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Abstract: The release of harmful wastes via different industrial activities is the main cause of heavy
metal toxicity. The present study was conducted to assess the effects of heavy metal stress on the
plant growth traits, antioxidant enzyme activities, chlorophyll content and proline content of Sesbania
sesban with/without the inoculation of heavy-metal-tolerant Bacillus gibsonii and B. xiamenensis. Both
PGP strains showed prominent ACC-deaminase, indole acetic acid, exopolysaccharides production
and tolerance at different heavy metal concentrations (50–1000 mg/L). Further, in a pot experiment,
S. sesban seeds were grown in contaminated and noncontaminated soils. After harvesting, plants
were used for the further analysis of growth parameters. The experiment comprised of six different
treatments. The effects of heavy metal stress and bacterial inoculation on the plant root length;
shoot length; fresh and dry weight; photosynthetic pigments; proline content; antioxidant activity;
and absorption of metals were observed at the end of the experiment. The results revealed that
industrially contaminated soils distinctly reduced the growth of plants. However, both PGPR strains
enhanced the root length up to 105% and 80%. The shoot length was increased by 133% and 75%,
and the fresh weight was increased by 121% and 129%. The proline content and antioxidant enzymes
posed dual effects on the plants growing in industrially contaminated soil, allowing them to cope
with the metal stress, which enhanced the plant growth. The proline content was increased up to
190% and 179% by the inoculation of bacterial strains. Antioxidant enzymes, such as SOD, increased
to about 216% and 245%, while POD increased up to 48% and 49%, respectively. The results clearly
show that the utilized PGPR strains might be strong candidates to assist S. sesban growth under
heavy metal stress conditions. We highly suggest these PGPR strains for further implementation in
field experiments.
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1. Introduction

Heavy metal contamination is an environmental problem of great concern that nega-
tively affects human health. Various industrial and anthropogenic activities result in heavy
metal soil contamination [1]. Because of the greater content of heavy metals, higher pH
level, lower availability of essential nutrients, low organic matter and poor soil structure,
metals are difficult to extract from contaminated soils. However, phytoremediation is a
useful technique to control these kinds of pollutants [2]. The removal of heavy metals
and alleviation of their negative effects using green plants and their associated microbes
is called phytoremediation/assisted phytoremediation [3]. Besides the removal of heavy
metals, the phytoremediation process can also be used to remediate hydrocarbons, pesti-
cides and polychlorinated biphenyl. Plants usually handle the contaminants via various
mechanisms and maintain the fertility of the soil without affecting the topsoil [4]. The word
‘phytoremediation’ is a combination of two words: phyto (Latin) and medium (Greek),
which means to remove evil. In 1983, Chaney proposed the concept of phytoremediation.
Phytoremediation is an eco-friendly and low-cost technology used for the remediation
of contaminated soils. The main purpose of phytoremediation is to reclaim lands (1) for
agricultural purposes, and (2) for the phytoextraction of toxic heavy metals with economic
value, i.e., Au, Ni, and T1 [5]. Thus, phytoremediation is the “green clean” of toxic lands [6].

Plants used for the phytoremediation of heavy-metal contamination face extensive
stress [7] that reduces the proficiency for phytoremediation [8]. In this context, suitable
methods have been used that pose the dual effects of improved phytoextraction and en-
hanced plant growth under heavy-metal stress. The process of phytoremediation includes
various methods, such as phytostabilization, phytoextraction, phyto-volatilization and rhi-
zofiltration. These methods are inexpensive, increase biodiversity, and decrease erosion and
energy depletion, which, in turn, reduces the contaminants. Thus, these methods offer an
ecofriendly approach [9,10]. In the process of phytoextraction, hyperaccumulating plants
are used which tend to tolerate and store larger concentrations of toxic metals. Hyperaccu-
mulators are deep-rooted, fast-growing plants with a comparatively higher biomass [7].
Moreover, extensive root growth is required for the effectiveness of phytoremediation [8].
The efficiency of phytoextraction can be enhanced via association with heavy metal-tolerant
plant growth-promoting bacteria. Rhizosphere is an important platform for beneficial bac-
teria. Rhizospheric bacteria are normally known as plant growth-promoting rhizobacteria
(PGPR). This PGPR directly or indirectly affects plants growth and biomass [9]. PGPR
results in the production of compounds that increase the biomass of plants and help in the
uptake of nutrients from the soil. Bacteria can produce siderophores and phytohormones
(IAA); the solubilization of minerals, such as potassium and phosphorus; and a substan-
tial decrease in the excessive ethylene produced during stress conditions [10], while the
production of antibiotics and fungicidal compounds assist plants in combatting in host re-
sistance pathogens [11]. PGPR-producing ACC deaminase enzymes are of vital importance
because they cleave the precursor of ethylene produced under stress conditions, which
directly inhibit plant growth [12]. The PGPR-producing ACC enzyme decreases ethylene
production in the plants by splitting 1-aminocyclopropane-1-carboxylate deaminase into
α-ketobutyrate and ammonia [13].

PGPR strains endure the harmful effects of toxic heavy metals in plants growing in
contaminated soils [14], with a positive influence on plant growth. PGPR strains enhances
plant growth by providing a suitable nutrient to their host plants (P, Fe, N and K) through
ACC deaminase production and the modification of hormones levels. In polluted soil
regimes, PGPR protects their host plants by acting as metal bio-sorption surface or by
changing toxic chemical ions into less toxic forms [15]. Moreover, they regulate plant
growth under heavy metal stress directly or indirectly by producing chelating agents, an
elongated root system, stress-induced resistance against abiotic stress and an increased
availability of essential nutrients. In addition, PGPR strains modulate the development of
associated microbes in soils via biofilm formation [16,17]. This mechanistic approach makes
these stress-tolerant PGPR strains very useful in the reclamation of metal contaminated
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soils. The use of such bacteria to remove contaminants from soils is known as bacterial-
assisted phytoremediation [18].

