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Two plant growth promoting rhizobacteria (PGPR) Pseudomonas putida NBRIRA and Bacillus amyloliquefaciens
NBRISN13 with ability to tolerate abiotic stress along with multiple PGP traits like ACC deaminase activity, minerals
solubilisation, hormones production, biofilm formation, siderophore activity were evaluated for their synergistic effect
to ameliorate drought stress in chickpea. Earlier we have reported both the strains individually for their PGP attributes
and stress amelioration in host plants. The present study explains in detail the possibilities and benefits of utilizing
these 2 PGPR in consortium for improving the chickpea growth under control and drought stressed condition. In vitro
results clearly demonstrate that both the PGPR strains are compatible to each other and their synergistic growth
enhances the PGP attributes. Greenhouse experiments were conducted to evaluate the effect of inoculation of both
strains individually and consortia in drought tolerant and sensitive cultivars (BG362 and P1003). The growth parameters
were observed significantly higher in consortium as compared to individual PGPR. Colonization of both PGPR in
chickpea rhizosphere has been visualized by using gfp labeling. Apart from growth parameters, defense enzymes, soil
enzymes and microbial diversity were significantly modulated in individually PGPR and in consortia inoculated plants.
Negative effects of drought stress has been ameliorated and apparently seen by higher biomass and reversal of stress
indicators in chickpea cultivars treated with PGPR individually or in consortia. Findings from the present study
demonstrate that synergistic application has better potential to improve plant growth promotion under drought stress
conditions.

Introduction

Plant remains in close interaction with soil microbes. Gener-
ally, these microbes are mutualistic and beneficial for plants. The
root system produces exudates which affect the growth of soil
microorganism. Bacterial associations with plants have been well
studied1-6 and known that communication between interacting
partners involves physiological and molecular processes. There
are several examples of beneficial interactions between plant
growth promoting microbes and plants.1,7 These rhizospheric
competent and beneficial bacterial species mainly comprises
group of plant growth promoting rhizobacteria (PGPR) such as
Azospirillum, Azotobacter, Acetobacter, Bacillus, Burkholderia, Pae-
nibacillus, Pseudomonas, Rhizobium and Serratia.2,8,9 Bacteria
help plants directly by promoting growth via nitrogen fixation,
nutrient channelization by solubilizing in absorbable forms,10

growth hormones production, production of 1- aminocyclopro-
pane, 1- carboxylate (ACC) deaminase, and indirectly by produc-
ing siderophores, chitinases, fluorescent pigment molecules,

antibiotics, b-1-3-glucanase and sometimes also by some poison-
ous compounds like cyanide.8

The PGPR are known to adhere or colonize in the rhizoshpere
and grow in close association to stimulate the growth of plants.
Prime requirement of good PGPR is its ability to colonize the
plant root and survive in its vicinity and failing to survive and
colonize in rhizosphere reduces the PGP effects.11 It is proposed
that use of more than single PGPR in biofertilizer preparation
could be better choice over a single bacterium to bring synergistic
effect of nutrient mobilisation, enhanced efficacy, stability and
uniformity when applied to different fields.12 In general, it has
been reported by several researchers that inoculation with consor-
tia have better plant growth promotion as compared to individual
inoculations because individual strain is supplementing to each
other for their beneficial traits.13,14

We have used 2 well proven PGPR Pseudomonas putida
NBRIRA (RA) and Bacillus amyloliquefaciens NBRISN13
(SN13) in our laboratory.15,16 The strain RA is Gram negative
and displayed multiple PGP activities like auxin production,
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phosphate solubilisation and tolerance to drought and salt
stresses.17 Other PGPR is Gram positive SN13, with property of
salt stress amelioration under hydroponic and soil condition as it
showed increased colonization with increase ACC deaminase
activity, reduced reduction in chlorophyll content, more proline
accumulation.16 SN13 has also shown the osmoprotectant prop-
erties in rice rhizosphere together with both up regulation and
down regulation of transcripts in leaves. In this paper we have
studied in detail, ability of 2 PGPR to be utilized as consortia to
improve chickpea growth promotion under control and drought
stress conditions. Begin with compatibility assay, several PGP
attributes in vitro conditions and physical parameters like growth
parameters i.e. effect on shoot and root length, fresh and dry
weight in different combinations were studied. Modulation in
defense enzymes, physiological parameters, soil enzymes and
functional microbial diversity of individually PGPR or in consor-
tia was also evaluated. Results in this study will justify the utiliza-
tion of 2 PGPR with multiple synergistic effects as better option
than individual application in context.

