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Abstract: Chromium (Cr) is a toxic heavy metal discharged into the environment through various
anthropogenic sources, which affects soil properties and fertility. Hence, an effective soil restoration
strategy is the need of the hour. In this study, a potent Cr(VI)-reducing strain M2 was isolated from
the rhizosphere of Zea mays L. grown in leather industrial effluent contaminated sites and identified
as Bacillus flexus through 16S rDNA sequencing. Strain M2 exhibited strong tolerance to multi-stresses
such as temperature (up to 45 ◦C), pH (up to 9.0), Sodium chloride (NaCl) (up to 7%) and PEG 6000
(up to 50%) and showed strong Cr(VI) reduction with the presence of multi-stresses. The interaction
of Cr(VI) with strain M2 was elucidated through various instrumentation analyses. Fourier Transform
Infra-red (FTIR) Spectroscopy analysis confirmed that Cr(VI) exposures induce significant changes in
the cell-surface functional groups. Raman spectrum and Transmission Electron Microscopy–Energy
Dispersive X-ray spectroscopy (TEM-EDX) analysis confirmed the bio-reduction of Cr(VI) to Cr(III)
and their intracellular localization as Cr(III). Further, strain M2 produced a significant quantity of
Indole acetic acid (IAA), ammonia, and exopolysaccharide (EPS) and showed positive results for
various plant-growth-promoting activities with the presence of Cr(VI). In greenhouse experiments,
the strain M2 inoculation progressively increased the plant growth parameters and stabilized the
antioxidant system of Vigna radiata under Cr stress. However, Cr(VI) exposure decreased the growth
parameters and increased the level of proline content, Hydrogen peroxide (H2O2) accumulation, and
antioxidant enzymes expression in V. radiata. Interestingly, strain M2 inoculation significantly reduced
the accumulation of Cr in root and shoot of V. radiata when compared to the uninoculated Cr(VI)
treatment. Hence, this study confirms that rhizobacterial inoculation markedly reduced the negative
impact of Cr toxicity and improved V. radiata growth even in harsh environments by stabilizing the
mobility of Cr in the rhizosphere.

Keywords: chromium; rhizobacteria; plant growth promotion; antioxidant enzymes; Cr accumula-
tion; phytostabilization

1. Introduction

Heavy metal contamination in soil has emerged as a global threat due to its hazardous
effects on living organisms [1]. Among the heavy metals, chromium (Cr) is identified as a
priority contaminant by the United States Environmental Protection Agency (USEPA) [2].
Cr enters the environment through various anthropogenic activities such as leather tanning,
Cr electroplating, alloy preparation, wood preservation, etc. [3]. Chromium has several
oxidation states, but trivalent [Cr(III)] and hexavalent [Cr(VI)] are the more stable forms
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in the environment. Among these oxidation forms, Cr(III) is less toxic and an essential
supplement for glucose and lipid metabolism in living organisms at lower concentrations [4].
In contrast, Cr(VI) is more toxic and triggers intracellular reactive oxygen species (ROS) in
living organisms. Moreover, excess accumulation of Cr(VI) alters cellular structure by entering
into the cell through the membrane sulfate transport channels and consequently damages
cellular proteins, lipids, and DNA through methylation and histone modification [5]. In
addition, accumulation of Cr(VI) in agricultural soils results in crop production and microbial
activity loss by altering soil fertility [6]. Therefore, Cr(VI) removal from the contaminated
environment is necessary without causing any negative impact on the environment.

Conventionally, various physicochemical processes (ion exchange, electrochemical
method, solidification/stabilization, adsorption on activated carbon, reverse osmosis, pre-
cipitation, etc.) have been tested for Cr remediation. However, the significant disadvantages
of these methods are low efficiency with high operating costs, and they create toxic waste
sludge as secondary contamination into the environment [3]. In this circumstance, the
utilization of plant species (phytoremediation) for heavy metal remediation is an economi-
cal, safe, and eco-friendly strategy to remove Cr(VI) from contaminated sites. Previously,
various plant species have been used as an alternative method for the remediation of
Cr(VI) from contaminated sites. However, the phytoremediation process is not efficient
in the contaminated environment due to the multiple environmental stresses, including
temperature, pH, soil salinity, drought, etc. [7]. These complex multiple environmental
stresses significantly inhibit biochemical behaviors such as water and nutrient uptake,
photosynthetic and metabolic rate, enzyme activities, and cell membrane permeability of
the plants, which consequently decreases the growth and phytoremediation efficiency of
the plants [8]. So far, very few research attempts have been made to study the impacts
of multiple environmental stresses on plant growth and the phytoremediation efficiency
of various plants. Therefore, the adaptation of an efficient strategy that tolerates multiple
environmental stresses and promotes plant growth is urgently needed.

Therefore, improved phytoremediation efficiency under various abiotic stresses (heavy
metals, salts, and drought) has to be attained through the application of plant-growth-
promoting rhizobacteria (PGPR), which could considerably stimulate plant growth under
these harsh environments [9]. PGPR strains can promote plant growth by secreting various
plant growth promoting substances such as growth hormones, nutrient chelators (organic
acids and siderophores), hydrolytic enzymes, etc., which influence the plant growth directly
and indirectly under heavy metal stress [9]. These PGPR strains can survive in unfavorable
harsh environmental conditions by developing unique resistance mechanisms such as cell
membrane modification by the secretion of exopolysaccharides, efflux pump, synthesis
of heat shock proteins, osmoprotective compounds, etc. [10,11]. Among these, some
effective PGPR such as Pseudomonas sp., Bacillus gibsonii, B. xiamenensis, Staphylococcus
arlettae, Stenotrophomonas rhizophila, Agrobacterium fabrum, and Cellulosimicrobium funkie
have been reported earlier on Cr(VI) reduction [12–16]. However, so far, very few research
attempts have been made to study the effect of multi-environmental stresses such as
temperature, pH, salinity, and drought on the Cr(VI) reducing, plant growth promoting,
and phytostabilization ability of the PGPR. Hence, the present study is designed to (i) isolate
and characterize Cr(VI)-reducing multi-stress-tolerant PGPR strain, (ii) elucidate the Cr(VI)
reducing efficiency and mechanisms under multi-stress conditions and (iii) validate the
in vitro and in vivo plant-growth-promoting efficiency of the multi-stress-tolerant PGPR
strain under Cr(VI) stress.

2. Materials and Methods
2.1. Soil Sample Collection and Bacterial Isolation

Soil samples were collected from the rhizosphere of Zea mays L. grown in the tannery
effluent discharging sites of Manthaangal, Vellore District, Tamil Nadu, India (12.9489◦

N, 79.3355◦ E). The collected rhizospheric soil samples were subjected to physicochemi-
cal properties analysis (Table 1) and bacterial isolation. For rhizobacterial isolation, the
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collected soil samples were serially diluted and plated on Luria Bertani (LB) agar plates
amended with 1 mg/L of Potassium dichromate (K2Cr2O7). Based on the Cr(VI) tolerance,
an efficient Cr(VI) tolerant isolate M2 was screened and selected for further studies.

Table 1. Physicochemical properties of the garden and leather industrial effluent contaminated soil.

Properties Garden Soil Tannery Effluent
Contaminated Soil

Soil texture Soil mixed with clay and sand Grainy sand
pH 7.5 8.2

Moisture content 52.10 39.5
Electro conductivity (dsm−1) 1.2 6.8

Macro nutrients (kg/ha)
Nitrogen (N) 224 156

Phosphorous (P) 24 3.5
Potassium (K) 760 48

Heavy metals (mg/kg)
Chromium (Cr) BDL 21.2

Arsenic (As) BDL 3.2
Cadmium (Cd) 0.004 1.6

Nickel (Ni) 0.002 1.1
Note: BDL—Below detection limit.

