e r i e n c e o f n o n s y m b i o t i c N 2 f i x a t i o n i n s o r g h u m a n d

m i l l e t ;

• t o a c c e p t s t a n d a r d i z e d t e c h n i q u e s f o r m a k i n g m e a s u r e m e n t s o f N 2 f i x a t i o n ;

• t o d e v e l o p a c o o r d i n a t e d a p p r o a c h f o r c o n d u c t i n g r e s e a r c h f o r t r a n s f e r r i n g d e s i r -

a b l e t r a i t s t o a g r o n o m i c a l l y s u p e r i o r g e n o t y p e s ; a n d

• t o s t u d y t h e e f f e c t o f e n v i r o n m e n t s o n n o n s y m b i o t i c N 2 f i x a t i o n i n ce rea l s .

F o r a c h i e v i n g these o b j e c t i v e s , i t i s essen t i a l t h a t t h i s m e e t i n g i d e n t i f i e s t e a m s o f

sc ien t i s ts w o r k i n g i n d i f f e r e n t i n s t i t u t e s t o t a k e u p c o o r d i n a t e d r e s e a r c h , w h o a g r e e t o
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s h a r e e x p e r i e n c e s a n d m a t e r i a l s . T h e s e s h o u l d b e i n t e r d i s c i p l i n a r y t e a m s c o n s i s t i n g o f

g e n e t i c i s t s , m i c r o b i o l o g i s t s , a n d a g r o n o m i s t s / s o i l s c i en t i s t s . I a m c o n v i n c e d t h a t t h e

h i g h h o p e s t h a t h a v e a r i s e n — a b o u t i m p r o v i n g t h e n i t r o g e n n u t r i t i o n o f s o r g h u m a n d

m i l l e t a n d e n h a n c i n g t h e i r p r o d u c t i o n — c a n b e r e a l i z e d o n l y t h r o u g h i n t e r d i s c i p l i n a r y

t e a m w o r k .

I u n d e r s t a n d t h a t a l l o f y o u a s s e m b l e d h e r e t o d a y a r e i n t e r e s t e d i n s u c h t e a m w o r k ,

b u t w h i l e s t u d y i n g N 2 f i x a t i o n y o u s h o u l d n o t f o r g e t t h e i n t e r a c t i o n o f t h e e n v i r o n -

m e n t a n d t h e e f f e c t o f o t h e r n u t r i e n t s i n v o l v e d i n t h i s p r o c e s s . T h e e f f e c t o f v e s i c u l a r

a r b u s c u l a r m y c o r r h i z a i n s t i m u l a t i n g N 2 f i x a t i o n t h r o u g h e n h a n c e d a v a i l a b i l i t y o f

p h o s p h a t e s h a s b e e n o b s e r v e d . W h e t h e r t h i s s y n e r g i s m c a n b e e n h a n c e d t h r o u g h

m a n a g e m e n t o f e n v i r o n m e n t s o r g e n e t i c e n g i n e e r i n g i s a q u e s t i o n t h a t needs i n v e s t i g a -

t i o n . T h e r e i s a l o t o f bas i c w o r k t h a t needs t o b e d o n e . I f i n d i n t h i s g r o u p s o m e

sc ien t i s t s w h o a r e i n v o l v e d i n s u c h b a s i c s t u d i e s .

Q u i t e o f t e n t h e e x p e r i m e n t s a r e c o n d u c t e d u n d e r c o n t r o l l e d e n v i r o n m e n t s w i t h o u t

a n y m o i s t u r e c o n s t r a i n t s . W h e t h e r t h e s a m e resu l t s a r e p o s s i b l e u n d e r c o n d i t i o n s o f

d r o u g h t s t ress a n d h i g h t e m p e r a t u r e needs i n v e s t i g a t i o n . T h e e f f ec t o f p h y s i c a l s o i l

e n v i r o n m e n t s a n d i n i t i a l s o i l - f e r t i l i t y l e v e l o n N 2 f i x a t i o n a l s o needs t o b e s t u d i e d . I t i s

m y i m p r e s s i o n t h a t t h e r e a r e m o r e u n k n o w n f a c t o r s t h a n t h e k n o w n o n e s i n f l u e n c i n g

n o n s y m b i o t i c N 2 f i x a t i o n b y c r o p s l i k e s o r g h u m a n d m i l l e t s a n d w e n e e d t o i n v e s t i g a t e

f u r t h e r .

J u d g i n g f r o m t h e p r o g r a m t h a t m y c o l l e a g u e s h a v e d r a w n u p f o r t h i s m e e t i n g , I g e t

t h e f e e l i n g t h a t y o u w o u l d b e l o o k i n g a t a l l t hese p r o b l e m s . I r ea l i ze t h a t m a n y o f y o u

a r e i n t e r e s t e d i n N 2 f i x a t i o n b y cerea ls o t h e r t h a n s o r g h u m a n d m i l l e t s . T h e r e a r e s o m e

p a p e r s r e l a t i n g t o r i c e . S i n c e t h e e n v i r o n m e n t s i n w h i c h r i ce i s g r o w n a r e v e r y d i f f e r e n t

f r o m t h o s e o f s o r g h u m a n d m i l l e t s , t h e t r a n s f e r a b i l i t y o f t h e i n f o r m a t i o n f r o m r i c e t o

s o r g h u m a n d m i l l e t s a n d v i c e ve rsa needs i n v e s t i g a t i o n . I t w o u l d b e d e s i r a b l e f o r y o u

t o e x t e n d y o u r d i s c u s s i o n s t o N 2 f i x a t i o n b y s o r g h u m a n d m i l l e t s u n d e r c o n d i t i o n s o f

d r o u g h t stress a s w e l l . I u n d e r s t a n d t h a t t h e bes t e s t i m a t e s s h o w t h a t a b o u t 2 0 k g N 

h a - 1 c o u l d b e a d d e d t h r o u g h b a c t e r i a l a s s o c i a t i o n w i t h s o r g h u m a n d m i l l e t s . E v e n a n

inc rease o f 2 0 k g N h a - 1 i n a l l t h e s o r g h u m - a n d m i l l e t - p r o d u c i n g a reas c a n m e a n a 

t r e m e n d o u s i n c r e a s e i n t h e p r o d u c t i o n o f these ce rea ls . W e w i l l b e d o i n g a g r e a t se rv i ce

t o h u m a n i t y i f w e c a n d e m o n s t r a t e t h i s e f f e c t o n f a r m e r s ' f i e l d s , u n d e r t h e e n v i r o n -

m e n t s w h e r e these c r o p s a r e g r o w n .

I t w i l l b e a r e a l a c h i e v e m e n t i f w e succeed i n t r a n s f e r r i n g t h i s t r a i t t o a g r o n o m i c a l l y

s u p e r i o r g e n o t y p e s . I n e e d h a r d l y e m p h a s i z e t h a t A f r i c a , m o r e t h a n I n d i a , i s b a d l y i n

n e e d o f t h i s t e c h n o l o g y a n d w e a r e k e e n l y i n t e r e s t e d i n t h e o u t c o m e o f y o u r r esea rches .

I w i s h y o u a l l success i n y o u r d e l i b e r a t i o n s . I h a v e g r e a t p l e a s u r e i n i n a u g u r a t i n g t h i s

W o r k i n g G r o u p M e e t i n g .
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Cereal Nitrogen Fixation: Problems and Potentialities

S. P. Wani1

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-

1. Microbiologist, Pearl Mil let Improvement Program, ICR ISAT , Patancheru, A.P. 502 324, India.

I C R I S A T (International Crops Research Institute for the Semi-Arid Tropics). 1986. Cereal nitrogen f ixat ion. Proceedings of the Working
Group Meeting, 9-12 Oct 1984, I C R I S A T Center, India. Patancheru, A.P. 502 324, India: ICRISAT.
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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

F i x a t i o n

N 2

D e n i t r i f i c a t i o n

NO-
3NH 3

P r o t e i n i n

o r g a n i s m s

A m m o n i f i c a t i o n

N i t r i f i c a t i o n

A s s i m i l a t i o n
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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-
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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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Cereal Ni t rogen F ixa t ion Research under the B N F
Coordinated Project o f the I C A R

N . S . Subba R a o1

Summary

The paper highlights the results of field experiments carried out under the Biological Nitrogen 

Fixation (BNF) project of the Indian Council of Agricultural Research (ICAR) on inoculation 

effects of sorghum and millets by A z o s p i r i l l u m . The review also encompasses the initial results 

obtained on the isolation and establishment of A z o s p i r i l l u m in roots, and it briefly indicates the 

lacunae existing in our knowledge and the future possibilities of research under the project. 

I n t roduc t i on

The B N F coord inated project has the f o l l o w i n g
mandate.

1. In tens i f icat ion of research on b io log ica l n i t rogen
f i x a t i o n in a coord inated manner.

2 . Survey and ecology o f N2 - f i x i n g m ic roorga-
nisms, eva luat ion o f benefits o f i nocu la t i on and
in terac t ion w i t h host germplasm, pesticides, and
inorganic fert i l izers.

3. Genetic studies to enlarge host spectrum by muta-
t ion , conjugation, transduction, and t ransforma-
t i on .

4. Somat ic hybr id i za t ion , t issue-culture techniques,
and fusion of protoplasts using host plants and
mic rob ia l cultures.

5. Physio logica l studies to transfer avai lable k n o w l -
edge at the fundamenta l level on n i t rogen- f i x ing
and related enzymes to the appl ied side.

The project has 11 centers located a l l over I nd ia

(F ig . 1).
The present repor t summarizes the f ie ldwork

done on cereal n i t rogen f ixat ion under the project ,
w i t h par t icu lar reference to sorghum and mi l lets.

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

I C R I S A T (International Crops Research Institute for the Semi-Arid Tropics). 1986. Cereal nitrogen f ixation. Proceedings of the Working
Group Meeting, 9-12 Oct 1984, ICR ISAT Center, India. Patancheru, A.P. 502 324, India: ICRISAT.

1 . D e l h i
2 . H i s a r
3. V a r a n a s i
4. K a l y a n i
5. J a b a l p u r
6. B a r o d a
7. P a r b h a n i
8. C u t t a c k
9 . B a n g a l o r e ( I I S )

10. B a n g a l o r e (UAS)
1 1 . C o i m b a t o r e

Figure 1. Locations of the centers of I C A R ' s coordi-
nated project on biological nitrogen f ixat ion.
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Ecology o f D iazo t roph i c Bacter ia

Several centers under the B N F project in i t ia ted
w o r k on the iso la t ion and character izat ion o f
n i t rogen- f i x ing bacteria f r o m rice, wheat, barley,
sorghum, and mi l lets. Greater a t ten t ion was pa id to
the iso la t ion and character izat ion of Azospirillum 

i n t o A. brasilense and A. lipoferum. Ni t rogenase
act iv i t ies of in tact cu l t iva ted plants and weeds asso-
ciated w i t h t hem were measured. Azospirillum iso-
lates were pur i f i ed and acetylene-reduct ion assay
( A R A ) measurements in pure cultures were made.
The amoun t o f n i t rogen f i xed per g r a m o f ca rbon
source was also quant i f ied by the K je ldah l me thod .

I n roo t co lon iza t ion studies w i t h k n o w n strains o f
Azospirillum in associat ion w i t h special ly g r o w n
plants, the bacteria were f o u n d in the r o o t hairs and
were f ound to traverse upwards in the stem, as
observed under a l i gh t microscope ( L a k s h m i et a l .
1977). In wheat, Azospirillum cou ld be isolated f r o m
surface-steri l ized roots and stem segments ( K a v i -
mandan et a l . 1978). Transverse sections of stem
showed the presence o f bacter ia p r o m i n e n t l y in p r o t -
o x y l e m and often in me taxy lem vessels ( L a k s h m i e t
a l . 1977). In r ice seedlings g r o w n under aseptic
nitrogen-free cond i t ions , Azospirillum i nocu la t i on
increased r o o t biomass ( D e w a n and Subba R a o
1979).
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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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R e s p o n s e o f C r o p s t o Azospirillum 

I n o c u l a t i o n

H a v i n g isolated several strains of Azospirillum 
( L a k s h m i k u m a r i et a l . 1976), systematic t r ia ls in the
pot -cu l tu re house were carr ied ou t to determine the
eff iciency o f d i f ferent strains in increasing c rop
yields (Subba Rao et a l . 1979), pa r t i cu la r l y o f
sorghum, pear l m i l l e t , f inger m i l l e t (Eleucine cora-
cana Gaertn. ) , and barley. Ef f ic ient strains of A.
brasilense capable of enhancing yields of these crops
were later tested under f ie ld cond i t ions under the A l l
I n d i a Coord ina ted C r o p Improvemen t Projects o f
the I C A R fo r barley, sorghum, and mi l le ts . The
results obta ined so far have been summar ized in

F igure 2 fo r sorghum, F igure 3 f o r pearl m i l le t , and
Figure 4 fo r f inger mi l le t .

F o r most crops, the y ie ld response to i nocu la t i on
var ied between locat ions. In pearl mi l le t also, the
yields were var iable w i t h loca t ion bu t i nocu la t ion
proved to be beneficial even at a basal dose of 40 kg
N ha-1 except at Jodhpur , where fert i l izer N d i d no t
prov ide add i t i ona l benefits in con junc t ion w i t h bac-
ter ia l i nocu la t ion . In so rghum also, the yields var ied
w i t h locat ions but s imple Azospirillum inoculat ions
increased yields in six locat ions w i t h or w i t h o u t
add i t i on o f 40 kg N ha-1. A t fou r locat ions ( A k o l a ,
Parbhan i , Navsar i , and lndore) , add i t i on o f 40 kg N 
ha"1 decreased the benefits due to inocu la t ion .
A t tempts are under way to understand the factors
responsible for the negative response to i nocu la t i on

F igure 3. Response of pear l m i l l e t to i nocu la t i on w i t h A. brasilense at d i f ferent locat ions (average of 3 years'

f i e ld t r ia ls ) , 1979-81.
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Figure 4. Response of finger millet to inoculation

with A. brasilense. 

in the presence of fer t i l izer N at cer ta in locat ions.

Exper iments under f ie ld cond i t ions by coopera-

tors a t C o i m b a t o r e and Hisar centers o f the pro ject

have also shown tha t Azospirillum i nocu la t ions

increased pear l mi l le t y ie ld .

Effect of Azotobacter and

AzospiriUum on R o o t

and S h o o t Measurements

I t i s n o w recognized tha t nonsymb io t i c n i t rogen-

f ix ing bacter ia produce g r o w t h - p r o m o t i n g substan-

ces (T i en et a l . 1979) in add i t i on to f i x i n g

atmospher ic n i t rogen. One quest ion has o f ten been

posed: w i l l seed i nocu la t i on help in increasing the

roo t biomass under f ie ld condi t ions? Th is quest ion

was answered by conduc t ing a f ie ld exper iment at

the Parbhan i center w i t h so rghum and pear l m i l le t

d u r i n g the 1983 ra iny season. A summary of the data

of the 1982/83 exper iments is presented in Tables 1 

and 2 . The f o l l o w i n g conclusions were d r a w n .
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Table 1. Root mass, shoot mass, root:shoot ratio, root

volume, and yield of field-grown rainy-season sorghum

(Sorghum bicolor) , as influenced by seed inoculation with

Azotobacter and Azospirillum at different stages of crop

growth in a field experiment, Parbhani , rainy season 1983.1

Table 1. Root mass, shoot mass, root:shoot ratio, root

volume, and yield of field-grown rainy-season sorghum

(Sorghum bicolor) , as influenced by seed inoculation with

Azotobacter and Azospirillum at different stages of crop

growth in a field experiment, Parbhani , rainy season 1983.1

Table 1. Root mass, shoot mass, root:shoot ratio, root

volume, and yield of field-grown rainy-season sorghum

(Sorghum bicolor) , as influenced by seed inoculation with

Azotobacter and Azospirillum at different stages of crop

growth in a field experiment, Parbhani , rainy season 1983.1

Table 1. Root mass, shoot mass, root:shoot ratio, root

volume, and yield of field-grown rainy-season sorghum

(Sorghum bicolor) , as influenced by seed inoculation with

Azotobacter and Azospirillum at different stages of crop

growth in a field experiment, Parbhani , rainy season 1983.1

Table 1. Root mass, shoot mass, root:shoot ratio, root

volume, and yield of field-grown rainy-season sorghum

(Sorghum bicolor) , as influenced by seed inoculation with

Azotobacter and Azospirillum at different stages of crop

growth in a field experiment, Parbhani , rainy season 1983.1

Parameter / N o n -

Days o f inocu la ted A z o t o - Azosp i - C D

samp l i ng c o n t r o l bacter rillum at 5%

R o o t mass

(g p lan t - 1 )

20 3.40 4.342 6.41 2
0.89

35 12.20 I 6 . 4 1 2 18.532 2.03

50 16.05 20.772 21.772 2.70

65 17.82 20.47 22.862 3.77

80 15.20 15.90 15.26 NS3

S h o o t mass

(g p lant-1 )

20 32.66 37.60 50.932 7.64

35 111.80 139.332 156.262 15.84

50 165.13 184.862 I90.49 2 12.76

65 167.66 187.73 203.862 23.01

80 156.46 167.862 182.402 10.09

R o o t : s h o o t ra t i o

20 9.60 8.66 7.94

35 9.16 8.49 8.43

50 10.28 8.90 8.75

65 9.40 9.16 8.91

80 10.29 10.55 11.95

R o o t v o l u m e

( m L p lan t - 1 )

20 2.79 3.40 4.762 0.89

35 9.05 12.212 13.682 1.62

50 13.85 17.092 17.762 2.20

65 14.50 16.36 19.262 2.11

80 13.18 14.06 13.93 N S

G r a i n y ie ld 3237 3632 3817 N S

( k g ha - 1 )

Fodde r y ie ld 4581 59502 65152 802

( k g ha - 1 )

1 . M e a n o f f ive p lan ts , each f r o m three rep lica ted p lo ts .

2 . S i g n i f i c a n t i ncrease over c o n tr o l .

3. N S = N o t s ign i f i can t .



Table 2. Shoot mass, root biomass, and yield of field-

grown pearl millet (Pennisetum americanum), as influ-

enced by seed inoculation with Azotobacter and

Azospirillum at different stages of crop growth in a field

experiment, Parbhani , rainy season 1983.1

Table 2. Shoot mass, root biomass, and yield of field-

grown pearl millet (Pennisetum americanum), as influ-

enced by seed inoculation with Azotobacter and

Azospirillum at different stages of crop growth in a field

experiment, Parbhani , rainy season 1983.1

Table 2. Shoot mass, root biomass, and yield of field-

grown pearl millet (Pennisetum americanum), as influ-

enced by seed inoculation with Azotobacter and

Azospirillum at different stages of crop growth in a field

experiment, Parbhani , rainy season 1983.1

Table 2. Shoot mass, root biomass, and yield of field-

grown pearl millet (Pennisetum americanum), as influ-

enced by seed inoculation with Azotobacter and

Azospirillum at different stages of crop growth in a field

experiment, Parbhani , rainy season 1983.1

Table 2. Shoot mass, root biomass, and yield of field-

grown pearl millet (Pennisetum americanum), as influ-

enced by seed inoculation with Azotobacter and

Azospirillum at different stages of crop growth in a field

experiment, Parbhani , rainy season 1983.1

Parameter / N o n -

Days o f inocu la ted A z o t o - Azospi- C D

samp l i ng c o n t r o l bacter rillum at 5%

Shoo t mass

(g p lan t - 1 )

20 22.27 31.652 32.382 6.62

35 72.46 94 .41 2 88.002 9.01

50 89.38 103.432 97.78 10.48

65 67.58 86.83 78.98 NS3

80 59.66 79.752 67.662 9.44

R o o t mass

(g p lan t - 1 )

20 2.13 3.162 3.31 2
0.61

35 5.56 7.902 6.662 0.83

50 6.51 8.802 8.15 1.79

65 5.08 8.532 7.832 0.97

80 4.60 8.01 2 6 . I8 2 0.92

R o o t : s h o o t ra t i o

20 10.45 10.01 9.78

35 13.00 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

R o o t v o l u m e

( m L p lan t - 1 )

R o o t v o l u m e

( m L p lan t - 1 )

20 1.96 2.612 2.732 0.58

35 4.38 6.582 6.032 0.83

50 5.08 7.082 6.352 1.56

65 5.38 8.382 7.062 0.83

80 5.23 9.752 6.802 1.03

G r a i n y ie ld 1036 1469 1175 N S

( k g ha-1)

Fodde r y ie ld 4497 74722 50262 732

( k g ha - 1 )

1. Mean of five plants, each from three replicated plots.

2. Significant increase over noninoculated c ontrol.

3. NS = Not significant.

biomass a t d i f ferent stages o f c rop g r o w t h . H o w -

ever, Azospirillum had a more p ronounced effect

on roo t biomass and shoot d ry mass t han

Azotobacter.

2. The gra in y ie ld increase due to seed inocu la t i on

over the non inocu la ted con t ro l was 12.2% w i t h

Azotobacter and 17.9% w i t h Azospirillum, but

the results were not s igni f icant . However , bo th

the organisms ind iv idua l l y b rough t abou t a sig-

n i f i cant increase in fodder y ie ld over the non inoc -

ulated con t ro l .

Pearl Millet

1. Seed inocu la t i on w i t h either Azotobacter or

Azospirillum increased shoot mass and roo t b io-

mass s ign i f icant ly over the non inocu la ted c o n t r o l

at a l l stages of c rop g r o w t h . In pear l mi l le t the

response w i t h Azotobacter was better t han w i t h

Azospirillum i nocu la t ion .

2. The gra in y ie ld increase due to seed i nocu la t i on

over the non inocu la ted con t ro l was 41.8 w i t h

Azotobacter, and 13.4% w i t h Azospirillum i noc-

u la t i on , but the results were not s igni f icant .

3. Seed inocu la t i on w i t h Azotobacter or Azosp i r i l -

lum s ign i f icant ly increased fodder y ie ld over the

non inocu la ted con t ro l .

These results indicate that bacter ia l i nocu la t i on

results in increased roo t biomass w i t h the possible

consequent improved uptake o f nut r ients f r o m the

soi l . There fore , the observed enhanced yields due to

inocu la t i on may be a t t r ibu tab le to factors such as

g r o w t h - p r o m o t i n g substances e laborated by the

bacter ia, in add i t i on to the i r ab i l i t y to f i x e lemental

n i t rogen.

The ab i l i t y of A. brasilense to improve roo t b io -

mass has also been shown in po t exper iments w i t h

f inger mi l le t , k o d o mi l le t (Paspalum scrobicula-

tum), and I ta l ian mi l le t (Setaria italica).

Response o f Pear l M i l l e t

t o Inocu la t ion w i t h V A M F u n g i

a n d Azospirillum brasilense 

In these p o t exper iments the vesicular arbuscular

mycor rh i za ( V A M ) fung i used f o r soi l i nocu la t i on

were Acaulospora sp, Gigaspora margarita, and

Glomus fasciculatum, w i t h A. brasilense comb ina -

t ions, over the non inocu la ted con t ro l . The d r y -

Sorghum

1. Seed i nocu la t i on w i t h Azotobacter or Azosp i r i l -

lum s ign i f icant ly increases shoot mass and r o o t
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mat te r content o f shoots, r o o t b iomass, and

P-uptake o f the c rop were studied (Tab le 3).

g ra in and f odde r y ie ld increased s ign i f icant ly due to

comb ined i nocu la t i on (Tab le 4) .

Table 3. Response of pearl millet to inoculation wi th A.

brasilense and V A M fungi in potted plants1 , I A R I , New

De lh i .

T r e a t m e n t

S h o o t

mass

(g
p lan t - 1 )

R o o t

mass

(g
plant-1 )

T o t a l

P

con ten t

(%)

P

up take

( m g

plant-1 )

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

c o n t r o l ( N o V A M ,

no A. brasilense) 13.3 0.16 0.10 13.7

A. brasilense 14.4 0.352 0.142 20.1

Acaulospora sp 16.4 0.282 0.142 21.1

G. margarita 16.4 0.25 0.142 21.2

G. fasciculatum 16.8 0.28 0.11 20.2

Acaulospora sp + 

A. brasilense 

17.4 0.382 0.09 16.6

G. margarita + 

A. brasilense 

19.82 0.362 0,12 23.2

G. fasciculatum + 

A. brasilense 

20.62 0.382 0.13 25.92

L . S . D . ( P < 0 . 0 5 ) N S 3 0.14 0.012 N S

1. Azospirillum N S 0.14 0.012 N S

2 . V A M f u n g i N S N S 0.012 N S

3. V A M x A z o -

spirillum

3.12 0.10 N S 5.2

1. Average of six replications.

2. Significant increase over corresponding control.

3. NS = Not significant.

Effect o f D u a l I n o c u l a t i o n w i t h

A.brasilense a n d V A M F u n g i

o n S o r g h u m G r o w t h a n d Y i e l d

In a f ie ld exper imen t at P a r b h a n i , i t was observed

tha t the mean r o o t a n d shoo t mass o f s o r g h u m

plan ts increased s ign i f i can t ly due to Azospirillum 

a n d V A M i nocu la t i on . T h e results a lso showed tha t

Table 4. Influence of A. brasilense and V A M (Glomus

fasciculatum) inoculation on root and shoot mass, root

volume, and yield of sorghum C S H 8R in a field

experiment.

Table 4. Influence of A. brasilense and V A M (Glomus

fasciculatum) inoculation on root and shoot mass, root

volume, and yield of sorghum C S H 8R in a field

experiment.

Table 4. Influence of A. brasilense and V A M (Glomus

fasciculatum) inoculation on root and shoot mass, root

volume, and yield of sorghum C S H 8R in a field

experiment.

Table 4. Influence of A. brasilense and V A M (Glomus

fasciculatum) inoculation on root and shoot mass, root

volume, and yield of sorghum C S H 8R in a field

experiment.

Root Shoot Root Grain Fodder

mass1 mass1 volume yield yield

(g (g (mL (kg (kg

Treatments plant-1) plant-1) plant-1) ha-1) ha-1)

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

c o n t r o l 4.1 21.5 12.6 1990 4280

A. brasilense 4.8 2 23.22 13.9 2150 4610

V A M

(G. fasciculatum) 4.3 22.32 13.1 2100 4480

A. brasi lense + 

(G. fasciculatum) 6.82 28.12 15.4 26602 56802

C D ( P < 0 . 0 5 ) 0.5 0.9 N S 3 390 630

1. Sampled at 80 days of plant growth.

2. Significant increase over n oninocula ted control .

3. NS = Not significant.

F u t u r e P r o g r a m

T h e areas o f research that need a t t en t i on w i t h regard

to B N F aspects o f s o r g h u m a n d mi l le ts are: (1) T h e

mode o f en t ry o f the associated bacter ia i n t o p lan t

roots has to be c lear ly unders tood . (2) T h e proce-

dures f o r enumera t i on o f bacter ia in the rh izosphere,

on the r o o t surface, and inside the roo ts have to be

standard ized. (3) T h e best me thod of seed i nocu la -

t i o n has to be s tandard ized. (4) T h e re lat ive benefi ts

b y g r o w t h factors and N 2 f i x a t i o n i n p lan t g r o w t h

have to be quan t i t a t i ve l y assessed. (5) W h a t are the

g r o w t h factors e labora ted by the bacter ia i n the r o o t

system and in the rh izosphere, b o t h qua l i t a t i ve ly

a n d quant i ta t i ve ly? (6) A r e hos t -cu l t i va r responses

to inocu lan ts repeatable a t d i f fe rent locat ions a n d ,

l ikewise, can the in t r ins ic ab i l i t y o f cu l t i vars to show

h igh A R A values i n i n tac t -p lan t systems be rep ro -

duced under d i f fe ren t cond i t ions? A r e these charac-

terist ics her i table? A n d , i f so, can they be t rans fer red

genet ica l ly to o the r cul t ivars?

In deve lop ing count r ies such as I n d i a , where

s o r g h u m a n d mi l le ts are g r o w n unde r l o w - i n p u t c o n -

d i t i ons , even m a r g i n a l increases in c rop y ie lds to the
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equivalents obta inable by the add i t i on of 20-30 kg N 
ha-1, are indeed w o r t h w h i l e . Hence, intensive fu ture
efforts on B N F research aspects o f so rghum and
mi l le ts , at b o t h the fundamenta l and app l ied levels,
w o u l d be reward ing . The fundamenta l w o r k in
future requires emphasis on the genetics and molec-
u lar b io logy o f d iazo t roph ic bacter ia associated w i t h
p lant roots, on exper iments designed to integrate
engineered n i t rogen- f i x ing bacter ia w i t h p lant p r o -
toplasts and tissue cul tures, so as to i m p a r t h igher
n i t rogen- f i xa t ion po ten t ia l to so rghum and mi l l e t
cu l t ivars .
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Discussion

O.P . Rupela:

Y o u repor t that a t Parbhan i , increase in r oo t mass
was not iced due to i nocu la t i on consistent ly fo r 3 
years. Was i t a po t or f ie ld t r ia l? I f i t was a f ie ld t r i a l,
h o w was the roo t mass recovered and measured?

N.S . Subba Rao:
Yes, i t was a f ie ld t r i a l . The roo t system was careful ly

dug ou t and washed, and lateral roots were reco-

vered and measured by displacement of water in a 

measur ing cy l inder fo r vo lume, and later d r y mass

data were obta ined.

G.S. Jadhav:
T o realize the ag ronomic signif icance o f N2 f i x a t i o n

by nonsymb io t i c bacter ia i t is very essential to :

1. Repo r t a l l supplementary i n f o r m a t i o n , such as
in i t i a l soi l f e r t i l i t y , ra in fa l l pa t tern , i r r i g a t i o n ,
soi l type, and var ie ty or cu l t i va r used.

2. In de te rm in ing responses we shou ld analyze y ie ld
data bo th in terms o f stat ist ical signif icance and
economic benefits, in terms of N economy and
y ie ld ga in.

3. Adap t i ve t r ia ls on farmers' f ie lds shou ld be con -
ducted to take N2 - f i x a t i o n technology to farmers
qu i ck l y , i t be ing l o w cost and economica l ly and
ecological ly pro f i tab le .

On the basis o f present knowledge o f i nocu la t i on
methods of Azospirillum, w h i c h is the best and most
economica l me thod o f i nocu la t i on i n pear l mi l le t?

N.S . Subba Rao:
Seed i nocu la t i on as pract iced fo r legume i nocu la t i on

w i t h rh i zob ia .

J . V . D . K . Kumar Rao :

Y o u have repor ted s igni f icant responses to Azospi -

rillum i nocu la t i on at s ix ou t of n ine centers under

the A l l I n d i a B N F project . W h a t i s the me thod o f

i nocu la t i on used in these tr ials? W h a t is the f o r m of

inocu lan t and the nature of the carr ier? W h a t is the

viable-cel l coun t in the inocu lan t and on the seed

after inocu la t ion?

N . S . Subba Rao:
Seed i nocu la t i on was done f r o m a f inely powdered

fa rmyard manure and so i l i nocu lan t i n the ra t io o f

1 :1 , by m a k i n g an aqueous s lu r ry and also us ing

ca rboxy me thy l cel lulose as an adhesive (same as
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r h i zob ia l seed inocu la t i on ) . We d i d no t make v iab le-

cel l counts on the seed, bu t we m o n i t o r e d inocu lan t

surv iva l in this carr ier . I t had 109 cells even after 9 

mon ths o f storage under r o o m cond i t ions .

S.V. Hegde:

Y o u ment ioned ni trogenase ac t i v i t y o f some cucur-

bits in tissue cu l tu re in the absence o f any N2 - f i x i n g

microorgan isms.

1. H o w was the cucurb i t p lan t made free o f

microorganisms?

2. W h a t was the level o f ac t i v i t y in the axenic

cul ture?

N.S . Subba Rao:

The ca l l i o f cucurb i ts exh ib i ted h i gh ni trogenase

ac t i v i t y w i t h o u t any bacteria in the cells. The possi-

b i l i t y o f n i f gene i n c o r p o r a t i o n i n t o the c h r o m o z o m e

of the p lant cel l has been postu la ted by Pro f . Sen and

his students at K a l y a n i Un ivers i ty , West Bengal .

P. Tauro :

Regard ing the K a l y a n i exper iment , wha t was the

level o f acetylene reduc t i on in tissue cul ture?

N . S . Subba Rao:

Endogenous ethylene p r o d u c t i o n is ru led out .

S.P. W a n i :

Is there any coord ina ted t r i a l on i n o c u l a t i o n

response?

N . S . Subba Rao :

There are no coord ina ted t r ia ls . Bu t we are conduc t -

i n g exper iments a t Parbhan i and Co imba to re . We

have no faci l i t ies fo r large-scale test ing.

P . A . Shinde:

D u r i n g the V I I F ive Year P lan, pos i t ions o f M i c r o -

bio logists shou ld be proposed in M i l l e t and

S o r g h u m projects o f the I C A R .
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Associative Biological Ni t rogen F ixa t ion Research
at H a r y a n a Agr icu l tura l University

B.S. K u n d u , K . R . D a d a r w a l , a n d P . T a u r o1

Summary

Several different types of bacteria with the ability to reduce acetylene have been found to be 

associated with sorghum, pearl millet, and wheat grown at Hisar. The quantity of nitrogen fixed, 

as determined by their acetylene-reduction activity (ARA), and the conditions for optimal A RA 

vary widely with the isolates. Among the several hundred isolates tested, one sorghum isolate, 

12S, has been found to have high ARA and has been identified as a strain of A z o s p i r i l l u m

b r a s i l e n s e . It also possesses a strong hydrogenase, reduces C02, and carries out a nitrate-

dependent nitrogen fixation. Its ARA is insensitive to the levels of inorganic nitrogen generally 

used in the cultivation of the above crops. 

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

O u r interest i n n i t rogen f i x a t i o n a t Ha ryana A g r i -
cu l t u ra l Un ive rs i t y ( H A U ) began in the late 1970s
when we isolated a s t ra in of Pseudomonas azotogen-

sis f r o m the roots of pear l m i l l e t that cou ld reduce
n i t rogen (P rabha et a l . 1980). Since then this w o r k
has been strengthened as par t o f an I C A R c o o r d i -
nated research project on B io log ica l N i t r o g e n F i x a -
t i o n ( B N F ) i n the Depa r tmen t o f M i c r o b i o l o g y . O u r
ma jo r interests are centered a round the i so la t ion and
quan t i f i ca t i on o f n i t rogen f i x a t i o n by the var ious
bacter ia f r o m the roots o f so rghum, pear l m i l l e t , a n d
wheat , three ma jo r crops g r o w n in o r a r o u n d
Haryana .

N i t r o g e n F i x a t i o n i n P e a r l M i l l e t

a n d W h e a t

We car r ied ou t some i n i t i a l studies to determine the
t ime o f day w h e n m a x i m u m n i t rogen f i x a t i o n occurs
and also the stage o f c rop g r o w t h d u r i n g w h i c h

f i x a t i o n i s m a x i m u m . In a l l studies repor ted herein,
n i t rogen f ixat ion was determined by measur ing the
acety lene-reduct ion ac t i v i t y ( A R A ) .

In pear l m i l l e t , the in situ n i t rogenase ac t i v i t y was
est imated at 50 days after sow ing ( f l owe r i ng stage)
by the core assay me thod . F o r th is , so i l cores of 15
cm d iameter and 22 cm dep th were removed a l ong
w i t h the p lan t and transferred to 5 L a i r t i gh t plast ic
buckets w i t h the p ro v i s i o n f o r in jec t ing and sam-
p l i n g acetylene. The cores were then incubated in
10% acetylene atmosphere fo r 18 h at 30-32°C, after
w h i c h gas samples were w i t h d r a w n and analyzed fo r
the extent o f acetylene reduc t ion . In wheat , s im i la r
so i l cores a r o u n d the plants were taken and the
adher ing so i l was removed by gentle shak ing. T h e
t o p was cut , and the roots were t ransferred to 500
mL assay ja rs and assayed as before fo r A R A .

In exper iments t o determine the d i u r n a l v a r i a t i o n
in n i t rogen f i x a t i o n , we f o u n d that m o r e t h a n 25
µ moles of acetylene was reduced per p lan t so i l core
in 24 h when the p lants were assayed a r o u n d n o o n ,
and f i x a t i o n was less e i ther before or after. I t was
f o u n d tha t N2 f i x a t i o n was m a x i m u m d u r i n g the

1. 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.

I C R I S A T (International Crops Research Institute for the Semi-Arid Tropics). 1986. Cereal nitrogen f ixat ion. Proceedings of the Work ing
Group Meeting, 9-12 Oct 1984, I C R I S A T Center, India. Patancheru, A.P. 502324, India: I C R I S A T .
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pre f lower ing stage and less thereafter. These

parameters were f o u n d to be s imi la r in wheat. I t was

also f o u n d that the extent o f A R A var ied s ign i f i -

cant ly w i t h the wheat var ie ty ; the h igh-y ie ld ing var -

ieties were general ly (bu t no t always) f ound to

d isp lay a h igher level o f A R A .

D e t e r m i n a t i o n o f M o s t P robab le
N u m b e r ( M P N ) o f N i t rogen- f i x ing
Bacter ia Associated w i t h Pea r l M i l l e t
and W h e a t

F o r the es t imat ion o f M P N , 10 varieties o f wheat
and 3 varieties of pear l m i l l e t were selected. P lan t
samples were col lected f r o m the nonfer t i l i zed area of
the univers i ty f a r m d u r i n g the p re f lower ing stage
and M P N est imated b o t h f r o m the roo t washings
a n d f r o m the roo t macerates. Deta i ls o f the proce-
dures fo l l owed are avai lable f r o m the authors. The
steri l ized Dobereiner 's semisol id m e d i u m was used
(Dobere iner et a l . 1976) and the M P N was calcu-
lated f r o m the reference table o f H a r r i g a n and
McCance (1956), The roots were washed gent ly fo r
remov ing the adher ing so i l , cut i n to 2-3 cm l ong
pieces, and 5-g roo t pieces were transferred to 45 mL
steri le sal ine and shaken at r o o m temperature (28-
30°C) fo r l h . The washed roo t pieces were then
macerated in steri l ized m o r t a r and pestle and the
vo lume was made up to 50 m L . Ten- fo ld serial d i l u -
t ions f r o m r o o t wash ing and roo t macerate were
prepared and used fo r M P N using Dobereiner 's
semisol id m e d i u m (Dobere iner et a l . 1976). F ive
repl icated tubes f r o m each d i l u t i o n were incubated
fo r 48 h at 3 0 ° C and then 10% of the gas phase was
replaced w i t h acetylene.

