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Biofertilizers as Nu{ﬂant Coextends
of Other Sources for Rainfed Crops

S.P, Wani snd KK. Lee
International Crops Research Institute jor the
Semi-Arid Tropics, Patancheru 502 324

Absiract

This article deals with microbial inoculanis of
Ny-fixing bacteria, vesicular arbuscular
mycorrhizae ( VAM), phosphate solubilizets and
plant-growth promarmg rhizobacteria (PGPR} and
theix role in production of - crops Factors
determining the success of inoculant technology
along with a survey on their field performance are
discussed. The rhizobial inpculants are deualt in
greater defail as a general example, and for the
other inoculants the discussion is restricted to the
points which are specific to a parficular group of
moculants.  To popularize bigfertilizers emongst
farmers a holistic approach covering production of
quality inoculunts, selecting areas which need
inoculation, training and educating extension staff

and appropriate crop management praclices is

Suggested,
Intreduction -

Biofertilizers have an important role 1o play in
improving the nutrient suppizes and thekr crop-
gvailability in dryland crop production. Although
Rhizobium is the most researched and well known
among these, there are a number of microbia)
inoculants with possible practical application in
dryland crops where they can serve as useful
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components of integrated plant nuirient supply
systems. Such inoculants may help in increasing
crop productivity by way of-increased biological
nitrogen fixation (BNF), increased availability or
uptake of nulrienis through  solubilization or
increased absorption, stimulation of plant growth
through hormonal aclion, or antibiosis, or
decomposition of organic residuss.

Rhizobium
In the new classification the slow-growing

rthizobia are grouped under the  genus
Bradyrhizobium and the fast growers under the

" genu§ RhAizobium (Jordan, 1984), - Here, we have

used the terms Rhizobium and Bradyrhizobium
interchangeably. Much of the applied research on
BNF has aimed &t identilying efficient strains of
vacterial inoctlants, But, before cens:dermg uhzch
strain to use, it needs to be determined whether
moculanoﬂ itsélf is necessary in the first place

Most cultivated iropical zoils are believed ip
have relatively lerge populations (» 100 g dry
soil) of rhizobia (Nambiar et al. 1988), however,
surveys of farmers’ grain and fodder legume crops

. have shown poor nodulation in jarge areas and

good nodulation only in a few pockets (Fig. 1}
(Tauro and Khyrana, 1986; Wani et al. 1594}, In
s survey of farmers’ chickpea [ields around
Gwalior, Madbya Pradesh (India), 39% fields hed
< 100 rhizobia g* soil, 17% had 10%10° g soil,
and 44% fields had a popalaticn > 10° g7 sail
(Rupela et 'al. 1987). 1n 3 similar survey
conducted in 43-47 villages each in three districts
of Madhyz Pradesh, for nodulation of pigeonpea,

black gram, green gram, and lentil, nodulation was |

poor (0-10 nodules plant™} in 64 to 100% of the
surveyed area (Namdeo and Gupta, 1992). In 2
survey of groundnut in farmers’ fields in southern
India, 52 out of 35 fields showed inadequate
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Fig. 1. Nodulation status of chickpea based on 314
fields (AICPIP data cited by Taurc and Khurana,
1986) ,

ﬂGdulZﬂOE, wuh less than 10% AM of what can,
be ohtained unéer reasonablc ﬁe§d conditions
(}Iamb;ar et éi: .
nodulation was observed in some paris, ineffective

. nodules exceeded the number of effective nodules.
_ Field surveys have shown that the proportion of
Inéffective strains was as high as 40% in chickpea,

53% in green gram, and 63% in groundnut (Tauro
and Khurana, 1986). Poor nodulation in farmers’
fields could be due to inadequate soil ;:c1c>int~.1rz«:f

lack of appropriate rhizobia in the soii, mineral

deficlencyfoxicity, soil water deficit, meenged
water logging, adverse pH, and pests and diseases.

