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Abstract

An arsenic resistant bacteria SMSKVR-3 has been isolated from the rhizospheric soil of the metal-contaminated site of
khetri copper mines situated in the Jhunjhunu district of Rajasthan, India. The strain showed homology with Pseudomonas
mendocina strain ATCC 25411. This gram-negative isolate exhibited optimal growth in M9 minimal media with tem-
perature and salt concentration as 30 °C and 0.25% (w/v), respectively, at pH 7.0. The similar growth pattern and SEM
analysis of this strain exposed to M9 minimal media alone, M9 media supplemented with 300 mM arsenate [As(V)] or M9
media supplemented with 1.34 mM arsenite [As(III)] indicate the existence of the strong arsenic resistance mechanism.
The isolate was able to produce siderophores and was able to reduce As(V) to As(IIl). A decrease in polyP concentration
from 354.8 pg/10'° CFU mL~" at 0 h to 0.043 pg/10'° CFU mL~! at 8 h incubation with As(V) was in correlation with the
change in intracellular As(V) concentration (116.98 mg L~!/10'° cells at 0 h to 88.65 mg L™'/10'° at 8 h) with time. This
shows the possible role of polyP bodies in the regulation of As(V) concentration inside the cell. The presence of arsC gene
in P.mendocina SMSKVR-3 was confirmed by the PCR amplification of arsC gene. The BLAST analysis of the sequenced
gene represented 98.59% identity with the P. mendocina S5.2 arsenate reductase. These results indicate that the observed
arsenic resistance in SMSKVR-3 is due to a combination of siderophore production, the transformation of As(V) to As(III)
by arsenate reductase, multi-drug efflux pump, and polyP bodies mediated metal resistance mechanism.

Introduction

Arsenic is a metalloid that is present in the form of insolu-
ble sulfides and sulfosalts such as arsenopyrite, pyrite, loe-
llingite, realgar, orpiment, and tennantite at a concentra-
tion usually below 24 mg kg™!, which may increase up to
600 mg kg~ in the highly polluted soil [1, 2]. In the envi-
ronment, arsenic principally exists as elemental arsenic (0),
arsenite (III), arsenate (V), and arsine (—III), among which
As(V) and As(III) are most abundant. Though both arse-
nate and arsenite are toxic and can cause cellular damage,
the toxicity of As(III) is reported to be more than As(V).
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The arsenate enters inside the cell through the same mecha-
nism as phosphate and disrupts the metabolic reactions
which require phosphorylation, also inhibiting the synthe-
sis of adenosine triphosphate (ATP) [2, 3]. The long-term
exposure of inorganic arsenic above the permissible limit
can cause various health hazards, including non-cancerous
effects such as stomach pain, weight loss, vomiting, enlarged
liver and spleen, nausea, diarrhea, weakness, partial paraly-
sis and blindness, chronic respiratory disorder, thickening
and discoloration of the skin. It also causes cancer of the
skin, lungs, kidney, bladder, prostate, and liver [2, 4-6].

A variety of heavy metals and metalloids are emitted to
the environment due to mining and industrial processing
activities through milling operations that are coupled with
grinding, concentration, and disposal of tailing waste. These
activities lead to an elevated level of persistent elements
like arsenic, copper, cadmium, cobalt in the environment
and result in environmental pollution [7]. It has also been
found that the concentration of heavy metals such as Cd,
Co, Cu, Pb, and As has been increased near the area of min-
ing [8]. Arsenic is present in copper ores within tennantite
(Cu;,As,S ;) or enargite (Cu;AsS,) and is mainly released
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in the environment as a by-product of the base metal smelt-
ing process [9].

Microorganisms present in the contaminated environment
are known to have developed natural arsenic resistance and
participate in the biogeochemical cycle of arsenic with a
variety of processes that influence its mobility and bioavail-
ability. They respond to it by a variety of mechanisms such
as exclusion, chelation, immobilization, and compartmen-
talization [10-12]. Biosorption, adsorption and, the trans-
formation of arsenic in different oxidation states have been
reported to alter its mobility, and solubility including meth-
ylation or demethylation, and by producing organic acids
[1]. Another mechanism present in microorganisms to over-
come metal-induced stress includes polyP bodies mediated
detoxification of heavy metals involving polyP-metabolizing
enzymes polyphosphate kinases (PPK) and exopolyphos-
phatases (PPX). This knowledge can be utilized for biosen-
sor development for monitoring heavy metal pollution [13].

Previous studies conducted in our laboratory, including
analysis of copper tailing waste from khetri copper mines
by electron diffraction X-ray fluorescence spectroscopy
(ED-XRF), has shown the presence of 0.0081% (w/w) of
arsenic, indicating that the arsenic resistant bacteria may be
present in this habitat [14]. Exploring heavy metal resistance
mechanisms present in microorganisms can provide vital
information to design an efficient bio-sorbent material for
the removal of arsenic from contaminated water, soil, food,
and waste products..

