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Phosphorus (P) availability in alkaline soils of arid and semi-arid regions is a major constraint for
decreased crop productivity. Use of plant growth promoting rhizobacteria (PGPR) may enhance plant
growth through the increased plant antioxidation activity. Additionally, PGPR may increase nutrient
uptake by plants as a result of induced root exudation and rhizosphere acidification. The current study
was aimed to investigate combined effects of P and Pesudomonas putida (PGPR) on chickpea growth with
reference to antioxidative enzymatic activity and root exudation mediated plant nutrient uptake,
particularly P. Half of the seeds were soaked in PGPR solution, whereas others in sterile water and latter
sown in soils. Plants were harvested 8 weeks after onset of experiment and analyzed for leaf nutrient
contents, antioxidant enzymes activities and organic acids concentrations. Without PGPR, P application
(þP) increased various plant growth attributes, plant uptake of P and Ca, soil pH, citric acid and oxalic
acid concentrations, whereas decreased the leaf POD enzymatic activity as compared to the P-deficiency.
PGPR supply both under �P and þP improved the plant growth, plant uptake of N, P, and K, antioxidative
activity of SOD and POD enzymes and concentrations of organic acids, whereas reduced the rhizosphere
soil pH. Growth enhancement by PGPR supply was related to higher plant antioxidation activity as well
as nutrient uptake of chickpea including P as a result of root exudation mediated rhizosphere
acidification.

© 2016 Elsevier Masson SAS. All rights reserved.
1. Introduction

Chickpea (Cicer arietinum L.) is an important pulse crop in
developing countries (Yadav et al., 2010) and a major source of
dietary protein. In Pakistan, it is cultivated on the soils of rain-fed
dry areas where crop yield has been declined over the last few
decades due to decreased availability of P in soil-plant system, as it
forms insoluble complexes with calcium, aluminum and iron
eight; PGPR, Plant growth
roxide dismutase.
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served.
(Gyaneshwar et al., 2002; Hao et al., 2002). P-deficiency is one of
the major limiting factors for decreased agricultural production
(Schachtman et al., 1998; Lynch and Brown, 2008), as it is an
essential macronutrient, and required for numerous functions like
energy transport, nucleic acid synthesis, membrane synthesis and
stability, enzyme activation/inactivation, redox reactions, signal
transduction, photosynthesis, glycolysis, respiration and nitrogen
fixation (Abel et al., 2002; Vance et al., 2003; Khan et al., 2009).
Additionally, intensive cultivation, low inputs of fertilizers due to
high cost, and P-fixation in Pakistani soils have resulted in poor soil
fertility (Afzal et al., 2010).

Use of biofertilizers along with chemical fertilizers may serve as
an effective approach for enhancing the crop nutrient re-
quirements, thereby leading to the sustainable crop production.
Biofertilizers consist of beneficial microbes, which form colonies in
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soils and promote plant growth by increasing nutrient availability
when applied as a seed dressing or on plant surfaces (Vessey, 2003).
These microorganisms can enhance the availability of deficient or
immobile nutrients in soils after solubilizing their mineral forms.
For example, PGPR can promote plant growth by P-solubilization,
biological nitrogen fixation, availability of trace elements such as Fe
and Zn and the production of plant growth regulators
(Ponmurugan and Gopi, 2006; Yadav et al., 2010; Panhwar et al.,
2012). Other potential mechanisms for this interaction include
the role of P-solubilizing bacteria (PSBs) in lowering the rhizo-
sphere soil pH (Khan et al., 2009) or due to the production of low
molecular weight organic acids (Deubel et al., 2000). Numerous
researchers have reported an increase in plant growth and P uptake
by different crop species (Gaind and Gaur, 1991; Wahid and
Mehana, 2000; Peix et al., 2001), while reports are also available
where inoculation did not enhance P uptake by plants (Laheurte
and Berthelin, 1988). This is possible because many PSBs also pro-
duce growth regulators, which may enhance plant growth without
increasing P uptake (Leinhos and Vacek, 1994). In this regard,
various microbial species like Allorhizobium, Agrobacterium,
Arthrobacter, Azorhizobium, Bacillus, Bradyrhizobium, Caulobacter,
Chromobacterium, Erwinia, Flavobacterium, Hyphomicrobium, Mes-
orhizobium, Micrococcus, Pseudomonas, Rhizobium, Serratia and
Sinorhizobium have been proven to possess plant growth promot-
ing (PGP) traits (Vessey, 2003). Likewise, use of PGPR has improved
the growth and yield of various crops such as bean (Nassar et al.,
2003; Figueiredo et al., 2008), pea (Tokala et al., 2002), rice
(Gopalakrishnan et al., 2013), tomato (El-Tarabily, 2008) and wheat
(Sadeghi et al., 2012). Therefore, use of PGPR including PSBs has
been suggested as a sustainable solution for improving crop pro-
duction (Vessey, 2003).

