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Abstract
The phosphorus content in soil (organic plus inorganic) is usually much higher
than plant requirements, however bioavailability of phosphorus to plant is one of the major
plant growth limiting constraints. Even the added P as phosphatic fertilizer may get
unavailable because of its fixation/ precipitation in soil, particularly in calcareous and alkaline
soils. Thus, there is dire need to mobilize this big pool of soil phosphorus for improving crop
yields on sustainable basis and one of the strategies useful for this purpose is the use of
specific microorganisms applied as inocula.
Some plant growth promoting rhizobacteria (PGPR) are known to promote plant
growth by solubilizing this unavailable/insoluble phosphorus (P) in soil while others enhance
P acquisition by plant indirectly through promoting extensive root growth because of their 1aminocyclopropane-1-carboxylate (ACC)-deaminase activity. As far as we know, for the first
time we compared the PGPR carrying dual traits (phosphorus solubilizing and ACC
deaminase activity) vs. single trait PGPR for their effectiveness to improve P nutrition and
growth of wheat and maize. To achieve these objectives, a series of experiments was
conducted to document the impact of selected PGPR on wheat and maize under axenic and
natural conditions. A total of thirty five (35) isolates were collected from the rhizosphere of
wheat and maize by using enrichment techniques. Six isolates were selected on the basis of
their P-solubilizing and/or ACC deaminase activity. Among the selected six rhizobacteria,
two (K1 & K2) predominantly carry ACC-deaminase activity, the other two (K3 & K4) had
P-solubilization activity while rest of the two (K5 & K6) carried both of these traits. The
seeds of wheat (Bhakar 2002) and maize (Sahiwal 2002) were inoculated with these six
selected isolates and sown under axenic conditions in growth medium containing rock
phosphate (RP) as P source. The same six strains of PGPR were tested under pot and field
conditions with the objectives to improve P use efficiency in inoculated wheat and maize crop
under five fertilizer treatment matrix including F0 (NK fertilizer only); F1, (F0+rock
phosphate (RP); F2, (F0+DAP); F3, (F0+compost) and F4, (F0+RP-enriched compost).
Inoculation with all the PGPR strains promoted growth and yield parameters of wheat and
maize compared to respective uninoculated control under all the five fertilizer treatments,
however, effectiveness of PGPR strains varied in different fertilizer treatments. Results also
clearly revealed that dual trait PGPR strains were most promising and consistent in increasing
growth and yield parameters of wheat and maize compared to single trait strains under all
fertilizer treatments. Comparison of single trait PGPR indicated that P solubilizers were
relatively more effective than those PGPR containing ACC deaminase activity implying that
the improvement in P-nutrition is more critical for improving plant growth than just
improving root growth with respect to P nutrition as well as growth and yield of wheat and
maize. These results may imply that PGPR possessing dual traits could be the best candidates
for formulation of the most effective and consistent biofertilizer. Overall, fertilizer treatments
also differed from each other with respect to affecting growth and yield parameters of wheat
and maize as fertilizer treatment F2, (F0+DAP) proved the best while F0, (N and K only) had
the minimum impact.
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1

Introduction

Supply of phosphorus in adequate amounts is very critical for normal plant growth
(Bieleski, 1973; Raghothama, 1999). It is a vital component of ATP, the "energy unit" of plants
and of DNA, the genetic "memory unit" of all living things (Griffith, 1999). Phosphorus is
important for many processes in plants, especially in photosynthesis, membrane formation,
carbon metabolism, energy generation, glycolysis, nucleic acid synthesis, respiration, enzyme
activation/inactivation and nitrogen fixation (Wu et al., 2005; Leidi and Rodriguez-Navarro,
2000). Phosphorus deficiency affects root architecture (Borch et al., 1999; Williamson et al.,
2001), seed development and normal crop maturity.
In spite of high total P, the available P levels of soils are usually low and this does not
meet plant requirements. Phosphorus deficiency in soils due to the presence of iron and aluminum
in low pH soils and calcium in neutral and alkaline pH soils (Harris et al., 2006). This leads to
fixation of phosphorous; making it unavailable to plants due to which only 20% or less of that
used is removed by the 1st year’s crop growth (Vance, 2001). Usually total amount of phosphates
(organic and inorganic) in soils is in the range of 92 to 862 mg P kg-1 soil, but 88 to 99% of the
total inorganic P is Ca-bound which is responsible for low soil solution P. Even the added soluble
P in soil may get fixed/precipitated, particularly in calcareous and alkaline soils like that of
Pakistan (Brady, 1990; Ahmad et al., 1992) which results in low crop yields (Tisdale et al.,
1993). On an average, most of the mineral nutrients in soil solution are present in mM amounts;
however, P is present only in µM or in less quantity (Ozanne, 1980). Therefore, many soils
throughout the world are deficient in P because P-concentrations available to plants are generally
low even at pH 6.5 where it is most soluble (Gyaneshwar et al., 2002). Thus P availability to
crops in adequate amounts is a global issue and 30–40% crop yield of the world’s arable land is
limited by P availability (Vance et al, 2003).
Application of phosphatic fertilizers is essentially required to maximize crop yields. The
P use efficiency of the applied phosphatic fertilizer is low because of its conversion to insoluble
complexes (Vassilev and Vassileva, 2003) as it comes in contact with soil colloids (Dobermann et
al, 1998). Thus continuous exogenous application of phosphatic fertilizer is very critical to

provide P to meet crop requirements. However, the world resources of inexpensive phosphorous
(rock phosphate) may get depleted by 2050 (Vance et al, 2003) and the ever increasing prices of
P fertilizers make them more and more unaffordable to be used by farmers. As a consequence of
these constraints, there seems no option but to exploit strategies/approaches to enhance
availability of indigenous (non-available) soil P by increasing the solubilization of
fixed/precipated soil P and/or by enhancing P fertilizer use efficiency which could save nonrenewable natural P resource for future generations and fill the gaps between the demand and
supply of the P fertilizers for sustainable agriculture production. It is very likely that this
objective could be achieved either by lowering of soil pH through organic acid production or root
exudation in rhizosphere soil and/or by releasing P from organic phosphatic compounds present
in soil through microbial mineralization (phosphatase enzyme). Moreover, increased root surface
area through extensive and well proliferated root system in response to the inoculation with plant
growth promoting rhizobacteria (PGPR) is extremely critical for nutrients (P) uptake. Similarly
conversion of added soluble P to insoluble compounds could be suppressed by application of P in
split doses.
Microorganisms play an important role in improving the nutrient supplies and their
availability to the plants (Banik and Dey, 1983). They often solubilized those phosphorous
compounds that were originally unavailable to plants (Higa and Wididana, 1991; Kang et al.,
2002). Many PGPR are known as solubilizers of insoluble rock phosphate P, soil
bound/accumulated-P and organic-P in soil (Dalal, 1977; Jungk et al., 1993; Richardson, 1994).
Plants and microbes produced an enzyme phosphatases may be involved in degradation of
organic-P compounds and release the inorganic P for normal plant growth (Duff et al., 1994). The
majority of phosphate-solubilizing microorganisms solubilize calcium phosphate complexes and
only a few can solubilize iron phosphate and aluminum phosphate (Banik and Dey, 1983; Kucey
et al., 1989). Hence, these phosphate solubilizing microorganisms (PSMs) could be effective in
calcareous soils of Pakistan in which calcium phosphate complexes are dominant. Extensive
studies have documented the solubilization of mineral phosphates by micro-organisms
(Gyaneshwar et al., 2006). Bacterial isolates from alkaline soils have been found capable of
solubilizing phosphate in high salt, pH and temperature conditions (Nuatiyal et al., 2000).
Microbial inoculation and rock phosphate addition increased the biomass production and P
accumulation in the test plants (Barea et al., 2005). Several researchers attribute the solubilization
of inorganic insoluble phosphate by micro organisms to the production of organic acids (Yadav
and Dadarwal, 1997) such as acetate, lactate, oxalate, tartarate, succinate, citrate, gluconate,
ketogluconate, glycolate, etc. (Gyaneshwar et al., 1998; Kim et al., 1998a, b, 1999; Puente et al.,
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2004). Phosphorus biofertilizers (micro-organisms) can increase the availability of accumulated P
for plant growth by solubilization (Goldstein, 1986; Kucey et al., 1989).
Ethylene (C2H4) is a gaseous plant hormone which participates in the regulation of many
developmental processes and responses to environmental stresses throughout the life cycle of
plants. Ethylene may be stimulatory or inhibitory depending upon its concentration, the nature of
physiological process and growth phase of plant. Although a low level of ethylene appears to
stimulate root initiation and growth but higher level of the endogenous ethylene produced by fast
growing roots can hamper root elongation (Mattoo and Suttle, 1991; Jackson, 1991; Ma et al.,
2002; Arshad and Frankenberger, 2002). 1-Amino-cyclopropane-1-carboxylate (ACC) is an
immediate precursor of ethylene in plants and this [ACC] regulates the level of ethylene synthesis
in plants. A number of rhizobacteria contain an enzyme ACC-deaminase that hydrolyzes ACC
into ammonia and α-ketobutyrate (Glick et al., 1994 a, b; Jacobson et al., 1994; Shah et al., 1997;
Glick et al., 1998; Shah et al., 1998; Mayak et al., 1999). The ACC-deaminase containing
bacteria actually prevents/suppresses ethylene, eliminates its inhibitory effects and promote root
growth. It has been reported that PGPR having ACC-deaminase activity stimulated the root
growth of canola, lettuce, tomato, and wheat (Arshad et al., 2009; Shaharoona et al., 2008; Zahir
et al., 2008; Saleem et al., 2007; Hall et al., 1996; Glick et al., 1997), Indian mustard (Burd et
al., 2000), rape, and pea plants (Belimov et al., 2001). It is very likely that root growth promotion
in response to inoculation with rhizobacteria having ACC-deaminase could help in acquisition of
relatively less mobile nutrients particularly P, because of greater exploitation of soil volume as
well as more direct contact between root surface and soil colloids.
Since it has been well established that some PGPR improve plant growth due to their P
solubilization potential while others exerts their positive impact on plant growth due to enhanced
P uptake because of more prolific root growth as a result of ACC-deaminase activity. Thus it
could be hypothesized that PGPR having dual trait of P-solubilization and ACC-deaminase
activity could be more effective in promoting the plant growth than those having any one of these
activity (single activity). This study was planned to achieve the following objectives:

1. Isolation and characterization of rhizobacteria containing either phosphate solubilizing
activity or ACC-deaminase activity or both (dual activity) of these traits.

2. Evaluation of efficacy of selected PGPR containing phosphate solubilizing and/or ACCdeaminase activity for improving growth and yield of cereals under axenic conditions.

3

3. Evaluation and comparison of the performance of selected PGPR containing phosphate
solubilizing activity and/or ACC-deaminase activity for improving growth and yield of
cereals under natural conditions by conducting pot and field trials by using different fertilizer
treatments.

4. To determine the P uptake by cereals grown in soil amended with rock phosphate.
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Chapter

2
2.1.

Review of Literature
Phosphorus as a major plant nutrient
Phosphorous (P) plays a key role in plant growth and is the major plant growth-limiting

nutrient despite its abundance in soils in both inorganic and organic forms (Gyaneshwar, et al
1999). It is absorbed by the plants, in the orthophosphate (H2PO4- and HPO42-) forms (Hinsinger,
2001). Phosphorus is a structural component of many co-enzymes, phospho-proteins, phospholipids (Ozanne, 1980) and part of the genetic memory “DNA” of all living things. It is involved in
the transfer and storage of energy which is used for growth and reproduction (Griffith, 1999).
Phosphorus is important in several physiological processes of plants, especially in photosynthesis,
carbon metabolism, and membrane formation (Wu et al., 2005). Phosphorus plays vital role in
root elongation, proliferation and its deficiency affects root architecture (Borch et al., 1999;
Williamson et al., 2001), seed development and normal crop maturity. Phosphorus is readily
translocated within the plants, moving from older to younger tissues as the plant forms cells and
develops roots, stems and leaves. Major portion of phosphorus absorbed by the plant is
accumulated is grains as phytate (Richardson, 1994) and its deficiency negatively affects grains
yield
2.2.

Phosphorus bioavailability in soil
Phosphorus nutrition is a global issue and 30-40% crop yield of the world’s culturable

land is hampered by the P availability (Vance et al, 2003). Phosphate deficiency is one of the
major factors limiting plant growth and productivity in many ecosystems (Raghothama and
Karthikeyan, 2005). P-deficient soils throughout the world are abundant, but such nutrient
deficiency arises from poor P and micronutrient mobility rather than low total amounts present in
soil (Rengel, 2001). The free P-concentrations (the form available to plants) are generally not
higher than 10 uM in a favourable pH of 6.5, even in fertile soils (Gyaneshwar et al., 2002).
Hence, the fraction of plant-available nutrient and the concentration in the soil solution may be
inadequate to satisfy plant requirements (Rengel and Marschner, 2005; Jorquera et al., 2008).
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Poor P availability is due to the presence of iron and aluminum in low pH soils and
calcium in neutral and alkaline pH soils. This leads to fixation/precipitation of phosphorous,
making it unavailable to crop plants (Harris et al., 2006). On an average, most mineral nutrients
in soil solution are present in milli molar amounts; however, phosphorus is present only in micro
molar or lesser quantities (Ozanne, 1980). Because of strong reaction of P with soil components,
Pi is mainly supplied to plant roots through diffusion rather than mass flow (Comerford, 1998;
Hinsinger, 2001). Application of phosphatic fertilizers is essentially required to maximize crop
yields but unfortunately the overall P use efficiency is low because of its conversion to insoluble
componds (Vassilev and Vassileva, 2003) as it comes in contact with soil colloids (Dobermann et
al, 1998). It has been reported that only 20% or less of the applied P is removed by the 1st year’s
crop growth (Vance, 2001). Pakistani soils, being calcareous, are generally deficient in P
(Saleem, 1990; Gill et al., 2004) because it is present in relatively insoluble form of tri-calcium
phosphate, so its management becomes more important in Pakistani soils (Aziz et al., 2006).
This scenario demands to adapt the strategies/approaches to convert unavailable
fraction of soil P into available form for plant uptake. Among the various strategies known for
this purposes, use of specific micro flora is considered as one of the most efficient mean to
solubilize insoluble soil P.
2.3.

Strategies to improve phosphorus availability to plants
A number of strategies have been documented to improve the phosphorus availability

in soils including, (i) agronomic practices, and (ii) organic amendments and (iii) microbial
activity.
2.3.1.

Agronomic practices
Nutrient uptake and nutrient use efficiency could be increased through better

agronomic practices which can reduce the fixation of nutrients in the soil and thus increasing its
availability (Mallhi et al., 2007). Some agronomic practices can decrease phosphorus fixation in
soils and enhance the phosphorus availability. For example band placement of phosphorus
fertilizers is a better agronomic strategy to keep phosphorus available for plants. When
phosphatic fertilizers are broadcasted on soil surface or mixed with soil, it come into contact with
more soil particles and readily converted to insoluble complexes with calcium fraction of
calcareous soils like that found in Pakistan (Gill et al., 2004). Precision placement of P is one
strategy to improve early season uptake of P because fertilizer use efficiency can be enhanced
when developing roots are in intimate contact with the P-enriched soil adjacent to fertilizer band.
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Banding of phosphatic fertilizers has been successful for reducing P-fixation and enhancing the
efficiency of fertilizers in P fixing soils because area of contact between the soil and fertilizer
could be decreased thus decreasing the P fixation (Moody et al., 1995). Similarly, Grant et al.
(2001) stated that band placement of P fertilizer in or near the seed-row and maintenance of soil
levels of P through long-term fertilizer management are among the management practices that
can be adopted to improve P nutrition. Band placement keeps P fertilizer in available form for
longer period and hence P-uptake shall be better. Increased yield and P accumulation were
reported in canola (Bailey and Grant, 1990), wheat and maize (Ranjha and Mehdi, 1990) with
band placement as compared with broadcast and incorporated application. While, Okalebo et al.
(1990) found no significant differences in grain yields of maize and sorghum with different
methods of P application. From a field experiment on wheat, barley and canola, McKenzie and
Middleton (1997) concluded that the ideal situation for optimum crop production is to have a
good supply of P close to the seed. When higher rates of P are used in dry and/or coarse textured
soils, banding away from the seed at planting times may be superior to placing phosphate with the
seed. However, Campbell et al. (1996) reported greater grain yield when fertilizer P was applied
in a band rather than broadcast and incorporated. High efficiency of banded fertilizer has been
attributed to placement of P fertilizer in soil at a location where contact of P with active roots is
possible. The enhanced probability of root contact was more important than improved P
availability (Sleight et al. 1984). Method of P application has also shown significant effects on
yield of wheat. In low P soils, the differences of row placement may be three to four times that of
broadcasting because banding P gives early availability of P and thus increases dry matter and
yield of wheat (Gökmen and Sencar, 1999).
2.3.2

Organic amendments
Organic amendments are used for improving soil fertility. Soil microbes acts on

soil/added organic matter, decompose it and produce organic acids. It has been reported that
application of organic amendment to soils with high pH, not only supplies P but also on
decomposition, provides acid compounds that increase the availability of mineral forms of P in
the soil. Reddy et al., (2006) stated that organic inputs applied in the soil produce organic anions
during decomposition, which can compete with P for the same sorption sites and thereby increase
P availability in the soil. Interestingly, they observed that at equal levels of P from inorganic and
manure sources, more yield was obtained in manure applied fields.
Organic materials are added back to field as compost or raw material and both forms
have been found to affect P bioavailability in soil.
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2.3.2.1.

Organic waste materials
Organic matter is panacea for soils. Farm yard manure (FYM) and poultry manure

(PM) is easily available source of organic matter and nutrients. Organic matter is known to
improve soil health and availability of plant nutrients. Organic materials are available in huge
amounts in the form of farm waste, city waste (sewage sludge), poultry litter and industrial wastes
(food, sugar, cotton and rice industry). Most of the organic wastes are potential source of plant
macronutrients besides large quantities of micronutrients (Qayyum, 2001). These organic waste
materials are, therefore, matter of great concern due to loss of appreciable amount of nutrients
contained by them. Organic wastes have been used as a source of plant nutrients since centuries;
before the advent of chemical fertilizers, organic waste materials were used as a sole nutrient
source for crop production. The use of organic waste material in farming has been reduced
significantly due to chemical fertilizers being rich and ready source of plant nutrients. High
population growth rate, rapid urbanization and mechanization forced the farming community to
totally rely on chemical fertilizers. Excessive use of chemical fertilizers, however, created
concerns due to energy crises, stagnant yield and soil (physical, chemical and biological
properties) health. As per the conventional practice, organic wastes are being used at several t ha-1
for the improvement of crop productivity (Nevens and Reheul, 2003; Wolkowski, 2003; Loecke
et al., 2004).
Organic matter increases microbial activities in soils. Microbes carried mineralization
of organic matter and slowly released nutrients to crop. Organic P complexes such as phytic acid
and derivatives of inositol hexaphosphate (IHP) may contribute a significant portion (20–80%) of
P in soil (Dalal, 1977; Jungk et al., 1993; Richardson, 1994). However, plants can only utilize P
in inorganic form (Tate, 1984). The organic P complexes need to be broken down by enzymatic
activity before the inorganic P is released into the rhizosphere. The bioavailability of soil
inorganic phosphorus in the rhizosphere varies considerably with plant species, nutritional status
of soil and ambient soil conditions. During microbial activity, different organic acids produced
which solubilize bound P and covered soil complexes which are helpful to avoid P fixation.
Chemical fertilizer along with manure produced better yields because of enhanced availability of
nutrients. It also increased the availability of less available nutrients like P by decreasing its
fixation and mineralization of manures.
Application of inorganic P fertilizer in combination with FYM was found effective in
enhancing the effectiveness of inorganic P fertilizers (Whalen and Chang, 2001). Organic
manures may convert relatively unavailable native and residual P to chemical forms which are
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more available after decomposition. This process produces CO2, which forms H2CO3 in the soil
solution, resulting in the dissolution of primary P-containing minerals. Organic acids released
during decomposition also help to dissolve soil mineral P. In soils with high P-fixing capacities;
organic compounds released during decomposition processes may increase P availability by
coating P adsorption sites or via anion exchange. Repeated incorporation of green manures can
decrease soil bulk density, increase soil aggregation and moisture retention. All these factors may
also help to increase P uptake by increasing root and mycorrrhizal growth (Cavigelli and Thien,
2004). Therefore, judicious and efficient use of inorganic P fertilizer and recycling of organic
wastes is inevitable to maximize agricultural productivity on sustainable basis
2.3.2.2. Compost
Composting is a cost effective and environment friendly way of waste recycling
(Hoitink and Fahy, 1986; Millner et al., 1998). It is a process in which organic waste materials
such as manure, leaves, sludge, fruits, paper, vegetables and food waste are biologically
converted into an amorphous and stable humus like substance (under conditions of optimum
temperature, moisture and aeration) that can be handled, stored and applied without any
hazardous environmental impacts (Rynk, 1992; Millner et al., 1998). Composted organic waste
materials are regarded for their effectiveness to enhance crop yields compared to uncomposted/raw ones due to improvement in soil physical, chemical and biological properties and
reduced mineralization rate (Ahmad et al., 2006). Application of ample amount of compost leads
to soil sustainability (Swift and Woomer, 1993). Compost contains stabilized organic matter; it
serves as a source of slowly released N and P (Sullivan et al., 2002, 2003). The composted
material is better than raw organic waste because of narrow C:N, C:P and C:K ratio. Microbes
produce organic acids, enzymes, hormones and biologically active substances which help in
mineralization of nutrients including P which is released from organic matter and available for
plants (Puente et al., 2004; Jacobson et al., 1994; Helal and Sauerbeck, 1987 and Kummerova,
1986). On the other hand raw organic material has wider C:N, C:P and C:K ratio. It needs a
starter dose to set decomposition and mineralization. During composting microbes produce
organic acids that lower pH, solubilize rock phosphate (RP) and release P. It further provides P on
sustainable basis to plants during growing period when applied on field (Kucey et al., 1989;
Richardson, 1994). Mohanty et al., (2006) found that organic fertilizers had a significant direct
and residual effect compared to inorganic single super phosphate on the biomass, P content and
uptake in both groundnut and corn. The P use efficiency in corn was highest (15.27%) due to
organic fertilizer FYM as compared to other fertilizers. The effect of inoculation with

9

Azotobacter and P-solubilizing microorganisms and addition of Mussoorie rock phosphate (MRP)
on the mineralization of N and P during composting of sugarcane trash was studied. Composting
with MRP and P-solubilizer increased P content, which was further increased by inoculating with
cellulolytic fungi. In another study, inoculation of compost with Aspergillus awamori and
Azotobacter increased the N contents of compost from 0.59 to 0.73% (24% increase) and
increased available P from 87.3 to 140 ppm (60% increase). Jayaprakash et al. (2003) conducted
a field experiment to determine the effect of organic and inorganic fertilizers on the yield and
yield attributes of maize under irrigated condition. The treatments consisted of compost @ 2 t ha-1
and 5 levels (100, 125, 150, 175 and 200%) of the recommended dose of chemical fertilizers
(150:75:37.5 kg NPK ha-1). Significantly highest grain yield (67.47 q ha-1) was obtained with the
application of compost @ 2 t ha-1 along with 100% NPK which was statistically similarly to
200% NPK (68.00 q ha-1). The increase in grain yield was due to higher number of seed rows per
cob, number of seeds per row, cob length and test weight. Chemical fertilizer along with manure
produced better yields because of enhanced availability of nutrients. It also increased the
availability of less available nutrients like P by decreasing its fixation and mineralization of
manures. Whalen et al. (2002) reported significant higher concentration of macro-nutrients in the
straw and grain of canola and wheat in manure received treatments than unfertilized treatments.
Concentration of macro-nutrients in straw and grain of canola was only significantly more as
compared to unfertilized treatments but in case of wheat macro-nutrient concentration was
significantly higher than fertilized plots.
2.4.

Role of microorganisms in P bioavailability
The ability to convert insoluble phosphorus (P) to an accessible bioavailable form, like

orthophosphate, is an important trait in some PGPR for increasing crop yields (Rodriguez et al.,
2006). The efficiency of bacterial and fungal strains in phosphate solubilization varied greatly
with the form of inorganic phosphate, but bacteria were most efficient in all cases. The
microorganisms often solubilize those phosphorus compounds that were originally unavailable to
plants (Higa and Wididana, 1991). To circumvent phosphorus deficiency, phosphate-solubilizing
microorganisms (PSM) could play an important role in supplying phosphate to plants in a more
environment-friendly and sustainable manner (Gyaneshwar et al, 2002).
Beneficial rhizobacteria often referred to as plant growth promoting rhizobacteria or
PGPR (Kloepper et al., 1989) affect plant growth through various mechanisms of action (Glick et
al., 1998; Mantelin and Touraine, 2004; Khalid et al., 2004). PGPR affect the P-availability by
number of ways by solubilizing insoluble P including production of specific enzymes and organic
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acids. PGPR have been reported to influence plant growth, yield and nutrient uptake by an array
of mechanisms (Arshad and Frankenberger, 1998). The specific mechanisms by which PGPR
promote plant growth, yield and nutrient uptake were limited to the expression of one or more of
the traits, expressed at a given environment of plant-microbe interaction (Dey et al., 2004).
Conceptually, PGPR promote plant growth and yield either directly or indirectly (Kloepper et al.,
1989; Glick, 1995; Reed and Glick, 2005; Safronova et al., 2006). All the phosphorus
solubilizing microorganisms (PSM) are considered PGPR as they promote plant growth through
enhanced P bioavailability. P bioavailability and uptake is increased by PGPR through various
mechanisms including solubilization of insoluble P and release of organically bound P through
mineralization and phosphatases. Additionally P-uptake is enhanced by mechanisms through
improved root growth. All these mechanisms are being discussed in details as below.
2.4.1.

Phosphorus solubilization through organic acids and chelation
The ability of some PGPR to promote plant growth by the solubilizing

unavailable/insoluble phosphorus (P) in soil has been reported (Hameeda et al., 2008). Many
PGPR are known as solubilizers of insoluble rock phosphate through production of microbial
metabolites including organic acids (direct mechanism) resulting in a decrease in soil pH, which
plays a major role in solubilization of some nutrients including P (Rodriguez and Fraga 1999;
Nautiyal et al., 2000). At present, bacilli, rhizobia and pseudomonads are the most studied
phosphate solubilizers (Rodriguez and Fraga, 1999). The production of organic acids by
phosphate solubilizing bacteria has been well documented. Gluconic acid seems to be the
most frequent agent of mineral phosphate solubilization. Both plants and microorganisms are
known to produce organic acids like acetate, gluconate, lactate, oxalate, citrate, tartarate,
succinate, ketogluconate, glycolate, etc. (Gyaneshwar et al., 1998; Kim et al., 1998a, b, 1999;
Puente et al., 2004; Iyamuremye and Dick 1996) in varying concentrations and type. Engelstad et
al. (1974) found that lower the soil pH, more available the P from rock phosphate (RP).
Similarly, the dissolution of RP will be favored if Ca2+ is removed from soil solution
(Flach et al., 1987). The organic acid produced by P-solubilizing microbes chelate mineral ions
and reduces pH to bring P into solution (Maliha et al., 2004; Pardhan and Sukla, 2005). Chelation
involves the formation of the two or more coordinate bonds between an anionic or polar molecule
and a cation, resulting in a ring structure (Whitelaw, 2000). Organic acid anions, with oxygen
containing OH- and COOH- groups, have ability to form stable complexes with cations such as
Ca2+, Fe2+, Fe3+ and Al3+, that are commonly bound with phosphate in poorly forms (Jones,
1998). By complexing with cations on the mineral surface, organic acid anions loosen cation-
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oxygen bonds of the mineral structure and catalyze the re-lease of cations to solution (Welch et
al., 2002).
Kpomblekou and Tabatabai (1994) reported that the ability of organic acids to
solubilize RP is affected by the chemical structure, as well as the type and position of functional
groups of the organic ligand. Citric acid, a tricarboxylic acid with one α and two β substituted
hydroxyl groups, has shown to be superior to other acids in its RP-solubilizing ability
(Kpomblekou and Tabatabai, 1994). In addition, Aspergillus niger, used in the industrial
production of citric acid, has been recognized as one of the most effective organisms for RP
solubilization (Abd-Alla and Omar, 2001; Omar, 1998; Sperber, 1958).
2.4.2.

Mineralization of organic compounds
Soil microorganisms are effective in releasing P from the organic pools of total

phosphorus by mineralization (Bishop et al., 1994; Ponmurugan and Gopi, 2006). Organic matter
increase microbial activities in soils. Microbes carried mineralization of organic matter and
slowly release nutrients to crop. Organic P-complexes like phytic acid and derivatives of inositol
hexaphosphate (IHP) may provide a significant portion (20–80%) of the soil P (Dalal, 1977;
Richardson, 1994). Though, plants can utilize the inorganic form of P (Tate, 1984). The organic P
compounds need to be broken down by microbial activity before the inorganic P is released to the
rhizosphere. Ghosh et al. (1999) studied the behavior of phosphorus during the process of
mineralization of organic wastes. Results showed that composting was an efficient technique for
providing better P nutrition from organic wastes of different nature. The conversion of P into
insoluble inorganic compounds; Al-P, Fe-P and Ca-P also tended to change substantially during
the process of composting. An increase in soil organic matter content through compost
application accelerates the activity of soil microbes which play a vital role in decomposition of
organic matter, solubilization of certain nutrients due to lowering of soil pH and symbiotic root
association by specific fungi assisting extraction of nutrients from soil parts which otherwise
could not be possible. Through compost/manure application, not only millions of microbes are
added to the soil but those present in the soil are stimulated by the fresh supply of humic material.
Organic manures may convert relatively unavailable/insoluble native and residual P to chemical
types which are more available after decomposition. This progression produces CO2, which forms
carbonic acid in soil solution, resulting in dissolution of primary P-containing minerals. Organic
acids released during mineralization/decomposition also help to solubilize soil mineral P.
2.4.3.

Release of organically bound P by phosphatases
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In soils a large amount of P is found in organic forms (Dalal, 1977). This organic P
(Po) is varied, complex and uncharacterised (Anderson, 1980). The largest characterised fraction
of Po consists on derivatives of inositol hexaphosphate (IHP) (Dalal, 1977). The phosphatases
released by microorganisms or plants hydrolyze Po to inorganic forms (Cosgrove, 1967; Beck et
al., 1989), Phosphatase activity in soil initiates from different sources including plant roots
(Dinkelaker and Marschner, 1992), fungi (Tarafdar et al., 1988) mycorrhizal fungi (Bowen, 1973;
Tarafdar and Marschner, 1994) and bacteria (Tarafdar and Claassen, 1988). Phosphatase enzymes
would work effectively for hydrolysing Po in the presence of substrate. Mechanisms which allow
solubility of Po to be increased include increases in rhizosphere pH and production of the organic
acids which are competing for sorption sites and liberate Po by chelating Fe and Al oxides (Jones,
1998). Excretion of organic acids, enzymes and protons by roots may play a major role in the P
nutrition of various crops (Raghothama, 1999; Uren and Reisenauer, 1988). Rhizosphere
phosphatases play an important role in the release of Pi from organic soil P, for subsequent
uptake by plants. Enhancement of acid phosphatase activity with phosphate starvation has been
demonstrated for maize (Helal and Sauerbeck, 1987; Kummerova, 1986).
Microbial mineralization/decomposition of the organic matter is necessary for nutrient
cycling in soils and phosphatases augment the use of organically bound compounds by higher
plants. Plants, particularly in nutrient-poor habitats like forest eco-system, mostly depend on
symbiotic relations with microbes like mycorrhizal fungi. However, rhizosphere microbes might
decompose P mobilizing substances derived from plant roots. Microbes can be strong competitors
for growth limiting nutrients like P; however microbial turnover can make P available for higher
plants. Acid phosphatases play a vital role in the mineralization of organic-P in soil. Soil
microorganisms are known to enhance the availability of P for the growth of plants by
solubilizing the insoluble forms of P in soil (Kucey et al., 1989). However, for wheat grown in
either neutral or acidic soils, P acquisition was dependent on extensive root exploitation and high
phosphatase activity in the root zone especially alkaline phosphatase and diesterase, indicating
microbial facilitation of organic P mineralization (Marschner et al., 2005b). The mineralization of
soil organic P (phytate) through phytate degradation carried by enzyme phytase. Phytate is the
main stored form of Phosphorus in the plant seeds and pollen, and a vital component of organic P
in soils (Richardson, 1994).
2.5.

Effect of P-solubilizing micro organisms on growth and yield of crops
Significant increases in growth and yield of agriculturally important crops in response

to inoculation with plant growth promoting rhizobacteria have been reported (Amara and
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Dahdoh, 1997; Asghar et al., 2002). Similarly, several studies have documented that PSM
enhanced the growth and yield of inoculated plants/crop. The PSM inoculants gave higher yields
upto 20 % in case of maize and lettuce (Chabot et al., 1993). Similarly significant increases in the
growth and yield of other agriculturally important crops have been reported in response to the
inoculation with PSM (Chen et al., 1994; Biswas et al., 2000; Hilali et al., 2001; Asghar et al.,
2002). Phosphate solubilizing PGPR can enhance growth of non-legume as well (Chabot et al.,
1996). Addition of rock phosphate and microbial inoculation increased biomass production and
accumulation of P in alfalfa (Barea et al., 2002b). An increase in phosphorus availability to plants
by the inoculation of PSM has been reported priorly in pot trals and under field conditions
(Chabot et al., 1996; Zaidi et al., 2003). Gaind and Gaur (2004) found that use of rock phosphate,
coupled with phosphate solubilizing bacteria (PSB), produced results comparable to
superphosphate+PSB inoculants.
Sohal et al., (1996) carried out a study to evaluate the effect of Azotobacter
chroococcum and phosphate solubilizing microorganisms (PSMs) on growth of winter maize,
grain yield and fertilizer economy. Twenty four combinations, consisting of three levels of P2O5;
two levels of Azotobacter and four levels of PSM were tested in a factorial split plot design. The
results indicated that single inoculation, either with Azotobacter or PSM, significantly increased
shoot dry mass, N and P content of winter maize. The increase in these parameters was
significantly high upto 40 kg P2O5 ha-1, and it became almost constant at higher doses. Similar
results were observed for nitrogen and phosphorus contents in grains. Dually inoculated plants
were found superior over single inoculation at all P levels. The percentage increase in grain yield
with Azotobactor was 9% and with dual inoculation it was 17.7% over control. Shatokhina and
Khristenko (1996) found a positive effect of the inoculation of maize seeds by rhizoenterine, an
associative nitrogen fixing bacterium, in complex with a culture of phosphate solubilizing
bacteria in field experiments with a background of minimized organomineral fertilization. Results
showed that the application of this complex bacterial preparation enhanced the biological
potential of the soil, improved the trophic regime, and favoured a more efficient recovery of
nutrients from soil and fertilizer by plants. Chabot et al. (2006) examined Rhizobium
leguminosanum bv. phaseoli strains of P31, Pseudomonas sp. strain 24, Rhizopus sp. strain 68
and Serratia sp. strain 22b, for their growth promoting effect on lettuce and forage maize. The
results obvious demonstrated that rhizobia selected for Phosphate solubilization functioned as
PGPR with the non legumes (lettuce and maize). The P solubilization effect appears as the most
important mechanism for plant growth promotion in the moderately fertile and very fertile soils
when P uptake was enhanced with rhizobia and other PSM.
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The effect of bacterial inoculation of Azotobacter on N, P, and K uptake by three
Phosphate responsive wheat genotypes (Triticum aestivum L) under green house conditions was
studied. In vitro, P-solubilization and growth hormone secretion by mutant strains was more than
by the soil isolates. Mutant strains M15 and M37 were proved to be effective for all three wheat
varieties with regard to NPK uptake as well as root biomass production under greenhouse
conditions (Narula et al., 2000). Kumar et al. (2001) conducted a pot trial in the green house to
examine the establishment of P-solubilizing strains of Azotobacter chroococcum, including soil
isolates and mutants of the soil isolates, in the rhizosphere and their effectiveness on growth and
root parameters of three genetically different wheat cultivars (Triticum aestivum L.). Five
fertilizer treatments were tested: Control, 90 kg N ha-1, 90 kg N + 60 kg P2O5 ha-1, 120 kg N ha-1
and 120 kg N + 60 kg P2O5 ha-1. Phosphate solubilizing and hormone producing indegenous soil
isolates and mutant strains of A. chroococcum were isolated and selected by an enrichment
method. In vitro P-solubilization and growth hormone production by mutant strains was enhanced
as compared with soil isolates. Seed inoculation of wheat varieties with P-solubilizing and
phytohormone producing A. chroococcum showed better response as compared to control. Mutant
strains of A. chroococcum showed higher increase in grain (12.6%) and straw (11.4%) yield over
control and their survival (12-14%) in the rhizosphere as compared to their parent soil isolate
(P4). Mutant strain M37 performed better in all three varieties in terms of increase in grain yield
(14.0%) and root biomass (11.4%) over control. Zaidi and khan (2005) detremined the interactive
effect of rhizobacteria on growth, yield, and nutrient uptake of wheat (Triticum aestivum L.) in a
pot trial using a sterilized soil deficient in available P. Positive effect on plant growth, nutrient
uptake, and yield in wheat plants was noted in the treatment receiving mixed inocula of nitrogenfixing A. chroococcum + phosphate solubilizing microbe (PSM) Pseudomonas striata +
arbuscular mycorrhizal (AM) fungi Glomus fasciculatum. The available P status of the soil
improved significantly (P ≤ 0.5) following triple inoculation with A. chroococcum, P. striata, and
G. fasciculatum. The population of Azotobacter chroococcum, PSM, percentage of the root
infection, and spore density of AM fungi in inoculated treatments increased at 80 days of wheat
growth. The present finding showed that rhizotrophic microorganisms can interact positively in
promoting plant growth, as well as N and P uptake, of wheat plants, leading to improved yield.
Sharma (2003) conducted out a field experiment to study the effect of phosphorus fertilization on
grain, straw yields, NPK uptake of rice-wheat cropping system, available P, organic C and
available K content of soil. Application of Mussoorie rock phosphate had no important significant
effect on the grain and straw yields of rice, however, when it was inoculated with P-solubilizing
bacteria, it increased grain yield by 0.9-1.8 tones/ha, straw yield by 0.8-2.1 tones/ha, N uptake by
18-38 kg/ha, P uptake by 2.7-6.6 kg/ha and K uptake by 16-41 kg/ha of rice-wheat cropping
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system. These increases were similar to those obtained with diammonium phosphate, application
of diammonium phosphate increased only available P by 3-4.7 kg ha-1 in soil. Populations of
several bacterial groups on the root surface of wheat and in root-free soil were investigated in
volcanic ash soil and non-volcanic ash soil (Ying and Sato, 2004). Over time, the populations
changed similarly both on the root surface and in root-free soil. The numbers of total bacteria,
fluorescent Pseudomonas sp., phosphate-solubilizing bacteria, and NH4 oxidizing bacteria, were
consistently lower in the plots with volcanic ash soil than with non volcanic ash soil, but the
numbers of cellulose-decomposing bacteria were opposite to those of the other groups.
Superphosphate application improved the growth of wheat in the volvanic ash soil. It did not,
however, bring about any significant changes in the bacterial populations among the volcanic ash
soils supplemented with three different levels of superphosphate, though there were some
variations with plant age. Singh and Kapoor (2004) studied the effect of inoculating wheat
(Triticum aestivum L.) with the PO43--solubilizing microorganisms (PSM) Bacillus circulans and
Cladosporium herbarum and the vesicular-arbuscular mycorrhizal (VAM) fungus Glomus sp. 88
with or without Mussoorie rock phosphate (MRP) amendment in a nutrient-deficient natural
sandy soil. In the sandy soil of low fertility root colonization by VAM fungi was low. Inoculation
with Glomus sp. 88 improved root colonization. At maturity, grain and straw yields as well as N
and P uptake improved significantly following inoculation with PSM or the VAM fungus. These
increases were higher on combined inoculation of PSM and the VAM fungus with MRP
amendment. In general, a larger population of PSM was maintained in the rhizosphere of wheat in
treatments with VAM fungal inoculation and MRP amendment. The results suggest that
combined inoculation with PSM and a VAM fungus along with MRP amendment can improve
crop yields in nutrient-deficient soils.
Hariprasad and Niranjana (2009) studied the effect of phosphate solubilizing
rhizobacteria to improve plant health of tomato and revealed that phosphate solubilizing
rhizobacteria promoted plant growth significantly in 30 day-old-seedlings. Of the 16 isolates of
phosphate solubilizing rhizobacteria, PSRB19 showed significant increase in shoot length (14.0
cm), root length (18.0 cm), fresh mass (0.762 g/seedling) and dry mass (0.110 g/seedling)
followed by isolate PSRB8. In the control, shoot length, root length, fresh and dry mass was
found to be 9.0 cm, 12.5 cm, 0.225 and 0.041 g/seedling respectively. Likewise Alagawadi and
Gaur (1994) conducted a field experiment in medium black soil under rainfed conditions to
evaluate the effect of combined inoculation of Azospirillum brasilense and Pseudomonas striata
or Bacillus polymyxa (with and without fertilizer nitrogen and rock phosphate) on the yield and
nutrient uptake of sorghum. The results showed a significant increase in grain and dry matter
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yields and N and P uptake of sorghum from the combined inoculation over single inoculation of
individual organisms.
In brief the accumulated P in agricultural soils is sufficient to sustain maximum crop
yields worldwide for about 100 years (Goldstein et al., 1993). Soil microorganisms have
enormous potential in providing soil phosphates for plant growth. The less expensive and less
bioavailable source of plant nutrients, like rock phosphates (RP), could be made available by
microbiologically mediated processes (Zapata et al., 1995). Phosphorus biofertilizers in the form
of microorganisms can help in increasing the availability of accumulated phosphates for plant
growth by solubilisation (Goldstein, 1986; Gyaneshwar et al., 2002; Chabot et al., 2006; Khan et
al., 2007).
2.6.