2.2. Cr(VI) Reduction Assay

Cr(VI) reduction ability of the rhizobacterial isolate M2 was assessed with 100, 200 and
300 mg/L of Cr(VI) using the modified 1,5-diphenylcarbazide (DPC) method [17]. Further,
the effect of multi-stress conditions on the Cr(VI)-reducing efficiency of the strain M2 was
studied at different temperatures (20 to 45 ◦C), pH (4.0 to 9.0), NaCl concentrations (0 to
7%), and Polyethylene glycol (PEG) 6000 (0 to 50%).

2.3. Multi-Metal Tolerance and Antibiotic Resistance

The rhizobacterial isolate M2 was evaluated for its tolerance against various heavy
metal salts such as lead nitrate (PbNO3), cadmium chloride (CdCl2), nickel chloride (NiCl2),
copper sulfate (CuSO4), manganese chloride (MgCl2), and zinc sulfate (ZnSO4) on Yeast
extract mannitol agar (YEMA) medium, as described by Holt [18]. Inoculated plates were
inoculated at 37 ◦C for 72 h to observe growth. Further, the antibiotic resistance of the
rhizobacterial isolate M2 was determined by the disc diffusion method [19]. The antibiotic
discs (4 mm) of penicillin (10 mcg), erythromycin (10 mcg), methicillin (30 mcg), chlo-
ramphenicol (25 mcg), gentamicin (30 mcg), ciprofloxacin (30 mcg), vancomycin (10 mcg),
ampicillin (25 mcg), and amoxicillin (30 mcg) were placed on the plate after spreading of
the overnight grown M2 culture. Then, the plates were incubated at 35 ± 2 ◦C for 24 h to
measure the zone of inhibition.

2.4. Molecular Identification and Phylogenetic Analysis of the Rhizobacterial Isolate M2

Molecular identification of the selected rhizobacterial isolate M2 was carried out using
16S rDNA gene sequencing with a universal primer set (27F 5′-AGA GTT TGA TCC TGG
CTC AG-3′ and 1492R 5′-GGC TAC CTT GTT ACG ACT T-3′) using an automated DNA
sequencer (ABI 3730xl Genetic, Thermo Fisher Scientific, Waltham, MA, USA). For bacterial
identification, obtained sequences were aligned and analyzed through the BLASTn database
(https://blast.ncbi.nlm.nih.gov/Blast.cgi (accessed on 13 May 2020)) and a phylogenetic
tree was constructed using MEGA7 software [20].

2.5. Fourier Transform Infra-Red (FTIR) Spectroscopy, Raman Spectroscopy, and Transmission
Electron Microscopy–Energy Dispersive X-ray Spectroscopy (TEM-EDX) Analysis

Interaction of Cr(VI) with rhizobacterial cells was identified by FTIR spectroscopy.
Rhizobacterial M2 cells were grown in control and different concentrations of Cr(VI)
amended medium at 37 ◦C for 120 h. After incubation, control and Cr(VI)-treated M2 cells
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were pelleted by centrifugation at 8500 rpm for 10 min at 4 ◦C. The pellet was washed thrice
with 0.1 mM phosphate buffer (pH 7.0) to remove traces of water-soluble Cr(VI) [21] and
lyophilized at−40 ◦C and then powdered (Delvac Lyodel, Chennai, India). The lyophilized
powder was mixed with 2% potassium bromide (KBr) and compressed into translucent
discs using a manual hydraulic press. Scanning was performed between 400 cm−1 and
4000 cm−1 in an FTIR spectrometer (IRSpirit®, Shimadzu Corp™, Kyoto, Japan).

Cr(VI) reduction and localization by the rhizobacterial strain M2 were validated using
Raman spectroscopy and TEM-EDX analysis. The rhizobacterial strain M2 was inoculated
in LB broth with and without supplementation (300 mg/L) of Cr(VI) and incubated at
37 ◦C for 120 h. The incubated M2 culture was centrifuged at 8500 rpm for 10 min at 4 ◦C.
The obtained pellets were further subjected to Raman spectroscopy and TEM-EDX analysis.
For Raman spectroscopy, the pellets were lyophilized at −40 ◦C, without any further wash,
and subjected to obtain Raman spectrum (Horiba-Jobin, LabRAM HR, Kyoto, Japan), in
which Cr(VI) [K2Cr2O7] and Cr(III) [Cr2O3] were used as standard. For TEM-EDX analysis,
harvested bacterial pellets were washed thrice with 0.1 mM phosphate buffer (pH 7.0).
Then, the washed pellets were fixed overnight using 3% glutaraldehyde at 4 ◦C and post-
fixed in 1% osmic acid for 2 h. The samples were subsequently dehydrated with different
concentrations of ethanol (20, 40, 60, 80, 90, and 100%) for 10 min each. The dehydrated
samples were loaded in a copper grid and stained with uranyl acetate (5 min). Ultrathin
sections of 60–80 nm thickness were cut using ultramicrotome. These thin sections were
photographed using a TEM (JEOL 3010, Akishima, Japan) and the presence of chemical
elements in the control and 300 mg/L Cr(VI) treated bacterial pellets were studied with
EDX (Oxford instrument, Model no: 6636, Oxford, UK).

2.6. Plant-Growth-Promoting Ability of the Rhizobacterial Strain M2

The plant-growth-promoting efficiency of the rhizobacterial strain M2 was studied by
both quantitative and qualitative analysis with 0, 100, 200, and 300 mg/L of Cr(VI).

2.6.1. Indole Acetic Acid, Ammonia, and Exocellular Polysaccharide Production

Indole acetic acid (IAA) produced by the rhizobacterial strain M2 was quantitatively
analyzed with 25 and 50 µg/mL of L–tryptophan, under different Cr(VI) concentrations [22].
For estimation, 2 mL of Salkowski’s reagent (2% 0.5 M ferric chloride in 35% Perchloric acid)
was added to the cell-free supernatant of strain M2 and incubated in the dark for 30 min at
room temperature. The development of the pink color was measured at 530 nm using a
spectrophotometer (Systronics®, Thiruvananthapuram, India). Commercially purchased
pure IAA (HiMedia, Mumbai, India) was used as a standard.

Ammonia production by the rhizobacterial strain M2 was analyzed quantitatively [23].
Strain M2 was inoculated in the peptone water broth and incubated at 37 ◦C with shaking
at 200 rpm. After incubation, 0.5 mL of Nessler’s reagent was mixed with the supernatant
and the final volume was made up to 5 mL by the addition of sterile distilled water. The
yellowish orange color development was measured at 450 nm using a spectrophotometer.
Ammonium chloride was used as a standard.

Further, exopolysaccharide (EPS) production by the rhizobacterial strain M2 was
quantitatively analyzed as described by Mody et al. [24]. The rhizobacterial strain M2
was inoculated in 50 mL LB broth supplemented with 5% sucrose and incubated at 37 ◦C
for 120 h with shaking at 200 rpm. After incubation, the culture broth was centrifuged at
10,000 rpm for 20 min, and three volumes of ice-cold acetone were added to one volume of
the cell-free supernatant to precipitate the EPS. Precipitated EPS was subjected to alternate
wash with sterile distilled water and acetone. Then, it was transferred to a filter paper and
weighed after drying at room temperature.