This is also possible that P-deficiency may result in the forma-
tion of reactive oxygen species (ROS) like O2�

� (Grossman and
Takahashi, 2001; Juszczuk et al., 2001; Bargaz et al., 2013), which
could possibly induce oxidative stress along with nutrient-specific
alterations in plant metabolic system (Kandlbinder et al., 2004).
However, plants evolve an efficient antioxidative defense system,
comprising of antioxidant enzymes such as superoxide dismutase
(SOD), peroxidase (POD), catalase (CAT) (Del-Rio et al., 2003;
Masood et al., 2012) and non-antioxidant enzymes like gluta-
thione, ascorbate and tocopherol to scavenge these ROS (Del-Rio
et al., 2003). It was thus hypothesized that inoculation of seeds
with Pseudomonas putida enhances nutrient availability, particu-
larly P, while increasing the root exudation in response to decrease
in rihizosphere soil pH. Secondly, PGPR inoculation may enhance
antioxidant enzymatic activity, which helps in the adaptation of
plants under P-deficiency. Overall, objective of our study was to
evaluate the effect of biological enhancer on chickpea growth and
to explain it with measured parameters.

2. Materials and methods

2.1. Seed inoculation and plant growth conditions

A pot experiment was conducted in greenhouse of Quaid-i-
Azam University, Islamabad, Pakistan located between latitude of
33.74� N and a longitude of 73.13� E to assess the effects of P. putida
and P on the growth of chickpea (Cicer arietinum L. cultivar Dasht).
Half of the seeds were inoculated with P. putida (Khewra 2P), iso-
lated from Khewra salt range of Pakistan (Yasmin and Bano, 2011),
while others not. P. putida inoculum was prepared in 250 ml of
broth and kept overnight in shaker-incubator (ECELLA E23, Cal-
iforina, USA) with a relative speed of 120 rpm and temperature of
28 ± 2 �C. Next day, broth culture was centrifuged at a relative
centrifugation force of 1640 g for 20 min and pellet was spun and
solubilized using sterile water after decanting supernatant. Now,
half of the seeds were soaked in bacterial culture for 3e4 h, while
others in sterile water before sowing into respective pots. Prior to
seed inoculation, qualitative analysis of P. putida for P-solubilization
was performed on Pikovskaya's agar plates containing insoluble tri-
calcium phosphate (Gaur, 1990) (Fig. S1). All the seeds were ster-
ilized with 1 mM CaSO4$2H2O solution before inoculation
treatments.

Surface soil (0e15 cm depth) was collected from a non-
cultivated field, autoclaved and filled into the pots (25 � 15 cm2)
at the rate of 2.5 kg pot�1. The soil had an EC; 3.2 dS m�1, pH; 7.5,
total N; 470 mg g�1, available P; 5.9 mg g�1 and extractable K;
230 mg g�1. Texture of the soil was silt loam according to interna-
tional textural triangle (Moodie et al., 1959), which contained 8%
sand, 65% silt and 27% clay. Chickpea seeds were sown in pots with
following treatments; þP (recommended NPK fertilizers) and -P
(only N and K fertilizers) both with and without inoculation. The
amounts of NPK fertilizers were calculated according to 40 kg N,
90 kg P2O5 and 60 kg K2O per hectare viz. urea, di-ammonium
phosphate and sulphate of potash. Overall, experiment was con-
sisted of 4 treatments with three replications of each and repeated
twice. Six seeds were initially sown in each pot and latter thinned
to 3 uniform seedlings. Plants were allowed to grow for 8 weeks
maintaining soil moisture contents at 60% field capacity by regular
irrigations. Growth parameters like root length, shoot length, root
and shoot weights were also recorded at plant harvesting. There-
after, plant samples were either stored at �80 �C for subsequent
analysis of antioxidant enzymes or oven-dried at 65 �C for the
determination of total ion concentrations.

2.2. Soil and root exudates collection

Plants were carefully excavated and soil adhering/adjacent to
the roots was collected by gentle shaking. Root exudates were
collected using rhizobox system according to the procedure
described by udDin et al. (2015).

2.3. Enumeration of leaf chlorophyll contents

Chlorophyll contents in intact leaves during the experiments
were recorded with the help of Spad meter (Spad 502, Minolta
Camera Co. Ltd. Japan). All the leaves except older were selected for
chlorophyll measurements.