Results

Compatibility assay
Initially compatibility assay was performed among 12 poten-

tial PGP strains of our laboratory by using well diffusion method
and results showed 2 strains RA and SN13 were compatible to
each other (Figs. 1A, 1B and 1C). The PGP traits like biofilm
formation, motility, IAA production, phosphate solubilisation,
siderophore production and ACC deaminase activity were evalu-
ated individually and in consortia of RA and SN13 (Table 1),
and all the attributes were positive in RA, SN13 and in consortia.
All the PGP attributes were either comparable to individual
strains or higher in consortia as compared to individual strains.

Growth patterns were observed for RA and SN13 to evaluate
the effect of different concentrations of 48h grown culture super-
natant of other compatible bacteria, and results (Fig. 2) revealed
that the absorbance at 600 nm and viable CFU were not found
significantly different from the control.

Effect of RA, SN13 and consortia on chickpea growth in
control and drought conditions

Drought tolerant and sensitive cultivars were evaluated for
their growth promotion in presence and absence of individual
PGPR and in consortia under control and drought conditions.
Results clearly revealed that inoculation with consortia has signif-
icantly enhanced the plant biomass of both chickpea cultivars as
compared to uninoculated control and inoculated with individ-
ual strains. Moreover inoculation with individual strains were
also improved the plant biomass as compared to uninoculated
control. Thirty days old plants were subjected for drought condi-
tions by withdrawing water for 15 d resulted in early drought
responsive symptoms in sensitive cultivars and delayed or no
symptoms in tolerant cultivars. Prominent results (Table 2) in
consortia inoculated drought sensitive cultivars were observed by
ameliorating the drought like symptoms as compared to uninoc-
ulated control under drought stress. While in tolerant variety
visual effects of drought stress amelioration were not much signif-
icant due to consortia inoculation. Inoculations with individual
strains are showing comparable improvements as compared to
uninoculated control, but inoculation with consortia has better
response under drought stress. It has been reported that inocula-
tion of PGPR has ability to induce the nodulation in leguminous
crops which has been clearly seen in PGPR inoculated roots of

both cultivars, moreover as com-
pared to individual strains consor-
tia has significantly enhanced the
number of nodules.

Modulation in defense enzymes
Defense enzymes like APX, Cat-

alase, LPX, PAL and SOD were
analyzed using enzyme extract
from leaves. In general plants sub-
jected to drought, showed that all
defense enzymes were elevated
compared to their controls
(Fig. 3). With the inoculation of
PGPR, these defense enzyme levels
in drought stressed condition mini-
mize the stress in plant by lowering

Figure 1. In vitro compatibility assay of Pseudomonas putida RA and Bacillus amyloliquefaciens SN13. (A)
Well diffusion method for compatibility assay in NA plate. (B) RA (spread) and SN13 (streaked) to deter-
mined compatibility by the plate confrontation culture method. (C) SN13 (spread) and RA (streaked) to
determined compatibility by the plate confrontation culture method.

Table 1. Plant growth promoting attributes for Pseudomonas putida RA and
Bacillus amyloliquefaciens SN13 and consortium

PGP traits RA SN13 RS

IAA* 48.69§1.66
mg/ml

24.45§0.85
mg/ml

59.52§1.40
mg/ml

Phosphate
solubilization*

117.68§2.61
mg/ml

110.43§1.47
mg/ml

120.62§1.14
mg/ml

Siderophore C – C
Biofilm formation C C C
ACC deaminase C C C
Motility C C C

RA (P. putida); SN13 (B. amyloliquefaciense); RS (RACSN13);
*IAA and P solubilization was checked after 48 h of incubation.
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the stress molecules. Moreover, both varieties when treated with
bacterial consortium showed defense enzymes level in drought
comparable to control. It indicates that RA and SN13 used in
consortia have synergistic effect on drought stress amelioration.
For example in SOD, the value of drought sensitive cultivar
P1003 was doubled in drought condition while in inoculated
samples with RA, SN13 and consortia, the activities were signifi-
cantly reduced and best results were observed in consortia inocu-
lated plants. Consortia showed value of SOD approximately
equal to the control, indicating the complete drought ameliora-
tion of both the PGPR in greenhouse conditions. Similar results
were also observed for APX, Catalase, LPX and PAL activities
under drought stress conditions (Fig. 3). Bar diagram indicated
the presence of drought stress amelioration activity due to PGPR
inoculation. Total chlorophyll content was significantly reduced
due to drought stress in both cultivars while inoculation with
PGPR ameliorates the negative effect (Fig. 4). Another stress
indicator i.e., proline was significantly enhanced under drought
stress conditions as compared to control, which was also miti-
gated by PGPR inoculation. Similar to drought sensitive cultivar,
tolerant variety has also showed induced defense enzymes under
drought stress which were ameliorated by inoculation of PGPR
individually or in consortium which confer the defense enzyme
management by these bacteria in a synergistic manner. Results
clearly demonstrated by assessing defense enzymes, stress indica-
tors and PGP attributes that inoculation of PGPR in consortia
has better response toward minimizing the deleterious effect of
drought stress.

