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ABSTRACT

Nitrogen and phosphorus are the plant nutrients that play important role in crop growth and
development. Inoculation with nitrogen fixers or phosphate solubilizing bacteria (PSB) may
support the field crops in improvement of yield and quality. Nitrogen fixers not only provide
N to plants but also improve the fertility status of soil. Similarly PSB can play important role
in supplying phosphorus in an environmental friendly and sustainable manner. Chickpea is
an important legume crop of Pakistan mainly grown in rainfed area. So, co-inoculation of
rhizobium and phosphate solubilizing bacteria was studied to enhance the yield and
nodulation of chickpea under rainfed conditions. The rhizobiums were isolated from the
nodules of chickpea crop grown at rainfed area and PSB from the rhizosphere soil of rainfed
chickpea crop. These isolates were screened for growth promotion of chickpea seedling
under axenic conditions. All the isolates were found effective in improving the chickpea
seedling growth with variable potential. The combination of three best rhizobium and three
best PSB isolates were also screened for three best findings. Then these treatments were
evaluated in pot and field studies under rainfed conditions for their effect on chickpea crop.
Normal agronomic practices were followed till crop maturity. The inoculation and coinoculation significantly boosted the grain yield, nodulation and growth parameters over the
control. The yield increase was observed 35% for pot trial and 41% and 34% respectively for
two years field experiments. The NP contents and uptake was also noted in increasing trend
by the inoculation. The study revealed that yield and nodulation of chickpea was significantly
improved over control with the sole inoculation of rhizobium and PSB strains, but coinoculation reflected the more increase in growth and nodulation compared with single
inoculation.
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Chapter-1

INTRODUCTION
A major strategy to overcome the decline in soil productivity is to develop new
techniques for sustainable agriculture. There is need to undertake research on advancement in
biological aspects to achieve this task in an environment friendly manner (Swaminath, 1991).
Chemical fertilizers have played a significant role in the green revolution and are commonly
used to correct nutrient deficiencies in soils and to meet requirements for crop production
(Ahmad, 1995). The pollution caused by fertilizer use and their increasing production cost
are a major threat to the developing countries. Since the excessive application of inorganic
fertilizers has led to health and environmental hazards, scientists are desperate to find
alternative strategies that can ensure competitive yields while protecting the soil health. In
this context, use of microbial inoculants in agriculture represents an environment friendly
technique for improving the yields and reducing the use of fertilizers (Kantar et al., 2007).
Legume inoculation is an old practice that has been adopted for more than a century in
agricultural systems (Brockwell and Bottomley, 1995).
Biological nitrogen fixation (BNF) is of great importance in agriculture and about
60% of total available nitrogen is fixed through it in economically sound and environment
friendly approach (Kantar et al., 2007). The nitrogen fixing symbiotic relationship has been
exploited in agriculture to enhance crop growth without the addition of nitrogen fertilizers
(Brockwell and Bottomley, 1995). Rhizobia are the bacteria that that fix atmospheric
nitrogen by establishing the nodules on the leguminous plants (Kannaiyan, 2002). LegumeRhizobium symbiosis depends on the specificity of plant and bacterial species due to the
presence of chemical signaling that results in the formation of specialized structures i.e.
nodules where bacteria are hosted and they reduce the atmospheric nitrogen into ammonium
form (Rao and Cooper, 1994; Bai et al., 2002). It is established that world supply of organic
nitrogen is met via symbiosis between root nodulating bacteria and leguminous host plants
(Postgate, 1998).
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Phosphorus is one of major plant nutrient and ranked after nitrogen in plant nutrition.
Its contribution to improve plant biomass is recognized by research workers (Goldstein,
1986). Soil may contain sufficient amounts of phosphorus but mostly it is not available to
plants. Generally the soluble P reacts with soil compounds which results in the formation of
insoluble compounds (Sayin et al., 1990). Almost 75–90% of added P-fertilizer is
precipitated by metal cation complexes in calcareous soils like Pakistan (Hinsinger, 2001).
Further, it has also been speculated that the amount of phosphorus fixed has increased to such
an extent in arable soils that are sufficient to sustain utmost crop yields worldwide for about
100 years (Goldstein, 1986). Plant growth promoting rhizobacteria (PGPR) are responsible
to mediate the soil processes such as decomposition, nutrient mobilization, mineralization,
solubilization, nitrogen fixation and growth hormone production (Khan et al., 2003). PGPR
having the P-solubilizing capacity are called as phosphate solubilizing bacteria (PSB) which
have been reported to increase P-availability by converting insoluble forms to soluble ones
through the production of organic acids (Maliha et al., 2004) and hence increase the crop
yields (Zaidi, 1999). Inoculation of soil with PSB is a promising approach that may reduce
the deficiency of phosphorus (Cakmakci, 2005). The organisms possessing a phosphate
solubilizing ability can convert the insoluble phosphatic compounds into soluble forms
(Kang et al., 2002; Pradhan and Sukla, 2005) in soil and make them available to the crops.
This bioavailability of soil inorganic phosphorus in the rhizosphere varies considerably with
plant species and nutritional status of soil (Hoflich et al., 1995). Bacterial Species of the
genus Bacillus and Pseudomonas, while fungal species Aspergillus and Penicillium have
been identified by many workers as P- solubilizers (Seshadri et al., 2004).
The microbial solubilization of soil phosphorus in liquid medium has often been
due to the excretion of organic acids. For instance, oxalic acid, citric acid, lactic acid, etc. in
liquid culture filtrates were determined by paper chromatography or thin layer
chromatography or by high performance liquid chromatography and certain enzymatic
methods to allow more accurate identification of unknown organic acids (Gyaneshwar et al.,
1998). Such organic acids can either directly dissolve the mineral phosphate as a result of
anion exchange of PO4-2 by acid anion or can chelate both iron and aluminum ions associated
with the production of 2-ketogluconic acid which was abolished by the addition of NaOH
indicating the phosphate solubilzing activity of the medium.
15

Now the trend has been diverted to use inoculants in combination for more exploitation of
biological aspects and higher crop yields. Co-inoculation with PSB and rhizobium may
stimulate plant growth more profoundly than their separate inoculations (Perveen et al.,
2002; Zaidi et al., 2003). Positive interaction of rhizobium with P-Solubilzing sp. of Bacillus
has been reported for significantly increase in the yield of legumes (Toro et al., 1998).
Inoculation with Rhizobium leguminosarum and PSB was studied by Ravinder and Chandra
(2008) and it was concluded that co-inoculation significantly increased the nodule number,
grain & straw yield and NP uptake. Combined inoculations were also significantly better
than individual inoculation. Erdal et al, (2008) conducted a study to investigate seed
inoculation of chickpea with rhizobium and P solubilzing Bacillus megaterium alone and in
combinations. In field all the combined treatments were better than control and Rhizobium
alone. Afzal and Bano (2008) concluded that rhizobium and phosphorus solublizing
bacteria (PSB) are important to plant nutrition. These microbes also play a significant role
as plant growth promoting rhizobacteria (PGPR) in the biofertilization of crops. The coinoculation of rhizobium and Bacillus strains demonstrated the significant increase in yield
and growth of mungbean with co- inoculation (Qureshi et al. 2011). The nutrient
concentration of mungbean grain and plant was also higher in co- inoculation treatments.
The research work was performed to determine the effect of single and dual inoculation of
Mesorhizobium sp. and Pseudomonas sp. on growth, yield and nutrient uptake in chickpea
in the field (Rokhzadi and Taoshih, 2011). It was observed from the study that grain yield,
biomass dry weight and nitrogen and phosphorus uptake of grain was significantly
improved in combined inoculation treatment over the control plants. The combination of
Mesorhizobium sp. and Pseudomonas fluorescens significantly increased nodule number
plant–', dry weight of nodule plant–', and root and shoot weights plant–' over the control
under a glasshouse experiment (Verma et al. 2012).
Chickpea is the third most important legume with high protein (25-28%) and
carbohydrate (57-60%) concentration (Hulse, 1991). It also provides high quality crop
residues for animal feed and helps to maintain soil fertility through BNF (Kantar et al.,
2007). In Pakistan, chickpea has been reported to be largest grown-legumes that respond
variably to inoculation (Aslam et al., 2000). Inconsistent response to inoculation has
sometimes been attributed to the variation in bacterial number and competition with
16

ineffective native population (Keatinge et al., 1995). Chickpea is mainly grown as a rainfed
crop, and generally on soils deprived of nutrients, hence the nutrient acquisition in chickpea
must be efficient. Nutrient deficiencies in chickpea have been reported to cause yield losses
of varying magnitude e.g. around 10% due to poor nodulation and hence nitrogen deficiency
and 29-45% due to phosphorus (Ali et al., 2002).)
This study was undertaken to evaluate the role of rhizobium and PSB on the
improvement of chickpea crop under rain fed conditions. In our country, very little work has
been reported so far on the dual microbial inoculation of crops in rain fed area. A
considerable portion of total cultivated area falls under rainfed category and is entirely
dependent on annual precipitation for crop production. The agriculture in these areas is not so
impressive and crop returns are not encouraging. Chickpea grown in rainfed environments
has very low average yields. There is a need to conduct the extensive research and apply all
possible measures to boost the crop yield of this important legume crops.
The co-inoculation of rhizobia with phosphate solubilizing bacteria could be more
beneficial due to their multiple effects on plant through different growth enhancing
mechanisms. Thus, integrated use of rhizobium and phosphate solubilizing bacteria could be
highly effective in improving yield and nodulation of chickpea crop under rainfed conditions
So, keeping in view all these factors this study was planned for improving the yield of
chickpea through combined inoculation in rain fed areas with the following objectives.
1

Isolation of Rhizobium from chickpea nodules and PSB from rhizosphere soil from
rainfed area.

2

Screening of efficient rhizobial and PSB isolates and their combination under axenic
conditions for improving the growth of chickpea seedlings. Characterization of the
selected isolates for various characters like auxin production, P-solubilization and
root colonization.

3

Assessment of potential of the selected isolates alone and their combinations for
improving growth, yield and nutrient uptake of chickpea under pot and field trials
under rain fed conditions.

4

Identification of selected isolates using the Biolog® Identification System.
17

Chapter-2

REVIEW OF LITERATURE
2.1 Rhizobium
Seed inoculation of crops is a management practice by which the legumeRhizobium- symbiosis is exploited to improve the yields in an economical and environment
friendly technique. Rhizobium spp. capable of fixing nitrogen from the atmosphere and form
root nodules on legume plants, were the first bio-fertilizers identified and have been used
commercially as inoculants for legumes for over 100 years (Kannaiyan, 2002).
A critical aspect of Rhizobium-legume association is the fact that it is often
manipulated under nitrogen limiting field conditions in such a way that crop production
could be enhanced easily and inexpensively (Freiberg et al., 1997). The amount of nitrogen
fixed through bacteria depends upon the presence of effective nodules on the host roots
which are a prerequisite for the potential gain of nitrogen from the system. Although, the
rhizobia commonly occur in soils but often fail to cause nodulation, because of some
unspecified type of antagonism that prevents root colonization by the rhizobial strain (Jadhav
et al., 1994). A successful symbiosis and nitrogen fixation may be achieved, if the conditions
of rhizobial inoculants remain optimized (Zahran, 2001). In a study by Singleton and
Tavares, 1986, the Rhizobium inoculation of Phaseolus vulgaris showed the 76% increase
in nodule number as compared with control. They also reported the increase in N
concentration in plant shoot and dry weight of nodules.
Similar studies were undertaken to investigate the role of Bradyrhizobium
japonicum strains alone and in combination with phosphorus on the yield, growth and
nitrogen fixation parameters in soybean (Dubey, 2006). Phosphorus was applied as single
super phosphate (SSP) at the time of sowing. It was concluded from the study that
application of Rhizobium and P increased the growth and yield of soybean and also
beneficially affected the soil fertility and NPK uptake by plants. Nitrogenase activity was
also higher in the plants inoculated with Rhizobium culture.
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The effect of rhizobium on nodulation, growth parameters and yield in peanut was
determined (Kremer and Peterson, 1983) and results indicated the significant increase in
all these parameters due to inoculation over the uninoculated plants. Fresh been yield of
5620 kg ha-1 was recorded in treatments with inoculation as compared with the yield of
3370 kg ha-1 for control treatment. In this way 67% increase in yield was achieved with
Rhizobium inoculation. The approach was further confirmed by Kannaiyan (2002) who
concluded that rhizobium spp. can fix the atmospheric nitrogen and form root nodules on
legumes, were the first bio-fertilizers identified and have been used commercially as
inoculants for legumes for over 100 years.
On the same lines, field experiments were carried out on the performance of
Rhizobium leguminosarum strains on the improvement in lentil crop growth (Bremer et al.,
1990). The inoculums’ was applied as seed treatment before sowing. The inoculation
increased the yield up to 135 percent. The increasing trend in number of nodules plant-1 and
total plant weight was also resulted due to Rhizobium inoculation. N2 fixing activity was
site specific and higher soil NO3-levels resulted in lower N2-fixing activity. Rennie and
Dubetz (1986) conducted field experiments on the inoculation of chickpea, lentil, fababean
and peas with Rhizobium leguminosarum and estimated the nitrogen fixation in the crops as
176, 84, 216 and 185 kg ha-1, respectively. In another study, the significant increase in seed
yield, biological yield, % N contents and total N (kg ha-1) was reported in faba been grown
in dry areas due to rhizobium inoculation (Beck and Duc, 1991). The increase ranged
between 31%, 25%, 8% and 12% respectively. They also found the increased grain protein
contents of inoculated plants.
Four different phosphorus levels (0, 60, 90 and 120 kg P2O5 ha-1) were applied to
chickpea crop in combination with rhizobium inoculation under natural field conditions
(Aslam et al., 2000). The seeds were inoculated with the rhizobium strains just before
sowing and phosphorus was applied by side drilling at the time of seeding. The rhizobium
strain significantly improved the nodulation, growth and yield with 60 kg ha-1 P2O5 while
increase in the phosphorus level decreased the yield. More grain and biomass production
were found at lower level of phosphorus with inoculated treatments. Higher rate of
phosphorus application caused reduction in growth and yield under both inoculated as well
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as uninoculated treatments. Similar response of lentil; chickpea and lupine seed
inoculation with Rhizobium strains was observed by Yanni et al. (1992) and they on the
basis of their results reported the increased nodulation in all legume crops under study
while in another study Chenway et al. (1989) isolated certain strains of rhizobia from
lentil and pea nodules and tested on lentil and pea in the field. None of the strains had
any effect on the growth of pea in the field, but in lentil inoculated with one or more of
the rhizobial strains, there were significant increases in nodulation, ethylene reduction
activity and root weight.

The response of mungbean to rhizobium inoculation was

studied by Idris et al. (1986). They concluded that all rhizobium strains under test had
positive effect on nodulation and other growth parameters of mungbean.
Accordingly, in a study on microbial assessment, Romdhane et al. (2007) indicated
the improvement in yield, nodulation and shoot dry weight of chickpea due to inoculation
by Mesorhizobium ciceri in the fields of Tunisia. The microbial strains resulted in the
significant increase of grain yield, number of nodules plant-1 and shoot dry weight. The
monitoring of nodule occupancy showed that inoculated strains competed well with the
native population of rhizobia. The trend was also assessed in the studies undertaken to
investigate the influence of Rhizobium on the various growth parameters in Vicia faba
(Yinsou et al., 2004). At the harvest of crop, increase in total N accumulation, biomass
yield, leaf area and net photosynthesis was recorded by the research workers. The nodule
biomass and soil NO3 contents were also better in the inoculated plants over uninoculated
treatments. The plants with Rhizobium application had higher photosynthetic rates per unit
leaf area.
Albayrak et al. (2006) investigated the effect of inoculation with Rhizobium
leguminosarum on seed yield and yield components of common vetch and observed that
inoculation increased the biological yield (8.5%), seed yield (7.6%), straw yield (10.4%),
pod length (25.5%), number of seed pod-1 (16.2%), number of pods (28.4%) and thousand
seed weight (5.5%). Similarly, field experiments to evaluate the effect of rhizobial
inoculation and nitrogen application on performance of chickpea were conducted at two
different sites (Khattak et al., 2006). They found that rhizobial inoculation improved
nodulation on the root system of crop at both sites. It was also observed that inoculation
20

and nitrogen application @ 30 kg ha-1 at sowing individually and in combination
significantly increased the grain yield of crop at all locations.
Field experiments on rhizobial approach were also conducted by Otieno et al.
(2009) to investigate the response of grain legume to inoculation. Four grain legumes
common bean, linear bean, green gram and lablab were selected for the study. The results
indicated the increasing trend of number of nodules and nodular weight, seed yield and
growth parameters. Nitrogen fertilizer application significantly reduced nodulation in most
of the legumes grown for study. Mungbean is capable of fixing atmospheric nitrogen
through Rhizobia species living in its root nodules (Anjum et al., 2006).They conducted
pot experiments to evaluate the effect of rhizobium inoculation and different nitrogen
levels on performance of mungbean variety NM-78. Seed and soil inoculation with three
levels of nitrogen 15, 30 and 45 kg ha-1 were used for the study. Both inoculation and
fertilizer application significantly improved the yield and yield components of crop.
Number of pods plant-1, number of seed plant-1 and 100-seed weight was also increased
with the treatments over control. The seed inoculation was proved better than soil
inoculation. The studies were undertaken to record the effect of rhizobial inoculation and
nitrogen fertilizer combination on mungbean crop (Khan et al., 2008). Three nitrogen
levels 30, 60 and 90 kg ha-1 alone and in combination with inoculation were studied. The
results of the study revealed that seed inoculation + 30 kg N ha-1 produced maximum seed
yield, number of pods plant-1, number of seeds pod-1, 100-seed weight, economic yield and
harvest index while the values recorded for control plot remained lowest for all variables.
The values of N contents of shoot and soil were also higher in the inoculation treatments.
Studies were conducted by Giri and Joshi (2010) through application of rhizobium
as a biofertilizer on nodule formation and growth of chickpea and to evaluate the efficiency
of seed inoculation for nitrogen fixation. Rhizobium species was isolated from the root
nodules of chickpea and applied as seed inoculation. The results recorded after observation
showed 10.83% increase in yield, 14.06% increase in total length and 9.0% more
germination as compared with control. The results indicated that Rhizobium inoculation is a
promising technique because it is a cheap, easy to handle and improves plant growth and
seed quality. In a study on same trend, five Rhizobium inoculation strains and two nitrogen
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levels were studied in the field on chickpea seeds along with control (no inoculation) for
exploitation of Rhizobium -legume symbiosis (Aslam et al., 2010). Yield and yield
components were significantly affected by the fertilizer and seed inoculation by Rhizobium
strains. Inoculation increased the 25% and 27% grain yield during Ist and 2nd year of study.
Increasing trend of nodulation and grain protein contents were also recorded by the
research workers.
In a same way, Yadav et al. (2010) selected indigenous rhizobium strains and
evaluated their ability to enhance nodulation, grain yield and nutrients uptake of chickpea.
Fifty rhizobium strains were isolated from chickpea root nodules and eight were screened
for field experiments on the basis of nodulation and fast growing pattern. It was concluded
from the study that all the isolates significantly improved the yield and growth parameters
in comparison with control. The increase recorded was up to 73.53% in case of nodule
number, 78% for dry nodule weight, 31.76% for grain yield and 24.37% for straw yields.
Similarly maximum uptake of nitrogen and phosphorus in grain and straw was observed in
inoculated plants.
On the same aspect, effect of rhizobium inoculation was evaluated by Kala et al.
(2011) on the growth and yield of Horsgram (Dolichos biflorus Linn.) in the field. It was
obvious from the recorded data that inoculation had positive effect on the seed yield,
germination, root length and number of nodules plant-1, plant height and biological yield.
The results indicated that the rhizobium was promising biofertilizer because it is cheap and
improves plant growth and seed quality.
Consequently, trials were conducted to evaluate the effect of rhizobium inoculation
on growth, yield and nodulation of mash bean (Hussain et al., 2011). The results indicated
that rhizobium inoculation significantly improved plant height (44.6%) as compared to
control. The other parameters affected were root length (72.4%), root dry weight (50%),
number of pods plant-1 (86.4%) and number of grains pod-1 (42.8%), 100-grain weight
(18.9%) and grain nitrogen concentration (10%) over the untreated plants. The research
worker concluded that Rhizobium inoculation could be a better approach for sustainable
legume production.