2.4. Leaf nutrient analysis

For the determination of nutrient content in chickpea leaves, 1 g
dry ground material was digested with acid mixture; HNO3:HClO4
(4:1 v/v) on hot plate until the brown fumes turned into white. On
cooling, leaf digests were diluted with distilled water and filtered.
Afterwards, collected filtrates were used for the estimation of
minerals (Ca, Mg and K) by atomic absorption spectrometer
(Spectra AA240 FS, Varian, New Jersey, USA). P contents from the
same leaf digests were determined with the help of spectropho-
tometer at a wavelength of 700 nm according to ascorbic acid
method.

To determine N content in chickpea leaves, 100 mg ground leaf
samples were digested with 5 ml of H2SO4 and few drops of H2O2

until the clear solution was not obtained. On cooling, digests were
filtered and used for the estimation of leaf N by ammonia Kjeldhal
distillation apparatus.

2.5. Antioxidative enzymatic activity determination

Antioxidative activity of superoxide dismutase (SOD) and
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peroxidase (POD) enzymes in chickpea leaves was determined with
the help of spectrophotometer according to established protocols of
Beauchamp and Fridovich (1971) and Van-Assche et al. (1988),
respectively.

2.6. Organic acids analysis

Organic acids concentrations in root exudates were determined
using high performance liquid chromatography (HPLC) fitted with
Flexer FX-10 isocratic pump (PerkinElmer, MA, USA). For this pur-
pose, 20 ml of each sample was injected into the C18 column
(Brownlee Analytical C-18 3 mm; 150 � 4.6 mm2) after preparing
them in 80% ethanol. Mobile phasewas separated in the presence of
18 mM KH2PO4 solution, whereas pH of the solution was buffered
to 2.1 with H3PO4. Retention time was adjusted to 10 min with a
flow rate of 1 ml min�1 at 28 ± 2 �C. Organic acids were then
analyzed with UV detector at a wavelength of 215 nm.

2.7. Statistical analysis

The experiments followed the completely randomized design
(CRD) with factorial arrangements and data were checked for
normal distribution prior to statistical analysis. ANOVA was ob-
tained for significance and treatment means were compared using
LSD and Tukey's tests of sigma stat packages (SPSS, Inc., Chicago, IL,
USA) at p � 0.05 (Elliott and Woodward, 2007). We also obtained
Pearson's correlation coefficients for studying the relationship
among the measured parameters.

3. Results

3.1. Plant growth and leaf chlorophyll contents under the influence
of P-deficiency and P. putida seed inoculation

Without inoculation, normal supply of P (þP) improved the
shoot length, root length, shoot freshweight, shoot dry weight, root
freshweight, root dryweight and root dry weight: shoot dry weight
of chickpea by 23, 31, 17, 33, 48, 43 and 15%, respectively as
compared to the P-deficient treatment (Table 1). Factor ‘PGPR’
interacted with P-deficiency and improved the root length, shoot
fresh weight, shoot dry weight, root fresh weight, root dry weight
and root/shoot ratio by 25, 15, 30, 38, 39, and 11%, respectively.
Consistently, interaction between ‘PGPR’ inoculation and ‘þP’
improved the shoot length, root length, shoot fresh weight, root
freshweight, root dryweight and root dry weight: shoot dry weight
by 26, 19, 14, 32, 30, and 38%, respectively as compared to ‘þP’
alone. In general, P. putida seed inoculation in þP treatment
resulted in the higher values for any of the measured plant growth
parameters as compared to all other treatments. Interaction
Table 1
Combined effects of P and P. putida inoculation on various plant growth parameters. Valu
significant differences among the treatments at p � 0.05 level.

Treatments Shoot length
(cm)

Root length
(cm)

Shoot fresh weight
(g pot�1)

Shoot dry weight
(g pot�1)

Root fr
(g pot�

Non-inoculated
�P 38.47

(±3.78)c
19.47
(±1.79)c

61.93 (±2.07)c 17.00 (±1.43)b 19.25 (

þP 50.05
(±2.48)b

28.14
(±1.95)ab

74.55 (±3.40)b 25.42 (±1.58)a 37.15 (

Inoculated
�P 39.73

(±4.02)c
26.15
(±1.91)bc

73.03 (±3.76)b 24.41 (±2.39)a 31.33 (

þP 67.91
(±3.32)a

34.76
(±1.55)a

87.10 (±2.50)a 22.87 (±2.19)a 55.06 (
between ‘PGPR’ and ‘þP’ also increased the leaf chlorophyll con-
tents by 29%, but individually both factors remained insignificant.
3.2. Leaf nutrient content as influenced by P-deficiency and P.
putida seed inoculation

