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Abstract
Rapid industrialization and intensive agriculture activities have led to a rise in heavy metal contamination all over the world. 
Chhattisgarh (India) being an industrial state, the soil and water are thickly contaminated with heavy metals, especially 
from arsenic (As). In the present study, we isolated 108 arsenic-resistant bacteria (both from soil and water) from different 
arsenic-contaminated industrial and mining sites of Chhattisgarh to explore the bacterial gene pool. Further, we screened 
24 potential isolates out of 108 for their ability to tolerate a high level of arsenic. The sequencing of the 16S rRNA gene of 
bacterial isolates revealed that all these samples belong to different diverse genera including Bacillus, Enterobacter, Kleb-
siella, Pantoea, Acinetobacter, Cronobacter, Pseudomonas and Agrobacterium. The metal tolerance ability was determined 
by amplification of arsB (arsenite efflux gene) and arsC (arsenate reductase gene) from chromosomal DNA of isolated 
RnASA11, which was identified as Klebsiella pneumoniae through in silico analysis. The bacterial strains RpSWA2 and 
RnASA11 were found to tolerate 600 mM As (V) and 30 mM As (III) but the growth of strain RpSWA2 was slower than 
RnASA11. Furthermore, atomic absorption spectroscopy (AAS) of the sample obtained from bioremediation assay revealed 
that Klebsiella pneumoniae RnASA11 was able to reduce the arsenic concentration significantly in the presence of arsenate 
(44%) and arsenite (38.8%) as compared to control.

Introduction

Heavy metal contaminations in nature are a major concern 
for environmentalists. Arsenic (As) contamination is very 
severe in India (Indo-Gangetic plains) amongst all other 
heavy metals naturally found in South-east Asia. Arsenic 
occurs naturally in the soil through pedogenetic processes 
of weathering; however, the quantum of increase in its con-
centration in recent times can be attributed to several anthro-
pogenic activities [1]. Arsenic is mainly the byproduct of 
mining and smelting industries. It is also an ingredient com-
monly found in several fertilizers and pesticides whose over 

application leads to arsenic contamination in soil and water 
[2]. Exposure to arsenic either causes adverse health issues 
like nausea, vomiting, abnormal heartbeat, profuse watery 
diarrhoea, and skin diseases, and in extreme cases, it may 
also lead to cancer [3, 4].

Arsenic also influences the growth, morphology, and 
biochemical activities of microorganisms and plants [5]. 
However, microbes, especially bacteria, are often found 
to be more resistant to arsenic as it employs a wide array 
of mechanisms like biotransformation, extrusion, bioac-
cumulation, and biosorption. Several systems found in 
bacteria to overcome arsenic toxicities like arsenate sys-
tem (ars system), anaerobic arsenate respiration system 
(arr system), arsenite oxidation system (aio system), and 
arsenic methylation system (arsM system). A bacterium 
can have more than one arsenic resistance system operat-
ing within itself but amongst all the most common system 
found in the ars system. Genes regulating the ars operon 
consist of three (arsRBC) or five genes (arsRDABC) but 
may have several other genes like arsH, arsI, and arsM [6]. 
When arsenate, i.e. As (V) is taken up by the bacterium, 
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the arsenate reductase gene (arsC) immediately converts 
it into arsenite, i.e. As (III). It is then extruded from the 
cell through an energy-dependent efflux pump (arsB gene), 
thus conferring resistance to the bacterium. Therefore, 
arsenic-resistant bacteria can be effectively used for the 
bioremediation process that ensures a more efficient clean-
up of arsenic-polluted soil and water [7].

In India, Chhattisgarh is one of the seven worst-
affected states from arsenic contamination [8]. In past, 
many researchers have reported arsenic contamination 
above permissible limits in different parts of Chhattis-
garh [9–11]. However, very few research works have been 
carried out regarding the microbiological aspect and its 
possible implications for bioremediation purposes from 
this state [12]. Therefore, the present investigation was 
designed to evaluate the bioremediation property of indig-
enous arsenic-resistant bacterial populations for removing 
arsenic from bacterial isolates.

