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Abstract: The soil and groundwater of the Bhagobangola I block of Murshidabad district, West
Bengal, India is severely arsenic-contaminated. A bacterium was isolated from the garden soil
of the Mahishasthali village, which could tolerate 36.49 mM arsenic (III), 280.44 mM arsenic (V)
and 63 mM chromium (III), which makes it arsenic (III and V) and chromium (III) hyper-tolerant
bacterium. The growth pattern of this bacterium does not show much alteration in the presence of
10 mM arsenic (III) and chromium (III), emphasizing its resistance to these heavy metals. Scanning
electron microscopic analysis depicted this bacterium to be rod-shaped with a size of ~1.45 um. 165
rDNA sequencing, followed by subsequent phylogenetic analysis, established the identity of this
bacterium as Microbacterium paraoxydans. This bacterium is capable of bioremediation of arsenic and
showed 30.8% and 35.2% of bioremediation for ImM and 22.6%, and 30.5% of bioremediation for
4mM arsenite, over a period of 24 and 48 h, respectively. Microbacterium paraoxydans also exhibits
potential plant growth-promoting properties such as nitrogen fixation, phosphate solubilization,
indole-3-acetic acid production and production of siderophores. Therefore, the heavy metal resistance,
bioremediation potential and plant growth-promoting potential of the bacterium could be utilized not
only for reduction in arsenic toxicity in soil and groundwater but also for plant growth promotion.

Keywords: arsenic hyper-tolerant bacterium; 165 rDNA sequencing; Microbacterium paraoxydans;
arsenic bioremediation; plant growth-promoting bacterium

1. Introduction

At present, arsenic toxicity in soil and groundwater is a global problem. Arsenic
exists in nature in both inorganic and organic forms. Arsenic inorganic forms include
arsenite (+3), arsenate (+5), arsenic (0) and arsenide (—3). Arsenic organic forms include
monomethyl arsonic acid (MMA), dimethyl arsonic acid (DMA), arsenobetaine and ar-
senocholine. Arsenite has high solubility, mobility and bioavailability, and it is 100 times
more toxic than arsenate. Arsenite inhibits the action of many enzymes responsible for
biochemical reactions within the human body. Arsenic pollution may have anthropogenic
sources in addition to a geogenic origin. The anthropogenic sources of arsenic include
pesticides, fungicide, weedicide, wood preservative, etc. Nine districts of West Bengal
have arsenic-contaminated soil and groundwater. Murshidabad district is worst affected
by arsenic toxicity. Bhagobangola I and II, Lalgola, Beldanga I, Jalangi, Domkal and Hari-
harpara blocks of the Murshidabad district, on the eastern bank of Bhagirathi river, show
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much higher arsenic contamination of soil and groundwater than the blocks on the western
bank. The problem of arsenic toxicity in the Murshidabad district is mainly geogenic in
origin, as evident from the fact that Ganga-Brahmaputra-Meghna delta is one of the worst
arsenic-contaminated regions of the world [1-12].

Due to their residence in highly arsenic-contaminated soil and groundwater, some
bacteria develop a tolerance to arsenic. Arsenite oxidase operon aoxABCD and Arsenate
reductase operon arsRBC, arsRABC and arsRDABC of these bacteria, have genes clustered
for arsenic hyper-tolerance. These operons code for different metal regulatory proteins,
metallic chaperones, ATPases, arsenic exporters, importers, reductases, oxidases, methyl-
transferases, etc. The aforementioned proteins take part in various biochemical reactions
and metabolic processes, which include the transportation and sequestration of arsenic in
different compartments of the cell, detoxification or transformation of arsenical compounds
by oxidation, reduction, methylation or demethylation, etc. The bacterial membrane plays
a significant role in arsenic hyper-tolerance. Some proteins participate in arsenicrelated
biochemical processes and adsorb it on the bacterial membrane, thereby inhibiting its entry
inside the bacterial cell [13]. Chromium (III) is essential for the metabolism of glucose and
lipids. However, a large concentration of chromium (III) in the body may cause health
hazards including lung cancer [14]. Bioremediation is a well-established technology used
for the mitigation of heavy metal toxicity and xenobiotic stress of the environment by
application of various biological agents. The bioremediation process could be mediated
by bacteria, plants (phytoremediation), fungi (mycoremediation), etc. Biotransformation
(transformation of the pollutant into a less toxic form), biodegradation (degradation of the
pollutant into simpler harmless compounds), bioaccumulation/bioadsorption (accumula-
tion or adsorption of the pollutant by plants or bacteria), biovolatilization (release of the
pollutant into the atmosphere in gaseous form) are some aspects of bioremediation [15-18].
The process of bioremediation is dependent upon biological agents, indigenous or exotic
to the local environment. Multiple abiotic factors (temperature, pH, nutrient, oxygen
content, etc.) of the site, concentration, type and bioavailability of the pollutant are im-
portant contributors to the heterogeneous environment, with respect to bioremediation,
thereby affecting the microbe-mediated bioremediation process, either directly or indirectly.
Extrinsic factors, such as modern anthropogenic activities, could also transform the micro-
biogeochemical environment of the site. In addition to this, biotic factors, such as microbial
communities present in the local environment, their density, composition and interplay,
might significantly alter or impact the process of bioremediation [18-22].