2.6.2. Phosphate Solubilization, Siderophore, Catalase, Protease, Amylase,
and Lipase Production

Phosphate solubilization of the rhizobacterial strain M2 was assessed qualitatively
using Pikovskaya agar medium [25], which contains 0.5% of insoluble phosphate in the
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form of tricalcium phosphate (TCP) with bromothymol blue (0.05 g/L) as an indicator.
Siderophore production was qualitatively assessed by the chrome azurol sulphonate (CAS)
test [26]. Further, the rhizobacterial strain M2 was assessed for its catalase [23], protease [27],
amylase [28], and lipase [29] production through qualitative analysis.

2.7. Influence of the Strain M2 Inoculation on V. radiata Growth under Cr(VI) Stress

Healthy V. radiata (Co 6 variety) seeds were purchased from Tamil Nadu Agricultural
University, Coimbatore, Tamil Nadu, India. Soil samples collected from Periyar University
garden (the soil properties are listed in Table 1) served as control. The soil was sterilized by
steaming (120 ◦C for 1 h on three consecutive days) after being sieved (2 mm). The garden
soil was artificially contaminated with Cr(VI) (300 mg/kg) and left in a greenhouse for three
weeks to attain metal stabilization. The concentration of Cr(VI) (300 mg/kg) used in this
study was ten times higher than those found in tannery effluent contaminated soil (Table 1).
Seeds of V. radiata were surface sterilized in 2.5% sodium hypochlorite and 70% ethanol
for 3 min and rinsed several times with sterile distilled water. Then, the surface-sterilized
seeds were soaked in M2 culture (108 CFU/mL) for 3 h on a rotary shaker at 120 rpm.
The uninoculated sterilized seeds were soaked in sterile distilled water, which served as a
control. The inoculated and uninoculated seeds were sown in plastic pots (5 seeds/pot)
using different experimental conditions. The experimental conditions are: (1) V. radiata
(control soil), (2) V. radiata + Cr(VI) contaminated soil, (3) V. radiata + M2 inoculum, and
(4) V. radiata + Cr(VI) contaminated soil + M2 inoculum. Each treatment was performed
in triplicate. All the treated plants were watered on alternative days to maintain the soil
moisture level (70–80%). The seed germination percentage was recorded every 24 h for
7 days. After 30 days, plants were carefully removed from the pots, and root and shoot
lengths of the plants were measured immediately.

2.7.1. Estimation of Photosynthetic Pigments

Chlorophyll and carotenoid contents were measured using Arnon’s [30] method. For
the estimation of photosynthetic pigments, 500 mg of V. radiata leaves was homogenized
with 80% ice cold acetone and centrifuged for 5 min at 10,000 rpm. The supernatant was
measured at the optical densities at 663, 645, and 470 nm to calculate chlorophyll a, b, and
carotenoid, respectively. The concentrations of chlorophyll a and b, total chlorophyll, and
carotenoid were calculated using the equation described by Arnon [30].

Chlorophyll a (mg/g) = [(12.7(A663) − 2.69(A645)] × V/(1000 ×W) (1)

Chlorophyll b (mg/g) = [(22.9(A645) − 4.68(A663)] × V/(1000 ×W) (2)

Total chlorophyll (mg/g) = chlorophyll a + chlorophyll b (3)

Carotenoids (mg/g) = A470 + (0.114 × A663) − (0.638 × A645) × V/(1000 ×W) (4)

where A is absorbance, V is the final volume, and W is the fresh weight (FW).

2.7.2. Estimation of Proline and Hydrogen Peroxide Contents

Proline content was estimated using the acid ninhydrin method [31]. For estimation,
about 500 mg of tissue samples were homogenized with sulfosalicylic acid (3%) and
consequently filtered with filter paper (Whatman no. 1). After filtration, 2 mL of freshly
prepared 1% ninhydrin (w/v) in 50% glacial acetic acid (v/v) were added to the tissue
homogenate (2 mL) and placed in a boiling water bath for 1 h. Then, 4 mL toluene was
added to the root and shoot extract and absorbance of the reaction was recorded at 520 nm.
The total proline content was expressed as µmol/g of FW. The concentration of proline
from the filtrates was determined using L-proline as a standard.

Hydrogen peroxide (H2O2) was estimated using the method described by RoyChoud-
hury et al. [32]. Briefly, 250 mg of roots and leave tissues were macerated in 2 mL of 0.1%
(w/v) trichloroacetic acid (TCA) solution on ice and centrifuged at 12,000 rpm for 15 min.
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After centrifugation, 1 mL of 10 mM potassium phosphate buffer (pH 7.0) and 1 mL of 1 M
potassium iodide were added to 1 mL of supernatant, and the absorbance was measured at
390 nm. The level of H2O2 was calculated by plotting the OD values of the samples against
an H2O2 standard curve.

2.7.3. Antioxidant Enzymes Extraction from Roots and Leaves of V. radiata

About 500 mg of root and leaf tissues were homogenized in ice-cold 0.1 M phosphate
buffer (pH 7.5) containing 0.5 mM EDTA and 2% (w/v) polyvinylpolypyrrolidone (PVPP).
Further, homogenates were centrifuged at 4 ◦C for 15 min at 10,000 rpm. The supernatant
was used for antioxidant enzyme activities [33].

2.7.4. Estimation of Superoxide Dismutase, Catalase and Peroxidase Activities in V. radiata

Superoxide dismutase (SOD) (EC.1.15.1.1) activity was measured using the modified
Dhindsa et al. [34] method. The reaction mixture contained 1 mL of 50 mM phosphate buffer
(pH 7.8), 0.25 mL of 0.1 mM EDTA, 0.25 mL of 50 mM L-methionine, 0.25 mL of 100 µM
nitro blue tetrazolium (NBT), 0.25 mL of 10 µM riboflavin, and 100 µL of the enzyme extract.
The final volume was made up to 3 mL with distilled water. The reaction was initiated by
placing the tubes under light after adding riboflavin as the last component. After 15 min,
the reaction was terminated by removing the reaction tubes from the light source and OD
was recorded at 560 nm. Non-illuminated and illuminated reactions without supernatant
served as calibration standards. NBT inhibition (50%) corresponds to SOD one unit.

Catalase (CAT) (EC.1.11.1.6) was measured using the method described by Aebi
et al. [35]. The reaction mixture consists of 100 µL of the enzyme extract, 1.5 mL of 100 mM
phosphate buffer (pH 7.2), and 1 mL of 50 mM H2O2. The final volume was made up to
3 mL with distilled water. The CAT activity was measured by monitoring the decrease in
the absorbance from 0 to 3 min at 240 nm. The H2O2 decomposition rate was calculated
using the extinction coefficient of 39.4 mM−1 cm−1. One unit of CAT activity was defined
as the amount of enzyme required to decompose 1 µM of hydrogen peroxide/min/mg
protein under assay.

Peroxidase (POD) (EC.1.11.1.7) activity was measured as described by Castillo et al. [36].
The reaction mixture includes 100 µL of the enzyme extract, 1.5 mL of 50 mM phosphate
buffer (pH 6.1), 0.5 mL of 96 mM guiacol, and 0.5 mL of 10 mM H2O2. The final volume
was made up to 3 mL with distilled water, and the absorbance was recorded at 470 nm.
POD activity unit was defined as the change in absorbance for minutes, and the POD was
calculated using a molar extinction coefficient of peroxidase.

2.7.5. Analysis of Cr Accumulation in Plant Tissues

The accumulation of total Cr in root and leaves of V. radiata were analyzed using
Inductively Coupled Plasma Mass Spectrometry (ICP—MS, XSeries 2, Thermo Fisher
Scientific®, Waltham, MA, USA). For ICP—MS analysis, samples were powdered and
digested with HNO3–HClO4 (4:1). Digested samples were diluted for Cr estimation [37].

