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Abstract A highly arsenic-metabolizing bacterial strain
was isolated from an agricultural field known for arse-
nic contamination near Munshiganj (Bangladesh). Based
on 16S rRNA gene analysis, the strain was identified as
Micrococcus luteus and designated as strain BPB1.
Arsenate and arsenite minimal inhibitory concentrations
of 650 mM and 7.5 mM, respectively, were observed
for strain BPB1, slightly higher than the figures ob-
served in its close relative M. luteus DSM 20030T.
Such observations were consistent with the presence of
arsenic-metabolizing genes in the genome of M. luteus.
We describe this strain as having an MSH/Mrx-
dependent class of arsenate reductase, and an arsenite
transporter family in the ACR3(1) group. Besides an
intracellular arsenic resistance mechanism, experiments
carried out using field emission scanning electron
microscopy-energy dispersive X-ray spectroscopy
(FESEM-EDS) and Fourier transform infrared spectros-
copy (FTIR) demonstrated the ability of BPB1 to se-
quester arsenate in extracellular polymeric substances
on its cell surface.
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Introduction

Arsenic (As) is a toxic metalloid, ubiquitously present in the
environment with varied concentrations in different regions,
causing serious health hazards. Arsenic contamination in nat-
ural resources is now a worldwide problem and often referred
to as a calamity in the last century. Among the 21 countries in
different parts of the world affected by groundwater arsenic
contamination, the largest population at risk is in Bangladesh,
followed by West Bengal in India (Lievremont et al. 2009).
The adverse effects of As in groundwater used for irrigation to
crops and aquatic ecosystems are a major threat to flora and
fauna. Rice yield in Bangladesh has been reported to decrease
by 10 % due to an As concentration of around 25 mg/kg in
soil. Greenhouse studies have proven the reduction in yield of
rice irrigated with water having As concentrations in the range
of 0.2–8 mg/L (van Geen et al. 2006). The accumulation of As
in field soils, and its introduction into the food chain through
uptake by the rice plant is of major concern. Long-term
exposure/ingestion of As causes skin, lung, bladder and kid-
ney cancer as well as pigmentation changes, skin thickening
(hyperkeratosis), neurological disorders, muscular weakness,
loss of appetite and nausea (Bhattacharya et al. 2007; Mohan
and Pittman 2007). Thus, As has been ranked first on the
Superfund list of hazardous substances (Lin et al. 2006).

Arsenic toxicity depends on its speciation as it exists in
several oxidation states (+5, +3, +2, +1 and −3), enabling it
to mobilise under various environmental conditions. Among
the As species, inorganic forms of As, i.e. pentavalent arsenate
[As(V)] and trivalent arsenite [As(III)] are the most abundant
in nature. Under oxidizing conditions, arsenate is the domi-
nant form. However, the more toxic arsenite becomes domi-
nant under reducing environments. In addition to abiotic trans-
formation of arsenic, biotic processes, in which micro-
organisms play a key role, greatly influence arsenic
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speciation. Under physiological conditions, arsenite binds to
the sulphydryl groups of enzymes, and thus induces functional
impairments. On the other hand, being a structural analogue of
the phosphate ion, arsenate competes with it, causing many
disturbances at the cellular level. It interferes in particular with
the oxidative phosphorylation process, inhibiting the energy
metabolism of cells (Lievremont et al. 2009; Tsai et al. 2009).

Arsenic contamination in soil provides an extreme environ-
ment for microbial growth. Indigenous microbes in nature
tolerate high concentrations of heavy metals, and may play a
vital role in restoring contaminated soils (Wei et al. 2009).
Depending on their As resistance mechanism, microbes can
influence the bioavailability of As compounds. Bacterial bio-
transformation of As through oxidation, reduction and meth-
ylation is a well-known phenomenon (Jia et al. 2013; Yang
et al. 2012). One of the two knownmechanisms of reduction is
related to detoxification of cells, which is based on the expres-
sion of ars operon related genes, especially, arsenate reductase
(ArsC) and a transmembrane efflux pump protein (ArsB
/Acr3). Arsenate reductase reduces As(V) into the more toxic
and soluble As(III), which is subsequently extruded out of
cells via an arsenite transporter (Rosen 2002a, b; Tsai et al.
2009). In prokaryotes, based on the arsenate reduction mech-
anism, three distinct ArsC classes can be defined: (1) the glu-
tathione (GSH)/glutaredoxin (Grx)-coupled class with only
one thiolate nucleophile on the enzyme such as prokaryotic
ArsC with a glutaredoxin-fold; (2) the thioredoxin (Trx)/
thioredoxin reductase (TrxR)-dependent class with the struc-
tural fold of low-molecular-weight protein tyrosine phospha-
tases (LMW-PTPase), and with the three thiolate nucleophiles
on a single ArsC enzyme; and (3) the recently described
mycothiol (MSH)/mycoredoxin (Mrx)-dependent class with
the structural fold of LMW-PTPase, and with only one thiolate
nucleophile on the ArsC enzyme (Villadangos et al. 2011).
Similarly, two unrelated families of arsenite transporters have
been described in bacteria: (1) the well-characterised ArsB
permease, which has 12 transmembrane segments (TMs)
and does not require thiol for As(III) and antimonite
[Sb(III)] extrusion (Chen et al. 1996; Wu et al. 1992); and
(2) the less known ACR3 family, which has nine or ten TMs
and requires thiol for its arsenite transport mechanism (Fu
et al. 2009; Wysocki et al. 2003). As one of its distant homo-
logues from Shewanella oneidensis has shown to be selective
for As(V) over As(III), substrate specificity for ACR3 is under
debate (Xia et al. 2008; Yang et al. 2012). Phylogenetically,
the ACR3 family can be further divided into two subgroups
designated as ACR3(1) and ACR3(2) (Achour et al. 2007).