Enhanced root density was observed in plants immunized with ACC deaminase-
producing rhizobacteria that directly mediate the phytoremediation potential of associated
plants [19]. The bioaugmentation of exopolysaccharides (EPS)-producing bacteria [20] in
plants under heavy metal stress is also a favorable condition for elevated remediation. In
metal-contaminated environments, the production of EPS has been proven to be another
defensive approach for the survival of bacteria [21,22]. EPS mainly consists of polypeptides,
nucleic acids and polysaccharides secreted by bacteria. In the EPS matrix, carboxyl and
hydroxyl groups are negatively charged. This negatively charged bacterial EPS plays a
vital role in inhibiting the direct content of toxic metals with cells and chelating metal
cations [23,24]. Bacterial secreted EPS assist as the first barrier between the environment
and microbial cells. It has been observed that under metal stress, the production of bacterial
EPSs prevents metals from direct intercalation with cellular components of bacteria [25].
Metal can be categorized into two main groups from a physiological point of view: (1)
nonessential metals to cell life, such as Cd, Pb, Cr, and Sb; and (2) essential metals to cell life,
such as Ca, Mg, Fe, Cu and Zn. EPS prevents the entry of metal ions into the cell, and metal
homeostasis is also affected by the bacterial secreted EPS [26]. EPS are large particles with
mass polymers. These polymers play an important role in the interaction or communication
between cells, such as the aggregation of bacterial cells, formation of biofilms around their
colonies, organic compound sorption ability and production of inorganic molecules by
microbes in response to different environmental conditions in plants [27,28].

Sesbania sesban, is commonly known as Sesban L. Merrill, was established as popular
leguminous species. Sesbania sesban is widely used as fodder and fuel, and the S. sesban
plant can inhabit saline sites and waterlogged conditions. This plant is found in semi-arid
to sub-humid climates with rainfalls between 500–2000 mm per year. S. sesban can maintain
and restore soil fertility and stop soil erosion. These plants can be effectively used for the
reclamation of heavy metal-contaminated soils because of their ability to fix nitrogen via
root nodules. The insufficiency of important nutrients and toxicity of heavy metals could
be overcome using S. sesban plants. The current study focused on the ability of PGPR, i.e.,
Bacillus xiamenesis and Bacillus gibsonii to produce ACC-deaminase, EPS- and IAA. These
strains plays important role in enhancing plant growth and phytoextraction potential in
associated Sesbania plants. The present research also focused on the effects of metals on
the physiology and growth of the plant. In addition, we assessed S. sesban as the best tool
for phytoremediation.

2. Materials and Methods
2.1. Isolation Source of Bacterial Strains

Two bacterial strains i.e., B. xiamenensis and B. gibsoni, formerly isolated from rhizo-
sphere of sugarcane, were taken from the Plant-Microbe Interaction Lab, Department of
Plant Sciences, Quaid-i-Azam University, Islamabad [29].

2.1.1. Screening of Plant Growth-Promoting Parameters and Biochemical Characterization

Characterization of isolated bacterial strains was performed both morphologically
and biochemically by following the standard protocols. Catalase activity was determined
by taking a freshly cultured bacterial colony on the slide. The production of catalase
enzyme was confirmed with the formation of oxygen bubbles by adding 2–4 drops of
hydrogen peroxide on bacterial colony [30]. To determine the solubilization of phosphate,
Pikovskaya’s medium [31] was used. The bacterial colony was spot-inoculated in the mid-
dle of plates containing tricalcium phosphate as an unsolvable source of phosphate. After
7 days of incubation, the development of halo zones around the bacterial colony confirmed
P-solubilization activity by bacteria. The ability of the bacterial strains to produce IAA
was estimated by the method described by the authors of [32]. The chrome azurol S plate
method was used for the siderophores production assay [33]. The zinc solubilization, am-
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monia production and cellulose activity abilities of bacteria were determined by methods
described by the authors of [34–36]. For ammonia production, bacterial strains were incu-
bated for 24 h at 32 ◦C and inoculated in peptone broth. Then, 0.5 mL of Nessler’s reagent
was added to the reaction mixture. Next, the method described by the authors of [37,38]
was used to estimate the production of protease, pectinase and amylase production. The
ACC deaminase ability of bacterial isolates were determined using the method described by
the authors of [39]. Bacterial culture was grown in 5 mL of TSB medium at 28 ◦C for 24 h in
a shaking incubator at 120 rpm. Bacterial cells were collected by centrifugation at 3000 rpm
for 5 min, and the pellet was washed twice and resuspended in 0.1 M Tris-HCl (pH 7.5).
Then, these cultures were spot-inoculated on Petri plates, with DF media [40] augmented
with and without ACC. Plates with ammonium sulfate were used as positive controls.
After 3 days, growth on the ACC-augmented plates was compared to the positive and
negative controls. The ATCC medium No. 14 was used to determine the EPS production of
the bacterial cultures [41] Streaking of the bacterial culture was done on ATCC medium
No. 14, and cultures were incubated for 3 days at 28 ◦C. After 3 days of incubation, the
development of the slimy layer around the bacterial colonies confirmed the production
of EPS.

2.1.2. Heavy Metal Tolerance Ability of Strains

To examine the heavy metal tolerance capacity, bacterial isolates were grown on Lauria
Bertani (LB) agar plates accompanied with various quantities of heavy metals, such as
Copper (Cu), Zinc (Zn), Chromium (Cr) and Nickel (Ni). Quantities ranged from 50 mg/L
of heavy metals to 1000 mg/L [42].

2.1.3. Bacterial Growth Curve Analysis and Quantification in Metal Stress

Bacterial cultures were initially grown in a nutrient broth medium at 28 ± 2 ◦C for
48 h. The respective salts, Cr and Cd, were dissolved in distilled water to prepare various
concentrations of heavy metals. A culture of 2 mL growing bacteria (OD600 = 1.0) was
suspended into 100 mL nutrient broth, comprising the respective metals in 250 mL conical
flasks incubated for 48 h at 28 ◦C in a shaking incubator. Bacterial cultures were monitored
at an absorbance of 600 nm by a spectrophotometer (752N UV-VIS, Pakistan) to generate
the growth curve of both bacterial strains to analyze their heavy metal stress tolerance.

