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Biofertilizers for Sustainability

G.P. Brahmaprakash* and Pramod Kumar Sahu

Abstract | Biofertilizers are gaining importance in sustainable agriculture. 
Various complementing combinations of microbial inoculants for manage-
ment of major nutrients such as nitrogen and phosphorus are necessary for 
sustainability. A broad canvas of biofertilizers that enhance nitrogen and 
specific to legumes and non legumes along with inoculants that enhance 
phosphorus nutrition are discussed from several perspectives. The mode 
of action of these microorganisms within and the transformation of nutri-
ents is elucidated. In the Indian scenario, use of biofertilizers faces vari-
ous constraints, such as longevity, etc, need to be overcome to achieve 
substantial fertilizer savings. One of the key issues that still remains is the 
method of formulation of these biofertilizers. Some of the key difficulties 
associated are brought out in this review.

1  Introduction
Nutrients are required for the growth of all living 
beings, be it babies, animals, plants or microbes. 
The conventional knowledge indicates farms 
manured regularly yield better.1 Our understanding 
of nutritional needs of crop plants begin from the 
famous five year willow tree experiment conducted 
by Johann Baptista van Helmont (1579–1644). 
He  observed that willow tree had gained nearly 
74.4 kg but the loss of soil was only 56 g, and con-
cluded that the tree drew its nutrients from water 
not soil. Now we are aware that the soil is the reposi-
tory for most of the plant nutrients, hence the con-
cern for its continued health and sustainability.

Seventeen plant nutrients are essential for 
proper crop development. Each is equally important 
to the plant, yet each is required in vastly different 
amounts. Liebig’s law of minimum explains effect of 
limiting factor on crop production. These 17 nutri-
ents are divided into three groups such as major, 
minor and micro nutrients based on plant require-
ment. Major nutrients are nitrogen, phosphorus 
and potassium; minor nutrients are calcium, mag-
nesium and sulphur, and the micro-nutrients are 
boron, chlorine, copper, iron, manganese, molyb-
denum, zinc and nickel. In addition to the 13 nutri-
ents listed above, plants require carbon, hydrogen 
and oxygen, which are extracted from air and water. 
Most plants take up nutrients as inorganic ions irre-
spective of the form in which it is applied to soil.

1.1  �Nitrogen: Chemical v/s biological 
nitrogen fixation

In most agricultural systems nitrogen is most 
often  the limiting nutrient that dictates crop 
production. Despite its presence in large quantities 
in the atmosphere, plants cannot utilize nitrogen 
since it is inert. Nitrogen is made available in the 
form of fertilizers which is chemical fixation of 
atmospheric nitrogen through the Haber-Bosch 
process. This process requires high temperature 
(400–500°C) and high pressure (20 MPa), and 
corresponds to energy inputs of about 875 cubic 
meters of natural gas, 5.5 barrels of oil, or 2 metric 
tons of coal to fix 1  metric ton of ammonia.2 
Dinitrogen is described as the most stable diatomic 
molecule known and two atoms are joined by a 
very stable triple bond. A lot of energy (945  kJ) 
is required to break this triple bond and therein 
lies one of the major challenge of dinitrogen 
fixation.2

Atmospheric dinitrogen can also be fixed 
biologically (by diazotrophs = prokaryotes that fix 
dinitrogen) to ammonia. This ammonia is avail-
able to crop plants. The ammonia is converted 
to nitrate by few microorganisms in soil which is 
then available to plants. The nitrate thus formed 
is amenable for denitrification reactions in deeper 
horizons of soil leading to formation of nitrogen 
gas which will escape to the atmosphere. This is 
the typical path of nitrogen cycle.

Prokaryotes: Unicellular 
organisms lacking a well 
defined nucleus.
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Bacteria mediate fixation of nitrogen at 
ambient temperature and pressure enzymatically, 
by a process known as biological nitrogen fixation 
(BNF). Magnitude of naturally occurring nitrogen 
fixation in the biosphere is not easy to determine, 
but approximately it amounts to ∼107  million 
metric ton/year compared to ∼160 million metric 
ton/year of man made nitrogen fixation which is 
1.5 times higher then the natural fixation.3 In the 
global nitrogen cycle every nitrogen atom in the 
atmosphere cycles once in a million year.4 BNF con-
tributes 65% of nitrogen consumption in agricul-
ture.5 All the bacteria fixing atmospheric nitrogen 
catalyze the reaction through nitrogenase enzyme. 
This enzyme has two components—(1)  Mo-Fe 
protein, called dinitrogenase and (2) Fe protein, 
called dinitrogenase reductase. First protein actu-
ally takes part in reducing dinitrogen to ammo-
nia and second protein assists Mo-Fe protein by 
providing electrons for reduction of dinitrogen. 
The mechanism of nitrogen fixation is the same in 
all nitrogen fixing bacteria; the reduction of one 
molecule of dinitrogen requires 16  ATP in vitro 
and 20–30 ATP under field conditions, as it is less 
efficient (Figure 1).

1.2  Biofertilizers
The term ‘Biofertilizer’ in India specifies fertilizers 
to meet the nutritional requirements of a crop 
through microbiological means, other countries 
use the term microbial inoculants. These biofertiliz-
ers are usually carrier based microbial preparations 
containing beneficial microorganisms in a viable 
state intended for seed or soil application, which 
enhance plant growth through nutrient uptake and/
or growth hormone production. Important and 
popular microbial inoculants in our country are 
those that supplement nitrogen, phosphorus and 
plant growth promoting rhizobacteria (PGPR).

In India biofertilizers were introduced along 
with soybean since Indian soils was devoid of 
rhizobia nodulating the soybean crop. The crop 
response to rhizobial inoculation was fantastic, able 
to meet a significant portion of nitrogen require-
ment. Encouraged by the inoculation response in 
soybean, this technology was extended to other 
legumes, and later to cereals. The photograph 
in Plate 1 was taken in early seventies depicting 
Rhizobium japonicum inoculation response in 
soybean at University of Agricultural Science 
experimental farm at GKVK, Bangalore. Note the 

Biofertilizer: Preparations 
containing beneficial micro-

organisms which enhance 
plant growth.

Figure 1:  Reduction of dinitrogen to ammonia by nitrogenase enzyme complex.

Plate 1:  Rhizobium japonicum inoculation response of soybean at UAS, GKVK campus Bangalore in early 
seventies. Note the yellowing (nitrogen deficiency symptom in plant) of border rows which were un-inoculated 
and rest of the crop which was inoculated appear lush green (nitrogen sufficiency symptom in plant).
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yellowing (nitrogen deficiency symptom in plant) 
of border rows which were un-inoculated and 
rest of the crop which was inoculated appear lush 
green (nitrogen sufficiency symptom in plant). 
This kind of response was not being obtained for 
soybean alone, let alone other legume crops.

Microbial inoculants have been in vogue in 
the traditional farming in India without realizing 
their role as such. The importance of crop rotation 
in enhancing soil fertility could be directly attrib-
uted to the proliferation of these beneficial bac-
teria and their concomitant nitrogen fixation in 
soil. In Rajasthan, guar or cluster bean (Cyamopsis 
tetragonoloba) is a major legume cultivated. 
A pooja (ritualistic worship) is performed when-
ever new farms are brought under the cultivation 
of guar and the soil from the previously guar cul-
tivated farm is ceremoniously sprinkled on to the 
new field. This ensures the nodulation of guar to 
be sown in the new soil. Those kind of rituals have 
been a part of Indian agriculture without often 
understanding the importance of the action.

Use of biofertilizers is gaining momentum espe-
cially with emphasis on organic farming and sus-
tainable agriculture. They are an integral input of 
organic farming and have the following benefits:

•	 Low cost technology with a high cost-benefit 
ratio

•	 Improves soil fertility through their sustained 
activities in soil

•	 Increases plant growth and crop yield through 
increased nutrients availability and soil fertility

•	 Reduces the environmental pollution caused 
from the manufacturing of the fertilizers and 
chemicals used

•	 Improves soil health and conditioning
•	 Protects plants against many soil borne pathogens
•	 Helps plant to grow under stress conditions

1.2.1  Symbiotic nitrogen fixation: Legume—
Rhizobium symbiosis:  Legume—Rhizobium 
symbiosis is an important facet of symbiotic 
nitrogen fixation which is exploited to benefit 
agriculture and its sustainability. Over a century 
ago German scientists Hellriegel and Wilfarth 
experimentally demonstrated the nitrogen fixa-
tion in legume nodule by nodule inducing ferment 
(Rhizobium): the stage was set for the popularity of 
the Rhizobium inoculation technology world over.

