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Abstract For effective microbe-assisted bioremediation,
metal-resistant plant growth-promoting bacteria (PGPB) must
facilitate plant growth by restricting excess metal uptake in
plants, leading to prevent its bio-amplification in the ecosys-
tem. The aims of our study were to isolate and characterize
copper (Cu)-resistant PGPB from waste water receiving con-
taminated soil. In addition, we investigated the phytotoxic
effect of copper on the lentil plants inoculated with copper-
resistant bacteria Providencia vermicola, grown in copper-
contaminated soil. Copper-resistant P. vermicola showed mul-
tiple plant growth promoting characteristics, when used as a
seed inoculant. It protected the lentil plants from copper tox-
icity with a considerable increase in root and shoot length,
plant dry weight and leaf area. A notable increase in different
gas exchange characteristics such as 4, E, C;, g,, and A/E, as
well as increase in N and P accumulation were also recorded
in inoculated plants as compared to un-inoculated copper
stressed plants. In addition, leaf chlorophyll content, root nod-
ulation, number of pods, 1,000 seed weight were also higher
in inoculated plants as compared with non-inoculated ones.
Anti-oxidative defense mechanism improved significantly via
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elevated expression of reactive oxygen species -scavenging
enzymes including ascorbate peroxidase, superoxide dismut-
ase, catalase, and guaiacol peroxidase with alternate decrease
in malondialdehyde and H,O, contents, reduced electrolyte
leakage, proline, and total phenolic contents suggesting that
inoculation of P. vermicola triggered heavy metals stress-
related defense pathways under copper stress. Overall, the
results demonstrated that the P. vermicola seed inoculation
confer heavy metal stress tolerance in lentil plant which can
be used as a potent biotechnological tool to cope with the
problems of copper pollution in crop plants for better yield.

Keywords Cu-resistant bacteria - Metal uptake - Plant
growth - Antioxidation - Lentil

Abbreviations

PGPB plant growth promoting bacteria
Cu copper

PGP plant growth promoting

A net photosynthetic rate

E transpiration rate

C; internal CO, concentration

2 stomatal conductance

AIE water use efficiency

SOD superoxide dismutase

CAT catalase

GPX guaiacol peroxidase

MIC minimum inhibitory concentration
MDA malondialdehyde

H,0, hydrogen peroxide

TPC total phenolic contents

N nitrogen

P phosphorous

P. vermicola  Providencia vermicola
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Introduction

Heavy metal pollution is widespread and is serious environ-
mental problem due to its excessive use in industries and ag-
riculture. The higher accumulation rate of heavy metals in
water bodies as well as in agricultural lands is creating a seri-
ous threat to bio-ecosystems. Among heavy metals, copper
(Cu) is a potential pollutant that accumulates in soils and sed-
iments (Lamb et al. 2009). Copper acts as an essential micro-
nutrient in low concentration and plays structural and catalytic
role in plant growth and development (Demirevska-Kepova
et al. 2004). However, its higher concentration adversely af-
fects the functioning of photosynthetic machinery and photo-
synthetic process (Gonzalez-Mendoza et al. 2013; Wang et al.
2014), nitrogen assimilation (Zhang et al. 2014), cell wall
metabolism (Liu et al. 2014), mitochondrial electron transport
chain, and root hair formation (Liu et al. 2014), leading to
reduce plant biomass production (Cambroll et al. 2011). Cu
toxicity in plant depends on the metal concentration and ex-
posure duration (Gao et al. 2008). The physiological basis for
phytotoxicity of Cu is still uncertain. Some plant species ac-
cumulate large amount of Cu (hyper accumulator) in roots and
restrict its further translocation to shoot (Rascio and Navari-
Izzo 2011). However, others accumulate it in the above
ground parts, e.g., shoots and leaves (Janas et al. 2010;
Kovacik and Backor 2008; Lin et al. 2003). It is well known
that the higher concentrations of heavy metals including Cu
cause oxidative stress that result in the production of reactive
oxygen species (ROS) leading to increase membrane perme-
ability due to lipid peroxidation (Kafel et al. 2010). Under
such conditions, plants adjust their metabolism by inducing
biochemical changes including the upregulation/
downregulation of antioxidant defense system to protect
themselves from the stress-induced oxidative injury
(Demirevska-Kepova et al. 2004). Therefore, the induction
of antioxidative enzymes, i.e., catalase (CAT), ascorbate per-
oxidase (APX), superoxide dismutase (SOD), and guaiacol
peroxidase (GPX), is very important to determine the ability
of plants to withstand metal-induced oxidative stress and
adaptive response of the plants against metal toxicity
(Gratio et al. 2005).

Plant growth-promoting bacteria (PGPB) can facilitate
growth by improving plant resistance to a variety of environ-
mental stresses (Gururani et al. 2013). The approach to utilize
PGPB subordinates the plant stresses and is an alternative to
traditional remediation methods that involve the addition of
synthetic chemicals, which are time consuming and increase
the cost of the final crop (Li et al. 2013). PGPB assist the
plants to cope heavy metal-induced stress by improving the
plant growth through different mechanism such as indole
acetic acid production, phosphate solubilizaton, siderophore
production, nitrogen fixation, and production of ACC deami-
nase (Ma et al. 2011; Rajkumar et al. 2009). Many strains of

