
Perennial fruit crops represent hardly 1% of the global
agricultural land area, but Mediterranean region covers
maximum of 11% area, which are of great economic
importance in world trade and tariff (FAO 2011).
Approximately 1.7 million (2.8%) of deaths worldwide are
attributable to micronutrient deficiency induced through
lesser consumption of fruits and vegetables and regarded as
top 10 selected risk factors for global mortality (WHO
2014). In the 21st century, nutrient efficient plants will play
a major role in increasing crop yields compared to the 20th

century, mainly due to limited land and water resources
available for crop production, higher cost of inorganic
fertilizer inputs, declining trends in crop yields globally,
and increasing environmental concerns. Furthermore, at least
60% of the world’s arable lands have mineral deficiencies
or elemental toxicity problems, and on such soils fertilizers
and lime amendments are essential for achieving improved
crop yields (Pathak and Nedwell 2011). In the light of

3

climate change related issuses, perennial fruit trees play an
important role in carbon cycle of terrestrial ecosystems and
sequestering atmospheric CO2 (Lobell et al. 2005, Guimãres
et al. 2014). According to Wu et al. (2012), net C sink and
C storage in biomass of apple orchard ranged from 19 to 32
Tg C, respectively, and from 230 to 475 Tg C in 20 years
period, amounting to 4.5% of total net C sink in the terrestrial
ecosystems in China. In an estimate, Lakso (2010) observed
that an acre of apple orchard fixed about 20 tonnes of CO2
from the air each season, and provided over 15 tonnes of
O2, equivalent to over 5 billion BTU’s of cooling power.
While Mwamba (2013) showed that citrus trees carbon
sequestration in biomass ranged from 23.9 tonnes CO2/ha
for young trees to 109 tonnes CO2/ha for mature trees.

There will be an increasing importance of nutrient
efficient cultivars that are higher producers. Nutrient efficient
plants are defined as those plants, which produce higher
yields per unit of nutrient, applied or absorbed than other
plants (standards) under similar agroecological conditions.
During the last three decades, much research has been
conducted to identify and/or breed nutrient efficient plant
species or genotypes/cultivars within different fruit species
but the success in releasing nutrient efficient cultivars has
been limited. The main reasons for limited success are that
the genetics of plant responses to nutrients and plant
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ABSTRACT

Fruits crops by the virtue of their nutritional qualities have already emerged as a major alternative, cutting short
the menacing load on the consumption of traditional monotonous cereal/tuber crop-based diet. Huge microbial diversity
has displayed different magnitude of synergism with fruit crops, which played a catalytic role in unlocking the
productivity stagnation through improved efficacy of applied nutrients. Perennial fruit crops are better equipped to be
benefitted through nutrient-microbe synergy because of their perennial framework and root configuration. However,
use of multiple inoculation through crop specific microbial consortium, especially AM-based consortium in combination
with nutrients (organic or inorganic in nature) provided a much better option in fruits with an added element of much
better labile pool of microbial (taxonomic, function, and metabolic diversity) and nutrient pool of the rhizosphere for
stronger soil carbon sink ultimately.  The concept of “rhizosphere hybridization” is, therefore, advocated to harness
the value added benefit of nutrient -microbe synergy, besides providing dynamism to microbial consortium suiting to
wide range of perennial fruits.  Microbial consortium augers well, with fertigation option as well, as a pretreatment of
soil before injecting soluble mineral fertilizers into the wetting zone of drippers in order to improve upon the fertilizer
use efficiency.
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interactions with environmental variables are not well
understood (Fageria et al. 2008). Fruit crops by the virtue of
their perennial nature of woody framework (Nutrients locked
therein), extended physiological stages of growth, differential
root distribution pattern (root volume distribution), growth
stages from the point of view of nutrien requirement and
preferential requirement of some nutrients by specific fruit
crop, collectively make them different than the annual crops
(Srivastava et al. 2008, Srivastava 2013a, 2013b).

Plant growth promoting microorganisms play an
important role exerting various mechanisms such as
biological nitrogen fixation, growth hormone production,
phosphate solubilisation siderophore production, hydrolytic
enzymes production, antagonistic activity (Bunemann et al.
2006, Tailor and Joshi 2014). Activation of each mechanism
implies the production of specific compounds and
metabolites, such as plant growth factors, hydrolytic
enzymes, siderophores, antibiotics, and carbon and nitrogen
permeases. These metabolites can be either overproduced
or combined with appropriate biocontrol strains in order to
obtain new formulations for their more effective applications
(Tahía et al. 2004). Studies have demonstrated that
Azotobacter inoculation alone can substitute up to 50%
nitrogen requirement of banana (Tiwari et al. 1999) and
25% phosphorus requirement of papaya (Padma and
Kandasamy 1990). Arbuscular mycorrhizal fungi has also
been reported to substantially improve nutrient acquisition
capacity of host plant, and fruit yield in addition to enriching
the rhizosphere biologically in a much activated form
(Srivastava et al. 2002, Hazarika and Ansari 2007, Maity et
al. 2012, Wu et al. 2013, 2014, Zhang et al. 2015, Liu et al.
2014, Huang et al. 2014, Zou et al. 2014a). Mineral fertilizers
on the other hand have limited direct effects, but their
application can enhance soil biological activity via increases
in system productivity, crop residue return, and soil organic
matter (Sankar et al. 2009, Khan et al. 2009, Khandelwal et
al. 2013). Another important indirect effect especially of
nitrogen fertilization is the soil acidification, with
considerable negative effects on soil organisms (Chhonkar
2003). However, the outcome of a long-term fertilizer
experiment in rice established that a balanced application of
nutrients promoted microbial biomass through improved
diversity of the microbial community (Zhang and Wang
2005). There are ample evidences accrued through
worldwide research that nutrient-microbe synergy is the
launching pad for any perennial plant to mobilise and
accumulate the required nutrients as per the metabolic
nutrient demand (Berg 2009, Shylaja and Rao 2012, Wu
and Srivastava 2012). Rengel et al. (1996) observed that the
total number of bacterial colony forming units increased in
the rhizosphere of Zn-efficient genotypes of wheat under
Zn-deficiency and in Mn-efficient genotypes under
conditions of Mn-deficiency. In contrast, a Zn-deficiency
treatment acted synergistically with the number of fluorescent
Pseudomonas in the rhizospheres.

A still bigger question emerges, whether rhizosphere
competent microbes could collectively contribute towards

improved resilience of plant’s rhizosphere (Wang et al.
2014). And if those microbes are so successful in promoting
growth response, addition of starter nutrients in such
combination may further magnify the magnitude of response
called nutrient-microbe synergy. Our earlier studies have
shown that rhizosphere effective microbes have the tendency
to play multiple roles (Rao and Dass 1989, Srivastava 2012,
Keditsu and Srivastava 2014, Wu et al. 2014) to overcome
various biotic and abiotic stresses while interacting with an
environment. A sound understanding of nutrient-microbe
synergy could possibly lay a solid foundation in unlocking
the productivity potential of perennial fruit crops, besides
safeguarding the soil health, both physico-chemically as
well as biologically. In this background, incise efforts have
been made to analyse various aspects of nutrient-microbe
synergy in giving the desired fillip to the productivity of
perennial fruit crops.

INORGANIC FERTILIZER USE
Optimum soil fertility induced plant nutrition has a key

role to maximise yield and quality production of perennial
fruit crops. The fertilizer requirement of perennial fruit
crops is determined by many approaches, including surveys,
growers’ experience, following the fertilization program of
high yielding orchards, replacing the amount of nutrients
removed by fruits, deficiency symptoms, applying results
from sand or soil culture and field experiments and leaf/soil
analysis, with each one of these having distinct advantages
and limitations (Srivastava and Malhotra 2014).

Three approaches to fertilizer recommendations that
are widely used: the deficiency correction philosophy
(originates from nutrient constraints based crop response
through nutrient additions to the point of maximum economic
yield), maintenance concept (aims to maintain soil fertility
level slightly above the point of maximum economic yield),
and nutrient removal or balanced philosophy (emphasizes
the return to the soil what is removed by the crop to maintain
productivity, but often over recommends nutrient need, since
it does not take into account for the soil’s ability to supply
available nutrients to the plants over time) (Srivastava et al.
2008, 2014b).

Soil fertilization – A conventional method
Soil provides nearly all the nutrients essential to

complete the life cycle of a plant. Different soil properties
primarily determine the extent of a fertilizer response
(Bronick and Lal 2005) and the crop rotation on some
recently published review articles changes in physico-
chemical (Lehoczky et al. 2005) and biological properties
of soil (Manna et al. 2005). Since the subject of fertilization
in horticultural crops is so vast and complex, the readers
may refer to the few review articles exclusively devoted to
different issues of nutrient management in perennial fruit
crops (Lipecki and Barbeæ 1997, Zahir et al. 2003, Hazarika
and Ansari 2007, Srivastava and Singh 2008c, Berg 2009,
Srivastava and Ngullie 2009, Maity et al. 2012, Singh et al.
2012, Srivastava 2012). However, the subject dealing with
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multipronged action to rhizocompetent microves in
combination of various nutrient sources in fruit crops, is
distinctly missing.