I n wheat, the M P N i n roo t washings var ied f r o m
1.7 x 106 g-1 of fresh roots to 13 x 106 g-1, wh i le in the
roo t macerates, the number var ied between 0.6-5.5 x 
106 g-1 o f fresh roo t weight . The h igh-y ie ld ing c u l t i -
vars WH 147, WH 157, HD 2009, and P 1030 had a 
higher number o f n i t rogen- f i x ing bacter ia asso-
ciated w i t h thei r roots. In contrast to this, i n pear l
m i l l e t (a rainy-season c rop) , the number o f bacter ia
found in the roo t washings were less t han in the r o o t
macerates suggest ing a poss ib le r e l a t i o n s h i p
between the number o f bacter ia in the roo t zone and
the env i ronmenta l temperature d u r i n g the g r o w t h
per iod o f pearl mi l le t . I t i s l i ke ly tha t because o f the
h igh temperature, a greater number of bacter ia are
found inside the roots than outside. In wheat i t i s the
reverse, since the g r o w t h per iod corresponds to a 

t ime when the temperatures are moderate. In b o t h
crops, however, there is a re la t ionship between the
number o f bacter ia f ound , the extent o f n i t rogen
f ixat ion, and the y ie ld po ten t ia l o f the var iety. These
results a l l owed us to conclude that a large number of
bacteria associate w i t h the roots o f cereals g r o w n in
this area.

F r o m the tubes that showed A R A f r o m the above
exper iment , isolat ions were made on N-free agar
med ium, and 216 isolates f r o m pear l m i l l e t were
selected based on co lony morpho logy , ou t o f w h i c h
183 were selected fo r fur ther study. S im i l a r l y , f r o m
wheat and sorghum, a to ta l of 146 cul tures were
isolated fo r fur ther study. The isolates inc luded b o t h
Gram-pos i t i ve and Gram-negat ive bacter ia bu t sur-
pr is ing ly , except fo r one or t w o cul tures, azospi r i l la
were conspicuously absent. These cultures were
found to vary w ide ly i n the i r A R A , and the media
cond i t ions requi red fo r the i r o p t i m a l A R A expres-
sion also var ied ( B . S . K u n d u , unpubl ished data).
Tab le 1 shows the A R A o f some o f the bacter ia l
isolates f r o m the roots of the above three crops.
Isolate 12S f r o m sorghum showed the highest A R A
under the assay condi t ions; bu t the value was m u c h
less than the values repor ted fo r other bacter ia iso-
lated f r o m the roots o f cereals. To check the poten-
t i a l o f this organ ism w i t h the other cul tures,
standard cul tures were obta ined f r o m other labora-
tories and cu l tu red s im i la r l y a long w i t h the t w o best
cul tures f r o m each o f three crops. I t was f ound tha t
the level o f A R A was highest when cu l tu red i n semi-
sol id m e d i u m and on the 3 rd o r 4 t h day o f incuba-
t i o n (Tab le 2) . A m o n g a l l the cul tures tested, isolate
12S had the highest ac t i v i t y and was considered to be

Table 1 . The A R A (nmoles C2 H 4 tube-1 d- 1 ) o f some iso-

lates f rom sorghum, pearl mil let, and wheat.

Table 1 . The A R A (nmoles C2 H 4 tube-1 d- 1 ) o f some iso-

lates f rom sorghum, pearl mil let, and wheat.

Pear l m i l l e t W h e a t S o r g h u m

Isolate A R A Isolate A R A Isolate A R A

P M 1B 31 W 1 12 S 2 192

2 B 84 2 168 3 N D 1

3B 906 3 12 4 480

4 B 996 4 24 5 384

5B 756 5 19 6 384

6 B 276 6 29 7 612

7B 252 7 17 8 552

8B N D 8 190 9 156

9 B 4 9 20 10 300

10B N D 10 12 11 720

M B 4 11 14 12 2160

1. ND = not detected.
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Table 2 . A R A (nmoles C 2 H 4 tube - 1 d - 1 ) level o f various

nitrogen-fixing bacteria.1

Table 2 . A R A (nmoles C 2 H 4 tube - 1 d - 1 ) level o f various

nitrogen-fixing bacteria.1

A R A , days a f ter i n o c u l a t i o n

Bacter ia 2 3 4 5 6 7 

S. itersonii 125 140 140 135 95

A. brasilense, 

s t ra in SP 7 1373 2420 2005 1595 861 602

A. brasilense, 

s t ra in 12S 1889 2595 2715 2990 1610 1365

Iso la te 8S

f r o m s o r g h u m 9 30 72 82 72 24

Iso la te 4B

f r o m pear l m i l l e t 6 11 14 6 3 2 

Iso la te 2 2 B

f r o m pear l m i l l e t - 3 6 5 2

Iso la te 2 W

f r o m wheat 8 12 74 58 42 4 

Iso la te 8 W

f r o m wheat 50 141 161 168 - 68

1. Azotobacter and Rhizobia showed no A R A in this medium.

a super ior cu l ture. It has been subsequently tested
fo r its A R A , compared w i t h A. brasilense SP7, and
found super ior under a l l cond i t ions.

I t has been found that A R A expression o f th is
organ ism is highest when i t is cu l tu red in a semisol id
med ium. Fur ther , fo r m a x i m a l expression the media
should con ta in malate as the ca rbon source and
either v i tamins o r yeast extract . O p t i m u m pH
should be 6-7 and the o p t i m u m temperature
30°±2°C under semisol id cond i t ions . Highest A R A
is detected w i t h i n 4-5 days.

To estimate the n i t rogen- f i x ing potent ia l o f iso-
late 12S, we have t r ied to g r o w i t in l i q u i d m e d i u m
for 24 h and then transfer the cells to semisol id
med ium. By this i t was possible to use a larger cel l
mass and induce A R A earl ier. Under these cond i -
t ions, i t was possible to record higher A R A values,
fo r bo th SP7 and 12S strains. We believe that this
st ra in has capacities higher t han 103 µ m of A R A per
O D , w h i c h i s considerably h igher than any o ther
cu l ture tested so far.

Physio logical Studies w i t h Iso late 12S

Isolate 12S was subjected to var ious tests, and it has
been f ound s imi la r to A. brasilense except in i ts
an t ib io t i c resistance pat tern. W h i l e s t ra in SP7 is
resistant to s t rep tomyc in , s t ra in 12S is resistant to
ch lo ramphen ico l .

Table 3. G r o w t h rates of A. brasilense isolates 12S and

S P 7 .

Table 3. G r o w t h rates of A. brasilense isolates 12S and

S P 7 .

O . D . 600 n m af ter

6 days at 3 0 °C

T r e a t m e n t 12S SP7

C o n t r o l ( -Ma la te ) 0.02 0.09

+ M a l a t e 0.04 0.27

+ M a l a t e +Urea 0.05 0.38

+ M a l a t e + K N O 3 0.09 0.45

+ M a l a t e + N H 4 C 1 0.09 0.48

Malate concentration: 5 gm L-1; N source: 5 µm.

U n l i k e SP7, the isolate 12S displays p o o r g r o w t h
under a l l cu l tu ra l cond i t ions (Tab le 3). U n t i l
recently, we had no m e d i u m in wh i ch this cou ld
g row u n i f o r m l y , but now we have developed one
con ta in ing galactose, in wh i ch this o rgan ism grows
u n i f o r m l y as we l l as possesses A R A ac t i v i t y
( B . S . K u n d u , unpubl ished data). Th is s t ra in , l i ke
other strains of azospi r i l la , also possesses a s t rong
hydrogen-ox id i z ing system that appears to be asso-
ciated w i t h n i t rogen f i x a t i o n , since A R A ac t i v i t y i s
enhanced by 3 1 % in the presence o f 10% hydrogen
(Table 4). Th is cu l ture has also been f ound to show
au to t roph ic g r o w t h and the ab i l i t y to reduce carbon
d iox ide . The ab i l i t y t o f i x atmospher ic n i t rogen ,
ox id ize hydrogen, as we l l as reduce carbon d iox ide ,
makes this organ ism an ideal choice for future stu-
dies in associative symbiosis. The on ly p r o b l e m is its
ext remely s low rate o f g r o w t h .

Associat ive symbionts perhaps have a role in soils
w i t h l o w n i t rogen levels or under subsistence agr i -
cu l ture. A l t h o u g h NO3-dependent N2 reduc t ion i s
k n o w n in this organism, the n i t rogen metabo l i sm o f
these organisms under cond i t ions of l o w soi l N levels
becomes impo r tan t . We have examined its ab i l i t y to
ut i l i ze di f ferent inorganic forms of n i t rogen and its
re la t ion t o n i t rogen f i x a t i o n . W h e n cu l tu red i n

Table 4 . Enhancement of A R A in strain 12S and S P 7 of

A. brasilense by hydrogen.

A R A 1

% increase

S t r a i n C 2 H 2 C 2 H 2 + H 2 H 2 ase2 i n A R A

12S

SP7

4220 5570

2564 2830

34 31

15 10

1. A R A : nm C 2H 4 tube-1 d -1

2. H2ase: µm H2 consumed d-1.
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media con ta in ing 300 p p m n i t ra te -N , this o rgan ism
carries ou t den i t r i f i ca t ion . However , when cu l tu red
under lower levels of n i t ra te N (60 ppm) , i t no t on l y
ut i l izes n i t ra te bu t also fixes n i t rogen. As compared
to th is, A R A is not detected a t concentrat ions o f
a m m o n i u m - N as l o w as 24 p p m . In v iew of the fact
that soils rarely con ta in such levels of ei ther n i t ra te
or ammon i ca l n i t rogen, we can safely conclude that
under l ow-n i t rogen regimes, n i t rogen- f i x ing ab i l i t y
of th is organ ism is no t affected.

Pot-house a n d F ie ld Studies

Since isolate 12S was found to be very s imi lar to SP7
but had higher A R A , i t was decided to test whether i t
cou ld associate w i t h the roots o f some of the crops
and f i x n i t rogen. I n pot-house exper iments w i t h t w o
varieties of pear l m i l le t , a s igni f icant response was
seen bo th in roo t and shoot weight to the seed app l i -
ca t ion of these bacteria (Tab le 5). These observa-
t ions led us to test the usefulness of th is bac ter ium
under f ie ld cond i t ions.

O u r studies have no t shown conclusively whether
these bacter ia excrete any g r o w t h - p r o m o t i n g sub-
stances. O u r estimates o f malate in the roots o f
so rghum and pear l m i l l e t suggest a greater accumu-
la t i on o f malate d u r i n g later stages o f g r o w t h when
ni t rogen f i x a t i o n is m i n i m u m .

F u t u r e Research Pr ior i t ies

Futu re studies w i l l inc lude eva lua t ion o f s t ra in 12S
under f ie ld cond i t ions in sorghum, pear l m i l l e t , and
wheat. At present we f ind that its surv iva l f o l l o w i n g
seed app l i ca t ion is poor , and we have had d i f f icu l t ies
in establ ishing its associat ion w i t h any par t o f the
roots. We also have plans to cont inue ou r b iochemi -
cal studies w i t h this organ ism and to understand this
organ ism genetical ly, w i t h a v iew to explore its use-
fulness in the cu l t i va t i on of cereals.
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Table 5. Effect of seed inoculation in pearl millet cultivars.

T r e a t m e n t
S t r a i n

12S

S t r a i n

4 B

S t r a i n

4 B + 2 2 B

C D

( P < 0 . 0 5 )Parameter Cu l t i va r s C o n t r o l

S t r a i n

12S

S t r a i n

4 B

S t r a i n

4 B + 2 2 B

C D

( P < 0 . 0 5 )

N 2 - f i xe rs x 104 g - 1

(Rh izosphere )

H S 1 

H S 4 

8

54

27

246

129

129

43

183

-

N 2 - f i xe rs x 104 g - 1

(Rh i zosp lane )

H S 1 

H S 4 

2

134

16

134

154

162

12

222 -

R o o t A R A

( C 2 H 4 g - 1 r o o t mass)

H S 1 

H S 4 

N D

8.2

6.0

24.1

1.2

28.6

1.8

15.9 -

D r y m a t t e r

( m g / 3 p lants)

H S 1 ( R ) 1

H S 1(S)2

H S 4 ( R )

H S 4(S)

203

580

435

683

305

726

643

900

353

883

570

883

348

773

630

953

80.7

130

72

240

12S: A. brasilense, 

4B and 22B: Bacterial isolates f rom pearl millet.

1. R = Root weight.

2. S = Shoot weight.
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Discussion

C.P. Ghonsikar:

W h i c h carbohydrate compounds were ident i f ied

besides malate a t a t ime o f h i gh A R A act iv i ty?

P. Tauro:

We est imated malate enzymat ica l ly , and we were
interested on ly in malate since this carbon source has
been found t o suppor t o p t i m u m N2 f i x a t i o n b y
Azospirillum.

N.S. Subba Rao:

Other Kreb's cycle intermediates also need to be

studied.

P. Tauro:

Other carbon sources w i l l  be tested. Bu t malate can

be easily assayed enzymat ica l ly .

N . N . Prasad:
W h e n malate is less in roo t extract , i t increases w i t h

age wh i le nitrogenase ac t i v i t y decreases w i t h age.

W h a t may be the possible source of carbon fo r Azos-

pirillum to f i x atmospher ic ni t rogen? In rice c rop ,

w i t h o u t C4 pa thway also, Azospirillum is effective

as reported by T N A U . So, I feel there is a need to

ascertain the nature of carbon compounds used by

Azospirillum to f i x atmospher ic n i t rogen.

P. Tauro:
We d idn ' t study these aspects.

O . P . Rupela:
In you r presentat ion y o u ment ioned that there was a 

l og 2 decrease in popu la t i on o f inocu lan t s t ra in , in

pots, w i t h i n a week. C o u l d y o u please give us some

figures? H o w d i d y o u est imate these populat ions?

P. Tauro
There was a decrease of l og 2 ( f r o m 106 to 104) d u r i n g

the 1st week, w h i c h fur ther decreased. At the end of

2 weeks, the surv iva l was on ly about 102. The bacte-

r ia in t roduced had a ch lo ramphen ico l marker .
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Studies on the Interactions Between Azospirillum 
and Pear l M i l l e t

A . V . R a o and B . Venka teswar lu1

Summary

Biologically active compounds—such as sugars, amino acids, and organic acids—are present in 

seed and root exudates of pearl millet. The growth and nitrogenase activity of A. b ras i l ense ,

stimulated by seed and root exudates, was generally related to the quantity of organic compounds 

present in the exudates. Inoculation significantly enhanced the exudation of various compounds 

by the roots of axenically grown pearl millet plants, and the effect was more pronounced in the 

older plants. A marked and consistent increase in cell permeability of roots was observed upon 

inoculation/ impregnation with A. b ras i l ense . Axenically grown pearl millet plants, upon i n o c u -

lation, exhibited nitrogenase activity that varied with cultivars. The activity was related to the 

amounts of carbon compounds. However, the carbon compounds present in the root exudates 

were found inadequate for the optimum growth of the organism in the root zone, as there was a 

marked increase in the population and nitrogenase activity upon addition of sucrose. Maximum 

increase in A z o s p i r i l l u m population was observed in the rhizoplane following inoculation in a 

sandy loam soil. 

I n t r oduc t i on Materials and Methods

Pear l m i l le t , an impo r t an t c rop o f the semi-ar id
t ropics ( S A T ) , has been reported to der ive a g r o n o m -
ical ly s igni f icant amounts o f n i t rogen f r o m the
Azospirillum associat ion ( S m i t h et a l . 1976). H o w -
ever, results of the i nocu la t i on exper iments have not
always been consistent (Barber et a l . 1979, N u r et a l .
1980, Vlassak and Reynders 1981, Venkateswar lu
and R a o 1983). The causes fo r the p l an t -g row th
response f o l l o w i n g i nocu la t i on are not c lear ly
k n o w n . There is also a lack of i n f o r m a t i o n on the
phys io log ica l in teract ions between the host p lan t
and the m ic rosymb ion t . In the present study, an
at tempt has been made to investigate the interac-
t ions between the seed and roo t exudates of pear l
m i l l e t w i t h Azospirillum and its imp l i ca t ions in the
f o r m a t i o n o f the associative symbiosis.

The bacter ia l s t ra in used in these exper iments was
isolated f r o m the roots o f pear l mi l le t and ident i f ied
as Azospirillum brasilense, f o l l o w i n g the me thod
used by T a r r a n d et a l . (1978). The i n o c u l u m used in
these studies is a pure-cel l suspension of 4-day-o ld
A. brasilense ( O D = 0 . 4 g r o w n in nu t r ien t b ro th ) sus-
pended in phosphate buffer.

Seed exudates were col lected by soak ing surface-
steri l ized seeds in d is t i l led water fo r 24 h and t h o -
rough ly r insed w i t h d is t i l led water. The exudates
were steri l ized by f i l t r a t i o n and stored a t 4 ° C . F o r
co l lec t ion o f r oo t exudates, 12-day-old p lants,
g r o w n axenica l ly in test tubes (25 x 200 m m ) con-
ta in i ng acid-washed quar tz sand and watered w i t h
Hoagland 's nu t r ien t so lu t ion con ta in ing 50 p p m
a m m o n i u m n i t ra te , were used. The exudates were

1. Microbiologists, Central A r id Zone Research Institute, Jodhpur, Rajasthan 342003, India.

I C R I S A T (International Crops Research Institute for the Semi-Arid Tropics). 1986, Cereal nitrogen fixation. Proceedings of the Working
Group Meeting, 9-12 Oct 1984, I C R I S A T Center, India. Patancheru, A.P. 502 324, India: ICRISAT.
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col lected by r insing the roots and the associated sand
in d is t i l led water, poo led , pur i f i ed , and concentrated
to represent 1 mL fo r every 10 seedlings.

The effect o f i nocu la t i on w i t h A. brasilense on the
pat tern o f r o o t exuda t i on was studied on 3-day-o ld
plants by add ing 1 mL pure-cel l suspension to each
tube. The c o n t r o l p lants received the same a m o u n t
of autoc laved cells. R o o t exudates were per iod ica l l y
col lected and analyzed fo r organic ca rbon by W a l k -
ley and B lack rap id t i t r a t i o n me thod , t o ta l n i t rogen
by m ic ro -K je ldah l me thod , reduc ing sugars by N e l -
son's arseno-molybdate method , and a m i n o n i t r o -
gen by the n i n h y d r i n me thod .

To study the effect o f seed and roo t exudates on
the g r o w t h and nitrogenase ac t i v i t y of A. brasilense, 
the exudates were incorpora ted in the cu l tu re media
in di f ferent concentrat ions. F o r seed exudates,
Dobereiner 's semisol id malate m e d i u m (Dobere iner
and D a y 1976) w i t h 0.08% agar was used fo r g r o w t h ,
and w i t h 0.175% agar fo r nitrogenase ac t i v i t y . The
tubes after i nocu la t i on were incubated at 30 °C f o r
72 h , and the g r o w t h was measured as OD at 520 n m .
F o r ni trogenase ac t i v i t y 2 days after i ncuba t ion , the
co t t on plugs were replaced by Subaseals and 10% of
the a i r was replaced w i t h C2 H 2 . Ethy lene produced
24 h after i ncuba t ion was est imated by an A I M I L -
N u c o n gas ch romatog raph , emp loy ing a P o r o p a k - T
c o l u m n (2 m * 0.003 m) w i t h N2 as carr ier gas. F o r
roo t exudates, a malate l i q u i d m e d i u m , con ta in ing
on ly 50% o f the ma l ic ac id recommended bu t supple-
mented w i t h 50 p p m a m m o n i u m sulfate, was used,
wh i le fo r ni trogenase ac t i v i t y a semisol id malate
m e d i u m con ta in ing 50% o f the recommended level
o f ma l ic ac id was u t i l i zed .

To study the permeab i l i t y o f pear l m i l l e t roots ,
one set of tubes was inocula ted w i t h 1 mL cel l sus-
pension of A. brasilense on the 3 rd day, wh i le the
c o n t r o l received the same a m o u n t o f autoc laved
cells. A t 15 days after sowing ( D A S ) , samples o f
fresh roots were wrapped in a cheese c l o t h and kept
in d is t i l led water. T h e contents were shaken f o r 5 
m i n a n d the conduc t i v i t y o f the ba th ing so lu t i on was
measured at 1 h intervals. Fu r the r the r o o t mate r ia l
f r o m c o n t r o l p lants was impregnated w i t h pure cel l
suspension of A. brasilense under vacuum, and the
permeab i l i t y was tested as described above.

To measure nitrogenase ac t i v i t y o f pear l m i l l e t
p lants, 1 m L o f i n o c u l u m and 4 m L o f 1 % sucrose i n
nu t r ien t so lu t i on were added to one set o f 3-day-o ld
seedlings in a ster i l ized sand and vermicu l i te g r o w t h
m e d i u m , wh i le the second set received the i n o c u l u m
a n d 4 mL o f nu t r ien t so lu t i on . Ni t rogenase ac t i v i t y
( C 2 H 2 reduct ion) o f 21-day-o ld plants was measured

after i ncuba t i on fo r 24 h w i t h 10% C2 H 2 . A p p r o -
pr iate cont ro ls were main ta ined to get absolute
ac t iv i t y .

To est imate Azospirillum popu la t ions , the 3-day-
o l d plants were inocu la ted w i t h 1 mL o f cel l suspen-
s i on ( 108 cel ls m L- 1 ) . T h e p o p u l a t i o n s o f
Azospirillum in b o t h the rhizosphere and nonrh izos-
phere (tubes con ta in ing the g r o w t h m e d i u m bu t
w i t h o u t plants) were determined at 3-day intervals
by d i l u t i o n plate technique, us ing a malate-agar
m e d i u m supplemented w i t h 500 p p m a m m o n i u m
sulfate. To assess the establ ishment of th is bacter ia
f o l l o w i n g i nocu la t i on , the numbers of Azospirillum 
in d i f ferent roo t zones, i.e., rhizosphere, rh izop lane,
washed and crushed roots , and surface-steri l ized
and crushed roots were est imated by the M P N
method f r o m 30-day-o ld plants g r o w i n g in a sandy
l o a m so i l .

Results

Pear l m i l le t seed exudates conta ined var iab le
amounts o f sugars and a m i n o acids, and the d i f fer -
ences a m o n g cul t ivars were no t s igni f icant (Tab le 1).
Reduc ing sugars were m u c h higher than a m i n o acids
in a l l the cu l t ivars .

Seed exudates s t imula ted the g r o w t h of A. brasi-
lense (Tab le 2). The increase in g r o w t h was no t
d i rec t ly p r o p o r t i o n a l to the concent ra t ion o f the
exudates. The g r o w t h s t imu la t i on appeared to be
due to the C and N compounds present in the exu -
dates. The nitrogenase ac t i v i t y also increased w i t h
the a d d i t i o n o f exudates up to 9% (Tab le 2). There
was a profuse g r o w t h in the semisol id m e d i u m , pos-

Table 1. Biochemical composition of seed exudates of

three pearl mil let cultivars.

Table 1. Biochemical composition of seed exudates of

three pearl mil let cultivars.

C o m p o u n d

( m g / 2 . 5 m L

of seed
Pear l m i l l e t cu l t i va rs

exudates) BJ 104 M 78 V . N o . 2 

O r g a n i c

c a r b o n 3.10 ± 0.85 1 3.60 ± 1.12 3.50 ± 1.09

R e d u c i n g

sugars 0.62 ± 0.028 0.66 ± 0.024 0.52 ± 0.037

A m i n o

n i t r ogen 0.32 ± 0.018 0.26 ± 0.017 0.31 ± 0.021

T o t a l

n i t r ogen 0.53 ± 0.031 0.47 ± 0.024 0.54 ± 0.027

1. Mean ± Standard deviation.
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sibly due to the presence of considerable n i t rogenous
compounds in the exudates. S im i l a r effects were
observed on the g r o w t h of A. brasilense w i t h i n d i -
v i dua l am ino acids (Rao and Venkateswar lu 1982).
At concentrat ions exceeding 9%, the ac t i v i t y was
reduced but g r o w t h was unaffected, i nd ica t ing the
repression of the ac t iv i ty by the am ino n i t rogen. Th is
is evident f r o m the fact that the ac t i v i t y was no t
repressed even at h igher concentrat ions w i t h cu l t i va r
M 78, whose exudates conta ined re lat ive ly less of
to ta l and a m i n o n i t rogen.

The data ind icated that pearl m i l le t seed exudates
have a favorable effect on the g r o w t h of A. brasi-
lense and m i g h t help in the m u l t i p l i c a t i o n of the
inocu la ted bacter ia on the seed. Hence, soak ing
seeds before i nocu la t i on , as recommended fo r r h i -
zob ia l i nocu la t i on , may no t be necessary f o r pear l
m i l l e t .

The data on exuda t i on o f var ious organic c o m -
pounds by pear l m i l l e t roots ind icated tha t ma rked
quant i ta t i ve differences exist a m o n g cu l t ivars in the
exuda t i on pa t te rn ( F i g . 1). The exudates o f cu l t i va r
BJ 104 conta ined the highest amounts o f organic
ca rbon and reduc ing sugars, f o l l owed by cu l t i va r
M B H 110. Qua l i ta t i ve analysis o f the exudates by
th in- layer ch romatog raphy showed the presence o f
a m i n o acids l i ke g lu tamic ac id , t r yp tophane, cys-
teine, and asparagine, and sugars l i ke glucose, f ruc-
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Table 2. Effect of seed exudates f rom pearl millet cultivars on growth and nitrogenase activity of A. brasilense. 

C o n c e n t r a t i o n

of seed

exudates (%) C o n t r o l

Pear l m i l l e t c u l t i v a r

Paramete r

C o n c e n t r a t i o n

of seed

exudates (%) C o n t r o l BJ 104 M 78 V N o . 2 M e a n

G r o w t h ( O D ) 3 0.22 0.28 0.28 0.33 0.296

6 - 0.29 0.35 0.37 0.337

9 - 0.30 0.35 0.41 0.353

12 - 0.31 0.36 0.41 0.360

M e a n - 0.295 0.355 0.380 0.349

Ni t rogenase

ac t i v i t y 3 76 139 142 140 140.4

( n m o l C 2 H 4 6 - 160 186 198 181.3

tube - 1 h - 1 ) 9 - 14! 212 170 174.3

12 - 110 245 168 174.5

M e a n - 137.5

G r o w t h

196.0 169.0

N 2 ase

167.6

C D (P< 0.05) C u l t i v a r

C o n c e n t r a t i o n

In te rac t i on

C o n t r o l vs Rest

0.016

0.018

N S 1

0.023

12.0

13.8

23.9

17.6

1. NS = Not significant.

BJ 104

MP 15

MBH 110

MBH 118

600

400

200

0

60

40

20

0

O r g a n i c c a r b o n R e d u c i n g s u g a r s

8 0

60

4 0

0

T o t a l n i t r o g e n

6

4

2

0

A m i n o n i t r o g e n

F i g u r e 1 . C h e m i c a l c o m p o s i t i o n o f r o o t e x u d a t e s

f r o m f o u r p e a r l m i l l e t va r ie t i es .



tose, and sucrose. Organ ic acids l i ke c i t rate, malate,
and succinate were also detected, bu t in very sma l l
quant i t ies.

The g r o w t h and nitrogenase ac t i v i t y of A. brasi-
lense were s t imula ted by the i nco rpo ra t i on of r o o t
exudates in a m e d i u m con ta in ing a subop t ima l level
o f ca rbon source. T h e g r o w t h enhancement var ied
w i t h the var ie ty and was general ly related to the
a m o u n t o f ca rbon compounds present i n the e x u -
dates (Tab le 3) .

The exuda t i on o f organic compounds by the roots
o f axenica l ly g r o w n pear l m i l l e t was great ly
increased in the presence of A. brasilense (Tab le 4).
Inocu la ted plants exuded marked l y h igher amoun ts
o f organic carbon, reduc ing sugars, and t o t a l and
a m i n o n i t rogen. Increased roo t exuda t i on in the
presence of N2 - f i x i n g bacter ia has also been f o u n d in
so rghum (Lee and Gaskins 1982) and in wheat (Beck
and G i l m o u r 1983). Changes in the permeab i l i t y and
a l te ra t ion in r o o t metabo l i sm m igh t be some o f the
reasons fo r the enhanced roo t exuda t i on u p o n inoc-
u l a t i o n ( R o v i r a 1965), The enhancement in the r o o t
exuda t i on o f var ious compounds in the present
study was essentially due to the increased permeab i l -
i t y o f the roo t cells, w h i c h increased by 8.5% over the
c o n t r o l , wh i l e w i t h the d i rect imp regna t i on w i t h
pure cells of A. brasilense, the increase was abou t
40%, i nd i ca t i ng some phys io log ica l in te rac t ion
between roots and the bac te r ium at the cel lu lar level
a n d / o r i n j u r y to the roots caused due to vacuum
impregna t ion .

T h e p o p u l a t i o n o f Azospirillum increased
marked ly and remained m u c h higher in the rh izos-
phere as compared to the nonrh izosphere, i nd i ca t i ng
that the organic compounds in the r o o t exudates
aided the m u l t i p l i c a t i o n of Azospirillum. The
nitrogenase ac t i v i t y o f pear l m i l l e t cu l t ivars was gen-
era l ly related to the organic carbon and reduc ing

Table 4. Changes in root exudation pattern in pearl

mil let , as influenced by inoculation wi th A. brasilense. 

Table 4. Changes in root exudation pattern in pearl

mil let , as influenced by inoculation wi th A. brasilense. 

C o m p o u n d

( µ g / 1 0
A g e o f the p lan t ( D A S )

seedlings) T r e a t m e n t 8 12 15 M e a n S D

O r g a n i c

c a r b o n C o n t r o l 412 466 492 456.7 36.64

Inocu la ted 481 548 590 539.7 49.40

T o t a l

n i t r o g e n 1 C o n t r o l 59 67 75 67.0 9.91

I n o c u l a t e d 68 79 88 78.3 9.99

R e d u c i n g

sugars1 C o n t r o l 4 1 52 66 53 12.07

I n o c u l a t e d 58 56 75 63 10.08

A m i n o

n i t r o g e n 1 C o n t r o l 3.9 4.8 5.6 4.77 0.97

I n o c u l a t e d 4.6 5.9 6.8 5.77 1.12

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

sugars released in the roo t exudates. However , these
results are f r o m t w o di f ferent sets of exper iments.
The close re la t ionship observed between the organic
carbon in the exudates and the g r o w t h o f Azosp i r i l -
lum in v i t r o and nitrogenase ac t i v i t y o f the in tac t
p lants emphasized the role o f r oo t exudates in the
genetic va r i a t i on in nitrogenase ac t i v i t y . The ca rbon
compounds present in the exudates were, however,
f o u n d to be inadequate fo r o p t i m u m ac t i v i t y as there
was a spur t in the ac t i v i t y in a l l the 4 cu l t ivars when
an extraneous carbon source (sucrose) was suppl ied
in the r o o t zone (Tab le 5). S im i la r results have been
repor ted w i t h wheat (Le thbr idge and D a v i d s o n
1983).

Studies under f ie ld cond i t ions in a sandy l o a m soi l
have also ind icated that Azospirillum establishes in
the roots o f pear l m i l l e t u p o n i nocu la t i on , and m a x i -
m u m M P N counts were f o u n d i n the rhizosphere

Table 3. G r o w t h of A. brasilense as influenced by root

exudates of pearl millet cultivars.

Table 3. G r o w t h of A. brasilense as influenced by root

exudates of pearl millet cultivars.

C o n c e n t r a t i o n
G r o w t h ( O D ) w i t h c u l t i v a r

o f r o o t B J M P M B H M B H

exudates (%) 104 15 110 118

0 ( C o n t r o l ) 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

S E ± 0.033

Table 5. Nitrogenase activity of pearl millet cultivars, as

influenced by sucrose.

C u l t i v a r

N2ase ac t i v i t y

(nmo les C 2 H 4 h - 1 t ube - 1 )

W i t h o u t W i t h

sucrose sucrose

B J 104

M P 15

M B H 110

M B H 118

21

13

14

13

49

33

45

46

40



Table 6. Local izat ion of Azospirillum in different root
zones of pearl mil let , as influenced by inoculat ion.
Table 6. Local izat ion of Azospirillum in different root
zones of pearl mil let , as influenced by inoculat ion.

M P N of Azospirillum (x 104)

R o o t zone g-1 d r y so i l P l a n t - ' g - 1 d r y r o o t

Rh izosphe re
C o n t r o l 3.46 ±0 . 4 7 1 5.50 ± 0.93 42.20 ± 4.57

I n o c u l a t e d 9.17 ± 1.41 11.00 ± 2.10 72.60 ± 8.78

R h i z o p l a n e
C o n t r o l - 0.39 ± 0.07 3.03 ± 0.58

I n o c u l a t e d - 4.25 ± 0.96 28.30 ± 3.89

Washed a n d
crushed roo ts
C o n t r o l - 1.02 ± 0.13 7.90 ± 1.03
Inocu la ted - 6.00 ± 1.13 40.10 ± 5.79

Surface-ster i l ized
crushed roo ts
C o n t r o l - 0.33 ± 0.05 2.46 ± 0.39

Inocu la ted - 0.45 ± 0.09 3.01 ± 0.47

1. ± standard deviation.

(Tab le 6). The p o p u l a t i o n was much higher in
washed roots than in surface-steri l ized roots, i n d i -
cat ing a greater concent ra t ion of the organisms on
the roo t surface. S im i l a r observat ions were recorded
in maize ( O k o n et a l . 1977). I nocu la t i on s ign i f icant ly
increased the numbers in a l l the roo t zones, but the
highest response was noted in the rh izoplane. There
was a n ine- fo ld increase in the popu la t i on in the
rh izoplane on un i t roo t d r y weight basis. Th is again
indicates that the popu la t i on b u i l d u p largely takes
place on the roo t surface.

F r o m these results, i t may be conc luded that the
roo t exudates o f pearl mi l le t p lay an impo r t an t ro le
in the establ ishment of A. brasilense in the roo t zone,
resul t ing in the successful f o r m a t i o n of the associa-
t ive symbiosis.
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Discussion

N . S . Subba Rao:

W h a t w i l l  be the story i n roo t exudates o f any o ther

plant?

A . V . R a o :

We have n o t studied the roo t exudates o f o ther

plants. However , there are differences in e x u d a t i o n

a m o n g plants because o f the va r i a t i on in pho tosyn -

thet ic pathways a m o n g these plants.

P . V . R a i :
W h i l e the concent ra t ion of seed exudate is l inear to

Azospirillum p o p u l a t i o n increase, w h y does i t

i n h i b i t the nitrogenase ac t i v i t y a t 6% concent ra t ion

o f exudate?

A . V . R a o :

Probab ly the n i t rogen content of seed exudate at
p ropo r t i ons higher than 6% is i n h i b i t o r y to
nitrogenase ac t i v i t y . Because of the N concentra-
t i o n , the p o p u l a t i o n of Azospirillum is more bu t the
nitrogenase is i nh ib i ted .

P . V . R a i :

W h a t is the difference between seed exudate and
roo t exudate?

A . V . R a o :

Washed seeds were soaked in water and the chemi -
cals that leaked f r o m seeds were cal led seed exu -
dates. R o o t exudates were co l lec ted af ter
ge rm ina t ion .

P . V . Rai: 
W h e n the Azospirillum popu la t i on is so we l l m a i n -
ta ined by the r o o t exudate, w h y does i t enter i n t o the
root?

A . V . R a o :

I t is the character o f Azospirillum to enter a n d co l -
onize the endo-rhizosphere (His tosphere) . U n l i k e
Azotobacter, i t is an associative symb io t i c bacte-
r ium. Th i s o rgan ism is observed under the ep idermal
layers a n d w i t h i n the cor tex.

B.S.Kundu:

N 2 - f i x a t i o n eff iciency i s no t corre lated to d r y we igh t

bu t g r o w t h - p r o m o t i n g substance. So we shou ld l o o k

f o r organisms secreting m o r e o f g r o w t h - p r o m o t i n g

substance, and no t f o r N2 f i x a t i o n .

A . V . R a o :
In case o f Azospirillum, g r o w t h regulators in add i -

t i o n t o N2 f i x a t i o n are responsible fo r enhanced d r y

mat ter and g ra in y ie ld . Even in legumes, there is no

cor re la t i on between the nitrogenase ac t i v i t y at any

stage and the y ie ld increase u p o n i nocu la t i on .

B . K . Konde:

A t wha t stage o f p lant g r o w t h d o y o u est imate A z o -

spirillum p o p u l a t i o n to determine its local izat ion?

A . V . R a o :
At 30 days o f p lant g r o w t h .
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Response of Pear l M i l l e t to Inoculat ion w i th Azospirillum 
brasilense at Vary ing Levels of N i t rogen

G.S . Jadhav , A . N . G i r i , and N . B . P a w a r1

Summary

Investigations carried out during 1979 to 1983 on black soils at Aurangabad and mixed red and 
black soils at Vaijapur revealed that Azospirillum inoculation of seed alone increased the yield of 
pearl millet by 14-20% over the control. A synergistic effect of Azospirillum inoculation with 
nitrogen on increased yield was also observed, though it was not significant. On both soil types, 
the highest yield increase was due to A. brasilense inoculation of seed at sowing + 40 kg N ha-1

applied in two splits. The effect of rainfall on response is discussed. The future strategy of research 
for realizing the agronomic significance of Azospirillum inoculation in pearl millet-based crop-
ping systems is presented. 

I n t r oduc t i on

In exper iments conducted under the A l l I n d i a Co-
ord ina ted M i l l e t s Improvemen t Project ( A I C M I P )
w i t h Azospirillum brasilense, the yields of pear l
m i l l e t increased s ign i f icant ly due to i nocu la t i on at
Du rgapu ra , were nonsigni f icant a t Hisar , and d i d
no t increase a t K a n p u r and Jamnagar ( A I C M I P
1982). Thus , the results of f ie ld exper iments have
been ext remely var iable. The i n f o r m a t i o n on pear l
m i l le t response to Azospirillum i nocu la t i on is
meager, especially w i t h and w i t h o u t N app l i ca t i on in
Maharash t ra state. In this paper, research on pear l
m i l l e t response to i nocu la t i on w i t h A. brasilense 

conducted a t the A I C M I P Center, Au rangabad , and
at Va i j apu r in Maharash t ra state is presented.

M a t e r i a l s and M e t h o d s

F ie ld exper iments were la id ou t d u r i n g 1979-81 on

b lack soils a t Au rangabad and d u r i n g 1982-83 on

mixed red and b lack soils a t Va i japur , to s tudy the
effect of A. brasilense and fer t i l izer n i t rogen on g ra in
y ie ld o f pear l m i l l e t h y b r i d BJ 104 and i ts economics.

The i n i t i a l so i l - fe r t i l i t y status o f exper imenta l
soils is g iven in Tab le 1.

A l l the exper iments reported here were conducted
d u r i n g the ra iny season. E igh t t reatments (Tab le 2)
were repl icated fou r t imes in a randomized-b lock

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

I C R I S A T (International Crops Research Institute for the Semi-Arid Tropics). 1986. Cereal nitrogen f ixat ion. Proceedings of the Work ing
Group Meeting, 9-12 Oct 1984, I C R I S A T Center, India. Patancheru, A.P. 502 324, India: ICR ISAT .
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Table 1. In i t ia l fertility status of experimental soils in

Aurangabad and Vai japur , Maharasht ra .

