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T 1 - c  quantum jumps i x ~  cex-eal crop yields durhng tlxe era o f  "green 
revolution" h agriculture k the 1960's were largely through the 
a d o p t i o x -  o f  highly N-fertilizer responsive pl-t genotypes- hspite o f  
a x ~  -1Lrrrited supply of N2 h the air, maxxufacturhg o f  1 kg o f  
fertilizer N requires 18-5 M C a I ,  six t-es more energy t1-1ax-1 that 
needed to-produce either I) o r  X C  fertilizer (1)- M-ufacmrmg the- 



fertilizer for today's needs requires 544 x 109 MJ of fossi fuel energy 
(2, 3) which is equivalent to about 13 milliol~ tonnc,s of oil - a 
non-renewable resource. In India we have to reach tl-~e estin~atcd 
target of 230-240 million tomes of foodgrains by 2000 AD. C)n  the 
other hand the demand for fertilizer nitrogen produccd by using 
non-renewable fossil fuels . cannot be met through domestic 
production. In such a scenario, help of microbes which do not need 
fossil energy is of immense value for increasing soil prc )ductivity in 
India where most of the agriculture is low-input sub:;istc*nce farming 
through biological nitrogen fixation (BNF) or increased efficiency of 
the fertilizers applied. The association between non-l-.gumc:s and 
N2- fixing bacteria as shown by increased N2ase activity is now well 
established (4-7). The list of N2-fixing bactcria assr rciateci with 
lion-legumes includes species of Achro1rlobnclcr, Accf 01)rrcf~v; 
Alcaligtwes, Artllrobater, Azotobacter, Azotonro~ras, Bnc.ill~r:;, Ucijrr,iilckin 
Clostridilc?n, Canlpylobncter, Coynebacferilct~~, Dcr.xi~l, i.lcs~rl/i~~~ibric)r 

t 
E~~terobacter, Enuhgia, fIerbaspirilllr~~l, Klebsiel:n, Lig1?0/:~7ctei,, 
Mycobactcrilr~rl, Metl~ylosi~z~rs, Pscudor~lor~ns, r\i-o~fos~~ii.ilizir~!, 
~ i~od~sc~~dor i ror tns ,  and Xn~~thobocter (8). 

Diazotrophs like Herbaspirillu~~i spp. grow c n d o p ! ~ ~  tically in tht  
stems and leaves of sugarcane. There is evidence i )  shoiv that 
Acetobactcr diazoiropl~iciis is the main contributor of cmdg ~phytic UNI;, 
which according to N-balance studies was found to be its liigh as 150 

-1 -1 
kg N ha y in sugarcane (9). Another N2- fixing cndcpl~ytc which 
is of considerable interest is Atoarcus. This diazotl opl inha171 ts t11c 
roots of Kallar grass (Leptocllloa ftisca) which yields 20 40  t uf hay - 1 -1 
ha y without the additioi( of any N fertilizer in salinc-sodic, 
alkaline soils having low fertility (10). Iitcent studies havc 
demonstrated the endophytic colonization of sicit rt-o ts by other 
Nz-fixing bacteria Alcaliget~esfaecalis (11, 12) and 11, rba .pii.ill~riir spy. 
(13). Herbmpirillrr~~l spp. have also been isolatcd f r o ~ l ~ ~ s t c n ~ s  and 
leaves of rice (13). Hurck et al. (14). showed tliat the N:-fixing 
endophyte Azoarcrrs BH72 has the ability to invade ,lnd colonizc rice 
roots. 

Although many genera and species of N2-fi:,ing bactt*~.ia are 
isolated from the rhizosphere of various cereals, n~,linl./ mcml~ers of 
Azotobncter and Azospirill~rtrr genera have been wid.,ly 'te:.led to 
increase yields of cereals under field conditions. ?'l.resl. bactcria are 
stimulated in the rhizosphere of cereal crops and a sclectio~~ for 
particular type of bacteria also occur in the root zone. Azospirilla 
and azotabacters are active N2 fixers under laboratory conditions, 
generally found wherever these are sought and can w e  a variety of 
carbon and energy sources for their growth on combix~cd N or N2 (8). 