Table 2 shows the data of minerals contents in chickpea leaves
as influenced by P-deficiency and P. putida inoculation. Without
inoculation, factor ‘þP’ increased the P and Ca accumulation in
chickpea leaves by 69 and 31%, whereas decreased theMg uptake of
plants by 15%. Use of PGPR under P-deficiency increased the leaf N,
P, K and Ca content by 20, 30, 17 and 28%, whereas decreased the
leaf Mg by 32% as compared to P-deficiency alone. Similarly,
interaction between ‘PGPR’ and ‘þP’ was significant for increasing
the leaf N, P, and K contents by 22, 20, 25%. In comparison to
inoculated P-deficient treatment, inoculated þP treatment only
influenced the leaf P.
3.3. Soil pH as influenced by P-deficiency and P. putida seed
inoculation

Without inoculation, ‘þP’ resulted in the maximum value of soil
pH as compared to the P-deficient treatment (Fig. 1). This increase
in soil pH was 0.18 units over �P treatment. PGPR inoculation
strongly interacted and decreased the soil pH by 0.18 and 0.17 units
in both treatments as compared to their non-inoculated respective.
Overall, soil pHwas higher in ‘þP’ treatment both with and without
PGPR inoculation.
3.4. Antioxidative enzymatic activity of chickpea leaves as
influenced by P-deficiency and P. putida seed inoculation

In the absence of P. putida, both P-deficient and normal supply of
P did not exhibit any significant difference for SOD activity (Fig. 2a).
On contrary, P-deficiency resulted in the higher POD activity when
compared with the ‘þP’ treatment (Fig. 2b). Interestingly, PGPR
application in both P-deficient and normal P enhanced the SOD
enzymatic activity to 1.56 and 1.57 mmol g�1 FW min�1 as
compared to their un-inoculated respective, however, remained
insignificant when compared with each other. Similar to SOD, PGPR
supply in any treatment combinations enhanced the POD enzy-
matic activity as compared to their un-inoculated respective. In
general, interaction between ‘þP’ and ‘PGPR’ induced the antioxi-
dant enzymatic activity of POD enzyme to 0.88 mmol g�1 FWmin�1

as compared to the individual factors; ‘PGPR’ and ‘þP’.
es exhibit means ± standard error of three replicates, whereas case letters indicate

esh weight
1)

Root dry weight
(g pot�1)

Root dry weight: shoot
dry weight

Chlorophyll content
(SPAD values)

±2.04)d 8.36 (±1.47)c 0.49 (±0.03)c 27.39 (±1.88)b

±1.22)b 14.82 (±1.26)b 0.58 (±0.02)b 27.7 (±1.15)b

±2.73)c 13.63 (±1.49)b 0.55 (±0.02)bc 28.79 (±2.64)b

±2.12)a 21.29 (±1.34)a 0.93 (±0.03)a 38.89 (±1.77)a



Table 2
Nutrient content of chickpea leaves as influenced by P and P. putida inoculation. Values exhibit means ± standard error of three replicates, whereas case letters indicate
significant differences among the treatments at p � 0.05 level.

Treatments mg g�1 DW

N P K Ca Mg

Non-inoculated
�P 23.76 (±1.46)b 1.47 (±0.13)d 22.08 (±1.27)b 12.56 (±2.25)b 3.11 (±0.15)a

þP 24.87 (±1.94)b 4.73 (±0.84)b 20.50 (±1.94)b 18.13 (±1.28)a 2.64 (±0.40)ab

Inoculated
�P 29.90 (±1.14)a 2.10 (±0.23)c 26.68 (±2.95)a 17.49 (±1.13)a 2.12 (±0.16)b

þP 32.12 (±2.21)a 5.91 (±0.71)a 27.42 (±3.56)a 21.29 (±1.06)a 2.28 (±0.19)b
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Fig. 1. Influence of P. putida seed inoculation on soil pH under P-deficiency. Values
exhibit means ± standard error of three replicates, whereas case letters indicate sig-
nificant differences among the treatments at p � 0.05 level.
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3.5. Organic acid concentrations in root exudates as influenced by
P-deficiency and P. putida seed inoculation

Organic acids concentrations in root exudates of chickpea have
been presented in Fig. 3. In non-inoculated conditions, application
of P increased the citric acid and oxalic acid concentrations when
compared with the P-deficiency. PGPR inoculation in any treatment
combinations, particularly in combination with þP enhanced the
concentrations of citric acid (0.0357 mmol g�1 root FW), malic acid
(0.0257 mmol g�1 root FW) and oxalic acid (0.0190 mmol g�1 root
FW) as compared to their non-inoculated respective. Overall,
interaction between ‘PGPR’ and ‘þP’ increased the citric acid and
oxalic acid concentrations in root exudates as compared to the
‘PGPR’ alone.

3.6. Correlations among the studied parameters

Pearson's correlation coefficients were obtained for the
conclusive relationship among the analyzed parameters at
*p� 0.05 and **p� 0.01 levels (Table 3). Without PGPR, soil pH was
correlated with leaf nutrient acquisition, particularly P (r ¼ 0.947)
and oxalic acid (r ¼ 0.974), which then improved the plant growth
parameters.

