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Abstract Microorganisms play an important role in the
geobiocycling of arsenic element. However, little is known
about the bacteria involved in this process in oceanic
environments. In this report, arsenite-resistant bacteria
were detected in deep-sea sediments on the Southwest
Indian Ridge. From arsenite enriched cultures, 54 isolates
were obtained, which showed varied tolerance to arsenite
of 2-80 mM. Phylogenetic analysis based on 16S rRNA
showed that they mainly belonged to Proteobacteria and
Actinobacteria. Denaturing gradient gel electrophoresis
revealed that Microbacterium esteraromaticum was the
dominant member in the arsenite enriched communities,
and this was reconfirmed by 16S rRNA gene library
analyses. Thus, M. esteraromaticum showed highest
resistant to arsenite among the detected bacteria. These
results indicate that there are quite diverse bacteria of
arsenite resistance inhabiting the deep sea sediment, which
may play a role in the geobiocycling of arsenic element in
marine environments.
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Introduction

Arsenic is widely distributed in environments. Its pollution
in both soil and groundwater has roused great concerns.
Arsenic can cause serious health problems in humans,
especially by its reduced inorganic form, arsenite, As(III).
However, during the long history exposure to arsenic,
microorganisms have evolved several kinds of mechanisms
to reduce the harm effects of arsenite (Bhattacharjee and
Rosen 2007).

By now, arsenic-resistant bacteria have mainly been
isolated from arsenic-rich environments; while recent evi-
dence has shown that arsenic-resistant bacteria can also be
found in arsenic-free soils (Jackson et al. 2005). This
finding implies a wide global interaction between bacteria
and arsenic. Microbial metabolism was recently shown to
be involved in mobilizing the subsurface arsenic and
influence the speciation of arsenic in environments (Silver
and Phung 2005; Oremland et al. 2004). Arsenate can be
used as an electron acceptor by reduction to arsenite in the
anaerobic sediment. Conversely, arsenite can be oxidized
to arsenate by aerobic bacteria that are able to gain energy
for their growth from the oxidation of arsenite. These
studies emphasize the importance of microorganisms in
element biogeocyling.

Since the first report of arsenite oxidizers and reducers in
1918, more than 30 strains representing at least nine genera
have been reported to be able to oxidize arsenite (Stolz et al.
2006). By now, various arsenic-resistant bacteria have been
found, including Bacillus arsenoxydans, Pseudomonas
arsenoxyda, Xanthomonas arsenoxydans, Achromobacter
arsenoxydanss, Alcaligenes faecalis, Zoogloea sp. ULPAs],
Agrobacterium sp. NT-26, Hydrogenophaga sp. (YED6-4,
YEDG6-21 and YEDI-18), Thiomonas sp., and so on. They
were mainly isolated from arsenic-rich environments,
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including soil (Quastel and Scholefield 1953; Osborne and
Ehrlich 1976), cattle-dipping fluids (Green 1918; Turner
1949, 1954), mine water (Wakao et al. 1988; Leblanc et al.
1996), mines (Santini et al. 2000), acid mine drainage
(Baker and Banfield 2003; Casiot et al. 2003, 2004; Morin
et al. 2003; Duquesne et al. 2008), hot springs (Langner
et al. 2001; Gihring et al. 2001; Salmassi et al. 2006; Hetzer
et al. 2007), Mono Lake (Oremland et al. 2004; Hoeft et al.
2004, 2007) and Searles Lake (Oremland et al. 2005; Kulp
et al. 2000).

Marine arsenic has many sources, such as land, sub-
surface and rock leaching. Arsenic in marine organisms
and environment is relatively high (Lunde 1977; Neff
1997). For an instance, uncontaminated marine sediments
contain from 5 to about 40 pg g~ dry weight total arsenic
(Neff 1997). In arsenic cycling of marine ecosystem,
marine algae play a role by capture and delivery of this
element from the surface seawater to deep sea environ-
ments (Dembitsky and Levitsky 2004). Hydrothermal
activities on the ocean’s inter-ridges bring about arsenic
from the inner part of the Earth. Vent sites are thought to be
where the autotrophic arsenite-oxidizers existed in the
early stages of life on Earth (Lebrun et al. 2003), and
potentially reflect a primitive microbial ecosystem on Mars
or Europa (Oremland and Stolz 2003).