Table 1. In i t ia l fertility status of experimental soils in

Aurangabad and Vai japur , Maharasht ra .

A u r a n g a b a d V a i j a p u r

Paramete r 1979 1980 1981 1983

O r g a n i c c a r b o n (%) 0.18 0.38 0.49 0.27

p H 8.2 8.31 8.3 8.2

A v a i l a b l e p h o s p h o r u s

( k g ha-1 ) 11.6 14.4 32.4 35.0

A v a i l a b l e po tass ium

( k g ha - 1 ) 448 448 347 350



Table 2. Effect of Azospirillum brasilense and nitrogen on grain yield (kg ha - 1 ) of pearl millet at Aurangabad and Vai japur ,

Maharasht ra .

Table 2. Effect of Azospirillum brasilense and nitrogen on grain yield (kg ha - 1 ) of pearl millet at Aurangabad and Vai japur ,

Maharasht ra .

A u r a n g a b a d V a i j a p u r

Increase Increase

Poo led

over

c o n t r o l P o o l e d

over

c o n t r o l

T rea tmen ts 1979 1980 1981 average (%) 1982 1983 average (%)

1 . C o n t r o l 1 1431 1861 1834 1702 — 726 630 678 —

2. A. brasilense 1789 2128 1882 1933 14 904 732 818 20.0

3. 13.3 k g N ha-1 2053 1899 1998 1983 17 867 940 903 33.0

4 . 13.3 k g N ha-1 + A. brasilense 2151 2083 1825 2020 19 859 897 878 30.0

5. 20 k g N h a - ' 2173 2081 2254 2084 22 770 980 875 30.0

6. 20 k g N ha-1 + A. , brasilense 2464 2185 2102 2184 28 844 1147 996 47.0

7. 40 k g N h a - ' 2339 2250 2254 2284 34 807 1170 955 41.0

8. 40 k g N h a - ' + A. , brasilense 2421 2513 2085 2340 38 659 1250 955 41.0

S E ±77 ±193 ±163 ±166 ±33 ±88

C V (%) 6.4 15.8 16.30 — — 8.2 18.3

1. Noninoculated and no nitrogen.

design. The c rop was sown at a 45 cm x 10 cm
spacing. N i t r o g e n was appl ied as urea in t w o equal
spl i ts. H a l f the dose of N as per the t reatment and 30
kg P2 0 5 ha- 1 was app l ied a t sowing. The rema in ing
h a l f N was appl ied at t i l l e r ing . Pear l m i l l e t seeds
were inocu la ted w i t h carrier-based inocu lan t of A.

brasilense p r i o r to sow ing (as per the procedure of
Subba R a o 1981). C u l t u r a l operat ions were carr ied
ou t as and when requi red.

Results

A u r a n g a b a d

In 1979, i nocu la t i on w i t h Azospirillum w i t h o u t N 
app l i ca t i on enhanced g ra in y ie ld s igni f icant ly over
the non inocu la ted con t ro l w i t h no n i t rogen. The
app l i ca t i on of 40 kg N ha-1 + Azospirillum p roduced
the highest g ra in y ie ld , wh i ch was on par w i t h 40 kg
N ha-1 and 20 kg N ha-1 + Azospirillum i nocu la t i on .
I nocu la t i on w i t h A. brasilense p roduced s ign i f i -
cant ly h igher g ra in y ie ld over the respective n o n -
inocu la ted cont ro ls on l y i n c o m b i n a t i o n w i t h 20 kg
N ha- 1.

W i t h few except ions, s imi la r bu t nonsign i f icant
increases in y ie ld were observed due to var ious treat-
ments d u r i n g 1980 and 1981 (Tab le 2). Poo led data
analysis fo r three years revealed that the Azosp i r i l -

lum i nocu la t i on alone increased the g ra in y ie ld by

14% over the con t ro l . The in terac t ion o f Azosp i r i l -

lum w i t h n i t rogen was not stat ist ical ly s igni f icant.
Seasonal ra in fa l l at Aurangabad du r i ng the three

years ranged between 605 and 690 m m . However ,
the response to Azospirillum i nocu la t i on a long w i t h
N app l i ca t ion was signi f icant on ly d u r i n g 1979. Th is
may be due to the l o w organic carbon and general
l ow fe r t i l i t y of the f ie ld selected in 1979 (Tab le 1), as
A. brasilense is act ive in l ow- fe r t i l i t y soi l ( D o b e -
reiner and D a y 1976).

V a i j a p u r

The t reatment differences were s igni f icant d u r i n g
bo th the years (Table 2). In 1982 Azospirillum inoc-
u l a t i on of seed at the t ime of sowing recorded the
highest g ra in y ie ld , but the results were rather
inconsistent.

D u r i n g 1983 the g ra in yields due to 20 and 40 kg N 
ha-1 w i t h Azospirillum, as we l l as 40 kg N ha-1

w i t h o u t Azospirillum, were comparab le and s ign i f i -
cant ly h igher than a l l other treatments. T h o u g h
there is inconsistency in the results, data f o r t w o
years indicated that Azospirillum i nocu la t i on of
seed at the t ime of sow ing produced 20% increase in
g ra in y ie ld over the con t ro l ; the response to Azosp i -

rillum i nocu la t i on w i t h the app l i ca t ion of 20 and 40
kg N ha-1 was posi t ive. The percent y ie ld increase
due to Azospirillum i nocu la t i on w i t h or w i t h o u t N 
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app l i ca t ion was more marked in the l ow- fe r t i l i t y ,
m i xed red and black soi l a t Va i japur than on the
relat ively fert i le b lack soi l at Aurangabad .

Economics of Azospirillum 

I nocu la t i on

Data f r o m Aurangabad on Azospirillum inocu la-
t i o n reveal that , under preva i l ing prices of d i f ferent
inputs , app l i ca t ion of 40 kg N ha- 1 in t w o equal spli ts
+ Azospirillum i nocu la t ion of seed is economica l ;
the highest gross returns per ha (Rs 957) and net
p ro f i t (Rs 752) were obta ined f r o m this t reatment .

Thus i nocu la t i on w i t h A. brasilense s ign i f icant ly
increased pear l m i l l e t y ie ld in some years but not in
others. W i t h few except ions, the synergistic effect of
Azospirillum and n i t rogen was observed at 20 and
40 kg N ha- 1. The i n i t i a l so i l - fe r t i l i t y status, ra in fa l l ,
soil moisture, and possibly the n i t rogen- t ransforma-
t i o n processes in the soi l are responsible fo r va ry ing
degrees of responses observed in this study. The
increases in c rop yields when inoculated w i t h Azos-
pirillum species and fur ther increases when this is
supplemented w i t h 20 and 40 kg N ha- 1 f inds suppor t
f r o m the studies by S m i t h et a l . (1978), Subba Rao
(1981), and D a r t and W a n i (1982). The synergistic
effect of Azospirillum and fert i l izer N may be a t t r i b -
uted to add i t i ona l N2 f i xa t i on and possible p roduc-
t i o n of p lant harmones by A. brasilense at smal l
doses of n i t rogen app l i ca t ion (T ien et a l . 1979).

Problems and Future Research
Needs

M o s t o f the farmers in the S A T pract ice di f ferent
forms o f i n te rc ropp ing w i t h pear l m i l le t . Pigeonpea
and g roundnu t are established intercrops w i t h pear l
m i l le t . The poss ib i l i ty of using Azospirillum and
Rhizobium inoculants, a long w i t h a basal starter
dose of fer t i l izer n i t rogen, needs to be studied in
mi l le t - legume in te rc ropp ing systems. T h e m a i n
agronomic p rob lem w i t h the use of Azospirillum or
any other inocu lan t is the compe t i t i on i t w i l l face
f r o m physical , chemical , and b io log ica l factors i n
field s i tuat ions. Thus , there is a need to conduc t a 
large number o f f a r m tr ia ls to s tudy the effects o f
env i ronmenta l factors on the eff iciency o f n i t rogen
fixation by Azospirillum, so that a v iable agrotech-
no logy f o r better man ipu la t i on o f these nove l p lan t -

bacteria associations for increased yields can be

developed.
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Rhizosphere Ecology and Ni t rogen F ixa t ion
of Azospirillum in Pear l M i l l e t

D . Pu rusho thaman and K . Gov inda ra jan1

Summary

This paper describes the qualitative and quantitative occurrence of nitrogen-fixing bacteria, 
particularly A z o s p i r i l l u m , in the root environments of pearl millet. In the rhizosphere, organisms 
like Azotobacter , Bei jer inck ia, ard D e r x i a were present in low density; however, the population 
of A z o s p i r i l l u m was considerably high in the rhizoplane and rhizosphere. A z o s p i r i l l u m colonized 
to the extent of 1-8% of the total heterotrophic bacteria. An analysis of 400 isolates of A z o s p i r i l -
l u m revealed that both A. l i po fe rum (79%) and A. brasilense (21%) were present in the root 
environments.

The nitrogen-fixing ability of these isolates ranged from 3 to 24.8 mg N g-1 malic acid, which 
corresponded to 50-450 n moles of ARA. The data on the population dynamics of A z o s p i r i l l u m in
the roots of pearl millet revealed that certain drug-resistant mutants were more competitive than 
the native strain of A z o s p i r i l l u m in colonizing the rhizoplane and rhizosphere. In general, the 
density of A z o s p i r i l l u m was maximum at the tillering and flowering stages of the crop. The root 
exudates of pearl millet contained fairly high concentrations of soluble sugars and amino 
nitrogen.

I n t r oduc t i on

Divergent views have been expressed on the use of
Azospirillum as an inocu lant in agr icu l ture ( B r o w n
1982). However , i t is general ly believed that Azospi -
rillum, l i v i n g i n r h i z o c o e n o t i c assoc ia t i on w i t h
several graminaceous crops, has a considerable
potent ia l for i m p r o v i n g yields in extensive low-cost
f a rm ing systems in the t ropics. In this paper, the
rhizosphere ecology of Azospirillum spp and the
n i t rogen- f i x ing po ten t ia l of its isolates are described
w i t h relevance to pear l m i l le t .

Mate r i a l s and M e t h o d s

The drug-resistant mutants , strr and C A M r were
developed in ou r l abora to ry by exposure to the

chemical mutagen, e thy l methane sulfonate ( E M S ) .
They were resistant to 500 µ g ml-1 of s t rep tomyc in
and c h l o r a m p h e n i c o l . T h e n o n n i t r o g e n - f i x i n g
mutan t , S3, was developed f r o m the parent cu l ture ,
CD ( A T C C : 29729, a p i n k isolate) a t the M i c r o b i o l -
ogy and Ce l l Science Labora to ry , Un ivers i ty o f
F lo r i da , U S A .

A large number of Azosp i r i l l um cul tures were
isolated f r o m the roo t tissues o f pear l m i l l e t g r o w n a t
the M i l l e t Breeding S ta t ion o f the T N A U f o l l o w i n g
the enr ichment technique detai led by Dobere iner
and D a y (1976).

Y o u n g and fresh roo t bi ts, surface-steri l ized w i t h
80% ethanol and washed w i t h sterile d is t i l led water,
were p lunged in to malate semisol id m e d i u m ( B a l -
dan i and Dobere iner 1980) and supplemented w i t h
50 mg L- 1 o f yeast extract ( N F b ) . A l oop fu l o f the
character ist ic subsurface pel l ic le was streaked on
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University, Coimbatore, Tami l Nadu 641 003, India.

I C R I S A T (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. 502 324, India: ICRISAT.
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N F b agar plates. The single colonies were pur i f ied
fur ther by st reaking on po ta to agar ( B M S ) and the
typ ica l p i nk , w r i n k l e d colonies were examined
microscopica l ly and transferred to trypt icase soy-
agar slants. The species of Azospirillum isolates
were ident i f ied as per Ta r rand et a l . (1978).

Enumera t i on o f the to ta l heterot rophic bacteria in
the roo t env i ronments o f pear l m i l l e t was done f o l -
l o w i n g the technique o f Pramer and Schmid t (1966).
Enumera t i on of Azotobacter was done by using
W a k s m a n m e d i u m no.77, of Beijerinckia by using
Jensen's med ium, and of Derxia sp by using C o m -
pelo and Dobereiner 's med ium. The to ta l d iazo-
t rophs were enumerated by using the m e d i u m of
Watanabe and Bar raqu io (1979). The most probable
number ( M P N ) technique was used fo r de te rm in ing
the popu la t ions of Azospirillum (Hegaz i et al. 1979).

Ear then pots (30 cm dia) con ta in ing red so i l : com-
post 1:1 ( v / v ) a t 14 kg pot- 1 were used fo r po t cu l tu re
studies (organic carbon 0.580%, to ta l n i t rogen
1.12%, pH 7.0 and E.C. 0.46 m mhos cm- 1) . The soi l
received a basal dose of 20 kg ha- 1 of N, 30 kg ha- 1 of
P2O5, and 30 kg ha- 1 o f K 2 O .

The seeds of the pear l m i l l e t cu l t i var , X 3 , were
surface steri l ized w i t h 0 . 1 % sod ium hypoch lo r i te
and treated w i t h the peat-based i n o c u l u m o f Azospi -
rillum ( con ta in ing ca. 10 x 108 cells g- 1) , using jaggery
so lu t ion as an adhesive. A i r - d r i e d seeds were sown in
the pots. Each po t also received a soi l i n o c u l u m of
2 g of Azospirillum at the t ime of sowing. S tandard
agronomic and cu l t i va t i on practices were fo l l owed .
At desired intervals, the plants were uproo ted and
rhizosphere a n d rh izop lane samples were col lected
(Pramer and Schmid t 1966).

The drug-resistant mutants used in the study were
enumerated on Okon 's m e d i u m con ta in ing 500 µ g
mL - 1 of the respective an t ib io t i c ( O k o n et a l . 1977).
As S3 was a na tu ra l l y p i n k p igmented mutan t , i t was
easy to coun t t hem on trypt icase soy agar m e d i u m .

F o r the es t imat ion o f N2 f i xa t i on , the isolates were
g r o w n i n the N F b semisol id m e d i u m (supplemented
w i t h 100 mg of g lu tamic ac id L- 1) fo r 7 days at 30° C.
T o t a l n i t rogen was determined by the m i c r o -
K je ldah l me thod (Humphr i es 1956).

Acety lene reduc t ion ac t i v i t y ( A R A ) o f 3-day-old
cul tures, g r o w n in 30 ml o f N free-semisolid malate
m e d i u m , was est imated by incuba t ing the cul tures
under 1% acetylene fo r 6 h. In the case of the r oo t -
associated A R A , freshly col lected roots free f r o m
soi l part icles were taken in the f lasks and the assay
conducted s im i la r l y (Purusho thaman et a l . 1979).

R o o t exudates were col lected by the me thod des-
cr ibed by Dazzo and Hrabak (1981) . A f t e r 7 , 14, and

21 days of seed ge rm ina t ion , the so lu t ion was asepti-
cal ly col lected, c lar i f ied by cent r i fugat ion, and the
vo lume was sui tably reduced. T o t a l sugars and
am ino n i t rogen in the roo t exudate were determined
f o l l o w i n g the methods o f Nelson (1944) and M o o r e
and Stein (1948).

Results

A number of organisms l i ke Azotobacter, Beije-
rinckia, Derxia, and Azospirillum were observed in
the rhizosphere o f pear l m i l le t . Except ing Azosp i r i l -
lum, the popu la t ions of Azotobacter, Beijerinckia, 
and Derxia were very poo r in the rhizosphere and in
the rh izop lane (Table 1). Azospirillum was found to
occupy the roots in the rhizosphere and the rh izo-
plane to the extent of 8% (Table 2). The rh izop lane
had higher co lon iza t ion by Azospirillum t han the
rhizosphere. Perhaps the abundant mucige l on the
roo t surface is helpfu l in the at tachment o f m i c r o o r -
ganisms on to the rh izoplane. One of the reasons fo r
the intense m ic rob ia l ac t iv i t y in the roo t zone is the
exuda t ion o f energy-r ich and g r o w t h - p r o m o t i n g
organic compounds ( N e w m a n 1978, B r o w n 1982). I t
has been est imated that 12-18% of the photosynthet -
ica l ly f ixed carbon is released as organic compounds
in the roo t exuda t ion (Beck and G i l m o u r 1983). In
our study, the amoun t o f to ta l soluble sugars in the
roo t exudates ranged f r o m 0.6 to 2.25% and the
am ino n i t rogen var ied f r o m 0.21 to 0.43%. I t is
evident f r o m the study that the rhizosphere and
rh izoplane are potent ia l sites for the co lon iza t ion of
Azospirillum. The popula t ions of d iazot rophs in
general and Azospirillum in par t icu lar , were h igh at
the t i l l e r i ng and f l ower ing stages of the c rop .

The species d i s t r i bu t i on of Azospirillum in the

Table 1. Distr ibut ion of nitrogen-fixing organisms in

pearl millet at flowering.

Table 1. Distr ibut ion of nitrogen-fixing organisms in

pearl millet at flowering.

N o . o f bacter ia g - 1 d r y w t .

Rh izosphere Rh i zop lane

Organ i sms (so i l ) ( roo ts )

Azotobacter sp 7.27 x 103 2.8 x 103

Azospirillum sp 6.30 x 105 12.8 x 10.5

Beijerinckia sp 14.2 x 103 26.4 x 103

Derxia sp 2.6 x 102 1.3 x 102

Others (un iden t i f i ed ) 15.25 x 105 6.8 x 105

T o t a l he te ro t rophs 28.6 x 107
42.0 x 106
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Table 2. Percentage distribution of Azospirillum and other diazotrophs to total bacteria in the roots of pearl millet.

R o o t
G r o w t h phase o f c r o p

e n v i r o n m e n t Seedl ing T i l l e r i n g F l o w e r i n g Harves t M e a n

Rh izosphere

Azospirillum

O t h e r d i azo t r ophs

R h i z o p l a n e

Azospirillum

O t h e r d i azo t r ophs

1.6

22.7

0.8

3.8

2.39

39.8

4.2

12.6

6.14

24.9

8.62

18.12

0.69

24.6

0.22

10.8

2.70

28.0

3.46

11.33

roots of pear l m i l l e t revealed that A. lipoferum con-
st i tuted 79% and A. brasilense 2 1 % . B o t h n i r+ and
n i r strains were present and the n i r+ isolates pre-
domina ted (F ig .1) .

A b o u t 80% of the isolates had very poo r N2 - f i x i n g
capaci ty (3-10 mg N g- 1 mal ic acid)) ; wh i le fo r 0.8%
isolates N2 f i xed was in the range of 21-25 mg N g- 1 o f
mal ic ac id (Tab le 3). The A R A , w h i c h also var ied
considerably f r o m 50 to 450 nmoles C2 H 4 isolate- 1

h - 1 , was l o w in 79% o f the isolates and h igh in on l y
9% isolates.

The drug-resistant mutants in general exh ib i ted a 
much higher co lon iz ing ab i l i t y bo th in the rh izo-
sphere and in the rh izop lane (Tab le 4). The nat ive
popu la t i on was poo r in compet i t i ve co lon iza t ion in
the rhizosphere; however, on the rh izop lane thei r
number was fa i r l y h igh . I t is of interest to observe
that the nonn i t rogen- f i x ing mutan t , S3, also pos-
sessed a much better co lon iz ing ab i l i t y than the

nat ive isolates. The root-associated A R A o f pear l
m i l l e t inocu la ted w i t h C A Mr i s also f o u n d t o be
signi f icant ly h igher (Table 5).

Recent ly, increased co lon iza t ion of Rhizobium 
phaseoli in the rhizosphere of bean has been
achieved by the use of fungicide-resistant strains and

Table 3 . Nitrogen f ixat ion and A R A by 400 isolates of

Azospirillum spp f rom the roots of pearl millet.

Table 3 . Nitrogen f ixat ion and A R A by 400 isolates of

Azospirillum spp f rom the roots of pearl millet.

N 2 f i x a t i o n D i s t r i - A R A D i s t r i -

range ( m g N b u t i o n ( n m o l C 2 H 4 b u t r i o n

G r o u p g - 1 ma l i c ac id) (%) tube - 1 h - 1 ) <%)

1 1-5 56.8 10-50 46.5

I I 6-10 21.6 51-100 33.0

I I I 11-15 12.5 101-200 12.5

I V 16-20 8.3 201-400 6.8

V 21-25 0.8 401-500 2.2

Azospirillum I s o l a t e s ( 4 0 0 )

A. brasilense 

( 2 1 % )

A. lipoferum 

( 7 9 % )

n i r +

( 5 8 % )

n i r -

( 2 1 % )

n i r +

( 1 0 % )

n i r -

( 1 1 % )

n i r + : C o n v e r t s NO 3 to NO 2 and b e y o n d NO 2

n i r - : C o n v e r t s N O 3 t o N O 2 a n d n o t b e y o n d

Figure 1. Distr ibut ion of Azospirillum spp in the rhizosphere of pearl mil let.
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also by app l y i ng fungicides to the so i l (Mendez-
Castro and A lexander 1983).

The s t r i k i ng increase i n the root-associated A R A
of pear l m i l l e t , inocula ted w i t h the mu tan t strains, is
no doub t due to the increased co lon iza t ion o f the
roo t env i ronment w i t h eff icient n i t rogen- f i x ing
strains. Th is opens up newer hopes fo r exp lo i t i ng the
potent ia ls o f Azospirillum in n i t rogen f i x a t i o n .
T h o u g h we cou ld no t trace the nu t r ien t release in the
roo t exudates over a l ong per iod , the data col lected
over 21 days clear ly i l lustrate the ava i lab i l i t y of an
abundant energy source in the v i c in i t y o f roots.
Recent studies on the surface co lon iza t ion of roo t by
microorgan isms have indicated that on ly 4-10% of
the roo t area is co lonized by microorganisms (Rus-
sel 1977).

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

Locus and N a t i v e

isolate

Drug- res is tan t mu tan ts

stage o f c rop

N a t i v e

isolate S t r r C A M r N2ase-S3 M e a n

Rh izosphere
seedl ing
t i l l e r i ng
flowering
harvest

0.20

3.60

3.60

0.31

14.24

14.92

14.92

12.19

13.26

29.09

27.12

14.30

3.7

5.5

43.1

25.0

7.85
13.27
22.18
12.95

M e a n 1.92 14.06 20.94 19.32

R h i z o p l a n e
seedl ing
t i l l e r i ng
f l o w e r i n g
harvest

2.7

14.8

17.8

6.9

24.2

61.4

44.7

25.0

3.7

58.9

40.2

24.6

4.3
20.5
10.0
3.7

17.05

19.85

23.72

15.05

M e a n 10.55 28.82 31.85 9.62

Table 5. The A R A of pearl mil let root as influenced by

inoculation wi th different  Azospirillum strains.

St ra in

A R A

( n moles C2 H 4

g - 1 r oo t h- 1 )

C A M r

S t rr

S3

Non inocu ia ted c o n t r o l

168.761

185.801

22.60

23.35

1. Significantly different from the control (P<0.05).
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Response of Sorghum and Pear l M i l l e t Genotypes
to Azospirillum and Azotobacter Inoculat ions

C . P . Ghons ika r , R . S . R a u t , a n d G . B . R u d r a k s h a1

Summary

Sorghum and pearl millet genotypes were tested in afield trial for their response to A z o s p i r i l l u m
and Azo tobac te r inoculations. A z o s p i r i l l u m inoculation increased grain yield of sorghum by 18% 

over the control as compared to 12% yield increase with Azo tobac tc r . Fodder yields in sorghum 

and pearl millet reflected a significant influence of Azo tobac te r and A z o s p i r i l l u m inoculations. 

Sorghum hybrid CSH 9 and pearl millet genotypes MP 21 and Bangaon showed relatively better 

response to Azo tobac te r and A z o s p i r i l l u m inoculation than other genotypes. The results imply 

that nitrogen-fixing organisms like Azo tobac te r and A z o s p i r i l l u m showed an ability to enhance 

biomass production in sorghum and pearl millet. However, it is necessary to locate specificity of 

interaction between an isolate and host-plant species. 

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

N i t r o g e n supply to so rghum and pear l m i l l e t is gen-
era l ly a l i m i t i n g factor , pa r t i cu la r l y when they are
g r o w n on l o w - f e r t i l i t y soils, and the e x p l o i t a t i o n o f
rh izospher ic n i t rogen f i x a t i o n may prove benef ic ia l
fo r c rop improvemen t . F ie ld exper iments have
prov ided l im i t ed i n f o r m a t i o n and there is a great
va r i ab i l i t y in the responses to inocu la t ions . I nocu la -
t i o n resulted in increased yields, a l t hough such
responses were var iab le depending on the N status of
the soi l and var ie ty o f the c rop p lanted. Th i s paper
reports the effect of Azotobacter and Azospirillum 

i nocu la t i on on g r o w t h ( roo t and shoot mass) and
y ie ld o f so rghum and pear l m i l l e t under f i e ld
cond i t ions .

M a t e r i a l s and M e t h o d s

S o r g h u m cu l t ivars C S H 1 , C S H 5 , C S H 6 , C S H 9 ,
and S P V 297 were sown on a typ ic Ver t i so l f ie ld w i t h
pH 8.2, O .C . 0.62%, C.E.C. 42 meq 100 g- 1 so i l and
h igh mois tu re- re ten t ion capaci ty. The seeds were

inocu la ted ei ther w i t h Azotobacter chroococcum or
Azospirillum brasilense, and non inocu la ted p lants
served as a check t reatment . The c rop received 40 kg
N ha- 1 and 60 kg P2O5 ha- 1 at the t ime of sow ing . In
another f i e ld t r i a l , pear l m i l l e t cu l t ivars Bangaon, BJ
104, BK 560, and MP 21 were p lanted w i t h s im i la r
t reatments. The c rop received 25 kg N ha- 1 and 50 kg
P2O5 ha- 1. These t w o t r ia ls were conducted d u r i n g
the ra iny season (Jun-Oct ) in 6.0 m x 4.5 m plots
organized in a fac to r ia l R B D w i t h three replicates.
R o o t and shoot masses were measured per iod ica l l y
to assess biomass p roduc t i on . R o o t v o l u m e was
determined by displacement o f water vo lume in a 
measur ing cy l inder . F i na l l y , g ra in and fodder y ields
were recorded at harvest.

Results

Sorghum

I n o c u l a t i o n o f so rghum plants w i t h Azospirillum 

increased roo t mass by 29%, shoot mass by 30%, and
roo t v o l u m e by 39% over the respective n o n i n o c u -
lated cont ro ls . The Azotobacter i nocu la t i on i n -

1. Associate Dean, PG School, and Microbiologists, Department of Microbiology, Marathwada Agricul tural University, Parbhani,
Maharashtra 431 402, India.

I C R I S A T (International Crops Research Institute for the Semi-Arid Tropics). 1986. Cereal nitrogen f ixat ion. Proceedings of the Work ing
Group Meeting, 9-12 Oct 1984, I C R I S A T Center, India. Patancheru, A .P . 502324, India: I C R I S A T .
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spiriiium on the growth of sorghum during the rainy

season.

Days a f ter s o w i n g

T r e a t m e n t 20 35 50 65 80

M e a n r o o t mass (g p l a n t - 1 )

N o i n o c u l a t i o n 3.4 12.2 16.0 17.8 15.2

Azotobacter

chroccoccum 4.3 16.4 20.7 20.5 15.9

Azospirillum

brasilense 6.4 18.5 21.7 22.9 15.3

CD ( P < 0 . 0 5 ) 0.89 2.0 2.7 3.7 N S 1

M e a n shoo t mass (g p lan t - 1 ) - - - - - - - - - - - - - -

N o i n o c u l a t i o n 32.6 111.8 165.1 167.6 156.0

Azotobacter

chroccoccum 37.6 139.3 184.8 187.3 167.8

Azospirillum

brasilense 50.9 156.2 190.5 203.8 182.5

C D ( P < 0 . 0 5 ) 7.6 15.8 12.7 23.0 10.1

1, NS = Not significant.

Table 2. Effect of inoculation wi th Azotobacter and A z o -

spirillum on the growth of pearl mil let , Parbhan i , rainy

season.

D a y s a f ter s o w i n g

T r e a t m e n t 20 35 50 65 80

N o i n o c u l a t i o n

Azotobacter

chroccoccum

A z o s p i r i l l u m

hrasilense

M e a n r o o t mass ( g p l a n t - 1 )

2.1 5.5 6.5 5.1 4.6

3.2 7.9 8.8 8.5 8.01

3.3 6.6 8.1 7.8 6.18
C D ( P < 0 . 0 5 ) 0.6 0.83 1.72 0.99 0.91

N o i n o c u l a t i o n

Azotobacter

chroccoccum

Azospirillwn

brasilense

— M e a n shoo t mass ( g p l a n t - 1 ) —

22.3 72.7 89.4 67.6 59.6

31.6 94.4 103.4 86.8 79.7

32.4 88.0 97.8 78.9 67.6
C D ( P < 0 . 0 5 ) 8.6 9.0 10.4 N S 1 9.4

1. NS = Not significant.

creased the roo t mass by 18%, shoot mass by 15%,
and r o o t vo l ume by 14% over the c o n t r o l (Tab le 1).
T h e observed enhancement in r o o t and shoot mass
of so rghum, pa r t i cu la r l y in ear ly g r o w t h stages as a 
result of Azotobacter and Azospirillum i nocu la t i on ,
m a y be ascribed to g r o w t h - p r o m o t i n g substances
( L a k s h m i k u m a r i et a l . 1976, Shende et a l . 1977). T h e
12.2% increase i n g ra i n y ie ld o f so rghum by A z o t o -

bacter and 18.0% increase w i t h Azospirillum i nocu -
l a t i o n was, however , s tat is t ical ly nons ign i f icant . T h e
mean increases in fodder y ie ld o f so rghum genotypes
due to Azotobacter (32%) and Azospirillum (43%)
inocu la t ions were s ign i f icant ly greater t han n o n -
inocu la ted so rghum plots . A p p a r e n t l y Azotobacter 

a n d Azospirillum i nocu la t ions inf luence biomass
p r o d u c t i o n great ly , bu t i t i s no t s ign i f icant ly
reflected i n the g r a i n y ie ld .

Pearl Mil let

B o t h the bacter ia s t imu la ted r o o t g r o w t h s ign i f i -
can t l y and the effect o f Azotobacter on r o o t mass
was m o r e t han tha t o f Azospirillum (Tab le 2) . T h e
inocu la ted plants also reflected h igher r oo t v o l u m e
t h a n non inocu la ted plants. T h e inocu la ted p lants
produced near ly 14% h igher shoot mass t h a n n o n -
inocu la ted checks. T h e benefits f r o m such m i c r o o r -
ganisms m a y be v iewed as effects o f p lan t g r o w t h
substances ( M i s h u s t i n and S h i l i n i k o v a 1969), i n

a d d i t i o n t o the i r k n o w n n i t rogen- f i x i ng ab i l i t y . A z o -

tobacter i nocu la t i on in general p roduced 0.23 t ha- 1

add i t i ona l g ra in over its non inocu la ted check, wh i l e
Azospirillum gave 0.14 t ha-1 add i t i ona l g ra in . Th is
advantage however, was no t stat is t ical ly s igni f icant .
Azotobacter i nocu la t i on increased fodder y ie ld of
pear l m i l l e t s ign i f icant ly and its effect was better
t h a n that of Azospirillum. 

Th is repor t has shown posi t ive effects o f A z o t o -

bacter and Azospirillum inocu la t ions to so rghum
and pear l m i l l e t . I t may be necessary to iden t i f y
specif ic i ty between an isolate and host -p lant species
to real ize the po ten t ia l o f rh izospher ic n i t rogen f i x -
ers f o r increasing c rop yields.
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Research on Cereal Ni t rogen F ixa t ion a t I C R I S A T

S.P. W a n i1

Summary

The acetylene-reduction assay for nitrogenase activity has shown that the roots of sorghum and 

pearl millet stimulate N2 fixation, A soil-core assay used for measuring nitrogenase activity of 

field-grown plants showed large plant-to-plant variability. An improved core assay (planted core 

assay) developed at ICRISAT 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 before the assay, Nitrogenase activity varied throughout the day, as well as 

over the season. Activity was maximum at the late flowering or early grain-filling stage and it was 

related to the ontogenetic development of the plant. Activity was favored in moist, warm (ca 

35° C) soil and decreased with high levels of fertilizer N. 

Genotypic variation in sorghum and pearl millet lines for stimulating rhizospheric nitrogenase 

activity was observed. Out of 284 pearl millet lines tested, 18 lines stimulated high nitrogenase 

activity (>460 nmol C2H4 h-1 15 cm diam core-1) in the rhizosphere. Two lines, Gam 73 and J 

1407, were consistently active over several seasons. Similarly, 28 of 334 sorghum lines tested had 

high nitrogenase activity (>460 nmol C2H4 h-1 15 cm diam core-1).

At ICRISAT Center, pot-culture experiments with sorghum and pearl millet grown in a 

low-fertility Alfisol, or in unsterilized washed vermiculite, showed substantial positive balances 

for N. Long-term N balance studies in the field with sorghum and pearl millet cultivars are 

continuing.

Using l5N2 it has been shown that 20-days-old sorghum seedlings fix N2 in the rhizosphere, and 

part of it is taken up by the plant within 3 days after exposure. The15N isotope dilution technique 

has been evaluated for studying genotypic variation in sorghum and pearl millet cultivars for N2

fixation.

Many different kinds of bacteria closely associated with the roots of sorghum and pearl millet 

plants show nitrogenase activity. Responses to inoculation in terms of increased dry-matter 

production and N uptake have been observed in pot experiments with sorghum and pearl millet 

grown in Alfisols and vermiculite. In five out of nine field trials with pearl millet cultivars, 

inoculations with N2-fixing bacteria significantly increased the grain and plant dry-matter yields 

in all the cultivars. 

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

T h e semi-ar id t rop ics ( S A T ) produce 6 0 % o f the

wor ld ' s so rghum, and 9 5 % o f the wor ld ' s mi l le ts ,

f r o m a t o t a l c ropped area o f abou t 70 m i l l i o n ha.
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B o t h cereals respond t o inpu ts o f N , yet a lmost a l l
the p r o d u c t i o n is w i t h o u t the use o f fer t i l izer . T h e
soi l f e r t i l i t y w i t h respect to N depends on the rate o f
b io log ica l t u rnove r o f n i t rogen a n d the amoun ts o f
n i t rogen added to so i l t h r o u g h fer t i l izer , manure ,
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and b io log ica l n i t rogen f i x a t i o n .

The overa l l objectives o f the I C R I S A T research

p r o g r a m that concentrates o n b io log ica l N2 f i x a t i o n

associated w i t h so rghum a n d m i l l e t are

1 . To quan t i f y the amounts o f N2 - f i x a t i o n and to

gauge its impor tance in re la t ion to o ther N inputs

tha t sustain cereal c rop p r o d u c t i o n i n the S A T .

2. To seek ways o f enhancing th is ac t i v i t y by

genetic, ag ronomic , or m i c rob io l og i ca l methods.

Deve lopmen t o f Acety lene Reduc t i on

Assay ( A R A ) for M e a s u r i n g

Ni t rogenase Ac t i v i t y

Cent ra l to ou r research is the deve lopment of suit-

able assay techniques to measure ni t rogenase

ac t i v i t y .

A soi l -core assay me thod has been standardized

fo r measur ing acety lene-reduct ion ac t i v i t y ( A R A )

associated w i t h f ie ld-grown plants. S o i l cores con -

ta in ing p lan t roots are taken in meta l cy l inders (15

cm diameter , 22 cm length) w i t h as l i t t l e so i l d is tu r -

bance as possible, and incubated in sealed 6 L plast ic

vessels under an atmosphere of ca 15% acetylene in

a i r ( F i g . 1). Gas samples are taken after 1 and 6 h and

later analyzed fo r ethylene p r o d u c t i o n by gas ch ro -

matography . The ac t i v i t y o f such cores is usual ly

l inear w i t h l i t t l e o r no lag pe r iod p r i o r to the onset o f

ni trogenase ac t i v i t y . W i t h th is assay technique, we

encountered large p lan t - to -p lan t va r i ab i l i t y in

nitrogenase ac t i v i t y . We have studied the factors

responsible fo r such p lan t - to -p lan t va r i ab i l i t y and

mod i f i ed ou r techniques accord ing ly .

Mechanical disturbance. The cores sampled and

t ranspor ted w i t h precaut ions had three- fo ld greater

ac t i v i t y t han the cores sampled and t ranspor ted

no rma l l y .

T i m e lag between severing the p lan t tops and inject-

i ng C2 H 2 . T h e highest ac t i v i t y was recorded w h e n

the t ime lag was least, i.e., a t 0.5 h. An increase in the

t ime taken to inject the C2 H 2 s ign i f icant ly reduced

the ac t i v i t y recorded, w i t h a s igni f icant negat ive

co r re la t i on ( r = - 0 . 4 2 1 , P < 0 . 0 1 ) .

Temperature. M o s t ac t i v i t y was recorded w h e n

the so i l cores were incubated a t 3 5 ° C ( W a n i e t a l .

1983).

Core size. The ac t i v i t y var ied f r o m f ie ld to f ie ld

a n d the cores taken over the c r o w n o f the p lan t

conta ined between 13 and 50% of the t o ta l ac t i v i t y o f

the p lan t depending on its age ( R a o and D a r t 1981).

T ime of sampling. Th is s ign i f icant ly affected

nitrogenase ac t i v i t y o f f i e ld -g rown pear l m i l l e t

h y b r i d N H B 3 . Ni t rogenase ac t i v i t y increased f r o m

0915 to 1815 h d u r i n g the p h o t o p e r i o d and then

decl ined d u r i n g the n igh t u n t i l 0715 h the next m o r n -

ing . The ac t i v i t y changed l i t t l e between 0915 and

1500 h. However , s ign i f icant ly h igher ni t rogenase

ac t i v i t y was recorded fo r the plants sampled between

1715 and 2115 h t h a n at 1115 h.

Soil moisture. The effect o f so i l mo is tu re on

nitrogenase ac t i v i t y was studied in t w o ways: (1) by

using the l ine-source i r r i g a t i o n system and (2) by

add ing water to cores jus t before assay. B o t h

methods gave s igni f icant corre la t ions between so i l

mois ture and nitrogenase ac t i v i t y .

Obv ious l y , i t is necessary to c o n t r o l as m a n y of the

above variables as possible i f an assay of f i e l d -g rown

plants is to w o r k .

The ac t i v i t y recorded w i t h the i m p r o v e d soi l -core

assay technique was s ign i f icant ly h igher t han tha t

recorded w i t h the regular soi l -core assay technique.