Similarly, under PGPR supply, soil pH was correlated with leaf N
(r ¼ 0.883), leaf P (r ¼ 0.910) and citric acid (r ¼ 0.838), which in
turn enhanced the plant growth. Moreover, increased production of
antioxidants, particularly POD activity was also correlated with
improved plant growth under PGPR supply.

4. Discussion

4.1. P. putida seed inoculation enhances plant growth under P-
deficiency

The current study revealed that PGPR inoculation under P-
deficiency improved the growth of chickpea, which was compara-
ble with individual factor ‘þP’. In the absence of P. putida seed
inoculation, ‘þP’ enhanced the root and shoot attributes as
compared to the P-deficiency (Table 1). This confirms the essenti-
ality of P in plant nutrition, as P plays a key role in plant growth
functions like ATP synthesis and phosphorylation of photosynthetic
proteins and enzymes (Zer and Ohad, 2003). Furthermore, growth
enhancement by factor ‘PGPR’ was achieved due to the role of
P. putida in releasing nutrients including P, however, its activity can
be influenced where P is omitted or applied at normal rates.
Alternatively, increased root and shoot weight could be attributed
to the increased root proliferation (Tomar et al., 2004), which could
thus enhance nutrient and water uptake of plants, as root explo-
ration is dependent on succulence. Improved root and shoot
biomass by Pseudomonas sp. have been reported previously
(Mehnaz and Lazarovits, 2005; Yadav et al., 2010; Gopalakrishnan
et al., 2014). Similarly, other studies also indicated that use of
PGPR (Asghar et al., 2002) or PSB in combination with rock phos-
phate improved the plant growth (Han et al., 2006), however, PGPR
response may vary to different plant species (Noumavo et al., 2013).

This is well known that bacteria inoculation may increase P-
availability in soils through the root exudation of organic acids,
which thus stimulate plant growth and enhance mineral uptake by
plants (Park et al., 2003). The increase in leaf chlorophyll contents
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by P. putida seed inoculation was correlated with the increased
uptake of nutrients like N (r ¼ 0.812), P (r ¼ 0.956) and Ca
(r¼ 0.936). This happenedmainly due to the reason that PGPR have
N-fixing capabilities, which can promote N uptake by plants and
lead to the increase in leaf chlorophyll contents (Yildirim et al.
(2011). Our results are in lines with Bashan et al. (2006) who
observed an increase in leaf chlorophyll contents of wheat seed-
lings when inoculated with Azosprillium brasilense.
4.2. P. putida seed inoculation enhances nutrient content of
chickpea leaves under P-deficiency

Numerous researchers have reported that PGPR inoculation in-
creases bioavailability of macro- and micro-nutrients in various
crops like chickpea (Elkoca et al., 2008), barley (Cakmakci et al.,
2007), tomato (Adesemoye et al., 2010), lettuce (Lai et al., 2008),
strawberry (Günes et al., 2009), and broccoli (Yildirim et al., 2011),
however, mechanism is not completely known. For example, some
researchers have suggested that PGPR-mediated enhancement in
nutrient uptake by plants is attributed to the increased plant water
uptake (Dey et al., 2004), which mediates the solubility of nutrients
in soils (Dodd and Perez-Alfocea, 2012). Other studies reported that
increase in nutrient uptake by plants is related to the increased root
surface area (Yildirim et al., 2011), which enhances root exudation
and microbial activity, thereby resulting in higher acquisition of
nutrients by plant roots (Adesemoye et al., 2008).

In recent years, Ndakidemi et al. (2011) has suggested that soil
micro-organisms greatly influence the soil pH, which helps in
maximum nutrient uptake by plants. In the present study, PGPR
inoculation decreased the soil pH and correlated with the increase
in nutrient uptake (Leaf N; r ¼ 0.883, Leaf P; r ¼ 0.910, and Leaf Ca;
r ¼ 0.975), as higher pH both under eP and þP resulted in the
decreased leaf N, P, K and Ca contents as compared to their inoc-
ulated respective (Table 2). Higher uptake of P and Ca by chickpea
plants with the application of P as compared to eP might involve
Ca-P interactions in soil, as P supply enhanced the passive uptake of
both elements. In this regard, Li et al. (2010) conducted a green-
house experiment with celery and observed a decrease in Ca and
Mg concentrations under low P and low Ca and Mg supply condi-
tions as compared to sufficient levels of P. According to Valentine
et al. (2001), change in P-availability pattern or supply is coordi-
nated with the alterations in nutrient uptake pattern of other
essential elements, as P-availability in soils increases N uptake and
its utilization in plants (Kim et al., 2003). If this is true, then