The application of bacteria as a biofertilizer has turned out to be an effective as well
as an eco-friendly way of reducing the use of chemical fertilizers. The promotion of
plant growth is usually accomplished by the production of siderophores, indole-3-acetic
acid (IAA), solubilization of phosphate, zinc, potassium, biological nitrogen fixation and
production of ACC deaminase by the bacteria. Biofertilizers could play an important role
in maintaining sustainable agriculture and industrial biotechnology [23]. Microorganisms
like Azotobacter participate significantly in the fixation of atmospheric nitrogen (by an
aerobic process), production of plant hormones, solubilization of insoluble phosphate and
reduction in harmful effects of phytopathogens and xenobiotics, thereby resulting in better
production of crops such as wheat, barley, rice, oat, etc. [24]. The plant growth-promoting
bacteria recognize their suitable host and colonize the plant roots to increase the growth of
plants either directly (by nitrogen fixation, plant hormone production, insoluble phosphate
solubilization, etc.) or indirectly (by enhancing the tolerance limits of plants to various
toxic substances). Despite the fact that the application of bacterial biofertilizers is one of the
best ways of enhancing plant growth, extensive research is needed, mainly in agricultural
fields in the presence of multiple variable abiotic and biotic factors, to decipher the best
way of using bacterial biofertilizer [25].

In West Bengal, the extent of arsenic toxicity in groundwater and agricultural fields,
physicochemical parameters participating in arsenic mobilization and effects of long-term
exposure to arsenic (by consumption of arsenic-contaminated drinking water and cereals,
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and working in arsenic-contaminated fields) on human health, were investigated by many
research groups [26-29]. However, the presence of different microbial communities and
their potential role in the reclamation of arsenic-contaminated groundwater and the soil
needs further investigation, particularly in the Murshidabad district. The potential role
of indigenous heavy metal hyper-tolerant bacteria, in plant growth promotion in arsenic-
contaminated agricultural fields, is yet to be deciphered completely. The current study
aims to isolate heavy metal hyper-tolerant bacterium from arsenic-contaminated garden
soil of the Bhagobangola I block of the Murshidabad district. The heavy metal hyper-
tolerance and plant growth-promoting potential of the isolate have been established in
this study. The role of the heavy metal hyper-tolerant bacterium in the bioremediation of
arsenic has been predicted. The arsenic bioremediation potential of the bacterium could be
used for designing a biofilter, in order to reduce arsenic concentration in wastewater and
groundwater. In addition to this, the application of the isolated bacterium as a potential
biofertilizer might increase the crop yield.

2. Materials and Methods
2.1. Selection of the Study Area

Groundwater and soil samples of the Bhagobangola I block of the Murshidabad
district are highly arsenic-contaminated. The arsenic contamination of aquifers in this
block is mostly geogenic in origin [11,12]. Garden soil samples were collected from the
Mahishasthali village (Latitude—24.334230 and Longitude—88.310950) of Bhagobangola I
block, for biochemical characterization and isolation of arsenic hyper-tolerant bacteria.

2.2. Physicochemical Analysis of the Soil Sample

A total of 100 mg of the garden soil collected from the Bhagobangola I block was
dissolved in 100 mL of double-distilled water to achieve a concentration of 1 mg/mL. A
Soil and Water Testing Kit (ORLAB, Hyderabad, India) was used for the estimation of
pH, iron and fluoride. Arsenic and phosphate were estimated using Arsenic Testing Kit
(Merck, Darmstadt, Germany) and spectrophotometrically using ammonium molybdate,
respectively. The absorbance of the molybdenum blue complex was measured at 690 nm
and the concentration of phosphate in the sample was determined by a standard curve of
known phosphate concentration.

2.3. Isolation and Characterization of Arsenic Hyper-Tolerant Bacteria

The garden soil sample collected from the Mahishasthali village was contaminated
with ~0.1 mg/L (100 ppb) arsenic. For isolation of arsenic hyper-tolerant bacteria, the
soil sample (1 mg/mL) was serially diluted and plated on LB agar medium, in presence
of increasing concentrations of sodium arsenite up to 500 ppm (3.85 mM). One arsenic
hyper-tolerant bacterium (DMAB*) was selected for the downstream work. This bacterium
could form colonies in 7.70 mM (1000 ppm) sodium arsenite. The ability to ferment various
carbohydrates, such as glucose, sucrose, fructose, lactose, mannitol, inositol and man-
nose, was also checked by following the standard protocol [30]. The sensitivity of the
isolate towards commonly used antibiotics was tested. They were cultured in LB media
supplemented individually with the recommended dose of ampicillin (100 pg/mL), chlo-
ramphenicol (25 pg/mL), streptomycin (50 pg/mL), rifampicin (100 ng/mL), gentamycin
(16 ng/mL), ciprofloxacin (5 pg/mL), vancomycin (30 ug/mL), ofloxacin (2 pg/mL), tetra-
cyclin (10 pg/mL), kanamycin (50 ng/mL) and bleomycin (40 ug/mL) for 24 h at 37 °C.
The bacterial growth was tested after the incubation period by turbidometric method [31].