Marine arsenic-resistant bacteria have been found as
Serratia marinorubra (Vidal and Vidal 1980), Vibrio—-Aer-
omonas group bacteria (Hanaoka et al. 2004), Pseudomonas
fluorescens (Prithivirajsingh et al. 2001), Deferribacter
desulfuricans (Takai et al. 2003), and Marinomonas
communis (Takeuchi et al. 2007). Most of them are reported
arsenate-resistant, only a few show arsenite-resistance
(Scudlark and Johnson 1982; Pepi et al. 2007; Takeuchi et al.
2007), such as marine bacterium Marinomonas communis
which could resist both arsenate and arsenite, and capable of
removing arsenic from culture medium (Takeuchi et al.
2007). According to our knowledge, no arsenic-resistant
bacteria in deep sea environments have been investigated.

The aim of this study is to bioprospect the arsenite-
resistant bacteria from deep sea sediment of two sites on
the Southwest Indian Ridge, one of which is in the vicinity
of an active hydrothermal vent. These bacteria, one side,
provide clues to biocycling of arsenic in oceanic environ-
ments; the other side, of potential in bioremediation of
arsenic pollution.

Materials and methods
Samples

Sediments from the Southwest Indian Ocean were col-
lected during the cruise of DY105-17A of R/V “Da-Yang
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Yi Hao” in December 2005 at the site of IR-TVG2
(37.6866°S, 50.4873°E) with a depth of 1,420 m, and
another site IR-TVG3 (31.0877°S, 59.1124°E) with a depth
of 4,019 m.

Medium

PTA medium used for enrichment and bacterial isolate
contained the following: 0.5 g 17" yeast extract, 1.0 g 17"
tryptone, 2 g 1" NH,CI, 2 g 17! sodium lactate, 0.2 g 17"
sucrose and 0.2 g 17! glucose. The medium was prepared
with seawater, and the pH of the medium was adjusted to
7.4. 1.5% agar was added to make a solid medium. PTA
medium was sterilized by autoclaving for 30 min at 115°C.

SLB medium used for determination of arsenite resis-
tance contained 5 g 17 yeast extract and 10 g 1" tryptone
and was prepared with seawater. This medium was steril-
ized by autoclaving for 20 min at 121°C.

Enrichment with arsenite

About 2 g sediment from each site was suspended in
100 ml PTA medium containing 2 mM arsenite and incu-
bated at 28°C for about 3 days. Further enrichment was
done by transferring 2 ml enrichment culture into the same
medium and incubated under the same conditions, and
repeated for two times. The culture from the final transfer
was used for bacterial isolation and community composi-
tion analysis.

Detection of the predominant arsenite resistant bacteria

To detect the As-tolerance bacteria in the communities
enriched with 2 mM arsenite at different incubation times,
a 2 ml culture enriched as above was used to inoculate
fresh PTA medium containing 2 or 20 mM NaAsO,. The
culture was incubated at 28°C, and sampled for denaturing
gradient gel electrophoresis (DGGE) analysis every 4 h for
3 days. The ODgoo was read by a Smart Spec™ plus
spectrophotometer to monitor cell growth as a reference for
bacterial composition analyses.

To detect the As-tolerance bacteria in the communities
challenged with different arsenite concentrations, a 2 ml
culture of the last round enrichment with 2 mM arsenite
was used as an inoculant. Cells were harvested by centri-
fugation and washed twice with sterile sea water to remove
arsenite; then resuspended and transferred to a fresh PTA
medium with an arsenite concentration varying from 0 to
100 mM (the pH of the medium was adjusted to 7.4 with
2 M HCI) and incubated at 28°C for 5 days. The serial
cultures were used for DGGE analyses. All tests except
DGGE analyses were repeated in triplicate.
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Bacterial isolation and determination of arsenite
resistance

The enriched cultures of the two sites were diluted with
sterile sea water and spread on PTA plates containing
2 mM NaAsQO,. Plates were incubated at 28°C for about
2 weeks. Colonies were streaked again for further purifi-
cation, and the 16S rRNA sequence of about 800-1,500 bp
(Weisburg et al. 1991) was analyzed using Blastn at
http://www.ncbi.nlm.nih.gov/BLAST/, maintained by
National Center of Biotechnology Information.