Materials and Methods

Sample Collection and Isolation of Bacterial Strains
Having Arsenic Resistance

To isolate the arsenic-resistant bacteria, the soil, water,
and slag samples were collected from the khetri copper
mines situated in the Jhunjhunu district of Rajasthan, India,
geographically centered at the point coordinate of 75° 46’
32.33"E, 28° 0’ 53.66" N. The soil, water, and slag samples
were collected from the rhizospheric region of the plants
growing near the tailing area, wastewater discharge area and
the slag dumping area, respectively. From each site, four
samples were collected from different locations. The isola-
tion of bacteria from the collected samples was performed
by standard enrichment culture technique by gradually
increasing the concentration of arsenate from 2 to 300 mM
in M9 minimal media supplemented with 11.1 mM glucose
and 1 mM MgSO, 7H,0 and incubation at 30+2 °C in an
orbital shaker for 7-8 days. The enrichment was followed
by serial dilution of the samples up to 107 dilution, spread
plating on M9 minimal media-agar plate, and incubation at
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30+2 °C for 24-48 h. Colonies thus obtained were further
characterized.

Morphological and Biochemical Characterization

The colony morphology study was performed by streaking
fresh bacterial culture on the M9-agar plate followed by
incubation at 30 +2 °C for 24 h. It included various charac-
teristics of the colony, such as form, margin, elevation, tex-
ture, appearance, optical property, and pigmentation. Gram
staining was performed by following the standard method
of Gram staining using Himedia’s Gram staining-Kit. For
biochemical characterization of isolate, Himedia’s Bio-
chemical test kit was used that included various biochemi-
cal tests such as for O-nitrophenyl-p-p-galactopyranoside
(ONPG), lysine utilization, ornithine utilization, urease, phe-
nylalanine deamination, nitrate reduction, H,S production,
citrate utilization, Voges Proskauer’s, methyl red, indole,
malonate utilization, esculin hydrolysis, arabinose, xylose,
adonitol, rhamnose, cellobiose, melibiose, saccharose, raf-
finose, trehalose, glucose, lactose, and oxidase tests [15]. All
the analyses were performed in triplicates using the freshly
grown culture.

Optimization of the Growth Condition
for the Selected Isolate

Physiological parameters including temperature, pH, and
salt (NaCl) concentration were optimized for the maximum
growth of the bacteria. For the optimization of temperature,
M9 minimal media containing 11.1 mM glucose and 1 mM
MgSO,-7H,0 (pH 7.4 +0.2) was inoculated with 1% (v/v)
of the freshly grown culture of SMSKVR-3. The inocu-
lated media was then incubated at 25, 28, 30, 33, 37, and
40+2 °C and 120 rpm in an orbital shaker for 24 h fol-
lowed by measurement of optical density (OD) at 600 nm
as well as intracellular protein concentration (using Quan-
tiPro™ BCA Assay Kit from Sigma-Aldrich) reflecting the
bacterial growth using Thermo Scientific™ Multiskan™ GO
microplate spectrophotometer.

For the optimization of pH, the flasks containing M9 min-
imal media with different pH (3, 5, 7, 9, and 11 +0.2) were
inoculated with the freshly grown culture of SMSKVR-3 and
incubated at 30+ 2 °C and 120 rpm in an orbital shaker for
24 h followed by measurement of OD at 600 nm and deter-
mination of intracellular protein concentration.

The concentration of salt (NaCl) was optimized by sup-
plementing the different concentrations of NaCl (0.25, 0.50,
0.75, 1.25,2.25,3.25,4.25, and 5.25%) (w/v) in M9 minimal
media and inoculation of the fresh culture of SMSKVR-3.
After 24 h of incubation, the OD was measured at 600 nm
and intracellular protein concentration was determined.
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16S rDNA Sequencing and Phylogenetic Analysis
of the SMSKVR-3

Molecular characterization of SMSKVR-3 was performed
through bi-directional sequencing of the full 16S-rRNA
gene sequence. To accomplish this, the bacterial genomic
DNA was isolated using QIAamp® DNA Mini Kit fol-
lowed by PCR amplification of ~ 1.5 kb 16S rRNA gene
fragment using universal 27F forward primer (5' AGAGTT
TGATCMTGGCTCAG 3’) and 1492R reverse primer (5’
GGTTACCTTGTTACGACTT 3') [16, 17]. An initial dena-
turation reaction was set up at 94 °C for 5 min, followed by
35 cycles of denaturation at 94 °C for 1 min, annealing at
50 °C for 30 s, elongation at 72 °C for 1 min 30 s, and the
final extension at 72 °C for 10 min. The PCR product was
cloned in pCR™2.1-TOPO® vector (Invitrogen) and then
sequenced by primer walking technique using ABI 3730
DNA Sequencer. The 16S-rRNA sequencing data was ana-
lyzed using the NCBI basic local alignment tool (BLAST)
program, followed by alignment using ClustalW. To calcu-
late the evolutionary distance between sequences, Jukes and
Cantor method was used, followed by the construction of
the phylogenetic tree using the “neighbor-joining” method.
The analysis of the sequence was carried out by MEGA 6
software.