Ni t rogenase ac t i v i t y o f f i e ld -g rown pear l m i l l e t

h y b r i d N H B 3 est imated by b o t h the assay methods

ind ica ted that act iv i t ies o f most o f the plants esti-

mated by the regular core assay ranged f r o m 0 to 20

n m o l C2 H 4 p lant- 1 h- 1 compared w i t h 100-250 n m o l

C 2 H 4 p lant- 1 h- 1 , fo r the i m p r o v e d p lanted-core

assay. M e a n ac t i v i t y recorded fo r p lanted cores was

167 n m o l C2 H 4 p lan t- 1 h- 1 , s ign i f icant ly h igher t han

the regular core ac t i v i t y o f 18 n m o l C2 H 4 p lan t- 1 h- 1 .

As plants aged, ac t i v i t y o f the regular cores decl ined

more than that o f p lanted cores ( W a n i e t a l . 1983).

S im i l a r results were ob ta ined w i t h so rghum lines as

shown in Tab le 1 ( I C R I S A T 1983).

Because soi l -core assays are t ime consuming and

somewhat var iab le, we have developed a l te rnat ive

assay systems — one where seedlings are g r o w n in

test tubes, and another where p lants are g r o w n in

pots.

The test tube cu l tu re technique has been devel-

oped m a i n l y to test the effect o f host genotype and

bacter ia l cu l tu re on ni trogenase ac t i v i t y . Plants are

g r o w n i n 25 mmx 200 mm tubes, w i t h a sma l l tube

at tached to the side near the b o t t o m . T h e tubes are

f i l l e d w i t h 20-25 m L o f g r o w t h m e d i u m , so i l , sand,

s a n d : F Y M , vermicu l i te , o r n i t rogen-free agar,

covered and pa in ted to keep l i gh t f r o m the r o o t

m e d i u m . Plants are g r o w n inside the tube, w h i c h is

p lugged w i t h c o t t o n w o o l u n t i l the assay, then w i t h a 
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Figure 1. Steps in the soil-core assay technique for
measuring nitrogenase activity of field-grown
plants: (a) cutting plant at ground level and scraping
of algal growth on soil surface; (b) driving metal core
around plant roots; (c) lifting out soil-root core from
the ground; (d) putting the soil core in plastic con-
tainer; and (e) sealing container with P V C tape and
injecting acetylene gas for incubation.
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Table 1 . Nitrogenase activity (nmoles C 2 H 4 plant - 1 h - 1 ) o f

sorghum cultivars as estimated by regular-core and plant-

ed-core assay methods at I C R I S A T Center.1
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ed-core assay methods at I C R I S A T Center.1

Table 1 . Nitrogenase activity (nmoles C 2 H 4 plant - 1 h - 1 ) o f

sorghum cultivars as estimated by regular-core and plant-

ed-core assay methods at I C R I S A T Center.1

Regu la r - co re P lan ted -co re

C u l t i v a r assay assay

IS 1057 24 2101

IS 2207 41 253

IS 9180 33 295

IS 2638 33 316

I S 2391 38 682

IS 3951 37 448

IS 3949 30 267

C S V 5 61 335

S o i l 20 119

M e a n 35 b 535 c 

1. Average of 4 replicated cores. Log transformation (of nmoles

C2H4+1) used to analyze data. Figures appended with letters

vary significantly (P<0.05) f rom each other.

rubber Suba seal; the side tube is also closed w i t h a 
Suba seal. Acety lene gas, equivalent to 15% of the
free vo lume in the tube, is injected t h r o u g h the bo t -
t o m Suba seal.

Eleven lines of pear l m i l l e t were sown and one
c o n t r o l tube w i t h o u t seed inocu la ted w i t h a rh i zo -
spheric extract of f ie ld-grown mi l l e t to p rov ide a 
m i x e d i n o c u l u m . Differences between cul t ivars in
s t imu la t i ng nitrogenase ac t i v i t y were apparent by 20
days after sow ing ( D A S ) and rank ings were s im i la r
in di f ferent g r o w t h media. The nitrogenase ac t i v i t y
associated w i t h pear l m i l l e t seedlings g r o w n in ver-
m icu l i te test tubes varies w i t h the cu l tu re of orga-
nisms used. A t 14 D A S a m a x i m u m ac t i v i t y o f 21
nmoles C2 H 4 p lan t- 1 d- 1 was obta ined w i t h a cu l tu re
of Derxia sp. The va r iab i l i t y a m o n g plants in th is
system was m u c h less than fo r f ie ld-grown plants. I t
may be possible to screen pearl m i l l e t l ines more
re l iab ly fo r differences in their ab i l i t y to s t imulate
nitrogenase ac t i v i t y in such a system.

S i m i l a r l y , the ac t i v i t y o f so rghum C S H 6 seed-
l ings inocu la ted w i t h Azospirillum lipoferum. A,

brasilense, Azotobacter chroococcum, and Derxia 

spp a t 8 D A S was examined. The highest ac t i v i t y o f
364 n m o l C2 H 4 p lan t- 1 d- 1 was obta ined w i t h p lants
inocu la ted w i t h Azotobacter chroococcum. T h e
ac t i v i t y in the non inocu la ted c o n t r o l p lants was 1.2
n m o l C2 H 4 p l a n t- 1 d - 1 ( I C R I S A T 1980).

The above technique was fur ther i m p r o v e d by
a l l o w i n g the shoots to g r o w outside the test tube. A t
assay t ime , Suba seal and si l icone rubber were used

to seal the gas phase a r o u n d the r o o t m e d i u m , w i t h
the shoot rema in ing free in the a i r . Th i s m e t h o d
again permi t ted differences to be detected between
pear l m i l l e t l ines by 20 D A S . L ikewise , m a x i m u m
f ie ld ac t i v i t y o f n ine pear l m i l l e t l ines recorded w i th
regular soi l -core assays over three to six seasons and
the ac t i v i t y recorded w i t h seedlings g r o w n in tubes
f i l l ed w i t h sand: farmyard manure (97:3 w / w ) and
vermicu l i te were pos i t ive ly corre lated ( r=0 .65 ,
r=0 .67 , P<0 .05) ( I C R I S A T 1984).

We have also developed a nitrogenase assay
method fo r in tact plants in pots, where on l y the r o o t
system in the po t is exposed to acetylene. Qu icke r
and better d i f fus ion o f C2 H 2 and several t imes
greater ni trogenase ac t i v i t y was observed when ace-
tylene was injected at the b o t t o m of the po t t han at
the top . In tac t -p lan t assays w i t h so rghum and m i l l e t
showed l inear rates of C2 H 4 p r o d u c t i o n up to 16 h 
w i t h a sma l l lag in the beg inn ing ( F i g . 2). The t ime -
course assays ind icated the feasib i l i ty of measur ing
C 2 H 2 reduc t ion by in tact so rghum and mi l l e t plants
g r o w n in pots. A f t e r 16 h C2 H 4 p r o d u c t i o n increased
s l ight ly , suggesting that the i ncuba t ion per iod fo r
es t imat ing A R A by in tac t -p lant assays shou ld be
less than 16 h. In ou r assays we use 6-h i ncuba t ion
for es t imat ing A R A . The i n i t i a l lag per iod fo r C2 H 4

p r o d u c t i o n was possibly because of the t ime

I n c u b a t i o n t i m e ( h )

F i g u r e 2 . R e l a t i o n s h i p b e t w e e n e thy lene p r o d u c t i o n

a n d i n c u b a t i o n t i m e ( h ) d u r i n g t h e assay o f i n t a c t

s o r g h u m p l a n t s . B a r s represen t ± S E .
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requi red fo r C2 H 2 d i f fus ion t h r o u g h o u t the r o o t
m e d i u m in the pot .

H igher AR A was associated w i t h the in tact p lants
than w i t h decapitated plants. M e a n nitrogenase
ac t i v i t y of 49-day-o ld plants across the 15 so rghum
cul t ivars w i t h in tact shoots was 625 nmoles C2 H 4

p l a n t- 1 h- 1 s ign i f icant ly higher ( P < 0 . 0 5 ) t han the
ac t i v i t y w i t h decapitated plants (247 nmoles C2 H 4

plant- 1 h- 1) . There was no signi f icant in te rac t ion
between the assay methods and the so rghum cu l t i -
vars. There was a 26-t imes reduc t ion in the ac t i v i t y
of these cu l t ivars due to decap i ta t ion o f the i r shoots
w i t h 76-day-o ld plants as compared w i t h 2.5 t imes
reduc t ion w i t h 49-day-o ld plants. Th is h igher act iv -
i t y m igh t be due to a cont inuous supply of pho tosyn -
thate to the roots f r o m the intact shoot, or the
phys io log ica l processes of the roots m igh t have been
dis turbed because of decapi ta t ion. Fu r the r studies
w i l l be requi red ( W a n i et a l . 1984).

W i t h plants g r o w n in sand, higher nitrogenase
act iv i t y was observed w i t h increasing F Y M concen-
t ra t ions. The increased ac t i v i t y may be due to better
p lant g r o w t h , w i t h increased F Y M concentrat ions
p r o v i d i n g more root-surface area and more roo t
exudates (der ived f r o m an increased roo t mass) fo r
co lon iza t ion by N2 - f i x i n g bacteria. Fu r the r exper i -
men ta t ion i s required to understand the role o f F Y M
in s t imu la t ing nitrogenase ac t iv i t y associated w i t h
plants. Increased ac t iv i t y was recorded w i t h the
temperature increasing f r o m 2 7 ° C to 33°C . So i l
mois ture had a large effect on nitrogenase ac t i v i t y of
so rghum and mi l le t in the in tact -p lant assay.

The in tac t -p lant assay was tested fo r es t imat ing
nitrogenase ac t i v i t y associated w i t h 15 so rghum cu l -
t ivars, and we cou ld di f ferent iate cu l t ivars w i t h h igh
and l ow associated ac t iv i t y . The va r i ab i l i t y between
plants g r o w n and assayed in pots was much less than
between f i e ld -g rown plants ( W a n i et a l . 1984). Th i s
suggested the promise of using this technique fo r
screening so rghum and mi l le t cu l t ivars fo r the i r
po tent ia l to f i x a tmospher ic n i t rogen b io log ica l l y ,
after s tudy ing the re la t ionsh ip between in tac t -p lant
assay and f ie ld assay methods. I t permi ts a s tudy of
the ac t i v i t y at d i f ferent g r o w t h stages of the p lant ,
co l lec t ion of selfed seed f r o m the plants, and cross-
i ng between plants that cou ld be used fo r p r o d u c i n g
test hybr ids . M a x i m u m expressions o f the ac t i v i t y
cou ld be obta ined by g r o w i n g plants i n 3% F Y M
m i x e d w i t h sand or A l f i s o l so i l , by wa te r ing the
plants to 60-70% wate r -ho ld ing capaci ty ( W H C ) , by
ma in ta in ing the temperature o f the p lan t g r o w t h
m e d i u m a t a round 33° C, and by no t decap i ta t ing the
shoot.

H o s t Genet ic Dif ferences
i n P r o m o t i n g N 2 - f i xa t i on

Di f fe rent genotypes o f b o t h so rghum and pear l
m i l le t show differences in s t imu la t i ng ni trogenase
ac t i v i t y . A t I C R I S A T Center, 135 ou t o f the 284
mi l le t lines tested s t imula ted nitrogenase ac t i v i t y
that was more than tw ice tha t o f soi l w i t h o u t p lan t
roots. Eighteen lines s t imula ted h igh nitrogenase
ac t iv i t y ( > 4 6 0 n m o l C2 H 4 15 cm d i a m core- 1 h- 1) .
T w o lines, G a m 73 and J 1407, were consistent ly
act ive over several seasons ( I C R I S A T 1978, 1980,
1981; D a r t and W a n i 1982). Large p lan t - to -p lan t
va r i ab i l i t y in nitrogenase ac t i v i t y was observed in
the E x - B o r n u popu la t i on , rang ing f r o m 0 to 1900
n m o l C2 H 4 p lan t- 1 h- 1 . W o r k o n s tab i l i z ing the char-
acter 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 of
this t ra i t ( I C R I S A T 1984).

In so rghum, 28 out o f 334 f ie ld-grown lines tested
had h igh nitrogenase ac t i v i t y ( > 4 6 0 n m o l C2 H 4 15
cm d i a m core- 1 h- 1) associated w i t h the i r roots. The
active lines came f r o m Ind ia (12 ou t of 104 tested),
West A f r i ca (6 o f 36), East and Cent ra l A f r i c a (5 o f
63), S o u t h A f r i c a (6 o f 29), U S A (2 o f 39), T h a i l a n d
(1 of 2), and Japan (1 of 3). However , 167 lines
st imulated nitrogenase ac t i v i t y of at least 100 n m o l
C 2 H 4 core- 1 h- 1 , w h i c h was more than twice the mean
ac t i v i t y of soi l cores w i t h o u t p lant roots (range 0-40
n m o l C2 H 4 core- 1 h- 1) . Fi f teen lines have been con-
sistently act ive in three or more seasons, t hough they
are not consistent ly act ive on each assay occasion
d u r i n g the season ( I C R I S A T 1978, D a r t and W a n i
1982).

Several lines of m i n o r mi l lets i nc lud ing Eleusine 
coracana, Panicum sp, P. miliaceurn, and Setaria 
italica have been screened fo r nitrogenase ac t i v i t y .
The p r o p o r t i o n o f act ive lines in m i n o r mi l le ts was
more than that w i t h pear l m i l l e t l ines ( I C R I S A T
1979, 1980). Several t rop i ca l grasses be longing to the
genera Brachiaria, Cenchrus, Chloris, Cymbo-
pogon, Dicanthium, Euchlaena, Panicum, Pennise-
tum, Setaria, and Sorghum have been g r o w n
w i t h o u t a d d i t i o n of any n i t rogen fer t i l izer over 7 
years in an observat ion p lo t . T h i r t y - f o u r ou t o f 48
entries were very act ive in s t imu la t ing N2 - f i x a t i o n , as
observed f r o m the data obta ined f r o m soi l-core
assays w i t h these grasses. Some of the entries, e.g.,
Pennisetum purpureum and a cross between P. p u r -
pureum and P. americanum (Nap ie r bajra), had
remarkab ly h igh nitrogenase ac t i v i t y , reaching as
m u c h as 300 g N ha-1 d-1 ( I C R I S A T 1978).
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Measu remen t o f N2 - f i x a t i o n

Use of 1 5N techniques

1 5 N 2 Incorporat ion.  I n the1 5 N 2 i n c o r p o r a t i o n tech-

n ique a p lan t enclosed in a conta iner is exposed to
1 5 N 2 , and after i ncuba t i on , p lan t tissues are exam-

ined f o r above-norma l concentrat ions o f the heavy

isotope. S o r g h u m C S H 5 seedlings g r o w n in tubes in

sand: F Y M (97:3 w / w ) m i x t u r e using a n in tact - tube

assay system were exposed toI 5 N 2 , by exchanging

the gas in the roo t m e d i u m in the test tubes by water

displacement ( I C R I S A T 1983). The oxygen content

o f the r o o t zone was mon i t o red and ma in ta ined a t

20%. A f t e r expos ing 20-day-o ld seedlings to label led
1 5N2 in this fashion fo r 3 days,I 5 N was detected in the

g r o w t h m e d i u m (0.0051 5N a t o m % excess). Seven

days after the label led gas was removed, the1 5N

a t o m % excess in the plants had increased considera-

b l y w i t h 0.0291 5N a t o m % excess in the roots and

0.019I 5N a t o m % excess in shoots ( I C R I S A T 1983).

V a r i a t i o n i n I 5 N due t o differences i n b o t h na tu ra l

abundance and analy t ica l errors can account fo r a t

the most ± 0.010 a t o m %I 5 N excess (Bergersen

1970).

An apparatus has been developed to in t roduce gas

m i x t u r e i n t o the r o o t - g r o w t h chamber by pu rg i ng

w i t h C O2 f o l l owed b y absorp t ion o f the C O2 w i t h

soda l ime (G i l l e r et a l . 1984) as suggested by W i t t y

and D a y (1978), thus avo id ing f l ood ing the roo t

zone w i t h water to transfer the gas used in the pre-

v ious exper iment . Us ing this device 24-day-o ld

sorghum seedlings were exposed toI 5 N 2 . T h e results

c lear ly demonst ra ted that (1) detectable amounts o f
I5N2 were f i xed i n the rhizosphere o f so rghum seed-

l ings and that (2) f i xed1 5N was incorpora ted i n t o the

p lant roots and shoots w i t h i n 3 days of i n i t i a l expo-

sure to the gas (Tab le 2). A f te r a fur ther week of

g r o w t h the i nco rpo ra t i on o fI 5 N i n the roots and i n

the shoots had a lmost doub led . The actual amoun t

of I 5N2 f ixed d u r i n g the exposure per iod and the

amoun t w h i c h was incorpora ted i n t o the p lan t roots

and shoots can be est imated by conver t ing the

results i n t o µ g N f ixed, using the f o l l o w i n g f o rmu la :

N fixed (µ g) = 

l 5 N di lut ion.  The isotope d i l u t i o n p r inc ip le has

been used in po t exper iments for d i f fe rent ia t ing lines

o f so rghum and mi l le t fo r the i r po tent ia l to f i x

a tmospher ic n i t rogen. S ix lines each of so rghum and

mi l le t were g r o w n in pots in a washed vermicu l i te -

:sand m i x t u r e (1:1 w / w ) a n d watered w i t h 10 p p m N 

so lu t i on w i t h 10I 5N a t o m % excess da i l y as requ i red.

The percentage o f N2 f ixed by an i n d i v i d u a l l ine was

calculated by compar i ng i t to the l ine show ing the

highest I 5N a t o m % content as c o n t r o l ( I C R I S A T

1984, G i l le r et a l . 1986). S o r g h u m l ine IS 801 der ived

27%, and m i l l e t l ine D 180 17%, of t o ta l p lant N f r o m

B N F , i n compar i son w i t h l ow nitrogenase s t imu la t -

i ng so rghum l ine IS 3003 and pear l m i l l e t I C H 107.

However , in these exper iments considerable d i l u t i o n

o f addedI 5 N was observed in a l l the l ines i n c o m p a r i -

son w i t h the I 5 N content o f the so lu t i on added,

suggesting tha t a source of1 4N other t han f i x a t i o n

may be present in the system (seed or vermicu l i te ) . I t

was noted thatI 4N released f r o m vermicu l i te d i l u ted

Table 2. I 5N incorporated into 21-day-old sorghum C S H 5 plants after exposure of root systems to I 5N2
1 for 72 h.

Plan t age

at harvest

(days)

D r y mass

( m g p l an t - 1 )

T o t a l N 

( m g p l an t - 1 )

A t o m % I 5 N

excess

F i x e d N 2

i n c o r p o r a t e d

(µg p l an t - 1 )

24

S h o o t

R o o t

T o t a l

33

S h o o t

R o o t

T o t a l

264 ± 7.2 3

246 ± 17.4

510 ± 19.1

400 ± 13.4

673 ± 56.5

1073 ± 62.7

7.0 ± 0.28

4.2 ± 0.26

11.2 ± 0.33

5.9 ± 0.54

5.8 ± 0.52

11.7 ± 0.96

0.056 ± 0.006

0.056 ± 0.003

0.102 ± 0.022

0.073 ± 0.016

10 ± 1.2

6 ± 0 . 5

16 ± 1.5

16 ± 4 . 7

11 ± 3 . 2

27 ± 7.9

1. Mean enrichment 40.3 atom % I5N excess.

2. Calculated as total N x atom % I5N excess in the plant divided by atom % I5N excess in gas.

3. Values are means of five and four replicates for the 24- and 33-day harvests, respectively, ± S.E.
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1 5N a t o m % excess in p lan t

N a t o m % excess in gas phase

To ta l plant N (µ g) x 
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1 5N added. Therefore, the compar i son was made to
the l ine w i t h the highestI 5 N content . In such exper i -
ments ex t ra care has to be taken to prevent the
systems get t ing con tamina ted w i t h1 4N f r o m other
sources such as water o r the g r o w t h m e d i u m . An
al ternat ive approach is to use u n i f o r m l yI 5N label led
soi l in pots fo r g r o w i n g lines to screen fo r the i r
po ten t ia l t o f i x a tmospher ic n i t rogen ( I C R I S A T
1983).

Ni t rogen-ba lance Studies

A n o t h e r aspect o f our w o r k deals w i t h measurement
o f N 2 f i x a t i o n associated w i t h so rghum, m i l l e t , and
related species, and transferred to the c rop . We are
approach ing this by exper iments using1 5N enr ich-
ment, by ni t rogen-balance exper iments in po t cu l -
ture, and by the m u c h more d i f f i cu l t , l ong- te rm f ie ld
exper iments.

Pot Experiments

We have concentrated so far on establ ishing n i t r o -
gen balances associated w i t h sorghum, mi l le t , and
Nap ier bajra (Pennisetum purpureum x P. america-
num) g r o w n in po t cu l ture in vermicu l i te media w i t h
and w i t h o u t added N fert i l izer, and in soi l l o w in
n i t rogen. These exper iments have established tha t
there is a smal l but measurable N2 f i x a t i o n by bacte-
r ia associated w i t h the roots of these plants, w h i c h is
taken up by the p lant d u r i n g the g r o w i n g season, and
some o f w h i c h also remains in the r o o t i n g m e d i u m .

In one exper iment sorghum was g r o w n to ma tu r -
i ty w i t h o u t fer t i l izer N in washed vermicu l i te . The

plants were ra tooned twice and g ra in harvests taken,
w i t h t o t a l d ry -mat te r p r o d u c t i o n of 195 g po t- 1 o f 10
plants o r ig ina l l y sown. I n another exper iment w i t h
sorghum g r o w n in vermicu l i te fo r 49 days, the N 
balance showed a considerable increase in N in
p lanted but not i n unp lanted pots ( D a r t and W a n i
1982, I C R I S A T 1980). The posi t ive N balance
across a l l i nocu la t i on treatments was 269 mg p o t- 1 o f
f ive p lants when no fer t i l izer N was app l ied , and 124
mg po t- 1 when 53 mg N po t- 1 was app l ied . A sub-
stant ia l p r o p o r t i o n of this N was gained by the r o o t
m e d i u m (33% of the to ta l N balance fo r ze ro -N
treatment) , a l t hough this may result f r o m f ine roots
missed f r o m the roo t sample.

In another pot exper iment w i t h so rghum C S H 5 
g r o w n i n an unster i l ized A l f i s o l w i t h three d i f ferent
levels of added n i t rogen, a considerable balance fo r
N due to i nocu la t i on over the c o n t r o l was observed
(Tab le 3). A m a x i m u m mean balance across the
n i t rogen levels fo r N over unp lanted t reatment of
331 mg po t- 1 was observed in case o f i nocu la t i on
w i t h A. lipoferum ( I C M 1001). A d d i t i o n of 20 kg N 
ha-1 equivalent resulted in h igher balance fo r N 
across the i nocu la t i on treatments compared to no N 
a d d i t i o n and add i t i on of 40 kg N ha- 1 equivalent
( I C R I S A T 1984).

Pear l m i l l e t g r o w n in vermicu l i te in pots also
at ta ined a posi t ive N balance of 109 mg po t- 1 con-
ta in i ng f ive plants w i t h o u t added N fer t i l izer . There
was a posi t ive N balance of 96 mg p o r- 1 w i t h n i t rogen
added equivalent to 20 kg N ha- 1 ( D a r t and W a n i
1982). S im i l a r l y , in a po t t r i a l w i t h m i l le t BJ 104
g r o w n in an unster i l ized A l f i s o l there was a s ign i f i -
cant ly h igher posi t ive n i t rogen balance (over
unp lan ted t reatments) due t o i nocu la t i on w i t h N2 -
f ixing bacteria over the non inocu la ted c o n t r o l . A 

Table 3. Ni t rogen balance wi th sorghum C S H 5 inoculated wi th nitrogen-fixing bacteria.1

N i t r o g e n i n Ne t

T o t a l d r y t o t a l d r y n i t r o g e n

G r a i n mass m a t t e r m a t t e r balance

C u l t u r e (g p o t 1 ) ( g p o t - 1 ) ( m g p o t - 1 ) ( m g p o t - 1 )

Azospirillum lipoferum 13.9 79.9 307 331

Azotobacter chroococcum 12.1 75.4 259 226

N a p i e r ba j ra r o o t ex t rac t ( N B R E ) 14.9 79.9 270 150

C o n t r o l

( n o n i n o c u l a t e d ) 11.6 66.9 223 113

S E ± 0.64 2.52 8.7 56.5

c v % 16.8 11.6 11.8 95

1. Plants were grown in the greenhouse in pots containing nonsterilized Alf isol. A long with inoculation with bacteria, three nitrogen levels

(0, 20, and 40 kg N ha-1) were used and each treatment was replicated four times.
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posi t ive n i t rogen balance o f 322 mg pot- 1 over an
unplanted c o n t r o l was recorded in a t reatment inoc-
ulated w i t h Azospirillum lipoferum across the n i t r o -
gen levels. A m a x i m u m N balance of 240 mg po t- 1

was observed across the i nocu la t i on t reatments tha t
received 20 kg N ha- 1 equivalent . A d d i t i o n of 40 kg
N ha- 1 reduced the balance s ign i f icant ly ( I C R I S A T
1984). These f ind ings ind icated that a d d i t i o n o f n i t -
rogen a t l ower rates enhanced N2 f i x a t i o n tha t
resulted in h igher posi t ive balance, and h igher rates
o f N app l i ca t i on i nh ib i ted N2 f i x a t i o n .

Cut t ings o f the Nap ie r bajra h y b r i d NB 21 were
g r o w n i n ve rmicu l i te and an A l f i s o l . The cut t ings
grew w i t h o u t added N fer t i l izer to abou t 150 cm in
72 days before being ra tooned. At f i na l harvest a t
194 days, the ex t ra N accumulated in the so i l
amoun ted to 216 mg N p o t- 1 f o r a single p lan t w i t h -
o u t added N w i t h t o t a l pos i t ive balance o f 539 mg N ,
and 368 mg N p lan t- 1 w i t h 20 kg ha- 1 added N w i t h
the to ta l posi t ive balance o f 657 mg N . F o r the
vermicu l i te r o o t i n g m e d i u m , N accumu la t i on w i t h
zero N t reatment was 167 mg N in the m e d i u m a n d
361 mg N posi t ive overa l l balance ( D a r t and W a n i
1982).

Field Experiments

A long - te rm f ie ld exper iment was started in 1978 in
co l l abo ra t i on w i t h the S o i l Chemis t ry and F e r t i l i t y
subprog ram to measure the N balance in so rghum
p r o d u c t i o n i n an A l f i s o l under ra in fed cond i t ions .
The same eight cu l t ivars w i t h ei ther h i g h ni t rogenase
ac t i v i t y or h i gh N uptake under l o w fe r t i l i t y , are
g r o w n each year on the same plots. Fer t i l i zer N is
added at the rate o f 0 , 20, and 40 kg ha- 1. M e a n
i n i t i a l N content o f the t o p 0-15 cm of the so i l
w i t h o u t fer t i l izer N was 0.040% N, 0.056% in the
15-30 cm zone, and 0.053% a t 30-90 c m . A l l above-
g r o u n d p lan t mater ia l is removed at harvest. There
were s igni f icant differences between the cu l t ivars in
g ra in y ie ld and N uptake f r o m the second season
onwards . D u r i n g the 6 th year o f th is exper iment
( ra iny season 1983), cu l t ivars also var ied s ign i f i -
cant ly across the N levels in t o ta l d ry -ma t te r p roduc -
t i o n . D u r i n g the 7 th year o f the exper iment ( ra iny
season 1984), a u n i f o r m c rop of pear l m i l l e t was
g r o w n . The t o t a l d ry -mat te r y ie ld o f pear l m i l l e t o n
plots where cu l t ivars C S H 5 and IS 2333 were g r o w n
prev ious ly was at par across the n i t rogen levels.

T h e cumula t i ve n i t rogen up take t h r o u g h above-
g r o u n d p lan t parts f r o m 1978 to 1983 (except 1981)

ind icated that highest n i t rogen uptake amongst the
so rghum cul t ivars across the app l ied n i t rogen levels
was in the case of C S H 5 (230 kg ha- 1) and the lowest
was in the case o f IS 2333 (180 kg ha- 1) ( I C R I S A T
1985). These results suggest tha t so rghum cu l t ivars
do vary f o r the i r N2 - f i x i n g ab i l i t y . However , we w i l l
have a clearer p ic ture of th is when s o i l - N changes
over the f i rs t years of the exper iment are measured.
Samples are cu r ren t l y be ing processed. Leach ing
losses and inputs of N t h r o u g h ra in fa l l are l i ke l y to
be smal l .

I n another l ong - te rm N-balance t r i a l a t I C R I S A T
Center, several t r op i ca l grasses are g r o w n fo r 7 years
w i t h o u t add ing any fer t i l izer N . The c rop receives 40
kg P2O5 ha- 1 a- 1 and is i r r iga ted d u r i n g the d r y
season. The m a x i m u m dry -mat te r p r o d u c t i o n has
been obta ined w i t h the Nap ie r bajra h y b r i d NB 21
where an equivalent of 370 t ha- 1 d r y mat ter , con -
ta in i ng an equivalent of 2752 kg N have been har-
vested in 7 years (Tab le 4). A p re l im ina ry so i l
samp l ing up to a dep th of 90 cm after 5.5 years
showed no difference in N content o f the so i l f r o m
the p lo ts where NB 21 was g r o w n and where the l o w
dry -ma t te r -p roduc ing ent ry was g r o w n . These
results suggest that entries l i ke NB 21 are de r i v i ng
some o f the i r requi rement o f N t h r o u g h B N F in
a d d i t i o n to the s o i l - N p o o l . T h o r o u g h soi l sampl ing
i n these plots w i l l  a l l o w c o m p u t a t i o n o f the exact
amounts of N f ixed by these entries over the years.

C o n t r i b u t i o n to N Balance
by Blue-green A lgae

Crusts of blue-green algae develop on the soi l sur-
face o f m a n y c ropped f ie lds d u r i n g the ra iny season
and after i r r i g a t i o n ( D a r t and W a n i 1982, I C R I S A T
1983). T h e p redominan t heterocystous algae, seen
f o r m i n g mats on f ields a t I C R I S A T Center, were
t w o Anabaena species and Nostocmuscorum. O the r
Nostoc species as we l l as algae be long ing to the
genera Calothrix, Aphanothece, Microsystis, Lyng-
bya, and Oscillatoria were also observed ( I C R I S A T
1983). On A l f i so ls , the g r o w t h and N2 - f i x i n g ac t i v i t y
of those algae under so rghum and m i l l e t was gener-
a l l y l o w , bu t under t r op i ca l grasses such as Pennise-
tum purpureum, the mats may be very act ive,
depending on the wetness o f the so i l surface, and the
extent o f the p lan t canopy. A c t i v i t y decreases
rap id l y as the so i l surface dries ou t , v i r t u a l l y ceasing
3 days after we t t i ng of the so i l surface i f the rad ia t i on
levels are h igh . Ni t rogenase ac t i v i t y of these a lga l
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Table 4. Dry -mat te r production and nitrogen uptake by forage grass spp in long-term nitrogen-balance tr ia l . 1

D r y ma t t e r P r o d u c t i o n N i t r o g e n U p t a k e

A g e c u m u l a t i v e per d a y c u m u l a t i v e per day

Grass (years) ( t ha - 1 ) ( k g ha - 1 ) ( k g ha - 1 ) ( k g ha - 1 )

Pennisetum americanum x P. purpureum NB 21 6.94 370.7 146.3 2752 1.09

P. purpureum J V M - 2 6.94 211.0 83.3 1760 0.69

P. squamulatum 6.94 165.5 65.3 1189 0.47

Cenchrus ciliaris 6.94 164.3 64.9 1235 0.49

Panicum maximum 6.00 152.0 69.0 1080 0.49

Setaria anceps 6.94 119.0 47.0 836 0.33

Pennisetum mezinium 6.94 98.9 39.0 617 0.24

Chloris gayana 6.31 96.3 41.8 706.6 0.31

Panicum antidotale 6.5 43.0 18.1 318 0.13

Pennisetum rupellii 6.5 41.7 17.6 312 0.13

1. Estimated f rom 6 m2 net harvest area, harvested 19 times, crop is irrigated during the dry season and 40 kg P2O5 ha-1 is added every year.

mats when ex t rapo la ted to a surface-area basis
ranged f r o m 24 to 119 mg N f i xed m- 2 d- 1, compared
w i t h on l y 0.5 to 1.6 mg N m- 2 d- 1 fo r surface so i l
w i t h o u t v is ib le a lgal g r o w t h . The a lgal ma t covered
up to 29% of the soi l surface ( D a r t and W a n i 1982),
at w h i c h level this extrapolates to an upper est imate
of f i x a t i o n of 28 kg N ha-1 a-1, assuming 80 days at
the above level o f ac t i v i t y fo r an i r r iga ted perennia l
grass c rop .

Factors Af fec t ing Associat ive

N 2 F i x a t i o n

Ni t rogen f i xa t ion associated w i t h so rghum and
mi l le t is affected by p lant genotype, roo t exudates,
seasonal and d i u r n a l va r ia t i on , so i l type, so i l mois-
ture, temperature, levels o f comb ined n i t rogen, and
organic carbon in the so i l . Some of these factors
have been discussed under var ious assay techniques
and on l y those not discussed earl ier are described
below.

Root Exudates

Qua l i ta t i ve differences in the soluble exudates o f
seedlings o f d i f ferent so rghum genotypes were dem-
onstrated by va r i a t i on in g r o w t h and ni trogenase
ac t i v i t y o f a g iven bacter ia l cu l tu re in semisol id syn-
thet ic media con ta in ing roo t exudates as the sole
ca rbon source. O n l y the azospi r i l la cul tures grew
we l l ; the o ther organisms tested grew poo r l y , w i t h
l i t t l e ni trogenase ac t i v i t y . No co r re la t i on was

observed between the amoun t o f exudate and roo t
a n d / o r shoot g r o w t h o f seedlings g r o w n i n axenic
l i q u i d cu l ture , and the rank ing o f the cul t ivars i nocu-
lated w i t h A. lipoferum for nitrogenase ac t i v i t y d i d
no t correlate w i t h the amounts o f soluble exudate
measured. S im i l a r l y , this r ank ing also di f fered f r o m
that fo r g r o w t h and ac t iv i t y of A. lipoferum in syn-
thet ic media ( I C R I S A T 1984).

Combined Nitrogen

The presence of comb ined N affects the enzyme
nitrogenase. W i t h so rghum plants g r o w n in tubes
f i l led w i t h washed sand, ni trogenase ac t i v i t y was
drast ica l ly reduced when the plants were fed w i t h
above 15 p p m N in so lu t ion ( I C R I S A T 1984).
Ni t rogenase ac t i v i t y o f so rghum plants in the f ie ld
was s t imula ted due to add i t i on of 20 kg N ha- 1 over
the n o - N a d d i t i o n t reatment , bu t 40 kg N ha- 1

reduced the ac t i v i t y . W i t h m i l le t BJ 104 plants
g r o w n in pots f i l led w i t h A l f i s o l , mean nitrogenase
ac t i v i t y t h roughou t the g r o w t h per iod was s ign i f i -
cant ly h igher when the plants were watered w i t h 10
and 25 p p m N in so lu t i on da i l y , than w i t h the plants
w h i c h received no n i t rogen and also at 100 p p m N 
so lu t i on da i l y . A p p l i c a t i o n of a basal dose of 20, 40,
and 80 kg N ha- 1 equivalent d i d not affect the ac t i v i t y
s ign i f icant ly .

Nitrogen-fixing Bacteria

The marked differences in nitrogenase ac t i v i t y o f
so rghum and m i l l e t between f ie lds may be pa r t l y due
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to differences in the i r m i c rob ia l popu la t ions , sug-
gesting that i t may be possible to ob ta in responses to
inocu la t i on w i t h bacteria. We compared di f ferent
methods o f es t imat ing bacter ia l popu la t ions and iso-
la t ing N2 - f i x i n g bacter ia f r o m roo t o r soi l samples.
The N-free media that conta ined sucrose and malate
as the carbon source were used to compare three
methods o f iso la t ing and quan t i f y ing the bacteria.
Counts o f presumpt ive n i t rogen f ixers (4.5 x 108 in
sucrose and 2.5 x 108 in malate media g- 1 o f r oo t )
were h igher under the d i l u t i o n plate count me thod
than counts est imated by most probab le number
( M P N ) me thod in semisol id media (5 x 105 in sucrose
and 5 x 104 g- 1 r oo t in malate med ium) , and higher
t han axenic p lan t tubes (5 x 105 g- 1 roo t ) . Recovery
of ni trogenase-posit ive bacter ia l isolates was 4 3 %
higher w i t h sucrose and 30% higher w i t h malate by
the M P N method . Recovery o f ni t rogenase-posit ive
bacter ial isolates f r o m M P N w i t h axenic plants was
37% using malate m e d i u m (Tab le 5 ; I C R I S A T
1984).

In the p lan t enr ichment cu l ture technique fo r iso-
la t ing N2 f ixers, steri le seedlings o f so rghum o r m i l l e t
are g r o w n on a ca rbon and N-free m e d i u m in test
tubes, and inocu la ted w i t h a d i l u t i o n series of the so i l
or cu l tu re under test. M o s t probab le number esti-
mates o f N2 - f i x i n g bacteria are made f r o m the A R A

Table 5. Est imation and isolation of nitrogen-fixing bac-

teria f r o m root samples by different methods.1

Table 5. Est imation and isolation of nitrogen-fixing bac-

teria f r o m root samples by different methods.1

T o t a l

N u m b e r o f

isolates
T o t a l

N u m b e r o f

isolates

M e t h o d coun ts T o t a l A c t i v e

D i l u t i o n a n d p l a t i n g

Sucrose m e d i u m 4.5 x 108 10 0

M a l a t e m e d i u m 2.5 x 108 10 0

M P N i n semiso l id m e d i u m

Sucrose 5 x 105 7 3

M a l a t e 5 x 104 10 3

M P N w i t h p lan ts 5 x 105

I so la t i ons o n

Sucrose m e d i u m 4

5

8

6

0

0

3

1

M a l a t e m e d i u m

4

5

8

6

0

0

3

1

1. Roots of active Ex-Bornu plants were macerated and serial

dilutions were used for plating o r inoculating semisolid media

in bottles containing 6 mL medium or Ex-Bornu plants grown

on Fahraeu's medium. The plants were grown in 6 m L Fah-

raeu's medium in 25 x 200 mm plant tubes.

of these tubes, and f r o m direct p la t i ng o f the highest
posi t ive d i l u t i ons . A second or t h i r d selection f r o m
this popu la t i on can be made by again go ing t h r o u g h
the process o f d i l u t i o n and re inocu la t ion o f steri le
seedlings. W i t h this technique, w i t h the increasing
enr ichment d u r i n g each generat ion, the number o f
co lony types decreased and the p r o p o r t i o n o f
ni trogenase-posit ive bacteria increased.

