
����������
�������

Citation: Patel, M.; Patel, K.;

Al-Keridis, L.A.; Alshammari, N.;

Badraoui, R.; Elasbali, A.M.; Al-Soud,

W.A.; Hassan, M.I.; Yadav, D.K.;

Adnan, M. Cadmium-Tolerant Plant

Growth-Promoting Bacteria

Curtobacterium oceanosedimentum

Improves Growth Attributes and

Strengthens Antioxidant System in

Chili (Capsicum frutescens).

Sustainability 2022, 14, 4335.

https://doi.org/10.3390/su14074335

Academic Editors: Subhan Danish,

Muhammad Arif Ali, Shah Fahad,

Valerie Vranová and Rahul Datta

Received: 17 February 2022

Accepted: 1 April 2022

Published: 6 April 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

sustainability

Article

Cadmium-Tolerant Plant Growth-Promoting Bacteria
Curtobacterium oceanosedimentum Improves Growth Attributes
and Strengthens Antioxidant System in Chili
(Capsicum frutescens)
Mitesh Patel 1,2 , Kartik Patel 1, Lamya Ahmed Al-Keridis 3, Nawaf Alshammari 4, Riadh Badraoui 4,5 ,
Abdelbaset Mohamed Elasbali 6 , Waleed Abu Al-Soud 7,8 , Md Imtaiyaz Hassan 9 ,
Dharmendra Kumar Yadav 10,* and Mohd Adnan 4,*

1 Bapalal Vaidya Botanical Research Centre, Department of Biosciences, Veer Narmad South Gujarat University,
Surat 395007, India; patelmeet15@gmail.com (M.P.); patelk072@gmail.com (K.P.)

2 Department of Biotechnology, Parul Institute of Applied Sciences, Centre of Research for Development,
Parul University, Vadodara 391760, India

3 Department of Biology, College of Science, Princess Nourah Bint Abdulrahman University,
Riyadh P.O. Box 84428, Saudi Arabia; laalkeridis@pnu.edu.sa

4 Department of Biology, College of Science, University of Hail, Hail P.O. Box 2440, Saudi Arabia;
naib.alshammari@uoh.edu.sa (N.A.); badraouir@yahoo.fr (R.B.)

5 Section of Histology-Cytology, Medicine Faculty of Tunis, University of Tunis El Manar, La Rabta,
Tunis 1007, Tunisia

6 Department of Clinical Laboratory Science, College of Applied Sciences-Qurayyat, Jouf University,
Al-Jouf P.O. Box 2014, Saudi Arabia; aeelasbali@ju.edu.sa

7 Department of Clinical Laboratory Sciences, Faculty of Applied Medical Sciences, Jouf University,
Sakaka P.O. Box 2014, Saudi Arabia; wabualsoud@ju.edu.sa

8 Health Sciences Research Unit, Jouf University, Sakaka P.O. Box 2014, Saudi Arabia
9 Centre for Interdisciplinary Research in Basic Sciences, Jamia Millia Islamia, Jamia Nagar,

New Delhi 110025, India; mihassan@jmi.ac.in
10 College of Pharmacy, Gachon University of Medicine and Science, Hambakmoeiro, Yeonsu-gu,

Incheon City 21924, Korea
* Correspondence: dharmendra30oct@gmail.com (D.K.Y.); drmohdadnan@gmail.com (M.A.)

Abstract: The remediation of potentially toxic element-polluted soils can be accomplished through
the use of microbial and plant-assisted bioremediation. A total of 32 bacteria were isolated from
soil samples contaminated with potentially toxic elements. The isolated bacterial strain DG-20
showed high tolerance to cadmium (up to 18 mM) and also showed bioaccumulative Cd removal
properties, as demonstrated by atomic absorption spectroscopy studies. By sequencing the 16S
rRNA gene, this strain was identified as Curtobacterium oceanosedimentum. Under stress and normal
conditions, isolate DG-20 also produced a wide range of plant growth promoting traits, including
ammonia production (51–73 µg/mL) and IAA production (116–183 µg/mL), alongside siderophore
production and phosphate solubilization. Additionally, pot experiments were conducted to determine
whether the strain could promote Chili growth when Cd salts are present. Over the control, bacterial
colonization increased root and shoot lengths significantly up to 58% and 60%, respectively. Following
inoculation with the Cd-tolerant strain, the plants also increased in both fresh and dry weight. In
both the control and inoculated plants, Cd was accumulated more in roots than in shoots, indicating
that Chili was phytostabilizing Cd levels. Besides improving the plant attributes, Cd-tolerant bacteria
were also found to increase the amount of total chlorophyll, proline, total phenol, and ascorbic acid in
the soil when added to the soil. These results suggest that the inoculant provides protection to plants
from negative effects. The results of the present study predict that the combined properties of the
tested strain in terms of Cd tolerance and plant growth promotion can be exploited for the purpose
of the bioremediation of Cd, and for the improvement of Chili cultivation in soils contaminated
with Cd.
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1. Introduction

Soil serves as an important foundation for agricultural resources, the environment,
and a secure and healthy food supply, and continues to be vital for sustainability in the
world [1]. Over the past few decades, the development of industry and urbanization have
been a significant factor resulting in the reduction of cultivable land and a rise in soil
pollution. In agricultural fields, usage of agrochemicals are gradually increasing, with a
higher concentration of potentially toxic elements due to various reasons, such as mineral
mining, urban sewage disposal [2], discharge of toxic bi-products from nickel-cadmium
battery manufacturing, leather tanning, and metal alloying, etc. Potentially toxic elements,
especially Cadmium (Cd) and Lead (Pb), are able to translocate from soil to plants and
eventually into higher trophic levels [3,4].

Cd is a potentially toxic element found in nature. It is dangerous to all living organisms,
including plants and animals [5,6]. When plants experiences toxic Cd, food chains are also
probably affected by it, which may further lead to several human health problems such as
renal failure, osteoporosis, liver cirrhosis, and Itai-Itai diseases [7–11]. It inhibits growth;
activates or inhibits enzymes; affects water balance and ion transport; interferes with
chlorophyll biosynthesis; inhibits various enzymes involved in the Calvin cycle; disrupts
the evolution of O2 over photosystem II (PSII); affects the transfer of electrons between PSI
and PSII; and inhibits the activity of a variety of enzymes including carbonic anhydrase,
NADP+ glyceraldehyde-3-phosphate dehydrogenase, phosphoenolpyruvate carboxylase,
ribulose-1,5-bisphosphate carboxylase oxygenase, fructose bis-phosphatase, and fructose-6-
phosphate kinase [12,13]. Therefore, different types of changes can be observed in plant
bodies due to Cd toxicity, including morphological [14], physiological, and biochemical [15]
and photochemical changes [16–19].

There are a number of reclamation techniques to handle the life-threatening problems
resulting from potentially toxic elements [20–22]. The techniques may include vitrification
and stabilization in situ and ex situ [23–26]. One disadvantage of these techniques is the
cost, as they can only be used on some areas of land and can be extremely expensive.
Researchers have begun using hyper-accumulator plants for phytoremediation as an eco-
friendly and widely recognized remedy [27,28]. However, plants grow slowly in most of
these situations. Problems also exist in growing plants that are not hyper-accumulators of
Cd and are not capable of surviving at all in even low levels of potentially toxic elements.