A survey of 200 fields in the traditional sorghum and millet-grow big 
areas in North-Westem India showed the most probable number 
(MPN) of Nz fixers varying from lo2 - 16 g-l soil. Out of 3760 isolates 
obtained from these soils following MPN and dilution plate count 
technique, 42% isolates showed N2ase activity iri vitro (6). In another 
study out of 546 different isolates obtained from the rhizosphere of 
pearl millet grown at ICNSAT Center, only 17/0 ~ ~ l a t e s  showed N2 
are activity iir vitro. Pearl millet rhizosphere was dominated by 
azospirilla, constituting 72*/0 of total Nrfixing isolates followed by 
entcrobacters (12%), azotobactcrs (11%) and puseudomonads (5%") 
(15). 

It is commonly thought that these bacteria could be exploited 
to increase crop yields through increased BNF. To increase crop 
yields, the route of artificial inoculation of plants with N2- fixing 
bacteria has been tried. Many experime~~ts have been performed in 
several cou~~tr ies  to investigate the effects of inoculation of various 
strains of Azofobacter cllroococczlr~~ and Azospiri/lti~ll spp. 011 cereals 
and grasses. Several field experiments in Tlelgium, Brazil, 
Czechoslovakia, Egypt, Israel, India, Germany, Poland, USA and 
erstwhile USSR wit11 different crops, inoculated with different 
N2-fixing bacteria, showed increased yields and / or increased N 
accull~ulatioir by plants, and soxnetimes resulted i.n decreased yields 
becausc of inoculation. 

Ln this article, the results of several field inoculation trials with 
azospirilla and azotobactcrs, mcchanistns of increasu~g crop yields 
and the extent of BNF1s contribution to sustainable agriculture are 
reviewed. Recent developments in the area of non-legume 
N2-fixa tion are also discussed. 

2. CROP RESPONSES TO INOCULATION 

Plant responses to inoculation with azotobactcrs and azospirilla 
hi cereals non-cereals arc often reported in terms of increased 
grain yield, plant biomass yield, nutrient uptake, grain and tissue N 
contents, nitrogenase activity, early floweril~g, tiller numbcrs, 
grcatcr plant height, leaf size, increased enzyme levcls in plant parts, 
increased number of spikes a r d  grains per spike, ..thousand grain 
wcight, increased root length and incidences of reduced insect and 
disease infestation (8,16). Recent reviews (8,17) have evaluated the 
worldwide crop responses to inoculation with azotobacters and 
azospirilla. The results indicated that in many cases inoculations 
increased plant yields but such increases were variable (statistically 



significant increases and sometime negative). Thc rcsponscs varied 
wit11 crops, cultivars, locations, scasol~s, agsononric pl*actic.cs, 
bacterial strains, level of soil fertility, and interaction wit11 native soil 
microflora. 

Wani (8) reviewed the comprt.hcr~sivc ciiit'~ ob ta  incd l ro~n ficlcl 
experiments conducted in erstwhile USSR w11 icl~ ~ N ~ M I O ~  t l ~ a  t ou l of 
1095 expcrimcnts, 890 (81%) experiments s l lo~~ccl  ii~crcac*c s is 1 yic>lds 
of cereals and vegetables and the incrc.;~ws .~tnuuntvd 10 111% iin o111y 
514 (47",/0) experiments. Silnilarly, si.\.cral . s~~l~s( \q!  cnl I~cld 
cxpcrimcnts showcd increased crop vic\lds due 10 ,'lzofoli~it l i l r -  