Most of the lentil production occurs on the soils that are free of

native rhizobia and inoculation is required to increase yield through nitrogen fixation
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(Bremer et al., 1990). They screened fourteen different strains of Rhizobium
leguminosarum to check their activity in the field. These strains increased the seed yield up
to 135% and total N2 fixed ranged from 0-76 kg ha-1. The application of inoculums also
significantly affected the number of nodules plant-1, total plant weight and % N contents of
grains and straw over the untreated plants. For further confirmation of same work, field
experiments were performed (Duque et al., 2010) to assess the role of rhizobium
inoculation and nitrogen fertilizer on Phaseolus beans. The data indicated the poor
nodulation in uninoculated treatments while inoculation of plants resulted in good
nodulation with increased yield and nitrogen accumulation in plants. The estimates of N2
fixation contributed to 31.7 kg ha-1. The response to nitrogen applied was poor due to
leaching losses at the site.
Response of leucaena to inoculation with rhizobium was studied in a phosphorus
deficient soil under arid climate conditions (Manjunath et al., 2010). The results of the
study in the field revealed that Rhizobium inoculation significantly increased the
nodulation, root colonization, yield and NP contents of the plants compared with control
with no inoculation. Osman et al. (2002) conducted green house experiments to determine
the effect of Rhizobium inoculation and of P application to soil on the productivity and
quality of range legumes. Phosphorus was applied with inoculation at 0, 40, 80 and 120 kg
P ha-1. The research workers revealed the increase in shoot dry weight, root dry weight and
NP concentration of shoot with rhizobium strains and P application. Keeping in view the
beneficial role of microbial approach, the treatment of 80 kg P2O5 ha-1 was applied with
rhizobium inoculation responded better than all other techniques. A trial was conducted on
farmer’s field in central Kenya to investigate the role of Rhizobium inoculation and TSP
application on the yield of bean lines under rainfed conditions (Mbugua et al., 2007). Both
the P fertilization and Rhizobium inoculation improved the yield significantly in the all
lines.
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2.2. Phosphate Solubilizing Bacteria (PSB)
The rhizosphere soil has been defined as the portion of soil affected directly by the
presence of plant roots and soil microorganisms (Hiltner, 1904). It promotes active
microbial

population

having

the

beneficial

effects

on

the

plant

growth.

Rhizobacteria capable of exerting beneficial role in growth of host plants are called plant
growth promoting rhizobacteria (PGPR) (Juanda, 2005). The plant microbe interaction in
the rhizosphere area promotes the plant growth activity and also improves the fertility of
soil (Khan, 2006). Phosphate solubilization is very important PGPR activity. A large
proportion of soluble inorganic P added to soil is fixed to insoluble form soon after its
application that becomes unavailable to plants. Several species of soil bacteria belonging to
Bacillus and Pseudomonas category can solubilize the insoluble P into soluble form by
secreting organic acids (Siddiqui and Mahmood, 1999).
The studies were carried out at three different sites to evaluate the effect of
phosphate solubilizing bacteria (Pseudomonas spp.) on the performance of soybean crop
(Son et al., 2006). The treatments composed of different combination levels of inorganic
fertilizer level and bio-fertilizer application along with control plots. The results revealed
that application of bio-fertilizer enhanced the number of nodules, dry weight of nodules,
yield components, grain yield, soil nutrient availability and uptake by soybean crop.
Moreover economic efficiencies were increased by reducing the production cost of crop.
In a similar way, Sharma et al. (2007) isolated two strains of phosphate solubilzing
bacteria from soil which were identified as Pseudomonas fluorescens and Bacillus
megaterium on the basis of their morphology and biochemical characteristics. These strains
were used for the treatment of chickpea seeds and data were recorded accordingly. The
radical and plmunal length was increased by inoculation of single and combination of both
bacterial strains however combination was found more effective. Results suggested that
seed treatments with PSB enhanced seedling length and their use as biofertilizer is
beneficial for plants.
The effect of seed treatment with phosphate solubilzing microorganisms and
different levels of phosphate fertilizer on the yield and yield components of barley were
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studied in the field (Mehrvarz et al., 2008). The inoculation of sole PSB bacteria produced
the maximum biological yield, 100 seed weight, number of seeds kernel-1 and chlorophyll
contents of leaf. They suggested that application of PSB had beneficial effect on biomass
production even in the absence of phosphorus fertilizer. Mehrvarz and Chaichi (2008)
confirmed the approach by investigating the effect of seed inoculation by PSB and different
levels of phosphorus on the forage and grain quality of barley. The results revealed the
significant positive effect of bacteria on the percentage of protein and ash and also
decreased the neutral detergent fiber (NDF) values up to 57.4%. The researcher suggested
the application of PSB as an appropriate substitute of chemical phosphorus fertilizers in
sustainable agricultural system.
Influence of PSB application was studied with and without varying amount of
fertilizer P on the availability of soil P and sugarcane growth and yield response (Sundara
et al., 2002). It was concluded from the field experiments that PSB population was
increased in the rhizosphere soil with the improvement in soil P status through inoculation.
The cane yield was increased up to 12.6% with enhancement in tillering, stalk population
and stalk weight in contrast with control. The juice quality and sugar yield was also
enhanced with PSB application. The PSB reduced the phosphorus dose of crop up to 25 %.
In addition, it was also observed that 50% of the costly super phosphate could be replaced
by cheap source of rock phosphate as P in combination with PSB. On the same type of
work, Velayutham et al. (2003) observed from the field trial on chickpea crop that
maximum number of nodules (18) was recorded in the treatment with 40 kg ha-1, P2O5 as
rock phosphate with Bacillus megaterium as PSB. This treatment also significantly
increased the plant weight, number of pods plant-1, higher seed weight and higher grain
yield of 809 kg ha-1. This may be attributed to the solubilization of P by PSB and increase
in the availability of soil P in the forms that can be easily assimilated by plants (Hebbara
and Susheeladevi, 1990).
Sarwagi et al. (1999) also reported the 13.4% increases in grain yield of chickpea
through PSB inoculation over control. They also reported that increase in grain yield was
five times more under 30 kg P ha-1 with PSB over 30 kg P alone. The ability of soil bacteria
to convert insoluble form of phosphorus to an accessible form is important for increasing
25

plant growth (Chen et al., 2006). They tested the phosphate solubilibizing activities of 36
strains of PSB on tri-calcium phosphate medium by analyzing the soluble P content after
72 hour of incubation at 30oC. All the isolates were being reported as PSB after
conformation of their capacity to solubilize considerable amounts of tri-calcium phosphate
in the medium by secreting organic acids and lowering the pH of medium.
The application of PSB (Bacillus FS-3) was studied by Turan et al. (2007) on
growth of tomato plants and P contents of the plant. The results revealed that in all
fertilizer treatments, PSB application converted approximately 20% of less available form
of P in to labile forms. Statistically significant difference was observed in shoot and root
dry weight of tomato plants with PSB.. Rasipour and Aliasgharzadeh, 2007 reported after
field experiments on soybean that PSB significantly increased shoot dry weight, N, P, K
concentration in shoot, root nodules and their fresh and dry weight and seed yield.
The beneficial effect of phosphobacterium was concluded by inoculation of PSB
alone and PSB + rock phosphate that increased the shoot growth and root length of black
pepper (Ramachandram et al., 2003). The control plots on both the potting media recorded
the lowest shoot growth. The dry matter production in three months also showed the similar
trend. It was observed during trials on inoculation of wheat crop with PSB that PSB with P
fertilizer produced 30-40% more grain yield while inoculation without P fertilizer
demonstrated 20% improvement as compared with control (Afzal and Bano, 2008). They
also claimed the enhanced uptake of N &P in the inoculated plants.
The studies to evaluate the effect of PSB on yield and yield components of corn
(Zea mays L.) was undertaken at Iran during 2007 (Yazadani et al., 2009). Results showed
that use of PSB with conventional NPK dose, improved ear weight, row number and grain
number per row and ultimately increased seed corn yield. It was also concluded that
application of PSB and PGPR could reduce P application by 50% without any significant
reduction of grain yield. Ekin (2010) also documented the beneficial role of PSB as
biofertilizer on crop productivity of sunflower. The objective of the study was to evaluate
the effect of PSB (Bacillus M-13) with and without P fertilizer on yield and growth
parameter of sunflower under field trails. The PSB application was able to improve seed
quality and oil yield. It also resulted in the increase of head diameter, 1000 seed weight and
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led to increase seed and oil yield 15 to 24.7% respectively. It was also found that highest
seed yield of sunflower possible with 100 kg P2O5 ha-1 was achieved with 50 kg P2O5 ha-1
used in combination with PSB. According to Giand and Guar (1991) after field trials on use
of PSB, application of Bacillus subtilis inoculants enhanced the biomass and grain yield of
mungbean over the control plants. They also reported the increase in N&P uptake in straw
and grain samples.
To evaluate the possible PSB outcome in the field, two stress tolerant strains of PSB
(Bacillus sp.) was isolated from tomato rhizosphere and characterized with various
morphological and biochemical tests (Khan et al, 2009). These strains solubilized the
considerable amount of insoluble forms of P even under stress induced conditions. The
field research was conducted to demonstrate the part of P solubilzing bacterial strain
(Thiobacillus sp.) on the growth and P availability in Raphanus sativus (Khalid et al,
2004). At crop harvest, it was determined that PSB with rock phosphate resulted in the
increase of 38 and 70% for yield and stover respectively relative to the control. This
treatment also increased the N &P contents in plants. It was indicated by the Singh and
Reddy (2011) that mixing of rock phosphate with P solubilzing bacteria increased the
wheat grain yield between 32 to 42%. The increase in root / shoot weight, 1000-grian
weight and number of tiller plant-1 was also reported by the researcher. Poberejskayas et al.,
2002 conducted field experiments on calcareous calcisol soil for evaluating the effects of
phosphate solubilizing bacterial (PSB) inoculants combined with phosphorit on cotton
growth and yield. The results revealed that PSB combined with phosphorit significantly
increased dry matter accumulation, yield of cotton and were superior over the other
treatments. The phosphorus content was significantly increased in cotton plants inoculated
with PSB combined with phosphorit with respect to the uninoculated plants growing in the
control soil.
The role of Mesorhizobium mediterranean to enhance the growth and phosphorus
contents in chickpea and barley plants was assessed by Peix et al. (2001) in a soil with and
without the addition of phosphate in a growth chamber. The result obtained showed that
strain was able to mobilize phosphorus efficiently in both plants when tricalcium phosphate
was added to the soil. In barley and chickpea growing in soils treated with insoluble
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phosphates and inoculation, the phosphorus contents were significantly increased 100 and
125% respectively. Also, the dry matter, nitrogen, potassium, calcium and magnesium
contents in both plants were significantly increased in inoculated soil added with insoluble
phosphate. Singh et al., (2005) conducted 2 year field experiments on a soil, low in organic
carbon and medium in available phosphorus (P), the effects of P fertilizer (0, 30 and 60 kg
P2O5 ha-1) and PSB (inoculation and no-inoculation).

Application of P significantly

increased the seed yield, nodule number, root length and its dry weight, higher moisture
depletion, P content in grain and straw and its uptake. Inoculation of lentil seed with
phosphate solubilizing bacteria (PSB) also improved its seed and straw yield besides
improving P use efficiency.
The idea was further strengthened through experiments conducted by Toro et al.
(1998) consisting of treatments with P fertilizer and PSB on the performance of Medicago
sativa under dry land farming. The results showed that treatments had a highly significant
effect on the number of pods plant-1. The highest values were found in the treatment of urea
+ PSB. Phosphate solubilzing bacteria (PSB) had the ability to colonize and associate with
plant roots. They conducted the experiments to study the colonization of Bacillus sp. (PSB
9 and PSB 16 strains) on aerobic rice (Panhwar et al., 2011). Bacterial inoculation
significantly increased plant biomass and root growth.
El-Yazied and Aly (2011) compared the activity of rock phosphate and phosphate
solubilizing

bacteria

(Bacillus

megaterium)

on

microbial

activity,

vegetative

characteristics, photosynthetic pigment, mineral contents (N, P, K and Mg), total sugars,
total carbohydrates and crude protein in tomato in the field. Significant positive effects
were recorded in the treatments of rock phosphate plus Bacillus megaterium when
compared with uninoculated treatments.
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2.3 Co-inoculation of rhizobium and PSB
The efficiency of rhizobium can be further enhanced and improved by coinoculation with plant growth promoting rhizobacteria (PGPR) which has received
increasing attention in recent years. Co-inoculation with symbiotic bacteria and
phosphate solubilizing bacteria may increase nodulation through a variety of
mechanisms (Parmer and Dadarwal, 1999). The improvement in nodulation of chickpea
was observed by inoculation of Fluorescent pseudomonas and thereby promoting the
biological nitrogen fixation and crop yield (Parmar and Dadarwal, 2000). Co-inoculation of
Bradyrhizobium with P. striata has also been practiced to enhance biological nitrogen
fixation in soybean. The interactions between plant growth promoting rhizobacteria and
rhizobia could prove to be synergistic or antagonistic. These interactions may be utilized for
improving the biological nitrogen fixation and crop yield (Dubey, 1996). There has also been
evidence for the presence of plant growth promoting Bacillus strains in the root nodules of
soybean (Yu Ming et al., 2002).
The effect of rhizobium , phosphate, solubilizing bacterium (Bacillus polymyxa) and
Glomus fasciculatum in the rhizosphere of chickpea (Cicer arietinum L.) was studied (Pol
et al., 1989) and no inhibitory effect was found to exist between the test microorganisms by
chickpea plants but a significantly greater response could be achieved by simultaneous
inoculation with all the three test organisms. The results suggested that G. fasiculatum and
phosphobacterium can greatly assist symbiotic nitrogen fixation as well as phosphate
uptake by chickpea particularly when they are grown in soils containing insoluble
phosphate.
Combined inoculation of rhizobium with phosphate solubilizing Bacillus
megaterium or a biocontrol fungus Trichoderma spp. had positive effect on growth,
nutrient uptake and yield of chickpea (Rudresh and Parsad, 2004).

The combined

inoculation of rhizobium with Bacillus megaterium or Trichoderma sp. significantly
increased the yield, NP uptake and growth parameters over control or single inoculation.
The efficacy of strain of Pseudomonas fluorescens, Bacillus megaterium and
Azospirilum spp. on solubilization of Ca3PO4 was studied (Hesham, 2005). Pseudomonas
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fluorescens and Bacillus megaterium strains were the most powerful phosphate solubilizers
on the PVK media plates. In a pot experiment, phosphorus mobilization in wheat (triticum
aestivum L.) inoculated with B. megaterium and A. lipoferum as single or mixed inoculants
was studied in presence of Ca3PO4 (Hesham, 2005). Wheat inoculated with mixed
inoculants exhibited high shoot dry weight, total nitrogen (N) yield and the shoot
phosphorus content increased by 37 and 53 % compared to the plants inoculated with A.
lipoferum and uninoculated ones, used as control respectively.
Afzal and Bano (2008) concluded that rhizobium and phosphate solubilizing
bacteria (PSB) are important to plant nutrition. These microbes also play a significant role
as plant growth promoting rhizobacteria (PGPR) in the biofertilization of crops. The results
also revealed that single and dual inoculation with P fertilizer significantly increased root
and shoot weight, plant height, spike length, grain yield, seed P content, leaf protein and
leaf sugar content of the test crop. It was also concluded that inoculation along with P
fertilizer is 30-40% better than only P fertilizer for improving grain yield of wheat and dual
inoculation without fertilizer (P) improved grain yield up to 20% as compared to P
application alone.

Zaidi and Khan (2005) evaluated the effects of nitrogen fixing

(Bradyrhizobium sp. (Vigna), phosphate solubilzing bacterium ( Bacillus subtilis ) and
phosphate solubilzing fungus (Aspergillus awamori) and concluded that triple inoculation
significantly increased growth, chlorophyll contents, seed yield, nodulation, grain protein,
and N and P uptake of green gram plants grown in phosphorus-deficient soil. The Seed
yield was enhanced by 24% following triple inoculation of Bradyrhizobium + G.
fasciculatum + B. subtilis, relative to the control.
Effect of interaction between three dissolving fungi (PDF) (Aspergillus niger,
A. fumigates and Penicillium pinophilim) and Rhizobium leguminosarum was studied on
some soil chemical properties, phosphorus and nitrogen uptake and yield of faba beans
(Mehana and Wahid 2002). Analysis of the soil after crop harvest indicated that the
inoculation with PDF and RH significantly increased the levels of soil available P and
mineral N. The inoculation with rhizobium and fungus significantly increased seeds and
straw yield of faba beans as compared to the untreated plants. Erdal et al (2008) conducted
a study to investigate seed inoculation of chickpea with Rhizobium and P solubilzing
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Bacillus megaterium alone and in combinations. In field all the combined treatments were
better than control and rhizobium alone. Significant increase of seed yield ranged between
18 % for Rhizobium alone and 30.5 % for co-inoculation over control. Seed inoculation
with Rhizobium leguminosarum and PSB was studied by Ravinder and Chandra (2008).The
inoculation significantly increased the nodule number, grain & straw yield and NP uptake.
Combined inoculations were also significantly better than individual inoculation.
Zaidi and Khan (2006) determined the performance of Bradyrhizobium and phosphate
solubilizing bacteria (Bacillus subtilis) on the growth, chlorophyll contents, seed yield,
nodulation, grain protein and N and P uptake of green gram plants in phosphorus deficient
soil. The dual inoculation significantly improved all the parameters against control or
single inoculation. The grain yield increase was 24% while the nodule occupancy ranged
between 77 to 96%. The effect of nitrogen fixing and phosphate solubilizing bacteria was
assessed on the growth of teak and Indian red wood (Aditya et al., 2009). The coinoculation was monitored with the application of either single super phosphate or rock
phosphate. The seedling height and collar diameter was significantly affected positively
with co- inoculation.
In the same type of studies, combined inoculation of rhizobium and PSB (Bacillus
polymyxa) with and without inorganic fertilizer on chickpea yield and nutrient contents
were studied under green house conditions by Alagawadi and Gaur (1987). It was
concluded from the study that combined inoculation significantly affected the dry matter
contents, grain yield and N & P uptake over the uninoculated control. While taking work
on co-inoculation, Qureshi et al. (2009) applied Rhizobium and Bacillus sp. to chickpea
crop for improvement in yield, growth and nodulation in pot experiment. They revealed
from the study that co inoculation produced highest values of 24.3 g pod yield and 32.7 g
yield of straw. Co inoculation also resulted in the higher root mass (231.3 mg), root length
(50.54 cm), nodule number (78) and nodular mass (0.216 g). The nutrient contents in grain
and straw was also found better them control plants.
Yazdani et al. (2009) studied the effect of PSB and PGPR on the yield and yield
components of corn (Zea mays L.). The results revealed that combined inoculation can
improve ear weight, row number and grain yield. It was also mentioned that application of
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PSB and PGRP together could reduce the P applications by 50% without any significant
reduction in grain yield. Qureshi et al. (2011) in continuation of studies, isolated the four
Rhizobium and Bacillus strains. The isolates with maximum auxin production and Psolubilization were selected for further improvement in growth, yield and nodulation in
mungbean in a pot study. The study demonstrated the significant increase in yield and
growth of mungbean with co- inoculation. The nutrient concentration of mungbean grains
and plants was also higher in co- inoculation treatments.
The plant growth promoting potential of Rhizobium leguminosarum and
Pseudomonas sp. was examined on lettuce and forage maize in field experiments (Chabot
et al., 1996). It was revealed from the study that co-inoculation increased the dry matter
yield of lettuce and forage. The plant N and P concentration was also higher in plants
inoculated with the strains of both the bacteria. The combined influence of Rhizobium and
phosphate solubilizing bacteria were studied on pea including control with no inoculation.
The highest number of nodules plant-1 and grain and dry matter yield was recorded in
treatment of combined inoculation of both rhizobia. Valverde et al. (2007) while working
on co-inoculation isolated the efficient rhizobia nodulating chickpea (Mesorhizobium
ciceri) and phosphate solubilizing bacteria (Psudomonas sp.). Field experiments were
investigated to evaluate their effect on chickpea crop. The co inoculation treatment was
ranked as highest in seed yield (52% greater than control) and nodule fresh weight, nodule
number and shoot N contents. In another reported work, the effect of Mesorhizobium ciceri
and Pseudomonas sp. on the growth and yield of chickpea were studied under field
conditions (Rokhzadi et al., 2008). Combined inoculation of microorganisms resulted in
highest pod number plant-1, grain yield, biomass and protein yield as compared with
uninoculated treatments.
Basu and Bhadoria (2008) evaluated the rhizobium and Phosphobacterium
inoculants on the performance of groundnut under alluvial soils. The observation after
study revealed that the yield and uptake of N, P and K was significantly better in the plants
receiving both inoculates with than individual application and control. The beneficent
response of microbial inoculation was also found on fertility status of soil.
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In the research work on combined inoculation, the effect of rhizobium and
phosphate solubilzing bacteria was studied on growth, nodulation and yield of chickpea in
the field conditions (Akhtar and Siddiqui, 2009). The combined inoculation caused a
greater improvement in growth and yield of chickpea crop. The nodule number was also
higher in the inoculation treatment as compared with control. .A study was undertaken by
Anandaraj and Delapierra (2010) to assess the role of mixed inoculation of Rhizobium,
Pseudomonas florescence and Bacillus megaterium on yield, growth and nodulation of
green gram. Combined inoculation of these three inoculates resulted in the increased yield
and growth of green gram over the control. Mixed inoculation had significantly higher
shoot and root length and root number.
During the studies on same objectives, the research work was performed to
determine the effect of single and dual inoculation of Mesorhizobium sp. and Pseudomonas
sp. on growth, yield and nutrient uptake in chickpea in the field (Rokhzadi and Taoshih,
2011). It was observed from the study that grain yield; biomass dry weight and nitrogen
and phosphorus uptake of grain was significantly improved in combined inoculation
treatment over the control plants. Stajkovic et a. (2011) concluded from the greenhouse
experiments that co-inoculation of rhizobium with Pseudomonas sp. significantly improved
the shoot dry rot, nitrogen and phosphorus contents in bean plants compared to alone
inoculation and control. The yield and p-uptake was also found better with co-inoculation.
The increase of 25% compared to control was observed in chickpea seed yield with coinoculation of Mesorhizobium ciceri and Bacillus sp. (Wani et al. 2007). The nodule
number, chlorophyll content, grain protein and N-uptake of chickpea plants were also
improved in co-inoculation treatments.
It was concluded from the field experiments (Sivaramaiah et al., 2007) that seed
inoculation with Mesorhizobium and Bacillus strains had beneficial effect on root and shoot
growth and nodules in chickpea plants. They also suggested the co-inoculation as a better
technique than individual inoculation. The synergistic effect of nitrogen fixing and
phosphate solubilizing bacteria was studied by Wani et al. (2007) in chickpea crop in field
studies. Significant increase in legume grain yield and concentration and uptake of N&P
was observed with co-inoculation of Mesorhizobium ciceri and Bacillus sp. The findings
33

showed that combined inoculation can promote plant growth and grain yield of field grown
chickpea.
The results of field trials indicated that co-inoculation of wheat seeds with R.
meliloti and Azospirilum brasilense had positive and significant effect on the grain yield
and NPK contents of wheat as compared to either single inoculation or control plants
(Askary et al., 2009).