2.1.4. Quantitative Assays of Exopolysaccharide, IAA Acid Production and
ACC-Deaminase Activity
Quantification of Exopolysaccharides

To determine the quantitative production of EPS, a 50 mL ATCC No. 14 liquid medium
was used for the the growth of strains [43]. Bacterial isolates were incubated at 28 ◦C for
3 days at 2000 rpm. After 3 days of incubation, cells were harvested at 10,000 rpm for
20 min by centrifugation. Then, two volumes of cold isopropanol were added to the
solution and kept overnight at 40 ◦C. Then, the solution was centrifuged at 10,000 rpm
for 20 min. The supernatant was discarded, and the pellet was dried at 1000 ◦C. Then,
the dried pellets were weighed to determine which bacterial strains showed the higher
production of exopolysaccharide.

Quantification of IAA

The production of IAA was determined using the method described by the authors
of [44]. This method of IAA production was modified by the authors of [45]. In this
method, bacterial isolates were grown in 1000 mL L-tryptophan broth, 5 g of NaCl, 10 g
of tryptone, 5 g of yeast extract and 1 g of l-tryptophan. The broth was augmented with
50 mg L−1 of heavy metal (either Cu, Pb, As, Ni, Cr, Cd or Mn) stress and without heavy
metal stress. The mixture was incubated at 36–38 ◦C for 72 h. After that, solution was
centrifuged for 30 min at 3000 rpm. Then, 2 mL of the supernatant was taken, and two
drops of orthophosphoric acid and 4 mL of Salkowski reagent were added to the mixture.
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IAA production was confirmed by the production of a pink color. The density of IAA
was determined at 530 nm. To estimate the concentration of IAA, a standard curve was
prepared in the range of 10–100 µg/mL of IAA.

Quantification of ACC

The determination of ACC deaminase activity was performed by growing bacterial
isolates in a 50 mL TSB medium at 28 ◦C. The late lag phase culture was used to induce the
ACC deaminase activity. After that, the mixture was centrifuged. The pellets were washed
twice with 0.1 M Tris-HCl (pH 7.5), then dissolved in 2 mL of modified DF (Dworkin and
foster salt medium) minimal medium added with either 3 mM final concentration of ACC
without stress or supplemented with heavy metal (either Cu, Pb, As, Ni, Cr, Cd or Mn)
stress [46] and incubated at 28 ◦C for 36–72 h. During the breakdown of ACC by ACC
deaminase, α-ketobutyrate and ammonia were produced, by which the ACC deaminase
activity was determined [47]. After incubation, the mixture was centrifuged for 5 min at
3000 rpm, and he harvested cells were washed two times with 0.1 M Tris-HCL (pH 7.5).
The mixture was resuspended in 200 µL of 0.1 M Tris-HCL with (pH 8.5) and 5% toluene.
Then, the mixture was vortexed for 30 s. Then, 50 µL of the cell suspension was taken and
mixed with 5 µL of 0.3 M ACC in an Eppendorf tube. The tubes were incubated for 30 min
at 28 ◦C. Next, 50 µL of cell suspension without ACC was used as a negative control. The
blank included 50 µL of cell suspension mixed with 5 µL of 0.3 M ACC and 50 µL of 0.1 M
Tris HCl (pH 8.5).

The samples were mixed with 500 µL of 0.56 N HCl and vortexed at high speed. Then,
the cells were harvested by centrifugation at 12,000 rpm for 5 min. Next, 500 µL of the
supernatant was taken and transferred to a glass test tube. In total, 0.56 N HCl 400 µL
and 150 µL of DNF solution (0.1 g 2,4-dinitrophenylhydrazine in 100 mL of 2 N HCl) were
added to the reaction mixture. Before measuring its optic density at 540 nm, 1 mL of 2 N
NaOH was added to the samples. The quantification of ACC was conducted by plotting the
standard curve of α-ketobutyrate against the different absorbance values of the samples.

2.2. Contaminated Soil

Two soil samples were used in this experiment. The first soil sample was collected from
Ittihad Steel Re-Rolling Mills, Islamabad Pakistan, and was characterized as contaminated
soil (Zn 9.94 ppm, Mn 8.9 ppm, Cd 5.1 ppm, Cr 26.4 ppm, Cu 13.2 ppm, Ni 18.3 ppm
and Pb 42 ppm). A noncontaminated soil sample was obtained from QAU, Islamabad.
Soil samples were processed and autoclaved to purify them. Soil analyses, including pH,
texture [48] and EC [49] were performed. Soil organic matter was determined using the
method described by the authors of [50]. Following this method, 2 g of soil was taken in a
500 mL conical flask. Then, 200 mL of distilled water, 10 mL of 1 N k2Cr2O7 and 10 mL of
orthophosphoric acid were added to the flask.

After half an hour, 30 drops of Diphenylamine (used as an indicator) were added
to the mixture. This solution was titrated against the 0.5 N Mohrs control. The appear-
ance of a green color was the endpoint of the reaction. The metal analysis of soil was
conducted following the method described by the authors of [51]. The atomic absorption
spectrophotometer was used to analyze the concentrations of heavy metals (Zn, Mn, Cr,
Cd, Ni and Pb).

2.3. Greenhouse Experiment

S. sesban seeds were taken from the National Agricultural Research Center (NARC), Is-
lamabad, Pakistan. Seed sterilization was performed by following the protocol described by
the authors of [52]. Pots were filled with the respective soils. After the successful germina-
tion of seeds, three plants were maintained per pot. Six different treatments were included
in three sets of replications, namelyC (noncontaminated soil and industrially contaminated
soil), T1 (B. xiamenesis PM14 in noncontaminated soil and industrially contaminated soil)
and T2 (B. gibsonii PM11 in noncontaminated soil and industrially contaminated soil).
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Then, 20 mL of each bacterial suspension (B. xiamenesis and B. gibsonii) was mixed in
both the noncontaminated and industrial contaminated soils. Next, 20 mL of autoclaved
distilled water was added to the control. After 60 days of the experiment, Sesbania plants
were carefully harvested from the soil. We followed the protocol described below to the
determined root length, shoot length, dry weight, fresh weight, chlorophyll content, plant
proline content and SOD and POD activity.

2.4. Plant Growth Parameters

S. sesban plants were carefully harvested from the soil at the end of the experiment. To
remove the debris from the root surface, plant roots were cleaned with deionized water.
Plant shoot length, root length and fresh were observed using a digital balance. All plant
parts were dried at 70 ◦C for the determination of the dry biomass until a constant weight
was achieved.