Materials and Methods

Collection of Soil and Water Samples

Surface soil samples (0–15 cm) were collected from dif-
ferent industrial and mining areas of Chhattisgarh. A total 
of 45 soil samples were collected in a sterile polythene 
bag from 23 villages/cities: eight districts of Chhattisgarh. 
Similarly, 26 water samples were collected from 20 vil-
lages/cities of Chhattisgarh. All the samples were stored in 
a refrigerator at 10 °C until further use. The list of all sam-
ple collection sites along with their coordinates is shown 
in Table S1 and Fig. S1.

Isolation and Screening of Arsenic (As)‑Resistant 
Bacteria

The collected soil and water samples were serial diluted 
(up to 10–3 times) and 100 µL each was plated on mini-
mal agar plates (dextrose, 1 g/L; dipotassium phosphate, 
7 g/L; monopotassium phosphate, 2 g/L; sodium citrate, 
0.5 g/L; magnesium sulphate, 0.1 g/L; ammonium sul-
phate, 1 g/L along with 1.8% agar) supplemented with 
10 mM sodium arsenate (Na2HAsO4⋅7H2O). The isolates 
retrieved from sodium arsenate-supplemented media plates 
were also streaked on minimal media supplemented with 
1 mM sodium arsenite (NaAsO2). All the chemicals and 
solutions were purchased from HiMedia Pvt. Ltd. (India). 
The plates were incubated at 37 °C until growth appears 
and individual colonies having distinct morphology were 
selected for further studies.

Determination of Minimum Inhibitory 
Concentration (MIC)

The minimum inhibitory concentration (MIC) of bacterial 
isolates was determined by taking 25 mL minimal broth sup-
plemented with different concentrations of sodium arsenate 
(10, 50, 100, 200, 300, 400, 500, 600, and 700 mM) and 
sodium arsenite (1, 5, 10, 20, 30, and 40 mM). Overnight-
grown (approx.16 h) log phase culture of each isolate (100 
µL) was used as the initial inoculum. The flasks were then 
incubated at 37 °C, whilst being kept for continuous shak-
ing at 100 rpm for 48 h. The growth of bacterial isolates 
was determined by measuring the optical density (O.D.) at 
600 nm using UV-spectrophotometer (Systronics, India). 
Twenty-four best grown isolates were selected for further 
studies out of 108 isolates.

Antibiotic Susceptibility Test and Silver Nitrate 
Assay

The selected 24 isolates were checked for their co-tolerance 
towards heavy metals and antibiotics. The cultures were first 
grown in minimal broth supplemented with 1 mM Na3AsO4 
and then incubated overnight at 37 °C. Further, bacterial cul-
tures (100 µL) were evenly spread over nutrient agar plates 
having 1 mM Na3AsO4 along with HiPer antibiotic sensitiv-
ity discs (HiMedia Laboratories Pvt. Ltd., India) consisting 
of eight antibiotics. Simultaneously, the silver nitrate assay 
was also performed as per Simeonova et al. [13] for checking 
the ability of these isolates to convert the arsenic salts from 
one form to the other, i.e. either from As (III) to As (V) or 
from As (V) to As (III). The experiments were performed 
in duplicates.

Amplification of 16S rRNA, arsB, and arsC Gene

The overnight-grown culture (100 μL) with 0.6 OD was 
inoculated in minimal broth (with 1 mM Na3AsO4) followed 
by incubation at 37 °C. It was being kept for constant shak-
ing at 100 rpm for 16 h. The genomic DNA of isolates was 
extracted using a genomic DNA isolation Kit (HiMedia Lab-
oratories Pvt. Ltd., Mumbai, India). The isolated genomic 
DNA of all bacterial isolates were amplified using reported 
gene-specific primers, i.e. 16S rRNA [14], arsB [15], and 
arsC [16].

Bioremediation Assay

Bacterial isolate RnASA11 was selected based on MICs and 
two separate bioremediation assays were performed for each 
metal salts, i.e. sodium arsenate (100 ppm or 0.3 mM) and 
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sodium arsenite (100 ppm or 0.77 mM). The experiment 
was conducted in the minimal broth along with negative 
control (without inoculum) and positive control (without 
arsenic salts). The flasks were continuously kept for shak-
ing (at 100 rpm) for 7 days and its growth was periodically 
monitored every 24 h at 600 nm wavelength in a UV-spec-
trophotometer. Further, all the samples were centrifuged at 
6000 rpm for 5 min at the end of the 7th day. The cell-free 
supernatant (diluted) was subjected to atomic absorption 
spectrometry (AAS) analysis (Elico Ltd., India).