Root growth and P acquisition from soil
P-uptake by plant is also dependent on root growth. More prolific root growth with

greater surface area can explore more soil volume for the uptake of less mobile nutrient such as P.
Any strategy which helps in promoting root growth could be useful for better P-acquisition/Puptake by plants. Some PGPR promote plant growth by P acquisition by plant indirectly through
more extensive root growth. The indirect promotion of plant growth occurs when bacteria
decrease or prevent some of the deleterious effects of a phytopathogenic organism by one or more
mechanisms that improve significantly plant health and promote growth as evidenced by
increases in seedling emergence, vigor and yield (Antoun and Kloepper, 2001). Root system is of
prime importance which helps plant for nutrient and water uptake. The more extensive, more
proliferated root system has more surface area which will be helpful to explore more soil volume.
It will absorb more nutrients even the least available like P that will improve plant vigor and
ultimately yield. Among the strategies to enhance root growth, regulation of endogenous ethylene
synthesis in plant roots is of prime importance. Ethylene in lower concentrations stimulates root
growth, whereas, higher concentration of endogenous level of ethylene in roots inhibits root
growth. Fortunately, Low level of endogenous ethylene can be attained by using microbes having
ACC-deaminase enzyme that can cleaves ACC to NH3 and α-ketobutyrate.
The ethylene biosynthesis in plants has been unequivocally documented (Arshad and
Frenkenberger, 2002) L-Methionine has been found that starting point of ethylene biosynthesis
which is converted into ethylene is a pathway in which 1-aminocyclopropane-1-carboxylic acid
(ACC) serves as the intermediate and immediate precursor of ethylene (Adams and Yang, 1979;
Arshad-and Frenkenberger, 2002). Any check on ACC synthesis can helps in regulation of
ethylene, thus PGPR containing ACC-deaminase are useful tool to reduce ethylene production
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from ACC (Glick et al., 1999; Penrose and Glick, 1997; Glick, 1995 and Jacobson et al., 1994)
resultantly root and shoot growth of inoculated plants is increased.
Glick and his co-workers have conducted a series of studies to determine the
mechanism responsible for the observed growth promoting effects of PGPR, Pseudomonas putida
GR12-2 (Glick et al., 1994a, b; Hall et al., 1996; Mayak et al., 1999). They investigated the role
of ACC-deaminase in the growth promoting activity of this bacterium by using its ACCdeaminase minus and IAA over producing mutants and concluded that inoculation of seeds or
roots with specific inoculants containing ACC-deaminase enzyme could suppress the endogenous
ethylene synthesis which subsequently creates physiological response as illustrated in Fig. 1
(Glick et al., 1998). The inhibitory effect of ethylene on plant root elongation can be reduced by
the activity of ACC-deaminase; an enzyme produced by some soil microorganisms, including
rhizobacteria (Glick et al., 1998) and stimulates root elongation by lowering the level of ethylene
within developing seedling (Abeles and Wydoski, 1987; Whalen and Feldman, 1988). Strains of
bacteria (such as Enterobacter cloacae and Pseudomonas putida), carrying ACC-deaminase
activity, were found to promote the growth of inoculated roots (Shah et al., 1997; Li et al., 2000;
Shaharoona et al., 2006a, b, 2007). It has been reported that PGPR having ACC-deaminase
activity stimulated the root growth of canola, lettuce, tomato, and wheat (Arshad et al., 2009;
Shaharoona et al., 2008; Zahir et al., 2008; Hall et al., 1996; Glick et al., 1997), Indian mustard
(Burd et al., 2000), rape, and pea plants (Belimov et al., 2001). It is very likely that root growth
promotion in response to inoculation with PGPR containing ACC-deaminase could help in
acquisition of relatively less mobile nutrients particularly P, because of greater exploitation of soil
volume as well as more direct contact between root surface and soil colloides.
2.7.

Effect of PGPR containing ACC-deaminase in plant growth
Inoculation with rhizobacteria containing ACC-deaminase has been shown to alter the

endogenous levels of ethylene, which subsequently leads to changes in plant growth. The
bacterium actually prevents ethylene caused inhibition of root elongation. Root hair elongation is
promoted by low phosphorus or ACC and reduced ethylene synthesis and inhibitors of ethylene
action (Zhang et al., 2003). ACC accumulation is stimulated by several stress factors (Hyodo et
al., 1985). If the ethylene concentration remains high after germination, root elongation is
inhibited (Jackson, 1991). The inhibitory effect of ethylene on plant root elongation can be
reduced by the activity of ACC-deaminase; an enzyme produced by some soil microorganisms,
including rhizobacteria (Glick et al., 1998) and stimulates root elongation by lowering the level of
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Fig. 2.1. Schematic representation that how a plant growth promoting rhizobacteria (PGPR)
bound to either a seed or plant root lowers the ethylene concentration and thereby
prevent ethylene inhibition of root elongation.
Key:

IAA, indole acetic acid; ACC, 1-aminocyclopropane-1-carboxylic acid; SAM,
S-adenosyl-methionone. (Glick et al., 1998. with permission)
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ethylene within developing seedling (Abeles and Wydoski, 1987; Whalen and Feldman, 1988).
Strains of bacteria (such as Enterobacter cloacae and Pseudomonas putida), carrying ACCdeaminase activity, were found to promote the growth of inoculated roots (Li et al., 2000;
Shaharoona et al., 2006a, b, 2007).
Shaharoona et al. (2006a) assessed the performance of Pseudomonas sp. containing ACCdeaminase for improving growth and yield of maize (Zea mays L.) in the presence of nitrogenous
fertilizer. Six strains were selected and their effectiveness in soil amended with N at a concentration of
175kg ha-1 (1050 mg pot-1) was investigated by conducting a pot trial on maize. Significant increases in
plant height, root mass and total biomass were observed in response to inoculation. Based on the results
of pot trials, the three most efficient strains were selected and tested in the field for their effectiveness in
the presence and absence of N-fertilizer application. Results of the field trial revealed that the inoculums
performed relatively better in the absence of N-fertilizer application. Pseudomonas fluorescens biotype
G (N3) was the most effective strain both in the presence and absence of N fertilizer. Results may imply
that even in the presence of optimum levels of nitrogenous fertilizers, inoculation with rhizobacteria
containing ACC-deaminase activity could be effective to improve the growth and yield of inoculated
plants. Shah et al. (1998) studied the effect of PGPR containing ACC-deaminase activity on
growth promotion in maize and canola. They reported that all the PGPR containing ACCdeaminase activity promoted the elongation of maize roots under saline conditions. Hall et al.
(1996) studied the effect of Ps. Putida GR 12-2 and its ACC-deaminase mutants on canola, lettuce,
tomato and wheat. They reported that wild type strain showed a positive effect on the root growth of
inoculated plants. The results were comparable to those obtained with AVG (aminoethoxy vinylglycine)
treatment, an inhibitor of ethylene biosynthesis in plants. Increases in root elongation in various
agronomic crops by rhizobacteria containing ACC-deaminase were also reported by Hall et al.
(1996). They inoculated seeds of canola, lettuce, tomato, barley, wheat and oats with either wild
type Pseudomonas putida GR12-2 or the mutant Pseudomonas putida GR12-2 /acd68 (deficient
in ACC-deaminase activity) alone and in combination with AVG or ethephon (2chloroethanephosphonic acid). Canola, lettuce, tomato and wheat responded to all of the
treatments in a similar manner. The root lengths increased when seeds were treated with
Pseudomonas putida GR12-2 and/or AVG but not with the mutant strain, in comparison with
MgSO4 control, while the ethephon treatment inhibited root elongation.
Glick et al. (1997) also assessed the effects of seed inoculation with Pseudomonas
putida GR12-2 or its mutant Pseudomonas putida GR12-2 acd68 (lacking ACC-deaminase
activity) on early growth of canola seedlings. Root and shoot lengths, fresh and dry mass, and the
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chlorophyll and protein contents of shoots were monitored in unstressed control seedlings and in
seedlings growing in a saline soil or exposed to cold night temperatures. Under all conditions
including salt or temperature stress, the wild type bacterium, but not the mutant, promoted root
growth. In soil inoculation experiments, the wild-type bacterium not only increased root growth,
but was also effective in prompting shoot growth. Similarly, Nayani et al. (1998) studied the
effects of inoculation with ACC-deaminase containing Pseudomonas putida GR12-4 and
Pseudomonas putida UW1 on three ethylene sensitive plants; Zinnia, white sincarnation and
maltese cross. They reported that inoculation with ACC-deaminase containing PGPR was
effective in prolonging the petal life of ethylene-sensitive flowers. Penrose and Glick (2000)
evaluated the theory that inoculation of plants with ACC-deaminase bacteria decreases the
quantity of ACC in plant roots. They used Waters ACCQ Tag Amino Acid Analysis methodTM
for quantification of ACC. Canola seedlings, grown under gnotobiotic conditions for root/shoot
elongation assay, was used for the ACC measurement in seedlings. The results of root/shoot
elongation assay indicated that the roots from seeds treated with Enterobacter cloacae CAL 3 or
Pseudomonas putida were significantly longer than those grown from seeds treated with MgSO4
or the Pseudomonas strain that lacked ACC-deaminase gene. Whereas, ACC contents in root and
shoot of PGPR treated seeds were significantly lower than control. Roots from canola seeds
treated with the ethylene inhibitor, AVG, also showed a reduced level of ACC although the
reduction was relatively less than that observed in the roots from the seeds treated with ACCdeaminase containing bacteria.
Dey et al. (2004) conducted experiments under potted and field conditions to evaluate
the effects of ACC-deaminase containing PGPR in influencing the growth, yield and nutrient
uptake of peanut. On the basis of their three years field trials, they reported that enhancement of
root length due to ACC-deaminase activity of the inoculant strains had pronounced effect on the
growth, yield and nutrient uptake of peanut under field conditions.
Numerous studies have shown that the PGPR containing ACC-deaminase alleviated the
harmful effects of heavy metal, water logging and salinity stresses on plants (Mayak et al., 2004;
Reed and Glick, 2005; Safronova et al., 2006). Wheat plants were subjected to water stress by
skipping irrigation at critical growth stages (tillering, booting, dough and grain filling) in both pot
and field trials. Results revealed that inoculation with PGPR was effective in minimizing the
water stress imposed effects on growth and yield of wheat as upto 15, 9, 31 and 23% increases in
grain yield of wheat as compared with respective uninoculated control were recorded when plants
were exposed to water stress at tillering, booting, dough and grain filling stages, respectively
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(Zahir et al., 2008). Similarly, inoculation with these PGPR have proven very effective in
enhancing growth and yield of wheat and maize exposed to salinity where the water availability is
the most critical constraint (Arshad et al., 2007). Inoculation with ACC-deaminase containing
rhizobacteria was effective to improve both fresh biomass and cob yield of maize per unit
available water and resulted into an increase of 23.1 and 16.9% increase over uninoculated
control, respectively. However, the maximum increase in fresh biomass (57.7%) and cob yield
(upto 48%) in response to inoculation over uninoculated control was recorded where the
inoculated seeds were sown in the soil amended with organic fertilizer (Arshad et al., 2009).
2.8.

Effect of PGPR with dual trait of P solubilization and ACC-deaminase on P
availability and uptake
Many researches have reported the impact of microbial P solubilization or ACC-deaminase

on crop growth and yield independently. Microbes help plant directly by making available insoluble
nutrients like P while microbes possessing ACC-deaminase trait helps plant for nutrient acquisition
indirectly through extensive root system. More extensive root system, leads to more root surface area
which helps in exploring more soil volume, hence may result more nutrient uptake. There has been good
work on co-inoculation for improvement in growth and yield of plant/crop such as rhizobia+PSM,
rhizobia+mycorrhizal fugi or rhizobia + PGPR or diazotrophs + PSM etc. to harvest that additive dual
effect, but no work has been conducted on the use of single PGPR possessing more than one trait of
action. Thus in this study, dual trait PGPR (P-solubilizing+ACC-deaminase) were compared with single
traits (P-solubilizing or ACC-deaminase) for their affectiveness with respect to P nutrition and plant
growth. In this study different selected PGPR were evaluated under different fertilizer treatments for
their effectiveness to enhance growth and yield of wheat and maize through improved P nutrition.
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Chapter

3

Material and Methods

A series of experiments were conducted under axenic as well as natural conditions in
the University of Agriculture, Faisalabad to evaluate the relative efficacy of plant growthpromoting rhizobacteria possessing phosphate solubilizing and/or ACC-deaminase activity for
improving growth and yield of cereals. The details of methodology used for these studies are
being presented in the following sections.
3.1.

Isolation of rhizobacteria
Rhizosphere soils were collected from wheat and maize fields. For this purpose, plants

(wheat and maize) were uprooted and taken to laboratory in polythene bags. Non-rhizosphere soil
was removed by agitating the roots strongly and the soil strictly adhering to the roots was used for
isolation. Rhizobacteria were isolated by employing serial dilution plate technique (Wollum II,
1982) using trypticase soy agar (TSA): a general purpose medium (Atlas, 2004). Colonies
exhibiting prolific growth were selected for further streaking on fresh plates. Further purification
and multiplication of isolates was done by streaking on fresh plates.
3.2.

Measurement of phosphate solubilizing activity
Phosphorus solubilizing activity of rhizobacteria was determined qualitatively and

quantitatively according to the method described by Nautiyal (1999). Bacterial strains were
evaluated for their ability to solubilize inorganic phosphate. Tri-calcium phosphate was used in
agar medium as insoluble inorganic form of phosphate in this assay. Thirty five bacterial strains
were tested qualitatively by plate assay using NBRI-P medium which contained per liter: glucose,
10g; Ca3(PO4)2, 5g; MgCl2.6H2O, 5g; MgSO4.7H2O, 0.25g; KCl, 0.2g; (NH4)2SO4, 0.1g. A loop
full of each bacterial culture was placed on the plates @ three loops per plate using sterile
toothpicks and then plates were incubated at 30°C for 7 days. A clear halo formed around some
of the colonies after 7 days indicated that these isolates were positive for phosphate solubilizing
activity. The experiment was performed twice with three replicates for each bacterial strain.
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Quantitative estimation of phosphate solubilization of same strains in broth was carried
out using Erlenmeyer flasks (150 ml) containing 20 ml of medium inoculated in triplicate with
the bacterial strain. Autoclaved uninoculated medium served as control. The flasks were
incubated for 2 days at 30°C on an incubator shaker at 180 rpm. The cultures were harvested by
centrifugation at 10,000 rpm for 10 min. Phosphate in culture supernatant was estimated using
protocol as described by Ryan et al. (2001).
3.3.

Measurement of ACC-deaminase activity
ACC-deaminase activity of rhizobacteria was determined qualitatively by using

Dworkin and Foster (DF) salt minimal medium (Dworkin and Foster, 1958) containing ACC as
sole nitrogen source (enrichment technique). Quantitative measurement of ACC-deaminase
activity of rhizobacteria was carried out according to a modified methods of Honma and
Shimomura (1978) & Penrose and Glick (2003). This method measures the amount of αketobutyrate produced when the enzyme ACC-deaminase cleaves ACC. The number of µmol of
α-ketobutyrate produced by this reaction was determined by comparing the absorbance at 540 nm
of a sample with a standard curve of α-ketobutyrate. A stock solution of 100 mM α-ketobutyrate
(Sigma-Aldrich Co., St Louis, MO, USA) was prepared in 0.1 M Tris-HCl pH 8.5 and stored at
4°C. Just prior to use, the stock solution was diluted with the same buffer to make a 10-mM
solution from which a standard concentration curve is generated. In each series of standards
containing 200 µL of known concentration of α-ketobutyrate, 300 µl of the 2,4dinitrophenylhydrazine reagent (0.2% 2,4-dinitrophenylhydrazine in 2 M HCl) was added, and
the contents were vortexed and incubated at 30°C for 30 min to achieve the denaturization of αketobutyrate as a phenylhydrazone. The colour of the phenylhydrazone was developed by the
addition of 2.0 mL 2 M NaOH; after mixing, the absorbance of the mixture was measured at
540 nm.
ACC-deaminase activity was measured in bacterial extracts prepared in the following
manner. Bacterial cell pellets prepared as described above, were suspended in 1ml of 0.1 M TrisHCl, pH 7.6, and transferred to a 1.5 ml microcentrifuge tube. The contents of the 1.5 ml
microcentrifuge tube were centrifuged at 13500g for 5 min and the supernatant was removed. The
pellet was suspended in 600 µL 0.1 M Tris-HCl with pH 8.5. Three hundred µL of toluene was
added to the cell suspension and vortexed at the highest setting for 30 s. The toluenized cell
suspension was immediately assayed for ACC-deaminase activity. All sample measurements are
carried out in triplicate. Two hundred microlitres of the toluenized cells were placed in a fresh 1.5
ml microcentrifuge tube; 20 µl of 0.5 M ACC were added to the suspension, vortexed for short
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time, and then incubated at 30°C for 15 min. Following the addition of 1.0 mL of 0.56 M HCl,
the mixture was vortexed and centrifuged for 5 min at 13500g at room temperature. One mL of
the supernatant was vortexed together with 800µL of 0.56M HCl. Thereupon, 300µL of the 2,4dinitrophenylhydrazine reagent (0.2 % 2,4-dinitrophenylhydrazine in 2 M HCl) was added to the
glass tube, the contents were vortexed and then incubated at 30°C for 30 min. Following the
addition and mixing of 2.0 mL of 2 M NaOH, the absorbance of the mixture was measured at 540
nm. Two series were run for the absorbance of the assay. The absorbance of the assay reagents in
the presence of ACC was used as a reference for the spectrophotometric readings; it was
subtracted from the absorbance of the bacterial extract plus the assay reagents in the presence of
ACC. The assay was carried on the digital Spectrophotometer (Nicolet evolution 300, Thermo
Electron Corporation, England), so the control value was subtracted automatically from the
treatment value. This net value was used to calculate the amount of α-ketobutyrate in nmolL-1
generated by the activity of ACC-deaminase from the standard curve.
3.4.

Selection of rhizobacteria
Six isolates of rhizobacteria renamed as (K1, K2, K3, K4, K5 and K6) were selected on

the basis of phosphate solubilizing and ACC-deaminase activity measured as described above.
Isolates exhibiting either the maximum of the single activity (but negligible second activity),
ACC-deaminase (K1 and K2) or P-solubilizing (K3 and K4) or maximum of both activity is dual
activity [P-solubilizing as well as ACC-deaminase activity] (K5 and K6) were selected for further
experimentation. These selected rhizobacterial isolates were further characterized for other
growth promoting attributes.

3.5.

Characterization of rhizobacterial isolates
Selected isolates of rhizobacteria (K1, K2, K3, K4, K5 and K6) were further

characterized for plant growth promoting attributes like indol-3-acetic acid production (IAA),
phosphatase activity, siderophore activity, chitinase activity and root colonization.
3.5.1.

Indole acetic acid (IAA) production
In vitro auxin production by selected isolates was determined as indole acetic acid

(IAA) equivalent in the presence or absence of L-tryptophan (L-TRP) by using the protocol
described by Khalid et al. (2004). For this purpose, 10 mL general purpose medium (GPM) broth
were taken in 100 mL Erlenmeyer flasks, autoclaved and cooled. L-Tryptophan was filter
sterilized by passing through 0.2 µm membrane filters and added at desired concentration (1µg
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mL-1) to the liquid medium. The flask contents were inoculated by adding 1.0 mL of 3-days old
bacterial broth adjusted to optical density of 0.5 (107 to 108 CFU mL-1) measured at 550 nm by
spectrophotometer. The flasks were plugged tightly and incubated at 28 ± 1 oC for 48 hours. Noninoculated/untreated control was kept for comparison. After incubation, the contents were filtered
through Whatman filter paper No. 2. Auxin compounds (IAA-equivalents) were determined by
spectrophotometer, using Salkowski colouring reagent. While measuring IAA-equivalents, 3.0
mL of filtrate was taken in test tubes and 2.0 mL of Salkowski reagent (2.0 mL of 0.5M FeCl3 +
98.0 mL of 35% HClO4) was added to it. The contents in the test tubes were allowed to stand for
half an hour for colour development. Similarly, colour was also developed in standard solutions
of IAA. The intensity of colour was measured at 535 nm by using spectrophotometer (Nicolet
evolution 300, Thermo Electron Corporation, Japan). Standard curve was used for comparison to
calculate auxins production by rhizobacteria. The same procedure was repeated except the
addition of L-TRP, for the determination of auxin production in the absence of L-TRP.
3.5.2.

Phosphatase activity
Phosphatase activity was measured by using the protocol given by Tabatabai and

Bremner (1969). In this assay the amount of p-nitro phenol produced is measured colorimetrically
when the microbial enzyme phosphatases cleaves the substrate p-nitro phenyl phosphate.
3.5.3.

Siderophore activity
Siderophore activity was measured by using the protocol established by Schwyn and

Neilands (1987).
3.5.4.

Chitinase activity
Chitinase activity was determined by the method described by Chernin et al. (1998)

with some modification. Colloidal chitin 0.2% was added in Trypticase soy agar (TSA). The
autoclaved medium was cooled and poured into sterilized petri plates. After solidification, a
loopfull of each culture was placed on the plates at three equidistant places. The plates were
incubated at 30oC for 72 to 96 hour until clearing zones of the chitin could be seen aound the
colonies.
3.5.5.

Gnotobiotic root colonization assay
Gnotobiotic root colonization assay was used as a method of assessing the potential of

individual rhizobacterial strains to colonize the root of wheat and maize seedlings. Glass jars
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containing sand were sterilized by autoclaving at 121°C for 20 min. After autoclaving, sterilized
Hoagland’s nutrient solution was added into glass jars and stored at room temperature for at least
48 h to equilibrate. Pre-germinated seeds (section 3.5) of wheat (Bhakar 2000) and maize
(Sahiwal 2002) were inoculated (section 3.10) with broth inocula (section 3.9) of individual
respective isolate. Pre-germinated inoculated seeds were transplanted in sand with forceps at rate
of two seeds per jar. Control was treated with mixture of sterilized broth and sugar solution.
The glass jars were kept in a growth chamber having controlled climate with relative humidity
(70%), day light (16 h for wheat and 14 h for maize) and temperature (28±1oC) to allow the plants
to grow. After 7-days of germination, the roots were cut off and dipped in phosphatic buffer. The
roots were crushed and shaken vigorously with sterile water to remove the bacteria from roots of
wheat and maize. Bacterial isolates were isolated by using serial dilution plate technique (Wollum
II, 1982) and 1mL was plated on Petri dishes containing Trypticase soy agar (Atlas, 2004). After
2-days of incubation at 28°C the number of colonies was counted. All the treatments in the
colonization experiment were replicated four times and the average number of bacterial colony
forming units was calculated and presented as mean CFU g-1 root tip (Simons et al., 1996).
3.6.

Identification of rhizobacterial isolates
Rhizobacterial isolates were identified by partial sequencing of the 16S rRNA gene.

After PCR amplification of 16S rRNA gene of rhizobacterial isolates, DNA purified, prepared for
sequencing and after getting sequencing results, rhizobacterial strains were identified by using
software “ncbi gene blast”.
3.7.

Preparation of compost
Organic materials containing fruit and vegetable waste were collected from the fruit

market of Faisalabad. The collected organic waste material was sorted out to remove unwanted
substances (plastic bags, stones, glass materials, cork etc.) and subject to sun drying for couple of
days and finally crushed to extract the excessive moisture/juice. The material was air dried, then
it was oven dried at 70°C for 24 hours before grinding. Oven dried material was ground in an
electrical grinder and transferred to a locally fabricated composting unit (a vessel of 500Kg
capacity) to convert organic waste materials into compost. Composting process was carried out
for six days under controlled temperature, moisture (40% w/v) and aeration (Shaking at 50 rev
min-1). The temperature of processing unit ranged between 30 to 70°C during second and third
day and declined gradually to 30°C after fourth day of processing. The moisture was maintained
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by using water and juices previously extracted from fruit and vegetable materials. After six days
of incubation, composted material was passed through a grinder to make granules. The compost
was packed in gunny bags prior to use in pot and field trials. Analysis of compost is given in
Table 3.2. Rock phosphae (RP) enriched compost were formulated by thorough mixing /blending
of compost with RP.
3.8.

Seed germination assay
Wheat and maize seeds were surface sterilized by dipping in 95% ethanol solution for 5

min, 0.2% HgCl2 solution for 3 min and washed thoroughly with distilled water. Thoroughly
washed seeds were sown on sterilized filter paper sheets placed in petri plates. The plates were
incubated in a growth room at 28±1 °C. After 3 days, seed germination was examined.
3.9.

Preparation of inocula
The inocula of selected isolates having ACC-deaminase and/or phosphate solubilizing

traits were prepared by inoculating the sterilized broth with individual isolates in the 250 ml
conical flasks containing trypticase soy broth (TSB). The flasks were incubated at 28±1ºC for 48
h under shaking (100 rpm) in the orbital shaking incubator (Model OSI-503 LD, Firstek
Scientific, Japan) at 100 rev min-1. An optical density of 0.5 at λ 535 nm of broth containing
PGPR was achieved by dilution to maintain uniform cell density (108-109 CFU ml-1). The
suspension of selected rhizobacteria was used for seed inoculation.
3.10.

Seed inoculation
For inoculation, surface disinfected seeds of wheat (Bhakar 2002) and maize (Sahiwal

2002) were inoculated with inocula plus sugar solution (10%) then coated with peat and clay
mixture (peat to clay ratio, 1:1 w/w). The seeds were shaken well till fine coating appeared on
seeds in polythene bag. Control was treated with sterilized peat plus clay containing sterilized
broth and sugar solution. Inoculated seeds were placed over night for drying under lab conditions.
3.11.

Leonard jar experiment under axenic conditions
Jar experiments were conducted to evaluate the effectiveness of inoculation with

selected rhizobacteria containing phosphate solubilizing and/or ACC-deaminase activity for
improving growth of wheat (Triticum aestivum L.) and maize (Zea mays L.) under axenic
conditions. Sand was sieved through a 2mm diameter sieve, dipped in 5% HCl solution and
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washed thoroughly with distilled water. Glass jars filled with 500 g approx. sand and 1 g rock
phosphate (powdered rock phosphate having 33.41% P2O5 was purchased from NFC, Faisalabad)
were autoclaved at 121 °C. Pre-germinated seeds of wheat and maize at the rate of 3 seeds per jar
were transplanted to autoclaved glass jars, having sand amended with rock phosphate and seeds
were inoculated with broth inocula of individual respective isolate. In case of uninoculated
control, sterilized broth of inocula was used for seed treatment. Sterilized Hoagland solution
without P was applied in the jars (treated with rock phosphate) for providing nutrients to
seedlings. Treatments in jars were arranged using completely randomized design with three
replications of each treatment. Three groups of isolates possessing ACC-deaminase (single
activity isolates K1, K2), phosphate solubilizing (single activity isolates K3, K4) and ACCdeaminase + phosphate solubilizing (dual activity isolates K5, K6) activity were used for
inoculation of seeds. Jars were placed in growth chamber at 25±1oC adjusted to 12 and 14 hours
light for wheat and maize respectively at relative humidity of 70%. Data regarding root length
shoot length, fresh and dry weight of shoot and root were recorded after 3 weeks.
3.12.

Pot trial
Pot experiments were conducted to evaluate the effectiveness of inoculation with

rhizobacteria containing phosphate solubilizing and/or ACC-deaminase activity for improving
growth and yield of wheat (Triticum aestivum L.) and maize (Zea mays L.). A composite soil
sample was collected from the field, air-dried, ground, sieved (10 mesh) and was analyzed for
physico-chemical characteristics. Surface disinfected seeds of wheat (Bakhar 2002) and maize
(Sahiwal 2002) were inoculated with selected isolates of PGPR. There were four replications for
each treatment. The seeds of wheat and maize were sown in pots containing 12 Kg soil pot-1 by
using recommended doses of nitrogen and potassium fertilizers for wheat (N and K @ 110 and 60
kg/ha respectively) and maize (N and K @ 175 and 60 kg/ha respectively) were applied as basal
dose in all treatments. While, ½N was applied at the time of sowing and remaining ½ N was
applied at first irrigation in wheat and after one 25 days after germination in maize, while P was
applied @ 85 and 115 kg/ha to wheat and maize respectively at sowing time from various
phosphorus sources. Three groups of isolates possessing ACC-deaminase (single activity isolates
K1, K2), phosphate solubilizing (single activity isolates K3, K4) and ACC-deaminase +
phosphate solubilizing (dual activity isolates K5, K6) activity were used. Following treatment
plan was used in the pot trials:
F0

= Control (NK fertilizer, without P fertilizer)

F1*

= Rock phosphate
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F2*

= DAP

F3*

= Compost

F4*

= Rock phosphate (RP)-enriched compost

* All the treatments were adjusted to receive same amount of NK which was applied in F0
Data regarding growth and yield parameters were collected on pot-1 at maturity basis in case of
wheat, while in case of maize data were collected two month after sowing.
3.13.

Field trials
The same treatments plan used in pot trials was further evaluated in the field of same

soil. There were four replications for each treatment. Experiment was designed according to
RCBD factorial design in field and was irrigated with canal water. Data regarding growth and
yield parameters was collected. Phosphorus content in grain and straw samples was determined
by using standard method. Data regarding growth and yield contributing parameters was
collected.
3.14.

Data regarding growth parameters

3.14.1.

Harvest index (H.I.)
Harvest Index (H.I.) = (Economical yield/Biological yield)*100

3.14.3.

Root length
Root length was measured by using modified Newman protocol (Goubran and

Richards. 1979)
3.15.

Soil analysis
The soil was analyzed for physico-chemical characteristics according to methods

described in the Hand Book 60 (US Salinity Laboratory Staff, 1954) as well as the methods
described by other scientists.
3.15.1.

Soil texture
Soil textural class was determined by taking 50 g air-dried soil in a 500 ml beaker.

Solution (50 mL, 2%) of sodium hexametaphosphate was added in the beaker as a dispersing
agent. Distilled water (150 mL) was also added to the beaker to facilitate the reaction. After 24
hours incubation at room temperature, suspension was stirred with a mechanical shaker for 10
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minutes and transferred to 1000 mL graduated cylinder. The suspension was shaken vigorously
with metal plunger. Initial reading was recorded after 4 minutes of the shaking and final reading
was noted after 2 hours on Bouyoucos Hydrometer (Moodie et al., 1959). Soil textural class was
determined by using international soil classification system (ISSS).
3.15.2. Saturation percentage (SP)
Saturated soil paste was prepared by taking 250 g soil in a 500 mL beaker, adding
distilled water and mixing with spatula to meet the criteria of saturated soil paste (Hand Book 60,
Method 27a). The paste was dried to constant mass at 105oC and SP was determined by the
following formula.
SP =

((Mass of wet soil - Mass of oven dry soil)/ Mass of oven dry soil) ×100

3.15.3. pH of the saturated soil paste (pHs)
The pH of saturated soil paste was measured with digital pH meter (Jenway 3510)
standardized at 4.0 and 9.2 pH buffer solution as described in Hand Book 60 (Method 21a).
3.15.4.

Electrical conductivity of saturated soil extract (ECe)
An extract was obtained from saturated soil paste with the help of a vacuum pump and

its electrical conductivity was measured using a digital conductivity meter (Jenway 4510)
according to method described in the Hand Book 60 (Method 3a and 4b).
3.15.5.

Organic matter

One gram soil was mixed with 10 mL of 1.0 N potassium dichromate solution
and 20 mL concentrated sulphuric acid. Then, 50 mL of distilled water and 25 mL of 0.5
N freshly prepared ferrous sulphate solution were added. The excess of ferrous sulphate
was neutralized with 0.1 N potassium permanganate solution to pink end point (Moodie
et al., 1959).
3.15.6.

Available phosphorous
Phosphorous was determined by taking 10 g soil and 20mL of AB-DTPA (1 M in the

ammonium bicarbonate (NH4HCO3), and 0.005 M DTPA) solution adjusted at pH 7.6. Dilute 1
mL aliquot of the soil extract to 10 mL with DI water. Add 2.5 mL color developing reagent
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carefully to prevent loss of sample due to excessive foaming. Stir; let it stand for 30 minutes.
Color intensity was measured on spectrophotometer (Nicolet evolution 300, Thermo Electron
Corporation, England) at 880 nm (Soltanpour and Schwab, 1977).
3.15.7.

Extractable potassium

NH4OAC extractable K was determined by using the flame photometer PFP-7
using the (Method 6.1.3) described by Rashid et al. (2001).
3.16.

Plant analysis

3.16.1.

Digestion of plant material
The dried and ground shoot material (0.1g) was digested with sulphuric acid and

hydrogen peroxide according to the method of McGill and Figueiredo (1993). For this purpose
the dried ground plant material (0.1g) was placed in digestion tubes, 2 ml of conc. H2SO4 was
added and incubated over night at room temperature. Then 1 ml of H2O2 (35% A. R. grade extra
pure) was poured down through the sides of the digestion tubes and was rotated. Tubes were
ported in a digestion block and heated upto 350°C until fumes were produced and continued to
heat for another 30 min. Digestion tubes were removed from the block and cooled. Then 1 ml of
H2O2 was slowly added and tubes were placed back into the digestion block until fumes were
produced for 20 min. Again digestion tubes were removed. Above step was repeated until the
cooled material became colorless. The volume of extracts was made upto 50 ml with distilled
water. Then it was filtered and used for determination of mineral elements.
3.16.2. Phosphorus determination
The extracted material (5 ml) was mixed in 10 ml of Barton reagents and total volume
was made as 50 ml. The samples were kept for half an hour and phosphorus contents were
measured at 410 nm by spectrophotometer (Nicolet evolution 300, Thermo Electron Corporation,
Japan) using standard curve. The protocol was used as described by Ryan et al. (2001).
3.17.

Nutrient composition of composted organic waste

Composted fruit wastes (ground < 2mm) were analyzed for carbon contents, macro and
micro nutrients, (Table 3.2). The C: N, C: P and C: K ratios and pH of the composted organic
fertilizer were determined by following the Standard Analytical Techniques.
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3.17.1 Carbon estimation

Carbon in raw and composted material was determined by loss-on-ignition (LOI)
method described by Nelson and Sommers (1999) and Ryan et al. (2001).
3.17.2 Nitrogen estimation
Total nitrogen in organic material was estimated by Kjeldahl distillation method
described by Jackson (1962).

3.17.3 Potassium estimation
Potassium content in the filtrate was determined by Jenway PFP-7 flame photometer
described by Richards (1954).

3.17.4 Determination of micro nutrients
Micronutrients such as Fe, Mn, Zn and Cu were determined by atomic absorption
spectrometer (Perkin Elmer 4000) from raw and composted organic material according to
the protocols described by Ryan et al. (2001).
3.18.

Statistical analysis
Statistical analysis was run according to CRD factorial design in axenic and pot

experiments. While statistical analysis of field experiments was performed by using RCBD
factorial design. The data was analyzed statistically by using computer software Statistix 8.1.
Least significant difference (LSD) test was employed to separate the treatment means at alpha
0.05.
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Table 3.1: Physical and chemical characteristics of soil
Textural class

Sandy clay loam

Chemical analysis
ECe (dSm-1)

2.2 ± 0.02

pHs

7.6 ± 0.04

Saturation Percentage (%)

29.13±0.1

Organic Matter (g kg-1)

5.2 ± 0.04

Available Phosphorus (mg kg-1)

7.3 ± 0.05

Available potassium (mg kg-1)

96.0 ± 1.0

Table 3.2: Analysis of raw and composted waste material

Parameter

Compost*

Carbon (%)

27.5

Nitrogen (%)

2.51

Phosphorus (%)

0.96

Potassium (%)

1.80

C:N Ratio

10.95

C:P Ratio

28.65

C:K Ratio

15.28

Fe (mg Kg-1)

630

Mn (mg Kg-1)

54

Zn (mg Kg-1)

110

Cu (mg Kg-1)

25

pH

4.36

* Taken from Arif Ph.D. dissertation thesis as compost was prepared and analyzed by him.
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Chapter

4

Results
The relative efficacy of selected rhizobacteria that possess phosphate solubilizing

and/or ACC-deaminase activity for improving growth and yield of cereals was studied under
axenic as well as natural conditions and details of results are presented in this chapter.
4.1.