Growth Curve Analysis

The growth characteristic of selected bacteria was evaluated
in three different media conditions- M9 minimal medium
alone, M9 minimal medium supplemented with 300 mM
As(V), and M9 minimal medium containing 1.34 mM
As(III). To prepare the growth curve of bacteria, 1% (v/v)
inoculum of an overnight grown pure culture of bacteria hav-
ing 7.65x 10'* CFU mL™! cells was inoculated in 250 mL
flasks with the above-mentioned media. All the flasks were
incubated at 30 +2 °C by continuous shaking at 120 rpm in
an orbital shaker. The growth was measured by taking opti-
cal density at 600 nm every 2 h of the interval [18].

Study of Cross Heavy Metal/Metalloid-Tolerance

The ability of the isolated strain to tolerate different heavy
metals/metalloids other than As(V) such as As(IIT), Mn(II),
Mo(VI), Fe(Ill), Cd(1I), Cu(l), Zn(II), Ni(II), Co(II),
Cr(VI), and Hg(I) was studied at different concentrations of
the respective metals. The salts of the metal/metalloids such
as NaAsO,, MnCl,"4H,0, Na,MoO, FeCl; CdCl, -H,0,
CuS0O,-5H,0, ZnSO,-7H,0, NiCl,-6H,0, CoCl,'6H,0,
K,Cr,05, and HgCl, were incorporated in media. For the
test, 1% (v/v) of freshly grown bacterial culture having
2.7x%10'2 CFU mL™! cells was inoculated in 2 mL M9 mini-
mal media with increasing concentration of heavy metals/

metalloid ranging from 0.02 to 26.88 mM. The media con-
taining heavy metals and bacteria were then incubated at
30+2 °C for 48 h. The minimal inhibitory concentration
(MIC) was determined by taking OD at 600 nm and check-
ing viability by plating bacterial culture on M9-agar plates
[19].

Antibiotic Susceptibility Determination

The antibiotic susceptibility test of six antibiotics was per-
formed by the disc diffusion method as described by Bauer
et al. (1966). The commercially available antibiotic discs
containing ampicillin (10 pg), chloramphenicol (30 pg), kan-
amycin (30 pg), tetracycline (30 pg), vancomycin (30 pg),
and streptomycin (10 pg) (obtained from HiMedia, India)
were used for the test ensuring proper contact between disc
and agar surface. The zone of inhibition (ZOI) was measured
after incubating the plates at 30+ 2 °C for 24 h. Results were
expressed in terms of sensitive (S), intermediate (I), and
resistant (R) [20].

Scanning Electron Microscopic (SEM) Study

Scanning electron microscopy of bacteria was performed
using the fresh liquid culture of bacteria grown in the
absence of arsenic species and under the presence of As(V)
and As(II). The smear was prepared on the glass slides and
heat-fixed over a flame for 1-2 s. After heat fixation, the
smear was further fixed by 2.5% (v/v) glutaraldehyde (aque-
ous) for 1 h followed by dehydration of smear by passing
through 35-100% (v/v) of ethanol solutions. The bacterial
smear on the slides was then gold-coated and observed
under a 20 kV scanning electron microscope (FEI™ Thermo
Fisher Scientific Apreo SEM) to study the surface mor-
phology of bacteria in the absence and presence of 300 mM
As(V) and 1.34 mM As(III) [2].

Siderophore Production

Siderophore detection was performed using the universal
chemical assay for siderophore detection with chrome azurol
S in King’s medium B [21, 22]. Screening of 56 mg L™!
concentration of Fe(III), As(III), and As(V) was performed
to check the formation of metal/metalloid-siderophore com-
plex. The plates were inoculated with the desired bacterial
culture in triplicates along with the negative control (without
bacteria) and incubated at 30 + 2 °C for 48-96 h. Production
of yellow-orange halo zone around the bacterial colony was
considered as the positive result for siderophore production
assay.
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Qualitative Assay for Determination of Arsenic
Biotransformation

To perform microplate assay for qualitative determination of
arsenic biotransformation, 20 uL of bacterial cell suspension
was added to a 96-well microtitre plate containing 80 uL of
0.2 M Tris—HCl buffer (pH 7.5) and either As(V) or As(II)
in a final concentration of 1.33 mM followed by incuba-
tion at 24, 48 and 72 h at 30+2 °C and 120 rpm. To check
the arsenic biotransformation, 100 pL of freshly prepared
0.1 or 0.2 M solution of AgNO; was added to the wells as
described by Simeonova et al. [23]. The experiment was
performed in triplicates.