DNA Sequencing Data

All the amplified products were sequenced by Sanger 
sequencing. The primers are enlisted in Table S2. Fur-
thermore, the sequences were compared with the known 
sequences in the NCBI BLAST to find out their identities. 
The 16S rRNA gene sequences along with the BLAST 
sequences were aligned by ClustalW1.6 and a phylogenetic 
relationship was established amongst these isolates by con-
structing a phylogram through neighbour-joining method 
using MEGA6. The 16S rRNA gene was partially sequenced 
through the Sanger sequencing technique and the gene 
sequences were submitted to the NCBI GenBank database 
with accession numbers from MH793469 to MH793492. 
Both arsB and arsC CDS (coding sequences) sequences were 
also submitted to NCBI GenBank with accession number 
MH908969 and MH908972, respectively.

Statistical Analysis

All the observations were recorded and tabulated in a sys-
tematic manner. This bioremediation assay was conducted 
with four treatments, i.e. T1: control with arsenic salt; 
T2: without As + isolate RnASA11; T3: As (V) + isolate 
RnASA11; and T4: As (III) + isolate RnASA11. All treat-
ments were replicated thrice. The bioremediation experiment 
was a complete randomized design (CRD). The obtained 
data were the mean of independent experiments with three 
replicates. Student’s t-test was used to analyse the data and 
p values < 0.05 were considered as statistically significant.

Results

Screening and Minimum Inhibitory Concentration 
(MIC) of Arsenic‑Resistant Bacterial Isolates

A total of 108 arsenic-resistant bacterial isolates were 
screened, collected from contaminated soil and water 
samples of Chhattisgarh. All the isolates were maintained 
on minimal agar containing 10  mM sodium arsenate 
(Na2HAsO4⋅7H2O). The isolation of bacterial strains was 

based on their ability to grow in the presence of As (V) 
salt. The individual colonies with distinct morphology and 
culture characteristics were selected for further analysis. Out 
of 108 isolates, only 24 isolates were able to grow in the 
presence of 400 mM sodium arsenate in which only eight 
isolates grew on media containing 20 mM sodium arsenite. 
Further, only a single bacterium was able to grow in the 
presence of 30 mM sodium arsenite and 600 mM sodium 
arsenate. Thus, due to its higher tolerance ability towards 
arsenic salts, it was selected for further studies and identi-
fied as Klebsiella pneumoniae by 16S rRNA gene sequenc-
ing. It was recorded that Staphylococcus sp. strain tolerat-
ing 30 mM arsenite; however, it could resist only 250 mM 
sodium arsenate [17]. Similarly, Mujawar et al. [18] have 
reported that K. pneumoniae could grow at 21 mM arsenite.

Antibiotic Susceptibility Test and Silver Nitrate 
Assay

A qualitative silver nitrate (AgNO3) test was conducted to 
check the ability of bacterial isolate that can oxidize arsen-
ite to arsenate or reduce arsenate to arsenite. It was found 
that all 24 isolates were arsenate reducers, i.e. they convert 
arsenate to arsenite by producing arsenate reductase enzyme. 
Further, all the 24 selected arsenic-resistant bacterial iso-
lates were plated on the minimal agar plates having 1 mM 
Na3AsO4. This concentration of arsenic had been used by 
several workers for the screening of arsenic-resistant bacteria 
[19–21]. All the isolates showed a varied level of sensitivity 
towards eight antibiotics, i.e. streptomycin, tetracycline chlo-
ramphenicol, rifamycin, ampicillin, kanamycin, gentamy-
cin, and nalidixic acid. The results of antibiotic sensitivity 
tests revealed that the majority of isolates showed resistance 
towards ampicillin and rifamycin. However, two bacterial 
strains KDWA1 and KDWA2 showed complete resistance 
against antibiotics streptomycin, ampicillin, and chloram-
phenicol. Bacterial strain RnASA11 showed less resistance 
against streptomycin, chloramphenicol, rifamycin, ampicil-
lin, kanamycin, and gentamycin, whereas it was susceptible 
towards tetracycline and nalidixic acid. Shakoori et al. [22] 
reported that some arsenic-resistant bacterial species showed 
tolerance against a wide spectrum of antibiotics like erythro-
mycin, kanamycin, nalidixic acid, and tetracycline.