Optimum macronutrients: There are varied fertilization
and doses schedules followed across a variety of crops
(Table 1). Some fertilization plans recommend N application
since the beginning of bud break until 6 weeks after full
bloom for bearing pear trees (Neto et al. 2008), whereas
others defend that N must be applied during the whole
growth cycle considering that after harvest, trees can still
improve their reserves through N uptake from soil. Some
authors have studied the fertilizer N use efficiency in pears
and apples (Cheng et al. 2001, Neilsen et al. 2001, Chen et
al. 2004). Most studies were performed in pots in sand
culture, comprising its applicability to field conditions. The
recycling of N as a result of the decomposition of senescent
leaves in soils was only addressed in one study with apple
trees (Tagaliavini et al. 2004, 2007). Fertilizer N use
efficiency by trees increased from the first to the third year,
but was generally small (6, 14, and 33%), and estimated N
losses were large (89, 46, and 53%, respectively, in the first,
second, and third year). Irrigation water and soil provided
more N to the trees than fertilizer N (Neto et al. 2008).

For many years, several authors have tested the response
of different crops to application of different nutrients,
especially K, with respect to yield and quality, in many
crops like coffee, Coffea arabica L.(Silva et al. 2001);
almond, Amygdalus communis L. (Reídel et al. 2004);
pistachio, Pistacio vera L. (Zeng et al. 2001); pecan, Carya
illinoinensis Koch (Worley 1994); olive, Olea europaea
(Jasrotia et al. 1999) etc. However, such basal fertilizer
application technique is greatly conditioned by different
soil properties, particularly soil moisture, which affects the
mobility of the supplied nutrients (Mengel and Kirkby 2000).
This is mainly attributed to large variation in fertilizer doses
to be really effective (Table 1) in different crops, annual
versus perennial. Such variation in optimum doses is dictated
by climate, soil types, crops, and farming practices in such

a way that the correct balance of nutrients necessary for one
farm, may be quite different from that necessary for a farm
somewhere else in the world (Sarangthem et al. 2014).
Therefore, determining the appropriate balance of nutrients
to increase crop yield and soil fertility will require localized
research.

Optimum micronutrients: Soil application of
micronutrients, especially inorganic salts, is often not so
effective due to immediate reaction of added micronutrient
cations with the mineral portion of soil through various
processes like adsorption, fixation, chemical precipitation,
etc. (Srivastava and Singh 2008b) irrespective of crop,
annual or perennial in nature. This issue in the past has been
addressed in depth. Researchers even today are not
unanimous about the efficacy of soil versus foliar fertilization
with reference to micronutrients (Srivastava and Singh 2004,
2008b). Elevating Zn concentration only in the tops of Zn-
deficient sour orange (Citrus aurantium L.) plants with
foliar sprays partially restored normal root growth but clearly
was not as effective as the roots absorbing Zn directly from
high Zn concentration solutions (Swietlik and Zhang 1994).
Duxbury et al. (2006) suggested that micronutrient-enriched
seed successfully addressed Zn and Mo deficiencies in rice
and wheat, and increased yields beyond those achieved by
soil fertilization due to difference in root health activating
early seedling emergence.

Interestingly, some recommendations have advocated
soil application of micronutrients as one of the means to
realize good yield of a crop, e.g. ZnSO4 (300 g/tree) –
FeSO4 (300 g/tree) – 600 N – 200 P2O5 – 100 K (g/tree) in
citrus (Srivastava and Singh 2008c, Srivastava and Patil
2014, Srivastava et al. 2014b). The micronutrient-based Zn
chelater complexes on the other hand are poorly or not at all
absorbed by plant roots, as demonstrated through water
culture studies (Chaney 1988, Swietlik and Zhang 1994).
Under field conditions, however, the addition of Zn
micronutrient-chelate elevated the amount of exchangeable
nutrients in the soil solution due to adsorption and exchange

Table 1 Optimum nutrient requirement for different fruit crops

Fruit crop (g/tree) N P2O5 K2O Reference

Mango (Mangifera indica L.) 800 200 300 Sharma et al. (2000)
Acid lime (Citrus aurantifolia Swingle L.) 800 200 100 Huchche et al. (1996 )
Guava (Psidium guajava L.) 500 250 250 Singh and Singh (2007)
Grape (Vitis vinifera L.)* 300 500 1000 Patil et al. (2008)
Pomegranate (Punica granatum L.) 400 100 300 Ghosh et al. (2012)
Ber (Zyzyphus mauritiana Lank) 500 200 300 Lal et al. (2003)
Aonla (Emblica officinalis Gaertn)* 212 15 234 Biswas et al. (2012)
Sapota (Achras zapota Mill.) 400 100 300 Ghosh et al. (2012)
Date palm (Phoenix dactylifera L.) 460 500 500 Munir et al. (1992)
Fig (Ficus carica L.)** 430 200 430 Irget et al. (2008)
Phalsa (Grewia subinaeuqualis DC) 200 75 100 Sharma et al. (2008)
Apple ((Malus domestica Borkh.) 1065 650 1500 Singh et al. (2011)
Litchi (Litchi chinensis Sonn.)*** 600 350 140 Pathak and Mitra (2008)
Pear (Pyrus communis L. ) 1000 2000 1500 Arora and Singh (2006)

* Figures in kg/ha; ** Addition of 280 g/tree Ca; *** Addition of B at 7 g/plant
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properties of minerals present in soil (Chaney 1988). Soil
application of a micronutrient, e.g. Zn from ZnSO4 is fixed
in the surface soil, while the chelated-Zn remains soluble
and becomes distributed evenly throughout the soil, as
evident from 46-times higher uptake of Zn by a perennial
fruit crop like citrus from Zn-EDTA than ZnSO4 on sandy
soils (Parker et al. 1995). In non-citrus crops like wheat
(Modaihsha 1997), banana (Mostafa et al. 2007), pear,
apple, grapevine (Sohlegel et al. 2006) etc. similar results
have been reported. Of late, micronutrient seed treatment
including seed priming and seed coating have offered an
attractive and easy alternative (Farooq et al. 2012). One of
the major obstacles of conventional practices of addressing
nutritional requirements of perennial fruit crops, either
through soil fertilization or through foliar feeding, is the
precise diagnosis if the nutrient constraint type, their doses
as per crop age and soil type, with the result more often such
practices have not been able to facilitate the realisation of
potential productivity of fruit crops. Neither any due
consideration is given to exploit the nutrient reserve of the
plant’s rhizosphere (native nutrient supplying capacity of
soil) while formulating the fertilizer doses. And most
importantly in perennial fruit crops, nutrient doses need to
be recommended in tandem with level of fruit yield targeted,
a nutrient dose optimum for one fruit yield target, will
become suboptimum for higher targetted fruit yield level in
couple in subsequent years. Where is such nutrient
monitoring tool to keep vigil on nutrient input and output
relationship, a kind of nutrient budgeting (Srivastava 2013a,
2013b, Srivastava and Singh 2008a).

Large number of studies have, however, demonstrated
much better fertilizer use efficiency with fertigation in crops
like guava (Ramniwas et al. 2012), banana (Reddy et al.
2002), apple (Banyal and Sharma 2011), kiwifruit (Chauhan
and Chandel 2008), sweet cherry (Ahmed et al. 2010), litchi
(Dey et al. 2010), sapota (Khot et al. 2012), mango (Singh
et al. 2009), banana (Pawar and Dingre 2013), citrus
(Srivastava et al. 2003, Shirgure and Srivastava 2014a,
2014b, Yong-Ming et al. 2014), papaya (Jeyakumar et al.
2010), pomegranate (Haneef et al. 2014) etc. using various
bases of drip irrigation scheduling and NPK-based fertilizers,
but without much success with micronutrient fertigation.
These studies have provided a wealth of information with
unanimous result that fertigation reduced both irrigation
and nutrient requirement by 30-50% compared to
conventional split application within plant basin. Open
hydroponics (Krugger et al. 2000, Martinez et al. 2004,
Shirgure et al. 2014) and variable rate fertilizer linked site
specific nutrient management (Zaman and Schumann 2006,
Johnston et al. 2009, Srivastava et al. 2014b) in fruit crops
like citrus, olive, avocado, coconut etc. have also started
showing their utility in improving fertilizers use efficiency
to various dimensions.

