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The multiple metal resistant Staphylococcus sp. strain AS6, isolated from wastewater of Pakistan, was able
to resist 25 mM arsenite and 150 mM arsenate. SEM analysis showed that no significant change in bac-
terial morphology under arsenite exposure was observed while EDX and FTIR analyses confirmed the sur-
face adsorption and uptake of arsenite into the bacterial cells exposed to 15 mM arsenite. The GSH/GSSG
ratio and NPSHs were increased 45.0 and 76.50% in 15 mM arsenite stress while antioxidant enzymes
(SOD, CAT, POX, and APX) showed varied response in arsenic presence. The genome of strain AS6 was
sequenced through Illumina NextSeq 550 sequencer and the genes confer resistance to arsenic such as
arsR, arsB, and arsC were identified. The bacterial stain AS6 was able to oxidize arsenite 91%/8h and
removed 93%/10 h arsenite through its inactivated biomass from the medium. The strain AS6 has great
potential, due to its hyper-metal resistance and high arsenite oxidation ability, to be used as a biore-
source for green chemistry to eliminate toxic arsenite from the environment.
� 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Due to natural geochemical and anthropogenic activities
arsenic (As) contamination has become a worldwide problem
(Islam et al., 2004). Volcanic activities and weathering of rocks
are the main natural sources of arsenic while anthropogenic source
is use of arsenic containing compounds such as pesticides, dyes
and preservation of wood through which arsenic is increasing in
water bodies (Kumari et al., 2018). It is well known carcinogenic
for living organisms especially for human beings (Mead, 2005).
Prasad et al. (2013) reported that more than 40 million people
are being exposed to arsenic above 50 ppb while the limit permit-
ted through the Environmental Protection Agency (EPA) is 10 ppb.

Arsenic toxicity depends on two main factors, one is its chemi-
cal form and other is its oxidation states (Rosen, 2002). Inorganic
form of arsenic is more toxic than organic one, while arsenite with
oxidation state + 3 is 100 times more toxic than arsenate with oxi-
dation state + 5 (Mujawar et al., 2019). Arsenic, which is not only a
substantial cause of health risks in Pakistan, has been reported that
it effects on human beings in major parts of the world especially
northeast India, northwest part of the USA and Bangladesh
(Muller et al., 2003). The EPA of the USA places it at the top of list
for hazardous substances due to its toxicity (Zhang et al., 2016).
The drinking of arsenic containing water for long period of time
causes various health related problems in human beings like,
change in color of skin or cancer, diabetes, hypertension, chromo-
somal aberrations, amplification of gene, alternation in eukaryotic
cell morphology as well as some disorder which are linked to
reproduction system (Smith et al., 2000; Sher and Rehman, 2019).

Microorganisms are found in every kind of environment and
have potential to reduce or oxidize arsenic (Oremland and Stolz,
2003; Koechler et al., 2010). The conversion of arsenate (As+5) into
arsenite (As+3) is called reduction and is carried out by arsC gene
located on chromosomal DNA or plasmid inside the bacteria (Li
et al., 2010). On the other hand, oxidation involves the change of
As+3 into As+5 which is carried out by aioA and aioB genes present
in bacteria (Li et al., 2014). Arsenic toxicity can also be reduced
with the process of methylation, in which methyltransferase gene
(arsM) uses S-adenosylmethionine (SAM) as a source of methyl
group for the addition in arsenic (Huang et al., 2018).
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The conventional chemical methods can be employed for
arsenic eradication from water, such as membrane filtration, coag-
ulation, ion exchange method, nanoparticles, and some other
chemical methods (Ng et al., 2004; Mohanty, 2017). These methods
cannot be used further because of non-cost effective and produc-
tion of secondary toxic compounds (Tariq et al., 2019). The best
eco-friendly approach for arsenic detoxification is bioremediation,
in which bacteria or other microorganisms used toxic compounds
as a source of energy in their metabolism and convert toxic form
into less or non-toxic form (Qin et al., 2006; Tariq et al., 2019).
Das and Barooah (2018) reported that Staphylococcus sp. AT6 was
able to resist As+3 (30 mM) and As+5 (250 mM) along with sidero-
phore production. Similarly, Rathod et al. (2019) isolated a bac-
terium, Staphylococcus sp. As-3, from a sediment core sample
collected from the Budai borehole, Taiwan, that could resist As+3

and As+5 upto 7.5 and 200 mM, respectively. Many researchers
have used a variety of microorganisms for the purpose of metals
amelioration from the environment (Srivastava et al., 2012; Dey
et al., 2016; Das and Barooah, 2018; Tariq et al., 2019; Sher et al.,
2020).