2.8. Statistical Analysis

All the experiments were conducted in triplicate, and data were subjected to a one-way
analysis of variance. Statistical analysis was conducted using a statistics package for social
science 20.0 (SPSS™, Chicago, IL, USA). The significant difference in value was considered
to be p < 0.05.

3. Results and Discussion
3.1. Cr(VI) Tolerance and Reduction Ability of the Rhizobacterial Strain M2

Cr(VI) toxicity significantly inhibits the growth of the rhizobacterial strain M2 in a
concentration-dependent manner. The maximum growth inhibition was observed with
300 mg/L concentration of Cr(VI) exposures, followed by 200 and 100 mg/L exposure,
respectively (Figure 1A). In the Cr(VI) reduction experiment, maximum Cr(VI) reduction



Agronomy 2022, 12, 3079 7 of 22

(94.35%) was observed with 100 mg/L concentration of Cr(VI), which was decreased
further to 74 and 58.20% with increasing 200 and 300 mg/L concentrations of Cr(VI),
respectively, at 37 ◦C for 120 h (Figure 1B). This observation indicated the microbial growth
and activity were inversely proportional to the Cr(VI) concentrations. This weakened
growth and Cr(VI)-reducing efficiency of the strain M2 could be due to the inhibitory
effect excreted by the Cr(VI) toxicity. Banerjee et al. [38] and Karthik et al. [21] also
reported that higher concentrations of Cr(VI) exposure could significantly inhibit the
enzymatic functions of microorganisms, which consequently affects the cell proliferation
and Cr reduction efficiency of the organisms. Furthermore, the microorganisms could be
affected by the interaction of short-lived intermediates [such as Cr(IV) and Cr(V)], ROS
such as superoxide radicals, and H2O2 with the bacterial DNA–protein complex under
higher Cr(VI) concentration [21]. Sobol and Schiestl [39] reported that Cr(VI) toxicity could
significantly damage the genetic material and inhibits the transcription process, which leads
to alteration in the growth and biochemical behavior of a bacterial cell during interaction
with Cr(VI).
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3.1.1. Effect of Temperature, pH, NaCl, and PEG on Cr(VI) Reduction

Different environmental parameters viz. temperature, pH, salinity, and drought sig-
nificantly influenced the growth and Cr(VI)-reducing ability of the bacterial strain. Strain
M2 tolerated a maximum temperature of up to 45 ◦C, pH up to 9.0, salinity up to 7%,
and drought up to 50%. Maximum reduction of Cr(VI) by the strain M2 was observed at
the temperature of 35 ◦C (91.68%), pH of 7.0 (94.35%), 5% NaCl (52.22%) and 30% PEG
(68.11%) (Supplementary Figures S1 and S2). However, the Cr(VI)-reducing efficiency of
the strain M2 decreased significantly with the increasing temperature, pH, salinity, drought,
as well as Cr(VI) concentrations. These results denoted that microbial growth and its
metabolic behaviors are interlinked and influenced by different environmental stimuli. The
decline in Cr(VI) reduction under increased temperature may be due to the denaturation of
the enzymes involved in Cr reduction affecting the ribosomal conformations and lower
temperature affecting the bacterial cell membrane by interrupting the intra and/or extra-
cellular transport system during substrate mobility into the microbial cell, which results
in loss of microbial growth [40]. Alteration in pH affects the enzymatic system of bacteria
via disturbing enzyme ionization that leads to loss of Cr reduction efficiency. The acidic
condition affects bacterial cell surface functional groups, and the alkaline condition results
in hydroxo–metal complexes with metal ions by replacing protons, as well as increases in
the bacterial logarithmic phase, which significantly reduce the removal rate of microor-
ganisms [41,42]. Similar to other stresses, at higher salt concentrations, the specific growth
rate as well as the Cr(VI)-reducing ability of bacteria starts to decrease. This may be due
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to the interference of sodium ions on microbial metabolic activity reducing the growth
rate and increasing the lag time [43]. In our study, the Cr reduction ability of the strain
M2 was affected at higher NaCl concentrations (6 and 7%) which indicated the higher
osmotic pressure altered the membrzane properties, which led to a decrease in molecular
and substrate transportation from media. Drought-stress-adapted rhizobacteria use their
metabolic resources for their survival strategies, such as dormancy, production of spore,
or osmolytes regulation instead of growth and turnover [44], and such activity may be
responsible for the decline in Cr(VI) reduction caused by the strain M2.

3.1.2. Multi-Metal Tolerance and Antibiotic Resistance of the Rhizobacterial Strain M2

Rhizobacterial strain M2 showed significant tolerance towards different heavy metals
such as Cr, Pb, Cd, Cu, Mn, and Zn. Moreover, strain M2 showed strong resistance towards
antibiotics such as methicillin, ampicillin, penicillin, erythromycin, and vancomycin, and
was sensitive to chloramphenicol, gentamicin, ciprofloxacin and amoxicillin (Table 2). This
observation indicates that such tolerance could be an adaptive mechanism of the strain M2,
to protect its essential cellular components from these multi-stress environmental condi-
tions. Such multiple ion resistance is due to the presence of plasmids containing single or
multiple genes that may also responsible for antibiotic resistance of the bacteria [45]. Ra-
jaram, [46] documented that the genetically linked metal and antibiotic resistance acquired
by plasmids and/or transposons can able to resist various toxic heavy metals and other
toxic chemicals.

Table 2. Multi-metal and antibiotic tolerance of the rhizobacterial strain M2.

Heavy Metals
Metal Concentration (µg/mL)

MIC (µg/mL)
250 500 750 1000 1250 1500 2000

Cr + + + + + + + 3000 *
Pb + + + - - - - 1000
Cd + + + + - - - 1250
Ni + + + + + + - 2000
Cu + + + + - - - 1250
Mn + + + + - - - 1250
Zn + + + + - - - 1250

Antibiotic Tolerance of the Rhizobacterial Strain M2

Antibiotic Concentration (mcg) Resistance/Sensitive

Penicillin 10 +
Erythromycin 10 +

Methicillin 30 +
Chloramphenicol 25 -

Gentamicin 30 -
Ciprofloxacin 30 -
Vancomycin 10 +
Ampicillin 25 +
Amoxicillin 30 -

Note: MIC—Minimum inhibitory concentration; ‘+’ resistance; ‘-’ sensitive. * Based on Cr tolerance assay.

3.2. Molecular Identification and Phylogenetic Analysis of the Rhizobacterial Strain M2

In order to identify the selected rhizobacterial strain M2 at species level, 16S rDNA
gene sequence analysis was performed. The gene sequence of strain M2 was aligned and
assessed using the basic local alignment search tool (BLAST). BLAST analysis revealed
that strain M2 showed up to 99% similarity with the rDNA sequence of Bacillus flexus
NR113800 at the National Center for Biotechnology Information (NCBI) database, and the
sequence of the strain M2 was submitted to GenBank and obtained unique accession num-
ber (MT459138). In order to identify the phylogenetic position of the identified sequence, a
phylogenetic tree was constructed using an unweighted pair group method with arithmetic
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mean (UPGMA) and NCBI obtained sequences in which E. coli (LC069032) was used as an
out group (Figure 2).
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3.3. FTIR, Raman Spectroscopy and TEM-EDX Analysis on the Rhizobacterial Strain M2