2.5. Determination of Photosynthetic Pigments in Plants

The chlorophyll content and caroteniod of the S. sesban plant were examined following
the method described by the authors of [53]. Following this method, 0.3 g of plant sample
was grinded in 5 mL of acetone (80%). The reaction mixture was centrifuged at 3000 rpm
for 10 min. Then, chlorophyll-a, chlorophyll-b and carotenoid content were observed at
645 nm, 663 nm and 480 nm wavelengths, respectively. The absorbance was observed
using a spectrophotometer (752N UV-VIS, Beijing, China). The following equations were
used to determine the chlorophyll and carotenoid content of plants.

Chl (a) (mg/g) = [12.7 (OD663) − 2.69(OD645)] × V/1000 × W

Chl (b) (mg/g) = [22.9 (OD645) − 4.68(OD663)] × V/1000 × W

V = Volume of the extract (mL), W = Weight of fresh leaf tissue (g)

Carotenoids (mg/g): (OD at 480) × 4

2.6. SOD and POD Activity of Enzymes

Following the method described by the authors of [53], the SOD and POD activity of
the plants were determined. First, 0. 1 g of fresh leaves were grinded in 10 mL of 0.1 M
phosphate buffer (pH 6.5). Then, the solution was centrifuged for 10 min at 430 nm. The
supernatant was taken after centrifugation and 500 µL H2O2 solution was added. After
that, absorbance was taken at 430 nm for 3 min on the spectrophotometer (752N UV-VIS,
Beijing, China). For blank 1%, the H2O2 solution was used. At 430 nm, a change in optical
density was considered as one unit of POD:

POD = Final reading − initial reading

Whereas, in SOD, the determination two buffer solutions were prepared. The follow-
ing buffers were prepared for the SOD analysis: (a) Monosodium Dihydrogen Phosphate
was prepared by dissolving 15.6 g of Monosodium dihydrogen phosphate into 600 mL of
distal water, and (b) Disodium Hydrogen Phosphate was prepared in 600 mL of distilled
water by dissolving 53.65 g of disodium hydrogen phosphate. The SOD activity of the
plant was estimated using the following formula.

R4 = R3 − R2

A = R1 (50/100)

Final = R4/A

R1—OD of Reference, R2—OD of Blank, R3—OD of Sample
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2.7. Proline Content of SESBANIA Plants

The proline content of the leaves was examined using the method described [54].
Following this method, 0.1 g of fresh plants was taken. Then, these leaves were grinded in
a 4 mL solution of sulfosalicylic acid. After that, the solution was centrifuged for 5 min at
3000 rpm. Then, 2 mL of supernatant was taken from the reaction mixture in test tubes, and
2 mL of acid ninhydrin solution was added to the test tubes. The test tubes were placed in
a water bath for 1 h at 100 ◦C. After that, the mixture was cooled, and the reaction mixture
was extracted by adding 4 mL of toluene. Using toluene as blank, the OD was observed at
520 nm via the spectrophotometer (752N UV-VIS, Beijing, China).

2.8. Metal Analysis of Soil and Plants by Wet Acid Digestion Method

For the metal analysis, 1 g of the sample was taken and mixed with the 12 mL (9 mL
HCl + 3 mL HNO3) of aqua regia. The solution was placed overnight, and the flasks were
covered with a watch glass. Afterward, 24-hour-old solution was heated on hot plates.
The completion of digestion was confirmed by the detection of brown fumes. Then, the
solution was cooled down and the reaction mixture was filtered through No. 42 filter paper.
By adding the distilled water, the volume of the reaction mixture was raised to 50 mL.
The prepared samples were used to analyze the quantity of heavy metals (Zn, Mn, Cd,
Cr, Ni and Pb). Standard SRM 3136-Nickel, SRM 132,239 Manganese, SRM 3128 Pb, SRM
3168 Zinc, SRM 3108 Cadmium, SRM 2701 Chromium were used by the atomic absorption
spectrophotometer AAS model spectra AA Varian [51].

2.9. Statistical Analysis

The experiments were designed in replicate (3) and arranged in a completely random-
ized design (CRD) factorial. Excel sheets were used to build a database for the observed
parameters and results. The analysis of variance was performed using Statistics 8.1 to
analyze the obtained data [55]. Principal component analysis correlation (PCA) was ana-
lyzed using XL-STAT 2010. The LSD value of p ≤ 0.05 was used to determine the statistical
significance among the mean values of treatments.

3. Results
3.1. Plant Growth-Promoting Traits of Bacterial Strains

Both strains were positive for various PGP traits, such as phosphate and zinc solu-
bilization and IAA production, siderophores production, and the ammonia test (Table 1).
Moreover, both strains showed the potential to produce EPS, ACC deaminase and extracel-
lular enzymes, such as catalase, protease, amylase, pectinase, chitinase and cellulose. The
plant growth-promoting traits of B. xiamenensis were also previously reported by [29].

Table 1. Plant growth-promoting traits of Bacillus strains.

Biochemical Analysis

Strain Phosphate
Solubilization

IAA
Production Siderophore Exopolysaccharide Zinc

Solubilization HCN Ammonia
Test Pectinase Chitinase Cellulase Amylase ACC

Deaminase Catalase Protease

B. gibsonii + + + + + − + + + + + + + +
B. xiamenensis + + + + + − + + + + + + + +

3.1.1. Response of Bacterial Strains to Heavy Metals

Both rhizobacterial strains showed growth in the LB plates amended with various
concentrations of heavy metals. Bacterial strain B. xiamenensis tolerated Cr, Ni, Cd and Cu
up to 1000 mg/L, 150 mg/L, 1000 mg/L and 100 mg/L, respectively. However, bacterial
strain B. gibsonii tolerated Cr, Ni, Cd and Cu up to 1000 mg/L, 150 mg/L, 700 mg/L and
50 mg/L, respectively (Figures 1 and 2).
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3.1.2. Quantitative Assessment of EPS, ACC Deaminase, and IAA Production