The present work objectives were to isolate heavy metals resis-
tant bacteria from the industrial waste, characterize and metal-
microbe interaction through SEM, EDX, and FTIR analyeses. More-
over, antioxidant enzymes activities, glutathione, non-protein thi-
ols concentration, and arsenic bioremediation potential of the
strain were also ascertained. This investigation would present an
efficient strategy for the arsenite oxidation, and provides a novel
microbial resource for arsenic eradication.
2. Materials and methods

2.1. Samples collection and arsenite resistant bacterial isolation

The wastewater samples were collected from the industrial area
of District Sheikhupura (Fig. S1), Punjab, Pakistan. Physicochemical
characteristics of wastewater samples including pH, temperature,
color, turbidity, total dissolved solid (TDS), electrical conductivity,
and arsenic concentration were determined. For bacterial isolation,
sample of 100 ml was spread on LB-agar plates already supple-
mented with arsenite and incubated at 37 �C for overnight. After-
wards, bacteria were purified by streaking and re-streaking on
LB-agar plates.

Minimum inhibitory concentration (MIC) against arsenic was
determined by growing the bacteria in different flasks containing
MS-broth according to procedure described in Naureen and
Rehman (2016). Flasks containing As+3 from 5 to 50 mM and As+5

from 5 to 250 mM separately were placed in a shaking incubator
at 37 �C with 100 rpm for 48 h. After incubation, one ml was drawn
from each flask and optical density (OD), as a function of cell
growth, was measured at OD600 nm with the help of
spectrophotometer.
2.2. Morphological, biochemical and molecular characterization of
bacterial isolate

The isolate AS6 showed maximum resistance against arsenite
i.e. 25 mM was selected for further research work. Various mor-
phological and biochemical characteristics of the bacterial isolate
were monitored (Table 1) according to procedures described in
Cappucino and Sherman (2001). Molecular characterization was
performed according to Sher and Rehman (2019). Briefly, DNA
was extracted by using the MasterPureTM complete DNA and RNA
purification kit (Lucigen, WI, USA). Illumina sequencing libraries
were prepared using the Nextera XT sample preparation kit (Illu-
mina, CA, USA), and sequencing was performed by an Illumina
NextSeq 550 sequencer. The obtained sequences were submitted
to GenBank for the assignment of accession number.

2.3. Optimum growth conditions and growth curves

The bacterium optimum growth conditions i.e. pH and temper-
ature were determined according to procedure described in Elahi
and Rehman (2019). Bacterial growth curves were prepared
according to Elahi and Rehman (2019).

2.4. Heavy metals resistance

Multiple metal resistance of strain AS6 was ascertained against
cadmium chloride, cobalt chloride, potassium dichromate, lead
nitrate, mercuric chloride, nickel chloride and sodium selenite
according to procedure described in Elahi and Rehman (2019).

2.5. Scanning electron microscope (SEM) and energy dispersive X-ray
(EDX) and fourier transform infrared spectroscopy (FTIR) analysis

The strain AS6 was cultured in LB-broth containing arsenite
(15 mM) and without arsenite under its optimum growth condi-
tions for 24 h. For SEM analysis, cell’s suspension was put on alu-
minum stub. The fixation of cells was done with glutaraldehyde
(2.5%) in PBS with pH 7 and was placed at room temperature for
30 min. The cells were washed with PBS and then dehydrated with
different concentrations of acetone i.e. 30, 50, 70, 80, 90, and 100%
in a step-by-step manner with a regular interval of 10 min. The
treatments were covered with gold film by a sputter coater (Den-
ton, Desk V HP) and assessed through scanning electron micro-
scope (Nova NanoSEM 450) equipped with Oxford energy
dispersive X-ray (EDX) microanalysis system (Khan et al., 2016).