In this symbiosis macro-symbiont is the legume 
plant and micro-symbiont is the prokaryotic bac-
teria (Rhizobium). The Macro-symbiont legume 
belongs to Leguminaceae, divided into three sub-
families comprising of 700 genera and 14,000 spe-
cies.6 Only about 200 of these are cultivated by 

man. Important legumes cultivated in India are 
pigeonpea, chickpea, soybean, lentil, lathyrus, 
rajma, alfalfa, clover, beans and peas. India accounts 
for 25 per cent of world pulse production.

Micro-symbiont Rhizobium is a nitrogen fixing 
motile prokaryote defined solely by their ability to 
nodulate legumes. The taxonomy of Rhizobium 
is frequently changing. Rhizobium was initially 
classified into cross inoculation groups based on 
the ability of one rhizobia nodulating different 
legumes;7 then on growth rate into fast and slow 
growing rhizobia8 and now on 16s rRNA sequenc-
ing into ten genera, some are phylogentically out-
side traditional rhizobia but do carry nod genes 
encoding for Nod factors.9

The success of this symbiosis is a new tissue 
(nodule) in the plant which is the culmination 
of molecular dialogues between the legume plant 
and Rhizobium. Atmospheric nitrogen fixation is 
carried out by the enzyme nitrogenase of the bac-
terium with the assistance of nodulins (legume 
plant proteins) and transferred to plant in a true 
spirit of symbiosis. Estimates of nitrogen fixation 
in different Indian pulse crops are presented in 
Table 1.

Inoculation response of pulses is far from 
desirable, at best inconsistent and dependent 
on many variables. Most cultivated soils to leg-
umes are known to harbor cowpea group of 
rhizobia and nodulation surveys indicate a need 
for inoculation every season for majority of the 
pulses cultivated in India. The competition of 
(inefficient) native strains to (efficient) inocu-
lant strains appears to be a bottleneck in realizing 

Symbiosis: An interaction 
between two organisms 
wherein both are benefited.

Table 1:  Estimates of nitrogen fixation in different 
crops.95

Crop N2 fixed (kg/ha/yr)

Chickpea 26–63

Cluster bean 37–196

Cowpea 53–85

Groundnut 112–152

Lentil 35–100

Mungbean 50–55

Pigeonpea 68–200

Soybean 49–130

Peas 46

Alfalfa 100–300

Clover 100–150

Fenugreek 44
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higher yields from Rhizobium inoculation. The 
yield increase due to inoculation in pigeonpea 
varied from 1.2–20.3%; 8–47.8% and 1.8–26.4% 
in 1992, 1993 and 1994 respectively, in different 
locations in India. The grain yield increase may 
also appear to be an interaction of varieties 
and strains of Rhizobium.10 A complementary 
coordinated effort on the part of plant breeders 
and microbiologists is now necessary to success-
fully select a high yielding variety with elevated 
nitrogen fixing abilities for sustainable agriculture.

A multidisciplinary coordinated research 
project on pulse crops such as pigeonpea, chickpea 
and MuLLaRP (mung, urd, lentil, lathyrus, rajma 
and pea) is in operation in India funded by Indian 
Council of Agricultural Research (ICAR), in many 
different centers for research on improvement of 
several aspects of these pulses. The emphasis in 
this project is on crop improvement, crop produc-
tion and plant protection of these legumes.

1.2.2  Frankia—Casuarina symbiosis:  Angios
perms belonging to several genera such as 
Casuarina, Alnus, Myrica, Coriaria, Discaria, 
Hippophae etc., form symbiotic association with 
actinomycetes Frankia. Nodules are formed by 
filamentous, spore forming actinomycetes on 
hundreds of plant species found in 25 genera in 8 
families of dicotyledons. All are woody shrubs or 
trees and this kind of symbiosis has promising role 
not only in improving nitrogen economy by N

2
 

fixation but is also very important in agro forestry 
system and in stabilizing eroding land surfaces.

The actinorhizal symbiosis are known to 
enhance fertility of temperate forests akin to 
what woody legumes do for tropics. Actinorhizal 
plants are capable of growing on nitrogen poor, 
eroded slopes and mining wastes. They provide 
shrubs and large trees of commercial importance. 
The present grasslands of North America do not 
have an extensive legume component and thus the 
actinorhizal symbiosis had played a major role in 
the past in improving nitrogen content in these 
sites. The actinorhizal nodules represent cluster 
of modified roots with the Frankia infected cells 
found in the cortex. Nodules first appear as swell-
ing and later develop into lobes at their apices. 
It forms vesicles which are the site of nitrogen fix-
ation. The magnitude of BNF in Frankia is about 
90 kg N/ha/yr in Coriaria arborea.11

1.2.3  Azolla—Anabaena symbiosis:  Azolla is 
used as a biofertilizer for rice production in several 
rice growing countries such as Philippines, China, 
Vietnam, Thailand and Sri Lanka. Anabaena azol-
lae is a cyanobacteria, forms symbiotic association 

Actinorhizal symbiosis:  
Symbiosis between actino-

mycetes and plant roots. 
Actinomycetes are classified 

under bacteria.

with a water fern Azolla. In India, for paddy fields 
Azolla is a promising biofertilizer and extensively 
used by farmers. It is grown in the slow flowing 
creeks or water beds and applied to crop between 
planting of rice. After a certain period of growth it 
is incorporated to soil before transplanting or left 
to be shaded out as rice canopy builds up. They 
are rapidly mineralized due to the narrow C:N 
ratio (as we use it in a succulent stage when there 
is not much lignification of cell walls and is eas-
ily degradable) and provide nitrogen to the plants. 
Apart from nitrogen fixation, azolla is also known 
to suppress weed population in wet land rice and 
hence provides an additional economic advantage 
to rice cultivation. Recently Azolla was also used 
as feed to enhance milk production in milching 
animals. Azolla microphylla (at 15 t/ha) increases 
grain yield by 29.2% (with neem cake).12

1.2.4  Asymbiotic nitrogen fixation:  Most 
important bacteria in this group are Azotobacter, 
Derxia and Beijerinkia found in soil. Among these 
Azotobacter has a potential to be used as biofertiliz-
ers. Most common species is A. chroococcum, it is 
able to fix 10 mg N/g of carbon source supplied in 
vitro.13 Azotobacter is also known to produce plant 
growth hormones like indole acetic acid (IAA), 
gibberellic acid and exhibit fungistatic activity. 
Increase in yield due to Azotobacter inoculation 
in many cereals such as maize, pearl millet, wheat 
and sorghum have been reported. India is one of 
the few countries that recommend the use of this 
microbial inoculant in agriculture. Yield increases 
due to inoculation of Azotobacter was 3000 kg in 
maize along with 66 kg of nitrogen/ha,14 570 kg in 
rice along with 60 kg N/ha15, 600 kg in wheat along 
with 60  kg of N/ha, 14 540  kg in sorghum along 
with 30 kg of N/ha.16

1.2.5  Azospirillum sp:  Azospirillum lipoferum 
is a common soil inhabiting bacterium first 
described by Beijerinck in 1925. This is an asso-
ciative type of symbiotic nitrogen fixing bacteria 
which produces growth-promoting substances 
such as IAA, and gibberellins, which promotes 
root proliferation. Plant growth promoting sub-
stances like pantothenic acid, thiamine and niacin 
are produced by Azospirillum lipoferum in large 
quantities that improve the plant growth and 
yield. Azospirillum is remarkably versatile; it fixes 
atmospheric N,17 mineralizes nutrients from soil, 
sequesters Fe, survives in harsh environmental 
conditions, and favors beneficial mycorrhiza—
plant associations.18 Azospirillum in maize crop 
enhance the crop yield in the range similar to 
60  kg urea N/ha.19 Smith et al., have shown 
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a saving in 39–42 kg N in millets and guinea grass 
with Azospirillum lipoferum.20

Researchers have demonstrated the feasibility 
of Azospirillum inoculation to mitigate negative 
effects of NaCl on plant growth parameters. This 
beneficial effect of Azospirillum inoculation was 
previously observed in wheat (Triticum aestivum 
cv. ‘Buck Ombú’) seeds, where a mitigating effect 
of salt stress was also evident.21 Azospirillum- 
inoculated wheat (T. aestivum) seedlings subjected 
to osmotic stress developed significant higher 
coleoptiles, with higher fresh weight and better 
water status than non-inoculated seedlings.22,23 
Azospirillum inoculation improve water status for 
plants.24 In this sense inoculation technology with 
Azospirillum could be extended to arid soils in 
order to protect crops against drought. The main 
effect of Azospirillum is to promote a more devel-
oped radicle system; plant adaptation to water 
stress could be enhanced in inoculated crops.