bacteria are able to tolerate considerable amounts of heavy
metals by several resistant mechanisms, including active ef-
flux system, complex formation with thiol-containing mole-
cules, transformation of more toxic compounds into less toxic
forms, extra or intracellular sequestration, and
immobilization/mobilization of heavy metals (Bruins et al.
2000; Gibbons et al. 2011; Lima et al. 2006; Nies 2003).
However, still little is known about the plant—-microbe interac-
tions under heavy metal stress (Nautiyal et al. 2008). Many
Gram-positive and Gram-negative PGPB have been reported
to colonize and confer beneficial effects by various direct and
indirect mechanisms (Gururani et al. 2013). The beneficial
plant-microbial interactions are very frequent in nature and
help the plants to overcome various stresses. Microbial com-
munities offer a potentially powerful opportunity for under-
standing these beneficial interactions. Accordingly, changes in
the structure or function of microbial communities may have a
major impact on ecosystem activities (Khan et al. 2011).
Therefore, application of PGPB as an elicitor for tolerance to
abiotic stresses, such as drought, salt, nutrient deficiency, and
heavy metals in plant, and raising possibility for incorporation
of microbial genes into plant and diverse microbial species are
now being addressed and getting the interest of scientists in
such studies (Yang et al. 2009).

In literature, there is diminutive information about the role
of heavy metal-resistant PGPB inoculation, regarding their
vast and varied functional properties, on the growth and alle-
viation of metal toxicity especially in lentil plants when grown
on Cu-contaminated soils. The present study was aimed to
isolate highly Cu-resistant PGPB strains and their effect on
the lentil growth under Cu stress, in relation with nitrogen
and phosphorus accumulation, alleviation of metal toxicity
and oxidative stress, alterations in the antioxidative defense
system, and metal uptake both in the presences and absences
of Cu resistance bacteria.

Material and methods
Isolation and screening of copper-resistant bacteria

Thirty-five water samples were collected from Pharang drain
(collecting industrial effluent which is further used for irriga-
tion in peri-urban areas of Faisalabad, Pakistan). The bacterial
isolation was carried out at the same day of sample collection
by the spread plate method (Islam et al. 2014a). The 100 puL of
10° times serially diluted [1 mL industrial effluent+9 mL sa-
line (85 % NaCl)] effluent solution was spread on Luria—
Bertani (LB) media plates and incubated for 24 h at 30 °C
(McLellan et al. 2009). Colonies of different morphological
appearances were selected and transferred to LB media plates.
The quadrant streaking method was used to obtain isolated,
independent bacterial colonies (Harley 2014).
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Determination of minimum inhibitory concentration
(MIC)

MIC of all the bacterial isolates was determined by gradual
increase of copper concentration in LB media plates until the
bacterial isolates failed to grow on plates over 7 days of incu-
bation (Islam et al. 2014b). This concentration was considered
as MIC of respective isolates.

Molecular identification

Among the isolated copper-resistant bacteria, the highly
copper-resistant Cucl isolate (1,400 ppm; MIC) was identi-
fied and evaluated in a pot experiment to check its impact on
lentil plants grown in Cu-contaminated soil. The bacterial iso-
late Cucl was identified to be Providencia vermicola by using
standard morphological and biochemical tests including
shape, color, gram staining, motility, methyl red, H,S produc-
tion, HCN production, gelatin liquefaction, catalase, and oxi-
dase production using the protocols of Bergey et al. (1994)
and confirmed by 16 s rRNA gene analysis. Bacterial genomic
DNA was extracted using QIAGEN genomic DNA isolation
kit according to the manufacturer’s recommendations. The
16S rRNA gene was amplified using universal primers 27F
(5'-AGA GTT TGA TCC TGG CTC AG-3') and 1492R
(5'- GGT TAC CTT GTT ACG ACT T-3'). The amplification
reaction was carried out in a final volume of 25 puL containing
2.5 uL of Taq polymerase buffer, 200 uM of each dNTP,
1.5 mM of MgCl,, 0.5 uM of each primer, 0.625 U of Taq
polymerase, and 1 pL of template solution. PCR was per-
formed in a thermocycler (PTC 200 Gradient Cycler, MJ
Research, Waltham, Massachusetts) according to the follow-
ing program: one cycle of 4 min at 94 °C; 39 cycles of 1 min at
94 °C, 1 min at 55 °C, and 1.5 min at 72 °C; and one final
cycle of 5 min at 72 °C. The amplified 16S rRNA products
were purified by MinElute PCR Purification Kit following
manufacturer’s instructions (QIAGEN). Sequencing was per-
formed by using Big Dye terminator cycle sequencing kit
(Applied BioSystems, USA). Sequence data of Cucl was
compared with others in the GenBank databases using NCBI
BLAST and submitted to GenBank with accession number
KF471512.

Evaluation for plant growth promoting (PGP) characters

The production of indole acetic acid (IAA) with the addition
of L-tryptophan was determined according to Salkowski’s
method of Glickman and Dessaux (1995). The IAA concen-
tration in the culture was determined using a calibration curve
of pure [AA as a standard following linear regression analysis.

The siderophore production of isolated bacteria was deter-
mined by following the method of Alexander and Zuberer
(1991) using chrome azurol S agar plates. The production of
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o-ketobutyrate (a-KB) by the enzymatic cleavage of ACC
was determined by measuring its absorbance in bacterial cul-
ture at 540 nm and comparing with the absorbance of known
concentration of pure o-ketobutyrate (a-KB) (Belimov et al.
2005). Total soluble protein concentration in bacterial culture
was estimated by the method of Bradford (1976), and then the
enzymatic activity was expressed as 1 M a-KB mg ' h™'
(Huaidong et al. 2012; Jalili et al. 2009).

For the quantitative measurement of P solubilization, the
freshly prepared bacterial culture (10° CFU mL™") was inoc-
ulated in Pikovskaia’s broth containing 2.5 g of TCP. The
culture was incubated at constant shaking of 200x g for 7 days
at 30 °C. The supernatant of the culture was obtained by
centrifugation at 6,000xg and used to determine the P-
solubilization by a calorimetric method following Fiske and
Subbarow (1925).