To determine the qualitative ability of the isolates to produce the ACC enzyme,
both bacterial isolates were grown on agar plates with DF medium as a negative control,
ammonium sulfate as a positive control and ACC as a nitrogen source. For both strains,
there was variation in the growth patterns on the plates supplemented with ACC. Both
bacterial strains produced ACC. Quantitative screening was performed to determine the
ability of the bacterial strains to produce a total amount of ACC deaminase. This method
was performed in (50 mg L−1) of chromium stress condition and (0 mg L−1) non-stress
condition. Between 0.63 µM/mg protein/h and 0.91 µM/mg protein/h (Table 2), both
bacteria produced ACC. Exopolysaccharides production is an important feature of stress-
tolerant bacteria. Bacteria can tolerate stress by forming a biofilm around their colonies. To
determine the ability of bacterial isolates to qualitatively produce EPS, PGPR was grown on
ATCC No. 14 medium. The results revealed that both bacterial isolates produced EPS. In
the quantitative screening, both strains showed a higher production of Exopolysaccharides
between 0.5 g/L and 0.6 g/L (Table 2) under stressed conditions. The quantitative screening
of IAA was performed in both stress and non-stress conditions. Both strains produced
IAA. Statistically, between 93 µM/mL and 117 µM/mL, both bacterial isolates showed the
development of IAA (Table 2).
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Table 2. Quantitative assays of ACC-deaminase, Exopolysaccharides and Indole acetic acid under the normal and stress
conditions.

Bacterial
Isolates

ACC-Deaminase
(µM/mg Protein/h) EPS (mg/mL) Indole Acetic Acid (µM/mL)

Normal Under Stress Normal Under Stress Normal Under Stress

B. xiamenensis 0.493 c ± 0.07 1.829 a ± 0.89 0.5933 b ± 0.02 2.953 a ± 0.04 107 a ± 1.632 91 c ± 0.816
B. gibsonii 0.489 c ± 0.081 1.701 b ± 0.008 0.58 b ± 0.024 2.967 a ± 0.04 96 b ± 1.632 79 d ± 1.632

Zainab et al. (2020). Each value is the mean of replicates (n = 3); the different letters with mean values in each column indicate significant
differences, detected by LSD test (p < 0.05).

3.2. Physiochemical Properties of Soil

The industrial soil was sandy loam, while the other soil sample was loamy. The
industrially contaminated soil was marginally acidic with a pH of 7.6, electric conductivity
of 0.005 (dsm−1) and organic matter of 0.92. The pH and EC values for the noncontaminated
soil were 6.35 and 0.015 (dsm−1), respectively. In total, 0.74 ppm of organic matter was
present in the normal soil. In the normal soil, there was a higher amount of potassium
(109 ppm), phosphorous (7 ppm) and nitrate (7.24 ppm), whereas in the industrial soil, there
were fewer organic nutrients. Potassium (7 ppm) and nitrate (5.32 ppm) were observed in
the industrial soil, while the amount of phosphorus was slightly high (12 ppm). Through
the atomic absorption spectrometry, the heavy metal analysis showed that there was high
concentration of metals in the industrial soil compared to the noncontaminated soil.

3.3. Effects of Bacterial Isolates on Plant Growth and Biomass Production

The S. sesban plant was used to estimate plant growth and biomass after 45 days of the
experiment. The results showed that in stress and non-stress conditions, S. sesban plants
inoculated with PGPR showed a one-fold-higher development of the plant compared to
the un-inoculated controls. PGPR inoculation increased the growth of the S. sesban plant to
a certain extent. In non-stressed plants, shoot growth and root growth were enhanced by
53% (Figure 3A) and 75% due to the inoculation of B. xiamenensis, respectively. In addition,
shoot length and root length were enhanced by 44% and 75% (Figure 3B) due to the
inoculation of B. gibsonii in comparison with non-bacterial inoculated non-stressed S. sesban
plants. However, in metal stress conditions, the shoot and root length of the S. sesban
plant were reduced compared to the plant inoculated with PGPR strains. B. xiamenensis
increased the shoot length and root length by up to 133% and 105% respectively. B. gibsonii
enhanced to the shoot length and root length by up to 75% and 80% compared to the
non-inoculated stressed S. sesban plant. Under non-stress conditions, the fresh weight
of S. sesbania increased in PGPR-inoculated plant as compared to the control. The fresh
weight of the S. sesban plant increased by up to 121% with the inoculation of bacterial
isolate B. xiamenensis. Moreover, the fresh weight increased by up to 129% with the
inoculation of bacterial isolate B. gibsonii (Figure 3C). Similarly, the fresh weight of S. sesban
increased in heavy metal stress conditions (Figure 3C) when the plant was treated with
heavy metal-tolerant PGPR strains. The fresh weight of S. sesban was increased by up to
156% and 165% with the inoculation B. xiamenesis and B. gibsonii, respectively, as related to
the non-PGPR-inoculated stressed plant. Moreover, the dry weight of S. sesban was also
affected by the heavy metal stress conditions. The inoculation of heavy metal-tolerant
PGPR strains increased the dry weight of S. sesban compared to the non-inoculated stressed
plant (Figure 3D).
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Figure 3. Effects of B. xiamenensis and B. gibsonii on the shoot length (A) and root length (B), and fresh weight (C) and dry
weight (D) of S. sesban in noncontaminated and contaminated soil. Control, T1 = B. xiamenensis and T2 = B. gibsonii. Each
value is the mean of replicates (n = 3); the different letters with mean values indicate significant differences, detect-ed by
LSD test (p < 0.05).

3.4. Effects of Different Treatments on Photosynthetic Pigments and Proline Contents

In current research, we observed that that in non-stressed PGPR-inoculated plants, the
chlorophyll and carotenoid content of S. sesban plant were enhanced compared to the non-
PGPR non-stressed conditions. Augmentation with B. xiamenensis increased chlorophyll-a,
chlorophyll-b and carotenoid content by up to 168% (Figure 4A), 144% (Figure 4B) and 101%
(Figure 4C), respectively. B. gibsonii inoculation increased the chlorophyll-a, chlorophyll-b
and carotenoid content by up to 162%, 138% and 126%, respectively. It was observed that
the photosynthetic pigments of the S. sesban plant were decreased under heavy metal stress
conditions. However, inoculation of the plant with heavy metal-tolerant PGPR strains
increased the photosynthetic pigments of the plants as compared to the control group.
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Figure 4. Effects of B. xiamenensis and B. gibsonii on the chlorophyll-a (A), chlorophyll-b (B), carotenoids content (C) and
proline content (D) of S. sesban in noncontaminated and contaminated soil. C = Control, T1 = B. xiamenensis and T2 = B.
gibsonii. Each value is the mean of replicates (n = 3); the different letters with mean values indicate significant differences,
detect-ed by LSD test (p < 0.05).