Azospirillum spp. is not considered to be a 
classic biocontrol agent of soil-borne plant patho-
gens. However, there have been reports on mod-
erate capabilities of A. brasilense in biocontrol of 
crown gall-producing Agrobacterium;25 bacterial 
leaf blight of mulberry;26 and bacterial leaf and/
or vascular tomato diseases.27,28 In addition, A. 
brasilense can restrict the proliferation of other 
nonpathogenic rhizosphere bacteria.29 These anti-
bacterial activities of Azospirillum could be related 
to its already known ability to produce bacterioc-
ins30 and siderophores.31,32 It was recently reported 
that A. brasilense can synthesize phenylacetic acid 
(PAA), an auxin-like molecule with antimicrobial 
activity.33 Biofertilizers made from Azospirillum 
is suitable for C

4
 crops such as sugarcane, maize, 

bajra, sorghum; and other cereals like rice, wheat, 
barley, ragi and various horticulture crops. In this 
context, practices and potentialities still have a 
wider gap (it is not as popular as Rhizobium) and 
a lot can be done in sustaining cereal production.

1.2.6  Gluconoacetobacter diazotrophicus: 
This bacterium colonizes the internal root tissue 
of sugarcane and fix nitrogen. Since it occupies 
vascular tissue, it has the obvious advantage of 
being first in line and thus solves the problem of 
competition by non diazotrophs. G diazotrophicus 
is also found in Pennisetum purpureum, Ipomoea 
batatas and Coffea arabica—non legume plants.
In the eighties Dobereiner and coworkers in Brazil 
discovered this association and named Acetobacter 
diazotrophicus. It is unique that it can grow at 30% 
sucrose concentration at 5.5 pH and is more toler-
ant to oxygen. These live in xylem vessels, intercel-
lular space of root, shoot or leaf, ensuring proper 

supply of nutrients for nitrogen fixation. It  was 
widely studied and used as a model system to 
assess the bacterial endophyte—plant interaction. 
After its discovery, it was reported from a variety 
of crops like coffee,34 ragi35 and pineapple36 and a 
latest report throw light on Gluconacetobacter sp 
as a natural colonizer of the wild rice (Porteresia 
cocarctata Tateoka, formerly Oryza coarctata Roxbi) 
and a salt tolerant pokali rice variety.37 In India its 
nitrogen fixing ability and plant growth promot-
ing rhizobacteria (PGPR) production ability have 
been described, tested and found promising.38

Gluconacetobacter diazotrophicus is a nitrogen-
fixing endosymbiont of sugarcane plants that 
antagonizes with Xanthomonas albilineans by 
impeding the production of the bacterial gum 
xanthum-like polysaccharide. Soybean and cereals 
could obtain up to 30% of their nitrogen from BNF 
when fertilized with ample supply of phospho-
rus, potassium and minor elements. The largest 
effect in this group was obtained with sugarcane, 
which can obtain up to 150 kg N/ha from BNF.39 
In Tamilnadu, 24 strains of G.diazotrophicus were 
isolated from sugarcane (root, stem and leaves) 
and screened for nitrogenase activity. The strain 
isolated from sugarcane stem (SoS2) showed max-
imum acetylene reduction assay, 410.92 nmoles of 
C

2
H

4
/hr/mg cell protein followed by SoL3 from 

sugarcane leaf and hence the strain from sug-
arcane stem was recommended as an effective 
biofertilizer.40

1.2.7  Free living nitrogen fixation—cyano-
bacteria:  Several cyanobacteria (also known as 
blue green algae) such as Anabaena, Nostoc, Cylin-
drospermum, Aulosira, Tolypothrix are excellent 
nitrogen fixers. Cyanobacteria include unicellular 
and colonial species. Some filamentous colonies 
show the ability to differentiate into several dif-
ferent cell types: vegetative cells, normal photo-
synthetic cells that are formed under favorable 
growing conditions; akinetes, climate-resistant 
spores that may form when environmental con-
ditions become harsh; and thick-walled hetero-
cysts, which contain the enzyme nitrogenase, vital 
for nitrogen fixation. Heterocysts may also form 
under the appropriate environmental conditions 
(anoxic) when fixed nitrogen is scarce. Heterocyst-
forming species are specialized for nitrogen fixa-
tion and able to fix nitrogen gas into ammonia 
(NH

3
), nitrites (NO

2
) or nitrates (NO

3
), which can 

be absorbed by plants. The capacity of nitrogen 
fixation varies with agroclimatic conditions. Blue 
Green Algae (BGA) can provide 25 to 30% N/ha/
season in Rice fields.41,42 In addition to nitrogen, 
BGA enrich soil with extracellular carbohydrates, 

Cyanobacteria: A prokaryotic 
microorganism capable of 
fixing nitrogen and carbon. 
These are usually considered 
as primary colonizers.
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hormones, many secondary metabolites and 
improve soil health. It increases soil porosity, soil 
water holding capacity, ameliorates degraded soil 
due to excessive use of chemical fertilizers and 
also salt affected soils.43 Based on their capacity 
to tolerate several stress factors like salinity, pH, 
pesticides, and desiccation.44–46 Eight cyanobacte-
rial species including Anabaena, Nostoc, Calothrix, 
and Aulosira were selected for field use in Orissa 
and coastal areas.

Nitrogen is one of the major nutrients required 
for crop growth and often limited. This is also 
highly mobile in the soil environment and ame-
nable for losses. Biological nitrogen fixation by 
prokaryotes is a beneficial process in returning 
nitrogen to the soil towards crop production and 
leading to sustainable N management.

1.3  �Phosphorus nutrition—phosphate 
solubilizing microorganism

Phosphorus is second only to nitrogen in min-
eral nutrients most commonly limiting growth of 
crops. Phosphorus is an essential element for plant 
development and growth making up about 0.2% of 
plant dry weight. Plants acquire P from soil solution 
as phosphate anions, however, these are extremely 
reactive and may be immobilized through precipi-
tation with cations such as Ca2+, Mg2+, Fe3+ and Al3+ 
depending on the particular properties of a soil. In 
these forms, P is highly insoluble and a large por-
tion of soluble inorganic phosphate applied to the 
soil as chemical fertilizer is immobilized rapidly 
and becomes unavailable to plants.47 Hence, the 
amount available to plants is usually a small pro-
portion of this total application.

There is a significant correlation between the 
numbers of phosphate-solubilizing bacteria and 
fungi and the levels of total P in soil was observed.48 
The principal mechanism for mineral phos-
phate solubilization is the production of organic 
acids,49,50 and acid phosphatases play a major role 
in mineralization of organic phosphorus in soil. 
It is generally accepted that the major mechanism 
of mineral phosphate solubilization is through the 
action of organic acids synthesized by soil micro-
organisms. Production of phosphatase enzyme 
is another mechanism for P mineralization and 
concomitant P—solublization. Strains from the 
genera Pseudomonas, Bacillus and Rhizobium are 
among the most powerful phosphate solubiliz-
ing bacteria,51 and among fungi, Penicillium and 
Aspergillus are promising P—solublizers.52,53 Min-
eral phosphate solubilizing activities of several iso-
lates were tested on tricalcium phosphate medium 
by analyzing the soluble-P content after 72 h of 
incubation at 30°C. HPLC analysis detected eight 

different kinds of organic acids, namely, citric acid, 
gluconic acid, lactic acid, succinic acid, propionic 
acid and three unknown organic acids from the 
cultures of these isolates.54 Phosphate solubiliz-
ing bacilli have received considerable attention as 
inoculants for crops. B. circulans and B. megate-
rium var. phosphaticum inoculants increased plant 
weight and P-uptake of pea, respectively in green 
house experiments.55,56 Similarly, Gaind and Gaur57 
reported that a B. subtilis inoculant increased bio-
mass, grain yield, P and N-uptake of mung bean 
grown in a P-deficient field soil amended with 
rock phosphate.

Phosphate rock minerals are often too insolu-
ble to provide sufficient P for crop uptake. Use of 
phosphate solubilizing microorganisms increase 
crop yields up to 70 per cent.58 Combined inocu-
lation of arbuscular mycorrhiza and phosphate 
solubilizing bacteria enhanced uptake of both 
native P from soil and P coming from the phos-
phatic rock.59,60 Microorganisms with phosphate 
solubilizing potential increase the availability of 
soluble phosphate and enhance the plant growth 
by improving biological nitrogen fixation.61,62

The distribution of depositions of rock phos-
phate (raw material for phosphate fertilizers) is 
patchy, in India it is found in Udaipur, Mussorie 
but not in large quantities. P—solubilizing micro-
organisms make available the insoluble phosphate 
into soluble forms and can reduce the demand of 
P-fertilizers to a greater extent and sustain crop 
production by increasing the inherent capacity of 
soil to supply soluble form of phosphate.