h~oculation (Tablc 1). In the Estonian S.S i\. region, : csul ts o f  117 i:cld 
experilncnts on the use of Azolobnc&et~dc:nor:stratcd t11.1t. \rofoli:it-lrr. 
is cffectivc only in soil with a native Azofo:ulc:r~- p ~ j ~ ~ : ~ l ~ i t i ~ n .  I llis 
observation looks strangc since it 1s ir,encrally i i~oug l~ t  i i ~ a t  
inoculation is successful in soils that inC~\*c very low or no 1 ~ o p u l ~ ~ : i o ~ n  
of the inoculant bacteria. Furtlrcr, i t  wns su~gcs ted  \h,rt ~~.rstc;ld of 
Az~tobnctcr  inoculation i t  ~vould bc nlorc cc~~.r\~elnic-~nt t o  cr 111;lllcc~ ii\c 
gro\vth of the native Azotobncfcr poy~ilation 111 11x2 so11 I y trelll rng 
seeds wit11 trncc elemcnts and otl~er g r o ~ v t l ~  factors ('18) In A ~ r s t s ~ l I ~ i ~ ,  
out of 71 field trials wit11 Azc1tol1r7clcr inuculation of ivhcnt, in 28 11 in!s 
grain yields increased by 5'%, in 4 trials ncgativc re. i~lts  v.crc 
obscrvcd and in 39 trials no cffcct on grain yiclds w c ~  c c )b s  sr\.cd i 1'1). 

Table 1. Sumn~ary of cereal crop responses to /Izo!obl7ci~*r 11 ~oculillion 
ix~ differcnt regions of the USSR (8). 

------ -- -- 
Crop No. of Av. '% increase i l l  

cxpcri~nen ts ----L tic 1.1 - 
Spring whca t 66 15.') 
Wintcr wheel t 33 12 7 

Barley 56 8.(' 

Foxtail millet 2 39 0 
Oats 73 12 < 
Rye 7 19.1 
Millet 9 5.($ 
Corn 2 7 10 11 -- -. 

Of late, attention has been shiftcd from Azolobnclcr to 
Awspirillunl as an inoculLmt as it 11as widespread distribution in wilt 
is easy to culture and identify because of its curved form and type of 
motility. and is relatively efficient in utilization of carbon to support 
Nyfixation. In an evaluation of the reported world wide success of 
Azofobacfer and Awspirillu?~~ inoculatio~~, it was concluded that 

;ta tisticnlly significant yield increases were obtained in 
3pproximately 60% of the trails in erstwhile USSR, Isracl and India 
(8). Mean grain yield of pearl millet increased significantly (up to 
33%)) due to inoculation with N2-fixing bacteria over the respective 
noninoculated controls in 14 out of 24 field experiments (Table 2). In 
one experiment with A. liyoferunt and two experiments with A. 
cllroucacclcni no response was observed. In two other experiments 
grain yields decreased by 2.7% after inoculation with A .  lipofenini 
and by 4.5'%, after inoculation wit11 A, cl~taococci~~r~.  Field cvpcrirnents 
at TCIiISAT Asia Center (IAC) with sorghun~ showcd that 
inoculation with Azospirill~l~il and Azotobactcr incrcascd the grain 
yiclds marginaliy ovcr the uwinoculated control. In a field trial on an 
Alfisol with three sorghum hybrids CSH 1, CSH 5, and CSH 9, 
it~oculated with Azosy irilluni lipoferzr?~i cmd A. c l~roococc~~m grain y i d d  . 
was marginally increased by 6% over the control because of 
il-ioculation (5). Another trial with tl~rce sorgl~um cvs CSM 5, CSH 9, 
arnd SI'V 351 and 10 inoculation treatments showed only xnarginal 
increase (2 - 10%) in grain and plant dry matter yield across the cvs 
bccausc of inoculation with N2-fixing bacteria ovcr the uninguliltcd 
control (6). Scveral field trials with different crops ir~oculated with 
azotobactcrs and azospirilla reviewed by Wani (8) indicated that 
pearl millet and sorglnum which arc grown as dryland crops showed 
11 - 1270 increased yields due to inoc~~lations. hJaize, wheat and rice, 
which reccive better nn(magement and inputs $an pearl millet and 
sorgtn~im sho~red  15 - 20% increased yiclds due lo inoculation. 