2.4. Scanning Electron Microscope Imaging

The bacterium cultured in LB was fixed in 3% glutaraldehyde (in 0.1 M phosphate
buffer, pH 7.2) for 1 h. Three washes were given to the fixed cells and they were postfixed
in 1% osmium tetraoxide for 1 h. The cells were dehydrated in increasing concentra-
tions of alcohol 30%, 50%, 75%, 90% and 100% for 5 min. Bacterial cells were filtered
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using 0.2 p black polycarbonate filter. The cells were filter mounted onto SEM stub and
sputter coated with 10 nm gold. The coated cells were observed under 15 kV scanning
electron microscope.

2.5. 16S rDNA Sequencing and Phylogenetic Analysis for Identification of the Bacterial Isolate

Genomic DNA was isolated from the pure culture pellet of DMAB*. Its quality was
evaluated on agarose gel by observation of a single band of high-molecular-weight genomic
DNA. The fragment of the 165 rDNA gene was amplified by 27F (AGAGTTTGATCCTG-
GCTCAG) and 1492R (TACGGTTACCTTGTTACGACTT) primers. On agarose gel, one
discrete 1500 bp PCR amplicon band was observed. The contaminants were removed from
the PCR amplicon. Forward and reverse DNA sequencing reaction of the PCR amplicon
was carried out with 27F and 1492R primers, using BDT v3.1 Cycle sequencing kit on ABI
3730x] Genetic Analyzer (Thermo Fisher Scientific Corporation, Waltham, MA, United
States). The consensus sequence of the 165 rDNA gene was generated from forward and re-
verse sequence data using aligner software. The 16S rDNA gene sequence was used to carry
out BLAST using the ‘nr’ database of NCBI GenBank database. Based on the maximum
identity score, highest query coverage and lowest E-value, 15 sequences were selected and
aligned with rDNA sequence of DMAB*, using the multiple sequence alignment software
program Clustal W of MEGA X. The evolutionary history and evolutionary distances were
determined by the Neighbor-Joining method and Jukes-Cantor method, respectively. The
phylogenetic tree was constructed using MEGA X [32-34].

2.6. Determination of Heavy Metal Resistance

The bacterial isolate was tested for its resistance to heavy metals such as Cu?*, Cd%,
Ni2*, Co?*, Hg2+, Fe?t, Zn?*, Mn%* and Pb%?". A total of 500 mM stock solutions of
CUSO4,5H20, COC12,6H7_O, MI‘ISO4H20, FeSO4,7H20, ZHSO4‘7H20 and 100 mM stock solu-
tion of CdCl,H,0O, PbCl,, NiCl, ¢H,O and HgCl, were prepared. The heavy metal salts
were diluted to obtain the desired concentration. The resistance and susceptibility of the
bacterium were determined by inoculating a single isolated colony of the bacterium (from
fresh LB-Agar plates) in LB media and by streaking on LB-Agar media, both amended
with variable concentrations of the heavy metals starting from 0.5 mM. The bacterial
growth was detected after incubation for 24 h at 37 °C. The bacterial growth was tested
in LB medium by turbidometric method and in LB-Agar medium by the formation of a
bacterial colony [35,36].

2.7. Determination of Minimum Inhibitory Concentration of Arsenic (11l and V) and Chromium
(ITI and VI)

For the determination of Minimum Inhibitory Concentration (MIC), a single iso-
lated colony of the bacterium was inoculated in Luria Broth (LB) media supplemented
individually, with increasing concentrations of sodium arsenite, sodium arsenate, potas-
sium chromate and potassium dichromate starting from 3.84 mM, 1.60 mM, 5 mM and
0.5 mM, respectively. The bacterial growth was determined in the LB medium by the
turbidometric method.

2.8. Study of the Growth Curve

The bacterium was inoculated into LB media, individually containing 10 mM arsenite
and 10 mM chromium (III). The LB medium devoid of heavy metal served as the media
for control culture. The growth patterns of these three aforementioned cultures were
monitored by measuring the optical density at 600 nm. For obtaining the bacterial growth
curve, experiments were performed in triplicates. The graph was constructed in Excel with
error bars showing the standard deviation.
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2.9. Bioremediation Test

The bioremediation test was carried out by inoculation of the arsenic hyper-tolerant
bacterium in LB media containing two different concentrations of sodium arsenite, 1 mM
and 4 mM. The control culture was inoculated in the LB medium without any arsenic
stress. All the sets were incubated under stirring conditions (160 rpm) at 37 °C for 24 h.
After incubation, the bacterial cells were separated from the media by centrifugation at
10,000 rpm for 5 min. The arsenic concentration of the media was estimated by SDDC
(Silver Diethyldithiocarbamate) method after bioremediation [37].

2.10. Nitrogen Fixation and Phosphate/Potassium Solubilzation by the Bacterial Isolate for Plant
Growth Promotion

The ability of DMAB* to fix atmospheric nitrogen in the soil was tested by culturing
the bacterium on Jensen’s agar medium (a nitrogen-deficient medium) at 37 °C for 48 h.
The potential of the bacterium to solubilize insoluble phosphorus and potassium was tested
on Pikovskaya agar (with an insoluble source of phosphate) and Aleksandrow agar (with
an insoluble source of potassium) media, respectively, at 37 °C for 48 h. The bacterial
growth was assessed by the formation of bacterial colonies on the respective agar plates.
The formation of a halo around the bacterial colonies on Pikovskaya or Aleksandrow agar
media indicates the ability of the bacterium to solubilize insoluble sources of phosphate
or potassium, respectively. Bromothymol blue was used as a pH indicator for Jensen’s
agar medium. The change in color of the medium, from green to blue, indicates towards
the increase in pH due to the formation of ammonia, as a result of atmospheric nitrogen
fixation by the bacterium [38-41].