Pot experiment
Inoculums preparation

Bacterial culture was prepared by transferring pure single col-
ony of P. vermicola to LB broth and incubated at 30+1 °C for
overnight. The bacterial cells were harvested by centrifugation
at 6,000% g for 5 min. The pellets obtained were resuspended
in sterilized distilled water. The optical density of the bacterial
cultures was maintained at 10’-10° CFU mL" using a UV
visible spectrophotometer following the method of Sudisha
et al. (20006).

Plant material, growth, and treatment conditions

For the pot experiment, soil was collected from the botanical
garden of Government College University, Faisalabad
Pakistan (31°24/N, 73°04/E) in April 2012. After drying, the
soil was sieved (2 mm) and sterilized by autoclaving at 121 °C
for 15 min at 15 psi. The pH of the soil was 7.4 with EC
2.3 dS m ', organic mater 0.43 %, available P 8.3 mg kg ',
and Cu was about 0.9 mg kg '. After sterilization, the soil was
artificially contaminated with CuSOy (1,000 ppm Cu®") pow-
der and thoroughly mixed. The contaminated and non-
contaminated soils were packed in 2 kg plastic bags and left
for approximately 160 days for metal stabilization (Islam et al.
2014a, b). During this period, the average soil moisture was
maintained at 60 % field capacity.

Lentil seeds of cultivar Masoor-2006 were obtained from
Nuclear Institute for Agriculture and Biology (NIAB),
Faisalabad, Pakistan. Before inoculation, the seeds were sur-
face sterilized with 1 % mercuric chloride solution for three
minutes and then washed thoroughly with sterilized double
distilled water. Lentil seeds were inoculated by seed dressing
with P vermicola culture of approximately 10% CFU mL ™.
The seeds (8 seeds per pot) were sown in earthen pots lined
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with polythene layer containing 1.5 kg of autoclaved soil in
each pot. All the pots were put under natural light (sunlight)
with average 21 °C day and 6 °C night temperature, and the
average humidity was 60 % during the whole study period.
The pot experiment was laid out in a Complete Randomized
Design (CRD) with four treatments as T, (control contains
non-contaminated soil), T; (Cu contaminated soil), T,
(non-contaminated soil+P. vermicola), and T3 (Cu amended
soil+P. vermicola). There were three replications for each
treatment. For treatment Ty and T, sterilized seeds were
sown; while for treatment T, and T;, inoculated seeds were
sown. To maintain a sufficient community of bacterial iso-
lates, when seedling emerged, 2 mL of bacterial inoculum
(10* CFU mL™") was pore along sides of emerging seedling.

Plant growth parameters and yield attributes

At maturity (103 days after sowing), three replicates from
each treatment were harvested to measure different morpho-
logical attributes and biomass production. Plant roots were
washed with deionized water and blot dried. Plant height, root
length, and leaf area per plant were recorded while the num-
bers of nodules were counted at the flowering stage. Roots and
shoots were separated, fresh weights were estimated, and dry
weights were recorded after oven drying at 70 °C for 5 days.
Yield and yield-contributing parameters were also taken from
the remaining plants of each treatment.

Gas exchange attributes

Different gas exchange attributes such as stomatal conduc-
tance (g,), water use efficiency (WUE), net photosynthesis
rate (4), transpiration rate (E£), and internal carbon dioxide
concentration (C;) were determined by using Infra-Red Gas
Analyzer (IRGA; Analytical Development Company,
Hoddesdon, England).

Biochemical studies
Leaf total chlorophyll contents

Leaf total chlorophyll contents were determined according to
the method of Armon (1949).

Antioxidant enzymes assay

Fresh leaves (0.5 g) were homogenized in 10 mL of ice cold
potassium phosphate buffer (pH 7.0) in an ice bath by grind-
ing with a mortar and pestle. The mixture was centrifuged at
4 °C for 20 min at 12,000xg. The supernatants were then
stored at —20 °C and were used for the determination of var-
ious antioxidant enzymes. CAT activity was immediately de-
termined in the supernatant according to Aebi (1974). GPX

activity was determined as described by Rao et al. (1996),
ascorbate peroxidase (APX; EC 1.11.1.11) activity was deter-
mined according to the method of Nakano and Asada (1981),
and SOD activity was assayed as described by Dhindsa and
Matowe (1981). One unit of enzyme activity was defined as
an absorbance change of 0.01 units per minute and each en-
zyme’s activity was expressed as unit per milligram protein.

MDA and H>O, contents

To find out the extent of Cu-induced oxidative damage,
changes in lipid peroxidation in the form of malondialdehyde
(MDA) content were estimated in the leaves of lentil plant.
Malondialdehyde (MDA) content was estimated using thio-
barbituric acid (TBA) following the method of Demiral and
Tiirkan (2005). The amount of MDA was calculated from the
difference in absorbance at 532 and 600 nm using an extinc-
tion coefficient of 155 mM ' cm™'. For the estimation of
H,0,, the same supernatant that was used for MDA content
was used for H,O, estimation. To 0.5 mL of the supernatant,
0.5 mL of phosphate buffer (pH=7.0) and 1 mL of KI (1 M)
were added. The mixture was vortexed and the absorbance
was read at 390 nm (Velikova et al. 2000). H,O, concentra-
tions were calculated using a standard curve prepared with
known concentrations of H,O».

Non-enzymatic antioxidants

The total phenolic contents (TPC) were measured by adding
0.5 mL of methanolic extract in 2.5 mL of Folin—Ciocalteu
reagent (10 % v/v) and 2 mL of Na,COj3 (7.5 %). The mixture
was heated at 45 °C for 40 min, and the absorbance was
measured at 765 nm. Different concentrations of the gallic
acid were used as standards and the concentration of TPC
were expressed as milligrams of gallic acid equivalent per
gram extract (Duganath et al. 2010). The leaf proline content
was measured following Bates et al. (1973).