S. sesban plants inoculated with B. xiamenensis showed an enhanced chlorophyll-a
content (206%), chlorophyll-b content (144%) and carotenoid content (136%) in correspon-
dence to their non-PGPR-inoculated stressed counterparts. The augmentation of B. gibsonii
enhanced the chlorophyll-a, chlorophyll-b and carotenoid content up to 223%, 136% and
159% respectively. Un-inoculated non-stressed plants showed a lower production of proline
compard to the PGPR-inoculated plants. The inoculation B. xiamenensis and B. gibsonii
increased the proline content up to 190% and 179%, respectively (Figure 4D). In heavy
metal stress conditions, the S. sesban plant showed a lower production of proline, but an
increased content of proline was observed (Figure 4D) when S. sesban plants were treated
with heavy metal-tolerant PGPR strains, which indicates a protective behavior. B. xiamenen-
sis enhanced the proline content up to 117%, and B. gibsonii increased the proline content
up to 112%.
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3.5. Response of Plants for SOD and POD Activity

Antioxidant activity (SOD, POD) was estimated under various heavy metal stress
treatments. In the non-PGPR-inoculated non-stress S. sesban plant, a lower accumulation
of antioxidant enzymes was observed as compared to the PGPR-immunized non-stressed
plant. PGPR enhanced enzyme production in the bioaugmented plants. SOD and POD
activity were increased by B. xiamenensis up to 216% and 48%, respectively. Similarly,
B. gibsonii increased SOD activity up to 245% and POD activity up to 49%. Under heavy
metal stress conditions, the plants’ capacity to produce antioxidant enzymes was reduced.
However, the inoculation of plants with heavy metal-tolerant PGPR strains increased
the plants’ ability to produce antioxidant enzymes such as SOD and POD. SOD activity
was enhanced up to 117% (Figure 5A), whereas POD (Figure 5B) activity was increased
up to 80% by the individual inoculation of the bacterial strain B. xiamenensis. With the
inoculation of B. gibsonii, the SOD activity was increased up to 206%, and POD activity was
increased up to 96%. Hence, the results revealed that under heavy metal stress conditions,
the inoculation of PGPR increased the production of enzymes.
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Figure 5. Effects of bacterial strains B. xiamenensis and B. gibsonii on the SOD (A) and POD activity (B) of S. sesban in
noncontaminated and contaminated soil. C = Control, T1 = B. xiamenensis and T2 = B. gibsonii. Each value is the mean of
replicates (n = 3); the different letters with mean values indicate significant differences, detect-ed by LSD test (p < 0.05).

3.6. Analysis of Plant for Uptake of Heavy Metals

Differential effects on growth and metal uptake of S. sesban plants were observed for
the contaminated industrial soil and bacterial inoculation (Table 3). In the current research,
it was also found that the phytoextraction ability of S. sesban plants was increased by the
inoculation of both PGPR strains. Heavy metal-tolerant bacterial isolates, such as B. xiame-
nensis and B. gibsonii, increased the growth of the S. sesban plant and the phytoextraction
of heavy metals from the soil. A higher absorption of heavy metal Zn (15.74 ppm), Mn
(16.4 ppm), Cd (20.5 ppm) Ni (36 ppm) and Cu (25 ppm) was observed by the immuniza-
tion of B. gibsonii compared to B. xiamenensis. The immunization of B. xiamenensis increased
the uptake of Pb (64 ppm) and Cr accumulation in S. sesban plants.

Table 3. Role of the PGPR strains in the differential uptake of toxic heavy metals from industrially contaminated soil.

Treatments Zn (ppm) Mn (ppm) Cd (ppm) Cr (ppm) Cu (ppm) Ni (ppm) Pb (ppm)

Sesbania sesban

C 9.94 c ± 0.02 8.9 c ± 0.32 5.1 c ± 0.32 26.4 c ± 0.24 13.2 c ± 0.32 18.3 b ± 0.2 42 c ± 0.49
T1 10.03 b ± 0.01 13.3 b ± 0.40 14.1 b ± 0.32 35.3 b ± 0.33 17.4 b ± 0.4 13.9 c ± 0.24 64 a ± 0.30
T2 15.74 a ± 0.02 16.4 a ± 0.16 20.5 a ± 0.16 38.5 a ± 0.24 25.2 a ± 0.32 36 a ± 0.02 52 b ± 0.19

Each value is the mean of replicates (n = 3); the different letters with mean values in columns indicate significant differ-ences, detected by
LSD test (p < 0.05).
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3.7. PCA Analysis

The Principal Component Analysis clustered the treatments and variables into various
groups based on differences in their correlation. In the current study, PCA analysis clustered
the response variables of Sesbania plants under heavy metal stress and bacterial strain
inoculation. Almost all the growth traits of Sesbania plants were grouped, showing their
similar trend of increasing responsibility for bacterial strain inoculation under heavy metal
stress. The PCA analysis was also performed to compare the different treatments of the
pot experiment to evaluate their accumulative effects on plant response (Figures 6A,B and
7A,B). The analysis separated the control treatment from the other treatments, implying
that these treatments were different than control treatments.
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Figure 6. (A,B) PCA analysis among the various treatments in plants growing in noncontaminated soil and industrially
contaminated soils.

Agronomy 2021, 11, x FOR PEER REVIEW 14 of 19 
 

 

 
Figure 7. PCA analysis among the various analyzed parameters in plants growing in noncontaminated soil (A) and indus-
trially contaminated soils (B). 