The average grain yield was increased up to 53.8% with co-

inoculation over control compared to 29% increase with single inoculation. The grain
quality was also found better with inoculation of wheat seeds. Co-inoculation of
rhizobacteria with effective rhizobium strains of chickpea resulted in significant increase in
nodule weight, root and shoot biomass and total plant nitrogen grown in sterilized jars and
under pot culture conditions (Parmer and Dadarwal, 2000). The nodule stimulation
rhizobacteria enhanced flavonoid compounds in root on seed bacterization. Dashti et al.
(1997) reported after field experiments that co-inoculation of soybean with B. japonicum
and growth promoting rhizobacteria increased grain yield, protein yield and total plant
protein production.
The combination of Mesorhizobium sp. and Pseudomonas fluorescens significantly
increased nodule number plant -1, dry weight of nodule plant

-1

and root and shoot weights

plant -1 over the control under a glasshouse experiment (Verma et al. 2012). The maximum
significant increase in nodule number, dry matter, and nutrient content were also recorded
with same bacterial co-inoculation over uninoculated control in 2 year field studies. Hence,
co-inoculation of Mesorhizobium sp. and P. fluorescens might be more effective
indigenous PGPR for chickpea production than single inoculation.
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Chapter-3

MATERIALS AND METHODS
During the study, Laboratory, growth room and field experiments were conducted
to evaluate the role of rhizobium and phosphate solubilizing bacteria (PSB) to improve the
yield and growth parameters of chickpea in rainfed area. The studies were conducted alone
and also in combinations to confirm the effectiveness of isolates screened out during
laboratory studies. The work was carried out according to the following steps.
3.1

Isolation of Rhizobium
The isolates of Mesorhizobium ciceri were isolated from the chickpea plants grown

in rainfed area of Chakwal. For this purpose, chickpea plants of about 60 days were
uprooted and brought to the laboratory under covered bags. The roots were separated
gently from the plants. These were washed many times with distilled water and nodules
were collected on a petri dish. The nodules were dipped in 95% ethanol solution for
sterilization, and then dipped in HgCl2 solution (0.25%) just for a moment (Russel et al.,
1982). These were then washed with sterilized and autoclaved water to remove the
impurities. The nodules were crushed with sterilized rod and dissolved in 5 mL water to
form a milky suspension. A small portion of suspension was transferred to Yeast Mannitol
Agar (YMA) medium plates (Holt et al., 1994). These plates were then incubated at 30oC
to obtain the required growth of rhizobia. After the growth, pure colonies were selected and
isolated further to collect the fresh isolates. In this way 15 isolates were collected for
further studies. These isolates were coded as JK-1, JK-2, JK-3…………..to JK-15.
3.2 Isolation of PSB Isolates
The PSB isolates were isolated from the chickpea grown rhizosphere field at rainfed
area of Chakwal using dilution plate techniques. Five gram of soil was weighed and
dissolved in 95 ml sterilized water to make 100 ml volume. From this solution 10 ml was
taken in the 100 ml flask and 100 ml volume was made. In this way dilution of 10-1, 10-2,
10-3, 10-4 and 10-5 were made with sterilized water. After the preparation of dilution, 1 ml
from each dilution was taken with autoclaved syringe and placed on the media taken in
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petri dishes. Then petri dishes were incubated at 28-30oC. After 3 days, the growth of PSB
was found on Petri dishes. The purified and round colonies were selected and stored for use
in the study. The isolated bacteria were coded as PB-1, PB-2, PB-3……… to PB-15.
3.3 Screening of Rhizobium Isolates
The Rhizobium isolates were screened out under growth room conditions for
improvement in growth parameters. The plastic jar were autoclaved and then filled with
autoclaved sand. Surface sterilized chickpea seeds were incubated with Rhizobium isolates
by dipping in broth culture for 10 minutes. Then three seeds were grown in each jar. The
experiment was planned according to CRD (Completely Randomized Design) with 3
replicates). The jars were placed in the growth room with controlled conditions. Nitrogen
free Hoagland solution of half strength (Hoagland and Arnon, 1950) was applied to the jars
for supply of nutrients. After the period of two weeks, the data for root and shoot growth
and were recorded while nodulation data was taken after eight weeks. On the basis of these
parameters, 3 isolates JK-4, JK-8 and JK-10 were selected for further assessment in pot and
field studies.
3.4

Screening of PSB Isolates
The PSB isolates were studied for their P solubilizing activity. For this purpose tri-

calcium phosphate was applied to the petri dishes using National Botanical Research
Institute Phosphate (NBRIP) medium (Mehta and Nautiyal, 2001). These dishes were
inoculated with broth cultures of PSB isolates. After one week the diameter of hallows
indicating the solubility activities were measured around these inoculates. These isolates
were further screened out for improvement in chickpea seedlings growth. The isolates were
assessed in the same way as in case of rhizobium isolates at growth room conditions for
two weeks. Three best isolates (Pb-1, Pb-6 and Pb-12) having the good growth response
and solubilization activity were selected for further study.
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3.5 Screening of Best Combinations
The selected isolates of Mesorhizobium ciceri and PSB were further evaluated to
find out the 3 best combinations for pot and field studies. In this way nine possible
combinations were tested along with uninoculated control. For this purpose, three chickpea
seeds were sown in autoclave jars filled with autoclaved sand. The seeds were dipped in
broth culture of relevant rhizobia and PSB isolates with three repeats. The study was
arranged according to CRD (Completely Randomized Design). Hoagland Solution of half
strength (Hoagland and Arnon, 1950) was applied to the jars according to requirement.
After 15 days of germination, the data regarding root/shot weight and length was collected.
On the basis of improvement in seedling fresh weight and shoot and root weight and
length, three best combinations i.e. Jk8xPb6, Jk8xPb12 and Jk10xPb6 were selected for use
in the pot and field studies.
3.6 Pot Trials
Pot experiment was carried out at BARI (Barani Agriculture Research Institute),
Chakwal to assess the performance of three best Rhizobium isolates, three best PSB
isolates and their three best combinations with control. Fresh inoculum was prepared for
use in the study. The soil from rainfed area was collected, air dried, passed through 2 mm
sieve. Ten kg of prepared soil was filled in each pot. The experiment was laid out in CRD
with 10 treatments and 3 replicates. The NP fertilizers were applied @ 30 and 60 kg ha-1 in
the form of urea and SSP respectively as recommended for chickpea crop in rainfed area.
Five chickpea seeds (Var. Balkasar 2000) were grown in each pot after inoculation of
proper isolates alone and in combination as peat based inocula. The suspension of selected
rhizobacteria (108-109 cfu mL-1) was mixed with sterile peat which was ground to pass 2
mm 40 mesh (100 mL kg–1) sieve and incubated for 24 h at 28 ± 1 ºC before using it for
seed coating (seed to peat ratio 1:1 w/w). For inoculation, seed dressing was done with the
inoculated peat mixed with 10% filter sterilized sugar solution. In the case of uninoculated
control, seeds were coated with sterilized (autoclaved) peat treated with sterilized broth and
10% sugar solution. The plant numbers were confined to three after germination. The crop
was allowed to grow under rainfed conditions. The data for rain was collected during the
growth of crop. After 10 weeks to the germination of crop, data regarding the nodulation
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were collected. At maturity crop was harvested and data regarding the yield and growth
parameters was recorded. The soil and plant samples were collected for analysis of required
nutrients.

38

Table 1. Combinations of Rhizobium + PSB isolates
Sr. No.

Combination code

Combination

1.

C1

JK-4 x

PB-1

2.

C2

JK-4 x

PB-6

3.

C3

JK-4 x

PB-12

4.

C4

JK-8 x

PB-1

5.

C5

JK-8 x

PB-6

6.

C6

JK-8 x

PB-12

7.

C7

JK-10 x PB-1

8.

C8

JK-10 x PB-6

9.

C9

JK-10 x PB-12

Table 2.
Sr. No.
1.

Treatments Plan for Pot and Field Studies
Treatment
T0

Description
Control

2.

T1

JK-4

3.

T2

JK-8

4.

T3

JK-10

5.

T4

PB-1

6.

T5

PB-6

7.

T6

PB-12

8.

T7

C-4

9.

T8

C-6

10.

T9

C-8
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Table 3.

Physico-chemical characteristics of soil used for chickpea pot trial

Characteristics

Units

Value

Sand

%

54.1

Silt

%

26.5

Clay

%

19.4

Textural class
Saturation percentage

Sandy clay loam
%

pHs

32.0
7.9

ECe

dS m-1

0.66

Organic matter

%

0.56

Total nitrogen

%

0.0395

Available phosphorus

mg kg-1

8.45

Extractable potassium

mg kg-1

127
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3.7 Field Experiments
The field experiments were conducted at research farm of BARI (Barani
Agriculture Research Institute), Chakwal for two consecutive years during 2007-2008 and
2008-2009. Composite soil samples were taken from the selected field and analyzed for
various Physico-chemical characteristics (Table-1). NP fertilizers @ 30 and 60 kg ha-1 were
applied in the form of Urea and TSP respectively. The chickpea crop (variety Balkasar2000) was sown according to same treatments as in case of pot experiment. The chickpea
seeds were inoculated with relevant isolates of Mesorhizobium and PSB alone and in
combinations by applying peat based inoculum as described for pot experiment. All
fertilizer doses were applied at the time of crop sowing. The nodulation data was collected
after eight weeks of germination from the plants of each treatment. The crop was allowed
to grow till maturity with normal agronomic practices. At harvest, data regarding biomass,
grain yield and growth parameter was collected for each plot. The soil and plant samples
were collected for analysis of different parameters.
3.8 Statistical Analysis
The data collected was analyzed statistically according to Steel et al. (1997). The
Lab. and pot experiments were laid out as CRD (Completely Randomized Design) while
field experiments were planned according to RCBD (Randomized Complete Block
Design). The difference among treatment means were compared by applying the DMR
(Duncan’s Multiple Range Test) Duncan’s, 1955).
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Table 4. Physico-chemical characteristics of soil used for chickpea field trial (1st year)

Characteristics

Units

Value

Sand

%

54.1

Silt

%

26.5

Clay

%

19.4

Textural class
Saturation percentage

Sandy clay loam
%

pHs

32.0
7.9

dS m-1

0.66

Organic matter

%

0.56

Total nitrogen

%

0.0395

Available phosphorus

mg kg-1

8.45

Extractable potassium

mg kg-1

127

ECe
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Table 5. Physico-chemical characteristics of soil used for chickpea field trial (2nd
year)
Characteristics

Units

Value

Sand

%

54.1

Silt

%

26.5

Clay

%

19.4

Textural class
Saturation percentage

Sandy clay loam
%

pHs

32.0
7.9

dS m-1

0.66

Organic matter

%

0.56

Total nitrogen

%

0.0395

Available phosphorus

mg kg-1

8.45

Extractable potassium

mg kg-1

127

ECe
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3.9 Soil Analysis
Soil samples taken for pot and field studies were analyzed for their characteristics
according to methods given below:3.9.1 Textural Class
The textural class of soil was determined using Bouyoucos hydrometer method
(Moodie et al. 1959). For this purpose 50 g of soil was taken in a beaker, to which 40 ml of
1 % sodium hexametaphosphate solution and 250 ml distilled water was added. This
mixture is kept for overnight. Then soil was stirred with the help of mechanical stirrer for
10 minutes. This suspension was transferred to the one liter graduated cylinder and value
was adjusted to the mark. The readings were taken with bouyoucos hydrometer at different
time intervals. The textural class was determined by comparing with international textural
triangle.
3.9.2 Saturation Percentage
Saturation percentage was determined by preparing the paste of soil and water in
China dish. The China dish with paste was weighed and then placed in the oven at 105oC
and allowed to dry till constant weight. The dish was weighed again after the process of
drying. The saturation percentage was calculated according to formula (Method 27a, US
Salinity Laboratory Staff, 1954).

SP

=

Mass of wet soil – Mass of oven dry soil
----------------------------------------Mass of oven dry soil

x 100

3.9.3 pH of soil
The pH of saturated soil paste was determined on pH meter with the help of pH 9
and 4 solution to standardize the instruments (method 21a, US Salinity Lab staff, 1954).
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3.9.4 Electrical Conductivity (ECe) of Soil
From the saturated paste of soil, extract was taken with vacuum Pump and collected
in tubes. ECe was noted on conductivity meter.
3.9.5 Organic Matter (O.M.)
The organic matter content of soil was determined according to methods described
by Moodie et al. (1959). One of the soil samples was weighed and mixed with 10 ml of 1N
K2Cr2O7 solution and 20 ml of concentrated H2SO4. After that 150 ml distilled water was
added following 25 ml of 0.5 N FeSO4. This solution was back titrated by 0.1 N KMnO4
solutions to the end part of pink color.
3.9.6 Total Nitrogen
The nitrogen in soil samples were determined by digesting in H2SO4 using digestion
mixture as described by Ginning and Hibbards. The digested samples were distilled and
titrated with macro Kjeldahl’s apparatus (Jackson, 1962).
3.9.7 Available Phosphorus
Soil samples were extracted with 0.5 M NaHCO3 (pH 7) on a shaker. This solution
was filtered and 5 ml was taken in 100 ml volumetric flask. The volume was made up to
the mark after the addition of ascorbic acid (Color developing reagent). The intensity of
color was measured as absorbance on spectrophotometer at 410 nm. The values of available
phosphorus were calculated using standard curve (Watanabe and Olson, 1965).
3.9.8 Extractable Potassium
For the estimation of extractable potassium, soil was extracted with 1N ammonium
acetate solution adjusted to pH 7. The potassium in extracts was determined on flame
photometer (Method 11a, US salinity Laboratory Staff, 1954).
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3.10 Plant Analysis
At the harvest of crop, plant grain and straw samples were collected from each
treatment. These samples were oven dried at 105oC. The NP contents of these samples
were analyzed according to following method.
3.10.1 Nitrogen
2.5 g of dried and ground samples were taken in Kjeldahl’s flasks. Ten ml of conc.
H2SO4 was added followed by the addition of 1 tablet of digestion mixture. These flasks
were kept for overnight and then digested on digestion block at 400oC for 4-5 hours. After
the digestion, these tubes were placed in distillation unit after adding 10 ml of 40% NaOH
and 30 ml distilled water. In a 100 ml volumetric flask, receiver was prepared by adding 25
ml of boric acid (2%) and few drops of indicator solution (bromocresol green and methyl
red). The flasks were allowed to distillate for 2 minutes. The contents of flasks were
titrated by 0.01N H2SO4 solution till the pink end point.
3.10.2 Phosphorus

Five ml of aliquot 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 was determined by
spectrophotometer using standard curve.
3.10.2.1 Barton reagent

The Barton reagent was prepared by mixing solution A and B as described by Ashraf
et al., (1992).
a) Solution A
Twenty five g of ammonium metavenadate (1.25 g) was dissolved in 300 ml of

distilled water.
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b) Solution B

Ammonium metavenadate (1.25 g) was dissolved in 300 ml of boiling water, then
cooled and 250 ml of conc. HNO3 was added and cooled at room temperature. Solution A
and B were mixed and volume was made up to one liter.
3.10.3 Crude protein
Crude protein was determined by multiplying the grain nitrogen content with a factor
of 6.25 (Thimmaiah, 2004).
3.11 Meteorological data
The meteorological data was recorded during the pot and field experiment periods.
The pot and field experiment of 1st year was performed during the same year (Table6 and 7
). For this year total rainfall received during crop stand was 175.3 mm. The maximum
rainfall month was December with 68.5 mm rain figures. The average temperature was
ranged between 2o C and 32o C with maximum reading of 37.2 o C and minimum
temperature of -0.4o C. During the 2nd year of field experiment, total rainfall value was
102.1 mm received during crop stand. For this year, the 1st three months was remained
without rainfall and all the rainfall occurred in last three months which ultimately affected
the crop yield. A maximum and minimum temperature during the crop was recorded as -2.3
and 38.34o C.
3.12 Characterization of Isolates
3.12.1 Phosphate Solubilization
The screened isolates were checked for their activity of phosphate solubilization.
The petri dishes were prepared with agar medium containing tri-calcium phosphate as
inorganic phosphate (Goldstein, 1986). These plates were inoculated with the bacterial
isolates and incubated at 28oC for 7 days. After seven days, the clearing zones around the
colonies were recorded for positive sign of phosphate solubility. The test was performed
with three replicates.
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3.12.2 Root Colonization
The isolates were studied for root colonization under axenic conditions (Simon et
al., 1996). The sand was autoclaved twice and filled in the sterilized jars. The Hoagland
solution of half strength was applied to jars. Three seed of chickpea were placed in each jar
after seed inoculation with broth cultures of relevant isolates.
The jars were put in the growth room under controlled conditions. The root tips (0.2
g) were collected after 7 days and shaked on orbital shaker with 5 ml sterilized water at 100
RPM. The bacterial suspension was added on the Petri dishes with YEM and MSM media
after dilution. Then dishes were incubated at 30oC and colonies were counted on colony
counter.

3.12.3 Auxin production assay
Auxin production by the rhizobacteria both in the presence and absence of Ltryptophan (L-TRP) was determined by colorimetry in terms of IAA equivalents. For this
purpose, 20 mL of DF minimal medium was added in 100 mL Erlenmeyer flasks, autoclaved
and cooled. Five milliliters of filter sterilized (0.2 µm membrane filter, Whatman) L-TRP
solution (5%) were added to the minimal medium to achieve final concentration of 1.0 g L-1.
The flasks were plugged and incubated at 28±1°C for 48 h at 100 rev min-1 shaking.
Uninoculated/untreated control (for both with and without L-TRP) was kept for comparison.
After incubation, the contents were filtered through Whatman filter paper No. 2. Auxin
compounds expressed as IAA-equivalents were determined by digital spectrophotometer
using Salkowski coloring reagent as described by Sarwar et al. (1992). 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 0.5 M 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 color development. Standard curve was used
for comparison to calculate auxin production by rhizobacteria and color was also developed
in standard solutions of IAA as described above. The intensity of color was measured at 535
nm using spectrophotometer (ANA-720W, Tokyo Photo-electric Company Limited, Japan).
All auxin measurements were made in triplicate. The same procedure was repeated except
the addition of L-TRP, for the determination of auxin production in the absence of L-TRP.
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3.13 Identification of selected isolates
The Rhizobium and PSB isolates exhibiting the highest growth promoting
activity under axenic conditions were identified using Biolog ® identification system
TM

(Microlog

System Release 4.2, Hayward, CA, USA).
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Table 6.