To evaluate the resistance of each isolate, all the isolates
were inoculated into SLB medium containing 10 mM
NaAsO, and incubated at 28°C for 3 days. Resistance was
indicated by cell growth.

DNA preparation

Genomic DNA of all consortia and isolates was extracted
by the modified method of SDS-CTAB, as previously
described by Wilson (1999).

16S rRNA PCR for DGGE analysis

PCR amplification of the V3 variable region of the 16S
rRNA fragment was performed prior to DGGE, as described
by Muyzer et al. (1993). The sequences of the primers are as
follows: DGGEr, 5-ATTACCGCGGCTGCTGG-3/, and
DGGEf, 5'-CGCCCGCCGCGCGCGGCGGGCGGGGCG
GGGGCACGGGGGGCCTACGGGAGGCAGCAG-3'.

All PCRs were performed with a Mastercycler (Eppen-
dorf, Hamburg, Germany). The PCR reaction mixture
contained in a volume of 50 pl, 1.0 U of rTaq (TaKaRa),
each primer at a concentration of 0.5 pM and 50 ng DNA
template. After 6 min of an initial denaturation at 95°C, a
touchdown thermal profile protocol was used, and the
annealing temperature was decreased by 0.5°C per cycle
from 65 to 55°C; then 20 additional cycles at 55°C were
performed. Amplification was carried out with 1 min of
denaturation at 95°C, 1 min of primer annealing and
1.0 min of primer extension at 72°C, followed by a final
extension at 72°C for 10 min. PCRs were carried out
fourfold using the consortium DNA, and then the mixtures
were combined prior to DGGE analysis. PCR amplifica-
tions were checked on 1% (w/v) agarose gel before DGGE
analysis.

Denaturing gradient gel electrophoresis
The purified PCR product was loaded onto an 8% (w/v)

polyacrylamide (ratio of acrylamide to bisacrylamide,
37.5:1) gel with a gradient of 30 to 70% denaturant (100%

denaturant contained 7 M urea and 40% (vv) formamide).
The gels were electrophoresed using a D-Code instrument
(Bio-Rad) in 1 x TAE buffer (40 mM Tris—acetate, 1 mM
Na-EDTA; pH 8.0) at 30 V for 15 min and then 130 V for
4.5 h at 60°C.

After electrophoresis, the gel was stained with ethidium
bromide (10 pg ml™") for 15 min, and images were cap-
tured with an Alpha-Imager Imaging System with
AlphaEase FC image software 4.1.0 (Alpha Innotech).

Each band visible on the DGGE gels of the arsenite-
resistant consortia was excised manually, and the DNA in
the gel was extracted using the method described by
Muyzer et al. (1993). With 5 pl DNA extracted as a tem-
plate, PCR was carried out to generate more target DNA
for cloning. PCR products in the reaction buffer were
purified using the E.Z.N.A Cycle-Pure Kit (OMEGA Bio-
tek, USA) and cloned into the pMD19-T Vector (TaKaRa).
After confirmation with another DGGE gel, they were
sequenced with M134 sequencing primer by 3730 DNA
Analyzer, ABI.

The 16S rRNA library analysis

The 16S rRNA clone library was constructed from enriched
culture with 2 mM NaAsO, incubated for 3 days. Total
DNA prepared in DGGE analysis was used as template for
PCR, and two universal primers, 27F and 1492R (Delong
1992), were used to amplify the approximately 1.5 kb 16S
rRNA genes. PCR product was purified and cloned into
Escherichia coli DHS5a. About 100 clones were randomly
selected in each library and digested with restricted enzyme
Haelll at 37°C overnight. The digested products were
separated by electrophoresis on a 2.5% agarose gel. Unique
clones identified from the RFLP analysis were selected and
sequenced. Clones with the same sequence were grouped
into the same operational taxonomic unit (OTU). Each
OTU was counted and calculated for its percentage in the
library.

Phylogenetic analysis

The determined sequences were manually aligned together
with the reference 16S rRNA sequences available in the
GenBank database and evolutionary distances were then
computed with the DNAMAN software version 5.1. A
rooted phylogenetic tree was constructed by using the
neighbor-joining method (Saitou and Nei 1987), after
bootstrap analysis with 1,000 sample replications.