Nitrogen and phosphorus contents

Oven-dried 100 mg plant material was taken into a heat-
resistant glass conical flask and digested with nitric acid fol-
lowing the method ascribed by Allen et al. (1986).
Measurement of total nitrogen in lentil plants was determined
by Kjeldhal method as described by the Bremner and
Mulvaney (1982), while phosphorous contents in lentil plants
were determined by a vanado molybdate yellow color method
using a spectrophotometer set at 440 nm (Jakson 1967)
and Cu concentration in plants was measured using atomic
absorbance spectrophotometer (AAS) in flame mode
(air-acetylene).
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Mineral composition of lentil grains

The grain samples of each treatment were incinerated in a
muffle furnace for 12 h at 450 °C and then digested in a
mixture of nitric acid and perchloric acid (2:1). Na" and K"
contents were measured by flame photometer (Sherwood
410). Other minerals, such as Ca?*, Zn, Cu, and Fe, were
determined through AAS. Whereas, P was determined
through a calorimetric method following Jakson (1967).

Statistical analysis

All data were presented as mean values of three replicates. The
data were analyzed using a statistical package, SPSS (Version
19.0). One-way analysis of variance was employed followed
by Duncan’s multiple range test to determine the significant
differences among means of the treatments at 5 % level of
significance.

Results
Isolation of copper-resistant bacteria

During the selection of copper-resistant bacteria, 367 bacterial
colonies were isolated on LB media plates containing 10 ppm
of Cu®". As the copper concentration in media gradually in-
creased from 10 to 1,400 ppm, the number of growing colo-
nies decreased from 367 to 7 at 1,000 ppm and at 1,400 ppm
of Cu®" only four bacterial isolates succeeded to survive.
These bacterial isolates were selected for further studies. To
study the effect of Cu on the bacterial growth, bacterial cul-
tures were grown in LB broth with different copper concen-
trations. In the absence of metal, bacterial isolates grew faster
with minimum duration of lag phase as compared to the pres-
ence of copper in the medium. We found that out of four
highly Cu-resistant bacterial strains, P. vermicola maintained
higher relative growth as compared to other isolated bacteria

(Fig. 1).
Plant growth promoting characteristics

The selected bacterial isolates were screened for [AA-produc-
tion, siderophores, ACC deaminase, and phosphate
solublization ability (data not shown except P. vermicola).
The maximum plant growth promoting characters was ob-
served in P. vermicola under the copper stressed and non-
stressed conditions (Fig. 2). A significant decrease was re-
corded in TAA production (4-fold), ACC deaminase
(1.5-fold), phosphate solubilization (1-fold), and siderophore
activity (1.5-fold) under 1,000 ppm of copper stress as com-
pared to control conditions.
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Plant growth

Effect of copper and P. vermicola inoculation on the different
growth attributes of lentil plants is shown in Table 1. All
growth parameters such as shoot and root length, total dry
weight and leaf area of the plants were significantly reduced
in T; and T; plants compared to the T, (P. vermicola) and
control plants (Ty). In comparison with T; and T3, maximum
decrease in plant growth was observed in T, treatment. Visual
copper toxicity symptoms, such as growth retardation and
chlorosis of mature leaves, appeared only on copper stressed
plants (T;). Moreover, P. vermicola inoculated plants, both
under Cu stress or non-stressed conditions showed better
growth and dry biomass accumulation than plants grown only
under copper stress (T}).

Gas exchange attributes

Data presented in Table 2 demonstrates the variations in dif-
ferent gas exchange attributes of lentil plants driven by Cu
stress and P. vermicola either in combination or alone. A sig-
nificant decrease was observed in different gas exchange char-
acteristics such as net transpiration rate (4), stomatal conduc-
tance (g;), water use efficiency (WUE), and internal CO, con-
centration (C;) under copper stress, ultimately photosynthetic
processes decreased under copper stress, showing serious
damage to photosystem of lentil plants. However, this de-
crease in different gas exchange attributes due to copper stress
was less in plants grown in soil inoculated with P. vermicola,
showing positive effects of inoculation with P. vermicola in
copper stress tolerance. Inoculation of P. vermicola was found
effective not only under copper stress (T3), but also alone had
a progressive effect on different gas exchange characteristics
of'lentil plants. Briefly, maximum inhibition of photosynthesis
was recorded under copper stress (T;), while bacterial inocu-
lation (T, and T3) significantly improved the above mentioned
photosynthetic parameters in both treatments, i.e., Ty
(P. vermicola+Cu) and T, (P. vermicola).

Leaf total chlorophyll, proline, and total phenolic contents
(TPC)

Data presented in Fig. 3 shows that leaf total chlorophyll con-
tents decreased significantly due to copper stress (T;).
Inoculation of P. vermicola (T5) found effective in ameliorat-
ing the adverse effects of copper stress on leaf total chloro-
phyll contents. This increase in leaf chlorophyll contents due
to P. vermicola inoculation not only found under copper stress,
but also found under non-stressed conditions (T5).

Under copper stress, proline and TPC accumulation in the
shoots of lentil plants was found significantly higher in T,
(Cu amended soil) followed by T3 (P. vermicola+Cu) plants,
while remained uneffected between treatment Ty and T,.
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Fig. 1 Relative growth (%) of 110
P, vermicola and other bacterial 100 -
isolates at 0, 250, 500, 750, and

1,000 ppm of copper metal in LB 90
broth. Values are means (n=3) 80

70
60
50
40
30
20 -

Relative Growth, %

10

P. vermicola

P, vermicola inoculation significantly reduced the shoot pro-
line contents in plants grown on Cu amended soil while TPC
remained uneffected (Fig. 5).