Phosphate solubilizing activity of rhizobacterial isolates
Phosphorous solubilizing activities for 35 isolates (14 from wheat and 21 from maize

rhizosphere) were measured quantitatively based on their ability to solubilize inorganic
phosphate. All the isolates showed ability to solubilize insoluble phosphorus (rock phosphate).
Isolates exhibited phosphorus solubilizing activity in the range of 113.3 to 753.0µg mL-1 (Table
4.1). Isolate RM21 was the most effective with a maximum solubilization of 753 µg P mL-1
followed by isolates RW25, RM2, RW15 which showed phosphorus solubilization capabilities of
698, 572 and 498 µg mL-1 respectively. Isolates RW6 and RM22 were the least effective in
solubilizing rock phosphate (RP) upto 180 and 113 µg mL-1 respectively (Table 4.1).
4.2.

ACC-deaminase activity of rhizobacterial isolates
ACC-deaminase activity of all the 35 isolates were measured in terms of the amount of α-

ketobutyrate produced from the substrate, ACC. ACC-deaminase activity of all the 35 isolates
ranged between 0.001 to 1.85µmol L-1 (Table 4.1). Isolate RM21 showed a maximum ACCdeaminase activity of 1.85µmol L-1 α-ketobutyrate followed by isolates RW25, RM2 and RW15,
which had activities of 1.53, 1.27 and 1.10 µmol L-1 α-ketobutyrate, respectively while, isolates
RM2 and RW15 had negligible ACC-deaminase activity.
4.3.

Selection of rhizobacteria
Six isolates of rhizobacteria (RW6, RW22, RM2, RW15, RM21 and RW25) were

selected on the basis of phosphate solubilizing and ACC-deaminase activity. They were renumbered as K1, K2, K3, K4, K5 and K6 respectively (Table 4.1). Isolates K1 and K2 were
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Table 4.1. P-Solubilization and ACC-deaminase activity of various rhizobacterial isolates
collected from wheat and maize crops

Strain

PSolubilization

ACC-deaminase Activity

µg mL-1

µmol L-1

RM5
000.00
0.0169
RW6
180.10
1.2741
RM22
113.30
1.1053
RM1
185.32
0.2269
RM 3
240.50
0.5864
RM 2
571.45
0.0010
RW9
548.36
0.3377
RM4
532.73
0.4961
RW11
582.01
0.2720
RM 13
584.50
0.5104
RM16
603.95
0.5026
RW29
583.77
0.4905
RW 8
398.26
0.6283
RM 7
528.18
0.6717
RM 17
637.70
0.6655
RW 20
503.64
1.4199
RM10
461.20
0.2556
RW34
514.62
0.0831
RW 32
546.92
0.8395
RM12
619.48
0.5242
RM 14
509.13
0.6117
RW33
528.59
1.5020
RW 31
549.71
0.7832
RM 28
572.28
0.0019
RM 24
501.37
1.0416
RM 30
396.92
0.7011
RW15
497.64
0.0012
RW23
372.90
0.2534
RM 26
516.69
0.5180
RM18
661.05
0.7723
RM 19
686.00
0.0211
RW 27
678.59
0.0210
RM 35
673.95
0.0212
RM 21
698.50
1.8468
RW25
753.00
1.5335
* High ACC-deaminase but low P solubilization
** High P-solubilization but low ACC-deaminase
***HPHA (High P-solubilization and high ACC-deaminase)
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Strains selected for
the experiments and
numbered as

K1*
K2*

K3**

K4**

K5***
K6***

selected based upon high ACC-deaminase activity but having extremely poor P-solubilization
activity while K3 and K4 were selected on reverse criteria basis i.e high P-solubilizing activity
but having extremely low ACC-deaminase activity. Isolates K5 and K6 were selected being
highly efficient in both P solubilization as well as ACC-deaminase activity. These selected
isolates were used as inocula in axenic condition trials as well as in pot and field trials on wheat
and maize.
4.4.

Characterization of the tested PGPR isolates
Isolates of PGPR (K1, K2, K3, K4, K5 and K6) were characterized with respect to

additional plant growth promoting attributes including, IAA production, phosphatase activity,
siderophore activity, chitinase activity and root colonization (Table 4.2.).
4.4.1.

Phosphatase activity
Phosphatase activity was measured in terms of the amount of p-nitro phenol

produced when the microbial enzyme phosphatases cleaves p-nitro phenyl substrate. Bacterial
isolates of rhizosphere soil were evaluated for their ability to solubilize/mineralize organic
phosphate. Results clearly showed that all of the rhizobacterial isolates have the ability to
convert p-nitro phenyl phosphate substrate to p-nitro phenol. Results of quantitative
measurement of p-nitro phenol showed that isolate K5 showed maximum phosphatase activity,
with a rate of 71.9µg g-1 dwt h-1 followed by K3, K4, K1, K2 and K6 which produced p-nitro
phenol at rates of 68.9, 67.2, 50.6, 45.8 and 43.8µg g-1 dwt h-1 respectively (Table 4.2.).
4.4.2.

Chitinase activity
Chitinase activity of the selected PGPR was measured qualitatively by measuring

the size of the clearing zone formation around the colonies of rhizobacterial isolates on chitincontaining agar plates. Rhizobacterial isolates showed positive response to dissolve chitin. The
maximum dissolution of chitin was observed for isolate K2 followed by K1 and K5. Isolates
K3, K4 and K6 did not show any effect ability to degrade chitin (Table 4.2.).
4.4.3.

Gnotobiotic root colonization assay
Root colonization abilities of the rhizobacteria were measured by quantification of

colony forming units per gram root biomass when plated on agar media. The greatest root
colonizing ability was found in rhizobacterial isolate K5 that had 8317 CFU g-1 root biomass
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followed by K6 that produced 6730 CFU g-1 root biomass. The rest of the rhizobacterial isolates
K1, K3, K4 and K2 produced 5805, 4380, 4381 and 3406 CFU g-1 root biomass in descending
order (Table 4.2).
4.4.4.

Auxins: indole acetic acid (IAA) Production
IAA production (Fig. 4.1) was measured in the presence and absence of L-TRP. It

was observed that all PGPR isolates produced IAA only in the presence of L-TRP.
Rhizobacterial isolate K1 was the most effective isolate that produced the maximum amount of
IAA at 48.1 µg mL-1 followed by K2 that produced 45.3µg mL-1. The rest of the rhizobacterial
isolates K3, K4, K5 and K6 produced IAA in quantities of 36.8, 19.5, 1.6 and 8.2µg mL-1
respectively (Table 4.2.).
4.4.5.

Siderophore activity
Siderophore activity (Fig. 4.2) was measured quantitatively to evaluate the potential

ability of the bacteria to assist plants in absorbtion of Fe from Fe-deficient soil. Results clearly
showed that all six rhizobacterial isolates produced siderophores except isolate K6 which was
without siderophore activity. Results of quantitative measurement of siderophores production
showed that isolate K5 had the greatest siderophore production rate that is 8.1µM h-1 followed
by isolates K2, K1, K4 and K3 which produced siderophores upto 5.5, 4.6, 3.7 and 3.6µM h-1 in
descending order. Results of isolates having siderophore activity are given in Table 4.2.
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K1*

K0

K5

Fig. 4.1. Auxins Activity of rhizobacterial isolates
* K1, ACC-deaminase strain; K5, dual activity (ACC-deaminase + P- solubilizing) strain
K0 (Uninoculated control)

K3*

K0

K5

Fig. 4.2. Siderophore Activity of rhizobacterial isolates
* K3, P-solubilizing strain; K5, dual activity (ACC-deaminase + P- solubilizing) strain
K0 (Uninoculated Control)
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Table 4.2.

Characterization of selected PGPR for growth promoting traits

Growth promoting traits
Strain No.

Category*

Psolubilization
(µg mL-1 P)

ACCdeaminase
activity (µM)

Siderophore
activity
(µM h-1)

Phosphatase activity
(µg g-1 dwt h-1)

Acid

Alkaline

Root
colonization

Auxins
activity

(CFU g-1)

(µg mL-1)

Chitinase
activity

With L-TP

K1

HA

180

1.27

4.6

50.6

36.5

5805

48.1

+ve

K2

HA

113

1.10

5.5

45.8

31.7

3406

45.3

+ve

K3

HP

572

0

3.6

68.9

54.8

4380

19.5

-ve

K4

HP

498

0

3.7

67.2

53.1

4381

36.8

-ve

K5

HAHP

753

1.53

8.1

71.9

57.8

8317

1.6

+ve

0.0

43.8

29.7

6730

8.2

-ve

K6

HAHP
698
1.85
* HA,
high ACC-deaminase activity
HP,
high P-solubilization activity
HAHP, high ACC-deaminase and P-solubilizing activity
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4.5.

Identification of PGPR strains
After PCR amplification of 16S rRNA gene of rhizobacterial isolates (Fig. 4.3), DNA

was purified and sequenced. The PGPR strains were identified using a BLAST (Basic Local
Alignment Search Tool) search of the NCBI database (Table 4.3.).

bp

880
800
500
200
100

Marker K1
Fig. 4.3.

K2

K3

K4

K5 K6

PCR amplification of 16S rRNA gene of rhizobacterial isolates

Table 4.3. Rhizobacterial isolates identified by 16S rRNA gene, partial sequence

Isolates/Strains

Identified Genus and Specie

K1

Bacillus megaterium

K2

Bacillus licheniformis

K3

Bacillus subtilis

K4

Bacillus cereus

K5

Bacillus thuringiensis serovar ostriniae

K6

Bacillus sp. Cp-h60
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4.6.

Growth promoting activity of selected rhizobacteria
To evaluate the relative effectiveness of selected rhizobacteria possessing different

potential of phosphate solubilizing and/or ACC-deaminase activity for improving growth and
yield of wheat and maize crops, a series of trials were conducted under axenic, net house and
field conditions. The results of these trials are described below.
4.6.1.

WHEAT

4.6.1.1.

Study 1 (under axenic conditions)
Six selected rhizobacterial strains were tested in axenic study (Leonard Jar

experiment) for their growth promoting performance in wheat.
4.6.1.1.1.

Shoot growth
The effectiveness of selected strains of rhizobacteria differing in phosphate

solubilizing and/or ACC-deaminase activity potential for improving shoot fresh weight of wheat
grown under axenic conditions is evident from the data given in the Table 4.4. Results revealed
that all the tested rhizobacterial strains significantly increased the fresh shoot mass (ranging
from 18 to 117%) over uninoculated control. The data also revealed that rhizobacterial strains
possessing high dual activity (ACC-deaminase and P-solubilizing activity) were the most
effective as strains K5 and K6 promoted shoot fresh weight by 117 and 110% respectively over
uninoculated control. The strains with only P-solubilizing activity (K3 and K4) enhanced the
shoot fresh weight upto 60 and 41% whereas strains with only high ACC-deaminase activity
(K1 and K2) were the least effective as they increased shoot fresh weight by 30 and 18%
respectively over uninoculated control.
In the same way, the impact of selected rhizobacterial strains possessing phosphate solubilizing
and/or ACC-deaminase activity on shoot dry weight is reported in Table 4.4. Results revealed
that effect of inoculation with selected rhizobacterial strains on shoot dry weight followed the
similar trend as observed in case of fresh shoot mass. The inoculation with tested strains
increased the shoot dry weight from 32 to 157% over uninoculated control. All of the tested
strains were statistically different from the control at p<0.05. It was appealing that
rhizobacterial strains possessing high dual activity were most efficient as compared to strains
having high level of only one of the two functional activities. Rhizobacterial strains K5 and K6
increased shoot dry weight upto 157 and 126% respectively over uninoculated control.
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Table 4.4. Relative efficacy of plant growth-promoting rhizobacteria possessing high phosphate solubilizing and/or ACC-deaminase activity for
improving growth parameters of wheat under axenic conditions

Growth parameters***
Isolates****
SFW

SDW

RFW

RDW

SL

RE

K0 (No Isolate)

0.074(0.0)*

0.010(0.0)

0.055 (0.0)

0.035 (0.0)

8.27 (0.0)

8.23 (0.0)

K1

0.097 (30)

0.016 (56)

0.079 (43)

0.062 (79)

13.84 (67)

12.58 (53)

K2

0.087 (18)

0.013 (32)

0.073 (31)

0.055 (58)

12.40 (50)

11.76 (43)

K3

0.118 (60)

0.019 (83)

0.063 (14)

0.048 (39)

14.85 (80)

10.74 (30)

K4

0.104 (41)

0.018 (73)

0.061(10)

0.044 (27)

14.71 (78)

9.85 (20)

K5

0.161 (117)

0.026 (157)

0.190 (243)

0.143 (313)

18.62 (125)

17.90 (117)

K6

0.155 (110)

0.023 (126)

0.176 (219)

0.127 (268)

17.79 (115)

17.44 (112)

LSD at p = 0.05
0.0085**

0.0032**

0.0167**

0.0121**

1.2488**

1.3796**

* % increased over respective uninoculated control (K0)
** Significant at p<0.05
*** SFW (shoot fresh wt.), SDW (shoot dry wt.), RFW (root fresh wt.), RDW (root dry wt.), SL (shoot length), RE (root elongation), Mean mass
in gram (g) and Mean length in centimeter (cm)
**** Control, K0; ACC-deaminase strains, K1 and K2; P-solubilizing strains, K3 and K4; dual activities strains, K5 and K6
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ACC-deaminase strain

K2

K0

Phosphate solubilizing strain

K3

K0

dual activity strain

K5

K0

Strains
Fig. 4.4. Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate
solubilizing and/or ACC-deaminase activity for improving growth of wheat under axenic
conditions amended with rock phosphate (RP).
* K0, Uninoculated; K1, Strain with high ACC-deaminase activity; K3, Strain with high Psolubilizing activity; K5, Strain with dual activity

44

Rhizobacterial strains with high P-solubilizing (K3 and K4) enhanced the shoot dry weight upto
83 and 73% while strains with only high ACC-deaminase activity (K1 and K2) promoted shoot
dry weight upto 56 and 32% respectively over uninoculated control.
The effectiveness of selected rhizobacterial strains on shoot length of wheat is
presented in the Table 4.4. Results further confirmed that effect of inoculation with selected
rhizobacterial strains on shoot length followed the similar trend as observed in case of fresh and
dry shoot mass. All the tested strains were statistically different from control at p<0.05. Increase
in shoot length caused by tested rhizobacterial strains ranged from 50 to 125% increase over
uninoculated control. It was noted that once again strains possessing high dual activity were
most effective than those possessing high level of either of the two activities. Rhizobacterial
strains K5 and K6 enhanced shoot length upto 125 and 115% increase over uninoculated
control. In contrast, the strains with only P-solubilizing activity (K3 and K4) increased shoot
lengths by 80 and 78% while strains with high ACC-deaminase activity (K1 and K2) increased
shoot length by 67 and 50%, respectively over uninoculated control.
4.6.1.1.2.

Root growth
Results presented in Table 4.4 show the influence of tested strains possessing

different potential of phosphate solubilizing and/or ACC-deaminase activity for improving root
fresh weight of wheat. Inoculation of wheat seedlings with tested strains appreciably increased
root fresh weight. All the strains were significantly different from the control at p<0.05. The
increase in root fresh weight was caused by different rhizobacterial strains over uninoculated
control with various degree of effectiveness, ranging from 10 to 243%. As observed with root
fresh weight, tested strains possessing high dual activity were the most effective as they (strains
K5 and K6) promoted root fresh weight upto 243 and 219% respectively over uninoculated
control. The dual activity strains were followed by the strains with high level of ACC-deaminase
activity (K1 and K2) which improved root fresh weight by 43 and 31% whereas P-solubilizing
strains (K3 and K4) were the least effective as they enhanced the root fresh weight by 14 and
10% respectively over uninoculated control.
Similarly, the effectiveness of selected strains of rhizobacteria for improving root
dry weight of wheat is given in Table 4.4. Results indicated that effect of inoculation with
selected rhizobacterial strains on root dry weight followed the similar trend as observed in case
of fresh root mass. The inoculation increased the shoot dry weight from 27 to 313%. It was
noted that rhizobacterial strains possessing high dual activity were most effective than high
level of either of the two functional activities. Rhizobacterial strains K5 and K6 promoted root
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dry weight upto 313 and 268% respectively over uninoculated control. In contrast, the strains
with high ACC-deaminase activity (K1 and K2) increased root dry weight upto 79 and 58%
while strains with high P-solubilizing activity (K3 and K4) were least effective as they
enhanced the root dry weight upto 39 and 27% respectively over uninoculated control.
Results regarding the effect of tested rhizobacterial strains on root elongation of
wheat are summarized in the Table 4.4. Results revealed that effect of inoculation with selected
rhizobacterial strains on root elongation followed the similar trend as observed in case fresh and
dry root mass. All the tested strains were statistically different from control at p<0.05.
Inoculation with selected strains increased the root elongation ranging from 20 to 117% over
uninoculated control. It was noteworthy that root elongation produced by strains possessing
high dual activity was the highest than strains having single activity. Rhizobacterial strains K5
and K6 enhanced root elongation upto 117 and 112% increase over uninoculated control. ACCdeaminase active strains (K1 and K2) increased root elongation by 53 and 43% while strains
with P-solubilizing activity (K3 and K4) were least effective as they increased the root
elongation upto 30 and 20% increase over uninoculated control.
4.6.1.2.

Study 2 (pot trial)
The same six bacterial strains used in axenic study were tested in pot trial for their

growth promoting performance in wheat.
4.6.1.2.1

Plant height (cm)
The effectiveness of selected strains of rhizobacteria improving plant height is

evident from the data given in the Table 4.3. Results illustrated that effect of inoculation with
selected rhizobacterial strains on plant height differed significantly from uninoculated control. It
was observed that the tested strains possessing high dual activity were more effective in
promoting plant height of wheat than those carrying either of the two activities under all the
tested fertilizer treatments. Rhizobacterial strains with high dual activity (K5 and K6) promoted
plant height significantly (p<0.05) upto 57, 72, 32, 51 and 43% over respective uninoculated
control in F0 (N K only), F1 (F0+RP), F2 (F0+DAP), F3 (F0+compost) and F4 (F0+RP enriched
compost) respectively. Among the strains having high single trait activity, those with only
phosphorus solubilizing activity performed better than those containing ACC-deaminase activity
with respect to enhancing plant height of wheat. Rhizobacterial strains possessing high Psolubilizing activity (K3 and K4) increased the plant height upto 38, 60, 18, 41 and 33% over
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respective uninoculated control in F0, F1, F2, F3 and F4, respectively. The PGPR strains with
high ACC-deaminase activity (K1 and K2) enhanced the plant height by 35, 54, 16, 36 and 30%
over respective uninoculated control in F0, F1, F2, F3 and F4, respectively.
Comparison of fertilizer treatments revealed that the highest plant height (cm) was
recorded in F2 (77.0) followed by F4 (74.9), F1 (70.6), F3 (69.4) and F0 (63.1) in descending
order. The cumulative effectiveness of inoculation was greatest in F1 where 61% mean increase
in plant height over the respective uninoculated control was observed. In contrast, the minimum
cumulative effect of inoculation was found in F2 (F0+DAP) where only 21% mean increase in
plant height over the respective uninoculated control was observed. It was noted that F0 and F3
which did not carry any P had the minimum effect of inoculation on mean increase in plant height
however, effectiveness of inoculation was more in these treatments than F2 and F4. The
interactive effect of strain and fertilizer was significant. The maximum plant height was recorded
in K5xF2 and minimum in K2xF0. In case of uninoculated treatments K0xF2 resulted in
maximum while K0xF0 in minimum plant height.
4.6.1.2.2.

Number of total tillers and fertile tillers (tillers pot-1)
The effect of selected strains of rhizobacteria possessing phosphate solubilizing

and/or ACC-deaminase activity for improving number of total tillers of wheat grown in pots is
evident from the data summarized in Table 4.6. Results showed that all of the tested
rhizobacterial strains increased the total number of tillers under all of the fertilizer treatments
compared to respective uninoculated control. Effectiveness of inoculation varied statistically at
p<0.05. It was observed that tested rhizobacterial strains with high dual activity (ACC-deaminase
plus P-solubilizing activity) were the most effective in promoting total tillers per pot than those
carrying either of the two activities under all the tested fertilizer treatments. High dual activity
strains (K5, K6) promoted total tillers per pot significantly upto 100, 130, 57, 92 and 73% over
respective uninoculated control in F0 (N K only), F1 (F0+RP), F2 (F0+DAP), F3 (F0+compost)
and F4 (F0+RP enriched compost) respectively. Similarly, among the strains having high single
trait activity, those possessing phosphorus solubilizing activity performed better than those
containing ACC-deaminase activity with respect to enhancing total tillers per pot of wheat.
Rhizobacterial strains possessing high P-solubilizing activity (K3, K4) increased the total tillers
per pot upto 68, 88, 24, 64 and 35% over respective uninoculated control in F0, F1, F2, F3 and
F4, respectively. The PGPR strains with high ACC-deaminase activity (K1, K2) enhanced the
total tillers per pot upto 58, 72, 18, 52 and 16% over respective uninoculated control in F0, F1,
F2, F3 and F4, respectively.
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Table 4.5. Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate solubilizing and/or ACC-deaminase activity for
improving plant height (cm) of wheat grown in pots
Fertilizer Treatments***
Isolates****
F0

F1

F2

F3

F4

Mean

K0

46.6 (0)*

46.5 (0)

65.8 (0)

51.2 (0)

58.0 (0)

53.6 E

K1

62.8 (35)

71.7 (54)

76.7 (16)

69.7 (36)

75.7 (30)

71.3 C

K2

60.4 (30)

70.8 (52)

73.1 (11)

68.7 (34)

72.6 (25)

69.1 D

K3

64.1 (38)

74.3 (60)

77.8 (18)

72.3 (41)

77.2 (33)

73.2 B

K4

63.8 (37)

72.7 (56)

77.2 (17)

71.1 (39)

76.6 (32)

72.3 BC

K5

73.0 (57)

80.2 (72)

87.0 (32)

77.2 (51)

83.2 (43)

80.1 A

K6

70.8 (52)

78.4 (69)

86.1 (31)

75.9 (48)

81.3 (40)

78.5 A

Mean

63.1 D

70.6 C

77.7 A

69.5 C

74.9 B

S

F

LSD at p = 0.05

S×F

1.7596**
1.4872**
3.9347**
*
% increased over respective uninoculated control (K0)
** Significant at P < 0.05
*** F0, N K only; F1, F0+RP; F2, F0+DAP; F3, F0+compost; F4, F0+RP enriched compost
**** Control, K0; ACC-deaminase strains, K1 and K2; P-solubilizing strains, K3 and K4; dual activities strains, K5 and K6
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Table 4.6.

Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate solubilizing and/or ACC-deaminase activity for

improving number of total tillers (tillers pot-1) of wheat grown in pots
Fertilizer Treatments***
Isolates****
F0

F1

F2

F3

F4

Mean

K0

10.0 (0)*

10.0 (0)

17.4 (0)

11.8 (0)

14.1 (0)

12.7 E

K1

15.8 (58)

17.3 (72)

20.5 (18)

18.0 (52)

16.3 (16)

17.6 CD

K2

14.5 (45)

16.7 (66)

20.3 (17)

17.0 (44)

15.7 (11)

16.8 D

K3

16.8 (68)

18.8 (88)

21.6 (24)

19.3 (64)

19.0 (35)

19.1 B

K4

16.4 (64)

17.7 (76)

21.0 (21)

18.7 (58)

18.0 (28)

18.3 BC

K5

20.0 (100)

23.1 (130)

27.4 (57)

22.7 (92)

24.5 (73)

23.5 A

K6

18.7 (87)

22.8 (127)

26.0 (49)

22.3 (89)

24.0 (70)

22.8 A

Mean

16.0 C

18.1 B

22.0 A

18.5 B

18.8 B

S

F

LSD at p = 0.05

S×F

0.9074**
0.7669**
2.0290**
*
% increased over respective uninoculated control (K0)
** Significant at P < 0.05
*** F0, N K only; F1, F0+RP; F2, F0+DAP; F3, F0+compost; F4, F0+RP enriched compost
**** Control, K0; ACC-deaminase strains, K1 and K2; P-solubilizing strains, K3 and K4; dual activities strains, K5 and K6
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Comparison of fertilizer treatments revealed that the highest total tillers per pot were
produced in F2 (22.0) followed by F4 (18.8), F3 (18.5), F1 (18.1), and F0 (16.0) in descending
order. However, cumulative effectiveness of inoculation was found maximum in F1 where 93%
mean increase in total tillers per pot over the respective uninoculated control was recorded. In
contrast, the least cumulative effect of inoculation was observed in F2 (F0+DAP) where only
31% mean increase in total tillers over the respective uninoculated control was recorded. It was
noted that F0 and F3 which did not carry any P had the minimum effect on total tillers however,
the mean increase in effectiveness of inoculation was more in these treatments than F2 and F4.
The interactive effect of strain and fertilizer was significant. The maximum total tillers per pot
were recorded in K5xF2 and minimum in K2xF0. In case of uninoculated treatments K0xF2
resulted in maximum while K0xF0 in minimum total tillers per pot.
The effect of inoculation with selected strains of rhizobacteria on fertile tillers of
wheat grown in pots is obvious from the data in Table 4.7. Results revealed that all the tested
rhizobacterial strains significantly increased the numbers of fertile tillers under all the fertilizer
treatments over respective uninoculated control. However, the effectiveness of inoculation varied
significantly (p<0.05) in each fertilizer treatment over respective uninoculated control. It was
noted that rhizobacterial strains possessing high dual activity (ACC-deaminase plus Psolubilizing activity) were more effective in promoting fertile tillers of wheat than those carrying
either of the two activities under all the tested fertilizer treatments. High dual activity strains (K5,
K6) promoted fertile tillers significantly upto 63, 94, 36, 48 and 62% over respective
uninoculated control in F0 (N K only), F1 (F0+RP), F2 (F0+DAP), F3 (F0+compost) and F4
(F0+RP enriched compost) respectively. On the other hand, among the strains having high single
trait activity, those with only phosphorus solubilizing activity performed better than those
containing ACC-deaminase activity with respect to enhancing fertile tillers of wheat.
Rhizobacterial strains possessing high P-solubilizing activity (K3, K4) increased the fertile tillers
upto 26, 78, 18, 37 and 39% over respective uninoculated control in F0, F1, F2, F3 and F4,
respectively. The PGPR strains with high ACC-deaminase activity (K1, K2) enhanced the
numbers of fertile tillers by 16, 68, 13, 16 and 29% over the respective uninoculated control in
F0, F1, F2, F3 and F4, respectively.
Comparison of fertilizer treatments revealed that the highest fertile tillers (tillers pot1

) were produced in F2 (15.5) followed by F4 (13.9), F1 (10.6), F3 (9.0) and F0 (8.1) in

descending order. However, cumulative effectiveness of inoculation was found maximum in F1
where 78% mean increase in fertile tillers over respective uninoculated control was recorded. In
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Table 4.7.

Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate solubilizing and/or ACC-deaminase activity for

improving number of fertile tillers (tillers pot-1) of wheat grown in pots
Fertilizer Treatments***
Isolates****
F0

F1

F2

F3

F4

Mean

K0

6.3 (0)*

6.4 (0)

13.0 (0)

7.0 (0)

10.1 (0)

8.5 E

K1

7.3 (16)

10.7 (68)

14.7 (13)

8.1 (16)

13.0 (29)

10.8 CD

K2

6.7 (05)

10.3 (62)

14.7 (13)

8.0 (15)

13.0 (29)

10.5 D

K3

8.0 (26)

11.3 (78)

15.3 (18)

9.5 (37)

14.0 (39)

11.6 B

K4

7.7 (21)

10.7 (68)

15.3 (18)

8.7 (24)

13.7 (36)

11.2 BC

K5

10.3 (63)

12.3 (94)

17.7 (36)

10.3 (48)

16.3 (62)

13.4 A

K6

10.3 (63)

12.7 (99)

17.7 (36)

11.7 (68)

17.3 (72)

13.9 A

Mean

8.1 E

10.6 C

15.5 A

9.0 D

13.9 B

S

F

LSD at p = 0.05

S×F

0.4614**
1.2207**
*
% increased over respective uninoculated control (K0)
** Significant at P < 0.05
*** F0, N K only; F1, F0+RP; F2, F0+DAP; F3, F0+compost; F4, F0+RP enriched compost
**** Control, K0; ACC-deaminase strains, K1 and K2; P-solubilizing strains, K3 and K4; dual activities strains, K5 and K
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contrast, the least cumulative effect of inoculation was recorded in F2 (F0+DAP), in which only a
22% mean increase in fertile tillers over the respective uninoculated control was recorded. It was
noted that F0 and F3 which did not carry any P had the minimum effect on fertile tillers. The
interactive effect of strain and fertilizer was found significant. The maximum fertile tillers were
recorded in K5xF2 and minimum in K2xF0. In case of uninoculated treatments K0xF2 resulted in
maximum while K0xF0 in minimum fertile tillers per pot.
4.6.1.2.3. Spike length (cm) and number of grain spike-1
The effect of selected strains of rhizobacteria on spike length of wheat grown in pots
is apparent from the data summarized in Table 4.8. All the tested rhizobacterial strains
significantly increased the spike length under all of the fertilizer treatments over respective
uninoculated control. Effectiveness of inoculation varied in each fertilizer treatment at p<0.05. It
was noticed that rhizobacterial strains possessing high dual activity (ACC-deaminase plus Psolubilizing activity) were more effective in promoting spike length of wheat than those carrying
either of the two activities under all the tested fertilizer treatments. High dual activity strains (K5,
K6) promoted spike length significantly by 49, 54, 34, 53 and 51% over respective uninoculated
control in F0 (N K only), F1 (F0+RP), F2 (F0+DAP), F3 (F0+compost) and F4 (F0+RP enriched
compost) respectively. Strains showing P-solubilizing activity performed better than those
containing ACC-deaminase activity with respect to enhancing spike length of wheat.
Rhizobacterial strains possessing high P-solubilizing activity (K3, K4) increased the spike length
upto 33, 41, 18, 33 and 30% over respective uninoculated control in F0, F1, F2, F3 and F4,
respectively. The PGPR strains with high ACC-deaminase activity (K1, K2) enhanced the spike
length upto 22, 39, 15, 30 and 29% over the respective uninoculated control.
Comparison of fertilizer treatments revealed that the highest spike length (cm) was
produced in F2 (11.0) followed by F4 (10.8), F1 (10.0), F3 (9.6) and F0 (9.1) in descending order.
However, cumulative effectiveness of inoculation was found maximum in F1 where 45% mean
increase in spike length over respective uninoculated control was recorded. In contrast, the least
cumulative effect of inoculation was observed in F2 (F0+DAP) where 21% mean increase in
spike length over respective uninoculated control was recorded. It was noted that the minimum
effect of inoculation on mean increase in spike length was observed in treatments (F0 and F3)
which did not add P to soil. The interactive effect of strain and fertilizer was significant. The
maximum spike length was recorded in K5xF2 and minimum in K2xF0. In case of uninoculated
treatments K0xF2 resulted in maximum while K0xF0 and F1 in minimum spike length.
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Table 4.8.

Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate solubilizing and/or ACC-deaminase activity for

improving Spike length (cm) of wheat grown in pots
Fertilizer Treatments***
Isolates****
F0

F1

F2

F3

F4

Mean

K0

7.2 (0)*

7.2 (0)

9.4 (0)

7.3 (0)

8.3 (0)

7.9 D

K1

8.8 (22)

10.0 (39)

10.7 (15)

9.5 (30)

10.7 (29)

9.9 C

K2

8.6 (19)

10.0 (39)

10.6 (13)

9.2 (26)

10.3 (24)

9.7 C

K3

9.6 (33)

10.2 (41)

11.1 (18)

9.7 (33)

10.8 (30)

10.3 C

K4

9.0 (25)

10.2 (41)

10.9 (17)

9.5 (30)

10.8 (31)

10.1 C

K5

10.7 (49)

11.1 (54)

12.6 (34)

11.2 (53)

12.5 (51)

11.6 A

K6

9.5 (32)

11.0 (53)

12.1 (29)

10.6 (45)

11.9 (44)

11.0 B

Mean

9.1 D

10.0 B

11.0 A

9.6 C

10.8 A

S

F

LSD at p = 0.05

S×F

03334**
0.2817**
0.7454**
*
% increased over respective uninoculated control (K0)
** Significant at P < 0.05
*** F0, N K only; F1, F0+RP; F2, F0+DAP; F3, F0+compost; F4, F0+RP enriched compost
**** Control, K0; ACC-deaminase strains, K1 and K2; P-solubilizing strains, K3 and K4; dual activities strains, K5 and K6
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The effect of inoculation on grains per spike of wheat grown in pots is evident from data given in
Table 4.9. Results revealed that all of the tested rhizobacterial strains increased the number of
grains per spike under all the fertilizer treatments. Effectiveness of inoculation varied in each
fertilizer treatment at p<0.05. It was observed that rhizobacterial strains possessing high dual
activity (ACC-deaminase plus P-solubilizing activity) were more effective in promoting grains
per spike than those carrying single functional activity under all the P fertilizer treatments. High
dual activity strains (K5, K6) promoted the number of grains per spike significantly upto 86, 95,
46, 82 and 72% over respective uninoculated control in F0 (N K only), F1 (F0+RP), F2
(F0+DAP), F3 (F0+compost) and F4 (F0+RP enriched compost) respectively. Likewise, among
the strains having high single trait activity, those possessing P-solubilizing activity performed
better than those containing ACC-deaminase activity with respect to enhancing grains per spike
of wheat. As the former strains (K3, K4) increased the number of grains per spike upto 48, 55, 31,
40 and 37% over respective uninoculated control in F0, F1, F2, F3 and F4, respectively. While
the latter ones (K1, K2) enhanced the number of grain per spike upto 32, 40, 19, 21 and 26% over
respective uninoculated control in F0, F1, F2, F3 and F4, respectively.
Overall, the highest grains per spike was produced in fertilizer treatment F2 (41.8)
followed by F4 (39.1), F1 (40.0), F3 (38.9) and F0 (36.9) in descending order and found
statistically different from each other. However, cumulative effectiveness of inoculation was
found maximum in F1 where 58% mean increase in grains per spike over respective uninoculated
control was recorded. In contrast, the least cumulative effect of inoculation was observed in F2
(F0+DAP) where only 28% mean increase in grains per spike was recorded. It was noted that F0
and F3 which did not carry any P had the least effect on mean increase in number of grains per
spike however, effectiveness of inoculation was more in these treatments than F2 and F4. The
interactive effect of strain and fertilizer was significant. The maximum grains per spike were
recorded in K5xF3 and minimum in K2xF0. In case of uninoculated treatments K0xF2 resulted in
maximum while K0xF0 and F1 in minimum grains per spike.
4.6.1.2.4

1000 grain weight (g)
The effect of selected strains of rhizobacteria on 1000 grain weight of wheat grown in

pots is obvious from the data given in Table 4.10. Results indicated that all the tested
rhizobacterial strains increased the 1000 grain weight under all the fertilizer treatments over the
respective uninoculated control. However, effectiveness of inoculation varied statistically
(p<0.05). It was obvious that rhizobacterial strains possessing high dual activity (ACC-deaminase
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Table 4.9.

Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate solubilizing and/or ACC-deaminase activity for

improving number of grains spike-1 of wheat grown in pots.
Fertilizer Treatments***
Isolates****
F0

F1

F2

F3

F4

Mean

K0

26.0 (0)*

26.0 (0)

33.6 (0)

28.4 (0)

29.1 (0)

28.6 D

K1

34.2 (32)

36.4 (40)

40.1 (19)

34.3 (21)

36.5 (26)

36.3 C

K2

32.0 (23)

35.1 (35)

37.3 (11)

33.2 (17)

35.3 (21)

34.6 C

K3

38.6 (48)

40.2 (55)

44.0 (31)

39.8 (40)

39.9 (37)

40.5 C

K4

36.6 (41)

38.4 (48)

40.9 (22)

37.6 (32)

38.0 (31)

38.3 C

K5

48.3 (86)

50.7 (95)

49.1 (46)

51.6 (82)

50.0 (72)

49.9 A

K6

43.1 (66)

46.0 (77)

47.8 (42)

47.6 (68)

44.6 (53)

45.8 B

Mean

37.0 D

39.0 B

41.8 A

38.9 C

39.1 A

S

F

LSD at p = 0.05

S×F

1.0608**
0.8966**
2.3721**
*
% increased over respective uninoculated control (K0)
** Significant at P < 0.05
*** F0, N K only; F1, F0+RP; F2, F0+DAP; F3, F0+compost; F4, F0+RP enriched compost
**** Control, K0; ACC-deaminase strains, K1 and K2; P-solubilizing strains, K3 and K4; dual activities strains, K5 and K6
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Table 4.10.

Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate solubilizing and/or ACC-deaminase activity for

improving 1000 grain weight (g) yield of wheat grown in pots

Fertilizer Treatments***
Isolates****
F0

F1

F2

F3

F4

Mean

K0

21.9 (0)*

22.0 (0)

28.5 (0)

22.3 (0)

25.2 (0)

24.0 G

K1

25.4 (16)

26.4 (20)

31.5 (10)

27.9 (26)

28.4 (12)

27.9 E

K2

24.0 (10)

24.1 (10)

29.8 (5)

26.0 (17)

28.1 (11)

26.4 F

K3

26.8 (22)

30.3 (38)

31.9 (12)

29.8 (34)

31.5 (25)

30.1 C

K4

25.9 (18)

29.6 (35)

31.9 (12)

28.7 (29)

30.1 (19)

29.2 D

K5

33.0 (51)

38.0 (73)

39.8 (40)

36.0 (62)

38.8 (54)

37.1 A

K6

30.8 (40)

37.7 (71)

38.6 (36)

34.3 (54)

37.0 (47)

35.7 B

Mean

26.8 D

29.7 C

33.2 A

29.3 C

31.3 B

S

F

S×F

LSD at p = 0.05

0.5286**
0.4467**
1.1819**
*
% increased over respective uninoculated control (K0)
** Significant at P < 0.05
*** F0, N K only; F1, F0+RP; F2, F0+DAP; F3, F0+compost; F4, F0+RP enriched compost
**** Control, K0; ACC-deaminase strains, K1 and K2; P-solubilizing strains, K3 and K4; dual activities strains, K5 and K6
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plus P-solubilizing activity) were more effective in promoting 1000 grain weight of wheat than
those carrying either of the two activities under all the tested fertilizer treatments. High dual
activity strains (K5, K6) promoted 1000 grain weight significantly upto 51, 73, 40, 62 and 54%
over respective uninoculated control in F0 (N K only), F1 (F0+RP), F2 (F0+DAP), F3
(F0+compost) and F4 (F0+RP enriched compost) respectively. Likewise, among the strains
having high single trait activity, those have phosphorus solubilizing activity performed better than
those containing ACC-deaminase activity with respect to enhancing 1000 grain weight of wheat.
Rhizobacterial strain carrying P-solubilizing activity (K3, K4) increased the 1000 grain weight
upto 22, 38, 12, 34 and 25% over respective uninoculated control in F0, F1, F2, F3 and F4,
respectively. The PGPR strains with high ACC- deaminase activity (K1, K2) enhanced the 1000
grain weight yield upto 22, 38, 12, 34 and 25% over respective uninoculated control in F0, F1,
F2, F3 and F4, respectively.
Comparison of fertilizer treatments illustrated that the highest 1000 grain weight (g)
was produced in F2 (33.2) followed by F4 (31.3), F1 (29.7), F3 (29.3) and F0 (26.8) in
descending order. However, cumulative effectiveness of inoculation was found maximum in F1
where 41% mean increase in 1000 grain weight over the respective uninoculated control was
recorded. In contrast, the minimum effect of inoculation was observed in F2 where only 19%
mean increase in 1000 grain weight over respective uninoculated control was recorded. It was
noted that F0 and F3 which did not carry any P had the minimum effect of inoculation on mean
increase in 1000 grain weight. The interactive effect of strain and fertilizer was found significant.
The maximum 1000 grain weight was recorded in K5xF2 and minimum in K2xF0. In case of
uninoculated treatments K0xF2 resulted in maximum while K0xF0 in minimum 1000 grain
weight.
4.6.1.2.5.