MICROBE-PERENNIAL CROP INTERACTION
Plant-associated microorganisms fulfill important

functions for plant growth and health. Direct plant growth

promotion by microbes is based on improved nutrient
acquisition and hormonal stimulation. Members of the
bacteria genera, Azospirillum and Rhizobium are well-studied
examples for plant growth promotion, Bacillus,
Pseudomonas, Serratia, Stenotrophomonas, and
Streptomyces and the fungal genera Ampelomyces,
Coniothyrium, and Trichoderma are model organisms to
demonstrate influence on plant health. Based on these
beneficial plant-microbe interactions, it is possible to develop
microbial inoculants for use in fruit crops. Dependent on
their mode of action and effects, these products can be used
as biofertilizers, plant strengtheners, phytosimulators, and
biopesticides. Altogether, the use of microorganisms and
the exploitation of beneficial plant-microbe interactions offer
promising and environment friendly strategies for sustainable
development of fruit crops (Berg 2009). Significance of
plant growth promotion and rhizosphere competence in
biocontrol is also considered equally important (Whipps
2001).

Rhizosphere modification through roots by soil
microorganisms exudation is an important attribute that
regulates not only the availability of nutrients in the soil but
also their acquisition by plants. A number of studies
(Ferguson 1982, Graham and Timmer 1985, Roger 1991,
Shamseldin et al. 2010, Esitken et al. 2006) have suggested
that whole range of microorganisms including arbuscular
mycorrhizal fungi (AMF) have helped to alleviate different
nutritional deficiencies in fruit crops.

Analysis of rhizosphere microbial diversity
Size of the soil microbial pool is often expressed in

terms of microbial biomass (Powlson et al. 1987, Powlson
1994). Vigour and yield of orange crop are affected by soil
types due to variation in microbial population (Zou et al.
1994), cultivar type (Singh et al. 2002), and soil fertility
(Yao et al. 2000). Rhizosphere soils of 19 fruit crop from a
horticultural farm of Bangladesh Agricultural Research
(BARI), Joydebpur, Gazipur were assessed for AM spore
population and determining colonization in their roots. The
spore numbers (100/g soil) ranged from 48 in lemon (Citrus
limon) to 1 050 in custard apple (Annona reticulata) in
2004, which later increased from 41 in pummelo (Citrus
grandis) to 962 in gooseberry (Phyllanthus embica) in
2005, and from 44 in pummelo (Citrus grandis) to 575 in
wax apple (Syzygium samarangense) in 2006 (Khanam,
2007). Other studies reported that using a trap culture
technique, 26 species (Gai et al. 2006) and as many as 60
species (Tchabi et al. 2008, Brundrett 2009, Wu et al. 2013)
of AM were isolated belonging to six genera, Glomus,
Acaulospora, Paraglomus, Archaespora, Pacispora, and
Scutellospora. Despite soil being low or high in root
colonizing population of AM propagules, a definite
relationship exists between AM population and soil
properties. The population of AM propagules in soil showed
a positive correlation with soil properties such as N, organic
C, available K, sand content, pH, and per cent AM root
infection capacity, but a negative correlation with CEC,
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available P, silt, and clay content (Joshi and Singh 1995).
Studies on factors affecting the distribution of

Azotobacter in acid soils of south India revealed the presence
of Azotobacter in 35.2% of soils tested (Nair 1984). The
SOM content showed no marked effect on the presence of
these organisms, except at high levels when a universal
correlation existed. A progressive increase in Azotobacter
population was observed with increase in level of P due to
lime application. Dehydrogenase and urease activity,
microbial population (fungi and bacteria), and OM content
of the soils increased with an increase in altitude up to 1100
m in Arunachal Pradesh, India (Tiwari and Sharma 1998).
Gandotra et al. (1998) observed the presence of Azotobacter
in 55 out of 66 soils studied in Himachal Pradesh (India)
representing soil orders, viz. Mollisols, Alfisols, Ultisols,
Inceptisols, and Entisols. The soils of Paleudalfs and
Dystrochrepts were devoid of Azotobacter. Its population
varied widely, constituting less than 1% of total bacteria.
Haplustalfs and Hapludalfs had higher counts than other
soil orders. Of the various soil properties positively correlated
with Azotobacter population, a significant correlation was
observed only with pH, available P, and exchangeable Mg2+.
Three species, viz. A. chroococcum, A. beijerinckii, and A.
vinelandi were identified in these soils.

The occurrence of Azospirillum in the roots of a wide
range of crops like cotton, plantation crops, and orchard
crops has been reported under varying growing conditions
(Bashan 1999). Subsequently, acid- and salt-tolerant strains
have also been reported (Magalhães et al. 1983). So far
taxonomists have identified many species in the genus
Azospirillum, viz. A. lipoferum, A. brasilense, A.
amazonense, A. halopraeferens, and A. irakense (Okon and
Gonzalez 1994, Bhattacharya 2001), A. doebereinrae (Eckert
et al. 2001), A. melinis (Peng et al. 2006), A. canadense
(Mehnaz et al. 2007a), A. zeae (Mehnaz et al. 2007b), A.
rugosum (Young et al. 2008), and A. picis (Lin et al. 2009).
Among the free-living N-fixing bacteria, Azospirillum is
considered to have more efficient nitrogenase properties
than other N fixers. It has been well demonstrated that
Azospirillum-inoculated plants were able to absorb nutrients
from solution at faster rates than uninoculated plants resulting
in accumulation of more dry matter, N, P, and K in the
foliage (Okon 1985).

Soil microbial diversity besides being considered as
one of the soil quality indices, undergoes frequent changes
in response to management practices. Studies on medium
term effects (12 years) on two management practices term
sustainable (ST) and conventional (CT) on soil microbial
composition and metabolic diversity of a rainfed mature
olive orchard showed more culturable fungi, bacteria,
metabolic diversity indices of microbial communities and
soil enzyme activities in ST than in CT (Sofo et al. 2010b).
Such changes in soil microbial communities responded
significantly towards distinct improvements in olive fruit
yield and quality (Sofo et al. 2010c). In another study in
peach and kiwi fruit orchards, Sofo et al. (2010a) observed
greater magnitude of qualitative and quantitative changes in

soil microbial communities in response to an innovative
(characterized by minimum tillage, organic matter inputs
from composts and cover crops, water pruning and adequate
irrigation and fertilization) than in conventional
(characterized by conventional tillage, zero organic input,
empirical pruning, strong chemical fertilization and excessive
irrigation) soil management system.

A great variety of microbes, both as pure culture (as
broth) as well as carrier-based cultures have shown their
utility in diverse range of fruit crops (Table 2). These
observations lend strong support that such effective microbes
need to be fine tuned in combination with organic manures
and inorganic fertilizers so that their more value added
multi-dimensional response is visible in the context of
perennial fruit crops.

Nitrogen fixing microbes
The rhizosphere supports large and active microbial

populations capable of exerting beneficial, neutral, or
detrimental effects of plant growth (Orhan et al. 2006).
Plant growth promoting rhizobacteria (PGPR) was first
described by Kloepper et al. (1989), as soil bacteria that
colonize the roots of plants following inoculation onto seeds
and that enhance plant growth. Later, Bashan and Holguin
(1998) proposed two new terms, biocontrol plant growth
promoting bacteria and plant growth promoting bacteria.
Azospirillum and Pantoea are defined as free-living, plant-
growth- promoting bacteria, capable of affecting the growth
and yield in numerous plant species, many of agronomic
and ecological significance (Bashan et al. 2004). Later,
Herman et al. (2008) suggested Bacillus (B. subtilis and B.
amyloliquefaciens)-based PGPR for simultaneously
improved production in bell pepper and reduced aphid
infestation in peach. These PGPR have no preference for
crop plants or weeds, or for annual or perennial plants, and
can be successfully applied to plants that have no previous
history of PGPR in their roots (Dobbelaere et al. 2003).
There is a general consensus that Azospirillum and plant
roots can be described as a mere colonization of the
rhizosphere, rhizoplane, and root interior (Govindarajan
and Thangaraju 2001). The colonization is the result of a
selective enrichment of the organism best adapted to the
ecological niche formed by the root environment (showing
both chemotaxis and chemokinesis), whose beneficial effects
have been postulated to be partially due to production of
phytohormones including GA3, gibberellic acid (Cassan et
al. 2001). The majority of bacteria are root colonizers, for
example, Azospirillum has the ability to colonize at least 64
plant species (Bashan and Holguin 1995). Therefore, most
of the studies demonstrated no host specificity in the
Azospirillum-root association (Aseri et al. 2005, Tilak et al.
2005, Scheludko et al. 2009).