Leaf MDA, H,O, contents, and electrolyte leakage

The extent of oxidative stress and degree of damages caused
by Cu was estimated in terms of leaf H,O, MDA contents and
electrolyte leakage as presented in Fig. 3. It was examined that
Cu stress has posed considerable oxidative stress in the leaves
of lentil plants, both in the presence or absence of P. vermicola
inoculation. MDA and H,O, contents of lentil plants in-
creased in response to copper stress. However, P. vermicola
inoculation significantly reduced the MDA and H,O, contents
in Cu stressed plants (T3). A significant increase in electrolyte
leakages was also recorded under Cu stress, but was signifi-
cantly reduced in P. vermicola inoculated plants (T,, T3)
showing an improvement in the membrane stability as com-
pared to the Cu stress treatment (T,).

mOppm [1250ppm [1500ppm [E750ppm & 1000ppm

Bcu22 Bcu61

Bacterial isolates

Bcu201

Antioxidant enzyme activities

Antioxidative enzymes play a crucial role in the oxidative
stress tolerance. Therefore, the studied enzymes were evalu-
ated to find out the inoculation of copper-resistant
P vermicola on the enzymatic activities of Cu stressed lentil
plants. The activities of antioxidant enzymes, catalase (CAT),
guaiacol peroxidase (GPX), ascorbate peroxidase (APX), and
superoxide dismutase (SOD) were significantly reduced by
copper stress (Fig. 4), while bacterial inoculation appreciably
raised the activities of these antioxidative enzymes. In
P, vermicola inoculated copper stressed plants (T3), a signifi-
cant increase in the activities of SOD (2-fold), CAT (1.8-fold),
GPX (1.7-fold), and APX (1.8-fold) was recorded as com-
pared to control (T) and copper-stressed plants (T,) (Fig. 4).

Yield attributes

The response of lentil plants in term of yield attributes like
number of pods per plant, 1,000 grains weight, and number of

Fig. 2 Changes in ACC & Control B Cu 1000 ppm
deaminase (ACCD; 1 M «- 90 -
KB mg ' h™"), indole acetic acid 80
(IAA) (mg L"), phosphate T
solubilization (ug g '), and - 70 -
siderophore production (cm) of = 60 4
P, vermicola under control and 2
1,000 ppm of copper stress. g 50 -
Val +S.E. (n=3 g
alues are means (n=3) £ 40 - bk
S 30 - L
S i
& 20 A
10 1 ﬁ
0 e . FHHH i I :
Siderophore ACCD TIAA "P" solubilzation
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Table 1 Changes in the plant

height, root length, total dry Treatments Plant height (cm) Root length (cm) Total dry weight (g) Leaf area (cm?)

weight, and leaf area of the lentil

plants subjected to different To 34.67+4.5° 14.76+1.3° 11.87+0.75 110.00+3.79°

treatments of copper stress and T, 22.78+3.8¢ 7.34+0.50¢ 7.20+1.0° 77.00+3.19°

P vermicola inoculation T 37.30+5.9° 16.80+1.15% 12.40+1.4° 136.00£5.03°
T, 29.90+2.1° 11.21+1.06° 9.90+1.2° 101.00+4.73°

Values are means+S.E. (n=3). Values carrying different letters are significantly different at P<0.05 level as

determined by Duncan’s test

T, non-contaminated soil, 7; Cu amended soil, 7, non-contaminated soil+P. vermicola inoculation, 73 Cu
amended soil+P. vermicola inoculation

nodule per plant in applied conditions are shown in Table 3.
Maximum number of pods per plant was recorded in T,
(P. vermicola) plants followed by T, (control) and Tj
(P. vermicola+ Cu), but their interactions were non-signifi-
cant. However, copper stressed (T;) lentil plants showed sig-
nificant decrease in number of pods per plant. Regarding 1,
000 grains weight of lentil plants, all treatments showed sig-
nificant differences over control. Maximum decrease in 100
grains weight was observed in T; (Cu) treatment, while
highest weight was achieved in T, (P. vermicola) followed
by T3 (P. vermicola+Cu) plants. Number of nodules per plant
at flowering stage was also significantly higher in T,
(P, vermicola) treatment. A significant decrease was observed
in copper-stressed plants (T;); however, this decrease in num-
ber of nodules due to copper stress was less due to
P. vermicola inoculation (Table 2).

Nitrogen and phosphorous contents of lentil plants

The effect of P. vermicola inoculation and Cu application
on the N and P contents of lentil plants was presented in
Fig. 5. A significant difference in the plants N and P con-
tents grown in copper amended and inoculated soils were
recorded. Reduced contents of N and P were recorded in
plants grown in copper amended soil (T;) as compared with
other treatments. However, this reduction in N and P uptake
was compensated with the inoculation of P. vermicola. The
enhanced uptake of N and P due to inoculation with
P. vermicola was not only in the copper stressed plants

(T3) but also was found under non-stressed conditions.
Contents of N in copper stressed plants (T;) were
30.10 mg per plant, whereas the plants grown in Tj
(P. vermicola+Cu) showed 36 mg N per plant.
P. vermicola inoculated plants (T,) accumulated signifi-
cantly higher values (46 mg per plant) of N in lentil plants.
Similarly, application of Cu resulted a major reduction in P
contents; however, P. vermicola inoculated lentil plants,
both in the presence and absence of copper stress had
higher values of P contents compared to other treatments.
Significantly reduced P contents (10 mg per plant) were
also measured in T (Cu-stressed plants; Fig. 3). The max-
imum P uptake was 30.90 mg per plant in T, (P. vermicola),
while copper stress also decreased the P uptake even in the
presence of P. vermicola (T5; 17 mg per plant). From these
results, it can be concluded that the inoculation of
P. vermicola appeared to be more subsequent and tangible
in reducing the inhibitory effects of Cu and also enhanced
the nutrients uptake in both copper stressed and non-
stressed plants (Fig. 5).