Meteorological Data for the year 2008-2009
Month

Mean

Mean

Temp.Min. Temp.Max. Lowest Min. Highest Max. Rainfall mm

October,2008

14.8

32.0

10.5

37.2

6.3

November

6.0

26.1

2.2

31.8

2.0

December

2.9

20.6

1.0

27.0

68.5

January, 2009

2.0

18.2

-0.4

21.3

19.7

February

3.9

19.9

0.4

21.6

39.0

March

7.9

25.5

3.0

30.8

39.8
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Table 7.

Meteorological Data for the year 2009-2010
Month

Mean
Temp.Min.

Mean
Temp.Max.

Lowest
Min.

Highest
Max.

Rainfall
mm

October,2009

12.78

32.98

5.4

38.5

4.0

November

7.13

23.0

2.8

31.9

7.09

December

2.60

19.81

-0.8

24.5

0.0

January,

2.05

17.75

-2.3

22.5

19.7

February

6.29

18.01

2.0

26.3

55.0

March

12.73

28.98

7.3

34.8

16.3

2010
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Chapter 4

RESULTS
The Mesorhizobium ciceri strains were isolated from the root nodules of chickpea
plants grown at rainfed area of Chakwal and PSB isolates were isolated from rhizosphere soil
of chickpea crop from the same location. These strains were screened for growth promotion
of chickpea seedling under axenic conditions. So, in this way three best isolates for each
category were selected. Then all the possible combinations of these isolates were further
screened to select three best combinations. The selected were studied in pot and field trials
for yield and nodulation enhancement under rainfed conditions. The results achieved from
the experiments are summarized as under.
4.1

Screening of Mesorhizobium isolates under axenic conditions
In total fifteen isolates of rhizobium were isolated for the study. These isolates were

screened for their potential of growth promotion activity of chickpea seedling under axenic
conditions. These isolates varied considerably for improvement of chickpea seedlings. The
results are given below;.
4.1.1. Plant weight
The results pertaining to plant weight revealed significant difference among all
inoculated strains as shown in Fig.4.1.1. The highest plant weight was observed with jk-10,
jk-8 and jk-4 isolates (1.31, 1.27 and 1.21g, respectively) as compared to the control and the
other strains. While in terms of percent increase, their corresponding values were 38.82%,
35.11% and 28.72% over the control. Next to it, other three isolates jk-11, jk-12 and jk-5
which are statically at par, were the effective in increasing plant weight and showed 25.0,
23.41 and 23.40% increase over the control. Plant weight in response to Mesorhizobium
isolates jk-1, jk-6, jk-14 and jk-15 were the lowest (1.04, 1.03, 1.02 and 1.01g,
respectively) among all strains. However, untreated control treatment had the lowest plant
weight (0.94g), significantly lower from all the other inoculation treatments. It was noted
from the data that all the isolates were found effective in the promotion of chicpea seedling
fresh weight but their potential varied with the isolates.
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Fig.4.1. Screening of Mesorhizobium Isolates
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Figure 4.1.1.Effect of inoculation of rhizobium strains on plant weight of Chickpea seedling.

Figure 4.1.2.Effect of inoculation of rhizobium strains on shoot weight of Chickpea seedling.
*Means sharing the same letter (s) do not differ significantly at P < 0.05 according to
Duncan’s Multiple Range Test.
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4.1.2. Shoot Fresh Weight (g)
It is evident from the results regarding shoot fresh weight of chickpea seedlings
(Fig.4.1.2) that all the Mesorhizobium ciceri isolates were significantly effective in
increasing shoot fresh weight of chickpea as compared to control. The strains Jk-10 was
found to be best as its inoculation caused 106.58% increase in seedling shoot fresh weight
over the control. The other isolates observed closer to this value were jk-4 and jk-8.
4.1.3. Shoot Dry Weight (g)
The results concerning the effect of different rhizobium strains on shoot dry weight
are shown in Fig. 4.1.3. The strains Jk-4 was found significantly better and caused 51.33 %
increase in seedling shoot dry weight over the control. It was followed in descending order
by jk-10, jk-8, jk-11, and jk-9 which showed 45.56, 40.0, 36.0, 33.56 and 32.67% increase in
shoot dry weight over the control, respectively. It is also obvious that all the isolates were
found better than the un-inoculated plants.
4.1.4. Root fresh weight (g)
It is evident from the results that most of the strains significantly increased root fresh
weight of chickpea seedling as compared to the uninoculated control. The data (Fig. 4.1.4)
depicted that inoculation of Mesorhizobium strains reflected different effect on root fresh
weight of chickpea seedlings under axenic conditions. All the isolates were significantly
effective regarding growth of root fresh weight as compared with control. The strains Jk-10
was the most effective and produced 29.10 % increase in root fresh weight over the control.
The other strains jk-4, jk-8, jk-12, jk-11 and jk-7 produced root fresh weight up to 0.54, 0.53,
0.51, 0.51 and 0.51 g respectively, with 24.42, 22.10, 18.60, 17.45 and 17.44 % increase than
control.
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Figure 4.1.3.Effect of inoculation of rhizobium strains on shoot dry weight of Chickpea
seedling.
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Figure 4.1.4.Effect of inoculation of rhizobium strains on root fresh weight (g) of Chickpea
seedling.
*Means sharing the same letter (s) do not differ significantly at P < 0.05 according to
Duncan’s Multiple Range Test.
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4.1.5. Root Dry Weight
The data (Fig. 4.1.5) revealed that inoculation with Mesorhizobium strains produced
variable root dry weight in chickpea seedlings. It is obvious from results that all the fifteen
strains increased root dry weight ranging from 0.12 to 0.17 g. Here once again the strain Jk10 was at top and caused 37.5 % increase in root dry weight relative to control. Inoculation
with jk-4, jk-8 and jk-9 also oriented favorable results with 29.17, 28.33 and 23.33 %
increase in root dry weight.
4.1.6. Number of Nodules plant-1
The nodules are formed as a result of symbiosis between microbes and host plants.
The atmospheric nitrogen is fixed through these nodules and these are called nitrogen
factories. It is obvious from the data that nodules are formed by all the isolates. The results as
shown in Fig. 4.1.6 indicated that there was considerable variation in the number of nodules
produced in response to inoculation with different Mesorhizobium isolates. It is clear from
the data that all strains were found effective for nodule formation ranging from 6 to 13
nodules plant-1. The inoculation with isolate Jk-10 was found to be the most prolific as its
inoculation caused most promising nodulation (13 nodule plant-1) with the prolific increase
more than the control. The next effective isolates were jk-8, jk-4 and jk-9 which were
statically similar with the number of 12, 11 and 11 nodules plant-1 respectively.
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Figure 4.1.5.Effect of inoculation of rhizobium strains on root dry weight of Chickpea
seedling.

Figure 4.1.6.Effect of inoculation of rhizobium strains on number of nodules plant-1 of
Chickpea.
*Means sharing the same letter (s) do not differ significantly at P < 0.05 according to
Duncan’s Multiple Range Test.
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4.1.7 Shoot Length
It is evident from the data given in Fig. 4.1.7 that all the rhizobial isolates significantly
improved the shoot length of chickpea seedlings during the screening process. As in case of
other parameters, isolates JK-10, Jk-8 and JK-4 were the leading isolates regarding shoot
length development.

The outcome of these isolates was 28.0, 26.0 and 24.67 cm,

respectively compared with the control root length value of 14.67 cm. The other isolates for
good shoot development criteria were JK-5, Jk-9, Jk-11 and JK-13. The shoot length
improvement by Rhizobium inoculation

ranged between 15.88 to 90.86 % over the

uninoculated plants. The increase in shoot length of seedling by the leading three isolates was
measured as 90.80, 77.20 and 68.10% more attractive than uninoculated control plants.
4.1.8 Root Length
Data revealed that inoculation with rhizobium strains increased the root length with
different potential under axenic conditions. The data regarding the root development of
chickpea seedlings through Mesorhizobium isolates inoculation is reflected in Fig. 4.1.8. It is
evident from the data that due to inoculation, root length was enhanced from 27.27 to 81.81
% in comparison with control. The isolates with prominent root development values were
JK-10, JK-8, Jk-4 , JK-5, JK-9 and JK-13. However the most prominent treatments were
JK-4, JK-8 and JK-10 with improvement of 63.63, 72.72 and 81.80 % respectively over the
control treatment without inoculation. However all the isolates confirmed their beneficial role
by improving the root length.
It was observed from the data that isolates Jk4, Jk8 and Jk10 was more efficient in
terms of growth promotion of chickpea seedlings under controlled conditions. However all
the fifteen isolates performed better than the un-inoculation.
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Figure 4.1.7.Effect of inoculation of rhizobium strains on shoot length of Chickpea.

Figure 4.1.8.Effect of inoculation of rhizobium strains on root length of Chickpea.
*Means sharing the same letter (s) do not differ significantly at P < 0.05 according to
Duncan’s Multiple Range Test.
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4.2 Screening of PSB isolates under axenic condition
4.2.1 Phosphate solubilizing activity of PSB isolates:
The potential of PSB isolates to solubilize the organic phosphate was assessed
(Fig.4.2.1). For this purpose plates were prepared using tricalcium phosphate as inorganic
source to determine the efficiency to solubilize it. The diameter of hollow zone was
measured which indicated the efficiency of solubilization after seven days of inoculation.
According to the data collected, all the isolates showed the phosphate solubilization signs
with varied potential. The diameter of zone by various isolates ranged from 15 to 23 mm
with zero reading of control where no inoculation was applied. The maximum diameter of
hollow zone was noted with isolate Pb1 and it was followed in descending order by Pb12 and
Pb6 which produced hollow zone of 22.33 and 22.0 mm in diameter, respectively. These two
isolates were statistically at par. The lowest performance among the isolates was recorded in
Pb9 with hollow diameter of 15 mm.
4.2.2

Plant Weight (g)
It was evident from the data that all the isolates improved the plant weight of

chickpea seedlings. The benefit in terms of percent increase ranged between 6.33 to 30.17 for
increasing the parameter. The graph regarding plant weight showed that there was maximum
plant height in case of plants inoculated with Pb-12, Pb-1 and Pb-6 strains (1.30, 1.26 and
1.24 g, respectively) with 30.17, 26.0 and 24.33 % increase over the control (1.00 g). So
these three strains proved to be the most effective in promoting plant weight. While plant
weight in response to PSB strains Pb2, Pb3 and Pb5 was the lowest but still increased the
plant weight by 8.0, 7.5 and 6.33 % respectively compared to uninoculated control.
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Fig.4.2. Views of PSB Screening
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Views of PSB Screening
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Figure 4.2.1.Effect of inoculation of PSB strains on Phosphate solubilization.

Figure 4.2.2. Effect of inoculation of PSB strains on plant weight of Chickpea seedlings.
*Means sharing the same letter (s) do not differ significantly at P < 0.05 according to
Duncan’s Multiple Range Test.
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4.2.3

Shoot Weight
The PSB strains had significant effect on development of shoot weight as shown in

Fig.4.2.2 and all the strains were effective in increasing shoot weight of chickpea plant. The
inoculation with strains Pb-12, Pb-6 and Pb-1 produced 0.76, 0.75 and 0.75 g fresh weight
which was maximum compared with all other treatments. Next to these were strains PB-15,
Pb-9, Pb-10 and Pb-13 that yielded 0.71, 0.71, 0.69 and 0.69 g shoot weight. While strains
Pb-4 and Pb-5 produced minimum shoot weight
4.2.4

Root Weight
The graph (4.2.3) depicted that inoculation with all candidates PSB isolates resulted

in variable root mass production of chickpea seedlings under growth room conditions. The
strains PB-12 was found to be the most efficient as its inoculation caused 33.10% increase in
root fresh weight over the control. Next to it were strains Pb-6, Pb-1, Pb-7 that resulted in
root fresh weight values of 0.53, 0.51 and 0.50g, respectively with the increase of 27.10,
22.70 and 19.10% over the control. While strains Pb-8, Pb-2 and Pb-3 resulted in minimum
root fresh weight that ranging 5.91-11.11% increase over the uninoculated control.
4.2.5

Shoot Length
The graph pertaining the data of shoot length showed that there was maximum shoot

length in case of plants inoculated with Pb-12, Pb-1 and Pb-6 strains (17.43, 16.70 and 16.43
cm, respectively) as compared to uninoculated control. While in terms of percent increase,
their outcome values are 44.56, 38.47 and 36.26% over the control. So these three strains
proved to be the most effective in producing shoot length of plants. While shoot length in
response to strains Pb-2, Pb-4 and Pb-5 were 13.87, 13.77 and 13.57 cm, respectively.
However, untreated control treatment had the lowest shoot length figure of (12.07cm)
conforming the role of inoculation.
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Figure 4.2.3. Effect of inoculation of PSB strains on shoot weight of Chickpea seedlings.

Figure 4.2.4. Effect of inoculation of PSB strains on root weight of Chickpea seedlings.
*Means sharing the same letter (s) do not differ significantly at P < 0.05 according to
Duncan’s Multiple Range Test.
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4.2.6 Root Length (cm)
Significant difference was found to exist among PSB treatments regarding seedlings
root length as shown in Fig. 4.2.6. It is obvious from the graph that there is similar trend
among the treatments as in case of shoot length of chickpea plants. Maximum root length
(cm) was recorded in plants inoculated with PSB strain Pb-6 (13.90 cm) followed by Pb-12
(13.77 cm) and Pb-1 (12.97 cm) while lowest values were depicted by the control treatment.
In term of percent increase in root length, corresponding values are 38.17, 36.84 and 28.89%
over the control. Plant root length produced as affected by strains Pb-11, Pb-10, Pb-9, Pb-8,
Pb-7, Pb-5, Pb-3 and Pb-2 were minimum and statistically similar ranging from 11.73 to
10.87 cm with percent increase range of 16.63 to 8.01% over control.
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Figure 4.2.5. Effect of inoculation of PSB strains on shoot length of Chickpea seedling.

Figure 4.2.6. Effect of inoculation of PSB strains on root length of Chickpea seedlings.
*Means sharing the same letter (s) do not differ significantly at P < 0.05 according to
Duncan’s Multiple Range Test.
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4.3 Screening for best Combinations
After the screening of best rhizobium and PSB strains, All their possible combinations
were tested for their growth promoting activity of chickpea seedlings under controlled
conditions.. The inoculums were applied in the ratio of 50:50 by dipping the seeds in broth
culture. The results obtained are given as under.
4.3.1. Fresh plant weight
The results regarding fresh plant weight in response to inoculation with rhizobium + PSB
isolates are shown in Fig. 4.3.1. It is evident that all the combinations significantly increased
the fresh weight of chickpea seedlings. The increase over control was ranged between 12.7 to
65.5%. The combination Jk10 x Pb6, Jk8xPb12 and Jk8xPb6 were found to be best as their
inoculation produced 1.68, 1.75 and 1.82g fresh plant weights with benefit of 52.7, 59.0 and
65.5% respectively over control. Next to these were combination Jk10xPb12 and Jk4xPb1
that resulted in 40 and 31.8% better than control. It is also clear that all the combinations
were efficient for improvement of plant weight relative to control with variable potential.
4.3.2 Shoot weight
The results (Fig. 4.3.2) deciphered that inoculation with different rhizobium + PSB
combinations improved the shoot weight of chickpea seedling with variable range. It is
obvious from results that all nine co-inoculation treatments increased shoot weight ranging
from minimum 0.75 to maximum 0.96 g compared to value of 0.60g in control plants. The
combinations of Jk10xPb6, Jk8xPb12 and Jk8xPb6 were found to be the most efficient
treatments among all tested combinations as their inoculation produced 60, 56.7 and 53.3%
respectively higher shoot weight when compared with control.. Here once again the
combinations Jk10xPb1 and Jk8xPb1 resulted in minimum shoot weight that were 0.78 and
0.75g with 16 and 20% enhancement over control.
4.3.3. Root weight
It is evident from the graph (4.3.3) that inoculation with all candidates rhizobium+
PSB combinations produced a variable root fresh weight of chickpea seedlings under axenic
conditions. It is obvious from the data that all the combination responded well for increasing
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Fig.4.3. Views of Combination Screening
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root fresh weight. The combinations Jk10xPb6 were found to be the most effective as their
co-inoculation produced root weight of 0.87g with 81.3% increase than uninoculated control.
It was closely followed by Jk8xPb6 and Jk8xPb12 that reflected 58.3 and 66.7% better
response than control.

The overall benefit with application of isolates in combination

compared with control ranged from 25.0 to 81.3% in terms of root weight.
4.3.4. Shoot length
The significant increase in shoot length of chickpea seedling was observed due to coinoculation combination of rhizobia and PSB isolates. Data regarding the shoot length of
chickpea seedlings is shown in Fig.4.3.4. The values revealed that there was significant
difference among all combinations applied as seed inoculation. However the shoot length
with isolate inoculation ranged from minimum 18.5 cm to maximum 24.2 cm. The
combination Jk8xPb6 and Jk10xPb6 showed maximum shoot length of 24.2 and 23.8 cm
with 30.8% and 28.6% more effective than control. It was closely followed by strain
combination Jk8xPb12 and, Jk10xPb1that resulted in benefit of 22.2 and 21.1% in terms of
chickpea shoot length. It was also noted that all the combination treatments performed better
than uninoculated control. However, combinations varied in their potential for improvement
in chickpea seedling growth.
4.3.5. Root length
The results regarding root length as the inoculation effect of different treatments are shown in
Fig.4.3.5. It is evident that all the tested combinations of rhizobium + PSB were significantly
effective in increasing root length of chickpea seedlings compared with control at axenic
conditions. However the root length of plants ranged from minimum 13.4cm (control) to
maximum 18.4cm in case of combination Jk8xPb6 showing 37.3% increase than control.
This value was statistical at par with the root weight produced in combinations of Jk8xPb12
and Jk10xPb6 whose performance was 34.3 and 33.6% better than control. The lowest root
lengths among combinations were observed in case of Jk10xPb-12 and Jk4xPb1 strains.
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4.4. Pot trial
After the screening of isolates and their combinations, the treatments were studied in
pot study under rainfed environments. The increase in yield and growth parameters was
recorded in chickpea crop with inoculation. The results collected are:
4.4.1. Biomass yield
It is obvious from the results (Fig. 4.4.1) that the three co-inoculation treatments
Jk10xPb6, Jk8xPb12 and Jk8xPb6 which were statistically similar, having the values of
50.0, 49.0 and 48.0g pot-1. While in terms of percent increase, their corresponding values
are 56.25, 53.12 and 50.0% as compared to uninoculated control. So these three treatments
proved to be the most effective in promoting plant biomass.
The three strains of Mesorhizobium ciceri Jk10, Jk8 and Jk4 were the next most
effective for increasing biomass yield with resulting percent increase of 34.38, 33.33 and
28.12% over the control. Biomass yield of plants in response to PSB strains Pb1, Pb6 and
P12 were the lowest 38.0, 37.33 and 37g pot-1, respectively. However, untreated control had
the significantly lowest biomass (32.0g pot-1) from all the other treatments.
4.4.2. Grain yield
Grain yield is a function of integrated effects of the various yield components and any
variation in them is liable to bring about variation in yield. Grain yield analyses of chickpea
due to inoculation with microbes are presented in Fig. 4.4.2. Among all treatments the
greatest and lowest grain yield was recorded by co-inoculation with Jk10xPb6 and Pb12
respectively while the corresponding values of percent increase were 53.60 and 7.93% over
the control.
It is obvious from the graph that the best treatments were Jk10xPb6, Jk8xPb12 and
Jk8xPb6 which produced of 22.33, 21.93 and 21.23 g of grain pot-1. This was followed by
Jk10 (18.87), Jk8 (18.70), Jk4 (17.97) then Pb1 (16.43), Pb6 (16.83), Pb12 (15.63) while at
the bottom position was T0 (control) having the lowest (14.67g) grain yield pot-1.
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Fig.4.4. Pot Experiment Views
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Figure 4.4.1.Effect of inoculation treatments on plant biomass of pot grown Chickpea.