Large popu la t ions o f bacteria capable o f g r o w i n g
in a i r on N-free media exist in so i l . Use of the
acety lene-reduct ion assay indicated nitrogenase
ac t i v i t y fo r about 60% o f these presumpt ive N2 f i x -
ers. The number of co lony types and the popu la t i on
sizes depended on the selection of media and var ied
w i t h the carbon source. A b o u t four t imes as many
bacteria grew on a sucrose-based m e d i u m than on a 
malate-based med ium. A d d i n g a smal l a m o u n t o f
yeast ext ract (100 mg L- 1) doub led the i r number on
bo th the media. The number in the top 40 cm of so i l
was about 10 t imes greater than that in the 40-to-60
cm zone. There were over a m i l l i o n Enterobacter ia-
ceae g- 1 so i l , several species of wh i ch are k n o w n to
f i x n i t rogen anaerobical ly .

S t i m u l a t i o n o f presumpt ive, aerobic N2 f ixers
occurs in the rhizosphere of several plants. The
number o f easily recognizable types o f bacteria f r o m
the roo t surface that grew on N-free media was 10
t imes greater t han the p o p u l a t i o n g r o w i n g in the so i l
away f r o m the roots. A selection for par t i cu la r types
of bacter ia also occurred in the roo t zone, resul t ing
in less than ha l f the types found in the bu l k so i l .
Some bacteria were f ound very closely b o u n d to the
roo t and perhaps even in the roo t tissues. A f te r
shak ing the roo t w i t h glass beads to remove surface-
attached bacter ia and then t ho rough l y s ter i l iz ing the
roo t surface w i t h 1% ch lo romine T fo r 1 h, we recov-
ered more than 400 000 bacteria g- 1 o f fresh r o o t
f r o m the roo t macerate ( D a r t and W a n i 1982).

A survey of 200 sites in the t r ad i t i ona l pear l m i l l e t -
g r o w i n g areas in nor thwestern I n d i a ind icated that
t o ta l p o p u l a t i o n o f organisms capable o f g r o w i n g on
a N-free sucrose m e d i u m supplemented w i t h 50 mg
L - 1 yeast ext ract ( Y E ) , ranged f r o m 107 to 108 g- 1 so i l
( D a r t and W a n i 1982). Ni t rogenase ac t i v i t y was
detected in 4 2 % of the 3760 isolates made f r o m the
h ighest -d i lu t ion plates. Every soi l conta ined orga-
nisms w h i c h produced pell icles and reduced C2 H 2 on
a malate med ium, w i t h a M P N o f N2 f ixers v a r y i n g
f r o m 103 to 105 g- 1 so i l . Some of these soils d i d no t
con ta in Azospirillum, and Enterobacter iaceae and
Pseudomonas were c o m m o n l y isolated f r o m the
malate enr ichment cul tures. The isolates f r o m the
sucrose-based m e d i u m cou ld be classified i n t o at
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least seven di f ferent genera of N2 - f i x i n g bacter ia,
i nc lud ing types w h i c h are s t i l l to be ident i f ied . Ente-
robacter cloacae was the m o s t - c o m m o n isolate.
Some Pseudomonas types were also ni trogenase
posi t ive. There were at least 106 ac t imonycete- l ike
organisms g- 1 soi l in every sample and of the 229
isolates, 70 had nitrogenase ac t i v i t y on sucrose + YE
m e d i u m but on subsequent pu r i f i ca t i on they lost the
ac t i v i t y . The isolates ob ta ined f r o m th is s tudy cou ld
be classified on co lony m o r p h o l o g y i n t o at least 22
di f ferent groups. However , they represent on l y the
most-numerous organisms able to g r o w on t w o
media ( D a r t and W a n i 1982, I C R I S A T 1982).

Some of these cul tures lose ac t i v i t y d u r i n g p u r i f i -
ca t ion and subcu l tu r ing . In labora to ry studies a syn-
ergist ic effect on nitrogenase ac t i v i t y was f o u n d
when t w o l o w - f i x i n g pure cultures were m i x e d
together. Cul tures of Erwinia herbicola and Entero-
bacter cloacae each grew on N-free media, bu t were
inact ive when assayed for C2 H 2 reduc t ion ac t i v i t y .
W h e n bo th cul tures were g r o w n together, a h igh
ac t i v i t y was measured by C2 H 2 reduc t ion (101
nmoles C2 H 4 b i j o u bot t le- 1 h- 1 ) ( I C R I S A T 1982).
S im i l a r l y , Azotobacter chroococcum in pure cu l tu re
alone had nitrogenase ac t i v i t y o f 50 nmoles C2 H 4

b i j o u - 1 h- 1, bu t when i t was g r o w n w i t h Erwinia 
herbicola the ac t i v i t y increased to 121 nmoles C2 H 4

b i jou- 1 h- 1 ( I C R I S A T 1982).

Responses to I nocu la t i on

In po t -cu l tu re studies, the response o f so rghum and
mi l l e t t o i nocu la t i on w i t h N2 - f i x i n g bacter ia var ied
w i t h the g r o w t h m e d i u m and a m o u n t o f N fer t i l izer
added. The responses o f so rghum g r o w n in pots i n
nonster i le A l f i s o l , to i nocu la t i on w i t h Azospirillum 

lipoferum and N B R E , a m i x e d cu l ture , were a g ra in
y ie ld increase o f 22% and t o ta l d r y mat ter increase o f
29%. T h e y ie ld increase occurred even when the
equivalent of 40 kg N ha- 1 was added ( I C R I S A T
1982). N i t rogen-ba lance studies ind icated a pos i t ive
N balance over the c o n t r o l due to inocu la t ions
(Tab le 3). In a f ie ld t r i a l on an A l f i s o l w i t h the three
so rghum hybr ids C S H 1 , C S H 5 , and C S H 9 i nocu -
lated w i t h l i q u i d peat cu l ture suspension o f N2 - f i x i n g
bacter ia, we observed increased d ry -mat te r p roduc -
t i o n (P < 0 . 1 ) o f a l l three hybr ids inocu la ted w i t h A .

lipoferum ( I C M 1001) and a N B R E cu l ture ( I C R I -
S A T 1983).

A n o t h e r f ie ld t r i a l w i t h three so rghum cu l t ivars
C S H 5, C S H 9, and S P V 351 and 10 i nocu la t i on
treatments was conducted d u r i n g the 1984 ra iny

season. I n o c u l a t i o n o f so rghum cu l t ivars w i t h
n i t rogen- f i x ing bacteria resulted in 2-10% increase
in g ra in yields across the cu l t ivars over the non inoc -
ulated c o n t r o l . However the increases were no t sta-
t is t ica l ly s igni f icant. A s imi la r t rend was observed
fo r t o t a l d ry -mat te r p r o d u c t i o n ( I C R I S A T 1985).

D u r i n g 1982-1984, n ine f ie ld t r ia ls were c o n -
ducted a t I C R I S A T Center and d i f ferent locat ions
in I n d i a to study the response o f m i l l e t cu l t i vars to
inocu la t i on w i t h n i t rogen- f i x ing bacter ia. I n a l l the
t r ia ls i nocu la t i on increased the g ra in and t o t a l d r y -
mat ter yields o f m i l le t . However s igni f icant y ie ld
increases due to i nocu la t i on were observed in f ive
tr ia ls (Tab le 6). The summary table indicates tha t up
to 30% increase in mean y ie ld over the c o n t r o l was
observed in the test cu l t ivars due to i nocu la t i on w i t h
N 2 - f i x i n g bacteria.

In a l l the exper iments, p lan t d ry -mat te r yields also
fo l l owed trends s imi la r to tha t o f g ra in y ie ld . I n o c u -
lat ions increased p lan t N uptake in a l l the exper i -
ments except where A. brasilense (SP 7) was used. In
a few cases g ra in N content was increased due to
inocu la t ions . In a l l the t r ia ls , trends fo r host cu l t iva r
and bacter ia l s t ra in in teract ions fo r g ra in and p lan t
d ry -mat te r y ields were observed; however, s ign i f i -
cant in te rac t ion fo r g ra in and p lan t d ry -mat te r
yields was observed in one t r i a l each on l y .
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Table 6. A summary of pearl mil let inoculat ion experiments conducted at different locations dur ing 1982-84.

L o c a t i o n a n d I n o c u l a t i o n Percentage

season S o i l t y p e C u l t i v a r s t r e a t m e n t increase 1 R e m a r k s

I C R I S A T Cen te r A l f i s o l 2 . I P 2787 4. A.lipoferum (1 ) 6.05 F o r p l a n t d r y m a t t e r

S u m m e r 1982 I C M S 7819 A.brasilense ( S P 7)

N B R E

-6.5 s ign i f i can t i n t e r a c t i o n

( P = 0 . 0 5 ) be tween c u l t i v a r

a n d c u l t u r e was n o t e d .

I C R I S A T Cen te r A l f i s o l 3 . IP 2787 6. A.lipoferum (1 ) 14.5 F o r g r a i n N b c o n t e n t ,

R a i n y 1982 I C M S 7703 A.lipoferum ( I C M 1001) 21 .0 2 s ign i f i can t

W C C 75 N B R E 6.0 i n t e r a c t i o n be tween

A.chroococcum ( I C M 2001) 14.0 cu l t i va r s a n d

A.brasilense ( S P 7) -11.8 cu l tu res was observed .

I C R I S A T Cen te r A l f i s o l 3. B J 104 5. A.lipoferum (1 ) 5.0

S u m m e r 1983 M B H 110 A.lipoferum (ICM 1001) 6.0

M E B H 2 3 / 8 1 A.chroococcum ( I C M 2001)

N B R E

6.0

12.4

I C R I S A T Cen te r A l f i s o l 3. B J 104 5. A.lipoferum ( 1 ) -

R a i n y 1983 M B H 110 AMpoferum ( I C M 1001) 5.5

M E B H 2 3 / 8 1 A.chroococcum ( I C M 2001)

N B R E -

I C R I S A T C e n t e r A l f i s o l 4 . B J 104 7. A.lipoferum ( I C M 1001) 10.72 S i g n i f i c a n t

R a i n y 1984 B K 560 A.brasilense (1 ) 0.7 i n t e r a c t i o n f o r g r a i n

W C C 75 A.brasilense (2) 7.6 y ie ld be tween cu l t i va r s

I C M S 7703 A b l + A b 2 4.8 a n d i nocu lan t s was

A.chroococcum ( I C M 2001)

N B R E

11.62 n o t e d .

V a i j a p u r 3 M i x e d Red 4 . B J 104 5. A.lipoferum ( I C M 1001) 25 .6 2

R a i n y 1984 a n d b lack B K 560 A.brasilense (2) 6.1

W C C 75 A.chroococcum ( I C M 2001) 6.1

I C M S 7703 N B R E 17.4

Bhavan isagar A l f i s o l 4 . B J 104 5. A.lipoferum ( I C M 1001) 18.72

R a i n y 1984 B K 560 A.brasilense ( S L 33) 16.52

W C C 75 A.chroococcum ( I C M 2001) 6,1

I C M S 7703 N B R E .

P a r b h a n i 4 V e r t i s o l 4 . B J 104 7. A.lipoferum ( I C M 1001) 24.52

R a i n y 1984 M P 21 A.brasilense (1) 19.32

W C C 75 A.brasilense (2 ) 29.52

I C M S 7703 Ab1 + A b 2

A.chroococcum

N B R E

10.5

30.6 2

27.82

R a h u r i 5 V e r t i s o l 4 . B K 560 5. A.lipoferum ( I C M 1001) 9.4

R a i n y 1984 R H R 1 A.brasilense ( S L 33) 7.1

W C C 75 A.chroococcum ( I C M 2001) 13.9

I C M S 7703 N B R E 6.7

1. Increase in mean grain yield across the cultivars.

2. Significantly (P = 0.05) higher o ver the control .

3. In cooperation w i th G.S. Jadhav, Marathwada Agricultural University, Parbhani.

4. In cooperation w i th N.S. Subba Rao and K.V.B.R. T i lak, I A R I , New Delhi.

5. In cooperation w ith S.D. Ugale, Mahatma Phule Agricultural University, Rahuri .
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Discussion

P.Tauro :

Cons ider ing that mi l le ts are g r o w n w i t h m i n i m u m

agronomic practices, wha t i nocu la t i on technique

w o u l d y o u recommend?

S.P .Wan i :

Seed i nocu la t i on is the best, bu t i f we f ind tha t s lu r r y

i nocu la t i on is super ior we w i l l  have t o op t fo r i t . A t

present we are c o m p a r i n g var ious methods o f

i nocu la t i on .

P.Tauro :

I s a n y t h i n g k n o w n abou t the N-scavenging ab i l i t y o f

d i f ferent grasses?

S.P .Wan i :

N o . Bu t w i t h t h o r o u g h soi l samp l ing we shou ld be i n

a pos i t i on to f ind ou t the status of N source in the

soi l .

P.Tauro :

C o u l d N recovery up to 2000 k g / 5 yr be more due to

scavenging t han due to B N F ?

S.P.Wan i :

N o . As the i n i t i a l so i l samp l ing and samp l i ng after 5 

years have no t shown N differences to th is ex tent , we

can infer that so i l N was no t the source. R e m o v a l of

2000 k g N f r o m the soi l w i l l  be easily detected b y

K je l dah l analysis.

P.Tauro :

Have y o u not iced any negat ive response to

inocu la t ion?

S.P .Wan i :

Yes, i n the case o f i nocu la t i on w i t h Azospirillum 

brasilense.
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B . K . Konde:

W h a t added advantages d i d y o u observe f r o m s lu r ry

i n o c u l u m over seed inocu la t ion?

S . P . W a n i :

By us ing s lu r r y i nocu la t i on (peat cu l tu re suspended

in water) , m o r e bacter ia l i n o c u l u m can be added in

the f ie ld as compared to seed i nocu la t i on . A n o t h e r

advantage is that in d rough t -p rone areas, th is a d d i -

t i o n a l mo is tu re helps in the establ ishment o f the

plants in the ear ly stage. Such an effect has been

observed at Va i j apu r where there were no rains at a l l

after sowing , and on the ent i re s ta t ion on l y the inoc-

u l a t i on t r i a l where l i q u i d suspension was app l ied has

come up we l l , whereas a l l o ther t r ia ls sown in the

n o r m a l way resulted in pa tchy p lan t establ ishment.

B.K.Konde:

W h e n do y o u inocu la te the plants?

S . P . W a n i :

Genera l ly a t the t ime o f sow ing i f the t r i a l i s hand

sown, otherwise soon after emergence, i.e., 5-6 days

after sowing , i f the t r i a l i s t rac to r sown .

G. Obl isami:
W h a t i s the cost o f l i q u i d i nocu la t i on o f A z o s p i r i l

lum to s o r g h u m w h e n c o m p a r e d to seed

inocu la t ion?

S . P . W a n i :

We have no t w o r k e d ou t the exact costs o f s lu r r y

i nocu la t i on , bu t i f sow ing is done by a b u l l o c k -

d r a w n imp lemen t , the cost w i l l be abou t Rs. 30-40. A 

s imple, inexpensive device has been developed by

o u r F a r m Power a n d E q u i p m e n t scientists f o r th is

purpose in g r o u n d n u t , and i t can be used f o r o ther

crops also.

O . P . Rupela:

I n c o n t i n u a t i o n o f D r . Tauro 's quest ions, was the

negat ive effect s tat is t ica l ly s igni f icant?

S.P.Wani :
T h e negat ive effects w i t h A. brasilense (SP 7) i n o c u -

l a t i o n were consistent in t w o t r ia ls where 4 cu l t i va rs

were t r i ed , a n d in one t r i a l the reduc t i on was stat is t i -

ca l l y s igni f icant .

G.S. M u r t h y :

W h e n there i s no increase in the g r a i n y i e l d bu t there

is an increase in t o t a l b iomass y i e l d , perhaps o ther

nut r ien ts such as phosphorus a n d z inc are becom ing

l i m i t i n g factors.

S.P .Wan i :

I don ' t t h i n k so, as general ly basal dressings w i t h

P2O5 are done in a l l the t r ia ls .

Joseph Thomas:

I am impressed by the pa ins tak ing exper iments w i t h

i m p r o v e d f ie ld techniques. The quan t i t y o f n i t rogen

recovered by Nap ie r grass w o r k s ou t to 465 kg ha- 1.

Do y o u have any1 5N data to substant iate this?

S.P.Wan i :
N o .

S.V. Hegde:
D i d y o u have an unp lan ted so i l system fo r N -

balance study? W h a t was the N ga in due to p l an t i ng

per se?

S.P.Wan i :

Yes, we do m a i n t a i n an unp lan ted c o n t r o l in a l l

N-ba lance t r ia ls . The N ga in due to p l an t i ng a lone

was 113 mg N pot- 1 sown w i t h so rghum, and 27 mg

N po t- 1 sown w i t h m i l l e t . These gains are across the 3 

N levels used.

S.V.Hegde:
Is i t appropr ia te sc ient i f ica l ly to use Nap ie r bajra

roo t ex t rac t ( N B R E ) , w h i c h is a m i x t u r e o f several

m ic roorgan isms and w h i c h cou ld also change every

t ime the cu l tu re is ob ta ined f r o m bajra root? Instead

can we no t isolate the o rgan ism or organisms

responsible in pure cu l tu re and use them?

S.P .Wan i :
I agree w i t h y o u tha t N B R E is a comp lex cu l tu re and

there w i l l be p rob lems in p r o d u c i n g and m a i n t a i n i n g

the qua l i t y of such a comp lex i n o c u l u m . I don ' t

t h i n k N B R E can be recommended for general use.

We started us ing N B R E as a test m i x t u r e and as i t

gave pos i t ive responses we con t i nued w i t h i t . I t can-

no t be used unless k n o w n bacter ia f r o m N B R E

m i x e d together p e r f o r m equa l ly we l l . We are s tudy-

i ng the c o m p o s i t i o n o f N B R E i n terms o f m i c r o b i a l

components and there are at least 14-15 d i f ferent

bacter ia i nvo l ved w h i c h shou ld be equa l ly good in

per formance. Th i s w i l l take m o r e t ime a n d I am no t

sure whether i n the near fu ture i t w i l l  be possible o r

no t . C o m i n g to the quest ion o f m a i n t a i n i n g the same

c o m p o s i t i o n , we a lways use the s ta r t ing ma te r i a l f o r

p repar ing N B R E f r o m o u r l ong - te rm N-ba lance

t r i a l a n d t i l l  n o w we have observed pos i t ive

responses w i t h N B R E prepared a t d i f ferent t imes.
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Yie ld and Ni t rogen Gains of Sorghum as Inf luenced
by Azospirillum brasilense 

N . S . S u b b a R a o , K . V . B . R . T i l a k , C . S . S ingh , a n d P . V . N a ir 1

Summary

Initial pot experiments on seed inoculation of sorghum ( S o r g h u m b i c o l o r ) with A z o s p i r i l i u m

b r a s i l e n s e demonstrated increased dry-matter production, with the cultivar CSH 5 responding 

better than CSH 6. In field experiments conducted at nine centers in India for four successive 

years, the mean increase in grain yield due to inoculation over the noninoculated control (no 

nitrogen) was equivalent to that obtainable by the application of 15-20 kg N ha-1. This trend was 

also noticed in treatments with increasing levels of N application. 

In afield experiment, inoculation of sorghum resulted in increased N uptake, which was more 

pronounced at low levels of applied nitrogen. In general, the increased N uptake by plants due to 

seed inoculation with A. b r a s i l e n s e varied from 14.6 to 21.7 kg N ha-1.

Growth and P uptake of sorghum on a nonsterile, phosphorus-deficient soil were improved by 

soil inoculation with the vesicular-arbuscular mycorrhizal (VAM) fungi (Acaulospora, G i g a -

s p o r a m a r g a r i t a , and G l o m u s f a s c i c u l a t u m ) , in combination with seed inoculation with A z o s p i -

r i l i u m b r a s i l e n s e . The responses were significant with A. b r a s i l e n s e + G. m a r g a r i t a and A.

b r a s i l e n s e + G . f a s c i c u l a t u m .

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

The present s tudy was conduc ted to (1) evaluate the

response of so rghum to Azospirilium brasilense 

i nocu la t i on , a lone and i n c o m b i n a t i o n w i t h graded

levels o f fer t i l i zer n i t rogen i n pots and i n f i e l d c o n d i -

t ions a n d (2) to f ind ou t the comb ined effects o f seed

i n o c u l a t i o n w i t h A. brasilense and so i l i n o c u l a t i o n

w i t h V A M fung i o n the g r o w t h and P up take o f

so rghum.

M a t e r i a l s a n d M e t h o d s

Azospirilium was isolated f r o m the roots of 18 c u l t i -

va ted s o r g h u m variet ies g r o w n i n breeders' p lo ts by

f o l l o w i n g the methods descr ibed by v o n B u l o w a n d

Dobere iner (1975) and Subba R a o et a l . (1979a).

The strains were ident i f ied as A. brasilense accord-

i n g to T a r r a n d e t a l . (1978). T h e n i t r ogen - f i x i ng

a b i l i t y o f d i f ferent strains was est imated by the

m i c r o - K j e l d a h l m e t h o d (Jackson 1967).

Seeds o f so rghum hybr ids C S H 5 and C S H 6 were

inocu la ted w i t h a carr ier-based (so i l + F Y M 1:1)

cu l tu re of A. brasilense con ta in i ng eff ic ient strains,

f o l l o w i n g the m e t h o d ou t l i ned b y Subba R a o e t a l

(1979a,b). N o n i n o c u l a t e d seeds were coated w i t h

ster i l ized (heat -k i l led) carr ier-based cu l tu re .

T w o po t cu l tu re exper iments were conduc ted

us ing 12 kg nonster i l ized a l l uv i a l so i l o f pH 7.3.

I n the f i r s t exper iment , a n i n te rac t i on o f t w o

so rghum cu l t i vars ( C S H 5 a n d C S H 6 ) w i t h three

strains of A. brasilense (S3 S12, and S18) s ing ly a n d in

c o m b i n a t i o n was s tud ied. A basal dose of 20 kg N 

1. Project Director, Agro-Energy Center, Senior Microbiologist, Scientist, and PhD Student, Divis ion of Microbiology, Indian Agr icul tu-
ral Research Institute, New Delh i 110 012, India.
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Group Meeting, 9-12 Oct 1984, I C R I S A T Center, India. Patancheru, A .P . 502 324, India: I C R I S A T .
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ha- 1 was app l ied to a l l the t reatments. Phosphorus
(P2O5) and potass ium ( K2 O ) was app l ied a t the rate
o f 40 kg ha- 1. I n the second exper iment , the effect o f
i n o c u l a t i o n on C S H 6 was studied w i t h f ive levels o f
fer t i l izer N (0, 20, 40, 60, and 80 kg ha- 1) app l ied at
seeding. In the t h i r d exper iment , the c o m b i n e d
effects of seed i nocu la t i on w i t h A. brasilense and so i l
i n o c u l a t i o n w i t h d i f ferent V A M fung i (Acau lospora

sp, Gigaspora margarita, and Glomus fasciculatum)
were studied on so rghum cu l t i va r C S H 5 . N i t r o g e n
was app l ied a t the rate o f 20 kg ha- 1, and potash
( K 2 O ) a t 60 kg ha- 1, a t the t ime o f seeding. I n a l l po t
exper iments , d r y mat te r p roduced by 75-day-o ld
plants (p re f l ower ing stage) was de termined. In a l l
exper iments , N was app l ied as urea, P2O5 as single
superphosphate (SSP) , and K2O as po tass ium
ch lo r ide .

F i e l d exper iments were conducted at d i f ferent
locat ions in I n d i a on a s imple randomized-b lock
design. T h e effect o f seed i nocu la t i on o f s o r g h u m
cu l t i va r C S H 5 w i t h a carr ier-based ( s o i l : F Y M - 1 : 1 )
cu l tu re of A. brasilense was tested at a l l locat ions.
T h e i n o c u l a t i o n effects were studied in the presence
and absence of graded levels o f N at the t i m e of
sowing . Phosphorus (P2O5) a n d potass ium ( K2 O )
were app l ied as single superphosphate and potas-
s i u m ch lo r ide at the rate of 40 kg ha- 1 each at the
t ime o f sow ing . G r a i n a n d st raw yields a t the t ime o f
c rop m a t u r i t y (120 days after sowing) were deter-
m i n e d . A t the D e l h i center also, a f ie ld exper iment
was l a i d ou t on a sandy- loam so i l o f pH 7.3. The p l o t
size was 10 m2 (4 x 2 .5m) and the t reatments were
repl icated f o u r t imes.

E n u m e r a t i o n of the Azospirillum was done 20
days after sow ing in the rh izosphere-soi l samples
a n d roots separately, f o l l o w i n g the mos t -p robab le
n u m b e r ( M P N ) m e t h o d as per the tables reproduced
by A lexande r (1965).

T h e n i t rogen conten t i n roo t , shoot , a n d g ra i n
samples was de te rmined by the m o d i f i e d K j e l d a h l
m e t h o d (Jackson 1967) and expressed as a percen-
tage on oven-dry basis.

Resul ts

A t o t a l of 18 strains (S1-S18) were isolated f r o m the
roots o f d i f ferent s o r g h u m cu l t ivars us ing semiso l id
malate m e d i u m . T h e eff ic iency o f N2 f i x a t i o n a m o n g
the isolates ranged f r o m 8 to 17 mg N g- 1 c a l c i u m
malate. M a x i m u m N2 f i x a t i o n rate o f 16.8 m g N g- 1

ca l c i um malate was est imated in three cul tures S3,
S1 2, a n d S1 8 g r o w n f o r 72 h .

The m a x i m u m mean y ie ld increase was recorded
by the cu l tu re S1 2, closely f o l l owed by S3+S12, even
t h o u g h there was no s igni f icant di f ference between
these t w o t reatments. S i m i l a r l y , no s ign i f icant d i f -
ference cou ld be noted a m o n g the t reatments S3, S18,
S3+S18, S12+S18, a n d S3+S12+S18, i nd i ca t i ng tha t there
was no added effect on the g r o w t h o f so rghum p lants
by us ing a m i x e d i n o c u l u m con ta in i ng more t h a n
one isolate of Azospirillum. T h e response of cu l t i va r
C S H 5 to Azospirillum i n o c u l a t i o n was better t h a n
that o f C S H 6 . Th i s type o f genotyp ic differences
have a l ready been repor ted w i t h l ines o f maize ( v o n
B u l o w and Dobere ine r 1975) and Digitaria 

decumbens and Panicum maximum ( S m i t h et a l .
1978).

T h e response of so rghum to N was l inear up to 80
kg N ha- 1 under no - i nocu la t i on t reatments w h i l e
w i t h i nocu la t i on , y ie ld increases were no t iced o n l y
up to the 60 kg N ha- 1 level (Tab le 1). No differences
c o u l d be not iced between the inocu la ted and n o n -
inocu la ted t reatments under the highest level of N 
(80 kg ha- 1) , suggesting the poss ib i l i t y o f an in ter fer -
ence w i t h f u n c t i o n i n g o f ni t rogenase in the presence
of comb ined N ( D a y et a l . 1975, We ie r 1980). T h e
data in Tab le 1 ind icate tha t the increased d r y -
mat te r y ie ld ob ta ined by the app l i ca t i on o f 20 kg N 
ha- 1 c o u l d also be achieved by inexpensive
inocu la t i on .

Inocu la t i ons w i t h azosp i r i l la b r o u g h t abou t an
8- fo ld increase in i ts rh izospher ic p o p u l a t i o n (Tab le
2). S i m i l a r l y p lan t roo ts o f inocu la ted p lants con ta i n

Table 1 . D r y matter (g po t - 1 ) o f sorghum as affected by

inoculat ion wi th Azospirillum strains in combinat ion wi th

fertilizer nitrogen.1

N i t r o g e n ( k g ha - 1 )

T r e a t m e n t 0 20 4 0 60 80 M e a n

W i t h o u t

i n o c u l a t i o n 135

W i t h

i n o c u l a t i o n 146

147

152

158

172

166

178

173

170

156

1642

M e a n levels

o f n i t r o g e n 140.5 149.5 165.0 172.0 171.5

C D ( P < 0 . 0 5 ) 12.60 5.68

C V ( % ) 7.3

1. Average of four rep l ica t ion .

2. Significantly (P <0.05) different f rom corresponding

ulated controls.

noninoc-
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Table 2. Numbers of Azospirillum associated wi th the

rhizosphere and roots of sorghum as affected by inocula-

t ion wi th Azospirillum strain S 1 2 .

Table 2. Numbers of Azospirillum associated wi th the

rhizosphere and roots of sorghum as affected by inocula-

t ion wi th Azospirillum strain S 1 2 .

Table 2. Numbers of Azospirillum associated wi th the

rhizosphere and roots of sorghum as affected by inocula-

t ion wi th Azospirillum strain S 1 2 .

T r e a t m e n t M P N g - 1 so i l

Rh i zosphe re

N0 10
1 2.8 x 103

N0 11
2 2.2 x 104

R o o t

N 0 1 0 ( nons te r i l i zed ) 2.1 x 104

N 0 1 0 (s te r i l i zed) 1.8 x 102

N 0 1 1 ( nons te r i l i zed ) 3.5 x 105

N0 11 (s te r i l i zed) 3.5 x 102

1. N0 10: Noninoculated control wi thout fertilizer nitrogen.

2. N0 11: Without fertilizer N but inoculated with Azospirillum. 

17-fold h igher bacter ia l p o p u l a t i o n t han the roots o f
non inocu la ted plants. S te r i l i za t ion o f the roots w i t h
ch lo ram ine -T fo r 30 m i n sharp ly decreased the
number o f Azospirilla, i nd i ca t i ng tha t m a n y o f the
bacter ia were associated w i t h the r o o t tissue. T h a t
th is decrease was of the o rder of a 1000-fold in
treated p lants as against a 100-fold in nont reated
ones showed tha t the roots o f inocu la ted p lants har-
bored a substant ia l n u m b e r of bacter ia l cells on the
outer r oo t tissue.

T h e evidence f r o m th is s tudy ind icated tha t A z o -

spirillum m a y be favored in the rh izop lane of an

inocu la ted so rghum c rop . I t i s adm i t t ed tha t the
cr i te r ia fo r i den t i f y i ng the o rgan ism was no t perfect
i n the absence o f acety lene-reduct ion assay ( A R A )
o r f luorescence an t i body ( F A ) techniques. B u t the
overa l l analysis o f data po in ts to the poss ib i l i t y o f
increasing the popu la t ions o f n i t r ogen - f i x i ng A z o -

spirillum in the rh izosphere as we l l as in the roo ts of
a so rghum c rop by p o p u l a t i o n of selected strains.

I n m u l t i l o c a t i o n a l t r ia ls under d i f ferent a g r o c l i -
mat ic cond i t ions o f I nd ia , the increase in y ie ld due to
i nocu la t i on was s igni f icant at 4 ou t of 9 centers
d u r i n g the years 1979-1982 (Tab le 3). T h e mean
increase in g ra in y ie ld due to seed i n o c u l a t i o n over
the c o n t r o l , averaged over a l l t r ia ls over 4 years,
amoun ted to 18.7%, a lmost equiva lent to the a p p l i -
ca t ion of 15-20 kg N ha- 1 as urea. I n o c u l a t i o n in the
presence of 40 kg N ha- 1 s ign i f icant ly increased g r a i n
y ie ld over the cor respond ing c o n t r o l a t t w o ou t o f
n ine centers ( C o i m b a t o r e and Pantnagar) .

In a f ield t r i a l at D e l h i , 60 kg N ha-1 + i n o c u l a t i o n
was found super ior to a l l o ther t reatments (Tab le 4) .
I n o c u l a t i o n cou ld no t b r i n g s igni f icant benefits i f no
N was app l ied . Stover y ie ld in s o r g h u m ob ta ined
w i t h 20 kg N ha- 1 app l i ca t i on cou ld also be achieved
by Azospirillum i nocu la t i on . I t was also observed
that i nocu la t i on a long w i t h graded levels o f N 
resulted in 7.6-13.5% increase in stover y ie lds. T h e
effect was m o r e s igni f icant (15.6%) in c o m b i n a t i o n
w i t h 20 kg N ha- 1.

Several workers repor ted N gains by f ree- l i v ing

T a b l e 3 . G r a i n y i e l d ( k g h a - 1 ) o f s o r g h u m C S H 5 as a f fec ted by i n o c u l a t i o n wi th Azospirillum brasilense and f e r t i l i ze r N at

n i ne l o c a t i o n s i n I n d i a .

T a b l e 3 . G r a i n y i e l d ( k g h a - 1 ) o f s o r g h u m C S H 5 as a f fec ted by i n o c u l a t i o n wi th Azospirillum brasilense and f e r t i l i ze r N at

n i ne l o c a t i o n s i n I n d i a .

40 k g N ha-1 + 

N o n i n o c u l a t e d Azospirillum Azospirillum C D

L o c a t i o n c o n t r o l brasilense 40 k g N ha-1 brasilense ( P < 0 . 0 5 )

U d a i p u r 2640 3190 1 4480 4580 3250

C o i m b a t o r e 3190 1 3410 1 4170 4780 1 475

D h a r w a d 1650 2070 1 3020 3160 405

H y d e r a b a d 3410 4010 4340 4390 875

A k o l a 690 770 2070 1990 250

P a r b h a n i 880 1150 2510 2180 285

N a v s a r i 1670 1830 1960 1860 350

I n d o r e 1470 1660 2450 2180 450

P a n t n a g a r 1950 2400 2430 2810 375

M e a n 1920 2280 3050 3110 -

C V ( % ) 9.5

1. Significant increase over corresponding noninoculated control.
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Table 4. Gra in and stover yields (kg ha - 1 ) of sorghum, as affected by inoculat ion with Azospirillum in combinat ion wi th

fertilizer ni trogen, I A R I , New D e l h i .

T r e a t m e n t

N i t r o g e n ( k g ha - 1 )

Paramete r T r e a t m e n t 0 20 40 60 M e a n

G r a i n y i e l d W i t h o u t i n o c u l a t i o n

W i t h i n o c u l a t i o n

3260

3400

3920

4 7 9 0 1

4 4 6 0

5 3 8 0 1

5119

5 8 2 0 1

4 1 9 0

4 8 5 0 1

M e a n

C D ( P < 0 . 0 5 )

C V (%)

3330 4 3 6 0

325

14.5

4 9 2 0 5469

1.62

Stove r y ie ld W i t h o u t i n o c u l a t i o n

W i t h i n o c u l a t i o n

7120

7990

9 1 1 0

10530 1

10240

11 370 t

11460

12340

9 4 8 0

10550 1

M e a n

C D ( P < 0 . 0 5 )

C V (%)

7550 9 8 1 0

961

11.5

10810 11890

481

1. Significantly different f rom corresponding noninoculated treatments.

bacter ia rang ing f r o m 34-165 kg N ha- 1 a- 1 (Ba l ten -
sperger et a l . 1978). The basic quest ions w i t h regard
to the c o n t r i b u t i o n of Azospirillum to the increased
N status of inocu la ted p lants s t i l l rema in to be satis-
fac to r i l y answered. The da ta do indicate that N 
uptake was more in inocu la ted so rghum than in the
cor respond ing non inocu la ted ones, and this effect
was more p ronounced in c o m b i n a t i o n w i t h 20 kg N 
ha-1 (Tab le 5).

A m a x i m u m ga in of 21.7 kg N ha- 1 by the p lan t
was ob ta ined by i nocu la t i on w i t h 20 kg N ha- 1 over
the cor respond ing non inocu la ted t reatment . I n o c u -

l a t i on also resulted in a ga in of about 15 kg N ha- 1

b o t h under the the zero N and 60 kg N levels.
T h o u g h the above f igures represent o n l y a p p r o x i -
mate values, these rates o f N2 f i x a t i o n cou ld very
we l l be cor re la ted w i t h the N savings no ted f r o m
increased g ra in yields due to i nocu la t i on .

S o i l i nocu la t i on w i t h m y c o r r h i z a l f ung i increased
the d r y mat ter o f roots , shoots, phosphorus concen-
t r a t i o n i n p lants, and phosphorus uptake by
sorghum. Seed i nocu la t i on w i t h A. brasilense in
con junc t i on w i t h Gigaspora margarita or Glomus 

fasciculatum p roduced s ign i f icant ly mo re d r y -

Table 5. T o t a l nitrogen uptake in sorghum under different combinations of Azospirillum brasilense and fertilizer ni t rogen,

I A R I , N e w D e l h i .

Table 5. T o t a l nitrogen uptake in sorghum under different combinations of Azospirillum brasilense and fertilizer ni t rogen,

I A R I , N e w D e l h i .

Increase i n

T r e a t m e n t N i t r o g e n u p t a k e ( k g ha - 1 )
N u p t a k e by

i n o c u l a t i o n

kg N ha-1 A. brasilense R o o t S tove r G r a i n T o t a l ( k g ha - 1 )

0 N 1 3.0 31.9 41.6 76.5 -

0 I2 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

4 0 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 73.7 147.1 -

60 I 5.2 70.75 86.3 162.3 15.2

1, N = Noninoculated.

2. I = Inoculated.

1, N = Noninoculated.

2. I = Inoculated.

72



Table 6 . Response of sorghum C S H 5 to inoculation wi th Azospirillum brasilense and V A M fungi .

T o t a l
p h o s p h o r u s P h o s p h o r u s

S h o o t mass R o o t mass con ten t up take

T r e a t m e n t (g p l a n t - 1 ) ( g p l a n t - 1 ) 1
(%) ( m g p l a n t - 1 )

N o n i n o c u l a t e d c o n t r o l ( n o V A M a n d 14.5 0.18 0.10 14.5
no A. brasilense) 

A. brasilense 18.5 0.322 0.12 21.9

Acaulospora sp 17.2 0.22 0.15 25.8
Gigaspora margarita 17.5 0.25 0.152 25.5
Glomus fasciculatum 17.8 0.22 0.16* 26.7
Acaulospora + A. brasilense 17.8 0.25 0.152 26.5

G. margarita + A. brasilense 20.5 2 0.342 0.152 28.5 2

G. fasciculatum + A. brasilense 20.8 2 0.372 0.17 2 32.5 2

CD ( P < 0 . 0 5 )

Azospirilium brasilense N S 3 0.12 N S N S

V A M f u n g i N S N S 0.04 N S
A.brasilense x V A M f u n g i i n t e rac t i on 2.12 0.11 0.03 5.3

1. Average of six replicated pots; each pot had four plants.
2. Significant increase over corresponding control.
3. NS = Not significant.

mat ter content of roots , shoots, P content of shoots,
and P uptake o f so rghum t h a n the n o n m y c o r r h i z a l
t reatments (Tab le 6).

