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Isolation of monomethylarsonic acid-mineralizing

Chemical warfare agents, composed of harmful organoarsenic compounds have contaminated the
soils of Ohkunoshima Island with high levels of arsenic. As a basic research establishing useful
bioremediation techniques, environmental factors such as arsenic concentrations and bacterial
biomass in the soils were investigated. Among the five stations of Ohkunoshima Island, the soils of
four stations were contaminated by high levels of arsenic compounds at concentrations of 125, 12.7,
3.29 and 0.504 g/kg soil, while the other station with low arsenic concentrations of 0.007 g/kg soil
was considered an uncontaminated area. The distribution of arsenic compounds originating from the
chemical weapon agent differs among the various areas of Ohkunoshima Island. The cell densities of
arsenate-resistant bacteria also varied among the five stations, ranging from 10° to 10° cells/g soil. In an
attempt to isolate bacteria that strongly mineralize the organoarsenic compounds, the mineralization
activities for monomethylarsonic acid [MMAA(V)] of 48 isolates of arsenate-resistant bacteria were
determined. Only nine isolates reduced 140 pg/l of MMAA(V), giving decreasing percentages ranging
from 5 to 100% within 14 days. Among the nine isolates, two remarkably converted 140 pg/l of MMAA
to more than 71 pg/l of inorganic arsenic. Presumably only specific members of the environmental
bacterial population have strong mineralization activities for MMAA. Phylogenetic analysis using
16S rDNA sequences showed that the two isolates belonged to the Pseudomonas putida strains,
which are known to have strong mineralization activity for various organic compounds. In the soil
contaminated by arsenic at a high level, few bacteria in the arsenate-resistant bacterial group would

significantly mineralize organoarsenic compounds. Copyright © 2006 John Wiley & Sons, Ltd.
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INTRODUCTION

The release of organoarsenic compounds from soil con-
taminated by harmful organoarsenic compounds, such as
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chemical warfare agents and arsenical herbicides, endangers
neighboring areas and aquifers.!~® Ground water contami-
nated by diphenylarsinic acid caused a poisoning incident in
Kamisu-machi, Ibaraki Prefecture, Japan.* The patients who
suffered the arsenic poisoning showed dysfunction of the
central nervous system.* Diphenylarsinic acid and Lewisite
(2-chloro-ethenyl dichloro arsine) were demonstrated to
reduce vital activities of human cells and to change cell
structures.*® Bioremediation, the use of bacteria for envi-
ronmental restoration, has been proposed as a cost-effective
alternative technology to reduce the toxic activity of harmful
metal compounds in the contaminated soils.®”

The microorganisms used in the bioremediation could min-
eralize the harmful organoarsenic compounds to inorganic
arsenic, which is less toxic than its precursors. Terrestrial
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microorganisms have been reported to mineralize the organic
arsenical herbicides such as cacodylic acid and sodium
methanearsenate to arsenate.®? A bacterial isolate obtained
from sludge water, strain ASV2, mineralizes arsenobetaine
to inorganic arsenic, metabolizing the arsenobetaine as a
carbon source.!’ Lehr etal. reported that Mycobacterium
neoaurum demethylates 0.5 mg/1 of monomethylarsonic acid
[CH3AsO(OH),; MMAA(V)] to inorganic arsenic, also using
MMAA(V) as a carbon source, and the yields of inorganic
arsenic were 27% from arsenate and 43% from arsenite."!
However there are few reports on the biomass and distri-
bution of organoarsenic-mineralizing bacteria. In a previous
study, the biomass and composition of bacteria mineraliz-
ing dimethylarsinic acid [(CH3),AsO(OH); DMAA(V)] were
investigated in lakes, and a bacterial population composed
of various bacterial species was demonstrated to contribute
to the mineralization cycle of organoarsenic in the aquatic
environment.!>!3 To establish useful bioremediation tech-
niques, bacteria strongly mineralizing the organoarsenic
compounds have to be isolated, and environmental informa-
tion about organoarsenic-mineralizing bacteria is required.
On Ohkunoshima Island (Hiroshima prefecture, Japan),
chemical warfare agents were produced during World
War II. However, no scientific investigation of the arsenic
contamination in the soil has been performed. In this
study, the total concentrations of arsenic compounds in
the soil of Ohkunoshima Island were determined using an
atomic absorption spectrometer with a cold trap method.
After the bacterial biomass in the soils was determined
and the arsenate-resistant bacteria were isolated from the
contaminated soils, the MMAA-mineralization activity of
each isolate was estimated by culture experiments. MMAA,
which has a simple chemical structure, was used as a model
of organoarsenic compounds. Moreover, the isolates with
high MMAA-mineralization activities were identified using
phylogenetic analysis using 16S rDNA sequences.