The 16S rRNA‑Based Characterization

All the selected 24 isolates were further characterized to 
understand their phylogenetic relationship through 16S 
rRNA gene sequencing. Results of gene sequencing revealed 
that both gram-positive and gram-negative arsenic-tolerant 
isolates were present, belonging to nine genera. The bio-
chemical properties of all the selected isolates are sum-
marized in Table 1. The 16S rRNA gene sequencing and 
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phylogenetic analysis revealed that the isolates belonged to 
diverse groups of bacterial communities ranging from Fir-
micutes (13 species) to Proteobacteria (11 species). Results 
showed that amongst Proteobacteria, two isolates were from 
the Alphaproteobacteria group and rest belonged to the 
Gammaproteobacteria.

Amplification of Arsenic‑Resistant Genes

PCR amplification of arsenic resistance genes (arsB and 
arsC) was performed to understand the genetic mechanism 
for arsenic resistance and arsenic transformation in the bac-
terial isolates. The PCR products were further sequenced to 
re-confirm the detection of genes. The PCR products yield 
approximately 750 bp and 350 bp amplicon of arsB and 
arsC gene, respectively. The strains RpSWA2 and RnASA11 
showed the highest tolerance of metal salts; they were also 
positive for arsB and arsC genes (Figs. S3 and S4). It con-
firmed the presence of ars operon that was the main reason 
showing resistance by these isolates towards arsenic. The 
sequencing of these gene amplicons confirmed the presence 
of their respective coding regions (CDS) in the sequences 
(Fig. 1).

Bioremediation Assay for Arsenic

The two strains RpSWA2 and RnASA11 were able to toler-
ate the same concentration of the metal salts. However, the 
growth of RpSWA2 strain was comparatively slow as com-
pared to RnASA11 (Fig. S2). Both of these strains were 
also positive for arsB and arsC gene amplifications. The 
final bioremediation assay was conducted with RnASA11. 
A growth curve was prepared by periodically taking the 
optical densities at 600 nm using UV-spectrophotometer 
for 10 days or till the ending of the death phase. In the 
absence of As (V) and As (III), the bacteria maintained its 
enhanced growth throughout the log phase till 3rd day and 
after that entered into the declining phase. However, in the 
presence of arsenic, a prolonged log phase was observed 
for 5 days with a brief stationary phase and entered into a 
declining phase from the 5th day onwards. The prolonged 
log phase in presence of As (V) and As (III) as compared 
to the shorter one in its absence exhibited the acceler-
ated growth. It was achieved when the bacteria are grown 
under As (V) and As (III) stress conditions (Fig. 2). The 
results were supported by the previously published reports 
[23–25] and revealed that the log phase was prolonged in 
bacteria when it was exposed to arsenic. However, Butt 
and Rehman [23] reported that the growth pattern of K. 
pneumonia and K. variicola was significantly different as 
compared to the controls. The growth rate of bacterial iso-
lates was a bit lower in presence of As (III) where the lag 
phase was slightly delayed in the presence of As (III) in Ta
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Fig. 1   Phylogenetic trees based 
on 16S rRNA gene sequences 
of 24 arsenic-resistant bacteria 
strains constructed by neigh-
bour-joining method using 
MEGA6 software. Bootstrap 
values, expressed as a per-
centage of 1000 replications, 
are given at branching points 
when ≥ 50%. Bar, 0.1 substitu-
tions per nucleotide position. a 
Gram-positive strains, b Gram-
negative strains
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both the bacterial isolates. The reduction in the number 
of arsenic concentration by these bacterial isolates was 
determined through AAS analysis. AAS is still a method 
of choice for the detection of a large number of elements, 
despite the variety of critical analytical techniques for the 
determination of trace elements. The RnASA11 strain 
showed a significant reduction in arsenic concentration 
(44.1%) when arsenate was used and average 38.8% reduc-
tion when arsenite was used as a source of arsenic in com-
parison to the control. This reduction was observed at 5% 
level of significance (Fig. 3). Thus, the arsenic-tolerant 
ability of bacterial isolate RnASA11 may be used effec-
tively for the bioremediation of arsenic.

