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Abstract

BACKGROUND: Biological iron redox transformation
alters iron minerals, which may act as effective adsorbents
for arsenate [As(V)] in the environments. In the viewpoint
of alleviating arsenate, microbial Fe(IIl) reduction was
sought under high concentration of As(V). In this study,
Fe(I1I)-reducing bacteria were isolated from the wild plant
rhizosphere soils collected at abandoned mine areas, which
showed tolerance to high concentration of As(V), in pursuit
of potential agents for As(V) bioremediation.

METHODS AND RESULTS: Bacterial isolation was per-
formed by a series of enrichment, transfer, and dilutions.
Among the isolated strains, two strains (JSAR-1 and
JSAR-3) with abilities of tolerance to 10 mM As(V) and
Fe(III) reduction were selected. Phylogenetic analysis us-
ing 16S rRNA genesequences indicated the closest mem-
bers of Pseudomonas stutzeri DSM 5190 and Paenibacillus
selenii W126, respectively for JSAR-1 and JSAR-3. Ferric
and ferrous iron concentrations were measured by ferrozine
assay, and arsenic concentration was analyzed by ICP-AES,
suggesting inability of As(V) reduction whereas ability of
Fe(III) reduction.

CONCLUSION: Fe(IlI)-reducing bacteria isolated from the
enrichments with arsenate and ferric iron were found to be
resistant to a high concentration of As(Ill) at 10 mM. We
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suppose that those kinds of microorganisms may suggest
good application potentials for As(V) bioremediation, since
the bacteria can transform Fe while surviving under As-
contaminated environments. The isolated Fe(IlI)-reducing
bacterial strains could contribute to transformations of iron
minerals which may act as effective adsorbents for arsenate,
and therefore contribute to As(V) immobilization

Key words: Arsenic-Resistant, Microbial iron reduction,
Paenibacillus, Pseudomonas

Introduction

Arsenic (As) contamination is widespread due to
many kinds of anthropogenic activities and natural
sources as well, and arsenic in polluted environments
can adversely affect the health of millions of people,
such as in Bangladesh and West Bengal [1]. Arsenic is
stable in several oxidation states, but mostly found as
arsenate [As(V) as H,AsO, and HAsO,*] and arsenite
[As(I]) as H3AsOs and H>AsO5] in aqueous environ-
ments [2]. Arsenate is known to be strongly adsorbed
to the surface of iron minerals, such as ferrihydrite
and hematite [3, 4]. There have been many studies
demonstrating biologicalformation of iron minerals by
many types of microorganisms, such as Fe(III)-reducing
bacteria and Fe(Il)-oxidizing bacteria [5, 6]. In nature,
in addition to abiotic iron minerals, those biogenic
iron minerals could play as adsorbents for arsenate
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and also ferrous iron [Fe(Il)] in some iron minerals
may have potentials to reduce arsenate as well.

Under a decreasing redox potential condition,
ferric iron tends to be reduced to Fe(Il) and Fe(III)
reduction occurs relatively readily than As(V) reduction.
So, Fe(Il)-containing iron minerals might act as
adsorbents for As(V) in some reducing conditions.
Those interactions between solid phase Fe and
dissolved As might occur under microaerobic to
anoxic conditions such as sediments, flooded soils,
and aquifers. Those environments might be niches for
Fe(Ill)-reducing bacteria, which can use solid phase
Fe as well as dissolved Fe as electron acceptors for
the anaerobic respiration. In such environments, Fe(Il)-
reducing bacteria may contribute to formation of
Fe-minerals and thus interactions between Fe-minerals
and arsenic.

Here, we have focused to find Fe(IlI)-reducing
bacteria, which have tolerance to high concentration
of As, so that suggest potentials for biotransformation
of Fe-minerals and adsorption of As by those
minerals in  arsenic-contaminated environments.
Furthermore, the bacterial strains may suggest
potentials to be used for bioremediation of dissolved
arsenic in microaerobic to anoxic conditions.

Materials and Methods

Sample collection

The soil samples were collected from rhizosphere
of wild plants from the abandoned mine area,
Jeongseon, Gangwon-do, during the collaborative
research  field tour, July 2018. Sampleswere
transported to the laboratory with icepacks and

stored at 4°C until uses for bacterial isolation.