111 Isracl, field inoculation exycrimcr-its with Azospirillunz were 
carried out using different cereal crops, varieties, and different 
fertilization levels (22). These experiments were conducted on large 
plots (200 - 1000 m ) with 4 - 6 replications and the agronomic 
practices used were iden tical to those used for commercial 
production. Thirty-one such field experiments were conducted and - in rlwst cases, the effect of Azosyir*il/uni varied with the seasons, 
years. 'and the crop (Tablc 3). In gancral, inoculation of the C-4 plants 
corn, sorgl~um, I 'a,~ic~i~rr, and Sctnrin s11owd greater yield increases 
tha11 t l ~ e  iiroculntcd s p r h ~ g  wheat, a C-3 plant. With the summer 
crops, 7'5% of the experiments sl-.owed significant increases and 9O0/0 
of the cxperimcnts showed increases >5%. The optimum 
temperature for Aiospi~.illlr,rl growth is 32 - 3 5 ' ~  and it is possible 
that bacterial activity, including 13NF was greater in the summer, 
particularly UI irrigated crops. During vegetative phase of wheat 
growth, thc soil temperatures in Israel are 10 - 15'~; ncvertheless, 
inoculation of wheat with Azospirilfunr also showed significant 
increases in foliage and grain yield with lower increases than the 

d 

sununer crops. 



ncreased N assimilation by plants (26-29). I11 pearl millet inoculation 
~ i t h  Azospirill~rrn b r  Azotobacter generally increased total plant N 

I 

assimilation, and such increases were higher at sub-optimal levels of 
applied N with inoculation (8). Rased on several field trial iu~alysis, 
the average increase in N assimilation by inoculated pcarl millet was 
found to be about 5 kg h i 1  (8). Pearl millet inoculation experiments 
were conducted for three consecutive years in the same plot. 
Following three years of inoculation with N2- fixing bacteria, N 
uptakc by a pearl millet cv. ICMV1 was studied at O,20 2nd 100 k 9 
N application under field conditions. In case of 20 kg N ha' 
treatment, apparent fertilizer recovery by plants in un~nocul.~ted 
treatment was 45% whereas the apparent fertilizer recov(:ry in case 
of Azosp. lipiferurn inoculatcd treatment was 86% and with Aztb. 
cllroococctr,,t it was 113%. In case of 100 kg N 11a-l trcatnrcnt 
inoculation with Nz-fixing bacteria increased appartnt fertilizer N 
rkovery marginally by 7% over the uninoculated treatment (55 vs. 
48%). Sin~ilarly, maximum increased N assimilation (21 kg N lra-I) 
due to inoculation with Azosp. bmsilcr~sc was observed in 27 kl; N ha 

- 1 

treatment over ihe 20 kg N ha" alone showing 105% ;~pp.lrent plait 
N recovery of applied N (22). 

4. EFFECT OF SOIL NUTRIENTS 

Soil and fertilizer N affect the response to inoculation. Largest 
differences in yields are obtained when the soil is adequately but not 
excessively fertilized. In a multi-location experime~~ts w i h  pearl 
millet, higher increases in grain, plant biomass, and total N uptake 
were observed with zero N + inoculation and the expnt of response 
declined with the increasing levels of applied N (Table 4). In another 
set of experiments conducted at four locations in India with pcarl 
millet over five years it was observed that the maximum benefits of 
inoculation was seen either at 0 or 10 kg N ha-' application than with 
20 or 40 kg N ha-' application (30). Grain yields obtained from zero 
N treatments inoculated with N2-fixing bacteria were si~nililr t o  the 
yields from the non-inoculated plots receiving 20 kg N h i 1 .  It is 
therefore not uncommon to observe yield increases equivalent to 20 
kg N ha1 depending on locations, soil fertility and other factors (8). 

Table 4. hlean grain, total plant biomass yield and total plant N 
LIP take by pearl millet inoculated with Nz-fixing bacteria 
1\11rh Jifierent N lcvels (20). 