The peed to inoculate legumes must be assessed by
considering the three interdcting factors,- ;zamely )

the soll, the host plant, and Rhizobium,

Using a network approach, NifTAL initiated
the Worldwide Rhizoblal Ecology ~Network
(WREN) and conducted standardized inoculation
trials with extensive environménital dats, Thies et
al. (1991) developed a mathematical model using
raost probable number (MPN) of native rhizobia
and soil mineral N data as inputs to predict the

Compeditive and "

1982). Aiihough adequate -

" mycomhizag (VAM)
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inoculation responses at different sites. This model
has been incorporated into an interactive computer
program, called "RESPONSE", which reduces the
need for costly, site-specific field inoculation trials
1o determine the need for inoculation with
Rhizobium. Such at apptoach remains vafid to
determine the need for inoculation in most of the
cases,  However, Nambiar (1985) reported
significant vield increases in groundaut from
Cameroon, India, aad China due to inoculation
with the rhizobia strain NC 92 although the soils
had large piopuiaticns of native rhizobia. These
resuils indicate that a simulation model using only
MPN data and mineral N data cannot provide
reliable answers in all the cases; the model needs
to be fine-funed.

effective  strains: © The
ésiabfishmeni and péisikt’én'ce of -the* inoculant
strain decrcased with an{éase in PO pulation of the
native rhizobia w;tiz few exce,ptlons e.f: NC92on
groundnit (Nambiar et al. 1984) ‘Little is known
of the factors that control compemweness ‘but host

" cultivar, soil factors, soil mlcre{fam and the pature

of the competing strains can infliencé the success
of inoculant strains in  nodufe ~ formation
(Alexander, 1982).  Repeated inoculation and
higher inoculation rate of 10%10 celis-per seed at
the initial inoculation helped in early establishment
and nodulation by the inoculated strain (Nambiar
et 'al. 1984). Strains of vesicular arbuscular
significantly ~-influenced
aoduls formation by Bradyrhizobia strains. In the
absence of any VAM, when a mixture of NC 92

“and NC 43.3 was uséd as inocufart,‘strain NC 92

occupied fnore nodules (89%) than strain NC 43,3

“(34 %). 'In the.présénce of Acaulospora laevis,

86% nodules in the 'NC 92 + NC 43.3 mixture

‘were formed by NC 92, but the presence of

Glomus fasiculatus reduced the competitive ability
of strain NC 92 (49% of the nodules were those of
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NC 92) (Nembiar and Anjaiah, 158%)
Competisfion  between inoculated apd  mative
Rhizobium stains and response 1o inoculation
were less ‘proncunced in the presence of sail
ruineral N than under conditions where such N was
unavailable (Somasegaran and Bohlool, 1990).

Factqrs affecting the petformance of inoculant
strains: Being biological agents, the survival and
efficiency biofertilizers are govemed by several
factors. The seed coat of dicotyledonous plants is
often carried on top of the cotyledons into the open
air, so that only 2 part of the inoculum may be left
to multiply within the rhizosphere. In crops grown
on residual moisture, “such s chickpea, the
inoculated rhizobia cannot move downwards with

the growing root, resuiting in poor nodulation. -

Secondly, deep sowing reselts in a good crop stand
but affects nodulation adversely (Nambiar et al.
198%8),  While all methods of inoculation were
suceessful under favorable conditions, "liquid® and
"salid® methods were superior to seed inoculation
under adverse conditions (Brockwell et al. 1980).
Soil properiies ike high acidity and alkalinity
affect the survival of inoculated rhizobia (Nambiar,
1985). For such problem soils, specific straing
with the ability to overcome such adverse
conditions need to be selected as inoculants,

Camier-based inoculants are usually coated on
the seeds to introduce bacterial strains into the soil.
However, aliemative inoculation methods are
necessary where seed is to be treated with
fungicides and insecticides or where seed of crops
such as groundnut and soybean can be demaged
when inoculated with an adhesive. Contact with
superphosphate, an acidic fertllizer, can be harmul
to the imoculated Rhizobium. Often the soils
themselves are acidic, and cosating the seeds with
lime has been # popular measure for additional
protection only.

i6

Yield response to inoculation:  Little on-farm data
¢ avaiiable on the impact of inoculation on grrin
vields, In 12 trials with chickpea, inoculated plots
gave on ar average 116 kg ba” more grain than
the non-inoculgted plots. In another set of figld
demoastrations, inoculation increased grain yield
by 112-227 kg ha* (Chandra and Ali, 1986).
Grain yield of pigeonpes inoculated with effective
Rhizobium increased by 19% to 68% over non-
inoculated controls (Nambiar et al. {988). In 16
trials on research stations, inocalation of chickpea
with Rhizobium increased grain yield by 342 kg
ba* (range 30-610 kg ha™), The results of 1500
demonstrations on farmers’ fields with pigeonpea
conducted in Gulbarga district of Kamataka St’atc.‘
showed 100% increase in yield (1035 vs. 516 kg
Ba*) due 1o balanced use of DAP and Rhizobium
inoculation (Chinmulgund and Hegde, 1987), In
groundnut, inoculation responses varjed from
yields fower than non-inoculated controls to
significantly increased yields (S{abba Rao, 1976;
Nambiar et al. 1988). In 228 inoculation trials
conducted under the International Network of
Legumes Inoculation Trials (INLIT) by cooperating
scientists  in 28 couniries over the yee.fé,
inoculation with Rhizobium resulted in significant
yield increases in approximately 52% of the trials
(Davis et al. 1985). Yield responses to imcaial;idn
were highly variable and site-specific, x