Several studies suggest that the reduction of arsenate to
arsenite by microbes is involved in solubilisation of the ele-
ment, resulting in the contamination of water sources
(Lievremont et al. 2009). Thus, studying microbes with the
capability to reduce arsenate can be of great impact because
rice plants have been found to take up As(III) at a higher rate

than As(V), which in turn affects public health to a higher
degree (Bachate et al. 2009). In addition, since these bacteria
play an important role in the geochemical cycling of arsenic, it
seems reasonable to envisage using them in biosystems to
treat As-contaminated sources (Chen et al. 2005; Srivastava
and Majumder 2008; Vieira and Volesky 2000).

In this study, we report that an As-resistant strain of
Micrococcus luteus was isolated from an As-contaminated
agricultural field soil sample collected from Munshiganj
(23° 5′ N 91° E), Bangladesh. The strain, designated BPB1,
was further characterised because of its resistance to high
levels of As. This is the first report supporting the hypothesis
that the species may have MSH/Mrx-dependent class of arse-
nate reductase and ACR3(1) group of arsenite transporter fam-
ily. We also demonstrate the ability of the strain to sequester
arsenic on its cell surface.

Materials and Methods

Strain isolation and cultivation

Soil samples were collected from agricultural fields in
Munshiganj (23° 5′ N 91° E) and Manikganj (23° 8′ N
89° 8′ E), Bangladesh. The soil sampling area is well doc-
umented as highly (100–1000 μg/L) As-contaminated re-
gions in Bangladesh (Bhattacharya et al. 2009; Flanagan
et al. 2012). Soil (1 g) was mixed in 9 mL sterile distilled
water. All chemicals and reagents were procured from
Himedia Laboratories, Mumbai, India. Serial dilutions
were plated with 100 μL on nutrient agar (NA) medium
(0.5 % peptone; 0.3 % beef extract; 0.5 % NaCl; 1.5 % agar;
pH 7.1 ± 0.1) supplemented with 15 mM As(V) or 5 mM
As(III). After 36 h incubation at 32 °C, based on colony
morphology, different colonies were picked and streak-pu-
rified, and sub-cultured on Luria-Bertani (LB) agar medium
supplemented with 15 mM As(V) (Achour et al. 2007).
Minimal inhibitory concentration (MIC) of As for the iso-
lates was determined by growing them in low phosphate
medium (LPM) [80 mM NaCl; 20 mM KCl; 20 mM
NH4Cl; 3 mM (NH4)2SO4; 1 mM MgCl2; 0.1 mM CaCl2;
2 μM ZnSO4; 0.12 M Tris base; 0.5 % dextrose; 2 μg/mL
thiamine; 1 % peptone; pH 7.1 ± 0.1] supplemented with
various concentrations of arsenate (15–650 mM) and arse-
nite (5 mM, 7.5 mM and 10 mM) (Liu et al. 1995; Oden
et al. 1994). MIC was defined as an increase in OD600 after
48 h of incubation at 32 °C; 100 μL of the 48-h culture was
spread plated on NA medium. Viability was ascertained by
their ability to grow on the NA medium within next 48 h.
All reference strains and plasmid used in this study are
given in Table 1. All grown cultures were stored at 4 °C
for not more than 30 days.
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DNA extraction and PCR amplification

Genomic DNAwas extracted from bacterial cultures by a mod-
ified method (Sambrook et al. 1989). The extracted DNAwas
visualised by ethidium-bromide-stained 0.7 % agarose gel elec-
trophoresis (GeNei™, Bangalore, India) using UV gel docu-
mentation system (Alpha Digidoc Inc., USA). Plasmid was
extracted from bacteria using plasmid purification kit according
to the manufacturer’s instructions (GeNei™, India).