Quantitative Determination of polyP Bodies

To isolate the polyP bodies, 10 mL of bacterial culture
having ODg,, around 0.6 was treated with 300 mM of
As(V) and incubated for the different periods (0-48 h) at
30+2 °C in an incubator shaker (120 rpm). The cell pellet
was obtained by centrifugation at 10,000 g for 10 min at
4 °C followed by the extraction of polyP bodies by alkaline
hypochlorite method [24, 25]. The cell pellet was resus-
pended in 1 mM NaF and 0.145 M NacCl containing solution
and centrifuged again. The obtained pellet was resuspended
in 0.1 mL of alkaline hypochlorite solution and incubated
at 30 °C for 60 min. The pellet containing insoluble fraction
was collected by centrifugation at 21,000 g for 15 min and
suspended in 0.1 M NaCl, 5 mM EDTA, and 1 mM NaF
(pH 4.6) containing wash solution followed by centrifuga-
tion at 21,000 g for 15 min. The residue was solubilized in
0.1 mL of 0.154 M NaCl solution (pH 7.0) and centrifuged
at 10,000 g for 10 min. The supernatant fluid contained
polyphosphate, which was then mixed with an equal volume
of 1 M HCI and boiled at 100 °C for 15 min to hydrolyze
polyP bodies. The resulting inorganic phosphate was quanti-
fied by the method described by Murphy and Riley [26]. The
entire experiment was performed in triplicates.

Determination of Intracellular and Surface-Bound
Arsenic Concentration

To understand the role of polyphosphate bodies in arsenic
resistance, the concentration of intracellular arsenic was
determined at different time intervals (0—48 h). The 10 mL
of the bacterial suspension having ODg,,, =0.6 was treated
with 300 mM of As(V) and incubated for the desired time
at 30+2 °C in an incubator shaker. For each time interval,
experiments were set up in triplicates. To obtain the cell
pellet, samples were centrifuged at 10,000 g for 10 min at
4 °C, and supernatant, as well as the pellet, were collected
and stored at —20 °C until further use. To analyze the sur-
face-bound arsenic, the cell pellet was washed with 1 mM
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EDTA (pH 7.8), centrifuged at 10,000 g for 5 min, and the
supernatant was collected. The cell pellet was dried at room
temperature for 24 h, digested in 1 mL of 30% HNO; (v/v),
and incubated at room temperature for 48 h. The solution
was sonicated at 10 kHz with 10 s pulse 5 times, centrifuged
at 13,000 g for 20 min, and then diluted at the ratio of 1:5
[27]. All the collected fractions were diluted according to the
detection range of the instrument, and arsenic concentration
was determined using inductively coupled plasma-optical
emission spectrometer (ICP-OES)—Optima 7000 DV (with
Autosampler, S10 Series), Perkin Elmer.

Screening of Arsenate Reductase (arsC) Gene in P.
mendocina SMSKVR-3 Genome

The PCR amplification of ArsC was performed using spe-
cific primers to detect the presence of this gene in P. men-
docina SMSKVR-3. The forward primer (ArsCF) having
5'-ATGACCGACCTGACCCTCTACCA-3' and reverse
primer (ArsCR) having 5'-TCATGCCAGCAGCTCCAG
GAC-3' sequence were used to amplify the 354 nt amplicon
length. PCR reaction was performed in 25 ul reaction vol-
ume containing 2.5 pl of 10X PCR reaction buffer B, 1.5 pl
of 25 mM MgCl, 0.5 ul of 10 mM dNTP (2.5 mM each),
and 5 pmol of each primers. The reaction condition included
initial denaturation for 3 min at 94 °C followed by 35 cycles
involving denaturation for 30 s at 94 °C, annealing for 30 s
at 59 °C and elongation for 30 s at 72 °C and final exten-
sion step at 72 °C for 5 min. The amplification of the gene
was confirmed by agarose gel electrophoresis (0.8% agarose
gel) involving ethidium bromide staining. The confirmation
of the arsenate reductase gene was done by sequencing the
purified PCR product using ABI 3730 DNA Sequencer fol-
lowed by the analysis of obtained sequence by the NCBI-
BLAST program.

Results
Bacterial Isolates with Arsenate Resistance

Isolation of bacteria from the metal contaminated area of
the khetri copper mines was performed using the standard
enrichment culture technique. A total of four morphologi-
cally distinct colonies were isolated from the rhizospheric
soil, and five colonies from the wastewater sample. All of
these colonies exhibited some growth in the media supple-
mented with 300 mM As(V) concentration. However, only
SMSKVR-3 that was isolated from the rhizospheric soil
showed faster growth in 300 mM As(V) containing media
and was selected for further studies. All the isolated colonies
were stored at —80 °C as glycerol stocks.
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Morphological and Biochemical Characterization

The colony of SMSKVR-3 was small, smooth, flat, and
showed brownish-yellow colored pigmentation that might
be due to the occurrence of carotenoid pigments in cells
[28]. The isolate was gram-negative, rod-shaped, and
monobacilli. The biochemical characteristics of the isolate
showed positive results for nitrate reduction, citrate utili-
zation, lysine utilization, ornithine utilization, and nega-
tive results for ONPG, phenylamine deamination, methyl
red, Voges—Proskauer, indole, H,S production, and urease
test. Results were also positive for malonate utilization,
esculin hydrolysis, and oxidase test, and except glucose,
results were negative for all the other carbon sources. The
result of different biochemical tests has been summarized
in Table 1.