2.11. Indole-3-Acetic Acid Production

Pure and fresh bacterial inoculum was added to the LB medium containing 0.5 mg/L
of tryptophan. The culture was incubated at 28 °C with continuous shaking at 125 rpm
for 48 h. Next, 2 mL of culture was centrifuged at 15,000 rpm for 1 min. Then, 1 mL
supernatant was mixed with 2ml Salkowski’s solution. The mixture was incubated at room
temperature in dark conditions. The absorbance of the developed pink color was measured
spectrophotometrically at 530 nm. The concentration of IAA produced by the bacterium
was determined from the standard curve of variable concentration of pure IAA [42].

2.12. Siderophore Production

10 uL of fresh culture (108 CFU/mL) was spotted on the chrome azurol sulphonate
(CAS) agar plate. The plate was incubated at 28 °C for 72 h. The change in color of the CAS
agar medium, from blue to orange, indicated siderophore production. For the quantitative
assay, 0.5 mL of bacterial LB culture supernatant was mixed with 0.5 mL CAS reagent
and incubated for 5 min. The absorbance at 630 nm was measured against a reference of
uninoculated broth. The percent siderophore unit (psu) in the culture supernatant was
calculated using the formula given below:

Siderophore production (psu) = [(A; — As)/A;] x 100
where A, = absorbance of the reference and Ag = absorbance of the sample [43].

3. Results and Discussion

The Mahishasthali village of Bhagobangola I block has soil and groundwater sam-
ples contaminated with high concentrations of arsenic, often beyond the maximum per-
missible limit of arsenic in drinking water given by WHO. WHO recommends 10 ug/L
(10 ppb) as the maximum permissible limit of arsenic in drinking water. However, ~60%
of groundwater samples are contaminated with greater than 10 ug/L (10 ppb) of arsenic
in Bhagobangola I block. A garden soil sample contaminated with arsenic (~0.1 mg/L
(100 ppb)) was collected from Mahishasthali village and used for downstream work.
In our previous study, we have reported about two arsenic-resistant bacteria isolated
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from the agricultural soil of Asanpara village [11,12,44]. In this study, an arsenic hyper-
tolerant bacterium was isolated from the garden soil of the Mahishasthali village and
reported to show heavy metal tolerance and plant growth-promoting properties. To the
best of our knowledge, this is the first study from the Murshidabad district to report
the isolation and characterization of heavy metal hyper-tolerant bacterium with plant
growth-promoting potential.

3.1. Biochemical Characterization of the Garden Soil

Garden soil was collected from the part of Mahishasthali village near the Bhagobangola
I railway station (Figure 1). The pH of the soil is in a slightly basic range. The phosphate,
although present in low amounts (0.02 mg/L), might allow for higher solubility, mobility
and leachability of arsenic. The presence of iron (0.03 mg/L) in the soil allows for the
existence of arsenic in the form of ferrous arsenate, ferric arsenate and ferric arsenite. Most
importantly, the presence of arsenic in ~0.1 mg/L (100 ppb) concentration in the garden
soil is a matter of concern, as arsenic might get incorporated into crops/vegetables grown
in the soil and gets biomagnified in the food chain. However, the presence of another toxic
element, fluoride, could not be detected in the soil (Table 1) [45-47].
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Figure 1. Map of the study area in Mahishasthali village of Bhagobangola I block of Murshidabad
district. The map of India was taken freely from the website https:/ /worldmapwithcountries.net/20
20/03/12/india-map-with-states/ (accessed on 11 July 2022). The map location of the study area
was made in Google Earth Pro.

Table 1. Physicochemical parameters of the soil sample.

Physicochemical Parameters Concentration (mg/L)
pH 7.5
Iron 0.03
Phosphate 0.02
Arsenic ~0.1

Fluoride 0
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3.2. Isolation and Characterization of Arsenic Hyper-Tolerant Bacterium from the Garden Soil

The arsenic hyper-tolerant bacterium was isolated from the garden soil by serial dilu-
tion of the soil sample and subsequent plating in LB agar plates, amended with increasing
concentration of sodium arsenite. On LB agar plates, the isolated bacterium formed round,
yellow-pigmented mucoid colonies of moderate size (about 1 mm) (Figure 2A, Table 2) [48].
The bacterium DMAB* is Gram-positive and acid-fast-negative in nature. Scanning electron
microscopy confirmed that the bacterium is having a rod shape with a length of ~1.45 um
(Figure 2B, Table 2). The aforementioned findings corroborate the characteristics of different
species of Microbacterium characterized by Qian et al., Jung et al. and Hadjadj et al. [49-51].
The isolated bacterium was sensitive to the recommended dose of common antibiotics
such as ampicillin, chloramphenicol, tetracycline, gentamycin, streptomycin, ofloxacin,
ciprofloxacin, rifampicin, vancomycin and kanamycin. However, the bacterium is resistant
to the recommended dose of anti-tumour antibiotic bleomycin (Table 3). This bacterium
could ferment common sugars such as glucose, fructose, sucrose and mannitol but not
lactose, mannose and inositol (Table 4). Since this bacterium showed tolerance to a very
high concentration of arsenite and arsenate (much higher than the average MIC (~20 mM
arsenite and 100 mM arsenate) usually observed for the genus Microbacteriumy), it was
considered to be hyper-tolerant to arsenic [52].