Therefore, some plant growth-promoting rhizobacteria (PGPR) that are Cd-tolerant
can be a promising substitute and the future preference for the resilient development of
agriculture systems under potentially toxic elements polluted conditions [5,29]. Among
the different methods that are used to deal with metal stress, bacteria resistant to Cd use
biosorption and bioaccumulation within cells [30,31], as well as metal volatilization, ox-
idative/reduction/enzymatic reduction, and biological precipitation are also possible [32].
There are different types of PGPR that stimulates phytoextraction [33–35], while others
release metal chelating agents into the soil to prevent metal mobility to plant parts [36–38].

The PGPR can increase plant growth through either direct or indirect means [39,40].
These PGPR have the ability to promote growth through a variety of mechanisms, including
the fixation of nitrogen [40], solubilization of insoluble phosphate [39], and chelation of
iron by iron chelating compounds, known as siderophores. The process of enhancing
plant growth can be indirectly accomplished by the induction of antibiosis and systemic
resistance. PGPR also produces enzymes to degrade cell wall materials, they can produce
antifungal compounds, and can reduce iron rhizospherically. In soil contaminated with Cd
or Pb, a variety of strains of bacteria that promote plant growth have been found [33,41,42].
Some of these includes Bacillus, Micrococcus, Klebsiella, Bradyrhizobium, Enterobacter, and
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Pseudomonas. Presently, PGPRs resistant to potentially toxic elements have been isolated
and identified in nature from diverse sources [5,43–47]. Nonetheless, it remains to be seen
how these resources can be used effectively on a large scale. Consequently, further research
is needed to explore previously described potentially toxic element tolerances, such as
Cd. PGPR strains that are able to survive in adverse ecological conditions contribute to
sustainable agriculture. The Daman Ganga riverside in Vapi has been highly contaminated
with many industries and urban effluents, which have potentially toxic elements in them [5],
and according to the study of the Central Pollution Control Board in India, the effluent
that emerged from Vapi’s common effluent treatment plant (CETP) does not meet the
stipulated standards. Previous research has shown that bacterial strains isolated from the
polluted rhizospheric soils are able to tolerate different toxic metals, and also promote plant
growth under heavy metal stress conditions [5,43]. Consequently, PGPRs were isolated
from the rhizosphere of Salix purpurea L., collected from the metal contaminated site in
the study. Therefore, the present study was designed to characterize, identify, and explore
the possibilities of PGPR species that have potent biosorption abilities and are Cd-tolerant,
among the species cultured.

2. Materials and Methods
2.1. Sample Collection and Isolation

The four composite soil samples were collected from Daman Ganga riverside (20◦20′29.72′′

N; 72◦54′15.74′′ E), Vapi, Gujarat. The collected rhizospheric soil was dark black in color
and clay in texture. A sterile bag was used to collect the samples and ice boxes were used
to transport them to the laboratory. As per the Indian standard methods of test for soils,
soil physicochemical properties were determined. Using sterile distilled water, 1 g of soil
sample was serially diluted up to 10−8, and the last three dilutions (100 µL) were spread
on nutrient agar for bacterial isolation. Each plate was incubated for 48 h at 37 ◦C. After
collecting, purifying, and maintaining the morphologically distinct bacteria (size, shape,
margin, and elevation) on the same nutrient agar medium at 4 ◦C, subsequent experiments
were conducted [48].

2.2. Screening for Cd-Tolerant Ability

During the subsequent screening process, 32 morphologically distinct bacterial isolates
isolated from rhizospheric soil samples were tested for Cd tolerance. In sterile distilled
water, 1 M stock solution of CdCl2.H2O (Mwt-201.32) was used to prepare initial metal
concentrations of 1 mM. The isolates were transferred from 1 mM to the next concentration
(1 mM interval), once they had been grown at a given Cd concentration. For further testing,
the isolate DG-20 with the highest Cd tolerance (18 mM) was selected based on screening.

2.3. Bioaccumulation of Cd in DG-20

The bioaccumulations of Cd in bacterial cells were determined based on the method
outlined in Chiboub et al. (2016) [49], with some modifications. Briefly, the pure active
culture of DG-20 (OD/absorbance at 600 nm = 0.8) was inoculated into 100 mL of nutrient
broth, having 1 mM Cd2+ and incubated at 37 ◦C under shaking conditions at 120 rpm.
Media with growing cells were collected at regular 12 h time intervals and centrifuged
for 10 min at 10,000 rpm. The cell pellets were washed with sterilized distilled water and
further agitated (120 rpm) with 10 mM sterilized EDTA at 30 ◦C for 20 min to remove Cd
ions from the surface of the cell. After incubation, cell suspensions were centrifuged for
20 min at 10,000 rpm and cells were re-suspended in 5 mL of 0.1 M HNO3, and then again
centrifuged at 10,000 rpm for 30 min. For cell wall-bound (cell wall) Cd2+, the supernatant
was used, whereas dry cell pellets (intracellular, digested with 3:1 H2SO4-HClO4 at 110 ◦C
for 3 h and diluted with distilled water) were used for the determination of intracellular
accumulated Cd2+.
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2.4. Plant Growth-Promoting Properties of DG-20

Under normal and stressed conditions, plant growth promoting properties such as
indole-3-acetic acid (IAA), ammonia, siderophore production, phosphate and potassium
solubilization, and enzyme production were evaluated. For stress conditions, 9 mM Cd
was added to each PGP test.

2.4.1. IAA Production

A Luria broth (LB) containing 5 µg/mL of L-tryptophan was used to produce IAA by
DG-20 isolate. In order to analyze IAA production, the inoculated broth was incubated for
72 h. Centrifugation was carried out to collect the supernatant following incubation. A
supernatant (2 mL) was mixed with Salkowski reagent (4 mL) (50 mL—35% perchloric acid,
1 mL—0.5 M FeCl3) and orthophosphoric acid (2 drops) and then incubated for 30 min at
37 ◦C. The absorbance at 530 nm was measured using a spectrophotometer. Using an IAA
standard, the concentration of IAA production was determined in µg/mL [50].

2.4.2. Ammonia Production

Ammonia was produced by inoculating the isolate for five days on peptone broth at
37 ◦C. After incubation, the culture supernatant was centrifuged, and 0.5 mL was mixed
with 1 mL of Nessler’s reagent. With the addition of ammonia-free distilled water, the
mixture volume was adjusted up to 10 mL. A spectrophotometer was used to measure
absorbance at 450 nm [51]. A standard of ammonium chloride (0–50 µg) was used to
calculate the amount of ammonia produced, which was expressed in µg/mL.

2.4.3. Phosphate Solubilization

The ability of the isolate to solubilize phosphate was studied using Pikovskaya
medium supplemented with 0.5 g/100 mL of tricalcium phosphate. After streaking, plates
were incubating at 37 ◦C for 72–96 h. Clear zones around the colonies indicated that the
inorganic phosphate had been solubilized [52].

2.4.4. Potassium Solubilization

The solubilization of potassium in Aleksandrov medium was determined by adding
mica powder (100 mg/100 mL) to the mixture [53]. Plates were incubated for 72–96 h at
37 ◦C. Clear zones surrounding the colony indicated potassium solubilization.

2.4.5. Siderophore Production

Chrome azurol S (CAS) agar plates were used to test the bacteria’s ability to produce
siderophore. To prepare the agar plate, it was amended with CAS dye (60.5 mg), iron
III solution (1 mM FeCl3.H2O), and hexadecyltrimethylammonium bromide (72.9 mg).
The active culture of bacteria was streaked and incubated at 37 ◦C for 72–96 h. The
development of yellow orange zones around the colonies indicated that siderophores were
being produced [54].