Enrichment and isolation of As(V)-resistant and
Fe(lll)-reducing bacteria

Bacterial isolation was performed in anaerobic
condition using M1 medium [7], containing 1.5 g
NH.ClL, 0.1 g KCl, 0.6 g NaH,PO,, 2.52 g NaHCO;,
1.75 g NaCl, 7.15 g HEPES, and 0.05 g yeast extract
per 1 liter. To each of 50 ml M1 media in 100
ml-serum bottles, one of three organic substrates of
glucose, lactate, and acetate was added at the final
concentrations of 10 mM, 5 mM, and 5 mM,
respectively, and As(V) was added as Na,HAsO,-
7H,O (Merck KGaA, Darmstadt, Germany) at the final
concentration of 10 mM. In addition, ferric citrate was

supplemented at 2 mM as the potential terminal
electron acceptor. The serum bottles were sealed with
butyl rubber stoppers and aluminum seals and
mixture gas of N»:CO, (90:10) was purged for 20 min.
After autoclave sterilization, one gram of the
rhizosphere soilswas inoculated toeach of the serum
bottles and incubated at dark at 28°C for 2 weeks.
After the enrichment incubations, 1% of the culture
mediawere transferred to the fresh serum bottle
media consecutively 4 times. The cultures were then
diluted to 10" to 107, respectively and spread onto
anaerobically prepared agar plate mediamade of M1
with the same condition, followed by incubation in the
anaerobic jars (Thermo Scientific, Massachusetts, USA)
with anaerobic gas generating sachets (Oxoid
AnaeroGen, Massachusetts, USA) at 28°C for 2 weeks.
Grown colonies were transferred and maintained
until single and pure colonies wereobserved. From
the three different types of incubations by those
organic substrates, dozens of colonies were selected
and isolated for further studies. Isolated colonies were
tested for the aerobic growth using different types of
media, such as R2A, lysogeny broth (LB), nutrient
broth, and tryptic soy broth (TSB).

DNA extraction and polymerase chain reaction
Genomic DNAs of the isolated colonies were
extracted from the cultures grown in R2A broth at
28°C for 2 days using Inclone genomic plus DNA
preparation kit (Inclone Biotech, Yongin, South
Korea). Genomic DNAs were diluted to 1-5 ng ul’
and used for the PCR. A total of 50 ul of reaction
mixture was prepared for the PCR reactions, where
1-2 pl of genomic DNAs (1-5 ng ul™) and 1 pl of each
primer (27F primer, 5-AGA GIT TGA TCM TGG
CTC AG-3; 1492R primer, 5-GGT TAC CIT GTIT
ACG ACT T-3') at the final 0.2 uM were added. The
thermal cycles were performed with an initial
denaturation at 95°C for 2 min, followed by 30 cycles
of denaturation at 94°C for 30 sec, annealing at 50°C
for 30 sec and an extension at 72°C for 1 min 30 sec.
The quality and the quantity of the purified DNAswere
checked, respectively by using gel electrophoresis and
(Qubit
Pennsylvania, USA).

fluorometer 3.0 Fluorometer, Invitrogen,

Sequencing and phylogenetic analysis
The PCR products of 165 rRNA genes were
sequenced at GenoTech (Daejeon, South Korea). The



Reduction of Dissolved Fe(Ill) by As(V)-tolerant Bacteria Isolated from Rhizosphere Soil 69

forward and reverse sequenceswere assembled using
BioEdit (v. 7.2.5), and the contigs were compared
with GenBank nucleotide database from the National
Center for Biotechnology Information (NCBI) using
the Basic Local Alignment Search Tool (BLAST) for
the initial screening. Sequence alignment, manual
calibration, and phylogenetic tree construction were
performed in ARB 6.0.6 [8] using the SILVA database
132 Ref NR 99 [9].

Biochemical characterization of the isolated strain

Biochemical testson the selected isolates were
performed by using API 50 CH Kit, API API 50 CHL
Medium, and API 50 CHB/E Medium (bioMerieux
SA, France). The color change of the strips was
determined after 24 h and 48 h, as suggested in the
manufacturer’s manuals.