Figure 4.4.2.Effect of inoculation treatments on grain yield of pot grown Chickpea.
*Means sharing the same letter (s) do not differ significantly at P < 0.05 according to
Duncan’s Multiple Range Test.
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4.4.3. Number of nodules
The data regarding the No. of nodule plant -1 of chickpea shown in Fig. 4.4.3 revealed
that there was considerable variation in the number of nodules produced in response to
bacterial strains used. However the nodules plant -1 ranged from minimum (19.67) for Pb6 to
maximum 40 for Jk10xPb6 which was 43.90% and 1.93 times more than control (13.67).
Nodule number generally was the highest in the plants inoculated with Mesorhizobium+ PSB
combinations Jk8xPb12, Jk10xPb6 and Jk8xPb6 (40.0, 37.0 and 36.33 nodules plant

-1

respectively). The three Mesorhizobium strains JK8, Jk10 and Jk4 statically similar, were the
second most prolific for inducing nodule formation having values of 32.33, 30.33 and 28.33
nodules respectively. Nodules formed in response to PSB strains Pb12, Pb6 and Pb1 were
the lowest and produced 20.33, 20.33 and 19.67 nodule plant

-1

respectively but still

significantly better than control.
4.4.4. Nodular dry mass (mg plant-1)
The data regarding the nodules dry mass plant-1 of chickpea are presented in Fig.
4.4.4. The graph deciphered that inoculation with different Mesorhizobium, PSB isolates and
their combinations produced a variable nodules dry mass plant-1 in chickpea. However the
nodules dry mass plant-1 ranged from 146.33 to 308.33 mg plant

-1

for Pb6 and Jk8xPb12

respectively which was 0.34 and 1.83 times more than control (109.0). As in case of number
of nodules, the same three Rhizobium+ PSB inoculation Jk8xPb12, Jk10xPb6 and Jk8xPb6
were the most efficient in producing nodules dry mass plant-1 with good nodulation having
values 308.33, 285.67 and 280.67 mg plant -1, respectively .Thus number of nodules greatly
influenced nodule dry weight plant-1. Nodule mass formed in response to PSB strains Pb12,
Pb6 and Pb1 were (167.67, 158.33 and 146.33 mg plant-1, respectively) not so impressive
among all nine strains. The values were not as well prominent as in case of inoculated plants.
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4.4.5 Plant height
The data (Fig.4.4.5) regarding plant height showed that there was maximum plant
height (31.50 cm) in case of treatment Jk8xPb6 with a rapid increase of 22.71% over control
treatment. It was followed closely by treatments Jk8xPb12 and Jk10xPb6 with 30.67 and 30.0
cm plant height which was 19.47 and 16.87% more compared with control. So these three
strains proved to be the most effective in promoting plant height. The remaining strains
yielded plant height of 27.13 to 29.5 cm which was 2.70 to 14.9 % more compared to
uninoculated control plants.
4.4.6. Root length
Regarding root length, significant difference was found among rhizobium+ PSB
treatments as shown in Fig. 4.4.6. It is obvious from the data that there was similar trend
among treatments as in case of other parameters of chickpea plants. Maximum root length
(cm) was recorded in plants inoculated with co-inoculation in Jk8xPb12 (42.0 cm) followed
by other two combinations Jk8xPb6 (40.33 cm) and Jk10xPb6 (40 cm). In case of coinoculation, percent increase in root length, improvement was 50.0, 44.10 and 42.90 in
compared to the control. Plant root length produced in response to rhizobium inoculation
was 28.57 percent and 19.05 percent over control in case of PSB alone inoculation.
4.4.7. Dry root mass
Average root mass plant-1 increased significantly (p < 0.05) during crop growth in
the pot experiment as shown in Fig. 4.4.7. The highest root mass was recorded in plants
inoculated with co-inoculation treatment of Jk8xPb6 (131.67 mg plant-1) followed by other
combination Jk8xPb12 (131.0 mg plant-1) and Mesorhizobium ciceri Jk4 (126.0 mg plant-1).
In term of percent increase in root weight, corresponding values were 61.90 with coinoculation and 54.92 for single inoculation of rhizobium over the control.

80

Figure 4.4.5.Effect of inoculation treatments on plant height of pot grown Chickpea.

Figure 4.4.6 Effect of inoculation treatments on root length of pot grown Chickpea.
*Means sharing the same letter (s) do not differ significantly at P < 0.05 according to
Duncan’s Multiple Range Test.
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Figure 4.4.7. Effect of inoculation treatments on dry root mass of pot grown Chickpea.
*Means sharing the same letter (s) do not differ significantly at P < 0.05 according to
Duncan’s Multiple Range Test.

Treatment

T0

T1

Description Control Jk4

T2

T3

T4

T5

T6

T7

T8

T9

Jk8

Jk10

Pb1

Pb6

Pb12

Jk8
x
Pb6

Jk8
x
Pb12

Jk10
x
Pb6

82

4.4.8 100 grain weight
The data regarding the 100 grain weight of chickpea is shown in Fig. 4.4.8. The
considerable variation was noted regarding the100 grain weight produced in response to coinoculation treatments used. The 100 grain weight ranged from minimum of 22.57 g for
uninoculated plants to maximum of 28.33 g for co-inoculation in Jk8xPb6. This increase was
25.50% more prominent than control.
This was followed by Jk10xPb6 (27.30) g and Jk8xPb12 (27.10 g) which are
statically at par. While at the bottom position were Pb6 (24.07g), Pb1 (23.53g) and Pb12
(23.33) g having the lowest 100 grain weight with percent increase of 6.60, 4.30 and 3.30
over the control (22.57g).
4.4.9. Grain N contents
The data regarding the nitrogen contents in grains of chickpea are presented in
Fig.4.4.9. The results indicated that inoculation with rhizobium + PSB isolates caused
significant increases in nitrogen contents as compared to the uninoculated control. The effect
of strains combinations in co-inoculation treatments Jk8xPb6, Jk8xPb12 and Jk10xPb6 were
more pronounced regarding grain nitrogen contents than the other remaining treatments as
co-inoculation caused maximum increase of 8.70% over uninoculated control. Next to it were
Mesorhizobium strains Jk4, Jk8 and Jk10 that resulted in statically similar nitrogen
concentration in grain (4.12, 4.11 and 4.07%, respectively) with the respective increase of
3.65, 4.66 and 4.83% over the control. The increasing trend was also recorded with PSB
isolates alone but it was not as much impressive as in case of co-inoculation and rhizobium
alone application.
4.4.10 Grain Protein contents
Regarding protein contents, significant difference was found to exist among
different inoculation treatments as shown in Fig 4.4.10. All the isolates were effective and
significantly increased protein contents of grain as compared to uninoculated control. The coinoculation in Jk8xPb12 was found to be best as it caused 8.22% increase of grain protein
contents over the control.
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The other two combinations in Jk8xPb6 and Jk10xPb6 resulted in protein contents
of 26.28 and 26.20%, respectively with the increase of 6.93 and 6.59% over the control.
Once again, as in case of other parameters, PSB strain application was found with lowest
protein contents that were 25.23, 25.02 and 24.85%, respectively ranging from 1.09 to 2.66%
higher results than uninoculated control.
4.4.11 Phosphorus contents in grain
The data regarding phosphorus contents in grain showed that co-inoculation
significantly improved the parameter in comparison with control and there were nonsignificant difference among three co-inoculation treatments as depicted in Fig.4.4.11. The
highest increase of 15.80% more pronounced than control was observed with co-inoculation.
It is also evident that PSB isolates also had beneficial effect on the increase of phosphorus
contents and resulted in the maximum benefit of 13.90% compared with control. . The
rhizobium strains Jk10, Jk8 and Jk4 showed 7.78, 7.0 and 6.78% increase in P concentration
in grain over the control.

84

Figure 4.4.8.Effect of inoculation treatments on 100 grain weight of pot grown Chickpea.

Figure 4.4.9.Effect of inoculation treatments on Nitrogen content in grain of pot grown
Chickpea.
*Means sharing the same letter (s) do not differ significantly at P < 0.05 according to
Duncan’s Multiple Range Test.
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Figure 4.4.10.Effect of inoculation treatments on grain protein contents of pot grown
Chickpea.
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Figure 4.4.11 .Effect of inoculation treatments on phosphorus content in grain of pot grown
Chickpea.
*Means sharing the same letter (s) do not differ significantly at P < 0.05 according to
Duncan’s Multiple Range Test.
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4.4.12. Nitrogen uptake in grain
The results pertaining to nitrogen uptake revealed significant improvement in grain N
uptake due to inoculation as shown in Fig.4.4.12. These results showed that if strains are
used as microbial inoculants, nodulation is improved as well as N and P uptake by chickpea
was also increased.
The highest nitrogen uptake in grain was obtained with plants inoculated with
Jk8xPb6, Jk8xPb12 and Jk10xPb6 co- inoculation treatments with values of 9.37, 9.35 and
8.93 mg pot-1 respectively. While in terms of percent increase, their corresponding values
were 62.73, 62.38 and 55.90 over the control. The rhizobium inoculation as a single
application caused maximum increase of 33.45% compared with control.
N uptake in plants in response to PSB strains Pb6, Pb1 and Pb12 were the lowest
(6.54, 6.32 and 6.31 mg pot-1, respectively) among all other strains
4.4.13. Phosphorus uptake in grain
The results regarding phosphorus uptake in chickpea grain revealed significant
difference among inoculation treatments as shown in Fig.4.4.13. Use of microbial inoculants
in combination proved that N and P uptake by chickpea are increased. The highest
phosphorus uptake in grain was obtained in plants co-inoculated with Jk8xPb1, Jk8xPb12
and Jk10xPb6 treatments as compared to the chickpea plants without inoculation and the
other inoculation treatments. These values are 73.77, 65.17 and 55.38% over the control.
Once again, the same three PSB isolates were the next more effective by increasing P
uptake with resulting maximum percent increase of 35.42 over the control. The single
rhizobium inoculation also improved the phosphorus uptake in chickpea grain. The highest
increase in case of rhizobium inoculation was noted 23.70% better than control. The coinoculation resulted in more phosphorus uptake due to improved nutrient balance in the soil
that facilitated the P uptake by chickpea plants.
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Figure 4.4.12.Effect of inoculation treatments on N uptake in grain of pot grown Chickpea.

Figure 4.4.13.Effect of inoculation treatments on phosphorus uptake in grain of pot grown
Chickpea.
*Means sharing the same letter (s) do not differ significantly at P < 0.05 according to
Duncan’s Multiple Range Test.
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4.4.14. Phosphorus contents in shoot
The data (Fig. 4.4.14) depicted that phosphorus contents in shoot was significantly
enhanced with all the treatments over the control The maximum increase of 18.60% was
recorded with co-inoculation treatments and PSB strains which were statistically similar for
improving the P content. However the values were ranged from 0.26 to 0.31% in shoots with
highest benefit of 18.60% compared with control. The rhizobium strains resulted in 11.41,
7.82 and 7.18% increase in P concentration in plant shoot over the control.
4.4.15 Chlorophyll-a contents
The results pertaining to chlorophyll-a content in chickpea plants revealed significant
differences among all inoculated treatments as shown in Fig. 4.6.15. The highest chlorophylla contents was reflected by co-inoculation with Jk8xPb6 (1.62 mg Kg-1 FW) giving percent
increase of 11.72 compared to control. Next to it other two isolate treatments Jk4 (1.59 mg
Kg-1 FW) and Jk8xPb12 (1.58 mg Kg-1 FW), were the more effective to produce chlorophyll-a
in plant leaves. Chlorophyll a contents of plant leaves in response to PSB treatment Pb12 were
the lowest (91.43 mg Kg-1FW) among all inoculation treatments excluding control.
4.1.16 Chlorophyll-b contents
The results regarding chlorophyll-b contents in chickpea plants are presented in Fig.
4.4.16. It is evident from these results that all the treatments were effective and significantly
increased chlorophyll-b contents as compared to uninoculated control. The most prominent
treatment regarding the chlorophyll-b contents was co-inoculation of Jk8xPb6 (0.81 mg Kg-1
FW) with increase of 50.0% over the control. While Chlorophyll-b content of plants in
response to rhizobium treatments was (0.61 and 0.59 mg Kg-1 FW) and maximum
improvement was 32.3% compared with uninoculated control. The highest increase with
PSB alone inoculation was 18% over control.
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Figure 4.4.14.Effect of inoculation treatments on phosphorus content in shoot of pot grown
Chickpea.

Figure 4.4.15.Effect of inoculation treatments on chlorophyll-a content in shoot of pot grown
Chickpea.
*Means sharing the same letter (s) do not differ significantly at P < 0.05 according to
Duncan’s Multiple Range Test.
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4.4.17. Soil N
The data indicated a significant increase of soil nitrogen in this pot study, when the
soil was co-inoculated with different rhizobium and PSB strains compared to the control soil
(Fig. 4.4.17). The post-harvest soil nitrogen contents were ranged from 0.34 to 0.40% of
soil.
The most promising increase of 16.67% over the control was recorded in case of soil
inoculation with rhizobium + PSB strains Jk8xPb6 than the other remaining strains. The next
effective strains were Jk10, Jk4, Jk8 and Jk8xPb12 which caused a percent increase of 15.10,
14.02, 13.63 and 13.53%, respectively in N concentration in soil relative to control. The
strains were resulted in minimum (0.37 % soil N) among all nine strains with increase of
8.73% over the control.
4.4.18. Soil P
The pot study data indicated a significant increase of soil phosphorus in post harvest
soil analysis (Fig. 4.4.18). The highest increase of 41.54 over the control was recorded in
case of soil inoculated with combination Jk8xPb6 and PSB strain Pb6 showed an increase of
38.93% than control. The strains co-inoculation in Jk8xPb12 and Jk10xPb6 and PSB isolates
Pb12 and Pb6 caused an increase of 35.37, 33.71, 32.05 and 29.45%, respectively more than
control in P concentration of soil. The rhizobium strains resulted in increase of soil
phosphorus contents with the percent increase of 17.31 over the control.
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Figure 4.4.16.Effect of inoculation treatments on chlorophyll-b content in shoot (%) of pot
grown Chickpea.
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Figure 4.4.17.Effect of inoculation treatments on soil nitrogen of pot grown Chickpea.
*Means sharing the same letter (s) do not differ significantly at P < 0.05 according to
Duncan’s Multiple Range Test.
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Figure 4.4.18.Effect of inoculation treatments on soil phosphorus of pot grown Chickpea.
*Means sharing the same letter (s) do not differ significantly at P < 0.05 according to
Duncan’s Multiple Range Test.
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4.5. Field Trials (1st year)
The study was shifted to two years field experiments after the confirmation of
approach in pot study. The similar response was noted regarding the chickpea yield and other
plant parameters. The results are elaborated here.
4.5.1. Grain yield
Grain yield analyses of chickpea due to inoculation with different treatments of
Mesorhizobium ciceri, PSB and their combinations are presented in Fig. 4.5.1. It is clearly
evident from the data that co-inoculation performed better single inoculation of strains. The
sole inoculation of rhizobium improved the yield up to 29.4% while co-inoculation was
found more effective than control. PSB isolates maximum of 20.3 % and co-inoculation
caused the significantly better increase of 41.9% compared with control. Among the all
treatments, the greatest grain yield was recorded by co-inoculation with Jk8xPb6 followed by
other combinations of Jk8xPb12 and Jk10xPb6.
4.5.2. 100- Grain Weight
Data showed that co-inoculation with rhizobium and PSB isolates significantly
affected the 100 grain weight of chickpea in the field trial under rainfed conditions compared
to control and single inoculation of same isolates. In case of 100 grain weight, the data
indicated significant increase due to inoculation treatment with different potential (Fig.
4.5.2.) Strain combination Jk8xPb6 caused a maximum increase in 100 grain weight that was
14.39% higher than respective uninoculated control. The rhizobium isolates were also found
effective for improving the grain weight in chickpea plants and produced up to 10.6% more
100 grain weight compared to control, It is obvious from the results that the higher 100- grain
weight was observed with co-inoculation of Jk8xPb6, Jk10, Jk4 and Jk8xPb12 which were
statistically at par, having the values 25.20, 24.70, 24.57 and 24.47g with 14.39, 12.12, 11.51
and 11.06% higher than control (22.03 g). This was followed by Jk10 (24.33), and Pb6
(22.70) Thus, among all inoculants, the greatest and lowest 100- grain weight was recorded
by inoculation with Rhizobium + PSB combination Jk8xPb6, and PSB isolate

Pb12,

respectively with percent increase of 14.39 and 1.7% over the control.
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Fig.4.5. Field Trials (1st year)
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Field Trials (1st year)
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Figure 4.5.1.Effect of inoculation treatments on grain yield of field grown Chickpea.

Figure 4.5.2.Effect of inoculation treatments on 100 grain weight of field grown Chickpea.
*Means sharing the same letter (s) do not differ significantly at P < 0.05 according to
Duncan’s Multiple Range Test.
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4.5.3. Number of nodule plant -1
Co-inoculation treatments significantly increased nodule number per plant in
comparison with single inoculation of isolates and control as indicated in the graph (Fig.
4.5.3). However the No. of nodule plant

-1

ranged from minimum (27.67) for pb12 to

maximum of 50.6 for co-inoculation of Jk8xPb6 which was 12.2 and 105.4% more than
control. Nodule number generally was the highest in the plants inoculated with rhizobium
and PSB strains combinations Jk8xPb6, Jk8xPb12 and Jk10xPb6 (50.67, 47.67 and 46.0
nodules plant

-1

, respectively) with 1.05, 0.93 and 0.86 fold increase over the control

(24.67).The three Rhizobium strains which are statically similar, were the second most
prolific as inducing nodule formation. Nodules formed in response to PSB were the lowest
but still significantly higher than control.
4.5.4. Nodular dry mass
The data regarding the nodular dry mass plant-1 of chickpea is presented in Fig. 4.5.4.
The nodules dry mass plant-1 was observed between71 to 132 mg plant

-1

for T6 and T7

respectively which was 1.10 and 2.05 times more than control (52.0 mg plant-1). The three
co-inoculation treatments were the most efficient in producing nodules dry mass plant-1that
was 132, 125.67 and 115 mg plant-1, respectively 1.05, 0.95 and 0.78 fold more than control.
Mesorhizobium isolates were also found efficient for inducing nodular mass production.
Nodule mass formed in response to PSB strains were the lowest (73, 74.67 and 71 mg
plant -1, respectively) among all nine strains.
4.5.5. Number of pods plant-1
The graph (Fig. 4.5.5) depicted that co-inoculation treatments resulted in statistically
better response with reference to No. of pods plant-1 in chickpea. It is clear from results that
all treatment applications increased number of pods plant-1 ranging from 19 to 35.33 pods
plant-1in contrast to the control (17.00).The combined inoculation treatment Jk8xPb6 was the
most efficient by producing maximum (35.33) number of pods plant-1 with 1.08 fold increase
over the control, followed closely by other two combinations Jk8xPb12 and Jk10xPb6 having
32 and 30.67 pods plant-1 respectively with 0.88 and 0.80 fold increase over the control.
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*Means sharing the same letter (s) do not differ significantly at P < 0.05 according to
Duncan’s Multiple Range Test.
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4.5.6. Plant height
As far as plant height is concerned, it is evident from the data that 14 to 43% increase in
plant height was observed due to individual inoculation. The co-inoculation improved the plant
height from 45 to 55 % compared with control. Each inoculation treatment with good
nodulation gave its higher plant growth as shown in Fig. 4.5.6. Plants inoculated with
Jk8xPb6 had maximum plant height (58.83 cm) with a rapid increase of 55% over control
(38.10 cm). It was followed closely by other two combinations producing 56.70 and 55.20 cm
plant height. In term of percent increase these treatments showed 48 and 44 % increase than
control. The remaining strains gave plant height 43.47 to 54.47 cm.
4.5.7. Shoot weight
Average shoot weight plant-1 increased significantly (p < 0.05) during crop growth
in the field experiment as shown in Fig. 4.5.7. Maximum shoot weight (g plant-1) was
recorded in plants inoculated with strain co-inoculation at Jk8xPb6 (45.10g) followed by
Jk8xPb12 (42.20g) and Jk10 (39.5g) with 53.24, 43.39 and 34.22% increase over the control
Then three rhizobium treatments Jk10xPb6, Jk8 and Jk4 which are statically at par gave the
secondly most prolific shoot weight and showed 31.50, 25.95 and 22.66% increase over
control. Plant shoot weight produced in response of PSB treatments T5, T4 and T6 were the
lowest with maximum percent increase of 18.13 over control.
4.5.8. Root length
It is evident from the data (Fig. 4.5.8) that combined application of rhizobium and
PSB proved relatively better application of rhizobium and PSB alone. Significant difference
was found among all the treatments regarding root length. Maximum root length was
recorded in plants inoculated with Jk8xPb6 treatment (20.57 cm) followed by value of (19.0
cm) in Jk8xPb12 and 18.8 cm in case of Jk10xPb6. These treatments showed 38.31, 27.77
and 26.22% increase, respectively over the control (14.87 cm).The three treatments with
Mesorhizobium ciceri strains produced the secondly most prolific root length that was 18.07,
17.0 and 16.63 cm with increase of 21.52, 14.32 and 11.86% over control. These were
statistically at par.
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Figure 4.5.5.Effect of inoculation treatments on number of pods of field grown Chickpea.