2.4.6. Screening of Extracellular Enzyme Production

The extracellular hydrolytic enzymes (chitinase, pectinase, amylase, and cellulase)
have all been measured on agar plates using modified CMC, pectin, starch, and colloidal
chitin [55]. Isolate DG-20 was streaked on the respective (normal and 9 mM Cd incorpo-
rated) plates and incubated at 37 ◦C for 2–3 days. The presence of a clear zone around the
bacterial colony indicated a positive result.

2.5. Identification of Potent Bacterial Strain DG-20

In order to isolate DNA from the bacterial strain DG-20, nutrient broth medium was
used as a growth medium. In line with the method described by Wilson (2001) [56], the
DNA was extracted by the NaCl-CTAB method. In 20 µL of TE buffer, extracted DNA
was dissolved and used as a template for 16S rRNA gene amplification. Amplification
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of the target DNA was performed in a volume of 50 µL by mixing 20 ng of the template
DNA with 2.5 mM concentration of dNTPs, 1 mM concentration of each universal primer
(reverse-1492r and forward-27f), and 3U of Taq DNA polymerase in 10X Taq buffer (Thermo
Fisher Scientific, Bengaluru, India). The amplification procedure was performed using a
GeneAmp PCR system 9700 (Applied Biosystems, Waltham, MA, USA) with the conditions
described by Desai and Patel (2019) [57]. As part of the Sanger sequencing process, a
purified PCR amplicon was sequenced at Eurofins Genomic India Pvt Ltd., Bangalore,
India. The obtained sequence was subjected to sequence match analysis using Nucleotide
Basic Local Alignment Search Tool (BLASTn) on NCBI.

2.6. Effect of Cd-Tolerant Bacterial Strain DG-20 on Chili Growth

The soil samples for the pot experiment were collected from the Veer Narmad South
Gujarat University’s greenhouse. Drying, sieving, and sterilization of the collected soils
was carried out at 121 ◦C for 15 min at 15 lbs. In each pot there was 1 kg of sterile soil, which
was artificially contaminated with 2 g CdCl2.H2O (Himedia®, Mumbai, India) and then
thoroughly mixed. Initially, the surface of the Chili seeds was sterilized with 70% ethanol
for two minutes, followed by 2% sodium hypochlorite for two minutes; it was then washed
twice with sterile distilled water for three minutes and dried on sterile filter paper. The
pure culture of isolate DG-20 was grown in nutrient agar broth at 37 ◦C for 24 h and then
diluted in sterile saline water to a final concentration of 108 CFU/mL. The surface sterilized
seeds were immersed for two hours in a Cd-tolerant DG-20 isolate and then dipped into
distilled water (control); it was then air dried before being sown (15 seeds per pot). The
following treatments were performed in three replicates: (1) C1, control-1 (without bacterial
and Cd treatment); (2) C2, control-2 (Cd alone); (3) T1, Cd + DG 20; and (4) T2, DG 20 alone.
The pots were arranged in a completely random factorial design. Watering was carried out
regularly to maintain moisture levels and temperature was maintained between 30 and
37 ◦C, along with a relative humidity of 58%, in a greenhouse with a natural light cycle of
13–14 h in summer. From the pots, the seedlings were removed after 30 days and washed
for measuring root and shoot length and dry and wet weight, as well as for assessing Cd
accumulation in the plant and its physiological properties [58].

2.7. Estimation of Cd in Plant Sample

In the oven, all plant samples were dried at 70 ◦C after being washed with distilled
water. Acid digestion was performed on dried samples using a mixture of 2 M HCl and 1
M HNO3 for 6 h [43]. Then, a 0.45 µm syringe filter was used to filter the digested samples.
The Cd content in the plant parts were estimated by atomic absorption spectrophotometer.
Atomic absorption measurements were performed with an air-acetylene flame. The follow-
ing conditions were used: slit widths of 6 nm, an absorption line of 228.8 nm, and lamp
currents of 4 mA. Using conventional aspiration, 500 µL of the final sample solution was
introduced into the nebulizer. A different concentration of Cd standard solution was used
for calibration. The blank solution was also subjected to a similar procedure and measured
in parallel to the sample solutions.

2.8. Influence of Cd-Tolerant Bacterial Strain DG-20 on Physiological Properties of Chili
2.8.1. Chlorophyll Content Estimation

The chlorophyll a and b content was determined via the method described by Panda
et al. (2008) [59]. Leaf samples of 0.5 g were homogenized in 5 mL of 80% acetone (v/v). A
centrifuge at 5000 rpm for five minutes was used to separate the mixture. The step was
repeated until a colorless residue was obtained. The absorbance was measured at 645 nm
and 663 nm. Using the following formula, chlorophyll content was determined:

Chla = (12.7 × A663 − 2.69 × A645) × V/(1000 × w) (1)

Chlb = (22.9 × A645 − 4.68 × A663) × V/(1000 × w) (2)



Sustainability 2022, 14, 4335 6 of 18

where the volume of the total extract is V and the fresh weight of the leaf is w.

2.8.2. Proline Content Estimation

Proline content was determined from leaves following the protocol by Upadhyay
et al. (2012) [60]. To begin the assay, 0.5 g of leaves were ground in 5 mL of 3% sulphonyl
salicylic acid (C7H6O6S) at 4 ◦C. The mixture was then centrifuged for 10 min at 10,000 rpm.
Afterwards, 2 mL of the supernatant was mixed with equal volumes of glacial acetic acid
(60% v/v) and ninhydrin solution (1% w/v). In a boiling water bath, the reaction mixture
was kept for a period of 1 h. A cooling bath was used after incubation to stop the reaction.
Each reaction tube was then mixed thoroughly with 4 mL of toluene. After collecting the
aqueous phase, the absorbance at 520 nm was measured. Proline content was expressed as
µg/g of tissue.

2.8.3. Total Phenol Content Estimation

For determining the concentration of phenol, the Folin–Ciocalteu method was used [61].
A fresh leaf sample was oven dried at 75 ◦C and ground using a mortar and pestle. To
prepare the alcoholic extract, the homogenate sample was boiled in 10 mL of 80% ethyl
alcohol in a water bath for 10 min. The extract was cooled and centrifuged for 10 min at
6000 rpm. In 2 mL of supernatant, Folin–Ciocalteu reagent at 0.5 mol/L and 20% Na2CO3
were added. The absorbance was measured at 760 nm. A gallic acid equivalent (mg gallic
acid/g fresh weight) was used to express the phenol content.

2.8.4. Ascorbic Acid Estimation

1 g of leaf sample was homogenized in 5% ice-cold trichloroacetic acid to determine
ascorbic acid content. At 4 ◦C, the homogenized mixture was centrifuged at 10,000 rpm
for 10 min. After collecting the supernatant, 0.5 mL of it was mixed with 0.2 mL of 0.66%
sodium molybdate, 0.2 mL of 0.05 N H2SO4, and 0.1 mL of 0.025 mM sodium phosphate
before being incubated for 40 min at 60 ◦C in a water bath. The mixture was cooled and
centrifuged for 5 min at 5000 rpm at the end of incubation. After that, the absorbance
was measured at 660 nm. The concentration of ascorbic acid is expressed in µg/g of wet
weight [62].

2.9. Statistical Analysis

All experiments were carried out in triplicate. Results are presented as mean ± SD
of the number of experiments performed. The significance of the results was determined
among the treatments using one way ANOVA followed by Tukey’s post hoc test and
Student t-tests at p < 0.05. The analyses were carried out using the software Graph Pad
Prism 5.0.