Bioactivation of rock phosphate and seed 
treatment with phosphorus solubilizing microbes 
(PSM) was found to be effective in enhanc-
ing P nutrition in cowpea and ragi.63 Significant 
increases in total dry mater accumulation of 
chickpea and groundnut due to inoculation with 
PSMs have been reported by Gaur,64 Hebbara and 
Suseeladevi.65 Similar studies of yield increases 
due to PSM inoculation of pulses such as green 
gram, black gram and chick pea are available.66,67

1.3.1  P—mobilizers:  P—mobilizers facilitate 
mobilization of soluble phosphorus from distant 
places in soil where plant roots cannot reach and 
thus increase availability of P to plants. Mycorrhiza 
are prominent P mobilizers. Mycorrhiza is a sym-
biotic association between plant roots and a few 
fungi. The fungal partner is benefited by obtaining 
its carbon requirements from host’s photosynt-
hates and the plant in turn gains the much needed 
nutrients especially phosphorus, calcium, copper 
and zinc which would otherwise be inaccessible 
to the host. This uptake of nutrients is facilitated 
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with the help of a fine absorbing hyphae of the 
fungus. These fungi are associated with majority 
of agricultural crops. There are seven genera of 
these fungi that produce Arbuscular mycorrhizal 
symbiosis with plants. They are Glomus, Gigaspora, 
Scutellospora, Acaulospora Entrophospora, Archae-
ospora and Paraglomus. Probably the most abun-
dant fungi in agricultural soils are the arbuscular 
mycorrhizal (AM) fungi. They account for 5–50% 
of the biomass of soil microbes.68 Hyphal biomass 
of AM fungi may amount to 54–900 kg/ha,69 and 
some products formed by them may account for 
another 3000 kg.70 Pools of organic carbon such as 
glomalin produced by AM fungi may even exceed 
soil microbial biomass by a factor of 10–20.71 
Approximately 10–100  m mycorrhizal mycelium 
can be found per cm root.72 The mechanism that 
is generally accepted is a wider physical explora-
tion of the soil by mycorrhizal fungi (hyphae) 
rather than by roots. A speculative mechanism to 
explain P uptake by mycorrhizal fungi involves the 
production of glomalin.70

The microorganisms always participate in 
cycling of phosphorus in the environment hence 
there is recycling and not exhaustion.

AM fungi play an important role in water 
economy of plants. Their association improves 
the hydraulic conductivity of the root at lower soil 
water potentials, and this improvement is one of 
the factors contributing towards better uptake of 
water by plants.73 A few proposed mechanisms by 
which AM fungi also help in activation of plant 
defense systems include changes in exudation pat-
terns and concomitant changes in mycorrhizo-
sphere populations, increased lignification of cell 
walls, and competition for space for colonization 
and infection sites.74

1.4  �Plant Growth Promoting 
Rhizobacteria (PGPR)

PGPR were first defined by Kloepper75 to describe 
soil bacteria that colonize roots of plants follow-
ing inoculation onto seed and that enhance plant 
growth.

Beneficial effects of PGPR are as follows:

–	 Production of plant hormones like IAA, GA
3
, 

cytokinin and induce formation of ethylene
–	 Reduces deleterious effects of pathogens on 

crop growth by protection against pathogens 
by production of antibiotics

–	 Solubilization of mineral nutrients by induc-
ing specific ion flux in plant cell	

–	 Fixation of atmospheric nitrogen that is trans-
ferred to the plant

–	 Solubilization of phosphorus

PGPR: Soil bacteria that 
colonize plant roots and 
enhance plant growth.

–	 Production of siderophores that chelate iron 
and make it available to the plant root

–	 Induce systemic resistance in plant

In a study in Allahabad, efficiency of plant 
growth promoting rhizobacteria were found to 
enhance seed germination, plant growth and yield 
of Cicer arietinum L. by producing IAA and other 
growth promoters by 10 rhizosphere bacterial iso-
lates.76 The effect of PGPR on seed germination, 
seedling growth and yield of field grown maize 
were to be significantly enhanced.77 Stimulation of 
different crops by PGPR has been demonstrated in 
both green house and field trials. Strains of Pseu-
domonas putida and Pseudomonas fluorescens have 
increased root and shoot elongation in canola, let-
tuce, and tomato; yields in potato, radishes, rice, 
sugar beet, tomato, lettuce, apple, citrus, beans, 
ornamental plants, and wheat.78,79 Wheat yield 
increased by 30% with Azotobacter inoculation; 
43% with Bacillus inoculants,80 and a 10–20% in 
field trials using a combination of Bacillus mega-
terium and Azotobacter chroococcum.81

There is been a large body of literature describ-
ing potential uses of plants associated bacteria as 
agents stimulating plant growth and managing 
soil and plant health.82 Plant growth-promoting 
bacteria (PGPB) are associated with many, if 
not all plant species, and are commonly present 
in many environments and protect plant against 
pathogens. Enhanced growth of cotyledons in the 
bacterial supernatants suggest that cytokinins are 
implicated in the mechanisms of plant growth 
promotion by bacteria Bacillus benzoevorans and 
Ralstonia sp. Under iron-limiting conditions 
PGPR produce low-molecular-weight compounds 
called siderophores to competitively acquire ferric 
ion. The basis of antibiosis as a biocontrol mecha-
nism of PGPR has become increasingly better 
understood over the past two decades.83 A vari-
ety of antibiotics have been identified, including 
compounds such as amphisin, 2,4-diacetylphloro-
glucinol (DAPG), hydrogen cyanide, oomycin A, 
phenazine, pyoluteorin, pyrrolnitrin, tensin, 
tropolone, and cyclic lipopeptides produced by 
pseudomonads.84

A variety of microorganisms also exhibit 
hyperparasitic activity, attacking pathogens by 
excreting cell wall hydrolases.85 Chitinase pro-
duced by Serratia. plymuthica C48 inhibited spore 
germination and germ-tube elongation in Botrytis 
cinerea.86 Induced systemic resistance (ISR) is one 
of the mechanisms of plant protection by PGPR.87 
PGPR-elicited ISR was first observed in carnation 
(Dianthus caryophillus) with reduced susceptibility 
to wilt caused by Fusarium sp.88 and on cucumber 
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(Cucumis sativus) with reduced susceptibility to 
foliar disease caused by Colletotrichum orbiculare.89 
The ineffectiveness of PGPR in field appears to be 
because of their inability to colonize plant roots.90 
PGPR has dual role in enhancing crop production. 
The main role is production of growth harmones. 
However, many PGPR have a potential role as bio-
control agents. Further researches is required to 
examine the replacement of insecticides.

1.5  �Formulations of biofertilizers 
for sustainable agriculture

The success of inoculation technology depends on 
two factors such as the microbial strain and inocu-
lants formulation. In practical terms, formulation 
determines potential success of inoculants.91 The 
technical optimization of an inoculant formula-
tion is independent of strains used, since most of 
the strains of same bacterial species share many 
physiological properties, it may be assumed that 
a technological progress developed for a particu-
lar strain is readily adaptable to another strain of 
same species with only minor modifications.92 
In spite of a central role of formulation in suc-
cessful commercialization of inoculant products, 
research in this area has been largely ignored. In 
addition to limited availability of published scien-
tific information with regard to inoculant formu-
lation, the information available is fragmented.93 
A survey of bibliographic database of scientific 
literature shows that major emphasis was given to 
the development of improved strains through dif-
ferent approaches. Indeed many such strains have 
been constructed and granted patent in many 
developed countries but failed to appear on the 
commercial market, perhaps because of inappro-
priate formulation.

Development of improved formulations often 
rests with inoculant manufacturer’s research and 
development facility which are primarily located 
in developed countries where target market exist, 
but they fail to consider the unique problems in 
applying these inoculants in developing countries. 
The most important characteristic common to 
most of biofertilizers is unpredictability of their 
performance. In order to harness the benefits of 
biofertilizers in agriculture, the consistency of 
their performance must be improved.94

Bacteria introduced to soil may fail to establish 
in sufficient numbers in the rhizosphere because 
of competition from native numbers, and little 
is known about the factors controlling competi-
tiveness of bacterial strains, more so under field 
conditions. Agricultural practices in developing 
countries and under semi arid conditions are two 
examples wherein biofertilizers may find their 

Inoculant: (Synonym for 
biofertilizer) preparations 

containing beneficial micro-
organisms which enhances 

plant growth.