Azospirillum i nocu la t i on has been shown to
increase the r o o t biomass ( D e w a n and Subba R a o
1979) and therefore, the s igni f icant increase in d r y -
mat te r p r o d u c t i o n and r o o t biomass by a c o m b i n a -
t i o n of seed i nocu la t i on w i t h A. brasilense and so i l
i nocu la t i on w i t h Gigaspora margarita a n d / o r G lo -

mus fasciculatum cou ld be a t t r i bu ted to an increased
P t ranspor t by the m y c o r r h i z a l fungus a ided by an
increased r o o t biomass (Tab le 6).
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Discussion

G. Obl isami:
W h a t i s the load o f V A M - f u n g a l inocu lan t to the so i l

i nocu la t i on fo r sorghum?

K . V . B . R . T i lak :

T h e i n o c u l u m carr ied 100-125 ch lamydospores per

50 g of i n o c u l u m .

Joseph Thomas:

T h e data o f D r T i l a k show ing consistent increase i n

roo t mass on Azospirillum i nocu la t i on are s ign i f i -

cant. Th i s is s im i la r to a m y c o r r h y z a l effect lead ing

to enhanced up take of nut r ients . T h a t th is is real ly so

can be demonst ra ted by appropr ia te w o r k at centers

l i ke I A R I and I C R I S A T .

K . V . B . R . T i lak :

V A M i s k n o w n t o increase o ther nut r ients l i ke Z n ,

Fe, C u , etc., apar t f r o m Phosphorus. So i t needs to

be examined .

S.P. W a n i :

In y o u r da ta y o u refer to N balance, w h i c h is no t

correct . I t is increased N up take and no t the N ga in

or N balance.

K . V . B . R . T i lak :

Yes, th is m a y be considered as N uptake.

P . V . R a i :

W h a t was the i nocu la t i on m e t h o d f o l l owed i n the
d u a l i n o c u l u m of Azospirillum brasilense a n d
V A M ?

K . V . B . R . T i lak :

Seed i nocu la t i on o f A . brasilense and V A M was

m i x e d w i t h so i l p r i o r t o sowing .

B . K . Konde:

D i d y o u inocu la te Azospirillum and V A M a t the

same t ime?

K . V . B . R . T i lak :

Yes, a t the t ime of sowing.

H . L . S . Tandon:

W h y is there so m u c h emphasis on s tudy ing N ba l -

ance or N ga in by t o t a l N analysis of the so i l when

the N changes are ext remely smal l as compared to

to ta l N present in so i l , and i t w o u l d be very d i f f i cu l t

to separate real gains f r o m ana ly t ica l errors or

var iab i l i t y?

K . V . B . R . T i lak :

We have no t g iven m u c h emphasis on soi l N . B u t so i l

N content is to be taken i n t o cons idera t ion wh i l e

ca lcu la t ing the benefits of t o ta l N status due to inoc-

u l a t i o n w i t h the N2 f i x e r .
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Azotobacter Inoculat ion: Ni t rogen Economy
and Response of Sorghum C S H 1 

S . T . Shende1, G . B . R u d r a k s h a2 , R a j a n i A p t e 1 , a n d R . S . R a u t2

Summary

Field trials conducted during the 1979, 1980, and 1981 rainy seasons with sorghum CSH 1 

revealed that inoculation with A z o t o b a c t e r c h r o o c o c c u m (M4), increased grain and fodder yields 

substantially and consistently. The inoculation effect was more at lower N-fertilizer levels and 

decreased gradually with increased doses of N-fertilizer. But at all levels of nitrogen application, 

e.g., 30, 60, and 90 kg N ha-1, inoculation with A z o t o b a c t e r showed a complementary effect and 

appeared to reveal a saving of 30 kg N ha-1.

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

Inconsistent results w i t h Azotobacter chroococcum, 

par t i cu la r l y in ag ronomica l exper iments, have been
a t t r i bu ted to the l o w p o p u l a t i o n o f the o rgan ism
b o t h i n so i l and c rop rhizosphere ( M i s h u s t i n a n d
S h i l n i k o v a 1969, B r o w n 1974). However , there arc
reports tha t i n o c u l a t i o n w i t h f ree- l iv ing n i t r ogen -
f i x i n g bacter ia enhanced c rop yields, i n c l u d i n g tha t
o f cereals ( M e s h r a m and Shende 1982, Shende and
A p t e 1982, Subba R a o et a l . 1982, W a n i e t a l . 1985).

Th is paper reports the results o f f ie ld t r ia ls con -
ducted w i t h so rghum under agroc l imat i c cond i t i ons
fo r three consecut ive ra iny seasons a t Pa rbhan i in
Maharash t ra .

M a t e r i a l s a n d M e t h o d s

F ie ld t r ia ls were conducted a t Pa rbhan i d u r i n g the
1979, 1980, and 1981 ra iny seasons. The exper iments
were l a i d ou t i n randomized-b lock designs i n c l u d i n g
fou r levels of n i t rogen , i.e., 0 , 30, 60, and 90 kg N 
ha- 1. I n a l l these exper iments , so rghum h y b r i d va r -
ie ty C S H 1 was used. A u n i f o r m basal dose of 40 kg
P2O5 a n d 40 kg K2O ha- 1 was app l ied . N i t r o g e n was
g iven as urea in t w o sp l i t app l ica t ions .

The s t ra in of Azotobacter chroococcum ( M 4 )
used was isolated f r o m the rhizosphere of maize
p lant . Th is s t ra in is chromogen ic and was f o u n d to
f i x 1.76 mg N g- 1 sucrose and synthesize indo le acetic
ac id ( I A A ) and G L S compounds .

Results

D u r i n g 1979, the fodder y ie ld o f 8830 kg ha-1 ,
ob ta ined by a comb ined t reatment of 60 kg N ha- 1

and i nocu la t i on w i t h Azotobacter, was s ign i f icant ly
h igher t han the 8020 kg ha- 1 ob ta ined w i t h app l i ca -
t i o n of 60 kg N ha- 1 a lone, and was at par w i t h the
fodder y ie ld ob ta ined w i t h the app l i ca t i on o f 90 kg N 
ha-1 (Tab le 1).

I n o c u l a t i o n w i t h Azotobacter a lone increased
gra in y ie ld f r o m 3180 to 3680 kg ha- 1 (15.7%), w h i c h
was stat is t ica l ly a t par w i t h the 3890 kg ha- 1 ob ta ined
w i t h the app l i ca t i on o f 30 kg N ha-1. Thus , there is an
i nd i ca t i on o f n i t rogen saving up to 30 kg N ha- 1 . A t
h igher levels o f app l ied N , the y ie ld increases due to
Azotobacter were no t s tat is t ica l ly s igni f icant . T h e
comb ined t rea tment appeared to be advantageous
even at the 90 kg N ha- 1 app l i ca t i on .

A s im i la r t rend was seen d u r i n g 1980. A p p l i c a t i o n
of Azotobacter s ign i f icant ly raised the g ra i n y i e l d

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

I C R I S A T (International Crops Research Institute for the Semi-Arid Tropics). 1986. Cereal nitrogen f ixat ion. Proceedings of the Work ing
Group Meeting, 9-12 Oct 1984, I C R I S A T Center, India. Patancheru, A .P. 502 324, India: I C R I S A T .
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f r o m 1960 to 2620 kg ha- 1 (33.6% increase), when
fer t i l izer N was no t added. In comb ina t ions w i t h N ,
Azotobacter increased the y ie ld bu t differences were
again no t s igni f icant . B u t i t cou ld be seen very
clear ly tha t 30 kg N ha-1 cou ld be saved at each level
o f n i t rogen app l i ca t ion i f seed i nocu la t i on w i t h A z o -

tobacter was pract iced.
D u r i n g 1981, g ra in as we l l as fodder yields

increased marked l y w i t h Azotobacter i nocu la t i on .
Fodder y ie ld increased w i t h i nocu la t i on a t a l l levels

o f n i t rogen app l i ca t ion , but increases were h igh w i t h
30-60 kg N ha-1. G r a i n y ie ld increased s ign i f icant ly
w i t h i nocu la t i on , g i v i ng 390 kg ha- 1 or 23.2% more
than the con t ro l . I n o c u l a t i o n alone was comparab le
to app l i ca t ion of 30 or 60 kg N ha-1. As in the
previous 2 years, a comb ined t reatment of inocu la -
t i o n together w i t h app l i ca t ion of 30 and 60 N kg ha- 1

was the best t reatment b o t h fo r fodder and g ra in
yields.

Thus , the combined app l i ca t ion of Azotobacter 
w i t h 60 kg N ha- 1 in the f o r m of urea was the best
t reatment , to harness the effect of Azotobacter in
order to increase g ra in and fodder yields and at the
same t ime to save about 30 kg ha- 1 o f fer t i l izer N.
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Table 1. Effect of Azotobacter ( M 4 ) inoculation and lev-

els of nitrogen on grain and fodder yields of sorghum C S H

1, Parbhan i , rainy seasons 1979-81 .

Increase

G r a i n F o d d e r i n g ra i n

y ie ld y ie ld y ie ld

T r e a t m e n t (kg ha - 1 ) ( k g ha - 1 ) (%)

R a i n y season 1979

C o n t r o l 3180 5980 -

Azotobacter 3680 6 5 4 0 15.7

30 k g N. ha-1 3890 6 9 7 0 -

30 k g N ha-1 + Azotobacter 4 2 2 0 7600 8.6

60 k g N ha-1 4 1 0 0 8020 -

60 k g N ha-1 + Azotobacter 4280 8830 4.53

90 k g N ha-1 4 6 7 0 8760 -

90 k g N ha-1 + Azotobacter 4 9 6 0 9070 6.4

S E ±137 ±201

R a i n y season 1980

C o n t r o l 1960 5510 -

Azotobacter 2620 7200 33.6

30 k g N ha-1 2830 8400 -

30 k g N ha-1 + Azotobacter 3170 9 0 8 0 12.1

60 k g N ha-1 3510 9600 -

60 k g N ha-1 + Azotobacter 3620 10460 3.0

90 k g N ha-1 4170 10710 -

90 k g N ha-1 + Azotobacter 4 3 2 0 12680 3.6

S E ±170 ±406

R a i n y season 1981

C o n t r o l 1660 4 8 9 0 -

Azotobacter 2050 5740 23.2

30 k g N ha-1 1980 5740 -

30 k g N ha-1 + Azotobacter 2930 7370 47.7

60 k g N ha-1 2100 7370 -

60 k g N ha-1 + Azotobacter 3390 8660 61.3

90 k g N ha-1 3460 8490 -

90 k g N ha-1 + Azotobacter 3810 9600 3.5

S E ±150 ±400



Response of Sorghum Cult ivars to Inoculat ion
wi th  Azospirillum 

D . Pu rusho thaman and G . Ob l i sam i1

Summary

This study presents evidence of wide variations among sorghum genotypes in supporting nitrogen 

fixation. Quantitatively and qualitatively, the isolates of A z o s p i r i l l u m differ in their interaction 

with cultivars. Based on the root-associated acetylene-reduction activity (ARA), 19 sorghum 

cultivars were classified into high ARA and low ARA genotypes. Inoculation with an efficient 

strain (CSH 24) of A z o s p i r i l l u m enhanced the ARA of only certain cultivars. Some cultivars 

when inoculated exhibited negative response in ARA. In root-bit preincubation test also, the 

cultivars CSH 5 and Co.24 recorded high ARA while K.tall and USH 1 showed negligible 

increase. In afield study, A z o s p i r i l l u m inoculation significantly increased the grain yield (13.1%) 

of cultivar Co. 24. 

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

Of the many cereals g r o w n in I nd ia , so rghum has
been consistent ly f o u n d to respond to Azospirillum 

i nocu la t i on ( A 1 C R P B N F 1980). The response has
been m u c h greater a t l o w levels o f n i t rogen than at
higher levels. Perhaps one of the most s igni f icant
and encourag ing f ind ings in re la t ion to associative
N 2 f i xa t ion is that there appear to be var ie ta l d i f fer -
ences in responses to i nocu la t i on . In th is paper, the
responses o f d i f ferent genotypes o f so rghum
[Sorghum bicolor L . ( M o e n c h ) ] to i nocu la t i on w i t h
Azospirillum are presented.

M a t e r i a l s a n d M e t h o d s

The isolates of Azospirillum were cu l tu red f o l l o w i n g

the root- t issue enr ichment technique. T h e isolates

were pur i f i ed by s t reak ing over po ta to -ma l i c ac id

med ium. The enumera t ion of Azospirillum was
done f o l l o w i n g the most -probab le number ( M P N )
technique us ing N-free ma l ic ac id m e d i u m (Hegaz i
et a l . 1979).

M u d pots of 36 cm diameter were f i l led w i th 5 kg p o t- 1

r e d l o a m s o i l : s a n d : f a r m y a r d m a n u r e ( F Y M )
( 5 : 5 : l v / v ) m i x t u r e ( p H 7.2; t o ta l n i t rogen 0.085%,
organic ca rbon 0.48%). Before ra is ing the c rop , 20
kg N ha- 1 as urea, 40 kg P205 ha-1 as superphosphate,
and 40 kg K2 0 ha- 1 as potassium ch lo r ide were
appl ied.

So i l samples f r o m the rhizosphere and rh izop lane
were col lected f o l l o w i n g standard procedures (P ra -
mer and Schmid t 1966, L y n c h 1982).

Azospirillum isolates g r o w n in 30 mL mal ic ac id
semisol id m e d i u m fo r 72 h in special 100 mL
restr icted-neck Er lenmeyer flasks were assayed fo r
A R A by incuba t ing under 1% acetylene f o r 6 h at
2 8 ° C

In the case o f root-associated A R A , freshly co l -
lected r o o t samples were placed in 100 mL E r len -
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Coimbatore, Tami l Nadu 641 003, India.

ICR1SAT (International Crops Research Institute for the Semi-Arid Tropics). 1986. Cereal nitrogen f ixat ion. Proceedings of the Work ing
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meyer f lask ( roots to occupy 20-25% of the vo lume)
and s im i la r l y incubated under 1% acetylene fo r 6 h 
(Pu rusho thaman et a l . 1979).

The p romis ing isolate C S H 24 was g r o w n under
static cond i t ions in mal ic acid b r o t h m e d i u m , supple-
mented w i t h 100 mg g lu tamic ac id L- 1 . A f te r 5 days
of g r o w t h the b r o t h was m ixed w i t h steri l ized peat
so i l neutral ized w i t h ca lc ium carbonate. The peat-
based i n o c u l u m conta ined 12 x 108 cells g- 1 on d r y
mass basis. Surface-steri l ized seeds of the so rghum
genotypes were treated w i t h the i nocu lum, us ing
jaggery so lu t ion as the sticker. Each seed after treat-
ment carr ied 32 x 106 cells.

The f ie ld exper iment was conducted at the M i l l e t
Breeding Sta t ion , T a m i l N a d u A g r i c u l t u r a l Un ive r -
sity ( T N A U ) , Co imba to re , on a sandy l o a m soi l w i t h
a pH of 6.9, 0.026% to ta l n i t rogen, and 0.64%
organic carbon. The p lo t size of 6 m x 5 m was
repl icated thr ice in a randomized-b lock design. T e n
packets (2.5 kg) of the i n o c u l u m ha- 1 were used fo r
the f i e ld study. A t the t ime o f t h i n n i n g the c rop
(15-20 days after sowing) , the b io fer t i l i zer was side-
dressed. The c rop received t w o l i fe-saving ir-
rigations.

Results

Ten o u t o f 19 so rghum genotypes di f fered s igni f i -
cant ly in t o ta l Azospirillum counts in the rh i zo -
sphere at the f l ower i ng stage. Cu l t i vars Co.24 and
Co. 19 registered a h igher count of Azospirillum in
the rh izop lane (Tab le 1). These differences may arise
f r o m the qua l i ta t i ve and quant i ta t i ve changes in the
roo t exudates u p o n w h i c h the energy-demanding
diazot rophs are dependant ( H u b b e l l 1977). The
mean A R A o f isolates f r o m genotypes ranged f r o m
16 to 360 nmoles of C2 H 4 h- 1 , show ing over 20- fo ld
var ia t ion . In general, isolates f r o m C S H 5, Co . 19,
Co. 24, U S H 1, and Co . 18 recorded substant ia l ly

Table 1 . Most -probable number ( M P N ) o f Azospiril lum

sp in the roots of some sorghum cultivars.

C u l t i v a r

Rh izosphere

(x 104)g-1

R h i z o p l a n e

(x 104) g-1

Co.19

Co .20

Co .24

C S H 4 

C D ( P < 0 . 0 5 )

22.6

56.2

84.6

4.8

11.84

42.6

7.2

24.6

15.8

6.16

Table 2. The ARA of Azospirillum isolates f r o m different

sorghum cultivars.

Table 2. The ARA of Azospirillum isolates f r o m different

sorghum cultivars.

N o . o f M e a n A R A

isolates ( n m o l e C 2 H 4

C u l t i v a r tested h - 1 f l ask - 1 )

C S H 5 10 360 ± 26

Co.19 20 312 ± 18

Co .24 25 280 ± 21

U S H 1 15 220 ± 26

Co.18 16 211 ± 23

Co .20 12 190 ± 16

Co.21 15 105 ± 12

C S H 6 10 99 ± 12

Co.22 15 87 ± 16

C S V 3 20 65 ± 11

C S V 4 15 65 ± 18

C S H 4 10 18 ± 4 

K . ta l l 10 16 ± 8 

higher A R A than the others (Table 2). T h o u g h the
isolates were main ta ined on N - r i c h m e d i u m for sev-
eral generat ions, the va r i a t i on in A R A cou ld on ly be
traceable to the host genotypes. A l t h o u g h in vitro 

determinat ions o f A R A do not reflect the f ie ld per-
formance of these isolates, these data suggest the
va r i a t i on a m o n g the isolates. The genotypes di f fered
signi f icant ly i n respect o f the root-associated A R A
determined under non inocu la ted cond i t ions at the
f l ower ing stage (Tab le 3). Genotypes that suppor ted
h igh A R A were Co . 18, Co . 24, Co . 20, C S H 5 , Co .
19, and U S H 1 . The reason for l o w A R A observed
w i t h some varieties m igh t be the presence of inef f i -
cient strains. I t shou ld be po in ted ou t that cu l t ivars
Co.24, C S H 5, Co.20, Co . 18, and Co . 19 possessed
h igh A R A and also a reasonably large number o f
Azosp i r i l l a .

A l l the 10 cu l t ivars tested responded to Azosp i r i l -

lum i nocu la t i on . However , i nocu la t i on d i d no t
increase the A R A s ign i f icant ly , except i n genotypes
Co.24, C S H 5, Co . 18, and Co.20. Cu l t i va rs C o . 2 1 ,
C S H 4, and U S H 1 registered negative responses in
A R A w i t h i nocu la t i on (Tab le 4) . I n general, p re in -
cuba t ion of roots w i t h energy source for 6 h great ly
increased A R A . The m a x i m u m A R A was observed
w i t h Co.24 and C S H 5 wh i le K . t a l l and U S H 1 had
l o w A R A . W i t h o u t p re incubat ion the cu l t i vars
recorded poo r A R A (Tab le 5). As the tissues were
no t surface-steri l ized bu t were u n i f o r m l y washed to
remove the adher ing so i l part ic les, Azospirillum 
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f ound entrapped in the mucige l w o u l d no t have been
lost; also, those dwe l l i ng w i t h i n the cor t i ca l cells
w o u l d respond to the energy-source supply and the
cell number w o u l d have considerably increased. I t

Table 3. Root-associated nitrogenase activity of sorghum

cultivars at the f lowering stage.

Table 3. Root-associated nitrogenase activity of sorghum

cultivars at the f lowering stage.

Ni t rogenase ac t i v i t y

( n m o l e C 2 H 4 g - 1

C u l t i v a r d r y r o o t h - 1 )

C o . 18 327

C o . 24 318

C o . 20 268

C S H 5 241

C o . 19 216

U S H 1 212

C o . 21 120

C S H 6 112

U S V 3 105

C S V 3 92

C o . 22 68

296 68

K. ta l l 48

C S H 4 42

U S V 1 38

C S V 5 36

C S V 4 35

269 34

A S 3280 30

C D (P<0.05) 12.72

Table 4 . T h e A R A of sorghum cultivars as influenced by

Azospirillum inoculat ion.

Table 4 . T h e A R A of sorghum cultivars as influenced by

Azospirillum inoculat ion.

R o o t associated A R A

( n m o l e C 2 H 4 g - 1 r oo t h - 1 )

C u l t i v a r N o n i n o c u l a t e d I n o c u l a t e d Change (%)

C o . 18 217 268 + 23.7

C o . 19 126 176 + 39.0

C o . 20 168 186 + 10.7

C o . 21 146 123 - 5.8

C o . 22 62 84 + 34.8

C o . 24 308 426 + 38.0

K . t a l l 65 68 + 4.9

C S H 4 44 38 - 13.6

C S H 5 198 268 + 35.2

U S H 1 142 112 - 21.1

Table 5. Effect of preincubation of washed sorghum root

bits with malic acid on A R A .

A R A ( n m o l e C 2 H 4 g - 1 d r y r o o t h - 1 )

C u l t i v a r P r e i n c u b a t i o n N o p r e i n c u b a t i o n

Co .24

C S H 5 

K ta l l

U S H 1 

288 ± 19

320 ± 16

60 ± 8 

75 ± 10

143 ± 8 

76 ± 7 

43 ± 12

68 ± 8 

1. ± Standard deviation of the mean.

cou ld be argued that the cul t ivars Co.24 and C S H 5 
permi t ted a h igher rate o f m u l t i p l i c a t i o n o f the d i a -
z o t r o p h d u r i n g the incuba t ion per iod than the other
genotypes. A l te rna t i ve l y , as ind icated earl ier, the
presence o f more eff icient strains w i t h Co.24 and
C S H 5 w o u l d have reflected in the increased A R A .
T h o u g h p re incuba t ion leads to overes t imat ion o f
n i t rogen f i x a t i o n , i t does give us an idea of the
behav ior o f variet ies.

In a f ie ld exper iment , the g ra in y ie ld increased
s ign i f icant ly due to Azospirillum i nocu la t i on . On an
average, the increase in g ra in y ie ld was 13 .1%. G r a i n
y ie ld w i t h 20 or 30 kg N ha-1 + Azospirillum i nocu la -
t i o n was 2.4 t ha- 1, w h i c h was equivalent to tha t
obta ined w i t h 50 kg N ha- 1 w i t h o u t i nocu la t i on
(Tab le 6).

In conc lus ion, i t may be said that so rghum geno-
types d i f fer ma rked l y i n ha rbo r i ng d iazo t rophs b o t h
in quan t i t y and i n qua l i t y . I n a c o m b i n a t i o n o f
po ten t ia l genotypes w i t h appropr ia te , eff ic ient
strains of Azospirillum, one can def in i te ly get g o o d
responses.
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Table 6. Gra in yield ( t h a 1 ) of sorghum C o . 24 as inf lu-

enced by Azospirillum inoculation and fertilizer N.

N i t r o g e n

app l ied

G r a i n y ie ld( t ha - 1 )
N i t r o g e n

app l ied N o n - %

k g h a - 1 i nocu la ted Inocu la ted M e a n increase

0 1.7 1.9 1.8 + 12.7

10 2.0 2.1 2.04 + 7.0

20 2.0 2.3 2.15 + 13.7

30 2.3 2.5 2.44 + 11.5

40 2.4 2.7 2.55 + 15.2

50 2.4 2.8 2.6 + 16.3

M e a n 2.1 2.4 - + 13.1
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Nit rogen Transformations by A. brasilense St ra in 12S
f rom Sorghum Roots

Bela S h u k l a and B .S . K u n d u1

Summary

One of the isolates of A. brasilense (12S) from sorghum roots showed enhanced nitrogenase 
activity and cell growth with NO-3 (<60 µg NO-

3 mL-1) and NO-
2 ( < 3 0 µg NO-

2 mL-1) under 
microaerophilic conditions. Both denitrification and ammonification were observed simultane-
ously in this organism. At low levels of ammonium (<20 µg NH+

4 mL-1) and urea (60 µg mL-1),
growth and nitrogenase activity were improved. These compounds were also transformed to 
gaseous forms of nitrogen. 

I n t r oduc t i on

Azospirillum spp are capable of several n i t rogen
t ransformat ions: (1) n i t ra te can be u t i l i zed by assim-
i la to ry n i t ra te and n i t r i te reductases; (2) d iss imi la -
t o r y n i t ra te reduc t ion is carr ied ou t under anaerobic
cond i t ions , w i t h NO-

3 as an electron acceptor, and is
reduced to n i t r i t e , n i t rous ox ide , n i t rogen, o r a m m o -
n i u m ; and (3) ni t rate-dependent n i t rogen f i x a t i o n
occurs under severe oxygen l im i ta t i ons . In the l i gh t
of these observat ions, the present invest igat ion was
under taken to s tudy the n i t rogen t rans format ions by
A. brasilense (12S), effect of n i t rogen sources on cel l
g r o w t h , t o t a l n i t rogen under m ic roaeroph i l i c c o n d i -
t ions, and levels w h i c h are c r i t i ca l f o r expression o f
nitrogenase ac t i v i t y .

M a t e r i a l s and M e t h o d s

The so rghum roo t isolate A. brasilense (12S) was a 
loca l isolate ma in ta ined by regular transfers on
mod i f i ed (0.2 g yeast ext ract replaced v i tamins) m a l -
ate m e d i u m agar slants (Dobere iner a n d D a y 1976).

The cu l tu re was m u l t i p l i e d i n b r o t h m e d i u m i ncu -
bated at 30° ± 2 ° C and 0.1 mL cu l tu re hav ing 108

cells mL-1 was used as i n o c u l u m fo r the studies.
The n i t rogen t rans format ions studies were c o n -

ducted us ing var iab le concentrat ions o f NO-
3, NO-

2,
NH +

4, and NH+
2 (urea) in malate semisol id m e d i u m .

The tubes con ta in ing 5 mL m e d i u m were inocu la ted
w i t h 0.1 mL i n o c u l u m and incubated at 30 ° ± 2 ° C .
The presence of NO- 3, NO-

2, NH-
4 urea, N2 O , t o t a l

n i t rogen, and cel l p ro te i n were determined at 0, 3,
and 6 days after i ncuba t ion .

F o r the es t imat ion o f var ious fo rms o f n i t rogen ,
the cu l tu re m e d i u m after A R A and N2O assay was
centr i fuged at 10 000 r p m , and the supernatent was
used fo r var ious est imat ions. N i t ra te concent ra t ions
were measured by us ing sal icyl ic ac id (Ca ta ldo et a l .
1975) and NO2 by develop ing co lo r w i t h su l fan i l ic
ac id and a - N - n a p h t h y l ethylene d i am inehyd roch lo -
r ide (N icho las and Nason 1957). The a m m o n i u m
est imat ions were made by Nesseler izat ion (Jackson
1967) and urea by the procedure o f Doug las and
Bremner (1970). T o t a l n i t rogen was determined by
the convent iona l m i c ro -K je l dha l me thod (Jackson
1967). T o t a l cel l p ro te i n was measured by fu r ther
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digest ing the cell mass in IN N a O H and later deter-
m i n i n g the amoun t o f so lubi l ized p ro te in by the
procedure o f L o w r y e t a l . (1951).

The ni trogenase ac t i v i t y was measured by reduc-
t i o n of acetylene to ethylene using a dua l - co l umn
N u c o n 5500 gas ch romatog raph . The tubes were
incubated under 10% C2 H 2 for 24 h and the samples
were analyzed fo r C2 H 4 p roduced.

N i t r ous ox ide was analyzed f r o m the tubes that
were subjected to A R A assay using gas T C D chro -
matograph ( f i t ted w i t h porapak N co lumn) , us ing
H2 as carr ier gas (30 mL min- 1) , at a oven tempera-
ture of 100° ± 5 ° C . N i t rous ox ide fo r reference was
prepared by react ing zinc w i t h d i lu te H N O3 ( 1 : 1 ) i n
an a i r t i gh t container . The N2O peaks were detected
by compar i ng w i t h repor ted results and re ten t ion
t ime was recorded.

Results

A. brasilense isolate 12S showed h igher A R A than
A. brasilense (Sp7a) and di f fered phys io log ica l l y
f r o m i t . The added n i t ra te n i t rogen was den i t r i f i ed to
n i t r i te a t a l l levels (60-1200 µ g N 03 m L - 1 ) and
fur ther reduc t ion was not iced on l y at lower levels on
longer i ncuba t i on (Tab le 1). S im i l a r observat ions
have been repor ted earl ier us ing azospi r i l la strains
(Scot t e t a l . 1979, Neyra and V a n B e r k u m 1977,
Nelson and Know les 1978). Ni t rogenase ac t i v i t y was
sl ight ly increased by n i t ra te add i t ions ( < 6 0 µ g N 03

m L - 1 ) , The i n h i b i t i o n o f nitrogenase a t h igher levels
o f NO3 maybe due to NO2 accumu la t i on that subse-
quent ly b locks NO3-dependent A R A . A sl ight ga in
in to ta l cel l p ro te in was not iced on ly at lower levels
o f NO3 ( < 6 0 µ g m L- 1 , Tab le 2). N i t r a te d i d no t
increase the t o ta l cell p ro te in apprec iably , w h i c h
indicates the nonu t i l i za t i on o f this c o m p o u n d under
mic roaeroph i l i c cond i t ions f o r cel l g r o w t h , but is
used as an e lect ron acceptor. T o t a l n i t rogen showed
a marg ina l ga in at l o w levels and a smal l loss at
higher levels. A smal l increase in cel l mass and t o t a l
n i t rogen at the end of the exper iment maybe due to
n i t rogen f i x a t i o n . A t h igher concentrat ions o f
n i t ra te, the loss in t o t a l n i t rogen was due to fu r ther
degradat ion of NO3 to N2O and N2 .

I t was f o u n d that NO2 was reduced to N2O at 60
µ g NO2 mL - 1 and A R A was i m p r o v e d , but a t h igher
levels the ni t rogenase was repressed. At l ower levels,
s l ight increase in t o ta l cel l p ro te in was also not iced.
The increase in cel l mass was less after 3 days than at
the ear l ier stage. T o t a l n i t rogen showed a ma rg ina l

Table 1. Effect of nitrate, nitrite, a m m o n i u m , and urea on

nitrogenase activity (n moles C 2 H 4 d - 1 mL - 1 ) .

Table 1. Effect of nitrate, nitrite, a m m o n i u m , and urea on

nitrogenase activity (n moles C 2 H 4 d - 1 mL - 1 ) .

Levels
Days o f i n c u b a t i o n

( µ g m L - 1 ) 3 6

N i t r a t e 0 698 282

(NOT) 60 710 380

300 ND1 N D

600 N D N D

1200 N D N D

N i t r i t e 0 792 334

(NOT) 30 870 351

60 910 380

90 N D N D

120 N D N D

150 N D N D

A m m o n i u m 0 647 430

(NH+
4 ) 10 699 499

20 676 460

40 N D 395

100 N D N D

A m i d e 0 726 423

(NH +
2 ) 30 759 480

60 752 468

120 N D 256

300 N D N D

1. ND = Not detected.

gain up to 6 days of i ncuba t i on on l y at l o w levels; at
higher concentrat ions a s l ight loss was observed.

Precise quan t i ta t i ve determinat ions of N2O cou ld
no t be made because of nonava i lab i l i t y of a s tandard
n i t rous ox ide . A m m o n i u m was also f ound at the end
of the exper iment , suggesting convers ion of NO-

3 to
NH +

4. In v iew o f the fact that n i togen f i xa t ion does
not occur under these cond i t ions , the presence of
a m m o n i u m is most l i ke l y due to a m m o n i f i c a t i o n .
S im i l a r observat ions have also been repor ted by
Scott e t a l . (1979). N i t r o g e n - f i x i n g bacter ia w i t h the
ab i l i t y to assimi late NO- 3 w i l l no t use th is c o m p o u n d
for n i t rogen f i x a t i o n . Howeve r under oxygen levels
t oo l o w to a l l o w resp i ra t ion , n i t rate-dependent ace-
tylene reduc t ion can occur. In the exper iments
where n i t r i t e was used as a substrate, s im i la r results
were f o u n d and n i t r i t e was used as e lect ron acceptor.
I t therefore appears tha t b o t h n i t ra te and n i t r i t e
resp i ra t ion i n th is o rgan ism are coup led t o A R A .

T h e added a m m o n i c a l n i t rogen was u t i l i zed by A.

brasilense 12S rap id l y , and on the 3 rd day of incuba-
t i o n no residual a m m o n i u m was f o u n d in the
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Tab le 2 . Ef fec t o f n i t r a t e , n i t r i t e , a m m o n i u m , a n d a m i d e -

N on cel l g r o w t h , p r o t e i n , a n d t o t a l n i t r o g e n .

Tab le 2 . Ef fec t o f n i t r a t e , n i t r i t e , a m m o n i u m , a n d a m i d e -

N on cel l g r o w t h , p r o t e i n , a n d t o t a l n i t r o g e n .

T o t a l cel l
p r o t e i n T o t a l n i t r ogen

Levels
( µ g m L - 1 ) ( µ g m L - 1 )

( µ g Days Days

m L - 1 ) 0 3 6 0 3 6

N i t r a t e 0 100 282 325 36 46 53

( N O -
3 ) 60 100 310 340 50 60 69

300 98 108 113 96 93 91

600 98 115 120 170 160 154

1200 110 100 120 312 312 296

N i t r i t e 0 100 318 355 32 46 55

(NO -
2 ) 30 120 357 423 39 55 62

60 110 350 370 48 60 65

90 110 116 120 57 55 50

120 130 147 147 66 59 54

150 100 104 95 75 66 54

A m m o n i u m 0 100 286 352 36 48 53

(NH +
4 ) 10 90 378 396 48 66 68

20 90 437 468 67 76 80

40 100 450 494 74 81 83

100 110 512 520 111 115 110

A m i d e 0 100 270 310 42 44 50

(NH +
2 ) 30 110 407 470 58 68 78

60 90 475 535 73 77 89

120 90 568 600 103 104 98

300 100 619 660 193 191 182

m e d i u m a t lower concentrat ions. An appreciable
increase in A R A was not iced u p t o 20 µ g NH+

4 m L - 1

over the c o n t r o l . Th i s may be because o f mo re cel l
mass avai lable fo r acetylene reduc t ion . The a m m o -
n i u m added at h igher levels showed a loss in t o t a l
n i t rogen, i nd ica t ing o x i d a t i o n o f a m m o n i u m t o
gaseous n i t rogen w h i c h was con f i rmed by gas ch ro -
matography . At the 40 µ g NH+ 4 m L - 1 level, n i t roge-
nase was depressed on the 6 t h day and no ac t i v i t y
was detected on the 3 rd day. M a r k e d increase in
to ta l cel l p ro te i n was not iced a t a l l levels o f a m m o -
n i u m compared to the c o n t r o l . However , the effect
was less at h igher levels. A smal l ga in in t o t a l n i t r o -
gen was f o u n d at less than 20 µ g N H J mL-1 w i t h a 
loss at 100 µ g NH+4 m L - 1 .

Urea was conver ted to a m m o n i u m and no resid-
ua l urea was detected on the 6 t h day even at a 
concen t ra t ion o f 300 µ g m L- 1 . The presence o f act ive
urease was not iced as the added urea was conver ted
i n t o a m m o n i u m even on the 3 rd day o f i ncuba t i on .

A m m o n i u m fo rmed fur ther showed t rans fo rma-
t ions s imi la r to those reported above. A R A was
enhanced over the c o n t r o l w i t h added urea up to 60
µ g on the 3 rd day, and was detected at 120 µ g on the
6 th day. A t a l l concentrat ions, an appreciable
increase in cel l p ro te in was not iced. The t o ta l n i t r o -
gen content increased marg ina l l y at l o w levels, bu t at
higher concentrat ions a smal l loss was f o u n d .

A l l the n i t rogenous compounds tested showed an
increase in A R A at lower levels, w h i c h is an add i -
t i ona l benefit of using this organ ism in the presence
of added n i t rogen. The i n h i b i t o r y levels are above
the recommended field doses, therefore, a loss in
added n i t rogen w i l l  no t occur. Rather , an increase i n
popu la t ions w i l l help in more n i t rogen f i x a t i o n . Use
of A. hrasilense 12S can therefore enr ich n i t rogen
content by d in i t rogen f i x a t i o n , even when the levels
of comb ined n i t rogen are l o w and the oxygen level is
o p t i m a l in the soi l . A l te rna t i ve l y , this may c o n t r i b -
ute to losses of n i t rogen by den i t r i f i ca t ion when the
concent ra t ion o f comb ined n i t rogen i s h igh and o x y -
gen is l i m i t i n g .
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Effect of Azotobacter chroococcum and Azospirillum 
brasilense Inoculat ions and Ni t rogen on Yields
o f Sorghum, M a i z e , Pear l M i l l e t , and Whea t

B . K . K o n d e and P . A . Sh inde1

Summary

Field experiments were conducted during the 1979-82 rainy and postrainy seasons on Vertisols. 

In general inoculation with Azotobacter chroococcum or Azospirillum brasilense, along with 

intermediate levels of fertilizer N, significantly increased grain and stover yields of sorghum, 

maize, pearl millet, and wheat over the fully fertilized noninoculated treatments. Either culture, 

along with one-third or two-third level of recommended N, generally resulted in increased crop 

yields, thus saving a third of recommended fertilizer N. Inoculation with either of the cultures was 

significantly 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. 

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

Several workers have repor ted that f ie ld i nocu la t i on
w i t h Azospirillum under diverse soi l and env i r on -
menta l cond i t ions resulted in 10-81% increase in
cereal c rop yields. Y ie lds obta ined w i t h i nocu la t i on ,
a long w i t h in termediate levels o f fer t i l izer N , were
repor ted to be higher t han in fu l l y fer t i l ized non inoc -
ulated p lots (Desale 1980, K a p u l n i k et a l . 1982,
Subba R a o et a l . 1982, Pa t i l 1983, Desale and K o n d e
1984, Zambre et a l . 1984). These results suggest that
it is possible to save a par t of va luable fer t i l izer N by
Azospirillum i nocu la t i on .

The present paper reports the results of f ie ld
exper iments conducted a t M a h a t m a Phule A g r i c u l -
t u ra l Un ivers i ty ( M P A U ) , R a h u r i , I nd ia , o n the
effects of Azotobacter chroococcum and Azosp i r i l -

lum brasilense i nocu la t i on w i t h graded levels of fer-
t i l i zer N on g ra in and stover yields of so rghum,
maize, pear l m i l l e t , and wheat.