Azotobacter and Azosplrillum

Although, many genera and species of
N,fixing bacteria  are  jsolated from the
rhizosphere soil of various cereals, mainly
mensbers of Azolobacter and Azospiritium genera
have been widely tested for their ability to increase.
yields of cereals under field conditions. -

Yield Responses to Inoculation: Recent reviews
have evaluated the worldwide crop responses to
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inoculation with azotobacters and azospirilla
{Wani, 1990; Wani and Lee, 1992}, In many cases
inoculations increased plant yields and that such
increases are variable. Wanj (1950) evaluaied the
reporied worldwide suceess of Azowbacter «nd
Azospiriflum inoculations and concluded that
statistically sigaificant yield
described in approximately 60% of the trizls in
USSR, Israel and India. The responses varied with
crops, host cultivars, Iécatiens, seasons, agronomic
practices, bacterial strains, soil fertility, and
interaction with native soil microflora (Wani,
1990; Katyal et al.. 1994), '

Multilocational tials in ldiz showed that
seed inoculatien with Azesopirilfum -brasilense
increased the mean grain yields significantly with
pearl millet 4t 6 and with sorghum at 4 locations
out of & locations tested. The yield increase in
these trials with pear]'millet varied from 10% to
17% ard witk sorghum 7% Lo 31% (Subba Rac,
1986). The average jincreases in grain yield of
pearl millet with inoculation were higher (11%) in
case of Azospirilium lipoferum and 8% with
Azotobactor chroococcum (ICM 2001) over the

uninoeulated controls (Table 1). -

Effect of Soidl Nutrients: The experiments
conducted at different locations with pearl millet
showed that higher increases in grain and total
plant biocmass yield and also total plant N upgake
were observed with zero N + inoculation
treatments and the extent of response declined with
the [ncreasing levels of applied N (Table 2). In
this data set the grain yields obtained from zero N
treatments incculated with Nfixing bacteria are
similar to the y:a]ds Erom the nosinoculated plots
receiving 20 §:g N ha Ttis not uncommon to
observe yield i mcreases eqmvalent t6 20 kg N ha!

treatments depﬁndmg_ on locations, sof! fenility and

increases were
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other factors (Wani, 1990}, Such iacreased. gﬁ'éiﬁ
yields and N uptake could not be explained cnly in
terms of BNF based on acetylene reduction assays
and N based studies (Wani, 1990).

Frequency of Ineculation:  Most trials have
measured the effect of one time inoculation, but
there are a few reports that assayed the residual
benefits of continued inGculdtions. Three years of
contigued inoculation enabled the millet crops (3
main crops and one succeeding crop) lo assimilate
26 kg extra N ha’ over the yninbcaiazed plots.
These increases were observed glong with a 2-3
fold increase in the MPN and enzyme-linked
inmunosorbant assay (ELISA} counts of amSmeI
and azotobacters. Such mcreased y%elds due 1o
continued inoculation suggest that every year crop
needs o be inoculated (Wani et al. 1988), Use of
FYM, green manures or bther orgariic amendments
enbanced the benefits” from Inocilation”(Wani,
1990). Continued inoculation ‘of the same plot for
(hree consecutive seasons showed that during the
4ih year, earlier inoculations with Azosopiriium
lipoferum and Azotobacter chroococcum resulted in
increased MPN and ELISA  counts in the
rhizosphere soil over the nonincculated control by
1.4 1o 3 fold (Wani et al. 1988).