The FTIR samples were prepared according to procedure
described in Mujawar et al. (2019). First of all, strain AS6 was
grown under arsenite stress (15 mM) and without arsenite at its
optimum conditions for 24 h. The pellet (cells) was obtained after
centrifugation at 3000 rpm for 10 min. The pellets were washed
with normal saline several times and freeze dried for overnight.
The infrared spectra were recorded in the region of 4000 to
500 cm�1 through the FTIR spectrometer (Bruker, alpha).

2.6. Estimation of glutathione and other non-protein thiol contents

Reduced glutathione (GSH), oxidized glutathione (GSSG), and
other non-protein thiols (NPSHs) contents were determined for
the bacterial strain in the presence and absence of arsenite, accord-
ing to procedure described in Shamim and Rehman (2015).

2.7. Quantification of antioxidant enzymes under arsenite stress

Catalase (CAT), superoxide dismutase (SOD), ascorbate peroxi-
dase (APX), and peroxidase (POX) were quantified with As+3 stress
(10 mM) and without As+3 stress. For this, cells were grown at opti-
mum conditions for 48 h with and without arsenite stress. The cells
were centrifuged at 10000 rpm (4 �C) for 5 min to collect pellets
which were then washed by a phosphate buffer. Cells lysis was
done by adding lysozyme and placed on ice for 10 min to homog-
enize. The cell’s suspension was centrifuged at 16000 rpm (5 min)
and the obtained supernatant was used for enzymes quantification.
The protein assay kit was used to measure total protein content
through Qubit fluorometer.

2.8. DNA extraction, genome sequencing and annotattion

The DNA extraction, sequencing, and genes annotation were
performed according to Sher et al. (2019).



Table 1
Arsenic resistance genes with their putative functions.

Genes and its position Product Putative function Closest related sequence % Query coverage % Ident

arsC2_1 79013–79408 Arsenate mycothiol
transferase ArsC2

Play role in arsenic reduction WP_019469651.1 99% 100%

arsB_1 79426–80013 Arsenical pump membrane
protein

Arsenite efflux transporter WP_064264181.1 91% 100%

arsB_2 80117–80716 Arsenical pump membrane
protein

Regulate the genes responsible
for arsenic reduction

KKI63246.1 92% 100%

arsC2_1 13183–13578 Arsenate mycothiol
transferase ArsC2

Play role in the reduction of
arsenic

WP_002509695.1 99% 100%

arsB_3 13596–14885 Arsenical pump membrane
protein

Arsenite efflux transporter WP_013730039.1 96% 100%

arsA 16863–18590 Arsenical pump- driving
ATPase

Transport arsenite, arsenate and
antimony from out of cell

WP_115041147.1 99% 100%

arsD 18571–18918 Arsenical resistance operon
trans-acting repressor ArsD

Arsenic efflux transporter
metallochaperone

WP_019467779.1 90% 100%

arsR 19447–19767 Arsenical resistance operon
repressor

Regulate arsenic resistance
operon

WP_013730044.1 99% 100%
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2.9. Arsenite oxidizing and removal by bacterial strain AS6

2.9.1. Arsenite oxidizing potential of Staphylococcus sp. strain AS6
The arsenic oxidizing potential of strain AS6 was determined by

culturing it in 250 ml flask containing 100 ml of LB broth medium.
The experiment was preceded in 3 flasks containing 250 mM As+3/
l. One flask was used as control, containing arsenite with the same
concentration but without bacterial culture. The arsenite oxidizing
potential was determined for 96 h with a regular interval of 24 h.
The broth (5 ml) was taken out from each flask after 24, 48, 72, and
96 h and was centrifuged at 3000 rpm for 5 min to collect the bac-
terial cells. The P S Analytical Millennium Excalibur Method
(Department of ENVS, Biosciences Section Aarhus University, Den-
mark) was employed for arsenic estimation.
2.9.2. Arsenic removal through inactivated biomass
To obtain inactivated bacterial biomass, the bacterial strain was

grown in 250 ml flask containing one liter LB medium and incu-
bated at optimum conditions to harvest maximum growth (Tariq
et al., 2019). Then the culture was centrifuged at 4000 rpm for
10 min and the pellet was washed several times with deionized
water. The bacterial pellet was incubated at 70 �C to achieve pow-
der form of cells. The procedure was repeated again and again (al-
most 10–15 times) to get a significant amount of bacterial biomass.