Physiological Conditions Required for the Growth
of Isolate

The effect of different physiological conditions (tem-
perature, pH, and salt concentration) on the growth of
SMSKVR-3 was studied and represented in Fig. 1(i, ii, and
iii). The isolate was able to grow well from 25 to 40 °C.
When it was grown on M9 minimal media with different
pH, it was able to grow from pH 3-9; however, the opti-
mum pH for this isolate was observed to be 7. The pres-
ence of a minimum amount of salt (NaCl) in the medium
is necessary for the survival of bacteria. The selected bac-
teria showed significant growth from 0.25 to 3.25% (w/v)
NaCl concentration.

Table 1 Biochemical characterization  of  selected isolate

(SMSKVR-3)

Parameters SMSKVR-3 Parameters SMSKVR-3

Gram stain —ve Esculin hydrolysis +ve

ONPG —ve Arabinose —ve

Lysine utilization +ve Xylose —ve

Ornithine utilization +ve Adonitol —ve

Urease —ve Rhamnose —ve

Phenylalanine —ve Cellobiose —ve
deamination

Nitrate reduction +ve Melibiose —ve

H,S production —ve Saccharose —ve

Citrate utilization +ve Raffinose —ve

Voges Proskauer’s —ve Trehalose —ve

Methyl red —ve Glucose +ve

Indole —ve Lactose —ve

Malonate utilization +ve Oxidase +ve

Molecular Characterization and Phylogenetic
Analysis

The molecular characterization of selected bacteria that was
performed based on bidirectional 16s rRNA gene sequencing
followed by alignment of the sequence using BLAST, mul-
tiple sequence alignment (MSA), and phylogenetic analysis
showed its similarity with Pseudomonas mendocina strain
ATCC 25411 of y-proteobacteria class with 99.04% identity
(Fig. 2). The 1.5 kb, 165 rRNA gene sequence was deposited
in GenBank under accession no.-MH473722.2. The pure
culture of bacteria was deposited in microbial type culture
collection (MTCC), Chandigarh, India, under MTCC No.-
12986 and National Agriculturally Important Microbial Cul-
ture Collection (NAIMCC), Indian Council of Agricultural
Research, Mau, Uttar Pradesh, India under NAIMCC No.
B-02531.

Growth Curve Analysis

The growth curve analysis of SMSKVR-3 at different
media conditions [M9 medium, M9 minimal medium sup-
plemented with 300 mM As(V), and M9 minimal medium
containing 1.34 mM As(III)] showed an almost identical
pattern of growth with a lag phase of 6 h. The generation
time of the bacterium was obtained to be 67 h in all the
media conditions. The similar growth pattern of SMSKVR-3
in the presence of As(V) (300 mM) and As (III) (1.34 mM)
in M9 minimal medium is the indicator of the presence of a
strong resistance mechanism inside the bacterial cell to resist
the higher concentration of arsenate and arsenite (Fig. 3a).

Scanning Electron Microscopic (SEM) Studies

SEM analysis of bacterial cells was performed to analyze the
toxic effect of As(V) and As(III) on the cell morphology of
SMSKVR-3. The SEM analysis of SMSKVR-3 showed an
average cell size of 1.647 um X 0.571 pum in the control sam-
ple [Fig. 3b(1)]; 1.78 um X 0.541 pm in As(V) treated sample
[Fig. 3b(ii)], and 1.66 um X 0.510 pm in As(III) treated sam-
ple [Fig. 3b(iii)]. The cells were found to be intact (without
any damage to cellular structure) with normal cellular mor-
phology in the presence of As(V) and As(III). The result of
SEM analysis supports the argument that 300 mM As(V) or
1.34 mM As(IIT) have no impact on SMSKVR-3 cells in M9
media, thereby suggesting the presence of strong resistance
mechanisms in this isolate.

Cross Heavy Metal/Metalloid-Tolerance
To check the ability of SMSKVR-3 to tolerate other heavy

metals/metalloids, the bacterial culture was exposed to
increasing concentrations of As(III), Mn(II), Mo(VI),
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Fig. 1 Effect of different i temperature, ii pH, and iii salt (NaCl) concentration on the growth of selected isolate SMSKVR-3

Fe(IlT), Cd(II), Cu(Il), Zn(II), Ni(II), Co(II), Cr(VI),
and Hg(I) salts. The MIC of these ions was found to be
18.62 mM for As(III), 25.06 mM for Fe(IIl), 12.53 mM
for Cd(IT), 0.341 mM for Ni(Il), 0.136 mM for Co(II),
0.115 mM for Cr(VI), 0.01 mM for Hg(I) (Table 2). For
Zn(II), Cu(Il), Mn(II), and Mo(VI), precipitation of salt was
observed beyond 7.65, 7.85, 25.48- and 14.56 mM concen-
tration of respective metal salt; thus, the study was not con-
ducted further. The results clearly showed that the selected
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isolate could tolerate a significant concentration of other
heavy metals/metalloids too.