Rhizosphere: Region of 
the soil under the influence 

of plant roots.

greatest challenges. Farmers in developing nations 
follow low input agriculture in which fertilizers, 
pesticides and agro technical machinery are scarce. 
Application or uses of biofertilizers in such systems 
requires additional infrastructure, cost, labour 
and technical knowledge. Semiarid conditions 
make survival difficult for introduced bacteria, 
harsh conditions including droughts, lack of suffi-
cient irrigation, high salinity and soil erosion may 
quickly diminish the introduced bacteria; even in 
developed nations. However, bacterial inoculants 
may have greatest contribution if inexpensive and 
easy to use formulations can be developed.92 Most 
important constraints for adoption of biofertiliza-
tion in India have been attributed to poor quality 
of inoculants produced, lack of knowledge about 
inoculation technology for extension personnel 
and farmers; effective inoculants delivery/supply 
system and lack of committed policy to exploit 
biofertilizers successfully.95

1.6  Inoculant formulations
Formulation step is a crucial aspect for producing 
microbial inoculants and determines the success 
of a biological agent. Formulation typically con-
sists of establishing viable bacteria in a suitable 
carrier together with additives that aid in stabi-
lization and protection of microbial cell during 
storage, transport and at the target. The formula-
tion should also be easy to handle and apply so 
that it is delivered to target in most appropriate 
manner and form, one that protects bacteria from 
harmful environmental factors and maintain or 
enhance the activity of the organisms in the field. 
Therefore, several critical factors including user 
preference have to be considered before delivery 
of a final product.93

1.6.1  Carriers for inoculant formulations: 
A  suitable carrier plays a major role in formu-
lating microbial inoculants. Carrier is a delivery 
vehicle which is used to transfer live microorgan-
ism from an agar slant of laboratory to a rhizo-
sphere. A good quality inoculant should be made 
of a superior carrier material. Hence Smith96 has 
listed the characters of a superior quality carrier 
material for microbial inoculants, which includes:

•	 High water holding and water retention capacity
•	 No heat of wetting
•	 Nearly sterile, chemically, physically and 

uniform
•	 Non toxic in nature, easily biodegradable and 

non polluting
•	 Nearly neutral pH or easily adjustable
•	 Supports growth and survival of bacteria

Carriers: Inert materials, used 
for transporting mircobes 

from laboratory to land.
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•	 Amenable to nutrient supplement
•	 Rapid release of bacteria in soil
•	 Manageable in mixing, curing and packaging 

operations
•	 Available in powder or granular form in ade-

quate quantities and at reasonable cost

Considering the above characteristics it is clear 
that not a single universal carrier is available which 
fulfill all the desirable features, but good ones 
should have as many as possible. Peat was the car-
rier of choice and most commonly used for Rhizo-
bium inoculants worldwide for decades. Though its 
popularity is primarily due to successful field results 
obtained under commercial cultivation, it has 
many drawbacks like, variability in quality which 
is dependent on source, heat sterilization of some 
peat may release components toxic to bacteria,97 
and its availability is restricted to a very few coun-
tries. All these factors have forced researchers to 
look for alterative carrier materials. Some of the 
alternative carriers evaluated for bacterial inocu-
lants include lignite and coal98,99 clays and inorganic 
soils,97 compost, farm yard manure, soybean meal,100 
wheat bran,101 pressmud,102 spent agricultural waste 
material,103 spent mushroom compost.104 Apart 
from these many other synthetic and inert mate-
rial like vermiculite,105,106 perlite, ground rock phos-
phate, calcium sulphate, polyacrylamide gels107 and 
alginate108,109 have also been evaluated. Most of the 
evaluated carriers are either naturally abundant 
resources or available waste materials. Little research 
has been conducted with objectives of synthesizing 
a carrier with superior characteristics.92

Target microorganism can be introduced into 
a sterile or non sterile carrier to produce inocu-
lants. A sterile carrier has distinct advantages from 
a purely microbiological point of view. Disad-
vantages with sterilized carriers include a higher 
cost of production, increased labor, necessity for 
a sterilizing unit, and the necessity for aseptic 
procedures during packaging. The type of carrier 
used in inoculants production usually depends on 
the mode of application. There are two types of 
inoculants commonly produced. Those for seed 
treatment and for direct application to the soil. 
Owing to differing methods of delivery, these for-
mulations can either be powder for seed treatment 
or granulated for soil application.110

Principal drawbacks of solid carrier based inoc-
ulants originate from a great variability in quality 
of carriers which is source dependent, and com-
position of carriers are undefined and complex. 
This greatly affects the final product and cause dif-
ficulties in inoculant dosage, storage conditions111, 
and variation of inoculant effectiveness between 

different manufacturers and between different 
batches from the same manufacturer.92 In carrier 
based inoculants, bacteria have a lower tolerance 
for physical stress during storage, particularly for 
temperature variations. Some types of peat can 
even reduce plant growth.112 They are often prone 
to contamination that can reduce the shelf life 
of the inoculant.91,111,113,114 Addition of adhesives 
to inoculant during its application to seeds, or 
slurry application will improve its adhesion, but 
that requires additional time and labor for a proc-
ess that is already labor-intensive.115 Solid carriers 
based inoculant production involves a significant 
amount of cost, labor, energy intensive processing 
such as mining, drying, milling and neutralization 
before its use in a commercial production.

The carrier based inoculants produced in India 
generally have a short shelf life, poor quality, high 
contamination and unpredictable field perform-
ance. High quality biofertilizers would be expected 
to have higher population of desired microorgan-
isms, sufficient viability, and remain uncontami-
nated for longer period of storage. The carriers 
used in India are nearly inert material and forms 
clumps upon drying, which leads to significant 
loss of viability. Seed is not a favorable environ-
ment for most of the plant growth promoting bac-
teria, as they are soil bacteria, yet seed inoculation 
is a common practice for microbial inoculation. 
Hence it is important for a high quality bioferti-
lizer to maintain viability of bacteria on seed upon 
inoculation. The usual carrier based biofertilizers 
do have some drawbacks for seed inoculation like 
seed coat damage, seed coat toxicity, death of cells 
due to desiccation and possible contact of micro-
organisms with agricultural chemicals. Today, 
advances in inoculant technology are concerned 
with improving quality, extending useful shelf life 
and developing new formulations for use under 
less favorable conditions. Liquid inoculants and 
alginate based granular formulations are two 
important new inoculant formulations which are 
an alternative to peat/lignite based ones.

1.6.2  Liquid inoculants:  Liquid inoculants are 
not the usual broth culture from a fermenter or 
water suspension of the carrier based bioferti-
lizers, as often made out to be. It is a special liq-
uid formulation containing not only the desired 
microorganisms and their nutrients but also 
contains special cell protectant and amendments 
that promote cell survival in a package and after 
application to seed or soil. Various liquid media 
are being used to culture bacteria. These media 
normally consist of carbon, nitrogen and vita-
min sources, which promote growth of bacteria. 
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However, additives used in liquid inoculants 
improve quality of inoculants by increasing the 
population density and enhanced shelf life.116

Additives used in the preparation of liquid 
inoculants have been selected based on their ability 
to protect bacterial cells in package and on seeds 
at extreme conditions such as high temperature, 
desiccation and toxic condition of seeds and seed 
chemicals. Most of the additives are high molecu-
lar weight polymers with good water solubility, 
non-toxicity and complex chemical nature117 
and are able to limit heat transfer, posses good 
rheological properties and high water activities.118 
Some of the polymers which are presently used in 
preparation of liquid inoculants includes polyvi-
nyl pyrrolidone (PVP), methyl cellulose, polyvinyl 
alcohol, polyethylene glycol, gum Arabica, treha-
lose, glycerol, Fe-EDTA, sodium alginate, tapioca 
flour etc.116,119 Polyvinylpyrrolidone was known 
to bind toxic compounds present in seed exu-
dates that are mobilized during inoculation and 
seed germination. PVP has a high water-binding 
capacity and appears to cause slow drying of an 
inoculant after application. PVP solution tends to 
coalesce into ridges on their seed coat as it dries, 
perhaps providing a thicker layer of protection 
than some other compounds. Its sticky consistency 
may also enhance cell and inoculants adherence to 
seeds.119 Some time seed-released compounds may 
bind iron in yeast extract, making it unavailable to 
cells. Supplementary iron may, therefore, replace 
Fe bound by seed exudates.120 Glycerol has a high 
water-binding capacity and may protect cells from 
effects of desiccation by slowing the drying rate. 
Its flow characteristics appear to promote rapid 
and even coating on seeds.121,122 Trehalose is widely 
reported to enhance cell tolerance to desiccation, 
osmotic and temperature stress. It acts by stabilizing 
both enzymes and cell membranes, is a compatible 
osmoticum as well, and readily manufactured by 
Bradyrhizobium given ideal conditions.123,124 Addi-
tion of PVP in a medium was known to protect 
both fast and slow growing Rhizobium.125 Bushby 
and Marshall and Vincent et al. have showed that 
addition of maltose (9%) and montmorillonite 
clay could protect Rhizobium against high tem-
perature and desiccation.125,126 Polymers that 
are soluble in liquid inoculant formulations are 
convenient for batch processing of inoculants 
and make seed application a simpler process for 
farmers. Liquid Rhizobium inoculants prepared 
with PVP as an osmo-protectant had improved 
shelf life, nodulation and nitrogen fixation on par 
with lignite-based inoculants in cowpea.127

Bacteria respond to not only the type of poly-
mer in liquid inoculants and its concentration 

in a medium. Pseudomonas maintained highest 
population density in the presence of PVP formu-
lations, but population density of Acinetobacter 
was highest in the presence of PEG. Marked 
response was noticed to the addition of glycerol in 
case of Azotobacter and to PVP K-15 with Bacillus. 
In general, the addition of various osmolytes 
at the concentration of 1% or higher results in 
maintaining a population higher than 0.5% level 
of amendment.128