4. Discussion 
In the current research, the phytoextraction ability of S. sesban was assessed under 

industrially contaminated soil. In addition, we determined the effect of heavy metal-tol-
erant PGPR strains, i.e., B. gibsonii and B. xiamenensis, on the root shoot length, fresh and 
dry biomass, proline content and chlorophyll content, as well as the antioxidant activity 
of plants under both normal and industrially contaminated soils. Under the stressed con-
dition, increased plant growth and physio-biochemical activity revealed the different 
stimulating mechanisms that bacteria can elicit. By accelerating the process of phytoreme-
diation through increased plant growth and biomass production, both PGPR strains can 
be used in industrially contaminated soils for the proficient remediation of harmful sub-
stances. 

Decreased plant growth is the first indicator of prevailed stress in contaminated soils 
compared to plants grown in normal soils [29]. There are higher levels of harmful metals 
in industrially contaminated soils that are accumulated by roots via adsorption in the 
plants. Then, these harmful metals are translocated to different parts of plants, reducing 
the metabolism, plant growth and uptake of nutrients from the soil. Plant growth and 
nutrient metabolism are enhanced using PGPR strains. Through various mechanisms, 
plant growth-promoting bacteria can promote EPS formation, ACC deaminase activity, 
the production of IAA, the release of ROS scavengers and siderophores, nutrient absorp-
tion and the production of organic substances for the chelation of phosphorus (P), iron (F) 
and potassium (K). Phytoremediation plays an important role in the remediation of the 
environment from contaminants, but metal toxicity makes this tactic less effective. Under 
these conditions, PGPR strains play an important role, as they the process of bioremedia-
tion, acculumate or transform contaminants in plants, and increase the growth of plants 
by producing increased growth hormones, EPS, and ACC production. 

PGPR strains regulate the levels of hormones that promote the appearance of differ-
ent stress-related proteins. These hormones are essential for the protection of plants under 
biotic and abiotic stress conditions. One of these hormones, ethylene, plays a prominent 
role in the normal growth and development of plants. However, under stress conditions, 
higher levels of ethylene are produced, which has a negative impact on plant growth. The 
use of ACC-deaminase can overcome the negative impact of excessive ethylene. Thus, 
plants can survive under different environmental stress conditions. These ACC-deami-
nase producing microorganisms cleave ACC, the immediate precursor of ethylene. In the 

Figure 7. PCA analysis among the various analyzed parameters in plants growing in noncontaminated soil (A) and
industrially contaminated soils (B).



Agronomy 2021, 11, 1820 14 of 19

4. Discussion

In the current research, the phytoextraction ability of S. sesban was assessed under
industrially contaminated soil. In addition, we determined the effect of heavy metal-
tolerant PGPR strains, i.e., B. gibsonii and B. xiamenensis, on the root shoot length, fresh and
dry biomass, proline content and chlorophyll content, as well as the antioxidant activity of
plants under both normal and industrially contaminated soils. Under the stressed condition,
increased plant growth and physio-biochemical activity revealed the different stimulating
mechanisms that bacteria can elicit. By accelerating the process of phytoremediation
through increased plant growth and biomass production, both PGPR strains can be used in
industrially contaminated soils for the proficient remediation of harmful substances.

Decreased plant growth is the first indicator of prevailed stress in contaminated soils
compared to plants grown in normal soils [29]. There are higher levels of harmful metals
in industrially contaminated soils that are accumulated by roots via adsorption in the
plants. Then, these harmful metals are translocated to different parts of plants, reducing
the metabolism, plant growth and uptake of nutrients from the soil. Plant growth and
nutrient metabolism are enhanced using PGPR strains. Through various mechanisms,
plant growth-promoting bacteria can promote EPS formation, ACC deaminase activity, the
production of IAA, the release of ROS scavengers and siderophores, nutrient absorption
and the production of organic substances for the chelation of phosphorus (P), iron (F)
and potassium (K). Phytoremediation plays an important role in the remediation of the
environment from contaminants, but metal toxicity makes this tactic less effective. Under
these conditions, PGPR strains play an important role, as they the process of bioremediation,
acculumate or transform contaminants in plants, and increase the growth of plants by
producing increased growth hormones, EPS, and ACC production.

PGPR strains regulate the levels of hormones that promote the appearance of different
stress-related proteins. These hormones are essential for the protection of plants under
biotic and abiotic stress conditions. One of these hormones, ethylene, plays a prominent role
in the normal growth and development of plants. However, under stress conditions, higher
levels of ethylene are produced, which has a negative impact on plant growth. The use of
ACC-deaminase can overcome the negative impact of excessive ethylene. Thus, plants can
survive under different environmental stress conditions. These ACC-deaminase producing
microorganisms cleave ACC, the immediate precursor of ethylene. In the current study,
higher levels of ethylene production were reduced under heavy metal toxicity. Therefore,
the growth and development of the plant were observed to be increased as compared to
the non-inoculated plants.

Exopolysaccharide production is another strategy used by microbes to fight against
heavy metals. It is thought that heavy metal stress stimulates bacteria to increase EPS
production, which shields cellular components from the ill effects of heavy metals. EPS
is a cell-associated microbial polymer, containing macromolecules such as proteins and
phosphates. EPS acts as a biofilm former that can be used for the remediation of polluted
soils. By biofilm formation, EPS increases the water attention of microbes, controls the
dispersal of organic carbon sources, forms soil aggregates and enables the uptake of water
and nutrients across the root [56].

EPS production is an important tool for the removal of heavy metals and can provide
an economic and eco-friendly system. In metal-contaminated soil, EPS production is a
protective strategy for promoting the survival and growth of biofilm-forming bacteria. The
physiochemical properties and growth of plants can be improved using EPS-producing
PGPR strains [57]. Under stress and non-stress conditions, IAA is a multifunctional hor-
mone. IAA increases the growth and development of the plants. In addition, the production
of IAA promotes root elongation by heavy metal-tolerant PGPR strains and increases nu-
trient and water uptake, which directly enhances production and growth of associated
plants. IAA can also be used to reduce the toxic effects of heavy metals by increasing the
phytoextraction of Pb, Zn and Cd by enhanced shoot and root growth [58]. Application of
IAA enhanced the growth of Brassica juncea and Oryza sativa in Arsenic (As)-contaminated
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soils. In soil contaminated with lead (Pb), it was also observed that the root biomass of
Helianthus annulus increased using IAA. In swamp and non-swamp macrophytes, IAA
enhances the process of phytoremediation. Moreover, the formation of IAA reduces hydro-
gen peroxide absorption, controls the activity of defense enzymes activity and promotes
the carboxylation of proteins [59]. In industrially contaminated areas, the reduced growth
of plants is common due to higher concentrations of heavy metals whose toxic effects lower
the production of the necessary enzymes and inhibit the basic physiological processes
required for the plant growth. Under stress conditions, a large amount of ROS is produced,
which reduces cells’ metabolic activities and directly intercalates with the cellular mem-
branes and genetic makeup, inhibiting the growth and biomass of plants [60]. However,
PGPR strains eliminate the toxic effects of metals and enhance nutrients absorption from
metal-contaminated soil [49,61].