PGPR have been reported to enhance plant growth
directly by a variety of mechanisms; fixation of atmospheric
N that is transferred to the plant, production of siderophores
that chelate Fe and make it available to the plant root,
solubilization of minerals such as P, and synthesis of
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phytohormones (Dobbelaere et al. 2001). Direct
enhancement of mineral uptake due to increases in specific
ion fluxes at the root surface in the presence of PGPR has
also been reported (Bertrand et al. 2000, Tilak et al. 2005).
Okon and Gonzalez (1994) evaluated worldwide data

accumulated over the previous 20 years on field inoculation
with Azospirillum, and concluded that these bacteria are
capable of promoting the yield of crops in different soils
and climatic area. Azospirillum spp. are involved in the
biological fixation of N and the increased activity of

Table 2 Response of different microbes on various growth, yield and nutrient uptake of fruit crops

Fruit crop Microbes involved Response parameters Reference

Pomegranate Azotobacter chroococcum- Plant canopy, pruned material, Mir and Sharma (2012)
(Punica granatum L.) Glomus mosseae rhizosphere changes and fruit yield
Grape Pseudomonas fluorescens Root development Wange and Ranawade
(Vitis vinifera L.) (1998)
Quince Bacillus mycoides-B. subtilis Fruit firmness, soluble dry matter Arikan et al. (2013)
(Cydonia oblonga Mill.) and fruit yield
Navel orange Pseudomonas fluorescens (843)- Canopy volume and soil fertility Shamseldin et al. (2010)
(Citrus sinensis (L.) Osbeck) Azospirillum brasilense (W24)
Apple Azotobacter chroococcum- Germination, root growth, and Raman (2012)
(Malus domestica Borkh.) Pseudomonas striata- pest incidence

Trichoderma  viride
Peach Azospirillum brasilense Plant height, girth and canopy Mahmoud and Mahmoud
(Prunus persica (L.) Stokes) Bacillus megatarium growth (1999)
Peach Glomus fasciculatum – Plant height, girth and micronutrient Godara et al. (1996)
(Prunus persica (L.) Stokes) Azotobacter chroococcum concentration
Pomegranate Azotobacter chroococcum- Plant height, pruned material and Aseri et al. (2008)
(Punica granatum L.) Glomus mosseae fruit yield
Apple Bacillus(OSU 142,M-3)- Tree growth and fruit yield Aslantas et al. (2007)
(Malus domestica Borkh.) Pseudomonas(BA-8)
Mango Azotobacter chroococcum Seedling diameter and number of Kerni and Gupta (1986)
(Mangifera indica L.) leaves
Passion fruit Azotobacter sp.-Azospirillum sp.- Improved plantlet growth and yield Quiroga-Rojas et al.
(Passiflora edulis Sims.) Trichoderma sp. (2012)
Sweet orange Azospirillum brasilense- Growth, fruit yield and nutrient Singh and Sharma (1993)
(Citrus sinensis Osbeck) Glomus fasiculatum uptake
Banana Azospirillium sp. Height and girth of pseudo-mostem, Jeeva et al. (1988)
(Musa acuminata L.) leaf area and yield
Banana Azotobacter chroococcum- Number of fingers, bunch weight Tiwari et al. (1999)
(Musa acuminata L.) Azospirillum brasilense and leaf area
Banana Azospirillum brasilense- Fruit weight and finger size Suresh and Hasan (2001)
(Musa acuminata L.) Pseudomonas fluorescens
Sweet cherry Pseudomonas (BA-8) and Growth, yield and leaf nutrient Esitken et al. (2006)
(Prunus avium L.) Bacillus (OSU-142) composition
Apple Bacillus (M3)-Bacillus Growth, yield and plant nutrition Karlidag et al. (2007)
(Malus domestica Borkh.) (OSU-143)- Microbacterium
Apricot Bacillus (OSU-142) Shoot length, yield and leaf nutrient Esitken et al. (2003)
(Prunus armeniaca (L.)) concentration
Apricot Bacillus (OSU-142)- Growth, yield and leaf nutrient Pirlak et al. (2007)
(Prunus armeniaca (L.)) Pseudomonas(BA-8) composition
Nagpur mandarin Bacillus mycoides- B. polymyxa, Shoot weight, root weight and Keditsu and Srivastava
(Citrus reticulata Blanco) Trichoderma harzianum- rhizosphere microbial properties (2014)

Azotobacter chroococcum-
Pseudomonas fluorescens

Walnut Pseudomonas chlororraphis- Plant height, shoot and root dry Xuan Yu et al. (2011)
(Juglans hegia L.) P. fluorescens- Bacillus cereus weight
Papaya Glomus mosseae-G. fasciculatum Growth and nutrient uptake Padma and Kandasamy
(Carica papaya L.) Gigaspora margarita (1990)
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glutamate dehydrogenase and glutamine synthetase (Ribaudo
et al. 2001, Thuler et al. 2003). Azospirillum brasilense
produces high quantities of extracellular indole-3-acetic
acid (IAA), increasing root elongation, root surface area,
and root dry matter (Molla et al. 2001). Basu et al. (2006)
suggested that a small amount of chemical fertilizer like Co
(0.2 kg/ha) showed a triggering effect on the efficacy of
Rhizobium in groundnut (Arachis hypogaea L.).

Nitrogen-fixing bacteria and AM fungi were found to
enhance the growth and production of various fruit plants
significantly (Khanizadeh et al. 1995, Ghazi 2006) besides
improving the microbial activity in the rhizosphere (Kohler
et al. 2007). Aseri et al. (2008) observed that the combined
treatment of Azotobacter chroococcum and Glomus mosseae
was found to be the most effective since, besides enhancing
the rhizosphere microbial activity and concentration of
various metabolites and nutrients, these bioinoculants helped
in better establishment of pomegranate plants under field
conditions. According to some studies (Okon and Labandera-
Gonzalez 1994, Bashan and Holguin 1997), response of
microbial biofertilization is highly unpredictable results due
to their biological origin and susceptibility to various abiotic
stresses, besides difficulty in adjusting the inoculated
microorganisms into new soil environment. However,
considering the vital role of microbes in the maintenance
and buildup of soil fertility, their utility is indispensable
(Badiyala et al. 1990).

Phosphate solubilising microbes
In 1903, Stalatrom first reported microbial involvement

in the solubilisation of inorganic phosphate (Panda 1990).
During 1907-1908, Sacket, along with other scientists
confirmed the solubilising capacity of different
microorganisms (Gaur 1990). These phosphate-solubilising
microorganisms popularly known as PSM involve phosphate
sources, mainly of two types, i e i. mineral (fluorapatite,
hydroxyapatite, tircalcium phosphate, mono- and dicalcium
phosphate, rock phosphate, and iron phosphate) and ii.
organic nature (phytin, lecithin, hexose monophosphatic
ester, phenyl phosphate, and calcium glycerophosphate).
The highly populated PSM produce significant quantities of
organic acids as metabolic by-products (Bhattacharya and
Jain 2000) namely formic, citric, acetic, propionic, malic,
succinic, fumaric, glycolic, gluconic acid, etc. (Dubey and
Gupta 1996, Dubey et al. 1999) depending on various C
substrates. These organic acids are sources of biologically
generated H+ ion, dissolve mineral phosphate, and make it
available to plants. The degree of phosphate solubilisation
is further influenced by pH, Eh, O2, CO2 concentration, and
by the presence of organic material in the growing media.
Sometimes these acids form a unionised association with
meal (chelation) and increase the concentration of soluble
phosphate (Gyaneshwar et al. 2002). Many heterotrophic
microorganisms are known to have some ability to solubilize
inorganic P from insoluble sources (Gaur and Gaind 1992).
Microbial solubilization of insoluble phosphates has also
been reported through acidification, chelation, ion exchange

reactions and external and internal accumulation of Ca2+

besides cell death lysis (Kucey 1983).
Various species of Trichoderma as dual purpose

microbe (phosphate solubilizer as well as microbial
antagonist) were also effective in the promotion of growth
and yield in various crops (Bal and Altintas 2006a). Both
the species of Trichoderma, viz. T. harzianum and T. virens
promoted growth of cucumber and cotton seedlings (Yedidia
et al. 2001), sweet corn (Bjorkman et al. 1998), cucumber,
bell pepper, and strawberry (Altintas and Bal 2005, Bal
and Altintas 2006b, Elad et al. 2006). On the other hand,
application of Trichoderma was not conducive to increased
yields of some annual crops like tomato (Bal and Altintas
2006c), lettuce (Bal and Altintas 2008), and onion (Poldma
et al. 2001), suggesting some kind of inconsistency in
response. However, other previous studies obtained
significant yield increase in cucumber and bell pepper using
a much higher dosage of P2O5 as 40 kg/ha (Altintas and
Bal 2008).

Potassium solubilising microbes
Unfortunately, many studies carried out in the past

have not been given due consideration due to exploitation
of the potassium solubilising ability of microbes. A critical
review by Mishustin et al. (1981) stated that although K is
released from silicates by microorganisms, the process is
not active enough to complete provision of the plants with
this element. In K-deficiency, the increased root exudation
accompanied by accelerated microbial proliferation and
respiration may lead to O2 depletion in the rhizosphere,
thus favouring denitrification specifically (Merckx et al.
1987, Van Veen et al. 1989).