3. Results
3.1. Physicochemical Properties of Soil Sample

The physicochemical properties of the soil sample and the levels of potentially toxic
elements were determined (Table 1). It was determined that the pH of soil was nearly
neutral (7.7 ± 0.05). The high content of organic carbon (2.25 ± 0.04%) and phosphorous
(423.45 ± 12.05 mg/kg) were the most prominent elements in the sample, followed by
potassium (267± 15.13 mg/kg), magnesium (45.63± 2.92 mg/kg), sulfur (40.16 ± 1.4 mg/kg),
calcium (21.56± 3 mg/kg), and zinc (5.04± 0.32 mg/kg). Several potentially toxic elements
were found in the sample, including arsenic, chromium, cadmium, nickel, and cobalt,
with concentrations of 0.016 ± 0.001, 0.012 ± 0.001, 0.023 ± 0.002, 0.032 ± 0.002, and
0.015 ± 0.001 ppm, respectively.
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Table 1. Physicochemical properties and potentially toxic elements analysis of rhizospheric soil
sample collected from Daman Ganga (river in Western India) riverside.

Properties Values

pH 7.7 ± 0.05
Organic carbon (%) 2.25 ± 0.04

Phosphorous (mg/kg) 423.66 ± 12.05
Potassium (mg/kg) 267 ± 15.13

Magnesium (mg/kg) 45.63 ± 2.92
Sulphur (mg/kg) 40.16 ± 1.4
Calcium (mg/kg) 21.56 ± 3.0

Zinc (mg/kg) 5.04 ± 0.32
Arsenic (ppm) 0.016 ± 0.001

Chromium (ppm) 0.012 ± 0.001
Cadmium (ppm) 0.023 ± 0.002

Nickel (ppm) 0.032 ± 0.002
Cobalt (ppm) 0.015 ± 0.001

3.2. Isolation, Screening, and Identification of Potent Cd-Tolerant Bacterium

In the present study, a total of 32 morphologically distinct bacterial strains were
isolated from potentially toxic element-polluted rhizosphere soils collected from Daman
Ganga riverside (Vapi, Gujarat, India). Primary screening of all 32 isolates in the presence
of 8mM of Cd revealed that 50% were tolerable to Cd. Increased Cd concentration led
to choosing an isolate, DG-20, with the capability to tolerate maximum Cd concentra-
tions up to 18 mM. It was chosen for further study of its PGP activities and its capac-
ity to mineralize Cd. After sequencing of the 16S rRNA gene and comparison with se-
quences available in NCBI, strain DG-20 was identified as Curtobacterium oceanosedimentum
(C. oceanosedimentum). Under accession number OM471784, a partial sequence of 1400 bp
of 16S rRNA gene has been submitted to the NCBI, GenBank database.

3.3. Estimation of Cd Bioaccumulation in C. oceanosedimentum

It was determined that Cd accumulation varied with incubation time. Cells accumu-
lated the most Cd at 36 h, reaching 57.30 ± 18.24 mg/g DW (dry weight) (Figure 1). Cd
concentrations in cell walls were lowest at the initial stage (12 h), whereas it reached its
maximum at 36 h (74.62 ± 1.36 mg/g DW).

Figure 1. Cd accumulations in two compartments of C. oceanosedimentum. Error bars indicate SD
(standard deviation) of three independent experiments. Significance; ns > 0.05, * p < 0.05, ** p < 0.005,
*** p < 0.0005.
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3.4. Plant Growth Promotion Properties of C. oceanosedimentum

The testing of different PGP properties was conducted under normal and stress
conditions, including production of IAA, ammonia, siderophore, phosphate, and potas-
sium solubilization (Table 2). Qualitative results indicate that, under normal conditions,
C. oceanosedimentum was capable of producing phosphate, potassium, and siderophore. Un-
der stress conditions, it also showed this ability, except for potassium solubilization. Under
normal conditions, production of IAA and ammonia by C. oceanosedimentum was found
to be 183.66 ± 1.52 µg/mL and 73 ± 2 µg/mL, respectively, whereas 116.33 ± 2.08 µg/mL
and 51.66 ± 1.52 µg/mL were found under stressed conditions, respectively.

Table 2. Different plant growth-promoting properties of isolate DG-20 under normal and stress (Cd
treated) conditions.

Conditions IAA
(µg/mL)

Ammonia
(µg/mL) Siderophore Phosphate

Solubilization
Potassium

Solubilization Amylase Cellulase Pectinase Chitinase

Normal 183.66 ± 1.52 73 ± 2 + + + + + - +
Stress (Cd

treated) 116.33 ± 2.08 51.66 ± 1.52 + + - + + - +

Key legend: (+ = positive, - = negative).

A potent PGP bacterium is also known for its ability to produce extracellular enzymes.
In normal and stress conditions, C. oceanosedimentum can produce amylase, cellulose, and
chitinase, but not pectinase (Table 2).

3.5. Influence of Cd-Tolerant C. oceanosedimentum on the Growth of Chili

In normal as well as under Cd stress conditions, seeds treated with C. oceanosedimentum
showed considerably different results in shoot length, root length, and wet and dry biomass
of the plants (p < 0.05) (Figure 2A–C and Figure 3). In artificially contaminated soil, the
effects of C. oceanosedimentum on Chili growth was evaluated by pot assay. In the absence
of stress, the bacteria-treated seedlings showed higher root (58%) and shoot (60%) lengths
compared to the control. Under stress conditions, the bacteria-treated seedlings had longer
roots (86%) and shoots (52%) compared to the control (Figure 2C). The wet and dry biomass
of the plant (roots and shoots) increased with the treatment of C. oceanosedimentum+ Cd,
compared to the control-1 (C1) (without bacterial and Cd treatment) and the control-2 (C2)
(Cd alone) (Figure 3).

Figure 2. Effect of inoculation with plant growth-promoting C. oceanosedimentum on the growth
of Chili. The phenotypic appearance of plants in different conditions (A), morphology of plants
grown 30 days after germination (B), root and shoot length of plants (C). C1—without DG-20 and
Cd treatment, C2—without DG-20 and with Cd treatment, T1—with DG-20 and Cd treatment, T2
only DG-20 treatment. Error bars indicate SD (standard deviation) of three independent experiments.
Significance; ns > 0.05, * p < 0.05, ** p < 0.005, *** p < 0.0005.
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Figure 3. Effect of Cd stress and C. oceanosedimentum inoculation on Chili root and shoot (A) Fresh
weight and (B) Dry weight. C1—without DG-20 and Cd treatment, C2—without DG-20 and with
Cd treatment, T1—with DG-20 and Cd treatment, T2 only DG-20 treatment. Error bars indicate SD
(standard deviation) of three independent experiments. Significance; ns > 0.05, * p < 0.05, ** p < 0.005,
*** p < 0.0005.

3.6. Cd Accumulation in Chili Roots and Shoots Tissues

The concentration of Cd in the root and shoots (including leaves) of Chili grown on
artificially contaminated soils was determined (Figure 4). The roots (0.93 ± 0.12 µg/mL)
and shoots (0.57 ± 0.07 µg/mL) of Chili plants treated with stress and C. oceanosedimentum
mobilized more Cd than the control-2 (without bacterial and with Cd treatment). As a result
of the bacterial strain causing soil metal mobilization to be augmented, the concentrations
of Cd was elevated in Chili plants.
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Figure 4. Effect of C. oceanosedimentum on Cd contaminated soil on the uptake of Cd by Chili roots
and shoots grown for 30 days. C2—without DG-20 and with Cd treatment and T1—with DG-20
and Cd treatment. Error bars indicate SD (standard deviation) of three independent experiments.
Significance; ns > 0.05, * p < 0.05, ** p < 0.005, *** p < 0.0005.