Ironreduction under arsenic condition

Isolated strains that showedFe(IIl) reduction among
the tested carbon sourceswerechosenfor the following
experiment. The same incubation condition as the
enrichment was used: M1 media supplemented with 2
mM Fe(Ill) as ferric citrate, 10 mM As(V) as solidum
arsenate, and the selected organic carbon at the
appropriate concentrations. To inoculate the cells, the
isolated bacterial cells were grown aerobically in R2A,
LB, or TSB, harvested, and normalized to approximately
2x10° cells ml™.

The Fe(Ill) reduction was measured by ferrozine
assay [10], which determines dissolved ferrous iron
[Fe(I)]. The aliquots of media were withdrawn using
the syringes from the serum bottles, and 1 ml of the
media was mixed with 1 ml of 1IN HCI, followed
reaction with ferrozine (3-(2-pyridyl)-5,6-diphenyl-1,2,4-
triazine-p,p’-disulfonic acid monosodium salt) (Fluka,
Buchs, Switzerland) solution (1 g I ferrozine in 50
mM HEPES at pH 7) to make ferrouscomplex, which
exhibits maximum absorbance at 562 nm. Ferrous
ethylene diammonium sulfate tetrahydrate (Fluka,
Buchs, Switzerland) was used to make Fe(Il) standard
solutions [6].

To identify potential bacterial reduction of As(V),
concentrations of As(V) and As(III) were measured by
using inductively coupled plasma atomic emission
spectroscopy (ICP-AES) (ICPS-7500; Shimadzu, Kyoto,
Japan). To separate As species from solution, solid-
phase extraction cartridge (SPE) (Supelclean LC-SAX
SPE 3-ml, Supelco) was used [11]. Aliquots of the

media were filtrated through the SPE, acidified with 2
vol % HNO;, and analyzed for As(Ill). Arsenate that
was retained in the cartridge was eluted by using 1
M HCI and analyzed [12].

Results and Discussion

Bacterial isolation and phylogenetic analysis

Among dozens of isolated strains, JSAR-1 and
JSAR-3 were selected for this study, based on the
abilities of anaerobic Fe(Ill) reduction in the presence
of 10 mM As(V) with 10 mM glucose or 10 mM
sucrose as carbon source and electron donor. Both the
strains also showed aerobic growth on R2A, LB,
nutrient broth, and TSB, thereby representing the
strains as facultative anaerobes.

165 rRNA gene sequences from both the strains
were compared with GenBank database, indicating
that strain JSAR-1 was closest to Pseudomonas
stutzeriW1 (KT380544) at 98.50% similarity, and strain
JSAR-3 was closest to Paenibacillus anaericanus LMG
23878(AM745262) at 98.63% similarity. The 165 rRNA
gene sequences of JSAR-1 and JSAR-3 were deposited
to the GenBank with the accession numbers of
MK305828 and MK305830, respectively. Neighbor-
joining phylogenetic trees were constructed using
those sequences with SILVA database in ARB,
indicating the closest members of Pseudomonas
stutzeri DSM 5190 and Paenibacillus selenii W126,
respectively for JSAR-1 and JSAR-3 (Fig. 1).

Biochemical characterization of the isolated
strains

Substrates that were utilized by the bacteria were
examined by API kits. Strain JSAR-1 showed to utilize
D-xylose, D-galactose, D-glucose, D-fructose, D-mannose,
D-mannitol, N-acetylglucosamine, D-cellobiose, D-
maltose, D-lactose, D-saccharose, D-trehalose, D-
raffinose, amidon, esculin ferric citrate, glycogene,
gentiobiose, D-turanose, D-lyxose after 24 h and
D-ribose, amygdaline, and xylitol after 48 h. Similarly,
strain JSAR-3 showed to utilize D-ribose, D-xylose,
D-galactose, D-glucose, D-fructose, D-mannose, D-
mannitol, N-acetylglucosamine, amygdaline, arbutine,
esculin ferric citrate, D-cellobiose, D-maltose, D-
lactose, D-saccharose, D-trehalose, D-raffinose, amidon,
glycogene, gentiobiose, D-turanose, D-lyxose after 24
h and salicine, D-melibiose, and xylitol after 48 h.
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(A)