Figure 4.5.6.Effect of inoculation with different Rhizobium strains on plant height of field
grown Chickpea.
*Means sharing the same letter (s) do not differ significantly at P < 0.05 according to
Duncan’s Multiple Range Test.

Treatment

T0

T1

Description Control Jk4

T2

T3

T4

T5

T6

T7

T8

T9

Jk8

Jk10

Pb1

Pb6

Pb12

Jk8
x
Pb6

Jk8
x
Pb12

Jk10
x
Pb6
101

4.5.9. Root weight
Average root weight plant-1 increased significantly (p < 0.05) during crop growth
in the field experiment during 1st year as shown in Fig. 4.5.9. The combine inoculation of
rhizobium and PSB isolates had pronounced effect on root weight plant-1. The highest root
weight (g plant-1) was recorded in plants inoculated with combination of Mesorhizobium
and PSB strain Jk8xPb6 (14.10) followed by other two combinations Jk8xPb12 (13.0) and
Jk10xPb6 (12.1). These treatments showed 78.48, 64.56 and 53.16 % increase in root weight
more than control (7.90 g). Then three treatments with Mesorhizobium ciceri inoculation Jk8,
Jk4 and Jk10 which are at par, gave the second most proliferated roots weights of 10.87, 10.13
and 10.13 g plant-1and showed 37.55, 28.27 and 28.27% more increase than control. The
maximum plant root weight produced in response of PSB isolates was 9.67 g plant-1, with
percent increase of 22.36 over control.
4.5.10. Grain Nitrogen contents
The concentration of nitrogen in grains is an indication of good nutrient supply to the
plants. The grain N concentration is related to the protein contents in the plants that reflects
the quality of crop. The data regarding the nitrogen content in grains of chickpea are
presented in Fig.4.5.10 which showed that the nitrogen contents were ranged from 3.67 to
4.08 % in chickpea grains. The effect of treatments Jk8xPb6, Jk10xPb6, Jk8xPb12, and Jk10
were more pronounced regarding grain nitrogen contents than the other remaining treatments
as their inoculation caused an increase of 11.27, 10.10, 9.54 and 9.54%, respectively over
control. These strains are statically at par with each other. These were followed by two
Mesorhizobium strains Jk8 and Jk4 that resulted in 6.45 and 6.00% increase in nitrogen
concentration in grain over the control. Grain nitrogen contents increased in response to
Phosphobacterium Strains was not as impressive as other treatments.
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Figure 4.5.7.Effect of inoculation treatments on shoot weight of field grown Chickpea.

Figure 4.5.8.Effect of inoculation treatments on root length of field grown Chickpea.
*Means sharing the same letter (s) do not differ significantly at P < 0.05 according to
Duncan’s Multiple Range Test.
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Figure 4.5.9.Effect of inoculation treatments on root weight of field grown Chickpea
4.2
N content in grain (%)

A

AB

4.1
4

BC

C

A

C

3.9
3.8

AB

C

C

D

3.7
3.6
3.5
3.4
3.3
T0

T1

T2

T3

T4

LSD: 0.13

T5

T6

T7

T8

T9

Treatments

Figure 4.5.10.Effect of inoculation treatments on grain nitrogen content of Chickpea.
*Means sharing the same letter (s) do not differ significantly at P < 0.05 according to
Duncan’s Multiple Range Test.
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4.5.11. Grain Phosphorus contents
The data regarding phosphorus contents in grain showed that maximum increase was
found in the treatment with co-inoculation of Jk8xPb6 which was 28.6% better than control.
Co-inoculation with Mesorhizobium and PSB strains Jk8xPb6, Jk8xPb12, Jk10xPb6, and
PSB isolate Pb6 were found the most effective than the other remaining strains and control.
These strains had statically similar effect on grain P contents. The rhizobium inoculation
alone resulted in 10.7 % highest increase in P concentration of grain over the control. The
control values remained significantly lower than inoculation treatments.
4.5.12. Nitrogen uptake
The results pertaining to nitrogen uptake revealed a favorable response of coinoculation treatments as shown in Fig. 4.5.12. The highest figures of nitrogen uptake were
obtained in the co- inoculation treatments Jk8xPb6, Jk8xPb12, and Jk10xPb6 with (52.10,
49.70 and 48.73 kg ha-1, respectively) as compared to control. Their corresponding values
were 57.5, 50.2 and 47.3% over the control. Next to it were three rhizobium isolates effective
in increasing N uptake with resulting percent increase of 41.48, 32.81 and 29.28% over the
control. N uptake in plants in response to PSB strains were the lowest with the percent
increase of 26.90, 22.38 and 15.989 over the control.
4.5.13. Phosphorus uptake
The results pertaining to phosphorus uptake revealed significant difference among
inoculation treatments as shown in Fig. 4.5.13. The highest phosphorus uptake was obtained
in Jk8xPb6, Jk8xPb12, and Jk10xPb6 combination with outcome of (46.0, 43.5 and 41.7 kg
ha-1, respectively) as compared to the 25.6 kg ha-1 uptake without inoculation and showed
79.6 maximum increases over the control. Next to these were other two isolates Pb6 and Jk10
which are statistically at par. These were the 2nd most effective in increasing P uptake with
resulting percent increase of 46.48 and 45.70% over the control. Phosphorus uptake in plants
in response to control plants was not so much impressive as in case of other treatments.
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Figure 4.5.11.Effect of inoculation treatments on grain phosphorus contents of field grown
Chickpea.
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Figure 4.5.12.Effect of inoculation treatments on nitrogen uptake of field grown Chickpea.
*Means sharing the same letter (s) do not differ significantly at P < 0.05 according to
Duncan’s Multiple Range Test.
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4.5.14. Shoot nitrogen content
The data regarding the nitrogen content in shoot of chickpea is presented in Fig.
4.5.14 which showed that the nitrogen contents were ranged from 1.37 to 1.78% in plant
shoots. The effect of treatments Jk8xPb6, Jk10 and Jk8 shown 29.90, 27.74and 24.80 %
increase, respectively compared to control. These strains are statically at par with each other.
Treatments Jk4, Jk8xPb12 and Jk10xPb6 showed 22.38, 21.90 and 21.17% increase in
nitrogen concentration in shoot over the control. Shoot nitrogen contents increased in
response to PSB isolates were the lowest that resulted in 16.8 % better than the control.
4.5.15. Shoot phosphorus content
Fig.4.5.15 demonstrated the data pertaining to shoot phosphorus content of chickpea
plants. The results revealed that co-inoculation proved to be the source of significant
increases in shoot phosphorus contents as compared to the single inoculation and
uninoculated plants. The most promising increase of 21.7% over the control was recorded in
case of cumulative inoculation with Rhizobium + Pseudomonas strains in treatments Jk8xPb6.
The PSB isolate Pb6 oriented the increase of 17.4% more than the control. The rhizobium
strains caused an increase of 13.0 % in P concentration over the control. The least effective
rhizobium strains was T1 that resulted in minimum shoot phosphorus contents among all
nine strains with the percent increase of 8.70 % over the control.
4.5.16. Grain Protein contents
The protein contents of plant grain are an indicator of fine quality and high nutritive
value. The results regarding protein contents are elaborated in Fig. 4.5.16. It is evident from
the recorded data that the isolate combination Jk8xPb6 was found to be best as its coinoculation caused 15.5 % increase in grain protein contents over the control. Next to it were
strains combination Jk8xPb12, Mesorhizobium ciceri isolate Jk10 and other combination
Jk10xPb6 that resulted in protein contents of 22.57, 22.43 and 22.10% having percent
increase of 12.83, 12.17 and 10.50% over the control. The PSB strains resulted in lowest
protein contents ranging from 2.67 to 5.67% more than uninoculated control.
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Figure 4.5.13.Effect of inoculation treatments on phosphorus uptake of field grown
Chickpea.

Figure 4.5.14.Effect of inoculation with treatments on shoot nitrogen content of field grown
Chickpea.
*Means sharing the same letter (s) do not differ significantly at P < 0.05 according to
Duncan’s Multiple Range Test.
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Figure 4.5.15.Effect of inoculation treatments on shoot phosphorus content of field grown
Chickpea.

Figure 4.5.16.Effect of inoculation treatments on protein contents of field grown Chickpea.
*Means sharing the same letter (s) do not differ significantly at P < 0.05 according to
Duncan’s Multiple Range Test.
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4.5.17. Chlorophyll a contents
The results pertaining to chlorophyll a contents of chickpea leaf revealed significant
improvement by co-inoculation of rhizobium and PSB isolates as shown in Fig. 4.5.17. The
highest chlorophyll-a estimation was obtained in plant leaves inoculated with isolate
combination of Jk8xPb6, Jk8xPb12, and Jk10xPb6 having readings of (1.87, 1.84 and 1.83
mg Kg-1 FW, respectively) as compared to the result of 1.57 mg Kg-1 FW without
inoculation. The maximum increase with co-inoculation was found in the range of 19.1%.
The Mesorhizobium isolates produced chlorophyll-a with resulting percent increase of 12.5
over the control. Chlorophyll-a content of plants in response to PSB isolates indicated the
very less percent increase of 3.40 over the control.
4.5.18. Chlorophyll-b contents
The results regarding to chlorophyll-b content showed that the highest chlorophyll-b
contents were measured in plants with co-inoculation at Jk8xPb6 and Jk8xPb12 showing
41.3 and 33.6% enhancement as compared to plants without inoculation. Next to these were
rhizobium isolates that resulted in chlorophyll-b content with the relative percent increase of
31.2 over the control.

The third co-inoculation treatment was at par with this figure.

Chlorophyll-b content of plants in response to PSB strains inoculation was the lowest than
other isolates but it still resulted in 16.7 % increase than the control. However, control
plants had significantly lower value of (0.61 mg Kg-1 FW) as compared to the other
treatments.
4.5.19 Soil N
The data indicated that soil nitrogen in field study after crop harvest during first year
was significantly improved when the chickpea crop was co-inoculated with different strains
compared to the soil without inoculation (Fig. 4.4.12). The co-inoculation with rhizobium +
PSB strains of Jk8xPb6 caused the handsome increase of 11.3 % over the control which was
also better than either rhizobium or PSB single inoculation. The rhizobium strains as sole
application resulted in 10.0 percent increase in N concentration of soil over the control. The
increase of 7.8% more than control was noted with PSB strains.
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4.5.20 Soil phosphorus contents
The data regarding the post harvest soil analysis indicated a significant increase of
soil phosphorus in this study, when the crop is co-inoculated with different bacterial strains
compared to the control soil (Fig. 4.5.19). However the soil phosphorus contents were
ranged from 8.6 to 11.4 mg kg-1 of soil. The most promising increase of 33.0 over the control
was recorded in case of co- inoculation with combination Jk8xPb6. The Pseudomonas isolate
Pb6 also proved better in the category and created the increase of 28.4% than the control
treatment. The next effective treatments were rhizobium isolates which caused an increase of
26.0% in P concentration in soil over the control.
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Figure4.5.17.Effect of inoculation treatments on Chlorophyll-a content of field grown
Chickpea.

Figure 4.5.18. Effect of inoculation treatments on Chlorophyll-b content of field grown
Chickpea.
*Means sharing the same letter (s) do not differ significantly at P < 0.05 according to
Duncan’s Multiple Range Test.
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Figure 4.5.19.Effect of inoculation treatments on soil Nitrogen of field grown Chickpea.

12

‐1

Soil P (mg kg )

10
8

G

E

F

F

E

T1

T2

T3

T4

AB

CD

T5

T6

A

BC

BCD

T7

T8

T9

6
4
2
0
T0

LSD: 0.40

Treatments

Figure 4.5.20.Effect of inoculation with different Rhizobium strains on soil phosphorus of
field grown Chickpea.
*Means sharing the same letter (s) do not differ significantly at P < 0.05 according to
Duncan’s Multiple Range Test.
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4.6. Field Trial (2nd year)
4.6.1. Grain yield
As far as grain yield is concerned the data revealed that co-inoculation with different
strains of Mesorhizobium and Pseudomonas significantly increased the yield as compared
with control as well as single inoculation of isolates. It is obvious from the data (Fig. 4.6.1)
that at the top merit the best co-inoculation combinations were Jk8xPb6, Jk8xPb12 and
Jk10xPb6 having the values of 1.43, 1.38 and 1.34 times higher than control. These were
followed by Mesorhizobium ciceri isolates while at the bottom position were PSB strains
having the low returns regarding grain yield. The co-inoculation resulted in increase of 43%
while single inoculation produced grain yield in the range of 17.8 to 26.8 % better than
control.
4.6.2. 100 Grain Weight
The data presented in Fig. 4.6.2 indicated that co-inoculation played a significant role
in improvement of grain weight which was increased considerably due to microbial
treatment. The combination of isolates applied as Jk8xPb6, Jk8xPb12 and Jk10xPb6
responded well and produced values of 24.77, 23.90 and 23.50 g. The rhizobium isolates
Jk10, Jk4 and Jk8 were also found efficient in the enhancement of chickpea grain weight.
Phosphate bacterial isolates also supported the100 grain weight relatively in low proportions
but their values were still higher than the uninoculated treatment.
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Fig.4.6. Field Trials (2nd year)
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Figure 4.6.1.Effect of inoculation treatments on grain yield of field grown Chickpea.

Figure 4.6.2.Effect of inoculation treatments on 100 grain weight of field grown Chickpea.
*Means sharing the same letter (s) do not differ significantly at P < 0.05 according to
Duncan’s Multiple Range Test.
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4.6.3. Number of nodule plant -1
The nodule formation is a sign of legume- Rhizobium symbiosis and atmospheric
nitrogen is fixed through these nodules. The data regarding the nodulation of chickpea is
shown in Fig. 4.6.3 which revealed that the No. of nodule plant

-1

ranged from minimum

(24.33) for Pb12 to maximum 46.33 for Jk8xPb6 which was 0.14 and 1.17 times more than
control. Nodule number generally was the highest in the plants inoculated with rhizobium
and PSB co-inoculation Jk8xPb6, Jk8xPb12 and Jk10xPb6 that showed 117, 104 and 89%
increase in nodule formation as compared to control. The three Mesorhizobium strains were
the second most prolific to induce nodule formation. However, in case of control (21.33 nodule
plant -1) plants were not as well nodulated as inoculated plants.
4.6.4. Nodular dry mass
The data (Fig.4.6.4) regarding the nodules dry mass plant-1 of chickpea revealed that
that nodular dry mass plant-1 ranged up tp134 mg plant

-1

for Jk8xPb6 which was 157.69%

better than control. These results are also more significant than the rhizobium and PSB
individual inoculation indicating the increase of 78 and 31% respectively over control. As in
case of number of nodules, the same three combinations Jk8xPb6, Jk8xPb12 and Jk10xPb6
were the most efficient in producing nodules dry mass plant-1 with good nodulation having
values 134, 125 and 115.67 mg plant

-1

respectively as compared to control(52 mg plant -1).

However, in case of control nodulation was not as much effective as the other treatments.
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Figure 4.6.3.Effect of inoculation treatments on number of nodule plant
Chickpea.

-1

of field grown

Figure 4.6.4.Effect of inoculation treatments on nodular dry mass of field grown Chickpea.
*Means sharing the same letter (s) do not differ significantly at P < 0.05 according to
Duncan’s Multiple Range Test.
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4.6.5. Number of pods plant-1
The graph (Fig. 4.6.5) depicted that co-inoculation with different Rhizobium and PSB
strains resulted in a positive improvement in respect of

pods plant-1 in chickpea field

experiment during 2nd year. It is evident from results that the cumulative inoculation of both
isolates in Jk8xPb6 was the most efficient by producing maximum (28.67) number of pods
plant-1 with 138.9% increase over control. It was closely followed by other two combinations
Jk8xPb12 and Jk10xPb6 having 108 and 94% increase respectively. Then three chickpea
rhizobium strains were the second most efficient in producing pods plant-1. While number of
pods formed in response to PSB single inoculation remained less and showed 47%
maximum improvements than control.
4.6.6. Plant height
The plant height is a reflector of optimum nutrient supply to the plants for good crop
growth. Each inoculation treatment with good nodulation gave its higher plant growth as
shown in Fig. 4.6.6. Plants inoculated with combined inoculation of strains at Jk8xPb6 had
maximum plant height (53.27 cm) with a rapid increase of 42.16% over control treatment. It
was followed closely by Jk8xPb12 and Jk10xPb6 with 50.47 and 47.43 cm plant height. These
values were 34.68 and 26.59% over the control regarding the percent increase in plant height.
The remaining strains gave plant height 39.27 to 46.13 cm while uninoculated control
plants had minimum height 37.47 cm. The highest benefit with rhizobium alone application
was 23.1% and PSB individual inoculation was 16.1%.

119

Figure 4.6.5.Effect of inoculation treatments on number of pods plant
Chickpea.

-1

of field grown

Figure 4.6.6.Effect of inoculation treatments on plant height of field grown Chickpea.
*Means sharing the same letter (s) do not differ significantly at P < 0.05 according to
Duncan’s Multiple Range Test.
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4.6.7. Shoot weight
The data regarding the fresh shoot weight revealed that dual inoculation with
rhizobia and PSB performed significantly better than single strain inoculation in
comparison with control. From the Fig. 4.6.7, it is evident that maximum shoot weight was
recorded in plants inoculated with rhizobium + PSB strain co-inoculation Jk8xPb12 (38.40
g) with 55.7% more efficient than control. It was followed by Jk10xPb6 (36.53 g) and
Jk8xPb6 (33.70g). If these figures are measured in terms of percent increase, values were 48.1
and 36.6% over the control. Then applications of Mesorhizobium strains were second in shoot
weight production having highest impact of 33.9% better to control. The benefit with PSB
inoculation was noted up to 19.4%. Untreated control treatment had the lowest shoot weight
(24.67 g plant-1) significantly lower than all the other treatments.
4.6.8. Root length
It is clear from the data in 2nd year field trial, inoculation of rhizobia or PSB
significantly improved root length as compared to control. Further the increase with coinoculation of these two isolates was comparatively better than simple inoculation as shown
in Fig. 4.6.8. The plants co-inoculated with Jk8xPb6 oriented maximum root length (17.67
cm) followed by Jk8xPb12 (16.80 cm) and Jk10xPb6 (16.0 cm) with maximum percent
increase of 48.5% in comparison with control. Then rhizobium strains as alone inoculation
produced the root length having value of 34.5% better than control. Plant root length produced
as affected by PSB strains Pb6, Pb1 and Pb12 were the lowest and statistically similar with
percent increase of 19.89, 16.25 and 9.52% over control.
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Figure 4.6.7.Effect of inoculation treatments on shoot weight of field grown Chickpea.