Some microorganisms in soil environment contain
enzymes that function in ways analogous to chitinase and
celluloses, i.e. they specifically break down mineral structure
(Barker et al. 1997). Laboratory studies have shown that
microbes can increase the dissolution rate of silicate and
aluminum silicate minerals, primarily by generating organic
and inorganic acids (Barker et al. 1997). Although some of
these organisms are free-living (planktonic) in solution,
most of these bacteria are attacked to mineral surfaces
(Hazen et al. 1991, Holm et al. 1992), where they can
impact water-rock interaction, mineral surface chemistry,
dissolution and precipitation of minerals, the evolution of
ground water geochemistry and soil formation (Barker and
Banfield 1998, Neslson and Stahl 1997). Complete microbial
respiration and degradation of particulate and dissolved
organic C can elevate carbonic acid concentration at mineral
surfaces, in soils and ground water (Barker et al. 1998),
which can lead to an increase in the rates of mineral
weathering by a proton-promoted dissolution mechanism.
In addition to carbonic acid, microbes can produce and
excrete organic ligands by a variety of processes such as
fermentation and degradation of organic macromoleules, or
as a response to nutrient stress (Paris et al. 1996). The
reports showed that silicates dissolving bacteria could
activate soil P, K, Si reserves and promote plant growth
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(Xue et al. 2000, Sheng et al. 2003). Styriakova et al.
(2003) reported that the activity of silicate dissolving bacteria
played a pronounced role in the release of Si, Fe, and K
from feldspar and Fe-oxyhydroxides.

Microbial solubilisation of micronutrients
Microorganisms attached to soil mineral surfaces ably

create micro-environments where concentration of ligand,
acidity and redox activity is substantially improved
compared to the bulk soil, thus effecting mineral exchange
reactions (Rogers et al. 1998, Barker et al. 1998). A large
number of ligands, are not only oxalate but also pyruvate,
citrate, succinate, malate, gluconate, lactate and fumarate
have been detected in soils and on weathered rocks
colonized by bacteria and fungi (Baker et al. 1986,
Baziramakenga et al. 1995, Krzyszowska et al. 1996). The
so-called fluorescent pseudomonads Pseudomonas
aeruginosa, P.fluorescens, and P.putida produce a water-
soluble yellow-green fluorescent (under UV light) pigment
called pyoverdine (Meldrum 1999). This pigment is
responsible for the characteristic fluorescence of the cell
and has also been identified as an iron-chelating siderophore
(Neilands 1983, Fernandez et al. 1988).

Another important factor for the colonization of plant
roots, especially under iron-limiting condition, is the
synthesis of siderophores from Pseudomonas, which are
iron-chelating compounds (Cornelis 2010). Pseudomonas
siderophore have a high affinity for iron, and when they
chelate this micro-nutrient, they make it less available for
other microorganisms, including plant pathogens (Kloepper
et al. 1980, Weller 2007). This mechanism is considered in
direct plant growth promotion by Pseudomonas. In particular,
Pseudomonas can synthesizes siderophores in iron-limiting
conditions, being a factor that induces gene expression in
operons involved in siderophore synthesis. Other
environmental factors such as pH, presence of trace element
nitrogen, phosphorus and carbon are also important (Duffy
and Defago 1999). It is known that compounds such as
siderophores are synthesized mainly during the exponential
growth phase, which is the stage in which the population
requires more nutrients for cell division (Loper and Schroth
1986, O’Sullivan and O’Gra 1992). Likewise, the
pseudofactor-Fe complex has a high stability constant (Chen
et al. 1994). Other studies suggested that virtually all excreted
pseudobactin molecules bind to Fe present in the medium.
This complex acts as a Fe (III) delivery system for its
introduction through bacterial cells (Koster et al. 1995,
Loper and Henkels 1999). Therefore, in micronutrients such
as rhizosphere, the synthesis of siderophores is important to
confer an advantage in the competition for nutrients and
space (Loper and Henkels 1999).

Trichoderma species are not only found to solubilize
phosphorus but other important nutrients- through various
mechanisms. They react to limiting iron conditions by using
a high-affinity iron uptake system based on the release of
iron chelating molecules called siderophores. This chelated
iron is not available to plant pathogens, whose activity is

thereby reduced (Baker et al. 1986), while plant roots can
take up chelated irons either directly or after reduction of
Fe3+ by plasma membrane reductases (Welch et al. 1993).
Trichoderma has been found to evolve mechanisms that are
involved in solubilization of Mn. Manganese can occur in
several oxidation states, but it is available to plants only in
the reduced form (Mn2+). Higher oxidation states are
insoluble. The oxidation state of soil Mn depends on both
the soil condition (pH values below 6 favor reduction and
values above 6.5 favor oxidation) and the activity of
rhizosphere microorganisms that can either oxidize or reduce
manganese and thus influence its availability (Huber and
McCay-Buis 1993). Thus, microbial interactions with plant
roots are known to profoundly affect plant nutrient status. If
some strains of Trichoderma possess the ability to solubilize
many different nutrients, it would not be surprising to find
that multiple mechanisms are involved, even for a single
element. For example, solubilization of iron may involve
reduction of Fe3+ to Fe2+ as well as chelation of Fe3+ by
siderophores or chelating agents (Wu et al. 2013).

Mycorrhizae have also been helpful in improving the
uptake of diffusion limited micro nutrients such as P, Zn,
Cu, Mn, and Fe by the host plants (Tinker 1982, Johnson
1984, Tang et al. 1984, Graham 1986) on account of their
ability to dissolve and promote absorption of these elements
(Englander 1981). This is accomplished primarily by
extension of root geometry through symbiotic association in
which fungus utilizes carbohydrates produced by the host
plants, and plants in turn benefit by increased nutrients
uptake, especially noticeable in soils of low fertility (Nemec
1979). Graham and Fardelmann (1986) observed higher
uptake of Cu by Carrizo citrange inoculated with Glomus
intraradices while El-Maksoud et al. (1988) observed greater
uptake of N, P, Fe, Mn, and Zn by roots and aerial parts of
sour orange seedlings inoculated with Glomus and Gigaspora
sp. of mycorrhizal fungi in both calcareous and sandy soils
of Egypt. Treeby (1992) observed increase in shoot Fe
concentration in mycorrhized over non-mycorrhized citrus
trees, more efficiently in an acidic environment. The exact
mechanism of such cause and effect is still not clear, whether
the endophyte is directly involved in Fe uptake, and supply
to the host, or it is an indirect effect of the change in root
growth habit. In another study, Onkarayya and Sukhada
(1993) observed higher concentrations of P, N and Zn in
AM inoculated rootstock seedlings of rough lemon (Citrus
jambhiri), Rangpur lime (Citrus limonia), Poncirus trifoliata,
Troyer citrange, Carrizo citrange, Citrumelo excluding
Cleopatra mandarin. Mycorrhizas, especially Glomus
mosseae in combination with Pseudomonas fluorescens has
been observed to improve the Fe-efficiency in grapevine
ungrafted rootstocks (Bavereco and Fogher 1992) and in
grafted grape (Bavareco and Fogher 1996a, 1996b) under
calcareous soil conditions.

Microbial consortium : A novel concept
Analysis of rhizosphere microbial diversity provides a

valid clue for rhizosphere hybridization (Nothing but
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isolating and characterizing the rhizo-competent microbes
from diverse crop rhizosphere and developing a competent
group of microbes called microbial consortium) in order to
infuse desired changes in rhizosphere microbial composition
and consequent changes in nutrient availability. The most
common objective of developing microbial consortium is to
capitalise on both the capabilities of individual microbes
and their interactions to create useful systems in tune with
enhanced productivity and, soil health improvements through
efficient metabolic functionality (Brenner et al. 2008). Two
major underlying principles are applied in the whole process
of development of microbial consortium. The first one is
resource ratio theory which uses both qualitatively and
quantitatively in order to assess the outcomes between
component microorganisms competing for shared limiting
resources. This permits coexistence of multiple microbes or
the competitive exclusion of all but a single microbe (Brauer
et al. 2012). And the second principle theory relevant to
microbial consortium is maximum power principle initially
proposed by Lotka (1992) and later modified at various
levels, is value for analysing consortial interactions. It also
dictates that biological systems that maximise fitness by
maximising power, is analogous to metabolic rate or the
capacity to capture and utilise energy (Sciubba 2011). The
microbial consortium is classified (Handelsman et al. 1998,
Kim et al. 2008, Klitgord and Segre 2011) as artificial
(carrying two or more wild type microbes whose interactions
do not typically occur naturally), synthetic (carrying microbes
which are modified through manipulations of genetic content)
and natural (carrying microbes having much wider
applications like bioremediation, wastewater treatment,
biogas synthesis etc.).

In a microbial consortium, there are different consortial
interaction motifs which by and large, comprise of division
of labor as functional differentiation and specialisation
(Briones and Raskin 2003), synergistic division of resources,
each component serving as carbon or energy source (Crespi
2001), commensalism where one component microbe
provides an ecological niche for others at no benefit or cost
to itself (Rosche et al. 2009), mutualistic, a relationship
benefitting all component microbes (Wintermute and Silver
2010) and syntrophy defined as resource exchanges or cross
feeding amongst component microbes (Shou et al. 2007).