Grain yield (g pot-1)
The effect of inoculation with selected strains of rhizobacteria on grain yield of wheat

in pot trial is obvious from the data given in Fig. 4.5. The data showed that all the tested
rhizobacterial strains increased the grain yield under all the fertilizer treatments over respective
uninoculated control. However, the effectiveness of inoculation varied significantly in each
fertilizer treatment (p<0.05). It was observed that rhizobacterial strains possessing high dual
activity (ACC-deaminase + P-solubilizing activity) were more effective in promoting grain yield
of wheat than those carrying either of the two activities under all the tested fertilizer treatments.
High dual activity strains (K5, K6) promoted grain yield significantly upto 87, 116, 51, 90 and
69% over respective uninoculated control in F0 (N K only), F1 (F0+RP), F2 (F0+DAP), F3
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Fig. 4.5.

Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate solubilizing and/or ACC-deaminase activity for

improving grain yield (g pot-1) of wheat grown in pots
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Values on bars are % increased over respective uninoculated control (K0)
** LSD at P < 0.05: 0.3584 strain); 0.3029 (fertilizer); 0.8014 (SxF)
*** F0, N K only; F1, F0+RP; F2, F0+DAP; F3, F0+compost; F4, F0+RP enriched compost
**** Control, K0; ACC-deaminase strains, K1 and K2; P-solubilizing strains, K3 and K4; dual activities strains, K5 and K6
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F4

(F0+compost) and F4 (F0+RP enriched compost) respectively. Among of the single trait strains,
those possessing phosphorus solubilizing activity performed better than those containing ACCdeaminase activity with respect to enhancing grain yield of wheat. Rhizobacterial strains
possessing high P-solubilizing activity (K3, K4) increased the grain yield upto 58, 80, 25, 55 and
42% over respective uninoculated control in F0, F1, F2, F3 and F4, respectively. While strains
with high ACC-deaminase activity (K1, K2) enhanced the grain yield upto 48, 62, 18, 43 and
30% over respective uninoculated control in F0, F1, F2, F3 and F4, respectively.
Overall, comparison of fertilizer treatments revealed that the highest grain yield (g
pot-1) was recorded in F2 (16.4) followed by F4 (15.8), F1 (14.8), F3 (14.3) and F0 (13.1) in
descending order. Cumulative effectiveness of inoculation was highest in F1 where 82% mean
increase in grain yield increase over the respective uninoculated control was recorded. In contrast,
the minimum effect of inoculation was observed in F2 where only 29% mean increase in grain
yield over respective uninoculated control was recorded. It was noted that the minimum mean
increase in grain yield was observed in treatments (F0 and F3) which did not add P to soil but %
increase caused by inoculation in these treatments was more than that recorded in case of P
carrying treatments (F2 and F4). The interactive effect of strain and fertilizer was significant. The
maximum grain yield was recorded in K5xF2 and minimum in K2xF0. In case of uninoculated
treatments K0xF2 resulted in maximum while K0xF0 in minimum grain yield per pot.
4.6.1.2.6.

Plant biomass (g pot-1)
The effectiveness of selected strains of rhizobacteria differing in phosphate

solubilizing and/or ACC-deaminase activity potential for improving biomass (g pot-1) yield of
wheat grown in pots is evident from the data given in the Fig. 4.6. Results revealed that all the
tested rhizobacterial strains significantly increased the biomass yield under all the fertilizer
treatments over respective uninoculated control. However, effectiveness of inoculation varied in
each fertilizer treatment (p<0.05). It was observed that the strains possessing high dual activity
(ACC-deaminase plus P-solubilizing activity) were more effective in promoting biomass yield of
wheat than those carrying either of the two activities under all the tested fertilizer treatments (Fig.
4.7). High dual activity strains (K5, K6) promoted biomass yield significantly upto 78, 100, 47,
78 and 62% increase over the respective uninoculated control in F0 (N K only), F1 (F0+Rock
phosphate (RP)), F2 (F0+DAP), F3 (F0+Compost) and F4 (F0+RP enriched compost)
respectively. Similarly, among the strains having high single trait activity, those with only
phosphorus solubilizing activity performed better than those containing ACC-deaminase activity
with respect to enhancing biomass yield of wheat. Rhizobacterial strains possessing high P-
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Fig. 4.6.
Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate solubilizing and/or ACC-deaminase activity for
improving biomass (g pot-1) of wheat grown in pots
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*** F0, N K only; F1, F0+RP; F2, F0+DAP; F3, F0+compost; F4, F0+RP enriched compost
**** Control, K0; ACC-deaminase strains, K1 and K2; P-solubilizing strains, K3 and K4; dual activities strains, K5 and K6
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31

ACC-deaminase strain

K1

K0

P-solubilizers strain
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Dual activity strain

K5

37

K0

Strains*
Fig. 4.7. Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate
solubilizing and/or ACC-deaminase activity for improving growth of wheat grown in pots
amended with rock phosphate.

* K0, Uninoculated; K1, Strain with high ACC-deaminase; K3, Strain with high Phosphate
solubilizing activity; K5, Strain with high dual activity
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solubilizing activity (K3, K4) increased the biomass yield upto 49, 67, 23, 46 and 35% over the
respective uninoculated control in F0, F1, F2, F3 and F4, respectively. While, PGPR with high
ACC-deaminase activity (K1, K2) enhanced the biomass yield by 40, 50, 17, 34 and 24% over the
respective uninoculated control in F0, F1, F2, F3 and F4, respectively.
`

Among the fertilizer treatments the highest biomass (g pot-1) was produced in F2

(34.9) followed by F4 (32.7), F1 (31.2), F3 (30.3) and F0 (28.1) in descending order. However,
cumulative effectiveness of inoculation was found greatest in F1 (F0+RP) which showed 69%
increase in biomass yield of wheat over the respective uninoculated control. In contrast, the
minimum effect of inoculation was observed in F2 where only 30% increase in biomass yield
over the respective uninoculated control was recorded. It was noted that F0 and F3 which did not
carry any P had the minimum on mean increase in biomass yield per pot however, effectiveness
of inoculation was more in these treatments than F2 and F4. The interactive effect of strain and
fertilizer was found significant at p<0.05. The maximum biomass yield was recorded in K5xF2
and minimum in K2xF0. In case of uninoculated treatments, K0xF2 resulted in maximum while
K0xF0 in minimum biomass yield per pot.
4.6.1.2.7.

Harvest index (HI)

The effect of selected strains of rhizobacteria for improving harvest index (HI) of wheat grown in
pots is reflected from the data given in the Table 4.11. Results showed that all the tested
rhizobacterial strains increased the HI under all the fertilizer treatments over respective
uninoculated control. However, effectiveness of inoculation varied significantly in each fertilizer
treatment at p<0.05. It was found that rhizobacterial strains possessing high dual activity (ACCdeaminase plus P-solubilizing activity) were more effective in promoting the HI of wheat than
those carrying either of the two functional activities under all the tested fertilizer treatments. High
dual activity strains (K5 and K6) promoted the HI by 7, 8, 3, 7 and 2% over the respective
uninoculated control in F0 (N K only), F1 (F0+RP), F2 (F0+DAP), F3 (F0+compost) and F4
(F0+RP enriched compost) respectively. Among the single trait strains, those possessing ACCdeaminase activity or phosphorus solubilizing activity enhanced the HI over the respective
uninoculated control. On the contrary to the other parameters, the increase in HI was almost same
in case of single trait ACC-deaminase activity (K1, K2) and P-solubilizing activity (K3, K4)
strains.
Comparison of fertilizer treatments revealed that the highest HI was maximum in F4
(48.03) followed by F1 (47.30), F3 (46.95), F2 (46.78), and F0 (46.65) in descending order but
the effect was statistically non significant. However, cumulative effectiveness of inoculation was
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Table 4.11.

Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate solubilizing and/or ACC-deaminase activity for

improving harvest index of wheat grown in pots
Fertilizer Treatments***
Isolates****
F0

F1

F2

F3

F4

Mean

K0

44.4 (0)*

44.4 (0)

46.0 (0)

44.4 (0)

47.0 (0)

45.2 B

K1

47.1 (6)

47.9 (8)

46.5 (1)

47.4 (7.9)

48.7 (4)

47.5 A

K2

47.1 (6)

47.6 (7)

46.9 (2)

47.3 (7)

48.3 (3)

47.4 A

K3

47.0 (6)

47.7 (8)

46.8 (2)

47.2 (6)

48.4 (3)

47.4 A

K4

47.0 (6)

47.8 (8)

46.8 (2)

47.5 (7)

48.2 (3)

47.5 A

K5

46.5 (5)

47.9 (8)

47.1 (2)

47.4 (7)

47.9 (2)

47.4 A

K6

47.5 (7)

47.9 (8)

47.3 (3)

47.4 (7)

47.6 (1)

47.5 A

Mean

46.7 B

47.3 AB

46.8 B

47.0 AB

48.0 A

S

F

LSD at p = 0.05

S×F

1.3062**
1.1040 N.S.
2.9208 N.S.
*
% increased over respective uninoculated control (K0)
** Significant at P < 0.05
*** F0, N K only; F1, F0+RP; F2, F0+DAP; F3, F0+compost; F4, F0+RP enriched compost
**** Control, K0; ACC-deaminase strains, K1 and K2; P-solubilizing strains, K3 and K4; dual activities strains, K5 and K6
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found maximum in F1 where 8% mean increase in HI over respective uninoculated control was
recorded. In contrast, the least cumulative effect of inoculation was observed in F2 (F0+DAP)
where 2% mean increases in HI over uninoculated control was recorded. It was noted that F0 and
F3 which did not carry any P had the minimum mean increase in HI however, effectiveness of
inoculation was more in these treatments than F2 and F4. The interaction between strain and
fertilizer was not significant for HI.
4.6.1.2.8.

Root fresh and dry weight (g pot-1)
The effect of selected strains of PGPR rhizobacteria containing phosphate

solubilizing and/or ACC-deaminase activity for improving root fresh weight of wheat grown in
pots is evident from the data summarized in Table 4.12. Results indicated that all the tested
rhizobacterial strains significantly increased the root fresh weight under all the fertilizer
treatments over the respective uninoculated control. Effectiveness of inoculation varied in each
fertilizer treatment at p<0.05. It was observed that rhizobacterial strains possessing high dual
activity (ACC-deaminase plus P-solubilizing activity) were more effective in promoting root
fresh weight of wheat than those carrying either of the two activities under all the tested fertilizer
treatments. High dual activity strains (K5 and K6) promoted root fresh weight significantly upto
380, 628, 229, 482 and 312% over respective uninoculated control in F0 (N K only), F1 (F0+RP),
F2 (F0+DAP), F3 (F0+compost) and F4 (F0+RP enriched compost) respectively. Among the
strains having high single trait activity, those containing ACC-deaminase activity performed
better than those with phosphorus solubilizing activity only with respect to enhancing root fresh
weight of wheat. Rhizobacterial strains possessing high P-solubilizing activity (K3, K4) increased
the root fresh weight upto 38, 111, 30, 163 and 93% over respective uninoculated control in F0,
F1, F2, F3 and F4, respectively. Whereas, PGPR with sole ACC-deaminase activity (K1, K2)
enhanced the root fresh weight upto 118, 255, 59, 270 and 134% over respective uninoculated
control in F0, F1, F2, F3 and F4, respectively.
Fertilizer treatments comparison indicated the highest root fresh weight (g pot-1) were
produced in F4 (4.8) followed by F2 (4.0), F3 (3.3), F1 (3.2), and F0 (2.1) in descending order.
Cumulative effectiveness of inoculation was highest in F1 where 298% mean increase in root
fresh weight over respective uninoculated control was recorded. In contrast, the least cumulative
effect of inoculation was observed in F2 (F0+DAP) where 28% mean increase in root fresh
weight over respective uninoculated control was recorded. It was noted that F0 and F3 which did
not carry any P had the minimum mean increase in root fresh weight per pot. Interactive effects of
strain and fertilizer were significant. The maximum root fresh weight was recorded in K5xF4 and
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Table 4.12.

Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate solubilizing and/or ACC-deaminase activity for

improving root fresh weight (g pot-1) of wheat grown in pots
Fertilizer Treatments***
Isolates****
F0

F1

F2

F3

F4

Mean

K0

0.9 (0)*

0.9 (0)

2.2 (0)

1.0 (0)

2.0 (0)

1.4 F

K1

1.9 (118)

3.2 (255)

3.5 (59)

3.6 (270)

4.6 (134)

3.4 C

K2

1.5 (68)

2.7 (202)

3.1 (42)

3.3 (239)

4.4 (124)

3.0 D

K3

1.2 (38)

1.9 (111)

2.9 (30)

2.6 (163)

3.8 (93)

2.5 E

K4

1.1 (27)

1.7 (94)

2.6 (20)

2.4 (140)

3.3 (68)

2.2 E

K5

4.3 (380)

6.5 (628)

7.2 (229)

5.7 (482)

8.1 (312)

6.4 A

K6

3.8 (321)

5.4 (504)

6.3 (187)

4.4 (343)

7.4 (275)

5.4 B

Mean

2.1 D

3.2 C

4.0 B

3.3 C

4.8 A

S

F

LSD at p = 0.05

S×F

0.3360**
0.2840**
0.7513**
*
% increased over respective uninoculated control (K0)
** Significant at P < 0.05
*** F0, N K only; F1, F0+RP; F2, F0+DAP; F3, F0+compost; F4, F0+RP enriched compost
**** Control, K0; ACC-deaminase strains, K1 and K2; P-solubilizing strains, K3 and K4; dual activities strains, K5 and K6
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minimum in K4xF0. In case of uninoculated treatments K0xF2 resulted in maximum while
K0xF0 and F1 in minimum root fresh weight.
The effect of inoculation with selected strains of rhizobacteria on root dry weight of
wheat grown in pots is obvious from the data given in Table 4.13. All of the tested rhizobacterial
strains increased the root dry weight under all the fertilizer treatments over respective
uninoculated control. However, effectiveness of inoculation varied in each fertilizer treatment and
statistically found significant at p<0.05. It was observed that rhizobacterial strains possessing
high dual activity (ACC-deaminase plus P-solubilizing activity) were more effective in promoting
root dry weight of wheat than other strains under all the tested fertilizer treatments. High dual
activity strains (K5 and K6) promoted root dry weight significantly upto 354, 590, 222, 454 and
302% over respective uninoculated control in F0 (N K only), F1 (F0+RP), F2 (F0+DAP), F3
(F0+compost) and F4 (F0+RP enriched compost) respectively. Similar to root fresh weight,
strains having ACC-deaminase activity only performed better than those carry P-solubilizing
activity with respect to enhancing root dry weight of wheat. Rhizobacterial strains possessing
high P-solubilizing activity (K3, K4) increased the root dry weight upto 31, 100, 27, 150 and 88%
over respective uninoculated control in F0, F1, F2, F3 and F4, respectively. The PGPR strains
with high ACC-deaminase activity (K1, K2) enhanced the root dry weight upto 106, 237, 56, 252
and 129% over respective uninoculated control in F0, F1, F2, F3 and F4, respectively.
Comparison of fertilizer treatments indicated that the highest root dry weight (g pot-1)
was produced in F4 (2.9) followed by F2 (2.4), F3 (2.0), F1 (1.9), and F0 (1.3) in descending
order and the effect was statistically significant. However, cumulative effectiveness of
inoculation was found maximum in F1 where 278% mean increase in root dry weight over
respective uninoculated control was recorded. In contrast, the least cumulative effect of
inoculation was observed in F2 (F0+DAP) where 90% mean increase in root dry weight over
respective uninoculated control was recorded. It was noted that the minimum effect on mean
increase in root dry weight per pot was observed in treatments (F0 and F3) which did not add P to
soil. The interactive effect of strain and fertilizer was significant. The maximum root dry weight
was recorded in K5xF4 and minimum in K3 and K4xF0. In case of uninoculated treatments
K0xF2 resulted in maximum while K0xF0 and F1 in minimum root dry weight.
4.6.1.2.9.

Root length (m)
The effect of inoculation on root length of wheat grown in pots is obvious from the
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Table 4.13.

Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate solubilizing and/or ACC-deaminase activity for

improving root dry weight (g pot-1) of wheat grown in pots.
Fertilizer Treatments***
Isolates****
F0

F1

F2

F3

F4

Mean

K0

0.6 (0)*

0.6 (0)

1.3 (0)

0.6 (0)

1.2 (0)

0.9 F

K1

1.2 (106)

1.9 (237)

2.1 (56)

2.2 (252)

2.8 (129)

2.0 C

K2

0.9 (59)

1.6 (186)

1.9 (39)

2.0 (223)

2.6 (118)

1.8 D

K3

0.7 (31)

1.1 (100)

1.7 (27)

1.5 (150)

2.3 (88)

1.5 E

K4

0.7 (20)

1.0 (83)

1.6 (18)

1.4 (128)

2.0 (64)

1.3 E

K5

2.6 (354)

3.9 (590)

4.3 (222)

3.4 (454)

4.9 (302)

3.8 A

K6

2.3 (299)

3.2 (472)

3.8 (181)

2.6 (322)

4.4 (266)

3.3 B

Mean

1.3 D

1.9 C

2.4 B

2.0 C

2.9 A

S

F

LSD at p = 0.05

S×F

0.2014**
0.1702**
0.4504**
*
% increased over respective uninoculated control (K0)
** Significant at P < 0.05
*** F0, N K only; F1, F0+RP; F2, F0+DAP; F3, F0+compost; F4, F0+RP enriched compost
**** Control, K0; ACC-deaminase strains, K1 and K2; P-solubilizing strains, K3 and K4; dual activities strains, K5 and K6
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Table 4.14.

Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate solubilizing and/or ACC-deaminase activity for

improving root length (m) of wheat grown in pots
Fertilizer Treatments***
Isolates****
F0

F1

F2

F3

F4

Mean

K0

3.7 (0)*

3.8 (0)

8.9 (0)

4.1 (0)

8.0 (0)

5.7 F

K1

7.6 (102)

12.5 (233)

13.7 (54)

14.2 (248)

18.1 (127)

13.2 C

K2

5.8 (55)

10.6 (182)

12.2 (38)

13.1 (219)

17.3 (117)

11.8 D

K3

4.7 (27)

7.3 (96)

11.2 (26)

10.1 (146)

14.9 (86)

9.6 E

K4

4.3 (16)

6.7 (79)

10.3 (16)

9.2 (125)

13.0 (62)

8.7 E

K5

16.9 (350)

25.7 (586)

28.5 (220)

22.5 (451)

32.0 (300)

25.1 A

K6

14.8 (295)

21.3 (468)

24.8 (179)

17.1 (318)

29.1 (264)

21.4 B

Mean

8.3 D

12.6 C

15.7 B

12.9 C

18.9 A

S

F

LSD at p = 0.05

S×F

1.3338**
1.1273**
2.9825**
*
% increased over respective uninoculated control (K0)
** Significant at P < 0.05
*** F0, N K only; F1, F0+RP; F2, F0+DAP; F3, F0+compost; F4, F0+RP enriched compost
**** Control, K0; ACC-deaminase strains, K1 and K2; P-solubilizing strains, K3 and K4; dual activities strains, K5 and K6
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ACC-deaminase strain
K1
K0

P-solubilizing strain
K3
K0

Dual activity strain
K5
K0

Strains*
Fig. 4.8.

Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate

solubilizing and/or ACC-deaminase activity for improving root growth of wheat grown in pots
amended with rock phosphate.

* K0, uninoculated; K1, strain with high ACC-deaminase; K3, strain with high phosphate
solubilizing activity; K5, strain with high dual activity
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data given in the Table 4.14. It was obvious from results that all the tested rhizobacterial strains
significantly increased the root length under all the fertilizer treatments over respective
uninoculated control. However, effectiveness of inoculation varied in each fertilizer treatment and
statistically found significant at p<0.05. It was observed that rhizobacterial strains possessing
high dual activity (ACC-deaminase plus P-solubilizing activity) were more effective in promoting
root length (m) of wheat than other strains under all the tested fertilizer treatments. High dual
activity strains (K5 and K6) promoted root length significantly upto 350, 586, 220, 451 and 300%
over respective uninoculated control in F0 (N K only), F1 (F0+RP), F2 (F0+DAP), F3
(F0+compost) and F4 (F0+RP enriched compost) respectively. Likewise to root fresh and dry
weight, the strains possessing ACC-deaminase activity performed better than those have Psolubilizing activity with respect to enhancing root length of wheat. The PGPR strains with high
ACC-deaminase activity (K1, K2) enhanced the root length upto 102, 233, 54, 248 and 127%
over respective uninoculated control in F0, F1, F2, F3 and F4, respectively. Rhizobacterial strains
possessing high P-solubilizing activity (K3, K4) increased the root length upto 27, 96, 26, 146
and 86% over respective uninoculated control in F0, F1, F2, F3 and F4, respectively.
Comparison of fertilizer treatments revealed that the highest root length (m) was
found in F4 (18.9) followed by F2 (15.6), F3 (12.9), F1 (12.5), and F0 (8.3) in descending order.
However, cumulative effectiveness of inoculation was found maximum in F1 where 274% mean
increase in root length over respective uninoculated control was recorded. In contrast, the least
cumulative effect of inoculation was observed in F2 (F0+DAP) where 89% mean increase in root
length was recorded. It was noted that F0 and F3 which did not carry any P had the minimum
effect on mean increase in root length per pot. The interactive effect of strain and fertilizer was
significant. The maximum root length was recorded in K5xF4 and minimum in K4xF0. In case of
uninoculated treatments K0xF2 resulted in maximum while K0xF0 in minimum root length.
4.6.1.2.10. [P] and P-uptake in wheat
4.6.1.2.10.1. [P] in grain and straw
The effect of selected strains of rhizobacteria having phosphate solubilizing and/or
ACC-deaminase activity for improving P-concentration in wheat grain is obvious from the data
given in Table 4.15. All the tested rhizobacterial strains increased P-concentration under all the
fertilizer treatments over respective uninoculated control. However, effectiveness of inoculation
varied in each fertilizer treatment and statistically found significant at p<0.05. It was observed
that rhizobacterial strains possessing high dual activity (ACC-deaminase plus P-solubilizing
activity) were more effective in promoting P-concentration of wheat grain than those carrying
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either of the two activities under all the tested fertilizer treatments. High dual activity strains (K5,
K6) promoted P-concentration significantly upto 46, 50, 38, 42 and 38% over respective
uninoculated control in F0 (N K only), F1 (F0+RP), F2 (F0+DAP), F3 (F0+compost) and F4
(RP+copost) respectively. Likewise, among the strains having high single trait activity, those with
only phosphorus solubilizing activity enhanced more P-concentration of wheat grains than those
containing ACC-deaminase activity. Rhizobacterial strains possessing high P-solubilizing activity
(K3, K4) increased the P-concentrations of wheat grains upto 33, 34, 10, 24 and 22% over
respective uninoculated control in F0, F1, F2, F3 and F4, respectively. The PGPR strains with
high ACC-deaminase activity (K1, K2) enhanced the P-concentrations upto 24, 26, 6, 21 and 17%
over respective uninoculated control in F0, F1, F2, F3 and F4, respectively.
Comparison of fertilizer treatments showed that the highest P-concentration (%) of
wheat grain was recorded in F2 (0.47) followed by F4 (0.45), F3 (0.44), F1 (0.43) and F0 (0.43)
in descending order. However, cumulative effectiveness of inoculation was found maximum in
F1 where 34% mean increase in P-concentration over respective uninoculated control was
recorded. Whereas, the least cumulative effect of inoculation was observed in F2 (F0+DAP)
where 15% mean increase in P-concentration over respective uninoculated control was recorded.
It was noted that the minimum effect on mean increase in P-concentration in wheat grains was
observed in treatments F0 and F3 which did not add P to soil but % increase caused by
inoculation in these treatments was more than that recorded in case of P carrying treatments (F2
and F4). The interaction between strain and fertilizer was significant. The maximum Pconcentration was recorded in K5xF2 and minimum in K2xF0. In case of uninoculated treatments
K0xF2 resulted in maximum while K0xF0 and F1 in minimum in the lowest P-concentration of
wheat grains.
Similarly, the effect of selected strains of rhizobacteria on P-concentration of wheat
straw (air dry weight) grown in pots is evident from the data given in the Table 4.16. It was
observed that all the PGPR trains increased the P-concentration of wheat straw under all the
fertilizer treatments. It was also recorded that rhizobacterial strains possessing high dual activity
(ACC-deaminase plus P-solubilizing activity) were more effective in promoting P-concentration
of wheat straw than those carrying either of the two activities under all the tested fertilizer
treatments. High dual activity strains (K5, K6) promoted P-concentrations of straw significantly
upto 198, 204, 200, 214 and 209% over uninoculated control in F0 (N K only), F1 (F0+RP), F2
(F0+DAP), F3 (F0+compost) and F4 (F0+RP enriched compost), respectively. The single trait
strains showed same trend as it was in case of P-concentration of wheat straw. Strains with only
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Table 4.15. Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate solubilizing and/or ACC-deaminase activity on [P]
(%) in wheat grains grown in pots
Fertilizer Treatments***
Isolates****
F0

F1

F2

F3

F4

Mean

K0

0.33 (0)*

0.33 (0)

0.42 (0)

0.36 (0)

0.38 (0)

0.36 G

K1

0.41 (24)

0.42 (26)

0.44 (6)

0.43 (21)

0.44 (17)

0.43 E

K2

0.40 (21)

0.40 (20)

0.44 (5)

0.42 (19)

0.43 (15)

0.42 F

K3

0.44 (33)

0.45 (34)

0.46 (10)

0.44 (24)

0.46 (22)

0.45 C

K4

0.43 (30)

0.43 (30)

0.45 (8)

0.44 (23)

0.45 (20)

0.44 D

K5

0.49 (46)

0.50 (50)

0.57 (38)

0.51 (42)

0.52 (38)

0.52 A

K6

0.48 (45)

0.49 (46)

0.51 (22)

0.48 (36)

0.50 (33)

0.49 B

Mean

0.43 E

0.43 D

0.47 A

0.44 C

0.45 B

S

F

LSD at p = 0.05

S×F

0.0062**
0.0052**
0.0139**
*
% increased over respective uninoculated control (K0)
** Significant at P < 0.05
*** F0, N K only; F1, F0+RP; F2, F0+DAP; F3, F0+compost; F4, F0+RP enriched compost
**** Control, K0; ACC-deaminase strains, K1 and K2; P-solubilizing strains, K3 and K4; dual activities strains, K5 and K6
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phosphorus solubilizing activity performed better than those containing ACC-deaminase activity
with respect to enhancing P-concentration in wheat straw. Rhizobacterial strains possessing high
P-solubilizing activity (K3, K4) increased the P-concentrations of wheat straw upto 64, 93, 78, 75
and 83% over respective uninoculated control in F0, F1, F2, F3 and F4, respectively. The PGPR
strains with high ACC-deaminase activity (K1, K2) enhanced the P-concentrations of wheat straw
upto 22, 47, 18, 29 and 22% over respective uninoculated control in F0, F1, F2, F3 and F4,
respectively.
The highest P-concentration (%) of wheat straw was found in F2 (0.24) followed by
F4 (0.23), F1 (0.22), F3 (0.21) and F0 (0.20) in descending order. However, cumulative
effectiveness of inoculation was found maximum in F1 where 106% mean increase in Pconcentration of wheat straw over respective uninoculated control was recorded. While, the least
cumulative effect of inoculation was observed in F2 (F0+DAP) where 85% mean increase in Pconcentration of wheat straw over respective uninoculated control was recorded. It was noted that
F0 and F3 which did not carry any P had the minimum effect on mean increase in [P] in wheat
straw. The interaction between strain and fertilizer was significant. The maximum Pconcentration was recorded in K5xF2 and minimum in K2xF0. In case of uninoculated treatments
K0xF2 resulted in maximum while K0xF0 in minimum P-concentration of wheat straw.
4.6.1.2.10.2. P-uptake grain and straw (mg pot-1)
The effect of inoculation with selected strains of rhizobacteria on improving Puptake in wheat grain (air dry weight) grown in pots is evident from the data given in Table 4.17.
Results indicated that all the tested rhizobacterial strains increased the P-uptake under all the
fertilizer treatments over respective uninoculated control. However, effectiveness of inoculation
varied in each fertilizer treatment and statistically found significant at p<0.05. It was observed
that rhizobacterial strains possessing high dual activity (ACC-deaminase plus P-solubilizing
activity) were more effective in promoting P-uptake of wheat grain than those carrying either of
the two activities under all the tested fertilizer treatments. High dual activity strains (K5, K6)
promoted P-uptake of wheat grain significantly upto 173, 224, 108, 170 and 133% over
respective uninoculated control in F0 (N K only), F1 (F0+RP), F2 (F0+DAP), F3 (F0+compost)
and F4 (F0+RP enriched compost) respectively. However, among the strains having high single
trait activity, those with only phosphorus solubilizing activity performed better than those
containing ACC-deaminase activity with respect to enhancing P-uptake of wheat grains.
Rhizobacterial strains possessing high P-solubilizing activity (K3, K4) increased the P-uptake of

73

Table 4.16. Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate solubilizing and/or ACC-deaminase activity on [P]
(%) in wheat straw grown in pots
Fertilizer Treatments***
Isolates****
F0

F1

F2

F3

F4

Mean

K0

0.11 (0)*

0.12 (0)

0.14 (0)

0.12 (0)

0.13 (0)

0.12 F

K1

0.14 (22)

0.17 (47)

0.17 (18)

0.15 (29)

0.16 (22)

0.16 E

K2

0.13 (14)

0.15 (32)

0.16 (16)

0.13 (13)

0.15 (15)

0.14 EF

K3

0.19 (64)

0.22 (93)

0.25 (78)

0.20 (75)

0.24 (83)

0.22 C

K4

0.17 (50)

0.20 (76)

0.19 (36)

0.18 (54)

0.21 (60)

0.19 D

K5

0.34 (198)

0.35 (204)

0.42 (200)

0.36 (214)

0.40 (209)

0.37 A

K6

0.30 (168)

0.33 (182)

0.37 (163)

0.32 (178)

0.34 (162)

0.33 B

Mean

0.20 D

0.22 BC

0.24 A

0.21 CD

0.23 AB

S

F

LSD at p = 0.05

S×F

0.0212**
0.0179**
0.0473 N.S.
*
% increased over respective uninoculated control (K0)
** Significant at P < 0.05
*** F0, N K only; F1, F0+RP; F2, F0+DAP; F3, F0+compost; F4, F0+RP enriched compost
**** Control, K0; ACC-deaminase strains, K1 and K2; P-solubilizing strains, K3 and K4; dual activities strains, K5 and K6
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Table 4.17. Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate solubilizing and/or ACC-deaminase activity on Puptake (mg per pot) in wheat grain grown in pots
Fertilizer Treatments***
Isolates****
F0

F1

F2

F3

F4

Mean

K0

28.68 (0)*

28.95 (0)

54.56 (0)

33.73 (0)

43.33 (0)

37.9 G

K1

52.64 (84)

59.47 (105)

68.52 (26)

58.29 (73)

66.01 (52)

61.0 E

K2

47.07 (64)

54.07 (87)

63.68 (17)

53.69 (59)

62.36 (44)

56.2 F

K3

60.44 (111)

69.67 (141)

75.08 (38)

65.14 (93)

75.08 (73)

69.1 C

K4

58.01 (102)

63.97 (121)

72.88 (34)

62.28 (85)

70.96 (64)

65.6 D

K5

78.39 (173)

93.78 (224)

113.30 (108)

91.03 (170)

100.96 (133)

95.5 A

K6

74.03 (158)

89.20 (208)

96.13 (76)

84.72 (151)

93.62 (116)

87.5 B

Mean

57.0 D

65.6 C

77.7 A

64.1 C

73.2 B

S

F

LSD at p = 0.05

S×F

1.4973**
1.2655**
3.3481**
*
% increased over respective uninoculated control (K0)
** Significant at P < 0.05
*** F0, N K only; F1, F0+RP; F2, F0+DAP; F3, F0+compost; F4, F0+RP enriched compost
**** Control, K0; ACC-deaminase strains, K1 and K2; P-solubilizing strains, K3 and K4; dual activities strains, K5 and K6
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wheat grains upto 111, 141, 38, 93 and 73% over respective uninoculated control in F0, F1, F2,
F3 and F4, respectively. The PGPR strains with high ACC-deaminase activity (K1, K2) enhanced
the P-uptake upto 84, 105, 26, 73 and 52% over respective uninoculated control in F0, F1, F2, F3
and F4, respectively.
Comparison of fertilizer treatments revealed that the highest P-uptake in wheat grains
-1

(mg pot ) of wheat grains was present in F2 (77.7) followed by F3 (73.2), F1 (65.6), F3 (64.1)
and F0 (57.0) in descending order and the effect was statistically significant. However,
cumulative effectiveness of inoculation was found maximum in F1 where 148% mean increase in
P-uptake in wheat grains (mg per pot) over respective uninoculated control was recorded. In
contrast, the least cumulative effect of inoculation was observed in F2 (F0+DAP) where 50%
mean increase in P-uptake in wheat grains over uninoculated control was recorded. It was noted
that F0 and F3 which did not carry any P had the minimum effect on mean increase in P-uptake
however, effectiveness of inoculation was more in these treatments than F2 and F4. The
interactive effect of strain and fertilizer was significant. The maximum P-uptake was recorded in
K5xF2 and minimum in K2xF0. In case of uninoculated treatments K0xF2 resulted in maximum
while K0xF0 in minimum P-uptake in wheat grains (mg per pot).
Similarly, the effect of selected strains of PGPR possessing phosphate solubilizing
and/or ACC-deaminase activity for improving P-uptake of wheat straw (air dry weight) grown in
pots is obvious from the data given in Table 4.18. It was observed that all the tested rhizobacterial
strains increased the P-uptake of wheat straw under all the fertilizer treatments over respective
uninoculated control. It was observed that rhizobacterial strains possessing high dual activity
(ACC-deaminase plus P-solubilizing activity) were more effective in promoting P-uptake of
wheat straw than those carrying either of the two activities under all the tested fertilizer
treatments. High dual activity strains (K5, K6) promoted P-uptake of straw significantly upto 450,
547, 332, 428 and 355% over respective uninoculated control in F0 (N K only), F1 (F0+RP), F2
(F0+DAP), F3 (F0+compost) and F4 (Rock phosphate+copost) respectively. Strains with
phosphorus solubilizing activity gave better P-uptake in wheat straw than those containing ACCdeaminase activity. Rhizobacterial strains possessing high P-solubilizing activity (K3, K4)
increased the P-uptakes of wheat straw upto 131, 203, 115, 135 and 148% over respective
uninoculated control in F0, F1, F2, F3 and F4, respectively. The PGPR

strains with high ACC-

deaminase activity (K1, K2) enhanced the P-uptake of wheat straw upto 62, 107, 37, 62 and 80%
over respective uninoculated control in F0, F1, F2, F3 and F4, respectively.
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Table 4.18. Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate solubilizing and/or ACC-deaminase activity on Puptake (mg per pot) in wheat straw (air dried) grown in pots
Fertilizer Treatments***
Isolates****
F0

F1

F2

F3

F4

Mean

K0

12.35 (0)*

12.59 (0)

21.44 (0)

13.68 (0)

16.78 (0)

15.4 F

K1

19.95 (62)

26.03 (107)

29.40 (37)

22.23 (62)

30.22 (80)

25.6 E

K2

17.22 (39)

22.71 (80)

26.66 (24)

18.44 (35)

22.94 (37)

21.6 E

K3

28.50 (131)

38.19 (203)

46.18 (115)

32.17 (135)

41.53 (148)

37.3 C

K4

28.08 (127)

32.58 (159)

34.99 (63)

26.27 (92)

35.12 (109)

31.4 D

K5

67.88 (450)

81.46 (547)

92.64 (332)

72.18 (428)

76.32 (355)

78.1 A

K6

58.36 (372)

60.70 (382)

77.45 (261)

62.35 (356)

69.50 (314)

65.7 B

Mean

33.2 D

39.2 BC

47.0 A

35.3 CD

41.8 B

S

F

LSD at p = 0.05

S×F

4.4493**
3.7604**
9.9490 N.S.
*
% increased over respective uninoculated control (K0)
** Significant at P < 0.05
*** F0, N K only; F1, F0+RP; F2, F0+DAP; F3, F0+compost; F4, F0+RP enriched compost
**** Control, K0; ACC-deaminase strains, K1 and K2; P-solubilizing strains, K3 and K4; dual activities strains, K5 and K6
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The highest P-uptake (mg pot-1) was recorded in F2 (47.0) followed by F4 (41.8), F1
(39.2), F3 (35.3) and F0 (33.2) in However, cumulative effectiveness of inoculation was found
maximum in F1 where 246% mean increase in P-uptake over respective uninoculated control was
recorded. In contrast, the least cumulative effect of inoculation was observed in F2 (F0+DAP)
where 139% mean increase in P-uptake of wheat straw over uninoculated control was recorded. It
was noted that F0 and F3 which did not carry any P had the minimum effect on mean increase in
P-uptake of wheat straw (mg per pot) however, effectiveness of inoculation was more in these
treatments than F2 and F4. The interactive effect of strain and fertilizer was not significant.
4.6.1.3.

Study 3 (under field conditions)
The same six bacterial strains used in axenic and pot trial were further tested in

field trial for their consistency in promoting growth and yield of wheat.
4.6.1.3.1.