DMAB* (Microbacterium paraoxydans)

Figure 2. (A) Isolation of arsenic hyper-tolerant bacterium from arsenic-contaminated garden soil.
Colonies of DMAB* cultured in LB-agar medium supplemented with 7.70 mM (1000 ppm) sodium
arsenite. (B) Scanning electron microscope (SEM) image of DMAB* (Microbacterium paraoxydans).
SEM analysis showed DMAB* is a rod-shaped bacterium with length ~1.45 pm.

Table 2. Morphological profile of the isolated bacterial strain.

Colony Morphological Profile

Form Round

Color Yellow-pigmented
Texture Mucoid

Size Moderate (about 1 mm)

Microscopic Morphological Profile

Gram’s nature Gram-positive
Acid-fast Negative
Shape Rod

Size 1.45 uM
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Table 3. Antimicrobial susceptibility /resistance profile of the isolated bacterial strain.
Antimicrobial Agent Concentration Used (ug/mL)  Susceptibility or Resistance
Ampicillin 100 Susceptible
Bleomycin 40 Resistant
Chloramphenicol 25 Susceptible
Ciprofloxacin 5 Susceptible
Gentamycin 16 Susceptible
Kanamycin 50 Susceptible
Ofloxacin 2 Susceptible
Rifampicin 100 Susceptible
Streptomycin 50 Susceptible
Tetracycline 10 Susceptible
Vancomycin 30 Susceptible

Table 4. Fermentation of different carbohydrates by the bacterial isolate.

Carbohydrates Fermentation Ability
Glucose +
Fructose +
Mannose -
Sucrose +
Lactose -
Mannitol +
Inositol —

3.3. 16S rDNA Sequencing and Phylogenetic Analysis Identified the Bacterium as
Microbacterium Paraoxydans

The 165 rDNA sequencing followed by phylogenetic analysis identified bacterium
DMAB* as Microbacterium paraoxydans. Different strains of Microbacterium paraoxydans such
as the strains DSM 15019, DSM 1920, BLY and MA-25, were detected as close neighbors
of DMAB*. The partial sequence of 165 rRNA gene of Microbacterium paraoxydans strain
DSM 1920, showed the highest identity (99.60%) and query coverage (100%) with the
rDNA sequence of DMAB*. In the genome assembly, chromosome I of Microbacterium
paraoxydans strain DSM 15019, showed 99.46% identity and 100 % query coverage with
the rDNA sequence of DMAB* (Figure 3). Different members of the genus Microbacterium
were reported as arsenic-tolerant bacteria throughout the world. Highly arsenic-resistant
Microbacterium paraoxydans strains were isolated from textile effluent wastewater of Jaipur,
Rajasthan, India. The four isolates (Microbacterium paraoxydans strain 3109, Microbacterium
paraoxydans strain CF36, Microbacterium sp. CQO0110Y and Microbacterium sp. GE1017) of
the study showed MIC of 8-9 g/L of sodium arsenite [53]. These strains also showed
resistance to zinc, chromium, selenium and other heavy metals and a sensitivity towards
mercury, cadmium, etc [53]. Arsenic-resistant Microbacterium sp. strain SZ1 was isolated
from arsenic-bearing gold ores of Malaysia [54]. Microbacterium spp. isolated from Creven
Dol Mine, Allchar, North Macedonia- survived in presence of 209 mM arsenite and 564 mM
arsenate [55]. Multiple chromosomally or plasmid-encoded genes are responsible for the
arsenic hyper-tolerance potential of bacteria, such as E.coli, Pseudomonas aeruginosa PAO1
strain, Acidiphilium multivorans AIU 301, Serratia marcescens, Acidithiobacillus ferrooxidans,
etc [56]. Predominant genes responsible for arsenic hyper-tolerance are arsA, arsB, arsC,
arsD, arsR, arsM and arsH, which together form an operon activated by the presence of
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arsenic. These genes encode for multiple proteins such as ATPase (arsA), membrane-bound
efflux pump (arsB), arsenate reductase (arsC), mettalochaperone (arsD), transcriptional re-
pressor (arsR), S-adenosylmethionine methyltransferase (arsM) and oxidoreductase (arsH).
ATPase and membrane-bound efflux pump together participate in the translocation of the
oxyanion out of the cell, whereas cytoplasmic arsenate reductase converts arsenate to arsen-
ite. The metallochaperone transfers arsenite to the ATPase and enhance its extrusion. The
methyltransferase is responsible for methylation of arsenic species and contributes towards
its detoxification [52]. In addition to these, other genes such as aoxA, aoxB, aoxR and aox5-
are also part of arsenic hyper-tolerance and defense mechanism, particularly in Hermini-
imonas arsenicoxydans, Agrobacterium tumefaciens, Pseudomonas stutzeri strain GIST-BDan2
(EF429003), etc. aoxA and aoxB genes, together, encode for arsenite oxidase, an enzyme
involved in the conversion of arsenite into a relatively less toxic and less mobile form,
arsenate. a0xS and aoxR, together, form a two-component signal transduction system and
encode for a sensor kinase and a positive regulator of aoxAB operon, respectively [57,58].
Arsenate reductase and arsenic dependent transcriptional repressor is reported in Mi-
crobacterium sp. strain A33 [59]. ArsR-ArsC fusion proteins are also reported in the genus
Microbacterium [56]. The presence of arsB gene is reported in Microbacterium paraoxydans
DSM 15019 [52]. Arsenate reductase, arsenical responsive transcriptional repressor, ar-
senic efflux pump, thioredoxin reductase and an arsenicalresistant protein is present in
Microbacterium sp. strain SZ1 from gold ores contaminated with arsenic [54]. However,
further investigation is required to decipher the arsenic defense mechanisms in detail, in the
genus Microbacterium.