Liquid inoculants can be produced by a sim-
ple fermentation process, packed directly from the 
fermentor aseptically, and stored. It minimizes the 
production cost by avoiding processing and steri-
lization of solid carrier material. The complete 
sterilization could be achieved with liquid formu-
lations and any contamination during the storage 
can be easily detected. Liquid inoculants could be 
produced with minimum labour, space and energy 
and also the quantity of inoculum required is less 
compared to carrier based formulations, hence 
easier for farmers to handle. The first yard stick 
to measure the quality of biofertiliser is the via-
ble cell density of desired microorganisms which 
essentially provides adequate number of microor-
ganisms on each seed. The liquid inoculants devel-
oped were known to have population of Rhizobium 
sp., Azotobacter sp., Azospirillum sp. and PSB up 
to the level of 108 cells per ml.128–131 A strong cor-
relation existed between the number of surviving 
cells on seeds and nodulation in legumes, hence 
it is important to have more number of cells per 
seed, which are sufficient to compete with native 
Rhizobium and to offset death of cells due to biotic 
and abiotic stresses. Since the liquid biofertiliser 
have high cell count, each seed receives more than 
thousands of cells. Additives in liquid biofertiliser 
protect the cells on the inoculated seeds against 
toxicity, desiccation and osmotic shock.130 Studies 
at University of Agricultural Sciences, Bangalore 
showed that the liquid inoculants of Rhizobium, 
Azotobacter, Azospirillum and PSB may be stored 
at ambient temperature without significant loss in 
viability for more than one year (Figure 2).128,132 
The storage and transportation conditions are not 
congenial many a times for the bio-inoculants as 
temperature in many parts of the country may 
reach up to 45°C, in such condition the qual-
ity of biofertilizer will decline drastically. Liquid 
biofertilizers were known to have more than one 
year shelf life compared to carriers. Studies have 
revealed that these liquid inoculants can be stored 
without losing viability in high temperature 
(45°C) conditions also.130

Imposition of stress to bacteria results in an 
adaptive response. This necessitates changes in 
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regular metabolic processes in cells, which are then 
reflected in an alteration of protein profiles.133 Syn-
thesis of additional 19 salt stress proteins (SSPs) in 
Rhizobium (40–52 kDa), 10 SSPs (ranging from 19 
to 82 kDa) in Anabaena sp. L-31 under salt stress134 
and synthesis of 19 heat shock proteins (ranging 
from 8–60 kDa) in Bradyrhizobium japonicum at 
43°C have been reported.135 Bradyrhizobium sp. 
(Arachis) grown at room temperature in liquid 
inoculant synthesized 60 and 47 kDa proteins of 
higher intensity but the same proteins of lower 
intensity in YEMB. Bradyrhizobium sp. (Arachis) 
on exposure to heat stress showed the presence of 
bands of same proteins (60 and 47  kDa) in liq-
uid inoculant. Similarly, under salt stress (0.05 
M NaCl), Bradyrhizobium sp. (Arachis) grown in 
liquid inoculant synthesized the extra proteins of 
66 kDa but not in YEMB.132 This kind of mecha-
nisms provides potential to grow at different types 
of soil as we know that performance of inoculants 
depends largely on soil conditions.

The amount of inoculant needed for seed inoc-
ulation is less and there is no need of any sticker 
material unlike carrier-based inoculants. Liquid 
inoculants can easily be adopted to advanced seed-
ing equipments, since it can be sprayed on to seeds 
as it passes through seed drill and dries before it 
travels in to the seed bin on the planter.

1.6.3  Field response of liquid Rhizobium inoc-
ulant formulation:  Researchers have shown that 
the performance of liquid rhizobial formulations 

YEMB: Yeast Extract 
Mannitol Broth.

is comparable to that of peat-based products 
under field conditions.136 The field efficiency of 
the liquid inoculant was tested by on farm trails 
under different agroclimatic conditions of India 
for two successive years in four different legumes 
like groundnut, pigeonpea, chickpea and soy-
bean. Results of trials showed that liquid Rhizo-
bium inoculants performed better than the carrier 
based Rhizobium inoculants (Table 2: Figure 3 
and Plate 2 and 3).132 There is a need to improve 
formulation for better field performance. In this 
direction the research is in progress indicates that 
solid carrier materials have been replaced with 
microbe friendly liquid formulations. Further 
a formulation containing a consortium is to be 
developed for field application.

1.6.4  Polymer entrapped inoculants formula-
tion:  During the last decade, several experimental 
formulations based on polymers have been evalu-
ated. These polymers have demonstrated potential 
as bacterial carriers for microbial inoculants137 that 
offered substantial advantages over peat. These 
formulations encapsulate living cells, protect 
microorganisms against many environmental 
stresses and release them to soil, gradually but in 
large quantities, where the polymers are degraded 
by soil microorganisms. They can be dried stored 
at ambient temperatures for prolonged periods, 
offer a consistent batch quality and a better defined 
environment for the bacteria and can be manipu-
lated easily according to the needs of specific 

Figure 2:  Survival of Bradyrhizobium sp. stored at room temperature in different inoculant formulations.
Note: YEMB: Yeast Extract Mannitol Broth; LI: Liquid inoculant; CRI: Carrier based inoculant.
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Liquid Rhizobium InoculantControl

Plate 2:  Field experiment to study the effect of liquid Rhizobium inoculant on Groundnut.

Table 2:  Yield of pulses in response to inoculation with liquid Rhizobium inoculant.

Treatments

Yield kg/ha

Soybean Chickpea Pigeonpea Groundnut

Uninoculated 1803.00c 1024.00b 702.40c   982.21c

LRI 2074.00a 1121.00a 854.90a 1131.21a

CRI 1959.00b 1124.00a 802.71b 1048.74b

CD at p = 0.05      47.28      33.63     37.76      30.65

Figure 3:  Percent increase in the yield of pulses over uninoculated control due to inoculation with liquid 
Rhizobium inoculant.
Note:  LRI—Liquid Rhizobium Inoculant; CRI—Carrier based Rhizobium Inoculant.
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bacteria. These inoculants can be amended with 
nutrients to improve short-term survival of bac-
teria upon inoculation, which is essential to the 
success of an inoculation process, especially with 
associative PGPB.92 However, major constraints 
for the inoculation industry is that polymers are 
expensive compared to peat-based inoculants and 
require more handling by the industry.91

The encapsulation of microorganisms into a 
polymer matrix is still experimental in the field of 
bacterial-inoculation technology. At present there 
is no commercial bacterial product using this 
technology. The concept underlying immobilized 
microbial cells is to entrap beneficial microorgan-
isms into a matrix. The formulation (bacteria-
matrix) is then fermented in a bacterial growth 
medium. Immobilized microbial cells are easy to 
produce, store, and handle during industrial oper-
ations. Encapsulated bacterial formulations in 
agriculture have two advantages (i) to temporar-
ily protect the encapsulated microorganisms from 
the soil environment and microbial competition, 
and (ii) to release them gradually for the coloniza-
tion of plant roots.108,138,139

1.6.5  Alginate based formulations:  Alginate is 
a commonly used polymer for encapsulation of 
microorganisms and is naturally occurring, com-
posed of β-1,4-linked D-mannuronic acid and 
L-glucuronic acid. It is available from different 

Alginate: Biopolymer 
extracted from microalgae.

macroalgae140 as well as several bacteria.141 Alginate 
cost has recently dropped because of its massive 
production in the Far East, making it potentially 
more attractive to the inoculant industry. The 
preparation of beads containing bacteria is fairly 
easy and involves a multistep procedure.91,139

The main advantages of alginate prepara-
tions are their nontoxic nature, biodegradability, 
and their slow release of microorganisms into a 
soil.91,142 This technology was used to encapsulate 
the plant-beneficial bacteria Azospirillum bra-
silense and Pseudomonas fluorescens,91 which were 
later successfully used to inoculate wheat plants 
under field conditions. The bacteria survived in 
the field long enough and their populations were 
comparable to the survival of bacteria originating 
from other carrier-based inoculants.143 Further-
more, the addition of clay and skim milk to the 
beads significantly increased bacterial survival 
over alginate beads alone. Alginate mixed with 
perlite was used to entrap Rhizobium.144 Coloni-
zation of wheat roots by beneficial cells released 
from the beads was superior to that achieved by 
direct soil inoculation. These studies provide 
clear evidence that alginate beads are efficient 
slow-release carriers for plant inoculants, provid-
ing a protective environment in the soil. Several 
other alginate-based preparations have been tried 
for the encapsulation of VAM fungi,145 ectomyc-
orrhizal fungi,146,147 Frankia inoculation,148 and 