Ic\~cIs - Bacterial -._--___ ci~l ture _._. ___- unino Mean SE + 
; ha-') - 11. A. L / I  t'ou cula tcd 

~ l , l ~ , ~ / L ~ l ~ t l ~ ~ l  COCC I I I I I  COI1 trol 
. . - ^ .. -. - - __-.--- -- --- 

GI . ,~ , ,  y iv ld  ( t  ~la")*,  mean of 7 locations 

T u t ~ l  plant N uptakc (kg lia-'), rncali of 2 locations 

0 32.2(27) 29.7(18) 25.3 29.1 

2 0 37.0(13) 36.6(12) 32.6 35.4 

4 0 39.2(8) 37.3(3) 36.2 37.6 

M ~ J I I  --- --- 36.1 ---- 34.6 31.4 - 
I' = 0.01, NS = Nonsignificant. 
Flgurcs in parenthcscs indicate '10 increase over controls. 

5. OIZGANIC MANURES AND INOCULATIONS 

Nitrogen-fixing bacteria associated with non-legumcs rcquirc 
carbon for their growth and activity in soil. Adclitio~~ of org'mic 
substances introduced into the low organic matter containing 
tropical soils serve as carbon source for N2-fixing bacteria and also 
help the bacteria to overcome the antagonistic effect of soil 
microflora. Increased nitrogcnase activity was observed in the soil 
when straw' was incorporated and the activity enhanced further 
undcr warm and moist conditions (31). Sin~ilarly, addition of 3% 
W / W  farmyard m~mure to sand considerably enhanced nitrogenasc 
activity associated with sorghum m d  millet roots (32). Incorporation 
of straw (5% w/w) into Nile Delta Soil together with Azospirillunl 
inoculation increased dry matter, nitrogen content, and plant height 
of 12-week old maize plants. Nitrogenase activity associated with 
corn roots was also increased (33). The inoculation experiment 
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1. INTRODUCTION 

The quantum jumps in cerealcrop yields during the era of "green 
revolution" in agriculture in the 1960's were largely through the 
adoy tio1-1 of highly N-fertilizer responsive plant genotypes. Inspite of 
an unlimited supply of N2 in the air, manufacturing of 1 kg of 
fertilizer N requires 18.5 MCal, six times more energy than that 
needed to. produce either P or K fertilizer (1). Manufacturing the 



fertilizer for today's needs requires 544 x lo9 M] of fossi, fuel energy 
(2, 3) which is equivalent to about 13 million tonnc,s of oil - a 
non-renewable resource. In India we have to reach the estin~atcd 
target of 230-240 million tonnes of foodgrains by 2000 AD. On the 
other hand the demand for fertilizer nitrogen produccd by using 
non-renewable fossil fuels cannot be met through doil~estic 
production. In such a scenario, help of microbes which do not nee:l 
fossil energy is of immense value for increasing soil productivity in 
India where most of the agriculture is low-input sub~iistc~ncc farming 
through biological nitrogen fixation (BNF) or increased efficie~~cy of 
the fertilizers applied. The association between n(.~n-1:gurnc.s and 
N2- fixing bacteria as shown by increased N2ase aclivity is now well 
established (4-7). The list of N2-fixing bacteria associated with ' 

non-legumes includes species of Acl~rorrrobnclcr, AcctoOncfe~; 
Alcalige~zes, Artllrobater, Azotobncter, Azofonlo~ras, 13nci l l l r . : ,  Ijcijcr,i~~ckin 
Clostridirrtri, Canzyylobacter, Coyirehcferier~i, Dcl.~iii, ~ I c s ~ ~ Q ~ ~ ~ i b r i o ,  
Et~ferobncter, Enoit.~ia, I-lerbaspirillul71, Klcbsieiin, Ligi1o/:i7cfc1; 
Mljcobacteriirtrl, Metllylosiizlrs, Pseiidolllorlc~s, R ~ ~ o ~ i o s ~ ~ i ~ ~ i l l ~ ~ i ~ ~ ,  
~i;od~srr~iioniorzns, and Xn~ltltobactrr (8). 