The neighbor-joining distance method based on p-dis-
tance was used to construct phylogenetic trees and the
validity of the branches was ascertained with 1,000 boot-
strap replicates.
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PCR amplification of arsenite transporter genes

Two sets of degenerate primers targeting the arsB and
ACR3(2), which were developed by Achour et al. (2007),
were used to amplify arsenite transporter genes in the
arsenite-resistant bacteria. The sequences of the primers are
as follows: darsB1F/darsBIR (5-GGTGTGGAACATCG
TCTGGA AYGCNAC/5'-CAGGCCGTACACCACCAGR
TACATNCC), and dacr5F/dacr4dR (5-TGATCTGGGT
CATGATCTTCCCVATGMTGVT/5'-CGGCCACGGCC
AGYTCRAARAARTT). The expected product size is
about 750 bp. Two kinds of PCR products were purified,
and directly sequenced without cloning with primers
darsB1 (5'-GGTGTGGAACATCGTCTG) and ACR-1 (5'-
TGATCTGGGTCATGATCT), respectively.

Nucleotide sequence accession numbers

The 16S rRNA sequences of the isolates have been

Results

Arsenite-resistant bacteria isolated from the sediments
of Southwest Indian Ocean

Together, 103 isolates were selected according to colony
morphology and further subjected to 16S rRNA analysis.
Totally, 54 isolates of different sequence were obtained,
among which, 25 isolates were obtained from IR-TVG?2,
and 29 isolates were obtained from IR-TVG3. The 54
isolates mainly belonged to Gamma-proteobacteria (25
isolates), followed by the Actinobacteria (14 isolates),
Alpha-proteobacteria (11 isolates), and then the Cytoph-
aga-Flavobacterium (CFB) group (4 isolates). A
phylogenetic tree of the arsenite-resistant bacteria and the
reference strains is shown in Fig. 1a, b, respectively.
Phylogenetically diverse bacteria were found within the
group of Gamma-proteobacteria, the majority of which
are Halomonas, Pseudoalteromonas and Idiomarina. In

deposited in the GenBank with accession no. from  IR-TVG2, 15 isolates belonged to Gamma-proteobacteria,
EU928727 to EU928780. of which Alcanivorax and Idiomarina occupied the
Fig. 1 Phylogenetic tree of A
partial 16S rRNA genes of the L 005
arsenite-resistant bacteria AS-12-1(+) (EU928727) A
. . CK-12-5(EU928738)
obtained from deep sediments odll CK-12-6-1(+) (EU928739)
of Southwest Indian Ocean. Microbacterium esteraromaticum (Y17231)
a Sampling site IR-TVG2; 10ofL CK-12-1(+) (a) (EU928735) > A
b sampling site IR-TVG3. The 11 CK-12-2(+) (EU928736)
tree was constructed based on L Microbacterium aerolatum (AJ309929)
. Mn-12-5(-) (EU928750)
parqal 16S rRNA sequences of 951 Microbacterium phyllosphaerae (AJ277840)
the isolates and the reference 100[ AS-12-10(-) (EU928733) <

strains. Bootstrap values
(expressed as percentages of
1,000 replications) are shown at
branch points. Bootstrap values
over 50% were shown.
Symbols: plus/minus, isolate
can or cannot grow normally in
SLB with 10 mM arsenite;

a gene ACR3(1) was cloned;

b gene arsB was cloned; A
Actinobacteria, o and
subgroups of Proteobacteria, F
Flavobacterium, S
Spirosomaceae

98|
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100) CK-12-4(-) (@) (EU928737)
Halomonas meridiana strain Sithf1(AF212217)
100 CK-12-8(-)(a) (EU928740)
100! Halomonas boliviensis strain Lc2 (AY245450)

Psychrobacter alimentarius strain JG-102 (AY513646)

74r AS-12-5(-) (EU928729)
100|' Pseudoalteromonas tetraodonis strain IAM 14160 (AF214730)
MN-12-2(+) (EU928748)
711 Pseudoalteromonas agarovorans (AJ417594)
MN-12-3(-) (EU928749)
100) CK-12-9(EU928741)
CK-12-10(EU928742)
CK-12-11(EU928743)
100t CK-12-16(EU928747)
Idiomarina salinarum strain ISL-52 (EF486355)
CK-12-14(EU928745
Idiomarina seosinensis ( AY635468)
AS-12-6-1(-) (a) (EU928730)
100t Pseudomonas putida strain ASK-1(AY277620)
AS-12-3(EU928728)
Kangiella aquimarina (AY520561)
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96L Alcanivorax dieselolei strain NO1A (AY683531)