Coinoculation or combined inoculation of different
microbe types is another area which can be gainfully
exploited in formulating the microbially-rich substrate,
provided that information on the synergism between different
microbes is known (Marschner et al. 2004). In the past, a
number of studies have suggested the coinoculation of
different microbes, which can be summarized as: A.
brasilense – P. striata/B. polymyxa in sorghum (Alagawadi
and Gaur 1992), A. lipoferem – Agrobacterium radiobacter/
A. lipoferem-Arthrobacter mysorens in barley (Belimov et
al. 1995), A. brasilense – Rhizobium in lentil (Yadav et al.
1992) and chickpea (Fabbrie and Del Gallo 1995), A.
brasilense – A. chroococcum – Klebsiella pneumoniae – R.
meliloti in alfalfa (Hassouma et al. 1994), A. brasilense – R.

leguminosarum in soybean (Neyra et al. 1995), and A.
brasilense/Streptomyces mutabilis – A. chroococcum in
wheat (Elshanshoury 1995). Many studies on coinoculation
of microbes involving AM fungi and bacteria have also
been suggested for improvement in both yield and quality.
These include: A. brasilense – G. fasciculatum in wheat
(Gori and Favilli 1995), strawberry (Bellone and de Bellone
1995), A. brasilense – Pantoea dispersa in sweetpepper
(Amor et al. 2008), and A. chroococcum – G. mosseae in
pomegranate (Aseri et al. 2008). The effectivensss of these
co-inoculation studies warrant further studies on exploiting
the added benefit of rhizosphere hybridization.

Growth promoting microbes were isolated from
rhizosphere (0-20 cm) for development of MC through
extensive soil sampling (from the rhizosphere of as many
as 110 plants) at the experimental site. The microbial
diversity existing within rhizosphere soil was isolated
following standard procedures, and characterized the
promising microbes for their nutrient mobilizing capacity
through laboratory-based incubation study using the same
experimental soil. The efficient microbes, viz. Azotobacter
chroococcum (asymbiotic N-form), Bacillus mycoides (K-
solubilizer), Pseudomonas fluorescens (P-solubilizer),
Bacillus polymyxa (P-solubilizer), and Trichoderma
harzianum (P-solubilizer) were finally identified. Pure
culture of these microbes in value added form was
developed in broth, and prepared a mixture called MC.
The compatibility amongst these microbes was tested
thoroughly by their population dynamics in consortium
mode which showed no antagonism amongst them up to
90 days of laboratory oriented incubation study (Srivastava
et al. 2014a). Inocualtion with microorganisms under pot
culture conditions, has shown promising changes in soil
properties, viz. water stable aggregate formation, soil
enzymes, glomalin related Bradford protein as glue agent
binding soil particles etc. using citrus as test crop (Wu et
al. 2013, Zou et al. 2014b).

The response of microbial consortium on rough lemon
seedlings (Citrus jambhiri Lush) showed a significant
increase in various growth parameters over control. The
inoculation with microbial consortium brought a signifi-
cant change in available supply of different nutrients in
soil and microbial biomass nutrients (Table 3). A
significantly higher soil fertility status with microbial
consortium treated plants was observed compared to
untreated control. Similarly, microbial biomass nutrients
were higher in the rhizosphere treated with microbial
consortium than untreated control. The above observations
strongly supported the effectiveness of microbial consortium
in improving chemical and biological indices of citrus
rhizosphere (Srivastava et al. 2014a).

Carrier-based substrate: Consistent efforts are being
made to find alternatives to conventional fertilizers, media
and practices, although chemical properties of formulated
substrates may affect plant growth and nutritional response
in varied ways. These comprise of : i. improvement in soil
hydraulic properties, ii. maintenance of better available
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pool of nutrients, and iii. establishment of dynamic soil
microbial environment, more suited to crop requirement
(Dutt et al. 2002, Altland and Buamscha 2008). The origin
of a substrate and its pH are considered two most important
guiding principles in developing a substrate dynamic to
plant’s rhizosphere in addition to physical stability, ease in
rewetting ability to withstand compression, and low shrinkage
rate over time (Roose and Haase 2000, Altland 2006). Dutt
and Sonawane (2006) observed excellent performance of
chrysanthemum (Chrysanthemum indicum L.) on a substrate
containing cocoa-peat-compost-rice husk. Recently, studies
(Buamscha et al. 2007, Altland et al. 2008) documented
that DFB (Douglas Fir Bark) alone provided sufficient
micronutrients for annual vinca (Catharanthus roseus L.)
grown at low pH (4.6-5.5). While Hernandez-Apaolaza et
al. (2005) suggested that the use of pink bark in coconut
(Cocos nucifera L.) coir-based media formulations served
as one alternative of recycling waste materials. Fisher et al.
(2006) suggested peat-based substrate pre-treated with lime
with adjusted pH within an optimum range was physico-
chemically very effective.

Coir dusts with a particle size distribution similar to
peat showed comparatively higher aeration and lower
capacity to hold total and easily available water. An air-
water balance similar to that in peat became apparent in coir
dust at a comparatively lower coarseness index (29% vs.
63% by weight in peat). Stepwise multiple regression analysis
showed that particles with diameters in the range of 0.125
to 1 mm had a remarkable and highly significant impact on
the physical properties, while particles < 0.125 mm and > 1
mm had only a slight or non-significant effect (Abad et al.
2005). Four types of media [coir, 1 coir: 2 peat (by volume),
peat, and sandy loam soil] were evaluated by Merhaut and
Newman (2005) for their effects on plant growth and nitrate
(NO3

-) leaching in the production of oriental lilies (Lillium
L.) ‘Starfighter’ and ‘Casa Blanca’. Results indicated that
the use of coir and peat did not significantly influence plant
growth (shoot dry weight) relative to the use of sandy loam
soil. However, substrate type influenced the amount of
NO3

- leached through the media and N accumulation in the
shoots for ‘Starfighter’, but not for ‘Casa Blanca’. Various
recipes for potting mixture have been developed (Kuepper
and Adam 2003, Salifu et al. 2006).

NUTRIENT-MICROBE SYNERGY

In-vitro response
A rhizosphere-based microbe, if it is effective in

triggering the plant growth, it should effectively utilise the
nutrient as a source of energy for microbial proliferation. A
strain of Trichoderma harzianum was tested in vitro for its
compatibility with different concentrations of commonly
used inorganic fertilizers. Four different inorganic fertilizers,
viz. urea, single super phosphate (SSP), muriate of potash
(MOP) and calcium ammonium nitrate (CAN) were used,
each at concentrations of 100, 200, 500, 1000, and 2000
ppm. Urea at 1000 ppm and above increased the canopy
diameter of T. harzianum by 11.1%. MOP increased the
growth of the biological control agent at all concentrations
tested while SSP and CAN both inhibited it. The inhibition
ranged from 8.8% to 23% for SPP and from 11.1% to
71.9% for CAN and increased with the increase in
concentration (Shylaja and Rao 2012). Response of different
concentrations of all the seven commercially used fertilizers
was observed statistically significant (Table 4). Interestingly

Table 3 Response of microbial consortium on growth, soil fertility changes and soil microbial biomass nutrients in rough lemon
seedlings treated for 45 days

Treatment  Growth Soil available nutrients (mg/kg) SMBN (mg/kg)

Root Shoot N P K Fe Mn Cu Zn Cmic Nmic Pmic
wt. (g) wt. (g)

Control 2.99 9.08 116.2 13.2 166.7  8.8  6.7 1.12 0.62 119.8 21.8 13.5
Treated 9.59 24.86 123.4 16.2 169.7 13.7 10.2 1.16 0.88 147.7 34.1 17.8
LSD (P=0.05) 3.65 5.63 3.95 2.0 NS 1.75 1.35 NS 0.12 9.85 2.5 1.25

- Computed on the basis of analysis after 162 days of inoculation. - SMBN stands for soil microbial biomass nutrients. Cmic, Nmic,
and Pmic stand for soil microbial biomass-C, soil microbial biomass-N, and microbial soil biomass-P, respectively.

Source: Wu and Srivastava (2012); Keditsu and Srivastava (2014).

Table 4 Nutrient microbe interaction response (measured by
colony growth in mm) under controlled  conditions

Fertilizer  Fertilizer concentration (ppm) CD
Type Control 100 200 400 800 1600 (P=0.05)

Colony growth (mm)
Pseudomonas fluorescens
Urea 14.0 20.5 30.5 21.6 22.0 16.0 1.41
KH2PO4 13.3 16.6 21.3 18.5 18.3 18.5 1.64
MOP 12.6 21.0 22.3 23.3 25.6 22.3 0.84
FeSO4 14.6 21.5 20.3 16.0 16.0 16.2 0.94
ZnSO4 16.3 24.0 19.0 20.6 19.0 17.5 1.10
Bacillus mycoides
Urea 18.3 27.6 29.6 32.3 33.3 34.3 2.18
KH2PO4 33.0 35.3 36.0 34.6 32.6 38.6 1.10
MOP 29.0 23.6 30.6 32.3 33.6 31.6 0.80
FeSO4 31.6 32.3 32.3 22.6 20.3 19.6 0.90
ZnSO4 27.0 33.0 31.0 28.0 14.3 1.81
MnSO4 29.3 29.6 17.5 NS

MOP stands for muriate of potash
Source: Srivastava et al. (2014a).
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colony growth of Pseduomonas fluorescens and Bacillus
mycoides were triggered by all the nutrients off course at
varying concentrations much against our conventional notion
that soil looses its biological dynamism owing to repeated
and indiscriminate use of inorganic source of nutrients.