MATERIALS AND METHODS

Sampling

Soil samples were collected from the five stations located in
Ohkunoshima Island (Hiroshima Prefecture, Japan; Fig. 1) in
May 2003. The total arsenic concentrations in the soil samples
were measured using an atomic absorption spectrometer with
a cold trap method.

Measurements of arsenic species

To evaporate the whole carbon source, 1 g of the soil sample
was dried at a temperature of 160°C for 2 h, then heated at a
temperature of 600 °C for 6 h. The residue compounds in the
treated soils were dissolved in concentrated HNOj solution’.
The solution was used to measure arsenic concentration. The
treated soil samples or the untreated bacterial cultures were
filtered with a 0.2 um nuclepore filter (Advantec, Tokyo,

Copyright © 2006 John Wiley & Sons, Ltd.
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Figure 1. Sampling area and a station location (Ohkunoshima
Island).

Japan). After the volumes of filtrates were adjusted to 40 ml
by the dilution using pure water, 5ml of 0.2 mol/l Na,
EDTA and 5 ml of 5 mol/1 HCl were added to the filtrates.
Next the filtrates were reacted with 10 ml of 0.1 g/ml sodium
tetrahydroborate, and the arsines produced were swept using
a flow of He gas into a cold trap. This trap was cooled by
liquid nitrogen, before being gently warmed by electrical
heating. Arsines, such as inorganic arsine and MMAA, were
released into a quartz-T tube heated in a C,H,-air flame
and monitored using an atomic absorption spectrometer
Z-8100 (Hitachi Co., Chiba, Japan). An atomic absorption
spectrometry technique combined with a cold trap method
was employed.’>1¢ A mixed solution of arsenate, MMAA
and DMAA was used as a standard for the determination of
arsenic concentrations in the samples, and additional amounts
of 250, 100 and 50 nmol of each standard arsenic compound
in the reaction solutions provided a linear line to calibrate
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the measurements. Moreover, after arsenate, MMAA and
DMAA were added to a soil sample including low levels of
arsenic compounds, 85.0 +3.0% of the additional amounts
of each arsenic compound added could be detected by this
measurement. In addition, the weights of additional arsenic
compounds in the samples were also linear to the values of
measurements.

Viable bacterial count and bacterial isolation
The arsenate-resistant bacteria in the soil sample were
counted using the spread-plate method. One gram of the
soil sample was resuspended in sterile water and vortexed
in order to detach the bacteria from the sediment particles.
Serial 10-fold dilutions were prepared, and 0.1 ml aliquots
were plated in duplicate onto an agar plate of ST 10!
culture medium (tripticase peptone 0.1 g/1, yeast extract
0.01 g/1), including arsenate (Wako, Osaka, Japan) at final
concentration of 140 ug/1. The bacteria that could grow on
the culture medium plates were defined as arsenate-resistant
bacteria. After the culture-medium plates were incubated
at 20°C under dark conditions for 7 days, colonies were
counted, and the bacterial cell densities in the soils were
calculated using the numbers of colonies. Distinct colonies
were selected from each soil sample and isolated in pure
culture on an agar plate. Purified strains were then stocked in
nutrient broth with 15% glycerol at —20°C.