Figure 4.6.8.Effect of inoculation treatments on root length of field grown Chickpea.
*Means sharing the same letter (s) do not differ significantly at P < 0.05 according to
Duncan’s Multiple Range Test.
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4.6.9. Root weight
Average root weight plant-1 of chickpea plants stimulated significantly (p < 0.05)
with all inoculation treatments during field experiment of second year as shown in Fig.
4.6.9. The most promising increase of 80% higher than control was recorded in response to
co-inoculation of isolates. The rhizobium and PSB strains also yielded the increase of 45.8
and 20.6% better than control. The highest root weight was recorded in plants inoculated
with both the isolates at Jk8xPb6 (11.70 g) followed closely by other two combinations
Jk8xPb12 (11.17 g) and Jk10xPb6 (11.03 g). Then three Mesorhizobium isolates with
statically similar order, produced roots having weight of 10.40, 9.93 and 9.43 g plant-1. Plant
root weights produced by Phosphobacterium treatments Pb6, Pb1 and Pb12 were the
lowest among inoculations with percent increase of 20.6, 15.5 and 11.7% over control.
4.6.10. Shoot nitrogen content
All the treatments including single inoculation as well as co-inoculation of rhizobium
and PSB had the ability to increase nitrogen concentration in plant shoot (Fig. 4.6.10). The
results showed that co-inoculation resulted in significant increases in shoot nitrogen contents
as compared to the un-inoculation and sole inoculation. The shoot nitrogen contents were
ranged from 1.40 to 1.65% in plant shoot. The effect of isolates combination Jk8xPb6 was
more pronounced than the other remaining strains as their inoculation caused a percent
increase of 21.56 as compared to control. It was followed by Jk8xPb12 and Jk8 with 17.7 and
16. 7% increase respectively. These isolates were statically at par with each other as their
effect on shoot nitrogen contents was similar. After that the treatments Jk10xPb6 and Jk4
resulted in 15.2 and 14.7% increase in nitrogen concentration in shoot over the control. Shoot
nitrogen contents increased in response to PSB isolates were not much too impressive as the
other treatments performed in the field with 7.0% increase over control.
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Figure 4.6.9.Effect of inoculation on root weight of field grown Chickpea.

Figure 4.5.10.Effect of inoculation treatments on shoot nitrogen content of field grown
Chickpea.
*Means sharing the same letter (s) do not differ significantly at P < 0.05 according to
Duncan’s Multiple Range Test.
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4.6.11. Shoot phosphorus contents
The results in Fig. 4.6.11revealed that inoculation with microbial and PSB strains
caused 4.7 to 14.4% increase in shoot phosphorus contents while co-inoculation indicated an
improvement of 11.4 to 16.3% as compared to the control. The most promising increase of
16.3 and 14.6% over the control was recorded in case of inoculation with cumulative strains
inoculation at Jk8xPb6 and Jk8xPb12. The next effective treatments were Pb6, Jk10xPb6,
Pb12 and Jk10 which caused an increase of 14.4, 11.3, 11.0 and 11.0 % respectively in P
concentration of shoot when compared with control. The least effective Mesorhizobium
strains was Jk4 that resulted in minimum shoot phosphorus contents (0.25%) among all
nine strains with the percent increase of just 4.7% over the control.
4.6.12. Grain Protein contents
The higher protein content in grain indicates the improvement in quality of crop due
to inoculation. The results regarding the effect of different inoculated strains on grain protein
contents are elaborated in Fig. 4.6.12. It is reflected from the data that 9.5 to 14.1%
improvement in protein contents were observed with co-inoculation while single inoculation
yielded 2.4 to 11.7% increases than control. The isolate combination Jk8xPb6 was found to
be best as its co-inoculation caused 14.1% increase of grain protein contents. Next to it were
Jk8xPb12, Jk10xPb6, Jk10 and Jk8 treatments that resulted in protein contents with the
percent increase of 12.0, 9.5, 11.8 and 11.0% over the control. The strains application of PSB
resulted in lowest protein contents that were ranging from 2.4 to 6.4% more than control.
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Figure 4.6.12.Effect of inoculation treatments on grain protein contents of field grown
Chickpea.
*Means sharing the same letter (s) do not differ significantly at P < 0.05 according to
Duncan’s Multiple Range Test.
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4.6.13. Grain phosphorus contents
The data regarding phosphorus contents in grain revealed that co-inoculation of both
the isolates showed a significant difference individual inoculation and control as depicted in
Fig. 4.6.13. The P contents of chickpea grain ranged from 0.36 to 0.31% in the analysis. Coinoculation with Rhizobium+ PSB strains in treatments Jk8xPb6, Jk8xPb12 and
Pseudomonas isolate Pb12 were found the most effective regarding the grain phosphorus
contents as compared to control. These strains had statically similar effect on grain P
contents. The maximum increase of 25.8% was found with co-inoculation and 10.9 and
22.4% increase with PSB and rhizobium alone inoculation was observed in P concentration of
grain over the control.
4.6.14. Grain nitrogen contents
The data regarding the nitrogen contents in chickpea grain is presented in Fig. 4.6.14
deciphered that co-inoculation was better technique than single strain inoculation. The
increase of 14.8% in grain nitrogen contents was recorded compared to the control. The
benefit of 3.0 to 11.6% in the parameter was noted in case of sole inoculation of isolate.
According to the data, nitrogen contents of chickpea grain were recorded from 3.60 to 4.02
%. The effect of treatments with combined application in Jk8xPb12, Jk8xPb6, Jk10xPb6 and
Mesorhizobium ciceri isolate Jk10 were more clearly regarding grain nitrogen contents than
the remaining strains as their inoculation resulted in the more benefit over uninoculated
control. Next to these were Rhizobium strains Jk8 and Jk4 that resulted in 7.2 and 5.1%
increase in grain nitrogen concentration than the control. The grain nitrogen contents increased
in response to PSB strains were the less effective showing the percent increase values of
3.0 to 7.0% beneficial than control.
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Figure 4.6.13.Effect of inoculation treatments on grain phosphorus content of field grown
Chickpea

Figure 4.6.14.Effect of inoculation treatments on grain nitrogen content of field grown
Chickpea.
*Means sharing the same letter (s) do not differ significantly at P < 0.05 according to
Duncan’s Multiple Range Test.
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4.6.15. Nitrogen uptake
The results pertaining to nitrogen uptake in chickpea crop revealed effective increase
with rhizobial inoculation and co-inoculation further improved the uptake as compared to
single inoculation and control. The highest nitrogen uptake was obtained with plants growing
inoculated with three best selected combinations of both the isolates Jk8xPb6, Jk8xPb12 and
Jk10xPb6 having the increase of 61.4, 54.5 and 46.6% respectively as compared to the
plants without inoculation. It was also noted that three rhizobium isolates Jk8, Jk10 and Jk4
were effective to increase the N uptake up to 36.02, 34.70 and 33.10% more than control. N
uptake in plants by Phosphobacterium strains Pb6, Pb1 and Pb12 were found lowest but
better than control with highest percent increase of 25.32% over the control. However,
untreated control treatment had the lowest N uptake (25.60 kg ha-1) proving the importance
of co-inoculation of chickpea crop.
4.6.16. Phosphorus uptake
From the Fig.4.6.16, it is very much clear that the use of microbial inoculants alone
and in combination improved the P uptake by chickpea plants. However co-inoculation effect
was found more pronounced than sole inoculation. The highest phosphorus uptake was
obtained in plants inoculated with mixture of both the isolates in Jk8xPb6, Jk8xPb12 and
Jk10xPb6 treatments showing highest benefit of 77% as compared all other treatments. Then
three PSB isolates were found effective in increasing P uptake with resulting percent increase
of 42.7, 41.3 and 40.0% than the control. Phosphorus uptake in plants in response to
rhizobium strains was observed to the percent increase of 42.5 more beneficial than control.
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Figure 4.6.15.Effect of inoculation treatments on nitrogen uptake of field grown Chickpea.

Figure 4.6.16.Effect of inoculation treatments on phosphorus uptake of field grown
Chickpea.
*Means sharing the same letter (s) do not differ significantly at P < 0.05 according to
Duncan’s Multiple Range Test.
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4.6.17. Leaf Chlorophyll a contents
The results about the chlorophyll a content in chickpea leaf at flowering are expressed
in Fig. 4.6.17. The highest readings of chlorophyll a was obtained in plants growing in plots
treated with co-inoculation of Jk8xPb6, Jk8xPb12 and Jk10xPb6 indicating percent increase
values of 24.7, 21.2, 19.8% over the control. Next to these were responses by the
Mesorhizobium isolates effective to produce chlorophyll a with the resulting percent increase
of 20.4 more effective than control. Chlorophyll-a content of plants favored by isolates Pb6,
Pb12 and Pb1 were the lowest among all isolates with less percent increase of 12.4, 9.8 and
9.3% over the control.
4.6.18. Chlorophyll-b contents
It is evident from Fig. 4.6.18 that all the co-inoculation of selected isolates were
significantly effective by increasing chlorophyll-b contents as compared to control. The
highest chlorophyll-b values were recorded in plants growing inoculated with Jk8xPb6,
Jk8xPb12 and Jk10xPb6 strains co-inoculation (0.85, 0.78 and 0.78 mg Kg-1 FW,
respectively) as compared to the plants without inoculation. The highest benefit of 21% was
observed in this parameter with co-inoculation of Jk8xPb6. Next to these were strains Jk8,
Jk10 and Jk4 that resulted in chlorophyll-b contents15.8, 13.8 and12.4%higher than control.
The response of PSB inoculation was the lowest among all isolates with percent increase of
10.2, 9.8 and 9.6% over the control.
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Figure 4.6.17. Effect of inoculation treatments on Chlorophyll-a content of Chickpea.

Figure 4.6.18. Effect of inoculation treatments on Chlorophyll-b contents of field grown
Chickpea.
*Means sharing the same letter (s) do not differ significantly at P < 0.05 according to
Duncan’s Multiple Range Test.
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4.6.19 Soil N
The data from the field study during second year indicated that simple inoculation of
rhizobium significantly increased the soil nitrogen contents with compared to the control but
further improvement was recorded when the crop is co-inoculated (Fig. 4.4.12). The
maximum increase of 7.0 % over the control was recorded in case of co-inoculation with
rhizobium + PSB strains (Jk8xPb6) than the uninoculation in control. The next effective
strains were Jk10xPb6, Jk10 and Jk8xPb12 which caused an increase of 6.3, 5.9 and 5.6%
respectively in N concentration of soil over the control. The least effective treatments was Pb6
that resulted in minimum value of soil N (0.0437 %) among all nine strains with very less
percent increase of 1.7 % over the control.
4.6.20. Soil phosphorus
The soil phosphorus contents were found in increasing trend in this study with the coinoculation of chickpea crop with rhizobium + PSB strains and PSB single inoculation (Fig.
4.6.19). The most promising increase of 24.0 and 23.7% over the control was recorded in
case of treatment with co-inoculation of Jk8xPb6 and PSB isolate Pb6 than the control. The
next effective treatments were Jk4, Jk8xPb12 and Jk10 which caused an increase of 22.6, 20.0
and 19.8% respectively in P concentration of soil over the control. The least effective isolates
regarding soil phosphorus were Jk4 and Jk8 that resulted in minimum soil phosphorus
among all nine strains with the percent increase of 15.4 and 17.2 over the control.

133

Figure 4.6.19.Effect of inoculation treatments on soil nitrogen of field grown Chickpea.
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Figure 4.6.20.Effect of inoculation treatments on soil phosphorus of field grown Chickpea.
*Means sharing the same letter (s) do not differ significantly at P < 0.05 according to
Duncan’s Multiple Range Test.
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4.7 Characterization of selected strains
The selected strains of Rhizobium and PSB were further assessed for various
characteristics. The results regarding different tests are discussed below.
4.7.1 Rhizobium Strains
The data for the characterization of Rhizobium isolates are illustrated in Table-8. The
results revealed that strains were rod shaped with round shaped colonies. All the isolates
were found negative in P-solubilization activity. In the gram staining tests, the isolates
showed the gram negative behavior. Root colonization assay revealed that all the strains
colonized the chickpea roots but with different degree of efficacy. The maximum root
colonization was elaborated by isolate JK-4 i.e. 7.35 × 105 cfu g-1 followed by JK-8 with
(5.40× 105 cfu g-1) and (5.22× 105 cfu g-1) by isolate JK-10 . As far as motility is concerned,
all the isolates were found motile. The selected strains were identified as Mesorhizobium
ciceri according to Biolog identification system.
4.7.2 PSB Strains
The data given in table-9 described the characterization of the selected strains of PSB
showed that these strains possessed phosphate solubilization activity. Results revealed that
these strains were also rod shaped and shape of colonies was round. All the strains were
found gram negative. The strain PB-6 possessed high root colonization ability i.e 5.84 × 105
cfu g-1 followed by PB-1 (7.47 × 104). Strain PB-12 was the next effective strain that
possessed high root colonization. The strains were identified using Biolog identification
techniques. According to this all the strains were identified as Pseudomonas putida.
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Table 8. Identification and characterization of selected Rhizobium (Mesorhizobium)
strains
Bacterial strains

Shape

Colony
shape

Motility Gram
P solubilization Root
Staining
colonization
(cfu g-1)

*Mesorhizobium

Rod shape

Round

Motile

G-ve

-ve

7.35 × 105

Rod shape

Round

Motile

G-ve

-ve

5.40 × 105

Mesorhizobium ciceri Rod shape

Round

Motile

G-ve

-ve

5.22 × 104

ciceri (Jk-4)
Mesorhizobium
ciceri

(Jk-8)

(Jk-10)
*Identified by Biolog® identification system (MicrologTM System Release 4.2, Hayward,
CA, USA)
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Table 9. Identification and characterization of selected
Bacterial strains

Shape

*Pseudomonas putida Rod shape

PSB strains

Colony shape Motility

Gram
Staining

P
solubilization

Smooth

Non motile

G-ve

+ve

Smooth

Non motile

G-ve

+ve

Smooth

Non motile

G-ve

+ve

(Pb-1)

Pseudomonas putida Rod shape
(Pb-6)

Pseudomonas putida Rod shape
(Pb-12)

*Identified by Biolog® identification system (MicrologTM System Release 4.2, Hayward,
CA, USA)
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4.8 DISCUSSION
In the current study, large numbers of rhizobial strains from chickpea plants grown in
rainfed area of Chakwal and PSB strains from rhizosphere soil of chickpea crop were
isolated. The fast growing colonies of rhizobia were collected for further investigations.
Fifteen promising isolates of rhizobia i.e. coded as Jk-1, Jk-2 to Jk-15 and 15 phosphate
solubilzing bacterial strains coded as Pb-1, Pb-2…..Pb-15 were assessed separately for their
growth driving behavior. A series of experiments in glass jars were conceived to screen three
best Mesorhizobium ciceri isolate and three best isolates from PSB strains i.e. Pseudomonas
putida. The criterion for selection was their growth improving capacities with chickpea
seedlings under growth room conditions. Three most prolific combinations of rhizobium and
P solubilizing bacteria were selected. All these treatments were tried in pot and field trials to
observe their role for the improvement of chickpea yield and nodulation under rainfed
environment.
Screening of Mesorhizobium Isolates
The legume-Rhizobium symbiosis is a typical example of mutualism. Due to this
symbiosis, the nodules are formed in which bacteria reduce N2 to NH4 and this fixed –N2 is
transformed to the plants (Jain and Gupta, 2003).
The effect of inoculation on the plant weight is reflected that all the rhizobium
isolates showed increase in growth parameters of chickpea seedlings. The enhancement in
plant weight (fresh) was noted between 7.4 to 38.8 % over control while maximum was
observed in JK-10 isolates that was 38.8%. The other isolates that produced good results
were JK-8, JK-4, JK-11, JK-5 and JK- 12. The minimum growth development was found in
control plants which confirmed the beneficial role of microbial inoculation in chickpea. This
enhancement in growth and development of chickpea seedlings by these rhizobial isolates
may be due to the involvement of single or multiple mechanisms of actions i.e. enhanced N
fixation (Bremer et al.,1990), growth hormones production (Humphry et al., 2007), increased
nutrient uptake (Hafeez et al., 2004), Auxin synthesis (Chasan, 1993) and indirect
mechanisms of actions i.e. biocontrol (Chandra et al., 2007), systemic resistance induction in
plants against pathogens (Mishra et al., 2006), synthesis of some enzymes (such as ACC
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deaminase) or production of exopolysaccharides (Kaci et al., 2005). The increase in total
plant weight was reported by Bremer et al. (1990) while screening study of R.
leguminosarum for effect on growth of lentil.
The maximum shoot fresh weight was also recorded with JK-10 isolate (Figure 4.1.2)
which increased shoot weight up to two fold more compared to control. The increase in shoot
weight was ranged from 44.74% to 106.58%. The Rhizobium isolate JK-4 showed the
maximum increase in shoot dry weight that was 51.33% more as compared with control. The
increase in shoot dry weight was ranged from 6.67% to 51.33 % over control and all the
isolates showed enhancement in shoot dry weight production. Romdhane et al. (2007)
observed the improvement in shoot weight of chickpea due to inoculation with
Mesorhizobium ciceri. Similarly inoculation of chickpea seeds with Mesorhizobium ciceri
resulted in the increase of seedling height, root nodules mass and shoot biomass (Dey et al.,
2004). The maximum root fresh and dry weight was observed with rhizobium isolate JK-10
that was 29.1 and 37.50 % more over control, respectively. The increase was recorded up
29.1% and 37.5% in case of root fresh and dry weight, accordingly. Romdhane et al. (2007)
observed the improvement in root weight of chickpea due to inoculation by Mesorhizobium
ciceri. Zafar-ul-Hye et al. (2007) also reported the similar pattern for increase in fresh and
dry root weight while conducting Rhizobium screening trials on lentil plants under axenic
conditions. These growth responses were primarily related to the bacterial production of
phytoharmones that resulted in increased nutrient and water uptake from the soil (Andrews et
al., 2003). The shoot length of chickpea seedlings was also improved with inoculation and all
the isolates were found better as compared with the control. The increase in shoot length of
chickpea seedlings due to inoculation were recorded between 19.5 % and 71.3 %. Zafar-ulHye et al. (2007) and Bermer et al. (1990) concluded the increase in shoot length of chickpea
and lentil plants in a screening study of rhizobial isolates. The Rhizobium- plant association
increase plant growth at different growth stages such as enhanced seed germination,
increased shoot length, total dry matter yield and grain yield (Prayinto et al., 1999).
The increase in root length ranged from 35-60% over un-inoculated control jars. The
results were supported by Huang and Erickson (2007) who observed the significant
improvement in root length of lentil plants during screening of Rhizobium isolates under
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controlled conditions. Root development is clearly influenced by the phytoharmones auxin
known to affect a number of plant functions including promotion of cell division, root
initiation and ethylene biosynthesis (Chasan, 1993).It is speculated that Rhizobium can
enhance plant growth through the changes in root physiology and morphology along with
nitrogen fixation (Biswas et al,. 2000).
The nodules are formed as a result of symbiosis between microbes and host plants.
The atmospheric nitrogen is fixed through these nodules and these are called nitrogen
factories (Jain and Gupta, 2003). The nodules were formed by all the isolates. The increase in
number of nodules per plant was 6 to 13 fold more than the no nodulation in un-inoculated
plants. Romdhane et al. (2007) observed the improvement in nodulation of chickpea due to
inoculation by Mesorhizobium ciceri. All the microbial strains showed the significant
increase in number of nodules plant-1 and shoot / root fresh and dry weight and also
improved the shoot and root length over the control plants. Inoculation of legume seeds
assures the growth of specific Rhizobium population in the root environment resulting in
enhanced growth development of plants (Verma et al., 2004).
Screening of PSB isolates
The fifteen PSB isolates were isolated from the chickpea rhizosphere and screened for
their phosphate solubilizing activity. All the isolates showed the phosphate solubilizing
activity while the isolate Pb-1, Pb-6 and Pb-12 showed the highest phosphate solubilization.
In the control Petri dishes where no inoculation was made, zero solubilization zones were
observed that reflected the role of PSB isolates in the availability of soluble forms of P to the
plants. The major mechanisms involved in P solubilization are the production of organic
acids mainly gluconic acid (GA), 2-ketogluconic acid, citric acid and oxalic acid, which
chelate the cation bound to phosphate via their hydroxyl and carboxyl groups or by the
liberation of H+, thereby converting it into soluble forms (Stephen and Jisha, 2011). The
results are similar to the findings of Stajkovic et al, 2011, who reported the phosphate
solubilization activity and IAA production by the isolated Pseudomonas strains. Eighty one
bacteria were isolated from the rhizosphere soil and were screened for phosphate
solubilization efficiency and all the isolates were found positive for P solubilization, IAA and
siderophores production (Stephen and Jisha, 2011). HPLC analysis of culture filtrate
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indicated the gluconic acid as principal organic acid by the isolates. The strains of PSB
isolated from rhizosphere soil were able to solubilize tricalcium phosphate in broth culture
with varied potential (Yasmin and Bano, 2011). Kantar et al., 2012 isolated the thirty PSB
strains from the bean rhizosphere area and found that all the isolates had the positive
potential for phosphate solubilization and IAA production. These isolates were identified as
Bacillus and Pseudomonas sp.
These isolates were also evaluated for their effect on the fast growth of chickpea
seedlings. The data revealed that all the isolates had positive role in the development of
chickpea seedlings under growth room conditions. Plant weight was increased by inoculation
and PSB isolate Pb-12 showed 30.17 % increase in plant weight as compared with control.
The increase might be due to multiple functions of PSB isolates such more availability of
phosphorous, other nutrients and production of phyto-hormones which enhanced the plant
growth (Akhtar and Siddiqui, 2009). The significant effect on the development of shoot and
root length was also recorded with PSB inoculation. Shoot and root weight was improved up
to 44.56 % and 33.1% respectively. PSM help in increasing the availability of accumulated
phosphates in soil for plant growth by solubilization of phosphate, which in turn increases the
biological nitrogen fixation efficiency as well as crop yield (Kuhad et al., 2011). The PSB
inoculation also resulted in increase of shoot length and shoot weight that was 31.66 and
44.56 % more than control. All the other isolates were also found successful in improving the
different parameters with respect to the un-inoculation. Our results are supported by Akhtar
and Siddiqui, 2009 who reported the inoculation with phosphate solubilizing microorganisms
(PSM) such as