In-vivo response
In-vivo studies (Table 5) on the other hand, have revealed

astonishing results exploiting the inorganic/nutrient-microbe
synergy commercially to really unlock the possible
productivity stagnation in fruit crops.

A review of long-term experiments conducted around
the world indicated that chemical fertilizer alone is not
enough to improve or maintain soil fertility at high levels
and the soil acidification problem caused by over-application
of synthetic N fertilizers can be reduced if more fertilizer N
is applied as NO3 relative to ammonium- or urea-based N
fertilizers (Pathak and Nedwell 2011). Organic fertilizers
can improve soil fertility and quality, but long-term
application with high rates can also lead to more nitrate
leaching, and accumulation of P, if not managed well. Well-
managed combination of chemical and organic fertilizers
can overcome the disadvantages of applying single source
of fertilizers and substantially achieve higher crop yields,
improve soil fertility, alleviate soil acidification problems
and increase nutrient-use efficiency compared with only
using chemical fertilizers (Miao et al. 2011).Organic
amendments comprising manures have helped in increasing
the fruit yield coupled with quality, effectively replacing
mineral fertilizers in the nutrient management of commercial
fruit tree orchards through associated changes in soil C
pool, microbial pool and available nutrient pool of soil
(Baldi et al. 2010, Montanaro et al. 2010, 2012).

Nutrient (nutrient as well as inorganic source)-microbe
as tripartite association on the other hand is better known in
fruit crops (Singh and Banik 2011, Srivastava 2009, 2012,

Srivastava and Ngullie 2009, Khehra and Bal 2014) with
respect to both agronomic response as well as soil health.
An array of fruit crops have been reported to respond to the
synergies originated through combination of organic nutrient-
microbe-inorganics (Table 6). And such associations have
invariably witnessed substantially higher productivity than
any single component alone. However, there is a greater need
to expand such plant response advantages using more
rhizocompetent microbes preferably in consortium mode,
plant response as well as soil health response both have to
be sustained on a long term basis. Accrued long term field
experiment data on evaluation of organic nutrient-microbe-
inorganics populary known as integrated nutrient
management (INM) strategy in Nagpur mandarin (Citrus
reticulata Blanco) carried out with the objective of working
out an efficient INM module grown on Vertic Ustochrept
showed much better effectiveness of microbial consortium
(MC) when used in combination with inorganic fertilizers
(IF) and organic manure (OM), farmyard manure (FYM) or
vermicompost (Vm). However latter could produce much
higher magnitude of response (Table 7). The net increase in
canopy volume within four years (2007-12) with 100%
recommended dose of fertilizers (RDF) was much higher
compared with 75% RDF plus 25% Vm plus MC, with
significantly better fruit quality parameters. Soil quality
parameters in terms of soil microbial biomass (SMB) and
soil microbial biomass nutrients (SMBN) were much lower
with 75% RDF plus 25% Vm plus MC as compared with
exclusive use of IF as 100% RDF. These changes within
rhizosphere were very well translated into consequent
improvements in leaf nutrient composition, being
significantly higher with 75% RDF plus 25% Vm plus MC
over 100% RDF. These observations warranted strong
support in favour of INM-based treatments than sole use of
IF (Srivastava et al. 2015). Such changes in soil management
practices will play a significant ecological role in switching

Table 5 Response of nutrient-microbe synergy in different fruit crops

Crop Type of nutrient-microbes Response parameters Reference
involved

Banana Azosprillum brasilense- 100% Leaf N content, chlorophyll content Tiwari et al. (1999)
(Musa acuminata L.) RDF-based N and bunch weight
Banana Azotobacter chroococcum–80% Plant height, number of leaves and Dibut-Alvarez et al. (1996)
(Musa acuminata L.) RDF-based N shoots, and pseudo-stem diameter
Apple Azotobacter chroococcum – 80% Fruit yield and leaf nutrient El-Boray et al. (2006)
(Malus domestica Borkh.) RDF-based N composition
Mango Azotobacter chroococcum – 48 g Plant height, seedling diameter and Kerni and Gupta (1986)
(Manifera indica L.) N/seedling number of leaves
Banana Azotobacter chroococcum – 75% Total sugar, starch and protein Sharma (2002)
(Musa acuminata L.) inorganic N
Mosambi Glomus fasciculatum – 75% Plant height, trunk diameter, canopy Singh et al. (2002)
(Citrus sinensis Osbeck) P2O5 + 25% N volume and biomass production
Peach Azotobacter chroococcum 75% N Plant height, girth and number of Godara et al. (1995)
(Prunus persica (L.) Stokes) (as RDF) leaves

RDF stands for recommended doses of fertilizers
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Table 6 Different components of integrated nutrient management recommended for different fruit crops

Crop INM practices Reference

Guava FYM 50 kg/plant – Azotobacter sp 50 g/plant - Azospirillum sp Ram and Rajput (2000)
(Psidium guajava L.) 50 g/plant – Sesbania sp as green manure
Pomegranate 400 g N- 100 g P2O5 – 300 g K2O /plant – FYM 20 kg/plant, Ghosh et al. (2012)
(Punica granatum L.)
Papaya Vermicompost 20 kg/plant – rhizosphere culture 50 g/plant- 150 N – 200 Kirad et al. (2010)
(Carica papaya L.) P2O5 – 200 K2O g/plant (75% RDF)
Banana FYM 12 kg/plant – Azospirillum sp 50 g/plant - Phosphate Solubilising Hazarika and Ansari (2010)
(Musa acuminata L.) Bacteria 50 g/plant T.harzianum 50 g/plant
Banana 50% RDF- FYM 20 kg/plant – Azotobacter sp 50 g/plant – Phosphate Patil and Shinde (2013)
(Musa acuminata L.) solubilising bacteria 50 g/plant –VAM 250 g/plant
Guava 488 g N – 244 g P2O5 - 281 g K2O/plant – FYM 50 kg/plant – Barne et al. (2011)
(Psidium guajava L.) Azotobacter 250 g/plant – phosphate solubilising bacteria 25 g/plant
Strawberry 75% N as RDF – 25% N as FYM – Azotobacter sp Umer et al. (2009)
(Fragaria ananassa Duches)
Pomegranate 300 g N/plant – neem cake 1 kg/plant Ray et al. (2014)
(Punica granatum L.)
Banana 100% RDF – 40% Wellgrow organic manure Kuttimani et al. (2013)
(Musa acuminata L.)
Peach 75% RDF - 25% N equivalent FYM Shah et al. (2014)
(Prunus persica (L.) Stokes)
Lemon N 525 g/plant – FYM 150 kg/plant – Azotobacter sp 18 g/plant Khehra and Bal (2014)
(Citrus limon (L.) Burm.f.)
Apricot 75% RDF – 25% FYM Shah et al. (2006)
(Prunus armeniaca (L.))
Papaya 50% RDF (100 N – 100 P2O5 – 125 K2O g/plant)- Azotobacter sp Singh and Varu (2013)
(Carica papaya L.) 50 g/plant – Phosphate solubilising bacteria 2.5 g/m2