951 As-12-11(-) (EU928734)
4'0”@2-13(3)(EU928744)
Thalassospira lucentensis strain QMT2 (AF358664)
M

— CK-I2-15(+) (EU928746)
100l—————— Galbibacter mesophilus (AB255367 )

Alcanivorax venusti strain ISO4 (AF328762)

N-12-10-2(-) () (EU928751)
Mesorhizobium tianshanense (AF041447)
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Fig. 1 continued B
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AS-I3-8(EU928757) \
100 CK-13-2(EU928763)
Idiomarina salinarum strain ISL-52 (EF486355)
73 100[ AS-13-2(+)(EU928753)
100 AS-13-15(+)(b)(EU928762)
82 pPseudoalteromonas agarovorans (AJ417594)
981 AS-13-3(EU928753)
100| = Marinobacter vinifirmus strain FB1(DQ235263) Y
CK-13-15 (EU928772)
=1 53 100! Marinobacter excellens strain KMM 3809 (AY180101)
I MN-I13-9(a)(b)}(EU928779)
100~ pseudomonas stutzeri (PSU25431)
55| AS-13-4(-)(a)( b)(EU928754)
72 ﬁ[ Halomonas meridiana strain Slthf1(AF212217)
B AS-13-12(-)(EU928761)
100 _:-fa/omonas salinalsolate LLM (DQ333297) }
57 MN-13-7(-)(b)(EU928778 )
100] CK-13-7(-)(EU928766) 3\
Martelella mediterranea strain MACL11(AY649762)
CK-13-13-1(EU928770 )
Mesorhizobium thiogangeticum (AJ864462)
As-13-9(EU928758 )
100! AS-13-10(a)(b)(EU928759 ) a
CK-13-13-2(EU928771)
100 100 100| CK-13-10(EU928769 )
! CK-13-6(-)(EU928765 )
5 Roseobacter gallaeciensis (Y 13244)
— CK-13-19(-)(a)(b)(EU928775)
AS-13-11(+)(EU928760) 3\
AS-13-1(+)(EU928752)
CK-13-9(EU928768)
sgg| Microbacterium phyllosphaerae (AJ277840)
MN-13-13(+) (EU928780 )
o8| | CK-13-8(+)(EU928767) y
— 1! Microbacterium aerolatum (AJ309929)
CK-I3-3(+)(EU928764 )
To0 97| AS-I13-5(EU928756)
88' Microbacterium esteraromaticum(Y17231)
I Dietzia psychroalcalophilus(AB 049630)
100% Mn-13-5(-)(EU928777) J
100|- Arenibacter troitsensis (AB 080771)
100 CK-13-22(EU928776 ) F
[ CK-13-18(EU928774)
700 100t Syfflavibacter maritimus strain NHD261(DQ993340,
| CK-13-17(EU928773) S

majority. Resistance tests showed that only two strains
(Mn-12-2, Pseudoalteromonas tetraodonis; AS-12-6-1,
Pseudomonas putida) could grow normally in the pres-
ence of 10 mM arsenite. While in the case of IR-TVG3,
ten isolates belonged to Gamma-proteobacteria. Idioma-
rina was not as dominant as in IR-TVG2. Additionally,
two strains of Marinobacter were only isolated in this
site. Resistance tests showed both isolates of Pseudoal-
teromonas in IR-TVG3 could grow normally in the

100l Cyclobacterium marinum (AJ575266)

presence of 10 mM arsenite, while the others of this
subgroup could only grow in 2 mM arsenite.

Although the high GC, Gram-positive group (Actino-
bacteria) is not as diverse as the Gamma-proteobacteria,
which was mainly constituted of the species of Microbac-
terium. Plate screening revealed that M. esteraromaticum
occupied the majority of culturable isolates in both IR-TVG2
and IR-TVG3. Moreover, most Microbacterium isolates
could grow normally in presence of 10 mM arsenite.
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Among the bacteria in the Alpha-proteobacteria and
CFB group, most bacteria showed a low resistance, but
there was a novel strain ck-12-15 isolated from the site IR-
TVG2 that could grow normally in 10 mM arsenite. Its
closest phylogenetic relative is Gillisia mitskevichiae,
sharing 92% sequence similarity.