MN315452 Microbacterium sp. strain InS605 16S ribosomal RNA gene, partial sequence

89
' MN315409 Microbacterium sp. strain InS323-1 16S ribosomal RNA gene, partial sequence

HM222669 Microbacterium sp. 0710P1-6 16S ribosomal RNA gene, partial sequence

KY425786 Microbacterium paraoxydans strain MA25 16S ribosomal RNA gene, partial sequence
MN175935 Microbacterium paraoxydans strain DSM 1920 16S ribosomal RNA gene, partial sequence
DQ490451 Microbacteriaceae bacterium KVD-1982-06 16S ribosomal RNA gene, partial sequence
JF834172 Microbacterium sp. ADAT-G 16S ribosomal RNA gene, partial sequence

DQ227343 Microbacterium sp. PHD-5 16S ribosomal RNA gene, partial sequence

MZ452933 Microbacterium paraoxydans strain BLY 16S ribosomal RNA gene, partial sequence

JX566572 Microbacterium sp. 2134 16S ribosomal RNA gene, partial sequence
LR880474 Microbacterium sp. Nx66 genome assembly, chromosome: Nx66
— CP027434 Microbacterium sp. str. 'China' chromosome, complete genome

— LT629770 Microbacterium paraoxydans strain DSM 15019 genome assembly, chromosome: |

CP078076 Microbacterium sp. SSW1-51 chromosome
— DMAB*

CP043430 Microbacterium sp. 151 chromosome, complete genome

Figure 3. Phylogenetic tree of the bacterial isolate DMAB* (Microbacterium paraoxydans). The evolu-
tionary history and evolutionary distances were determined using the Neighbour Joining method
and Jukes-Cantor method, respectively. The phylogenetic tree was constructed using MEGA X and
includes15 closest homologues of DMAB* identified by BLAST. The branch length and the bootstrap
values are shown next to the branches in the figure.

3.4. Heavy Metal Tolerance and Susceptibility of the Isolated Bacterium

The isolated Microbacterium paraoxydans could tolerate moderately high concentrations
(5 mM) of some heavy metals such as zinc (Zn%), copper (Cu?*) and manganese (Mn?*). Tt
could also survive in high concentrations of iron (Fe*) (10 mM). However, the isolate was
susceptible towards low concentrations of cobalt (Co?*) and lead (Pb?*) (3 mM and 2 mM,
respectively), and even more sensitive towards cadmium (Cd?*), Nickel (Ni?*) and mercury
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(Hg2+) (1 mM, 1mM and 0.5 mM, respectively) (Table 5). This strain of Microbacterium
paraoxydans also showed very high MIC for arsenite (36.95 mM), arsenate (280.44 mM)
and chromium (Cr3*) (63 mM). In contrast to this, the MIC for chromium (Cr®*) (the most
toxic form of chromium) was only 1 mM for this bacterium (Table 6). The potential of
this bacterial isolate to tolerate a very high concentration of arsenite and arsenate was
higher than the average MIC (~20 mM arsenite and 100 mM arsenate) usually observed
for the genus Microbacterium [52]. The arsenic tolerance shown by the isolated strain of
Microbacterium paraoxydans could be well corroborated with some arsenic hyper-tolerant
bacteria isolated from the soils of West Bengal. For example, Planococcus KRPC10YT iso-
lated by Chowdhury et al. could survive in 30 mM arsenate and 20 mM arsenite. Both
Bacillus sp. and Aneurinibacillus aneurinilyticus isolated by Dey et al. could tolerate arsenate
concentrations up to 4500 ppm and arsenite concentrations up to 550 ppm [60,61]. Microbac-
terium sp. strain 151, isolated from the industrial wastewater of Sheikhupura, Pakistan,
could tolerate up to 75 mM arsenite and 520 mM arsenate. This strain of Microbacterium sp.
showed MIC of 3 mM/mL, 4 mM/mL, 4 mM/mL, 5 mM/mL, 5.5 mM/mL, 6 mM/mL
and 8 mM/mL, for multiple heavy metals such as selenium, cadmium, nickel, chromium,
lead, mercury and cobalt, respectively [62]. In another study, Microbacterium sp. AE038-20
showed tolerance to 40 mM arsenite, 100 mM arsenate, 2 mM chromium (Cr®*), 4 mM
copper (Cu?*) and 1 mM cadmium (Cd?*) [63]. Therefore, many species of the genus Mi-
crobacterium could tolerate arsenite and arsenate at a very high concentration. Lead-tolerant
Microbacterium paraoxydans BN-2 was isolated from the rhizosphere of E. camaldulensis,
from lead-contaminated soils of BoONgam mine, Thailand [64]. Microbacterium paraoxydans
strain VSVM IIT (BHU) isolated and discovered by Singh and Mishra showed tolerance
towards 200 mg/L of chromium (Cr®*) and 99.96% removal efficiency in presence of
50 mg/L of chromium (Cr®") [65]. Therefore, the genus Microbacterium consists of numer-
ous heavy metal-resistant species, which were reported to be resistant to multiple heavy
metals such as arsenic, chromium, lead, copper, cadmium, etc., and different species of
the genus Microbacterium in general, and Microbacterium paraoxydans in particular, could be
used for reclamation of heavy metal-contaminated soil and wastewater.