Guava 50% RDF (250 g N – 100 g P2O5 - 250 K2O g/plant) - FYM 25 kg/ Dwivedi (2013)
(Psidium guajava L.) plant – vermicompost 5 kg/plant
Sapota 75% RDF + 25% RDF equivalent vermicompost Hebbarai et al. (2006)
(Achras zapota L.)
Mango 500 g N - 250 g P2O5 – 250 K2O g/plant –50 kg FYM/plant – Singh and Banik (2011)
(Mangifera indica L.) Azospirillum sp 250 g/plant
Mango 250 N – 425 P2O5 – 1000 K2O – Azospirillum sp 250 g/plant – PSB – Hasan et al. (2012)
(Mangifera indica L.) 250 g/plant – ZnSO4 100 g/plant – Borax 100 g/plant
Banana 100 % RDF – FYM 10 kg/plant – Azospirillum sp 25 g/plant Phosphate Bhalerao et al. (2009)
(Musa acuminata L.) solubilising bacteria 250 g/plant
Guava 236 g N – 66 g P2O5 – Azospirillum sp 30 g/plant – VAM 30 g/plant Dutta et al. (2009)
(Psidium guajava L.)
Mosambi 300 g N – 250 g P2O5 – 300 g K2O – AMF 10 g/plant - Azospirillum Patel et al. (2009)
(Citrus sinensis Osbeck) sp 25 g/plant
Guava 250 g N – 100 g P – 250 g K2O /plant – Azotobacter sp 250 g/plant Shukla et al. (2009)
(Psidium guajava L.)
Litchi 500 g N – 250 g P2O5 – 500 g K2O /plant – FYM 50 kg/plant – Dutta et al. (2010)
(Litchi chinensis Sonn.) Azotobacter sp 150 g/plant – VAM 100 g/plant
Aonla 50% NPKS (105 kg N – 7.20 kg P2O5 – 125.25 kg K2O/ha) – Yadav et al. (2007)
(Emblica officinalis Gaertn.) Biofertilizers (Azotobacter sp – Azospirillum sp – Phosphate

solubilising bacteria ) – FYM (2 tonnes/ha)
Aonla 100 g N – 25 g P2O5 – 150 g K2O/plant – FYM 10 kg/plant – Mandal et al. (2013)
(Emblica officinalis Gaertn.) Phosphate solubilising bacteria 50 g/plant
Sapota 1500 g N – 1000 P2O5 – 500 g K2O/plant – 75 kg FYM – 12.5 g/ Dalal et al. (2004)
(Achras zapota L.) plant PSB
Guava 50% RDF (225 g N – 195 g P2O5 – 150 g K2O/plant)- FYM 50 kg/ Goswami et al. (2012)
(Psidium guajava L.) plant – Azospirillum 250 g/plant

RDF and PSB stand for recommended doses of fertilizers and phosphate solubilising bacteria predominantly (Pseudomonas
fluorescens), respectively
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the rhizosphere from C source to net C sink (Table 7).
However, carbon economy at orchard scale is mainly driven
by the capture versus emission trade-off . Soil CO2 flux on
the other hand is very heterogeneous, mainly due to spatial
variability in soil structure, temperature, moisture, population
density of bacteria and fungi and to the root density as well
as to the concentration of organic matter in the soil (Yang et
al. 2007). Such changes are also dictated by perennial fruit-
based land use against the nature of reference land use, usually
taken forest as standard land use (Bernardi et al. 2007).

RESEARCH AND DEVELOPMENT ISSUES
Despite many cutting edge technologies, addressing a

variety of core issues on role of soil management-based
nutrient use efficiency (Lipecki and Berbec 1997) in raising
the productivity of perennial fruits is the major research and
developmental issue. Microbes are most diverse soil
organisms, yet very little is known about them. Until recently,
research has focused on those organisms that are culturable.
However a wealth of information is now being collected
from both culturable and, as yet, unculturable organisms.
Functions of the soil microbial population impact many
processes and, therefore, productivity (Kennedy and Gewin
1997), if mechanisms involved in the plant-microbe
interaction are better understood.

 A plant manufactures microbial communities according
to its metabolic requirements. The microbial biomass is one
of the biological properties of soil that undergoes immediate
change in response to fertilizer like input. Studies, therefore,

need to be undertaken with a view to explore the possibility
of which soil microbial property could be used as a potential
tool for finding out soil health related constraint instead of
concentration of available nutrients in soil using some
indicator fruit crop(s). While the genetic, functional and
metabolic diversity of soil microorganisms within the
rhizosphere of wide range of fruit crops is important, the
capacity of soil microbial communities to maintain func-
tional diversity of those critical soil processes could
ultimately be more important to ecosystem productivity and
stability than mere taxonomic diversity (Caldwell 2005). In
this context, it remains to be assessed how nutrient-microbe
synergism is associated with productivity of perennial fruits.
New research methods involving molecular techniques will
extend our understanding of taxonomic and functional
diversity in soil systems.

With the availability of more technical know-how on
combined use of organic manures, prolonged shelf life of
microbial bio-fertilizers, and inorganic chemical fertilizers,
an understanding on nutrient acquisition and regulating the
water relations would help switch orchards to CO2 sink
(expanding carbon capturing capacity of rhizosphere) so
that a more sustainable fruit-based integrated crop production
system under biotic and abiotic stress could be evolved. The
molecular approach to breeding of mineral deficiency
resistance and mineral efficiency would facilitate to produce
nutritionally efficient biotypes in order to maximise the
quality production of fruit crops on sustained basis. The
work related to microbial inoculants for mass production,

Table 7 Response of microbial consortium in integrated nutrient management module on fruit yield, quality and rhizosphere properties
of Nagpur mandarin (2007-2013)

Treatment Fruit Fruit quality Rhizosphere properties Carbon
yield* parameters SMB SMBN emission

(kg/tree) (%)* (cfu × 103/g soil) (mg/kg) rate (mg
Juice TSS Acidity BC FC Cmic Nmic Pmic C/m2/hr)

T1 (100% RDF) 15.6 46.4 9.2 0.78 32 16 152.1 19.1 16.1
T2 (75% RDF + MC) 8.4 47.2 8.9 0.78 31 16 146.3 19.3 15.2
T3 (75% RDF + 25% FYM) 9.2 47.8 9.3 0.70 45 19 159.1 23.9 15.9
T4 (50% RDF + 50% FYM) 9.8 46.9 9.4 0.71 44 20 164.1 25.6 17.0
T5 (75% RDF + 25% FYM + MC) 14.5 46.8 9.2 0.79 57 25 169.7 29.6 17.6
T6 (50% RDF + 50% FYM + MC) 12.8 46.9 9.4  0.80 48 26 169.2 30.3 19.3
T7 (75% RDF + 25% Vm) 34.8 47.2 9.3 0.74 50 25 169.6 29.2 18.9 6287.6
T8 (50% RDF + 50% Vm) 38.9 48.4 9.6 0.70 53 26 176.1 29.8 20.4 2773.6
T9 (75% RDF + 25% Vm + MC) 38.6 48.8 9.7 0.70 68 41 202.5 49.4 24.5 2584.9
T10 (75% RDF + Gm + MC) 11.2 47.2 9.2 0.74 50 25 178.6 31.8 18.6 2432.8
T11 (50% RDF + Gm + MC) 10.6 47.2 9.0 0.74 44 25 170.7 28.6 17.2 1396.4

CD (P=0.05) 3.7 2.2 2.6 1.9 3.0

- MC stands for microbial consortium developed by isolating the native microbes from the experimental soil (mixture of Azotobacter
chrococcum, Bacillus mycoides, Bacillus polymyxa, Pseudomonas fluorescens and Trichoderma harzanium). - FYM,Vm,Gm, and RDF
stand for farmyard manure,vermicompost, green manuring, and recommended doses of fertilizers, (600 g N – 200 g P2O5 – 100 g K2O/
plant) respectively. - BC and FC stand for bacterial count and fungal count, respectively. - SMB and SMBN stand for soil microbial
population and soil microbial biomass nutrients, respectively. * Fruit yield and fruit quality parameters represent initial 3 seasons only.

Source: Srivastava et al. (2014a)
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formulation coupled with innovative marketing, interaction
and signalling with the plant and soil environment need
further redressal to reorient fruit nutrition research.

Role of AMF in providing an additional resilience to
rhizosphere’s ability of carbon accredition within rhizosphere
and associated development of plant’s antioxidant profile as
a defense mechanism (Wu et al. 2013) should divert the
research studying strong mycorrhizal dependency of fruit
crops. Rhizosphere specific AMF-based microbial
consortium would add a new dimension in providing newer
options for raising the productivity potential of fruit crops
through an elevated plant rhizosphere health. Such microbial
consortium could be effectively harmonised with fertigation
as well to enhance fertilizer use efficiency. Of late, accruing
responses on foliar spray of microbial consortium as
biosurfacetant in combination of micronutrients needs to be
tested besides their application scheduling in relation to
crop phenology. Researches are using different approaches
for screening rhizobacteria to select effective PGPR including
promotion of root/shoot growth under genotobiotic
conditions, in-vitro production of plant growth regulators/
biologically active substances and assessing of ACC-
deaminase activity of the rhizobacteria (Zahir et al. 2003).

Perennial fruit trees act as strong carbon sink by
sequestering the atmospheric carbon (Sugiura et al. 2007).
Studies in the past have shown increase in yield of fruit
crops like apple (Wu et al. 2012), grape (Bindi et al. 1997),
Japanese pears (Ito et al. 1999), mango (Goodfellow et al.
1997), citrus (Peng et al. 2000) etc. in response to elevated
CO2 concentration. It remains to be investigated, how
nutrient-microbe association could bring better dividends
towards accurate estimation of orchard C budget vis-a-vis
time scale and feedback mechanisms of changes in soil
carbon pool and steady state level under specific fruit crop
in order to expand potential of C credits through perennial
fruit crops. Crop specific rhizosphere microbial properties
in relation to climate variation would further open up newer
challenges for modelling nutrient and microbial dynamics
for improved nutrient use efficiency and increasing the
knowledge on atmosphere–soil C fluxes mechanisms.
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