3.7. Effects of C. oceanosedimentum on Physiological Properties of Chili

In comparison to control plants (C1 and C2), plants treated with C. oceanosedimentum
showed improved chlorophyll a and b synthesis. In the inoculated plants (T1 and T2),
chlorophyll a and b showed an increase in photosynthetic pigments to 55.54% and 26.15%
and 35.09% and 22.99%, respectively (Figure 5A).

Figure 5. Effect of C. oceanosedimentum on (A) chlorophyll content (B) proline content (C) phenol
content (D) ascorbic acid content under Cd stress. Error bars indicate SD (standard deviation) of
three independent experiments. Significance; ns > 0.05, * p < 0.05, ** p < 0.005, *** p < 0.0005.
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Cd-stressed plants had higher proline content compared to unstressed plants, and
plants treated with DG-20 had higher proline content than uninoculated plants (Figure 5B).
As compared to control plants, proline content increased in T1 (4.22 ± 0.13 µg/g FW (fresh
weight), followed by T2 (1.04 ± 0.08 µg/g FW).

As a result of determining the total phenol content of plants under normal and Cd
stress conditions, it was found that phenol content was significantly higher in plants
that were exposed to Cd rather than control plants (p < 0.05). Compared to control
plants, T1 (0.88 ± 0.04 mg GA/g FW) showed the highest level of phenol, followed by T2
(0.58 ± 0.05 mg GA/g FW) (Figure 5C).

According to the results of the determination of ascorbic acid, the bacterial cul-
tures that were treated with Cd-stressed Chili seeds had a significantly increased con-
tent of ascorbic acid. In this experiment, higher levels of ascorbic acid were found in T1
(248.06 ± 3.62 µg/g FW) and T2 (190.5 ± 2.59 µg/g FW), compared to control plants
(Figure 5D).

4. Discussion

It is generally accepted that the presence of potentially toxic elements imposes signifi-
cant burdens on local biodiversity and microbes [63]. Metal-tolerant bacteria thrive in these
environments, and they can be used for bioremediation [64]. Compared to unpolluted
environments, isolated bacteria from polluted soils are well-known to be resistant to higher
concentrations of potentially toxic elements [65,66]. Consequently, plant growth-promoting
bacteria are currently being investigated as potential candidates for remediating chem-
ically affected soils and meeting global agricultural needs [67]. In the last few decades,
various bacterial strains with plant growth-promoting properties have been isolated and
characterized [68–70].

The present study describes Cd-tolerant bacteria isolated from the Daman Ganga
riverside, Vapi, Gujarat, along with their molecular identification and analysis of their
bioaccumulation potential. The isolated Cd-tolerant strain DG-20 was found to be C.
oceanosedimentum. Through inductively coupled plasma-optical emission spectrometry
(ICP-OES), the percentage accumulation of Cd concentration in whole cells was measured,
which suggested potentially toxic element tolerance and possible mechanisms [71]. Liaquat
et al. (2020) [72] also observed Cd accumulation by Stenotrophomonas maltophilia (S. mal-
tophilia) from the mine. According to some studies, the S. maltophilia strain can tolerate
potentially toxic elements such as Cd, cobalt, Pb, zinc, mercury, copper, etc. [73]. In a study
by Gao et al. (2013) [74], it was found that S. maltophilia can decompose organic pollutants
such as phenanthrene as its sole carbon source. Cd can be effectively sorbed by growing
Bacillus cereus M116 [75]. Pseudomonas aeruginosa showed good biosorption potential against
nickel, chromium, Cd, and Pb according to Raja et al. (2006) [76]. According to Haq et al.
(1999) [77], Enterobacter cloacae and Klebsiella species are resistant to chromium, Cd, and
Pb. After isolating Klebsiella variicola from industrial effluents, Afzal et al. (2017) [78] also
observed the metal tolerance potential of bacterial isolates against nickel and cobalt. Selvi
et al. (2012) [79] isolated a number of metal tolerant bacteria, which were reported to
tolerate Pb, zinc, copper, mercury, and copper.

During the present study, the growth-promoting properties of strain DG-20 were tested
under normal and stressed conditions. Until now, very few studies have been conducted
on the screening of PGP activities of metal-tolerant isolates under stress and non-stress
conditions. PGP properties of strain DG-20 includes the ability to produce IAA, ammonia,
siderophore, phosphate, and potassium solubilization, as well as its ability to produce
various extracellular enzymes, including amylase, cellulose, and chitinase. Several studies
have shown that the low levels of IAA produced by the PGPR enhances plant growth by
stimulating the growth of cells in the roots by promoting cell division [80], whereas high
levels of IAA increase the formation of lateral and adventitious roots and inhibit the growth
of primary roots [81]. By promoting the development of lateral and adventitious roots, IAA
enhances plant growth and tolerance to potentially toxic elements. A Cd-resistant Bacillus
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megaterum (SaN1) has also been screened by Pan et al. (2017) [82]. Similar results have been
reported for copper resistance [83]. Several strains of Azotobacter, Pseudomonas, and Bacillus
have been reported as copper resistant by Ahmad et al. (2008) [84]. IAA production has
been demonstrated by Kocuriarosea [85], Kocuria [86], and Kocuriaturfanensis sp. [87].

The strain DG-20 is capable of solubilizing organic phosphates. The P-solubilizing
activity of a microbe is actually a biochemical process that allows for the release of organic
acids in the surroundings [88]. Plants’ phosphate assimilation can be increased by PGPR’s
solubilization of phosphate. Additionally, iron can be sequestered from rhizosphere soil
by PGPR siderophores, inhibiting phytopathogen growth and expediting plant iron up-
take [89]. In the DG-20 strain, siderophore production was found to be positive. Plant
growth can be promoted, and potentially toxic element stress can be reduced by using
PGPR, because it produces siderophore, which relieves the stress to the plants and provides
iron to them [90]. Potassium is one of the most important aspects of essential nutrients
for crop productivity. Several enzymes are involved, including those involved in photo-
synthesis, respiration, starch synthesis, and protein synthesis, and they are activated by
potassium ions. Additionally, potassium concentration influences the opening and closing
of stomatal guard cells or daily changes in leaf orientation. By producing organic acids
and other chemicals, potassium solubilizing bacteria improve soil potassium availability,
stimulating plant growth and mineral uptake in plants. It was also found that strain DG-20
was capable of solubilizing K. Moreover, DG-20 was also able to produce ammonia, which
is useful for plants, directly or indirectly, in their growth. C. oceanosedimentum also has a
hydrolytic enzyme producing ability. Several enzymes, such as amylase, cellulase, and
chitinase, can be used to promote the degradation of organic matter in soil, promotes plant
growth, and controls the proliferation of pathogenic fungi through hydrolysis of their cell
walls [91,92]. Under a Cd-stress environment, the present study demonstrated the real
potency of bacterial strain DG-20. The Cd-tolerant PGPR improved metal bioavailability
around the root zone by inducing acidification and thus facilitated plant Cd uptake [5].

When bacterial isolates have more than one growth-promoting trait, this can facilitate
the increase of growth of the plant [93]. Pre-treatment of the seeds of Chili with the DG-20
strain led to better plant growth and seed germination. It is possible that strain DG-20
can produce auxin, which promotes root growth in young plants. After strain DG-20
inoculation, the shoot and root dry weights of Chili plants increased significantly. A similar
result was observed by Jiang et al. (2008) [94] in tomato plants (Solanum lycopersicum L.)
and corn plants (Zea mays subsp. mays L.). The increased IAA production and higher
photosynthetic pigment levels are likely responsible for the increased biomass of plants
inoculated with DG-20 (Figure 3) [81,95,96].