Copper accumulation

Copper accumulation in the roots and shoots of lentil plants
grown in copper amended soil both in the presence and ab-
sence of P. vermicola inoculation is shown in Fig. 5. The
results showed that bacterial inoculation considerably reduced
the Cu uptake in P. vermicola inoculated lentil plants (T5) as
compared to the copper stressed plants (T}).

Table 2 P, vermicola inoculation and copper induced changes in different photosynthetic attributes of lentil plants

Treatments g, (mol m > sfl) C; (umol molﬁl) E (mmol H,O m > sfl) A (umol CO, m 2 sﬁl) A/E (umol CO,/mmol H,0)
To 0.049+0.003° 281+5.568" 0.512+0.012° 10.36+0.606° 0.291£0.011°
T, 0.023+0.001¢ 190+5.686¢ 0.255+0.104¢ 4.48+0211¢ 0.1030.003¢
T, 0.079+0.002° 327+8.686" 0.595+0.014° 13.33+0.620° 0.331£0.007*
Ts 0.037+0.002° 236+8.386° 0.423+0.012° 7.83+0.500° 0.243+0.006°

Values are means=S.E. (n=3). Values carrying different letters are significantly different at P<0.05 level as determined by Duncan’s test

T, non-contaminated soil, 7; Cu amended soil, 7, non-contaminated soil+P. vermicola inoculation, 73 Cu amended soil+ P, vermicola inoculation
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Mineral composition of lentil grains

In parallel with the improvement in different yield attributes
(presented above) due to P. vermicola inoculation, the grains
mineral composition was also significantly improved.
Different seed minerals such as Na, K, P, Ca, Fe, and Zn
decreased significantly in plants grown under copper stress
except for that of Cu that increased significantly. Inoculation
of P vermicola showed a significant effect on the seed mineral
contents of lentil. The content of Na, K, P, Ca, Fe, and Zn
increased, while that of Cu decreased due to inoculation of
P. vermicola both under stressed conditions. Of different stud-
ied minerals, potassium is a major component of lentil grains,
a significant increase in potassium contents was observed in

the plants inoculated with P. vermicola (T,) both under stress
and non-stressed conditions (Table 4).

Discussion

For effective microbe-assisted bioremediation, it is necessary
to identify metal-resistant bacteria having plant growth-
promoting characteristic that may facilitate plant growth and
to restrict excess metal uptake from soil to plants. It has been
reported by different researchers that inoculation of heavy
metal-resistant PGPB may improve plant growth under artifi-
cially metal-contaminated soils due to their microbial activi-
ties in the rhizosphere (Tak et al. 2013; Gururani et al. 2012).
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In this study, the copper-resistant bacteria were isolated from
the industrial effluent (that is used for the irrigation of agricul-
tural fields due to the scarcity of fresh water) with an objective
to investigate the effect of copper-resistant bacteria on the
growth, yield, and amelioration of oxidative stress under cop-
per contamination. Initially, 367 bacterial isolates were isolat-
ed but as the metal concentration was increased up to 1,
400 ppm only four bacterial isolates with different bacterial
colonies succeeded to survive. Out of them, only one
P. vermicola was able to maintain higher biomass under 1,
400 ppm of copper stress. However, longer lag phase was
observed when bacteria were grown in the presence of copper.
Prolonged growth phase is an adaptation towards heavy metal
stress (Kardas et al. 2014). This type of phenomena was also

observed in Bacillus circulans under Cd stress (Yilmaz 2003).
Thus, the data presented clearly indicate that all isolated Cu-
resistant bacteria exhibited tolerance and adaptations for sur-
vival under copper stress. The lower number of bacterial cells
was observed in all four isolates when grown in the presence
of Cu, suggested that the bacteria had reduced growth and
likely alter their physiological mechanisms in response to Cu
toxicity (Siripornadulsil and Siripornadulsil 2013).

In addition, it was found that bacterial strain P. vermicola
produced indole acetic acid when tryptophan was added as a
precursor of indole acetic acid. It was found that indole acetic
acid production by bacterial isolates enhanced plant growth by
stimulating cell division or by cell elongation (Gamalero et al.
2008). In addition to this, bacterial strains also showed

Table 3 Effect of P. vermicola

1000 grain wt. (g) No. of nodules per plant

inoculation and Cu stress on Treatments No. of pods per plant
different yield attributes of lentil
plants T, 111.00+4.5°

T, 89.00+3.8

T, 129.00+5.9*

Ts 102.00+2.1%°

31.20+1.3° 23.00+1.0°
25.60+1.3° 15.00+1.0¢
37.43+1.1° 39.00+2.0%
29.87+1.4° 28.00+1.2°

Values are means+S.E. (n=3). Values carrying different letters are significantly different at P<0.05 level as

determined by Duncan’s test

T, non-contaminated soil, 7; Cu amended soil, 7> non-contaminated soil+P. vermicola inoculation, 73 Cu
amended soil+P. vermicola inoculation
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Fig. 5 Copper contents in shoot and root of the Cu stressed (T,) and
P. vermicola inoculated Cu stressed plants (T;). Values are means+S.E.
(n=3)

positive siderophoric activity with the development of 2.9 cm
orange holo zone under control condition and 1.9 cm under
copper stress. Siderophores production by PGPR binds iron
(Fe’™), thus, increasing its availability to plant (Arora et al.
2001). Sequestration and cleavage of ACC are other obvious
features of PGPR to accelerate plant growth under heavy met-
al stress, which lowers the concentration of ethylene in plant
tissues and promotes plant growth under stressful conditions
(Glick 2005; Mayak et al. 2004). An additional important PGP
mechanism is the solubilization of phosphorus by which bac-
teria enhance P availability to the inoculated plants (Zaidi

et al. 2006). The ACC deaminase activity and phosphorous
solubilization were also found in the studied P. vermicola.
However, PGP characters significantly decreased under cop-
per stress that might be due to the decreased number of bac-
teria under copper stress as we recorded a 65 % decrease in
growth of P. vermicola at 1,000 ppm of copper compared to
control.