Two sets of degenerate primers (Table 2) were designed to
probe arsenite transporter [ACR3(1)] and arsenate reductase
(LMW-PTPase-ArsC) in M. luteus isolates. A total of 10
M. luteus ACR3(1) and 100 bacterial LMW-PTPase-ArsC
(WP_002855764) homologous protein sequences were ob-
tained from NCBI-blast search. Conserved regions in each
of the two protein families were identified using Block
Maker and used to design consensus-degenerate hybrid oligo-
nucleotide primers (CODEHOP) (Rose et al. 2003). The

primer LMWP_F and LMWP_R was designed to amplify
complete sequence of LMW-PTPase-ArsC gene from
M. luteusDSM20030T. Purified genomic DNA from bacterial
cultures was used as the template to optimise amplification
conditions and to test the specificity of the degenerate primers.
All PCR reaction mixtures contained approximately 50–
100 ng DNA template, 1x PCR buffer, 1.5 mM MgCl2,
0.2 mM deoxyribonucleoside triphosphates, 0.2 μM of each
primer and 1U Taq DNA polymerase (Chromous Biotech,
Bengaluru, India) in 25 μl volume. Amplifications were per-
formed in a Master thermal cycler (Eppendorf, Germany).
Cycling condition for all PCRs consisted of 5 min denatur-
ation at 95 °C followed by 35 cycles of 1 min denaturation at
95 °C, 1 min annealing at 65–58 °Cwith a 1 °C decrement per
cycle during the first 7 cycles and 1 min of primer extension at
72 °C. This was followed by a final extension reaction at
72 °C for 20 min. PCR products were purified with an agarose
gel extraction kit (Qiagen, Valencia, CA) and stored at −20 °C.

Table 1 Reference bacterial strains and plasmids used in this study

Strains/plasmid Genotype/description Reference/source

Escherichia coli strains

DH5α fhuA2Δ(argF-lacZ)U169 phoA glnV44 Φ80
Δ(lacZ)M15 gyrA96 recA1 relA1 endA1 thi-1 hsdR17

New England Biolabs, Hitchin, UK

W3110 K12 F2 IN(rrnD-rrnE) (Carlin et al. 1995)

WC3110 W3110ΔarsC::kan (Mukhopadhyay et al. 2000)

AW3110 W3110Δars::cam (Carlin et al. 1995)

Micrococcus luteus strain

DSM 20030T Synonym of NCTC2665T; Arsenic resistant
Actinobacteria; Complete genome sequence
accession number CP001628.1

DSMZ (Deutsche Sammlung von Mikroorganismen
und Zellkulturen), Braunschweig, Germany

Plasmid

pTZ57R/T Ampr lacZ, TA cloning vector Fermentas, Waltham, MA

Table 2 Primers used in this
study for the amplification of 16S
rRNA and arsenic (As) resistance-
related genes

Primer
name

Primer sequence (5′-3′)a PCR product (bp) Reference

fD1 GAGTTTGATCCTGGCTCAG 16S rRNA (1500) Weisburg et al. 1991
rP2 ACGGCTACCTTGTTACGACTT

darsC_F ACSATYTAYCAYAAYCCG ArsC (377) Branco et al. 2008
darsC_R TCGCCRTCYTCYTTSGWRAA

LMWP_F ATGACCACGAAGCGCCCTTC PTPase-ArsC
(430)

This study
LMWP_R TCAGTTCGCGGTGCCGGT

dLMWP_F GCTGTTCGTGTGCGTGAARAAYGGNGG PTPase-ArsC
(357)

This study
dLMWP_R CGATGTCGTCGCGCACNARNCKCAT

ACR3(1)_F GAAGGAGATGTCCTTCCTCG
AYMGNTGGYT

ACR3(1) (964) This study

ACR3(1)_R GGACTTCGATCAGCGGNCCNACNAC

aDegenerate nucleotide sites are indicated by standard ambiguity codes as follows: K = G or T; M = A or C; N =
A, C, G or T; R = A or G; V = A, C or G; and Y = C or T
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Cloning and sequencing

Purified PCR amplicons were ligated into a TA cloning vector
pTZ5R/T as per the manufacturer’s instructions (Fermentas
InsTAclone™ PCR Cloning Kit, Fermentas, Waltham, MA).
The products were used to transform chemically (CaCl2) pre-
pared competent cells of Escherichia coli DH5α (Sambrook
et al. 1989). Plasmids from white colonies were screened for
the presence of the correct size insert by restriction digestion
using EcoRI (New England Biolabs, Hitchin , UK). Selected
recombinant plasmids were sequenced by ScigenomLabs Pvt.
Ltd. (Kochi, India).