Soil enzymes
Soil enzymes were performed to determine the soil health in

terms of microbial activity in rhizosphere soil samples of plants

Figure 2. Competitive growth assessment of Pseudomonas putida RA and
Bacillus amyloliquefaciens SN13. (A) Filtered supernatant of RA supple-
mented at 0% to 50% in NB medium to check the growth of SN13 at dif-
ferent time interval (B) Filtered supernatant of SN13 supplemented at 0%
to 50% in NB medium to check the growth of RA at different time interval.

Table 2. Plant growth promotion in chickpea cultivars treated with Pseudomonas putida RA and Bacillus amyloliquefaciens SN13 individually and consortium
under control and drought stress conditions

Treatments
Root

length (cm)
Shoot

length (cm)
Fresh weight
root (mg)

Fresh weight
shoot (mg)

Dry weight
root (mg)

Dry weight
shoot (mg)

No. of Root
nodules

R/S DW
ratio

BC 16.7 § 1.3de 12.3§0.7def 321.66§19.56abcd 808.00 § 31.05a 90.00 § 12.60d 80.00§ 5.10a 44.67§ 3.05ef 1.13
BCCD 13.3 § 1.3cd 11.8 § 1.0d 270.66§ 26.65abc 707.34 § 74.45a 27.57 § 2.24a 75.13§ 8.64a 40.67§ 3.79e 0.37
BRA 20.1 § 3.4ef 13.8 § 0.3fg 595.33§ 64.39de 899.67 § 64.01ab 110.90§ 13.28e 110.00§ 10.13bc 42.00§ 5.29e 1.01
BRACD 18.7 § 3.1e 12.2 § 0.9de 537.00§ 41.60cde 818.67 § 84.28a 40.60 § 4.68ab 88.54§ 11.01ab 35.00§ 5.00d 0.46
BSN 24.1 § 3.8gh 14.6 § 1.1gh 457.66§ 91.15bcde 809.34 § 51.98a 130.40§ 6.42f 100.34§ 8.90ab 48.00§ 3.60fg 1.30
BSNCD 22.4 § 3.4fg 12.6 § 0.4ef 440.66§ 93.30bcde 793.34 § 43.31a 31.63 § 6.66a 79.81§ 3.99a 44.34§ 4.93ef 0.40
BRS 26.5 § 1.8h 16.3 § 0.7i 573.00§ 48.53de 962.34 § 18.47ab 180.90§ 14.35g 129.69§ 13.20cd 50.34§ 1.52g 1.39
BRSCD 26.3 § 1.1h 16.0 § 0.8hi 560.33§ 60.45cde 934.34 § 61.58ab 46.63 § 6.76b 128.34§ 12.74cd 48.34§ 1.53fg 0.36
PC 8.2§ 1.6ab 6.1§ 1.2a 174.33§ 37.07ab 1270.00 § 101.48abc 48.33 § 9.07b 99.60§ 6.35ab 18.67§ 3.05b 0.49
PCCD 4.9§ 0.5a 4.8§ 1.1a 83.67 § 5.50a 610.00 § 85.44a 27.33 § 6.42a 90.00§ 9.64ab 11.34§ 1.52a 0.30
PRA 11.6 § 0.4bc 9.0§ 0.4bc 206.67§ 15.27ab 1893.34 § 120.5cde 63.33 § 4.72c 139.00§ 5.29b 31.34§ 1.52d 0.46
PRACD 9.9§ 1.1bc 7.8§ 0.9b 180.00§ 12.12ab 1653.34 § 177.85bcd 47.00 § 2.64b 224.00§ 42.55e 24.00§ 1.00c 0.21
PSN 10.1 § 0.5bc 9.5§ 1.1c 550.00§ 30.00cde 2346.67 § 395.13de 110.00§ 3.78e 148.67§ 9.16b 30.00§ 2.00d 0.74
PSNCD 8.6§ 0.5bc 7.9§ 0.5bc 445.33§ 63.90bcde 2176.67 § 70.23de 87.67 § 5.13d 140.67§ 18.02d 21.67§ 1.52bc 0.62
PRS 12.2 § 1.8bc 11.5 § 0.8de 661.33§ 81.39e 2540.00 § 210.00e 180.67§ 3.00g 150.33§ 5.56d 34.67§ 1.52d 1.20
PRSCD 11.3 § 2.1bc 10.9 § 0.8d 321.66§ 19.56e 808.00 § 31.05de 117.50§ 11.60ef 84.87§ 4.58d 44.67§ 3.05d 1.30