Plant height (cm)
The effect of selected strains of rhizobacteria differing in phosphate solubilizing and/or

ACC-deaminase activity potential for improving plant height of wheat grown under field
conditions is reflected from the data summarized in Table 4.19. Results demonstrated that all the
PGPR isolates increased plant heights under all the fertilizer tested treatments over respective
uninoculated control. Effectiveness of inoculation varied significantly in each fertilizer treatment
at p<0.05. It was noted that PGPR isolates possessing high dual activity (ACC-deaminase plus Psolubilizing activity) were more effective in promoting plant height of wheat than those carrying
either of the two activities under all the tested fertilizer treatments. High dual activity isolates
(K5, K6) promoted plant height significantly upto 50.6, 75.3, 17.1, 49.7 and 30.8% over
respective uninoculated control in F0 (N K only), F1 (F0+RP), F2 (F0+DAP), F3 (F0+compost)
and F4 (F0+RP enriched compost) respectively. The strains with only phosphorus solubilizing
activity performed better than those containing ACC-deaminase activity with respect to
enhancing plant height of wheat. Rhizobacterial strains possessing high P-solubilizing activity
(K3, K4) increased the plant height upto 42, 70, 14, 41 and 27% over respective uninoculated
control in F0, F1, F2, F3 and F4, respectively. The PGPR strains with high ACC-deaminase
activity (K1, K2) enhanced the plant height upto 38, 66, 10, 37 and 24% over respective
uninoculated control in F0, F1, F2, F3 and F4, respectively.
Mean plant height recorded under fertilizer treatments showed that the highest plant
height (cm) was found in F2 (92.1) followed by F4 (86.5), F1 (78.5), F3 (73.3) and F0 (67.0) in
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Table 4.19.

Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate solubilizing and/or ACC-deaminase activity for

improving plant height (cm) of wheat under field conditions
Fertilizer Treatments***
Isolates****
F0

F1

F2

F3

F4

Mean

K0

49.5 (0)*

49.7 (0)

83.7 (0)

54.5 (0)

71.3 (0)

61.7 E

K1

68.4 (38)

82.3 (66)

92.5 (10)

74.8 (37)

88.1 (24)

81.2 C

K2

65.2 (32)

78.4 (58)

88.1 (5)

71.3 (31)

83.9 (18)

77.4 D

K3

70.4 (42)

84.7 (70)

95.1 (14)

77.0 (41)

90.6 (27)

83.6 B

K4

68.3 (38)

82.1 (65)

92.3 (10)

74.7 (37)

87.9 (23)

81.1 C

K5

74.5 (51)

87.2 (75)

98.0 (17)

81.5 (50)

93.3 (31)

86.9 A

K6

72.4 (46)

84.7 (70)

95.2 (14)

79.2 (45)

90.6 (27)

84.4 B

Mean

67.0 E

78.5 C

92.1 A

73.3 D

86.5 B

S

F

LSD at p = 0.05

S×F

1.0977**
0.9278**
2.4546**
*
% increased over respective uninoculated control (K0)
** Significant at P < 0.05
*** F0, N K only; F1, F0+RP; F2, F0+DAP; F3, F0+compost; F4, F0+RP enriched compost
**** Control, K0; ACC-deaminase strains, K1 and K2; P-solubilizing strains, K3 and K4; dual activities strains, K5 and K6
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descending order. Cumulative effectiveness of inoculation was found maximum in F1 where 67%
mean increase in plant height was recorded. The minimum effect of inoculation was observed in
F2 where 12% mean increase in plant height over the respective uninoculated control was
recorded was recorded. It was noted that the minimum effect on mean increase in plant height
was observed in treatments (F0 and F3) which did not add P to soil but % increase caused by
inoculation in these treatments was more than that recorded in case of P carrying treatments (F2
and F4). The interactive effect of strain and fertilizer was significant. The maximum plant height
was recorded in K5xF2 and minimum in K2xF0. In case of uninoculated treatments K0xF2
resulted in maximum while K0xF0 in minimum plant height.
4.6.1.3.2.

Number of total tillers and fertile tillers (tillers m-2)
Data regarding the effect of selected strains of rhizobacteria differing in phosphate

solubilizing and/or ACC-deaminase activity potential for improving number of total tillers m-2 of
wheat grown under field conditions is given in Table 4.20. Results revealed that all the PGPR
isolates increased the total tillers m-2 under all the fertilizer treatments over respective
uninoculated control. However, effectiveness of inoculation varied in each fertilizer treatment. It
was observed that PGPR isolates possessing high dual activity (ACC-deaminase plus Psolubilizing activity) were more effective in promoting total tillers m-2 of wheat than those
carrying either of the two activities under all the tested fertilizer treatments. High dual activity
isolates (K5, K6) promoted total tillers m-2 significantly upto 66, 102, 57, 61 and 87% over
respective uninoculated control in F0 (N K only), F1 (F0+RP), F2 (F0+DAP), F3 (F0+compost)
and F4 (F0+RP enriched compost) respectively. Likewise, among the strains having high single
trait activity, those having phosphorus solubilizing activity performed better than those containing
ACC-deaminase activity with respect to enhancing total tillers m-2 of wheat. Rhizobacterial
strains possessing high P-solubilizing activity (K3, K4) increased the total tillers m-2 upto 32, 55,
21, 27 and 38% over respective uninoculated control in F0, F1, F2, F3 and F4, respectively. The
PGPR strains with high ACC-deaminase activity (K1, K2) enhanced the total tillers m-2 upto 20,
38, 8, 15 and 23% over respective uninoculated control in F0, F1, F2, F3 and F4, respectively.
Comparison of fertilizer treatments showed that the highest total tillers m-2 were
produced in F2 (159.6) followed by F4 (143.3), F1 (130.8), F3 (122.2), and F0 (112.7) in
descending order and found statistically significant. However, cumulative effectiveness of
inoculation was found maximum in F1 where 59.4% mean increase in total tillers m-2 over
respective uninoculated control was recorded. In contrast, the least cumulative effect of
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Table 4.20.

Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate solubilizing and/or ACC-deaminase activity for

improving number of total tillers (tillers m-2) of wheat under field conditions
Fertilizer Treatments***
Isolates****
F0

F1

F2

F3

F4

Mean

K0

86.3 (0)*

86.7 (0)

129.8 (0)

95.0 (0)

103.9 (0)

100.3 G

K1

103.7 (20)

120.0 (38)

139.7 (8)

109.3 (15)

127.7 (23)

120.1 E

K2

94.3 (9)

106.0 (22)

136.7 (5)

106.3 (12)

116.7 (12)

112.0 F

K3

114.0 (32)

134.3 (55)

156.7 (21)

121.0 (27)

143.0 (38)

133.8 C

K4

106.0 (23)

123.0 (42)

150.7 (16)

119.3 (26)

131.3 (26)

126.1 D

K5

143.7 (66)

174.7 (102)

204.0 (57)

153.0 (61)

194.0 (87)

173.9 A

K6

140.7 (63)

171.0 (97)

200.0 (54)

151.3 (59)

186.7 (80)

169.9 B

Mean

112.7 E

130.8 C

159.6 A

122.2 D

143.3 B

S

F

LSD at p = 0.05

S×F

2.9272**
2.4740**
6.5455**
*
% increased over respective uninoculated control (K0)
** Significant at P < 0.05
*** F0, N K only; F1, F0+RP; F2, F0+DAP; F3, F0+compost; F4, F0+RP enriched compost
**** Control, K0; ACC-deaminase strains, K1 and K2; P-solubilizing strains, K3 and K4; dual activities strains, K5 and K6
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inoculation was observed in F2 (F0+DAP) where 26.8% mean increase in total tillers m-2 over
uninoculated control was recorded. It was noted that F0 and F3 which did not carry any P had the
minimum mean increase in total tillers m-2. The interactive effect of strain and fertilizer was
found significant. The maximum total tillers were recorded in K5xF2 and minimum in K2xF0. In
case of uninoculated treatments K0xF2 resulted in maximum while K0xF0 in minimum total
tillers.
Similarly, inoculation also improves fertile tillers of wheat grown under field
conditions (Table 4.21). Results showed that all the PGPR isolates increased the fertile tillers
under all the fertilizer treatments over respective uninoculated control. However, effectiveness of
inoculation varied in each fertilizer treatment and the effect was statistically significant at p<0.05.
It was observed that PGPR isolates possessing high dual activity (ACC-deaminase plus Psolubilizing activity) were more effective in promoting fertile tillers of wheat than those carrying
either of the two activities under all the tested fertilizer treatments. High dual activity isolates
(K5, K6) promoted fertile tillers significantly upto 81, 126, 57, 75 and 73% over respective
uninoculated control in F0 (N K only), F1 (F0+RP), F2 (F0+DAP), F3 (F0+compost) and F4
(F0+RP enriched compost) respectively. Once again, strains with phosphorus solubilizing activity
only performed better than those containing ACC-deaminase activity with respect to enhancing
fertile tillers of wheat. Rhizobacterial strains possessing high P-solubilizing activity (K3, K4)
increased the fertile tillers upto 40, 80, 22, 47 and 41% over respective uninoculated control in
F0, F1, F2, F3 and F4, respectively. PGPR with sole ACC-deaminase activity (K1, K2) enhanced
the fertile tillers upto 29, 62, 10, 27 and 22% over respective uninoculated control in F0, F1, F2,
F3 and F4, respectively.
Fertilizer treatments comparison indicated that the highest fertile tillers (tillers m-2)
was produced in F2 (151) followed by F4 (135), F1 (122), F3 (115) and F0 (103) in descending
order and found statistically significant. However, cumulative effectiveness of inoculation was
found maximum in F1 where 78% mean increase in fertile tillers m-2 over respective uninoculated
control was recorded. While, the least cumulative effect of inoculation was observed in F2
(F0+DAP) where 28% mean increase in fertile tillers over uninoculated control was recorded. It
was noted that F0 and F3 which did not carry any P had the minimum effect on mean increase in
fertile tillers m-2 however, effectiveness of inoculation was more in these treatments than F2 and
F4. The interactive effect of strain and fertilizer was significant. The maximum fertile tillers m-2
were recorded in K5xF2 and minimum in K2xF0. In case of uninoculated treatments K0xF2
resulted

in

maximum

while

K0xF1
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Table 4.21.

Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate solubilizing and/or ACC-deaminase activity for

improving number of fertile tillers (tillers m-2) of wheat under field conditions
Fertilizer Treatments***
Isolates****
F0

F1

F2

F3

F4

Mean

K0

75.3 (0)*

73.0 (0)

122.0 (0)

82.7 (0)

100.4 (0)

90.7 G

K1

97.0 (29)

118.3 (62)

134.7 (10)

94.7 (14)

122.7 (22)

113.5 E

K2

80.7 (7)

91.3 (25)

128.3 (5)

105.0 (27)

111.3 (11)

103.3 F

K3

105.7 (40)

131.3 (80)

148.7 (22)

112.7 (36)

141.7 (41)

128.0 C

K4

96.0 (27)

121.0 (66)

143.7 (18)

121.3 (47)

127.3 (27)

121.9 D

K5

131.7 (75)

165.0 (126)

192.0 (57)

142.7 (73)

173.7 (73)

161.0 A

K6

136.3 (81)

151.3 (107)

189.7 (55)

144.7 (75)

166.0 (65)

157.6 B

Mean

103.2 E

121.6 C

151.3 A

114.8 D

134.7 B

S

F

LSD at p = 0.05

S×F

3.3001**
2.7891**
7.3793**
*
% increased over respective uninoculated control (K0)
** Significant at P < 0.05
*** F0, N K only; F1, F0+RP; F2, F0+DAP; F3, F0+compost; F4, F0+RP enriched compost
**** Control, K0; ACC-deaminase strains, K1 and K2; P-solubilizing strains, K3 and K4; dual activities strains, K5 and K6
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4.6.1.3.3. Spike length (cm) and number of grains spike-1
The spike length as influenced by inoculation with selected strains of rhizobacteria is
obvious from the data given in the Table 4.22. Results revealed that all the PGPR isolates
increased the spike length under all the fertilizer treatments over respective uninoculated control.
However, effectiveness of inoculation varied in each fertilizer treatment and statistically found
significant at p<0.05. It was observed that PGPR isolates possessing high dual activity (ACCdeaminase plus P-solubilizing activity) were more effective in promoting spike length of wheat
than those carrying either of the two activities under all the tested fertilizer treatments. High dual
activity isolates (K5, K6) promoted spike length significantly upto 32, 44, 31, 24 and 32% over
respective uninoculated control in F0 (N K only), F1 (F0+RP), F2 (F0+DAP), F3 (F0+compost)
and F4 (F0+RP enriched compost) respectively. Among the strains having high single trait
activity, those with only phosphorus solubilizing activity performed better than those containing
ACC-deaminase activity with respect to enhancing spike length of wheat. Rhizobacterial strains
possessing high P-solubilizing activity (K3, K4) increased the spike length upto 23, 34, 21, 20
and 24% over respective uninoculated control in F0, F1, F2, F3 and F4, respectively. The PGPR
strains with high ACC-deaminase activity (K1, K2) enhanced the spike length upto 21, 34, 18, 20
and 22% over respective uninoculated control in F0, F1, F2, F3 and F4, respectively.
It was also noted that the highest spike length (cm) was produced in F2 (11.1)
followed by F4 (10.2), F1 (9.8), F3 (9.5) and F0 (8.9) in descending order and found statistically
significant. However, cumulative effectiveness of inoculation was found maximum in F1 where
36% mean increase in spike length over respective uninoculated control was recorded. The least
cumulative effect of inoculation was observed in F2 (F0+DAP) where 23% mean increase in
spike length over uninoculated control was recorded. It was noted that the minimum effect on
mean increase in spike length was observed in treatments (F0 and F3) which did not add P to soil.
The interactive effect of strain and fertilizer was significant. The maximum spike length was
recorded in K5xF2 and minimum in K2xF0. In case of uninoculated treatments K0xF2 resulted in
maximum while K0xF0 in minimum spike length.
In the same way, number of grains per spike was also influenced by inoculation
(Table 4.23). Results expressed that all the PGPR isolates increased the grain per spike under all
the fertilizer treatments over respective uninoculated control. However, effectiveness of
inoculation varied in each fertilizer treatment and statistically found significant at p<0.05. It was
observed that PGPR isolates possessing high dual activity (ACC-deaminase plus P-solubilizing
activity) were more effective in promoting grain per spike of wheat than those carrying either of
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Table 4.22.

Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate solubilizing and/or ACC-deaminase activity for

improving Spike length (cm) of wheat under field conditions
Fertilizer Treatments***
Isolates****
F0

F1

F2

F3

K0

7.3 (0)*

7.4 (0)

9.3 (0)

8.1 (0)

8.3 (0)

8.1 D

K1

8.9 (21)

10.0 (34)

10.9 (18)

9.7 (20)

10.2 (22)

9.9 BC

K2

8.7 (18)

9.8 (32)

10.9 (18

9.6 (18)

10.1 (21)

9.8 C

K3

9.0 (23)

10.0 (34)

11.2 (21)

9.7 (20)

10.4 (24)

10.1 B

K4

9.0 (23)

10.0 (34)

10.9 (18)

9.7 (20)

10.3 (23)

10.0 BC

K5

9.7 (32)

10.7 (44)

12.2 (31)

10.0 (24)

11.0 (32)

10.7 A

K6

9.4 (28)

10.3 (39)

12.1 (31)

10.0 (24)

11.0 (32)

10.6 A

Mean

8.9 E

9.8 C

11.1 A

9.5 D

10.2 B

S

F

LSD at p = 0.05

F4

S×F

3.3001**
2.7891**
7.3793**
*
% increased over respective uninoculated control (K0)
** Significant at P < 0.05
*** F0, N K only; F1, F0+RP; F2, F0+DAP; F3, F0+compost; F4, F0+RP enriched compost
**** Control, K0; ACC-deaminase strains, K1 and K2; P-solubilizing strains, K3 and K4; dual activities strains, K5 and K6
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Mean

the two activities under all the tested fertilizer treatments. High dual activity isolates (K5, K6)
promoted number of grain per spikes significantly upto 38, 66, 30, 40 and 54% over respective
uninoculated control in F0 (N K only), F1 (F0+RP), F2 (F0+DAP), F3 (F0+compost) and F4
(F0+RP enriched compost) respectively. On the other hand, strains with only phosphorus
solubilizing activity performed better than those containing ACC-deaminase activity with respect
to enhancing number of grains per spike of wheat. Rhizobacterial strains possessing high Psolubilizing activity (K3, K4) increased the number of grains per spikes upto 26.2, 49.1, 17.6,
26.0 and 37.4% over respective uninoculated control in F0, F1, F2, F3 and F4, respectively. The
PGPR strains with high ACC-deaminase activity (K1, K2) enhanced the number of grains per
spikes upto 15.1, 47.6, 10.1, 23.1 and 34.2% over respective uninoculated control in F0, F1, F2,
F3 and F4, respectively.
Comparison of fertilizer treatments showed that the highest grains per spike (grains
spike-1) were produced in F2 (50.7) followed by F4 (46.5), F1 (41.0), F3 (38.6) and F0 (33.6) in
descending order. Cumulative effectiveness of inoculation was found maximum in F1 where 53%
increase in grain per spike was recorded. The minimum effect of inoculation was observed in F2
where 18% increase in grains per spike over respective uninoculated control was recorded. It was
noted that F0 and F3 which did not carry any P had the minimum effect on mean increase in
number of grains per spikes. The interactive effect of strain and fertilizer was significant. The
maximum grains per spike were recorded in K5xF2 and minimum in K2xF0. In case of
uninoculated treatments K0xF2 resulted in maximum while K0xF0 in minimum grains per spike.
4.6.1.3.4.

1000 grain weight (g)
Potential of inoculation with selected strains of rhizobacteria for improving 1000

grain weight of wheat grown under field conditions is evident from the data given in the Table
4.24 (Fig. 4.17 a). Results revealed that all the PGPR isolates increased the 1000 grain weight
under all the fertilizer treatments over respective uninoculated control. However, effectiveness of
inoculation varied in each fertilizer treatment and statistically found significant at p<0.05. It was
observed that PGPR isolates possessing high dual activity (ACC-deaminase plus P-solubilizing
activity) were more effective in promoting 1000 grain weight of wheat than those carrying either
of the two activities under all the tested fertilizer treatments. High dual activity isolates (K5, K6)
promoted 1000 grain weight significantly upto 39, 48, 40, 39 and 46% over respective
uninoculated control in F0 (N K only), F1 (F0+RP), F2 (F0+DAP), F3 (F0+compost) and F4
(F0+RP enriched compost) respectively. Among the strains having high single trait activity, those
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Table 4.23.

Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate solubilizing and/or ACC-deaminase activity for

improving number of grains per spike of wheat under field conditions.
Fertilizer Treatments***
Isolates****
F0

F1

F2

F3

F4

Mean

K0

27.9 (0)*

28.1 (0)

43.9 (0)

30.9 (0)

34.7 (0)

33.1 E

K1

32.1 (15)

41.5 (48)

48.3 (10)

38.1 (23)

46.5 (34)

41.3 C

K2

31.2 (12)

40.7 (45)

46.7 (6)

37.7 (22)

43.2 (25)

39.9 D

K3

35.2 (26)

42.0 (49)

51.7 (18)

39.0 (26)

47.6 (37)

43.1 B

K4

32.4 (16)

41.7 (48)

50.2 (14)

38.8 (25)

47.3 (36)

42.1 BC

K5

38.5 (38)

46.6 (66)

57.1 (30)

43.2 (40)

53.5 (54)

47.8 A

K6

37.6 (35)

46.0 (63)

57.1 (30)

42.9 (39)

52.5 (52)

47.2 A

Mean

33.6 E

41.0 C

50.7 A

38.6 D

46.5 B

S

F

LSD at p = 0.05

S×F

1.2906**
1.0907**
2.8858**
*
% increased over respective uninoculated control (K0)
** Significant at P < 0.05
*** F0, N K only; F1, F0+RP; F2, F0+DAP; F3, F0+compost; F4, F0+RP enriched compost
**** Control, K0; ACC-deaminase strains, K1 and K2; P-solubilizing strains, K3 and K4; dual activities strains, K5 and K6
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Table 4.24.

Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate solubilizing and/or ACC-deaminase activity for

improving 1000 grain weight (g) yield of wheat under field conditions
Fertilizer Treatments***
Isolates****
F0

F1

F2

F3

F4

Mean

K0

21.5 (0)*

21.5 (0)

24.9 (0)

21.9 (0)

23.0 (0)

22.6 G

K1

24.6 (14)

26.0 (21)

27.7 (11)

25.5 (17)

26.7 (16)

26.1 E

K2

23.3 (9)

24.6 (14)

26.2 (5)

24.0 (10)

25.6 (11)

24.8 F

K3

25.7 (20)

27.9 (30)

28.9 (16)

27.0 (23)

28.3 (23)

27.6 C

K4

24.9 (16)

26.9 (25)

28.5 (14)

26.0 (19)

27.7 (20)

26.8 D

K5

30.3 (41)

32.2 (50)

37.5 (51)

31.3 (43)

35.2 (53)

33.3 A

K6

29.9 (39)

31.9 (48)

34.8 (40)

30.5 (39)

33.7 (46)

32.2 B

Mean

25.7 E

27.3 C

29.8 A

26.6 D

28.6 B

S

F

LSD at p = 0.05

S×F

0.3875**
0.3275**
0.8664**
*
% increased over respective uninoculated control (K0)
** Significant at P < 0.05
*** F0, N K only; F1, F0+RP; F2, F0+DAP; F3, F0+compost; F4, F0+RP enriched compost
**** Control, K0; ACC-deaminase strains, K1 and K2; P-solubilizing strains, K3 and K4; dual activities strains, K5 and K6
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carry phosphorus solubilizing activity performed better than those containing ACC-deaminase
activity with respect to enhancing 1000 grain weight of wheat. Rhizobacterial strains possessing
high P-solubilizing activity (K3, K4) increased 1000 grain weight upto 20, 30, 16, 23 and 23%
over respective uninoculated control in F0, F1, F2, F3 and F4, respectively. The PGPR strains
with high ACC-deaminase activity (K1, K2) enhanced the 1000 grain weight yield upto 14%,
21%, 11, 17% and 16% over respective uninoculated control in F0, F1, F2, F3 and F4,
respectively.
The highest mean 1000 grain weight was found in F2 (29.8) followed by F4 (28.6),
F1 (27.3), F3 (26.60) and F0 (25.7) in descending order and found statistically significant.
However, cumulative effectiveness of inoculation was found maximum in F1 where 31% mean
increase in 1000 grain weight over respective uninoculated control was recorded. The minimum
cumulative effect of inoculation was observed in F2 (F0+DAP) where 23% mean increase in
1000 grain weight yield over uninoculated control was recorded. It is to note that F0 (N K only)
and F3 (F0+compost) which did not carry any P had the minimum effect on mean increase in
1000 grain weight of wheat. The interactive effect of strain and fertilizer was found significant.
The maximum 1000 grain weight was recorded in K5xF2 and minimum in K2xF0. In case of
uninoculated treatments K0xF2 resulted in maximum while K0xF0 and F1 in minimum 1000
grain weight.
4.6.1.3.5.

Grain yield (ton ha-1)
Data summarized in Fig. 4.9 revealed the effect of inoculation with selected strains of

rhizobacteria on grain yield (Fig. 4.17 a) of wheat grown under field conditions. Results indicated
that all the PGPR isolates increased the grain yield under all the fertilizer treatments over
respective uninoculated control. However, effectiveness of inoculation varied in each fertilizer
treatment and statistically found significant at p<0.05. It was observed that PGPR isolates
possessing high dual activity (ACC-deaminase plus P-solubilizing activity) were more effective
in promoting grain yield of wheat than those carrying either of the two activities under all the
tested fertilizer treatments. High dual activity isolates (K5, K6) promoted grain yield significantly
upto 108, 143, 60, 106 and 119% over respective uninoculated control in F0 (N K only), F1
(F0+RP), F2 (F0+DAP), F3 (F0+compost) and F4 (F0+RP enriched compost) respectively. On
the other hand, among the strains having high single trait activity, those carry phosphorus
solubilizing activity performed better than those containing ACC-deaminase activity with respect
to enhancing grain yield of wheat. Rhizobacterial strains possessing high P-solubilizing activity
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Fig. 4.9.

Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate solubilizing and/or ACC-deaminase activity

for improving grain yield (ton ha-1) of wheat under field conditions
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**** Control, K0; ACC-deaminase strains, K1 and K2; P-solubilizing strains, K3 and K4; dual activities strains, K5 and K6
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(K3, K4) increased the grain yield upto 48, 82, 13, 52 and 48% over respective uninoculated
control in F0, F1, F2, F3 and F4, respectively. The PGPR strains with high ACC-deaminase
activity (K1, K2) enhanced the grain yield upto 30, 76, 8, 47 and 38% over respective
uninoculated control in F0, F1, F2, F3 and F4, respectively.
Fertilizer treatments comparison indicated that the highest grain yield (ton ha-1) was
produced in F2 (29.8) followed by F4 (28.6), F1 (27.3), F3 (26.6) and F0 (25.7) in descending
order and the effect was statistically significant. However, cumulative effectiveness of
inoculation was found maximum in F1 where 31% mean increase in grain yield over respective
uninoculated control was recorded. Minimum cumulative effect of inoculation was observed in
F2 (F0+DAP) where 23% mean increase in grain yield over uninoculated control was recorded. It
was noted that F0 and F3 which did not carry any P had the minimum effect on mean increase in
grain yield. The interactive effect of strain and fertilizer was found significant. The maximum
grain yield was recorded in K5xF2 and minimum in K2xF0. In case of uninoculated treatments
K0xF2 resulted in maximum while K0xF0 in minimum grain yield.
4.6.1.3.6.

Biomass (ton ha-1)
The data regarding biomass as influenced by inoculation with selected PGPR are

summarized in Fig. 4.10. It was found that inoculation with the PGPR isolates increased the
biomass yield under all the fertilizer treatments over respective uninoculated control however
effectiveness of inoculation significantly varied in each fertilizer treatment at p<0.05. PGPR
isolates possessing high dual activity (ACC-deaminase plus P-solubilizing activity) were more
effective in promoting biomass yield of wheat than those carrying either of the two activities
under all the tested fertilizer treatments. High dual activity isolates (K5, K6) promoted biomass
yield significantly upto 42, 64, 37, 37 and 39% over and F4 (F0+RP enriched compost)
respectively. However, among the strains having high single trait activity, those with only
phosphorus solubilizing activity performed better than those containing ACC-deaminase activity
with respect to enhancing biomass yield of wheat. Rhizobacterial strains possessing high Psolubilizing activity (K3, K4) increased the biomass yield upto 26, 52, 11, 26 and 19% over
respective uninoculated control in F0, F1, F2, F3 and F4, respectively. The PGPR strains with
high ACC-deaminase activity (K1, K2) enhanced the biomass yield upto 16, 43, 5, 22 and 14%
over respective uninoculated control in F0, F1, F2, F3 and F4, respectively.
The highest biomass yield (ton ha-1) was produced in F2 (17.8) followed by F4
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Fig. 4.10. Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate solubilizing and/or ACC-deaminase activity for improving
biomass (ton ha-1) of wheat grown under field conditions
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**** Control, K0; ACC-deaminase strains, K1 and K2; P-solubilizing strains, K3 and K4; dual activities strains, K5 and K6
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(15.8), F1 (14.1), F3 (13.3) and F0 (12.0) in descending order and found statistically significant.
Cumulative effectiveness of inoculation was found maximum in F1 where 53.1% mean increase
in biomass yield over respective uninoculated control was recorded. The least cumulative effect
of inoculation was observed in F2 (F0+DAP) where 16.3% mean increase over respective
uninoculated control was recorded. It was noted that F0 and F3 which did not carry any P had the
minimum effect on mean increase in biomass yield however, effectiveness of inoculation was
more in these treatments than F2 and F4. The interactive effect of strain and fertilizer was
significant. The maximum biomass yield was recorded in K5xF2 and minimum in K2xF0. In case
of uninoculated treatments K0xF2 resulted in maximum while K0xF0 and F1 in minimum
biomass yield.
4.6.1.3.7.

Harvest index (HI)
The effect of selected strains of rhizobacteria differing in phosphate solubilizing

and/or ACC-deaminase activity potential for improving HI of wheat grown under field conditions
is reflected from the data given in the Table 4.25. Results showed that all the PGPR isolates
increased the HI under all the fertilizer treatments over respective uninoculated control. However
effectiveness of inoculation varied in each fertilizer treatment. PGPR isolates possessing high
dual activity were more effective in promoting the HI of wheat than those carrying either of the
two activities under all the tested fertilizer treatments. High dual activity isolates (K5 and K6)
promoted HI significantly upto 48.9, 48.2, 21.7, 52.9 and 55% over respective uninoculated
control in F0 (N K only), F1 (F0+RP), F2 (F0+DAP), F3 (F0+compost) and F4 (F0+RP enriched
compost) respectively. Whereas, among the strains having high single trait activity, those with
ACC-deaminase activity performed better than those carrying phosphorus solubilizing activity
with respect to enhancing the HI of wheat. Rhizobacterial strains possessing high P-solubilizing
activity (K3, K4) increased the HI upto 17, 20, 2, 21 and 20% over respective uninoculated
control in F0, F1, F2, F3 and F4, respectively. The PGPR strains with high ACC-deaminase
activity (K1, K2) enhanced the HI upto 8, 19, 0, 20 and 15% over respective uninoculated control
in F0, F1, F2, F3 and F4, respectively.
Comparison of HI under fertilizer treatments indicated that the highest HI was
recorded in F2 (24.5) followed by F1 (23.4), F3 (23.2), F4 (23.1), and F0 (22.3) in descending
order and found statistically significant. However, cumulative effectiveness of inoculation was
found maximum in F1 where 29% mean increase in HI over respective uninoculated control was
recorded. In contrast, the least cumulative effect of inoculation was observed in F2 (F0+DAP)
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Table 4.25.

Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate solubilizing and/or ACC-deaminase activity for

improving harvest index of wheat grown under field conditions
Fertilizer Treatments***
Isolates****
F0

F1

F2

F3

F4

Mean

K0

18.6 (0)*

18.7 (0)

23.1 (0)

18.4 (0)

18.6 (0)

19.5 C

K1

20.2 (8)

22.3 (19)

23.2 (0)

22.1 (20)

21.3 (15)

21.8 B

K2

20.2 (9)

22.6 (21)

23.1 (0)

21.8 (19)

21.0 (13)

21.8 B

K3

21.8 (17)

22.5 (20)

23.5 (2)

22.2 (21)

22.3 (20)

22.5 B

K4

20.1 (8)

22.3 (20

23.5 (2)

22.0 (20)

21.4 (15)

21.9 B

K5

27.4 (47)

27.7 (48)

27.0 (17)

27.7 (51)

28.2 (52)

27.6 A

K6

27.8 (49)

27.5 (47)

28.2 (22)

28.1 (53)

28.8 (55)

28.1 A

Mean

22.3 C

23.4 B

24.5 A

23.2 B

23.1 B

S

F

LSD at p = 0.05

S×F

0.9047**
0.7646**
2.0229N.S.
*
% increased over respective uninoculated control (K0)
** Significant at P < 0.05
*** F0, N K only; F1, F0+RP; F2, F0+DAP; F3, F0+compost; F4, F0+RP enriched compost
**** Control, K0; ACC-deaminase strains, K1 and K2; P-solubilizing strains, K3 and K4; dual activities strains, K5 and K6
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where 7% mean increase in HI over uninoculated control was recorded. It was noted that F0 and
F3 which did not carry any P had the minimum effect of inoculation on mean increase in HI. The
interactive effect of strain and fertilizer was non significant.
4.6.1.3.8.

[P] and P-uptake in wheat

4.6.1.3.8.1. [P] concentration (%) in grains and straw
The effect of selected strains of rhizobacteria differing in phosphate solubilizing and/or ACCdeaminase activity potential for improving P-concentration of wheat grains grown under field
conditions is presented in Table 4.26. Results portrayed that all the PGPR isolates increased the
P-concentration under all the fertilizer treatments, however effectiveness of inoculation varied
significantly for each fertilizer treatment (p<0.05). It was observed that PGPR isolates possessing
high dual activity (ACC-deaminase plus P-solubilizing activity) were most effective in promoting
the P-concentration of wheat grains than those carrying either of the two activities under all the
tested fertilizer treatments. High dual activity isolates (K5, K6) promoted P-concentrations per
spike by 91, 89, 69, 74 and 71% increase over the respective uninoculated control was recorded
in F0 (N K only), F1 (F0+RP), F2 (F0+DAP), F3 (F0+compost) and F4 (F0+RP enriched
compost), respectively. Among the strains having high single trait activity, those with only
phosphorus solubilizing activity performed better than those containing ACC-deaminase activity
with respect to enhancing P-concentration of wheat grains. Rhizobacterial strains possessing high
P-solubilizing activity (K3, K4) increased the P-concentrations upto 46.1, 57.8, 28.4, 37.7 and
38.3% over respective uninoculated control in F0, F1, F2, F3 and F4, respectively. In comparison,
PGPR with sole ACC-deaminase activity (K1, K2) enhanced the P-concentrations upto 32.9,
51.7, 20.0, 26.4 and 30.6% over respective uninoculated control in F0, F1, F2, F3 and F4,
respectively.
It was also noted that the highest P-concentration was found in F2 (0.51) followed by
F4 (0.48), F1 (0.46), F3 (0.43) and F0 (0.41). Efficacy of inoculation for increasing P was found
maximum in the F1 where 65% mean increase in P-concentration in wheat grains and was least
effective in F2 (F0+DAP) where 36% mean increase in P-concentration over the respective
uninoculated control was recorded. It was noted that the minimum effect on mean increase in Pconcentration was observed in treatments (F0 and F3) which did not add P to soil. The interactive
effect of strain and fertilizer was significant. The maximum P-concentration was recorded in
K5xF2 and minimum in K2xF0. In case of uninoculated treatments K0xF2 resulted in maximum
while K0xF0 and F1 in minimum P-concentration in wheat grains.
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Table 4.26. Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate solubilizing and/or ACC-deaminase activity on [P]
(%) in wheat grains grown under field conditions
Fertilizer Treatments***
Isolates****
F0

F1

F2

F3

F4

Mean

K0

0.29 (0)*

0.29 (0)

0.39 (0)

0.32 (0)

0.35 (0)

0.33 G

K1

0.38 (33)

0.43 (48)

0.47 (20)

0.41 (26)

0.46 (31)

0.43 E

K2

0.31 (10)

0.45 (52)

0.46 (17)

0.35 (9)

0.43 (24)

0.40 F

K3

0.42 (46)

0.45 (54)

0.50 (28)

0.44 (38)

0.48 (38)

0.46 C

K4

0.40 (39)

0.46 (58)

0.49 (24)

0.42 (30)

0.47 (34)

0.45 D

K5

0.55 (91)

0.56 (89)

0.66 (69)

0.56 (74)

0.59 (69)

0.58 A

K6

0.51 (79)

0.55 (87)

0.61 (57)

0.53 (66)

0.60 (71)

0.56 B

Mean

0.41 E

0.46 C

0.51 A

0.43 D

0.48 B

S

F

LSD at p = 0.05

S×F

0.0089**
0.0075**
0.0200**
*
% increased over respective uninoculated control (K0)
** Significant at P < 0.05
*** F0, N K only; F1, F0+RP; F2, F0+DAP; F3, F0+compost; F4, F0+RP enriched compost
**** Control, K0; ACC-deaminase strains, K1 and K2; P-solubilizing strains, K3 and K4; dual activities strains, K5 and K6
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Likewise, the efficacy of PGPR isolates on P-concentration of wheat straw (air dry weight) grown
under field conditions is evident from the data given in Table 4.27. Results revealed that all the
isolates increased the P- concentration of wheat straw under all the fertilizer treatments. However,
effectiveness of inoculation varied significantly for each fertilizer treatment PGPR isolates
possessing high dual activity (ACC- deaminase plus P-solubilizing activity) were more effective
in promoting P-concentration of wheat straw than those carrying either of the two activities under
all the tested fertilizer treatments. High dual activity isolates (K5, K6) promoted P-concentrations
of straw significantly upto 198, 204, 200, 214 and 209% over respective uninoculated control in
F0 (N K only), F1 (F0+RP), F2 (F0+DAP), F3 (F0+compost) and F4 (F0+RP enriched compost)
respectively. The strains with phosphorus solubilizing only activity performed better than those
containing ACC-deaminase activity for enhancing the P-concentration of wheat straw. Isolate
possessing high P-solubilizing activity (K3, K4) increased the P-concentrations of wheat straw by
64, 93, 78, 75 and 83% over respective uninoculated control in F0, F1, F2, F3 and F4,
respectively. While, PGPR with sole ACC-deaminase activity (K1, K2) enhanced the Pconcentration of wheat straw by 22, 47, 18, 28 and 22% over respective uninoculated control in
F0, F1, F2, F3 and F4, respectively.
Comparison of fertilizer treatments revealed that the highest P-concentration (%) in
straw was present followed by F4 (0.23), F1 (0.22), F3 (0.21) and F0 (0.20) in descending order
and the effect was statistically significant. However, cumulative effectiveness of inoculation was
found maximum in F1 where 106% mean increase in P-conc. of wheat straw over respective
uninoculated control was recorded. In contrast, the least cumulative effect of inoculation was
observed in F2 (F0+DAP) where 85% mean increase in P-concentration of wheat over
uninoculated control was recorded. It was noted that F0 and F3 which did not carry any P had the
minimum effect of inoculation (mean increase in P-concentration in wheat straw). The interactive
effect of strain and fertilizer was significant. The maximum P-concentration was recorded in
K5xF2 and minimum in K2xF3. In case of uninoculated treatments K0xF2 resulted in maximum
that is at par with K0xF1 and F4 while K0xF0 and F3 in minimum P-uptake in wheat straw.
4.6.1.3.8.2. P-uptake (g m-2) in grains and straw
P-uptake in grins was promoted in response to inoculation with selected strains of
rhizobacteria (Table 4.28). Results indicated that all the PGPR isolates increased P-uptake under
all the fertilizer treatments however effectiveness of inoculation varied statistically in each
fertilizer treatment. PGPR isolates possessing high dual activity (ACC-deaminase plus Psolubilizing activity) were more effective in promoting P-uptake of wheat grains than those
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Table 4.27. Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate solubilizing and/or ACC-deaminase activity on [P]
(%) in wheat straw (air dry) grown under field conditions
Fertilizer Treatments***
Isolates****
F0

F1

F2

F3

F4

Mean

K0

0.05 (0)*

0.06 (0)

0.06 (0)

0.05 (0)

0.06 (0)

0.06 F

K1

0.07 (21)

0.08 (38)

0.09 (40)

0.07 (26)

0.08 (39)

0.08 D

K2

0.06 (11)

0.06 (13)

0.08 (18)

0.06 (11)

0.07 (19)

0.07 E

K3

0.08 (50)

0.09 (61)

0.11 (71)

0.09 (60)

0.10 (65)

0.09 C

K4

0.08 (43)

0.09 (60)

0.10 (64)

0.09 (56)

0.09 (53)

0.09 C

K5

0.12 (116)

0.15 (177)

0.19 (205)

0.14 (156)

0.17 (180)

0.15 A

K6

0.11 (106)

0.13 (131)

0.15 (130)

0.12 (127)

0.15 (157)

0.13 B

Mean

0.08 D

0.09 C

0.11 A

0.09 C

0.10 B

S

F

LSD at p = 0.05

S×F

0.0032**
0.0027**
0.0073**
*
% increased over respective uninoculated control (K0)
** Significant at P < 0.05
*** F0, N K only; F1, F0+RP; F2, F0+DAP; F3, F0+compost; F4, F0+RP enriched compost
**** Control, K0; ACC-deaminase strains, K1 and K2; P-solubilizing strains, K3 and K4; dual activities strains, K5 and K6
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Table 4.28.

Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate solubilizing and/or ACC-deaminase activity on P-

uptake (gram per m-2) in wheat grains grown under field conditions
Fertilizer Treatments***
Isolates****
F0

F1

F2

F3

F4

Mean

K0

0.53 (0)*

0.55 (0)

0.94 (0)

0.60 (0)

0.75 (0)

0.67 G

K1

0.90 (69)

1.39 (154)

1.84 (95)

1.19 (97)

1.54 (107)

1.37 E

K2

0.71 (34)

1.40 (157)

1.74 (85)

1.01 (67)

1.41 (88)

1.25 F

K3

1.12 (110)

1.50 (176)

2.05 (118)

1.34 (122)

1.75 (134)

1.55 C

K4

0.99 (85)

1.51 (177)

1.96 (108)

1.24 (106)

1.62 (117)

1.46 D

K5

2.06 (288)

2.45 (349)

3.82 (306)

2.30 (281)

3.17 (324)

2.76 A

K6

1.90 (258)

2.37 (335)

3.40 (261)

2.13 (253)

2.98 (300)

2.56 B

Mean

1.17 E

1.60 C

2.25 A

1.41 D

1.89 B

S

F

LSD at p = 0.05

S×F

0.0649**
0.0549**
0.1452**
*
% increased over respective uninoculated control (K0)
** Significant at P < 0.05
*** F0, N K only; F1, F0+RP; F2, F0+DAP; F3, F0+compost; F4, F0+RP enriched compost
**** Control, K0; ACC-deaminase strains, K1 and K2; P-solubilizing strains, K3 and K4; dual activities strains, K5 and K6
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carrying either of the two activities under all the tested fertilizer treatments. High dual activity
isolates (K5, K6) promoted P-uptakes significantly by 288, 349, 306, 281 and 324% over
respective uninoculated control in F0 (N K only), F1 (F0+RP), F2 (F0+DAP), F3 (F0+compost)
and F4 (F0+RP enriched compost) respectively. Among the single trait strains, those with
phosphorus solubilizing activity performed better than those containing ACC-deaminase activity
with respect to enhancing P-uptake of wheat grains. Rhizobacterial strains possessing high Psolubilizing activity (K3, K4) increased the P-uptakes per spike upto 110, 177, 118, 122 and
134% over respective uninoculated control in F0, F1, F2, F3 and F4, respectively. The PGPR
strains with high ACC-deaminase activity (K1, K2) enhanced the P-uptakes upto 69, 154, 95, 97
and 107% over respective uninoculated control in F0, F1, F2, F3 and F4, respectively.
Comparison of fertilizer treatments revealed that the highest P-uptake in grains (g m2

) was recorded in F2 (2.2) followed by F4 (1.9), F1 (1.6), F3 (1.4) and F0 (1.2) and was

statistically significant. Cumulative effectiveness of inoculation was found maximum in F1 where
224% mean increase in P-uptake over the respective uninoculated control, whereas it was least
effective in F0 (no P-fertilizers) where140% mean increase in P-uptake in grains. It was noted
that F0 and F3 which did not carry any P showed the minimum effect of inoculation (mean
increase in P-uptake in grains). The interactive effect of strain and fertilizer was significant. The
maximum P-uptake was recorded in K5xF2 and minimum in K2xF0. In case of uninoculated
treatments K0xF2 resulted in maximum while K0xF0 in minimum P-uptake in grains.
Similarly, the effect of selected strains of rhizobacteria differing in phosphate
solubilizing and/or ACC-deaminase activity for improving P-uptake (g m-2) of wheat straw (air
dried) grown under field conditions is evident from the data given in Table 4.29. PGPR isolates
increased the P-uptake of wheat straw under all the fertilizer treatments. Effectiveness of
inoculation varied in each fertilizer treatment at p<0.05. PGPR isolates possessing high dual
activity (ACC-deaminase plus P-solubilizing activity) were more effective in promoting P-uptake
of wheat straw than those carrying either of the two activities singly under all the tested fertilizer
treatments. High dual activity isolates (K5, K6) promoted P-uptakes of straw significantly by 205,
350, 317, 236 and 321% over respective uninoculated control in F0 (N K only), F1 (F0+RP), F2
(F0+DAP), F3 (F0+compost) and F4 (F0+RP enriched compost) respectively. The strains
possessing phosphorus solubilizing activity only performed of better than those containing ACCdeaminase activity with respect to enhancing P-uptake in wheat straw. P-solubilizing strains (K3,
K4) increased the P-uptake in wheat straw by 89, 143, 87, 94 and 114% over the respective
uninoculated control. PGPR with only ACC-deaminase activity (K1, K2) enhanced the P-uptake.
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Table 4.29.

Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate solubilizing and/or ACC-deaminase activity on P-

uptake (gram per m-2) in wheat straw (air dried) grown under field conditions
Fertilizer Treatments***
Isolates****
F0

F1

F2

F3

F4

Mean

K0

0.39 (0)*

0.39 (0)

0.73 (0)

0.45 (0)

0.53 (0)

0.50 F

K1

0.57 (47)

0.80 (103)

1.08 (49)

0.66 (48)

0.95 (78)

0.81 D

K2

0.50 (29)

0.63 (60)

0.89 (23)

0.58 (30)

0.80 (50)

0.68 E

K3

0.73 (89)

0.95 (143)

1.35 (87)

0.87 (94)

1.14 (114)

1.01 C

K4

0.71 (84)

0.94 (140)

1.28 (76)

0.85 (89)

1.07 (100)

0.97 C

K5

1.18 (205)

1.76 (350)

3.02 (317)

1.51 (236)

2.25 (321)

1.94 A

K6

1.08 (181)

1.45 (271)

2.09 (188)

1.27 (184)

1.88 (251)

1.56 B

Mean

0.74 E

0.99 C

1.49 A

0.88 D

1.23 B

S

F

LSD at p = 0.05

S×F

0.0683**
0.0577**
0.1526**
*
% increased over respective uninoculated control (K0)
** Significant at P < 0.05
*** F0, N K only; F1, F0+RP; F2, F0+DAP; F3, F0+compost; F4, F0+RP enriched compost
**** Control, K0; ACC-deaminase strains, K1 and K2; P-solubilizing strains, K3 and K4; dual activities strains, K5 and K6
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in wheat straw by 47, 103, 49, 48 and 78% over respective uninoculated control in F0, F1, F2, F3
and F4, respectively.
The highest P-uptake (g m-2) in straw was noted in F2 (1.49) followed by F4 (1.23),
F1 (0.99), F3 (0.88) and F0 (0.74) in descending order and found statistically significant.
However, cumulative effectiveness of inoculation was found maximum in F1 where 178% mean
increase in P-uptake of wheat straw over respective uninoculated control was recorded. In
contrast, the least cumulative effect of inoculation was observed in F0 (NK only) where 106%
mean increase in P-uptake of wheat straw over uninoculated control was recorded. It was noted
that F0 and F3 which did not carry any P had the minimum mean increase in P-uptake of wheat
straw. The interactive effect of strain and fertilizer was significant. The maximum P-uptake was
recorded in K5xF2 and minimum in K2xF0. In case of uninoculated treatments K0xF2 resulted in
maximum while K0xF0 and F1 in minimum P-uptake in wheat straw.
4.6.2.

MAIZE
The experiments conducted on wheat (axenic, pot and field trials) were repeated by

replacing wheat with maize as test crop.
4.6.2.1.

Study 1 (under axenic conditions)
The same six PGPR strains used in wheat trials were further tested for their growth

promoting performance in maize under axenic conditions by conducting leanard jar experiment.
4.6.2.1.1.

Shoot growth
The impact of selected strains of rhizobacteria differing in phosphate solubilizing

and/or ACC-deaminase activity potential for improving the fresh shoot mass (Fig. 4.11) of
maize under axenic conditions is evident from data given in the Table 4.30. Results revealed
that all the tested rhizobacterial strains significantly increased the fresh shoot mass significantly
over uninoculated control with different degree of effectiveness at p<0.05, ranging from 26 to
89%. It was noted that selected strains of rhizobacteria possessing high dual activity (ACCdeaminase and P-solubilizing activity) were the most effective as strains K5 and K6 promoted
shoot fresh weight by 89 and 70% respectively over uninoculated control. The strains with only
P-solubilizing activity (K3 and K4) enhanced the shoot fresh weight by 42 and 37% while,
strains with only high ACC-deaminase activity (K1 and K2) were the least effective as they
increased shoot fresh weight by 28 and 26% respectively over the respective uninoculated
control.
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Table 4.30. Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate solubilizing and/or ACC-deaminase activity for
improving growth parameters of maize under axenic conditions

Growth parameters***
Isolates****
SFM

SDM

RFM

RDM

SL

RE

K0

1.03 (0)*

0.091 (0)

0.562 (0)

0.080 (0)

21.2 (0)

9.2 ( 0)

K1

1.31 (28)

0.124 (35)

0.697 (24)

0.098 (23)

31.4 (48)

14.4 (57)

K2

1.30 (26)

0.116 (27)

0.679 (21)

0.095 (18)

30.8 (46)

13.8 (50)

K3

1.46 (42)

0.139 (53)

0.651 (16)

0.093 (16)

36.4 (72)

13.2 (43)

K4

1.41 (37)

0.134 (46)

0.633 (13)

0.091 (14)

34.5 (63)

12.5 (36)

K5

1.94 (89)

0.163 (78)

0.966 (72)

0.137 (71)

42.2 (100)

17.6 (2)

K6

1.75 (70)

0.155 (70)

0.837 (49)

0.125 (57)

40.0 (89)

16.4 (78)

0.0603**

0.0085**

0.0293**

0.0041**

1.5705**

0.6415**

LSD at p = 0.05

*
% increased over respective uninoculated control (K0)
** Significant at P < 0.05
*** SFW (shoot fresh wt.), SDW (shoot dry wt.), RFW (root fresh wt.), RDW (root dry wt.), SL (shoot length), RE (root elongation), Mean mass
in gram (g) and Mean length in centimeter (cm)
**** Control, K0; ACC-deaminase strains, K1 and K2; P-solubilizing strains, K3 and K4; dual activities strains, K5 and K6
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ACC-deaminase strain

K0

K1

Phosphate solubilizing strain

K0

K4

Dual activity strain

K0

K6

Strains
Fig. 4.11.

Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate

solubilizing and/or ACC-deaminase activity for improving growth of maize under axenic
conditions amended with rock phosphate.
* K0, Uninoculated; K1, Strain with high ACC-deaminase activity; K4, Strain with high P-solubilizing
activity; K6, Strain with dual activity
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Similarly, inoculation with selected rhizobacterial strains improved shoot dry
weight of maize (Table 4.30). Results showed that inoculation with PGPR significantly
increased shoot dry weight over uninoculated control with various degree of efficacy, ranging
from 27 to 78%. All the isolates were statistically different from control at p<0.05. It was
recorded that rhizobacteria possessing high dual activity were the most efficient as strains K5
and K6 increased shoot dry weight upto 78 and 70% respectively over uninoculated control. In
contrast, the strains with only P-solubilizing activity (K3 and K4) enhanced the shoot dry
weight by 53 and 46% while strains with high ACC-deaminase activity (K1 and K2) promoted
shoot dry weight by 35 and 27% respectively over uninoculated.
The effect of different selected strains of rhizobacteria on shoot lengths (Fig. 4.11)
of maize grown under axenic conditions is evident from the data given in Table 4.30. Results
showed that inoculation with tested rhizobacterial strains affected on shoot length significantly.
The increase in shoot length caused by different rhizobacterial isolates ranged from 46 to 100%
increase over the respective uninoculated control was recorded. It was noted that strains
possessing high dual activity were the most efficient as they (K5 and K6) enhanced shoot length
upto 100 and 115% over uninoculated control. In contrast, the strains with only P-solubilizing
activity (K3 and K4) increased shoot length by 72 and 63% whereas strains with ACCdeaminase activity (K1 and K2) increased shoot length by 48 and 46 % respectively over
uninoculated control.
4.6.2.1.2.

Root growth
Data presented in Table 4.30 revealed the influence of selected strains of

rhizobacteria possessing different potential of phosphate solubilizing and/or ACC-deaminase
activity for improving root fresh weight of maize. Inoculation of maize seedlings with tested
strains appreciably increased root fresh weight but with various degree of effectiveness, ranging
from 13 to 72%. Strains possessing high dual activity showed the highest ability to promote root
fresh weight as strains K5 and K6 promoted root fresh weight upto 72 and 49% respectively
over uninoculated control. In contrast the strains with high level of only ACC-deaminase
activity (K1 and K2) improved root fresh weight by 24 and 21% whereas P-solubilizing active
strains (K3 and K4) were the least effective as they enhanced the root fresh weight by 16 and
13%, respectively over uninoculated control.
Likewise, root dry weight of maize was also affected by inoculation is given in
(Table 4.30). The inoculation with different PGPR increased the shoot dry weight from 14 to
71%. It was noted that rhizobacterial strains possessing high dual activity were more effective
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than either of the two functional activities. Rhizobacterial strains K5 and K6 promoted root dry
weight upto 71 and 57% respectively over uninoculated control. In contrast, the strains with
high ACC-deaminase activity (K1 and K2) increased root dry weight upto 23 and 18% while
strains with high P-solubilizing activity (K3 and K4) were least effective as they enhanced the
root dry weight upto 16 and 14 % respectively over uninoculated control.
Similarly, results regarding the effect of tested strains of rhizobacterial strains on
root length of maize are summarized in the Table 4.30 (Fig. 4.11). Results revealed that effect
of inoculation with selected rhizobacterial strains on root length followed the similar trend as
observed in case fresh and dry root mass. All the tested strains were statistically different from
control at p<0.05. The inoculation with PGPR increased the root length ranging from 36 to 92%
over uninoculated. Rhizobacterial strains K5 and K6 enhanced root length upto 92 and 78%
over uninoculated control. ACC-deaminase active strains (K1 and K2) increased root length by
57 and 50% while strains with P-solubilizing activity (K3 and K4) were least effective as they
produced the root length upto 43 and 36% over uninoculated control.
4.6.2.2.

Study 2 pot trial (under net house conditions)
The same six rhizobacterial strains used in axenic study (leonard jar experiment)

were further tested in pot trial for their growth promoting performance in maize.
4.6.2.2.1.

Plant height (cm)
The influence of selected strains of rhizobacteria on plant height of maize is evident

from the data given in the Table 4.31 (Fig. 4.12). Results clearly showed that all the tested
rhizobacterial strains significantly increased the plant height under all the fertilizer treatments,
however effectiveness of inoculation varied significantly in each fertilizer treatment (p<0.05). It
was observed that rhizobacterial strains possessing high dual activity (ACC-deaminase plus Psolubilizing activity) were more effective in promoting plant height of maize than those carrying
either of the two activities under all the tested fertilizer treatments. High dual activity strains (K5,
K6) promoted plant height significantly upto 73, 120, 41, 68 and 46% over respective
uninoculated control in F0 (N K only), F1 (F0+RP), F2 (F0+DAP), F3 (F0+compost) and F4
(F0+RP enriched compost) respectively. Among the strains having high single trait activity, those
with only phosphorus solubilizing activity performed better than those containing ACCdeaminase activity with respect to enhancing plant height of maize. Rhizobacterial strains
possessing high P-solubilizing activity (K3, K4) increased the plant height upto 35, 92, 19, 32 and
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Table 4.31. Relative efficacy of rhizobacteria possessing phosphate solubilizing and/or ACC-deaminase activity for improving plant height (cm)
of maize grown in pots
Fertilizer Treatments***
Isolates****
F0

F1

F2

F3

F4

Mean

K0

45.3 (0)*

45.5 (0)

89.8 (0)

57.3 (0)

75.7 (0)

62.7 E

K1

51.0 (12)

84.7 (86)

104.0 (16)

73.0 (27)

89.7 (18)

80.5 CD

K2

49.3 (9)

81.3 (79)

102.7 (14)

68.0 (19)

87.0 (15)

77.7 D

K3

61.0 (35)

87.3 (92)

107.0 (19)

75.7 (32)

93.0 (23)

84.8 B

K4

57.7 (27)

86.7 (91)

105.7 (18)

74.0 (29)

91.7 (21)

83.1 BC

K5

78.3 (73)

100.0 (120)

126.3 (41)

96.3 (68)

110.6 (46)

102.3 A

K6

74.7 (65)

97.7 (115)

125.0 (39)

85.5 (49)

105.0 (39)

97.6 A

Mean

59.6 E

83.3 C

108.6 A

75.7 D

93.2 B

S

F

LSD at p = 0.05

S×F

3.6079**
3.0492**
8.0675**
*
% increased over respective uninoculated control (K0)
** Significant at P < 0.05
*** F0, N K only; F1, F0+RP; F2, F0+DAP; F3, F0+compost; F4, F0+RP enriched compost
**** Control, K0; ACC-deaminase strains, K1 and K2; P-solubilizing strains, K3 and K4; dual activities strains, K5 and K6
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47

K0

K1

K3

K5

Strains
Fig. 4.12.

Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate

solubilizing and/or ACC-deaminase activity for improving growth of maize grown in pots
amended with rock phosphate.

* K0, Uninoculated; K1, Strain with high ACC-deaminase activity; K3, Strain with high P-solubilizing
activity; K5, Strain with dual activity
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23% over respective uninoculated control in F0, F1, F2, F3 and F4, respectively. The PGPR
strains with high ACC-deaminase activity (K1, K2) enhanced the plant height by 12, 86, 16,
27and 18% over respective uninoculated control in F0, F1, F2, F3 and F4, respectively.
Comparison of fertilizer treatments indicated that the highest plant height (cm) was
found in F2 (108.6) followed by F4 (93.2), F1 (83.3), F3 (75.7) and F0 (59.6) cm in descending
order and the effect was statistically significant. Cumulative effectiveness of inoculation was
found maximum in F1 where 97% mean increase in plant height over the respective uninoculated
control was recorded. In contrast, the minimum effect of inoculation was observed in F2 where
25% mean increase in plant height over the respective uninoculated control was recorded. It was
noted that F0 and F3 which did not carry any P had the minimum effect on mean increase in plant
height however, effectiveness of inoculation was more in these treatments than F2 and F4. The
interactive effect of strain and fertilizer was significant. The maximum plant height was recorded
in K5xF2 and minimum in K2xF0. In case of uninoculated treatments K0xF2 resulted in
maximum while K0xF0 in minimum plant height.
4.6.2.2.2.

Plant fresh and dry biomass (g pot-1)
The impact of selected PGPR strains of rhizobacteria differing in phosphate

solubilizing and/or ACC-deaminase activity potential for improving fresh biomass (Fig. 4.12) of
maize grown in pots is summarized Fig. 4.13. Results revealed that all the tested rhizobacterial
strains increased the fresh biomass under all the fertilizer treatments over respective uninoculated
control but the effectiveness of inoculation varied for each fertilizer treatment (p<0.05). It was
observed that tested rhizobacterial strains possessing high dual activity (ACC-deaminase plus Psolubilizing activity) were more effective in promoting fresh biomass of maize than those
carrying either of the two activities under all the tested fertilizer treatments. High dual activity
strains (K5, K6) promoted the fresh biomass significantly upto 125, 183, 79, 144 and 110% over
respective uninoculated control in F0 (N K only), F1 (F0+RP), F2 (F0+DAP), F3 (F0+compost)
and F4 (F0+RP enriched compost) respectively. On the other hand, PGPR strains with
phosphorus solubilizing activity were superior to those containing ACC-deaminase activity with
respect to enhancing fresh biomass of maize. Rhizobacterial strains possessing high Psolubilizing activity (K3, K4) increased the fresh biomass upto 59, 102, 30, 70 and 49% over
respective uninoculated control in F0, F1, F2, F3 and F4, respectively. The PGPR strains with
high ACC-deaminase activity (K1, K2) enhanced the fresh biomass upto 42, 85, 14, 44 and 32%
over respective uninoculated control in F0, F1, F2, F3 and F4, respectively.
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Fig. 4.13.

Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate solubilizing and/or ACC-deaminase activity for

improving fresh biomass (g pot-1) of maize grown in pots
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120
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14
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0

32
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54
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0

28
19

0

22

44

59 50

50
40

87

126

0

0

30
F0

F1

F2
Fertilizer

F3

***

*
Values on bars are % increased over respective uninoculated control (K0)
** LSD at P < 0.05: 2.3772 (strain); 2.0091 (fertilizer); 5.3156 (SxF)
*** F0, N K only; F1, F0+RP; F2, F0+DAP; F3, F0+compost; F4, F0+RP enriched compost
**** Control, K0; ACC-deaminase strains, K1 and K2; P-solubilizing strains, K3 and K4; dual activities strains, K5 and K6
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F4

Comparison of fertilizer treatments showed that the highest biomass (g pot-1) was produced in F2
(83) followed by F4 (74), F1 (69), F3 (64) and F0 (55) in descending order. However, cumulative
effectiveness of inoculation was found greatest in the F1 where 113% mean increase over the
respective uninoculated control was recorded. In contrast, the least effective in the DAP treatment
where was a 37% mean increase over uninoculated control. It was noted that the minimum mean
increase in fresh biomass was observed in treatments F0 and F3 which did not add P to soil but %
increase caused by inoculation in these treatments was more than that recorded in case of P
carrying treatments (F2 and F4). The interaction of strain and fertilizer was significant. The
maximum fresh biomass was recorded in K5xF2 and minimum in K2xF0. In case of uninoculated
treatments K0xF2 resulted in maximum while K0xF0 in minimum fresh biomass.
Data regarding the effect of selected PGPR strains on dry biomass of maize grown in
pots is given in Fig. 4.14. Results illustrated that all the tested rhizobacterial strains increased the
dry biomass under all the fertilizer treatments over respective uninoculated control. However,
effectiveness of inoculation varied statistically in each fertilizer treatment (p<0.05). It was
observed that the strains possessing high dual activity (ACC-deaminase+P-solubilizing activity)
were more effective in promoting dry biomass of maize than others under all the tested fertilizer
treatments. High dual activity strains (K5, K6) promoted dry biomass significantly upto 122, 156,
100, 122 and 109% over respective uninoculated control in F0 (N K only), F1 (F0+RP), F2
(F0+DAP), F3 (F0+compost) and F4 (F0+RP enriched compost) respectively. Strains having high
phosphorus solubilizing activity proved better than those containing ACC-deaminase activity
with respect to enhancing dry biomass of maize. Rhizobacterial strains possessing high Psolubilizing activity (K3, K4) increased the dry biomass upto 58, 82, 45, 55 and 48% over
respective uninoculated control in F0, F1, F2, F3 and F4, respectively. While, PGPR strains with
sole ACC-deaminase activity (K1, K2) enhanced the dry biomass upto 40, 64, 27, 31 and 38%
over respective uninoculated control in F0, F1, F2, F3 and F4, respectively.
Means of fertilizer treatments revealed that highest dry biomass (g pot-1) was
produced in F2 (28.8) followed by F4 (26.5), F1 (24.8), F3 (22.6) and F0 (19.2) in descending
order and the effect was statistically significant. However, maximum cumulative effectiveness of
inoculation was found in F1 where 97% mean increase in dry biomass over the respective
uninoculated control was recorded. In contrast, the minimum effect of inoculation was observed
in F2 where 52% mean increase over the respective uninoculated control was recorded. It was
noted that F0 and F3 which did not carry any P had the minimum effect on mean increase in dry
biomass however, effectiveness of inoculation was more in these treatments than F2 (F0+DAP)
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Fig. 4.14.

Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate solubilizing and/or ACC-deaminase activity for

improving dry biomass (g pot-1) of maize grown in pots
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**** Control, K0; ACC-deaminase strains, K1 and K2; P-solubilizing strains, K3 and K4; dual activities strains, K5 and K6

112

F4

and F4 (RP+Compost). The interactive effect of strain and fertilizer found significant. The
maximum dry biomass was recorded in K5xF2 and minimum in K2xF0. In case of uninoculated
treatments K0xF2 resulted in maximum while K0xF0 in minimum dry biomass.
4.6.2.2.3. Root fresh and dry weight (g pot-1)
The effect of tested PGPR strains on root fresh weight of maize grown in pots is
obvious from the data given in the Table 4.32. It was found that all the tested rhizobacterial
strains increased the root fresh weight under all the fertilizer treatments over respective
uninoculated control. However, effectiveness of inoculation varied in each fertilizer treatment and
found statistically significant (p<0.05). It was observed that tested rhizobacterial strains
possessing high dual activity (ACC-deaminase+P-solubilizing activity) were more effective in
promoting root fresh weight of maize than those carrying either of the two activities under all the
tested fertilizer treatments. Dual activity strains (K5 and K6) promoted root fresh weight
significantly by 225, 171, 43, 85 and 64% over respective uninoculated control in F0 (N K only),
F1 (F0+RP), F2 (F0+DAP), F3 (F0+compost) and F4 (F0+RP enriched compost) respectively.
Contrary to the shoot parameters, strains with ACC-deaminase activity gave better results than
those having only phosphorus solubilizing activity with respect to enhancing the fresh root mass
of maize. PGPR strains with sole ACC-deaminase activity (K1, K2) enhanced the root fresh
weight by 73, 115, 20, 40 and 53% increase over the respective uninoculated control was
recorded, respectively. Rhizobacterial strains possessing high P-solubilizing activity (K3, K4)
increased the root fresh weight by 56, 84, 11, 18 and 24% over the respective uninoculated
control in F0, F1, F2, F3 and F4, respectively.
Comparison of fertilizer treatments showed that the highest root fresh weights (g pot1

) were produced in F4 (67.0) followed by F2 (63.64), F1 (43.2), F3 (35.26) and F0 (20.3) in

descending order. Cumulative effectiveness of inoculation was greatest in F1 where 115% mean
increase in root fresh weight over respective uninoculated control was recorded. In contrast, the
least cumulative effect of inoculation was observed in F2 (F0+DAP) where 22% mean increase in
root fresh weight over uninoculated control was recorded. It was noted that F0 and F3 which did
not carry any P had the minimum effect on mean increase in root fresh weight however,
effectiveness of inoculation was more in these treatments than F2 and F4. The interactive effect
of strain and fertilizer was significant. The maximum root fresh weight was recorded in K5xF4
and minimum in K4xF0. In case of uninoculated treatments K0xF2 resulted in maximum while
K0xF0 in minimum root fresh weight.
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Table 4.32.

Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate solubilizing and/or ACC-deaminase activity for

improving root fresh weight (g pot-1) of maize grown in pots.
Fertilizer Treatments***
Isolates****
F0

F1

F2

F3

F4

Mean

K0

10.5 (0)*

21.7 (0)

53.5 (0)

25.6 (0)

50.5 (0)

32.4 G

K1

18.1 (73)

46.8 (115)

64.0 (20)

35.8 (40)

67.3 (33)

46.4 C

K2

17.7 (68)

44.2 (103)

60.7 (14)

33.3 (30)

64.6 (28)

44.1 D

K3

16.3 (56)

40.0 (84)

59.3 (11)

30.3 (18)

62.5 (24)

41.7 E

K4

14.2 (36)

34.2 (57)

56.9 (6)

28.5 (12)

61.0 (21)

39.0 F

K5

34.1 (225)

59.0 (171)

76.5 (43)

47.2 (85)

82.7 (64)

59.9 A

K6

31.2 (198)

56.4 (159)

74.3 (39)

45.9 (80)

80.2 (59)

57.6 B

Mean

20.3 E

43.2 C

63.6 A

35.2 D

67.0 B

S

F

LSD at p = 0.05

S×F

0.8450**
0.7141**
1.8894**
*
% increased over respective uninoculated control (K0)
** Significant at P < 0.05
*** F0, N K only; F1, F0+RP; F2, F0+DAP; F3, F0+compost; F4, F0+RP enriched compost
**** Control, K0; ACC-deaminase strains, K1 and K2; P-solubilizing strains, K3 and K4; dual activities strains, K5 and K6
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Root dry weight as influenced by inoculation with various PGPR strains is evident from the data
given in the Table 4.33. The results showed that all the tested rhizobacterial strains increased the
root dry weight under all the fertilizer treatments over respective uninoculated control. However,
effectiveness of inoculation varied in each fertilizer treatment and found control. However,
effectiveness of inoculation varied in each fertilizer treatment and found statistically significant
(p<0.05). It was observed that rhizobacterial strains possessing high dual activity (ACCdeaminase plus P-solubilizing activity) were more effective in promoting root dry weight of
maize than others under all the five fertilizer treatments. Dual activity strains (K5 and K6)
promoted root dry weight significantly upto 256, 171, 38, 85 and 58% over respective
uninoculated control in F0 (N K only), F1 (F0+RP), F2 (F0+DAP), F3 (F0+compost) and F4
(F0+RP enriched compost) respectively. Among the strains having high single trait activity, those
with ACC-deaminase activity were more effective in enhancing root dry weights than having
only phosphorus solubilizing activity. PGPR strains with sole ACC-deaminase activity (K1, K2)
enhanced root dry weight by 73, 115, 20, 40 and 33% over the respective uninoculated control.
Rhizobacterial strains possessing high P-solubilizing activity (K3, K4) increased the root dry
weight by 56, 84, 11, 18 and 24% over the respective uninoculated control in F0, F1, F2, F3 and
F4 treatment soils.
Mean root dry weight recorded in different fertilizer treatments showed that the
highest root dry weight (g pot-1) were produced in F4 (20.2) followed by F2 (19.2), F1 (13.2), F3
(10.7) and F0 (6.2) in descending order and were statistically significant. However, cumulative
effectiveness of inoculation was found maximum in F1 where 115% mean increase in root dry
weight over respective uninoculated control was recorded. Inoculation was least effective in F2
(F0+DAP) treated soil, in which there was only a 20% mean increase in root dry weight increase
over the respective uninoculated control was recorded. It was noted that the minimum mean
increase in root dry weight was observed in treatments F0 and F3 which did not add P to soil but
% increase caused by inoculation in these treatments was more than that recorded in case of P
carrying treatments (F2 and F4). The interactive effect of strain and fertilizer was significant. The
maximum root dry weight was recorded in K5xF4 and minimum in K4xF0. The In case of
uninoculated treatments K0xF2 resulted in maximum while K0xF0 in minimum root dry weight.
4.6.2.2.4. Root length (m)
Data presented in Table 4.34 reveal the effect of selected strains of PGPR possessing
phosphate solubilizing and/or ACC-deaminase activity for improving root length of maize grown
in pots and effect is also clear in Fig. 4.15. The data depicted that tested rhizobacterial strains
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Table 4.33.

Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate solubilizing and/or ACC-deaminase activity for

improving root dry weight (g pot-1) of maize grown in pots
Fertilizer Treatments***
Isolates****
F0

F1

F2

F3

F4

Mean

K0

3.2 (0)*

6.6 (0)

16.3 (0)

7.8 (0)

15.4 (0)

9.9 G

K1

5.5 (73)

14.3 (115)

19.5 (20)

10.9 (40)

20.5 (33)

14.2 C

K2

5.4 (68)

13.5 (103)

18.5 (14)

10.2 (30)

19.7 (28)

13.5 D

K3

5.0 (56)

12.2 (84)

18.1 (11)

9.2 (18)

19.1 (24)

12.7 E

K4

4.3 (36)

10.5 (57)

17.4 (6)

8.7 (12)

18.6 (21)

11.9 F

K5

10.4 (226)

18.0 (171)

22.6 (38)

14.4 (85)

24.4 (58)

17.9 A

K6

9.5 (198.3)

17.2 (159)

21.9 (34)

14.0 (80)

23.7 (54)

17.3 B

Mean

6.2 E

13.2 C

19.2 A

10.7 D

20.2 B

S

F

LSD at p = 0.05

S×F

0.3482**
0.2943**
0.7785**
*
% increased over respective uninoculated control (K0)
** Significant at P < 0.05
*** F0, N K only; F1, F0+RP; F2, F0+DAP; F3, F0+compost; F4, F0+RP enriched compost
**** Control, K0; ACC-deaminase strains, K1 and K2; P-solubilizing strains, K3 and K4; dual activities strains, K5 and K6
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increased root length under all the five fertilizer treatments over respective uninoculated control
but effectiveness of inoculation varied in each fertilizer treatment. It was observed that
rhizobacterial strains possessing high dual activity (ACC-deaminase plus P-solubilizing activity)
were more effective in promoting root length (m) of maize than those carrying either of the two
activities under all the five fertilizer treatments. Dual activity strains (K5 and K6) promoted root
length significantly by 278, 478, 82, 257 and 175% over respective uninoculated control in F0 (N
K only), F1 (F0+RP), F2 (F0+DAP), F3 (F0+compost) and F4 (F0+RP enriched compost)
respectively. It is interesting to note that among the strains having high single trait activity, those
containing ACC-deaminase activity yielded better results than those carry phosphorus
solubilizing activity with respect to enhancing root length of maize. The PGPR strains with high
ACC-deaminase activity (K1, K2) enhanced the root length upto 104, 349, 43, 152 and 108%
over respective uninoculated control in F0, F1, F2, F3 and F4, respectively. Rhizobacterial strains
possessing high P-solubilizing activity (K3, K4) increased the root length upto 67, 268, 29, 116
and 85% over respective uninoculated control in F0, F1, F2, F3 and F4, respectively.
Comparison of fertilizer treatments represented that the highest root length (m) was
produced in F4 (55.3) followed by F2 (51.9), F1 (39.0), F3 (35.1), and F0 (21.0) in descending
order and the effect was statistically significant. However, cumulative effectiveness of
inoculation was found maximum in F1 where 344% mean increase in root length over respective
uninoculated control was recorded. In contrast, the least cumulative effect of inoculation was
observed in F2 (F0+DAP) where 47% mean increase in root length was recorded. It was noted
that F0 and F3 which did not carry any P had the minimum effect on mean increase in root length
however, effectiveness of inoculation was more in these treatments than F2 and F4. The
interactive effect of strain and fertilizer was significant. The maximum root length was recorded
in K5xF4 and minimum in K4xF0. In case of uninoculated treatments K0xF2 resulted in
maximum while K0xF0 and F1 in minimum root length. (K5 and K6) promoted root length
significantly by 278, 478, 82, 257 and 175% over respective uninoculated control in F0 (N K
only), F1 (F0+RP), F2 (F0+DAP), F3 (F0+compost) and F4
4.6.2.2.5.

[P] and P-uptake in maize

4.6.2.2.5.1. [P] in stover (%)
The effect of PGPR strains possessing phosphate solubilizing and/or ACC-deaminase
activity for improving P-concentration of maize stover (air dry weight) grown in pots is apparent
from the data given in Table 4.35. The results revealed that all the five tested rhizobacterial
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Table 4.34. Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate solubilizing and/or ACC-deaminase activity for
improving root length (m) of maize grown in pots
Fertilizer Treatments***
Isolates****
F0

F1

F2

F3

F4

Mean

K0

9.9 (0)*

9.9 (0)

37.1 (0)

14.5 (0)

27.5 (0)

19.8 G

K1

20.3 (104)

44.4 (349)

53.1 (43)

36.6 (152)

57.2 (108)

42.3 C

K2

17.2 (74)

40.9 (314)

49.4 (33)

33.3 (129)

53.6 (95)

38.9 D

K3

16.6 (67)

36.3 (268)

47.8 (29)

31.4 (116)

51.0 (85)

36.6 E

K4

11.5 (16)

29.9 (203)

44.5 (20)

28.1 (93)

49.3 (79)

32.7 F

K5

37.5 (278)

57.1 (478)

67.5 (82)

51.9 (257)

75.7 (175)

57.9 A

K6

34.3 (246)

54.2 (449)

64.0 (73)

50.1 (245)

72.6 (164)

55.1 B

Mean

21.0 E

39.0 C

51.9 A

35.1 D

55.3 B

S

F

LSD at p = 0.05

S×F

0.9520**
1.1265**
2.5188**
*
% increased over respective uninoculated control (K0)
** Significant at P < 0.05
*** F0, N K only; F1, F0+RP; F2, F0+DAP; F3, F0+compost; F4, F0+RP enriched compost
**** Control, K0; ACC-deaminase strains, K1 and K2; P-solubilizing strains, K3 and K4; dual activities strains, K5 and K6
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Fig. 4.15.

Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate

solubilizing and/or ACC-deaminase activity for improving root growth of maize grown in pots
amended with rock phosphate.
* K0, Uninoculated; K1, Strain with high ACC-deaminase activity; K3, Strain with high P-solubilizing
activity; K5, Strain with dual activity
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strains

increased the P-concentration of maize stover under all the fertilizer treatments over

respective uninoculated control but that effectiveness of inoculation varied significantly among
the each fertilizer treatment and found statistically significant(p<0.05). It was observed that
rhizobacterial strains possessing high dual activity (ACC-deaminase plus P-solubilizing activity)
were more effective in promoting P-concentration of maize stover than those carrying either of
the two activities under all the five fertilizer treatments. High dual activity strains (K5, K6)
promoted P-concentrations of maize stover significantly upto 460, 592, 142, 399 and 212% over
respective uninoculated control in F0 (N K only), F1 (F0+RP), F2 (F0+DAP), F3 (F0+compost)
and F4 (F0+RP enriched compost) respectively. On the other hand single trait activity strains
having phosphorus solubilizing activity performed better than those containing ACC-deaminase
activity with respect to enhancing P- concentration in maize stover. Rhizobacterial strains
possessing P-solubilizing activity (K3, K4) increased the P-concentrations of maize stover by
160, 277, 22, 147 and 60% over respective uninoculated control in F0, F1, F2, F3 and F4,
respectively. The PGPR strains with sole ACC-deaminase activity (K1, K2) enhanced the Pconcentrations of maize stover by 91, 183, 14, 75 and 27% over the respective uninoculated
control in F0, F1, F2, F3 and F4, respectively.
Comparison of fertilizer treatments showed that the highest P-concentrations (%)
were found in F2 (0.32) followed by F4 (0.28), F1 (0.23), F3 (0.20) and F0 (0.16) in descending
order and effect was statistically significant. The cumulative effectiveness of inoculation was
found maximum in F1 where 329% mean increase in P-concentration of maize stover over the
respective uninoculated control was recorded, whereas the minimum effect of inoculation was
observed in F2 where 54% mean increase in P-concentration in the maize stover over respective
uninoculated control was recorded. It was noted that F0 and F3 which did not carry any P had the
minimum effect on mean increase in P-concentration by maize stover however, effectiveness of
inoculation was more in these treatments than F2 and F4. The interactive effect of strain and
fertilizer was significant. The maximum P-concentration was recorded in K5xF2 and minimum in
K2xF0. In case of uninoculated treatments K0xF2 resulted in maximum while K0xF0 and F1 in
minimum P-concentration.
4.6.2.2.5.2. P-uptake by stover
The effect of selected strains of rhizobacteria possessing phosphate solubilizing
and/or ACC-deaminase activity for improving P-uptake of maize stover (air dried) grown in pots
is manifested from the data given in Table 4.36. Results revealed that all the tested rhizobacterial
strains increased the P-uptake of maize stover under all the fertilizer treatments over respective
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Table 4.35. Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate solubilizing and/or ACC-deaminase activity on [P]
(%) in maize stover (air dried) grown in pots
Fertilizer Treatments***
Isolates****
F0

F1

F2

F3

F4

Mean

K0

0.06 (0)*

0.06 (0)

0.22 (0)

0.08 (0)

0.16 (0)

0.12 G

K1

0.11 (91)

0.17 (183)

0.25 (14)

0.14 (75)

0.20 (27)

0.17 E

K2

0.09 (48)

0.14 (128)

0.23 (7)

0.11 (43)

0.19 (25)

0.15 F

K3

0.16 (160)

0.23 (277)

0.27 (22)

0.20 (147)

0.25 (60)

0.22 C

K4

0.12 (106)

0.20 (235)

0.26 (16)

0.17 (113)

0.22 (39)

0.19 D

K5

0.33 (460)

0.41 (592)

0.53 (142)

0.40 (399)

0.49 (212)

0.43 A

K6

0.27 (350)

0.39 (558)

0.49 (123)

0.31 (289)

0.44 (182)

0.38 B

Mean

0.16 E

0.23 C

0.32 A

0.20 D

0.28 B

S

F

LSD at p = 0.05

S×F

0.0179**
0.0151**
0.0400**
*
% increased over respective uninoculated control (K0)
** Significant at P < 0.05
*** F0, N K only; F1, F0+RP; F2, F0+DAP; F3, F0+compost; F4, F0+RP enriched compost
**** Control, K0; ACC-deaminase strains, K1 and K2; P-solubilizing strains, K3 and K4; dual activities strains, K5 and K6
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Table 4.36.

Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate solubilizing and/or ACC-deaminase activity on P

uptake (mg per pot) of maize stover (air dried) grown in pots
Fertilizer Treatments***
Isolates****
F0

F1

F2

F3

F4

Mean

K0

7.3 (0)*

7.3 (0)

48.7 (0)

10.8 (0)

26.1 (0)

20.1 G

K1

19.7 (170)

38.3 (423)

63.5 (30)

27.3 (153)

48.4 (85)

39.5 E

K2

12.8 (75)

25.7 (251)

61.1 (25)

19.7 (82)

40.8 (56)

32.0 F

K3

30.1 (314)

55.7 (661)

77.0 (58)

45.7 (322)

66.1 (153)

54.9 C

K4

22.6 (210)

48.2 (558)

68.1 (40)

35.9 (232)

56.0 (114)

46.2 D

K5

91.7 (1159)

143.5 (1859)

210.8 (332)

131.7 (1116)

181.5 (595)

151.8 A

K6

68.2 (837)

125.0 (1607)

172.0 (253)

95.1 (778)

143.5 (449)

120.8 B

Mean

36.1 E

63.4 C

100.2 A

52.3 D

80.4 B

S

F

LSD at p = 0.05

S×F

5.2409**
6.2012**
13.866**
*
% increased over respective uninoculated control (K0)
** Significant at P < 0.05
*** F0, N K only; F1, F0+RP; F2, F0+DAP; F3, F0+compost; F4, F0+RP enriched compost
**** Control, K0; ACC-deaminase strains, K1 and K2; P-solubilizing strains, K3 and K4; dual activities strains, K5 and K6
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uninoculated control. However, effectiveness of inoculation varied in each fertilizer treatment and
found statistically significant (p<0.05). It was observed that rhizobacterial strains possessing high
dual activity (ACC-deaminase plus P-solubilizing activity) were more effective in promoting Puptake of maize stover than those carrying either of the two activities under all the five fertilizer
treatments. High dual activity strains (K5, K6) promoted P-uptake by stover significantly upto
1159, 1859, 332, 1116 and 595% over the respective uninoculated control in F0 (N K only), F1
(F0+RP), F2 (F0+DAP), F3 (F0+compost) and F4 (RP+copost) respectively. Among the strains
having high single trait activity, those possess phosphorus solubilizing activity achieved better
than those containing ACC-deaminase activity with respect to enhancing P-uptake of maize
stover. Rhizobacterial strains possessing high P-solubilizing activity (K3, K4) increased the Puptake of maize stover upto 314, 661, 58, 322 and 153% over uninoculated control in F0, F1, F2,
F3 and F4, respectively. PGPR with only ACC-deaminase activity (K1, K2) enhanced the Puptake of maize stover upto 170, 423, 30, 152 and 85% over respective uninoculated control in
F0, F1, F2, F3 and F4, respectively.
Means of fertilizer treatments showed that the highest P-uptake (mg pot-1) by stover
was found in F2 (100.1) followed by F4 (80.4), F1 (63.4), F3 (52.3) and F0 (36.0) in descending
order and treatments were statistically different. The cumulative effectiveness of inoculation was
found maximum in F1 where 893% mean increase in P-uptake of maize stover over the respective
uninoculated control was recorded. In contrast, the minimum cumulative effect of inoculation was
recorded in F2 where only 123% mean increase in P-uptake by maize stover over the respective
uninoculated control was observed. It was noted that the minimum mean increase in P-uptake by
stover was observed in (F0 and F3) which did not add P to soil but % increase caused by
inoculation in these treatments was more than that recorded in case of P carrying treatments (F2
and F4). The interactive effect of strain and fertilizer was significant. The maximum P-uptake
was recorded in K5xF2 and minimum in K2xF0. In case of uninoculated treatments K0xF2
resulted in maximum while K0xF0 and F1 in minimum P-uptake.
4.6.2.3

Study 3 (field trial on maize)
The same six PGPR strains used in pot trials were further evaluated in field trial for

their effectiveness to promote growth and yield of maize.
4.6.2.3.1.

Plant height (cm)
The effect of selected strains of PGPR differing in phosphate solubilizing
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Table 4.37. Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate solubilizing and/or ACC-deaminase activity on plant
height (cm) of maize grown under field conditions
Fertilizer Treatments***
Isolates****
F0

F1

F2

F3

F4

Mean

K0

45.3 (0)*

45.5 (0)

89.8 (0)

67.3 (0)

79.0 (0)

65.4 F

K1

51.0 (12)

84.7 (86)

104.0 (16)

73.2 (9)

89.7 (14)

80.5 DE

K2

49.3 (9)

81.3 (79)

102.7 (14)

67.8 (1)

86.9 (10)

77.6 E

K3

61.0 (35)

87.3 (92)

107.0 (19)

75.7 (12)

93.0 (18)

84.8 C

K4

57.7 (27)

86.7 (91)

105.7 (18)

74.0 (10)

91.7 (16)

83.1 CD

K5

78.3 (73)

100.0 (120)

126.3 (41)

96.3 (43)

110.6 (40)

102.3 A

K6

74.7 (65)

97.7 (115)

125.0 (39)

85.5 (27)

105.0 (33)

97.6 B

Mean

59.6 E

83.3 C

108.6 A

77.1 D

93.7 B

S

F

LSD at p = 0.05

S×F

3.3892**
2.8644**
7.5784**
*
% increased over respective uninoculated control (K0)
** Significant at P < 0.05
*** F0, N K only; F1, F0+RP; F2, F0+DAP; F3, F0+compost; F4, F0+RP enriched compost
**** Control, K0; ACC-deaminase strains, K1 and K2; P-solubilizing strains, K3 and K4; dual activities strains, K5 and K6
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and/or ACC-deaminase activity on plant height of maize grown under field conditions is
manifested from the data given in the Table 4.37. Results revealed that all the PGPR isolates
increased the plant height under all the fertilizer treatments over respective uninoculated control,
however efficacy of inoculation varied significantly (p<0.5) among the fertilizer treatments.
PGPR isolates possessing high dual activity (ACC-deaminase plus P-solubilizing activity) were
more effective in promoting plant height of maize than those carrying either of the two activities
under all the five fertilizer treatments. High dual activity strains (K5, K6) promoted plant height
significantly upto 73, 120, 41, 43 and 40% over respective uninoculated control in F0 (N K only),
F1 (F0+RP), F2 (F0+DAP), F3 (F0+compost) and F4 (F0+RP enriched compost) respectively.
Among the strains having high single trait activity, those carry P solubilizing activity performed
better than containing ACC-deaminase activity with respect to enhancing plant height of maize.
Rhizobacterial strains possessing high P-solubilizing activity (K3, K4) increased the plant height
by 35, 92, 19, 12 and 18% over respective uninoculated control in F0, F1, F2, F3 and F4,
respectively. PGPR with sole ACC-deaminase activity (K1, K2) enhanced the plant height upto
12, 86, 16, 9 and 14% over respective uninoculated control in F0, F1, F2, F3 and F4, respectively.
Comparison of fertilizer treatments showed that the highest plant height (cm) was
produced in F2 (108.6) followed by F4 (93.7), F1 (83.3), F3 (77.1) and F0 (59.6) in descending
order and the effect was statistically significant. However, cumulative effectiveness of
inoculation was found maximum in F1 where 97% mean increase in plant height over respective
uninoculated control was recorded. In contrast, the minimum cumulative effect of inoculation was
observed in F3 where 17% mean increase in plant height over uninoculated control was recorded.
It is to note that F0 (N K only) and F3 (F0+compost) which did not carry any P had the minimum
effect on mean increase in plant height. The interactive effect of strain and fertilizer was
statistically significant (p<0.05). The maximum plant height was recorded in K5xF2 and
minimum in K2xF0. In case of uninoculated treatments K0xF2 resulted in maximum while
K0xF0 in minimum plant height.
4.6.2.3.2.

Cob weight (ton ha-1), length (cm) and number of kernels cob-1
The effect of different PGPR isolates on dry cob weight (Fig. 4.16) of maize grown

under field conditions is reported in Table 4.38. Striking results showed that all the PGPR isolates
increased the dry cob weight under all the fertilizer treatments. Effectiveness of inoculation
varied among each fertilizer treatment such that PGPR isolates possessing high dual activity
(ACC-deaminase plus P-solubilizing activity) were more effective in promoting dry cob weight
of maize than those carrying either of the two activities alone under each of the tested fertilizer
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Table 4.38. Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate solubilizing and/or ACC-deaminase activity on dry
cob weight (ton ha-1) of maize grown under field conditions
Fertilizer Treatments***
Isolates****
F0

F1

F2

F3

F4

Mean

K0

7.2 (0) (0)*

7.2 (0)

14.8 (0)

9.1 (0)

12.6 (0)

10.2 F

K1

9.6 (34)

14.0 (94)

17.6 (19)

13.5 (48)

16.0 (26)

14.2 DE

K2

8.8 (23)

13.7 (89

17.5 (18)

13.4 (47)

15.7 (25)

13.8 E

K3

10.1 (40)

14.9 (106)

18.2 (23)

14.1 (55)

16.7 (28)

14.7 C

K4

9.9 (38)

14.7 (103)

17.8 (20)

13.9 (52)

16.1 (28)

14.5 CD

K5

12.8 (78.2)

16.4 (127.1)

21.0 (41)

15.9 (74)

18.1 (43)

16.8 A

K6

12.4 (71.8)

16.0 (120.7)

20.6 (38.5)

15.6 (70.4)

17.1 (36)

16.3 B

Mean

10.1 D

13.8 C

18.2 A

13.7 C

16.0 B

S

F

LSD at p = 0.05

S×F

0.5383**
0.4550**
1.2037**
*
% increased over respective uninoculated control (K0)
** Significant at P < 0.05
*** F0, N K only; F1, F0+RP; F2, F0+DAP; F3, F0+compost; F4, F0+RP enriched compost
**** Control, K0; ACC-deaminase strains, K1 and K2; P-solubilizing strains, K3 and K4; dual activities strains, K5 and K6
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treatments. High dual activity strains (K5, K6) promoted dry cob weight significantly upto 78,
127, 41, 74 and 43% over respective uninoculated control in F0 (N K only), F1 (F0+RP), F2
(F0+DAP), F3 (F0+compost) and F4 (F0+RP enriched compost) respectively. Among single trait
strains, those with phosphorus solubilizing activity gave better results than those containing
ACC-deaminase activity with respect to enhancing dry cob weight (ton ha-1) of maize.
Rhizobacterial strains possessing high P-solubilizing activity (K3, K4) increased the dry cob
weight upto 40, 106, 23, 55 and 28% over respective uninoculated control in F0, F1, F2, F3 and
F4, respectively. PGPR with sole ACC-deaminase activity (K1, K2) enhanced the dry cob weight
upto 34, 94, 18, 48 and 26% over respective uninoculated control in F0, F1, F2, F3 and F4,
respectively.
When means of fertilizer treatments compared it was found that the highest cob
weight (ton ha-1) was produced in F2 (18.2) followed by F4 (16.0), F1 (13.9), F3 (13.7) and F0
(10.1) in descending order, with statistically significant differences among treatments. However,
cumulative effectiveness of inoculation was greatest in F1 where 107% mean increase in dry
cobweight over the respective uninoculated control was recorded. In contrast, the minimum
cumulative effect of inoculation was recorded in F2 where only 26% mean increase over the
respective uninoculated control was recorded. It was noted that F0 and F3 which did not carry
any P had the minimum effect on mean increase in cob weight however, effectiveness of
inoculation was more in these treatments than F2 and F4. The interactive effect of strain and
fertilizer was statistically significant (p<0.05). The maximum dry cob weight was recorded in
K5xF2 and minimum in K2xF0. In case of uninoculated treatments K0xF2 resulted in maximum
while K0xF0 and F1 in minimum dry cob weight.
Similar to cob weight cob length was also affected by PGPR inoculation and fertilizer
trearments (Fig.4.16, Table 4.39). Results revealed that all the PGPR isolates increased the cob
length (cm) under all the fertilizer treatments over respective uninoculated control. Effectiveness
of inoculation varied in each fertilizer treatment at p<0.05. PGPR isolates possessing dual activity
(ACC-deaminase plus P-solubilizing activity) were more effective in promoting cob length (cm)
of maize than others. High dual activity strains (K5, K6) promoted cob length significantly by 56,
63, 38, 69 and 52% over the respective uninoculated control in F0 (N K only), F1 (F0+RP), F2
(F0+DAP), F3 (F0+compost) and F4 (RP + compost) respectively. However, among the strains
having high single trait activity, those carrying phosphorus solubilizing activity were more
promising than those containing ACC-deaminase activity with respect to enhancing cob length
(cm) of maize. Isolates possessing high P-solubilizing activity (K3, K4) increased the cob length
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Table 4.39. Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate solubilizing and/or ACC-deaminase activity on cob
length (cm) of maize grown under field conditions
Fertilizer Treatments***
Isolates****
F0

F1

F2

F3

F4

Mean

K0

10.0 (0)*

11.0 (0)

15.9 (0)

10.4 (0)

13.3 (0)

12.1 F

K1

13.4 (34)

16.7 (52)

19.3 (21)

14.6 (40)

17.6 (32)

16.3 D

K2

12.4 (24)

15.7 (43)

18.8 (18)

13.1 (26)

16.8 (26)

15.3 E

K3

14.3 (42)

17.0 (55)

19.8 (24)

15.3 (48)

18.1 (36)

16.9 C

K4

14.2 (42)

16.8 (54)

19.4 (22)

14.9 (44)

17.8 (33)

16.6 CD

K5

15.7 (56)

17.9 (63)

22.0 (38)

17.5 (69)

20.3 (52)

18.7 A

K6

15.6 (56)

17.8 (62)

21.5 (35)

16.6 (60)

19.5 (47)

18.2 B

Mean

13.6 E

16.1 C

19.5 A

14.6 D

17.6 B

S

F

LSD at p = 0.05

S×F

0.3495**
0.2954**
0.7816**
*
% increased over respective uninoculated control (K0)
** Significant at P < 0.05
*** F0, N K only; F1, F0+RP; F2, F0+DAP; F3, F0+compost; F4, F0+RP enriched compost
**** Control, K0; ACC-deaminase strains, K1 and K2; P-solubilizing strains, K3 and K4; dual activities strains, K5 and K6
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upto 42, 55, 24, 48 and 36% over respective uninoculated control in F0, F1, F2, F3 and F4,
respectively. In contrast, PGPR with sole ACC-deaminase activity (K1, K2) enhanced the cob
length upto 34, 52, 21, 41 and 32% over respective uninoculated control in F0, F1, F2, F3 and F4,
respectively.
Comparison of fertilizer treatments exhibited that the highest cob length (cm) was
produced in F2 (19.5) followed by F4 (17.6), F1 (16.1), F3 (14.6) and F0 (13.6) in descending
order. However, cumulative effectiveness of inoculation was found maximum in F1 where 55%
mean increase in cob length over respective uninoculated control was recorded. In contrast, the
minimum cumulative effect of inoculation was observed in F2 where 26% mean increase in cob
length (cm) over respective uninoculated control was recorded. It was noted that the minimum
mean increase in cob length was observed in F0 and F3 which did not add P to soil but % increase
caused by inoculation in these treatments was more than that recorded in case of P carrying
treatments (F2 and F4). The interactive effect of strain and fertilizer was statistically significant
(p<0.05). The maximum cob length was recorded in K5xF2 and minimum in K2xF0. In case of
uninoculated treatments K0xF2 resulted in maximum while K0xF0 in minimum cob length.
Like cob weight and length, the number of kernels cob-1 was also positively affected
by PGPR inoculation and fertilizer treatments (Table 4.40) Results expressed that all the PGPR
isolates increased the number of kernels cob-1 under all the fertilizer treatments over respective
uninoculated control. It was worth to note that the vigor of kernels of inoculated plant was better
compared to kennels of uninoculated plants (Fig. 4.17). Effectiveness of inoculation varied in
each fertilizer treatment. It was observed that PGPR isolates possessing high dual activity (ACCdeaminase plus P-solubilizing activity) were more effective in promoting number of kernels cob-1
of maize than those carrying either of the two activities under all the tested fertilizer treatments.
High dual activity strains (K5, K6) promoted a greater number of kernels cob-1 significantly upto
124, 144, 84, 135 and 98% over respective uninoculated control in F0 (N K only), F1 (F0+RP),
F2 (F0+DAP), F3 (F0+compost) and F4 (F0+RP enriched compost) respectively. Among the
strains having high single trait activity, those with only phosphorus solubilizing activity yielded
better than those containing ACC-deaminase activity with respect to enhancing number of kernels
cob-1 of maize. Rhizobacterial strains possessing high P-solubilizing activity (K3, K4) increased
number of kernels cob-1 upto 67, 95, 39, 81 and 53% over respective uninoculated control in F0,
F1, F2, F3 and F4, respectively. In contrast, PGPR with sole ACC-deaminase activity (K1, K2)
enhanced the number of kernels cob-1 yield upto 49, 76, 36, 70 and 48% over respective
uninoculated control in F0, F1, F2, F3 and F4, respectively.
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Table 4.40.

Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate solubilizing and/or ACC-deaminase activity on

number of kernels cob-1 of maize under field conditions
Fertilizer Treatments***
Isolates****
F0

F1

F2

F3

F4

Mean

K0

183.2 (0)*

218.2 (0)

394.2 (0)

208.5 (0)

320.3 (0)

264.9 F

K1

273.8 (49)

383.3 (76)

536.5 (36)

354.8 (70)

473.8 (48)

404.4 D

K2

248.5 (36)

377.4 (73)

503.8 (28)

338.3 (62)

447.3 (40)

383.0 E

K3

306.3 (67)

424.5 (95)

547.2 (39)

376.8 (81)

489.3 (53)

430.9 C

K4

294.0 (60)

421.8 (93)

548.1 (39)

358.5 (72)

486.0 (52)

419.6 C

K5

411.1 (124)

532.0 (144)

726.5 (84)

490.7 (135)

633.5 (98)

558.8 B

K6

388.0 (112)

507.4 (133)

664.4 (69)

449.2 (115)

586.6 (83)

519.1 A

Mean

300.7 E

409.2 C

560.1 A

368.1 D

490.9 B

S

F

LSD at p = 0.05

S×F

9.7885**
11.582**
25.898**
*
% increased over respective uninoculated control (K0)
** Significant at P < 0.05
*** F0, N K only; F1, F0+RP; F2, F0+DAP; F3, F0+compost; F4, F0+RP enriched compost
**** Control, K0; ACC-deaminase strains, K1 and K2; P-solubilizing strains, K3 and K4; dual activities strains, K5 and K6
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ACC-deaminase strain
K1*

K0

Phosphate solubilizing strain Dual activity strain
K3

K0

K5

K0

Strains

Fig. 4.16. Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate
solubilizing and/or ACC-deaminase activity for improving size of cobs grown under field
conditions
* K0, Uninoculated; K1, Strain with high ACC-deaminase activity; K3, Strain with high P-solubilizing
activity; K5, Strain with dual activity
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Comparison of fertilizer treatments showed that the highest number of kernels cob-1
was produced in F2 (560.1) followed by F4 (490.9), F1 (409.2), F3 (368.1) and F0 (300.7) in
descending order. It was found statistically significant. Cumulative effectiveness of inoculation
was found maximum in F1 where 102% mean increase in number of kernels cob-1 over
respective uninoculated control was recorded. Whereas, the minimum cumulative effect of
inoculation was observed in F2 where 49% mean increase in number of kernels cob-1 yield over
uninoculated control was recorded. It was noted that F0 and F3 which did not carry any P had the
minimum effect on mean increase in kernels cob-1 however, effectiveness of inoculation was
more in these treatments than F2 and F4. The interactive effect of strain and fertilizer was
statistically significant (p<0.05). The maximum number of kernels cob-1 was recorded in K5xF2
and minimum in K2xF0. In case of uninoculated treatments K0xF2 resulted in maximum while
K0xF0 in minimum number of kernels cob-1.

4.6.2.3.4. Hundred kernel weight (g)
The effect of PGPR isolates on 100 kernel weight of maize grown under field
conditions is evident from the data given in the Table 4.41. The data conveyed that all the PGPR
isolates increased the 100 kernel weight under all the fertilizer treatments over respective
uninoculated control. Effectiveness of inoculation varied in each fertilizer treatment. It was
observed that PGPR isolates possessing high dual activity were more effective in promoting 100
kernel weight of maize than other strains. High dual activity strains (K5, K6) promoted 100
kernel weight significantly upto 36, 38, 38, 31 and 32% over respective uninoculated control in
F0 (N K only), F1 (F0+RP), F2 (F0+DAP), F3 (F0+compost) and F4 (F0+RP enriched compost)
respectively. On the other hand, the strains with only phosphorus solubilizing activity produced
better than those containing ACC-deaminase activity with respect to enhancing 100 kernel weight
of maize. Isolates possessing high P-solubilizing activity (K3, K4) increased 100 kernel weights
upto 17, 21, 9, 13 and 11% over the respective uninoculated control in F0, F1, F2, F3 and F4,
respectively. PGPR with sole ACC-deaminase activity (K1, K2) enhanced the 100 kernel weight
upto 9, 16, 4, 6 and 7% over respective uninoculated control in F0, F1, F2, F3 and F4,
respectively.
Comparison of fertilizer treatments revealed that the highest 100 kernel weight (g)
was produced in F2 (24.9) followed by F4 (24.3), F1 (23.5), F3 (23.4) and F0 (22.7) in
descending order and was statistically significant. Cumulative effectiveness of inoculation was
found maximum in F1where 23% mean increase in 100 kernel weight over the respective
uninoculated control was recorded. In contrast, the minimum cumulative effect of inoculation was

132

Table 4.41. Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate solubilizing and/or ACC-deaminase activity on 100
kernel weight (g) of maize grown under field conditions
Fertilizer Treatments***
Isolates****
F0

F1

F2

F3

F4

Mean

K0

19.5 (0)*

19.6 (0)

22.3 (0)

20.7 (0)

21.6 (0)

20.8 G

K1

21.4 (9)

22.8 (16)

23.2 (4)

22.0 (6)

23.0 (6)

22.5 E

K2

20.8 (7)

21.3 (8)

22.9 (3)

20.8 (0)

22.6 (5)

21.7 F

K3

22.8 (17)

23.8 (21)

24.2 (9)

23.5 (13)

24.0 (11)

23.7 C

K4

22.0 (13)

22.9 (17)

23.8 (7)

23.3 (12)

23.4 (9)

23.1 D

K5

26.6 (36)

27.2 (38)

30.7 (38)

27.1 (31)

28.5 (32)

28.0 A

K6

25.4 (30)

26.8 (36)

27.5 (23)

26.4 (27)

26.9 (25)

26.6 B

Mean

22.7 D

23.5 C

24.9 A

23.4 C

24.3 B

S

F

LSD at p = 0.05

S×F

0.4768**
0.4030**
1.0662**
*
% increased over respective uninoculated control (K0)
** Significant at P < 0.05
*** F0, N K only; F1, F0+RP; F2, F0+DAP; F3, F0+compost; F4, F0+RP enriched compost
**** Control, K0; ACC-deaminase strains, K1 and K2; P-solubilizing strains, K3 and K4; dual activities strains, K5 and K6
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Inoculated

Uninoculated

Fig. 4.17 a. Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate solubilizing
and/or ACC-deaminase activity for improving vigor of wheat grain grown under field conditions

Uninoculated

Inoculated

Fig. 4.17 b. Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate solubilizing
and/or ACC-deaminase activity for improving vigor of maize kernel grown under field conditions
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observed in F2 where 14% mean increase in 100 kernel weight over respective uninoculated
control was recorded. It was noted that F0 and F3 which did not carry any P had the minimum
effect on mean increase in 100 kernel weight however; effectiveness of inoculation was more in
these treatments than F2 and F4. The interactive effect of strain and fertilizer was statistically
significant (p<0.05). The maximum 100 kernel weight was recorded in K5xF2 and minimum in
K2xF0. In case of uninoculated treatments K0xF2 resulted in maximum while K0xF0 and F1 in
minimum 100 kernels weight.

4.6.2.3.4. Kernel yield (ton ha-1)
The effect of selected strains of rhizobacteria differing in phosphate solubilizing
and/or ACC-deaminase activity potential on kernel yield of maize grown under field conditions is
reflected from the data given in the Fig. 4.18. The results showed that all the PGPR isolates
increased the kernel yield under all the fertilizer treatments over respective uninoculated control;
however effectiveness of inoculation varied in each fertilizer treatment. It was observed that
PGPR isolates possessing high dual activity (ACC-deaminase plus P-solubilizing activity) were
more effective in promoting kernel yield of maize than those carrying either of the two activities
under all the

tested fertilizer treatments. High dual activity strains (K5, K6) promoted kernel

yield significantly upto 91, 141, 50, 107 and 57% over the respective uninoculated control in F0
(N K only), F1 (F0+RP), F2 (F0+DAP), F3 (F0+compost) and F4 (F0+RP enriched compost)
respectively. Similarly, among the strains having high single trait activity, those having
phosphorus solubilizing activity found superior than those containing ACC-deaminase activity
with respect to enhancing kernel yield of maize. Rhizobacterial strains possessing high Psolubilizing activity (K3, K4) increased the kernel yield upto 48, 112, 28, 76 and 3% over
respective uninoculated control in F0, F1, F2, F3 and F4, respectively. In comparison, PGPR with
sole ACC-deaminase activity (K1, K2) enhanced the kernel yield upto 41, 99, 24, 69 and 34%
over respective uninoculated control in F0, F1, F2, F3 and F4, respectively.
When the over all effect of treatments was compared, it was found that the highest
kernel yield (ton ha-1) was produced in F2 (14.0) followed by F4 (12.4), F1 (10.8), F3 (10.4) and
F0 (7.9) in descending order and statistically found significant. Cumulative effectiveness of
inoculation was found maximum in F1 where 114% mean increase in kernel yield increase over
the respective uninoculated control was recorded whereas the least effect of cumulative
effectiveness was observed in F2 in which only 32% mean increase in kernel yield over the
respective uninoculated control was recorded. It was noted that the minimum mean increase in
kernel yield was observed in F0 and F3 which did not add P to soil but % increase caused by
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Fig. 4.18. Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate solubilizing and/or ACC-deaminase activity on kernel
yield (ton ha-1) of maize grown under field conditions
K0
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*
Values on bars are % increased over respective uninoculated control (K0)
** LSD at P < 0.05: 0.4041 (strain); 0.3407 (fertilizer); 0.9014 (SxF)
*** F0, N K only; F1, F0+RP; F2, F0+DAP; F3, F0+compost; F4, F0+RP enriched compost
**** Control, K0; ACC-deaminase strains, K1 and K2; P-solubilizing strains, K3 and K4; dual activities strains, K5 and K6
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F4

inoculation in these treatments was more than that recorded in case of P carrying treatments (F2
and F4). The interactive effect of strain and fertilizer was statistically significant (p<0.05). The
maximum kernel yield was recorded in K5xF2 and minimum in K2xF0. In case of uninoculated
treatments K0xF2 resulted in maximum while K0xF0 and F1 in minimum kernel yield.
4.6.2.3.5.

Fresh and dry biomass (ton ha-1)
Data regarding the effect of PGPR strains differing in phosphate solubilizing and/or

ACC-deaminase activity potential on fresh biomass of maize grown under field conditions are
summarized in the Fig. 4.19. It was very clear from the results that all the PGPR isolates
increased the fresh biomass under all the fertilizer treatments over respective uninoculated
control. However, effectiveness of inoculation varied in each fertilizer treatment. It was observed
that PGPR isolates possessing high dual activity (ACC-deaminase plus P-solubilizing activity)
were more effective in promoting fresh biomass of maize than those carrying either of the two
activities under all the tested fertilizer treatments. High dual activity strains (K5, K6) promoted
fresh biomass significantly upto 124, 140, 47, 106 and 69% over respective uninoculated control
in F0 (N K only), F1 (F0+RP), F2 (F0+DAP), F3 (F0+compost) and F4 (F0+RP enriched
compost) respectively. Among the strains having high single trait activity, those possessing
phosphorus solubilizing activity performed better than those containing ACC-deaminase activity
with respect to enhancing fresh biomass of maize. Rhizobacterial strains possessing high Psolubilizing activity (K3, K4) increased the fresh biomass upto 56, 100, 31, 70 and 46% over
respective uninoculated control in F0, F1, F2, F3 and F4, respectively. While, PGPR strains with
sole ACC-deaminase activity (K1, K2) enhanced the fresh biomass upto 36, 95, 23, 61 and 38%
over respective uninoculated control in F0, F1, F2, F3 and F4, respectively.
Comparison of fertilizer treatments showed that the highest fresh biomass (ton ha-1)
was produced in F2 (86.4) followed by F4 (76.8), F1 (70.2), F3 (65.8) and F0 (56.1) in descending
order. Cumulative effectiveness of inoculation was greatest in treatment F1 in which there was a
108% mean increase in fresh biomass over the respective uninoculated was recorded. In contrast,
the minimum cumulative effect of inoculation was recorded in F2 where only 31% mean increase
over the respective uninoculated control was recorded. It was noted that F0 and F3 which did not
carry any P had the minimum effect on mean increase in fresh biomass however, effectiveness of
inoculation was more in these treatments than F2 and F4. The interactive effect of strain and
fertilizer was statistically significant (p<0.05). The highest fresh biomass was recorded in K5xF2
and minimum in K2xF0. In case of uninoculated treatments K0xF2 resulted in maximum while
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Fig. 4.19. Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate solubilizing and/or ACC-deaminase activity on fresh
biomass (ton ha-1) of maize grown under field conditions
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138

F4

K0xF0 in minimum fresh biomass.
Data regarding dry biomass of maize as influenced by PGPR strains under different
fertilizer treatments are given in the Fig. 4.20. It was noted that all the isolates increased the dry
biomass under each of the fertilizer treatments as compared to the uninoculated control.
Effectiveness of inoculation varied for each fertilizer treatment at p<0.05. It was recorded that
PGPR isolates possessing high dual activity (ACC-deaminase plus P-solubilizing activity) were
more effective in promoting dry biomass of maize than those carrying either of the two activities
under all the five fertilizer treatments. High dual activity strains (K5, K6) promoted dry biomass
significantly by 46, 92, 28, 65 and 39% over respective uninoculated control in F0 (N K only), F1
(F0+RP), F2 (F0+DAP), F3 (F0+compost) and F4 (F0+RP enriched compost) respectively.
However, the strains carrying phosphorus solubilizing activity only performed better than those
containing sole ACC-deaminase activity with respect to enhancing dry biomass of maize. Isolates
possessing high P-solubilizing activity (K3, K4) increased the dry biomass upto 21, 71, 13, 51
and 25% over respective uninoculated control in F0, F1, F2, F3 and F4, respectively. PGPR with
sole ACC-deaminase activity (K1, K2) enhanced the dry biomass upto 27, 76, 16, 48 and 26%
over respective uninoculated control in F0, F1, F2, F3 and F4, respectively.
Means of fertilizer treatments revealed that the highest dry biomass (ton ha-1) was
produced in F2 (28.8) followed by F4 (26.5), F1 (24.8), F3 (22.6) and F0 (19.2) in descending
order and statistically found significant. However, cumulative effectiveness of inoculation was
found in F1 where 97% mean increase in dry biomass over respective uninoculated control was
recorded. In contrast, the minimum cumulative effect of inoculation was observed in F2
(F0+DAP) where 52% mean over uninoculated control was recorded. It was noted that the
minimum mean increase in dry biomass was observed in F0 and F3 which did not add P to soil
but % increase caused by inoculation in these treatments was more than that recorded in case of P
carrying treatments (F2 and F4). The interactive effect of strain and fertilizer was statistically
significant (p<0.05). The maximum dry biomass was recorded in K5xF2 and minimum in K2xF0.
In case of uninoculated treatments K0xF2 resulted in maximum while K0xF1 in minimum dry
biomass.
4.6.2.3.6

Harvest index (HI)
Data regarding the effect of selected strains of rhizobacteria differing in phosphate

solubilizing and/or ACC-deaminase activity potential on harvest index (HI) of maize grown under
field conditions were highly positive (Table 4.42). The results showed that all the PGPR isolates
increased the HI under all the fertilizer treatments over the respective uninoculated control.
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Fig. 4.20.

Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate solubilizing and/or ACC-deaminase activity on dry

biomass (ton ha-1) of maize grown under field conditions
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F4

Table 4.42.

Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate solubilizing and/or ACC-deaminase activity on

harvest index (%) of maize grown under field conditions
Fertilizer Treatments***
Isolates****
F0

F1

F2

F3

F4

Mean

K0

23.2 (0)*

24.1 (0)

27.3 (0)

25.3 (0)

26.5 (0)

25.3 C

K1

26.9 (16)

28.1 (17)

30.0 (10)

28.2 (12)

29.2 (10)

28.5 B

K2

26.0 (12)

28.5 (18)

29.9 (10)

28.2 (12)

29.2 (10)

28.4 B

K3

27.0 (16)

29.1 (21)

30.0 (10)

29.9 (18)

29.2 (10)

29.0 B

K4

27.0 (17)

28.4 (18)

29.9 (10)

30.4 (20)

29.2 (10)

29.0B

K5

30.2 (30)

30.2 (25)

31.9 (17)

31.8 (26)

31.3 (18)

31.1 A

K6

29.4 (27)

30.0 (24)

31.5 (15)

30.9 (22)

30.4 (15)

30.4 A

Mean

27.1 D

28.3 C

30.1 A

29.2 B

29.3 B

S

F

LSD at p = 0.05

S×F

0.8296**
0.7012**
1.8551 N.S
*
% increased over respective uninoculated control (K0)
** Significant at P < 0.05
*** F0, N K only; F1, F0+RP; F2, F0+DAP; F3, F0+compost; F4, F0+RP enriched compost
**** Control, K0; ACC-deaminase strains, K1 and K2; P-solubilizing strains, K3 and K4; dual activities strains, K5 and K6
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Effectiveness of inoculation varied in each fertilizer treatment and was statistically significant
(p<0.05). PGPR isolates possessing high dual activity (ACC-deaminase plus P-solubilizing
activity) were more effective in promoting HI of maize than those carrying either of the two
activities under all the five fertilizer treatments. High dual activity strains (K5, K6) significantly
promoted HI by 30, 25, 17, 26 and 18% over respective uninoculated control in F0 (N K only), F1
(F0+RP), F2 (F0+DAP), F3 (F0+compost) and F4 (F0+RP enriched compost) respectively.
Among the single trait strains, those with phosphorus solubilizing activity performed better than
those containing ACC-deaminase activity with respect to enhancing the harvest index of maize.
Rhizobacterial strains possessing high P-solubilizing activity (K3, K4) increased HI upto 17, 21,
10, 20 and 10% over respective uninoculated control in F0, F1, F2, F3 and F4, respectively.
PGPR with sole ACC-deaminase activity (K1, K2) enhanced the HI yield by 16, 17, 10, 12 and
10% over respective uninoculated control in F0, F1, F2, F3 and F4, respectively.
Comparison of means of fertilizer treatments revealed that the highest HI was
produced in F2 (30.1) followed by F4 (29.3), F3 (29.2), F1 (28.3) and F0 (27.1) in descending
order and the effect statistically significant. However, cumulative effectiveness of inoculation
was found maximum in F1 where 21% mean increase in HI over respective uninoculated control
was recorded. Whereas, the minimum cumulative effect of inoculation was observed in F2 where
12% mean increase in the HI over respective uninoculated control was recorded. It was noted that
the minimum mean increase in HI was observed in treatments (F0 and F3) which did not add P to
soil but % increase caused by inoculation in these treatments was more than that recorded in case
of P carrying treatments (F2 and F4). The interactive effect of strain and fertilizer was not
statistically significant (p<0.05).
4.6.2.3.7.