Table 5. Maximum tolerance limit of DMAB* (Microbacterium paraoxydans) towards various
heavy metals.

Heavy Metal Maximum Tolerance Limit

Iron (Fe?*) 10 mM
Cobalt (Co?*) 3mM
Zinc (Zn2*) 5 mM
Copper (Cu?*) 5 mM
Lead (Pb2*) 2 mM
Manganese (Mn?*) 5mM
Nickel (Ni2*) 1mM

Mercury (Hg?*) 0.5 mM

Cadmium (Cd?*) 1mM
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Table 6. Minimum inhibitory concentration of various heavy metals for DMAB* (Microbac-
terium paraoxydans).

Heavy Metal Minimum Inhibitory Concentration (MIC)
Arsenite (As?*) 36.95 mM
Arsenate (As®) 280.44 mM
Chromium (Cr3*) 63 mM
Chromium (Cr®*) 1mM

3.5. Growth Patterns of DMAB* in High Concentration of Arsenic (III) and Chromium (III)

Almost identical growth patterns of DMAB* were observed in both the control medium
(devoid of arsenic) and in presence of 10 mM arsenite (Figure 4). The results indicate that
the bacterium could neutralize the toxic effects of such high concentrations of arsenic and
maintain its normal growth pattern even in the presence of arsenic stress. This could be
due to the utilization of arsenic as a substrate for deriving energy for driving metabolic
processes, which might negate the toxic effects of the heavy metal. Another explanation
could be the assimilation of arsenic into the bacterial biomass or there could be an interplay
between assimilatory and dissimilatory processes [66-68]. In the presence of 10 mM
chromium (III), DMAB* showed a prolonged lag phase. However, after the initial delay
in the growth, the bacterial cells recovered and grew normally to reach the density of the
bacterial culture grown in the control medium. The rapid transition to the log phase of
the bacterium in the presence of arsenite could be explained by its natural adaptability
towards high concentrations of arsenic, as it was exposed to prolonged arsenic stress in its
natural habitat. In contrast, the bacterium showed a prolonged lag phase in presence of
chromium (III) and later restored its rapid growth pattern in the log phase. The long lag
phase might coincide with the time required for its adaptation towards a heavy metal Cr3*,
not predominant in its natural habitat.

25 9

15 A —o—Control
-0~ Media with 10 mM Arsenite

-2—Media with 10 mM Chromium

Absorbance at 600 nm

05 4

20

Time (Hours)

DMAB* (Microbacterium paraoxydans)

Figure 4. Growth patterns of the bacterial isolate. The bacterium was cultured in LB media sup-
plemented with 10 mM arsenite (III) and 10 mM chromium (III). Medium without sodium arsenite
served as control. The growth rate was checked by monitoring the optical density of the medium
at 600 nm.

3.6. Bioremediation of Arsenic Toxicity by DMAB*

It was observed by the standard SDDC method of arsenic estimation that DMAB*
could bioremediate 30.8% and 35.2% of 1 mM arsenite over a period of 24 and 48 h,
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respectively. A further increase in the arsenite concentration to 4 mM led to a slight
reduction in the bioremediation efficiency (22.6% and 30.5% in 24 and 48 h, respectively)
(Figure 5). Therefore, at high and very high concentrations of arsenite, the bacterium was
capable of bioremediation of arsenic with significant efficiency. The underlying mechanism
of the bioremediation process exhibited by the bacterium could be biotransformation,
bioadsorption/bioaccumulation, or a combination of these processes. The bacterium
might be involved in the enzymatic transformation (biotransformation) of arsenite to
arsenate (the less toxic form of arsenic), thereby reducing the concentration of arsenite in
the local environment. On the other hand, the accumulation of arsenite in the bacterial
cytoplasm, either in free or conjugated form (bioaccumulation) or adsorption of arsenite on
the bacterial membrane (bioadsorption), could be a part of the bacterial defense system,
towards the tolerance of a high concentration of arsenite and subsequent reduction in its
concentration. The bioremediation potential of this bacterium was lower than the arsenite
removal efficiency of Microbacterium sp. strain 151, isolated from industrial wastewater
of Sheikhupura, Pakistan. The inactivated biomass of the Microbacterium sp. strain 151
could remove 99% of 15 mM arsenite within 10 h of incubation [62]. Microbacterium
lacticum isolated from municipal sewage could oxidize up to 50 mmoles/L of arsenite. The
arsenite oxidation potential of Microbacterium lacticum could be applied for the removal
of >99.9% arsenate using activated carbon in a biofilter, as suggested by Mokashi and
Paknikar [69]. The physicochemical processes of arsenic elimination from groundwater or
wastewater are expensive with considerable environmental costs. Therefore, the isolated
strain of Microbacterium paraoxydans from this study could complement the existing filtration
technologies by its bioremediation potential, as evident in the case of other species of
Microbacterium. Hence, bioremediation used as a technology could turn out to be significant
in the mitigation of arsenic toxicity [70,71].