The contents of chlorophyll (Chl a and Chl b) were significantly increased in the leaves
of Chili plants inoculated with strain DG-20. Consequently, higher chlorophyll levels in
leaves should benefit growth and photosynthesis under Cd stress. Furthermore, the Chl
a/b ratio of Chili plants increased significantly. The Chl a/b ratio correlated positively
with the early light-induced proteins (ELIPs) and the light-harvesting chlorophyll-protein
complex (LHCII) [97]. Free radicals are prevented from forming by the production of ELIPs
in the plant photosynthetic system. By increasing the content of ELIP in leaves, plants are
able to adapt to the environmental stress conditions [97]. The ratio of Chl a/b is normally
lowered because of a lesser relative sensitivity of LHCII due to Cd toxicity or decrease in
the amount of PSII [98]. Likewise, Wan et al. (2012) [96] stated that Serratia nematodiphila
strain LRE07 significantly increased the content of photosynthetic pigments in S. nigrum L.
leaves grown in Cd-polluted conditions.

A combination of plants and microbes used for phytoremediation to enhance extraction
(phytoextraction) or stabilization (phytostabilization) of metals has been recognized to be
a sustainable and dependable method for the remediation of metals from soil to improve
the quality of soil [99,100]. The efficiency of phytoremediation can be affected substantially
by interactions between heavy metals, PGPR, and plants. Plant exudates and microbial
activities can influence soil heavy metal bioavailability in plants [101,102]. Plants have
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developed mechanisms for immobilizing, mobilizing, or transforming heavy metals for
survival and adaptation in metal-stressed environments, rendering them inactive and
non-toxic for their own development, resulting in either enhanced or repressed metal
transfer from soil to plants [103]. To establish successful phytoremediation systems, it is
necessary to carefully select and test specific plant-PGPR associations, mechanisms of their
interactions, and the therapeutic effects of these interactions [104]. Currently, little research
has been conducted on the interactions of plants, PGPR strains, and metals.

As well as enhancing plant growth and phytoextraction of Cd, inoculation of
C. oceanosedimentum also increases ascorbic acid, proline, and total phenol levels in Chilies.
The amount of proline accumulated in the Chili leaves differed significantly between con-
trol and treated plants. In this study, proline production was higher in soil contaminated
with Cd. Kartik et al. (2021) [105] concluded that proline production reflects a plant’s toler-
ance to stress due to contaminated soil. As an antioxidant and a metal chelator, proline is
imperative during stress [106,107]. Plants have been shown to utilize phenolic compounds
for a variety of purposes. Phenolic compounds have antioxidant properties that prevent
lipid peroxidation and chelate metals [108,109]. The exposure of potentially toxic elements
such as nickel, Cd, and copper have been reported to induce phenolic biosynthesis in
plants [110–112].

Inoculated plants showed a similar increase in ascorbic acid biosynthesis compared
with the control plants. Ascorbic acid plays a crucial role in enhancing photosynthetic
pigments, oxidative defense, and transpiration [113]. Ascorbic acid is also known to
trigger an array of functions in plants subjected to stress [113]. The enhanced antioxidant
molecules in the inoculated plants may have acted as a trigger to reduce Cd stress, thereby
increasing the growth and uptake of Cd (Figure 5). In addition, metal-polluted soils have
been reported to induce polyphenol synthesis in plants. Additionally, inoculation with
appropriate PGP bacteria induces phenylalanine ammonia lyase expression, an enzyme
crucial to polyphenol synthesis [114].

5. Conclusions

Cd is one of the environment’s most toxic contaminants, responsible for crop field
contamination, leading to decreased productivity and related toxicity challenges in plants.
Based on the results of the present study, it can be concluded that C. oceanosedimentum,
isolated from rhizospheric soil samples contaminated with potentially toxic elements
from Daman Ganga riverside, India, has a high Cd tolerance ability and biosorption
capacity with plant growth-promoting traits. In the future, the isolated DG-20 strain
of C. oceanosedimentum has the potential to be used to bioremediate soil that has been
contaminated with Cd and may result in the better growth of Chili plants.
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14. Burzyński, M.; Żurek, A. Effects of copper and cadmium on photosynthesis in cucumber cotyledons. Photosynthetica 2007, 45,

239–244. [CrossRef]
15. Popova, L.P.; Maslenkova, L.T.; Yordanova, R.Y.; Ivanova, A.P.; Krantev, A.P.; Szalai, G.; Janda, T. Exogenous treatment with

salicylic acid attenuates cadmium toxicity in pea seedlings. Plant Physiol. Biochem. 2009, 47, 224–231. [CrossRef] [PubMed]
16. Sandalio, L.M.; Dalurzo, H.C.; Gomez, M.; Romero-Puertas, M.C.; Del Rio, L.A. Cadmium-induced changes in the growth and

oxidative metabolism of pea plants. J. Exp. Bot. 2001, 52, 2115–2126. [CrossRef] [PubMed]
17. Perfus-Barbeoch, L.; Leonhardt, N.; Vavasseur, A.; Forestier, C. Heavy metal toxicity: Cadmium permeates through calcium

channels and disturbs the plant water status. Plant J. 2002, 32, 539–548. [CrossRef]
18. Haag-Kerwer, A.; Schäfer, H.J.; Heiss, S.; Walter, C.; Rausch, T. Cadmium exposure in Brassica juncea causes a decline in

transpiration rate and leaf expansion without effect on photosynthesis. J. Exp. Bot. 1999, 50, 1827–1835. [CrossRef]
19. Omar, R.A.; Afreen, S.; Talreja, N.; Chauhan, D.; Ashfaq, M. Impact of nanomaterials in plant systems. In Plant Nanobionics;

Springer: Berlin/Heidelberg, Germany, 2019; pp. 117–140.
20. Gavade, N.L.; Kadam, A.N.; Babar, S.B.; Gophane, A.D.; Garadkar, K.M.; Lee, S.-W. Biogenic synthesis of gold-anchored ZnO

nanorods as photocatalyst for sunlight-induced degradation of dye effluent and its toxicity assessment. Ceram. Int. 2020, 46,
11317–11327. [CrossRef]

21. Kite, S.V.; Sathe, D.J.; Kadam, A.N.; Chavan, S.S.; Garadkar, K.M. Highly efficient photodegradation of 4-nitrophenol over the
nano-TiO2 obtained from chemical bath deposition technique. Res. Chem. Intermed. 2020, 46, 1255–1282. [CrossRef]

22. Patil, C.S.; Kadam, A.N.; Gunjal, D.B.; Naik, V.M.; Lee, S.-W.; Kolekar, G.B.; Gore, A.H. Sugarcane molasses derived carbon sheet@
sea sand composite for direct removal of methylene blue from textile wastewater: Industrial wastewater remediation through
sustainable, greener, and scalable methodology. Sep. Purif. Technol. 2020, 247, 116997. [CrossRef]

23. Thi Quyen, V.; Pham, T.-H.; Kim, J.; Thanh, D.M.; Thang, P.Q.; Van Le, Q.; Jung, S.H.; Kim, T. Biosorbent derived from coffee husk
for efficient removal of toxic heavy metals from wastewater. Chemosphere 2021, 284, 131312. [CrossRef] [PubMed]