Plate 3:  Rhizobium biofertilizer in different inoculant formulations.
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fungi used as biocontrol agents against soil-borne 
pathogens.149,150

Alginate preparations may have solved many 
of the problems associated with traditional peat 
inoculants. These inoculant formulations may 
solve the problems associated with tropical, low 
input agriculture. In many parts of tropical region 
there is always a chance of prolonged dryness after 
sowing and microbial inoculation. Alginate encap-
sulated formulations are already desiccated due to 
lower water activity, microorganisms will be at a 
low metabolic activities, and are released into soil 
only after sufficient moisture is available, which 
always coincide with the germination of seeds. 
Considering the cost involved in production of 
alginate formulations, attempts have been made to 
amend these formulations with material like rock 
phosphate, cement, bentonite clays, granite pow-
der, gypsum, lignite, talc by which cost of produc-
tion can be minimized besides adding bulkiness to 
formulation.150

1.7  VAM inoculants
The VAM being an obligate symbiont there are many 
constraints in its large scale commercial production 
and application. The only method of production 
is in association with host plant by pot culture, as 
production of VAM in the artificial media have met 
with little or no success. There are different types 
of VAM inoculum required for different purposes. 
The spores of VAM fungi are used as inocula gener-
ally for experiments in vitro conditions. Large scale 
production of spores is difficult.152

1.7.1  Infected root inoculum:  Large scale pro-
duction of infected root is possible in aeroponic 
cultures. Infected roots contain internal myc-
elium and external mycelia (may have spores). 
Infected roots colonize a host after one or two 
days of inoculation. Root inocula without spores 
should be used within a week. In vitro reproduc-
tion of some VAM fungi on tissue cultured roots 
has been demonstrated.153 The production proc-
ess is difficult and expensive. Other problems are 

VAM: (Vesicular-Arbuscular 
Mycorrihizae) Fungus capable 
of symbiosis with plant roots.

a) infected root introduced as inocula acts as an 
attractive nutrient source for several saprophytic 
and parasitic microorganisms, b) short survival 
time and c) large quantities of inocula required.

1.7.2  Soil based inoculums:  Soil inoculum is 
produced using a traditional pot-culture tech-
niques containing all VAM fungal structures and 
is highly infective. The success of good soil inocu-
lum production depends on the selection of host-
plant and the ambient conditions under which a 
defined VAM fungus can be mass multiplied.152

1.7.3  Peat based inoculants (Nutrient film tech-
nique):  VAM inocula obtained from pot cultures 
were incorporated into peat and compressed into 
blocks. Lettuce plants are allowed to grow in the 
peat block for 2–5 weeks then the blocks are trans-
ferred to nutrient film technique (NFT) channels.154 
The NFT channels slope and nutrient solution 
flows at 200 ml per minute. Plants are allowed grow 
in NFT system for 8–10 weeks. During this time, 
mass reproduction of the fungus takes place. The 
peat blocks are allowed to dry, chopped and used as 
VAM inoculums. The shelf life of such peat based 
inoculants are around six months.152 Recently Gov-
ernment of India vide Gazette notification dated 
8 November 2010 has included mycorrhizal biof-
ertilizer under the ambit of Fertilizer control order 
1985 and set the standards for this (Table 3).155

1.8  Mixed bacterial inoculants
Numerous recent studies show a promising trend 
in the field of inoculation technology. Mixed inoc-
ulants (combinations of microorganisms) that 
interact synergistically are currently being devised. 
Plant studies have shown that the beneficial effects 
of Azospirillum on plants can be enhanced by co-
inoculation with other microorganisms. Coin-
oculation, frequently, increased growth and yield, 
compared to single inoculation, provided the 
plants with more balanced nutrition, and improved 
absorption of nitrogen, phosphorus, and mineral 
nutrients.156 Thus, plant growth can be increased 

Table 3:  Specification of Mycorrhizal biofertilizers.155

(i) Form/base Fine power/tablets/granules/root biomass mixed  
with growing substrates

(ii) Particle size in case of carrier based materials 90% should pass through 250 miccron IS sieves 
(60 BSS)

(iii) Moisture content percent maximum 8–12

(iv) pH 6.0–7.5

(v) Total viable propagules/gm of product, minimum 100/gm of finished product

(vi) Infectivity potential 80 infection points in test roots/gm of mycorrhizal 
inoculums used
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by dual inoculation with Azospirillum and phos-
phate-solubilizing bacteria.157,158 Azospirillum is also 
considered to be a Rhizobium-“helper” stimulating 
nodulation, nodule activity, and plant metabolism, 
all of which stimulate many plant growth variables 
and plant resistance to unfavorable conditions.159,160 
Synergestic interaction between Rhizobium and 
VAM fungi in legume plants is well established.161 
Mixed inoculation with diazotrophic bacteria and 
arbuscular-mycorrhizal fungi creates synergistic 
interactions that may result in a significant increase 
in growth, phosphorus content, enhanced mycor-
rhizal infection, and an enhancement in the uptake 
of mineral nutrients such as phosphorus, nitrogen, 
zinc, copper, and iron.161–165

1.9  �Regulation and quality control 
of biofertilizers

Naturally, an inoculant should contain a level of 
bacteria sufficient enough to inoculate plants and 
produce an economic gain. The required level of 
bacteria cannot be established as a general stand-
ard because it varies from one bacterial species to 
another and under different conditions. Hence 
different artificial standards for level of viable cells 
in inoculants have been established in different 
countries.96 In majority of nations only rhizobial 
inoculants have legally established standards. Since 
this is a new research field, standards for PGPB 
numbers in inoculants do not yet exist, and every 
manufacturer can claim whatever he deems appro-
priate for his product.91 Many developed countries 
have regulations for inoculant quality, but in most 
of the developing countries, inoculant quality 
is not regulated, nor are the existing regulations 
well enforced. The level of rhizobia required in 
the inoculant varies worldwide (between 107 and 
4  ×  109 cfu/g inoculant) and no set of common 
international standards exist.113 To enumerate the 
bacterial number, commonly known methods in 

microbiology are used; the traditional Plate Count 
methods, Most Probable Number,166 ELISA, and 
Immunoblot.167–169

One should consider two important aspects 
in establishing a quality standard for microbial 
inoculants, one is to maintain a minimum level 
of viable cells per unit and second is the level of 
contaminant. In most countries, there are no reg-
ulations of the level of contaminants in the most 
commonly used nonsterile peat preparations. 
Australia permits low levels of contaminants 
(0.1% of the total bacterial population), but at 
the same time requires high population levels of 
rhizobia.170 Even some developing countries have 
very high standards for inoculants. In Rwanda, 
high rhizobia counts and no more than 0.001% 
contaminants are allowed.171 Since the introduc-
tion of governmental regulations, there has been 
an improvement in the quality of commercial 
inoculants in several countries, including Aus-
tralia, Canada, and the UK.172 Surprisingly, the 
USA and UK have no regulations, perhaps because 
there have been no reported adverse effects where, 
quality control is left to market forces and the 
manufacturers’ discretion.96

In India Ministry of Agriculture and Coopera-
tion has devised the specification on registration, 
standards, procedures and testing protocol for 
Rhizobium, Azotobacter, Azospirillum and Phos-
phate solubilizing bacteria (Table 4–7).155 Bureau 
of Indian standard is the nodal agency for for-
mulating the standard for biofertilisers, they have 
specified that all the bacterial inoculants should 
have minimum CFU of 5 × 107 per g of carrier and 
108 CFU per ml of liquid inoculants, and should 
not have contamination at 10−5 dilution. Olsen 
et  al.,113 noted that Canadian regulations some-
times allow even low levels of rhizobia to be legally 
acceptable, perhaps because the cost of regula-
tion is too high, compared to the risk of misuse. 

Contaminants: Growth of 
non-target microorganisms 
in growth medium.

Table 4:  Specification of biofertilizers—Rhizobium.155

(i) Base Carrier based* in form of moist/dry powder or 
granules, or liquid based

(ii) Viable cell count CFU minimum 5 × 107 cell/g of carrier material or 
1 × 108 cell/ml of liquid.

(iii) Contamination level No contamination at 10-5 dilution

(iv) pH 6.5–7.5

(v) Particle size in case of carrier based materials All materials should pass through 0.15–0.212 mm 
IS sieve

(vi) Moisture percent by weight  
maximum in case of carrier based

30–40%

(vii) Efficiency character Should show efficient nodulation on all the 
species listed on the packet

*Type of carrier:  The carrier materials such as peat, lignite, peat soil and humus, wood charcoal or similar material favoring growth of 
organism.