*values of root and shoot length taken 30 DAS, dry weight after drying at 45�C for 3 days.
RA (P. putida); SN13 (B. amyloliquefaciens); RS (consortia of RA and SN13).
“ § : Standard errors (n D 6)”. Different letters within column represents significant difference at (P D 0.05) by using DMRT.
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treated with RA, SN13 and consortia under control and drought
conditions. Soil enzymes dehydrogenase, acid/alkaline phospha-
tase, protease, urease and b-glucosidase were determined and
results (Table 3) showed the activity of soil enzymes in rhizo-
sphere of 2 chickpea cultivars enhanced due to PGPR inocula-
tion. As compared to individual strains RA and SN13,
consortium inoculation has higher soil enzymes activities as com-
pared to uninoculated control under normal and drought condi-
tions. Higher soil enzyme activities due to consortium
inoculation under drought conditions indicated synergistic effect
of both bacteria.

Microbial diversity assessment based on carbon source
utilization pattern

Microbial richness, diversity and evenness of rhizosphere soil
of both cultivars under control and drought conditions were esti-
mated in order to check the effects of PGPR inoculation on
native microbial population. Carbon source utilization pattern
on Biolog Eco plates was determined to calculate Shannon,
McIntosh and Simpson diversity and their related evenness for
rhizosphere region of chickpea. Results (Table 4) clearly

demonstrate that diversity and
evenness indices have been influ-
enced significantly by inoculation
of PGPR individually and in con-
sortia. Drought treatment has sig-
nificantly reduced the microbial
diversity in the rhizosphere sam-
ples of both the cultivars moreover
inoculation of PGPR has amelio-
rated the negative effect drought
stress on native microflora. Princi-
pal component (PC) score plot
distributed at 71.33% and
11.86% on factor 1 and 2, respec-
tively. Treatment of drought has
more prominent effects as com-
pared to cultivars and inoculation
of PGPR, which is clearly reflected
in the PCA plot (Fig. 5) where 2
groups formed and separated by
drought treatment.

Tracking and visualization of
PGPR in the root

Competence in the rhizosphere
of host plant is the most important
trait for any successful PGPR.
Population of strains SN13 and
RA individually tracked as
described earlier by Nautiyal
(1997), at the time of harvesting
i.e. 45 d after sowing, in both cul-
tivars population of SN13 and RA
were more than 106 CFU/g rhizo-
sphere soil alone or in consortia.

Population with 107 CFU/g soil in the rhizosphere gives clear
indication that these strains have ability to compete, grow and
survive under the control and drought stress conditions. To visu-
alize the SN13 and RA on the roots for both the cultivars, strains
were labeled with green fluorescent protein and results (Fig. 6)
from roots of both cultivars and florescence was observed form
the roots surfaces.

Discussion

Compatibility between 2 PGPR, their performance in syn-
ergistic manner without altering the native rhizosphere micro-
bial population and drought stress amelioration could leads to
prepare a bioinoculant formulation for chickpea. In presented
study we have selected 2 PGPR P. putida and B. amylolique-
faciens based on their multiple PGP attributes and stress ame-
liorating abilities in host crops. These both strains are
compatible and performing better under in vitro and in vivo
experiments when applied in consortia as compared to indi-
vidual strain or control. Several mechanisms have been