Arsenic removal experiment was run by a biosorption process
with 1000 mM arsenic stress. Initially, 1 g/L bacterial biomass
was mixed in 1 L of arsenic solution of 1500 ml flasks containing
1000 mM As+3 stress. The flasks were incubated at optimum condi-
tions on the shaker for 10 h. Then after a regular interval of 2 h an
aliquot of sample was drawn, filtrated (0.22 lm filter paper), and
was frozen. The atomic absorption spectrophotometer was
employed for arsenic determination. Finally, the amount of arsen-
ite adsorbed in grams of biomass (q) and bioremediation efficiency
(E) were calculated by given equations.
q ¼ Ci� Cf
m

� �
V ð1Þ
Fig. 1. Growth curves of Staphylococcus sp. strain AS6 in the absence and presence
of arsenite at 37 �C and pH 7.
E ¼ Ci� Cf
Ci

� �
� 100 ð2Þ

Ci and Cf represent initial and final As+3 concentration, m repre-
sents mass of biosorbent in the reaction, and V indicates volume of
the mixture.
2.10. Statistical analysis

All the treatments were run in triplicate and three separate
flasks were usually maintained for each treatment. For each treat-
ment three readings were taken, their mean, and standard error of
the mean were determined.
3. Results

3.1. Wastewater characteristics and heavy metal ions resistant
bacterial isolation

The collected samples temperature range was 24 to 32 �C and
pH ranged between 7.2 and 8.8. The light black sample color was
observed and concentration of arsenic was 200 lg/ml. Wastewater
samples characteristics are given in Table S1. The MIC resisted by
the bacterium against arsenite and arsenate was 25 and
150 mM. Besides this, strain AS6 also showed fair resistance to
other metal ions i.e. Cr (5 mM), Cd (3 mM), Pb (5 mM), Co
(3 mM), Se (4 mM), Hg (2.5 mM), and Ni (5 mM) (Table S2).
The resistance pattern of strain AS6 against metal ions is
As+5 > As+3 > Cr+6 = Pb+2 = Ni+2 > Se+2 > Cd+2 = Co+2 > Hg+2.
3.2. Bacterial characteristics

The isolate was circular, yellow in color, non-motile, and Gram-
positive, stained purple with Gram-stain. The bacterium was also
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positive for catalase, citrate, nitrate reduction, and Voges-
Proskauer test (Table S3). The complete genome sequence of bacte-
rial strain AS6 has been submitted to GenBank under accession
number of VSRZ00000000. The bacterial strain AS6 has also been
depsited to First Culture Bank of Pakistan (FCBP), University of
the Punjab, Lahore, Pakistan with the accession number of FCBP-
B-733.

3.3. Optimum growth conditions and growth curves

The bacterium showed optimum growth at 37 �C and pH 7
(Fig. S2a,b). In the beginning bacterial log phase was slightly
delayed in arsenite stress as compared to the control i.e. medium
containing no arsenite stress. The growth rate was steady although
Fig. 2. (a) Bacterial morphology under SEM; Bacterial cells in exponential growth phase w
change in bacterial cells shape with 15 mM arsenite (h), (b) EDX spectrum of bacterial c
exposure (b2).
less than control and after 20 h of growth it started to decline in
the presence of arsenite (Fig. 1).

3.4. SEM, EDX, and FTIR analysis

The SEM analysis showed that there was no considerable
change in size was determined with and without arsenite in the
isolated bacterial strain AS6 (Fig. 2a). The EDX results confirmed
arsenite surface absorption in bacterial cells treated with arsenite
(15 mM) while no surface arsenite was determined in bacterial
cells without arsenite stress (Fig. 2b).