Dilution: Reducing the 
density of microorganisms 
serially to a manageable 
number so as to enable 
plating it on an agar medium 
and count the number of 
colonies that grow from it.
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Olsen et al.,114 concluded that increased standards 
not only ensure that a farmer is provided with 
effective inoculants but are also in the best interest 
of the inoculation industry. Outlawing low quality 
inoculants from the market will help prevent a bad 

public image for the industry and will facilitate 
the introduction and acceptance of inoculants. 
It  should be noted that the percentage of sub-
standard inoculants in the market is not known, 
and perhaps the problem is just hypothetical.

Table 5:  Specification of biofertilizers—Azotobacter.155

(i) Base Carrier based* in form of moist/dry powder or 
granules, or liquid based

(ii) Viable cell count CFU minimum 5 × 107 cell/g of carrier material or 
1 × 108 cell/ml of liquid.

(iii) Contamination level No contamination at 10-5 dilution

(iv) pH 6.5–7.5

(v) Particle size in case of carrier based materials All materials should pass through 0.15–0.212 mm 
IS sieve

(vi) Moisture percent by weight  
maximum in case of carrier based

30–40%

(vii) Efficiency character The strain should be capable of fixing at least 
10 mg of nitrogen per g of sucrose consumed

*Type of carrier:  The carrier materials such as peat, lignite, peat soil, humus, wood charcoal or similar material favoring growth of 
organism.

Table 6:  Specification of biofertilizers—Azospirillum.155

(i) Base Carrier based* in form of moist/dry powder or 
granules, or liquid based

(ii) Viable cell count CFU minimum 5 × 107 cell/g of carrier material or 
1 × 108 cell/ml of liquid.

(iii) Contamination level No contamination at 10-5 dilution

(iv) pH 6.5–7.5

(v) Particle size in case of carrier based materials All materials should pass through 0.15–0.212 mm 
IS sieve

(vi) Moisture percent by weight  
maximum in case of carrier based

30–40%

(vii) Efficiency character Formation of white pellicle in semisolid nitrogen 
free bromothimol blue media.

*Type of carrier:  The carrier materials such as peat, lignite, peat soil, humus, wood charcoal or similar material favoring growth of 
organism.

Table 7:  Specification of biofertilizers—Phosphate solubilizing bacteria.155

(i) Base Carrier based* in form of moist/dry powder or 
granules, or liquid based

(ii) Viable cell count CFU minimum 5 × 107 cell/g of carrier material or 
1 × 108 cell/ml of liquid.

(iii) Contamination level No contamination at 10-5 dilution

(iv) pH 6.5–7.5 for moist or dry power granulated carrier 
based and 5.0–7.5 for liquid based

(v) Particle size in case of carrier based materials All materials should pass through 0.15–0.212 mm 
IS sieve

(vi) Moisture percent by weight maximum in case 
of carrier based

30–40%

(vii) Efficiency character The strain should have phosphate solubilizing 
capacity in the range of minimum 30%, when 
tested spectrophotometrically. In terms of zone 
formation, minimum 5 mm solubilization zone in 
prescribed media having at least 3 mm thickness.

*Type of carrier:  The carrier materials such as peat, lignite, peat soil, humus, wood charcoal or similar material favoring growth of 
organism.
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2 � Formulations for Microbial 
Consortia—Inoculants for Future

Despite progress in research on mixed inoculants, 
microbial inoculants with multiple organisms 
are not yet produced commercially. Until now, 
the research on mixed microbial inoculation was 
only confined to development and inoculation 
of each bacterium in separate formulation. But 
developments of new inoculant formulation like 
polymer entrapped desiccated inoculants have 
opened new vistas in mixed microbial inoculants. 
In this direction concept of “microbial consor-
tium” assumes greater importance for sustainable 
agriculture.

Feasibility of production of microbial con-
sortium using Rhizobium and PSB using lignite, 
liquid and alginate granules have been tested 
(Figure 4).151,173 It was observed that microbial 
consortium developed using alginate encapsula-
tion was able to conserve the viability of both 
the organisms used for more than 6 months. But 
in liquid formulations, fast growing bacilli had 
outnumbered the slow growing rhizobia. There 
is a need to exercise caution in selecting the bac-
terial strains and formulation in development of 

Microbial consortium: 
A group of microbial species 
that work together to carry 
out an overall reaction or 
process, in our case beneficial 
organisms that together help 
promoting plant growth.

microbial consortium. Care should be taken to 
avoid bacterial strains which have antagonistic 
interactions among themselves. Alginate encap-
sulation is a promising inoculant formulation 
for microbial consortia as they are desiccated 
formulation, microorganisms will be in meta-
bolically inactive state. The development of 
microbial consortium may minimize cost, labour 
and energy involved production of inoculants. 
But more and more single strains microbial 
inoculants must be registered, before inocula-
tion industry can contemplate the develop-
ment and commercialization of multi-bacterial 
inoculants.174

At the University of Agricultural Sciences 
Bangalore, consortium of agriculturally beneficial 
microorganisms (ABM) such as A. chroococcum, 
Acinetobacter sp. and P. fluorescens was constituted 
in alginate by Archana175 and in soybean flour by 
Swapna.176 Consortium containing AM fungi and 
Agriculturally beneficial microorganisms such 
as Azotobacter, Acinetobacter and Pseudomonas is 
constituted by Subramanyam (personal commu-
nication, Plate 4–6). Processing of material in Fluid 
bed dryer (FBD) involves forced air application at 

Figure 4:  Survival of Bacillus megaterium and Bradyrhizobium in alginate based microbial consortium.
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a critical velocity so that fluidized state is attained, 
which facilitate higher contact area for drying in 
a natural state. A common example of a product 
from fluid bed dryer is instant coffee powder. FBD 
is being employed for the manufacture of consor-
tium inoculants of ABMs. In this direction Sahu 

(personal communication) has constituted a con-
sortium of Pseudomonas, Azotobacter and Acini-
tobacter in talc employing FBD, and the survival 
of individual microbes is above the BIS standards 
at 180 days of storage. Further the contamination 
is negligible. Lavanya (Personal communication) 

Plate 4:  AM fungi colonized corn root bits entrapped in Ca-alginate bead.

Plate 5:  AM fungal spores entrapped in Ca-alginate bead.
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has constituted a FBD inoculant from skim milk, 
gelatin and sugar containing two microbes (Pseu-
domonas and Acinetobacter).

Indian agriculture, since 1960s have pro-
gressed tremendously due to introduction of high 
yielding varieties responding to high fertilizer 
inputs leading to enhanced food grains produc-
tion. This high input agriculture has also lead to 
undesirable effects on environment and overall 
sustainability of farming system such as adverse 
effects of agrochemicals. Fertilizer contamination 
of ground water has led to, over a period of time, 
eutrophication of lake and river water, caused 
decrease in oxygen content and death of aquatic 
life, nitrate pollution, increased emission of gase-
ous nitrogen and metal toxicity. The nitrate tox-
icity causes health hazards such as birth defects, 
impaired nervous system, cancer and methaemo-
globenemia (blue baby syndrome).

In this context, every unit of chemical ferti-
lizers getting substituted by biofertilizers adds 
to sustainability and in the long run reduces 
the hazardous load of chemicals in ecosystem. 
A rough estimate of the chemical fertilizers that 
may be substituted by biofertilizers is presented in 
Table 8.

Future of inoculant technology and its ben-
efits for sustainable agriculture depends on 
improving inoculant quality and effectiveness. 
Hence, the challenge is to develop and popu-
larize an inoculant formulation with long shelf 
life and effective in its response once inoculated, 
be it seed or soil. There is a need for extensive 

research to synthesize a new inoculant formula-
tion like freeze dried and fluid bed dried inocu-
lants. More recently mixed microbial inoculants 
have become popular, hence further research 
work is required in this area and also appropri-
ate regulations and quality control guidelines are 
needed.

Biofertilizers are low cost inputs with high 
benefits in agriculture. There is a need to popularize 
this low cost technology with the farming commu-
nity to reap higher dividends. Biofertilizers sup-
plementing phosphorus nutrition in agriculture 
may be vital in saving the much needed foreign 
exchange if we succeed in making the ‘fixed’ phos-
phorus available to crops. However, achieving this 
would be difficult. A concerted effort between 
soil chemists, microbiologists and agronomists is 
needed to facilitate judicious use of inorganic and 
microbiological inputs to realize better yields while 
ensuring the agriculture remains sustainable.

Plate 6:  Consortia of ABMs (Azotobacter sp., Acinetobacter sp., Pseudomonas fluorescence as well as 
AM spores and AM fungi infected corn root bits) entrapped in Ca-alginate bead.

Table  8:  Substitution of chemical fertilizers by 
biofertilizers.

Sl. no Biofertilizers Substitutes/ha/year

1 Rhizobium 108.6–217.3 kg  
of urea,73

2 Azospirillum 60 kg urea in maize,19

3 Azolla 20–40 kg urea/10 T,73

4 BGA 54–65 kg urea,41,42

5 Frankia 195 kg urea,11

Calculated based on Kg N fixed × 2.17/ha/year.
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