Figure 3. Defense enzymes activities in chickpea leaves treated with Pseudomonas putida RA and Bacillus
amyloliquefaciens SN13 individually and consortium under control and drought stress conditions. (A) Super-
oxide dismutase (SOD). (B) Phenylalainine ammonia lyase (PAL). (C) Ascorbate peroxidase (APX). (D) Lipid
peroxidase (LPX). (E) Catalase (F) Glutathione peroxidase (GPX). PC (control of P1003). PRA (P1003 treated
with RA). PSN (P1003 treated with SN13). PRS (P1003 treated with Consortium of RA and SN13). BC (Control
of BG362). BRA (BG362 treated with RA). BSN (BG362 treated with SN13). BRS (BG362 treated with Consor-
tium of RA and SN13). D represents for drought; §: Standard errors (n D 3). Different letters within column
represents significant difference at (PD 0.05) by using DMRT.
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proposed to understand the mechanism behind microbial
mediated stress amelioration in plants e.g. production of
growth hormones, resulted in increased root biomass, which
leads to higher uptake of nutrients thereby improving plant
growth under stress conditions.1 Experiments conducted in
live soil conditions colonization ability of both strains have
been monitored and their performance under controlled and
drought conditions can be considered as a consequence of it.
Many researchers have been reported that colonization and
competence is the most important factor for any bacterial
inoculation as PGPR or as biofertilizers.18-21 We have
selected 2 chickpea cultivars, which are drought tolerant
(BG362) and sensitive (P1003) and our results clearly dem-
onstrated that inoculation of PGPR strains alone or in con-
sortia has significantly not only enhanced the plant growth
under controlled conditions but also ameliorates the negative
effect of drought stress. We have evaluated defense enzymes

to check the possible mechanism of action to ameliorate
drought stress due to inoculation of theses strains. Under
drought conditions, complex interactions among native
microorganisms, roots and water content in the rhizosphere
of host plant alter the physiological properties of associated
soil. In general, proline protects plant membranes against the
adverse effects of high salt concentration, extreme drought
and temperature. Proline accumulation can act as buffers cel-
lular redox potential under different stresses.40 Higher accu-
mulation of proline helps the plants to maintain osmotic
balance when growing under drought conditions. It has been
reported earlier that proline protects higher plants against
salt/osmotic stresses.41 Some PGPR strains with ability to
produce cytokinin and antioxidants, resulted in abscisic acid
(ABA) accumulation followed by degradation of reactive oxy-
gen species. Antioxdant enzymes are linked with oxidative
stress tolerance,42 in our results we have also reported that
when chickpea plants subjected to drought stress cause induc-
tion in defense enzymes. While inoculation of PGPR alone
or in consortia have tendency to reduce these enzymes that
results in less reactive oxygen species (ROS) formation, which
ameliorate the damages to cell membranes and proteins. Plant
cells must retain water potential lower than soil to absorb the
water and when soil dries higher solutes concentrations causes
the cell damage, even less moisture has negative effect on soil
microorganism. Drought conditions not only affects the bac-
terial physiological functions, mobility, chemotaxis and
adsorption to soil particles but also has adverse effect on root
exudates, required for the plant-microbes interaction. From
our results inoculation of stress tolerant PGPR induced the
growth under drought conditions clearly attributed their role
by plant hormones production that enhanced lateral roots
growth and consequently nutrients and water uptake. The
study suggested that an improved tolerance of plants to
drought, with higher growth and yields, and synergistic
effects from the use of consortia were found. In conclusion,
the results achieved till now in utilizing microbial strains
selected for a specific function or a specific plant/microorgan-
ism interaction are encouraging to apply these strategies. The
improvement of plant response to drought or nutritional
stresses when specifically selected microbial strains are used is
a successful example. Nevertheless, more knowledge about
the processes and the regulation of the plant-rhizosphere
microorganism interaction is needed to standardize a practice
which is supporting the sustainability of agricultural
productions.

Materials and Methods

Bacterial strains and their culture preparations
In the experiments, microbial strains B. amyloliquifaciens

(SN13) was isolated from the alkaline soil of DRC, Banthra,
Lucknow, Uttar Pradesh, India whereas P. putida (RA) from
chickpea rhizospheric soil of Dholpur, Rajasthan India. These 2
PGPR strains were grown separately at 28�C for 16 h in nutrient

Figure 4. Physiological parameters in chickpea leaves treated with Pseu-
domonas putida RA and Bacillus amyloliquefaciens SN13 individually and
consortium under control and drought stress conditions. (A) Proline (B)
Chlorophyll PC (control of P1003). PRA (P1003 treated with RA). PSN
(P1003 treated with SN13). PRS (P1003 treated with Consortium of RA
and SN13). BC (Control of BG362). BRA (BG362 treated with RA). BSN
(BG362 treated with SN13). BRS (BG362 treated with Consortium of RA
and SN13). D represents for drought;§: Standard errors (nD 3). Different
letters within column represents significant difference at (P D 0.05) by
using DMRT.
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broth (NB) on a rotary shaker at 180 rpm. To check their com-
patibility under in vitro conditions 50 ml culture of one bacte-
rium was spreaded on NA plate and 50 ml cultures of different
PGPR were filled in the wells formed on plates (Well diffusion
method). Another experiment was conducted by streaking of 1
PGPR on the NA plate spreaded with overnight grown other
PGPR (plate confrontation method).