PCR detected arsenite transporter genes

Six isolates of IR-TVG2 contained a gene related to ACR3,;
two isolates of IR-TVG3 contained a gene related to arsB;
four isolates contained both related genes. The detected
genes are most closely related to putative arsenical-resis-
tance proteins with varied similarities. The positive
detected isolates were indicated in Fig. 1a, b. Interestingly,
the positively detected bacteria are not exclusively the
isolates of high resistance. For an instance, isolates As-12-1
and As-I3-5, which can tolerate 65 and 80 mM arsenite
respectively, failed to be detected of both genes, whereas
isolates As-I3-4, which can only tolerate 2 mM arsenite
harbored both genes. Therefore, other mechanisms are
possibly involved for high resistance, and thus no clear
relationship between metalloid resistance levels and arsB/
ACR3 genotype, as observed by Ford et al. (2005) and
Achour et al. (2007).

Bacterial community structures revealed
by PCR-DGGE and 16S rRNA clone library

To examine the predominant bacteria in the arsenite-
resistant communities, PCR-DGGE was used. The con-
sortium was challenged with 2 mM NaAsO,, in the
community after 3 days incubation of the third enrichment.
In the case of IR-TVG2, two bands were observed (not
shown): Band 1 was closely related to Alcanivorax dies-
elolei NO1A (99%), and Band 2 was closely related to M.
esteraromaticum DSM 8609 (100%). In the case of IR-
TVG3, only one major band was detected (not shown),
which was identified as M. esteraromaticum (100%). Its
16S rRNA sequence was identical to the one in IR-TVG2.

To reconfirm the results of DGGE analyses, the bacterial
composition was further analyzed by the 16S rRNA clone
library method. In site IR-TVG2, there were two OTUs: A.
dieselolei (99%) and M. esteraromaticum (100%), which
occupied 67.5 and 32.5% of the library, respectively. In the
case of IR-TVG3, the OTUs were the same, but occupied
1.6 and 98.4%, respectively.

Dynamics of cell growth and the community
structure during incubation

The dynamics of the community structure at different
incubation times was examined; sampling was done every
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4 h for 3 days. In addition, 2 and 20 mM initial arsenite
concentrations were used in parallel for both sites.

Growth curves at ODgq of the culture community are
showed in Fig. 2. From the curve of the enrichment of IR-
TVG2 in both 2 and 20 mM initial arsenite concentrations,
logarithmic growth ended at about 24 h; the culture
reached the maximum biomass at about 48 h. In the
enrichment of IR-TVG3, growth phases were not syn-
chronized between the two treatments at different arsenite
concentrations. In 2 mM arsenite, the ODg¢yy reached a
peak at 44 h, while in 20 mM arsenite, it took 60 h to reach
a peak that was higher than that of IR-TVG2. In addition, a
longer “lag phase” occurred in the 20 mM treatments in
both cases. These results indicate that the 20 mM con-
centration inhibited growth to some degree in both
communities while IR-TVG3 showed a better resistance.

The dynamics of the community structure were moni-
tored with DGGE. The results of IR-TVG2 and IR-TVG3
communities are shown in Fig. 3a, b, respectively. In the
case of IR-TVG2, only one dominant band occurred from
inoculation to 24 h at 2 mM arsenite (Fig. 3a, lane 20 and
24); this band was derived from the isolate M. esterarom-
aticum As-12-1. Interestingly, another dominant member
appeared in the community at 28 h and onwards and shared
similar brightness with Band 1. Band 2 corresponded to the
isolate A. dieselolei As-12-8. In 20 mM NaAsO,, only the
band identical to the isolate M. esteraromaticum As-12-1
was retained in the community of IR-TVG2; that of A.
dieselolei was lost (not shown). In the case of IR-TVG3,
only one band corresponding to the isolate M. esterarom-
aticum As-13-5 was observed in presence of 2 mM NaAsO,
(Fig. 3b).