The FTIR analysis showed the shifting and sharpening of many
peaks in bacterial strain treated with 15 mM arsenite, which could
be allocated to various functional groups which might be able to
ithout exposure to arsenite showing cocci shape morphology (g) while showing no
ells in exponential phase without arsenite exposure (b1) and with 15 mM arsenite



Fig. 3. FTIR spectrum from bacterial cells of strain AS6, red line belongs to cell exposed to 15 mM arsenite and black line represents control (without arsenite).

Fig. 4. Genes responsible for arsenic resistance in Staphylococcus sp. strain AS6.
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adsorb or uptake As+3 into the bacterial cell. The stretching of
amide and hydroxyl groups is responsible for a change in the
region of 3278 to 2851 cm�1. The amide linkages from peptides
and proteins are responsible for peaks shifting from 1741 to
1220 cm�1. The C-N stretching from an aliphatic amine and C-O
stretching from an alcohol, carboxylic acid, and ester are behind
the shift of the peaks from 1228 to 1038 cm�1 (Fig. 3).
3.5. Determination of GSH and NPSHs

GSH, GSSG, and NPSHs showed varied responses in strain AS6 in
arsenite presence (15 mM). The increase (%) in GSH/GSSG ratio and
NPSHs was 45.0 and 76.50%, respectively. Table S4 is showing the
concentration of GSH, GSSG, total glutathione, GSH/GSSG ratio, and
NPSHs in the presence and absence of arsenite.
3.6. Antioxidant enzymes

The concentration of CAT, APX, POX, and SOD was estimated in
arsenite stress (10 mM) in bacterial strain AS6 and a varied
response of antioxidant enzymes was found under stress. The con-
centration of SOD and POX was decreased while CAT (100%) and
APX (19%) activity was increased (Table S5).
3.7. Arsenic and other heavy metal genes determinants

Firstly, the genes responsible for arsenic resistance i.e. arsC,
arsB, arsR, arsA, and arsD were determined in the genome of the
isolated bacterium (Fig. 4; Table 1). Secondly, the genes confer
resistance against other metal ions including zinc, chromium, mag-
nesium, and cadmium were also identified (Fig. S3; Table S6).
3.8. Arsenic bioremediation by bacterial strain AS6

Firstly, the strain was cultured under optimum conditions for
96 h and arsenite oxidizing potential was determined after a regu-
lar interval of 24 h up to 96 h. The metal oxidizing potential shown
by Staphylococcus sp. strain AS6 was 36, 59, 78, and 91% after 24,
48, 72, and 96 h (Fig. 5a).

Secondly, the arsenic removal potential of bacterial biomass
was estimated for 2 to 10 h from the medium containing
1000 mM arsenite stress. Bacterial biomass has shown high effi-
ciency to remove 54, 72, 81, and 89% arsenite from the medium
after 2, 4, 6, and 8 h of incubation, respectively. The strain AS6 bio-
mass removed 93% of arsenite after 10 h of incubation showing its
potential to be used in amelioration of metal contaminated sites
(Fig. 5b).
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4. Discussion

In this study, strain AS6 has MIC 25 mM against arsenite (a toxic
form of arsenic) while the MIC of arsenite in Klebsiella pneumonia is
21 mM (Mujawar et al., 2019). Bacillus cereus has 40 mM MIC
against arsenite (Naureen and Rehman, 2016). The MIC of strain
AS6 for arsenate was 150 mM while another study from this labo-
ratory reported that the MIC for arsenate in Brevibacterium sp.
strain CS2 and Micrococcus luteus strain AS2 is 275 and 280 mM,
respectively (Sher et al., 2019). Manzoor et al. (2019) reported that
Pseudomonas sp. strain PG-12 showed resistance to various metal
ions besides arsenic. The strain PG-12 resisted Cd and Pb up to
10 and 0.6 mM. Elahi and Rehman (2019) reported that the multi-
ple metal tolerance in S. sciuri A-HS1 is 18.5 mM Pb, 2.5 mM Cu,
3 mM Cd, and 25 mM Cr.