Sequence analysis and phylogenetic tree

Post sequencing, the DNA sequences in the ABI chromato-
gram were edited and aligned manually with the help of Gene
Runner version 3.05 (http://www.generunner.com) and
Nucleotide BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi).
For bacterial identification, type strains having homology
with the 16S rRNA gene sequence of the isolate was
searched using the EzTaxon-e server (Kim et al. 2012); 22
sequences with the highest scores were then selected for evo-
lutionary analysis. A type strain from each of the five different
bacterial phyla was also included in the analysis (Achour et al.
2007). Evolutionary analysis was conducted using MEGA
version 6 (Tamura et al. 2013). The neighbor-joining (NJ)
distance method based on Kimura 2-parameter was used to
construct phylogenetic tree, and the validity of the branches
was ascertained with 1000 bootstrap replicates (Efron et al.
1996; Kimura 1980; Saitou and Nei 1987). For arsC and
ACR3 gene classification, sequences were compared to the
entire GenBank nucleotide, amino acid and protein databases
using BLAST programs (http://www.ncbi.nlm.nih.
gov/Blast/). Phylogenetic analysis of deduced amino acid
sequences were performed using MEGA version 5.1
(Tamura et al. 2011). The NJ distance method based on p-dis-
tance was used to construct phylogenetic trees, and the valid-
ity of the branches was ascertained with 1000 bootstrap
replicates.

Characterisation of strain BPB1

In order to confirm sequestration of As by the strain BPB1,
cells were harvested and then washed three times in 10 mL
modified TAB solution (10 mM Tris base; 1 mM magnesium
chloride; 150 mM potassium chloride; pH 7.1 ± 0.1) by cen-
trifugation at 2500 g at room temperature and subsequently
freeze-dried. The freeze-dried, arsenate-treated and untreated
cells were analysed using field emission scanning electron
microscopy-energy dispersive X-ray spectroscopy (FESEM-
EDS) and Fourier transform infrared spectroscopy (FTIR).
The freeze-dried samples were sprinkled lightly on carbon

tape stickered on metal stubs and were coated with gold using
sputter coater (Quorum Technologies, Q150RS, Laughton,
UK). The gold-coated samples were viewed using FESEM
(QuantaTM FEG 250, FEI, Hillsboro, OR). The X-ray analyses
were done using EDS (XFlash® Detector 5030, Bruker,
Billerca, MA) operated at 20 kV coupled to the FESEM
(Maldonado et al. 2010). Remnants of the same samples were
used for FTIR spectroscopy (Giri et al. 2012; Villadangos
et al. 2010). A Nicolet AvatarModel FT-IR spectrophotometer
was used to record the IR spectra (4000–400 cm−1) of the
sample (5 mg) as KBr pellets.

Results and Discussion

Isolation and identification of As-resistant bacteria

Tolerance to As was defined as the ability to grow on NA
plates containing either 15 mM As(V) or 5 mM As(III) at
32 °C. Forty-two As-tolerant bacteria with different levels
of As tolerance were isolated from the two soil samples.
For the isolate designated as BPB1 from the Munshiganj
soil, growth was not inhibited at concentrations as high as
650 mM As(V) and 7.5 mM As(III) . Colonies of strain
BPB1 grown on LB agar were creamy-yellow pigmented,
convex, smooth, circular, and were observed as Gram-
positive cocci. FESEM images of BPB1 indicated that
the bacterium size is around 800 nm in diameter
(Fig. 8a). The partial 16S rRNA sequence determined
(1485 nt) was submitted to Genbank under accession
number KF410697. Phylogenetic analysis for strain
BPB1 formed a cluster comprising Actinobacteria, and it
is most closely related to M. luteus (99.73 %) (Fig. 1).

As resistance genes in M. luteus

Given that strain BPB1 is phylogenetically related toM. luteus
NCTC 2665T, whose genome sequence has been completely
sequenced (GenBank CP001628.1), it provides an insight into
their putative As resistance related operon or genes (Young
et al. 2010). Through in silico study of the strain NCTC 2665T

genome, it was found that the strain possesses an operon-like
genetic cluster responsible for As resistance (Fig. 2). This
includes two open reading frames (ORFs) annotated as
trans-acting regulatory protein ArsR genes, one arsenite carri-
er ACR3 permease family related gene, one low molecular
weight protein tyrosine phosphatases-arsenate reductase
(LMW-PTPase-ArsC) family-related gene, and one oxidore-
ductase. As the deduced amino acid sequence analysis of two
ArsR genes showed just 28 % (21/74) identity, they are desig-
nated as arsR1 and arsR2.
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Classification of arsenate reductase in M. luteus