[P] and uptake in maize

4.6.2.3.7.1. [P] in kernel and stover
Data in Table 4.43 represented the effect of selected strains of PGPR differing in
phosphate solubilizing and/or ACC-deaminase activity on P-concentration in maize kernel.
Results revealed that all the PGPR strains improved [P] in maize kernel under all the five
fertilizer treatments, however with different degree of efficacy. Once again it was observed that
the PGPR isolates possessing high dual activity (ACC-deaminase plus P-solubilizing activity)
were more effective in promoting P concentration in kernel of maize than those carrying either of
the two activities under all the five fertilizer treatments. Dual activity isolates (K5 and K6)
promoted P concentration in kernel of maize significantly by 169, 224, 102, 175 and 112% over

142

respective uninoculated control in F0 (N K only), F1 (F0+RP), F2 (F0+DAP), F3 (F0+compost)
and F4 (F0+RP enriched compost) respectively. On the other hand, strains with only phosphorus
solubilizing activity performed better than those carrying ACC-deaminase activity with respect to
enhancing P concentration in kernel of maize. Isolates possessing high P-solubilizing activity
(K3, K4) increased the kernel-P concentration upto 86, 104, 23, 83 and 27% over respective
uninoculated control in F0, F1, F2, F3 and F4, respectively. The PGPR strains with high ACCdeaminase activity (K1, K2) enhanced the kernel-P concentration upto 55, 76, 10, 53 and 15%
over respective uninoculated control in F0, F1, F2, F3 and F4, respectively.
It was also not that fertilizer treatment also differed in improving P content in kernels
as the highest kernel-P concentration (%) of maize was found F2 (0.6) followed by F4 (0.6), F1
(0.5), F3 (0.5) and F0 (0.5) in descending order and was statistically significant. Cumulative
effectiveness of inoculation was found maximum in F1 where 123% mean increase in [P]in
kernel over respective uninoculated control was recorded. In contrast, the least cumulative effect
of inoculation was observed in F2 where 41% mean increase in [P]in kernel over uninoculated
control was recorded. It was noted that the minimum mean increase in [P]in kernel was observed
in F0 and F3 which did not add P to soil but % increase caused by inoculation in these treatments
was more than that recorded in case of P carrying treatments (F2 and F4). The interaction
between strain and fertilizer was statistically significant (p<0.05). The maximum kernel-P
concentration was recorded in K5xF2 and minimum in K2xF0. In case of uninoculated treatments
K0xF2 resulted in maximum while K0xF0 in minimum resulted in the lowest P-concentration in
maize kernel.
Data regarding the effect of selected strains of PGPR on P-concentration of maize
stover (air dried) grown under field conditions are summarized in the Table 4.44. The data
illustrated that all the PGPR isolates increased the stover-P concentration under all the fertilizer
treatments over respective uninoculated control. Effectiveness of inoculation varied in each
fertilizer treatment and was statistically significant (p<0.05). PGPR isolates possessing high dual
activity (ACC-deaminase plus P-solubilizing activity) were more effective in promoting stover-P
concentration of maize than those carrying either of the two activities under all the

tested

fertilizer treatments. Dual activity isolates (K5 and K6) promoted stover-P concentration
significantly by 304, 408, 186, 328 and 282% over respective uninoculated control in F0 (N K
only), F1 (F0+RP), F2 (F0+DAP), F3 (F0+compost) and F4 (F0+RP enriched compost)
respectively. Among the strains having high single trait activity, those having phosphorus
solubilizing activity gave superior results than those carrying ACC-deaminase activity with
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Table 4.43. Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate solubilizing and/or ACC-deaminase activity on [P]
(%) in maize kernel (air dried) grown under field conditions.
Fertilizer Treatments***
Isolates****
F0

F1

F2

F3

F4

Mean

K0

0.26 (0)*

0.26 (0)

0.47 (0)

0.28 (0)

0.43 (0)

0.34 G

K1

0.40 (55)

0.46 (76)

0.52 (10)

0.43 (53)

0.49 (15)

0.46 E

K2

0.38 (45)

0.41 (58)

0.49 (5)

0.38 (36)

0.47 (11)

0.43 F

K3

0.48 (86)

0.53 (105)

0.58 (23)

0.51 (83)

0.55 (27)

0.53 C

K4

0.41 (59)

0.49 (90)

0.54 (15)

0.46 (63)

0.52 (22)

0.49 D

K5

0.70 (169)

0.84 (224)

0.95 (102)

0.77 (175)

0.91 (112)

0.84 A

K6

0.65 (152)

0.74 (183)

0.91 (93)

0.70 (149)

0.81 (89)

0.76 B

Mean

0.47 E

0.53 C

0.64 A

0.50 D

0.60 B

S

F

LSD at p = 0.05

S×F

0.0174**
0.0174**
0.0388**
*
% increased over respective uninoculated control (K0)
** Significant at P < 0.05
*** F0, N K only; F1, F0+RP; F2, F0+DAP; F3, F0+compost; F4, F0+RP enriched compost
**** Control, K0; ACC-deaminase strains, K1 and K2; P-solubilizing strains, K3 and K4; dual activities strains, K5 and K6
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Table 4.44. Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate solubilizing and/or ACC-deaminase activity on [P]
(%) in maize stover (air dried) grown under field conditions.
Fertilizer Treatments***
Isolates****
F0

F1

F2

F3

F4

Mean

K0

0.09 (0)*

0.09 (0)

0.20 (0)

0.10 (0)

0.13 (0)

0.12 G

K1

0.13 (43)

0.21 (124)

0.29 (43)

0.18 (67)

0.24 (83)

0.21 E

K2

0.10 (7)

0.17 (79)

0.26 (29)

0.12 (12)

0.20 (52)

0.17 F

K3

0.21 (124)

0.26 (181)

0.35 (71)

0.23 (123)

0.31 (144)

0.27 C

K4

0.17 (85)

0.25 (165)

0.33 (62)

0.21 (97)

0.28 (118)

0.25 D

K5

0.38 (304)

0.48 (408)

0.58 (186)

0.45 (328)

0.49 (282)

0.47 A

K6

0.32 (247)

0.45 (378)

0.55 (170)

0.41 (293)

0.49 (278)

0.44 B

Mean

0.20 E

0.27 C

0.36 A

0.24 D

0.31 B

S

F

LSD at p = 0.05

S×F

0.0144**
0.0122**
0.0322**
*
% increased over respective uninoculated control (K0)
** Significant at P < 0.05
*** F0, N K only; F1, F0+RP; F2, F0+DAP; F3, F0+compost; F4, F0+RP enriched compost
**** Control, K0; ACC-deaminase strains, K1 and K2; P-solubilizing strains, K3 and K4; dual activities strains, K5 and K6
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respect to enhancing stover-P concentration of maize. Rhizobacterial strains possessing high Psolubilizing activity (K3, K4) increased the stover-P concentration upto 124, 181, 71, 123 and
144% over respective uninoculated control in F0, F1, F2, F3 and F4, respectively. PGPR with
sole ACC-deaminase activity (K1, K2) enhanced the stover-P concentration upto 43, 124, 43, 67
and 83% over respective uninoculated control in F0, F1, F2, F3 and F4, respectively.
Comparison of fertilizer treatments exhibited that the highest stover-P concentration
(%) was produced in F2 (0.36) followed by F4 (0.31), F1 (0.27), F3 (0.24) and F0 (0.20) in
descending order and was statistically significant. Cumulative effectiveness of inoculation was
found maximum in F1 where 222% mean increase in stover-P concentration over respective
uninoculated control was recorded. In contrast, the minimum cumulative effect of inoculation was
observed in F2 where 94% mean increase in stover-P concentration over the respective
uninoculated control was recorded. It was noted that the minimum mean increase in stover P
content was observed in F0 and F3 which did not add P to soil. The interactive effect of strain and
fertilizer was statistically significant (p<0.05). The maximum stover-P concentration was
recorded in K5xF2 and minimum in K2xF0. In case of uninoculated treatments K0xF2 resulted in
maximum while K0xF0 and F1 in minimum stover-P-concentration.
4.6.2.3.7.2. P-uptake (gram per m2) in kernel and stover
The effect of different PGPR isolates on P-uptake of maize kernel grown under field
conditions is evident from the data given in Table 4.45. The results showed that all the PGPR
isolates increased the P-uptake of maize kernel under all the fertilizer treatments over the
respective uninoculated control. Effectiveness of inoculation varied significantly among fertilizer
treatments at p<0.05. PGPR isolates possessing high dual activity (ACC-deaminase plus Psolubilizing activity) were more effective in promoting P-uptake of maize kernel than those
carrying either of the two activities under all the tested fertilizer treatments. Dual activity isolates
(K5 and K6) promoted P-uptake of maize kernel significantly upto 414, 682, 203, 467 and 231%
over respective uninoculated control in F0 (N K only), F1 (F0+RP), F2 (F0+DAP), F3
(F0+compost) and F4 (F0+RP enriched compost) respectively. Comparison the strains having
high single trait activity showed that those possessing phosphorus solubilizing activity performed
better than those carrying ACC-deaminase activity with respect to enhancing P-uptake of maize
Data regarding the effect of selected strains of rhizobacteria differing in
phosphate solubilizing and/or ACC-deaminase activity on P-uptake of maize stover (air dried)
grown under field condition is given in Table 4.46. All of the PGPR isolates increased the P-
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Table 4.45. Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate solubilizing and/or ACC-deaminase activity on Puptake (gm-2) in maize kernel (air dried) grown under field conditions
Fertilizer Treatments***
Isolates****
F0

F1

F2

F3

F4

Mean

K0

1.4 (0)*

1.4 (0)

5.2 (0)

1.7 (0)

4.0 (0)

2.7 G

K1

3.1 (118)

5.0 (251)

7.1 (36)

4.4 (157)

6.1 (54)

5.1 E

K2

2.6 (85)

4.3 (206)

6.6 (28)

3.9 (124)

5.8 (45)

4.6 F

K3

3.9 (175)

6.2 (333)

8.1 (56)

5.5 (220)

6.8 (73)

6.1 C

K4

3.2 (130)

5.5 (286)

7.5 (44)

4.8 (181)

6.5 (65)

5.5 D

K5

7.2 (414)

11.1 (682)

15.7 (203)

9.7 (467)

13.1 (232)

11.4 A

K6

6.4 (360)

9.4 (560)

14.6 (182)

8.4 (389)

11.0 (178)

10.0 B

Mean

4.0 E

6.1 C

9.2 A

5.5 D

7.6 B

S

F

LSD at p = 0.05

S×F

0.3629**
0.3067**
0.8115**
*
% increased over respective uninoculated control (K0)
** Significant at P < 0.05
*** F0, N K only; F1, F0+RP; F2, F0+DAP; F3, F0+compost; F4, F0+RP enriched compost
**** Control, K0; ACC-deaminase strains, K1 and K2; P-solubilizing strains, K3 and K4; dual activities strains, K5 and K6
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Table 4.46. Relative efficacy of plant growth-promoting rhizobacteria possessing phosphate solubilizing and/or ACC-deaminase activity on Puptake (g m-2) in maize stover (air dried) grown under field conditions
Fertilizer Treatments***
Isolates****
F0

F1

F2

F3

F4

Mean

K0

1.2 (0)*

1.2 (0)

3.2 (0)

1.5 (0)

1.7 (0)

1.8 G

K1

2.0 (64)

3.4 (186)

5.6 (75)

2.6 (74)

4.1 (137)

3.5 E

K2

1.4 (17)

2.6 (118)

4.9 (52)

1.6 (10)

3.2 (86)

2.7 F

K3

3.3 (169)

4.2 (259)

7.0 (119)

3.5 (140)

5.8 (235)

4.8 C

K4

2.7 (120)

4.0 (237)

6.6 (106)

3.0 (104)

5.1 (195)

4.3 D

K5

6.4 (423)

9.0 (661)

12.8 (299)

8.4 (472)

10.2 (488)

9.3 A

K6

5.4 (348)

8.4 (606)

11.5 (261)

7.3 (397)

9.9 (473)

8.5 B

Mean

3.2 E

4.7 C

7.4 A

4.0 D

5.7 A

S

F

LSD at p = 0.05

S×F

0.4375**
0.3698**
0.9784**
*
% increased over respective uninoculated control (K0)
** Significant at P < 0.05
*** F0, N K only; F1, F0+RP; F2, F0+DAP; F3, F0+compost; F4, F0+RP enriched compost
**** Control, K0; ACC-deaminase strains, K1 and K2; P-solubilizing strains, K3 and K4; dual activities strains, K5 and K6

148

uptake of maize stover under all the fertilizer treatments in comparison to the uninoculated
control. Effectiveness of inoculation varied in each fertilizer treatment and was statistically
significant (p<0.05). PGPR isolates possessing high dual activity (ACC-deaminase plus Psolubilizing activity) were more effective in promoting stover-P concentration of maize than
those carrying either of the two activities under all the tested fertilizer treatments. Dual activity
isolates (K5 and K6) promoted P-uptake of maize stover significantly upto 423, 661, 299, 472
and 488% over respective uninoculated control in F0 (N K only), F1 (F0+RP), F2 (F0+DAP), F3
(F0+compost) and F4 (F0+RP enriched compost) respectively. Strains with phosphorus
solubilizing activity performed relatively better than those carrying ACC-deaminase activity for
enhancing P-uptake of maize stover. Isolates possessing high P-solubilizing activity (K3, K4)
increased the stover-P concentration upto 169, 259, 119, 140 and 235% over the respective
uninoculated control in F0, F1, F2, F3 and F4, respectively. PGPR with sole ACC-deaminase
activity (K1, K2) enhanced the P-uptake of maize stover upto 64, 186, 75, 74 and 137% over
respective uninoculated control in F0, F1, F2, F3 and F4, respectively.
Means of fertilizer treatments revealed that the highest P-uptake (g m-2) of maize
stover was in F2 (7.38) followed by F4 (5.7), F1 (4.7), F3 (4.0) and F0 (3.2) in descending order
and was statistically significant. Cumulative effectiveness of inoculation was found maximum in
F1 where 344% mean increase in P-uptake of maize stover over the respective uninoculated
control was recorded. In contrast, the minimum cumulative effect of inoculation was observed in
F2 where 152% mean increase in P-uptake of maize stover increase over the respective
uninoculated control was recorded. It was noted that F0 and F3 which did not carry any P had the
minimum mean increase in P-uptake in maize stover. The interactive effect of strain and fertilizer
was statistically significant (p<0.05). The maximum P-uptake of maize stover was recorded in
K5xF2 and minimum in K2xF0. In case of uninoculated treatments K0xF2 resulted in maximum
while K0xF0 and F1 in minimum P-uptake of maize stover.
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Chapter

5

Discussion

As discussed previously in Chapter 1, phosphorus is a major growth limiting plant
nutrient for completion of the plant life cycle. The role of phosphorus as energy currency (ATP,
ADP etc.) and genetic memory (DNA) is well documented (Griffith, 1999). Its exogenous
application as chemical fertilizer has been found indispensable for optimum crop yields but
continuously increasing cost and non availability are hampering application of this fertilizer by
the farmers. Interestingly most of the soils are sufficient in total P content but availability to
plants is the major constraint as P makes insoluble complexes with Ca, Fe and Al (Harris et al,
2006) under given situation. So, current scenario warrants the development of strategies to make
this insoluble/precipitated phosphorus bioavailable to plants. One of such strategies which
provide a viable solution is the use of specific microorganism capable of solubilizing insoluble P
in soil.
To improve the P nutrition of plant, specific microorganism have been employed by
several researchers which had the ability to solubilize insoluble/precipitated P in soil (Banik and
Dey, 1983), however, these microorganisms substantially differed in their effectiveness. Such
microorganisms solubilize insoluble P by production of organic acids (Yadav and Dadarwal,
1997; Khan et al, 2007) more likely from soil organic matter resulting in lowering of soil pH and
solubilization of P in alkaline soils Such microorganism are generally termed as P-solubilizing
microorganisms (PSM). Additionally, P uptake by plant could be enhanced by improving root
growth and modifying root architecture through specific microorganism such as those carrying
ACC-deaminase activity. These ACC-deaminase containing microorganisms help in regulation of
accelerated synthesis of plant hormone ethylene in roots and thus consequently promote root
growth (Arshad and Frankenberger, 2002; Glick, 2005). In this study, as far as we know, for the
first time we compared the PGPR possessing either P-solubilizing activity or ACC-deaminase
activity or simultaneously both of these were compared for their effectiveness to improve the
growth and yield of wheat and maize through increased P bioavailability from various
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exogenously sources. Six rhizobacterial strains were selected from a stock of 35 isolates obtained
from wheat and maize rhizosphere by employing enrichment technique. Among the selected six
rhizobacteria, two (K1 & K2) predominantly carry ACC-deaminase activity, the other two (K3 &
K4) had P-solubilization activity while rest of the two (K5 & K6) carried both of these traits.
These six strains were tested for their growth promoting activities under axenic as well as natural
conditions under five fertilizer treatments including F0 (NK only), F2 (F0 + DAP), F1 (F0 + RP),
F3 (F0 + compost) and F4 (F0 + RP enriched compost).
Results clearly revealed that the two strains of these selected plant growth promoting
rhizobacteria (PGPR) strains carrying high dual activity (P-solubilizing + ACC-deaminase
activity) proved to be the most effective in improving all the growth and yield parameters of both
crops i.e. wheat and maize in all the studies conducted under axenic as well as natural (pot and
field) conditions. It is very likely that phosphate solubilizing activity of the selected dual trait
strains enhanced the P release from insoluble P complexes while ACC-deaminase activity
improved the root growth and root surface area for better uptake of P and other nutrients. This
premise is supported by the data of [P] in plant tissues and P-uptake by plant as P content (%) and
uptake were also the highest where seeds were inoculated with these dual trait PGPR. Similarly
the data of root growth (root weight and length) revealed much better root growth in case of
plants inoculated with dual traits PGPR than that of single trait. Relatively improved root and
shoot growth of wheat and maize paralleled with enhanced P nutrition support the hypothesis of
better P nutrition further support the view that P nutrition is a pre requisite for better plant growth.
The additive effect of phosphorus solubilization and ACC-deaminase traits made these strains
much superior to those carrying any single activity of these two traits. As far as we know, this is
first study reporting the comparison of dual trait PGPR (P solubilization & ACC-deaminase
activity) with single trait PGPR. This may imply that dual trait PGPR are better candidate for
formulation of effective biofertilizer. We could not find any study in the literature in which dual
trait PGPR have been compared with single trait PGPR. However, these results are in agreement
with the findings of those who reported that inoculation with multi microorganisms (coinoculation) such as PSM + mycorrhizal fungi enhanced nutrients availability and P uptake by
plant which resulted in better growth of inoculated plants (Zaidi and khan, 2005). Sohal et al.,
(1996) reported that co-inoculation of Azotobacter chroococcum and phosphate solubilizating
microorganisms (PSM) improved growth, yield and fertilizer economy of winter maize. Likewise,
Zaidi and Khan (2005) found the interactive effect of co-inoculation of rhizotrophic
microorganisms such as Azotobacter chroococcum (nitrogen-fixing) + Pseudomonas striata
(phosphate solubilizing microorganism) + (Glomus fasciculatum) arbuscular mycorrhizal (AM)
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fungus, on nutrient uptake of wheat (Triticum aestivum L.), growth and yield. Similar findings
were reported by Afzal and Asghari (2008) who found that co-inoculation of Rhizobium
leguminismarum and phosphate solubilizing bacteria (Pseudomonas sp.) along with P fertilizer
yielded maximum root weight. Similarly, increased root, shoot weight with co-inoculation of
Rhizobium + arbuscular mycorrhizae + associative bacteria has been reported by Hoflich et al.,
(1994) in barley. Yanni et al., (1997) found positive effects of co-inoculation of Pseudomonas Sp.
and Enterobacter Sp. in rice while Chabot et al., (1993) found the similar effects with coinoculation of two endophytes of Rhizobium leguminosarum bv. trifolii in maize.
Comparison among the single trait PGPR revealed that the strains with P-solubilizing
activity were found more effective than ACC-deaminase activity strains in promoting growth and
yield parameters of wheat and maize. This might be due to more solubilization of insoluble P in
the soil in former case compared to latter one. This may also imply that P solubilization is more
important for better growth under limited P supply than just having better root growth. This
premise clearly reflect the importance of P for optimizing crop yields as P-solubilization by
PGPR played more effective role in improving growth and yield of wheat and maize. The data of
[P] in plant tissue and P-uptake by plant also documented improvement in P nutrition of plants
inoculated with P-solubilizing PGPR than that recorded in case of plants inoculated with ACCdeaminase PGPR. This observation further support the premise that enhanced P bioavailability
was the primary mechanism of PGPR through which they exerted their influence on plant growth.
Similar results have been reported by several scientists (Banik and Dey, 1982; Chabot et al.,
1996; Zaidi et al., 2003) who found the increase in Phosphorus availability to plants by the
inoculation of PSM in pot and field conditions. Likewise, Chabot et al., (2006) documented
similar finding that rhizobia selected for P solubilization functioned as PGPR by increasing the P
uptake with the non legumes (lettuce and maize). Similarly, Kumar et al., (2001) found that seed
inoculation of wheat with the P-solubilizing and phytohormone producing Azotobacter
chroococcum showed increased grains and straw yield over uninoculated control. Hariprasad and
Niranjana (2009) reported that phosphate solubilizing rhizobacteria promoted plant growth
significantly in 30 day-old-seedlings of tomato.
Very interestingly, the PGPR strains containing ACC-deaminase proved better than P
solubilizer’s strains in improving root growth parameters. Relatively more root growth in case of
inoculation with ACC-deaminase PGPR might be due to suppression of inhibitory level of
ethylene synthesis in inoculated roots. Similar findings have also been reported by numerous
researchers that inoculation with PGPR possessing ACC-deaminase activity improve root growth
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by restraining the ethylene levels (German et al., 2000; Glick, 2004; Dodd et al., 2004;
Shaharoona et al., 2006a, 2007a, 2007b; Zahir et al., 2008; Arshad et al., 2008). More [P] and
uptake in case of plants inoculated with ACC-deaminase PGPR than uninoculated plants support
our view that better root system helps in more uptake of nutrients including P. Similar results
were documented by Shaharoona et al., (2008) who found that nutrients use efficiency was
increased with inoculation of Pseudomonas fluorescens due to increased root growth and hence
efficient uptake of nutrients by plants. Likewise, the use of PGPR for improvement of plant
nutrition under sustainable agriculture has been reported by Karlidag et al., (2007). These results
of individual, strain may imply that presence of these two traits i.e. P-solubilizing and ACCdeaminase activity supplementary to each other and have synergistic effects on P nutrition might
be parallel to co-inoculation P-solubilizing bacteria and mycorrhizal fungi where both help in P
acquisition from soil by plants.
The impact and trend of effectiveness of all three categories of PGPR strains (dual
activity, P-solubilizing and ACC-deaminase) was very consistent in trials conducted in laboratory
(axenic conditions), greenhouse (pot trial) and in the field. This consistency in effectiveness
might be due to the fact that the substrate ACC-deaminase is available in plenty amount in plant
roots which supported the survival, multiplication and activity of inocula. Moreover, the presence
of insoluble P as RP supported the activity of P-solubilizers. The superiority of dual traits over
single trait was also maintained through out the experimentation. This may imply that for
effective biofertilizer formulations, one should prefer dual traits PGPR strains.
These PGPR strains with dual and single trait activities were also tested for their
effectiveness under different fertilizer treatments. It was noted that all the strains were effective in
the promotion of growth and yield parameters in all the five fertilizer treatments but degree of
efficacy was different. It was also noted that all the strains promoted growth and yield parameters
of wheat and maize in F0 where only N & K were applied and no P was added. This might be due
to relatively more root growth of inoculated plants compared to uninoculated plants which
resulted in relatively greater nutrient and water uptake. This premise is supported by the data
regarding root growth which showed significant increases in root growth in response to
inoculation over uninoculated control. Moreover, the indigenous soil P might have been made
available to plants by those inocula. Sharma (2003) found that the phosphorus fertilization when
it was inoculated with phosphate-solubilizing bacteria effectively enhanced grain, straw yield and
NPK uptake of rice-wheat cropping system. The results are also in line with findings of Gaind
and Gaur (2004) who found that the use of rock phosphate alongwith with phosphate solubilizing
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bacteria produced more effective results as compared to uninoculated control. Similarly both rock
phosphate addition and microbial inoculation improved biomass production and P accumulation
in alfalfa (Barea et al., 2002). Similar results have also been reported by researchers that
inoculation with Rhodotorula and Azotobacter in the presence of half the recommended doses of
NPK improved growth parameters of maize (Afifi et al., 2003) and wheat (El-Kholy et al., 2005).
The results are in line with the findings of Shaharoona et al., (2008) who found that PGPR strains
Pseudomonas fluorescens and Pseudomonas fluorescens biotype F significantly improved the
root and shoot growth of wheat raised in soil fertilized with various levels of NPK fertilizers. The
rhizobacteria containing ACC-deaminase are known for improving root growth of plants as a
consequence of decreased endogenous ethylene synthesis through ACC hydrolysis into NH3 and
α-ketobutyrate in the inoculated roots (Penrose and Glick 2001; Shaharoona et al., 2007a). Root
growth of plants is also sensitive to the endogenous levels of phytohormones and levels of
nutrients (especially N, P, and K) in the adjacent soil (Salisbury 1994; Marshner 1995). These
results are supported from the several other studies where a significant linear correlation was
observed between ACC-deaminase activities of different PGPR strains and their root growth
promotion both under controlled conditions (Shaharoona et al., 2006a) and in pot trials
(Shaharoona et al 2007a).
Further more, comparison of RP Vs DAP treatment showed better plant growth in case of
DAP treatment than that of RP treatment, however strains showed more growth promoting
activity in case where P was applied as RP compared to that DAP treatment. This might be due to
the fact that in case of RP, these strains not only solubilized the P but also enhanced P-uptake
compared to uninoculated control by promoting root and shoot growth. It has been reported that
the grains and straw yields of wheat (Triticum aestivum L.) was predominantly increased with
inoculation of PSB (Bacillus circulans and Cladosporium herbarum) and the vesicular-arbuscular
mycorrhizal (VAM) fungus (Glomus sp. 88) alongwith Mussoorie rock phosphate (Singh and
Kapoor, 2004; Gupta et al., 2009). The results are also in support with the results of Gaind and
Gaur (2004) where rock phosphate coupled with phosphate solubilizing bacteria gave more
significant results as compared to uninoculated control. Likewise, microbial inoculation along
with rock phosphate addition boosted the biomass production in addition to P accumulation in
alfalfa (Barea et al., 2002).
Conversely in case of DAP, the P was readily available, so the impact of inoculation in
case of DAP was relatively less. However impact of inoculation in DAP treatment could be
attributed to enhanced root growth, better nutrients and water uptake. Overall, the relative
effectiveness of various groups of PGPR followed the same trend i.e. dual activity PGPR strains
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showed highest growth promoting activity followed by the P-solubilizing and ACC-deaminase
strains in descending order. Gupta et al., (2009) reported that grains yield, straw yield, N and Puptake in chickpea were found maximum with application of DAP @ 40 kg P2O5 ha-1 along with
Bacillus polymyxa and with Bacillus megaterium. Nishanth and Biswas (2007) documented that
significant increase in growth and yield of wheat was obtained from addition of DAP or enriched
composts as compared to control.
Comparison of effectiveness of inoculation under RP vs. RP enriched compost revealed
that all the strains promoted growth and yield parameters of wheat and maize in both the
treatments. Although overall growth and yield of wheat and maize were greater in case of RPenriched compost treatment, however the percent effectiveness of inoculation were more in case
of RP compared to RP-enriched compost. This might be due to the contribution of compost in
stimulating the activity of indigenous microflora compatible of solubilizing the insoluble P (RP),
in addition to supporting the inocula. Moreover, mineralization of compost usually releases
organic acids which might have further enhanced P solubilization from RP, rendering it available
to plant. The results are in conformity with Zayed and Abdel-Motaal (2005) who found that
highest amount of P uptake (295ppm) of the cowpea plants was found as a result of fertilization
with compost produced by the inoculation with FYM+Aspergillus niger+Trichoderma viride.
These results also confirmed the finding of Chattopadhyay et al. (1993) and Rasal et al. (1996)
who reproted that plant phosphorous uptake was significantly enhanced by the application of
compost amended with Trichoderma viride compared with non-amended compost, or super
phosphate fertilizer. Bangar et al., (1985) found that the rock phosphate enriched compost proved
to be an efficient source of P as compared to single super phosphate with regard to yield and P
uptake by plants. These results are supported by Ahmad et al., (2006) who documented that
inoculation with PGPR strain Pseudomonas fluorescens biotype G (N3) further improved the
effectiveness of organic fertilizer in enhancing growth and yield of maize under field conditions.
Very recently, it has been reported that inoculation with PGPR containing ACC-deaminase
significantly increased maize yield under field conditions (Shaharoona et al., 2006b). It has also
been reported by numerous researchers that the application of well decomposed organic material
(compost) increased growth and yield of spinach Fujiwara (1987), corn (Loecke et al., 2004)
millet and rice (Sherchan et al., 1999).
Comparison of RP (F1) vs compost treatment (F3) indicated that not only RP
treatment resulted in better plant growth than compost treatment but also the effectiveness of
inoculation in the presence of RP was greater for promoting shoot growth parameters than that of
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compost treatment. This might be due to enhanced P availability from RP by the inocula while
compost carried a very small amount of P which is less than that required for normal plant
growth. However, reverse was true for root growth parameters as these were greater in case of
compost than that observed in case of RP. This might be due to the fact that compost stimulated
microbial activity (inocula + indigenous) which promoted root growth. Moreover compost also
carries biologically active substance and micro nutrients which also help in better root growth.
The results are in line to the findings reported by Sharma and Prasad (2003) that P uptake with
Mussoorie rock phosphate (MRP) was significantly less than DAP, while MRP+PSB was found
effective as DAP. Similarly Yazdani et al., (2009) found that composted farmyard manure
application plus PGPR and phosphate solubilizing microbe (PSM) inoculation significantly
increased maize growth and seed corn yield. Probably, plant Growth promoting rhizobacteria
enhanced yield parameters by production of growth stimulating phytohormones (Wu et al., 2005),
mobilization of phosphate (Zaidi and Mohammad, 2006) and siderophore production (Zahir et al.,
2004). The production of acid phosphates and organic acids play a key role in the mineralization
of organic phosphorus in soil (Cherr et al., 2006; Wilhelm et al., 2007). Similar results have been
reported that there was significant increase in P-content of wheat seed with PSM inoculation
along with OM application (Mukherjee and Rai, 1999; Afzal et al., 2005). These results are also
confirmed with the findings of Kumar et al., (2001) who found that the inoculation of
Azotobacter chroococcum significantly increase the plant height of wheat. Similarly, Algawadi
(1996) reported an increase in size of ear head and number of spikelets per ear of sorghum by the
co-inoculation of Trichodrma harzianum and Pseudomonas striata.
Comparison of inoculation effectiveness under all the five fertilizer treatments
indicated that inoculation in most of parameters was highly effective in F1 and minimum in F2.
The interaction of co-inoculation with various PGPR strains and fertilizer treatments was also
significant in most of the parameters which imply that for better response of plants to inoculation,
a suitable fertilizer amendment is one of the important requirements. The most effective
interaction in most of parameters was found in case of dual trait K5xF2 treatment and in root
parameters was found in case of dual trait K5xF4 treatment which might be due to effect of
fertilizer on effectiveness of inoculation.
Overall comparison of fertilizer treatments (F0, F1, F2, F3 and F4) revealed that F2
(F0+DAP) was most effective treatment for better plant growth followed by F4 (F0+RP enriched
compost), F1 (F0+RP), F3 (F0+compost) and F0 (NK only) in descending order. It is very likely
that in case of F2 all these major nutrients N, P and K were available to plant in optimum
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amounts which resulted in maximum plant growth. Similarly in case of RP enriched compost, P
might have released from RP due to the activity of inocula and through production of organic
acids from compost by microbial activity. Next effective treatment was F1 (F0+RP) which might
be due to the availability of P from RP as a result of activities of inocula plus indigenous
microbial population. F3 (F0+compost) might have promoted plant growth due to stimulation of
microbial activity and being the source of nutrients and biologically active substances. F0 resulted
in poorest plant growth most likely due to lack of P, a major nutrient.
Interestingly in case of root growth F4 (F0+RP enriched compost) proved better than
that of DAP which might be the result of availability of some micronutrients as well as
biologically active substances in addition to P released from RP in case of former treatment.
Similar trend in wheat and maize in terms of response to inoculation with various
PGPR strains and fertilizer treatments was recorded. It is very likely that this similar trend in both
crops was due to their requirements for P as major plant nutrients. It is highly likely that the way
treatments affected P bioavailability to plants, the crops responded accordingly. This implies that
use of specific PGPR with known mechanism(s) of action can be employed for formulation of
biofertilizer effective for more than on crops.
It is highly interesting to note that the direct use of RP as source of P could be a
useful strategy if used with some specific inocula and blended with compost. If this technology is
further refined by future work, an economical source of P could be available to the farmer.

157

Chapter

6

Summary

The phosphorus content in soil (organic plus inorganic) is usually much higher than plant
requirements; however bioavailability of phosphorus to plant is one of the major plant growth
limiting constraints. Even the added P as phosphatic fertilizer may get unavailable because of its
fixation/ precipitation in soils, particularly which are calcareous and alkaline in nature. There is
dire need to mobilize this huge pool of soil phosphorus for improving crop yields on sustainable
basis and one of the strategies useful for this purpose is the use of specific microorganisms
applied as inocula.
Some plant growth promoting rhizobacteria (PGPR) are known to promote plant growth
by solubilizing this unavailable/insoluble phosphorus (P) in soil while others enhance P
acquisition by plant indirectly through promoting extensive root growth because of their ACCdeaminase activity. As far as we know, for the first time we compared the PGPR carrying dual
traits including phosphorus solubilizing and ACC-deaminase activity vs. single trait PGPR
carrying either of these two, for their effectiveness to improve P nutrition and growth of wheat
and maize. To achieve the objectives, a series of experiments was conducted to document the
impact of selected PGPR on wheat and maize under axenic and natural conditions. A total of
thirty five (35) isolates were collected from the rhizosphere of wheat and maize by using
enrichment techniques. Six isolates were selected on the basis of their P-solubilizing and/or ACCdeaminase activity. Among the selected six rhizobacteria, two (K1 & K2) predominantly carry
ACC-deaminase activity, the other two (K3 & K4) had P-solubilization activity while rest of the
two (K5 & K6) carried both of these traits simultaneously. The seeds of wheat (Bhakar 2002) and
maize (Sahiwal 2002) were inoculated with these six selected isolates and sown under axenic
conditions in growth medium containing rock phosphate (RP) as P source. The same six strains of
PGPR were tested under pot and field conditions with the objectives to improve P use efficiency
in inoculated wheat and maize crops under fiver fertilizer treatment matrix including F0, (NK
fertilizer only); F1, (F0+RP); F2, (F0+DAP); F3, (F0+compost) and F4, (F0+RP-enriched
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compost). The salient features of results are summarized below.
1.

Inoculation with all the PGPR strains significantly improved growth and yield parameters
of wheat and maize under all the fertilizer treatments (F0, F0+RP, F0+DAP, F0+compost,
F0+RP-enriched compost) as compared to uninoculated control.

2.

Results clearly revealed that the two PGPR strains carrying high dual activity (Psolubilizing + ACC-deaminase activity) proved to be the most efficient in improving all the
growth and yield parameters of both wheat and maize in all the studies conducted under
axenic and natural (pot and field) conditions.

3.

The data of root growth (root mass and length) revealed that dual trait PGPR increased the
growth parameters much promisingly than that of single trait.

4.

Comparison among the single trait PGPR revealed that the strains with P-solubilizing
activity were more effective than ACC-deaminase activity strains in promoting growth and
yield parameters of wheat and maize.

5.

The data of [P] in plant tissue and P-uptake by plant also documented improvement in P
nutrition of plants inoculated with P-solubilizing PGPR than that recorded in the case of
plants inoculated with ACC-deaminase PGPR.

6.

Contrarily the PGPR strains containing ACC-deaminase proved better than P solubilizers
strains in improving root growth parameters.

7.

The impact and trend of effectiveness of all three categories of PGPR strains (dual activity,
P-solubilizing and ACC-deaminase) was very consistent in trials conducted in laboratory
(axenic conditions), greenhouse (pot trial) and in the field.

8.

It was noted that all the PGPR strains were effective in promoting growth and yield
parameters in all the five fertilizer treatments but degree of efficacy was different.

9.

Interestingly, all the strains promoted growth and yield parameters of wheat and maize
even in F0 where only N & K were applied and no P was added.

10.

Comparison of RP Vs DAP treatment showed better plant growth in case of DAP treatment
than that of RP treatment, however strains showed more growth promoting activity in case
where P was applied as RP compared to that DAP treatment.
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11.

Comparison of effectiveness of inoculation under RP vs. RP enriched compost revealed
that all the strains promoted growth and yield parameters of wheat and maize in both the
treatments. Although overall growth and yield of wheat and maize were greater in case of
RP-enriched compost treatment, however the percent effectiveness of inoculation were
more in case of RP compared to RP-enriched compost.

12.

Comparison of RP (F1) vs compost treatment (F3) indicated that not only RP treatment
resulted in better plant growth than compost treatment but also the effectiveness of
inoculation in the presence of RP was greater for promoting shoot growth parameters than
that of compost treatment. However, reverse was true for root growth parameters as these
were greater in case of compost than that observed in case of RP.

13.

In general, inoculation was highly effective in F1 and least effective in F2.

14.

The most effective interaction in most of the shoot growth parameters was found in case of
dual trait K5xF2 treatment while in case of root parameters K5xF4 interaction was the most
effective one.

15.

Overall comparison of fertilizer treatments (F0, F1, F2, F3 and F4) revealed that F2
(F0+DAP) was most effective treatment for better plant growth followed by F4 (F0+RP
enriched compost), F1 (F0+RP), F3 (F0+compost) and F0 (NK only) in descending order.

16.

In case of root growth F4 (F0+RP enriched compost) proved better than that of DAP.

17.

Similar trend in response of wheat and maize to inoculation with various PGPR strains and
fertilizer treatments was observed.

18.

It is highly interesting to note that the direct use of RP as source of P could be a useful
strategy if used with some specific inocula and blended with compost. If this technology is
further refined by future work, an economical source of P could be available to the farmer.
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Conclusion:
The results of this dissertation research clearly document that the PGPR which
simultaneously carry more than one attributes of plant growth promotion are more effective than
those carrying any single attribute. The consistency of these PGPR for promoting growth and
yield of inoculated plant/crop was found much impressive compared to the single trait PGPR used
as inocula by several researchers. Moreover, rock phosphate as a cheaper source of P could be
effectively used if applied in blending/ mixing with compost and P-solubilizers. The results imply
that dual trait PGPR are excellent candidate for formulation of an effective biofertilizers to be
used as supplement to chemical fertilizers.

Future Perspectives:
Results of this dissertation research unequivocally demonstrated the superiority of PGPR
with dual growth promoting attributes (P-solubilizing/ACC deaminase activity) to improve
growth and yield of cereals (wheat and maize) with very high consistency. This opens up another
era of future research for the soil microbiologists to isolate PGPR carrying simultaneously more
than on growth promoting traits. Future efforts should also focus on utilizing such PGPR with
multi growth promoting traits for improving nutrient use efficiency particularly of P from
exogenously applied rock phosphate. These superior PGPR may have tremendous application in
achieving sustainability in crop production through multifarious mechanisms. Moreover, specific
PGPR could help in utilization of rock phosphate as an efficient source of P which is becoming
major constraint to agriculture in developing countries.
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