To identify the role of cell-surface functional groups for Cr(VI) interaction, FTIR
analysis was performed (Figure 3A). Various functional group changes were observed
in Cr(VI)-treated bacterial cells, indicating that the cell membrane of the strain M2 was
modified during the Cr(VI) exposure. Meanwhile, compared to control, Cr(VI)-treated
M2 cells showed significant shifts; the O-H stretch shifted from 3285 cm−1 to 3065 and
3064 cm−1, N-H stretch shifted from 2965 to 2930, 2939 and 2932 cm−1 at 100, 200, and
300 mg/L of Cr(VI) treatment. Similarly, C-O stretch of 1288 cm−1 shifted to 1238, 1220,
and 1238 cm−1, N–O stretch of 1539 cm−1 was shifted to 1548, 1539, and 1530 cm−1, S=O
stretch shifted to 1078 and 1070 cm−1, at 100, 200, and 300 mg/L of Cr(VI) treatment,
respectively (Figure 3A). The differences in the frequencies exerted by various functional
groups between Cr treated and untreated M2 cells may be due to the binding of Cr(VI) ion
on the cell-surface functional groups of the strain M2. The stretching vibrational modes
observed in the Cr(VI)-treated M2 cells are in line with some previous reports. For example,
the strong affinity of Cr to the cell surface was made evident by the vibrational stretch
modes occurring at the S=O, C=O, and C–Br groups [47]. Absorption peaks at C–O, C=C,
and C–H may be due to the changes in aromatic ester, alkyl aryl ether, and alkenes due to
Cr influx or efflux. The functional group changes in S=O stretch of sulfate and sulfoxide
noted in FTIR analysis on Cr(VI) treated cells are evidence that the bacterial adaptation
facilitated the entry of Cr through the sulfate transport system in its cell membrane [47].



Agronomy 2022, 12, 3079 10 of 22

Similarly, Jobby et al. [48] suggested that the stretch at 1288, 1238, and 1220 cm−1 could be
due to the production of exopolysaccharides by aromatic esters under Cr stress conditions.
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In general, Cr binds with bacterial cell surface through various functional groups such
as alkanes, hydroxyl, carboxyl, amines, amide, sulfonate, phosphonate, imidazole, carbonyl,
and phosphodiester, which are actively involved in Cr binding and adsorption. During the
interaction of Cr, changes in the cell surface may occur where Cr interaction takes place via
C- and O- based functional groups [21]. Cr interaction mostly takes place electrostatically
with–COOH and –OH groups, since they are negatively charged at alkaline pH and do not
interact with N–H, –CONH–, and C–NH2 groups due to their neutral charges at alkaline
pH [49,50]. In our study, various functional groups such as alkene, carboxyl, aldehyde,
hydroxyl, sulfate, alkyl aryl ether, and sulfoxide were shifted during Cr(VI) interaction
with the strain M2. New peak shift was observed at higher Cr concentration (300 mg/L)
at 1650 cm−1, which represents the δ-lactam functional group. This could be due to the
secretion of tightly bound exopolysaccharide that aids in stability maintenance of bacterial
cell membrane under Cr stress [49,51].

In order to confirm the Cr(VI) bioconversion ability of the strain M2, Raman spec-
troscopy was performed with the bacterially reduced product. The bacterially reduced
product showed a sharp characteristic peak around 600 cm−1, corresponding to the stan-
dard Cr2O3 (Figure 3B). This result helped us to conclude that bacterial strain M2 success-
fully reduced Cr(VI) into Cr(III) extracellularly. Previous reports on Bacillus sp. [52,53] also
evidenced the extracellular Cr(VI) to Cr(III) reduction. Such extracellular Cr(VI) reduction
takes place through various extracellular reductases which are mediated by various func-
tional groups and membrane-reducing proteins. The binding and reduction of Cr(VI) is
facilitated by cell-surface electronegative functional groups, such as carboxyl and amino
groups [54]. After the binding of Cr(VI) to the cell surface, the reduction reaction is medi-
ated by NADH-dependent reductases where the NADH in the cell membrane acts as an
electron donor [49]. Reduced Cr(III) interacts with the cell surface via functional groups
including carboxyl, amino, and hydroxyl groups, etc., through protonic exchange (H+)
reaction [52,55], and it enters into the bacterial cell via the sulfate pathway and accumulates
in bacterial cytoplasm [56].

Further, intercellular accumulation of reduced Cr(III) was visualized through TEM-
EDX analysis. Cr-treated rhizobacterial cells showed a noticeable intracellular accumulation
of dense metal particles compared to the control cell (Figure 4A,B). These results confirmed
that strain M2 could accumulate Cr(III) through intracellular localization. Our study
is in line with the previous reports demonstrated using Methylococcus capsulatus [57],
Escherichia coli K-12 [58], Sinorhizobium sp. [48], and Bacillus sp. M6 [59] for intracellular Cr
accumulation.

These instrumentation analyses conclude that rhizobacterial strain M2 bio-transforms
the Cr(VI) into Cr(III) through extracellular reducing mechanisms. This conversion may
occur through seven possible steps: (1) Cr(VI) binding to bacterial cell membrane ATP-
binding cassette and initiation of reduction by NADH by sharing one electron; (2) NADH-
dependent reductases act on Cr(VI). Release of H+ ions takes place during this reaction;
(3) conversion of Cr(VI) to Cr(III) through NADH by sharing two electrons; (4) reduced
Cr(III) ions on the extra cellular region; (5) intra cellular transport of Cr(III) facilitated by
ATP-binding cassette and Nramp transporters; (6) intracellular accumulation of Cr(III)
and (7) excess Cr(III) efflux through cation diffusion facilitators, P-type ATPases, tripartite
resistant-nodulation cell division (RND) transporters [49].
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3.4. Plant-Growth-Promoting Activities of the Rhizobacterial Strain M2 under Cr Stress
3.4.1. Indole Acetic Acid, Ammonia, and EPS Production

Indole acetic acid synthesized by PGPR plays a vital role in root growth and develop-
ment. In this study, strain M2 produced a considerable quantity of IAA with the presence of
different L-tryptophan and Cr(VI) concentrations. Under the Cr(VI)-free control condition,
strain M2 secreted 38.82 and 29.85 µg/mL of IAA with 50 and 25 µg/mL of L-tryptophan
supplementation, respectively. However, Cr(VI) toxicity significantly reduced the IAA
production by 5.64, 45.70, and 76.13% under 100, 200, and 300 mg/L Cr(VI) concentrations,
respectively (Table 3). These results conclude that the rhizobacterial strain M2 also follows
the tryptophan-dependent pathway by confirming that the strain M2 produces IAA by
utilizing the indole moiety from tryptophan, as a vital precursor compound, as well as
Cr toxicity, which affects the pathway directly by interfering with bacterial tryptophan
biosynthesis. This could be the reason behind the sudden decline in IAA production by the
strain M2 under higher 300 mg/L concentration. Phytohormones enhance the growth and
physiological processes of plants. IAA synthesized from bacteria could directly influence
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plants by stimulating cell elongation and division, resulting in enhanced root growth.
Primary root growth is stimulated at lower IAA concentration. In contrast, lateral and
adventitious root formation is induced by higher IAA concentration [60]. By modulating
different concentrations of IAA, the PGPR regulates their host plant survival under heavy
metal stress [16].

Table 3. Plant growth-promoting activities of the rhizobacterial strain M2 with the presence and
absence of Cr(VI).

Cr(VI)
Conc.