G. intraradices, P. putida, P. alcaligenes, A. awamori, P. aeruginosa

showed a significant increase in shoot weight and length. The root weight and root length
was also significantly increased by these isolates that were 33.1 and 36.85 % more compared
with control. Pseudomonas may also improve plant growth through the production of
biologically active substances (Gamliel and Katan, 1993) or the conversion of unavailable
minerals and organic compounds into forms that are available to plants (Broadbent et al.,
1977; Siddiqui and Mahmood, 1999). Pseudomonas can synthesize enzymes that can
modulate plant hormone levels, may limit the available iron via siderophores production
(Siddiqui, 2006). In addition, induced systemic resistance by Pseudomonas is also thought to
be a biocontrol mechanism against plant pathogens (Wei et al., 1996).
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Screening of best combination of Rhizobium + PSB isolates
The best combinations of Rhizobium + PSB strains were evaluated from previously
screened three best Rhizobium and three PSB isolates. The nine possible combinations were
selected for further assessment of best co-inoculations in jar study under controlled
environment. The data indicated that all the combinations significantly developed the growth
of chickpea seedlings over the control. However their response was different in terms of
improvement in various growth parameters. The fresh plant weight was significantly
improved with co-inoculation control plants while maximum was noted in Jk10xPb6
treatment. The maximum increase in plant weight was recorded up to 65.5%. Similar results
were obtained by Sindhu et al. (2002) in chickpea plants co-inoculated with Pseudomonas
and Mesorhizobium isolates. As far as shoot weight is concerned, it was significantly
improved with co-inoculation and maximum was recorded with Jk10xPb6 combination. The
treatments Jk8xPb12, Jk8xPb6 and Jk10xPb1 were among other combinations with good
returns. However all the combinations improved the shoot weight of chickpea seedlings with
different potential. The increase in shoot length in response to co-inoculation was recorded
by all combinations in comparison with uninoculated control. Microbial combinations
(Jk10xPb6, Jk8xPb12, Jk8xPb6 and Jk4xPb12) were the most effective combinations which
increased the shoot length ranging from 22.2 to 28.6 % better than control. Similar to our
findings, co-inoculation of Rhizobium and Bacillus species influenced the yield parameters
and nodulation as reported by other workers (Dashti et al., 1998; Gupta et al., 2001; Garcia et
al., 2011). The root weight was also affected beneficially by the co-inoculation of chickpea
seeds in contrast to the plants without inoculation. The maximum root weight was observed
in the jars with Jk10xPb6 combination that was 0.87g with 81.3 higher figures than control. It
was closely followed by Jk8xPb12 and Jk8xPb6 that reflected 66.7 and 58.3% better
response than control.. The control plants did not produced the good figures in terms of root
weight and reflected the value of 0.46 g that remained lowest than all other treatments.
The results also indicated that co-inoculation with rhizobia and PSB isolates resulted
in the increase of root length ranging from 17.0 to 37.3% compared with plant without
inoculation. Inoculation of growth hormone producing rhizobium and Bacillus species might
be responsible for expansion of root surface area and enhanced plant-microbe interaction
142

resulting in more nutrient uptake (Yuming et al., 2003). It is well documented that the
involvement of plant hormones in legume nodule development (Hirsch et al., 1997), and that
pseudomonas produce phytoharmones (Glick, 1995; Persello- Cartieaux et al., 2003) and
even are able to induce complex changes in the hormonal balance within the affected plants
(Schmelz et al., 2003). Babar et al. (2007) conducted an experiment on co-inoculation of
chickpea with rhizobium and Enterobacter strains. They stated that co-inoculation improved
nodulation and growth of chickpea in most of the treatments and the improvement was
dependent on co-inoculation and the host cultivar. Remans et al. (2007) described the
potential of plant growth promoting rhizobacteria to improve nodulation of legumes when
co-inoculated with rhizobium. In their study, the effect of four PGPR strains on the symbiotic
interaction between rhizobium and common bean (Phaseolus vulgaris) was studied under
deficient versus sufficient phosphorus (P) supply.
Pot and field experiments
The pot and field experiments were conducted after best combinations of rhizobium
and phosphate solubilizing bacterial strains under rainfed conditions for improving yield,
nodulation and growth parameters. Pot study was conducted for one year and field trials were
performed for two consecutive years at Barani Agricultural Research Institute (BARI)
Chakwal. Significant results were found regarding grain yield and growth parameters under
green house and field conditions. The data reflected that chicpea yield was increased with the
application of inocula either single or in combination. However co-inoculation had more
profound effect on the yield and nodulation than sole inoculation. The potential for crop
development varied between single and combine inoculums treatments. This variation could
be due different factors like ability of bacteria to colonize and compete with native rhizobia
(Khalid et al. 2004). Co-inoculation of Mesorhizobium sp. and PSB Jk10xPb6 showed 56.25
and 53.60 % increase in biomass and grain yield, respectively as compared with control
under greenhouse condition. While under field condition, maximum increase of 41.93 and
42.57% in grain yield was observed during 1st and 2nd year. During the 2nd year the grain
yield and other parameters remained low owning to long dry spell in the early growing
months and all the rainfall was received in last three crop months. However co-inoculation
remained beneficial in both the years than control and single inoculation of either isolates.
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Our results are supported by Sindhu et al. (2002) who reported that co-inoculation of
rhizobium and PSB enhanced plant growth and yield of chickpea. Similarly, Qureshi et al.
(2009) also reported increase in pod yield in chickpea under pot and field conditions due to
co-inoculation of rhizobium and PSB. Several research workers had reported that PGPR can
exert beneficial effect on crop yields by improving nutrients availability through Psolubilization, mineralization, acidification, siderophores production and chitinase activity
(Burd et al., 2000: Abou- Shanab et al., 2003). These growth responses might be related to
the bacterial production of phytohormones which cause changes in root morphology and
physiology resulted in increased nutrient and water uptake from soil (Andrews et al. 2003;
Mia et al. 2010). It was also reported that phosphate solubilizers besides solubilization of
insoluble phosphorus, increased nitrogen fixation rate, offered trace elements and produced
plant hormones (Gyaneshwar et al.1998). As far as number of nodules and nodular mass per
plant is concerned, it was found in increasing trend in the pots with variable potential. The
single inoculation also resulted in the more nodules but co-inoculation was found best to
improve this parameter. Under field condition, prominent increase in nodulation was
recorded during first and second year with co-inoculation treatments. This improvement
might be due to the expansion in root length and mass, thus more number of active sites for
nodulation by the rhizobial strains. The curling of root hairs and infection thread are the key
steps during nodule development that was boosted with co-inoculation due to the production
of growth hormones (Qureshi et al., 2011). Similarly, significant number of nodules and
nodule dry weight was observed by Valverde et al. (2006) with co-inoculation of Rhizobium
and PSB as compared to un-inoculated treatment. It was also found from the study that
combination of rhizobium and PSB were most effective in promoting the root length and root
mass of chickpea plants. These changes in root architecture of inoculated plants may be
attributed to bacterial activity (Biswas et al. 2000). Root development is clearly effected by
the PGPR auxin production known to influence the plant functions including cell division,
root initiation, apical dominance and alteration of expression of specific gene (Chasan, 1993;
Sachs, 1993). These results are in conformation to the achievements of other research
workers who indicated the handsome root growth in rhizobial inoculated plants (Glick et al.
1995: Xie et al. 1996: Shaharoona et al. 2006). This increase in root surface area resulted in
better acquisition of nutrients. The increases in root mass by inoculation with N2-fixing and
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P-solubilizing microbes have also reported by other researcher (Zaidi et al. 2003; Khan et al.
2006; Zaidi, 1999; Garcia et al. 2011). The root length and mass enhancement owing to the
changes in the root system architecture resulted in increased root density, root hairs and
surface area due to interaction of microbes with plant roots. The presence of PGPR in the
root vicinity favors the rhizobial ability to compete with indigenous population (Gupta et al.,
1998).
The maximum increase in 100-grain weight was recorded with co-inoculation of
Jk10xPb6 under pot and with Jk8xPb6 under field conditions during first and second years
that was 25.54, 14.38 and 22.79 % more, respectively. The tremendous increase in shoot
weight and length was also resulted due to inoculation and co-inoculation. Under field
condition, the maximum increase in shoot weight up to 53.24% and 55.65% was observed
with co-inoculation during first and second year, respectively. In present study, coinoculation Jk10xPb6 and Jk10xPb6 also increased the plant and grain N, P concentrations
under pot and field condition compared with un-inoculated control. Similarly, uptake of N
and P was higher in above mentioned treatment combination. Co-inoculation also increased
the N and P concentration in post harvest soil analysis. The maximum increase in soil N and
P was observed with Jk10xPb6 under pot condition while increased soil N and P was
observed during first and second year field trials, respectively. PGPR having the phosphate
solubilizing capacity when introduced in the legume rhizosphere produced more available P
by production of organic acids and favored more soil N (Zaidi and khan, 2005; Khan et al.
2006). Higher N and P contents in plants and grains might be due to increased nutrient
concentration in the rhizosphere of plants. Increase in the nutrient concentration in the plants
owed to bioavailability of nutrients in the root zone. Microbial release of nutrients enhanced
the nutrient concentration in soil and hence more uptake by plants. Co-inoculation enhanced
the NP levels in soil due to increase in root hair density, more lateral roots, root surface area /
nodulation, thus more nitrogen fixation and phosphate solubilization. Phytohormones
produced by the microbes enhanced the root mass and length thus enhanced the nutrient
concentration in plants (Gull et al. 2004).

Co-inoculation resulted in high nutrient

concentration in soil might be due to more exudation, lowered the soil pH due to the
production of organic acids and ultimately boosting the yield (Qureshi et al. 2011).
Application of PSB increased Phosphorus solubilization by production of organic acids and
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growth promoting substances like auxin and gibberellins (Subba Rao, 1986). It is also
reported that PSB inoculants enhanced the P availability in soil and its uptake by crop
(Rachwad et al. 1978).
In case of protein contents, co-inoculation of Jk8xPb12 showed maximum increase of
8.22% under greenhouse condition while under field conditions, maximum increase was
observed by Jk8xPb6 as compared to control during first and second year. The increase in
protein contents might be due to more availability of nitrogen for protein synthesis. Vinale et
al. (2008) reported that Trichoderma sp. induced genes were associated with protein
metabolism. Jutur and Reddy (2007) have also reported positive correlation between PSB
and protein contents. The co-inoculation increased plant growth at different growth stages
such as enhanced seed germination, more shoot length, leaf chlorophyll contents, total dry
matter, grain yield, NP contents and uptake (Biswas et al. 2000; Prayinto et al.1999; Yanni et
al. 1997).
Similarly co-inoculation was better to enhance leaf chlorophyll a and b contents
compared with sole application of the same strains. The maximum increase was observed
11.72 and 50.00 % with co-inoculation in respect of chlorophyll a and b. The promotion was
observed 19.1 and 24.71 % by co-inoculation, in chlorophyll a during first and second year,
respectively. In case of chlorophyll b, the increase was observed up to 49.73 and 62.82%.
Regarding the key role of elements such as nitrogen, iron, and magnesium in chlorophyll
structure, it seems that supply of these elements by co-inoculation is the main reason for
increasing leaf chlorophyll (Zaidi, 2005). Overall co-inoculation of Mesorhizobium ciceri
and PSB resulted in the improvement of chickpea crop under rainfed conditions. The increase
in chlorophyll content may also be the result of increased photosynthetic leaf area of plant by
PGPR inoculation compared to un-inoculated control where leaf area was reduced due to less
growth (Marcelis and Van Hooijdonk, 1990).
The correlation analysis of pot and field experiments revealed that all the
parameters were significantly correlated with each other. The increase in grain yield was
positively correlated with nitrogen uptake (r =1), plant height (r =0.98), grain nitrogen
contents (r =0.98) and protein yield (r =0.98). Similarly grain protein contents (r =0.97),
nodules plant-1 (r = =0.97) and root length (r =0.96) were also correlated with grain yield.
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Grain yield was also positively effected by root length (r =0.96), root weight (r =0.96) and
phosphorus uptake (r =0.96). The chlorophyll a and b resulted in the increase of grain yield (r
=0.95), nodules plant-1 (r =0.97), plant height (r =0.93), root length (r =0.96), grain nitrogen
contents (r =0.95) and uptake (r =0.96). It was also obvious that shoot weight had not
effective correlation with nodules number (r =0.51), number of pods (r =0.50), root length (r
=0.63) and N uptake (r =0.51). The protein contents in chickpea grain were strongly
correlated with nitrogen contents (r =0.97) and uptake (r =0.95) and plant chlorophyll
contents (r =0.96).

The soil phosphorus contents were strongly correlated with grain

phosphorus contents, phosphorus uptake and shoot phosphorus contents while it was weekly
correlated with other parameters. Root weight is highly correlated with grain yield, nodules,
pod numbers, plant height and NP uptake. As far as inoculation is concerned, application of
rhizobium and PSB resulted in the increased nitrogen and phosphorus uptake in chickpea
plants as compared to un- inoculation. The enhanced nitrogen contents and uptake resulted in
the more nodules number and mass, plant height, pod numbers, root length and grain proteins
contents. The increased phosphorus uptake stimulated the grain yield of chickpea crops and
root length / mass with higher plant phosphorus concentration. The control plant showed the
low nutrients uptake and ultimately produced low yield figures. Overall co-inoculation of
rhizobium and PSB found to have significant correlation with yield and almost all yield
contributing parameters.
The present study clearly demonstrated that co-inoculation of Mesorhizobium ciceri
and PSB isolates significantly improved the yield and growth parameters. The nitrogen and
phosphorus concentration and uptake was also effected positively with co-inoculation. The
inoculation with either isolate also exerted influence on these parameters but their cumulative
effect was more prominent. The study was innovative due to the co-inoculation of rhizobium
and PSB to chickpea crop under rainfed environment. Very little research has been conducted
so far on the same aspect to boost the crop returns of this important legume crop especially in
the rainfed areas. These findings may be beneficial in improving the chickpea crop potential
having low average yields.
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CHAPTER-V

SUMMARY
A series of Lab., Pot and field studies were conducted to evaluate the response of rhizobium
and PSB isolates, alone and in combination on growth and yield of chickpea under rainfed
conditions. The results are summarized as under:
1.

Fifteen Mesorhizobium isolates were isolated from root nodules of chickpea crop in
the rainfed area (Chakwal). Similarly 15 PSB bacteria were isolated from the
rhizosphere soil of rainfed chickpea crop. Colonies with handsome growth were
incubated on fresh medium and pure cultures were isolated and preserved.

2.

The selected Mesorhizobium and PSB strains were screened for their plant growth
promoting activity by conducting jar experiments under axenic conditions. All the
Mesorhizobium and rhizobacteria isolates significantly improved growth of chickpea
seedlings with variable potential. Mesorhizobium increased the plant weight up to
38.8% over the control plants. Similarly increase in shoot weight and shoot length
was recorded in the range of 2 fold and 71% more respectively over uninoculated
controls. Up to 60% increase in root length and 29.1% improvement of root fresh
weight in chickpea seedlings was recorded as compared to control. The increase in
nodulation was also observed due to inoculation of isolates. On the basis of these
parameters, three prominent isolates with good growth figures were selected for
further evaluation.

3.

The PSB isolates were tested for their P- solubilization potential in the laboratory
study. All the isolates were capable to solubilize inorganic phosphate (tricalcium
phosphate) clearly indicating the hollow zones. These strains were also tested for
growth promotion of chickpea seedling under axenic conditions. All the rhizobacteria
strains improved the plant weight, shoot weight/ shoot length and root weight / root
length to the maximum of 30%, 33%, 44%, 28% and 43% respectively as compared
with un-inoculated control. Three best isolates were selected for pot and field studies.
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4.

All the possible combinations of selected three Mesorhizobium and three PSB isolates
were screened for improving the growth of chickpea seedlings. Three best
combinations were selected for field and pot trials on chickpea crop.

5.

In case of pot trials, the effect of co-inoculation of both isolates was more pronounced
in the improvement of biomass yield and grain yield pot-1 as compared with control
and single inoculation. The increase of 53.60% over control was recorded with coinoculation during pot study. Moreover, the effect was more obvious on shoot length
and root length of chickpea plants. Co-inoculation caused up to 23%, 35%, 23 and 25
% increase in grain yield, shoot length, root length and plant height of pot grown
chickpea plants respectively.

6.

Co-inoculation also significantly increased the protein contents, chlorophyll contents,
plant and soil NP contents and plant uptake in chickpea plants compared to
uninoculated control and single inoculation.

7.

Under field conditions, co-inoculation with PSB and Mesorhizobium resulted in
significant increase in grain yield of chickpea (up to 41.9 and 42.6 % during 1st and
2nd years respectively) as compared to uninoculated control. Similarly co-inoculation
significantly increased the number of pods, 100 grain weight and plant height
compared to uninoculated control in both year field trials. The co-inoculation also
proved more effective than individual inoculation of same isolates.

8.

Co-inoculation also enhanced protein contents in chickpea grain, plant NP contents
and uptake and soil nitrogen and phosphorus contents. The inoculation of
Mesorhizobium and PSB isolates alone also significantly improved these parameters
compared to control but the effect of co-inoculation was more prominent than single
inoculation.
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CONCLUSION
In this study, two approaches were tested to select effective rhizobia and PSB strains
for chickpea to be used them as inocula in pot and field trials under rainfed conditions. The
approaches include screening of rhizobium and PSB for their growth-promoting activity
under axenic conditions. The rhizobia were also evaluated for their ability to produce high
number of nodules under axenic conditions. The results demonstrated that both the bacterial
isolates significantly improved the growth parameters in chickpea seedlings. Further their coinoculation resulted in the more beneficial impact on chickpea. However, the degree to which
these inoculants imparted benefits to plant growth varied with the isolate combinations. A
PGPR strain with multifarious traits could be more useful under diverse conditions compared
to a strain containing single trait. The idea is supported from the results that co-inoculation
had promising positive effects on growth, nodulation and yield of chickpea as compared with
control and sole application of rhizobium or PSB isolates grown in the soil located in rainfed
area. The co-inoculation also had a significant effect on the nutrient contents and uptake of
chickpea plants. The post harvest soil nitrogen and phosphorus status was also found in
increasing trend with co-inoculation. Thus, it can be concluded from the study that the coinoculation of (rhizobia and PSB) could be the most effective and novel approach for
promoting nodulation, nutrient uptake and yield of chickpea grown under rainfed conditions.

FUTURE DIRECTIONS
A considerable proportion of cultivated area is not linked with irrigation system and is
sole dependent on annual precipitation. The yields in these areas are very low as compared to
irrigated area. Chickpea is mainly grown in rainfed area in our country with very less output.
This study revealed a significant increase in this crop through co- inoculation of rhizobium
and PSB. Therefore, these studies may be used as helpful tool for providing guidelines in
future. However, further work is needed to explore the effectiveness of this approach to make
it more useful for plant growth under rainfed conditions. In particular attention should be
given to the following aspects.
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Efforts should be done to increase the population of soil microbes by seed or soil
inoculation.



These rhizobium and PSB strains can be used for preparation of effective biofertilizer
to enhance crop growth.



Genetic manipulation of plant expressing microbial gene.



To explore the physiological interaction between plant, microbes and stressors.



These studies can also be used to develop statistical models of these microbes to
provide yield parameters under rainfed conditions.
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