Phosphate Solubilizing Microorganisms

A gmap of hete{ozraphzc mlcrgergamsms,
bacteria: Bacillus megarenum, 8‘ ' w;saiam, B.
subtilis, Pseud&mrqs striata, P. rathonis; fungi:
Aspergilius  awamori, Penicillium digitatum,
Ti re’diodema p. and yeast: Schwanniomyces
occidentals (Wani and Lee, 1992) are known to
have the ability to solubilize inorganic P from
insoluble sources. In USSR, 5% to 10% increase
in yield due to inoculation with B. megzzterzwn var.
phesphaticum, popular ¥ known as

17
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Table 1. Summary of pearl millet inoculation experiments condueted during 1932.86 at different

locations

Test culivre

o 1 A e e Y o b ————— ™

Azosopirillum Azotobacter
fipaferum chrooceccum
{ICM 1001} (ICM 2001}
Total na. of field experiments-
condycted 24 24
No. of experiments which showed
significant increase in grain yield 11 8
{with an average increase of) 18.7% 13.6%
No, of experiments which showed increased
grain yields over the control, but increases :
were not significant -10 12
(with an average increase of) 193% 8.3%
No. of experiments which showed xxm response
in terms of increased/ decreased grain yield 1 2
No. of experiments which showed reduction
in grain yield 2 2
{with average reduction of} 27%. 4.5%
Average increase in grain yield due to inoculation 11% 8%

Seurce: Wani et al, 1988

&

‘phosphobacterin’ was observed in about ope-third
of the trials (Mishastin and Naumova, 1962).

During the 1970s, out of 37 field trials condueted

in India, only 10 trials showed significant increases

_in ylelds, with wheat, Egyptian clover, maize,

chickpea, soybesn, groundnut, pigeonpea and rice
{Sundara Rao, 1968} Significant increase in

- soybean yield was obtained due to inoculation

with B. polyomyxa or P. striata along with rock
phosphate application over the control, wheress
application of superphosphate (80 kg PO, ha”) id
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not result in similar increase,
Vesiculat-Arbuscular Mycorrhizae

The survival and performance of VAM fungi
is affected by the host plant, soil fertility, cropping
practices, biological and environmental factors. A
maximum root colonization and sporulation occurs
in low fertilily soils (Hayman, 1970). Internal P
corcentration of roots rather than external P
os;;ceni;‘a!ion in the soil controls root eolonization
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Table 2 "Mean grain, tofal plant biomass yield and total plant N uptake by Pearl millet Inoculated
with N,-fixing bacteria with different N levels

Bacterial culture Non-
N levels i e inoculated
(kg ha") Azosopiriltum  Azotobacter control, Mean | SE%
lipoferum chroocoeciin .
Grsin yield {t ha™)!
0 1.8 (16)° 18(16) 15 1.7
6. 20(10) 1.9 (4) 18 1.9 " 0059
40 2.0 (6) 2.003) . 1.9 20
Mean 1.93 1.88 1.76
SEx 0.033” 0.036"
CVY{(%) - W

Total plant dry matter {t ha”)>

0 5.4 (13) 5.2(9) 4.8 5.1 .

20- $.7(4) ° 546 (4) - .54 56 0,141%%
40 5.1 (%) - 58(0.2) 5.9 59

Mean 5.7 55 53 '

SE+ 1725 0.831"

CV(%) .24 ‘

Total plant N uptake (kg ha")®

0 32227 29.9 (18) °25.3 29.1
20 37.0(13) - 366 (12) 326 35.4
40 39.2 (8) 373 (3) 362 37.6
Mean 36.1 346 314

1. Mean across 7 locations, at cach location four replications were grown

2. Figures in parentheses indicate percentage increase over respective controt
3. Mean across three locations

** P = <001

NS = Nonsignificant,
- Source: ICRISAT trials
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by VAM fungi (Wani et al, 1991). Application of
FYM stimulgted VAM  (Harinikumar and
Bagyaraj, 1988). Long fallows reduced
mycorrhizal colonization  of crops grown later
(Thompson, 1987). Cerzals growa in rotation with
legumes showed higher root colonization than
cereals grown in monocropping.  Furtber, the
number of YAM propagules im soil was higher
following legumss than following monocropping
with cereal (Harinikumar and Bagyzraj, 1988;
Wani et al. 1991). Application: of fungicides, soil
fumigetion, soil solarization or prolonged
walerlogging cam reduce number of VAM
propagules in so%_i.