Phytoremediation is one of the most effective processes to clean nature from harmful
effects of metals using likable plants. Oxidative stress is caused by the excessive accumula-
tion of metals in plant tissues. In this way, the affected plant processes, such as alterations
in plants’ cellular homeostasis, result in harmful effects on the proper growth and develop-
ment of plants. Synchronizing the proper functioning of antioxidant enzymes that alleviate
cellular damage by restricting ROS is the only way to combat stress conditions. ROS are
inevitable byproducts of various abiotic stresses that are directly associated with cellular
metabolism. There are two phases of ROS: redox biology and oxidative stress. In redox
biology, small levels of ROS act as signaling molecules for the preservation of physiological
processes, whereas in oxidative stress, elevated level of ROS are produced in bursts when
triggered by some external stress that results in DNA, protein and lipid damage. How-
ever, the negative effects of oxidative stress can be overcome using antioxidant enzymes
produced by the inoculation of heavy metal-tolerant PGPR strains.

Under heavy metal stress conditions, previous researchers have observed a decreased
concentration of plant chlorophyll contents, photosynthetic pigments, fluctuations in
structural compounds and inhibition of gas exchange factors. This decrease in plant
chlorophyll content might be related to the chlorophyll activation, changes in key thylakoid
membrane components, their manifestation mechanism and changes in the ultrastructure
of proteins and DNA owing to ROS interference. [62]. In the current study, it was found
that combining S. sesban plants with PGPR strains such as B. xiamenensis and B. gibsonii
increased the plants’ chlorophyll content. The increase of the plants’ chlorophyll content
was confirmed by the organic minerals observed to be assembled and dissolved by the
PGPR strains [63], with nitrogen being the most essential ingredient of chlorophyll [64].
As a result, the chlorophyll content of the studied plants increased [65]. Higher levels of
chlorophyll facilitated plant growth and development, as evidenced by the fact that the
dry weight of PGPR-inoculated S. sesban plants increased with PGPR strains such as B.
xiamenensis and B. gibsonii [29,66]. Moreover, enhanced chlorophyll contents were examined
in the PGPR-inoculated plants [57]. Carotenoids may act as a photo-protective pigment.
In heavy metal stress condition, ROS inhibit carotenogenesis to produce carotenoids. A
decrease in carotenoids content has been previously specified in different plants under
different treatments [58,59]. Under stressed and non-stressed conditions, the carotenoid
content of S. sesban treated with PGPR strains was observed to be enhanced as compared
to non-inoculated stressed plants.

As a result of abiotic stress, ROS is produced. Under stress conditions, a balance must
be maintained between the formation and retrieval of ROS for the proper production of
plants. SOD, POD, catalase and proline play important roles in decreasing ROS accumula-
tion, preserving cell membrane integrity, removing malondialdehyde (MDA), preventing
lipids peroxidation and protecting the plant from the oxidation of cellular substances by
scavenging the ROS. In industrially contaminated soil, the inoculation of heavy metal-
tolerant PGPR in S. sesban such as B. xiamenensis and B. gibsonii increased the antioxidant
activity, including the SOD, POD and proline content, compared to nonimmunized plants.
In the current study, we observed that the inoculation of PGPR in stressed plants enhanced
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the antioxidant system in a very useful way, allowing the plant to overcome the destruc-
tive effects of heavy metals. Nowadays, the application of multivariate investigation has
gained significant importance in tracing possible trends and relationships among datasets,
as simple statistical analysis may not be enough to show significant differences among
different treatments. However, multivariate analysis separates these treatments based on
their overall effects on the different responses of variables [67].

Interaction between plants and microbes in heavy metal contaminated soil increases
the process of phytoremediation [68]. In heavy metal-contaminated soils, plants could be
protected from the injurious effects of metals by inoculation with PGPR strains that help
to clean the contaminated sites. Thus, in industrially contaminated soils, the toxicity of
metals could be overcome by the application of PGPR. The present work revealed that the
inoculation with heavy metal-tolerant PGPR strains, such as B. xiamenensis and B. gibsonii,
enhanced the process of phytoremediation in S. sesban plants to remediate the industrially
contaminated soil. This process of phytoremediation is a sustainable approach [44]. The
principal component analysis showed that all metrics showed a substantial association
(alpha = 0.05) in a biplot between chlorophyll contents and plant growth parameters. It
was observed that plant growth parameters, such as the chlorophyll content, fresh weight,
shoot length and root length, had a significant correlation. In addition, the dry weight,
carotenoids, chlorophyll and chlorophyll-a, all showed a linear relationship. Antioxidant
enzymes, such as SOD, POD and catalase, were considerably correlated with the soil
toxicity. All parameters presented in the same quadrat and showed a correlation with
each other.

5. Conclusions

The results showed that S. sesban’s growth, biomass, and photosynthetic pigments
were decreased upon its introduction into industrially contaminated soil. However, with
the inoculation of heavy metal-tolerant ACC-, IAA- and EPS-producing PGPR strains (B.
xiamenensis, B. gibsonii) alleviated the adverse effects of metals and enhanced the plant
growth and biomass. The increase in plant biomass and growth was associated with
decreased osmotic stress and increased antioxidant activities during PGPR inoculation.
Furthermore, heavy metal accumulation was higher in the bacterial inoculated plants
as compared to their uninoculated controls. The present research suggests that PGPR
strains can alter the toxicity of metals on S. sesban, which makes these strains excellent
candidates for the enhanced restoration of contaminated soils through bacterial-assisted
phytoremediation. The process of phytoremediation is eco-friendly and could be used to
reclaim the industrial soil from contaminants.
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