PGP traits evaluation test
For PGP traits evaluation both physiological and biochemical

assays including motility, IAA production, ACC deaminase activ-
ity, phosphate solubilisation, siderophore activity and biofilm
formation were assayed using standard protocols.16-20 These
properties were screened for SN13, RA and consortia of RA and
SN13 (RS).

Table 3. Soil enzymes activities in rhizosphere of chickpea cultivars treated with Pseudomonas putida RA and Bacillus amyloliquefaciens SN13 individually
and consortium under control and drought stress conditions

Treatments
DHA (ug.g¡1

soil h¡1)
AP (mg g¡1

dwt h¡1)
ALP (mg g¡1

dwt h¡1)
Urease (mg NH4-N g¡1

dwt 2h¡1)

Protease
(mg tyrosine g¡1

dwt 2h¡1)
b-glucosidase

(mg g¡1 dwt h¡1)

PC 3474.71 § 51.20h 308.04 § 35.01bcd 392.50§ 31.94def 2435.72 § 152.86fg 5.10 § 0.09gh 240.71§ 6.59f

PCCD 2255.74 § 63.57c 233.44 § 7.95a 291.99§ 16.18a 1824.27 § 223.59d 3.84 § 0.14b 141.73§ 8.61a

PRA 2457.72 § 76.66d 264.15 § 9.52ab 364.85§ 36.78bcd 2079.08 § 106.67e 4.09 § 0.06bc 195.91§ 12.04e

PRACD 2456.70 § 55.86d 327.07 § 41.28bcde 418.29§ 9.87fg 2122.84 § 168.65e 5.17 § 0.07gh 191.70§ 2.42e

PSN 2851.29 § 23.89f 335.14 § 65.54cdef 382.51§ 20.04cde 2067.53 § 47.12e 3.33 § 0.07a 209.26§ 6.42e

PSNCD 2090.78 § 28.12b 355.94 § 39.34defg 429.23§ 7.72g 2146.56 § 192.48e 4.67 § 0.05ef 203.64§ 1.83e

PRS 3788.85 § 28.96i 416.63 § 31.68gh 412.97§ 12.58efg 2621.52 § 163.30g 5.22 § 0.21gh 245.69§ 10.08f

PRSCD 4011.45 § 36.76j 332.62 § 35.90cdef 411.96§ 16.21efg 2390.31 § 42.56f 4.26 § 0.14cd 233.80§ 4.21f

BC 2599.54 § 20.63e 380.77 § 42.43efdh 428.64§ 13.70g 1646.58 § 89.43cd 5.31 § 0.14h 155.56§ 1.10bcd

BCCD 1961.08 § 15.40a 289.05 § 12.91abc 348.07§ 10.66b 1028.18 § 56.43a 4.53 § 0.39de 125.52§ 19.42a

BRA 3166.77 § 9.622g 374.36 § 22.55efgh 392.35§ 7.37def 1450.53 § 177.50b 5.72 § 0.21i 165.52§ 9.40cd

BRACD 3103.71 § 107.5g 431.57 § 37.90h 528.03§ 14.22i 1381.81 § 122.12b 6.24 § 0.17j 179.63§ 6.66bc

BSN 2861.99 § 91.13f 295.67 § 34.76bcd 354.86§ 1.51bc 1378.31 § 78.30b 4.88 § 0.17fg 173.20§ 6.86d

BSNCD 2089.63 § 14.80b 319.99 § 35.89bcde 404.20§ 3.74efg 1289.62 § 103.19b 6.14 § 0.44j 162.40§ 9.02cd

BRS 3470.63 § 13.91h 395.12 § 18.52fgh 434.55§ 20.67g 1620.15 § 66.43cd 5.27 § 0.14h 159.48§ 7.20bcd

BRSCD 3454.52 § 84.70h 426.27 § 29.76h 469.78§ 27.05h 1622.10 § 84.40gd 5.38 § 0.15h 159.23§ 4.58bcd

DHA (Dehydrogenase activity); AP (Acid phosphatase); ALP (Alkaline phosphatase); PC (control of P1003); PRA (P1003 treated with RA); PSN (P1003 treated
with SN13); PRS (P1003 treated with Consortium of RA and SN13); BC (Control of BG362); BRA (BG362 treated with RA); BSN (BG362 treated with SN13); BRS
(BG362 treated with Consortium of RA and SN13); D represents drought.
“ § : Standard errors (n D 6)”. Different letters within column represents significant difference at (PD0.05) by using DMRT.