Crop response to VAM inoculation is
govemed by sofl type, host ;u&riezy, VAM strains
in addition to the biotic and abiotic factors
mentioned earlier (Bagyaraj and Varma, 1988; Lee
and Wani, 1991). In general, field experiments
with VAM inoculation afe few when compared Io
other organisms. The major constraint for ficld
trials with VAM has been the inability to produce
‘clean pure’ inoculum on a large scale as the fungl
are obligate symbionts and have to be maintained
and multiplied on living bost plants. The field
trials conducted in India indicate that inoculation
increases yields significantly in around 50% of the
totzl trials (Wani and Lee, 1992); cesponses varled
with soil type, soil fertility, and VAM cultures.
Until suitable methods are evolved to multiply the

" fungus on a large scale for field inoculation of

crops, the best strategy to utilize VAM fungiis b
concentrate on planis grown in nursery beds and
then transplanted,

Plant Growth I’rorﬁating Rhizobacteria

A group of rhizosphere bacteria rhizobacteria
(Schroth and Hancock, 1981} thet exerls a
beneficial effect on plant growth Is referred as

20

plant growth promoting rhizobacteria (PGPR).
PGPR include several genera, e.g. Acz’;}zopﬁanes,
Agrobacterium, Alcaligenes, Amorphosporangium,
Arthrobacter, Azotobacter, Bacillus, Cellulomonas,
Enterobacter, Erwinia, Flavobacterium,
Pseudomonas, Rhizobium and Bradyrhizobium,
Serratia, Streptomyces and Xanthomonas (Weller,
1988). Fluorescent pseudomonads are especially
svited for rapid uptake or scavenging of nutrients,
since they are nuiritionally versatile and grow
rapidly in the rhizosphere. Cenain aress on the
root, such as cell junctions and points of
emergence of lateral roots, appear to be favoured
for celonization by many microorganisms including
pathogens because of the abundance of root
exudates. Inoculating planting material with PGPR
presumably preventls or reducss the es!ablishf;ﬁéﬁt
i:;y' pathogens at these sites (Suslow, 198%), In
field trials with wheat, potato, sugarbest and zinnia
canducted on experimental and commercial scale

indicated that caly 40 out of 63 tials (63%)

showed significant results with yield increases
varying from 7% to 136% and with an average
yield increase ranging from 7% to 35% In different
crops over the control treaiments (Weller, 1588).
A multitede of factors could account for
inconsistent results, giveh the complex interactions
among host, inoculated organism, other
rhizosphere organisms aad the environment.

How to Popularize Biofertilizers

" Most important constraints 1o effective
expioiation of BNF technology in India are:’

. inconsistent rﬁsﬁ}onsg to inoculation under
field conditions

. poor quality of the inoculants

. inadequate knowledge about inoculation
technology for the extension parsonnsi and
the farmers

,§
i
!
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. lack of effective inoculsnt delivery sysiem

. formulation of the policy dictating the
desire to exploit BNF successiully {(Wani
and Lee, 1592, Katyal et al, 1994).

For increasing ~crop vields through
biofertilizers. the following swategy is suggested

© keeping Rhizobiwm inoculants as an example. For

suceess of biofertilizers in India, conceried efforts
right from production, demonstration to distribution
will be required, There is some hope of success

with a mission-oriented approach under which at

least production of mother cultures in Iyophillised
form must be centralised. The scientists {nvolved
in biofertilizers projects in the Universities and
ICAR institutions” can identify the target crops,
areas to be "covered and recommend strains for
preparing biofertilizers.  People involved in
biofertilizer  production should be trained
microbiologists who are aware of the pitfalls in the

processes iavolved. - The non-govermment

organisation, extension agencies along with the
Nationa! Biofertilizer Development Centre can play
an important role in popularising biclenilizers in
India. To attract the farmers the pricing of the
biofertilizers must be controlled if private agencies
are involved. Biolertilizers should be used or
considersd for ba%nessing BNF to its maximum
potential taking systems approach. Non-nodulating
or low nodulated plants look similar in appearance
to that of well nodulated plests but this is af the
cost of scil or fertilizer N. We must take the view
that in all we may derive benefit in terms of
mainiaining or improving the productivity of our
soils and should not be disappointed by not seeing
the direct benefits in some cases. As evident from
ihe ‘experience in  Karnataka, nodulation in
pigecapea has improved substantially by addition
of DAP rather than inoculating with Rhizobium
alore. A holistic approach 1o improve production
of legumes is needed and we must ensure that all
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the constraints for good plant growth other than N

nutrition must be alleviated for better performance.

of BNF technology.
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