Antibiotics Sensitivity Test

In order to check the cross-resistance between heavy met-
als and antibiotics, a zone of inhibition (ZOI) test was con-
ducted on SMSKVR-3 using selected antibiotic discs. The
bacterial strain was found to be resistant (R) to ampicillin,
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Fig.2 Neighbour-joining phylogenetic tree based on 16S rRNA gene sequences, showing the position of strains and other related genera. The
16S rRNA gene sequence of the Escherichia coli K-12 was used as an outgroup. Bootstrap values (%) are based on 1000 replicates

vancomycin, and kanamycin. The initial two antibiotics
showed no ZOI, and kanamycin showed 11.2 mm ZOI. For
chloramphenicol, intermediate (I) resistance was observed
with 13.8 mm ZOI. Whereas, the strain was found to be
sensitive (S) for tetracycline and streptomycin with 23.8 and
22 mm ZOI (Table 3).

In order to study the mechanism of arsenate/arsenite
resistance in SMSKVR-3, few of the mechanisms reported
in the literature were checked in the isolated strain.

Production of Siderophores

The selected isolated bacteria produced siderophores in
King’s B medium to all the metal and metalloid tested. The

siderophore production was confirmed by the formation of
the orange-yellow halo zone around the bacterial growth
after incubating the bacterial inoculum containing plates
for 48-96 h. Figure 4a shows the siderophore production
by SMSKVR-3 for Fe(III), As(Ill), and As(V) after 48 h
of incubation. However, the size of the halo zone increased
each day while the plates were incubated for 96 h.

Arsenic Biotransformation Assay
The arsenic biotransformation assay was performed by the
silver nitrate method, which is based on the formation of

light yellow to brown colored precipitate in the presence of
As(V) or As(III), respectively, upon the reaction of AgNO;
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Fig.3 a Growth pattern of SMSKVR-3 in the presence of (i) M9 b Scanning electron microscopy image of SMSKVR-3 (i) Without
media without arsenic, (ii)) M9 media supplemented with 300 mM any treatment (control), (ii) treated with 300 mM arsenate and, (iii)
arsenate, and (iii) M9 media supplemented with 1.34 mM arsenite. 1.34 mM arsenite
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Table 2 Cross-tolerance of

. Metals/metalloids MIC (mM)
selected isolate for other heavy

metals and metalloid(s) Arsenite 18.62
Manganese >25.48
Molybdanum >14.56
Iron (Fet?) 25.06
Cadmium 12.53
Copper >7.85
Zinc >7.65
Nickle 0.341
Cobalt 0.136
Chromium 0.115
Mercury 0.01

Table 3 Sensitivity of selected isolate (SMSKVR-3) towards different
antibiotics

Antibiotics Isolate SMSKVR-3
Zone of inhibition (ZOI) Sensitivity
(Avg.) (mm)
Ampicillin 0 R
Chloramphenicol 13.8 I
Kanamycin 11.2 R
Tetracycline 23.8 S
Vancomycin 0 R
Streptomycin 22 S

R resistance to antibiotic, S Sensitive to antibiotic, I Intermediate
resistance

with Tris—Cl (pH 7.5). The light-yellow colored precipitate
is due to the formation of Ag;AsOj; (silverorthoarsenite),
and the brown colored precipitate is the result of the for-
mation of Ag;AsO, (silverorthoarsenate) [23]. The selected
isolated bacterial strain showed the reduction of As(V) to
As(IIT) under aerobic growth conditions (Fig. 4b). However,
the change in color from brown to light yellow after the
addition of AgNO; was observed after 24 h of incubation of
bacterial culture with As(V) containing Tris—Cl buffer that
is the indication of arsenate reduction. The reduction was
found to be maximum after 72 h of incubation of cells with
arsenate containing Tris—Cl buffer.

Change in Concentration of polyP Bodies Under
Arsenic Stress with Time

Determination of polyP bodies in the bacterial cell exposed
to 300 mM arsenate showed a decrease in the concentra-
tion of polyP bodies with time. The concentration of polyP
exhibited a decrease from 354.8 ug/10'® CFU mL™! to
97, 1.85, and 0.043 pg/10'° CFU mL~! at 0.5, 4, and 8 h,
respectively. However, after 8 h, polyP bodies have shown

a slight increase to 0.8 ug/10'° CFU mL~! at 24 h and
0.59 pg/10'° CFU mL~" at 48 h [Fig. 4c(i)].

Change in Intracellular and Cell Surface Arsenic
Concentration with Time

The time-based study involving intracellular arsenic con-
centrations has shown an initial increase in intracellular
arsenic concentration from 116.98 mg L~1/10'° CFU mL~!
at 0 h to 346.62 mg L!/10'° CFU mL~! at 0.5 h followed
by a decrease [Fig. 4c(ii)]. The concentration was found to
be 17.43, 2.205, 1.37, and 4.301 mg L™'/10'° CFU mL™!
at 4, 8, 24, and 48 h, respectively. A similar pattern was
observed for cell surface-bound fraction of arsenic that
has shown an initial increase from 1380.96 to 3364.48 mg
L~'/10' CFU mL™" at 0.5 h and then decreased to 246.06,
88.65, and 43.36 mg L~1/10'° CFU mL™! at 4, 8, and 24 h,
respectively. However, a slight increase to 140.68 mg
L~1/10'° CFU mL™" at 48 h was also seen [Fig. 4c(iii)].