Discussion

Arsenic contamination is gradually gaining the status of a 
major form of pollution worldwide. However, arsenic pollu-
tion occurs due to both natural and anthropogenic sources. 
Arsenic being a heavy metal significantly determines the 
type of bacterial diversity in soil and water. Chhattisgarh is 
a popular state in India famous for its industrial and mining 
activities. In recent times, it is found to be contaminated 
with arsenic in both soil and water sources. The sequencing 
of the 16S rRNA gene revealed diverse groups of bacterial 
communities. Arsenic-tolerant isolates were identified to 
be of different genera such as Bacillus, Enterobacter, Kleb-
siella, Pantoea, Acinetobacter, Cronobacter, Pseudomonas, 
and Agrobacterium. The nucleotide sequence coding for the 
16S rRNA gene were matched from the NCBI GenBank 
data. It revealed a similarity percentage of 91–99%. Results 
exhibited that maximum (13 in number) arsenic-resistant 
isolates (Fig. 1) belonged to the Bacillaceae family and they 
represented eight different species. The two isolates BSSA1 
and RnAWA3 belonged to Priestia megateriums, which is 
a well-known plant growth promoter. It has reported previ-
ously for the alleviation of heavy metal toxicity in plants 
[26]. The isolates RgCSA1 and RpSSA7 were identified 
as P. aryabhattai and this species has recently reported for 
reducing arsenic phytotoxicity in plants by Ghosh et al. [27]. 
To the best of our knowledge, species like B. haynesii and B. 
nakamurai have not reported previously for arsenic resist-
ance. Furthermore, the bacterial isolates, four (BGWA1, 
RgCWA5, RpUWA1, and RpSWA3) from genus Enterobac-
ter and two (RgCWA1 and RnASA11) from genus Kleb-
siella belong to the family of Enterobacteriaceae, are well 
known for arsenic resistance [24]. Results also showed that 
some species of genus Enterobacter, i.e. E. tabaci, E. xiang-
fangensi, and E. bugandensis were resistant towards arsenic. 
Except for two isolates KDWA1 and KDWA2, which belong 
to genus Pantoea, the rests BHWA1, BHSA6, RgCSA2, 

Fig. 2   PCR amplification of arsB (750 bp) and arsC (350 bp) genes in 
arsenic-tolerant bacteria K. pneumoniae RnASA11 and CDS obtained 
from NCBI-CD search results for conserved domains within coding 
nucleotide sequences of arsB and arsC obtained from K. pneumo-

niae RnASA11. Agarose gel (1.2%) electrophoresis was separately 
conducted for both the gene amplicons along with a suitable DNA 
marker

Fig. 3   Growth curve of K. pneumoniae RnASA11 in presence of 
arsenate (100  ppm) and arsenite (100  ppm) during 10  days long 
bioremediation assay. This bioremediation assay was conducted 
with four treatments, i.e. T1: control with arsenic salt; T2: without 
As + isolate RnASA11; T3: As (V) + isolate RnASA11; and T4: As 
(III) + isolate RnASA11. Each data represent the mean ± SE obtained 
from independent experiments with three replicates. Treatment T1 
and T2 were compared with rest of the treatments
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KWA2, and RpSWA4 were from genus Acinetobacter, 
Cronobacter, Pseudomonas, Agrobacterium, and Cedecea, 
respectively (Fig. 4). All the above genera have previously 
reported for arsenic resistance [28].