Table 3
Pearson's correlation coefficients exhibiting significant relationship among the measured parameters at *p � 0.05 and **p � 0.01 levels.

pH Shoot length Root length Shoot FW Shoot DW Root FW Root DW Root: Shoot Leaf chlorophyll Leaf N Leaf P Leaf K Leaf Ca Leaf Mg SOD POD Citric acid Malic acid Oxalic acid

Non-inoculated
pH 1
Shoot length 0.826* 1
Root length 0.970** 0.803 1
Shoot FW 0.998** 0.816* 0.978** 1
Shoot DW 0.996** 0.866* 0.971** 0.994** 1
Root FW 0.978** 0.887* 0.921** 0.973** 0.987** 1
Root DW 0.994** 0.846* 0.987** 0.995** 0.996** 0.969** 1
Root:Shoot 0.962** 0.703 0.980** 0.967** 0.948** 0.889* 0.968** 1
Leaf chlorophyll 0.331 0.08 0.518 0.357 0.308 0.15 0.388 0.562 1
Leaf N 0.661 0.408 0.801 0.682 0.644 0.513 0.708 0.828* 0.926** 1
Leaf P 0.947** 0.921** 0.881* 0.940** 0.964** 0.992** 0.939** 0.830* 0.056 0.428 1
Leaf K �0.185 �0.375 0.02 �0.158 �0.212 �0.366 �0.127 0.077 0.865* 0.611 �0.451 1
Leaf Ca 0.989** 0.830* 0.994** 0.992** 0.990** 0.954** 0.998** 0.978** 0.439 0.746 0.919** �0.071 1
Leaf Mg �0.507 �0.471 �0.305 �0.485 �0.512 �0.635 �0.44 �0.293 0.614 0.29 �0.675 0.900* �0.392 1
SOD 0.668 0.45 0.816* 0.691 0.658 0.529 0.72 0.826* 0.915* 0.996** 0.452 0.592 0.757 0.286 1
POD �0.689 �0.725 �0.524 �0.668 �0.709 -0.812* �0.646 �0.48 0.449 0.08 -0.854* 0.835* �0.602 0.948** 0.062 1
Citric acid 0.793 0.745 0.857* 0.786 0.792 0.712 0.826* 0.846* 0.656 0.842* 0.672 0.256 0.845* 0.036 0.847* �0.24 1
Malic acid 0.747 0.907* 0.816* 0.763 0.792 0.769 0.796 0.688 0.319 0.571 0.793 �0.09 0.796 �0.191 0.628 �0.466 0.742 1
Oxalic acid 0.974** 0.816* 0.940** 0.980** 0.972** 0.968** 0.963** 0.910* 0.246 0.583 0.949** �0.261 0.954** �0.562 0.6 �0.721 0.695 0.779 1
Inoculated
pH 1
Shoot length 0.902* 1
Root length 0.990** 0.843* 1
Shoot FW 0.997** 0.927** 0.977** 1
Shoot DW �0.117 �0.469 �0.004 �0.197 1
Root FW 0.960** 0.972** 0.918** 0.979** �0.39 1
Root DW 0.998** 0.925** 0.981** 0.999** �0.173 0.974** 1
Root:Shoot 0.947** 0.962** 0.905* 0.970** �0.425 0.998** 0.963** 1
Leaf chlorophyll 0.991** 0.947** 0.965** 0.998** �0.249 0.989** 0.997** 0.981** 1
Leaf N 0.883* 0.629 0.926** 0.841* 0.363 0.716 0.855* 0.687 0.812* 1
Leaf P 0.910* 0.961** 0.857* 0.941** �0.515 0.988** 0.931** 0.995** 0.956** 0.61 1
Leaf K 0.616 0.27 0.697 0.549 0.711 0.371 0.57 0.333 0.504 0.914* 0.236 1
Leaf Ca 0.975** 0.803 0.989** 0.953** 0.106 0.874* 0.961** 0.853* 0.936** 0.965** 0.796 0.775 1
Leaf Mg 0.484 0.65 0.457 0.48 �0.122 0.5 0.506 0.454 0.507 0.414 0.433 0.259 0.476 1
SOD 0.651 0.285 0.744 0.589 0.644 0.42 0.606 0.395 0.545 0.913* 0.301 0.970** 0.793 0.174 1
POD 0.883* 0.893* 0.838* 0.915* �0.508 0.957** 0.900* 0.975** 0.925** 0.584 0.982** 0.219 0.766 0.264 0.318 1
Citric acid 0.838* 0.837* 0.773 0.869* �0.45 0.897* 0.850* 0.908* 0.871* 0.567 0.917** 0.231 0.731 0.154 0.27 0.932** 1
Malic acid 0.734 0.799 0.729 0.73 �0.155 0.73 0.743 0.697 0.743 0.621 0.67 0.401 0.706 0.805 0.405 0.57 0.458 1
Oxalic acid 0.698 0.822* 0.659 0.738 �0.65 0.827* 0.725 0.844* 0.765 0.344 0.869* �0.024 0.55 0.369 0.106 0.871* 0.717 0.715 1
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increased leaf N content would be expected in non-inoculated þP-
treatment. This happened only in inoculated treatments (Table 2),
which suggest that PGPR strain used in our study has the potential
to fix atmospheric N even under P-deficiency, however, P-supply
may enhance this mechanism. This is well supported by the find-
ings of Han et al. (2006) who reported an increase in N uptake by
pepper and cucumber plants was related to the plant inoculation
with PSB along with rock phosphate addition.