Based on the gene sequence available from GenBank
(GI:239916571), a set of gene-specific primers was designed
for amplifying theMl_ArsC gene inM. luteus. Genomic DNA
from M. luteus DSM 20030T and E. coli AW3110 (a mutant
strain lacking the ars genes) were used as positive and nega-
tive controls, respectively (Carlin et al. 1995). In spite of suc-
cessful amplification of the gene from DSM 20030T, this
primer could not amplify Ml_ArsC from isolate BPB1. This
throws light on the diverse nature of the As-resistance-related
genes within a single species. To this end, a set of degenerate
primers targeting the partial sequence of Ml_ArsC was de-
signed with the CODEHOP program. Subsequently, a 357-
bp fragment of the putative Ml_ArsC from M. luteus strains
DSM 20030T and BPB1 was successfully amplified and se-
quenced. The nucleotide sequence identity between the partial
Ml-ArsC gene sequences ofM. luteus BPB1 and DSM20030T

was found to be 92 %. A phylogenetic tree of the translated
amino acid sequences ofMl-ArsC genes was constructed with
the previously known class of arsenate reductase (Fig. 3).
Results placed the deduced ArsC amino acid sequences into
three distinct clusters containing the well-characterised
glutaredoxin-linked, thioredoxin-linked and mycoredoxin-
linked ArsC proteins. It was also observed that the ArsC se-
quence of M. luteus was closely related to the previously
known MSH/Mrx-dependent arsenate reductase proteins of
Corynebacterium glutamicum.

Thus, the Ml_ArsC can be classified into the MSH/Mrx-
dependent arsenate reductase family. ArsC of DSM 20030T

showed a higher sequence similarity with C. glutamicum
ArsC1 (58 %) as compared to C. glutamicum ArsC2 (53 %).
Similarly, while sequence identity of ArsC of BPB1 with that
of DSM 20030T was 95 %, it was 62 % and 54 % with
Cg_ArsC1 and Cg_ArsC2, respectively. This confirms the
highly diverse nature of this class of arsenate reductase

Micrococcus luteus NCTC 2665 T (CP001628)

BPB1 (KF410697)
Micrococcus yunnanensis YIM 65004 T (FJ214355)

Micrococcus endophyticus YIM 56238 T (EU005372)

Micrococcus flavus LW4 T (DQ491453)

Micrococcus antarcticus T2 T (AJ005932)

Micrococcus cohnii WS4601 T (FR832424)

Micrococcus lylae DSM 20315 T (X80750)

Citricoccus zhacaiensis FS24 T (EU305672)

Citricoccus parietis 02-Je -010 T (FM992367)

Citricoccus yambaruensis PS9 T (AB473562)

Citricoccus nitrophenolicus PNP1 T (GU797177)

Citricoccus muralis 4-0T (AJ344143)

Citricoccus alkalitolerans YIM 70010 T (AY376164)

Micrococcus terreus V3M1 T (FJ423763)

Micrococcus niistensis NII -0909 T (FJ897464)

Zhihengliuella aestuarii DY66 T (EU939716)

Micrococcus lactis DW152 T (FN673681)

Arthrobacter antarcticus SPC26 T (AM931709)

Arthrobacter psychrophenolicus AG31 T (AJ616763)

Arthrobacter phenanthrenivorans Sphe3 T (CP002379)

Arthrobacter pascens DSM 20545 T (X80740)

Arthrobacter oryzae KV -651 T (AB279889)

Actinobacteria

FirmicuteBacillus subtilis subsp. subtilis NCIB 3610 T (ABQL01000001)

CyanobacteriaLoriellopsis cavernicola LF -B5 T (HM748318)

α-ProteobacteriaRhizobium leguminosarum USDA 2370 T (JH719379)

β-ProteobacteriaAlbidiferax ferrireducens T118 T (CP000267)

γ-ProteobacteriaEscherichia coli KCTC 2441 T (EU014689)
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100

100
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Fig. 1 Neighbour-joining tree
based on 16S rRNA gene
(1485 bp) sequence analysis. The
GenBank accession numbers for
the corresponding 16S rRNA
gene sequences of type strains are
given in parentheses. Bootstrap
values (1000 replicates) over
50% are given at the nodes. Scale
bar represents the number of
substitutions per nucleotide
position

Fig. 2 Genetic organisation of arsenic (As) resistance related genes in the
genome of Micrococcus luteus NCTC 2665T. Putative As resistance
related genes, locus_tag and protein product size are shown as shaded
arrows. arsR is transcriptional regulator and ACR3 is an arsenite

transporter. LMW-PTPase-ArsC is low molecular weight protein
tyrosine phosphatase related arsenate reductase. Note: The genome of
M. luteus NCTC 2665T also contains an oxidoreductase gene in the
operon, whose role in As resistance is unknown
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proteins within bacterial species. From the multiple sequence
alignment of amino acids of various classes of arsenate reduc-
tase, it was found that, despite the highly divergent amino acid
sequence of Ml-ArsC, it has many conserved active site resi-
dues resembling MSH/Mrx-ArsC (Fig. 4). Ml_ArsC has a
lone thiol nucleophile ©N) at the N-terminal end of anα-helix.
The protein tyrosine phosphatases loop (P-loop) signature mo-
tif (CX5K) ofMl_ArsC is the same as that ofMSH/Mrx-ArsC.
The thiol group of the cysteine residue in the P-loop signature
motif (CX5R/K) is a catalytic site for all classes of PTPases,
where an oxyanion arsenate binds. In Ml_ArsC, the positively
charged lysine 64 (K64) of Cg_ArsC2 is replaced by polar
glutamine (Q68). The charged amino group of K64 at the start
of a hydrogen-bonding network decreases the pKa of the nu-
cleophilic cysteine (CN) thiol (Villadangos et al. 2011). In
Ml_ArsC, the polar Q68 may take over the role of K64 as
the start of a hydrogen-bonding network via polar N15 to
CN. As in MSH/Mrx-ArsC, the D106 and E107 of Ml_ArsC
are located too far away from the nucleophilic cysteine to be