Diazotrophs like Herbnspirillulrt spp, grow endopl~~~tically in thc 
stems and leaves of sugarcane. There is evidenrc i .)  shoi\~ t i n t  
Acetobactcr diazofropllicris is the main contributor of clncil )p11y t ic LlNI:, 
which according to N-balance studies was found to be i-'s higl~ as 150 

-1 -1 . 
kg N ha y m sugarcane (9). Another N2- fixing cndcpl.~yte which 
is of corlsiderable interest is Azoarcus. This diazo\royl.. inl~al~its  t11c 
roots of Kallar grass (Leyfocllloaft~sca) which yields 20 . 4 0  t of hay 
ha' ly'l without the additio~; of any N fertilizer in salinr-sodic, 

. alkaline soils having low fertility (10). Iiccent ~ tud ies  11avc 
demonstrated the endophytic colonization of riel! rc-ots by other 
N2-fixing bacteria Alcaligenesfaecalis (11, 12) and lit ,rbn:;/)ii.i111111/ spp. 

t (13). Herbnspirillunl spp. have also been isolated fro] 11 s ten~s  and 
leaves of rice (13). Hurck et al. (14):showed t h ~ t  !he N2-fixing 
endophy te Azoarctls BH72 has the ability to invade !111d colonizc rice 
roots. 

Although many genera and species of N2-fixing bnctcs~.ia arc 
isolated from the rhizosphere of various cereals, n~irinlt, menibers of 
Azotobacter and Azospirilllrtn genera have been wid;:ly te:,led to 
increase yields of cereals under field conditions. These bactvrin arc 
stimulated in the rhizosphere of cereal crops and a selection for 
particular type of bacteria also occur in the root zone. Azospirilla 
and azotabacters are active N2 fixers under laboratory conditions, 
generally found wherever these are sought and can use a variety of 
carbon and energy sources for their growth on combincd N or N2 (8). . . 

A survey of 200 fields in the traditional sorghum and millet-grow h g  
areas in North-Westem India showed the most probable number 
(MPN) of N2 fixers barying from lo2 - 16 g-I soil. Out of 3760 isolates 
obtained from these soils following MPN and dilution plate count 
technique, 42% isolates showed N2ase activity irl vitro (6). In another 
study out of 546 different isolates obtained fro* the rhizosphere of 
pearl millet grown at ICRISAT Center, only 1770 ~ ~ l a t e s  showed N2 
are activity in vitro. Pearl millet rhizosphere was dominated by 
azospirilla, constituting 72% of total NTfixing isolates followed by 
enterobacters (12%), azotobacters (11%) and yuseudomo~~ads (5%) 
(15). 

It is commonly thought that these bacteria could be exploited 
to increase crop yiclds through increased BNF. To u~creasc crop 
yields, the route of artificial inoculation of plants with N2- fixing 
bacteria has been tried. Many experime~~ts have been performed 111 
several countries to investigate thc effects of inoculation of various 
strains of Azotobacter cllroococcl~~~~ and Azos~)irillti~ll spp. on cereals 
and grasses. Several field expcrimcnts in T3elgium, Brazil, 
Czcchoslovakia, Egypt, Israel, India, Germany, Poland, USA and 
erstwhile USSR with different crops, inoculated with different 
N2-fixing bacteria, showed increased yields and / or increased N 
accumulation by plants, and sometimes resulted in dccreascd yields 
because of inoculation. 

LI this article, thc results of several field inoculation trials with 
azospirilla and azotubactcrs, mccl~a~~isms of incrcaslng crop yields 
and the extent of BNF's contribution to sustainable agriculture are 
reviewed. Recent developments in the area of non-legume 
N2-fixation are also discusscd. 

2. CROP RESPONSES TO INOCULATION 

Plant responses to inoculation with azotobacters and azospirilla 
in cereals and non-cereals are often reported in terms of increased 
grain yield, plant biomass yield, nutrient uptake, grain and tissue N 
contents, nitrogcnase activity, early flowerii~g, tiller nun~bcrs. 
greater plant height, leaf size, increased enzyine levels in plant parts, 
increased  umber of spikes ; u ~ d  grains per spike, .thousand grain 
weight, increased root lengtl~ and incidences of reduced insect and 
disease infestation (8,16). Recent reviews (8,17) have evaluated t l~e  
worldwide crop responses to inoculation with azo tobacters and 
azospirilla. The results indicated that in many cases inoculations 
increased plant yields but such increases were variable (statistically 
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