Combined use of P. putida and P were effective in increasing P,
Ca, and K content in whole leaf when compared with the un-
inoculated þP treatment. Similar to þP treatment, PGPR also pro-
duced similar results under eP conditions. Higher uptake of nu-
trients by chickpea plants was achieved due to mobilization of
elements, particularly Ca and P from calcium-phosphate minerals.
Furthermore, PGPR might have similar mechanism of action for the
release of K and other minerals. Similar results have been reported
previously by Mia et al. (2010) , who treated banana plants with
chemical fertilizers and PGPR and observed positive effects on Ca,
Mg, K uptake by plants. Accordingly, Liu et al. (2013) reported an
increase in the uptake of N, P and K by PGPR inoculation of Fraxinus
americana seeds as compared to the control or fertilizers treated
plants. As PGPR are good mobilizers of nutrients, they enhance
nutrient uptake by plants, subsequently, accumulate in their tis-
sues. On the other hand, decrease in leaf Mg in un-inoculated þP
treatment as compared to P-deficiency might have resulted due to
competition mechanism of cation uptake. PGPR inoculation further
increased the leaf Ca content, whereas decreased leaf Mg in any
treatment combination (Table 2). This shows that Ca-P interactions
are pre-dominant in soil and plant systems, which could thus
compete with other cations like Mg. Several researchers have
suggested competition mechanism between Ca and Mg for their
uptake (Carvajal et al., 1999; Paiva et al., 1998; Hao and
Papadopoulos, 2003).

4.3. Decrease in soil pH enhances P uptake of inoculated chickpea
under P-deficiency

This is the first study to investigate the effects of PGPR on P
uptake in response to decrease in soil pH and root exudation of
organic acids. Studies on P-deficiency in plants have determined
the effects of PGPR inoculation on P uptake either in relation to the
soil pH or root exudation of various organic acids, but not together.
For example, study by Cakmakci et al. (2007) observed higher up-
take of P with the decrease in soil pH when barley plants were
inoculated with Bacillus megaterium RC01 and Bacillus M-13. In
other studies, phosphate solubilizing microbes enhanced the P
uptake of different plant species through the production of low
molecular weight organic acids (Kim et al., 1997; Jones, 1998; Khan
et al., 2006), which can lower the soil pH and thus influence the
solubility of insoluble phosphate.

In general, solubility of Ca-P increases with the decrease in soil
pH (Gahoonia et al., 1992). In the current study, lowest value of soil
pH was observed in inoculated P-deficient treatment as compared
to the other treatments (Fig. 1). The decrease in soil pH was
correlated with the enhanced production of organic acids, partic-
ularly, oxalic acid (r ¼ 0.974; Table 3). This is evident from the
literature that P-solubilization in soil can be enhanced by bacteria
or PGPR via root exudation of organic acids (de Freitas et al., 1997;
Pal, 1998; Vessey, 2003). Further, these organic acids may chelate
phosphates bonded cations and solubilize insoluble phosphates
after releasing their hydroxyl or carboxyl groups (Kpomblekou and
Tabatabai, 1994). We observed highest value of pH in non-
inoculated þP treatment as compared to all other treatments. This
might be due to the fact that P application reacted with Ca in soils
and adsorbed onto the surface of soil particles. The opposite was
observed whenþP was combined with PGPR inoculation. This is an
indicative of Ca-P solubility in soils through the induced secretion
of root exudates, which could further reduce the soil pH.