functional as a general acid in dephosphorylation activity.
Thus, like its homologue, the Ml_ArsC may not show phos-
phatase activity. The presence of these sequence characteris-
tics in Ml_ArsC protein, typical of MSH/Mrx-ArsC, suggests
that it can reduce arsenate by a mycothiol/mycoredoxin-
dependent arsenate reductase mechanism (Villadangos et al.
2011). Owing to the high arsenate resistance of M. luteus, as
well as very slow arsenate reductase activity of Mrx-ArsC of
C. glutamicum (Ordonez et al. 2009), additional PCR ampli-
fication was carried out to search for other classes of arsenate
reductase inM. luteus BPB1. For this purpose, a set of previ-
ously reported degenerate primers (P52F-P323R) was used
(Branco et al. 2008). In spite of successful amplification of
ArsC from E. coli W3110 DNA extract, there was no ampli-
fication in the case ofM. luteus. This is in agreement with the
in silico genome analysis result, where it was found that the
M. luteus DSM 20030T contains a lone ArsC gene in its ge-
nome. This result further confirms the absence of any other
known class of arsenate reductase in M. luteus.

Fig. 4 CLUSTALW alignment of arsenate reductase proteins. Ml_
LMWP_ArsC from M. luteus BPB1 (AHG94985.1) and DSM 20030
(GI:239918530) were aligned with two mycoredoxin linked arsenate
reductase (Mer-ArsC) of Corynebacterium glutamicum [Cg_ArsC1
(GI:23308853) and Cg_ArsC2 (GI:19551514)], two thioredoxin linked
arsenate reductase (Trx-ArsC) of Staphylococcus aureus plasmid pI258

(AAA25638.1) and Bacillus subtilis SKIN element (BAA12434.1), and
one glutaredoxin-linked arsenate reductase of Escherichia coli plasmid
R773 (AAA21096.1). P-loop motif refers to the LMW-PTPase signature
CX5R motif. Catalytically important residues are shown in boxes.
Residues indicated under the alignments are corresponding to Cg_
ArsC2 (black) and Ml_ArsC (red)

Micrococcus luteus BPB1 (AHG94985.1)

Micrococcus luteus NCTC2665
T

(WP002855764)

Corynebacterium glutamicum ArsC1 (NP600727)

Corynebacterium glutamicum ArsC2 (NP599516)

1.1

Staphylococcus aureus pI258 (AAA25638.1)

Bacillus subtilis SKIN (BAA12434.1)

1.2

1

Escherichia coli R773 (AAA21096.1)

Salmonella enterica (NP863379.1)

2

100

100

100

100

93

0.1

Fig. 3 Phylogenetic tree of inferred amino acid sequences of three
different arsenate reductase (ArsC) classes. (1) Low molecular weight
protein tyrosine phosphatases (LMW-PTPase) related ArsC; (1.1)
Mycoredoxin-linked ArsC; (1.2) Thioredoxin-linked ArsC; and (2)

Glutaredoxin-linked ArsC. Numbers at nodes represent bootstrap
confidence values obtained with 1000 resamplings; values below 50 are
not shown
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Classification of arsenite transporter in M. luteus