M a t e r i a l s a n d M e t h o d s

The carr ier-based inocu lan t of Azospirillum brasi -

lense ( A b ) was ob ta ined f r o m the D e p a r t m e n t o f
M i c r o b i o l o g y , I n d i a n A g r i c u l t u r a l Research I n s t i -
tute ( I A R I ) , N e w D e l h i . The l igni te-based i n o c u -
lants of Azospirillum brasilense ( A M P 5) iso lated
f r o m the rhizosphere of pear l m i l l e t and A. brasi-

lense (C2) (109 cells g- 1) isolated f r o m the roots of
Cynodon dactylon were prepared in this depar t -
ment . The carr ier-based inocu lan t of Azotobacter 

chroococcum (108 cells g- 1) was obta ined f r o m the
A g r i c u l t u r a l Bacter io log is t , Col lege o f A g r i c u l t u r e ,
Pune, Maharash t ra , I nd i a .

The seeds were treated w i t h the inocu lants o f
respective organisms at the rate of 250 g (10 kg
seed)-1 as per the m e t h o d described by Subba R a o
(1981).

T h e exper iments were conducted o n Ver t iso ls ( p H
7.0-7.5, t o ta l N 0.03-0.05%, organic C 0.60%) d u r i n g

1. Associate Professor and Head, Department of Agricultural Microbiology and Plant Pathology, Mahatma Phule Agricultural University,
Rahuri, Maharashtra 413 722, India.

I C R I S A T (International Crops Research Institute for the Semi-Arid Tropics). 1986. Cereal nitrogen f ixat ion. Proceedings of the Work ing
Group Meeting, 9-12 Oct 1984, I C R I S A T Center. India. Patancheru, A.P. 502 324, India: ICR ISAT .
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the 1979-82 ra iny and pos t ra iny seasons, us ing fac-

t o r i a l randomized-b lock designs ( R B D ) w i t h three

to fou r rep l icat ions. The p l o t size var ied f r o m 9.2 m2

t o 20.26 m2 , depending u p o n the c rop . F o r so rghum

a n d maize, 62 kg ha- 1 each of P2O5 and K2O were

app l ied at sow ing to a l l p lo ts . The n i t rogen levels 0 ,

33, 66, and 100 kg N ha- 1 were app l ied in t w o spl i t

doses, i.e., t w o - t h i r d at sow ing and the rema in ing

one- th i rd one m o n t h after sowing .

In the pear l m i l l e t exper iment , a basal dose of 30

kg P2O5 ha- 1 was app l ied , wh i l e the n i t rogen at 20,

40, 60, 80, and 100% of recommended dose ( i .e. , 12,

24, 36, 48, and 60 kg N ha- 1) was app l ied in t w o equal

doses, one at sow ing and the o ther one m o n t h later.

In the wheat exper iment , P2O5 (60 kg ha- 1) and

K 2O (50 kg ha- 1) were app l ied at sow ing , wh i l e N was

app l ied in t w o spl i t doses, i.e., ha l f a t sow ing and the

rest 25 days after sow ing ( D A S ) .

In a l l cases, N was app l ied as urea, P2O5 as single

superphosphate, and K2O as mur ia te o f potash. A l l

crops received a l igh t i r r i g a t i o n soon after sow ing .

Weed ing , i n te rcu l t u r i ng , and p lan t -p ro tec t i on oper-

at ions were carr ied ou t as and when requ i red. The

stover and g ra in yields were recorded f r o m each p lo t

at harvest.

Results

S o r g h u m

Increases in g ra in yields a long w i t h bacter izat ion

obta ined at the 66 and 100 kg N ha-1 levels were no t

s ta t i s t i ca l l y s i gn i f i can t . M a x i m u m percentage

increase in g ra in y ie ld was observed at the 33 kg N 

ha- 1 level a long w i t h bacter izat ion than at h igher N 

levels (Tab le 1). Th is showed that h igher level of N 

fer t i l izer app l i ca t i on was de t r imen ta l to n i t r ogen -

f ix ing bacteria. However , h igher g ra in y ie ld was

obta ined at 66 kg N ha- 1 a long w i t h bacter iza t ion

than w i t h 100 kg N ha- 1 alone. Th is ind icated that 66

kg N ha- 1 cou ld be compat ib le w i t h ei ther cu l tures,

and there appeared to be a poss ib i l i ty of saving 33 kg

N ha- 1. Across the n i t rogen levels, inocu la t ions w i t h

bo th the cul tures s ign i f icant ly increased g ra in y ie ld

over the c o n t r o l and no s igni f icant dif ference cou ld
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Table 1. Gra in and stover yields of sorghum as influenced by inoculation with nitrogen-fixing bacteria and fertilizer N.

N level ( k g ha - 1 )

C u l t u r e 0 33 66 100 M e a n

- G r a i n y ie ld ( t ha - 1 )

C o n t r o l 4.00 4.19 4.67 5.20 4.52

A chroococcum ( A c ) 5.04 5.65 5.94 6.01 5.66

(26.00) 1 (34.84) (27.19) (15.58) (25.22)

A. brasilense ( A b ) 5.14 5.76 6.09 6.17 5.79

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

C D N S 2 0.52

M e a n 4.72 5.20 5.57 5.80

C D ( P < 0 . 0 5 ) 0.52

S tove r y ie ld ( t ha - 1 )

0.52

S tove r y ie ld ( t ha - 1 )

C o n t r o l 5.50 6.00 8.00 8.01 6.88

A. chroococcum ( A C ) 6.67 8.59 8.81 9.02 8.27

(21.12) (43.16) (10.12) (12.60) (20.20)

A. brasilense ( A c ) 7.51 9.76 11.01 12.01 10.07

(36.54) (62.66) (36.62) (49.93) (46.36)

C D ( P < 0 . 0 5 ) 1.43 0.72

M e a n 6.56 8.12 9.27 9.68

C D ( P < 0 . 0 5 ) 0.72

1. % increase over control .

2. NS = Not significant.



be not iced between the t w o bacteria. The results f o r

the in te rac t ion between cul tures and N levels were

also no t stat is t ical ly s igni f icant . In general, t rends

s imi la r to g ra in yields were also observed in the case

of stover yields. The Azospirillum i nocu la t i on was

found to be s ign i f icant ly super ior to Azotobacter, 

since i t p roduced t w o tonnes more stover y ie ld than

Azotobacter. T h e results f o r in te rac t ion between

cul tures and N levels were s igni f icant .

M a i z e

A signi f icant increase in g ra in y ie ld cou ld be

obta ined w i t h 66 and 100 kg N ha- 1 a long w i t h

i nocu la t i on , but no t w i t h 33 kg N ha- 1 app l i ca t i on

a long w i t h i nocu la t i on (Tab le 2). Dif ferences

between 66 kg and 100 kg N a long w i t h bacter iza t ion

were not s igni f icant . Th is showed tha t bo th the cu l -

tures were compat ib le at the 66 kg N level and i n d i -

cated the poss ib i l i ty of saving 33 kg N ha- 1.

Azotobacter and Azospirillum p roduced 4 9 % and

55% higher g ra in yields over the non inocu la ted con-

t r o l , and no s igni f icant dif ference c o u l d be no t i ced

between them. The results o f i n te rac t ion f o r cu l tures

and N levels were stat is t ical ly s igni f icant . T h e results

fo r stover y ie ld also showed a s im i la r t rend to those

for g ra in yields.

P e a r l M i l l e t

Bacter iza t ion under in termedia te levels (36, 48, and

60 kg ha- 1) o f N fer t i l izer app l i ca t i on s ign i f i can t ly

increased gra in y ie ld (Tab le 3). H ighest percentage

increase in g ra in y ie ld was ob ta ined at the 48 kg N 

level, a long w i t h bacter izat ion, w i t h e i ther o f the

Azospirillum strains. The yields ob ta ined at 48 kg N 

a long w i t h bacter izat ion were h igher t h a n w i t h 60 kg

N ha- 1 alone. Thus b o t h strains had better c o m p a t i -

b i l i t y w i t h the 48 kg N level and showed the poss ib i l -

i t y of saving 12 kg N ha- 1. Dif ferences between the

t w o strains as also fo r the in te rac t ion between the

strains and N levels were stat is t ica l ly ins ign i f i can t .

The results fo r stover yields showed a s im i la r t r end

to those obta ined fo r g ra in yields.
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Table 2. Gra in and stover yields of maize as influenced by inoculation wi th nitrogen-fixing bacteria and ferti l izer N.

N level ( k g ha - 1 )

C u l t u r e 0 33 66 100 M e a n

G r a i n y ie ld ( t ha - 1 )G r a i n y ie ld ( t ha - 1 )

C o n t r o l 3.43 3.95 3.98 4.15 3.88

A. chroococcum ( A c ) 3.60 5.60 6.98 7.07 5.81

(4.95) 1 (41.86) (75.38) (70.36) (49.74)

A. brasi lense ( A b ) 3.90 5.81 7.20 7.27 6.40

(13.70) (47.18) (80.90) (75.18) (55.67)

C D ( P < 0 . 0 5 ) 2.65 1.33

M e a n 3.64 5.12 6.05 6.16

C D ( P < 0 . 0 5 ) 1.33

S tove r y ie lds ( t ha - 1 )

1.33

S tove r y ie lds ( t ha - 1 )

C o n t r o l 3.90 5.12 6.08 7.22 5.58

A. chroococcum ( A c ) 4.71 6.22 7.47 7.94 6.58

(5.36) (21.48) (22.86) (9.97) (17.92)

A. hrasilense ( A b ) 4.80 6.53 7.94 8.55 6.95

(7.38) (27.53) (30.60) (18.42) (24.55)

C D ( P < 0 . 0 5 ) 1.04 0.52

M e a n 4.47 5 . % 7.16 7.90

C D ( P < 0 . 0 5 ) NS2

1 . % increase over control .

2. NS = Not significant.

1 . % increase over control .

2. NS = Not significant.



Table 3. Gra in and stover yields of pearl millet as influenced by inoculation wi th nitrogen-f ixing bacteria and fertilizer N.

N level ( k g ha - 1 )

C u l t u r e 12 24 36 48 60 M e a n

G r a i n y i e l d ( t ha - 1 )

C o n t r o l 1.70 1.82 2.19 2.30 2.48 2.10

A. brasilense ( A M P 5) 1.80 1.94 2.32 2.65 2.60 2.26

(5 .88) 1 (6.59) (5.94) (15.22) (4.84) (7.62)

A. brasilense ( A b ) 1.78 1.92 2.30 2.72 2.63 2.27

(4.77) (5.49) (5.02) (18.26) (6.05) (8.09)

C D ( P < 0 . 0 5 ) N S 2 0.16

M e a n 1.76 1.89 2.27 2.56 2.57 -

C D ( P < 0 . 0 5 ) 0.26

S tove r y i e l d ( t ha - 1 ) — 

0.26

Stove r y i e l d ( t ha - 1 ) — 

C o n t r o l 2.53 2.55 2.60 3.07 3.22 2.79

A. brasilense ( A M P 5) 2.60 2.64 2.73 3.36 3.42 2.95

(2.77) (3.53) (5.00) (9.44) (6.21) (5.74)

A. brasilense ( A b ) 2.59 2.63 2.75 3.50 3.50 2.99

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

C D N S N S

M e a n 2.57 2.61 2.69 3.31 3.38

C D ( P < 0 . 0 5 ) 0.16

1. % increase over control.

2. NS = Not significant.

1. % increase over control.

2. NS = Not significant.

W h e a t

The Azospirillum i n o c u l a t i o n recorded a mean g ra i n

y ie ld of 3.04 t ha- 1 over d i f ferent levels of N fer t i l i zer

app l i ca t ion , f o l l owed by Azotobacter, 2.90 t ha- 1, as

compared to 2.50 t ha- 1 in the non inocu la ted c o n t r o l

(Tab le 4). T h e in te rac t ion effects were f o u n d to be

stat ist ical ly s igni f icant . The in te rac t ion effect o f the

120 kg N ha- 1, level w i t h Azospirillum (4.19 t ha- 1)

and Azotobacter (4.01 t ha- 1) was at par and super ior

to a l l o ther rema in ing t reatment comb ina t ions . T h e

highest g ra in y ie ld was ob ta ined at 120 kg N ha- 1, bu t
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Table 4. G r a i n yield of wheat as influenced by inoculat ion wi th nitrogen-f ixing bacteria and fertilizer N.

N level ( k g h a - ' )

C u l t u r e 12 24 36 48 60 M e a n

G r a i n y ie ld ( t ha - 1 )

1.58 2.07 2.53 2.91 3.41 2.54

1.66 2.40 2.97 3.47 4.01 2.90

(5 .06 ) ' (15.94) (17.39) (19.24) (17.59) (16.00)

1.76 2.49 3.12 3.66 4.19 3.04

(11.39) (20.28) (23.32) (25.77) (22.87) (21.60)

C o n t r o l

A. chroococcum ( A c )

A. brasilense ( A b )

G r a i n y ie ld ( t ha - 1 )

1.58 2.07 2.53 2.91 3.41 2.54

1.66 2.40 2.97 3.47 4.01 2.90

(5 .06 ) ' (15.94) (17.39) (19.24) (17.59) (16.00)

1.76 2.49 3.12 3.66 4.19 3.04

(11.39) (20.28) (23.32) (25.77) (22.87) (21.60)

C D ( P < 0 . 0 5 ) 0.18 0.093

M e a n 1.67 2.32 2.87 3.35 3.87

C D ( P < 0 . 0 5 ) 0.093

1. % increase over control.



highest increase over non inocu la ted c o n t r o l due to
Azotobacter was 19.24% and due to Azospirillum 
25.77%, in c o m b i n a t i o n w i t h 90 kg N ha- 1. Th is is
obv ious , since increase in fer t i l izer doses at a cer ta in
level decreases a crop's response. I n o c u l a t i o n w i t h
Azotobacter and Azospirillum over N levels p r o -
duced 16 and 2 1 % higher g ra in yields on an average
over the non inocu la ted con t ro l .

Conclusions

The results ind icate that about one- th i rd o f the
recommended level of fer t i l izer N cou ld be saved i f
seed bacter izat ion w i t h ei ther cul tures is done before
sowing. Th is is o f par t i cu la r signif icance to those
farmers w h o are no t in a pos i t i on to invest in fe r t i l i z -
ers. In a d d i t i o n to the k n o w n benefits f r o m associa-
t ive n i t rogen f i x a t i o n ( W a n i 1986), the increase in
c rop yields have also been a t t r i bu ted to the p roduc-
t i o n o f g r o w t h - p r o m o t i n g substances by either o f
these organisms (T i en et a l . 1979, Vlassak and
Reynders 1981) and also due to the posi t ive effects of
Azospirillum r oo t development and r o o t uptake of
minerals and water ( K a p u l n i k e t a l . 1982). In the
present invest igat ion Azospirillum brasilense was
found to be ei ther super ior to A. chroococcum or at
par w i t h i t . T h e in te rac t ion effects on g ra in yields
between N fer t i l izer levels and seed bacter izat ion
w i t h ei ther cul tures were observed to be ins ign i f icant
in so rghum and pear l m i l l e t , bu t s igni f icant i n maize
and wheat.

Pr ior i t ies for F u t u r e Research

Based on results o f the present exper iments the f o l -
l o w i n g lines o f w o r k are suggested:

1. Response of c rop genotypes to Azospirillum 

shou ld be tested under f ie ld cond i t ions . Th is
i n f o r m a t i o n w o u l d be useful f o r breeding geno-
types hav ing enhanced n i t rogen - f i x i ng ab i l i t y .

2 . I so la t i on and screening o f d iazo t roph ic azospi -
r i l l a strains hav ing h i g h ni trogenase ac t i v i t y f r o m
a w ide range of hosts i n c l u d i n g cereals, vegeta-
bles, grasses, sugarcane, po ta to , g inger, t u rmer i c ,
etc., shou ld be under taken.

3. C o m p a t i b i l i t y of Azospirillum w i t h seed-dress-
i ng fungicides, insecticides, and fer t i l i zer n i t r o -
gen shou ld be studied.
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Discussion

G . S . M u r t y :

At wha t level o f N -app l i ca t i on was the saving o f

one- th i rd to t w o - t h i r d o f the recommended n i t rogen

dose observed, 20 kg ha- 1, 40 kg ha- 1, or more? The

recommended dose fo r so rghum and maize is 100 kg

N ha- 1.

B . K . Konde:

Sav ing of one- th i rd N (33 kg N ha- 1) has been

observed in so rghum and maize and a saving o f 20%

N (12 kg N ha- 1) in pear l m i l l e t and one- th i rd N (30

kg N ha- 1) in wheat .

P . V . Ra i :

We need to l o o k fo r the qua l i t y o f p ro te i n i n the

grains f r o m the inocu la ted t reatment , a l t h o u g h i t

a lways gives h igher p ro te in .

B . K . Konde:

Th is may be inc luded in ou r research projects. Yes,

we have also a l ready est imated the p ro te in conten t

o f gra ins in a l l crops, but the data presented are

conf ined to fodder and g ra in yields and N content in

p lant tissues, o w i n g to l i m i t a t i o n o f t ime.

G.S. Jadhav:

S m a l l p l o t size may be the reason f o r very h i g h y ie ld .

B . K . Konde:

T h e net p l o t size ranged f r o m 9 to 20 m2 .

N.S . Subba Rao:

At the h igher level o f fer t i l izer n i t r ogen app l i ca t i on ,

the a m o u n t of fer t i l i zer N left beh ind unu t i l i zed is

no t k n o w n . S imp le a r i t hmet i c ca lcu la t ion o f savings

is convenient to present, bu t deduct ions fo r res idual

n i t rogen may have to be done.

B . K . Konde:
W e l l , we have no t est imated the q u a n t u m o f fe r t i l -

izer n i t rogen left beh ind ; however , th is suggest ion

w i l l be taken i n t o cons idera t ion wh i l e p l a n n i n g

fur ther exper iments.

S.P. W a n i :

Highe r N percentage in p lan t tissues and increased

biomass w i l l  result i n very h igh N uptake. The data

need to be rechecked fo r unusual ly h igh values.

B . K . Konde:

Yes, 1 agree w i t h y o u r comments bu t can' t deny the

facts that we observed. However , in fu ture exper i -

ments, we shal l take due care to ensure the p roper N 

es t imat ion o f p lant tissues.

V . R . Rao :

In y o u r studies on so rghum, the percentage N in

p lant tissues due to i nocu la t i on increased f r o m 0.3%

in the c o n t r o l t o 0.8%. C o u l d y o u t h r o w some l i gh t

on this?

B . K . Konde:

Th is increase i s a t t r i bu ted to b io log ica l l y f i xed N,

besides the fer t i l izer n i t rogen suppl ied t h r o u g h the

soi l in the f o r m of urea. These data, as suggested by

other members, w i l l be checked.

S.T. Shende:

W h y was the i nocu la t i on effect a t par w i t h h i gh

n i t rogen app l ica t ion? Was i t due to l o w eff ic iency o f

N app l i ca t i on d u r i n g that season?

B . K . Konde:

I t is a t t r i bu ted to the reason that h igher level of N 

fer t i l izer app l i ca t i on m i g h t have depressed the

nitrogenase ac t i v i t y o f the organisms, a l t h o u g h

increased levels of N fer t i l izer a lone also increased

yields and the i r parameters.
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G. Obl isami:

In y o u r data on i n o c u l a t i o n o f maize w i t h A . chrooc-

occum and Azospirillum brasilense, the zero level of

fer t i l izer n i t rogen gave h igher g ra in y ields than 100%

fer t i l izer n i t rogen alone. H o w do y o u exp la in th is

phenomenon?

B . K . Konde:

I t h i n k the reasons m i g h t be (1) h i gh organic mat te r

(organ ic C 0.6%) content of the so i l , (2) h i gh rates of

fer t i l izer n i t rogen depressing ni trogenase ac t i v i t y ,

and (3) more g r o w t h - p r o m o t i n g substances being

produced in the absence o f h igher levels o f fer t i l izer

N .
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Root-Associated Ni t rogen F ixa t ion in Finger M i l l e t

M . N . U p a d h y a y a1 , S . V . Hegde2 , P . V . R a i2 , a n d S .P . W a n i3

Summary

This paper presents the results of investigations carried out on some aspects of root-associated 

nitrogen fixation in finger millet ( E l e u c i n e c o r a c a n a Gaertn). Soil-root nitrogenase assay of 53

finger millet cultivars belonging to four maturity groups indicated (1) low levels of nitrogenase 

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 early- or 

late-maturity groups, and (6) no apparent relationship between nitrogenase activity and dry-

matter production. Nitrogenase activity of finger millet soil-root system was further affected by 

plant age, soil moisture, and diurnal changes. All 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 P s e u d o m o n a s and E n t e r o b a c t e r . Inoculation of

finger millet cultivar Indaf 7, 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 of applied nitrogen showed a net gain equivalent to 63-9.4 

kg N ha-1 from inoculation. 

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

Finger m i l l e t (Eleusine coracana Gaer tn) is an
i m p o r t a n t f o o d c rop i n the semi-ar id t rop ics ( S A T ) ,
pa r t i cu la r l y i n I n d i a a n d Eastern A f r i c a . The c rop
ranks f o u r t h in area (5 m i l l i o n ha) and p r o d u c t i o n
(4.5 m i l l i o n t ) a m o n g mi l le ts i n the w o r l d . I n d i a
accounts fo r 4 5 % o f the w o r l d p r o d u c t i o n .

C o n t r i b u t i o n s o f nonsymb io t i c n i t r ogen f i x a t i o n
associated w i t h f inger m i l l e t and o ther mi l le ts ,
t h o u g h felt to be substant ia l , have been w ide rang ing
(20-148 kg N ha- 1) due to d i f ferent methodo log ies
used by d i f ferent workers ( M o o r e 1963, Jenk inson
1977, D a r t and W a n i 1982). Studies were conduc ted
at the Un ive rs i t y o f A g r i c u l t u r a l Sciences, Banga-
lore, on (1) root-associated ni t rogenase ac t i v i t y o f 53
f inger m i l l e t cu l t i va rs , (2) occurrence o f d iazo t rophs ,

(3) i nocu la t i on response, (4) factors af fect ing n i t r o -
gen f ixat ion, and (5) n i t rogen balance.

Screening G e r m p l a s m

Fi f ty - three cu l t ivars represent ing b o t h pure- l ine
selections and hybr ids i n f ou r m a t u r i t y g roups were
screened fo r the i r ab i l i t y to s t imula te n i t rogenase
ac t i v i t y ( C2 H 2 reduct ion) i n the rh izosphere a t the
f l ower i ng and pos t f lower ing g r o w t h stages (Tab le
1). Unp lan ted soi l and f inger m i l l e t cu l t i vars I n d a f 5 
were inc luded as checks in each g roup . T h e p lants
were g r o w n in po ly thene bags f i l l ed w i t h 3.3 kg so i l .
The so i l surface in each bag was covered w i t h a 5 -cm
t h i c k grave l , and the bags were kept immersed in a 
sand bed to a v o i d a lgal g r o w t h a t the so i l surface a n d

1. PhD Student, Austral ian National University, Canberra, Australia.

2. Senior Microbiologist, and Professor and Head, Department of Agricul tural Microbiology, University of Agricultural Sciences, Gandhi

Krishi Vignana Kendra ( G K V K ) , Bangalore, Karnataka 560 065, India.

3. Microbiologist, Pearl Mi l let improvement Program, I C R I S A T , Patancheru, A .P. 502 324, India.

I C R I S A T (International Crops Research Institute for the Semi-Arid Tropics). 1986. Cereal nitrogen f ixat ion. Proceedings of the Work ing

Group Meeting, 9-12 Oct 1984, I C R I S A T Center, India. Patancheru, A .P . 502 324, India: ICR ISAT .
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at the interface of so i l a n d bag. A basal dose of 50 kg

each of N, P2O5, and K2O ha- 1 equiva lent was app -

l ied t h r o u g h a m m o n i u m sulfate, superphosphate,

and potass ium ch lo r ide respectively. Plants were

watered as requ i red w i t h tap water and one day

before assay the mo is tu re content of the bags was

adjusted to 70-80% wa te r -ho ld ing capaci ty ( W H C ) .

F o r ni t rogenase assay, the m e t h o d f o l l o w e d by W a n i

et a l . (1983) was used.

T h e general level o f ni trogenase ac t i v i t y asso-

ciated w i t h 53 f inger m i l l e t cu l t i vars was l o w , a n d the

g r o u p means ranged f r o m 2 to 267 nmoles C2 H 4 h- 1

bag- 1 or 1 to 59 nmoles h- 1 g- 1 r o o t mass (Tab le 1).

R a n k i n g o f cu l t i vars based on r o o t ac t i v i t y d i f fered

when expressed as g- 1 r oo t t han on bag- 1 basis. T h e

mean ni trogenase ac t i v i t y o f 0.2-13 nmoles h- 1 bag- 1

i n the unp lan ted so i l suggested s t i m u l a t i o n o f

ni trogenase ac t i v i t y by the p lant . Increased n i t roge-

nase ac t i v i t y i n Assay I I over Assay I i n m a t u r i t y

groups I and I I ind ica ted h igher ac t i v i t y d u r i n g post-

f l o w e r i n g g r o w t h stages. The m a x i m u m nitrogenase

ac t i v i t y o f i n d i v i d u a l p lants in th is s tudy was 488

nmoles C2 H 4 h- 1 bag- 1. Th is i s m u c h lower t h a n the

ac t i v i t y o f 1064 nmoles C2 H 4 h- 1 core- 1 recorded fo r

f i nge r m i l l e t cu l t i va r PR 202 a t I C R I S A T Center

( I C R I S A T 1978) and 374 nmoles C2 H 4 h- 1 g- 1 d r y

mass by Dommergues et a l . (1973).

W i t h i n a cu l t i va r , p lan t - to -p lan t va r i a t i on in

nitrogenase ac t i v i t y f r o m 10 to 488 nmoles C2 H 4 h- 1

bag- 1 i n cu l t i va r T N A U 169 and 5-359 nmoles C2 H 4

h- 1 bag- 1 in cu l t i va r I n d a f 5 was observed. Such

var ia t ions have also been recorded in so rghum and

pear l m i l l e t ( W a n i e t a l . 1983).

Of the 53 cu l t ivars tested, the ac t i v i t y was more

Table 1. Nitrogenase activity (nmoles C 2 H 4 h - 1 ) 1 of soil-root system of f inger millet cultivars during two assays.1

M a t u r i t y

C u l t i v a r

Assay 1 Assay I I

g r o u p

( D a y s t o 5 0 %

C u l t i v a r D A S 3

R a n g e / C u l t i v a r 2

D A S

R a n g e / C u l t i v a r 2

flowering) C u l t i v a r D A S 3 bag - 1 g - 1 r o o t D A S bag - 1 g - 1 r o o t

I

(56-62)

V L 1 1 4 , V L 1 1 5 , V L 116

V L 1 1 8 , V L 110,

P E S 83 -2 ,PES 400

R A U 3 , R A U 7 , R A U 5 , R A U 2 ,

R E C 4 5 - 1 , R E C 13-1

55 12-70 2-30

R E C 13-1 R E C 13-1

R E C 45-1 V L 115

(38)

62 10-138

R E C 45-1

P E S 83-2

(68)

4-46

R E C 45-1

P E S 83-2

I I

(63-70)

V L 117, I n d a f 9 , H R 374,

PR 177,PR 1103,

P R 1091 , P E S 176,

T N A U 1 6 9 , T N A U 167,

T N A U 193, T N A U 256,

T N A U 160, T N A U 294

70 2-30 1-11

T N A U 160 T N A U 160

T N A U 169 T N A U 169

(13)

92 56-267 8-59

V L 117 P R 1103

T N A U 169 P R 1091

(131)

H I

(71-78)

H R 9 1 9 , H R 1 5 4 , H R 2823

R O H 2 , H R 1541 ,

P u r n a , P R 230 , PR 202 ,

B 7 -7 -43 ,PES 110, J N R 981-1

J N R 8 5 2 , J N R 1008

ND4 N D 94 21-166

P R 230

B 7-7-43

(85)

3-24

P R 230

B 7-7-43

I V

(79-89)

I n d a f 1 , I n d a f 3 , V R 550,

I n d a f 7 , I n d a f 8 ,

I n d a f 1 0 , I n d a f 1 1 , V R 530

K M 13, I E 1012, U 6 , U 10

(51) A 104

N D N D 99 19-12

I n d a f 8 

I E 1012

4-32

I n d a f 8 

I n d a f 10

1. Mean of 4 replications. Indaf 5 and implanted soil were used as checks. Nitrogenase activity of unplanted control ranged f rom 0.2 to 13 nm

C 2 H 4 bag -1.

2. Mean nitrogenase activity.

3. P A S = Days after sowing.

4. ND = Not determined.
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t han 300 nmo le C2 H 4 h- 1 bag- 1 in 12 cu l t ivars ,

between 200 to 300 in 8 cu l t ivars, between 100 to 200

n m o l in 20 cu l t ivars , and less than 100 in 13 cu l t ivars .

Such va r i ab i l i t y fo r ni trogenase ac t i v i t y amongst

f inger m i l l e t cu l t ivars has also been observed ear l ier

( I C R I S A T 1978). The top f ive cu l t i vars , based on

m a x i m u m ac t i v i t y , were T N A U 169, T N A U 256,

Purna , IE 1012, and I n d a f 9 , in that order . Least

ac t i v i t y was f o u n d i n R A U 7 . General ly , h y b r i d

selections showed h igher ni trogenase ac t i v i t y t han

pure- l ine selections (Tab le 2).

The m e d i u m - m a t u r i t y cu l t ivars (groups I I and

I I I ) had higher ni trogenase ac t i v i t y than ei ther ear ly-

(g roup I ) o r la te -matu r i t y cu l t ivars (g roup I V ) .

M i s h r a et a l . (1980) had also f ound that m e d i u m -

m a t u r i t y cu l t ivars were more p roduc t i ve than ear ly

or late types, based on thei r screening of 400 f inger

mi l le t cu l t ivars .

Seasonal Variation in Diazotroph Counts
and Nitrogenase Activity

Plants o f cu l t i va r I n d a f 5 were s im i la r l y g r o w n in

poly thene bags, except that 2.75 kg soi l was used in

this exper iment . The plants were inocula ted w i t h 50

mL rhizosphere-soi l ext ract . Th is extract was pre-

pared by m i x i n g 1 kg rh izospher ic soi l col lected

f r o m the f ie ld w i t h 4 L N-free sucrose m e d i u m ,

incubated fo r 42 h at r o o m temperature, f i l tered

t h r o u g h a cheese c lo th , and f ina l l y made up to 10 L 

using water. An unp lanted t reatment was also

inc luded. S ix r a n d o m l y selected p lants were assayed

fo r nitrogenase at 22, 32, 44, 59, 68, 8 1 , 105, and 129

days after sow ing ( D A S ) , f o l l o w i n g the m e t h o d

ment ioned earl ier.

Ni t rogenase ac t i v i t y increased f r o m 22 D A S (9

n m o l C2 H 4 h- 1 bag- 1) t o peak a t 68 D A S (106 n m o l

C 2 H 4 h- 1 bag- 1) and then decreased to 36 nmoles

C 2 H 4 h- 1 bag- 1 a t 105 D A S ( F i g . 1).

F o r es t imat ing the counts o f d iazo t rophs , t w o

randomly selected bags each, i.e., p lan ted and

unp lanted, were selected each t ime after assay.

Increase in nitrogenase ac t i v i t y of the so i l - roo t sys-

tem closely fo l l owed increase o f d i a z o t r o p h counts

upto 68 days, pa r t i cu la r l y the d i azo t roph coun t o f

nonster i l ized and ster i l ized roo t samples. U n l i k e the

nitrogenase ac t i v i t y that decreased 68 D A S , the d ia -

zo t roph count remained largely unchanged. Assay

a t 68 D A S gave bo th m a x i m u m nitrogenase ac t i v i t y

(129 n m o l C2 H 4 h- 1 bag- 1) as we l l as m a x i m u m d ia -

zo t roph count o f ster i l ized (4 x 109 g- 1 r oo t ) a n d

nonster i l ized (2 x 1011 g- 1 r oo t ) macerate.

In studies w i t h cu l t i va r I n d a f 5 , the d i a z o t r o p h

counts were in general h igher d u r i n g the reproduc-

t ive stage than d u r i n g the vegetative stage. R o o t -

adher ing so i l gave the m a x i m u m d iazo t roph c o u n t

(8.5 x 109) g- 1 d r y roo t , f o l l owed by nonster i l i zed

roo t macerate (3.4 x 109), and roo t wash (3.1 x 109).

Surface-ster i l izat ion o f roo t reduced the coun t f r o m

3.4 x 109 to 1.6 x 108 (g roo t mass)-1 f o r 5 m i n

ster i l izat ion, and 1.3x 106 (g r oo t mass)-1 f o r 60 m i n

ster i l iza t ion. The number o f co lony types o f d iazo-

t rophs d i d no t increase f r o m the vegetative to r ep ro -

Table 2. Screening of pure-line and hybrid selections of different origin for the root-associated nitrogenase activity.

N o . o f
N o . o f cu l t i va rs h a v i n g

Highes t n i t r o -

c u l t i -

vars

n i t rogenase ac t i v i t y

( n m o l C 2 H 4 p l an t - 1 h - 1 )
M o s t

ac t ive

genase a c t i v i t y

( n m o l C 2 H 4

O r i g i n Pedigree tested > 3 0 0 200-300 100-200 < 1 0 0 c u l t i v a r p l an t - 1 h - 1 )

K a r n a t a k a H y b r i d 15 5 4 2 4 I n d a f 9 361

T a m i l N a d u H y b r i d 6 3 0 3 0 T N A U 169 488

A n d h r a P radesh Pure l i ne 7 0 1 3 3 P R 1091 250

M a d h y a Pradesh Pu re l ine 5 1 1 2 1 J N R 852 354

U t t a r P radesh Pure l ine 11 1 2 6 2 P E S 83-2 324

B i h a r Pu re l i ne 4 0 0 2 2 R A U 5 183

Or issa P u r e l ine 2 1 0 1 B 7-7-43 314

E x o t i c c o l l e c t i o n Pu re l i ne 3 1 0 1 1 I E 1012 403

T o t a l 53 12

(23)*

8

(15)

20

(37)

13

(25)

1. Figures in parentheses are percentages.
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duct ive g r o w t h stage. A m a x i m u m o f 15 c o l o n y
types were observed in nonrh izospher ic so i l , and
surface-steri l ized r o o t macerate showed 5 to 6 c o l -
ony types. A t o t a l o f 40 isolates tha t g rew consist-

en t l y o n N-f ree m e d i u m were f i na l l y ob ta ined i n
pure cul tures.

W h e n the 40 d i a z o t r o p h isolates f r o m cu l t i va r
I n d a f 5 were screened f o r A R A , a l l bu t 3 isolates

S o i l - r o o t a c t i v i t y
S o i l a c t i v i t y

S h o o t mass

R o o t mass

120

100

8 0

60

40

20

0

22 32 44 59 68 8 1 105 129

Age ( d a y s )

F i g u r e 1 . S e a s o n a l p a t t e r n o f n i t r o g e n a s e a c t i v i t y a n d s h o ot a n d r o o t mass o f f i nge r m i l l e t c u l t i v a r I n d a f 5 .

50

4 0

3 0

20

10

0
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produced less t han 2 nmoles C2 H 4 h- 1 tube- 1. Of
these three isolates, N o . 38 a n d 45 were ident i f ied as
Enterobacter cloacae and Isolate N o . 23 was
Azospirillum-like. T h e rest of the isolates were spe-
cies of Pseudomonas or Enterobacter cloacae. Iso-
lates f r o m f inger m i l l e t were compared w i t h three
reference cul tures, i.e., N B R E (napier bajra r o o t
ex t rac t ) , A. lipoferum ( 4 A B L ) , and Azospirillum 
lipoferum ( I C M 1001) fo r in-vitro ac t i v i t y . T h e c u l -
tures N B R E and 4 A B L showed f o u r - f o l d more
ac t i v i t y t han the isolates f r o m f inger m i l l e t . H o w -
ever, E. cloacae showed h igher ac t i v i t y t han A.
lipoferum. H ighest ac t i v i t y (115 nmoles C2 H 4 h- 1

tube- 1) was recorded in the N B R E cu l tu re .

Effect of Soil Moisture

Effect o f mo is tu re on ni t rogenase ac t i v i t y o f f inger
m i l l e t I n d a f 5 was studied by m a n i p u l a t i n g the mois-
ture regime in the so i l and by us ing an in tac t -p lan t
assay me thod ( W a n i et a l . 1984). The plants were
g r o w n in so i l in plast ic bags, and a basal dose of 25
kg N and 50 kg each of P2O5 and K2O ha- 1 t h r o u g h
urea, superphosphate, and potass ium ch lo r ide was
app l ied . T i l l the moisture- level t reatments were
imposed, a l l the plants were watered u n i f o r m l y .
Ni t rogenase ac t i v i t y of the so i l - roo t system as
affected by six mois ture levels ( 20% W H C to 90%
W H C ) increased w i t h increasing so i l mo is tu re .
There was no s igni f icant change in ni trogenase act iv -
i t y between mois ture levels va r y i ng f r o m 19% to 4 7 %
W H C . L inear regression o f average ni t rogenase
ac t i v i t y against so i l -mois ture content ind icated a 
s igni f icant co r re la t i on ( r=0 .788) .

Diurnal Variation

T e n p lants o f cu l t i va r I n d a f 5 were g r o w n in 6 - L
plast ic pots con ta in i ng 6 kg a l l uv i a l so i l . A basal
dose of 25 kg N a n d 50 kg each of P2O5 a n d K2O was
app l ied . T h e cond i t i ons f o r g r o w i n g p lants were
s im i la r to those descr ibed by W a n i e t a l . (1984).
Ni t rogenase ac t i v i t y was est imated us ing in tac t -
p lan t assay technique ( W a n i et a l . 1984). Acety lene
gas was injected at 1200 and gas samples were c o l -
lected at 2 h in tervals up to 2400. S o i l tempera ture in
the p o t a t each assay t i m e was recorded. T h e d i u r n a l
pa t te rn o f n i t rogenase ac t i v i t y i s shown in F igu re 2 .
M a x i m u m ac t i v i t y o f 104 n m o l C2 H 4 h - 1 p lan t- 1 was
recorded between 10 am a n d 12 n o o n .

Response to Inoculation with Nitrogen-
Fixing Bacteria

Response of f inger m i l l e t cu l t i va r I n d a f 7 to seed
inocu la t i on w i t h d i azo t roph cul tures (ob ta ined f r o m
I C R I S A T Center) was studied at 25 and 50 kg ha- 1

levels o f app l ied n i t rogen , under greenhouse and
f ie ld s i tuat ions. In the greenhouse, p lants were
raised in 25 cm x 15 cm i r o n cores f i l l ed w i t h 3/75 kg
a l l u v i a l so i l . T h e basal dose consisted o f a pa r t o f the
N a long w i t h 50 kg each o f P2O5 a n d K2 O . T h e
rema in ing N was app l ied as a t op dressing. In each
case, a single p lan t was g r o w n . The seeds were
soaked f o r 18 h in b r o t h cu l tu re of bacter ia as per the
t rea tment a n d d r ied . A t sowing , each core was i noc -
u la ted w i t h 8 mL b r o t h cu l tu re . T h e non inocu la ted
b r o t h served as the c o n t r o l . Surface so i l in the cores
was covered w i t h gravel and the mo is tu re con ten t i n
the cores was ma in ta ined a t a r o u n d 7 0 % W H C .