Table 4. Rhizosphere functional diversities and evenness based on carbon source utilization pattern for rhizosphere chickpea cultivars treated with Pseudo-
monas putida RA and Bacillus amyloliquefaciens SN13 individually and consortium under control and drought stress conditions

Samples ShD ShE McD McE SimpD

BC 4.41 § 0.00i 0.969§ 0.001g 0.983§ 0.00i 0.983§ 0.00g 0.996§ 0.00i

BCCD 4.11 § 0.01b 0.939§ 0.002b 0.963§ 0.01b 0.974§ 0.00b 0.992§ 0.00b

BRA 4.47 § 0.00n 0.982§ 0.002l 0.990§ 0.00n 0.990§ 0.00l 0.998§ 0.00n

BRACD 4.25 § 0.00c 0.951§ 0.001c 0.974§ 0.01c 0.979§ 0.00d 0.995§ 0.00c

BSN 4.47 § 0.00n 0.982§ 0.001l 0.990§ 0.00o 0.990§ 0.00m 0.998§ 0.00o

BSNCD 4.28 § 0.00f 0.958§ 0.000f 0.977§ 0.00f 0.981§ 0.00f 0.995§ 0.00f

BRS 4.44 § 0.00j 0.975§ 0.001h 0.986§ 0.00j 0.986§ 0.00h 0.997§ 0.00j

BRSCD 4.28 § 0.01e 0.949§ 0.001c 0.976§ 0.00d 0.978§ 0.00c 0.995§ 0.00d

PC 4.45 § 0.00k 0.977§ 0.000i 0.988§ 0.00k 0.988§ 0.00i 0.997§ 0.00k

PCCD 4.08 § 0.00a 0.937§ 0.001a 0.960§ 0.01a 0.971§ 0.00a 0.991§ 0.00a

PRA 4.47 § 0.00m 0.981§ 0.000e 0.989§ 0.00m 0.989§ 0.00k 0.998§ 0.00m

PRACD 4.27 § 0.00d 0.952§ 0.001d 0.976§ 0.00e 0.980§ 0.00e 0.995§ 0.00e

PSN 4.47 § 0.02m 0.981§ 0.001k 0.990§ 0.00n 0.990§ 0.00l 0.998§ 0.00n

PSNCD 4.30 § 0.00g 0.949§ 0.000c 0.977§ 0.00g 0.978§ 0.00c 0.995§ 0.00g

PRS 4.46 § 0.00l 0.979§ 0.000j 0.989§ 0.00l 0.989§ 0.00j 0.997§ 0.00l

PRSCD 4.36 § 0.01h 0.957§ 0.000e 0.981§ 0.00h 0.981§ 0.00f 0.996§ 0.00h

ShD (Shannon diversity); ShE (Shannon evenness); McD (McIntosh diversity); McE (McIntosh evenness); SimpD (Simpson diversity); PC (control of P1003); PRA
(P1003 treated with RA); PSN (P1003 treated with SN13); PRS (P1003 treated with Consortium of RA and SN13); BC (Control of BG362); BRA (BG362 treated
with RA); BSN (BG362 treated with SN13); BRS (BG362 treated with Consortium of RA and SN13); D represents drought.
“ § : Standard errors (nD3)”. Different letters within column represents significant difference at (PD0.05) by using DMRT.
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Competitive growth assessments
Cultures of both bacteria grown for 48 h (at 30�C at

180 rpm) were filtered using 0.22 mm filters (PALL, Corpora-
tion, USA). The filtered supernatant from grown bacterial cul-
ture was mixed at concentration of 5, 10, 15, 20, 25 and 50% (v/
v) to the fresh NB medium. The growth of one bacterium in
presence of filtered supernatant of the other was plotted at differ-
ent time intervals of 4, 8, 24, 36 and 48 h by taking absorbance
at 600 nm in spectrophotometer (Thermo Scientific Pvt. Ltd.)
and colony forming units.