The well-characterised ArsB permease can extrude both
As(III) and antimonite [Sb(III)] (Chen et al. 1996; Wu et al.
1992). Since the M. luteus strains could not grow on LPM
medium supplemented with 0.1 mM potassium antimonyl tar-
trate, their antimonite susceptibility confirmed lack of any
active ArsB protein in them, whereas, Acr3 appeared to be
more specific, transporting only arsenite but not antimonite
(Sato and Kobayashi 1998; Wysocki et al. 1997), except in
the case of Synechocystis, where the Acr3 was able to trans-
port both arsenite and antimonite (Lopez-Maury et al. 2003).
Hence, the substrate specificity for ACR3 is under debate (Xia
et al. 2008; Yang et al. 2012). A set of degenerate primers was
designed on the basis of the consensus sequence of ACR3
genes retrieved from NCBI database by BLAST analysis of
ACR3 of M. luteus DSM 20030T. Identity of the ACR3 PCR
product was confirmed by cloning and sequencing. There was
98 % nucleotide and 99 % amino acid sequence identity be-
tween the ACR3 gene of isolate BPB1 and type strain DSM
20030T. Phylogenetic analysis confirmed previous observa-
tions, i.e. arsenite transporters could be classified into two
broad categories corresponding to the ArsB and ACR3 fami-
lies (Wysocki et al. 2003), and the ACR3-like proteins could
be further divided into two branches, which were designated
as ACR3(1) and ACR3(2) subgroups (Achour et al. 2007).
The phylogenetic analysis placed the deduced ACR3 amino
acid sequences of M. luteus with the ACR3(1) of
C. glutamicum (Fig. 5). Thus, the Ml_ACR3 can be classified
into ACR3(1) group of ACR3 family of arsenite transporters.
To predict transmembrane topology and active sites of the
amino acid sequence from Ml_ACR3, its sequence was com-
pared with previously characterised ACR3 proteins.
Predictions for membrane topology of Ml_ACR3 from three
different topological analysis programs, TopPred2, SOSUI,
and TMHMM 2.0, generated two different theoretical models.
TopPred2- and SOSUI-generated transmembrane models had
nine TMs, with the N-termini localised in the cytosol and C-

termini localised in periplasm, whereas, the Ml_ACR3 trans-
membrane model generated by TMHMM 2.0 had ten TMs,
with the N- and C-termini localised in the cytosol (Fig. 6).
Results obtained fromTMHMM2.0 were in concurrence with
the membrane topology of ACR3(2) and ACR3(1) from
Alkaliphilus metalliredigens and Bacillus subtilis, respectively
(Aaltonen and Silow 2008; Fu et al. 2009). It is worth men-
tioning that, in all predicted models, the catalytically impor-
tant and conserved residue Cys119 is located in the P/R-C-T/I-
AMV motif of the fourth transmembrane region, whereas an-
other important conserved residue Glu295 resides either in
TM9 or in the cytoplasm-loop. Earlier studies done with
ACR3 f rom A. me ta l l i red igens [ACR3(2 ) ] and
C. glutamicum [ACR3(1)] had demonstrated the requirement
of these residues for the arsenite transport mechanism (Fu
et al. 2009; Yang et al. 2012). From the above observations,
it is reasonable to speculate that Ml_ACR3 may have 10 TM
spanning segments, with the – and C-termini localised in the
cytosol, and both of the conserved residues (Cys119, Glu295)
may serve as a selectivity filter for As (III).

Biosorption of arsenate by M. luteus

To confirm the sequestration of As(V) on the cell surface, cells
from cultures treated with and without arsenate were subjected
to FESEM coupled to EDS and FTIR analysis. The surface
morphology of M. luteus BPB1 cells during the biosorption
process was observed with the help of FESEM images
(Fig. 7).M. luteus BPB1 bacteria without As(V) ion exposure
in the control blank were cocci-like in shape and approximate-
ly 800 nm in diameter, and were aggregated to form irregular
clusters (Fig. 7a). The formation of aggregates can be attrib-
uted to the secretion of extracellular polymeric substances
(EPS) by these cells (Maldonado et al. 2010). EDS spectra
of these cells confirmed the absence of As on their surface
(Fig. 7b). After the As(V) ion exposure, no significant change
in the morphology of cells were observed (Fig. 7c). The sorp-
tion of arsenate by these cells was determined by EDS

Micrococcus luteus BPB1 (KJ677111)

Micrococcus luteus NCTC2665
T

(YP_002958087)

Corynebacterium glutamicum ATCC 13032 (YP_225795)

Bacillus subtilis str. 168 (CAB14520)

1.1

Alkaliphilus metalliredigens QYMF (YP_001319657)

Agrobacterium fabrum str. C58 (AAK87282)

Shewanella oneidensis MR-1 (NP_716170)

1.2

1

Staphylococcus aureus pI258 (AAA25637)

Escherichia coli R773 (AAA21095)

2

100

100

100

100

66

100

0.1

Fig. 5 Phylogenetic tree of inferred amino acid sequences of two
different arsenite transporter families: 1 ACR3p; [1.1] ACR3(1)p; [1.2]
ACR3(2)p; and 2ArsB. Numbers at nodes represent bootstrap confidence
values obtained with 1000 resamplings; values below 50 are not shown.