Screening of Arsenate Reductase (arsC) Gene

The presence of arsC gene in P. mendocina SMSKVR-3
was confirmed by the PCR amplification of arsC gene
using manually designed gene-specific primers followed
by sequencing of obtained PCR product and analysis of
obtained sequence using NCBI-BLAST (Fig. 4d). The
BLAST analysis of the sequenced gene represented 98.59%
identity with the P. mendocina S5.2 arsenate reductase.

Discussion

In the present study, the bacterial strain SMSKVR-3 has
been reported to have the ability to grow in the presence of
300 mM concentration of As(V). This bacterial strain has
been isolated from the rhizospheric soil sample collected
from the khetri copper mines situated in the Jhunjhunu
district of Rajasthan, India. Earlier studies have shown the
presence of arsenic-resistant bacteria in arsenic-contam-
inated water and soil samples. Three arsenic hyper toler-
ant bacteria, Acinetobacter calcoaceticus J1, Agrobacte-
rium tumefaciens J2, and Bacillus cereus DAS3, isolated
from the soil of Semaria Ojha Patti village of Bihar hav-
ing groundwater contamination level up to 1000 ug L™,
showed tolerance to 310 mM As(V) and 35 mM As(III)
[29]. Pseudomonas strain As-11, isolated from the arse-
nic-contaminated water from Babagorgor Spring, Iran,
showed tolerance to 43.23 mM As(III) and 270.74 mM
As(V) [30]. Recently, tolerance up to 55 mM As(III) and
275 mM As(V) by Micrococcus luteus strain AS2 that was
isolated from industrial wastewater of Sheikhupura, Paki-
stan has been reported. The bacterial isolate SMSKVR-3
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Fig.4 a Siderophores production by SMSKVR-3 in King’s B media
plate with chrome azurol S dye supplemented with 56 mg L™! of (i)
Fe(1l), (ii) As(V), and (iii) As(III) without bacteria (negative con-
trol). King’s B media plate with chrome azurol S dye supplemented
with 56 mg L™! (iv) Fe(IID), (v) As(V), and (vi) As(III), inoculated
with SMSKVR-3 and incubated for 48 h. b Silver nitrate test for arse-
nate reduction analysis. Each well of microtiter plate contains 80 pL
of 0.2 M Tris—HCI buffer (pH 7.5), 1.33 mM As(V), 20 uL of bacte-
rial cells (ODg range 0.6-0.7) or 20 uL of 0.2 M Tris—-HCI buffer
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in this study has shown tolerance to 300 mM of As(V)
and 18.62 mM As(III), indicating the presence of arsenic
tolerant bacteria in the copper mining area which has been
least explored.

The phylogenetic analysis of SMSKVR-3 showed its clus-
tering with Pseudomonas mendocina strain ATCC 25411,
and P. mendocina strain NCIB 10541 with 52% and 61%
bootstrap value, respectively, where the bootstrap values are
based on 1000 replicates. Both of these branching bacteria
belong to y-proteobacteria.

The antibiotic sensitivity assay of the isolate showed
resistance for 10, 30, and 30 pg concentrations of ampicillin,
vancomycin, and kanamycin, respectively. Also, we found
cross-tolerance for other heavy metals/metalloids, includ-
ing As(III), Mn(II), Mo(VI), Fe(IIl), Cd(II), Cu(Il), and
Zn(1I), Ni(Il), Co(1II), Cr(VI), and Hg(I), possibly involv-
ing multi-drug efflux pumps reported in bacteria [31-33].
One such example of cross-resistance is TetA(L) protein
that is involved in the efflux of tetracycline and cobalt [34].
Multi-drug efflux pump MacAB that belongs to the ABC
transporter family has been reported to confer resistance
against penicillin/macrolide-type antibiotics as well as to
As(IIT) in Agrobacterium tumefaciens SA and gram-negative
Escherichia coli [35]. Other multi-drug efflux pumps include
MdrL efflux pump present in Listeria monocytogenes encod-
ing resistance to erythromycin, josamycin, clindamycin, Zn,
Co and Cr, DsbA-DsbB (Disulfide Bond), efflux pump pre-
sent in Burkholderia cepacia encoding resistance to Zn~
Cd, B-lactams, kanamycin, erythromycin, novobiocin, and
ofloxacin, and CmeABC efflux pump that provide resistance
to antimicrobials, Co and Cu in Campylobacter jejuni [33].