(mg/L)
P a Solubi-

lization
Siderophore Catalase Protease Amylase

Lipase IAA
Ammonia
(µg/mL)

EPS
(µg/mL)TBA b T20 c 25T

(µg/mL)
50T

(µg/mL)

0 +++ ++ +++ +++ +++ +++ +++ 29.85 ± 1.27 b 38.82 ± 1.07 a 59.3 ± 3.64 a 21.24 ± 2.10 e

100 +++ +++ +++ +++ +++ +++ +++ 19.85 ± 1.26 e 36.63 ± 1.30 a 45.7 ± 1.71 b 38.22 ± 2.91 c

200 ++ +++ ++ ++ ++ + ++ 18.53 ± 1.55 e 21.10 ± 1.13 d 36.59 ± 2.18 c 56.75 ± 3.18 a

300 + + + ++ + + + 7.21 ± 1.50 e 9.26 ± 1.04 e 29.81 ± 1.94 c 49.75 ± 3.70 b

Note: ‘+++’ indicates high activity; ‘++’ indicates moderate activity; ‘+’ low activity. Results are presented as
mean of triplicates ± SE. Different lowercase letters above table indicate significant difference (p < 0.05) between
members in the group. a P—Phosphate, b TBA—Tributyrin agar, c T20—Tween 20, T—Tryptophan.

Ammonia production by strain M2 was quantitatively evaluated with both the
presence and absence of Cr(VI). The rhizobacterial strain M2 produced 59.3 µg/mL of
ammonia in the absence of Cr(VI), which declined by 45.7, 36.59, and 29.81 µg/mL in
the presence of 100, 200, and 300 mg/L concentrations of Cr(VI), respectively (Table 3).
PGPR can indirectly enhance the bioavailability of nitrogen to plants by increasing
the root surface area. In our study, Cr induced decline in ammonia production is
due to the inhibition of metabolic pathways involved in the denitrification process
under Cr stress [61–63]. However, the rate of ammonia production under higher Cr
concentration (300 mg/L) is not much affected by Cr toxicity, and this might be due to
the assimilation of ammonia during amino acid biosynthesis. During the phenomenon,
the excess proton H+ is released into the cytoplasm of the bacterial cell that acidifies the
medium surrounding. This facilitates microbial survival, as well as stability in ammonia
production during heavy metal stress, and the proton excretion aids the dissolution of
insoluble phosphates [64].

In contrast with other plant-growth-promoting activities, EPS production by strain
M2 was increased in a Cr(VI)-concentration-dependent manner. Strain M2 produced
27.24 µg/mL of EPS at control condition; whereas, in the presence of 100, 200, and
300 mg/L of Cr(VI), the production of EPS was found to be increased to 44, 63, and
57%, respectively (Table 3). An increase in EPS production under Cr stress could be
a primary defense mechanism of the bacterial cells to the Cr toxicity [65]. Excessive
production of EPS under Cr(VI) stress denotes that the bacteria mediated an innate
protection mechanism to mask the toxic effects of Cr while growing in a stressed envi-
ronment [9]. Moreover, osmoregulation and ion transport in the rhizosphere region are
mainly mediated by EPS produced by PGPR that play an important role in plant growth
stimulation. It also provides stability to soil aggregate with plant roots by enhancing soil
organic content [66].

3.4.2. Phosphate Solubilization, Siderophore, Catalase, Protease, Amylase,
and Lipase Production

The rhizobacterial strain M2 showed positive results for phosphate solubilization with
the presence and absence of Cr(VI) (Table 3). Most plants do not utilize phosphate from the
soil directly. In such conditions, PGPR facilitates the P availability at the rhizosphere by
secreting various enzymes (C–P lyases, phosphatases, and phosphonates) and organic acids
(gluconic acid, citric acid, and lactic acid) [67], which could enhance the plant growth by
providing sufficient P at rhizosphere [68]. Such enzymatic reactions convert the insoluble
phosphates into available forms through exchange reactions, chelation, acidification, and
release of mineral dissolving or complexing compounds (e.g., hydroxyl ions, protons,
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organic acid anions, and CO2). This leads to the formation of heavy metals–phosphate
complexes on bacterial cell wall, where the solubilized P enhances the heavy metal uptake
and translocation [69].

Siderophore production by the rhizobacterial strain M2 was not affected by the
Cr(VI) toxicity (Table 3). Siderophore secreting PGPR exhibits essential function on
plant growth and development, thereby facilitating the solubility and uptake of iron
and other essential micronutrients, as well as hindering the mobility of toxic heavy met-
als [70]. For example, siderophore produced by Pseudomonas and Streptomyces increased
the availability of Cr, Pb, and other heavy metals, as well as promoting alleviation of
heavy-metal-induced oxidative stress in various plants [71–73]. Rhizobacterial strain
M2 showed positive results for catalase, protease, amylase and lipase production with
the presence and absence of Cr(VI) stress (Table 3). Bacterially synthesized hydrolytic
enzymes play a vital role in pathogen biocontrol, organic matter decomposition, as well
as nutrient recycling at rhizosphere. Previously, Goswami and Deka [74] observed that
inoculation of rhizobacterial strains inhibits the growth and multiplication of soil-borne
pathogens (Colletotrichum gloeosporioides, C. gloeosporioides, Corynespora cassiicola,
Fusarium verticillioides, and F. oxysporum) and enhanced the growth of Mustard. Hy-
drolytic enzymes produced by the PGPR strains catalyze various reactions, such as
condensation and alcoholysis [75]. Moreover, these microbial enzymes significantly
influence the seed germination rate of the host plants [76].

3.5. Effect of the Rhizobacterial Strain M2 and Cr(VI) on V. radiata Growth and
Antioxidant Response
3.5.1. Effect of Strain M2 and Cr(VI) on Seed Germination, Root and Shoot Length of
V. radiata

In the greenhouse experiment, Cr(VI) toxicity significantly reduced the plant growth
parameters viz seed germination rate by 70.5%, shoot length by 40.36%, and root length by
67.71% (Table 4). This reduced seed germination rate could be due to the repressive effect
exerted by Cr(VI) toxicity inhibiting the secretion of amylase, protease, ribonuclease, etc.,
involved in seed coat breakdown, and also by restricting the sugar supply to developing
embryos [77,78]. Moreover, Cr(VI) toxicity potentially arrests the root cell division and
elongation by decreasing the mitotic index, which consequently affects plant growth by
damaging root tips, thereby restricting water and nutrient absorption and their transporta-
tion to aerial plant parts [79]. Previous studies have reported that Cr(VI) inhibits/reduces
the germination, root, and shoot development in plants such as Lycopersicon esculentum [80],
Oryza sativa [81], Sorghum bicolor [82], and Phaseolus vulgaris [83]. On the other hand, rhi-
zobacterial inoculation significantly enhanced the growth traits of V. radiata in the presence
and absence of Cr(VI) toxicity. Strain M2 inoculation enhanced the seed germination rate
(2%), root (69.80%), and shoot length (15.71%) of V. radiata compared to the uninoculated
plants. These results demonstrate that rhizobacterial strain M2 inoculation positively in-
fluences the V. radiata growth directly, by producing plant-growth-promoting substances,
and indirectly, by reducing the toxicity effect of Cr(VI) in the rhizospheric region. Previous
studies also reported the positive synergistic effect of PGPR on the growth of V. radiata
under heavy metals stress [84,85].
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Table 4. Effect of Cr(VI) and the rhizobacterial strain M2 on seed germination, growth, and pigments
of V. radiata.