98 Pseudomonas flavescens ICMP 13539 T
Pseudomonas straminea NBRC 16665 T
Pseudomonas putida NCIMB 11286T T
Pseudomonas putida Biotype AT
Pseudomonas alcaliphila AL15-21 T
Pseudomonas knackmussi B13 T
Pseudomonas stutzeri NBRC 102227 T
Pseudomonas xanthomarina KMM 1447 T
Pseudomonas zhaodongensis NEAU-ST5-21 T
Pseudomonas stutzeri DSM 5190 T
JSARA
Pseudomonas stutzeri ATCC 17588 T
Pseudomonas stutzer IAM 12668 T
Pseudomonas aeruginosa DSM 50071 T
Pseudomonas alcaligenes LMG 1224 T

[ Pseudomonas nitroreducens NBRC 12694 T
Pseudomonas nitroreducens DSM 14399 T

0.02

(8)

Burlcholderia cepacia ATCC 25416 T

55

Paenibacillus amylolyticus AM237378 T
Paenibacillus xylanexedens B22a T
Paenibacillus amylolyticus NBRC 15957 T
Paenibacillus oceanisediminis L10 T
Paenibacillus linoisensis JCM 9907 T
Paenibacillus xylanilyticus XIL14 T
— Paenibacillus polymyxaDSM 36 T

84

Paenibacillus polymyxa HG324076 T
99 Paenibacillus azoreducens CM1 T
95 Paenibacillus rhizosphaerae CECAP06 T
Paenibacillus chibensis NRRL B-142 T
71 Paenibacillus telluris PS38 T
Paenibacillus typhae xj7 T
98 Paenibacillus selenii W126 T
JSAR-3

0.02

Paenibacilius antarcticus LMG 22078 T

Bacillus 1sabeliae CVS-8 T

Fig. 1. Neighbor-joining phylogenetic treesof (A) JSAR-1 and (B) JSAR-3 using ARB 6.0.6. Percentages in the bootstrap
test from 1,000 replicate trees are shown next to the branches. Outgroups are included.

Fe(lll) reduction experiment

The
elucidate potentials of Fe(Ill) reduction and As(V)
reduction in the presence of both 2 mM Fe(III) and 10
mM As(V) with 10 mM glucose in Ml media.
Reduction of As(V) to As(III) was not observed in the
anaerobic incubations of the strains JSAR-1 and
JSAR-3 by ICP-AES analysis (data not
although both of the strains were tolerant to dissolved

strains were incubated anaerobically to

shown),

arsenate upto 10 mM, which was supported by
optical densities (OD) of the bacterial growths (Fig. 2).

Compared to the uninoculated control bottles, the
bacterial cultures of strain JSAR-1 showed almost
complete reduction of 2 mM Fe(Ill) (as ferric citrate)
within 5 d with the use of glucose as a carbon source
(Fig. 2A). During the time course bacterial growth
was monitored by OD, indicating obvious anaerobic
growth using Fe(Ill) as the sole electron acceptor.
Similar type of result has been demonstrated by

JSAR-3: Fe(Ill) was reduced almost completely, while
OD increased (Fig. 2B).

Conclusion

the

enrichments with arsenate and ferric iron were found

Fe(Ill)-reducing  bacteria  isolated  from
to be resistant to a high concentration of As(IIl) at 10
mM. We suppose that those kinds of microorganisms
may suggest good application potentials for As(V)
bioremediation, since the bacteria can transform Fe
while surviving under As-contaminated environments.
Microbial Fe(Ill) reduction could generate many types
of

adsorbents for arsenate, and therefore contribute to

iron minerals which may act as effective
As(V) immobilization. In addition, those saccharide-
utilizable facultative microbes would be better option
for actual applications, due to relatively easier use

and maintenance.
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Fig. 2. Microbial Fe(Ill) reduction experiments in the presence of 10 mM As(V) with (A) JSAR-1 and (B) JSAR-3.
Concentrations of Fe(Ill) and Fe(Il) shown in symbolled lines and optical density at 600 nm for bacterial growth shown
in bar charts. Error bars represent standard deviation values from tree individual replicate incubations.
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