The siderophores have been well recognized to chelate
essential metals such as Fe, Mn, Zn, Cu, and Mg, which
function as cofactors for enzymes. Some studies have also
shown the chelation of biologically non-essential metals,
including As, Cd, Cr, Co, Ga, Sn, U, Pb, and Pl by the
siderophores produced by Pseudomonas spp. Pyoverdine
produced by P. aeruginosa has the ability to chelate at least
17 metals [36, 37]. The P. mendocina P6115 has also been
shown to produce siderophore for As(V) and As(III) [38].
Streptomyces acidiscabies produce hydroxamate siderophore
to sequester Ni [33]. The production of siderophores by bac-
teria contributes to heavy metal resistance by extracellular
sequestration and also provides the ability to grow in the
harsh mine tailing sites [38—40]. The isolate SMSKVR-3
produces siderophore for Fe(IIl), As(IIl), and As(V) in
King’s B medium at 48 h of incubation. The observed
resistance to the higher concentration of As(V) seems to be
directly related to the presence of siderophores. This obser-
vation is supported by the earlier report showing sidero-
phores mediated uptake of Fe(Ill), simultaneously mobilize
As(V) from solid to the liquid phase causing a higher level
of arsenic in some microsites. It also induces higher arsenate

reductase activity in bacteria found in that area to overcome
arsenic toxicity [41].

The strain was found to reduce As(V) to a more toxic
form As(III) aerobically after 24 h of incubation, but it did
not show the oxidation of As(III) to As(V). Arsenic oxi-
dation and reduction mechanism have been reported in
many arsenic-resistant bacteria that help them to resist the
higher concentration of arsenic by transforming it into a
more water-soluble form followed by expelling it out of the
cell. The As(V) that enters inside the cell through phos-
phate transporters is reduced to As(III) by arsenic reductase
enzyme and then effluxed out of the cell through As(III)
efflux pump ArsB [2, 42, 43].

PolyP bodies that are the polymer of phosphate play a
significant role in bacterial stress tolerance, survival, metal
chelation, energy, and as a phosphate reservoir in many bac-
terial species. [44]. The two critical enzymes in E. coli that
play an essential role in polyP metabolism are polyP kinase
(PPK) that involved in the reversible synthesis of polyP
from ATP, and exopolyPase (PPX) that is responsible for its
irreversible degradation into P; [13, 45, 46]. The observed
decrease in polyP and intracellular arsenic concentration
with time [Fig. 4c(i) and (ii)] may be due to the degrada-
tion of polyP by PPX followed by the efflux of As-phos-
phate through phosphate transporters, leading to the higher
As(V) resistance in this isolate. Similar studies conducted
in E. coli have shown the indirect role of polyP hydrolyzing
ability in Cd tolerance. A higher Cd resistance was seen in
other strains that were unable to hydrolyze it. The suggested
mechanism was the degradation of polyphosphate by PPX
followed by either intracellular precipitation of Cd or efflux
of Cd-phosphate [46].

Based on the outcomes of the current study, we hypoth-
esized multiple arsenic resistance mechanisms playing a
role in the arsenic detoxification inside the cell of the iso-
late, including siderophore production, arsenate reductase
mediated transformation of As(V) to As(III), multi-drug
efflux pump-based resistance to arsenate & arsenite, and
polyP bodies mediated metal resistance mechanism. Fig-
ure 5 summarizes different arsenic resistance mechanisms
involved in conferring arsenic resistance to the selected iso-
late (SMSKVR-3).

Conclusion

Contamination of heavy metal and metalloids such as arse-
nic is the primary environmental concern in the present
scenario. Various bacteria have developed arsenic resist-
ance mechanisms due to environmental arsenic contami-
nation. Our study focused on studying possible arsenic
resistance mechanisms in bacteria isolated from khetri
copper mines. The selected bacterial isolate SMSKVR-3

@ Springer



69 Page 120of 14

S. Mishra et al.

Chelation of As(lll)

and As(V) Fe(lil)

*0

Siderophores

As(V)

Siderophore receptor

@
‘) Phosphate channel
e

4 ;
2
= 8
4
:
g o .
: ‘ As(lil)
5
g
g
2
] I
:
e ® @ Other metal ions =
< ° —»Q: ——T
“ < ‘ Antibiotics B 3 5
As(V) Polyphosphate z 3
bodies _g =
2
i
33
o

Fig.5 Schematic representation of probable mechanisms of arsenic resistance in selected isolate SMSKVR-3

was able to grow in the 300 mM concentration of As(V)
and characterized as Pseudomonas mendocina by 16s
rRNA gene sequencing. Based on the outcomes of differ-
ent experimental studies done in this work, we concluded
that it is not only a single mechanism that is playing role in
contending arsenic stress inside the bacterial cell. In con-
trast, varieties of different pathways are involved in this.
The probable mechanisms of arsenic resistance included
siderophores production, arsenate reductase mediated
transformation of As(V) to As(IIl), multi-drug efflux
pump-based resistance, and polyP bodies mediated metal
resistance mechanism. Further molecular level studies on
this area can provide a deep insight into various genes
and proteins responsible for the arsenic resistance in this
bacterium.
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