The strain AS6 showed peaks under EDX in As+3 stress (15 mM)
while no peaks were found in samples without As+3. The EDX spec-
trum confirmed that As+3 adsorbed on the bacterial cell surface
while similar peaks were also found in strain RJB-2 and K. pneumo-
niae strain SSSW7 (Mujawar et al., 2019). The FTIR analysis of
strain AS6 under As+3 stress shows that there is some sort of inter-
action between As+3 and functional groups (carboxyl, hydroxyl, and
amino group) present on the surface of bacterial cell wall. Many
studies reported that similar functional groups interact with arsen-
ite in bacterial strains including Arthrobactor sp., Bacillus aryab-
hattai, and E. coli (Prasad et al., 2013; Singh et al., 2016). Arsenic
produces ROS being oxidizing agent and antioxidant enzymes pro-
tect the cells against ROS (Hughes et al., 2011; Jha et al., 2015). In
the present study, it was noted that CAT production against ROS
was significant as compared to the APX. Another study reported
that Enterobactor sp. MUM2 increased CAT activity 4.6 folds in
arsenite presence (9 mM) as compared to the non-stressed bacte-
rial culture and no considerable change was determined in APX
and POX activities (Jobby et al., 2016).

In the current study, the genes confer resistance against arsenic i.e.
arsC, arsB, arsR, arsA, and arsDwere found in thebacterial genomeand
play roles in the reduction of arsenic, arsenite and arsenate transport,
arsenate efflux, and overall regulate arsenic resistance operon
(Table 1). Butcher et al. (2000) reported that the genes e.g. arsC, arsB,
arsH, and a putative arsR are responsible to confer resistance in T. fer-
rooxidans against arsenite. Jia et al. (2019) reported that two ars oper-
ons inside Bacillus strain PVR-YHB1-1 are present: 1st operon is
arsRacr3arsCDA and 2nd operon is arsRKacr3arsC. Cai et al. (2009)
reported that the genes related to arsenic resistance i.e. aoxB, acr3,
and arsB are commonly found in arsenic resistant bacterial genera
including Agrobacterium, Pseudomonas, and Achromobacter. czcD_1
gene with putative function to transport inorganic ion transport
and metabolism and cadA_1 with putative function to play a role in
translocating cadmium and other heavy metal divalent ions are also
present in the isolated strain AS6 (Table S6).

The strain AS6 was checked for its ability to oxidize arsenic for
96 h with the interval of 24 h and bacterium oxidized 91% arsenite
after 96 h. Another study reported that one bacterial strain, Ther-
mus HR13, was able to oxidize arsenite 100% within 16 h of incu-
bation (Gihring and Banfield, 2001). Research showed that
Stenotrophomonas panacihumi was capable to oxidize 500 lM
As+3 within 12 h of incubation (Bahar et al., 2012). The bacterial
inactivated biomass was also used to remove arsenite from the
medium for 10 h with regular interval of 2 h and strain AS6 effi-
ciently removed 93% arsenite after 10 h while P. aeruginosa strain
ATCC27853 has removal ability of 90.72% after 30 min and 98%
after 2 h of incubation (Tariq et al., 2019). Multiple metal tolerance,
high arsenite oxidation potential (91%), and efficient arsenite
removal ability (93%/10 h) make this bacterium indispensable for
metal removal strategies.
5. Conclusions

In conclusion, the isolated bacterial strain AS6 has high resis-
tance against As and other heavy metal ions i.e. Zn, Cd, Hg, Ni,
Co, and Cr. The analysis of EDX and FTIR has confirmed the interac-
tion of arsenite with the outer surface of bacterium. Antioxidant
enzymes showed varied response and CAT activity was almost
doubled in arsenite stress as compared to the non-stressed cells.
The genes responsible to confer resistance against arsenic as well
as other metal ions are present in the bacterial genome. The arsen-
ite oxidizing potential of strain AS6 was 36, 59, 78, and 91% after
24, 48, 72, and 96 h and bacterial inactivated biomass has removed
54, 72, 81, 89, and 93% arsenite from the medium after 2, 4, 6, 8,
and 10 h of incubation. Several industries in Pakistan release
arsenic containing wastes into open land to corrupt the environ-
ment. So the isolated bacterial strain AS6 can be employed for
the treatment of wastewater containing toxic metal ions. Further
research work is needed to explore its molecular biology and
investigate arsenite oxidizing potential of strain AS6 from the real
wastewater so that it can become an attractive environmental tool
for green chemistry.
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