Antibiotics have been extensively used in agriculture and 
aquaculture. Bacteria are showing resistance against antibi-
otics due to their uncontrolled use in the environment. The 
presence of heavy metals often acts as a selective agent for 
antibiotic resistance in bacteria. It exerts a selection pressure 
in the environment, thereby resulting in the co-selection of 
metal and antibiotic resistance [29, 30]. Besides, numerous 
antibiotic resistance mechanisms in prokaryotes have seen to 
be influenced by metals. It has reported that a positive cor-
relation exists in bacteria (i.e. between antibiotic resistance 
and heavy metal tolerance) and the mechanism for this co-
selection is based on the cross-resistance and co-resistance 
phenomenon [31–33]. The results of this study are supported 
by previous works where a close association between arsenic 
tolerance and antibiotic resistance exist [34, 35]. Therefore, 
the findings of the present study help us in giving a better 
understanding of public health issues occurring in Chhat-
tisgarh (India) related to the multi-resistance of antibiotics 
towards human and animal pathogens. Besides, it is also 
important to mention that bacteria previously exposed to 
the arsenic environment are showing resistance towards new 
antibiotics due to selection pressure. Therefore, to prevent 
bacteria from becoming a “superbug”, we must find ways 
of preventing arsenic contaminations in the environment.

The most widely considered mechanism for arsenic 
resistance in bacteria is the ars operon system which mainly 
consists of 3/5 genes arranged in a single transcriptional 
unit. In this study, we amplified the two most important 
genes in ars operon (arsC and arsB) to better understand the 
resistant mechanisms of the above bacterial genera isolated 
from different arsenic-contaminated areas. These genes are 
located in genomic or plasmid DNA [36, 37]. The arsC gene 
encodes a monomeric protein having 135 amino acids with 
three essential cysteine residues. Bacteria uptake arsenate 
through their phosphate channels when exposed to an arse-
nic environment. It occurs when the arsC gene comes into 
play and causes a reduction of cytoplasmic arsenate by con-
verting it to arsenite. Arsenite is extruded from the cell with 
the help of an ATP-driven arsenite efflux pump formed by 
arsB gene with an association of arsA [15]. Sometimes, the 
presence of three copies of arsC gene enhances the levels 
of arsenate reduction in bacteria [19]. In this study, suc-
cessful amplification of arsB and arsC genes confirmed the 
presence of arsenic detoxification mechanism for the reduc-
tion of As (V) in the isolates. Sequencing of arsB and arsC 
genes revealed that the functional protein of these genes 
belongs to anion permease family (arsB) and thioredoxin-
like superfamily (arsC). However, the expression of both 
genes is regulated by a third gene, i.e. arsR [38]. The above 
discussion represents the genetic mechanisms of these bacte-
rial isolates under an arsenic-rich environment. Further, it 
can be noted that the presence of ars operon is very essential 
for the survival of these bacterial isolates when exposed to 
arsenic stress.

It can be concluded from the study that the arsenic-
contaminated soil and water of Chhattisgarh harbour 
diverse genera of bacteria. Additionally, it was found that 
repeated and persistent exposure of bacterial isolates to the 
arsenic environment caused resistance against this heavy 
metal, which is a point to ponder over for protecting the 
environment.

Conclusion

This study gave a picture of the bacterial diversity seen in the 
arsenic-contaminated soil and water of Chhattisgarh state. 
Finally, out of 24 isolates, one potential isolate RnASA11 
was selected. The results obtained after PCR amplification 
and bioremediation assay indicated the presence of the arse-
nic resistance system in Klebsiella pneumoniae RnASA11. 
The presence of arsC gene reduced arsenate into arsenite, 
whilst arsB gene confirmed the efflux mechanism available 
in this isolate through which it extruded arsenite from the 
cell. This process depicted its arsenic resistance mechanism. 
Moreover, AAS analysis showed a reduction of arsenate 

Fig. 4   The average arsenic concentrations detected after AAS analy-
sis of samples collected from bioremediation assay. All the samples 
were further diluted for AAS analysis. This bioremediation assay was 
conducted with four treatments, i.e. T1: control with arsenic salt; T2: 
without As + isolate RnASA11; T3: As (V) + isolate RnASA11; and 
T4: As (III) + isolate RnASA11. Each data represent the mean ± SD 
obtained from independent experiments with three replicates. Stu-
dent’s t test was used to analyse the data and *P < 0.05 compared with 
T2: without As + isolate RnASA11 (0 μM)
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(44.1%) and arsenite (38.8%), which were quite significant, 
and therefore, its arsenic resistance ability can be further 
used for bioremediation purpose, that this potential isolate 
could.
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