T h e g r a i n a n d s t raw yields increased s ign i f i can t ly
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over the c o n t r o l due t o i nocu la t i on w i t h N B R E
(37%) and S R I (35%) ( F i g . 3). I n o c u l a t i o n w i t h A .
l i p o f e r u m ( 4 A B L ) increased leaf number bu t no t
p lan t height over the c o n t r o l . N i t r o g e n a lone or
in te rac t ion of N x i nocu la t i on had no s igni f icant
effect on y ie ld parameters. N i t r o g e n content o f g ra i n
increased 50% f r o m i nocu la t i on w i t h N B R E and
4 7 % w i t h S R I ; t o t a l up take o f n i t rogen b y the p lan t
increased 7 2 % w i t h N B R E and 6 6 % w i t h S R I . I noc -
u l a t i o n had no effect on n i t rogen content o f s t raw.
In te rac t i on of N x i nocu la t i on ( N B R E ) increased N 
content o f g ra in by 1 % , wh i l e N alone had no effect.

In the f ie ld exper iment , a l l the cul tures used in the
po t t r i a l except the S R I isolate were used. The exper-
iment was conducted f o l l o w i n g randomized-b lock
design and 2 m x 2 m plots f o r each t reatment ,
repl icated fou r t imes. The N, P, and K t reatments
were as in the case of the po t exper iment . Seeds were

soaked in peat- inoculant suspension fo r 18 h, a i r
d r ied and sown in rows 22.5 cm apart . Each p lo t was
inocu la ted a t sow ing w i t h peat- inoculant suspension
(1 g peat i nocu lan t suspended in 500 mL water )
u n i f o r m l y . I n o c u l a t i o n o f f inger m i l le t w i t h a l l the
cul tures o f N2 - f i x i n g bacter ia increased g ra in o r
straw yields by 8-10% over the c o n t r o l p lants, bu t the
increase was no t s igni f icant (F ig . 4) . A p p l i c a t i o n o f
N also gave nons ign i f icant y ie ld increases over the
c o n t r o l p lants. Highest above-ground y ie ld (5552 kg
ha- 1) was obta ined w i t h A . L ipo fe rum ( I C M 1001)
inocu la t i on + 50 kg N ha- 1, f o l l owed by N B R E cu l -
ture + 25 kg N ha-1 (5168 kg ha- 1) . N i t r o g e n content
o f f inger m i l l e t s t raw increased by 0.3% due to i nocu -
l a t i on w i t h N B R E and N uptake increased by 12 kg
ha- 1 ( F i g . 5). A p p l i c a t i o n of 50 kg N ha- 1 increased
gra in n i t rogen uptake by 25 kg ha- 1, bu t had no
effect on straw n i t rogen content .

F i g u r e 3 . Response o f f i nge r m i l l e t c u l t i v a r I n d a f 7 t o i n o cu l a t i o n w i t h d i a z o t r o p h s i n a p o t t r i a l .
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Nitrogen Balance

N i t r o g e n balances (postharvest N -p resow ing N in
soi l) due to the g r o w t h of f inger m i l l e t I n d a f 5 as
affected by p lan t ing , i nocu la t i on , and three levels o f
n i t rogen (0, 25, and 50 kg ha- 1) were studied in po t
cu l tu re in the greenhouse ( F i g . 6). M a x i m u m posi-
t ive n i t rogen balance (200 mg por- 1) was f o u n d in
inocu la ted f inger m i l le t at the 0 level app l i ed -N ,
w h i c h also showed the least loss of so i l n i t rogen (5
mg po t- 1) . M a x i m u m loss o f so i l n i t rogen was f o u n d
in the unp lan ted po t w i t h 50 kg ha- 1 app l ied N . F i n a l
N-balances in inocu la ted and p lan ted systems were
200, 168, and 198 mg pot- 1. In the unp lan ted system,
there were negative balances of 11 , 58, and 93 mg
pot- 1 respect ively at the 0, 25, and 50 kg app l i ed -N
levels. Even t h o u g h inocu la ted pots showed a h igher
balance (188 mg p o r1 ) t han the non inocu la ted po t

(161 mg po t- 1) , the difference was no t s ign i f icant .
P lan t i ng I n d a f 5 resulted in an N ga in of 175 mg
pot- -1, whereas in the unp lanted system there was a 
loss of 49 mg N po t- 1 . The system gains of N in pots
due to i nocu la t i on ex t rapo la ted to a net ga in o f 6.3,
7.6, and 9.4 kg N ha- 1, respectively, at the 0, 25, a n d
50 kg ha- 1 app l i ed -N levels.
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Heterotrophic Ni t rogen F ixa t ion as Inf luenced
by Ferti l izers in Rice-Soi l Systems

V . R a j a r a m a m o h a n R a o , J . L . N . R a o , and T . K . A d h y a1

Summary

The rice rhizosphere-soil nitrogenase is affected by several environmental and cultural factors. 

We investigated the effects of mineral fertilizers on soil nitrogenase under laboratory and field 

conditions, employing gas chromatographic acetylene-reduction assay. Studies indicate that the 

level form, and method of fertilizer nitrogen application influenced the nitrogenase associated 

with the rhizosphere. The application of urea briquettes significantly enhanced nitrogenase 

activity, the extent of stimulation varying with the method of application and the growth phase of 

the rice plant. Among the phosphate sources tested, superphosphate exerted stimulatory i n f l u -

ence on nitrogenase, while rock phosphate was less effective. Based on this and earlier research 

from this laboratory, there is an urgent need to evaluate the overall contribution of N2 f i x a t i o n to

the nitrogen economy under the impact of improved rice technology. 

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

Fer t i l i zer is one of the key inputs in c rop p r o d u c t i o n ,

but the i n f o r m a t i o n on its inf luence on n i t rogen

f ixat ion in the rice rhizosphere soi l is rather l i m i t e d .

It has been we l l established that ni trogenase is

depressed by fer t i l izer n i t rogen. However , under

f ie ld cond i t ions , the effects of n i t rogen fer t i l izer

ei ther s ingly o r i n c o m b i n a t i o n w i t h other nut r ients

cou ld be compl i ca ted o w i n g to p lan t absorp t ion and

other f ie ld factors. I n f o r m a t i o n on the effect o f

phosphorus app l i ca t ion on so i l ni t rogenase in

low land- r i ce soils is also not avai lable. We have

examined the po ten t ia l n i t rogen- f i x i ng ac t i v i t y i n

rhizosphere soi l as inf luenced by di f ferent sources of

fer t i l izer n i t rogen , phosphorus, and cer ta in manage-

men t prac t ices unde r f i e l d a n d l a b o r a t o r y

cond i t i ons .

M a t e r i a l s a n d M e t h o d s

A f ie ld exper iment was conducted to evaluate the
inf luence o f f o rms a n d methods o f app l i ca t i on o f

urea n i t rogen on the nitrogenase ac t i v i t y o f the

rhizospher ic soi l . N i t r o g e n was app l ied as urea p r i l l s

and urea br iquettes at a rate of 40 kg N ha- 1, in

a d d i t i o n to 20 kg ha- 1 each o f P2O5 and K2 O , to a l l

t reatments. Urea briquettes were app l ied beh ind the

p l o w or to sha l low water between the rows a m o n t h

after sowing. The treatments w i t h p r i l l ed urea

inc luded broadcast and i nco rpo ra t i on , urea app l ied

behind the p l o w and between seed rows. W a t e r was

a l lowed to accumulate in the f ie ld a f o r t n i gh t after

ge rm ina t ion , and the level reached about 50 cm by

60 days after sow ing ( D A S ) . The water level var ied

between 40 cm and 50 cm up to 120 D A S a n d

gradua l ly decl ined thereafter.

In a l l t reatments, rh izospher ic so i l (2 g fresh w t )

was col lected per iod ica l ly f r o m three p lants f r o m

each p lo t a n d transferred to 125x 16 mm B - D V a c u -

tainer ( N e w Jersey) tubes fo r acetylene ( C2 H 2 )

reduc t ion analysis. The incuba t ion and analysis

were conducted as per the procedures described by

N a y a k e t a l . (1980), Mahapa t ra and R a o (1981), and

R a o et al. (1983). H i g h - p u r i t y n i t rogen served as a 

carr ier gas at a f low rate of 30 mL min- 1.

The effect o f d i f ferent levels and sources of phos-

1. Microbiologist, UGC Teacher Fellow, and Microbiologist, Central Rice Research Institute, Cuttack, Orissa 753 006, India.

I C R I S A T (International Crops Research Institute for the Semi-Arid Tropics). 1986, Cereal nitrogen f ixation. Proceedings of the Work ing
Group Meeting, 9-12 Oct 1984, I C R I S A T Center, India. Patancheru, A.P. 502324, India: ICR ISAT .
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phorus on so i l ni trogenase ac t i v i t y was evaluated in
a l abo ra to r y i ncuba t i on study. A l l u v i a l and P-
def ic ient a lka l ine soils were a i r d r ied , screened
t h r o u g h <2 mm sieve, and 5 g placed in B - D vacu-
ta iner tubes. One set of soils was f looded (1.5 cm
stand ing water) and the o ther was kept a t 50% water-
h o l d i n g capaci ty ( W H C ) A l l t reatments were rep l i -
cated three t imes. Phosphorus was app l ied as
K 2 H P O4 to p rov ide 0, 10, 20, 40, 80, and 100 p p m P 
levels. I n another exper iment r ock phosphate, d i ca l -
c i u m phosphate, and superphosphate were app l ied
to y ie ld f i na l concentrat ions o f 0 , 20, 40, and 60 p p m
P. Ni t rogenase ac t i v i t y was de termined at d i f ferent
in terva ls . T h e rema in ing avai lab le P was est imated
as Olsen's P.

The popu la t ions o f d i f ferent groups o f n i t r ogen -
f i x i n g mic roorgan isms in the soils under d i f ferent
t reatments were coun ted by conven t iona l ser ia l-
d i l u t i o n techniques on N-free media. Azospirillum 

sp was counted f o l l o w i n g the m e t h o d suggested by
O k o n e t a l . (1977), and anaerobic n i t rogen f ixers and
Azotobacter by the procedure o f R a o e t a l (1973).
Results presented are the means of f ive replicates fo r
Azospirillum and anaerobic N2 f i xe rs , and three
replicates f o r Azotobacter. 

Results

Nit rogenase was, in general , s t imula ted by the a p p l i -
ca t ion o f 40 kg N ha- 1, pa r t i cu la r l y d u r i n g the i n i t i a l
54 D A S (Tab le 1). Ni t rogenase ac t i v i t y was s ign i f i -
cant ly ( P < 0 . 0 5 ) reduced when the urea br iquet tes
were app l ied to s tand ing sha l low water , whereas i t
was h i gh w h e n the br iquettes were app l ied ei ther
beh ind the p l o w or between the rows. Perhaps the
increased N concen t ra t ion in the rh izosphere so lu -
t i o n cou ld have reduced the n i t rogen ava i l ab i l i t y ,
resul t ing in a reduc t ion in ac t i v i t y when the urea was
app l ied to s tand ing sha l low water . In fact, app l ica-
t i o n o f urea br iquet tes to the r o o t zone prevents
n i t rogen loss a n d results in the s lower release o f
n i t rogen . Thus , the s lower supp ly o f l o w levels o f
n i t rogen m i g h t have favored ni trogenase ac t i v i t y .
A d d e d - N is k n o w n to s t imula te so i l n i t rogenase
(Know les and D e n i k e 1974, T ro l leden ie r 1977, Cha -
r y u l u et a l . 1981).

Urea br iquettes resulted in a s igni f icant (P<0 .05 )
increase i n g ra in y ie ld , compared w i t h the c o n t r o l , i n
a l l methods o f app l i ca t i on . T h e ni trogenase was,
however , affected by the m e t h o d of N app l i ca t i on .
Thus , no apparent co r re la t i on existed between the

Table 1 . Nitrogenase activity (n m o l C 2 H 4 g - 1 soil d - 1 ) in

the rhizosphere as influenced by f o r m and method of n i t ro-

gen appl icat ion.

Table 1 . Nitrogenase activity (n m o l C 2 H 4 g - 1 soil d - 1 ) in

the rhizosphere as influenced by f o r m and method of n i t ro-

gen appl icat ion.

Table 1 . Nitrogenase activity (n m o l C 2 H 4 g - 1 soil d - 1 ) in

the rhizosphere as influenced by f o r m and method of n i t ro-

gen appl icat ion.

T r e a t m e n t
D a y s a f te r s o w i n g

(40 k g N ha - 1 ) 30 47 54 76 88 102

W i t h o u t N 

fe r t i l i ze r 580 420 390 250 150 210

Urea p r i l l s

A p p l i e d be tween

seed r o w s 640 510 450 320 230 170

Broadcas t a n d

i n c o r p o r a t e d 760 450 430 310 480 170

A p p l i e d beh ind

the p l o u g h 740 430 400 140 150 190

U r e a b r ique t tes

A p p l i e d i n

s h a l l o w wa te r 570 130 200 180 170 190

A p p l i e d b e h i n d

the p l o u g h 620 620 540 360 310 370

S E ±38 ±25 ±33 ±27 ±27 ±20

nitrogenase and the c rop y ie ld under these
si tuat ions.

O u r results ind icate tha t phosphorus a d d i t i o n
s t imu la ted nitrogenase ac t i v i t y in the t w o soils
(Tab le 2), and the s t imu la t i on was more p ronounced
under non f looded cond i t ions . The s t imu la t i on by
phosphorus was more apparent in the a l l uv i a l so i l .
Thus the effect o f phosphorus on ni trogenase
depended on the water regime and so i l type. These
differences cou ld be a t t r i bu ted to the a l terat ions in
the avai lable P under t w o water regimes in the soils.
In fact, the avai lab le P disappeared faster in the
P-def ic ient so i l t han in a l l uv ia l so i l .

A d d i t i o n o f superphosphate and d i ca l c i um phos-
pha te s t i m u l a t e d n i t rogenase a c t i v i t y a l m o s t
t h r o u g h o u t i ncuba t i on , wh i l e the r o c k phosphate
had an innocuous effect (Tab le 3). Superphosphate
was super ior over o ther P-sources in enhanc ing so i l
ni t rogenase and c rop yields on th is a l l u v i a l so i l .

A d d i t i o n o f phosphorus i n a l l u v i a l so i l had l i t t l e
effect on the popu la t ions of Azospirillum, anaerobic
N 2- f i xe rs , a n d Azotobacter (Tab le 4) . In contrast , i n
a P-def ic ient so i l , the a d d i t i o n o f phosphate s t i m u -
lated the p o p u l a t i o n o f Azospirillum and A z o t o b a c -

ter. T h e s t imu la t i on was more apparent at the 10
p p m P level. T h e P-def ic ient so i l , however, had
higher numbers o f Azotobacter t h a n the a l l u v i a l
so i l . Changes in the m i c r o b i a l popu la t ions and levels
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of avai lable P m igh t be responsible f o r changes in

nitrogenase ac t i v i t y in the soils.

O u r results suggest that rh izosphere so i l n i t rogen-

ase is inf luenced by the mode of app l i ca t ion of f e r t i l -

izer n i t rogen. The level and source o f phosphorus

app l ied to r ice soils under non f looded and sub-

Table 2. Inf luence of phosphate on soil nitrogenase activ-

ity (n m o l C 2 H 4 g - 1 soil d - 1 ) in two soils under f looded and

nonflooded conditions.
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ity (n m o l C 2 H 4 g - 1 soil d - 1 ) in two soils under f looded and

nonflooded conditions.

Table 2. Inf luence of phosphate on soil nitrogenase activ-

ity (n m o l C 2 H 4 g - 1 soil d - 1 ) in two soils under f looded and

nonflooded conditions.

Days o f i n c u b a t i o n

P-level
11 16 25 30

P-level
11 16 25 30

ppm F 1 N F 2 F N F F N F F N F

A l l u v i a l so i l

0 30 80 30 100 40 80 N D 3

10 40 100 50 90 40 90

20 70 590 40 200 50 70

40 80 310 40 160 40 30

80 90 290 50 170 80 20

100 70 430 70 60 130 20

L S D ( P < 0 . 0 5 ) 18 97 10 34 10 11

( P < 0 . 0 1 ) 25 136 15 48 15 15

P-def ic ient a l ka l i ne so i l

0 80 120 100 40 60 60 70 30

10 80 490 100 250 120 120 90 130

20 80 130 140 70 110 100 120 90

40 150 150 120 140 100 70 100 50

80 250 170 150 180 90 110 70 50

100 170 200 200 60 140 10 100 20

L S D ( P < 0 . 0 5 ) 48 105 30 37 33 21 17 24

( P < 0 . 0 1 ) 67 147 43 52 46 30 24 34

1. F = Flooded.

2. NF = Nonflooded.

3. ND = Not determined .

merged cond i t ions also exh ib i ted p r o f o u n d i n f l u -
ence on nitrogenase ac t i v i t y and the p o p u l a t i o n o f
n i t rogen f ixers. Th is s tudy opens up a fu r ther need to
m a n i p u l a t e f e r t i l i ze r -managemen t prac t ices t o
exp lo i t the benefit o f b io log ica l n i t rogen f i x a t i o n f o r
r ice under these s i tuat ions.
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Table 3. Effect of P-sources on soil nitrogenase ( n m o l

C 2 H 4 g - 1 soil d - 1) in a submerged alluvial soil .

P-level

p p m

D a y s o f i n c u b a t i o n

P-source

P-level

p p m 8 14 19 22 25 29

C o n t r o l 0 40 150 90 40 40 30

R o c k 20 20 150 110 50 50 40

phospha te 40 80 90 40 30 10 30

60 70 130 60 50 30 30

D i c a l c i u m 20 100 157 130 50 50 40

phospha te 40 90 160 130 40 40 30

60 100 160 150 80 50 50

Super 20 100 110 150 50 40 40

phospha te 40 120 180 210 50 40 30

60 150 160 140 40 40 40

L S D ( P < 0 . 0 5 ) 34 31 29 21 19 14

( P < 0 . 0 1 ) 47 42 40 29 N S 1 19

1. NS = Not significant.

Table 4. Populat ion of N 2 - f ix ing microorganisms as influenced by the phosphate level in f looded soils (12 days

incubat ion) .

S o i l

P- level

( p p m )

N i t r o g e n - f i x i n g p o p u l a t i o n g - 1 d r y so i l

Azospirillum A n a e r o b i c N Azotobacter 

( x 106) fixers (x105 ) (x10 4 )

F1 N F 2 F N F F N F

A l l u v i a l

P-def ic ien t

a l ka l i ne

0

10

80

0

10

80

16

2.8

16

0.5

13.0

2.8

0.14

0.60

0.12

0.45

13.5

0.18

2.4

2.8

2.8

1.4

0.17

1.7

1.4

1.7

2.4

0.24

0.24

0.17

5

2

3

47

122

98

7.5

1.8

6.5

9

21

14

1. F = Flooded.
2. NF = Nonflooded.
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Discussion

N.S . Subba Rao:
H o w do y o u estimate Rhizosphere in the rice p lan t

in wet land?

V . R . R a o :
The rhizosphere co l lec t ion and sampl ing f r o m wet-

land soils of ten pose several prob lems. We consider

the soi l f rac t ion attached to the rice roots as the

rhizosphere.

G.S.Mur thy :

D i d y o u s tudy the i nd i v i dua l effects o f N and P on
nitrogenase ac t i v i t y , or the i r comb ined effect?

V . R . R a o :

We have i n f o r m a t i o n on the independent and c o m -
bined effects o f N and P on r ice rhizosphere N2

f i xa t i on . The deleterious effect of h igher levels of N 
on nitrogenase is al leviated by the app l i ca t ion of
higher levels of P to the system.

D . Purushothaman:

C o u l d y o u te l l us the response of rice genotypes to
inocu la t i on w i t h Azospirillum'! 

V . R . R a o :

We have l im i t ed i n f o r m a t i o n on the genotype
response to Azospirillum i nocu la t i on w i t h regard to
y ie ld .

U.S. Kundu :
W h a t is the percentage of azospir i l la in the r ice
rhizosphere?

V . R . R a o :

Azospirillum is one of the N2 f ixers associated w i t h

rice. Conv inc i ng quant i ta t ive data on the percentage

of azospi r i l la in r ice rhizosphere are not avai lable.

C.P. Ghonsikar:

W h a t i s the re l iab i l i t y o f A R A methodo logy i n wet-
land cond i t ions o f rice cultures? A n y di f f icul t ies i n
assay techniques? I f there are, wha t special tech-
niques are adopted?

V . R . R a o :

A R A method in wet land cond i t ions cou ld a t best be
qua l i ta t ive and is of ten employed fo r screening and
evaluat ing the N2 - f i x i n g po ten t ia l under such cond i -
t ions. There are several d i f f icul t ies associated w i t h
this assay system l i ke gas d i f fus ion, i n i t i a l lag, so lu-
b i l i t y , etc. Th is technique s t i l l needs per fect ion and
improvements are in progress.

P. Tauro:

W h a t is the number of azospir i l la in the rice soil?

V . R . R a o :
106 g-1 so i l .
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Effect of Certain Organic Amendments
and Potassium on the Bacterization

of Rice wi th Azotobacter chroococcum 

N . N . Prasad1

Summary

The effect of Sesbania, glyricidia and sunhemp (green manures), and paddy straw on the 

bacterization of Oryza sativa L. with Azotobacter chroococcum was studied. Among the t r e a t -

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. Potassium 

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. 

I n t roduc t i on

Ni t r ogen f ixat ion is an energy-consuming process
and the ava i lab i l i t y o f carbohydrate in soi l assumes
m u c h signif icance fo r the f i xa t ion o f a tmospher ic
n i t rogen. Under f ie ld condi t ions, app l i ca t ion o f
organic amendments, therefore, becomes essential
f o r the exp lo i t a t i on o f the n i t rogen- f i x ing po ten t ia l
of Azotobacter. Some of the data obta ined on the
bacter izat ion of r ice (Oryza sativa L . ) w i t h A.
chroococcum are summar ized below.

Results

In studies on the effect o f green manures and paddy
straw on the bacter izat ion o f r ice w i t h Azotobacter 
at A n n a m a l a i Un ivers i ty , Sesbania + Azotobacter 
gave the m a x i m u m increase in g ra in y ie ld (31.7%)
over the c o n t r o l (Table 1), wh i le g l y r i c id ia + A z o t o -
bacter gave a 31.1 % increase and sunhemp + A z o t o -

bacter gave a 2 3 . 1 % increase in g ra in yields (Prakash
and Prasad 1980).

Organic amendments a long w i t h Azotobacter 
have also increased the straw y ie ld and 1000 g ra in
mass. Interest ingly, the add i t i on of organic amend-
ment combinat ions w i t h Azotobacter i n o c u l a t i o n
have marked ly augmented shoot n i t rogen content ,
when compared to either Azotobacter i n o c u l a t i o n
or organic amendments alone (Prakash 1977).

W o r k done a t A n n a m a l a i Un ivers i ty revealed tha t
w i t h Azotobacter i nocu la t ion the o p t i m u m level o f
fer t i l izer N cou ld be reduced f r o m 120 to 90 kg ha-1

fo r the rice c rop (Prakash 1977). The organic-mat ter
app l i ca t ion was also found to be beneficial to the
Azotobacter i nocu la t ion . To investigate this aspect
fur ther, Azotobacter was inoculated at three levels
o f g ly r i c id ia app l i ca t ion a t t w o levels o f n i t rogen
(Nagara jan 1978). The results revealed the poss ib i l -
i t y of reducing the rate of fert i l izer N to 60 kg N ha- 1

f r o m 90 kg N ha- 1, i f supplemented w i t h g l y r i c ida
app l i ca t ion at 7.5 t ha-1 and inoculated w i t h Azoto-

1. Professor and Head, Department of Microbiology, Annamalai University, Annamalai Nagar, Tamil Nadu 608 002, India.

I C R I S A T (International Crops Research Institute for the Semi-Arid Tropics). 1986. Cereal nitrogen fixation. Proceedings of the Working
Group Meeting, 9-12 Oct 1984, ICR ISAT Center, India. Patancheru, A.P. 502 324, India: ICRISAT.
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Table 1 . Effect of organic amendments (6 t ha - 1 ) and A z o -

tobacter inoculation on grain yield of rice.

Table 1 . Effect of organic amendments (6 t ha - 1 ) and A z o -

tobacter inoculation on grain yield of rice.

Increase

Increase over

G r a i n over respect ive

y ie ld c o n t r o l c o n t r o l

T r e a t m e n t ( k g ha-1) (%) (%)

C o n t r o l 3136 - -

Azotobacter 3526 12.5 12.5

Sesbania 3835 22.3 -

Sesbania + Azotobacter 4124 31.7 9.4

G l y r i c i d i a 3526 12.5 -

G l y r i c i d i a + Azotobacter 4109 31.1 18.6

S u n h e m p 3467 10.6 -

S u n h e m p + Azotobacter 3860 23.1 12.5

Paddy s t raw 3089 -1.4 -

Paddy s t raw + Azotobacter 3610 15.1 16.8

C D ( P < 0 . 0 5 ) 0.48

bacter (Tab le 2). At the 90 kg N ha- 1 level, a d d i t i o n
of 7.5 t ha-1 g ly r i c id ia gave a 32.1% increase in g ra in
y ie ld , wh i le w i t h 60 kg N ha- 1 + 7.51 ha-1 g l y r i c id ia ,
g ra in y ie ld increased by 27.8%.

The effect o f neem cake on bacter izat ion of rice
(var. white ponni) w i t h Azotobacter d u r i n g the
samba (northeast monsoon) season (Oct 1979-Feb
1980) was studied (Sahu l Hameed 1980). Neem cake
was appl ied at 0, 6, 8.5, 12.5, and 25 t ha-1 w i t h
Azotobacter i nocu la t ion . N i t r ogen app l i ca t ion at
120 kg N ha- 1, w i t h o u t Azotobacter i nocu la t i on or
neem cake, served as the con t ro l .

The results have shown that neem cake appl ica-
t i o n in c o m b i n a t i o n w i t h Azotobacter i nocu la t i on
on rice can give g ra in y ie ld increases of 12.1-15.2%
and straw y ie ld increases of 15.9-18.7% (Tab le 3).

Table 2. Effect of glyricidia and N wi th Azotobacter 

chroococcum inoculation on grain and straw yields of rice.

Table 2. Effect of glyricidia and N wi th Azotobacter 

chroococcum inoculation on grain and straw yields of rice.

T r e a t m e n t

G r a i n y ie ldG ly r i c i d i a N i t r o g e n G r a i n y ie ld S t r a w y ie ld

(t ha - 1 ) ( k g ha - 1 ) ( k g ha - 1 ) ( k g ha - 1 )

0 90 5029 14275

0 60 4611 13618

2.5 90 5325 15702

2.5 60 4942 13672

5.0 90 6019 16197

5.0 60 5710 15043

7.5 90 6642 17460

7.5 60 6425 16583

Table 3. Effect of neem cake and Azotobacter inoculation

on grain yield of rice.

Table 3. Effect of neem cake and Azotobacter inoculation

on grain yield of rice.

T r e a t m e n t
G r a i n Change

overN e e m cake N i t r o g e n A z o t o - y ie ld

Change

over

( t ha - 1) ( k g ha - 1 ) bacter1 ( k g ha - 1) c o n t r o l 2

0 90 4650 +9.4

6 90 4764 +12.1

8.5 90 4816 +13.3

12.5 90 4848 +14.1

25.0 90 4895 +15.2

0 90 N I 3884 -8.6

0 120 N I 4250 -

1.1 = Inoculated, NI = Not inoculated.
2. Control= 120 kg N ha-1 only.

The neem cake app l i ca t ion marked ly augmented
the Azotobacter popu la t i on in the rhizosphere at 75
D A S . The increase in popu la t i on o f this organ ism
was up to 41.8 x 103 at 25 t ha-1 neem cake, as
compared to 22.3 x 103 w i t h no neem cake appl ica-
t i o n (Tab le 4).

We studied the effect of graded levels of potass ium
app l i ca t ion on the azotobacter izat ion o f rice (var.
white ponni). Potassium app l i ca t ion increased g ra in
and straw yields of rice as also the 1000-grain mass.
The app l i ca t ion of K w i t h Azotobacter i nocu la t i on
augmented the Azotobacter popu la t i on in the rh izo-
sphere of r ice. The popula t ions increased to 20.46x

103 at 200 kg K2O ha-1 as compared to 12.1 x 103

w i t h o u t K app l i ca t ion (Tab le 5).

Table 4. Effect of neem cake and Azotobacter inoculation

on rhizosphere populat ion of Azotobacter (x 103 g -1 oven-

dry soil).

Table 4. Effect of neem cake and Azotobacter inoculation

on rhizosphere populat ion of Azotobacter (x 103 g -1 oven-

dry soil).

Table 4. Effect of neem cake and Azotobacter inoculation

on rhizosphere populat ion of Azotobacter (x 103 g -1 oven-

dry soil).

Trea tmen ts D a y s a f te r

N e e m cake N i t r o g e n
A z a t o t r a n s p l a n t a t i o n

( t ha - 1 ) ( k g ha - 1 ) bacter1 15 35 55 75

0 90 I 13.8 17.7 19.6 22.3

6 90 I 16.3 19.5 23.2 26.1

8.5 90 I 14.0 21.9 26.5 29.3

12.5 90 I 20.1 23.9 28.5 31.9

25.0 90 I 26.4 29.9 34.8 41.8

0 90 N I 12.6 15.1 17.2 18.5

0 120 N I 11.2 13.2 15.7 17.8

1. 1 = Inoculated, NI = Not inoculated.
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Table 5. Effect of potassium application wi th Azotobac-

ter chroococcum inoculat ion on the rhizosphere popula-
t ion of Azotobacter (x 103 g-1 oven-dry soil).

Table 5. Effect of potassium application wi th Azotobac-

ter chroococcum inoculat ion on the rhizosphere popula-
t ion of Azotobacter (x 103 g-1 oven-dry soil).

Table 5. Effect of potassium application wi th Azotobac-

ter chroococcum inoculat ion on the rhizosphere popula-
t ion of Azotobacter (x 103 g-1 oven-dry soil).

Potass ium
Days after t ransp lan ta t ion

( k g K2O ha- 1) 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 Mycor rh iza
in Cereals at I C R I S A T Center

K . R . Kr ishna 1

Abstract

The vesicular arbuscular mycorrhizal symbiosis is widespread on both sorghum and pearl millet 

grown in SAT regions. Pearl millet genotypes tested across three field locations showed a large 

variation in mean mycorrhizal colonization, which ranged between 25 and 56%. Root c o l o n i z a -

tion percentage varied significantly (P<0.05) 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 fungi for 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. 

1. Microbiologist, Pearl Mil let Improvement Program, ICRISAT, Patancheru, A.P. 502 324, India.

ICR ISAT (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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The use of E L I S A (Enzyme-Linked Immunosorbent
Assay) for Qual i ty Assessment of Bacterial Inoculants

P . T . C . N a m b i a r1

Abstract

One of the major reasons for the failure of BNF technology i n f o r m e r s ' fields is the poor quality of

inoculants. The conventional plant-infection technique is often used to enumerate rhizobia in 

carrier-based inoculants. At ICRISAT Center, we have standardized ELISA for the quality 

control of R h i z o b i u m inoculants. The plant-infection technique is time consuming and laborious. 

The test plant has to be grown for 25-30 days for 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 of eight inoculum packets by the plant-infection technique, while only 

a single ELISA plate is needed for the same number of peat packets. This technique can be 

modified for the quality assessment of other bacterial inoculants. 

1. Microbiologist, Groundnut Improvement Program, ICRISAT, Patancheru, A.P. 502 324, India.

ICR ISAT (International Crops Research Institute for the Semi-Arid Tropics). 1986. Cereal nitrogen fixation. Proceedings of the Working
Group Meeting, 9-12 Oct 1984, ICR ISAT Center, India. Patancheru, A.P. 502 324, India: ICRISAT.
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R e c o m m e n d a t i o n s

T h e need t o have f a i r l y u n i f o r m p r o c e d u r e s f o r m e a s u r i n g t he a m o u n t o f n i t r o g e n

f ixed by s o r g h u m a n d m i l l e t s u n d e r in situ c o n d i t i o n s was r e c o g n i z e d as a p r e r e q u i s i t e

f o r e m b a r k i n g o n m o r e i n t e n s i v e research o n t he B N F t e c hn o l o g y o f these c r o p s . T h e

a c e t y l e n e - r e d u c t i o n m e t h o d ( A R A ) , e m p l o y i n g w h o l e p l an t s e i t h e r b y a x e n i c p l a n t

c u l t u r e s i n o c u l a t e d w i t h N2 - f i x i n g b a c t e r i a o r b y n o n d i s t u r b e d s o i l co res o r i n t ac t

p l a n t assay, w a s c o n s i d e r e d t o b e a p p r o p r i a t e f o r q u a l i t at i v e l y e s t i m a t i n g the n i t r o g e -

nase a c t i v i t y a n d , hence, t he N2 - f i x i n g a b i l i t y o f these p l a n t s . T h e p l a n t e d s o i l c o r e

m e t h o d , s t a n d a r d i z e d b y I C R I S A T sc ient is ts , was e n d o r se d t o mee t t he assay r e q u i r e -

m e n t s f o r t h i s p u r p o s e .

S ince t h e t i m e o f i n c u b a t i o n w i t h ace ty lene gas c a n b e a v a ri a b l e f a c t o r i n s u c h

assays, i t i s r e c o m m e n d e d t h a t the t i m e cou rse assay b e t er m i n a t e d w h e n t h e l i n e a r i t y

o f t he r e a c t i o n beg ins t o cease. W h e n e v e r q u a n t i t a t i v e m ea s u r e m e n t s a re needed , t he
1 5N d i l u t i o n t e c h n i q u e has t o b e reso r ted t o , c h o o s i n g a sui t ab le n o n f i x i n g c o n t r o l

p l a n t .

I n s o f a r a s p o t c u l t u r e o r f i e l d e x p e r i m e n t s are c o n c e r n ed , t he t o t a l b i o m a s s o f t he

p l a n t ( r o o t , s h o o t , a n d g r a i n ) , i n d i v i d u a l l y o r c o l l e c t iv e l y , m a y b e t a k e n a s t he

y a r d s t i c k t o measu re the o v e r a l l benef i t s f r o m i n o c u l a t i o n w i t h b a c t e r i a l c u l t u r e s .

S u c h a m e a s u r e m e n t w o u l d t ake i n t o a c c o u n t t he benef i ts d e r i v e d b y N2 f i x a t i o n a s

w e l l a s b y o t h e r f a c t o r s , such a s g r o w t h - p r o m o t i n g substances o r e n h a n c e d n u t r i e n t

u p t a k e c o n c o m m i t a n t w i t h i m p r o v e d r o o t g r o w t h . T h e d e s ig n a n d c o n d u c t o f t he f i e l d

e x p e r i m e n t s s h o u l d b e le f t t o the a g r o n o m i s t s , b u t m i c ro b i o l o g i s t s have t o superv i se

i n o c u l a t i o n p r o c e d u r e s a n d w a t c h the p rog ress o f e x p e r i me n t s t o r e c o r d o u t b r e a k o f

pests a n d diseases, w h i c h m a y l i m i t o r m a s k benef i t s f r o m BN F . I n these e x p e r i m e n t s ,

f e r t i l i z e r n i t r o g e n s h o u l d b e k e p t w i t h i n 3 0 - 4 0 k g N ha- 1 .

T h e r e c a n b e b o t h l o n g - t e r m a n d s h o r t - t e r m a p p r o a c h e s t o f u t u r e research o n B N F

t e c h n o l o g y f o r s o r g h u m a n d m i l l e t s .

T h e l o n g - t e r m a p p r o a c h e s m a y i n c l u d e the f o l l o w i n g :

1 . T o search e x t e n s i v e l y f o r c u l t i v a r s t h a t e x h i b i t c o n s is t e n t l y h i g h n i t r o g e n a s e

a c t i v i t y a n d p l a n t b i o m a s s o u t p u t u n d e r d i ve rse stress c o n d i t i o n s i n t he s e m i -

a r i d t r o p i c s , w i t h a v i e w t o e v e n t u a l l y t r ans fe r t he b en e f i c i a l t r a i t s t o c u l t i v a t e d

va r i e t i es t h r o u g h i n t e n s i v e p l a n t - b r e e d i n g m e t h o d s . Th i s l i n e o f w o r k m a y a l so

i n c l u d e d e s i g n i n g o f b r e e d i n g p r o c e d u r e s t o f i n d o u t i f the h i g h p r o d u c t i o n

a t t r i b u t e o f p l a n t s a re i n h e r i t a b l e .

2 . T o e x p l o r e v a r i e t a l i n t e r a c t i o n w i t h spec i f i c b a c t e ri a l species o r s t ra ins .

3 . T o e x c h a n g e b a c t e r i a l g e r m p l a s m a n d m a i n t a i n t h e m a t d i f f e r e n t centers .

T h e s h o r t - t e r m s t ra teg ies m a y i n c l u d e t h e f o l l o w i n g :

1 . T o test t he e f f i c i e n c y o f s u p e r i o r b a c t e r i a l c u l t u r e s i n e n h a n c i n g the y i e l d

p o t e n t i a l o f s o r g h u m a n d m i l l e t s u n d e r f i e l d c o n d i t i o ns i n t he s e m i - a r i d t r o p i c s .
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2 . T o test v a r i o u s m e t h o d s o f i n o c u l a t i o n u n d e r f i e l d c o n di t i o n s t o e v o l v e a 

s u i t a b l e m e t h o d .

3 . T o q u a l i t a t i v e l y a n d q u a n t i t a t i v e l y d e f i n e t he e x t e n t o f g r o w t h - p r o m o t i n g s u b -

stances p r o d u c e d b y e f f i c i e n t s t r a i n s o f b a c t e r i a i n p u r e c u l t u r e s a n d i n t h e

r h i z o s p h e r e o f c r o p s .

4 . T o i n t e n s i f y w o r k o n i d e n t i f i c a t i o n o f h i t h e r t o u n d e f i n ed N 2 - f i x i n g b a c t e r i a i n

s o r g h u m a n d m i l l e t s .

5 . T o q u a n t i t a t i v e l y e s t i m a t e t h e p r e p o n d e r a n c e o f severa l t ypes o f N2 - f i x i n g

b a c t e r i a i n t h e r o o t r e g i o n , b y s t a n d a r d i z i n g t he e n u m e ra t i o n p r o c e d u r e s .
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