3
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Fig. 2 Growth curve of community growth of two sites in 2 and
20 mM arsenite. Symbols: (dark filled diamond) community of
IR-TVG2 with 2 mM arsenite; (dark filled square) community of
IR-TVG2 with 20 mM arsenite; (dark filled triangle) community
of IR-TVG3 with 2 mM arsenite; (multiplication sign) community of
IR-TVG3 with 20 mM arsenite. In each treatment, three bottles were
in triplicate and sampled in the time serials
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M.esteraromaticum (99%)

- T S e W -

Fig. 3 The dynamic changes in DGGE patterns of bacterial com-
munity structure. a Sampling site IR-TVG2; b sampling site IR-
TVG3. The community of IR-TVG2 and the community of IR-TVG3
were incubated in 2 mM arsenite. Numbers at the top of each lane
refer to the sampling time (hours)

The dynamic changes in community structure
in response to increasing arsenite concentration

As in the examination of the time-dependence, both PCR-
DGGE and cell growth were used to evaluate the effect of
arsenite concentration on the community structure. Serial
dilutions of arsenite were made from O to 100 mM. IR-
TVG2 could grow in arsenite up to 80 mM, while IR-
TVG3 could grow but weakly in 100 mM arsenite. At
60 mM arsenite, the community of IR-TVG2 and IR-
TVG3 reached 0.32 and 0.75 of ODgq, respectively.
DGGE analyses were done with treatments ranging from 2
to 60 mM arsenite after incubation at 28°C, with a control
containing no arsenite (Fig. 4).

In the case of the IR-TVG2 community, five bands
occurred in the arsenite-absent control, including the above
detected two bands; three of which became weak when
arsenite was raised to 2 mM; two of which remained as
major components, as those in Fig. 3a. The band repre-
senting A. dieselolei remained bright when arsenite
concentration was set to 5 mM, but lost when arsenite
concentration was raised to 10 mM (date not shown).
When the arsenite concentration was raised higher than
10 mM, only one key band remained, it was corresponding
to M. esteraromaticum.

IR-TVG3 community showed different results with IR-
TVG2. No significant change was observed between the
arsenite-absent control and 2 mM arsenite. In both treat-
ments, M. esteraromaticum was found as the main band.
Interestingly, however, with the increase of arsenite con-
centration, another band appeared in IR-TVG3 community,
and turned out to be one of the two dominant bands above
20mM. Unfortunately, we failed to identify this band.

Therefore, M. esteraromaticum was the most important
bacterium in both sites. It was the dominant member in the
communities of different treatments and can resist high

2 20 40 60

0 2 20 40 60

Fig. 4 Denaturing gradient gel electrophoresis profiles to show the
dynamic changes of community structure in response to increased
arsenite concentrations. a The community of IR-TVG2; b the
community of IR-TVG3. In both a and b, the lane numbers are the
concentration of NaAsO,, from 0 to 60 mM. The communities were
cultivated with varying arsenite concentrations for 5 days at 28°C

arsenite concentrations. Although two isolates of M. est-
eraromaticum in the two sites shared identical 16S rDNA
sequence, they differed in arsenite resistance. The isolate
As-I12-1 in IR-TVG2 can grow in presence of 65 mM
arsenite, while As-I3-5 in TVG3 can resist arsenite 80 mM.
Moreover, their Rep-PCR (Repetitive sequence-based
PCR) patterns are not identical (not shown).

Discussion

In previous studies, we isolated bacteria and fungi from
deep sea sediments of the Pacific Ocean with high resis-
tance to manganese and lead, either by oxidation,
intracellular accumulation or extracellular absorption (Tian
and Shao 2006; Shao and Sun 2007; Sun and Shao 2007).
Deep sea sediment probably is an ideal place to screen high
metal resistance microbes. It is recognized that the arse-
nite-resistant bacteria are much less than those resisting
arsenate in natural environment, because arsenite is more
toxic than arsenate (Jackson et al. 2005). For example,
Pseudomonas stutzeri sp. strain As-1, isolated from an
electroplating industrial effluent, can tolerate up to 50 mM
arsenate, but only 0.2 mM arsenite (Patel et al. 2007; Joshi
et al. 2008). On the whole, however, microorganisms have
developed various mechanisms of arsenic metabolism.
Arsenite can be detoxified by efflux of cell, chaperone
binding in cytoplasm and methylization (Bhattacharjee and
Rosen 2007).