45
40
35 -
30 i

25 1 ]:

20 -

24 hours

m 48 hours
15 A

10

5 e

Percentage of bioremediation

0 4 T
1mM 4 mM

Arsenite concentration

DMAB* (Microbacterium paraoxydans)

Figure 5. Arsenic bioremediation by arsenic hyper-tolerant strain of Microbacterium paraoxydans. The
bar diagram represents percentage of bioremediation of arsenic by arsenic hyper-tolerant strain of
Microbacterium paraoxydans, in varying concentrations (1 and 4 mM) of sodium arsenite at 37 °C for
24 and 48 h.

3.7. Plant Growth-Promoting Properties Shown by DMAB*

IAA production, siderophore production, atmospheric nitrogen fixation and solubiliza-
tion of insoluble potassium and phosphate, are some of the plant growth-promoting prop-
erties usually studied to predict the role of microbes in plant growth promotion. DMAB*
could produce IAA and siderophore in a culture medium. Such plant growth-promoting
properties are usually shown by soil bacteria, inhabiting the root and surrounding regions
(rhizosphere) of plants. DMAB* could produce 0.77 pg/mL of IAA (per ml of media)
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and 21.16% of siderophore. The bacterium was capable of fixing atmospheric nitrogen
and solubilizing insoluble phosphates on agar plates containing Jensen and pikovskaya
media, respectively. However, DMAB* could not solubilize insoluble potassium (Table 7).
Different species of Microbacterium were found in the rhizosphere and categorized as a
rhizobacteria. It is reported that Microbacterium paraoxydans is a well-known plant growth
promoter. A strain of Microbacterium paraoxydans showing 99% similarity to Microbacterium
paraoxydans strain M59 and Microbacterium paraoxydans strain M8S2B3 was reported to play
a significant role in nodule formation in Phaseolus sp. [72]. Phosphate solubilizing Microbac-
terium paraoxydans was isolated from the root of Mexican husk tomato plants [73]. Hirsch
et al., in their patent, claimed Microbacterium paraoxydans (NR025548) as one of the plant
growth-promoting microorganisms and described the method of its application for plant
growth promotion [74]. Cordovez da Cunha et al. also explained the method of applying
Microbacterium paraoxydans as a novel plant growth-promoting bacteria in their patent [75].
Microbacterium paraoxydans showed antagonistic activity against Fusarium wilt disease of
Chickpea [76]. Hence, the bacterium isolated in this study could be used as a potential
biofertilizer after successful field trials for the enhancement of plant growth [77,78]. In
addition to this, the bacterial isolate might also reduce the effect of arsenic toxicity in plants
cultivated in arsenic-contaminated soil, by activating the arsenic defense mechanism [79].
An increase in arsenic tolerance might also lead to increased arsenic accumulation in plants,
as reported by Alka et al. [80,81]. However, many plant growth-promoting bacteria are also
known to reduce arsenic translocation, toxicity and accumulation in plants [82,83]. There-
fore, the actual effect of this isolated strain on the plants grown in arsenic-contaminated
soil could be a subject of future research. The ability of arsenic bioremediation and plant
growth-promoting potential, explain the reason for inhabiting the arsenic-contaminated
garden soil of the Bhagobangola I block by this bacterium.

Table 7. Plant growth-promoting properties of DMAB* (Microbacterium paraoxydans).

Plant growth Promoting Properties Observation
#1AA production +(0.77 pg/mL)
* Siderophore production +(21.16%)
Atmospheric nitrogen fixation +
Insoluble phosphate solubilization +

Insoluble potassium solublization -

* 48 h old culture was used for Siderophore estimation (having cfu 1.3 x 10°/mL). # 72 h old culture was used for
IAA estimation (having cfu 1.2 x 107/mL). +: positive growth/production. —: lack of growth /production.

4. Conclusions

Heavy metal hyper-tolerant bacteria are often found in heavy metal-contaminated
soil and groundwater. In this study, an arsenic hyper-tolerant strain of Microbacterium
paraoxydans has been isolated from the arsenic-contaminated garden soil of the Bhagob-
angola I block. The isolated strain shows tolerance towards other heavy metals such as
chromium, copper, zinc and iron. The bacterium also exhibits potential plant growth-
promoting properties such as IAA and siderophore production, atmospheric nitrogen
fixation and insoluble potassium and phosphate solubilization. The arsenic bioremediation
potential of the bacterium could be used for the mitigation of arsenic toxicity from soil
and groundwater by its translation into a prominent technology which could be used in
bio-filters. The plant growth-promoting properties of the bacterium allow it to be used as
a potential biofertilizer. Therefore, Microbacterium paraoxydans could play the dual role of
arsenic bioremediation from arsenic-contaminated soil and groundwater, and plant growth
promotion when applied to the soil with a proper medium.
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