24. Quartacci, M.F.; Argilla, A.; Baker, A.J.M.; Navari-Izzo, F. Phytoextraction of metals from a multiply contaminated soil by Indian
mustard. Chemosphere 2006, 63, 918–925. [CrossRef] [PubMed]

25. Pal, A.K.; Sengupta, C. Isolation of cadmium and lead tolerant plant growth promoting rhizobacteria: Lysinibacillus varians and
Pseudomonas putida from Indian agricultural soil. Soil Sediment Contam. Int. J. 2019, 28, 601–629. [CrossRef]

26. Kim, H.K.; Nguyen, P.T.; Kim, M.I.; Kim, B.C. Aptamer-functionalized and silver-coated polydopamine-copper hybrid nanoflower
adsorbent embedded with magnetic nanoparticles for efficient mercury removal. Chemosphere 2022, 288, 132584. [CrossRef]
[PubMed]

http://doi.org/10.7763/JOCET.2014.V2.126
http://doi.org/10.1023/A:1012012924151
http://doi.org/10.1016/0168-583X(93)95373-D
http://doi.org/10.1289/EHP565
http://doi.org/10.1080/15226514.2016.1183576
http://doi.org/10.1039/C5RA10628A
http://doi.org/10.1177/0960327119846941
http://doi.org/10.1016/j.tplants.2012.08.003
http://doi.org/10.1080/00380768.2016.1159116
http://doi.org/10.1002/jobm.201400157
http://doi.org/10.1016/j.shaw.2020.03.005
http://www.ncbi.nlm.nih.gov/pubmed/32596021
http://doi.org/10.1007/s11099-007-0038-9
http://doi.org/10.1016/j.plaphy.2008.11.007
http://www.ncbi.nlm.nih.gov/pubmed/19091585
http://doi.org/10.1093/jexbot/52.364.2115
http://www.ncbi.nlm.nih.gov/pubmed/11604450
http://doi.org/10.1046/j.1365-313X.2002.01442.x
http://doi.org/10.1093/jxb/50.341.1827
http://doi.org/10.1016/j.ceramint.2020.01.161
http://doi.org/10.1007/s11164-019-04032-7
http://doi.org/10.1016/j.seppur.2020.116997
http://doi.org/10.1016/j.chemosphere.2021.131312
http://www.ncbi.nlm.nih.gov/pubmed/34217937
http://doi.org/10.1016/j.chemosphere.2005.09.051
http://www.ncbi.nlm.nih.gov/pubmed/16307777
http://doi.org/10.1080/15320383.2019.1637398
http://doi.org/10.1016/j.chemosphere.2021.132584
http://www.ncbi.nlm.nih.gov/pubmed/34656629


Sustainability 2022, 14, 4335 15 of 18

27. Salt, D.E.; Blaylock, M.; Kumar, N.P.B.A.; Dushenkov, V.; Ensley, B.D.; Chet, I.; Raskin, I. Phytoremediation: A novel strategy for
the removal of toxic metals from the environment using plants. Bio/Technology 1995, 13, 468–474. [CrossRef]

28. De Mello-Farias, P.C.; Chaves, A.L.S.; Lencina, C.L. Transgenic plants for enhanced phytoremediation–physiological studies. In
Genetic Transformation; InTech: Rijeca, Croatia, 2011; pp. 305–328.

29. Khan, A.L.; Lee, I.-J. Endophytic Penicillium Funiculosum LHL06 secretes gibberellin that reprograms Glycine max L. growth
during copper stress. BMC Plant Biol. 2013, 13, 86. [CrossRef]

30. Chen, Y.; Chao, Y.; Li, Y.; Lin, Q.; Bai, J.; Tang, L.; Wang, S.; Ying, R.; Qiu, R. Survival strategies of the plant-associated bacterium
Enterobacter sp. strain eg16 under cadmium Stress. Appl. Environ. Microbiol. 2016, 82, 1734–1744. [CrossRef]

31. Treesubsuntorn, C.; Dhurakit, P.; Khaksar, G.; Thiravetyan, P. Effect of microorganisms on reducing cadmium uptake and toxicity
in rice (Oryza sativa L.). Environ. Sci. Pollut. Res. 2018, 25, 25690–25701. [CrossRef]

32. Pramanik, K.; Ghosh, P.K.; Ghosh, A.; Sarkar, A.; Maiti, T.K. Characterization of PGP traits of a hexavalent chromium resistant
Raoultella sp. isolated from the rice field near industrial sewage of Burdwan District, WB, India. Soil Sediment Contam. Int. J. 2016,
25, 313–331. [CrossRef]

33. Ahmad, I.; Akhtar, M.J.; Asghar, H.N.; Ghafoor, U.; Shahid, M. Differential effects of plant growth-promoting rhizobacteria on
maize growth and cadmium uptake. J. Plant Growth Regul. 2016, 35, 303–315. [CrossRef]

34. Płociniczak, T.; Sinkkonen, A.; Romantschuk, M.; Piotrowska-Seget, Z. Characterization of Enterobacter intermedius MH8b and its
use for the enhancement of heavy metals uptake by Sinapis alba L. Appl. Soil Ecol. 2013, 63, 1–7. [CrossRef]

35. Sarathambal, C.; Khankhane, P.J.; Gharde, Y.; Kumar, B.; Varun, M.; Arun, S. The effect of plant growth-promoting rhizobacteria
on the growth, physiology, and cd uptake of Arundo donax L. Int. J. Phytoremediation 2017, 19, 360–370. [CrossRef] [PubMed]

36. Idris, R.; Trifonova, R.; Puschenreiter, M.; Wenzel, W.W.; Sessitsch, A. Bacterial communities associated with flowering plants of
the Ni Hyperaccumulator Thlaspi goesingense. Appl. Environ. Microbiol. 2004, 70, 2667–2677. [CrossRef]

37. Tripathi, M.; Munot, H.P.; Shouche, Y.; Meyer, J.M.; Goel, R. Isolation and functional characterization of siderophore-producing
lead-and cadmium-resistant Pseudomonas putida KNP9. Curr. Microbiol. 2005, 50, 233–237. [CrossRef]

38. Abou-Shanab, R.A.; Ghanem, K.; Ghanem, N.; Al-Kolaibe, A. The role of bacteria on heavy-metal extraction and uptake by plants
growing on multi-metal-contaminated soils. World J. Microbiol. Biotechnol. 2008, 24, 253–262. [CrossRef]

39. Kloepper, J.W.; Lifshitz, R.; Zablotowicz, R.M. Free-living bacterial inocula for enhancing crop productivity. Trends Biotechnol.
1989, 7, 39–44. [CrossRef]

40. Glick, B.R. Plant growth-promoting bacteria: Mechanisms and applications. Scientifica 2012, 2012, 963401. [CrossRef] [PubMed]
41. Pandey, S.; Ghosh, P.K.; Ghosh, S.; De, T.K.; Maiti, T.K. Role of heavy metal resistant Ochrobactrum sp. and Bacillus spp. strains in

bioremediation of a rice cultivar and their PGPR like activities. J. Microbiol. 2013, 51, 11–17. [CrossRef]
42. Park, J.; Bae, B. Optimization of explosive compounds (TNT and RDX) biodegradation by indigenous microorganisms activated

by external carbon source. J. Soil Groundw. Environ. 2014, 19, 56–65. [CrossRef]
43. Shreya, D.; Jinal, H.N.; Kartik, V.P.; Amaresan, N. Amelioration effect of chromium-tolerant bacteria on growth, physiological

properties and chromium mobilization in chickpea (Cicer arietinum) under chromium stress. Arch. Microbiol. 2020, 202, 887–894.
[CrossRef] [PubMed]