In this report, we present the first evidence of arsenite-
resistant bacteria inhabiting in deep sea sediments of the
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Southwest Indian Ridge. As a result, 54 bacterial strains of
arsenite resistance were isolated from enriched cultures
with 2 mM NaAsO,. They were phylogenetically diverse,
and belonged to five major bacterial clades, including
Alpha-, Gamma-proteobacteria, Actinobacteria, Flavobac-
teria and Spingobacteria. Here, two groups should be
intonated. One is Gamma-proteobacteria, which accounted
for the majority of all the isolates, and of a quite broad
biodiversity. Another is Actinobacteria, which was rela-
tively less diverse but confirmed of high resistance,
represented by species of Microbacterium.

Most Gamma-proteobacteria in this report were found of
As-resistance for the first time as far as we know, such as
Halomonas, Pseudoalteromonas and Idiomarina, which
formed the largest clade in Fig. la, b. In our previous
study, Pseudoalteromonas tetraodonis (100%) was proved
to be the predominant bacterial species of arsenite resis-
tance from another site on Southwest Indian Ocean Ridge
at 49.6469°(E), 37.7719°(N) (Chen and Shao 2008).
Although bacteria of Pseudoalteromonas are frequently
isolated from deep sea samples as being resistant to many
heavy metals like Hg, Se and Te (Iohara et al. 2004;
Rathgeber et al. 2002), this is the first report to our
knowledge of their resistance to arsenic.

Microbacterium bacteria have been isolated from vari-
ous environments, including sludge, air and deep sea
sediment, and can resist many metals, like Cr, U and Au
(Humphries et al. 2005; Nedelkova et al. 2007; Inomata
et al. 2007). Microbacterium was also detected in arsenic-
resistant bacterial populations of an unsaturated soil (Ma-
cur et al. 2004), and can oxidize arsenite (Mokashi and
Paknikar 2002). In this report, most isolates of Microbac-
terium could grow normally in presence of 10 mM
arsenite. This tolerance is somewhat consistent with a
previously reported result that an isolate of Microbacteri-
um from forest soils can grow in the presence of 28 mM
arsenite (Achour et al. 2007). Our results, together with
these previous reports, indicate that Microbacterium bac-
teria are important arsenic-resistant bacteria in various
environments. They may play a role in the geobiocycling
of the arsenic element and have potential in bioremediation
of arsenic-contaminated environments.

Bacteria of genus Alcanivorax are usually found as
ubiquitous alkane degrading bacteria in marine environ-
ments (Head et al. 2006). Isolates from a hydrothermal vent
field of East Pacific were also previously reported of
resistance to mercury (Vetriani et al. 2005). In this study,
A. dieselolei was found in the arsenite-resistant community
of IR-TVG2; it grew slower than M. esteraromaticum
(Fig. 3), and disappeared from the community when arse-
nite concentration was raised to 20 mM (Fig. 4a).

From the genome sequence annotation results of Alca-
nivorax borkumensis SK2 (http://cmr.jcvi.org/cgi-bin/
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CMR/GenomePage.cgi?org=ntab01), several arsenic resis-
tance genes can be retrieved, encoding enzyme or proteins
such as arsenite methyltransferase, arsenical resistance
proteins (ArsH and ArsB), and the arsenical pump mem-
brane protein ACR3. In our isolates of this genus, the gene
ArsB and ACR3 failed to be detected, while some other
isolates were positively detected. Whether other resistance
mechanisms exist in our Alcanivorax isolates would be an
issue for further investigation.

Intracellular accumulation of arsenic was recently
reported in Pseudomonas stutzeri sp. strain As-1 when
exposed to arsenate (Patel et al. 2007; Joshi et al. 2008).
Accumulation in cell has been observed in both prokaryotic
and eukaryotic organisms. Even engineered bacteria of
high accumulation can be developed to remove the met-
alloid (Singh et al. 2008). However, in our tested isolates
(As-12-1, As-13-1, As-I3-5), there was no accumulation
observed under transmission electron microscopes equip-
ped with EDX (energy dispersive X-ray system) (not
shown).

In summary, quite diverse bacteria with high arsenite
resistance were discovered in deep sea sediments of the
Indian Ocean, among which M. esteraromaticum showed
the highest resistance. These bacteria probably participate
in the arsenic cycling in marine system by mechanisms like
arsenite methylization, bioaccumulation or passive
absorption, arsenite oxidation, arsenate reduction and
efflux. In addition, the effects of algae and other marine
organisms, either in the aerobic upper layer of water col-
umn or the anaerobic subsurface, are incorporated into the
big cycling of the element in marine environments.
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