In the present study, inoculation of P. vermicola significant-
ly increased the root and shoot length, total dry weight and
leaf area of lentil plants under the copper amended soil as
compared to control and Cu stressed plants, respectively. A
similar increase in mungbean plant growth was also observed
under P. vermicola inoculation in another study (Akhtar and
Ali 2011). The P. vermicola inoculated plant also contained
high amounts of total chlorophyll and number of nodules per
plants as compared with copper stress plants. All of these
beneficial effects on the plant growth are due to the PGP
abilities of P. vermicola. Plants grown under T;
(P. vermicola+Cu) resulted a significant increase in root
lengths; this was probably due to the inhibition of ethylene
production in the roots by the activity of ACC deaminase that
utilizes the NH3 evolved from ACC as a source of nitrogen
and thereby decreased ACC in the plants (Penrose and Glick
2003). In the present study, elevated level of Cu in soil also
resulted in decreased uptake of phosphorus by lentil plants,
but inoculation of P. vermicola compensated this deficiency
that might be due to its phosphorus solubilization activity as
shown in Fig. 2. This P solubilization activity of P. vermicola
enhanced the levels of free P in the soil and as a result plant P
uptake enhanced. Though we did not determine the N fixation
ability of P. vermicola, the increased amount of nitrogen and
proliferation of root nodules under bacterial inoculation may
be linked to P. vermicola activity, which shows its involve-
ment in the fixation of atmospheric nitrogen in root nodules.

The distribution, accumulation, and remobilization of
metals in the plant tissue are important aspects to evaluate
the role of plants in remediation of toxic metal-contaminated
sites (Kumar et al. 1995). In the present investigation, the
bacterial inoculation decreased the Cu uptake in lentil plants
grown in Cu spiked soil as compared to control. However,
higher accumulation of Cu found in the roots as compare to
shoots, suggests the less translocation of Cu from root to shoot

Table 4  Grain mineral contents (mg/100 g) of lentil subjected to P. vermicola inoculation and copper stress

Treatments Na* K" P Ca®" Fe** Cu** Zn**

To 54.70+2.49 673.04+17.59 23.55+0.84 11.13+0.61 1.27+0.13 0.83+0.03 0.41+0.02
T, 34.20+1.32 558.33+18.48 19.83+1.01 8.37+0.47 0.70+0.06 422+0.19 0.31+0.01
T, 61.45+3.28 784.96+31.75 29.93+£1.04 14.80+0.61 1.82+0.10 1.20+0.06 0.49+0.02
Ts 41.42+1.66 680.13+12.80 28.82+1.58 13.17+0.62 1.30+0.02 2.90+0.21 0.43+0.01

Values are means+S.E. (n=3)

T, non-contaminated soil, 7; Cu amended soil, 7, non-contaminated soil+P. vermicola inoculation, 73 Cu amended soil+ P, vermicola inoculation
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that is due to sequestration of most of the heavy metals in the
vacuoles of root cells to render them non-toxic (Shanker et al.
2005). The specific response of plant tissues towards heavy
metal accumulation under the influence of PGPR can be cor-
related with earlier studies on lentil plants where the uptake of
Ni and Zn was more in the root as compared with shoot and
grain (Wani et al. 2008). Similarly, in another study, it was
found that inoculation with PGPB Brevi bacillus sp. reduced
the Zn uptake in Trifolium repens (Vivas et al. 2006). The
present study elucidates that P. vermicola facilitated copper
immobilizing through the release of phosphorus from insolu-
ble “P” compounds that resulted in less Cu uptake (Ma et al.
2013). Moreover, lower concentration of Cu in upper ground
parts might be due to the removal of Cu through the
adsorption/desorption mechanism of P. vermicola strain
(Islam et al. 2014a, b). However, increased metal accumula-
tion resulted in plants with the inoculation of PGPR. Overall
view of the present and the previous research reports taken
together suggests that besides the bacterial metal solubiliza-
tion activity, the other factors such as soil nutrient level, pH,
type of metals, and type of plant species also greatly influence
the metal solubilization in soils which alter its uptake
(Martinez-Alcala et al. 2009; Rajkumar et al. 2013).

It is well known that the redox cycling between the two
oxidation states of copper (Cu” and Cu®") catalyzes the for-
mation of different types of ROS, which subsequently damage
the cellular macromolecules (Halliwell and Gutteridge 1984).
As during this process, hydrogen peroxide (H,O,) takes place
by the dismutation of superoxide anion (0*") by NADPH
oxidases or via the Fenton reactions. Hydrogen peroxide act
as a signaling molecule leading to the regulation of gene ex-
pression or it causes oxidative damaging of lipids through
hydroxyl radical (OH") formation (Opdenakker et al. 2012).
Besides these, excess Cu indirectly leads to oxidative stress by
disrupting the balance between ROS generation and detoxifi-
cation (Mpller et al. 2007). Under such conditions, scavenging
of O*” by SOD and H,0, decomposition by ascorbate perox-
idase (APX) and catalase (CAT) are predominantly responsi-
ble for the maintenance of cellular redox state. In the present
investigation, imposition of Cu stress (T;) induced a signifi-
cant increase in MDA and H,O, contents in lentil plants
showing a role of excess Cu in oxidative stress. In contrast,
a significant decrease in MDA and H,O, contents was found
in bacteria inoculated plants, which is the indication that better
protective mechanism exists in bacterial inoculated plants.