Treatment
Seed

Germination
(%)

Root Length
(cm)

Shoot Length
(cm)

Pigments (mg/g F.W)

Chlorophyll a Chlorophyll b Total
Chlorophyll Carotenoids

Control 95 8.61 ± 1.15 a 27.18 ± 1.44 a 51.15 ± 1.29 a 23.11 ± 1.44 a 74.26 ± 2.73 a 10.45 ± 1.28 a

Cr(VI) 28 2.78 ± 1.38 b 16.21 ± 1.18 b 24.34 ± 1.48 b 10.28 ± 1.45 b 34.62 ± 2.93 b 3.86 ± 1.35 b

M2 97 14.62 ± 1.50 c 31.45 ± 1.60 c 55.14 ± 1.68 c 26.74 ± 1.60 c 86.88 ± 3.28 c 17.51 ± 1.39 c

M2+ Cr(VI) 90 12.44 ± 1.29 c 25.85 ± 1.35 a 48.75 ± 2.05 a 23.05 ± 1.65 a 71.80 ± 3.70 a 9.29 ± 1.52 a

Note: Results are presented as mean of triplicates ± SE. Different lowercase letters above table indicate significant
difference (p < 0.05) between members in the group.

3.5.2. Effect of the Strain M2 and Cr(VI) on Chlorophyll and Carotenoid Contents of
V. radiata

Total chlorophyll and carotenoid contents of V. radiata leaves were significantly affected
by 53 and 63%, respectively, under Cr(VI) stress (Table 4). Chromium toxicity leads to
ROS generation, which causes photoinhibition and photo-oxidative damages in V. radiata
chloroplasts, which results in a decrease in photosynthetic pigments [86]. The interference
of heavy metal ions in the chloroplast membrane affects the Calvin cycle, which alters
the rate of photosynthesis by inhibiting photosynthetic pigments. Further, it may cause
photosynthesis impairment to prevent the damages from metal stress and restricts light-
harvesting activity. Interestingly, rhizobacterial inoculation increased the total chlorophyll
and carotenoid contents by 15 and 40%, respectively, even in the presence of Cr(VI) stress.
Some of the earlier studies on Linum usitatissimum and Cicer arietinum showed that Cr(VI)-
affected photosynthetic pigments were improved by PGPR inoculation [87,88].

3.5.3. Effect of the Strain M2 and Cr(VI) on Proline and H2O2 Contents of V. radiata

Proline is essential to maintain cellular osmolarity under heavy metal stress. During
metal detoxification in plants, it is also effectively involved in mitigating the ROS-induced
oxidative damage [89] and acts as an indicator of environmental stresses [90,91]. In our
study, proline and H2O2 contents were found to be higher in Cr(VI) treatment compared
to control plants (Figure 5A,B). Chromium treatment significantly increased the proline
content by 6.01 and 11.14 mg/g FW and H2O2 content by 66.91 and 84.17 µmol/g FW in
roots and leaves of V. radiata, respectively. Chromium-induced proline level in plants facili-
tates protection through osmotic adjustment; scavenging ROS; redox buffer for reductants
(NADH and NADPH); acts as a source of energy for reductants; and links major key path-
ways associated with abiotic stress management mechanisms. Under Cr(VI) stress, with
the help of free redox active Cr ions, highly toxic OH radicals are raised by H2O2 through
Fenton and Haber–Wiess reactions. Such H2O2 acts as a primary messenger molecule for
ROS to transmit a signal by oxidizing a target molecule [92]. Chromium-induced proline
and H2O2 levels have been reported in different plant species, such as Capsicum annum,
Medicago sativa, Brassica oleracea L., and Zea mays L. exhibited a high concentration of proline
under Cr(VI) stress [93–96]. Interestingly, inoculation of the rhizobacterial strain M2 under
Cr(VI) treatment decreased the proline content by 3.08 and 7.66 mg/g FW and H2O2 content
by 42.83 and 62.83 µmol/g FW significantly in roots and leaves of V. radiata, respectively.
This positive regulation of proline and H2O2 could be mediated by the rhizobacterial strain
M2, which interferes with H2O2 signaling cascade by controlling the level of SOD, CAT,
and POD under Cr(VI) stress.
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3.5.4. Effect of the Strain M2 and Cr(VI) on the Activity of SOD, CAT, and POD in V. radiata

Chromium treatment markedly affected antioxidant enzymatic activities in roots and
leaves of V. radiata, (Figure 5C–5E). The activity of SOD was found to be 130.01, and 185.60
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U/mg of protein in Cr(VI)-treated roots and leaves of V. radiata, respectively. Similarly,
CAT (116.11 and 178.98 U/mg of protein) and POD (126.72 and 169.93 U/mg of protein)
enzymes’ activities also exhibited their increase compared to control. Increased SOD
activity scavenges superoxide radical and converted superoxide anion (O2

−•) to H2O2
on Cr treatment. Such increased antioxidant enzymes might be due to the higher Cr
accumulation in V. radiata grown in Cr-treated soil (Table 5). Generated H2O2 is eradicated
by CAT and POD through photorespiration, purine catabolism, and β-oxidation of fatty
acids [97] by preventing the diffusion of H2O2 from the cytosol [98]. Previous studies also
reported an increase in antioxidant enzymes (SOD, CAT, and POD) in Capsicum annum L.,
Brassica oleracea botrytis L., and Zea mays L. under Cr(VI) stress [94,96]. Overproduction of
ROS during Cr toxicity inhibits plant mitochondrial activity and interferes with electron
transfer to NADH and NADPH-dependent systems. Such inhibition results in the increase
in H2O2 that leads to elevation of free radical metabolism, which negatively impacts cellular
metabolic activities. For instance, in various cell sites, escorting the accommodation of
oxidative burst could be indirectly facilitated by non-enzymatic lipid peroxidation [13].
However, inoculation of the strain M2 along with Cr(VI) positively regulated the expression
of SOD (80.7 and 129 U/mg of protein), CAT (82.28 and 115.79 U/mg of protein), and
POD (58.74 and 132.90 U/mg of protein) in roots and leaves of V. radiata. Inoculation of
the rhizobacterial strain M2 alleviated the oxidative stress caused by Cr(VI) toxicity and
controlled the level of SOD, CAT, and POD production in roots and leaves of V. radiata
(Figure 5C–E). This positive effect may be attributed to the ability of the rhizobacterial
strain M2 to provide balanced nutrition and a stress-free environment to the host plant
under Cr toxicity [99].

Table 5. Chromium concentrations in V. radiata tissues with and without inoculation of the rhizobac-
terial strain M2.

Treatment

Chromium Accumulation (mg/kg)

1st Week 2nd Week 3rd Week 4th Week

Root Shoot Root Shoot Root Shoot Root Shoot

Control BDL BDL BDL BDL BDL BDL BDL BDL
Cr(VI) 80.15 d 22.73 e 104.25 c 42.17 e 185.14 b 59.52 e 230.19 a 65.82 d

M2 BDL BDL BDL BDL BDL BDL BDL BDL
M2+ Cr(VI) 5.95 e 3.89 e 17.08 e 8.25 e 48.69 e 23.11 e 80.48 d 38.94 e

Note: BDL—Below detection limit; different lowercase letters above table indicate significant difference (p < 0.05)
between members in the group; BDL—below detectable limits.