4.4. P. putida seed inoculation enhances antioxidant enzymes
activities in chickpea leaves under P-deficiency

The present study was carried out to determine whether PGPR
inoculation contributes in antioxidative adjustments of plants or
not, as deficiency of mineral elements in plants results in oxidative
stress production. During oxidative stress, ROS cause impairment in
mineral nutrition of plants, which results in photo-oxidative
damage (Cakmak, 2005). We measured activity of major antioxi-
dant enzymes like SOD and POD, as SOD is the first antioxidant
enzyme that catalyses the dismutation of O2�

� to H2O2 (Alscher
et al., 2002), and H2O2 is further scavenged into H2O and O2 by
peroxidases like APX and GPX (Wang et al., 2009). In the current
study, non-inoculated P-deficient treatment induced POD activity,
but not SOD as compared to the þP treatment. This is an indicative
of H2O2 production under P-deficiency. Our results are in accor-
dance with the findings of Wan et al. (2006) for POD, but not for
SOD, who supplied different concentrations of P to tomato and
observed an increase in antioxidative activity of SOD and POD en-
zymes. Similarly, Chen et al. (2015) and Tewari et al. (2007) also
observed higher SOD activity under short-term and long-term P-
starvation. These differences might occur due to genotypic varia-
tions in plants or quick conversion of O2�

� to H2O2. Similar to non-
inoculated treatments, inoculated treatments either P-deficient
or þP remained insignificant for SOD activity, but enhanced the
POD activity (Fig. 2a, b). Higher SOD and POD activities in both
treatments in combination with PGPR suggest that PGPR have role
in the adaptation of plants through the induced antioxidant pro-
duction. There is increasing evidence that PGPR confer tolerance in
plants to various abiotic stresses like boron toxicity either alone
(Sirajuddin et al., 2016) or in combinationwith salinity (Khan et al.,
2016). Hence, PGPR can use similar strategy and enhance the
antioxidative activity of various enzymes.

4.5. P. putida seed inoculation enhances root exudation under P-
deficiency

Root exudation of organic acids increases the mobility of nu-
trients such as P, Fe, Zn and Mn (Zhang et al., 1997). Among the root
exudates, citric acid has been detected frequently that mobilizes P
in soils mainly by ligand exchange, dissolution and occupation of P
sorption sites (Fox et al., 1990; Gerke, 1995). Without PGPR inocu-
lation, P-deficiency remained insignificant for citric acid and malic
acid concentrations in root exudates even though it decreased the
oxalic acid concentration as compared to the þP (Fig. 3). In
general, þP exhibited correlations between citric acid and soil pH
(r ¼ 0.838; Table 3). It seems that P-deficiency does not stimulate
plant roots to excrete organic acids rather can be responsive to
additional P. On the other hand, this could be resulted due to the
fact that net release of protons in roots is compensated with excess
uptake of cations (Dinkelaker et al., 1989; Le Bot et al., 1990) and net
concomitant root exudation (Neumann and R€omheld, 1999).
Several authors have reported similar results where P-starvation
did not contribute in rhizosphere acidification and exudation of
carboxylic acids (Neumann and R€omheld, 1999; Zhang et al., 1997)
even decreased the concentration of organic acids in tomato
(Neumann and R€omheld, 1999). Contrary, researchers have sug-
gested that increased uptake of P in plants is due to root exudation
of lowmolecular weight organic acids (Kim et al., 1997; Jones,1998;
de Freitas et al., 1997; Pal, 1998; Vessey, 2003), but they did not
report organic acids concentrations. This is the first study to detect
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organic acids concentration in root exudates of inoculated plants
grown under P-deficient orþP conditions. In our study, PGPR alone
or in combination with þP contributed in rhizosphere acidification
through the enhanced root exudation of organic acids, especially
oxalic acid (r ¼ 0.974; Table 3). This happened mainly because of
root-induced chemical modifications in rhizosphere in the pres-
ence of PGPR. Our results are in agreement with the findings of
Hoberg et al. (2005) who observed 3e10 times increase in organic
acids concentrations in the media of P. flourescens when compared
with the Gordonia sp. It is expected that PGPR strain used in our
study also operated similar mechanism in rhizosphere, and
enhanced the root exudation.

5. Conclusions

Individually, both ‘þP’ and ‘PGPR’ improved the plant growth,
but with different mechanisms. As increased root exudation of
citric acid and oxalic acid in þP treatment was not effective for
rhizosphere acidification, growth enhancement occurred only due
to increased uptake of nutrients like P and Ca. Factor ‘PGPR’ either
alone or in combinationwith ‘þP’ improved the plant growth, plant
uptake of N, P, and K, antioxidative activity of SOD and POD en-
zymes and concentrations of organic acids, whereas reduced the
rhizosphere soil pH. Therefore, growth enhancement by ‘PGPR’was
related to higher plant antioxidation activity as well as nutrient
uptake of chickpea including P as a result of increased root
exudation and rhizosphere acidification. Overall, interaction be-
tween ‘PGPR’ and ‘þP’ resulted in higher exudation, which
enhanced the P uptake and increased maximum of the growth
attributes as compared to the ‘þP’. We suggest that particular PGPR
strain not only enhances P uptake, but also improves the N and K
uptake by plants grown on high pH soils, which can thus reduce the
application of chemical fertilizers.
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