MMAA-mineralization and arsenate-resistances
of isolates

With regard to the bacterial culture, arsenate-resistant isolates
were incubated in a liquid ST 107! culture medium with
140 pg/1 of MMAA (Roth, Karlsruhe, Germany) for about
7 days. For the evaluation of the MMAA-mineralization
activities of arsenate-resistant isolates, 1 ml of each isolate
culture was inoculated into 19 ml of liquid ST 107! culture
medium including MMAA at final concentrations of 140 ng/1.
After 14 days of incubation, 2 ml of the bacterial culture were
used for the measurement of inorganic arsenic and MMAA.
After the bacterial cultures were filtered with a 0.2 um
nuclepore filter (Advantec, Tokyo, Japan), the concentration
of MMAA and inorganic arsenic in bacterial cultures was
determined by the atomic absorption spectrometer with a
cold trap method. The percentage decreases of MMAA were
calculated by dividing the concentrations of MMAA by the
initial concentrations of MMAA. Isolates producing high
concentrations of inorganic arsenic were inoculated into a
liquid ST 10! culture medium with 140 pg/1of MMAA again,
and the concentrations of arsenic compounds and the bacterial
growths were determined at the 0 day, the 1st day, the 3rd
day, the 7th day, and the 14th day. The bacterial growths
were determined by absorbance at 550 nm in the bacterial
culture. Moreover, for investigation of arsenate resistances
of the isolates, the bacterial growths were monitored in the
culture medium, including 0, 0.142, 1.42, 14.2 and 142 mg/1
of arsenate, over 14 days. All bacterial culture were incubated
at 20 °C on a rotary shaker under dark conditions. Moreover,

Copyright © 2006 John Wiley & Sons, Ltd.
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all experiments were performed in duplicate and the data
reported in this study are the average of these two bacterial
cultures.

Sequencing of 16S rDNA and phylogenetic
analysis

Isolates with high activities of MMAA-mineralization
were identified by phylogenetic analysis using 165 rDNA
sequences. Isolates cultivated in an ST 107! culture medium
overnight were pelleted by centrifugation at 15000g for
15 min. The bacterial cell pellets were lysed with SDS,
proteinase K and lysozyme. Genomic DNAs were purified
by phenol-chloroform extraction, chloroform extraction and
ethanol precipitation.

165 rDNA fragments (ca.1450 bp) of bacteria were
amplified by a polymerase chain reaction (PCR). Reaction
mixtures (final volume, 100 ul) contained 200 uM of dNTPs,
0.5 units of Ex Tag polymerase (Takara BIO Inc., Ohtsu, Japan),
and 0.2 uM of each oligonucleotide primer, 27F and 1492R.
These primers specifically bind to eubacterial 16S rDNA."
Genomic DNA of bacteria was added at a final concentration
of 10 ng/pl. Thermal cycling was performed using a Program
Temp Control System PC-700 (Astec, Fukuoka, Japan) under
the following conditions: denaturation at 95°C for 1 min,
annealing at 55°C for 2 min, and extension at 72°C for
2 min, for a total of 30 cycles. Thel6S rDNA fragments
(approximately 1450 bp) in PCR amplicons were separated
using the agarose gel electrophoresis, and were purified
by phenol-chloroform extraction and chloroform extraction
followed by ethanol precipitation. Partial sequences (ca. 500
bp) of 16S rDNA fragments were determined using a Dye
DeoxyTM Terminator Cycle Sequencing Kit (ABI, CA, USA)
with a 27F sequencing primer and a DNA auto-sequencing
system (model 373A) according to the recommended protocol.
The sequences determined were compared witha DDBJ (DNA
Data Bank of Japan) database using the BLASTA and FASTA
SEARCH programs.!8

For phylogenetic analyses, the DNA sequences were
aligned using the CLUSTAL W version 1.7 (European
Bioinformatics Institute).' A phylogenetic tree including the
isolates was constructed according to the neighbor-joining
algorithmic method (PHYLIP computer program package,
version 3.6a2),”° using the partial sequences of 16S rDNA.
The root position was estimated by using the 165 rDNA
sequence of Bacillus subtilis as an outgroup.