The GenBank accession numbers for the corresponding arsenate
reductase gene sequences are given in parentheses. Bar Substitutions
per site
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Fig. 6 CLUSTALW alignment of ACR3 proteins and predictions of the
transmembrane topology of Ml_ACR3. Secondary structure predictions
for Ml_ACR3 were generated from the primary amino acid sequence
[Ml_NCTC2665_ACR3(1)] with TMHMM 2.0 (TMs in shaded boxes),
SOSUI [transmembrane segments (TMs) in filled boxes], and TopPred2
(TMs in open boxes). TopPred2 and SOSUI predicted nine TMs, whereas

TMHMM 2.0 predicted ten TMs. Each TM is connected with
cytoplasmic (long dashed lines) and periplasmic loop (dotted lines).
Residues indicated under the alignments are corresponding to Ml_
ACR3(1) (red), Cg_ACR3(1) (black), Am_ACR3(2) (green). The
conserved residue Cys119 is located in TM4 with all predictions

Fig. 7 FESEM image and EDS
analysis spectra ofMicrococcus
luteus BPB1 culture: untreated
(a, b) and treated (c, d) with
4 mM arsenate. EDS analysis
spectra coupled to FESEM of
arsenate treated cells has main
arsenic (As) peak at 1.3 keV
(arrow)
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spectrum analysis. Two As peaks were obtained at 1.3 keV
and 10.6 keV in the EDS spectrum of As(V) treated cells
(Fig. 7d). The occurrence of multiple peaks for As can be
attributed to the X-rays generated by emission from different
energy-levels of K shell of the element (Abruzzi et al. 2013;
Giri et al. 2013; Goldstein et al. 2012; Severin 2004). This
result demonstrated that As was bound on the cell surface,
probably with the functional groups of EPS. The FTIR spectra
of BPB1with and without arsenate-treated cultures were com-
pared. The shifts in peaks at different wavelengths were
analysed to determine the probable functional groups contrib-
uting to As ion sequestration (Fig. 8). The spectrum of the

control biomass displayed a number of absorption peaks, in-
dicating the complex nature of the bacterial biomass (Fig. 8a).
The spectrum of control sample exhibited a broad absorption
band at 3389.28 cm−1 due to the bonded –OH stretching vi-
bration, which was shifted to 3357.46 cm−1 for arsenate-
treated samples (Fig. 8b). This vibrational shift may have oc-
curred due to the complexation of –OH groups with arsenate
ions (Giri et al. 2013). There is no shift in the absorption peak
for the amide group (N–H stretching and C = O stretching
vibration) at 1653.66 cm−1 after As(V) exposure (Seki et al.
2005). The absorbance peaks at 1456.96 cm−1, which may be
attributed to N–H stretching vibration, −CH2 scissoring or –

Fig. 8a,b Fourier transform
infrared spectroscopy (FTIR)
spectra of M. luteus BPB1
biomass. a Control, b arsenate
treated
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CH3 antisymmetrical bending vibration and O–H deformation
has shifted to higher frequency, and appears at 1460.81 cm−1,
which may be due to the complexation of As(V) ions with the
functional groups. The peaks at 1063.55 cm−1, which may
result from C–N stretching vibrations of amino groups, are
now shifted to lower frequency and appear at 1059.69 cm−1

due to the interaction of nitrogen from the amino group with
arsenate (Giri et al. 2013). The aforementioned changes in the
spectrum can be explained by the interaction of As(V) with
the hydroxyl, amide and amino groups present on the surface
of theM. luteusBPB1 biomass. These agree with the results of
EDS spectra analysis. Earlier studies have reported several
bacterial strains, especially Micrococcus sp., Pseudomonas
sp. and Bacillus sp. surviving under abiotic stress by produc-
ing EPS (Giri et al. 2012, 2013; Maldonado et al. 2010; Raza
and Faisal 2013; Sandhya et al. 2009) Micro-organisms that
can form biofilm by secreting polymers are able to immobilise
metal compounds via a passive sequestration process (Davies
et al. 2007; Lievremont et al. 2009; Muller et al. 2007)].
Similarly, from this study, it was found that the cells of
M. luteusBPB1 can sequester As(V) ions on their cell surface,
which can be attributed to the interactions between metal ions
and functional groups of extracellular polymeric substances
on the cell surface. However, the inability of M. luteus to
completely sequester As from the medium even after 36 h of
treatment, and the existence of As-resistance-related genes
might mean that, unlike lead and copper, As can get into the
cytosol.

Concluding remarks

This study found that, irrespective of their distinct geograph-
ical location, M. luteus isolates BPB1 and DSM 20030T both
showed resistance to high concentrations of arsenate and have
ars operon-related genes in their genome. The primers devel-
oped in this work proved to be specific to MSH/Mrx-ArsC
and ACR3(1) ofM. luteus, indicating that they could be useful
to further explore the diversity of key arsenic resistance genes
in a variety of bacteria. Extensive comparison of the amino
acid sequence of arsenate reductase and arsenite transporter
fromM. luteuswith their homologous proteins classified them
as belonging to the recently described MSH/Mrx-dependent
class of arsenate reductase and the inadequately characterised
ACR3(1) group arsenite transporter family, respectively.
Besides the intracellular arsenic resistance mechanism,
M. luteus isolate BPB1 demonstrated the ability to sequester
arsenate in EPS on its cell surface, which may slow down As
uptake by cells.
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