Greenhouse experiments
Two contrasting drought toler-

ant and sensitive chickpea varieties
BG362 and P1003 were selected
for evaluation of individual PGPR
and in consortia inoculation effects
under control and drought stress
conditions. Seed bacterization was
carried out as described by Nau-
tiyal (1997)21 for individual strains
and for consortium 1:1 ratio of
both strains were mixed before
seed bacterization. Uninoculanted
and bacterized plants were grown
for 30 d under greenhouse condi-
tions and for drought stress 4
weeks old plants were subjected to
progressive drought by no further
addition of water, whereas normal

plants were regularly watered to maintain the 20% moisture.
Plants were harvested after 2 weeks of progressive drought stress
and data on root length, shoot length, root, shoot fresh and dry
biomass were recorded.

Plant defense enzymes and soil enzymes assays
Total soluble protein was extracted from the leaves of the con-

trol, drought stressed, bacterized and drought with bacterized in
both the varieties of chickpea varying in drought sensitivity. Pro-
tein quantification was done according to Bradford assay22 at
595nm. Estimation of defense enzymes of leaf samples were done
using established standard protocols like for Superoxide dismutase
(SOD),23 Phenylalainine ammonia lyase (PAL),24 Catalase,25

Ascorbate peroxidae (APX),26 Lipid peroxidase (LPX),27 Glutathi-
one peroxidase (GPX),28 Proline,29 Chlorophyll and Carotenoid.30

Soil enzymes estimations were also done using previous pub-
lished protocols like for Dehydrogenase (DHA),31 Acid/Alkaline
phosphatases,32,33 Urease,34 Protease35 and b-Glucosidase.36

Functional microbial diversity
Rhizosphere microbial diversity was assessed by carbon

source utilization pattern using Biolog Eco plates (Biolog,
Inc.., Hayward, CA, USA) in chickpea. Rhizosphere soil sam-
ples (1.0 g) from all the treatments of both varieties were col-
lected and suspended in 9.0 ml sterile MQW and mixed
them on a rotary shaker for 4 h at 28�C, 10¡3 final dilution
of suspension was further used. Samples were coated in each
well of Biolog plates (150 ml) and kept at 30�C for incuba-
tion. Carbon source utilization was measured by the rate of
reduction of tetrazolium, a redox indicator dye. Data was
recorded for day 1-7 at interval of 24 hours at 590 nm. Aver-
age well-color development (AWCD) was determined which
is microbial activity in each microplates. Richness, McIntosh,
Shannon and Simpson functional diversity and related

Figure 6. Visualization of gfp tagged Pseudomonas putida RA and Bacillus amyloliquefaciens SN13 on chick-
pea roots. Panel A shows root adherence of gfp transformed in Pseudomonas putida (a), (c) and (d) showing
gfp adherence on root whereas (b) and (e) are control without gfp label bacteria. Panel B shows Bacillus
amyloliquefaciens (a), (d) showing gfp adherence on root whereas (b) and (e) are control without gfp label
bacteria.

Figure 5. Principal component analysis (PCA) based on carbon source
utilization pattern of rhizospheric soil treated with Pseudomonas putida
RA and Bacillus amyloliquefaciens SN13 individually and consortium
under control and drought stress conditions. PC (Control of P1003). PRA
(P1003 treated with RA). PSN (P1003 treated with SN13). PRS (P1003
treated with consortium). BC (Control of BG362). BRA (BG362 treated
with RA). BSN (BG362 treated with SN13). BRS (BG362 treated with con-
sortium). D represents drought.
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evenness were calculated and Principal component analysis
(PCA) was performed on AWCD normalized data.37,38

Green fluorescent protein visualization
Both SN13 and RA were transformed with plasmid harboring

gfp gene using heat shock method.39 PGPR adheres to root sur-
face and forms biofilm around the roots. They form the majority
population in rhizosphere community. For verification of root
adhering property overnight grown tagged bacteria culture indi-
vidually and in consortia were pelleted and resuspended in saline
(0.85%) to make 0.8 OD (600 nm). The roots of 25 d old chick-
pea plants were dipped for 2 h in the culture and washed with
sterile MQW. These roots were visualized under UV illumina-
tion at 10 and 100X lens with microscope (Olympus CX41). Sta-
tistical analyses. Results were subjected for statistical analysis by

using Microsoft excel 2007, SPSS 16.0 and Statistica 7.0
software.
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