Nucleotide sequence accession numbers

The DDBJ accession numbers for the new 16S rDNA
sequences of C-1 and D-7 are AB236664 and AB236665,
respectively.

RESULTS AND DISCUSSION

The total concentrations of arsenic compounds in the soil
samples indicated wide ranges of values from 0.007 g/kg soil
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Table 1. Total concentrations of arsenic compounds and bacterial cell densities in soils, and numbers of obtained isolates of
arsenate-resistant bacteria, at five stations in Ohkunoshima Island

T. Maki et al.

Stations A B C D E
Total concentrations of arsenic compounds (g/kg soil) 125 12.7 3.29 0.504 0.007
Normal bacterial cell densities (107 cells/g soil)? 5.2 24 48 150 53
Arsenate-resistant bacterial cell densities (107 cells/g soil) 1.3 0.6 7.1 1.9 48
Numbers of isolates 12 8 9 10 9

2 The nomal bacteria were counted using ST 10! culture medium.

P The arsenate-resistant bacteria were counted using ST 10~ culture medium including 142 ug/1 of arsenate.

to 125 g/kg soil among the five stations of Ohkunoshima
Island (Table 1). High levels of arsenic contamination were
found in the four stations A-D, at total concentrations of
125, 12.7, 3.29 and 0.504 g/kg soil, respectively. The soils of
the four stations included at least two orders higher concen-
trations of arsenic compounds than the averages of natural
soils, which generally contain arsenic compounds at con-
centrations of the mg/kg order.??? In contrast, the other
station E indicated a low concentration of 0.007 g/kg soil,
the natural soil level, suggesting that this station is not con-
taminated by arsenic compounds. The soils of station A and
station B were composed of sand and clay, respectively,
and the both soils included ash. The residues of chemical
weapon agents in the ash would cause a concentrated con-
tamination of arsenic compounds. Moreover, the distribution
of arsenic compounds was different among the areas of in
Ohkunoshima Island. Accordingly, the high level of arsenic
compounds contamination occurred in specific areas, where
the chemical weapon agent was synthesized from arsenic
compounds or disposed of at the end of World War II. All
soils from stations C—E contained no ash, and indicated the
same characteristics containing a mixture of silt and humus.
The arsenic compounds originating from stations A or B
would have spread to stations C and D. The cell densities
of arsenate-resistant bacteria were also different among the
five stations, ranging from 6 x 10° to 4.8 x 108 cells/ g soil
(Table 1). In particular, arsenate-resistant bacterial cell den-
sities and the normal bacterial cell densities of the highly
arsenic contaminated areas such as stations A and B were
lower than at the other stations. In stations A and B, the
sand and clay including low amounts of carbon sources do
not allow bacterial growth, and the high arsenic concentra-
tions limit the bacterial growth. In contrast, in stations C-E,