44. Jinal, H.N.; Gopi, K.; Prittesh, P.; Kartik, V.P.; Amaresan, N. Phytoextraction of iron from contaminated soils by inoculation
of iron-tolerant plant growth-promoting bacteria in Brassica juncea L. Czern. Environ. Sci. Pollut. Res. 2019, 26, 32815–32823.
[CrossRef] [PubMed]

45. Huq, M.A.; Siddiqi, M.Z.; Balusamy, S.R.; Rahman, M.M.; Ashrafudoulla, M.; Apu, M.A.I.; Maitra, P.; Naserkheil, M.; Park, J.-H.;
Akter, S. Pinibacter aurantiacus Gen. Nov., Sp. Nov., isolated from rhizospheric soil of a pine tree. Int. J. Syst. Evol. Microbiol. 2021,
71, 5132. [CrossRef] [PubMed]

46. Gopi, K.; Jinal, H.N.; Prittesh, P.; Kartik, V.P.; Amaresan, N. Effect of copper-resistant Stenotrophomonas maltophilia on maize (Zea
mays) growth, physiological properties, and copper accumulation: Potential for phytoremediation into biofortification. Int. J.
Phytoremediation 2020, 22, 662–668. [CrossRef]

47. Akter, S.; Lee, S.-Y.; Moon, S.-K.; Choi, C.; Balusamy, S.R.; Siddiqi, M.Z.; Ashrafudoulla, M.; Huq, M. Sphingomonas horti sp. nov., a
novel bacterial species isolated from soil of a tomato garden. Arch. Microbiol. 2021, 203, 543–548. [CrossRef]

48. Jackson, M.L. Soil Chemical Analysis; Prentice Hall Inc.: Englewood Cliffs, NJ, USA, 1958; Volume 498, pp. 183–204.
49. Chiboub, M.; Saadani, O.; Fatnassi, I.C.; Abdelkrim, S.; Abid, G.; Jebara, M.; Jebara, S.H. Characterization of efficient plant-

growth-promoting bacteria isolated from Sulla coronaria resistant to cadmium and to other heavy metals. Comptes Rendus Biol.
2016, 339, 391–398. [CrossRef]

50. Bric, J.M.; Bostock, R.M.; Silverstone, S.E. Rapid in situ assay for indoleacetic acid production by bacteria immobilized on a
nitrocellulose membrane. Appl. Environ. Microbiol. 1991, 57, 535–538. [CrossRef]

51. Cappuccino, J.G.; Sherman, N. Biochemical Activities of Microorganisms. In Microbiology, a Laboratory Manual; The Benjamin
Cummings Publishing Co. Inc.: San Francisco, CA, USA, 1992.

52. Verma, S.C.; Ladha, J.K.; Tripathi, A.K. Evaluation of plant growth promoting and colonization ability of endophytic diazotrophs
from deep water rice. J. Biotechnol. 2001, 91, 127–141. [CrossRef]

53. Aleksandrov, V.G.; Blagodyr, R.N.; Ilev, I.P. Liberation of phosphoric acid from apatite by silicate bacteria. Mikrobiol. Z. 1967, 29, 1.
54. Schwyn, B.; Neilands, J.B. Universal chemical assay for the detection and determination of siderophores. Anal. Biochem. 1987, 160,

47–56. [CrossRef]

http://doi.org/10.1038/nbt0595-468
http://doi.org/10.1186/1471-2229-13-86
http://doi.org/10.1128/AEM.03689-15
http://doi.org/10.1007/s11356-017-9058-6
http://doi.org/10.1080/15320383.2016.1137861
http://doi.org/10.1007/s00344-015-9534-5
http://doi.org/10.1016/j.apsoil.2012.09.009
http://doi.org/10.1080/15226514.2016.1225289
http://www.ncbi.nlm.nih.gov/pubmed/27592507
http://doi.org/10.1128/AEM.70.5.2667-2677.2004
http://doi.org/10.1007/s00284-004-4459-4
http://doi.org/10.1007/s11274-007-9464-x
http://doi.org/10.1016/0167-7799(89)90057-7
http://doi.org/10.6064/2012/963401
http://www.ncbi.nlm.nih.gov/pubmed/24278762
http://doi.org/10.1007/s12275-013-2330-7
http://doi.org/10.7857/JSGE.2014.19.3.056
http://doi.org/10.1007/s00203-019-01801-1
http://www.ncbi.nlm.nih.gov/pubmed/31893290
http://doi.org/10.1007/s11356-019-06394-2
http://www.ncbi.nlm.nih.gov/pubmed/31502049
http://doi.org/10.1099/ijsem.0.005132
http://www.ncbi.nlm.nih.gov/pubmed/34870572
http://doi.org/10.1080/15226514.2019.1707161
http://doi.org/10.1007/s00203-020-02056-x
http://doi.org/10.1016/j.crvi.2016.04.015
http://doi.org/10.1128/aem.57.2.535-538.1991
http://doi.org/10.1016/S0168-1656(01)00333-9
http://doi.org/10.1016/0003-2697(87)90612-9


Sustainability 2022, 14, 4335 16 of 18

55. Patel, K.; Dudhagara, P. Compatibility testing and enhancing the pulp bleaching process by hydrolases of the newly isolated
thermophilic Isoptericola variabilis strain UD-6. Biocatal. Biotransform. 2020, 38, 144–160. [CrossRef]

56. Wilson, K. Preparation of genomic DNA from bacteria. Curr. Protoc. Mol. Biol. 2001, 56, 2.4.1–2.4.5. [CrossRef]
57. Desai, M.; Patel, K. Isolation, optimization, and purification of extracellular levansucrase from nonpathogenic Klebsiella strain L1

isolated from waste sugarcane bagasse. Biocatal. Agric. Biotechnol. 2019, 19, 101107. [CrossRef]
58. Lee, A.; Bae, B. Selection of tolerant plant species using pot culture for remediation of explosive compounds contaminated soil. J.

Soil Groundw. Environ. 2015, 20, 73–84. [CrossRef]
59. Panda, D.; Sharma, S.G.; Sarkar, R.K. Chlorophyll fluorescence parameters, CO2 photosynthetic rate and regeneration capacity as

a result of complete submergence and subsequent re-emergence in rice (Oryza sativa L.). Aquat. Bot. 2008, 88, 127–133. [CrossRef]
60. Upadhyay, S.K.; Singh, J.S.; Saxena, A.K.; Singh, D.P. Impact of PGPR inoculation on growth and antioxidant status of wheat

under saline conditions. Plant Biol. 2012, 14, 605–611. [CrossRef] [PubMed]
61. Cai, Y.; Luo, Q.; Sun, M.; Corke, H. Antioxidant activity and phenolic compounds of 112 traditional Chinese medicinal plants

associated with anticancer. Life Sci. 2004, 74, 2157–2184. [CrossRef]
62. Oberbacher, M.F.; Vines, H.M. Spectrophotometric assay of ascorbic acid oxidase. Nature 1963, 197, 1203–1204. [CrossRef]

[PubMed]
63. Burges, A.; Epelde, L.; Benito, G.; Artetxe, U.; Becerril, J.M.; Garbisu, C. Enhancement of ecosystem services during endophyte-

assisted aided phytostabilization of metal contaminated mine soil. Sci. Total Environ. 2016, 562, 480–492. [CrossRef]
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