Plants have developed different protective mechanisms to
scavenge the free radicals and peroxides. These protective
mechanisms include different antioxidative enzymes and
non-enzymatic antioxidative compounds. The available liter-
ature describes both increasing and decreasing patterns in their
activity, depending on the type of plant species, plant organ,
type of metal and its concentration, duration of the stress, plant
age, and plant growth medium (Gratao et al. 2005; Gill and
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Tuteja 2010). For example, in some earlier studies, it was
found that the activities of CAT, SOD, APX, and GPX in-
creased against lower concentrations of the metal and de-
creased under high metal concentrations as the high metal
concentration disturbed the defense mechanism (Peng et al.
2006; Ke et al. 2007; Pinto et al. 2009). The increase in the
activities of these enzymes under lower metal stress suggested
that these enzymes have been activated or its expression is
upregulated under stress. On the other hand, a decrease in
the activity under higher metal stress conditions might be
due to the drastic change in enzyme structure (Cohu and
Pilon 2007). Similar to this, in Cu stressed plants (T;), CAT,
SOD, APX, and GPX activities were decreased. This reduc-
tion in antioxidative enzymes activity in copper-stressed
plants (T;) might be due to the severe oxidative stress that
damaged the structure of antioxidant enzymes, and hence,
the activity of enzymes was diminished (Mishra et al. 2006).
Conversely, the P. vermicola inoculated plants under copper
stress (T3) showed significant enhanced activities of antioxi-
dative enzymes (CAT, APX, GPX, and SOD) as compared to
control and copper-stressed plants. Earlier in lentil (Wani et al.
2008) and rice (Siripornadulsil and Siripornadulsil 2013), it
was found that PGPB alleviated the metal stress by upregulat-
ing the antioxidative mechanism and enhancing plant growth.
Similarly in another study, it was found that Pseudomonas
aeruginosa OSG41 significantly reduced the toxicity of
hexavalent chromium in chickpea and prevented the plant
from the oxidative burst by the up regulation of antioxidative
defense mechanism. In another study on wheat (Wang et al.
2013), it was found that inoculation of copper-resistant bacteria
played an important role in the upregulation of antioxidative
defense mechanism (increased activities of SOD, CAT and
APX, and GPX) that eliminated the ROS and result in reduced
MDA content. They also found that copper stress inhibited or
destroyed protein synthesis/production, but bacterial inocula-
tion prevented its degradation by lowering the metal toxicity.
This might be due to the fact that bacterial inoculation activates
the gene expression profile of metal detoxifying enzymes to
cope the metal stress (Duponnois et al. 2006). Similarly, in
potato, it was found on the basis of mRNA expression data that
PGPR inoculation enhanced the activities of SOD, CAT,
DHAR, GR, and APX under salt, water, and heavy metal stress
that resulted in enhanced photosynthetic efficiency and ulti-
mately plant growth (Gururani et al. 2012). These findings
can be correlated with the present findings where inoculation
with P. vermicola resulted in enhanced activities of antioxida-
tive enzymes that might protect the photosynthetic machinery
from oxidative damages, and finally, enhanced photosynthetic
rate resulting increased biomass production and grain yield.

In parallel with enzymatic antioxidants, non-enzymatic an-
tioxidants also play important role in protecting plant cells
from oxidative damage by accommodating the uncontrolled
oxidation as well as by scavenging ROS under metal stress
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(Gill and Tuteja 2010). A significant increase in the proline
and TPC contents was found in copper stressed lentil plants,
but this increase in proline and TPC contents in P. vermicola
inoculated plants under stress conditions was less as compared
with copper stressed plants without P. vermicola inoculation.
The reduced contents of proline and TPC might be due to the
stress mitigation abilities of P. vermicola strain that decreased
the metal toxicity in inoculated plants as compared to copper
stressed plants. Such decrease in the proline content was also
found in chick pea plant under chromium stress due to inoc-
ulation with Pseudomonas strain (Oves et al. 2013). In view of
earlier studies, till date, few or no report is available on the
decrease of TPC in inoculated plants and why these non-
enzymatic antioxidants (TPC and proline) diminished in inoc-
ulated plants under metal stress. However, the decreased con-
tents of these antioxidants in lentil under copper stress might
be due to some unknown activities of P. vermicola that are still
to be explored.

Conclusion

Bacteria with multiple PGP characters will be helpful to in-
crease crop productivity under stress conditions. The present
investigation has shown that the copper-resistant bacterial
strain (P. vermicola) with different PGP traits have facilitated
lentil growth and protects the plants against adverse effects of
metal stress. Our findings basically focus on the inoculation of
bacteria that could be able to ameliorate the metal stress by the
integration of several aspects including plant growth promo-
tion through synthesis of the plant required hormone (IAA), P
solubilization, siderophores production, and efficient ACC
deaminase activity to reduce stress induced ethylene and bet-
ter management/availability of N, P and Fe. Briefly, observed
results in this study indicate that bacterial isolate P. vermicola
Cucl could reduce damages caused by copper in the soil.
Hence, the use of multifarious growth promoting bacteria with
metal resistance properties hold a great potential to be used as
biofertilizer in metal-contaminated soils.
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