the humus with rich carbon sources induce bacterial growth,
supporting the occurrence of arsenate-resistant bacteria.
After the bacterial counts using the spread plate method,
we obtained a total of 48 isolates of arsenate-resistant bacteria
from the five stations. For the investigation of the MMAA-
mineralization activities of 48 isolates, each isolate was
inoculated into the culture medium, including 140 pg/1 of
MMAA, and the concentration of MMAA was measured
after 14 days of incubation. As a result, only nine isolates
among 48 significantly reduced 140 pg/l of MMAA by
percentages ranging from 5 to 100% within 14 days (Table 2).
Consequently, the nine isolates of arsenate-resistant bacteria
may be able to mineralize MMAA, while the other 39 isolates
have no or very weak mineralization activities. A previous
study reported that nine of 10 isolates from lake water slightly
mineralized 138 pg/1 of DMAA at mineralization percentages
of less than 40% within 14 days.!® Sanders suggested that
microorganisms in natural water would mineralize DMAA
at a slow rate of approximately 1.1 ng/1/day.” Presumably,
large parts of the environmental bacterial population have
low or no mineralization activities for methylarsenic.
Among the nine isolates, the two isolates, C-1 and
D-7, completely eliminated 140 pg/l1 of MMAA in the
culture medium after 14 days of incubation, and produced
inorganic arsenic at concentrations of more than 70 pg/l
(Table 2). After both of the two isolates were inoculated
into the culture medium including 140 pg/1 of MMAA again,
the concentrations of inorganic arsenic and MMAA were
monitored at the day 0, and the 1st, 3rd, 7th and 14th
days. As a result, in the culture of C-1, the concentration
of MMAA gradually decreased to below the limit of detection
after 14 days, while that of inorganic arsenic increased to
90.9 ug/1 from the 7th to the 14th day (Fig. 2). The culture
of D-7 indicated that the MMAA disappeared within 7 days,

Table 2. Concentrations of MMAA and inorganic arsenic in the bacteria culture medium after 14 days of incubation. Each of 48
isolates of arsenate-resistant bacteria was inoculated into culture medium including 140 pg/I of MMAA, and data for the nine isolates

remarkably reducing MMAA are shown in this table

Isolates A-11 C-1 C-2 C4 D-7 E-2 E-3 E-4 E-5
Concentrations of MMAA (ug/1) 113 0 109 129 0 71.4 123 112 70.0
Concentrations of inorganic arsenic (ug/1) <14 87 <14 <14 71 <14 <14 <14 <14

Copyright © 2006 John Wiley & Sons, Ltd.
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Concentrations of arsenic compounds (LM)

Bacterial growth (abs)

Figure 2. Changes in concentrations of MMAA (solid circles) and inorganic arsenic (solid squares), and bacterial growths (open
circles), in bacterial cultures during the 14 days of incubation. The isolates of arsenate-resistant bacteria, C-1 (a) and D-7 (b), were

inoculated to the culture medium including 1 um MMAA.

Bacterial growth (abs)

Figure 3. Changes in bacterial yields in bacterial cultures including arsenate at concentrations of 0 mg/I (open squares), 0.142 mg/I
(solid diamonds), 1.42 mg/l (solid triangles), 14.2 mg/I (solid circles) and 142 mg/I (solid squares), during the 7 days of incubation.
The isolates of arsenate-resistant bacteria, C-1 (a) and D-7 (b), were inoculated to the culture medium.

and the production of inorganic arsenic slightly increased
to 72.8 ug/1 for 14 days. The two isolates, C-1 and D-7,
completely mineralized 140 ug/1 of MMAA within 14 days,
and converted it to inorganic arsenic at concentrations of
72.8 and 90.9 ug/1, respectively. Lehr etal. reported that
Mycobacterium meoaurum converted about 500 ug/1 MMAA
to inorganic arsenic at a conversion percentage of 50% within
14 days.11 The two isolates, C-1 and D-7, would have similar
levels of MMAA-mineralization activities as Mycobacterium
meoaurum. During the stationary phase in the cultures
of two isolates, the MMAA level immediately decreased,
while inorganic arsenic gradually increased. Furthermore,
the concentrations of inorganic arsenic did not coincide with
the initial concentration of MMAA. The arsenic within the
bacterial cells could not be monitored in this study, because
the bacterial cells were eliminated during filtration in arsenic

Copyright © 2006 John Wiley & Sons, Ltd.

measurement. Probably, the inorganic arsenic in bacterial cells
was gradually released from the declining cells during the
stationary phase, and the released inorganic arsenic could be
slightly detected after the decrease of MMAA in the culture.
When the arsenate-resistances of C-1 and D-7 were
estimated by monitoring the yields of bacteria in culture
media including 0, 0.142, 1.42, 14.2 and 142 mg/1 of arsenate,
the bacterial yields of the both isolates during the stationary
phase decreased in proportion to the concentration of arsenate
in the culture medium (Fig. 3). Although the bacterial yields
were reduced by arsenate, the two isolates, C-1 and D-7, grew
during the first day and could survive in the culture medium
until 142 mg/1 of arsenate. The two isolates are strongly
resistant to inorganic arsenic. In general, arsenate-resistant
bacteria reduced the arsenate to arsenite within bacterial
cells, and exported the arsenite out of cells.**?*® Probably,