3.5.5. Effect of the Strain M2 Inoculation of Cr Accumulation

Further, Cr phytostabilization ability of the rhizobacterial strain M2 was assessed
through ICP—MS analysis. The maximum Cr accumulation was noticed in uninoculated
Cr(VI) treated plants. In contrast, rhizobacterial inoculation significantly reduced the
accumulation of Cr in both roots and shoots of V. radiata. The metal accumulation in roots
and shoots was found to be reduced by 65.03% and 40.83% with M2 strain inoculation,
respectively (Table 5). This observation indicates that the supplementation of M2 strain
reduced Cr accumulation in V. radiata by reducing its bioavailability at the rhizosphere.
In general, rhizobacterial strains have the ability to restrict the metal mobility at the
rhizosphere by entrapping them with cell-surface polymeric substances, consequently
making them unavailable to the plants [100]. Some previous reports on PGPR-mediated
alleviation of Cr and Cd in Lycopersicon esculentum and Oryza sativa showed that the
inoculation of PGPR reduced the heavy metal accumulation in the mentioned plants via
metal entrapment and immobilization [80,100,101]. While comparing the translocation
efficiency of V. radiata from root to the aerial tissues, roots were found to accumulate higher
Cr (71.40 and 51.61%) and poorly translocate to the aerial tissues in both uninoculated and
inoculated treatments.
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4. Conclusions

Agricultural activities in heavy-metal-contaminated regions need special attention
in terms of strengthening crop productivity and management. Since there are many on-
going research studies on PGPR-associated Cr toxicity management in agricultural crops,
there is a scarcity in understanding of the impact of multiple environmental stressors on
PGPR-assisted Cr remediation. In this study, we have characterized a potential multi-
stress-tolerant rhizobacterial strain B. flexus M2, for its potential to reduce Cr(VI), under
different temperatures (45 ◦C), pH (9.0) and NaCl (7%) and drought conditions. Further-
more, instrumentation analysis provided evidence for the intra and extracellular Cr(VI)
reduction ability of strain M2. Chromium-induced toxicity has not affected the plant
growth promoting activities of the strain M2 and positively regulated the growth and Cr
accumulation in V. radiata. Based on our results, we suggest that the application of B. flexus
M2 can be considered a potent phytostabilization agent for controlling Cr entry in the food
chain, and it will be a better alternative biofertilizer for crop production in multiple harsh
environmental conditions.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy12123079/s1, Figure S1: (A) Temperature tolerance
by the rhizobacterial strain M2; influence of different temperatures on Cr(VI) reduction by the
rhizobacterial strain M2 (B) Cr(VI) 100 mg/L, (C) Cr(VI) 200 mg/L, and (D) Cr(VI) 300 mg/L; (E)
pH tolerance by the rhizobacterial strain M2; influence of different pH on Cr(VI) reduction by the
rhizobacterial strain M2 (F) Cr(VI) 100 mg/L, (G) Cr(VI) 200 mg/L, and (H) Cr(VI) 300 mg/L; Figure
S2: (A) NaCl tolerance ability of the rhizobacterial strain M2; influence of different NaCl concentration
on Cr(VI) reduction by the rhizobacterial strain M2 (B) Cr(VI) 100 mg/L, (C) Cr(VI) 200 mg/L and (D)
Cr(VI) 300 mg/L; (E) PEG tolerance ability of the rhizobacterial strain M2; influence of different PEG
concentration on Cr(VI) reduction by the rhizobacterial strain M2 (F) Cr(VI) 100 mg/L, (G) Cr(VI)
200 mg/L and (H) Cr(VI) 300 mg/L.
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50. Şahin, Y.; Öztürk, A. Biosorption of chromium(VI) ions from aqueous solution by the bacterium Bacillus thuringiensis. Process
Biochem. 2005, 40, 1895–1901. [CrossRef]

51. Gilmore, M.E.; Bandyopadhyay, D.; Dean, A.M.; Linnstaedt, S.D.; Popham, D.L. Production of muramic delta-lactam in Bacillus
subtilis spore peptidoglycan. J. Bacteriol. 2004, 186, 80–89. [CrossRef]

52. Tan, H.; Wang, C.; Zeng, G.; Luo, Y.; Li, H.; Xu, H. Bioreduction and biosorption of Cr(VI) by a novel Bacillus sp. CRB-B1 strain. J.
Hazard. Mater. 2020, 386, 121628. [CrossRef]

53. Zhu, Y.; Yan, J.; Xia, L.; Zhang, X.; Luo, L. Mechanisms of Cr(VI) reduction by Bacillus sp. CRB-1, a novel Cr(VI)-reducing
bacterium isolated from tannery activated sludge. Ecotoxicol. Environ. Saf. 2019, 186, 109792. [CrossRef]

54. Cheung, K.H.; Gu, J.-D. Mechanism of hexavalent chromium detoxification by microorganisms and bioremediation application
potential: A review. Int. Biodeterior. Biodegrad. 2007, 59, 8–15. [CrossRef]

http://doi.org/10.3389/fmicb.2015.01450
http://www.ncbi.nlm.nih.gov/pubmed/26733985
http://doi.org/10.1104/pp.24.1.1
http://www.ncbi.nlm.nih.gov/pubmed/16654194
http://doi.org/10.1007/BF00018060
http://doi.org/10.1007/s00299-007-0371-2
http://doi.org/10.15835/nbha351251
http://doi.org/10.1093/jxb/32.1.93
http://doi.org/10.1104/pp.74.4.846
http://doi.org/10.1016/j.chemosphere.2003.09.045
http://doi.org/10.1016/j.jhazmat.2018.12.038
http://www.ncbi.nlm.nih.gov/pubmed/30594722
http://doi.org/10.1002/em.20679
http://www.ncbi.nlm.nih.gov/pubmed/22020802
http://doi.org/10.1016/j.jenvman.2018.03.077
http://www.ncbi.nlm.nih.gov/pubmed/29597108
http://doi.org/10.1016/j.ecoleng.2014.08.005
http://doi.org/10.1007/s13205-016-0560-1
http://doi.org/10.1016/0141-0229(94)00011-F
http://doi.org/10.3390/agronomy12010189
http://doi.org/10.4236/abb.2014.58085
http://doi.org/10.3390/ijerph17176013
http://doi.org/10.1371/journal.pone.0219387
http://doi.org/10.1016/j.jenvman.2021.112279
http://doi.org/10.1016/j.procbio.2004.07.002
http://doi.org/10.1128/JB.186.1.80-89.2004
http://doi.org/10.1016/j.jhazmat.2019.121628
http://doi.org/10.1016/j.ecoenv.2019.109792
http://doi.org/10.1016/j.ibiod.2006.05.002


Agronomy 2022, 12, 3079 21 of 22

55. Raman, N.M.; Asokan, S.; Shobana Sundari, N.; Ramasamy, S. Bioremediation of chromium(VI) by Stenotrophomonas maltophilia
isolated from tannery effluent. Int. J. Environ. Sci. Technol. 2018, 15, 207–216. [CrossRef]

56. Thatoi, H.; Das, S.; Mishra, J.; Rath, B.P.; Das, N. Bacterial chromate reductase, a potential enzyme for bioremediation of hexavalent
chromium: A review. J. Environ. Manag. 2014, 146, 383–399. [CrossRef]

57. Enbaia, S.; Eswayah, A.; Hondow, N.; Gardiner, P.H.E.; Smith, T.J. Detoxification, Active Uptake, and Intracellular Accumulation
of Chromium Species by a Methane-Oxidizing Bacterium. Appl. Environ. Microbiol. 2021, 87, e00947-20. [CrossRef]

58. Villagrasa, E.; Bonet-Garcia, N.; Solé, A. Ultrastructural evidences for chromium(III) immobilization by Escherichia coli K-12
depending on metal concentration and exposure time. Chemosphere 2021, 285, 131500. [CrossRef] [PubMed]

59. Li, M.; He, Z.; Hu, Y.; Hu, L.; Zhong, H. Both cell envelope and cytoplasm were the locations for chromium(VI) reduction by
Bacillus sp. M6. Bioresour. Technol. 2019, 273, 130–135. [CrossRef] [PubMed]

60. Glick, B.R. Plant Growth-Promoting Bacteria: Mechanisms and Applications. Scientifica 2012, 2012, 963401. [CrossRef] [PubMed]
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