Appl. Organometal. Chem. 2006; 20: 000—000
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i Bacillus subtilis (Z99104)
[~ Pseudomonas marginalis (AB021401)
L P. rhodesiae (AB021410)
P. tolaasii (AF094750)
P. putida IA2YCDA (AY512612)
Pseudomonas sp.Fa2 (AY747590)
Pseudomonas sp. BW11M1 (AY118112)
P. putida KT2440 (AE016791)
P. putida GM6 (DQ133506)
D-7
Pseudomonas sp. NZ099 (AF388207)
P.putida (AY958233)
Pseudomonas sp. RDPT5 (AY936495)
ool Pseudomonas sp. ps5-5 (AY303309)
C-1

100

0.05

Figure 4. Phylogenetic tree for 16S rDNA sequence of the bacterial isolates, C-1 (a) and D-7. The tree was calculated from
a dissimilarity matrix of ca. 500 bp alignment using a neighbor-joining algorithm. Bootstrap values larger than 50% (after 1000

resampling) are indicated on the branch.

the MMAA-mineralizing bacteria mineralize MMAA, and
export the inorganic arsenic to protect their own cells from
the arsenic compounds.

On the phylogenetic tree using the partial 16S rDNA
sequences of the two isolates, C-1 and D-7, and known
bacteria, C-1 was closely related to the strains RDPY5 and
ps5-5 of the genus Pseudomonas at high similarities of 100%,
and D-7 closely clustered with Pseudomonas putida strain GM6
at high similarity of 99.7% (Fig.4). Moreover, the group
of the genus Pseudomonas including the two isolates was
composed of the strains of P. putida, indicating that the
two isolates are identical to P. putida. Some strains of P.
putida are known to have powerful oxygenase to mineralize
stable chemical compounds such as chlorophenol at high
activities.?® According to the genome analysis, the metabolic
enzymes, such as oxygenases and oxidoreductases, of P.
putida were found to provide useful metabolic pathways
for the transformation of aromatic compounds.?’ P. putida is
currently regarded as an excellent organism for engineering
of bioremediation capabilities.®® This study is the first
report indicating that P. putida mineralizes organoarsenic
compounds. Possibly, the two isolates, C-1 and D-7, oxidize
or demethylate various organoarsenic compounds.

In this study, although many parts of the bacterial biomass
in the arsenic-contaminated soils would have low levels
of organoarsenic-mineralization activities, bacteria of the
genus Pseudomonas which mineralize MMAA remarkably

Copyright © 2006 John Wiley & Sons, Ltd.

well were isolated from the arsenic-contaminated soils.
Previously, Mycobacterium meoaurum was also reported to
be MMAA-mineralizing bacteria.!! In aquatic environments,
various species of bacteria are thought to contribute to
the mineralization for DMAA.>!® Accordingly, the several
bacterial species in arsenic-contaminated environments can
mineralize harmful organoarsenic compounds. More work
is needed to investigate the ecological characteristics of the
organoarsenic-mineralizing bacteria to establishing effective
and useful bioremediation.
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To establish useful bioreme-

diation techniques for miner- 2 g 038 b
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in the soils of Ohkunoshima 00 T 6 1012116 02 4 68 1012 1416
Island were investigated. The day day

distribution of contamination levels of arsenic compounds was different in the
various areas of the Island. Among the isolates of arsenate-resistant bacteria from
the soils, a few isolates have remarkable reduction activities for monomethylar-
sonic acid, and the two isolates with strong activities belonged to the group of
Pseudomonas putida strains.
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